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Resumo

O Diabetes mellitus (DM) é um importante problema de satde publica, afetando cerca de 463
milhdes de pessoas em todo mundo. As formas mais comuns de DM s&o as multifatoriais, que
respondem por mais de 90% de todos os casos. Entretanto, formas monogénicas de DM
também contribuem para esta doenca. Estima-se que elas sejam responsaveis por cerca de 3%
a 6% dos casos de diabetes. Dentre as formas monogénicas destacam-se 0 tipo ‘“Maturity-
Onset Diabetes of the Young” (MODY), o DM neonatal ¢ 0 DM sindrémico mitocondrial. O
tipo MODY é a forma mais frequente de DM monogénico e caracteriza-se pelo diagndstico
geralmente antes dos 25 anos, historico familiar com segregacdo compativel com a forma
autossomica dominante e defeito primario na célula B-pancredtica. Devido a sua raridade e
pouca divulgagdo, o DM monogénico ainda é subdiagnosticado e pacientes com essas formas
frequentemente recebem diagndstico erréneo, impactando em seu tratamento. No Brasil, ainda
sdo poucos os estudos das formas monogénicas de DM, e até 0 momento a real contribuicdo
dessas formas na causa de DM na populacéo geral ndo ¢ totalmente conhecida. Desta forma, o
objetivo deste estudo foi selecionar pacientes com fen6tipo clinico caracteristico de diabetes
monogeénico e, através do rastreamento de variantes em diferentes genes, proporcionar o
diagndstico molecular da doenca contribuindo para o seu prognostico, aconselhamento
genético e para o tratamento mais adequado destes pacientes. Para isso, foram incluidos 68
probandos com fenotipo clinico de DM monogénico. Os critérios de inclusdo foram idade de
diagnostico < 40 anos, IMC < 30 kg/m?, ao menos duas geracOes afetadas por DM e
anticorpos contra células-p (anti-GAD e anti-1A2) negativos. Além disso, 62 familiares e 158
controles saudaveis foram incluidos. A analise molecular dos genes HNF4A, GCK, HNF1A,
PDX1, HNF1B, NEUROD1, KLF11, PAX4, INS, KCNJ11 e MT-TL1 foi realizada através do
sequenciamento de Sanger. Algoritmos in silico foram utilizados para acessar o potencial de
patogenicidade das variantes identificadas, além da pesquisa nos bancos de dados publicos
para checar a ocorréncia das variantes encontradas. Como resultado do rastreamento genético,
um total de 34 probandos (50%) com variantes candidatas responsaveis pelo DM monogénico
foram identificadas. Dezenove variantes foram observadas no GCK, nove pacientes com
modificagfes no gene HNF1A e uma variante foi identificada nos seguintes genes: HNF4A,
HNF1B, NEUROD1, PAX4, PDX1 e MT-TL1. O estudo de segregacdo foi realizado em 19
familias, totalizando 62 familiares, dos quais 41 (82,9%) apresentaram a variante do
probando. Dos 41 familiares positivos, 34 reportaram ter hiperglicemia. Das 32 diferentes
variantes identificadas, oito ndo haviam sido reportadas na literatura, sendo trés no gene GCK
(p.Tir61Asp, p.Metll5Val e p.Asp365GlufsTer95), quatro no gene HNF1A (p.Vall33Glu,
p.Tirl63Ter, p.Val380CisfsTer39 e p.Tre433HisfsTerl16) e uma no gene NEUROD1
(p.Fen256LeufsTer2). Ndo foram observadas variantes patogénicas nos genes KLF11, INS e
KCNJ11. Com relacdo ao tratamento, ap6s o diagndstico molecular, seis pacientes com
modificacdes no gene GCK substituiram o tratamento farmacoldgico para terapia nutricional e
um pacientes parou o tratamento com insulina e iniciou o tratamento com antidiabéticos orais.
Além disso, dois pacientes com modificacdes no gene HNF1A substituiram o tratamento com
insulina para medicamentos orais, com melhor resposta glicémica. Desta forma, os resultados
obtidos neste estudo enfatizam a importancia do diagnostico molecular proporcionando um
melhor progndstico, qualidade de vida e tratamento personalizado.

Palavras-chave: Diabetes mellitus; diabetes monogénico; MODY:; diabetes mitocondrial,
variante; sequenciamento de Sanger



Abstract

Diabetes mellitus (DM) is a major public health problem, affecting approximately 463 million
people worldwide. The most common forms of DM are multifactorial, which account for
more than 90% of all cases. However, monogenic forms of DM also contribute to this disease.
It is estimated that they are responsible for about 3% to 6% of diabetes cases. Among the
monogenic forms, the major are the Maturity-Onset Diabetes of the Young (MODY), the
neonatal DM and the mitochondrial syndromic DM. The MODY type is the most frequent
form of monogenic DM and is characterized usually by age of diagnosis before 25 years,
family history with segregation compatible with an autosomal dominant form and primary
defect in the B-pancreatic cell. Due to its rarity and lack of reports, monogenic DM is still
underdiagnosed and patients with these forms are frequently misdiagnosis, impacting in their
treatment. Studies aiming monogenic forms of DM are still scarce in Brazil and, until now the
real contribution of these forms are not well known. Thus, the aim of this study was recruit
patients with clinical phenotype of monogenic diabetes and, through the screening of different
genes, provide the molecular diagnosis of the disease contributing to its prognosis, genetic
counseling and for the most appropriate treatment of these patients. In this study, 68 probands
with clinical phenotype of monogenic DM were included. Inclusion criteria were age of
diagnosis < 40 years, BMI < 30 kg/m?, at least two generations affected by DM and negative
B-cell antibodies (anti-GAD and anti-1A2). In addition, 62 family members and 158 healthy
controls were included. Molecular analysis of the HNF4A, GCK, HNF1A, PDX1, HNF1B,
NEUROD1, KLF11, PAX4, INS, KCNJ11 and MT-TL1 genes was performed using Sanger
sequencing. We accessed the pathogenic potential of the identified variants through in silico
algorithms. In addition, we checked the occurrence of the variants found in public databases.
As a result of the genetic screening, a total of 34 probands (50%) with candidate variants
responsible for monogenic DM were identified. Nineteen variants were observed in the GCK,
nine probands with mutations in the HNF1A gene and one variant was identified in the
following genes: HNF4A, HNF1B, NEUROD1, PAX4, PDX1 e MT-TL1. The segregation
study was performed in 19 families, totaling 62 family members, whose 41 (82.9%) showed
the mutation founded in the proband. Of the 41 positive family members, 34 reported having
hyperglycemia. Of de 32 different variants identified; eight had not been reported in the
literature, three in the GCK gene (p.Tyr61Asp, p.Met115Val, and p.Asp365GlufsTer95), four
in the HNF1A gene (p.Vall33Glu, p.Tyrl63Ter, p.Val380CisfsTer39 and
p.Thr433HisfsTer116) and one in the NEUROD1 gene (p.Phe256LeufsTer2). No pathogenic
variants were observed in the KLF11, INS and KCNJ11 genes. Regarding the treatment, after
the molecular diagnosis, six patients with mutations in the GCK gene switch the treatment
from pharmacological to nutritional therapy and one patient stopped the insulin and started
oral antidiabetic treatment. Additionally, two patients with mutations in the HNF1A gene
substituted the insulin to oral antidiabetic treatment, with a better glycemic responses. In
conclusion, the results obtained in this study highlights the importance of the molecular
diagnosis providing an improved prognosis, quality of life and personalized treatment.

Keywords: Diabetes mellitus; monogenic diabetes; MODY; mitochondrial diabetes;
mutation; Sanger sequencing
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1. Introducéo

O Diabetes mellitus (DM) é uma doenca crénica decorrente do aumento de glicose na
corrente sanguinea devido ao ndo funcionamento correto na producao, liberacdo ou atuacdo da
insulina enddgena. A insulina é um horménio liberado pelo péncreas e atua permitindo a
entrada da glicose nas células, onde esse acucar serd convertido em energia. Além disso, esse
horménio é essencial para 0 bom funcionamento do metabolismo das proteinas e colesterol.
Quando ocorre uma falha no metabolismo da insulina, ha um aumento dos niveis de glicose

no sangue levando a hiperglicemia (1).
1.1 Homeostase da glicose

O pancreas dos mamiferos possui duas funcdes distintas, a exocrina e a enddcrina. As
células enddcrinas sdo organizadas nas ilhotas de Langerhans e podem ser classificadas em
cinco tipos diferentes: 1) Célula alfa (a), responsavel por secretar glucagon; 2) Célula beta
(B), responsavel por secretar insulina; 3) Célula delta (3), responsével por secretar
somatostatina; 4) Célula épsilon (g), responsavel por secretar grelina; e 5) Células PP,
responsavel por produzir polipeptideos pancreaticos (2).

Através da regulagdo entre os horménios glucagon, produzido pelas células o-
pancredticas, e insulina, produzida pelas células B-pancreéticas (3), 0 pancreas mantém a
homeostase da glicose entre 4-6 mM. A insulina é estimulada pelo aumento de glicose
exogena na corrente sanguinea apods as refeicdes (4), e a insulina se liga nos receptores nos
tecidos musculares e adiposo permitindo a captacdo de glicose dependente de insulina para
estes tecidos e, consequentemente, diminuindo os niveis de glicose exdgena na corrente
sanguinea (5,6). Além disso, a insulina promove a glicogénese (7), lipogénese (8,9) e a
incorporacdo de aminoacidos nas proteinas (10). De maneira oposta, quando os niveis de
glicose sanguinea estdo baixos, como no periodo compreendido entre as refei¢cdes, ou durante
0 sono, ocorre liberacdo do glucagon para promover a glicogendlise hepéatica. Além disso, o
glucagon promove a gliconeogénese renal e hepatica para aumentar os niveis de glicose

sanguinea enddgena durante momentos longos de jejum (11) (Figura 1).
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Figura 1. Homeostase dos niveis de glicose sanguinea através da liberacdo de insulina e

glucagon pelo pancreas. Fonte: O autor, Adaptado de (12).

1.2 Testes de diagndstico para diabetes mellitus

O Diabetes pode ser diagnosticado através do exame de glicose em jejum (GJ), na
medicdo da glicose no plasma apds 2 horas no teste oral de tolerancia a 75 gramas de glicose
(TOTG), através dos valores de hemoglobina glicada (HbAlc) e em pacintes com sintomas
classicos de hiperglicemia ou crises hiperglicémicas. Esses testes também podem ser
utilizados para detectar pacientes com pré-diabetes. O DM ¢ caracterizado quando GJ > 126
mg/dl (> 7 mmol/l) ou valores de glicose plasmatica no TOTG > 200 mg/dl (> 11,1
mmol/mol) ou HbAlc > 6,5% (> 48 mmol/mol) ou com glicose pasmatica randémica > 200
mg/dl (> 11,1 mmol/mol) na presenca de sintomas de hiperglicemia (13). A intolerancia a
glicose (IG) e a intolerancia a glicose em jejum (1GJ) séo condic¢des onde os niveis de glicose
estdo acima do normal, entretanto estdo abaixo dos niveis recomendados para caracteriza-los
como diabetes, sendo conhecidos como pré-diabetes, hiperglicemia ndo-diabética ou

intermediaria (1,14).



1.3 Prevaléncia do diabetes mellitus

De acordo com a Federacgdo Internacional de Diabetes (2019) cerca de 463 milhdes de
adultos (20-79 anos) vivem com diabetes no mundo, entretanto metade destes casos
continuam subdiagnosticados. O Brasil é o quinto pais com maior numero de casos (16,8
milhdes), atrds apenas da China, India, Estados Unidos e Paquistio. Estima-se que 7,7
milhGes de brasileiros (46%) ndo sabem de sua condi¢do. Em 2019, a prevaléncia de criancas
e adolescentes (0-14 anos) brasileiros com DM foi de 51,5 mil casos. Acredita-se que em
2045 cerca de 26 milhdes de brasileiros em idade adulta viverdo com DM. O diabetes e suas
complicacBes representam importantes problemas para a salde publica mundial, sendo
responsavel pela morte de 4,2 milhdes de adultos (20-79 anos) em 2019. Além do impacto
social, 0 DM tem impacto econémico. Em 2019 o Brasil foi o terceiro pais com mais gastos
na saude e no tratamento de pacientes adultos com DM (52,3 bilhGes de ddlares), uma média
de cerca de 3 mil ddlares por pessoa (1).

1.4 ComplicacGes do diabetes mellitus

Com a progressédo da doenca, a deficiéncia de insulina pode acarretar complicacfes
graves como retinopatia, neuropatia, nefropatia, além de aumentar o risco de complicacGes
cardiovasculares (CCV). O aumento de glicose sanguinea também esta associado a outras
comorbidades, como hipertenséo, dislipidemia e obesidade (1).

A comorbidade mais preocupante entre os pacientes com DM é a perda da visdo. Mais
de 93 milhdes de individuos no mundo convivem com alguma complicacdo ocular devido ao
DM. Estes pacientes podem apresentar condi¢cbes como catarata, glaucoma, visdo dupla e
inabilidade de focar, além da retinopatia. Dentre estas complicacGes, a retinopatia diabética é
a Unica que é diretamente ocasionada pelo DM, e pode levar a cegueira. A retinopatia
diabética ocorre devido aos danos nos capilares da retina, que levam ao vazamento e
entupimento dos capilares (1,15,16). A retinopatia diabética tem prevaléncia de 34,6%, sendo
o risco de desenvolvimento dessa condi¢cdo aumentado com o tempo de exposi¢do a doenga
(16).

A neuropatia periférica atinge mais comumente os nervos distais dos pés, e membros
inferiores, mas também pode atingir as maos, alterando a fungéo sensorial simétrica levando a
falta de sensibilidade e dorméncia. Esses sintomas podem levar ao desenvolvimento de
Ulceras devido a traumas externos e/ou distribuicdo incorreta da pressdo 0Ossea interna,
levando ao “pé diabético” (1,17). O pé diabético pode levar & amputacdo dos membros

inferiores, sendo a chance de amputacgdo cerca de 10 a 20 vezes maior quando comparada a



individuos sem diabetes (18). Estima-se que a prevaléncia da amputacdo do membro inferior
dentre pacientes com DM gire em torno de 0,03% a 1,5% (19).

A doenca renal cronica (DRC) pode ser resultante da nefropatia diabética ou de outras
condicdes associadas ao DM, como a hipertenséo, disfuncdo neuropatica da bexiga, aumento
da incidéncia de infeccbes do trato urinario de repeticdo e macroangiopatia. A hiperglicemia
induz a hiperfiltracdo e mudangas morfoldgicas nos rins que, consequentemente, levam ao
aumento da excrecdo urinaria de albumina, dano nas células epiteliais viscerais dos rins
(poddcitos) e perda da superficie de filtracdo [ver revisdo em (20)]. O risco de morte devido
doenca renal terminal entre os pacientes com DM é dez vezes maior quando comparado aos
individuos sem DM (1).

O DM quando ndo controlado, favorece o aparecimento de doencas periodontais,
como a periodontite, e pode levar a perda do dente. A ocorréncia de periodontite recorrente
em pacientes com diabetes pode afetar o controle glicémico destes individuos, com
consequente aumento do risco de complicacbes como a retinopatia, nefropatia e doencas
cardiovasculares. Desta forma, percebe-se que hd uma associacdo bidirecional entre o quadro
clinico destas duas condic@es (21).

Além disso, os niveis elevados de glicose ao longo do tempo aumentam a chance de
aparecimento de complicacOes cardiovasculares (CCV) através de vérios fatores, como pela
resisténcia a insulina, inflamacdo, disfuncdo do epitélio e através dos efeitos de toxicidade da
glicose na microvasculatura (22). As CCV sdo as principais causas de morbidade e
mortalidade dos pacientes com DM, sendo responsaveis por cerca de 1/3 a 1/2 das mortes (1);
o risco de CCV entre os pacientes com DM ¢é duas vezes maior do que em individuos sem a
doenca (23). As complicagdes cardiovasculares incluem doenca arterial coronariana, doenga
cerebrovascular, doenca arterial periférica e insuficiéncia cardiaca congestiva que podem
levar a sindrome coronariana aguda, infarto do miocardio, isquemia, acidente vascular

cerebral hemorragico e a morte (1).
1.5 Tipos de diabetes mellitus

O Diabetes mellitus € uma doenca altamente heterogénea podendo ser classificada em

diversos subtipos como podemos ver no fluxograma abaixo:
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Fluxograma 1. Tipos de Diabetes mellitus. LADA: latent autoimmune diabetes of adults;
IPEX: immune dysregulation, polyendocrinopathy, enteropathy, X-linked; DMG: diabetes
mellitus gestacional; DNG: diabetes na gravidez. Fonte: O autor, Adaptado de (24).

1.5.1 Diabetes mellitus do tipo 1

O DM do tipo 1 é uma doenga autoimune em que os linfocitos atacam as células -
pancreaticas, desta forma o pancreas produz pouca ou nenhuma insulina. A frequéncia de DM
do tipo 1 varia entre diferentes populagbes. Um estudo conduzido em uma grande coorte
Norte Americana de adultos diabéticos e de individuos saudaveis identificaram o diabetes do
tipo 1 como sendo responsavel por 5,6% dos casos na amostra de pacientes (25). Até o
momento, o processo pelo qual ocorre o desenvolvimento deste tipo de DM né&o é totalmente

entendido, sabe-se que ha fatores genéticos e ambientais envolvidos (26). O DM do tipo 1
5



pode se manifestar em qualquer idade, entretanto € mais comum na infancia ou na puberdade.
Os sintomas comumente observados no DM s&o a polidipsia (sede excessiva), poliuria (urina
em excesso), rapida perda de peso, fome em excesso, fadiga, visdo borrada, além da presenca
de corpos cetbnicos, levando a cetoacidose diabética. Visto que estes individuos produzem
pouca ou nenhuma insulina enddgena, eles precisam diariamente de injecdes de insulina para

manter os niveis de glicose na taxa adequada (1,27).

1.5.2 Diabetes mellitus do tipo 2

Pacientes com DM do tipo 2 possuem resisténcia a insulina com disfuncéo de célula-
B, levando a falta de resposta a insulina produzida, resultando em hiperglicemia. Este tipo de
DM é mais comumente encontrado entre adultos, entretanto com o aumento da obesidade
infantil nas ultimas décadas, 0 niUmero de criangas e adolescentes com este tipo de DM tem
crescido (1,28,29). Na populacdo Norte Americana, o0 DM do tipo 2 foi descrito responsavel
por mais de 90% dos casos da doenca (25). Segundo dados do “Global Burden of Disease
Project” (GBDP), estima-se que no ano de 2017, o DM do tipo 2 tenha sido responsavel por
96% dos casos de DM no Brasil, enquanto que os 4% restantes seriam ocasionados pelo DM
do tipo 1 (30). Para as formas monogénicas nao sdo apresentados dados.

A causa do DM do tipo 2 ainda ndo foi completamente elucidada, mas sabe-se que ha
uma interacdo entre fatores de risco genéticos e ambientais. Entre as causas ambientais, a
obesidade, o sobrepeso e 0 sedentarismo sdo as causas mais associadas com 0 aparecimento
desta doenca, assim como o0 aumento da idade e histérico familiar (31). Pacientes com DM do
tipo 2 podem apresentar as mesmas complicacGes clinicas do tipo 1, contudo os sintomas
geralmente sdo menos graves ou ausentes. A cetoacidose diabética no diagndéstico, e mesmo
no curso da doenca, é bem menos comum do que observado no DM do tipo 1 (32). O controle
glicémico destes pacientes geralmente ocorre através da mudanca do estilo de vida com uma
dieta equilibrada, pratica de exercicios fisicos e, em alguns casos, quando isto ndo € o
suficiente, recomenda-se o controle dos niveis glicémicos através de medicamentos orais,
como o uso de metformina ou uma combinacdo de medicamentos. Quando ndo h& o controle
glicémico mesmo com medicamentos orais, pode ser necessaria a utilizagdo de injecOes de

insulina (1).



1.5.3 Hiperglicemia na gravidez

Segundo a Organizacdo Mundial da Salde e a Federacdo Internacional de Ginecologia
e Obstetricia, a hiperglicemia na gravidez pode ser dividida em diabetes mellitus gestacional
(DMG) ou diabetes na gravidez (DNG) (33,34). A estimativa global em 2013 da prevaléncia
da hiperglicemia na gravidez foi de 16,9%, sendo a DMG responsavel por 75% a 90% dos
casos. A DMG ocorre quando é diagnosticada na gravidez durante qualquer periodo
(geralmente apds 24 semanas). Enquanto que mulheres com DNG s&o aquelas previamente
portadoras de DM, mas sé foram diagnosticadas na gravidez. A DNG pode ser identificada
em qualquer semana da gravidez, incluindo o primeiro trimestre (33-35). Os fatores de risco
para desenvolvimento de DMG sdo idade materna avangada, sobrepeso e obesidade, DMG em
gravidez anterior, excesso de peso ganho durante a gestacdo, histérico familiar de DM,
sindrome do ovario policistico, fumo e histérico de bebé com malformacBes congénitas
(anomalias cardiacas, dos membros, do tubo neural e do sistema musculoesquelético) (1,36—
38). Gestantes com hiperglicemia podem apresentar pressao alta e tem um risco elevado de
terem bebés macrossomicos (bebés maiores para a idade gestacional), podendo dificultar o
parto normal. O diagnostico precoce da hiperglicemia gestacional reduz o risco destas
complicacdes com controle glicémico através de uma dieta saudavel, exercicios e
monitoramento dos niveis de glicose, ou mesmo utilizagdo de medicamentos orais e injecdes
de insulina, quando necessario (1). Mulheres que apresentem DMG tem um risco aumentado
de desenvolvimento de DM nos primeiros trés a seis anos apos o nascimento do bebé. O risco
de desenvolver DM do tipo 2 em mulheres que apresentaram DMG ¢ sete vezes maior quando
comparadas a mulheres que ndo apresentaram hiperglicemia na gravidez (39,40). A exposi¢édo
do bebé a hiperglicemia materna aumenta a chance de sobrepeso e obesidade na crianga, além

disso o bebé pode apresentar resisténcia a insulina e intolerancia a glicose (1,41).

1.5.4 Diabetes mellitus monogénico

As formas monogénicas de DM sdo ocasionadas por alteracbes em um anico gene e
respondem por cerca de 3% a 6% do total de casos (42-44). Entretanto, esse himero pode ser
ainda maior visto que grande parte dos casos monogénicos permanece sem diagnostico ou sdo
erroneamente diagnosticados como DM do tipo 1 ou DM do tipo 2, principalmente em paises
gue ndo possuem testes geneticos como rotina (45-47), como é o caso do Brasil. Os principais
tipos de DM monogénico sdo o “Maturity-Onset Diabetes of the Young” (MODY) e 0 DM
neonatal (DMN) que s&o resultantes de mutagOes em genes que codificam fatores de

transcri¢do ou proteinas que regulam o desenvolvimento e fungdo do pancreas enddcrino (48).
7



Além disso, mutacdes em genes no DNA mitocondrial também sdo descritas causar diabetes

monogénico (49).
1.5.4.1 Diabetes mellitus neonatal

O diabetes mellitus neonatal (DMN) € raro, sua incidéncia gira em torno de um caso
em cada 100 mil nascidos vivos. Até julho de 2019, 2.273 pacientes foram referidos ao
Diabetes Genes da Universidade de Exeter, sendo 10 pacientes brasileiros (43,50,51) (Figura
2). O DMN se classifica pelo diagnostico antes dos 6 meses de idade, podendo persistir ao
longo da vida, denominando-se diabetes mellitus neonatal permanente (DMNP), ou ser
transitoria, denominado diabetes mellitus neonatal transitorio (DMNT), desaparecendo

durante a inféancia e, frequentemente, reaparecendo na vida adulta (52,53).
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1.5.4.2 Diabetes mellitus sindrémico mitocondrial

O genoma mitocondrial humano possui 37 genes, 13 genes que atuam como
subunidades de complexos enzimaticos que formam o sistema de fosforilagdo oxidativa, 2
genes responsaveis pela producdo de duas moléculas de RNA ribossomal (RNAr) e 22
moléculas de RNA transportador (RNAt) (54-56). O DNA mitocondrial (DNAmt) possui
heranca materna e pode estar presente em homoplasia ou heteroplasmia, ou seja, no caso da
homoplasmia todas as mitocondrias de uma mesma célula possuem DNAmt iguais e no caso
da heteroplasmia, uma mesma célula possui mitocdndrias com genoma mitocondrial
diferentes (57,58). O gene mitochondrially encoded tRNA leucine 1 (UUA/UUG) (MT-TL1,;
OMIM *590050) codifica 0 RNALt de leucina, e a variante m.3243A>G neste gene é descrita
associada a sindrome da encefalopatia mitocondrial, acidose lactica e episédios de derrames,
denominada MELAS (do inglés “mitochondrial encephalopathy, lactic acidosis, and stroke-
like episodes”; OMIM #540000) (49). Entretanto, estudos posteriores mostraram que a
maioria dos pacientes que eram portadores desta variante ndo possuia diagndstico clinico de
MELAS. Esta sindrome afeta aproximadamente 15% de todos os pacientes com a variante
m.3243A>G (59). Essa variante também ¢é associada ao diabetes e surdez de heranca materna
(MIDD, do inglés “maternally inherited diabetes and deafness”; OMIM #520000) e a
oftalmoplegia externa progressiva crénica (PEO, do inglés “progressive external
ophthalmoplegia”; OMIM #157640) (60,61). Estudos em populacdes Caucasianas estimam
que a prevaléncia da m.3243A>G gire em torno de 140 a 250 individuos por 100 mil (62,63),
enquanto a prevaléncia encontrada para doengas mitocondriais em portadores da m.3243A>G
é de 3,5 em 100 mil individuos (57). Esses nimeros indicam que muitos carreadores desta
variante sdo assintomaticos ou oligossintomaticos, podendo apresentar sintomas leves ou
poucos sintomas ao longo da vida e podendo afetar diversos o6rgdos, sendo de dificil
diagndstico para os clinicos (64). Além disso, outros fatores atuam como complicadores no
diagndstico clinico, como a variabilidade clinica entre os portadores da variante, variacdo na
razdo do nimero de cépias de DNAmt mutado e selvagem por célula, e mesmo em diferentes
tecidos (65,66). ManifestacGes clinicas como baixa estatura e presenca de perda de audicdo
neurosensorial com heranca materna devem apontar para suspeita clinica de doenca
mitocondrial (66-68). Com relagdo ao tratamento, a maioria dos pacientes inicialmente ndo é
dependente de insulina, sendo tratados com sulfonilureias (69). O diagnostico molecular
auxilia na identificacdo destes pacientes e pode ser feito através da andlise de diferentes
tecidos, sendo mais indicada a coleta de sangue ou urina por serem menos invasivos,

entretanto tem que se levar em consideracdo que hd a possibilidade da presenca de



heteroplasmia, além da variacdo na razdo de DNAmt mutado e selvagem em diferentes
tecidos (66,70,71) (Figura 3).
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Figura 3. Doencas relacionadas a variante m.3243A>G no gene mitocondrial MT-TL1, e seus fatores moduladores. Uma Unica célula humana
pode conter mitocondrias com DNAmt em homoplasmia (verde) ou em heteroplasmia (vermelho), ainda, uma mitocondria pode conter DNAmt
mutado (vermelho) e selvagem (verde). A mutacdo m.3243A>G esta presente no gene MT-TL1 que codifica 0 RNAt de leucina (A). O fenétipo
observado nos individuos portadores da mutacdo m.3243A>G dependera de vérios fatores (B). Os sintomas clinicos dos pacientes sdo
heterogéneos e sdo influenciados pelo grau de heteroplasmia e pelos moduladores do fenétipo (C). Fonte: O autor, Adaptado de (66).
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1.5.4.3 Maturity-Onset Diabetes of the Young

“Maturity-Onset Diabetes of the Young” (MODY) € classicamente caracterizado com
uma idade de manifestacdo de diabetes geralmente antes dos 25 anos de idade, heranca
mendeliana autossomica dominante e um defeito primario nas células f-pancreaticas. MODY
é uma condicdo clinica e geneticamente heterogénea, com apresentacdo clinica variavel entre
individuos com o mesmo tipo genético de MODY e mesmo entre membros de uma mesma
familia (48). Até o momento, ja foram descritas 14 formas de MODY. Mutagdes nos genes
GCK, HNF1A, HNF4A, HNF1B respondem por cerca de 80% dos casos de MODY, sendo
alteracdes nos genes PDX1, NEUROD1, KLF11, CEL, PAX4, INS, BLK, ABCC8, KCNJ11 e
APPL1 consideradas causas raras (< 1%) no diagnostico de MODY (Tabela 1).
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Tabela 1. Formas de diabetes mellitus do tipo Maturity-Onset Diabetes of the Young.

Subtipo Gene Locus Fugcéiz o Freq. Fisiopatologia  Caracteristicas Tratamento Ref.
Hiperinsulinismo
MODY1 HNF4A 20q13  ‘aorde g Disfuncdoda  duranteainfancia, o ,.conijieia  (72)
transcrigdo celula-p baixos niveis de
triglicerideos
Enzima do
primeiro i . x . . . Sem
MODY?2 GCK 7p13 passo do 150 Dlsfun(;ao da  Hiperglicemia leve medicacao, (73)
. 25% célula-p de jejum -
metabolismo dieta
da glicose
Fator de 30- Disfuncéo da L L
MODY3 HNF1A 12924 transcricio 50% célula-p GlicosUria Sulfonilureia  (74,75)
Agenesia
. « pancreatica em Dieta ou
MODY4 PDX1 13q12. Fator.dg <1% Dlsfun(;ao da homozigotos/ medicamento (76)
2 transcri¢do célula-p : L
heterozigotos oral ou insulina
compostos
Anomalias renais,
Fator de . Disfungdo da  anomalias genitais, .
MODY5 HNF1B 17912 transcricao 5% célula-p hipoplasia Insulina (77,78)
pancreatica
Diabetes neonatal,
MODY6 NEUROD 2431 Fator de <19% Disfuncéo da anormalidades Medicamento (79)
1 a transcrigdo ° célula-B neuroldgicas em  oral ou insulina
homozigotos
MODY7 KLE11* 2p25 Fator de <1% Disfuncdo da  Similar ao diabetes  Medicamento (80)
P transcricdo célula-p do tipo 2 oral ou insulina
Controle Disfungdo do
MODYS CEL 9434 exocrino e <1% pancreas Disfungdo exdcrina, Medicamento (81)
g endocrino do endocrino e lipomatose oral ou insulina
pancreas exocrino
Fator de DGRl
MODY9 PAX4* 7p32 transcricio <1% c Possivel cetoacidose  medicamento (82)
¢ oral ou insulina
Codificao Variante no Diabetes mellitus Dieta ou
MODY10 INS 11p15 precursor <1% gene da medicamento  (83,84)
A o0 neonatal permanente B
proinsulina insulina oral ou insulina
Fungdo de
tirosina Defeito na Dieta ou
MODY11 BLK*  8p23.1 quinase ha <1% secrecdo da Sobrepeso medicamento (85)
transdugdo do insulina oral ou insulina
sinal
Regula a le:];unr;ci‘adoeno Diabetes mellitus
MODY12 ABCC8 11pl5 |liberacdoda <1% otéssio neonatal permanente  Sulfonilureia (86)
insulina o ou transitéria
sensivel a ATP
Regula a Disfuncgéo no
MODY13 KCNJ11 11p15. liberagioda  <1% cangl Qe Diabetes ne_onatal Medlce_lmen_to (87)
1 insulina potassio em homozigose oral ou insulina
sensivel a ATP
Via de Defeito na Fenétipo dismérfico, Dieta ou
MODY14  APPL1 3pl4.3 sinalizagdo da <1% secrecdo da diminuicdo no medicamento (88)
insulina insulina desenvolvimento  oral ou insulina
Fator de Disfuncdo da  Penetrancia reduzida D!eta ou
- REX6# 60g22.1 - medicamento (89)

transcricdo

célula-p

para diabetes

oral ou insulina
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Em negrito e vermelho estdo sinalizados os genes rastreados neste estudo. Freq: frequéncia; Ref:
referéncias. *Os genes KLF11, PAX4 e BLK apesar de classificados como genes MODY,
recentemente tém sido discutido os seus papéis na causa de MODY, Clinical Genomic Resource
(ClinGen, https://search.clinicalgenome.org/kb/affiliate/10016?page=1&size=25&search=, Acesso
em 07 de Julho de 2021 as 10:36) (90). # Foram descritas variantes com perda de fungdo no gene
RFX6 implicadas em fenotipo clinico semelhante ao apresentado pelos pacientes com MODY, mas
as modificacdes apresentaram baixa penetrancia Fonte: O autor, Adaptado de (89,91-93).
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1.6. Genética do diabetes mellitus

Ja foram descritos mais de 50 loci envolvidos na suscetibilidade genética ao DM do
tipo 1, sendo a regido HLA (do inglés “Human Leukocyte Antigen”) no cromossomo 6
responsavel pelo maior risco para o desenvolvimento desta doenca, enquanto genes presentes
fora desta regido contribuem de forma mais modesta (94,95). Enquanto para o DM do tipo 2,
ja foram identificados mais de 100 loci associados ao aumento de risco dessa doenca,
entretanto eles explicam apenas cerca de 10% a 15% da predisposicdo (96). Os genes INS,
RASGRP, COBL, RNLS e BCARL1 ja foram descritos associados a ambas formas. Mais de 2/3
dos genes candidatos a MODY estéo associados ao DM do tipo 2. Os genes SLC2A2 e WFS1
e GLIS3 foram descritos associados ao diabetes neonatal e também ao diabetes do tipo 2 e
tipo 1, respectivamente (48) (Figura 4).

PTPN22 PGM1 GRS1
IL10 1L18RAP IFIH1 CTLA4 CCRS
IL-2 IL-7R MHC BACHZ2 C6orf173 TNFAIP3
TAGAP SKAPZ2 IL2RA PRKCQ CD69 ERBB3
SH2B3 C140rf181 CTSH CLEC16A
UMOD IL27 CTRB1 DNAH2 ORMDL3
SMARCE1 PTPNZ CD226 PRKD22
SIRPG UBASH3A HORMADZ2
C1QTNF6 GAB3 C120rf30 TRIB2
STAT4 CENPW C100rf59 KIFSA
C14orf64 LMO7 EFR3B HTRA1
CUX2 IL26 EBI2 HERC2 TYKZ2
RGS1INS

Figura 4. Diagrama de intersecdo entre genes associados ao diabetes poligénico e
monogénico. Fonte: O autor, Adaptado de (48).
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1.7 Critérios clinicos utilizados para inclusao no estudo de formas monogénicas do DM

O diagnostico das formas monogénicas é feito a partir das caracteristicas clinicas

apresentadas pelos pacientes, além de informacdes prévias do probando e de seus familiares.

E de extrema importancia a confirmagio do diagnostico clinico através do rastreamento

molecular do gene suspeito. Quando comprovado o diagnostico atraves da identificagdo de

mutacdes patogénicas em um dos genes associados as formas monogénicas, o médico

responsavel podera optar pelo tratamento mais adequado para cada um dos subtipos. O

fluxograma 2 mostra as caracteristicas fenotipicas, genes estudados e principais escolhas

farmacoldgicas para os principais subtipos monogénicos.

Caracteristicas
clinicas:

Genes
estudados:

Tratamento:

DM do tipo 17
(Autoanticorpos
presentes)

o\

DM do tipo 27
(IMC>30 kg/m?e

resisténcia a insulina)

Suspeita de diabetes monogénico quando:
* Odiagnéstico é <25 anos
* Heranga autossdémica dominante
* Ao menos 3 geragoes afetadas

Lipodistrofia e diabetes?
(Resisténcia a insulina severa,

lipoatrofia)

DM atipico efou outras caracteristicas clinicas relacionadas

!

v

v

Hiperglicemia leve de
jejum estavel

h 4

Hiperglicemiasevera
ou progressivaem
adolescentes e adultos

Manifestag3o noinicio
da infincia ouDM
neonatal reportadoem

Cistos renais e
diabetes, hipoplasia
renal e pancreatica

Tipes especificos raros

‘ Mutagdes nogene GCK

v

familiares
v
b MutagBes nos genes
Mutagdes nogene ABCC8 ou KCNJ11;
HNF1A (mais hipoglicemia

frequente) ou HNF44;
Complicagdes
frequentes

!

hiperinsulinémica
reportada no inicio da
infincia; Raras
complicagdes

v

Mutagdes nogene

HNFIB [mutagdes

pontuais, delegdes
parciais ou completas);

Outras anomalias

A 4

Mutagdes nos genes
INS, WFS1, PDX1, CEL,
KLF11, NEURODI, BLK,
APPL1, PAX4

Sem tratamento,
apenas dieta. Excegdo
do uso de insulina
durante a gravidez
dependendo do

crescimento fetal

Sulfonilureias (baixa
dose), pode ser
combinado com

inibidores da dipeptidil
peptidase 4; A insulina
pode ser requeridaem
estagios mais
avangados da doenga

z v v
Sulfonilureias (doses Insulina geralmente Insulina ou tratamento
varidveis) desde o diagnéstico especifico

Fluxograma 2. Critérios de diagnostico e caracteristicas clinicas e recomendagdes
terapéuticas dos principais tipos de diabetes monogénico. Fonte: O autor, Adaptado de (97).
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1.8 Formas comuns de diabetes do tipo MODY
1.8.1 Modificacdes no gene GCK associadas ao diabetes monogénico

MutagOes nos genes Glicoquinase (GCK) e HNF1 homeobox A (HNF1A), sdo as
causas mais frequentes de MODY no mundo. As frequéncias das mutagOes irdo variar de
acordo com o background genético, e principalmente devido aos critérios utilizados na
selecdo e avaliacdo dos pacientes, visto que estes apresentam quadros clinicos bem diferentes.
Estudos com enfoque em criangas, geralmente encontram uma frequéncia maior de GCK-
MODY (98). Um estudo em grande amostra populacional no Reino Unido descreveu uma
frequéncia de 32% para pacientes com mutacGes no gene GCK (GCK-MODY) e 52% de
pacientes com mutacdes no gene HNF1A (HNF1A-MODY) (45).

Em 2009, na dltima grande revisdo de modificacdes identificadas no gene da
glicoquinase, 620 modificacGes ja haviam sido descritas em 1.441 familias com MODY,
HHPI ou DMNP. As modificaces (de sentido trocado, sem sentido, que altera o quadro de
leitura, e nos sitios de encadeamento) se encontraram distribuidas ao longo dos 10 éxons. Néao
foram observados “pontos quentes”, entretanto, 255 das 620 modificacGes estavam presentes
em mais de uma familia (99). Grandes dele¢des parciais ou completas sdo raras no gene GCK,
ndo havendo casos até 0 momento descritos no Brasil (100-103). Um levantamento feito pelo
“Brazilian Monogenic Diabetes Study Group” (BRASMOD) com dados publicados para
MODY no Brasil, descreveu 72 pacientes de 28 familias com alteracdes no gene GCK, sendo
as mais frequentes, majoritariamente, representadas pelas modificacdes de sentido trocado
(75%), seguidas por pequenas insercdes/delecdes (10,7%), modificacdes dos tipos sem
sentido (7,15%), e nos sitios de encadeamento (7,15%) (104).

1.8.1.1 O gene GCK

O gene GCK (OMIM *138079) possui 45.165 pares de bases (pb), 10 éxons e localiza-
se em 7p15.3-p15.1. O gene GCK codifica a proteina glicoquinase de 465 aminoacidos
(105,106). Essa proteina consiste em um unico dominio hexoquinase que possui dobras o e B
que se dobram para formar dois subdominios, um maior (aminoécidos 204-443) e um menor
(aminoacidos 67-203) (107) (Figura 5).
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Figura 5. Representacdo do gene GCK e dos dominios da proteina glicoquinase. Na figura

estdo representados os 10 éxons do gene. O intron 1 é o maior de todos, possuindo 35.445
pares de bases e esté fora da escala (linha pontilhada). As regides nio traduzidas 5’ e 3’ estdo
apresentadas em cinza. Transcrito NM_000162.5. Fonte: O autor.

1.8.1.2 A via metabdlica da enzima glicoquinase

A enzima glicoquinase € expressa nas células p-pancreaticas e no figado. Nas células-
B essa enzima funciona como um sensor de glicose com indugdo para secrecdo de insulina
(108,109). Durante a fase pds-prandial, periodo onde ocorre 0 aumento na glicose sanguinea,
a glicose entra nas células B-pancreéticas através dos transportadores de glicose de isoforma 2
(GLUT2) (109). Dentro da célula-B, a glicose é fosforilada no sexto carbono de sua molécula
através da enzima glicoquinase, formando glicose-6-fosfato; este produto formado é essencial
para inibicdo das isoenzimas de hexoquinases (109-111). Apoés esta etapa, ocorre a glicolise e
0 metabolismo oxidativo que aumentam a razdo de ATP/ADP, levando & inativacdo dos
canais de potassio (K*atp) formados pelas subunidades SUR1/Kir6.2, codificadas pelos genes
ABCC8 e KCNJ11, respectivamente. Em seguida, ocorre a despolarizacdo da membrana
plasmética e subsequente abertura dos canais de célcio (Ca®"), sensiveis & voltagem, e ocorre
o0 aumento do influxo de calcio para a célula. O aumento dos Ca** livres no citosol levam a
exocitose das vesiculas contendo o hormdnio de insulina na corrente sanguinea (112-115).
Nas células adiposas e musculares a insulina estimula a translocacgéo do transportador GLUT4
presentes nas vesiculas de armazenamento, para as membranas plasmaticas, estimulando

assim a captacdo de glicose nestes orgédos (115,116).
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Durante o periodo pos-prandial, a glicoquinase presente no figado atua na fosforilacéo
da glicose para producdo e estoque de glicogénio, e ndo como fonte de energia como ocorre
nas células B-pancredticas. Durante o periodo de jejum, quando a concentragdo de glicose é
baixa e, consequentemente, ocorre a diminuicdo do estoque de glicogénio, a enzima
glicoquinase ¢ deslocada para o nucleo e inativada pelo seu ligante, a proteina reguladora da
glicoquinase (GRP, do inglés “glucokinase regulatory protein”) (117-120). Quando ocorre a
reexposicao a comida, a glicoquinase € liberada do seu ligante GRP no nucleo, retomando sua
forma ativa no citosol (119-121) (Figura 6).
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Figura 6. Via metabolica da enzima glicoquinase. G6P: Glicose-6-fosfato; GKb: glicoquinase
presente na célula-p; GKf: glicoquinase presente no figado; GLUT2: transportadores de
glicose de isoforma 2; GLUT4: transportadores de glicose de isoforma 4. Fonte: O autor,
Adaptado de (115).

1.8.1.3 Resposta bioldgica a modificagdes estruturais na enzima glicoquinase

Estudos matematicos sugerem que o limiar para a liberacdo de insulina estimulada por
glicose (LIEG) é alcancado quando a capacidade de fosforilacdo da glicose pela enzima

glicoquinase € cerca de 25% do maximo e isso ocorre quando a concentracdo plasmatica de
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glicose é de aproximadamente 5 mmol/l (90 mg/dL) em individuos sem alteraces no gene
glicoquinase (122). Mutagdes no gene GCK podem levar a quadros de hipoglicemia e
hiperglicemia, sendo o ultimo mais comum. Mutagdes em heterozigose no gene GCK, que
inativem essa enzima, levam ao diabetes do tipo GCK-MODY . Essas altera¢cdes enzimaticas
nas células-p mudam o limiar da LIEG, elevando moderadamente para uma média de 6,5 a
7,5 mmol/l (117mg/dL a 135 mg/dL) (123,124). No figado, levara a uma reducdo na sintese
de glicogénio e estocagem, além do aumento da gliconeogénese apds as refeicdes (125).
MutacgOes inativadoras em homozigose ou em heterozigose composta no GCK levam a um
quadro severo de DMNP presente desde o nascimento. Nestes pacientes o limiar da LIEG sera
infinitamente alto devido a total inativacdo da enzima (124,126,127). J& mutacdes ativadoras
com ganho de funcdo neste gene causam HHPI e ha reducdo no limiar podendo chegar a 0,8
mmol/l (14,41 mg/dL) (128,129) (Figura 7).
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Figura 7. Efeito de mutacGes na proteina glicoquinase na modificacdo do limiar para secrecdo
de insulina estimulada pela glicose. HHPI: hipoglicemia hiperinsulinémica persistente de
infancia. Fonte: Modificado de (130).

1.8.1.4 Caracteristicas clinicas e controle glicémico dos pacientes GCK-MODY

Pacientes GCK-MODY (MODY2; OMIM #125851) com mutacdes inativadoras em
heterozigose possuem hiperglicemia leve desde o nascimento, sdo assintomaticos (131) e

apresentam a glicemia de jejum normalmente na faixa de 5,6 a 8,0 mmol/l (100-144 mg/dl) e
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HbAlc de 5,6% a 7,3% (132). Visto que os valores de HbAlc sdo proximos da faixa do
normal e complicacbes micro e macrovasculares séo raras (133), estes pacientes sdo
frequentemente subdiagnosticados e sdo detectados normalmente em exames de rotina. Esta é
uma das razbes para que a heranca autossdmica dominante ndo seja evidente em muitas
familias com diabetes GCK-MODY (134). Quando os pacientes com GCK-MODY séo
detectados em exames de rotina ou mesmo em exames durante a gravidez, eles
frequentemente sdo diagnosticados erroneamente com DM tipo 1 (135). Visto que 0s
pacientes com GCK-MODY apresentam uma leve hiperglicemia e raramente possuem
complicacdes do diabetes, ndo se recomenda tratamento farmacologico para estes pacientes, ja
que hé apenas um minimo efeito na glicemia deles, entdo se aconselha o controle glicémico

apenas através de dieta nutricional e exercicios fisicos (136).
1.8.1.5 GCK-MODY e a gravidez

Uma excecdo no controle glicémico é durante o periodo de gravidez; se o bebé nédo
herdar a variante inativadora presente no gene GCK da mde, ele secretara mais insulina para
se adaptar a hiperglicemia materna. A maior captacao de glicose causara um aumento do risco
de desenvolver macrossomia, resultando em um acréscimo de cerca de 700 gramas na média
do peso ao nascimento. Neste caso, recomenda-se o tratamento com insulina durante a
gravidez para reduzir a hiperglicemia materna. Por outro lado, se o bebé herdar a variante
inativadora do pai, e a méde for normal para mutagdes no GCK, ele terd& uma reducdo na
liberacdo da insulina resultando em diminuicdo do peso de nascimento em aproximadamente
500 gramas. No caso do bebé herdar a variante inativadora da mae com GCK-MODY, nédo ha
alteracdo do peso de nascimento, visto que a funcdo enzimatica da glicoquinase se comportara
de forma igual a resposta da hiperglicemia da mae; neste caso ndo é recomendado o
tratamento com insulina, visto que isto pode levar a diminuicdo do peso fetal (137,138). O
acompanhamento de mulheres com risco de gestar bebés com macrossomia devido a
mutacdes em genes associados as formas monogénicas deve ser realizado através de
ultrassonografias periodicas a partir da 26 semana de gestacdo. Este acompanhamento é feito
para identificar sobrepeso fetal e para decidir se 0 parto desta gestante devera ser adiantado

através de inducdo na 38? semana ou ainda se necessitara ser feita a cesarea.

Recentemente, Caswell e colaboradores (2020) reportaram a aplicagcdo do teste pré-
natal ndo invasivo (NIPT, do inglés “Noninvasive prenatal testing”) do DNA fetal livre de
células (cffDNA, do inglés “Cell Free Fetal DNA”) em gestantes com mutacGes do tipo de

sentido trocado ou indels no gene GCK ou HNF4A. Para isso, eles coletaram 20 ml de sangue
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periférico materno e utilizaram a técnica de “droplet digital PCR” (ddPCR) a qual identifica a
presenca de baixos niveis de DNA através de sondas alelo-especifico. Este modelo se mostrou
promissor na identificagdo pré-natal de variantes patogénicas nos genes GCK e HNF4A nos
bebés, que podera ter grande impacto no manuseio terapéutico de gestantes com mutagdes

nestes genes (139).

1.8.2 Modificag¢Ges no gene HNF1A associadas ao diabetes monogénico

Mutacbes no gene HNF1A sdo as principais causas de MODY em adultos (45,140).
Colclough e colaboradores, em um levantamento bibliografico de modificagdes previamente
descritas até 2013 no gene HNF1A, descreveram 414 diferentes modificacbes em 1.247
familias. As modificacdes de sentido trocado foram as mais frequentes (54,7%), seguidas das
que alteram o quadro de leitura (21,7%), sem sentido (9,4%), modificacdes em sitios de
encadeamento (8,7%), modificacbes em regides promotoras (1,9%), delegcdes “in frame”,
delecdes, inser¢des ou duplicacdes de aminoécidos (2,4%) e mais raramente delecfes parciais
ou totais do gene (1,2%). As modificacdes se distribuiram ao longo dos 10 éxons, entretanto,
foram mais comumente encontradas nos exons 2 e 4 (140). No Brasil, até 2017, o BRASMOD
havia contabilizado 31 pacientes de 18 familias HNF1A-MODY. Apesar de neste
levantamento modificagcbes no gene GCK terem sido mais frequentes que no HNF1A, os
autores alertaram para os critérios de selecdo dos pacientes nos diferentes estudos que podem
ter influéncia nas frequéncias encontradas (104). As descri¢bes de delecdes parciais e totais

do gene sdo raras e ndo identificadas no Brasil até 0 momento (100,103,141).
1.8.2.1 O gene HNF1A

O gene HNF1 homeobox A (HNF1A; OMIM *142410) mapeia em 12024.31, possuli
10 éxons e codifica o fator de transcricio HNF1A composto por trés dominios: 1) O dominio
N-terminal de dimerizacéo (residuos 1-32); 2) O dominio de ligacdo ao DNA (DBD, do inglés
“DNA-binding domain™), que possui dois subdominios, 0 POU dominio especifico (POUSs)
(residuos 82-172) e o POU homeodominio (POUh) (residuos 198-281). Além disso, no
dominio de ligagdo se encontra o sinal de localizacdo nuclear (NLS, do inglés “Nuclear
localization signal”). O HNF1A se liga ao DNA através do palindromo invertido 5’-
GTTAATNATTAAC-3’. O POUs tem fungdo na manutencdo da estabilidade da proteina
enquanto o dominio POUh atua na iniciagdo da interacdo do HNF1A com o DNA (142-144),
3) O dominio de transativacdo se localiza na regido C-terminal (residuos 282-631) (145)
(Figura 8).
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O local e o tipo de variante presente no HNF1A parecem ter papel fundamental na
manifestacdo clinica da doenca. Bellanné-Chantelot e colegas (2008) em uma ampla amostra
de pacientes HNF1A-MODY observaram que pacientes com mutagdes que levam a producao
de proteinas truncadas manifestaram os sintomas antes daqueles com mutacBes de sentido
trocado. A maior parte das modificacdes identificadas estava localizada entre os éxons 1-6
que inclui as trés isoformas do HNF1A. Os pacientes com mutacGes de sentido trocado, que
afetaram o dominio de dimerizacdo e o dominio de ligacdo, ou seja, regides comuns as trés
isoformas, tiveram a idade de manifestagdo anterior daqueles com mutacdes de sentido
trocado no dominio de transativacdo (146). Além disso, a penetrancia das mutaces no gene
HNF1A terd um importante papel na manifestacdo dos sintomas, sendo esta quase completa e
associada a idade. Sessenta e trés por cento dos pacientes desenvolvem a doenca antes dos 25
anos, 79% antes dos 35 anos e 96% antes dos 55 anos de idade (147,148).

O fator de transcricdo HNF1A atua como um homodimero recrutando e interagindo
com diversos coativadores, que se acoplam ao nucleossomo dando inicio & modificacdo em
sua estrutura e recrutando a maquinaria necessaria para transcricdo (149). A estabilidade do
dimero de HNF1A é dependente da ligacdo do dimero do cofator de dimerizacdo do
hepatdcito nuclear fator 1 (DCoH, do inglés “dimerization cofactor of hepatocyte nuclear

factor 1”), formando um tetramero (144) (Figura 9).
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Figura 9. Modelo de ativacdo do HNF1A. O cofator de dimerizacdo do hepatdcito nuclear

fator 1 (DCoH) funciona como um dimero (meia lua em amarelo e cinza) e 0 HNF1A (azul e
rosa), inativos no citoplasma (A). O tetramero formado pelo dimero de DCoH e HNF1A se
localiza no ndcleo e se liga ao DNA (B). Quando o DCoH se desassocia do dimero de
HNF1A, o desestabiliza (C). Neste momento o DCoH pode se associar novamente ao dimero
de HNF1A (B) ou formar um homotetramero inativo desestabilizando o dimero de HNF1A
(D). Fonte: O autor, Adaptado de (144).

O HNF1A se liga a0 menos a 222 genes nos hepatdcitos humanos, demonstrando seu
importante papel na via da gliconeogénese e nas outras vias associadas, alem de se ligar
também a genes que sdo centrais na sintese e estoque de carboidratos, no metabolismo de
lipidios, detoxificacdo e sintese de proteinas séricas. Além disso, 0 HNF1A regula ao menos
106 genes alvos nas ilhotas pancreaticas humanas (150). O HNF1A tem papel fundamental
tanto no desenvolvimento de tecidos embrionarios quanto na manutencao dos tecidos na vida
adulta. Durante o desenvolvimento embrionério, ele é expresso no figado, na vesicula biliar,
no pancreas, no trato gastrointestinal, nos rins e na bexiga. J& nos tecidos maduros, além
desses Orgdos, ele também é expresso na medula 6ssea e no sistema imunoldgico (151). O
HNF1A é um dos fatores de transcri¢do responsaveis pela regulacdo dos genes GLUT2 e do
gene da insulina (INS) (152,153).

1.8.2.2 Resposta bioldgica a modificagdes estruturais no fator de transcricdo HNF1A

AlteragOes que mudem a estrutura ou produgéo do fator de transcricdio HNF1A levam
a modificacGes na secrecdo da insulina, diminuicdo na proliferacdo das células B-pancreaticas
e mesmo a ilhotas de Langehans com estruturas anormais (154-156). Na célula B-pancreética,
quando o HNF1A nédo funciona corretamente, ha baixa producdo de ATP na célula, com
consequente diminuicdo da liberacdo de insulina. Enquanto nos rins, o HNF1A participa do
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mecanismo responsavel pela recaptacdo da glicose do filtrado glomerular, e quando esta
proteina ndo esta funcionando corretamente, 0s niveis de glicose se mantém elevados na

urina, levando a glicosuria (presenca de glicose na urina) (157-159).
1.8.2.3 Caracteristicas clinicas e controle glicémico dos pacientes HNF1A-MODY

Pacientes com HNF1A-MODY (MODY3; OMIM #600496) geralmente se apresentam
como normoglicémicos durante a infancia, podendo apresentar glicoslria apesar da
normoglicemia (159). A diminuicdo da secre¢do da insulina é progressiva e o controle
glicémico se deteriora com o tempo. A hiperglicemia geralmente aparece entre a adolescéncia
e inicio da vida adulta, podendo se manifestar com sintomas como poliuria e polidipsia ou
como uma hiperglicemia pos-prandial sem a presenca de cetose e cetoacidose (148). Os
valores do peptideo-C sdo mais baixos quando comparados a individuos saudaveis, porém
ainda s@o mais elevados que aqueles dos pacientes com DM do tipo 1 (160). No momento da
manifestacdo da doenca ha um aumento na glicose plasmatica no TOTG de duas horas. Com
o decorrer da doenca, ocorre falha progressiva da célula B-pancreética, levando ao aumento
dos valores da glicose de jejum e deficiéncia progressiva da liberagdo de insulina, com alguns
pacientes podendo apresentar falha na liberagdo de insulina com consequente diminui¢do na
deteccdo do peptideo-C (161). Pacientes sem controle glicémico adequado podem apresentar
complicacBes do diabetes, como retinopatia, nefropatia e neuropatia, e mais raramente,
hipertensdo e doencas cardiovasculares (162,163). Além disso, um marcador que pode ser
utilizado como indicativo de pacientes com HNF1A-MODY sdo os valores obtidos da
proteina C-reativa sérica de alta sensibilidade (PCR-as). Pacientes com mutacdes neste gene
apresentam PCR-as expressivamente mais baixo quando comparado as outras formas de
diabetes mais comuns (164).

Apesar de mutagdes no HNF1A ndo parecerem influenciar no peso do nascimento do
bebé, como no caso de mutagdes no GCK, filhos de mulheres com HNF1A-MODY parecem
manifestar a doenga mais precocemente decorrente da exposicdo a hiperglicemia no Utero. Ja
filhos que herdam a variante no HNF1A através do pai, ou seja, ndo foram expostos a
hiperglicemia materna, tiveram o diagnostico mais tardiamente (147).

O controle glicémico de pacientes confirmados para HNF1A-MODY dependera da
evolugéo da doenca. Nos casos em que a HbAlc esteja abaixo de 6,5%, uma dieta pobre em
carboidratos pode ser receitada temporariamente. No entanto, com a progressao da doenca,
medicamentos devem ser iniciados. Pacientes com mutagfes no gene HNF1A possuem uma

boa resposta a baixas doses do medicamento oral sulfonilureia de curta-duragdo (165). A
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sulfonilureia, ao contrario do tratamento com insulina exdgena, aumenta a secrecdo da
insulina enddgena, através do fechamento dos canais de potéssio das células-p, permitindo a
resposta pancredtica espontanea a mudancas nos niveis de glicose (Figura 10). Mesmo em
pacientes que ja haviam iniciado tratamento com insulina previamente ao diagnostico
genético, pode ser feita a troca para a medicacdo com sulfonilureia com o acompanhamento
médico, dependendo da evolucdo do seu quadro clinico. O tratamento com sulfonilureia
geralmente é eficaz durante muitos anos, entretanto, em alguns casos pode ser necessario
iniciar o tratamento com insulina naqueles pacientes com diminuicdo severa na producédo de

insulina enddgena (166).
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Figura 10. Funcionamento do canal de potassio nas células-p. Em células normais, durante a
homeostase, 0s canais de potassio encontram-se abertos permitindo a passagem do potassio
para 0 meio extracelular. Em detalhe o canal de potéassio formado pelo octdmero contendo um
tetramero central de Kir6.2, envolto por quatro subunidades de SUR1 (A). Quando ha
aumento da razdo de ATP/ADP, devido a alta concentracdo de glicose no meio intracelular,
ocorre o fechamento dos canais de potassio e abertura dos canais de calcio que sdo voltagem

dependente e levardo a liberacdo de insulina (B). Em pacientes com mutagdes no gene
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HNF1A, mesmo em altas concentracdes de glicose h& pouca liberagdo da insulina (C). O
farmaco sulfonilureia atua estimulando o fechamento dos canais de potassio, possibilitando a
liberacdo da insulina enddgena (D). Fonte: O autor. Adaptado de (167).

1.8.3 Modificag¢Ges no gene HNF4A associadas ao diabetes monogénico

MutacOes no gene Hepatocyte Nuclear Factor 4-Alpha (HNF4A) representam a
terceira causa mais frequente de diabetes do tipo MODY. Estima-se que estas alteracdes
sejam responsaveis por cerca de 5% a 10% de todos os casos (45,98). No levantamento feito
por Colclogh e colaboradores (2013), 103 modificagcbes no gene HNF4A foram identificadas
em 173 familias. As alteracGes incluiram modificaces de sentido trocado (58,3%), seguidas
de alteracdo do quadro de leitura (11,7%), sem sentido (9,7%), modificacBes no sitio de
encadeamento (5,8%), modificacdes na regido promotora (5,8%), delecbes do tipo que ndo
alteram o quadro de leitura, insercdes e duplicacfes de aminoacidos (6,8%) e delecGes
parciais ou totais do gene (1,9%). As modificacdes foram identificadas ao longo dos 10 éxons
do gene, contudo foram mais frequentes nos éxons 7 e 8 (140). No Brasil, modificaces neste
gene parecem ser raras. Santana e colaboradores (2019) reportaram trés pacientes brasileiros
com variantes neste gene, uma classificada pelo “American College of Medical Genetics and

Genomics” (ACMG) como benigna e duas novas com significado incerto (168).
1.8.3.1 O gene HNF4A

O gene HNF4A (OMIM *600281) possui 10 éxons e localiza-se em 20913.12 (Figura
11). O gene HNF4A é membro da superfamilia de receptores nucleares (169) contendo o
dominio N-terminal com funcéo de ativacdo 1 (AF-1) (AF, do inglés “activation function”), o
dominio de ligacdo ao DNA (DBD) que inclui dois motivos de zinco, o dominio de ligagdo ao
ligante lipofilico (LBD, do inglés “lipophilic ligand binding domain™), o AF-2 e um dominio
extra no C-terminal (dominio F), tem funcdo de repressdo (170). A forma ativa do fator de
transcricdo HNF4A atua como homodimero (171), e sua dimerizacdo ocorre através de
interacOes, incluindo interacGes de ziper de leucina (172). O gene HNF4A possui dois
promotores (P1 e P2) que séo separados por 46 kilobases (kb) (173). O promotor 1 produz as
isoformas al-06 através do encadeamento alternativo do éxon 1, podendo conter o éxon 1A
ou 1B e através do encadeamento alternativo entre os éxon 9 e 10, podem gerar 3 dominios
terminais diferentes (174), enquanto o promotor P2 gera as isoformas a7, a8, a9, al0, all e
al2 através do encadeamento alternativo do éxon 1, podendo conter o éxon 1D ou 1E e

através do encadeamento alternativo da regido terminal, assim como ocorre com as isoformas
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produzidas pelo promotor 1, gerando isoformas diferentes. As isoformas produzidas pelo
promotor P2 sdo menores e ndo possuem o fator de ativagdo 1 (173,175,176). Apenas as
isoformas al, o2 e a3 incluem o dominio AF-1, enquanto os diferentes dominios F s&o
gerados através do encadeamento alternativo que ocorre nos Ultimos trés éxons do gene,
resultando em trés combinacGes de C-terminal diferentes. O intestino € o Unico Orgéao
expressando isoformas expressas pelos promotores P1 e P2. As isoformas al, 02, a3, a7, a8 e
a9 foram observadas no figado, estdmago, intestino delgado e cdlon, ja a isoforma a5 foi

observada exclusivamente no figado (176).
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Figura 11. Representacdo do gene HNF4A. Na figura estdo representados os dez éxons do
gene e as 12 isoformas diferentes produzidas através dos seus dois promotores representados
no esquema pela seta horizontal. Transcrito NM_000457.5. Fonte: O autor, Adaptado de
(176,177)

O HNF4A é um importante fator de transcricdo que participa de diferentes vias
metabdlicas como nos rins, no desenvolvimento gastrointestinal, na diferenciacdo hepatica e
nos metabolismos de lipidios e glicose (177). O HNF4A se liga ao menos a 1.575 genes das
células hepaticas e 1.423 nas ilhotas pancreéaticas (150). No figado, o HNF4A controla a
expressao de diversos genes, incluindo o HNF1A e HNF1B (173,174). Além disso, esses trés

fatores de transcrigdo em conjunto, controlam o desenvolvimento embrionario. O HNF4A nas
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células-B pancreéaticas adultas, juntamente com uma maquinaria de transcri¢do, regula a

expressao do transportador GLUT2, tendo papel fundamental na secregéo de insulina (178).
1.8.3.2 Caracteristicas clinicas e controle glicémico dos pacientes HNF4AA-MODY

Pacientes com diabetes mellitus do tipo HNFAA-MODY (MODY1; OMIM #125850)
possuem disfuncdo pancreatica semelhante aos pacientes com a forma HNF1A-MODY, visto
que ambos participam da mesma via metabolica (72). Contudo, esses pacientes ndo
apresentam quadro de glicosuria e podem apresentar baixos niveis de apolipoproteinas
(apoAll, apoClll e apoB). Essa alteragdo nas apolipoproteinas leva a caracteristicas clinicas
extra pancreaticas como niveis reduzidos do colesterol das lipoproteinas de alta densidade
(HDL, do inglés “high-density lipoproteins™), baixos niveis de triglicerideos e altos niveis do
colesterol das lipoproteinas de baixa densidade (LDL, do inglés “low density lipoproteins™)
(179,180). Além disso, podem apresentar complicacbes microvasculares, como problemas
envolvendo a retina e os rins, assim como pacientes com DM do tipo 1 e do tipo 2 (163).

Pearson e colaboradores (2007) observaram que 56% dos bebés carreadores de
modificag0es em heterozigose no HNF4A, independente da heranga da variante ter sido
materna ou paterna, apresentam macrossomia fetal (peso de nascimento > 4.000 gramas),
destes, 15% apresentaram macrossomia fetal extrema (peso de nascimento > 5.000 gramas).
Sugere-se o tratamento com insulina prévio a gravidez para mulheres HNF4A-MODY, ou
mesmo no final do segundo trimestre da gravidez. ApOs a vigésima oitava semana de
gravidez, o bebé deve ser monitorado de duas em duas semanas atraves de ultrassom e o parto
através de cesarea deve ser pensado durante a 352 e 382 semana de gestacdo. Além disso, 15%
dos bebés apresentaram hipoglicemia ao nascimento (181,182). O quadro de hipoglicemia
hiperinsulinémica da infancia (HHI) pode ser transiente ou persistente e em geral possui boa
resposta ao tratamento com diazéxido (181,183). Ao contrario da sulfonilureia que atua
aumentando o fechamento dos canais de potassio para potencializar a liberagdo de insulina, o
diazoxido se liga a estes canais mantendo sua abertura, com consequente diminui¢do da
liberacdo da insulina pelas células-p pancreéticas (184). Geralmente a HHI melhora durante a
infancia, com produc¢do diminuida de insulina, progredindo para diabetes na adolescéncia
(183).

Durante a infancia e adolescéncia, quando os niveis de HbAlc estdo dentro da faixa do
normal, pacientes HNF4A-MODY geralmente possuem um bom controle glicémico através
de dieta de baixo carboidrato (182). Quando a dieta ndo parece ser suficiente, baixas doses de
sulfonilureia sdo recomendadas, assim como para os pacientes HNF1A-MODY (180).
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Entretanto, a evolucdo da doenca deve ser acompanhada de perto, pois com a deterioracdo da
célula-Bp e controle glicémico, deve-se pensar no tratamento com insulina (165). A
identificacdo prévia desses pacientes é de extrema importancia para prevencdo de

complicacdes vasculares, e nas mulheres para evitar hiperglicemia durante a gravidez (98).
1.8.4 Modificag¢Ges no gene HNF1B associadas ao diabetes monogénico

Alteracdes no gene HNF1 Homeobox B (HNF1B) sdo causas menos frequentes de
diabetes monogénico do tipo MODY, sendo sua frequéncia descrita variando de < 1% a 10%
(45,91,98,185).

Na revisdo conduzida por Chen e colaboradores (2010), incluindo 160 familias com
fenotipos renais, com MODY ou com os dois fenotipos presentes, 68 diferentes modificagdes
foram descritas. O tipo de variante mais frequente encontrado nas familias foi a delegéo
completa do gene (38,1%), seguido de modificagdes dos tipos de sentido trocado (30%),
alteracdo do quadro de leitura (11,2%), sem sentido (10,7%), modificacbes em sitio de
encadeamento (6,9%), indels de um dnico nucleotideo e delecdo sem mudanca no quadro de
leitura (1,9%, 0,6% e 0,6%, respectivamente). A maioria das modificacbes ocorreram nos
primeiros quatro dos nove éxons do gene, sendo 0s éxons 2 e 4 e o sitio de encadeamento no
intron 2 considerados “pontos quentes”, onde a taxa de modificagdes sdo mais altas. (186).
Delecdes parciais ou totais do gene HNF1B representam cerca de 1/3 das causas de HNF1B-
MODY (141,187,188). Além disso, inser¢fes parciais raras ja foram descritas (189),
demonstrando a importancia da dosagem génica deste gene.

Recentemente, Santana e colaboradores (2019) descreveram trés pacientes brasileiros
com variantes de sentido trocado no gene HNF1B, sendo dois pacientes apresentando
agenesia de corpo/calda do pancreas e cistos renais, e um com reducéo difusa do pancreas e
enzimas hepaéticas elevadas (168). Em 2016, Dotto e colaboradores descreveram um caso
clinico de um paciente brasileiro GCK e HNF1A negativos, testando positivo para delecdo
completa do HNF1B. Mais recentemente (2019), eles descreveram outros dois brasileiros com
alteracdes no gene HNF1B. Foram identificadas uma variante que muda o quadro de leitura e
uma delecdo completa do gene. Ambos pacientes apresentaram DM, cistos renais e
hipomagnesemia; adicionalmente, o paciente com a delecdo também mostrou agenesia
pancreatica (103,190).

Apesar de mutagdes associadas ao gene HNF1B terem o padrdo de heranca
autossomico dominante, a regido 12 do braco longo do cromossomo 17, que inclui o gene

HNF1B, é suscetivel a rearranjo genémico com recombinacdo ndo-homologa na permuta
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génica. Essa recombinagdo errénea pode levar a delegdes “de novo” podendo chegar até
grandes delecdes de 1,5 MB (191). A prevaléncia de delegdes “de novo” é maior que 50%
(192). Além de delecBes completas do gene, mutacdes do tipo sentido trocado, também

podem ocorrer espontaneamente (193).

1.8.4.1 O gene HNF1B

O gene HNF1B (OMIM *189907) possui 2.790 pb, se localiza em 17q12.5, possui
nove eéxons e codifica 0 HNF1B, membro da superfamilia de fatores de transcrigdo. Ele €
responsavel pela regulacdo e expressdo génica através da sua forma como homodimero ou
heterodimero com o fator HNF1A, os quais sdo similares estruturalmente. O HNF1B possui
trés dominios funcionais: o dominio de dimerizacao (aminoacidos 1-32), o dominio de ligacédo
ao DNA, representado pelos subdominios POUs (amino&cidos 88-180) e POUh (aminoacidos
229-319) e o dominio de transativacdo (aminoacidos 320-557) (194) (Figura 12).
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Figura 12. Representacdo do gene HNF1B e dos dominios do fator de transcricdio HNF1B.
Na figura estdo representados os 9 éxons do gene. As regifes ndo traduzidas 5’ ¢ 3’ estdo

apresentadas em cinza. Transcrito NM_000458.4. Fonte: O autor.

O HNF1B é um importante fator de transcri¢do, tendo papel fundamental na regulacéo
da transcricdo de diferentes genes, como do HNF4A e do SLC2A2 (solute carrier family 2),
que codifica o transportador GLUT2 (195). Ele é expresso inicialmente durante a
embriogénese, responsavel pela especificacdo do endoderma visceral. Na vida adulta ele é

expresso predominantemente nos rins, mas também é encontrado em diversos outros 6rgaos,
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como no figado, pancreas, intestino, estdmago, pulmdes, trato urinario e genital, cérebro e

glandulas paratireoides (196-198).

1.8.4.2 Caracteristicas clinicas e controle glicémico dos pacientes com modificacdes no
gene HNF1B

Alteracdes no gene HNFI1B inicialmente foram descritas causar HNF1B-MODY
(MODYY5) (74), entretanto, posteriormente foi observado um fenoétipo variavel em pacientes
com alteracdes nesse gene, sendo mais frequentemente observadas alteracdes renais do que
diabetes, entéo foi denominada sindrome dos cistos renais e diabetes (RCAD, do inglés “renal
cysts and diabetes syndrome”; OMIM #137920) (198). Atualmente sabe-se que além de afetar
0s rins e 0 pancreas, alteracbes na expressdo do HNF1B podem gerar diversas outras
patologias clinicas e isso se deve ao fato deste fator de transcricdo ser expresso e controlar a
expressao de diversos genes em diferentes 6rgdos (Figura 13).

Chen e colaboradores (2010), através de um levantamento bibliogréafico entre os anos
de 1997 e 2008, descreveram 137 alteracGes no gene HNF1B, sendo a maior parte associada a
fendtipos renais (61,3%), seguido de MODY com alteragdes renais (29,2%) e por ultimo,

pacientes que apresentaram somente MODY (9,5%) (186).

Alteracdes no HNF1B podem levar a complicacGes renais como displasia multicistica,
hipoplasia, agenesia unilateral, rim em formato de ferradura, hiperuricemia, gota,
hipocalciuria e hipomagnesemia (186,199-201). Além disso, mutacdes neste gene podem ser
letais, como em casos graves de anomalias congénitas dos rins e do trato urinario (CAKUT,
do inglés “congenital abnormalities of the kidneys and urinary tract™) (202,203) (Figura 13).

O DM é um dos quadros clinicos extra-pancreaticos observados em pacientes com
alteracdes no HNF1B, visto que seu correto funcionamento é essencial para maturacdo das
ceélulas-p. A idade de manifestacdo do diabetes nestes pacientes varia entre periodo neonatal
até a vida adulta, e anomalias na estrutura renal geralmente precedem a manifestacdo do DM
(77,186,193,204). Pacientes com muta¢Ges no HNF1B tem a diminui¢do da sensibilidade da
insulina a producdo de glicose enddgena, entretanto a sensibilidade periférica € normal,
resultando em hiperinsulinemia associada a dislipidemia, com aumento dos niveis de
triglicerideos e diminuicdo dos niveis de HDL (205,206). A maioria dos pacientes com
diabetes associadas a alteragdes no HNF1B ndo respondem bem ao tratamento com
sulfonilureia, sendo tratados com insulina. A idade média de iniciacdo do tratamento com
insulina é proxima aos 25 anos de idade; geralmente o intervalo entre o diagnostico de DM

até o inicio do tratamento é de trés anos (186,205). Além da disfuncdo enddcrina, mais

32



raramente alguns pacientes podem apresentar atrofia do 6rgdo e disfuncdo exdcrina com
diminuicdo da concentragdo da elastase fecal (186). Além disso, a diminui¢do da secrecédo de
insulina no Utero pode levar a atraso no crescimento fetal e diminuicdo do peso ao nascimento
(77).

Entre os fenotipos clinicos extra-pancreaticos observados em pacientes com mutacgdes
no HNF1B estdo descritas anormalidades do trato genital, como por exemplo, a formacéo de
utero didelfo (dois Uteros) podendo ocasionar reducédo na fertilidade (Figura 13). Além disso,
a malformacdo no trato genital masculino também ja foi reportada, como um caso de
hipospadia descrito, que ocorre quando o meato uretral abre na superficie ventral do pénis
(186,201,203).

Loirat e colaboradores (2010) descreveram trés criangas com deleg¢des na regido 17q12
apresentando autismo e problemas renais, incluindo cistos (207). Ferré e colaboradores (2013)
descreveram pacientes com alteracbes no HNF1B com hiperparatireoidismo e com o
paratormonio elevado. O HNF1B inibe a transcricdo do gene Parathyroid Hormone (PTH),
que codifica o hormonio paratorm6nio. Em casos em que o HNF1B n&do consegue
desempenhar sua funcdo corretamente, parece haver super expressao do gene PTH levando ao
quadro de hiperparatireoidismo (208) (Figura 13).

Além da ampla diversidade fenotipica que pode ser observada em individuos com
alteragBes no gene HNF1B, membros de uma familia com mesma alteracdo genética podem

expressar caracteristicas clinicas variaveis (194).

| Hiperparatireoidismo (PTH)

Desenvolvimento de doengas renais:

* Rins hiperecogénicos na ultrassonografia
prenatal

+ Cistos renais (UMOD, PKHD1, TMEM27,
SOCS3, PKD2, KIF12, KIF3A)

* Rim Unico

* Rim ferradura; rins duplex; anormalidades
do sistema coletor; hidronefrose bilateral;
hipomagnesemia (FXYD2)

Comprometimento pancreatico:

* Diabetes mellitus (HNF4A, PTB-BL,
SLC2A2, DPP4, GLIS3)

* Hipoplasia do corpo e cauda e pequena
atrofia da cabega do pancreas

« Disfungdo da fungdo exdcrina pancreatica

Hiperuricemia e gota de inicio precoce
(UMOD e URAT1)

Figura 13. Caracteristicas frequentemente observadas em pacientes com doencgas associadas a

Caracteristicas neuroldgicas:

* Detectado em pacientes com
delecdo da regido cromossdmica
17q12

* Transtornos do espectro autista

*» Deficiéncia cognitiva

Fun¢des anormais do figado:

* Aumento nos niveis das enzimas
do figado (comum)

* Colestase neonatal (raro)

Malformacgoes do trato genital e

urindrio (DLL1, OSR2, PAX2, HNF4A,

HNF1A, HES5, LHX1, LXR1, POU3F3,
NT9B):

+ Utero bicorno

+ Utero didelfo

+ Utero rudimentar

* Vaginadupla

* Aplasia davagina

modificagdes no gene HNF1B ou alteracbes em genes alvos regulados pelo fator de
transcricdo HNF1B (em vermelho). Fonte: O autor, Adaptado de (194,196).
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1.9 Formas raras do diabetes monogénico
1.9.1 Modificacdes no gene INS associadas ao diabetes monogénico

Modificacbes no gene Insulin (INS) ja foram associadas & hiperinsulinemia,
hiperproinsulinemia, DM do tipo 1 com autoanticorpos positivos (tipo 1a) e negativos (tipo
1b), diabetes neonatal e INS-MODY (MODY10; OMIM #613370) (48). ModificacGes no
gene INS foram descritas associadas a INS-MODY, entretanto sdo causas raras desta doenca e
0 tratamento varia entre dieta, medicamentos orais e insulina (83,209,210). Santana e
colaboradores (2019), em um estudo conduzido em pacientes brasileiros com fenétipo clinico
de MODY, descreveram uma variante no gene INS como possivelmente patogénica, sendo
uma variante nova de alteracdo do quadro de leitura p.Ala23GInfs*3 (168).

O gene INS (INS; OMIM *176730) € mapeado em 11p15.5 e possui trés éxons, sendo
o ¢éxon 1 constituido apenas pela regido nao traduzida do DNA 5> UTR (UTR, do inglés
“untranslated region”), o éxon 2 codifica o peptideo sinal, a cadeia-f e parte do peptideo de
conexdo (peptideo-C) e o éxon 3 codifica a continuacdo do peptideo-C e a cadeia-a (Figura
14).
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Legenda:
Peptideo sinal
¢ Cadeia-B
Peptideo-C
¢ Cadeia-a

O Sitios flanqueadores de clivagem

—-—— Ligagao dissulfidicas

Figura 14. Diagrama da molécula humana de pré-pré-insulina. Fonte: O autor, adaptado de
(48).

A sintese do hormdnio de insulina é praticamente especifica das células f-
pancreaticas. O primeiro produto da traducdo do gene INS é um polipeptideo de 110
aminoéacidos, sendo os 24 primeiros aminoacidos o peptideo sinal. O peptideo sinal é ligado
pela particula de sinal de reconhecimento (SRP, do inglés “signal-recognition particle”), e
através da interacdo do receptor do SRP na membrana do reticulo endoplasmatico (RE) a pré-
pré-insulina consegue entrar no limen do RE, e ocorre entdo a clivagem do peptideo sinal
gerando a pro-insulina. A pré-insulina muda de conformacdo através de trés ligacdes
dissulfidicas, sendo transferida para o complexo de Golgi, e posteriormente armazenada em
granulos secretorios que seguem para a exocitose. A clivagem da pro-insulina em insulina e

peptideo-C ocorre dentro desses granulos (211,212).

1.9.2 Modificacdes no gene KLF11 associadas ao diabetes monogénico

Modificagdes no gene Kruppel-Like Factor 11 (KLF11) sdo causas raras de KLF11-
MODY (MODY7; OMIM #610508). Neve e colaboradores (2015), descreveram a variante
p.Ala347Ser segregando em trés geracdes de uma familia com DM/ intoleréncia a glicose, e a
variante p.Tre220Met em duas familias, mas ndo foi possivel observar a segregacdo com a

doenca nas diferentes geracOes destas familias (80). Recentemente, Ushijima e colaboradores
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(2019) descreveram a variante p.His418GIn em dois irmdos com diabetes tipo 1B,
diagnosticados com 1 ano de idade, e na mée diagnosticada aos 4 anos. Entretanto, essa
variante também foi observada na avé materna do probando, ndo diabética, sugerindo

penetrancia incompleta da variante (213).

O gene KLF11 (OMIM *603301) é membro da familia de fatores de transcrigdo
Spl/Krippel-like zinc finger, se localiza na regido cromossdémica 2p25.1, possui quatro éxons
e codifica o fator de transcricdo KLF11. Este fator de transcricdo possui uma regido C-
terminal altamente conservada, um dominio de ligagdo ao DNA, contendo trés motivos de
zinco, DZ1 (aminoacidos 394-418), DZ2 (aminoacidos 424-448) e DZ3 (aminoacidos 454-
476) e uma regido N-terminal que possui trés dominios de repressdo, denominados R1, R2 e
R3 (214,215) (Figura 15).
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Figura 15. Representacdo do gene KLF11 e dos dominios do fator de transcricdo KLF11. Na
figura estdo representados os quatro éxons do gene. As regides ndo traduzidas 5’ e 3’ estdo

apresentadas em cinza. Transcrito NM_003597.5. Fonte: O autor.

Apesar do KLF11 inicialmente ter sido descrito como um fator de transcricdo apenas
repressor, atualmente sabe-se que ele também tem funcdo ativadora (80). O KLF11 é
altamente expresso no pancreas e estd envolvido no crescimento e regulacdo das células
enddcrinas e exocrinas (216). Através dos motivos dedos de zinco, ele se liga a sequéncias de
repeticdes ricas em GC, como é o caso da regido promotora do gene da insulina. Em altas

concentragdes de glicose, o KLF11, juntamente com outros ativadores, formam uma
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maquinaria se ligando na regido promotora do gene INS, ativando-o, e consequentemente
aumentando a produgdo de insulina, sendo um importante fator para a homeostase da glicose
(80). Além disso, Fernandez-Zapico e colaboradores (2009) descreveram o KLF11,
juntamente com o cofator p300, como um dos fatores de transcricdo que atuam na regulacao
da expressao do gene PDX1 (217).

1.9.3 Modificacdes no gene KCNJ11 associadas ao diabetes monogénico

Modificagdes no gene Potassium Channel, Inwardly Rectifying, Subfamily J, Member
11 (KCNJ11) podem levar a um espectro de manifestagdes clinicas, como diabetes de
manifestacdo precoce, diabetes gestacional e KCNJ11-MODY (MODY13; OMIM #616329)
(87,218), que sdo bem raros, e mais frequentemente estdo associadas ao DMNP e DMNT
(52,219-221). Modificagbes nos canais de potassio SUR1/Kir6.2 (K*atp) S0 as principais
causas de DMNP (OMIM #606176) (222). Mutagdes ativadoras em ambos os genes (KCNJ11
e ABCCB8) reduzem a habilidade de fechamento destes canais e consequentemente reduzem a

liberacdo da insulina, resultando no quadro de diabetes (52,167,219) .

O gene KCNJ11 (OMIM *600937) localiza-se em 11p15.1, possui um Unico éxon de
2.801 pb e codifica a subunidade Kir6.2, que faz parte do canal de potassio (K atp) (Figura
16). Estes canais sdo constituidos por um complexo octdmero, contendo um tetramero central
de Kir6.2, envolto por quatro subunidades de SURL, que é codificada pelo gene ABCC8
(Figura 10).
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Figura 16. Representacdo do gene KCNJ11 demonstrando seu Unico éxon, que é responsavel
por codificar a subunidade Kirk6.2 dos canais de potassio (K+ATP). As regibes nao
traduzidas 5> ¢ 3’ estdo apresentadas em cinza. Na parte inferior esquerda da figura esta
apresentada a representacdo grafica da subunidade Kirk6.2 inserida na membrana plasmatica.
Transcrito NM_000525.4. Fonte: O autor.

Os canais de potassio SUR1/Kir6.2 ndo sdo exclusivos das células B-pancreaticas, eles
também sdo expressos em outros tecidos como no tecido muscular e no nervoso. Devido a
isto, mais raramente, uma ampla diversidade de sintomas podem estar presentes em pacientes
com mutacOes que alterem estes canais: atraso no desenvolvimento motor e mental, déficit de
atencdo, autismo, hiperatividade, deficiéncia intelectual, ansiedade, convulsbes e perda da

coordenagdo 6culo-manual (223-225).
1.9.4 Modificac¢Ges no gene NEUROD1 associadas ao diabetes monogénico

Ap0s 20 anos desde o primeiro caso de diabetes monogénica ocasionado devido a uma
mutacdo no gene NEURODL (79), apenas poucas familias foram relatadas com NEUROD1-
MODY (MODY6; OMIM #606394) se restringindo a familias europeias (226—229) e asiaticas
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(230-234) O gene Neuronal differentiation 1 (NEUROD1; OMIM *601724) é mapeado em
2031.3 e possui dois éxons, sendo apenas 0 segundo éxon codificante. O éxon 2 codifica 0s
dominios “basic adjacent, helix 1, loop and helix 2” (bHLH) (aminoacidos 100-155) e o

dominio de transativacdo (aminoacidos 189-355). (Figura 17).
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Figura 17. Representacdo do gene NEURODL1 e dos dominios do fator de transcri¢do
NEURODL1. Na figura estdo representados os dois éxons do gene. A regido exdnica ndo
traduzidas estd representada em cinza claro e as regides ndo traduzidas 5’ e 3’ estdo
apresentadas em cinza escuro. bHLH: “basic adjacent, helix 1, loop and helix 2 Transcrito
NM_002500.5. Fonte: O autor.

O NEUROD1 codifica um fator de transcricio (NEUROD1) que em altas
concentragOes citoplasmaticas de glicose se heterodimeriza com o fator de transcricdo E47, e
estes se ligam ao sitio de ligacdo E-box da regido promotora do gene INS e com o auxilio de

coativadores, como a p300, ativam a transcri¢éo do gene da insulina (235) (Figura 18).
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Figura 18. Ativacdo do gene da insulina (INS) via NEURODL. P: fosforilagdo; G: O-
glicosilagcdo com N-acetil-glucosamina. Fonte: O autor, Adaptado de (236).

1.9.5 Modificac¢des no gene PAX4 associadas ao diabetes monogénico

Até recentemente, menos de 10 casos de PAX4-MODY (MODY9; OMIM #612225)
haviam sido reportados na literatura, sendo identificados apenas em populacdes asiaticas
(82,231,232,237,238). O gene Paired Box Gene 4 (PAX4; OMIM *167413) localiza-se em
7032.1e possui 12 éxons, sendo dez traduzidos. O gene PAX4 teve seu transcrito recentemente
atualizado (ENST00000639438.3), de forma que as modificacdes ja descritas no transcrito
anterior (ENST00000341640.6) tiveram suas nomenclaturas atualizadas. Esse gene codifica o
fator de transcricdo PAX4, que possui os dominios “paired”, responsavel por se ligar ao
DNA, o0 homeodominio, um dominio completo de interacdo ao DNA, e o dominio com func¢éo

repressora (Figura 19).
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Figura 19. Representacdo do gene PAX4 e dos dominios do fator de transcricdo PAX4. Na
figura estdo representados os 12 éxons do gene. As regifes exdnicas ndo traduzidas estdo
representadas em cinza claro e a regido ndo traduzida 3’ esta apresentada em cinza escuro.
Transcrito NM_001366110.1. Fonte: O autor.

O PAX4 é expresso em todas as células enddcrinas progenitoras durante o
desenvolvimento do péancreas (239,240). Posteriormente ha uma regulacdo cruzada de
repressdo entre os fatores de transcricdo PAX4 e ARX (“aristaless-related homeobox x-

linked ) para promover a diferenciacdo das células enddcrinas (241) (Figura 20).
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Figura 20. Representacdo simplificada da regulagéo cruzada entre os fatores de transcrigdo
PAX4 e ARX para promover a diferenciagdo das células endocrinas. A seta em vermelho

representa inibicdo. Fonte: O autor, adaptado de (241).

1.9.6 Modificac¢des no gene PDX1 associadas ao diabetes monogénico

Desde sua descricdo (76), modificacbes no gene PDX1 tém sido associadas a multiplas
formas de DM (242-244) entretanto, formas monogénica da doenga, como diabetes neonatal e
PDX1-MODY (MODY4; OMIM #606392), foram relatadas apenas em poucos casos em todo
mundo (231,245-250). O gene Pancreatic and Duodenal Homeobox 1 (PDX1; OMIM
*600733) localiza-se em 13g12.2, possui dois éxons e codifica o fator de transcricdo PDX-1,
que possui 0 dominio de transativacdo (aminoacidos 1-79) e o dominio de ligacdo ao DNA
(aminoacidos 146-206). Este fator de transcricdo é requerido para o desenvolvimento e
funcionamento normal das células-p (76) (Figura 21). O PDX-1 est4 envolvido na regulacdo
da expressdo de genes nas células-B, como os genes GLUT2 (251), IAPP (islet amyloid
polypeptide) (252), GCK (253), INS (insulin) (254) e sua prépria expressao (255).
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Figura 21. Representacdo do gene PDX1 e dos dominios do fator de transcricdo PDX-1. Na
figura estdo representados os 2 éxons do gene. As regides 5’ e 3’ ndo traduzidas estdo
representadas em cinza. Transcrito NM_000209.4. Fonte: O autor.

1.10 Impacto do diagnéstico molecular no prognéstico do diabetes monogénico

O diagndstico clinico com precisdo dos pacientes com diabetes monogénico tem
influéncia direta no progndstico da doenga, no tratamento direcionado para cada caso e no
aconselhamento familiar. Atualmente ainda ha poucos estudos de rastreamento molecular em
coorte brasileira, ndo revelando a real contribuicdo genética das formas monogénicas para o
desenvolvimento de diabetes na nossa populacao, implicando em seu diagnostico incorreto e,
consequentemente, no manejo terapéutico muita das vezes inadequado. Desta forma, a
aplicacdo de ferramentas moleculares se faz necessaria em casos em que ha alta recorréncia
familiar de diabetes de modo a contribuir na descoberta da alteracdo genética que esta

ocorrendo nestas familias.
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2. Objetivos

2.1 Objetivo geral

O presente estudo teve por objetivo o rastreamento molecular de onze genes para
identificacdo de modificacbes causadoras do diabetes mellitus dos tipos monogénicos em uma
amostra de pacientes acompanhados em centros hospitalares da cidade do Rio de Janeiro e a
investigacdo da influéncia desses genes nos casos de diabetes na nossa populacdo. Desta
forma, esperamos contribuir com o entendimento das formas monogénicas do diabetes através
da observacdo de novas modificacdes, da correlacdo das modificacdes identificadas com o
fenotipo clinico do paciente e do estabelecimento de quais genes sdo mais importantes na

nossa populagéo.
2.2 Objetivos especificos

e Rastrear as regides codificantes dos genes GCK e HNF1A, assim como suas regides
intrénicas flanqueadoras em uma amostra de 68 pacientes brasileiros, ndo aparentados
e de ambos 0s sexos, com caracteristicas clinicas de diabetes monogénico.

e Realizar o rastreamento das regides codificantes dos genes HNF4A, HNF1B, PDX1,
NEUROD1, KLF11, PAX4, INS, KCNJ11 e MT-TL1 bem como de suas regides
intrénicas flanqueadoras nos pacientes que ndo apresentarem variantes nos genes GCK
ou HNF1A.

e Descrever novas modificacdes nos genes estudados;

e Analisar a relacdo das modificacdes encontradas com o quadro clinico de cada
individuo afetado.

e Rastrear a presenca das variantes encontradas nos familiares dos individuos afetados
para analise de segregacéo.

e Descrever a frequéncia de variantes encontradas nos diferentes genes estudados na
causa de diabetes raros em pacientes brasileiros.

e Rastrear as variantes na literatura identificadas em nossa amostra em um grupo de
amostra de controles saudaveis.

e Analisar o impacto molecular das variantes identificadas na estrutura das proteinas
através do uso de ferramentas de bioinformatica.

e Emitir relatérios de pesquisa para 0s probandos com variantes provavelmente

patogénicas e familiares testados.
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3. Resultados

Capitulo |

“MODY probability calculator for GCK and HNF1A screening in a multiethnic

background population”

O diagnéstico clinico de formas raras de diabetes € confirmado apenas através de
testes moleculares que ainda séo custosos e limitados a laboratdrios de pesquisa e laboratérios
privados no Brasil. O correto diagndstico destes pacientes se faz necessario visto o impacto
direto no tratamento farmacol6gico diferenciado. Assim, o desenvolvimento de estratégias
clinicas de selecdo que aumentem a eficacia do poder de deteccdo de possiveis casos gera
melhor custo-beneficio e direcionam de forma mais precisa o teste genético. Neste capitulo
descrevemos modificacGes identificadas em uma amostra inicial de 34 pacientes
encaminhados para o estudo dos genes GCK ou HNF1A. A partir dos resultados obtidos da
analise molecular, foi utilizada a calculadora de probabilidade de diagndstico de MODY (do
inglés, “MODY probability calculator” - MPC), onde pudemos demonstrar sua eficiéncia na
deteccdo de pacientes com a forma GCK-MODY, além de aumentar a sensibilidade na
captacdo de pacientes HNF1A-MODY, gerando um melhor custo-beneficio.

Esse trabalho foi desenvolvido como tema de Mestrado da Msc. Roberta Magalhaes

Tarantino em colaboragdo com o0 nosso grupo.

Os Termos de Consentimento Livre e Esclarecido do Hospital Universitario
Clementino Fraga Filho (UFRJ), do Instituto Estadual de Diabetes e Endocrinologia Luiz
Capriglione (IEDE) e o Questionario aplicado aos pacientes estdo apresentados nos Anexos
A, B e C, respectivamente.

Publicado na revista: Archives of Endocrinology and Metabolism 2020; 64(1):17-23.
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ABSTRACT

Objective: We aimed to identify the frequency of monogenic diabetes, which is poorly studied
in multiethnic populations, due to GCK or HNF1A mutations in patients with suggestive clinical
characteristics from the Brazilian population, as well as investigate if the MODY probability calculator
(MPC) could help patients with their selection. Subjects and methods: Inclusion criteria were
patients with DM diagnosed before 35 years; body mass index < 30 kg/m?; negative autoantibodies;
and family history of DM in two or more generations. We sequenced HNF1A in 27 patients and GCK
in seven subjects with asymptomatic mild fasting hyperglycemia. In addition, we calculated MODY
probability with MPC. Results: We identified 11 mutations in 34 patients (32.3%). We found three
novel mutations. In the GCK group, six cases had mutations (85.7%), and their MODY probability on
MPC was higher than 50%. In the HNF1A group, five of 27 individuals had mutations (18.5%). The
MPC was higher than 75% in 11 subjects (including all five cases with HNF1A mutations). Conclusion
Approximately one third of the studied patients have GCK or HNF1A mutations. Inclusion criteria
included efficiency in detecting patients with GCK mutations but not for HNF1A mutations (< 20%).
MPC was helpful in narrowing the number of candidates for HNF1A screening.

Keywords
GCK; HNF1A; MODY; monogenic diabetes
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developed clinical criteria

INTRODUCTION
he frequency of monogenic diabetes mellitus
(DM) has been underestimated in various

populations (1). Most cases are caused by mutations
in GCK [glucokinase gene] (GCK MODY [ maturity
onset diabetes of the young]) or HNFIA [hepatocyte
l-alpha gene] (HNFIA MODY)
Their molecular diagnosis is expensive but

nuclear factor
(2).
promotes the improvement of genetic counseling and
treatment (3). Strategies to select the ideal subjects
to screen for monogenic DM (MDM) in different
populations are necessary to establish cost-effective
diagnostic algorithms.
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for MODY screening based on age, family history and
clinical characteristics (4,5). Although their use appears
to be cost-effective (6), there is a concern that the
screening based on clinical criteria would either miss
part of the affected patients or still result in an excessive
number of genetic tests (7). Therefore, authors have
pursued optimal strategies for selecting patients. Shields
and cols. developed a clinical prediction model that
generates a probability of MODY (8) and shows good
discrimination between MDM and type 1 (T1DM) or
type 2 DM (T2DM) in European patients diagnosed -
under 35 years. The performance of this calculator in
non-Caucasians is unknown.



How to identify multiethnic MODY mufations?

The Brazilian population is very diverse and
comprisesindividuals from multiple ethnic backgrounds,
especially Caucasoid and Afro-descendants. There
are scarce data about the prevalence of MDM and its
optimal screening strategy in this setting. Our aim in
this study was to estimate the frequency of MDM due to
GCK or HNFIA mutations in patients with suggestive
clinical characteristics and to investigate if the MODY
probability calculator (MPC) could improve patient
detection in this population (8.,9).

SUBJECTS AND METHODS

In this cross-sectional observational study, we selected
patients clinically defined with monogenic diabetes
from two specialized centers in Rio de Janeiro, between
March 2012 and June 2015. MODY screening is not
part of the routine laboratory panel of either center. We
analyzed thirty-four unrelated probands from Brazilian
families for mutations in GCK and HNFIA.

The inclusion criteria were age of DM diagnosis <
35 years, body mass index (BMI) < 30 kg/m? or 95th
percentile at onset, negative anti-glutamic decarboxylase
antibody (anti-GAD) and anti-islet antigen 2 antibody
(anti-IA2) antibodies and family history of diabetes in
at least two generations, excluding the generation of the
index case, and/or two or more first-degree relatives
at the same side of the family. We excluded patients
with T1DM; past diabetic ketoacidosis; clinical signs
of insulin resistance (acanthosis nigricans, increased
abdominal circumference and obesity); and secondary
causes of diabetes.

The Ethics and Research Committee of the
Clementino Fraga Filho University Hospital and State
institute of Diabetes and Endocrinology of Rio de
Janeiro approved this study protocol. We informed all
participants about the aim of this study and provided
verbal and written consent.

We calculated the positive predictive value (PPV)
for MODY based on the MPC for each patient (8) and
divided the patients into two groups. The GCK group
included patients with fasting hyperglycemia (100-154
mg/dL); increased glycaemia after 75 g anhydrous
dextrose <54 mg/dL and HbAlc < 7.5% (58 mmol/
mol); and evolutionarily stable disease (even without
antidiabetic drugs), most often asymptomatic and with
= hyperglycemia since birth (10). The HNFIA group
included all other cases that met the inclusion criteria
and that did not have the profile for the GCK group.

2
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We isolated genomic DNA from peripheral blood
leukocytes using QIAamp DNA Blood Mini Kit
(Qiagen, Hilden, Germany). Also, we purified PCR
products using Clean Sweep PCR Purification Reagent
(Applied Biosystems, Vilnius, Lithuania). Then, we
performed screening of the entire coding sequence
of GCK and HNFIA genes through bidirectional
Sanger sequencing using the Big Dye Terminator
Kit v3.1 (Applied Biosystems, Austin, TX, USA),
conducted on an ABI 3130 Automatic Genetic Analyzer
(Applied Biosystems). Primers sequences are available
upon request. We confirmed all mutations by bidirectional
sequencing of a second PCR reaction. Then, we estimated
the serum levels of anti-GAD and anti-IA2 antibodies
by means of an enzyme-linked immunosorbent assay
method (ELISA) using a EUROIMMUN kit.

We checked the variants identified against public
Databases PubMed, Clinvar, dbSNP (https://www.
ncbi.nlm.nih.gov/), Human Genome Mutation
Database (HGMD®) (http://www.hgmd.cf.ac.uk/
ac/), ExXAC Browser (http://exac.broadinstitute.
org), GnomAD (http://gnomad.broadinstitute.
org/) and 1000 Genomes project database (http://
www.internationalgenome.org/) to investigate their
previous identification in the literature. We performed
functional analyses using Mutation Taster (http://
www.mutationtaster.org) (11-13).

We evaluated the differences between patients
with mutations and others with Student’s t-test and
chi-square tests. In addition, we performed statistical
analysis using SPSS software (version 22.0).

RESULTS

Characteristics of the study group

We included 34 individuals (61.7% females) with
a mean age of DM diagnosis and a duration of 19.8
+ 8.8 and 14.6 + 9.9 years, respectively, as well as a
mean BMI of 22.8 + 3.2 kg/m? 55.8% used insulin,
and 41.2% used oral antidiabetic drugs (OAD). Their
previous DM classifications included the following:
non-classified in 38.2%, T1DM in 35.3%, T2DM in
23.5% and gestational diabetes (GDM) in 3%. Patients
in the GCK (n = 7) and HNFIA (n = 27) groups had
similar age at onset (16.1 + 7.8 vs 20.8 + 9.0 years; p =
0.286), diabetes duration (9.88.8 vs 15.4 + 10.1 years;
p=10.82)or BMI (20.6 + 4.0 vs 23.3+ 2.8; p=0.143).

None of the patients in the GCK group used
insulin, and one used OAD. Most patients (70.3%) in
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the HNFA group used insulin (mean dose: 0.9 + 0.4
Ul/kg/day), and 48.1% used OAD.

Genetic tests

We found MODY mutations (GCK or HNFIA) in 11
patients (32.3%). Fifty per cent of patients with non-
classified DM had mutations in GCK or HNFI1A. We
fond mutations in 16.6% of those previously classified
as T1DM and in none classified as T2DM. The only
patient classified as GDM had a GCK mutation.

In the GCK-suspicious group, six cases had
mutations (85.7%): Five were missense mutations:
p.Tyr61Asp  (c.181T>G; novel); p.Argl91Trp
(¢.571C>T); p.Thr228Met (c.683C>T); p.Ala384Val
(c.1151C>T); p.Gly227Asp (c.680G>A); and one
in-frame deletion p.Phel50del (c.449_451delTCT).
We tested the patient in this group without the GCK
mutation for HNFIA, and we found no mutations.

In the MODY-HNFIA-suspicious group, we
found five mutations (5/27-18.5%); three missense

How to identify multiethnic MODY mutations?

substitutions: p.Gly31Asp (c.92G>A), p.Vall33Glu
(¢.398T>A; novel) and p.Trpl65Arg (c.493T>C);
one nonsense mutation: p.Argl71Ter (c.511C>T);
and one frameshift insertion: p.Thr433Hisfs*116
(¢.1296_1297insC; (novel). Patients with HNFIA
mutations used insulin less frequently than others.
Those who used insulin reported a lower insulin
dose /kg (Table 1). Other characteristics of those with
or without HNFIA mutations are shown in Table 1.
Among the 11 mutations, cight had already been
described, and three were novel mutations. The mutation
p.Tyr61Asp (¢.181T>G), found in exon 2 of the GCK
gene of one patient, is a missense mutation classified as
pathogenic. The other two novel mutations occurred in the
HNFIA gene (exons 2 and 6). We considered the missense
mutation p.Vall33Glu (¢.398T>A) and the frameshift
p.Thr433Hisfs*116  (¢.1296_1297insC)
pathogenic because they alter the codon reading frame

insertion

due to the insertion of a nucleotide (Table 2).

Table 1. Clinical characteristics of patients according to mutations in the HNF7A gene

Mutation
Present (n = 5) Absent (n = 22) £

Sex

Female 1(20%) 15 (68.2%) 0.048

Male 4 (80%) 7 (31.8%)
Age of diagnosis (years) 176+6.8 2156+94 0.237
BMI* (kg/m?) 22.08+3.73 236+26 0.154
Insulin use 1(20%) 18 (81.8%) 0.006
OAD* use 3(60%) 10 (45.4%) 0.557
Affected generations

1 0 5 (22.7%) 0.054

2 or more 5 (100%) 17 (77.3%)
Age of diagnosis/grade

Childhood 0 3(13.6%) 0.323

Adolescence 3 (60%) 6 (27.3%)

Adult 2 (40%) 13 (69.1%)
Diabetes presentation 0.583

Insidious 1 (20%) 3(13.6%)

Abrupt? 4(80%) 19 (82.6%)
Diabetes Duration (years) 8.6+7.06 16.95 +10.13 0.432
MODY probability (PPV) 7656+0.0 36.7 £ 30.9 <0.001
Mean insulin dose per kg of weight (units/kg) 0.37 0.9+0.37

Note: Quantitative variables are presented as mean and standard deviation. Categorical variables are presented as total number (n) and percentage (%). The age groups used included the following: 2

childhood, 0-9 years, adolescence, 10-19 years and adult, over 20 years (17).

* BMI: body mass index; ** OAD: oral anti diabetic drug; * Symptoms of insulinopenia such as polyuria, polydipsia and weight loss.
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Table 2. Mutations identified in this study

2 Change in . SIFT SIFT Mutation Taster s
Gene Exon Patient protein Change in DNA  Consequence predictionscore Polyphen prob. Clinvar  Reference
GCK 2 P40 pTy6lAsp c181T>G Missense  Deloterous 0 Y 0oggg0000saoaise na TS SUd
hamful novel
4 Pl pPhelSOdel  c449_dsiderct  ame NA  NA  NA  0090000000080624  NA  Massaand
deletion cols., 2001
i ; Probably . Ellard and
5 P7 pArg191Tp ¢.571C>T Missense  Deleterious 0 hamful 0.999999947468603  Pathogenic cols,, 2000
Probab Dominguez-
7 P29 p.Gly227Asp €.680G>A Missense  Deleterious 0 & W 0,999999999998095 NA Lépez and
maging
cols., 2013
; : Possibly . Stoffel and
7 P9 p.Thr228Met ¢.683C>T Missense ~ Deleterious 0 hamiful 0.99999999999911  Pathogenic cols, 1992
Possibl Uncertain Costantin]
9 P32 pAla3sdval c1151C>T Missense  Tolerated  0.06 ¥ 0.999999998673333 AN and cols,
hamful meaning 2014
HNFIA 1 P4 Gy31A €.926>A Missense  Tolerated 020 5™ 0 005035768620034 Pathogenic Crore AN
PEYSIAS : < hamfu 008N cols., 1998
2 P28 pVal133Gu €.398T>A Missense  Deleterocs 0 S ggggg0000073gors N T SUd
harmful novel
2 P13 pTpi6sAm ¢493T>C Missense  Deloteriocs 0 09 gogggoaguszazazy N aeiand
hamful cols., 2013
Vaxillaire
2 P37 pArg171Ter cb11C>T Nonsense NA NA NA 1 Pathogenic  and cols.,
1999
6 P5  pTAISHiSiS16 1206 1207insC oot NA NANA 1 na o Thisstudy
insertion novel

NA: not applicable; prob: probability of causing disease.

We recruited the family of all three probands with
novel mutations, as presented in the pedigrees (Figure 1).
We recruited four family members of the patient with the
p.Tyr61Asp mutation in GCK. Then, we tested all four
individuals with diabetes. The brother and sister had the
same p.Tyr61Asp mutation, and we observed that it was
inherited from the mother with diabetes. The father with
recent onset DM (after 50 years of age) did not have the
mutation. We recruited the mother with DM of the patient
with the mutation p.Thr433Hisfs*116. She also had the
same mutation. Four family members of the patient (three
sisters and the mother) with the mutation p.Vall 33Glu in
HNFIA were recruited. The only sister with diabetes also
had the same mutation of the patient, and they inherited
the mutation from their healthy mother. We believe it
may be a case of incomplete penetrance uncommon with
HNFIA mutations but already observed by other authors
(14,15). In addition, the mutation p.Vall33Glu was

- absent in the two healthy sisters.

= MODY probability calculator

In the sample as a whole, 61.8% of patients (n = 21)
had PPV > 50%, and 50% (n = 17) had PPV > 75%,

according to the MPC. In those with PPV > 50%,
47.6% had mutations, and in those with PPV > 75%,
52.9% had mutations.

HNF1A group

The probability of MODY, according to MPC, was 2
50% in 14 patients (51.8%) and > 75% in 11 patients
(40.7%). All five patients in the HNFIA group with
mutations had PPV for MODY >75% (Table 1). We
found a mutation in 5/11 (45%) patients with PPV
>75% and in 5/14 (35.71%) of those with PPV > 50%.

GCK group

Six patients had PPV 2 75%, and 1 had PPV between
50 and 75%. We detected GCK mutations in 5 patients
with PPV 2 75% and in patients with PPV between 50
and 75%, but not in 1 individual with PPV >75%.

DISCUSSION

In this study, we identified patients with phenotypes
suggestive of MDM and performed mutation screening for
GCK and HNFIA genes. We found mutations in 32.3%.
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Figure 1. Pedigree and genotype of novel mutations. (A) Family 40 with the GCK p.Tyr61Asp (c.181T>G) in heterozygous state. K: allele T or G. (B) Family
5 showing the novel insertion HNF1A p.Thr433Hisfs*116 (c.1296_1297insC). The blue arrow indicates where the insertion occurs. (C) Family 28
presenting the HNF1A p.Val133Glu (c.398T>A). W: allele T or A. Filled symbols and empty symbols represent subjects with diabetes and healthy
individuals, respectively. The present age of the individuals is show below the symbols in years, followed by age of diagnosis (AOD) in years and genotype
interpretation. Genotypes are expressed by normal allele (N) and mutated allele (M); NT: Not tested. An arrow indicates the index case.
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Although a high frequency of mutations in these two genes
have been reported in individuals with a clinical diagnosis
of MDM from several populations, especially from
Northern Europe (16,17), others (including Southern
Europeans, Asians and Brazilians) have found a lower
frequency of mutations, as true with our findings (18-21).
In some populations, other types of diabetes might share
clinical features with MDM more frequently than others.
Alternatively, other genes implicated in the pathogenesis
of MODY could be more frequent in these groups, such
as HNF4A, insulin promoter factor-1 (IPF-1), HNFIB,
NeuroDI and others. In the other two studies with
Brazilian cohorts (20,21), approximately 60% of patients
with clinical suspicion of MDM did not have mutations in
HNFIA, GCK or HNF4A genes, but we did not test other
MODY genes.

In those with mild fasting hyperglycemia, we found
GCK mutations in 85.7%, which suggests a high
sensitivity for the clinical criteria. The frequency of
GCK mutations in this study was slightly higher than
previously reported for most populations (42.4 to 61%),
including Brazilians (21-23). We found mutations in
HNFIA, the most common gene for non-GCK MDM,
in 18.5%, which was much like the data obtained by
Santana and coworkers in the Brazilian population but
lower than reported in other populations (16-19,24).
Therefore, the clinical criteria for the selection of
patients for GCK testing seem to be adequate in most
populations, including ours. Surprisingly, we found the
opposite for non-GCK MODY. This suggests that an
improvement in the clinical criteria to adequately select
patients for screening is necessary or that, alternatively,
other genes should also be investigated.

We have evaluated if MPC (8) could help identify
a group of patients that would be more suitable for
screening. All patients with HNFIA mutations had
PPV > 75%. If we had selected only subjects above
this cutoft, 60% of the patients would not have been
tested. This strategy would make the screening more
cost-eftective. However, the frequency of mutations in
other genes in patients with a clinical diagnosis of non-
GCK MODY is still not known for our population. Itis
possible that patients without HNFI1A mutations could
have alterations in other MODY genes, which would be

- overlooked with this strategy.

In this study, a cutoff for MODY probability of
= > 75% and >62%, based on MPC, was found in all
patients with HNFIA and GCK mutations, respectively.
Although in UK the current pick-up rate for MODY
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testing is PPV > 25% (9), other authors have found a
good specificity and negative predictive value in higher
cutoft values (> 62.5%) for detecting MODY in non-
Caucasian population (25). Our findings suggest that
higher cutoff values should be considered for MODY
screening in non-Caucasian populations.

This study has some limitations. First, we included
a limited number of patients. Secondly, we tested only
two MODY genes for financial reasons. Additionally,
we used only one methodology (Sanger sequencing) to
investigate mutations. This method is unable to detect
copy number variations, large deletions and duplications
that can represent up to 3% of all genetic alterations of
the GCK, HNF1A and HNF4A (26). Another concern
isrelated to the absence ofa control group. The selection
of the studied population was done in a pragmatic
way when the patient did not present clinical criteria
of T1 or T2 DM. An additional potential limitation
is the lack of C-peptide measurement as a screening
tool for MODY. The strengths of our study included
finding three novel mutations not previously reported
and providing new information about the screening
of monogenic diabetes in individuals with multiethnic
backgrounds. For future studies, we aim to bypass these
limitations and to perform functional genomic studies
to confirm novel mutations as pathogenic ones.

In conclusion, we investigated MODY mutations
in patients with clinical features suggestive of MDM
from a multicthnic background. Approximately one
third of patients with clinical features suggestive of
MDM from a multiethnic background had GCK
or HNFIA mutations. While clinical criteria were
efficient for detecting patients with GCK mutations,
we found HNFIA mutations in less than 20% of the
cases. Although MPC has not been validated for non-
Caucasians, its use as a screening tool for selecting
patients to test for HNFIA mutations, using a cutoff
of 75%, would reduce the number of tests in 60% and
increase the percentage of positive cases to 45%. These
data suggest that the use of the MPC could be a cost-
effective strategy for selecting patients to screening for
non-GCK MODY mutations, but it is important to
consider the possible role of non- HNFIA mutations in
non-Caucasian populations such as ours.
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Capitulo 11

“The first case of NEUROD1-MODY reported in Latin America”

Mutactes no gene NEUROD1 séo causas raras de diabetes monogénico em todo
mundo. No proximo capitulo realizamos um levantamento bibliografico onde descrevemos
menos de 20 casos reportados de NEUROD1-MODY, sendo estes de origem Europeia e
Asidtica. Neste estudo relatamos o primeiro caso de NEUROD1-MODY da América Latina.
Identificamos uma nova variante do tipo que altera o quadro de leitura segregando em uma
familia Brasileira. Posteriormente descrevemos as caracteristicas clinicas dos pacientes e
comparamos com as informacgdes clinicas descritas dos probandos com modificacfes no

NEURODL1 nas outras populagdes.
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1 |

INTRODUCTION

Abstract

Background: MODY-NEURODI is a rare form of monogenic diabetes caused by
mutations in Neuronal differentiation 1 (NEURODI ). Until now, only a few cases of
MODY-NEURODI have been reported worldwide and the real contribution of mu-
tations in NEUROD 1 in monogenic diabetes and its clinical impact remain unclear.
Methods: Genomic DNA was isolated from peripheral blood lymphocytes of 25
unrelated Brazilians patients with clinical characteristics suggestive of monogenic
diabetes and the screening of the entire coding region of NEURODI was performed
by Sanger sequencing.

Results: We identified one novel frameshift deletion (p.Phe256Leufs*2) in
NEURODI segregating in an autosomal dominant inheritance fashion. Almost
20 years after the first report of NEUROD1-MODY, only a few families in Europe
and Asia had shown mutations in NEURODI as the cause of monogenic diabetes.
Conclusion: To our knowledge, we described the first case of NEUROD1-MODY
in a Latin American family.

KEYWORDS
diabetes mellitus, MODY, MODY6. monogenic diabetes, NEUROD1

#606394) (Fajans, Bell, & Polonsky, 2001). Almost 20 years
after the firstreport, only a few families in Europe (Agladioglu

Neuronal differentiation 1 (NEUROD1 — Gene ID: 4760 —
OMIM *#601724), also known as BETA2, encodes a basic
helix-loop-helix (bHLH) transcription factor that heterodi-
merizes with the ubiquitous bHLH protein E47 and regulates
insulin gene (INS) expression through binding to its E-box
motif promoter (Naya, Stellrecht, & Tsai, 1995). In 1999,
mutations in NEURODI were associated to early onset type
2 diabetes mellitus (DM) in two European descendent fami-
lies inherited in an autosomal dominant fashion for the first
time (Malecki et al., 1999), being further classified as ma-
turity-onset diabetes of the young type 6 (MODY6; OMIM

et al., 2016; Gonsor¢ikova et al., 2008; Kristinsson et al.,
2001; Szopa et al., 2016) and Asia (Ang et al., 2016; Chapla
et al., 2015; Doddabelavangala Mruthyunjaya et al., 2017;
Horikawa et al., 2018; Liu et al., 2007) had shown mutations
in NEURODI as the cause of diabetes.

Epidemiological studies of monogenic diabetes are scarce
in multiethnic populations, such as Brazilian. This population
is very diverse and comprises individuals of multiple ethnic
backgrounds and racial admixture, especially Caucasians and
Afro-descendants. Studies aiming the rare forms of monogenic
diabetes are needed in a mixed population and, to the best of our

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License. which permits use, distribution and reproduction in any medium,
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knowledge, this is the first case to report a NEUROD ] mutation
in a Latin American family.

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

The Ethics and Research Committee of the Clementino Fraga
Filho University Hospital approved this study protocol (No.
70238). All participants were informed about the aim of this
study and provided verbal and written consent according to
Helsinki Declaration.

2.2 | Patients

In this cross-sectional observational study, we selected 25 unre-
lated Brazilian probands negative for GCK or HNFIA, HNF4A,
and HNF 1B mutations. The inclusion criteria were age at onset
<35 years, BMI (body mass index) <30 kg/m2 or 95th per-
centile at the diagnosis; a positive family history of diabetes
in at least two generations; negative p-cells anti-glutamic acid
descarboxylase (anti-GAD) and anti-IA-2 autoantibodies. We
excluded patients with type 1 diabetes, history of diabetic ke-
toacidosis, clinical signs of insulin resistance, and presence of
secondary causes of diabetes.

23 |

Genomic DNA was isolated from peripheral blood leuko-
cytes using QIAamp DNA Blood Mini Kit (Qiagen) and
from the family members who accepted to participate in
this study, we extracted genomic DNA from buccal epithe-
lial cells (Aidar & Line, 2007). The screening of the entire
coding region of NEURODI was carried out by amplifica-
tion of two overlapping fragments using two pairs of prim-
ers (primers available upon request; RefSeq NG_011820.2,
NM_002500.4 and NP_002491.2). Polymerase chain reac-
tion (PCR) products were purified by Clean Sweep PCR
Purification Reagent (Applied Biosystems) and bidirec-
tional Sanger sequencing was performed using the Big
Dye Terminator Kit v3.1 (Applied Biosystems), conducted
on an ABI 3130 Automatic Genetic Analyzer (Applied
Biosystems).

Molecular screening

3 | RESULTS

The entire coding region of NEURODI was screened in a
cohort of 25 unrelated Brazilian patients with clinical sus-
picious of monogenic diabetes (10 males and 15 females;
average age at diagnosis: 22.68 + 8.9 years; BMI aver-
age: 24.8 + 4.54 kg/mz), previously tested and negative for

55

mutation in GCK, HNFIA, HNF4A, and HNFIB (data not
published).

We detected one novel frameshift deletion of two thy-
mine resulting in a change from phenylalanine to leucine
in the position 256 of the protein, followed by a prema-
ture stop codon (p.Phe256Leufs*2). This deletion was not
seen in the remaining 24 patients and in ClinVar, dbSNP,
HGMD®, ExAC Browser, GnomAD, 1000 Genomes proj-
ect databases, and in the literature. Mutation Taster pre-
dicted p.Phe256Leufs*2 to be the disease-causing mutation
(score 1). The mutation is located in the transactivation
domain, a highly conserved domain across several species
(Figure 1).

The p.Phe256Leufs*2 mutation was found in a Brazilian
family segregating in an autosomal dominant pattern from
the maternal side (Figure 2). The index case is a 33 years
old man who was diagnosed with diabetes at 25 years of age
after some months of polyuria, polydipsia, and weight loss of
approximately 10 kg (BMI at diagnostic: 28.9 kg/m?). He was
included in this study at 30 years with mean fasting glucose of
137 mg/dl and glycated hemoglobin (HbA1¢c-HPLC) of 7.5%
(HbA Ic at diagnosis: 6.5%). He presented no diabetic mi-
crovascular complications such as retinopathy (normal fun-
doscopy), diabetic renal disease (normal renal ultrasound and
negative microalbuminuria), and neuropathy after 8 years of
manifestation of disease.

At diagnosis, the index case was treated with metformin
2 g/day. One month later, since he presented poor glycemic
control, he started being treated with NPH insulin (0.2 UI/
kg). After 4 years with the same low dose of NPH insulin,
a detectable basal C-peptide and a good glycemic control
with insulin (HbAlc: 6%), his treatment was changed to
glimepiride and metformin, since he presented some hy-
poglycemic episodes during these years. Nowadays he
presents good glycemic control using glimepiride 6 mg/
day and metformin 2 g/day (HbAlc: 6.6%), and fewer ep-
isodes of hypoglycemia. The only comorbidity is hyper-
tension and it is well controlled with nitrendipine 20 mg/
day, losartan 100 mg/day, and atenolol 25 mg/day and the
major causes of secondary hypertension were excluded
(Cushing's syndrome, pheochromocytoma, primary hy-
peraldosteronism, and renal-artery stenosis). He never had
diabetic ketoacidosis and was negative for anti-GAD and
anti-IA-2 autoantibodies.

The patient's mother (BMI: 19.9 kg/mz) was diagnosed
with diabetes at the age of 23 years with a mean fasting
glucose of 330 mg/dl and since then, she had been on
basal insulin therapy (mean fasting glucose: 113 mg/dl;
HbAlc: 9.4%). She developed diabetic retinopathy and ne-
phropathy. The index case's sister (BMI 18.9 kg/m?) was
diagnosed with accidental hyperglycemia at the age of
26 years, with mean fasting glucose of 250 mg/dl; During
the first 2 years she was initiated with NPH insulin, then
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FIGURE 1 NEURODI mutations previously identified in diabetic patients and the novel p.Phe256Leufs*2 mutation. (a) Diagrammatic
representation of NEUROD1 and NEURODI protein structure. NEUROD] presents two exons, being exon 1 noncoding. NEURODI protein
contains two domains: basic helix-loop-helix domain, which is divided in basic adjacent, helix 1, loop and helix 2: and transactivation domain,
which has two activating domains (AD1 and AD2). Arrows indicate the position of mutations described in the literature and in this study (bold).
(b) Electropherograms of NEUROD! exon 2 wild type (above) and p.Phe256Leufs*2 identified in the patient DM24 (below). (¢) Alignment of
NEURODI across species shows amino acid 256 (in red) evolutionary conserved across species

FIGURE 2 Pedigree, clinical

characteristics, and genotype of family
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with gliclazide 30 mg/day and lastly, with 29 years, her

glucose levels were managed only with low-carbohydrate
diet and exercise (mean fasting glucose: 97 mg/dl; HbA lc:
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6.2%; C-peptide: 2.3 ng/ml). To this moment, the index
case and his family members did not present neurological
abnormalities.
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The mutation p.Phe256Leufs*2 was not present in the
proband'’s brother, a normal weight (BMI: 23.14 kg/mz) man
of 31 years. Levels of glucose and HbAlc were 113 mg/dl
and 5.6%, respectively.

4 | DISCUSSION

The genetic diagnosis of MODY in Brazil has been mostly
limited to GCK and HNFIA, after a selection for test-
ing guided by clinical criteria (Giuffrida et al., 2017). For
this reason, rare forms are poorly studied. In this work, we
screened all coding region of NEURODI in patients with
clinical phenotype of monogenic diabetes, negative for muta-
tions in GCK, HNF1A, HNF4A and HNF1B.

After almost two decades past from the initial report
of NEURODI-MODY (Malecki et al., 1999), only a small
numbers of Asian and European families were identified
(Agladiogluet al., 2016; Angetal., 2016; Chapla et al., 2015;
Doddabelavangala Mruthyunjaya et al., 2017; Gonsor¢ikova
et al., 2008; Horikawa et al., 2018; Kristinsson et al., 2001;
Liu et al., 2007; Szopa et al., 2016). In these populations,
NEURODI mutations range from low frequencies as in
Poland (0.64%; Szopa et al., 2016) to high frequencies as in
India (7.14%; Chapla et al., 2015). In our study, we found a
frequency of 4%, similar to that observed in Turkish (4.65%;
Agladioglu et al., 2016; Table 1).

So far, 20 index cases with monogenic diabetes were pre-
viously reported with heterozygous mutations in NEUROD 1
and the data collection shows an average age of diagnosis
(AOD) of 23.37 + 9 years (ranging 1040 years), similar to
our patient's AOD (25 years). The treatment varied among
patients, the use of oral hypoglycemic agents (OHA) was
the most frequent (36.8%), followed by insulin (31.6%),
OHA + insulin (21.1%) and diet (10.5%). Interestingly, all
probands with frameshift mutations were treated with insulin
(Table 1).

NEURODI is a transcription factor expressed in pan-
creatic cells (Naya et al., 1997), and mutations that cause
a disturbance in this protein lead to the hyperglycemia
that was observed in all index cases. It is also expressed
in neuronal cells (Naya et al., 1997), which could explain
the neuronal manifestations observed in two patients with
p.Prol97His mutation in heterozygosity described with
pituitary hypoplasia, growth hormone deficiency and ep-
ilepsy (Agladioglu et al., 2016). Mental retardation was
observed in a female patient and her mother, both carrying
p.Pro245Argfs*17 (Horikawa et al., 2018). Besides, Rubio-
Cabezas et al. (2010) identified two probands with p.Asp-
122Glyfs*12 and p.Leul43Alafs*55 frameshift mutations
in homozygosity leading to the syndrome of permanent
neonatal DM (PNDM) and neurological abnormalities in-
cluding developmental delay, sensorineural deafness, and

58

Molecular Genetics & Genomic Medicine JS_"“
fedicie _WILEY

visual impairment (Rubio-Cabezas et al., 2010). Demirbilek
et al. (2018) recently described a novel case of PNDM in
a 13-year-old girl with a homozygous missense mutation
(p-Ile150Asn) showing a similar clinical presentation from
the previously reported PNDM cases (Demirbilek et al.,
2018; Rubio-Cabezas et al., 2010).

Additionally, Horikawa and Enya (2019) observed that
there are two times more affected female patients than af-
fected male patients among the cases described and that
the majority of the cases inherited the mutation from their
mother, which was also observed in this study. Further anal-
ysis on the pathophysiology of NEUROD1 will help to clar-
ify the reason of this discrepancy in an autosomal disease
(Horikawa & Enya, 2019).

To the best of our knowledge, this is the first case reported
to have a NEUROD1-MODY mutation in a Latin American
cohort. The novel p.Phe256Leufs*2 mutation in the activat-
ing domain 1 has similar structural effects in the protein as
those caused by the first reported p.His206Profs*38 mutation
(Maleckietal., 1999). It leads to the loss of 60% of the transac-
tivation domain, and likely that p.His206Profs*38, probably
has a compromised biological activity since the transactiva-
tion domain is required for the ligation of NEUROD1 with the
coactivator p300 (Qiu, Sharma, & Stein, 1998). The majority
of mutations found in NEUROD] associated with monogenic
diabetes (13 cases [54.2%]) is located in the transactivation
domain, comprising four frameshift mutations (Horikawa et
al., 2018; Malecki et al., 1999) and three missense mutations
(Agladioglu et al., 2016; Ang et al., 2016; Chapla et al., 2015;
Doddabelavangala Mruthyunjaya et al., 2017; Gonsorc¢ikova
et al., 2008; Figure 1).

This study has some limitations. First, our sample size
was small and may not show the real frequency of NEUROD1
mutations as cause of monogenic diabetes in our popula-
tion. In addition, we did not analyze the possible presence
of copy number variations that could also be compromising
NEURODI function and would not be observed in our se-
quencing method.

5 | CONCLUSION

In conclusion, we described a Brazilian family with a novel
mutation in NEURODI segregating with diabetes in an auto-
somal dominant pattern of inheritance.
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Capitulo 111

“ldentification of the First PAX4-MODY Family Reported in Brazil”

Modificagdes no gene PAX4 sdo associadas a formas poligénica e monogénica de
diabetes mellitus, sendo as formas monogénicas causas raras da doenca. Neste proximo
capitulo realizamos um levantamento bibliografico e descrevemos uma variante do tipo
sentido trocado no PAX4 segregando em trés geracGes de uma familia brasileira. As
caracteristicas clinicas e bioquimicas dos familiares estdo apresentadas no estudo. Para
descartar a possibilidade desta variante ndo ser a causa do diabetes nesta familia, foram
realizados estudos de bioinformatica como analises de conservacdo do aminoacido, analise de
patogenicidade da variante através de ferramentas in silico, além do rastreamento da variante
em individuos normoglicémicos. Por fim, as caracteristicas clinicas do caso-index foram

comparadas com dos probandos descritos na literatura.

Publicado na revista: Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020;
13:2623-2631.
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Purpose: The aim of this study was to sequence the coding region of the P4X4 gene in a
Brazilian cohort with clinical manifestations of monogenic diabetes.

Patients and Methods: This study included 31 patients with autosomal dominant history
of diabetes, age at diagnosis <40 years, BMI <30 kg/m?, and no mutations in GCK or
HNFIA, HNF44, and HNF1B. Screening of the P4X4 coding region was performed by
Sanger sequencing. In silico algorithms were used to assess the potential impact of amino
acid substitutions on protein structure and function. Additionally, PAX4-MODY family
members and 158 control subjects without diabetes were analyzed for the identified
mutation.

Results: The molecular analysis of P4X4 has detected one missense mutation, p.Argl 64Gln
(c.491G>A), segregating with diabetes in a large Brazilian family. The mutation was absent
among the control group. The index case is a woman diagnosed at 32 years of age with
polyneuropathy and treated with insulin. She did not present diabetic renal disease or
retinopathy. Family members with the P4X4 p.Arg164Gln mutation have a heterogeneous
clinical manifestation and treatment response, with age at diagnosis ranging from 24 years to
50 years.

Conclusion: To the best of our knowledge, this is the first study to report a PAX4-MODY
family in Brazil. The age of PAX4-MODY diagnosis in the Brazilian family seems to be
higher than the classical criteria for MODY. Our results reinforce the importance of screen-
ing large monogenic diabetes families for the understanding of the clinical manifestations of
rare forms of diabetes for the specific and personalized treatment.

Keywords: diabetes mellitus, monogenic diabetes, MODY, PAX4, mutation

Introduction

In the past years, mutations in genes that disrupt the secretion and signaling of
insulin have been recognized as causative factors for monogenic forms of diabetes
mellitus (DM). Among these genes, there are critical transcription factors, such as
HNF4A,' HNFIA? HNFIB,? PDX1,* NEURODI,®> KLF11,° and PAX4.” The
Paired Box Gene 4 (PAX4; OMIM*167413), also known as MODY?9 gene, encodes
a transcription factor that plays an important role in the development of p-cells and
§-cells. PAX4 acts in the differentiation of B-cells and §-cells precursors in the early
pancreas and latter maintaining B-cells in differentiated state.® In vivo experiments
demonstrated that newborn mice that are knockout for both Pax4 alleles exhibit
growth retardation and dehydration, dying 3 days after birth.® To date, several
variants in the PAX4 gene have been associated with a number of DM types,
including type 1 DM (TID),” type 2 DM (T2D),'’ Ketosis-Prone Diabetes
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(KPD),'" as well as monogenic diabetes.” Mutations asso-
ciated with monogenic diabetes were first identified in two
patients of Thai origin, who did not present mutations in
the other known MODY genes.” More than one decade
after this initial report, the number of studies supporting
the involvement of PAX4 mutations in monogenic diabetes
remains limited to a few cases, and restricted to Asian
populations.”'>!* Due to its rarity, the clinical character-
istics of PAX4-MODY remain unclear, compromising its
diagnosis. In this context, the identification of new cases
will be helpful to better understand the PAX4-MODY
phenotype. This study aimed to screen the coding region
of PAX4 gene in a sample of Brazilian patients with a
clinical suspicion of monogenic diabetes. To the best of
our knowledge, this is the first study to describe a PAX4
mutation in a large Brazilian family with autosomal domi-
nant diabetes.

Patients and Methods

Subjects

In this cross-sectional observational study, 31 unrelated
patients with DM (13 males and 18 females; average age
at diagnosis: 19.7£10.9 years) were recruited from the
Clementino Fraga Filho University Hospital and from the
State Institute for Diabetes and Endocrinology Luiz
Capriglione, Rio de Janeiro, Brazil. In this study, the
inclusion criteria were as follows: 1) age at onset equal
to or less than 40 years old; 2) a positive family history of
diabetes in at least two generations; and 3) negative B-cells
anti-GAD (Glutamic Acid Decarboxylase) and anti-IA-2
(Islet Antigen-2) autoantibodies. We excluded patients
with TID, obesity (Body Mass Index [BMI] >30 kg/m’
or >95th percentile for age at diagnosis), history of dia-
betic ketoacidosis at diabetes onset, clinical signs of insu-
lin resistance, and the presence of secondary causes of
diabetes. Clinical information was obtained through a
review of the medical chart. All patients were previously
screened for GCK or HNFIA (based on the clinical
phenotype),'® HNF44 and HNFIB mutations and did not
show mutations. Additionally, family members were
screened for the novel variant, as well as 158 healthy
controls (59 males and 99 females; average age: 32.03
+8.41 years; BMI average: 22.48+1.40 kg/mz). The control
group inclusion criteria were as follows: 1) fasting plasma
glucose (FPG) <100 mg/dL and glycated hemoglobin
(HbAlc) <5.7%; 2) BMI <24.9 kg/mz; and 3) Individuals
without a family history of diabetes. The Ethics and

Research Committee of the Clementino Fraga Filho
University Hospital (CAAE n° 04232512.4.0000.5257)
and of the State Institute for Diabetes and Endocrinology
Luiz Capriglione (CAAE n° 04232512) approved this
study protocol. All participants were informed about the
aim of this study and provided verbal and written consent.

Molecular Genetics

Genomic DNA from the probands and nondiabetic controls
were isolated from peripheral blood leukocytes using the
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany).
The proband’s family had their genomic DNA extracted from
buccal epithelial cells.'” Screening of the entire coding
region and exon-intron boundaries of the PAX4 gene was
done (Supplemental Table S1). PCR products were purified
by ExoSAP-IT Reagent (Applied Biosystems, Vilnius,
Lithuania). Sanger sequencing was performed using the Big
Dye Terminator Kit v3.1 (Applied Biosystems, Austin, TX,
USA), conducted on an ABI 3130 Automatic Genetic
Analyzer (Applied Biosystems).

Bioinformatic Analysis

The PAX4 variants identified were checked against PubMed,
Clinvar, dbSNP (https:/www.ncbi.nlm.nih.gov/), Human
Genome Mutation Database (HGMD) (http://www.hgmd.
cf.ac.uk/ac/), EXAC Browser (http://exac.broadinstitute.
org), 1000 Genomes project database (http:/www.internatio
nalgenome.org, and Online Archive of Brazilian Mutations
(ABraOM; http://abraom.ib.usp.br/index.php),'® in order to
investigate their previous occurrence in these public data-
bases. To assess the potential impact of the missense muta-
tions identified, in silico pathogenicity prediction algorithms
were used, including SIFT," PolyPhen-2,° PROVEAN,*!
Revel,”> WS-SNPs&GO,” MutPred,”* SNAP,* Fathmm,*®
M-CAP,”” CADD,* Mutation assessor,”’ Align-GVGD,"
PANTHER-PSEP,*! and Mutation Taster.”> The Ensembl
reference transcript ENST00000341640.2 of PAX4 gene
(Genome release GRCh37.p13) was used as reference
(https://www.ensembl.org/index.html).

Results

In this study, we screened the entire coding region of the PAX4
gene in 31 unrelated probands from Brazil. The participants
have clinical characteristics of monogenic diabetes. Our
p.Argl64GIn
(c.491G>A) segregating with DM in a large Brazilian family.
This variant was absent among the 158 normoglycemic con-
trols analyzed and was not found in the ABraOM database. We

results showed a missense mutation
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also found the variant p.Arg133Trp (c.397C>T) in heterozy-
gous state in three patients (9.67%) and in one homozygous
patient (3.22%), and the common missense p.His321Pro
(c.962A>C) variant in 28 probands (C allele frequency:
0.677). The synonymous p.GInl173GlIn (c.519A>G) and p.
Gly150Gly (c.450C>T) variants were found in five patients
(16.12%) and in one patient (3.22%), respectively.

The arginine residue in position 164 of the PAX4
homeodomain is evolutionary conserved among several
species (Figure 1). The change of the arginine amino
acid to glutamine in the 164 position was predicted to be
harmful by all 15 algorithms (Table 1). The arginine is an
amino acid charged positively while glutamine belongs to
uncharged polar side groups. This mutation was registered

¢.374_412del

in dbSNP under the access number rs587780414; it was
found with allele frequency of 0.00004119 in ExAC.
However, we did not find any previously association of
this mutation to DM (Table 2).

We identified the PAX4 p.Argl64Gln in the hetero-
zygous state in a normal weight woman (BMI: 24.8 kg/
m?% Current age: 45 years). She was diagnosed with
diabetes during her second pregnancy at the age of 32
years (BMI at diagnosis: 21.68 kg/m?). She reported
polyneuropathy and did not present diabetic renal dis-
ease or retinopathy until that moment. The patient was
treated with insulin therapy since the diagnosis of DM.
The family pedigree is shown in Figure 2 and clinical
features are summarized in Table 3.

pusions | T
p-Arg37Trp P AT R 9164Gin
p.Arg31Leu p.Arg164Trp IVS7-1G>A

Paired domain

Homeodomain_

Repressor domain

oo <eyvens [ I I D (e [ A

ACCCACCCAGGGACCGGCCACCGGAATCGGACTATCTTCTCCCCA

Homosapers eI IR I K DN O R M N

ACCCACCCAGGGACCGGCCACCGGAATCGGACTATCTTICTCCCCA

Pan paniscus
Macaca mulatta
Pongo abelii
Microcebus murinus
Bos taurus

Canis lupus familiaris
Oryctolagus cuniculus
Felis catus
Mus musculus
Rattus norvegicus
Salmo trutta -

Figure | Diagrammatic representation of PAX4 gene and protein domains. Path

d to diabetes mellitus are pointed in the figure and

PAX4-MODY are show in bold. Electropherograms of PAX4 exon 4 wild type and p.Argl 64Gin (c.491 G>A) in the patient DM35. Alignment by Clustal W (1.81) of PAX4

gene across species are presented (below).
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Table 1 In silico Prediction of Missense Mutations Identified in PAX4 Gene

Prediction Tool Output PAX4 - p.Argl64GIn PAX4 - p.Argl33Trp
Score | Prediction Score | Prediction
SIFT <0.05 damaging/20.05 tolerated (score range: 0-1) 001 Damaging 0.1 Tolerated
PolyPhen-2_HVAR Probably damaging, possibly damaging or benign (score range: 0 [benign] to | | 0.997 Probably damaging 0.123 Benign
[camaging])
PolyPhen-2_HDIV Probably damaging, possibly damaging, or benign (score range: 0 [benign] to | | 1.000 Probably damaging 0.829 Possibly
[damaging]) damaging
PROVEAN <-2.5 deleterious/>-2.5 neutral (default score threshold: ~2.5) 3.04 Deleterious 119 Neutral
Revel >0.50 likely disease causing/<0.50 likely benign (score range: 0 to I) 0871 Likely disease causing | 0318 Likely benign
‘WS-SNPs&GO >0.5 disease-associated (score range: 0 to ) 0.642 Disease 0.160 Neutral
MutPred2 General pathogenicity score: 20.50 (score range: 0 to I) 0.501 Possibly pathogenic 0.175 Benign
SNAP 2| effect (score range: 100 to 100) 74 Effect 71 Effect
Fathmm Pathogenicity threshold: <0 4.12 Damaging 3.40 Damaging
M-CAP Pathogenicity threshold: >0.025 0337 Possibly pathogenic o ¥
CADD >30 likely deleterious/<30 likely benign 31 Likely deleterious 2 Likely benign
Mutation Assessor Score cutoff: 0.8 neutral and low impact/1.9 low impact and medium impact/ | 3.615 High 0 Neutral
3.5 medium impact and high impact
Align-GVGD CO most likely neutral to C65 most likely deleterious (classifiers: CO to C65) | C35 Likely deleterious C65 Likely
deleterious
PANTHER-PSEP Length of time: >450 my probably damaging/450 my>time>200 my possibly 1038 Probably damaging 30 Probably
damaging/<200 my probably benign benign
Mutation Taster A. Disease causing: probably deleterious/D. disease causing automatic: A Disease causing N Polymorphism
deleterious/N. polymorphism: probably harmless/P. polymorphism automatic:
harmless
Total prediction tools = 15 I5 = predicted to be harmful 4 = predicted to be
harmful

Notes: *M-CAP scores not available for some alleles at Ch7:127,254,55 | chromosome position. SIFT: hteps:/sift.bii.a-star.edu.sg/, Polyphen: http://genetics.bwh. harvard.edu/
pph2/index.shtml, PROVEAN: http://provean.jcvi.org/, Revel: htpsi/sites.google.comisite/revelgenomics/downloads, WS-SNP&GO: hup://snps.biofold.org/snps-and-go/,

MutPred2: htep:/mutdb.org/mutpred, SNAP: htp://www.rostlab.org/services/SNAP, Fathnm: http://fathmm.biocompute.org.uk/indexhtml, MCAP: http//bejerano.stanford.

m

h
heyy

edu/mcap/, CADD: https://cadd.gs. washi

eduw/snv, M

e e s
PANTHER-PSEP: htep://www.pantherdb.org/tools/csnpScore.do, MutationTaster: http://www.mutationtaster.org/.

Abbreviation: my, millions of years.

The index-case’s mother (1I-4) was diagnosed with DM
at 45 years of age and died at 73 years with chronic kidney
disease. The patient also reported three deceased uncles
(individuals II-2, 1I-3, and II-5), three deceased aunts
(individuals II-1, I1-6, and 1I-7), and a cousin (individual
I11-9) with diabetes and four sisters with hyperglycemia
(individuals I1I-2, III-3, 1114, and III-6). Thirteen family
members were available for genetic testing and eight of
them were found to be carrying the p.Arg164Gln, of which
four exhibited hyperglycemia.

The proband’s older sister (individual III-2) is an over-
weight woman of 56 years old (BMI= 29.48 kg/m*; FPG=

.org/r3/, Align GVGD: htp://agvgd.hci.utah.edu/agvgd_input.php,

128 mg/dl; HbAlc= 11.3%) diagnosed with DM at 38
years. She carried the mutation p.Argl64Gln in a hetero-
zygous state. She has been on oral antidiabetic agents
(OAD) treatment for 8 years (Metformin 1500 mg/day;
Gliclazide 60 mg/day) and has hypertension. The carrier
proband’s sister (individual III-3) is 49 years, non-obese
(BMI= 23.61 kg/m?), and was diagnosed at 49 years with
FPG of 104 mg/dL, glucose 2 hours post dextrose of 142
mg/dL, and HbAlc 6%. She is on Metformin 1000 mg/
day. Like her, the carrier sister (individual III-4) was
diagnosed with impaired glucose tolerance (IGT) at the
age of 50 years and has been managed with nutritional
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Table 2 Characterization of Mutations in PAX4 Gene Associated to Diabetes Mellitus
Exon Mutated Mutated Consequence | Acess Clinvar Domain | Functional Studies Ref.
or Protein DNA Number
Intron
I pArgdileu | c.92G>A Missense rs| 15887120 Likely-benign PD na [14]
| pArg37Trp | c.109C>T Missense rs35155575 Uncertain- PD Decreased transcriptional repress [11.33]
significance, promoter function and decreased binding
risk-factor activity
2 pArg52Cys | c.154C>T Missense rs770923465 na PD na [1s]
3 na c.374_412del | Sequence rs|325888696 | na PD Loss of transcriptional repressor function [12]
alteration
3 p. c361C>T Missense rs| 14202595 Pathogenic PD Loss of transcriptional repressor function [10]
Argl21Trp
3 p. c397C>T Missense rs2233578 Benign/Likely Between Decreased transcriptional repress [
Argl33Trp benign, risk PD and promoter function
factor HD
4 p. c490C>T Missense rsl21917718 Pathogenic HD Decreased transcriptional repress M
Argl64Trp promoter function
4 p. c491G>A Missense rs587780414 na HD na ¥
Argl64Gln
Ivs7 IVS7-1G>A | c.748-1G>A | Splice acceptor | rs371715169 Pathogenic Between Decreased transcriptional repress [7.13]
(p. variant HD and promoter function
GIn250del) RD

Note: “Muttion identified in this study.

Abbreviations: Ref, reference; PD, paired domain; HD, homeodomain; RD, repressor domain; na, not available.

therapy (FPG= 93 mg/dL; HbAlc= 6.1%). The sister with
DM (individual I1I-6) did not present the mutation. She
received the diagnosis in her second gestation at the age of
25 years old. She has been treated with fast-acting insulin
analog. The family reported that the proband’s older
brother (individual III-1) had schizophrenia and died at
48 years old due to a heart attack, and DM was not
reported.

The proband’s cousin with DM (individual I1I-9) also
presented the mutation tested (FPG=169 mg/dL; HbAlc=
7.4%) and received the diagnosis in her second gestation at
24 years. She has diabetic retinopathy. Her mother with DM
(individual II-7) was diagnosed at 36 years in her second
gestation and had been on dialysis before dying.

In the younger examined generation, all eight indivi-
duals do not have DM (individuals IV-3, IV-5, V-6, IV-9,
IV-12, IV-13, IV-14, and IV-15). Four of them presented
the genetic variant, including three proband’s nieces (indi-
viduals IV-3, IV-5, and IV-6), of 27 years, 35 years, and 29
years old, respectively, and the proband’s younger daugh-
ter (individual IV-13), of 14 years old.

Discussion
Variants in the PAX4 gene have been associated to the risk
of non-monogenic types of DM in the past years.
However, a few mutations in this gene have also been
described as the cause of monogenic diabetes (Table 4),
and, to the best of our knowledge, this is the first mono-
genic diabetes case (PAX4-MODY) reported in a Brazilian
family.

Shimajiri et al ™ described the p.Argl21Trp mutation in
seven Japanese patients with T2D and absent among 161

ll()

controls (Table 4). One of these patients, a woman diagnosed
at the age of 29 years, carried this variant in the homozygous
state. The variant p.Argl21Trp segregated from her hetero-
zygous parents, who were cousins, to the patient and to her
heterozygous sister. Severe diabetes was presented only in
the homozygous proband. In our sample, we identified the p.
Argl33Trp in three patients in heterozygosis and in one
patient in homozygosis. This variant was described as
benign/risk factor by ClinVar and it was predicted to be
benign by the majority of the in silico tools analyzed
(Table 1). Mauvais-Jarvis et al'' previously reported an
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Figure 2 Pedigree of family 35. Filled black symbols, grey symbols, and empty symbols represent diabetic patients, impaired glucose tolerance individuals, and healthy
individuals, respectively. The present age of the individuals are shown below the symbols in years (y), followed by age of diagnosis in years, and genotype. Genotypes are
expressed by normal allele (N) and mutated allele (M); An arrow indicates the index case.

association of the p.Arg133Trp in homozygous state to keto-
sis-prone diabetes (KPD), a rare form of T2D. In vivo and in
vitro studies showed that this variant alters the protein func-
tion (Table 2). They also observed the p.Arg37Trp mutation
in a patient from Cameroon. This variant was later described
co-segregating in a heterozygous form with BLK p.
Phel12Ser (¢.335C>T) in a Nigerian woman with KPD.*
Further case-control studies should be carried out to evaluate
the association of these variants with different forms of
diabetes.

Plengvidhya et al’ described in Thai families the first
association of mutations in PAX4 to MODY diabetes. They
observed one missense mutation, p.Argl64Trp, in the PAX4
homeodomain in a female patient diagnosed at the age of 20
years and treated with OAD. In vitro analysis showed that p.
Argl164Trp decreased PAX4 repression activity. They also
found an intronic variant (IVS7-1G>A) in one women with
DM diagnosed at 44 years of age’ and after, in her daughter
who was diagnosed at 30 years of age with gestational DM
and required insulin treatment.'* Another four non-tested

Table 3 Clinical Features and Laboratory Parameters of the Family 35 Members

Patient -2 m-3 n-4 -6 11-8* n-9 1v-3 V-5 1v-6 1v-9 v-12 Iv-13 Iv-14 v
15

Gender Female | Female | Female | Female | Female | Female | Female | Female | Female | Female | Female | Female | Female | Male
BMI (kg/m?) 29.48 2361 2493 2797 248 30.62 2573 25.55 na 20.38 na na 2323 2884
Current age (years) | 56 54 53 52 45 39 27 35 29 26 17 14 19 15
AAD (years) 38 49 50 25 32 24 - - - - - - - -
FPG (mg/dl) 128 101 93 256 na 169 84 80 na 80 na na 68 86
HbAlc (%) 1.3 6 6.1 9.6 na 7.4 53 55 na 5.1 na na 54 54
Treatment OAD OAD Diet Insulin | Insulin | Insulin | — - - - - - - -
Genotype MN MN MN NN MN MN MN MN MN NN NN MN NN NN

Note: *Proband.

Abbreviations: BMI, body mass index (at admission); AAD, age at diagnosis; FPG, fasting plasma glucose; HbAlc, glycated h lobin; OAD, oral antidiabetic agent;

Genotypes are expressed by normal allele (N) and mutated allele (M); na, not available; -, not applicable.
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Table 4 Clinical Characteristics of Patients with DM with Mutations in PAX4 Gene
P | Sex | AAD | BMI | HbAlc | Treat. | Mutation Segregation Study N° P (He; | N° C (He; | Ethnic DM Ref.
DM/NDM Ho) Ho) Group Type
I F 43 294 | 7 Diet pArgl21Trp na 200 (6;1) 161 (0;0) Japanese T2DM | [10]
2 M 49 267 | 6.1 Diet pArgl21Trp na
3 M 49 178 | 8.1 OAD pArgl21Trp na
4 F 47 324 | 68 OAD pArgl21Trp na
5 M 32 22 88 OAD pArgl21Trp na
6 F 25 218 | 82 Ins pArgl21Trp na
7 F 29 22|73 Ins pArgl 21Trp* IMN/2MN
8 | M 47 265 | 138 OAD pArgl33Trp* na 101 (27:4) 355 (69:0) West KPD [
African
9 M 2 162 | 122 OAD pArgl33Trp* na
o|[M |38 254 | 141 OAD | pArgl33Tip* n
[ 20 216 | 125 OAD pArgl33Trp* na
12| M 39 287 | 1.6 Ins pArg37Trp na 101 (1:0) 255 (0;0) West KPD [
African
13|F 20 na na OAD pArgl 64Trp 2NN, 3 MN/. 46 (1:0) 344 (0,0) Thai MODY | [7]
14| F 44 na na na IVS7-1G>A | MN/INN 46 (1;0) 344 (0;0) Thai MODY | [7.13]
15| ™M 15 182 | 145 Ins €374_412del 1| MNJ. 1 (1:0) 150 (0;0) Japanese MoDY | [12]
16 | M 14 23 na Ins, pArg3iLeu na 56 (1;0) 60 (0:,0) Indian MODY | [14]
OAD
17 | F 38 284 | 14 Ins pArg37Trp n 1 (1,0) 0 African KPD 33]
181 M 35 281 | 92 OAD p.Arg52Cys na 84 (1,0 0 Malay MODY | [I5]
19| F 32 2.6 | ma Ins pArgl 64GIn I NN, 5SMN/4 NN, 4 MN | 31 (1;0) 158 (0;0) Brazilian Mopy | #

Notes: *Mutation in homozygous state; “Mutation identified in this study; DM includes patients with impaired glucose tolerance.

Abbreviations: P, patient; AAD, age at diagnosis (in years); BMI, body mass index (kg/m?); HbA I, glycated hemoglobin (%); Treat., treatment; DM, diabetes mellitus; NDM,
non-diabetic subjects; N°, Number; He, mutation in heterozygous; Ho, mutation in homozygous; C, controls; Ref, reference; F, female; M, male; OAD, oral antidiabetic
agents; Ins, insulin; na, not available; NM, genotype mutated in heterozygous state; NN, genotype homozygous normal; T2 DM, type 2 diabetes mellitus; KPD, ketosis-prone

diabetes; MODY, maturity-onset diabetes of the young.

members from this family showed several complications,
such as diabetic renal disease and retinopathy, and three of
them died of end-stage renal failure.”"* Similarly, two non-
tested members from the Brazilian family reported in our
study had diabetic end-stage renal disease (Figure 2; indivi-
duals 1I-4 and II-7); and one mutated patient (Figure 2;
individual I11-9) had diabetic retinopathy 15 years after dis-
ease onset. The guanine to adenine change in the last nucleo-
tide of intron 7 (IVS7-1G>A) disrupts mRNA splicing and
results in an in-frame deletion p.GIn250del (exon 8). Similar
to p.Argl64Trp, the PAX4 p.GIn250del have its repressor
activity of glucagon and insulin promoter impaired. Studies
in vitro showed that this mutation increased susceptibility to
apoptosis within high glucose condition."?

Jo et al'? found a frameshift deletion (c.374_412del) ina
15-year-old Japanese proband on insulin treatment. His
father was diagnosed at 30 years old with T2D and had his
glucose controlled only by nutritional therapy. This deletion
leads to the loss of PAX4 homeodomain, decreasing its
repression activity. Another two missense mutations, p.
Arg31Leu' and p.Arg52Cys,"> were found in an Indian
and in a Malay patient, respectively. Both exhibited clinical
hallmarks of monogenic diabetes.

Here, we report a rare missense mutation in the PAX4 gene,
p-Argl64Gln, in a large Brazilian family. Interestingly, this
mutation is located in the same residue of the first mutation
described associated to PAX4-MODY in a Thai family by
Plengvidhya et al.” The age at diagnosis of the hyperglycemic
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members from the family described here ranged from 24 years
to 50 years. Whereas in the Thai family described, members
were treated with OAD or diet, in the Brazilian family the
treatment was variable (Diet: 1; OAD: 2; Insulin: 3). In addi-
tion, two proband’s sisters presented impaired glucose toler-
ance; the same was observed in the proband’s brother from a
Thai family. It seems that phenotypes can vary between
affected members from the same family, from severe to mild
clinical presentations, as also observed by other studies of
PAX4-MODY families,”'* imposing a challenge for establish-
ing a clinical pattern for PAX4-MODY. The age at diagnosis
observed in the patients with the p.Arg164GIn mutation from
the Brazilian family was remarkably high. Among the five
mutated patients from the third generation, three presented
diabetes symptoms after 35 years of age; the age at diagnosis
was higher than that expected for MODY most common
forms. This late development could explain the absence of
DM in the younger carrier individuals of this family.
Unexpectedly, one sister with DM (Figure 2; individual I1I-
6) did not show the mutation p.Argl64Gln. She reported
weight gain at the time of diagnosis, which could represent a
phenocopy of diabetes. This is similar to the two sisters
described in the Thai family, who presented impaired glucose
tolerance and did not carry the mutation.’

Our study has some limitations; the proband’s bio-
chemical exams were not available and she abandoned
treatment and medical care. We did not have access to
the two brothers (Figure 2; individuals III-5 and I1I-7) and
the cousin (Figure 2; individual ITI-10) without DM, which
could reinforce the role of PAX4 p.Argl 64Gln as the cause
of DM in this family.

Until now, PAX4-MODY had been described only in
families with Asian origins. To our knowledge, this is the
first study to report a PAX4-MODY in a family in South
America. Functional studies are needed to better under-
stand the role of PAX4 p.Argl 64GIn mutation in the cause
of monogenic diabetes and its contribution to the clinical
profile of PAX4-MODY patients.
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Capitulo IV

“PDX1-MODY: a rare cause of monogenic diabetes observed in a Brazilian family”

Formas monogénicas e poligénicas associadas a modificacdes no gene PDX1 ja foram
descritas no mundo, entretanto, casos de PDX1-MODY s&o relatos raros na literatura. Neste
Capitulo abordaremos o relato da segunda familia descrita no Brasil com diabetes
monogénico ocasionado devido a uma modificagdo no gene PDX1. Os estudos in silico e a
auséncia desta variante no grupo normoglicémico testado, corroboraram como sendo esta a
causa de diabetes nesta familia. Neste estudo realizamos o levantamento de casos PDX1-
MODY ja descritos, sendo a familia reportada neste Capitulo a oitava reportada no mundo. As
comparacdes clinicas entre os oito casos-index ja descritos na literatura revelaram que a maior
parte dos pacientes sdo diagnosticados no inicio da fase adulta, como esperado para MODY, e

a maioria dos pacientes sdo tratados com insulina.
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ARTICLE INFO ABSTRACT
Keywords:

Diabetes mellitus
Monogenic diabetes

Maturity-Onset Diabetes of the Young type 4 is a rare form of diabetes mellitus, caused by mutations in the PDX1
, only a few in this gene have been associated as a cause of monogenic diabetes up to
date. It makes difficult to create a clinical manifestation profile of this disease and, consequently, to improve the

gene. H

;‘)"&Dly therapeutic management for these patients. Here we report a normal weight woman, diagnosed with diabetes
MODY4 mellitus at 27 years old, during her first pregnancy. At the time of the recruitment, she was 40 years old and had
Mutation a body mass index of 23.9 kg/m? glycated hemoglobin level of 9.6%, and fasting plasma glucose (FPG) of 254

mg/dL. She presented no diabetic complications and she was being treated with insulin. She reported a family
history of diabetes mellitus characteristic of an autosomal dominant mode of inheritance. Molecular analysis of
the PDX1 gene revealed the missense variant ¢.532G > A (p.(Glu178Lys)) segregating from the patient to her son,
reported as diabetic. It was absent in her healthy daughter. The ¢.532G > A seems to be a rare variant, absent in
human varants databases, and among 86 normoglycemic controls. Eight in silico algorithms classified this
variant as probably path ic. Additionally, lysis of the evol ry conservation showed the glutamic acid
in the position 178 of PDX-1 protein as conserved among several species. Our findings reinforce the importance
of screening rare MODY genes among families with suspicion of monogenic diabetes to help better understand
the clinical manifestations of this disease.

1. Introduction

Mutations in genes that express transcription factors that disrupt the
insulin metabolism have been recognized as genetic causes of diabetes
mellitus (DM) monogenic forms (Firdous et al., 2018). Among these
genes, Pancreatic and Duodenal Homeobox 1 (PDX1; OMIM *600733),
also known as Maturity-Onset Diabetes of the Young 4 (MODY4; OMIM
#606392), encodes PDX-1 protein that is required for normal pancreatic
p-cell development and function (Stoffers et al., 1997b).

PDX-1 is a homeodomain transcription factor implicated in the
regulation of genes expressed in pancreatic p-cells, such as Glucose

et al, 2002). However, Pdx1'/~ mice also showed impaired glucose
tolerance (IGT), reduction in insulin secretion, and lower expression of
Pdx1 and Glut2 (Brissova et al., 2002).

To date, PDX1 variants segregating with monogenic diabetes (PDX1-
MODY) remains limited to a few families worldwide (Anik et al., 2015;
Caetano et al., 2018; Chapla et al., 2015; Deng et al., 2019; Fajans et al.,
2010; Schwitzgebel et al., 2003; Stoffers et al., 1997a). Due to its rarity,
the clinical characteristics of patients harboring PDX1 mutations remain
still unclear. In this context, this study aimed to sequence the coding
region of the PDX1 gene in a sample from Brazil with clinical manifes-
tations of monogenic diabetes.

Transporter 2 (GLUT2) (Waeber et al,, 1996). Studies in mice showed
that Pdx1 /" mutants had pancreas agenesis (Jonsson et al., 1994) and
Pdx1'/" mice presented normal fasting blood glucose (FBG) (Brissova
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Fig. 1. Family pedigree P25 with PDX1 ¢.532G > A p.(Glul78Lys) mutation.
Filled symbols represent patients with diabetes and empty symbols are non-
diabetic individuals. A triangle with a slash extending though symbol in-
dicates neonatal death. The present age of the individuals are shown below the
symbols (years), followed by age of diagnosis (years), the most recent treat-
ment, body mass index (kg/m”) and genotype interpretation. OAD: oral anti-
diabetic agents; Ins: insulin; MN: heterozygous for PDX1 ¢.532G > A; NN:
normal for PDX1 ¢.532G > A; An arrow indicates the index case.

2. Patient’s data

The patient P25 is a normal weight woman of 46 years old from the
Northeast region of Brazil. She was diagnosed with DM at 27 years old
during her first pregnancy. She was treated with metformin and pre-
sented negative anti-GAD (Glutamic Acid Decarboxylase) and anti-IA-2
(Islet Antigen-2). During her second pregnancy, at 33 years old, her baby
died at delivery. She reported that hyperglycemia was measured at that
time and she initiates insulin therapy. At her third pregnancy, she was
34 years old, and gave birth to a girl of 2.795 kg by cesarean section
delivery at term. During this pregnancy, she showed a glycated hemo-
globin (HbA1c) level of 6.2%, fasting plasma glucose (FPG) of 110 mg/
dL and she was managed with insulin 0.4 U/kg/d (total dose of NPH
insulin 24 U/d and total regular fast-acting insulin of 2 U/d). At the time
of recruitment for this study, she was 40 years old, her body mass index
(BMI) of 23.9 kg/m?, HbA1c level of 9.6%, FPG of 254 mg/dL, thyroid-
stimulating hormone (TSH) of 0.625 mIU/L, free thyroxine 4 (Ft4) of
1.23 ng/dL and thyroid anti-peroxidase (anti-TPO) negative (14.5 1U/
mL). She was on 0.6 U/kg/d basal bolus insulin treatment (total dose of
NPH insulin 18 U/d and total regular fast-acting insulin of 22 U/d). By
the time of her last medical evaluation, she was 46 years old; she pre-
sented an HbA1c level of 9.9%. She was managed with 1.6 U/kg/d basal
bolus insulin treatment (total dose of NPH insulin 64 U/d and total
regular fast-acting insulin of 30 U/d). The evolution of HbAlc versus the
treatment with insulin over the years is shown in the Supplemental
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Graphic S1. After 19 years since her diagnosis, she presented no diabetic
microvascular complications, and normal fundoscopy. Analysis of the
proband’s pedigree suggest an autosomal dominant inheritance of dia-
betes (Fig. 1). The patient reported both parents with diabetes; her
mother was diagnosed at 36 years old and has been treated with insulin
and metformin, while her father was diagnosed at 73 years old, and he
has been managed with metformin. The proband also reported her older
child, diagnosed with diabetes at 10 years old and one sister diagnosed
at 37 years old. Her 18-year-old son is overweight (BMI: 28.6 kg/m?). At
the age of 16 years, on his last clinical evaluation, he showed negative
anti-GAD and anti-IA-2, C-peptide of 0.8 ng/mL, HbAlc ranging from
5.3% to 5.8%, FPG ranging from 105 to 113 mg/dL, and postprandial
glucose (PPG) of 140 mg/dL. He has been managing the hyperglycemia
with nutritional therapy; however, he reported to have abandoned
treatment and medical care for the past two years. At the admission on
this study, his random capillary blood glucose (RCBG) was 211 mg/dL.
At that moment, it was reported that the overweight proband daughter
did not present hyperglycemia (BMIL: 27.3 kg/m?; postprandial capillary
glucose [PCG]: 138 mg/dL).

3. Ethics statement

This study protocol was approved by The Ethics and Research
Committee of the Clementino Fraga Filho University Hospital (CAAE n®
04232512.4.0000.5257) and by the State Institute for Diabetes and
Endocrinology Luiz Capriglione (CAAE n° 04232512.4.3001.5266). The
participants were informed about the aim of this study and provided
verbal and written consent.

4. Methods
4.1. Patient’s recruitment

In the present cross-sectional observational study, we recruited 43
unrelated Brazilian patients with clinical characteristics of monogenic
diabetes (18 males [41.9%] and 25 females [58.1%)]; average age of
diagnosis [AOD]: 21 + 10.3 years) from the Clementino Fraga Filho
University Hospital and from the State Institute for Diabetes and
Endocrinology Luiz Capriglione. Patients who fulfilled all inclusion
criteria were: 1) age at onset < 40 years; 2) positive family history of
diabetes in at least two generations; and 3) negative p-cells anti-GAD
and anti-IA-2 autoantibodies. Patients with type 1 DM, obesity (BMI
>30kg/m>or > 95th percentile for age at diagnosis), history of diabetic
ketoacidosis at diabetes onset, clinical signs of insulin resistance and the
presence of secondary causes of diabetes were excluded. All patients
were previously screened for GCK or HNF1A (based on the clinical
phenotype), HNF4A and HNF1B, and no mutations were observed.
Family members of mutation carriers were recruited to this study for
segregation analysis. Eighty-six controls (42 males and 44 females;
average age: 32 + 9 years; BMI average: 22.6 + 1.7 kg/m?) without DM
were screened to investigate the possible recurrence of the observed
mutations in healthy individuals. Inclusion criteria for the control sub-
ject were as follows: 1) FPG < 100 mg/dL and HbAlc < 5.7%; 2) BMI <
24.9 kg/m?; and 3) individuals without a family history of DM.

4.2. Molecular genetics

Genomic DNA from the probands and normoglycemic controls were
isolated from peripheral blood leukocytes using the QIAamp DNA Blood
Mini Kit (Qiagen, Hilden, Germany). Genomic DNA from the proband’s
family members were collected and extracted from buccal epithelial
cells as previously described (Aidar and Line, 2007). The entire coding
region of the PDX1 gene was sequenced by Sanger sequencing.
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Fig. 2. Schematic representation of PDX-1 protein and location of the mutations as reported in the literature associated to MODY (orange) and MODY and Neonatal

Diabetes (blue) (A). Ali of PDX-1 h 1

across species by Clustal Omega. Black dashed indicated the amino acid position of PDX1 p.(Glu178Lys)

identified in the patient P25. Pan paniscus (ENSPPAP00000019094); Oryctolagus cuniculus (ENSOCUP00000004229); Mus musculus (ENSMUSP00000082729); Rattus
norvegicus (ENSRNOP00000066935); Canis lupus familiaris (ENSCAFP00030032499); Felis catus (ENSFCAP00000029882); Bos Taurus (ENSBTAP00000014141);
Microcebus murinus (ENSMICP00000041397); Macaca mulatta (ENSMMUP00000078156); Homo sapiens (ENSP00000370421); Pongo abelii (ENSPPYP0O0000005967)
(B). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4.3. Bioinformatics analysis

In order to investigate the previous occurrence of PDX1 variants
identified in our study, they were checked against the following public
databases: PubMed, Clinvar, dbSNP (https://www.nebinlm.nih.gov)),
Human Genome Mutation Database (HGMD) (http://www.hgmd.cf.ac.
uk/ac/), gnomAD (https://gnomad.broadinstitute.org/), and the On-
line Archive of Brazilian Mutations (ABraOM,; http://abraom.ib.usp.br/)
(Naslavsky et al., 2017). Missense variants that were absent in the
control group and were not classified as likely benign by ClinVar were
considered to have a potential impact on the protein and were further
tested by in silico predictions. Eight different in silico pathogenicity
prediction algorithms were used: 1) Revel (loannidis et al., 2016); 2)
WS-SNPs&GO (Capriotti et al., 2013); 3) MutPred (Pejaver et al., 2017);
4) SNAP (Bromberg and Rost, 2007); 5) M-CAP (Jagadeesh et al., 2016);
6) CADD (Rentzsch et al., 2019); 7) Align-GVGD (Tavtigian et al., 2008);
and 8) PANTHER-PSEP (Tang and Thomas, 2016). The Ensembl PDX1
transeript ENST00000381033.4 (NM_000209; GRCh37.p13) was used
as reference (https://www.ensembl.org/index.html). In addition, to
evaluate amino acid conservation we performed a multiple sequence
alignment by Clustal Omega (Version 1.2.4) (https://www.ebi.ac.ulk/
Tools/msa/clustalo/). The Ensembl reference transeript of the PDX1
gene ENST00000381033.5 (PDX1; NM_000209.4; GRCh38.p13) was
used as reference.

5. Results

The p.(Glu178Lys), NG_008183.1 (NM_000209.4): ¢.532G > A
identified in the patient P25 seems to be potentially pathogenic (Sup-
plemental Fig. 1), because it was: 1) absent in ABRaOM and gnomAD
databases; 2) classified as pathogenic by Clinvar (Supplemental
Table S1); 3) absent in healthy individuals; 4) predicted to be probably
pathogenic for all eight in silico algorithms (Supplemental Table 52); 5)
the glutamic acid in the position 178 of PDX-1 homeodomain is evolu-
tionary conserved among several species (Fig. 2); 6) and the
NM_000209.4: ¢.532G > A segregates with the disease in the tested
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individuals (Fig. 1). However, we were not able to recruit and test others
relatives with diabetes as the patient’s father, mother, and sister (Fig. 1.
Individuals I-1, I-2, -2, respectively).

6. Discussion

Since its first report (Stoffers et al., 1997b), variants in the PDX1 gene
have been associated to multiples types of DM, including monogenic
forms of the disease (Fig. 2). The PDX1 ¢.532G > A identified in the
present study was firstly found in a compound heterozygous girl (PDX1
€.492G > T [p.Glul64Asp] and ¢.532G > A [p.Glul78Lys]) diagnosed
with Neonatal DM (NDM). She presented intrauterine growth retarda-
tion and pancreatic agenesis. She was treated with insulin and
replacement of pancreatic exocrine enzymes. Each mutation was
inherited from her non-consanguineous parents, who had high normal
fasting blood sugar levels and no glucose intolerance at that moment.
Her father (37 years old; BMI: 26 kg/mz) carried the ¢.532G > A and
presented a family history of type 2 DM (T2-DM) (Schwitzgebel et al.,
2003). This mutation seems to decrease PDX-1 half-life, which could
prevent the proper PDX1 self-activation and consequently a decrease in
protein level (Schwitzgebel et al., 2003).

Nicolino et al. (2010) identified the PDX1 ¢.533A > G (p.Glu178Gly)
missense mutation in the same codon of the variant identified in our
patient P25 (p.(Glu178Lys)). It was found in homozygosis in two
Moroccan cousins with Permanent Neonatal Diabetes Mellitus (PNDM);
both were underweight for the gestational age and presented pancreatic
exocrine enzymes insufficiency. The proband had normal pancreas size;
however, an ultrasound of his cousin revealed the presence of the
pancreas head but was unable to show the body and the tail. The cousins
parents carried the ¢.533A > G in heterozygosis and had normal FPG
and normal glucose tolerance; however, they presented low insulin
secretory response during oral glucose tolerance test (OGTT) (Nicolino
et al., 2010).

Until now, at least six probands with clinical manifestations of
MODY and two probands with NDM with family members with MODY
phenotype were reported harboring variants in the PDX1 (Anik et al.,
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2015; Caetano et al., 2018; Chapla et al., 2015; Deng et al., 2019; Fajans
etal., 2010; Mangrum et al., 2015; Stoffers et al., 1997a; Thomas et al.,
2009) (Supplemental Table §3). Taken together, the average AOD
ranged from birth, in the NDM cases (Fajans et al., 2010; Stoffers et al.,
19972), to 27 years old, in our P25 patient. The BMI average, excluding
neonatal cases, was 23.65 + 1.27 kg/m”. The majority of the index cases
were men (5/8). Among the 42 PDX1 carriers (probands and relatives),
32 (76.19%) presented hyperglycemia and 10 (23.81%) did not show
glycemic alteration at the moment of the study or did not reported.
Moreover, within these studies, 11 family members of the reported
probands presented hyperglycemia but did not carry the PDX1 mutation
that segregated in their family. Multifactorial forms of diabetes coex-
isting with monogenic diabetes could be a possible explanation for this
observation (Fajans et al., 2010). Concerning the therapeutic manage-
ment of the index-cases, with exception of the patient with PDX1 ¢.463C
> A that was reported to manage his hyperglycemic level by exercises
only (Deng et al., 2019), the remaining seven patients reported the use of
insulin as the main chosen treatment.

Here, we highlight the importance to include the analysis of the
PDX1 gene in the diagnosis of monogenic forms of DM. Heterozygous
mutations in PDX1 may cause PDX1-MODY diabetes and we believe that
this is the case of the family reported here. The clinical manifestation of
this rare form of diabetes needs to be further elucidated by additional
studies; it will be possible to create a more specific profile indicative of
PDX1-MODY with more clinical cases reported. The present study has
some limitations, we were not able to test the patient’s father, mother
and sister for the detected mutation, our sample size was small and we
did not perform functional studies to evaluate the impact of the PDX1
¢.532G > A variant on the protein structure and function.
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Supplemental Figure S1. Electropherograms of the variants in PDX1 gene identified in this

study.
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Supplemental Table S1. Variants identified in PDX1 gene in this study

gnomAD ABraOM
Patient CDNA level Protein level dbSNP allele allele Clinvar
frequency  frequency
P21 c.162G>A p.(Leu54Leu) rs28509441 0.004135 0.010906 Benign/Likely benign
P78 c.211C>A p.(Pro71Thr) rs564129447  0.0001442 - Not reported
P25 €.532G>A p.(Glul78Lys) rs80356662 - - Pathogenic
P47 C.716C>A p.(Pro239GIn)  rs199644078 0.006879 0.004934 Likely benign
Conflicting interpretations of
i pathogenicity
P25 c.725C>T p.(Pro242Leu)  rs193922358 0.001223 Likely benign(3);Uncertain
significance(1)
Conflicting interpretations of
P12 €.728_729insGCC p.(Pro244dup)  rs193922357 0.00001959  0.016474 pathogenicity/

Benign/ Uncertain significance
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Supplemental Table S2

. In silico analysis of point variants with unknown pathogenicity identified in PDX1 gene

Prediction tool c.211C>A p.(Pro71Thr) €.532G>A p.(Glul78Lys) €.725C>T p.(Pro242L eu)
Score Prediction Score Prediction Score Prediction
Revel 0.503  Likely disease causing  0.958 Likely disease causing 0.122 Likely benign
WS-SNPs&GO 0.217 Neutral 0.975 Disease 0.267 Neutral
SNAP -17 Neutral 92 Effect -3 Neutral
Fathmm -2.72 Damaging -4.04 Damaging -2.89 Damaging
M-CAP 0.446 Possibly pathogenic 0.832 Possibly pathogenic 0.851 Possibly pathogenic
CADD 25.3 Likely benign 33 Likely deleterious 16.30 Likely benign
Align-GVGD C35 Likely deleterious C55 Likely deleterious C65 Likely deleterious
PANTHER-PSEP 362 Possibly damaging 911 Probably damaging 176 Probably benign
Total =8 5/8 = harmful 8/8 = harmful 3/8 = harmful

Revel: https://sites.google.com/site/revelgenomics/downloads, WS-SNP&GO: http://snps.biofold.org/snps-and-go/, SNAP:
http://www.rostlab.org/services/SNAP, Fathnm: http://fathmm.biocompute.org.uk/index.html, MCAP: http://bejerano.stanford.edu/mcap/,
CADD: https://cadd.gs.washington.edu/snv, Align GVGD: http://agvgd.hci.utah.edu/agvgd_input.php, PANTHER-PSEP:

http://www.pantherdb.org/tools/csnpScore.do.
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Supplemental Table S3. Summary of mutations associated to Maturity-Onset Diabetes of the Young type 4

p Mutation  Mutation Zigosity  Origin AOD Sex ALE BMI Current  DM/ND relatives tested Reference
cDNA level protein level gostty g (years) (years) (kg/m?) treatment for the mutation*
1 c.164G>A p.Gly55Asp Hetero Turkish 14 F NA 237 Insulin 1 NM/. (Anik et al., 2015)
2 cissdelc PPrOBSAIONS \iooro Brazilian 14 M 52 21 Cliclazideand o\ NM/ANN (Caetano et al., 2018)
Ter60 insulin
Insulin and
p.Pro63Argfs . . pancreatic 1 NN, 10 NM/ 14 NN, 1 (Stoffers et al.,
3 ¢.188delC Ter60 Homo# American at birth F 5 NA S ocring NM 1997a, 1997b)
enzymes
Insulin and -
p.Pro63Argfs . . . 8 NN, 9 NM/22 NN, 9 (Fajans et al., 2010;
4 ¢.188delC Ter60 Homo# American atbirth M 1  Normal pancreatic NM Thomas et al., 2009)
enzymes
5 ¢.463C>A p.Arglb5Ser Hetero Chinese 14 M 14 24.4 None 2 NM/. (Deng et al., 2019)
6 ¢.529G>A p.Vall77Met Hetero Indian 26 M 40 24.4 Insulin NA (Chapla et al., 2015)
7 €532G>A p.Glul78Lys Hetero Brazilian 27 F 45 25.3 Insulin 1 NM/ 1NN Present study
€.694 697del
8GGCGinsAGPCY2325eT Loy NA 26 M 26 23 Insulin NA (Mangrum etal.,
cT sTer2 2015)

P: Proband; DM: Diabetes mellitus; ND: Non-Diabetes mellitus; AOD: Age of Diagnosis; ALE: Age at last evaluation; BMI: Body Mass Index;
NA: Not available; F: Female; M: Male; # Patient with Neonatal Diabetes Mellitus; *Allele N: Normal and Allele M: Mutated; 7: g5™ percentile;
DM might include Impaired Glucose Tolerance (IGT) and Impaired Fasting Glucose (IFG).
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Supplemental Graphic S1. Response to insulin treatment over the years (Patient P25)

Response to insulin treatment over the years (Patient P25)
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Capitulo V

“ldentification of mutations responsible for monogenic forms of diabetes in Brazil”

Neste Capitulo sera exposta a descri¢éo clinica de pacientes com diabetes monogénico
bem como o resultado da anélise molecular de 10 genes associados. Do total de 57 probandos
estudados, foi possivel o diagndstico de 20 pacientes (35%). A confirmacdo molecular do
diagnostico das formas mais conhecidas, como 0 GCK-MODY e o HNF1A-MODY, teve
aplicacdo direta no direcionamento do melhor tratamento para o paciente. Além disso, estes
dados trazem informacfes sobre a frequéncia das modificacdes nestes genes em casuistica
brasileira. NOs descrevemos neste Capitulo em maiores detalhes modificacBes identificadas
nos genes HNF4A e HNF1B, além de um caso inesperado de um paciente com mutacao no
gene mitocondrial MT-TL1. A analise de segregacdo, analises in silico e a classificacdo da
patogenicidade através do guia ACMG (do inglés, “American College of Medical Genetics
and Genomics”) foram realizadas para as variantes identificadas nesse estudo e para as
variantes anteriormente publicadas pelo nosso grupo, totalizando 30 variantes genémicas. As
analises de bioinforméatica foram realizadas como ferramenta complementar para um
resultado de patogenicidade mais confidvel, principalmente para as formas raras. O
diagndstico molecular de pacientes com variantes nos genes mais frequentes, como o gene
GCK se beneficiam através do tratamento personalizado. Todos os pacientes com GCK-
MODY que estavam se tratando com insulina puderam ter seu tratamento interrompido. Ja o
relato das variantes nos genes raros contribuiram com a literatura para tracar um perfil clinico

para essas formas ainda pouco conhecidas.

Os resultados do rastreamento dos 11 genes estdo apresentados no Anexo D e o

modelo de relatério de pesquisa gerado é mostrado no Anexo E.
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Abstract

Monogenic forms of diabetes mellitus represent a significant cause of this disease to be
investigated. However, studies of the genetic causes of monogenic diabetes, especially in
populations with mixed ethnic background as Brazil, are scarce. The aim of this study was to
screen several genes associated with monogenic diabetes in Brazilian patients with recurrence
of diabetes in their families. Fifty-seven probands with autosomal dominant history of
diabetes and thirty-four relatives were enrolled in this study. The inclusion criteria for patients
was age of onset < 40 years old, BMI < 30 kg/m?, at least two affected generations and
negative anti-GAD and anti-lIA2 antibodies. Analysis of HNF4A, GCK, HNF1A, HNF1B,
NEUROD1, KLF11, PAX4, INS, KCNJ11, and MT-TL1 genes were performed by Sanger
sequencing. In silico algorithms were used to assess the potential pathogenic impact variants
on protein structure and function. We identified a total of 20 patients with variants, 13 GCK-
MODY, 4 HNF1A-MODY, and one variant in each of the following genes, HNF4A, HNF1B
and MT-TL1. The segregation analysis was performed in 13 families. We described four novel
variants, two in GCK (p.(Metll5Val) [c.343A>G] and p.(Asp365GlufsTer9s)
[c.1094 1095insGCGA]) and two in HNF1A (p.(Tyrl63Ter) [c.489C>G] and
p.(Val380CysfsTer39) [c.1136_1137insC]). Taken together with previous results, our group
revealed the presence of variants as the possible cause of monogenic diabetes in half of our
cohort. Here we highlight the importance of screening for monogenic diabetes in admixed

populations.

Keywords: Monogenic diabetes; MODY; Mitochondrial disease; Mutations
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INTRODUCTION

Diabetes is a clinically and genetically variable group of metabolic diseases characterized by
hyperglycemia. It is estimated that monogenic forms of DM represent approximately 2% of
all cases of hyperglycemia (1). However, since these patients are frequently undiagnosed or
misclassified as having type 1 DM (T1DM) or type 2 DM (T2DM), this number can be even
higher. Monogenic diabetes includes neonatal diabetes mellitus (NDM), a rare form of
diabetes, characterized by the onset before six months of life (2). Likewise, mitochondrial
diabetes is caused by a single alteration in the MT-TL1 gene in mtDNA, in most cases by the
m.3243A>G (3). This variant can lead to a wide clinical spectrum, from asymptomatic
carriers to oligosymptomatic or severe symptoms, as observed in progressive external
ophthalmoplegia (PEO), maternally inherited diabetes and deafness (MIDD) and
mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) (4). In
addition, the most common form of monogenic diabetes is the Maturity-Onset Diabetes of the

Young (MODY).

MODY is classically defined as a mild diabetes with autosomal dominant inheritance, early
age at onset and impaired insulin secretion with no defect in its action, and in some cases
absence of insulin dependence (5). Since its first clinical description, variants in fourteen
genes (HNF4A, GCK, HNF1A, PDX1, HNF1B, NEUROD1, KLF11, CEL, PAX4, INS, BLK,
ABCC8, KCNJ11 and APPL1) were described associated to this condition, presenting
phenotypic, metabolic and genetic heterogeneity (for revision, (6)). The frequency of variants
in each gene is variable, according to the genetic background of the population and the

methodology applied. In this study, we aimed to identify variants in nine MODY genes and in
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MT-TL1 (mtDNA) gene in Brazilian patients with clinical characteristics of monogenic

diabetes.

MATERIALS AND METHODS

Patients

In this cross-sectional observational study were included patients who were treated at the
Clementino Fraga Filho University Hospital and at the State Institute for Diabetes and
Endocrinology Luiz Capriglione, from Rio de Janeiro, Brazil and their relatives. The inclusion
criteria were patients with age at diagnosis (AAD) equal than or less to 40 years old; positive
family history of DM in at least two generations, excluding the generation of the index case,
and/or two or more first degree relatives at the same side of the family; and negative anti-
GAD (Glutamic Acid Decarboxylase) and anti-IA2 (Islet Antigen 2) antibodies. The
exclusion criteria were patients with TIDM with positive antibodies, obesity (Body Mass
Index [BMI] > 30 kg/m? or > 95th percentile at AAD), history of diabetic ketoacidosis at
diabetes onset, clinical signs of insulin resistance and presence of secondary causes the
disease. Patients were divided into two groups to be tested, GCK or HNF1A, according to
their clinical manifestation. The GCK group (tested for the GCK gene) comprised patients
most often asymptomatic that presented mild fasting hyperglycemia since birth ranging from
100 to 154 mg/dL, increase in glycaemia < 54 mg/dL after 75 g anhydrous dextrose and
HbAlc < 7.5% (58 mmol/mol); and a evolutionarily stable disease (even without antidiabetic

drugs); the remaining patients were included in HNF1A group (tested for the HNF1A gene).

Medical records were reviewed and participants were interviewed in order to obtain the

following clinical information: AAD, duration of the disease, familiar history of DM, current
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and previous treatment, anthropometric measurements (height, weight and BMI), blood
pressure, laboratory blood tests (Fasting Plasma Glucose [FPG], HbAlc, anti-GAD, anti-1A2,
C-reactive protein [CRP], thyroid-stimulating hormone [TSH], free thyroxine 4 [Ft4], thyroid
anti-peroxidase [TPQ]), and presence of retinopathy, nephropathy, neuropathy and renal
cysts. This study protocol was approved by The Ethics and Research Committee of the
Clementino Fraga Filho University Hospital (CAAE n° 04232512.4.0000.5257) and by the
State Institute for Diabetes and Endocrinology Luiz Capriglione (CAAE n°
04232512.4.3001.5266). All participants were informed about the aim of this study and

provided a written informed consent.

Molecular genetic analysis

Genomic DNA from the probands was isolated from peripheral blood leukocytes using
QlAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) and the genomic DNA from their
relatives was collected and extracted from buccal epithelial cells according to the protocol in
the literature (7). Primers were designed for all coding regions of 10 genes (HNF4A, GCK,
HNF1A, HNF1B, NEUROD1, KLF11, PAX4, INS, KCNJ11 and MT-TL1) using Primer3Plus
software (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The
information of the primers, PCR reagents and cycling conditions were summarized in
Supplementary Table S1. PCR products were purified by EXoSAP-IT® Reagent (Applied
Biosystems, Vilnius, Lithuania), followed by Sanger sequencing reaction using the Big Dye
Terminator Kit v3.1 (Applied Biosystems, Austin, TX, USA), conducted on an ABI 3130
Automatic Genetic Analyzer (Applied Biosystems). For variants considered to be likely

pathogenic, orthogonal methodology was executed, including re-extraction of the sample,
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testing and sequencing of the forward and reverse strands of the area of interest a second time,

and sequencing of the exon containing the variant identified in family members samples.

Classification of variants

In order to investigate the previous occurrence of variants identified in our study, all variants
were cross-checked against the follow public databases: PubMed, Clinvar, dbSNP
(https://www.ncbi.nlm.nih.gov/),  HGMD  (http://www.hgmd.cf.ac.uk/ac/), = gnomAD
(https://gnomad.broadinstitute.org/) and the Online Archive of Brazilian Mutations
(ABraOM; http://abraom.ib.usp.br/) (8). We classified the variants identified by our group
according the published criteria of pathogenicity of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology (ACMG/AMP)

(Richards et al. 2015) available on VVarSome (https://varsome.com/) (9).

All variants identified received the nomenclature recommended by the Human Genome
Variation Society (http://www.hgvs.org/mutnomen/). For access the nomenclature of variants
identified in the human mitochondrial DNA, we visited the Revised Cambridge reference
sequence (rCRS) (http://www.mitomap.org/MITOMAP/HumanMitoSeq). Polymorphisms or
synonymous variants reported are not included in this study. Variants not described in

databases or published in scientific articles were referred as novel.

Bioinformatics analysis

For assess the potential impact of variants identified in this study and variants described in our
previous studies (10-13), prediction scores were obtained from MutPred
(http://mutpred.mutdb.org/) (14), FATHMM (v.2.3) (http://fathmm.biocompute.org.uk/) (15),
VEST (v.4.0) (http://cravat.us/CRAVAT/) (16,17), SIFT (https://sift.bii.a-star.edu.sg/) (18),

PolyPhen-2  (http://genetics.bwh.harvard.edu/pph/index.nhtml)  (19), Mutation  Taster
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(http://www.mutationtaster.org/) (20), PROVEAN (http://provean.jcvi.org/index.php) (21),
and Mutation Assessor (http://mutationassessor.org/r3/) (22). For conservation scores LRT
(http://www.genetics.wustl.edu/jflab/Irt_query.html) (23), GERP++
(http://mendel.stanford.edu/SidowLab/downloads/gerp/) (24), SiPhy
(http://portals.broadinstitute.org/genome_bio/siphy/)  (25), PhastCons and  PhyloP
(http://compgen.cshl.edu/phast/) (26) were used. Revel
(https://sites.google.com/site/revelgenomics/) was applied to scores of these thirteen software
(27). All analysis were done by the Ensembl Variant Effect Predictor (VEP)
(https://www.ensembl.org/Tools/VEP) (28) and the results were retrieved from the dbNSFP

(database for nonsynonymous SNP’S functional predictions) (29,30).

To predict the effect of the splice variant in the acceptor site, eight in silico analyses were
performed. Scores prediction for the mutant allele were obtained from Adaptive Boosting
Algorithm (ADA) (31), Random Forest (RF) (32) and MaxEntScan (33) tools provide by VEP
(https://www.ensembl.org/Tools/VEP) (29) and the results were retrieved from the SNV
splicing consensus regions database (dbscSNV) (34). While, NetGene2 (35,36) and HMM-
gene (v.1.1) (37) (https://services.healthtech.dtu.dk/), NNSplice (v.0.9)
(https://www fruitfly.org/seq_tools/splice.html) (38), FSPLICE (v.1.0)
(http://www.softberry.com/berry.phtml?topic=fsplice&group=programs&subgroup=gfind),

and Human Splicing Finder (v.3.1.) (HSF) (https://www.genomnis.com/access-hsf) (39)

generate their prediction score for the wild-type allele and one for the mutant allele separately.

RESULTS

Fifty-seven Brazilian probands were studied, including 26 men and 31 women. The mean

AAD was 19.09 + 10.54 years. Nineteen probands were enrolled in GCK screening and 16
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were studied for HNF1A. In addition, twenty-one negative patients for HNF1A and one
patient negative for GCK, previous reported by our group (10), were included. Forty patients
with no variants detected in GCK or HNF1A genes were screened for variants in HNF4A,
HNF1B, NEUROD1, KLF11, PAX4, INS, KCNJ11 and MT-TL1. The study sample formation
is show in the Table 1. A total of 34 relatives from 13 families were recruited (18 men and 16
women; average age 36.3 £ 20.7 years, ranging from 0 to 74 years), in which 21 presented

DM and 13 did not report hyperglycemia.

Molecular screening findings

In the present study, we identified 20 patients with variants in our cohort: thirteen patients
with variants in the GCK (13/19 - 68.4%), four patients with variants in the HNF1A (4/16 -
25%) and one variant in each of the following genes HNF4A, HNF1B and MT-TL1 (1/40 -
2.5%) (Figure 1). Taken together with our previous reports (10-13), our group revealed 34
patients with variants associated to monogenic diabetes (Table 2). Clinical characteristics of
the patients with variants described by our group are presented in Table 3. None of the
patients had any point variants in KCNJ11, KLF11 and INS genes. Concerning the segregation
study in the 34 relatives, 24 individuals showed the variant described in this study present in
the probands. Among them, 20 individuals presented DM. Four relatives with variants in the
GCK gene did not report DM at the moment of this study. Between the remaining 10 subjects

not mutated, one related DM. Segregation analyses are shown in the Figure 2.

GCK-MODY (OMIM # 125851)

GCK screening showed 11 different variants in 13 probands: seven men and six women, AAD

average of 12 + 7.8 years, BMI average of 20.3 = 1.8 kg/m?, and HbAlc average of 6.5 +
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0.3%. At the time of the study, seven patients were in nutritional therapy only; three patients
were in oral antidiabetic agents (OAD), and three on insulin therapy. Four patients had been
clinically classified with TLDM, and three patients (23%) were diagnosed with possible GCK-

MODY.

Among the variants identified in GCK, the p.(Phe423Tyr) (c.1268T>A) was found in three
probands. Besides, two variants were novel, p.(Metll5Val) (c.343A>G) and
p.(Asp365GlufsTerd5) (c.1094 1095insGCGA); the variant p.(Metl15Val) was reported in
gnomAD (Frequency: 0.00001193), however, no phenotype characteristics were available.
The missense p.(Met115Val) variant was observed in a female patient (P46) (Figure 2, letter
E; individual I11-3) diagnosed in her first pregnancy at the age of 25 years. This variant was
observed segregating from her father (Figure 2, letter E; individual 11-2) with diabetes and
was found in her two brothers (Figure 2, letter E; individuals I11-1 and 111-2). The patient
P55 (Figure 2, letter G; individual 11-3), harboring the frameshift p.(Asp365GlufsTer95)
variant, was diagnosed at 26 years of age in a routine exam (BMI at diagnosis: 22.3 kg/m?).
At the age of 32 years, when he entered in this study, he showed FPG varying from 109 to
128 mg/dL and HbAlc of 6.1% and he was controlling his hyperglycemia with diet. This
variant was also observed in his father (Figure 2, letter G; individual I-1) diagnosed at 40
years of age and in his 5-year-old son (Figure 2, letter G; individual 111-3), diagnosed at
birth. His son was born prematurely, before 32 weeks of gestation. Both, the proband and his

son, control their glycemic level with nutritional diet.

HNF1A-MODY (OMIM # 600496)

Among the 16 patients screened for HNF1A, four presented variants, one man and three

women. The average of AAD was 24 * 8.4 years, the mean BMI was 26.9 + 2.7 kg/m?, and
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mean HbAlc of 7.3 = 0.3%. Concerning the treatment at the time of the study, one patient
was using OAD, two were treated with insulin therapy, and one patient was using both

treatments. Two patients had been clinically characterized with T2DM.

The screening of HNF1A revealed the p.(Arg271Trp) (c.811C>T) in two unrelated patients.
Two novel variants, one nonsense, p.(Tyrl63Ter) (c.489C>G), and one frameshift,
p.(Val380CysfsTer39) (c.1136_1137insC), were identified. They were absent in gnomAD and
ABraOM population databases. The p.(Val380CysfsTer39) frameshift variant was found in a
patient (P56) diagnosed at 35 years of age, with a BMI at diagnostic of 28.2 kg/m2. At the
time of this study, at the age of 36 years (BMI: 25.3 kg/m?), she showed a FPG of 133 mg/dL
and HbAlc of 6.9%, (TSH 0.73 mlIU/L; Ft4 of 1.4 ng/dL). She has been treated with
alogliptin (25 mg/day). Also, it was reported family members with DM: her father and her
mother (AAD: 30 and 50 years, respectively), one brother (AAD: 40 years), two sisters
(AAD: 32 and 36 years), two nieces and one nephew with AAD before the age of 25 years.

The family members were not available to participate in our study.

The novel nonsense p.(Tyrl63Ter) variant was observed segregating from the patient P52
(Figure 2, letter K; individual 11-2) to her daughter (Figure 2, letter K; individual I11-1). The
patient AAD was 15 years of age presenting with polyuria, polydipsia and weight loss.
Glyburide was initiated and she maintained good glycemic control for almost 26 years and at
the age of 41 years, her treatment was switch for insulin (NPH and Regular) and Metformin
XR (2000 g/day). At the time of this study, at the age of 49 years, she had a BMI of 25.8
kg/m?, and HbA1lc of 8.34%. She presented retinopathy and hypertension. The patient had

continued the treatment with insulin (0.76 U/kg/day), and Metformin XR (2000 g/day) and
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glicazide was started (60 mg/day). The patient’s daughter was diagnosed at 15 years old and

has been treated with glicazide (120 mg/day) and insulin (30 U/day).

HNF4A-MODY (OMIM # 125850)

A nonsense variant in the exon 4 of HNF4A, p.(Argl63Ter) (c.487C>T), was found in a
woman (P23), the AAD was 19 years in a routine exam (BMI at diagnosis: 20 kg/m?) (Figure
2, letter M; individual 11-2). At the age of 49 years, she presented a FPG of 294 mg/dL,
managed with OAD (Glimepiride 4 mg/day) and, at the age of 53 years, she was initiated on
insulin therapy. The variant segregated to her daughter (Figure 2, letter M; individual 111-3),
the AAD of 9 years old, with FPG of 125 mg/dL. The proband’s daughter has 24 years of
diagnosis and presents polyneuropathy, renal insufficiency and retinopathy, and has been
treated with insulin therapy (10 U/day) with poor glycemic control. The proband’s daughter
gave birth to a baby (Figure 2, letter M; individual 1V-1) with congenital heart malformation
who died with three months of life, two miscarriage (Figure 2, letter M; individuals 1VV-2 and
IV-4) and two live birth children (Figure 2, letter M; individuals 1V-3 and IV-5). Her alive
son (Figure 2, letter M; individual 1V-5) was born with birth weight of 1.400 g and breathing
problems. The children and their fathers were not available for testing. The younger proband’s
daughter (Figure 2, letter M; individual 111-5) also presents DM, diagnosed at the age of 10

years old. However, she was not available for test.

HNF1B-MODY (OMIM # 137920)

The screening of the entire coding region of HNF1B showed a nonsense variant in the exon 4,
p.(Arg276Ter) (c.826C>T). The patient (P65) is a woman of 19 years of age, clinically

diagnosed with T1DM at 14 years old with symptoms of decompensated diabetes (at
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diagnosis: FPG > 500 mg/dL; BMI 23.6 kg/m?). At the moment of this study, she presented a
BMI of 21.9 kg/m?, a HbAlc of 12.1%, and she was on insulin therapy (1.7 U/kg/day). The
patient was initiated on insulin therapy since her diagnosis and presents no complications of
DM; she reports nephrolithiasis. Furthermore, it was informed that her father, uncle and
grandfather had DM, and both her uncle and grandfather deceased in young age from DM

complications.

MT-TL1 (OMIM * 590050)

The variant m.3243A>G in the MT-TL1 gene was identified in a male patient (P26) with
clinical diagnosis of TLDM at 28 years (BMI at diagnosis: 21.9 kg/m?2). At entry in the study,
he was 30 years old, showing an HbAlc of 5.6%, FPG of 116 mg/dL (2-hour postprandial
glucose: 145 mg/dL), plasmatic fasting insulin of 5.1 mcU/mL (postprandial insulin: 17.7
mcU/mL) and C-peptide of 2.1 ng/mL. He reported that his mother, father and eight siblings
had DM. He did not show any sensorineural hearing loss. At the age of 37 years, he has been
treated with insulin (0.12 U/kg/day) and glicazide (60 mg/day). His family was not available

for testing.

Bioinformatics analysis

The 16 different variants identified in genomic DNA in this study and the 14 previous
variants reported in our cohort (10-13) were evaluated through in silico predictions
algorithms. With exception of the missense HNF1A p.(Gly31Asp), all nineteen missense
variants were predicted as pathogenic at least for seven of nine programs used to predict the
pathogenicity. Besides, they were predicted as conserved at least for three of four

conservation predictions algorithms. The two inframe GCK p.(Lys39del) and p.(Phel50del)
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variants were classified as pathogenic by SIFT, PolyPhen and VEST. The frameshift variants
in GCK p.(Asp365GIlufsTer95), HNF1A p.(Pro379ProfsTer) and p.(Thr433HisfsTer116), and
NEURODL1 p.(Phe256LeufsTer2) were evaluated only by SIFT and VEST and were classified
as likely pathogenic. The four nonsense HNF1A p.(Tyr163Ter) and p.(Argl71Ter), HNF4A
p.(Argl63Ter) and HNF1B p.(Arg276Ter) variants were classified as pathogenic at least for
two of three algorithms analyzed and they were classified as conserved at least for three of
four algorithms (Table 4). Since the GCK p.(Gly227Asp) is located in a splice site donor, we
decided to analyzed the impact of the change of glycine to aspartic acid in the position 227 of
glucoquinase. According to the eight software analyzed, this variant did not have effect on
splice, however, it may change the splicing site position (Table 5). According to the ACMG
classification of pathogenicity, from the 30 variants in genomic DNA described by our group,
26 were characterized as pathogenic (17 variants) or likely pathogenic (9 variants), two were
classified as uncertain significance, while the PAX4 p.(Argl72GIn) was classified as likely

benign and the HNF1A p.(Gly31Asp) was classified as benign (Table 6).

DISCUSSION

In this study, we screened fifty-seven Brazilian patients with clinical characteristics of
monogenic diabetes. Patients were screened firstly for the GCK or HNF1A genes, according
with their phenotypic manifestation, and then for HNF4A, HNF1B, NEUROD1, KLF11,
PAX4, INS, KCNJ11 and MT-TL1. Here, we observed 13 and 4 novel Brazilian cases of GCK-
MODY and HNF1A-MODY, respectively. Taken these results together with our previous
report, our group described 19 GCK-MODY cases and 9 HNF1A-MODY patients (10).
Concerning the others MODY subtypes, we found one variant in each HNF4A, HNF1B, and

MT-TL1. We had recently report variants in NEUROD1 (12), PAX4 (11), and PDX1 (13) in
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our cohort. Altogether, our results revealed the presence of variants in half of our cohort (34

of 68 patients) (Table 1).

Until now, variants in 14 genes have been recognized to cause monogenic diabetes type
MODY, and variants on GCK and HNF1A represent the major cause worldwide. The
frequency of each MODY subtype varies according to the recruitment criteria and the genetic
background (6). In UK, variants in HNF1A were responsible for 52% of all MODY cases,
followed by 32% of GCK-MODY (40). A retrospective database study of MODY cases
reported in Brazil described the GCK-MODY as the most common form, followed by
HNF1A-MODY (41). Depending on the genetic cause, each MODY subtype may present a
different clinical profile, with variable age at onset, treatment response, and with some
subtypes having a higher risk of long-term complications of DM, and extra pancreatic

manifestations (42).

GCK-MODY patients present with mild fasting hyperglycemia from birth (43). Thus, the
diagnosis is usually accidental and at any age (44). In our GCK-MODY cohort, the age at
diagnosis ranged from 9 months to 32 years (Table 3) and the majority of the patients were
diagnosed in routine exams. Misdiagnosis of GCK-MODY patients or misclassification as
T1DM are frequent (45). However, the clinical presentation between these two forms is quite
variable. Patients GCK-MODY show a milder hyperglycemia, higher C-peptide concentration
(46), and the frequency of positivity of anti-GAD and anti-1A-2 antibodies in these patients is
similar to those found in controls subjects (47). Among our 19 GCK-MODY patients, four
were diagnosed in their childhood as having T1DM, and three of them have been treated with
insulin therapy probably unnecessarily. Pharmacological management has no impact on

glycaemia of GCK-MODY patients (outside pregnancy) (48). Besides the three probands
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treated with insulin therapy, four patients had been treated with OAD at the moment of the
study. After the molecular diagnostic, six patients stopped the pharmacological treatment and
one patient was transferred for insulin to OAD along the study. Typically, patients with GCK-
MODY with less than 40 years of age show an HbAlc ranging from 5.6 to 7.3% and a FPG
range of 5.6 to 8.0 mmol/L (49). Our patients had the HbAlc (6-7.2%) and FPG (6.1-7.7

mmol/L) within these ranges.

The screening of the coding region of GCK revealed 17 different variants; six variants had
already been reported by our group (p.(Tyr61Asp), p.(Phel50del), p.(Argl91Trp),
p.(Gly227Asp), p.(Thr228Met) and p.(Ala384Val)) (10). The likely pathogenic missense
variants p.(Arg36Trp), p.(Alal88Thr), p.(Argl91Trp), p.(Glu221Lys), p.(Ala384Val) and
p.(Phe423Tyr) were also previously described in Brazilian probands (41,50-52). The
p.(Phe423Tyr) was the only one to appear in more than one patient, it was found in three
unrelated probands (P45, P58 and P63). In relation to the p.(Alal88Thr), this amino acid
change seems to decrease glucokinase enzymatic activity, thermo-stability and lost the access
to glucokinase regulatory protein (GRP) (53); the variant p.(Argl91Trp) is kinetically
inactivating and the enzyme shows decrease in glucose and ATP affinity (54). To the best of
our knowledge, this is the first report of the GCK p.(Arg43His), p.(Gly44Ser), p.(Thr209Arg),
and p.(Pro359Leu) missense variants in Brazilian patients. We observed the first two
segregating in their families (Figure 2, letters C and D). Unfortunately, the P59
(p-(Thr209Arg)) and P68 (p.(Pro359Leu)) proband’s families were not available for being
tested. We also found the previous reported in frame p.(Lys39del) variant (55). Among the 13
variants detected in the GCK in this study, two were novel, the missense p.(Metl15Val)
(c.343A>G) and the frameshift p.(Asp365GlufsTer95) (c.1094 1095insGCGA). The

p.(Metl15Val) is registered in dbSNP under the number rs771677681 and is found in
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gnomAD with an allele frequency of 0.00001193; however, this variant was not reported
associated to diabetes in the databases. This variant was observed in the proband P46 (Figure
2, letter E; individual 111-3) and in her two older brothers (Figure 2, letter E; individuals I11-
1 and I11-2), inherited from their father with diabetes (Figure 2, letter E; individual 11-2); the
proband’s middle brother (Figure 2, letter E; individual I11-2) did not reported to have
hyperglycemia, although his blood tests were not available. The p.(Asp365GlufsTer95) was

observed segregating with DM through three generations (Figure 2, letter G).

Patients HNF1A-MODY present diabetes typically in adulthood due to a progressive insulin
deficiency (56), with an increased risk of cardiovascular mortality similar to TIDM and
T2DM (57). Variants in the HNF1A gene usually have high penetrance and the patients are
usually diagnosed before the age of 40 years and rarely before 9 years of age (56,58). The age
at diagnosis observed in our patients ranged from 12 to 35 years old (Table 3). Patients with
hyperglycemia caused by HNF1A variant can remain sulfonylurea responsive for many years
(59). The patient P37 has been treated with OAD (glimepiride 4 mg/day and metformin 2550
mg/day) after 19 years of the clinical diagnosis. Patients P44 and P56 were switched from
insulin to OAD, after 15 years and 1 year since their diagnosis, respectively. However, some

patients require insulin treatment, as is the case of the patients P4 and P52.

The screening of HNF1A showed eight different variants; five variants (p.(Gly31Asp),
p.(Vall33Glu), p.(Trpl65Arg), p.(Argl71Ter) and p.(Thr433HisfsTer116)) had already been
reported by our group (10). Here we describe the HNF1A p.(Arg271Trp) (c.811C>T), found
in two unrelated patients (P44 and P70); this variant segregates among several individuals
from the P44 proband’s family (Figure 2, letter L). The P70 proband’s family was not

available. This variant seems to decrease the HNF1A affinity and binding to DNA (60,61).
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Besides, we found a novel nonsense variant p.(Tyr163Ter) (c.489C>G), segregating from the
patient P52 to her daughter with diabetes (Figure 2, letter K), both diagnosed at the age of 15
years old. Additionally, we found a novel frameshift variant p.(Val380CysfsTer39)

(c.1136_1137insC) in the patient P56.

Although HNF1A p.(Gly31Asp) (c.92G>A), found in the patient P4, had been reported in
previous studies associated to HNF1A-MODY (62,63), its pathogenicity is unclear, since it
was found among non-DM controls (64) and it was the only variant reported here that was
found on ABraOM (allele frequency: 0.000854). Unfortunately, the members from this family
were not available for testing. Concerning the nonsense variant p.(Argl71Ter) (c.511C>T),
identified in the proband P37, it was also reported in another Brazilian patient by Santana and
coworkers (2017) (52). In vitro studies demonstrated that the premature codon terminal in the
position 171 causes the loss of the homeodomain and transactivation domain, resulting in

reduced DNA binding and consequently impaired transcriptional activation (61).

Variants in the HNF4A gene seem to be a rare cause of monogenic diabetes in Brazil (65).
The nonsense variant p.(Arg163Ter) was described by Lindner and coworkers (1997) as the
second variant found in the HNF4A associated to MODY in a family from German ancestry
(66). The patients from the reported family were treated by OAD or insulin, and patients with
longer time of the disease showed retinopathy and peripheral polyneuropathy (66). This
variant was found in our study in the proband P23 (Figure 2, letter M; individual 11-2),
segregating to her daughter (Figure 2, letter M; individual I11-3). The HNF4A works as a
heterodimer and the premature stop codon results in a truncated protein that loses the
transactivation domain (66,67) and the ability to form heterodimers (68). Besides, Laine and

coworkers (2000) observed the HNF4A p.(Argl63Ter) with a dominant-negative effect (67).
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In the patients from the German family reported by Lindner and coworkers (1997) was
noticed coronary heart disease and no nephropathy (66), while in our study, in the Brazilian
family, was reported renal insufficiency and no heart disease. Besides, the proband’s daughter

(Figure 2, letter M; individual 111-3) presented peripheral polyneuropathy.

The nonsense HNF1B p.(Arg276Ter) was described in two Japanese patients with small
kidneys and multiple renal cysts (69,70). Renal ultrasound from our patient was not available,

however a review of her medical chart revealed nephrolithiasis.

In this study, we also described one male patient with diabetes (P26), referred to HNF1A test,
carrying the MT-TL1 m.3243A>G variant. The patient did not present any other clinical
manifestations of MIDD, as sensorineural hearing loss. It has been described a wide spectrum
of clinical variability for MT-TL1 m.3243A>G variant, ranging from asymptomatic carriers to
lethal multisystem disorders (71). These finds highlights the importance of screening this
genetic variant in patients with familiar recurrence of diabetes despite the lack of other

clinical characteristics related to MIDD and MELAS syndrome.

We reported in the present study 20 Brazilian patients with clinical characteristics of diabetes
and autosomal dominant inheritance with variants in genes associated to monogenic forms of
DM. This study has some limitations worth noting: 1) The sample size is small; 2) The
segregation analysis of HNF1A p.(Val380CysfsTer39) and p.(Vall33Glu), and GCK
p.(Met115Val) was not possible; 3) We did not analyze other genes associated to monogenic
diabetes; and 4) We did not performed analysis for detection of large duplications and

deletions.
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Here we highlight the importance of screening for monogenic forms of diabetes in patients
with familial history of diabetes. Giving an accurate diagnostic with molecular confirmation
of monogenic diabetes, the results obtained could improve the choice of the best therapeutic

management of patients and their families and long-term clinical evolution.
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Table 1. Explanation of the sample screening by our group

N°of  Patients Patients N° of patients

Gene patients with without analvzed References
studied mutation mutation y
HNF1A 27 5 22
GCK 19 13 6 35 This study
HNF1A 16 4 12
Total: 69 28 41 69
Excluded from further analysis: 28 1*
Total after exclusion: 40
NEUROD1 25 1 24 40 (12)
15 0 0 This study
PAX4 31 1 30 40 (12)
9 0 9 This study
PDX1 43# 1 42 43 (13)
HNF4A 40 1 39 40 This study
HNF1B 40 1 39 40 This study
MT-TL1 40 1 39 40 This study
KCNJ11 40 0 40 40 This study
KLF11 40 0 40 40 This study
INS 40 0 40 40 This study
Total: 34 34 68

*One patient was excluded because presented antibodies against B-cell; #this study comprised three patients that

were further excluded from the analysis.
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Table 2. Variants identified in the Brazilian sample described by our group

Patient Gene GRCh38 location Exon RefSeq Gene position Mutation cDNA level Mutation protein level Reference
P53 GCK 7:44153403 2 9.49768C>T c.106C>T p.(Arg36Trp) (72)
P67 GCK 7:44153394 2 9.49777_49779del c.115_117delAAG p.(Lys39del) (55)
P75 GCK 7:44153381 2 0.49790G>A c.128G>A p.(Arg43His) (73)
P50 GCK 7:44153379 2 0.49792G>A ¢.130G>A p.(Gly44Ser) (74)
P40 GCK 7:44153326 2 g.49843T>G c.181T>G p.(Tyr61Asp) (10)
P46 GCK 7:44152291 3 9.50880A>G €.343A>G p.(Met115Val) Novel
P1 GCK 7:44150990 4 0.52181_52183delTCT c.449 451delTCT p.(Phe150del) (75)
P48 GCK 7:44149986 5 0.53185G>A .562G>A p.(Ala188Thr) (76)
P7 GCK 7:44149977 5 0.53194C>T c.571C>T p.(Arg191Trp) 77
P59 GCK 7:44149813 6 9.53358C>G €.626C>G p.(Thr209Arg) (78)
P79 GCK 7:44149778 6 0.53393G>A C.661G>A p.(Glu221Lys) (79)
P29 GCK 7:44147833 7 g.53412G>A c.680G>A p.(Gly227Asp) (80)
P9 GCK 7:44147830 7 9.55341C>T €.683C>T p.(Thr228Met) (81)
P68 GCK 7:44145674 9 9.57497C>T ¢.1076C>T p.(Pro359Leu) (82)
P55 GCK 7:44145666 9 g.57515_57518C>TinsGCGA €.1094_1095insGCGA p.(Asp365GlufsTer9s) Novel
P32 GCK 7:44145599 9 9.57572C>T c.1151C>T p.(Ala384Val) (83)

P45, P58, P63 GCK 7:44145266 10 9.57905T>A ¢.1268T>A p.(Phe423Tyr) (84)
P4 HNF1A 12:120978860 1 9.5115G>A €.92G>A p.(Gly31Asp) (62)
P28 HNF1A 12:120988904 2 9.15159G>A €.398T>A p.(Val133Glu) (10)
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P52

P13

P37

P44, P70

P56

P5

P23

P65

P24

P35

P25

P26

HNF1A

HNF1A

HNF1A

HNF1A

HNF1A

HNF1A

HNF4A

HNF1B

NEUROD1

PAX4

PDX1

MT-TL1

12:120988993

12:120988999

12:120989017

12:120994261

12:120996571

12:120996730

20:44413795

17:37731814

2:181678093

7:127613803

13:27924381

m.3243A>G

0.15248T>C
0.15254G>A
.15272C>T

.20516C>T

0.22826_22827insC

0.22985_22986insC

0.62995C>T

0.18293C>T

9.7570_7571delTT

0.6924G>A

0.9351G>A

€.489C>G
.493T>C
c.511C>T
c.811C>T
€.1136_1137insC
€.1296_1297insC
c.487C>T
€.826C>T
€.766_767delTT
c.515G>A

c.532G>A

p.(Tyrl63Ter)
p.(Trp165Arg)
p.(Argl71Ter)

p.(Arg271Trp)

p.(Val380CysfsTer39)

p.(Thr433HisfsTer116)

p.(Argl63Ter)

p.(Arg276Ter)

p.(Phe256LeufsTer2)

p.(Argl72Gin)

p.(Glul78Lys)

Novel
(85)
(86)
(62)

Novel
(10)
(66)
(69)
(12)
(87)
(88)

(89)

Ensembl HGVS: GCK: ENSG00000106633.17, ENST00000403799.8, NM_000162.5, NP_000153.1, NG_008847.2; HNF1A:

ENSG00000135100, ENST00000257555.11,

NG_011731.2, NM_000545.8, NP_000536.5; HNF4A: ENSG00000101076, ENST00000316099.9, NG_009818.1, NM_000457.5, NP_000448.3; HNF1B: ENSG00000275410,

ENST00000617811.5, NG_013019.2, NM_000458.4, NP_000449.1; NEUROD1: ENSG00000162992, ENST00000295108.4, NG_011820.2, NM_002500.5, NP_002491.3; PAXA4:

ENSG00000106331, ENST00000639438.3, NG_012848.1, NM_001366110.1, NP_001353039.1; PDX1: ENSG00000139515, ENST00000381033.5, NG_008183.1, NP_000200.1,

NM_000209.4; MT-TL1: NC_012920, gi:251831106, AC_000021.2.
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Table 3. Brazilian patient’s clinical characteristics with mutations in genes associated to

monogenic diabetes

At diagnose: At entry in this study: N s
N - s = T
£ s ® 2 5 S = -8 €8 T8
s 3 s s ¢ & 8 G 8 oE g sg
o < o (i = © g g
1 F 11 nfi 31 22.9 n/i 6.1 OAD MODY GCK No -
4 F 13 < P90 23 24.2 118 8.6 OAD MODY HNF1A No -
5 M 12 n/i 14 17.1 127 6.6 Diet HNF1A-MODY HNF1A Yes Mother
7 F 32 24.6 33 242 136 6.3 Diet n/i GCK Yes -
9 F 10 n/i 10 24 164 6 Diet n/i GCK No -
13 M 21 24 27 25.8 120 6.2 Ins T1DM HNF1A No -
23 F 19 20 49 20.7 294 9.3 OAD nfi HNF4A Yes
24 M 25 28.9 30 27.8 137 7.5 OAD MODY NEUROD1 Yes Mother
25 F 27 28.3 40 24 254 9.6 Ins MODY PDX1 Yes -
26 M 28 259 30 20 116 5.6 OAD T1DM MT-TL1 No -
28 F 22 19.9 36 18.8 91 5.9 OAD n/i HNF1A Yes Mother
29 M 18 19.7 40 247 120 6.5 Diet MODY GCK No -
32 F 19 17.2 32 24.2 110 6.4 Diet DMG GCK Yes -
35 F 32 24.8 42 21.6 n/i 11 Ins T2DM PAX4 Yes -
37 M 14 19.2 33 23.1 136 6.9 OAD MODY HNF1A No -
40 M 12 n/i 21 24.6 nfi 6.3 Diet n/i GCK Yes Mother
4 M 21 238 34 n/i nfi 7 Ins n/i HNF1A Yes -
45 F 24 19.2 40 21.6 110 6.5 Diet GCK-MODY GCK No -
46 F 25 n/i 35 23 n/i n/i Diet GCK-MODY GCK Yes Father
48 M 3 < P95 10 n/i 120 6.8 Ins T1DM GCK No -
50 M 0.75 n/i 16 21 137 7 Ins TiDM GCK Yes Mother
52 F 15 n/i 49 25.8 nfi 8.3 OAD + Ins T2DM HNF1A Yes -
53 F 15 n/i 31 19.2 112 6 Diet MODY GCK Yes Mother
55 M 26 22.3 32 26.1 109 6.1 Diet n/i GCK Yes Father
56 F 35 28.2 35 253 133 6.9 Ins n/i HNF1A No -
58 M 8 < P85 13 16.4 122 n/i Diet T1DM GCK Yes Mother
59 F 12 < P85 22 19.8 130 6.1 OAD n/i GCK No -
63 M 5 n/i 10 18.9 118 6.3 Ins n/i GCK Yes Mother
65 F 14 23.6 19 21.9 > 500 12.1 Ins T1DM HNF1B No -
67 M 3 n/i 16 19.8 120 nfi Diet GCK-MODY GCK Yes Mother
68 F 21 19.3 35 18.1 nfi 6.2 OAD MODY GCK No -
70 F 25 28.8 27 28 154 7 OAD T2DM HNF1A No -
7% F 8 < P85 13 20.8 126 6.4 Diet n/i GCK Yes Father
79 M 5 < P85 17 19.6 139 7.2 OAD T1DM GCK No -

F: Female; M: Male; AAD: Age at diagnosis; P: Percentile; BMI: Body Mass Index; OAD: Oral antidiabetic

agents; FPG: Fasting Plasma Glucose; HbAlc: Glycated hemoglobin; TIDM: Type 1 diabetes mellitus; T2DM:

Type

2

diabetes

mellitus; n/i:

Not

informed.
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Table 4. In silico algorithms prediction for the variants identified in the Brazilian patients

described by our group
Prediction algorithms
Mutations Pathogenicity Conservation
o . -
2 o s § EE E z
Mutation © <Zi © 3 2 g g8 _ 1 - g g <
Gene . m Lﬁ 0 :f % < < 'E E g Z § S g
(protein level) s 0 ¥ 3 E Y 5 & 3 @ = E g &
[n'd > < I} - © O o &
o L £ £ 35 2 8
22 2
GCK p.(Arg36Trp) D DLP PD PoDMDC Dt Nc C C C P
p.(Arg43His) D DLP PD PDMDC Dt C C C C P
p.(Gly44Ser) D DLP PD PDHDC Dt C C C C P
p.(Tyr61Asp) D DL PD PDHDC Dt C C C C P
p.(Met115Val) D N L PD PDMDC Dt C C C C P
p.(Ala188Thr) D DL P D PoDMDC Dt C C C NP
p.(Arg191Trp) D DLP - D PoDHDC Dt Nc C C C P
p.(Thr209Arg) D DLP PD PDHDC Dt C C C C P
p.(Glu221Lys) T DLP PD PDL DC Dt C C CC P
p.(Gly227Asp) D DL P D PoDMDC Dt C C C NP
p.(Thr228Met) D DL PD PDHDC Dt C C C NP
p.(Pro359Leu) T N LP P D PSD MDC Dt C C C C P
p.(Ala384Val) D DLP PD PDMDC DI C C C NP
p.(Phe423Tyr) D N LP F D PbD DC Dt C C C C P
p.(Asp365GlufsTer9s) D - LP - - - - - - - - - - -
p.(Lys39del) D D LP - - - - - - - - - -
p.(Phe150del) D D LP - - - - - - - - - -
HNF1A  p.(Gly31Asp) T N LB - D B N A N C Nc C N B
p.(Val133Glu) D DLP PD PBDMDC Dt C C C CP
p.(Trpl65Arg) D DLP PD PBDMDC Dt C C C CP
p.(Arg271Trp) D DLP PD PoDMDC Dt C Nc C C P
p.(Tyrl63Ter) - - L - - - - A Dt C Nc C C -
p.(Argl71Ter) - - L - - - - A Dt C C C C -
p.(Val380CysfsTer39) D - LP - - - - - - - - - - -
p.(Thr433HisfsTer116) D - LP - - - - - - - - - - -
HNF4A  p.(Argl63Ter) - - L - - - - A N C C C C -
HNF1B  p.(Arg276Ter) - - L - - - - A Dt C C C C -
PAX4  p.Argl72GIn D DL - D PD- DC Dt C C CCP
PDX1 p.Glul78Lys D DLP PD PDM A Dt C C CCP
NEUROD1 p.Phe256LeufsTer2 D - LP - - - - - - - - - - -

D: Damaging; T: Tolerated; P: Pathogenic; Ds: Disease causing; A: Disease causing automatic; Dt: Deleterious;

N: Neutral; L: Low impact; M: Medium impact; H: High impact; PbD: Probably damaging; PsD: Possibly
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damaging; B: Benign; LP: Likely pathogenic; LB: Likely benign; C: Conserved; Nc: Nonconserved; -: Not

analyzed.

4SIFT score < 0.05 is predicted as damaging.

® PROVEAN score < -2.5 is predicted as damaging and > - 2.5 as neutral.

®VEST score ranges from 0 to 1, the larger the score the more likely the mutation may cause functional change.

I Mutation Assessor score < 0.8 is predicted to have neutral impact , between > 0.8 and 1.9 low impact , between
> 1.9 to < 3.5 medium impact , and > 3.5 high impact .

®MutPred score range from 0 to 1, the larger the score the more likely the damaging effect.

"FATHMM score < -1.5 is predicted as damaging and > -1.5 is predicted as tolerated.

9Polyphen-2_ HUMVAR score between 0.909 and 1 is predicted as probably damaging, between 0.447 and 0.908
is predicted as possibly damaging, between 0 and 0.446 is predicted as benign.

" MutationTaster prediction: A: disease causing automatic, D: disease causing, N: polymorphism or P:
polymorphism automatic. The score cutoff between "D" and "N" is 0.5.

' LRT score ranges from 0 to 1 and which is not solely determined by the score. It is predicted as deleterious,
neutral or unknown.

7 GERP++ scores range from -12.3 to 6.17 the larger the score, the more conserved the site. The score cutoff
between nonconserved and conserved is > 2,0.

¥ SiPhy score based on 29 mammals genomes. The larger the score, the more conserved the site. Scores range
from 0 to 37.9718 in dbNSFP. The score cutoff between nonconserved and conserved is > 12.17 (90).

'PhyloP score based on 30 mammalian genomes (including human). The larger the score, the more conserved the
site. Scores range from -20 to 1.312 in dbNSFP. The score cutoff between nonconserved and conserved is > 0.

™ PhastCons score based on the multiple alignments of 30 mammalian genomes (including human). The larger
the score, the more conserved the site. The score cutoff between nonconserved and conserved is > 0.5.

"Revel score is based on 13 individual scores for predicting the pathogenicity of missense variants. Scores range

from 0 to 1. The larger the score the more likely the SNP has damaging effect.
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Table 5. Splice software predictions for GCK NM_000162.5: p.(Gly227Asp)

Splice-Site tools Score Consequence
ADA? 0.999687068188097 Alter the splicing of the gene
RF? 0.958 Alter the splicing of the gene
MaxEntScanDiff ° 0.584 No splicing effect
Netgene2 ° 0.85 (Ref: 0.85) No splicing effect
NNSplice 0.71 (Ref: 0.86) No splicing effect
HMM-gene * 0.607 (Ref: 0.756) No splicing effect
HSF - No splicing effect
FSPLICE ' 8.28 (8.90) No splicing effect

# Adaptive Boosting algorithm (ADA) and Random Forest (RF) - Higher values indicate a greater probability

that the variant will alter the splicing of the gene (threshold value: 0.60);

® MaxEntScan - A positive score predicts a good splice site sequence context, whereas a negative score predicts a

poor splice site sequence context; Ref: Reference; Mut: Mutated:;

° Netgene2 - Nearly all true acceptor sites: 20.0% (highly confident acceptor sites: 95.0%);

¢ NNSplice - Higher score implies a higher probability/confidence of the sequence being a true splice site

(threshold value: 0.40);

* HMM-gene - A value close to one means that the program is fairly certain;

"FSPLICE — Threshold value 4.175 (confidence: 90%).

ADA, RF, MaxEntScanDiff, Netgene2, NNSplice, HMM-gene, GenScan tools score ranges from 0 to 1
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Table 6. Description of the variants identified in the Brazilian patients described by our group

in public database

Variant dbSNP HGMD gnl?rr:@zn(gy)e'e Clinvar ~ ACYS/
GCK p.(Arg36Trp) rs762263694 Yes Yes (0.00001414) P, LP P
GCK p.(Lys39del) - - - us LP
GCK p.(Arg43His) rs764232985 Yes Yes (0.0000039771) LP P
GCK p.(Gly44Ser) rs267601516 Yes - P P
GCK p.(Tyr61Asp) - - - - LP
GCK p.(Metl15Val) rs771677681 - Yes (0.00001193) - LP
GCK p.(Phel150del) - - - - LP
GCK p.(Alal88Thr) rs751279776 Yes Yes (0.000003982) P LP
GCK p.(Argl91Trp) rs1085307455 Yes Yes (0.000007965) P P
GCK p.(Thr209Arg) - - - - P
GCK p.(Glu221Lys) rs193922317 Yes - P, LP P
GCK p.(Gly227Asp) - - - - P
GCK p.(Thr228Met) rs80356655 Yes Yes (0.000003999) P P
GCK p.(Pro359Leu) - Yes - - LP
GCK p.(Asp365GlufsTer9s) - - - - P
GCK p.(Ala384Val) rs1583591747 Yes - us P
GCK p.(Phe423Tyr) rs193922273 Yes - LP LP
HNF1A p.(Gly31Asp) rs137853247 Yes Yes (0.0007500) LB, US B
HNF1A p.(Val133Glu) - - - - us
HNF1A p.(Tyr163Ter) - - - - P
HNF1A p.(Trpl65Arg) - Yes - - us
HNF1A p.(Argl71Ter) rs1057520291 Yes - P P
HNF1A p.(Arg271Trp) rs886039386 Yes - P LP
HNF1A p.(Val380CysfsTer39) - - - - P
HNF1A p.(Thr433HisfsTer116) - - - - P
HNF4A p.(Arg163Ter) rs137853335 Yes - P P
HNF1B p.(Arg276Ter) rs121918672 Yes - P P
NEURODL1 p.(Phe256LeufsTer2) rs1559135142 - - - P
PAX4 p.(Argl72GIn) rs587780414 Yes Yes (0.00004243) us LB
PDX1 p.(Glul78Lys) rs80356662 Yes - P LP
MT-TL1 m.3243A>G rs199474657 - - P us

P: Pathogenic; LP: Likely pathogenic; US: Uncertain significance; LB: Likely benign; B: Benign; -: Not

available.
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Figure 1. Electropherograms of mutations probably pathogenic found by Sanger sequencing
among Brazilian patients with suspicious of monogenic diabetes. Novel mutations are showed
in blue. An arrow indicates the position of the mutation in the electropherogram.
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Figure 2. Pedigree of families with mutations in genes associated to monogenic diabetes.
Filled black symbols, grey symbols and empty symbols represent diabetic patients, impaired
tolerance glucose patients and healthy individuals, respectively. Small black circles represent
miscarriage (letter J, individual 1VV-2; letter M, individuals V-2 and 1VV-4). The present age of
the individuals are show in blue and age at diagnosis in green, both are represent in years or
months (m) when the age is followed by the letter M. Genotypes are expressed by
homozygous normal allele (NN) and heterozygous mutated allele (MN) in red. Oblique lines
through symbols represent deceased individuals. An arrow indicates the index case. In the
pedigree 75 (letter C) < 25 indicates that the AAD was prior to the AAD usually observed for
clinical criteria for MODY. In the pedigree 58 (letter 1) the age of the individual 11-5 was
informed to be approximately (~) 50 years old. In the pedigree 23 (letter M) the family
reported that the subject I11-2 was diagnosed with MODY, although we are not able to

confirm this information.
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Supplementary Table S1. Sequence of primers and PCR conditions

Gene Primers Sequences 5 3 ;I'g AmEIF:con Protocol
E1F GAAGGACACTAAGCCCCACAG 60 505 1
E1R GGCACCCCTGGCAAGACC
E2F | GGGTCAGAAGACAGAAGGAGGC 65 415 1
E2R CTGTCTCGGGCTGGCTGTG
E3F CCTTAGTCCCTTGTGCCTTCC 65 388 1
E3R CCGCTCTCCCCACCCCTG
E4F CAGCAGAGCATTCAGCAGTATC 60 690 1

GCK E4R GGGGCTACATTTGAAGGCAGAG

E5-6F CTCCAGTATATGTTAGCAGC 60 504 1
E5-6R GATACCCCAAGACCACCCAGG
E7F CACTGAAGCAACCCAGGTCT 60 506 1
E7R GATCACCTGTCGGAAGGAAA
E8F GAGGGAAAGACGTGAACCAG 62 438 1
ESR AGGCCCTAGTTTCCCATCC
E9-10F CTGTCGGAGCGACACTCA 62 700 1
E9-10R ATGGAGCCTGGGTGCTGT
E1F GTGGGTGCAAGGAGTTTGGT 60 490 1
E1R GGCCCCTCTAGGCTCTCCT
E2F GGGTTGACAAGGTTCCAGCA 60 431 1
E2R TGCAGGTTGAATCCCACTGAC
E3F AGGTCAGGGGAATGGACG 60 353 1
E3R CTGGACAGCCTTTTACAGGACC
E4F ACAGGGTTCCTCTGAGCCTG 60 370 1
E4R TGACTGCTGTCACTGGGACA
E5F AAGTGCTGAGGGCTGTGGA
HNFIA I~ Esr | cTecTccacaaTcTcccTee | | 298 !
E6F AGGGAGATTCTGGAGCAGTCC 60 369 1
E6R TGAGTCCCAGTGGCTCTTCC
E7F GCTGTTTCCTGACCACCCT 60 470 1
E7R CTGCAGACACCCTCAATCAC
E8-9F CTGGGACTAGGGCTGTCAGG 60 454 1
E8-9R ACAGTAAGGGAGGGGGTGGA
E10F CTGCTGTGATCCAGGA 60 414 1
E10R CCTCAGAGCCCTCCCTTTCT
E1F ATCTTCCCAGAGGACGGTTT 60 319 9
E1R CCAAAGATCTGCTCCTGGAC
E2F AGGTGATGGAGTGGGAACAG 60 396 5
E2R TCTGGGACCTACCCACTCAG
E3F CGGGATGAAGAGATGAGAGC 50 346 5
E3R TCTCAGCCATTAGCCAGTCA
HNF4A E4F GCTCCCACTCCTCATCAGTC 50 342 5
E4R TGTGAAACCGGACTCAGTGT
E5F CTCCCTCCCTCCGTTTTTAC 50 406 5
E5R CCACGGCTATATCCCAGGT
E6F TTCTTTCCCCTTCCAGGTTT 60 418 2
E6R CTGGAGCCCTCTAATGCAAG
E7F CCACAGGCACCAGCTATCTT 60 392 2
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ETR | AAATGAAAACGGCCTCTCCT
ESF | ACAAGTCAGGGGACATCTGG | o0 | o1
ESR | ACTGTGTGAGGCCTGTCTCC
EOF | TATTGGATGGGCTGGTTGAT | . | 4
E9R | ACCCTGGAACCCAGAAAACT
EI0F | AAAGGCTGGAATTTTGAGCA | .| ..
EIOR | CCTTCATCCTTCCCATTCCT
E1F TICCTGGATTTGGGGTTTGC | (| oo
EIR | GGGACTTCTCTGGTGGGAAA
E2F GCAGTCACCTTCTCCTCTGT | o | ,1-
E2R | ACTTCAGGTTGAGGCAGAGG
E3F TCCGTTGTCTGTCTGICTGT | | oo
E3R | TTGATATTGGGGTTCTGTGGAA
E4F CCCCTTCATACTCCCAACCA | (| Lo
EAR | ATTCTGGCAATGAGAGAGCG
E5F | TGGACAGGGGAGGAGAAAG
HNF1B R CCTATGGGGCTACAATGGTTC | 20| 3%
E6F | CACCATGCCCAGCCAATAAT | | 4o
E6R | TCGTGGGTGAGTTTGAAGGA
ETF | TAATGCCCATCTCCAACCCA | o0 | 470
E7TR | AGAGAGGGAAAGTGGTTGGC
ESF | AGATGGGAGCTATGGTGTGG | oo | 4o
ESR | AACAACAGGGAGCCTCAGAA
EOF | AGAACTGAGCAGACACGAGG | oo | 4o
EOR | AGTGGATTGTCTGAGGTGCC
E1F CCTTCAGCCTGCCTCAGC 9
NS EIR | CACTTTTAGGACGTGACCAAGA
E2F TGGAGATGGGTGGGAGTG | o0 | o7
E2R | AAGACACACAGACGGCACAG
EloF | GGTTTAGGGAGTGGAAGCTGA | | .o
NEURODL _EL8R | GTTGGTGGTGGGTTGGGATA
EIDF | TACATCTGGGCTCTGTCGGA | | oo
EIbR | TGTAAGCACAGTGGGTTCGT
E1F AGGGGCGCGGTGTATITIG | (| oo
EIR CCCCACCTCCCGCATTTAC
E2F | TCGGTGTTTGTTGCTATAGACT | oo | eoo
E2R | CCAGGGAATCTTCTCACAAGT
E3aF | AAGGTATTGGGAGCATTGTGA
KLFLL  E3R | TCCAGTCACAGGGATCATCT | 7| 80
E3bF GGTGTCCTGTCAGCCCTG N
E3bR | AAAGGCGGCTCAAGGTGTG
EAF | AGTGTGGGAGGAATAAATGCC | o | o0
EAR | AAAATCCCATGAGTGATGTCCT
EloF | AGAGTCTGGTGGGGAGTTATCT | | oo
E1aR GGGCACTCCTCAGTCACC
EIbF | TCTTCACCATGTCCTTCCTGTG
KCNJLL E R T TCGTAGAGTGGGCTGTTGG | 0| o8
E1cF TGGCCCCGCTGATCATCTA | | o
E1cR GCCGGGCTACATACCACAT
PAX4 EIF | GGGTATGGGCAAGGAACAAA | 60| 493
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E1R CCCCTTTTCAACCTCCGAGA
E2F TGGCCTGGTCCAGTAAGTCT 60 509 2
E2R GCTTTCTCCTTCCCAATCCT
E3F AGGATTGGGAAGGAGAAAGCA 63 473 5
E3R GGGACCTGTGTTCTGTTCCA
E4F GGTATTGAGCACCCTTTCCA 60 415 5
E4R CACTCACACCTGCACCTCTC
ESF GTTTGGGGTTGTAGCAGGTG 60 418 5
E5R CCCTCCCTGCTCTAGCTTTT
EGF TCTTCCCCAACCCAAACCTT 60 301 3
E6GR GATAGATGACTGAGCGGGCA
E7F AAGGACCTGTCTTGGGGAAG 60 312 9
E7R GCTCAGGCCAGAAATGGAAG
E8F ATACTACTTGGGTGGCAGGC 60 502 3
ESR GGGAGAGAGGCTGAGACATC
E9F CAGGGTGGGAAACTGATGTC 60 447 3
E9R GTGAGAAGTGGGTGGGTGTT
F CCTCCCTGTACGAAAGGACA
MT-TLL R GCGGTGATGTAGAGGGTGAT 60 412 2

Ta: annealing temperature; bp: base pairs; F: Forward; R: Reverse; Protocol used for each
reaction described above;

PCR conditions:

Protocol 1 - 50 ng of Genomic DNA, 1 unit of AmpliTag DNA Polymerase (Applied
Biosystems, Foster City, CA, USA), 1X PCR Buffer I (contains 15 mM MgCl,)
(Applied Biosystems, Foster City, CA, USA), 0.2 mM of each dNTP and 0.4 uM of
each primer.

Protocol 2 - 50 ng of Genomic DNA, 1.5 unit of Tag DNA Polymerase Brasil
(Invitrogen, CA, USA), 1X PCR Buffer (Invitrogen, CA, USA), 0.2 mM of each
dNTP, 2 mM of MgCl; and 0.4 uM of each primer.

Protocol 3 — 50 ng of Genomic DNA, 2 unit of FastStart Taqg DNA Polymerase
(Roche Diagnostics, Mannheim, Germany), 1X PCR Reaction Buffer (Roche
Diagnostics, Mannheim, Germany), 2 mM of MgCl,, 1X GC-RICH Solution (Roche
Diagnostics, Mannheim, Germany), 0.2 mM of each dNTP, 2 mM of MgCl; and 0.4
uM of each primer.

Protocol 4 - 50 ng of Genomic DNA, 1 unit of Platinum Taq DNA Polymerase High
Fidelity (Invitrogen, CA, USA), 1X High fidelity PCR Buffer (Invitrogen, CA, USA),
0.2 mM of each dNTP, 2 mM of MgSO, and 0.4 uM of each primer.

Protocol 5 — 50 ng of Genomic DNA, 1.25 unit of AmpliTaq Gold™ DNA
Polymerase (Applied Biosystems, CA, USA), 1X PCR Gold Buffer (Applied
Biosystems, CA, USA), 0.2 mM of each dNTP, 2 mM of MgCl, (Applied Biosystems,
CA, USA), and 0.4 uM of each primer.

Cycling conditions:

Protocol 1 - 95 °C for 10 min, followed by 40 cycles of 94 °C for 1 min, gene-specific
annealing temperature (°C) for 1 min and 72 °C for 1 min; and a final extension of 72
°C for 10 min.
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Protocol 2 - 95 °C for 10 min, followed by 40 cycles of 95 °C for 1 min, gene-specific
annealing temperature (°C) for 1 min and 72 °C for 1 min; and a final extension of 72
°C for 10 min.

Protocol 3 - 95 °C for 4 min, followed by 40 cycles of 95 °C for 30 s, gene-specific
annealing temperature (°C) for 30 s and 72 °C for 1 min; and a final extension of 72
°C for 10 min.

Protocol 4 - 96 °C for 9 min, followed by 40 cycles of 96 °C for 1min, gene-specific
annealing temperature (°C) for 1 min and 30 s and 72 °C for 1 min; and a final
extension of 72 °C for 10 min.

Protocol 5 - 95 °C for 10 min, followed by 40 cycles of 94 °C for 1min, gene-specific
annealing temperature (°C) for 1 min and 72 °C for 1 min; and a final extension of 72
°C for 10 min.
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4. Discussao

O Brasil figura em quinto lugar entre os paises com maior numero de casos de
diabetes mellitus no mundo, sendo o terceiro pais com mais gastos com tratamento de DM e
suas complicagfes (1). Apesar da importante implicagdo clinica da investigacdo das formas
monogénicas do diabetes, estudos objetivando essas formas ainda sdo escassos,
principalmente em populacGes em desenvolvimento e subdesenvolvimento, tendo implicac6es
negativas diretas no manejo do paciente e no custo-beneficio. No Brasil, ainda ha poucos
relatos de pacientes com diabetes monogénico, e o papel destas formas raras em nossa
populacdo ndo é totalmente conhecido. Além disso, a maioria dos trabalhos na populacéo
brasileira se limita ao estudo dos genes mais frequentes (GCK, HNF1A, HNF4A e HNF1B). O
rastreamento apenas das formas mais comuns resulta em uma grande parcela de pacientes
subdiagnosticados, subestimando o possivel papel dos demais genes como causa de diabetes
monogénico na nossa populacdo. Desta forma, com o intuito de aumentar o conhecimento do
perfil genético das formas monogénicas de diabetes na nossa populacdo, onze genes foram
investigados (HNF4A, GCK, HNF1A, HNF1B, PDX1, NEUROD1, KLF11, PAX4, INS,
KCNJ11 e MT-TL1) nesse estudo, em uma amostra da populacéo brasileira.

Neste estudo foram identificadas modificacfes em 50% do total da amostras analisada
(34/68 pacientes), sendo a maior frequéncia de modificagdes encontrada entre 0s genes mais
comuns, GCK e HNF1A. Dentre os 26 pacientes que tinham perfil clinico para GCK-MODY,
19 (73%) apresentaram modificacGes no gene GCK. O grupo composto por 42 pacientes que
foram analisados para o gene HNF1A apresentou 9 (21,42%) pacientes com modificacdes
nesse gene. Os genes HNF4A e HNF1B, apresentaram uma frequéncia de 2,5% (1/40) cada. A
analise dos genes raros revelou uma frequéncia de 7,5% (3/40) (NEUROD1, PAX4 e PDX1).
Além disso, identificamos um paciente com a mutacdo m.3243A>G no gene mitocondrial
MT-TL1 (2,5%; 1/40). Em nosso estudo ndo observamos modificacdes nos genes KCNJ11,
INS e KLF11 (Grafico 1).
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MUTAGOES IDENTIFICADAS NO ESTUDO EM PACIENTES COM DM
DISTRIBUIDAS POR GENE

B GCK

W ANFIA

W HNF44

W HNFIB

W NEUROD]T

W PAX4
PDXT

mMITLT

Grafico 1. ModificacGes identificadas neste estudo, distribuidas por gene.

Mutac¢6es nos genes GCK e HNF1A séo descritas como as causas mais frequentes de
MODY no mundo (45). Apesar da frequéncia encontrada no gene GCK em nosso estudo ter
sido 4 vezes superior a encontrada para o gene HNF1A, ao observar esses dados, deve-se levar
em consideracdo que nesse estudo 0s nossos critérios para selecdo dos pacientes foram
diferenciados, e que pacientes com GCK-MODY possuem um fendtipo clinico distinto das
demais formas, sendo seu diagndstico clinico mais assertivo.

Juntamente com as mutagdes nos genes GCK e HNF1A, mutagdes nos genes HNF4A e
HNF1B figuram entre as causas mais frequentes de diabetes do tipo MODY. Estudos em
populacBes Caucasianas apontam mutacfes nestes genes como causa de 95% dos casos de
MODY (45,256), sendo a frequéncia do HNF4A e HNF1B de 20% e 5%, respectivamente e
dos genes raros variando de 0 a < 1% (256). Entretanto, em nosso estudo a frequéncia de
modifica¢fes nos genes HNF4A e HNF1B foi a mesma das frequéncias encontradas nos genes
reportados como raros, NEUROD1, PAX4 e PDX1 (2,5% cada). Este resultado ressalta a
importancia do rastreamento de outros genes associados ao diabetes, principalmente em
populagbes miscigenadas, demonstrando que as frequéncias encontradas na populacdo
brasileira pode ser diferente das ja descritas.

Em relacdo ao gene PDX1, além do nosso relato de caso (257), um outro paciente
brasileiro ja havia sido reportado com PDX1-MODY (245), reforcando que as frequéncias em
nossa populacdo podem ser diferentes das demais, principalmente das populacfes europeias,
gue ja possuem frequéncias bem definidas na literatura (131-133). A auséncia de
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modificagdes nos genes KCNJ11, INS e KLF11 em nossa amostra sugere que alteracdes
nesses genes como causa de MODY sdo raras, além disso, esse resultado era esperado visto
que dados da literatura apontam mutagcfes nos genes KCNJ11 e INS mais associadas como
causa de diabetes neonatal (48,52,219,221).

A identificacdo de mutacdes no diagnostico molecular como ferramenta complementar
para o correto diagnéstico clinico tem grande implicacdo no prognostico da doenga, bem
como na escolha da melhor estratégia de tratamento e no aconselhamento genético familiar.
Ao entrar no nosso estudo, sete pacientes haviam sido diagnosticados com DM do tipo 1.
Entre esses pacientes, quatro pacientes tiveram o diagnostico molecular de GCK-MODY e um
de HNF1A-MODY. Trés pacientes haviam sido diagnosticados com DM do tipo 2, e
identificamos modificacbes no gene HNF1A em dois destes individuos. Além disso, uma
paciente havia recebido o diagndstico de DM gestacional, sendo diagnosticada como GCK-

MODY apés este estudo, e 11 pacientes estavam sem nenhum diagnostico (Gréfico 2 e 3).

SUSPEITA CLINICA X DIAGNOSTICO MOLECULAR

B GCH

MODY DM1 DMG Sem suspeita

Graéfico 2. Suspeita de diagndstico clinico versus diagnostico molecular pacientes do grupo
GCK-MODY.
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SUSPEITA CLIiNICA X DIAGNOSTICO MOLECULAR
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Graéfico 3. Suspeita de diagndstico clinico versus diagnostico molecular pacientes do grupo
ndo GCK-MODY.

O diagnostico clinico das formas monogénicas tem aplicacdo direta no tratamento e
progndstico dos pacientes. Atualmente, um dos grandes exemplos da aplicacdo do diagndstico
molecular na prética clinica sdo os casos de pacientes com mutacfes inativadoras em
heterozigose no gene (GCK) da glicoquinase que apresentam hiperglicemia leve desde o
nascimento e sao assintomaticos. Quando se confirma o diagndstico molecular destes
pacientes, aqueles que faziam uso de medicamentos orais, ou mesmo uso de insulina, podem
fazer a troca para dieta e exercicios fisicos, como foi 0 caso de seis pacientes diagnosticados
com GCK-MODY do nosso estudo, trés estavam utilizando insulina e trés estavam com
medicamentos orais. Apds o diagnostico molecular esses pacientes puderam controlar a
glicemia apenas através de dieta e exercicios fisicos (Grafico 4). Outro beneficio do
diagnédstico molecular, é através do monitoramento de mulheres gravidas com GCK-MODY
que podem gerar bebés macrossdmicos (131,132). Como foi o caso da paciente P53, que
recebeu o diagnostico de GCK-MODY antes de sua primeira gestacdo e fez uso de insulina
durante esse periodo. Além disso, durante o parto, o sangue do corddo umbilical do bebé desta
paciente foi coletado de modo a rastrear o DNA do recém-nascido para modificagdo da mae.
O teste genético revelou que o bebé havia herdado a modificacdo presente na mae. Desta
forma, ndo era necessario o uso de insulina durante essa gravidez, visto que mae e filho
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respondem igualmente ao incremento de glicose. Por isso faz-se necessario a utilizacdo de
novas técnicas ndo invasivas, como o “droplet digital PCR”, para o diagndstico molecular
fetal no inicio da gravidez (139).

Outra aplicacdo clinica do diagndstico molecular é quando se identificam
modificacdes patogénicas causadoras de HNF1A-MODY em pacientes tratados com insulina.
Nestes casos, dependendo da evolugdo clinica do paciente e a duracdo da doenca, pode ser
realizada a substituicdo da injecdo de insulina por medicamentos orais, melhorando a
qualidade de vida do paciente e seu prognostico (258), visto que estes pacientes possuem boas
respostas a baixas doses de sulfonilureias durante anos (165). No nosso estudo, o tratamento
dos pacientes P44 e P56 puderam ser modificados de insulina para medicamentos orais,
obtendo boa resposta nas taxas glicémicas.

TRATAMENTO ANTES DO DIAGNOSTICO MOLECULAR
14
13
12 n
10 o = MT-TLT
POXT
8 W PAX4
W NEURODT
6 B HNF4A
B HNFIB
4 W HNFIA
9 1 B GCK
0
Insulina AHO Insulina + AHO Dieta

Gréfico 4. Tratamento dos pacientes identificados com DM monogénico antes do diagnéstico

molecular.

Além dos probandos, os familiares afetados desses individuos sdo beneficiados pelo
teste genético, podendo ter uma melhora em seu tratamento, progndstico e qualidade de vida.
Em nosso estudo 19 familias (62 familiares) foram estudadas para as modificacdes
identificadas no caso-index. Dos 62 individuos, 41 apresentaram a modificacdo estudada e
destes, 34 reportaram ter diabetes. Entretanto, curiosamente sete individuos com as
modificacdes estudadas ndo reportaram hiperglicemia. Dentre esses sete individuos, n6s ndo
tivemos acesso aos exames bioquimicos de trés deles; incluindo o filho recém-nascido da
probanda P53 (GCK-MODY), o irmdo da paciente P46 (GCK-MODY) e a mée da paciente
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P28 (HNF1A-MODY). Os quatro carreadores ndo diabéticos restantes foram observados na
familia P35, com modificagdo no gene PAX4. Acreditamos que essa modificacdo possa ser
responsavel por uma manifestacdo mais tardia da doenca (259).

Com relacdo aos cinco pacientes com diabetes e que apresentaram alelos normais para
a modificacdo identificada no probando, dois pacientes eram pais dos probandos com GCK-
MODY P40 e P53 e, e tiveram o diagndstico tardio com 48 e 64 anos, respectivamente, idade
de diagnostico compativel com diabetes do tipo 2. Nos dois casos as modificacGes foram
confirmadas segregarem através das mées dos probandos. Além disso, ndo observamos a
modificacdo no gene HNF1A na mae e irmd do probando P44. Ambas tiveram o diagnéstico
mais tardiamente do que dos outros familiares, 50 e 30 anos respectivamente, e possuiam
sobrepeso. Acreditamos que esses dois casos sejam fenocdpias da doencga. O pai do probando
P44 ¢ falecido e ndo pode ter seu material genético testado, entretanto a familia relatou que
ele teve o diagndstico aos 18 anos, era magro e tinha irmdos com DM. Dessa forma,
acreditamos que essa modificacdo tenha sido transmitida pelo pai do probando. O dltimo caso,
¢ a irma da paciente P35 com PAX4-MODY, diagnosticada aos 25 anos com DM gestacional.
Assim como no caso da familia P44, acreditamos se tratar de uma fenocopia, visto que ela

reportou ter DM gestacional (Grafico 5).

FAMILIARES TESTADOS PARA MUTAGAO DO
CASO-INDEX

Individuos sem DM _

0 20 40
~ Individuos comDM | Individuos sem DM
‘B Mutado 34 | 7
‘B Nao mutado 5 14

Graéfico 5. Distribuicdo de familiares com diabetes ou ndo versus a presenca e auséncia da
modificag&o.
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O rastreamento molecular através da técnica de sequenciamento de Sanger permite a
identificacdo de diferentes tipos de modificagdes. Neste estudo observamos modificacdes de
sentido trocado, sem sentido, com mudan¢a no quadro de leitura e dele¢cdo de um dnico
codon. A modificacdo do tipo sentido trocado foi a mais predominante, representando 64,5%
do total (Grafico 6).

TIPOS DE MUTAGﬁES X GENE
25
20
20 = MI-TL1
m POXT
15 W PAX4
m NEURODT
10 m HNFIB
B ANF4A
5 4 4 B ANFIA
. . 2 1 B GCK
0 (2 1

Sentido  Sem sentido Mudancano Indel sem MT-TL1

trocado quadro de mudanga no
leitura quadro de
leitura

Graéfico 6. Tipos de modificacfes identificadas nesse estudo por gene.

Dentre as 31 diferentes modificacdes identificadas, oito foram novas, sendo trés no
gene GCK ((p.(Tir61Asp), p.(Metl15Val) e p.(Asp365GlufsTer95)), quatro no gene HNF1A
(p.(Val133Glu), p.(Tirl63Ter), p.(Val380CisfsTer39) e p.(Tre433HisfsTerl16)), e uma
modificacdo no gene NEURODL1 (p.(Fen256LeufsTer2)). Com relacdo as analises in silico,
todas as modificacBes novas foram preditas como provavelmente patogénicas pela maioria
dos programas. Com relacédo a patogenicidade utilizando a classificagdo do ACMG, apenas as
variantes GCK p.(Metl115Val) e HNF1A p.(Val133Glu) foram descritas com significancia
incerta; as demais foram classificadas como patogénicas ou provavelmente patogénicas.
Dentre as oito novas variantes, foi possivel observar a segregacdo da modificacdo com a
doenca em seis familias; ndo foi possivel o contato com a familia da Paciente P56 no
momento do estudo e a modificacdo p.(Vall33Glu) identificada na probanda P28, apesar de

ser observada em duas irmas diabéticas, a mée, com 70 anos, ndo apresentou hiperglicemia.
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Estudos futuros sdo necessarios para analisar a patogenicidade e a penetrancia da variante
p.(Vall33Glu) no gene HNF1A.

No gene GCK, 14 modificacOes de sentido trocado foram observadas, seguidas por
duas dele¢bes de um unico codon e uma modificacdo com mudanca no quadro de leitura.
Mutacdes no gene GCK sdo descritas ao longo de todos os 10 éxons do gene. Em nossa
amostra, dos 17 tipos diferentes de modificagdes identificadas, cinco (11,8%) foram
identificadas no éxon 2, fora da regido do subdominio maior. Contudo, apesar de mutacdes
neste éxon parecerem mais frequentes, o rastreamento de toda regido codificadora deste gene
é crucial, visto que, além de modificacdes no éxon 2, nds identificamos variantes em quase

todos os éxons, com exce¢do dos éxons 1 e 8 (Figura 22).

Gene 6CK
p.(Arg36Trp) p.(Ala188Tre) p(Pro359Leu)
p.(Lis39del) p.(Arg191Trp) p.(Asp3656LufsTer95)
p.(Argh3His) p.(Ala384Val)
p.(Blit4Ser) pATre209Arg) p.(6li227Asp)
pTir6lAsp) ~ p.(Metl15Val)  p.(Fen150del) ]\ p.(Glu221Lis) p.(Tre228Met) p.(Fen&23Tir)

A i
B0 —o—0-oh—0—0-86
] T w m n
Subdominios:

[ Maior [ Menor

Figura 22. Distribuicdo das modificacOes identificadas neste estudo ao longo dos éxons do

gene GCK. Em vermelho estdo destacadas as modificages novas. Fonte: O autor.

As modificacGes identificadas no gene HNF1A tiveram maior ocorréncia no dominio
de ligacdo ao DNA, sendo trés do tipo sentido trocado e duas sem sentido. As duas
modificacdes que mudam o quadro de leitura, foram identificadas no éxon 6, correspondente
ao dominio de transativacdo. E possivel que essas modificacdes facam com que a proteina
HNF1A seja produzida de forma truncada, sem a funcdo de ativagdo ou mesmo nao seja
produzida. A unica modificacdo identificada fora dos dominios na proteina HNF1A foi a
variante p.(Gli31Asp), identificada no éxon 1, além disso, ela foi a Unica variante predita

como benigna pela maioria dos algoritmos in silico utilizados (Figura 23).
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Gene ANFIA
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Figura 23. Distribui¢do das modificacOes identificadas neste estudo ao longo dos éxons do
gene HNF1A. Em vermelho estdo destacadas as modificagdes novas. Fonte: O autor.

A HNF1A p.(Gli31Asp) é uma variante amplamente descrita na literatura associada a
MODY, sendo encontrada nas popula¢Ges francesa (260), espanhola (261) e mesmo em
pacientes brasileiros (262). Apesar de ter varios relatos dessa variante associados a DM do
tipo MODY, a sua patogenicidade ainda ndo é clara. Essa variante foi identificada em 82
alelos do EXAC (Frequéncia do alelo A: 0,0007), ndo segregou com a doenca em estudos
prévios (263), e foi predita como benigna pelas nossas analises in silico e foi a Unica variante
identificada em nosso estudo fora dos dominios da proteina HNF1A, levantando davidas do
real papel da variante p.(Gli31Asp) como causa de diabetes monogénico. A analise da
segregacdo na familia da paciente P4 do nosso estudo podera contribuir para seu maior
entendimento. Estudos futuros sdo necessarios para avaliarmos o seu papel.

Ap0s as analises dos genes mais frequentes associados ao diabetes do tipo MODY,
decidimos realizar o estudo do gene mitocondrial MT-TL1, apesar dos nossos pacientes ndo
apresentarem fenoétipos clinicos indicativos de MIDD ou MELAS. Como resultado,
identificamos um paciente com a mutacdo m.3243A>G em heteroplasmia nos linfécitos das
células sanguineas periféricas. O paciente foi diagnosticado aos 28 anos de idade com DM do
tipo 1. Ele relatou ter varios familiares afetados por DM (mde, pai e todos 0s oito irmaos).
Entretanto o estudo de segregacdo nao foi possivel. Apesar da variante m.3243A>G ser
associada a varias sindromes (264,265), pode levar ao aparecimento apenas de alguns
sintomas, sendo o0s pacientes denominados como oligossintomaticos (266), ou até mesmo
estar presente em portadores assintomaticos (266). O fenétipo clinico vai depender, portanto,
do grau de heteroplasmia da mutacdo (267,268). O paciente P28 parece se enquadrar entre os
pacientes oligossintomaticos, pois ndo reportou qualquer alteracdo adicional além do diabetes.
Estudos de segregacdo, bem como anéalises do grau de heteroplasmia de outros tecidos, tais

como saliva, s@o de grande importancia para o esclarecimento deste tipo de caso clinico.
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Até recentemente, no Brasil, o diagndstico molecular era baseado no rastreamento das
regides codificadoras dos genes GCK e HNF1A através de sequenciamento automaético de
Sanger (104,269). Neste estudo, abordamos o rastreamento de outros genes associados a esta
condicdo e demonstramos a sua importancia na resposta aos casos nhegativos para o
rastreamento dos genes mais frequentes. Apesar da alta taxa de positividade (50%), utilizando
0 sequenciamento de Sanger, essa tecnologia tém suas limitagdes principalmente porque ela
ndo analisa grandes deleces e insercdes no genoma e também ndo analisa outros genes raros,
conhecidos ou ndo, que podem estar relacionados com a doenca. Diversos estudos ja
demonstraram a vantagem da aplicacdo do sequenciamento massivo paralelo (Next-
Generation Sequencing-NGS) em pacientes com fendtipo clinico de diabetes monogénico,
visto que o NGS fornece resultados mais rapidos, aumenta a acuracia do diagndstico e é mais
econbmico comparado ao sequenciamento automatico de Sanger (270). Além disso, o
diagnostico de multiplos genes aumenta a identificacdo de pacientes com formas monogénicas
(271). Desta forma, acreditamos que a expansdo do rastreamento para outros genes em
pacientes sem mutagdes identificadas nos genes estudados e a aplica¢do da analise do exoma
completo naqueles pacientes com fendtipo clinico caracteristico e forte histéria familiar,
aumentara a eficiéncia dos métodos de diagnostico molecular e a identificacdo de novos genes
associados a esta doenca.

Visto que os testes genéticos ainda ndo sdo acessiveis para todos os pacientes com
diabetes, novas formas de selecdo clinica dos pacientes com suspeita de diabetes monogénico
tém sido discutidas e aplicadas, como € o caso da calculadora de MODY, desenvolvida pelos
pesquisadores da “University of Exeter Medical School” e da “Royal Devon & Exeter NHS
Foundation Trust”. Através da obtenc¢do de dados clinicos do paciente, a calculadora fornece
resultados que auxiliam na tomada de decisdo do encaminhamento para testes moleculares.
Assim, esta ferramenta possibilita uma selecdo mais precisa, com melhor custo beneficio.
Entretanto, essa calculadora deve ser testada e validada em outras popula¢des ja que o estudo
se limitou a individuos Caucasianos de origem Europeia (272). O resultado obtido pelo nosso
estudo inicial demonstrou que a aplicagédo da calculadora de risco de MODY aumenta a
eficiéncia na detecgdo de pacientes com GCK-MODY, bem como aumenta a sensibilidade na
captacdo de pacientes HNF1LA-MODY, gerando um melhor custo-beneficio (269).

O diagnostico molecular de formas raras de diabetes é de extrema importancia pois,
além do impacto social na vida do paciente, vimos que o diagndstico preciso oferece um
6timo custo-beneficio, visto que muitos pacientes diminuem a medica¢do, ou mesmo nao
necessitam dela. No Brasil, a Diretriz mais atual (2019-2020) da Sociedade Brasileira de

Diabetes incluem as formas mais comuns de MODY (MODY1-MODY®6) e enfatiza a
140



importancia do olhar clinico para diferenciacdo entre os jovens com DM do tipo 2 quando
comparado aos pacientes com HNF1A-MODY. Além disso, nessa diretriz o tratamento mais
adequado para as gravidas com as formas GCK/HNF4A-MODY de diabetes sdo apresentados
(273-275). Ademais, no Brasil hd pouco direcionamento de qual procedimento a ser seguido
para selecdo de pacientes candidatos a serem testados e possivelmente beneficiados pelo
diagndstico genético. Além disso, o diagndstico molecular ainda ndo é realizado pelo sistema
publico de salde na maioria dos paises, incluindo o Brasil. Os estudos genéticos para
diagnostico de pacientes com diabetes monogénico sdo restritos apenas a laboratorios
publicos através da pesquisa clinica ou a empresas privadas. Até 0 momento, o0s estudos se
baseiam nas frequéncias das mutagdes identificadas em genes em outras populagdes, com

componente genético diferente da nossa populacdo, que € altamente miscigenado.

O estudo das formas mais conhecidas - GCK/HNF1A/HNF4A/HNF1B-MODY -
permite o tratamento mais direcionado dos pacientes, entretanto, ainda ndo sabemos a real
contribuicdo dos genes que sdo descritos como raros ou mesmo de genes ainda ndo descritos.
Neste estudo identificamos variantes possivelmente causais de diabetes em trés familias com
formas raras - NEUROD1/PAX4/PDX1-MODY -. Esses relatos de caso de formas raras, com
descricdo clinica detalhada dos pacientes, sdo de extrema importancia de modo que
contribuem com a literatura para que se possa definir um perfil clinico para pacientes com
mutacdes nestes genes, como ocorre com as formas mais comuns de MODY, e futuramente
poderdo auxiliar na identificacdo do melhor tratamento para cada subtipo de MODY. Assim,
acreditamos que o conhecimento gerado neste estudo das formas raras de diabetes na
populacéo brasileira terdo grande aplicagdo clinica e cientifica.
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5. Conclusoes

Neste estudo analisamos a presenca de variantes patogénicas em genes associados ao
diabetes monogénico em uma amostra da populacdo brasileira contribuindo para uma maior

compreenséo das formas raras do diabetes mellitus.

e Dentre os 68 probandos com fendtipo de diabetes monogénico incluidos neste estudo,
34 (50%) apresentaram variantes possivelmente patogénicas em um dos genes
estudados. Foram identificados 19 probandos com variantes no gene da glicoquinase
(GCK) e nove variantes no gene HNF1A;

e O rastreamento molecular dos genes HNF4A, HNF1B, NEUROD1, PAX4, PDX1 e
MT-TL1 de 40 probandos possibilitou a identificacdo de uma variante em cada um
destes genes na nossa amostra. Modificacbes nos genes KLF11, INS, KCNJ11
parecem ser causas raras de diabetes mellitus do tipo MODY na nossa populacéo, ndo
sendo identificadas;

e Identificamos oito variantes novas, sendo trés no gene GCK (p.(Tir61Asp),
p.(Metl15Val), e p.(Asp365GlufsTer95)), quatro no gene HNF1A (p.(Val133Glu),
p.(Tirl63Ter), p.(Val380CisfsTer39) e p.(Tre433HisfsTerl16)) e uma no gene
NEURODL1 (p.(Fen256LeufsTer2)). A variante GCK p.(Fen423Tir) foi identificada em
trés probandos (11,53%) e a variante HNF1A p.(Arg271Trp) encontrada em dois
pacientes (3,77%) da nossa amostra; essas variantes parecem ser frequentes em
pacientes brasileiros com MODY. As demais variantes foram identificadas em apenas
um probando;

e Identificamos a primeira familia com NEUROD1-MODY da América Latina,
decorrente da variante p.(Fen256LeufsTer2). Descrevemos, pela primeira vez, uma
familia brasileira com diabetes mellitus do tipo PAX4-MODY, ocasionado pela
variante p.(Argl72GIn). O fenétipo clinico observado na familia com PAX-MODY
variou de sintomas leves a severos. A média da idade de diagndstico observada foi
mais alta do que o esperado para as formas mais comuns de MODY. Além disso,
identificamos a variante p.(Glul78Lis) no gene PDX1 segregando de forma
autossomica dominante em uma familia brasileira. Com relacdo a aplicacdo do
diagnostico molecular no tratamento dos pacientes, dentre sete pacientes com GCK-
MODY que estavam sob o uso de tratamento farmacoldgico, seis puderam ser
transferidos para o tratamento nutricional. Além disso, dois pacientes com HNF1A-
MODY foram transferidos do tratamento com inje¢des de insulina para antidiabéticos

orais;
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O estudo de segregacdo das variantes identificadas neste estudo foi realizado em 19
familias, sendo onze com GCK-MODY, quatro com HNF1A-MODY, uma familia
cada com HNF4A-MODY, NEUROD1-MODY, PDX1-MODY e PAX4-MODY:; dos
62 familiares testados, 41 individuos (82,9%) apresentaram a variante presente no
probando e, destes, 34 individuos reportaram ter hiperglicemia no momento do
recrutamento;

Neste estudo foram identificadas mutacdes em 50% da amostra (34/68 pacientes);
Dentre os 26 pacientes com perfil clinico de GCK-MODY, 19 (73%) apresentaram
modificagdes no gene GCK. Para o grupo HNF1A-MODY composto por 42 pacientes,
foram identificadas 9 (21,42%) modificagdes no gene HNF1A. Os genes HNF4A,
HNF1B, NEUROD1, PAX4, PDX1 e MT-TL1 apresentaram uma frequéncia de 2,5%
(1/40) cada. Modificacdes nos genes KCNJ11, INS e KLF11 ndo foram observadas;

As variantes raras PAX4 p.(Argl72GIn) e PDX1 p.(Glul78Lis) ndo foram observadas
na amostra de controles normoglicémicos analisada;

O estudo de andlises in silico classificou todas as variantes identificadas como
possivelmente patogénicas, com excecdo da variante HNF1A p.(Gli31Asp),
classificada como tolerada. Os aminoacidos alterados pelas variantes identificadas
neste estudo se mostraram conservados entre 0s mamiferos;

Foram desenvolvidos relatérios de pesquisa para 0s probandos com variantes

provavelmente patogénicas e familiares testados.
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7. Anexos

7.1 Anexo A. Termo de consentimento livre e esclarecido do HUCFF

UNIVERSIDADE FEDERAL DO RID DE JANEIRD

HOEPITAL UNIVEREITARIZ CLEMENTINDG FRAGA FILHD
Zarvipo de Clinloa Madioal Mutrologla

Versao 20

Diagnostico Molecular em pacientes jovens com diabetes
mellitus & historia familiar positiva

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO (TCLE):
Vocs esta senoo convidado a participar do projeto de pesquisa chamado

Dlagncetico Molscular am paclantss jovens com diabsies mallifus & histdria
famillar posithva. Essas Infonmagies esido sendo fomeckdas pars a sua
paricipacio voluntana neste estudo no Hoesplial Universitano Clementino Fraga
Fling, que visa fazer o dagnastics da alteracio que pode caUsar o seu Hpd o
diabetes. O Dlabetes Mellibls (DM) que e5ta 5endD esILIatn 58 CAractentza peio
Inkcio precoce, dagnosicato germaiments antes dos 25 anNos em pell MEnos um, &
lfealmente dois membros de uma mesma famila. CwiRE caractenistica € ndo
negessiar de Insulna nos primelros anos. Pela forma die heanga deve haver DM em
p=io menos duas & ldeamenie nés geraclies da mesma familla. E causado por Inkeo
defeito que Jitara & fTuncao da ciula responsavel Dela producds de Ireuling p2io
organismo. A frequénda estimada & de que 1-2% Oe 1ndos 05 Ca508 de DM no
mundo s=fam desse tipo de DA, Entretanto, no Srasl a real frequénca e
descorhecida. A grande Importdnga na deteccdo dos casoe nao & 50 para saber o
real NIMEerD de peEE0ES COM 3 00engE, Mas para mudar o se ratamento & poder

detectar precocements 0s panentss afstados.

Voo zard sunmetido A coleta de sangue para a pesquisa da ateragdo
mgque pode |usificar o porgus do acometimenta familar (3o Importants de
. Zerdo colhldos 3 a £ mL em uma vela do brago
com matenal estefdizadn & descartavel. Durante 3 colsla de sangus, wood
podera sentlr uma p-aquana dar no local. Podera ocomer como complcagdo do
EXEME :Esanﬁ Magaa g2 umna mancha 12mporarta no losal 43 refirads oo
a). E recomendado apestar o Iocal apis coleta & ndo camegar
n-:-tn;nan Le fol cohildo o =
. I:IEIDE":ll:lnT:ln‘uE ape-s;ma. E&l EI-QLETE&H anmazenado na gelatelra do
Laboratdio de Endocrinologla Maolecular, no Centro de Clénclas da Saode (CC5),
B0 3 msponsablidade da professora Tanla Mana Oriiga Canvalho. Todo
n'majﬁnelmq.enﬁnmuﬂm apas o terming das anallses, 51l

Toda e qualquer estado o0 56U Sangue diferente &3 proposta neste projeto
O DCOMEra Medlans o 62U consamtimento.

*  \ooE respondera a um questionano a respeito de fatores associados
a0 disbetes. Caso ndo se sinta confortavel, podera se recursar a
responder as penguntas.

*  VocE podera se retrar da pesquisa a qualquer momento, s& assim
desejar, pemmanecendo com o direfto 3o acompanhamento medico no
Hospital Universitario.

- mmmﬁmaemmmedm
estudo serdo publicados em revistas medicas.
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Continuacao

»  Os resultades de exames e a avaliagSo do seu prontusrio serado
utilizades somente pelos pesquisadores ervolvidos nesse projeto e
de outros profissionais que possam a wir a ter algum relacionamenio de
atendiments ou de cuidados com vocé. Nunca havera qualquer tpo de
discriminagas contra voce.

. Vool fdo terd :lamﬁmemtalqmrmmm NEM COM 05 EX3mes.
Tambem o havesa nenhum Hpo g pagamento pela sUa particpacdo.

- oo tera dinelbo a ¥0dos 08 resUE0DE dos exames reallzados duranie 3
pesquiss, que serdo fomesdos pelo pesguisador responsavel (Dra. Rooeta
Magandss Taranting Mamede] a0 final da pesquisa.

. Voo tem o delto de esdiarecer dinidas com o pesquisadar, @ sef
examinado antes & duranta & realizagdo do raibalho, & sampre que se fzer

*  \ood tem a garantia de que o Hospital Universitano maniera o atendmenio
medico conforme realizado anterommenie 30 Inkcio do trabalho.

* o2 ndo terd nenhum cusio em panikdpar da pesqulsa. As despesas com
fransporte exira (fora dos dias da consuita) ou alimentacio (se for necessana)
EBEr30 D3g3s pRID peEgLUisador

= Em caso ge dividas durante o pariodo 43 £3, VOO& podera enfrar em
contato cOm 3 pesquisatona Roberta Tarantno (fel: 2552-2730 ou 966-0635),
Se vood Hver Aiguma conslgeracio ou 00via S0bre 3 éfica da 53, entre
em contain com o Comits de Evlca em Pesquisa (CEP) do Hospinal Universitaro
Clamanting FinaHUCFFUFR. - F. Rodoipho Paulo Rocoo, n® 255 -
Cidade Uni rialiha do Fundio - sala D1D-45(1° andar - peio ieiefone

2562-2450, de segunda 3 sexia-fela, das & a5 15 horas, ou atraves oo e-mall:
cepdhhuctT. uf or.

CONSENTIMENTO

Acrediio ter sigo suficlentemeants Informado a respato das mormagdes sobre
0 esludo acima chiado gue llou foram lidas M.

Eu discutl com a Dra. R Taranting, reaﬁrg:;lrﬂﬂemﬁnan

nesse estudn. Ficou clam mim quals 05 propesins do estudo,

05 procadimantos @ Serem re:la:iusl.}:emm desconforiog e recos, a8 garanias de
comfidendialidade e de esclanscimentos permanenies. Floou daro tambem gue
minha paricipagdo & Benta de despesas & que tenho garantia de acessn 3
iraiamenio hospitaiar recessana. Conconio voluniariaments em panidpar
desse estudo & retirar o meu consentimanto 3 qUalJUET MoMEenia, Sam
penalidadas ou prejulzos & sam a3 perda de atendimento nesta | au de
qUEIUET bEneNClo que 2U POSSa tBr adquIndo. Ak dissn, estou de que &u
Ol Sl renresentams ljen uisa00r responsavel 2553
imummuuﬁm&ﬂmmmmmprmﬁ WTE @
Esdanegdo - TCLE, assnar a iima paging & que eu recebers] uma wia do TCLE
assinada.
HUCFF, Fia ge Jansin ] {

e e

MDme fo paciente

ASEINatura do paciants

Assinatura do pesquisador

]

170



7.2 Anexo

B. Termo de consentimento livre e esclarecido do IEDE

ESTADD D RIC BE JANEIRO
SECHETARLA DE ESTADD DE SATDE _
INSTITLTO ESTADUAL DE MABETES E ENIOCRNYOLOGEA LULE CAPRIGLIOMNE

Analise da mutacao nos genes da glicoquinase (MODY 2) &
HNF-1a {MODY3) em pacientes jovens com diabetes mellitus e
historia familiar positiva

Vool estd sendo comvidado &8 participar do projeto de pesquisa
chamado Diagnbstico Molecular em pacientes jovens com diabetes
mellitus & histdria familiar positiva. Essas informagbes estio sendo
fornecidas para a sua participagio voluntdra neste estudo no Instituto
Estadual de Diabetes & Endocrinologia Luiz Capriglione (IEDE), que visa
fazer o disgndstice da alteracBo gue pode Ccausar o seu tipo de diabetes, O
Diabetes Melllitus (DM) que estd sendo estudado e caracteriza pela inida
precoce, diagnosticado geralmente antes dos 25 anos em pelo menos um,
e idealmente dols membros de uma mesma familia. Cutra caracteristica &
n&o necessitar de insuling nos primeiros anos. Pela forma de heranga deve
haver DM am pelo menos duas e idealmente tris geragies da mesma
familia. E cavsado por Gnico defeito que altera & fungSo da oélula
responsdvel pela produgSo de insuling pelo organiEmo. & fregudnea
estimada & de gue 1-2% de todos o8 casos de DM no mundo sejam desse
Hipo de DM, Entretanto, nd Brasil 8 real frequlnca & desconbecida. &
grande importanca na deteccdo dos casos ndo & o8 pars Saber o real
ndmero de pessoas com & doenca, mas para mudar o seu tratamento &
poder detectar precocemente os parentes afetados.

WVocd serd submetido 4 coleta de sengue para B pesqulsa da sltersgdo
gendtica que pode justificar o porquié do soometimenta familiar BSo
importante de diabetes. Serdo colhides 3 a 4 mL em uma
veia do brago com materal esterlizado e descartdvel. Durante a
olels de sangue, vood poderd sentir uma pegeena dor no local. Paderd
ocorrer como complicag3o do exame de sangue a formagio de uma
mancha tempordra no local da retirada do sangue (hematoma). E
recomendado apertar o local apds coleta & nSo carmegar peso no brago
em que fol colhido o sangue.Durante a pesquisa, seu sangue ficard
armazenado na geladeira do Laboratdris de Gendlica Humana- Instituto
Dswaldo Cruz (I0OC)f FIOCRUZ, sob a responsabilidade do pesquissdor
Mario Campos Janior. Todo maberial gendtico gue ndo for wtilizado
apds o birming das andlises, serd descartado.

Todo & qualguer estudo do deu sangue diferente da proposts neste
projetn 8 ocorerd mediante o seu consentimento. Vool responderd a wim
questiondrio & respeiio de fatores associados ao diabetes. Ceso ndo e
sinta confortdvel, poderd se recusar @ responder as perguntas.

Vocd poderd se retirar da pesguiss & qualguer momento, Se assim
desejar, permanecends com o direito ao acompanhaments no IEDE.

Sus dentidede serd préservada, & of resultados obtidos aa Mnal da
egido serdo publicadas em revistas mddicas,

Os resultados de exames & a avaliagio do Seu Prﬂ-l’l‘hlél'k} serdo
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utilizados somente pelos pesquisadores emolvidos nesse projeto e
de outros profissionais que possam a vir & ter sigum relacionaments de
atendiments ou de culdados oo wocs . Nunca haverd qualguer tipo de
discriminasgio contra wood,

= ook ndo terd despesss em qualquer Tese do estudo, PEm CoMm as
exames, Tambdm nio haverd nenhum tipo de pagamento pela sua
participagio.

= ook berd direito a todos o8 resulados dos exames realizados durante &
pesguisa, gue serdo formecidos pelo pesquisador responsdvel {Dra.
Roberta Magalhdes Taranting Mameds) ao Ainal da pesguisa,

= ook tem o direito de esclarecer dividas com o pesguisadorn, & Ser
examinado antes & durante a reglizacio do trabalho, & Sempre gue se
fizer necessdrio, Yook tem & garantia de que o IEDE manterd o
atendirments médioo conforme realizadeo anteriormente ao inicio do
trabalho.

= viocd nio terd nenhum ousto em participar da pesquisa. &S despesas com
transporte extra (fora dos dias da consulta) ou alimentacSo (se for
necessdria) serfo pagas pelo pesquisador.

* Em cass de divides durante o perodo da pesquica, vacd poderd entrar
&m gontato com a pesquisadora Roberta Teranting (bel: 2332-7153 ou
COLRE-3615). Se vocl Hver alguma considerac®o ol divida sobre &
ética da pesquisa, entre em contato com o Comité de Etica em Pesquisa
(CEP) do IEDE - Fua Montorvd Fllho n? 90 - Centro- Rio de JaneirafRD,
20211-340, pelo telefone 2224-3161 dé segunda & sexta das B a5 16 h

ou através do email: cep jeded@iede. r.gov. b

CONSENTIMENTO
Acredito ter sido sufldentemante informado a redpaito das
irformagibes sobre o estudo acima ctado que §i ou gue foram lidas para
ImiFTi.

Eu discutti com & Dra. Roberta Tarantino, sobre 2 minha decisdo em
participar nesse edtudo. Fioou clam para mim guais s3o oS propdsibos
do estudo, o procedimentos a serem realizadas, sews desoonforios &
risens, B garantias de confidencialidade e de esclarecimentos
permanentes. Ficou claro também gue minha particpacso & isenta de
despesas e que tenho garantia de acessa & tratements hospitalar
quando necessdrio. Concordo voluntariarments em participar desse
estudo e poderel retirar o meu consentimento a qualguer Mmomento,
sam penalidades ou prejuizos e sem & perda de stendimento nesta
Instituigio ou de qualquer beneficio gue eu possa ter sdquirido. Akm
dissn, estou cente de que e [ou Mmey represernants legal) & o
pesquisador responsdvel por essa pesquisa deveremos rubricar todas gs
falhas deste Terma de Consentimento Livre & Esclaredda - TOLE, assinar
a dltima pdgina & que ey recebersl uma via da TCLE assinada,

Rl __/ _J  Nomedo pacients

Assinatura paciente ou responsdvel legal hssinatura pesquisador

Fuobrica do pacieos: Enbeica do peugaisador:
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7.3 Anexo C. Questionario

ANEXO 1 - QUESTIONARIO
Data da coleta dos dados:

Miome cormpleto:

Mumero do prontuanioc
Enderecoftelefone:

GEnero:

Etnia:

Ciata de nascmentor
Diagndstico principal-
Idade do diagnostico de D IMC a0 diagnostico de DM:

Cetoacidose diabetica Sim 00 M3 00

Dados familiares:

1. Qutros membnos da familia com diabetes? Sim 00 Nao 00 Desconhecs 00

[Se sim indique qual grau de parentescs e tipo de diabetes)

2. Algurn membro da familia com diabetes mellitus diagnosticado antes dos 25 anos? Sim
00 Mao [0 Desconhecs 00

3. Diabetes em pebo menos 2 geragdes 7 Sim 00 Nao 00 Desconhece 00

4. Qutros membros da familia em fratamento com insulina? Sim 00 Nao 00 Desconhece 0

Informagao Clinica:

5. Ahura: o Peso: kg

. Glicemia de jejum; (rngy'dl)

7. Tratarrento Dhose:

(Dieta, droga oral, insuling) Dhose:
Dorse:

B.HboAe: *aivalor de referencia; - o)

B.PCR ulirasenszvel; fvalor de refersncia; }

10.TEH: T4l

11, AntiTPO

Complicagdes:

10. Refinopatia Sim 00 Mao D] Desconhece O

11. Doenca Coronaniana Sim 00 Mao 00 Desconhece 00

12. Polineuropata Sim 00 Mao 00 Desconhece 00 Teste monoflamentn: positivo 10
niegatieo O

13. Nefropatia Sim 00 M3o 00 Desconhece 00

14. Cistos renais Sim 00 Nao 00 Desconhece 00

15. Hipertensao ar'esial'sistémica Sim 00 Nao [0 Desconhece 10

16. Outras nformacoes :
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7.4 Anexo D. Resultados do sequenciamento de Sanger para o rastreamento dos 11 genes analisados

7.4.1 Resultados do sequenciamento de Sanger para o rastreamento do gene GCK

Paciente GCKE1L GCK E2 GCK E3 GCK E4 GCK E5 GCK E6 GCK E7 GCK E8 GCK E9 GCK E10
1 N N N €.449_451delTCT N N N N N N
7 N N N N c.571C>T N N N 1s2908274 N
9 N N N N N N €.683C>T N N N
29 N N N N N N c.680G>A N N N
32 N N N N N N N N c.1151C>T N
40 N c.181T>G N N N N N N rs2908274 N
42 N N N N N rs2268574 N N rs2908274 N
45 N N N N N N N N N c.1268T>A
46 N N €.343A>G N N N N N rs2908274 N
48 N N N N ¢.562G>A N N N rs2908274 N
50 N €.130G>A N N N 152268574 N N N N
51 N N N N N N N N rs2908274 N
53 rs133006391 c.106C>T N N N 152268574 N N N N
54 N N N N N 152268574 N N N N
55 N N N N N 152268574 N N €.1094_1095insGCGA N
58 N N N N N N N N N c.1268T>A
59 N N N N N €.626C>G N N N N
61 N N N N N rs940824 N N N N
63 N N N N N rs940824 N N rs1378122273 c.1268T>A
67 N c.115 117delAAG N N N rs2268574 N N N N
68 N N N N N 152268574 N N c.1076C>T N
69 N N N N N N N N rs2908274 N
74 N N N N N N N N N N
75 N c.128G>A N N N N N N N N
77 rs781260712 N N N N N N N rs2908274 N
79 N N N N N C.661G>A N N rs2908274 N

Em vermelho e negrito estdo destacadas as modificacdes provavelmente patogénicas. E: éxon; N: sequéncia normal; GCK, ENST00000403799.8.
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7.4.2 Resultados do sequenciamento de Sanger para o rastreamento do gene HNF1A

Paciente HNF1A E1 HNF1A E2 HNF1A E3 HNF1A E4 HNF1A E5 HNF1A E6 HNF1A E7 HNF1A E8 HNF1A E9 HNF1A E10
1534056805
11160289 152250820 151169304
C 151169288 N N rs56348580 N N 152464196 N rs1169305 N
1534056805
3 151169289 N N N N N N N 151169305 N
151169289
152259820 51169304
4 151169288 N N N N N N N
Szt 152464196 rs1169305
. rs1169304
5 N N N 1556348580 N ¢.1296_1297insC N N pyosen N
151169289 151169304
6 epyec N N 1556348580 N N N N epyssen N
151169289 152259820 151169304
E 151169288 N N N N N 152464196 N rs1169305 N
rs1169289 rs2259820 rs1169304
v 151169288 N N N N N 152464196 N rs1169305 N
11 N N N 1556348580 N N N 1s55834942 51169305 N
151169289 152259820
12 S aonn N N 1556348580 N N R N rs1169305 N
151160289 152259820
13 eppe C.493T>C N N N N R N rs1169305 N
rs1169304
14 rs1169289 N N rs56348580 N N rs143015301 n/a 151169305 N
rs1169289
15 151169288 N N rs56348580 N N N N rs1169305 n/a
151169289 152259820
16 epyer N N 1556348580 N N R N rs1169305 N
17 N N N rs56348580 N n/a N rs55834942 rs1169305 N
18 N N N 1556348580 N N N 1s55834942 151169305 N
151169289 152259820
= 51160288 N N N N N 152464196 N rs1169305 N
152250820
20 51169289 N N 1556348580 N N R N rs1160305 N
rs1169289
21 epyesaee N N 1556348580 N N N 1s55834942 51169305 N
22 151169289 N N N N N N N rs1169305 15735396
23 N rs56348580 N rs55834942 rs1169305 N

175



Continuacao

2 N N N N N N N N 51169305 N
151160289 152250820
25 epyer N N 1556348580 N N SR N 151160305 N
152250820
2 51169289 N N N N N 152464196 N Eﬂggggg 5735396
152464195
152250820
152464196
27 1580051981 N N 1556348580 N N 15772786958 N rs1169305 15735396
152464195
rs2259816
28 N ¢.398T>A N 1556348580 N N N N 151169305 N
30 rs1169289 N N rs56348580 N N N rs55834942 rs1169305 N
151169289 152259820
A 151160288 N N N N N 152464196 N rs1169305 N
33 N N N N N N N N 151169305 N
34 N N N 1556348580 N N N N rs1169305 N
35 N N N 1556348580 N N N N rs1169305 N
151169289 152259820
36 51160288 N N N N N 152464196 N rs1169305 N
151169289 152259820
37 1s1160288 c.511C>T N N N N 12464196 N rs1169305 N
38 N N N N N N N N 11169305 N
39 N N N N N N N N 151169305 N
a1 151169289 N N N N N N N 11169305 N
151169289 152259820
e rs1160288 N N N N N 152464196 N rs1169305 N
rs1169289 c.811C>T rs2259820
44 151160288 N N 1556348580 N N 152464196 N rs1169305 5735396
47 N N N N N N N N 11169305 N
52 N C.489C>G 152071190 1556348580 N N N 151160304 rs1160305 N
. rs1169304
56 N N N 1556348580 N ¢.1136_1137insC N Ripsstel N N
151160304
57 N N N 1556348580 N N N Riprsscion N N
rs55834942
60 N N N 1556348580 N s556016526 152259820 151169304 N N
rs1169305
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reoany rs55834942
62 rs1169289 1s1169294 rs1169301 s56348580 N N 152464195 rs1169304 N rs735396
152259816 rs1169305
1s2464195
64 rs1169289 N N N N N 1s55919842 rs1169304 N N
rs1169304
65 N N rs2071190 s56348580 N N N 151169305 N N
rs1169304
66 N N N N N N N 1s142797154 rs1169305 N
c.811C>T
70 N N N 1556348580 N N N rs55834942 rs1169305 N
rs3213547
71 ppoc N N N N N 52259820 N 51169305 N
rs2464196
rs1169289 rs2259820
72 1s1169288 N N 1s56348580 N N 152464196 N rs1169305 N
51160289 152259820
73 s1169294 N s56348580 N N rs2464196 rs55834942 rs1169305 N
rs1169290
rs2464195
rs1169304
76 N N N N N rs556016526 N rs1169304 1s1169305 N
rs1169289 rs2259820
n 51160288 N N N N N 52464196 N rs1169305 N
Em vermelho e negrito estdo destacadas as variantes provavelmente patogénicas. E: éxon; N: sequéncia normal. n/a: ndo analisado HNF1A,

ENST00000257555.10.
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7.4.3 Resultados do sequenciamento de Sanger para o rastreamento do gene HNF4A

Paciente HNF4A E1 HNF4A E2 HNF4A E3 HNF4A E4 HNF4A E5 HNF4A E6 HNF4A E7 HNF4A E8 HNF4A E9 HNF4A E10
2 rs113725562  rs745975 rs736823 N N N N N N N N
3 N N N N N N N N N N
6 N N N N N N N 13212207 N N
8 N N N N N N N N N N
10 N N N N N N N N N N
11 N N N N N N * * N N
12 N N N N N N N N N N
16 N N N N N N N N N N
19 rs113725562 rs736823 N N N N N * N N
20 N N N N N N N N N N
21 N N N N N N N N N N
22 N N N N N N N N N N
23 N N N C.487C>T N N N N N N
24 N N N N N N N N N N
25 N N N N N N N N N N
26 N N N N N N N N N N

r1s736824
30 N rs745975 N N N N N N N N
rs736823
31 N N N N rs140376676 N N N N N
33 N rs736823 N N N N N N N N
34 N :5;77‘;56%7253 N rs113308087 N N N N N N
35 N rs736824 N N N N N N N N
36 N ::;ggg;g N N N N N N N N
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38 N b N N N N N N N N
39 N N N N N N N N N N
15190319886
41 N N N rs112708220 N N rs193922478 N N N
rs113308087
42 N N N N N N N N N N
43 N N N N N N rs6031592 N N N
47 N rs736824 N N N N N N N N
51 N ::;ggg;g N N N N N N N N
54 N rs371937621 N N N N N N N N
57 N N N N N N N N N N
60 N N N N N N N N N N
61 N N N N N N N N N N
62 N rs371937621 N N N N N N rs61737145 N
64 N N N N N N N N N N
65 N N rs896163918 N N N N N N N
66 N N N N N rs139591750 N N N N
69 rs113725562 rs736823 N N N N N N N N
71 N N N N N N N N N N
73 N N N N N N N N N N
74 N N rs112386711 N N N N 13212207 N N
76 N N N N N N N N N N
77 N N N N N N N N N N
78 N N N N N N N N N N

Em vermelho e negrito estdo destacadas as variantes provavelmente patogénicas. E: éxon; N: sequéncia normal. *Material genético (DNA) insuficiente
para realizar o experimento; HNF4A, ENST00000316099.8.
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7.4.4 Resultados do sequenciamento de Sanger para o rastreamento do gene HNF1B

Paciente  HNF1B E1 HNF1B E2 HNFIBE3 HNFIBE4 HNFIBE5 HNF1BE6 HNF1B E7 HNF1B E8 HNF1B E9
2 N N N N N N N rs35913775 N
3 N N N N N N N N N
8 N N N N N N N * 52269842 N
10 N c.351C>T N N N N N N N

12 N N N N N N N * 1359113775 rs3110641
19 * N rs114017141 N N N N N N

21 N N N N N N N * 1s359113775 Egggggé

22 N N N N N N N * 1359113775 rs1800929
23 N N N N * N N 12269842 N
24 N N N N N N N 12269842 N

25 N N N N N N N rs2269842 rs3110641
26 N N N N N N rs2074429 rs2269842 N
30 N N N N N N N N N

rs3110641

31 N N N N N N N 1$2269842 ;Zi;ggggg

rs8066605

13110641

33 N N N N N rs2107133 N 12269842 rs2229295

rs1800929

34 rs111699857 N N N N N N N ;Zgggggé
35 N N N N N rs2107133 N N N
36 N N N N N N N N N
38 N N N N N rs2107133 N rs35913775 N

39 N N N N N N N (52260842 oeyiots
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M N N N N N 15199849203 N N N

4 N N N N N N N 535913775 N
153110641

e N N N N N N N 535913775 152229295
51800929

47 N N 159895048 N N N N (52260843 52229295

51 N N N N N N 59905004 * (535913775 N

54 N N N N N N (52074429 N N

57 N N N N N N 59905004 (52269842 58066605

60 N N N N N N N (52260842 153110641

61 N N N N N N 52074429 159905004 N N

62 N N N N N N N (52260842 N

64 N N N N N N (577297671 * 1535013775 N

65 N N N C.826C>T N N 52074429 N N

66 N N N N N N 59905004 (52260842 N

69 N N N N N N N (52260842 N

71 N N N N N N N N 53110641

73 N N N N N N N N N

74 N N N N N N N N 153110641

76 N N N N N N N (52260842 o

77 N N N N N N N (52260842 53110641

78 N N N N N N N (52260842 N

Em vermelho e negrito estdo destacadas as variantes provavelmente patogénicas. E: éxon; N: sequéncia normal; *Material genético (DNA) insuficiente

para realizar o experimento; HNF1B, ENST00000617811.5.
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7.4.5 Resultados do sequenciamento de Sanger para o rastreamento dos genes INS, PDX1, NEUROD1, KCNJ11 e KLF11

Paciente INS E1 INS E2 PDX1 E1 PDX1 E2 NEUROD1 KCNJ11 KLF11E1  KLF11E2 KLF11 E3 KLF11 E4
rs5219
2 N N N N rs1801262 rs5218 rs1476684022 N N rs77596732
rs5215
rs5219
3 N N N N rs1801262 1s372471215 N rs1440218281 rs11687357 N
rs5215
6 15506 N N N 151801262 > > > * >
rs5219
8 N N N N N rs5220 N N rs11687357 N
rs5215
rs689 rs5219
10 rs5506 153842753 N N 11801262 15139445409 N N rs11687357 N
. rs1428386222
12 1689 r$3842753 ¢.732_733insCCC rs1801262 rs5219 N rs1440218281 rs11687357 N
rs5506 - rs5215
19 rs689 rs3842753 * rs1801262 * * * * *
rs5219
20 rs689 rs3842753 N N rs1801262 rs5218 N N * N
rs5215
21 s689 N 528509441 N 151801262 r$5219 N N * N
rs5215
rs689 rs5219
22 rs5506 1s3842753 N N rs1801262 rs5218 rs1476684022 N rs11687357 N
rs5215
2% rs689 r$3842753 N N rs1801262 rs5219 N N N N
rs5215
rs5219
24 rs689 153842753 N N 51801262 rs5214 N N 1511687357 N
C.766_767delTT
- rs5215
25 rﬁigiéfz??s rs1801262 Egﬁg 511687357
26 N * * 155219 155215 N rs11687357
rs5219
30 rs689 N N N rs1801262 rs5218 N 11440218281 rs11687357 N
rs5215
rs5219
a1 rs689 rs3842753 N N rs1801262 rs142123958 rs5215 N N rs11687357 N
rs1800467
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rs995882391

*rs5219
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33 rs689 153842753 N rs1801262 1s5215 N rs11687357 N
rs689 rs5507 rs5219
34 15506 13842753 N N 15215 rs1440218281 rs11687357 N
35 rs3842744 N N rs1801262 :22212 rs1440218281 rs11687357 N
rs5219
36 N N N rs1801262 rs5215 N N N
rs1800467
38 rs1801262 rs1800467 N
rs5219
39 rs1801262 1s5215 rs11687357
41 rs689 153842753 N rs1801262 r$5219 N 511687357 N
rs5215
rs5219
42 N N rs199644078 rs1801262 rs5218 N rs11687357 N
rs5215
rs5219
43 N rs5507 N rs1801262 rs8192556 15215 N rs11687357 N
47 rs689 rs3842753 rs199644078 11801262 * 155215 N rs11687357 N
rs5219
51 N r$3842752 N 151801262 rs5218 N N N
rs3842753
rs5215
rs5219
54 rs5506 rs893961287 N rs1801262 rs5218 N rs11687357 N
rs5215
rs5219
57 N N N N rs5218 * rs11687357 N
rs5215
rs5219
60 N N N rs1801262 rs5218 N rs11687357 N
rs5215
61 N rs3842753 N rs1801262 r$5219 N rs11687357 N
rs5215
rs3842752 rs1428386222
e N r$3842753 N 51801262 N N rs11687357 N
rs5219
64 N N N rs1801262 rs35927125 rs11687357 N
rs5215
rs3842752 rs5219
65 N 153842753 N rs1801262 15215 N rs11687357 N
rs5219 -
66 N rs3842753 N N (s5215 N N
69 rs689 rs3842749 N rs1801262 rs5219 N rs11687357 N
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rs5218
rs5215
rs689 rs5219
71 05 N N N rs1801262 ol N N rs11687357 N
rs5219
73 N N N N rs1801262 ools N r$35927125 rs11687357 N
74 rs689 N N N rs1801262 rs5219 N N rs11687357 N
rs5215
rs5219
76 N N N N rs1801262 rs5218 N N rs11687357 N
rs5215
77 N N N N rs1801262 rs5219 N N rs11687357 N
rs5215
rs5219
78 N N rs564129447 N rs1801262 aole N N rs11687357 rs151292984

Em vermelho e negrito estdo destacadas as variantes provavelmente patogénicas. *Material genético (DNA) insuficiente para realizar o experimento;
INS, ENST00000381330.5; PDX1, ENST00000381033.5, NEUROD1, ENST00000295108.3; KLF11,

E: éxon;

N: sequéncia normal.
ENST00000305883.6.
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7.4.6 Resultados do sequenciamento de Sanger para o rastreamento dos genes PAX4 e MT-TL1

Paciente PAX4 E1 PAX4 E2 PAX4 E3 PAX4 E4 PAX4 E5 PAX4 E6 PAX4 E7 PAX4 E8 PAX4 E9 MT-TL1
2 N N N rs327517 N N N N rs712701 N
3] N N N N N N N N rs712701 N
8 N N N N N N N N rs712701 N
10 N N N N N N N N rs712701 N
12 N N N N N N N N rs712701 N
20 N N N N N N N N rs712701 N
21 N N N rs327517 N N N N rs712701 N
22 N N N N N N N N rs712701 N
23 N N * N N N * N rs712701 N
24 N N N N N N N N rs712701 N
25 N N 152233578 N N N N N rs712701 N
26 N N N N N N N N rs712701 m.3243A>G
30 N N N N N N N N rs712701 N
31 N N N N N N N N rs712701 N
33 N N N N N N N N rs712701 N
34 N N N N N N N N rs712701 N
35 N N N c.515G>A N N N N rs712701 N
36 N N N N N N N N 1s712701 N
38 N N N N N N N N rs712701 N
39 N N N N N N N N rs712701 N
41 N N N rs327517 N N N N rs712701 N
42 N N N rs327517 N N N N rs712701 N
43 N N N rs327517 N N N N rs712701 N
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47 N N s2233578 N N N N N N N
51 N N N N N N N N rs712701 N
54 N N N rs77039439 N N N N rs712701 N
57 N N 152233578 N N N N N N N
60 N N N N N N N N rs712701 N
61 N N 12233578 N N N N N rs712701 N
62 N N N N N N N N rs712701 N
64 N N N N N N N N rs712701 N
65 N N N N N N N N N N
66 N N N N N N N N rs712701 N
69 N N N N N N N N rs712701 N
71 N N N N N N N N rs712701 N
73 N N N * N N N N rs712701 N
74 N N N N N N N N rs712701 N
76 N N N N N N N N rs712701 N
77 N N N N N N N N rs712701 N
78 N rs112061448 152233578 N N N N N N N

Em vermelho e negrito estdo destacadas as variantes provavelmente patogénicas. *Material genético (DNA) insuficiente para realizar o experimento;
E: éxon; N: sequéncia norma. PAX4, ENST00000639438.3; MT-TL1, ENST00000386347.
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7.5 Anexo E. Modelo de relatério de pesquisa

Rio de Japztro,  de ds

RELATORIO DE PESQUISA
Nome (Sigla): %)
Sexo: Feminmo ( ) Masculino ( )

BN
Tipo de amostra: Sangue ( ) Salva ()
Teste realizado: Sequenciamento: de Sanger () de sezunda zeracdo panel () do

Exoma ()
Indicacao para o teste: Diabetes meliing

O individuo e paricipante do projeto de pesquisa Diggnostico Molecular em
pacientes jovens com diabete: meiline e historia fomiiiar positiva, aprovado no Comité
de Etica em Pesquisa (mmmero do parecer CAAE n° ) do
do Rio de Janeiro Neste projeto,
avaliamos a presenca de nuEacoes o5 genes relacionados 20 diabetss mONOZENICO.

Caracteristicas da variante encontrada:
Gene | Zigosidade | Genomica cDNA na Transcrito o
(GRCW3T) proteina -
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Figura A

Figura B

Figura C

Interpretacio: Avarante ¢ ____ (p.__ ) encontrads em heserocigose’ homozigose
noZene  apresenta fraquénciade . . mos bancos de dados controlss
como o ExAC, 1000 genooas e ABRaOM. respectivamente Esta vanante que leva a
____ cdoaminoacidods _ mnaposich _ da protema foi pradita como causadora
da doenca com probabilidade de _ por _ softwares de pradicdo de
patogenicidade M silico. Ela i descrita  amteriomments mos  estudos

. 2 . Exeretanto, tais resultados
n30 330 fundamentados em dados expermmentais da profeina em questao & devem ser
mterpretados com cautela

Metodos: Extracdo de DNA, rexcdo em cadeis da polimemse e saquenciamento de
DNA.

Observacio: Todos 05 experimentos deste proseto foram realizados em um amsbierse de
pesquisa clenafica, utlizando reagentes  processos adequados a pesquisa. O wso destes
resultados 3o e adaquado para o diagnostico sem a cuidadoesa meerpratacio do clnico
responsavel.
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