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Por que estudar Estrutura Gênica?
Como o nosso conhecimento e nossa prática atuais da medicina
dependem de um conhecimento sofisticado de anatomia,
fisiologia e bioquímica humanas, lidar com a doença do futuro
exigirá uma compreensão detalhada de como os genes
humanos são organizados e como funcionam e são regulados.

Teremos que ser profissionais da saúde que estejam tão
familarizados com a anatomia molecular e fisiologia dos
cromossomos e genes como o cirurgião cardíaco está
familiarizado com a estrutura e funcionamento do coração.

Paul Berg

Paul Berg, 1974
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Por que estudar Estrutura Gênica?



Relação: Gene e Genoma

A genética estuda o gene específico ou variante gênica e a genômica
refere-se a todos os genes e como eles se interagem

In Henrich et al, 2020 Chapter 2



Estruturas Químicas das bases de DNA

As bases são classificadas em purinas e pirimidinas e o sítio de 
ligação do açucar desoxiribose é demonstrado em verde

In Samuelson T, 2019 Chapter 3



Estrutura Química de um nucleotídeo de DNA

DNA é um polímero de nucleotídeos e cada nucleotídeo é composto
por açúcar, grupo fosfato e base nitrogenada

In Samuelson T, 2019 Chapter 3



Estrutura Tridimensional do DNA

DNA apresenta estrutura de dupla-hélice, cujo esqueleto é formado
pelo açúcar + fosfato em cada uma das fitas (em cinza) e as bases 

pareadas no centro. 
In Samuelson T, 2019 Chapter 3



Dupla-fita: pareamento entre purinas e pirimidinas

As bases nitrogenadas são unidas por pontes de hidrogênio. A 
guanina com citosina requerem 3 pontes de hidrogênio e a adenina

com timina requerem 2 pontes de hidrogênio. 

In Samuelson T, 2019 Chapter 3



Polaridade do DNA

Cada fita da dupla-hélice de DNA tem uma polaridade. Um terminal é
denominado 5’ e o outro terminal é denominado 3’. As moléculas à

esquerda ou à direita não são as mesmas. As moléculas apresentam
sequências reversas, mas codificam proteínas diferentes. 

In Samuelson T, 2019 Chapter 3



Polaridade do 
DNA

In Samuelson T, 2019 Chapter 3



Códon

O códon é constituído por 3 nucleotídeos e cada códon especifica um 
aminoácido (aa). Se 3 nucleotídeos codificam um aa e temos 4 tipos
de bases: 43 = 64. Existem 64 trincas que codificam 20 aminoácidos

In Samuelson T, 2019 Chapter 3



O código genético

Nomenclatura dos aminoácidos em três letras, ou letra única. CódonAUG é o códon
de início. UAA, UAG e UGA são stop códons. Em cinza, famílias de 4 códons que
correspondem ao mesmo aminoácido e que a diferença é o terceiro nucleotídeo. 

In Samuelson T, 2019 Chapter 3



Tradução do mRNA da b-globina humana

Colinearidade do código genético: a ordem dos códons no mRNA 
determina a ordem dos aminoácidos na proteína. 

In Samuelson T, 2019 Chapter 3



Transcrição gênica

Microscopia eletrônica de um segmento de DNA sendo transcrito em
mRNA. 

In Klug et al, 2019 – Concepts of Genetics - Chapter 13



O genoma compreende o material genético completo de um organismo. 
Genoma Nuclear – fornece a maior parte da informação genética e o 

Genoma Mitocondrial – pequeno genoma com herança materna.
Univ. California – Understanding Science



O genoma humano tem 3.055 billhões de bases de DNA nuclear + 16.569 
bp de DNA mitocondrial. 

In Samuelson T, 2019 Chapter 1

Cientistas da Universidade de Leicester imprimiram o genoma humano e 
resultou em 130 livros que levariam 95 anos para lê-los. 

Nurk et al, 2022 Science 373:44-53



Genomas sequenciados de organismos
selecionados

Organismo Tamanho (no

bases) No genes

Escherichia coli 5,4 Mpb 5.416

SARS-CoV-2 ~30.000 18

D. melanogaster 165 Mbp 13.525

Camundongo 3.480 MB 26.762

Salamandra 32.000 MB 20.000 – 25.000
Homem 3.057 MB ~20.000

In Samuelson T, 2019 Chapter 4



Há uma relação entre o tamanho do genoma e 
complexidade biológica?

In Samuelson T, 2019 Chapter 4



Cariótipo Humano

Cariótipo humano: conjunto completo de todos os cromossomos que
consiste em 46 cromossomos, sendo 23 herdados do pai e 23 

herdados da mãe.



Somente 1.5 – 1.8% do genoma humano codifica proteínas. Uma parcela
significativa do genoma humano são sequências repetidas. Os transposons são uma

dessas categorias e perfazem 45% do genoma humano.

Lander et al 2001 – Human Genome



O Genoma humano é constituído por genes codificantes de proteínas
e genes que sintetizam RNAs não codificantes. Os pseudogenes têm

estrutura de genes codificantes, mas perderam suas funções após
mutações.

Número de Genes no Genoma Humano

Categoria de Gene Número de Genes 
(Ensembl 2018)

Genes de RNAs codificantes 20.418

Genes de RNAs não codificantes
(ncRNA) 22.107

Pseudogenes 15.195

In Samuelson T, 2019 Chapter 4



SPECIAL ISSUE

The Telomere-to-Telomere (T2T) 
Consortium has completed a 

challenging 8% of the human 
genome left unresolved by the 
initial Human Genome Project. 

Após 20 anos da primeira versão
(Fev. 2001), com os avanços das 

tecnologias de sequenciamento de 
DNA foi possível o 

sequenciamento de cerca de 200 
milhões de bp de DNA. 

Foram obtidas 1.956 novas
predições gênicas, dos quais 99 

codificam proteínas e 
sequenciamento do DNAr. 

Foi revelado o sequenciamento das 
regiões altamente repetidas presentes
nos centromêros de cada cromossomo

conhecidas como DNA satélite. 



Lovell e Grimwood, 2022 Nature 606:468was constructed from the DNA of several 
people, leading to a mosaic genome. The gene 
models and sequencing gaps in the finished 
genome have been continuously improved 
over the past two decades by the Genome 
Reference Consortium (GRC), with the 2013 
‘GRCh38’ assembly and its 2019 update 
(GRCh.38.p13) forming the source of com-
parison for most modern genome analyses4. 

The T2T consortium took a different 
approach, known as shotgun sequencing, 
in which the genome is randomly broken up 
into millions of fragments for sequencing, 
and a computer algorithm finds overlaps 
between the sequences to build the fragments 
into chromosomes. In the past, genomes 
generated through shotgun sequencing have 
tended to be incomplete, but technological 
advances — including the ability to generate 
long and accurate sequences from sequence 
fragments — have now facilitated gap-free 
chromosome assemblies, even in the difficult 
repetitive regions of the genome. 

Despite the major methodological 
differences used to construct all the genomes 
completed since 2003, the order of genes 
on the large chromosome arms are predom-
inantly the same. The exceptions are small 
inversions of sequences between GRCh38 and 
T2T-CHM13. These occur on chromosome 1, 
in a stretch of 1.9 million bases (1.9 mega-
bases), chromosome 8 (0.84  megabases) 
and chromosome 16 (3.8 megabases), and 
are probably caused by molecular variation 
between the genomes sequenced to construct 
GRCh38 and T2T-CHM13. 

By contrast, the highly repetitive regions 
of the genome are vastly improved in 
T2T-CHM13 compared with previous 

assemblies1,5,6, especially on chromosome 9 
and the acro centric chromosomes, in which 
the centromere is located near one end of 
the chromosome. In these cases, repetitive 
sequences in T2T-CHM13 largely fill in the pre-
vious gaps. These expansive non-protein-cod-
ing sequences were once thought of as ‘junk’, 
but are now known to underlie a variety of 
traits and disorders7,8. The improvements in 

repeat annotation are striking: there are 3.6% 
more telomere repeats and 254% more tan-
dem repeated sequences in T2T-CHM13 than 
in GRCh.38.p13. These sequences generally 
fill the gaps that remained in GRCh38 (Fig. 1).

The complete representation of repeats in 
T2T-CHM13 will facilitate the diagnosis and 
potential treatment of genetic disorders. This 
sequence will ultimately replace GRCh38 as the 
reference used for analysis, but genomic-med-
icine initiatives must first adapt by deploying 
the advanced technologies needed to sequence 
repeats in patients. This process will require 
new analytical and clinical methods9. Further-
more, accurate strategies for producing long 
sequences must be improved, because their 
production is currently much slower and low-
er-throughput than is standard for short-read 
sequencing. 

Despite the success of the T2T-CHM13 
assembly, the available human reference 
sequences do not capture the diversity of 
sequences across human populations. It 
is this molecular diversity that underlies 
genetic disorders, inherited  traits and disease 
susceptibility. Genetic differences between 
unrelated people mean that some genomes 
will be less comparable with T2T-CHM13 than 
others. Going forward, the next step must be 
the generation of a collection of reference 
genomes from unrelated individuals  —  a 
challenge that is currently being addressed 
through pan-genome frameworks10. 

Furthermore, T2T-CHM13 was made possible 
by the use of a line of ‘homozygous hydatidi-
form mole’ cells, in which a single sperm-de-
rived genome has been duplicated. In these 
cells, the two copies of DNA are identical, 
whereas the two copies of DNA present in 
most cells are derived from both egg and 
sperm and so are different (heterozygous). 
The use of this homozygous cell line greatly 
reduces the complexity of the human genome 
by providing a single target for assembly, thus 
increasing accuracy compared with the patch-
work of many individuals whose heterozygous 
DNA made up the first reference genome. New 
algorithms, and possibly new sequencing tech-
nologies, will be required to generate multiple 
heterozygous genome assemblies, to fully rep-
resent the diversity of human DNA. 
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Figure 1 | Filling in the gaps in human genome assemblies. Structure of the GRCh38 and T2T-CHM13 human 
genome assemblies. The telomere-to-telomere (T2T) consortium1 has generated an almost-complete human 
genome, dubbed T2T-CHM13. Comparison of the chromosomes in this assembly with an earlier human 
genome, GRCh38, reveals regions in which previous gaps (red) have now been filled. Gaps in GRCh38 
arose owing to the complexity of certain regions, including areas rich in tandem repeats, such as that in 
chromosome 9, and short chromosome arms such as that in chromosome 13.

“The complete 
representation of repeats in 
the new genome will facilitate 
the diagnosis and potential 
treatment of genetic 
disorders.”

Nature | Vol 606 | 16 June 2022 | 469
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Comparação da estrutura do Consórcio Projeto Genoma GRCh38 x 
T2T. As regiões em vermelho eram desconhecidas na versão anterior 

e o Consórcio T2T as revelou. 



Número de Genes no Genoma Humano

Categoria de Gene Número de Genes 
(GRCH38 2019)

Número de Genes 60.090

Genes de RNAs codificantes 19.890

Transcritos 228.597

Nurk et al, 2022 Science 373:44-53

75% do genoma humano é transcrito em moléculas de RNAs. As 
classes mais abundantes são os lncRNA e os miRNAs, 6-7 e 2-3 

vezes mais abundantes, respectivamente, que os mRNAs.

Jin et al, 2019 Frontiers in Onc. 9:article 1225



Genes com sequências e funcões biológicas relacionadas não 
necessitam estar no mesmo cromossomo.

In Samuelson T, 2019, The Human Genome in Health and Disease - Chapter 4

A figura acima mostra uma região do cromossomo 16 contendo 7 
genes codificadores de proteínas, podendo ser transcritas ambas as 

fitas de DNA.

Os genes codificadores de proteínas encontram-se distribuídos 
aleatoriamente ao longo dos cromossomos. 



A figura acima mostra o cromossomo 11 com regiões de elevada
densidade gênica e outras de baixo teor gênico. Foi expandida, a 

região do locus da b-globina contendo 10 diferentes genes.



Cromoss
omo

Length
(mm)

Número
Bases

Genes de RNA 
codificantes

in the Ensembl database at the European Bioinformatics Institute (EBI) and Wellcome Trust Sanger Institute.



Cromosso
mo

Length
(mm)

Número
Bases

Genes de RNA 
codificantes

Total 1.052 4.088.286.401 20.412
in the Ensembl database at the European Bioinformatics Institute (EBI) and Wellcome Trust Sanger Institute.

Como essas informações auxiliam a explicar por que a trissomia do 
cromossomo 21, do 13 são compatíveis com a vida e outras trissomias não

são?



Interações complexas entre diversas variantes genéticas
alteram à susceptibilidade à doença, combinada com
determinadas exposições ambientais.

Causadas por variantes patogênicas em genes 
individuais

Anemia Falciforme, Fenilcetonúria, Fibrose Cística, Doença de
Gaucher, Distrofia Muscular de Duchene etc..

Hipertensão, Diabetes, Doença de Alzheimer etc...

1. Autossômicas: Síndrome de Down (21), Síndrome de 
Edwards (18), Síndrome de Patau (13)
2. Sexuais: Síndrome de Turner (45, X), Síndrome de Kleinefelter

(47, XXY)



In Gonzaga-Jauregui and Lupski, 2021 - Genomics of Rare Disease - Chapter 4



Uma mulher africana com albinismo oculocutâneo, mostrando a falta
de pigmentação no cabelo e na pele.

Heredograma mostrando o padrão de herança do albinismo (tirosinase
negativa). A consanguinidade é demonstrada por uma barra dupla.

In Jorde et al, 2017 – Genética Médica- Capítulo 4



Uma bebê com síndrome de Down (47 XX, +21), apresentando
características típicas dessa síndrome: fissuras palpebrais voltadas para cima, 

língua protusa, ponte nasal baixa.

Kariótipo de um paciente com trissomia do 21 (47 XY, +21)
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Figura 5-9 Abordagens cromossômica e genômica no diagnóstico da trissomia do21. A, Cariótipo deum
paciente do sexo masculino com síndrome de Down, mostrando três cópias do cromossomo 21. B, Análise
de hibridização in situ por fliiorcscência em interfase usando sonda /ociís-específica para o cromossomo
21 {em vermelho, três pontos) e para um autossomo-controle {em verde, dois pontos). C, Detecção da
trissomia do 21 em uma paciente do sexo feminino por microarranjo cromossômico de genoma completo.
O aumento da razão de fluorescência para seqüências do cromossomo 21 está indicado pela seta verme
lha. D, Detecção da trissomia do 21 pelo sequenciamento de genoma completo e super-representação das
seqüências do cromossomo 21. A representação da seqüência normalizada para cromossomos individuais
(±DP) em amostras cromossomicamente normais está indicada pela região sombreada verde. Uma razão
normalizada de aproximadamente 1,5 indica três cópias de seqüências do cromossomo 21 em vez de duas,
consistente com a trissomia do 21. Veja Fontes & Agradecimentos.
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In Jorde et al, 2017 – Genética Médica- Capítulo 6



Genes que codificam RNAm que são traduzidos em proteínas

Transcritos pela RNA polymerase I
Genes ribossomais: RNAr 45S: processado em 28S, 5.8S e 18S

Genes moderadamente repetidos: nos braços curtos de 4
cromossômicos acrocêntricos.

Transcritos pela RNA polymerase II

Estão organizados em “clusters”. Não estão dispersos ao
longo do genoma.

Transcritos pela RNA polymerase III
Genes que codificam RNAt e o rRNA 5S
São repetidos no genoma

São únicos: célula somática – diplóide (alelo paterno e materno)



Presentes em todas as células
Funcionam em funções essenciais em todas as células: genes
do metabolismo (ex. glicolise), proteínas ribossomais,
citoesqueleto, genes de reparo de DNA, etc..

Efetuam funções especializadas em certas células do corpo.
Ex. Insulina – células beta das ilhotas de Langerhans no
pâncreas (Diabetesmellitus)
Fator VIII da coagulação – célula hepatica (Hemofilia A)
Fenilalanina hidroxilase – células hepatica (Fenilcetonúria)



São sequências nucleotídicas não funcionais. 
Não são transcritos e nem traduzidos. 
Ausência de uma fase de leitura correta (excesso de stop
codons).
Ou, ausência do codon de iniciação metionina ou da região
promotora.

Muitos deles estão relacionados com famílias gênicas.



2. Loci dos genes Hox. 

1. Loci das globinas: Ex. a e b globina. 



3. Locus MHC – complexo principal de histocompatibilidade. 

Complexo HLA: 6p21.31 = ~200 genes

Complexo HLA: locus mais polimórfico do genoma
humano



q Não. Genes que codificam para histonas não possuem intron

Em humanos, todos os genes contém exons e introns?

Estrutura e organização de um gene típico

In Thompson e Thompson, 2016 – Genética Médica- Capítulo 3



Exemplos de 3 genes clinicamente importantes

In Thompson e Thompson, 2016 – Genética Médica- Capítulos 3 e 12



Gene Humano Tamanho
(Kb) No exons Tamanho médio

exon (bp)
Tamanho médio

intron (bp)

HBB (b-globina) 1,6 3 150 490

TP53 (p53) 39 10 236 3.076

F8 (fator VIII) 186 26 375 7.100

CFTR (fibrose
cística) 250 27 227 9.100

DMD (distrofina) 2400 79 180 30.770

Exemplos de tamanho de genes



In Klug et al, 2019 – Concepts of Genetics – Chapter 15



Genoma Humano: distribuição dos diferentes elementos

In Samuelson T, 2019, The Human Genome in Health and Disease - Chapter 4

Regiões repetidas são encontradas em íntrons e em regiões 
intergênicas.



Loci rDNA
RNA ribossomal são produzidos por 2 

loci: 5S rDNA e 45S rDNA

O locus 45S rDNA está presente em
cinco clusters e apresenta cerca de 

400 cópias

O número de cópias do 5S rDNA varia
entre 10 a 400 cópias

Symonova, 2019 – Genes: 10:345Nurk et al, 2022 Science 373:44-53



In Klug et al, 2019 – Concepts of Genetics – Chapter 15

Algumas das sequências repetidas do genoma são móveis: 
Elementos Transposon - 45% genoma

O Genoma humano tem 40 a 50 vezes mais DNA para
elementos transposons do que DNA para genes funcionais. A 

maior parte desses elementos encontram-se inativos
(silenciados). Ocasionalmente seu potencial de mobilidade

pode ser ativado e resultar em efeito mutagênico.



Aumento da duplicação gênica

A tonalidade mais intensa indica o aumento da taxa de duplicação
do DNA ao comparar os primatas não humanos e o humanos. A 

duplicação gênica mais expressiva ocorreu há 12 milhões de anos
atrás. 

In Herrera RJ and Garcia-Bertrand R. 2018 from Ancestral DNA, Human Origins and Migrations.



Genoma humano e a densidade de elementos repetidos

A figura mostra uma região do cromossomo 11 que contém o locus
da b-globina e a riqueza de elementos repetidos, sendo os

transposons a classe mais abundante.

In Samuelson T, 2019, The Human Genome in Health and Disease - Chapter 4

Considerando a proporção e diversidade dos elementos
transposons acredita-se que eles tiveram um papel importante na
arquitetura do genoma em primatas. Além disso, estima-se que 

24% dos promotores possuem sequências derivadas de transposons

In Herrera RJ and Garcia-Bertrand R. 2018 from Ancestral DNA, Human Origins and Migrations – Cap 1.



Genoma humano e a distribuição de elementos transposons Alu

Uma sequência Alu foi marcada com uma sonda verde e hibridada no 
cariótipo humano. As regiões em verde mostram a presença de 

elementosAlu ao longo de todo o cariótipo humano. Nota-se alguns
cromossomos, mais ricos em elementosAlu (ex. 16, 17 e 19) e outros 

cromossomos, com baixa densidade de elementosAlu (ex. 4, 13 e 
18)

In Herrera RJ and Garcia-Bertrand R. 2018 from Ancestral DNA, Human Origins and Migrations.



Elementos transposons Alu X Doenças Genéticas

A inserção de sequência ALU no íntron 16 do gene que codifica a 
enzimaACE (enzima conversora de angiotensina) influencia a 

atividade da região promotora e funciona como um repressor in trans 
da RNA polymerase II. Isso resulta em proteção às doenças

cardíacas.

including ALFRED [25–27] (https://www.ncbi.nlm.nih.
gov/snp/, accessed on September 5). Origin of genetic
ancestry (OGA) is defined within the Allele Frequency
Database, ALFRED [25]. The ALFRED database was
chosen due to its inclusion of multiple samplings for the
same OGA. The average rate in a given OGA (Table 1)
was calculated as the weighted average. All calculations
and data visualizations were conducted in R.

Results
ACE
ACE (angiotensin-converting enzyme) is a ubiquitously
expressed carboxypeptidase and is a central player in the
hormonal regulation of the cardiovascular system,
namely, the RAAS and the kallikrein-kinin system (KKS)
[28]. ACE converts angiotensin I to angiotensin II, which
leads to the internalization of ACE2 when in excess [29].
The antagonistic roles that ACE and ACE2 play in in-
flammation and anti-inflammation are crucial to physio-
logical homeostasis and pathophysiology in the
development of hypertension, renal diseases, and ARDS
[6, 30–33]. The specific mechanisms implicating the
RAAS and the KKS in cytokine storms during COVID-
19 have been extensively reviewed [34]. Angiotensin IV,
the metabolic product of angiotensin II without the par-
ticipation of ACE2, modulates endothelial functions,
such as plasminogen activator inhibitor-1 (PAI-1) re-
lease, which will be discussed further below [35, 36].
ACE acts as kininase to degrade bradykinin, leading to
vasoconstriction, further promoting the milieu for
thromboinflammation [28]. Interestingly, an intronic Alu
polymorphism of ACE has been shown to directly
influence the expression of the gene; individuals having
a homozygous absence/deletion of the Alu (DD geno-
type) exhibit the highest expression of ACE, and those
with homozygous insertion (II genotype) the lowest [37]
(Fig. 1). The polymorphic Alu insertion is an AluYa5
element and is in complete linkage disequilibrium (LD)
with an intronic variant (rs4341) and a synonymous
variant (rs4343); therefore, these SNPs can be used as
proxies for genotyping ACE Alu I/D (insertion/dele-
tion) [38–41]. At the molecular level, the presence of
the Alu element within intron 16 has been

determined to influence the promoter activity of ACE,
possibly serving as a trans-acting repressor of RNA
polymerase II activity [42, 43].
A critical observation is that the Alu polymorphism in

ACE may influence the susceptibility, clinical manifesta-
tions, and outcome of COVID-19 infection multidimen-
sionally. First, ACE can downregulate ACE2; individuals
with the DD genotype would be predicted to have lower
ACE2 expression, therefore, less susceptible to infection.
This theory is epidemiologically supported by a negative
correlation between the prevalence of COVID-19 and
the ACE D-allele frequency [19]. As would be predicted,
individuals of ACE Alu DD genotype have a higher pro-
pensity for developing ARDS in respiratory infections,
such as Influenza A [44, 45]. Furthermore, the ACE Alu
I/D polymorphism has been extensively studied across
the world for a wide range of cardiovascular diseases
(CVDs) and, in light of the available data, we propose
closer attention paid to the ACE Alu polymorphism
when considering the high prevalence of cardiovascular
complications observed in COVID-19 [24]. Several stud-
ies pointed to a bleeding tendency in individuals with
the II genotype, potentially through less robust coagula-
tion, and/or enhanced fibrinolysis [46–48]. Studies char-
acterizing the effects of the Alu I/D on the outcome of
infectious diseases and CVDs since 2015 are provided in
Supplementary Table 1. Interestingly, among patients
with myocardial infarction (MI), the D-allele of ACE is

Table 1 Genomic information of polymorphic Alus in ACE, PGR, PLAT, and F13B

Gene with
polymorphic
Alu

Reference
SNP
cluster ID

Genomic
location

Average frequency of insertionb

African European His/Latino Asian

ACE rs4343a Chr17:63488670 0.35 0.42 0.47 0.60

PGR rs1042838a Chr11:101062681 0.018 0.17 0.12 0.034

PLAT rs4646972 Chr8: 42039905 0.31 0.52 0.47 0.50

F13B rs70942849 Chr1:195278188 0.14 0.40 0.47 0.73
aThe Alu insertion itself does not have a rs number but it is in a complete LD with the presented rs number
bCalculated from ALFRED (https://alfred.med.yale.edu/alfred/)

Fig. 1 Alu polymorphism within ACE intron 16 influences circulating
ACE enzyme. ACE II, ID, and DD are three ACE genotypes generated
by Alu insertion/deletion events. These genotypes affect the
circulating level of ACE encoded by the gene. Specifically,
individuals with the II genotype have the lowest circulating ACE
levels whereas individuals having the DD genotype tend to have the
highest-circulating ACE level. I, insertion; D, deletion

Li et al. Human Genomics            (2021) 15:2 Page 3 of 11
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Elementos Transposons: sequências móveis

In Hartwell et al, 2018 – Genetics: from Gene to Genomes – Chapter 13



Retrotransposon e doença genética

Kazazian, H. H., et al. 
Nature 332, 164–166 (1988)

LINE



Tamanho: 16.569bp
Composto por 37 genes: 2 genes para rRNA, 22
genes para tRNA e 13 genes que codificam
proteínas da cadeia respiratória.

Apenas 2 stop codons: UAAeUAG.

Mitochondrial diseases in adolescents and adults. 
Similar to childhood-onset mitochondrial diseases, 
adult-onset mitochondrial diseases can present and pro-
gress in a myriad of ways, making diagnosis and manage-
ment challenging. Increasingly, the identifi cation of one 
family member with mitochondrial disease might alert 
physicians to other individuals with disease in the  family. 
Although many adult patients do not neatly fit into 
speci fic syndromes, the description of the syndromes 
is helpful in highlighting the multiple systems involved 
in disease.

LHON is a maternally inherited disorder that is 
characterized by degeneration of retinal ganglion cells 
and their axons, which culminates in acute or sub-
acute central visual loss67. In the North East of England, 
three primary LHON mtDNA mutations account for 
almost 50% of all adult-onset mitochondrial diseases, 
but in the French-Canadian population, there is a 

large genetic founder effect for mutations in MT-ND6 
(m.14484T>C)68,69. Disease expression is variable even 
in individuals with homoplasmic levels of the mutation 
and can depend on sex and lifestyle factors. For example, 
male sex is associated with an increased risk of develop-
ing LHON compared with female sex, and cigarette 
smokers and heavy alcohol drinkers have a significantly 
greater risk of developing LHON, with evidence of a 
dose–response relationship. Women with LHON have 
a greater risk of developing clinical and/or radiological 
features that resemble multiple sclerosis than men with 
LHON. Together, these data indicate that nuclear genetic 
and environmental factors exert a strong modulating 
effect on disease expression70–72.

Kearns–Sayre syndrome73,74 is a progressive cardio-
encephalomyopathy caused by a single, large-scale dele-
tion or rearrangement of mtDNA, which also gives rise 
to Pearson syndrome61,62 in infancy and CPEO in middle 
age, and was the first genetic defect in mtDNA noted 
to be associated with human disease. The condition is 
characterized by the triad of cardinal clinical features 
described by Kearns and Sayre (retinitis pigmentosa, 
ophthalmoplegia and cardiac conduction defects) and 
typically has its onset before 20 years of age. Cardiac 
 pacing is frequently required and multiple endocrino-
pathies (such as in the adrenal gland, pancreas, thyroid 
and parathyroid gland) frequently develop in patients 
with the most severe disease.

MELAS syndrome is characterized by mitochondrial 
myopathy, encephalopathy, lactic acidosis and stroke-like 
episodes75 (FIG. 5d–f). Nearly 80% of all cases of MELAS 
syndrome harbour an m.3243A>G mutation in MT-TL1 
(REF. 76). The genetic aetiology of the remaining ~20% 
of cases is very heterogeneous; various mutations in 
MT-TL1 and other mtDNA genes encoding tRNAs have 
been associated with this syndrome77. The m.3243A>G 
mutation in MT-TL1 can also give rise to other condi-
tions, including MIDD, Leigh syndrome, CPEO or a 
cardioencephalomyopathy syndrome31 (TABLE 3).

Myoclonic epilepsy with ragged red fibres is a well- 
characterized but rare form of mito chondrial dis-
eases11,78. Mutations in MT-TK (particularly m.8344A>G)79  
account for the genetic aetiology of the vast majority of 
cases (>90%).

Neurogenic muscle weakness, ataxia and retinitis 
 pigmentosa (NARP) is a progressive neurodegener-
ative disorder that often presents in early childhood, 
but might remain quiescent or stable into adult life, and 
forms a clinical continuum with maternally inherited 
Leigh syndrome80. The genetic aetiology of NARP seems 
to be confined to pathogenetic variants in MT-ATP6 
(m.8993T>G or m.8993T>C)80,81. Both of these muta-
tions exhibit the strongest genotype–phenotype corre-
lation of any mtDNA pathogenetic variants, with a strong 
relationship between the level of mtDNA mutations  
and the disease severity82,83. In general, individuals with 
hetero plasmy levels of <70% of the m.8993T>G mutation 
are often asymptomatic, those with hetero plasmy levels 
of 70–90% manifest clinically with a NARP pheno type, 
whereas those with heteroplasmy levels of >90% mani-
fest clinically as Leigh syndrome. Individuals with the 
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Os 13 genes codificam proteínas envolvidos em 4
processos metabólicos: 1) NADH desidrogenase,
2) complex citocromo C oxidase; 3) citocromo b e
4) subunidades 6 e 8 do complexo ATPase

CódonsAUG eAUAcodificammetionina.

CódonUGA codifica triptofano.

Gorman et al 2016. Mitochondrial Diseases. Nature Reviews 2:1

Fita pesada contémamaioria dos genes.



Cada mitocôndria tem de 5 a 10 cópias de
moléculas deDNA.

Mitochondrial diseases in adolescents and adults. 
Similar to childhood-onset mitochondrial diseases, 
adult-onset mitochondrial diseases can present and pro-
gress in a myriad of ways, making diagnosis and manage-
ment challenging. Increasingly, the identifi cation of one 
family member with mitochondrial disease might alert 
physicians to other individuals with disease in the  family. 
Although many adult patients do not neatly fit into 
speci fic syndromes, the description of the syndromes 
is helpful in highlighting the multiple systems involved 
in disease.

LHON is a maternally inherited disorder that is 
characterized by degeneration of retinal ganglion cells 
and their axons, which culminates in acute or sub-
acute central visual loss67. In the North East of England, 
three primary LHON mtDNA mutations account for 
almost 50% of all adult-onset mitochondrial diseases, 
but in the French-Canadian population, there is a 

large genetic founder effect for mutations in MT-ND6 
(m.14484T>C)68,69. Disease expression is variable even 
in individuals with homoplasmic levels of the mutation 
and can depend on sex and lifestyle factors. For example, 
male sex is associated with an increased risk of develop-
ing LHON compared with female sex, and cigarette 
smokers and heavy alcohol drinkers have a significantly 
greater risk of developing LHON, with evidence of a 
dose–response relationship. Women with LHON have 
a greater risk of developing clinical and/or radiological 
features that resemble multiple sclerosis than men with 
LHON. Together, these data indicate that nuclear genetic 
and environmental factors exert a strong modulating 
effect on disease expression70–72.

Kearns–Sayre syndrome73,74 is a progressive cardio-
encephalomyopathy caused by a single, large-scale dele-
tion or rearrangement of mtDNA, which also gives rise 
to Pearson syndrome61,62 in infancy and CPEO in middle 
age, and was the first genetic defect in mtDNA noted 
to be associated with human disease. The condition is 
characterized by the triad of cardinal clinical features 
described by Kearns and Sayre (retinitis pigmentosa, 
ophthalmoplegia and cardiac conduction defects) and 
typically has its onset before 20 years of age. Cardiac 
 pacing is frequently required and multiple endocrino-
pathies (such as in the adrenal gland, pancreas, thyroid 
and parathyroid gland) frequently develop in patients 
with the most severe disease.

MELAS syndrome is characterized by mitochondrial 
myopathy, encephalopathy, lactic acidosis and stroke-like 
episodes75 (FIG. 5d–f). Nearly 80% of all cases of MELAS 
syndrome harbour an m.3243A>G mutation in MT-TL1 
(REF. 76). The genetic aetiology of the remaining ~20% 
of cases is very heterogeneous; various mutations in 
MT-TL1 and other mtDNA genes encoding tRNAs have 
been associated with this syndrome77. The m.3243A>G 
mutation in MT-TL1 can also give rise to other condi-
tions, including MIDD, Leigh syndrome, CPEO or a 
cardioencephalomyopathy syndrome31 (TABLE 3).

Myoclonic epilepsy with ragged red fibres is a well- 
characterized but rare form of mito chondrial dis-
eases11,78. Mutations in MT-TK (particularly m.8344A>G)79  
account for the genetic aetiology of the vast majority of 
cases (>90%).

Neurogenic muscle weakness, ataxia and retinitis 
 pigmentosa (NARP) is a progressive neurodegener-
ative disorder that often presents in early childhood, 
but might remain quiescent or stable into adult life, and 
forms a clinical continuum with maternally inherited 
Leigh syndrome80. The genetic aetiology of NARP seems 
to be confined to pathogenetic variants in MT-ATP6 
(m.8993T>G or m.8993T>C)80,81. Both of these muta-
tions exhibit the strongest genotype–phenotype corre-
lation of any mtDNA pathogenetic variants, with a strong 
relationship between the level of mtDNA mutations  
and the disease severity82,83. In general, individuals with 
hetero plasmy levels of <70% of the m.8993T>G mutation 
are often asymptomatic, those with hetero plasmy levels 
of 70–90% manifest clinically with a NARP pheno type, 
whereas those with heteroplasmy levels of >90% mani-
fest clinically as Leigh syndrome. Individuals with the 
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&|NQQR���YJKEJ�KU�KPXQNXGF�KP�VJG�TGIWNCVKQP�QH�
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Há duas fitas de DNA mitocondrial: a fita
pesada e a fita leve.

Gorman et al 2016. Mitochondrial Diseases. Nature Reviews 2:1

A fita leve codifica para 1 proteína (ND6) e
8 RNAt. A fita pesada codifica 14 tRNAs e
o rRNA. A região D controla a replicação e
transcrição.

Fita pesada contémamaioria dos genes.

Cerca de 1.500 genes nucleares cooperam
com o genoma mitochondrial, e por isso,
muitas doenças genéticas mitocondriais
apresentam padrão de herança
mendeliano.



> 150 variantes patogênicas foram
descritas nos genesmitocondriais.

Dependendo do gasto de energia do
tipo cellular podem existir até 1.000
mitocôndrias por célula.

Orgãos com elevados requerimentos energéticos são particularmente
vulneráveis: cérebro, coração, músculo esquelético, olho, ouvido, fígado,
pancreas e rim.

Gorman et al 2016. Mitochondrial Diseases. Nature Reviews 2:1

Disfunção da mitocôndria está
associada com diferentes doencas
degenerativas.

Também doenças envolvendo a idade e
carcinogênese.



O DNA mitocondrial é
exclusivamente herdado da mãe.

Há heterogeneidade domtDNAé conhecido comoheteroplasmia e é umprocesso
dinâmico que inicia no desenvolvimento do ovócito.

Há evidências científicas que mostram
que no DNA mitocondrial há o
acúmulo de mutações devido aos
erros de replicação e de reparo do
mtDNA.

Devido ao acúmulo de mutações
uma mesma célula pode ter diferentes
mtDNA.

Gonzaga-Jauregui et al 2021. Genomics of Rare Disease. Cap. 7 



Apenetrância das doenças mitocondriais causada por variantes patogênicas no
mtDNA é principalmente dependente da heteroplasmia de cada indivíduo. A
penetância incompleta e heteroplasmia explicam porque algumas vezes um
indivíduo afetado herda a variante patogênica e outros indivíduos não herdam.

In Gromley & Gromley, 2021 – Biochem, Cell and Mol. Bio. and Genetics



O DNA mitocondrial é utilizado em
estudos de ancestralidade.

Grupos populacionais apresentam haplogrupos. Quando coletado de grandes
grupos populacionais como Europeus, Asiáticos, Africanos, Americanos e
Brasileiros, os haplogrupos podem trazer informações sobre a ancestralidade.

Diferenças em pequenas regiões do
DNA mitochondrial permite mapear
marcadores denominadoshaplótipos.

Cada pessoa tem o mesmo haplótipo
de sua mãe e portanto por meio desse
marcador é possível traçar a
ancestralidade materna.

In Passarge, 2018 – Color Atlas of Genetics



Devido a heteroplasmia durante a ovogênese ocorre o Limiar Fenotípico, um
fenômeno específico relacionado a transmissão do DNA mitocondrial damãe para
os(as) filhos(as).

Gonzaga-Jauregui et al 2021. Genomics of Rare Disease. Cap. 7 

Devido a heteroplasmia, isto é, a presença de diferentes moléculas mutantes de

mtDNA, ocorre o fenômeno do limiar fenotípico o qual se refere ao ponto em que a
proporção de mtDNA mutante causa o efeito fenotípico clínico.



Diferente da segregação do genoma nuclear que ocorre durante ameiose, com
cada célula filha comametade do número de cromossomos da célula mãe e da
segregação do DNA nuclear durante a mitose que resulta em duas células
filhas geneticamente idênticas. Em ambos os casos, a replicação do DNA
nuclear ocorre na fase S do ciclo cellular.

A replicação e segregação do DNA mitocondrial é denominado Segregação
Replicativa.

A replicação do DNA mitocondrial pode ocorrer em qualquer fase do ciclo
celular e a segregação para as células-filhas depende do movimento e da
divisão dasmitocondrias dentro da célula..

Gonzaga-Jauregui et al 2021. Genomics of Rare Disease. Cap. 7 

Amedida que o DNA mitocondrial acumula mutações resulta na ocorrência de
muitos mtDNAs diferentes dentro de uma célula ou um indivíduo.



Nas doenças mitocondriais, o nível de heteroplasmia governa a expressão da
doença. Por exemplo, Síndrome de Leigh, requer uma heteroplasmia > 80%
para amanifestação clínica.

Enquanto a heteroplasmia é presente em todos os indivíduos, um aumento de
mutações no mtDNA leva a doenças mitocondriais e outras doenças incluindo o
cancer, bem como a idade, com expressão variável proporcional ao nível de
heteroplasmia.

Episódios semelhantes ao que ocorre em MELAS, requer uma heteroplasmia
>60%.

Gonzaga-Jauregui et al 2021. Genomics of Rare Disease. Cap. 7 

Asegregação replicativa leva a heteroplasmia, uma condição na qual diferentes
cópias do mtDNA coexistem na mesma célula ou no mesmo organismo, o que
pode resultar em variabilidade genética nas populações de mitocôndrias dentro
do organismo.



Entre as práticas médicas, a genética médica é peculiar no que se
refere ao foco não apenas no paciente, mas também em toda a
família.

Uma história familiar abrangente representa o primeiro passo em
importância para a análise de qualquer doença genética.

“Não colher uma boa história familiar denota mámedicina”
– Barton Childs, 1999.

OBITUARY
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Perhaps more remarkable than his experimental studies were his 
review papers. Many were visionary and introduced his concept of 
disease as disturbed homeostasis due to interacting genetic and soci-
etal factors. These ideas were expanded in his 1999 book, Genetic 
Medicine: A Logic of Disease. His papers introduced such novel 
ideas as genetic heterogeneity and the role of genes in infectious 
disease and human behavior. His belief that medicine should broadly 
incorporate his concept of disease inspired his desire to revolutionize 
medical education. He lived long enough to witness the initiation 
of his genetics-based curriculum, ‘Genes to Society’, at the Johns 
Hopkins School of Medicine.

I met Barton during my pediatric internship at Hopkins. He was 
an assistant professor, Markle Scholar and the head and only mem-
ber of the division of pediatric genetics. I observed that he was a 
superb clinician and an excellent clinical resource. I became his 
first postdoctoral fellow, and he remained my lifetime mentor and 
friend. Barton officially mentored a small number of fellows, who 
include Haig Kazazian, Ronald Davidson, Vasken der Kaloustian 
and Ann Pulver. Yet he had many unofficial trainees: David Valle, 
Michael Kaback, Neil Holtzman, Saul Brusilow, Jerry Winkelstein, 
Ted Bayless, Patrick Walsh and many others consider him an impor-
tant mentor. Their studies of OTC deficiency, prostate cancer, immu-
nodeficiency and Crohn’s disease, the first Tay Sachs screen, and the 
concept of informed parental consent all bear his imprint.

All who came under his influence benefited from his creativity. 
His greatest impact was an intimate one. It was not necessary to 
know Barton personally (although this was a great pleasure) but 
only to attend a conference or ride in an elevator with him. His 
humility, humanity, great intellect and unusual perspective became 
apparent almost immediately. His performance at journal clubs and 
research conferences set standards for all of us. He had a unique 
view of almost everything. The questions he raised during discus-
sions brought important insights that never would be considered 
otherwise. He reminded us of gaps in our knowledge and suggested 
the critical experiments to be done. A historian by nature, there was 
nothing anecdotal about his approach to anything.

Barton had the misfortune to lose his wife Eloise in a car accident 
in 1980 and then the good fortune to marry Dr. Ann Pulver, who 
provided a new raison d’être.

It seems fitting to conclude with Barton’s own prophetic words from 
his paper ‘Science as a way of knowing: human genetics’ published 
in American Zoologist in 1986: “genetics helps us to know ourselves, 
both as a species and as individuals, and how we came to be what we 
are. It also shows us that some disease is an inevitable by-product of 
the mechanisms for supplying the variability essential for a successful 
species. Curiously, it has not had much impact on medical thinking, 
but it is likely that the methods of the new genetics will remedy that 
deficiency by establishing the idea of genetic variation as essential to 
the study of human biology and medicine.” �

Barton Childs, who defined the field of genetic medicine and provided 
the best rationale for its existence, died on February 18, 2010, just short of 
his 94th birthday. Until then, he continued to promote the application of 
genetics to the practice of medicine to all who might listen.

A graduate of Williams College, Barton received his medical degree 
from Johns Hopkins School of Medicine, which also provided his 
training in pediatrics. The recipient of many honors, he was highly 
respected as a visionary geneticist.

Barton developed an interest in genetics while observing pediatric 
outpatients with congenital anomalies. His reading suggested two 
ways to study the causes of such anomalies: either study the offspring 
of rats treated with toxic compounds during pregnancy or study the 
inheritance of anomalies in families, which seemed to him a far supe-
rior approach. To learn genetics, he traveled to London, spending 
a pivotal year at the Galton Laboratory. There, he came under the 
influence of Lionel Penrose, a psychiatrist who had established what 
Barton considered the first full laboratory for human genetics in the 
world. He also fell in with Harry Harris, a physician and geneticist 
who pioneered the Garrodian concept that genetic variation is com-
mon in man and who showed that no two individuals are exactly alike 
in their biochemical makeup.

Returning to Johns Hopkins in 1953, Barton founded the division of 
pediatric genetics. His mission differed from that of his Hopkins col-
league, Victor McKusick, who started a medical genetics clinic in 1957. 
Barton believed that genetics should be an important component of 
patient care in all branches of medicine, so he feared that its role would 
be diminished if it was made an independent discipline. Rather than 
collecting patients in a genetics clinic, he wanted to teach physicians how 
to study their own patients with genetic diseases. David Valle, who intro-
duced Barton at the ceremony for the Colonel Harland Sanders award for 
lifetime achievement at the American College of Medical Genetics annual 
conference in 1999, said, “Barton’s greatest contribution was grabbing so 
many of us by the ear and forcing us to think about genetics and the role 
our genes play in health and disease.”

Considering himself a klutz in the laboratory, Barton spent much 
of his time reviewing the literature and using published data to gen-
erate novel hypotheses. With collaborators, he contributed to bio-
chemical studies of hyperglycinemia, G6PD deficiency and other 
genetic diseases. With Ronald Davidson and Harold Nitowsky, he 
conducted his most elegant experiment: analyzing single cell clones 
derived from individuals heterozygous for G6PD variants, which 
provided the first compelling evidence supporting the hypothesis of 
a single active X chromosome proposed by Mary Lyon. Also, Barton 
carried out pioneering studies of dyslexia and schizophrenia, intro-
ducing genetic methodology to the field.

Barton Childs 
1916–2010
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Apesar dos testes citogenéticos, moleculares e genômicos
sofisticados, agora disponíveis aos geneticistas, uma história
familiar bem feita (incluindo heredograma) representa uma
ferramenta fundamental para todos os profissionais de
aconselhamento genético a ser utilizada para determinar o
padrão de herança de uma doença em uma família, elaborar
diagnósticos diferenciais e instituir manejo e um plano de tratamento
individualizado para seus pacientes.

O Projeto Genoma Humano mostrou que muitas doenças
aparentemente monogênicas, apesar do forte componente genético
(variante patogênica) há os elementos epigenéticos ou
modificadores que auxiliam a explicar a variabilidade clínica. A
compreensãominuciosa dosmesmos permanece o grande desafio.

Zschocke et al 2023 Nature Rev. Genetics, Feb. 20. 
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