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DNA Repair and Cancer
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DNA Repair and Cancer

RNA and proteins can be totally degraded when
damaged, and re-synthesized when needed

DNA is not totally degraded when damaged
- repaired at a nucleotide level or in small patches

DNA repair maintains integrity of the genetic
information
- DNA -> RNA -> protein
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Importance of DNA Repair

All organisms, from bacteria to yeast to humans, have
multiple DNA repair mechanisms and pathways

Many of the genes, proteins and repair pathways are

evolutionarily conserved

~ 150 human genes encode DNA repair proteins, and
many more involved in DNA damage response (DDR)

Defects in DNA Repair can cause Cancer

DNA Repair

Types of DNA damage

Types of DNA repair pathways

DNA damage, repair, and cancer
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DNA Repair

Types of DNA damage

Errors in DNA synthesis

Spontaneous/endogenous sources

Exogenous sources

ndogenous Cellular Events
threaten DNA Integrity

m

* Errors in DNA
Replication

Errors cause
Mutations if not
Repaired

Replication Errors in the Genome

DNA polymerase delta (8) copies DNA with
high fidelity (proofreading mutant D400A)

- Low error rate in copying: ~1 error/10° bp

Human genome has ~6x10° bp
- 6x10° / 1x10° = ~60,000 errors!

How does the cell prevent/correct these
errors to minimize the mutation rate?




Copying DNA by Polymerase &
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Proofreading DNA Polymerase &
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Proofreading Errors in the Genome

DNA polymerase & + proofreading function
-~1errorin 107 bp

Human genome has ~6x10° bp
- 6x10° / 1x107 = ~600 errors

How does the cell deal with these errors?
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Excision Repair

Three types:
- Mismatch repair (MMR)
- Nucleotide excision repair (NER)
- Base excision repair (BER)

What do they have in common?
- Excise the damaged or mismatched DNA strand
- Synthesize based on the complementary strand
- Ligate the nick to complete synthesis

Mismatch Repair in Humans

hydrolysis

+ Nicked in same strand as first nick
« Excision by Exonuclease |
« Gap filling by Polymerase 0; Ligation by DNA ligase |




Proofreading Errors in the Genome

DNA polymerase & + proofreading function
-~1errorin 107 bp

DNA polymerase 6 + proofreading + MMR
- ~lerrorin10° bp

Human genome has 6x10° bp
- 6x10° bp / 10° bp = ~6 errors in genome
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MMR Defects cause
Microsatellite Instability (MIN)

» DNA Repeats, called Microsatelites, can expand
or contract during DNA replication

« Microsatellite: TTTTNTNTTTTNT;NNT 55 [named BAT25]
BAT25

normal ____-M,\/\/\/\/\/\’\

colon

Expansion of BAT25 to a larger  colon /\/\/V\/\/\/\/\/\M_

size in Colon Cancer (HNPCC)  tumor
breast ‘.‘_ﬁ/\/\/\/\/\,\'y
tumor

<—— larger size

DNA can Break during Replication
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DNA can break during Replication

Breaks occur near replication forks

Up to ~ 10 breaks per cell per S phase

Breaks may result after trying to replication past
a ssDNA break (nick) or DNA “damage”

Failure to properly repair breaks can lead to cell
death, or to DNA translocations, which can lead
to cancer

Bypass of DNA Damage by DNA
Replication Forks

Template-Switch Damage Bypass Mechanisms

A
A A

In both examples, information is read from the sister nascent strand




Mutagenic and Non-Mutagenic Bypass Synthesis

Normial Replication Proteins
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TLS: Polymerase Switch
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DNA Polymerases
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Polymerase Gene  Family Other names Proposed function

n(eta) POLH Y RAD30A.XPV Bypass UV lesions

1(iota) PO i RAD30B Bypass synthesis

K (kappa) POLK X DINB1 Bypass synthesis

Allambda) POLL X POL visiae) B, i ir. NHE)

Hmu) POLM X Bl NHE]

0 (theta) POLQ A Mus308 (in Drosophila melanagaster)  DNA repair

E(zeta) POLZ B REV3 Bypass synthesis

Rev1 REVI Y REVIL Incorporation of dC apposite abasic sites

Vinu) POLN A = Unknown, but Pol v has a unique error

signature, G-dTMP mismatches!t*




Endogenous Cellular Events
threaten DNA Integrity

+ Biochemical
Processes

DNA Damage can
cause Mutations if
not Repaired
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Depurination
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« Upto 10,000 Purine bases per cell in a day

« Up to 500 Pyrimidine bases per cell in a day

« Abasic sites are non-coding and block replication if not repaired

Deamination
o ~100-500/cellday o Lo L
2iadly )N\ |- “)"\ urac) 1.UG-> UA+CG
() N H o N H
y %  Pre-mutagenic 2. UA->UA+TA
C to T Point Mutation

NH, o

N
NS HNTe
adenine ',‘i ;»—u —_— ﬁ }—N hypoxanthine
HZINT TR HTON
H H
o o

N
HNT0S NSO 2
guamne )—N — H—H xanthine
s
pRE yE
H

25
0” >N
H

NH; o Pre-mutagenic
Ny M N T TG > TA+CG
S-methylcytosine "3 ° = Ny ™ thymine 2 .
e 2 o C to T Point Mutation
) l;l H o 'I‘ H
H H

Figure 1241




Oxidation

Reactive Oxygen species:
- Hydrogen peroxide: HOOH
- Oxygen free radicals: 0-O¢, HO®, O°

May arise from:
- Mitochondria, peroxisomes, inflammation

Can damage DNA bases
- Oxidized bases
- Form abasic sites
- DNA breaks: ss- or ds-DNA break
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Oxidation
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Methylation

+ S-Adenosyl-Methionine

—> 3-Methyl-Adenine

> 7-Methyl-Guanine

Up to 7000 per cell in a day

Cytosine Guanine
Baagd on Friedberg, Waker and Slede (1895)
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Exogenous agents can damage DNA

UV: ultra-violet radiation
Alkylating agents

X-rays: ionizing radiation
- double-strand break (DSB)
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Solar UV Radiation, Ageing &
Skin Cancer
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UV DNA damage: mutagen & carcinogen

Pyrimidine dimers:
- 60% T-T, 30% C-T, 10% C-C

Mutagenic: keratoses, basal skin carcinomas
- C-Cdimers are the most mutagenic: C-C -> T-T
- T-T dimers are the least mutagenic, best repaired

Carcinogen: squamous cell carcinomas
- Incidence doubles every 10° decline in latitude
- Peaks at the Equator, where cumulative UV
highest
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DNA alkylating agents

Many are known cytotoxics, mutagens and
carcinogens

- Which interfere with DNA replication
Some are agents used in laboratory studies

- MMS, methyl methane sulfonate

- ENU, ethyl nitrosourea
Cytotoxic drugs used in chemotherapy

- Melphalan, chlorambucil, others
Environmental agents

- MeCl: microorganisms, algae, burning biomass

- Streptozotocin: MNU-derivative from resistant S.

achromogenes

DNA Alkylation Sites

DR DRI

Adenine

ENUq MMS #1
ENU #2
ENU #1
Phospho-triester
Cytosine Guanine in DNA backbone
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Impact of DNA alkylation

7-methyl-guanine is unstable
- Spontaneously depurinates -> abasic site
- Blocks replication, cytotoxic if not repaired
3-methyl-adenine blocks replication
- Cytotoxic if not repaired
6-ethyl-guanine is mutagenic, not cytotoxic
- Mispairs with T in replication, then T templates A
- eG:C -> eG:T -> A:T mutant DNA
- G:C -> G:C -> G:C wtDNA, if repaired
- 1st 2nd .S phases
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Excision Repair

Base excision repair

Base Excision Repair

Many variations, depending on the nature of the
damage, glycosylase, and nature of DNA polymerase

All have the following steps in common:

- Removal of the incorrect base by an appropriate
DNA N-glycosylase to create an AP site

- An AP endonuclease nicks on the 5’ side of the AP
site to generate a 3’-OH terminus

- Extension from the 3’-OH by a DNA polymerase,
which replaces the AP site with correct nucleotide

- Ligation of the DNA nick

13



An example
of a DNA N-
glycosylase
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Some DNA N-
glycosylases
have AP lyase
activity.

Examples of Human DNA Glycosylases

Acray Full Name Mo AR Substrates
m (aa) Lyase
UNG | Uracil DNA N-Glycosylase 313 No ssU>U:G>U:A, 5-FU
TDG | Thymine DNA Glycosylase 410 No U:G>ethenocytosine:G>T:G
UDG2 | Uracil DNA Glycosylase 2 327 No U:A
Single-strand-selective
Monofunc- 3
Ji sU> J
SMUG tional Uracil-DNA Glycosylase 210 No SUELHL LG
1
MBD4 Me‘hy"CPG'i‘“d’“g Deciatn | i eon | ins Uor T in U/TpG:5-meCpG
MPG MettwlRutine DA 203 | No | 3-meA,7-meA,3-meG, 7-meG
Glycosylase
MYH MutY Homolog 535 | Yes () A:G, A:8-ox0G
OGGI |8-Oxo-Guanine Glycosylase 1 | 345 Yes 8-0x0G:C
NTHI Endonuclease ']Fhree Homolog 312 Yes T-glycol, C-glycol,

formamidopyrimidine
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Base Excision Repair & Cancer

MutYH: the first BER gene associated with a human
cancer syndrome

MutYH excises A across from 8-oxoG:A bp

Bialleic germline mutations predispose to
colorectal adenomas and carcinomas

Association with APE1, PCNA, RPA, & replication
foci suggests MutYH has a role in long-patch BER
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Direct Repair
aka
Direct Reversal of DNA Damage

More Examples of Direct Repair

O°-alkylguanine-DNA alkyltransferase

Guanine

Demethylation of 1-methyl adenine and
3-methyl cytosine

HOGH2
AKB N

aKG  Succinate

02 CO2
3-Methyl Cytosine Cytosine

15



Excision Repair

Nucleotide excision repair
- Fixes a wide variety of DNA damage: UV &
bulky adducts distorting the DNA helix
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Nucleotide Excision Repair

In all organisms, NER involves the following steps:

- Damage recognition

- Binding of a multi-protein complex at the damage
site

- Double incision of the damaged strand several nt
away from the damaged site, both 5’ and 3’ sides

- Removal of the damage-containing oligonucleotide
from between the two nicks

- Filling of the resulting gap by a DNA polymerase

- Ligation of the nick in the DNA

Nucleotide Excision Repair

Two Types:

Global Genome NER
- Works on both DNA strands, except actively-
transcribed strands

Transcription-coupled NER
- Works on actively-transcribed DNA strands only

16



Early Stages of Global Genome NER

O o DT
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Final Steps of NER

RNA polymerase
ATP- TFIH
ADP FANA polymerase, RNA, CSA. CS8
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Final Steps of NER
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XP

Patients

Defective Repair

Normal DNA Damage

DNA double-strand breaks (DSBs)

Unrepaired DSBs are lethal or mutagenic

Sources: X-rays, chemicals, free radicals,
replication across from a DNA SSB

Triggers recruitment of repair factors
- Homology-directed or End-joining

Triggers cell-cycle arrest via checkpoint kinase
ATM (ataxia telangiectasia-mutated)

DSBs lead to GENOMIC INSTABILITY!

18



DNA strand break repair

Essential for cell survival and genome stability

Multiple pathways
- DSB repair by Homologous Recombination
- DSB repair by Non-Homologous End Joining
- Non-ligateable SSB repair
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Homologous Recombination is Based on the Ability
of Single DNA Strands to Find Regions of Near-
Perfect Homology Elsewhere in the Genome

Facilitation of Homology Searching by RecA and its
Eukaryotic Homologs
<

7z
RecA + -
(Rad51) 9
2 4

« Eukaryotic proteins important in this process include Rad51,

Rad52, Rad54, Rad55, Rad57 and Rad59. Brca1 mediates
HR, and Rad52 / Brca? interacts with Rad51.

Homology-directed repair

Non-mutagenic
- SDSA and DSB repair
- Require: Rad51, Rad52, and mediator proteins
Rad54, Rad55, Rad57

Mutagenic
- Single-strand annealing
- Occurs at repeated DNA sequences
- Requires Rad52 and Rad59
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Synthesis-dependent strand anneeling Single-strand Annealing
e Double-strand break - T ——

——— " «——5'to 3' resection ——
f'/—E Strand invasion ?é Annealing
?/f New DNA synthesis ————— Ez;];trizr:oval;

Note deletion

Unwinding from template;
Annealing

Ligation
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Basic Steps of Non-Homologous End Joining

DNA break;
“Synapsis”

Ku binds to ends

Ku recruits DNA-PKcs

ng

l
l o
—

56
|

Juxtaposition of ends
T -se-
A=)
Nuclease, polymerase,
l Qo!ynuc!eolide kinase;
N - RCC4, Ligase IV binding
5905
Ligation by DNA ligase IV
l angd XRC& o

DSB repair & cancer

Inherited predispositions to cancer
- ATM, MRE11
- NBS1: Nijmegen Breakage Syndrome
- BRCA1, BRCA2: homology-directed repair
- BLM, WRN: DNA helicases involved in repair

Null mutations: embryonic lethal (except ATM)
- Resultin gross chromosomal rearrangements
- SSB ->DSB during DNA replication
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Table 12.1 Human familial cancer syndromes due to inherited defects in DNA repair

Name of syndrome _ Name of gene ___ Cancer phenotype Enzyme or process affected
HNPCC (4-5 genes)® y

XP* (8 genes)” UV-induced skin cancers nucleotide-excision repair
ATC AT Teukemia, lymphoma response to dst real
AT-like disorder® MRET not yet determined dsDNA repair by NHES

Familial breast, BRCAT, BRCAZ* bre: homolog) dsDNA breaks
Werner WRN several cancers exonuclease and DNA helicase”, replication
Bloom BLm. solid tumors DNA helicase, replication
Fanconi anemia (9 genes)’ AML, HNSCC repair of DNA cross-links and ds breaks
Nijmegen break? nes ly lympl breaks, NHES
P53
Li-Fraumeni CHK2 calon, breast Kinase signaling DNA damage
leles in the h i and.
involved in HNPC; two other MSH6 and PM: ;a fifth gene, PMS1, may also be

nvolved i a small number of cases.

of which in NER. The seven XPA through XPG.
An eighth gene, XPY, encodes DNA polymerase 1.
Ataxia telangiectasia, small number of cases.
i of BRCAT and BRCA2 tog for 10-20% i
{An exonuclease digests DHA or RN from one end nwerd:a ONA heicase uwinds doublestranded ONA molecules.

Jencod
the BACH protein, the partner ul BRCAL.

9The NBST with the Rad50 and Mre11 proteins, all of which are involved in repair of
dsDNA breaks. ients with Nij i i AT,
Adapted in part from B. Alberts et al., Molecular Biology of the Cell, 4th ed. Ner ;and from E-R, F se

278:1043-1050,1997.
Table 12:1
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DNA Damage Response (DDR

DNA DSB Repair

k
DNA Replication machinery

G, s G M
- | | | |

Viral infection

DNA damage 5 3
In normal cells Cell stress
—_—
p53 at low levels at high levels
Incr levels
p21 & blocks
CeH cycle
Increases
levels of BAX
Apoptosis
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DNA repair & cancer

Loss or mutagenesis of p53 has the devastating
dual consequences of preventing cell cycle
arrest due to DNA damage (resulting in
accumulation of more DNA damage), and in
preventing apoptosis of cells which have
accumulated too much DNA damage. These two
effects lead directly to genomic instability. This
explains why p53 is the most commonly
mutated protein in all human tumors.

10/13/2016

Repair defects in Familial Cancer

Table 12.1 Human familial cancer syndromes due to inherited defects in DNA repair

Name of syndrome _ Name of gene __ Cancer phenotype Enzyme or process affected
HNPCC (4-5 genes)® y
XPH (8 genes)® UV-induced skin cancers. nucleotide-excision repair
AT @ Teukemia, lymphoma Tesponse.
AT-like disorder MRETT not yet determined dsDNA repair by NHE!
Familial breast, BRCAT, BRCAZ* homolog break
Werner WRN several cancers. exonuclease and DNA helicase*, replication
Bloom BLM. solid tumors. DNA h
Fanconi anemia (9 genes) AML, HNSCC repair of DNA cross-links and ds breaks
Nijmegen breaks nBS mostly lymphomas processing of dsDNA breaks, NHE)
TPsY
Li-Fraument cHI2 colon, breast kinase signaling DNA damage

involved in HNPCC; two other MMR genes—MSHG and PMS2—are involved in a small number of cases: a fifth gene, PMS1, may also be
involved in a small number of cases.

. The seven g d XPA through XPG.
An eighth gene, XPY, encodes DNA polymerase 1.
“Ataxia telangiectasia, small number of cases.

A1 and BRCA2 tog for 10-20%
“An exonuclease digests DNA o RNA from one end inward; a DNA helicase unwinds double-stranded DNA molecules.
n loned and c i

o Jencod

the BACH1 protein, the partner of BRCAI.

“The NBS1 protei d Mre11 proteins, all of

dsDNA breaks. ients wi ing from AT,
Alberts etal  ath ed.New ;and from ER, Fearon, Sci

278:1043-1050,1997.
Table 12:1
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