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1. Deutsche Zusammenfassung

1.1 Einleitung

Orofaziale Spalten sind eine haufige angeborene Fehlbildung, die in verschiedene
Subtypen eingeteilt wird. Die haufigste Form ist die nicht-syndromale ,Lippenspalte mit
oder ohne Gaumenspalte" (Englisch: nonsyndromic cleft lip with or without cleft palate,
NSCL/P). Diese ist durch Spaltung der Oberlippe und fakultativ zusatzlich durch
Spaltung des Gaumens gekennzeichnet (Mossey und Little, 2002). Die Atiologie ist
multifaktoriell, d.h. sowohl auf Umwelteinflisse als auch auf genetische Faktoren
zurtckzufihren. Auch die meisten Krebserkrankungen weisen eine multifaktorielle
Atiologie auf. Molekulargenetische Studien - darunter insbesondere die in den letzten
Jahren veroffentlichten genomweiten Assoziationsstudien (GWAS) - konnten Risiko-Loci
sowohl fur verschiedene Krebssubtypen, als auch fir NSCL/P identifizieren.
Epidemiologische Studien ergaben Hinweise auf eine gemeinsame genetische Atiologie
orofazialer Spalten und spezifischer Krebserkrankungen. Eine der groften
Untersuchungen in diesem Zusammenhang war die danische Kohortenstudie von Bille
et al. (2005), die eine signifikant hdohere Pravalenz von Brustkrebs, Hirntumoren und
Lungenkrebs bei Patienten mit verschiedenen Formen orofazialer Spalten ergab. Auch
andere Studien konnten einen Zusammenhang feststellen (Christensen et al., 2004,
Menezes et al., 2009; Narod et al., 1997). Blot et al. (1980), Botto et al. (2013) und
Steinwachs et al. (2000) fanden hingegen keinen Hinweis auf Assoziation. Die Mehrheit
der bisher veroffentlichten Untersuchungen 2zu einer moglichen gemeinsamen
genetischen Atiologie von orofazialen Spalten und Krebserkrankungen war rein
deskriptiv. Bis heute konnten deutliche Hinweise fur einen Zusammenhang zwischen
Krebs und orofazialen Spalten auf molekularer Ebene nur fir das CDH7-Gen gefunden
werden (Brito et al., 2015). Die bisherigen Studien beruhten auf der Analyse von
Kandidatengenen und/oder Stammbaumen. Wir verwendeten in unserer Studie einen
neuen Ansatz: genomweite SNP-Daten grofer Kohorten von Patienten mit sporadischer
Krebserkrankung bzw. NSCL/P wurden dahingehend ausgewertet, ob gemeinsame
genetische Risiko-Loci zwischen NSCL/P und denjenigen Krebsentitaten bestehen, die

laut epidemiologisch basierten Arbeiten eine Haufung bei NSCL/P zeigen.



1.2 Material und Methoden

1.2.1 Suche nach GWAS zu NSCL/P-assoziierten Krebsentitaten

Wir suchten mithilfe von Pubmed (National Center for Biotechnology Information,
http://www.ncbi.nlm.nih.gov/pubmed/) alle bis Juli 2012 veroffentlichten Studien, die
einen Zusammenhang zwischen orofazialen Spalten und Krebserkrankungen untersucht
hatten. AuRerdem suchten wir in den Literaturverzeichnissen der so identifizierten
Arbeiten nach weiteren Studien zu dieser Fragestellung. Auf dieser Grundlage erstellten
wir eine Liste jener Krebsentitaten, zu denen eine Assoziation mit NSCL/P berichtet
worden war (Supplementary Table S1).

Im nachsten Schritt suchten wir mithilfe des,NHGRI GWAS Online-Katalogs" (Hindorff et
al., 2010) und Pubmed GWAS zu den zuvor ermittelten Krebsentitaten, fur die eine
Assoziation mit NSCL/P beschrieben worden war.

1.2.2 Identifizierung der Risiko-SNPs fur NSCL/P und flir NSCL/P-assoziierte
Krebsentitaten aus der Literatur

Bis Juli 2012 waren insgesamt zwoIf Risiko-Loci fur NSCL/P identifiziert worden (Beaty
et al., 2010; Birnbaum et al., 2009; Grant et al., 2009; Ludwig et al., 2012; Mangold et
al., 2010; Rahimov et al., 2008). Von diesen Loci wurde jeweils der Top-SNP als Risiko-
SNP fur NSCL/P fur die weiteren Analysen inunserer Studie gewahlt (Table 1).

Wir erstellten auRerdem eine Liste aller autosomalen SNPs, die in mindestens einer der
GWAS der zuvor gewahlten Krebsentitaten (vgl. Abschnitt 1.2.1) genomweite

Signifikanz erreicht hatten.

1.2.3Untersuchung der genomweiten SNP-Datensatze

Fur die mit Krebs assoziierten SNPs wurde die Assoziation mit NSCL/P in den
Datensatzen der beiden Metaanalysen von Ludwig et al. (2012) mit i) rein europaischer
(meta_Euro) und ii) kombiniert europaisch/asiatischer (meta_all) Population bestimmt.
Wir kontaktierten im Anschluss die Autoren der in Abschnitt 1.2.2 genannten Krebs-
GWAS. Die Autoren wurden gebeten, die Assoziation der zwolf Top-SNPs fur NSCL/P
(Table 1) in ihren Datensatzen der Krebs-GWAS zu bestimmen.

Alle NSCL/P- und Krebs-SNPs, die in den jeweiligen Analyse-Datensatzen nicht
vertreten waren, wurden durch einen Proxy-SNP (= Ersatz-SNP) ersetzt (vgl.



Supplementary Methods). Die P-Werte der Krebs-assoziierten SNPs in den NSCL/P-
Metaanalysen wurden unter Verwendung eines Simulationsverfahrens fir multiples
Testen korrigiert. Fur die Korrektur fur multiples Testen der P-Werteder NSCL/P-
assoziierten SNPs in den Krebs-GWAS wurde ein Korrekturfaktor von 384 verwendet
(12 Risiko-Loci, 32 Krebs-GWAS-Datensatze).

1.3. Ergebnisse

Wir fanden zehn Publikationen, die das gleichzeitige Auftreten von NSCL/P und Krebs
untersucht hatten. Hierin wurden elf primare Krebsentitaten beschrieben: Hirntumoren,
Brustkrebs, kolorektales Karzinom, Leukamie, Lymphom, Lebertumoren, Lungenkrebs,
Neuroblastom, Prostatakrebs, Retinoblastom und Hautkrebs(Supplementary Table S1).
Fir das Retinoblastom und Lebertumoren wurden keine verwertbaren Daten in GWAS
gefunden. Fir die restlichen neun Krebsentitaten wurden 233 SNPs als genomweit
signifikant in den jeweiligen Krebs-GWAS beschrieben. Davon wurden insgesamt 204
Krebs-SNPs in den Daten der NSCL/P-Metaanalyse auf Assoziation gepruft, da einige
SNPs durch einen Proxy-SNP ersetzt bzw. wegen fehlender Proxy-SNPs
ausgeschlossen werden mussten (Supplementary Tables S2.1-S2.9).

Nominale Signifikanz (P<0,05) erreichten 17 Krebs-SNPs: 14 SNPs in der meta_Euro
Teilstichprobe und 12 SNPs in der meta_all Teilstichprobe (Table 2). In beiden Fallen
sind dies mehr nominal signifikante SNPs als durch Zufall zu erwarten gewesen ware
(erwartete Anzahl pro Teilstichprobe: 10.2). Fur acht dieser SNPs war das Krebsrisiko-
Allel identisch mit dem NSCL/P-Risiko-Allel (Table 2). Der Krebs-assoziierte SNP
rs6457327 auf Chromosom 6p21.33 zeigte eine Assoziation mit grenzwertiger
Signifikanz im europaischen NSCL/P-Datensatz, hielt aber der Korrektur fur multiples
Testen nicht Stand (Pagj = 0,0528). Der SNP rs6457327 war in der GWAS von Skibola et
al. (2009) mit dem follikularen Lymphom assoziiert. Das Risiko-Allel war in dieser GWAS
wie auch im europaischen NSCL/P-Datensatz das C-Allel und somit identisch.

Die Top-SNPs der zwolf NSCL/P-Loci wurden von unseren Co-Autoren in 32
verschiedenen Krebs-Datensatzen auf Assoziation untersucht. Die Assoziation von
rs13041247 auf Chromosom 20q12 mit dem Plattenepithelkarzinom der Haut blieb
signifikant nach Bonferroni-Korrektur fir 384 Tests (Pag= 0,0018). Allerdings



unterscheiden sich die Risiko-Allele fur diesen SNP bei Patienten mit
Plattenepithelkarzinom der Haut und Betroffenen von NSCL/P (Table 3).

Zwei CDH1-SNPs (rs9929218 und rs1862748) wurden in unsere Studie einbezogen, die
genomweite Signifikanz in einer GWAS zu Darmkrebs gezeigt hatten. Der SNP
rs1862748 zeigte nominale Signifikanz (P = 0,0357) im NSCL/P-Datensatz (Table 2).
Wir Ubernahmen nach unserer Literatursuche 16 genomweit signifikante Krebs-SNPs
aus der Region 8924.21. Keiner dieser SNPs zeigte eine signifikante Assoziation in den
NSCL/P-Datensatzen. Fur den NSCL/P-SNP rs987525 aus 8g24.21 konnte in den

untersuchten Krebs-Datensatzen keine Assoziation nachgewiesen werden (Table 4).

1.4 Diskussion

Das Ziel der vorliegenden Studie war es, pleiotrope Risiko-Loci fur NSCL/P und
diejenigen Krebsentitaten zu identifizieren, von denen ein gemeinsames Auftreten mit
NSCL/P in vorherigen, Uberwiegend epidemiologisch basierten Studien berichtet worden
war. Zwei Ansatze wurden dafur verwendet:1) Risiko-SNPs bestimmter Krebsentitaten
wurden in zwei grof3en, genomweiten SNP-Datensatzen von NSCL/P-Patienten auf
Assoziation untersucht. 2) Die Assoziation bekannter NSCL/P-Risiko-Varianten wurde
mit bestimmten Krebsentitaten in entsprechenden GWAS-Datensatzen bestimmt.
Dieses Vorgehen reduzierte die Anzahl der Tests und beschrankte damit die
erforderliche Korrektur fuir multiples Testen, sodass die Wahrscheinlichkeit fur die
Identifikation gemeinsamer Risiko-Loci stieg.

In unseren Analysen zeigte der NSCL/P-Risiko-SNP rs13041247 auf Chromosom 20912
auch nach Korrektur fur multiples Testen eine signifikante Assoziation mit dem
Plattenepithelkarzinom der Haut im Datensatz des islandischen Krebsregisters. Zu
beachten ist hier allerdings, dass das NSCL/P-Risiko-Allel (T) nicht identisch ist mit dem
Hautkrebsrisiko-Allel (C). rs13041247 liegt 45 kb strangabwarts des ,musculo-
aponeurotic  fibrosarcoma oncogene homolog B*“-Gen (MAFB), das den
Transkriptionsfaktor ,v-maf* kodiert. Beaty et al. (2010) konnten mittels Tiermodellen
und Sequenzierungen die Hypothese untermauern, dass MAFB ein Kandidatengen fur
die Entstehung von NSCL/P an diesem Locus ist. MAFB kontrolliert das ,grainyhead-like
transcription factor 3"-Gen GRHL3 (Lopez-Pajares et al., 2015). Mutationen in GRHL3

verursachen die Entstehung des Van der Woude-Syndroms, der haufigsten



syndromalen Form der Lippen-Kiefer-Gaumen-Spalten. In  Hautproben von
Plattenepithelkarzinomen von Mausen und Menschen wurde eine reduzierte oder
fehlende GRHL3-Expression beobachtet (Bhandari et al., 2013).

Der SNP rs6457327 aus 6p21.33 erreichte unter den Krebs-SNPs den niedrigsten P-
Wert in den NSCL/P-Datensatzen. Der P-Wert war jedoch nach Korrektur fur multiples
Testen knapp nicht mehr statistisch signifikant. Dieser SNP war urspringlich in der
GWAS von Skibola et al. (2009) als Risiko-Locus fur das follikulare Lymphom
aufgefallen. rs6457327 liegt 58 kb strangabwarts des ,POU class 5 homeobox 1“-Gens
(POUSF1), das auch als OCT4 bezeichnet wird. Wang et al. (2012) zeigten, dass OCT4
den BMP4-Stoffwechselweg reguliert. BMP4 ist an der Palatogenese bei Saugern
beteiligt (Zhang et al., 2002) und wurde bereits mit humanen NSCL/P in Verbindung
gebracht (Chen et al., 2012; Suazo et al., 2011). OCT4 wird in Krebszelllinien und bei
verschiedenen Krebsentitaten Uberexprimiert (Gazouli et al., 2012; Linn et al., 2010;
Yang et al., 2012). Somit ist die Hypothese plausibel, dass rs6457327 die Expression
von OCTH4 reguliert, und dass hierdurch mdglicherweise ein gemeinsamer zellularer
Prozess in der Onkogenese und der Entwicklung von NSCL/P gesteuert wird.

Durch die Wahl unserer Einschlusskriterien sind zwei Fehlerquellen moglich: 1) Wir
achteten darauf, nur Untersuchungen zu der Assoziation des Krebsrisikos mit NSCL/P
und keinem anderen Subtyp orofazialer Spalten aufzunehmen, um eventuell
vorhandene genetische Heterogenitat zu reduzieren. Da jedoch die Nomenklatur
orofazialer Spalten nicht einheitlich angewendet wird, besteht die Maoglichkeit, dass
unsere Studie Krebsentitaten enthalt, die mit anderen Spaltenformen als der ,reinen"
NSCL/P assoziiert sind. 2) Es ist moglich, dass Krebsentitdten ausgeschlossen wurden,
die tatsachlich mit NSCL/P assoziiert sind, da der Zusammenhang mit NSCL/P in der
jeweiligen Veroffentlichung nicht genau beschrieben war. Neuere Resequenzierungs-
und Assoziationsstudien bekraftigten den Beitrag von CDH17-Varianten zur Entstehung
von NSCL/P (Brito et al., 2015). Frebourg et al. (2006)und Kluijt et al. (2012) hatten bis
Juli 2012 als einzige eine mogliche Co-Segregation von CDH17-bedingtem Magenkrebs
und orofazialen Spalten beschrieben, die jedoch nicht auf den NSCL/P-Phanotyp
beschrankt waren, sodass Magenkrebs nicht in unsere Liste der NSCL/P-assoziierten
Krebsentitaten aufgenommen wurde. Dennoch waren zwei CDH71-SNPs (rs9929218 und

rs1862748) in unserer Liste der Krebs-SNPs enthalten, da sie genomweit signifikante



Ergebnisse in einer GWAS zu Darmkrebs gezeigt hatten. rs1862748 wies nominale
Signifikanz (P = 3.57x10-?) im NSCL/P-Datensatz (meta_all) auf (Table 2).

Daruber hinaus konnen wir nicht ausschliefen, dass NSCL/P mit anderen Krebs-
Subtypen assoziiert ist, als in der vorliegenden Studie untersucht wurden, da sich viele
der GWAS auf spezifische Krebs-Subtypen konzentrierten. So wurden zum Beispiel
GWAS zu akuter lymphatischer Leukamie, chronisch myeloischer Leukamie, chronisch
lymphatischer Leukamie, follikularem Lymphom oder klassischem Hodgkin-Lymphom
durchgefuhrt (Supplementary Tables S2.4 und S2.6). Diese Unterformen reprasentieren
jedoch bei weitem nicht alle Leuk&dmien und Lymphome.

Ein weiterer wichtiger Aspekt ist, dass der Altersdurchschnitt der untersuchten Personen
in den deskriptiven Studien zu NSCL/P und Krebserkrankungen sehr niedrig war.
Folglich ist es moglich, dass in unserer Analyse assoziierte Krebserkrankungen nicht
bertcksichtigt wurden, die Ublicherweise erst im hdheren Alter auftreten.

Aus der vorliegenden Studie zogen wir aulerdem Erkenntnisse Uber die Region
8924.21, die einen wichtigen Risiko-Locus fur NSCL/P mit dem Top-Marker rs987525
enthalt (Birnbaum et al. 2009; Mangold et al. 2011). Sechzehn der 204 Krebsrisiko-
SNPs liegen in der Region 8924.21 (Table 4). Jedoch zeigte keiner dieser SNPs eine
signifikante Assoziation in den NSCL/P-Datensatzen und keine dieser Varianten steht im
Kopplungsungleichgewicht mit rs987525. Dies deutet darauf hin, dass dieser Locus
unterschiedliche regulatorische Regionen enthalten konnte, die fur verschiedene
Entwicklungsprozesse verantwortlich sind. Diese Hypothese wird durch Daten von Uslu
et al. (2014) unterstitzt, die zeigten, dass im benachbarten Bereich zu rs987525 ein
Enhancer-Element liegt, dessen Deletion zu einer deutlichen Reduktion der Myc-
Expression bei homozygoten Mausembryonen ausschlieRlich in den Gesichtsstrukturen
fUhrte.

1.5 Zusammenfassung

Zusammenfassend ist dies ist die erste Studie, die pleiotrope Risiko-Loci fur NSCL/P
und bestimmte Krebserkrankungen mithilfe grof3er, genomweiter Datensatze beschreibt.
Kein Marker in unserer Studie zeigte eine signifikante Assoziation in beiden
Phanotypen, jedoch ergaben sich Hinweise auf einen gemeinsamen genetischen

Risikofaktor von NSCL/P und dem follikularen Lymphom in der Region 6p21.33, sowie
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von NSCL/P und dem Plattenepithelkarzinom der Haut in der Region 20g12. Ob und in
welchem Umfang die Ausbildung dieser Phanotypen durch eine veranderte Funktion der
mutmallichen Kandidaten-Gene beeinflusst wird, bleibt unklar. Unsere Studie ist ein
vielversprechender Ausgangspunkt fur die weitere Erforschung der gemeinsamen

genetischen Atiologie von orofazialen Spalten und Krebserkrankungen.
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that have been reported to co-occur with orofacial clefting. This was achieved through the investigation of large
genome-wide association study datasets. Investigations of 12 NSCL/P single nucleotide polymorphisms (SNPs)
in 32 cancer datasets, and 204 cancer SNPs in two NSCL/P datasets, were performed. The SNPs rs13041247
(20q12) and rs6457327 (6p21.33) showed suggestive evidence for an association with both NSCL/P and a specific
cancer entity. These loci harbor genes of biological relevance to oncogenesis (MAFB and OCT4, respectively). This
study is the first to characterize possible pleiotropic risk loci for NSCL/P and cancer in a systematic manner. The
data represent a starting point for future research by identifying a genetic link between NSCL/P and cancer.

Cancer © 2016 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction cancer cases in order to determine the prevalence of co-morbid congen-

Orofacial clefting (OFC) is a common congenital malformation com-
prising several subtypes. The most frequent form is nonsyndromic ‘cleft
lip with or without cleft palate’ (NSCL/P), which is characterized by
clefting of the upper lip and facultative clefting of the palate [46].
NSCL/P etiology involves both environmental and genetic factors.
Genome-wide association studies (GWAS) have provided insights into
the genetic background of NSCL/P through the identification of several
risk loci [40,42].

Research suggests a common genetic etiology for congenital
malformations - including OFC - and specific cancer entities. Miller
[45] analyzed the death certificates of approximately 30,000 pediatric

* Corresponding author.
E-mail address: e mangold@uni-bonn.de (E. Mangold).

http://dx.doi.org/10.1016/j.gdata.2016.08.017

ital abnormalities. Miller reported associations between Down's
syndrome and leukemia, and aniridia and Wilms' tumor. Various epide-
miological study designs have since been applied to identify associa-
tions between specific cancer entities and OFC or particular clefting
subtypes. One of the largest investigations to date is the Danish registry
cohort study of Bille et al. [4]. The authors found a significantly higher
prevalence of: breast cancer in females with cleft lip and/or cleft palate;
brain cancer in females with cleft palate; and lung cancer in males with
cleft lip and palate. Further studies have supported an association [13,
43,47,72], whereas others have not [6,8,56].

As both cancer and OFC have a multifactorial etiology, shared risk
factors might be genetic, environmental, or a combination of both.
Molecular studies - in particular recent GWAS - have identified suscep-
tibility factors for various cancer subtypes [ 14]. The first GWAS of cancer
in the late 2000s reported a limited number of loci for the most common

2213-5960/© 2016 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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malignancies. To date, individual studies and meta-analyses have iden-
tified approximately 50 susceptibility loci for colorectal cancer, >70 for
breast cancer, and >100 for prostate cancer. Of particular interest is
the finding that chromosomal region 8q24.21 contains several cancer-
risk single nucleotide polymorphisms (SNPs) [25], and a major risk
locus for NSCL/P [5].

The majority of published investigations into a common genetic eti-
ology for OFC and cancer have been purely descriptive. To date, strong
molecular evidence for an association between cancer and OFC has
been generated for only one gene. In the respective resequencing
study, a causative role for the gene CDH1 was identified in both gastric
cancer and OFC [9]. A limitation of previous studies is that they were

E. Dunkhase et al. / Genomics Data 10 (2016) 22-29 23

Table 1

NSCL/P-associated risk SNPs identified in GWAS.
SNP-ID Allele” Chr. region Position (Mb) Reference
rs560426 G-A 1p22.1 94.32-94.35 [2]
rs861020 A-G 1q32.2 208.00-208.12 [2]
15742071 T-G 1p36 18.85 [40]
rs7590268 G-T 2p21 4339 [40]
rs7632427 C-T 3pll.1 89.61 [40]
rs12543318 C-A 8q21.3 88.93 [40]
rs987525 A-C 8q24.21 129.77-130.30 [5]
rs7078160 A-G 1025 118.81-118.83 [41]
rs8001641 A-G 13931 79.57-79.60 [40]
rs1873147 CT 15q22 61.09 [40]
rs227731 C-A 17q22 5212 [41]
rs13041247 C-T 20q12 38.70-38.71 [2]

based on the analysis of candidate genes and/or particular pedigrees.
To overcome this, the present study used genome-wide SNP data from
large cohorts of patients with sporadic cancers or NSCL/P. Analyses
were performed to identify common genetic risk loci for NSCL/P and
those cancer entities for which co-occurrence with NSCL/P has been re-
ported. The identification of shared risk loci would provide insights into
common underlying mechanisms.

2. Materials and methods
2.1. Cancer entity search strategy

In a first step, a Pubmed search was performed to locate original
studies published prior to July 2012 that had investigated an association
between OFC and cancer. The following search terms were used: “cleft
cancer”, “cleft tumor”, “cleft lip cancer”, “cleft lip tumor”, “cleft palate
cancer”, “cleft palate tumor”, “facial cleft cancer”, “facial cleft tumor”,
“oral cleft cancer”, “oral cleft tumor”, “orofacial cleft cancer”, and
“orofacial cleft tumor”. In the OFC literature, nomenclature is applied in-
consistently, and these broad search terms were used in order to ensure
that relevant studies were not overlooked due to the use of alternative
morphological classification. The reference lists of these publications
were then scrutinized to identify additional studies. On the basis of
these search results, a list of cancer entities with a reported association
with any form of OFC was compiled.

This list was then reduced to cancer entities with a reported associ-
ation with NSCL/P. Studies that had investigated other OFC phenotypes
(i.e., cleft palate only, syndromic OFC, or anomalies such as tooth
agenesis and bifid uvula) were excluded. Data from case reports and
animal models were also excluded from the analyses (Supplementary
Table S1).

2.2. Cancer GWAS search strategy

In a second step, a search of the “NHGRI GWAS Online Catalog” ([29],
http://www.genome.gov/gwastudies) was performed to identify GWAS
of those cancer entities for which an association with NSCL/P had
been reported (cancer entities of interest listed in Supplementary
Table S1). Since this GWAS catalog is not exhaustive, the search was
complemented using PubMed. The following search terms, followed
by the respective cancer subtype, were used: “genome-wide association
studies”, “genome-wide association study”, “gwas”, “gwa".

2.3. Identification of NSCL/P risk SNPs from the literature

Prior to July 2012, three GWAS of NSCL/P were performed in
European case-control samples [5,26,41], and one GWAS was per-
formed in European and Asian trios [2]. Subsequently, two meta-
analyses of GWAS data from Mangold et al. [41] and Beaty et al. [2]
were performed [40]. In total, 12 loci in these studies showed
genome-wide significance. These comprised one established NSCL/P
risk locus (IRF6), and 11 novel loci. Twelve lead SNPs at these loci
were chosen as NSCL/P risk SNPs for the present study (Table 1).

Chr. = chromosomal.
* Minor allele first, risk allele for NSCL/P in bold.

24. Identification of cancer risk SNPs from the literature

All autosomal SNPs with genome-wide significance in at least one
cancer GWAS published prior to July 2012 were listed. According to
the guidelines of the International HapMap Consortium [32], an SNP
should be considered genome-wide significant if it achieves a P-value
below a threshold of 5 x 105, As an exception to this rule, the present
study also included SNPs with a P-value of >5 x 10~ if they had been
defined as genome-wide significant in the original study.

2.5. Exploration of genome-wide SNP datasets

Data on NSCL/P-associated genetic variants were retrieved from the
meta-analyses of the two largest GWAS of NSCL/P to date [40]. Ludwig
et al. [40] included 497,084 SNPs, which had been genotyped in 666
complete European trios, 795 complete Asian trios, and 399 patients
and 1318 controls of Central European origin. This study included 95%
of all individuals available at that time with both NSCL/P and genome-
wide data. For SNPs in the cancer SNP list, analyses were performed
to determine association with NSCL/P in the two meta-analyses:
i) European (meta_Euro); and ii) the combined European/Asian popula-
tion (meta_all) datasets.

Additionally, the corresponding authors of all cancer GWAS used for
SNP selection were contacted. These researchers were asked to retrieve
association information from their cancer GWAS datasets for each lead
SNP from the 12 NSCL/P risk loci (Table 1).

For both analyses, cancer and NSCL/P SNPs that were not represent-
ed in the respective analyzed data were replaced by a proxy SNP
(r? > 0.5 in the HapMap CEU population, Supplementary methods).
For the P-values of cancer-associated SNPs in the NSCL/P meta-
analyses, correction for multiple testing was performed using a simula-
tion procedure. This was based on 10,000 replicated samples, and in-
volved permutation of: (i) the case and control status of individuals;
and (ii) the transmitted and non-transmitted parental alleles.

For the analysis of NSCL/P-associated SNPs in the cancer GWAS,
a correction factor of 384 was used (12 risk loci, 32 cancer GWAS
datasets).

3. Results

The cancer entity search for studies that had analyzed the co-
occurrence of orofacial anomalies and cancer identified 36 publications
(Supplementary Table S1). Of these, 10 contained sufficient information
to deduce that the described associations were with the NSCL/P pheno-
type. These 10 studies covered 11 different cancer entities, all of which
were primary forms of cancer, i.e., they were not metastatic tumors.
These cancer entities comprised: brain cancer [4,22,43]; breast cancer
[4,43]; colorectal cancer [43]; leukemia [43,44,48,69,72]; liver cancer
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Table 2

Cancer-associated SNPs with nominal significance in NSCL/P.
SNP Risk allele cancer” Risk allele NSCL/P" Proxy needed? Chr. region Prmeta_Euro Prmeta_an Associated cancer entity Reference
156457327 C ¢ NO 6p21.33 192x107*  418x10°®  Lymphoma (FL) [54]
rs17505102 G G rs16864725 3q28 1.93 x 1073 2.82x 1072 Leukemia (ALL) [20]
1s3131379 n/s A NO 6p21.33 429 x 1073 5.69x 103 Lung cancer |65]
153117582 C C NO 6p21.33 474x107*  546x10°%  Lungcancer [65]
54779584 n/s C NO 15q13 876 x 1073 7.76 x 1072 Colorectal cancer [49]
1510934853 A A NO 3¢21.3 199x 107  1.13x107?  Prostate cancer [27]
rs6712055 C T NO 2q35 229x 1072 1.05x 107! Neuroblastoma [10]
rs17728461 G C rs9614158 22q122 251 x 1072 1.90x 107" Lung cancer [31]
rs4857841 A A NO 3q213 256x107%  122x107?  Prostate cancer [27]
15204999 A A NO 6p21.32 272x107%  225x10°'  Lymphoma (cHL) [15]
rs11170164 A G rs11170148 12q13.13 3.94x 1072 3.94x 102 Skin cancer (BCC) [55]
52055109 C T NO 3pl112 424 x 1072 407 x 102 Prostate cancer [1]
rs1321311 A A NO 6p21.2 428 x 1072 6.41x 1072 Colorectal cancer [17]
rs10995190 G A NO 10q21.2 447 x 1072 476 x 1072 Breast cancer [63]
rs4635969 C G NO 5p15.33 9.66 x 102 335x 1072 Lung cancer [35]
1517021918 C T NO 4q22.3 1.24% 107" 1.74x 102 Prostate cancer [19]
151862748 € T NO 16q22.1 1.50 x 107! 357 x1072 Colorectal cancer [30]

n/s = not specified; Pyeta uro aNd Prera an = P-value from Likelihood ratio test in the European or European/Asian meta-analysis respectively; FL = follicular lymphoma; ALL = acute

lymphoblastic leukemia; cHL = classical Hodgkin lymphoma; BCC = basal cell carcinoma.

* Risk allele in cancer GWAS.
b Risk allele in NSCL/P GWAS (in identical strand orientation).

[43]; lung cancer [4,43]; lymphoma [72]; neuroblastoma [47]; prostate
cancer [43]; retinoblastoma [7]; and skin cancer [43]. The remaining
26 studies did not meet the present inclusion criteria.

Convincing GWAS results were found for nine of the 11 cancer enti-
ties. For retinoblastoma, no GWAS was found and this cancer entity was
therefore excluded. The single GWAS of liver cancer had identified sus-
ceptibility variants for hepatitis B and C virus-induced hepatocellular
carcinoma only [11,34,36,53,70]. Given the virus-related origin of liver
cancer in these GWAS, this cancer entity was excluded from further
analysis. For the remaining nine cancer entities, 233 SNPs were reported
to show genome-wide significance (Supplementary Tables S2.1-52.9).
Most of these SNPs had been identified in GWAS of prostate cancer

Table 3
NSCL/P associated SNPs with nominal significance in cancer GWAS.

(n = 57). Only eight SNPs were derived from three GWAS of brain can-
cer (glioma). Sixty-six of the 233 SNPs required replacement by a proxy
SNP for further analysis, and nine variants were excluded due to the lack
of a proxy SNP (for details see Supplementary Tables $2.1-52.9). In total,
204 cancer-associated SNPs were analyzed in the NSCL/P meta-analysis
data.

Nominal significance (P < 0.05) was achieved for a total of 17 cancer
SNPs: 14 cancer SNPs in the meta_Euro subsample; and 12 cancer SNPs
in the meta_All subsample (Table 2). In both instances, this is more
than would have been expected by chance (expected number per
subsample: 10.2). For 15 of the 17 nominally significant cancer SNPs,
the “cancer risk allele” was reported in the literature. For eight of

SNP-ID (risk allele in NSCL/P) Proxy required? ~ Cancer entity Risk Ref P-value® OR  ORtype Number of cases/controls ~ Sample ethnicity
13041247 (T) *f NO skin cancer (SCC) C T 473x107°% 123 allelic 973/>60,000 EU
513041247 (T) “f NO skin cancer (BCC) C T 1.04x 1072 1.10 allelic 2807/>60,000 EU
1513041247 (T) “t NO skin cancer (CM) T € 3.54x107* 116 allelic 725/>60,000 EU
rs13041247 (T) T NO lymphoma (CLL) T C 331x107% 127 genotypic 407/296 EUP
1513041247 (T) “t NO Iymphoma (CLL) T C  414x107% 125 allelic 148/>60,000 EU
rs13041247 (T) * NO brain cancer (glioma) T &) 418x 1072 114 n/s 846/1310 EU°
rs1873147 (C) * NO brain cancer (glioma) A G 450x 1072 117 n/s 846/1310 EU®
s227731 (C) *t NO prostate cancer T G 1.40x 1072 1.10 allelic 2682/>60,000 EU
rs227731 (C) *f NO skin cancer (BCC) ale G 235%107% 1.09 allelic 2807/~60,000 EU
1s227731 (C) *f NO skin cancer (CM) T G 1.83x 1072 114 allelic 725/>60,000 EU
15227731 (C) *  NO skin cancer (BCC) b G 329x107? 108 allelic 2045/6013 EU
rs560426 (G) * NO prostate cancer T c 583x107% 119 nfs 1583/4944 AS
s560426 (G) * NO colorectal cancer G T 1.85x 107 1.06 allelic 12,620/15,110 EU
$560426 (G) * NO lymphoma (DLBCL) € T 423x107? 123 allelic 256/747 EU
1s7078160 (A) T NO skin cancer (BCC) G A 162x 107 114 allelic 2807/>60,000 EU
rs7078160 (A) * NO brain cancer (glioma) A G  312x107% 116 n/s 1247/2236 EU?
rs7078160 (A) *t NO skin cancer (CM) G A 315%x 1072 116 allelic 725/>60,000 EU
1s7632427 (T) * NO skin cancer (SCC) (& T 146 x 1072 112  allelic 973/>60,000 EU
1s7632427 (T) i NO brain cancer (glioma) T c 484 x 1072 110 additive 2331/3077 AS
rs861020 (A) i 151962735 leukemia (ALL) G A 313x107%2 128 n/s 1696/3535 EU
rs861020 (A) * NO lymphoma (FL) G A 497x107%2 133 allelic 213/750 EU
rs987525 (A) * NO brain cancer (glioma) A C 1.15x107%2 120 n/s 846/1310 EU©
1s987525 (A) < NO brain cancer (glioma) A o) 365x107% 114 n/s 1423/1190 EU*®

Risk = Risk allele in cancer GWAS; Ref = Reference allele in cancer GWAS; OR = Odds Ratio; * SNP genotyped; T SNP imputed; I no data available for SNP; SCC = squamous cell
carcinoma; BCC = basal cell carcinoma; CM = cutaneous melanoma; CLL = chronic lymphocytic leukemia; DLBCL = Diffuse large B-cell lymphoma; FL = follicular lymphoma; EU =

European ethnicity; AS = Asian ethnicity; n/s = not specified.
* Association P-value from cancer GWAS,
b 99% are known or assumed to be White and Not Hispanic.
¢ German subgroup.
¢ US subgroup.
¢ French subgroup.



18

E. Dunkhase et al. / Genomics Data 10 (2016) 22-29 25
Table 4
Cancer risk SNPs at 8q24.21 and distance from NSCL/P risk SNP rs987525.
Cancer entity SNP-ID Risk allele” OR” Position Distance from rs987525 (kb) Reference
Breast cancer 1513281615 C 1.08 128,424,800 —1591 [18]
Colorectal cancer 156983267 G 1.21 128,476,625 —1539 [62]
Colorectal cancer rs10505477 n/s 1.12 128,482,487 —1533 [62]
Colorectal cancer 57014346 A 1.19 128,493,974 —1521 [60]
Glioma 154295627 G 1.36 130,754,639 739 [52]
Lymphoma (cHL) 52608053 G 1.20 129,261,453 —754 [21]
Lymphoma (cHL) 152019960 G 1.33 129,145,014 —870 [21]
Lymphoma (CLL) 152456449 G 1.26 128,262,163 —1753 [16]
Lymphoma (CLL) 52466024 A 1.20 128,257,201 —1758 [16]
Prostate cancer 51447295 A 1.60 128,554,220 — 1461 [28]
Prostate cancer rs16901979 A 1.79 128,194,098 —1821 [28]
Prostate cancer 156983267 G 1.27 128,482,487 —1533 [68)
Prostate cancer rs7837688 T 147 128,608,542 —1407 [68]
Prostate cancer 154242382 A n/s 128,586,755 —1429 [61]
Prostate cancer 1s16902094 G 1.21 128,389,528 — 1626 [27]
Prostate cancer rs445114 T 114 128,410,090 —1605 [27]
Prostate cancer rs16902104 T 1.21 128,392,363 —1623 [27]

n/s = not specified; cHL = classical Hodgkin's lymphoma; CLL = chronic lymphocytic leukemia.

# Risk allele in cancer GWAS.
" Allelic odds ratio in cancer GWAS.

these SNPs, the “cancer risk allele” was identical to the “NSCL/P risk
allele” (Table 2). For the cancer-associated SNP rs6457327 on chromo-
some 6p21.33, a borderline association was reported in the European
NSCL/P dataset. However, this became non-significant following correc-
tion for multiple testing (P,qj = 0.0528). In the original report, the SNP
1s6457327 was associated with follicular lymphoma [54]. In the original
cancer GWAS, risk was conferred by the C allele at this SNP, which is
identical to the risk allele in the NSCL/P meta-analyses datasets.

Analyses were then performed to identify associations with the lead
SNPs of the 12 NSCL/P loci in 32 different cancer sample datasets. Eight
SNPs achieved nominal significance in at least one sample dataset. The
association of rs13041247 at chromosome 20q12 with squamous cell
cancer of the skin (P,gj = 4.73 x 10~° x 384 = 0.0018, data extracted
from the Icelandic Cancer Registry) remained significant after conserva-
tive Bonferroni correction for 384 tests. However, the risk allele for this
SNP reported in squamous cell cancer of the skin differs from that found
in the NSCL/P patients (Table 3).

Two CDH1 SNPs (159929218 and rs1862748) were included in the
present study as they had shown genome-wide significant results in a
GWAS of colorectal cancer [30]. The SNP rs1862748 showed nominal
significance (P = 3.57 x 1072) in the present NSCL/P dataset (Table 2).

The literature search for cancer risk SNPs identified 16 SNPs in the
region of 8q24.21. This region also contains a key susceptibility locus
for NSCL/P, with the top marker being rs987525. None of the cancer
risk SNPs showed significant association in the NSCL/P datasets, and
no association with rs987525 was found in any of the investigated can-
cer datasets (Table 4).

4, Discussion

The aim of the present study was to identify common genetic risk
loci for NSCL/P and those cancer entities that have been reported to
co-occur with NSCL/P in descriptive studies. Two approaches were
used. First, conclusively identified cancer susceptibility variants were
analyzed in a large genome-wide SNP dataset of NSCL/P patients.
Second, known NSCL/P risk loci were analyzed in GWAS data for specific
cancer entities. Analysis of only a subset of candidate SNPs, i.e., those
identified as being genome-wide significant for one trait, reduced the
number of tests and thus the requirement for correction, thereby in-
creasing the chances of identifying common risk loci.

In principle, an overlapping genetic contribution to both traits could
also be quantified using a genome wide polygenic score approach [51].
However, for this etiological overlap to be apparent in a polygenic score,
a specific cancer entity and NSCL/P would have to share a large number

of genetic risk factors. Given the weak associations reported for cancer
entities and NSCL/P in previous epidemiological studies, the presence
of a large number of shared genetic risk factors cannot be assumed. In
addition, since the polygenic score allows no conclusions to be drawn
concerning a particular gene, this approach would allow no conclusions
concerning a common biological pathway for NSCL/P and any specific
cancer entity. We therefore considered the present methodology to be
the more appropriate approach to our research question.

One association withstood correction for multiple testing. The NSCL/
P-associated risk SNP rs13041247 at chromosome 20q12 showed
genome-wide significant association in the dataset of the Icelandic
cancer registry for squamous cell carcinoma of the skin. However, the
NSCL/P risk allele (T) is not identical to the skin cancer risk allele (C).
The SNP rs13041247 maps 45 kb downstream of the musculoaponeu-
rotic fibrosarcoma oncogene homolog B (MAFB) gene, which encodes
the v-maf transcription factor. In the GWAS of NSCL/P conducted by
Beaty et al. [2], which was the first to describe association of this variant
with NSCL/P, sequencing of conserved elements within the 3’ region
and the coding region of MAFB in NSCL/P cases and controls from
Towa and the Philippines revealed an overrepresentation of a rare mis-
sense variant (His131GIn). The contribution of this variant to NSCL/P
awaits elucidation [2]. Animal studies have provided additional support
for the hypothesis that MAFB is a candidate gene for NSCL/P at this locus
by showing that its homolog in rodents is expressed in craniofacial
structures during embryogenesis [2]. Recently, Lopez-Pajares et al.
[39] demonstrated that MAF and MAFB control the expression of the
transcription factor genes GRHL3, ZNF750, PRDM1, and KLF4. Together,
these genes form a network that is essential for epidermal differentia-
tion. Previous studies have demonstrated that the grainyhead-like tran-
scription factor 3 gene GRHL3 causes the autosomal dominant Van der
Woude syndrome [50], which is the most common syndromic form of
cleft lip and palate. Furthermore, Bhandari et al. [3] observed a marked
recuction or absence of GRHL3 expression in squamous cell skin carci-
noma samples from mice and humans. A recent study identified domi-
nant negative KLF4 variants in patients with NSCL/P [38].

Of the cancer associated SNPs, the most significant P-value in the
NSCL/P meta-analyses datasets was found for rs6457327 at 6p21.33, al-
though this fell short of significance after correction for multiple testing.
This SNP was originally reported by Skibola et al. [54] as a risk locus for
follicular lymphoma, and maps 58 kb downstream of the POU class 5
homeobox 1 (POU5F1) gene, also known as OCT4. This gene encodes a
transcription factor with an important role in embryonic development,
in particular during early embryogenesis, and which is necessary for
maintaining embryonic stem cell pluripotency [57]. Wang et al. [66]
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showed that OCT4 regulates and interacts with the BMP4 pathway
in specifying different developmental fates in human embryonic
stem cells. Notably, the BMP4 pathway is involved in mammalian
palatogenesis [71], and mutations in BMP4 have been associated
with human NSCL/P [12,58,59]. Research has shown that OCT4 is
overexpressed in cancer cell lines and in diverse cancer entities
[24,37,67], suggesting that aberrant transcriptional regulation of OCT4
might be a mechanism in cancer susceptibility. Thus, a plausible
hypothesis is that rs6457327 regulates OCT4 expression, and that this
regulation is a possible common process in oncogenesis and the devel-
opment of NSCL/P.

An important consideration in interpreting the present results is that
the publication search adhered to very strict inclusion criteria, which
might have introduced two sources of bias. First, we concentrated on
investigating cancer risk association with NSCL/P and no other OFC sub-
type in order to reduce any existing genetic heterogeneity. However, as
OFC nomenclature is applied inconsistently, we cannot exclude the pos-
sibility that our investigation included cancer entities that were associ-
ated with forms of OFC other than “pure” NSCL/P. Second, we may have
rejected genuinely associated cancer entities due to a non-precise
description of a possible association with NSCL/P in the respective
publication. Frebourg et al. [23] and Kluijt et al. [33] described a possible
co-segregation of OFC and CDH1-related gastric cancer, and recent
resequencing and association studies strongly support a contribution
to NSCL/P of predominantly rare and moderately penetrant CDH1 vari-
ants [9]. As this co-occurrence was not precisely related to NSCL/P in
the initial studies, and no other study of this cancer entity had been pub-
lished by July 2012, gastric cancer was not included in the present can-
cer entity list. Nonetheless, two CDH1 SNPs (rs9929218 and rs1862748)
were included, as they had shown genome-wide significant results in a
GWAS of colorectal cancer [30], and rs1862748 showed nominal signif-
icance (P = 3.57 x 10~2) in the present NSCL/P dataset (Table 2).

Another important consideration is that most of the individuals
investigated in the descriptive studies had a relatively low mean- and
median age. Bille et al. [4] were the only authors to investigate the co-
occurrence of OFC and cancer in adults (maximum age: 62 years). Con-
sequently, the present analyses may have failed to consider cancers that
are more frequent in later life.

In addition, we cannot exclude the possibility that NSCL/P is associ-
ated with cancer-subtypes other than those considered in the present
study. Many of the GWAS concentrated on specific cancer subtypes.
For example, studies of leukemia and lymphoma were conducted
using case cohorts of acute lymphoblastic leukemia, chronic myeloge-
nous leukemia, chronic lymphocytic leukemia, follicular lymphoma,
and Hodgkin's lymphoma (Supplementary Tables S2.4 and S2.6),
which do not represent all forms of leukemia and lymphoma. This also
applies to the skin cancer studies, since most of the GWAS of skin cancer
were performed for the most frequent skin cancer subtypes, such as cu-
taneous melanoma, basal cell carcinoma, and squamous cell carcinoma.

An interesting result of the present study is the finding for the
8q24.21 region. This contains a key susceptibility locus for NSCL/P, and
although it was initially identified in a small GWAS, the genetic effect
was very pronounced [5]. The finding has since been confirmed in nu-
merous GWAS and targeted replication studies [42]. The top marker,
rs987525, maps to an intergenic region, which may contain remote
cis-acting enhancers that control expression of the well known proto-
oncogene Myc in the developing murine facial prominences [64]. Six-
teen of the present cancer-risk SNPs are located in the 8q24.21 region
(Table 4). However, none of these SNPs showed a statistically significant
association in the NSCL/P data-sets. Furthermore, none of these cancer
risk variants is in linkage disequilibrium with rs987525, which suggests
that this locus might contain distinct regulatory regions that are respon-
sible for different developmental processes. This hypothesis is support-
ed by data from Uslu et al. [64], who showed that a distinct region
adjacent to rs987525 contained a specific facial enhancer element. Dele-
tion of this medial-nasal enhancer resulted in a pronounced reduction
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in myc expression in the facial tissues of homozygous murine embryos
but not in other embryonic tissues. Therefore it is possible that the
8q24 region contains enhancers that control the expression of Myc in
either facial development or cancer but not in both.

In summary, the present study is the first to characterize possible
pleiotropic risk loci for NSCL/P and cancer using large genome-wide
datasets. Suggestive evidence for a common genetic background was
found for NSCL/P and follicular lymphoma at 6p21.33, and for NSCL/P
and squamous cell carcinoma of the skin at 20q12. Whether, and to
what extent, the development of these phenotypes is influenced by an
altered function of the putative candidate genes OCT4 and MAFB at
these loci remains unclear. No marker in the present study showed
pronounced effects on both phenotypes. Although inconclusive at the
single marker level, the present data represent a starting point for fur-
ther research into the common genetic etiology of OFC and cancer.
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