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RESUMO

O hormodnio androgénico di-hidrotestosterona (DHT) possui fundamental
importancia na diferenciacdo sexual masculina e no desenvolvimento e manutengdo da
prostata. Duas enzimas atuam diretamente na concentrag@o deste andrégeno nas células: 1)
com uma funcdo anabolica, a enzima 50-redutase tipo 2 (gene SRD5A2) € responsavel pela
sintese de DHT ao converter testosterona (T) em 50-di-hidrotestosterona e 2) com uma
funcdo catabélica, a enzima 3B- hidroxi desydrogenase/AA’-A’-isomerase de esteréides tipo 2
(gene HSD3B2) é responsével pela degradacdo do DHT, além de contribuir para sintese
indireta de testosterona por uma via anabdlica. Isto exposto, cendrios distintos se
apresentam considerando as atividades deficientes dessas enzimas: i) a deficiéncia
congénita da enzima S50-redutase tipo 2 conduz a uma forma especifica de pseudo-
hermafroditismo masculino (PHM) no qual a conversdo de T em DHT estd nula ou
defeituosa, inviabilizando a virilizagdo normal da genitdlia externa em individuos com
cariotipo 46,XY e ii) em razdo das propriedades bifuncionais da enzima 33-HSD2, tanto na
via de sintese quanto de degradacdo de andrégenos, sua deficiéncia congénita pode
conduzir a quadros clinicos distintos de ambigiiidade genital. No adulto, mutacdes
somdticas que afetem sua atividade enzimdtica podem contribuir para a manifestagdao do

cancer de prostata, pelo acimulo do DHT.

O presente trabalho aborda as duas enzimas esteroidogénicas envolvidas com o
metabolismo da DHT, buscando caracterizar mutagdes germinativas e/ou somadticas que

conduzem a deficiéncias enzimaticas relacionadas a diferentes condi¢des clinicas. Com
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relacdo a deficiéncia em S5d-redutase tipo 2, investigou-se a presenca de mutacdes
germinativas no gene SRD5A2 em amostras de DNA 20 pacientes de sexo genético
masculino com suspeita de deficiéncia em Sa-redutase tipo 2, pertencentes a 18 familias
brasileiras, por meio de sequenciamento direto dos produtos de PCR dos cinco exons do
gene e de suas regides flanqueadoras. Foram identificadas alteragdes moleculares em 18
desses pacientes, compreendendo tanto mutagdes ndo anteriormente referidas na literatura
(G158R, del642T, 217_218insC e IVS3+1G>A), como mutagdes recorrentes ja descritas
em outros grupos étnicos ou em individuos de outras regides geograficas. Os resultados
detalhados, bem como a discussdo, acham-se apresentados no Capitulo III.1, sob a forma de

artigo publicado.

Com relagdo ao gene HSD3B2, foram estudados 9 pacientes de sexo genético
feminino e 3 pacientes de sexo genético masculino com hiperplasia congénita das supra-
renais (HCSR) e diagndstico sugestivo de deficiéncia em 3(3-HSD2. A partir do DNA
genOdmico desses pacientes os exons do gene HSD3B2 foram amplificados por PCR e
submetidos ao sequenciamento direto. Apenas uma mutacdo germinativa (P222Q) foi
detectada em homozigose em um paciente 46,XY com ambigiiidade genital e forma
classica da doenga. A modelagem molecular das enzimas 33-HSD2 nativa e portadora da
mutacdo P222Q permitiu um melhor entendimento das interagdes entre os residuos
responsaveis pela estabilidade da enzima 33-HSD2. Esses resultados sdo apresentados no

Capitulo III.2 sob a forma de artigo a ser submetido para publicacao.
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Nos Capitulos II1.3 e III.4, também sob a forma de artigos, sdo apresentados e
discutidos os resultados da caracterizacdo de mutagdes somdticas do gene HSD3B2 em
tecidos tumorais de 26 pacientes com cancer de prdstata espordadico, para se testar a
hipétese de que mutagdes somaticas nesse gene poderiam levar a deficiéncia em 3(3-HSD2
conduzindo a uma diminuicdo na degradacdo de DHT intraprostatico. Para a detec¢do das
mutagdes, trés técnicas distintas foram empregadas: sequenciamento, SSCP e SNaPshot.
Também foram pesquisadas a instabilidade de microsatélites (MSI) e a perda de
heterozigose (LOH) por meio da andlise da repeticio polimérfica no intron 3 do gene
HSD3B2. Em paralelo, amostras de tecidos normais adjacentes as dreas tumorais foram
examinadas para se verificar a presenga ou auséncia dessas mutagdes no DNA
constitucional. Trinta e oito alteragdes moleculares restritas ao DNA tumoral foram
detectadas em 21 dos 26 pacientes estudados, compreendendo 18 mutacdes missense, 9
mutacdes silenciosas, 2 substitui¢des nucleotidicas na regido promotora, 4 substituicdes na
regido 5'-UTR, 2 substituicdes na regido 3'-UTR, 2 substitui¢des em introns e uma delegdo.
A instabilidade de microsatélites (MSI) foi identificada em material tumoral de 14
pacientes, dos quais 11 apresentavam instabilidade da repeticdo (sendo mais freqiiente a
reducdo do tamanho da repeti¢do) enquanto que outros 3 apresentaram perda total de um
dos alelos (LOH). No Capitulo III.3 € apresentado a caracterizagao molecular, por meio da
técnica de Gel Shift, de 3 substituicdes nucleotidicas localizadas nas regides promotora e 5'-
UTR. Sdo também apresentados no Capitulo III.3 os resultados da caracterizacdo
bioquimica de 8 novas mutagdes missense (L6P, R17K, V191, L34S, F88S, N148S, T152A
e E192A) sobre a atividade da 33-HSD2. Foi possivel constatar que sete dessas variantes

levam a inativacdo enzimdtica total e que somente a enzima portadora da mutacdo T152A
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promove um aumento de quase 2 vezes na atividade de degradacdo da DHT quando

comparada a enzima nativa.

Finalmente, uma andlise minuciosa das seqii€éncias adjacentes as substituicdes
nucleotidicas somadticas observadas nas amostras tumorais acima analisadas revelou que
estas ocorrem principalmente em dimeros de purinas, sugerindo um padrdo especifico de
substituicdo e transi¢des em sua grande maioria. Essas observagdes, de acordo com a
hipétese de progressao do cincer pelo acimulo de mutacdes somaticas nos genes humanos
(fenotipo mutagénico), conduziram a uma andlise mais ampla, envolvendo outros genes
relacionados (SRD5A2) ou ndo (HPRT) ao cancer de prostata. Esta andlise compreendeu
também uma revisao de literatura sobre o padrdo de mutacdes somdticas descritas para os
genes H-ras, N-ras, Ki-ras, PTEN, p53 e AR em cancer de prdstata e de 11 genes no cancer
de mama. Esse trabalho foi ainda complementado pela investigacdo e andlise de mutacdes
somadticas nos genes que codificam DNA polimerases propensas a erro (POLB, POLH e
POLK) nas mesmas amostras de cancer de prostata. Os resultados desse estudo, descritos e
discutidos no Capitulo III.4 evidenciam a existéncia de um possivel motif conservado de
nove nucleotideos rico em purina (NNUPURI) que poderia ser o alvo da maioria das
mutagdes somadticas no cancer de préstata humano, decorrentes de um mecanismo de reparo

de DNA propenso a erros.
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SUMMARY

The androgenic hormone dihydrotestosterone (DHT) has fundamental relevance in
normal male sexual differentiation and in prostate development and maintenance. Two
enzymes act directly on the regulation of DHT concentration at cellular level: 1) with an
anabolic function the steroid Sa-reductase type 2 enzyme (SRD5A2 gene) leads to DHT
synthesis by converting testosterone (T) in Sa-dihydrotestosterone and 2) with a catabolic
pathway the 3B-hydroxysteroid dehydrogenase/A5-A4-isomerase type 2 enzyme (HSD3B2
gene) is responsible for DHT degradation, besides contributing to indirect synthesis of
testosterone in an anabolic pathway. Thus, different scenarios can be considered regarding
the deficiencies in the activities of these enzymes: i) congenital steroid Sa-reductase type 2
enzyme deficiency leads to a specific form of male pseudohermaphroditism (MPH), where
the conversion of T into DHT is defective or inexistent, preventing normal virilization of
the external genitalia in individuals with a 46,XY karyotype; and ii) due to the bi-functional
properties of the 38-HSD2 enzyme, either at synthetic or degradation androgen pathways,
its congenital deficiency can lead to distinct manifestations of genital ambiguity.
Furthermore, in the adult, somatic mutations that affect 3-HSD2 enzymatic activities

could contribute to prostate cancer manifestation, due to DHT accumulation.

The present work approaches these two steroidogenic enzymes involved with the
DHT metabolism, aiming to characterize germinal and/or somatic mutations leading to
enzymatic deficiencies related to different clinical conditions. Concerning the steroid Sa-

reductase type 2 deficiency, we screened for germinal mutations on SRD5A2 gene in DNA
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samples of 20 patients from 18 Brazilian families with suspected SRD5A2 deficiency, by
directly sequencing of the PCR products from the five exons and flanking regions of the
gene. Molecular alterations were detected in 18 of these patients, comprising either
mutations not previously reported in the literature (G158R, del642T, 217_218insC e
IVS3+1G>A) as well as recurring mutations already described in other ethnical groups or
in individuals from other geographical regions. The detailed results and corresponding

discussion are presented at Chapter III.1, as a published paper.

Concerning the HSD3B2 gene, 9 female and 3 male unrelated patients suspected to
be suffering of congenital adrenal hyperplasia (CAH) due to 33-HSD2 deficiency were
studied. The PCR products from the 4 exons and flanking regions of the HSD3B2 gene,
obtained from DNA genomic samples, were directly sequenced. Only one germinal
mutation (P222Q) was detected in homozygosis in one male patient with genital ambiguity
and classical form of the disease. Molecular homologous modeling of 33-HSD2 was
performed to obtain a better understanding of the effect of this mutation on the enzyme

22 a5 an important residue for the folding

activity. The proposed model emphasizes Pro
pattern of the enzyme. This result is presented and discussed in Chapter III.2, as a paper to

be submitted to publication.

At Chapters II1.3 and IIL.4, the results of the screening for the HSD3B2 somatic
mutations in tumoral tissues of 26 sporadic cases of prostate cancer are presented and
discussed, in view of the hypothesis that somatic mutations in this gene could lead to 3f3-

HSD2 enzymatic deficiency, thus reducing the rate of intraprostatic DHT
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degradation.Three distinct techniques were employed for mutation detection: sequencing,
SSCP and SNaPshot. Microsatellite instability (MSI) and loss of heterozygosis (LOH) were
also investigated by the analysis of a polymorphic repeat located at the third intron of the
HSD3B2 gene. In parallel, samples of normal tissues (adjacent to tumoral areas) from the
same patients were examined to verify the presence or absence of mutations in
constitutional DNA. Thirty-eight molecular alterations restricted to tumoral DNA were
detected in 21 of the 26 patients, comprising 18 missense mutations, 9 silent mutations, 2
nucleotide substitutions at the promoter region, 4 substitutions at 5'-UTR, 2 substitutions at
3'-UTR, 2 intronic nucleotide substitutions and one deletion. Microsatellite instability was
identified in tumoral material from 14 patients, with eleven cases showing instability (most
frequently a reduction of the repeat size), while the other three showed a complete loss of
one of the alleles (LOH). Chapter III.3 describes the molecular characterization by gel shift
analysis of three nucleotide substitutions located at the promoter and 5' UTR regions. Also
at Chapter IIL.3, the results of biochemical characterization of 8 new missense somatic
mutations (L6P, R17K, V191, L34S, F88S, N148S, T152A e E192A) on the 33-HSD2
activities are presented and discussed. It was possible to demonstrate that seven of these
enzymatic variants lead to total inactivation of enzyme activities and that only the T152A
substitution promotes an almost two-fold increase in the reductase activity of the 33-HSD2

enzyme when compared to the native enzyme.

Finally, a detailed analysis of the sequences adjacent to the somatic nucleotide
substitutions observed in the above reported tumoral samples revealed that these changes
occurred predominantly within purine duplets, suggesting a specific pattern of

substitutions, mostly composed by transitions. These observations, according with the
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hypothesis of cancer progression due to accumulation of somatic mutations in human genes
(mutator phenotype), leaded to a larger analysis, involving other genes directly related
(such as SRD5A2) or not (such as HPRT) to prostate cancer, and also including a literature
review of the pattern of somatic mutations described for the genes H-ras, N-ras, Ki-ras,
PTEN, p53 and AR in prostate cancer and for 11 genes in breast cancer. This work was
further improved with the investigation and analysis of somatic mutations in error-prone
DNA polymerase genes (POLB, POLH and POLK) in the same prostate cancer samples.
The results of this study are fully described and discussed at Chapter II1.4, pointing out to
the existence of a putative conserved sequence that conforms to a Nine-Nucleotide Purine-
Rich (NNUPURI) motif, which may be the target sequence of somatic mutations in human

prostate cancer as a consequence of an error-prone DNA repair mechanism.
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I- INTRODUCAO

1 — Andrégeno Sa-di-hidrotestosterona (DHT)

A 5a-di-hidrotestosterona (DHT) é o produto da Sa-reducdo da testosterona (T).
Embora se acreditasse inicialmente que a DHT fosse um metabdlito inativo da T,
evidéncias posteriores indicaram que, na verdade, o hormonio DHT tem um papel

fisiolégico fundamental nos tecidos genitais (Russel e Wilson, 1994).

A acdo androgénica da T e da DHT € mediada pelo receptor de andrégenos (RA). A
DHT, e menos eficientemente a T, liga-se ao RA o que desencadeia a fosforilagdo e
dimeriza¢do do complexo formado. Em seguida, inimeros co-ativadores transcricionais se
ligam ao esse complexo que € entdo translocado ao nucleo celular, passando a ativar a
transcricdo de genes por meio de sua ligagdo aos elementos responsivos aos andrégenos
localizados dentro ou adjacentes aos genes sob seu controle (Marcelli e Cunningham, 1999;
Cude et al.,, 1999). Dessa maneira a DHT regula a transcricdo de inumeros genes

envolvidos nas mais diversas funcdes bioldgicas como diferenciacdo e proliferacdo celular.

A DHT € o andrégeno mais potente nas células, com poténcia 50 vezes maior que a
apresentada pelo seu precursor, a T. De fato, com a conversdo de T em DHT hd uma
potencializa¢do da ac@o androgénica e isto ocorre por 3 motivos principais: i) a DHT tem

uma afinidade 4 vezes maior pelo receptor; além disso, a T dissocia-se do receptor com



velocidade 4 a 5 vezes mais rdpida do que aquela observada com a DHT. ii) o complexo
DHT-receptor ¢ mais estdvel e iii) a DHT é mais efetiva em estabilizar o receptor de
andrégenos nas conformacgdes estruturais adequadas para a ligacdo aos sitios alvos de

DNA.

Dois eventos bioldgicos dependem da agdo da DHT: a diferenciagdo sexual
masculina e o desenvolvimento dos tecidos genitais dependentes de andrégenos, como o

epididimo, as vesiculas seminais e a prostata.

1.1 - Acao da DHT na diferenciacio sexual masculina

A DHT possui importincia fundamental na diferenciagdo sexual masculina,
sobretudo na virilizagdo da genitdlia externa e no desenvolvimento dos caracteres sexuais

secunddrios durante a puberdade (Moore, 1978; Beiguelman, 1982).

De maneira sucinta, a diferenciacdo sexual masculina tem inicio a partir da
determinacdo do sexo cromossdmico do zigoto. Uma vez estabelecido um embrido com o
sexo heterogamético (cromossomos sexuais X e Y), tem-se a diferenciacdo da gdénada
bipotencial em testiculo e a diferenciacio masculina dos primérdios genitais internos e
externos. O primeiro vestigio de hormdnios androgénicos no testiculo fetal é observado por
volta das 8" e 9* semana ap0s a fertilizacdo com a produgdo, pelas células de Leydig, do
andrégeno testosterona. Em seguida a T € convertida, pela acdo da enzima 50-redutase de

esterdides, em DHT (Russel ef al., 1994).



Apesar de ligarem-se ao mesmo receptor no nucleo das células-alvo, a DHT e seu
precursor, a T, possuem funcdes fisioldgicas distintas. A testosterona é fundamental para a
virilizacdo dos primérdios genitais internos, o que resulta na formacgdo do epididimo, duto
ejaculatorio, vesicula seminal e vasos deferentes. A testosterona controla também o

processo de espermatogénese e regula a producdo de gonadotrofinas (Russel et al., 1994).

A DHT, por sua vez, promove a virilizacdo da genitdlia externa (Moore, 1978;
Beiguelman, 1982). Compdem os rudimentos genitais externos o tubérculo genital, as
saliéncias labio-escrotais e as duas pregas genitais que ladeiam o seio urogenital. Sob acio
da DHT, o alongamento das pregas genitais formard o corpo do pénis, na extremidade do
qual a glande serd desenvolvida a partir do tubérculo genital; a fusdo das saliéncias 14bio-
escrotais dard origem ao escroto e a uretra serd formada a partir do seio urogenital com a
fusdo das pregas genitais. A DHT atua também na formacdo dos caracteres sexuais
secunddrios masculino durante a puberdade, com o desenvolvimento dos pélos sexuais, o

crescimento genital e o surgimento de acne.

A deficiéncia na sintese de DHT conduz a um quadro clinico de ambigiiidade
genital em individuos com cariétipo 46,XY. Isto ocorre por que a auséncia de DHT

acarretard virilizagdo incompleta dos genitais externos.

1.2 — Acao da DHT no desenvolvimento da préstata

z

Além de ser essencial para a diferenciacio sexual masculina, a DHT ¢

imprescindivel para o desenvolvimento de outros tecidos genitais como, por exemplo, a



prostata (Russel et al., 1994; Mahony et al., 1998). A T e seu metabdlito mais potente, a
DHT, sdo os principais andrégenos na préstata e possuem um papel essencial no
desenvolvimento e manutencdo desta glandula (Barstch, et al., 1990). Durante o
desenvolvimento fetal humano, a prostata diferencia-se a partir do seio urogenital por volta
da décima segunda semana de vida intra-uterina. Durante este periodo e por intermédio dos
androgenos secretados pelo testiculo fetal, tem-se a formacdo do epitélio glandular a partir
da diferenciagcdo das células endodérmicas, assim como a formacdo do estroma e fibras
musculares a partir do mesénquima (Moore, 1978). O grau de diferenciacdo destas células
mesenquimais sob a a¢do da DHT ditard o tamanho final da préstata. A regulacdo da
prostata pelos andrégenos ndo se resume apenas ao desenvolvimento fetal, pois mesmo
ap6s atingir o tamanho adulto, a prdstata necessita de uma continua estimulacdo por

andrégenos para sua manutencao.

Além de necessdrios para a diferenciacdo e manutencdo normais da prdstata, os
andrégenos também estdo associados ao desenvolvimento do cancer de prostata, sobretudo
quando em concentragdes elevadas. O aumento da sintese de DHT ou a deficiéncia na
degradacdo deste andrégeno nas células prostaticas leva a um excesso de DHT, que pode
resultar num crescimento celular descontrolado (Ross et al., 1998; Bosland, 2000; Ruijter et

al., 1999; Henderson e Feigelson, 2000).



1.3 — Metabolismo da Sa-di-hidrotestosterona

Duas enzimas controlam diretamente a concentracdo intracelular da DHT: as
enzimas 50-redutases de esterdides sdo responsaveis pela sintese da DHT e as enzimas 3[3-
hidroxi-esterdides desidrogenases de esterdides (33-HSDs) agem na inativagdo deste

androgeno (Figura 1) (Russel e Wilson, 1994; Labrie et al., 1992).

SINTESE DE DHT INATIVA(;AO DE DHT
Sa-redutase 3BHSD
OH OH OH
NADPH NADP* NADH NAD*
0] (0] i OH i
H H
TESTOSTERONA 5a-DI-HIDROTESTOSTERONA 38 173ANDROSTENEDIOL

Figura 1. Esquema parcial das vias anabdlica e catabdlica da DHT. A sintese de DHT € obtida
com a conversdo de T em DHT catalisada pela enzima 50-redutase, ao passo que a inativacdo de
DHT é€ catalisada pela enzima 3[3-HSD.

As enzimas 50-redutases participam do metabolismo de hormdnios esterdides que
apresentam um grupo cetona no carbono 3 (3-ceto) e duplas ligagdes entre os carbonos 4 e
5 (ligacio A*™). Estas enzimas utilizam o NADPH como cofator para a reducdo de duplas

ligacdes (ligagio A*’) com a adi¢do de hidrogénio ao carbono 5 (50-) do anel A da



testosterona. Ao converter T em DHT as enzimas S50-redutases amplificam a acdo
androgénica destes hormonios. No entanto, a0 mesmo tempo em que a Sd-reducio

potencializa a acdo da DHT ela também favorece a sua propria inativacao.

A inativacdo da DHT fica a cargo das enzimas 33-HSDs numa reagdo que tem o
NADH como cofator. A 5a-reducao da DHT torna o grupo cetona no carbono 3 deste
andrégeno mais suscetivel a hidroxilagdo pelas 33-HSDs. Esta hidroxilagdo irreversivel
reduz a afinidade de ligacdo da DHT ao receptor de andrégenos, o que a torna mais
hidrofilica e favorecendo sua excre¢do. Além do seu papel na inativacdo de andrégenos, as
enzimas 3[3-HSDs também controlam de uma maneira indireta a produgdo de T por meio de

uma via metabdlica alternativa que serd abordada adiante.

2 — Enzimas 5a-redutases

As enzimas 50-redutases participam do metabolismo de hormdnios esterdides que
apresentam a configuracio 3-ceto, A*® como a testosterona. Duas isoenzimas da 50-

redutase catalisam a 50-reducido de T em DHT: a Sa-redutase tipo 1 e a Sa-redutase tipo 2,

codificadas pelos genes SRD5A1 e SRD5A2, respectivamente (Russel e Wilson, 1994).



2.1 — Genes SRD5A1 e SRD5A2

Os genes SRD5AI e SRD5A2 sao compostos por 5 exons, 4 introns e sitios de
splicing idénticos. A similaridade entre as seqiiéncias nucleotidicas é de aproximadamente
50%. O gene SRD5A1, localizado no cromossomo 5p15, codifica a 5a-redutase tipo 1, uma
proteina de 259 aminodcidos expressa principalmente no couro cabeludo, na pele e no
figado. O gene SRD5A2, localizado no cromossomo 2p23, codifica a Sa-redutase tipo 2,
uma proteina de 254 aminodcidos expressa preferencialmente nos tecidos genitais

(rudimentos genitais externos e prostata).

Atribui-se a Sa-redutase tipo 1, principal isoenzima do couro cabeludo, a recessio
temporal dos cabelos (Wilson et al., 1993). A Sa-redutase tipo 2, por sua vez, tem grande
importancia fisioldgica nos tecidos genitais. Esta importancia € ressaltada pela constatacao
de que a deficiéncia de Sa-redutase tipo 2 conduz ao pseudo-hermafroditismo masculino

(PHM), um quadro clinico de virilizagdo incompleta dos genitais externos em individuos

com cariotipo 46,XY (Thigpen et al., 1992; Russell et al., 1994).

3 — Enzimas 3f-hidroxi-esterdides desidrogenases (33-HSDs)

As enzimas 3(3-hidroxi-esteréides desidrogenases (33-HSD, do ingles 33-Hydroxy-
Steroid Dehydrogenase) sdo enzimas bifuncionais que catalisam a oxidag@o a isomerizac¢ao

de substratos A’-3B-hidroxi-esteréides em A'-keto-esteréides numa reagdo seqiiencial



fundamental na sintese de todos os hormonios esterdides, principalmente glicocorticéides,

mineralocorticéides, progesterona, estrégenos e androgenos (Labrie ef al., 1992).

Com relagdo aos andrégenos, as 33-HSDs controlam ndo apenas a degradacdo de
DHT como também a produgdo de T por intermédio de duas vias metabdlicas distintas: i),
com a atividade de Redutase, iniciam o processo irreversivel de inativagdo da DHT numa
reacio NADH dependente, e ii) com a atividade de Desidrogenase/Z’-A4" Isomerase, tendo
o NAD" como cofator, promovem a sintese indireta de T ao converter DHEA
(dihidroepiandrosterona) em androstenediona, um precursor da testosterona. Desta forma, a
enzima 3(B-HSD regula a disponibilidade de andrégenos em muitos 6rgdos e tecidos
humanos e, portanto, desempenha um papel crucial na diferenciacdo e desenvolvimento dos

mesmeos.

Em humanos, duas isoenzimas da 33-HSD altamente similares sdo conhecidas: a
3B-HSD tipo 1 e a 3B-HSD tipo 2 codificadas pelos genes HSD3BIl e HSD3B2,

respectivamente.

3.1 - Genes HSD3B1 e HSD3B2

Sete membros extremamente similares quanto a seqii€éncia nucleotidica compdem o
cluster génico das 33-HSDs localizado no cromossomo 1p13 (Labrie ef al., 1992; McBride
et al., 1999). Os genes HSD3BIl e HSD3B2 expressam enzimas ativas, enquanto os 5

membros restantes sdo pseudogenes (HSD3BW1-5). Embora tenham o cédon inicial ATG



em posi¢do equivalente aquela encontrada nos genes ativos, os pseudogenes nao sao
processados corretamente porque possuem cdédons de parada prematuros e sitios
alternativos de splicing (McBride et al., 1999). Os genes HSD3B1 e 2 possuem um padrao
distinto de expressao tecido-especifico. A isoenzima 3(3-HSD tipo 1, codificada pelo gene
HSD3BI, é expressa nos tecidos periféricos e placenta, enquanto a isoenzima 33-HSD tipo
2, codificada pelo gene HSD3B2, estd presente nas gonadas, nas adrenais e na prostata.
Ambos os genes consistem em 4 exons e 3 introns com tamanhos semelhantes e um alto

grau de similaridade entre as seqiiéncias (Lachance et al., 1991; McBride et al., 1999).

O gene HSD3B2 é composto de 4 exons dos quais o exon 1 e os primeiros 89
nucleotideos do exon 2 compdem a regido ndo traduzida na extremidade 5 do gene (regido
5’-UTR). O exon 4 codifica os 270 aminoacidos finais da enzima e também contém 413
nucleotideos da regido 3’-UTR. O intron 3 do gene HSD3B2 possui uma complexa
repeticao dinucleotidica [(TG),(TA),(CA),] altamente polimoérfica cujas variagdes alélicas
foram associadas a grupos étnico-raciais com predisposi¢des distintas ao cancer de prostata

(Verreault et al., 1994; Devgan et al., 1997).

4 — Ambigiiidade genital

Face a complexidade das anomalias que levam aos distirbios da diferenciacio

sexual humana, Maciel-Guerra e Guerra Junior (2002) propdem a seguinte classificacio das

ambigiiidades genitais, baseados em aspectos clinicos e laboratoriais:



I.  Distirbios da diferenciacao gonadal — disttrbios na diferenciacdo das gonadas,

podendo haver ambigiiidade genital.

II.  Pseudo-hermafroditismo feminino — individuos com cariétipo 46,XX, com

ovarios e graus variados de virilizacdo dos genitais externos.

III. Pseudo-hermafroditismo masculino — individuos com cariétipo 46,XY, com
testiculos e deficiéncia ou auséncia de virilizacdo dos genitais externos e

internos.

IV. Outros — anomalias dos genitais internos ou externos que ndo sio decorrentes

de aberragdes cromossdmicas, anomalias gonadais, ou distirbios hormonais.

Cada uma dessas categorias abriga um ndmero varidvel de fatores etiolégicos
distintos, devidamente abordados em Maciel-Guerra e Guerra Jr (2002), cuja descricdo
poderia se tornar exaustiva no presente tépico. A seguir, serdo abordados mais
especificamente os distirbios da diferenciagdo sexual decorrentes das deficiéncias
enzimaticas da Sa-redutase tipo 2 (Pseudo-hermafroditismo masculino por deficiéncia em
S5a-redutase tipo 2) e da 3[B-HSD tipo 2 (Hiperplasia Congénita da Supra-Renal por

deficiéncia em 33-HSD tipo 2).
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4.1 - PHM por deficiéncia em Sa-redutase tipo 2

O pseudo-hermafroditismo masculino (PHM) consiste na deficiéncia ou auséncia
de virilizacdo dos genitais externos e, eventualmente, internos em individuos do sexo
masculino (cariétipo 46,XY) (Thigpen et al., 1992; Wilson et al., 1993; Russell et al.,
1994). Uma das causas de PHM € a deficiéncia em Sa-redutase tipo 2, uma doenga
autossdmica recessiva na qual a conversdo de T em DHT ¢ nula ou defeituosa. Esta
deficiéncia resulta de mutacdes deletérias no gene SRD5A2. Os individuos afetados quase
que invariavelmente apresentam ambigiiidade genital. H4, no entanto, uma ampla
heterogeneidade de manifestagdes fenotipicas, com afetados exibindo desde genitélia
externa com estruturas quase femininas (hipospadia pseudovaginal perineo-escrotal) até um
fendtipo masculino sem qualquer sinal clinico grave -caracteristico deste distirbio

(Sinnecker et al., 1996).

Até o presente momento foram descritas mais de 40 mutacdes no gene SRD5A2, em
sua maioria mutagdes missense € nonsense (Human Gene Mutation Database - gene
SRD5A2, 2005). No entanto, pequenas delecdes e mutagdes nos sitios de splicing também
ja foram descritas. A identificacdo de mutacOes idénticas em diferentes grupos étnicos e de
regides geograficas distintas sugere a existéncia de possiveis regides “hotspots” no gene
SRD5A2. Por outro lado, mutacdes similares dentro de um mesmo grupo étnico seriam

derivadas de mutacdes presentes em ancestrais comuns.
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Um outro papel do gene SRD5A2 foi constatado na etiologia do cancer de préstata
(Reichardt et al., 1995; Makridakis et al., 1999). Neste caso, porém, as mutacdes
identificadas conduzem a um ganho de atividade da enzima S0-redutase 2, o que leva a um

aumento na sintese de DHT. Este assunto serd abordado no tépico seguinte.

4.2 —- HCSR por deficiéncia em 33-HSD tipo 2

As supra-renais sdo responsdveis pela producdo dos glicocorticoides,
mineralocorticéides e andrégenos. A biossintese desses esterdides envolve a presenca de
inimeras enzimas esteroidogénicas. O controle enddcrino dessas vias metabdlicas da-se
por um mecanismo de feedback negativo. Isto é, o cortisol produzido inibe a produ¢do do
hormdnio adrenocorticotréfico hipofisario (ACTH) e do hormonio hipotalamico liberador
de corticotropina. A deficiéncia em uma dessas enzimas esteroidogénicas leva a hiperplasia
congénita das supra-renais (HCSR). Isto ocorre porque a defici€éncia na sintese de cortisol
leva ao aumento da secre¢do de ACTH que, ao estimular cronicamente as supra-renais,
provoca a hiperplasia destas glandulas. Como resultado desta hiperplasia, ha um desvio na

producdo hormonal normal (Marini & Mello, 2002).

A HCSR decorrente da deficiéncia da enzima 3(3-HSD tipo 2 é uma doenga
autossOmica recessiva rara. Uma vez que a 33-HSD2 € a isoenzima exclusiva de gonadas e
adrenais, a deficiéncia nesta enzima prejudica a sintese de esterdides nesses dois tecidos.
Os individuos afetados, tanto meninos quanto meninas, podem apresentar ambigiiidade

genital. Em fetos masculinos, a diminui¢do na sintese de andrégenos leva ao pseudo-
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hermafroditismo masculino decorrente de virilizagdo incompleta da genitdlia externa. Em
fetos femininos, a virilizagdo da genitdlia externa € branda e ocorre devido a conversio, nos
tecidos periféricos, do DHEA acumulado em andrégenos mais potentes (Castro & Elias,
2004). Devido também a insuficiéncia na sintese de aldosterona, outra manifestagdo clinica
da HCSR ¢ a perda de sal que, se ndo tratada adequadamente, pode ser fatal. Duas formas
de HCSR por deficiéncia em 33-HSD2 sdo conhecidas: a forma classica, de diagndstico
precoce e com subtipos perdedores ou ndo de sal, e a forma ndo cldssica, ndo perdedora de

sal e de diagndstico mais tardio.

Mais de 30 mutagdes no gene HSD3B2 foram descritas em pacientes com HCSR
por deficiéncia da 33-HSD2 (Human Gene Mutation Database - gene HSD3B2, 2005).
Mutagdes que abolem completamente a atividade da enzima conduzem a forma cldssica
perdedora de sal, enquanto mutacdes que ainda mantém alguma atividade enzimdtica

conduzem a forma classica ndo perdedora de sal.

5 — Cancer de Prostata

O cancer de prostata € uma doenca multifatorial complexa, com fatores genéticos e

ambientais envolvidos em sua etiologia (Lalani, et al., 1997). Atribui-se ao cancer de

prostata a segunda maior causa de mortalidade por cancer em homens, sendo superado

apenas pelo cancer de pulmdo. No Brasil, somente para o ano de 2005, estimou-se que
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46.330 casos novos de cancer de préstata, o que torna este tipo de cancer um grave

problema de satde ptblica (INCA, 2005).

Os fatores de risco mais importantes atribuidos ao cancer de prostata incluem idade,
origem étnica e fatores genéticos (Ross et al., 1998; Ruijter et al., 1999). Entretanto, visto
que o cancer de prostata € uma doenca complexa e de natureza multifatorial, fatores
externos como estilo de vida, nutricdo, atividade fisica e fatores ambientais também

desempenham um papel crucial na carcinogénese da préstata.

A idade € um fator de risco extremamente importante no cancer de prostata, uma
vez que tanto a incidéncia como a mortalidade aumentam exponencialmente apds os 50
anos de idade. De fato, este tipo de cancer é extremamente raro antes dos 40 anos de idade
e a incidéncia aumenta consideravelmente a partir dos 65 anos, mais do que em qualquer
outro tipo de cancer. Como resultado, cerca de 70% dos casos sdo diagnosticados em
homens com mais de 65 anos. Este aumento exponencial com a idade € uma caracteristica
bastante peculiar do cancer de prostata e nenhum outro tipo de cancer apresenta aumento de

incidéncia com o avancar da idade tdo expressivo quanto esse.

Ao lado da idade, outro fator de risco bastante importante no cancer de prostata € a
origem étnica. Ao menos nos Estados Unidos, estudos epidemioldgicos tém demonstrado
que hd uma variagdo significante na incidéncia, e até mesmo na gravidade, de cancer de
préstata entre os vdarios grupos étnico-raciais daquele pais. Por exemplo, a incidéncia de
cancer de prostata nos caucasdides € quase metade daquela observada entre os negroides,

sendo que asidticos apresentam a menor incidéncia (Ross et al., 1998).
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Considerando os fatores genéticos, ha duas formas distintas de cancer de préstata: a
forma hereditdria e a esporddica. Embora a maioria dos casos seja esporddica, estima-se
que aproximadamente de 5 a 10% de todos os casos da doenga apresentam um histérico
familiar positivo. O cancer de prostata hereditdrio caracteriza-se por apresentar um inicio
precoce e historico familiar de muitos individuos afetados. O cancer de prostata esporadico
representa a grande maioria dos casos diagnosticados. Ao contrdrio da forma hereditaria, o
cancer de prostata esporddico apresenta um inicio tardio e sem registro prévio de cincer na
familia. Os estudos que abordam o céancer de prostata esporddico tém-se concentrado nos

genes envolvidos com a progressio do cancer (Nwosu et al., 2001; Hughes et al., 2005).

Indmeros genes e loci génicos associados aos canceres de prostata hereditdrio e
esporadico tém sido propostos (Hughes et al., 2005). Estudos conduzidos por Chant et al.
(2002), por exemplo, t¢m demonstrado uma associacdo dos genes HSD3B1 e HSD3B2 com
a suscetibilidade ao cancer de préstata, quer seja hereditario ou esporddico. Em comum, os
genes e loci génicos associados as duas formas de cancer de prostata apresentam evidéncias
de ligacdo ao fendtipo maligno bastante contraditdrias, havendo estudos que confirmam tal
ligacdo e estudos que demonstram nimeros discordantes ou mesmo a auséncia de ligacdo
(ver Nwosu et al., 2001, e Hughes et al., 2005, para uma revisdo). Em verdade, andlises de
ligacdo sdo extremamente dificeis e limitadas sobretudo para o cancer de préstata, o que em
parte explica a razdo de tantos resultados controversos. Estas dificuldades se devem ao
carater poligénico do cancer de prdstata, com envolvimento de multiplos genes, com

penetrancia varidvel e elevada heterogeneidade de loci.
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5.1 — Metabolismo de andrégenos na prostata

Os androgenos sao fundamentais para o crescimento e a manuten¢do normais da
prostata (Barstch et al., 1990; Cheng et al.,1993), mas também desempenham papel
importante no desenvolvimento da hiperplasia benigna e do cancer de prdstata, sobretudo
quando em concentragdes elevadas (Ross e al., 1998; Ruijter et al., 1998; Henderson e
Feigelson, 2000; Bosland, 2000). Isto ocorre por que o excesso de androgenos na prostata,
seja ele causado por aumento da sintese de testosterona (T) ou de Sa-di-hidrotestosterona
(DHT), ou por diminui¢do da inativaciao destes hormonios, tende a um crescimento celular

descontrolado, o que resulta no cancer de prostata.

A concentracio de andrégenos na prostata € regulada pelas enzimas
esteroidogénicas. Estas enzimas atuam tanto na sintese como na inativagdo dos androgenos
(Barstch et al., 1990). J4 que o cancer de prostata € uma doenca andrégeno-dependente,
genes que codificam enzimas esteroidogénicas representam fortissimos candidatos a
predisposicdo e progressao do cancer de prostata (Ross et al., 1998; Henderson e Feigelson,

2000; Makridakis e Reichardt, 2004).

A enzima 50-redutase 2, codificada pelo gene SRD5A2, converte a T em DHT.
Muitos relatos t€ém mostrado a associagdo deste gene na predisposi¢do ao risco de cancer de
prostata, com uma forte variacdo étnica-racial (Reichardt et al., 1995, Makridakis et al.,

2004). Uma possivel contribui¢do do gene SRD5A2 a progressdao do cancer também tem
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sido proposta, baseada nos achados de mutagdes somadticas e instabilidade de micro-

satélites identificados nesse gene (Akalu et al., 1999).

Além da enzima 50-redutase 2, uma outra enzima a ser considerada na carcinogénese
da préstata € a desidrogenase de 3[-hidroxi-esterdides. Como mencionado anteriormente,
as enzimas 3(3-HSD atuam nas vias metabdlicas dos mineralocorticéides, glicocorticéides e
na biossintese dos hormonios sexuais. Uma das causas do excesso de andrégenos na
préstata pode estar no gene HSD3B2, visto que a enzima codificada por este gene estd
diretamente envolvida no metabolismo de DHT naquela glandula. Alteracdes na atividade
desta enzima levariam a um aumento nos niveis de andrégenos, o que conduziria ao cancer.
Por esta razdo, o gene HSD3B2 representa um fortissimo candidato a progressdo e a

predisposi¢do ao cancer de prostata.

De fato, nos tdltimos anos a enzima 33-HSD2 tem merecido especial aten¢do na
pesquisa do cancer de préstata em funcio de seu papel crucial tanto na sintese de T quanto
na degrada¢do de DHT. Estas duas vias metabdlicas da 33-HSD sao fundamentais na
regulacdo dos niveis de andrégenos na préstata. Em verdade, o fato da enzima 3[3-HSD2
degradar DHT torna esta enzima uma candidata potencial na etiologia do cancer de
prostata. Sendo assim, € de fundamental importancia o estudo de mutacdes e/ou
polimorfismos que podem interferir na atividade final da enzima 3[3-HSD2, seja alterando

as propriedades cinéticas da enzima seja alterando os niveis de expressdo do gene.
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5.2 — Fenotipo mutador e selecao clonal na carcinogénese

O desenvolvimento do cancer é um processo lento que envolve o acimulo de
alteragdes cromossOmicas € de um grande nimero de mutacOes nas cé€lulas cancerosas
(Tomlinson et al., 2002). Este crescente actimulo de alteracdes gendmicas, a medida que o
tumor progride, parece constituir um pré-requisito para a transformacdo maligna de um
tumor. A manutencio da integridade do genoma humano depende de inimeros processos
que garantam a acurdcia ndo apenas da replicacio do DNA mas também do processo de
segregacdo dos cromossomos. Tanto a eficdcia quanto a fidelidade da replicacio do DNA
dependem da auséncia de danos no DNA ou de alteragdes estruturais na forca de
replicacdo, pois estes danos podem retardar ou mesmo bloquear o processo replicativo.
Entretanto, o DNA nas células é passivel de danos por inimeros agentes enddgenos e
exogenos. Estes danos podem desencadear um processo de carcinogénese que envolve erros
substanciais na replicacio do DNA, déficit no reparo do DNA e alteragdes na segregacio

cromossomica (Martin, 1991).

O cendrio acima exposto tem conduzido a formulacdo de duas teorias distintas,
porém ndo excludentes, da origem do cadncer. Em relacdo ao acimulo progressivo de
alteracOes genéticas a medida que o tumor progride, Nowell sugere a feoria clonal da
origem do cancer (Nowell, 2002). Segundo este autor, a evolug¢do do cancer seria resultado
da selecdo sucessiva de células contendo mutagdes que conferem vantagens de crescimento.
As células assim selecionadas atingiriam dominancia clonal com a proliferacio de sua
progénie o que, em ultima andlise, constituiria o tumor com actimulo de tais mutagdes

vantajosas (Nowell, 2002).
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No tocante as células cancerosas extremamente instaveis geneticamente, Loeb propde
a teoria do fendtipo mutador (tradu¢do livre do inglés "mutator phenotype") na
carcinogénese (Loeb, 2001). Segundo esta teoria, a instabilidade do genoma das células
cancerosas € resultado de mutacdes em genes que atuam na manutenc¢do da integridade
genOmica. Tais mutagdes ocorreriam num periodo precoce da evolugdo do tumor e
provocariam um aumento na taxa de mutacdes. Conseqiientemente, € numa reagdo em
cascata, essas mutagcdes podem, por sua vez, potencializar o surgimento de novas mutacdes
ao incidir em outros genes que também mantém a integridade gendmica ou mesmo incidir
em genes associados com as etapas do processo carcinogénico. Visto que mutagdes geradas
por instabilidade genética seriam provavelmente eventos aleatorios, somente seriam
selecionadas mutagdes que proporcionassem vantagem seletiva suficiente para gerar uma

populacido clonal de células cancerosas.

O fenotipo mutador manifestar-se-ia por alteragdes moleculares diversas tais como
mutacdes pontuais, instabilidade de microssatélites e perda de heterozigose (Loeb et al.,
2003). A etiologia de cada uma destas alteragdes moleculares no DNA seria ndo menos
diversa. A instabilidade de microssatélites, por exemplo, resultaria de mutacdes ou da
inativacdo dos genes envolvidos com o reparo de mau pareamento do DNA. Este € o caso
de pacientes com cancer colorretal hereditario sem polipose nos quais mutagdes nos genes
MSH?2 e MLH1, envolvidos com aquele tipo de reparo, sdo responsaveis pela alta incidéncia
de mutagdes e de instabilidade de seqiiéncias repetitivas (Fishel, 2001). Alteracdes
estruturais, como a perda de heterozigose, envolveriam genes que atuam na recombinacao
génica e na segregacio dos cromossomos. E as mutacdes pontuais podem ser originadas por

erros na sintese de DNA e/ou por reparo inadequado do DNA. Presume-se que estas
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mutagdes ocorreriam indiscriminadamente, sejam em genes correlatos ou ndo a
tumorigénese, em regides codificantes e ndo-codificantes e envolvendo uma amplitude de
alteracOes tais como transi¢des ou transversdes, conduzindo as mutagdes missense,
silenciosas ou criando um codon de parada, e delecdes e insercdes, que podem alterar o

quadro de leitura (Loeb, 2001 e Loeb et al., 2003).

5.3 — Fenotipo mutador no cancer de prostata

As primeiras evidéncias sugerindo um fendtipo mutador no cancer de prostata
apontam para os genes que codificam DNA polimerases e para aqueles envolvidos com o
mecanismo de reparo do DNA. Estes dados remontam a década passada com os resultados
de Dobashi et al. (1994), com a deteccdo de mutacGes no gene da polimerase Beta em
tecido tumoral prostético, e os de Gao et al. (1994), cujos resultados ilustraram o papel que
o mecanismo de reparo do DNA pode desempenhar no surgimento de instabilidades de
repeticdes nucleotidicas no cancer de prdstata. Desde entdo, e como serd brevemente
descrito a seguir, novos resultados t€ém sido descritos evidenciando a presenca de um

fenotipo mutador na etiologia do cancer de prostata.

A polimerase Beta € codificada pelo gene POLB e participa do mecanismo de reparo
de DNA por excisdo de bases por meio de sua atividade reparadora de bases excisadas.
Porém esta sintese é propensa a erros, uma peculiaridade que pode conferir a polimerase
Beta um potencial mutador. Tem sido demonstrado que a elevada expressiao do gene POLB
pode afetar a estabilidade cromossdmica e diretamente participar das mudangas associadas

ao cancer (Bergolio et al., 2002). A elevada expressdo do gene POLB no tecido tumoral
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prostatico assim como a deteccdo de mutacdes somdticas neste gene tem sugerido que o
gene POLB pode estar envolvido com a carcinogénese da prostata humana (Dobashi et al.,

1994, Srivastava et al., 1999; Bhattacharyya et al., 2002).

As indica¢Oes mais recentes de um fenotipo mutador no cancer de préstata por
defeitos no reparo de DNA referem-se aos genes envolvidos com o mecanismo de reparo de
pareamento inadequado do DNA (genes PMSI, PMS2, MLHI, MSH2, MSH3 e MSH6). Tal
mecanismo € responsdvel pela correcdo de nucleotideos erroneamente incorporados durante
a replicacdio do DNA. A deficiéncia desta atividade reparadora gera uma instabilidade
genética marcada por elevada taxa de mutacdes, sobretudo nas repeti¢cdes nucleotidicas
denominadas microssatélites. No caso do céancer de préstata, os resultados mais
proeminentes dizem respeito a redu¢do, ou mesmo auséncia, de expressao dos genes PMS],
PMS2, MLHI e, principalmente, MSH2, tanto em tecido tumoral prostitico como em
linhagens celulares obtidas do cancer de prostata (Yeh et al., 2001; Velasco et al., 2002;
Chen et al., 2003). Em comum, estes trabalhos sugerem que a instabilidade de
microssatélites observada no cancer de prostata é causada por deficiéncia do mecanismo de
reparo por pareamento inadequado e concluem que a instabilidade genética assim gerada

parece desempenhar um papel importante no desenvolvimento tumoral.

5.4 - Potencial mutador das DNA polimerases

Além do gene POLB, novas polimerases foram recentemente identificadas e
parecem desempenhar uma acdo efetiva na mutagénese in vivo com possiveis implicacdes

7z

no desenvolvimento do cancer (Kunkel, 2003). Este € o caso da polimerase zeta (gene
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POLZ) e das polimerases que compdem a familia Y: polimerase Eta (gene POLH), lota

(gene POLI), Kappa (gene POLK) e Rev1 (gene REV]).

Ao contrdrio das polimerases Delta e Epsilon (principais polimerases do maquinario
de replicacdo), as polimerases Eta, Iota, Kappa e Zeta ndo possuem atividade de
exonuclease 3’-5’ (funcdo revisora de erros), replicam o DNA com baixa fidelidade e
processividade e sdo capazes de replicar sobre lesdes no DNA (Goodman, 2002). A
capacidade de replicar DNA danificado confere a essas polimerases uma fungio essencial
no processo de replicacdo do DNA. Conforme exposto acima, lesdes no DNA ou alteracdes
estruturais na forca de replicacio podem retardar ou mesmo bloquear o processo
replicativo. Nesta situacdo, as polimerases Eta, lota, Kappa e Zeta substituem
temporariamente as polimerases convencionais (Delta e Epsilon) que foram barradas pelas
lesdes no DNA. Desta forma elas impedem que a replicacdo do DNA seja suspensa, o que
evita a morte celular. Uma vez finda a replicacio do DNA danificado, as polimerases
convencionais retornam a forca de replicacdo e ddo continuidade a sintese do DNA.
Finalmente, as bases lesionadas e/ou incorporadas erroneamente sdo corrigidas pelo

mecanismo de reparo de DNA (Friedberg et al., 2002; Kunkel, 2003).

No entanto, o fato das polimerases da familia Y replicarem DNA com baixa
fidelidade e processividade faz com que apresentem elevado potencial mutador, uma vez
que tal replicac@o € propensa a erros (Tissier et al., 2000; Friedberg et al., 2002; Goodman,
2002; Washington et al., 2002). Nessa replicacdo pouca acurada, nucleotideos incorretos
sdo introduzidos a fita recém sintetizada a partir das bases lesionadas, e sem a atividade de

exonuclease 3’-5" esses erros ndo sdo corrigidos. O potencial mutador € ainda mais
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pronunciado quando deficiéncias no mecanismo de reparo do DNA impedem que as bases
lesionadas e/ou incorporadas erroneamente sejam corrigidas. Este efeito mutador das
polimerases Eta, lota, Kappa e Zeta é observado nio apenas quando da replicacdo de DNA
danificado, mas também de DNA nado danificado. De fato, elas replicam DNA nao
danificado com uma taxa de erros de 2 a 4 vezes maior se comparado a replicacio efetuada

pelas polimerases Delta e Epsilon (Gearhart ez al., 2001).

A capacidade de replicar DNA danificado e a subseqiiente propensao a erros € uma
propriedade que depende do tipo de lesdo no DNA, das seqii€ncias nucleotidicas adjacentes
a lesdo e do tipo de polimerase envolvida. Cada uma das polimerases desempenha fungdes
especificas e com eficiéncia varidvel de acordo com o tipo de lesdes no DNA com que se
deparam. Portanto, na auséncia ou deficiéncia de uma DNA polimerase especifica a
determinada lesdo, a génese de mutacdes durante a replicacio de DNA danificado
envolveria uma acdo coordenada de enzimas ndo especificas para a lesdo em questdo
(Johnson et al., 2000). Esta ag¢do coordenada envolveria DNA polimerases responsdveis por
inserir um nucleotideo oposto a lesdo e outras polimerases que estenderiam a cadeia de

DNA a partir deste nucleotideo inserido.

Por fim, o potencial mutador destas polimerases pode ser manifestado tanto na
deficiéncia quanto na hiperatividade das mesmas. E a génese de mutacdes depende de
quando, quais polimerases e em quais circunstancias elas sdo recrutadas para a replicacdo

do DNA, seja ele danificado ou ndo.

23



II - OBJETIVOS

O presente trabalho aborda o estudo de duas enzimas esteroidogénicas envolvidas
com o metabolismo da DHT e as conseqiiéncias clinicas originadas por deficiéncias em tais
enzimas, decorrentes de mutacOes germinativas e/ou somadticas nos genes SRD5A2 e

HSD3B2.

Neste sentido, os objetivos deste trabalho foram:

1. Em relacdo a Sa-redutase tipo 2, investigar mutagdes germinativas no gene
SRD5A2 que pudessem estar relacionadas a manifestacio do PHM, em

pacientes com sinais clinicos sugestivos de sua deficiéncia, e

2. Com relagdo a 3[3-hidroxi-esteréide desidrogenase tipo 2, buscou-se a
identificacdo de mutacdes germinativas no gene HSD3B2 em pacientes com
HCSR e a caracteriza¢do bioquimica e molecular de mutacdes somaticas em

pacientes com cancer de prostata esporadico.
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IIT - RESULTADOS

Capitulo III.1 - Artigo publicado

Hackel, C.; Oliveira, L.E.C.; Ferraz, L.F.C.; Tonini, M.M.O.; Silva, D.N.; Toralles, M.B;
Stuchi-Perez, E.G. e Guerra-Junior, G. (2005) New mutations, hotspots, and founder

effects in Brazilian patients with steroid 5a-reductase deficiency type 2. Journal of

Molecular Medicine, 83: 569-576.

Este artigo descreve a investigacdo de mutagdes germinativas no gene SRD5A2 em
pacientes com quadro clinico sugestivo de PHM por deficiéncia em Sa-redutase tipo 2.
Foram analisados 20 pacientes, de 18 familias distintas, que apresentavam ambigiiidade
genital e elevada razdo T/DHT. Consangiiinidade entre os pais foi observada em 6 casos. A
triagem de mutagdes no gene SRDS5A2 foi realizada a partir do sequenciamento direto dos
exons e respectivas regioes flanqueadoras amplificados por PCR a partir do DNA gendmico

dos pacientes.

Foram detectadas mutagdes em 18 pacientes, sendo 11 pacientes com mutacdo em
homozigose, 4 heterozigotos compostos e 3 pacientes com mutagdes em apenas um dos
alelos (em heterozigose). Em dois pacientes nio foi detectada nenhuma mutacao deletéria.

A ndo detec¢do de mutacdes deletérias nestes pacientes € nos 3 pacientes heterozigotos
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pode ser devido a localizacdo de possiveis mutacdes em outras regides além daquelas

submetidas ao sequenciamento direto como, por exemplo, os introns e a regido promotora.

Das 11 mutagdes deletérias identificadas 4 sd3o novas e ainda ndo descritas na
literatura: a mutacdo missense Glyl158Arg, a dele¢do del642T, a substituicdo nucleotidica
intronica IVS3+1G>A e a insercdo 217_218insC. Este artigo relata o primeiro caso na
literatura de uma inser¢do no gene SRDS5A2. Foram observadas as seguintes mutacoes
recorrentes: Gly183Ser (6 pacientes), GIn126Arg (4), Arg246Trp (3), Glyl58Arg (2) e
Gly196Ser (2 pacientes). A mutacdo Gly183Ser, por exemplo, foi detectada em 6 pacientes
ndo correlacionados, todos de descendéncia africana, sugerindo um possivel efeito fundador
desta mutacdo na populagdo brasileira. Por outro lado, a recorréncia das mutacOes
GIn126Arg, Gly196Ser e Ala207Asp em grupos étnicos distintos sugere provaveis hotspots
no gene SRD5A2. A mutacdo Glyl196Ser, por exemplo, ja foi descrita no Brasil, Suécia,

Turquia e Grécia.
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Abstract Mutations of the steroid Sa-reductase type 2
(SRD5A2) gene in 46,XY subjects cause masculinization
defects of varying degrees, due to reduced or impaired en-
zymatic activity. In this study, sequence abnormalities of the
SRD5A2 gene were assessed by polymerase chain reaction
with specific primers and automated sequencing analysis
in DNA samples from 20 patients with suspected steroid
Sa-reductase type 2 deficiency from 18 Brazilian families.
Eleven subjects presented SRD542 homozygous single-
base mutations (two first cousins and four unrelated pa-
tients with G183S, two with R246W, one with del642T,
one with G196S, and one with 217_218insC plus the A49T
variant in heterozygosis), whereas four were compound het-
erozygotes (one with Q126R/IVS3+1G>A, one with Q126R/
del418T, and two brothers with Q126R/G158R). Three pa-

C. Hackel : L. E. C. Oliveira - L. F. C. Ferraz -

M. M. O. Tonini

Centro de Biologia Molecular e Engenharia Genetica,
Universidade Estadual de Campinas (UNICAMP),
Campinas, SP, Brazil

C. Hackel (<)

Departamento de Genetica Medica, Faculdade de Ciencias
Medicas CP6111, Universidade Estadual de

Campinas (UNICAMP),

13083-970 Campinas, SP, Brazil

e-mail: hackel@unicamp.br

Tel.: +55-19-37881145

Fax: +55-19-37888909

C. Hackel - E. G. Stuchi-Perez - G. Guerra-Junior
Grupo Interdisciplinar de Estudos da Determinacao e
Diferenciacao do Sexo, Faculdade de Ciencias Medicas,
Universidade Estadual de Campinas (UNICAMP),
Campinas, SP, Brazil

D. N. Silva - M. B. Toralles

Departamento de Pediatria, Faculdade de Medicina,
Universidade Federal da Bahia (UFBA),

Salvador, BA, Brazil

G. Guerra-Junior

Departamento de Pediatria, Faculdade de Ciencias Medicas,
Universidade Estadual de Campinas (UNICAMP),
Campinas, SP, Brazil

27

CHRISTINE HACKEL

received her PhD in biology
from the Instituto de Biocien-
cias of the Universidade Esta-
dual de Sao Paulo in Sao Paulo,
Sao Paulo, Brazil. She is pres-
ently an associate professor of
human genetics in the Medical
Genetics Department at the
Faculdade de Ciencias Medicas
of the Universidade Estadual de
Campinas and an associate re-
searcher at the Centro de Bio-
logia Molecular e Engenharia
Genetica at the same Institution,
in Campinas, Sio Paulo, Brazil.
Her major scientific interests
focus on the molecular aspects
of sex determination and dif-
ferentiation disorders.

GiL GUERRA-JUNIOR

received his PhD in pediatrics
from the Faculdade de Ciencias
Medicas of the Universidade
Estadual de Campinas in Cam-
pinas, Sao Paulo, Brazil. He is
presently an associate professor
of pediatrics in the Pediatrics
Department at the Faculdade
de Ciencias Medicas of the
Universidade Estadual de
Campinas, and is one of the
coordinators of the Grupo In-
terdisciplinar de Estudos da
Determinacao e Diferenciacao
do Sexo—GIEDDS at the same
Institution. His research inter-
ests include clinical and hor-
monal aspects of various
disorders of steroid metabolism,
sex determination and differen-
tiation, and endocrine and ge-
netic disturbances leading to
short stature.

tients were heterozygous for A207D, G196S, and R266W

substitutions. The V89L polymorphism was found in het-
erozygosis in one of them (with A207D) and in one case
with an otherwise normal gene sequence. The A49T variant
was also detected in heterozygosis in the second case with-
out other sequencing abnormalities. Four patients harbor
yet non-described SRD5A42 gene mutations: a single nu-
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cleotide deletion (del642T), a G158R amino acid substitu-
tion, a splice junction mutation (IVS3+1G>A), and the
insertion of a cytosine (217_218insC) occurring at a CCCC
motif. This is the first report of a single-nucleotide insertion
in the coding sequence of the SRD5A42 gene. In addition to
these new mutations, this investigation reveals the preva-
lence of G183S substitution among a subset of African—
Brazilian patients and presents evidences of the recurrence
of already known mutations.

Keywords Male pseudohermaphroditism -
Differentiation - Mutation - Splice defect

' Vlntroduction

The steroid Sx-reductase type 2 enzyme is encoded by the
SRD5A2 gene on chromosome 2 and is predominantly ex-
pressed in external genital tissues and prostate. Steroid Sx-
reductase type 2 deficiency, an autosomal recessive disorder
(OMIM 607306), leads to the impairment of the conversion
of testosterone (T) to dihydrotestosterone (DHT). Both hor-
mones bind to the same androgen-receptor protein in cell
nuclei, but perform different physiological roles: T plays a
major role in the stimulation of Wolffian ducts during sex-
ual differentiation and probably in the control of spermato-
genesis, whereas DHT is considered the essential androgen
for normal development of external genitalia in the male
fetus [1]. DHT also mediates most events of male puberty,
including maturation of facial and body hair, genital, and
prostate growth,

The diagnosis of Sx-reductase type 2 deficiency can be
difficult, mainly before the age of puberty. It should be
suspected in all prepubertal male pseudohermaphrodites,
especially those with perineal hypospadias and in those who
virilize at puberty without evidence of gynecomastia. In the
majority of cases, this diagnosis can be confirmed by dem-
onstration of an abnormally high T/DHT serum ratio before
and/or after hCG administration [2-4]. Early diagnosis of
Sa-reductase type 2 deficiency is important because of its
bearing on the assignment of sex in the affected infant. If the
gonads are not removed, virilization occurs during puberty;
as a consequence, individuals who were raised as females
frequently experience a postpubertal change in gender iden-
tity and role from female to male [5). Considering the nat-
ural history of this disease, male assignment of neonatal
diagnosed patients would be the recommendation of choice
[2], but differentiation of a female gender identity also oc-
curs in a minority of patients [6].

Mutations of the SRD542 gene in 46,XY subjects result
in a spectrum of external genital phenotypes ranging from
complete female to nearly complete male with mild symp-
toms of undermasculinization [5, 7, 8). To date, over 40
different mutations scattered throughout the gene have been
described. Most of them are missense or nonsense muta-
tions, although total deletion of the gene and nucleotide
deletions as well as splice-junctions alterations have also
been reported [9-11]. Some of them are recurrent mutations
reported among various ethnic groups, whereas others pre-
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sumably reflect a founder effect. In addition, polymor-
phic variations at codons 49 (A49T) and 89 (V89L) have
been correlated with masculinization defects and may rep-
resent genetic risk factors for the occurrence of hypospa-
dias [11, 12].

In this paper, we report the molecular data of SRD5A2
gene from 18 families and 20 patients with suspected ste-
roid Sa-reductase type 2 deficiency from three different
services in Brazil, in order to provide evidence of the muta-
tional spectrum of this disease and its relevance for correct
diagnosis and genetic counseling.

Patients and methods

Twenty patients with clinical signs of 5«x-reductase type 2
deficiency from 18 unrelated families were included in this
study. Informed consent was obtained from all patients or
parents according to the approved by the Ethics Commit-
tee of Faculty of Medical Sciences from State University
of Campinas (UNICAMP), Sao Paulo, Brazil. The clinical

dia_gnnsis was based on amhignnnc ggnitalia in p"ﬁ“"lts
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with 46,XY karyotype and elevated testosterone/DHT ratio.
Some patients, in pubertal age, had also virilization without
gynecomastia.

Eleven patients from ten families were followed in an
interdisciplinary service for diagnosis and treatment of in-
tersex cases in Campinas, Brazil (UNICAMP, patient num-
bers 5-9, 12, 14, 15, 18, 19, and 20 in Table 1). The other
eight patients from seven families were followed in a ge-
netics service in Salvador, BA, Brazil (State University
of Bahia, patient numbers 1 to 4, 10, 11, 13, 17 in Table 1)
and one patient in a pediatrics service in Sao Paulo, SP,
Brazil (State University of Sao Paulo, patient number 16 in
Table 1). Patients 1 and 2 are cousins, and patients 14 and 15
are brothers.

The clinical data, as age at diagnosis, sex at first con-
sultation, definitive sex assignment, family history of sex
ambiguity, consanguinity, classification of the external gen-
italia according to Sinnecker et al. [7] criteria and pubertal
development were obtained retrospectively. Total T and
DHT serum levels were also obtained retrospectively and
confirmed with new evaluation at UNICAMP. The total T
measurement was performed with commercial kit by elec-
trochemiluminescence (Roche Elecsys 2010) and the DHT
measurement by solid phase radioimmunoassay, with the
n-hexane technical extraction procedure. In the prepubertal
patients who were older than 4 months, the samples for
total T and DHT determinations were collected following
hCG stimulation (Profasi-Serono, 2000 IU, IM, for 3 con-
secutive days and collected at the 4th day).

Genomic DNA was isolated from blood leukocytes of the
patients according to routine protocols. Polymerase chain
reaction (PCR) products generated by exon flanking prim-
ers [13] were purified using the Wizard PCR Preps kit
(Promega, Madison, Wis., USA) and were sequenced using
the ABI377 Automated DNA Sequencer (PerkinElmer,
Applied Biosystems) according to the manufacturers’ pro-
cedure. All sequencing reactions were performed with PCR
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Table 1 Clinical features, ethnic background, geographical origin, and molecular data of 20 subjects with Sa-reductase deficiency from 18

Brazilian families. T Testosterone, DHT dihydrotestosterone

Patient Consanguinity/ Age at  External Gonadal T/ Social Ethnic Molecular lesion Other
family history ~diagnosis genitalia® position DHT sex  background/ Type Location Mutation molecular
(years) R/L ratio geographical variation
origin
Class 1: homozygotes
1° 4+ 5 4b n 86° F AE/BA Missense Exon3 G—A,
G183S
2b +/+ 2 4b 1) 50° F AE/BA Missense Exon3 G—aA,
G183S
3 -/~ 16 3b S/S 87 M AE/BA Missense Exon3 G—A,
G183S
4 -/~ 27 3b n 95¢ F AE/BA Missense Exon3 G—aA,
G183S
5 +- 21 days 3b S/S 70 F AE/BA Missense Exon3 G—A,
G1838
6 -/~ 20 3b /S 96! F—M AE/SP Missense Exon3 G—A,
G183S
7 +H+ 16 3b s 82 F°  EMG Missense Exon4 G—aA,
» . G196S
8 +H+ 3 months 3b S/S 70° ?—F AE/BA Missense Exon S C—T,
R246W
9 +/- 14 3b n 65¢ F—M AE/SP Missense Exon 5 C-T,
R246W
10 o 19 3b S/S 874 M AE/BA Frameshift Exon 1 217 218 A49T
insC (heterozygous)
11 -/- 19 3b I’S 30 F AE/BA Frameshift Exon 4 del642T
Class 2: compound heterozygotes
12 -~ 18 3b S/S 159  F—M8 E/SP a) Missense ~ Exon2 A—G,
. QI26R
b) Frameshift Exon 2 418delT
13 —f 15 3b S/S 9%’ F AE/BA a) Missense Exon 2 A-G,
QI26R
b) Splice Exon 3/ IVS
junction intron3 +1G>A
14" -+ 2 3b S/S 51° ?-M E/SP a) Missense Exon 2 A-G,
QI26R
b) Missense Exon3 G-C,
GI158R
15" -4+ 4 3b /s 38"  F-M FE/SP a) Missense  Exon2 A—G,
QI126R
b) Missense Exon 3 G—A,
G158R
Class 3: heterozygotes
16 —/- 2 3a S/S 91° M E/SP Missense Exon 5 C-T,
R246W
17 -/~ 8 3b 11 21° AE/BA Missense Exon4 C—A  V8IL
A207D  (heterozygous)
18 —/- 1 month 3b S/S 25¢ M E/SP Missense Exon 4 G—A,
G196S
Class 4: no abnormality identified
19 -~ 23 3a /s 879 M E/SP - - - V8IL

(heterozygous)
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Table 1 (continued)

Patient Consanguinity/ Age at  External Gonadal T/ Social Ethnic Molecular lesion Other
family history diagnosis genitalia® position DHT sex  background/ Type Location Mutation molecular
(years) R/L ratio geographical variation
origin
20 -~ 4 3b S/S 25° F—-M E/SP ~ - - A49T
(heterozygous)

I Inguinal, § scrotal, F female, M male, ? undefined, AE African—European-derived, E European-derived, BA State of Bahia, MG State of
Minas Gerais, SP State of Sao Paulo, R right, L left
®According to the classification of Sinnecker et al. [7]
First cousins
“After hCG stimulation
9Basal
“Ferraz et al. [14]
Data before gonadectomy
8Ferraz et al. [15]
"Brothers

Fig. 1 Partial sequences of the Patients Controls
SRD3A2 gene showing the new S o o

mutations detected in the pres- AT e e e e e e Ty TR
ent study. a In patient no. 10, the ‘

insertion of a C between nucle-
otides 217 and 218 of the first
exon leads to a premature stop at
codon 135; b In patient no. 11, Ia\
the deletion of a T in exon 4 I
leads to an OREF alteration. ¢ In Q“
patient no. 13, a G—A mutation :
in the donor splice site of the
third intron and d In patient

no. 14, a G—A mutation in the
third exon replaces a glycine (G)
to an arginine (R) at position
158; The arrows point to the
mutations. N = G/A

C C acC A AG & T A
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products from two separate reactions, using sense and

antisense primers. The A49T and the V89L genotypes were
determined for the heterozygous patients, as well as for the
two without sequencing abnormalities. In one case (patient
no. 11), the exon 1 PCR product was cloned in the vector
pGEM’, using the Easy Vector Cloning kit (Promega),
followed by sequencing analysis with the exon-specific
primers.

‘Results

The clinical features of the subjects are summarized in

Table 1. Patients’ ages varied from 21 days to 27 years; ten
were more than 14 years old and only one has not already
reached puberty (case 13), whereas the others were below
8 years of age and in prepubertal stage. Female was the
initial sex assignment in 12 patients, male in six, and un-
defined in two. The definitive sex of rearing was female in
seven cases and male in 13 cases. Consanguinity was
registered in five families, and five others had similar cases
(cases 1 and 2 are cousins, and cases 14 and 15 are brothers).
The genital ambiguity according to Sinnecker et al. [7]
criteria was grade 4b in two patients (cases 1 and 2), grade
3a in other two (cases 16 and 19), and grade 3b in the
remainder cases, with palpable gonads in all cases. The total
T levels varied from normal to elevated levels for age and
pubertal stage, whereas the majority of patients had DHT
values close to the lower limit of the method, varying from
0.03 ng/ml to 0.06 ng/ml. Three patients had been submitted
to gonadectomy before present evaluation, and T/DHT ratio
was not repeated.

The patients’ ethnical and geographical origins and mu-
tations are also summarized in Table 1. Twelve patients
belonged to families with reported mixed ancestries (Afri-
can- and European-derived) and, with exception of patient
no. 9, were born in Bahia, a northeastern Brazilian state with
a highly miscigenated population. Present-day African-
Brazilians are considered the product of an original African
gene pool that received European and Amerindian genes for
about 12 generations [16]. The other eight patients were
reported as European-derived only and were born either in
Minas Gerais state (one case) or in Sao Paulo state (seven
cases). Both states are located in a southeastern region,
which received a greater contingent of European immigra-
tion in the last two centuries, composed mainly by Por-
tuguese, Italian, Spanish, and German individuals.

Four new mutations were identified: the insertion of a
cytosine between nucleotides 217 and 218 in the first exon
(217_218insC), the deletion of a thymine at position 642
of exon 4, a point mutation at the donor-splicing site of the
third intron (IVS3+1G>A), and a C—G transition at codon
158 leading to amino acid substitution (G158R) (Fig. 1).
Eleven subjects presented SRD542 homozygous single-
base mutations (six with G183S, two with R246W, one with
del642T, one with G196S, and one with 217_218insC),
whereas other four were compound heterozygotes (one with
QI26R/IVS3+1G>A, one with Q126R/del418T and two
brothers with Q126R/G158R). In addition, three were het-
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erozygous for A207D, G196S, and R266W substitutions,
and in one case, no sequencing abnormalities were detected.
Two of them were heterozygous for the V8L polymor-
phism: patient no. 17 with the A207D substitution, and
patient no. 19 with no sequencing abnormalities. Patient no.
20 was heterozygous for the A49T variant, without other
molecular alterations. The finding of both homozygous
217_218insC and heterozygous A49T mutations in the first

+ £ tha DD
exon of patient no. 10 on direct sequencing of the PCR

product was confirmed by the cloning procedure.

Discussion

Because the diagnosis of steroid Sa-reductase type 2
deficiency is sometimes difficult due its clinical variability
and cannot be ruled out by a lack of an elevated T/DHT
ratio, the molecular characterization of the mutations is a
relevant tool for the correct ascertainment of this disease.
The investigation of this series of Brazilian patients’ sus-
pected steroid Sa-reductase type 2 deficiency leads to the
findings of four new mutations, reveals the prevalence of
G183S substitution, and presents evidences of the recur-
rence of already known mutations.

The six missense mutations detected in the present series
(Q126R, G158R, G183S, G196S, A207D, and R246W) are
mutations that lead to amino acid substitutions occurring in
conserved regions of the type 2 enzyme of humans, rats, and
monkeys [17], suggesting that these positions are important
for enzymatic activity. Indeed, the causative role or the
Q126R, G183S, A207D, and R246W substitutions was
confirmed by site-directed mutagenesis and in vitro assays
[18]. In addition, with the exception of G158R, these mu-
tations have already been found in patients with steroid
Sa-reductase type 2 deficiency and are included in the
SRD35A2 Human Gene Mutation Database [9].

The prevalence of G183S substitution can probably been
attributed to a founder gene effect, because it has been ob-
served in five individuals from Bahia State (two were first-
degree cousins) and in one patient from Sao Paulo State, all
of them with mixed African—European descent. This sub-
stitution has been reported before in two Brazilian patients
[19] and in four affected members of a family from the
Dominican Republic [20]. Although the 183 code position
might be a hot spot of the SRD542 gene as suggested by Cai
et al. [20], it is noteworthy to mention that, until now, this
mutation was reported only among Brazilian patients from
mixed African—European ancestry and in the Dominican
Republic. A founder effect can be considered when we take
into account that both countries have a strong component of
African descendent in their nowadays populations in con-
sequence from the slave trade that occurred between the
sixteenth and seventeenth centuries, in the Dominican Re-
public, and during the Colonial Period in Brazil [16, 21].

A second founder gene effect may be illustrated by the
QI26R substitution, which was found in four compound
heterozygotes of this series, one of them previously de-
scribed by Ferraz et al. [15]. This mutation has been de-
tected in subjects from Brazil, Belgium, Louisiana, and
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New York, all with presumed Portuguese ancestry [22]; in
a French sibship [23]; and in a German individual [7].
These observations may indicate that the Q126R mutation
is relatively common among Caucasians and could have
been spread through European migration in the last cen-
turies, although the possibility of a hotspot cannot be ex-
cluded. In contrast, the R246W substitution seen in three
unrelated patients of this series seems to be a good ex-
ample of recurrent mutation due to a hotspot in the exon 5
of the gene. Indeed, two mutant alleles (R246W and R2460)
arise from mutation at either position of a CG dinucleotide
and have been found in seven different ethnic groups: African-
American, White-European, Pakistanis, Dominican Repub-
licans, Brazilians, Egyptians, {22], and Chinese [11].

Other hotspots of the SRD5A2 gene may be represented
by the G196S and A207D substitutions. The first one has
been described in Greek, Turkish, Swedish, and Brazilian
patients (7, 8, 14, 24, and this series), whereas the second
was initially identified in a compound heterozygous Aus-
trian individual [24], followed by the description of two
siblings of Mexican origin, with this specific alteration in
homozygous state [25]. To our knowledge, this is the third
report of A207D substitution, occurring in a Brazilian male
of African—European descent in heterozygous state (patient
no. 17). This patient is also heterozygous for the V89L
polymorphism, but the methodology employed in the pres-
ent work does not allow us to establish if the A207D sub-
stitution is in trans or in cis with the 89L allele and parents’
DNA, which could help us to determine the inheritance of
these alleles, was not available. If we presume that they are
in different alleles, it would be possible to suggest that the
reduction of enzymatic activity of the 89L variant by ap-
proximately 30% [26] could significantly contribute to
clinical manifestation of genital ambiguity, because the
207D mutation leads to complete inactivation of the enzyme
[22]. Because neither functional determination of S«x-re-
ductase activity in genital skin fibroblasts or in vitro exper-
iments with SRD5A42 expression vectors containing the
targeted mutations have been performed, this question re-
mains widely open.

One of the new mutations described in the present study
was detected in a compound heterozygote (Q126R/TVS3
+1G>A, patient no. 13). It has been demonstrated that the
QI26R substitution inactivates the enzymatic function in
vitro and is associated with a drastically decreased half-life
of the mutant protein [18]. The second mutation takes
place at the first nucleotide of the donor-splicing site of
the third intron (IVS3+1G>A). Thus, it can be predicted
that altered RNA messenger processing would lead to an
anomalous protein, either by intron retention or by the use
of an alternative splicing site. Moreover, the high T/DTH
ratio (96) observed in this patient is a good indication that
this new mutation also leads to an inactive enzyme. Thus,
the partial virilization of external genitalia observed in this
patient can hardly be attributed to the residual function of
the proteins coded by these alleles. This mechanism of
virilization can also not be true for patients homozygous
for SRD5A2 gene deletions or for mutations introducing
premature stop codons, not allowing any translation of a
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functional enzyme [27, 28]. Together, these observations
are in agreement with the hypotheses proposed by Hiort
et al. [28] that [1] significant levels of T or its precursors
have enough androgenic potential to induce marked viril-
ization of the external genitalia in early fetal life, and [2]
variable fetal T levels could be a major determinant for the
variable genotype—phenotype correlation in this disorder.

In the present series, three other patients (nos. 12, 14,
and 15) were compound heterozygotes where one of the
alleles carried the Q126R codon alteration. In the other
allele, patient no. 12 exhibited a del418T on exon 2, which
leads to a frameshift at codon 140 and introduced a pre-
mature stop codon at amino acid 159 [15]. Patient nos. 14
and 15 were brothers, and a new missense mutation was
found (GGA—AGA, G158R). Although no in vitro study
had been done to evaluate the effect of this mutation on
Sa-reductase activity, its function may be affected by the
substitution of a negatively charged amino acid (glycine)
by a positively charged one (arginine) in a conserved pro-
tein domain. It is interesting to note that the four com-
pound heterozygous patients in which one of the alleles
leads to the Q126R amino acid change exhibited the same
external genitalia phenotype (3b, according to Sinnecker
et al. [7]).

A yet non-described, one-nucleotide deletion was de-
tected in homozygosis in patient no. 11 (del642T). This
thymine deletion on exon 4 predicts a frameshift at amino
acid position 215, resulting in the addition of 22 amino
acids at the C-terminal of this 254-amino acid isozyme. It
is likely that this alteration would compromise enzymatic
activity but, in this case, the possible effect of postpubertal
T production must be taken into account, because gonad-
ectomy occurred at age of 18 years, 1 year before being
evaluated by us. At age of 19 years, this patient remains at
the female-rearing sex.

The finding of the insertion of a cytosine between the 217
and 218 bases of the first exon of the gene on both alleles of
the SRD5A2 gene of patient no. 10 is very intriguing,
because parental consanguinity is denied, and heterozygo-
sis for the A49T rare variant is also present. The single
nucleotide insertion at codon 73 results in a disruptive al-
teration, because a premature stop codon is predicted to
occur at amino acid position 135. This is the first report of
an insertion in the SRD5A2 gene, arising in a C-rich se-
quence. Insertions of less than ten nucleotides are assumed
to arise by non-random mechanisms [29], and it has been
suggested that even short repetitive motifs such as CCCC
have ~10- to 15-fold susceptibility to insertions and dele-
tions than nonrepetitive sequences, due to slippage-me-
diated process [30]. In the present case, parents’ DNA was
not available, and we might consider either the possibility of
independent origin of this rare mutation in two different
alleles or a single origin in an unknown common ancestor,
with the A49T substitution arising as a secondary event.

The presence of one 49T allele was the sole change de-
tected in patient no. 20 from the present series, which ex-
hibited a perineoscrotal hypospadias and a T/DHT ratio of
25. The 49T enzyme has been correlated with an increase of
Sa-reductase activity in vitro [31], but it was further



demonstrated that the 49T allele, both in homozygous or
heterozygous condition, leads to lower serum androgen
concentration, indicating that this rare variant may be less
efficient that initially thought [32]. Interestingly, the A49T
codon substitution was found in one or both alleles of the
SRD5A2 gene in five out of seven patients with isolated
hypospadias [12]. Thus, Silver and Russel [12] suggested
that partial deficiency of Sx-reductase activity and inade-
quate levels of DHT in the fetal urethra may be sufficient to
cause the phenotype of hypospadias without other clinical
features of Sa-reductase deficiency. This hypothesis is re-
inforced by the observations that the expression of 5«-
reductase type 2 is localized to the stroma surrounding the
urethra, especially along the urethral seam area in the ven-
tral portion of the remodeling urethra in male fetuses
between 16 and 22 weeks of gestation [33].

We did not find a second mutation or polymorphic var-
iants that could negatively affect the 5x-reductase type 2
activity in two patients (nos. 16 and 18) and only the poly-
morphic V89L was found in heterozygosis in patient no.
19. 1t is possible that undetected mutations could map out-
side of the exons and the immediate flanking introns an-
alyzed here or could be present in the promoter region of
SRD5A2, which was not explored in our study.

In the present series, all patients had severe external
genitalia defects (from frankly ambiguous to male geni-
talia with severe undervirilization) not allowing genotype—
phenotype correlations. Moreover, as discussed above, two
distinct phenomena may counteract in the degree of viri-
lization exhibited by 5Sx-reductase deficiency patients: the
absence or partial Sx-reductase type 2 enzymatic activity
and the individually variable testosterone levels during the
development of male external genitalia. Probably, geno-
type—phenotype correlation in these patients would be more
reliable through the analysis of the grade of virilization at
puberty (such as the penile length and the distribution of
genital and facial hair), or the sexual orientation (sexual
attraction and relationship). Unfortunately, this analysis has
not been done, because 11 patients were still at the pre-
pubertal stage.

In conclusion, the investigation of this series of Bra-
zilian patients leads to the findings of four new mutations,
reveals the prevalence of G183S substitution, presents evi-
dences of the recurrence of already known mutations, and
reinforces the importance of molecular analysis for the
correct diagnosis of Sx-reductase type 2 deficiency and for
genetic counseling.
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Ferraz, L.F.C.; Soardi, F.; Lemos-Marini, S.H.V. and Mello, M.P. Structure-function
aspects of Pro222GIn homozigous mutation in the HSD3B2 gene in a patient with

congenital adrenal hyperplasia.

Foram investigadas mutacOes germinativas no gene HSD3B2 em 12 pacientes com
hiperplasia congénita das supra-renais (HCSR) e diagndstico sugestivo de deficiéncia em
3B-HSD2. Foram analisados nove pacientes de sexo genético feminino (46,XX) que
apresentavam elevada concentracdo sérica de DHEA e 3 pacientes de sexo genético
masculino (46,XY) que possuiam ambigiiidade genital e forma cldssica de HCSR com
perda de sal. A partir do DNA gendmico dos pacientes, os 4 exons do gene HSD3B2 e
respectivas seqiiéncias flanqueadoras foram amplificados por PCR e submetidos ao
sequenciamento direto. Em apenas um paciente masculino foi detectada mutacdo no gene
HSD3B2 (mutagdo Pro222Gln). A ndo detec¢ao de mutagdes nos outros pacientes ressalta o

cardter extremamente raro da deficiéncia em 3(3-HSD2. De fato, dados na literatura

demonstram que menos de 1% dos casos de HCSR sdo devidos a deficiéncia em 33-HSD2.

O presente artigo relata a identificacdo da mutacdo germinativa Pro222Gln (CCA
>CAA) em homozigose em um paciente masculino com ambigiiidade genital e forma
perdedora de sal. Este é o segundo relato brasileiro de um paciente masculino com HCSR

portador de mutacdo no gene HSD3B2.
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Além da mutacdo Pro222GIn, uma outra troca de aminodcido ja descrita neste
mesmo cédon corresponde a mutacdo Pro222Thr (CCA >ACA). A importancia do cédon
Pro*** ¢ evidenciada pelo fato de ambas as mutacdes abolirem completamente a atividade
da enzima 3(3-HSD2. De fato, além de ser um aminoédcido altamente conservado nesta
posicdo, o cédon Pro*** estd localizado préximo ao sitio de ligacdo do substrato. Além

. . 222
disso, o coédon Pro

encontra-se adjacente ao dominio hidrofébico responsivel pela
ancoragem da enzima 3(3-HSD2 as membranas celulares, sugerindo um possivel papel

daquele residuo na estrutura tercidria final da 33-HSD2.

Sendo assim, foi realizada a modelagem molecular por homologia tanto da enzima
3B-HSD2 nativa quanto das enzimas mutantes Pro222GIn e Pro222Thr, para se obter
maiores informagdes acerca das interacdes entre os residuos mutantes e os efeitos que eles
provocam na atividade e estabilidade da enzima 33-HSD2. A anilise dos modelos gerados
permitiu corroborar os dados na literatura que indicam que as mutagdes abolem a atividade
enzimatica da 33-HSD2 por motivos distintos. O efeito deletério da mutagdo Pro222Gln
decorre provavelmente de alteracdes nos dominios cataliticos da enzima, sobretudo nos
dominios de ligagdo ao substrato. Ao passo que o efeito deletério da mutagao Pro222Thr
decorre possivelmente de alteragdes no padrio da estrutura tercidria da 33-HSD2, gerando

uma enzima extremamente instavel.
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ABSTRACT

Type II 3B-hydroxysteroid dehydrogenase/A’-A*-isomerase (3B-HSD2), encoded by the
HSD3B2 gene, is a key enzyme involved in the biosynthesis of all classes of steroid
hormones. Inherited deleterious mutations in the HSD3B2 gene cause the classical
deficiency of 33-HSD2, which is a rare autosomal recessive disease that leads to congenital
adrenal hyperplasia (CAH), the most frequent cause of ambiguous genitalia and adrenal
insufficiency in newborn infants with various degrees of salt loss. Here we report the
molecular analysis of HSD3B2 gene in a male pseudohermaphrodite born from
consanguineous parents and having no clinical salt loss. The patient carried a homozygous

missense mutation converting Pro**

to Gln in exon 4. Molecular homology modeling of
mutant 33-HSD2 emphasizes the codon 222 as an important residue for the folding pattern

of the enzyme.
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INTRODUCTION

The steroidogenic enzyme 3f3-hydroxysteroid dehydrogenase/A’-A*-isomerase (3B-HSD) is
a membrane-bound NAD"-dependent enzyme involved in the biosynthesis of all classes of
steroid hormones, namely glucocorticoids, mineralocorticoids, progesterone, androgens,
and estrogens [1]. These steroid hormones have an important function in differentiation,

development, growth and physiological function in the most human tissues [2].

In humans, there are two types of 33-HSD isoenzymes encoded by two genes very
similar in structure and located on chromosome 1p13.1 [2,3,4]. The type I gene (HSD3BI)
is expressed in placenta and peripheral tissues. The type Il gene (HSD3B2) encodes the

adrenal and gonadal 33-HSD enzyme [4,5].

Inherited deleterious mutations in the HSD3B2 gene cause the classical 33-HSD2
deficiency, which is an autosomal recessive inherited form of congenital adrenal
hyperplasia (CAH) that impairs steroidogenesis in both the adrenals and gonads [6-9 and
references therein]. The clinical manifestation of classical 33-HSD2 deficiency ranges from
the salt-wasting to the nonsalt-wasting forms in both sexes. In newborns, 33-HSD2
deficiency results in ambiguity of the external genitalia in genetic males, while affected
females exhibit normal sexual differentiation or partial virilization. During adolescence, 3[3-
HSD2 deficiency results in various degrees of hypogonadism in boys and

hyperandrogenism (premature purbarche, and hirsutism) in girls. Nonclassical form of 3[3-
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HSD2 deficiency has been described in older females with hyperandrogenism, but no

HSD3B2 mutations were found in these patients.

In the present study we described the clinical and molecular characterization of a
patient diagnosed to be suffering from a classical form of congenital adrenal hyperplasia
(CAH) due to 33-HSD2 deficiency. Molecular analysis of the HSD3B2 gene revealed a
homozygous missense mutation in codon 222 [CCA (Pro) > CAA (GIn)]. Molecular
homologous modeling of 33-HSD2 was performed to obtain a better understanding of the
effect of this mutation on the enzyme activity. The proposed model emphasizes the

222

probable critical importance of the Pro™ residue on the overall enzyme integrity and

activity.

SUBJECTS AND METHODS

This study was approved by the appropriate Ethics Committee from State University of
Campinas (Sao Paulo, Brazil) and informed consent was obtained from the patient and his

parents.

The patient is a Caucasian male child born at term with unremarkable prenatal
history. The karyotype was 46,XY and his parents were consanguineous. At 23 days of age,
he was referred to the endocrinology service because of ambiguous genital and only one

gonad was palpable within the scrotum. Hormonal dosage revealed highly elevated basal
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serum 17-OHP level (942ng/dL; 28,5 nmol/L; normal range: 1.7-4.2 nmol/L) and
DHEA/A'-DIONE ratio of 17 (normal range: 3-10). At 2 months of age, while undergoing
treatment with dexamethasone, he underwent a salt-wasting crisis with hyponatremia and
hyperkalaemia. These data confirmed the diagnosis of classical form of 3B-HSD deficiency
CAH in the patient. Thereafter, therapy with glucocorticoid (hydrocortisone) and
mineralocorticoid (fludrocortisone) replacement was started. At age 5.8 yr, bone age was
8.5 yr and physical examination revealed height within the normal range (Z-score = 0.4)

but weight highly increased (Z-score = 4.42).

Genomic DNA was isolated from blood leukocytes using standard techniques.
Primers and conditions to PCR amplification of the entire coding region of HSD3B2 gene
were based on previous report [S]. Purified PCR products were sequenced in both sense and
antisense orientations using ABI PRISM 377 Automated DNA Sequencer according to the

manufacturer's recommendations (Applied Biosystems).

The three-dimensional structure of both mutant and native 33-HSD2 were modeled
using the crystal structure of UDP-galactose 4-epimerase from Escherichia coli (Protein
Data Bank accession number 1A9Z and reference 10) as a template. The models were
created and validated by using the default settings and parameters of the Modeller 8vO web-
served program [11]. The images were produced and analyzed by using the web-based

program Diamond STING [12].
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RESULTS

Automated DNA sequencing of the patient’s HSD3B2 gene revealed the homozygous
missense mutation Pro222Gln (CCA > CAA). Both parents and his sister were found to be

heterozygous for this mutation (Figure 1).

A T
CAAC CAALG TCT A ACTTGEG TTG

A ' ’

C/A G/T
caaAacCcC CAE TCT A ACTGG G TTHG

B ' '

Figure 1. Partial nucleotide sequence of exon IV of the HSD3B2 gene showing the missense
mutation P222Q (arrows). The patient is homozygous for the C>A transversion (A), whereas his
sister and both parents are heterozygous (B). The nucleotide substitution was confirmed by at least

three independent PCR-sequencing analyses.
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DISCUSSION

In the present study we describe the identification of the homozygous missense mutation
Pro222Gln in a patient suffering from classical salt-wasting form of CAH due to 33-HSD2
deficiency. Pro222GIn mutation has already been described and leads to a complete loss of
3B-HSD2 activity [13], which is in agreement with the severe form of CAH observed on
the present patient. These findings suggest that residue position 222 is important for
enzymatic activity. Indeed, Pro*** residue is an amino acid highly conserved throughout the

mammalian 33-HSD family, as illustrated on Figure 2.

220
HUMAN 3[3-HSD1 K F S T v N P v Y v G
HUMAN 3B- HSD2 K | F S T vV | N p#¢ v Y V|G
MACAQUE 3[B-HSD K F S T \Y N P \Y Y v G
BOVINE 3pB-HSD K F S R \Y% N P \Y% Y \% G
RAT 3B-HSD1 K F S I A N P v Y v G
RAT 3[B-HSD2 K F S I v N P v Y v G
RAT 3[B-HSD3 T F S I A N P v Y v G
MOUSE 3B-HSD1 K F S I A N P \Y Y v E
MOUSE 3B-HSD2 K F N T A N P \Y% Y \% G
MOUSE 3B-HSD3 K F S T A N P v Y v G

Figure 2. Comparison of the partial amino acid sequences of mammalian 33-HSD isoenzymes.
Human 3B-HSD2 and its residue Pro*** are in bold. Amino acid residues are designated by single
letter code and numbered relative to the first NH,-terminal methionine of human 3(3-HSD2.

Residues common to human 33-HSD2 are boxed. Figure adapted from reference 2.
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Two different missense mutations have been identified on codon 222, depending on
the mutated base being the first or the second nucleotide of the codon [13,14,15]. The C>A
transversion in the first nucleotide of codon 222 leads to the amino acid replacement from
Proline (CCA) to Threonine (ACA). The missense mutation Pro222Thr was detected in an
Eastern European female neonate with classic salt-wasting disorders. Alternatively, the
C>A transversion in the second nucleotide of codon 222 converts codon CCA encoding
Proline to CAA encoding a Glutamine. The missense mutation Pro222GIn was detected in
two unrelated families: a male patient from Algeria and a female patient from Brazil. The
case described here is a Brazilian male patient with typical clinical features of CAH due to
3B-HSD2 deficiency who also harbors the Pro222GIn mutation. This patient, however, is
not related to the Brazilian female patient previously reported. To our knowledge, this is the
second report of a Brazilian male patient suffering from a classical form of CAH with

HSD3B2 mutation.

Both mutations on Pro*? residue abolish severely the 3B-HSD2 activity [14,15]. In

fact, the importance of this residue is evidenced by the fact that Pro*%

residue was predicted
to be in the membrane-spanning domains thus suggesting a putative role on the ultimate
folding pattern of the enzyme [2]. In addition, besides being highly conserved in that
particular position, Pro** residue is located adjacent to the substrate binding domains [16].
Although both P222Q and P222T mutations render the 3[B-HSD2 enzyme with no
detectable activity, they probably do so by different manners. The P222Q enzyme shows no

evidence of protein instability (14). Thus the absence of enzymatic activity may be due to

alterations on the catalytic activity of the enzyme, such as disruption of the substrate
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binding domain introduced by the presence of glutamine on codon position 222. On the
other hand, P222T enzyme shows no detectable level on Western blottings despite mRNA
detection, thus suggesting being a totally unstable protein (15). This severe instability of the
enzyme caused by the presence of threonine on codon 222 seems to be the detrimental

mechanism that leads to the profoundly decreased 33-HSD2 activity.

In order to obtain further information concerning structure-function relationship of
the 3B-HSD2 mutant enzymes we attempted to further characterize the functional
significance of P222Q amino acid replacement on the enzyme activity by molecular
modeling the P222Q enzyme. Homology modeling of 33-HSD2 has already been achieved
by others [17]. Human 3B-HSD2 is a member of the short-chain dehydrogenase (SDR)
superfamily which has 30% overall sequence identity with E. coli UDP-galactose-4-
epimerase, another SDR for which the X-ray crystal structure determination has been
reported [10]. Based on this sequence identity, a three-dimensional ribbon model of human

3B-hydroxysteroid dehydrogenase/A’-A*-isomerase has been constructed (Figure 3).

Figure 3. Ribbon structure of both native
3B-HSD2 (red) and P222Q mutant enzyme
(blue). The primary sequences were
aligned as described on “Subjects and
Methods”. This ribbon model is based on
homology modeling with UDP-galactose-

4-epimerase.
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Next, the three-dimensional ribbon model of the native 33-HSD2 and GIn?* mutant
enzyme allowed visualization in comparison of both amino acids proline (native enzyme)

and glutamine (mutant enzyme) on residue position 222 (Figure 4).

Figure 4. Aligned ribbon structure of both native 33-HSD2 and P222Q mutant enzyme showing the

amino acid on residue position 222: proline on the native enzyme (red) and glutamine on the mutant
enzyme (blue). Note the prominent side-chain group of the mutant glutamine as compared to the

side-chain group of proline.

The consequence of amino acid replacements from Proline®* to glutamine or
threonine on the 33-HSD?2 activity can be inferred according to the biochemical properties
of each amino acid. Proline has non-polar side-chain and is hydrophobic, tending to cluster
with other hydrophobic residues on the inside of proteins. In addition, proline is a rigid

amino acid due to the covalent binding of its side-chain with the main-chain nitrogen. As a
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consequence of this unique cyclic side-chain, proline has a significant effect upon the
geometry of the backbone chain and also disrupts any regular repeating structure on the
three-dimensional conformation of the polypeptides. Indeed, proline can act as a structural
disruptor for a-helices and as a turning point in B-sheets. As observed on Figure 4, residue
Pro*** on the 3B-HSD2 enzyme is located on the edge between an a-helice and a B-sheet.
On the other hand, glutamine and also threonine have uncharged polar side chains and are
relatively hydrophilic, clustering on the outside of proteins. The distinct biochemical
properties of proline, glutamine and threonine dictate the putative interactions of these

amino acids with other surrounding residues, as summarized on Figure 5 and Table 1.

YOG FSTYHPYYYGOGHNYAWRYG FSTYNQYYYGOGHYAW
YG FSTYHTYYVYCONVAW

Figure 5. STING report '**Protein dossier obtained from the Diamond STING program. The

images show internal contacts of proline, glutamine and threonine on the respective native, P222Q

222

and P222T enzymes. The native residue Pro™” makes two hydrogen-bonds and one hydrophobic

222

interaction with other residues. The mutated residue GIn“*” introduces five additional interactions

when compared to the ones performed by the native Pro’?’, whereas the mutated residue Thr**
makes only hydrogen-bonds. Note that on P222T enzyme the interaction with residue Val** is

shifted from hydrophobic interaction, observed on the native enzyme, to hydrogen-bonds.
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228

The native Pro*** residue hydrogen-bonds with amino acids Val*'® and Ser**® and

225
1

makes a hydrophobic interaction with Val™. Besides interactions with the above amino

22 makes additional hydrophobic interactions with Asn**’ and

acids, the mutant residue Gln
Val**® and additional hydrogen-bonds with Thr219, Val*®® and Asnm, whereas the mutant

Thr*** lacks hydrophobic interactions and shows hydrogen-bonds with Val*** and Gly**.

222

Table 1. Residue interactions of native Pro”” and the mutated residues

GIn**? and Thr**.
3B-HSD2
Native P222Q P222T
(Pro’?) (GIn’2) (Th*?)
Ser”'® Ser™™® Val*®
Val® Va2 Glym
Eyd;ogen Thr?"®
onds
Va2
Residue a
interactions Asn®?
val*® Val*®
Hydrophobic Asn?? )
interactions Val™®
a

Note that the GIn*** residue makes three additional hydrogen bonds and
two additional hydrophobic interactions. The Thr** residue has no
hydrophobic interactions and the interactions of Val** shifted from
hydrophobic to hydrogen-bonds on the P222T enzyme. In red, residues
interactions commonly found on the native and mutant enzymes.

22 6n both predicted membrane-spanning domains and

The location of residue Pro
adjacent to the substrate binding domains makes this residue a critical position for amino

acid replacements. For instance, the five additional residues interactions introduced by the
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mutated residue Glu*** may result on a new network of residues that appears to prevent the
appropriate access and/or binding of the substrate to its domain. Hence, the protein is stable
but the lack of enzymatic activity may be due to the additional residue interactions that

would disrupt the substrate binding domain.

Alternatively, on the Thr*** mutant enzyme, the replacement of a hydrophobic
(proline) to a hydrophilic (threonine) residue plus the lack of hydrophobic interactions on
codon 222 may introduce conformational rearrangements on 3[3-HSD2 that seems to

222

compromise the folding pattern of the enzyme, which would explain the Thr™ enzyme

being a totally unstable protein.

Thus, the native residue Pro** appears to be essential for the hydrophobic surfaces
on that particular position of the enzyme. In addition, this amino acid seems to perform
specific residue interaction that would be critical for the 33-HSD2 enzyme to achieve the

appropriate conformation for its catalytic activity.

In summary, this study has provided further insight concerning structure-function
relationship of 3[3-HSD2 mutants. Molecular homology modeling of mutant 33-HSD2
allowed us to investigate the potential role of the mutated residues. The findings
emphasized the codon 222 as an important residue for the folding pattern and catalytic

activity of the enzyme and allowed us to correlate experimental data previously reported.
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Capitulo II1.3 — Artigo a ser submetido para publicacio (versao prévia em portugués)

Ferraz, L.F.C.; Reichardt, J.LK.V. e Hackel, C. Identificacdo e caracterizacdo de mutacdes

somadticas no gene HSD3B2 em pacientes com cancer de prostata.

A enzima 3(3-HSD?2 participa das vias de degradag¢do de DHT intraprostético, o que
torna esta enzima uma potencial candidata na etiologia do cancer de prostata. Uma
atividade alterada da enzima 3(3-HSD2 pode conduzir a um aumento nos niveis de
andrégenos que levaria ao cancer de préstata. Sendo assim, € de fundamental importancia o
estudo de mutacdes e/ou polimorfismos no gene HSD3B2 que possam interferir na
atividade final da enzima 33-HSD2, quer sejam mutacdes missense, levando a substituicdes
de aminodcidos que venham a alterar as propriedades cinéticas da enzima, ou substituicoes

nas regides promotora e 5°-UTR, que alterem o padrdo de expressdao do gene HSD3B2.

Inicialmente identificamos um nimero expressivo de alteracdes somadticas no gene
HSD3B2 em pacientes com cancer de prostata. Dentre as alteragdes pontuais detectadas
foram observadas 1 delecdo e 37 substituicdes nucleotidicas que incluiam mutacdes
missense, silenciosas e polimorfismos localizados nas regides intronica, promotora e
regides ndo traduzidas (extremidades 3’ e 5°). Dentre as alteracOes pontuais detectadas
despertaram particular interesse as mutacOes missense € as substituicOes nucleotidicas

localizadas em provaveis dominios de ligacdo nas regides promotora e 5’-URT.
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Neste sentido, o presente artigo descreve a caracterizacdo de algumas dessas

alteracOes pontuais somaéticas detectadas. Sao apresentados e discutidos:

v' Caracterizagdo molecular, por meio da técnica de Gel Shift, de trés substituigdes
nucleotidicas detectadas na regido promotora (substitui¢do -g/55a) e regido 5’-
UTR (substitui¢des c234t e t243c). Estas substituicdes estdo localizadas em
provdveis dominios de ligacdo e, portanto, investigou-se a possibilidade de
fatores estarem se ligando aqueles dominios e os efeitos que as substituicOes

poderiam acarretar nesta ligagao;

v' Caracterizagdo bioquimica das mutagdes missense que levam as substitui¢oes
Leu6Pro, Argl7Lys, Vall9lle, Leu34Ser, Phe88Ser, Asn148Ser, Thr152Ala e
Glul92Lys. Foram investigados os efeitos que estas trocas de aminodcidos
acarretam nas propriedades cinéticas in vitro da enzima 33-HSD2, contribuindo
para a elucidacdo do possivel papel desta enzima no aumento dos niveis de

andrégenos observado no cancer de prdstata.

As substituicdes c234t e t243c detectadas na regidao 5’-UTR estdo localizadas numa
repeticao direta composta de 9 nucleotideos. Andlises em Gel Shift mostraram a formagao
de um complexo DNA-proteina, indicando que esta repeti¢do € um provavel sitio de ligacao
de fatores ainda ndo identificados o que, portanto, requer futuras caracterizagdes. A
presenca das substitui¢des c234t e t243c ndo impediu a formagdo do complexo DNA-

proteina, ressaltando que aquelas duas posi¢Oes nucleotidicas ndo sdo essenciais para a
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formacdo do complexo observado. Apesar disso, € necessdrio que sejam investigados os
efeitos que tais substituicdes podem ocasionar na expressio do gene HSD3B2, por
intermédio da clonagem das regides promotora e 5’-UTR em um vetor contendo um gene

reporter e andlise dos possiveis efeitos das substitui¢des no padrdo de expressao deste gene.

A substituicdo -gl55a detectada na regido promotora estd localizada entre os
nucleotideos que intercalam o dominio de ligagdo do fator de transcricio STAT-6. O
resultado obtido no Gel Shift mostra que esta substitui¢do ndo impediu a formacgdo do
complexo STAT-6:DNA, possivelmente por que a substituicio -g/55a estd localizada entre

os nucleotideos intercalantes e ndo no dominio de ligacdo propriamente dito.

Com relagdo a caracterizagdo bioquimica da enzima 33-HSD2, o artigo relata uma
andlise prévia das constantes cinéticas da enzima 33-HSD2 nativa. Esta andlise revelou que
a enzima nativa apresenta diferencas tanto na eficiéncia enzimatica quanto no pH 6timo de
atividade, dependendo da atividade de redutase (pH 6.5) ou de desidrogenase/isomerase
(pH 8.5). Estas diferencas podem ser um reflexo do papel fisioldgico distinto das 33-HSD2

nas vias de sintese e de degradagdo de androgenos.

Das oito enzimas mutantes analisadas, apenas a enzima portadora da substitui¢do
Thr152Ala apresentou atividade enzimdtica detectdvel. Esta enzima mutante apresentou
atividade de desidrogenase/isomerase compardvel a enzima nativa. E com relagdo a
atividade de redutase, a enzima mutante Thr152Ala apresentou um nitido ganho de fungao,
por apresentar um aumento de quase 2x na atividade de degradacio da DHT quando

comparada a enzima nativa.

55



IDENTIFICACAO E CARACTERIZACAO DE MUTACOES SOMATICAS

NO GENE HSD3B2 EM PACIENTES COM CANCER DE PROSTATA

Licio Fabio Caldas Ferraz'”, Juergen K. V. Reichardt'**, Christine Hackel**.

Departments of 'Biochemistry and Molecular Biology and “Preventive Medicine, Institute
for Genetic Medicine, Keck School of Medicine, University of Southern California, Los
Angeles, CA, USA;

3Centro de Biologia Molecular ¢ Engenharia Genética, Universidade Estadual de Campinas
(UNICAMP), Campinas, SP, Brazil;

4Dep:’:urtamento de Genética Médica da Faculdade de Ciéncias Médicas, UNICAMP,

Campinas, SP, Brazil.

Key words: metabolismo de andrdgenos, cancer de prostata, gene HSD3B2, mutacdes

missense somaticas,

Correspondéncia: Licio Fabio Caldas Ferraz

CBMEG/UNICAMP - Cidade Universitdria Zeferino Vaz, Bardo Geraldo. - Zip code:
13083-970 - Campinas — S@o Paulo — Brazil; E-mail: lferraz@gmail.com

SCurrent address: Plunkett Chair of Molecular Biology (Medicine), University of Sydney,
Medical Foundation Building (K25), 92 - 94 Parramatta Road, Camperdown, Sydney,

NSW 2042, Australia

56



RESUMO

Os andrégenos testosterona (T) e di-hidro-testosterona (DHT) possuem uma funcdo
significante no desenvolvimento do cincer de préstata. Assim sendo, enzimas que regulam
o metabolismo de andrégenos desempenham papel crucial na predisposicao e progressdo do
cancer. A enzima 3[3-HSD2, codificada pelo gene HSD3B2, regula a concentracido de
andrégenos na prostata através de duas vias metabolicas distintas: participando da via de
sintese de testosterona e catalisando as vias de degradacdo de DHT. Em nosso trabalho
anterior investigamos o gene HSD3B2 em pacientes com cancer de prostata e identificamos
38 substituicdes nucleotidicas somdticas que incluiam dele¢do, mutacdes missense e
silenciosas e polimorfismos localizados nas regides intronica, promotora e regides nao
traduzidas (extremidades 3’ e 5°). No presente trabalho descrevemos a caracterizagdo
bioquimica de enzimas 3[3-HSD2 mutantes e a caracterizacdo molecular de substitui¢oes

nucleotidicas localizadas em provaveis dominios de ligacio na regido promotora e 5’-UTR.
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INTRODUCAO

Os andrégenos testosterona (T) e di-hidro-testosterona (DHT) sdo necessarios para o
. - . A fe 12 - L,
crescimento e manuten¢ao normais da glandula prostética “. A concentracdo de andrégenos
na prostata é regulada pelas enzimas esteroidogénicas. Estas enzimas atuam tanto na sintese
como na degradacdo dos androgenos. O excesso de andrégenos na prostata, seja ele causado
por aumento da sintese de T ou DHT ou por diminui¢do da inativagdo destes hormonios,

pode induzir um crescimento celular descontrolado resultando no cancer de préstata®*°.

A enzima 3[-hidroxi-esterdides desidrogenase tipo 2 (33-HSD2, do inglés 3[3-
Hydroxysteroid Dehydrogenase type 2) é uma das muitas enzimas esteroidogé€nicas
regulatdrias da préstata. Ela controla ndo apenas a producio de Testosterona como também
a degradacio de DHT em 2 vias metabdlicas distintas. Com a atividade de
desidrogenase/Z-4' isomerase promove a biossintese de T numa reacio que tem o NAD*
como cofator. Dentre outros substratos, converte o Androstenediol em Testosterona e a
DHEA (Dihidroepiandrosterona) em Androstenediona, que é um precursor da Testosterona.
Na outra via metabdlica, a enzima 3(3-HSD?2 inicia o processo irreversivel de inativagdo da
DHT com a atividade de redutase, uma reacio NADH dependente. Estas duas vias
metabdlicas da 33-HSD2 sdo fundamentais na regulacdo dos niveis de andrégenos na

préstata, desempenhando papel crucial na diferenciacdo e desenvolvimento deste tecido.

A enzima 3[3-HSD2, uma proteina de 371 aminoacidos e 42 KDa, € codificada pelo
gene HSD3B2 que estd localizado no cromossomo 1p13.17’8. Este gene é composto de 4
exons sendo que o intron 3 do gene HSD3B2 possui uma complexa repeti¢do dinucleotidica
[(TG)n(TA)(CA),] altamente polimérfica cujas variacdes alélicas foram associadas a

grupos étnicos-raciais com predisposicio distinta ao cancer de préstata’.

Em nosso trabalho anterior identificamos um nudmero expressivo de alteracdes
somdticas no gene HSD3B2 em pacientes com cancer de prostata'®. As alteracdes
detectadas incluiam tanto aquelas em niveis estruturais, sob a forma de instabilidade da

repeticdo dinucleotidica no intron 3 do gene, quanto de alteragdes pontuais. Dentre as
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alteragdes pontuais foram detectados 1 delecdo e 37 substituigdes nucleotidicas que
incluiam mutacgdes missense, silenciosas e polimorfismos localizados nas regides intronica,
promotora e regides ndo traduzidas (nas extremidades 3’ e 5’). O actimulo de alteragdes
somadticas no gene HSD3B2 pode sugerir um papel deste gene na predisposicdo e/ou

progressao do cancer.

No presente trabalho, investigamos os efeitos que as mutacdes missense detectadas
acarretam nas propriedades bioquimicas in vitro da enzima 33-HSD2. Para tal, foi realizada
a caracteriza¢do bioquimica de oito enzimas mutantes portadoras das mutagdes missense:
Leu6Pro, Argl7Lys, Vall9lle, Leu34Ser, Phe88Ser, Glu192Lys, Asn148Ser e Thr152Ala.
A caracterizacdo bioquimica destas enzimas mutantes pode contribuir para a elucidacio de
uma provavel importancia da enzima 3(3-HSD2 no aumento dos niveis de andrégenos

observado no cancer de prostata.

Em seguida procedemos a caracterizacdo de trés substituicdes nucleotidicas
detectadas na regido promotora e regido 5’-UTR (regido ndo traduzida na extremidade 5°).
Estas substitui¢cOes sdo de particular interesse por estarem localizadas em provaveis sitios
de ligacdo: as substitui¢des c234¢ e 1243 ¢ estao localizadas numa repeti¢cdo direta localizada
na regiao 5’-UTR, e a substituicido -g/55a estd localizada no sitio de ligacdo do fator de
transcricdo STAT-6 na regido promotora. Por esta razdo, a metodologia de Gel Shift foi
empregada com o intuito de se obter maiores informagdes acerca dos fatores que se ligam

aqueles sitios.

MATERIAIS E METODOS

Pacientes e identificacdo das alteragoes somdticas

Os pacientes analisados e as alteracOes somdticas identificadas foram previamente
descritas'’. De maneira breve, 26 pacientes caucaséides com cincer de préstata foram
submetidos a prostatectomia e o tecido extraido foi fixado e corado em laminas histologicas.
A partir destas laminas células normais e cancerosas foram micro-dissecadas com o auxilio

de um microscOpio e um bisturi para a extragdo, respectivamente, de DNA normal e
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tumoral, de acordo com metodologia previamente descrita''. As alteracdes somaticas foram
identificadas e caracterizadas por intermédio de trés técnicas distintas: sequenciamento,
SSCP (do inglés single strand conformational polymorphism) e SNaPshot. Foi investigada
também a instabilidade da repeti¢do dinucleotidica altamente polimoérfica localizada no

intron 3 do gene HSD3B2'".

Andlise de Gel Shift das substituicoes nucleotidicas

Para os ensaios de Gel Shift foram desenhados oligonucleotideos contendo a repeticao
direta e o sitio de ligac@o do fator STAT-6. A Tabela 1 relaciona os oligonucleotideos, fitas
sense e anti-sense tanto normais quanto portadores das substitui¢des detectadas, utilizados

nos experimentos de Gel Shift.

Tabela 1. Oligonucleotideos, normais e portadores das substitui¢cdes detectadas, utilizados nos
experimentos de Gel Shift. Estdo representadas apenas as fitas sense, porém foram desenhadas

também as fitas anti-sense (as mutacdes estdo identificadas em itdlico e sublinhadas).

Regiao Mutacoes Oligonucleotideos Seqiiéncia (5°-3")

Normal TCTTCCTGTTCCTGGGAAGAATTAGA
Promotora -g155a

Mutante (gl55a) TCTTCCTGTTCCTAGGAAGAATTAGA

Normal TCTTCTGTTTCCTGGCAAGTGTTTCCTGCTACT
S.UTR c234te Mutante 1 (c234t) TCTTCTGTTTTICTGGCAAGTGTTTCCTGCTACT

) 1243¢ Mutante 2 (t243c) TCTTCTGTTTCCTGGCAAGCGTTTCCTGCTACT
Duplo mutante TCTTCTGTTTICTGGCAAGCGTTTCCTGCTACT

Inicialmente promoveu-se o anelamento de fitas sense e anti-sense complementares
para a obtenc¢do de sondas dupla fita. Em seguida as sondas dupla fita foram marcadas com
y[*’P] ATP por intermédio da enzima T4 Polinucleotideo Kinase (GIBCO BRL). Sondas
marcadas (20000 c.p.m.) foram entdo incubadas com 3pg de proteinas nucleares por 30

minutos e em temperatura ambiente na presenca de 10pl de tampao de ligacdo (150 mM de

KCl, 15% de glicerol, 40 mM de HEPES pH 7.9, 0,2% de NP-40 e 4 mM de DTT). Em
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seguida as amostras foram aplicadas em gel de poliacrilamida 6% ndo desnaturante (pré-
corrido a 100 Volts por 1 hora) e submetidas a corrida de eletroforese por 2 horas a 200
Volts em tampao Tris-borate-EDTA. Apds a corrida o gel foi seco e exposto em filme de
raio-X até a revelacdo no dia seguinte. Nos ensaios competitivos, a sonda marcada e o

extrato protéico foram incubados com concentragdes crescentes de sonda nao marcada.

Proteinas nucleares foram extraidas de células PC-3 (linhagem celular obtida de
cancer de prdstata), cultivadas em meio RPMI (GIBCO BRL) contendo 5% de soro fetal
bovino e 1% de antibidticos, e células 293 (células embriondrias primdrias de rim humano),
cultivadas em meio Dulbecco’s MEM (DMEM) contendo 10% de soro fetal bovino e 1%
de antibiéticos (GIBCO BRL). Ambas as células foram incubadas a 37°C e 5% de CO,. O
isolamento do nucleo celular e a extracdo das proteinas foram realizados de acordo com

. . 12
metodologia previamente descrita .

Ensaios enzimdticos das enzimas 33HSD2 nativa e mutantes

O cDNA contendo toda a regido codificante do gene HSD3B2 (gentilmente cedido pelo Dr.
F Labrie, CHUL Research Center and Laval University, Quebec, Canada) foi previamente
clonado no vetor de expressao pCIl-neo (PROMEGA), obtendo-se assim o vetor pHSD3B?2.
As mutagdes missense LeubPro, Argl7Lys, Vall9lle, Leu34Ser, Phe88Ser, Glul92Lys,
Asnl48Ser e Thr152Ala foram construidas individualmente no vetor pHSD3B2 por
mutagénese sitio-dirigida com o auxilio do kit “QuikChange Site-directed Mutagenesis kit”
(conforme instru¢des do fabricante, STRATAGENE) e com os primers apropriados. Em
seguida os constructs mutantes foram submetidos ao sequenciamento automdtico para

confirmacdo da presenca das respectivas mutacoes missense.

A atividade das enzimas 3B-HSD2 nativa e mutantes foi caracterizada
bioquimicamente por intermédio da expressao dos vetores pHSD3B2 e constructs mutantes
em células 293 (células embriondrias de rim humano). Estas células ndo apresentam
atividade basal de 33-HSD2. Os vetores de expressdo foram transfectados individualmente
em células 293 cultivadas em meio de cultura Dulbecco’s MEM (DMEM) contendo 10%
de soro fetal bovino e 1% de antibiéticos (GIBCO BRL) e incubadas a 37°C e 5% de CO,.
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Estas células foram co-transfectadas com: 5 pg de pHSD3B2 ou de construct mutante e 1
Hg do vetor de expressdo do gene [3-galactosidase com o uso do kit Lipofect AMINE
PLUS™ (GIBCO BRL), conforme instrucdes do protocolo. De maneira sucinta, as

transfec¢des foram realizadas conforme procedimento a seguir:

1. Um dia antes da transfeccdo ser iniciada células 293 foram semeadas em
placas de Petri de 90 mm de didmetro de maneira que, no dia seguinte, tinham
atingido uma densidade de até 80% de confluéncia (aproximadamente de 10 a
15 x 10° células/ml). Durante o experimento de transfec¢io o meio DMEM

utilizado ndo continha antibiéticos, apenas soro fetal bovino.

2. No dia seguinte, as placas de Petri contendo células a 80% de confluéncia
tiveram o meio de cultura substituido por meio DMEM fresco. As células
foram entdo transfectadas com os vetores de expressdo. Segundo instrucdes
do protocolo, os vetores foram previamente complexados com os reagentes
Plus (20 wl) e Lipofectamine (30ul) e incubados por 15 minutos em
temperatura ambiente antes de serem adicionados a placa de Petri. Apos 24hs,
o meio DMEM (contendo os vetores complexados) foi substituido por meio

DMEM fresco.

3. Dois dias apds a transfeccdo, as células foram coletadas e lisadas por
sonificacdo para a extracdo de proteina total. A quantidade de proteina total
obtida foi determinada através do método de Bradford (BIORAD) usando
albumina de soro bovino como padrio. Devido as diferencas na eficiéncia de
transfec¢do, a atividade da enzima [3-galactosidase foi determinada para

normalizac¢do dos diferentes extratos protéicos obtidos.

Foram primeiramente definidos os pardmetros cinéticos da enzima 33-HSD2 nativa.
Avaliamos as duas vias metabdlicas da enzima 3B-HSD2 com os seguintes substratos

esterdides e seus respectivos cofatores: substrato DHEA com o cofator NAD", para a
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atividade de desidrogenase/ﬁ5—él4 isomerase, e o substrato DHT com o cofator NADH, para
a atividade de redutase. O pH 6timo de atividade de cada via metabdlica foi determinado a
partir de reacdes enzimaticas cujo tampdo apresentava pHs de 5 a 10,5. Em seguida, as
constantes cinéticas Vmax e Km foram determinadas em reagdes incubadas a 37°C contendo
3 ou 15 pg de proteina total, 50 mM de tampao Tris-citrato, 1 mM de cofator e 0,001 pCi
(20 pmoles) de substrato marcado com ['*C]. A quantidade de proteina total e o tempo de
incubacdo foram previamente determinados de acordo com a via metabdlica, como se
segue: para a via enzimdtica de conversdo de DHEA, foram utilizadas 15Ug de proteina
total e a reagdo foi incubada por 20 minutos. Para a via de conversdo de DHT, foram

utilizadas 3lg de proteina total e a reagdo foi incubada por 10 minutos.

As constantes cinéticas Vmax e Km da enzima com respeito ao substrato DHT foram
determinados a partir de rea¢des incubadas a 37°C por 10 minutos e que continham 3ug de
enzima, 50mM de tampdo Tris-citrato em pH 6,5, ImM do cofator NADH, 0,2uM
(0,001pCi) do substrato marcado com [*C] e concentracdes crescentes de DHT ndo
marcado (0,2 a 9,2uM). Para o cédlculo da Vmax e Km do cofator NADH, as reacdes foram
incubadas a 37°C por 10 minutos e continham 3pg de enzima, 50mM de tampdo Tris-
citrato em pH 6,5, 0,2uM de DHT marcado, 6UM de DHT ndo marcado e concentragdes
crescentes do cofator NADH (3,9 a 500uM). Com relagdo 2 atividade de desidrogenase/Z -
i isomerase, foram determinadas apenas as constantes cinéticas do substrato DHEA. Para
tal, reagoes foram incubadas a 37°C por 20 minutos e continham 15ug de enzima, 50mM de
tampdo Tris-citrato em pH 8,5, ImM do cofator NAD*, 0,2uM (0,001uCi) do substrato
DHEA marcado com [14C] e concentragdes crescentes de substrato ndo marcado (0,18 a
9,2uM). Os ensaios enzimaticos foram interrompidos com a adi¢do de diclorometano e os
esterdides separados por cromatografia de camada delgada, tendo toluene e acetona
(proporg¢do 4:1) como a fase movel. Os resultados foram visualizados e quantificados com o
auxilio do equipamento Storm Phosphorimager (Molecular Dynamics) e os dados
analisados pelo programa Cricket Graph 1.3 (Cricket Software). As enzimas 3(3-HSD2

mutantes foram caracterizadas bioquimicamente conforme o procedimento descrito acima.
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RESULTADOS

Caracterizagdo molecular das substituicoes nucleotidicas
As substituicdes c234t e t243c¢ estdo localizadas na regido ndo traduzida do exon 2 e

encontram-se numa repeti¢do direta composta por 9 nucleotideos (Figura 1).

transcricao ATG

intron 1

5 R

‘ ‘
5 -tettcTGTTTCCTGgcaagl GTTTCCT Getact-3°

T (8

Figura 1: Seqiiéncia parcial da regido 5’-UTR mostrando a repeti¢do direta composta por nove nucleotideos.
Em itélico, os nucleotideos da seqiiéncia normal e as respectivas transi¢des detectadas (setas). Esta repeticao
estd localizada a 36 nucleotideos upstream do cédon inicial de traducdo, 54 nucleotideos downstream do sitio

aceptor de splicing do exon 2 e a 234 nucleotideos downstream do inicio de transcri¢do do gene.

Os resultados no Gel Shift indicam a formagdo de um complexo DNA-proteina
quando a repeticdo direta normal € incubada com proteinas nucleares de células PC-3
(Figura 2). A especificidade desta ligacdo pode ser aferida em ensaios competitivos onde
concentracdes decrescentes de sonda ndo marcada foram incubadas com o extrato protéico.
A formacgdo deste complexo também € observada quando a repeticdo € incubada com
proteinas nucleares isolados de células 293 (dados ndo mostrados). Com relagdo as
substituicdes c234t e t243c, estas nao abolem a formacdo deste complexo. Isto €, o
complexo DNA-proteina é formado mesmo quando a repeticdo direta contém as

substituicdes individualmente (dados ndo mostrados) ou em dose dupla (Figura 3).
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[sonda nao marcada]

Figura 2: Andlise em Gel Shift da
1 2 3 4 5 6

'y

repeticdo direta da regido 5’-UTR.
Oligonucleotideo  contendo  este

dominio foi marcado com V[*’P]

5-RD

ATP e usado como sonda. 125ng

desta sonda marcada foi incubada

com 3ug de proteinas nucleares

extraidas de células PC-3 (linhagem
S >
celular do cancer de prdstata). O

complexo DNA-proteina formado
estd indicado em 5’-RD. Nos ensaios competitivos, o extrato protéico foi incubado com a sonda marcada e
com quantidades decrescentes de sonda ndo marcada. S, banda indicando a sonda sozinha ndo associada as
proteinas. 1, sonda somente; 2, extrato protéico incubado com sonda marcada; demais lanes, ensaio

competitivo no qual a reacdo foi incubada na presenga de concentra¢des decrescentes de sonda ndo marcada.

[sonda nao
Figura 3: Anilise em Gel Shift S

da repeticiio direta da regidio 1 2 3 4 5 6 7 8
5’-UTR contendo ambas as '

mutacdes. Foram testadas
Complexo
DNA-proteina

também sondas contendo as
mutagdes c¢234t e t243c
individualmente (dados n#o
mostrados). O  complexo
DNA-proteina formado estd

indicado pela seta. S, banda S >

indicando a sonda sozinha nio
associada as proteinas. 1, sonda normal somente e 2, sonda mutante somente. 3 e 4, extrato protéico incubado
com sondas normal e mutante marcadas, respectivamente. 5 a 8, ensaio competitivo no qual a reagdo foi

incubada na presenga de concentracdes decrescentes de sonda mutante ndo marcada.

A substitui¢do -g/55a estd localizada na regido promotora, mais precisamente entre
os nucleotideos que intercalam o dominio de ligagdo do fator de transcricdo STAT-6

(Figura 4). O método de Gel Shift foi empregado para verificarmos se a substituicdo -g/55a
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impede a ligacdo do STAT-6 ao seu dominio de ligagdo. O resultado obtido indica que a
presenca da substitui¢do -g/55a ndo impediu a formag¢do do complexo proteina-DNA

(Figura 5).

transcricao
PROMOTOR

5’

b
exon 1 exon 2 3

w
-

5’-tectgT'TCctggGAA gaatt-3°

A

Figura 4: Esquema parcial da regido promotora do gene HSD3B2 mostrando o sitio de ligagdo do fator de
transcricdo STAT-6 (seqiiéncia em itdlico). A substituicdo -g/55a estd localizada nos nucleotideos que
intercalam o dominio de ligacdo. Em vermelho, a transicdo G>A detectada (seta). Esta transicdo estd

localizada a 155 nucleotideos upstream do inicio de transcri¢do do gene.

proteina sonda normal marcada

sonda + T - 1 i
somente sonda sonda normal fria sonda mutante fria

Figura 5: Andlise em Gel Shift da

| I 1
N M N M Ix 10x 20x 50x I1x 10x 20x 50x

substituicdo -g/55a localizada no
dominio de ligagdo do STAT-6.
Oligonucleotideo contendo este
Stat6 >

dominio foi marcado com
y[32P]ATP e usado como sonda.
125ng desta sonda foi incubada
com 3lg de proteinas nucleares

extraidas de células PC-3. O
complexo STAT-6:DNA é

$>| formado independentemente da

sonda utilizada, seja ela normal (N) ou portadora da mutacdo (M). Nos ensaios competitivos, o extrato
protéico foi incubado com a sonda normal marcada e com quantidades crescentes (1 a 50 vezes) de sondas
normal e mutante ndo marcadas (sondas frias). De acordo com os resultados obtidos, as sondas normal e
mutante igualmente competem com a sonda marcada na formagdo do complexo STAT-6:DNA. S, banda

indicando a sonda sozinha ndo associada as proteinas. Stat6, o complexo STAT-6:DNA formado.
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Caracterizagdo bioquimica das enzimas 33-HSD2 nativa e mutantes

Primeiramente realizou-se a caracterizacdo bioquimica da enzima 3(-HSD2 nativa. Os
resultados preliminares ressaltam que a enzima 3(3-HSD2 apresenta pH 6timo distinto de
acordo com a via metabdlica (Figura 6). Na via de degradacdo do DHT (atividade de
redutase) o pH o6timo da reacdo € 6.5. Na via de conversio do DHEA (atividade de

Desidrogenase/ZX -4 Isomerase) o pH 6timo da reagdo é de 8.5.

100 7 Enzima 3B-HSD2

] KN

80 6.5 o~

70 - 8.5
S
S A
3
g 50 Redutase (DHT)
o .
g Desidrogenase
5 © &-4 Isomerase
g 30 - (DHEA)
o

20

10 -

0 :

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH

Figura 6: pH 6timo de atividade da enzima 33-HSD2 para cada uma de suas duas vias metabdlicas, expresso
em porcentagem de substrato convertido. Cada reagdo foi incubada a 37°C e continha a enzima, o substrato
marcado com ['*C], cofator correspondente e tampdo Tris-citrato em pH que variou de 5 a 10,5. A reagdo de
degradacdo do DHT foi incubada por 15 minutos e continha 1pg de enzima e 1mM do cofator NADH. A
reacio de conversio do DHEA foi incubada por 30 minutos e continha 5}g de enzima € ImM do NAD* como
cofator. A reagdo de degradacdo do DHT (atividade de redutase) apresenta pH 6timo de 6,5 ao passo que a

reacio de conversio do DHEA (atividade de desidrogenase/&’ -4 isomerase) apresenta pH 6timo de 8,5.

Em seguida foi determinado o pH 6timo de atividade das enzimas mutantes
portadoras das mutagdes missense: Leu6bPro, Argl7Lys, Vall9lle, Leu34Ser, Phe88Ser,
Glul92Lys, Asnl48Ser e Thr152Ala. Os resultados revelam que a enzima portadora da

mutacdo Thr152Ala € a unica que apresenta atividade enzimdtica para ambas as vias
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metabdlicas. As demais enzimas mutantes tiveram suas atividades drasticamente reduzidas

para menos de 5% de substrato convertido, conforme demonstrado na Figura 7.

100 1
90 1

80

—&— TI152A-DHT
70 —0O— T152A- DHEA
—— E192K-DHT
60 ———  E192K-DHEA
—=—  N148S-DHT
——a—  N148S-DHEA
—— F88S-DHT
F88S-DHEA
40 1 —&— 1 34SDHT
—&—  L34S-DHEA
30 4 —>—  VI9I-DHT
——+—  VI19I-DHEA
——+—  RIL7K-DHT
——— RI7K-DHEA
L6P-DHT
L6P-DHEA

50

Conversao pmoles (%)

20

10 A

Figura 7: Determinacdo do pH étimo de atividade das enzimas mutantes para ambas as vias metabdlicas:
degradacdo do DHT (atividade de redutase) e conversio do DHEA (atividade de desidrogenase/As A
isomerase). As reacdes foram realizadas conforme descrito na Figura 7. Apenas a enzima portadora da
mutagdo Thr152Ala apresenta atividade enzimdtica. O pH &timo detectado para esta enzima mutante
corresponde aquele observado para a enzima normal: 6,5 para a atividade de redutase e 8,5 para a atividade

de desidrogenase/&'-4' isomerase. As demais mutacdes acarretam uma redugdo dréstica na atividade da

enzima.

Procedemos entdo a caracterizagdo bioquimica apenas da mutacao Thr152Ala uma
vez que esta foi a Unica que rendeu atividade enzimdtica detectdvel. As constantes cinéticas
Vmax (velocidade maxima) e Km foram calculadas a partir das equacdes de Michaelis-
Menten e de Lineweaver-Burke. Com relacdo a atividade de redutase foram determinadas
as constantes cinéticas para o substrato DHT e para o cofator NADH das enzimas nativa e
mutante (resultados representados na Figura 8). A Tabela 2 resume os pardmetros obtidos

quanto a atividade de redutase das enzimas nativa e mutante.
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Figura 8: Comparacéo das propriedades cinéticas da reacdo de degradagdo do DHT pelas enzimas 33-HSD2
nativa e mutante (mutagdo Thr152Ala). As constantes cinéticas para o substrato DHT e para o cofator NADH
foram determinadas a partir da equacdo de Michaelis-Menten e de Lineweaver-Burke (duplos reciprocos)
correspondente. Em A e C, os grificos de Vmax e Km onde estdo delineados a velocidade da reagdo (em
pmoles/min/mg de proteina total) em funcdo da concentracdo de DHT (A) ou de NADH (C) em micromolares.
Em B e D, os gréficos dos duplos reciprocos, a partir dos quais foram calculadas as constantes Vmax e Km

para o DHT (B) e o NADH (D). Os dados representam a média de experimentos realizados em triplicatas.

Tabela 2. Parimetros cinéticos da atividade de redutase das enzimas 33-HSD2

nativa e mutante (Thr152Ala).

DHT NADH
Enzima
Vmax . Km Vmax/Km Vmax . Km Vmax/Km
(nmoles/mg.min)  (uM) (nmoles/mg.min _ (uM)
Nativa 1.48 0.53 2.79 2.04 10.7 0.19
Thr152Ala 2.81 0.62 4.53 2.64 7.2 0.366

69



< .. . 5 . .
Quanto a atividade de desidrogenase/&X-&' isomerase foram determinadas as

constantes cinéticas apenas do substrato DHEA. Os resultados obtidos estdo representados

na Figura 9 e descritos na Tabela 3.
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Figura 9: Comparagio das propriedades cinéticas da reagio de conversdo do DHEA pelas enzimas 33-HSD2

nativa e mutante (mutacdo Thr152Ala). As constantes cinéticas Vmax e Km para o substrato DHEA foram

determinadas a partir da equagdo de Michaelis-Menten e de Lineweaver-Burke (duplos reciprocos)

correspondente. Em A o grifico de Vmax e Km onde esti delineado a velocidade da reacdo (em

pmoles/mg/min) em funcdo da concentracdo de DHEA. Em B, o gréfico dos duplos reciprocos, a partir do

qual foram calculadas as constantes Vmax e Km para o DHEA. Os dados representam a média de

experimentos realizados em triplicatas.

Tabela 3. Pardmetros cinéticos da atividade de desidrogenase/A’-A*

isomerase das enzimas 33-HSD2 nativa e da portadora da mutagéo

Thr152Ala.
DHEA
Enzima Vmax Km
Vmax/Km
(pmoles/mg.min) (M)
Nativa 90 0.31 290
Thr152Ala 102 0.28 364
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DISCUSSAO

Os androgenos s@o necessdrios para o crescimento € manuten¢do normais da prostata. No
entanto, estes hormonios tém papel fundamental no desenvolvimento do cancer de prostata,
sobretudo quando em concentracdes elevadas. O excesso de andrégenos na prostata, seja
ele causado por aumento da sintese de T ou DHT ou por diminui¢do da inativacdo destes
hormdnios, pode induzir um crescimento celular descontrolado resultando no cancer de
prostata. Recentemente a enzima 33-HSD2 tem merecido especial aten¢do na pesquisa do
cancer de préstata em func¢do de seu papel crucial tanto na sintese de T quanto na
degradagdo de DHT. Em verdade, o fato da enzima 33-HSD2 degradar DHT torna esta
enzima uma potencial candidata na etiologia do cancer de prdstata. Sendo assim, € de
fundamental importincia o estudo de mutacdes e/ou polimorfismos que podem interferir na
atividade final da enzima 3[3-HSD2, seja alterando as propriedades cinéticas da enzima seja
alterando os niveis de expressdao do gene. Por esta razdo, o gene HSD3B2 representa um

fortissimo candidato a progressao e predisposicdo ao cancer de prostata.

Em nosso trabalho anterior identificamos uma alta incidéncia de alteracdes
somadticas no gene HSD3B2 em pacientes com cancer de prdstata. As alteragdes detectadas
incluiam instabilidades de micro-satélite e um nimero expressivo de substituicdes
nucleotidicas em tecido tumoral. Dentre as substitui¢Oes detectadas despertou particular
interesse aquelas que conduzem a troca de aminodcidos (mutagdes missense) e aquelas
localizadas em provdveis dominios de ligacdo nas regides promotora e nao traduzida, uma
vez que podem interferir nos niveis de expressdo do gene HSD3B2. Assim sendo, o
objetivo deste trabalho foi: /), investigar os efeitos que as muta¢des missense acarretam nas
propriedades bioquimicas in vitro da enzima 3[3-HSD2 e 2), obter maiores informagdes, por
intermédio da metodologia de Gel Shift, acerca dos possiveis fatores de transcricdo que

possam estar se ligando aqueles dominios de ligacao.
A importincia da enzima 33-HSD2 na biosintese de hormonios esterdides ja estd
bem estabelecida. No entanto, os mecanismos moleculares que regulam a expressao do

gene HSD3B2 sdo ainda pouco compreendidos. Recentemente intimeros trabalhos tem
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abordado a regulacido do gene HSD3B2 por meio do fator SF-1, citocinas, glucocorticéides

P16 No caso do gene HSD3B2 ndo hd relatos na literatura de

e gonadotropinas
investigacdo, em pacientes com cancer de prostata, de substituicdes somdticas na regido

promotora e 5°-UTR que poderiam comprometer a expressao do gene HSD3B2.

As substituicdes c234t e t243c detectadas na regidao 5’-UTR estdo localizadas numa
repeticdo direta composta de 9 nucleotideos. A formagdo de um complexo DNA-proteina
no resultado de Gel Shift indica que esta repeticdo € um provavel sitio de ligacdo de fatores
ainda ndo identificados. Com relag@o as substituicdes c234t e t243c, estas ndo aboliram a
formagdo do complexo, o que ressalta que aquelas duas posi¢des nucleotidicas ndo sdo

essenciais para a formagao do complexo observado.

A substitui¢do -g/55a estd localizada no dominio de ligacdo do fator de transcri¢io
STAT-6 na regido promotora, mais precisamente entre os nucleotideos que intercalam o
dominio de ligacdo propriamente dito. STATs (do inglés signal transducers and activators
of trancription) sdo fatores de transcri¢do cuja agdo € mediada por interleucinas. A
regulacdo do gene HSD3B2 por fatores STAT tem sido constatada'®, sendo que a expressao
do fator STATG6 ¢ altamente ativada no cancer de préstata'’. O resultado obtido indica que a
substituicdo -g/55a ndo impediu a formagdo do complexo STAT-6:DNA. Este resultado
pode ser explicado pela localizacdo da substituicdo entre os nucleotideos intercalantes e nao

no dominio de ligacao propriamente dito (5’-TTCNNNNGAA-3’).

As oito mutagdes missense analisadas neste trabalho sdo novas e ndo descritas em
pacientes com hiperplasia congénita da adrenal. Mutacdes missense no gene HSD3B2
foram inicialmente descritas em pacientes com aquela anomalia. Nestes pacientes as
mutagdes detectadas conduzem a uma deficiéncia de atividade de 33-HSD2 que leva ao
pseudohermafroditismo masculino em funcdo de virilizacdo incompleta dos genitais

externos.

A caracterizagdo bioquimica da 3B-HSD2 nativa revelou que as duas vias

metabolicas desta enzima apresentam diferencas na eficiéncia da atividade enzimdtica. Esta
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diferenca € de certa forma presumivel. Na reacdo de degradacdo da DHT, redutase, a
enzima apenas reduz o grupo cetona no carbono 3. Ao passo que a via de conversdo da
DHEA, desidrogenase/isomerase, a reacdo € mais complexa pois tem-se a isomeriza¢io do
substrato e a oxidacdo do grupo hidroxila no carbono 3. Foram constatadas também
diferencas quanto ao pH 6timo da reagdo, dependendo da atividade enzimadtica (redutase ou
desidrogenase/isomerase). Estas diferencas na eficiéncia enzimdtica e no pH 6timo de
atividade podem estar associadas ao papel fisiolégico de cada uma das vias anabdlica e

catabdlica da 33-HSD2.

Das oito enzimas mutantes analisadas, apenas a enzima portadora da mutacdo
Thr152Ala apresentou atividade enzimdtica em ambas as vias metabdlicas. As enzimas
mutantes Leu6Pro, Argl7Lys, Vall9lle, Leu34Ser, Phe88Ser, Glul92Lys, Asnl48Ser
tiveram suas atividades drasticamente reduzidas para menos de 5% de substrato convertido.
Esta atividade enzimdtica abolida deve-se em grande parte a localizacdo dos residuos
mutados em posicdes cruciais na enzima. Portanto, trocas de aminodcidos nestas posicoes
comprometeriam inevitavelmente a atividade catalitica normal da enzima 33-HSD2 e de
maneira decisiva. Os cédons Leu6, Arg”, val” e Leu34, por exemplo, estdo localizados no
dominio de liga¢do ao cofator NAD(H)IS. O cédon Phegg, por sua vez, estd localizado em
um dominio hidrofébico altamente conservado responsavel pela ancoragem da enzima 3[3-
HSD2 as membranas celulares. A delecdo desta regido de ancoragem (residuos 72 a 89)
abole completamente a atividade enzimdtica da 3B-HSD2". J4 os c6dons Asn'*® e Glu'*?
estdo localizados respectivamente numa regido altamente conservada e nos dominios de

ligagdo do substrato'®.

Uma vez que apenas a mutacdo Thr152Ala apresentou atividade enzimdtica
detectdvel, somente esta enzima mutante teve seus parametros cinéticos definidos para as

vias metabodlicas de degradacdao da DHT e de sintese de DHEA.

Com relacdo ao substrato DHT, a enzima mutante Thr152Ala apresenta afinidade
pelo DHT semelhante a da enzima nativa, com valores de Km de 0,62 e 0,53uM,

respectivamente. Por outro lado, a mutacdo missense Thr152Ala aumenta a atividade
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enzimatica em quase duas vezes quando comparada a enzima nativa, com valores de Vmax
de 1,48 e 2,81 nmoles/mg.min, respectivamente. No que se refere ao cofator NADH o
cendrio observado € o inverso. Isto €, ndo ha diferenca tdo marcante quanto a Vmax das
enzimas mutante e nativa (2,64 e 2,04 nmoles/mg.min, respectivamente) mas a afinidade
pelo NADH da enzima mutante € maior que a da enzima nativa (Km de 7,2 e 10,7uM,
respectivamente). Considerando a constante de 1* ordem (Vmax/Km) verifica-se que a
enzima mutante apresenta um nitido ganho de funcdo quando comparada a enzima nativa.
Tanto nos experimentos que definiram as constantes cinéticas do DHT quanto do NADH, a

enzima mutante possui quase o dobro da atividade catalisada pela enzima nativa.

Em contrapartida a este cendrio, foi avaliado também os efeitos da mutacio
Thr152Ala na atividade de sintese de androgenos, i.e., conversaio de DHEA em
Androstenediona (um precursor da Testosterona) pela atividade enzimdtica de
desidrogenase/X-A' isomerase. Os resultados obtidos revelam que a enzima mutante
possui propriedades cinéticas comparaveis aquela apresentada pela enzima nativa no que se
refere a sintese de andrdgenos (conversio de DHEA), ndo havendo ganho-de-fun¢do tdao

expressivo (apenas 25% a mais de atividade) como observado na situacdo anterior.

CONCLUSAO

Segundo a hipdtese proposta neste trabalho, mutagdes e polimorfismos que interferem na
atividade da enzima 33-HSD2 podem conduzir a um aumento nos niveis de andrégenos o
que levaria ao cancer de préstata. Podem interferir na atividade final de 33-HSD2 mutacdes
do tipo missense, que afetam as propriedades cinéticas normais da enzima, e substituicdes

nas regides promotora e 5’-UTR, que podem alterar o padrdo de expressio do gene

HSD3B2.

A repeticdo direta localizada na regido 5’-UTR parece ser um provavel dominio de
ligacdo. Os fatores que poderiam se ligar a este dominio ainda precisam ser identificados e
caracterizados. Os resultados obtidos com as substituicdes c234¢, t243c e -g155a, apesar de

negativos, nao excluem a necessidade de que outras andlises sejam realizadas. E preciso

74



que se investigue, por exemplo, os efeitos que tais substituicdes podem ocasionar na
expressao do gene HSD3B2. Uma possivel alternativa € a clonagem das regides promotora
e 5’-UTR em um vetor contendo um gene repdrter. Assim, os possiveis efeitos das

substituicdes seriam avaliados tendo por base o padrao de expressdao deste gene reporter.

A caracterizagdo bioquimica da 33-HSD2 revelou que a enzima nativa apresenta
diferencas tanto na eficiéncia enzimdtica quanto no pH o6timo de atividade da enzima
dependendo da atividade de redutase (pH 6.5) ou de desidrogenase/isomerase (pH 8.5).
Uma possivel explicacido para estas diferencas na eficiéncia enzimdtica e no pH 6timo de
atividade pode ser o papel fisiolégico da 3[B-HSD2 tanto nas vias anabdlica quanto

catabdlica de andrégenos.

Das oito enzimas mutantes analisadas apenas a enzima portadora da mutacio
Thr152Ala apresentou atividade enzimadtica detectdvel. A mutacdo Thr152Ala foi detectada
em um paciente que apresentou instabilidade de micro-satélite sob a forma de perda de um
dos alelos'’. Além disso, a quantificacdo dos alelos normal e mutante por intermédio do
sequenciamento direto revelou que o alelo mutante Thr'** estd presente em quase 100% das
moléculas de DNA no tecido tumoral, o que permite considerar que a mutacdo Thr152Ala

deva estar presente em homozigose ou em hemizigose na maior parte do tecido tumoral.

Os ensaios cinéticos demonstraram que com relacio a atividade de
desidrogenase/isomerase a enzima portadora da mutagdo Thr152Ala apresentou constantes
cinéticas compardveis a enzima nativa. Com relacdo a atividade de redutase a enzima
mutante apresentou um nitido ganho de fun¢cdo quando comparada a enzima nativa. O
c6don Thr'>? estd envolvido com as interacdes com o cofator NAD(H) e localiza-se
adjacente ao dominio catalitico YX-X-X-KPB 8 A substituicdo de um aminoécido
polar (treonina) por um aminodcido nao-polar (alanine) deve de alguma maneira favorecer
a atividade catalitica da enzima 33-HSD2. A construcéo, por homologia molecular, de um
modelo tridimensional da enzima mutante Thr152Ala poderia contribuir para um melhor
entendimento dos residuos envolvidos com a atividade catalitica da 33-HSD2 e com a

interacdo aos cofatores.
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Capitulo II1.4 — Artigo a ser submetido para publicacao

Makridakis, N.; Ferraz, L.F.C. and Reichardt, J.K.V. Genomic analysis of cancer tissue
reveals that most somatic mutations occur in a novel nine nucleotide purine rich

motif.

Neste artigo abordamos a possibilidade de um fendtipo mutador no céncer de
prostata. O conceito de um fendtipo mutador no cancer sugere que a instabilidade genética
das células cancerosas € resultado de mutagdes em genes que atuam na manutenc¢do da
integridade gendmica. Concomitante a isso, a evolu¢do de um tumor envolveria expansao
clonal de células cancerosas contendo mutagdes que conferem vantagens de crescimento
(teoria clonal da origem do cancer). Segundo nossa hipétese, este cendrio também se
aplicaria ao cancer de préstata. A instabilidade genética observada neste tipo de cancer é
resultado de alteragdes nos genes responsdveis pela replicagcdo e pelo mecanismo de reparo
do DNA. Estes genes, quando mutados, potencializariam o surgimento de novas mutacdes
ao longo do genoma, inclusive em genes associados com as etapas do processo
carcinogénico como, por exemplo, o gene HSD3B2, que controla o metabolismo de
andrégenos na préstata. Além disso, as substituicdes somdticas detectadas no gene
“housekeeping” HPRT, que codifica a enzima hipoxantina-guanina fosforribosiltransferase,

ressaltam o suposto cardter indiscriminado dos genes mutados.

As evidéncias que nos fazem supor um fenotipo mutador no cancer de prostata, e
que sao descritas e discutidas no presente artigo, provém dos resultados inicialmente

obtidos com os genes HSD3B2 e HPRT. As alteracdes genéticas entdo observadas
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condizem com aquelas sugeridas quando da manifestacio de um fendtipo mutagénico,

sendo elas:

1. Alta prevaléncia de instabilidades no microssatélite localizado no intron 3 do
gene HSD3B2, o que nos faz supor uma provavel deficiéncia do mecanismo de

reparo de DNA, sobretudo aquele que versa o mau pareamento de DNA, e

2. Elevada incidéncia de substitui¢des nucleotidicas no gene HSD3B2 e no gene
HPRT, o que pode ser um indicativo de erros substanciais nos processos de
sintese e/ou reparo do DNA. Os provaveis genes envolvidos seriam ndo
apenas aqueles que codificam DNA polimerases (genes POLB, POLH, POLK,
POLI, e POLZ), mas também genes do mecanismo de reparo do DNA, uma
vez que a deficiéncia nestes genes inviabilizaria a reparacdo dos erros

introduzidos por aquelas DNA polimerases propensas a erros.

Neste artigo também € relatada uma andlise minuciosa das seqiiéncias nucleotidicas
adjacentes as substitui¢des somadticas detectadas nos genes HSD3B2 e HPRT. Esta andlise
revelou que as substituicdes seguem um padrdo especifico de mutacdo, transi¢des em sua
grande maioria. A seguir procedemos a uma andlise mais ampla envolvendo revisdo de
literatura acerca de mutacdes somadticas descritas nos genes associados ao cancer de
prostata e de mama. O resultado dessas andlises permitiu a constatacdo de que as
substituicdes ocorrem em um motif conservado composto de nove nucleotideos rico em

purina (NNUPURI).
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O presente artigo propde a hipotese de que o motif NNUPURI seria alvo de um
mecanismo de reparo e/ou sintese de DNA propenso a erros que, em ultima andlise,
resultaria na maioria das mutagdes somadticas detectadas no cancer de prostata. Embasando
a hipotese proposta, o artigo relata a identificacdo, nas mesmas amostras de cancer de
prostata, de mutagdes somdticas nos genes que codificam DNA polimerases propensas a
erro (POLB, POLH e POLK). Segundo nossa hipétese, o acimulo de mutacdes somadticas a
medida que o cancer progride decorre de um fendtipo mutagénico manifestado pelas DNAs

polimerases mutantes.
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ABSTRACT

Somatic mutations are hallmarks of cancer progression. We screened 26 matched
human prostate tumor and constitutional DNA samples for somatic alterations in the
SRD5A2, HPRT, and HSD3B2 genes, by DNA sequencing, and identified 71 somatic
substitutions. Interestingly, 79% (56/71) of these substitutions occur at a Nine-Nucleotide
Purine-Rich (NNUPURI) motif, with one mismatch allowed. We also found this motif with
one allowed mismatch in 89% (23/26) of the H-ras gene somatic mutations formed in the
SENCAR mouse skin model, after induction of error-prone DNA repair following
mutagenic treatment'"'®. Literature searches identified the NNUPURI motif with one
mismatch allowed in 66% of the somatic prostate cancer mutations and in 74% of the
somatic breast cancer mutations found in all human genes analyzed. The high prevalence of
the motif in each of the above mentioned cases cannot be explained by chance (p<0.05).
We further identified 27 somatic mutations in the error-prone DNA polymerase genes pol
N, pol K and pol B in these prostate cancer patients. These data suggest that most somatic
nucleotide substitutions in human cancer may occur in sites that conform to the NNUPURI
motif. These mutations may be caused by “mutator” mutations in error-prone DNA

polymerase genes.
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INTRODUCTION

Cancer is thought to evolve through the accumulation of somatic mutations in
specific genes, depending on tumor typel. These mutations are caused by a combination of
environmental and heritable factors®. To date scientists have been unable to identify a
common motif at the sites of these somatic mutations suggesting that these somatic events
have distinct molecular etiology, depending, among other factors, on the individual and the
type of tumor. We decided to test the hypothesis that there is a common motif at the sites of
somatic mutations in sporadic cancer tissue, utilizing prostate cancer, a tumor type of

particular interest to us.

We and others have reported evidence supporting the involvement of androgen-
metabolic candidate genes in prostate cancer risk and progression. For instance, a number
of findings have associated the androgen metabolic gene SRD5A2 with prostate cancer
predisposition®*’. The SRD5A2 gene encodes the Sa-reductase type I enzyme that
converts testosterone (T) to dihydrotestosterone (DHT), the most active androgen in the
prostate’. Thus activating 5a-reductase mutations are expected to contribute to prostate
tumor development. A possible contribution of the SRD5A?2 gene to tumor progression was
also proposed based on our findings of de novo somatic events at the SRD5A2 locus’. More
recently we reported the biochemical characterization of somatic SRD5A2 mutations in

8

human prostate cancer tissue’, including mutations that increase enzyme activity. These

data suggest that the SRD5A?2 gene is a common target in prostate cancer progression.
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The HSD3B2 gene also presents an attractive androgen metabolic candidate gene
for prostate cancer risk and progression. DHT is inactivated through two reductive
reactions catalyzed by 30- and 3B-hydroxysteroid dehydrogenase®. The two isozymes of
3B-hydroxysteroid dehydrogenase reported in humans are encoded by the HSD3B1 and

HSD3B2 genes. The type II 3B-hydroxysteroid dehydrogenase enzyme encoded by the

HSD3B2 gene is mainly expressed in androgenic tissues’'"

, and therefore may regulate
intraprostatic DHT levels by initiating inactivation of this potent androgen. We have
previously shown a putative role for the HSD3B2 gene in predisposition to prostate cancer
by investigating a complex dinucleotide repeat polymorphism [(TG), (TA), (CA),] located
in intron 3 of this gene. In that study, we reported substantial allelic variations among
racial-ethnic groups with different risks for developing prostate cancer''. In the present

study we report the identification of a high number of somatic nucleotide substitutions and

microsatellite instability of the HSD3B2 gene in prostate cancer tissue.

Analysis of the nucleotide sequence that surrounds each mutation revealed that most
of the somatic alterations in both the HSD3B2 and SRD5A?2 genes occur within a putative
conserved sequence that conforms to a 9-Nucleotide Purine-Rich (NNUPURI) motif.
Examination of the published literature revealed that the NNUPURI motif accounts for
66% of all somatic prostate cancer mutations found in the 8 human genes analyzed and for
74% of all somatic breast cancer mutations found in the 11 genes analyzed (with one
allowed mismatch). To our knowledge this is the first time that such a consensus sequence

has been identified at the site of somatic mutations in any cancer type.
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If a specific molecular mechanism generates somatic mutations at specific motif
sites, then it should do so even in genes expected to be unrelated to tumor progression, such
as the human HPRT gene. The ubiquitously expressed HPRT gene encodes hypoxanthine-
guanine phosphoribosyl transferase, an enzyme essential for the purine salvage pathway,
responsible for 90 % of nucleic acid biosynthesis in normal cells'>. The human HPRT gene
is located on chromosome X'°, and thus prostate cancer cells carrying HPRT mutations
would normally be hemizygous at this locus (unless they also contain X-chromosome
duplications). Sequence analysis of the HPRT gene in the same prostate cancer tissues
identified many somatic mutations, 82% of which fit the NNUPURI motif, with one

mismatch allowed.

In search of a potential mechanism that generates mutations at the NNUPURI motif
we found that this motif is found (with one mismatch allowed) in 88% of the somatic H-ras
gene mutations induced by error prone DNA repair in the SENCAR mouse skin model

following mutagenic treatment' ™'

. Error prone (EP) DNA repair (also called translesion
synthesis) is a specific pathway of DNA repair elucidated over the last decade®'. This
particular type of DNA repair involves DNA polymerases that are much more accurate
when replicating through specific types of DNA damage than undamaged DNA** (hence
the name error prone repair). EP DNA polymerases have been proposed to play a role in
cancer etiology (for a review, see e.g. reference 43). The only known example of an error
prone DNA polymerase causing human cancer comes from pol nN*; constitutional DNA

mutations that inactivate pol n are associated with a high rate of skin cancers in patients

suffering from XPV (Xeroderma Pigmentosum-Variant)**. In the absence of pol n,
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ultraviolet (UV) radiation induced- pyrimidine dimers are bypassed in a manner that
generates the mutations which are thought to lead to skin cancer® (perhaps by another error
prone DNA polymerase*?). Thus error prone polymerase mutations can result in multiple
tumor-inducing mutations (mutator phenotype) given the right type (and amount) of
environmental exposure. We report here 27 somatic mutations in the EP polymerase genes
pol n, pol K and pol B in the same prostate cancer tissues that have additional somatic
mutations in some of the other analyzed genes (i.e. “target” genes: HSD3B2, HPRT and
SRD5A2). We propose that the polymerase gene mutations result in multiple somatic

mutations in these patients.
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RESULTS

Our samples were previously described’. Supplementary Table 1 online
summarizes patient information including age and tumor stage as well as all results
concerning microsatellite instability and nucleotide substitutions in the HSD3B2 gene.

These results are presented in detail in the next sections.

Somatic mutations in the HSD3B2 and HPRT genes in prostate cancer tissue

Initially the tumor DNA of each patient was screened for somatic alterations, by
automated DNA sequencing. Once nucleotide alterations were detected, the constitutional
DNA of the same patient was also analyzed to examine if the event was somatic. From 26
patients studied, only 5 had no nucleotide HSD3B2 alterations in the tumor
(Supplementary Table 1 online). In the remaining 21 patients we detected one deletion
and 37 nucleotide substitutions (Supplementary Table 1 online). Only two HSD3B2
mutations were recurrent: the silent mutation G15G (glycine at codon 15), found in three
patients, and the missense mutation F326S (phenylalanine-326 to serine), present in two
patients (Supplementary Table 1 online). We did not detect any of the tumor DNA

mutations in the corresponding constitutional DNA. Thus, these mutations are somatic.

Given the potential importance of missense HSD3B2 mutations for our model of
prostate cancer progression, all 18 missense mutations were confirmed independently by
three distinct techniques, namely automated DNA sequencing, SSCP (Single Strand
Conformational Polymorphism) and SNaPshot™ analysis (Supplementary Table 2

online). This analysis included the quantitation of both the mutant and the wild-type alleles,
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which demonstrated that the majority of the mutations produced similar quantitation results
among all three techniques employed (Supplementary Table 2 online). In addition,
analysis of the intensity of the mutant allele indicates that in at least 7 occasions the mutant
allele is present in more than 50% of the DNA molecules of the tumor tissue

(Supplementary Table 2 online).

The HPRT gene was also investigated for somatic alterations in prostate tumor
tissue. Exons 7 and 8 of this gene were PCR-amplified on a single amplicon of 379 base
pairs using pairs of primers described elsewhere'*. Automated DNA sequencing reactions
were performed as described in Methods. 17 nucleotide substitutions, all somatic, were
identified: 10 substitutions were intronic and seven were missense (Table 1). These results
were confirmed in independent experiments (see Methods). Analysis of the data shows that
multiple somatic mutations in the same patient were found as well as recurrent mutations
(Table 1). Each of the two recurrent missense mutations, P169S (proline-169 to serine) and
P184S (proline-184 to serine), were found in three patients (Table 1). In addition, analysis
of the intensity of the mutant allele indicates that in three occasions the mutant allele is
present in more than 50% of the DNA molecules of the tumor tissue (Table 1). Finally,
although only a single HPRT amplicon was screened, 9 of the 26 patients analyzed harbor

somatic substitutions (Table 1).

Nucleotide sequence contexts surrounding the somatic mutations
The high number of somatic nucleotide substitutions identified in both HSD3B2 and
HPRT genes allowed us to analyze the sequence context and nature of those substitutions.

This analysis revealed that the mutations occur within a putative conserved sequence that
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conforms to a Nine-Nucleotide Purine-Rich (NNUPURI) motif (Tables 1 and 2). This
motif is comprised of three nucleotide triplets interspersed by 0-2 spacer nucleotides. The
middle triplet consists of purines, one of them being the mutated base. Using the [UPAC
code, the NNUPURI motif can be represented by WKVnRRRnVWK [W= A/T; K= G/T;
V= G/A/C; R= purine (A/G); n= any nucleotide; total number of n = 0-2 nucleotides; the

underline indicates the core purine triplet].

Among all 38 nucleotide alterations detected in the HSD3B2 gene, 30 (79%) fit the
NNUPURI motif with up to one mismatch: a perfect match is observed in 9 cases whereas
21 cases fit the motif with one mismatch (Table 2). The actual target of the motif (the RRR
sequences occurring within the WKVnRRRnVWK context with one allowed mismatch)
covers 60% of the total 1937 bp of the HSD3B2 sequence analyzed by PCR (see Methods
for calculation). Thus, 22 (60%) of the HSD3B2 mutations are expected to occur in the
motif (with one mismatch), compared to the 30 (79%) observed. This increased frequency
of the HSD3B2 mutations that fit the motif is significant (p=0.026). We then tested the
occurrence of the motif in the HPRT and SRD5A2 mutation sites: 15 out of 17 (88%) of the
somatic HPRT mutations and 11 out of 16 (69%) of the previously reported® somatic
SRD5A2 mutations fit the motif with one allowed mismatch (Tables 1 and 3). The actual
target of the motif with one allowed mismatch covers 68% of the HPRT sequence analyzed
and 57% of the SRD5A2 sequence analyzed (see Methods for calculation). Based on the
actual target of the NNUPURI motif in these two genes, 20 (out of the 33) HPRT/SRD5A2
mutations are expected to fit the motif with one allowed mismatch, compared to the 26
(15+11) observed. The increased frequency of the HPRT/ SRD5A2 mutations that fit the

motif with one allowed mismatch is significant (p=0.05). Comprehensive analysis of all the
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HPRT, HSD3B2 and SRD5A2 somatic mutations indicates that 56 out of the 71 (79%)
somatic mutations fit the NNUPURI motif with up to one mismatch (Tables 1, 2 and 3).
The frequency of mutations that fit the motif with up to one mismatch in all three genes
(56/71) is significantly higher (p=0.005) than the expected frequency (43.4/71), based on

the actual target of the motif in these genes.

Analysis of the nature of the somatic base substitutions detected in the three genes
analyzed (Tables 1 and 2 and reference 8) indicates that transitions are significantly more
prevalent than transversions. Transitions comprise 31 A>G and 34 G>A substitutions,
whereas transversions consist of two A>T, two G>T, and one C>G substitutions (all of the

substitutions are listed based on the sequence of the transcribed strand).

The NNUPURI motif in the cancer literature

The discovery of the NNUPURI motif motivated us to examine the published
literature for other kinds of mutations that may fit this motif. These literature searches
revealed that this motif is also found in all but one of the 11 H-ras gene mutations detected
in the SENCAR (SENsitive to skin CARcinogenesis) mouse skin cancer model one day
after benzo[O]pyrene treatment'® (Table 4). These H-ras mutations were formed by error-
prone DNA repair of abasic lesions induced after benzo[a]pyrene treatment'>. Most (9 out
of 11) of the H-ras gene mutations were also transitions'>. More recently, Chakravarti et al
reported that error prone DNA repair induced H-ras mutations in the mouse skin also
following estradiol-3, 4-quinone (E2-Q) treatment'®. All 15 of these E2-Q induced somatic

mutations (figure 5 in reference 16) are transitions, and 13 out of 15 fit the NNUPURI
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motif with one allowed mismatch (data not shown). Thus 88% (23 out of 26) of the somatic
H-ras mutations induced in the mouse skin by error prone DNA repair fit this motif with
one mismatch allowed. The actual target of the motif covers 62% of the total 500 bp of the
hras1l sequence analyzed by the authors (see Methods for calculation). Thus, 16 (62%) of
the hras]l mutations are expected to occur in the motif (with one mismatch), compared to
the 23 (88%) observed. This increased frequency of the hrasl mutations that fit the motif
with one mismatch is significant (p= 0.01). The frequency of the hras1 mutations that fit the
exact NNUPURI motif (without mismatches) is also higher than expected (35% versus

21%), but this trend is not significant, perhaps due to the low number of mutations.

Additional literature searches identified the NNUPURI motif in 66% (37/56) of the
somatic prostate cancer mutations of all the genes that we analyzed in humans: p53, H-ras,
K-ras, N-ras, PTEN and the androgen receptor (AR) gene (data not shown). Examination of
the somatic mutations in the AR gene database’’ revealed that 80% are transitions and 68%
of the mutations fit the NNUPURI motif with up to one mismatch. Moreover, half of the
most common somatic mutations (in prostate cancer) that activate the H-ras, K-ras, and N-
ras oncogenes, at codons 12, 13 and 61, also fit the NNUPURI motif with one mismatch
allowed. Regarding somatic substitutions in the p53 gene in patients with prostate cancer',
there is a prevalence of transitions over transversions and 67% (14/21) of the mutations fit
the NNUPURI motif with up to one mismatch. The most common somatic PTEN mutation,
found in one out of 6 prostate cancer tissueslg, also fits the NNUPURI motif. To test the
significance of these observations, we calculated the expected number of the AR gene
mutations that fit the NNUPURI motif based on the actual target of the motif in the AR

gene, the most commonly mutated gene in this dataset: 42 out of the 62 (68%) somatic AR
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mutations fit the motif with one mismatch, compared to 32 (53%) expected (see Methods
for calculation). The higher occurrence of the motif among prostate cancer AR mutations is
statistically significant (p=0.027). The frequency of the somatic AR mutations that fit the
NNUPURI motif exactly (without mismatches) is also higher than expected (16 observed
versus 10 expected), but this trend does not reach statistical significance (p=0.08), perhaps

due to the low number of mutations that fit the motif exactly.

After detecting the NNUPURI motif in the most common human malignancy in
males64, we decided to also examine the most common cancer in females, that of the
breast™. The data, presented in Supplementary Table 3 online, shows that 74% (90/122)
of all somatic breast cancer mutations found in the literature in 11 genes analyzed fit the
NNUPURI motif with up to one mismatch. The list of genes analyzed for mutations in
human breast cancer includes CHEK2?%%*, CSNK1E**, GATA3?', LM04*, E-CAD (CDH-
1)*%, DLG1%, EDD/hHYD?*, BRCA2*, PTEN*, p53**% and PHB***'. To test the
significance of this finding, we calculated the expected number of somatic mutations that fit
the NNUPURI motif in the most commonly mutated gene in this dataset (p53), based on
the actual target of the motif in the pS3 gene: 29 out of the 43 (67%) somatic pS3 mutations
fit the motif with one mismatch allowed, compared to 23 expected (see Methods for
calculation). This higher than expected incidence of the NNUPURI motif with one
mismatch allowed does not reach statistical significance (p=0.089). However, 10 out of the
43 (23%) somatic p53 mutations fit the motif exactly, compared to 5 (13%) expected, and
this higher incidence is significant (p=0.046). Moreover, 58% of all somatic breast cancer

mutations reported in these genes are transitions.
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Recently, a GA pattern (or TC in the other strand; the underline shows the mutated
base) was identified at the sites of somatic mutations in the protein kinase gene family in
breast cancer, but mostly in two breast cancer samples thought to display mutator
phenotype'’. Since this pattern is similar to the purine core of the NNUPURI motif, we
decided to analyze the mutations reported by Stevens et al (on Supplementary Table 4'7)
for the presence of our motif: we found that 59 out of the 88 (67%) breast cancer mutations
fit the NNUPURI motif with one allowed mismatch. In contrast, only 8 of the 71 prostate
cancer mutations that we report here occur in the GA motif (8.9/71 (12.5%) expected;
p=0.75). The GA motif is overrepresented though in the breast cancer mutation dataset that
we found in the literature (Supplementary Table 3 online): 25 (of the 122) mutations fit
the GA motif, compared to 15 expected (p= 0.01). Thus both breast and prostate cancer
mutations occur in the context of a purine-rich core motif, while only in breast cancer this

core is often GA.

Somatic mutations in the mitochondrial DNA (mtDNA) have been detected in many
kinds of tumors and most of these mutations are transitions at purines’’. Thus we decided to
investigate whether these somatic mtDNA mutations fit the NNUPURI motif. 14 out of the
34 (41%) somatic prostate cancer mutations found in the mtDNA?? fit the motif with up to
one mismatch (Supplementary Table 4 online). This frequency is significantly lower
(p=0.0001) than the frequency found in the prostate cancer mutations that we report here
(56/71; 79%). Moreover, the distribution of the somatic mutations by mutated nucleotide
(purine versus pyrimidine; A:T versus C:G; CC or GG doublet versus TT or AA doublet) is
different between the somatic mutations that fit the NNUPURI motif in the HSD3B2 gene

and those that fit the motif in the mtDNA (Supplementary Table 4 online). Taken
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together, these findings suggest that most somatic mutations in prostate tumor mtDNA arise
through a different mechanism than the one(s) responsible for most somatic mutations in

the nuclear prostate tumor DNA.

Somatic mutations in the pol 3, pol n, and pol K genes in prostate cancer tissue

The significant presence of the NNUPURI motif at the sites of somatic H-ras gene
mutations induced by error prone DNA repair suggests that error prone DNA polymerases
may be involved in the etiology of (at least some) of the somatic mutations that fit this
motif. We thus decided to sequence a few exons from each of the EP DNA polymerase
genes pol 3, pol n and pol K for somatic mutations in our prostate cancer tissues, to test the
hypothesis that prostate cancer tissue is commonly mutated in these genes. This preliminary
analysis identified somatic mutations in all three genes, but the gene with most (and more
prevalent) mutations was pol [3 (data not shown). We therefore decided to screen the
complete coding sequence of pol [ in these prostate cancer patients. The result of these
analyses in all polymerase genes is shown on Table 5. We identified 27 somatic mutations
in these 26 samples, 14 of which were missense substitutions, 9 were silent or intronic
substitutions, two substitutions changed splice acceptor (AG) sites, one was in the promoter
region and one in the 5’-UTR. The G31438A intronic substitution is recurrent on patients 5
and 30 (Table 5). The P242R missense substitution was also present in the constitutional
DNA of patient 13, but with altered prevalence (40 % mutant peak in the tumor tissue
(Table 5) compared to 60 % mutant peak in the constitutional DNA (data not shown). Thus
an additional somatic event must have occurred in the tumor in this pol 3 site. Interestingly,

the P242R mutant results in similar activity and a four-fold lower mutation rate than the

95



normal pol 3 when assayed in vitro by a Herpes Simplex Virus thymidine kinase forward
mutation assay®. Thus, decreased presence of the P242R mutant in the tumor tissue may
translate into higher mutagenicity compared to the adjacent normal tissue of the same
patient. Overall, among 26 patients analyzed, 19 patients (73%) have somatic mutations in

an EP polymerase gene and 16 patients (61%) have somatic mutations in pol [3.

Somatic instability of the HSD3B2 gene in prostate cancer tissue

Since the HSD3B2 gene was most commonly “hit” in our sequencing analysis of
these prostate cancer tissues, we decided to search for other kinds of genomic instability at
this locus. 20 patients were investigated for somatic alterations in the dinucleotide repeat of
the HSD3B2 gene'', especially microsatellite instability (MSI) and loss of heterozygosity
(LOH). MSI and LOH were identified by the presence of altered alleles in the PCR-
amplified product of the tumor DNA as compared with its matched normal DNA. The
results show that 70% of the patients analyzed have LOH/ MSI in the HSD3B2 locus
(Supplementary Table 1 online). The most common findings were MSI manifested as
follows: 5 cases with contraction of the alleles of the tumor DNA, 4 cases with expansion,
and 3 cases with a combination of both contraction and expansion of the alleles (data not
shown). Three patients had LOH in the tumor tissue and 6 patients showed no somatic

alterations in this dinucleotide repeat (Supplementary Table 1 online).
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DISCUSSION

Somatic mutations are commonly found in prostate cancer tissue

We report a high number of somatic prostate cancer mutations in all three “target”
genes studied, and that the sequence surrounding the mutation sites fits a nine-nucleotide
purine-rich (NNUPURI) motif. From the 26 patients analyzed, 21 (80%) carry somatic
nucleotide alterations in the HSD3B2 gene. Among these patients, 13 have multiple
changes, including a case where a single patient harbors 4 nucleotide alterations
(Supplementary Table 1 online). In total, 38 nucleotide alterations were detected in the
HSD3B2 gene: 37 base substitutions and one deletion. Similarly, analysis of the SRD5A2
gene in the same patients resulted in the identification of 16 somatic substitutions, in 60%
of the patients®. Thus both androgen metabolic genes that we studied are commonly “hit” in

the same prostate cancer tissues.

The house-keeping gene HPRT was also investigated for somatic mutations in these
prostate tumor tissues. Although only exons 7 and 8 of this gene were amplified in a single
amplicon of 379 base pairs, 17 somatic nucleotide substitutions were identified, 10 intronic
and 7 missense, in 9 out of the 26 patients (Table 1). Collectively, we found a total of 71
somatic mutations in these three genes in prostate cancer. 8 of these mutations are recurrent
and 6 of the recurrent mutations are missense (Table 1, Supplementary Table 1 online,
and reference 8). As summarized in Table 6, at least four patients harbor somatic
substitutions in all three “target” genes examined, and most of these substitutions fit the
NNUPURI motif. All four of these patients have additional somatic mutations in an EP

polymerase gene (Table 6). In addition, four out of the 26 prostate cancer patients have
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missense substitutions in both androgen metabolic genes (data not shown). Biochemical
analysis of the HSD3B2 missense substitutions will help elucidating the combined effect of

these somatic mutations in prostate cancer progression.

Although we selectively examined HSD3B2 gene sequences expected to be
important for function (promoter, coding and UTRs) we equally found mutations that lead
to amino acid change (18 missense mutations plus 1 deletion) and mutations that do not
lead to amino acid change (9 silent mutations, 6 in untranslated regions, 2 in the promoter
and 2 intronic; Supplementary Table 1 online). Biochemical analysis of the somatic
mutations that we found in the SRD5A2 gene8 showed that 60% (6 out of 10) of the
mutations had no effect on Sa-reductase activity or had lower activity, suggesting that these
mutations do not contribute to prostate cancer progression. The human HPRT gene is also
highly mutated in these prostate cancer tissues (Table 1), and three of the mutations
(P169S, P184S, and E197G) are known to abolish enzyme activity in vivo (references 33,
34 and 35 respectively), while two other mutations (D185G and D177N) are in codons that

either abolish enzyme activity in vivo®

or are associated with the Lesch-Nyhan syndrome”’.
Prostate tumor cells can still survive in the presence of these severe HPRT mutations, but
they must do so by activating the de novo purine synthesis pathway, which requires higher
ATP consumption®, and is thus energy-inefficient. Therefore all three genes that we
studied in the same prostate cancer patients contain a high number of somatic nucleotide
substitutions many of which are predicted to be unrelated to or detrimental for tumor

progression (i.e “passenger mutations”). These findings taken together suggest that there

may be generalized genomic instability in these patients’ tumors. We have additional
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preliminary data that confirms these findings in randomly selected fragments of the prostate
cancer genome (manuscript in preparation). Moreover, the fact that we found significant
somatic instability (MSI/ LOH) in both the HSD3B2 (Supplementary Table 1 online) and

the SRD5A2’ genes in these patients further strengthens this argument.

The similarity of the HSD3B2 genotyping results obtained by three different
techniques (Supplementary Table 2 online) indicates that these mutations are probably not
PCR artifacts but rather real somatic changes in the tumor. In addition, Supplementary
Table 2 online shows that we were able to detect mutations whose prevalence was as low
as 13% of the total DNA molecules in the tumor (S115C missense mutation). Moreover, in
at least 7 cases the mutant allele was present in more than 50% of the DNA molecules in
the tumor tissue (Supplementary Table 2 online); such accumulation may be due to clonal
proliferation of cells harboring mutations presumably advantageous. Therefore, we were
able to identify both mutations present in as low as 13% of the DNA molecules in the
tumor (presumably “passenger” mutations) and mutations present in the majority of the

tumor cells (possibly clonal, “driver” mutations).

Nucleotide sequence context of the somatic substitutions

In order to test the hypothesis that there is a common motif at the sites of somatic
mutations in sporadic prostate cancer tissue we analyzed the nucleotide sequence that
surrounds each mutation. We thus found that 79% (56/71) of all somatic mutation sites in
the three “target” genes fit the NNUPURI motif, with up to one mismatch (Tables 1, 2 and

3). The difference between the expected and observed numbers of somatic mutations that fit
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this motif is significant (p=0.005) and suggests distinct molecular etiology for these

somatic mutations that involves the motif.

The prevalence of the NNUPURI motif at somatic mutation sites led us to
hypothesize that the motif is universal. We thus collected the sites of somatic prostate/
breast cancer substitutions in the published literature and measured the prevalence of the
NNUPURI motif among these sites. These literature searches identified the NNUPURI
motif (with up to one mismatch) in 66% (37/56) of all somatic prostate cancer mutations
and 74% (90/122) of all somatic breast cancer mutations in all the genes that we analyzed
in humans. Analysis of the most commonly mutated gene in each dataset indicates that the
high prevalence of the NNUPURI motif (with either one or no mismatch) is significant for
both types of cancer (p=0.027, p=0.046). In addition, 67% (59/88) of the somatic breast
cancer mutations thought to result by mutator phenotype'’ in the protein kinase gene
family, fit the NNUPURI motif with one allowed mismatch. Our analyses suggest that most
somatic mutations in the most common forms of human cancer fit the NNUPURI motif

with up to one mismatch.

In all 6 genes that we compared the observed and expected frequency of the exact
NNUPURI motif at somatic mutation sites we detected higher than expected occurrence of
the motif (Results section and data not shown). This trend was not always statistically
significant, perhaps due to the low number of mutations. Allowing for one mismatch with
the NNUPURI motif in those cases increased the number of both observed and expected
“hits” and resulted in statistically significant differences. This observation suggests that the

important consensus is the exact motif without mismatches.
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94% of all 54 somatic substitutions that we found in the SRD5A2 and HSD3B2
genes are transitions (Table 2 and reference 8). In contrast, only 52% of the 63
constitutional DNA mutations and polymorphisms found in these genes in the normal
population and in patients with 3B-HSD2 deficiency (reference 8, 39 and data not shown)
are transitions. This difference is significant (p=0.000003). Moreover, 88% of the 17 HPRT
somatic substitutions that we found are transitions (Table 1). In contrast, only 51% of the
59 HPRT listed SNPs (http://snpper.chip.org/bio/export-sequence/20797) are transitions.
This difference is also significant (p=0.019). Analysis of all the other somatic prostate
cancer mutations that we found in the published literature shows that 68% of these
mutations are also transitions: for example, 80% of the somatic prostate cancer mutations in
the AR gene40 are transitions. In contrast, only 57 % (114/201) of the AR SNPs
(http://snpper.chip.org/bio/export-sequence/20479) are transitions. The difference between
somatic and constitutional AR nucleotide substitutions is significant (p=0.0054). Analysis
of the breast cancer mutations that we obtained from the literature shows that 58% of the
119 breast cancer mutations are transitions (Supplementary Table 3 online). The most
commonly mutated gene that we found in the breast cancer literature was p53
(Supplementary Table 3  online). 55% of the 137 p53  SNPs

(http://snpper.chip.org/bio/export-sequence/7966) are transitions. The difference between

somatic (breast cancer) and constitutional pS3 nucleotide substitutions is not significant.
Thus, although both prostate cancer and breast cancer mutations fit the NNUPURI motif,
only in prostate cancer there are more transitions than expected by chance. Moreover, the
GA motif is overrepresented only among breast cancer mutation sites, not prostate cancer.
These data suggest that similar yet distinct molecular etiologies exist between the

generation of somatic mutations in the prostate and breast. For example, both prostate and

101



breast cancer mutations may be caused by error-prone DNA repair, but the polymerase or

the carcinogen involved may be different.

Error-prone DNA polymerases: a role in the etiology of somatic mutations?

The existence of a frequently found motif around the somatic mutation sites
suggests that the majority of somatic mutations in the most common forms of human
cancer may have similar molecular etiology. We thus screened the published literature in
search of such a potential etiologic mechanism. This analysis revealed that the NNUPURI
motif is found with one mismatch allowed in 88% (23/26) of the somatic H-ras gene
mutations induced by error prone DNA repair in the SENCAR mouse skin model following
either benzo[a]pyrene15 or estradiol-3,4-quinone (E2—Q)16 treatment (Table 4 and data not
shown). 92% (24/26) of these H-ras mutations in the mouse cancer skin are also
transitions'>'®. The association between the H-ras mutations and the presence of the
NNUPURI motif cannot be explained by chance (p=0.01). These data parallel our findings
in both prostate and breast cancer tissue. Thus, we propose that most somatic mutations in
the most common forms of human cancer are caused by error prone DNA repair following
specific carcinogenic exposure. This model for cancer etiology and progression satisfies a
well-accepted criterion for cancer development, the collaboration of genetic (such as
polymerase and subsequent gene mutations) and environmental (such as mutagenic

exposure) contributors.

To test this model we decided to first screen the error prone DNA polymerase genes

pol B, pol N and pol K that may have in turn caused the high number of mutations that fit
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the NNUPURI motif in our prostate cancer samples. While we thus far completed the
analysis of only the pol B gene, we report a total of 27 somatic mutations in the three EP
polymerase genes in our 26 samples (Table 5). Four somatic pol 3 mutations have been
previously reported in prostate cancer, but that study was done in a smaller sample (12
cases) of different racial background (Japanese)66. Most (52%) of the somatic mutations
reported here are missense, while two change invariable AG splice junctions and another
one changes an invariable lariat-adenine to guanine (Table 5). The two splice junction
mutations are predicted to result in deletions of two to three amino acids, at the minimum.
Most (59%) of the 27 somatic mutations are prevalent in the tumor, suggesting that they

may be “drivers”.

X-ray crystallography studies of human pol 3 can shed light on the potential role of
the mutated residues: proline-261 forms a hydrogen bond with glutamine-264°7, while
threonine-292 and methionine-236 are both involved in DNA template binding®®.
Interestingly, slight disruption of the hydrogen bond between residues 261 and 264 has
been proposed to result in the mutator phenotype displayed by the previously found,
prostate cancer-associated 1260M pol B variant’’. Thus the P261L mutation may also
disrupt this hydrogen bond and result in prostate tumorigenesis. Moreover, both T292A and
M236L substitutions are predicted to destroy the hydrogen bond between the respective
residues and the DNA template and thus may affect fidelity of DNA synthesis. In addition,
both methionine-236 and proline-242 are in the “flexible loop”, a part of pol 3 that

functions to position the primer and has been shown to contain several residues that cause a

mutator phenotype when mutated’'. Finally, the P242R mutation has been previously
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shown to significantly alter the fidelity of DNA synthesis when assayed in vitro®.
Therefore, many of the somatic pol 3 mutations that we found in prostate cancer may result

in a mutator phenotype. Future functional studies will examine this prediction.

Both missense substitutions that we identified in pol K are in threonine-205 (Table
5). The homologous residue in pol n of threonine-205 of pol K is threonine-122"%. Germline
missense mutation of threonine-122 of human pol n has been reported in an XPV patient73.
In addition, one of the three missense pol N mutations that we identified is in glycine-263
(Table 5). Mutation of pol n glycine-263 (to valine) has been reported in another XPV
patient””. Both threonine-122 and glycine-263 residues of human pol n have been proposed
to be structurally important72. Thus three of the somatic missense mutations that we
identified in the Y-family polymerase genes pol K and pol n are in (or are in residues
homologous to) residues of pol N previously associated with XPV. This finding suggests
that these mutations may play a role in carcinogenesis. This explanation however generates
an interesting question. If some XPV patients are born with a mutation of the same pol n
codon that is associated with prostate cancer etiology, then why do these patients get only
skin and not prostate cancer? The most likely explanation is different environmental
exposure: XPV patients are inevitably exposed to sunlight, but not necessarily to prostate
cancer inducing environmental mutagens (the prostate gland is too deep inside the body to
be affected by sunlight, and pol N may be important for repairing other types of damage
relevant to the prostate; Table 7). Alternatively, the tumor type specificity may result from

the exact nature of the mutation.
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Multiple factors determine the mutagenic potential of DNA damage sites; among
them, the choice of the DNA repair machinery evoked to repair the lesions* and the

45,46 . e .
*? We identified a nine-

nucleotide sequence context wherein a lesion takes place
nucleotide motif around the sites of human prostate/ breast cancer mutations and mouse
skin cancer mutations induced by error prone DNA repair. A potential mechanistic model
for the generation of these mutations (Table 7) may involve the action of specific
environmental mutagens acting in conjunction with distinct error-prone polymerase
(mutant) genotypes to cause specific kinds of mutations and/ or at specific sites. A mutant
DNA polymerase may result in mutations directly, through decreased fidelity, or indirectly,
through the use of a “non-optimal” polymerase for each DNA lesion (as in the XPV
paradigm“). The presence of a motif around the mutation sites can result in this model
from either the mutagenic tendencies of specific polymerases or the binding requirements
of specific mutagens. The type of human error-prone DNA polymerase(s) involved in the
etiology of these mutations may be inferred from the known specificities of these enzymes

(Table 7), if the type of carcinogenic exposure is known for each patient. We plan to

investigate the validity of these models in these patients.

Other mechanisms leading to the generation of the somatic cancer mutations that fit
the NNUPURI motif are also possible, such as aberrant mismatch repair or base excision
repair (BER). In fact, one of the human polymerases that we propose to be involved in this
process, pol B (Table 7), is essential for short-patch BER. Interestingly, Pol B- mouse
fibroblasts do not show the high amounts of A:T to G:C transitions seen in Pol 3+ cells,

following benzo[d]pyrene treatment™®, suggesting that pol 3 is responsible for most of these
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transitions. Moreover, the fact that the NNUPURI motif is degenerate may indicate the
presence of more than one mechanism (e.g. more than one polymerase or type of damage)
with distinct DNA sequence requirements. Alignment of more than one specific sequence
motifs may result in a degenerate motif. However, not all kinds of DNA damage create
mutations that fit the motif. Indeed, most mtDNA mutations in prostate cancer tissue do not
fit the NNUPURI motif even with a mismatch allowed (Supplementary Table 4 online).
Moreover, Supplementary Table 4 online shows that the distribution of the somatic
mutations by mutated nucleotide (purine versus pyrimidine; A:T versus C:G; CC or GG
doublet versus TT or AA doublet) is different between the mutations that fit the NNUPURI
motif in the HSD3B2 gene and those that fit the motif in the mtDNA. These observations
suggest that a) most somatic mutations in prostate tumor mtDNA arise through a different
mechanism than the one responsible for most somatic mutations in the nuclear prostate
tumor DNA, and b) even if there is a mechanism that creates the minority of the mtDNA
mutations that fit the NNUPURI motif, this mechanism is different than the mechanism that
generates the mutations that fit the motif in the nucleus. mtDNA mutations are thought to
result mostly through the DNA damage caused by reactive oxygen species’’, and may even
be generated by error prone DNA repair’®, but only through the action of the sole mtDNA
polymerase, pol y. Thus the type of polymerase(s) and mutagen(s) involved in error prone

DNA repair may determine the type and location of the resulting mutations.

In summary, we report here the identification of 71 somatic nucleotide substitutions

in three “target” genes in sporadic prostate cancer. Significantly, 79% of these somatic

mutations occur in a nine-nucleotide purine-rich (NNUPURI) motif, when one mismatch is
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allowed. Additionally, by analyzing the published literature for 19 genes found mutated in
breast or prostate cancer tissue, we report that more than 66% of the human somatic
mutations found fit the NNUPURI motif with up to one mismatch. These findings suggest
that most of these mutations are caused by a specific mechanism. We also found this motif
with one allowed mismatch in 88% of the somatic mutations that were previously shown to
be induced by error prone DNA repair in the SENCAR mouse skin model'>'°. All of the
associations between the mutations and the presence of the motif are significant. Based on
these data we propose that most somatic mutations in human prostate and breast cancer
may be the result of error prone DNA repair. In support of this hypothesis, we report many
prevalent somatic mutations in the error prone polymerases pol 3, pol n and polK in these
patients. Some of these polymerase mutations are known (or expected) to be functionally
important while others change pol n residues associated with XPV (and thus may be
involved in carcinogenesis). The existence of a common motif and mutations caused by
error prone DNA repair in different kinds of tumors may be of high significance for

understanding human cancer etiology and progression.
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METHODS

Tumor specimens

We analyzed 26 patients with prostatic adenocarcinoma. Patients were all of
Caucasian background and ranged from 48 to 74 years of age (for further description of the
samples see reference 7). These patients underwent radical prostatectomy at the USC/
Norris Comprehensive Cancer Center. The prostate tissue samples and peripheral blood
were collected from each patient. Tumors were staged according to the TNM (Tumor,
Nodes, Metastases) staging system’. Local IRB approval was obtained before study

initiation.

Microdissection and DNA Extraction

Specimens were formalin fixed, embedded in paraffin, sectioned, and transferred on
microscopic slides where they were deparaffinized and stained with hematoxylin and eosin.
Selected populations of carcinoma cells were microdissected and tumor DNA was then
extracted from the microdissected cells using a method reported by us earlier®. As control,
normal (constitutional) DNA was extracted either from microdissected normal cells

adjacent to the tumor or from peripheral blood leukocytes (or both).

Molecular analysis
PCR

The entire coding region of the HSD3B2 gene together with the exon-intron splicing
junction boundaries, the putative promoter region and the 5’ and 3’ untranslated regions

(UTRs) were amplified by PCR reactions using sets of primers as previously described® .
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Purified (desalted) oligonucleotides were obtained from IDT (Coralville, IA). Reactions
were performed with the polymerases AmpliTaq Gold (Applied Biosystems, Foster City,
CA) or HotStart Taq (Qiagen, Valencia, CA) with their corresponding PCR buffer.
Reactions carried out with HotStart Taq had an additional reagent (5X Q-solution) provided
by the manufacturer. The reaction mixture consisted of 10-20ng of DNA, 1X PCR buffer,
1.5mM MgCl,, 200uM dNTPs, 0.1-0.2uM of each forward and reverse primer, 1X Q-
solution (when necessary), 2.5 units of polymerase and sterile water, in a final volume of
50pl. The reaction was then covered with mineral oil and subjected to thermal cycling in a
RoboCycler Gradient 40 (Stratagene, La Jolla, CA) under the following conditions: an
initial pre-PCR heat step of 95°C for 2 min (AmpliTaq Gold) or 15 min (HotStart Taq), 50
cycles of denaturation at 95°C for 1.5 min, annealing at 58-70°C for 1.5 min, and
elongation at 72°C for 1.5 min. This was followed by a final extension step at 72°C for 10
min. PCR products were purified with the QIAquick Gel Extraction Kit (Qiagen, Valencia,

CA) and then sequenced.
Exons 7-8 of the HPRT gene were PCR amplified as a single 379 bp fragment as
described above, except that we used primers described elsewhere'®. Sequencing analysis

of the HPRT gene was performed as follows.

Analysis of the SRD5A2 gene 1s described in reference 8.
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The error prone polymerase genes pol 3, pol N and pol K were PCR amplified as
described above, except that we used the primers shown on Supplementary Table 5

online. Sequencing analysis was performed as follows.

Sequencing

Sequencing reactions consisted of 20-60 ng of the purified PCR product, 3.2 pmol
of each PCR primer, 4 pl of 5X sequencing reaction buffer (ABI), 4 pl of ABI PRISM™
Dye Terminator Cycle Sequencing Ready Reaction Mix (Applied Biosystems, Foster City,
CA), and sterile water in a total volume of 20 pl. Reactions were submitted to the following
thermal cycle: 96°C for 30 s, 50°C for 15 s, and 60°C for 4 min for a total of 30 cycles. The
resulted sequences were purified according to the manufacturer's recommendations prior to
loading on a polyacrylamide gel and then submitted to electrophoresis. Nucleotide
sequences were collected on either an ABI PRISM 377 or a 3100 Automated DNA
Sequencer (Applied Biosystems, Foster City, CA). Results were processed with the ABI
PRISM Sequence Navigator software (Applied Biosystems, Foster City, CA). Nucleotide
substitutions were identified and quantitated by ABI PRISM Factura Feature Identification
software with “identify heterozygote limit” set at 10% (Applied Biosystems, Foster City,
CA). This level of detection approximates the sensitivity of the DNA sequencing reaction
and allowed us to detect substitutions present in at least 10% of the total tumor DNA

targets.
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Mutation confirmation (SNaPshot/ SSCP)

Each nucleotide substitution was confirmed by at least three independent PCR-
sequencing analyses. All nucleotide substitutions that led to an amino acid change were
further confirmed by two independent techniques, namely SSCP (Single Strand
Conformational Polymorphism) and SNaPshot™ analysis (a single-base primer extension
genotyping method). For SSCP analysis, each amplicon harboring a nucleotide substitution
was reamplified from tumor DNA by PCR reactions as above except that one primer was
radiolabeled with y[32P]ATP by T4 polynucleotide kinase (New England Biolabs, Beverly,
MA). Electrophoresis was carried out at room temperature with 1X Tris-borate-EDTA
(TBE) buffer; others parameters, including current and duration of electrophoresis, were
varied to allow the detection of all missense mutations. Therefore, five distinct gel
conditions were used, as following: (i) 10% acrylamide gel with 10% glycerol, at 45W for
3 h; (i1) 10% acrylamide with 10% glycerol, at 15W for 20 h; (ii1) 10% acrylamide with 5%
glycerol, at 12W for 15 h; (iv) 10% acrylamide without glycerol, 1X TBE buffer with 5%
glycerol, at 8W for 17 h; and (v) MDE gel (BMA, Rockland, ME) without glycerol, 1X
TBE buffer with 5% glycerol, at 7W for 16 h. After electrophoresis, gels were dried and
exposed to X-ray films overnight at room temperature. Signal intensities of SSCP bands
were measured in a STORM 840 phosphorimager (Molecular Dynamics, Sunnyvale, CA)

using ImageQuant software.
For SNaPshot™ reactions, the primer used to analyze each mutation was designed

according to the manufacturer's recommendations (Applied Biosystems, Foster City, CA).

The reactions consisted of 5 pl of SNaPshot™ ddNTP Primer Extension Mix (Applied

111



Biosystems, Foster City, CA), 0.15 pmol of primer, 20-50 ng of purified PCR template, and
sterile water in a total volume of 10 pl. Reactions were submitted to 25 thermal cycles of
96°C for 10 s, 50°C for 5 s and 60°C for 30 s. The samples were treated with alkaline
phosphatase according to the manufacturer's recommendations prior to run on either ABI
PRISM 377 or 3100 Automated DNA Sequencer. Genotyping analyzes and quantifications

were performed using the Genescan software (Applied Biosystems, Foster City, CA).

Microsatellite analysis

The dinucleotide repeat in intron 3 of the HSD3B2 gene was amplified by PCR
using a fluorescent primer. Tumor DNA and its matched normal DNA were amplified by
PCR using the set of primers previously described®. The forward primer was labeled on the
5’ end with the fluorescent dye TET™. In some cases, given the difficulty to amplify this
complex repeat from tumor DNA, the alternative reverse primer 5’-
TGGACCTATGTTTGTGTGTGG-3" was employed to ensure the PCR amplification of
the fragment. PCR reactions performed with this alternative primer yielded fragments 96 bp

shorter than those initially described by Verreault e al®

. PCR reactions were performed
with HotStart Taq as above described and submitted to the following procedure: initial
denaturation step for 15 min at 95°C, 50 cycles with a denaturation step at 95°C for 1 min,
annealing at 62°C for 1 min, extension at 72°C for 1 min, followed by a final extension step
at 72°C for 10 min. PCR products were loaded on an ABI PRISM 377 Automated DNA

Sequencer together with an internal size standard (Genescan-500"™ TAMRA; Applied

Biosystems, Foster City, CA), according to the manufacturer's recommendations.
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Genotyping analyzes were performed using the Genescan software. Experiments were

performed in triplicate.

Statistics
All p-values were calculated using the chi-square test, with the Yates correction

when appropriate (for one degree of freedom).

Calculation of the actual target of the NNUPURI motif

For each gene we analyzed the sequence that contained the somatic mutations
(usually the sequence that was PCR amplified, except for AR and p53, where we used the
cDNA sequence with the addition of short patches of intronic sequence, for the mutations
that were in intron- exon boundaries). The analysis was performed using a software
program that finds known motifs in DNA sequence imported by the user, called “dna-

pattern (strings)” (available at: http://www.flychip.org.uk/rsa-tools/). We run this program

online using both 0 and 1 allowed substitutions from the motif, and analyzed the results.
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Table 1. Somatic nucleotide substitutions in the HPRT gene.

Patient DNA change Type of change/ Mutant nucleotide (%)

location Sequence context
Forward Reverse
1 39835C>T* P169S 15 25 gTG GG TC CTT
39897C>T Intronic 22 15 AGA T GGt TA AAT
39985T>C Intronic 34 25 AGA TT tAA AAG
40051C>T* P184S 19 34 TGt CT G& ATT
4 39835C>T* P169S 19 29 gTG GsG TC CTT
40051C>T* P184S 23 34 TGt CT G& ATT
6 39835C>T* P169S 14 24 gTG GGG TIC CIT
40051C>T* P184S 21 32 TGt CT G& ATT
11 40055A>G D185G 28 35 TIC C AGA C AAG
40073A>G Y191C 28 20 gGA' T AtG CC CTT
40091A>G E197G 29 22 ATG AAt A CTT
12 39959A>G Intronic 32 38 TTG T AGA GAG
16 39890A>G* Intronic 33 32 TTA A  AtG ATT
40086T>C Y195Y 44 41 TGA CT AtA ATG
20 39929G>A Intronic 18 19 TGA AA tGG CIT
40000C>T* Intronic 38 42 ATA ARG ARa
21 39859G>A D177N 81 69 AGC C A@ CTG
39939G>T Intronic 50 66 ATA A tGG CTT
40011T>C Intronic 37 30 ATC TA AAt GAT
27 39907C>T* Intronic 65 89 TTA Gt  TA AAG
39971G>T* Intronic 23 33 TGG CAA ATG

The HPRT nucleotide changes are numbered according to the genomic reference sequence (Genbank:
M26434). In the Sequence context column, the nucleotide sequence is displayed using the DNA
strand that rendered the best fit to the NNUPURI motif. Asterisks indicate mutations that fit the motif
only in the non-transcribed strand (the rest of the mutations fit the motif in the transcribed strand).
The mutated base is indicated in bold. Lower-case letters indicates mismatches within the consensus
motif. The spacer nucleotides (up to 2) are underlined. Sequence contexts that conform to the motif
are shaded. The mutant peak intensity is reported as percentage of total peak intensity.
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Table 2. Sequence context of the 30 somatic substitutions in the HSD3B2 gene that

conform to the NNUPURI motif.

Exact match with motif

One mismatch with motif

Mutation ID Sequence Mutation ID  Sequence
1153G>A TIC T GGA G GAG 1443G>A TTC T GG T CAc
1097G>A TIC CT GGG AAG 1454A>G  cTA GAA T CAG
7996C>G* TIG T AGE A GTT 1485C>T* TGC CA G@& AAcC
8006A>G AGG AAA T CAT 1494T>C* AGG AA AcA CIT
8089G>A AGA AGG CTG 1538T>C* TcA C AAG G CAG
8174G>A TGG G&R AG GAG 1551A>G  AGC AGG AgG
8209G>A ATG AGG CC CTG 1566T>C  TTC TG GGt CAG
8595A>G AGA AGG CT CAG 1571G>A  TcA GAG GAT
8774C>T*  TGG GT G@&A GIT 1576G>A* AGG CG GAC GAT
1660delT* TaG AAA ATT
MOTI F: WKV n RRR n VWK 1671A>G  AGt AAA CIT
5635T>C* AcC AAA  GA CAT
7939A>G  TcC AAG C CAG
7973A>G  AGC AtA GAG
8016A>G ATC CA GAA CgG
8043A>G TGG A  ARA CAc
7943A>T  AGC cAG T GTIG
8391A>G* ATC AtA G CTT
8443Cc>T* ATC T  GeA ATc
8577T>C* AGG T  GAA CAc
8738G>A AGA T  GtG CAT
MOTI F: WKV n  RRR VWK

The nucleotide sequence is displayed using the DNA strand that rendered the best fit to the motif.
Asterisks indicate mutations that fit the motif only in the non-transcribed strand (the rest of the
mutations fit the motif in the transcribed strand). The mutated base is indicated in bold. Lower-
case letters indicates mismatches within the consensus motif. The spacer nucleotides (up to 2
total) are underlined. HSD3B2 DNA changes are numbered according to the genomic reference
sequence (Genbank M77144.1).
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Table 3. Sequence context of the 11 somatic substitutions in
the SRD5A?2 gene that conform to the NNUPURI motif.

Mutation ID Sequence cont ext

G750A TGC AGG TT CAG
G929A TTC GecG GIG
T1294C* AGA AGG CAG
T1908C* TcC AG AAA CAT
G1914A cTG GAG CC AAT
C1927T* AcC GAG GA AAT
T1996C* AGA AAA ATG
T2004C* Aca AAG T GAG
G2059A ATA A AAG CGG
C2247T* TTG AGG tAG
C2285T* ATA A GGG CTT
MOTI F: WKV n RRR n VWK

The somatic SRD5A2 mutations shown here were first reported
in reference 8. SRDS5SA2 nucleotide changes are numbered
according to the genomic reference sequence (Genbank:
L03843.1). Refer to the legend of Table 2 for further
explanations.

Table 4. Sites of H-ras mutations induced after
benzo[d]pyrene treatment in the SENCAR mouse
skin model conform to the NNUPURI motif.

Sequence Mutation
(nucleotide number)

TGG AGE C GTG C (37)
TGt GGA C GAG G (89)
TGA CC AAA CAG G (169)
TGG GGt AT GAT C (200)
TGC AAG G GTG G (228)
TGC A AAA CAa G*(314)
TGC AGG AcT C (320)
gGG GAG A CAT G (355)
AGt ARG CAT C* (364)
AGA GtA TA GTG G (400)
ATC AAc AAc G (463)
WKV n RRR n VWK MOTI F

Data were obtained from Figure 8 of reference 15. Refer
to the legend of Table 2 for further explanations.
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Table 5. Somatic mutations detected in polymerase genes in prostate cancer patients.

Gene Patient DNA change Type of Change/ Mutant Predicted/
(accesion #) location peak (%) known effect
Pol B 1 23912G>A AG-splice junction 59 % Deletion of amino
(AF491812.1) acids 184-185

2 25254G>A E216K 52 % -

4 960C>T 5-UTR 52 % -
18145T>C NI128N 54% -

5 32481C>T P261L 100 % Altered fidelity
32573A>G T292A 100 % Altered fidelity
32592T>C 1298T 100 % -
32439G>A* Intron 12 79 % -

8 11628T>C Intron 3 27 % -

10 25314A>T M236L 38 % Altered fidelity

11 15180G>A E123K 100% -

12 1444G>C K27N 60 % -

13 25236C>T L210L 42 % -
31911C>G** P242R 40 % Altered fidelity

15 921C>T Promoter 100 % -

20 25302G>A E232K 100 % -

23 12622A>G AG-splice junction 25 % Deletion of amino

acids 88-90

24 11630T>C Intron 3 30 % -

29 32521G>T G274G 35 % -

30 32467T>C Intron 12 51 % -
32439G>A* Intron 12 100 % -

Pol n 1 28891G>A G259R 23 % -
(AYI8S614-D) 2001 A>T Tntron 7 16 % i

20 28901G>C G263A 60 % XPV
28967C>T S284F 66 % -

Pol K 12 67088C>A T205K 28 % -
(AY273797.1) 21 66992A>G Intron 5 68 % Changes Lariat-A
27 67088C>T T2051 30 % -

* Creates a new branch (Lariat-A) site
** Also in constitutional DNA (rs3136797)
Notes: For both mutations that change the invariant splice junction (AG), an in-frame AG exists
shortly downstream. Utilization of the alternative AG is predicted to result in the deletions shown
in the last column. XPV denotes a pol  residue mutated in an XPV patient. For further details,

see text.
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Table 6. Patients with somatic nucleotide substitutions in all “target”
genes analyzed (HSD3B2, SRD5A2 and HPRT genes).

Patient Gene DNA change Sequence context
1 HPRT 39835C>T* gTG GG TC CTT
39897C>T AGA T CGt TA AAT
39985T>C AGA TT tAA AAG
40051C>T* TGt CT G& ATT
SRD5A2 888G>A TGC C  AGe CcG
1890G>A AcA AGG TIGG CTT
HSD3B2 8774C>T* TGG GT GCa GTT
Pol 23912G>A ATC A  cAG GTG
Pol n 28891G>A GIC TT GGA G GAA
6 HPRT 39835C>T* gTG CGG TIC CIT
40051C>T* TGt CT GG ATT
SRD5A2 888G>A TGC ¢  ACc CcG
1294T>C* AGA AGG CAG
HSD3B2 1551A>G AGC AGG AgG
1571G>A TcA GAG GAT
1622T>C TcC AAG GCC CTG
1671A>G AGt AAA CTT
Pol n 29021A>T TTT TT AAA ATC
11 HPRT 40055A>G TIC C AGA C AAG
40073A>G gGA T AtG CC CTT
40091A>G ATG AAt A CTT
SRD5A2 2019T>C cGC AGc CC AAG
HSD3B2 8089G>A AGA ACG CTG
8174G>A TGG GCA AG GAG
Pol 3 15180G>A cTA GAA G GTG
21 HPRT 39859G>A AGC C A& CTG
39939T>G AGC AAt TAT AAG
40011T>C ATC TA AAt GAT
SRD5A2 888G>A TGC ¢  ACc CcG
1914G>A cTG GAG CC AAT
1927C>T* AcC GAG  GA AAT
HSD3B2 8006A>G AGG AAA T CAT
8577T>C* AGG T GAA CAc
Pol K 66992A>G ATT T ARA CIT

Refer to Tables 1, 2 and 3 for legends. Polymerase mutations are shown in
different font. Sequence contexts that conform to the NNUPURI motif are

shaded.
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Table 7: Models for the potential etiology of the observed somatic mutation motifs.

DNA sequence motif/ Potential mutagen Potential polymerase
Type of mutation involved in DNA involved in DNA damage
damage repair and/or mutation
generation
RR on the PAH" *pol B**/ pol k*
strand that Cisplatin® pol n**
fits the motif AAF-dG pol n**
WKVnRRRnVWK 8-0x0-dG pol n 5
YY on the uv pol n°!
other strand radiation™
Transition Alkylating EP polymerase
agent™ (e.g. pol B*)

*The choice of the polymerase involved may depend on the type of the PAH adduct that
is present (depurinating or stable).

Notes: These models involve the action of a specific environmental mutagen acting in
conjunction with an error prone polymerase to cause specific kinds of mutations (or at
specific sites). Pol B is not a “classic” error prone polymerase, yet it causes 67-times
more substitution errors than mammalian pol &*. The models presented in this table are
not mutually exclusive (e.g. a transition may also occur in the WKVnRRRnVWK motif).
Bold letters indicate the potential sites of the altered nucleotide. For further details see
text. Key: PAH= polyaromatic hydrocarbons (e.g. benzo[d]pyrene), AAF-dG=
acetylaminofluorene-deoxyguanosine, 8-oxo-dG= 8-oxo- deoxyguanosine, EP= error
prone, UV= ultraviolet.
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Supplementary Table 1. Patient information and somatic alterations in the HSD3B2 gene.

Patient Age Tumor Type of change
ID stage MSVLOH by change / location
1 58 pT3a MSI 8774C>T 3’-UTR
2 58 pT3c N 5635T>C F88S

8043A>G N148S
3 71 pT2c n/a - -
4 48 pT4 n/a - -
5 51 pT3a N 1566T>C G15G
6 59 pT2c MSI 1551A>G A10A
1571G>A R17K
1622T>C L34S
1671A>G Intronic
7 65 pT3a n/a 1566T>C GI5G
8 - - MSI 7973A>G 1125V
8016A>G N139S

10 57 pT3c MSI 1576G>A V191
8443C>T S281S

11 68 pT3a N 8089G>A K163K
8174G>A E192K

12 69 pT3a N 7924G>A L108L
8209G>A E203E

13 72 pT3c LOH 8054A>G T152A

14 49 pT2c MSI 1454A>G 5’-UTR
1494T>C 5’-UTR

15 59 pT3a MSI 8096C>G S1328
8656C>T T352T

16 63 pT2c n/a 1410A>G Intronic
1443G>A 5’-UTR
1660delT S47fsX173
8595A>G K332R

17 80 pT2c N 1153G>A Promoter

19 56 pT2a MSI - -

20 71 pT2c MSI 8391A>G Y264C

21 67 pT3a MSI 8006A>G 1136V
8577T>C F326S

23 70 pT3c n/a 7943A>T S115C

24 64 pT2c n/a - -

25 74 pT2b LOH 7939A>G Q113Q
8670G>A G357D
8738G>A 3’-UTR

26 67 pT3c LOH - -

27 58 pT3a N 1485C>T 5’-UTR
1538T>C Leu6Pro
8675C>T L359F

29 62 pT3a MSI 8461A>T L287F
8577T>C F326S
1097G>A Promoter

30 61 pT2c MSI 1566T>C G15G

Tumor staging was carried out according to the TNM system. Somatic alterations in the third intron
microsatellite are listed as LOH, MSI, N (normal) or n/a (not available). HSD3B2 DNA changes are
numbered according to the genomic reference sequence (Genbank M77144.1).
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Supplementary Table 2. Mutant allele quantitation of all 18 missense HSD3B2 substitutions.

Missense Mutant nucleotide peak (%)
substitutions Forward sequence Reverse sequence SNaPshot™ SSCP
Lo6P 21 30 18 29
R17K 100 100 100 CH
V191 45 21 39 60
L34S 100 100 100 CH
F88S 26 34 26 53
S115C 38 13 18 14
1125V 37 31 25 36
1136V 50 60 50 50
N139S 44 56 46 58
N148S 31 38 38 43
T152A 100 100 76 50
E192K 16 30 26 7
Y264C 40 31 46 39
L287F 55 51 51 53
F326S

patient 21 63 60 61 60

patient 29 30 40 31 37
K332R 27 29 42 25
G357D 34 24 34 33
L359F 23 17 30 29

The results are reported as the mutant peak intensity in % of total peak intensity. In the SSCP
results, CH stands for Compound Heterozygote (quantitation was not possible in this case because
the PCR fragment contained multiple mutations resulting in many band shifts, and mutation to band
assignment could not be performed).
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Supplementary Table 3. Somatic breast cancer mutations found in the literature fit

the NNUPURI motif.
GENE MUTATI ON | D FIT WTH MOTI F
CHEK2 S49p* gGC T  GGA GTT
S628* cTC T AAG GAG
E79G No fit
D82A TGA GGA CC AAG
R132T AaA Ga CAG
P152s* TTA GG cC CAc
I157T* TGC AAt GT AAG
T378S* AGA G AGG T CTc
375insG TITt T GGG A  GAG
456insA TcA GAG A  AAG
CSNK1E I29T* AGG C GAt GTT
A36G* ATG GeG A CTT
L39Q AGC tGG A  GTG
L49Q* ATG T GcA G CIG
E52K ATC GAG AG Cha
G64A AGt GGG GAT
G72A TGC G& G CIG
A73V No fit
E74X AGC T GG G  GceG
N78T No fit
S101R* TTG AGG CTG
GATA3 L344F (BR00-0587) No fit
R367L (UII-011) AaC C GrA A AAT
R367X* (BR99-0348) TTC Gt IT CTG
LMA 79insG (LIM1™F) TTA GGt AAG
E- CAD 153delG AGA A& GAG
263insA* TGG GtG A  ATT
289delCG cGC GGA C  GAT
Intron7-1delAG TGC A& GTT
368insA No fit
379insG* TTA CC GtG GIG
408delG AGC GtG G GAG
522insGT ATA ACG TA AGT
615delT ATC AAt GAT
621delcC* TGG GAG G  AAG
631delAC No fit
657delC* cTA AGs C CAT
677delC AGA C CAA GTG
W20x* AGC CAA GAG
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023X TGC CAG GAG
Intron4-1G>T TTC A& T CAa
R335X TGG AC  CGA GAG
Q346X No fit
Intronl5-1G>A TTA GA T CIG
DLGL G338R GTG TT  GGA AAT
Q340X No fit
1348V No fit
Y349s TTA C  AtA GAT
K352R AcC AAA AT AAT
K352E AcC AAA AT AAT
G356A TGA A G&R G GIG
H3600Q No fit
H360N AGC ACA T AAG
EDD/ hHYD A2411G TTA CA GGC ATT
M2419V No fit
E2422K TTG TT G@& ATT
Q2427E* AGC T (&G CIG
A2433G TTC T  AGC ARG
BRCA2 D3095E AGA GAC G  AAT
PTEN 800delA AaA ARA G GTT
963-968delA AcA AAA A ATG
F341V* TTA AAA T  tTG
P354R No fit
Q110X No fit
373-375delA cTG T AAA G CTG
IVS2-9T>C No fit
H61D No fit
Intronl+62G>A AGt AGA CG GAT
Intron4-40delA TTC A  AGA GTT
I253N No fit
L152p* ATC T AGG G  CcT
R130P gGA C Gaa CTG
E106X TTG T GAA GAT
P53 117insG TTC T GE&G A CAG
151-152delC* GGG Cc GG G GIG
182delT No fit
251delT TGA GGA T  GgG
E20Q ATG GAG GAG
P13s* AGA GG G GeT
E56K No fit
A63S ATG AAG CTc
P98L* AaG Gea CAG
T102I* TGG T AGG tTT
Y126F  No fit
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Q136X TGC CAA CTG
V143M No fit
Ql44p TGC AGc T  GTG
R213S* gTC Gaa AAG
Y220H No fit
Y163N* TGC TT GtA GAT
Yl63C* TGC TIT GtA GAT
V173L No fit
R175H TGA G  GcG CTG
P177S* TGG GGG CAG
H179N No fit
H179Y No fit
S183L* ATC T (@G CAG
R196Q ATC cG GTG
¥220C No fit
P222A%* AGG C GGc T CAT
M2371 No fit
S241p* TGC AGG AA CTG
G245D GG G  cGG CAT
R248W No fit
R2480Q No fit
R249S cGG AGG CC CAT
N263S No fit
R273P AGG T GecG T  GIT
R273C AGG T GCG T  GTT
R282P No fit
E286X AGA G& A GAG
P316s* TGG c& GAG
Q317X* TGG CT GGG GAG
Q317R* TGG C tGG G GAG
G361V AGG GGG GAG
S367N TcC AGG GIG
PHB Intron4+10C>T No fit
90-91delCA ATC ACA CTG
V88A* TTG AcA TT CTG
R105H* ATG CGA GG AAG
A214V No fit

Notes: Numbers in the Mutation ID column indicate codon numbers, except for mutations
that are not in the coding sequence. Asterisks indicate mutations that fit the motif only in
the non-transcribed strand (the rest of the mutations fit the motif in the transcribed strand).
In the Fit with Motif column, the nucleotide sequence is displayed using the DNA strand
that rendered the best fit to the motif. The mutated base is indicated in bold. Lower-case
letters indicate mismatches within the consensus motif. The spacer nucleotides (up to 2)

are underlined.
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Supplementary Table 4. Comparison: HSD3B2 versus mitochondrial DNA
somatic alterations in prostate cancer tissue.

Genes HSD3B2 mtDNA*
Total of somatic mutations 38 34
% of sequences that fit the NNUPURI motif 79% 41%
(30/38) (14/34)
Substitutions on purine (TS) 65% 29%
(19/29) (4/14)
Substitutions on pyrimidine (TS) 35% 71%
(10/29) (10/14)
Substitutions on A or T 55% 29%
(16/29) (4/14)
Substitutions on C or G 45% 71%
(13/29) (10/14)
Substitutions on duplets 72% 57%
(21/29) (8/14)
CC or GG doublets 52% 88%
(11/21) (7/8)
TT or AA doublets 48% 12%
(10/21) (1/8)
Substitutions on pyrimidine dimers 83% 71%
(24/29) (10/14)
YY dimers located at TS 38% 80%
(9/24) (8/10)
NTS 62% 20%
(15/24) (2/10)
NNUPURI motif located at TS 62% 36%
(18/29) (5/14)
NTS 38% 64%
(11/29) 9/14)

*These mutations were reported in reference 32.
Notes: mtDNA: mitochondrial DNA; TS = transcribed strand; NTS = non-transcribed
strand.
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Supplementary Table 5. Primers used for PCR amplification of the error
prone DNA polymerase genes.

POL B

Exon 1 FORWARD : 5' - CCA GGA CGC GTG ACG TCA C - 3'
REVERSE: 5' - GAA GGC AGG GGA AGA GGC TG - 3'

Exon 2 FORWARD: 5' - GCT GCC ATA TCC CCT TCC AG - 3'
REVERSE: 5' - GCC ACA CTA AAC AGG GTA TCC - 3'

Exon 3 FORWARD: 5' - GTT ATC TTG GTG AAA GCA TAA GC - 3'
REVERSE: 5' - GCA AGT TTG GTT TGG TGG GAA C - 3'

Exon 4 FORWARD: 5' - CTG GGG TTC AAT TTT CTG TGT C - 3'
REVERSE: 5' - CTG CAA TGA CGC TAC ATA GTG G - 3'

Exon 5 FORWARD: 5' - CTT CAT GTC TTT TAG CAG ACT GG - 3'
REVERSE: 5' - GGC TAA GGT ACA GAG GTG GTG - 3'

Exon 6 FORWARD: 5' - GCA GCT CTT CTT ACT ATT AAG ACA TGG - 3'
REVERSE: 5' - CAA GTT GAA GTT TGT TAG AGC AC - 3'

Exon 7 FORWARD: 5' - GTA TTT GTT CCC CAG GTG GTT C - 3'
REVERSE: 5' - GGT TTA GCT AAG TTT GAA GAG TC - 3'

Exon 8-9 FORWARD: 5' - CAC GGA CAA TTG TTA TAA AAG GC - 3'
REVERSE: 5' - CAA ATT CTT CCC ATA TAT TAG GC - 3'

Exon 10 FORWARD: 5' - CAT CAG CTT GGT TCC ATT TGC C - 3'
REVERSE: 5' - CTT ATT CTG AAA ATA CCC AAC TAT C -3

Exon 11 FORWARD: 5' - GCA ATA TAG CAA GAC TGT GTC TC - 3'
REVERSE: 5' - GCT ACC ATG AAG TCA CAC ACTC - 3'

Exon 12 FORWARD: 5' - CAA AAA TGG CCT TGT GTT TTAC - 3'
REVERSE: 5' - CTC CAA GAT ACA AAC AGG GAG - 3'

Exon 13 FORWARD: 5' - GCT AAA CTT GAA ATG CAT GG - 3'
REVERSE: 5' - GAT ACT TGA GTT TTT CAG GG - 3'

Exon 14 FORWARD: 5' - GCA AGT CCC ACA CAG CTC TTA - 3'
REVERSE: 5' - CAC CAA AGA CCC TTA CAT AGC - 3'

POL n

Exon 7 FORWARD: 5' - GCT CTC ATT TGT CCT GAA CCT - 3'
REVERSE: 5' - ATT TGA ATA TAG CAT CTC CAT AAA GG - 3'

POL K

Exon 2 FORWARD: 5'- CCT GGC CAC AGA TGG TTT TA - 3'
REVERSE: 5' - TTT GAA ACA GAA AGT TAA AAG GTC ATT - 3'

Exon 6 FORWARD: 5' - TGA CAG AAG AAG TTT GCT ATC ACA G - 3'

REVERSE: 5' - TTT TCA CTG CTT CTT GGT TTG A - 3'
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IV - CONCLUSOES

O presente trabalho abordou o estudo das deficiéncias de duas enzimas envolvidas
com o metabolismo da DHT, 5a-redutase tipo 2 e 3[3-hidroxi-esteréide desidrogenase tipo

2, decorrentes de muta¢des germinativas e/ou somdticas nos genes SRD5A2 e HSD3B?2.

Com relagdo a deficiéncia em Sa-redutase tipo 2 foram investigadas mutacgdes
germinativas no gene SRD5A2 em 20 pacientes com quadro clinico sugestivo de PHM por

deficiéncia nesta enzima. As conclusdes deste estudo s@o a seguir relatadas:

v A deteccdo, em 18 dos 20 pacientes examinados, de mutagdes deletérias por
sequenciamento direto dos cinco éxons do gene SRD5A2 preconiza este método

como importante ferramenta diagndstica da deficiéncia congénita desta enzima;

v" A identificacdo de quatro mutagdes novas (Glyl158Arg, del642T, 217_218insC e
IVS3+1G>A) ndo anteriormente referidas na literatura amplia o espectro de

mutacdes germinativas conhecidas para esse gene;

v' A identificagdio de mutacOes recorrentes em pacientes brasileiros (mutagdes

GIn126Arg, Gly196Ser e Ala207Asp) corrobora dados de literatura que sugerem

a existéncia de hotspots no gene SRD5A2. Por outro lado, para pelo menos uma
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dessas mutagdes recorrentes (Gly183Ser) € possivel supor que sua presenca em

nossa populagdo seja decorrente de um “efeito fundador”.

Com relag@o a deficiéncia em 33-HSD2 conduzindo a ambigiiidade genital foram
investigadas mutacdes germinativas no gene HSD3B2 em 12 pacientes com diagndstico
sugestivo de HCSR por deficiéncia em 33-HSD2. Abaixo estdo sumarizadas as conclusdes

deste estudo:

v' Este estudo descreve a muta¢do germinativa Pro222GIn em homozigose no gene
HSD3B2 em um paciente masculino com ambigiiidade genital e forma classica
de HCSR com perda de sal. Esta mutacdo ja foi descrita antes no Brasil em
pacientes femininos. Este € o segundo relato brasileiro de um paciente

masculino com HCSR portador da mutacido Pro222GIn no gene HSD3B2;

v" A modelagem molecular por homologia das enzimas 3B-HSD2 nativa e
portadora da mutagdo Pro222GIn permitiu um melhor entendimento dos efeitos
da mutacdo na estabilidade da enzima. O modelo gerado evidenciou o papel do

2

c6don Pro”* na estrutura tercidria final da 3B-HSD2.
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Para se testar a hipétese de deficiéncia em 3B-HSD2 conduzindo ao céncer de
préstata em razdo da diminuicio na degradacdo de DHT intraprostatico foram investigadas
mutagcdes somaticas no gene HSD3B2 em 26 pacientes com cancer de préstata esporadico.

As conclusdes deste estudo sdo a seguir sumarizadas:

v A identificacdo de uma alta freqiiéncia de alteracdes no gene HSD3B2 restritas
ao DNA tumoral aponta para um possivel papel deste gene na predisposi¢ao

e/ou progressao do cancer;

v’ A caracterizagio bioquimica da 33-HSD2 revelou que a enzima nativa apresenta
diferencas tanto na eficiéncia quanto no pH 6timo de atividade da enzima,
dependendo das atividades de redutase (pH 6.5) ou de desidrogenas/isomerase
(pH 8.5). Estas diferencas podem ser um reflexo do papel fisiolégico distinto

das 3[3-HSD2 tanto nas vias de sintese quanto de degradacdo de andrégenos;

v' Das 8 mutacgdes missense bioquimicamente caracterizadas, apenas a enzima
portadora da mutagdo Thr152Ala ndo apresentou atividade enzimdtica abolida.
No caso da atividade de redutase, a enzima Thr152Ala apresentou um nitido
ganho de funcdo quando comparada a enzima nativa. Esta atividade de
degradacdo da DHT aumentada na enzima mutante Thr152Ala pode significar
um possivel efeito protetor da mutacdo Thr152Ala no dmbito do crescimento

celular descontrolado provocado por excesso de DHT;
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v’ A andlise por Gel Shift da repeti¢io direta localizada na regido 5’-UTR permitiu
a identificacdo de um provavel dominio de ligacdo de fatores ainda ndo

identificados e que precisam ser caracterizados futuramente;

v' A andlise das seqiiéncias nucleotidicas adjacentes as mutagdes somaéticas
revelou que estas seguem um padrdo especifico de substitui¢do, transicdoes em
sua grande maioria e ocorrendo principalmente em dimeros de purina. Este
mesmo padrio de substitui¢do foi observado em mutacdes somadticas detectadas
em genes associados aos canceres de prostata e de mama e em um gene controle
(gene HPRT). O resultado das andlises permitiu constatar que as mutacgdes
ocorrem em um motif conservado composto de nove nucleotideos rico em
purina (NNUPURI), sugerindo a hipétese de que este motif seria alvo de um
mecanismo de reparo e/ou sintese de DNA propenso a erros que resultaria na

maioria das mutagdes somadticas detectadas no cancer de prostata;

v' A identifica¢io de 27 mutagdes somdticas nos genes que codificam DNA
polimerases propensas a erro (POLB, POLH e POLK) nas mesmas amostras de
cancer de prdstata evidenciou a hipdtese proposta neste estudo. Segundo esta
hipdtese, o acimulo de mutacdes somdticas a medida que o cancer de prostata
progride decorre de um fendtipo mutagénico manifestado pelas DNAs

polimerases mutantes.
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VI - ANEXOS

Pareceres da Comissao de Etica

1 — Estudo de pacientes com PHM

150



'CONSULTA No. 385/96-C Etica

‘DATA: 18.11.96

'ASSUNTO: Projeto de Pesquisa: “Detecgdo de mutagdes do gene Sa-
redutase-2 em pacientes de sexo genético masculino com ambiguidade
genital”

INTERESSADO: Profa. Dra. Christine Hackel

'RELATOR: Prof, Dr. Carlos Arturo Levi D’Ancona

PARECER

Consideramos que o projeto referido acima obedece os requisitos
necessarios para pesquisa.
Esta Comissdo manifesta-se favoravel a realizagdo do estudo.

@‘A@%w\

Prof. Dr. Carlos Arturo Levi D’Ancona
MEMBRO RELATOR
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Pareceres da Comissao de Etica

2 — Estudo de pacientes com Cancer de Prostata
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