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DEFINIÇÕES 

q  São processos celulares que tem como objetivo corrigirem erros no DNA 
introduzidos pelo meio ambiente, durante a divisão celular ou mudanças 
espontâneas que podem ocorrer no DNA.  

O Que é Reparo de DNA?  

q  O DNA, como entidade química, está sujeito a danos que podem ser 
causados pelo meio ambiente ou por reações químicas na célula e se 
não reparados induzem mutações que podem resultar em doenças.  



DANOS NO DNA 



Quais os principais mecanismos de reparo do DNA?  

  Tipos de Dano Principal Mecanismo de 
Reparo 

1 

Base modificada quimicamente 
(oxidação, desaminação, metilação 

etc.) 
BER - Reparo por excisão de 

base Deleção de uma base (sítio apurínico 
ou apurimidínico) 

Quebra de fita-única de DNA 

Distorção da dupla-hélice (dímeros 
de pirimidina) NER - Reparo por excisão de 

nucleotídeo 
 2 Ligação cruzada intra-cadeia 



Quais os principais mecanismos de reparo do DNA?  

  Tipos de Dano Principal Mecanismo de 
Reparo 

3 

Base malpareada por erros na 
replicação do DNA MMR - Reparo por 

malpareamento Pequenas inserções ou deleções 
devido ao deslocamento durante a 

replicação 

4 Quebra na fita dupla de DNA 
HR - recombinação homóloga 

NHEJ - Junção das 
extremidades não homológas  



Com os sistemas de reparo a taxa de mutação pode 
chegar 1 erro a cada 10.000.000 nucleotídeos, ou seja, < 1 

mutação por genoma por divisão celular. 

AULA: MUTAÇÃO (9/08) 

Normalmente, as células possuem os sensores 
moleculares para identificar os diferentes tipos de lesão 

do DNA e um determinado mecanismo de reparo é ativado. 

Ineficiência em identificar e reparar o dano resulta em mutação 



REPARO DIRETO: FOTOREATIVAÇÃO 

q  São processos celulares 
que reparam dimeros de 
timina induzidos pela UV.  

Não ocorre em 
humanos 



REPARO DIRETO: REMOÇÃO 



XERODERMA PIGMENTOSUM 



FORMAÇÃO DE DÍMEROS DE PIRIMIDINA 



NUCLEOTÍDEO EXCISION REPAIR (NER) 

sions, such as CPDs, the damaged DNA binding (DDB)
complex (composed of two proteins, including XPE) is re-
quired for improving the efficiency of damage recognition
and removal. The transcription-coupled repair (TCR) sub-
pathway acts on the transcribed strand of actively ex-
pressed genes. The existence of this sub-pathway was first
observed when DNA damage was not homogeneously re-
moved from the genome of mammalian cells, and the pref-
erential repair of CPD lesions was detected in active genes
(Bohr et al., 1985). Subsequently, this preferential repair
system was demonstrated as being selective for the tran-
scribed strand, implicating the transcription machinery in
the recognition of DNA damage (Mellon et al., 1987). Sub-
sequent studies with CS cells demonstrated that these cells
were deficient in the preferential repair of active genes
(Mullenders et al., 1988; Venema et al., 1990). Indeed, the
CSA and CSB proteins are important players in the recog-
nition of DNA lesions in the TCR pathway, triggered by the
blockage of RNA polymerase II during transcription.

The next step, common to both GGR and TCR sub-
pathways, is initiated through the recruitment of the tran-

scription factor TFIIH, a multiprotein complex, which

includes XPB and XPD proteins, 3’-5’ and 5’-3’, respec-

tively, ATP-dependent DNA helicases. This complex un-

winds ~30 bp at the damaged DNA site, which is covered

by a single RPA (from Replication Protein A) complex (a

single-stranded DNA binding complex, composed of three

sub-unities). RPA and XPA proteins are likely involved in

the correct three-dimensional assembly of the NER ma-

chinery prior to the endonucleolytic cleavage step. XPG

proteins and the XPF/ERCC1 complex are the main endo-

nucleases that nick DNA at both sides, some nucleotides

away from the damage. Although XPG is required for

XPF/ERCC1 activity, this heterodimer makes the initial

5’-incision, followed by the XPG incision at the 3’ side of

the lesion (Fagbemi et al., 2011). The final step of NER is

the gap filling through repair synthesis. Replicative DNA

polymerases (Pol ! and Pol ") use the 3’-hydroxyl extrem-

ity, generated by the XPF/ERCC1 incision, as a primer to

synthesize DNA at the 30-nucleotide-gap. The resulting

nick at the 5’ end of the gap is sealed through DNA ligase I

224 DNA repair avoids cancer and aging

Figure 2 - Schematic representation of nucleotide excision repair (NER): the proteins associated with human diseases are highlighted. The downstream
NER pathway and each of the sub-pathways (GGR and TCR) for lesion recognition are indicated, showing the different steps for DNA lesion removal in
an error-free manner.



NUCLEOTÍDEO EXCISION REPAIR (NER) 

http://highered.mheducation.com/sites/dl/free/0072835125/126997/
animation33.html 



XERODERMA PIGMENTOSUM 

n  Nomenclatura: OMIM 278700 

  Doença genética caracterizada pela extrema sensibilidade aos raios UV 
da luz solar. 
 Característica – incapacidade de reparar DNA lesionado frente a 
exposição a raios UV que resulta em um crescimento celular 
desregulado e formação de tumor. 
 Pessoas com xeroderma tem risco aumentado de desenvolvimento de 
cancer de pele e 30% desenvolvem problemas neurológicos. 

ü  Existem 8 formas hereditárias de xeroderma: XP-A a XP-G e 
variante XP-V. 

ü  Doença rara: USA e Europa 1 em 1 milhão. Mais comum no 
Japão e norte da África. 

ü  Manifestação: primeiros anos de vida. 



XERODERMA PIGMENTOSUM 

n  Documentário: Prof. Carlos Menk – Instituto Biociências - USP 

 
 https://www.youtube.com/watch?v=uKqCXTbmwuI 

https://www.youtube.com/watch?
v=vP8-5Bhd2ag 



SINDROME PROGERÓIDE 
S ÍNDROME WERNER 



REPARO POR RECOMBINAÇÃO 
HOMÓLOGA 



REPARO POR RECOMBINAÇÃO 
HOMÓLOGA 



REPARO POR RECOMBINAÇÃO 
HOMÓLOGA 

https://www.youtube.com/watch?
v=vP8-5Bhd2ag 

Posição 3:12 do vídeo 



SÍNDROME PROGERÓIDE 

n  Nomenclatura: OMIM 277700 – Síndrome Werner 

  Doença genética caracterizada por sintomas de envelhecimento em 
estágios precoces em sua vida. 

 Característica – incapacidade de reparar DNA lesionado devido a 
mutações em DNA helicases resulta em frequência aumentada de 
recombinação e como consequência aparição de alterações na pele, 
calcificações subcutâneas, cabelos grisalhos desde cedo, entre 
outros. 

 Pessoas com Síndrome de Werner tem risco aumentado de 
desenvolvimento de câncer e idade avançada. 



SINDROME DE LYNCH 



REPARO DE MALPAREAMENTO 



REPARO DE MALPAREAMENTO 

http://highered.mheducation.com/sites/dl/free/0072835125/126997/
animation34.html 



REPARO DE MALPAREAMENTO 

MMR é o principal sistema de reparo e ocorre durante a 
replicação do DNA 

Mutação por perda de função em genes do sistema MMR 
podem resultar em uma instabilidade global do DNA . 

Células com deficiência da maquinaria MMR, a taxa de 
mutação pode aumentar 1000 vezes 



ATAXIA TELANGIECTASIA 
DOENÇAS NEURODEGENERAT IVAS  



REPARO DE QUEBRAS DA  
FITA DUPLA DE DNA 

ATM – Proteína sensora que responde a danos no DNA por meio da 
fosforilação de substratos envolvidos no reparo do DNA 

Junção das extremidades não homólogas 
2 tipos: 

Reparo por Recombinação homóloga 
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double-strand break. Such lesions are particularly dangerous, because 
they can lead to the fragmentation of chromosomes and the subsequent 
loss of genes.

This type of damage is especially difficult to repair. Each chromosome 
contains unique information; if a chromosome undergoes a double-
strand break, and the broken pieces become separated, the cell has no 
spare copy it can use to reconstruct the information that is now missing.

To handle this potentially disastrous type of DNA damage, cells have 
evolved two basic strategies. The first involves rapidly sticking the broken 
ends back together, before the DNA fragments drift apart and get lost. 
This repair mechanism, called non-homologous end-joining, occurs in 
many cell types and is carried out by a specialized group of enzymes that 
“clean” the broken ends and rejoin them by DNA ligation. This “quick and 
dirty” mechanism rapidly repairs the damage, but it comes with a price: 
in “cleaning” the break to make it ready for ligation, nucleotides are often 
lost at the site of repair (Figure 6–29A). 

In most cases, this emergency repair mechanism mends the damage 
without creating any additional problems. But if the imperfect repair dis-
rupts the activity of a gene, the cell could suffer serious consequences. 
Thus, nonhomologous end-joining can be a risky strategy for fixing 
broken chromosomes. So cells have an alternative, error-free strategy 
for repairing double-strand breaks, called homologous recombination 
(Figure 6–29B), as we discuss next.

Homologous Recombination Can Flawlessly Repair DNA 
Double-strand Breaks 
The problem with repairing a double-strand break, as we mentioned, is 
finding an intact template to guide the repair. However, there is one time 
during a cell’s life when all of its DNA is present in duplicate: after the 
DNA has been replicated, but before the cell divides. If a double-strand 
break occurs in one double helix shortly after a stretch of DNA has been 
replicated, the undamaged double helix can serve as a template to guide 
the repair of the broken DNA: information on the undamaged strand of 

Figure 6–29 Cells can repair 
double-strand breaks in one of 
two ways. (A) In nonhomologous 
end-joining, the break is first 
“cleaned” by a nuclease that 
chews back the 5މ broken ends 
to produce flush ends. The 
flush ends are then stitched 
together by a DNA ligase. Some 
nucleotides are lost in the repair 
process, as indicated by the black 
lines in the repaired DNA. (B) If 
a double-strand break occurs in 
one of two daughter DNA double 
helices after DNA replication 
has occurred, but before the 
daughter chromosomes have 
been separated, the undamaged 
double helix can be used as a 
template to repair the damaged 
double helix by homologous 
recombination. This is a more 
involved process than non-
homologous end-joining, but it 
accurately restores the original 
DNA sequence at the site of the 
break. The detailed mechanism is 
presented in Figure 6–30.
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phosphorylates BRCA1. This phosphorylation is
required for the release of BRCA1 from CHK2, and is
important for cellular viability after ionizing radiation87.
Furthermore, ATM phosphorylates CtIP (CtBP-inter-
acting protein), a protein that binds to and inhibits
BRCA1 function, resulting in the release and apparent
activation of BRCA1 (REF. 88).

Human cells mutated for NBS1 or MRE11 (REFS
48,89), and yeast mutated for any one of the Mre11p,
Rad50p and Xrs2p (an NBS1 analogue) complex, are
radiosensitive90,91. So ATM could also affect repair and
radiosensitivity through this complex. This potential
mechanism is particularly attractive owing to the link-
age of MRE11 and NBS1 to both NHEJ and recombina-
tional repair. Finally, because ATM is also found in a
large protein complex with BRCA1 and numerous DNA
repair-associated proteins (p95/MRE11/RAD50, MSH2,
MSH6, MLH and BLM)58, there are many other poten-
tial mechanisms by which ATM could affect DNA repair
and radiosensitivity.

Other targets for ATM
Patients with ataxia-telangiectasia show a progressive
neurodegeneration that could, in theory, result from
deficiencies in dealing with DSBs in neuronal cells. If
this turns out to be the case, then any of the substrates
discussed above in the DNA damage signalling pathways
could also be involved in the neurodegeneration pheno-
type. The recent observation89 that patients with muta-
tions in MRE11 have an ataxia-telangiectasia-like phe-
notype that includes some ataxic symptoms would be
consistent with this possibility. In addition, the observa-
tion that mice deficient in the repair enzyme ligase IV
have a defect in neurological development that is ATM
dependent92 indicates both that DNA damage normally
occurs during development of the nervous system and
that ATM signalling is an important determinant of
neuronal cell survival after this damage.

However, the involvement of ATM in other physio-
logical pathways could also account for the neurological
symptoms of ataxia-telangiectasia. Unfortunately, it has
been difficult to study the role of ATM in the nervous
system experimentally. For example, ATM-deficient
mice have, at worst, a mild neurological abnormality14,
and the progressive neuronal death in humans seems to
be most evident in the sparse population of cerebellar
Purkinje cells. Could ATM have extra functions that are
restricted to certain cell types, such as neurons? The
suspicion that there are other functions and targets for
ATM comes from data linking it to c-Abl93 and the NF-
κB signalling pathway94; the observation that it can
bind to a vesicular protein, β-adaptin95; and the fact
that it is found mainly in the cytoplasm of neurons96,97.
Interestingly, one cytoplasmic function and target for
ATM has been reported — in some cell types, insulin
treatment activates the ATM kinase and stimulates
phosphorylation of the translational regulatory protein,
4E-BP1 (REF. 98). This observation provides a potential
link to the unusual insulin-resistance phenotype previ-
ously reported in ataxia-telangiectasia patients. It
remains to be seen whether ATM participates in other

DNA double-stranded breaks can be repaired in
mammalian cells by at least two pathways (FIG. 3) —
homologous recombination or non-homologous end-
joining (NHEJ; also known as illegitimate recombina-
tional repair)78. On the assumption that a subtle repair
defect could result from an aberrant recombinational
pathway, abnormalities in these recombinational path-
ways have been sought in ATM-deficient cells.High rates
of intrachromosomal recombination have been found in
ATM-deficient cells79,80, as well as error-prone recombi-
nation and increased levels of extrachromosomal recom-
bination81. It is still not known, however, which repair
pathway is abnormal in these cells or how ATM would
affect such a pathway.Although NHEJ was thought to be
predominant in mammalian cells,ATM has recently been
linked82,83 to homologous recombination.

The ATM kinase could also modulate radiosensitivi-
ty through its interactions with BRCA1, NBS1 or CHK2
(FIG. 3). BRCA1 forms a complex with RAD51 (REF. 84),
an essential protein in homologous-recombinational
repair after DNA damage. Moreover, cells lacking
BRCA1 are hypersensitive to ionizing radiation and
defective in transcription-coupled repair and homolo-
gous-recombinational repair85,86. As observed with the
checkpoint controls, the effects of ATM on BRCA1
could be both direct and indirect, because CHK2 also

RAD50

NBS1
MRE11

CHK2

Others
RAD52 BRCA1

RAD51

DNA-PKcs

c-Abl

HR repair pathway NHEJ repair pathway

RAD52

RAD51
Ku end binding

XRCC4
Ligase IV

Repair/radiation sensitivity

ATM*

DSBs

Figure 3 | A role of ATM in DNA double-stranded break
repair pathways. RAD51/RAD52 and BRCA1 are required
for the homologous-recombinational (HR) repair pathway.
The non-homologous end-joining (NHEJ) repair pathway
depends on DNA-PKcs, the Ku proteins, XRCC4 and ligase
IV. The NBS1/MRE11/RAD50 complex is thought be
involved in both DNA double-stranded break (DSB) repair
pathways. Although the mechanisms responsible for
radiosensitivity in ataxia-telangiectasia cells have not been
clarified, ATM seems to regulate several candidates involved
in DSB repair (BRCA1, NBS1, MRE11 and so on).
Dysfunction of these candidates in DSB repair pathway in
ATM-deficient cells may explain radiation sensitivity and
chromosomal abnormalities. Dashed arrows represent
possible signalling steps between ATM and c-Abl and CHK2,
and c-Abl and CHK2 with RAD51 and BRCA1, respectively.
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ATAXIA ESPINOCEREBELAR-
EPILEPSIA 

DOENÇAS NEURODEGENERAT IVAS  

O Locus hOGG1 apresenta várias isoformas. Algumas codificam enzimas que 
localizam-se nas mitocôndrias e têm atividade glicosilase para reparar lesões do DNA 

mitocondrial 



REPARO DE EXCISÃO DE BASES NO 
DNA MITOCONDRIAL 

O DNA mitocondrial está mais sujeito a danos  com as espécies reativas de 
oxigênio comparado ao DNA nuclear 

O número de bases oxidadas no DNA mitocondrial é 2-3 vezes maior que no 
DNA nuclear. 

O SNC tem alta demanda energética utilizada principalmente para manter a 
distribuição iônica através da membrana e para função sináptica 

Perda da integridade mitocondrial está associada com neurodegeneração 



REPARO DE EXCISÃO DE BASES NO 
DNA MITOCONDRIAL 

Figure 1. 
Schematic representation of the Base Excision Repair Pathway in Mammalian 
Mitochondria. Each enzymatic step and the proteins involved are further described in the 
text.

de Souza-Pinto et al. Page 20

DNA Repair (Amst). Author manuscript; available in PMC 2015 October 29.
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MECANISMOS DE REPARO DO 
DNA MITOCONDRIAL 

Author ManuscriptAuthor ManuscriptAuthor ManuscriptAuthor Manuscript

de Souza-Pinto et al.
Page 23

Table 1

Comparison of the DNA repair pathways identified so far in the nucleus and mitochondria of mammalian cells.

Mammalian DNA Repair Pathways

PATHWAY SUBPATHWAYS Nuclear Mito

BER/SSBR
Long patch Y N

Short patch Y Y

NER

General genome Y N

Gene-specific Y N

Transcription associated Y N

MMR Y Y?

Recombination
HR Y ?

NHEJ Y Y

Direct damage reversal Y Y

D
NA Repair (Am
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