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ABKÜRZUNGEN 
ABL   Abelson murine leukemia viral oncogene homolog 1 
BCR   Breakpoint cluster region 
BRAF  v-raf murine sarcoma viral oncogene homolog B 
CGH  Comparative genomic hybridization 
CUP  Cancer of unknown primary 
CUPISCO A clinical trial to compare targeted therapy or cancer immunotherapy with 

chemotherapy in patients with cancer of unknown primary  
DKTK  Deutsches Konsortium für translationale Krebsforschung 
DNA  Deoxyribonucleic acid   
DNPM  Deutsches Netzwerk für personalisierte Medizin 
DRUP  Drug rediscovery protocol 
EGFR  Epidermal growth factor receptor 
EMA  European medicines agency 
ESCAT ESMO scale for clinical actionability of molecular targets 
ESMO  European society for medical oncology 
FDA  Food and drug administration 
FGFR1-4 Fibroblast growth factor receptor 1-4 
FISH  Fluorescence in-situ hybridization 
HER2  Human epidermal growth factor receptor 2 
IHC  Immunhistochemie  
KRAS  Kirsten rat sarcoma viral proto-oncogene 
MASTER Molecularly aided stratification for tumor eradication 
MMR  Mismatch repair 
NCT  Nationales Centrum für Tumorerkrankungen 
NGS  Next-generation sequencing 
nNGM  Nationales Netzwerk für genomische Medizin 
NTRK1-3 Neurotrophic tyrosine kinase receptor 1-3 
RET  Rearranged during transfection 
RNA  Ribonucleic acid 
SHIVA Molecularly targeted therapy based on tumour molecular profiling versus 

conventional therapy for advanced cancer 
TAPUR Targeted agent and profiling utilization registry 
WES  Whole exome sequencing 
WGS  Whole genome Sequencing  
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1. EINLEITUNG 

ENTWICKLUNG DER PERSONALISIERTEN KREBSMEDIZIN  

Krebs ist eine genetische Erkrankung. Veränderungen in Aufbau oder Regulation des 

genetischen Codes können über eine Dysregulation verschiedener Signalwege zur 

Tumorentstehung führen (Hanahan, 2022). Technische Entwicklungen in 

molekularbiologischen Analyseverfahren haben zur Identifikation zahlreicher Veränderungen 

bei Tumorerkrankungen geführt. Die mechanistische Erforschung dieser Veränderungen war 

dabei nicht nur für das Verständnis der Pathogenese hilfreich, sondern konnte auch neue 

Therapiestrategien zur Behandlung von Krebserkrankungen eröffnen. Eine solche 

zielgerichtete Tumortherapie auf der Basis identifizierter tumorspezifischer Vulnerabilität 

verspricht dabei eine hohe Effektivität bei guter Verträglichkeit. 

Beispielhaft ist hier die Entwicklung der personalisierten Therapie BCR-ABL-fusionspositiver 

Leukämien skizziert.  

Durch die Möglichkeit der Chromosomenanalyse konnten ab den 1960er Jahren genetische 

Veränderungen bei Leukämiezellen identifiziert werden (Nowell & Hungerford, 1960). Die 

Integration neuer chromosomaler Bänderungstechniken erlaubte 1972 dann die Identifikation 

einer rekurrenten Translokationen der Chromosomen 9 und 22 in Tumorzellen der chronisch 

myeloischen Leukämie (Rowley, 1973). Ab den 1980er Jahren konnten dann BCR und ABL 

als einzelne Gene auf diese veränderten Chromosomenbereiche lokalisiert werden 

(Heisterkamp et al., 1982; Klein et al., 1982). Der Nachweis einer BCR-ABL Genfusion auf 

RNA-Ebene erlaubte die Identifikation eines onkogenen Fusionsproteins (Shtivelman et al., 

1985). 



 5 

In den 1990er Jahren wurde die Entwicklung eines spezifischen Inhibitors des BCR-ABL 

Fusionsproteins vorangetrieben (Druker et al., 1996), dessen klinische Effektivität 2001 

erstmalig publiziert werden konnte (Druker et al., 2001).  

Eine vergleichbare Entwicklung kann auch bei soliden Tumorerkrankungen nachvollzogen 

werden. Hierbei stand die Entwicklung eines zielgerichteten Inhibitors jedoch vor der 

Identifikation einer therapierbaren Treiberalteration: Ein erster zielgerichteter EGFR-

Tyrosinkinaseinhibitor wurde ab den frühen 2000er Jahren entwickelt (Ranson et al., 2002). 

Die ersten klinischen Studien dieses EGFR-Inhibitors wurden dabei zunächst ohne molekulare 

Stratifizierung durchgeführt, wodurch eine Wirksamkeit nur bei einer kleinen Subgruppe der 

Behandelten erreicht wurde. Erst in retrospektiven Analysen gelang der Nachweis onkogener 

EGFR-Mutationen als zugrundeliegender Mechanismus der Effektivität der zielgerichteten 

Therapie (Lynch et al., 2004; Paez et al., 2004). Nachfolgende Studien machten die 

Identifikation von EGFR-Mutationen zum Einschlusskriterium für EGFR-gerichtete Therapien, 

worunter die Wirksamkeit in dieser selektionierten Patientenpopulation deutlich gezeigt 

werden konnte. Die positiven Studienergebnisse führten dazu, dass eine molekulare 

Charakterisierung und zielgerichtete Therapie heute Standard bei nicht-kleinzelligen 

Lungenkarzinomen ist (Soria et al., 2018). 

Neben Genfusionen und -mutationen existieren zahlreiche weitere Mechanismen der 

onkogenen Dysregulation zellulärer Signalwege. Die Identifikation dieser Alterationen 

ermöglicht weitere zielgerichtete Behandlungsoptionen. Beispielhaft ist hier die Identifikation 

von HER2-Genamplifikationen, welche zu den ersten therapierbaren onkogenen Alterationen 

gehört (Pauletti et al., 1996). Die Amplifikation und nachfolgende Überexpression führt bei 

diesen Tumoren führt zu einer HER2-Signalwegsaktivierung. Monoklonale Antikörper gegen 

HER2 zeigten schon einige Jahre vor der klinischen Entwicklung der Tyrosinkinaseinhibitoren 

eine Aktivität bei Patientinnen mit HER2-positivem Brustkrebs (Baselga et al., 1996).  
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Die Entwicklung zielgerichteter Therapiestrategien auf der Basis molekularer Veränderungen 

hat – neben den genannten Beispielen - zu zahlreichen weiteren Medikamentenzulassungen 

in den letzten Jahren geführt. So listet die amerikanische Zulassungsbehörde FDA derzeit 

mehr als 30 zielgerichtete Therapien mit Zulassung allein beim Lungenkarzinom (Targeted 

Therapy Drug List by Cancer Type - NCI). In der europäischen Leitlinie wird derzeit eine 

molekulare Testung von mindestens 9 verschiedenen Genen zur Therapiestratifizierung beim 

fortgeschrittenen Lungenkarzinom empfohlen (Hendriks et al., 2023). 

Dieser skizzierte Zweiklang zwischen der Identifikation molekularer Veränderungen als 

prädiktive Biomarker und dem Einsatz einer stratifizierten und individualisierten Therapie wird 

als Präzisionsonkologie bezeichnet. 

 

HISTOLOGIEAGNOSTISCHE TUMORTHERAPIE 

Die Entwicklung von Tumortherapien wurde, wie oben beschrieben, insbesondere für 

definierte Tumorerkrankungen vorangetrieben. Auf Grund der Seltenheit und Vielfältigkeit 

molekularer Subgruppen und verfügbarer Therapieoptionen, wurden zunehmend 

übergreifende Studien mit mehreren, molekular definierten, Behandlungsarmen in einem 

sogenannten Umbrella-Studiendesign durchgeführt (Herbst et al., 2015). Neben diesen 

Entwicklungen bei einzelnen Tumorentitäten, wirft die Wirksamkeit zielgerichteter Therapien 

und Seltenheit zahlreicher molekularer Veränderungen jedoch die Frage nach einer 

tumorübergreifenden Wirksamkeit auf der Basis molekularer Alterationen auf.  

In sogenannten Basket-Studien können verschiedene Tumorentitäten mit gemeinsamen 

molekularen Veränderungen eingeschlossen und behandelt werden. So wurden 2015 die 

Daten aus einer Basketstudie zum Einsatz des BRAF-Inhibitors Vemurafenib bei BRAF 

p.V600E-mutierten Tumoren publiziert. Hierbei zeigte sich eine Wirksamkeit bei einigen, wenn 

auch nicht bei allen Tumorentitäten (Hyman et al., 2015). Tumorspezifische 
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Resistenzmechanismen, wie eine EGFR-Aktivierung bei kolorektalen Karzinomen, konnten 

schon früh beschrieben werden (Prahallad et al., 2012). Eine therapeutische 

Weiterentwicklung dieser Ergebnisse konnte durch eine kombinierte BRAF- und EGFR-

Blockade die Effektivität einer zielgerichteten Therapie auch bei BRAF-mutierten kolorektalen 

Karzinomen verbessern (Corcoran et al., 2018). Gleichzeitig zeigten sich durch die kleine 

Teilnehmendenzahl für einzelne Tumorentitäten statistische Probleme in der Bewertung der 

Therapiewirksamkeit in einzelnen Kohorten. Dies führte – nach anfänglich eher 

zurückhaltender Bewertung der Ergebnisse - zur Fortführung der klinischen 

Forschungstätigkeit. Zusammen mit der Entwicklung einer histologiegestützen 

Kombinationstherapie beim BRAF p.V600E-mutierten kolorektalen Karzinom konnte über eine 

zunehmende Datensammlung schließlich eine tumoragnostische Wirksamkeit zielgerichteter 

BRAF-Inhibition demonstriert werden, was 2022 zur tumorübergreifenden Zulassung durch die 

US-amerikanische Food and Drug Administration (FDA) führte (Salama et al., 2020; Subbiah 

et al., 2023). 

Es existieren zahlreiche weitere therapierbare molekulare Veränderungen, deren Anzahl auf 

Grund der wachsenden Anzahl zielgerichteter Substanzen voraussichtlich weiter zunehmen 

wird. Die Effektivität einzelner Substanzen in tumorübergreifenden Studienkonzepten ist eine 

Herausforderung für die Zulassungsbehörden. Wie oben dargestellt wurden erste 

Medikamente für molekular definierte Tumore – unabhängig der ursprünglichen Histologie – 

sowohl durch die amerikanische FDA, als auch durch die European Medicines Agency (EMA) 

zugelassen. Nachfolgend sind einige tumorübergreifende klinische Studien vorgestellt, bei 

denen molekular definierte Tumore unterschiedlicher Histologie in einer sogenannten 

Basketstudie untersucht wurden. Tabelle 1 fasst Biomarker und Therapiestrategien mit 

tumorübergreifender Zulassung durch die FDA und/oder EMA zusammen. 
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Tabelle 1: Überblick über prädiktive Biomarker und zugehörige zielgerichtete Substanzen und 

Wirkmechanismen mit tumorübergreifender Zulassung durch EMA und/oder FDA. 

Prädiktiver Biomarker Medikament Mechanismus 

Mismatch-Repair-Defizienz 
(dMMR) (oder 
Mikrosatelliten-Instability 
High) 

Dostarlimab 

Pembrolizumab 

Immuncheckpointinhibition 

Hohe Tumormutationslast 
(≥10 Mutationen/Megabase) 

Pembrolizumab Immuncheckpointinhibition 

NTRK-Fusion Entrectinib 

Larotrectinib 

NTRK-Inhibition 

RET-Fusion Selpercatinib RET-Inhibition 

BRAF p.V600E Mutation Dabrafenib 

(+ Trametinib) 

BRAF-Inhibition 

(+ MEK-Inhibitor) 

HER2-Überexpression 
(Immunhistochemie 3+) 

Trastuzumab deruxtecan HER2-Antikörper-Wirkstoff-
Konjugat 

 

NTRK1, NTRK2 und NTRK3-Genfusionen können mit einer meist niedrigen Prävalenz bei bis 

zu 0,5% der meisten Tumorerkrankungen gefunden werden. In zwei jeweils gemeinsam 

ausgewerteten Phase ½-Studien wurden jeweils 54 bzw. 55 Patientinnen und Patienten mit 

19 und 17 verschiedenen NTRK-fusionspositiven Tumorerkrankungen mit den zielgerichteten 

NTRK-Inhibitoren Entrectinib bzw. Larotrectinib behandelt. Hierbei zeigten sich Ansprechraten 

von 57 bzw. 75%. Diese Daten führten zur tumorübergreifenden Zulassung beider 

Medikamente in den USA sowie in Europa (Doebele et al., 2020; Drilon et al., 2018).  

Auch Veränderungen der Rezeptortyrosinkinase RET sind bei zahlreichen 

Tumorerkrankungen gefunden worden, wobei die Frequenz bei den meisten 

Tumorerkrankungen ebenfalls unter 1% liegt (PMID 35962206). Auf Grund der 

vergleichsweise häufigeren Frequenz von RET-Fusionen beim Lungenkarzinom und 

differenzierten Schilddrüsenkarzinomen und RET-Mutationen beim medullären 
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Schilddrüsenkarzinom wurden die spezifischen RET-Inhibitoren Selpercatinib und Pralsetinib 

zunächst bei diesen Krankheiten entwickelt und zugelassen (Gainor et al., 2021; Hadoux et 

al., 2023; Subbiah et al., 2021; Zhou et al., 2023). Tumorübergreifende Daten aus zwei Phase 

1/2-Studien zeigten bei 45 bzw. 29 Patientinnen und Patienten mit RET-fusionspositiven 

Tumoren Ansprechraten von 44 bzw. 57% (Subbiah, Cassier, et al., 2022; Subbiah, Wolf, et 

al., 2022). 

Ähnlich wie bei RET, umfassen onkogene Treiberveränderungen der FGFR1-4 Genfamilie 

ebenfalls Mutationen und Genfusionen. Auf Grund der Häufigkeit insbesondere von FGFR-

Mutationen ist es jedoch besonders wichtig hier zwischen Treiber- und Passagieralteration, 

also molekularer Veränderung ohne tumortreibende Funktion, zu unterscheiden. Eine 

tumorübergreifende Phase-2 Studie für Tumore mit zuvor genau definierten onkogenen FGFR-

Veränderungen konnte ebenfalls eine tumorübergreifende Wirksamkeit mit einer Ansprechrate 

von 30% bei 217 Patientinnen und Patienten erreichen (Pant et al., 2023). 

Für andere Treiberalterationen lassen sich auch „virtuelle“ Baskets bilden, indem Ergebnisse 

aus jeweiligen erkrankungsspezifischen Studien zusammgengefasst werden. Beispielhaft 

seien hier KRAS p.G12C-Mutationen genannt. Zielgerichtete KRAS p.G12C-Inhibitoren 

wurden in verschiedenen Studien beim kolorektalen Karzinom (in Kombination mit einem 

EGFR-Inhibitor), beim nicht-kleinzelligen Lungenkarzinom und beim Pankreaskarzinom 

untersucht (Fakih et al., 2023; Skoulidis et al., 2021; Strickler et al., 2023).Hierbei wurden 

Ansprechraten von 26.4, 37 und 21% berichtet (Fakih et al., 2023; Skoulidis et al., 2021; 

Strickler et al., 2023). Ein weiterer KRAS p.G12C-Inhibitor wurde zudem ebenfalls in einer 

entitätsübergreifenden Phase-2-Studie getestet, wobei eine Ansprechrate von 35% erreicht 

werden konnte (Bekaii-Saab et al., 2023).  

Die bisher geschilderten Beispiele einer histologieübergreifenden zielgerichteten 

Tumortherapie basieren dabei auf dem Nachweis genetischer Veränderungen durch 

Sequenzierungsverfahren. Der Einsatz einer personalisierten Tumortherapie ist jedoch nicht 
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zwingend an den Nachweis einer Genvariante oder -fusion gebunden. Die Wirksamkeit des 

biomarkerbasierten, also personalisierten, Einsatzes einer zielgerichteten Therapie auf der 

Basis einer Proteinexpression konnte ebenfalls in einer histologieübergreifenden Studie 

gezeigt werden: Die DESTINY-PanTumor02 Studie untersuchte das HER2-gerichtete 

Antikörper-Wirkstoff Konjugat Trastuzumab deruxtecan bei sieben Tumorentitäten mit HER2-

Überexpression (HER2 3+ oder HER2 2+ in der Immunhistochemie). In dieser Studie konnte 

in der Gesamtkohorte eine Ansprechrate von 37,1% erreicht werden (Meric-Bernstam et al., 

2024). Bereits zuvor lagen Daten zum Ansprechen von Patientinen und Patienten mit HER2-

positiven Magenkarzinomen, sowie Mammakarzinomen vor (Modi et al., 2020; Shitara et al., 

2020). 

Neben den oben beispielhaft dargestellten prädiktiven Biomarkern für zielgerichtete Therapien 

– oftmals als Tyrosinkinaseinhibitoren – konnten auch Biomarker für den Einsatz von 

Immuncheckpointinhibitoren identifiziert werden. Über diese Biomarker können somit auch 

Immuntherapien zielgerichtet eingesetzt werden. 

Die Tumormutationslast stellt einen komplexen Biomarker dar, der über die Anzahl der 

Einzelnukleotidvarianten pro Megabase kodierendes Exon berechnet wird. In verschiedenen 

Studien konnte eine Korrelation zwischen einer erhöhten Mutationslast und dem Ansprechen 

auf eine Immuncheckpointblockade gezeigt werden, was somit ebenfalls einem 

histologieübergreifenden prädiktiven Biomarker entspricht (Friedman et al., 2022; Marabelle et 

al., 2020). Beispielsweise sei hier die KEYNOTE-158 Studie zitiert, in der 1066 Patientinnen 

und Patienten mit verschiedenen Tumorentitäten mit einem Immuncheckpointinhibitor 

behandelt wurden. Eine hohe Tumormutationslast von mehr als 10 Mutationen pro Megabase 

war dabei mit einer höheren Ansprechrate (29%) als eine niedrige Tumormutationslast (4%) 

assoziiert (Marabelle et al., 2020). Zu betonen ist, dass manche Tumorentitäten, wie 

beispielsweise Tumore des zentralen Nervensystems, trotz hoher Mutationslast schlechter auf 
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eine Immuntherapie ansprechen (McGrail et al., 2021). Diese Daten zeigen deutlich die 

notwendige Vorsicht bei der tumorübergreifenden Interpretation entsprechender Daten. 

Die sogenannte Mikrosatelliteninstabilität beschreibt einen Genotyp der durch eine hohe 

genetische Instabilität gekennzeichnet ist und sowohl bei erblichen Tumorsyndromen, als auch 

bei sporadischen Tumorerkrankungen identifiziert werden kann. Ein verbessertes Ansprechen 

auf eine Immuncheckpointblockade konnte bei zahlreichen mikrosatelliteninstabilen 

Tumorerkrankungen gezeigt werden (Azad et al., 2020; Le et al., 2015). 

Zusammenfassend können zahlreiche therapierbare molekulare Veränderungen bei multiplen 

Tumorarten gefunden werden. Viele dieser Alterationen – wie etwa NTRK-Genfusionen – 

treten dabei nur sehr selten auf, wobei die Häufigkeit von der Tumorerkrankung abhängt. Auf 

Grund der zunehmenden Verfügbarkeit zielgerichteter Substanzen ist die Identifikation dieser 

Alterationen jedoch relevant, da sich dadurch neue therapeutische Optionen eröffnen. Die 

Vielfalt prädiktiver Biomarker erfordert hierbei jedoch oftmals eine gleichzeitige Analyse 

zahlreicher möglicher Veränderungen.   

 

ENTWICKLUNG MOLEKULARER ANALYSEVERFAHREN 

Wie oben dargestellt, ist die Entwicklung personalisierter Therapieverfahren eng mit 

molekularbiologischen Analyseverfahren verknüpft. Die Möglichkeit einer schnellen und 

zuverlässigen Identifikation molekularer Tumorveränderungen ist entscheidend für den 

klinischen Einsatz zielgerichteter Therapien. Die Vielfalt genetischer Dysregulation bei 

Tumorerkrankungen erfordert somit auch zahlreiche verschiedene Analyseverfahren, wobei 

einzelne Veränderungen auch über verschiedene Verfahren diagnostiziert werden können. 

Beispielhaft sind hier einige Mechanismen genetischer Dysregulation mit möglichen 

Analyseverfahren genannt. 
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Hierzu gehören die Deletion oder Amplifikation von Genabschnitten als 

Genkopienzahlveränderungen. Diese lassen sich beispielsweise mittels Fluoreszenz-in-situ-

Hybridisierung (FISH), Array-basierten comparative genomic hybridisation (array-CGH), next-

generation sequencing (NGS)-Methoden bis hin zur Ganzgenomsequenzierung (whole-

genome sequencing, WGS), oder näherungsweise über eine Analyse des Genproduktes z.B. 

mittels Immunhistochemie (IHC) darstellen (Willmore et al., 2005). 

Strukturelle Variationen, wie z.B. Genfusionen, lassen sich ebenfalls über eine FISH 

nachweisen. Die teilweise wechselnden Bruchpunkte und Fusionspartner erfordern für einen 

sequenzierungsbasierten Nachweis der Genfusion jedoch RNA-basierte Methoden oder eine 

Ganzgenomsequenzierung (Heydt et al., 2021).  

Veränderungen auf Ebene der Nukleinbasen können in der Regel nur sequenzierungsbasiert 

nachgewiesen werden. Dies kann auf Einzelgenebene – beispielsweise mittels Sanger-

Sequenzierung erfolgen, oder multiple Bereiche auf einem Genpanel – z.B. mittels NGS - 

erfassen. Wie oben dargestellt kann die Anzahl der erfassten Genbereiche dabei von 

einzelnen Bereichen, über das kodierende Exom (Whole-Exome Sequencing, WES) bis zum 

WGS umfassen (Shendure et al., 2017). Teilweise ist über spezifische Antikörper auch ein 

Nachweis des resultierenden alterierten Genprodukts nachweisbar. Weitere mögliche 

genetische Alterationen umfassen Veränderung der DNA-Regulation auf epigenetischer 

Ebene oder durch Veränderungen regulatorischer RNA. Wie oben dargestellt, sind 

Regulationsveränderungen auch durch den Nachweis von quantitativen Veränderungen auf 

RNA- oder Proteinebene möglich.  

Neben diesen individuellen Veränderungen werden zunehmen auch komplexe Biomarker 

klinisch relevant. Veränderungen in DNA-Reparaturmechanismen können beispielsweise nicht 

nur auf Ebene einzelner Gene nachgewiesen werden, sondern führen zu Veränderungen im 

gesamten Genom. Erst die zusammenfassende Betrachtung zahlreicher Veränderungen als 

komplexer Biomarker kann so zur Identifikation der alterierten Mechanismen führen. 
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Beispielsweise seien hier die Tumormutationslast oder Defizienz in der homologen 

Rekombination genannt, welche z.B. über eine Sequenzierung zahlreicher Genbereiche durch 

spezielle Panels mit nachfolgender Berechnung definierter Scores nachweisbar sind 

(Marabelle et al., 2020; Willing et al., 2023). 

Durch die Verfügbarkeit günstiger, schneller und zuverlässiger Analyseverfahren, werden 

zunehmend breite Multigenanalysen in der Routinediagnostik eingesetzt. Dies erlaubt eine 

gleichzeitige Analyse multipler therapeutischer Zielstrukturen (Frampton et al., 2013).  

 

HERAUSFORDERUNGEN BEI DER INTEGRATION MOLEKULARER ANALYSEN IN DER 

KLINISCHEN ROUTINE 

Die Integration einer breiten molekularen Diagnostik führt häufig zur Identifikation zahlreicher 

molekularer Veränderungen. Die Interpretation und Integration dieser Datenpunkte als 

Biomarker für eine Anpassung des klinischen Managements ist eine Herausforderung. 

Traditionell erfolgte die Durchführung klinischer Studien und nachfolgende 

Medikamentenzulassung und Etablierung von Behandlungsleitlinien anhand von 

Tumorentitäten. Die Identifikation molekular definierter Subgruppen und die oben dargestellte 

tumorübergreifende Wirksamkeit zielgerichteter Therapieoptionen stellt dieses Konzept vor 

eine Herausforderung. Dies wird insbesondere durch die Seltenheit zahlreicher relevanter 

molekularer Zielstrukturen kompliziert. Beispielsweise liegt die Frequenz von NTRK-Fusionen 

in den häufigsten soliden Tumorerkrankungen bei unter 0,5% (Gouda et al., 2023). BRAF 

p.V600E-Mutationen sind bei ca. 3% der soliden Tumore beschrieben (Gouda et al., 2023). 

Die Komplexität der molekularen Diagnostik in Kombination mit der Seltenheit und 

Heterogenität molekularer Veränderungen erfordert daher neue Konzepte bei der Integration 

molekularer Diagnostik und zielgerichteter Tumortherapie. Seit 2012 werden daher vermehrt 
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spezielle Tumorboards eingesetzt, um eine klinische Integration breiter molekularer Diagnostik 

zu erlauben (Roychowdhury et al., 2011).  

Initial wurden diese vor allem initiiert, um eine Rekrutierung für klinische Studien zu erlauben 

(Meric-Bernstam, Brusco, et al., 2015). Hierbei konnte in Meta-Analysen früher klinischer 

Studien eine verbesserte Wirksamkeit einer molekularen Stratifizierung für zielgerichtete 

Substanzen gezeigt werden (Schwaederle et al., 2015; Schwaederle, Zhao, et al., 2016). 

Diese Daten rechtfertigen den Einsatz einer molekularen Tumoranalyse zum Studienscreening 

und Einleitung einer zielgerichteten Tumortherapie. Diesem Ansatz liegt das Prinzip der Suche 

nach Patientinnen und Patienten für eine konkrete Studie zu Grunde. Zahlreiche molekulare 

Veränderungen sind jedoch sehr selten, so dass zahlreiche Patientientinnen und Patienten für 

konkrete Studien gescreent werden müssen. Da hierbei zunehmend breite 

Genpanelsequenzierungen eingesetzt wurden, führte das Vorgehen zu einem 

Perspektivwechsel, so dass nicht länger Patienten für Studien, sondern Therapieoptionen für 

einzelne Patienten gesucht wurden. Dieser patientenzentrische Ansatz und die limitierte 

Verfügbarkeit molekular stratifizierte Studien führte zum zunehmenden Einsatz molekular 

stratifizierter Therapien auch jenseits einzelner Studien (Meric-Bernstam, Brusco, et al., 2015). 

Retrospektive Analysen zeigten dabei ein verbessertes Patientenoutcome mit personalisierten 

Therapien (Schwaederle, Parker, et al., 2016; A. M. Tsimberidou et al., 2014; A.-M. 

Tsimberidou et al., 2017). Vorliegende Daten sind jedoch zum Großteil retrospektiver Natur 

und durch die eingeschlossenen heterogenen Kollektive, oftmals in späten Therapielinien, 

schwierig interpretierbar. Daten aus molekularer Tumorboards sind somit oftmals einarmige, 

retrospektive Fallserien mit sehr heterogenen Empfehlungs-, Therapieumsetzungsraten und 

klinischem Outcome (A. M. Tsimberidou et al., 2023). In einer systematischen Meta-Analyse 

wurden 14 Studien mit 3328 Patientinnen und Patienten ausgewertet, wobei Ansprechraten 

zwischen 0 und 67% berichtet wurden. Insgesamt zeigte sich dabei ein Trend zu verbesserten 

Ergebnissen mit molekular zielgerichteten Therapien (Larson et al., 2021). 
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Über diese Entwicklungen sind molekulare Tumorboards als Routineeinrichtungen an 

zahlreichen großen Kliniken entstanden, um eine interdisziplinäre Diskussion und klinische 

Integration komplexer molekularer Daten zu erlauben.  

Die prospektive Testung dieses präzisionsonkologischen Ansatzes ist weiterhin eine 

Herausforderung und erfordert angepasste Studiendesigns als Kombination aus oben 

beschriebenen Basket- und Umbrella-Konzepten. Eine erste prospektive Studie mit 

Randomisierung zwischen molekular stratifizierter Therapie und Behandlung nach Wahl der 

Behandelnden konnte jedoch keinen Vorteil dieses Vorgehens zeigen (Le Tourneau et al., 

2015). Aktuellere Entwicklungen versuchen oben genannte Studienkonzepte mit flexiblen 

Behandlungsarmen und der Integration von Real-World-Daten zu kombinieren (Dickson et al., 

2020; Park et al., 2022).  

Dies publizierten Negativdaten sind wahrscheinlich auf die wenigen und nur grob 

zusammengefassten Behandlungsarme mit wenig effektiven Therapieoptionen 

zurückzuführen. Dies zeigt die Schwierigkeit bei der klinischen Interpretation molekularer 

Daten. Beispielsweise führt nicht jede genetische Variante zu einer onkogenen 

Signalwegsveränderung und nicht jedes Medikament ist gleichermaßen geeignet, einen 

relevanten Signalweg zu blockieren. Eine zu einfache Zuordnung zwischen Signalweg und 

Medikament, welche im Rahmen prospektiver Studien mit getestet wird, kann daher zu 

beschriebenen negativen Studiendaten führen. 

 

ZIELSETZUNG 

Der klare Benefit eines personalisierten Therapieansatzes bei selektierten Patientengruppen 

hat zu einem breiten Einsatz molekularer Analyseverfahren bei Patienten mit soliden 

Tumorerkrankungen insbesondere in späten Therapielinien geführt. 
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Die klinische Interpretation dieser Daten erfolgt in molekularen Tumorboards. Hierbei ist der 

Workflow zur Identifikation individualisierter Therapieoptionen jedoch nicht standardisiert. Die 

große und zunehmende Vielfalt der biomedizinischen Literatur zu molekularen Veränderungen 

und zielgerichteter Therapieoptionen, sowie möglicherweise parallel bestehende 

Standardtherapieoptionen stellen eine große Herausforderung für die evidenzbasierte und 

reproduzierbare Schaffung molekular stratifizierter Therapieoptionen dar. 

Die Etablierung eines Workflows zur evidenzbasierten klinischen Interpretation molekularer 

Daten zur Schaffung eines Patientennutzens bei gleichzeitiger kontinuierlicher 

wissenschaftlicher Reevaluation ist Thema dieser Habilitationsschrift. 
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2. EIGENE ARBEITEN 
PUBLIKATION 1 
Vergleich von Behandlungsempfehlungen internationaler molekularer Tumorboards 

Damian T Rieke, Mario Lamping, Marissa Schuh, Christophe Le Tourneau, Neus Basté, Mark 
E Burkard, Klaus H Metzeler, Serge Leyvraz, Ulrich Keilholz 

Comparison of Treatment Recommendations by Molecular Tumor Boards Worldwide 

JCO Precis Oncol. 2018 Nov:2:1-14.  

https://doi.org/10.1200/PO.18.00098 

Da, wie oben dargestellt, keine Standards bei der Erstellung von Therapieempfehlungen in 
molekularen Tumorboards existieren, war die Heterogenität bei personalisierten 
Therapieempfehlungen unklar. Zur Klärung dieser Frage wurden vier fiktionale Patientenfälle 
erstellt und 29 molekularen Tumorboards weltweit zur Verfügung gestellt. Ebenso wurde ein 
Fragebogen zur Analyse der Zusammensetzung der jeweiligen Tumorboards und lokaler 
Workflows erstellt. In der Analyse zeigte sich – trotz nur fünf teilnehmener Tumorboards – eine 
erhebliche Heterogenität in der Bewertung und Interpretation molekularer Veränderungen. 

Unterschiede zeigten sich dabei sowohl in der Interpretation und Bewertung somatischer 
Varianten, wie bei der Identifikation möglicher Keimbahnvarianten. Weiterhin existierten 
deutliche Abweichungen bei der Verwendung von Evidenzniveaus.  

Der nachfolgende Text entspricht dem Originalabstract der Publikation 1 (Damian T Rieke, 
Mario Lamping, Marissa Schuh, Christophe Le Tourneau, Neus Basté, Mark E Burkard, Klaus 
H Metzeler, Serge Leyvraz, Ulrich Keilholz. Comparison of Treatment Recommendations by 
Molecular Tumor Boards Worldwide. JCO Precis Oncol. 2018 Nov:2:1-14. doi: 
10.1200/PO.18.00098.): 

“Purpose: Precision oncology holds the promise of improving patient outcome. It is based on 
the idea that the testing of genomic biomarkers can lead to the recommendation of a treatment 
option tailored to the specific patient. To derive treatment recommendations from molecular 
profiles, interdisciplinary molecular tumor boards (MTBs) have been established recently in 
many academic institutions. The recommendation process in MTBs, however, has not been 
well defined, which limits applicability to larger clinical trials and patient populations. 

Methods: We created four fictional patients on the basis of recent real cases with genomic 
information on mutations, fusions, copy numbers, and gene expression. We identified 29 tumor 
boards from nine countries worldwide and asked them to provide treatment recommendations 
for the sample patients. In addition, a questionnaire regarding the setup and methods used by 
MTBs was circulated. 

Results: Five MTBs from four countries provided treatment recommendations and answered 
the questionnaire. For one patient, three tumor board treatment recommendations were 
identical, and two tumor boards had identical treatment strategies for the other three patients. 
There was heterogeneity in the interpretation of tumor and germline aberrations as well as in 
standards of prioritization. 
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Conclusion: Differences in the interpretation and recommendation process contribute to 
heterogeneity in MTB recommendations. Additional comparative analyses of 
recommendations could help improve rational decision making and lead to standardization.“ 
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PUBLIKATION 2 
Erstellung und Evaluation eines evidenzbasierten Entscheidungssystems für ein 
molekulares Tumorboard 

Mario Lamping, Manuela Benary, Serge Leyvraz, Clemens Messerschmidt, Eric Blanc, 
Thomas Kessler, Moritz Schütte, Dido Lenze, Korinna Jöhrens, Susen Burock, Konrad 
Klinghammer, Sebastian Ochsenreither, Christine Sers, Reinhold Schäfer, Ingeborg Tinhofer, 
Dieter Beule, Frederick Klauschen, Marie-Laure Yaspo, Ulrich Keilholz, Damian T Rieke 

Support of a molecular tumour board by an evidence-based decision management system for 
precision oncology 

Eur J Cancer. 2020 Mar:127:41-51. 

https://doi.org/10.1016/j.ejca.2019.12.017 

Auf der Basis der zuvor gezeigten fehlenden Standards und erheblichen Heterogenität bei der 
Bewertung molekularer Varianten wurde im Rahmen der folgenden Arbeit ein Workflow 
erstellt, um reproduzierbare und evidenzbasierte, personalisierte Therapieoptionen auf der 
Basis molekularer Daten identifizieren zu können. Dieser Workflow wurde in einer Analyse von 
100 Patienten der molekularen Tumorkonferenz getestet und zusammenfassend beschrieben. 
Der nachfolgende Text entspricht dem Originalabstract der Publikation 2 (Mario Lamping, 
Manuela Benary, Serge Leyvraz, Clemens Messerschmidt, Eric Blanc, Thomas Kessler, Moritz 
Schütte, Dido Lenze, Korinna Jöhrens, Susen Burock, Konrad Klinghammer, Sebastian 
Ochsenreither, Christine Sers, Reinhold Schäfer, Ingeborg Tinhofer, Dieter Beule, Frederick 
Klauschen, Marie-Laure Yaspo, Ulrich Keilholz, Damian T Rieke. Support of a molecular 
tumour board by an evidence-based decision management system for precision oncology. Eur 
J Cancer. 2020 Mar:127:41-51. doi: 10.1016/j.ejca.2019.12.017. 

“Background: Reliable and reproducible interpretation of molecular aberrations constitutes a 
bottleneck of precision medicine. Evidence-based decision management systems may 
improve rational therapy recommendations. To cope with an increasing amount of complex 
molecular data in the clinical care of patients with cancer, we established a workflow for the 
interpretation of molecular analyses. 

Methods: A specialized physician screened results from molecular analyses for potential 
biomarkers, irrespective of the diagnostic modality. Best available evidence was retrieved and 
categorized through establishment of an in-house database and interrogation of publicly 
available databases. Annotated biomarkers were ranked using predefined evidence levels and 
subsequently discussed at a molecular tumour board (MTB), which generated treatment 
recommendations. Subsequent translation into patient treatment and clinical outcomes were 
followed up. 

Results: One hundred patients were discussed in the MTB between January 2016 and May 
2017. Molecular data were obtained for 70 of 100 patients (50 whole exome/RNA sequencing, 
18 panel sequencing, 2 immunohistochemistry (IHC)/microsatellite instability analysis). The 
MTB generated a median of two treatment recommendations each for 63 patients. Thirty-nine 
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patients were treated: 6 partial responses and 12 stable diseases were achieved as best 
responses. Genetic counselling for germline events was recommended for seven patients. 

 

Conclusion: The development of an evidence-based workflow allowed for the clinical 
interpretation of complex molecular data and facilitated the translation of personalized 
treatment strategies into routine clinical care. The high number of treatment recommendations 
in patients with comprehensive genomic data and promising responses in patients treated with 
combination therapy warrant larger clinical studies.” 
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PUBLIKATION 3 
Eine harmonisierte Meta-Datenbank zur klinischen Interpretation somatischer 
Genvarianten bei Krebserkrankungen  

Alex H Wagner, Brian Walsh, Georgia Mayfield, David Tamborero, Dmitriy Sonkin, Kilannin 
Krysiak, Jordi Deu-Pons, Ryan P Duren, Jianjiong Gao, Julie McMurry, Sara Patterson, 
Catherine Del Vecchio Fitz, Beth A Pitel, Ozman U Sezerman, Kyle Ellrott, Jeremy L Warner, 
Damian T Rieke, Tero Aittokallio, Ethan Cerami, Deborah I Ritter, Lynn M Schriml, Robert R 
Freimuth, Melissa Haendel, Gordana Raca, Subha Madhavan, Michael Baudis, Jacques S 
Beckmann, Rodrigo Dienstmann, Debyani Chakravarty, Xuan Shirley Li, Susan Mockus, 
Olivier Elemento, Nikolaus Schultz, Nuria Lopez-Bigas, Mark Lawler, Jeremy Goecks, Malachi 
Griffith , Obi L Griffith, Adam A Margolin; Variant Interpretation for Cancer Consortium 

A harmonized meta-knowledgebase of clinical interpretations of somatic genomic variants in 
cancer 

Nat Genet. 2020 Apr;52(4):448-457. doi: 10.1038/s41588-020-0603-8. Epub 2020 Apr 3. 

Im Rahmen der zuvor etablierten Workflows zeigte sich insbesondere die Bedeutung von 
Datenbanken, um eine reproduzierbare klinische Interpretation genetischer Tumorvarianten 
zu ermöglichen. Im Rahmen des internationalen VICC-Konsortiums konnte im Rahmen einer 
mehrjährigen Kollaboration eine Meta-Datenbank erstellt werden. Hierüber sind Biomarker-
Medikamenteninteraktionen strukturiert abrufbar. Im Rahmen der Analyse zeigte sich dabei 
auch eine fehlende Übereinstimmung zwischen integrierten Datenbanken, was die Größe der 
zugrundeliegenden biomedizinischen Literatur widerspiegelt. Der nachfolgende Text 
entspricht dem Originalabstract der Publikation 3 (Alex H Wagner, Brian Walsh, Georgia 
Mayfield, David Tamborero, Dmitriy Sonkin, Kilannin Krysiak, Jordi Deu-Pons, Ryan P Duren, 
Jianjiong Gao, Julie McMurry, Sara Patterson, Catherine Del Vecchio Fitz, Beth A Pitel, Ozman 
U Sezerman, Kyle Ellrott, Jeremy L Warner, Damian T Rieke, Tero Aittokallio, Ethan Cerami, 
Deborah I Ritter, Lynn M Schriml, Robert R Freimuth, Melissa Haendel, Gordana Raca, Subha 
Madhavan, Michael Baudis, Jacques S Beckmann, Rodrigo Dienstmann, Debyani 
Chakravarty, Xuan Shirley Li, Susan Mockus, Olivier Elemento, Nikolaus Schultz, Nuria Lopez-
Bigas, Mark Lawler, Jeremy Goecks, Malachi Griffith , Obi L Griffith, Adam A Margolin; Variant 
Interpretation for Cancer Consortium. A harmonized meta-knowledgebase of clinical 
interpretations of somatic genomic variants in cancer. Nat Genet. 2020 Apr;52(4):448-457.  
doi: 10.1038/s41588-020-0603-8.) 

“Precision oncology relies on accurate discovery and interpretation of genomic variants, 
enabling individualized diagnosis, prognosis and therapy selection. We found that six 
prominent somatic cancer variant knowledgebases were highly disparate in content, structure 
and supporting primary literature, impeding consensus when evaluating variants and their 
relevance in a clinical setting. We developed a framework for harmonizing variant 
interpretations to produce a meta-knowledgebase of 12,856 aggregate interpretations. We 
demonstrated large gains in overlap between resources across variants, diseases and drugs 
as a result of this harmonization. We subsequently demonstrated improved matching between 
a patient cohort and harmonized interpretations of potential clinical significance, observing an 
increase from an average of 33% per individual knowledgebase to 57% in aggregate.  
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Our analyses illuminate the need for open, interoperable sharing of variant interpretation data. 
We also provide a freely available web interface (search.cancervariants.org) for exploring the 
harmonized interpretations from these six knowledgebases.” 
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Precision oncology—in which treatment is informed by the 
mutational profile of a cancer—requires concise, standardized 
and searchable clinical interpretations of detected variants. 

Interpretations of biomarker–disease associations can be diagnostic, 
prognostic, therapeutic (predictive of favorable or adverse response 
to therapy) and/or predisposing (germline variants that increase 
risk of developing cancer). Many have curated the biomedical litera-
ture to collect and formalize these interpretations into knowledge-
bases1–12. These isolated efforts have resulted in disparate knowledge 
representation, and exchange of these biomarker–disease asso-
ciations remains a difficult challenge13. Consequently, stakeholders 
interested in the effects of somatic cancer variants are faced with 
the following trade-off: (1) reconciling multiple representations and 
interpretations across knowledgebases; or (2) potentially omitting 

clinically significant interpretations that are not universally cap-
tured. Manual aggregation of information across knowledgebases 
to interpret the variant profile for each patient is an unsustainable 
approach at scale. Moreover, the lack of an integrated resource has 
precluded the ability to easily assess the current state of precision 
treatment options. Published reports14–17 have relied on individual, 
often highly discordant knowledgebases. Interoperability and auto-
mated aggregation are required to make a comprehensive approach 
to cancer precision medicine tractable and to establish consensus 
across knowledgebases.

The current diversity and number of ‘knowledge silos’ and the 
associated difficulties of coordinating these disparate knowledge-
bases have led to an international effort to maximize genomic 
data sharing18,19. The Global Alliance for Genomics and Health 

A harmonized meta-knowledgebase of clinical 
interpretations of somatic genomic variants  
in cancer
Alex H. Wagner! !1, Brian Walsh! !2, Georgia Mayfield2, David Tamborero3,4, Dmitriy Sonkin! !5, 
Kilannin Krysiak! !1, Jordi Deu-Pons6,7, Ryan P. Duren8, Jianjiong Gao! !9, Julie McMurry2, 
Sara Patterson10, Catherine del Vecchio Fitz11, Beth A. Pitel12, Ozman U. Sezerman13, Kyle Ellrott2, 
Jeremy L. Warner! !14, Damian T. Rieke! !15, Tero Aittokallio! !16,17, Ethan Cerami11, Deborah I. Ritter18,19, 
Lynn M. Schriml20, Robert R. Freimuth! !12, Melissa Haendel! !2,21, Gordana Raca22,23, Subha Madhavan24,  
Michael Baudis25, Jacques S. Beckmann! !26, Rodrigo Dienstmann27, Debyani Chakravarty9, 
Xuan Shirley Li8, Susan Mockus! !10, Olivier Elemento28, Nikolaus Schultz9, Nuria Lopez-Bigas3,6,7, 
Mark Lawler29, Jeremy Goecks2, Malachi Griffith! !1�ᅒ, Obi L. Griffith! !1�ᅒ, Adam A. Margolin2 and 
Variant Interpretation for Cancer Consortium*

Precision oncology relies on accurate discovery and interpretation of genomic variants, enabling individualized diagnosis, prog-
nosis and therapy selection. We found that six prominent somatic cancer variant knowledgebases were highly disparate in 
content, structure and supporting primary literature, impeding consensus when evaluating variants and their relevance in a 
clinical setting. We developed a framework for harmonizing variant interpretations to produce a meta-knowledgebase of 12,856 
aggregate interpretations. We demonstrated large gains in overlap between resources across variants, diseases and drugs as 
a result of this harmonization. We subsequently demonstrated improved matching between a patient cohort and harmonized 
interpretations of potential clinical significance, observing an increase from an average of 33% per individual knowledgebase 
to 57% in aggregate. Our analyses illuminate the need for open, interoperable sharing of variant interpretation data. We also 
provide a freely available web interface (search.cancervariants.org) for exploring the harmonized interpretations from these 
six knowledgebases.
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(GA4GH) has emerged as an international cooperative project to 
accelerate the development of approaches for responsible, voluntary 
and secure sharing of genomic and clinical data20,21. The Variant 
Interpretation for Cancer Consortium (VICC; cancervariants.org) 
is a Driver Project of GA4GH, established to co-develop standards 
for genomic data sharing (https://www.ga4gh.org/how-we-work/
driver-projects/ga4gh.org/howwework/driver-projects.html). 
Specifically, the VICC is a consortium of clinical variant interpreta-
tion experts addressing the challenges of representing and sharing 
curated interpretations across the cancer research community.

Somatic variants in cancer-relevant genes are evaluated from 
multiple partially overlapping perspectives (Supplementary Note). 
The Association for Molecular Pathology, the American Society of 
Clinical Oncology and the College of American Pathologists (AMP/
ASCO/CAP) have published structured somatic variant clinical 
interpretation guidelines that specifically address diagnostic, prog-
nostic and therapeutic implications22. These guidelines do not pro-
vide systematic and comprehensive procedures to classify somatic 
variant oncogenicity, as has been published in the American College 
of Medical Genetics and Genomics (ACMG)/AMP guidelines23 for 
pathogenicity interpretation of germline variants.

Another common difference between somatic and germ-
line classification is the frequent use of variant representations 
that are defined by multiple alternative genomic alterations, 
including protein variants such as NP_004295.2:p.F1174L (ALK 
F1174L; caused by either NC_000002.11:g.29443695G>T or 
NC_000002.11:g.29443695G>C), and categorical variants24, such 
as ‘loss-of-function mutations’ or ‘activating mutations’ (the use of 
the word ‘mutations’ in these variant names is a somatic-specific 
nomenclature that is common across these knowledgebases). This 
represents an important distinction from the interpretation of 
germline variants, which are typically described by singular and 
specific DNA variants, and only rarely in broader terms. A primary 
challenge of this work was to handle the complexity of these somatic 
variant representations.

We leveraged the VICC member expertise to aggregate cancer 
variant interpretations from six distinguished constituent knowl-
edgebases: the Cancer Genome Interpreter Cancer Biomarkers 
Database (CGI), Clinical Interpretation of Variants in Cancer 
(CIViC), Jackson Laboratory Clinical Knowledgebase (JAX-CKB), 
MolecularMatch (MMatch), OncoKB and the Precision Medicine 
Knowledgebase (PMKB) (Supplementary Table 1)1,5,9–11. From a 
larger survey of published and available knowledgebases of clini-
cal interpretations of genomic variants (Supplementary Table 1), 
these knowledgebases were selected for their similarity in somatic 
disease focus. The institutions leading each constituent knowledge-
base agreed upon a core set of principles describing minimal data 
licensing and structure requirements (http://cancervariants.org/
principles/ and Supplementary Note).

Our cooperative effort developed a framework for structuring 
and harmonizing clinical interpretations across these knowledge-
bases. Specifically, we defined key elements of variant interpreta-
tions (genes, variants, diseases, drugs and evidence), developed 
strategies for harmonization and implemented this framework to 
consolidate interpretations into a single, harmonized meta-knowl-
edgebase (freely available at search.cancervariants.org).

Results
Aggregating and structuring interpretation knowledge. A review 
of the constituent somatic knowledgebases of the VICC (Fig. 1 and 
Supplementary Table 1)1,5,9–11 showed dramatic differences in the 
components of variant interpretations, which were often a mixture 
of concepts with standardized (such as Human Gene Nomenclature 
Committee (HGNC) gene symbols25, Human Genome Variation 
Society (HGVS) variant nomenclature26), externally referenced 
(identified elements of an established ontology or database) or 

knowledgebase-specific (shorthand, internal identifier) represen-
tations (Fig. 1). Representations of an element could vary within 
a knowledgebase, such as with the use of shorthand for diseases, 
including both standardized representations (for example, ‘CLL’ and 
‘ALL’ are both listed synonyms in the NCI Thesaurus27) and internal 
representations (for example, ‘G’ (glioma), ‘L’ (lung cancer) or ‘OV’ 
(ovarian cancer)).

We harmonized variant interpretations from each of these 
knowledgebases by mapping all data elements in each knowledge-
base to established standards and ontologies describing genes, 
variants, diseases and drugs (Fig. 1 and Supplementary Note). 
Briefly, genes were harmonized using the HGNC gene symbols. 
Variants were harmonized through a combination of knowledge-
base-specific rules, matching to the Catalog of Somatic Mutations 
in Cancer (COSMIC)3, and use of the ClinGen Allele Registry 
(reg.clinicalgenome.org)28. Diseases were harmonized using the 
European Bioinformatics Institute (EBI) Ontology Lookup Service 
(OLS; www.ebi.ac.uk/ols/index) to retrieve Disease Ontology (DO) 
terms and identifiers. Drugs were harmonized through queries to 
the Mychem.info API (mychem.info), PubChem29 and ChEMBL30. 
Details for each of these harmonization strategies are described in 
Methods and Extended Data Fig. 1.

Due to the knowledgebase-specific nature of describing an 
interpretation evidence level (Fig. 1), harmonization required 
manual mapping of evidence levels to a common standard. The 
AMP/ASCO/CAP somatic classification guidelines were released 
after (and partially informed by) the design of the VICC knowl-
edgebases. These guidelines are compatible with (but not identical 
to) the existing evidence levels of these knowledgebases. We con-
structed a mapping of evidence levels provided by each knowledge-
base to the evidence levels constituting AMP/ASCO/CAP tier I and 
II variants (Table 1).

The landscape of variant interpretation knowledge. The meta-
knowledgebase v.0.10 release contained 12,856 harmonized inter-
pretations (hereafter referred to as the core dataset; Methods) 
supported by 4,354 unique publications for an average of 2.95 
interpretations per publication. Notably, 83% of all publications 
were referenced by only one knowledgebase, and only one publica-
tion31 was referenced across all six knowledgebases (Extended Data 
Fig. 2a). Gene symbols were almost universally provided; the few 
interpretations lacking gene symbols (<0.01%) were structural vari-
ants that were not associated with an individual gene. In contrast 
to publications, the genes curated by the cancer variant interpre-
tation community are much more frequently observed in multiple 
knowledgebases. We observed that 23% of genes (97/415) with at 
least one interpretation were present in at least half of the knowl-
edgebases, compared to only 5% of publications (203/4,354; odds 
ratio, OR = 1.6 × 10−1, P = 4.7 × 10−34; Fisher’s exact test, two-sided; 
Extended Data Fig. 2b).

Variants had little overlap across the core dataset (Fig. 2a). Of 
the constituent 3,439 unique variants, 76.6% were described by 
only one knowledgebase, and <10% were observed in at least three  
(Fig. 2b). This lack of overlap was partially due to the complexity of 
variant representation. For example, the representation of an ERBB2 
variant as described in nomenclature defined by the HGVS26 is 
NP_004439.2:p.Y772_A775dup, and yet it is referenced in multiple 
different forms in the biomedical literature. p.E770delinsEAYVM32, 
p.M774insAYVM33 and p.A775_G776insYVMA34 all describe an 
identical protein kinase domain alteration, although they appear  
to identify different variants (Fig. 2c). Despite having a standard 
representation by the HGVS guidelines, these alternative forms con-
tinue to appear in the literature. Consequently, a researcher looking 
to identify a specific match to NP_004439.2:p.E770delinsEAYVM 
may find no direct matches, although several exist under various  
alternate representations. This component of variant harmonization  
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was addressed through the use of the ClinGen Allele Registry 
(Methods). Some differences in the scale and structure of 
these knowledgebases may be attributed to curation strategies 
(Supplementary Note).

To illustrate the challenges of searching across multiple variant 
representations, we surveyed all interpretations describing the pre-
viously discussed ERBB2 variant (NP_004439.2:p.Y772_A775dup) 
using the web interfaces provided by each knowledgebase (Table 2 
and Supplementary Table 2). Each knowledgebase represented this 

variant differently. Two did not have specific interpretations for 
this variant, although they did have relevant categorical variants 
(for example, ‘exon 20 insertions’; Table 2). Most of the knowledge-
bases had a single internal representation of the variant, although 
the majority of these representations did not match across knowl-
edgebases. The evidence describing these interpretations varied 
considerably in form, as each used knowledgebase-specific nomen-
clature (for example, evidence described as ‘level 3A’ in OncoKB is  
equivalent to ‘level 1B’ from MolecularMatch, or ‘level B’ from 

Variant interpretation knowledgebases

Harmonization Results

Query: BRAF V600E

Level A 4 interpretations Level B 13 interpretations

Level C 8 interpretations

Level D 20 interpretations

Variant

Gene

Disease

Drugs

Evidence

Reference-linked

Standardized

Resource-specific

Harmonized

Information available only in free-form text

Skin melanoma, predicts sensitivity,
vemurafenib

Skin melanoma, predicts sensitivity,
trametinib + dabrafenib (combination)

Colorectal cancer, poor prognosis

NSCLC, predicts sensitivity,
dabrafenib + trametinib (combination)

1

PMKBOncoKBMolecularMatchJAX-CKBCIViC
Cancer Genome

Interpreter

ClinGen Allele Registry

HGNC genes

Disease Ontology

ChEMBL drugs

AMP/ASCO/CAP
classification

2 n1 1 2 n2 1 2 n3 1 2 n4 1 2 n5 1 2 n6

Fig. 1 | Creation of a harmonized meta-knowledgebase. Six variant interpretation knowledgebases of the VICC (top panel) and representative symbolic 
interpretations from each (colored columns) are illustrated. Interpretations are split across five different elements: gene, variant, disease, drugs and 
evidence, and are colored to indicate their originating knowledgebase. Reference-linked elements correspond to unique identifiers from established 
authorities for that element (for example, the use of Entrez or Ensembl gene identifiers). Standardized elements correspond to immediately recognizable 
formats or descriptions of elements, but are not linked to an authoritative definition. Resource-specific elements are described by terminology unique to 
the knowledgebase. These elements are each harmonized (bottom left panel) to a common reference standard (shown here is the use of HGNC for genes, 
ChEMBL for drugs, AMP/ASCO/CAP guidelines for evidence, Disease Ontology for diseases and ClinGen Allele Registry for variants). This harmonized 
meta-knowledgebase allows for querying across interpretations from each of the constituent VICC knowledgebases (bottom right panel, example query 
BRAF V600E), returning aggregated results, which are categorized and sorted by evidence level.

Table 1 | Mapping knowledgebase-specific evidence codes to AMP/ASCO/CAP guidelines

Evidence 
level

Defining characteristics CIViC OncoKB JAX-CKB CGI MMatch PMKB

Level A 
(tier I)

Evidence from professional guidelines or FDA-approved 
therapies relating to a biomarker and disease.

Level A Level 
1/2A /R1

Guideline/FDA 
approved

Clinical 
practice

Level 1A Tier 1

Level B 
(tier I)

Evidence from clinical trials or other well-powered 
studies in clinical populations, with expert consensus.

Level B Level 3A Phase III Clinical trials 
III–IV

Level 1B

Level C 
(tier II)

Evidence for therapeutic predictive markers from case 
studies, or other biomarkers from several small studies. 
Also, evidence for biomarker therapeutic predictions 
for established drugs for different indications.

Predictive 
level C

Level 2B, 
level 3B

Clinical study/
phase I/phase II

Clinical trials 
I–II, case 
reports

Level 2C Tier 2

Level D 
(tier II)

Preclinical findings or case studies of prognostic or 
diagnostic biomarkers. Also includes indirect findings.

Nonpredictive 
level C/level 
D/level E

Level 4 Phase 0, 
preclinical

Preclinical 
data

Level 2D
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CIViC; Tables 1 and 2). Of the 19 unique publications describing  
the collected evidence, only three were observed in more than 
one knowledgebase, and none were observed in more than two. 
Interestingly, the curated interpretations from these shared publi-
cations varied by knowledgebase in disease scope (‘advanced solid 
tumor’ compared to ‘non-small cell lung cancer’ (NSCLC)35; ‘breast 
cancer and NSCLC’ compared to ‘cancer’36). A review of the interpre-
tations showed some that are present in most of the knowledgebases 
(for example, ‘use of afatinib, trastuzumab or neratinib in NSCLC’; 
Table 2), and others that are present in only one or two (for example, 
‘use of lapatinib in lung adenocarcinoma’ and ‘use of afatinib and 
rapamycin in combination in NSCLC’; Table 2). Importantly, this 
includes sparse interpretations that describe conflicting evidence 
(for example, ‘no benefit from neratinib in NSCLC’; Table 2) or neg-
ative evidence (for example, ‘does not support sensitivity/response 
to dacomitinib in NSCLC’; Table 2). Collectively, these data illus-
trate the diversity in knowledgebase structure, content, terminology 

and curation methodology. Consequently, utilizing a subset of these 
knowledgebases would likely result in differing interpretations 
before the harmonization performed in this study.

Harmonization improves consensus across interpretations. To 
test the effect of our harmonization methods on generating con-
sensus, we evaluated the overlap of unique interpretation elements 
from each knowledgebase of the core dataset in comparison to 
unharmonized (but aggregated) data (Methods). As noted above, 
genes from each resource used HGNC gene symbols, resulting in 
very little gain from harmonization; 45% of genes across knowl-
edgebases overlapped without harmonization, compared to 46% 
with harmonization. This is in contrast to variants (8% overlap-
ping unharmonized, 26% overlapping harmonized), diseases (27% 
unharmonized, 34% harmonized) and drugs (20% unharmonized, 
36% harmonized) (Supplementary Table 3). None of the evidence 
levels were consistent across resources when unharmonized, and all 
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Fig. 2 | Representation of genomic variants across interpretation knowledgebases. a, UpSet plot46 of variants across six cancer variant interpretation 
knowledgebases (KBs). Sets of variant interpretation knowledgebases with shared variants are indicated by colored dots in the lower panel, with color 
indicating set size (for example, yellow dots indicate only the single designated knowledgebase in the set, green dots indicate two knowledgebases in 
the set, etc.). Objects are attributed to the largest containing set; thus, a variant described by all six knowledgebases is attributed to the dark blue set 
with eight variants. b, Pie chart visualizing overall uniqueness of variants, with categories indicating the number of knowledgebases describing each 
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lead to omission of a clinically relevant finding.
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Table 2 | Comprehensive assessment of the NP_004439.2:p.Y772_A775dup variant across clinical interpretation knowledgebases

Resource ERBB2 variant 
name

Evidence Document ID Interpretation

CIViC M774INSAYVM Level B, 2-star PMID: 25899785 Does not support sensitivity/response to dacomitinib in NSCLC
M774INSAYVM Level C, 4-star PMID: 26559459 Supports sensitivity/response to afatinib in lung adenocarcinoma
M774INSAYVM Level C, 3-star PMID: 22325357 Supports sensitivity/response to afatinib in lung adenocarcinoma
M774INSAYVM Level C, 3-star PMID: 25789838 Supports sensitivity/response to trastuzumab emtansine in lung 

adenocarcinoma
M774INSAYVM Level D, 3-star PMID: 19122144 Supports sensitivity/response to afatinib and rapamycin 

(combination) in NSCLC
Kinase domain 
mutation

Level C, 4-star PMID: 26598547 Supports sensitivity/response to trastuzumab in lung 
adenocarcinoma

Kinase domain 
mutation

Level C, 3-star PMID: 22325357 Supports sensitivity/response to afatinib in lung adenocarcinoma

OncoKB Exon 20 insertions Level 4 10.1158/1538-7445.
AM2016-2644

Supports response to AP32788 in NSCLC

Oncogenic 
mutations

Level 3A PMID: 23220880 Supports response to neratinib in breast cancer and NSCLC
10.1158/1538-7445.
AM2017-CT001

CGI inframe insertion 
A775YVMA

Early trials 10.1200/
JCO.2017.35.15_
suppl.8510

Responsive to ado-trastuzumab emtansine in lung cancer

inframe insertion 
A775YVMA

Early trials 10.1158/1538-7445.
AM2017-CT001

Responsive to neratinib in cancer

proximal exon 20 Early trials PMID: 26598547 Responsive to afatinib, neratinib, lapatinib or trastuzumab in lung 
adenocarcinoma10.1200/

JCO.2017.35.15_
suppl.9071

PMKB exon(s) 20 
insertion

Tier 2 PMID: 22761469 Associated with sensitivity to some ERBB2 inhibitors in lung 
adenocarcinomaPMID: 16818618

PMID: 25152623
JAX-CKB Y772_A775dup Clinical study PMID: 26964772 Conflicting response to afatinib in lung adenocarcinoma

Y772_A775dup Phase II PMID: 29420467 Predicted sensitive to neratinib in Her2-receptor-negative breast 
cancer

Y772_A775dup Phase II PMID: 29420467 Predicted resistant to neratinib in urinary bladder cancer and NSCLC
Y772_A775dup Preclinical PMID: 26545934 Sensitive to afatinib in lung cancer
Y772_A775dup Preclinical PMID: 26545934 No benefit to gefitinib in lung cancer
Y772_A775dup Preclinical PMID: 28363995 Sensitive to neratinib in advanced solid tumor
exon 20 insertion Clinical study PMID: 28167203 Predicted sensitive to afatinib or trastuzumab in NSCLC
exon 20 insertion Clinical study PMID: 26964772 Predicted sensitive to afatinib in lung adenocarcinoma
exon 20 insertion Phase II PMID: 29420467 Predicted sensitive to neratinib in Her2-receptor-negative breast 

cancer
exon 20 insertion Phase II PMID: 29420467 No benefit to neratinib in NSCLC
exon 20 insertion Preclinical 10.1158/1538-7445.

AM2016-2644
Sensitive to AP32788 in advanced solid tumor

MolecularMatch Y772_A775dup Level 1B PMID: 22325357, 
26964772

Confers sensitivity to afatinib in patients with neoplasm of lung

Y772_A775dup Level 2C PMID: 26598547 Confers sensitivity to trastuzumab in patients with neoplasm of lung
Y772_A775dup Level 2D PMID: 22325357 Confers sensitivity to afatinib in patients with neoplasm of breast
A775_
G776insYVMA

Level 1A PMID: 26559459, 
22325357, 26545934

Confers sensitivity to afatinib in patients with neoplasm of lung

A775_
G776insYVMA

Level 2C PMID: 23610105, 
26964772, 22908275

Confers sensitivity to afatinib in patients with neoplasm of breast

A775_
G776insYVMA

Level 2D PMID: 17311002, 
22908275

Confers sensitivity to neratinib in patients with neoplasm of breast
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are consistent with a common standard (Table 1) after harmoniza-
tion, which is a primary contribution of this work.

Notably, in some cases, harmonization dramatically increased 
the number of elements to be considered. For example, CGI had an 
increase in variant count from 283 (unharmonized) to 1,600 (har-
monized) due to the expansion of ambiguous categorical variants 
(for example, ‘oncogenic mutation’) to the set of variants considered 
oncogenic by CGI (through extraction and mapping of the CGI 
Catalog of Validated Oncogenic Mutations). As mentioned above, 
the PMKB does not have a formalized ‘drug’ field for interpretations, 
so there is no reasonably accessible data for aggregating or harmoniz-
ing drugs for that resource. Drugs and variants both had a relatively 
greater benefit from normalization compared to the other interpre-
tation elements, which was likely driven by the diverse and numer-
ous synonymous representations of these concepts in use. While the 
complexities of variant representation have been discussed above, 
the complexity of drug labeling in these resources is driven by the 
multiple synonyms given to drugs in their numerous formulations 
and brands, which change relatively frequently over time.

Harmonization increases findings of clinical significance. 
Evaluation of patient variants for strong clinical significance 
requires an assessment of these variants in the appropriate dis-
ease context. When grouped to the nearest top-level disease term 
(Supplementary Table 4 and Supplementary Note), five major can-
cer group terms each accounted for over 5% of all interpretations in 
the core dataset: lung cancer (24%), breast cancer (13%), hemato-
logic cancer (11%), large intestine cancer (9%) and melanoma (6%) 
(Fig. 3a and Supplementary Table 5). Notably, the most common 
interpretations mirror top-level terms that have both high incidence 
(Fig. 3b) and high mortality (Fig. 3c) as reported by the American 
Cancer Society (Supplementary Table 6)37: lung cancer, breast can-
cer and hematologic cancer. The ‘large intestine cancer’ term con-
tains numerous interpretations describing colorectal cancers, which 
are closely related to colon cancer (a top-five cancer in both inci-
dence and mortality; Supplementary Table 7). Evaluation of these 
terms across the core dataset showed significant differences in the 
distribution of common cancer types constituting each knowledge-
base, illustrating the value of aggregating knowledgebases for a 
more comprehensive landscape of interpretations (Extended Data 
Fig. 3 and Supplementary Table 8).

To further test the value of harmonized interpretation knowledge, 
we evaluated the 38,207 patients of the AACR Project Genomics 
Evidence Neoplasia Information Exchange (GENIE)38. We first que-
ried the 237,175 moderate- or high-impact variants from GENIE 
using a broad search strategy (Methods and Extended Data Fig. 4). 
Notably, 11% (4,355) of patients lacked any variants to search before 
filtering on predicted impact, and 12% (4,543) after. This search 
yielded 2,316,305 interpretation search results for an average of 9.8 
interpretations per variant query. For a point mutation, these inter-
pretations included matches to alternate alleles at the same position, 
associated amino acid changes, the exon or functional domain or 
gene-level interpretations such as overexpression, gain/loss-of-
function or simply mutations. Restricting to a positional match (and 
thus excluding gene-level interpretations; Extended Data Fig. 4)  
showed an interpretation result set dominated by a few common 
GENIE point mutations in variants each with a large number of 
interpretations, including BRAF NP_004324.2:p.V600E, KRAS 
NP_004976.2:p.G12 mutations and both NP_006209.2:p.E545K and 
NP_006209.2:p.H1047R mutations in PIK3CA (Extended Data Fig. 
5). This is congruent with our observation that the interpretations of 
the core dataset for the most common diseases are highly focused on 
these and other specific genes (Fig. 3d), including tier I interpreta-
tions (Fig. 3e). Examining our results at the patient level showed that 
a focused, variant-level search resulted in at least one interpretation 
(in any cancer type with any level of evidence) for 57% of patients 

in the GENIE cohort, compared to the average 33% obtained when 
using each constituent knowledgebase individually (Fig. 3f). We 
observed that broadening the search scope to include any regional 
match (Extended Data Fig. 4) increased the cohort coverage to 86% 
of patients (compared to an average of 68% per individual knowl-
edgebase). However, it is prudent to keep in mind that the increase 
in matching percentage using regional match instead of exact match 
would be partly due to nononcogenic passenger variants.

A key component in determining the clinical relevance of an 
interpretation is whether the tumor type reported in the interpreta-
tion matches the patient’s tumor type (see ‘Defining characteristics’ 
in Table 1). Restricting patient search results to those interpreta-
tions that are of matching grouped disease terms (Extended Data 
Fig. 4 and Supplementary Note) resulted in 29% of patients with at 
least one clinical interpretation (compared to an average individual 
knowledgebase match rate of 13%), and 18% of patients with at least 
one tier I clinical interpretation (compared to an average 6% per 
individual knowledgebase) (Fig. 3f). Patients with rare diseases were 
disadvantaged in this analysis, as automated mapping of their dis-
ease terms to DO was less likely to succeed (Supplementary Note). 
Allowing matching to any ancestor or descendant term and allow-
ing partial variant overlaps improves matches to 60% (compared 
to an average of 35% per individual knowledgebase). This broader 
strategy, however, requires contextual re-evaluation of assigned 
AMP/ASCO/CAP evidence levels, which are designated for a pre-
cise match to variant and disease context. Consequently, evidence 
level or tier filtering can only be used with an exact search strategy. 
We evaluated an alternative, highly permissive search strategy that 
matches sample variants to any interpretation in the gene (Extended 
Data Fig. 6). The resulting match profile across the knowledgebases 
is comparable to findings from the overlapping variant strategy, 
indicating that many of the commonly mutated genes have gene-
level interpretations (which would be a match by either strategy).

A comparison of interpretations across the previously described 
common cancers (with proportion >5% in Supplementary Table 5)  
showed that the use of grouped terms instead of exact terms for 
matching interpretations to patients’ cancers varies dramatically 
by cancer type, with some cancers (for example, lung cancer and 
melanoma) showing little increased interpretation breadth, while 
others have enormous effect (for example, breast cancer and large 
intestine cancer; Fig. 3g). This is primarily due to the specific nature 
by which patients are classified with certain diseases, versus the 
aggregate nature by which interpretations are ascribed to diseases. 
Interestingly, 56% of GENIE patient samples (6,196/11,149) have 
disease-matched interpretations across the frequently observed 
cancers, compared to only 40% (5,430/13,724) of patient samples 
across all other cancers (OR = 1.9, P = 3.9 × 10−140; Fisher’s exact test, 
two-sided). These numbers are reduced to 44% (4,881/11,149) and 
18% (2,438/13,724), respectively, when considering only tier I inter-
pretations (OR = 3.6, P < 2.2 × 10−308; Fisher’s exact test, two-sided).

A resource for searching variant interpretation knowledge. We 
have developed and hosted a public web interface for exploring the 
VICC meta-knowledgebase, freely available at search.cancervari-
ants.org. This interface retrieves the most recent data release from 
an ElasticSearch index. Searching the knowledgebase is performed 
by specifying filters for any term or entering free text or compound 
(for example, and/or logic) queries in the search box at the top 
of the page (Fig. 4a). Panels with data distribution visualizations 
describe the current result set (Fig. 4b). These interactive panels 
provide additional information about specific subsets and may be 
used to create additional filters (for example, clicking on a level in 
the ‘evidence_level’ panel filters results throughout the page to dis-
play only those interpretations with the designated evidence level). 
This allows investigators to see the distribution of interpretations 
by evidence level, disease, gene and drug, and to filter according 
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to their interests. Tabulated results are provided at the bottom of 
the page (Fig. 4c), and are expandable with all details, including 
the (unharmonized) record provided by the original knowledge-
base for each interpretation. These search tools are available via 
both the web interface and an application programming interface 
(API) search endpoint (Methods), in addition to a GA4GH bea-
con on beacon-network.org. Additionally, a Python interface and  
analysis workbook have been developed to enable reproduction 

(and additional exploration) of the data presented in this paper, 
as well as full downloads of the underlying data (Methods). Usage 
documentation and example queries for this resource may be found 
at docs.cancervariants.org.

Discussion
In this study, we aggregated, harmonized and analyzed clinical inter-
pretations of cancer variants from six major knowledgebases1,5,9–11. 
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Our analysis uncovered highly disparate content in curated knowl-
edge, structure and primary literature across these knowledgebases. 
Specifically, we evaluated the unique nature of the vast majority of 
genomic variants reported across these knowledgebases and demon-
strated the challenge of developing a consensus interpretation given 
these disparities. These challenges are exacerbated by nonstandard 
representations of clinical interpretations, in both the primary lit-
erature and curated knowledge of these resources. It is encouraging 
that the curators of these knowledgebases have, without coordi-
nation, independently curated diverse literature and knowledge 
sources. However, this reflects an enormous curation burden gener-
ated from the increasingly employed molecular characterizations of 

patient tumors and the related expansion of the primary literature 
describing them. Even at the gene level, for which there is the high-
est degree of overlap across any element of an interpretation, 61% of 
genes with interpretations are observed in only one knowledgebase. 
Our findings thus highlight the need for a cooperative, global effort 
to curate comprehensive and thorough clinical interpretations of 
somatic variants for robust practice of precision medicine.

We observed that harmonization improved concordance between 
interpretation elements across resources (Supplementary Note), and 
as a result we were able to achieve at least one specific (position-
matched) harmonized variant interpretation for 57% of the patients 
in the GENIE cohort. In the most stringent searches, we required 
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a precise variant match to a tier I interpretation also matching the 
patient’s cancer; in these cases, 18% of the cohort had a finding of 
strong clinical significance. Notably, these findings were substan-
tially higher in patients with more common cancers, with 39% of the 
common cancer samples variant matching at least one tier I inter-
pretation, compared to 15% of other cancer samples. These findings 
are concordant with observations of matched therapy rates in pre-
cision oncology trials, including 15% from IMPACT/COMPACT15, 
11% from MSK-IMPACT14, 5% from the MD Anderson Precision 
Medicine Study16 and 23% from the NCI-MATCH trials17.

Collectively, our results portray a confluence of knowledge 
describing the most common genomic events relevant to the most 
frequent cancers, with highly disparate knowledge describing less 
frequent events in rare cancer types. The differing content of these 
knowledgebases may be a result of research programs targeted at 
frequent cancers, highlighting a need for a broader focus on less 
common cancers. This sparse landscape of curated interpretation 
knowledge is exacerbated by paucity in cross-references between 
ontologies describing disease, highlighting the importance of bridg-
ing this gap39. Similarly, complexities in variant representation have 
elucidated a need for sophisticated methods to harmonize genomic 
variants; harmonization with the ClinGen Allele Registry28 is suited 
to point mutations and indels, but the representation and harmo-
nization of complex and nongenomic (for example, expression or 
epigenetic) variants remains a challenge.

Our harmonized clinical interpretation meta-knowledgebase 
represents a significant step forward in building consensus that 
was previously unattainable due to a lack of harmonization ser-
vices, such as the Allele Registry, and expert standards and guide-
lines, such as those recommended by AMP/ASCO/CAP. This 
meta-knowledgebase serves as an open resource for evaluating 
interpretations from institutions with distinct curation structure, 
procedures and objectives. Potential uses include expert-guided 
therapy matching, supporting FDA regulatory processes associated 
with laboratory-developed genomic tests for guiding therapy and 
identification of diseases and biomarkers that warrant future study. 
The meta-knowledgebase web application is available at search.
cancervariants.org, with usage documentation and examples at 
docs.cancervariants.org. The content of this meta-knowledgebase 
is dynamic, as we routinely poll the constituent knowledgebases 
for their associations between variants and clinical interpretations, 
which primarily comprise predictions of somatic variant effect on 
disease response to a therapy. Unlike the recently FDA-recognized 
ClinGen Expert Curated Human Variant Data40,41, this resource 
is not meant to be used to directly annotate clinical reports, but 
rather to serve as a search tool for existing knowledge pertaining to 
observed genomic variation.

While our initial efforts provide a structure by which variant 
interpretation knowledgebases can contribute to a broader and 
more consistent set of interpretations, much work remains to be 
done. In particular, VICC members contribute to GA4GH Work 
Streams to develop and integrate new and existing42–45 standards 
for the representation of variant interpretations and the evidence 
that describe them. Our web interface is being redesigned to a full-
scale web service and user interface to concisely represent the most 
relevant interpretations for one or more variants. Specifically, we 
plan to add visual elements depicting the distribution of diseases 
corresponding to a searched variant, search modes specific to user 
intent (for example, disease-focused search, gene-focused search 
or multivariant search) and restyled result summaries. These and 
other planned changes are tracked on our central repository at git.
io/metakb (Supplementary Note for other planned improvements).

In conclusion, there is a great need for a collaborative effort 
across institutions to build structured, harmonized representations 
of clinical interpretations of cancer genomic variants to advance the 
implementation of precision medicine. Our work has illustrated the 

diversity of variant interpretations available across resources, lead-
ing to inconsistency in interpretation of cancer variants. We have 
assembled a framework and recommendations for structuring and 
harmonizing such interpretations, from which the cancer genom-
ics community can improve consensus interpretation for cancer 
patients. We have also developed and released open-source (MIT-
licensed) and freely available aggregated knowledge resources (web 
application, data downloads and API) and associated analysis tools. 
Our working group and open-source software development envi-
ronment are open to all and we welcome participation from anyone 
with an interest in learning about, utilizing, augmenting, improving 
or proposing new directions for this community-based project, for 
the benefit of cancer patients.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information; details of author 
contributions and competing interests; and statements of data and 
code availability are available at https://doi.org/10.1038/s41588-
020-0603-8.

Received: 25 April 2019; Accepted: 26 February 2020;  
Published online: 3 April 2020

References
 1. Huang, L. et al. "e cancer precision medicine knowledge base for structured 

clinical-grade mutations and interpretations. J. Am. Med. Inform. Assoc. 24, 
513–519 (2017).

 2. Yeh, P. et al. DNA-mutation inventory to re#ne and enhance cancer treatment 
(DIRECT): a catalog of clinically relevant cancer mutations to enable 
genome-directed anticancer therapy. Clin. Cancer Res. 19, 1894–1901 (2013).

 3. Forbes, S. A. et al. COSMIC: somatic cancer genetics at high-resolution. 
Nucleic Acids Res. 45, D777–D783 (2017).

 4. Ainscough, B. J. et al. DoCM: a database of curated mutations in cancer.  
Nat. Methods 13, 806–807 (2016).

 5. Chakravarty, D. et al. OncoKB: a precision oncology knowledge base. J. Clin. 
Oncol. Precis Oncol. https://doi.org/10.1200/PO.17.00011 (2017).

 6. Landrum, M. J. et al. ClinVar: public archive of interpretations of clinically 
relevant variants. Nucleic Acids Res. 44, D862–D868 (2016).

 7. Whirl-Carrillo, M. et al. Pharmacogenomics knowledge for personalized 
medicine. Clin. Pharmacol. !er. 92, 414–417 (2012).

 8. Dienstmann, R., Jang, I. S., Bot, B., Friend, S. & Guinney, J. Database of 
genomic biomarkers for cancer drugs and clinical targetability in solid 
tumors. Cancer Discov. 5, 118–123 (2015).

 9. Patterson, S. E. et al. "e clinical trial landscape in oncology and connectivity 
of somatic mutational pro#les to targeted therapies. Hum. Genomics 10,  
4 (2016).

 10. Gri$th, M. et al. CIViC is a community knowledgebase for expert 
crowdsourcing the clinical interpretation of variants in cancer. Nat. Genet. 49, 
170–174 (2017).

 11. Tamborero, D. et al. Cancer Genome Interpreter annotates the biological and 
clinical relevance of tumor alterations. Genome Med. 10, 25 (2018).

 12. Damodaran, S. et al. Cancer Driver Log (CanDL): catalog of potentially 
actionable cancer mutations. J. Mol. Diagn. 17, 554–559 (2015).

 13. Good, B. M., Ainscough, B. J., McMichael, J. F., Su, A. I. & Gri$th, O. L. 
Organizing knowledge to enable personalization of medicine in cancer. 
Genome Biol. 15, 438 (2014).

 14. Zehir, A. et al. Mutational landscape of metastatic cancer revealed from prospec-
tive clinical sequencing of 10,000 patients. Nat. Med. 23, 703–713 (2017).

 15. Stockley, T. L. et al. Molecular pro#ling of advanced solid tumors and patient 
outcomes with genotype-matched clinical trials: the Princess Margaret 
IMPACT/COMPACT trial. Genome Med. 8, 109 (2016).

 16. Tsimberidou, A.-M. et al. Initiative for molecular pro#ling and advanced 
cancer therapy (IMPACT): an MD Anderson precision medicine study.  
J. Clin. Oncol. Precis Oncol. https://doi.org/10.1200/PO.17.00002 (2017).

 17. Barroilhet, L. & Matulonis, U. "e NCI-MATCH trial and precision medicine 
in gynecologic cancers. Gynecol. Oncol. 148, 585–590 (2018).

 18. Creating a Global Alliance to Enable Responsible Sharing of Genomic and 
Clinical Data https://www.ga4gh.org/wp-content/uploads/White-Paper-June-
3-#nal.pdf (Global Alliance for Genomics and Health, 2013).

 19. Lawler, M. et al. All the world’s a stage: facilitating discovery science and 
improved cancer care through the global alliance for genomics and health. 
Cancer Discov. 5, 1133–1136 (2015).

NATURE GENETICS | VOL 52 | APRIL 2020 | 448Ð457 | www.nature.com/naturegenetics456



 56 

 

 

 

ANALYSISNATURE GENETICS

 20. Siu, L. L. et!al. Facilitating a culture of responsible and e" ective sharing of 
cancer genome data. Nat. Med. 22, 464Ð471 (2016).

 21. Clinical Cancer Genome Task Team of # e Global Alliance for Genomics and 
Health. Sharing clinical and genomic data on cancerÑthe need for global 
solutions. N. Engl. J. Med. 376, 2006Ð2009 (2017).

 22. Li, M. M. et!al. Standards and guidelines for the interpretation and  
reporting of sequence variants in cancer: a joint consensus recommendation 
of the Association for Molecular Pathology, American Society of Clinical 
Oncology, and College of American Pathologists. J. Mol. Diagn. 19,  
4Ð23 (2017).

 23. Richards, S. et!al. Standards and guidelines for the interpretation of sequence 
variants: a joint consensus recommendation of the American College of 
Medical Genetics and Genomics and the Association for Molecular 
Pathology. Genet. Med. 17, 405Ð424 (2015).

 24. Patterson, S. E., Statz, C. M., Yin, T. & Mockus, S. M. Utility of the JAX 
Clinical Knowledgebase in capture and assessment of complex genomic 
cancer data. NPJ Precis. Oncol. 3, 2 (2019).

 25. Povey, S. et!al. # e HUGO Gene Nomenclature Committee (HGNC).  
Hum. Genet. 109, 678Ð680 (2001).

 26. Dunnen, J. T., Dalgleish, R., Maglott, D. R. & Hart, R. K. HGVS 
recommendations for the description of sequence variants: 2016 update. 
Human. 37, 564Ð569 (2016).

 27. Sioutos, N. et!al. NCI # esaurus: a semantic model integrating  
cancer-related clinical and molecular information. J. Biomed. Inform. 40, 
30Ð43 (2007).

 28. Pawliczek, P. et!al. ClinGen Allele Registry links information about genetic 
variants. Hum. Mutat. 39, 1690Ð1701 (2018).

 29. Kim, S. et!al. PubChem substance and compound databases. Nucleic Acids 
Res. 44, D1202ÐD1213 (2016).

 30. Davies, M. et!al. ChEMBL web services: streamlining access to drug discovery 
data and utilities. Nucleic Acids Res. 43, W612ÐW620 (2015).

 31. Bose, R. et!al. Activating HER2 mutations in HER2 gene ampli$cation 
negative breast cancer. Cancer Discov. 3, 224Ð237 (2013).

 32. Xu, S. et!al. Circulating tumor DNA identi$ed by targeted sequencing in 
advanced-stage non-small cell lung cancer patients. Cancer Lett. 370,  
324Ð331 (2016).

 33. Stephens, P. et!al. Lung cancer: intragenic ERBB2 kinase mutations in 
tumours. Nature 431, 525Ð526 (2004).

 34. Kris, M. G. et!al. Targeting HER2 aberrations as actionable drivers in lung 
cancers: phase II trial of the pan-HER tyrosine kinase inhibitor dacomitinib 
in patients with HER2-mutant or ampli$ed tumors. Ann. Oncol. 26, 
1421Ð1427 (2015).

 35. Gonzalvez, F. et!al. Abstract 2644: AP32788, a potent, selective inhibitor of 
EGFR and HER2 oncogenic mutants, including exon 20 insertions, in 
preclinical models. Cancer Res. 76, 2644 (2016).

 36. Hyman, D. M. et!al. Abstract CT001: Neratinib in HER2 or HER3 mutant 
solid tumors: SUMMIT, a global, multi-histology, open-label, phase 2 ÔbasketÕ 
study. Cancer Res. 77, CT001 (2017).

 37. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2018. CA Cancer J. 
Clin. 68, 7Ð30 (2018).

 38. AACR Project GENIE Consortium. AACR Project GENIE: powering 
precision medicine through an international consortium. Cancer Discov. 7, 
818Ð831 (2017).

 39. Mungall, C. J. et!al. # e Monarch Initiative: an integrative data and analytic 
platform connecting phenotypes to genotypes across species. Nucleic Acids 
Res. 45, D712ÐD722 (2017).

 40. Rehm, H. L. et!al. ClinGenÑthe clinical genome resource. N. Engl. J. Med. 
372, 2235Ð2242 (2015).

 41. Genetic Database Recognition Decision Summary for ClinGen Expert Curated 
Human Variant Data https://www.fda.gov/media/119313/download (US Food 
and Drug Administration, 2018).

 42. Ritter, D. I. et!al. Somatic cancer variant curation and harmonization through 
consensus minimum variant level data. Genome Med. 8, 117 (2016).

 43. Brush, M. H. & Shefchek, K. & Haendel, M. SEPIO: a semantic model for the 
integration and analysis of scienti$c evidence. In Proc. Joint ICBO-BioCreative 
2016 Vol. 1747 (CEUR, 2016).

 44. Chibucos, M. C. et!al. Standardized description of scienti$c evidence using 
the Evidence Ontology (ECO). Database 2014, bau075 (2014).

 45. Mateo, J. et!al. A framework to rank genomic alterations as targets for cancer 
precision medicine: the ESMO Scale for Clinical Actionability of molecular 
Targets (ESCAT). Ann. Oncol. 29, 1895Ð1902 (2018).

 46. Lex, A., Gehlenborg, N., Strobelt, H., Vuillemot, R. & P$ster, H. UpSet: 
visualization of intersecting sets. IEEE Trans. Vis. Comput. Graph. 20, 
1983Ð1992 (2014).

PublisherÕs note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) and the source, provide a link to 
the Creative Commons license, and indicate if changes were made. The images or other 
third party material in this article are included in the articleÕs Creative Commons license, 
unless indicated otherwise in a credit line to the material. If material is not included in 
the articleÕs Creative Commons license and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

NATURE GENETICS | VOL 52 | APRIL 2020 | 448Ð457 | www.nature.com/naturegenetics 457



 57 

 

ANALYSIS NATURE GENETICSANALYSIS NATURE GENETICS

Methods
Collecting cancer variant interpretation knowledge. OncoKB, the CGI and 
JAX-CKB all contain complementary knowledge of variant oncogenicity. While 
valuable, knowledge of a variantÕs potential role in driving tumorigenesis is 
structured di! erently than clinical interpretations of genomic variants, and is 
therefore outside of the scope of this manuscript. While omitted from the analyses 
presented in this paper, we do aggregate these annotations due to their potential 
utility in clinical research. ClinGen, ACMG, AMP, ASCO, VICC and CAP are 
working on developing guidelines to enable consistent and comprehensive 
assessment of oncogenicity of somatic variants. In the future, variant oncogenicity 
interpretations based on such guidelines can be incorporated into meta-
knowledgebases and should help to improve the harmonization of related 
interpretations.

Exact code for collecting and harmonizing each of the VICC knowledgebases 
may be found at https://github.com/ohsu-comp-bio/g2p-aggregator. The cancer 
biomarker database from CGI was collected from the cgi_biomarkers_per_variant.
tsv file from the biomarkers download at https://www.cancergenomeinterpreter.
org/data/cgi_biomarkers_latest.zip. CIViC content was collected via the gene and 
variant API endpoints documented online at https://docs.civicdb.org/en/latest/api.
html. JAX-CKB content of the publicly available 86 genes was collected from an 
unpublished API endpoint (collecting code at https://github.com/ohsu-comp-bio/
g2p-aggregator/blob/v0.10/harvester/jax.py#L145-L147). MolecularMatch content 
was collected via an authorized API key for use in the aggregated knowledgebase 
(collecting code at https://github.com/ohsu-comp-bio/g2p-aggregator/blob/v0.10/
harvester/molecularmatch.py). OncoKB content was collected via a combination 
of the levels, genes, variants and variants/lookup API endpoints documented at: 
http://oncokb.org/#/dataAccess. PMKB content was provided as a JSON file by the 
knowledgebase, which we are hosting at: https://s3-us-west-2.amazonaws.com/
g2p-0.7/unprocessed-files/pmkb_interpretations.json.

Harmonizing genes. Gene symbols were matched to the table of gene symbols 
from HGNC, hosted at the EBI47: ftp://ftp.ebi.ac.uk/pub/databases/genenames/
new/json/non_alt_loci_set.json. This table was used to construct an ÔaliasesÕ 
table comprised of retired and alternate symbols for secondary lookup if the 
interpretation gene symbol was not found among the primary gene symbols 
from HGNC. If an alias used by a knowledgebase was shared between two genes, 
omitted by the knowledgebase or failed to match either the primary or alias table, 
the gene was omitted from the normalized gene field.

Harmonizing variants. Variants collected from each knowledgebase were 
first evaluated for attributes specifying a precise genomic location, such as 
chromosome, start and end coordinates, variant allele and an identifiable reference 
sequence. Variant names were queried against the Catalog of Somatic Mutations 
in Cancer (COSMIC)3 v.81 to infer these attributes in knowledgebases that did 
not provide them. Custom rules were written to transform some types of variants 
without clear coordinates (for example, amplifications) into gene coordinates. All 
variants were then assembled into HGVS strings and submitted to the ClinGen 
Allele Registry (http://reg.clinicalgenome.org) to obtain distinct, cross-assembly 
allele identifiers, if available.

Harmonizing diseases. Diseases were matched to the DO48, through lookup 
with the EBI OLS47, unless a preexisting ontology term for a different ontology 
existed (98.7% of interpretations map to DO). We downloaded the March 
2018 release of the TopNode terms from https://github.com/DiseaseOntology/
HumanDiseaseOntology/blob/master/src/ontology/subsets/TopNodes_
DOcancerslim.json and mapped our interpretation diseases to this list, assigning 
each disease to its nearest TopNode ancestor (Supplementary Table 4 and 
Supplementary Note). We assigned remaining interpretation diseases to the 
nonspecific term of DOID:162 (cancer) if the disease was a descendant of this 
term, but not a descendant of one of the TopNode terms.

Harmonizing drugs. Drug names were first queried against the biothings API49 
for harmonization (documented at https://mychem.info/v1/api) and if not found 
were subsequently queried against the PubChem Compounds29, PubChem 
Substances and ChEMBL30 web services (see https://github.com/ohsu-comp-bio/
g2p-aggregator/blob/v0.10/harvester/drug_normalizer.py for details).

Harmonizing evidence level. Evidence levels were standardized to the AMP/
ASCO/CAP guidelines as outlined in Table 1.

Comprehensive evaluation of ERBB2 duplication. Public web portals for the 
six VICC knowledgebases were manually searched for interpretations for variants 
describing the alteration detailed in Fig. 2c. The MolecularMatch resource 
changed its data access policy after peer review of this manuscript, and is no longer 
accessible to the public. The web portals for the remaining resources are freely 
available online without registration at the following URLs:

�t�� CGI: https://www.cancergenomeinterpreter.org/biomarkers
�t�� CIViC: https://civicdb.org/search/variants/
�t�� JAX-CKB: https://ckb.jax.org/geneVariant/" nd

�t�� OncoKB: http://oncokb.org
�t�� PMKB: https://pmkb.weill.cornell.edu

Evaluating nonharmonized aggregate content. To evaluate the gains provided  
by our harmonization methods, we collected and minimally formatted 
interpretation elements from each knowledgebase without using any 
harmonization routines. We selected the set of unique elements for each resource 
and calculated the overlap across the union of those sets (Supplementary Table 
3). We then repeated this procedure for harmonized elements and compared total 
element count and percentage overlap between harmonized and nonharmonized 
elements. Calculations for the specific fields of that table are provided in the 
Supplementary Note.

Project GENIE. GENIE data were downloaded from the v.3.0.0 data release 
available at: https://www.synapse.org/#!Synapse:syn7222066/files/. Variants 
were extracted from Ôdata_mutations_extended.txtÕ, and clinical data from Ôdata_
clinical_sample.txtÕ. Variants were filtered on predicted consequence of medium 
or high impact. This classification was based upon the VEP consequence table 
(http://useast.ensembl.org/info/genome/variation/prediction/predicted_data.
html#consequences) and resulted in exclusion of variants classified as Silent, 
3!Flank, 3!UTR, 5!Flank, 5!UTR, Intron or Splice_Region. Patients without any 
variants after filtering were included in all calculations. Oncotree cross-references 
were obtained from their API at http://oncotree.mskcc.org/api/tumorTypes  
(data version, oncotree_2018_05_01) and cross-references were then mapped  
to DO terms where they matched. In cases where one-to-many mappings  
occurred, manual review of those mappings was performed to select the most 
appropriate mapping.

Variant intersection search. Variant coordinates were used to search genomic 
features via coordinate intersection. A complete intersection of query and target 
is considered a Ôpositional matchÕ, or a more specific Ôexact matchÕ if the alternate 
alleles also match. A Ôfocal matchÕ is reported if the intersection fraction is less than 
complete, but over 10% overlapping (reciprocally). A Ôregional matchÕ is reported if 
there is any intersection, but the match is of no other type (Extended Data Fig. 4a).

Disease TopNode search. Disease searching returns a distance of the number 
of ancestor or descendant TopNode terms between the queried disease and the 
matching target (see Supplementary Note for more on TopNode terms). Two 
diseases sharing a TopNode term (for example, DOID:3008, invasive ductal 
carcinoma, and its parent term DOID:3007, breast ductal carcinoma, are both 
members of DOID:1612, breast cancer) would have a distance of 0. However, if 
two diseases share a TopNode term but do not have a direct lineage, they are not 
a match. For example, DOID:0050938, Ôbreast lobular carcinomaÕ, does not match 
to DOID:3007, Ôbreast ductal carcinomaÕ, even though they share a TopNode term 
(DOID:1612, Ôbreast cancerÕ), as they are sibling concepts and do not have an 
ancestor/descendant relationship (Extended Data Fig. 4b).

Enrichment testing for GENIE Oncotree diseases that map to DO TopNode 
was performed by comparing the count of a given disease term across the GENIE 
patients, and then splitting these counts into two groups: those diseases that 
mapped to DO in our analysis, and those that did not. This set of counts was 
ranked and compared by group using the MannÐWhitney U-test. The sets of 
counts (as well as the statistical test) may be found in cell 208 of the analysis 
notebook accompanying this study.

Gene intersection search. To assess cohort interpretability (Extended Data Fig. 6)  
when considering only matching a variant to a gene, we used the assigned gene 
symbols for each GENIE variant and compared them to interpretation gene 
symbols. Patients with at least one variant matching an interpretation gene symbol 
were considered a match. Matches were subsequently filtered by broad disease 
matching and by interpretation tier; no adjustment was made to the evidence level 
and tier to account for this imprecise aggregation strategy.

ElasticSearch API and web front end. Collectors create ÔAssociationÕ documents 
segmented by the source field. Documents are posted to an ElasticSearch v.6.0 
instance provisioned by AWS elasticsearch service.

On top of ElasticSearch, we built web services using the Flask web framework. 
The search.cancervariants.org endpoint provides two simple REST-based 
web services: an association query service and a GA4GH beacon service. The 
association query service allows users to query for evidence using any combination 
of keywords, while the beacon service provisions G2P associations into the 
GA4GH beacon network (beacon-network.org) enabling retrieval of associations 
on the basis of genomic location. OpenAPI (swagger) documentation is provided 
to accelerate development and provide API integration scaffolding. Client 
applications can use the API to create higher level sets of queries driven by cohort 
allele sets (for example, MAF/VCF files) with varying genomic resolutions and 
disease/drug combinations. The API server and nginx proxy are described by 
Docker configurations and deployed colocated within a t2.micro instance.

The user interface is a customized Kibana dashboard that enhances Lucene-
based full-text search of associations with interactive aggregation heat maps, 
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tables and other components. The API documentation is available at: search.
cancervariants.org/api/v1/ui/.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Analyzed harmonized data from the aggregated knowledgebases are available for 
bulk download at https://s3-us-west-2.amazonaws.com/g2p-0.10/index.html. 
Data are made available according to the data sharing principles and data sharing 
agreement provided by the VICC (cancervariants.org/join). In accordance with 
these principles, all content is available for academic research. The CIViC, CGI 
Biomarkers and PMKB knowledgebases provide content with no restrictions 
on reuse; however, commercial use of content from other knowledgebases is 
restrictedÑsee individual knowledgebases for current content licensing.

Code availability
The Python 3.6 interface package and Jupyter analysis notebook to generate these 
results are available online at http://git.io/vicckb, and are freely available for reuse 
under the MIT license. Code for the generation of Supplementary Table 8 and 
associated statistical tests is available online at https://github.com/ahwagner/
vicckb/blob/master/supporting_scripts/VICCdisease_graphs_by_database.R. 
Docker containers and source code for the meta-knowledgebase are hosted online 
at https://github.com/ohsu-comp-bio/g2p-aggregator, and are freely available for 
reuse under the MIT license.
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Die oben dargestellte Integration einer breiten molekularen Charakterisierung inklusive 
Genom- und Transkriptomdaten stellt die zuvor etablierten Workflows vor eine 
Herausforderung. Um die Reproduzierbarkeit der klinischen Interpretation solch 
hochdimensionaler Daten zu analysieren, wurden Tumorboardempfehlungen von 40 Patienten 
aus dem DKTK MASTER Programm mit vergleichbaren hochdimensionalen Daten verglichen. 
Hierbei zeigte sich eine vergleichsweise hohe Übereinstimmung aus der Basis vergleichbarer 
Workflows. Der nachfolgende Text entspricht dem Originalabstract der Publikation 4 (Damian 
T Rieke, Till de Bortoli, Peter Horak, Mario Lamping, Manuela Benary, Ivan Jelas, Gina Rüter, 
Johannes Berger, Marit Zettwitz, Niklas Kagelmann, Andreas Kind, Falk Fabian, Dieter Beule, 
Hanno Glimm, Benedikt Brors, Albrecht Stenzinger, Stefan Fröhling, Ulrich Keilholz. Feasibility 
and outcome of reproducible clinical interpretation of high-dimensional molecular data: a 
comparison of two molecular tumor boards. BMC Med. 2022 Oct 24;20(1):367. doi: 
10.1186/s12916-022-02560-5.). 

“Background: Structured and harmonized implementation of molecular tumor boards (MTB) for 
the clinical interpretation of molecular data presents a current challenge for precision oncology. 
Heterogeneity in the interpretation of molecular data was shown for patients even with a limited 
number of molecular alterations. Integration of high-dimensional molecular data, including 
RNA- (RNA-Seq) and whole-exome sequencing (WES), is expected to further complicate 
clinical application. To analyze challenges for MTB harmonization based on complex molecular 
datasets, we retrospectively compared clinical interpretation of WES and RNA-Seq data by 
two independent molecular tumor boards. 

Methods: High-dimensional molecular cancer profiling including WES and RNA-Seq was 
performed for patients with advanced solid tumors, no available standard therapy, ECOG 
performance status of 0–1, and available fresh-frozen tissue within the DKTK-MASTER 
Program from 2016 to 2018. Identical molecular profiling data of 40 patients were 
independently discussed by two molecular tumor boards (MTB) after prior annotation by 
specialized physicians, following independent, but similar workflows. Identified biomarkers and 
resulting treatment options were compared between the MTBs and patients were followed up 
clinically. 
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Results: A median of 309 molecular aberrations from WES and RNA-Seq (n = 38) and 82 
molecular aberrations from WES only (n = 3) were considered for clinical interpretation for 40 
patients (one patient sequenced twice). A median of 3 and 2 targeted treatment options were 
identified per patient, respectively. Most treatment options were identified for receptor tyrosine 
kinase, PARP, and mTOR inhibitors, as well as immunotherapy. The mean overlap coefficient 
between both MTB was 66%. Highest agreement rates were observed with the interpretation 
of single nucleotide variants, clinical evidence levels 1 and 2, and monotherapy whereas the 
interpretation of gene expression changes, preclinical evidence levels 3 and 4, and 
combination therapy yielded lower agreement rates. Patients receiving treatment following 
concordant MTB recommendations had significantly longer overall survival than patients 
receiving treatment following discrepant recommendations or physician’s choice. 

Conclusions: Reproducible clinical interpretation of high-dimensional molecular data is feasible 
and agreement rates are encouraging, when compared to previous reports. The interpretation 
of molecular aberrations beyond single nucleotide variants and preclinically validated 
biomarkers as well as combination therapies were identified as additional difficulties for 
ongoing harmonization efforts.” 
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Abstract  

Background: Structured and harmonized implementation of molecular tumor boards (MTB) for the clinical inter-
pretation of molecular data presents a current challenge for precision oncology. Heterogeneity in the interpretation 
of molecular data was shown for patients even with a limited number of molecular alterations. Integration of high-
dimensional molecular data, including RNA- (RNA-Seq) and whole-exome sequencing (WES), is expected to further 
complicate clinical application. To analyze challenges for MTB harmonization based on complex molecular datasets, 
we retrospectively compared clinical interpretation of WES and RNA-Seq data by two independent molecular tumor 
boards.

Methods: High-dimensional molecular cancer proÞling including WES and RNA-Seq was performed for patients with 
advanced solid tumors, no available standard therapy, ECOG performance status of 0Ð1, and available fresh-frozen tis-
sue within the DKTK-MASTER Program from 2016 to 2018. Identical molecular proÞling data of 40 patients were inde-
pendently discussed by two molecular tumor boards (MTB) after prior annotation by specialized physicians, following 
independent, but similar workßows. IdentiÞed biomarkers and resulting treatment options were compared between 
the MTBs and patients were followed up clinically.

Results: A median of 309 molecular aberrations from WES and RNA-Seq (n =  38) and 82 molecular aberrations from 
WES only (n =  3) were considered for clinical interpretation for 40 patients (one patient sequenced twice). A median 
of 3 and 2 targeted treatment options were identiÞed per patient, respectively. Most treatment options were identi-
Þed for receptor tyrosine kinase, PARP, and mTOR inhibitors, as well as immunotherapy. The mean overlap coe!cient 
between both MTB was 66%. Highest agreement rates were observed with the interpretation of single nucleotide 

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the articleÕs Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the articleÕs Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

  Damian T. Rieke, Till de Bortoli, Peter Horak, Stefan Fršhling and Ulrich 
Keilholz contributed equally to this work.

*Correspondence:  damian.rieke@charite.de

2 Department of Hematology, Oncology and Cancer Immunology, 
Campus Benjamin Franklin, CharitŽ Ð UniversitŠtsmedizin Berlin, Corporate 
Member of Freie UniversitŠt Berlin and Humboldt-UniversitŠt zu Berlin, 
Hindenburgdamm 30, 12203 Berlin, Germany
Full list of author information is available at the end of the article



 62 

 

Page 2 of 11Rieke!et!al. BMC Medicine          (2022) 20:367 

Background
Precision oncology is expected to improve cancer treat-
ment by taking into account molecular alterations [1]. 
Targeted treatment of well-deÞned molecular altera-
tions has shown a clinical beneÞt, accordingly [2Ð4]. 
! e precision oncology process relies on many steps, 
including patient accrual, sample analysis, interpretation 
of results, and their clinical application [5]. ! e clinical 
interpretation of molecular data from tumor sequencing 
has been called the ÒbottleneckÓ of precision oncology 
[6]. Published guidelines address variant annotation and 
biomarker prioritization, whereas a complete interpreta-
tion workßow remains unstandardized [7Ð11]. Multiple 
databases and search tools exist for the identiÞcation of 
biomedical literature to support biomarker associations 
[12Ð14]. Yet, most databases contain non-overlapping 
literature [15, 16]. ! e vast biomedical literature and 
challenges in the variant interpretation process lead to 
inter-interpreter di" erences even with limited molecu-
lar data [17]. ! e use of multi-gene panels to simultane-
ously interrogate multiple genes of interest has become 
a standard in most cancer centers. In addition to gene-
panel diagnostics, even more comprehensive analyses of 
genome or transcriptome are increasingly used [18Ð21], 
thus further raising dimensionality and therefore com-
plexity of the resulting data. ! ese analyses hold prom-
ise to identify targetable alterations in patients where no 
well-deÞned biomarker will be identiÞed by more tar-
geted analyses. For unselected patient cohorts, a clear 
beneÞt with precision oncology has so far not been shown 
in prospective studies [22Ð24]. ! ese results contrast 
with the clear beneÞt of precision oncology strategies in 
patients with well-deÞned molecular alterations within a 
speciÞc tumor histology [3, 4]. A few more recent trials 
have shown e# cacy of biomarker-directed therapy even 
in histology-agnostic trials [2, 25]. In order to further 
expand these beneÞts to a larger and unselected patient 
population, reproducible and evidence-based strate-
gies for the clinical interpretation of complex molecu-
lar data are required. In order to identify challenges for 

harmonized workßows, we compared treatment options 
identiÞed by two independent molecular tumor boards 
for patients with identical exome and transcriptome 
sequencing, e.g., high-dimensional, molecular data.

Results
Analysis of!MTB work" ows
! e workßows of both MTB were compared (Additional 
Þle$1, Fig S1). Both workßows consisted of initial steps of 
biomarker identiÞcation and Þltering from the provided 
list of molecular alterations, followed by clinical annota-
tion and molecular tumor board discussion, treatment 
recommendation, and clinical follow-up. Importantly, 
both workßows included structured literature searches 
and the use of databases, evidence levels, and interdisci-
plinary discussion of results. Di" erences were observed 
with an additional step of validation for the analysis of 
missing data and the interpretation of biomarkers in their 
genomic context in the Berlin workßow and a step for the 
functional assessment of molecular changes using litera-
ture and database searches in the Heidelberg workßow. 
However, both additional steps were largely included in 
the respective other workßows (validation under clini-
cal relevance in the Heidelberg workßow and functional 
assessment under Þltering in the Berlin workßow).

Patient characteristics
We identiÞed 56 patients who were discussed inde-
pendently by MTBs in Heidelberg and Berlin between 
2016 and 2018. Sixteen patients were excluded from the 
analysis because of prior deterioration, only one avail-
able treatment recommendation, or identical molecu-
lar information was not available to one of the tumor 
boards at the time of discussion or the tumor board 
was not blinded to results from the other MTB (Fig.$1). 
Clinical characteristics of the resulting 40 patients 
are displayed in Table$1. ! e median age at the date of 
trial inclusion was 45 years. Slightly more male than 
female patients were amongst the study participants. All 
patients received prior systemic chemotherapy before 

variants, clinical evidence levels 1 and 2, and monotherapy whereas the interpretation of gene expression changes, 
preclinical evidence levels 3 and 4, and combination therapy yielded lower agreement rates. Patients receiving treat-
ment following concordant MTB recommendations had signiÞcantly longer overall survival than patients receiving 
treatment following discrepant recommendations or physicianÕs choice.

Conclusions: Reproducible clinical interpretation of high-dimensional molecular data is feasible and agreement 
rates are encouraging, when compared to previous reports. The interpretation of molecular aberrations beyond single 
nucleotide variants and preclinically validated biomarkers as well as combination therapies were identiÞed as addi-
tional di! culties for ongoing harmonization e" orts.

Keywords: Precision oncology, Whole-exome sequencing, RNA-sequencing, Clinical interpretation, Targeted therapy, 
Molecular tumor board
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DKTK MASTER inclusion. Head and neck (35%) and 
gastrointestinal tumors (30 %) were the most frequently 
sequenced tumor sites. Neuroendocrine neoplasm G3 
was the most common histology.

WES and RNA-Seq were performed on 38 samples of 
37 patients, and WES only on 3 samples of 3 patients, 
since tumor material was insu! cient for RNA-Seq. One 
patient was successfully sequenced a second time after 
progression and both sequencing results were indepen-
dently considered for analysis. A median of 309 (WES 
and RNA-Seq) and 82 (WES) aberrations per patient 
were reported to the MTB, of which the majority were 
gene expression outliers in the WES/RNA-Seq group and 
SNV in the WES group (Table"2). A summary of genes 
and respective alterations can be found in Additional 
Þle"2: Table"S1. # ese genetic alterations then underwent 
annotation and interdisciplinary discussion in the MTBs 
in Heidelberg and Berlin. From these bioinformatically 
generated lists of all molecular alterations, clinical anno-
tation identiÞed a median of 4 predictive biomarkers per 
patient in both MTB. Gene expression outliers and struc-
tural alterations (e.g., gene deletion/ampliÞcation) were 
the molecular alteration types that were most commonly 

identiÞed as predictive biomarkers. # ese Þndings 
resulted in a median of 3 and 2 treatment options per 
patient, respectively (Table" 3). Predictive biomarkers 
and treatment options are provided in Additional Þle"2: 
Table"S2. # e most frequently identiÞed alterations that 
were considered predictive biomarkers were aberrations 
of the EGFR, ATM, and CDKN2A genes (Fig."2). Most 
frequently identiÞed treatment options included PARP 
inhibitors, followed by mTOR and immune checkpoint 
(ICI) inhibitors, as well as various receptor tyrosine 
kinase (TKI) inhibitors (including multi-kinase, FGFR, 
and ERBB inhibitors) (Fig."2).

Treatment recommendation and!predictive biomarker 
agreement
IdentiÞed treatment options were compared between 
both MTBs. # e mean overlap coe! cient between both 
molecular tumor boards was 66%. # e respective treat-
ment options for the analyzed cohort are provided in 
Additional Þle"2: Table"S3.

# ere was a signiÞcant positive correlation between 
the identiÞcation of identical predictive biomarkers and 

Fig. 1 Consort diagram depicting the ßow of patients
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identiÞcation of identical treatment recommendations 
between both MTBs (R 0.57, p < 0.001, Fig.!3).

To identify challenges for future harmonization 
e" orts, treatment options were analyzed with regard 
to the type of biomarker, the evidence level (EvL), 
and therapeutic basket (Fig.! 4). More concordant 

recommendations were seen for genomic compared to 
transcriptomic biomarkers, with clinical (EvL 1 and 2) 
compared to preclinical (EvL 3 and 4) evidence levels 
and immune checkpoint and PARP inhibitors com-
pared to mTOR inhibitors. A mean of 1.7 predictive 
biomarkers were reported per treatment option. No 
signiÞcant association was seen between the number 
of reported supporting predictive biomarkers and con-
cordance of treatment options, although more predic-
tive biomarkers (mean 1.8 vs. 1.5, t-test p= 0.06) were 
reported per concordant treatment option than per dis-
cordant treatment option. Recommended combination 
therapies were assessed individually and only one of 25 

Table 1 The clinical data of the 40 patients included in the 
analysis

GIST gastrointestinal stromal tumor, MANEC mixed adenoceuroendocrine 
carcinoma, DSRCT  desmoplastic small round cell tumor

Clinical characteristics Value

Age, years

 Median (range) 45 (22Ð65)

Sex, no. (%)

 Male 22 (55)

 Female 18 (45)

Prior systemic chemotherapies, no. (%)

 1 5 (12.5)

 2 12 (30)

 3 8 (20)

 !  4 15 (37.5)

Tumor site/type, no. (%)

 Head and neck 14 (35)

  Neuroendocrine neoplasm G3 4

  Squamous cell carcinoma 3

  Adenoid cystic carcinoma 3

  Adenocarcinoma 2

  Chondrosarcoma 1

  Carcinosarcoma 1

 Gastrointestinal 12 (30)

  Neuroendocrine neoplasm G3 6

  Neuroendocrine MANEC 2

  Neuroendocrine neoplasm G2 1

  GIST 1

  Mesothelioma 1

  Squamous cell carcinoma 1

 Urogenital 8 (20)

  Neuroendocrine neoplasm G3 2

  Germ cell tumor 2

  Leiomyosarcoma 1

  Pheochromocytoma 1

  Teratoma 1

  Squamous cell carcinoma 1

 Lung 3 (7.5)

  Adenocarcinoma 2

  Neuroendocrine neoplasm G2 1

Cancer of unknown primary 3 (7.5)

 Adenocarcinoma 1

 Neuroendocrine neoplasm G3 1

 DSRCT 1

Table 2 Median number and range of all molecular alterations 
that were reported to both MTB for clinical interpretation in the 
WES and RNA-Seq and WES only groups

Molecular characteristics WES +  RNA-seq
n =  38

WES
n =  3

Aberrations, no.

Median (range) 309 (181Ð6013) 82 (24Ð9248)

Single nucleotide variants, no.

 Somatic median (range) 48.5 (2Ð5645) 73 (22Ð9139)

 Germline median (range) 1 (0Ð5) 1 (0Ð3)

Indels, no.

 Somatic median (range) 3 (0Ð21) 6 (2Ð107)

 Germline median (range) 0 (0Ð2) 0 (0Ð1)

Structural variants, no.

 Median (range) 99.5 (5Ð731) 61 (53Ð426)

Gene fusions, no.

 Median (range) 83 (0Ð663) N/A

Gene expression outlier, no.

 Median (range) 166 (105Ð393) N/A

Table 3 The median number of biomarkers and treatment 
options, as identiÞed by Heidelberg and Berlin MTBs, respectively. 
The median number of types of alterations is also provided for 
biomarkers. Each predictive biomarker was counted once, 
irrespective of the number of resulting treatment options

Interpretations Heidelberg Berlin

Biomarker, no.

 Median (range) 4 (2Ð14) 4 (1Ð21)

  Single nucleotide variants 1 (0Ð6) 1 (0Ð4)

  Structural variants 1 (0Ð5) 1 (0Ð13)

  Gene fusions 0 (0Ð1) 0 (0Ð1)

  Gene expression outlier 2 (0Ð7) 1 (0Ð5)

  Signatures 0 (0Ð3) 0 (0Ð1)

Treatment options, no.

 Median (range) 3 (1Ð5) 2 (1Ð6)
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recommended combination regimens was identically 
recommended by both MTB.

Analysis of!clinical impact
After communication of identiÞed treatment options, 22 
of 40 (55 %) patients started at least one recommended 
therapy. Eighteen out of these 22 patients received treat-
ment following concordant treatment recommendations 
(Figs.!1 and 5).

Patients receiving therapy as recommended by both 
MTBs (Matched MTB therapy) displayed a signiÞcantly 
longer overall survival (P =  0.005, Fig.!5), compared to 
the groups of patients whose initiated therapy followed 
a treatment option that was suggested by only one MTB 
(Di" ering MTB therapy) or physicianÕs choice (e.g., ther-
apy not recommended by any MTB).

Discussion
SpeciÞc attention and additional research is required 
to improve the clinical annotation of molecular data, 
which is still unstandardized and inconsistent between 
molecular tumor boards [17]. # e integration of high-
dimensional molecular data can be expected to further 

complicate clinical interpretation but no real-world 
data currently exist on the scale or clinical impact of 
this scenario. Alleviating this imminent ÒbottleneckÓ 
[6] is expected to improve clinical decision-making and 
the prospective design of clinical trials for precision 
oncology.

In this work, we retrospectively analyzed the clini-
cal interpretation of identical and high-dimensional 
molecular alterations of 40 patients by two molecular 
tumor boards that were prospectively sequenced within 
the DKTK-MASTER-program. # is analysis yielded a 
mean overlap coe$ cient of 66%. Previous studies of rec-
ommendation heterogeneity yielded overall agreement 
rates between 40% [17] and 86% [26]. However, major 
di" erences between the studies have to be taken into 
account, when comparing these data. # e average num-
ber of molecular alterations per patient was 8 in the study 
by Rieke et!al. and 2.6 in the study by Koopman et!al. In 
the here presented study, more than 300 alterations per 
patient, identiÞed by whole-exome and RNA-sequencing, 
were clinically interpreted. Furthermore, the study by 
Koopman et!al. assessed clinical interpretation in well-
deÞned clinical situations of melanoma and NSCLC 

Fig. 2 Summary of biomarker genes and therapy options from 41 molecular tumor proÞles. The left panel indicates genes that were identiÞed at 
least four or more times by molecular tumor boards in Heidelberg (dot) and Berlin (triangle) as biomarkers. The right panel shows all recommended 
therapy options by both MTB. Abbreviations of therapy options, are as follows: ICI, immune checkpoint inhibition; TKI, tyrosine kinase inhibitors; 
CLDN, claudin-directed therapy; CAR-T, chimeric antigen receptor T-cell; CHEMO, chemotherapy; ASS, acetylsalicylic acid; all other gene names refer 
to treatment directed against these targets
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samples. ! e DKTK-MASTER study was designed to 
include patients without established treatment options, 
which is highlighted by the large number of patients 
with neuroendocrine neoplasms in this cohort, for 
which no standard of treatment exists in later lines of 
systemic therapy. Considering these molecular and clini-
cal challenges in an unplanned retrospective analysis 
of an experimental sequencing study, an overall agree-
ment rate of more than 60% should be viewed as highly 
encouraging. ! ese results could be mediated by similar 
MTB workßows, with an interdisciplinary MTB discus-
sion after prior manual annotation of molecular aberra-
tions with evidence levels, following a structured search 
of databases. Further improvement could therefore be 
expected with ongoing harmonization e" orts.

! is analysis allows for a detailed look at challenges 
with the interpretation of complex molecular data for 
these e" orts. Generally, more heterogeneous recommen-
dations were found in the setting of biomarkers with low 
evidence levels and combination therapy, probably due to 
the wealth and heterogeneity of preclinical studies [15], 
di" erences in their appreciation [11], and a lack of con-
trolled trials for combination targeted therapy due to 
combinatorial complexity [27]. More data for the rational 
use of drug combinations for precision oncology is war-
ranted. Additionally, lower agreement rates were identi-
Þed for gene expression data. ! is is probably caused 
by a lack of clinical studies for most of these alterations, 
which are additionally not well-deÞned because of a lack 
of established cut-o" s. Despite these more obvious chal-
lenges, perfect matches were also not achieved for SNV. 

Most SNVs annotated in this cohort were not identiÞed 
in well-characterized genes and therefore created chal-
lenges in their appreciation as potential biomarkers.

! e agreement rate in our study was lower for iden-
tiÞed predictive biomarkers than the corresponding 
treatment option. ! is can be explained by the frequent 
identiÞcation of several alterations that point towards 
identical treatment recommendations (e.g., BRCA muta-
tion, ATM underexpression, FANCI, FANCA deletion 
for PARP inhibitors in the same patient) but were not 
always all named by both tumor boards. Yet, agreement 
rates of predictive biomarkers were signiÞcantly associ-
ated with agreement rates of treatment options. ! ere-
fore, the structured identiÞcation of potential (predictive) 
biomarkers from molecular data remains key to the iden-
tiÞcation of treatment options. E" orts for a harmoniza-
tion of databases is expected to greatly aid with this [16]. 
Interdisciplinary teams will be increasingly important 
to extract the maximum of clinically relevant data from 
complex molecular proÞles.

Some limitations of this study should be consid-
ered: Patients were discussed in parallel by the molecu-
lar tumor boards in Heidelberg and Berlin only in the 
beginning of the MASTER program, thus limiting the 
number of patients. Additionally, the recommendations 
reßect MTB practices of the inclusion years 2016Ð2018, 
which have evolved signiÞcantly since then, thus possibly 
underestimating current concordance rates. ! is limita-
tion is important, since great e" orts have been put into 
biomarker annotation and database development, and 
since e" orts are ongoing [16, 28]. A follow-up analysis of 

Fig. 3 Analysis of an association between concordant biomarkers (x-axis) and therapy options (y-axis) between both molecular tumor boards. 
The plot demonstrates a signiÞcant positive correlation (blue line, R =  0.57; P < 0.001) between biomarkers and therapy options identiÞed from 41 
unique molecular tumor proÞles (each represented by a dot). The red line represents the mean overlap coe! cients for therapy options, and the 
green line for biomarkers
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the same patient data was not feasible within a blinded 
MTB setting. However, a more superÞcial second visit of 
the data suggested higher agreement rates between par-
ticipating tumor boards.

! e availability of new data and treatment options will 
eventually bring established targets into clinical routine 
and away from a more experimental MTB setting. An 
analysis of unclear and complex data can therefore be 
expected to remain a problem for precision oncology. 
! erefore, this analysis also has several strengths: Iden-
tical molecular data were available, limiting the e" ect 
of potential confounders. ! e retrospective, real-world 
design of this study reduced the risk of bias. Further-
more, the interpreted molecular data are highly complex, 
incorporating WES and RNA-Seq data, and thus allow 
for an analysis of a wealth of biomarkers and treatment 
recommendations even in the setting of two participat-
ing MTBs. High-dimensional molecular data beyond 

targeted sequencing are increasingly incorporated into 
precision oncology [18Ð21]. ! e added value of whole-
exome/genome and RNA-sequencing data is an impor-
tant clinical question. In our cohort, 75Ð90% of 67 SNV 
or Indels that were used as predictive biomarkers would 
have been identiÞed with large multigene-panels (e.g., 
MSK-IMPACT, TSO500). Yet, most structural/transcrip-
tomic biomarkers that led to treatment recommenda-
tions or further supported them would not have been 
identiÞed and the patient number is too small for a deÞn-
itive analysis of the clinical impact. ! erefore, this ques-
tion should be answered in larger and ideally prospective 
trials. In the WINTHER trial, no improvement of out-
come but a numerically better clinical beneÞt ratio could 
be shown with transcriptomic proÞling [18].

An improved outcome could be shown in the I-PRE-
DICT and WINTHER trials, as well as a real-world data 
analysis, for patients that received treatment that was 

Fig. 4 Analysis of di! ering and matched therapy options between molecular tumor boards. The left-sided panel demonstrates the relative 
frequency of di! ering therapy options according to the molecular level of supporting biomarkers, the underlying molecular evidence level, and the 
ten most frequent therapeutic baskets. The corresponding relative frequencies for matched therapy options are shown in the right panel
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better matched to their tumorÕs molecular proÞles [18, 
23, 29]. In our retrospective analysis in a small cohort of 
patients, concordant treatment recommendations were 
also associated with an improved overall survival. Since 
patients with more well-deÞned molecular alterations 
were more likely to receive reproducible recommenda-
tions and e! ective treatment, this Þnding might reßect 
that patients receiving treatment that is well-matched to 
their unique molecular tumor proÞle achieve a greater 
clinical beneÞtÑthus mirroring the results from the 
I-PREDICT and WINTHER trials in a setting with com-
plex molecular data. Yet, this analysis should be viewed 
with caution given the low number of patients, retrospec-
tive analysis, and selection bias. Prospective trials with 
a focus on interpretation practices (such as matching 
scores and reproducibility of treatment options) are war-
ranted to validate these exploratory Þndings.

Conclusion
Reproducible and evidence-based interpretation of com-
plex molecular data is feasible with the use of structured 
workßows. Additional attention is required for the inter-
pretation of data beyond genomic analyses and biomark-
ers with preclinical evidence levels as well as for the 
introduction of rational combination therapies.

Methods
Patient recruitment
Patients with advanced solid tumors of a rare histology 
or younger age (< 50y), no available standard therapy, 

and available fresh-frozen tumor tissue were included in 
the DKTK-MASTER precision oncology program of the 
German Cancer Consortium (DKTK) [21]. Patients with 
molecular proÞles that were independently discussed 
by Heidelberg and Berlin molecular tumor boards were 
considered eligible for this analysis and included into the 
MASTER program between 2016 and 2018. " e study 
was approved by the local ethics committees (Heidelberg, 
Berlin). Written, informed consent was obtained from all 
participants before inclusion into the study.

Sequencing and!variant identi " cation
Fresh-frozen tumor tissue was obtained from all partici-
pating patients and shipped to the central laboratory in 
Heidelberg. Specimen handling, DNA and RNA extrac-
tion, next-generation sequencing, and bioinformatic anal-
yses were performed as published [21]. Brießy, DNA and 
RNA from tumor specimen and DNA from matched blood 
samples were isolated using the AllPrep Mini or Univer-
sal Kits (Qiagen). After library preparation (SureSelect 
Human All Exon, Agilent; TruSeq RNA Sample Prepara-
tion kit V2, Illumina), whole-exome and RNA-paired-end 
sequencing (2 !  151 bp; 2 !  101 bp) was performed with 
various HiSeq instruments (e.g., HiSeq 2000, 2500, and 
4000; Illumina). Reads were aligned and mapped and sin-
gle nucleotide variants (SNV)/indel/structural variant and 
copy number alterations were analyzed. An integrated Þle 
was generated per patient and annotated using dbNSFP 
version 2.9 (http://  varia nttoo ls. sourc eforge. net/ Annot 
ation/ dbNSFP), using functional impact tools as well as 

Fig. 5 Clinical outcome. The Kaplan-Meier survival curve of 34 patients eligible for overall survival analysis revealed a signiÞcantly improved 
outcome for patients stratiÞed to matched MTB therapy options (e.g., treatment recommended by both MTB), compared with those receiving 
treatment based on di! ering MTB recommendations (e.g., treatment recommended by only one MTB) or doctorÕs choice (e.g., treatment not 
recommended by any MTB)
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several gene lists of interest, including the Cancer Gene 
Census (https:// cancer. sanger. ac. uk/ census). One excel Þle 
was generated per patient including single nucleotide vari-
ations/indels, gene fusions and structural variations, muta-
tional signatures, RNA information, and germline Þndings, 
if available. RNA expression ranking was based on the Þrst 
148 RNA samples of the MASTER program. ! ese infor-
mation were provided to the molecular tumor boards.

Molecular tumor board work! ows
Molecular tumor boards (MTB) were established inde-
pendently in Heidelberg and Berlin. In Berlin, a weekly 
meeting comprising at least medical oncologists, bioin-
formaticians, pathologists, and molecular biologists was 
established. In Heidelberg, a MTB was held in parallel, 
with medical oncologists, bioinformaticians, pathologists, 
and molecular biologists in regular weekly attendance. 
Prior to the MTB, specialized physicians analyzed the 
identiÞed alterations (e.g., SNV/indels, gene expression 
alterations, gene fusions, structural variations, mutational 
signatures) using at least one database as well as a struc-
tured PubMed search to identify potential biomarkers. 
After establishment of a list of potential biomarkers, pre-
dictive information were collected and annotated using 
predeÞned evidence levels [11, 20]. Predictive biomark-
ers were deÞned as molecular alterations providing infor-
mation on the probability of a response to a particular 
therapy [30]. For this analysis, only predictive biomark-
ers identiÞed within the MASTER program (e.g., WES/
RNA-Seq) were considered. Predictive information were 
collected from structured literature and database searches 
(e.g., PubMed, CIViC, OncoKB) including clinical and 
preclinical data [12, 13]. IdentiÞed predictive information 
on the respective alterations was summarized and sent 
to members of the MTB prior to the meeting. Predictive 
biomarkers were then discussed in the MTB to identify 
treatment options, taking into account the evidence level, 
existence of multiple biomarkers for the same drug, and 
patient characteristics. ! ese were communicated to the 
treating physician. ! e workßow has been published pre-
viously [20] (Additional File 1: Fig. S1). Regular, stand-
ardized follow-up was performed to analyze treatment 
outcomes of patients after MTB discussion [21].

Data collection and"analysis
Patients with treatment recommendations from an inde-
pendent discussion of identical molecular results in both 
MTBs were identiÞed from the internal MTB database. 
Number and type of molecular alterations were col-
lected from the initial report as provided to both molecu-
lar tumor boards. IdentiÞed biomarkers and treatment 
options were retrieved from the Þnal MTB recommen-
dations and supporting documents used in the MTB 

discussion. Survival data were retrieved from follow-up 
documents. Data were then structured in a harmonized 
format and analyzed using R (R version 4.0.0 (2020-04-
24) -- ÒArbor DayÓ. R: A language and environment for 
statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria. URL http://  www.R- proje ct. org/).

Treatment recommendations were deÞned as treat-
ment options that were identiÞed and communicated 
after multidisciplinary discussion in the respective 
MTB (e.g., immune checkpoint inhibition). Predictive 
biomarkers were deÞned as genetic aberrations that 
were used for the identiÞcation of treatment recom-
mendations after annotation and multidisciplinary 
discussion in the MTB, thus allowing for multiple 
predictive biomarkers as a rationale for one identiÞed 
treatment option (e.g., high tumor mutational bur-
den and POLE mutation as predictive biomark-
ers for immune checkpoint inhibition as treatment 
recommendation).

Treatment recommendations and predictive biomark-
ers were matched for each individual patient. ! e overlap 
coe" cient was calculated using the SzymkiewiczÐSimp-
son formula overlap(X,Y) = |X! Y|

min (|X|,|Y|) [31].
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PUBLIKATION 5 
Zielgerichtete Therapie in einer Fallserie von Speicheldrüsengangkarzinomen mit AR+, 
HRAS/PIK3CA-Komutation. 

Rieke DT, Schröder S, Schafhausen P, Blanc E, Zuljan E, von der Emde B, Beule D, Keller U, 
Keilholz U, Klinghammer K. 
Targeted treatment in a case series of AR+, HRAS/PIK3CA co-mutated salivary duct 
carcinoma 

Front Oncol. 2023 Jun 20:13:1107134. doi: 10.3389/fonc.2023.1107134. eCollection 2023. 

Die klinische Interpretation komplexer molekularer Veränderungen ist eine besondere 
Herausforderung. Im Rahmen der Publikation 5 identifizierten wir ein wiederkehrendes 
molekulares Profil bei androgenrezeptorpositiven Speicheldrüsengangkarzinomen mit 
mehreren möglichen zielgerichteten Therapieoptionen. Die Umsetzung zielgerichteter 
Behandlungen, insbesondere bei komplexen molekularen Profilen, stellt eine weitere 
Herausforderung dar. Oftmals ist lediglich eine off-label Therapie möglich, wofür oftmals 
publizierte Fälle mit erfolgter erfolgreicher Therapieumsetzung gefordert werden. Es besteht 
daher ein hoher Bedarf daran, umgesetzte zielgerichtete Behandlungen nachzuverfolgen, um 
neue Evidenzen zu generieren. Im Rahmen dieser Arbeit wurden personalisierte Therapien 
auf der Basis eines wiederkehrenden komplexen molekularen Profils untersucht. 
Der nachfolgende Text entspricht dem Originalabstract der Publikation 5 (Rieke DT, Schröder 
S, Schafhausen P, Blanc E, Zuljan E, von der Emde B, Beule D, Keller U, Keilholz U, 
Klinghammer K. Targeted treatment in a case series of AR+, HRAS/PIK3CA co-mutated 
salivary duct carcinoma Front Oncol. 2023 Jun 20:13:1107134. doi: 
10.3389/fonc.2023.1107134. eCollection 2023.). 

“Background and purpose: A subgroup of salivary duct carcinoma (SDC) harbor 
overexpression of the androgen receptor (AR), and co-occurring mutations in the HRAS- and 
PIK3CA-genes. The impact of genomic complexity on targeted treatment strategies in 
advanced cancer is unknown. 

Materials and methods: We analyzed molecular and clinical data from an institutional 
molecular tumor board (MTB) to identify AR+, HRAS/PIK3CA commutated SDC. Follow-up 
was performed within the MTB registrational study or retrospective chart review after approval 
by the local ethics committee. Response was assessed by the investigator. A systematic 
literature search was performed in MEDLINE to identify additional clinically annotated cases. 

Results: 4 patients with AR+ HRAS/PIK3CA co-mutated SDC and clinical followup data were 
identified from the MTB. An additional 9 patients with clinical follow-up were identified from the 
literature. In addition to AR overexpression and HRAS and PIK3CA-alterations, PD-L1 
expression and Tumor Mutational Burden > 10 Mutations per Megabase were identified as 
additional potentially targetable alterations. Among evaluable patients, androgen deprivation 
therapy (ADT) was initiated in 7 patients (1 Partial Response (PR), 2 Stable Disease (SD), 3 
Progressive Disease (PD), 2 not evaluable), tipifarnib was initiated in 6 patients (1 PR, 4 SD, 
1 PD). One patient each was treated with immune checkpoint inhibition (Mixed Response) and 
combination therapies of tipifarnib and ADT (SD) and alpelisib and ADT (PR). 
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Conclusion: Available data further support comprehensive molecular profiling of SDC. 
Combination therapies, PI3K-inhibitors and immune therapy warrant further investigation, 
ideally in clinical trials. Future research should consider this rare subgroup of SDC.” 
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Targeted treatment in a case
series of AR+, HRAS/PIK3CA
co-mutated salivary
duct carcinoma

Damian T. Rieke1,2,3,4*, Sebastian Schršder 1,
Philippe Schafhausen5, Eric Blanc 3,6, Erika Zuljan 3,6,
Benjamin von der Emde 1, Dieter Beule 3,6, Ulrich Keller 1,4,7,
Ulrich Keilholz 2,4 and Konrad Klinghammer 1,4
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Berlin, Corporate Member of Freie UniversitŠt Berlin and Humboldt-UniversitŠt zu Berlin,
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Member of Freie UniversitŠt Berlin and Humboldt-UniversitŠt zu Berlin, Berlin, Germany,
3Berlin Institute of Health (BIH) at Charite« Ð UniversitŠtsmedizin Berlin, Berlin, Germany, 4German
Cancer Consortium (DKTK) and German Cancer Research Center (DKFZ), Heidelberg, Germany,
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Background and purpose: A subgroup of salivary duct carcinoma (SDC) harbor
overexpression of the androgen receptor (AR), and co-occurring mutations in
the HRAS- and PIK3CA-genes. The impact of genomic complexity on targeted
treatment strategies in advanced cancer is unknown.

Materials and methods: We analyzed molecular and clinical data from an
institutional molecular tumor board (MTB) to identify AR+, HRAS/PIK3CA co-
mutated SDC. Follow-up was performed within the MTB registrational study or
retrospective chart review after app roval by the local ethics committee.
Response was assessed by the investigator. A systematic literature search was
performed in MEDLINE to identify additional clinically annotated cases.

Results: 4 patients with AR+ HRAS/PIK3CAco-mutated SDC and clinical follow-
up data were identi ! ed from the MTB. An additional 9 patients with clinical
follow-up were identi ! ed from the literature. In addition to AR overexpression
and HRAS and PIK3CA-alterations, PD-L1 expression and Tumor Mutational
Burden > 10 Mutations per Megabase were identi ! ed as additional potentially
targetable alterations. Among evaluable patients, androgen deprivation therapy
(ADT) was initiated in 7 patients (1 Partial Response (PR), 2 Stable Disease (SD), 3
Progressive Disease (PD), 2 not evaluable), tipifarnib was initiated in 6 patients (1
PR, 4 SD, 1 PD). One patient each was treated with immune checkpoint inhibition
(Mixed Response) and combination therapies of tipifarnib and ADT (SD) and
alpelisib and ADT (PR).
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Conclusion: Available data further support comprehensive molecular pro ! ling of
SDC. Combination therapies, PI3K-inhibitors and immune therapy warrant
further investigation, ideally in clinical trials. Future research should consider
this rare subgroup of SDC.

KEYWORDS

salivary gland cancer, salivary duct carcinoma, targeted therapy, precision oncology,
molecular tumor board, head and neck cancer

1 Introduction

Salivary gland cancers (SGC) are a rare group of tumors with an
incidence of about 1.3 cases/100,000 individuals in the United States
(1). More than 20 distinct malignant subtypes have been described,
many of which are de! ned by recurrent genetic alterations (2).

Salivary duct carcinoma (SDC) is an aggressive high-grade SGC
subtype with a dismal prognosis. SDC most commonly arises in the
parotid gland and accounts for about 1.8% of major salivary gland
tumors in the SEER database (3Ð5). SDC can arisede-novoor ex
pleomorphic adenoma (ex-PA) (4). Due to the aggressive nature of
this disease, metastatic spread and a need for systemic therapy is
frequent (6).

In addition to chemotherapy, targeted treatment strategies are
increasingly used in SDC. SDC harbors recurrent molecular
alterations such as HER2 and androgen receptor (AR) ampli! cation
and overexpression. Furthermore,FGFR1ampli! cation, PIK3CA,
HRAS and TP53 mutations andPTEN and CDKN2A loss have
been described (2, 4, 7, 8). Some of these alterations have been
applied as predictive biomarkers for targeted therapy. Previous
prospective studies have shown activity of HER2, AR andHRAS-
directed therapy in SDC (9Ð11). Additionally, a prospective basket
study showed a bene! t of targeted therapy (targetingHER2
ampli! cation,HER2, BRAFand PTCH1mutation and high tumor

mutational burden) in a large group of SGC, including SDC (12). No
prospective trials supporting the ef! cacy of PI3K-inhibitors in
PIK3CA-mutant SDC currently exist. A summary of ongoing and
published clinical trials relevant for metastatic salivary duct
carcinoma is provided inTable 1.

These results have led to a recommendation of comprehensive
molecular analyses (e.g. next-generation panel or whole-exome
sequencing) in patients with advanced SDC. These analyses
should be done to assess opportunities for targeted therapy,
including HER2- or AR-directed treatment (15, 16). Available
data correspond to ESMO Scale of Clinical Actionability (ESCAT)
scores of II-B (i.e. investigational therapy, alteration-drug match is
associated with antitumor activity but magnitude of bene! t is
unknown) for AR (>70% positivity by immunohistochemistry,
IHC) and HER2 (IHC score 3+ or" uorescencein situ
hybridization positivity) in SGC. A participation in clinical trials
is strongly recommended (15Ð17). The use of immune checkpoint
inhibition remains investigational (15, 16). However, the FDA-
approval of pembrolizumab in tumors with high tumor mutational
burden also includes SGC (18).

In SDC, several targetable molecular alterations occur in
recurrent patterns. The resulting subgroups of SDC are mainly
de! ned by HER2- and AR-expression. In a retrospective analysis of
63 SDC samples, 34 samples were AR+/HER2- and harbored

TABLE 1 Published and ongoing clinical trials relevant for salivary duct carcinoma, as identi ! ed from a structured search (MEDLINE clinical trials,
search term Òsalivary gland cancer Óon 17th May 2023, clinicaltrials.gov, search term Òsalivary gland AND metastatic Óon 17th May 2023).

Studyname (Identi! er) Recruitment status Intervention Phase Reference

EORTC 1206 Androgen Deprivation Therapy in Advanced Salivary
Gland Cancer

completed bicalutamide + triptorelin II, randomized NCT01969578

Testing the Anti-Cancer Drug Darolutamide in Patients With
Testosterone-driven Salivary Gland Cancers

recruiting darolutamide II, nonrandomized NCT05669664

Abiraterone Acetate in Patients With Castration-Resistant, Androgen
Receptor-Expressing Salivary Gland Cancer: A Phase II Trial

completed abiraterone II, nonrandomized (13)

Phase II Study of Enzalutamide for Patients With Androgen Receptor-
Positive Salivary Gland Cancers (Alliance A091404)

completed enzalutamide II, nonrandomized (14)

Tipifarnib in recurrent, metastatic HRAS-mutant salivary gland cancer completed tipifarnib II, nonrandomized (9)

A prospective phase II study of combined androgen blockade in
patients with androgen receptor-positive metastatic or locally
advanced unresectable salivary gland carcinoma

completed leuprorelin + bicalutamid II, nonrandomized (10)
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frequentPIK3CA(50%) andHRAS (41%)mutations (19). In this
study,HRAS-mutations were exclusively found in the HER2-/AR+
group and in 93% of cases they co-occurred with aPIK3CA-
mutation (19). Additionally, noHRASmutations were identi! ed
in SDC ex pleomorphic adenoma (19). The co-occurrence of three
potentially predictive biomarkers complicates selection for targeted
treatment decisions in these rare patients. We here present a case
series of patients presenting to an institutional molecular tumor
board or identi! ed through a systematic search of the literature to
assess outcome of AR+,HRAS/PIK3CA SDC patients with
targeted treatment.

2 Materials and methods

2.1 Patients

Patients with salivary gland cancer presenting to the molecular
tumor board (MTB) of the Charite!Comprehensive Cancer Center
between 2016 and 2022 were analyzed in a retrospective analysis of
the MTB database (20). Original histopathological reports for
patients classi! ed as adenocarcinoma NOS, carcinoma NOS,
invasive ductal carcinoma or carcinoma ex pleomorphic adenoma
were considered. Patients with a! nal histopathological diagnosis of
salivary duct carcinoma and molecular results with AR positivity (any
immunohistochemistry, IHC staining) and activatingHRAS and
PIK3CA-mutations were included in the analysis (Supplementary
Figure 1). Next-generation sequencing (NGS) was performed on
formalin-! xed, paraf! ne-embedded tumor tissue for all identi! ed
patients, using the SureSelect Custom Library Panel (MH IVD Panel
600+, Agilent Technologies, USA). Library preparation was done
using the SureSelectXT Low Input Target Enrichment System
(Agilent Technologies, USA). Sequencing was performed on the
NextSeq550 system using the NextSeq 500/550 Mid Output Kit
v2.5, 300 Cycles (Illumina, USA). Follow-up, including response
assessment, progression-free survival (PFS) and overall survival
(OS), was performed prospectively within the MTB registrational
study or as retrospective chart review. Median follow-up was
calculated from the time of diagnosis. No minimum follow-up was
required. The analysis was approved by the local ethics committee
(Berlin, EA1/305/21).

2.2 Literature search

Systematic literature search (performed by DTR, last updated
on 7th November 2022) was performed on MEDLINE using the
following terms:ÒPIK3CA AND HRAS AND SALIVARYÓORÒAR
AND SALIVARY DUCT CARCINOMAÓ. Studies and case reports
providing individual clinical follow-up data for patients with AR+,
HRAS/PIK3CAco-mutated cases were included in the analysis.

2.3 Analysis

Clinical patient characteristics, line and type of treatment, best
response, time on treatment, progression-free survival and overall

survival were collected, as provided. Best response was assessed by
the investigator after a review of CT or MRI radiology reports
(complete response, CR; partial response PR; stable disease SD;
mixed response, MR; progressive disease, PD). Clinical bene! t was
de! ned as CR/PR or SD lasting for at least 6 months. Outcomes
with similar treatment strategies (e.g. chemotherapy, androgen
deprivation therapy, HER2-directed therapy, HRAS-directed
therapy, combination therapy or immune checkpoint inhibition)
were summarized. No formal statistical analysis was performed
because of insuf! cient sample size. Cases were consecutively
numbered starting with cases retrieved from the internal MTB
database and followed by cases identi! ed from the literature.

3 Results

3.1 Patient cohort

Seventeen patients with salivary gland histologies, consistent with
SDC, were discussed in the institutional molecular tumor board
between 2016 and 2022. After review of! nal histopathological
diagnoses, 4 patients had salivary duct carcinoma with AR
expression andHRAS/PIK3CAmutation and were included in the
analysis. These patients (3 male, 1 female) were between 48-79 years
old at the time of presentation at the MTB. ActivatingHRAS
mutations were identi! ed in the p.Q61 (3 patients) and p.G13 (1
patient) positions. ActivatingPIK3CAmutations were identi! ed in
the p.H1047 (3 patients) and p.E545 (1 patients) positions. Additional
molecular ! ndings were low to medium HER2-expression in 3
patients, PD-L1 expression in 2 patients, a tumor mutational
burden (TMB) > 10 mutations/Megabase (mut/Mb) and anAR
mutation in 1 patient, each. Median follow-up was 14.5 months.
Clinical and molecular! ndings were summarized inTable 2.

The medline searches revealed 37 and 89 results, respectively.
Of these, 4 studies with individual follow-up data for patients with
AR+,PIK3CA/HRASco-mutated SDC were included after manual
review of the identi! ed publications. The publications yielded a
total of 9 cases (7 male, 2 female). Age was reported for 5 patients
(range 38-65 years). Concurrent molecular alterations wereHER2
ampli! cation and overexpression in 1 andTP53mutations in 2
patients, respectively. Clinical and molecular! ndings in these
patients were summarized inTable 3. A consort diagram of
patient identi! cation is provided inSupplementary Figure 1.

Overall, 13 patients (10 male, 3 female; median age in 9
evaluable patients 61 years, range 38-79 years) with AR+,
PIK3CA/HRASco-mutated SDC were identi! ed.

3.2 Treatment

Combined analysis of 13 evaluable patients yielded information
on various targeted systemic treatment strategies. Androgen
deprivation therapy (ADT) was reported in 7 patients,HRAS-
directed treatment in 6 patients, immune checkpoint inhibition in
1 patient and combinations of tipifarnib and ADT and alpelisib and
ADT in 1 patient, each. Treatment data, including line of treatment,
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best response and progression-free survival (PFS) are provided, as
available, inTable 4andFigure 1.

3.3 Androgen deprivation therapy

Seven patients were treated with androgen deprivation therapy
alone (ADT). Among 6 patients with available data on the speci! c
type of ADT, 3 received bicalutamide and a GnRH-analogue and 3
received bicalutamide alone. Best response was evaluable in 5
patients (1 PR, 1 SD, 3 PD). 6 patients had evaluable PFS
(median PFS = 2 months) and 2 of them had PFS > 6 months.

3.4 HRAS-directed therapy

The farnesyltransferase inhibitor tipifarnib as a single agent was
administered in 6 patients. Among 5 patients with available data, 1
PR, 2 SD and 2 PD were achieved as best responses. PFS data were
available for 6 patients and PFS was more than 6 months in
3 patients.

3.5 Combination therapy

One patient received ADT (bicalutamid/GnRH-Analogue) in
combination with tipifarnib after prior progression to tipifarnib
after 3 months. This patient achieved stable disease for more than 6
months, which was ongoing at the time of data collection. Another
patient achieved a partial response with the PI3K-inhibitor alpelisib
in combination with ADT (bicalutamide) for more than 12 months
(ongoing at time of publication).

3.6 Other treatment

Chemotherapy use with carboplatin/paclitaxel alone was
reported in 4 patients. Among 3 patients with available data, 1
PR, 1 MR and 1 PD were reported. The use of alpelisib as
monotherapy was only reported for one patient without
information on treatment response. Immune checkpoint
inhibition was also reported for one patient with a mixed
response for 7 months. Following progression on the single-agent
PD-1 inhibitor, this patient was treated with a combination of a PD-
1 and a CTLA-4 inhibitor, which was followed by disease
progression. One patient with concurrentHER2 ampli! cation
received trastuzumab in combination with chemotherapy and
achieved a partial response.

3.7 Toxicity

No major (common terminology criteria of adverse events,
CTCAE grade 4 or higher) or unexpected toxicities were observed
in the 4 patients identi! ed from the MTB database and no dose
reductions were required. In published data, a dose reductionT
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because of toxicity was required in six patients (46%) receiving
tipifarnib (4 because of cytopenia, 2 because of reversible renal
failures), hypoglycemia requiring dose reduction was reported for
alpelisib (9, 21). Toxicity data were not reported in the literature for
patients receiving antiandrogen therapy in this cohort (22, 23).
Available data from combined ADT in SGC reported no CTCAE
grade 4/5 events and discontinuation of part of the combined ADT
due to adverse events in 2 out of 36 patients (10).

4 Discussion

This is, to the best of our knowledge, the largest clinical case
series of AR+,PIK3CA/HRASco-mutated salivary duct carcinoma.
The co-occurrence of these alterations has been described in
previous analyses of this disease but was not associated with
prognosis (19). The co-occurrence of these alterations poses a
challenge for personalized therapy strategies. It is currently
unclear, if response to targeted therapy is different in this
subgroup. Despite the low number of patients, the heterogeneity
of administered treatments in the cohort and the lack of data on
mechanisms of secondary resistances, these results still hold
important information because of the rarity of this disease. It
should be noted that at least 2/13 patients in the cohort did not
receive upfront palliative systemic therapy with ADT or
chemotherapy (15, 16). This is likely caused by the lack of
guidelines at the time of treatment initiation and a lack of data
for the speci! c situation in AR+,HRAS/PIK3CA co-mutated
tumors. Yet, despite available data and guidelines, current
treatment strategies are not satisfactory and there is a lack of
prospective clinical trials. The administration of experimental
therapies, including immune checkpoint inhibition, will therefore

likely remain a reality in these tumors, thus making sharing of real-
world data essential.

HER2 overexpression or ampli! cation is a well-de! ned
therapeutic target in SDC (11). HER2 positivity has been found to
be mutually exclusive with the AR+,HRAS/PIK3CA co-mutated
subgroup (19). In this cohort, concurrent HER2 expression or
ampli! cation was reported in 6 patients with mostly low to
moderate staining intensity. One patient was reported to harbor a
concurrent HER2 ampli! cation and received trastuzumab in
combination with chemotherapy, achieving a partial response.
These results suggest, that HER2-positivity is not entirely
mutually exclusive with the here described subgroup and HER2-
directed treatment might be an additional option in some of the
patients. In addition to HER2-directed antibodies, ef! cacy of HER2-
directed antibody drug conjugates was shown in salivary gland
cancer (24).

In the group of patients treated with ADT, a clinical bene! t was
observed in about a third of the evaluable patients, which is less than
the clinical bene! t rate of about 75% in previously reported results
(10). However, clinical bene! t was found in some patients, thus
providing evidence of activity and the low number of patients does
not allow further conclusions. Furthermore, previous work did not
show an impact of oncogenic drivers, includingHRASandPIK3CA
mutations, on the ef! cacy of ADT but studies on larger cohorts are
warranted (10). Therefore, these data do not provide evidence
against the use of ADT in the AR+,HRAS/PIK3CA co-mutated
subgroup. Importantly, no data currently exist for the use of
abiraterone in castration-resistant AR+,HRAS/PIK3CA co-
mutated SDC. Abiraterone is active as a second line ADT in AR+
salivary gland cancer and might represent an additional treatment
strategy for the here reported subgroup (13). Additional data on
limited activity with enzalutamide were reported previously (14). In

TABLE 3 Clinical and molecular data for patients identi ! ed from literature review.Two PIK3CA mutations were identi ! ed in patient 12.

ID Reference Age Gender AR (IHC)
HER2
(IHC)

HRAS
mutation

PIK3CA
mutation

Other
Alterations

Sequencing
technique

5 (21) 64 m positive 3+ p.Q61R p.E545K

HER2ampli! cation,
TP53p.R196*,
ACVR2Ap.D177E

NGS

6 (9) 61 m positive p.Q61R mutation TP53mutation NGS

7 (9) 65 m n/a p.Q61R mutation NGS

8 (9) 38 m positive 2+ mutation mutation NGS

9 (22) 61 m positive p.Q61K p.E545K unknown

10 (23) n/a f

negative,
mRNA
pathway
score 43.7 positive p.Q61K p.H1047R

NGS

11 (23) n/a f positive p.Q61R p.E545K NGS

12 (23) n/a m positive p.Q61K
p.E545K,
p.H1047R

NGS

13 (23) n/a m positive p.Q61R p.H1047R NGS

AR IHC results are provided as described in the respective publications. No AR IHC was provided for patients #7. Results from a qPCR-based AR mRNA pathway activity test (normalized score,
0 lowest, 100 highest) was provided in patient #10.
ID, identi! cation number; IHC, immunohistochemistry; n/a, not available; NGS, next generation sequencing.
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this phase 2 trial, tumor regressions were also noted among patients
with prior ADT (14).

In patients receivingHRAS-directed therapy, 1 objective
response and clinically meaningful disease stabilizations in about
half of the patients was reported. These results are similar to
previously reported results in SGC (9). In the same trial, co-
occuring PIK3CA-alterations or the type ofHRAS mutation
(more common Q61 or less common G13) did also not seem to
impact treatment ef! cacy (9). Again, these data further support the
investigation of tipifarnib in the here reported disease subgroup.

Two patients received combination therapy after prior
progression of disease. One patient achieved disease stabilization
with tipifarnib and ADT after prior progression with tipifarnib
monotherapy. In this patient, tipifarnib treatment was continued
because of low toxicity and improvement in local symptoms.
However, disease stabilization might be mediated by ADT alone.
Another patient achieved a partial response with the PI3K-inhibitor
alpelisib and ADT. The impact of the individual drugs in this
combination therapy can also not be assessed. Further investigation
of combination therapies is warranted.

A single agent PI3K-inhibitor was only used in 1 patient and no
response data were available. The published results from the NCI-
MATCH subprotocol Z1F of Copanlisib inPIK3CA-mutated cancer
did show activity of the drug in several cancer types, but no SDC
were enrolled (25). Additional research is needed to establish the
activity of single-agent PI3K-inhibitors in SDC.

The activity of immune checkpoint inhibition also remains to be
determined. One patient in the reported cohort achieved a mixed
response with single-agent PD-1 blockade for 7 months, followed by
disease progression. The same patient then experienced disease
progression with combined PD-1 and CTLA-4 inhibition. Immune

checkpoint inhibition was administered in this patient because of high
PD-L1 expression and the co-occurrence of driver alterations,
potentially complicating single-agent targeted treatment. These
results suggest, that immune checkpoint inhibitors might be an
additional treatment option in some patients. An analysis of 109
patients with advanced SGC in the Keynote-158 study showed an
overall response rate of 4.6% in the overall population and 10.7%
(n=3/28) in the PD-L1 positive population (26). Only 3 patients in
this trial were found to be TMB-high, among which 1 had an objective
reponse (26). PD-L1 expression or a high TMB > 10 mut/Mb was
reported in 2 patients in the here reported cohort, accordingly.

For untargeted therapies, best data currently exist for
carboplatin/paclitaxel use, which is also supported by previous
analyses and yields clinically meaningful bene! t (27).

In summary, the here provided data show multiple targeted
treatment strategies for patients with AR+,HRAS/PIK3CA co-
mutated SDC. Best available evidence, expected toxicities and
patient factors need to be considered for a choice of treatment in
this rare subgroup. These results support comprehensive molecular
pro! ling of SDC. Additional molecular analyses might help with
further establishing active signaling pathways for treatment
strati! cation. Further research is required to establish optimal
treatment combinations and sequences, which is a challenge in
this rare disease.
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FIGURE 1

treatment sequences are depicted for the entire case series. No complete treatment sequences were available for patients 10-13. Duration of prior
treatment was not provided for patients 6-8 (prior treatment indicated by colored bars). Color indicates the type of treatment; striped colors indic ate
combination therapy. Best responses are indicated. Arrows indicate ongoing therapy.

Rieke et al. 10.3389/fonc.2023.1107134

Frontiers in Oncology frontiersin.org07



 81 

Ethics statement

The studies involving human participants were reviewed and
approved by Charite!- UniversitŠtsmedizin Berlin. Written informed
consent for participation was not required for this study in accordance
with the national legislation and the institutional requirements.

Author contributions

DR, SS, PS and KK provided patient data, DR performed
a systematic review of the literature, DR, EZ, BE, DB, EB, UK
(8th Author), UK (9th Author) and KK analyzed data. DR, UK
(9th Author) and KK wrote the manuscript. All authors contributed
to the article and approved the submitted version.

Funding

DR is a participant in the Berlin Institute of HealthÐ Charite!
Clinical Scientist Program funded by the Charite!ÐUniversitŠtsmedizin
Berlin and the Berlin Institute of Health. We acknowledge
! nancial support from the Open Access Publication Fund of
CharitŽ Ð UniversitŠtsmedizin Berlin and the German Research
Foundation (DFG).

Con! ict of interest

DR has received consultant and/or advisory board and/or
speaker fees from Roche, Bayer, Bristol-Myers Squibb and Lilly.
PS has received honoraria personal from BMS, MSD, Incyte, SOBI,
AOP, Novartis, Alexion, AstraZeneca, BPM, and ROCHE and
travel support from BMS, SOBI, AOP, and Novartis. UK 8th
Author reports a consulting role for Roche, Janssen-Cilag,
Takeda, BMS, Gilead, Hexal, P! zer, Astra-Zeneca, Pentixapharm

and honoraria from Gilead, Amgen, Novartis, BMS, Roche, Takeda,
MSD, as well as research funding from Celgene, Takeda, BMS,
Roche, Astra-Zeneca, Novartis, MSD, Janssen-Cilag, P! zer. Other
support was declared from Roche, BMS, Gilead, Takeda, Janssen-
Cilag and Celgene. UK 9th Author has received advisory board/
speaker bureau, trial support, research collaboration or research
support from Amgen, AstraZeneca, BMS, Boehringer Ingelheim,
Glycotope, Innate, Lilly, Medimmune, MerckSerono, MSD/Merck,
Novartis, P! zer, Roche/Genentech and Sirtex. KK: Advisory
Boards, travel grants and speakerÕs fees: MSD, BMS, Merck,
Novartis, Bayer.

The remaining authors declare that the research was conducted
in the absence of any commercial or! nancial relationships that
could be construed as a potential con" ict of interest.

PublisherÕs note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their af! liated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at:https://www.frontiersin.org/articles/10.3389/fonc.2023.1107134/
full#supplementary-material

SUPPLEMENTARY FIGURE 1

Consort diagram showing the identi ! cation of patients for the ! nal cohort.
MTB, molecular tumor board; HNC, head and neck cancer; SGC, salivary
gland cancer; SDC, salivary duct carcinoma.

References

1. Helen Lin H, Limesand KH, Ann DK. Current state of knowledge on salivary gland
cancers.Crit Rev Oncog(2018) 23:139Ð51. doi:10.1615/CRITREVONCOG.2018027598

2. Ska!lova!A, Hyrcza MD, Leivo I. Update from the 5th edition of the world health
organization classi! cation of head and neck tumors: salivary glands.Head Neck Pathol
(2022) 16:40Ð53. doi:10.1007/S12105-022-01420-1

3. Kleinsasser O, Klein HJ, HŸbner G. [Salivary duct carcinoma. a group of salivary
gland tumors analogous to mammary duct carcinoma].Arch Klin Exp Ohren Nasen
Kehlkopfheilkd(1968) 192:100Ð5. doi:10.1007/BF00301495

4. Schmitt NC, Kang H, Sharma A. Salivary duct carcinoma: an aggressive salivary
gland malignancy with opportunities for targeted therapy.Oral Oncol(2017) 74:40Ð8.
doi: 10.1016/J.ORALONCOLOGY.2017.09.008

5. Jayaprakash V, Merzianu M, Warren GW, Arshad H, Hicks WL, Rigual NR, et al.
Survival rates and prognostic factors for in! ltrating salivary duct carcinoma: analysis of
228 cases from the surveillance, epidemiology, and end results database.Head Neck
(2014) 36:694Ð701. doi:10.1002/HED.23350

6. Mifsud M, Sharma S, Leon M, Padhya T, Otto K, Caudell J. Salivary duct
carcinoma of the parotid: outcomes with a contemporary multidisciplinary treatment
approach.Otolaryngol Head Neck Surg(2016) 154:1041Ð6. doi: 10.1177/
0194599816636812

7. Ross JS, Gay LM, Wang K, Vergilio JA, Suh J, Ramkissoon S, et al. Comprehensive
genomic pro! les of metastatic and relapsed salivary gland carcinomas are associated

with tumor type and reveal new routes to targeted therapies.Ann Oncol (2017)
28:2539Ð46. doi:10.1093/ANNONC/MDX399

8. Dalin MG, Desrichard A, Katabi N, Makarov V, Walsh LA, Lee KW, et al.
Comprehensive molecular characterization of salivary duct carcinoma reveals
actionable targets and similarity to apocrine breast cancer.Clin Cancer Res(2016)
22:4623Ð33. doi:10.1158/1078-0432.CCR-16-0637

9. Hanna GJ, Guenette JP, Chau NG, Sayehli CM, Wilhelm C, Metcalf R, et al.
Tipifarnib in recurrent, metastatic HRAS-mutant salivary gland cancer.Cancer(2020)
126:3972Ð81. doi:10.1002/CNCR.33036

10. Fushimi C, Tada Y, Takahashi H, Nagao T, Ojiri H, Masubuchi T, et al. A
prospective phase II study of combined androgen blockade in patients with androgen
receptor-positive metastatic or locally advanced unresectable salivary gland carcinoma.
Ann Oncol(2018) 29:979Ð84. doi:10.1093/ANNONC/MDX771

11. Takahashi H, Tada Y, Saotome T, Akazawa K, Ojiri H, Fushimi C, et al. Phase II
trial of trastuzumab and docetaxel in patients with human epidermal growth factor
receptor 2-positive salivary duct carcinoma.J Clin Oncol(2019) 37:125Ð34.
doi: 10.1200/JCO.18.00545

12. Kurzrock R, Bowles DW, Kang H, Meric-Bernstam F, Hainsworth J, Spigel DR,
et al. Targeted therapy for advanced salivary gland carcinoma based on molecular
pro! ling: results from MyPathway, a phase IIa multiple basket study.Ann Oncol(2020)
31:412Ð21. doi:10.1016/J.ANNONC.2019.11.018

Rieke et al. 10.3389/fonc.2023.1107134

Frontiers in Oncology frontiersin.org08



 82 

  

13. Locati LD, Cavalieri S, Bergamini C, Resteghini C, Colombo E, Calareso G, et al.
Abiraterone acetate in patients with castration-resistant, androgen receptor-expressing
salivary gland cancer: a phase II trial.J Clin Oncol(2021) 39:4061Ð8. doi: 10.1200/
JCO.21.00468

14. Ho AL, Foster NR, Zoroufy AJ, Campbell JD, Worden F, Price K, et al. Phase II
study of enzalutamide for patients with androgen receptor-positive salivary gland
cancers (Alliance A091404).J Clin Oncol(2022) 40:4240Ð9. doi:10.1200/JCO.22.00229

15. van Herpen C, Vander Poorten V, Skalova A, Terhaard C, Maroldi R, van Engen
A, et al. Salivary gland cancer: ESMO-European reference network on rare adult solid
cancers (EURACAN) clinical practice guideline for diagnosis, treatment and follow-up.
ESMO Open(2022) 7:100602. doi:10.1016/J.ESMOOP.2022.100602/ATTACHMENT/
06B11B84-E961-43A3-BB8F-BD5E325E30EE/MMC1.PDF

16. Geiger JL, Ismaila N, Beadle B, Caudell JJ, Chau N, Deschler D, et al.
Management of salivary gland malignancy: ASCO guideline.J Clin Oncol(2021) 39
(17):1909-41. doi:10.1200/JCO.21.00449

17. Mateo J, Chakravarty D, Dienstmann R, Jezdic S, Gonzalez-Perez A, Lopez-
Bigas N, et al. A framework to rank genomic alterations as targets for cancer precision
medicine: the ESMO scale for clinical actionability of molecular targets (ESCAT).Ann
Oncol(2018) 29:1895Ð902. doi:10.1093/ANNONC/MDY263

18. Marcus L, Fashoyin-Aje LA, Donoghue M, Yuan M, Rodriguez L, Gallagher PS,
et al. FDA Approval summary: pembrolizumab for the treatment of tumor mutational
burden-high solid tumors.Clin Cancer Res(2021) 27:4685Ð9. doi: 10.1158/1078-
0432.CCR-21-0327

19. Mueller SA, Gauthier MEA, Blackburn J, Grady JP, Kraitsek S, Hajdu E, et al.
Molecular patterns in salivary duct carcinoma identify prognostic subgroups.Mod
Pathol(2020) 33:1896Ð909. doi:10.1038/S41379-020-0576-2

20. Lamping M, Benary M, Leyvraz S, Messerschmidt C, Blanc E, Kessler T, et al.
Support of a molecular tumour board by an evidence-based decision management system
for precision oncology.Eur J Cancer(2020) 127:41Ð51. doi:10.1016/j.ejca.2019.12.017

21. Sheth H, Kumar P, Shreenivas A, Sambath J, Pragya R, Madre C, et al. Excellent
response with alpelisib and bicalutamide for advanced salivary duct carcinoma with
PIK3CA mutation and high androgen receptor expression-a case report.JCO Precis
Oncol(2021) 5:744Ð50. doi:10.1200/PO.20.00436

22. You Y, Wang P, Wan X, Xu L, Gong Y, Zhang W. Androgen deprivation therapy
for patients with androgen-Receptor-Positive metastatic salivary duct carcinoma: a case
report and review of the literature.Onco Targets Ther(2021) 14:3481Ð6. doi:10.2147/
OTT.S304900

23. van Boxtel W, Verhaegh GW, van Engen-van Grunsven IA, van Strijp D, Kroeze
LI, Ligtenberg MJ, et al. Prediction of clinical bene! t from androgen deprivation
therapy in salivary duct carcinoma patients.Int J Cancer(2020) 146:3196Ð206.
doi: 10.1002/IJC.32795

24. Li BT, Shen R, Of! n M, Buonocore DJ, Myers ML, Venkatesh A, et al. Ado-
trastuzumab emtansine in patients with HER2 ampli! ed salivary gland cancers (SGCs):
results from a phase II basket trial.J Clin Oncol(2019) 37:6001Ð1. doi: 10.1200/
JCO.2019.37.15_SUPPL.6001

25. Damodaran S, Zhao F, Deming DA, Mitchell EP, Wright JJ, Gray RJ, et al. Phase
II study of copanlisib in patients with tumors with PIK3CA mutations: results from the
NCI-MATCH ECOG-ACRIN trial (EAY131) subprotocol Z1F.J Clin Oncol(2022)
40:1552Ð61. doi:10.1200/JCO.21.01648

26. Even C, Delord JP, Price KA, Nakagawa K, Oh DY, Burge M, et al. Evaluation of
pembrolizumab monotherapy in patients with previously treated advanced salivary
gland carcinoma in the phase 2 KEYNOTE-158 study.Eur J Cancer(2022) 171:259Ð68.
doi: 10.1016/J.EJCA.2022.05.007

27. Uijen MJM, Lassche G, van Engen-van Grunsven ACH, Tada Y, Verhaegh GW,
Schalken JA, et al. Systemic therapy in the management of recurrent or metastatic
salivary duct carcinoma: a systematic review.Cancer Treat Rev(2020) 89:102069.
doi: 10.1016/J.CTRV.2020.102069

Rieke et al. 10.3389/fonc.2023.1107134

Frontiers in Oncology frontiersin.org09



 83 

3. DISKUSSION 

ZUSAMMENFASSENDE DARSTELLUNG DER PUBLIKATIONEN 
Die aufgeführten Publikationen bearbeiten unterschiedliche Aspekte bei der Entwicklung eines 

evidenzbasierten Präzisionsonkologieprogramms. In Publikation 1 wird dabei zunächst 

dargestellt, dass identische molekulare Alterationen bei Tumorerkrankungen von 

verschiedenen Tumorboard unterschiedlich interpretiert werden können. Diese Ergebnisse 

weisen deutlich auf die Notwendigkeit eines evidenzbasierten Vorgehens und einer 

strukturierten Betrachtung verschiedener Aspekte bei der klinischen Interpretation molekularer 

Befunde hin (Rieke et al., 2018). 

Entsprechend dieser Ergebnisse wurde ein Workflow erarbeitet, welcher reproduzierbare 

personalisierte Therapien bei fortgeschrittenen Krebserkrankungen ermöglichen soll. Die 

Implementierung dieses Prozesses und Ergebnisse der ersten 100 Patientinnen und Patienten 

sind in Publikation 2 zusammengefasst (Lamping et al., 2020). 

Bei der Erarbeitung des Vorgehens wurde dabei insbesondere die Wichtigkeit strukturierter 

Datenbanken zur schnellen und sicheren Identifikation von Biomarkern deutlich. Hierzu wurde 

in einem internationalen Konsortium eine harmonisierte Meta-Datenbank entwickelt, deren 

Entwicklung und Inhalt in Publikation 3 gezeigt wird (Wagner et al., 2020). 

Die Integration großer Datenmengen aus umfassenden molekularen Analyseverfahren wie 

Ganzexom- oder Transkriptomsequenzierungen stellt molekulare Tumorboards vor 

Herausforderungen. In Publikation 4 konnte nachgewiesen werden, dass die Nutzung 

ähnlicher Prozesse und Datenbanken, wie in Publikation 2 dargestellt, zu einer 

vergleichsweise hohen Konkordanz bei der klinischen Interpretation auch komplexer 

molekularer Befunde führt. Hierbei war eine bessere Konkordanz auch mit einem größeren 

Benefit von Patientinnen und Patienten unter molekular stratifizierter Therapie assoziiert 

(Rieke et al., 2022).   
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Die entsprechende Umsetzung molekular stratifizierter Therapien erfordert oftmals den 

Einsatz nicht zugelassener Therapien auf der Basis einer schwachen Evidenz, da klinische 

Studien nur für einen kleinen Teil der identifizierten Biomarker verfügbar sind. Dies macht die 

Nachverfolgung dieser Therapien wichtig, um strukturiert weitere Daten jenseits prospektiv 

interventioneller klinischer Studien generieren zu können. Eine hohe Priorität haben solche 

Daten dabei insbesondere für seltene molekulare Veränderungen und/oder Erkrankungen. In 

Publikation 5 ist eine Fallserie einer molekularen Subgruppe bei seltenen 

Speicheldrüsengangkarzinomen mit Ansprechen auf verschiedene zielgerichtete Therapien 

zusammengefasst. Diese Publikation steht dabei beispielhaft für die Notwendigkeit einer 

kontinuierlichen wissenschaftlichen Begleitung molekular zielgerichteter Therapien (Rieke et 

al., 2023). 

In Zusammenschau zeichnen diese Publikationen somit die Entwicklung und Evaluation eines 

evidenzbasierten Präzisionsonkologieprogramms nach. 

PRÄZISIONSONKOLOGIE ALS MEHRSTUFIGER PROZESS 
Wie oben dargestellt sind ähnliche molekulare Tumorkonferenzen und assoziierte 

Präzisionsonkologieprogramme an zahlreichen Standorten weltweit entstanden (A. M. 

Tsimberidou et al., 2023). Trotz dieser Entwicklungen existieren bislang keine einheitlichen 

Standards oder harmonisierte Vorgehensweisen. Die schnelle Entwicklung molekularer 

Tumorboards ist auf die zunehmende Anwendung molekularer Analysen bei 

Krebserkrankungen durch die Entwicklung von schnellen und zuverlässigen 

Sequenzierungstechnologien und zielgerichteten Krebstherapien zurückzuführen, wobei 

deren Interpretation und nachfolgende Rekrutierung in molekular stratifizierte Studien die 

ersten Anwendungsgebiete waren (A. M. Tsimberidou et al., 2012, 2019). Auf Grund der 

steigenden Verfügbarkeit von Sequenzierungskapazitäten und -technologien mit sinkendem 

Preis, sowie der wachsenden Anzahl prädiktiver Biomarker wurden dabei zunehmend breite 

molekulare Tumoranalysen, etwa mittels Massivparallelsequenzierung, anstelle von 
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Einzelgenanalysen eingesetzt (Mosele et al., 2020). Bei einigen Tumorentitäten, wie 

beispielsweise dem Lungenkarzinom, erfolgt eine Multigenanalyse standardisiert im Rahmen 

der Routinediagnostik zur Steuerung einer leitliniengerechten personalisierten Therapie 

(Hendriks et al., 2023). Diese Entwicklungen zeigen deutlich die Effektivität personalisierter 

Tumortherapien und erfordern in der klinischen Routine oftmals keinen Einsatz spezieller 

molekularer Tumorkonferenzen. Eine molekulare Diagnostik und zielgerichtete Therapie spielt 

jedoch auch außerhalb dieses leitliniengerechten Einsatzes eine zunehmende Rolle. Große 

histologieübergreifende Studien konnten eine tumoragnostische Wirksamkeit zielgerichteter 

Medikamente beim Vorliegen entsprechender prädiktiver Biomarker zeigen (Adashek et al., 

2024). Diese Daten führten zu tumorübergreifenden Zulassungen zielgerichteter Medikamente 

für Patientinnen und Patienten mit entsprechenden molekularen Tumorveränderungen (vgl. 

Tabelle 1).  Prinzipiell liegen also gute Daten zur zielgerichteten Therapie nach Identifikation 

entsprechender prädiktiver Biomarker für Patientinnen und Patienten mit fortgeschrittenen 

Tumorerkrankungen vor.  

Eine Bestätigung des Patientenbenefits durch eine breite molekulare Analyse mit dem Ziel 

einer personalisierten Therapie in einem histologieübergreifenden Setting konnte jedoch in der 

ersten publizierten prospektiven randomisierten Studie jedoch nicht erreicht werden (Le 

Tourneau et al., 2015). Diese frühen Ergebnisse einer tumorübergreifenden 

Präzisionsonkologie weisen dabei auf ein zentrales Problem hin: Im Rahmen einer 

prospektiven Studie werden alle Teile des komplexen Arbeitsablaufes in der 

Präzisionsonkologie gleichzeitig getestet (Catenacci, 2015). Dies bedeutet die gleichzeitige 

Testung des Gesamtablaufs von Patientenauswahl, Probenentnahme, 

Sequenzierungstechnologie, bioinformatische Workflows, klinische Interpretation und 

Therapieallokation. Dieser mehrstufige Prozess entspricht dabei weitgehend den oben 

dargestellten Entwicklungen der Publikationen 1-5.  
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Eine zusammenfassende schematische Übersicht eines mehrstufigen Arbeitsablaufs in der 

Präzisionsonkologie ist in Abbildung 1 dargestellt.  

 

Abbildung 1: Schematische Abbildung der verschiedenen Bestandteile eines 

Präzisionsonkologieworkflows. 

 

 

Eine Optimierung von klinischen Studien in der Präzisionsonkologie bedarf daher einer 

Standardisierung dieses Arbeitsablaufes. Während die Bereiche 1-3 (Patientenauswahl, 

Biopsie, Erstellung molekularer Befundberichte) in einer klinischen Anwendung klar 

standardisierbar ist (z.B. Definition von Einschlusskriterien, verwendetem Genpanel, 

bioinformatischer Workflows), stellt die klinische Interpretation molekularer Daten (4) und eine 

resultierende Therapieempfehlung (5) insbesondere bei seltenen und komplexen molekularen 

Veränderungen ein potenzielles Problem dar. Auch der Bereich der wissenschaftlichen 

Datennutzung (6) ist nicht einheitlich definiert. Die in dieser Habilitationsschrift dargestellten 

Ergebnisse befassen sich mit einer Optimierung und Standardisierung dieser Arbeitsabläufe 

in der Präzisionsonkologie.  
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HERAUSFORDERUNGEN FÜR PERSONALISIERTE THERAPIEEMPFEHLUNGEN 
In Publikation 1 dieser Habilitationsschrift konnte erstmals gezeigt werden, dass tatsächlich 

eine erhebliche Heterogenität bei der klinischen Interpretation definierter Befunde zwischen 

molekularen Tumorboards besteht (Rieke et al., 2018). Diese Daten wurden in der Literatur 

aufgegriffen und weiterentwickelt: In einer vergleichbaren Analyse von Naito et al. konnte in 

japanischen Zentren eine fehlende Konkordanz insbesondere bei niedrigen Evidenzniveaus 

beobachtet werden, während Koopman et al. bei niederländischen Zentren höhere 

Übereinstimmungen bei jedoch überwiegend einfacheren molekularen Profilen erzielen 

konnte. Die Übereinstimmungsrate in der Studie von Koopman et al. lag dabei bei 86%, 

während Naito et al. einen Konsens bei 62% berichtete (Koopman et al., 2021; Naito et al., 

2022). Der Einsatz molekularer Tumorboards bei der Therapiestratifizierung von Patientinnen 

und Patienten im Rahmen klinischer Studien stellt besondere Anforderungen an 

reproduzierbare Empfehlungen. Entsprechend wurde die Konkordanz von 

Therapieempfehlungen molekularer Tumorboards im Rahmen der TAPUR-Studie untersucht 

und konnte vergleichsweise hohe Konkordanzraten von 80% zeigen (Perez et al., 2024). Diese 

Daten zeigen in Summe die Schwierigkeit, aber prinzipielle Machbarkeit reproduzierbarer 

klinischer Interpretationen molekularer Tumorprofile auch im Rahmen klinischer Studien, 

wobei Restunsicherheiten in der Bewertung der Evidenz und bei niedrigeren Evidenzniveaus 

zu beachten sind. 

Um eine evidenzbasierte und somit reproduzierbare Therapieempfehlung auf der Basis 

molekularer Alterationen zu erstellen, ist ein definierter Arbeitsablauf zur strukturierten 

klinischen Interpretation molekularer Veränderungen von großer Bedeutung. Im Rahmen der 

Publikation 2 wird die Etablierung und klinische Validierung eines solchen Arbeitsablaufs 

beschrieben. Die Ergebnisse einer Implementierung dieses Arbeitsablaufes sind ebenfalls in 

Publikation 2 zusammengefasst und zeigen, dass auch bei komplexen Fällen eine erfolgreiche 

evidenzbasierte klinische Translation molekularer Befunde gelingen kann (Lamping et al., 

2020). 
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Von besonderer Bedeutung zeigte sich bei diesem Arbeitsablauf die Nutzung der Evidenzlevel, 

um identifizierte Biomarker-Medikamenteninteraktionen auf der Ebene verfügbarer Daten 

bewerten zu können. Ziel der Evidenzlevel ist dabei die Bewertung von Biomarkern in einer 

konkreten Situation, um ihre klinische Anwendbarkeit quantifizierbar zu machen. Erste 

Evidenzlevel wurden dabei 2015 entwickelt, um „actionable“, also therapeutisch relevante 

molekulare Alterationen zu bewerten (Meric-Bernstam, Johnson, et al., 2015).  Die 

Weiterentwicklung dieser Evidenzlevel führte dabei zu Konsensusempfehlungen der 

amerikanischen Pathologie-, Molekularpathologie- und onkologischen Gesellschaften (Li et 

al., 2017). Auch das Nationale Centrum für Tumorerkrankung/deutsches Konsortium für 

translationale Krebsforschung (NCT/DKTK) und die europäische Gesellschaft für medizinische 

Onkologie (ESMO) entwickelte eigene Evidenzlevel (Leichsenring et al., 2019; Mateo et al., 

2018). Tabelle 2 zeigt eine vergleichende Übersicht dieser Evidenzlevel. Hierbei ist der 

unterschiedliche Fokus der verschiedenen Evidenzlevel deutlich zu sehen, wobei 

insbesondere die ESMO-ESCAT-Struktur deutlich höhere Ansprüche an die zugrundeliegende 

Datenqualität stellt und die Klassifikation nach Li et al. insbesondere auf die Onkogenizität des 

Biomarkers abzielt. 

 

Tabelle 2: Vergleichende Übersicht verschiedener Evidenzlevel.  

Evidenzlevel (Li et al., 2017) (Mateo et al., 2018) (Leichsenring et al., 2019) 

1A Biomarkers that predict response 
or resistance to FDA-approved 
therapies for a specific type of 
tumor 

Prospective, randomized clinical 
trial(s) show the alteration-drug 
match in a specific tumor type 
results in a clinically meaningful 
improvement of a survival endpoint 

Predictive value of the 
biomarker or clinical 
effectiveness of the 
corresponding drug in a 
molecularly stratified cohort 
was demonstrated in a 
prospective study or a meta-
analysis in the same tumor 
type. 

1B Biomarkers included in 
professional guidelines that predict 
response or resistance to therapies 
for a specific type of tumor 

Prospective, nonrandomized 
clinical trial(s) show that the 
alteration-drug match in a specific 
tumor type results in clinically 
meaningful benefit as defined by 
ESMO MCBS 1.1 

Predictive value of the 
biomarker or clinical 
effectiveness of the drug in a 
molecularly stratified cohort 
was demonstrated in a 
retrospective cohort or 
caseÐcontrol study in the 
same tumor type. 
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1C Biomarkers that predict response 
or resistance to therapies for a 
specific type of tumor based on 
well-powered studies with 
consensus from experts in the field 

Clinical trials across tumor types or 
basket clinical trials show clinical 
benefit associated with the 
alteration-drug match, with similar 
benefit observed across tumor 
types 

Case study or single unusual 
responder indicates the 
biomarker is associated with 
response to the drug in the 
same tumor type. 

2A Biomarkers that predict response 
or resistance to therapies approved 
by the FDA or professional 
societies for a different type of 
tumor 

Retrospective studies show that 
patients with the specific alteration 
in a specific tumor type experience 
clinically meaningful benefit with 
matched drug compared to 
alteration-negative patients 

Predictive value of the 
biomarker or clinical 
effectiveness of the 
corresponding drug in a 
molecularly stratified cohort 
was demonstrated in a 
prospective study or a meta-
analysis in a different tumor 
type. 

2B Biomarkers that serve as inclusion 
criteria for clinical trials 

Prospective clinical trial(s) show 
that the alteration-drug match in a 
specific tumor type results in 
increased responsiveness when 
treated with a matched drug, 
however, no data currently 
available on survival endpoints 

Predictive value of the 
biomarker or clinical 
effectiveness of the drug in a 
molecularly stratified cohort 
was demonstrated in a 
retrospective cohort or 
caseÐcontrol study in a 
different tumor type. 

2C Biomarkers that show plausible 
therapeutic significance based on 
preclinical studies 

 Case study or single unusual 
responder indicates the 
biomarker is associated with 
response to the drug in a 
different tumor type. 

3A Not observed at a significant allele 
frequency in the general or specific 
subpopulation databases, or pan-
cancer or tumor-specific variant 
databases. No convincing 
published evidence of cancer 
association 

Clinical benefit demonstrated in 
patients with the specific alteration 
(as ESCAT I and II above) but in a 
different tumor type. Limited/ 
absence of clinical evidence 
available for the patient-specific 
cancer type or broadly across 
cancer types 

Preclinical data (in vitro, in 
vivo models or functional 
genomics studies) 
demonstrate that the 
biomarker predicts response 
to a specific drug treatment, 
supported by scientific 
rationale. 

3B  An alteration that has a similar 
predicted functional impact as an 
already studied ESCAT I 
abnormality in the same gene or 
pathway, but does not have 
associated supportive clinical data 

 

4A Observed at significant allele 
frequency in the general or specific 
subpopulation databases. No 
existing published evidence of 
cancer association 

Evidence that the alteration or a 
functionally similar alteration 
influences drug sensitivity in 
preclinical in vitro or in vivo models 

Biological rationale that 
associates the biomarker 
with altered signaling 
pathway activity or drug 
sensitivity without direct 
clinical or preclinical 
evidence for response to the 
drug. 

4B  Actionability predicted in silico  

5  Prospective studies show that 
targeted therapy is associated with 
objective responses, but this does 
not lead to improved outcome 

 

X  No evidence that the genomic 
alteration is therapeutically 
actionable 
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Die NCT/DKTK-Evidenzlevel werden im deutschsprachigen Raum zunehmend harmonisiert 

eingesetzt. Eine weitere Harmonisierung von Arbeitsabläufen wird hier im Rahmen des 

Deutschen Netzwerks für Personalisierte Medizin (DNPM) vorangetrieben (Illert et al., 2023). 

Technik und Art der molekularen Analyse ist im ständigen und schnellen Wandel. Der 

publizierte Workflow in Publikation 2 wurde bewusst unabhängig von der Art der molekularen 

Analyse definiert, um eine Technologieoffenheit zu erhalten. In den vergangenen Jahren 

wurden vermehrt Präzisionsonkologiestudien mit Exom-, Genom- und/oder 

Transkriptomsequenzierung publiziert (Horak et al., 2021; Massard et al., 2017; Rodon et al., 

2019). Wie oben dargestellt spielen auch andere Biomarker, wie Proteinexpression eine 

zunehmende Rolle (Meric-Bernstam et al., 2024). Im Rahmen breiter molekularer 

Charakterisierungen können auf Basis der großen Datenmengen auch komplexe Biomarker 

berechnet werden, welche genomweite Charakteristika zusammenfassen. Hierzu gehören 

etwa die Tumormutationslast oder DNA-Reparaturdefekte wie eine homologe 

Rekombinationsdefizienz (Marabelle et al., 2020; Nguyen et al., 2020).  

Diese weist auf eine zentrale Herausforderung molekularer Tumorboards hin: In diesen 

spezialisierten Foren bleibt ein Fokus auf komplexe Alterationen, während definierte 

Biomarker Teil der Routinetherapie werden. Eine evidenzbasierte klinische Interpretation 

dieser Alterationen erfordert daher eine umfangreiche Sichtung der biomedizinischen Literatur. 

Hierzu wurden in den vergangenen Jahren mehrere Datenbanken aufgebaut, um strukturierte 

Informationen zu Biomarker-Medikamenteninteraktionen abzubilden (Chakravarty et al., 2017; 

Griffith et al., 2017; Patterson et al., 2016). In vergleichenden Analysen zeigte sich dabei nur 

eine geringe Übereinstimmung zwischen den Datenbanken (Pallarz et al., 2019; Wagner et 

al., 2020). Mit einer harmonisierten Meta-Datenbank konnte – wie in Publikation 3 gezeigt - 

eine Vereinheitlichung und Zusammenfassung verschiedener Initiativen erfolgen (Wagner et 

al., 2020). Solche Meta-Datenbanken können somit die Suche nach verfügbaren Evidenzen 

deutlich vereinfachen und ggf. auch automatisieren. Die Rolle von künstlicher Intelligenz und 
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Sprachmodellen bei der automatisierten Auswertung großer unstrukturierter Datenmengen 

und nachfolgender Bewertung molekularer Alterationen wird zukünftig zu evaluieren sein. 

Erste eigene Analysen zeigen aktuell nur eine limitierte Nutzbarkeit dieser Technologien, 

lassen aber vielversprechende Entwicklungen erkennen (Benary et al., 2023). 

Um die evidenzbasierte Interpretation auch komplexer molekularer Datensätze zu testen, 

wurde daher die Nutzbarkeit des in Publikation 2 etablierten Workflows im Rahmen mit Exom-

/Genom- und Transkriptomsequenzierung im Rahmen des DKTK MASTER Programms 

untersucht (Horak et al., 2021). 

Die vergleichende Untersuchung zweier Tumorboards bei der Interpretation solcher 

hochdimensionalen Datensätze zeigte in Publikation 4 – unter Berücksichtigung der 

Datenkomplexität - eine vergleichsweise hohe Übereinstimmungsrate (Rieke et al., 2022). 

Dies führten wir insbesondere auf die vergleichbaren Workflows beider beteiligten 

Tumorboards zurück. Diese Daten zeigen eine Weiterentwicklung bei der reproduzierbaren 

Arbeit molekularer Tumorboards von Multigenpanels hin zu einer umfassenderen molekularen 

Charakterisierung und sind somit im Kontext mit Publikation 1 und den oben beschriebenen 

Arbeiten von Koopman et al., Naito et al. und Perez et al. zu sehen (Koopman et al., 2021; 

Naito et al., 2022; Perez et al., 2024; Rieke et al., 2018). Auch die harmonisierte Arbeit im 

Rahmen des DKTK MASTER Programms ist im Kontext der nationalen Initiativen zur 

Implementation einer Präzisionsonkologie zu sehen. Hierzu gehört neben dem deutschen 

Netzwerk personalisierte Medizin (DNPM) auch tumorbezogene Initiativen wie das nationale 

Netzwerk genomische Medizin (nNGM) beim Lungenkrebs (NCT05934032)(Illert et al., 2023). 

Eine Standardisierung bei der klinischen Annotation molekularer Veränderungen findet also 

zunehmend statt. Diese Entwicklungen führen zu einer zunehmenden Zahl erfolgreicher 

Implementierungen molekularer Tumorboards (A. M. Tsimberidou et al., 2023). Hierbei zeigt 

sich auch eine Verbesserung des Patientenoutcomes, wie unter Anderem in Publikation 4, 

aber auch im Rahmen einer Gesamtauswertung von nNGM gezeigt (Kästner et al., 2023). Eine 
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solche Verbesserung des Outcomes durch die Integration eines Präzisionsonkologieworkflows 

konnte zuletzt auch im Rahmen der prospektiv randomisierten CUPISCO-Studie für 

Krebserkrankungen mit unbekannter Primärlokalisation (CUP) gezeigt werden (Mileshkin et 

al., 2023). Zusammenfassend gelingt durch die zunehmende Erfahrung und Standardisierung 

von Arbeitsabläufen eine Verbesserung bei der Interpretation molekularer Alterationen für eine 

zielgerichtete Therapie sowie eine Verbesserung des Einsatzes molekularer Tumorboards 

auch im Rahmen klinischer Studien. 

Erfolgreiche personalisierte Therapiekonzepte werden in aller Regel als zugelassene 

Therapien Teil der Standarddiagnostik und -therapie. Aus diesem Grund sind Umsetzungs- 

und Erfolgsraten molekularer Tumorboards vor dem Hintergrund zu beurteilen, dass 

zahlreiche etablierte personalisierte Therapien keiner Diskussion in spezialisierten 

molekularen Tumorboards mehr bedürfen. Vorgestellte Patientinnen und Patienten in 

molekularen Tumorboards leiden daher in aller Regel unter fortgeschrittenen 

Tumorerkrankungen mit Progression der Erkrankung nach einer Standardtherapie. Ebenfalls 

vermehrt besprochen werden seltene Krebserkrankungen und ungewöhnliche bzw. komplexe 

molekulare Befunde. All diese klinischen Situationen gehen in der Regel mit einem Mangel an 

Evidenz für die weitere Therapiesteuerung einher. Eine konsequente wissenschaftliche 

Begleitung molekularer Tumorkonferenz ist daher von großer Bedeutung, um Evidenzen zu 

generieren und Therapiekonzepte weiterzuentwickeln. Entscheidend hierfür ist die Etablierung 

von kliniko-genomischen Datenbanken. Solche Datenbanken erfassen – idealerweise in einem 

prospektiven Rahmen – Daten zur Erkrankung, Vortherapien, molekularen Veränderungen 

sowie der Effektivität verschiedener Therapien im Rahmen eines strukturierten follow-up nach 

Besprechung in der molekularen Tumorkonferenz (Vergleiche Abbildung 1, Punkt 6) (Dickson 

et al., 2020). Im Rahmen der molekularen Tumorkonferenz wurde hierzu die prospektive 

PRIME-Registerstudie etabliert (NCT05926284). Publikation 5 zeigt exemplarisch, dass über 

solche Registerstudien Evidenz für (molekular stratifizierte) Therapieoptionen auch für seltene 

Tumorentitäten generiert werden kann (Rieke et al., 2023). In dieser Publikation konnten 
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Patientinnen und Patienten mit einem seltenen und komplexen molekularen Profil beim 

Speicheldrüsengangkarzinom aus der Literatur und der Datenbank des molekularen 

Tumorboards gesammelt und ausgewertet werden, um Behandlungsdaten auch in dieser 

seltenen Subgruppe zu generieren und künftige Behandlungsstrategien zu verbessern. So 

etablierte und publizierte Daten können schließlich für die Neubewertung molekularer 

Alterationen für zukünftige Patientinnen und Patienten genutzt werden, um eine personalisierte 

Tumortherapie kontinuierlich zu verbessern. 

AUSBLICK 
Die rapiden Entwicklungen bei der molekularen Tumoranalyse und zielgerichteten 

Tumortherapien sowie die oben dargestellten Verbesserungen und Standardisierungen in 

molekularen Tumorboards erlauben einen optimistischen Blick auf die Entwicklung der 

Präzisionsonkologie. Beispielhaft hierfür steht die Entwicklung von Studienergebnissen, 

welche nach initial negativen Daten im Rahmen der SHIVA-Studie zuletzt einen Nachweis der 

Effektivität eines Präzisionsonkologieprogramms im Rahmen der CUPISCO-Studie zeigten 

(Le Tourneau et al., 2015; Mileshkin et al., 2023). Die zunehmende Anzahl prädiktiver 

Biomarker mit effektiven Therapieoptionen trägt hierzu im Besonderen bei (Suehnholz et al., 

2023).  Viele dieser Biomarker bedürfen nach Etablierung und Therapiezulassung im Rahmen 

der Routineversorgung keiner gesonderten Bewertung im Rahmen einer molekularen 

Tumorkonferenz. Dies wird beispielhaft durch die skizzierten Entwicklungen beim 

metastasierten Lungenkarzinom verdeutlicht (Hendriks et al., 2023). Die zunehmende Anzahl 

von Biomarkern und molekular stratifizierten Therapieoptionen mit histologieübergreifenden 

Zulassungen (vgl. Tabelle 1) erfordert jedoch ebenfalls den zunehmenden Einsatz einer 

breiten molekularen Diagnostik. Hierbei sind immer wieder ungewöhnliche und komplexe 

Befunde zu erwarten, die wiederum eine spezialisierte Diskussion in molekularen 

Tumorboards erforderlich machen. Hierzu gehören etwa ungewöhnliche Varianten gut 

charakterisierter Gene, die eine Bewertung ihrer Onkogenizität erfordern (Horak et al., 2022). 

Zudem finden sich immer wieder komplexe molekulare Profile mit Vorliegen multipler, 
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potenzieller relevanter, Alterationen, die eine interdisziplinäre Diskussion erforderlich machen 

können (Rieke et al., 2023). Möglicherweise ist insbesondere bei diesen Fällen die Integration 

von zielgerichteten Kombinationstherapien eine vielversprechende Strategie (Sicklick et al., 

2019). Weiterhin ist auch in Zukunft eine zunehmende Zahl molekular targetierbarer 

Alterationen, sowie Resistenzalterationen nach vorheriger zielgerichteter Therapie zu 

erwarten. Molekulare Tumorboards werden erforderlich sein, um diese Biomarker frühzeitig in 

die klinische Versorgung zu integrieren. Neuartige Biomarker wie beispielsweise komplexe 

oder proteinbasierte Biomarker erfordern dabei auch eine kontinuierliche Weiterentwicklung 

von diagnostischen Prozessen und Abläufen bei der klinischen Interpretation molekularer 

Befunde. Da histologieübergreifende Zulassungen insbesondere in Europa bislang weiterhin 

die Ausnahme sind, wird die Bewertung prädiktiver Biomarker außerhalb zugelassener 

Indikationen dabei voraussichtlich auch weiterhin die größte Rolle spielen.  

Idealerweise sollte eine molekular stratifizierte Therapie im Rahmen interventioneller klinischer 

Studien stattfinden. Die Seltenheit vieler Alterationen macht neue und flexible Studienkonzepte 

erforderlich. Neben der Notwendigkeit der flexiblen Eröffnung zahlreicher molekular definierter 

Therapiearme spielt auch die Identifikation entsprechender Patientinnen und Patienten eine 

große Rolle. In Flächenländern macht dies entsprechende Überweisungsstrukturen mit 

zentralen diagnostischen Zentren und molekularen Tumorboards mit entsprechendem „clinical 

trial matching“ erforderlich. Nachfolgende Therapien in klinischen Studien werden idealerweise 

heimatnah durchgeführt, was eine schnelle und flexible Zusammenarbeit zahlreicher 

Studienzentren erforderlich macht (Adashek & Kurzrock, 2023).   

Beispiele für solche Studien sind unter anderem die amerikanische Phase-II TAPUR-Studie, 

in der Patientinnen und Patienten mit fortgeschrittenen soliden Tumoren auf der Basis 

molekularer Befunde, ggf. nach vorheriger Konsultation mit dem TAPUR-molekularen 

Tumorboard, mit vordefinierten Therapiestrategien behandelt werden. Die entsprechenden 

Studienarme werden dabei nach Tumorentität, molekularer Alteration und Medikament 
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definiert und in Abhängigkeit der Therapieeffektivität angepasst (Mangat et al., 2018). 

Vergleichbare Studienkonzepte wurden in anderen Ländern übernommen, hierzu gehört unter 

anderem die niederländische DRUP-Studie (van der Velden et al., 2019). 

Neben einem so verbesserten Zugang zu Medikamenten werden auch neuartige und meist 

umfangreichere molekulare Analyseverfahren im Rahmen klinischer Studien überprüft. So 

wurden etwa die erfolgreiche Implementation einer Transkriptomsequenzierung zur 

Therapieidentifikation in verschiedenen Studien gezeigt (Horak et al., 2021; Massard et al., 

2017; Rodon et al., 2019; Tuxen et al., 2019). Die zunehmende Anzahl proteinbasierter 

Biomarker, etwa für neuartige Antikörper-Drug-Konjugate oder als Neoantigene für 

Immuntherapie, lässt eine weiter zunehmende Bedeutung von Transkriptom- und 

Proteomanalysen erwarten (Tretter et al., 2023). 
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4. ZUSAMMENFASSUNG 
Zusammenfassend ist die Präzisionsonkologie ein mehrschrittiger Prozess. Insbesondere die 

klinische Annotation und individualisierte Therapieempfehlung stellt eine große 

Herausforderung dar. Durch die Implementierung eines strukturierten 

Präzisionsonkologieprogramms kann jedoch eine evidenzbasierte personalisierte Therapie 

auch bei komplexen molekularen Befunden ermöglicht werden. Eine konstante 

wissenschaftliche Begleitung ist dabei von großer Bedeutung, um eine lernende Versorgung 

bei hochindividualisierter Betrachtung zu ermöglichen. Ein solch strukturiertes Vorgehen, 

sowie die rasche Entwicklung neuer zielgerichteter Substanzen, führt zu einem zunehmend 

erfolgreichen Einsatz molekular stratifizierter Therapien im Sinne einer evidenzbasierten 

personalisierten Tumortherapie. 
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Klinghammer und Sebastian Ochsenreither. 

Viele lokale, nationale und internationale Kooperationspartnerinnen und Kooperationspartner 

sind zentral für meine Forschungsarbeiten. Auch hier bedanke ich mich stellvertretend bei 

Dieter Beule, Manuela Benary und dem Team des NCT/DKTK MASTER-Programms. 
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ERKLÄRUNG 
 

§ 4 Abs. 3 (k) der HabOMed der Charité 

 

Hiermit erkläre ich, dass 
-! weder früher noch gleichzeitig ein Habilitationsverfahren durchgeführt oder 

angemeldet wurde, 
-! die vorgelegte Habilitationsschrift ohne fremde Hilfe verfasst, die beschriebenen 

Ergebnisse selbst gewonnen sowie die verwendeten Hilfsmittel, die Zusammenarbeit 
mit anderen Wissenschaftlern/Wissenschaftlerinnen und mit technischen Hilfskräften 
sowie die verwendete Literatur vollständig in der Habilitationsschrift angegeben 
wurden, 

-! mir die geltende Habilitationsordnung bekannt ist. 
 
Ich erkläre ferner, dass mir die Satzung der Charité – Universitätsmedizin Berlin zur 
Sicherung Guter Wissenschaftlicher Praxis bekannt ist und ich mich zur Einhaltung dieser 
Satzung verpflichte. 
 

 

………………………………….      …………………………….. 

Ort, Datum         Unterschrift 


