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EINLEITUNG

1 EINLEITUNG

1.1 Kopf-Hals-Tumore

Epidemiologie

Maligne Tumore des Kopf-Hals-Bereiches gehdren zu den sechs haufigsten Krebserkrankungen
weltweit mit ca. 650 000 Neuerkrankungen und 350 000 Todesféllen pro Jahr [1-3]. Zu den
malignen Kopf-Hals-Tumoren zdhlen Karzinome der Lippen, der Mundhdhle, der Kieferhohle, der
Nasenhdhle und Nasennebenhohlen, sowie des Kehlkopfes (Larynx) und des Rachens (Pharynx).
Mundhohlenkarzinome werden weiter in Karzinome des harten Gaumens, der Zungenunterseite,
des Mundbodens, des Zahnfleisches und der Mundschleimhaute untergliedert. Pharynxkarzinome
werden entsprechend ihrer Lokalisation in Karzinome des Oropharynx, Nasopharynx und
Hypopharynx unterteilt. In 90% aller Fadlle handelt es sich um Plattenepithelkarzinome der
Schleimhdute (HNSCC = head and neck squamous cell carcinoma). Die Inzidenz zeigt deutliche
geografische Unterschiede, die je nach Tumorlokalisation variieren. Mundhdhlenkarzinome treten
am haufigsten in Melanesien, im sidlichen Zentralasien, sowie in Mittel- und Osteuropa auf.
Nasopharynxkarzinome sind hingegen wesentlich haufiger in Entwicklungslandern und zeigen die
hochste Inzidenz in Stidostasien. Allgemein sind Manner wesentlich haufiger von malignen Kopf-
Hals-Tumoren betroffen als Frauen, was insbesondere bei Larynxkarzinomen deutlich wird [4].

In den letzten zwei Jahrzehnten ging die Inzidenz fir Kopf-Hals-Tumore insgesamt leicht zuriick
und es konnte eine deutlich verbesserte durchschnittliche 5-Jahres Uberlebensrate von ca. 65%
beobachtet werden [5, 6]. Das durchschnittliche Diagnosealter flir HNSCC liegt bei Anfang 60 [7],
jedoch lieR sich in den letzten zwei Jahrzehnten ein Trend zur Haufung von Erkrankungen bei

jungeren Patienten (45-54 Jahre) erkennen [5].

Risikofaktoren

Alkohol- und Tabakkonsum werden mit 75% aller HNSCC-Falle assoziiert und stellen die gréRten
Risikofaktoren fir HNSCC in Nordamerika und Europa dar. Die Kombination beider Faktoren hat
dabei einen multiplikativen Effekt, jedoch erhoht auch starker Tabak- oder Alkoholmissbrauch
allein das Risiko flir HNSCC [6, 8]. Kautabak und das Kauen von Betel, was hauptsachlich in

asiatischen Landern eine Rolle spielt, erhoht insbesondere das Risiko fiir Mundhohlenkarzinome

[9].
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Auch die Erndhrung beeinflusst das Risiko fiir HNSCC. Studien ergaben einen protektiven Effekt
von regelmaRigem Verzehr von Obst und Gemise, sowie einen schadlichen Effekt von hohem
Fleischkonsum, insbesondere rotem Fleisch [10, 11]. Diese erndhrungsbedingten Effekte sind
jedoch vorwiegend bei Rauchern und Alkoholkonsumenten zu beobachten. Es ist daher
anzunehmen, dass die in Obst und Gemise enthaltenen Vitamine C, E und Folsdure eine
verbesserte Kompensation der karzinogenen Effekte von Alkohol und Tabak, wie oxidative
Schadigungen oder Entziindungen, ermoglichen [11]. Des Weiteren wurden chronische
Unterernahrung sowie schlechte Mundhygiene in Zusammenhang mit einem erhéhten Krebsrisiko
im Mundbereich gebracht [12]. Auch berufsbedingte Risikofaktoren sind bekannt, wie z. B.
erhohtes Risiko fiir Larynx- und Pharynxkarzinome durch Kohlenstaub- [13] oder Asbestexposition
[14].

Einige Studien beschreiben eine geringere Kopf-Hals-Tumorinzidenz fiir Diabetespatienten, die
mit dem Medikament Metformin behandelt werden [15], sowie eine bessere Prognose fir
Larynxkarzinompatienten, die aufgrund einer Diabeteserkrankung Metformin erhalten [16].
Metformin hat eine antineoplastische  Wirkung, die auf der Inhibition von
Proliferationssignalwegen und Aktivierung von Zelltodsignalwegen beruht und so der
Karzinogenese entgegenwirkt. Die wichtigsten Metformin-Targets sind dabei Signalwege, die mit
mTOR, NFkB, AKT, MAPK und STAT3 assoziiert sind [17, 18].

Dariiber hinaus beeinflusst die individuelle genetische Pradisposition die Suszeptibilitat fir
HNSCC. Dabei spielen vor allem Polymorphismen in Enzymen, die Karzinogene wie die in Tabak
enthaltenen polyzyklischen Kohlenwasserstoffe und Nitrosamine metabolisieren, eine wichtige
Rolle. Beispiele dafiir sind die P450 Cytochrome, die an der metabolischen Aktivierung von
Nitrosaminen und dem Alkoholmetabolismus beteiligt sind, sowie Acetyltransferasen und
Alkoholdehydrogenasen [19, 20]. Auch erbliche Syndrome, wie das Li-Fraumeni Syndrom, das
hereditdre non-polypose Kolonkarzinom, Fanconi-Andamie oder Ataxia teleangiectasia gehen mit
einem erhohten Risiko fiir Kopf-Hals-Tumore einher [21, 22].

Neben Tabak- und Alkoholkonsum als Hauptrisikofaktoren gewinnt die Infektion mit humanen
Papillomviren (HPV) immer mehr an Bedeutung. Etwa 25% aller HNSCC enthalten genomische
HPV DNA [23]. Die Virus-DNA kann mit verschiedenen Methoden, z. B. mittels in situ
Hybridisierung [24] oder mittels real-time PCR [25] nachgewiesen werden. HPV-Infektion wird
hauptsachlich mit dem Auftreten von Oropharynxkarzinomen, insbesondere von
Tonsillenkarzinomen, in Verbindung gebracht. Epidemiologische Studien zeigten einen
erheblichen Anstieg der Inzidenz von HPV-positiven sowie einen Rickgang von HPV-negativen

Oropharynxkarzinomen Uber die letzten Jahrzehnte [26]. HPV-16 und in geringerem Umfang auch



EINLEITUNG

HPV-18 stellen die onkogenen Hochrisikovarianten dar [27]. Die maligne Transformation beruht
dabei in erster Linie auf der Aktivitat der Virusproteine E6 und E7, die die Zellproliferation férdern
und Apoptose unterdriicken [28]. Nach Integration des Virusgenoms in die zellulare Wirts-DNA
bewirkt die Expression des Onkoproteins E6 die Degradation des Tumorsuppressors p53 durch
Ubiquitinierung und darauffolgenden proteasomalen Abbau. Die p53-Defizienz fiihrt in der Folge
zu zunehmender chromosomaler Instabilitdat und Akkumulation von Mutationen. Das Virusprotein
E7 inaktiviert den Tumorsuppressor Rb und flhrt so zu einem Verlust der Zellzykluskontrolle [28].

6'NK4A - welches

Durch die Inaktivierung von Rb kommt es zudem zu einer Akkumulation von p1
immunhistochemisch nachgewiesen werden kann, und somit als Marker fir HPV-transformierte
Zellen dient. P16'N*A vermittelt in normalen Zellen stressbedingten Zellzyklusarrest, wofiir jedoch
funktionelles Retinoblastom-Protein (Rb) bendtigt wird. Demzufolge kann daraus geschlossen
werden, dass Zellen, die eine p16™*A-Akkumulation zeigen und dennoch proliferieren, HPV-
transformierte Zellen darstellen [29]. HPV-positive Oropharynxkarzinome unterscheiden sich
hinsichtlich ihrer Epidemiologie von HPV-negativen Karzinomen. HPV-positive HNSCC betreffen
typischerweise jlingere Menschen, iberwiegend Manner, und zeigen eine starke Assoziation mit

dem Sexualverhalten. Ein wesentlicher Unterschied besteht in der deutlich besseren Prognose im

Vergleich zu HPV-negativen HNSCC Patienten [30, 31].

Molekulare Pathogenese von HNSCC

Die Pathogenese von HPV-negativen HNSCC ist ein komplexer mehrstufiger Prozess und kann auf
Mutationen verschiedenster Tumorsuppressor- und Onkogene zuriickgefiihrt werden. Zu den
gangigen Verdnderungen in pramalignen Lasionen gehdren loss of heterozygosity Mutationen auf
Chromosom 3p, 9p und 17p, wahrend Veranderungen auf Chromosom 4q, 8 und 11q auf ein
fortgeschrittenes Stadium der Karzinogenese hinweisen [32]. Die haufigsten Mutationen in HNSCC
betreffen Signalwege, die an der Zellzykluskontrolle beteiligt sind. TP53 ist auf Chromosom 17p
lokalisiert und zeigt in 60% aller HNSCC inaktivierende somatische Mutationen. Eine kiirzlich
veroffentlichte Studie, in der miRNA Daten, DNA-Methylierungsmuster, Genexpressionsdaten und
Nukleotidsubstitutionen von 279 HNSCC Patienten analysiert wurden, zeigte loss of function
Mutationen in TP53 und CDKN2A Inaktivierung in nahezu allen HNSCC, die auf Tabakkonsum
zurlickzufiihren sind [33]. CDKN2A, lokalisiert auf Chromosom 9p21, welches fiir das Protein
p16'™KA kodiert, ist haufig inaktiviert durch Mutation oder Methylierung und verliert somit seine
Zellzyklus-regulierende Funktion, welche auf Inhibition des Ubergangs von der G1- in die S-Phase
basiert [32]. Zu den frihen Lasionen in mehr als 80% aller HNSCC zahlt auch eine Amplifikation

von Cyclin D1 (CCND1) auf Chromosom 11q13. CCND1 vermittelt die Phosphorylierung von Rb,
3
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was den Eintritt in die S-Phase ermoglicht [34]. Ein weiterer Signalweg, der haufig Mutationen in
Kopf-Hals-Tumoren aufweist, ist der NOTCH-Signalweg. Dieser Signalweg beeinflusst unter
anderem die Regulierung der Selbsterneuerungs-Kapazitat einer Zelle, den Austritt aus dem
Zellzyklus und das zellulire Uberleben [35]. NOTCH1 Mutationen sind in 10-15% der HNSCC
Tumore zu finden und sind meist inaktivierend, was darauf schlielen lasst, dass NOTCH1 in HNSCC
als Tumorsuppressor fungiert [36].

Neben Verdanderungen Zellzyklus-regulierender Komponenten ist auch das Umgehen der
Telomerverkiirzung von groRer Bedeutung fiir das unlimitierte replikative Potenzial einer Zelle.
90% aller HNSCC sowie pramaligne Lasionen des Kopf-Hals-Bereiches zeigen eine Reaktivierung
der Telomerase, welche eine zentrale Rolle bei der zellularen Immortalisierung spielt [37].

Der epidermale Wachstumsfaktorrezeptor (EGFR) gehort zu den ErbB Wachstumsfaktor-Rezeptor-
Tyrosinkinasen. Durch Bindung von Wachstumsfaktoren wird eine Signalkaskade ausgel6st, die
wiederum zur Aktivierung von Signalwegen fihrt, die mit der Regulierung von Zellproliferation,
Apoptose, Angiogenese oder Metastasierung assoziiert sind [6]. Aktivierende Mutationen,
Amplifikationen und Uberexpression von EGFR sind in vielen HNSCC zu beobachten [32]. Dadurch
kommt es zu einer UbermaBigen Aktivierung der downstream Signalwege Ras-MAPK und PI3K-
PTEN-AKT. Auch der STAT Signalweg und Cyclin D1 werden von EGFR positiv reguliert, was zu
erhohter mitogener Aktivitat fuhrt. Darlber hinaus sind Komponenten des PI3K-PTEN-AKT
Signalwegs selbst haufig von Signalwegs-aktivierenden Mutationen betroffen [38]. HPV-positive
HNSCC weisen vorwiegend Mutationen in dem Onkogen PIK3CA, sowie Amplifikationen des

Zellzyklusregulators E2F1 auf [33].

Therapie

Als Grundlage fiir Therapieentscheidungen dient primar das Staging des Tumors, welches jedoch
je nach Lokalisation des Primartumors unterschiedlichen Richtlinien folgt [39]. Das Staging basiert
auf der TNM-Klassifikation, welche die TumorgroRRe (T), Lymphknotenmetastasierung (N) und
Fernmetastasierung (M) beschreibt [40]. Dazu wird meist ein CT (Computertomographie) Scan
und/oder eine MRT (Magnetresonanztomographie) durchgefiihrt. Zur Detektion von Metastasen,
die bei HNSCC neben den regiondaren Lymphknoten haufig in der Lunge und weniger haufig in den
mediastinalen Lymphknoten, der Leber und den Knochen zu finden sind, wird meist ein PET
(Positronen-Emissions-Tomographie) Scan mit ¥F-2-Fluordesoxyglucose herangezogen [41]. In der
Regel werden PET und CT kombiniert angewendet in einem sogenannten PET-CT Scan, wodurch

eine hohere Genauigkeit der Ergebnisse erlangt werden kann.
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Als Therapie fiir HNSCC wird nach Modglichkeit die operative Entfernung des Tumors eingesetzt.
Dabei gibt es jedoch Limitierungen, wie die anatomische Ausbreitung des Tumors und die
notwendige Erhaltung essentieller Organe im Kopf-Hals-Bereich, wie z. B. die Carotis-Arterie oder
Speicheldrisen. Im Laufe der letzten Jahrzehnte konnten bedeutende technische Fortschritte bei
der Chirurgie von HNSCC erreicht werden, vor allem durch die Entwicklung minimalinvasiver
Methoden. Dazu gehoren die Laser-Mikrochirurgie und die Roboterchirurgie, die fiir transoral
zugangliche Tumore der Mundhohle, des Pharynx und des Larynx eingesetzt werden und sowohl
bessere onkologische Ergebnisse als auch bessere Funktionserhaltung der Organe ermdglichen
[42].

Eine weitere Behandlungsmethode fiir HNSCC ist die Radiotherapie, die entweder als primare
Therapieform oder adjuvant eingesetzt wird. Der Wirkmechanismus der Radiotherapie beruht auf
der Induktion von DNA-Schaden, die durch die ionisierende Strahlung erzeugt werden, und
anschlieRend zum Tod der Zelle fiihren sollen. Da die Strahlung jedoch nicht nur Tumorzellen,
sondern auch Normalgewebe schadigt, muss die Therapie so konzipiert werden, dass die
maximale Dosis im Tumorvolumen appliziert wird, wahrend die Dosis fir angrenzendes
Normalgewebe minimal ist. Eine Radiotherapie bei HNSCC besteht in der Regel aus fraktionierter
Bestrahlung des Tumors (liblicherweise in taglichen Dosen von 2 Gy an 5 Tagen der Woche) bis zu
einer Gesamtdosis von 70 Gy [6]. Neue Technologien, wie die Intensitats-modulierte
Radiotherapie (IMRT), erlauben eine rdaumlich optimierte Bestrahlung des Zielvolumens bei
gleichzeitiger Reduktion der Dosis flir angrenzendes Normalgewebe [43]. Weitere Neuerungen
auf dem Gebiet der Strahlentherapie von HNSCC sind Protonentherapie, Neutronentherapie,
Schwerionentherapie, Brachytherapie, stereotaktische Radiochirurgie und die Integration von
bildgebenden Verfahren (CT oder PET-CT) in Linearbeschleuniger [6]. Zudem konnten in einigen
Studien durch Hyper- oder Hypofraktionierung der Bestrahlung zum Teil bessere Therapieerfolge
erzielt werden [44, 45]. Um eine verbesserte Tumorkontrolle zu erreichen, wird die Radiotherapie
haufig in Verbindung mit Chemotherapie angewendet. Radio(chemo)therapie wird vor allem bei
Patienten mit lokal fortgeschrittenen und/oder inoperablen Tumoren eingesetzt, kommt jedoch
auch oftmals postoperativ zum Einsatz, um die lokale und lokoregionare Tumorkontrolle zu
erhohen [46]. In Form einer neoadjuvanten Behandlung dient die Radio(chemo)therapie zur
Reduktion des Tumorvolumens, um eine anschlieBende Operation zu ermdglichen.

Die Chemotherapie war lange Zeit vorwiegend fiir palliative Behandlungen von Bedeutung, wird
jedoch heutzutage fir lokal fortgeschrittene HNSCC meist in Kombination mit Radiotherapie
kurativ eingesetzt [47]. Auch die Induktionschemotherapie bei fortgeschrittenen HNSCC wurde in

Studien getestet. Dabei wird neoadjuvant oder in Kombination mit einer Radiotherapie eine
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Chemotherapie durchgefiihrt, um das Risiko fiir spatere Fernmetastasen oder Tumorrezidive zu
reduzieren. Es konnte jedoch bislang keine signifikante Verbesserung der Uberlebensraten oder
Tumorkontrollraten gezeigt werden [48]. Die gangigsten Chemotherapeutika in der Therapie von
HNSCC sind der Replikationshemmer Cisplatin [49] und der Antimetabolit 5-Fluorouracil (5-FU)
[50], welche als zusitzliche Therapie zur Bestrahlung einen positiven Effekt auf das Uberleben und
die lokoregiondare Tumorkontrolle haben. Taxane (Paclitaxel, Docetaxel), die die Funktion des
Spindelapparates und somit die Zellteilung hemmen, werden meist in neoadjuvanten
Behandlungsschemata und in Kombination mit Cisplatin und 5-FU eingesetzt [51].

Die Radio(chemo)therapie stellt neben der operativen Behandlung die Standardtherapie fiir lokal
fortgeschrittene HNSCC dar, obwohl sie hdufig mit Akuttoxizitdten, wie Dysphagie, Mukositis und
Dermatitis verbunden ist sowie mit einem Risiko fiir langfristige Folgen in Form von
Sekundartumoren. Eine Limitation der Radiotherapie ist eine mogliche intrinsische Radioresistenz
der Tumorzellen, die haufig bei lokal fortgeschrittenen HNSCC zu beobachten ist. Diese basiert in
vielen Fallen auf hypoxischen schlecht vaskularisierten Bereichen innerhalb des Tumors, welche
radioresistente Tumorstammzellen enthalten [52]. Eine geringe Strahlenempfindlichkeit kann
zudem auf entartete Proliferations-Signalwege, insbesondere das EGFR-Signaling, den PI3K-AKT-
mTOR Signalweg und die P53 Signalkaskade zurlickgefihrt werden [53]. Neue Strategien die
Antitumor-Wirkung der Therapien zu intensivieren und gleichzeitig die oft schwerwiegenden
Nebenwirkungen systemischer Behandlungen zu vermeiden zielen daher auf molekulare
therapeutische Targets in deregulierten Signalwegen ab. EGFR-Inhibitoren, wie der monoklonale
Antikorper Cetuximab, sind die ersten klinisch angewendeten molekularen Tumortherapeutika fir
HNSCC [54]. Ein weiteres molekulares Therapeutikum fiir HNSCC ist Bevacizumab, ein
monoklonaler Antikdrper gegen VEGF, der anti-angiogenetisch wirkt und somit durch verminderte
Nahrstoff- und Sauerstoffversorgung zur Hemmung der Proliferation des Tumors beitragt [55].
Der Antikoérper Trastuzumab hemmt den epidermalen Wachstumsfaktorrezeptor HER2, der die
Zellproliferation tber den MAPK-Weg stimuliert und die Apoptose lber den mTOR-Signalweg
unterdriickt [56]. Der duale Antikorper Lapatinib ermoglicht die gleichzeitige Inhibition von EGFR
und HER2 [57]. Dariiber hinaus wird der mTOR-Inibitor Rapamycin in der Therapie von HNSCC
eingesetzt [58]. Sorafenib steigert den antiproliferativen Effekt von Radiochemotherapie durch
Inhibition der DNA-Reparaturproteine ERCC1 und XRCC1 [59].

Nicht jede Therapie ist fiir jeden HNSCC Patienten geeignet, nicht zuletzt aufgrund der
Heterogenitat der Kopf-Hals-Tumore. Spezifische Marker, die Vorhersagen lber das individuelle
Ansprechen auf eine Behandlungsform zulassen, wiirden die Moglichkeit bieten, vermeidbare

Belastungen durch wenig erfolgversprechende Therapien zu umgehen. Daher fokussieren sich
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aktuelle Studien auf die Identifikation von Biomarkern, die Aussagen lber den individuellen
Krankheitsverlauf, sowie liber potentielle Therapieerfolge erlauben. Darliber hinaus werden neue
molekulare Targets untersucht, die der gezielten Therapie dienen und zu einem verbesserten

Uberleben bei HNSCC Patienten beitragen kdnnten.

1.2 Biomarker

Ein Biomarker ist ein messbarer Indikator, der prazise, objektiv und reproduzierbar zwischen
normalem und pathologischem Zustand unterscheiden, oder die Reaktion auf eine spezifische
therapeutische Intervention vorhersagen kann [60]. Tumorbiomarker reflektieren den Status der
zugrunde liegenden Erkrankung und ermoglichen die Stratifizierung von Patienten. Sie dienen der
Identifikation von Patienten, die keine weitere Therapie benétigen, oder von Patienten, die
voraussichtlich nicht von einer bestimmten Behandlung profitieren. Dadurch kénnen effektivere
und kostenglinstigere Therapien gewahlt und fiir jeden Patienten individuell angepasst werden.
Solche Marker stellen pradiktive Marker dar, da sie Vorhersagen liber die Wirksamkeit einer
Therapieform erlauben. Biomarker, die Aussagen {iber das Uberleben und damit auch die
Aggressivitat des Tumors zulassen, werden als prognostische Marker bezeichnet. Diagnostische
Tumormarker hingegen dienen der Detektion von Krebserkrankungen. Dariiber hinaus kénnen
Tumormarker zur Uberwachung einer Therapie oder zur Abschitzung des Risikos fiir ein Rezidiv
herangezogen werden. Tumorbiomarker kénnen zudem molekulare Targets fir neue gezielte
Therapien darstellen [61].

Von der Entdeckung eines Biomarkers bis zu seiner klinischen Implementierung ist es jedoch ein
langer Weg. Ein verlasslicher Biomarker muss eine hohe Spezifitdt und Sensitivitat aufweisen. An
groRen Patientenkohorten missen standardisierte Nachweisverfahren entwickelt werden, um
einen Biomarker zu etablieren. Zudem ist es von Vorteil, wenn ein Biomarker leicht, idealerweise
minimalinvasiv, zuganglich ist. Molekulare Biomarker kénnen auf DNA-Ebene in Form von
Kopienzahlveranderungen, Polymorphismen, Punktmutationen, Translokationen oder Insertionen
zu finden sein. Auf RNA-Ebene kénnen erhohte oder verminderte Transkription sowie
posttranskriptionelle Modifikationen als Biomarker dienen. Ebenso kénnen
Expressionsanderungen von Proteinen oder posttranslationale Effekte Marker darstellen [62].
Auch epigenetische Faktoren, wie z. B. Methylierungsmuster kénnen als Biomarker genutzt
werden [63]. Ein bereits in der Klinik etablierter prognostischer Marker fiir Kopf-Hals-Tumore ist
der HPV-Status [31]. Des Weiteren stellt die Oxygenierung eines HNSCC Tumors einen pradiktiven
Marker fiir den Erfolg von Radiotherapie dar [64]. Auch EGFR-Uberexpression wird mit einem

schlechten Therapie-Ansprechen und geringerem Uberleben in Verbindung gebracht [65]. EGFR-
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Inhibitoren werden daher therapeutisch eingesetzt, haben jedoch nur fir bestimmte
Patientengruppen einen positiven Effekt. Dies beruht auf der komplexen Regulation des EGFR-
Signalwegs durch feedback-loops und die Interaktion mit dem MAPK-Signalweg [66]. Daher
werden weitere molekulare Marker bendtigt, um Patienten zu identifizieren, die von einer Anti-
EGFR Therapie profitieren konnen [67]. Weitere molekulare Marker in HNSCC, fir die bereits
gezielte Therapiestrategien entwickelt wurden, sind in 1.1.4 aufgefiihrt. Eine Vielzahl aktueller
Studien beschreibt neue Biomarker und potenzielle therapeutische Targets fiir HNSCC, wie z. B.
CD44, ein Oberflaichenmarker fiir Krebsstammzellen, der mit einer schlechten Prognose und
Therapieresistenz in Larynx- und Pharynxkarzinomen korreliert [68]. Auf RNA-Ebene sind
insbesondere nicht-kodierende regulatorische RNAs, long non-coding RNAs (IncRNAs) [69] und

microRNAs (miRNAs) [70], im Fokus der Tumormarkerforschung.

1.3 MicroRNAs

Weniger als 2% des Genoms werden in messenger RNAs (mRNAs) Ubersetzt und kodieren fiir
Proteine [71]. Kleine regulatorische nicht-kodierende RNAs riicken immer mehr in den Fokus der
Wissenschaft. Die groRte Gruppe darunter reprasentieren die long non-coding RNAs (IncRNAs).
LncRNAs weisen eine Lange von ca. 200 Nukleotiden auf und stellen epigenetische Regulatoren
der Genexpression dar, die mittels Chromatinmodifizierung die Transkription ihrer Zielgene
beeinflussen [72]. Sie sind involviert in Differenzierung, Entwicklung und Karzinogenese [73]. Eine
weitere Klasse nicht-kodierender RNAs sind microRNAs (miRNAs), evolutiv hoch konservierte
RNAs mit einer Lange von ca. 22 Nukleotiden. Sie agieren als posttranskriptionelle Regulatoren
der Genexpression, indem sie durch Basenpaarung an ihre Ziel-mRNA binden und entweder die
Translation blockieren oder die mRNA degradieren [74]. Die erste miRNA, lin-4, wurde 1993 in
Caenorhabditis elegans entdeckt. Lin-4 reguliert das Protein LIN-14, welches fir den
Entwicklungsprozess essentiell ist [75]. In den darauffolgenden Jahrzehnten wurden zahlreiche
miRNAs in Pflanzen, Tieren und Viren identifiziert. Bislang sind Gber 2500 verschiedene humane
miRNAs in der Datenbank human genome miRBase (Release 21.0) bekannt [76], die auf die
Expression von (iber 60% der humanen Gene Einfluss nehmen [77]. Dabei kann eine miRNA
mehrere Ziel-mRNAs regulieren und umgekehrt eine mRNA Erkennungssequenzen fir mehrere
miRNAs besitzen.

Die fir miRNAs kodierenden Sequenzen stellen entweder eigene Gene in Form von
polycistronischen Clustern dar oder liegen in Introns, manchmal auch in Exons anderer Gene. Sie

werden zunachst von der Polymerase Il, seltener auch von der Polymerase lll, zu sogenannten
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primary precursor miRNAs (pri-miRNAs) transkribiert [78, 79]. Diese sind zu einer
Haarnadelstruktur gefaltet und werden von dem RNase Ill Enzym Drosha endonukleolytisch
gespalten, wodurch etwa 70 Nukleotide lange precursor miRNAs (pre-miRNAs) entstehen. Einige
miRNAs werden jedoch Drosha-unabhangig mittels Splicing aus Introns generiert [79]. Nach dem
Exportin-5 vermittelten Export der pre-miRNA ins Zytoplasma wird die Haarnadelstruktur durch
das RNase lll Enzym Dicer entfernt. Dadurch entsteht ein ca. 22 Nukleotide langer RNA-Duplex,
wobei ein RNA-Strang die reife miRNA darstellt. Dieser wird bevorzugt in den miRNA induced
silencing complex (miRISC) integriert, wahrend der Gegenstrang meist degradiert wird [79]. Die
Hauptkomponenten des miRISC sind Argonaute (AGO) Proteine. MRNAs, die von miRNAs reguliert
werden, befinden sich zusammen mit Argonaute Proteinen in zytoplasmatischen Foci, den
sogenannten Processing bodies [78].

Die Erkennung der Ziel-mRNA beruht auf der Komplementaritat von miRNA und mRNA. Dabei
kann eine Interaktion nur stattfinden, wenn die sogenannte seed-Region, die durch die Nukleotide
2-7 der miRNA reprasentiert wird, Komplementaritdt zu einer Erkennungssequenz der mRNA
aufweist. Die Erkennungssequenz befindet sich meist in der 3‘-untranslatierten Region der mRNA,
kann jedoch auch in der 5‘-untranslatierten Region oder im kodierenden Bereich liegen [80].
Wahrend in Pflanzen eine perfekte Basenpaarung von miRNA und Ziel-mRNA Ublich ist, ist in
tierischen Zellen eine Komplementaritdt der seed-Region ausreichend. Fir die Interaktion
zwischen der seed-Region und der Erkennungssequenz sind vier konservierte Strukturen bekannt.
Bei der 6mer-Struktur stimmt die Erkennungssequenz lediglich mit den sechs Nukleotiden der
seed-Region Uberein. Bei der 7mer-m8-Struktur hybridisiert die Erkennungssequenz ebenfalls mit
der gesamten seed-Region und wird erweitert durch eine Basenpaarung mit dem achten
Nukleotid der miRNA. Bei der 7mer-A1-Struktur wird die Erkennungssequenz durch ein Adenosin
gegeniber dem ersten Nukleotid der miRNA verlangert. Die 8mer-Struktur stellt eine
Kombination aus der 7mer-m8- und 7mer-A1-Struktur dar [77]. Die Expression des Zielgens wird
am effizientesten reguliert, wenn eine 8mer-Struktur vorliegt, gefolgt von der 7mer-m8- und der
7mer-1A-Struktur. Die 6mer-Struktur hat den geringsten Einfluss auf die Expression [80]. Auch die
Position der Erkennungssequenz und die Zusammensetzung der benachbarten Sequenzen wirken
sich auf die Effizienz der Regulation aus [81].

Die miRNA vermittelte Regulation einer mRNA beruht entweder auf einer Inhibition der
Translation oder auf Destabilisierung und Degradation der mRNA [82]. Die in Pflanzen Ubliche
perfekte Basenpaarung von miRNA und mRNA induziert die endonukleolytische Spaltung der
mRNA durch AGO, was zu einer schnellen Degradation der mRNA fiihrt. In tierischen Zellen, in

denen miRNA und mRNA eine meist unvollstandige Paarung aufweisen, wird die Ziel-mRNA
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vorwiegend durch miRISC induzierte Deadenylierung destabilisiert, was eine Degradation der
MRNA zur Folge hat. Eine miRISC vermittelte Inhibition der Translation hingegen beruht auf

Ribosomen drop-off oder Proteolyse des entstehenden Peptids [82].

MiRNAs als Biomarker

MiRNAs spielen in nahezu allen zellularen Signalwegen eine regulatorische Rolle. Somit
beeinflussen sie wichtige zelluldare Prozesse wie Entwicklung, Differenzierung, Proliferation und
Zelltod. Infolgedessen kommt ihnen auch eine wichtige Bedeutung in der Stressantwort zu. Die
miRNA Expression wird durch Stressoren wie Nahrstoffmangel, Hypoxie, DNA-Schadigung, z. B.
durch ionisierende Strahlung, sowie durch Krankheiten beeinflusst [83, 84]. Dadurch ist die Zelle
in der Lage auf Stresssituationen zu reagieren und die Genexpression entsprechend zu adaptieren.
Als Folge von DNA-Schaden wird beispielsweise TP53 induziert, ein Transkriptionsfaktor, der die
Zellzykluskontrollpunkte aktiviert und entweder die DNA-Reparatur einleitet oder bei einer zu
starken Schadigung der DNA den programmierten Zelltod induziert. TP53 reguliert im Kontext der
Schadensantwort die Expression mehrerer miRNAs und umgekehrt wird auch TP53 von miRNAs
reguliert [85]. Aufgrund der Beteiligung der miRNAs an der DNA-Schadensantwort kommt ihnen
auch eine wichtige Bedeutung in der Karzinogenese zu. Es ist bekannt, dass miRNAs neben
Krebserkrankungen auch eine Rolle bei kardiovaskularen, neurologischen und inflammatorischen
Erkrankungen spielen [84]. Sie zeigen oft klare Signaturen, die spezifisch fiir eine Krankheit sind
und eine Abgrenzung zu gesunden Individuen erlauben. Aufgrund ihrer Gewebsspezifitat und
ihrer vielfaltigen Targets kénnen miRNAs nicht eindeutig als Onkogen oder Tumorsuppressor
klassifiziert werden. Somit kann eine miRNA in unterschiedlichen Tumorentitdten
unterschiedliche Effekte haben [86]. Diese Spezifitdt und die Tatsache, dass miRNA-Signaturen
nicht nur den malignen Charakter von Tumoren reflektieren, sondern auch nach Parametern, wie
Geschlecht und Alter des Patienten oder Stadium und Invasivitdt des Tumors unterscheiden
kdénnen, qualifiziert miRNAs als vielversprechende Biomarker in der Krebsdiagnostik [87]. Dariliber
hinaus verandert Strahlentherapie oder Chemotherapie die Expression bestimmter miRNAs [88,
89], was diese zu geeigneten Biomarkern fiir die Therapieliberwachung und Prognose macht.
Umgekehrt  beeinflussen miRNAs die  Empfindlichkeit von Tumoren gegenlber
strahlentherapeutischer oder chemotherapeutischer Behandlung [90] und stellen somit
potenzielle therapeutische Targets dar. Auch fir HNSCC konnten bereits einige miRNAs als
vielversprechende diagnostische und prognostische Marker identifiziert werden [91, 92]. Die
Anwendung von miRNAs in der Klinik birgt jedoch einige Herausforderungen. MiRNAs weisen eine

hohe Sensitivitat auf und kénnen durch zahlreiche Faktoren und Umwelteinfliisse, wie physische
10
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Betatigung [93] oder Erndhrung [94], beeinflusst werden. Dariliber hinaus reguliert eine miRNA
zahlreiche Ziel-mRNAs, weshalb einer therapeutischen Anwendung eine eingehende Analyse des
funktionalen Netzwerks einer miRNA vorangehen muss. Die erste Phase 1 klinische Studie zu
miRNAs untersucht derzeit den therapeutischen Einsatz der miR-34 Familie bei nicht operablen
primdren Leberkarzinomen und fortgeschrittenen oder metastasierenden Karzinomen mit

Beteiligung der Leber [95].

Zellfreie zirkulierende miRNAs

MiRNAs existieren nicht nur intrazelluldar, sondern sind auch in extrazellulirer Form in
KorperflUssigkeiten, wie Blut, TranenflUssigkeit, Urin, Liquor oder Speichel, detektierbar. Zellfreie
miRNAs in Blutplasma und Serum sind resistent gegen Ribonukleasen und weisen eine hohe
Stabilitdt gegeniiber wiederholter Einfrier- und Auftauvorgénge oder pH-Verdanderungen auf [96].
Dies beruht darauf, dass einige miRNAs in Nukleoproteinkomplexen an Ago2 oder Nukleophosmin
1 (NPM1) gebunden sind oder wenn sie als freie miRNAs, z. B. aus nekrotischen Zellen, in die

Korperflissigkeit gelangen mit dem high-density lipoprotein (HDL) assoziieren.

Spenderzelle Kérperflissigkeit Empfingerzelle

Reife
ss miRNA

ds‘%&% . ) —— %
e | Ly () >
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miRNA-Gen
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Regulation der Gen-
Primare miRNA > expression

Precursor
miRNA

apoptotic
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Abbildung 1  Mogliche  Zell-Zell-Ubertragungsmechanismen von miRNAs iiber
Korperfliissigkeiten (modifiziert nach Selth et al., 2012 [97]). Die miRNAs werden in der
Spenderzelle transkribiert und prozessiert. Die reifen miRNAs werden anschlieRend entweder in
Nukleoproteinkomplexen mit Ago2 oder NPM1 oder in Lipidvesikeln (Exosomen) aus der Zelle
exportiert. Freie miRNAs konnen mit HDL assozieren, wodurch sie vor dem Abbau durch
Ribonukleasen geschiitzt sind. Auch als Produkt apoptotischer Zellen kénnen miRNAs extrazellular
vorkommen in Form von apoptotic bodies. Die miRNAs kdnnen dann von Empfangerzellen durch
verschiedene mogliche Mechanismen (z. B. Endozytose) aufgenommen werden, wo sie die
Genexpression regulieren kdnnen.

ds: double stranded, ss: single stranded, Ago2: Argonaute2, NPM1: Nukleophosminl, HDL: high-
density lipoprotein
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Andere zellfreie miRNAs liegen eingeschlossen in Lipidvesikel, den sogenannten Exosomen, oder
in apoptotic bodies vor (Abb. 1) [97].

MiRNAs konnen entweder durch zielgerichtete Exkretion (z. B. Exosomen) oder aber durch
ungerichtete Freisetzung (z. B. durch Nekrose) in die Korperfliissigkeiten gelangen. Durch die
Verbreitung tber Korperflissigkeiten konnten die miRNAs einen hormonartigen Effekt zeigen und
so weitreichende Auswirkungen haben [98]. Der Ursprung der miRNAs ist dabei meist unklar, da
die ,Spenderzellen” oft nicht eindeutig identifiziert werden kénnen. Es konnte jedoch gezeigt
werden, dass diese miRNAs ebenso wie zellulare miRNAs als Biomarker dienen kénnen. MiR-21
wurde beispielsweise als Tumormarker in der Zirkulation von HNSCC Patienten identifiziert und
zeigte eine deutliche Reduktion nach operativer Entfernung des Tumors [99], ebenso wie miR-195
und miR-let-7a im Blut von Brustkrebspatienten [100]. Diese Resultate deuten darauf hin, dass
miRNAs in der Zirkulation den Tumorstatus reflektieren und somit als Marker fiir Prognose und
Therapieentscheidungen dienen kdénnen. Zudem zeigen Plasma-miRNAs Veranderungen durch
ionisierende Strahlung [101] und chemotherapeutische Behandlung [89]. In Exosomen Transfer
Experimenten konnten Effekte exosomaler miRNAs auf die Chemoresistenz oder das
Metastasierungspotenzial der Zielzellen beobachtet werden [102]. Diese Eigenschaften
verbunden mit der Moglichkeit eines minimalinvasiven Nachweises machen zellfreie zirkulierende

miRNAs zu dulRerst attraktiven Biomarkern flir den Therapieverlauf.

1.4 Ziele der Arbeit

Da die Uberlebensrate von HNSCC Patienten in fortgeschrittenen Stadien trotz betrichtlicher
Weiterentwicklung der Therapiemethoden immer noch gering ist [5], stellt die Erforschung gut
zuganglicher Biomarker einen vielversprechenden Ansatz fir individuell abgestimmte und
effektive Therapieentscheidungen dar.

Ziel der vorliegenden Arbeit war die ldentifikation von Plasma-miRNAs, die als Biomarker zur
Therapieliberwachung und Prognose von HNSCC Patienten dienen konnen. Zudem sollten
Untersuchungen durchgefiihrt werden, die Aussagen Uber den Ursprung der Marker-miRNAs im
Plasma zulassen. Des Weiteren sollten die funktionellen Netzwerke der durch die therapeutische
Intervention verdnderten miRNAs analysiert werden, um einen Uberblick tber die zelluliren
Prozesse, die durch die Radio(chemo)therapie beeinflusst werden, zu erhalten und molekulare
Targets zu identifizieren, die potenziell fir gezielte Therapien verwendet werden kdonnen.

Um diese Aspekte zu adressieren, sollten sowohl Analysen an Patientenmaterial als auch im
Zellkulturmodell durchgefiihrt werden. Dazu sollte ein Untersuchungskollektiv (discovery cohort)

von HNSCC Patienten, die entweder mit definitiver Radiotherapie oder einer
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Kombinationstherapie aus Radiotherapie und Chemotherapie bzw. Immuntherapie behandelt
wurden, analysiert werden. Dabei sollten nur Patienten eingeschlossen werden, die keiner
operativen Tumortherapie unterzogen wurden, um die Hypothese zu priifen, dass Veranderungen
der Plasma-miRNAs wahrend der Therapie den Tumorstatus reflektieren, und Aussagen (iber den
Erfolg der Therapie ermdglichen. Mittels quantitativer real-time PCR (qRT-PCR) arrays sollten
Veranderungen der Plasma-miRNAs nach zwei Fraktionen therapeutischer Bestrahlung im
Vergleich zu dem Plasma-miRNA Status vor Beginn der Therapie ermittelt werden. Die dadurch
identifizierten Marker-Kandidaten sollten anschlieBend mit single qRT-PCR assays technisch
validiert werden. Ein Vergleich der miRNA-Profile im Plasma vor und nach Radio(chemo)therapie
mit den Profilen der peripheren mononuklearen Zellen (PBMNC) derselben Patienten sollte die
Uberpriifung einer moglichen Herkunft der Kandidaten-miRNAs aus Blutzellen ermdoglichen. Des
Weiteren sollten die Plasma-miRNA Profile der HNSCC Patienten mit denen eines nach Alter und
Geschlecht angepassten Kollektivs gesunder Spender verglichen werden, um Hinweise auf einen
moglichen Tumorursprung der Plasma-miRNAs zu erhalten.

Alle Plasma-miRNAs, die eine Differenzierung zwischen gesunden Individuen und HNSCC
Patienten erlaubten sowie alle Plasma-miRNAs, die eine Veranderung nach Radiochemotherapie
zeigten, sollten in einem unabhangigen HNSCC Patientenkollektiv validiert werden.

Die so ermittelten Marker-miRNAs sollten sowohl im Untersuchungskollektiv als auch im
Validierungskollektiv auf ihre prognostische Aussagekraft bezlglich lokoregionarer
Tumorkontrolle, Progress-freien Uberlebens und des Gesamtiiberlebens getestet werden. Um
weitere Informationen Uber die Herkunft dieser miRNAs zu gewinnen, sollte die Expression der
Marker-miRNAs zudem in Tumorbiopsien von Patienten aus beiden Kohorten bestimmt werden.
Zu demselben Zweck und fir funktionelle Studien sollte im Rahmen der vorliegenden Arbeit ein
Zellkulturmodell entwickelt werden, welches die Radiochemotherapie in der Klinik simuliert.
Dafiir sollten primare HNSCC Zellen entsprechend des in den verwendeten Patientenkollektiven
Ublichen Schemas behandelt werden. Nach globaler miRNA- und mRNA-Analyse der HNSCC Zellen
sollten mogliche funktionelle Netzwerke der durch die Behandlung veranderten miRNAs erstellt
werden, die auf einer negativen Korrelation der jeweiligen miRNA-Expression mit der Expression
bereits bekannter validierter Ziel-mRNAs mit einer ebenfalls signifikanten Veranderung nach der
Behandlung, basieren. Anhand der verdanderten mRNAs sollten zudem Signalwege identifiziert
werden, die von der simulierten Radiochemotherapie betroffen waren, um so modgliche
therapeutische Targets zu identifizieren. Dariiber hinaus sollten im Zellkulturmodell potenzielle
Zielgene und Signalwege der im Plasma von HNSCC Patienten identifizierten Marker-miRNAs

ermittelt werden, um einen Einblick in deren Funktion zu erhalten.
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2 PUBLIZIERTE ERGEBNISSE

2.1 Zusammenfassung

Maligne Tumore des Kopf-Hals-Bereiches, meist Plattenepithelkarzinome (HNSCC), stellen die
sechsthdufigste Krebserkrankung weltweit dar. Da Kopf-Hals-Tumore, besonders in
fortgeschrittenen Stadien, aufgrund ihrer Lokalisation in direkter Nahe zu essentiellen Strukturen
haufig nicht operabel sind, werden alternative Therapieformen benotigt. Spezifische Marker, die
Vorhersagen Uber das individuelle Ansprechen auf eine Behandlungsform, wie z. B. eine
Radiotherapie, zulassen, kbnnen zur Stratifizierung von Patienten herangezogen werden, um
individuell angepasste Therapieentscheidungen zu treffen. Zudem kann eine Therapie gegen
molekulare Zielstrukturen den Effekt einer Radio(chemo)therapie intensivieren und somit zu einer
verbesserten Tumorkontrolle und einer héheren Uberlebensrate bei HNSCC Patienten beitragen.

In der vorliegenden Arbeit sollten microRNAs (miRNAs) identifiziert werden, die als Biomarker fir
Prognose und den Therapieverlauf in der Radio(chemo)therapie von HNSCC Patienten genutzt
werden kénnen. Dazu wurde die miRNA-Expression mittels quantitativer real-time PCR im
Blutplasma von 18 HNSCC Patienten (Untersuchungskollektiv) vor Beginn der Therapie und nach
zwei Fraktionen therapeutischer Bestrahlung verglichen. Die Plasma-miRNAs miR-21-5p, miR-28-
3p, miR-93-5p, miR-142-3p, miR-191-5p, miR-195-5p, miR-425-5p und miR-574-3p wurden als die
vielversprechendsten Marker fiir die lokoregiondre Tumorkontrolle bzw. das Uberleben der
HNSCC Patienten identifiziert. MiRNA-Analysen der mononuklearen Blutzellen wiesen darauf hin,
dass die Expressionsdanderungen der zirkulierenden miRNAs nach radio(chemo)therapeutischer
Behandlung nicht von peripheren mononukledren Blutzellen verursacht werden. Es wurden
hingegen starke Indizien fir einen Zusammenhang zwischen Plasma-miRNAs und dem
Tumorstatus gefunden. So reprasentierte die Mehrheit der nach Radio(chemo)therapie
verdanderten Plasma-miRNAs bereits bekannte Tumormarker. Dariiber hinaus konnten miRNAs
identifiziert werden (z. B. miR-93-5p, miR-425-5p), die sowohl im Plasma der HNSCC Patienten
eine Therapieantwort zeigten, als auch in einem Zellkulturmodell primarer HNSCC Zellen nach
simulierter Radiochemotherapie. Weiterhin zeigten Analysen der Plasma-miRNAs einer nach Alter
und Geschlecht angepassten Gruppe gesunder Individuen signifikant geringere Expressionswerte
fir nahezu alle detektierbaren miRNAs im Vergleich zu den HNSCC Patienten. Die Beobachtung,
dass diese Plasma-miRNAs, die gesunde Individuen von HNSCC Patienten unterscheiden, auch
eine Therapieantwort im Plasma von HNSCC Patienten zeigen, weist darauf hin, dass diese

miRNAs die Antwort des Tumors auf die Therapie reflektieren, was auf einen Tumorursprung
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dieser miRNAs schlieRen ladsst. Zudem konnte mittels miRNA-Expressionsanalysen an
Tumorbiopsien der HNSCC Patienten gezeigt werden, dass alle Therapie-sensitiven Plasma-
miRNAs auch im Tumorgewebe exprimiert werden.

In einer unabhdngigen HNSCC Patientengruppe konnten alle zuvor identifizierten Therapie-
sensitiven Plasma-miRNAs, sowie alle Plasma-miRNAs, die eine Differenzierung zwischen HNSCC
Patienten und gesunden Individuen erlaubten, validiert werden. Um das prognostische Potenzial
dieser Marker-miRNAs zu bestimmen, wurde eine mogliche Assoziation ihrer Expressionslevels im
Plasma der HNSCC Patienten mit lokoregionirer Tumorkontrolle, Progress-freiem Uberleben und
Gesamtiliberleben getestet. Die Analyse ergab jeweils einen signifikanten Zusammenhang hoher
Plasma-Levels der miRNAs miR-142-3p, miR-186-5p, miR-374b-5p, miR-195-5p und miR-574-3p
mit einer schlechteren Prognose.

Ein weiteres Ziel dieser Arbeit war die Identifikation der funktionellen Netzwerke von miRNAs,
deren Expression nach radiochemotherapeutischer Behandlung verdandert ist, sowie der davon
betroffenen molekularen Prozesse. Dadurch sollte einerseits ein besseres Verstandnis der
Funktion der potenziellen Marker-miRNAs erlangt werden, andererseits sollten exemplarisch
potenzielle therapeutische Zielstrukturen identifiziert werden, die einen Einfluss auf die
Therapiesensitivitdat des Tumors besitzen. Dazu wurden in einem integrativen Ansatz globale
miRNA- und mRNA-Arraydaten und die daraus resultierenden Signalwege aus einem zuvor
etablierten Radiochemotherapie-Zellkulturmodell zweier primarer HNSCC Zelllinien kombiniert.
Die zentralen zelluldaren Prozesse, die in beiden Primarzelllinien von der simulierten
Radiochemotherapie betroffen waren, waren Zellzyklus und Proliferation, Zelltod und
Stressantwort. TGF-beta-, TNF- und IL6- assoziierte Signalwege traten hingegen nur in einer der
beiden Primarzelllinien als wesentlicher Teil der Therapieantwort auf. Da diese Zytokine eine
wichtige Rolle in Entzlindungsreaktionen spielen, ist dieses Resultat ein erster Hinweis darauf,
dass inflammatorische Prozesse in der Therapieantwort potenziell fiir eine Stratifizierung von
HNSCC Patienten genutzt werden kdnnen. Eine weitere Analyse fokussierte sich auf die
funktionellen Netzwerke von miRNAs, die zuvor im Plasma der HNSCC Patienten als
Therapiemarker identifiziert worden waren und gleichzeitig im Zellkulturmodell eine veranderte
Expression nach simulierter Radiochemotherapie zeigten (miR-21-5p, miR-93-5p, miR-106b-5p,
miR-425-5p). Die Analyse ergab, dass diese miRNAs hauptsidchlich eine Rolle im E2F
Transkriptionsfaktor Netzwerk und im PTEN/AKT Signalweg spielen. Diese Signalwege enthalten
zahlreiche Tumorsuppressor- und Onkogene, was darauf schlieBen lasst, dass eine gezielte

Deregulation dieser Signalwege einen vielversprechenden Ansatz zur Optimierung der
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Tumortherapie darstellt. Um jedoch allgemeingiiltige Aussagen treffen zu konnen, werden
umfangreichere Modelle mit zusatzlichen HNSCC Kulturen benétigt.

Die hier prasentierten Daten zeigen, dass miRNAs im Blutplasma von HNSCC Patienten die
Antwort des Tumors auf die kombinierte Radiochemotherapie wiederspiegeln. Dies ertffnet die
Moglichkeit die hier identifizierten Marker-miRNAs als minimalinvasiv verfligbare Biomarker zur
Abschatzungsprognose und Therapieliberwachung zu nutzen. Die Analyse der funktionellen
Netzwerke der Marker-miRNAs und der von Radiochemotherapie betroffenen zelluldren
Signalwege ermoglicht weiterhin die Identifikation neuer potenzieller therapeutischer

Zielstrukturen.

2.2 Summary

Head and neck cancer represents the sixth most common cancer world-wide. Most of the
malignancies in the head and neck region are squamous cell carcinomas (HNSCC), which are often
not detected until they have developed advanced stages. Many advanced HNSCC are not
resectable due to their close vicinity to essential anatomical structures, such as salivary glands
and major blood vessels. Specific markers for a prediction of the individual therapy success, e.g. of
radiotherapy, are needed for patient stratification and individualized treatment decisions.
Another approach for a more effective treatment is the identification of novel therapeutic targets
in order to enhance the therapy success and survival rate of HNSCC patients.

The presented work aimed to identify microRNAs (miRNAs) that can serve as biomarkers for
prognosis and therapy monitoring during radio(chemo)therapy of HNSCC patients. For this
purpose, the miRNA expression levels in the blood plasma of 18 HNSCC patients (discovery
cohort) were determined by quantitative real-time PCR before therapy and after the second
therapeutic irradiation. The plasma miRNAs miR-21-5p, miR-28-3p, miR-93-5p, miR-142-3p, miR-
191-5p, miR-195-5p, miR-425-5p and miR-574-3p were identified as the most promising
biomarkers for locoregional tumor control and survival of the HNSCC patients. MiRNA analyses of
the peripheral blood mononuclear cells suggested that the expression changes of the circulating
miRNAs following radio(chemo)therapy are not related to the peripheral blood mononuclear cells.
However, strong evidence was found that the plasma miRNAs are related to the tumor status. To
begin with, the majority of deregulated plasma miRNAs following radio(chemo)therapy
represented known tumor markers. Moreover, miRNAs were identified that showed a response to
therapy in the plasma of the HNSCC patients and that were also deregulated in a cell culture

model of primary HNSCC cell lines after simulated radiochemotherapy (e.g. miR-93-5p, miR-425-
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5p). Furthermore, plasma miRNA analysis of a group of age- and sex-matched healthy donors
showed significantly lower expression levels for almost all detectable miRNAs compared to the
HNSCC patients. The observation that plasma miRNAs differentiating patients and healthy
individuals also represented therapy-responsive plasma miRNAs in HNSCC patients, hints to a
tumor origin of these miRNAs. Moreover, miRNA expression analysis of tumor biopsies from the
HNSCC patients demonstrated that all therapy-responsive plasma miRNAs are also expressed in
the tumor tissues, which further supports the hypothesis of a tumor origin of these miRNAs.

All plasma miRNAs identified as differentially expressed between HNSCC patients and healthy
individuals, as well as the therapy-responsive miRNAs identified in this study, were confirmed in
an independent cohort of HNSCC patients. In order to determine the prognostic potential of these
miRNAs their ability to predict locoregional tumor control, progression-free survival and overall
survival was tested. The analysis revealed a significant association of high plasma levels of miR-
142-3p, miR-186-5p, miR-374b-5p, miR-195-5p and miR-574-3p with an unfavorable prognosis.

A further aim of the presented work was the identification of the functional networks of miRNAs
showing changed expression after radiochemotherapy and the related cellular pathways. This
analysis intended to provide a deeper understanding of the function of the potential marker
miRNAs and to identify potential therapeutic targets, which influence the sensitivity of the tumor
towards therapy. For this purpose, a cell culture model of two primary HNSCC cell lines with
simulated radiochemotherapy was established. In an integrative approach, global miRNA and
mRNA array data as well as the resulting cellular pathways of the radiochemotherapy cell culture
model from two primary cell lines were combined. The main pathways affected in both primary
cell lines were related to cell cycle and proliferation, cell death and stress response. However,
TGF-beta, TNF and IL6 related signaling pathways were affected only in one of the two cell lines
after treatment. Since these cytokines play an important role in inflammatory processes, this
finding represents a first hint to the potential use of inflammatory processes in the therapy
response for stratification of HNSCC patients. A further analysis focused on the functional
networks of miRNAs that were identified as therapy markers in the blood plasma of HNSCC
patients and also showed altered expression following simulated radiochemotherapy in the cell
culture model (miR-21-5p, miR-93-5p, miR-106b-5p, miR-425-5p). The analysis revealed a major
role of these miRNAs in the E2F transcription factor network and the PTEN/AKT signaling. Since
these pathways contain several tumor suppressor genes and oncogenes, there is an indication
that a deregulation of these pathways might enhance the curative effect of a radiochemotherapy.
However, extended models including additional HNSCC cultures are required for general

assumptions.

17



PUBLIZIERTE ERGEBNISSE

The presented work demonstrates that miRNAs in the blood plasma of HNSCC patients reflect the
response of the tumor to the radiochemotherapy treatment. This opens up the possibility to
utilize the marker miRNAs identified in this study as minimally invasive biomarkers for prognosis
and therapy monitoring. The analysis of the functional networks of the marker miRNAs and the
cellular pathways affected by radiochemotherapy further enables the identification of new

potential therapeutic targets.
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2.3 Beschreibung des Journals Radiation Oncology

Radiation Oncology (ISI Abkilrzung: Radiat Oncol) publiziert Forschungsergebnisse aus den
Bereichen der Strahlenbiologie, Strahlenphysik, Strahlentechnologie und klinischen Onkologie.
Der Fokus des Journals liegt auf Aspekten, die die Behandlung von Krebs durch Bestrahlung
beeinflussen.

Das Journal wird von Thomson Reuters in den Kategorien Oncology und Radiology, nuclear
medicine & medical imaging gefihrt. Mit einem Impact factor von 2,546 und einem 5-Jahres
Impact factor von 2,75 liegt es nach den Journal Citation Reports 2014 auf Rang 119 von 211 in
der Kategorie Oncology und auf Rang 40 von 125 in der Kategorie Radiology, nuclear medicine &

medical imaging.
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Abstract

Introduction: Circulating microRNAs (miRNAs) are easily accessible and have already proven to be useful as
prognostic markers in cancer patients. However, their origin and function in the circulation is still under discussion.
In the present study we analyzed changes in the miRNAs in blood plasma of head and neck squamous cell
carcinoma (HNSCC) patients in response to radiochemotherapy and compared them to the changes in a cell
culture model of primary HNSCC cells undergoing simulated anti-cancer therapy.

Materials and methods: MiRNA-profiles were analyzed by gRT-PCR arrays in paired blood plasma samples of HNSCC
patients before therapy and after two days of treatment. Candidate miRNAs were validated by single gRT-PCR assays.
An in vitro radiochemotherapy model using primary HNSCC cell cultures was established to test the possible tumor
origin of the circulating miRNAs. Microarray analysis was performed on primary HNSCC cell cultures followed by
validation of deregulated miRNAs via gRT-PCR.

Results: Unsupervised clustering of the expression profiles using the six most regulated miRNAs (miR-425-5p, miR-21-5p,
miR-106b-5p, miR-590-5p, miR-574-3p, miR-885-3p) significantly (p = 0.012) separated plasma samples collected prior to
treatment from plasma samples collected after two days of radiochemotherapy. MiRNA profiling of primary HNSCC cell
cultures treated in vitro with radiochemotherapy revealed differentially expressed miRNAs that were also observed to be
therapy-responsive in blood plasma of the patients (miR-425-5p, miR-21-5p, miR-106b-5p, miR-93-5p) and are therefore
likely to stem from the tumor. Of these candidate marker miRNAs we were able to validate by qRT-PCR a deregulation of
eight plasma miRNAs as well as miR-425-5p and miR-93-5p in primary HNSCC cultures after radiochemotherapy.

Conclusion: Changes in the abundance of circulating miRNAs during radiochemotherapy reflect the therapy response
of primary HNSCC cells after an in vitro treatment. Therefore, the responsive miRNAs (miR-425-5p, miR-93-5p) may
represent novel biomarkers for therapy monitoring. The prognostic value of this exciting observation requires
confirmation using an independent patient cohort that includes clinical follow-up data.
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Introduction

Surgical treatment of head and neck squamous cell
carcinoma (HNSCC) is limited by the complex anat-
omy of the tumors and the associated risk of morbidity.
Hence, for many patients an alternative treatment
strategy of definitive radiotherapy alone or in conjunc-
tion with chemotherapy or immunotherapy is required
[1]. Despite considerable progress in treatment op-
tions, disease recurrence and metastasis with a very
strong impact on long-term survival are still the major
challenges [2].

MicroRNAs (miRNAs) are evolutionarily conserved
small RNAs, representing a class of regulators of post-
transcriptional gene expression. There are more than
2000 mature miRNAs currently annotated in the human
genome miRBase (release 19.0) [3] potentially targeting
over 60% of all proteins [4]. Fundamental cellular pro-
cesses including development, apoptosis [5], cell cycle
control, proliferation [6] and DNA-damage repair [7] are
influenced by miRNAs. During the last decade alterations
in miRNA expression have been associated with a number
of human diseases, including cancer (reviewed in [8]). The
recent discovery of miRNAs in body fluids such as cere-
brospinal fluid [9] and blood plasma [10] opens up the
possibility of using miRNAs as minimally invasive bio-
markers for the prediction of clinical endpoints such as
overall survival [11,12]. The well described ‘onco-miR’
miR-21 has already been identified as a valuable plasma
biomarker with high prognostic power in esophageal squa-
mous cell carcinoma [13] and gastric cancer [14].

Since the expression of miRNAs is known to be altered
by ionizing radiation at both the cellular level [15] and
plasma levels of mice [16], they might serve as easily ac-
cessible predictors of the individual response to radiation
therapy. Additionally, miRNAs regulate drug sensitivity
[17] and influence radioresistance [18-20]. This offers the
possibility of using specific plasma miRNAs as biomarkers
for optimized treatment decisions.

The present study aimed to identify blood plasma miR-
NAs showing a response to radiochemotherapy and further
to clarify the origin of these miRNAs in order to use them
as minimally invasive tools for therapy monitoring.

For this purpose we compared miRNA levels in sam-
ples of blood plasma from HNSCC patients prior to
treatment and after the completion of the first two
fractions of therapeutic irradiation. MiRNAs displaying
altered concentration levels after treatment were further
analyzed in peripheral blood mononuclear cells (PBMC)
of the same patients to test the hypothesis of PBMC-
derived alterations of the plasma miRNAs. Moreover, we
established an in vitro radiochemotherapy model using
primary HNSCC cells in order to investigate a potential
tumor origin of the therapy-responsive miRNAs in blood
plasma.
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Materials and methods

Patient samples

Plasma miRNA analysis was performed on 18 patients
(17 HNSCC, 1 esophageal adenocarcinoma) treated with
local X-ray-irradiation using a linear accelerator (6 MV,
Siemens Mevatron M or ELEKTA Synergy’). After a
planning (PET-) CT scan 70 Gy were applied to the
macroscopic tumor and involved lymph nodes in daily
dose fractions of 2 Gy five days per week. The adjuvant
lymphatics were irradiated with up to 50 Gy and the
high-risk lymphatics (adjacent to the involved lymph
node levels) with up to 60 Gy.

16 out of 18 patients received concurrent chemotherapy
(12 patients received 5-fluorouracil (5-FU) plus mitomycin
C (MMC) [21], 3 patients MMC and 1 patient cisplatin
weekly). None of the patients underwent surgical treat-
ment. 5-FU treatment was usually applied on each of the
first 5 days of therapeutic irradiation whereas MMC was
applied only on day 5 and day 36 during radiotherapy.
Patient characteristics are listed in Table 1.

After obtaining ethical approval and informed con-
sent, 15 ml of EDTA-peripheral blood were collected
from each patient prior to the first fraction of therapy
and within one hour after the second fraction of thera-
peutic irradiation. EDTA-blood samples were centri-
fuged at 350x g for 10 min within two hours after
collection to obtain plasma. To avoid cellular contamin-
ation the plasma samples were re-centrifuged at 1,200 x
g for 3 min and subsequently at 14,000 x g for 10 min to
remove cell debris.

PBMC were isolated using Ficoll gradient centrifugation.

Samples were stored at —20°C until further analysis or
at —80°C for long term storage.

The study was approved by the ethics committee of
the University of Munich (Germany).

Primary HNSCC cells

Primary tumor cells were obtained from the fresh tumor
biopsies of two HNSCC cases, HN1957 (left maxilla/left
nasal floor) and HN2092 (right floor of mouth) received
from the Wales Cancer Bank, UK [22]. The tumor tis-
sues were rinsed with PBS, minced and cultivated in
keratinocyte media supplemented with L-glutamine,
penicillin/streptomycin, EGF, BPE, CaCl,, F-12, DMEM
(all components: Life Technologies) and 10% FBS at
37°C and 5% CO, To ensure the exclusive cultivation
of epithelial cells from tissue particles, fibroblast cells
were identified via frequent microscopy and removed
by scraping. The FBS-content of the media was con-
tinuously reduced down to serum-free cultivation. The
epithelial origin of both cultures was assessed by po-
sitive cytokeratin staining via immunohistochemistry
(Additional file 1). Characteristics of the two primary
HNSCC cultures are listed in Table 2.
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Table 2 Characteristics of primary HNSCC cell cultures

Characteristic Number of patients  Characteristic HN1957 HN2092
Gender Gender of patient female male
male 14 Age at diagnosis, years 85 73
female 4 Tumor site left maxilla/left nasal floor  right floor of mouth
Median age, years 579 TNM na. pT4pNO
Age range, years 45.1-80.6 Cell type epithelial epithelial
Tumor site n.a. = not available.
Larynx 5
Oropharynx 3 options using the Primary HNSCC culturefs. Ce}l vial?ility
Vouth floor 5 was measured using the XTT cell proliferation kit II
(Roche) for both cell cultures after applying a wide range
Tongue 2 of 5-FU doses (Figure 1a, b). The 5-FU concentrations
Esophagus 1 were selected to be relatively high, however lying within
Hypopharynx 1 the linear region of the dose-response curve. Thus,
Maxilla 1 HN1957 cells were treated with 50 uM 5-FU and HN2092
Nasopharynx 1 cells, as they showed less sensitivity towards the agent,
Sinuses ] were treated with 100 uM 5-FU.
Cells were seeded in 60 mm-dishes and 24-well plates
Soft palate ! for RNA assays and cell viability assays, respectively. On
T-Stage the following day, cells were irradiated with 2 Gy using a
| 4 137Cs source and treated with 5-FU (Sigma; solved in
Il 2 DMSOQ). Controls were treated with the corresponding
I 6 volumes of DMSO and sham-irradiated. 24 h after the
" . first irradiation a second fraction of 2 Gy was applied to
the 5-FU-treated cells followed by incubation for 1 h at
N-Stage 37°C. Cells were harvested by trypsinization and stored
NO 4 at —20°C until further processing.
N1 4
N2 10 Cell viability assay (XTT)
M-Stage In order to determine cell viability of cells treated with
MO 16 in vitro radiochemotherapy or 5-FU treatment alone, 24-
M1 b well plates were used for three biological and two technical

Concomitant therapy
(in addition to radiotherapy)

5-FU + MMC 12 (patient 3, 5-7,
9-13,15-17)
MMC 3 (patient 1, 14, 18)
Cisplatin 1 (patient 8)
Cetuximab 1 (patient 4)
none 1 (patient 2)
Acute Toxicity

severe 1

moderate 5

na. 2

5-FU = 5-fluorouracil; MMC = mitomycin C;
n.a. = not available.

Treatment of HNSCC cells
To model as closely as possible the most frequent chemo-
therapy treatment we tested different 5-FU treatment

22

replicates of each condition. XTT-assay was conducted
using 350 pl of Medium and 150 pl of XTT-labeling
mixture. Measurement was performed 24 h after 5-FU
treatment.

Colony forming assay

In order to determine the radiation sensitivity of the pri-
mary HNSCC cells, the colony forming assay was per-
formed in 6-well plates (Figure 1c, d). To ensure stable
growth of the primary cells, a feeder layer consisting of
the same HNSCC cells was used. Feeder cells were irra-
diated with 50 Gy in a ®°Co source before seeding in the
6-well plates (10,000 cells/well). The following day, fresh
cells for colony formation were plated on the feeder
layer. On the following day the cells were irradiated
using a 137Cs source with 0, 0.5, 1, 2, 3, 5 or 7.5 Gy.
HN1957 colonies were stained with Giemsa six days and
HN2092 colonies 12 days after irradiation. Colonies con-
sisting of at least 50 cells were scored. Each colony
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Figure 1 Sensitivity of primary HNSCC cell cultures to 5-FU treatment and ionizing radiation. Cell viability (XTT-assay) of HN1957 (a) and
HN2092 (b) 48 h after 5-FU treatment relative to DMSO-controls. Each data point represents the mean of three biological replicates. Dashed lines
mark the 5-FU concentrations selected for in vitro radiochemotherapy modeling. Survival curves were generated by colony forming assay for
HN1957 (c) 6 days after irradiation and HN2092 (d) 12 days after irradiation. Error bars represent the standard deviation of three biological replicates.

HN2092
1.2 9
2
=
©
@
L
©
o
3
[
£
(9]
=
k&
[
0.0 T T T T T T 1
1 10 10°  10° 10° 10° 10° 107
5-FU concentration [nM]
HN2092
d 1.000
0.500
c
o
g 0.100
T 0.050
2
=
3
(2]
8 0.010
0.005
0.001
T T T T
0 2 4 6
dose [Gy]

formation assay was carried out in triplicate and re-
peated three times.

RNA extraction

Total RNA was extracted from 300 pl plasma using the
mirVana miRNA Isolation Kit (Ambion) according to
the manufacturer’s protocol with the following modifica-
tion: 1,000 pl of lysis buffer was added to 300 pl of
plasma. 1.04 fmol of synthetic cel-miR-39 (C. elegans)
was added to each plasma sample (300 pl) after the pro-
tein denaturation step to normalize sample-to-sample
variation in RNA recovery. RNA was finally eluted into
50 pl of pre-heated (95°C) nuclease-free water.

RNA from PBMC was extracted with the mirVana
miRNA Isolation Kit (Ambion) according to the manu-
facturer’s protocol. RNA purity was measured by spec-
trophotometry (OD 260/280 ratio) using a Nanodrop
ND-1000 (Thermo Scientific). Ratios were in the range
of 1.89 to 2.09.

Extraction of total RNA from primary HNSCC cells
was performed using the miRNeasy mini kit (Qiagen)

according to the manufacturer’s protocol without DNase
digest or small RNA enrichment. OD 260/280 ratios,
measured on a Nanodrop ND-1000 (Thermo Scientific),
were in the range of 1.92 to 2.04. Additionally, RNA
quality was assessed prior to the Agilent microarray ex-
periments using an Agilent 2100 Bioanalyzer (Agilent
Technologies). The computed RNA integrity numbers
(RINs) ranged from 9.3 to 10.0.

MiRNA profiling in patient plasma

TagMan Array Human MicroRNA A Cards v2.0 (Applied
Biosystems) representing 377 mature human miRNAs
were used to obtain miRNA profiles of the blood
plasma samples. Reverse transcription was performed
using the TagMan miRNA reverse transcription kit
(Applied Biosystems) in combination with the stem-
loop megaplex primer pool set A v2.1. Because of the
low abundance of circulating miRNA in the starting
material we used a fourfold volume of the reaction mix,
prepared according to the manufacturer’s protocol
adding 12 pl of total plasma RNA.
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For the subsequent quantitative real-time PCR 30 pl
of cDNA was used for each array and PCR was carried
out on an Applied Biosystems 7900HT. The reaction
mixtures were incubated at 50°C for 2 min and 95°C
for 10 min, followed by 45 cycles of 95°C for 30 s and
60°C for 1 min. All Ct values were normalized using
the median Ct value of all detectable miRNAs on the
array.

MicroRNA profiling in HNSCC cells

To analyze the effects of in vitro radiochemotherapy on
the cellular miRNA expression levels Sure Print G3 hu-
man 8x60k miRNA microarrays (Agilent Technologies)
were used covering 1205 human miRNAs (Sanger miR-
Base release 16). 100 ng of total RNA was dephosphory-
lated and labeled with cyanine 3-cytidine biphosphate
including a labeling spike-in solution (Agilent Technolo-
gies) to assess the labeling efficiency. After purification of
the labeled RNA, the samples were hybridized on the ar-
rays including a hybridization spike-in solution (Agilent
Technologies) to monitor hybridization efficiency. Arrays
were scanned with a G2505C Sure Scan Microarray Scan-
ner (Agilent Technologies) using Scan Control software.
For data processing the following software was used:
Feature extraction 10.7 (Agilent Technologies) and Gene-
Spring 11.5. MiRNA analysis was conducted with three bio-
logical and two technical replicates for each data point. All
steps were performed according to the manufacturer’s
protocol. The raw data were imported into the R statistical
platform [23]. The total microRNA gene signal (TGS) was
computed by the Agilent Extraction feature. The resulting
signal was normalized to the mean signal of all arrays for
compensation of systematic technical slide-to-slide varia-
tions. A differential expression analysis was performed
using the linear model components implemented in limma
[24] and empirical Bayes methods were applied in order to
attain moderated statistics [25].

Real-time PCR quantification of individual miRNAs
Reverse transcription was performed using the TagMan
miRNA reverse transcription kit and miRNA-specific
stem-loop primers (Applied Biosystems). Reverse transcrip-
tion was performed on a Cyclone PCR system (Peqlab)
according to the manufacturer’s protocol. For miRNA as-
says in plasma samples 3 pl of cDNA was used for reverse
transcription because of the low RNA content. Real-time
PCR was performed in duplicates and included non-
template negative controls. PCR was performed on a ViiA 7
real-time PCR System (Applied Biosystems) following the
manufacturer’s protocol. For plasma samples the miRNA
concentration levels were normalized to the spiked-in
cel-miR-39, for cellular samples the U6 snRNA was used
for normalization. Fold changes were calculated using the
2788C method [26].
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Statistical analysis
To identify differentially expressed miRNAs in plasma
samples of patients prior to radiotherapy and after the
second fraction of therapeutic irradiation Wilcoxon test
was performed. All miRNAs that were detected in less
than 30% of either control samples or irradiated samples
were excluded from further analysis. Unsupervised hier-
archical clustering was performed using the top distinct-
ive miRNAs applying the parameters maximum distance
and Ward’s method. Fisher’s exact test was applied to
check for significant clustering of samples from patients
prior to treatment and those collected after treatment.
P values < 0.05 were considered statistically significant.
Correlation coefficients for miRNA changes in PBMC
and plasma as well as in arrays and single assays were
calculated using Pearson correlation. All statistical ana-
lyses were performed using The R Project for Statistical
Computing [23].

Results
MiRNA profiling of the plasma samples from 18 head
and neck cancer patients revealed 54 miRNAs with altered
expression levels after treatment (Additional file 2). Un-
supervised hierarchical clustering using the expression
levels of the top six significantly deregulated miRNAs re-
vealed two main clusters. Cluster 1 represents ten samples
collected prior to treatment and two samples collected
after treatment, whereas cluster 2 consists of eight pre-
treatment samples and 16 post-treatment samples. Con-
sequently, the miRNA profiles of these six miRNAs
differentiated significantly (p =0.012) between samples
collected before therapy and those collected after two
days of treatment (Figure 2). For technical validation of
the array data eight miRNAs (miR-590-5p, miR-574-3p,
miR-425-5p, miR-885-3p, miR-21-5p, miR-28-3p, mik-
195-5p, miR-191-5p) were selected from the top list
of deregulated miRNAs. Additionally, miR-150-5p and
miR-142-3p, both known to play a role in esophageal
carcinoma [27,28], were used for validation. For these
ten miRNAs the differences between the two groups
were validated using single qRT-PCR assays. The correl-
ation coefficients of the normalized Ct values demon-
strated a good correlation between the results of the
TagMan low density array and the TagMan single assays
for most of the tested miRNAs (Additional file 3). The
single assays of miR-590-5p and miR-885-3p were below
the detection level in almost all plasma samples and
were consequently excluded from further analyses.
Many plasma miRNAs are known to originate from
peripheral blood mononuclear cells (PBMC) [29]. There-
fore, we measured the expression levels of the candidate
therapy biomarker miRNAs (miR-574-3p, miR-425-5p,
miR-21-5p, miR-28-3p, miR-195-5p, miR-191-5p, miR-
150-5p, miR-142-3p) in PBMC samples obtained from
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Cluster 1

of the top six distinctive miRNAs.

Figure 2 Unsupervised hierarchical cluster analysis of samples collected before therapy and after two days of treatment. Samples
collected prior to treatment are marked with blue bars, samples collected after two days of treatment (XRT = radiotherapy) are marked with red
bars. Cluster 1 and Cluster 2 indicate the two main clusters emerging from unsupervised cluster analysis using blood plasma concentration levels

miR-590-5p

miR-574-3p

miR-21-5p

miR-425-5p

miR-885-3p

miR-106b-5p

the same patients. Correlation coefficients of the nor-
malized Ct values indicated that the changed miRNA
levels after treatment do not originate from PBMC
(Additional file 4).

In order to further investigate whether the plasma
miRNA changes following tumor therapy originate from
the tumor cells we established an in vitro radiochemo-
therapy model using primary HNSCC from two different
patients, HN1957 and HN2092 (Table 2).

For assessment of the sensitivity of the primary tumor
cells to 5-FU and to ionizing radiation dose-response
curves (Figure 1a, b) and survival curves (Figure lc, d)
were generated, respectively. HN2092 cells showed higher
sensitivity to ionizing radiation but lower sensitivity to
5-FU treatment compared to HN1957 cells. In order to
simulate the treatment of the patient samples in the
present study cells were irradiated with 2 Gy followed by
treatment with 5-FU and on the following day irradiation
with a second 2 Gy fraction. Subsequent measurement of
the cell viability (24 h after 5-FU treatment) showed no
significant effect of 5-FU or irradiation on HN2092 cell
cultures, whereas cell viability of HN1957 cell cultures
was already reduced by 5-FU treatment alone with a sig-
nificant additive effect of irradiation on the cell viability
(Figure 3).

MiRNA profiling using Agilent microarrays in the
sham-irradiated and DMSO-treated control cells com-
pared to cells treated with in vitro radiochemotherapy

25

revealed several miRNAs that differentiate control cells
and treated cells for HN1957 and HN2092 (Additional
files 5 and 6). We selected three miRNAs (miR-425-5p,
miR-21-5p, miR-106b-5p) that were altered after in vitro
treatment and were also in the top list of therapy-
responsive miRNAs in patient plasma samples after in vivo
tumor therapy. Additionally, miR-93-5p was included as it
shows deregulation after in vitro treatment and in vivo
treatment in most of the patients, although it is not among
the top significant therapy-responsive miRNAs due to the
different directions of regulation (Additional file 7). For
these miRNAs we conducted TagMan single assays in con-
trol and treated cells to validate the array results. The qRT-
PCR assays confirmed an up-regulation of miR-425-5p
with a p value close to the significance level (p = 0.552) in
HN1957 cell cultures, while for miR-93-5p a significant
down-regulation (p <0.001) in HN2092 cell cultures be-
came apparent (Table 3). Thus, at least two of the four
treatment-regulated plasma miRNAs are likely to be asso-
ciated with the direct response of tumor cells to treatment.

Discussion

The present study aimed to identify circulating miRNA
markers in the plasma of HNSCC patients that are indi-
cative of the efficacy of radiochemotherapy. Our finding
that a limited panel of deregulated plasma miRNAs dis-
criminates between pre- and post-radiochemotherapy
samples (Figure 2) supports previous evidence [16] for
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Figure 3 Cell viability (XTT-assay) of primary HNSCC cell
cultures. Absorption was measured 24 h after exclusive 5-FU treatment
and 5-FU treatment in combination with 2 x 2 Gy in vitro irradiation
relative to DMSO-controls. Error bars represent the standard deviation of
three biological replicates (*p < 0.05, *p < 0.01).

the potential use of plasma miRNAs as radiation-
responsive biomarkers. Moreover, several candidates
altered after the second fraction of therapeutic irradiation,
such as miR-93-5p, miR-142-3p, miR-106b-5p, miR-191-5p
and miR-21-5p (Additional file 2) have been previously de-
scribed to be induced by ionizing radiation [30].

Although it is known that circulating miRNAs are
present in stable forms, there is still uncertainty about
their transport and cellular origin (reviewed in [31]).
Since circulating miRNAs may originate from blood cells
[29] we tested the hypothesis that the observed therapy-
responsive plasma miRNAs originate from peripheral
blood mononuclear cells (PBMC) of the same patients.
Our analyses of the miRNA profiles of PBMC revealed
no significant correlation between the miRNA expres-
sion in PBMC and plasma in patients before or after
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treatment (Additional file 4). We conclude that the
plasma miRNA changes detected in response to anti-
cancer therapy are most likely not originating from
circulating PBMC.

It has frequently been hypothesized that plasma miR-
NAs originate from tumor cells, either based on active
secretion [32] or in apoptotic bodies released from dead
tumor cells [33]. This is supported by the present study
as several candidates among the top significant plasma
miRNAs that were altered after radiochemotherapy
(Additional file 2) have already been reported to be tumor
markers before. MiR-195-5p, miR-574-3p and miR-28-3p
have been described as being differentially expressed in
esophageal squamous cell carcinoma [34,35]. MiR-191-5p
and miR-21-5p play a role in lung cancer diagnosis and
prognosis [36], while miR-21-5p in plasma also is known
to serve as prognostic marker in esophageal cancer pa-
tients [13]. Taken together, these reports indicate that the
observed changes in plasma miRNAs in our study might
be related to therapy effects on tumor cells.

To further strengthen this hypothesis we investigated
the miRNA expression of primary HNSCC cell cultures
under simulated radiochemotherapeutic treatment
in vitro. The results of the miRNA expression analysis of
this in vitro model further supported the assumption
that the observed plasma miRNA changes are likely to
originate from the tumor cells. We were able to show a
significant deregulation of four plasma miRNAs in
HN1957 cell cultures (miR-425-5p, miR-21-Sp, miR-
106b-5p, miR-93-5p) and one plasma miRNA in
HN2092 cell cultures (miR-93-5p) by microarray profil-
ing. The observation that the same miRNAs were altered
in both tumor cells and plasma leads us to conclude that
plasma miRNA changes following radiochemotherapeutic
treatment are the result of miRNA release from damaged
tumor cells. The observed differences in deregulated miR-
NAs between the two cell cultures, however, were not
comparable. The two primary HNSCC cell cultures had
different responses to radiochemotherapeutic treatment.
This may be due to differences in the responsiveness of
the cell cultures. Indeed, the cell viability assay (XTT) ex-
hibited a significant effect 24 h after irradiation and 5-FU

Table 3 MicroRNAs significantly deregulated after radiochemotherapeutic treatment in primary HNSCC cell cultures

and in plasma of HNSCC patients

Agilent microarray

TaqMan single qRT-PCR assay

miRNA HN1957 HN2092 HN1957 HN2092
FC (p value) FC (p value) FC (p value) FC (p value)

miR-425-5p 1.27 (0.004) 1.28 (0.052)

miR-21-5p 1.11 (0.031) 1.11 (0.543)

miR-106b-5p 0.95 (0.042) 1.04 (0.830)

miR-93-5p 092 (0.023) 0.96 (0.001) 1.03 (0.552) 0.84 (0.000)

FC =fold change.

26



Summerer et al. Radiation Oncology 2013, 8:296
http://www.ro-journal.com/content/8/1/296

treatment on HN1957 cells, but not on HN2092 cells
(Figure 3). This reflects a higher short-term toxicity of
the treatment on HNI1957 cell cultures compared to
HN2092 cell cultures, whereas the long-term effect of ir-
radiation is stronger on HN2092 cell cultures as shown in
the colony forming assay (Figure 1c, d). The common de-
regulation of 43 miRNAs in both primary HNSCC cell
cultures (Additional files 5 and 6) suggests a similar
miRNA response to therapeutic treatment independent
from the individual tumor. We also observed differences
in the miRNA response of both HNSCC cell cultures,
which might reflect variations in the individual sensitivity
to radiation and chemotherapeutic treatment (Figure 1).

The major finding of this study, i.e. therapy-related
miRNA expression in the blood plasma is similar to
miRNA changes reported for treated tumor cells, is not
only based on global miRNA array screens but was also
technically validated by qRT-PCR studies of the most
distinctive miRNAs (Table 3). We identified miR-425-5p
(HN1957) and miR-93-5p (HN2092) as top candidates of
commonly deregulated miRNAs in primary HNSCC cell
cultures and blood plasma of HNSCC patients.

In conclusion, the present study compared miRNA
data from blood plasma of radiochemotherapy-treated
HNSCC patients and from an in vitro model of primary
tumor cell radiochemotherapy. This comparison sheds
light on the origin and potential use of circulating miR-
NAs in the blood plasma of HNSCC patients as therapy-
responsive biomarkers. We will further integrate these
therapy-responsive plasma miRNAs with clinical data of
the patients (e.g. overall survival) and seek for independent
validation in another patient cohort in order to evaluate
their potential for prognostic use. The established HNSCC
cell culture model further allows us to investigate the mo-
lecular interactome of the deregulated miRNA candidates
by adding mRNA expression data and subsequent integra-
tive data analysis.

The current study strongly suggests that alterations of
miRNAs following radiochemotherapy in the blood plasma
are associated with the tumor response to therapy and
therefore might represent novel biomarkers for therapy
monitoring.

Additional files

Additional file 1: Inmunohistochemical cytokeratin-staining of
primary HNSCC cultures.

Additional file 2: Therapy-responsive microRNAs in plasma samples
of 18 head and neck cancer patients.

Additional file 3: Correlation coefficients of normalized Ct values
(ACt) of plasma miRNAs analyzed with arrays and single assays.
Additional file 4: Correlation coefficients of normalized Ct values
(ACt) of miRNAs analyzed with TagMan single assays in PBMC and
plasma.
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Additional file 5: Significantly deregulated microRNAs in HN1957
primary cell cultures after in vitro radiochemotherapy.

Additional file 6: Significantly deregulated microRNAs in HN2092
primary cell cultures after in vitro radiochemotherapy.

Additional file 7: Expression levels of miR-93-5p in plasma of 18
head and neck cancer patients prior and post treatment.
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Erratum
After the publication of this work [1], a few points were
brought to our attention:

The clinical data of patient 2 are incorrect. A revised
version of Table 1 [1] showing the corrected patient
characteristics is presented here. Consequently, the
description of the patient cohort in the Materials and
Methods section is incorrect. The correct description is:
“Plasma miRNA analysis was performed on 18 HNSCC
patients treated with local X-ray-irradiation using a
linear accelerator [...].

17 out of 18 patients received concurrent chemotherapy
(13 patients received S-fluorouracil (5-FU) plus
mitomycin C (MMC) [21], 3 patients MMC and 1
patient cisplatin weekly)”.

There is a typing error in the Results section [1]
concerning the p value of the up-regulation of miR-425-5p.
The correct sentence is:

“The qRTPCR assays confirmed an up-regulation of
miR-425-5p with a p value close to the significance level
(p=0.052)[..]"

The corrections do not affect any results or conclusions
of the published work.
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Table 1 Patient characteristics Received: 25 March 2015 Accepted: 25 March 2015
Characteristic Number of patients Published online: 24 April 2015

Gender Reference
1. Summerer |, Niyazi M, Unger K, Pitea A, Zangen V, Hess J, et al. Changes in

Male 14 circulating microRNAs after radiochemotherapy in head and neck cancer

Female 4 patients. Radiat Oncol. 2013;8:296.
Median age, years 57.5
Age range, years 45.1-80.6
Tumor site

Larynx 5

Oropharynx 3

Mouth floor 2

Tongue 2

Hypopharynx 1

Maxilla 1

Nasopharynx 1

Sinuses 1

Soft palate 2
T-Stage

I 4

Il 3

1l 5

I\ 6
N-Stage

NO 3

N1 4

N2 "
M-Stage

MO 17

M1 1

Concomitant therapy
(in addition to radiotherapy)

5-FU + MMC 13 (patient 2, 3, 5-7,9-13, 15-17)
MMC 3 (patient 1, 14, 18)

Cisplatin 1 (patient 8)

Cetuximab 1 (patient 4)

Acute toxicity

Severe 12
Moderate 5
na. 1

5-FU = 5-fluorouracil; MMC = mitomycin C; n.a. = not available.
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Circulating microRNAs as prognostic therapy
biomarkers in head and neck cancer patients
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Helmholtz Center Munich, Ingolstaedter Landstrasse 1, 85764 Neuherberg, Germany

Background: The prediction of therapy response in head and neck squamous cell cancer (HNSCC) requires biomarkers, which are
also a prerequisite for personalised therapy concepts. The current study aimed to identify therapy-responsive microRNAs
(miRNAs) in the circulation that can serve as minimally invasive prognostic markers for HNSCC patients undergoing radiotherapy.

Methods: We screened plasma miRNAs in a discovery cohort of HNSCC patients before therapy and after treatment. We further
compared the plasma miRNAs of the patients to age- and sex-matched healthy controls. All miRNAs identified as biomarker
candidates were then confirmed in an independent validation cohort of HNSCC patients and tested for correlation with the
clinical outcome.

Results: We identified a signature of eight plasma miRNAs that differentiated significantly (P=0.003) between HNSCC patients
and healthy donors. MiR-186-5p demonstrated the highest sensitivity and specificity to classify HNSCC patients and healthy
individuals. All therapy-responsive and patient-specific miRNAs in plasma were also detectable in tumour tissues derived from the
same patients. High expression of miR-142-3p, miR-186-5p, miR-195-5p, miR-374b-5p and miR-574-3p in the plasma correlated
with worse prognosis.

Conclusions: Circulating miR-142-3p, miR-186-5p, miR-195-5p, miR-374b-5p and miR-574-3p represent the most promising
markers for prognosis and therapy monitoring in the plasma of HNSCC patients. We found strong evidence that the circulating
therapy-responsive miRNAs are tumour related and were able to validate them in an independent cohort of HNSCC patients.

Squamous cell carcinomas represent the most common malig-
nancies of the head and neck region. About two-thirds of patients
with head and neck squamous cell carcinoma (HNSCC) exhibit
advanced stage disease, usually involving regional lymph nodes
(Argiris et al, 2008). Advanced HNSCC have often a poor
prognosis despite intensive local treatment due to tumour

recurrences and distant metastases. About 50-60% of patients
with advanced disease develop local or regional recurrences after
treatment (Hoffmann, 2012).

Known risk factors for the development of HNSCC are tobacco
use and alcohol consumption (Blot et al, 1988; Tuyns et al, 1988),
as well as human papillomavirus (HPV) infection, mainly type 16,

*Correspondence: Professor H Zitzelsberger; E-mail: zitzelsberger@helmholtz-muenchen.de

Received 9 December 2014; revised 19 February 2015; accepted 27 February 2015

© 2015 Cancer Research UK. All rights reserved 0007 — 0920/15

www.bicancer.com | DOI:10.1038/bic.2015.111

32

Advance Online Publication: 9 June 2015 1



BRITISH JOURNAL OF CANCER

PUBLIZIERTE ERGEBNISSE

Plasma miRNAs as prognostic radiotherapy markers

which particularly increases the risk for tonsillar and oropha-
ryngeal cancers (D’souza et al, 2007). Human papillomavirus-
positive HNSCC tumours have a favourable prognosis (Licitra et al,
2006; Bledsoe et al, 2013) and show a better therapy response
(Argiris et al, 2008). Thus, HPV status represents a valuable
predictive biomarker that should be taken into consideration for
treatment planning to prevent excessive therapy.

To date no biomarker for therapy monitoring or patient
surveillance is established. Predictive biomarkers in the peripheral
blood, such as the newly identified marker HSP70 in HNSCC
patients (Gehrmann et al, 2014), provide a minimally invasive way
to predict therapy outcome. Recently, it was shown that
microRNAs (miRNAs) in plasma samples exhibit high stability
and are resistant to RNase activity (Mitchell et al, 2008). This
stability combined with the good accessibility make circulating
miRNAs attractive biomarker candidates. MiRNAs represent a
class of promising biomarkers in cancer research since they are
highly specific and are associated with pathoclinical parameters of
the disease (Sethi et al, 2013). They can have protective or
carcinogenic effects by post-transcriptional regulation of either
tumour suppressor genes (Zheng et al, 2011) or oncogenes (Nohata
et al, 2011). Since miRNAs are part of the cellular stress response
they bear a high potential for diagnostic and prognostic use in
cancer patients (Li et al, 2009).

The aim of the present study was to evaluate blood plasma
miRNAs as minimally invasive biomarkers for radiotherapy
monitoring and prognosis. For this purpose, we used a cohort of
HNSCC patients with locally advanced and unresectable tumours
undergoing radiochemotherapy or radiotherapy alone, which is the
common treatment for these cases (Adelstein et al, 2003). We
previously analysed the therapy effect on the plasma miRNAs by
comparing the miRNA profiles in plasma of HNSCC patients
before therapy and after the completion of the first two fractions of
therapeutic irradiation (Summerer et al, 2013). MiRNAs showing
changed levels were tested in the present study to determine their
prognostic value and their potential for predicting the individual
tumour response to radio(chemo)therapy. For this purpose, we
tested the expression levels of the miRNAs for their correlation
with locoregional tumour control (LRC), progression-free survival
(PES) and overall survival (OS). To check for a possible tumour
origin of the therapy-regulated plasma miRNAs, we compared
miRNA levels in plasma samples from HNSCC patients prior to
treatment with an age- and sex-matched group of healthy donors.
MiRNAs that were identified as patient-specific markers or as
therapy-responsive miRNAs were validated in an independent
HNSCC patient cohort. To further support the hypothesis that the
detected alterations in plasma miRNAs are tumour related, we
analysed tumour biopsies from the same patient cohorts.

MATERIALS AND METHODS

Patients and samples

Discovery cohort. The discovery cohort comprising 18 HNSCC
patients treated with radio(chemo)therapy was described earlier in
the study by Summerer et al (2013). All patients were treated with
local X-ray-irradiation using a linear accelerator (6 MV, Siemens
Mevatron M, Siemens Medical Solutions, Malvern, PA, USA or
ELEKTA Synergy, ELEKTA, Stockholm, Sweden). After a planning
(PET-)CT scan, 70 Gy of radiation was applied to the macroscopic
tumour and involved lymph nodes in daily dose fractions of 2 Gy,
5 days per week. The adjuvant lymphatics were irradiated with up
to 50 Gy and the high-risk lymphatics (adjacent to the involved
lymph node levels) with up to 60 Gy. Seventeen out of 18 patients
received concurrent chemotherapy (13 patients received 5-
fluorouracil (5-FU) plus mitomycin C (MMC), 3 patients MMC

and 1 patient cisplatin weekly). None of the patients underwent
surgical treatment. 5-fluorouracil treatment was usually applied on
each of the first 5 days of therapeutic irradiation, whereas MMC
was applied only on day 5 and day 36 during radiotherapy. Patient
characteristics, therapy conditions and pathoclinical parameters
are listed in Table 1. After obtaining informed consent, 15ml
EDTA peripheral blood was collected prior to therapy and after the
second fraction of therapeutic irradiation to detect therapy-
responsive plasma miRNAs. About 10 um formalin-fixed paraf-
fin-embedded (FFPE) slides from tumour biopsies of 10 out of the
18 patients, which were retrieved prior to therapy, were provided
by the Institute of Pathology at the Ludwig-Maximilians-
University Munich.

Validation cohort. For validation of candidate biomarker miRNAs
a set of 11 HNSCC patients treated with radiotherapy was
selected. Radiotherapy was applied in the same manner as in the
discovery cohort. None of the patients underwent surgical
treatment. Eight patients received concurrent chemotherapy (five
patients cisplatin, two patients MMC and one patient 5-FU plus
MMC). For patient 1, cisplatin was applied once per week. For
patients 6, 8, 10 and 11 cisplatin was applied in the first and the fifth
week of radiotherapy for a period of 5 days in each week.
5-fluorouracil treatment was applied on each of the first 5 days of
therapeutic irradiation, whereas MMC was applied only on day
5 and day 36 during radiotherapy. Characteristics, therapy
conditions and pathoclinical parameters of the validation cohort
are listed in Table 2. Blood samples were obtained prior to therapy
and after the second fraction of therapeutic irradiation in the same
manner as in the discovery cohort. About 10 um FFPE slides from
tumour biopsies of 4 out of the 11 patients retrieved prior to therapy
were provided by the Institute of Pathology at the Ludwig-
Maximilians-University Munich.

The study was approved by the ethics committee of the
University of Munich (Germany).

Healthy donors. Twelve age- and sex-matched controls were
selected to elucidate the origin of the plasma miRNA signatures in
HNSCC patients. The cohort comprised nine male and three
female individuals with a median age of 57.2 years (age range
37-68 years). After obtaining informed consent, EDTA-samples of
8 ml of peripheral blood were collected from healthy volunteers.

RNA extraction from plasma and FFPE tissue. Total RNA was
extracted from plasma according to the study by Summerer et al
(2013).

Formalin-fixed paraffin-embedded-slides were deparaffinised in
xylene, washed in isopropanol and rehydrated in ethanol (100 and
70%). After microdissection for removal of normal tissue, RNA
was isolated using the RNeasy FFPE Kit (Qiagen, Venlo, Nether-
lands) following the manufacturer’s protocol. RNA was eluted in
RNAse-free water (Life Technologies, Carlsbad, CA, USA) with a
final volume of 25 ul. Quality assessment using a Nanodrop ND-
1000 (Thermo Scientific, Waltham, MA, USA) exhibited OD 260/
280 ratios in the range of 1.7 to 2.0.

MicroRNA profiling. MicroRNA profiling in blood plasma
samples generated with TagMan Array Human MicroRNA A
Cards v2.0 (Applied Biosystems, Waltham, MA, USA) was
previously specified in the study by Summerer et al (2013).

Individual miRNA quantification by qRT-PCR. Quantification
of individual miRNAs via qRT-PCR was performed as described
before (Summerer et al, 2013). MiRNAs were considered
deregulated when showing a fold change (FC) of 0.75<FC>1.33
since single QRT-PCR assays usually show smaller FCs than arrays.

Locoregional control and survival analysis. The locoregional
control of the tumour was defined as the time from the date of
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Table 1. Characteristics and clinical parameters of patients in the discovery set

. . Progress/ Locoregional
Patient | Gender ( /:ag;)a Tusri::ur Histology | TNM®| HPV C;;-::I(agv)e Co:hceo:mant t::i:ite c death control®/overall
Y Y Py ty (event=1) |survival® (weeks)
1 M 80 Larynx SCC T3 NA 70 MMC Severe 0/0 81.9/90.0
N1a
MO
2 M 70 Oropharynx | SCC T2 NA 70 5-FU/IMMC | Severe 0/1 38.3/40.9
N2c
MO
3 M 49 Maxillary SCC T4 - 70 5-FU/MMC Mild m”n 15.0/18.9
sinus N2c
MO
4 M 63 Larynx SCC T4 + 60 Cetuximab Severe 01 48.0/52.3
N2c
M1
5 F 63 Oropharynx | SCC T3 N1 + 70 5-FU/MMC Severe 0/1 57.1/61.1
MO
6 M 77 Oropharynx | SCC T2 + 70 5-FU/MMC Mild 0/0 144.1/147 1
N2c
MO
7 M 52 Oral cavity SCC T4 + 70 5-FU/MMC Severe m”m 16.9/39.4
N2b
MO
8 F 45 Nasopharynx | SCC T2b - 70 Cisplatin Severe 1/0 117.4/127.9
N1 MO
9 M 54 Paranasal SCC Tdb — 70 5-FU/MMC Severe 0/0 8.3/21.3
sinuses NO MO
10 M 47 Hypopharynx | SCC T4 - 70 5-FU/MMC Mild 0/0 111.3/115.4
N2c
MO
11 F 79 Oro/ SCC T3 - 70 5-FU/MMC Severe 0/1 6.0/13.3
nasopharynx N2b
MO
12 M 50 Larynx SCC T4 - 70 5-FU/MMC Severe 0/0 106.3/113.3
N2c
MO
13 M 46 Larynx SCC T1 - 70 5-FU/MMC Mild 0/0 33.7/43.6
N2c
MO
14 F 78 Oropharynx | SCC T + 70 MMC NA 0/0 103.3/108.9
N2b
MO
15 M 70 Larynx SCC T3 NA 70 5-FU/MMC Severe 0/0 101.0/106.0
N2b
MO
16 M 57 Oropharynx | SCC T3NO| + 70 5-FU/MMC | Mild 0/0 103.3/93.0
MO
17 M 58 Oral cavity SCC T1 N1 - 70 5-FU/MMC Severe m”m 4.1/43.7
MO
18 M 50 Oral cavity SCC TINO| - 70 MMC Severe 0/1 52.1/62.7
MO
Abbreviations: F = female; HPV =human papillomavirus; M = male; MMC = mitomycin C; NA = not available; SCC = squamous cell carcinoma; 5-FU = 5-fluorouracil.
®age at diagnosis, median age: 57.5 years, age range (45.1-80.6 years).
T: primary tumour stage; N: regional lymph node stage; M: distant metastasis.
“Mild: I°-1I°; severe: Il according to CTCAE v4.0 (2009).
YTime from start of therapy until last follow-up/death or event.
Time from diagnosis until last follow-up or event.

therapy start until last follow-up/death or event. A progress of the
primary tumour or metastases in the locoregional lymphatics were
considered as an event, whereas distant metastases were not
considered as an event. End of follow-up or tumour-independent
death was censored. Locoregional control was assessed by CT scan
or sonography. Progression-free survival was determined as the
time from the date of therapy start until event (death or progress)

or last follow-up (censored). Progress was assessed in accordance
with the LRC analysis. Overall survival was defined as the time
from diagnosis until event (death) or last follow-up (censored).
The correlation analysis of miRNA expression with LRC, PES and
OS was based on the results of the single qRT-PCR assays. Patients
were split into two groups, displaying either a ACt value >median
ACt or <median ACt for the miRNA of interest, referring to low
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Table 2. Characteristics and clinical parameters of patients in the validation set

. . Progress/ Locoregional
Patient | Gender ( I:S;)a Tusri::ur Histology | TNM®| HPV %’;::I(aéw)e CO:hc:rr:'tant t::i:ite c| death control/overall
Y Y Py ty (event=1)| survival® (weeks)

1 M 58 Oropharynx | SCC T3 - 70 Cisplatin Mild 0/0 13.3/20.9
N2c
Mx

2 M 66 Larynx SCC T2NO | + 70 MMC Mild 0/0 46.1/55.4
MO

3 M 77 Oropharynx | SCC T4 + 70 MMC Severe 0/0 47.0/55.1
N2a
MO

4 M 75 Hypopharynx | SCC T4 - 70 None Mild 01 23.1/26.9
N2c
MO

5 F 69 Oropharynx | SCC T3 NA 70 5-FU/MMC Mild 0/0 19.0/24.6
N2c
MO

6 M 55 Hypopharynx | SCC T4a NA 70 Cisplatin Mild 1/0 32.4/36.3
N2b
MO

7 M 79 Oropharynx | SCC T2c NA 70 None Mild 1/0 31.3/36.3
N2c
Mx

8 M 55 Larynx SCC T3 NO | NA 70 Cisplatin Mild 0/0 13.6/20.1
MO

9 M 75 Oropharynx | SCC T3 N2 | NA 70 None Mild 0/0 19.0/25.3
Mx

10 F 65 Oropharynx | SCC T4 NA 70 Cisplatin Mild 1/0 30.3/33.1
N2b
Mx

11 M 65 Oropharynx | SCC T2 NO | NA 70.4 Cisplatin Mild 0/0 49.1/55.1
MO

Abbreviations: F=female; HPV =human papillomavirus; M =male; MMC = mitomycin C; NA =not available; SCC = squamous cell carcinoma; 5-FU = 5-flucrouracil.

3Age at diagnosis, median age: 66.1 years, age range (55.0-79.8 years).

: primary tumour stage; N: regional lymph node stage; M: distant metastasis.

Mild: I°-II°; Severe: III° according to CTCAE v4.0 (2009).

YTime from start of therapy until last follow-up/death or event.

®Time from diagnosis until last follow-up or event.

and high expression levels, respectively. Expression levels prior to
therapy or after therapy were tested for correlation with LRC, PES
and OS. P-values were generated by log-rank testing.

Statistical analysis. The Mann-Whitney U-test was used to
compare the plasma miRNA profiles of head and neck cancer
patients before radiotherapy and healthy donors. To identify
differential miRNA levels in plasma samples of patients prior to
radiotherapy and after the second fraction of therapeutic irradia-
tion the Wilcoxon test was performed. Unsupervised hierarchical
clustering was performed using the top distinctive miRNAs
applying the parameters maximum distance and Ward’s method.
P-values <0.05 were considered statistically significant. All
statistical analyses were performed using the R Project for
Statistical Computing, 2014.

RESULTS

Plasma miRNAs differentiate between healthy individuals and
HNSCC patients. To test the hypothesis of tumour-related
miRNA profiles in the plasma of HNSCC patients (discovery
cohort), miRNA profiles prior to treatment were compared with
miRNA profiles of healthy donors. The median number of
detectable miRNAs in patients’ plasma was 42.5, whereas the
median number of detectable miRNAs in plasma samples

of healthy donors was 33.0, which demonstrated a significantly
(P=0.017) elevated number of plasma miRNAs in HNSCC
patients compared with healthy subjects. About 56 plasma
miRNAs displayed differential ~expression levels between
healthy donors and patients (Supplementary Table 1). The
majority of miRNAs revealed lower expression levels in the
healthy controls, only four miRNAs showed higher expression
compared with patients. Unsupervised hierarchical clustering
based on the expression levels of the top 8 differentially expressed
miRNAs  (miR-21-5p, miR-28-3p, miR-142-3p, miR-186-5p,
miR-191-5p, miR-197-3p, miR-425-5p and miR-590-5p) resulted
in two main clusters (Supplementary Figure 1). Cluster 1 included
7 healthy donors and 1 patient, while cluster 2 represented
17 patients and 5 healthy donors, which demonstrated a
significant (P = 0.003) differentiation of patient and healthy donor
samples.

Technical validation of the array data for healthy donors and
HNSCC patients prior to therapy was done with single qRT-PCR
assays for selected miRNAs. Due to limited plasma samples, 3 out
of 18 patients from the discovery cohort had to be excluded for
technical validation. For validation of the patient-specific miRNAs,
11 out of the top 12 distinctive miRNAs were selected. The
normalised Ct values resulting from single qRT-PCR assays
demonstrated high consensus with the normalised Ct values
resulting from the TaqMan array profilling for all of the 11
miRNAs (Supplementary Table 2).

4
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Plasma miRNAs that were detectable in <1 healthy donor were
tested for their ability to identify HNSCC patients (Table 3). MiR-
186-5p demonstrated the highest sensitivity and specificity.

Validation of therapy-responsive and patient-specific plasma
miRNAs in an independent cohort of HNSCC patients. For an
independent validation of the patient-specific and therapy-
responsive miRNAs identified in the discovery cohort, expression
levels in the plasma of a validation cohort comprising 11 HNSCC
patients were determined before therapy and after two fractions of
radiotherapy. Each of the 9 candidate therapy-responsive miRNAs
that were previously identified in the discovery cohort (Summerer
et al, 2013) showed a deregulation in at least 7 out of the 11
patients in the validation cohort after 2 days of radiotherapy
(Supplementary Table 3). Similarly, all of the 10 patient-specific
candidate miRNAs identified in the discovery cohort in the present
study displayed significantly higher expression levels in the patients
of the validation cohort compared with the healthy donors
(Supplementary Table 4). MiR-590-5p was not included in the
analysis of the patient-specific miRNAs since it was detectable only
in 30% of the patients in the discovery cohort.

Expression of plasma miRNAs in tumour tissue of HNSCC
patients. To further clarify the origin of the miRNAs in the
circulation, we investigated the expression of therapy-responsive
and patient-specific plasma miRNAs in tumour biopsies from the
same patients. Formalin-fixed paraffin-embedded-tumour biopsies
of 10 patients from the discovery cohort and 4 patients from the
validation cohort were enriched for tumour material via micro-
dissection and analysed with single qRT-PCR assays for the
patient-specific and therapy-responsive miRNAs. All candidate
miRNAs identified in plasma were also detectable in each of the 14
available FFPE tumour samples. The expression levels in plasma
did not show significant correlation with the expression levels in
the corresponding tumour tissues (Supplementary Table 5).

Plasma miRNAs as prognostic markers. Plasma miRNAs that
were identified previously as therapy-responsive candidates in
HNSCC patients (Summerer et al, 2013) as well as tumour-specific
miRNAs from the present study were tested for their ability to
predict LRC, PFS and OS. We investigated if the expression level of
a candidate miRNA prior to therapy or after the second day of
treatment correlated with LRC, PFS or OS. We identified candidate
miRNAs showing a significant correlation (P<0.05) or a trend for
correlation (P<0.2) with LRC, PFS or OS in the discovery cohort
(Table 4). High expression levels of miR-186-5p, miR-374b-5p and
miR-574-3p prior to treatment correlated with reduced PFS and/or
OS, and high expression of miR-28-3p, miR-142-3p, miR-191-5p,
miR-195-5p, miR-425-5p and miR-574-3p after treatment showed
correlation with worse prognosis. These candidate miRNAs were
tested for correlation with LRC, PFS and OS in the validation
cohort (Table 5). High expression of miR-186-5p and miR-374b-5p
prior to treatment significantly correlated with reduced LRC. MiR-
195-5p and miR-574-3p correlated with reduced LRC, when highly
expressed after treatment. High expression of miR-142-3p after

Table 3. Sensitivity and specificity of patient-specific plasma

miRNAs expressed in <1 healthy donor

miRNA Sensitivity Specificity
miR-186-5p 0.938 0.917
miR-374b-5p 0.312 1.000
miR-28-3p 0.625 1.000
miR-195-5p 0.562 1.000
miR-590-5p 0.312 1.000
Abbreviation: miRNA = microRNA.

treatment was validated as a marker for reduced LRC and PFS. We
also tested the HPV status as a predictor of LRC, which resulted in
a trend (P=0.118) towards better LRC for HPV-positive cases in
the discovery cohort (data not shown). Moreover, we tested the
therapy-responsive and tumour-specific miRNAs for correlation
with the HPV status. None of the candidate miRNAs showed a
trend or a significant correlation with the HPV status (data not
shown).

DISCUSSION

In this study we aimed to establish blood plasma miRNAs as
minimally invasive biomarkers from the peripheral blood for
therapy monitoring and prognosis in HNSCC patients. Further, we
intended to shed light on the origin of these miRNAs. The
significantly elevated number of detectable miRNAs in the plasma
of HNSCC patients compared with healthy individuals is in
accordance with previous findings showing that circulating
miRNAs are frequently upregulated in cancer (Lawrie et al, 2008;
Heneghan et al, 2010; Tsujiura ef al, 2010). In our study we found
that not only the total number of detectable miRNAs is higher in
patients’ plasma compared with healthy individuals but also that
the majority of miRNAs showed higher expression levels in
patients compared with healthy donors. In the discovery cohort of
HNSCC patients, a signature of miR-21-5p, miR-28-3p, miR-142-
3p, miR-191-5p, miR-186-5p, miR-197-3p, miR-425-5p and miR-
590-5p was identified to differentiate between HNSCC patients and
healthy individuals. The fact that miR-21-5p, miR-28-3p, miR-142-
3p, miR-191-5p and miR-425-5p also represented therapy-respon-
sive miRNAs indicates that these miRNAs are indeed tumour

Table 4. Correlation of expression of plasma miRNAs with

LRC, PFS and OS in 15 HNSCC patients (discovery cohort)

ol | Fulie | Faoke
miR-28-3p (after treatment) 0.069 0.027 0.092
miR-142-3p (after treatment) 0.129 —_ —
miR-186-5p (prior to treatment) — 0.165 —
miR-191-5p (after treatment) 0.129 0.002 0.004
miR-195-5p (after treatment) — 0.029 0.130
miR-374b-5p (prior to treatment) — 0.039 0.036
miR-425-5p (after treatment) 0.129 0.002 0.004
miR-574-3p (prior to treatment) — 0.165 —
miR-574-3p (after treatment) 0.069 0.027 0.092
Abbreviations: HNSCC =head and neck squamous cell carcinoma; LRC = locoregional
control; miRNA = microRNA; OS = overall survival; PFS = progression-free survival.

Table 5. Correlation of expression of plasma miRNAs with

LRC, PFS and OS in 11 HNSCC patients (validation cohort)

. P-value P-value P-value
miRNA LRC PFS 0s
miR-142-3p (after treatment) 0.025 0.018 —
miR-186-5p (prior to 0.025 — —
treatment)
miR-195-5p (after treatment) 0.025 — —
miR-374b-5p (prior to 0.025 — —
treatment)
miR-574-3p (after treatment) 0.025 —_

Abbreviations: HNSCC =head and neck squamous cell carcinoma; LRC = locoregional
control; miRNA = microRNA; OS = overall survival; PFS = progression-free survival.
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related. Moreover, miR-21-5p is a well-known tumour marker
(Xiao-Chun et al, 2013; Zhu and Xu, 2014) and upregulated miR-
28-3p was suggested as a marker for oesophageal carcinoma
(Liu et al, 2013). MiR-142-3p was previously reported to serve as
prognostic marker in oesophageal carcinoma (Lin et al, 2012) and
to predict the response to radiochemotherapy in rectal cancer
(Hotchi et al, 2013). Similarly, miR-191-5p was already described as
an important biomarker in cancer (Nagpal and Kulshreshtha,
2014) and miR-425-5p was shown to predict survival and disease-
free survival in skin cancer patients (Fleming et al, 2014). We were
able to further support the hypothesis that the therapy-responsive
plasma miRNAs are most likely tumour related by demonstrating
expression of all candidate miRNAs in all available tumour tissues
from our patient cohorts. The lack of significant correlation of
expression levels in the tumour tissues with the expression levels of
the corresponding plasma samples is not surprising. The various
mechanisms of tumour miRNAs entering the blood stream, e.g.
apoptotic tumour cells or active secretion (Selth ef al, 2012), do not
allow the conclusion that tumour tissues show the same expression
levels as corresponding plasma samples. Furthermore, tumour
biopsies as used in this study do not reflect the miRNA expression
levels of the whole tumour. Normal tissue would be also necessary
for a meaningful comparison.

The therapy-responsive and the tumour-specific miRNAs
identified in the discovery cohort were confirmed in an
independent patient cohort again suggesting their suitability as
predictive markers.

MiR-186-5p represented the best candidate in the plasma to
differentiate between healthy individuals and HNSCC patients. It
also appeared to be a prognostic marker since the expression level
showed a trend for correlation with reduced PFS in the discovery
cohort and significantly correlated with LRC in the validation
cohort. A prognostic potential of miR-186-5p was previously
reported for oesophageal and lung carcinoma (Cai et al, 2013; Zhao
et al, 2013). Circulating miR-374b-5p represents another promising
prognostic marker since it exhibited significant correlation with
PFS and OS in the discovery cohort and with LRC in the validation
set prior to treatment. This is supported by a study suggesting a
prognostic potential of this miRNA in prostate cancer (He et al,
2013). The additional miRNA candidates miR-142-3p, miR-195-5p
and miR-574-3p from this study correlated with prognosis after 2
days of treatment indicating that they might be useful tools for
therapy monitoring.

MiR-574-3p is known as a stress-responsive miRNA, which was
shown previously to serve as a prognostic marker in the serum of
glioblastoma patients (Manterola et al, 2014). Moreover, it is
published that it modulates the therapy response in breast cancer
patients (Ujihira et al, 2015), which makes it a promising candidate
for therapy monitoring in HNSCC. Similarly, miR-195-5p is a
well-known marker in the circulation of cancer patients (Igglezou
et al, 2014) and was previously identified as prognostic marker in
oesophageal carcinoma (Sun et al, 2014). The correlation of the
therapy-responsive miR-142-3p with LRC suggests miR-142-3p as a
marker for therapy success. An oncogenic role for miR-142-3p was
shown in a previous study (Lv et al, 2012) supporting the potential
use of this miRNA as a prognostic biomarker. The ability to predict
the response to therapy might decrease treatment failure and avoid
patients’ exposure to the side effects of ineffective therapies. The
applicability of all five miRNAs as prognostic markers is further
supported by the fact that these miRNA markers represent
obviously tumour-related miRNAs.

Circulating miRNAs are known to be deregulated in cancer and
to predict early disease (Healy et al, 2012). Their good availability as
well as their stability makes them useful biomarker candidates. In
the present study, we discovered miR-142-3p, miR-186-5p, miR-
374b-5p, miR-195-5p and miR-574-3p as the most promising HPV-
independent markers for prognosis in the plasma of HNSCC

patients treated with combined radiochemotherapy. Studies includ-
ing a higher number of patients are needed to further validate the
prognostic value of these marker miRNAs. We further showed that
the same miRNAs were significantly overexpressed in plasma of
HNSCC patients compared to healthy individuals, which supports
the hypothesis that they originate from the tumour. Our findings
represent an important contribution towards a clinical use of plasma
miRNAs for therapy monitoring and a potential use in personalised
treatment strategies.
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Abstract

Background: Head and neck squamous cell carcinoma (HNSCC) is a very heterogeneous disease resulting in huge
differences in the treatment response. New individualized therapy strategies including molecular targeting might help
to improve treatment success. In order to identify potential targets, we developed a HNSCC radiochemotherapy cell
culture model of primary HNSCC cells derived from two different patients (HN1957 and HN2092) and applied an
integrative microRNA (miRNA) and mRNA analysis in order to gain information on the biological networks and
processes of the cellular therapy response. We further identified potential target genes of four therapy-responsive
miRNAs detected previously in the circulation of HNSCC patients by pathway enrichment analysis.

Results: The two primary cell cultures differ in global copy number alterations and P53 mutational status, thus
reflecting heterogeneity of HNSCC. However, they also share many copy number alterations and chromosomal
rearrangements as well as deregulated therapy-responsive miRNAs and mRNAs. Accordingly, six common
therapy-responsive pathways (direct P53 effectors, apoptotic execution phase, DNA damage/telomere stress induced
senescence, cholesterol biosynthesis, unfolded protein response, dissolution of fibrin clot) were identified in both cell
cultures based on deregulated mRNAs. However, inflammatory pathways represented an important part of the
treatment response only in HN1957, pointing to differences in the treatment responses of the two primary
cultures. Focused analysis of target genes of four therapy-responsive circulating miRNAs, identified in a previous
study on HNSCC patients, revealed a major impact on the pathways direct P53 effectors, the E2F transcription
factor network and pathways in cancer (mainly represented by the PTEN/AKT signaling pathway).

Conclusions: The integrative analysis combining miRNA expression, mRNA expression and the related cellular
pathways revealed that the majority of radiochemotherapy-responsive pathways in primary HNSCC cells are
related to cell cycle, proliferation, cell death and stress response (including inflammation). Despite the
heterogeneity of HNSCC, the two primary cell cultures exhibited strong similarities in the treatment response. The
findings of our study suggest potential therapeutic targets in the E2F transcription factor network and the PTEN/AKT
signaling pathway.

Keywords: Pathway enrichment analysis, Interaction network, Head and neck squamous cell carcinoma, Integrative
biology, Radiochemotherapy, microRNA, HNSCC cell culture model
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Background

Head and neck squamous cell carcinoma (HNSCC) in-
cludes epithelial cancers of the lip, oral cavity, nasal cavity,
paranasal sinuses, salivary glands, larynx and pharynx
(nasopharynx, oropharynx and hypopharynx) [1] and rep-
resents the sixth most common cancer in the world [2]
with an average 5-year survival rate of approximately 65 %
[3]. Some of the tumors are unresectable because of their
complex anatomy [4]. In addition, HNSCC is usually not
detected in the early stages of the disease due to the lack
of clinical symptoms, which aggravates treatment [5]. The
challenges in treating HNSCC tumors are functional pres-
ervation of substantial organs, such as salivary glands, and
minimization of side effects, such as dysphagia. Moreover,
HNSCC tumors show a high degree of heterogeneity and
variation in the therapeutic response requiring individual-
ized treatment strategies [6, 7]. In order to address these
issues, combined and targeted treatment strategies as well
as more effective treatment monitoring is needed to im-
prove therapy outcomes and patients’ quality of life.

MicroRNAs (miRNAs) represent a class of non-coding
RNAs acting as posttranscriptional gene expression regu-
lators by inhibiting translation or destabilizing mRNAs.
They are known to be involved in regulating and coordin-
ating multiple cellular pathways and processes. MiRNAs
show a response to various cellular stressors and are key
players in many diseases such as cancer [8]. Specific
miRNA signatures were discovered for several tumor
types [9]. For HNSCC a considerable number of miR-
NAs were identified as promising molecular biomarkers
for diagnosis and prognosis targeting either oncogenic
or tumor suppressor transcripts [10-12]. However,
there is still uncertainty concerning the functional role
of most of the miRNAs since one miRNA may target
multiple mRNAs while one mRNA can be regulated by
a number of different miRNAs.

Network-based integrative analysis combining molecu-
lar data from multiple levels represents a valuable tool for
a better understanding of complex signaling networks and
related biological processes. Correlation analysis of ex-
pression values of potentially interacting molecules en-
ables reconstruction of interaction networks based on
experimental data. In this study integrative analysis of
miRNA and mRNA profiles based on the identification of
correlating expression patterns revealed potential func-
tional relationships and pathways involved in the cellular
treatment response [13]. The analysis can be strengthened
by integration of data bases on previously validated target
interactions. Another tool for the in silico investigation of
interactions is pathway enrichment analysis, which anno-
tates molecules of interest, e.g. differentially expressed
genes, to cellular pathways based on over-representation
using the information of pathway databases, such as
Reactome [14].
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The aim of the current study was to shed light on the
cellular functions of therapy-responsive miRNAs and to
gain additional information on the treatment effects on
cellular processes and pathways in order to enable the
identification of potential therapeutic targets. For this
purpose we used primary HNSCC cells as a cell culture
model for radiochemotherapy [15] and performed inte-
grative analysis of the miRNA and mRNA expression
profiles in order to analyze affected pathways for a better
understanding of the response of HNSCC cells to
radiochemotherapy.

We aimed to validate our in vitro data by focusing on a
therapy-responsive network of patient-derived data from
a previous study [15].

Results

Characterization of the primary HNSCC cell lines

The newly established HNSCC cell lines HN1957 (naso-
pharynx) and HN2092 (oral cavity) were published in a
previous study, where a cell culture model was established
to simulate radiochemotherapy of a HNSCC patient co-
hort in vitro [15]. For the cell culture model primary cell
cultures were selected instead of established cell lines
since the features of primary cells are closer to the condi-
tions in the patient. A further selection criterion for the
primary cell lines was that they were derived from tumor
sites, that were also represented in the HNSCC patient co-
hort [15]. Apart from that, we selected one P53-mutated
(HN1957) and one P53 wild type (HN2092) primary cell
line. A nasopharyngeal carcinoma was included since
standard treatment for these tumors is radiotherapy or ra-
diochemotherapy due to their high sensitivity towards this
treatment [16]. Characteristics of the primary cells lines
are listed in Table 1. In the present study we used the ra-
diochemotherapy cell culture model in order to gain infor-
mation on the molecular radiochemotherapy response. As
it was already shown before, HN1957 demonstrated a
higher decrease in cellular viability following treatment
with ionizing radiation and 5-fluorouracil (5-FU) com-
pared to HN2092 [15]. To further characterize the two cell
lines in this study we conducted array comparative gen-
omic hybridization CGH (array CGH) analysis, spectral
karyotyping (SKY), P53 and EGFR sequencing analysis as
well as EGFR and EpCAM surface expression.

Array CGH demonstrated 30 copy number alterations
involving 18 chromosomes in HN1957 and 46 copy num-
ber alterations involving 19 chromosomes in HN2092
(Additional files 1, 2, 3A and 4A). SKY revealed the
following clonal karyotype for HN1957 resulting from
evaluation of 16 metaphases: 65-81,XX,+X,+del(X)(p13 —
qter),+1,+2,+del(2)(p13 — qter),+3,+der(3)t(3;14)(p11 —
qter;qter — q11),+4,+5,+i(5)(p10),+6,+7,+i(7)(p10),+ 8, +
der(8)t(5;8)(?;p10 — qter),+9,+der(9)t(X;9)(?%;p13 — qter), +
10,+der(10)t(10;17)(p10 — qter;qter —q10),+11,+12,+13,der
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Table 1 Characteristics of primary HNSCC cell cultures

Case HN1957 HN2092

Gender of patient f m

Age at diagnosis, 85 73

years

Tumor site left maxilla / left nasal right floor of
floor mouth

TNM na. pT4pNO

HPV-status negative negative

EBV-status negative na.

P53-status mutated wild type

Radiosensitivity

a (+/-SD) 0.094 (+/—- 0.022)* 0614 (+/- 0019)*
3 (+/-SD) 0.038 (+/— 0.004)** 0.021 (+/—- 0.003)**
SF2 0.71 027

Cell type epithelial epithelial

n.a. Not available, SD Standard deviation, SF2 Surviving fraction at 2 Gy
*ttest of a values results in significant difference between HN1957 and

HN2092 (p < 0.05)

**ttest of 3 values results in significant difference between HN1957 and
HN2092 (p < 0.05)

(14) t(13;14)(qter — q11;p11 — qter),+15,i(15)(q10),+16,+17,+
19,+20,+21,+22,i(22)(q10). A representative metaphase is
shown in Additional file 3B.

HN2092 exhibited the following clonal karyotype
resulting from evaluation of 15 metaphases: 69-77X,
Y,+Y,+i(X)(p10),+i(X)(q10),+der(1)t(1;21)(p11 — qter;qter —
q11),+2,+3,+der(4)t(1;4) (pter — q21;?), + der(4)t(1;4)(qter —
q10;q10 — gter),+5,+i(5)(p10),+6,+der(7)addv(7)(q31)t(7;11)
(2;7),+ der(8)t(8;14)(p11 — qter;qter — q11),+der(9)t(9;13)
(p11 — gter;qter — q14),+10,+11,+12,der(13)t(12;13)(%p13 —
q22),+14,der(15)t(3;15)(%p11 — qter),+16,+17,+19,+20,+22.
Additional file 4B shows a representative metaphase.
The karyotypes reflected many of the copy number
alterations that were detected by array CGH in HN1957
(isochromosomes, gains of chromosomes and chromo-
some arms: 5p, 7p, 8, 9, 11, 13q, 15, 17q, 20) and HN2092
(isochromosomes, gains of chromosomes and chromosome
arms: 5p, 8, 9, 11q, 12q, 13q, 14, 16, 20).

Further, sequencing analysis revealed no mutations of
EGFR in both cell cultures, but two point mutations of
the P53 gene in HN1957 (P72R and A331). Both cell cul-
tures strongly overexpressed EGFR and EpCAM com-
pared to OKF6-hTERT keratinocytes as determined by
flow cytometry surface staining (Additional file 5).

MiRNA and mRNA expression following
radiochemotherapy treatment

In order to analyze common features and differences in
the radiochemotherapy response on the miRNA and
mRNA level, expression changes were assessed following
treatment in both primary cell lines. Significantly deregu-
lated miRNAs in the primary cells after radiochemotherapy
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treatment were previously reported by Summerer et al.
[15]. A heatmap of the expression profiles of the top 50
deregulated miRNAs revealed distinctive patterns for
the two different tumor cell cultures (Fisher’s exact
test p=0.001) as well as for untreated and treated
samples (three biological and two technical replicates
each) resulting in significant or close to significant
clustering (Fisher’s exact test HN1957: p=0.015,
HN2092: p=0.080) (Fig. 1). In HN1957 57 signifi-
cantly deregulated miRNAs were identified while
HN2092 showed deregulated expression of 79 miR-
NAs with an overlap of 27 miRNAs between the two
cell cultures.

Global mRNA expression was measured for both cul-
tures after radiochemotherapy or sham-treatment and
unsupervised hierarchical clustering of the gene expres-
sion patterns using the 50 mRNAs with the highest
variance resulted in two main clusters separating sam-
ples of the two cell cultures (Fisher’s exact test p =0).
Further, the cluster analysis revealed significant or
border line significant separation of control samples
and treated samples (Fisher’s Exact test HN1957: p =0,
HN2092: p = 0.061) (Fig. 2).

For HN1957 612 genes (Additional file 6) and for
HN2092 598 genes (Additional file 7) were significantly
(adjusted p-value < 0.05) deregulated after radiochemo-
therapy treatment with an overlap of 190 genes between
both primary cultures.

Pathway enrichment analysis

For a comprehensive insight in the cellular pathways,
which were affected by the radiochemotherapy treat-
ment, a pathway enrichment analysis was applied based
on the significantly deregulated mRNAs. The analysis
exhibited DNA damage/telomere stress induced senes-
cence, direct P53 effectors, cholesterol biosynthesis, dissol-
ution of fibrin clot, unfolded protein response and
apoptotic execution phase as overlap of significantly
(FDR < 0.05) enriched pathways (Additional files 8 and
9). Differences in the treatment response between the
two primary cultures are reflected by pathways such as
TGF-beta signaling pathway, regulation of nuclear
SMAD2/3 signaling, TNF signaling pathway and IL6-
mediated signaling events, which play a role only in the
treatment response in HN1957, but not in HN2092.

MiRNA-mRNA interactions

We further aimed to identify potential miRNA-mRNA
interactions that are part of the treatment response in
order to gain information on the function of the
treatment-responsive miRNAs. Integrative network ana-
lysis of significantly deregulated miRNAs and differentially
expressed mRNAs including adjustment with validated
miRNA-mRNA interactions derived from the miRTarBase
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Fig. 1 Unsupervised hierarchical cluster analysis of the expression levels of the top 50 differentially expressed miRNAs in untreated and
radiochemotherapy treated HN1957 and HN2092 primary HNSCC cells. Control samples (C) were treated with DMSO and sham-irradiated, treated
samples (T) were treated with 5-FU and irradiated with 2 x 2 Gy. A and B represent technical replicates; 1, 2 and 3 represent biological replicates

[17, 18] resulted in functional miRNA-mRNA networks
affected by radiochemotherapy treatment in HN1957
(Fig. 3) and HN2092 (Fig. 4). The miRNAs appearing in
the interaction networks of both primary cell lines and
their corresponding target mRNAs are combined in Fig. 5.

For technical validation by quantitative real-time PCR
(qRT-PCR) individual miRNA and mRNA candidates
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were selected according to the following criteria:
miRNA-mRNA correlation values < -0.8, tumor-related
genes or deregulated miRNAs in blood plasma of
radiochemotherapy-treated HNSCC patients (Tables 2
and 3). In HN1957 upregulation of miR-181b-5p (p =
0.008) as well as miR-425-5p (with a p-value close to the
significance level, p = 0.052) was confirmed. Moreover, for
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Fig. 2 Unsupervised hierarchical cluster analysis of the expression levels of the top 50 differentially expressed mRNAs in untreated and
radiochemotherapy treated HN1957 and HN2092 primary HNSCC cells. Control samples (C) were treated with DMSO and sham-irradiated, treated
samples (T) were treated with 5-FU and irradiated with 2 x 2 Gy. A and B represent technical replicates; 1, 2 and 3 represent biological replicates

the target genes of miR-181b-5p, ASBI3 (p=0.004) and  93-5p (p <0.001) as well as upregulation of miR-181a-5p
SEC24C (p=0.018), a significant downregulation was  (p=0.001) was validated. MiR-183-5p was upregulated
confirmed by qRT-PCR as well as downregulation of (with a p-value close to the significance level, p =0.071)
TRAPPC9 (p = 0.046). In HN2092 downregulation of miR-  while downregulation of its target genes ASNS (p =0.017)
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Fig. 3 MiRNA-mRNA interaction network reflecting the response to radiochemotherapy treatment in HN1957. MiRNA-mRNA pairs were generated
based on the correlation coefficient (c <—0.5) of their expression levels. MiRNAs are shown in purple, potential target genes are shown in green.
Arrows indicate the direction of regulation. The numbers refer to the correlation value of the respective miRNA and mRNA expression levels
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and IDH2 (p =0.045) was confirmed by qRT-PCR. Add-
itionally, downregulation of ACTRIB (p = 0.012) and FASN
(p =0.007) was verified.

Furthermore, qRT-PCR analyses were performed in order
to validate the network showing common interactions of
HN1957 and HN2092 in response to radiochemotherapy-
treatment (Fig. 5). Upregulation of miR-7-5p and miR-17-
Sp was verified for both cell lines as well as downregulation
of their target genes SNCA, AMDI, MKI67, BACEI and
NAGK in HNI1957 or HN2092 (Table 4). Additionally,
downregulation of miR-93-5p in HN2092 and upregulation
of its target gene SLCI9A1 were verified (Table 4). Spear-
man correlation coefficients demonstrated a negative cor-
relation (< -0.5) for five out of the eight miRNA-mRNA
pairs of the combined network (Table 4).

Characterization of the role of therapy-responsive circu-
lating miRNAs on cellular pathways

As it was already shown by Summerer et al. [15], several
miRNAs significantly deregulated in the presented radio-
chemotherapy cell culture model were also detectable as

circulating deregulated miRNAs in HNSCC patients
after radiochemotherapy. In order to gain information
on the function of these therapy-responsive miRNAs
(miR-21-5p, miR-93-5p, miR-106b-5p and miR-425-5p)
all mRNAs that showed negatively correlating expression
values (c<-0.5) in the primary cell cultures and
additionally representing validated targets in the miRTar-
Base were determined (Additional files 10 and 11). Path-
way enrichment analysis (FDR < 0.05) of these potential
target genes revealed predominantly signaling molecules
that represent direct P53 effectors and play a role in
pathways in cancer, cell cycle and the E2F transcription
factor network (Tables 5 and 6). The key players of these
pathways were E2F1, PTEN, AKT2, JUN, HSP90AAI,
KAT2B in HN1957 and JUN, KAT2B, BIRCS, CCND2,
RBL2 in HN2092.

Discussion

In the present study we applied an integrative approach
for the delineation of the effects of radiochemotherapy
on the molecular processes in a HNSCC cell culture
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Fig. 4 MiRNA-mRNA interaction network reflecting the response to radiochemotherapy treatment in HN2092. MiRNA-mRNA pairs were generated
based on the correlation coefficient (c <-0.5) of their expression levels. MiRNAs are shown in purple, potential target genes are shown in green.
Arrows indicate the direction of regulation. The numbers refer to the correlation value of the respective miRNA and mRNA expression levels

model. Based on these data, we analyzed the cellular
pathways affected by the treatment. The usefulness of
this approach for the identification of regulatory net-
works has already been demonstrated in previous studies
[19, 20]. For the first time we used this approach on a
cell culture model with primary HNSCC cells mimicking
a common therapy regime for HNSCC [4]. In this way
we aimed for a better understanding of the treatment re-
sponse, with respect to a common and individually vary-
ing molecular response.

The observed overlap of deregulated miRNAs and
mRNAs between HN1957 and HN2092 hints to a
partially common response to radiochemotherapy treat-
ment. At the same time, the separation of the two pri-
mary HNSCC cell cultures in distinct clusters for both,
the top 50 deregulated miRNAs (Fig. 1) and mRNAs
(Fig. 2), suggests individual differences in the response
to the treatment. This is consistent with differences be-
tween HN1957 and HN2092 in the sensitivity towards
radiochemotherapy treatment as shown before [15].

-0.84

-0.81

Fig. 5 Combined network reflecting common miRNA-mRNA interactions between HN1957 and HN2092 in response to radiochemotherapy
treatment. MiRNA-mRNA pairs were generated based on the correlation coefficient (c £-0.5) of their expression levels. MiRNAs are shown

in purple, potential target genes in HN1957 are shown in dark green, potential target genes in HN2092 in light green. Arrows indicate the
direction of regulation. The numbers refer to the correlation values of the respective miRNA and mRNA expression levels
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Table 2 Validation of deregulated miRNAs and correlating target mRNAs in HN1957 after radiochemotherapy treatment

(analyzed with Agilent microarrays and TagMan single qRT-PCR assays)

miRNA Array gRT-PCR mRNA Array gRT-PCR

FC (p value) FC (p value) FC (p value) FC (p value)

miR-25-3p 0.88 (0.037) 0.89 (0.152) - - -

miR-30a-3p 1.33 (0.013) 1.17 (0.294) FBLN1 0.68 (<0.001) 0.98 (0.775)

miR-30e-5p 1.23 (0.010) 0.83 (0.002) TRAPPC9 0.59 (<0.001) 0.56 (0.046)

miR-93-5p 0.92 (0.023) 1.03 (0.552) IGF2 1.44 (<0.001) not detected

miR-106b-5p 0.95 (0.042) 1.04 (0.830) - - .

miR-125a-5p 1.17 (0.061) 0.99 (0.879) - - -

miR-125b-5p 0.94 (0.072) 1.05 (0.599) ETST 1.48 (<0.001) 1.18 (0.509)
IGF2 144 (<0.001) not detected
TNFAIP3 1.96 (<0.001) 2.14 (0.120)

miR-181b-5p 1.31 (<0.001) 1.12 (0.008) ASBI13 0.69 (<0.001) 0.64 (0.004)
SEC24C 0.69 (<0.001) 0.62 (0.018)

miR-425-5p 1.27 (0.004) 1.28 (0.052) - - -

FC Fold change

The short-term effect on cellular viability following ra-
diochemotherapy treatment became apparent only in
HN1957, but not in HN2092 [15]. Variations in the
treatment response may be attributed to inter-tumor
heterogeneity among the various types of HNSCC [6]
with regard to the tumor site and the molecular profile
of the tumors [21]. Accordingly, array CGH detected
alterations in both primary cultures that are typical for
HNSCC, such as gains on 5p, 8q, 11q, 9q and 20pq
as well as losses on 3p and 18q (reviewed in [22])
(Additional files 1, 2, 3A and 4A). In addition, alterations
that were unique to one of the primary cell cultures, such
as chromosomal bands on chromosomes 4 and 14,
which were affected only in HN2092 but not in
HN1957, were observed. Structural rearrangements

involving chromosomes 1, 3, 8 and 13 that were de-
tected in HN1957 or HN2092 are in accordance with
previous karyotyping investigations of HNSCC [23].
In addition, so far unpublished rearrangements on
chromosomes 4, 9, 10, 14 and 15 were discovered in
the two primary cell cultures. Altogether, the cytogenetic
analysis demonstrated that both primary cultures
consisted of a rather homogenous cell population
since most of the chromosomal alterations were shown
to be clonal.

We further analyzed the mutational status of P53 and
EGFR since mutations in P53 are common in head and
neck cancers [24] and EGFR represents a key oncogene
in HNSCC [25]. EGFR did not show any mutations in
both primary cultures, whereas HN1957 showed a P53

Table 3 Validation of deregulated miRNAs and correlating target mRNAs in HN2092 after radiochemotherapy treatment
(analyzed with Agilent microarrays and TagMan single gRT-PCR assays)

mMiRNA Array gRT-PCR mMRNA Array gRT-PCR
FC (p value) FC (p value) FC (p value) FC (p value)
miR-93-5p 0.96 (0.001) 0.84 (<0.001) CCDC8sC 1.44 (<0.001) 1.04 (0.890)
miR-99b-5p 1.13 (<0.001) 1.10 (0.502) ACTRI1B 0.62 (<0.001) 0.61 (0.012)
miR-181a-5p 138 (<0.001) 1.37 (0.001) - - -
miR-183-5p 1.18 (<0.001) 1.18 (0.071) ASNS 0.52 (<0.001) 047 (0.017)
IDH2 0.63 (<0.001) 0.62 (0.045)
HSPA1B 0.52 (0.022) 0.81 (0.167)
miR-186-5p 1.15 (0.083) 1.10 (0.147) FASN 0.66 (<0.001) 0.66 (0.007)
miR-197-3p 1.17 (0.025) 1.02 (0.273) FASN 0.66 (<0.001) 0.66 (0.007)
HSPA1B 0.52 (0.022) 0.81 (0.167)
miR-222-3p 1.10 (0.006) 0.95 (0.057) FASN 0.66 (<0.001) 0.66 (0.007)
miR-320a 1.14 (<0.001) 1.07 (0.425) HES6 0.65 (<0.001) 0.52 (0.004)

FC Fold change
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/Table 4 Validation of miRNA-mRNA interactions in HN1957
and HN2092 in response to radiochemotherapy treatment
(analyzed with TagMan single gRT-PCR assays)

mMiRNA FC mMRNA FC Spearman correlation
HN1957  miR-7-5p 130  SNCA 048 05
miR-17-5p 121 AMDI 087 -10
MKI67 0.62 1.0
HN2092 ~ miR-7-5p 154 HELLS 1.26 -0.5
miR-17-5p 113 BACEI 0.96 -10
NAGK 081 -0.5
miR-93-5p 084 CCDC88C 1.04 05
SLC19A1 238 -10

FC Fold change

mutation in the SH3 ligand (P72R) and a nonsense mu-
tation (A331) in the tetramerization domain (TD). The
polymorphism at position 72 (P72R) in P53 affects the
interaction between some P53 mutants and P73, a P53
homologue that can transcriptionally activate P53 tar-
get genes [26]. The binding ability of P53 and P73 af-
fects the response to chemotherapy in vitro, which
points to a possible impact of the polymorphism in
codon 72 on the chemosensitivity of tumor cells. The
second P53 mutation (A331) leads to a truncated pro-
tein, due to a stop codon in the TD. Most of the muta-
tions in the TD lead to defects in oligomerization of
P53, DNA binding, stimulation of the transcription of
reporter genes and growth inhibition of tumor cells
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[27]. It has been shown that deletion of the TD, which
impairs the ability of P53 to tetramerize, does not abol-
ish its ability to bind DNA and to stimulate transcrip-
tion, but significantly decreases the overall affinity of
P53 for DNA, thus destabilizing the P53-DNA com-
plexes [28].

Since EGFR is known to be overexpressed in up to
90 % of HNSCC [29] we determined the EGFR expres-
sion levels of HN1957 and HN2092 in comparison to
normal human keratinocytes (OKF6-hTERT). Both pri-
mary HNSCC cultures demonstrated increased relative
expression of EGFR (Additional file 5), which implies a
potential impact of EGFR signaling suggesting an
EGFR-targeted treatment for an improved therapy
response. Additionally, the epithelial cell adhesion
molecule (EpCAM), which is frequently overexpressed in
HNSCC [30], showed higher expression in HN1957 and
HN2092 cells relative to OKF6-hTERT cells (Additional file
5). EpCAM acts as a marker for metastasis and prolifera-
tion representing another potential target for the thera-
peutic response.

The two primary cell cultures, HN1957 and HN2092,
in part showed the same molecular response to radio-
chemotherapy treatment. The similarities became clear
after pathway enrichment analysis that resulted in six
common pathways affected by combined treatment
with ionizing radiation and 5-FU. Among these, the
pathway direct effectors of P53 is likely to represent ef-
fects of both ionizing radiation and 5-FU treatment. 5-
FU is known to stabilize and activate P53 promoting

Table 5 Pathway enrichment analysis of potential target genes in HN1957 for miRNAs responding to therapy in HNSCC patients

(FDR < 0.05)
Pathway Number of Proteins in  Proteins from  P-value FDR Genes

Pathway Gene List
Pathways in cancer (K) 327 7 0.0004 1.40E-02 E2F1,PTEN,AKT2,MSH6,HSP90AAT,JUN VEGFA
Direct p53 effectors (N) 133 5 0.0002 1.40E-02 E2F1,PTEN,SP1,JUN,SMARCA4
Hepatitis B (K) 146 5 0.0004 1.38E-02 E2F1,PTEN,AKT2,JUN,YWHAQ
Nonsense-mediated decay (R) 106 5 0.0001T  1.55E-02 RPL30,UPF1,SMG7,RNPS1T,RPL18A
RNA transport (K) 164 5 0.0006 1.50E-02 EEF1A1,UPF1,RNPS1EIFAG2,NUP205
E2F transcription factor network (N) 68 4 0.0002 1.44E-02 E2F1,KAT2B,SP1,RRM2
Estrogen signaling pathway (K) 100 4 0.0009 1.69E-02 AKT2HSP90AAT,SP1JUN
Glucocorticoid receptor regulatory 77 4 0.0003 1.34E-02 SMARCD1,HSP90AAT,JUN,SMARCA4
network (N)
HIF-1-alpha transcription factor network (N) 66 4 0.0002 2.03E-02 NPM1,SP1,JUNVEGFA
Huntington disease (P) 121 0.0017 2.79E-02 GAPDH,AKT2,AP2A2,JUN
Processing of capped intron-containing 138 4 00028 3.33E-02 DDX23,PCBP1,RNPST,NUP205
pre-mRNA (R)
Prostate cancer (K) 89 4 0.0006 1.56E-02 E2F1,PTEN,AKT2,HSP90AA1
Regulation of androgen receptor activity (N) 49 4 0.0001 1.70E-02 KAT7,HSP90AAT KAT2B,JUN
Regulation of telomerase (N) 68 4 0.0002 1.44E-02 E2F1,HSP90AA1SP1,JUN

(B) BioCarta, (K) KEGG Pathway, (N) NCI - Nature Curated Data, (P) pantherdb, (R) Reactome
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Table 6 Pathway enrichment analysis of potential target genes in HN2092 for miRNAs responding to therapy in HNSCC patients

(FDR < 0.05)

Pathway Number of Proteins in Pathway ~ Proteins from Gene List ~ P-value ~ FDR Genes

ISG15 antiviral 71 4 0 <1.000E-03 NUP153,EIF4G2,NUP205,KPNA2
mechanism(R)

Viral carcinogenesis(K) 206 4 0.0006 1.94E-02 KAT2B,RBL2,CCND2,JUN
HTLV-I infection(K) 260 4 0.0013 3.58E-02 KAT2BMAD2L1,CCND2,JUN
Aurora B signaling(N) 40 3 0.0001 7.00E-03 BIRC5,NPM1,PSMA3
Signaling events mediated 56 3 0.0002 1.17E-02 NUP153 KAT2B,YY1

by HDAC Class I(N)

E2F transcription factor 68 3 0.0003 1.34E-02 KAT2B,RBL2,YY1

network(N)

Validated targets of 72 3 0.0003 1.35E-02 BIRC5,CCND2,NPM1

C-MYC transcriptional

activation(N)

Mitotic Prophase(R) 99 3 0.0009 2.79E-02 NUP153,SET,NUP205
Nonsense-Mediated 106 3 0.0010 3.07E-02 SMG7,RPL30,RPL7

Decay(R)

Cell cycle(K) 124 3 0.0016 3.55E-02 RBL2,MAD2L1,CCND2
Mitotic G1-G1/S phases(R) 134 3 0.0020 3.66E-02 RBL2,CCND2,PSMA3
Mitotic Metaphase 173 3 0.0042 4.77E-02 BIRC5,MAD2L1,PSMA3

and Anaphase(R)

(B) BioCarta, (K) KEGG Pathway, (N) NCI - Nature Curated Data, (P) pantherdb, (R) Reactome

P53-mediated apoptosis [31, 32]. P53 is also activated
by radiation-induced DNA-damage [33] and therefore
represents an important cell cycle checkpoint. Another
pathway affected by the treatment in our study was
apoptotic execution phase including histones and mole-
cules involved in DNA fragmentation and chromatin
condensation. A further pathway, which was involved
in the treatment response of both primary cell cultures,
was DNA damage/telomere stress induced senescence. It
is mainly based on histones that were damaged by the
treatment and might reflect effects of ionizing radiation
on the DNA structure. Molecules acting in the choles-
terol biosynthesis also showed deregulation in both
primary cell cultures, suggesting an involvement of
membranes, probably due to an effect of 5-FU on lipids
[34]. Further, the appearance of dissolution of fibrin clot
as a result of the pathway analysis implies that cellular
migration and inflammation was affected by the
treatment since plasminogen activators and inhibitors
regulate cellular adhesion and migration as well as in-
flammatory response [35]. Unfolded protein response
was another pathway playing a role in the cellular treat-
ment response due to deregulated chaperones, which
are part of the cellular stress response [36]. Apart from
that, we were able to validate deregulation of miR-183-
Sp and its target gene ASNS following radiochemother-
apy (Table 3). Activation of ASNS transcription is part
of the unfolded protein response and enhances the cel-
lular resistance to drug treatment. Thus it represents a
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potential prognostic factor for the outcome of radio-
chemotherapy [37].

The miRNA-mRNA networks showing interactions that
are part of the treatment response revealed three com-
monly deregulated miRNAs, miR-7-5p, miR-17-5p and
miR-93-5p, in the two primary cell lines. For these miRNAs
interactions with several target genes were validated for
each primary cell line, which proves the significance of the
treatment-responsive miRNA-mRNA interactions.

Genes, which are already known as key players in the
response to 5-FU treatment, also appeared in the
miRNA-mRNA networks of the two primary cell cul-
tures. In particular, 5-FU is an anti-metabolite and in-
hibits thymidilate synthase, which catalyzes the synthesis
of thymidylate and is an essential component of DNA
replication and repair [31]. SLCI9AI and DHFR are part
of the folate metabolism, which is necessary for the reac-
tion catalyzed by thymidilate synthase, and therefore
they might represent predictive markers for the efficacy
of 5-FU treatment [38]. Molecules, such as ASNS or
DHFR, that show a response to treatment are potential
candidates for stratification of patients with regard to
their sensitivity to anti-tumor treatment and might be
targets in a specific group of patients for a combinatorial
treatment approach in order to enhance therapy success
[7]. A systems-based prediction of such combinatorial
treatment approaches has recently been reported for
colon cancer by Klinger et al. [39], which would be also
very promising in the case of HNSCC. Based on the
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current study such a systems analysis of HNSCC cells in
response to additional inhibitors and perturbations be-
comes feasible.

Despite many common features, differences in the
molecular treatment response between the two primary
cultures were observed. The pathway enrichment ana-
lysis of treatment-responsive genes revealed pathways
that were only affected in one of the two primary cell
cultures. The TGF-beta signaling pathway was affected
in HN1957 as well as the regulation of nuclear
SMAD2/3 signaling. The two pathways are closely con-
nected since both SMAD2 and SMAD3 are regulated by
TGF-beta [40]. TGF-beta signaling is involved in cellu-
lar processes such as cell growth, cell differentiation
and apoptosis. Further pathways that distinguished the
response of the two primary cell cultures were TNF sig-
naling pathway and IL6-mediated signaling events.
These pathways are both part of inflammatory pro-
cesses which might point to an immunological response
to treatment in HN1957 cells. The cytokines TGF-beta,
IL6 and TNF-alpha are all well-known biomarkers for
treatment complications and prognosis of radiochemo-
therapy success [41, 42]. Accordingly, the miRNA
analysis revealed many miRNAs regulating immune re-
sponse and inflammatory molecules deregulated in
HN1957, but not in HN2092. For example, miR-18a-5p,
miR-106b-5p, miR-92a-3p and miR-125b-Sp are known
to play a role in inflammation or immune system [43]
and showed a treatment response only in HN1957.
Moreover, upregulation of miR-181b-Sp following
treatment was validated in HN1957. MiR-181b-5p is an
oncogenic miRNA known to be overexpressed in
HNSCC and represents a previously reported link be-
tween inflammation and cancer [44]. Taking all these
differences between HN1957 and HN2092 concerning
the pathways involved in the molecular treatment re-
sponse into account, some of the discovered pathways
might be important for prognosis of the individual ther-
apy success. As a consequence this novel knowledge
may be used to deduce more individualized treatment
strategies, e.g. targeting inflammatory pathways which
might lead to a better treatment response [39].

The fact that four miRNAs (miR-21-5p, miR-93-5p,
miR-106b-5p, miR-425-5p) that have already been shown
to be therapy-responsive in blood plasma of HNSCC pa-
tients [15] were also deregulated in the cell culture
model, demonstrates the clinical impact of this study
and links the results of the cell culture model to our in
vivo findings. Therefore, we identified all possible target
molecules of these miRNAs by correlation analysis of
miRNA and mRNA expression values, including only
target interactions that are validated in the miRTarBase
[17, 18]. The four miRNAs were previously described to
play a role in cancer and represent potential diagnostic
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or prognostic biomarkers. MiR-106b-5p and miR-21-5p
were suggested as biomarkers in laryngeal carcinoma
[45]. Moreover, miR-106b-5p has been shown to pro-
mote cell migration and invasion by targeting PTEN [46]
while miR-21-5p is overexpressed in various cancer types
and was reported as a prognostic biomarker in head and
neck cancer [47]. MiR-425-5p and miR-93-5p are known
as regulators in cell proliferation [48, 49]. MiR-93-5p is
also targeting the PTEN/AKT signaling pathway, thus in-
fluencing drug sensitivity of cancer cells [50]. The path-
way enrichment analysis based on the target genes of
these miRNAs revealed mostly signaling molecules that
represent direct P53 effectors such as PTEN, JUN and
E2F1 as well as cell cycle regulators such as RBL2,
CCND2, RRM2 and E2F1. The E2F transcription factor
network including genes such as E2FI, RRM2, RBL2,
KAT2B represents a crucial target of the four selected
miRNAs in both primary HNSCC cultures, which might
be due to the fact that E2FI impacts thymidilate syn-
thase expression, which is a major target of 5-FU as
already discussed [51]. Furthermore, several studies re-
port an influence of deregulation of the E2F transcrip-
tion factor network on the chemoradiation sensititvity of
cancer cells [52-54]. Most of the genes, that are in-
volved in many of the significantly enriched pathways,
also play a role in pathways in cancer such as PTEN,
JUN, AKT2, HSP90AA1I, the latter of which was already
described to influence radiosensitivity and chemosensi-
tivity [55]. Also PTEN is a well-known radiosensitizer
enhancing cell death through AKT signaling [56]. The
results presented in this study open up the possibility
of new treatment strategies that target the therapy-
responsive signaling pathways either directly or on
the level of the miRNAs regulating the signaling
molecules.

Conclusions

Important progress in strategies for treatment of HNSCC
has been made over the past decades, however, dose escal-
ation studies revealed that classical radiochemotherapy has
reached some sort of dead end [57]. Therefore, a combin-
ation of radiochemotherapy with molecularly targeted
agents might open up new therapeutic possibilities. This re-
quires the identification of prognostic targets that enable
individualized treatment strategies and allow prevention of
excessive therapy.

In the present study we showed that the main path-
ways affected by radiochemotherapy in two different
HNSCC primary cultures are related to cell cycle and
proliferation, cell death and stress response. As a differ-
ence between the two cell cultures we discovered an em-
phasis on inflammation in the treatment response of
HN1957. This suggests the use of inflammatory path-
ways for stratification of HNSCC patients in order to
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identify individuals who might benefit from an additional
therapy targeting inflammatory pathways.

Similar pathways emerged from the analysis of potential
targets of four miRNAs that showed a treatment response
in the plasma of HNSCC patients and the cell culture
model, suggesting potential molecular therapeutic targets
in the E2F transcription factor network and the PTEN/
AKT signaling pathway. This leads to the conclusion that
promising prognostic markers and molecules for a tar-
geted therapy approach in HNSCC patients are most
likely to be found among those signaling molecules which
needs to be further investigated on clinical samples.

Methods

Primary HNSCC cell cultures

The primary HNSCC cell cultures, HN1957 and HN2092,
were previously described by Summerer et al. [15]. Char-
acteristics of the two primary cell cultures are listed in
Table 1. Molecular characterization of the primary cell
cultures included array CGH, SKY, sequence analysis of
TP53 and EGFR and determination of EGFR and EpCAM
protein expression levels on the cell surface.

High-Resolution Oligo Array CGH

For array CGH analysis of the primary cell cultures the
SurePrint G3 human CGH Microarray Kit 4x180k
(Agilent Technologies, Santa Clara, CA, AMADID:
022060) was used. Tumor DNA (250 ng) and sex-
mismatched normal reference DNA (250 ng) (Promega,
Madison, WI) were used for hybridization. Hybridization
and data analysis were performed as described by Hess
et al. [58].

SKY

Metaphase preparation was done with 3 h of colcemid
(Roche) treatment followed by hypotonic treatment with
KCl (75 mM) for 25 min and three fixation steps
(20 min each) with methanol-acetic acid (3 + 1) on ice.
After one week of ageing at room temperature meta-
phase preparations were treated with RNase A (50 pg/
mL in 2 x SSC), digested with pepsin (1 mg/ml) for
2 min at 37 °C and dehydrated in a 70, 80, and 100 %
ethanol series. After fixation with 1 % formaldehyde for
10 min metaphases were placed in denaturing solution
(70 % formamide in 2 x SSC) at 72 °C for 7 min followed
by dehydration. Hybridization steps and image analysis
were previously described by Hieber et al. [59].

Sequencing

Complementary DNA was synthesized from cellular
RNA using the SuperScript III First-Strand Synthesis
System for RT-PCR (Invitrogen, Carlsbad, CA) according
to the manufacturer’s protocol using Oligo-dT primer
and 1.6 pg RNA. Subsequently, PCR was performed
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using Q5 High-Fidelity DNA Polymerase (New England
Biolabs, Ipswich, MA) with 1 pl of a 1:10 dilution of the
c¢DNA using the primer combinations in Additional file
12. The protocol was optimized for a 50 pl reaction vol-
ume using 1 pl forward and 1 pl reverse primer and add-
ing 5 pl of 10x cresol red and 1 pl of DMSO. The PCR
was optimized as follows: denaturation for 10 min at
96 °C followed by 35 cycles of 15 s at 96 °C and 8 min at
68 °C and final extension for 10 min at 68 °C. The size
of the PCR-products was checked on a 1 % agarose gel.
The bands were cut out from the gel and DNA was puri-
fied on spin columns. The following BigDye PCR was
performed using the BigDye Terminator V3.1 Kit
(Applied Biosystems, Waltham, MA) with 6 ul of tem-
plate DNA. PCR was carried out with 4 min of denatur-
ation at 96 °C followed by 45 cycles of 30 s 95 °C, 20 s
50 °C and 4 min 60 °C. PCR products were sequenced
on an ABI 3730 DNA Analyzer (Applied Biosystems,
Waltham, MA).

EGFR and EpCAM expression

Surface expression levels of EGFR and EpCAM were
assessed by flow cytometry using fluorescently labeled
antibodies as described before [60]. Briefly, 1x10° cells
were stained with anti-EGFR-PE (clone EGFR.1) and
anti-EpCAM-APC (clone EBA-1) antibodies or the cor-
responding isotype controls (all from BD Biosciences,
Franklin Lakes, NJ) in PBS supplemented with 2 % FCS
for 20 min at 4 °C. Cells were washed twice and analyzed
on an LSRII flow cytometer (BD Biosciences, Franklin
Lakes, NJ). Relative surface expression levels are depicted
as median fluorescence intensities subtracted by the match-
ing isotype controls (means +standard deviations of 3
technical replicates are given). Expression of EGFR and
EpCAM was measured for HN1957 and HN2092 as well as
for the immortalized keratinocytes OKF6-hTERT [61].

Treatment of HNSCC cells

The treatment of the primary HNSCC cells was designed
to model radiochemotherapy treatment of a HNSCC pa-
tient cohort used in a previous study by Summerer et al.
[15]. Briefly, cells were irradiated with 2 Gy using a *'Cs
source and treated with 5-FU (solved in DMSO; Sigma-
Aldrich, St. Louis, MO). Controls were treated with the
corresponding volumes of DMSO and sham-irradiated.
24 h after the first irradiation a second fraction of 2 Gy
was applied to the 5-FU-treated cells followed by incuba-
tion for 1 h at 37 °C. Cells were harvested by trypsiniza-
tion and stored at —20 °C until further processing.

RNA extraction and quality assessment

Total RNA was extracted from frozen cell pellets (-20 °C)
of treated and untreated primary HNSCC cells using the
miRNeasy mini kit (Qiagen, Venlo, Netherlands) according
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to the manufacturer’s protocol without DNase digest or
small RNA enrichment. Optical density (OD) 260/280
ratios were measured with a Nanodrop ND-1000
(Thermo Scientific) and ranged from 1.92 to 2.04.
RNA-concentrations were measured with a Qubit 2.0
Fluorometer (Invitrogen, Carlsbad, CA) using the
RNA Broad Range Assay Kit (Invitrogen, Carlsbad,
CA). Additionally, RNA quality was assessed prior to
the Agilent microarray experiments using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
The obtained RNA integrity numbers (RINs) ranged from
9.3 to 10.0. RNA samples were stored at —80 °C until fur-
ther processing.

MicroRNA profiling
MiRNA profiling of primary HNSCC cell cultures was
previously described by Summerer et al. [15].

Quantification of individual miRNAs by real-time PCR
Reverse transcription was performed on a Cyclone PCR
system (Peqlab, Erlangen, Germany) using the TagMan
miRNA reverse transcription kit and miRNA-specific
stem-loop primers (Applied Biosystems, Waltham, MA)
according to the manufacturer’s protocol. Quantitative
real-time PCR (qRT-PCR) was performed in duplicates
and included non-template negative controls. A ViiA 7
real-time PCR System (Applied Biosystems, Waltham,
MA) was used according to the manufacturer’s protocol.
The U6 snRNA was used for normalization. Fold
changes were calculated using the 274" method [62].
P-values were computed using the student’s ¢-test.

Global gene expression analysis

To identify potential targets of deregulated miRNAs, a gene
expression profiling was performed with G3 Human Gene
Expression 8x60k v2 microarrays (Agilent Technologies,
Santa Clara, CA, AMADID: 039494) covering over 40,000
transcripts. The gene expression analysis was carried out
according to the manufacturer’s protocol. Total RNA was
extracted from untreated and treated cells as described
above. A one-color microarray experiment with 60 ng of
the same RNA samples that were used for the miRNA ana-
lysis was conducted with three biological and two technical
replicates for each data point. A one-color RNA spike-in kit
(Agilent Technologies, Santa Clara, CA) was used to moni-
tor the workflow. In the first step copyDNA (cDNA) was
generated from the RNA templates followed by transcrip-
tion to copyRNA (cRNA) with incorporation of cyanine 3-
CTP. After hybridization of the labeled cRNA on the arrays
(17 h, 65 °C), the microarrays were scanned with a G2505C
Sure Scan Microarray Scanner (Agilent Technologies, Santa
Clara, CA). Data were extracted with the Feature Extraction
10.7 software (Agilent Technologies, Santa Clara, CA). Data
quality assessment, preprocessing, and normalization were
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conducted in R using the Bioconductor AgiMicroRNA
package [63]. In order to identify significantly differentially
expressed genes between treated and untreated cells, statis-
tical analyses were accomplished using the Bioconductor
limma package [64]. A cut-off for FDR-adjusted p-values of
0.05 was applied.

Quantitative real-time PCR quantification of individual
mRNAs

For validation of gene expression microarray data, indi-
vidual mRNAs were quantified via qRT-PCR. 500 ng of
RNA was reverse-transcribed using the QuantiTect
Reverse Transcription Kit (Qiagen, Venlo, Netherlands)
according to the manufacturer’s protocol. qRT- PCR was
performed on a ViiA 7 real-time PCR System (Applied
Biosystems, Waltham, MA) using specific TagMan gene
expression assays (Applied Biosystems, Waltham, MA).
PCR was carried out in 10 pl reactions consisting of 5 pl
TagMan PCR Master Mix (no AmpErase UNG), 3.5 ul
H,O, 0.5 pl TagMan assay and 1 pl cDNA. All reactions
were performed in triplicates and included non-template
negative controls. B2M and ACTB were used as en-
dogenous controls. Fold changes were calculated using
the 2724 method [62]. P-values were computed using
the student’s ¢-test.

Network analysis

MiRNA-mRNA networks were designed based on inte-
grative analysis of the microarray data. A correlation
matrix was calculated using the expression values of all
significantly deregulated miRNAs and mRNAs, result-
ing in a correlation value for each miRNA-mRNA pair.
Based on the assumption of a negative regulation
mechanism Pearson correlation values of -1<c<-0.5
were considered to indicate associations. This condition
was used to convert the correlation matrix into a binary
matrix to which we associated a false detection rate cal-
culated after a permutation test. Only miRNA-mRNA
pairs that represented validated interactions (with the
annotation “strong evidence” or NGS-validated targets)
in the miRTarBase [18, 17], were considered. The
miRNA-mRNA pairs that showed significant negative
correlation as well as validated functional interaction
(according to miRTarBase) were visualized with the
yED Graph Editor software [65]. All statistical analyses
were performed using the R Project for Statistical
Computing [66].

Pathway analysis of deregulated mRNAs

To analyze the functional context of the significantly
deregulated genes in the radiochemotherapy cell cul-
ture model a pathway enrichment analysis was per-
formed using the Reactome 4.0.1 application [14] in the
Cytoscape 3.0.2 software [67].
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RESUMEE UND AUSBLICK

3 RESUMEE UND AUSBLICK

Das Ziel der vorliegenden Arbeit war die Identifikation von miRNAs, die als Biomarker fiir eine
Abschatzung der Prognose und den Therapieverlauf in der Radio(chemo)therapie von HNSCC
(Plattenepithelkarzinom des Kopf-Hals Bereichs) Patienten genutzt werden koénnen. Ein
wesentlicher Vorteil von miRNA-Markern im Plasma gegeniliber Markern im Tumorgewebe ist ihre
minimalinvasive Zuganglichkeit. Die Ergebnisse dieser Arbeit zeigten, dass einige Plasma-miRNAs
eine veradnderte Expression nach radio(chemo)therapeutischer Behandlung aufweisen. Die
Resultate wiesen zudem darauf hin, dass diese miRNAs die Antwort des Tumors auf die Therapie
wiederspiegeln. Darliber hinaus konnte fur finf der Plasma-miRNAs eine Assoziation des
Expressionslevels mit der lokoregiondren Tumorkontrolle oder dem Uberleben der Patienten
nachgewiesen werden. Diese miRNAs sind somit vielversprechende Marker, die zur Stratifizierung
von HNSCC Patienten genutzt werden koénnen, um den individuellen Therapieerfolg zu
prognostizieren und die Therapie gegebenenfalls individuell anzupassen.

Die Daten der vorliegenden Arbeit stellen die Grundlage fiir klinische Vorhersagen lber den Erfolg
einer Radio(chemo)therapie anhand von Plasma-miRNAs dar. Eine klinische Anwendung der
nachgewiesenen prognostischen und Therapie-assoziierten miRNAs setzt jedoch deren
Validierung in weiteren grofReren unabhangigen Patientenkollektiven und eine Etablierung
standardisierter Nachweisverfahren voraus. Dariiber hinaus werden Analysen zum zeitlichen
Verlauf der Marker-miRNA-Expression Uber den gesamten Zeitraum der Radio(chemo)therapie
benotigt, um die Stabilitdt des Biomarkers im Verlauf der Therapie zu Gberprifen. Da miRNAs von
zahlreichen Faktoren, wie z. B. Erndhrung, Nebenerkrankungen und anderen Stressoren,
beeinflusst werden, muss die Stabilitdat der Marker-miRNAs im Plasma sichergestellt werden, um
verldssliche Aussagen zu ermoglichen. Zudem sollten zusatzliche Analysen zum Ursprung der
Marker-miRNAs im Plasma durchgefiihrt werden, da die hier gezeigten Resultate zwar einige
indirekte Hinweise auf einen Tumorursprung dieser miRNAs liefern, wie z. B. der Nachweis der
Expression aller Marker-miRNAs in Tumorbiopsien der Patienten, jedoch keinen direkten
Nachweis des Ursprungs dieser miRNAs erbringen. Daflir sollten vergleichende miRNA-
Expressionsanalysen an Tumorgewebe eines HNSCC Patientenkollektivs mit neoadjuvanter
Radiochemotherapie vor einer Behandlung sowie an Tumorgewebe von Resektaten nach der
Therapie durchgefiihrt werden. Dies wiirde die Identifikation von miRNAs ermdglichen, die
sowohl im Plasma als auch im Tumorgewebe eine verdnderte Expression nach
Radiochemotherapie zeigen. Dariiber hinaus kann im Zellkulturmodell mittels qRT-PCR der

miRNAs im Uberstand Uberpriift werden, ob die hier identifizierten Marker-miRNAs nach
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simulierter Radiochemotherapie von HNSCC Zellen sezerniert werden, was die Hypothese eines
Tumorursprungs der Marker-miRNAs im Plasma stiitzen wiirde.

Neben ihrer Funktion als Biomarker konnen miRNAs, die eine Therapieantwort zeigen, auch zur
Identifikation potenzieller therapeutischer Zielstrukturen genutzt werden. Die Resultate der
vorliegenden Arbeit deuten darauf hin, dass die Therapie-assoziierten miRNAs im Plasma der
HNSCC Patienten die Therapieantwort des Tumors reflektieren und sogar vom Tumor in die
Zirkulation gelangen. Dies lasst vermuten, dass diese miRNAs molekulare Prozesse regulieren, die
die Therapiesensitivitdt des Tumors beeinflussen. Mithilfe eines integrativen Ansatzes wurde in
der vorliegenden Arbeit die molekulare Therapieantwort zweier primarer HNSCC Zellkulturen
exemplarisch charakterisiert. Eine Integration der miRNA-Daten, mRNA-Daten und der damit
assoziierten molekularen Prozesse ermoglichte die Identifikation potenzieller therapeutischer
Zielstrukturen. Es konnte gezeigt werden, dass Signalwege wie das PTEN/AKT Signaling und das
E2F transcription factor network, eine wichtige Rolle in der Therapieantwort spielen. Eine
Deregulation dieser Signalwege, auf mRNA- oder miRNA-Ebene stellt somit einen moglichen
Ansatz dar die Therapie zu optimieren. Ein aktuelles Projekt, welches in groBem Umfang
molekulare Veranderungen in HNSCC zur Identifikation von Stratifizierungsmarkern und
potenziellen therapeutischen Zielstrukturen analysierte, ist The Cancer Genome Atlas (TCGA) [33].
Dabei wurden die Daten von 500 HNSCC Fallen von mehreren molekularen Ebenen, wie
Kopienzahlveranderungen, miRNA- und mRNA-Daten sowie klinischen Parametern in einem
integrativen Ansatz zusammengefiihrt. In dieser Studie wurden neben den zentralen molekularen
Markern PIK3CA, TRAF3, CCND1, FADD, BIRC2 und YAP1 auch Veranderungen der E2F
Transkriptionsfaktoren und PTEN-assoziierte Signalwege als wichtige Veranderungen in HNSCC
identifiziert. Basierend auf diesen Resultaten sollten im nachsten Schritt bereits bekannte PTEN-
Inhibitoren, wie z. B. SF1670 [103], im HNSCC Zellkulturmodell eingesetzt werden, um Effekte auf
das zelluldre Uberleben und mégliche Auswirkungen auf die Sensitivitit der Zellen gegeniiber
einer Radiochemotherapie zu analysieren. Einen weiteren Ansatz zur Uberpriifung der Effekte
einer gezielten molekularen Therapie stellt die Herunterregulierung von Zielgenen, wie z. B. E2F
Transkriptionsfaktoren, mittels Transfektion der Zellen mit den bereits identifizierten
regulatorischen miRNAs dar. In einem nachsten Schritt praklinischer Forschung sollten
Mausmodelle eingesetzt werden, um weitere Hinweise auf eine mogliche klinische Nutzung der in
der vorliegenden Arbeit identifizierten Zielgene und miRNAs als therapeutische Zielstrukturen zu
erlangen. Durch Injektion humaner HNSCC Zellen in immunsupprimierte Mause kdnnen HNSCC
Xenograft Tumore induziert werden. Zudem kénnen orthotope Mausmodelle fiir eine genauere

Abbildung der Tumorbiologie eingesetzt werden. Neue Technologien, wie die Small Animal
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Radiation Research Platform (SARRP) [104] ermoéglichen unter Verwendung integrierter
bildgebender Verfahren eine prazise und reproduzierbare Bestrahlung von Kleintieren und somit
eine sehr gute Simulation einer den aktuellen Standards entsprechenden Radiotherapie in der
Klinik. Mithilfe dieser Techniken kdnnen die Tumore in den Mausmodellen einer simulierten
Radiochemotherapie unterzogen werden. Durch Verabreichung der potenziell therapeutischen
miRNAs oder direkter Signalwegsinhibitoren, wie z. B. PTEN-Inhibitoren, wahrend der
Radiochemotherapie kann deren Einfluss auf das Tumorvolumen sowie auf das Uberleben der
Mause untersucht werden.

Die Anwendung von miRNAs als therapeutische Zielstrukturen setzt eine eingehende funktionelle
Analyse im Zellkulturmodell und im Mausmodell voraus, da eine miRNA meist zahlreiche Zielgene
reguliert, wodurch unerwiinschte Nebeneffekte auftreten kénnen. Dariiber hinaus ist fir eine
klinische Anwendung eine Optimierung der in vivo Transportsysteme fiir therapeutische miRNAs
notig, da unmodifizierte Nukleinsduren eine geringe Lebensdauer aufweisen. Bei der Entwicklung
dieser Transportvehikel stehen insbesondere die Spezifitat fiir Tumorzellen, eine effektive
Aufnahme in die Zielzellen sowie eine geringe Toxizitat im Vordergrund. Neben den bereits
bekannten Strategien mittels viraler Vektoren werden Lipidvesikel oder Polymer-Konstrukte sowie
anorganische Nanopartikel als Transportsysteme untersucht [105].

Trotz der zahlreichen Herausforderungen beziglich Gewebsspezifitat, Abhdngigkeit vom
Krankheitsstatus oder Verabreichungsform, bergen miRNAs ein grolRes Potenzial zur klinischen
Anwendung, was an der bereits in einer Phase 1 klinischen Studie befindlichen miR-34 Familie [95]
deutlich wird. Die Erforschung neuer Biomarker und molekularer Zielstrukturen ist fiir die
Therapie von HNSCC Tumoren von groRer Bedeutung, da die 5-Jahresiiberlebensrate fiir HNSCC
Patienten trotz der groRen Fortschritte in der Weiterentwicklung der therapeutischen
Malnahmen erst bei ca. 65% liegt [5, 6]. Hinzu kommen unzureichende Erfolge bereits etablierter
molekularer Therapien, wie die Inhibition von EGFR, die sich nur in bestimmten Patientengruppen
mit einem spezifischen molekulargenetischen Hintergrund positiv auf den Therapieerfolg auswirkt
[106]. Daher bedarf es neuer Stratifizierungsmarker und personalisierter Behandlungsstrategien
basierend auf dem molekularen Profil des Tumors, um den notwendigen Fortschritt bei der

Therapie von HNSCC zu erreichen.
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Additional file 1 Immunohistochemical cytokeratin-staining of primary HNSCC cell cultures. The
positive cytokeratin-staining confirms the epithelial origin of the tumor cells.



Additional file 2 Therapy-responsive microRNAs in plasma samples of 18 head and
neck cancer patients

number of patients with  number of patients with

miRNA 2 2 fold up-regulation 2 2 fold down-regulation p value
miR-590-5p 1 11 0.021
miR-574-3p 1 7 0.043
miR-425-5p 2 9 0.048
miR-885-3p 0 7 0.048
miR-21-5p 3 10 0.054
miR-106b-5p 2 6 0.067
miR-28-3p 0 5 0.074
miR-223-5p 1 5 0.081
miR-195-5p 2 8 0.119
miR-191-5p 3 9 0.142
miR-93-5p 8 5 0.154
miR-29¢-3p 2 7 0.181
miR-25-3p 5 3 0.196
miR-486-3p 7 3 0.196
miR-197-3p 1 5 0.212
miR-222-3p 1 7 0.212
let-7g-5p 0 3 0.304
miR-146b-5p 3 6 0.304
let-7b-5p 2 8 0.325
miR-628-5p 1 6 0.325
miR-146a-5p 5 7 0.347
miR-381-3p 0 4 0.347
miR-26b-5p 3 6 0.370
miR-374b-5p 3 4 0.370
miR-140-5p 3 5 0.393
miR-885-5p 3 6 0.393
miR-26a-5p 3 5 0.417
miR-19a-3p 3 5 0.442
miR-30c-5p 4 2 0.442
miR-454-3p 3 5 0.442
miR-186-5p 4 6 0.468
miR-483-5p 1 5 0.468
miR-92a-3p 6 6 0.523
miR-150-5p 7 5 0.523
miR-323-3p 3 2 0.609
miR-29a-3p 4 3 0.671



miR-320a
miR-451a
miR-24-3p
miR-19b-3p
miR-126-3p
miR-20b-5p
let-7e-5p
miR-17-5p
miR-30b-5p
miR-122-5p
miR-199a-3p
miR-106a-5p
miR-486-5p
miR-16-5p
miR-20a-5p
miR-142-3p
miR-484
miR-342-3p

W o o0 o o0 W WwWwwWw o Ao w0 o0,

~ 0O N O A OO OO A OO W OO PO W PS

0.671
0.671
0.702
0.766
0.766
0.799
0.832
0.832
0.832
0.832
0.832
0.932
0.932
0.966
0.966
0.966
0.966




Additional file 3 Correlation coefficients of normalized Ct values (ACt) of plasma
miRNAs analyzed with arrays and single assays

Correlation coefficient (p value)

miRNA ACt values prior to treatment ACt values post treatment
miR-590-5p 0.56 (0.029) 0.85 (0.001)
miR-574-3p 0.75 (0.000) 0.75 (0.000)
miR-425-5p -0.06 (0.842) 0.71 (0.003)
miR-885-3p -0.13 (0.652) 0.00 (-------- )
miR-21-5p 0.55 (0.034) 0.42 (0.122)
miR-28-3p 0.83 (0.000) 0.85 (0.000)
miR-195-5p 0.49 (0.061) 0.69 (0.004)
miR-191-5p 0.91 (0.000) 0.92 (0.000)
miR-150-5p 0.79 (0.001) 0.65 (0.009)
miR-142-3p 0.63 (0.012) 0.45 (0.094)




Additional file 4 Correlation coefficients of

normalized Ct values (ACt) of miRNAs
analyzed with TagMan single assays in
PBMC and plasma

miRNA Correlation coefficient (p value)
ACt values prior  ACt values post
to treatment treatment
miR-574-3p 0.47 (0.109) 0.32 (0.294)
miR-425-5p 0.28 (0.350) 0.00 (0.997)
miR-21-5p 0.24 (0.429) -0.09 (0.770)
miR-28-3p 0.50 (0.083) 0.30 (0.317)
miR-195-5p 0.36 (0.231) -0.05 (0.871)
miR-191-5p 0.23 (0.459) 0.13 (0.676)
miR-150-5p 0.43 (0.141) 0.38 (0.206)
miR-142-3p 0.14 (0.652) 0.11 (0.712)

PBMC = peripheral blood mononuclear cells



Additional file 5 Significantly deregulated microRNAs in HN1957 primary cell cultures
after in vitro radiochemotherapy

miRNA fold change p value adjusted p value
miR-181a-3p 6.71 0.002 0.018
miR-7-1-3p 6.09 0.002 0.018
miR-181a-2-3p 6.08 0.000 0.003
miR-454-3p 3.39 0.020 0.059
miR-335-5p 3.18 0.019 0.059
miR-362-5p 2.77 0.026 0.069
miR-29b-1-5p 1.95 0.000 0.006
miR-182-5p 1.83 0.015 0.055
miR-23a-5p 1.74 0.000 0.001
miR-20a-3p 1.65 0.011 0.045
miR-4298 1.62 0.001 0.010
miR-224-5p 1.56 0.037 0.086
miR-221-5p 1.55 0.004 0.026
miR-19b-1-5p 1.53 0.010 0.042
miR-148b-3p 1.46 0.012 0.045
miR-181a-5p 1.40 0.000 0.000
miR-455-5p 1.38 0.005 0.027
miR-642b-3p 1.36 0.004 0.027
miR-21-3p 1.34 0.000 0.009
miR-30a-3p 1.33 0.001 0.013
miR-4261 1.32 0.026 0.069
miR-181b-5p 1.31 0.000 0.000
miR-23a-3p 1.27 0.005 0.027
miR-155-5p 1.27 0.013 0.047
miR-425-5p 1.27 0.004 0.026
miR-1280_v18.0 1.25 0.001 0.013
miR-98-5p 1.24 0.019 0.059
miR-30e-5p 1.23 0.001 0.010
miR-1274b_v16.0 1.23 0.009 0.041
miR-7-5p 1.21 0.011 0.044
miR-342-3p 1.21 0.008 0.039
miR-331-3p 1.20 0.020 0.060
miR-151a-5p 1.20 0.009 0.041
miR-203a 1.19 0.028 0.071
miR-138-5p 1.18 0.027 0.071
miR-200a-3p 1.18 0.008 0.040
miR-205-3p 1.17 0.000 0.006



miR-301a-3p
miR-125a-5p
let-7f-5p
miR-423-5p
miR-151a-3p
miR-1260a
miR-200b-3p
miR-4306
miR-503-5p
miR-30d-5p
miR-31-5p
let-7b-5p
miR-17-3p
miR-31-3p
let-7a-5p
miR-21-5p

miR-1274a_v16.0

miR-320e
miR-29b-3p
miR-17-5p
miR-106b-5p
miR-125b-5p
miR-92a-3p
miR-93-5p
miR-141-3p
miR-22-3p
miR-18a-5p
miR-320b
miR-24-3p
miR-25-3p
miR-1260b
miR-3911
miR-1914-3p
miR-2861
miR-638
miR-3125
miR-940
miR-1305
miR-572
miR-3198
miR-1288

A7
A7
16
15
.15
.15
.15
.15
15
14
A3
A3
13
A2
1
11
11
11

U (U U U UL U U UL UL UL U U UL UL U UG U UL U §

1.09
0.95
0.94
0.92
0.92
0.92
0.91
0.90
0.90
0.89
0.88
0.87
0.84
0.80
0.76
0.75
0.75
0.75
0.74
0.72
0.71
0.69

0.044
0.021
0.009
0.001
0.001
0.002
0.002
0.012
0.018
0.002
0.001
0.020
0.006
0.005
0.021
0.031
0.000
0.001
0.003
0.019
0.042
0.028
0.022
0.023
0.032
0.012
0.010
0.020
0.016
0.007
0.001
0.014
0.017
0.029
0.023
0.021
0.008
0.018
0.035
0.009
0.005

0.099
0.061
0.040
0.011
0.010
0.018
0.018
0.045
0.058
0.018
0.010
0.059
0.030
0.027
0.061
0.076
0.007
0.011
0.024
0.059
0.095
0.072
0.061
0.063
0.076
0.045
0.041
0.059
0.055
0.037
0.010
0.050
0.056
0.072
0.063
0.061
0.040
0.058
0.083
0.040
0.027



miR-575
miR-324-3p
miR-630
miR-4299
miR-1973
miR-1275
miR-1225-5p
miR-3663-3p
miR-4313
miR-513a-5p
miR-494
miR-188-5p
miR-3652
miR-513b
miR-135a-3p

0.67
0.65
0.63
0.58
0.53
0.53
0.52
0.50
0.47
0.42
0.41
0.32
0.29
0.19
0.12

0.003
0.000
0.008
0.000
0.027
0.002
0.004
0.016
0.040
0.003
0.010
0.032
0.032
0.002
0.004

0.020
0.010
0.040
0.000
0.071
0.018
0.025
0.056
0.091
0.021
0.042
0.077
0.076
0.016
0.026




Additional file 6 Significantly deregulated microRNAs in HN2092 primary cell cultures
after in vitro radiochemotherapy

miRNA fold change p value adjusted p value
miR-193a-5p 1.66 0.000 0.000
miR-7-5p 1.59 0.000 0.000
miR-532-5p 1.46 0.014 0.040
miR-30e-3p 1.40 0.001 0.005
miR-181a-5p 1.38 0.000 0.000
miR-224-3p 1.35 0.003 0.012
miR-181b-5p 1.31 0.000 0.000
miR-4298 1.30 0.003 0.012
miR-1274b_v16.0 1.26 0.000 0.000
miR-21-3p 1.19 0.000 0.000
miR-584-5p 1.19 0.013 0.038
miR-17-3p 1.19 0.001 0.003
miR-183-5p 1.18 0.000 0.001
miR-30a-3p 1.18 0.000 0.002
miR-3653 1.18 0.000 0.002
miR-151a-3p 1.17 0.000 0.000
miR-101-3p 1.17 0.006 0.021
miR-197-3p 1.17 0.008 0.025
miR-452-5p 1.16 0.000 0.000
miR-320e 1.16 0.000 0.000
miR-30e-5p 1.15 0.000 0.000
miR-18b-5p 1.15 0.003 0.012
miR-182-5p 1.15 0.004 0.013
miR-33a-5p 1.15 0.021 0.055
miR-186-5p 1.15 0.035 0.083
miR-30d-5p 1.15 0.000 0.001
miR-320a 1.14 0.000 0.000
miR-454-3p 1.14 0.040 0.093
miR-149-5p 1.14 0.003 0.011
miR-378_v17.0 1.14 0.000 0.000
miR-335-5p 1.14 0.029 0.071
miR-99b-5p 1.13 0.000 0.000
miR-1274a_v16.0 1.13 0.000 0.002
miR-320d 1.12 0.002 0.008
miR-4286 1.12 0.001 0.004
miR-1280_v18.0 1.1 0.028 0.070
miR-362-5p 1.1 0.022 0.058



miR-128
miR-222-3p
miR-151a-5p
miR-98-5p
miR-320c
let-7f-5p
miR-20b-5p
miR-1260a
miR-423-5p
miR-15a-5p
miR-148b-3p
miR-17-5p
miR-125a-5p
miR-130b-3p
miR-19a-3p
miR-3651
miR-455-3p
miR-193b-3p
miR-30a-5p
miR-96-5p
miR-30b-5p
miR-93-5p
let-7i-5p
miR-100-5p
miR-135b-5p
miR-29c¢c-3p
miR-3659
miR-3656
miR-1202
miR-4284
miR-762
miR-494
miR-3665
miR-3911
miR-939-5p
miR-4281
miR-1207-5p
miR-3679-5p
miR-324-3p
miR-940
miR-1972

1.1
1.10
1.10
1.10
1.10
1.09
1.09
1.08
1.08
1.08
1.08
1.07
1.06
1.06
1.06
1.06
1.05
1.056
1.04
0.97
0.97
0.96
0.95
0.94
0.93
0.92
0.91
0.90
0.88
0.87
0.85
0.84
0.83
0.83
0.81
0.81
0.80
0.80
0.79
0.79
0.78

0.036
0.001
0.000
0.007
0.003
0.041
0.029
0.000
0.011
0.009
0.011
0.002
0.002
0.017
0.015
0.005
0.029
0.003
0.008
0.037
0.043
0.001
0.027
0.009
0.002
0.026
0.036
0.009
0.005
0.002
0.006
0.017
0.000
0.000
0.000
0.001
0.000
0.010
0.002
0.002
0.001

0.085
0.006
0.000
0.023
0.012
0.095
0.071
0.002
0.031
0.027
0.032
0.008
0.009
0.046
0.041
0.019
0.071
0.012
0.025
0.085
0.098
0.003
0.070
0.027
0.009
0.067
0.085
0.028
0.019
0.008
0.022
0.046
0.003
0.000
0.000
0.005
0.002
0.030
0.008
0.008
0.004



miR-3663-3p
miR-1915-3p
miR-575
miR-1275
miR-4299
miR-638
miR-1225-5p
miR-630
miR-513a-5p
miR-2861
miR-150-3p
miR-572
miR-16-2-3p
miR-15b-3p
miR-188-5p
miR-513b
miR-1181

0.77
0.76
0.76
0.76
0.75
0.73
0.73
0.72
0.68
0.65
0.64
0.63
0.60
0.56
0.50
0.33
0.29

0.003
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.023
0.000
0.004
0.006
0.000
0.000
0.009

0.012
0.000
0.002
0.000
0.001
0.000
0.000
0.001
0.005
0.001
0.060
0.000
0.014
0.021
0.003
0.002
0.027
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Additional file 7 Expression levels of miR-93-5p
in plasma of 18 head and neck cancer patients
prior and post treatment. Green lines mark
down-regulation, red lines show up-regulation
of the plasma miRNA.
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Supplementary Fig. 1 Unsupervised hierarchical cluster analysis of HNSCC patient samples collected before therapy and
samples of healthy donors. Expression values of the plasma miRNAs were determined with TagMan arrays. Patient samples
collected prior to treatment are marked with blue bars, healthy donor samples are marked with grey bars. Cluster 1 and Cluster 2
indicate the two main clusters emerging from unsupervised cluster analysis using expression levels of the top eight distinctive miRNAs.



Supplementary Table 1 Patient-specific microRNAs in plasma samples of 18 HNSCC
patients compared to 12 healthy controls analyzed with TagMan arrays

Normalized Ct values in Normalized Ct values in

miRNA plasma of HNSCC plasma of healthy p value
patients [mean + SEM] controls [mean + SEM]
miR-21-5p 5.23 £ 1.55 13.78 £1.10 0.001
miR-191-5p 0.86 + 1.55 8.99 + 1.95 0.001
miR-142-3p 6.98 + 1.71 undetected 0.007
miR-197-3p 8.40 + 1.69 undetected 0.007
miR-425-5p 6.14 + 1.86 13.46 + 1.41 0.019
miR-590-5p 6.47 + 1.55 12.70 £ 1.38 0.022
miR-28-3p 9.81+1.68 undetected 0.031
miR-186-5p 5.56 £ 1.73 11.46 + 1.65 0.031
miR-24-3p 0.71+1.28 5.32 + 1.86 0.035
miR-126-3p -1.08 + 1.03 1.98 + 1.61 0.039
miR-195-5p 7.33+1.55 12.68 + 1.41 0.039
miR-374b-5p 6.29 + 2.31 13.79+1.14 0.043
miR-16-5p -5.39 £ 0.37 -4.10 £ 0.51 0.053
miR-26a-5p 6.54 + 1.80 12.76 £ 1.35 0.053
let-7e-5p 8.88 +1.75 13.71+1.18 0.065
miR-19b-3p -3.46 + 0.38 -2.32 + 0.41 0.072
miR-106b-5p 7.57 £1.69 12.64 +1.42 0.072
miR-222-3p -1.563+0.43 0.90+1.13 0.072
let-79-5p 9.92 £ 1.67 undetected 0.079
miR-17-5p -3.08 £ 0.47 -0.54 £ 1.27 0.079
miR-342-3p 5.64 +1.72 9.48 +1.79 0.087
miR-885-5p 5.11+1.65 11.31+£1.70 0.087
miR-92a-3p 0.70£1.23 3.63+1.83 0.104
miR-146a-5p 0.26 £ 0.99 419+1.72 0.104
miR-19a-3p 0.78+1.18 3.59+ 1.86 0.113
miR-320a 1.73+1.65 2.22 +1.60 0.113
miR-106a-5p -1.07 £ 1.36 -0.25+1.37 0.124
miR-146b-5p 7.77 £ 1.95 12.68 + 1.50 0.124
miR-483-5p 10.55 + 1.55 undetected 0.146
miR-484 1.09 £ 1.52 3.86+1.79 0.146
miR-486-5p -3.93+0.31 -3.09 £ 0.49 0.146
miR-26b-5p 5.31+1.59 9.21+1.88 0.172
miR-574-3p 8.12 £ 1.81 12.73 +1.38 0.172
let-7b-5p 3.51+1.72 6.49 + 1.99 0.200
miR-30c-5p 8.96 + 1.75 11.71 £ 1.60 0.215
miR-323-3p 3.50 + 1.65 3.93+1.70 0.215



miR-454-3p
miR-885-3p
miR-140-5p
miR-29c¢c-3p
miR-20a-5p
miR-628-5p
miR-30b-5p
miR-93-5p
miR-122-5p
miR-503-5p
miR-150-5p
miR-424-5p
miR-199a-3p
miR-20b-5p
miR-381-3p
miR-223-5p
miR-486-3p
miR-451a
miR-888-5p
miR-25-3p

9.07+1.70
8.08 +2.10
9.39+1.60
5.61+1.70
0.65 + 1.49
8.45+1.90
6.75+1.78
8.56 + 1.79
6.12+1.77
12.88 + 1.26
4.05+1.82
10.80 + 1.68
9.95 + 1.64
7.39+1.75
7.30 £ 2.31
-7.15+0.76
7.22 +1.62
2.35+1.33
11.43 +1.64
8.89 + 1.62

12.54 +1.48
11.59 +2.19
11.48 +1.71
8.72+2.00
1.42 + 1.64
11.07 £ 1.91
10.34 £ 1.77
11.48 +1.71
9.00 + 1.89
9.24 +1.98
5.43 +1.81
7.48 +2.16
11.43 +1.65
7.47 +2.08
TA7 +247
-7.39+1.30
7.78 +1.94
3.32 +1.88
8.19+2.34
11.14 £ 1.80

0.215
0.267
0.285
0.325
0.391
0.391
0.415
0.465
0.518
0.545
0.632
0.632
0.755
0.787
0.851
0.884
0.884
0.917
0.917
0.950

SEM = standard error of the mean



Supplementary Table 2 Patient-specific plasma miRNAs in 15 HNSCC patients

(discovery cohort) and 12 healthy donors analyzed with single assays

Normalized Ct values in

Normalized Ct values in

miRNA plasma of HNSCC patients plasma of healthy controls p value
[mean + SEM] [mean + SEM]
miR-21-5p 0.86 + 0.54 5.24 + 0.30 <0.001
miR-28-3p 10.22 £ 1.40 undetected 0.001
miR-126-3p 1.87 £ 0.68 6.19 £ 0.26 <0.001
miR-142-3p 5.76 £ 0.96 9.14 £ 0.26 0.006
miR-186-5p 7.43 £ 0.91 15.37 £ 0.58 <0.001
miR-191-5p 3.48 £ 0.83 8.64 £ 0.33 <0.001
miR-195-5p 11.98 £ 0.98 undetected 0.002
miR-197-3p 4.61+0.65 9.01+£0.25 <0.001
miR-374b-5p 12.80 £ 1.32 undetected 0.046
miR-425-5p 5.85+0.93 10.94 £ 0.72 <0.001
miR-590-5p 13.14 £ 1.14 undetected 0.040

SEM = standard error of the mean



Supplementary Table 3 Therapy-responsive
miRNAs in plasma samples of 11 HNSCC
patients (validation cohort)

Number of Number of
mRNA B P
upregulation  downregulation
miR-21-5p 5 3
miR-28-3p 3 4
miR-93-5p 6 4
miR-142-3p 3 5
miR-150-5p 3 5
miR-191-5p 4 3
miR-195-5p 4 4
miR-425-5p 5 4
miR-574-3p 5 3




Supplementary Table 4 Patient-specific microRNAs in plasma samples of 11 HNSCC
patients (validation cohort) compared to healthy donors

Normalized Ct values Normalized Ct values in
miRNA in plasma of HNSCC plasma of healthy p value
patients [mean + SEM] controls [mean + SEM]

miR-21-5p 3.43+0.32 5.24 + 0.30 0.003
miR-28-3p 0.04 +0.30 undetected <0.001
miR-126-3p 3.42 +£0.38 6.19 £ 0.26 <0.001
miR-142-3p 5.59 + 0.31 9.14 + 0.26 <0.001
miR-186-5p 6.60 + 0.37 15.37 £ 0.58 <0.001
miR-191-5p 5.34 + 0.50 8.64 + 0.33 <0.001
miR-195-5p 9.70 + 1.06 undetected 0.001
miR-197-3p 6.18 £ 0.40 9.01+0.25 <0.001
miR-374b-5p 10.21 £ 1.00 undetected 0.001
miR-425-5p 6.60 £ 0.37 10.94 £ 0.72 <0.001

SEM = standard error of the mean



Supplementary Table 5 Correlation of
miRNA expression in FFPE-tumor-tissue
and matched plasma of 14 HNSCC patients
analyzed with single assays

Pearson
miRNA correlation p value
coefficient
miR-21-5p 0.13 0.65
miR-28-3p -0.31 0.29
miR-126-3p -0.21 0.47
miR-142-3p -0.17 0.56
miR-186-5p -0.15 0.62
miR-191-5p 0.21 0.48
miR-195-5p -0.32 0.27
miR-197-3p 0.22 0.45
miR-374b-5p -0.38 0.17
miR-425-5p -0.01 0.96
miR-150-5p 0.06 0.84

miR-574-3p 0.21 0.46




Additional file 1 Copy number alterations in HN1957

Chromosome Location Start (bp) End (bp) Size (Mb) Gainlloss
1 p31.3 64137196 64574378 437 Loss
1 q21.1 145009491 145291681 282 Loss
1 gq21.2 147404182 149243878 1840 Loss
2 p22.3 34702900 34714858 12 Loss
2 p11.2-11.1 89427335 91815649 2388 Loss
2 g21.2 133817872 134013314 195 Loss
3 p26.3 - 11.1 73884 90282026 90208 Loss
5 p15.33-12 26112 45872739 45847 Gain
5 q35.3 177059894 178434885 1375 Loss
7 p22.3 - 11.2 830127 56021762 55192 Gain
8 p23.3 - 23.1 161442 7786619 7625 Loss
8 p11.22 39237408 39345390 108 Loss
8 q11.1-24.3 46943427 146294012 99351 Gain
9 p24.3-qg21.13 204163 75759274 75555 Gain
9 g21.13 75773390 75785187 12 Gain
9 g21.13-34.3 75793096 139521304 63728 Gain
10 p15.3 - 11.21 136331 37912674 37776 Loss
11 p15.5 - 925 210270 134927025 134717 Gain
12 p11.22 - q13.11 29394531 47149663 17755 Gain
13 g21.1-34 56908708 115105208 58197 Gain
15 q11.1-11.2 20102511 22409302 2307 Loss
15 q11.2-26.3 22425868 102480799 80055 Gain
16 p13.3-qg24.3 106241 90163040 90057 Gain
17 q11.1-25.3 25403416 81098955 55696 Gain
18 p11.32 - 923 118730 78009943 77891 Loss
20 p13-q13.33 67748 62949060 62881 Gain
21 p11.2-q11.2 9832418 15499817 5667 Loss
21 q11.2-21.1 15513138 17895158 2382 Gain
22 q11.21-12.1 17927733 28915008 10987 Gain
22 q12.2-13.33 31001795 51218920 20217 Gain




Additional file 2 Copy number alterations in HN2092

Chromosome Location Start (bp) End (bp) Size (Mb) Gainlloss
1 p34.1 45638843 46411830 773 Loss
2 p11.2-11.1 89129502 91815649 2686 Loss
3 p26.3 - 14.2 73884 60431612 60358 Loss
3 p14.2 60445716 60856997 411 Loss
3 p14.2 60877532 61256461 379 Loss
3 p14.2 - 14.1 61279362 65309302 4030 Gain
3 p14.1-13 65329274 71064421 5735 Gain
3 p12.1 85375309 85527808 152 Loss
4 p16.3 - 11 45852 49032819 48987 Loss
4 q13.2 69392515 69438151 46 Gain
4 g32.1 159836338 160477505 641 Gain
5 p15.33 - 12 26112 45872739 45847 Gain
5 q15 92922745 92925263 3 Loss
7 gq21.11 - 31.1 85927890 111030944 25103 Gain
7 q31.1 111044005 111303942 260 Gain
7 g31.1-31.31 111316562 120348264 9032 Gain
7 q31.31-36.3 120355583 159118477 38763 Loss
8 p23.3 - 23.2 161442 3379024 3218 Loss
8 p23.2 3395242 3614215 219 Loss
8 p23.2 3623018 4532958 910 Loss
8 p12-11.23 30428574 37449311 7021 Gain
8 p11.23-11.22 37498547 39222337 1724 Gain
8 p11.22 39237408 39345390 108 Loss
8 p11.22 39392445 39587449 195 Gain
8 p11.22 - q24.3 39607186 146294012 106687 Gain
9 p24.3-q913 204163 68452996 68249 Loss
9 g21.11-34.3 70984451 141018895 70034 Gain
11 q13.2-25 68090440 134927025 66837 Gain
12 q21.31-24.33 83072415 133291385 50219 Gain
13 q11-14.3 19296514 51173255 31877 Loss
13 q14.3-31.2 51212860 89898466 38686 Gain
14 q11.2 19376732 20414143 1037 Loss
14 q11.2 20465917 22428569 1963 Loss
14 q11.2-12 23016509 25424295 2408 Loss
14 q12-24.3 25443991 75707870 50264 Gain
14 q24.3 75727607 78086326 2359 Gain
14 q24.3 - 32.33 78104995 107278681 29174 Gain
16 p13.3 6754631 6982630 228 Loss



16
17
18
19
20
21
22
22

p11.2 - q24.3
q25.3

p11.32 - g23
q13.2 - 13.43
p13-q13.33
p11.2
q11.23

q11.23 - 12.1

29652969
80111187
118730
42737047
67748
9832418
24347929
25664588

90163040
81098955
78009943
59092485
62949060
15347165
24390165
25911562

60510
988
77891
16355
62881
5515
42
247

Gain
Loss
Loss
Gain
Gain
Loss
Loss

Loss
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Cytogenetic characterization of HN1957. (A) The array CGH profile shows copy number alterations on several chromosomes. Green bars (top down) represent copy number gains at the
corresponding position in the genome. Red bars (bottom up) indicate copy number losses. Bars reaching beyond the middle axis (probability >0.5) were called as gains or losses. (B) The spectral
karyotype of a representative metaphase reveals various chromosomal alterations: 75,XX,+X,+2xdel(X)(p13—qter),+1,+2,+der(3)t(3;14)(p11—qter;qter—q11),+4,+5,+i(5)(p10),+6,+7,+2xder(8)
t(5;8)(?;p10—qter),+2x9,+der(9)t(X;9)(?;p13—qter),+der(10)t(10;17)(p10—qter;qter—q10),+2x11,+del(11)(pter—q107?),+12,+13,der(14)t(13;14)(qter—q11;p11—qter),+15,+i(15)(q10),+16,+17,
+19,+2x20,+21,i(22)(910). White arrows indicate chromosomes with color junctions.
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Cytogenetic characterization of HN2092. (A) The array CGH profile shows copy number alterations on several chromosomes. Green bars (top down) represent copy number gains at the
corresponding position in the genome. Red bars (bottom up) indicate copy number losses. Bars reaching beyond the middle axis (probability >0.5) were called as gains or losses. (B) The spectral
karyotype of a representative metaphase reveals various chromosomal alterations: 75,XY,+X,+del(X)(p21—pter),+i(X)(q10),+i(Y)(q10),+der(1)t(1;21)(p11—qter;qter—q11),+2,+3,+der(4)t(1;4)
(pter—q21;?),+5,+i(5)(p10),+6,+der(7)add(7)(q31)t(7;11),+3xder(8)t(8;14)(p11—qter;qter—q11),+2xder(9)t(9;13)(p11—qter;qter—q14),+10,+del(11)(q11),+12,der(13)t(12;13)(?;p13—022),
+der(15)t(3;15)(?;p11—qter),+16,+der(16)(?),+17,+19,+3x20,+der(20)t(11;20)(?),+22. White arrows indicate chromosomes with color junctions.
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Additional file 6 Significantly deregulated mRNAs in HN1957 after radiochemotherapy
treatment (adjusted p-value<0.05)

Gene adjusted p-value fold-change
TXNIP 6.35E-13 0.31
C8orf55 7.54E-12 2.19
RHBDF2 7.54E-12 1.96
IFIT1 7.54E-12 0.49
SNRPA1 7.54E-12 0.45
IFIT2 7.54E-12 0.31
SDF2L1 1.17E-11 1.91
OASL 1.17E-11 0.33
IL24 1.17E-11 0.28
MANF 1.27E-11 2.21
CTSC 1.84E-11 0.51
SLFN11 2.21E-11 2.13
IFRD1 2.23E-11 0.52
LHPP 2.62E-11 2.04
ARRDC4 2.62E-11 0.45
AGR2 2.81E-11 3.01
E2F2 3.08E-11 1.82
HMGA2 3.08E-11 0.46
GADD45A 3.94E-11 0.53
HSPA1A 4.72E-11 2.20
CALR 4.72E-11 1.81
RPL28 4.72E-11 0.45
TNFSF9 4.96E-11 2.25
KREMEN1 4.96E-11 1.79
INF2 7.46E-11 1.91
FADS2 8.67E-11 2.32
TET1 9.49E-11 2.36
C6orf48 9.49E-11 0.52
IFIT3 1.30E-10 0.50
HSPA1B 1.39E-10 1.96
DDX58 1.39E-10 0.52
BIRC3 1.39E-10 0.45
MVD 1.57E-10 2.31
FAM20C 1.65E-10 1.84
INSIG1 1.67E-10 2.32
LSS 1.67E-10 2.25

TMEM97 1.67E-10 2.01



OSBPL5
CDK2AP2
ANTXR2
CH25H
ABCB6
ADAMTS6
HIST1H2AG
MEGF8
LAMA3
MAST1
Cé6orf1
IL23A
HS3ST1
ISG15
TMEM79
DDIT3
B3GAT3
COMTD1
RGS2
RUNX1
PRR7
HSP90B1
CIDEC
CRELD2
PIF1
TMEM187
ETS2
CMTM4
ISG20
SERPINB2
PRMT7
HR
CBX6
DUSP12
ST6GALNAC2
MYLK
SEC24D
CKLF
FYB
NLRP3
LRP8

1.67E-10
1.67E-10
1.67E-10
1.67E-10
2.03E-10
2.03E-10
2.65E-10
2.73E-10
2.77E-10
2.95E-10
2.95E-10
3.91E-10
4.00E-10
4.15E-10
4.15E-10
4.15E-10
5.30E-10
5.34E-10
5.34E-10
5.34E-10
5.81E-10
5.87E-10
6.29E-10
6.62E-10
6.69E-10
6.91E-10
7.04E-10
7.05E-10
7.05E-10
7.05E-10
7.26E-10
7.26E-10
7.35E-10
7.47E-10
7.97E-10
8.49E-10
8.58E-10
8.95E-10
8.95E-10
9.00E-10
9.06E-10

1.95
1.66
0.53
0.26
1.66
0.55
2.08
1.89
0.57
1.72
1.58
0.58
0.60
0.64
0.57
0.52
1.55
1.90
0.54
0.45
1.63
1.67
0.62
1.69
1.71
2.08
0.55
1.61
0.64
0.39
1.63
0.52
1.73
0.63
2.39
1.53
1.82
1.61
0.57
0.53
1.93



PSKH1
MYO5C
NUAK2
JDP2
PLAU
RPL10A
HSD11B1
XBP1
BRD4
NOG
CELSR1
FAM83A
ANGPTL4
DUX4
PLEKHAG
HTRA1
PDLIMS
BMP2
UBAP1
GADD45B
PSAT1
LAMB3
SNN
SP5
C150rf42
NKX2-5
SGK1
ZC3HAV1
TST
EDN1
APOLG6
PCSK9
HSD17B8
BAIAP2
SFI1
C220rf40
PSMG4
IGFBP3
NT5C3
LFNG
ZBED2

1.04E-09
1.04E-09
1.04E-09
1.10E-09
1.10E-09
1.13E-09
1.34E-09
1.37E-09
1.37E-09
1.37E-09
1.40E-09
1.40E-09
1.63E-09
1.67E-09
1.81E-09
1.81E-09
1.81E-09
1.81E-09
1.81E-09
1.87E-09
2.08E-09
2.08E-09
2.16E-09
2.26E-09
2.26E-09
2.29E-09
2.29E-09
2.31E-09
2.39E-09
2.42E-09
2.66E-09
2.70E-09
2.76E-09
2.76E-09
2.95E-09
3.22E-09
3.22E-09
3.22E-09
3.24E-09
3.29E-09
3.94E-09

1.75
1.73
0.60
1.97
0.60
1.47
0.48
1.68
0.66
0.55
1.55
0.61
0.61
1.60
1.61
1.58
0.69
0.65
0.65
0.57
1.65
0.60
1.52
1.62
1.51
1.55
0.62
0.61
1.71
0.64
1.49
1.80
1.55
0.69
1.64
1.55
1.50
0.59
0.68
2.08
0.61



RBM14
B4GALNT1
PHACTRS3
PHF13
IMPA2
TRAPPC9
IDE
PTGS2
FGFR3
METTL3
ALDH4A1
SYTLA1
TRIOBP
MMD
PNPLA3
RNF145
GTPBPS
RTN4R
EVL
SPTLC2
PRDM1
FXYD3
IDH1
ASF1B
PLAUR
FGD3
CYP27B1
TUFT1
RNF43
TMEM40
ANKRD52
HES2
C120rf23
PTPN18
HSPAS8
SLC6A9
MYEOV
CALB1
LEPREL2
HYAL2
CYP27C1

3.94E-09
4.01E-09
4.04E-09
4.10E-09
4.10E-09
4.45E-09
4.45E-09
4.45E-09
4.47E-09
4.78E-09
5.06E-09
5.11E-09
5.33E-09
5.33E-09
5.42E-09
5.49E-09
5.49E-09
5.52E-09
5.66E-09
5.84E-09
5.84E-09
6.19E-09
6.45E-09
6.71E-09
6.71E-09
6.83E-09
6.83E-09
6.94E-09
6.94E-09
6.96E-09
7.00E-09
7.00E-09
7.11E-09
7.28E-09
7.77TE-09
7.80E-09
7.80E-09
7.80E-09
7.98E-09
7.98E-09
8.23E-09

0.63
1.84
0.59
1.72
1.61
1.70
1.54
0.52
1.66
1.53
1.64
1.57
1.82
1.45
1.64
1.59
0.66
1.56
1.46
1.72
0.51
0.60
1.45
1.64
0.56
1.69
0.50
0.70
0.63
0.59
1.54
0.64
1.47
1.43
1.56
1.56
0.63
0.60
1.55
1.47
0.63



ATG16L2
SERPINE1
SLC48A1
VEGFC
IBA57
CBX2
PGLS
ELFN2
HSPG2
PMAIP1
SPC25
MOB3B
BOD1
CAMKKA1
DUX4L4
APOBEC3F
NLRP2
INHBA
ANP32E
TRIM8
PANK1
ZNF502
HMGCR
EVI5SL
SLC17A5
LMNB1
HES6
HSBP1L1
TMBIM4
ADAMTSA
IL1A
NUDTS8
ARHGAP27
MVK
ITFG3
MICA
SMARCC2
FADS1
PCYOX1L
HIST1H4L
DHCR7

8.46E-09
8.57E-09
8.79E-09
8.85E-09
9.07E-09
1.02E-08
1.03E-08
1.03E-08
1.08E-08
1.09E-08
1.11E-08
1.11E-08
1.12E-08
1.14E-08
1.14E-08
1.17E-08
1.18E-08
1.18E-08
1.22E-08
1.25E-08
1.30E-08
1.41E-08
1.42E-08
1.44E-08
1.44E-08
1.44E-08
1.48E-08
1.50E-08
1.51E-08
1.51E-08
1.55E-08
1.60E-08
1.60E-08
1.68E-08
1.68E-08
1.72E-08
1.72E-08
1.72E-08
1.83E-08
1.88E-08
1.93E-08

1.58
0.52
1.42
0.69
0.55
1.54
1.49
1.48
1.64
0.60
1.54
0.67
1.42
1.84
1.72
1.58
1.46
0.55
1.56
0.66
1.76
0.64
1.57
1.80
1.54
1.51
1.57
0.66
1.42
0.61
0.66
1.55
0.69
1.57
1.43
1.46
1.42
1.60
1.46
1.45
1.49



SMOX
MRPS30
VNN1
MCM6
FLRT3
XXYLT1
FATA1
ACP1
C120rf34
C16orf7
TNFAIP3
WWC3
NFKBIL1
NUCB2
NSDHL
IL1RL1
TRIB1
TLCD1
OSBPL7
BTG1
CARS
HMGCS1
MAOA
TMEM143
ELOVL6G
CREB3L2
FBLN1
SNCA
NECAB3
D2HGDH
IRAK2
DUSP4
SLC16A5
FAM206A
TTCOC
IL11
DNAJB9
SUV420H1
FN1
RNPEPL1
NEDDA4L

1.93E-08
1.98E-08
2.00E-08
2.05E-08
2.13E-08
2.17E-08
2.17E-08
2.18E-08
2.18E-08
2.18E-08
2.20E-08
2.21E-08
2.23E-08
2.30E-08
2.31E-08
2.33E-08
2.35E-08
2.35E-08
2.39E-08
2.48E-08
2.50E-08
2.52E-08
2.52E-08
2.54E-08
2.55E-08
2.55E-08
2.59E-08
2.61E-08
2.67E-08
2.68E-08
2.70E-08
2.71E-08
2.74E-08
2.74E-08
2.74E-08
2.74E-08
2.79E-08
2.79E-08
2.79E-08
2.88E-08
2.97E-08

0.63
0.68
0.64
1.45
0.62
1.45
0.70
0.68
1.46
1.58
0.51
1.48
1.60
1.51
1.51
0.49
0.60
1.50
1.50
0.64
1.44
1.60
0.68
1.57
1.50
1.48
1.46
1.51
1.49
1.55
0.58
0.70
1.50
0.69
0.69
0.61
1.61
0.66
0.57
1.42
0.69



TSTD2
CAMKK?2
ASB13
FOSL1
UGDH
SEC24C
IRS2
CCNE2
CRYL1
TRMT61A
CALHM3
PCK2
FSTL3
MFSD3
SMAD7
BDKRB2
CXCL1
TOR2A
COL13A1
BIRC2
TIMP4
CC2D2A
CNFN
UPF3B
DSCAM
PCYT2
RNF114
UBAP2L
TSPYL4
CITED2
CD274
COL5A1
RIOK3
FLJ22184
KLF4
LIPE
SERF2
ACSS2
FAM167A
KDM4C
OR51B5

3.02E-08
3.03E-08
3.23E-08
3.31E-08
3.35E-08
3.35E-08
3.50E-08
3.52E-08
3.55E-08
3.55E-08
3.60E-08
3.60E-08
3.60E-08
3.66E-08
3.68E-08
3.72E-08
3.82E-08
3.88E-08
3.98E-08
4.01E-08
4.01E-08
4.01E-08
4.07E-08
4.09E-08
4.13E-08
4.14E-08
4.22E-08
4.35E-08
4.35E-08
4.53E-08
4.63E-08
4.80E-08
4.94E-08
5.08E-08
5.10E-08
5.18E-08
5.18E-08
5.29E-08
5.44E-08
5.56E-08
6.07E-08

0.67
1.48
1.45
0.66
1.53
1.45
0.62
1.42
1.52
0.61
1.84
1.71
0.67
1.58
0.65
1.41
0.55
1.62
1.74
0.66
1.50
0.60
0.67
0.62
0.68
1.47
0.67
1.53
0.70
0.68
0.68
1.56
0.66
1.57
0.59
1.51
0.65
1.61
0.65
0.69
1.42



STMN1
TCFL5
PTPRK
HCAR2
HCAR3
TIPARP
TXNL4B
AKR1B10
ANKRD2
BDHA1
KCNJ15
NR3C1
ACTR1B
MSMO1
TMEM129
PSIP1
GFOD1
C200rf201
INPP5A
WIBG
WWP2
CALM3
uso1
JUN
KHDRBS1
MKRN1
A2LD1
TAF15
AEN
KRT6C
PPP1R15A
LOC728392
GDF15
RNF222
PIR
PLS3
PLEKHJ1
ABTB2
HSD17B7
AREG
TMX4

6.24E-08
6.48E-08
6.48E-08
6.48E-08
6.49E-08
6.49E-08
6.50E-08
6.59E-08
6.74E-08
6.76E-08
6.85E-08
6.93E-08
7.19E-08
7.30E-08
7.38E-08
7.77E-08
7.85E-08
7.85E-08
7.86E-08
7.96E-08
8.13E-08
8.55E-08
8.64E-08
8.66E-08
8.71E-08
8.78E-08
8.79E-08
9.01E-08
9.01E-08
9.10E-08
9.24E-08
9.30E-08
9.65E-08
1.02E-07
1.02E-07
1.03E-07
1.04E-07
1.04E-07
1.04E-07
1.04E-07
1.07E-07

0.68
1.64
0.70
0.63
0.68
0.67
0.60
1.57
1.42
1.42
0.67
0.61
1.51
1.46
1.56
1.55
0.52
1.76
0.66
1.43
0.62
1.46
1.45
0.64
1.46
0.67
1.47
1.80
0.69
0.67
0.55
1.65
1.44
1.97
1.53
0.70
1.50
0.68
1.43
0.68
1.42



CALY
RAB11FIP4
C3orf52
CERCAM
SPRY2
FLYWCH1
EPPK1
CDC42EP5
ELL
FAM55C
SERINC1
KCNE1L
C6orf62
SMG1
ZNF488
C11orf75
KIAA0232
EEF2K
PER2
BCL2L1
ASB1
HCFC1R1
RPP30
C14orf1
C9orf69
MKI67
CCDC76
SEMA4C
SNAI2
CEACAM1
VSX1
KAT7
BATF2
CSF2
AKAP12
UPP1
MMP1
ZC3HAV1L
AMD1
HCN2
DNMT3B

JEE U UG U UG UL U U U UL UL UL U §

.10E-07
A2E-07
A2E-07
14E-07
14E-07
14E-07
14E-07
14E-07
14E-07
15E-07
15E-07
15E-07
.16E-07
1.

18E-07

1.24E-07
1.26E-07
1.28E-07
1.30E-07
1.30E-07
1.33E-07
1.35E-07
1.36E-07
1.44E-07
1.50E-07
1.50E-07
1.51E-07
1.52E-07
1.52E-07
1.55E-07
1.59E-07
1.59E-07
1.61E-07
1.61E-07
1.62E-07
1.65E-07
1.65E-07
1.71E-07
1.79E-07
1.85E-07
1.87E-07
1.87E-07

1.62
1.52
0.70
1.48
0.59
1.55
1.51
1.48
0.70
1.44
0.67
0.64
1.48
0.67
1.61
1.69
1.56
1.45
0.69
0.64
0.69
1.52
0.70
1.42
1.54
1.43
0.70
1.45
0.59
0.64
1.61
0.70
0.69
0.64
0.69
0.65
0.59
1.59
1.45
1.65
1.58



MICB
LBR
ZFC3H1
UNKL
HGSNAT
IDH2
LAMTOR?2
SPATASLA
BAMBI
HBEGF
NEDD9
AKAPSL
C12orf4
CLMP
ABL2
AHNAK2
FAM120B
CDKN2D
DOK7
CCDC18
HIST1H1A
MAFB
FDPS
ERP27
IGFLR1
CHIC2
PNLIPRP3
IDI1
GATSL3
IL1R2
ASNS
ETS1
DAPP1
ABCB10
NUDT18
NDUFC2
SLC25A38
TREX1
TM7SF2
LSP1
2773

1.88E-07
1.97E-07
1.98E-07
1.98E-07
2.16E-07
2.17E-07
2.20E-07
2.23E-07
2.32E-07
2.33E-07
2.38E-07
2.40E-07
2.42E-07
2.44E-07
2.44E-07
2.47E-07
2.58E-07
2.62E-07
2.62E-07
2.71E-07
2.75E-07
2.87E-07
2.92E-07
2.93E-07
2.93E-07
3.04E-07
3.07E-07
3.23E-07
3.33E-07
3.35E-07
3.37E-07
3.48E-07
3.52E-07
3.53E-07
3.56E-07
3.81E-07
3.83E-07
3.91E-07
3.92E-07
4.00E-07
4.02E-07

1.51
1.55
1.45
1.73
1.48
1.48
1.44
0.70
0.61
0.60
0.64
0.67
0.70
0.68
0.62
0.70
1.43
1.46
0.68
1.56
1.56
0.59
1.62
0.61
1.43
0.63
0.67
1.49
1.50
0.59
1.57
0.68
0.64
1.48
1.43
0.66
0.70
1.44
1.60
1.67
0.68



SMG7
ANK3
E2F1
FOXP4
MBOAT2
ZFAND2A
HDAC9
RND3
NFIC
IP6K1
CASP10
ID1

ELK3
TPSG1
REEP6
RSF1
LIMK1
KPNA4
COX19
LY9
IFITM10
C170rf108
CREB3L4
SFXNS
HIVEP3
TSC22D1
RALGDS
GALR3
HIST1H1B
CD44
KCTD19
ITGAS
NAV3
GRHL3
OSR2
ZFP57
IGF2
CEBPD
EIF4EBP2
CYP1A1
C19orf60

4.17E-07
4.31E-07
4.33E-07
4.47E-07
4.50E-07
4.70E-07
4.78E-07
4.78E-07
4.84E-07
4.87E-07
4.90E-07
4.91E-07
4.95E-07
4.99E-07
5.13E-07
5.13E-07
5.21E-07
5.32E-07
5.76E-07
5.77E-07
5.95E-07
6.30E-07
6.33E-07
6.43E-07
6.44E-07
6.44E-07
6.82E-07
6.91E-07
6.96E-07
7.24E-07
7.33E-07
7.54E-07
7.69E-07
7.80E-07
7.82E-07
8.10E-07
8.15E-07
8.16E-07
8.16E-07
8.16E-07
8.57E-07

0.70
1.44
1.43
1.44
0.71
0.69
0.57
0.70
1.47
1.54
0.67
1.61
0.65
1.42
1.45
0.68
1.42
0.71
0.65
1.56
1.51
1.70
1.51
1.50
1.46
0.63
1.52
1.57
1.69
0.67
1.71
0.70
0.64
0.68
0.60
0.67
0.69
1.64
1.46
0.61
1.47



RBM4
ADA
PRMTS
PANK?2
WIPI1
IFFO1
RIMBP3
C200rf160
FBRSL1
BTBD7
HEXDC
CISH
AKAP2
LRP3
GJC2
ACCN2
CDKN2AIP
RAB26
TRAPPCGA
C1orf116
RNF32
SMG9
ARHGEF3
SCG5
DOCK4
IL6
DUSP10
DST
TMCO4
ATF3
LYNX1
SFXN2
SOCS3
MAP1S
MARCH4
ZNF497
EPHX2
MON1B
SMARCA2
SDCBP2
ARHGAP33

8.76E-07
9.48E-07
9.71E-07
9.73E-07
9.93E-07
1.02E-06
1.03E-06
1.16E-06
1.17E-06
1.24E-06
1.26E-06
1.27E-06
1.29E-06
1.31E-06
1.31E-06
1.33E-06
1.35E-06
1.40E-06
1.40E-06
1.42E-06
1.46E-06
1.46E-06
1.47E-06
1.48E-06
1.53E-06
1.53E-06
1.59E-06
1.60E-06
1.63E-06
1.65E-06
1.70E-06
1.73E-06
1.80E-06
1.88E-06
1.93E-06
1.97E-06
2.01E-06
2.03E-06
2.05E-06
2.11E-06
2.18E-06

0.69
1.49
0.70
0.69
1.45
0.68
1.46
1.61
1.47
0.70
1.47
1.49
0.67
1.75
1.51
1.48
0.70
1.61
1.48
0.69
1.62
0.67
0.69
0.65
0.69
0.56
0.70
0.70
1.45
0.66
1.86
1.44
0.62
1.49
0.70
1.79
1.44
1.67
1.47
0.68
1.54



KLHL21
DIABLO
EPHA4
SPRR1B
NOB1
PTX3
SYT12
SGSM3
AKR1B15
ITGB2
TMCS8
PEAR1
ZCCHC2
GATA3
DGCR14
JUNB
CD59
KCNQ2
SYNGR4
HAGHL
SGK3
TRAK2
DNM1
PRRG1
IL37
HIST1H1D
SLC37A1
LIMA1
HMGB2
HIST1H2AH
PER1
DNMBP
GDA
SERPINB7
CD86
STEAP4
PNPLA2
IQGAP3
CSF3
Pl14K2B
ACACB

2.19E-06
2.21E-06
2.24E-06
2.31E-06
2.32E-06
2.37E-06
2.56E-06
2.57E-06
2.67E-06
2.67E-06
2.74E-06
2.79E-06
2.83E-06
2.86E-06
2.88E-06
2.90E-06
2.95E-06
2.98E-06
2.98E-06
3.02E-06
3.03E-06
3.04E-06
3.27E-06
3.37E-06
3.50E-06
3.52E-06
3.90E-06
4.06E-06
4.12E-06
4.38E-06
4.38E-06
4.85E-06
4.97E-06
5.17E-06
5.43E-06
5.81E-06
6.17E-06
6.61E-06
6.76E-06
7.03E-06
7.88E-06

0.71
1.48
0.67
0.70
0.68
0.67
1.48
1.42
1.43
1.57
0.65
0.70
1.45
0.63
0.70
0.70
0.70
1.96
1.60
1.42
1.59
1.51
1.43
0.63
0.65
1.44
1.42
0.70
1.43
1.43
0.66
0.66
0.70
0.70
1.81
0.65
1.57
1.41
0.68
1.49
1.44



PFKL
PARVB
ZNF350
HCN3
IBTK
EMILINT
AOX1
RUSC1-AS1
C11orf9
RDM1
HMG20B
PHTF1
CRCT1
TMEMS50B
NFATS
ATXN10
KLF5
LHX3
C160rf93
NUPR1
HMX1
VGLL3
RSAD2
HERCS
Clorf27
NFKBIZ
MOCOS
CD70
FICD
ABCA1
HIST1H2AL
GPR150
TINAGL1
SCARF2
HUS1B
YJEFN3
MED10
PTMS
LRRC45
METTL7A
RAVER1

8.67E-06
8.67E-06
8.77E-06
8.79E-06
9.32E-06
1.01E-05
1.01E-05
1.09E-05
1.15E-05
1.17E-05
1.30E-05
1.30E-05
1.34E-05
1.37E-05
1.37E-05
1.42E-05
1.43E-05
1.48E-05
1.50E-05
1.85E-05
1.92E-05
1.93E-05
2.18E-05
2.29E-05
2.37E-05
2.41E-05
2.48E-05
2.63E-05
3.27E-05
3.27E-05
3.36E-05
3.70E-05
3.98E-05
4.08E-05
4.19E-05
4.62E-05
4.74E-05
4.79E-05
4.83E-05
5.13E-05
5.58E-05

1.73
1.43
0.70
1.47
1.43
1.61
0.65
1.52
1.54
1.54
1.63
1.44
0.69
1.44
0.66
1.44
0.69
1.58
1.45
1.45
1.44
0.61
0.68
0.49
0.67
0.63
1.50
1.53
1.42
0.69
1.45
1.58
1.65
1.48
0.67
1.68
0.71
1.44
1.47
1.62
1.51



SBNO2
TMEMS52
PCSK1N
RBAK-LOC389458
PKD1
SPRR2A
MEX3D
ELFN1
RHBDLA1
PRR25
C110rfo1
KRTAP3-3
TGFA
ANKRD10
RFX8
UTS2R
UNCX
MOB1B
PPP1R14A
C1orf229
ZNF699
HOXA10
HKR1
DPF2
TPP1
TMEM156
CISD3
UCP3
BHLHE23
P2RY1
MOCS3
GP9
C3AR1
VAMP2
ZNF467
SSTR3
MTRNR2L10
ATXN7L2
KLRG2
FAM57B
EVX1

6.62E-05
7.14E-05
9.27E-05
9.28E-05
9.53E-05
1.03E-04
1.07E-04
1.09E-04
1.18E-04
1.33E-04
1.42E-04
1.45E-04
1.53E-04
1.67E-04
2.19E-04
2.44E-04
2.48E-04
2.62E-04
2.66E-04
2.98E-04
3.11E-04
3.42E-04
3.52E-04
4.63E-04
5.60E-04
7.79E-04
1.11E-03
1.18E-03
1.32E-03
1.75E-03
2.39E-03
2.58E-03
3.68E-03
9.57E-03
1.07E-02
1.52E-02
1.88E-02
2.02E-02
3.37E-02
3.72E-02
3.82E-02

1.43
1.52
1.69
1.46
1.48
0.67
1.45
1.49
1.48
1.50
0.66
1.51
0.71
0.70
1.58
1.75
1.46
1.42
1.60
1.51
0.70
1.45
0.68
0.65
1.52
0.69
2.09
1.78
1.54
1.47
1.53
1.45
1.81
1.51
1.47
1.77
1.45
1.42
1.53
1.52
1.57



LRRIQ3 4.86E-02 1.44




Additional file 7 Significantly deregulated mRNAs in HN2092 after radiochemotherapy
treatment (adjusted p-value<0.05)

Gene adjusted p-value fold-change
RPL28 3.68E-08 0.44
TRMT61A 6.87E-08 0.49
WLS 6.87E-08 0.52
ASNS 6.87E-08 1.91
SLC38A10 6.87E-08 1.98
HEXDC 6.87E-08 2.16
PCK2 6.87E-08 2.25
JDP2 6.87E-08 2.39
HS1BP3 7.11E-08 1.90
ZBTB24 8.78E-08 0.53
C1s 8.78E-08 1.83
IFRD1 1.07E-07 0.48
LIG1 1.22E-07 1.71
SFXN2 1.37E-07 1.67
DHRS1 1.52E-07 1.58
CDC45 1.52E-07 1.66
CPT2 1.52E-07 1.73
NINL 1.52E-07 1.76
CBS 1.52E-07 1.96
KCNE1L 1.65E-07 0.34
RUNX1 1.65E-07 0.57
RPL22L1 1.65E-07 0.61
GFOD1 1.93E-07 0.57
TRIOBP 1.93E-07 1.98
SFI1 1.95E-07 1.79
HSPA1A 2.02E-07 1.59
FUT1 2.02E-07 1.60
PACS2 2.12E-07 1.81
CC2D2A 2.44E-07 0.48
TMEM143 2.44E-07 1.94
RPL3 2.47E-07 1.68
MEGF6 2.60E-07 1.76
EDNA1 2.80E-07 0.59
CREB3L4 2.80E-07 1.58
NOTCH3 2.81E-07 1.75
SYTL1 3.01E-07 1.64

LOC100287177 3.09E-07 1.66



CTF1
STAG3
C8orf33
PHGDH
CBX6
PLD6
MYLK2
FASN
RHBDF2
TRADD
MSRB2
GPT2
TROAP
HGSNAT
PIGZ
HES6
HMGA2
LLGL2
SHANKS3
MVD
IDH2
ANKRD10
SNRPA1
PDRG1
ALDH1L2
OSBPL5
HIST1H1D
PLAT
ZDHHC12
ZNF256
ZNFG672
METTL3
LEPROT
ITPK1
ABL2
SLC6A15
BRF2
MKRN1
RECQL
CLEC16A
POLA2

3.09E-07
3.52E-07
3.76E-07
4.36E-07
4.68E-07
5.12E-07
5.38E-07
5.74E-07
5.74E-07
5.99E-07
6.72E-07
6.94E-07
8.06E-07
8.06E-07
8.53E-07
8.56E-07
8.94E-07
9.67E-07
9.67E-07
9.67E-07
1.00E-06
1.01E-06
1.01E-06
1.01E-06
1.01E-06
1.01E-06
1.01E-06
1.01E-06
1.08E-06
1.15E-06
1.15E-06
1.15E-06
1.18E-06
1.18E-06
1.18E-06
1.18E-06
1.18E-06
1.24E-06
1.27E-06
1.30E-06
1.30E-06

1.67
1.53
0.63
1.85
1.73
0.61
0.57
1.52
1.67
1.61
1.52
1.51
0.59
1.58
1.66
1.53
0.64
1.48
1.50
1.69
1.58
0.54
0.64
0.67
1.87
2.13
2.41
1.55
1.46
0.65
1.59
1.62
0.54
0.59
0.63
0.67
0.70
0.57
1.46
1.52
1.54



NLRP7
ZNF502
DUSP12
TST
TDRD9
GAA
RMI2
KLHL29
ASF1B
ARHGAP27
RPL17
PDSS2
TMEM201
PGLS
ADCK5
SDF2L1
TAF9
HKDC1
CYCS
SLMO1
PARVB
PGAP3
EPHX2
IRF5
CTH
NRP2
2773
NOXA1
PPP1R35
MLH1
CYRG61
ADM
CRELD2
HABP4
UBE2C
SGK1
MBIP
PER1
PTPN18
TMEM129
SETD3

1.30E-06
1.35E-06
1.36E-06
1.36E-06
1.38E-06
1.43E-06
1.43E-06
1.45E-06
1.49E-06
1.50E-06
1.56E-06
1.72E-06
1.72E-06
1.81E-06
1.81E-06
1.82E-06
1.82E-06
1.84E-06
1.99E-06
1.99E-06
2.01E-06
2.07E-06
2.16E-06
2.16E-06
2.16E-06
2.20E-06
2.20E-06
2.20E-06
2.37E-06
2.53E-06
2.63E-06
2.72E-06
2.72E-06
2.73E-06
2.76E-06
2.79E-06
2.98E-06
2.98E-06
3.00E-06
3.02E-06
3.07E-06

1.59
0.63
0.65
1.83
1.49
1.52
1.73
1.61
1.75
0.64
0.64
0.66
0.70
1.54
1.49
1.46
0.69
1.52
0.68
0.70
1.53
0.66
1.71
1.44
1.73
0.64
0.68
1.73
1.50
1.63
0.66
0.60
1.66
1.49
0.70
0.61
0.63
0.69
1.49
1.61
0.70



REEP6
PRRT3
SLC6A9
HIST2H2AC
DNMT3B
TRMU
RNF213
HKR1
SPTLC2
PPOX
C170rf90
C1orf56
EVL
GIT2
POLA1
KIAA1432
CREG2
CDK2AP2
HEATR7A
IGFLR1
ARHGEF9
MTR
SPATAS5L1
SERF2
UCN2
C5orf45
PRR4
C11orf75
TXNL4B
CABLES2
ACTR1B
ZNF614
SFXN5
NUP210
KCNG1
NLGN4Y
C1orf51
DLG3
C1orf55
MAP3K9
PLEKHJ1

3.07E-06
3.15E-06
3.22E-06
3.27E-06
3.38E-06
3.44E-06
3.44E-06
3.49E-06
3.49E-06
3.54E-06
3.54E-06
3.58E-06
3.60E-06
3.60E-06
3.64E-06
3.90E-06
3.92E-06
4.28E-06
4.28E-06
4.30E-06
4.34E-06
4.34E-06
4.42E-06
4.45E-06
4.82E-06
4.82E-06
4.88E-06
4.88E-06
5.04E-06
5.05E-06
5.08E-06
5.09E-06
5.12E-06
5.12E-06
5.14E-06
5.21E-06
5.22E-06
5.22E-06
5.23E-06
5.29E-06
5.29E-06

1.61
1.51
1.62
1.87
1.57
0.65
1.47
0.65
2.12
1.44
1.44
1.42
1.52
1.54
1.54
0.58
1.58
1.42
1.51
1.62
1.43
1.44
0.70
0.66
0.60
1.42
0.67
1.56
0.61
1.59
1.61
0.61
1.45
1.55
1.73
0.64
0.68
1.44
0.65
0.58
1.66



SH2D3C
UBOX5
ZNF775
C8orf40
ZNF362
HSD17B7
ZNF750
ARLSB
SETDB1
COMTD1
CALHM3
PIP5KLA1
SPRY2
NCAPH2
RGS16
BCCIP
GINS1
ZNF789
SLC7A11
ARMCX2
C160rf72
ACOX3
BRD4
ESPL1
NECAB3
SLC35F2
FLVCR1
IFFO1
DOCKS9
B3GNT3
NT5C3
ZNF720
DAPP1
HIST1H4D
GET4
HIST1H1A
STAT2
ZSCANSA
FXYD3
LEPR
RPL27A

5.32E-06
5.46E-06
5.46E-06
5.75E-06
5.80E-06
6.04E-06
6.29E-06
6.29E-06
6.29E-06
6.29E-06
6.50E-06
6.51E-06
6.54E-06
6.60E-06
6.84E-06
6.84E-06
6.84E-06
6.84E-06
6.94E-06
7.03E-06
7.11E-06
7.19E-06
7.23E-06
7.23E-06
7.31E-06
7.37E-06
7.37E-06
7.84E-06
7.90E-06
7.90E-06
7.91E-06
8.40E-06
8.49E-06
8.51E-06
8.54E-06
8.88E-06
9.08E-06
9.17E-06
9.22E-06
9.23E-06
9.23E-06

1.52
0.71
1.52
1.42
1.53
1.50
0.60
0.65
0.70
1.52
1.42
1.46
0.68
0.68
0.60
0.66
1.44
1.58
1.62
1.48
0.67
1.45
0.63
1.49
1.43
0.67
0.69
0.69
0.66
1.48
0.67
1.86
0.66
1.98
0.70
3.50
1.55
0.68
0.61
0.58
0.64



LOXLA
C20rf43
GLS
PER2
HEATR5A
C9orf40
AGRN
HNRPDL
TMSB15B
SEPT10
FEM1B
ARHGEF17
C150rf52
GNAZ
SPG11
CHACA1
DNAJC2
HSD17B8
ST6GALNAC?2
FXC1
PRSS16
EGFR
KANK2
APCDD1
SHMT2
UPF3B
TFB2M
OXCT1
NATSL
MIPEP
ATG16L2
CERCAM
IQGAP3
MEGF8
C2orf55
KIAA0101
HCARS3
MFAP3
KLHL22
PSMG4
AHNAK

9.23E-06
9.38E-06
9.38E-06
9.54E-06
9.54E-06
9.73E-06
9.76E-06
9.79E-06
9.79E-06
9.79E-06
1.03E-05
1.03E-05
1.03E-05
1.07E-05
1.07E-05
1.07E-05
1.09E-05
1.09E-05
1.09E-05
1.10E-05
1.16E-05
1.18E-05
1.18E-05
1.18E-05
1.18E-05
1.21E-05
1.22E-05
1.27E-05
1.31E-05
1.32E-05
1.34E-05
1.40E-05
1.40E-05
1.41E-05
1.42E-05
1.48E-05
1.49E-05
1.50E-05
1.52E-05
1.53E-05
1.55E-05

1.47
0.64
0.67
0.70
1.46
1.47
1.65
0.57
1.50
1.54
0.68
1.45
1.52
1.42
1.43
1.62
0.70
1.51
1.64
0.71
1.51
0.70
1.42
1.46
1.50
0.67
0.62
1.60
0.69
1.43
1.49
1.53
1.53
1.73
1.69
1.46
0.69
0.68
1.46
1.52
0.70



WHAMM
ABCB6
EEF2K
MBLAC?2
ZINF777
UBFD1
cwcCay
OVGP1
ACCS
C5orf42
C8orf55
ACSS2
ANKRD35
HOOK2
ACOT11
HAGH
RECQL5
GARS
DOK1
DTNBP1
HIST1H4L
NAGK
HIST1H1B
PLK2
C70orf53
FAM126A
RNF114
TMSB15A
C1orf226
THUMPD2
N4BP2L2
KCNRG
BACE1
LSS
CLEC2B
RGS2
ANKRD2
NDUFC2
ZNF837
G2E3
PLK3

1.59E-05
1.59E-05
1.62E-05
1.62E-05
1.66E-05
1.69E-05
1.69E-05
1.70E-05
1.71E-05
1.75E-05
1.76E-05
1.77E-05
1.78E-05
1.80E-05
1.80E-05
1.80E-05
1.84E-05
2.03E-05
2.03E-05
2.03E-05
2.13E-05
2.16E-05
2.26E-05
2.27E-05
2.32E-05
2.33E-05
2.33E-05
2.33E-05
2.33E-05
2.44E-05
2.46E-05
2.48E-05
2.50E-05
2.54E-05
2.54E-05
2.60E-05
2.60E-05
2.61E-05
2.70E-05
2.71E-05
2.71E-05

0.70
1.47
1.60
1.60
0.70
0.65
0.69
0.70
1.50
1.52
1.47
1.55
1.54
1.43
1.44
1.49
0.69
1.49
1.57
1.48
1.90
1.44
2.99
0.68
0.58
0.65
0.70
1.42
1.48
0.61
0.64
0.70
1.65
1.49
0.66
0.56
1.50
0.61
1.56
0.59
0.69



ALDH4A1
TCP1
TET1
ACSF3
FLG
ADM2
HSPG2
PLAU
LHPP
STMN1
C18orf21
ARLGIP1
CCR10
EVI5SL
CCDC88C
B9D1
C170rf109
TUBB3
C1orf109
ZNF354B
WDR3
AHSA2
ZNF317
SAP25
ELF3
RPAP2
CNOT1
MSI2
SERPINB2
C170rf108
ACY1
MANF
HERPUD1
PTGER4
SEPT6
SLC19A1
HIST1H1E
GNGT1
CCDC92
PRH2
HMGCS1

2.75E-05
2.76E-05
2.78E-05
2.78E-05
2.80E-05
2.97E-05
2.97E-05
3.00E-05
3.04E-05
3.19E-05
3.20E-05
3.30E-05
3.31E-05
3.31E-05
3.32E-05
3.32E-05
3.36E-05
3.44E-05
3.47E-05
3.47E-05
3.56E-05
3.67E-05
3.68E-05
3.72E-05
3.82E-05
3.92E-05
4.03E-05
4.03E-05
4.03E-05
4.14E-05
4.15E-05
4.16E-05
4.27E-05
4.28E-05
4.31E-05
4.34E-05
4.34E-05
4.37E-05
4.40E-05
4.41E-05
4.42E-05

1.51
0.63
1.58
1.45
0.63
1.54
1.67
0.70
1.44
0.68
0.67
0.64
1.42
1.54
0.70
1.46
0.65
1.45
0.64
0.69
0.68
1.60
0.68
1.45
0.64
0.70
0.69
0.65
0.63
1.61
1.44
1.74
1.59
0.61
1.46
0.68
2.18
0.67
1.47
0.67
1.59



DHRS2
MICALCL
PCSK9
RSPH3
HIST1H2AJ
PSAT1
HIST1H2AL
NUDTS8
CAT
ovoL1
FDPS
D2HGDH
HIST1H2AB
EEFSEC
C3orf52
CD55
PDESA
CBY1
ATHL1
NEK1
ANKRD36B
GRHL3
RDM1
DDX10
BCAR3
DHFR
STK17B
GDF15
AARS
ANKRD36
SLX1A
HSPAS
TMEM187
KATNAL1
SMNDC1
ASL
MLXIP
MMD
ACAD11
HIST1H2AK
IBAS7

4.52E-05
4.73E-05
4.95E-05
5.19E-05
5.23E-05
5.45E-05
5.51E-05
5.83E-05
5.94E-05
6.10E-05
6.15E-05
6.18E-05
6.21E-05
6.34E-05
6.43E-05
6.52E-05
6.54E-05
6.71E-05
6.93E-05
7.08E-05
7.08E-05
7.10E-05
7.25E-05
7.29E-05
7.30E-05
7.38E-05
7.41E-05
7.46E-05
7.54E-05
7.68E-05
8.24E-05
8.53E-05
8.56E-05
8.56E-05
8.66E-05
8.82E-05
8.89E-05
8.91E-05
8.98E-05
9.12E-05
9.32E-05

1.43
1.46
1.52
1.46
1.94
1.54
2.65
1.47
1.80
0.64
1.45
1.47
1.54
1.50
0.69
0.70
1.46
1.46
1.45
1.47
1.59
0.68
1.45
0.68
0.69
1.46
0.70
1.45
1.50
1.70
1.46
2.02
1.59
1.57
0.62
1.69
0.67
1.58
1.42
1.93
0.63



HIST1H2AI
HSBP1L1
CARS
ULBP1
S100PBP
PSKH1
FOSB
C210rf91
HIST1H2AG
IFIT2
RPS6KA2
PRODH
ATAT1
PDCD6IP
IRS2
GEMIN2
LYSMD2
SLC30A1
MICB
RABL2A
NIPSNAP3A
MMP28
SLC13A3
ASS1
BLOC1S3
B4GALNT1
CCDC50
PASK
CSNK1A1L
HIST1H2AH
ITFG2
ACADM
CHP2
CLSPN
OASL
TIMM13
FATA1
USP53
HSP90B1
PIDD
HIST1H2BJ

9.37E-05
9.39E-05
9.56E-05
1.01E-04
1.03E-04
1.04E-04
1.04E-04
1.12E-04
1.14E-04
1.16E-04
1.17E-04
1.17E-04
1.21E-04
1.23E-04
1.27E-04
1.27E-04
1.27E-04
1.33E-04
1.36E-04
1.36E-04
1.40E-04
1.43E-04
1.43E-04
1.45E-04
1.48E-04
1.48E-04
1.50E-04
1.52E-04
1.55E-04
1.67E-04
1.71E-04
1.76E-04
1.76E-04
1.76E-04
1.79E-04
1.82E-04
1.95E-04
1.99E-04
2.03E-04
2.09E-04
2.13E-04

1.94
0.69
1.93
1.42
1.43
1.85
0.67
0.66
3.10
0.60
1.87
1.43
1.53
1.43
0.66
0.68
0.69
0.69
1.45
1.49
1.46
1.48
1.48
1.44
0.71
1.43
0.70
1.46
0.70
2.11
0.70
1.44
1.63
1.72
0.57
0.68
0.63
0.69
2.01
1.42
1.44



ATF3
SEL1L3
CCDC18
EIF4A2
VEGFA
CTHRC1
AVPR1A
CBR4
CCNE2
EXPH5
TMEM107
NDUFA7
INSIG1
CALB1
YBX2
DNMT3A
ASB7
KRR1
HIST1H2AM
FRS2
EFNB2
TMX4
C18orf56
TCFL5
KIAA0513
ID1

EGR4
HIST1H4E
CHM
NRAS
HIST1H4A
CRELD1
SHMT1
HIST1H2BB
ANK1
HIST1H2BD
GBP5
ZNF426
POLR1C
MED10
FZR1

2.17E-04
2.20E-04
2.32E-04
2.32E-04
2.38E-04
2.40E-04
2.43E-04
2.44E-04
2.45E-04
2.49E-04
2.50E-04
2.57E-04
2.58E-04
2.69E-04
2.69E-04
2.82E-04
2.84E-04
2.85E-04
3.03E-04
3.06E-04
3.11E-04
3.42E-04
3.54E-04
3.58E-04
3.61E-04
3.72E-04
3.80E-04
3.89E-04
3.95E-04
3.96E-04
3.96E-04
4.10E-04
4.15E-04
4.31E-04
4.42E-04
4.52E-04
4.54E-04
4.64E-04
4.67E-04
4.80E-04
5.04E-04

0.66
1.43
1.49
0.67
1.61
1.47
0.65
1.45
1.58
0.69
1.50
1.43
1.61
0.65
1.42
1.46
0.63
0.65
1.73
0.66
0.68
1.45
1.55
1.48
1.45
1.44
0.69
2.21
0.63
0.67
1.86
1.56
1.60
1.41
1.44
1.44
1.42
0.71
0.68
0.67
0.71



C11orf82
CHODL
STX12
HIST1H2AD
RABGGTB
ACACB
HIST1H4C
HIST1H3D
MRPL44
TOR2A
RND3
EFNA1
ENCA1
CNFN
ZFC3H1
HIST1H3B
HIST1H3H
CCNB1
FOSL1
AEN
HIST1H4K
MOCOS
RRN3
PMS1
MCMBP
HIST1H4I
DCBLD1
FAM111B
CT45A1
RNF39
TMEMG63C
IKZF5
CAPRIN1
CXCRY7
SLC25A33
HIST1H3I
C9orf3
RBM17
METTL21D
RNF222
PHF20L1

5.06E-04
5.06E-04
5.06E-04
5.11E-04
5.40E-04
5.42E-04
5.42E-04
5.55E-04
5.83E-04
5.84E-04
5.88E-04
6.19E-04
6.28E-04
6.57E-04
6.72E-04
6.83E-04
6.96E-04
7.25E-04
7.59E-04
7.77E-04
7.94E-04
8.01E-04
8.05E-04
8.12E-04
8.43E-04
8.58E-04
9.27E-04
9.51E-04
9.57E-04
9.70E-04
9.72E-04
9.84E-04
9.85E-04
1.06E-03
1.16E-03
1.17E-03
1.21E-03
1.22E-03
1.23E-03
1.32E-03
1.40E-03

0.71
0.67
1.45
1.46
0.68
1.62
1.55
1.95
0.69
1.42
0.52
0.68
0.61
0.60
1.44
1.83
1.86
0.68
0.71
0.70
1.94
1.46
0.67
1.43
0.68
1.89
1.64
1.66
0.68
0.65
1.47
0.69
0.70
0.68
0.66
1.81
0.71
0.69
0.61
0.68
0.70



MDM4
HOXB9
HIST1H3G
MRE11A
GADD45A
RIOK3
PIGX
C1orf52
TMEM175
SOX9
SGK3
GNAQ
HSPAS8
HIST2H2AB
EHF

NR2F1
HECTD3
HIST1H3F
HIST1H2AC
HIST1H2BF
PTPRZ1
UBAP2
MBTPS2
HIST1H4J
MEF2BNB
SIK1
TTYH3
EIFAG3
C11orf9
PSIP1
HIST1H4H
HIST2H4B
HIST1H2BN
PRDMA1
PKD1
NR1D2
PGD
HIST1H4F
EWSR1
HIST1H2BE
NFATC2IP

1.52E-03
1.52E-03
1.58E-03
1.58E-03
1.65E-03
1.77E-03
1.80E-03
1.80E-03
1.95E-03
1.97E-03
2.02E-03
2.08E-03
2.14E-03
2.24E-03
2.28E-03
2.30E-03
2.38E-03
2.39E-03
2.41E-03
2.54E-03
2.55E-03
2.65E-03
2.81E-03
3.04E-03
3.13E-03
3.13E-03
3.17E-03
3.32E-03
3.38E-03
3.45E-03
3.48E-03
3.60E-03
3.69E-03
4.12E-03
4.22E-03
4.29E-03
4.30E-03
4.44E-03
4.54E-03
4.71E-03
4.89E-03

0.71
1.41
1.55
1.52
0.70
0.70
1.56
0.66
1.42
0.67
1.45
0.70
1.43
1.68
0.70
1.45
1.50
1.84
2.11
2.11
0.69
1.47
0.70
1.89
0.66
0.70
1.47
1.42
1.45
1.47
1.81
1.82
1.42
0.70
1.51
0.69
1.44
1.83
0.69
1.88
1.58



SPARCL1
TINAGL1
IMMT
RBMS1
FAM135A
RRM2
PIM1
STIL
KLRG2
DNAJC10
MRGPRG
HIST1H4B
PINX1
HELLS
SPRR2B
PBX3
BRD3
C12orf5
TTC7A
CLK1
CD86
MYOF
MAP1S
ABCB10
HERC2
NRIP1
MOCS3
TAF15
HMG20B
SMC1A
ZHX3
CYP17A1
SNAI2
MKI671P
CCDC59
HIST1H3J
HSPA1B
PFKL
ZC3HAV1L
ARPC1B
FBRSL1

4.94E-03
5.07E-03
5.28E-03
5.45E-03
5.79E-03
5.82E-03
6.50E-03
6.53E-03
6.66E-03
6.89E-03
7.04E-03
7.51E-03
7.55E-03
7.99E-03
8.14E-03
8.14E-03
8.90E-03
9.47E-03
1.06E-02
1.12E-02
1.12E-02
1.18E-02
1.26E-02
1.35E-02
1.43E-02
1.49E-02
1.59E-02
1.63E-02
1.72E-02
1.82E-02
1.85E-02
1.88E-02
1.95E-02
2.03E-02
2.17E-02
2.17E-02
2.19E-02
2.27E-02
2.36E-02
2.49E-02
2.53E-02

0.63
1.63
1.62
0.70
0.69
1.60
0.65
1.49
1.44
1.43
1.43
1.77
1.47
1.43
0.69
1.49
1.51
0.70
1.43
0.66
1.50
1.52
1.64
1.42
1.61
0.68
1.47
1.61
1.43
1.56
1.66
1.43
0.64
0.68
0.70
1.55
1.93
1.75
1.56
1.48
1.74



RBAK-LOC389458 2.58E-02 1.49

ZKSCAN1 2.66E-02 1.44
EPPK1 2.91E-02 2.11
TXNIP 2.93E-02 0.66
UCP3 2.98E-02 1.77
EMILIN1 2.98E-02 1.82
UNCX 3.41E-02 1.70
TMEM167B 3.46E-02 0.64
VAMP2 3.47E-02 1.80
HAPLN2 3.52E-02 2.07
MEX3D 3.59E-02 1.46
PARP1 3.59E-02 1.42
CISD3 3.61E-02 2.06
PPP1R14A 3.76E-02 1.62
SMG5 4.04E-02 0.67
TMEM95 4.11E-02 2.21
IQSEC3 4.14E-02 1.59
KCTD19 4.16E-02 1.55
C200rf201 4.19E-02 1.77
PNPLA2 4.20E-02 1.59
HIST4H4 4.20E-02 1.54
ZNF497 4.34E-02 1.75
TPP1 4.39E-02 1.59
DUX4L4 4.56E-02 1.76
COPG 4.73E-02 1.49
DUX4 4.75E-02 1.74
RAVER1 4.94E-02 1.76

ELFN1 4.96E-02 1.67




Additional file 8 Pathway enrichment analysis of differentially expressed genes in HN1957 after radiochemotherapy treatment

(FDR<0.05)
Number of Proteins
Gene Set Proteins in from p-value FDR Nodes
GeneSet Network

. PMAIP1,SERPINE1,JUN,HSPA1A BCL2L1,ATF3,E2F1,E2F2, GADD45A,
Direct p53 effectors(N) 133 12 0 <1.250E-04 Cycr ot e IGPBR3
Small cell lung cancer(K) 86 10 0 <1.420E-04 PTGS2,BCL2L1,LAMB3,FN1,LAMA3 E2F1,E2F2,CCNE2,BIRC3,BIRC2
Regulation of Cholesterol
Biosynthesis by SREBP 50 9 0 <1.667E-04 HMGCR,INSIG1,MVK,MVD,HMGCS1,FDPS,SEC24C,SEC24D,DHCR7
(SREBF)(R)
Validated transcriptional targets
of AP1 family members Fra1 36 8 0 <2.000E-04 MMP1,JUNB,PLAUR,JUN,LAMA3 PLAU,FOSL1,IL6
and Fra2(N)
ﬁ;;:otrrlf‘(ﬁ)c”pt'onfacmr 70 11 0 <2.500E-04 EDN1,MMP1,JUNB,JUN ATF3,ETS1,PLAU,FOSL1,CSF2,NR3C1,IL6

o PTGS2,EDN1,CREB3L4,S0CS3,JUNB,VEGFC,JUN,TNFAIP3,CXCL1,C
TNF signaling pathway(K) 110 14 0 <3.333E-04 SF2.IL6,BIRC3.BIRC2,CASP10
ATF-2 transcription factor 58 » 0 <5.000E.04 JDP2.SOCS3,JUNB,DDIT3JUN,BCL2LT,IL23A,ATF3,PLAU,GADDA5A,|
network(N) L6
Cholesterol biosynthesis(R) 19 9 0 <1.000E-03 HMGCR,MVK,MVD HMGCS1,MSMO1,FDPS DHCR7,HSD17B7,NSDHL

. PTGS2,MMP1,VEGFC,JUN,FGFR3,BCL2L1,LAMB3, RUNX1,FN1,BMP2,

Pathways in cancer(K) 327 19 0 1ME04 | \MA3ETS1,E2F1, E2F2,CCNE2,IL6,BIRC3 BIRC2. HSPI0B1
TGF-beta signaling pathway(P) 80 9 0  1.82E-04 CITED2,JUNB,JUN,BMP2,SMAD7,FOSL1,INHBA,GDF15 BAMBI
Glucocorticoid receptor 77 9 0  2.00E-04 MMP1,GATA3,JUN,SMARCC2,SGK1,CSF2,NR3C1,IL6,PCK2
regulatory network(N)
S‘;'t\\"NT)?kzﬁ)”sc”p“O” factor 82 9 0  3.33E-04 PTGS2,GATA3,SMARCA2,ADA ETS1,ETS2,HSPAS,CEBPD,BIRC3
Nucleotide-binding domain, 47 7 0 6.00E-04 TNFAIP3,BCL2L1,IRAK2,NLRP3,TXNIP,BIRC3,BIRC2

leucine rich repeat containing



receptor (NLR) signaling
pathways(R)

IL6-mediated signaling
events(N)

Calcineurin-regulated NFAT-
dependent transcription in
lymphocytes(N)

Steroid biosynthesis(K)
Amoebiasis(K)

Terpenoid backbone
biosynthesis(K)
Dissolution of Fibrin Clot(R)

NOD-like receptor signaling
pathway(K)

HTLV-I infection(K)

Extracellular matrix
organization(R)

Regulation of nuclear SMAD2/3
signaling(N)

Urokinase-type plasminogen
activator (uPA) and uPAR-
mediated signaling(N)

Calcium signaling in the CD4+
TCR pathway(N)

Validated transcriptional targets
of deltaNp63 isoforms(N)

HIF-1-alpha transcription factor
network(N)

Beta1 integrin cell surface
interactions(N)

47

46

20
109

21

11

57

260

263

77

42

26

44

66

66

15

15

0.0001

0.0001

0.0001

0.0001

0.0001

0.0001

0.0001

0.0002

0.0002

0.0002

6.00E-04

6.15E-04

1.00E-03
1.06E-03

1.17E-03

1.37E-03

1.70E-03

1.70E-03

1.77E-03

1.81E-03

2.32E-03

2.38E-03

2.73E-03

3.24E-03

3.24E-03

SOCS3,JUNB,JUN,BCL2L1,IL6,CEBPD,HSP90B1

PTGS2,GATA3,JUNB,JUN,E2F1,FOSL1,CSF2
MSMO1,CYP27B1,DHCR7,HSD17B7,NSDHL
IL1R2,ITGB2,LAMB3,FN1,LAMA3,SERPINB2,CXCL1,CSF2,IL6,COL5A1
HMGCR,MVK,MVD,HMGCS1,FDPS
SERPINE1,PLAUR,PLAU,SERPINB2
TNFAIP3,NLRP3,CXCL1,IL6,BIRC3,BIRC2,HSP90B1

JUN,IL1R2,ITGB2,BCL2L1,CALR,FDPS,ATF3,ETS1,ETS2,E2F1,E2F2,F
OSL1,CSF2,XBP1,IL6

MMP1,CD44,SERPINE1,DST,ITGB2,LAMB3,FN1,BMP2,LAMAS,ITGAS5,
LEPREL2,COL13A1,HSPG2,COL5A1,FBLN1

GATAS,SERPINE1,JUN,RUNX1,NKX2-5,SMAD7,NR3C1,HSPAS8

SERPINE1,PLAUR,ITGB2,FN1,ITGA5,PLAU

PTGS2,JUNB,JUN,FOSL1,CSF2

IL1A,ADA,RUNX1,CEBPD,COL5A1,IGFBP3

EDN1,CITED2,SERPINE1,JUN,ITGB2,ETS1,PFKL

PLAUR,LAMB3,FN1,LAMAS,ITGA5,PLAU,COL5A1



Rheumatoid arthritis(K)

Oncogene Induced
Senescence(R)

CD40/CD40L signaling(N)

E2F transcription factor
network(N)

NF-kappa B signaling
pathway(K)

Validated transcriptional targets
of TAp63 isoforms(N)

mets effect on macrophage
differentiation(B)

Caspase cascade in
apoptosis(N)

Transcriptional misregulation in
cancer(K)

Unfolded Protein Response(R)
Pertussis(K)

IL23-mediated signaling
events(N)

Plasminogen activating
cascade(P)

DNA Damage/Telomere Stress
Induced Senescence(R)

BMP receptor signaling(N)
ECM-receptor interaction(K)

Interferon alpha/beta
signaling(R)

Hematopoietic cell lineage(K)

90

30

29

68

91

49

18

52

179

74
75

35

58

41
86

63

88

11

0.0002

0.0002

0.0002

0.0002

0.0002

0.0003

0.0003

0.0004

0.0004

0.0004
0.0004

0.0004

0.0006

0.0007

0.0009
0.0009

0.001

0.0011

3.42E-03

3.43E-03

3.44E-03

3.50E-03

3.67E-03

3.71E-03

4.20E-03

4.64E-03

4.84E-03

4.92E-03
4.97E-03

5.05E-03

7.10E-03

7.71E-03

1.01E-02
1.06E-02

1.10E-02

1.18E-02

MMP1,IL1A,JUN,ITGB2,IL23A,CXCL1,CSF2,IL6
ETS1,ETS2,E2F1,E2F2,ID1
JUN,TNFAIP3,BCL2L1,BIRC3,BIRC2

SERPINE1,SMARCA2,PLAU,E2F1,E2F2,CCNE2,PRMT5

PTGS2,TNFAIP3,BCL2L1,DDX58,PLAU,GADD45B,BIRC3,BIRC2

PMAIP1,DST,ADA,GADD45A,GDF15,IGFBP3

JUN,ETS1,ETS2,E2F1

LMNB1,DIABLO,LIMK1,BIRC3,BIRC2,CASP10

DDIT3,IL1R2,BCL2L1,RUNX1,PLAU,HMGA2,CSF2,PER2,IL6,BIRC3,IG
FBP3

DDIT3,CALR,ATF3,TPP1,ASNS,XBP1,HSP90B1
IL1A,JUN,ITGB2,IL23A,ITGA5,NLRP3,IL6

SOCS3,IL24,IL23A,CXCLA1,IL6

MMP1,PLAUR,SERPINB2

LMNB1,CCNE2,HIST1H1D,HIST1H1B,HIST1H1A HMGA2

NOG,BMP2,SMAD7,PPP1R15A,BAMBI
CD44,LAMB3,FN1,LAMAS,ITGA5,HSPG2,COL5A1

ISG15,SOCS3,0ASL,IFIT3,IFIT2,IFIT1

CD44,IL1A,IL1R2,ITGA5,CD59,CSF2,IL6



Hepatitis B(K)
Influenza A(K)

PI3K-Akt signaling pathway(K)

FGF signaling pathway(N)
p53 signaling pathway(K)

role of mitochondria in apoptotic
signaling(B)

Signaling by TGF-beta Receptor
Complex(R)

Apoptotic execution phase(R)

Cytokine-cytokine receptor
interaction(K)

Protein processing in
endoplasmic reticulum(K)

TGF-beta signaling pathway(K)
Legionellosis(K)

Beta5 beta6 beta7 and beta8
integrin cell surface
interactions(N)

signal transduction through
iIr(B)

Focal adhesion(K)

gata3 participate in activating
the th2 cytokine genes
expression(B)

nfat and hypertrophy of the
heart (B)

Apoptosis(K)

146
176

346

46
68

13

70

52

265

167

80
55

17

35

206

18

37

86

15

10

0.0013
0.0013

0.0014

0.0015
0.0015

0.0017

0.0017

0.0025

0.0029

0.0032

0.0033
0.0032

0.0036

0.0037

0.004

0.0042

0.0045

0.0046

1.35E-02
1.38E-02

1.40E-02

1.44E-02
1.45E-02

1.58E-02

1.61E-02

2.33E-02

2.70E-02

2.80E-02

2.80E-02
2.84E-02

3.10E-02

3.16E-02

3.43E-02

3.56E-02

3.75E-02

3.78E-02

CREB3L4,JUN,DDX58,E2F1,E2F2,CCNE2,IL6,HSPG2,CASP10
IL1A,SOCS3,JUN,HSPA1A,FDPS,DDX58,NLRP3,RSAD2,HSPAS,IL6

CREB3L4,VEGFC,FGFR3,BCL2L1,LAMB3,FN1,LAMA3,ITGA5,CCNEZ2,
SGK1,SGKS,IL6,PCK2,COL5A1,HSP90B1

PLAUR,JUN,FGFR3,PLAU,SPRY2
PMAIP1,SERPINE1,CCNE2,GADD45B,GADD45A,IGFBP3

BCL2L1,DIABLO,BIRC3

SERPINE1,JUNB,SMAD7,PPP1R15A,NEDD4L,BAMBI

LMNB1,HIST1H1D,HIST1H1B,HIST1H1A,BIRC2

IL1A,IL24,VEGFC,IL1R2,CD70,IL23A,BMP2,INHBA,CXCL1,CSF2,IL6, T
NFSF9

DDIT3,HSPA1A,CALR,SEC24C,SEC24D,PPP1R15A XBP1,HSPA8,HSP
90B1

NOG,BMP2,SMAD?7,INHBA,ID1,BAMBI
ITGB2,HSPA1A,CXCL1,HSPAS,IL6

PLAUR,FN1,PLAU

IL1A,JUN,IRAK2,IL6

VEGFC,JUN,LAMB3,FN1,LAMA3,ITGA5,PARVB,BIRC3,BIRC2,COL5A1

GATAS,IL1A,JUNB

EDN1,NKX2-5,HDAC9,HBEGF

IL1A,BCL2L1,IRAK2,BIRC3,BIRC2,CASP10



Bladder cancer(K)

Intrinsic Pathway for
Apoptosis(R)

Parkinson disease(P)
Regulation of retinoblastoma
protein(N)

Vitamin B6 metabolism(K)
Toxoplasmosis(K)

Regulation of Insulin-like
Growth Factor (IGF) Transport
and Uptake by Insulin-like
Growth Factor Binding Proteins
(IGFBPs)(R)

38

38

61

62

119

21

0.0049

0.0049

0.0049

0.0053

0.0053
0.0057

0.0065

3.89E-02

3.89E-02

3.99E-02

4.05E-02

4.11E-02
4.30E-02

4.89E-02

MMP1,FGFR3,E2F1,E2F2
PMAIP1,BCL2L1,DIABLO,E2F1
SNCA,HSPA1A,CCNE2,TOR2A,HSPAS8
JUN,E2F1,E2F2,CSF2,CEBPD

AOX1,PSAT1
HSPA1A,BCL2L1,LAMB3,LAMA3,HSPA8,BIRC3,BIRC2

MMP1,IGF2,IGFBP3

(B) BioCarta, (K) KEGG Pathway, (N) NCI - Nature Curated Data, (P) pantherdb, (R) Reactome



Additional file 9 Pathway enrichment analysis of differentially expressed genes in HN2092 after radiochemotherapy treatment

(FDR<0.05)
Number of Proteins
Gene Set Proteins in from p-value FDR Nodes
GeneSet Network
RNA Polymerase |, RNA HIST1H2BN, HIST1H2BJ,HIST1H4A RRN3,HIST2H2AC,BRF2,POLRA1C,
Polymerase Ill, and 109 13 0 <1.000E-04 HIST1H2AB HIST1H2AC,HIST1H2AD HIST1H2BB, HIST1H2BD, HIST1H
Mitochondrial Transcription(R) 2AJ
HIST1H2BN, HIST1H2BJ,HIST1H4A HIST2H2AC, NCAPH2, HIST1H2AB,
Mitotic Prophase(R) 99 13 0 <1.111E-04 HIST1H2AC HIST1H2AD,NUP210 HIST1H2BB, HIST1H2BD,CCNB1 HIS
T1H2AJ
HIST1H2BN, HIST1H2BJ,CREB3L4, HIST1H4A GNGT1,HIST2H2AB HIS
Alcoholism(K) 180 17 0 <1.250E-04 T2H2AC,FOSB HIST1H2AB HIST1H2AC,HIST1H2AG,HIST1H2AD HIST
1H2BB, HIST1H2BD NRAS HIST1H2AH HIST1H2AJ
HIST1H2BN, HIST1H2BJ,HIST1H4A HIST2H2AC, HIST1H2AB, HIST1H2
Nucleosome assembly(R) 45 10 0 <1.429E-04  AC HIST1H2AD HIST1H2BB,HIST1H2BD,HIST1H2AJ
Senesconce. Associated HIST1H2BN, HIST1H2BJ,FZR1,HIST1H4A HIST2H2AC, UBE2C, HIST1H
S 75 13 0 <1.667E-04 2AB,HIST1H2AC,HIST1H2AD,HIST1H2BB,HIST1H2BD,RPS6KA2,HIST
ecretory Phenotype (SASP)(R) 1H2A
- . HIST1H2BN, HIST1H2BJ,STAG3, HIST1H4A SMC1A HIST2H2AC HIST1
Meiotic Synapsis(R) 57 12 0 <2.000B-04 15 AB HISTTH2AC,HIST1H2AD,HIST1H2BB, HIST1H2BD,HIST1H2AJ
. - HIST1H2BN, HIST1H2BJ, MRE11A HIST1H4A MLH1,HIST2H2AC, HIST1
Meiotic Recombination(R) 54 12 0 <2.500E-04 15 AB HISTTH2AC,HIST1H2AD, HIST1H2BB, HIST1H2BD HIST1H2AJ
Chromatin modifvin MBIP,HIST1H2BN HIST1H2BJ,ZZZ3,HIST1H4A TAFQ HIST2H2AB HIST
oromes(R) ying 105 16 0 <3.333E-04 2H2AC,HIST1H2AB,HIST1H2AC, HIST1H2AG HIST1H2AD,HIST1H2BB,
y HIST1H2BD,HIST1H2AH HIST1H2AJ
HIST1H2BN, HIST1H2BJ,LIG1, HIST1H4A HIST2H2AC HIST1H2AB HIS
Telomere Maintenance(R) 59 13 0 <5.000E-04 T1H2AC HIST1H2AD, POLA1,POLA2,HIST1H2BB,HIST1H2BD,HIST1H2
AJ
DNA Damage/Telomere Stress 58 16 0 <1.000E-03 HIST1H2BN,HIST1H2BJ,MRE11AHIST1H4AHIST2H2AC HIST1H1E,HI

Induced Senescence(R)

ST1H1D,HIST1H1B,HIST1H1A,HMGA2,HIST1H2AB,HIST1H2AC,HIST1



Systemic lupus
erythematosus(K)

Oxidative Stress Induced
Senescence(R)

Direct p53 effectors(N)
Biosynthesis of amino acids(K)

Cysteine and methionine
metabolism(K)

Cholesterol biosynthesis(R)

g-protein signaling through
tubby proteins(B)

Metabolism of amino acids and
derivatives(R)

Dissolution of Fibrin Clot(R)
Unfolded Protein Response(R)
Estrogen signaling pathway(K)
Apoptotic execution phase(R)

Alanine, aspartate and
glutamate metabolism(K)

135

89

133
73

34

19

10

147

11
74
100
52

32

13

11

OO N O W

0

0

0.0001
0.0002

0.0002

0.0003

0.0006

0.0007

0.0008
0.0013
0.0012
0.0016

0.0019

<8.333E-05

<9.091E-05

3.54E-03
7.21E-03

8.33E-03

8.94E-03

1.74E-02

1.87E-02

2.14E-02
3.21E-02
3.23E-02
3.70E-02

4.09E-02

H2AD,HIST1H2BB,HIST1H2BD,HIST1H2AJ

HIST1H2BN,HIST1H2BJ,HIST1H4A,HIST2H2AB,HIST2H2AC,HIST1H2
AB,HIST1H2AC, HIST1H2AG,HIST1H2AD,HIST1H2BB,HIST1H2BD,HIS
T1H2AH,HIST1H2AJ

CBX6,HIST1H2BN,HIST1H2BJ,HIST1H4A HIST2H2AC,HIST1H2AB,HIS
T1H2AC,HIST1H2AD,HIST1H2BB,HIST1H2BD,HIST1H2AJ

EGFR,PIDD,HSPA1A, TAF9,ATF3,PLK3,MLH1,GADD45A,SNAI2,CCNB1
ASS1,ASL,PFKL,CTH,PHGDH,PSAT1,CBS

DNMT3B,DNMT3A, TST,CTH,CBS
MVD,HMGCS1,FDPS,HSD17B7

EDN1,GNGT1,GNAQ

ASS1,ASL,TST,GLS,CTH,ASNS,PHGDH,PSAT1,CBS

PLAT,PLAU,SERPINB2
ATF3,TPP1,ASNS,HSPA5,MBTPS2,HSP90B1
CREB3L4,EGFR,HSPA1A,GNAQ,HSPA8,NRAS,HSP90B1
CLSPN,HIST1H1E,HIST1H1D,HIST1H1B,HIST1H1A

ASS1,ASL,GLS,ASNS

(B) BioCarta, (K) KEGG Pathway, (N) NCI - Nature Curated Data, (P) pantherdb, (R) Reactome



Additional file 10 Potential target genes in HN1957 for miRNAs responding to therapy
in HNSCC patients (correlation value < -0.5)

miRNA Gene Correlation value
miR-106b-5p ABTB2 -0.71
miR-106b-5p ADH5 -0.66
miR-106b-5p ANKFY1 -0.50
miR-106b-5p APLP2 -0.63
miR-106b-5p APP -0.66
miR-106b-5p BAMBI -0.85
miR-106b-5p BRWD1 -0.75
miR-106b-5p C1orf43 -0.61
miR-106b-5p CNOT7 -0.63
miR-106b-5p CWF19L1 -0.72
miR-106b-5p DDX23 -0.55
miR-106b-5p DGKD -0.82
miR-106b-5p EEF1A1 -0.76
miR-106b-5p FAM199X -0.55
miR-106b-5p FAM91A1 -0.77
miR-106b-5p FBX022 -0.54
miR-106b-5p FBXW2 -0.66
miR-106b-5p FNBP1 -0.73
miR-106b-5p GOLT1B -0.67
miR-106b-5p GON4L -0.76
miR-106b-5p KAT7 -0.77
miR-106b-5p MAT2A -0.58
miR-106b-5p MMADHC -0.56
miR-106b-5p PDSS1 -0.61
miR-106b-5p PPIA -0.78
miR-106b-5p PPM1B -0.64
miR-106b-5p PTEN -0.69
miR-106b-5p PURA -0.71
miR-106b-5p RAD23B -0.64
miR-106b-5p RHOBTB2 -0.70
miR-106b-5p RNPS1 -0.82
miR-106b-5p RPL18A -0.81
miR-106b-5p RPP30 -0.79
miR-106b-5p SHISA2 -0.56
miR-106b-5p SMEK2 -0.75
miR-106b-5p SMG7 -0.75

miR-106b-5p THADA -0.57



miR-106b-5p
miR-106b-5p
miR-106b-5p
miR-106b-5p
miR-106b-5p
miR-106b-5p
miR-106b-5p
miR-106b-5p
miR-106b-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-21-5p
miR-425-5p
miR-425-5p
miR-425-5p
miR-425-5p
miR-425-5p
miR-425-5p
miR-425-5p
miR-425-5p
miR-425-5p
miR-425-5p
miR-425-5p
miR-425-5p
miR-425-5p
miR-93-5p

TTPAL
UQCRQ
VEGFA
WDR33
YTHDF2
ZNF562
ZNF587
ZNF598
INF777
AKT2
APAF1
BASP1
DOCK5
E2F1
ISCU
MARCKS
MSH6
NCAPG
NFIB
PCBP1
PDCD4
PPARA
RECK
SMARCA4
SP1
TMEM147
TOPORS
BAZ2A
DPYSL2
FOXK2
HSP90AA1
INPP5E
NADK
PDZD8
QKI
RRM2
RUFY2
SMARCD1
THOP1
ZNF148
AP2A2

-0.62
-0.59
-0.68
-0.79
-0.53
-0.72
-0.63
-0.78
-0.66
-0.58
-0.59
-0.64
-0.52
-0.59
-0.92
-0.51
-0.56
-0.81
-0.66
-0.58
-0.60
-0.70
-0.63
-0.54
-0.63
-0.56
-0.52
-0.59
-0.81
-0.67
-0.81
-0.79
-0.67
-0.53
-0.57
-0.75
-0.65
-0.57
-0.67
-0.77
-0.72



miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p

APBB2
APLP2
ARHGAP32
ATP5B
CAP1
CDC16
CLN8
DYRK2
EEF1A1
EIF4G2
ELAC2
ELAVL1
EPHA4
FAM3C
GAPDH
H1FO
HK1
HPS1
IBA57
IGF2
IPO5
JUN
KAT2B
LATS2
LOXL1
MAP3K13
MED21
NOB1
NPEPPS
NPM1
NUP205
PI4KA
PPAN
PPTC7
PTEN
PURA
RABSB
RBM23
RFC3
RPL30
SAMD4B

-0.54
-0.71
-0.67
-0.57
-0.73
-0.78
-0.61
-0.54
-0.88
-0.70
-0.52
-0.81
-0.67
-0.56
-0.69
-0.58
-0.69
-0.73
-0.76
-0.76
-0.88
-0.79
-0.57
-0.83
-0.81
-0.62
-0.64
-0.75
-0.57
-0.66
-0.74
-0.64
-0.64
-0.77
-0.68
-0.74
-0.61
-0.53
-0.77
-0.61
-0.67



miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p
miR-93-5p

SH3BP4
SMG7
SPATA2
TAF8
TRAK1
TRIM8
UBAP2L
UBN1
UPF1
VAT
VEGFA
WAC
YWHAQ
ZIC2
ZNFX1

-0.62
-0.69
-0.70
-0.78
-0.59
-0.64
-0.61
-0.57
-0.57
-0.55
-0.53
-0.60
-0.69
-0.53
-0.68




Additional file 11 Potential target genes in HN2092 for miRNAs responding to therapy
in HNSCC patients (correlation value < -0.5)

miRNA Gene Correlation value
miR-106b-5p BRWD1 -0.60
miR-106b-5p C9orf40 -0.59
miR-106b-5p CCND2 -0.53
miR-106b-5p INSIG1 -0.54
miR-106b-5p ITCH -0.56
miR-106b-5p MSH6 -0.50
miR-106b-5p PLEKHM1 -0.73
miR-106b-5p PSMA3 -0.52
miR-106b-5p RBL2 -0.59
miR-106b-5p RBM12B -0.68
miR-106b-5p RPL7 -0.58
miR-106b-5p SLC9A1 -0.51
miR-106b-5p STX12 -0.55
miR-106b-5p THADA -0.51
miR-106b-5p UGP2 -0.62
miR-106b-5p ZBTB7B -0.54
miR-106b-5p ZFYVE16 -0.63
miR-21-5p LRRFIP1 -0.53
miR-21-5p PPARA -0.51
miR-425-5p NPNT -0.53
miR-93-5p AP2A2 -0.87
miR-93-5p ARL9 -0.54
miR-93-5p ATP5B -0.62
miR-93-5p BAG2 -0.51
miR-93-5p BIRC5 -0.85
miR-93-5p CBX3 -0.66
miR-93-5p ccDcs8scC -0.84
miR-93-5p CCT8 -0.79
miR-93-5p EIF4G2 -0.74
miR-93-5p FAM3C -0.81
miR-93-5p FAM57A -0.67
miR-93-5p GAPDH -0.81
miR-93-5p HK1 -0.66
miR-93-5p HPS1 -0.62
miR-93-5p IBA57 -0.90
miR-93-5p IGF2 -0.55

miR-93-5p IPO5 -0.87



miR-93-5p JUN -0.79




Additional file 12 Primer sequences for TP53 and EGFR sequencing

Gene (region)

PCR Primer 5’ 5> 3'

Sequencing Primer 5' - 3'

TP53 (exons 3-10)

ATGGAGGAGCCGCAGTCAG

TCAGTCTGAGTCAGGCCCTTCT

ATGGAGGAGCCGCAGTCAG

TCAGTCTGAGTCAGGCCCTTCT

EGFR (exons 2-16)

ATGCGACCCTCCGGGAC

CACCACCAGCAGCAAGAGG

ATGCGACCCTCCGGGAC

CACCACCAGCAGCAAGAGG

EGFR (exons 9-27)

CCGACAGCTATGAGATGGAGGA

TCATGCTCCAATAAATTCACTGCT

CCGACAGCTATGAGATGGAGGA
CCTCTTGCTGCTGGTGGTG

TCATGCTCCAATAAATTCACTGCT

EGFR (exons 9-14)

CCTCTTGCTGCTGGTGGTG

ATCGATGGTACATATGGGTGGC

CCTCTTGCTGCTGGTGGTG

ATCGATGGTACATATGGGTGGC
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