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Abstract

An updated inventory of about 150 human DNA repair genes is described. The compilation includes genes en-
coding DNA repair enzymes, some genes associated with cellular responses to DNA damage, and other genes asso-
ciated with genetic instability or sensitivity to DNA damaging agents. The updated human DNA repair genes table
(http://www.cgal.icnet.uk/DNARepairGenes.htn)lis a research and reference tool that directly links to several databases:
Gene Cards, Online Mendelian Inheritance in Man, the NCBI MapViewer for chromosome position, and the NCBI Entrez
database for the reference nucleotide sequence. This article discusses the approximately 25 genes added, since the origina
version of the table was first produced in 2001, and some other revisions.
© 2005 Elsevier B.V. All rights reserved.
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Prologue Gene  Activity = Chromosome location ~ Accession number

In 1993, the authors had the privilege of hosting Dr.
Philip Hanawalt, together with his scientific colleague
and spouse Dr. Graciela Spivak, for an extended visit
to the UK. Many of us working at the Clare Hall Lab-
oratories at the time took advantage of the opportunity
to benefit from Phil Hanawalt's broad perspective of
the DNA repair field, his wide interest in many ongo-
ing projects, and his generous willingness to provide
advice and comments. Although, his visit was techni-
cally a sabbatical, he stayed in daily contact with his
laboratory and many other pressing duties in the USA,
and was also able to visit many colleaguesin Europe. In
recognition of his pioneering work and his contribution
towards the training of many European scientists, Phil

Hanawalt was elected in 2002 as an Associate Member

of the European Molecular Biology Organization.

1. Introduction

UNG

releases U 12q23-q24.1 NM_003362

Fig. 1. Example of an entry in the human DNA repair genes table,
(http://www.cgal.icnet.uk/DNARepairGenes.htn)l This example
shows thaJNG gene, encoding the base excision repair uracil-DNA
glycosylase, UNG. Clicking on the name of the repair gene links to
the Gene Card databadetp://www.cgal.icnet.uk/genecards/index.
shtm) which compiles much information on gene nomenclature,
expression, and protein domains. Clicking on the brief expla-
nation of function links to the corresponding entry in the On-
line Mendelian Inheritance in Marhitp://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?db=OMIM Clicking on the chromosome loca-
tion leads to the entry at the NCBI MapViewerttp://www.ncbi.
nlm.nih.gov/mapview} giving access to the local genome environ-
ment and other resources. Clicking on the accession number leads
to the reference Entrez nucleotide sequence at NCBI for the corre-
sponding cDNA.

are many “damage response genes” that modulate cel-
lular sensitivity to DNA damage by, for example, alter-
ing cell cycle responses. A complete compilation of all
DNA damage-related genes would include many more
genes affecting cell cycle control, DNA replication and
apoptosis, butis beyond the intended scope of this table.

h In the early 2001, as the "first cot;l;p:]etﬁ draft” of thet However, the table generally does include those genes
uman genome sequence was publisned, we presen e(?hat are defective in human diseases associated with
a listing and short analysis of the complement of hu- sensitivity to DNA damage. More comprehensive in-

rr}arr: DNA rep;w_gr;ﬁ n(Ie_s, _tog:eghedr V\gth afzgntl)laitable formation on genes and gene products associated with
0 t ese geneid]. The listincluded about NATE- DNA-damage responses can be found in other articles
pair enzymes and some gene products associated Wltf'\n this issue, and elsewhef2-5]

cellular responses to DNA damage. The present arti-

cle summarizes modifications to this list, as of early

2005. The updated table of human DNA repair genes 2. Base excision repair (BER)

is available on the World Wide Web and is not repro-

duced here. Since 2001, about 25 genes were added Two previously unrecognized DNA glycosylases,

to the table, and a few deleted. This article discusses NEIL1 and NEIL2, were found independently by at

only the additional genes. An example of an entry and least three groupf5]. This brings up the number to

related links is shown ifrig. L 10 of clearly distinct DNA glycosylases recognising
The definition of a “DNA repair gene” can be some- different types of base damage. The two new enzymes

what arbitrary. We attempt to be comprehensive regard- resemble theE. coli enzyme Nei (endonuclease

ing genes encoding actual DNA repair enzymes, as dis- eight), and catalyze the release of oxidized pyrimi-

cussed below by pathway. Also included in the table dine residues from DNA. In this regard, they show
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considerable overlap in substrate specificity with the axonal neuropathy (SCAN1) is caused by mutations
previously known NTHL1 glycosylase. Nevertheless, inthe human TDP1 gerj@2]. SCAN1-deficient indi-
each of these three repair also enzymes appears to haveiduals have defective single-strand break refiit,
unigue specificity for certain subclasses of lesions. although they do not appear to exhibit chromosome
Consequently, suppression of NEIL1 expression instability or increased cancer frequency.
by RNA interference resulted in a phenotype of A clinically different spinocerebellar ataxia syn-
hypersensitivity to ionizing radiation, possibly due to drome, ataxia ocular apraxia (AOA1l), is associated
inability to excise a specific stereocisomer of thymine with mutations inAPTX a human gene not studied
glycol which is recognized by NEIL1 but not by previously[13,14] The gene product is referred to as
NEIL2 or NTHL1[7]. aprataxin. The protein shows partial sequence homol-
DNA single-strand interruptions that cannot be di- ogy with PNKP in a protein interaction domain, and
rectly rejoined by a DNA ligase are common lesions may be involved in processing certain DNA single-
generated by reactive oxygen species. They are oftenstrand interruptiongl4]. This model is further sup-
corrected by a short-patch excision-repair process re- ported by the recent finding that aprataxin interacts
lated to the later steps in BER. The mammalian polynu- directly with, and stabilizes the BER protein XRCC1
cleotide kinase phosphatase (PNKP) can serve a useful[15,16].
initial role in such single-strand break repair, since this
57 kDa enzyme possesses both an activity for phos-
phorylation of DNA termini with a 5OH group, and 3. Direct reversal of DNA damage
an activity for dephosphorylation at-8rmini. These
activities are the same as those of the commonly used Single-stranded regions of DNA at transcription
reagent PNK of phage T4 origin. RNA-mediated down- bubbles and replication forks are particularly suscep-
regulation of human PNKP in tissue culture experi- tible to damage by alkylating agents, such as methyl
ments[8] induces hypersensitivity to several DNA- methanesulphonate (MMS). The major lesions intro-
damaging agents, delayed repaiyaiadiationinduced  duced are the cytotoxic bases 1-methyladenine and 3-
single-strand breaks, and a seven-fold higher sponta-methylcytosine, generated by alkylation at sites that
neous mutation frequency, strongly indicating a direct are protected in double-stranded DNA. These lesions
role of human PNKP in DNA repair. Further,the NEIL1 were recently found to be processed by an unantic-
and NEIL2 DNA glycosylases (discussed above) have ipated strategy of DNA repair, oxidative demethyla-
associated AP lyase activities that can generate strandtion with release of the methyl group as formalde-
breaks with 3 phosphate termini at damaged sites. hyde. The first example of this mode of repair was
PNKP is then required for processing of these blocked the E. coli AIkB protein, and two human functional
DNA termini [9]. counterparts, ABH2 and ABH3, were then described
One unusual form of DNA strand break can result [17,18] These nuclear DNA dioxygenases employ
from interruption of topoisomerase l-induced relax- Fe&** anda-ketoglutarate as cofactors and directly re-
ation of a supercoiled DNA structure. If the intermedi- vert DNA damage by a free-radical mechanism. The
ate is trapped as a cleavage complex, which could be atwo human enzymes also act on the minor alkyla-
consequence of damage to either DNA or the protein, tion lesion 3-methylthymingl9], which differs from
or enzyme inhibition, the topoisomerase remains cova- 3-methylcytosine and 1-methyladenine by being un-
lently attached by a'3phosphotyrosine residue. Aspe- charged at neutral pH.
cific Tyr-DNA phosphodiesterase (TDP1) hydrolyzes In addition to ABH2 and ABH3, genes encoding an-
the bond linking tyrosine to d ®NA end. Thisenzyme  other six apparent homologsBf coli AlkB are present
was first discovered in yeast, and the human counter- in human cells (for review, sg20]). It seems unlikely
part and its gene have been defirf@@]. TDP1 as- that these are all involved in DNA repair, since the
sociates with the BER enzyme DNA ligase lll, which various enzymatic strategies for dealing with the ma-
provides further evidence for arole in correction of cer- jor lesions generated by simple alkylating agents are
tain types of DNA single-strand interruptiofidl]. The now known. Instead, some of them may be involved
neurodegenerative disease spinocerebellar ataxia within enzymatic removal of methyl groups from nitrogen
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residues in other intracellular macromolecules. The hu-
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operate in several other DNA repair pathways and could

man ABHL1 protein has been studied in some detail. In be listed at several locations in the table, but are referred

contrast to ABH2 and ABH3, it completely fails to
regenerate biological activity in MMS-treated single-
stranded DNA used for transfection experimgifg).
Furthermore, ABH1 does not even bind to DNL],

to in the NER section for convenience.

Inthe “NER-related” section of the table are several
genes that participate in specialized aspects of NER,
including the CSA and CSB genes that are needed for

SO0 at present, it is an unlikely candidate to participate transcription-coupled nucleotide excision repair. The

in DNA repair.

Enzymatic monomerization of ultraviolet light-
induced pyrimidine dimers by a photolyase is a widely
distributed DNA repair mechanism in nature, but in

XAB2 (XPA-binding protein 2) geneis alsoincludedin
this section because of its interaction with XPA, CSA,
and CSB[28]. However, XAB2 may not participate

directly in NER, although it does appear to be critical

contrast to other vertebrates, placental mammals havefor normal transcription28].

lost the function for photoreactivation of DNA during

evolution. Thus, no photolyases appear in the table of

human DNA repair genes. (two mammalian proteins 5. Homologous recombination

structurally related to photolyase, CRY1 and CRY?2,
are light-sensitive biological clock proteins needed for
maintaining circadian rhythn{22]). The loss of DNA

The mechanism of resolution of Holliday junctions
formed during homologous recombination in human

photolyases during early mammalian evolution appears cells is a subject of continuing interest. For exam-
unfortunate, because transgenic mice that express gple, now there are indications that the “RAD51 par-

photolyase for monomerization of cyclobutane pyrim-
idine dimers are highly resistant to sunlight-induced
skin cancef23].

4. Nucleotide excision repair (NER)

An additional entry regarding the NER pathway

alogs” encoded by the RAD51B, RAD51C, RAD51D,
XRCC2 and XRCC3 genes participate in late stages of
homologous recombination, including branch migra-
tion and Holliday junction resolutiof29].

New entries have been added for the genes encod-
ing MUS81 and its protein parther MMS4. Human
MUS81-MMS4 is anuclease (related to the NER nucle-
ase XPF-ERCC1) that can cleave specific branched and

is the gene for a recently recognized 10th subunit of forked structuresin DNA, including Holliday junctions

TFIIH. Both yeast and mammalian TFIIH have such
a subunit, designated Tfb5 B. cerevisiaand TFB5

or TTDA in human cells. ThelTDA/GTF2H5gene
encodes a small protein cf8kDa that was over-
looked for some time in TFIIH preparatiofiz4,25]
This subunit is not absolutely required for transcrip-
tion or NER, but cells defective in TTDA have lower
than normal amounts of TFIIH, because TTDA func-
tions to stabilize the TFIIH complg25,26] Mutations

in the gene occur in complementation group A of the
sunlight-sensitive inherited disorder trichothiodystro-
phy [25]. A eukaryotic Tfb5 ortholog was first identi-
fied in the algagChlamydomonas reinhardtind desig-

[30]. Investigation of the MUS81 ortholog in the fis-
sion yeastSchizosaccharomyces ponihdicates that
the enzyme has many properties of a Holliday junction
resolvase for homologous recombinati@i]. On the
other hand, the properties of the ortholog in the bud-
ding yeasBaccharomyces cerevisipeints to a differ-
ent function in reactivation of DNA replication forks
that become stalled at sites of DNA dam482].

6. Non-homologous end joining (NHEJ)

The Artemis nuclease (SNM1C) has a special

nated REX1. Mutants in this algal gene are defective and important role in the hairpin cleavage of im-

in the removal of UV radiation-induced cyclobutane
pyrimidine dimers from DNA27].

munoglobulin genes during V(D)J recombination.
SNM1C/Artemis may also play an accessory role dur-

NER involves the accessory use of gene products ing NHEJ due to its association with, and modifica-

that also function in DNA replication, such as DNA

tion by, the DNA-dependent protein kinase in the cell

ligase I, PCNA, and RPA. These gene products also nucleus[33]. In human cells exposed to ionizing ra-
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diation, Artemis is hyperphosphorylated by the ATM licase domain of POLQB9]. The Drosophila ortholog
kinase. Joining of a significant minority of radiation- of HEL308is designatedspn-Cand is one of class
induced DNA double-strand breaks requires this ATM- of “spindle” mutants affecting embryonic development
activated form of the Artemis nuclease for processing [40]. The other spindle genagpn-A spn-Bandspn-D
of certain damaged or altered structures at DNA termini are the Drosophila orthologs &AD51 XRCC3 and
[34]. This could reflect Artemis-dependent cleavage of RAD51C respectively, suggesting that HEL308 may
hairpins, generated by fold-back of frayed ends and be a helicase involved in a pathway of homologous re-
subsequent accidental interstrand joined by a nuclearcombination.
DNA ligase. The results provide an intriguing model to Functions are being suggested for several of the pre-
help explain in molecular terms the marked radiosen- viously listed DNA polymerases. For example, the fam-
sitivity of ATM-deficient individuals. ily X DNA polymerases POLM (poj) and POLL (pol
\) have properties and protein-protein interactions suit-
able for participation in non-homologous end-joining,
7. DNA polymerases specifically the ability to assist in forming ligatable
ends from non-complementary DNA termini with “mi-
Many or most of the approximately 14 different crohomology”[33,41]
DNA polymerases found in human cells are special-  Among the family Y DNA polymerases, POLK
ized for operation in distinct DNA repair pathways, or (pol k) seems particularly suited to the bypass of ben-
for bypass of specific classes of adducts in DNA. These zpyrene diol epoxide-guanine addud#,43] The
enzymes fall into four different families designated A, family Y enzyme POLI (pok) is a DNA polymerase
B, X,and Y. similar to the xeroderma pigmentosum variant (XP-V)
POLQ (pol6), recognized as a family A enzyme in  complementing polymerase POLH (pg). POLI as-
human cells several years ago, is a larger polypeptide sociates closely with POLN at damaged sites in vivo
than originally appreciated. The fuPOLQ cDNA [44], and can incorporate nucleotides opposite sites of
encodes a protein of 2590 amino acids including a UV radiation-induced [6-4] photoproducts and some
DNA polymerase in the C-terminal region and a DNA cyclobutane pyrimidine dimefg5]. However, POLI-
helicase-like domain in the N-terminal regi¢&5]. defective mouse cells do not seem to exhibit sensitivity
The purified enzyme efficiently inserts bases opposite to UV radiation or other obvious phenotydd$], and
AP sites and thymine glycol adducts, and efficiently so the in vivo function of this DNA polymerase is cur-
extends from such misinsertiofi36]. A mouse with rently unclear.
a knockout of thePolQ gene shows spontaneous
and radiation-induced chromosome instability in
hematopoietic cell§37]. Simultaneous knockout of 8. Fanconi anemia
both mouse Atm and PolQ function severely prevents
or impairs developmer[7], indicating that without Most of the gene products of the Fanconi anemia
the ATM checkpoint, PolQ is a particularly important pathway co-operate to carry out mono-ubiquitination
enzyme that perhaps normally participates in the of the FANCD2 gene product. The ubiquitination
bypass of spontaneous DNA lesions in some cell complex includes thEANC gene products of genetic
types. complementation groups A—G, and47]. The reason
Two additional enzymes related to POLQ have also for this elaborate targeting of FANCD2 for modifica-
been found encoded in the human genome and addedion is currently not known. It appears to be related
to the table. One of them is another DNA polymerase, to improving some aspect of homology-directed DNA
named POLN (pob). This 900 amino acid family A repair[48]. The BRCA2gene product is identical to
polymerase appears to be less widely expressed tharFANCD1, and is likely involved in a homologous
POLQ and has many alternatively spliced varidB&j. recombination pathway. Information on the recently
Little is known of its function. The second gene is a identified FANCB gene[49] has been added to the
DNA helicase, designatddEL308 encoding an 1101  table, as well as the function for FANCL as an evo-
amino acid enzyme with a sequence similar to the he- lutionarily conserved ubiquitin E3 ligase component
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participating
[50].

in the ubiquitination of FANCD2

9. Chromatin structure

Many gene products that alter chromatin structure
could conceivably affect the operation or efficiency of
various DNA repair pathways. We have not included
various chromatin remodeling factors that might po-
tentially be involved in DNA repair, but two gene prod-
ucts have been listed. One of thes¢lBAFX encod-
ing the histone H2A variant, H2AX. Phosphorylation
of this histone variant is a rapid consequence of DNA
strand breakagpb1], and disruption of H2AX modu-

R.D. Wood et al. / Mutation Research 577 (2005) 275-283

11. Editing and processing nucleases

A nuclease that can cleave a DNA strand at the sec-
ond phosphodiester bond& a broad variety of struc-
tural alterations and perturbations has been investigated
in E. colifor many years and called endonuclease V. Its
physiological role remains uncertain, but it will incise
DNA adjacent to a deaminated adenine (hypoxanthine)
residue. Part of the protein sequence resembles that of
the E. coli UvrC protein, which incises DNA during
NER. Recently, thafi gene encoding an endonuclease
V-like enzyme was noted to be conserved during evo-
lution and present in the human and mouse genomes.
The cloned and overexpressed 37 kDa murine ENDOV
enzyme has biochemical properties similar to Ehe

lates chromosome instability phenotypes in the mouse coli enzymd58]. Ongoing studies with gene knockout

[52,53]

The gene for the large (150kDa) subunit of
Chromatin Assembly Factor 1 (CAF1), designated
CHAF1A has also been added to the list as CAF1

mice deficient in this function may clarify its putative
role in mammalian DNA repair.

can catalyze assembly of chromatin coupled to NER 12. Other genes that resemble DNA repair

in vitro systemg54], and is localized to sites of NER
in vivo [55].

10. Other conserved DNA damage response
genes

Direct precursors for DNA synthesis during repli-

genes

Some previous entries in the table remain as genes
that are homologous to known DNA repair genes,
but for which no DNA repair function is yet known.
ABHL1is one such entry mentioned above in connec-
tion with the otherABH genes.POLN and HEL308
were also referred to above in the section on DNA poly-

cation and repair are synthesised by the heterodimeric merases. Other examples are two homologglofTL
enzyme ribonucleotide reductase, comprised the R1 of unknown functionPMS2L3andPMSL4PMSH, an

and R2 subunits. The R2 protein contains the tyrosine-

SNMZ1family member calle&NM1B and a homolog

derived stable free radical present at the active site for of the middle subunit of Replication Protein A, desig-

reduction of ribose to deoxyribose. Human cells also
encode a similar alternative form of the R2 subunit

natedRPA4
RECQ-family DNA helicases are mutated in sev-

which is encoded by a p53-inducible gene. The P53R2 eral human disorders associated with sensitivity to

protein differs from the regular R2 protein by having

DNA damaging agents, including the products of

a nuclear rather than cytoplasmic subcellular localiza- the WRN (Werner syndrome)BLM (Bloom syn-

tion, but both proteins interact with the same R1 sub-
unit. Expression of the P53R2 protein is induced by
DNA damage after cellular exposure to UV light or
ionizing radiatior[56]. The results suggest that P53R2
might aid in the provision of precursors for DNA syn-

drome), andRECQL4 (Rothmund-Thompson syn-
drome) gene$59]. Two additional family members,
RECQL (RECQJ and RECQLS have consequently
been added to the table in the section of “other identi-
fied genes with a suspected DNA repair function”. A

thesis during damage-induced repair and recombina- RECQL5gene product isoform, known as REC&5

tion. A human cancer cell line, HCT116, carries an
inactivating mutation in th®53R2gene. This cell line

is hypersensitive to ionizing radiation, with enhanced
apoptotic cell death after DNA damaff/].

has both strand-annealing and helicase properties in
vitro [60]. Studies with the chicken an@. elegans
orthologs of RECQL5suggest that the gene product
serves as a backup to BLM functi¢il,62]
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A protein with a specific recognition motif for bind-  lacks a DNA binding domain, and so is omitted in the
ing to RNA and/or single-stranded DNA that exhibits current version.
partial sequence homology with the homologous re-
combination protein RAD52 is present in vertebrates.
The novel protein is called RDM1, and it can assem-
ble to form filament-like structures on DNA. Ablation

References

[1] R.D. Wood, M. Mitchell, J. Sgouros, T. Lindahl, Human DNA

of this function by a gene knockout in the chicken repair genes, Science 291 (2001) 1284-1289.

B cell line DT40 results in cellular hypersensitivity  [2] J.H. Hoeijmakers, Genome maintenance mechanisms for pre-
to cisplatin, suggesting that RDM1 may recognize venting cancer, Nature 411 (2001) 366-374.
cisplatin-DNA adducts and be involved in DNA repair  [3] A- Sancar, LA. Lindsey-Boltz, K. Unsal-Kacmaz, S. Linn,
[63]. Molecular mechanisms of mammalian DNA repair and the

DNA damage checkpoints, Annu. Rev. Biochem. 73 (2004)
The geneNEIL3 resembles th&lEIL1 andNEIL2 39_85.

genes encoding DNA glycosylases discussed above [4] E.C. Friedberg, G.C. Walker, W. Siede, R.D. Wood, R.A.
with respect to base excision repair. It has been added  Schultz, T. Ellenberger, DNA Repair and Mutagenesis, second
to the table, but because it has no currently known DNA ~_ €dition, ASM Press, Washington, DC, 2005.

. . . « [5] D.E. Barnes, T. Lindahl, Repair and genetic consequences of
repair aCtIVIty’NE”_‘?’IS pr(_asently “?'egated tothe “sus- endogenous DNA base damage in mammalian cells, Annu. Rev.
pected DNA repair function” section. Genet. 38 (2004) 445-476.

[6] T.K. Hazra, T. lzumi, Y.W. Kow, S. Mitra, The discovery of
a new family of mammalian enzymes for repair of oxidatively

13. Omissions and deletions in this edition damaged DNA, and its physiological implications, Carcinogen-
) esis 24 (2003) 155-157.

L . [7] T.A. Rosenquist, E. Zaika, A.S. Fernandes, D.O. Zharkov, H.
As indicated earlier, we have not attempted to be Miller, A.P. Grollman, The novel DNA glycosylase, NEIL1,

comprehensive regarding damage-response genes that  protects mammalian cells from radiation-mediated cell death,
are tangential to enzymatic DNA repair functions. The DNA Repair (Amsterdam) 2 (2003) 581-591.
p53 (TP53) gene is. however. included because of its [8] A. Rasouli-Nia, F. Karimi-Busheri, M. Weinfeld, Stable down-

tralrole inthe d inh I d regulation of human polynucleotide kinase enhances sponta-
centralrole inthe damage-response in human cells, an neous mutation frequency and sensitizes cells to genotoxic

we now also list ATRIP (ATR-interacting protein), the agents, Proc. Natl. Acad. Sci. U.S.A. 101 (2004) 6905—

ortholog of S. cerevisiae DDC2andS. pombe rad26. 6910.

Other genes that conceivably could have been included [9] L. Wiederhold, J.B. Leppard, P. Kedar, F. Karimi-Busher,

in the table, but are not, includMDM2 (HDM2), rasad, 1. Wikon. . Mira, TK. Hazra, AP endonucease

. , S.H. Wi , S. Mitra, T.K. Hazra, u -

MDM4 _(MDMX)’ MDC1, SBBP]"SMC_]" subunits O_f independent DNA base excision repair in human cells, Mol.

replication factor C, andRF2, encoding a telomeric Cell 15 (2004) 209-220.

protein. [10] H. Interthal, J.J. Pouliot, J.J. Champoux, The tyrosyl-DNA
Several genes have been deleted from the previ-  phosphodiesterase Tdpl is a member of the phospholipase

ous edition of this table. Two of them af&RF4-1and D superfamily, Proc. Natl. Acad. Sci. U.S.A. 98 (2001)

12009-12014.
TRF4-2(PAPDS5).TRF4-1, also known by the symbol [11] S.F. El-Khamisy, G.M. Saifi, M. Weinfeld, F. Johansson,

POLS(polo), is h(_)momgoqs_to thS.cerevis_iae TRF4 T. Helleday, J.R. Lupski, K.W. Caldecott, Defective DNA
gene. Thé&. cerevisiagene is important for sister chro- single-strand break repair in spinocerebellar ataxia with axonal
matid cohesion and is reported to have modest DNA neuropathy-1, Nature 434 (2005) 108-113. '
polymerase activit)[64]. On the other hand, a related [12] H. Takashima, C.F. Boerkoel, J. John, G.M. Saifi, M.A. Salih,

. : . D. Armstrong, Y. Mao, F.A. Quiocho, B.B. Roa, M. Naka-
geneirs. pombe, cid13, encodesa CytoDlasmIC pon(A) gawa, D.W. Stockton, J.R. Lupski, Mutation of TDP1, encoding

polymgrase,_ not a DNA polymerag5]. If more in- a topoisomerase I-dependent DNA damage repair enzyme, in
formation arises regarding DNA damage-related DNA spinocerebellar ataxia with axonal neuropathy, Nat. Genet. 32
polymerase activity for these gene products, they will (2002) 267-272.

be added to future editions. A gene encoding a homolog [13] H- Date, O. Onodera, H. Tanaka, K. lwabuchi, K. Uekawa, S.
Igarashi, R. Koike, T. Hiroi, T. Yuasa, Y. Awaya, T. Sakai, T.

of poly(ADP-ribose) pplymgrase de_SI_gnated PARP3 Takahashi, H. Nagatomo, Y. Sekijima, |. Kawachi, Y. Takiyama,
(ADPRTL3) was also listed in our original table. The M. Nishizawa, N. Fukuhara, K. Saito, S. Sugano, S. Tsuji, Early-
corresponding protein is localized to centrosomes and onset ataxia with ocular motor apraxia and hypoalbuminemia



282

is caused by mutations in a new HIT superfamily gene, Nat.

Genet. 29 (2001) 184-188.

M.C. Moreira, C. Barbot, N. Tachi, N. Kozuka, E. Uchida, T.

Gibson, P. Mendonca, M. Costa, J. Barros, T. Yanagisawa, M.

Watanabe, Y. lkeda, M. Aoki, T. Nagata, P. Coutinho, J. Se-

gueiros, M. Koenig, The gene mutated in ataxia-ocular apraxia

1 encodes the new HIT/Zn-finger protein aprataxin, Nat. Genet.

29 (2001) 189-193.

H. Luo, D.W. Chan, T. Yang, M. Rodriguez, B.P. Chen, M.

Leng, J.J. Mu, D. Chen, Z. Songyang, Y. Wang, J. Qin, A new

XRCC1-containing complex and its role in cellular survival of

methyl methanesulfonate treatment, Mol. Cell. Biol. 24 (2004)

8356-8365.

[16] K.W. Caldecott, DNA single-strand breaks and neurodegener-
ation, DNA Repair (Amsterdam) 3 (2004) 875-882.

[17] T. Duncan, S.C. Trewick, P. Koivisto, P.A. Bates, T. Lindahl,
B. Sedgwick, Reversal of DNA alkylation damage by two hu-
man dioxygenases, Proc. Natl. Acad. Sci. U.S.A. 99 (2002)
16660-16665.

[18] P.A. Aas, M. Otterlei, P.@. Falnes, C.Baybg, F. Skorpen, M.
Akbari, O. Sundheim, M. Bjdrs, G. Slupphaug, E. Seeberg,
H.E. Krokan, Human and bacterial oxidative demethylases re-
pair alkylation damage in both RNA and DNA, Nature 421
(2003) 859-863.

[19] P. Koivisto, P. Robins, T. Lindahl, B. Sedgwick, Demethyla-
tion of 3-methylthymine in DNA by bacterial and human DNA
dioxygenases, J. Biol. Chem. 279 (2004) 40470-40474.

[20] F. Drablos, E. Feyzi, P.A. Aas, C.B. Vaagbo, B. Kavli, M.S.
Bratlie, J. Pena-Diaz, M. Otterlei, G. Slupphaug, H.E. Krokan,
Alkylation damage in DNA and RNA-repair mechanisms
and medical significance, DNA Repair (Amsterdam) 3 (2004)
1389-1407.

[21] Y. Mishina, C.H. Lee, C. He, Interaction of human and bacterial
AlkB proteins with DNA as probed through chemical cross-
linking studies, Nucleic Acids Res. 32 (2004) 1548-1554.

[22] G.T.J. van der Horst, M. Muijtiens, K. Kobayashi, R. Takano,
S. Kanno, M. Takao, J. de Wit, A. Verkerk, A.P.M. Eker, D. van
Leenen, R. Buijs, D. Bootsma, J.H.J. Hoeijmakers, A. Yasui,
Mammalian Cryl and Cry2 are essential for maintenance of
circadian rhythms, Nature 398 (1999) 627—-630.

[23] J. Jans, W. Schul, Y.G. Sert, Y. Rijksen, H. Rebel, A.P. Eker, S.
Nakajima, H. van Steeg, F.R. de Gruijl, A. Yasui, J.H. Hoeij-
makers, G.T. van der Horst, Powerful skin cancer protection by
a CPD-photolyase transgene, Curr. Biol. 15 (2005) 105-115.

[24] J.A. Ranish, S. Hahn, Y. Lu, E.C. Yi, X.-. Yi, J. Eng, R. Ae-
bersold, Identification of TFB5, a new component of general
transcription and DNA repair factor IIH, Nat. Genet. 36 (2004)
707-713.

[25] G. Giglia-Mari, F. Coin, J.A. Ranish, D. Hoogstraten, A. Theil,
N. Wijgers, N.G. Jaspers, A. Raams, M. Argentini, P.J. van
der Spek, E. Botta, M. Stefanini, J.M. Egly, R. Aebersold, J.H.
Hoeijmakers, W. Vermeulen, A new, tenth subunit of TFIIH is
responsible for the DNA repair syndrome trichothiodystrophy
group A, Nat. Genet. 36 (2004) 714-719.

[26] W. Vermeulen, E. Bergmann, J. Auriol, S. Rademakers, P. Frit,
E. Appeldoorn, J.H.J. Hoeijmakers, J.M. Egly, Sublimiting con-
centration of TFIIH transcription/DNA repair factor causes

[14]

[15]

R.D. Wood et al. / Mutation Research 577 (2005) 275-283

TTD-A trichothiodystrophy disorder, Nat. Genet. 26 (2000)
307-313.

[27] B. Cenkci, J.L. Petersen, G.D. Small, REX1, a novel gene re-
quired for DNA repair, J. Biol. Chem. 278 (2003) 22574-22577.

[28] Y. Nakatsu, H. Asahina, E. Citterio, S. Rademakers, W. Ver-
meulen, S. Kamiuchi, J.P. Yeo, M.C. Khaw, M. Saijo, N.
Kodo, T. Matsuda, J.H. Hoeijmakers, K. Tanaka, XAB2, a
novel tetratricopeptide repeat protein involved in transcription-
coupled DNA repair and transcription, J. Biol. Chem. 275
(2000) 34931-34937.

[29] Y. Liu, J.Y. Masson, R. Shah, P. O'Regan, S.C. West, RAD51C
is required for Holliday junction processing in mammalian cells,
Science 303 (2004) 243-246.

[30] V. Blais, H. Gao, C.A. Elwell, M.N. Boddy, P.H. Gaillard, P.
Russell, C.H. McGowan, RNA interference inhibition of Mus81
reduces mitotic recombination in human cells, Mol. Biol. Cell
15 (2004) 552-562.

[31] M.N. Boddy, P.H. Gaillard, W.H. McDonald, P. Shanahan, J.R.
Yates lll, P. Russell, Mus81-Emel are essential components of
a Holliday junction resolvase, Cell 107 (2001) 537-548.

[32] V.Kaliraman, J.R. Mullen, W.M. Fricke, S.A. Bastin-Shanower,
S.J. Brill, Functional overlap between Sgsl-Top3 and the
Mms4-Mus81 endonuclease, Genes Dev. 15 (2001) 2730-
2740.

[33] Y. Ma, H. Lu, B. Tippin, M.F. Goodman, N. Shimazaki, O. Koi-
wai, C.L. Hsieh, K. Schwarz, M.R. Lieber, A biochemically
defined system for mammalian nonhomologous DNA end join-
ing, Mol. Cell 16 (2004) 701-713.

[34] E. Riballo, M. Kuhne, N. Rief, A. Doherty, G.C. Smith, M.J.
Recio, C. Reis, K. Dahm, A. Fricke, A. Krempler, A.R. Parker,
S.P. Jackson, A. Gennery, P.A. Jeggo, M. Lobrich, A pathway of
double-strand break rejoining dependent upon ATM, Artemis,
and proteins locating to gamma-H2AX foci, Mol. Cell 16 (2004)
715-724.

[35] M. Seki, F. Marini, R.D. Wood, POLQ (pdl), a DNA poly-
merase and DNA-dependent ATPase in human cells, Nucleic
Acids Res. 31 (2003) 6117-6126.

[36] M. Seki, C. Masutani, L.W. Yang, A. Schuffert, S. lwai, |. Bahar,
R.D. Wood, High efficiency bypass of DNA damage by human
DNA polymerase Q, EMBO J. 23 (2004) 4484—-4494.

[37] N. Shima, R.J. Munroe, J.C. Schimenti, The mouse genomic in-
stability mutatiorchaoslis an allele oPolgthat exhibits genetic
interaction withAtm, Mol. Cell. Biol. 24 (2004) 10381-10389.

[38] F. Marini, N. Kim, A. Schuffert, R.D. Wood, POLN, a nu-
clear Pol A family DNA polymerase homologous to the DNA
cross-link sensitivity protein Mus308, J. Biol. Chem. 278 (2003)
32014-32019.

[39] F. Marini, R.D. Wood, A human DNA helicase homologous to
the DNA cross-link sensitivity protein Mus308, J. Biol. Chem.
277 (2002) 8716-8723.

[40] A. Laurencon, C.M. Orme, H.K. Peters, C.L. Boulton, E.K.
Vladar, S.A. Langley, E.P. Bakis, D.T. Harris, N.J. Harris,
S.M. Wayson, R.S. Hawley, K.C. Burtis, A large-scale screen
for mutagen-sensitive loci in Drosophila, Genetics 167 (2004)
217-231.

[41] S.A. Nick McElhinny, D.A. Ramsden, Sibling rivalry: competi-
tion between Pol X family members in V(D)J recombination and



R.D. Wood et al. / Mutation Research 577 (2005) 275-283

283

general double strand break repair, Immunol. Rev. 200 (2004) [53] C.H. Bassing, H. Suh, D.O. Ferguson, K.F. Chua, J. Manis,

156-164.
[42] N. Suzuki, E. Ohashi, A. Kolbanovskiy, N.E. Geacin-
tov, A.P. Grollman, H. Ohmori, S. Shibutani, Transle-

M. Eckersdorff, M. Gleason, R. Bronson, C. Lee, F.W. Alt,
Histone H2AX: a dosage-dependent suppressor of oncogenic
translocations and tumors, Cell 114 (2003) 359-370.

sion synthesis by human DNA polymerase kappa on a [54] P.-H.L. Gaillard, J.G. Moggs, D.M.J. Roche, J.-P. Quivy, P.B.

DNA template containing a single stereocisomer of dG-(+)-
or dG-(—)-anti-N(2)-BPDE (7,8-dihydroxy-anti-9,10-epoxy-
7,8,9,10-tetrahydrobenzajpyrene), Biochemistry 41 (2002)
6100-6106.

[43] S. Avkin, M. Goldsmith, S. Velasco-Miguel, N. Geacintov, E.C.
Friedberg, Z. Livheh, Quantitative analysis of translesion DNA
synthesis across a benajgyrene-guanine adduct in mam-
malian cells: the role of DNA polymerase kappa, J. Biol. Chem.
279 (2004) 53298-53305.

[44] P. Kannouche, A.R. Fernandez de Henestrosa, B. Coull, A.E.

Vidal, C. Gray, D. Zicha, R. Woodgate, A.R. Lehmann, Lo-
calization of DNA polymerases eta and iota to the replication
machinery is tightly co-ordinated in human cells, EMBO J. 22
(2003) 1223-1233.

[45] A. Vaisman, E.G. Frank, S. lwai, E. Ohashi, H. Ohmori, F.

Hanaoka, R. Woodgate, Sequence context-dependent replica-

tion of DNA templates containing UV-induced lesions by hu-
man DNA polymerase iota, DNA Repair (Amsterdam) 2 (2003)
991-1006.

[46] J.P. McDonald, E.G. Frank, B.S. Plosky, I.B. Rogozin, C. Ma-

sutani, F. Hanaoka, R. Woodgate, P.J. Gearhart, 129-derived

strains of mice are deficient in DNA polymerase iota and
have normal immunoglobulin hypermutation, J. Exp. Med. 198
(2003) 635-643.

[47] X.Wang, A.D. D’'Andrea, The interplay of Fanconi anemia pro-
teins in the DNA damage response, DNA Repair (Amsterdam)
3(2004) 1063-1069.

[48] K. Nakanishi, Y.G. Yang, A.J. Pierce, T. Taniguchi, M. Dig-
weed, A.D. D'Andrea, Z.Q. Wang, M. Jasin, Human Fan-
coni anemia monoubiquitination pathway promotes homolo-
gous DNA repair, Proc. Natl. Acad. Sci. U.S.A. 102 (2005)
1110-1115.

[49] A.R. Meetei, M. Levitus, Y. Xue, A.L. Medhurst, M. Zwaan, C.
Ling, M.A. Rooimans, P. Bier, M. Hoatlin, G. Pals, J.P. de Win-
ter, W. Wang, H. Joenje, X-linked inheritance of Fanconi anemia
complementation group B, Nat. Genet. 36 (2004) 1219-1224.

[50] A.R. Meetei, Z. Yan, W. Wang, FANCL replaces BRCAL as the
likely ubiquitin ligase responsible for FANCD2 monoubiquiti-
nation, Cell Cycle 3 (2004) 179-181.

[51] O.A. Sedelnikova, D.R. Pilch, C. Redon, W.M. Bonner, Histone
H2AX in DNA damage and repair, Cancer Biol. Ther. 2 (2003)
233-235.

[52] A. Celeste, S. Difilippantonio, M.J. Difilippantonio, O.
Fernandez-Capetillo, D.R. Pilch, O.A. Sedelnikova, M. Eck-
haus, T. Ried, W.M. Bonner, A. Nussenzweig, H2AX haploin-
sufficiency modifies genomic stability and tumor susceptibility,
Cell 114 (2003) 371-383.

Becker, R.D. Wood, G. Almouzni, Initiation and bidirectional
propagation of chromatin assembly from a target site for nu-
cleotide excision repair, EMBO J. 16 (1997) 6282—-6289.

[55] C.M. Green, G. Almouzni, Local action of the chromatin as-

sembly factor CAF-1 at sites of nucleotide excision repair in
vivo, EMBO J. 22 (2003) 5163-5174.

[56] H. Tanaka, H. Arakawa, T. Yamaguchi, K. Shiraishi, S. Fukuda,

K. Matsui, Y. Takei, Y. Nakamura, A ribonucleotide reduc-
tase gene involved in a p53-dependent cell-cycle checkpoint
for DNA damage, Nature 404 (2000) 42—-49.

[57] T. Yamaguchi, K. Matsuda, Y. Sagiya, M. Iwadate, M.A. Fujino,

Y. Nakamura, H. Arakawa, p53R2-dependent pathway for DNA
synthesis in a p53-regulated cell cycle checkpoint, Cancer Res.
61 (2001) 8256-8262.

[58] A. Moe, J. Ringvoll, L.M. Nordstrand, L. Eide, M. Bjoras, E.

Seeberg, T. Rognes, A. Klungland, Incision at hypoxanthine
residues in DNA by amammalian homologue offfseherichia

coli antimutator enzyme endonuclease V, Nucleic Acids Res. 31
(2003) 3893-3900.

[59] I.D. Hickson, RecQ helicases: caretakers of the genome, Nat.

Rev. Cancer 3 (2003) 169-178.

[60] P.L. Garcia, Y. Liu, J. Jiricny, S.C. West, P. Janscak, Hu-

man RECQb5beta, a protein with DNA helicase and strand-
annealing activities in a single polypeptide, EMBO J. 23 (2004)
2882-2891.

[61] W. Wang, M. Seki, Y. Narita, T. Nakagawa, A. Yoshimura, M.
Otsuki, Y. Kawabe, S. Tada, H. Yagi, Y. Ishii, T. Enomoto, Func-
tional relation among RecQ family helicases RecQL1, RecQLS5,
and BLM in cell growth and sister chromatid exchange forma-
tion, Mol. Cell. Biol. 23 (2003) 3527-3535.

[62] Y.S.Jeong, Y.Kang, K.H. Lim, M.H. Lee, J. Lee, H.S. Koo, De-
ficiency of Caenorhabditis elegarRecQ5 homologue reduces
life span and increases sensitivity to ionizing radiation, DNA
Repair (Amsterdam) 2 (2003) 1309-1319.

[63] S. Hamimes, H. Arakawa, A.Z. Stasiak, A.M. Kierzek, S. Hi-
rano, Y.G. Yang, M. Takata, A. Stasiak, J.M. Buerstedde, E.
Van Dyck, RDM1, a Novel RNA-recognition motif (RRM)-
containing protein involved in the cell response to cisplatin in
vertebrates, J. Biol. Chem. 280 (2005) 9225-9235.

[64] Z. Wang, I.B. Castano, C. Adams, C. Vu, D. Fitzhugh, M.F.
Christman, Structure/function analysis of tBaccharomyces
cerevisiae Trf4/Pol sigma DNA polymerase, Genetics 160
(2002) 381-391.

[65] S. Saitoh, A. Chabes, W.H. McDonald, L. Thelander, J.R.
Yates, P. Russell, Cid13 is a cytoplasmic poly(A) polymerase
that regulates ribonucleotide reductase mRNA, Cell 109 (2002)
563-573.



	Human DNA repair genes, 2005
	Prologue
	Introduction
	Base excision repair (BER)
	Direct reversal of DNA damage
	Nucleotide excision repair (NER)
	Homologous recombination
	Non-homologous end joining (NHEJ)
	DNA polymerases
	Fanconi anemia
	Chromatin structure
	Other conserved DNA damage response genes
	Editing and processing nucleases
	Other genes that resemble DNA repair genes
	Omissions and deletions in this edition
	References


