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RESUMO

Villacis RAR. Alteracdes gendmicas em pacientes e seus familiares com a
Sindrome do céncer colorretal hereditario. Sao Paulo; 2015. [Tese de Doutorado-

Fundagido Antonio Prudente]

O cancer colorretal (CCR) € a terceira neoplasia mais comum no mundo. Estima-se
que 35% dos CCRs sdo hereditarios, no entanto, apenas 5% destes casos sdo
explicados por mutagdes patogénicas em genes de alta penetrancia, A Sindrome de
Lynch (SL) ¢ a doenca hereditdria mais comum associada com o risco de CCR
estando associada com mutagdes germinativas nos genes de reparo a erros de
pareamento (Mismatch repair genes - MMR). Neste estudo foram avaliadas as
alteragdes gendmicas em 54 pacientes com a SL (critérios clinicos de Amsterdam ou
Bethesda) e negativos para mutagdes patogénicas nos genes MMR (MLH1, MSH2,
MSH6 e PMS2), TP53 ou CHEK2 (100delC); com o objetivo de identificar novos
genes que poderiam estar associados com a predisposicdo ao CCR. As variagdes no
namero de copias (Copy number variations - CNVs) foram avaliadas em todos os
casos utilizando a plataforma de microarranjos (microarray) Agilent 4X180K,
enquanto 26 casos também foram reanalisados com a plataforma Affymetrix
CytoScan HD. Em 21 casos foram identificadas apenas CNVs comuns, enquanto 33
pacientes apresentaram 58 CNVs raras. Destas, 43 CNVs raras cobriram genes e
foram detectadas em 28 pacientes. Nos casos avaliados com as ambas as plataformas
foi possivel validar 9 CNVs raras. A analise in silico revelou que 52 dos 81 genes
afetados por CNVs raras foram associados com cancer, dos quais 26 estavam
relacionados com o CCR. Entre estas alteracdes foi detectada uma delecao intronica
no gene ROBO1 em uma paciente jovem com CCR e sem historia de cancer na
familia. Coincidentemente, delecdes idénticas no mesmo gene também foram
detectadas em duas pacientes ndo relacionadas com historia familiar de cancer de
mama, fornecendo assim evidéncia adicional do potencial patogénico dessa CNV.
Foram também identificados ganhos (GALNT6 e GALNT11) e perdas (CENPP e

SEMA3C) em genes pertencentes as mesmas familias de genes recentemente



associados com o risco de desenvolvimento ao CCR em familias negativas para
mutacdo nos genes de predisposicdo conhecidos. Um estudo de segregacao de
algumas CNVs raras foi realizado em 14 membros de trés familias distintas. Os
resultados sugeriram o envolvimento de CHODL, GPR39, GALNT11 ¢ KMT2C na
predisposi¢do ao CCR. Além das CNVs, também foram avaliados 23 SNPs (Single
nucleotide polymorphisms) descritos como associados ao risco de desenvolvimento
do CCR. Dez SNPs foram genotipados em 47 casos utilizando a metodologia
TagMan (Applied Biosystems), enquanto 13 loci adicionais foram genotipados em
26 casos com a plataforma CytoScan HD. A frequéncia dos alelos de risco foi
superior a 50% em 11 SNPs genotipados. Considerando os 24 pacientes com 23
SNPs genotipados, foi observada uma média de 21 alelos de risco (de um total de
46). Cinco dos 10 SNPs genotipados pelo método TagMan (rs961253, rs3802842,
rs4444235, rs4779584, rs4939827, 156983267, 19929218, rs10411210, rs10795668 e
rs16892766), previamente associados com o risco familiar de CCR, foram detectados
com frequéncia superior a 50% na nossa casuistica. Quando considerados os 44 casos
genotipados para todos os 10 SNPs foi observada uma média de 10 alelos de risco (6
a 14 por caso). Nenhuma das CNVs raras detectadas se sobrepds as regides contendo
os SNPs ou afetou genes associados com estes SNPs. Tomados em conjunto, os
resultados sugerem que CNVs raras e SNPs de risco podem contribuir para um
aumento no risco de desenvolvimento do CCR. A identificagdo de novos genes de
predisposicdo ao CCR implicard em estratégias mais eficientes de diagnostico e

aconselhamento genético em familias com um alto risco de desenvolver neoplasias.



SUMMARY

Villacis RAR. [Genomic alterations in patients and their relatives with unexplained
familial or early-onset colorectal cancer]. Sao Paulo; 2015. [Tese de Doutorado-Fundagao

Antonio Prudente]

Colorectal Cancer (CRC) is the third most common cancer worldwide. It is estimated
that 35% of CRCs are hereditary. However, only 5% of these cases are explained by
pathogenic mutations in high-penetrance genes. Lynch Syndrome (LS) is the most
common hereditary disease related to CRC risk being associated with germline
mutations in the mismatch repair genes (MMR). In this study, we evaluated genomic
alterations in 54 LS patients (Amsterdam or Bethesda clinical criteria) negative for
pathogenic mutations in MMR genes (MLH1, MSH2, MSH6 and PMS2), TP53 or
CHEK2 (100delC), aiming to identify new genes that might be associated with CRC
predisposition. Copy number variations (CNVs) were assessed in all cases using
Agilent 4x180K microarray platform, while 26 cases were also reanalyzed by
Affymetrix CytoScan HD platform. Twenty-one cases presented only common
CNVs, while 33 patients presented 58 rare CN'Vs. From these, 43 rare CNVs covered
genes and were detected in 28 patients. Nine rare CNVs were validated in patients
evaluated by both platforms. In silico analysis revealed that 52 of the 81 genes
affected by rare CNVs have been associated with cancer, of these 26 were related to
CRC. Among these alterations, an intronic deletion in ROBO1 gene was detected in a
young patient with CRC with no family history of cancer. Coincidentally, identical
deletion was found in two unrelated patients with family history of breast cancer,
thus providing further evidence of the pathogenic effect of this CNV. Gains
(GALNT6 and GALNT11) and losses (CENPP and SEMA3C) were also found in our
cases affected genes belonging to the same gene families recently associated with
CRC developing risk in families negative for mutations in known predisposing
genes. A segregation analysis was performed in 14 relatives from three different
families. Our results suggested the involvement of CHODL, GPR39, GALNT11 and
KMT2C in CRC predisposition. In addition to CNVs, we also evaluated 23 single



nucleotide polymorphisms (SNPs) associated with CRC risk. Ten SNPs were
genotyped in 47 cases using the TagMan methodology (Applied Biosystems), while
13 additional loci were genotyped in 26 cases by CytoScan HD platform. Risk alleles
frequency was higher than 50% in 11 genotyped SNPs. Considering the 24 patients
with 23 genotyped SNPs, an average of 21 risk alleles was observed (from a total of
46). Five of 10 SNPs genotyped by TagMan method (rs961253, rs3802842,
rs4444235, rs4779584, rs4939827, rs6983267, rs9929218, rs10411210, rs10795668
and rs16892766), previously related to familial CRC risk, were detected with a
frequency higher than 50% in our samples. When considering the 44 cases genotyped
for all 10 SNPs, was observed an average of 10 risk alleles (6 to 14 per case). None
of detected rare CNVs overlapped regions containing SNPs or genes associated with
these SNPs. Taken together, the results suggest that rare CNVs and risk SNPs may
contribute to an increased risk of developing CRC. The identification of new CRC
predisposing genes implies in more efficient strategies of diagnosis and genetic

counseling of families with high risk of developing neoplasms.



LISTA DE SIGLAS E ABREVIATURAS

aCGH* Array comparative genomic hybridization
CCR Cancer colorretal

CNV* Copy number variation

DGV* Database of Genomic Variants

FAP* Familial adenomatous polyposis

FCCTX* Familial Colorectal Cancer Type X
GWAS* Genome Wide Association Studies
HMPS* Hereditary mixed polyposis syndrome

IHC* Immunohistochemistry

INCA Instituto Nacional de Cancer

JPS* Juvenile polyposis syndrome
MAP* MUTHY-associated polyposis
MMR* Mismatch repair

MSI* Microsatellite instability

MSI-H* High microsatellite instability
MSS* Microsatellite stable

NAHR* Nonallelic homologous recombinant
NCI* National Cancer Institute

NHEJ* Nonhomologous end joining
PHTS* PTEN hamartoma tumor syndrome
PJS* Peutz-Jeghers syndrome

SL Sindrome de Lynch

SNP* Single nucleotide polymorphism

*abreviaturas derivadas do inglés
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1 INTRODUCAO

O cancer colorretal (CCR) ¢ a terceira neoplasia mais prevalente no mundo
com aproximadamente 1,4 milhdes de novos casos registrados em 2012 (TORRE et
al. 2015). Sua incidéncia ¢ maior nos paises desenvolvidos, onde representa a
segunda principal causa de mortalidade por cancer (TORRE et al. 2015). No entanto,
estudos recentes mostraram um aumento tanto nas taxas de incidéncia como de
mortalidade em paises em desenvolvimento (América do Sul e Europa) (BOSETTI et
al. 2013; CHATENOUD et al. 2014). No Brasil, o Instituto Nacional de Cancer-
INCA estimou 32.600 novos casos de CCR para os anos de 2014/2015, sendo 15.070
em homens e 17.530 em mulheres (Ministério da Saude 2014). Excluindo-se os
tumores de pele ndao melanoma, o CCR representa a segunda neoplasia mais
frequente na regido Sudeste considerando ambos os sexos (Ministério da Saude
2014).

Embora a maioria dos casos de CCR seja de natureza esporadica (~70%);
decorrente da interagdao entre fatores ambientais e mutacdes somaticas ao longo do
tempo, um grande estudo com gémeos monozigoéticos e dizigdticos estimou que
aproximadamente 35% dos tumores colorretais apresentam uma predisposi¢cdo
genética associada ao seu desenvolvimento (LICHTENSTEIN et al. 2000;
GOODENBERGER e LINDOR 2011). Recentemente, foi relatado que mais de um
terco dos casos de tumores colorretais de pacientes com idade igual ou inferior a 35
anos estd associado com sindromes hereditarias de cancer (MORK et al. 2015).

Mutagdes germinativas em genes de alta penetrancia explicam apenas 5% dos casos



de CCR suspeitos de terem um componente hereditario, ou seja, aqueles que se
desenvolvem em familias com histéria prévia de CCR e/ou em pacientes jovens
(JASPERSON et al. 2010; SAMADDER et al. 2015). A herdabilidade dos demais
tumores colorretais (30%) ainda é desconhecida, podendo ser causada por variantes
raras ou pelo efeito combinado de alelos comuns de baixa penetrancia (VALLE
2014; WHIFFIN e HOULSTON 2014).

Atualmente, a0 menos sete sindromes associadas ao CCR foram identificadas
e apresentam mutagdes germinativas em genes especificos, incluindo a Sindrome de
Lynch (SL), a polipose adenomatosa familiar (FAP - Familial adenomatous
polyposis), a polipose associada ao gene MUTYH (MAP - MUTHY-associated
polyposis), a Sindrome de polipose hereditaria mista (HMPS - Hereditary mixed
polyposis syndrome), a Sindrome de Peutz-Jeghers (PJS - Peutz-Jeghers syndrome),
Sindrome de polipose juvenil (JPS - Juvenile polyposis syndrome) e a Sindrome do
tumor PTEN - hamartoma (PHTS - PTEN hamartoma tumor syndrome) (VALLE
2014; SAMADDER et al. 2015). O entendimento da biologia molecular associada a
herdabilidade do CCR propiciara uma melhor identificacdo de pacientes em risco e,
por conseguinte melhores estratégias de seguimento e diagnoéstico (SAMADDER et

al. 2015).

1.1 SINDROME DE LYNCH

O primeiro relato de uma familia suspeita de ter a SL (“Familia G’), numa
época que tumores hereditirios eram praticamente desconhecidos, foi realizado por

WHARTIN (1913). O autor estudou numerosos individuos com tumores colorretais,



cancer gastrico e neoplasias endometriais. Posteriormente, LYNCH et al. (1966)
estudaram duas outras familias (“Familias N e M”) com varios individuos com
tumores colorretais em idade jovem, assim como mulheres com carcinomas de
endométrio e ovario. A partir destes dois estudos pioneiros foi hipotetizada a
existéncia de uma nova sindrome hereditdria de cancer associada ao
desenvolvimento de CCR, a qual mais tarde seria conhecida como SL (LYNCH et al.
2009; COLAS et al. 2012). A etiologia molecular associada com a SL. comegou a ser
desvendada em 1993, com dois estudos que detectaram loci de suscetibilidade nos
cromossomos 2p e 3p por meio de analises genéticas de ligacdo (LINDBLOM et al.
1993; PELTOMAKI et al. 1993). Mais tarde foram identificadas mutacdes nos
genes MLH1 (3p21.3) e MSH2 (2p21) como principais envolvidos na predisposi¢ao a
SL (LYNCH et al. 2009)

A SL é a doenga hereditaria mais comum associada com o CCR. E herdada de
forma autossomica dominante e causada por mutacdes germinativas em quatro genes
do sistema de reparo a erros de pareamento no DNA (MMR - Mismatch Repair
Genes): MLH1, MSH2, MSH6 (2p16) e PMS2 (7p22) (VALLE 2014). Recentemente
foi confirmado o envolvimento de um quinto gene como associado com a SL:
EPCAM/TACSTD1 (2p21) (KOVACS et al. 2009; LIGTENBERG et al. 2009).

Aproximadamente 70% dos pacientes com a SL apresentam mutacdes nos
genes MLH1 e MSH2, enquanto mutacdes em MSH6 e PMS2 sao identificadas em 14
e 15% dos pacientes com a SL, respectivamente (PELTOMAKI e VASEN et al.
2004; PALOMAKI et al. 2009). Mais recentemente foi estimado que delegdes no
EPCAM acometem 20% dos casos de SL sem mutacdo nos genes MMR

(TUTLEWSKA et al. 2013). Em individuos com a SL, uma copia do gene ¢



constitutivamente inativada em todas as células, enquanto o outro alelo ¢ inativado
no tumor por mutacdes somaticas, perda de heterozigose ou silenciamento
epigenético (VALLE 2014). A maioria das muta¢des germinativas que acomete estes
genes ¢ do tipo em ponto ou pequenas delegdes/inser¢cdes. Contudo, grandes
rearranjos genOdmicos representam aproximadamente 30% do total de mutagdes
identificadas (BOZZAO et al. 2011; PEREZ-CARBONERO et al. 2011; COLAS et
al. 2012).

Além dos cinco genes associados com a Sindrome de Lynch, ha pelo menos
outros cinco genes relacionados ao MMR: PMS1, MSH3, MLH3, MSH4 ¢ MSH5
(JIRICNY 2013). Apesar de estes genes ndo terem sido confirmados como
associados a SL, mutagdes nos genes PMS1, MSH3 ¢ MLH3 ja foram detectadas em
familias com CCR, dessa forma nao ¢ possivel exlcuir completamente o papel destes
genes na tumorigénese colorretal (NICOLAIDES et al. 1994; WANG et al. 1999;
HIENONEN et al. 2003; DURATURO et al. 2011). Adicionalmente, outros estudos
também relataram o envolvimento dos genes EXO1, RPA, RFC ¢ PCNA no sistema
MMR (MASTROCOLA e HEINEN et al. 2010; SMITH et al. 2013).

Os genes MMR codificam diversas proteinas nucleares que desempenham um
papel importante na manutencdo da estabilidade genética e fidelidade do DNA
duplicado, uma vez que corrigem os erros que ocorrem durante a fase S da
duplicacdo celular (HASSEN et al. 2011). As proteinas MMR funcionam em
heterodimeros, sendo os complexos MLHI1/PMS2 ¢ MSH2/MSH6 os mais
importantes (COLAS et al. 2012). Os heterodimeros formados pela proteina MSH2
reconhecem os erros de parcamento de bases (MSH2/MSH6) e os loops de

inser¢des/delecdes (MSH2/MSH3), enquanto os complexos formados pela proteina



MLHI1 com PMSI1 e PMS2 sdo responsaveis por ativar endonucleases, incluindo
EXO1, as quais removem os segmentos de DNA incorretos (GEORGE e ALANI
2012; MJELLE et al. 2015). Por outro lado, o heterodimero MSH4/MSHS; cuja
expressao esta limitada aos ovarios e testiculos; ndo esta associado com o a corre¢ao
de erros de pareamento e sim com a estabilizagdo das jungdes de Holliday durante a
meiose, permitindo a recombinacdo génica (SNOWDEN et al. 2004). O gene
EPCAM codifica uma proteina de membrana implicada em diversas fungdes
celulares como adesdo, migragdo, proliferacdo e diferenciacdo (TUTLEWSKA et al.
2013). Delegdes nos ultimos éxons do EPCAM causam a hipermetilacdo do promotor
do gene MSH2 e consequentemente seu silenciamento, levando assim a deficiéncia
no sistema de reparo MMR (KUIPER et al. 2011; TUTLEWSKA et al. 2013). Os
genes MSH2 ¢ EPCAM estao mapeados no cromossomo 2 a uma distancia de apenas
17Kb (KEMPERS et al. 2011).

A instabilidade de microssatélites (MSI - Microsatellite instability),
representada por inser¢des ou delecdes em sequéncias curtas e repetidas de DNA, € a
manifestagdo mais extrema do aumento da taxa de mutagdes nos genes MMR e ¢
considerado um excelente marcador para identificar pacientes suspeitos de apresentar
a SL (AALTONEN et al. 1994; BOLAND et al. 1998). O NCI (do inglés, National
Cancer Institute) recomenda a analise de um painel composto por cinco marcadores
de microssatélites (painel Bethesda) para detectar MSI, envolvendo repetigoes de
dois mononucleotideos (BAT25 e BAT26) e trés dinucleotideos (D2S123, D5S346 ¢
D17S250) (BOLAND et al. 1998). Um tumor apresenta alta MSI (MSI-H) quando
dois ou mais marcadores do painel Bethesda mostrar instabilidade, enquanto a

estabilidade de microssatélites (MSS - Microsatellite stable) ¢ definida quando



houver auséncia de instabilidade para todos os marcadores testados (UMAR et al.
2004).

Aproximadamente 90% dos CCRs associados a SL apresentam MSI-H,
tornando esta analise muito sensivel, embora sua especificidade seja baixa, uma vez
que 15% dos CCRs esporadicos também apresentam MSI-H. Neste caso, a presenca
de MSI-H em CCRs esporadicos é decorrente da metilagdo somatica bialélica da
regido promotora do gene MLH1 e acomete pessoas mais velhas, sem historia
familiar de CCR (JASPERSON et al. 2010; BALAGUER et al. 2011). Os casos de
CCR esporadicos com MSI-H também estdo associados com mutacdes no cddon
V600E do gene BRAF e estas caracteristicas (metilagdo do MLH1 e/ou mutagdo no
BRAF) podem ser utilizadas para diferenciar carcinomas decorrentes da SL das
neoplasias esporadicas (PARSONS et al. 2012). NEWTON et al. (2014) avaliaram
por pirosequenciamento tanto a metilagdo do MLH1 como a mutacdo V60OE no gene
BRAF em 71 tumores de pacientes com muta¢des germinativas em MLH1 e 73
carcinomas esporadicos com perda da metilagdo em MLH1. Os autores relataram que
a analise de metilagdo do gene MLH1 foi uma metodologia que revelou ter maior
sensibilidade (95%) quando comparada com a de mutagdo do gene BRAF (66%) na
identificagdo de pacientes com a SL.

A SL ¢ responsavel por 2% a 4% de todos os tumores colorretais (HAMPEL
et al. 2008). Pacientes com a SL apresentam um risco estimado de 50-80% de
desenvolver CCR ao longo da vida (STOFFEL et al. 2009). Mulheres portadoras de
mutagdes nos genes do sistema MMR também apresentam um risco elevado de
desenvolver cancer de endométrio (40-60%) (QUEHENBERGER et al. 2005;

STOFFEL et al. 2009). Mutagdes nos genes MSH6 e PMS2 predispdem a um risco



substancialmente menor de desenvolver tanto CCR como céancer endometrial
(PLASCHKE et al. 2004; SENTER et al. 2008; BAGLIETTO et al. 2010). Outros
tumores associados com a SL incluem intestino delgado, pancreas, estdmago, ovario,
cérebro, trato urinario e do trato hepatobiliar (SAMADDER et al. 2015). O risco de
cancer de mama para pacientes com a SL ainda ¢ incerto, porém, estudos brasileiros
mostraram esta associagdo (OLIVEIRA FERREIRA et al. 2004; DA SILVA et al.
2010). Adicionalmente, um estudo australiano verificou que 51% (18/35) dos
tumores de mama detectados em pacientes com mutagdes conhecidas nos genes
MMR também apresentaram alteragcdes quando analisados por IHQ e MSI, sugerindo
assim que neoplasias malignas de mama também fazem parte do espectro de tumores
da SL (WALSH et al. 2010). Mais recentemente, foi sugerido que mulheres com
mutagdes em MLH1 apresentam um risco moderado de desenvolver cancer de mama

(HARKNESS et al. 2015).

1.2 DIAGNOSTICO CLINICO E MOLECULAR DA SL

Tradicionalmente, os métodos de triagem clinica utilizados para identificar as
familias com SL incluem os critérios de Amsterdam [ e Amsterdam II (BARTLEY et
al. 2012). Os Critérios de Amsterdam I estabelecem que as familias devem
apresentar trés membros com CCR, dos quais um deve ser parente de primeiro grau
dos outros dois, diagnostico de CCR em pelo menos duas geragdes sucessivas,
exclusdo diagnodstica de FAP e um membro da familia afetado com menos de 50 anos

de idade (VASEN et al. 1991). Posteriormente, estes critérios foram revisados para



incluir os tumores extra-colonicos no fenotipo da SL, dando origem aos critérios de
Amsterdam II (VASEN et al. 1999).

Para melhor caracterizar e identificar os individuos suspeitos de ter a SL foi
proposto o critério de Bethesda (RODRIGUEZ-BIGAS et al. 1997; UMAR et al.
2004), o qual apresenta caracteristicas menos rigorosas de enquadramento de
familias na SL (menos rigorosos). Estas diretrizes estabelecem que os individuos
devem ser testados para MSI nas seguintes situagdes: (1) CCR diagnosticado com
idade inferior a 50 anos; (2) presenca de CCR sincronico ou metacrénico ou outros
tumores associados com a SL, independente da idade; (3) CCR com caracteristica
histolégica de MSI-H, diagnosticado em idade inferior a 60 anos; (4) CCR
diagnosticado em paciente com um ou mais parentes de primeiro grau com tumores
associados com a SL, um dos quais em idade inferior a 50 anos; (5) CCR
diagnosticado em paciente com dois ou mais parentes de primeiro ou segundo grau
com tumores associados com a SL, independente da idade (UMAR et al. 2004).
Entretanto, utilizando os critérios de Amsterdam e Bethesda nem sempre é possivel
identificar um inimeros casos de SL.

Os critérios de Amsterdam apresentam uma alta especificidade, porém, uma
baixa sensibilidade. Por outro lado, os critérios de Bethesda sdo mais sensiveis, mas
também falham em identificar um grande niimero de portadores de mutagdes nos
genes MMR (BARTLEY et al. 2012; LASTELLA et al. 2011; PEREZ-
CARBONELL et al. 2012). Em adig¢do, aproximadamente 25% dos individuos com a
SL nao preenchem os critérios de Amsterdam ou de Bethesda (HAMPEL et al.

2008). As abordagens baseadas exclusivamente em critérios familiares subestimam a



verdadeira prevaléncia de pacientes com SL (HAMPEL et al. 2008; LASTELLA et
al. 2011).

Nos ultimos anos, tornou-se evidente que um numero consideravel de
familias categorizadas pelos Critérios de Amsterdam (~50%) ndo apresentavam
mutagdes germinativas patogé€nicas nos genes MMR e seus tumores eram
microssatélite estaveis (MSS), ou seja, ndo apresentaram instabilidade para nenhum
dos marcadores de microssatélite utilizados, 10 deles no estudo de LINDOR et al.
(2005) e cinco (Painel Bethesda) no estudo de LLOR et al. (2005). Estes casos tém
sido referidos como "CCR familial do tipo X" (Familial Colorectal Cancer Type X -
FCCTX) devido a sua etiologia desconhecida (JASPERSON et al. 2010;
DOMINGUEZ-VALENTIN et al. 2015). Comparado com a SL, familias com o
FCCTX tém um menor risco de desenvolver cancer, os tumores aparecem em idade
mais avancada, ha predominio de CCR no lado esquerdo do célon, os tumores
colorretais sdo prevalentemente mucinosos, ocorrem poucos casos de multiplos
tumores e as neoplasias extra-colonicos sdo raras (BOZZAO et al. 2011; COLAS et
al. 2012; KLARSKOV et al. 2012; SANCHEZ-TOME et al. 2015). As familias com
FCCTX constituem um grupo bastante heterogéneo, incluindo casos que se ajustam
melhor a0 modelo monogénico ou poligénico de doengas (VALLE 2014). Foi
sugerido que uma grande parcela da agregacdo familiar observada nesses casos ¢
devido a interagdo com fatores ambientais. Contudo, diversos genes candidatos
foram associados com o desenvolvimento de CCR nestas familias e incluem entre
outros GALNT12, CDH18, GREM1, RPS20 ¢ FAN1 (VENKATACHALAM et al.
2011; CLARKE et al. 2012; NIEMINEN et al. 2014; VALLE 2014; SEGUI et al.

2015). Um estudo recente sugeriu que mutacdes patogé€nicas no gene de alta
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penetrancia BRCA2 também poderiam explicar a presenca da doenga em algumas
familias (GARRE et al. 2015).

Atualmente, os testes genéticos disponiveis para identificar pacientes com a
SL envolvem uma combinagdo de sequenciamento completo do DNA e andlise de
rearranjos génicos a fim de rastrear e identificar mutagdes em ponto, delecdes,
duplicagdes e inser¢des envolvendo os genes MLH1, MSH2, MSH6, PMS2 ¢ EPCAM
(WEISSMAN et al. 2012). O ntimero de familias diagnosticadas com a SL foi
aumentando ao longo do tempo a medida que foram desenvolvidos novos
procedimentos ¢ técnicas diagnosticas (COLAS et al. 2012). Estudos mais recentes
também preconizam a avaliacdo de mutacdes nos genes POLE/POLD1 na auséncia
de mutagdes nos genes MMR (BELLIDO et al. 2015; ELSAYED et al. 2015).

Em muitas instituicdes € pratica padrao utilizar testes de imunoistoquimica
(IHC - Immunohistochemistry) e/ou MSI em amostras de tumores colorretais como
um primeiro passo na identificacdo de pacientes suspeitos de ter SL (VASEN et al.
1999; UMAR et al. 2004; PALOMAKI et al. 2009). Esses testes visam identificar a
falta de expressao protéica de um dos genes MMR (MLH1, MSH2, MSH6 ¢ PMS2)
e/ou uma elevada instabilidade de microsatélites, ambos indicativos de SL. Tumores
MSI podem ser classificados como hereditarios ou esporadicos dependendo do
achado de mutagdes germinativas nos genes MMR ou hipermetilacdo somatica no
promotor do gene MLHI, respectivamente (BOUZOURENE et al. 2010). Quando
houver auséncia de expressao de MLH1 e PMS2 por IHC, ¢ necessario realizar testes
de metilagao no promotor de MLH1 ou da muta¢do V60OE do gene BRAF, uma vez
que estas alteragdes s6 acometem tumores esporadicos (COLAS et a. 2012; VALLE

2014).
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As analises das amostras tumorais por IHC e MSI sdo sensiveis e especificas
para identificar pacientes e familias com a SL (PALOMAKI et al. 2009). Como
mencionado anteriormente, um quarto dos individuos com a SL ndo preenchem os
critérios clinicos da sindrome. Portanto, limitar os testes de IHC e MSI a individuos
que preenchem esses critérios leva a perda da identificagdo de um numero
consideravel de casos com mutagdes germinativas nos genes MMR (HAMPEL et al.
2008). Para evitar esse viés na triagem dos pacientes, ¢ recomendavel que os testes
de ITHC e MSI sejam realizados em todos os tumores colorretais ¢ endometriais,
independente da idade ao diagnodstico ou da historia pessoal ¢ familiar de cancer
(LASTELLA et al. 2011; VALLE 2014). Apesar da significativa sensibilidade e
especificidade dos testes de IHC e MSI em identificar tumores associados a SL, a
unica forma de confirmar o diagndstico da sindrome ¢ pela identificagdo de mutagdes

germinativas em um dos genes MMR (WEISSMAN et al. 2012; COLAS et al. 2012).

1.3 IDENTIFICACAO DE NOVOS GENES DE PREDISPOSICAO

AO CCR

1.3.1 Variacdo no Numero de Cépias (CNVs)

Originalmente, as variagdes no numero de copias gendmicas (CNVs - Copy
Number Variations) foram definidas como alteragdes envolvendo segmentos de
DNA de 1 kb ou maiores quando comparados com um genoma de referéncia
(IAFRATE et al. 2004; REDON et al. 2006), porém, a limitacao de 1 kb parece ser
reflexo das primeiras tecnologias utilizadas para identificar estas variagdes

(principalmente BAC-arrays) e nao um limiar bioldgico ou funcional (CONRAD et
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al. 2010; ALMAL e PADH 2012). Uma estimativa recente baseada na ultima
atualizagdo do DGV (Database of Genomic Variants,
www.dgv.tcag.ca/dgv/app/home) sugere que até 22% do genoma humano é coberto
por CNVs (PARK et al. 2015). A fracdo do genoma afetada por CNVs ¢
comparativamente maior do que a contabilizada para os polimorfismos de base unica
(SNPs - Single Nucleotide Polymorphisms), assim, as CNVs tem um papel
significativo na variabilidade gendmica e fenotipica observada nos seres humanos
(CONRAD et al. 2010; MILLS et al. 2011).

O mecanismo exato da formagao das CNVs ndo ¢ claramente compreendido
(STANKIEWICZ e LUPSKI 2010). Duplicagdes, delegdes, insergdes, inversdes e
translocacdes representam alguns dos processos que levam a formacdo de novas
CNVs (STANKIEWICZ e LUPSKI 2010; ALMAL e PADH 2012). Outros
rearranjos gendmicos mais complexos incluem a transposicdo, recombinacdo
homologa nao alélica (NAHR - Nonallelic homologous recombination), associada
com a similaridade de sequéncias de longos trechos em torno de pontos de quebra e
unido terminal ndo-homologa (NHEJ - Nonhomologous end joining), associada com
o mecanismo de reparo do DNA (KIDD et al. 2008; CONRAD et al. 2010; MILLS et
al. 2011).

Na ultima década, a detec¢do de CNVs foi realizada principalmente por
tecnologias de microarranjos. As técnicas de aCGH (Array comparative genomic
hybridization) e SNP-array utilizam sequéncias de DNA plotadas em ‘‘chips’’. Os
dois métodos podem detectar facilmente alteragdes cromossdmicas com uma
resolucdo muito mais fina do que o limite de 5Mb do caridtipo convencional

(MULLEY e MEFFORD 2011). Os mecanismos patogénicos das CNVs estdo
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associados a dosagem de determinado gene, interrupcao e fusdo de genes, efeitos de
posicdo, desmascaramento de alelos recessivos ou polimorfismos funcionais
(STANKIEWICZ e LUPSKI 2010). Diversos estudos associaram as CNVs com
doencas autoimunes, infecciosas, neuropsiquiatricas, cardiovasculares e ao
desenvolvimento de tumores (SHLIEN ¢ MALKIN 2010; KREPISCHI et al. 2012a;
GELB e CHUNG 2014; HOLLOX e HOH 2014; KIROV 2015). Em particular,
CNVs germinativas raras foram associadas ao risco de cancer em individuos com
diagnostico clinico da Sindrome de Li-Fraumeni (critérios de Chompret), mas sem
mutagdes patogénicas em TP53 e em pacientes com critérios para sindromes
hereditarias de cancer de mama, negativos para mutacdes em BRCAL/BRCAZ2
(KREPISCHI et al. 2012b; PYLKAS et al. 2012; KUUSISTO et al. 2013; MASSON
et al. 2014).

Recentemente, trés estudos identificaram CNVs germinativas raras como
potenciais candidatas a predisposi¢do ao CCR em pacientes com histéria familiar de
cancer e/ou tumores em idade jovem, mas sem mutacdes nos genes MMR. O Quadro
1 resume os principais achados desses trés estudos. VENKATACHALAM et al.
(2011) avaliaram 41 pacientes com a plataforma de microarranjos Affymetrix SNP
6.0 e detectaram CNVs germinativas novas em seis deles. Entre essas CNVs, quatro
afetaram genes previamente associados com a carcinogénese colorretal (GREMI,
PTPRJ, BCR e CDH18) em pacientes distintos, fornecendo evidéncia adicional de
sua provavel patogenicidade. Utilizando a mesma plataforma do estudo anterior,
YANG et al. (2014) detectaram um nova delegdo em 12p12.3, englobando o gene
RERGL, em trés casos de CCR de uma casuistica de 384 casos familiares de CCR e

1262 controles avaliados. Adicionalmente, utilizando o método TagMan, os autores
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identificaram, mais uma delecao envolvendo o gene RERGL em um caso de CCR em
2520 pacientes e 5015 controles analisados. Este gene ¢ predito como pertencente a
superfamilia Ras de GTPases, assim como o gene RERG, e pode atuar como
supressor tumoral em CRC. Além disso, os autores também identificaram um
aumento significativo no nimero total de CNVs (duplicagdes e delegdes) nos casos
comparados com os controles, sugerindo o envolvimento de alteragdes estruturais na
suscetibilidade ao CCR.

Utilizando a plataforma de microarranjos de alta resolugdo Affymetrix Cyto
2.7M, MASSON et al. (2013) avaliaram 125 pacientes que preenchiam os critérios
de Amsterdam ou Bethesda e eram negativos para mutagdes nos genes MMR. Os
autores identificaram 207 CNVs germinativas novas associados com 317 genes
(MASSON et al. 2013). Interessantemente, 60 desses genes foram afetados por
CNVs em mais de um individuo, incluindo genes relacionados ao CCR; como LCP1,
CTNNAS3 e IGSF11; sugerindo que podem contribuir no desenvolvimento de CCR
nessas familias. Além disso, uma andlise de enriquecimento também revelou vias
moleculares associados com o CRC nesses 317 genes, incluindo vias metabdlicas, a

via das jung¢des de oclusido e a de sinalizagdo da neurotrofina.

1.3.2 Mutagbes em Ponto

Nos ultimos cinco anos, estudos utilizando tecnologias de sequenciamento,
como o exoma, também identificaram genes candidatos a predisposicdo ao CCR.
CLARKE et al. (2012) identificaram duas mutacdes deletérias envolvendo o gene
GALNT12 em 4/118 pacientes com histéria familiar de CCR, sugerindo o potencial

envolvimento deste gene na predisposicdo ao CCR. Contudo, mais recentemente a
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avaliacdo em 103 pacientes com a FCCTX de outra populacdao nao revelou nenhuma
mutagdo patogénica nesse gene (SEGUI et al. 2014), sugerindo a necessidade de
novos estudos para avaliar a fungdo do GALNT12 como um gene de baixo ou
moderado risco ao desenvolvimento do CCR.

Mutagdes em ponto no dominio da exonuclease de duas DNAs polimerases,
POLE e POLD1, foram associadas ao risco de CCR e multiplos adenomas (PALLES
et al. 2013). Estas mutagdes possivelmente levam a uma falha na fun¢do de ambas as
polimerases em corrigir bases pareadas erradas durante o processo de duplicagdo do
DNA. Recentemente foram identificadas mutagdes patogé€nicas no gene POLE em
4% de casos familiares de CCR (3/77) com etiologia desconhecida, sugerindo que
alteracdes neste gene devem ser avaliadas em casos com historia de CCR em familias
sem mutagdes nos genes conhecidos de predisposi¢cao (SPIER et al. 2015).

GYLFE et al. (2013) sequenciaram o exoma de 96 pacientes com historia
familial de CCR com etiologia desconhecida e identificaram 3654 mutacdes
truncadas. Apo6s diversos procedimentos de filtragem para excluir os polimorfismos e
falsos positivos, os autores identificaram 14 variantes germinativas em 11 genes
candidatos a predisposicdo ao CCR (UACA, SFXN4, TWSG1, PSPH, NUDT7,
ZNF490, PRSS37, CCDC18, PRADC1, MRPL3 ¢ AKR1C4) em pelo menos duas
familias distintas. A andlise de perda de heterozigose nos tumores desses pacientes
confirmou a dele¢do do alelo normal para os genes UACA, TWSG1, PSPH ¢ ZNF490
em sete casos. Além disso, andlises de segregacdo utilizando parentes de primeiro
grau com CCR mostraram que as alteracdes detectadas em SFXN4, PRADC1 e
AKR1C4 segregavam com a doenca. Estes resultados forneceram evidéncia adicional

do possivel envolvimento destes genes na tumorigénese colorretal.
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O sequenciamento completo do exoma em 40 pacientes de 16 familias
revelou 32 variantes nonsense ou em sitios de splicing, 375 missense e 50 indels
(DERYCKE et al. 2013). Algumas mutagdes que originam proteinas truncadas foram
detectadas em mais de um individuo com cancer nestas familias e incluem genes
relacionados com o controle da mitose (CDC27, CENPE, TACC2 e KIF23),
regulacdo da transcricdo (CTBP2, IRF5, MED12 e TRIP4) e resposta imune (BTNLZ2,
BAGE, MASP1 e¢ NLRP8). Duas variantes missense dos genes CENPE ¢ KIF23
foram detectadas em regidoes previamente implicadas com o CCR (CICEK et al.
2012). Adicionalmente, estas muta¢des foram validadas e replicadas apenas em
parentes com cancer, tornando estes dois genes bons candidatos de risco ao CCR.

ZHANG J. et al. (2015) sequenciaram o exoma de 15 familias chinesas e
identificaram 24 mutag¢des raras/novas potencialmente deletérias. Estas mutacdes
afetaram 19 genes, incluindo uma variante idéntica no gene EIF2AK4 presente em
sete diferentes pacientes, e trés variantes em genes codificadores de receptores de
riaonodina (RYR2 e RYR3), os quais regulam os niveis de célcio intracelular
(LANNER et al. 2010). Por outro lado, SCHULZ et al. (2014) detectaram trés
mutagdes germinativas no gene SEMA4A em pacientes com a FCCTX. Andlises
funcionais com uma das variantes mostraram que o alelo mutado confere uma maior
capacidade de proliferagdo, aumentando o niumero de células na fase S da mitose. Os
autores concluiram que alteragdes neste gene tem potencial para estarem associadas
com o risco de desenvolvimento do CCR. NIEMINEN et al. (2014) sequenciaram o
exoma de 4 individuos com CCR de uma mesma familia e detectaram uma mutagdo
truncada em todos eles no gene RPS20. Analises de Northern blot mostraram que a

mutagdo ocasiona um acumulo do pré-rRNA 21S e uma diminui¢do do rRNA 18S.
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Os autores especularam que a haploinsuficiéncia deste gene pode interferir na
predisposi¢do ao CCR tanto pela disrup¢do da biogénese de ribossomos como pela
alteracdo da dosagem do TP53.

Recentemente, ESTEBAN-JURADO et al. (2015) utilizaram o
sequenciamento do exoma para avaliar 43 pacientes de 29 familias com historia de
CCR; sem mutag¢des nos genes MMR, APC ou MUTYH. Os autores identificaram
alteracdes potencialmente deletérias em 10 genes previamente implicados com o
desenvolvimento de CCR, como POLE, MYC, BMPR1A ¢ AKR1C4. Foram também
relatadas variantes patogénicas em genes de reparo de DNA (XRCC4, BARD1,
NSMCE2, RAD52) e que poderiam estar associados ao risco de CCR nessas familias.
SEGUI et al. (2015) identificaram uma mutagdo patogénica no gene FAN1 em trés
individuos com tumores proficientes em MMR e pertencentes a uma familia
categorizada pelos critérios de Amsterdam. A atividade nuclease deste gene ¢
utilizada no sitema MMR de reparo a danos no DNA. Os autores também avaliaram
176 pacientes categorizados pelo critério de Amsterdam e identificaram quatro
mutagdes patogénicas em FANI1. Os 11 parentes com tumores avaliados também
apresentaram mutagdes nesse gene. Estes resultados sugerem o envolvimento do
FAN1 na predisposi¢cdo ao CCR em familias Amsterdam sem alteracdes nos genes
MMR.

O Quadro 1 resume os principais achados de estudos com microarranjos e
sequenciamento que identificaram genes candidatos de predisposi¢do ao CCR em

familias negativas para mutagdes nos genes MMR.



Quadro 1 - Resumo dos principais relatos publicados em literatura que utilizaram as metodologias de microarranjos e sequenciamento
para investigar pacientes com a Sindrome de Lynch (critérios de Amsterdam ou Bethesda) e que ndo apresentavam mutagdes nos genes

de predisposicao conhecidos como associados com a doenga.

Numero de pacientes

Referéncia Técnica Plataforma . Principais achados Principais genes candidatos
avaliados
zezﬁk;tg‘ﬂ‘alam Microarranjo Asfgglgtro‘x 40 7 CNVs novas em 6 pacientes GREML, PTPRJ, BCR, CDH18
Clarke et al. Sequer}mamento 118 Mutagdes delete.rlas. numa transferase envolvida com a GALNT12
2012 direto — glicosilagdo em 4 pacientes
Palles et al. Sequenciamento [llumina . ~ ~ o .
2013 do genoma inteiro HiSeq2000 20 (15 familias) Deteggdo de mutagdes patogénicas em duas DNAs polimerases POLE e POLD1
DeRycke et al. Sequenciamento Illumina o Mutagdes truncadas em genes associados com motilidade celular,
2013 do exoma HiSeq2000 40 (16 familias) mitose e regulacdo da transcri¢@o CENPE ¢ KIF23
UACA, SFXN4, TWSG1, PSPH,
Gylfe et al. Sequenciamento Illumina 96 14 mutacdes t d 1 NUDT?7, ZNF490, PRSS37,
2013 do exoma GAII/HiSeq mutagoes truncadas em 11 genes CCDC18, PRADCI, MRPL3 ¢
AKR1C4
Masson ot al Affymetrix CNVs novas englobaram 60 genes presentes em mais do que um
2013 ' Microarranjo Cvio 2.7M 125 paciente/Analise in silico revelou vias associadas com cancer em _
yto 2 317 genes associados com 207 CNVs raras
;{(? fl f ctal. Microarranjo Asfg;)n Ztgx 384 Delecdo nova em 12p12.3 identificada em 3 pacientes RERGL
Nieminen et al. Sequenciamento [llumina 2 Mutagdes patogénicas num gene associado com a biogénese RPS20
2014 do exoma HiSeq2000 ribossdmica em 4 individuos com cancer de uma mesma familia
Schulz et al. Sequenciamento Ilumina >7 (3 individuos Mutagdes patogénicas em um dos genes codificadores de
. pertencentes a uma . SEMA4A
2014 do exoma HiSeq2000 - receptores de semaforinas
mesma familia)
. . EIF2AK4, BUB1, MAX, ETV4,
g(l)l ?Eg J.etal Seq;:r:)::gﬁznto HIilél;glzlggo 23 (21 familias) 24 variantes novas potencialmente patogénicas em 19 genes LIG3, PRDM1, TSC2, RYR2,
RYR3
Esteban-Jurado Sequenciamento [llumina 43 (29 familias) Mutagdes patogénicas em genes associados com a replicagdo e CDKN1B, XRCC4, EPHX1,
etal. 2015 do exoma HiSeq2000 reparo do DNA e na via do BRCA1 NFKBIZ, SMARCA4 e BARD1
Segui et al. Sequenciamento 179 (3 individuos Mutagdes patogénicas numa nuclease associada com Anemia de
. pertencentes a uma . FAN1
2015 do exoma Fanconi

mesma familia)
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1.3.3  Polimorfismos de Base Unica (SNPs)

Até o momento, estudos de associacdo gendomica ampla (GWAS - Genome-
Wide Association Studies) identificaram aproximadamente 60 SNPs, os quais sdo
considerados como alteragdes envolvendo genes de baixa penetrancia associados ao
risco de desenvolvimento do CCR em populacdes européias e asiaticas (PITTMAN
et al. 2009; REAL et al. 2014; WHIFFIN et al. 2014; ZHANG B et al. 2014;
ZHANG K et al. 2014; AL-TASSAN et al. 2015) (Quadro 2). A maioria destes SNPs
esta associada com vias ja conhecidas; como transdugdo de sinal, controle do ciclo
celular e instabilidade génomica. Contudo, um nimero significativo destes SNPs se
encontra em regides sem genes conhecidos e seu mecanismo de acdo quanto a

susceptibilidade ao CCR permanece incerto (ZHANG K et al. 2014).

Quadro 2 - Lista de SNPs associados com a predisposi¢do ao CCR descritos em literatura.

SNP Cromossomo Gene
1s7524102 1p36.12 ZBTB40
1s72647484 1p36.2 CDC42 ¢e WNT4
rs10911251 1925.3 LAMC1
rs16823149 1931 Clorf21
rs6691170 1q41 DUSP10
1s6687758 1q41 DUSP10
rs4574118 2ql12 PLGLA
rs11903757 2q32.3 NABP1
rs10936599 3q26.2 MYNN
rs4140904 4pl15.3 NCAPC
rs3987 4926 NDST3
1s647161 5q31.1 PITX1
rs1321311 6p21 CDKNI1A
rs7758229 6q26-q27 SLC22A3
rs12701937 Tpla.1 GLI3 e INHBA
rs886774 7931 LAMB1
rs16892766* 8g23.3 EIF3H
17014348 8924 POUSFIP1
rs7837328 8q24 LOC101930033
1s6983267* 8q24.21 MYC
rs2209907 9q21.3 TLE4
rs11014993 10p12.1 MYO3A
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Cont/ Quadro 2

SNP Cromossomo Gene
rs10795668* 10p14 KRT8P16 e TCEB1P3
rs4925386 10q13.33 LAMAS
rs704017 10g22.3 ZMIZ1-AS1
rs1035209 10q24.2 ABCC2 e MRP2
rs11196172 10g25.2 TCF7L2
rs174537 11ql12.2 MYRF
rs3824999 11ql13.4 POLD3
rs3802842* 11g23.1 POU2AF1
rs10849432 12p13.31 CD9
rs10774214 12p13.32 CCND2
rs3217810 12p13.32 CCND2
rs3217901 12p13.32 CCND2
rs11169552 12q13.13 DIP2
rs7136702 12q13.13 ATF1
1s59336 12q24.21 TBX3
rs9548988 13q13.3 COG6 e FOX01
rs4444235* 14q22.2 BMP4
rs1957636 14q22.2 BMP4
rs16969681 15q13.3 GREM1
rs4779584* 15q13.3 GREM1
rs11632715 15q13.3 GREM1
rs1728785 16¢22.1 CDH1
1s9929218* 16qg22.1 CDH1
rs16941835 16q24.1 FOXL1
rs78378222 17p13 TP53
rs12603526 17p13.3 NXN
rs12953717 18qg21.1 SMAD7
rs4464148 18q21.1 SMAD7
rs4939827* 18qg21.1 SMAD7
1s58920878* 18q21.1 SMAD7
rs10411210* 19q13.1 RHPN2
rs1800469 19q13.2 TGFB1
rs961235%* 20p12.3 BMP2
rs4813802 20p12.3 BMP2
1s2423279 20p12.3 PLCB1
rs6038071 20p13 CASNK2A1
rs6017342 20ql3.12 HNF4A
1s5934683 Xp22.2 SHROOM?2

*SNPs associados com o risco de desenvolver CCR em familias sem mutagdes nos genes MMR.

Cada SNP apresenta uma elevada frequéncia nas populagdes (> 5%) e tém um
efeito modesto no risco de cincer (geralmente com a razdo de chances - do inglés,
odds ratio - < 1,5) (ESTEBAN-JURADO et al. 2014). Contudo, foi sugerido um
efeito cumulativo dos SNPs, sendo o risco de CCR maior com o aumento do numero
de alelos de risco (HOULSTON et al. 2012). Um total de 31 SNPs comuns de risco

foi estimado como respondendo por aproximandamente 7,5% da herdabilidade
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observada no CRC, sugerindo que outros SNPs de risco ainda podem ser descobertos
(JTIAO et al. 2014). A utilizagdo de dados de 27 SNPs de risco juntamente com outros
fatores como a historia familiar e de endoscopias, pode aumentar a acuracia nas
estimativas de desenvolver CCR (HSU et al. 2015).

Variantes comuns de baixo risco também modificam o risco no
desenvolvimento do CCR em pacientes com diagndstico molecular de SL. WIINEN
et al. (2009) identificaram uma associ¢do significativa dos SNPs rs38022842 ¢
rs16892766 com aumento da predisposicao ao CCR em 675 pacientes pertencentes a
127 familias com a SL, principalmente em mulheres carreadoras de mutagdes nos
genes MMR. Posteriormente estes resultados foram replicados utilizando pacientes
de outras populagdoes (TALSETH-PALMER et al. 2011, 2013). Contudo, um estudo
frang€s ndo encontrou associagdo entre o risco de CCR e estes dois SNPs em 748
individuos com SL. Esta discrepancia entre os relatos pode ser explicada pela
heterogeneidade genética das populagdes e dos pacientes com a SL (HOULLE et al.
2011).

Em torno de 11 SNPs (rs4939827, rs10411210, rs4444235, rs9929218,
rs4779584, 1s961253, 1510795668, 16983267, 1s3802842, 1516892766 e
rs58920878) também foram associados ao risco de cancer em pacientes com histéria
familiar de CCR, tumores em idade jovem e/ou multiplos tumores, mas sem etiologia
conhecida (MIDDELDORP et al. 2009; NIITTYMAKI et al. 2010; GIRALDEZ et
al. 2012). Um aumento significativo do niimero de alelos de risco foi relatado em
individuos com histéria familiar em comparagdo com casos esporadicos de CCR,
assim como em pacientes com diagnoéstico precoce de CCR comparados a casos com

tumores em idade tardia (NIITTYMAKI et al. 2010; GIRALDEZ et al. 2012). Dez
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dos 11 alelos de risco previamente mencionados podem explicar aproximadamente
9% da variancia no risco familial de CCR (NIITTYMAKI et al. 2010).

Um estudo recente com 1029 pacientes e 350 controles confirmou a
associacao de quatro SNPs (rs16892766, rs4779584, rs4939827 e rs58920878) com o
risco ao CCR e mostrou um efeito cumulativo significativo no risco de cancer para
pacientes com ao menos dois alelos ou gendtipos de risco (razdo de chances > 2)
(BAERT-DESURMONT et al. 2015). As razdes de chance podem chegar a 3,88 ¢

6,21 para pacientes com quatro alelos e trés gendtipos de risco, respectivamente.
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2 OBJETIVOS

2.1 OBJETIVO PRINCIPAL

Identificar CNVs raras envolvidas com potenciais novos genes de
predisposicdo ao CCR em pacientes com critérios clinicos para a SL, mas sem
mutacgdes patogénicas nos genes MMR, assim como avaliar a contribui¢do de um

subconjunto de alelos comuns na predisposi¢dao ao CCR.

2.2 OBJETIVOS SECUNDARIOS

1. Comparar as sequéncias alteradas com informacgdes disponiveis em bancos de
dados e em amostras de individuos controle (obtidos previamente pelo
grupo);

2. Identificar a funcao e o envolvimento dos genes selecionados em vias e redes
biologicas;

3. Avaliar os mecanismos de segregacdo de CNVs em familias especificas.
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3 ARTIGO 1 - RESEARCH ARTICLE

Pacientes suspeitos de ter SL

120 pacientes

Screening (MLPA e Sequenciamento direto)

MLH1, MSH2, MSH6, PMS1, PMS2, TP53 e CHEKZ2

74

Casos com mutacdes Casos sem mutacdes
66 pacientes 54 pacientes
CASUISTICA
FINAL

Figura 1 - Etapas realizadas na analise dos pacientes que preenchem os critérios

clinicos da Sindrome de Lycnh utilizados no primeiro manuscrito descrito a seguir.
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The molecular etiology of a significant number of cases suspected of having Lynch
Syndrome remains unclear. In this study, the authors investigated copy number
variations and single nucleotide polymorphisms associated with colorectal cancer
(CRO) risk in a cohort of patients with no mutations in the mismatch repair genes.
Copy number alterations and risk alleles with the potential to increase the risk of

hereditary CRC were reported.

Abstract

In colorectal carcinoma (CRC), 35% of cases are known to have a hereditary

component, while a lower proportion (~5%) can be explained by known genetic
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factors. In this study, copy number variations (CNVs) were evaluated in 54 unrelated
patients with clinical hypothesis of Lynch Syndrome (Amsterdam or Bethesda
criteria); negative for MLH1, MSH2, MSH6, PMS2, CHEK2*1100delC and TP53
pathogenic mutations; aiming to reveal new predisposing genes. Analyses with two
different microarray platforms (Agilent 180K and Affymetrix CytoScan HD)
revealed common CNVs in 21 patients and 58 rare CNVs in 33 patients, of which 28
subjects presented 43 rare CNVs covering 81 known genes. Gains (GALNT6 and
GALNT11) and losses (CENPP and SEMA3C) involving the same gene families
related to CRC susceptibility were found among the rare CNVs. Segregation analysis
performed on 14 relatives from three families suggested the involvement of CHODL,
GPR39, GALNT11 and KMT2C in those at risk of developing CRC. Notably, in
silico molecular analysis revealed that 64% (52/81) of the genes covered by rare
CNVs were associated with cancer, mainly colorectal (26 genes). Twenty-three
common SNPs, previously associated with CRC, were genotyped in 49 patients, of
which 26 showed more than 50% of risk alleles. None of the SNPs were covered by
CNVs, suggesting an independent effect of each alteration in cancer susceptibility. In
conclusion, rare germline CNVs and common SNPs may contribute to an increased

risk for hereditary CRC in patients with mismatch repair proficiency.

Keywords

Colorectal cancer - Hereditary cancer - Copy number variation - Lynch Syndrome -

Cancer predisposition - SNP
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Introduction

Colorectal cancer (CRC) is the third most common neoplasm worldwide and the
fourth leading cause of cancer death for both genders.' In the last two decades, a
tendency towards increased CRC mortality rates has been reported for most Latin
American countries, including Brazil.> Among the most prevalent neoplasms, CRC
presents a significant case burden (~35%), with its development having been
associated to a genetic predisposition.” However, only a minor proportion (~5%) can
be explained by germline mutations in genes related to well-known hereditary
diseases, such as Lynch syndrome (LS) (Mismatch Repair Genes - MMR: MLH1,
MSH2, MSH6, and PMS2) and familial adenomatous polyposis (APC).*
Approximately 11% of germline alterations found in LS patients are associated with
MSH2 deletions.” Moreover, EPCAM deletions leading to epigenetic silencing of
MSH2 have also been reported in LS.

Copy number variations (CNVs) and single-nucleotide polymorphisms (SNPs),
which are responsible for the vast majority of variations observed in the human
genome, have been reported as being associated with hereditary cancers (family
history of cancer, multiple tumors and/or early-onset neoplasms).”® Recent studies
have demonstrated the involvement of rare germline CNVs with cancer risk in Li-
Fraumeni patients negative for TP53 mutations, as well as for Hereditary Breast and

Ovarian Cancer syndrome negative for BRCA1/BRCA2 mutations.”"!

Moreover, rare
germline CNVs that cover genes potentially associated to an increased risk of CRC
development, including GREM1, CDH18 and RERGL, have been reported in LS

patients.'*"*

In addition to the MMR mutations and CNVs reported, genome-wide association
studies (GWAS) have identified 60 common SNPs associated with an increased risk
of CRC in European and Asian populations,”?° of which 11 (rs4939827,
rs10411210, rs4444235, 1rs9929218, rs4779584, 1s961253, rs10795668, rs6983267,
rs3802842, rs16892766, rs58920878) were associated with familial susceptibility and
early-onset in MMR mutation-negative CRC.*'> Ten of these 11 low-penetrance
variants (excluding rs58920878) may explain up to 9% of the heritability observed
for these families.”’ Although each SNP contributes modestly to CRC susceptibility,
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the combined effect of these loci has been reported as being involved in an increased

disease risk as much as higher the number of risk alleles.”**’

In this study, germline CNVs were analyzed in a cohort of 54 Brazilian patients, who
fulfilled the clinical criteria for LS (Amsterdam or Bethesda), without mutations in
the most common genes related to LS. A subset of 23 common low-risk SNPs,
previously associated with CRC susceptibility, was also evaluated. The main aim
was to identify genomic alterations with the potential to increase the risk of

hereditary CRC.

Material and Methods

Patients

Fifty-four unrelated patients that fulfilled the Amsterdam I/II criteria (13 cases) or
revised Bethesda guidelines (41 cases) were evaluated.”®?” All patients were
previously screened for germline mutations in genes related to hereditary cancer
(MLH1, MSH2, MSH6, PMS1, PMS2, CHEK2*1100delC and TP53) using Sanger
sequencing and multiplex ligation-dependent probe amplification (MLPA), with no
patient presenting pathogenic variants (data partially reported in Valentin et al.?®).
Fourteen relatives from three index patients were also evaluated. The Human
Research Ethics Committee of the A.C. Camargo Cancer Center (CEP 1175/08)
approved the study and all subjects provided written informed consent prior to

sample collection.

The clinical and pathological information, as well as the procedures used for each
case, are detailed in Supplementary Table S1. Five of 54 patients had colonic
adenomas with high-grade dysplasia (SL-4, SL-10, SL-17, SL-52 and SL-53), while
four presented malignant tumors other than CRC (SL-2, SL-7, SL-8 and SL-50).
However, all of them are suspected to have LS and, hence, were enrolled in the

study.
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Copy number variation analysis

Genomic DNA was isolated from peripheral blood (index patients) and saliva
(relatives) using the Gentra Puregene Blood Kit (Qiagen, Valencia, CA, USA) and
preplT-L2P kit (DNA Genotek, Ontario, Canada), respectively. All 54 index patients
were evaluated for chromosomal imbalances using the Human CGH 4x180K
microarray platform, following the manufacturer’s recommendations. Genomic data
were extracted by Feature Extraction 10.1.1.1 (Agilent) and analyzed using the
CytoGenomics 3.0.1.1 software (Agilent) (algorithm ADM-2). A threshold of 6.0, at
least four altered probes, log2 ratio > 0.35 for gains and < -0.35 for losses were used
as CNV defining criteria. The fuzzy zero correction was applied, with a detailed
visual analysis being performed for all alterations, excluding regions with poor data

quality.

A high-density microarray platform (CytoScan HD; Affymetrix, Santa Clara, CA,
USA) was used to reassess 26 index patients (according to DNA quality and
availability). Moreover, 14 relatives from three families that had accepted to
participate in the study were evaluated. The procedures were carried out according to
the manufacturer’s protocols. Data were analyzed using the Chromosome Analysis
Suite (ChAS) software 3.0 (Affymetrix) considering at least 25 markers for losses,
50 markers for gains and cnLOHs with a minimum of 5 Mb. All data were also

visually inspected to confirm the alterations.

The CNVs obtained in the analysis were compared with the Database of Genomic

Variants (DGV, http://dgv.tcag.ca/dgv/app/home, updated in July 2015),

containing almost 67,000 samples; 100 healthy Brazilian individuals assessed by the
180K Agilent platform,”” and the Affymetrix Database of Variants (2,421
phenotypically healthy individuals evaluated using the CytoScan HD platform). The
common and rare alterations were classified according to size, type (gain or loss) and
presence in the reference databases. Only rare CNVs, found in less than 10 subjects
of the CNV datasets, were evaluated in detail. Rare CNVs not found in any of the

three reference databases were considered new.
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Single nucleotide polymorphism genotyping analysis

In 47 index patients, the standard TagMan® SNP Genotyping Assay 5’ nuclease
technology protocol (Applied Biosystems, Foster City, CA, USA) was used to
genotype 10 SNPs (1rs961253, rs3802842, rs4444235, rs4779584, rs4939827,
16983267, 19929218, rs10411210, rs10795668 and rs16892766), which had been
previously associated with familial CRC risk in the European population [20]. PCR
amplification was carried out in duplicate using automated QIAgility pipetting
(Qiagen, Courtaboeuf, France). Allelic discrimination was performed by the 7900HT
Fast Real-Time PCR System using the Sequence Detection System software and

auto-calling algorithm.

An additional 13 loci (rs12701937, rs11014993, rs59336, rs4813802, rs10774214,
rs5934683, 157524102, rs4574118, rs4140904, rs9548988, rs3987, rs12603526 and
rs2241714) were genotyped in 26 patients using the CytoScan HD platform,
containing polymorphic probes to interrogate the alleles of almost 750,000 SNPs.
Two of 26 cases were genotyped exclusively using the microarray platform (SL-20
and SL-52). Thus, a total of 49 index patients were genotyped using the TagMan
assay and/or CytoScan HD platform. Two loci (rs6983267 and rs10795668),
genotyped by the TagMan assay, were also investigated in the microarray platform

and used as a reference to confirm the results obtained by both procedures.

Results

Detection of CNVs with two different microarray platforms

Analysis by the Agilent 4x180K microarray platform for the 54 index patients
revealed 245 CNVs (121 gains and 124 losses), with a median of 4.5 per case. Two
patients (SL-4 and SL-13) presented no CNVs and 31 had common CNVs only. The
remaining 21 cases showed 25 rare germline CNVs (one or two per case) with 23

harboring genes (Supplementary Table S2).
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A subgroup of 26 cases was re-evaluated using the CytoScan HD platform including
two cases with no CNVs, 16 cases with common CNVs only and eight cases with
nine rare CNVs detected by the Agilent platform. Analysis with the high-resolution
platform revealed 338 CNVs (median of 13 per case), while the Agilent platform
revealed 100 CNVs (median of 3.8 per case) for the same cases (Supplementary
Table S3). Six patients (SL-1, SL-12, SL-18, SL-23, SL-25 and SL-41), evaluated by
both microarray platforms, presented common CNVs only. The nine rare CNVs that
were initially detected by the Agilent platform were confirmed using the CytoScan
HD platform. An additional 33 rare CNVs (20 harboring genes) were identified in 17
patients, exclusively by the Affymetrix platform, including two cases with no CNVs
and five with rare CNVs that had been previously identified by the Agilent platform
(Supplementary Table S3). The Supplementary Figure S1 summarizes the results
obtained by both platforms used in this analysis.

The analysis by both microarray platforms (Agilent and Affymetrix) revealed
common CNVs in 21 cases, while 58 rare CNVs were found in 33 patients. Forty-
three rare CN'Vs overlapping genes were detected in 28 index patients (Table 1), of
which, interestingly, 22 were new. Fifteen rare CNVs not covering known genes,
seven of which were new, were identified in 10 index patients (Supplementary Table
S4), including five cases (SL-2, SL-4, SL-6, SL-14 and SL-37) that also showed rare
CNVs harboring genes. Two cases (SL-34 and SL-37) presented rare CNVs covering
different regions mapped at intron 1 of the CNTNAP2 gene.

To gain further insight into the function and pathways related to the 81 genes
covered by the rare CNVs, an annotation enrichment analysis was performed using
the Ingenuity Pathway Analysis software (IPA, QIAGEN Redwood City,
www.qiagen.com/ingenuity). A significant enrichment of cancer-associated genes
was detected (52 genes), 26 of which were associated with colonic and rectal
adenocarcinomas (Table 1). Rare CNVs identified in three patients (SL-13, SL-46
and SL-53) covered two or more genes associated with CRC predisposition. The

function of each gene related to CRC susceptibility is shown in Table 2.
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Segregation Analysis

The segregation of rare CNVs overlapping genes related to cancer was investigated
in 14 relatives belonging to three index patient families: two relatives from patient
SL-2, four from SL-11 and five from SL-47 (Figure 1). No cancer-free relative of
patient SL-2 presented the same rare CNV mapped in 21g21.1 encompassing the
CHODL and TMPRSS15 genes.

Two of four relatives from patient SL-11 reported a history of malignant tumors,
both having presented the same rare duplication, partially covering the GALNT11
and KM2TC genes, which were also detected in the index case. In addition, none of
the four relatives presented the same rare deletion harboring the DNMT3A gene that

was detected in the index patient.

Two relatives (sons), currently cancer-free, from patient SL-47 presented the same

rare duplication, partially harboring the GPR39 gene.

Genotyping of risk SNPs for CRC

A high genotype rate (> 95%) was obtained for the 10 SNPs evaluated with the
TagMan method. In 13 loci genotyped exclusively with the CytoScan HD platform, a
call rate of <92% was detected for one SNP only (rs4574118: 88%, 23/26 cases).
Two loci (rs6983267 and rs10795668) genotyped by both the CytoScan HD platform
and TagMan assay, performed in 24 index patients, presented corroborating results in
100% of cases. The SNPs, number of subjects genotyped and frequency of risk
alleles are described in Table 3.

Eleven risk alleles (6 genotyped by the Affymetrix platform) were detected in more
than 50% of cases. In addition, 26 cases presented a significant percentage of risk
loci considering their genotyped SNPs, which ranged from 50% to 70%
(Supplementary Table S5). Five of 10 risk loci previously related to CRC risk,
(rs4939827, rs10411210, 19929218, rs107955668 and rs6983267) were evaluated by
the TagMan assay and presented a frequency higher than 50%. A median of 10 risk

alleles (6 to 14 risk alleles per case) were detected when considering the cases
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genotyped with the TagMan method, only, excluding three cases without the 100%
call rate (total of 44 cases) (Table 4). Of the 33 cases with rare CNVs, 30 were
genotyped for the aforementioned 10 SNPs using the TagMan method, with 18
having 10 or more risk alleles (Supplementary Table 6).

Discussion

In the last decade, rare CNVs have been associated with cancer susceptibility,
providing an explanation for part of the missing heritability observed in ~30% of
familial and early-onset CCR cases.®® Rare CNVs harboring genes mostly involved
with cancer were, herein, described as candidates for being associated with colorectal
carcinoma predisposition in a subset of patients suspected to have LS (Amsterdam or
Bethesda criteria). When considering the clinical interpretation of CNVs, one must
take into account not only their rarity, but also their type (gain and loss), size,

location, and gene content, as well as data already reported in the literature.”!

Constitutive genomic alterations were screened in 54 Brazilian patients, of which 26
were assessed by two platforms, Agilent 180K and a high-density platform
(CytoScan HD, Affymetrix). In addition to confirming the rare CNVs detected by the
Agilent platform, the second study allowed the identification of a higher number of
CNVs, better estimating the chromosomal breakpoints and unmasking new CNVs

potentially associated with CRC predisposition.

Approximately 52% (28/54) of cases presented rare CNVs (N=43) overlapping
genes, of which 22 were new and hence not described in any reference dataset used
in this study. All alterations were unique. Recent studies have described different
rare and new CNVs, when compared with our data.'”'* These differences may be
explained by the platform resolution, the reference population used, as well as the
criteria adopted to analyze the data and define a rare CNV. Venkatachalam et al.'?
identified seven new CNVs in 6 of 41 patients, involving genes previously related to
CRC development, including CDH18, GREM1, BCR and PTPRJ. An identical rare
deletion at 12p12.3, encompassing RERGL, has been described in two patients from
371 familial CRC cases.'* Moreover, Masson et al. evaluated 125 MMR gene

mutation-negative patients that met the Amsterdam or Bethesda criteria and, when
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compared to a control group of 40 individuals, identified 207 unique CNVs
overlapping genes, which included two gains covering CNTNAP2."* When
comparing the data from this study with previous reports, two deletions harboring

distinct regions of CNTNAP2 on intron 1 were revealed for our patients.

Interestingly, functional in silico analysis (IPA) revealed cancer as the main disease
associated with 52 of the 81 genes covered by the 43 rare CNVs. Remarkably, 50%
of the cancer genes (26/52) were related to colorectal carcinogenesis, supporting its
potential involvement in cancer risk. Despite the CNVs harboring intronic regions
being found in seven of these CRC related-genes (ROBO1, XRCC4, HCN1, CADM1,
CNTNAP2, GALNT6 and CENPP), their potential pathogenic effect could not be
excluded since intronic alterations may affect the splicing process leading to a loss of
gene function, as previously reported for MLH1 and MSH2 genes.** In addition, our
group has previously detected identical ROBO1 intronic deletions (as presented in
this study) in two cases of family breast cancer, providing further evidence for their

potential pathogenicity (Villacis et al., submitted).

Seven (DOCKS8, KANK1, TEK, CADM1, CNTNAP2, ECM2 and OMD) of the 26
genes related to CRC development regulate the cell adhesion process. Recently, an
increased level of TEK protein, whose gene was involved in gains in the present
study, was identified in the plasma of 36 CRC patients when compared to the same
number of healthy controls using ELISA (enzyme-linked immunosorbent assay) test,
suggesting TEK as a potential biomarker for CRC.* In addition, CADM1 (losses in
our study) inactivation has been described as a recurrent event in colorectal
tumorigenesis.” Genes involved in epigenetic regulation (methylation and
deacetylation), such as TRPS1, USP7 and KMT2C, were also described as associated
with CRC development. An increased expression of the TRPS1 protein (gains in our
study) has been reported as being related to lymph node metastasis and an advanced
stage in CRC patients.” Losses involving USP7 corroborate its function as a CRC
tumor suppressor, with its inactivation having been reported as a critical event in
colorectal carcinogenesis.*®”’ Overall, these previously reported findings give
additional support for the involvement of CADMI1, TEK, TRPS1 and USP7 in

familial CRC cases. Moreover, duplications and deletions covering GALNTG,
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GALNT11, CENPP and SEMAS3C, belonging to the same gene families previously
associated with CRC predisposition, were identified. Recently, the potential
pathogenic effect of germline mutations in CENPE, GALNT12 and SEMA4A to

cancer risk in unexplained familial CRC has been described.***

Segregation analysis of the rare CNVs was performed for three unrelated families.
The partial duplication, covering CHODL, was detected in the index patient SL-2,
exclusively, and was absent in two relatives without cancer. A strong positivity for
the CHODL protein, assessed by immunohistochemistry, has been reported as being
related to poor prognosis in lung cancer patients."' Small interfering RNA
experiments have shown that CHODL acts as an oncogene in lung carcinogenesis,
regulating cellular growth and invasion.** Five relatives of patient SL-47 were tested,
with two being cancer-free and showing the deletion partially covering GPR39.
Despite being healthy and young (28 and 30 years old), the possibility of them
develop cancer in the near future cannot be discarded. Recently, GPR39 was
described as acting at the tight junction barrier integrity in ulcerative colitis.*
Patients with ulcerative colitis have a higher risk of developing CRC; thus, GPR39
seems to be a good candidate for CRC susceptibility.*® Furthermore, four of SL-11
relatives, two of whom had cancer, were evaluated for genomic imbalances. None of
the relatives presented the deletion harboring DNMT3A, however, the partial
duplication covering GALNT11l and KMT2C was identified in three relatives,
including the two with a diagnosis of cancer, suggesting an association between these
alterations and CRC predisposition. Increased GALNT11 expression has been
reported for leukemia, while KMT2C has been associated with tumorigenesis in a
family with a history of both CRC and leukemia.*** To our knowledge, there was no
history of leukemia for the studied family. However, one of the relatives tested
(nephew) developed multiple myeloma at the age of 39, presenting GALNT11 and
KMT2C gains. These results pinpoint putative candidates for CRC predisposition.

Twenty-one of the 54 cases analyzed revealed the absence of rare CNVs, suggesting
that another type of alterations may contribute to the CRC predisposition observed
for these families. Recently, exome sequencing studies have revealed new candidate

genes for CRC predisposition in MMR mutation-negative familiar CRC cases.***’
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Mutations in genes related to CRC development (POLE, MYC, BMPR1A and
AKR1C4), as well as in DNA repair genes (XRCC4, BARD1 and RAD52) were
detected in 43 patients belonging to 29 families.*® Interestingly, in this study a
XRCC4 deletion and a gain involving the RADS4L gene, which belongs to same
RADS2 family, were detected in two different patients. Three relatives of the same
Amsterdam family presented a potential deleterious mutation of the FAN1 gene,
which codes for a nuclease involved in the MMR system.*” New mutations in FAN1
were found in 4/176 patients that met the Amsterdam criteria, suggesting the

involvement of this gene in CRC risk."’

In addition to rare CNVs, common low-susceptibility SNPs may account for a
fraction of the unknown heritability noted in complex diseases, including cancer.***
The effect of the SNPs tested by genome wide association studies for Brazilian
individuals to evaluate the risk of CRC development is unknown. For this reason, the
effect of the 26 SNPs tested, herein, was compared with previous studies carried out
in European and Asian subjects, justified by the fact that the Brazilian population is

49,50
extremely heterogeneous.”™

Reports using ancestry-informative markers have
concluded that at an individual level in Brazil, race, as determined by physical
evaluation, is a poor predictor of genomic ancestry.*° It is worth mentioning that
not all SNPs reported as associated with CRC risk have been replicated in other
studies and, at a certain frequency, new potential risk alleles are described in the

literature.

A cumulative effect of the SNPs in CRC predisposition has been reported, in as
much as a higher number of risk alleles.”* In 24 patients with 23 SNPs genotyped by
both TagMan and CytoScan HD methods, a median of 21 risk alleles was detected,
even when not all SNPs presented a 100% call rate. Recently, 11 SNPs have been
related to an increased risk of familial and early-onset CRC of unexplained etiology,
with 10 having been genotyped in 47 patients using the TagMan assay.”'™
Niittyméki et al.*' evaluated the same 10 SNPs and estimated an elevated risk of
familial cancer with an increase of number of risk alleles (OR = 1.16 per allele).

Moreover, the authors identified that 52% of family cases presented 11 or more risk

alleles compared to 36.7% of sporadic cases. Considering the 44 cases with a call
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rate of 100% for these 10 SNPs, we identified that 21 cases (48%) presented 11 to 14
risk alleles. Recent data have demonstrated that the presence of at least two of three
risk alleles (rs16892766, rs4779584 and rs58920878) cause a significant increase in
CRC risk in unexplained familial and/or early-onset cancer.”> Here, two SNPs
(rs16892766 and rs4779584) were genotyped for 47 patients using the TagMan
method. A frequency of 12% was revealed for the risk allele for the SNP
rs16892766. Thirteen of 47 cases showed no risk alleles for rs16892766 and
rs4779584, while 16 index patients had two risk alleles, two cases (SL-19 and SL-26)
having three risk alleles with only one case (SL-10) having four risk alleles. These
findings suggested an increase of risk alleles in the study population that may

contribute to CRC susceptibility.

In this study, the SNPs evaluated were mapped at different regions when compared
with the rare CNVs, suggesting that both types of alteration have the potential to
contribute to CRC predisposition, both in an independent and cumulative manner. Of
the 33 patients with rare CNVs, 30 were also genotyped for the 10 SNPs reported as
being involved in CRC familial risk, using the TagMan method, of which 18 cases
presented 10 or more risk alleles. Overall, these results suggest that cases with rare
CNV have a significant number of risk alleles, which may further increase cancer
risk. Patients with a large number of risk alleles have a threefold increase of

developing CRC compared to cases with a low proportion of risk alleles.**

In summary, we identified germline CNVs that may contribute to cancer risk in
unexplained Brazilian familial and early-onset CRC cases. Interestingly, the rare
CNVs detected were enriched by cancer gene involved in colorectal tumorigenesis,
hence suggesting their pathogenic role. Segregation analyses of three families also
provided further evidence of the involvement of candidate genes in CRC
predisposition. Additionally, the SNPs investigated revealed a significant number of
patients with a higher number of risk alleles, which may contribute to CRC
predisposition, since the cumulative effect of these loci in cancer risk has been

shown.
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Table 1. Rare CNVs harboring genes detected in 28 out of 54 patients analyzed by two different microarray platforms (Agilent and

Affymetrix).
Case Type | Agilent 4x180K (hg19) Affymetrix CytoScan HD (hg19) Genes covered by the CNV? Cancer-related genes®
SL-2 Gain* | ND 21921.1 (19613367-20024179) CHODL", TMPRSS15 CHODL, TMPRSS15
Gain* | ND 2p21 (45147359-45180958) SIX3 SIX3
SL-4 Gain* | ND 8923.3 (116670346-116682184) TRPS1° TRPS1
Loss* | ND 14q24.2 (71950576-72026183) LOC145474, SIPALL1 SIPALL1
Loss | 3p12.3 (78908078-78945207) 3p12.3 (78913131-78955823) ROBO1° ROBO1
SL-6 Loss* | ND 5q14.2 (82375769-82385492) XRCC4* XRCC4
Gain | 9p21.2 (27218901-27273012) 9p21.2 (27190654-27294778) TEK®, LINC00032, EQTN’ TEK, EQTN
SL-10 Loss | ND 4931.3 (151916165-152013101) LRBA" LRBA
Loss | ND 2p23.3 (25226859-25288451) DNAJC27-AS1°, EFR3B" EFR3B
SL-11 Loss* | 2p23.3 (25490089-25754371) 2p23.3 (25439308-25760891) DNMT3A, MIR1301, DTNB® DNMT3A, DTNB
Loss | ND 5p12 (45526349-45574986) HCN1° HCN1
Gain | ND 7936.1 (151795403-151895090) GALNT11®, KMT2C" GALNT11, KMT2C
SL-13 Gain | 9p24.3 (434742-587418) 9p24.3(435188-586909) DOCK8", KANK1® DOCKS, KANK1
SL-14 Gain* | 4q31.1 (140046328-140166873) 4q31.1 (140043256-140169116) ELF2 ELF2
SL-17 Gain* | 6921 (107021184-107130595) NE RTN4IPlb, QRSL1 QRSL1
SL-19 Gain | 1p13.2 (112982660-113005539) NE CTTNBPZI\tLb CTTNBP2NL
Loss* | 6g25.3 (160596664-160643290) NE SLC22A2 SLC22A2
SL-20 Loss* | ND 7q11.22 (70180371-70236724) AUTSbe AUTS?
Loss* | 7g21.11 (80411532-80440032) 7921.11 (80402154-80446014) SEMA3C SEMA3C
SL-24 Gain* | 2p24.1 (20401961-20424892) NE SDC1° SDC1
SL-26 Loss | ND 2p23.3 (26372934-26400039) GAREMLZ GAREML
Loss* | 4q31.21 (145893086-145932678) 4q31.21 (145875635-145934750) ANAPC10 ANAPC10
SL-27 Loss* | 16p13.2 (8987391-9206804) NE USP7°, C160rf72" USP7, Cl160rf72
S1.20 Gain | ND 3q13.33 (121494030-121514161) IQCB1° ] -
Loss* | ND 8923.3 (117231919-117276655) LINC00536
SL-31 Gain* | 5q14.1 (80224419-80376556) NE RASGRF2° RASGRF2
Gain | 13q12.12 (25186782-25313751) NE ATP12A ATP12A
SL-32 Gain* | 16p13.12 (12643340-12792035) NE SNX29°, CPPED1° SNX29, CPPED1
SL-34 Loss | ND 7935 (145997480-146092958) CNTNAP2¢ CNTNAP2
Loss* | ND 11g23.3 (115307680-115343279) CADM1° CADM1
SL-36 Loss | ND 16q12.1 (47351018-47390600) ITFG1°
SL-37 Loss | ND 7935 (146190711-146196724) CNTNAP2¢ CNTNAP2
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SL-39 Loss | 15q14 (34105933-34217569) NE RYR3", AVEN® RYR3, AVEN
S1.43 Loss | ND 8q24.3 (146218161-146295771) ZNF252P°, TMED10P1, ZNF252P-AS1, C8orf33 ZNF252P, C8orf33
Loss | ND 10p11.1 (38670606-38751908) SEPT7P9, LOC399744
SL44 Loss | 2p22.2 (38400961-38492621) NE CYPlel-ASf’ i
Gain* | 21q22.3 (43554325-43724162) NE UMODL1", ABCG1 UMODL1", ABCG1
SL-46 Gain | 1p34.1 (46618671-46750887) NE TSPAN1, POMGNT1, LURAP1, RAD54L, LRRC41° RAD54L, POMGNT1, LRRC41
SL-47 Gain | 2q21.2 (133177414-133355884) NE GPR39" GPR39
SIGLEC16, VRK3, ZNF473, FLJ26850, SNAR-A9, SNAR-
SL-48 Gain* | ND 19q13.33 (50477562-50612095) A5, SNAR-A10, SNAR-A14, SNAR-A3, SNAR-A6, SNAR-A7, SIGLEC16, VRK3, ZNF473
SNAR-A11, SNAR-A8, SNAR-A4
SL-49 Gain* | 4934.1 (173411914-173469892) NE GALNT6® GALNT6
SL-51 Loss* | 7p21.3 (9614342-9717761) 7p21.3 (9595215-9730096) PER4
SL-53 Loss | 9922.31 (95146549-95290156) NE CENPP®, OGN, OMD, ASPN, ECM2" CENPP, ASPN, OMD, ECM2

ND: not detected. NE: not evaluated
* Unique alterations, not detected in the CNVs databases used for comparison
* Based on the chromosomal breakpoints estimated by the CytoScan HD when the CNV was detected by both microarray platforms
® Genes partially involved (CNV covered exon regions)

°Genes partially involved (CNV covered only an intron region)
¢ According to the analysis with the IPA software. In bold genes related specifically with colon or rectal carcinogenesis
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Table 2. Function of the 26 genes covered by the rare CNVs and associated with
CRC carcinogenesis (IPA software).

Alteration Genes Function of the protein*
ATP12A Transport of molecules/ATP hydrolysis/potassium absorption
CTTNBP2NL Membrane transport
DOCKS8 Cell adhesion/Apoptosis
KANK1 Cell adhesion
KMT2C Histone methylation/Chromatin organization
POMGNT1 Glycoprotein metabolism
Gain QRSL1 Mitochondrial translation
RAD54L DNA repair
RASGRF2 Regulation of apoptotic process
TEK Cell adhesion/Nuclear transport
TMPRSS15 Regulation of proteolysis
TRPS1 Regulation of histone deacetylation and extrinsic apoptosis
UMODL1 Regulation of apoptotic process and gene expression.
ZNF473 Regulation of gene expression
ASPN Extracellular matrix organization
CADM1 Cell adhesion
CENPP Organizagdo da cromatina/Regulacdo da mitose
CNTNAP2 Cell adhesion
ECM2 Cell adhesion/ Extracellular matrix organization
Loss ELF2 Cell differentiation
LRBA Transport of vesicles
OMD Cell adhesion
ROBO1 Cell adhesion
RYR3 Regulation of intracelular calcium
SIPA1L1 Cytoskeleton reorganization
USP7 Histone deubiquitination/Maintenance of DNA methylation

*Based on the information deposited in two databases: Gene (http://www.ncbi.nlm.nih.gov/gene) and
GeneCards (http://www.genecards.org/)
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Table 3. Single nucleotide polymorphisms genotyped using the TagMan method and
the CytoScan HD microarray platform

SNP | Chromosome | Risk Allele | Frequency of the risk allele | Call rate
TagMan Genotyping assay® (47 cases)

rs16892766 8g23.3 C 0.12 100% (47/47)
rs6983267* 8q24.21 G 0.64 100% (49/49)
rs10795668* 10pl14 G 0.74 100% (49/49)
rs3802842 11g23.1 C 0.30 100% (47/47)
154444235 14q22.2 C 0.41 98% (46/47)
rs4779584 15q13.3 T 0.49 100% (47/47)
19929218 16922.1 G 0.67 96% (45/47)
rs4939827 18g21.1 T 0.59 98% (46/47)
rs10411210 19q13.1 C 0.81 100% (47/47)
1961253 20p12.3 A 0.35 98% (46/47)
CytoScan HD microarray platform (26 cases)”

157524102 1p36.2 A 0.87 100% (26/26)
rs4574118 2ql12 C 0.22 88% (23/26)
rs4140904 4p15.3 G 0.27 100% (26/26)
rs3987 4926 C 0.52 100% (26/26)
rs12701937 Tpl4.1 T 0.35 100% (26/26)
rs1101937 10p12.1 C 0.19 100% (26/26)
rs10774214 12p13.32 T 0.38 100% (26/26)
rs59336 12g24.21 T 0.58 96% (25/26)
19548988 13q13.3 T 0.52 96% (25/26)
rs12603526 17p13.3 C 0.04 100% (26/26)
152241714 19q13.2 C 0.65 92% (24/26)
rs4813802 20p12.3 G 0.40 100% (26/26)
1s5934683 Xp22.2 C 0.58 100% (26/26)

*SNPs also genotyped with the CytoScan array platform. In this case, the genotyping was performed
in 49 (two cases were genotyped only with the microarray platform).

Loci genotyped with this method were related with hereditary CRC risk in cases with no mutation in
the MMR genes.

°24 out of 26 patients were also genotyped with the TagMan method.

Table 4. Number of risk alelles per case considering only the 10 SNPs genotyped
with the TagMan method and the cases with 100% call rate (44 cases)

Nu(rr?]t;i?nc:[j;:slgfazl(l)(;les Number of cases (%)
6 2 (4.5)
7 4(9.1)
8 7(15.9)
9 3(6.8)
10 7(15.9)
11 5(11.4)
12 8 (18.2)
13 6(13.7)
14 2 (4.5)
Total 44
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Figure legend

Figure 1. Pedigree charts of the three index patient (black arrows) who presented
relatives (red arrows) evaluated for germline genomic alterations. In the right side of
each pedigree are represented the rare CNVs (covering genes associated with cancer)
identified in the probands of each family with the Affymetrix CytoScan HD
platform. Deletions and duplications represented by red and blue bars, respectively.
The positive and negative symbols means that the relatives tested have and have no
rare CNVs detected in the respective index patient of each family, respectively. The
age at diagnosis of the index patients and their healthy relatives are indicated above
each case. CRC: colorectal cancer, BC: breast cancer, KC: kidney cancer; TC:
thyroid cancer, LC: lung cancer; MM: multiple myeloma; PC: prostate cancer; HNC:

head and neck cancer.
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Additional files

Supplementary Figure 1. Flowchart showing the CNVs detected using the 4x180K
(Agilent Technologies) and CytoScan HD (Affymetrix) microarray platforms.

Supplementary Table S1. Clinico-pathological characteristics of 54 patients with no
pathogenic mutations in the most common genes related to hereditary colorectal

cancer

Supplementary Table S2. Number of CNVs detected in 54 index patients with the
Agilent 4x180K microarray platform

Supplementary Table S3. Comparison of genomic alterations found in 26 cases

analyzed by two different microarray platforms

Supplementary Table S4. List of rare CNVs covering no genes and detected both
by the Agilent and Affymetrix microarray platforms

Supplementary Table S5. Total number of alleles genotyped for each case,

including the proportion of risk alleles
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Pacientes suspeitos de ter SL

m [120 pacientes)|
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Abstract

Despite one-third of breast (BC) and colorectal cancer (CRC) cases having a
hereditary component, only a small proportion can be explained by germline
mutations. The aim of this study was to identify genomic alterations with the
potential of being related to cancer predisposition. Copy number variations (CNVs)
were evaluated (Agilent 4x180K and Affymetrix CytoScan HD) in three index
patients and six relatives, selected from 113 unrelated cases that fulfilled the criteria
for hereditary BC/CRC and presented non-pathogenic mutations in BRCA1, BRCAZ2,
MLH1, MSH2, TP53 and CHEK2 genes. We used direct sequencing to screen
mutations in ROBO1, qPCR to confirm the deletion, and immunohistochemistry to
evaluate the protein expression in an independent set of 351 breast and colorectal
cancer cases. An identical germline deep intronic deletion of ROBO1 was identified,
via two microarray platforms and qPCR, in three patients. Microarray analyses
confirmed a co-segregation of the ROBOL1 deletion with the occurrence of cancer in
two families. Pathogenic ROBO1 point mutations were not detected. Although not
statically significant, the absence of immunoexpression of the ROBOI protein was
more frequent in CRC and BC groups with a poor outcome and shorter survival. Co-
segregation analysis revealing the presence of disease in affected individuals, as well
as the rarity of this alteration, suggest a pathogenic effect of the ROBO1 deletion in

cancer predisposition.
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Introduction

Colorectal cancer (CRC) and breast cancer (BC) are two of the most prevalent
neoplasms worldwide, with over 2.5 million new cases diagnosed each year [1].
Although a large population-based twin study estimated that hereditary factors
contribute to a considerable proportion of CRC (35%) and BC (27%) susceptibility,
only 5% of familial and early-onset CRC/BC cases are due to germline mutations in
well-known high penetrance genes [2-4]. Pathogenic germline mutations of the
BRCAL and BRCAZ2 genes are the most common alterations associated with familial
BC, while mutations in the DNA mismatch repair (MMR: MLH1, MSH2, MSH6 and
PMS2) and APC genes explain the majority of hereditary CRC [3-4]. However,
mutations in other high or moderate penetrance alleles, such as TP53 (Li-Fraumeni
Syndrome), STK11 (Peutz-Jeghers Syndrome), PTEN (Cowden Syndrome), CDH1
(Hereditary Diffuse Gastric Cancer), CHEKZ2 and PALB2, may also increase the risk
of developing these tumors [3-4].

Despite recent genome-wide association studies (GWAS) having identified
48 and 72 common single nucleotide polymorphisms (SNPs) associated with CRC
and BC inheritance, respectively [4-5], the etiology of the vast majority of cases
remains unclear, since the combined effect of these variants accounts for only a small
fraction of cancer risk. Some of the remaining unexplained heritability may be
related to copy number variations (CNVs), which are structural alterations (gains or
losses) involving DNA fragments of 1 kb or larger [6]. CNVs cover approximately
12% of the genome, and have been associated to phenotypic variation in healthy
individuals, as well as to several diseases, including neuropsychiatric conditions
(autism, schizophrenia and learning disorders), obesity, Crohn’s disease, systemic
lupus erythematosis and several types of cancer [6-7].

Two recent studies have suggested the involvement of rare germline CNVs in
patients negative for the BRCAL and BRCA2 mutations with a family history of BC
[8-9]. In addition, Masson et al. [10] identified germline CNVs in WWOX and FHIT
genes, which was suggested as being associated with BC risk. In familial CRC
patients without MMR gene mutations, an overall increase in CNV number was
identified when compared to healthy controls [11]. Rare genomic rearrangements

covering nine different chromosomes (5p14.3, 7ql1.21, 8p23.1, 9p21.3, 11pll,
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12p12.3, 15q13.3, 20q13.33, 22q11.23) have been associated to CRC predisposition
[11-13].

The ROBO1/DUTT1 gene, mapped on 3pl2.3, is a member of the
immunoglobulin superfamily transmembrane receptors that interacts with SLIT2 and
regulates a wide spectrum of biological functions, including axon guidance and
neuronal migration [14]. ROBOL1 contains 31 exons spanning approximately 1,171
kb and 11 splice variants (www.ensembl.org; hgl19). While ROBO1 overexpression
has been reported in hepatocellular and colorectal carcinoma [15, 16], other studies
have demonstrated its potential role as a tumor suppressor gene, inactivated by
deletion/methylation in several neoplasms, including lung, kidney, breast and
pancreas [17-19]. Je et al. [20] reported five frameshift mutations in mononucleotide
repeats within the ROBOL1 coding exons in CRC and gastric cancer samples with
microsatellite instability.

The presence of multiple primary cancers, a positive family history of cancer
and cancer onset at an early age strongly suggests a hereditary predisposition within
these families [21]. In this study, an identical novel germline deep intronic deletion
in the ROBO1 gene in three unrelated patients and their relatives affected by cancer,
yet negative for the most significant genes associated with hereditary BC/CRC, is
described.

Materials and methods

Patients

The index patients (P1, P2 and P3) were selected from 113 unrelated cases that met
criteria for hereditary BC/CRC, and previously evaluated by array CGH. All of them
have no pathogenic mutations in the most common genes associated with these
tumors. Written informed consent was obtained prior to sample collection. The
Human Research Ethics Committee of the A.C. Camargo Cancer Center approved
the study (Number 1175/08). The sequencing results of MLH1, MSH2, MSHG,
PMS1, PMS2, TP53, CHEK2 (1100delC), BRCA1 and BRCAZ2 for the index patients
are described in Supplemental Table 1. Two patients (P2 and P3) fulfilled the criteria
for Hereditary Breast and Colorectal Cancer (HBCC) [22], while also meeting the
criteria for Hereditary Breast and Ovarian Cancer Syndrome (HBOC), as per the
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National Comprehensive Cancer Network (NCCN) Guidelines
(http://www.nccen.org). In addition, one patient (P1) fulfilled the Bethesda Criteria
described for hereditary CRC [23].

Patient P1 (II.1) developed early onset CRC at 34 years old, with no family
history of cancer (Fig. 1A). Patient P2 (III.1) presented CRC at 52 years of age, and
bilateral BC at 73 and 76 years of age, while also reporting several neoplasms,
mainly breast tumors, within her family (Fig. 1B). Patient P3 (III.1) had BC at 48
years of age, as well as a family history of several neoplasms (Fig. 1C). Complete
information regarding the neoplasm and treatments received by each index patient
are presented in Table 1. Four relatives from patient P2: one daughter (P2-2/IV-3),
two sons (P2-3/IV.1 and P2-4/IV.2) and one brother (P2-5/I11.7) were included in
this study. Similarly, two sisters of the patient P3 (P3-2/II.5 and P3-3/I11.6) also
agreed to be included in this study. The relatives of P2-2 and P3-2 were diagnosed
with BC at 55 years of age and with endometrial cancer at age 58, respectively. In
addition, an independent set of 192 BC and 159 CRC samples from patients with or
without a family history of these tumors was included to evaluate ROBO1 protein

expression.

Genomic Alterations

Genomic DNA was extracted using the Gentra Puregene Blook Kit (Qiagen,
Valencia, CA, USA). Genomic imbalances were assessed using the SurePrint G3
Human CGH 4x180K (G4449A, Agilent Technologies, Santa Clara, CA, USA) array
platform, according to the manufacturer’s recommendations. Commercial genomic
DNA (Promega, Madison, WI, USA) was used as a reference. Microarray data were
extracted with Feature Extraction software 10.1.1.1 (Agilent Technologies) and
analyzed with Genomic Workbench software 5.0.14 (Agilent Technologies) for CNV
analysis (reference genome build hgl8, ADM2 algorithm, threshold of 6.7, three
consecutives probes and absolute log ratio filter of -0.3<log>>0.3). In four
individuals (P1, P2-2, P2-4 and P3), a higher density platform was also used
(CytoScan HD, Affymetrix, Santa Clara, CA, USA) according to the manufacturer’s
instructions. Data were analyzed with the Chromosome Analysis Suite (ChAS)

software 3.0 (Affymetrix) using NetAffx Build 33 (hg19) with 25 markers for losses
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and 50 markers for gains considered for significance. The CNVs detected were
compared with the Database of  Genomic Variants (DGV,
http://dgv.tcag.ca/dgv/app/home, data version: October 2014), 100 healthy Brazilian
individuals [8], and 2,421 phenotypically normal individuals evaluated by the
CytoScan HD platform (Affymetrix Database of Variants). Moreover, we searched
for long noncoding RNAs (IncRNAs) in the IncRNAdb v2.0 database
(http://www.Incrnadb.org/) [24].

Quantitative Real Time PCR (gPCR)

Two index patients (P2 and P3) and four relatives from patient P2 were evaluated by
qPCR. Two primer sets were designed using the Primer-Blast software
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). A set of primers (S1) flanking one
of the probes (Agilent probe name A 16 P16292303) and mapped within the
intronic deletion, as well as one primer pair (S2) covering the probe (Agilent probe
name A 14 P133797) located on exon 4 of the ROBOl1l gene
(NM_002941.3/ENST00000464233) were designed for validation by qPCR. The
PCR amplifications were prepared with the QIAgility automated pipetting system
(Qiagen, Courtaboeuf, France) using Power SYBR Green (Applied Biosystems,
Foster City, CA, USA) to a final volume of 12 pL, and run in duplicate on a 7500
Real Time PCR System (Applied Biosystems). DNA samples from five healthy
individuals were used as a reference. The copy number calculation was carried out
according to the 2"**“" method [25], using GAPDH and HPRT1 as reference genes.
The gene dosage interval was defined as one copy loss for a ratio of <0.55 and as a
gain for a ratio of >1.35. Primer sequences for both target and reference genes are

provided in Supplemental Table 2.

ROBO1 Sanger Sequencing Analysis

The patients were screened for germline mutations in the long ROBO1 variant
(NM_002941.3). PCR primers were designed to cover all 31 exons of the ROBO1
gene (Supplemental Table 3). The PCR fragments were amplified using PCR Master
Mix, 2X (Promega) and purified with EXO-SAP IT (USB Corporation, Cleveland,

OH, USA), as per the manufacturer’s recommendations. Sequencing reactions were
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performed in both forward and reverse, and were run on an ABI Prism 3130xl
Genetic Analyzer (Life Technologies, Foster City, CA, USA). The chromatogram
traces were analyzed using the CLC Main Workbench software 6.0 (CLC Bio,
Aarhus, Denmark). Genetic variant nomenclature followed the Human Genome

Variation Society (HGVS) guidelines (http://www.hgvs.org/mutnomen/).

ROBOL1 Protein Expression Analysis

Immunohistochemistry (IHC) assays were performed to evaluate ROBOI1 protein
expression in 351 (192 BC and 159 CRC) formalin fixed paraffin-embedded (FFPE)
samples arranged in two tissue microarrays (TMAs), constructed as described
previously [26]. The IHC reactions were achieved using rabbit polyclonal anti-
ROBOI1 (ab7279, Abcam Inc., Cambridge, MA, USA). One positive (lung tissue)
and two negative references (one that did not use the primary antibody and the
second that removed the secondary antibody), were evaluated as controls. IHC scores
were estimated according to the intensity of cytoplasm staining (0: no staining; 1+:
weak; 2+: moderate; and 3+: strong). Tumors with IHC scores of 0/+1 and +2/43
were considered negative and positive for ROBO1 immunoexpression, respectively.
Fisher’s exact test was used to determine the association between the categorical
variables, with a value of P < 0.05 considered significant. The overall survival (OS)
curves were calculated using the Kaplan-Meier method and compared by log-rank
test. IBM SPSS Statistical software version 20 (SPSS Inc., Chicago, IL, USA) was

used for the statistical analysis.

Results

Identification of a Novel Germline ROBO1 Deletion

The search for genomic alterations in the three unrelated index patients using the
Agilent 4x180K platform revealed a novel heterozygous germline deletion on
3p12.3, within the intron 4 of ROBO1l (NM 002941.3/ENST00000464233). The
identical CNV was identified by four consecutive probes and spanned 37.470 kb
(78,990,568-79,028,038 hgl18) (Fig. 2A). For CNV confirmation, as well as a more
precise identification of chromosome breakpoints, the CytoScan HD microarray

platform (Affymetrix) was used to evaluate two index patients (P1 and P3). While
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Agilent 4x180K platform contains 76 probes, the Affymetrix CytoScan HD
microarray has 1,885 probes (1,604 for CNV detection and 281 for SNP genotyping)
to assess ROBO1 gene alteration. Analysis with a higher-resolution platform
confirmed the deletion mapped on intron 4 of ROBOL1 (48 non-polymorphic probes
with an estimated 50.477 Kb: 78,905,346-78,955,823; hg19) (Fig. 2A).

The distal breakpoint (78,955,823) of the deletion was identified as being
31.928 kb away from exon 4 of the long ROBO1 transcript, whose coordinates
ranged from 78,987,751 to 78,988,977 (hgl9) according to the Ensembl database.
Exon 5 is approximately 109.453 kb away from the CNV detected on intron 4.
Furthermore, the deletion was detected in the intronic region of four of six
alternatively spliced variants of ROBO1 that codes for proteins. Currently, no
IncRNAs were identified in the deleted region (IncRNAdb v2.0).

Alterations involving the ROBO1 gene were investigated in three different
CNV databases. The Brazilian dataset [8], as well as the Affymetrix Database of
Variants, revealed the absence of this CNV, hence confirming its rarity. According to
the DGV, four cases with partial deletions involving this region (accession number
nsv834744, nsv470672 and dgv8393n54) have been found in healthy individuals
(Fig. 2B).

Table 2 shows the rare CNVs described in less than 1% of the reference
population, which was identified in the patients using the Agilent 4x180K and
CytoScan HD platforms. Only three rare alterations, including the ROBO1 deletion,
were detected and subsequently confirmed by both microarray platforms. Virtually
all regions that were identified by only the CytoScan HD platform presented one or

two probes on the Agilent platform, not permitting its detection at high resolution.

Co-segregation Study of the ROBOL1 Deletion

Four relatives from patient P2 and two from P3 were also evaluated for segregation
of the ROBO1 deletion. The CNV that was co-segregated in relatives with cancer
revealed two relatives (P2-2 and P3-2) with a previous history of cancer that
presented the same deletion (4x180K, Agilent Technologies). Three relatives (two of

them without cancer: P2-4 and P3-3) were also evaluated using the Affymetrix
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CytoScan HD platform, with the presence of the deletion being confirmed in one

relative with a previous diagnosis of cancer (P2-2).

Relatedness Analysis

The relatedness of the three families was verified using the Mendelian error checking
analysis (ChAS 3.0 software), which takes into account the SNP data (750,000
probes) provided by Affymetrix CytoScan HD platform. At least one member of
each family (P1, P2-2, P2-4 and P3) was evaluated with this array platform. The duo
analysis confirmed the unrelatedness among the individuals of each family (Higher
Error Rate and Role Validity was zero), as well as the close genetic relatedness
between P2-2 and P2-4 (Lower Error Rate and Role Validity was 1) (Supplemental
Table 4).

CNV Validation by gPCR

The ROBOL1 deletion (primers S1) was confirmed by qPCR in two index patients (P2
and P3) and in one relative with cancer (P2-2). The relatives without cancer (P2-3,
P2-4 and P2-5) presented no alteration within the same region. The set of primers S2
flanking exon 4, revealed no alteration in all evaluated cases, which was consistent

with the microarray results (Fig. 2C).

Evaluation of ROBO1 Mutations by Sanger Sequencing
Non-pathogenic germline variants for the ROBO1 gene were found in the index
patients and in six relatives. While three silent mutations were identified in the
relatives of patient P2 (Fig. 2D), four relatives (P2-2, P2-3, P2-4 and P2-5) presented
a silent alteration in exon 13 (c.1739G>A; p.S580S). In addition, relatives P2-2/P2-3
and P2-4/P2-5 also presented silent mutations in exons 16 (¢.2210A>T; p.V737V)
and 19 (¢.2792C>A; p.T931T), respectively.

ROBOL1 Protein Expression

IHC analysis was performed in an independent set of breast and colorectal

carcinomas, obtained from patients with (47) and without (304) a family history of
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malignancy aiming to evaluate the involvement of ROBOI1 in breast and colorectal
tumorigenesis. Seventy-four of 140 (53%) and 101 of 164 (62%) sporadic CRC and
BC showed negative expression of ROBOI, respectively. In addition, 17 of 28 (61%)
familial BC and 12 of 19 (63%) familial CRC cases presented negative expression
for ROBOI, respectively (Fig. 3). No association between clinical pathological
variables and the ROBO1 expression was found for either, familial or sporadic BC
and CRC samples (Supplemental Table 5). However, negative ROBO1 expression
was detected in more than half of the cases with pathologic features associated to a
worse prognosis, such as histologic grade (II-1IT), TNM staging (III-IV) and lymph
node metastasis.

The median follow-up was 9.3 and 7.4 years for BC and CRC patients,
respectively.  No statistical differences were found in 10-years OS curves
considering the ROBO1 expression and both group of tumors (Supplemental Fig. 1).
However, the log-rank test revealed a marginal significance for shorter survival in

BC (P =0.099) and CRC (P = 0.086) patients with negative ROBO1 expression.

Discussion

The clinical interpretation of CNVs (benign, uncertain significance or pathogenic)
should be performed taking into account size, type (gain or loss), gene content,
inheritance pattern and frequency in healthy individuals [27]. We identified an
identical germline deletion of the ROBO1 gene, which was confirmed by an
independent microarray platform and qPCR analysis, in three unrelated patients with
BC and/or CRC. The ROBOL1 deletion identified comprises only an intronic region
(intron 4) of four protein-coding splice variants of ROBO1. Although unable to
obtain tumor samples from the patients, with all of them having been surgically
treated in different institutions, our results suggest a pathogenic effect of CNV, since
the segregation analysis confirmed the presence of the alteration in patients affected
by cancer only. Furthermore, the Mendelian error checking analysis using the SNP
data in cases evaluated by Affymetrix plataform revealed no kinship among the
members of these three families.

Interestingly, the heterozygous deletion on intron 4 of the long ROBO1
transcript is within the homozygous deletion in the short ROBOL1 transcript
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[NM 133631/ENST00000495273; hgl7 spanning from intron 3 to intron 4 in the
long transcript, converted by hgl9 using Batch Coordinate Conversion-liftOver tool
(https://genome.ucsc.edu/cgi-bin/hgLiftOvert)] reported by Angeloni et al. [28]. The
authors also identified two IncRNAs on intron 4 of the long transcript (intron 2 of the
short transcript) with the potential to modulate ROBO1 expression. These IncRNAs
are located in different regions than the alteration herein described. To our
knowledge no other IncRNA or miRNA have been mapped in this intron (IncRNAdb
v2.0).

In addition, no identical deletion of ROBO1 was found in the CNV databases
derived from healthy Brazilian individuals [8], and the normal reference provided by
the Affymetrix dataset. Four deletions (4 of 17,959; 0.02%) that overlapped partially
the ROBO1 deletion detected in our patients were described in the DGV. However,
these CN'Vs were found using low-resolution platforms (BAC and Illumina arrays) as
opposed to CytoScan HD. Besides being extremely difficult to obtain clinical and
follow-up information in cases deposited in DGV, we can not exclude the possibility
of these individuals having personal or family history of cancer. In addition, the
comparison with external databases should be performed with caution, since lower-
density platforms may under- or overestimate the real size of the alterations.
Furthermore, CNVs reported in public databases should be carefully analyzed, since
experimental validation and clinical data is not provided in whole [27].

According to Kearney et al. [27] small CNVs that affect only intronic regions
have no apparent effect on gene function. However, some examples showing intronic
alterations associated with human conditions have been described [29-32]. In most
cases, pathogenic intronic deletions lead to abnormal RNA splicing via the
creation/removal of splice sites, minimizing intron size [29-32]. In cancer, deep
intronic mutations had been related to hereditary retinoblastoma and melanomal33-
34]. In terms of BC and CRC susceptibility specifically, Clendenning et al. [35]
reported an intronic mutation in MSH2 associated with Lynch Syndrome; while
intronic deletions at EPHA3, CSMD1, ERRB4 and BARD1 genes have been reported
as potential CNVs related to BC risk [36-37].

Recently, a higher overall CNV burden has been identified in familial CRC

patients compared to healthy individuals, suggesting its importance in CRC
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susceptibility [11, 13]. Venkatachalam et al. [12] reported six CNVs in 41 familial or
early-onset CRC cases with unexplained etiology, including a duplication
encompassing the entire GREM1 gene, a deletion affecting CDH18 (exon 2) and two
deletions encompassing two microRNAs (MIR491 and MIR646). A rare intergenic
gain on 7q11.21 was also identified in 29 of 96 CRC patients with mutations in one
of the MMR genes, as well as a novel deletion on the 12p12.3 (RERGL gene) in two
of 371 familial CRC cases negative for MMR gene mutations [11, 13]. None of these
genes were covered by CNVs in our patients.

For hereditary BC, two studies performed in more than 100 familial or early-
onset BC patients from the Finnish and Brazilian populations, negative for
BRCA1/BRCA2 gene mutations, identified an increase of rare CNVs compared to
healthy individuals in the same populations [8-9]. Interestingly, in the Finnish BC
cases, network analysis revealed that rare CNVs were related to the TP53 and beta-
estradiol pathways [9]. More recently, 129 familial BC patients without
BRCA1/BRCA2 mutations demonstrated 67 genes associated with novel CNVs that
may contribute to BC risk [10]. The authors focused on CNVs encompassing the
WWOX gene in two unrelated patients and a deletion affecting the FHIT gene in one
patient. A detailed analysis of our cases did not reveal any common or rare CNVs
associated with the SLIT2/ROBO1 pathway or WWOX and FHIT genes.

In this study, other rare CNVs in the index patients and relatives were also
identified. However, only a gain encompassing the last 14 exons of the TEK gene
and a gain covered the first four exons of the RCBTB1 gene were detected in both
platforms for patients P1 and P2, and two of P2 relatives (P2-3 and P2-4),
respectively. The differences in CNV detection may be explained, in part, by
technical procedures for each platform, resolution and location of the probes, the
reference used to perform comparison, and the bioinformatics analyses used to
identify CNVs (algorithm and software). Both TEK and RCBTB1 genes were related
to malignant tumors, mainly leukemia [38, 39], and may contribute to increase the
risk of cancer predisposition.

The ROBOI1 protein expression in familial and non-familial BC/CRC cases
was negative in approximately 60% of the samples. Although no significant, it was

observed that more than 50% of these cases with negative expression of ROBOI
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presented poor prognosis features, particularly lymph node metastasis, as well as
shorter OS. These results suggest the involvement of ROBOL1 in breast and colorectal
carcinogenesis. These findings are corroborated by the association described between
low ROBO1 expression and poor prognosis in intrahepatic cholangiocarcinoma [40],

and a ROBOI protein loss-of-function in several neoplasms [18, 19, 28].

Conclusions

We identified a novel deep intronic ROBO1 germline deletion in 2.6% (3/113) in
patients negative for pathogenic mutations in the major genes related to hereditary
BC/CRC. The pathogenic effect of this deletion is suggested by the familial co-
segregation with the disease and the absence of identical alterations in public CNV
databases. Since we were unable to obtain RNA and tumor from these patients,
further studies are needed to clarify the effect of the deletion at the transcriptional

and protein levels, as well as the potential role of this CNV in cancer predisposition.
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Table 1. List of neoplasms and treatments received by each index patient

First neoplasm Second neoplasm Third neoplasm
Case (age at diagnosis) Treatment (age at diagnosis) Treatment (age at diagnosis) Treatment
Rectosigmoid
P1 adenocarcinoma - Surgery - - - -
T3NOMO (34)
Surgery In situ lobular Surgery In situ ductal carcinoma of Surgery
P2 Colon cancer (57) Adjuvant QT carcinoma of the Adjuvant the left breast (76) Adjuvant RT (50.4 Gy)
right breast (73) TMX Adjuvant TMX
Neoadjuvant
QT .
P3 Breast cancer - TINIMO Surgery Colonic tbular Surgery Pituitary microadenoma (59) | Clinically asymptomatic
(48 years) Adi adenoma (53)
juvant RT
Adjuvant QT

Gy: Gray, QT: Chemotherapy, RT: Radiotherapy, TMX

: tamoxifen, TNM: Tumor-node-metastasis.
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Table 2. List of rare CNVs detected in the three index unrelated patients and six relatives

Agilent 4x180K (hg18) *

Affymetrix CytoScan HD (hg19) *

Case - -
Gain Loss Gain Loss
Pl 9p21.2 (27208901-27263012) 3p12.3 (78990568-79028038) 9p21.2 (27190654-27294778) izlljj ((;siggjgsgszggjsg )I?FC{) cl? ((:)413
TEK, LINC00032 ROBO1 TEK, LINC00032, EQTN 16q21 (63583651-63623497)"
P 13q14.3 (49039910-49062297) 3p12.3 (78990568-79028038) Not evaluated
RCBTB1 ROBO1
3p12.3 (78990568-79028038)
P2-2 ROBOL 3p12.3 (78905346-78955823) ROBO1
P2-3 13q14.3 (49039910-49062297) 11g4.1 (81259541-81298056) Not evaluated
RCBTB1
P24 13q14.3 (49039910-49062297) 13qg14.2 (50140480-50163808) 11p13(31351172-31382950) DCDC1?
RCBTB1 RCBTB1 11p14.3 (21816401-21848316)"
P2-5 No rare alterations Not evaluated
3p12.3 (78990568-79028038) 16q24.2 (88190403-88301984) 2p21 (45314720-45346666)
P3 ROBOL LOC101928880° 3p12.3 (78905346-78955823) ROBO1
16923.3 (82669957-82704660) CDH13"
P32 3p12.3 (78990568-79028038) Not evaluated
ROBO1
P3-3 No rare alterations Not evaluated

* The rare CNVs confirmed by both array platforms are represented in bold.
* Regions with only one or two probes in the Agilent platform.

® Region with four probes in the Agilent platform

* Regions with only one or two probes in the Agilent platform.

® Region with four probes in the Agilent platform

69




70

Figure legends

Fig. 1 Pedigree charts of the Brazilian families with germline deep intronic mutations
in the ROBO1 gene: P1 (A), P2 (B) and P3 (C). Black arrows identify index patients,

while grey arrows indicate the relatives tested by microarray.

Fig. 2 ROBO1 copy number alterations by microarrys, qPCR and Sanger sequencing.
(A) Genomic deletion on intron 4 of the ROBO1 gene, mapped on 3p12.3, identified
both by Agilent 4x180K and Affymetrix CytoScan HD microarray platforms. (B)
Representation of the three deletions present in DGV that partially overlapped the
deletion found in our patients. (C) Graphical analysis of qPCR results. Female cases
include P2, P3 and P2-2, while male cases are represented by P2-3, P2-4 and P2-5.
Primer pair S1 mapped in intron 4 (a) and primer S2 covered exon 4 of ROBO1 gene
(b). The dashed lines represent the limit for losses (<0.55) and gains (>1.35). (D)
Electropherograms showing the silent ROBO1 mutations identified in all relatives of
patient P2 (P2-2, P2-3, P2-4 and P2-5) (a), in P2-2 and P2-3 only (b) and in P2-4 and
P2-5 only (c).

Fig. 3 Examples of cytoplasmic expression of ROBOI1 protein in breast (A) and
colorectal (B) carcinoma cells. Score 0 = no staining (a/e). Score +1 = weak staining
(b/f). Score +2 = moderate staining (c¢/g). Score 3 = strong staining (d/h). Scores 0/+1
were considered negative, while scores +2/+3 represented positive ROBOI1

expression.
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Figure 3
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Supplemental files

Supplemental Table 1 List of alterations identified in genes associated with

hereditary colorectal and breast cancers

Supplemental Table 2 Primer sequences used in the qPCR experiments
Supplemental Table 3 List of primers used for Sanger sequencing of ROBO1 gene
Supplemental Table 4 Results from the Mendelian Error Checking Analysis (.xIsx)
Supplemental Table 5 Correlation between the expression of ROBO1 protein and
clinicopathologic features of BC and CRC samples from patients with and without

family history of cancer

Supplemental Fig. 1 Ten-years overall survival curves for BC and CRC patients

according to ROBOI protein expression
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CONCLUSOES

A analise genomica em 54 pacientes com CCR em idade jovem e/ou historia
familiar de CCR, mas sem mutagdes patogénicas nos principais genes
conhecidos de predisposicao a este tipo tumoral, permitiu identificar CNVs
raras englobando novos genes candidatos ao risco de desenvolvimento destes

tumores.

A plataforma de microarranjos de alta-resolugdo Affymetrix CytoScan HD
confirmou (por meio das sondas de SNPs e de CNVs) as 9 CNVs raras
detectadas com a plataforma Agilent 4x180K, além de identificar 33 novas

alteragdes gendmicas em 17 pacientes.

Foram identificadas 43 CNVs raras afetando pelo menos um gene em 28
pacientes utilizando tanto a plataforma da Agilent como da Affymetrix. A
analise funcional in silico mostrou que mais da metade dos genes (52/81)
afetados pelas CNVs raras estavam associadas com cancer, principalmente
com a carcinogénese colorretal (26 genes). Estes resultados sugerem
fortemente que a disrup¢do de um ou mais genes contidos nestas CNVs

podem interferir no risco ao CCR observado nestas familias.

Alguns dos genes afetados pela CNVs raras fazem parte de uma mesma

familia de genes previamente associados com o risco aumentado de CCR,
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como no caso do GALNT6, GALNT11, CENPP e SEMAS3C. Estes achados

dao evidéncia adicional a possivel patogenicidade das CNVs identificadas.

A andlise de segregacdo de CNVs raras em trés familias mostrou que as
CNVs englobando os genes CHODL, GPR39, GALNT11 ¢ KMT2C tem o
potencial para estarem envolvidas com o desenvolvimento de neoplasias

nessas familias.

Foi identificada uma delecdo intronica no gene ROBO1 em uma paciente com
CCR em idade jovem. Esta mesma dele¢do foi detectada previamente em
duas pacientes com historia familiar de cancer de mama em um estudo prévio
do nosso grupo. A andlise de segregacdo em parentes de duas pacientes
mostrou que a alteragdo sO estd presente em pacientes com neoplasias.
Tomados em conjunto, estes resultados sugerem o envolvimento do ROBO1

com a predisposi¢do ao CCR e cancer de mama.

A genotipagem de 23 SNPs associados ao risco de CCR permitiu verificar
que 26 pacientes testados apresentaram mais de 50% de alelos de risco para

os SNPs genotipados.

A andlise de SNPs mostrou que uma parcela de pacientes apresenta um
nimero elevado de alelos de risco, o que poderia contribuir com a
predisposi¢cdo ao CCR, uma vez que ja foi demonstrado o efeito cumulativo

destes loci no risco de desenvolvimento de cancer.
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Os dois SNP que foram genotipados em 24 pacientes utilizando tanto o
método TagMan como a plataforma da Affymetrix apresentaram resultados
100% concordantes. Este resultado mostra a confiabilidade dos dados gerados

pelo nosso estudo.

O fato das CNVs raras detectadas ndo estarem mapeadas nas mesmas regioes
dos SNPs de risco ou cobrindo genes associados com estes SNPs, sugere que
estas alteragdes contribuem para a predisposi¢ao ao CCR. Além disso, nossos
resultados também sugerem que mais de uma CNV rara poderia atuar na
predisposicdo ao CCR familial, do mesmo modo que ja foi descrito para

SNPs comuns de baixa penetrancia.
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Summary The cortactin gene, mapped at 11q13, has been associated with an aggressive clinical course
in many cancers because of its function of invasiveness. This study evaluated CTTN protein and its
prognostic value in the deep invasive front and superficial areas of laryngeal squamous cell carcinomas.
The transcript expression levels were evaluated in a subset of cases. Overexpression of CTTN

%(\)/}’t:f:tm; cytoplasmatic protein (80% of cases in both the deep invasive front and superficial areas) and transcript
RT I” CR (30% of samples) was detected in a significant number of cases. In more than 20% of cases, observation
q -

verified membrane immunostaining in the deep invasive front and superficial areas. Perineural invasion
was significantly associated with N stage and recurrence (P = .0058 and P = .0037, respectively).
Higher protein expression levels were correlated with perineural invasion (P = .004) in deep invasive
front cells, suggesting that this area should be considered a prognostic tool in laryngeal carcinomas.
Although most cases had moderate to strong CTTN expression on the tumor surface, 2 sets of cases
revealed a differential expression pattern in the deep invasive front. A group of cases with absent to
weak expression of CTTN in the deep invasive front showed good prognosis parameters, and a second
group with moderate to strong expression of CTTN were associated with an unfavorable prognosis,
suggesting an association with worse outcome. Taken together, these results suggest that the deep
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invasive front might be considered a grading system in laryngeal carcinomas and that cortactin is a
putative marker of worse outcome in the deep invasive front of laryngeal carcinomas.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Amplification is a frequent event in cancer and is often
located in regions that harbor genes implicated in tumor
initiation or progression. In head and neck carcinomas,
amplification at 11q13 is one of the most prevalent genetic
alterations and has been correlated with tumor grade, lymph
node metastasis, tumor recurrence, and decreased overall
survival (OS) [1].

It has been demonstrated that the 11q13 amplicon harbors
several genes with oncogenic potential. The cortactin gene
(CTTN/EMSI), identified as a candidate within this ampli-
con, is frequently overexpressed in breast and head and neck
cancers [2]. In tumor cell lines, the down-regulation of
cortactin decreases cellular motility and ability to migrate,
whereas overexpression results in increased invasive poten-
tial [3,4]. Supporting the hypothesis that cortactin promotes
tumor invasion and systemic spread, some studies demon-
strated that overexpression of this protein in cancer cells
increases the development of metastasis in nude mouse
models [5,6].

In laryngeal squamous cell carcinomas (LSCCs), cortac-
tin was considered the best predictor for decreased survival
[7] as compared with cyclin D1 and FADD (Fas
[TNFRSF6]-associated via death domain), also mapped at
the 11q13 amplicon. Recently, Rodrigo et al [8] reported that
CTTN amplification was concomitantly accompanied by
increased mRNA and protein expression in LSCC. Further-
more, CTTN overexpression was strongly correlated with
lymph node metastasis and reduced disease-specific survival.
According to the authors, CTTN amplification showed a
major impact on prognosis and survival in patients with
laryngeal tumors.

Cortactin overexpression is reported to inhibit the
ubiquitination-mediated degradation of the epidermal growth
factor receptor (EGFR), resulting in sustained ligand-
induced epidermal growth factor receptor activity [9]. Its
overexpression promotes resistance to the EGFR kinase
inhibitor gefitinib [10], indicating that cortactin affects not
only invasive capacity but also therapeutic responsive
properties. Recently, Clark et al [11] demonstrated that
cortactin expression modulates multiple cellular traits that
may permit survival in a tumor environment, suggesting that
the frequent overexpression of cortactin in tumors is not an
epiphenomenon but rather promotes tumor aggressiveness.

Taken together with the biological markers, it is believed
that the most useful prognostic information can be deduced
from the deep invasive front of tumors, where the deepest
and presumably most aggressive cells reside [12-14]. It has

been also postulated that many crucial molecular interactions
that enhance or inhibit tumor progression occur at the tumor-
host interface, including aberrant expression of molecular
markers involved in cell adhesion [15]. The prognostic
significance of the tumor front in oral squamous cell
carcinomas has been recognized in several studies [16-20].
Jakobsson [21] reported a pilot study in 230 glottis
carcinomas of the larynx treated by radiotherapy using
8 morphologic criteria including mode of invasion, stage of
invasion, vascular invasion, and cellular response. After
multivariate analysis, the author demonstrated that the mode
of invasion was one of the most important factors of
prediction of the disease in 5 years. To the best of our
knowledge, this is the first study concerning LSCC that
considers the deep invasive front in the evaluation of
candidate genes and proteins as prognostic markers.

The aim of this study was to determine the clinical
significance of CTTN in the deep invasive front and
superficial regions of LSCC in a large series of samples.

2. Material and methods
2.1. Patients and tumor specimens

LSCC specimens were obtained from AC Camargo
Hospital, Sdo Paulo, Brazil. Forty-seven frozen samples
were used to investigate transcript expression by quantitative
real-time reverse transcription polymerase chain reaction
(qRT-PCR) and 151 formalin-fixed, paraffin-embedded
cases to evaluate protein expression by immunohistochem-
istry (IHC) analysis in a tissue microarray (TMA). Patients
were followed up prospectively with a mean follow-up of
35 + 28 months (3-115 months) and 76 + 101 months (1-280
months) for qRT-PCR and IHC analysis, respectively. All
samples were from untreated patients before surgery. The
eligibility criteria included previously untreated patients
submitted to treatment with curative intent in the institution.
The medical records of all patients were examined to obtain
detailed demographic data (age, sex, and race), information
regarding lifestyle (alcoholic beverage and tobacco con-
sumption), and clinicopathologic data (clinical stage, lymph
node involvement, histologic grade, angiolymphatic inva-
sion, perineural invasion, and deep invasive front; Supple-
mental Table 1). The histologic classification system for
HNSCC (head and neck squamous cell carcinomas) is based
on differentiation grade: well differentiated, moderately
differentiated, and poorly differentiated. The invasion front
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is based on growth pattern, according to Bryne et al [22].
Angiolymphatic invasion was classified according to the
presence or absence of neoplasic cells, located both in the
wall and upon examination of the blood or lymphatic vessels;
perineural infiltration was considered present when the tissue
adjacent to the peri- and/or intratumoral nerves was
surrounded by neoplasic cells. All patients were advised of
the procedures and provided written informed consent, as
approved by the institution’s ethics committee.

2.2. Quantitative real-time RT-PCR

Total RNA was extracted from pulverized frozen tumor
tissue using Trizol reagent (Invitrogen Life Technologies
Inc, Carlsbad, CA), according to the manufacturer’s
instructions. Forty-seven laryngeal carcinomas and 6 normal
adjacent larynx tissue samples were digested with Dnase I
Amplification Grade (Life Technologies, Rockville, MD)
and reverse transcribed using SuperScript II reverse
transcriptase (Invitrogen Life Technologies Inc), as previ-
ously described [23]. The cDNA was stored at —70°C.

PCR amplification was performed in a StepOnePlus Real-
Time PCR System (v2.0; Applied Biosystems, Foster City,
CA). Primers for CTTN and GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) control reference genes were
designed using the Primer Express software (v2.0; Applied
Biosystems) as 5'-GGGCCACTATCCCGCAGA-3’ and 5'-
CCGTCGCCCTGTACGACTAC-3’ for the CTTN gene and
5'"-GGCCTCCAAGGAGTAAGACC-3’ and 5'-
AGGGGTCTACATGGCAACTG-3’" for GAPDH. Quanti-
tative data were analyzed using the Sequence Detection
System software (v1.0; Applied Biosystems). PCR reactions
were conducted in a total volume of 10 uL using Power
SYBR Green PCR Master Mix (Applied Biosystems),
according to the manufacturer’s instructions, and an ABI
Prism 7000 Sequence Detection System (Applied Biosys-
tems). Dissociation and standard curves for all primers were
constructed. PCR efficiency (E) was calculated according to
the following equation: £ = 10C1/slore) — 1. Gene relative
quantification (RQ) was calculated according to Pfaffl [24].
The transcript levels were considered up-regulated
(RQ >2.0) or down-regulated (RQ <0.5).

2.3. Immunohistochemistry

A TMA was constructed containing sections from the
deep invasive front and superficial regions of 151 LSCC
paraffin-embedded samples: 101 paired superficial and deep
invasive front, 17 tumor surface, and 33 tumor invasion front
nonpaired. Core biopsies were extracted from previously
defined areas using a Tissue Microarrayer (Beecher Instru-
ments, Silver Spring, MD). Tissue cores with a dimension of
1.0 mm from each specimen were punched and arrayed in
duplicate on a recipient paraffin block. Each core was spaced
0.2 mm apart. The paraffin-embedded LSCCs were freshly

cut (3 um) and mounted on conventional slides with
organosilane (3-aminopropyl triethoxy-silane) (Sigma-
Aldrich Co, St Louis, MO). Immunohistochemical reactions
were performed using the primary antibody anti-CTTN
(Becton, Dickinson and Company Biosciences, Franklin
Lakes, NJ) (dilution, 1:200). After 30 minutes of incubation,
the sections were washed in phosphate-buffered saline,
incubated for 30 minutes with secondary antibody (Ad-
vanced TM HRP Link, K0690; DakoCytomation, Denmark),
followed by incubation with the polymer detection system
(Advanced TM HRP Link, DakoCytomation) for 30
minutes. Reactions were developed with a solution contain-
ing 0.6 mg/mL of 3,3’-diaminobenzidine tetrahydrochloride
(Sigma) and 0.01% H,O,. Positive and negative controls
were included in all reactions, in accordance with the
manufacturer’s recommendations.

The THC reactions were performed in duplicate on
different TMA levels, representing a 4-fold redundancy for

Table 1  CTTN transcript expression compared with clinicopathologic
features in 47 LSCC

Variables Categories No. (%) CTTN P°
expression
(range)*
Age (y) <60 20 (43) 191 (0.1-10.3)
>60 27 (57) 3.87(0.3-48.8) .3777
Sex Female 11 (23) 5.22 (0.1-48.8)
Male 36 (77) 2.37(0.1-13.9) .1558
Alcohol Yes 31 (66) 1.84(0.1-10.3)
consumption No 16 (34) 5.37(0.1-48.8) .7876
Tobacco Yes 38 (81) 1.98 (0.1-10.3)
usage No 9(19) 7.52(0.3-48.8) .6265
Histologic 1 13 (31) 6.72 (0.3-48.8)
grade I 26 (62) 1.58 (0.1-7.7)
111 3(7)  1.96 (1.1-3.6) .0830¢
II+IIT 29 (69) 1.62(0.1-7.7) .0684
T stage T1+T2 14 (30) 5.80 (0.3-48.8)
T3+T4 33 (70) 1.87(0.1-10.3) 3116
N status Positive 19 (41) 4.45 (0.1-48.8)
Negative 27 (59) 2.14 (0.1-139) .4892
Metastasis Yes 16 (35) 5.88 (0.148.8)
No 30 (65) 1.54(0.1-103) .1737
Recurrence Yes 17 (36) 2.14 (0.3-13.9)
No 30 (64) 3.54(0.1488) .5281
Perineural Yes 10 36) 1.22(0.4-3.4)
invasion No 18 (64) 230 (0.1-103) .8667
Angiolymphatic Yes 00 -

permeation ~ No 27 (100) 1.70 (0.1-10.3) —

Death due to No® 13 (35) 1.05(0.1-2.3)

cancer Yes 24 (65) 1.85(0.3-7.7) .3992
Familial history Yes 24 (51) 2.16 (0.1-10.3)

of cancer No 23 (49) 3.95(0.1-48.8) .3888

NOTE. Marginally significant P values are in bold.
®Alive without recurrence + alive without disease.
? Mean gene expression.
¢ Mann-Whitney U test.
4 Kruskal-Wallis test.
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each case. The second slides were 25 sections deeper than
the first, resulting in at least 250 um of distance between
the 2 sections with different cell samples for each tumor.
IHC scoring was blinded to the outcome and clinical
aspects of each tumor specimen. Each slide was scanned in
low-power field to determine the most stained area. The
presence of a clearly visible dark brown precipitation was
considered immunopositivity. The pattern of staining for
this antibody is cytoplasmatic; the intensity score repre-
sented the estimated staining intensity (0, no visible

B
¢

o, PP A’

reaction; 1, weak; 2, moderate; and 3, strong immunostain-
ing intensity) and extension (1, <1/3; 2, 1/3-2/3; and 3, >2/
3 of the total area). The reactions were further analyzed
according to the location of the immunodeposits in both the
membrane and cytoplasm.

2.4, Statistical analysis

Associations between variables and risk factors were
verified at a 5% of significance level using %2 and

Fig.1 [ THC analysis of cortactin at the deep invasive front. A, Score 1 + 3 (intensity + extension) 200%; B, score 2 + 3 400x; C, score 3 + 3
400x%; D, negative expression 400x; E, score 2 + 3 with membrane expression 1000x; F, score 3 + 3 with membrane expression and koilocyte
presence 1000x. II: IHC analysis of cortactin at the tumor surface. A, Score 1 + 3 400x; B, score 2 + 3 400%; C, score 3 + 3 1000%; D, negative
expression 400%; E, score 1 + 3 with membrane expression 400x%; F, score 2 + 3 with membrane expression and koilocyte presence 1000x%.
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Table2 Comparison between cortactin expression in paired samples (deep front and superficial area) and clinical and histopathologic data
Variables Categories CTTN/F, no. P CTTN/T, no. P
0-1 2-3 0-1 2-3

Histologic grade G 13 55 1.000 10 58 1.000
Gs4 0 4 0 4

T stage T 3 7 .380 1 9 1.000
T4 10 50 9 51

N status Positive 2 26 .039 2 26 .186
Negative 12 33 9 36

Second primary tumor Yes 4 7 .203 3 8 352
No 10 53 8 55

Metastasis Yes 2 14 718 2 14 1.000
No 11 43 8 46

Perineural invasion Yes 0 25 .003 2 23 477
No 13 33 8 38

Angiolymphatic permeation Yes 0 4 1.000 1 3 468
No 13 53 9 57

Recurrence Yes 4 18 1.000 6 16 .074
No 10 42 5 47

NOTE. Bonferroni correction (P < .006) was applied for histopathologic data comparisons. Abbreviations: CTTN/F, cortactin expression in deep front;

CTTN/T, cortactin expression in superficial area.

Fisher exact tests. Kruskal-Wallis or Mann-Whitney U tests
were applied to compare the CTTN gene expression and the
clinicopathologic data. The samples were also grouped
according to deep invasive front type (infiltrative, expan-
sive, and mixed) and membrane staining (positive and
negative) for comparisons with clinicopathologic data and
CTTN expression. The Bonferroni correction for multiple
comparisons was applied to adjust the P value. OS was

defined as the interval between the beginning of treatment
(surgery) and the date of death or the last information for
censored observations. The disease-free interval was
measured from the date of treatment to the date when
recurrence was diagnosed. Survival probabilities were
estimated by the Kaplan-Meier method, and the log-rank
test was applied to assess the significance of differences
among actuarial survival curves with a confidence interval

Table 3  Distribution of clinical and histopatological data according to perineural invasion
All cases Paired cases, front arca Paired cases, superficial area
Perineural P Perineural P Perineural P
invasion invasion invasion
+ - + - + -
Total no. of cases 50 86 25 33 23 38
Histologic grade G, 46 79 1.000 24 30 .6267 22 35 1.000
Gs4 4 7 1 3 1 3
T stage T 6 14 4795 2 4 6862 2 6 .6971
Ts4 41 66 22 27 20 30
NA 3 6 1 2 1 2
N status Positive 29 29 .0058 16 10 .0106 16 10 .0009
Negative 21 57 9 23 7 28
Second primary tumor Yes 10 14 5831 5 2 2206 4 4 4610
No 40 72 20 31 19 34
Metastasis Yes 13 12 .0822 7 7 4722 7 7 2176
No 35 70 16 25 14 30
NA 2 4 2 1 2 1
Recurrence Yes 20 15 .0037 12 6 .0151 11 5 .0029
No 30 71 13 27 12 33
Angiolymphatic permeation Yes 2 5 .6444 1 3 .6267 1 2 .6579
No 48 81 24 30 22 36

Abbreviation: NA, not applicable.
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of 95%. All analyses were performed using the statistical
software package GraphPad Prism 2.01 (GraphPad Software
Inc, La Jolla, CA) and SPSS Statistics 17.0.2 (SPSS Inc,
Chicago, IL).

3. Results

CTTN overexpression was detected in 14 (30%) of 47
LSCCs (RQ, 2.2-48.8) evaluated by qRT-PCR. No
statistical difference was observed in CTTN expression
levels between tumoral and normal samples (P = .8995;
data not shown). Although no significant association was
detected between clinicopathologic features and CTTN
expression levels, 44% of patients with metastasis showed
CTTN overexpression (7/16 cases) in comparison with
patients without metastasis (6/24 cases) (Table 1).

The CTTN protein expression evaluated in deep invasive
front and superficial tumor tissues revealed that most
samples had CTTN intensity varying from moderate to
strong (80% from deep invasive front and 85% from
superficial tissue) and extension greater than one third of
the total area. Representative immunostaining of both
invasive front and tumor surface is presented in Fig. 1.

Although cortactin is a cytoplasmatic protein, 27% of
deep invasive front and 20% of superficial area cases had
cellular membrane immunostaining. Of these, 9 cases had
simultaneous immunostaining in both areas. Considering
CTTN-positive membrane immunostaining samples, 67%
were from younger patients compared with 47% among
negative membrane cases (P = .0284; data not shown).

Eighty-eight samples were classified according to the
deep invasive front subtypes as infiltrative (51%), expansive
(6%), and mixed (43%). No association was detected when
different subtypes were compared for CTTN intensity,
membrane immunostaining, and histopathologic variables
(data not shown).

The protein immunostaining pattern was compared with
clinical and histopathologic data, but no significant associa-
tions were observed according to age, sex, alcohol
consumption, tobacco use, histologic grade, T stage, N
status, metastasis, recurrence, second primary tumor pres-
ence, angiolymphatic permeation, or membrane staining
(Supplemental Table 2). In deep invasive front cells, the
presence of perineural invasion was correlated to cortactin
expression (P = .004) after Bonferroni correction (Supple-
mental Table 2). Furthermore, when only paired deep
invasive front and superficial samples (74 cases) were
considered, CTTN expression was again significantly
associated with perineural invasion (P = .003; Table 2) and
marginally associated with lymph node involvement (P =
.039; Table 2) in the deep invasive front area. Histologic
evidence of perineural invasion (50/136 cases) was signif-
icantly associated with N stage and recurrence (P = .0058
and P = .0037, respectively) but not with OS and disease-
free survival (data not shown). In the paired cases,

comparison with moderate to strong CTTN expression and
the presence or absence of perineural invasion, N stage, and
recurrence were also significantly correlated with the deep
invasive front area (P = .0106 and P = .0151, respectively)
and with superficial tissue (P = .0009 and P = .0029,
respectively) (Table 3).

The CTTN expression pattern observed differed signifi-
cantly between deep invasive front and superficial area
samples (P = .004; data not shown). Interestingly, 8 samples
showed differential expression according to the region:
moderate to strong expression in the superficial region and
absent to weak expression in the deep invasive front region
(11%, group 1; Fig. 2A). However, most samples had
moderate to strong expression in the superficial and deep
invasive front regions from the same sample (74%, group 2;
Fig. 2A). Clinical data of worse prognosis, including the
presence of metastasis, positive perineural invasion, lymph
node involvement, and positive membrane immunostaining,
were more prevalent in group 2 than in group 1 (Fig. 2B).

A Tumor Surface

Group 2 (N = 55)

L CTTN

Group 1 (N =8)

100 7
90 1
80 )
701
60
50 1
40 1

301

20 4

10 l l
0 .

| Group1
0O Group2

% of patients

Membrane
staining

Perineural
invasion

Metastasis N stage

Fig. 2 A, Representation of tumor surface and deep invasive front.
Group 1 represents patients with moderate to strong cortactin
expression at the tumor surface and absent to weak in the deep
invasive front; group 2 indicates patients with moderate to strong
cortactin expression in both areas. B, The clinical parameters included
in each group are related to CTTN function and worst outcome,
including the presence of metastasis, lymph node involvement,
perineural invasion, and positive membrane immunostaining.
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The Kaplan-Meier method was performed to evaluate OS
and disease-free survival. CTTN intensity and extension,
presence of cellular membrane immunopositivity, and
perineural invasion were considered for the analysis, but
no significant values were observed (data not shown).

4. Discussion

It has been suggested that cortactin affects the overall
aggressiveness of head and neck carcinomas, regardless of
11q13 amplification status, and promotes tumor growth,
survival, vascularization, and invasion. In the present study,
analysis of the results demonstrated that the CTTN gene and
its protein were up-regulated and associated with parameters
of worse prognosis in a subset of laryngeal carcinomas.

CTTN mRNA overexpression was observed in 30% of
cases. In laryngeal and pharyngeal carcinomas, Rodrigo et al
[8] verified CTTN up-regulation in 57% of cases. Although
no statistical correlation involving metastasis development
and transcript overexpression was determined in the present
study, a significant number of patients with metastasis
showed CTTN overexpression (44%). Unfortunately, the
small number of patients with metastasis and the relative
short-term follow-up in several cases evaluated by qRT-PCR
do not permit more elaborate comparisons or conclusions. In
xenograft tumor studies, cortactin was reported to enhance
metastasis of breast, esophageal squamous cell, and
hepatocellular carcinomas to bone, lung, and intrahepatic
metastasis, respectively [5,6,25]. The role of overexpressed
cortactin in relation to the increase in cell migration and
metastatic potential is not only due to its location and
function in nontransformed cells; the increase in cell motility
is probably due to increased Arp2/3 (actin related protein 2/3
complex, subunit 2, 34kDa) activation and lamellipodia
extension [26].

Using IHC, analysis revealed that cortactin was up-
regulated in approximately 80% of laryngeal carcinomas.
CTTN immunostaining was preferentially detected in the
cytoplasm of tumor cells, although some cases showed
protein enrichment in the cell membrane, corroborating
observations reported by Rodrigo et al [8]. Location and
biochemical studies indicate that cortactin plays an important
role in regulating cortical actin assembly and organization. In
most cell types, cortactin is observed in cytoplasmic punctate
structures of unknown composition, concentrated in the
perinuclear region, and with F-actin at sites of dynamic
peripheral membrane activity. Cortactin translocates from
the cytoplasm to the periphery in response to many of the
same stimuli that induce its tyrosine phosphorylation,
including growth factor treatment, integrin activation, and
bacterial entry [27].

CTTN protein expression was compared with the
clinicopathologic data, and a significant correlation was
found between overexpression and perineural invasion in
deep invasive front cells. In addition, perineural invasion was

correlated with N stage and recurrence, independent of
cortactin expression, because the expression was exclusively
correlated with perineural invasion in deep invasive front
cells. To our knowledge, no prior study has considered the
deep invasive front in laryngeal carcinomas. The first study
to develop a simple malignancy grading system restricted to
the deep invasive front area was conducted by Bryne et al
[22] on oral squamous cell carcinomas. This grading system
proved to have additional prognostic value over the
established factors [28,29]. Likewise, the data analyzed in
this study suggest that the deep invasive front is relevant as a
supplementary prognostic tool in laryngeal carcinomas.

Perineural invasion was associated with nodal metastasis
and recurrence. Perineural space is known to be a route of
extension in squamous cell carcinoma, and it has been
widely accepted as an important risk factor for locoregional
recurrence and for the decreased survival rate in patients with
head and neck carcinoma [30]. Once tumor cells exit the
main tumor mass and encroach on a nerve, they may spread
both proximally and distally. Involvement often begins near
the terminal nerves and spreads proximally and progressively
to involve larger trunks. Some genes have already been
reported regarding their involvement with perineural inva-
sion in head and neck cancer, such as neural cell adhesion
molecules [30]. Furthermore, the CD44v6 isoform, which
seems to promote tumor progression, had significantly high
expression in head and neck carcinomas showing perineural
invasion [31]. In a study using ovarian cells, the authors
showed that the binding of hyaluronan to SK-OV-3.ipl cells
promotes c-Src kinase recruitment to CD44 and stimulates c-
Src kinase activity, which, in turn, increases tyrosine
phosphorylation of CTTN. In addition, transfection of SK-
OV-3.ipl cells with a dominant active form of c-Src promotes
CD44 and c-Src association with CTTN in membrane
projections and stimulates ovarian tumor cell migration [32].
Cortactin tyrosine phosphorylation [4] has been correlated
with cell migration; however, its effects in the intercellular
signaling pathways for cell dynamics control and other
functions are still not understood. Based on studies using
siRNA [33], it has been hypothesized that hyperpho-
sphorylated cortactin may promote cell migration in cancer
cells, indicating the relevance of perineural invasion
evaluation when considering CTTN expression in head and
neck tumors.

Interesting data in the present study included the
verification of 2 clusters according to CTTN expression in
the superficial and deep invasive front. In the first group,
CTTN expression was moderate to strong in the superficial
area and absent to weak in the deep invasive front. This
group of patients showed better outcomes in comparison
with the second group, in which CTTN expression was
moderate to strong in both areas. These data suggest
differential cortactin expression in superficial and deep
invasive front cells that may be associated with prognosis. In
studies using siRNA against cortactin, its diminished
expression was correlated with the inhibition of cell motility
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[4,34,35]. In addition, several reports suggest that cortactin
up-regulation is associated with metastasis [5,6,25] and cell
migration [36,37] but not with tumor initiation [35]. A
similar study conducted on oral carcinomas reported that E-
cadherin transcript/protein expression was heterogeneous
between superficial and deep invasive front cells. The
authors also reported a correlation between E-cadherin
expression at the deep invasive front and invasive front
grading score, tumor size, tumor thickness, and 5-year
survival [38], confirming the relevance of this region in
cancer prognosis. However, improved understanding of the
biologic mechanisms that cause the differences in CTTN
expression between deep invasive front and superficial areas
from the same sample is necessary to elucidate how it affects
prognosis in these tumors. Moreover, not only is the CTTN
expression level important for the cellular motility process
but also its phosphorylation/dephosphorylation regulation,
which is necessary for invasive growth and which eventually
culminates in distant metastases [39].

In conclusion, the data demonstrated that cortactin is
overexpressed in a large number of laryngeal carcinomas,
in both deep invasive front and superficial cells.
Although not significant, CTTN overexpression was
verified in patients with metastasis. The association
between cortactin up-regulation in deep invasive front
cells and perineural infiltration suggests that both this
region and the putative marker could be considered a
grading system in laryngeal carcinomas.

Supplementary materials related to this article can be
found online at doi:10.1016/j.humpath.2010.05.030.
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Abstract

Undifferentiated high-grade pleomorphic sarcomas (UPSs) display aggressive clinical behavior and frequently develop local
recurrence and distant metastasis. Because these sarcomas often share similar morphological patterns with other tumors,
particularly leiomyosarcomas (LMSs), classification by exclusion is frequently used. In this study, array-based comparative
genomic hybridization (array CGH) was used to analyze 20 UPS and 17 LMS samples from untreated patients. The LMS
samples presented a lower frequency of genomic alterations compared with the UPS samples. The most frequently altered
UPS regions involved gains at 20q13.33 and 7g22.1 and losses at 3p26.3. Gains at 8924.3 and 19913.12 and losses at 9p21.3
were frequently detected in the LMS samples. Of these regions, gains at 1921.3, 11912.2-q12.3, 16p11.2, and 19913.12 were
significantly associated with reduced overall survival times in LMS patients. A multivariate analysis revealed that gains at
1921.3 were an independent prognostic marker of shorter survival times in LMS patients (HR=13.76; P=0.019). Although
the copy number profiles of the UPS and LMS samples could not be distinguished using unsupervised hierarchical clustering
analysis, one of the three clusters presented cases associated with poor prognostic outcome (P=0.022). A relative copy
number analysis for the ARNT, SLC27A3, and PBXIP1 genes was performed using quantitative real-time PCR in 11 LMS and
16 UPS samples. Gains at 1g21-gq22 were observed in both tumor types, particularly in the UPS samples. These findings
provide strong evidence for the existence of a genomic signature to predict poor outcome in a subset of UPS and LMS
patients.
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Introduction observed in UPS reflects the difficulty of histopathological
classification and the reproducibility of sarcoma diagnosis [3].
However, a number of important signaling pathways required for
the maintenance of mesenchymal stem cells (MSCs) have been
associated with UPS cell tumorigenicity [6,7].

Most UPSs share similar morphologies with undifferentiated
and pleomorphic tumor subtypes, particularly LMSs, liposarco-
- ° ‘ ! ; ) mas, and rhabdomyosarcomas [4,8]. LMSs represent more than
with  pleomorphic morphologies, which are associated with 9o, of STSs. Similar to UPSs, LMSs also display pleomorphic

complex chromosomal alterations and genomic instability [2].
Leiomyosarcomas (LMSs) and undifferentiated high-grade pleo-
morphic sarcomas (UPSs) belong to the second STS group.
UPSs, which have been previously known referred to as
malignant fibrous histiocytomas (MFHs), represent 5% of STSs
diagnosed in adults [3]. Clinically, these aggressive tumors
frequently show local recurrence and can metastasize to distant
sites [4]. The absence of the lineage with specific differentiation

Sarcomas are a heterogencous group of mesenchymal tumors
that represent approximately 1% of cancers diagnosed in adults
and 15% of childhood tumors [1]. Soft-tissue sarcomas (ST'Ss) are
classified into two categories. The first group includes tumors with
non-pleomorphic morphologies, which are usually associated with
genomic translocations and certain specific mutations, and tumors

characteristics and often follow an aggressive course [9]. Several
studies have evaluated gene-expression profiles from large STS
cohorts, and they were unable to distinguish UPSs from LMSs
based on hierarchical clustering analysis. However, in some cases,
it was possible to identify minor UPS and LMS subgroups with
similar gene-expression and/or genomic profiles [10,11,12,13,14].

DNA copy number profiles derived from UPS samples have

revealed recurrent genomic alterations that are correlated with
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morphological subtypes and patient outcome. These genomic
imbalances commonly include gains at the 17q locus, which have
been associated with longer disease-free survival times and a lower
risk of distant metastasis [15]. In addition, losses of 4q31 and
18q22 have been associated with an increased risk of metastasis
and favorable prognosis in UPS and LMS, respectively [16]. Gains
at 1p33-p32.3 and 1p21.3 in UPS have been recently associated
with increased patient survival times [17]. Unfortunately, DNA
copy number studies have evaluated small sample sizes. In
addition, the majority of these reports have not described whether
the evaluated UPS and LMS samples were obtained from treated
or untreated patients. Importantly, accurate diagnoses are essential
for these cancer types because distinct diagnostic entities may
require different treatment strategies [10].

This study was designed to determine the potential of
chromosomal imbalance profiles detected with array CGH
methods to reveal biomarkers for diagnosis and/or prognosis.
Additionally, the study aimed to identify novel putative molecular
targets in untreated patients prior to surgery to improve therapies
to treat UPS and LMS.

Patients and Methods

Patients

Thirty seven fresh frozen tissue samples (20 UPS and 17 LMS)
were obtained from 36 patients who were followed prospectively at
either A.C. Camargo Hospital (Sdao Paulo, Brazil) or Barretos
Cancer Hospital (Barretos, Sdo Paulo, Brazil) between 2000 and
2010. The procedures were described to all of the patients, after
which time they provided written informed consent. This study
was approved by the Ethical Committee in Research of the
Antonio Prudente Foundation at A.C. Camargo Hospital (Proto-
col 1105/08) and by the Ethical Committee in Research of the
Pius XII Foundation at Barretos Cancer Hospital (Protocol 302/
2010). The medical records of all of the patients were examined to
obtain detailed demographic and clinicopathologic data (Table 1),
and all of the cases were evaluated by an expert sarcoma
pathologist (IWC). The diagnostic criteria were based on World
Health Organization (WHO) recommendations and included both
the morphology and expression of specific proteins detected using
immunohistochemistry [18]. Histological grades were defined
according to the recommendations of the Federation Nationale
des Centres de Lutte Contre le Cancer (FNCLCC), which
considers the mitotic index, tumor necrosis, and cell differentiation
[19].

Twenty six out of 37 tumor samples (20 UPS and 17 LMS)
were derived from primary tumors, eight from locally recurrent
tumors and three from remnant tumors (derived of the surgical
margins expansion from different patients). Two primary tumors
(UPS8 and UPS18) were derived from the same patient (patient
#8, Table 1). None of the patients had received chemotherapy or
radiotherapy treatment prior to sample collection. One patient
was diagnosed as a Li-Fraumeni Syndrome carrier (patient #34).
The average patient age was 59.3 years (ranging from 4-90 years).
The anatomical sites commonly affected were lower extremities
(14 cases), retroperitoneum (13 cases), trunk (4 cases), upper
extremities (4 cases) and head and neck (2 cases). According to the
FNCLCC guidelines, the majority of the cases were classified as
high histological grade (G2 or G3), and two of the LMS cases
(LMS15 and LMS21) were classified as G1. Fourteen patients
received only surgical treatment, six underwent neoadjuvant
chemotherapy followed by surgery and 15 patients received
adjuvant therapy after the surgery (including patient #8). One
patient received only chemotherapy without surgery (patient #34).

PLOS ONE | www.plosone.org
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The mean follow-up time was 29.8 months (ranging from 1-109
months). In three patients distant metastases were detected at
diagnosis (patients #8, #23 and #32).

A diverse panel of antibodies was used for the immunohisto-
chemical characterization, including SMA (Cell Marque, clone
1A4), Desmin (Ventana, clone DER11), HHF35 (Cell Marque,
clone HHF 35), Caldesmon (Dako, clone h-CD), CD34 (Ventana,
clone QBEnd 10), CD31 (Ventana, clone JC70), CD99 (Ventana,
clone 0.13), S100 (Ventana, clone PAB), NSE (Ventana, clone
E27), AE1/AE3 (Ventana, pool), EMA (Ventana, clone E29),
HMB45 (Ventana, clone HMB45), MART-1/MelanA (Ventana,
clone A-103), CD45 (LCA) (Ventana, clone RP2/18), CD63 (Cell
Marque, clone NK1/C3) and MDM-2 (Neomarkers, polyclonal).
These markers were used to confirm or exclude other diagnoses,
such as melanoma, lymphoma, or undifferentiated tumors. Cases
were considered to be pleomorphic sarcomas when tumors showed
pleomorphic morphology and were negative for all of the tested
markers or when they presented focal expression of the muscle
markers SMA, HHF35, Desmin, and/or Caldesmon. Tumors
with spindle cell morphology and diffuse expression of muscle
markers (SMA, HHF35, Desmin, or Caldesmon) were considered
to be LMSs. Cases showing both spindle cell morphology and
pleomorphic morphology in addition to the strong or diffuse
expression of muscle markers (SMA, HHF35, Desmin, or
Caldesmon) were also considered to be LMSs. The retroperitoneal
UPS were carefully revised by two pathologists (IWC and CSN)
with the aim to exclude occult cases of undifferentiated
liposarcoma. Negative staining for MDM2 at immunohistochem-
istry and absence of any region with differentiated liposacoma
features kept the diagnosis at UPS upon morphological grounds.
In addition, FISH analysis was performed to investigate MDM?2
amplification in a subgroup of retroperitoneal sarcomas (3 UPS
and 3 LMS) (Text S1). None of these cases had detectable MDM?2
amplification (Kreatech MDM2/CEN12, Amsterdam, ND) (Fig-
ure A and Table A in Text S1).

Array-based Comparative Genomic Hybridization (array
CGH)

Genomic DNA was extracted using a standard phenol/
chloroform-based method. Genomic DNA samples from tumors
and normal tissue (Promega, Madison, WI, USA) were differen-
tially labeled using the Genomic DNA Enzymatic Labeling Kit
(Agilent Technologies, Santa Clara, CA, USA). The hybridiza-
tions were performed on Agilent Human CGH 44 K Oligo
Microarrays according to the manufacturer’s recommendations.
The array images were acquired with a DNA microarray scanner
using SureScan High-Resolution Technology and the Scan
Control (version 8.1) software program (Agilent Technologies,
Santa Clara, CA, USA). The data were analyzed using the Nexus
Copy Number (version 6.0, Biodiscovery Inc., El Segundo, CA,
USA) software program [20]. The Fast Adaptive States Segmen-
tation Technique 2 (FASST2) algorithm and the Significance
Testing for Aberrant Copy number (STAC) statistical method
were used to identify non-random genomic copy number
alterations [21]. Based on these algorithms, DNA copy number
alterations were defined as instances that exceeded a significance
threshold of 1x107° and that contained at least five consecutive
altered probes per segment. These parameters were used to define
the following: copy number gain (=0.2), high copy number gain
(=0.6), copy number loss (=0.2), and homozygous loss (=—1.0).
Genomic data discussed in this publication have been deposited in
NCBI's Gene Expression Omnibus and are accessible through
GEO Series accession number GSE45573 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc = GSE45573).
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Quantitative Real-Time PCR (qPCR)

The genomic DNA sequences of candidate regions were
obtained from the Ensembl Genome Browser website
(GRCh37/hgl9 Human Reference Assembly; February 2009).
Primer sequences were designed using the Primer-Blast online
software tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).
Eight primer pairs (ARNT-P1, ARNT-P2, ARNT-P3, PBXIPI-P1,
PBXIPI-P2, SLC2743-P1, CCNDI-P1, and CCNDI-P2) were
designed to amplify the altered regions detected using array
CGH, including the 60-nucleotide probe present on the Agilent
platform (Table S1). Standard curves generated to ensure optimal
amplification efficiency (90-100%) were created using five
template concentrations from four-fold serial dilutions (ranging
from 80-0.31 ng). The reactions were carried out by automated
pipetting using the QIAgility system (Qiagen, Courtaboeuf,
France) in a total volume of 12.5 ul. Each reaction contained
Power SYBR Green PCR Master Mix (Applied Biosystems, Foster
City, CA, USA), 20 ng of DNA, and 200 nM of each primer. The
reactions were performed in duplicate, and the following PCR
cycling conditions were used: an initial hold at 95°C for 10 min
and 40 cycles of 95°C for 15s and 58-59°C for 1 min. A
dissociation curve was performed after the amplification cycle
using the 7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA). The specificity of the amplified products was
verified by analyzing the dissociation curves and the variation
between replicates. Any instances in which the cycle quantification
(CGt) values were greater than 0.5 were reassessed.

By qPCR analyses, DNA samples from 10 healthy individuals
(reference controls) were compared with 11 LMS and 16 UPS
samples (previously evaluated by array CGH). The relative copy
numbers were calculated according to the delta-delta Ct model
[22] using GAPDH as the reference gene. The relative copy
number was calculated based on the target gene/GAPDH ratio,
and this value was defined as a loss when the ratio was <0.55 and
as a gain when the ratio was >1.35 (based on reference intervals).

(months)©
NED (21)
NED (48)

Treatment (QT Follow-up

or RT)

Local Recurrence Distance Metastasis
Presence -

Grade

T2bNOMO
T2aNOMO

TNM

Statistical Analyses

Comparisons between groups with clinicopathological and
molecular alterations were performed using the Fisher exact test
and Student’s t-test. Overall survival (OS) probabilities were
calculated using the Kaplan-Meier method and the Log Rank test
for significance. The end-point for the OS analysis was restricted
to deaths due to cancer. A multivariate analysis was performed
using Cox proportional hazards with a model that included
significant chromosomal alterations in LMS, tumor size, topogra-
phy, tumor depth, local recurrence, and treatment (i.e., chemo-
therapy and/or radiotherapy). Statistical analyses were carried out
using the software programs Nexus Copy Number (version 6.0;
Biodiscovery Inc., El Segundo, CA, USA), Graphpad Prism 5
(Graphpad Software Inc., La Jolla, CA, USA), and SPSS version
17.0 (SPSS, Chicago, Illinois, USA) for Windows.

Location
Retroperitoneum
Upper extremity

Sex Sample origin
Primary tumor
Primary tumor

E
F

Age
5
58

Results

Genome-wide Profiling of UPS and LMS

Several genomic changes were detected in the UPS and LMS
samples, with UPS showing more complex genomic alterations.
Changes in DNA copy number were identified in more than 20%
of the UPS and LMS cases (P<<0.05) as shown in Table 2.

The most frequently observed significant alterations in the UPS
cases involved gains at 20q13.33 (75% of cases); 1q21.3-q23.1
(60%); 7q22.1 (60%); 9q34.11 and 20p11.21 (45%); and 1q21.1-
q21.2, 8pl11.21, 11q13.1 and 16p13.3 (40%) (Table 2). Genomic
amplification (logy ratio >0.6) was observed at 1q21.1-q21.2

Sample
LMS23*
LMS24*

Abbreviations - F: Female, M: Male, DD: Death by disease, NED: No evidence of disease, AD: Alive with disease, LF: Loss of follow-up; MD: metastasis at diagnosis.

Treatment — QT: Chemotherapy; RT: Radiotherapy; 0: Surgery; 1: Neoadjuvant therapy; 2: Adjuvant therapy; 3: Chemotherapy without surgery.

*Selected for qPCR validation.
dsamples of different patients obtained from expansion of primary tumor surgical (remnant of primary tumor).

PPatients with Li-Fraumeni Syndrome.
“Time to last follow-up from diagnosis.
doi:10.1371/journal.pone.0067643.t001

aSamples from the same patient.

Table 1. Cont.
Patient

35

36
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(UPS7), 1q21.3-q23.1 (UPS7 and UPSS8), 3p12.1-p11.2 (UPS2,
UPS9, UPS15, UPS19, and UPS22), 7q22.1 (UPS4), 8pl1.21
(UPS22), 11q13.1 (UPS3 and UPS8), 16p13.3 (UPS2), 18p11.32
(UPS13), and 20p11.21 (UPS19 and UPS22). Losses at 3p26.3
were observed in 60% of the cases (Table 2). No homozygous
deletions (logs ratio<<—1) were consistently observed in the UPS
cases. None of these UPS alterations were significantly associated
with clinical variables.

The LMS samples showed fewer genomic alterations compared
with the UPS samples. Fifteen significant genomic imbalances
were more frequently observed in the LMS samples (Table 2), the
most notable being gains at 19q13.12 (53%) and 8q24.3 (47%).
Losses at 9p21.3 (P=0.023) and gains at 17g25.1 (P=0.050) were
observed in 41.2% of the samples, including two cases (LMS19
and LMS23) with homozygous deletions (log2 ratio<—1) at
9p21.3.

PLOS ONE | www.plosone.org

Table 2. Genomic imbalances more frequently detected in UPS and LMS.

Cytoband location Start (bp) Stop (bp) Size (Mb) Event Genes miRNAs Frequency (%) P-Value
UPS

1921.1-q21.2 147,458,669 149,236,666 1.8 Gain 64 0 40.0 0.004
1921.3-q23.1 151,345,357 155,272,136 3.9 Gain 186 5 60.0 0.004
2911.1-q11.2 95,562,577 98,202,102 26 Gain 53 0 45.0 0.013
3p26.3 0 726,469 0.7 Loss 4 0 60.0 0.015
3p12.1-p11.2 85,966,634 87,627,650 1.7 Gain 7 0 30.0 0.009
7922.1 99,861,211 100,667,677 0.8 Gain 61 0 60.0 0.042
8p11.21 41,627,121 43,175,310 1.5 Gain 25 1 40.0 0.032
9q34.11 129,506,829 130,229,037 0.7 Gain 49 2 45.0 0.008
11p15.5 0 2,197,662 22 Gain 118 3 45.0 0.020
11q13.1 65,171,847 66,296,450 1.1 Gain 60 0 40.0 0.021
11913.1-q13.2 66,882,158 67,549,110 0.7 Gain 36 0 30.0 0.021
16p13.3 1,062,920 1,341,725 0.3 Gain 14 0 40.0 0.036
16g24.3 87,762,155 88,283,196 0.5 Gain 22 0 20.0 0.020
18p11.32 0 846,102 0.8 Gain 12 0 35.0 0.034
20p11.21 22,798,105 23,302,271 0.5 Gain 10 0 45.0 0.007
20q13.33 60,236,430 61,684,607 1.4 Gain 64 3 75.0 0.004
LMS

1921.3 151,256,551 151,856,750 0.6 Gain 27 0 235 0.018
1921.3-q22 152,467,522 154,387,590 1.9 Gain 88 2 235 0.018
6p21.32 31,923,769 32,132,073 0.2 Gain 24 1 235 0.008
7922.1 99,647,068 100,857,537 1.2 Gain 78 0 294 0.006
8924.3 143,523,381 146,274,826 2.8 Gain 127 4 47.0 0.045
9p21.3 21,199,776 22,226,425 1.0 Loss 23 1 41.2 0.023
11p15.5 0 1,567,792 0.9 Gain 87 1 235 0.011
11912.2-q12.3 61,352,779 62,229,449 0.9 Gain 37 0 294 0.047
11913.1-q13.2 64,322,265 67,979,861 37 Gain 181 3 294 0.047
11913.2-q13.3 68,744,800 70,077,870 13 Gain 19 1 294 0.047
14q11.2 21,580,291 22,230,297 0.7 Gain 44 0 235 0.007
16p11.2 34,059,589 34,361,998 0.3 Loss 1 0 235 0.031
17925.1 68,836,129 70,494,896 1.7 Gain 40 0 41.2 0.050
19q13.12 40,964,925 41,016,382 0.1 Gain 5 0 529 0.008
19q13.43 63,347,573 63,811,651 0.5 Loss 36 0 235 0.043
Legend: UPS - Undifferentiated Pleomorphic Sarcomas; LMS - Leiomyosarcomas.

doi:10.1371/journal.pone.0067643.t002

Gains at 1q21.3, 11ql12.2-q12.3, and 19q13.12 were signifi-
cantly associated with death caused by LMS (Table 3). Further-
more, reduced overall survival time was significantly associated
with gains at 1q21.3 (P=0.002), 11q12.2-q12.3 (P=0.005),
16pl1.2 (P=0.033), and 19q13.12 (P=0.027) (Figures 1A-D;
Table 3). A multivariate analysis indicated that gains at 1q21.3 are
an independent prognostic marker for shorter overall survival time
(P=0.019; HR =13.76; Clgs9, = 1.534 to 123.427).

Although the majority of the UPS and LMS tumors were found
in the retroperitoneum and lower extremities, two LMS samples
preferentially localized to the trunk were characterized by
significant recurrent alterations, including gains at 6p21.32
(P=0.044), 14qll.2 (P=0.044), 17925.1 (P=0.029), and
19q13.43 (P=0.007).

An unsupervised hierarchical clustering analysis could not
distinguish between the UPS and LMS samples, nor could it
segregate the samples according to anatomical origin; however,
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Figure 1. Overall survival curves from LMS patients with specific genomic alterations. Gains at (A) 1921.3, (B) 11q12.2-q12.3, (C) 16p11.2,
and (D) 19q13.12 were associated with shorter survival times. P-values were determined using the Log-rank test.

doi:10.1371/journal.pone.0067643.g001

three different clusters (1-3) were observed (Figures 2A and B).
Similar numbers of genomic alterations were observed in clusters 1
(4 UPS and 7 LMS) and 3 (6 UPS and 4 LMS), whereas cluster 2
(10 UPS and 6 LMS) exhibited a more complex genomic profile
(Figure 2B). Furthermore, the chromosomal changes in these three
clusters were correlated with the clinicopathological features of
cach patient (Table 1). The presence of genomic alterations in
cluster 2 was significantly correlated with female patients

(P=0.020) and with death from UPS or LMS (P=0.022).

PLOS ONE | www.plosone.org

Furthermore, cluster 2 included 70% of the cases (5/8 UPS and
4/5 LMS) in which patients died from the disease and 62% (3/
5 UPS and 2/3 LMS) of the cases in which patients developed
metastases during the follow-up period. Cluster 3 was primarily
composed of male patients (P=0.023). Interestingly, gains at
1q21.3 were more frequently detected in cluster 2 (62.5%)
compared with clusters 3 (30%) and 1 (0%) (P=0.0035).

June 2013 | Volume 8 | Issue 6 | e67643
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Table 3. Genomic alterations associated with clinical outcome in LMS patients.

Chromosome region Alteration Prognosis* Survival**

1921.3 Gain Increased risk of death (P=0.002) Decreased overall survival (P=0.002)
11912.2-q12.3 Gain Increased risk of death (P=0.0099) Decreased overall survival (P=0.005)
16p11.2 Gain Increased risk of death (P=0.073) Decreased overall survival (P=0.033)
19913.12 Gain Increased risk of death (P=0.003) Decreased overall survival (P=0.027)

*P values obtained by Fisher's exact test.
**P values obtained by log-rank test.
doi:10.1371/journal.pone.0067643.t003

Quantitative Analysis of Copy Number Alterations in UPS
and LMS

A subset of the cases (11 LMS and 16 UPS; Table 1) was
evaluated by qPCR to confirm the gains at 1q21.1-q21.2 (ARNT),
1q21.3 (PBXIP! and SCL2743), and 11ql13.2-q13.3 (CCNDI).
Eight primer pairs were designed to cover the candidate regions.
Three primer pairs covered the same probe sequence included in
the Agilent 4x44 K platform (ARNT-P1, PBXIPI-P2 and CCNDI-
P2), whereas two primer pairs flanked the specific probes to
determine the extent of the alteration (SLC2743-P1 and ARNT-
P2). Additionally, other three primers pairs were also designed in
regions of the exon-intron junctions (ARNT-P3, PBXIPI-P1, and
CCNDI-P1). The ten reference samples isolated from healthy
individuals displayed normal copy numbers for each of the
sequences evaluated by qPCR.

For ARNT region, relative DNA copy number gains were
observed in both UPS and LMS, but these genomic alterations
were most frequently observed in UPS (10/16 samples) compared
with LMS (4/11 samples). Three UPS (UPS7, UPS8, and UPS9)
and two LMS (LMS4 and LMS7) samples showed gains over a
large region (17 kb) surrounding the ARNT gene (for all primer
pairs) (Figure 3A, Table S2). In addition, seven UPS and two LMS
samples showed gains at two primer sets (Table S2). Similarly,
gains at PBXIPI were more frequently detected in UPS (6/16)
than in LMS (1/11) samples. Two UPS (UPS7 and UPS9) showed
gains in both primer sets flanking PBXIPI, which span a region
covering approximately 2 kb (Table S2). For SLC2743 gene,
6 UPS and two LMS cases exhibited increased copy numbers
(Figure 3B, Table S2).

The ARNT, PBXIPI and SCL27A3 genes, which are mapped to
1q21, cover a chromosomal region of approximately 4.12 Mb.
Copy number gains involving these three genes were detected in
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Figure 2. Unsupervised hierarchical clustering of 20 undifferentiated pleomorphic sarcomas (UPSs) and 17 leiomyosarcomas
(LMSs). (A) In the dendrogram, cluster 1 is shown in green, cluster 2 is shown in blue, and cluster 3 is shown in red. Clusters related to the sites of
anatomical origin were not observed for these tumors; origin sites include the following regions: upper extremity (pink), lower extremity (purple),
trunk (orange), retroperitoneum (yellow), and head and neck (rose). (B) Genomic alterations were detected in clusters 1 (C1; 11 cases), 2 (C2; 16 cases),
and 3 (C3; 10 cases). The top bars (blue) indicate genetic gains, whereas the lower bars (red) indicate genetic losses. The images shown were adapted

from the output of the Nexus 6.0 software program.
doi:10.1371/journal.pone.0067643.g002
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Figure 3. Quantification of DNA copy number alterations using qPCR for the ARNT, PBXIP1, SLC27A3, and CCND1 genes. Eight primer
pairs were designed, including (A) three for ARNT (ARNT-P1, ARNT-P2, and ARNT-P3); (B) two for PBXIP1 (PBXIP1-P1 and PBXIP1-P2) and one for
SLC27A3 (SLC27A3-P1); and (C) two for CCNDT (CCND1-P1 and CCND1-P2).

doi:10.1371/journal.pone.0067643.9003

two UPS cases (UPS7 and UPS9, Table S2), one of which
displayed amplification (UPS9), whereas the other (UPS7)
exhibited complex morphology.

Interestingly, the proportion of cases with concordant results of
copy number gains in UPS samples detected by both array CGH
and qPCR was 83% (5/6) for 1q21.1-q21.2 (ARNT) region and
63% (7/11) for 1q21.3 9 (PBXIPI and SCL27A43). For CCNDI gene
(11q13), copy number gains in both primer sets were detected in
three UPS samples (UPS2, UPS20, and UPS22), suggesting that at
least 5 kb of genomic sequence was altered in these samples. Two
LMS samples showed increased copy number for one or more of
the sequences amplified by each primer pair (P1 and P2)
(Figure 3C, Table S2).
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Discussion

In general, UPSs and LMSs display similar profiles of recurrent
chromosomal imbalances even when compared with other
sarcoma subtypes [9,12,14,16,17,23,24]. Some studies have
suggested that the similarities shared by UPSs and LMSs may
indicate a common origin [16,25,26,27]. However, the majority of
these studies did not report whether the tested samples were
collected from patients who had received either chemotherapy or
radiotherapy prior to surgery. In this study, none of the patients
had received treatment prior to sample collection, thereby
excluding the possibility of treatment-induced genetic changes.
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UPS and LMS frequently show complex karyotypes, pleomor-
phic histology and undifferenciated molecular profiles, thus
hindering the correct diagnosis and the development of therapeu-
tic options for these patients. Consequently, studies addressing the
identification of molecular events driving oncogenesis in these
tumors can ultimately be translated into meaningful biomarkers
[18]. To address this challenge, we performed a comparative
analysis of genomic copy number profiles for UPS and LMS
samples carefully diagnosed by combining histology evaluation,
immunohistochemical characterization using a panel of antibodies
as well as FISH analysis for MDM?2. Although an unsupervised
hierarchical clustering analysis could not distinguish between the
tumors subtypes, three patient clusters were identified based on
patterns of copy number alterations. Of these three clusters, cluster
2 (16 UPS and 10 LMS) was strongly associated with poor
prognostic outcome. More specifically, 105 genomic alterations
were exclusively observed in cluster-2 cases (>50% of cases),
including gains at 1q21.2, 1q21.3, 9q34.11, 11p15.5, 11ql3.1,
16p13.3, and 20q13.33. Notably, gains at 1q21.3 in samples from
cluster 2 were significantly associated with poor prognostic
outcome.

The genetic similarities observed between UPS and LMS may
indicate a common origin for these tumor subtypes. This
hypothesis has also been raised by other comparative studies that
assessed genomic patterns (using chromosomal CGH and array
CGH) and gene-expression profiles (using cDNA microarrays and
RT-gPCR) in UPS and LMS [16,17,23,24,25]. For example,
Kresse et al. [17] compared genomic gains and losses in 33 UPS
and 44 LMS samples using array CGH analysis (BAC and PAC
arrays of 4.6K). The authors reported seven chromosomal regions
(1p36.32-p35.2, 1p21.3-p21.1, 1q32.1-q42.13, 2ql4.1-q22.2,
4q33-q34.3, 6p25.1-p21.32, and 7p22.3-p13) that differed signif-
icantly between the UPS and LMS tumor subtypes; three of these
regions (1p35.1-p36.32, 1q32.1-q42.13, and 7p22.3-p13) were also
identified in this study.

In another study using integrative analyses, similar patterns of
genomic alterations were observed in 18 UPS and 31 LMS
samples taken from tumors of the extremities [16]. The gene-
expression analysis revealed nine differentially expressed genes
(TAGLN3, D4S234E, KIAA1729, PDLIM5, TEAD3, TPM?2,
ALDHIBI, TRDMTI, and DHODH) but failed to differentiate
between tumor subtypes. In the current study, these genes were
not observed among the recurrent genomic regions that were
differentially altered. Larramendy et al. [27] analyzed 102
untreated primary UPS samples and 82 LMS samples using
chromosomal CGH, and the authors reported similar profiles of
genetic alterations between these two tumor subtypes. Although a
clustering analysis could not differentiate between the UPS and
LMS samples, the authors reported one cluster (2 LMS and
10 UPS) that was characterized by high-level amplifications of the
1p33-p34.3, 17q22-q23, 17q25-qter, 19p, 22p, and 22q loci.
Similarly, we observed genetic amplification at 1725, 19p, and
22q; however, these alterations were not restricted to one specific
cluster.

Large genomic regions (up to 4 Mb) displaying changes in DNA
copy number were detected in both UPS and LMS samples. To
better characterize these alterations, four genes (ARNT, PBXIPI,
SLC2743, and CCNDI) were selected and evaluated using qPCR in
a subset of cases. In general, the alterations detected by array
CGH in the UPS and LMS groups were confirmed by qPCR.
Although ARNT copy number gains were observed in both tumor
subtypes, these alterations were predominantly observed in the
UPS samples (63%). Several studies have demonstrated that
amplification of the 1q21-q22 locus occurs in UPS and a variety of
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other STSs, including liposarcomas and osteosarcomas
[15,17,28,29,30,31,32,33]; however, no specific candidate genes
from this region had been studied in the context of UPS. Aryl
hydrocarbon receptor nuclear translocator (ARNT), which is also
known as hypoxia-induced factor-1 beta (HIF-1beta), is constitu-
tively expressed in all normal human tissues with increased
expression in the ovary, lung, spleen, testis, and pancreas [34].
ARNT overexpression has been reported in breast cancer,
hepatocellular carcinoma, and colon carcinoma cell lines
[35,36]. PBXIPI and SLC27A3 copy number gains were also
observed in UPS samples (38% of the cases for each). The
SLC2743 gene encodes Acetyl-CoA synthetase, which is important
for fatty-acid metabolism, particularly in neoplastic cells [37].
Although the contribution of lipid-metabolic pathways to tumor
development is poorly understood, it is known that a high rate of
lipid synthesis is necessary for the biogenesis of plasma
membranes, which is required for tumor growth [38]. Lipids also
play important roles as second messengers, which can be
misregulated in tumor cells. Indeed, increases in the levels of
specific messenger lipids are often associated with malignant
phenotypes [39]. Functional studies have shown SLC27A435 to be an
effective therapeutic target in gliomas because it maintains the
oncogenic properties of glioma cell lines through the regulation of
the AKT protein [37].

Sixteen recurrent genomic changes were identified in UPSs.
Although none of these changes were significantly associated with
clinical variables, high-level amplification of the 3pl2.1-p11.2
locus was observed in five cases. This amplified region spans the
seven following genes: BC040985, BC050344, CADM?2, CHMPZ2B,
MIR4795, POUIFI, and VGLL3. Consistent with our findings,
Hallor et al. [40] demonstrated that amplification of the 3p11-12
region was associated with CHMP2B and VGLL3 overexpression in
UPS cases with prominent inflammation. In another study,
Carneiro et al. [16] identified recurrent amplifications at 3pl1-
pl2 in a subset of UPS and LMS tumors using genomic and
transcriptomic analyses. These findings suggest that the 3p11-p12
region, which includes the CHMP2B and VGLL3 genes, may play
an important role in UPS and LMS tumors.

Among the 15 minimally recurrent altered regions identified in
the LMS samples, four regions showing gains were significantly
associated with reduced overall survival time (1q21.3, 11q12.2-
ql2.3, 16p11.2, and 19q13.12). To our knowledge, this signature
of poor prognosis has not been previously reported for LMS. In
our study, copy number gains at 11q12.2-q12.3 and 19q13.12
were associated with death from LMS. The 11q12.2-q12.3 locus
contains 37 genes, including genes related to the processes of
chromosome segregation (INCENP), chromatin remodeling and
histone deacetylation (M7TA2), transcriptional regulation (EEFIG),
and RNA processing (TUTI). To date, these genes have not been
linked to LMS, and they represent potential targets for further
validation. For example, metastatic tumor antigen 2 (MTAZ2) is a
member of the MTA family and is closely associated with tumor
progression and metastasis. MTAZ2 overexpression has been
correlated with advanced TNM stages, tumor size, and lymph-
node metastasis in non-small-cell lung cancer [41]. Gains at
19q13.12 have been described in sporadic cases using CGH
approaches without clinical association [25,42,43]. We report an
association between cases with poor prognosis and genomic gains
at 19q13.12, indicating that this region may be a useful marker for
LMS outcome. Furthermore, this amplified region has been linked
to several cancer types, including pancreatic carcinoma [44],
ovarian carcinoma [45], and breast cancer [46].

Genomic gains at 1q21.3 were associated with reduced overall
survival time in LMS. A multivariate analysis revealed that gains
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at the 1g21.3 locus were an independent prognostic marker of
shorter survival times for LMS patients. These data suggest that
gains at 1q21.3 confer an increased risk of death from the disease
compared with other genomic changes and known prognostic
factors in STSs. Although increased copy numbers and high-level
amplification of 1q21.3 have been frequently observed in
chromosomal and array CGH studies of LMS samples
[16,28,42,47,48], none have reported an association with poor
prognosis. This region covers 27 genes, including MUC1, SPRRIB,
SPRR24, SPRR3, RAB25, and 13 members of the S100 family. Of
these genes, low amplification levels of MUCI, SPRRIB, SPRR2A,
SPRR3, and S10046 (mapped to 1q21-q22) have been observed in
LMS samples using FISH analysis [28]. In addition to RAB25
amplification, rearrangements and increased expression of the
S$10044 gene have been correlated with advanced disease stages
and poor survival in other malignancies, such as ovarian
osteosarcoma metastasis and ovarian carcinoma [49]. Further
analysis of gene-expression profiles and functional data should be
conducted to determine whether these genes play a similar role in
LMS.

In conclusion, we describe a large number of genomic changes
observed in UPS and LMS patients who were not previously
treated with chemotherapy or radiotherapy. Importantly, a subset
of patients with poor prognosis displayed recurrent gains at the
1q21.2, 1921.3, 9q33.3-q34.11, 11p15.5, 11q13.1, 16p13.3, and
20q13.33 loci. These loci may be useful as diagnostic markers to
distinguish between patient outcomes. Three novel candidate
genes associated with the amplified 1q21 region, including the
ARNT gene, were identified in UPS patients. Gains at 1q21.3 were
shown to be an independent prognostic marker for shorter survival
times in LMS patients, suggesting that genes mapped to this region
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Abstract

Background: Undifferentiated Pleomorphic Sarcoma (UPS) and high-grade Leiomyosarcoma (LMS) are soft tissue tumors
with an aggressive clinical behavior, frequently developing local recurrence and distant metastases. Despite several gene
expression studies involving soft tissue sarcomas, the potential to identify molecular markers has been limited, mostly due
to small sample size, in-group heterogeneity and absence of detailed clinical data.

Materials and Method's: Gene expression profiling was performed for 22 LMS and 22 UPS obtained from untreated patients.
To assess the relevance of the gene signature, a meta-analysis was performed using five published studies. Four genes (BAD,
MYOCD, SRF and SRC) selected from the gene signature, meta-analysis and functional in silico analysis were further validated
by quantitative PCR. In addition, protein-protein interaction analysis was applied to validate the data. SRC protein
immunolabeling was assessed in 38 UPS and 52 LMS.

Results: We identified 587 differentially expressed genes between LMS and UPS, of which 193 corroborated with other
studies. Cluster analysis of the data failed to discriminate LMS from UPS, although it did reveal a distinct molecular profile for
retroperitoneal LMS, which was characterized by the over-expression of smooth muscle-specific genes. Significantly higher
levels of expression for BAD, SRC, SRF, and MYOCD were confirmed in LMS when compared with UPS. SRC was the most
value discriminator to distinguish both sarcomas and presented the highest number of interaction in the in silico protein-
protein analysis. SRC protein labeling showed high specificity and a positive predictive value therefore making it a candidate
for use as a diagnostic marker in LMS.

Conclusions: Retroperitoneal LMS presented a unique gene signature. SRC is a putative diagnostic marker to differentiate
LMS from UPS.
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Introduction known as malignant fibrous histiocytoma (MFH), represents 17%
of STS and has an extremely aggressive pattern of behavior [4,5].
Leiomyosarcoma accounts for 24% of all STS [4]. In general,
r[r;e;j:nchymal tumors that represent around 1% of all neoplasms Immunohistochemical (IHC) assays for well-differentiated LMS

Diagnosis of these tumors poses a challenge to the pathologist
due to their rarity, pleomorphic nature and histologic overlap with
numerous sarcoma subtypes [2]. The majority of undifferentiated
pleomorphic sarcomas (UPS) demonstrate similar morphology to
undifferentiated and pleomorphic tumor subtypes, particularly
leiomyosarcoma (LMS) and liposarcoma [1-3]. UPS, previously

Soft Tissue Sarcomas (ST'S) comprise a heterogeneous group of

show positivity for actin, desmin, h-caldesmon, transgelin and
sirtuin  [6-8], however, none of these markers specifically
differentiate smooth muscle. High-grade LMS shows histological
similarities to UPS, which can cause difficulties in the distinction
between these neoplasms [6].
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The morphological and histopathological similarities between
high-grade LMS and UPS are also observed at molecular level.
Although copy number alterations have been described as similar
in both tumors [9,10], gains of 1q21.3 have been reported as an
independent prognostic marker for shorter survival in patients with
LMS [11]. Hierarchical clustering analysis of transcriptomic data
for a large series of STS failed to discriminate LMS and UPS.
However, tumor subgroups with similar gene expression profiles
have been reported [12—-14]. Studies that combine gene-expression
and DNA copy number alterations have also failed to differentiate
between these neoplasms [15], however, three novel molecular
subtypes of LMS have been described [6], [16], in addition to a
genetic signature capable of predicting metastasis in UPS and
LMS [17]. More recently, retroperitoneal LMS (LMS-R) has been
described as different from LMS of extremities at the molecular
level, demonstrating a distinct clinical outcome [18].

In this study, gene expression profiles were evaluated in 44 STS
samples obtained from untreated patients prior to surgery, aiming
to identify molecular biomarkers.

Materials and Methods

Patients

Forty-four fresh frozen tissue samples (22 UPS and 22 LMS)
were obtained prior to chemotherapy or radiotherapy from 43
patients, at the A.C. Camargo Cancer Center (Sdo Paulo, Brazil)
and Barretos Cancer Hospital (Barretos, Sao Paulo, Brazil),
between 2002 and 2010. Two primary tumors (UPS8 and UPS18)
were obtained from the same patient. Ninety formalin-fixed
paraffin-embedded (FFPE) samples (52 LMS and 38 UPS, which
included 12 LMS and 7 UPS evaluated by oligoarrays) were
analyzed using IHC assays. Study design is shown in Figure 1A.
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This study was approved by the Human Research Ethics
Committees of both institutions (A. C. Camargo Cancer Center
Protocol 1240/09 and Barretos Cancer Hospital Protocol 302/
2010). All patients were advised of the procedures and provided
written informed consent. The pathological information of tumor
samples (N=44) is summarized in Table 1. Diagnostic criteria
were based on the recommendations of the World Health
Organization (WHO) [19]. Tumor grade was defined according
to the recommendations of the Federation Nationale des Centres de Lutte
Contre le Cancer F'NCLCC) [20]. An antibody panel for IHC was
used to confirm or refute the diagnosis of LMS and UPS (Text S1).

The median age of patients at diagnosis was 58.8 years (ranging
from 4-90 years). Twenty-four out of 43 cases were male. The
majority of the patients was treated by surgery (18) or surgery
combined with chemotherapy and radiotherapy (10). Distant
metastases were identified in 12 patients. The mean follow-up
period was 42.1 years (ranging from 1-209 months). In the last
follow-up, 28 patients were alive and 15 were dead of disease.

Transcriptional profiling (oligoarrays)

Total RNA was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
The RNA quality was assessed using the RNA 6000 Nano Kit on
the Agilent 2100 Bioanalyzer platform (Agilent Technologies, Palo
Alto, CA, USA). Only samples with RIN (RNA integrity number)
>7 were considered. The Two-Color Human GE 4X44K
Microarrays platform (Agilent Technologies) was used [21]. A
combination of equal amounts of total RNA obtained from 15
different cell lines was used as reference [22]. Hierarchical
clustering analysis (HCL) of the most variant probes (standard
deviation, SD >1.5) was used to visualize cluster samples.
Significance Analysis of Microarray (SAM) was applied to

Additional records identified
through other sources
(n=5)

Records identified through
database searching
(n=31)

Records after the duplicates removal

(n=36)
Records screened | Records excluded
(n=36) (n=14)

Full-text articles Full-text articles excluded
assessed for eligibility 2 with reasons
(n=22) (n=17)
- Raw microarray data
were not available in
GEO (n=13)
‘ Stuc%ics‘ included ) ;l::ziei ;’)lth duphicated
n qualltatlze synthesis - Absence of information to
(@=3 identify genes or samples
(n=2)

Studies included in
quantitative synthesis
(meta-analysis)
(n=5)

Figure 1. Flow diagrams showing the study design (A) and meta-analysis (B).

doi:10.1371/journal.pone.0102281.9001
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Table 1. Pathological features of 22 LMS and 22 UPS samples
evaluated by large-scale expression analysis.
Variable LMS (N=22) UPS (N=22)
Sample source

Primary tumour 17 (77%) 17 (77%)
Recurrence 5 (23%) 5 (23%)
Topology

Extremity 9 (41%) 11 (50%)
Retroperitoneum 10 (45%) 6 (27%)
Trunk 2 (9%) 2 (9%)
Head and neck 0 2 (9%)
Pelvis 1 (5%) 1 (5%)
Tumor size

<5cm 5 (23%) 3 (14%)
>5cm 17 (77%) 19 (86%)
Histological grade

| 4 (18%) 0

Il 5 (23%) 0

] 13 (59%) 22 (100%)
Local recurrence*

Yes 8 (36%) 10 (45%)
No 14 (64%) 12 (55%)
*not considered surgery extension of surgical margins.
doi:10.1371/journal.pone.0102281.t001

compare LMS and UPS [23]. All experiments were analyzed using
the MeV 4.8 software (available at: http://www.tm4.org/mev/).
Ingenuity Pathway Analysis (IPA, Ingenuity System Inc, Redwood
City, CA, USA) was used to construct interactome networks with
the differentially expressed genes between LMS and UPS. The
microarray data have been deposited in NCBI’s Gene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and are
accessible through GEO Series accession number GSE49941.

Meta-analysis of microarray studies

The meta-analysis was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) [24]. The literature search was performed in the
PubMed database (http://www.ncbi.nlm.nih.gov/pubmed/) using
the following terms: “soft tissue sarcoma”, “leiomyosarcoma”,
“undifferentiated pleomorphic sarcoma”, “malignant fibrous
histiocytoma” and “gene expression array”. Additional search
was identified by manually cross-referencing abstracts and articles
published up to November 2013 independently of language,
publication year or other limits (Figure 1B). Titles and abstracts
were evaluated to identify relevant information and the full texts
were archived for analysis. The criteria for inclusion were: (1) The
diagnostic of UPS and LMS had to be confirmed and described in
the same study; (2) studies with reference standard for the
diagnosis of UPS and LMS; (3) studies with raw microarray data
available in GEO. Exclusion criteria were: (1) studies with
duplicate data reported in other studies; (2) absence of clinical
and histological information; (3) studies that were letters, editorials,
case reports or case series. Iive microarray datasets, containing
309 tumors (134 LMS and 175 UPS), were selected for the final
analysis [12,13,17,25,26]. The ratio of LMS - UPS was calculated
individually for each dataset and expression direction (over-
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expression or down-expression) of each gene was checked and
recorded. Differentially expressed genes were submitted to i silico
protein-protein interaction analysis [27,28].

Transcript expression levels using real time quantitative

reverse transcription PCR (RT-gqPCR)

Expression levels of BAD, SRC, SRF and MYOCD were assessed
for 13 UPS and 12 LMS (previously analyzed by microarray),
which were selected according to the availability of RNA. Primer
sequences are provided in Table S1. The reactions were carried
out in duplicate as previously described [21]. Only replicates with
low variability (ACycle quantification <0.5) were considered for
analyses. HMBS, HPRT and GAPDH were selected as reference
transcripts [29]. The relative gene expression was calculated
according to the Pfaffl method [30].

Protein expression analysis

A tissue microarray (TMA) was constructed with the Tissue
Microarrayer (Beecher Instruments, Silver Springs, USA). Each
sample was represented in quadruplicates. IHC was carried out
using rabbit polyclonal anti-SRC (Abcam: ab47405, Cambridge,
UK) (dilution 1:200). Positive breast tumor tissue and two negative
controls were assessed by IHC. The negative controls were created
via omission of the primary antibody and incubation of the slides
in PBS, followed by replacement of the primary antibody with
normal rabbit serum. The final scores (median of the four scores)
were obtained according to staining intensity of the cytoplasm or
membrane and were described as negative/weak (score 0—1) or
positive (score 2-3). The samples were scored blind with respect to
clinical data of the patient.

Data analyses

Fisher’s exact and chi-square tests were used to determine the
association between the categorical variables. Overall survival
(OS) probability was calculated using the Kaplan-Meier method
and the Log Rank test for significance. The Mann Whitney test
was used to compare RT-qPCR results. Receiver Operating
Characteristic (ROC) curves and classification models designed
with Fisher discriminant analysis evaluated the classification
properties of markers assessed by RT-qPCR. Statistical analyses
were performed using the SPSS 17.0 software (SPSS, Chicago, IL,
USA) and GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla,
CA).

Results

LMS-R as a single entity in gene expression profiling
analysis

Unsupervised hierarchical clustering (UHCL) analysis using
3512 genes (SD >1.5) revealed two clusters (I and II) including 43
samples, with one case (UPS17) clustering separately (Figure 2A).
Cluster I was composed of LMS samples only (13) (£<<0.001).
Interestingly, all LMS-R samples (V= 10) clustered together (P<
0.001). One LMS of trunk (LMS5) and two LMS of extremities
(LMS14 and LMS15) were also grouped in Cluster 1. Cluster II
contained the remaining nine LMS from different topologies and
21/22 UPS samples (P<0.001). Tumors with histological grade I
were detected exclusively in cluster I (P=0.004). No significant
difference was found in the comparison between the clusters and
patient age (P=0.504), gender (P=0.186), tumor size (P=1.0),
presence of metastasis (P= 0.460), local recurrence (= 0.332) and
overall survival (P=0.392) (data not shown).
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Figure 2. Hierarchical clustering of microarray data. (A) Unsupervised hierarchical clustering (UHCL) for 22 LMS and 22 UPS revealed two
global clusters (I and Il) and 3,512 genes differentially expressed (standard deviation >1.5). Cluster | included all retroperitoneal LMS (LMS-R), while
cluster Il contained the majority of the sarcomas of extremities. (B) Supervised hierarchical clustering (SHCL) using the 587 differentially expressed
genes from the two-class unpaired Significance Analysis of Microarray (SAM) with FDR <1% between UPS and LMS. LMS-R samples demonstrated the
most distinct molecular profile. Samples from the same patient are indicated with an asterisk. Images adapted from the output of the MeV 4.8

software.
doi:10.1371/journal.pone.0102281.g002

Supervised hierarchical clustering (SHCL) using SAM analysis
revealed 587 differentially expressed genes in LMS compared to
UPS, being 580 over-expressed and 7 down-expressed, but failed
to discriminate between the neoplasms. However, over again the
retroperitoneal LMS cases demonstrated similar expression
profiles (Figure 2B). Only two LMS of the extremities (LMSI14
and LMS15) clustered with the LMS-R samples. The IPA network
analysis generated three main interactions networks (Table S2).
The first network was associated with skeletal and muscular system
development and function, tissue morphology, and cellular
assembly and organization, including ACTA2, MYLK, MYOCD
and SRF (Figure S1A). The second was related to cellular
movement, cell morphology and cellular assembly and organiza-
tion, and encompassed ILK, CXCLI, LAMA5 and SRC (Figure
S1B). The third network harbored genes associated with cell
death, DNA replication, recombination, repair and gene expres-
sion, including FINA, MEF2C, CHEK] and BAD (Figure S1C).

Meta-analysis and protein-protein interaction network
analysis

Aiming to validate the signature obtained in the comparison
between LMS and UPS from the SAM analysis, a meta-analysis
including five studies was conducted (Table 2) and revealed 316 of

PLOS ONE | www.plosone.org

587 differentially expressed genes obtained by comparison
between LMS and UPS. A total of 193 differentially expressed
genes (191 over-expressed and 2 down-expressed) in LMS
compared with UPS exhibited the same expression pattern in all
studies, including several genes related to muscular function (Table
S3). Protein-protein interaction analysis involving the 193
validated meta-analysis genes revealed a network of 59 proteins
with more than 10 interaction partners (Figure 3). SRC protein
presented the highest number of interactions, in particular with

ACTNI, AR, FLNA and MUCI.

Real-time quantitative RT-PCR of BAD, SRC, SRF, and
MYOCD

Based on the gene signature, gene network analysis, gene
function and meta-analysis, BAD, SRC, SRF and MYOCD were
selected to be further investigated by RT-qPCR. SRF, SRC' and
BAD were detected as central node genes in the main networks
generated by IPA software (Figure S1), supporting their potential
mvolvement in LMS development.

Similarly to the gene expression microarray, all genes showed
significant over-expression (£<<0.01) in LMS when compared to
UPS (Figure 4A). Although not significant, MYOCD presented
over-expression in LMS-R compared to non-retroperitoneal LMS

July 2014 | Volume 9 | Issue 7 | 102281
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(LMS-NR) (P=0.123). Of all genes tested, SRC was revealed to be
the most valuable discriminator for distinguishing between LMS
and UPS (area under the ROC curve, AUC=0.897 and
accuracy = 92.0%) (Table S4). Two samples were classified
incorrectly (LMS24 and UPS8) when using SRC as the

discriminator.

SRC protein expression by immunohistochemistry

SRC protein revealed negative/weak immunostaining (score 0—
1) in 30 LMS and 36 UPS while positivity (scores 2-3) was
detected in 22 LMS and two UPS (P<0.001) (Figure 4B).
Although most LMS-R presented positivity for SRC (5/7), no
significant difference was observed between LMS-R and LMS-NR
(Table 3). SRC positivity exhibited high specificity (94.7%) and a
positive predictive value of 91.7% in discriminating LMS from
UPS.

Table 2. Soft-tissue sarcoma profiling studies included in the meta-analysis.

GEO accession Study Platform Samples Tumors included in the current study
GSE3443 Nielsen et al. [12] Custom cDNA array 46 11 LMS vs. 6 UPS (MFH)

GSE2719 Detwiller et al. [25] Affymetrix HG-U133A 54 6 LMS vs. 9 UPS (MFH)

GSE6481 Nakayama et al. [13] Affymetrix HG-U133A 105 6 LMS vs. 21 UPS (MFH)

GSE21122 Barretina et al. [26] Affymetrix HG-U133A 158 26 LMS vs. 3 UPS (pleomorphic MFH)
GSE21050 Chibon et al. [17] Affymetrix HG-U133A Plus 2 310 85 LMS vs.136 UPS

doi:10.1371/journal.pone.0102281.t002

PLOS ONE | www.plosone.org

GEO: Gene Expression Omnibus; LMS: Leiomyosarcoma; MFH: malignant fibrous histiocytoma; UPS: undifferentiated pleomorphic sarcoma.
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Discussion

Large-scale gene expression studies in STS have many
limitations, including evaluation of only a small number of fresh-
frozen samples, a large number of histological subtypes included
within the same report, a small number with the same histological
subtype and the inclusion of cases treated with chemotherapy or
radiotherapy prior to sample collection [3,31]. Overall, these
limitations reduce the probability of identifying recurrent genetic
alterations with clinical significance. In this study, 22 UPS and 22
LMS samples were collected prior to treatment with chemother-
apy or radiotherapy, with their diagnosis confirmed using the
markers recommended in the literature.

Although the UHCL analysis was not able to accurately
discriminate LMS from UPS, a distinct molecular profile for LMS-
R was established, independent of histological grade (cluster I).
Cluster II was divided in two subgroups and included the high-
grade LMS-NR and UPS from different anatomical sites. It is
important to highlight that one patient developed two UPS (UPS8
and UPS18), which clustered together and demonstrated a similar
gene expression profile, suggesting that these samples were not two
primary tumors as previously diagnosed. Comparison of the
clusters with the clinicopathological findings and overall survival
revealed no significant difference, probably due to the fact that
most of the tumors presented with a high histological grade and
similar prognosis.

Several reports have shown a strong similarity between UPS
and LMS, suggesting that they share common oncogenic pathways
and may correspond to different stages of the same tumor entity
[9,14,15]. However, this study has demonstrated that LMS-R
clusters separately. Both UHCL and SHCL analysis suggested that
high-grade LMS-NR demonstrates a gene expression profile with

PLOS ONE | www.plosone.org

a closer proximity to UPS than to LMS-R. Almost all genes that
distinguished LMS-R from other sarcomas were over-expressed
(580 of 587 genes).

The function and interaction network analysis revealed a large
number of genes associated with muscle structure and function,
including ACTG2, CALDI, DMD, MYOCD, MYLK, SRF and
TAGLN. A meta-analysis with datasets from five studies supported
these findings. In all studies, 193 of the 316 genes evaluated were
over-expressed in LMS compared to UPS. A considerable number
of genes related to muscle function were found to be over-
expressed in all studies, including ACTCI, ACTA2, ACTNI,
CALDI1, CNNI, MYLK, MYL9, DMD, SGCA, TAGLN, TPMI,
TPM?2 and SMTN.

In LMS, over-expression of genes associated with muscle
structure has been previously reported in the literature
[12,14,16,32]. Recently, Italiano et al. [18] used genomic and
transcriptomic analysis for 73 LMS and described a distinct
clinical and molecular profile for LMS-R compared to LMS of the
extremities. This finding was based mainly on over-expression of
genes associated to muscle differentiation. MYOCD, a transcrip-
tional cofactor of SRF, was found to be associated with muscular
differentiation in  well-differentiated  retroperitoneal ~LMS
[14,18,32].

In this study, overexpression of MYOCD, SRF, BAD and SRC in
LMS was found, predominantly in LMS-R. These genes were
tested for their potential as diagnostic markers to distinguish LMS
from UPS. Combined accuracy, sensitivity and specificity were
calculated for these genes, and SRC was identified as the most
valuable discriminator. In addition, a higher level of SRC protein
expression was detected in both LMS-R and LMS-NR when
compared with UPS. Despite the use of SRC as a unique marker
not being highly sensitive (<50%), its high specificity and positive
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14 (31.1%)
5 (71.4%)

3 (6.7%)
0 (0%)

6 (13.3%)
0 (0%)

22 (48.9%)
2 (28.6%)

45 (100%)
7 (100%)

LMS-NR
LMS-R

UPS: undifferentiated pleomorphic sarcoma; LMS: leiomyosarcoma; UPS-R: retroperitoneal UPS; UPS-NR: non-retroperitoneal UPS (including head and neck, trunk and extremity); LMS-R: retroperitoneal LMS; LMS-NR: non-

retroperitoneal LMS (including head and neck, trunk and extremity);

*Chi-square test;

#Fisher exact test.

doi:10.1371/journal.pone.0102281.t003
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predictive value (>90%) supports its potential use when in
combination with other conventional muscular markers. It is
important to highlight that i silico analysis of protein-protein
interaction using the genes obtained in the meta-analysis showed a
large number of interactions involving SRC, therefore suggesting
its important role in the pathogenesis of LMS.

Conclusions

A distinct molecular profile was demonstrated for LMS-R,
mediated by over-expression of genes involved in muscular
development and function. Both well-differentiated LMS-R
[14,20] and high grade LMS-R presented over-expression of
MYOCD. Meta-analysis confirmed the involvement of 193
differentially expressed genes in the comparison between LMS
and UPS. Our findings suggested that LMS-R is a new molecular
entity of sarcomas whose alterations could be useful to stratify
patients on specific therapeutic protocols. In addition, n-silico
analysis revealed SRC as a central gene associated with LMS.
Furthermore, SRC protein expression could be useful as a
diagnostic marker to differentiate between LMS and UPS,
especially in cases where muscular markers are negative.

Supporting Information

Figure S1 Graphic representation of the three interac-
tion networks with the genes over-expressed (red) and
down-expressed (green) in LMS compared to UPS. Genes
were associated with skeletal and muscular system development
and function, tissue morphology, cellular assembly and organiza-
tion in first network (A); related to cellular movement, cell
morphology and cellular assembly and organization in second
network (B); and associated with cell death, DNA replication,
recombination, repair and gene expression in third network (C).
The red and green colors tones are proportional to intensity of
expression for each gene. The genes selected for validation are
indicated in blue circles. Image adapted from Ingenuity Pathway
Analysis (IPA) software.

(TIF)

Table S1 Primer sequences and properties of the transcripts
evaluated by RT-qPCR.
(XLSX)

Table 82 Description of differentially expressed genes in LMS
and UPS categorized in three main interaction networks according
to IPA software.

(XLSX)

Table S3 Meta-analysis of 316 genes from the supervised
analysis (LMS vs. UPS) present in five array datasets.
(XLSX)

Table S84 Accuracy, specificity, sensitivity and confidence
interval analysis used to evaluate the potential of the genes tested,
individually or in association, as diagnostic markers in LMS and
UPS.

(XLSX)

Text S1 Diagnostic criteria and IHC antibody panel
used to define LMS and UPS.

DOCX)
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ATM down-regulation is associated with poor prognosis
in sporadic breast carcinomas
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Background: Ataxia telangiectasia-mutated (ATM) gene downexpression has been reported in sporadic breast carcin-
omas (BC); however, the prognostic value and mechanisms of ATM deregulation remain unclear.

Patients and methods: ATM and miRNAs (miR-26a, miR-26b, miR-203, miR-421, miR-664, miR-576-5p and miR-
18a) expression levels were evaluated by quantitative real-time PCR (RT-gPCR) in 52 BC and 3 normal breast samples.
ATM protein expression was assessed by immunohistochemistry in 968 BC and 35 adjacent normal breast tissues. ATM
copy number alteration was detected by array comparative genomic hybridization (2CGH) in 42 tumours.

Results: Low ATM levels were associated with tumour grade. Absence of ATM protein expression was associated with
distant metastasis (P <0.001), reduced disease-free survival (DFS, P <0.001) and cancer-specific survival (CSS,
P <0.001). Multivariate analysis indicated ATM protein expression as an independent prognostic marker for DFS
(P=0.001, HR=0.579) and CSS (P =0.001, HR = 0.554). ATM copy number loss was detected in 12% of tumours and
associated with lower mRNA levels. miR-421 over-expression was detected in 36.5% of cases which exhibit lower ATM
transcript levels (P =0.075, r= —0.249).

Conclusions: The data suggest that ATM protein expression is an independent prognostic marker in sporadic BC.

Gene copy number loss and miR-421 over-expression may be involved in ATM deregulation in BC.
Key words: ataxia-telangiectasia-mutated (ATM) gene, breast cancer, copy number alteration, microRNA, prognostic

marker

introduction

Ataxia telangiectasia-mutated (ATM) is a tumour suppressor
gene that encodes a serine/threonine kinase involved in DNA
repair. ATM activates DNA damage response pathways, mainly
due to double-strand breaks. These harmful DNA lesions lead
to genomic rearrangements and chromosomal instability con-
tributing to tumorigenesis [1].

ATM mutations cause Ataxia Telangiectasia (AT), an auto-
somal-recessive neurodegenerative disorder characterized by
cerebellar ataxia associated with immunodeficiency, cancer pre-
disposition, radiosensitivity, insulin-resistant diabetes and pre-
mature ageing. In addition to its pivotal role in DNA damage
response, ATM is involved in cell cycle control, apoptosis, gene
regulation, oxidative stress and telomere maintenance and is

*Correspondence to: Dr Sandra A. Drigo, NeoGene Laboratory, Department of Urology,
Sao Paulo State University — UNESP, Distrito de Rubiao Junior, Botucatu, SP 18618-
970, Brazil. Tel: +55-14-38116436; Fax: +55-14-38116271; Email: sandradrigo@gmail.
com

Both authors contributed equally.

deregulated in several malignancies, including BC [2, 3]. Higher
risk of developing BC and other tumours was first reported in
mothers of patients with AT. Subsequently, ATM mutation was
associated with moderate risk to BC development [4, 5].
Although several ATM mutations have been described, they are
rare and frequently associated with hereditary BC [6].

In sporadic BC, ATM transcript and protein down-regulation
has been reported [7-9], though the mechanisms involved in
ATM deregulation are still unknown. Allelic loss has been pro-
posed as one of the mechanisms for ATM gene inactivation in
sporadic BC cases [10], but the second allele inactivation mechan-
ism is still unclear [4]. ATM epigenetic silencing mediated by
CpG island methylation has been proposed, but contradictory
results have been reported. ATM hypermethylation was found in
18 of 33 (78%) locally advanced BC [7]. Nonetheless, recent
reports have indicated that ATM promoter hypermethylation is
not associated with ATM under-expression in BC [11-13], indi-
cating the existence of an alternative ATM regulatory mechanism.

A post-transcriptional ATM regulation mechanism mediated
by microRNAs has been reported in neuroblastoma [14], glioma
[15] and BC [16]. MicroRNAs are small non-coding RNAs that

© The Author 2013. Published by Oxford University Press on behalf of the European Society for Medical Oncology.
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regulate gene expression through degradation or inhibition of
mRNA translation. MicroRNAs have been associated with cell
cycle regulation, growth, apoptosis, differentiation and stress re-
sponse. It is well known that microRNA deregulation plays a
role in tumour development and progression by modulating
oncogenic or tumour-suppressor pathways [17].

Clinical significance of ATM deregulation in prognosis of BC
patients is limited and controversial. This study aimed to assess
ATM gene and protein expression in sporadic BC and their as-
sociation with clinical outcome. In addition, we sought to inves-
tigate ATM gene regulatory mechanisms, focussing on DNA
copy number alterations and miRNA expression.

material and methods

patients

Ductal invasive BC samples (N = 978) were obtained from Amaral Carvalho
Hospital and AC Camargo Hospital. Clinical and histopathological data are
summarized in supplementary Table S1, available at Annals of Oncology
online.

Fifty-two macro-dissected fresh tumour tissues (>80% of tumour cells)
were obtained for RNA and DNA extraction. Transcript analyses were per-
formed in 52 samples and array-CGH (aCGH) in 42 of 52 samples.

Protein analysis included 42 formalin fixed paraffin-embedded (FFPE)
BC (also evaluated for mRNA analysis) in conventional slides and 926
tumours arranged in four tissue microarrays (TMAs). In 35 of 42 tumours,
adjacent normal breast tissues were also evaluated (conventional slides).

Six normal breast tissues from healthy individuals subjected to breast re-
duction surgery were obtained as controls. Three macro-dissected fresh
tissues (>80% of mammary epithelial cells) and three FFPE samples were
used for transcript and Immunohistochemistry (IHC) analyses, respectively.

Patients were followed prospectively with a mean follow-up of 81.9 + 35.1
months. All patients were untreated before sample collection. Of the 978
patients, 793 have received surgery as the primary treatment; 185 and 160
received neoadjuvant chemotherapy and radiotherapy, respectively; 339 were
treated by adjuvant hormonal therapy, 585 by radiotherapy and 404 by
chemotherapy.

The patients were advised of the procedures and provided written
informed consent. The Human Research Ethics Committee of both institu-
tions approved the study.

ATM gene expression by reverse transcription-
quantitative PCR

Total RNA was extracted from using Trizol reagent (Invitrogen Life
Technologies, Inc., Carlsbad, CA). cDNA synthesis and amplification are
described in supplementary material, available at Annals of Oncology online.
Primer sequences are provided in supplementary Table S2, available at
Annals of Oncology online.

ATM and p53 protein expression by
immunohistochemistry

THC for ATM and p53 was performed as detailed in supplementary material,
available at Annals of Oncology online.

ATM gene copy number alteration by aCGH

Gene copy number alteration was assessed by aCGH using Agilent Human
CGH 180K Oligo Microarrays according to the manufacturer’s recommen-
dations (detailed in supplementary material, available at Annals of Oncology
online).

Annals of Oncology

microRNA expression by RT-gPCR

Five algorithms were used to select the top ranked candidates for ATM regu-
lation. The selected microRNAs were: hsa-miR-421, hsa-miR-26a, hsa-miR-
26b, hsa-miR-203, hsa-miR-664, hsa-miR-576-5p and hsa-miR-18a. Target
and reference primer sequences are provided in supplementary Table S3 and
S4, available at Annals of Oncology online, respectively. Reverse transcrip-
tion-quantitative PCR (RT-qPCR) for microRNA analysis is given in supple-
mentary material, available at Annals of Oncology online.

data analysis

Kruskal-Wallis or Mann-Whitney tests was applied to compare ATM tran-
script levels and clinicopathological characteristics or ATM gene copy
number alteration. Chi-square test and Fisher’s exact test were used to deter-
mine the association between the categorical variables. Bonferroni correction
for multiple comparisons was applied to adjust the P-values. Spearman’s test
was performed for correlation analyses between ATM and microRNA levels.
Disease-free survival (DFS) and cancer-specific survival (CSS) were calcu-
lated using the Kaplan-Meier method. The end-point for CSS and DFS ana-
lysis was restricted to distant metastasis development and death due to BC,
respectively. Patients with stage IV (N=72), treated with neoadjuvant
therapy (N=170) and missing follow-up information (N=47), were
excluded from these analyses. Significant variables detected in univariate
analyses were included in multivariate Cox proportional hazard regression
model. GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA) and SPSS
version 17.0 (SPSS; Chicago, IL) were used for statistical analysis.

results

ATM expression and association with clinical
and histopathological variables

Decreased ATM transcript levels were detected in tumours com-
pared with controls (P =0.064, Figure 1A). Lower ATM mRNA
levels were observed according to increased tumour grade
(P=0.005, Figure 1B). No association was found between ATM
levels and other clinical and histopathological parameters.
Although not significant, ATM transcript down-expression was
associated with decreased DFS and CSS (data not shown).

ATM protein patterns are shown in Figure 1. Negative ATM
expression was associated with tumours compared with adjacent
normal breast tissues (P<0.0001; supplementary Table S5,
available at Annals of Oncology online).

ATM negativity was associated with higher grade, but it is not
significant after Bonferroni correction (Table 1). Negative ATM
expression was significantly associated with distant metastasis
even after Bonferroni correction (P < 0.001, Table 1).

ATM-negative tumours were associated with reduced DFS
(P <0.001, Figure 1G) and CSS (P < 0.001, Figure 1H) in a large
cohort of BC patients (supplementary Table S6, available at
Annals of Oncology online). Significant associations were also
observed between prognostic factors (T, N, clinical stage, grade,
ER, PR and HER-2 status) and clinical outcome (supplementary
Table S6, available at Annals of Oncology online).

Multivariate analyses showed that ATM protein status is an in-
dependent prognostic factor for DFS and CSS (Table 2). ATM-
positive tumours presented lower risk of developing metastasis
(HR=0.579, P=0.001) and cancer-specific death (HR =0.554,
P=0.001). Tumour size and regional lymph nodes involvement
were detected as independent prognostic factors for DFS; and
tumour grade, tumour size and involvement of regional lymph
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Figure 1. (A) Relative expression of ATM mRNA in breast tumour samples and normal breast tissues. (B) ATM mRNA relative expression according to the

tumour grade. The transcript expression values are shown in log scale and the bars indicate the median value in each group. (C-F) ATM protein expression

detected by immunohistochemistry in breast tissues. Positive ATM immunostaining in normal breast tissue (C). Positive ATM adjacent normal epithelial cells

(N) and ATM-negative tumour cells (arrow) (D). Negative (E) and positive (F) ATM immunostaining in breast tumour cells. Disease-free survival (G) and
cancer-specific survival (H) curves according to ATM protein expression in breast cancer patients. P-values were determined by Log-rank test.

Volume 25 | No. 1 |

NER

| 71

102 ‘2T 1NBnY Uo lUepNid 01U, YUY 03§ yepund 1e /610°Seuno piojxo auoute//:diy Wwo.j pspeojumoq


http://annonc.oxfordjournals.org/

Table 1. ATM protein expression detected by
immunohistochemistry (IHC) in breast tumour samples according
to the clinical and histopathological variables (N = 968)

Variables ATM, N (%)

Negative Positive

Age (years)
<50 220 (59) 152 (41)
>50 364 (62) 227 (38)
NA

T
T1 39 (43
T2 163 (40
T3 40 (32
T4 117 (40
NA

)
)
)
)

NO 130 (43
N1 104 (38
N2 88 (39
N3 47 (34
NA

M
Negative 530 (61) 342 (39)
Positive 44 (61) 28 (39)
NA

Tumour grade
Gl 68 (50) 67 (50)
G2 337 (62) 204 (38)
G3 181 (63) 105 (37)
NA

ER
Negative 186 (62) 114 (38)
Positive 369 (60) 244 (40)
NA

PR
Negative 300 (63) 178 (37)
Positive 234 (57) 173 (43)
NA 83

HER2
Negative 699 429 (61) 270 (39)
Positive 113 60 (53) 53 (47)
NA 156

Distant metastasis®
Negative 478 262 (55) 216 (45)
Positive 379 260 (69) 119 (31)
NA 111

)
)
)
)

*Patients with metastasis at diagnosis were excluded in this analysis.
T, tumour size; N, lymph nodes involvement; M, metastasis at
diagnosis; ER, oestrogen receptor alpha, PR, progesterone receptor;
HER2, human epidermal growth factor receptor 2; NA, information
not available; significant data after Bonferroni correction for multiple
variables is indicated in bold.

nodes for CSS (Table 2). We also evaluated if ATM stratified by
p53 protein status was associated with DES or CSS in a subset of
cases (N =221) and no association was detected (supplementary
Figure S1, available at Annals of Oncology online).

Annals of Oncology

Table 2. Multivariate model for disease-free survival (DFS) and
cancer-specific survival (CSS) analysis in breast cancer patients
(N=679)

Variables HR (95% CI)

DFS
ATM (positive versus negative) 0.001 0.579 (0.421-0.797)
T (T4 versus T3 versus T2 <0.001 1.613 (1.366-1.903)
versus T1)
N (N3 versus N2 versus N1) <0.001 1.524 (1.323-1.754)
CSS
ATM (positive versus negative) 0.001 0.554 (0.391-0.784)
Tumour Grade (G3 versus G2 0.013 1.361 (1.066-1.736)
versus G1)
T (T4 versus T3 versus T2 <0.001 1.659 (1.395-1.973)
versus T1)
N (N3 versus N2 versus N1) <0.001 1.591 (1.369-1.849)

HR, hazard ratio; 95% CI, 95% confidence interval; P-value obtained
by Log-rank test.

evaluation of ATM gene regulatory mechanisms
inBC

ATM transcript levels were compared with ATM copy number
dosage obtained from another study conducted by our group
using aCGH. Eleven probes span the ATM gene consisting of 66
exons. ATM locus was examined in 42 cases also evaluated for
mRNA expression. Gene copy number loss was found in five
cases (12%) (Figure 2A).

Tumours with ATM losses showed transcript down-regulation
(P=0.013, Figure 2B). ATM protein expression was assessed in
three of five cases, and two of them were negative (data not
shown).

To evaluate whether ATM may be regulated by miRNAs, ex-
pression levels of predicted miRNAs (miR-26a, miR-26b, miR-
203, miR-421, miR-576-5p, miR-664 and miR-18a) were detected
in 52 tumours and controls also evaluated for ATM levels.
Although not significant, a negative correlation was observed
between the ATM and miR-421 transcript levels (r=—0.249,
P=0.075, Figure 2C, P-value was not Bonferroni-corrected).
Overexpression of miR-421 was detected in 36.5% of tumours
(data not shown). No significant correlation was detected
between the others miRs and ATM levels (data not shown).

discussion

ATM gene deregulation has been described in sporadic BC [4],
but the clinical relevance of ATM remains to be established.
ATM transcript and protein down-regulation were detected in
BC compared with normal breast samples, corroborating other
studies [8, 9, 18-20]. We found lower levels of ATM transcript
and protein expression in high-grade tumours. Ding et al. [21]
showed that the combined abnormalities of ATM, BRCAI and
TP53 genes were associated with poorly differentiated BC.
Additionally, ATM aberrant protein expression was associated
with grade II-III tumours [9]. These findings suggest the associ-
ation of ATM in more aggressive disease.
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Figure 2. (A) Graphic representation of the chromosome 11 showing the global distribution of the array probes, the location of all copy number variations
(CNVs) and more specifically the ATM locus with the probes covering this region. The image was adapted from Nexus 6.0 software. (B) ATM mRNA relative
expression in tumour samples according to ATM copy number loss detected by aCGH in paired samples. The transcript expression values are shown in log
scale and the bars indicate the median value in each group. (C) Correlation analysis between transcript levels of ATM and miR-421. Spearman’s test.

By evaluating a large cohort of patients with a long-term  loss of ATM expression may be involved in aggressive tumour
follow-up, an association between absence of ATM protein ex- behaviour and, consequently, a worse outcome in BC patients.
pression and distant metastasis was detected, suggesting that Survival analysis revealed that patients with ATM-negative
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tumours had shorter DFS and CSS. Moreover, multivariate ana-
lysis showed that ATM protein status was an independent prog-
nostic marker for both DES and CSS. ATM-positive cases
showed lower risk of metastasis and death due to BC. Our data
suggested that ATM is an independent prognostic factor, to-
gether with tumour size and lymph nodes involvement. Ye et al.
[8] evaluated ATM mRNA levels in breast tumour samples
(N=471) and showed that lower ATM transcript levels were
associated with worse outcome (DFS and CSS). However, the
authors did not demonstrate that ATM gene expression is as an
independent prognostic marker in BC. Other reports have
shown association between ATM down-regulation and poor
survival in BC patients with p53 wild-type tumours treated with
DNA-damaging chemotherapy [22, 23]. Although with limited
specificity and sensibility, TP53 missense mutations have been
reported as associated with increased protein stability. Here,
ATM combined with p53 status was not associated with clinical
outcome in BC. Further studies should be conducted to better
understand the prognostic value of ATM in the context of TP53
mutation. Thus, our data are in agreement with other studies
showing that low ATM levels are associated with poor outcome
in BC. However, by multivariate analysis, we found that ATM is
a clinically meaningful prognostic marker in BC.

The mechanisms involved in ATM deregulation in sporadic
BC are poorly understood. LOH in ATM region has been
reported in sporadic BC [10, 19]. Copy number loss for the
entire ATM locus detected by MLPA-analysis was recently
reported in 13.6% of BC samples [23]. Similarly, we showed that
ATM gene copy number loss detected in 12% of tumours was
associated with transcript down-regulation. This finding sug-
gests that ATM loss is one of the mechanisms involved in gene
deregulation in BC. A recent study integrated genomic, tran-
scriptomic and proteomic analyses on a large series of BC and
identified four main tumour subtypes associated with different
subsets of genetic and epigenetic abnormalities [24]. In this
report, besides the disruption of p53 pathway, other pathway-in-
activating events including ATM loss and MDM?2 amplification
were detected in BC, specifically in more aggressive luminal B
subtypes [24]. Taken altogether, these data indicate that ATM
gene loss and the related-pathways are important mechanisms
in breast carcinogenesis.

Post-transcriptional ATM regulation can also be altered in
BC. Accordingly, recent studies have indicated that ATM gene
expression can be regulated by miRNAs [14-16]. ATM down-
expression was detected in 38% and 61% of tumours by tran-
script and protein analyses, respectively. In addition, only 8 of
24 cases had both ATM mRNA and protein down-expression in
paired BC samples, suggesting that post-transcriptional
mechanisms such as miRNAs could be involved in gene deregu-
lation. To address this issue, putative microRNAs regulators of
ATM were investigated. Although not significant, overexpression
of miR-421 was correlated with lower ATM transcript levels. It
has been postulated that microRNAs can also be responsible for
fine regulation of gene expression through modestly repressing a
large number of mRNAs and consequently protein output [25].
Additionally, cooperation between different miRNAs in regulat-
ing target genes has been proposed [26]. Experimental valid-
ation is needed to prove the regulation of ATM by miR-421 in
BC cell lines.

Annals of Oncology

The involvement of miRNA in ATM expression was firstly
described in HeLa and neuroblastoma cell lines, showing that
miR-421 suppresses ATM expression by targeting the 3’-UTR of
ATM [14]. However, ATM regulation by miRs in BC has been
fairly explored. Recently, Song et al. [16] evaluated the miR-18a
as a putative ATM regulatory miRNA in BC. Up-regulation of
miR-18a was detected by the comparison between nine tumour
cell lines and one normal epithelial cell lineage, and between 10
BC and adjacent normal tissues. ATM protein down-regulation
was observed by transfection of miR-18a in BC cell lines.
Conversely, ATM up-regulation was detected in these cells after
miR-18a suppression. Here, miR-18a showed no correlation
with ATM transcript and protein expression. Different events
isolated or in cooperation can coordinate the regulation of
ATM, including gene deletions, mutations, other miRNAs and
promoter hypermethylation.

Taken altogether, the present study demonstrated that
decreased ATM expression is associated with worse prognosis in
BC. As ATM protein expression is an independent prognostic
marker in BC, we suggest that ATM may be a clinically applic-
able marker of disease outcome. Our results also suggest that
gene copy number loss and miRNA regulation may be poten-
tially involved in ATM deregulation in sporadic BC.
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Genomic profile of a Li-Fraumeni-like syndrome
patient with a 45,X/46,XX karyotype, presenting

neither mutations in TP53 nor clinical stigmata

of Turner syndrome
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Li—Fraumeni syndrome (LFS) is a hereditary disorder that predisposes patients to several types of
cancer and is associated with TP53 germline mutations. Turner syndrome (TS) is one of the most
common aneuploidies in women. Patients with TS have a higher risk of developing cancer, although
multiple malignant tumors are extremely rare. Herein, we describe a patient with a 45,X/46,XX kar-
yotype with no classic phenotype of TS. She presented with a clinical diagnosis of Li-Fraumeni-like
syndrome (LFL), showing papillary thyroid carcinoma and fibrosarcoma of the left flank, and had no
TP53germline mutations. Genome-wide analysis of copy number variations (CNVs) was assessed
in DNA from peripheral blood cells and saliva. A total of 109 rare CNVs in the blood cells, including
mosaic loss of the X chromosome (76% of cells), were identified. In saliva, three rare CNVs were
detected, all of them were also detected in the blood cells: loss of 8924.11 (EXT1), gain of
16q924.3 (PRDM7 and GASS8), and the mosaic loss of the X chromosome (50% of cells). Results
of conventional G-banding confirmed the 45,X/46,XX karyotype. Surprisingly, the patient presented
with an apparently normal phenotype. The PRDM and GAS8 genes are potential candidates to be
associated with the risk of developing cancer in this LFL/TS patient.

Keywords Li-Fraumeni-like syndrome, Turner syndrome, genomic alterations, mosaicism

© 2015 Elsevier Inc. All rights reserved.

Li—Fraumeni syndrome (LFS) and its variant Li-Fraumeni-
like syndrome (LFL) are rare autosomal dominant disorders
associated with TP53 germline mutations, which increase the
risk of developing a wide spectrum of malignant tumors (1). It
has been estimated that 20% of LFS and 60% of LFL pa-
tients have no TP53 mutations (2). Patients with LFS and
mutations in TP53 have a lifetime risk of developing cancer
of 73% in men and almost 100% in women (3). Moreover, the
relative risk for a second primary tumor in these patients was
estimated to be 5.3% (4).
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Turner syndrome (TS) is associated with the complete or
partial loss of one X chromosome (5). Short stature, lym-
phedema, gonadal dysgenesis, webbed neck, and cubitus
valgus are some of the clinical features of TS (6). The
diagnosis may occur at various stages in life, with up to 10%
of cases detected in adult women (7). The severity of TS
usually correlates with the number of 45,X cells (8).

The chromosomal and hormonal abnormalities found in
TS patients have been associated with an increased risk of
developing cancer, including gonadoblastoma in cases with
Y chromosome material, melanoma, cervical tumors, bladder
tumors, and childhood brain tumors (9,10). Few studies have
reported multiple tumors in TS patients (11,12).

In this study, we describe, for the first time, one patient
that presented with both LFL without TP53 pathogenic mu-
tations and a 45,X/46,XX karyotype with no typical TS
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phenotype. In addition, we present a comprehensive analysis
of the genomic alterations found in this patient.

Patient and methods
Case report

A 56-year-old female (76 kg and 159 cm), the fourth child of
nonconsanguineous parents, is described. Physical exami-
nation showed no skeletal abnormalities, with the exception of
very mild cubitus valgus. Menarche occurred at age 11 and full
pubertal development ensued. The patient showed a papillary
thyroid carcinoma (29 y), treated by thyroidectomy, which
evolved with cervical lymph nodes metastasis. At age
35 years, she was diagnosed with fibrosarcoma of the left
flank with pulmonary metastases. Subsequently, she was
diagnosed with uterine leiomyoma (46 y) and angiomyolipoma
of the kidney (51 y). Second- and third-degree maternal rel-
atives (grandfather with gastric cancer at 71 y, aunt with
endometrial cancer at 64 y, and a cousin with breast cancer at
42 y) had history of cancer (Figure 1). The patient bore two
children; both pregnancies and labors were uneventful. The
patient was diagnosed with LFL according to the Eeles 1
criteria (13). Sanger sequencing showed an absence of TP53
mutations. This study was approved by the Human Research
Ethics Committee (CEP 1726112), and the patient provided
written informed consent and received genetic counseling.

Cytogenetic and molecular cytogenetic analyses

Genomic DNA from peripheral blood and saliva was extracted
using the standard Gentra Puregene blood kit (Qiagen, Venlo,
The Netherlands) and DNA Genotek preplT-L2P kit protocols
(OraSure Technologies Inc., Bethlehem, PA), respectively.
Molecular karyotyping was performed using the CytoScan HD
array (Affymetrix, Santa Clara, CA) following the manufacturer’s
recommendations. Copy number variations (CNVs) and copy
neutral loss of heterozygosity (cnLOH) analyses were per-
formed with the Chromosome Analysis Suite (ChAS) software

Gastric Ca, 71y

T.R. Basso et al.

v.2.0.1 (Affymetrix). The criteria used for the analyses consid-
ered at least 50 markers for gains, 25 markers for losses, and
cnLOHSs with a minimum length of 5 Mb.

Genomic alterations were compared with the Database of
Genomic Variants (DGV, http://dgv.tcag.ca/dgv/app/home)
and with the Affymetrix Database of Variants (aDGV), which
consists of array results obtained in 2,421 phenotypically
normal individuals evaluated with the same platform used in
this study. We excluded polymorphic variations and focused
on only rare CNVs, which are described in less than 1% of
the reference population. Conventional cytogenetic analysis,
using the GTG-banding technique, was performed.

Results

DNA from blood cells revealed 109 rare CNVs, including 47
gains with an average of 62 Kb in 15 chromosomes and 62
losses with an average of 129 Kb in 19 chromosomes. No
cnLOHs were detected with the parameters used. Six alter-
ations were found to be mosaic (Supplementary Table 1),
including loss of the entire X chromosome, which was
detected in 76% of cells.

Interestingly, in the DNA obtained from the saliva, only
three rare CNVs previously identified in the blood cells were
detected: deletion of 8g24.11, encompassing the EXT1 gene
[arr 8g24.1 (119,107,433—119,122,050) x 1 hg19]; gain of
16924.3, covering the genes PRDM7, LOC100130015,
C160rf3 and GASS8 [arr 16924.3 (90,089,010 90,155,062)
x 3 hg19]; and the mosaic loss of the X chromosome (45,X/
46,XX), which was detected in 50% of cells from saliva
(Figure 2A). Cytogenetic analysis of peripheral blood using
GTG-banding revealed a karyotype mos45,X[75]/46,XX[27]
(Figures 2B and 2C). These findings revealed that this LFL
patient also has TS.

Discussion

The presence of multiple tumors and a family history of cancer
in addition to a diagnosis of LFL (Eeles 1 criteria) and the

Endometrial Caj64y

Breast Ca, 42y

Figure 1

Prostate|Ca, 86y

Thyroid|Ca, 29y
' Soft
tissue
/ sarcoma, 35y

A pedigree chart of the patient’s family, consistent with LFL according to Eeles 1 criteria. The arrow indicates the proband

who developed two malignant tumors (papillary thyroid carcinoma at age 29 y and soft tissue sarcoma at age 35 y). The patient had

four relatives with tumors. Abbreviation: Ca, cancer.
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Mosaic loss of the X chromosome detected using the CytoScan HD array (Affymetrix, Santa Clara, CA). (A) The pa-

rameters (logs ratio, smooth signal, and allele peaks) show the mosaic status of the X chromosome. (B,C) G-banding showing (B) 45,X

and (C) 46,XX karyotypes.

absence of TP53 mutations warranted the investigation of
possible genomic alterations associated with cancer predis-
position. A recent study of 70 Brazilian LFS/LFL patients with
no mutations in TP53 suggested that multiple loci might be
involved in cancerrisk (14). None of the CNVs described by the
authors coincided with the rare CNVs detected in this study.
Herein, microarray analysis of leukocyte DNA and
G-banding analysis revealed the mosaic loss of the X chro-
mosome in similar proportions of cells. Remarkably, the
patient had no clinical phenotype of TS. She was taller
(159 cm) than the median stature of Brazilian women of age
55 to 64 (156.6 cm) (15). Women with the 45,X karyotype
and a normal phenotype have been reported to experience
fertility problems (16) or to not undergo puberty (17); our
patient went through puberty and experienced no fertility

problems. The wide range of TS phenotypes may be the
result of different levels of mosaicism within tissues, as well
as X-chromosome imprinting, incomplete X inactivation, and
gene-dosage effects (18,19).

The high percentage of mosaicism detected in our patient
was observed in two different germ layers of derived tissues,
ectoderm (50% of oral epithelial cells) and mesoderm (76%
of lymphocytes), which strongly suggests that the aneuploidy
occurred in a very early stage of embryonic development.
A plausible explanation for the reproductive ability and the
absence of the classical TS phenotype found in the patient is
the presence of a higher number of 46,XX cells in other or-
gans. The increased level of the diploid cell line could be the
result of a reduplication of the X chromosome or uniparental
disomy (20).
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The comparison of genomic profiles in lymphocytic DNA
and epithelial cells revealed that only three rare CNVs were
shared, with leukocytes demonstrating a large number of
alterations. These differences may be related to the propor-
tion of T-cells present in the sample from which the DNA was
extracted (21). The loss of 8g24.1 comprised only an intronic
region of EXT1 and appears to be benign. Regarding the
genes mapped on the 16g24.3 gain (PRDM?7,
LOC100130015, C160rf3 and GASS8), several members of
the PRDM family may act as tumor suppressors or onco-
genes, whereas GAS8 has been suggested as a potential
tumor suppressor (22,23). Nonetheless, although this gain
encompass genes associated with cancer, this rare CNV
could be benign and not related to cancer risk development.
Alternatively, a cryptic germline gene point mutation could
explain the LFL syndrome phenotype (24).

Cases of multiple malignant tumors associated with TS
are extremely rare (11,12). To our knowledge, only two pa-
tients have been reported presenting with TS and LFS, both
of them with TP53 mutations (25,26). The risk of cancer in
TS patients increases with the percentage of 45,X cells (9).
Our patient presented with a high frequency of cells with
45,X. The X chromosome contains several genes associated
with cancer; therefore, it has been suggested that monosomy
X is related to the emergence of neoplasms (9).

Overall, we described a rare case of a woman with a TS
genotype and a clinical diagnosis of LFL with wild type TP53.
We demonstrated that genome-wide molecular screening
has the potential to uncover unexpected genotypes. New
genomic alterations were found in this patient with LFL/TS,
including two genes mapped on 16g24.3 with the potential to
contribute to cancer-risk development.
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Abstract

Cystic endometrial hyperplasia (CEH), mucometra, and pyometra are common uterine dis-
eases in intact dogs, with pyometra being a life threatening disease. This study aimed to
determine the gene expression profile of these lesions and potential biomarkers for closed-
cervix pyometra, the most severe condition. Total RNA was extracted from 69 fresh endo-
metrium samples collected from 21 healthy female dogs during diestrus, 16 CEH, 15 muco-
metra and 17 pyometra (eight open and nine closed-cervixes). Global gene expression was
detected using the Affymetrix Canine Gene 1.0 ST Array. Unsupervised analysis revealed
two clusters, one mainly composed of diestrus and CEH samples and the other by 12/15
mucometra and all pyometra samples. When comparing pyometra with other groups,

189 differentially expressed genes were detected. SLPI, PTGS2/COX2, MMP1, ST00A8,
S100A9 and IL8 were among the top up-regulated genes detected in pyometra, further con-
firmed by external expression data. Notably, a particular molecular profile in pyometra from
animals previously treated with exogenous progesterone compounds was observed in
comparison with pyometra from untreated dogs as well as with other groups irrespective of
exogenous hormone treatment status. In addition to ST00A8 and S7100A9 genes, overex-
pression of the inflammatory cytokines IL71B, TNF and IL6 as well as LTF were detected in
the pyometra from treated animals. Interestingly, closed pyometra was more frequently
detected in treated dogs (64% versus 33%), with IL1B, TNF, LBP and CXCL 10 among the
most relevant overexpressed genes. This molecular signature associated with potential bio-
markers and therapeutic targets, such as CXCL 10 and COX2, should guide future clinical
studies. Based on the gene expression profile we suggested that pyometra from progester-
one treated dogs is a distinct molecular entity.
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Introduction

Cystic endometrial hyperplasia (CEH), mucometra, and pyometra are very common uterine
diseases in countries where spaying healthy dogs is not a routine practice [1]. Among these dis-
eases, pyometra is of particular importance in veterinary medicine due to its association with
septicemia and toxemia [2]. Pyometra or chronic purulent endometritis affects approximately
25% of intact female dogs before the age of 10 and is characterized by bacterial infection and
inflammation within the uterine cavity [3], [4]. In open cervix pyometra, inflammation leads
to a distended uterus with a purulent vaginal discharge. Conversely, in closed pyometra an
intrauterine purulent exudate accumulates leading to an increased risk of sepsis and subse-
quent death. Ovariohysterectomy is the most effective treatment in the prevention of over-
whelming sepsis and disease recurrence [5].

Despite presenting distinct types of uterine fluid and degree of mucin hydration, mucometra
and pyometra are considered similar diseases, both causing an accumulation of intrauterine
fluid [6]. While pyometra presents an infected purulent fluid, mucometra is characterized by
the presence of a sterile seromucous fluid within the uterine cavity [1]. Mucometra is thought
to occur with CEH, leading to decreased fertility in breeding animals and having the potential
risk of progression to pyometra [1], [2], [4].

The pathogenesis of pyometra is not completely understood. An association between pyo-
metra and diestrus has been reported, confirmed by the absence of the development of pyome-
tra in dogs who have undergone a bilateral oophorectomy [4]. CEH is the most common
uterine disease in canines and has been proposed as a lesion that predisposes female dogs to
pyometra [6]. CEH is a progressive proliferative process that is mediated by progesterone and
potentially exacerbated by estrogen [2], [4]. In the pathogenesis of pyometra, progesterone has
been reported by as being involved in endometrial gland secretion stimulation, suppression of
the immune response and induction of cervical closure, providing a favorable environment for
bacterial growth [2], [4]. In contrast, there is some evidence to suggest that uterine infection or
endometrial irritation by foreign bodies may lead to an excessive endometrial hypertrophy and
hyperplasia resulting in pronounced endometrial glandular proliferation. In addition, luminal
epithelial cell secretion can initiate the development of pyometra or mucometra, depending on
its origin, bacterial or not [2], [4], [7].

Although CEH, mucometra and pyometra are very common uterine diseases affecting intact
female dogs, there have been a limited number of molecular studies performed on these disor-
ders. To the best of our knowledge, only one study, using a limited number of cases, has
reported the gene expression profile in pyometra samples in comparison with normal endome-
trium [8]. Thus, this study aimed to determine the gene expression profile of pyometra, com-
paring it with CEH and mucometra, as well as with endometrium samples obtained of healthy
female dogs during diestrus. In addition, we sought to identify the molecular signature of
closed pyometra, the most life-threatening form of the disease. These data have the potential to
identify the biological mechanisms that contribute to uterine endometrial dysfunctions and
reveal potential biomarkers that could be useful in clinical practice.

Materials and Methods
Animals

This study was performed according to the National and International Recommendations for
the Care and Use of Animals. All procedures were performed under the approval of the Ethics
Committee for Animal Experimentation from FCAV-UNESP (Permit Number: 008105/11).
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We obtained written owner consent before including any subject in the experiment. The ani-
mals were treated according to the norms of the Veterinary Hospital.

Endometrial samples were collected from female dogs, admitted to the Veterinary Hospital
for elective or therapeutic ovariohysterectomy (OHE). The sample was composed of 16 cystic
endometrial hyperplasia (CEH), 15 mucometra and 17 pyometra specimens (8 open and 9
closed-cervix pyometra samples). Two uterine samples with similar morphological features
(approximately 1 cm? each) per case were collected from mid-portion of the right and left horn
for molecular and histological analyses, respectively. Luminal exudate was excluded from the
endometrial samples. Normal endometrium, CEH, mucometra and pyometra cases were diag-
nosed based on clinical information, physical examination, radiographic and/or ultrasono-
graphic images, and further histologically confirmed by two experienced pathologists (FAV
and RLA). The determination of estrus cycle phase was performed through anamnesis, clinical
control, vaginal cytology and serum progesterone levels [9,10]. Diestrus phase was also subdi-
vided into early, mid- and late diestrus (S1 Table). Fifty-five animals were in diestrus and 14 in
anestrus. Normal endometrial samples were obtained from 21 healthy female dogs during early
diestrus. Seventeen of 69 dogs (1 from diestrus, 4 from CEH, 2 from mucometra and 10 from
pyometra groups) were previously treated with exogenous progesterone-like compounds to
suppress estrous signs. Clinical features of all animals are shown in Table 1. Statistical analysis
included Chi-square or Fisher exact test to determine the association between the categorical
variables.

Blood Samples and Analysis

Before surgery, blood samples for hematological and progesterone (P4) serum levels were col-
lected from the jugular vein using the vacuum system EDTA (BD Vacutainer Blood Collection
Tube-BD, Franklin Lakes, New Jersey, USA) and EDTA-free (BD Vacutainer Serum Tube-
BD, Franklin Lakes, New Jersey, EUA) respectively. Biochemical and hematological analysis
were performed following routine protocol. Hematological parameters included hematocrit
(HCT), white blood cell count (WBC) and platelet count (PLT). Serum P4 levels were mea-
sured by chemiluminescence immunoassay according to Tahir et al. [11]. Kruskal-Wallis or
Mann-Whitney tests were applied to compare hematological data and P4 levels between the
groups. Statistical analysis was carried out using SPSS version 17.0 (SPSS) and the GraphPad
Prism 5 (GraphPad Software Inc.) software.

Tissue samples and Histopathological Examination

Uterine tissues were collected immediately after OHE. Samples were both formalin-fixed for
histopathology and snap-frozen in liquid nitrogen, the latter being immediately stored at -80°C
for mRNA extraction. Formalin-fixed material was paraffin embedded, with hematoxylin and
eosin (HE) slides prepared for histological diagnosis (CEH, mucometra or pyometra). Repre-
sentative photomicrographs of endometrium tissue sections from diestrus, CEH, mucometra
and pyometra groups are shown in S1 Fig.

RNA extraction

Fresh frozen tissue samples were macrodissected using sterile scalpel blades, based on areas of
endometrium identified following HE evaluation. Tissue samples were submitted to cleavage
using lysing tubes in Precellys R tissue homogenizer equipment (BioAmerica Inc, Florida,
USA). Total RNA was extracted using TRIzol reagent (Invitrogen Life Technologies Inc., Carls-
bad, CA, USA) and the mRNA purified using the RNeasy MiniKit (Qiagen), according to the
manufacturer’s recommendations. RNA samples were quantified on a Nano-Drop ND-8000
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Table 1. Clinical parameters in female dogs from diestrus, cystic endometrial hyperplasia (CEH), mucometra and pyometra groups.

Features Diestrus CEH Mucometra Pyometra
N =21 (%) N =21 (%) N =15 (%) N =17 (%)

Age (years)
Median (range) 3(1-9) 10 (3-16) 8 (3-13) 9 (6-14)
Estrus cycle stage
Proestrus = = = =
Estrus = = = =
Diestrus 21 (100) 10 (62) 9 (60) 15 (88)

Early diestrus 21 9 3 9

Mid-diestrus - 1 3 4

Late diestrus - 3 2
Anestrus - 6 (38) 6 (40) 2(12)
Breed
American Pit Bull Terrier - - - 2(12)
American Staff Terrier - 1(6) - -
Beagle 1(5) - - -
Boxer - 1(6) 1(7) -
Brazilian Mastiff - - - 2(12)
Brazilian Terrier - 1(6) - -
Cocker Spaniel - - 1(7) -
German Shepherd - 2(12.5) 1(7) -
Labrador Retriever 1(5) - - 1(5.5)
Pinscher - 1(6) - 2(12)
Poodle - 2(12.5) - 2(12)
Teckel - 1(6) 2(13) 1 (5.5)
Mixed-breed 19 (90) 7 (44) 10 (67) 7 (41)
Serum progesterone levels (P4) ng/mL
Mean + SD error 20.13 £ 3.537 6.656+ 2.034 3.576 + 0.9891 9.893 + 3.206
WBC (x10° pL)
Mean * SD error 7996 + 1109 13070 + 4327 9617 + 1781 20789 + 4535*
HCT (%)
Mean * SD error 40.38 + 3.067 42.19 + 4.657 37.58 + 3.505 35.17 £ 2.994
PLT (x103 uL)
Mean + SD error 251.2 + 19.350 357.3+91.79 353.9 + 64.3 232.7 + 47.46
Previous treatment with exogenous progesterone**
Yes 1 (5) 4 (25) 2(13) 10 (59)
No 20 (95) 12 (75) 13 (87) 7 (41)

WBC, White Blood Count; HCT, Hematocrit; PLT, Platelet Count.

* Higher WBC was detected in pyometra compared with mucometra (P = 0.035), CEH (P = 0.0048) and diestrus (P<0.0001, Mann-Whitney test).

** Previous treatment with exogenous progesterone compounds to suppress estrous signs. A significant association of previous progesterone treatment
and pyometra was detected (P = 0.001, Chi-square test).

doi:10.1371/journal.pone.0133894.t001

spectrophotometer (Thermo Scientific, Wilmington, NC, USA) and analyzed using Agilent
2100 Bioanalyzer 6000 Nanochip (Agilent Technologies Inc., Waldbronn, BW, Germany).
Only samples with a RIN (RNA integrity number) higher than 7.0 were considered for use in
the gene expression experiments.
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Gene expression profiling and pathway analysis

Gene expression profiling of 69 endometrial samples was performed using Affymetrix Canine
Gene 1.0 ST Array (Affymetrix, Santa Clara, CA, USA). Data were extracted using the Affyme-
trix Genotyping Console (Affymetrix) and normalized using quantile normalization and robust
multi-array analysis (RMA) background correction. Filtering characteristics of fold-change
-2.0 to 2.0 and a FDR at P<0.05 were used to identify the differentially expressed genes. For
normalization, processing and statistical analysis the limma v3.22.1 package was used (http://
www.bioconductor.org/packages/release/bioc/html/limma.html). The Prism GraphPad soft-
ware was used for Student’s t-test and Kruskal-Wallis test. The molecular processes, functions
and molecular networks were further evaluated by analyzing differentially expressed genes
using Ingenuity Pathways Analysis (IPA) (Ingenuity Systems, www.ingenuity.com). Protein-
protein interaction (PPI) networks were annotated, visualized and analyzed using NAViGa-
TOR v2.03 (http://ophid.utoronto.ca/navigator/). Enrichment analysis by the IPA and PPI net-
work analyses were performed based on human data. The microarray data are available on the
Gene Expression Omnibus repository (GEO, http://www.ncbi.nlm.nih.gov/geo/), accession
number GSE69481.

Results
Clinical data

Eleven different breeds, with the majority being mixed-breed dog, were represented in all
groups (Table 1).

Higher serum levels of progesterone were observed in diestrus group compared with CEH,
mucometra and pyometra (P<0.0001; P<0.0001; P = 0.006, respectively; S1 Fig and Table 1).
Although pyometra samples showed a higher P4 levels in comparison with other uterine disor-
ders, it was not statistically significant. Interestingly, significantly higher serum levels of P4
were detected in dogs with closed pyometra when compared with open pyometra (P = 0.0006,
S2 Fig).

As expected, higher WBC were detected in pyometra group when compared with mucome-
tra (P =0.035), CEH (P = 0.0048) and diestrus (P<0.0001) (Table 1). No difference was
observed for the other hematological parameters.

A significant association of previous exogenous progesterone treatment and pyometra
(P =0.001) was detected. The highest frequency of treated animals was observed in pyometra
(59%, 10/17), followed by CEH (25%, 4/16), mucometra (13%, 2/15) and diestrus cases (5%, 1/
21) (Table 1).

Molecular analysis

Unsupervised hierarchical clustering analysis revealed two main clusters, with mucometra and
pyometra samples showing a strong trend to cluster together, and diestrus and CEH samples
mainly grouped in the other cluster (Fig 1). Pyometra showed 189 differentially expressed
genes in comparison with other groups (diestrus, CEH and mucometra), with 169 overex-
pressed and 20 underexpressed (S2 Table). The SLPI (secretory leukocyte peptidase inhibitor)
gene was detected as having the highest fold change, being 30 times more expressed in pyome-
tra compared with other endometrial tissues (S2 Table). Among the highest upregulated genes
in pyometra, three metalloproteinase genes (MMP13, MMPI and MMP]12) and three S100
family members (S100A12, SI00A8 and SI00A9) were observed. Conversely, the EPHA7
(ephrin receptor A7) gene was detected as having the lowest fold change in pyometra.
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Fig 1. Hierarchical clustering analysis. Dendogram resulted from unsupervised analysis including diestrus, cystic endometrial hyperplasia (CEH),
mucometra and pyometra samples. Cervix condition, estrus cycle phase and previous exogenous progesterone treatment status for each sample are shown.
doi:10.1371/journal.pone.0133894.g001
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Fig 2. IPA network analysis. (A-D) Top networks identified with IPA software for differentially expressed genes in different group’s comparisons: A-B:
Pyometra compared with diestrus, CEH and mucometra. A: Family members of the MMP and S700 genes were detected as central nodes in pyometra and
connected with pro-inflammatory cytokines. The SLP1 gene (highest fold change in pyometra) is also depicted. B: Multiple interactions between the CXCL8/
IL8, a pro-inflammatory gene, and other genes are shown, including the PTGS2/COX2 gene. C-D: Pyometra of animals previously treated with progesterone
compounds compared to pyometra of untreated dogs. C: The proinflammatory cytokine TNF was detected as central with multiple connections with different
genes. D: E2F1 (overexpression) and VEGF (underexpression) products in the treated group. The lines between genes represent known interactions, with

solid lines and dashed lines representing direct and indirect interactions, respectively. Different node shapes represent the functional class of the gene
product. Red and green nodes represent overexpressed and underexpressed genes in each comparison.

doi:10.1371/journal.pone.0133894.g002

Canonical pathway and network analysis by IPA were performed for the differentially
expressed genes in pyometra. Network analysis showed multiple interactions between the
MMP genes and S100 family genes detected with the highest fold change (Fig 2A). In addition,
important interactions between overexpressed CXCL8 gene, a chemokine that is one of the
major mediators of the inflammatory response, and other genes were highlighted, including

the PTGS2/COX2 gene (Fig 2B).
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A comparison between gene expression data in pyometra versus normal endometrium
using the Hagman et al. (2009) [8] findings and our data (pyometra vs. diestrus) was also per-
formed. Concordance of 58 differentially expressed genes was identified, with 33 being under-
expressed and 25 overexpressed in pyometra (Table 2). The SLPI (secretory leukocyte peptidase
inhibitor) gene was detected as being the top up-regulated gene in both studies. In addition,
overexpression of the MMP and $100 family genes was confirmed. To identify specific altered
genes in pyometra, the list of differentially expressed genes detected in pyometra versus other
groups (diestrus, CEH and mucometra) was compared with the list of 58 common genes
detected by Hagman et al [8] data’s comparison. As a result, only 29 (50%) differentially
expressed genes remained on the list, with 22 being overexpressed and 7 underexpressed
(Table 2, highlighted in bold).

The unsupervised clustering analysis (Fig 1) also revealed two distinct groups of pyometra,
one of them being closer to diestrus and CEH samples, with the other clustering with CEH and
mucometra samples, yet still isolated from them. Interestingly, the latter comprised a group of
pyometra specimens obtained from bitches previously treated with exogenous progesterone
compounds. In contrast, the pyometra samples that clustered near the diestrus and CEH sam-
ples were mostly obtained from untreated dogs (Fig 1). These findings indicated different
molecular alterations in pyometra as a result of previous progesterone treatment. Estrous cycle
phase and cervix conditions (open or closed) in each sample are also shown and were randomly
distributed over the groups (Fig 1). In addition, the molecular profile was not correlated with
histopathological features in each group (data not shown).

Further supervised clustering analysis was performed in CEH, mucometra and pyometra
samples according to exogenous progesterone treatment status (Fig 3A). In accordance with
previous unsupervised analysis results, two major clusters were observed, being one composed
by all pyometra samples from treated dogs and the other cluster comprised by the pyometra
samples from untreated animals as well as all by the other groups irrespective of treatment sta-
tus (Fig 3A). These data suggest that pyometra from hormone-treated dogs present a distinct
molecular signature. Therefore, the molecular profile of pyometra according to previous hor-
mone treatment was investigated. Supervised clustering analysis revealed 194 differentially
expressed genes, in treated (N = 10) versus untreated (N = 7) dogs, with 57 being underex-
pressed and 134 overexpressed (Fig 3B). The top 20 differentially expressed genes detected in
this analysis are shown in Table 3. Interestingly, three members of the S100 family (S100A8,
SI00A9 and S100A12) presented the highest fold changes among the up-regulated genes in
pyometra from the hormone-treated group (Table 3). In addition, pro-inflammatory cytokines
and chemokines (TNF, IL1B, IL6, and CCL3, among others) were also upregulated in the
treated animals. Network analysis showed TNF as a central gene with multiple connections
with other genes (Fig 2C) and an overexpression of the transcript factor E2F1 gene interacting
with different genes (Fig 2D).

In order to identify a molecular signature for closed pyometra, a life-threatening condition,
the expression profile of closed pyometra compared with open pyometra was investigated (Fig
3C). Eighty-two differentially expressed genes were detected, but no significant difference was
observed after Bonferroni correction. Characterization of exclusive molecular alterations in
closed and open pyometra was also sought, with the aim of identifying putative biomarkers.
Firstly, two lists of significant genes exclusively expressed in open pyometra versus diestrus and
closed pyometra versus diestrus were generated and further compared to reveal exclusively
altered genes in each group. Interestingly, closed pyometra revealed 70 exclusively altered
genes, while open pyometra had 34 (S3 and S4 Tables, respectively). The top five-upregulated
genes in closed pyometra were LBP, CCL3, IL1B, CXCL10 and ITGAM; while in open pyometra
were FABP3, IL7, TNC, SDCI and CLDN2. With the aim of revealing potential biomarkers and
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Table 2. Comparative analysis of the differentially expressed genes in pyometra versus normal endo-
metrium as described by Hagman et al (2009) [8] and our data.

Genes

SLPI
TFPI2
PTGS2
SMPDL3A
IGFBP1
IL8
S100A8
Cé6
THBS4
S100A9
SPP1
MMP1
SRGN
CXCL14
CCL2
SELL
MS4A7
SERPINE2
AOAH
MMP9
CASP4
CXCL10
FCGR1A
LCP2
C5AR1
EPHA7
SULT1D1
FEZ1
MSXx2
LEF1
MSX1
TFCP2L1
ANK3
CMTMS8
DEPDC7
RASGRP1
SLC30A2
RGS22
DLX5
GCLC
PPAPDC1A
CTH
RHPN2
ALDH1A1
TFF2

(Pyometra versus Normal*)

50.26
47.10
36.59
27.78
27.29
23.68
23.02
22.93
22.82
19.43
18.54
18.21
12.96
12.74
12.54
9.94
9.52
8.33
8.05
7.31
6.92
6.91
6.67
6.11
5.65
-22.05
-18.49
-6.85
-6.15
-5.01
-4.99
-4.89
-4.24
-4.22
-4.09
-4.04
-3.99
-3.88
-3.79
-3.72
-3.68
-3.58
-3.40
-3.19
-3.14

Fold change

(Pyometra versus Normal [8])

344.8
48.1
88.7

194.4

104.4

242.9
56.6
48.5
31.2

160.7
27.7
44.7
53.2
47.0
44.8
28.3
22.7
25.6
37.0
29.4
28.1
31.1
425
23.4
43.4

-26.0
-30.6
-10.7
-7.9
-7.4
-6.3
-15.2
-8.1
-5.7
-6.6
-5.4
-7.4
-8.9
-7.4
-7.0
-6.9
-6.1
-8.0
-7.1
-9.2

(Continued)
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Table 2. (Continued)

Genes Fold change
(Pyometra versus Normal*) (Pyometra versus Normal [8])

SNCAIP -3.08 -10.9
EPHX2 -2.98 -8.3
GRIP1 -2.96 -5.9
WIF1 -2.86 -5.5
SH3BGRL2 -2.85 -6.0
EFHC2 -2.72 -6.1
PPP1R1B -2.65 -6.6
HYI -2.55 -7.9
ENPP6 -2.40 -7.9
FOXA2 -2.38 -7.8
STRBP -2.38 -6.2
NAALAD2 -2.29 -6.4
NDP -2.26 -8.3

* Normal endometrium samples were obtained from dogs in early diestrus.
In bold are indicated those genes that were identified as differentially expressed when pyometra group was
compared with the other groups (diestrus, CEH and mucometra).

doi:10.1371/journal.pone.0133894.t002

therapeutic targets for closed pyometra, a gene set enrichment analysis by IPA was performed,
revealing 21 genes exclusively expressed in closed pyometra (Table 4). The IL1B gene, which
encodes a proinflammatory cytokine, was detected as the highest upregulated gene (Fold
change = 9.29, Table 4). Overexpression of the CXCL10, NNMT, MMP8, F3 and TNF genes
was also identified in closed pyometra (Table 4). Thereafter, PPI networks were constructed
using NAViGaTOR based on genes with altered expression detected exclusively in closed and
open pyometra, in order to highlight potential biomarkers and/or therapeutic targets to ther-
apy for each condition (Fig 4). In closed pyometra, four up-regulated genes were revealed as
potential biomarkers and therapeutic targets, including CXCL10, IL1B, KDR, and TNF. The
LBP gene, detected with the highest fold change, was indicated as a potential diagnostic marker
in closed pyometra. In open pyometra, four overexpressed genes (ITGAV, FGFR3, SRC and
PTGS1) were indicated as potential biomarkers and drug targets.

Discussion

In this study, the global expression profile of pyometra was described in comparison to dies-
trus, CEH and mucometra, with a significant number of cases in each group. A distinct molec-
ular profile for pyometra in female dogs previously treated with exogenous progesterone
compounds compared with untreated dogs was described, indicating that they are, in fact, dis-
tinct molecular entities. This study also explored the molecular profile of closed pyometra, a
condition that remains both a diagnostic and therapeutic challenge, in order to identify puta-
tive biomarkers and/or molecular therapeutic targets.

Unsupervised analysis of transcriptomic profiles allowed the identification of two major
groups, with one of them having essentially diestrus and CEH samples, and the other com-
posed of 7/16 CEH samples, 12/15 mucometra and all pyometra specimens. These data corrob-
orate the current knowledge that CEH may predispose to the development of mucometra and
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Fig 3. Supervised hierarchical clustering analysis of global gene expression data. Supervised analysis according to: A: absence or presence of
previous exogenous progesterone treatment in female dogs with CEH, mucometra and pyometra; B. absence or presence of previous exogenous
progesterone treatment in female dogs with pyometra. C: cervix condition in pyometra (open versus closed).

doi:10.1371/journal.pone.0133894.g003

pyometra. CEH can lead to endometrial thickening with subsequent accumulation of fluids
within uterine cavity, increasing the risk of pyometra or mucometra development [1].

A cross study validation was performed via the comparison of our data (pyometra versus
diestrus) with the Hagman’s data [8] revealing 58 genes in common in both studies, thus con-
firming our findings. However, 50% of these genes (29/58) remained as differentially expressed
in pyometra after the comparison between pyometra versus other groups (diestrus, CEH and
mucometra). This analysis, allowed the identification of altered genes exclusive to pyometra.
The SLPI gene identified as the top overexpressed gene in pyometra encodes an antimicrobial
peptide secreted by epithelial tissues. In addition, SPLI modulates infection and inflammation
by neutralizing lipopolysaccharide (LPS) from Gram-negative bacteria impairing innate
immune activation by toll-like receptors (TLRs) [12]. SLPI was previously reported as
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Table 3. Top 20 differentially expressed genes in pyometra according to previous exogenous progesterone treatment.

Genes

S100A12
S100A9
IL1B
S100A8
PI3

EMR1
LTF

IL6
SLC7A11
CCNB1
PLEK
KMO
CLEC4E
DGAT2
CCL3
CHL1
KRT5
MAMDC2
SPINKS
ALDH1A1

Average treated group

10.76
11.47
7.89
10.20
11.12
9.29
11.40
8.05
8.76
5.92
9.79
7.81
8.28
9.25
9.54
5.56
5.01
6.54
4.48
5.40

Average untreated group Fold change P value Adjusted P value
7.18 11.98 0.0001 0.0028
8.18 9.79 0.0000 0.0010
4.64 9.46 0.0000 0.0010
7.06 8.82 0.0000 0.0013
8.17 7.68 0.0001 0.0024
6.52 6.83 0.0000 0.0022
8.68 6.59 0.0001 0.0036
5.38 6.36 0.0000 0.0016
6.10 6.36 0.0000 0.0002
3.28 6.21 0.0001 0.0029
7.20 6.02 0.0000 0.0010
5.25 5.91 0.0002 0.0044
5.73 5.83 0.0000 0.0012
6.72 5.76 0.0000 0.0008
7.02 5.74 0.0000 0.0011
9.61 -16.57 0.0000 0.0001
8.98 -15.67 0.0000 0.0009
9.81 -9.64 0.0000 0.0000
7.62 -8.83 0.0004 0.0066
8.30 -7.47 0.0000 0.0012

* Differentially expressed genes were defined by a significant Bonferroni correction (P< 0.05).

doi:10.1371/journal.pone.0133894.t003

expressed in woman reproductive tract and induced by progesterone [13]. Up-regulation of the
SPLI in pyometra may be endometrium-protective, both against microorganisms and from
immune-mediated tissue damage.

Notably, both supervised analyses according to hormone treatment status evaluating all
uterine disease samples (CEH, mucometra and pyometra) and only pyometra group confirmed
a molecular signature for pyometra in treated dogs. These findings highlight the molecular
alterations underlying the well-known association of pyometra with progesterone [2], [4].
Overexpression of SI00A8, SI00A9 and S100A12 genes were detected in pyometra, particularly
in the hormone-treated animals. Several S100 proteins, including S100A8, SI00A9 and
S100A12, have been identified as endogenous danger-associated molecular patterns (DAMPs).
DAMPs are intracellular molecules, which are released following cell death and can be recog-
nized by the innate immune system, signaling tissue damage [14], [15]. SI00A8 and S100A9
stimulate the production of the pro-inflammatory cytokines TNF, IL-6, IL-1B and IL-8 [14].
Accordingly, the IL1B and IL8 genes were detected as overexpressed in pyometra group, being
IL1B, IL6 and TNF overexpressed particularly in pyometra of hormone-treated animals. Drugs
targeting the S100A8/S100A9 complex leading to modulation of inflammatory response have
been proposed in the treatment of cardiovascular disease [14]. Thus, high levels of SI00A8 and
S100A9 in pyometra may be a result of tissue damage leading to amplification and/or perpetua-
tion of the local inflammation, being an attractive therapeutic target.

Overexpression of PTGS2/COX2 was detected in pyometra, confirming previous report
[16]. COX-2, also detected as differentially expressed in pyometra of hormone-treated dogs, is
the more important source of prostaglandins and thromboxane A2 in inflammation. Further-
more, COX-2 is downstream of TLR signaling after activation by endogenous S100 proteins
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Table 4. Gene set enrichment analysis in closed pyometra detected by IPA analysis.

Gene

IL1B
CXCL10
NNMT
MMP8
F3

TNF
MMP3
KDR
RARB
PDGFRB
ANGPT1
ADORA2A
PDGFRA
IL2RB
FN1

TEK
FOLH1
ALDH2
ESR1
EPCAM
CHRNA7

doi:10.1371/journal.pone.0133894.t004

Location Type(s) Fold change
Extracellular Space Cytokine 9.29
Extracellular Space Cytokine 6.22
Cytoplasm Enzyme 4.8
Extracellular Space Peptidase 3.83
Plasma Membrane Transmembrane receptor 3.37
Extracellular Space Cytokine 3.07
Extracellular Space Peptidase 2.84
Plasma Membrane Kinase 2.49
Nucleus Ligand-dependent nuclear receptor 2.35
Plasma Membrane Kinase 2.34
Extracellular Space Growth factor 2.29
Plasma Membrane G-protein coupled receptor 2.27
Plasma Membrane Kinase 2.19
Plasma Membrane Transmembrane receptor 2.1
Extracellular Space Enzyme 2.1
Plasma Membrane Kinase 2.07
Plasma Membrane Peptidase -2.02
Cytoplasm Enzyme -2.07
Nucleus Ligand-dependent nuclear receptor 2.4
Plasma Membrane Other -2.36
Plasma Membrane Transmembrane receptor 2.2

and other stimulus like LPS [15]. Thus, in pyometra a continuous activation of TLR by both

endogenous and exogenous stimulus can lead to an exacerbated inflammatory response. COX-
2 interacts directly with CXCL8/IL-8 and CXCL14 (Fig 2B), chemokines that were also overex-
pressed in pyometra. High serum levels of IL-8 were observed in dogs with pyometra, particu-
larly in those that developed Systemic Inflammatory Response Syndrome (SIRS), suggesting
that IL-8 may contribute to the development of a systemic disease in dogs with pyometra [17].
Overexpression of CXCL14 can contribute to inflammatory cell infiltration in pyometra due to
its chemoattractive action in immune cells, like monocytes and natural killer cells [18]. Both
IL8 and CXCL14 are induced by COX2, thus selective COX-2 inhibitors could be an interesting
treatment option in pyometra in terms of control the inflammatory response.

Overexpression of the LTF gene was detected in pyometra of hormone-treated dogs. Lacto-
ferrin gene and protein overexpression were previously reported in pyometra [19]. Lactoferrin
interacts with LPS on the bacterial surface and activates TLR-4 on the surface of phagocytes
and epithelial cells. Interestingly, LTF can also be considered an inflammatory regulator by
impairing LPS ligation to TLR and subsequent activation of the inflammatory response [20].
Thus, LTF might be induced in pyometra to counterbalance the inflammatory response. In
contrast, the pro-inflammatory TNF gene was identified as a central gene in pyometra of hor-
mone-treated dogs (Fig 3C). Considering that TNF has a pivotal role in inflammation, thera-
pies targeting TNF could be considered in pyometra. In conclusion, a more pronounced
inflammatory gene signature for pyometra of treated dogs was revealed, suggesting that repeti-
tive progesterone exposure may contribute to bacterial colonization of the endometrium and
an inflammatory response. This inflammatory environment enables the exposition and recog-
nition of DAMPs by innate immune receptors, such as TLRs and production of pro-
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Gene Expression Profile in Canine Endometrial Lesions

[Exclusive closed pyometra genes]

B D

Diagnosis | AEE788  Tivozanib

Efficacy | Sunitinib  Motesanib
® D Prognosis | Cediranib  O51-930
Pazopanib Telatinib ® B
S Asitinib  Ramucirumab
Diagnosis & D
Efﬁga:y . ® ) X647 Cabozantinib ® . D Diagnosis Adalimumab
Diagnosis | Canakinumab CEP7055  Nintedanib o ) Diseass progression | Etanercept
o Gevokizumab Brivanib  Regorafenib Sisanod Diagnosis Fulvestrant _ Tamoxifen Efficac Infliximab
@Y | Canakinumab/INS Alaninate  Bortezomib. lagnosls Disease progression | Beta-estradiol Raloxifene 2 Ceitolizumab
Prognosls Il CHIR265  Lapatinib Eficacy |5 | Effcacy Bazedoxifene Clomiphene Frognos bl
Gallum nitrate T Prognosis TAS-108 Danazol ';j:e"!”‘e“"he'a”y gﬂ;‘;’:@b
1 ‘ Response to therapy | CC8490 Trilostane Y
1 S v \ MITO-4509  Progesterone
' . v .
' \ R \ 7 ,»
1 b A} I
i \ ‘I 1 1 < ¢
\ ! ' 3
' N~ < [ - o £ =
o \ N [ 1 . <
= < - g = 4 P g = o g
£g223u992s e © L Zz T IS TN 2‘&5 claom Jo T =1 %
EQ.OO_I_J _IECDKO n__n‘—O.On_xomoIL‘CI(Dn:Ou_rxo>-go
X2 0 o0 I O ‘:>‘D<O|—OZ|DQ:LL|'_I_,|_I—V)IZ§DZ'<D_IJJ
2 0O 0roocoozvZoauanonrixxaoadsrEgrgEoumcId w0
AAAAVAAAAAAAVAAAVAA‘AV AAAAAVAVA
Connectivity degree
[ 104
Fold-change
404 24

/\ Overexpression
V  Downexpression

D - Genome Maintenance
P - Translation

T - Transcription

M - Other Metabolism

F - Protein Fate

G - Amino Acid Metabolism
A - Transport and Sensing
Unmatched

L
2 QO N O o ~ L oo < - o« &
a P €882 522 a4dgc
$ Eo ok Z2 2Q F =03 2z g
wog \ E O a < B < O 9 S
= * \z o E 325 2o 9
' A g =
’ N ~
’ ~ S
/' \\\
D
. A h
. d b i [ tami
Efficacy | Atorvastatin Disgriosls 22‘%‘;“;5 gvagnosls Dasatinib s:::fé:‘ Acetarinophen
Nicotinic acid b isease progression | Azu-475271 fe
Tylox;plol Cilengitide Nintedanib Efficacy el lornoxicam  Ibuprofen

Lovastatin/niacin

Lumiracoxib  Butalbital

Prognosis Nintedanib Tenoxicam  Nabumetone
Response to therapy | Bosutinib Ibuprofen  Etodolac
e Esomeprazole Tolmetin

Tamoxifen

[Exclusive open pyometra genes]

Fig 4. Protein-protein interaction (PPI) networks in closed and open pyometra. PPI networks based on altered genes exclusively detected in closed
pyometra and open pyometra and their interactive partners built and visualized with Navigator v.2.3. Potential candidates for biomarkers (B blue circles) and
targets for therapy (Drugs, D orange circles) in closed pyometra and open pyometra are highlighted. Triangles represent the genes with altered expression in

each group and are color-coded according to Gene Ontology (GO). Upright and inverted triangles indicate overexpressed and underexpressed genes,
respectively.

doi:10.1371/journal.pone.0133894.9004

inflammatory cytokines and other inflammatory molecules, such as COX-2, aggravating the
inflammatory process.

With regard to closed pyometra, the inflammatory process can progress to sepsis and SIRS,
present either with or without infection [21]. Interestingly, a high frequency of closed pyometra
was observed among hormone-treated dogs (7/10 cases compared to untreated dogs (2/7). Fur-
ther studies are needed to confirm if repeated exogenous progesterone treatment predisposes
to development of closed pyometra. Treatment with progesterone compounds to suppress heat
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cycles in female dogs is common in countries where spaying dogs is not a routine practice.
Thus, these results are clinically relevant and neutering strategies in intact animals should be
considered since treatment with progesterone compounds might ultimately produce undesired
results. However, care should be taken considering that ovariohysterectomy during diestrus
can lead to subtle progesterone decline and hyperprolactinemia with subsequent pseudopreg-
nancy [22].

In this study, detection of exclusively altered genes in closed and open pyometra combined
with enrichment analysis by IPA and PPI analysis were described, suggesting potential bio-
markers and molecular targets for therapy. In closed pyometra, overexpression of IL1B and
TNF were suggested as therapeutic targets, specifically anti-IL1 and anti-TNF antibodies. In
addition, CXCLI10 overexpressed in closed pyometra is important in host immunity; but its
excessive activation may lead to a detrimental immune response. The CXCL10 protein and its
receptor (CXCR3) have been proposed as therapeutic targets in cancer and in immune-medi-
ated diseases. Ongoing phase II clinical trials MDX-1100-anti-CXCL10, indicated here by PPI
analysis in closed pyometra, have been conducted in inflammatory bowel disease and rheuma-
toid arthritis [23]. High serum levels of CXCL10, IL-6, IL-10, TNF and IL-8 were reported in a
canine sepsis model [24]. Thus, CXCL10 in combination with other cytokines such as TNF are
potential biomarkers for sepsis as a consequence of pyometra progression and also as targets in
anti-inflammatory therapy in pyometra. LBP gene was also suggested as a diagnostic marker in
closed pyometra. LBP is an acute-phase protein synthesized in the liver, but also by epithelial
cells of other tissues, including the reproductive tract [25]. The LBP binds to LPS and other
microorganism components leading to activation of the inflammatory response [25]. LBP
serum levels have been proposed as a useful diagnostic marker in both urinary infections in
children and atherosclerosis, as well as a prognostic marker in acute appendicitis [26]-[28].
Future studies are warranted to confirm LBP as meaningful diagnostic marker in closed pyo-
metra. In open pyometra, PTGS1/COXI overexpression was detected as an exclusively altered
gene. COX-1 is expressed constitutively in most cells and is also responsible for prostaglandin
production during inflammation, which has the potential for being targeted by numerous anti-
inflammatory drugs, including ibuprofen.

Conclusions

To the best of our knowledge, this is the first report that described the expression profile of
pyometra compared with other common uterine diseases, such as CEH and mucometra, in
intact female dogs. In addition, a molecular signature for closed pyometra was described,
which should be further explored to reveal prognostic and predictive biomarkers. Finally, dis-
tinct pyometra expression patterns from progesterone treated and untreated dogs were
observed, with a more pronounced inflammatory signature in treated dogs, which suggests that
previous progesterone exposure may contribute to an exacerbated inflammation in pyometra.
A high frequency of closed pyometra in the hormone-treated group was observed and future
studies are warranted to verify the impact of progesterone treatment on the development of
closed pyometra.

Supporting Information
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