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1. Introduction

The inner workings of the cell require thousands of .
proteins, the blueprints for which reside in the millions of Ppaul W. Doetsch received his graduate (Ph.D.) training in Biochemistry
DNA basepairs that comprise the genome. This DNA is at Temple University School of Medicine under the supervision of Robert
subjected to a constant barrage of insults, both by exogenous- Suhadolnik. After postdoctoral research in the laboratory of William
environmental sources and endogenous byproducts of norm aseltine at the Dana Farber Cancer Institute, Harvard Medical School,

: . : . e joined the faculty at Emory University School of Medicine, where he
cellular metapolism. To ensure the integrity of its genome, is currently Professor of Biochemistry, Radiation Oncology and Hematology

the cell has evolved numerous mechanisms to neutralizeg gncology. He is also the Associate Director for Basic Research for the
dangerous species before they can damage the DNA, as welyinship Cancer Institute of Emory University. The research activities of
as multiple, often overlapping, pathways to remove the the Doetsch group include studies in DNA damage and repair and the
offending lesions once they are formed (reviewed by interrelationships among DNA damage management systems in cells.

Another area of research interest is the interaction of the transcriptional

. . . machinery with DNA damage and transcription-based mutagenic mech-
* Corresponding author. Address: Department of Biochemistry, Emory anisms y g P g

University School of Medicine, 1510 Clifton Rd NE, Atlanta, GA 30322.
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to deleterious consequences for the cell. If a significant

* Department of Radiation Oncology. amount of damage persists, the cell can trigger signaling
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pathways that lead to its ultimate demise. Alternatively, in revealed an interesting phenomenon. After exposure to UV
dividing cells, the damage in the DNA may direct the light, cells were plated to select for reversion to prototrophy.
incorporation of erroneous bases during replication, leading However, when cells were first incubated in media containing
to heritable coding changes that could alter the phenotypean energy source (glucose) but not supporting protein
of the cell. synthesis, the number of revertants was reddc&tis
The interactions of DNA polymerases with DNA damage process became known as mutation frequency decline
during replicative processes, and the contributions of these(reviewed in refs 10 and 11). Mutant strains that were unable
interactions to mutagenesis and genomic instability, have to undergo mutation frequency decline fell into two distinct
been extensively studied. However, it is also important to classes. One class was characterized by mutations inthe
consider how DNA damage affects the other major nucleic genes required for nucleotide excision repair of UV-induced
acid transaction essential to the esflanscription. While ~ damagé? The second class was confined to a single gene,
most cells utilized in the laboratory setting grow continuously mfd (for mutation frequency declingthe protein product of
in rich media, the majority of cells growing in nature are far which would remain unidentified for several decadfes.
less proliferative. In slowly growing or nondividing cells, There was some inkling early on that repair of the UV-
where DNA replication is greatly diminished or altogether induced DNA lesions occurred preferentially on the tran-
absent (terminally differentiated mammalian cells, for ex- scribed strand. Nearly all of the mutations leading to
amplé), transcription must continue to provide the cell with  reversion to prototrophy in the original experiments were
the proteins necessary for normal physiological processes.suppressor mutations in glutamine tRNA genes rather than
As such, the transcription machinery is likely to encounter true back-mutation¥ Further, analysis of the sequence
DNA damage much more frequently than the replication giving rise to these mutations following UV treatment
apparatus, and would also lead to deleterious consequencegevealed that mutation frequency decline only affected those
for the cell. mutations that arose in the template (transcribed) strand.
With respect to transcription, as with replication, DNA These data led to the conclusion that this phenomenon
lesions can be generally classified into two distinct categories, somehow involved the excision of potentially mutagenic
cytotoxic and mutagenic, with distinct effects on the cell if lesions from only the transcribed strand of the DMA,
left unrepaired. Cytotoxic lesions are those that block the although this would not be proven for several more years.
progression of RNA and DNA polymerases. Included in this Results of similar experiments using ethane methylsulfonate
group are lesions that are bulky and helix-distorting, such to introduce DNA damage yielded the same bias, adding
as UV-induced bipyrimidine photoproducts and cisplatin ~ support to this hypothesis.
DNA cross-links. Accumulation of this type of damage and  Although strand-specific repair was first directly demon-
the blockages they present are highly toxic to the cell, often strated in mammalian celt,it was not long beforé. coli
leading to cell death. It has long been known that this type was also shown to preferentially repair the transcribed strand
of DNA damage is preferentially repaired in actively of an active gené&’ This discovery brought revision to the
transcribed genes, and particularly in the transcribed templateexisting model that the extensive chromatin organization in
strand, alleviating the cytotoxic effects of these lesions with- mammalian cells was influencing this type of preferential
respect to transcription. This process is known as transcrip-repair. Thus, during transcription, the DNA would be more
tion-coupled repair (TCR). Mutagenic lesions, on the other accessible to DNA repair factors, and this availability was
hand, typically represent small changes to the normal DNA producing the strand bias observed. The revised model
bases that often alter their base-pairing properties, such asypothesized that the RNAP stalled at a DNA lesion was
deamination and oxidation products of normal cellular recognized specifically by the excision repair machinery, thus
metabolism. In many instances, this latter type of damage targeting repair to the transcribed strand. However, recon-
does not block RNA polymerase (RNAP) but can lead to stituting this system in vitro with purified components
incorrect nucleotide incorporation in the RNA during tran- indicated that the stalled RNAP actually blocked repair by
scription through a process referred to as transcriptional the UvrABC excinuclease rather than enhancing it, indicating
mutagenesis (TMj There seems to be some overlap in these there were probably other components present in the context
classifications, however. Certain types of oxidative damage, of the whole cell necessary for coupling RNAP arrest with
such as 8-oxoguanine, that fall into the mutagenic category DNA repair!® Selby and Sancar ultimately isolated this
and do not block RNAP in vitro, have been shown to be additional component by adding back fractionated proteins
repaired in a transcription-coupled manner, in both baéteria to their reconstituted system until they had identified a protein
and mammalian cell3! with the desired effect of removing the RNAP and stimulat-
This review will focus on recent advances in understanding ing transcriptiont® This protein was termed transcription
the mechanisms and implications of TCR and TM, primarily repair coupling factor (TRCF). The investigators subse-
in eukaryotic cells. Where appropriate, lessons learned fromquently demonstrated that this protein was the product of
prokaryotic systems will be described, although recent and the gene mutated in the originaifd mutants®® Thus, the

comprehensive reviews on both TE&d TM* in prokary- protein is referred to as TRCF and Mfd interchangeably.
otes are available.
2.1.2. Mfd, The Coupling Factor
2. Transcription-Coupled Repair Adding back the purified Mfd protein to a defined in vitro
. . assay system demonstrated that the protein was both neces-
2.1. Insights from Bacterial Systems sary and sufficient to remove an RNAP stalled at a DNA

lesion and to specifically enhance the repair of the transcribed

strand by the UvrABC excinuclease compféxXloning and
Nearly 50 years ago, initial studies on the mutagenic sequence analysis of thafd gene, as well as detailed

potential of UV irradiation using auxotrophke. coli strains biochemical dissection of the Mfd protein, revealed consider-

2.1.1. Phenomenon of Mutation Frequency Decline



476 Chemical Reviews, 2006, Vol. 106, No. 2 Saxowsky and Doetsch

able information about its functiott. The gene encodes a  strand?® accomplishing one of the necessary functions of a
protein of 1148 amino acids with domains of sequence transcriptior-repair coupling factor.

homology to UvrB (part of the DNA repair machinery) and . ,

a section of RecG (a protein required for branch migration 2.1.3. Mechanism of Bacterial TCR

of HOllidaijnCtionS) that includes putative helicase moaotifs. Mfd_dependent release of RNAP is not Specific to the

The Mfd protein is capable of binding nucleic acids polymerase stalled at DNA damage but rather is general to
independent of sequence context. It prefers a duplex structureRNAP arrested for any reason, including nucleotide starva-
(either DNA:DNA or DNA:RNA) over either single-stranded tion?® or blockage by a protein bound to the DNAWhen
DNA or RNA. Binding to duplex DNA is stable, as assessed the elongating RNAP encounters a block, it can change
by gel mobility shift assays, in the presence of AR a conformation and backtrack along the DNA, extruding the
nonhydrolyzable ATP analogue, or when a mutation is 3' end of the mRNA! These backtracked polymerases are
introduced into the Walker A motif required for ATPase in a state of arrest, and their active sites are no longer aligned
activity. These properties indicate that binding to DNA with the 3-hydroxyl ends of the growing mRNA chains. The
requires ATP but that subsequent hydrolysis allows release.RNAP in this state is a target for the GreA and GreB proteins
Analysis with a series of deletion mutants localized the DNA that can stimulate cleavage of the mMRNA at the RNAP active
binding and ATP hydrolysis activities to the helicase site, aligning it with a newly created nd and restoring
domain?? productive elongatiof?

The Mfd protein can interact with the RNAP, in both the A backtracked polymerase can also be rescued to resume
presence and the absence of DRI he RNAP interaction ~ €longation by Mfd, but via a very different mechanism
domain (RID) of Mfd has been identified as~200 amino ~ (Figure 1). Mfd approaches RNAP from the Side,
acid region just upstream of the helicase dorffaamd has  interacting with both the upstream DNA and tiesubunit
been shown to associate with the first 142 amino acids of Of the polymerase. Its translocase activity provides a little
the 8 subunit of the polymeras@.Mutations in the RNAP ~ Push to return the polymerase to the forward position and
£ subunit that abolish this interaction have recently been realign its active site with the’3end of the primer. If
identified2* The RID is required for RNAP binding, but it ~ conditions are such that elongation can resume once the
is not sufficient for release of a stalled polymerase from the roadblock is removed, then the transcription complex ad-
DNA.22 While deletion analysis only identified the domain vances (Figure 1, bottom left). If, however, the roadblock is
necessary for release to the C-terminal 210 amino acids, itstill present (e.g. an unrepaired DNA lesion), continued
is likely that the TRG domain (see below) is the required forward motion imposed by the translocating Mfd will
component® Interestingly, although Mfd can bind both the eventually disrupt the transcription complex, leading to
initiating and elongating RNA polymerase complexes, it is release of the RNA and polymera’s&.Perhaps then, in the
only capable of removing the elongating form of the case of DNA damage, Mfd remains bound to the DNA
enzyme?? Recent data indicate that removal requires simul- following RNAP release, recruiting UvrA and the repair
taneous interaction of Mfd with the RNAP and with25 machinery to the site of damage (Figure 1, bottom right).
basepairs of upstream DNA, and that this configuration is . .
at least partially blocked by the presence of thgsubunit ~ 2-2. Transcription-Coupled Repair in Eukaryotes

in the initiating complex? While the mechanism of TCR in bacteria has been
Despite its characteristic helicase motifs, no strand separa-elucidated in some detail, the process is significantly more
tion activity was ever shown for Mféf. Rather, the sequence complicated in a eukaryotic setting, and many of the steps
that includes these motifs is homologous to RecG, a proteinin the pathway remain unclear. In eukaryotic cells, a pathway
that can translocate double-stranded DNA and facilitate that couples transcription with DNA repair must carry out
branch migration of Holliday junctions in an ATP-dependent three important steps. First, it must recognize and remove
fashion?’ In addition to the putative helicase domain, which an RNAP arrested at a site of DNA damage. Second, it must
is required for DNA binding and ATP hydrolysis as described effectively recruit the repair machinery appropriate to resolve
above, Mfd also shares with RecG a short sequence justthe lesion causing the block. And finally, it must have a
downstream of the helicase motifs (the TRG domain, for mechanism to reset the transcription machinery, allowing the
translocation in RecG) that is required for coupling ATP recovery of RNA synthesis. Defects in this coupling pathway
hydrolysis with DNA translocatiof>?8 Point mutations in  can lead to the hereditary human disease Cockayne syndrome
this region of the protein have been shown to disrupt the (CS), characterized by photosensitivity, growth retardation,
ability of Mfd to displace RNAP but have no effect on DNA  skeletal and retinal abnormalities, and progressive neural
binding or ATP hydrolysig® degeneratior® Interestingly, however, this disorder does not
Finally, Mfd was shown to associate with the UvrA lead to an increased risk of skin cancer or any other
protein?22 and as might be expected, this interaction malignancy?*
occurred via the N-terminal region of Mfd with homology iy
to UvrB.22 Interestingly, UvrA binding to Mfd precludes its 2'2/'1' Recognition and Removal of Stalled RNA
ability to bind UvrB, likely by binding at the same site. Polymerase
This fits well with the known mechanism of the UvrABC The vast majority of mutations causing CS occur in genes
excinuclease. An #B; complex binds at the site of DNA  encoding the proteins CSA or CSB. At the cellular level,
damage through targeting by the UvrA protein. Upon binding defects in these proteins lead to an almost complete inability
to Mfd, UvrA releases UvrB, depositing it at the site of to repair lesions in the transcribed strand, yet their ability to
damage. UvrB then recruits UvrC, which cleavesd 3 repair DNA damage in the genome overall is unaffected.
to the lesior?®3%excising a 12 to 13 residue oligonucleotide Additionally, cells with mutated CSA or CSB are severely
fragment and allowing repair synthesis to occur. Thus, Mfd impaired in the recovery of RNA synthesis after exposure
can actively recruit the UvrfB; complex to the transcribed to DNA damaging agents.
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RNAP stopped at leslon or pause site scanning force microscopy offers an alternative, however,
indicating that CSB alters DNA structure by wrapping the
DNA around itself** Wrapping requires binding of ATP,
whereas ATP hydrolysis results in unwrapping. It is unclear
tesion how the presence of other interacting proteins might modu-
J, RNAP late this activity in vivo.

backtracking CSB has also been shown to interact with RNAP28

and this interaction can be enhanced by UV expo&ttike

Mfd, CSB, as well as its yeast counterpart Rad26p, has been
ascribed a function in general transcriptidf? even in the
absence of DNA damage, facilitating bypass of natural
transcriptional pause sitésAdditionally, Rad26p has been
shown to enhance transcription in cells treated with the
alkylating agent MMS'¢ indicating that it may stimulate
bypass of alkylated bases that might cause the elongating
RNAP to pause but likely do not lead to complete arrest.
For lesions that do lead to RNAP arrest, such as cyclobutane
pyrimidine dimers (CPDs), CSB also influences nucleotide
addition, although this is limited to a single nucleotide
opposite the first T of the dimer before the polymerase is
permanently arrestedIn stark contrast to Mfd, the addition

of purified CSB to an in vitro reaction containing a
transcription complex arrested at a DNA lesion is not
sufficient to release the RNAP and nascent mRNA from the
DNA template?” Interestingly, in mammalian cells the
presence of RNAP arrested at the lesion site does not

Assoclation
of Mfd

Productive T ipti . o -

monu::‘::pa?;: ;an:on RNAP Release preclude DNA repair, at least the excision step, from taking
P place?748 Perhaps RNAP remains poised at the lesion site,
o damage reactivated by CSB to resume transcription once the block

has been removed. In support of this idea, the presence of

CSB can counteract the effect of transcription factor IS

(TFIIS),*? which, similar to GreA and GreB in bacteria,
Repaired DNA causes backtracking and mRNA cleavage to generate a new

Figure 1. Transcription-coupled repair in bacteria. When RNAP 3" end from which the RNAP can extend. Alternatively, in

is hindered by a DNA lesion or natural pause site (yellow box), it the context of the cell, CSB may require the concerted effort

can backtrack along the DNA, causing misalignment between the of other proteins to effectively remove the RNAP from the

polymerase active site and theehd of the mRNA. By virtue of ite of t O d ision both i0s bei ful
its DNA translocase activity, the association of the Mfd protein S!'€ O &ITESL. LUne could envision both scenarios being usetu

with the arrested polymerase stimulates forward motion of the in different situations.

RNAP relative to the DNA, realigning the active site and the MRNA CSB has also been shown to interact with components of
can be bypassed). transarption i resumed (ef). I trangaription 1€ repair machinery, potentially recruiting ther to sites of
cannot resume beéause the blocking lesion remains, the RNAP an NAP'St"’.lI.“ng DNA I'es.lons. Work from several Iaborat0r|e§
cognate mRNA are disengaged from the template (right). Mfd is Nas |c_ient|f|ed_assou_atlons between CQSS% and the nuc_leotlde
then able to recruit the UVrABC excinuclease and promote repair €xcision repair proteins XPAand XPG**°as well as with

of the lesion via nucleotide excision repair. TFIIH, a transcription and repair complex containing the

helicases XPB and XPB:**%1The specific roles of these

Cloning and characterization of the CSB gene revealed aProteins |n_the repair process \_NIII be Q|scu§sed be_low_ v_vnh
protein of 168 kDa with a region of homology to the Swi2/ the exception of XPG, for Whlch_ a dlre_ct interaction \_Nlth
Snf2 family of helicases involved in chromatin remodefifag. €SB has been demonstrated using co-immunoprecipitation
Although there is limited sequence homology between them (co-IP) of in vitro translated proteirt8the other associations
at the protein level, CSB shares many characteristics of theWere identified by either pull-down or co-IP from whole cell
bacterial transcription repair coupling factor Mfd, suggesting €xtracts and probably represent associations with larger
it is a functional homologue. CSB binds nonspecifically to complexes? Certainly, the compositions of these complexes
DNA, and this binding is stabilized by the addition of are likely to be dynamic, as size exclusion chromatography
nonhydrolyzable ATP analogudsConversely, it can hy- indicates that_, at least under some condltlons_, these proteins
drolyze ATP in a DNA-dependent manr@rpreferring do not copurify as a stable CompI&These.mteract!ons.
dsDNA to ssDNA3 Also, despite the presence of helicase are likely to be important to the cell, as certain mutations in
motifs, CSB also has no classical helicase activity in in vitro XPB, XPD, and XPG also lead to defects in TCR and
assay$’ It has been suggested that, like Mfd, this portion Symptoms of CS.
of the protein renders it a DNA transloca8eilthough this The role of the gene product representing the other major
activity has not been shown for CSB, another Swi2/Snf2 complementation group in CS, CSA, in the process of TCR
family member RSC has been shown to translocate alongis much more obscure. Cloning of the CSA gene revealed
DNA in an ATP-dependent mann&jmplicating translo- that it encoded a 44 kDa protein with multiple WD repédts.
cation as a general mechanism used by these enzymes t&roteins containing WD motifs are functionally diverse and
move proteins relative to the DNA. Recent data using implicated in numerous cellular processes, and these domains
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are thought to mediate protetiprotein interactions. Thus, sequence. Mutations in the core NER genes result in
proteins with multiple WD repeats could serve as platforms xeroderma pigmentosum (XP), a disease characterized by
for coordinating assembly of multiprotein complexes. While extreme UV sensitivity, parchment skin, freckling, and
interactions between CSA and CSB have been demonstrategbredisposition to skin cancer largely confined to sun-exposed
with in vitro translated proteins and using a yeast two-hybrid areas of the bod$?

systenf? in the context of the cell, a stable interaction  The intiation of NER begins with recognition of the lesion
between these two proteins has never been observed. Indeeqj)y the XPC/HHR23B complex and subsequent assembly of
each can be purified in large molecular weight complexes e incision comple®®%° For some lesions, such as CPDs,
lacking the othef35% Despite these observations, transient pig step is greatly facilitated by the presence of the DDB
interactions between these proteins may exist and be Verycomplex comprised of the XPE and DDB1 proteih@Upon
important in the mechanism of TCR. For example, upon |esjon binding, XPC/HHR23B recruits TFIIH, a multiprotein
exposure of cells to UV irradiation, CSA is translocated from complex containing two DNA helicases with opposing
th_e nucleoplasm to the nuclear matrix, vyhere it colocalizes polarity, XPB and XPD, which can unwind the DNA locally
with RNA polymerase, presumably at sites of DNA dam- 5y0und the site of DNA damage. TFIIH serves a similar role
age® This translocation is dependent upon the presence ofin transcription initiation, melting the DNA around the
a functional CSB protein. promoteré Also recruited to the injury are XPA and RPA.
CSA has been shown to interact with a number of other XPA can bind specifically to damaged DN¥Pand probably
interesting proteins. It can bind the p44 subunit of TFifH,  serves a role in lesion verification, as it has been shown that
suggesting a possible role in the assembly of the repair XPC/HHR23B can bind a bubble structure, but no incisions
machinery. CSA can also bind to XAB2, a newly character- are made unless damage is pre$ernthe DNA bubble
ized protein identified by its ability to bind the NER protein generated during NER-30 nt) corresponds to the optimal
XPA.® XAB2 consists of several tetratricopeptide repeats, binding site of RPA, a single-stranded DNA binding protein
a motif also implicated in proteinprotein interactions. In  complex®® RPA binds to the undamaged strand and is likely
addition to CSA, XAB2 can bind both CSB and RNAP I, excluded from the damaged strand by the damage recognition
and anti-XAB2 antibodies can inhibit TCR when microin- proteins. The polarity with which this complex binds DNA
jected into cells, indicating that this protein might have a directs the subsequent positioning of the endonuclease
scaffolding function important for protein assemblies in- components XPG and XPF/ERCE1XPG is recruited to
volved in the preferential repair of the transcribed strand. the complex, likely via its interaction with TFIIH, and the
Recently, CSA has also been purified as part of a large XPF/ERCC1 complex is added via its interaction with XPA.
complex containing DDB1, cullin 4A, and Rocl that has Once the full incision complex is assembled, XP@nd
ubiquitin ligase activity’® Interestingly, immediately fol-  XPF® make incisions at the' 2ind 3 edges of the bubble,
lowing UV irradiation, this complex also includes the COP9 respectively, removing a 2432 nt oligonucleotide fragment
signalosome, a negative regulator of ubiquitin ligase activity. containing the damage. Subsequent gap filling and ligation
Although physiological substrates of this complex remain require the activities of DNA polymeraseor ¢, RPA, RF-
to be identified, purification of the CSA complex does C, PCNA, and DNA ligase 19

include a small amount of RNAP I, and this amount is  1he xpPC proteifi-72 and likely the XPE proteift have
increased in the soluble chromatin fraction after UV expo- peen shown to be dispensable for TCR, reinforcing the notion
sure. However, it is unclgar yvhat events are occurring that of the existence of a damage-recognition mechanism for this
might involve these proteins in the insoluble nuclear matrix process, distinct from that of NER, which most likely
following UV. involves the stalled RNAP. This is in contrast to the situation
. . . in bacteria in which the proteins required for GGR and TCR
522 Recruitment of Repair Machinery and Removal of are likely to be the same. Additionally, a subset of mutations
esion in XPB, XPD, and XPG proteins lead to combined symptoms

2.2.2.1. Nucleotide Excision RepaifTCR has long been ~ 0f XP and CS as well as defective TCR, indicating these
considered to be a subpathway of nucleotide excision repairProteins have distinct, specialized roles in TCR in addition
(NER), while global genome repair (GGR) is responsible t0 their functions in GGR?
for excising lesions from the remainder of the genome. NER  2.2.2.2. Base Excision Repair and TCR of Oxidative
is a very versatile repair pathway, recognizing and removing Damage.Although TCR was long thought to be confined
numerous types of bulky DNA lesions that share the common to substrates of NER, evidence is mounting that oxidative
feature of distorting the structure of the DNA double helix base damage, such as 8-oxoguanine (8-OG) and thymine
(reviewed by Dip et at). Included in this class of damage glycol (Tg), generally targets of base excision repair (BER),
are CPDs and pyrimidine {&4) pyrimidone photoproducts can also be removed in a transcription-coupled mahher.
(6—4PPs) generated by exposure to UV light, DNA inter- BER is mechanistically distinct from NER, recognizing base
strand cross-links generated by chemotherapeutic agents sucmodifications that do not cause significant distortions in the
as cisplatin, and bulky polycyclic aromatic hydrocarbon DNA helix. The damaged base is recognized by a specific
adducts induced by compounds in cigarette smoke and otheDNA glycosylase that hydrolyzes the glycosylic bond,
combustion products. Repair of these lesions is accomplishedreleasing the base but leaving the sugatmosphate backbone
through the concerted and highly choreographed efforts of intact and creating an abasic (AP) site. How the repair
nearly 30 polypeptides which effectively identify the damage, pathway proceeds from here depends largely upon the nature
unwind a small region of DNA around the lesion, and make of the glycosylase. If the glycosylase is monofunctional, such
incisions on either side, removing a-232 nt oligonucleotide as those that recognize uracil, the AP site is processed by
patch of ssSDNA containing the damatfelhe resulting gap  an AP endonuclease, an enzyme that cleaved the AP
is filled by the DNA repair synthesis machinery and religated, site, generating a'3wdroxyl terminus competent for nucle-
resulting in the restoration of the DNA to its original otide addition and a'&deoxyribose phosphate (dRP) moiety.
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DNA polymerases (pol 3) both adds a nucleotide to thé 3  transcribed strand of a gene encoded on a transfected shuttle
end of the DNA and removes the dRHaving the way for vector is not just reduced to the level of the nontranscribed
DNA ligase Il to seal the repaired strafdSome glycosy- strand, as is typical of TCR of UV damage, but is completely
lases, particularly those recognizing oxidative damage, areabsenf? This would suggest that a stalled polymerase at the
bifunctional, also possessing a lyase activity that can seversite of an oxidative lesion is able to exclude the BER
the backbone on the 3ide of the AP site (reviewed in ref  machinery and that possibly RNAP stalled at a single-base
76). The lyase activity leaves a Bnsaturated dRP moiety lesion is qualitatively different than the case when the same
that must be trimmed by the AP endonucl€ase generate  molecule is stalled at a bulky NER-recognized lesion.

a single-nucleotide gap which is subsequently filled by pol  while TCR of oxidative damage is an intriguing idea,

B and ligated as above. Regardless of the initiating glyco- several important papers reporting data supplied by Steven
sylase, both arms of BER so far described result in the | eadon have been retracted, and some of the remaining data
incorporation of a single nucleotide and are referred to as supporting the current modéf have also recently been
short-patch BER. If the AP site is either reduced or oxidized called into questiof® Certainly, independent corroboration
and is refractory to dRP removal by pl a third pathway  of previous findings, as well as new experimental approaches
exists, known as long-patch BER, in which strand displace- are required to clarify the role and validity of this process
ment is facilitated by the replication machinery (pik, as a bona fide DNA repair pathway for certain types of
PCNA, and RF-C), generating a-3 nucleotide flap that  oxidative DNA damage.

can be subsequently cleaved by the flap endonuclease FEN-

178 In this instance, ligation is thought to be carried out by 2.2.3. Recovery of RNA Synthesis

DNA ligase 17°8 Reviews of BER are included in refs 81 ) . o
and 82. Following extensive DNA damage, transcription is glo-

bally down-regulated, presumably to allow the cell to repair
the lesions without having to contend with stalled RNA
polymerases. In CS cells, the recovery of RNA synthesis
after the damage is severely impaifédifter exposure to
UV or cisplatin, the initiating hypophosphorylated form of
RNAP 11 (11 ) is rapidly converted to the hyperphosphorylated

TCR of oxidative damage, similar to TCR of UV damage,
requires CSB, the XPB and XPD components of TFIIH, and
XPG. Other general NER factors, such as XPA and XPF,
are not required, however, indicating that these lesions are
not simply repaired by NER in this circumstance. TCR via

utilization of BER components appears to have different ¢, (Il) by kinases that target the C-terminal domain

requirements than BER in the global genome. For example, (c1p) presumably preventing reinitiatiéh Ubiquitinated
OGG1, the major glycosylase recognizing 8-OG, iS not t,ms of RNAP can be detected within 15 min of UV
required for TCR, although its absence in the cell has a i aqiation, but this modification is absent in CSA and CSB

drasticeeffect.on the repair of this Ies.ior.l In the genome o159 The half-life of RNAP decreases dramatically under
overall> Candidate enzymes for transcription-coupled BER 056 circumstances, but the protein level can be stabilized

include the recently described NEIL (nei-like) enzymes that  the “addition of proteasome inhibitors, indicating that
exhibit a preference for excising 8-OG from bubble structures ubiquitination targets RNAP for degradati#fi?’ In this case,
rather than fully duplex DNA? consistent with a role in o Il, form accumulates at the expense of thddtm. CTD

the excision of damage from a transcription bubble. Ad- yinage inhibitors will also slow the degradation of RNAP
ditionally, it has been shown that the XPG protein stimulates by blocking the conversion of ito 11,997 These findings,

the activity of human Nth in recognizing oxidized pyrim- " coniunction with Western blot data using antibodies

idines, increasing its affinity for substrate. Interestingly, the g aific for phosphorylated CTD epitopes, indicate that the
endonuclease activity of XPG is not required in this role, as \ yernhosphorylated form of the polymerase is preferentially
apatalyt|é:4ally inactive mutant of XPG is still able to interact ubiquitinated. Finally, experiments using cycloheximide to
with Nth. block new protein synthesis show that, following UV
Many questions remain as to how TCR of oxidative exposure, the level of Jin the cell never returns to pre-Uv
damage is accomplished. In vitro, neither Tg or 8-OG levels, indicating that initiation-competent RNAP is not
effectively block transcription by a mammalian RNAP%2 restored by dephosphorylation but rather is generated by a
so how is the signal to initiate TCR delivered? There has new round of protein synthesig%
been some speculation that other proteins bound tightly to | the yeast systerBaccharomyces cersiae, the com-
these lesions cause the polymerase to arrest at the site Oﬁonents of the RNAP ubiquitination machinery have been
damage’. However, this remains to be proven, and certainly g|ycidated, and this ubiquitination reaction can be reconsti-
an MSH2/MSH6 complex (involved in DNA mismatch tyted in vitro® The E3 ubiquitin ligase Rsp5p has been
repair) bound at an 8-OG lesion is easily displaced by an shown to ubiquitinate RNAP in vitro and is required for the
elongating RNAP in vitrd® It has also been proposed that jhquction of this modification by UV in vivg%101 An

perhaps it is not the oxidative lesion itself but some gqgitional degradation factor Deflp has been shown to
subsequent BER intermediate that blocks the RNAFhis influence the ubiquitination of RNAP. This glutamine-rich
is potentially supported by the fact that single-strand breaks prtein associates with Rad26p in the salt-stable chromatin
are reasonably strong blocks to transcription in Hela faction02 While Deflp-deficient cells are only mildly
extracts® sensitive to UV, the absence of this protein contributes
In addition to the factors shared by TCR of both oxidative substantially to the UV sensitivity of strains with mutations
damage and UV damage, there are potentially some factoran NER proteins, indicating that Deflp has some cellular
specific to TCR of one or the other. For example, there seemsfunction during DNA damage. Although its association with
to be some requirement for BRCAL and BRCA2 specifically the CSB homologue Rad26p might suggest a role for this
for TCR of oxidative damage, although their exact role(s) protein in TCR, the rate of repair of UV damage in the
remains to be elucidaté@?® Interestingly, in BRCAL1 or 2 transcribed strand of an active gene is unaffecte®B§r1
deficient cells, as in CS cells, repair of 8-OG in the deletion. Cells lacking Deflp are unable to ubiquitinate
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RNAP, and UV-induced degradation is abolisA&dThis when cells were exposed to UV. Additionally, although
result can be reversed in vitro with the addition of purified H,O,-directed ubiquitination of RNAP ultimately leads to
Deflp protein to the ubiquitination reaction, showing a direct its degradation in a manner similar to that following exposure
involvement of this factor in the ubiquitination of RNAP. to UV, the protein banding pattern of the ubiquitinated RNAP
Unexpectedly, deletion dRAD26 caused cells to degrade species on SDS PAGE differs between the UV an®H
RNAP much more efficiently than wild-type cells in response cases?” suggesting that the polymerase may be modified
to UV damagé?® This finding suggests that Rad26p and differently depending upon the lesion that causes its arrest.
Deflp have opposing and counterbalancing properties with These differences may be important in recruiting BER vs
respect to RNAP ubiquitination and degradation. Perhaps in NER-specific factors to the site of DNA damage. The
the context of a stalled transcription complex, Rad26p ubiquitin-containing RNAP species were induced in CSA-,
protects RNAP from degradation to allow time for repair CSB- and pVHL-deficient cells to levels similar to those in
and potentially resumption of transcription. If transcription wild-type cells, indicating that these proteins are not required
cannot resume, Deflp targets the polymerase for ubiquiti- for the HO,-induced ubiquitination reactiof{? It is possible
nation and degradatio? that, following exposure to very high doses of®4, RNAP

The situation in mammalian cells is much less clear and Ubiquitination is no longer linked to TCR. The identity of
is likely to have significant differences from the case for the ubiquitin ligase required in this circumstance is still a
yeast. A Deflp homologue has yet to be identified, and a mystery, although one potential candidate is the BRCA1/
functional CSB appears to be required for RNAP ubiquiti- BARD1 complex. This complex has ubiquitin ligase activ-
nation, at least in response to UV. However, most CSB- ity'%® and associates with RNAPS"!!* and the absence of
deficient cells used for this type of analysis have point BRCAL has already been shown to be detrimental to the
mutations or small deletions in the CSB genes but still TCR of oxidative lesion&?“* That no appreciable ubiquiti-
express a portion of the CSB protein. A newly described Nation of RNAP was observed at lower doses oOH
patient with UV sensitive syndrome (UVsS) has been shown suggests that there may be a threshold above which certain
to carry homozygous null mutations at the CSB lot4idt signal transduction molecules are activated. This might
would be interesting to know if this type of mutation has an explain why 8-OG in the transcribed strand on a shuttle
effect similar to aRAD26knockout in yeast. Also, an RNAP-  vector was not observed to be repaired in CS cells. At levels
specific ubiquitin ligase remains elusive, although several of damage below the threshold for signal transduction-
candidates have been named. mduced_ RNAP degradation, and in the absence of any

One attractive ubiquitin ligase for RNAP is the von Mechanism for bypass, the RNAP is never removed from

Hippel—Lindau protein (pVHL)-associated complex known the lesion.

to ubiquitinate thex subunits of hypoxia-induced transcrip- ~ Adding to the complexity of RNAP ubiquitination in
tion factors (HIFs) under normoxic conditions, keeping the mammalian cells is the recent observation that the CSA
levels of these transcription factors low and suppressing protein exists within a multi-protein assembly with potential
hypoxia-inducible genes (recently reviewed in refs 104 and ubiquitin ligase activity>® Although this complex has not
105). Interaction of the pVHL complex with HIE-subunits ~ been shown to ubiquitinate RNAP, it does associate with
is dependent upon hydroxylation of conserved proline the polymerase in a CSA-dependent way. Interestingly,
residues, and the absence of this modification under hypoxicimmediately after exposure to UV, within the time frame
conditions stabilizes these transcription factors and allows Where ubiquitination of RNA polymerase is occurring, the
them to upregulate their target genes. Recently, a region of CSA complex is rendered inactive by the association of the
the large subunit of RNAP Il with sequence similarity to COP9 signalosome, suggesting that CSA may not contribute
the pVHL-binding domain of HIF-& has been identifie¢® to RNAP ubiquitination immediately following U% How-

An RNAP—pVHL interaction has been demonstrated, and ever, these observations were made using nuclear extracts
this is dependent on both hyperphosphorylation of the CTD and solubilized chromatin fractions. Thus, it is unclear how
and proline hydroxylation within the pVHL binding domain. these factors are interacting within the insoluble nuclear
It is also greatly enhanced by UV exposure. Additionally, matrix>® Furthermore, a truncated human homologue of the
the level of UV-induced RNAP ubiquitination in cells yeast ubiquitin ligase Rsp5, Rpfl/Nedd4, can bind to and
correlates well with the level of pVHL proteif{® ubiquitinate human RNAP in vitro, adding yet another

While early experiments using low doses ofd4 (0.25-2 potential candidate to the li$t
mM) to induce oxidative DNA damage failed to induce Certainly, it is plausible that different RNAP-specific
ubiquitination of RNAP?® recent evidence suggests that at ubiquitin ligases are activated under different cellular
higher doses of kD, (10 mM) ubiquitinated RNAP is indeed  circumstances, and it is possible that they target different
evident!®” Of interest, the requirements for this modification sites for ubiquitination. In any case, sites of RNAP ubig-
in response to oxidative damage are mechanistically quite uitination have yet to be mapped. It is possible that
different from those necessary for the response to UV. While ubiquitination in different sites, or of different linkage types,
the characteristic and rapid conversion of the hypophospho-affects the outcome for both the polymerase and the cell in
rylated Il, form of the polymerase to the hyperphosphorylated different ways. There is recent evidence that RNAP poly-
Il, form occurs, the kinases responsible for phosphorylation ubiquitination in response ta-amanitint*? an inhibitor of
of the CTD are clearly different. Following UV exposure, elongating RNAP that causes stalling of the polymerase on
inhibitors of P-TEFb and JNK kinases reduced the phos- the DNA, is linked via lysine 63!* This linkage is not
phorylation status of the CTD, while they had no effect on thought to signal degradation (althougkamanitin treatment
the response to #,. Rather, an inhibitor of MEK1/2 (the  causes degradation of RNAP in cél$ but may serve as
upstream activator of the MAP kinase ERK1/2) specifically recruitment signals for necessary downstream factors or may
reduced phosphorylation of the CTD and subsequent ubig-modulate the activity of the target protein to which they are
uitination of RNAP in response to#,, yet it had no effect  attached (reviewed in ref 115). It is also interesting to
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Figure 2. Transcription-coupled repair in eukaryotes. CSB association with an RNAP stopped at a lesion or pause site (yellow box) can
provide forward force relative to the DNA. If the site can be bypassed, transcription resumes. If bypass is impossible, CSB potentially
remodels the RNAP/DNA interface, allowing for recruitment of other TCR proteins. At this stage the RNAP may be ubiquitinated and
removed from the lesion (left), and components of the relevant excision repair machinery are recruited to repair the DNA. Alternatively,
the lesion could be repaired in the presence of the RNAP (center), leaving the stalled polymerase poised to resume transcription once the
lesion has been repaired. If, after repair of the lesion, the polymerase is still arrested, ubiquitination and degradation at this point represent
the last resort for removing the RNAP (right) so that transcription can be resumed by upstream RNAPs.

consider the role that ubiquitination and degradation of the DNA (as has been shown for the bacterial Mfdr that
RNAP plays in TCR. Perhaps, as suggested in yeast,it can somehow remodel the DNA, altering the RNAP/DNA
ubiquitination serves as a final alternative used only when interface'” For intrinsic pause sites, and perhaps small base
attempts by the TCR machinery to resume productive damage such as 8-OG, the influence of CSB may allow
elongation have failet’? Certainly, only 5-10% of the total RNAP to bypass the site of pausing (Figure 2, top right). If
RNAP is detected as a ubiquitin conjugate following DNA the blocking lesion is bulky, such as a UV-induced lesion
damage or transcription arré8¢.*? or cisplatin cross-link, and RNAP bypass is impossible, the
polymerase becomes more permanently arrested.
2.2.4. Model

At this juncture, the presence of CSB induces the recruit-
Taking into account all of the studies discussed above, ament of CS&*as well as TFIIH! The XPG protein is also

potential model can be generated to describe the mechanisntecruited to the complex, likely due to its interaction with
of eukaryotic TCR (Figure 2). When an elongating RNAP TFIIH.5° The recent discovery of a patient who is homozy-
encounters a DNA lesion or intrinsic pause site in the gous null for the CSB gene is intriguid§ This individual
template DNA, it temporarily ceases forward motion, recruit- suffers not from the severe symptoms of CS but from UVsS,
ing the CSB protein to the site of transcription. Stable CSB a syndrome characterized by UV sensitivity, but no enhanced
association is dependent upon ATP hydroly$isuggesting predisposition to skin cancer or growth and developmental
that CSB can provide movement of the RNAP relative to abnormalities!® This observation suggests that abnormal
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formation of the TCR complex is clinically more detrimental reduced transcriptional capacity in vi¥&. Recent studies
than no complex formation at sites of DNA damage. It is have shown that CSB also promotes transcription through
possible that in the complete absence of CSB, but not in thegenes encoding highly structured RNAs including U1, U2,
presence of a mutant version, the ability of THIIS to promote small nuclear RNAs, and 5S RN&¢ Finally, although TCR
backtracking of the RNA polymerase makes sites of DNA was long thought to only be active on RNAP llI-transcribed
damage more accessible to repair by other means. Indeedgenes, CSB, TFIIH, and XPG have been found in a large
inclusion of TFIIS in an in vitro transcription system allowed complex containing RNA polymerase |. These factors
subsequent repair of a CPD by a heterologous photolyaseinfluence the efficiency of rRNA transcription, and mutations
and resumption of transcriptid® Upon assembly of the in CSB, XPB, and XPD that confer symptoms of CS
TCR components, either BER or NER proteins (depending negatively affect the RNA pol 4TFIIH interaction®®
on the type of lesion) will be subsequently engaged in repair Extracts of CSA cells have been shown to have reduced
and resolution of the lesion. levels of RNAP Il transcription in vitrd?” however, it is

It is unclear from the data where RNAP ubiquitination unclear what specific effect CSA might have on the other
fits into this process. One possibility is that RNAP is processes related to transcription mentioned above.
ubiquitinated after the recruitment of TCR-specific proteins  One final hypothesis for the significant clinical differences
(Figure 2, bottom left). As discussed above, this could require between XP and CS is that a lack of TCR and persistent
different ubiquitin ligases, could occur at different sites stalling of RNAP during transcription skews the cellular
depending upon the lesion to be repaired, and could servebalance between survival (at the cost of increased mutagen-
some signaling purpose for the differential recruitment of esis) and apoptostd28The tumor suppressor p53 is induced
BER or NER proteins. Ubiquitination may target the RNAP at substantially lower UV doses in CSB-deficient cells
for removal from the DNA and degradation, and this step compared with normal celf$? and CSB-deficient cells are
may be prerequisite for repair of certain lesions. Alterna- much more likely to undergo apoptosis in response to such
tively, ubiquitination and degradation of RNAP may be the treatment29.130Thijs observation can be extended to include
last resort after all other options have been exhausted. Repaibther NER proteins required for removal of UV damage,
of the lesion may not require absolute removal of the RNAP, although XPC-deficient cells, which are proficient in TCR
and rather the polymerase remains bound and ready tobut not GGR, behave similarly to wild-type cells with respect
resume transcription once the template DNA is restored to their apoptotic potential after UV exposufél32Further-
(Figure 1, bottom center). Perhaps ubiquitination and deg- more, the trigger for apoptosis and p53 accumulation does
radation of RNAP occurs if it is unable to resume productive not seem to be repair-induced DNA strand breaks but rather
transcription once repair has taken place (Figure 2, bottompersistent lesions in the transcribed strand of active

right). genes30132134 This hypothesis of increased apoptosis is
supported by the fact that, in humans, CS is a multisystem
2.2.5. TCR vs GGR disorder with some features of premature aging, yet these

It has puzzled scientists for many years that the develop- patients have no pr_edlsposmon to the deve_lopment of cancer.
mental and neurological symptoms of CS, thought to be a I "US, premutagenic cells are probably eliminated by DNA
deficiency in one subpathway of NER, are substantially more d@mage-induced apoptosis before they have an opportunity
biologically severe than the UV sensitivity and cancer [© Initiate tumorigenesis.
predisposition characteristic of XP, caused by a complete
deficiency in NER. Several hypotheses have been offered 3. Transcriptional Mutagenesis

to explain this situation. Of course, none of these are mutually ) ) ) )
exclusive, and all may play some role in the clinical _ UP to this point we have discussed the fate of DNA lesions

phenotype of CS. that block the elongating RNAP; however, it is also important
Some investigators have suggested that it is the inability to consider transcriptional encounters with DNA damage that

to repair oxidative damage in a transcription-coupled manner result in pypass of the Iesion by RNAP. Such events (.:OUId
that leads to the severity of C820121The XP genes with have serious repercussions on the cell, particularly if the
PNA damage that is bypassed has miscoding properties,

resulting in the insertion of incorrect nucleotides into the
nascent mRNA and generation of a mutant transcript. Until
the damage is repaired, this process, referred to as transcrip-
tional mutagenesis (TM), would result in a large population
f of mutant transcripts that could lead to a pool of mutant
proteins with potentially altered functions in the cell (Figure

to be required for TCR of oxidative damagéhis hypothesis
may explain the spectrum of neurological problems associ-
ated with CS, as neurons are thought to provide a very
metabolically active and highly oxidative cellular environ-
ment, potentially contributing to the endogenous levels o
oxidative DNA damage that must be repaired for normal
cellular function. However, CSA- and CSB-deficient cells
have been demonstrated to possess different sensitivities tqQ .

oxidative stress, with CSA cells being intermediate with 3-1. Lessons Learned from Prokaryotic Systems
respect to their sensitivity (between CSB and WPTI¥? 311 In Vitro Studies

An overall defect in general transcription has also been

proposed to underlie the severity of CS, particularly because Studies of TM have largely relied on in vitro transcription
XPD and XPB are components of TFIIH, a basal transcrip- systems using purified components from either bacteriophage
tion factor for RNAP 11123124|n support of this idea, CSB  systems (SP6 or T7) dE. coli (reviewed in ref 4). Both
has been shown to stimulate transcription in vitro, possibly single-initiation events and multiple-round transcription
by assisting the transcriptional machinery to push past conditions have been explored, providing a reasonably
intrinsic pause sites in the DNA templdfe:t6 Additionally, detailed picture of the types of DNA lesions that can be
CSB-deficient cells have been shown to have a greatly bypassed by RNAP. In several cases, not only was the
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lower efficiency.N6-Benzop]pyrene diol epoxide (BPDE)
adducts of both adenine and guanine are bypassed by T7
RNAP 145146\While the adenine adducts direct the misincor-
poration of either A or G#¢ sequence analysis of bypassed
G adducts indicates that nonmutagenic C is insered.
However, this study also demonstrated that truncated tran-
scripts resulting from arrest at this lesion contained mutagenic
nucleotide insertions, indicating that in some cases RNAP
arrest may result from the structural strain of incorrect base-
pairing opposite the lesion site. Guanine C-8 aminofluorene
(AF) and acetylaminofluorene (AAF) adducts are also subject
to some level of bypass, with the bulkier AAF moiety more
effective at blocking the transcription machinéty Both
lesions were found to be nonmutagenic at the level of
transcription, directing the correct incorporation of“C.
Remarkably, single-strand breaks and gaps have also been
demonstrated to be bypassed by prokaryotic RN&P47.148
This event occurs with varying levels of efficiency and
depends highly on the size of the gap, the flanking DNA
termini, and the type of RNAP assayed. Small gaps are
bypassed with higher efficiency than larger g&fgermini

Altered Cellular containing hydroxyl groups are negotiated better than those
Ph t containing phosphates or modified sug&fsaand bacterioph-
enotype age polymerases are more efficient at bypass than RNAP

Figure 3. Transcriptional mutagenesis. Transcription past a DNA from E. coli.**” Analysis of the transcripts generated by
lesion (yellow box) with altered base pairing properties may lead transcription across single-strand gaps indicates that they
to the production of a population of mutant transcripts. These contain correctly templated nucleotides on both sides of the
gﬁgﬁfﬁﬁtshﬁﬁ‘é{” tgrgf’ ?ﬁetg}lslated into mutant proteins that could 5o "yt the site of the gap shows up as a deletion in the
P yp ' transcript (a 1-nt deletion for a 1-nt gap, a 2-nt deletion for

- 8,147,148
potential for bypass established, but the sequences of theé® 2-nt gap, and so o}

resulting transcripts were determined to ascertain the mu-s 1 5> 1 vivo Studies
tagenic potential of these lesions. Table 1 presents a
compilation of the data from numerous studies by several Although lesions that block RNAP in vitro are likely to
groups indicating which lesions are bypassed, the relative elicit TCR in vivo, it was unknown whether bypass in vitro
efficiency with which this bypass occurs, the nature of the would translate to a similar situation in vivo. An experimental
RNAP insertion event (if available), and the type of mutation system devised to address this questioB.icoli had to meet
that results. two requirement$**-10 First, it utilized a reporter plasmid
Bacterial and phage RNAPs readily bypass many types (in this case encoding luciferase) containing a site-specific
of small base damage that are typically substrates of BERDNA lesion positioned in the template strand such that if
in vitro. These include deamination products such as the damage is repaired, the sequence encodes a stop codon,
uracil ;¥ ¥ methylated bases such a&@ethylguaniné® and a truncated protein with no luciferase activity is
and oxidative base damage including 8-€$&36.140T¢ 87,141 generated. However, if the damage is misread during
and dihydrouracit®>142These base modifications miscode transcription, a full-length protein is generated and luciferase
at the level of transcription to varying degrees (Table 1). activity can be measured to ascertain the extent of bypass.
While uracil and G-methylguanine are always miscoding The second requirement for this in vivo system was a method
(for A and U, respectively}35-13 dihydrouracil preferentially ~ for holding theE. coliin a nongrowth state where transcrip-
directs the addition of A3%142although occasionally G is  tion but not DNA replication is occurring, accomplished by
inserted by bacteriophage RNAP38-OG incorrectly directs  incubation of the cells in novobiocin. This ensures that the
the incorporation of an A only about half the time, correctly luciferase signal measured is the result of transcription across
coding for C in other cas€8®1“°No sequence information  the lesion and not permanent fixation of potential base
has been generated regarding the miscoding properties ofequence changes via DNA replication into a heritable
thymine glycol, but it should be noted that sequence context mutation. With these tools in hand, the potential for some
may contribute to the ability of this lesion to be bypas¥€d. ~DNA lesions to cause TM in vivo could be assessed.
Abasic sites, as well as the abasic site analogue tetrahydro- Using the experimental design described above, transcrip-
furan, are also efficiently bypassed by prokaryotic tional bypass of uracil was observed in vivo, giving rise to
RNAPs!37139.190Adenine was most often incorporated op- a phenotypic change characterized by luciferase expres-
posite a template abasic st *°14%lthough a small fraction  sion549Further, this bypass was enhanced by disruption of
of G was incorporated opposite the tetrahydrofuran by T7 the genes encoding the major uracil glycosylaseg@nd
RNAP 140 This pattern of insertion events could be highly mug in E. coli, thereby prolonging the half-life of this
mutagenic at the level of transcription, given that depurina- inappropriate base in the cellular DNA* Interestingly,
tion at G residues is the most frequent event leading to during the course of the experiment, some uracil is still
spontaneous abasic site formatiéh. repaired, indicating the existence of other cellular pathways
Interestingly, transcriptional bypass has been demonstrated¢hat remove uracft. Sequence analysis of luciferase tran-
for some unlikely bulky adducts as well, albeit with much scripts generated in vivo confirm the in vitro result that
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Table 1. RNAP Bypass Efficiencies and Insertion Events at Sites of DNA Damage

Saxowsky and Doetsch

DNA damage type RNAP type rel bypass efficiehcy  nucleotide(s) insertéd outcome
abasic site phage (SP6, T7) high3® AL37.139 transition or transversion
E. coli moderat&®7:13° A137.139 transition or transversion
mammalian RNAP I higff C?86 transition or tranversion
transition or tranversion
tetrahydrofuran phage (T7) high A, G140 transition or transversion
uracil phage (SP6, T7) hig#p137.138 A135.137.138 transition
E. CO“ highS,136,137,139,49 A5,136,137,139 tranSitiOn
mammalian RNAP I higpf A, G transition or nonmut
dihydrouracil phage (SP6, T7) high (paugés) A, GI% transition or nonmut
E. coli high (pausedj? A, G4 transition or nonmut
5-hydroxycytosine mammalian RNAP I higth ND
thymine glycol phage (T7) moder&té** ND
mammalian RNAP I hig#p-&7 ND
8-oxoguanine phage (T7) higii40 A, Cl40 transversion or nonmut
E. coli high®136 A, C, dep136 transversion or nonmut
mammalian RNAP I high (pause6.881ss C> A8 nonmut or transversion
Of-methyl guanine E. coli hight3¢ uss transition
AF—guanine phage (T7) moderéte C140 nonmut
mammalian RNAP I high (pausés8) ND
AAF—guanine phage (T7) lowtP C140 nonmut
BPDE—-adenine €) phage (T7) moderatt® A, G, del#¢ transversion
BPDE-adenine ¢) phage (T7) lowe A, G, def#6 transversion
BPDE—guanine adducts phage (T7) 1] Cl45 nonmut
single-strand breaks/gaps phage (SP6, T7) varighte 148 defs8147.148 frame shift
E. coli low47 def47 frame shift
mammalian RNAP I lowP ND

2 References of studies done in vivo are in bold typeND = not determined.

RNAP incorporates A opposite to uracil during transcripfion.  during both replication and transcriptiétt.Such a process
Similar studies have also been carried out to address thehas been proposed to explain “adaptive mutagenesis” induced
extent of TM induced by an 8-OG lesiéms with uracil, by starvation inE. coli, a setting in which mutations arise
8-0G is efficiently bypassed in vivo, giving rise to a rapidly and are confined to those that allow the cells to
measurable luciferase signal. A deficiency in the formami- grow%31%4In nonproliferating cells, the contribution of TM
dopyrimidine-DNA glycosylase (Fpg), the major glycosylase to the mutant protein pool, and thus the cellular phenotype,
responsible for the removal of 8-OG during BER, greatly is likely to be much more apparent, especially because the
enhances this bypass. Absence ofriifdgene also leads to  capacities of certain DNA repair pathways are diminished
an increase in bypass, and interestingly, eliminating both Fpgin nondividing cellst>4155
and Mfd has a synergistic effect with respect to the luciferase
signal. These data suggest that although 8-OG is not an3.2. TM in Eukaryotes
absolute block to transcription . coli, it is subject to some ) S )
level of repair that is coupled to transcription, and that TCR 3.2.1. In Vitro and in Vivo Studies
and BER may compete for this lesion. While transcript — \yhjle most TM studies to date have utilized prokaryotic
sequence analysis again confirmed the in vitro data that 8-OGgystems, data addressing the action of mammalian transcrip-
directs the incorporation of A or C, a small fraction of oy complexes at nonblocking DNA lesions is beginning to
transcripts with a single-nucleotide deletion opposite the 5ccymulate (see Table 1). The emerging picture suggests that
lesion site were also identifi€d.This could represent ammalian RNAP can bypass a similar subset of lesions
transcription past a single-nucleotide gap generated as anyhen compared to prokaryotic RNAPs, including the bulky
mter_medla_lte in the repair pathway, reflect!ng the results of AF—guanine addudg® Accordingly, this lesion is not
previous in vitro experiments WitlE. coli RNAP and  hreferentially repaired on the transcribed stréifideinforcing
templates containing single-nucleotide gafs. the requirement to provide at least some block to RNAP for
TCR to occur. While abasic sites, uracil, and 5-hydroxycy-
tosine are readily bypassed, single-strand breaks are bypassed
TM induced by DNA damage can potentially generate a by RNAP with a lower efficienc{># Thymine glycol is also
substantial pool of mutant mRNAs that could result in the bypassed at high frequeng3£” although one study found a
production of mutant proteins that would alter the cellular small portion of transcripts truncated at the lesion site that
phenotype. In some cases, these mutant proteins give theare not elongated at later timepoints, indicating that Tg has
cell a growth advantage, or the ability to escape growth the potential to arrest the RNAP under certain conditfdns.
suppression, and ensuing DNA replication past the lesion Given the current uncertainties regarding TCR of oxidative
could convert it into a heritable mutation, giving rise to a DNA damage, a number of recent studies have focused on
mutant cell population now permanently expressing this the interactions of RNAP at sites containing 8-OG. These
advantageous protein (Figure 4). This process has been calledtudies have utilized minimal transcription complexes on
retromutagenesis to reflect the fact that a transcriptional eventC-tailed template& purified RNAP and transcription factors
could lead to a permanent DNA sequence chdffe. engaged in promoter-initiated transcripti®rtranscription-
Certainly, comparative analysis of the miscoding properties competent HeLa nuclear extraétd>®and transfection studies
of many lesions indicates that they will miscode similarly in mouse embryonic fibroblasts8® The major conclusion

3.1.3. Adaptive Mutagenesis
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. . * Figure 5. Transcriptional mutagenesis in human disease. (A) A
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Figure 4. Retromutagenesis. If the mutant protein generated by . . . . . .
transcriptional mutagenesis (shown in Figure 3) alters the phenotypeinsertion of either A or G into the transc”ﬁ[a_pama"){

of the cell in such a way as to promote growth and initiate a round reducing the ability of this lesion to affect TM, with A being

of replication, then the DNA lesion (if left unrepaired) will be  mutagenic but G being the correct nucleotide assuming the
encountered by the replication machinery (top strand, lagging strandyracil resulted from cytosine deamination. Similarly, inser-
synthesis; bottom strand, leading strand synthesis). The lesion will tjong opposite 8-OG are preferentially nonmutagenic C

likely cause similar miscoding during DNA synthesis, thus per- .
manently fixing the mutation into the genome of one progeny cell. residues, although some A could be detectétis somewhat

Subsequent rounds of replication in this progeny will lead to a PUZZling, then, how increasing the CTP concentration during
dividing cell population harboring the mutation that conferred the transcription past 8-OG increases pausing. One proposed
growth advantage. explanation is that when the 8-OG base is indhé position
about the glycosylic bond, it can effectively base pair with

from these studies indicates that 8-OG is not a strong block C, allowing bypass to occur. Likewise, when the 8-OG base
to mammalian RNAP, either in vitro or in vivo. While most is in the preferredsyn conformation, base pairing with A
of the transcripts generated from 8-OG containing templatesallows bypass. However, insertion of C opposite 8-OG when
were full-length, in some cases a small percentage of inthesynconformation causes errant base pairing and RNAP
shortened transcripts indicative of RNAP paused or stalled stalling® A similar scenario has recently been suggested for
at the lesion site was evidefft®®158Pausing at the lesion  arrest at UV-induced CPDs and-@PPs: that insertion of
site is modulated by the relative concentrations of CTP and one or two nucleotides opposite the lesion is necessary to
ATP in the reaction, with higher levels of CTP leading to induce arrest and potentially invoke TCR.
an increase in the paused speéfes. o ) .

Sequence analysis of the full-length transcripts generated3'2'2' Implications for TM in Human Disease
by transcription past the lesion in mammalian systems has While TM could be viewed as an advantageous property
uncovered some interesting differences from prokaryotic for single-celled organisms, such a cell-selfish process could
systems. While prokaryotic RNAPs insert A opposite an prove highly detrimental for a multicellular organism (re-
abasic site, purified HeLa RNAP prefers the addition 3fC. viewed in ref 160). For example, TM could have a role in
This could greatly reduce the mutagenic potential of this the etiology of human cancers (Figure 5A), potentially
lesion in vivo, as most spontaneous abasic sites occur as aontributing to various stages of tumor development. One
result of depurination at G residues. Uracil directs the reasonable hypothesis is that the transient expression of
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mutant proteins via TM could play a major role in tumor While the few existing studies of TM have begun to shed
promotion, either stimulating proliferation of an initiated, pre- light on the process, many issues have yet to be addressed.
cancerous cell or allowing it to escape growth-inhibitory First, the extent to which TM occurs in mammalian cells,
signals and undergo clonal expansion. TM might also play and the role this might play in disease processes, is currently
a role in the switch to tissue invasiveness that is a hallmark unknown. It is interesting that the mammalian RNAP has
of metastasigt? less of a tendency than prokaryotic RNAPSs to misread certain
TM also provides a mechanism for the generation of prions damaged bases (see Table 1). It would be interesting to know
in neuronal cells (Figure 5B). If the mutant protein generated the structural basis for this difference and whether it arose
by way of transcription past a DNA lesion is more stable in via evolutionary pressure selecting against the potentially
the 8-sheet prion conformation, this TM event could allow “cell-selfish” behavior that TM represent®. Second, elu-
the generation of adequate levels of protein to promote prion cidation of all the cellular proteins with an ability to influence
fiber nucleation, subsequently leading to the conversion of TM, such as DNA repair proteins, would be of great utility.
normal protein to the prion conformation and causing fibril In vivo bacterial studies suggest additional, uncharacterized
formation. One could also envision a role for TM in the pathways exist for the repair of uracil and 8-OGinally,
generation of other neurodegenerative diseases characterizethe generation of an experimental system with which to
by aggregates of misfolded proteins, including Alzheimer’'s explore the potential of TM for causing retromutagenesis in

and Parkinson’s diseast3. bacteria or other organisms would be crucial to our under-
standing of the biological implications of DNA damage
4. Concluding Remarks and Future Directions bypass during transcription. Future studies addressing these

guestions will provide clarity to the mechanisms of TCR and

It is clear from this review of the literature that there are TM and further establish the roles of these processes in the
still many gaps in our current knowledge of the interaction cgontext of the cell.

between transcription and DNA damage. In light of the recent
data, however, perhaps we can revise the encompassin

question “Are lesions repaired by TCR or are they bypassed$' Acknowledgments
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base when it is met by RNAP, the relative levels of
nucleotides or other metabolites in the cell, and the presenc
of DNA damage-binding proteins. Likewise, traditionally
blocking lesions may be bypassed at some minimal rate under, -

H—4PP pyrimidine (6-4) pyrimidone photoproducts
8-oxoguanine

acetylaminofluorene

aminofluorene

some circumstances. However, lesions that are only infre- geg base excision repair

quently bypassed will statistically favor eventual TCR with  Bppe  Né- benzoRpyrene diol epoxide
little effect on the cell. Even if one RNAP bypasses the cpD cyclobutane pyrimidine dimer
lesion, the chance of bypass of each subsequent RNAP isCS Cockayne syndrome
statistically reduced. So while one, or even a few, mutant CTD C-terminal domain

mRNA is made, once the lesion stalls a transcription GGR global genome repair
complex, it will be subjected to TCR. IP immunoprecipitation

NER nucleotide excision repair

RID RNA polymerase interaction domain

RNAP RNA polymerase
transcription-coupled repair

While our understanding of the outcomes of the encounters
of RNAP with DNA damage is expanding, many integral
questions regarding TCR and TM remain to be answered.

First, it is clear that TCR of oxidative damage needs to be 14 thymine glycol

rigorously revisited. Second, the role (or roles) of RNAP Tm transcriptional mutagenesis
ubiquitination in the mechanism of TCR has yet to be fully uv ultraviolet

elucidated. When does this modification occur, and how doeswWT wild-type

it influence the removal of RNAP from the lesion site, XP xeroderma pigmentosum

recruitment of the appropriate repair machinery, or recovery

of RNA synthesis following repair? Also, ubiquitination has i

only been studied under conditions of induced DNA (and 7. Note Added in Proof

presumably other cellular) damage. Do these events proceed Reference 7 (Le Page, et al, (2000) Cell 101, 159) has
in an analogous way with respect to spontaneously occurringbeen recently retracted (Le Page, et al, (2005) Cell 123, 711)
DNA damage? In the absence of a system reconstituted withcasting further doubt on the published data from Leadon’s
defined components, our understanding of the TCR mech-group supporting TCR of oxidative DNA damage in mam-
anism will be somewhat lacking. Of course, the reconstitution malian systems.

of this system will be understandably difficult. In addition

to the vast complexity of necessary components, many of 8 References

the proteins involved are likely to undergo important )

posttranslational modifications, making it impossible to g; Egiig?;gl" E:;%[\;fg\:faﬁ?%?f pesy A4?I>?6épair2002 L 5o,
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