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To efficiently protect the integrity of genetic information,
transcription is connected to nucleotide excision repair
(NER), which allows preferential repair of the transcribed
DNA strands (TS). As yet, the molecular basis of this
connection remains elusive in eukaryotic cells. Here we
show that, in haploids, the RAD26 gene is essential for the
preferential repair of the TS during G1. However, in G2/M
phase there is an additional RADSI-dependent process
that enhances repair of TS. Importantly, the simultaneous
deletion of both RAD26 and RADSI led to complete abol-
ishment of strand-specific repair during G2/M, indicating
that these genes act through two independent but com-
plementary subpathways. In diploids, however, RADSI is
involved in repair of the TS even in G1 phase, which
unveils the implication of homologous recombination in
the preferential repair of the TS. Importantly, the abolish-
ment of NER, by abrogation of RADI1 or RAD14, completely
stopped repair of UV damage even during G2/M phase.
These results show the existence of functional cross-talk
between transcription, homologous recombination and
NER.
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Introduction

In most living cells, nucleotide excision repair (NER) repre-
sents the main repair mechanism for bulky adducts, includ-
ing the highly mutagenic and carcinogenic UV-induced
pyrimidine dimers (PDs). Several studies conducted in dif-
ferent experimental systems have indicated that NER effi-
ciency is heterogeneous throughout the genome, mainly
because of transcription and the compaction of genomic
DNA into very complex chromatin structure (Thoma, 1999;
Hanawalt, 2002). Indeed, the transcribed parts of the genome
are more efficiently repaired than the genome overall, and
DNA damage is removed faster from transcribed strands (TS)
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compared to the corresponding nontranscribed strands (NTS)
of active genes (Hanawalt, 2002). This phenomenon, called
transcription-coupled nucleotide excision repair (TCNER),
constitutes an important branch of the NER pathway. The
other NER subpathway, referred to as global genome nucleo-
tide excision repair (GGNER), copes with lesions in the
nontranscribed parts of the genome (Hanawalt et al, 2003).
It is believed that the preferential repair of the TS is initiated
by stalled RNA polymerase II (RNAPII) at a damaged site,
followed by the displacement of the polymerase, hereby
allowing access to the NER core complexes in order to
remove the transcription-blocking lesion (Selby and Sancar,
1993; Svejstrup, 2002). To date, the eukaryotic protein or
complex that insures this liaison between transcription and
NER is still undefined and the TCNER mechanism is yet
elusive. In humans, a defect in TCNER could lead to
Cockayne syndrome, a genetic disease characterized by ex-
treme photosensitivity and severe developmental defects (de
Boer and Hoeijmakers, 2000). Cockayne syndrome group A
(CSA) and Cockayne syndrome group B (CSB) are two genes
specific for repair of the TS (Troelstra et al, 1992; Henning
et al, 1995). The Saccharomyces cerevisiae homologues of
CSA and CSB are RAD28 and RADZ26, respectively (van Gool
et al, 1994; Bhatia et al, 1996; Guzder et al, 1996). As CSB,
RAD26 is solely involved in repair of the TS, while RAD28
seems not to be required. Unlike CSA and CSB mutants, rad26
and rad28 mutants are not sensitive to the killing effect of UV
light (van Gool et al, 1994; Bhatia et al, 1996). Interestingly,
Rad26 protein is required for the elongation by the RNAPII
transcription machinery (Lee et al, 2001, 2002). It is note-
worthy that RAD26 deletion does not have any effect on
TCNER of the GAL7 gene (Verhage et al, 1996) and only
reduces its extent in some other genes such as RPB2 (Bhatia
et al, 1996; Verhage et al, 1996) and MFA2 (Teng and Waters,
2000), revealing the existence of a RAD26-independent
TCNER mechanism. The elucidation of this mechanism will
be of great importance, since it will shed light on the
molecular basis of the TCNER process in eukaryotic cells.

In the present report, we show that homologous recombi-
nation is involved in the preferential repair of UV damage
from transcribed strands of active genes.

Results

The efficiency of transcription-coupled NER is cell cycle
modulated in haploid S. cerevisiae cells

To evaluate the efficiency of the NER process in different
phases of the S. cerevisiae cell cycle, cells were synchronized
in G1 and G2/M with a-factor. For G2/M, cells were first
arrested at the G1/S boundary with a-factor, and then were
released for cycling in a-factor-free medium until the majority
of cells (~70%) were large budded, with 2n DNA content,
and less than 10% of cells were in the S phase (Figure 1A).
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Figure 1 Strand bias for NER is more pronounced in G2/M phase of haploid cells. S. cerevisiae cells synchronized in G1 or G2/M were UV-
irradiated and allowed to repair for the indicated periods of time, and then NER was analyzed by primer extension. (A) FACScan analysis
showing the synchronization procedure. (B, C) Autoradiograms showing repair of the PDs formed along the GAL10 TS and NTS, respectively.
Asterisks, nonspecific Tag polymerase arrests; sequencing reactions (T, C, G, A). The pyrimidine tracks on the left represent the main PD
clusters, with the accompanying number in parentheses referring to the 5’ nucleotide of the cluster. (D-F) Quantitative analysis of PD removal
from the GAL10 and ACT1 genes, respectively. [llustrated are the fractions (%) of PD removed at each repair time. Each data point corresponds
to an average value for the repair of several PD clusters. Inter-lane loading differences were corrected as described in Materials and methods.
Each error bar represents the standard deviation of at least three experiments.

This synchronization/release technique was performed in
order to use the same synchronizing agent, and hence
avoid any potential drug effect on the repair of UV damage.
Subsequently, G1 and G2/M cells were UV-challenged
(200Jm2) and reincubated for 2h of dark repair, during
which cells remained in the same phase. Following different
DNA repair periods, genomic DNA was purified and utilized
to assess the removal of PDs from the ACTI and GALIO genes,
with the aid of the very sensitive primer extension technique.
Figure 1B shows the initial distribution pattern of PDs formed
almost exclusively at adjacent pyrimidines (repair time 0),
and the repair kinetics that occurred along the TS of the
portion of the GALIO gene, in both phases of the cell cycle. A
close visual inspection of the representative autoradiograms
shows a faster decrease in the intensities of the bands
corresponding to the photolesions formed in G2/M cells,
compared with those formed in cells arrested in G1, suggest-
ing that the PD removal from the TS is more efficient during
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the G2/M phase of the cell cycle. Over 2h of repair, while
80% of PDs were excised from the TS in G2/M cells, only
about 60% were removed in G1 cells (Figure 1D). The repair
rates obtained for the major PD cluster in this part of the
GALI0 gene (CTTTTTTT) were 75 and 50% of PD removed
over 2h in G2/M and G1 cells, respectively. By contrast, the
repair rate of the NTS is slightly lower in G2/M compared to
the G1 phase; 30 and 40% of PDs were, respectively, removed
over the 2h of repair (Figure 1C and D). To show that this
phenomenon is not gene-dependent, similar experiments
were performed using the constitutively expressed ACTI
gene for repair assessment. Figure 1E shows that, as seen
for the GALIO gene, strand bias for repair remains more
pronounced in G2/M as compared to the G1 phase.
Importantly, similar results were obtained when cells were
synchronized in G1 (a-factor) or in G2/M (nocodazole),
UV-treated and kept arrested with the same agent during
the whole repair period (Figure 1F). These results indicate

©2005 European Molecular Biology Organization



that, in haploid S. cerevisiae cells, the strand bias for repair is
more pronounced in G2/M than in G1.

Cell cycle-dependent variability of strand bias for NER
is transcription-related

After showing that strand bias for excision repair is more
pronounced in G2/M phase, it was important to check
whether or not this difference is transcription-related. To
this end, DNA repair assessment was performed in G1 and
G2/M phases using the repressed GALIO gene as a target. The
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synchronization was performed as described in the previous
paragraph (Figure 1A). Cells were grown and allowed to
repair UV-damaged DNA in glucose-containing medium.
The evaluation of DNA repair ability in both strands indicated
that under these conditions the differential repair was com-
pletely abolished in both phases, as expected. Importantly,
both strands were repaired at the same rate (~40% of PD
removed over the 2 h of repair) in both G1 and G2/M phases
(Figure 2A and B). This clearly shows that the cell cycle-
dependent strand bias for repair is transcription-related.
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Figure 2 Cell cycle-dependent TCNER is transcription-related. Cells were grown in glucose, synchronized either in G1 or in G2/M and then
reincubated for dark repair. PD removal was assessed on both strands of the repressed GALIO gene. (A) Autoradiograms, the legends are as in

Figure 1. (B) Quantitative analysis, performed as described in Figure 1.
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RAD26 deletion abolishes strand-specific repair in G1,
but only reduces its extent in G2/M
To check whether RAD26 is responsible for the cell cycle-
dependent variability of strand bias for repair, excision repair
along the TS and the NTS of the GALIO0 gene was assessed in
RAD26-deleted (rad26A) strain, in both G1 and G2/M phases
obtained as described in Figure 1A. Figure 3A shows that the
efficiency of PD removal from both the TS and the NTS is
similar in the G1-rad26A cells. For both, about 30% of PDs
were removed over the 2 h of repair (Figure 3B). However, as
expected, the repair of the NTS was not affected by the
RAD26 deletion (Figure 3B), indicating that the absence of
RAD26 abolished the TS-preferential repair in G1 phase.
The assessment of excision repair in G2/M cells indicated
that the RAD26 deletion reduced the extent of strand bias for
repair by reducing the repair efficiency of the TS. Within the
2h of repair, only 55% of PDs were removed in the rad26A
cells, whereas 80% were excised in the WT cells (Figure 3C).
In striking contrast, the repair rate of the NTS turned out to be
slightly higher in the rad26A cells (35% in 2h) than in the
WT cells (25% in 2h) (Figure 3B). This indicates that, in
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G2/M phase, the preferential repair of the TS is still taking
place in spite of RAD26 deletion, but to a lower extent as
compared to WT cells (Figure 3B). The comparison of DNA
repair efficiencies of the TS in both stages showed that this
strand is still better repaired in G2/M than in G1, as it is the
case in the WT cells (Figures 1D and 3B). The repair assess-
ment at the pyrimidine cluster (CTTTTTTT) indicated that
G2/M cells removed 60% of the photolesions within 2 h,
whereas G1 cells repaired only 38%. On the other hand, the
NTS seems to be repaired with similar efficiencies in both
phases of the cell cycle, in contrast to what was found in the
RAD26-proficient cells (Figures 1D and 3B). At the cluster
(TCCCTCT), G2/M and G1 cells removed 38 and 35% of the
photolesions, respectively.

Using the same DNA preparations, the role of RAD26 in
TCNER at different cell cycle stages was also assessed in the
lowly transcribed ACT1 gene. Interestingly, the results corro-
borate the findings with the highly transcribed GALIO gene.
RAD26 deletion impaired the repair of the TS in both G1 and
G2/M phases, but as for GALIO the repair in G2/M is still
higher than that in G1 (data not shown). These results show
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Figure 3 RAD26 inactivation abolishes strand-specific repair and sensitizes cells in G1. rad26A cells were synchronized in G1 or G2/M, UV-
challenged and then reincubated for repair. (A) Autoradiograms, the legends are as in Figure 1. (B) Quantitative analysis, performed as
described in Figure 1D. Dashed lines represent quantification results from Figure 1D (G2/M) that were included for comparison. (C) Survival
curves. Synchronized WT and rad26A cells were UV-irradiated with increasing UV fluences, and the percentage of surviving cells
corresponding to each UV fluence was determined. Each error bar represents the standard deviation of three different experiments.
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that while the differential repair is only partially dependent
on the RAD26 gene during G2/M stage, it is completely
RAD26-dependent during G1 phase.

RADZ26 deletion sensitizes G1 but not G2/M cells

to UV damage

To investigate the effect of RAD26 disruption on the cellular
resistance to the killing effect of UV light, WT and rad26A
cells were first synchronized in either G1 or G2/M phases, as
described above, and then challenged with increasing UV
fluences. The survival curves depicted in Figure 3C show that
WT and rad26A cells irradiated in G2/M stage are more
resistant than cells treated in late Gl1. The UV fluences
resulting in 50% survival (Dso values) are 127 m~? for cells
irradiated at the G1/S boundary and 35Jm 2 for G2/M cells,
indicating that the latter are three-fold more resistant than the
G1/S cells. Figure 3C also shows that WT- and rad26A-G2/M
cells have similar resistance to UV damage. On the other
hand, rad26A-G1 cells exhibited slight UV sensitivity as
compared to their isogenic WT-G1 cells (Figure 3C). This
parallels the abolition of TCNER during G1 phase in the
rad26A cells.

RAD51 and RAD54 deletions impair the preferential
repair of the TS during G2/M and eliminates the cell
cycle-dependent differential repair

The existence of a RAD26-independent transcription-repair
coupling process that operates solely during the post-replica-
tive stages, during which recombination between homo-
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logues is possible in haploid cells, suggested a plausible
role of recombination in the preferential repair of the TS
during G2/M. To test this hypothesis, NER was assessed in
RADSI-deleted (radS1A) cells synchronized either in G1
or in G2/M phases as described above (Figure 4A). Like
for WT cells, 70% of cells were in G2/M phase, while less
than 10% were in S phase. RADSI is a RecA-like protein
required for homologous recombination in S. cerevisiae
(Aboussekhra et al, 1992; Basile et al, 1992; Shinohara
et al, 1992). Following synchronization, WT and rad5IA
cells were UV-challenged (200Jm™2), and then reincubated
for repair. Figure 4B shows that in the rad5IA mutant the TS
is repaired with similar rates in both G1 and G2/M. Up to
48% of PDs were removed during the 2h of repair in both
phases (Figure 4C). Likewise, the repair efficiency of the NTS
was similar in G1 and G2/M, indicating that in the rad5I
mutant the repair rates are equivalent in Gl and G2/M
phases. This shows that the cell cycle-dependent preferential
repair of the TS is RAD5I-dependent, and hence could be
homologous recombination-related.

Importantly, during G2/M phase, the PD removal from the
TS in rad51A cells is not as fast as in WT cells (Figures 1B and
4B). Over 2 h of repair, while about 80% of photolesions were
excised from the TS in the WT cells, only 48% were repaired
in rad51 mutant (Figure 4C). This shows a deficiency in
the repair of the TS in the rad5IA cells. Regarding the repair
of the NTS, like in the rad26A mutant, the repair rates in
the radSIA mutant were slightly higher than in WT
cells (Figure 4C), indicating that RADSI deletion impairs

G1 cells G2/M cells
C 100
*
WT (G2/M-TS)
80 AU G
*
qg;_ 60 rad54 (G2/M-TS)
s | s | 12957 (C2NTS)
D ra -
= et (GIMNTS)
NI " Ireds (oM
20 —IWT (G2IM-NTS) R
(619)TCTTCTCC =— .
. 558)TTT — & & =
. | i : s (558)
! (580)TT— & & & :
Time (h) - - - p— ‘
K 3 5
(557)CTTCC— # & & ;
. e csoctrTTTT— B8 8 (596)TCCCTCT — § & &
R |
g 60 ' '
E 40 rad51 (TS) (523)_'_|_C_ ‘ ; ; : |
0\0 ‘ - -
20 e ) (514)TTCTC — @ . 3 1] I
0 / _ @21CC— & « & WE&
0 30 60 (500)TTTC — & & & ‘ 1 : i
Time (min) l
G2 - .
" NTS

Figure 4 RAD5I1 and RADS54, but not RADSO0, are required for the preferential repair of the TS in the haploid G2/M cells. WT, rad50A, rad5IA,
and rad54A cells were synchronized in G1 or G2/M, UV-challenged with 200J m~2 (B, C) or 100Jm™2 (D) and then reincubated for repair. (A)
FACScan analysis showing G2/M synchronized radSIA cells. (B) Autoradiograms, the legends are as in Figure 1. (C, D) Quantitative analysis,
performed as described in Figure 1D. Each error bar represents the standard deviation of three experiments.
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specifically the repair of the TS, without affecting that of the
NTS. Therefore, RADS] is required for the preferential repair
of the TS during the post-replicative phases of the cell cycle.
Indeed, the TS is repaired with similar rates in both rad51 and
rad26 mutants (Figure 5D), suggesting that these genes are
both involved in the transcription-repair coupling process
during G2/M phase and they are both needed for optimal TCR
process.

In G1 phase, the TS is repaired in both WT and radSI
mutant with similar rates, about 40% of PD were removed in
1h. Similarly, the NTS was repaired with analogous rates in
both backgrounds (Figures 1D and 4C). These results show
that RADS]I deletion does not affect the excision repair of PDs
during the G1 phase of the cell cycle and that, in contrast to
RAD26, the role of RADS] in this process is restricted to G2/M
stage. This suggests that it is not RADSI per se that is involved
in the preferential repair, but probably the homologous
recombination as a process that occurs exclusively during
G2/M phase in haploids. To confirm this, we investigated the
role of another homologous recombination gene, RADS4,
in the preferential repair of the TS during G2/M stage.
Importantly, the rad54A cells were found to be as deficient
in the repair of the TS as the radSIA cells (Figure 4C),
indicating that RAD54 is also involved in the repair of the
TS during G2/M, which supports the possible role of homo-
logous recombination in the preferential repair of the TS.

To show that this role is not related to the high UV dose
used that introduce high number of UV lesions, the role of
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RADSI in the preferential repair of the TS during G2/M phase
was also analyzed in response to lower UV dose (100Jm™2).
Figure 4D shows the excision repair kinetics over 1h at the
GALIO gene, indicating that RADS5I deletion reduced the
repair efficiency of the TS as compared to normal cells.
After 1h, 75% of lesions were removed in WT cells, whereas
not more than 40% were excised in radSIA cells, corroborat-
ing the results described above. However, RADSI disruption
did not have a significant effect on the repair of the NTS
(Figure 4D). Similar results were obtained when repair was
assessed in the URA3 gene (data not shown), which shows
that the role of RADSI in the preferential repair of the TS is
not gene-dependent and is sustained even at low UV fluence.

Role of RAD51 in preferential repair of the TS during
G2/M is transcription-dependent

To investigate the link between the role of RADSI in the
preferential repair of the TS and transcription, the removal
of UV lesions was assessed in transcriptionally inactive GALIO
gene in radSI1A cells grown in glucose-containing medium and
synchronized in G2/M phase, as described above. As ex-
pected, both GALIO strands were repaired with similar rates
during the 2 h of incubation. Indeed, 50 and 47% of photole-
sions were excised from the NTS and the TS of the GALIO
gene, respectively. These values are similar to those obtained
in WT cells (Figure 2B), indicating that the role of RADSI in
the removal of UV damage is transcription-dependent.
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Figure 5 Simultaneous deletion of RADS5! and RADZ26 abolishes strand-specific repair in G2/M. WT as well as the double mutant
rad26AradSIA cells were synchronized in G2/M, UV-challenged (200J m2) and then reincubated for repair. (A) Autoradiograms, the legends
are as in Figure 1. (B) Quantitative analysis, performed as described in Figure 1D. Dashed lines represent quantification results from Figure 4C
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RAD50 is not involved in repair of UV damage

The RADS0 gene is involved in recombinational repair of
double-strand DNA breaks. Rad50 forms a complex with two
other proteins, Mrell and Xrs2, and this hetero-complex is
involved in double-strand break nucleolytic processing
(Game, 2000). Based on the phenotype of their mutants and
the functions of their products, RAD50, XRS2, and MREI11
genes form a separate subgroup into the RADS52 epistasis
group (Game, 2000). To investigate the role of this nuclease in
the preferential repair of UV damage in G2/M phase, rad50A
and WT cells were synchronized in G2/M, treated with
200Jm 2, and then repair of UV lesions was assessed on
both GALIO strands. Figure 4C shows that RADS0 deletion did
not affect repair of DNA photolesions from both the TS and
the NTS as compared to WT cells. In both cell backgrounds,
25 and 80% of PDs were removed from the NTS and the TS,
respectively. This shows that the Rad50 protein is not in-
volved in homologous recombination-mediated excision re-
pair of UV damage.

rad51 rad26 double mutant abolishes the preferential
repair of the TS in G2/M phase

The rad26 mutant abolished the preferential repair of the TS
in G1. However, in G2/M, the efficiency of TCNER was only
reduced, but not abrogated in both rad5I and rad26 mutants.
Therefore, we sought to analyze NER in both the WT and the
double mutant rad26 rad5I in G2/M phase. Figure 5A shows
that in the double mutant the removal of the PDs from the TS
is very slow, similar to that occurring in the NTS, whose
repair rate increased slightly as compared to that in WT cells.
After 2h of dark repair, an average of 33% of PDs were
removed from both strands, showing the absence of tran-
scription-coupled repair in this double mutant (Figure 5B).
It is noteworthy that the PD removal from the TS became
heterogeneous in the double mutant, while the repair of the
same PD clusters was more homogeneous in the parental
single mutants (Figure 5A and C). This heterogeneity in the
repair rate is a feature of the NTS, while repair in the TS is,
in principle, homogeneous (Wellinger and Thoma, 1997).
Figure SA and C clearly shows that the repair rate at many
PD clusters on the TS in the double mutant is lower than that
assessed in each single mutant and the WT. This reveals that
in G2/M phase the preferential repair of the TS is under the
control of both RAD26 and RADSI, which may act through
independent but cooperative pathways.

Role of RAD51 in repair of the TS is cell
cycle-independent in diploid cells

Since, in diploids, radiation-induced homologous recombina-
tion can take place even during G1 phase, it was important to
investigate whether the RADSI gene is involved in TCNER
during this phase in diploid cells. The effect of RADSI
deletion on preferential repair was first analyzed in exponen-
tially growing cells. WT (FF18735) and radSIA/radSIA
(FF18960) cells were challenged with a UV fluence of
200Jm 2 and then were reincubated for 2h of dark repair.
While 85% of photolesions were in average excised from the
TS in WT cells, not more than 50% were excised in the
mutant (Figure 6A). For the PD cluster (557)CTTCC for
example, while 80% of the PDs were excised in 2h in WT
cells, not more than 40% were repaired in the mutant
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(Figure 6A). These results confirm the role of RADSI in the
repair of the TS.

Next, the role of RADSI in the repair of the TS was
analyzed in G1 stage. WT and radSIA diploid cells were
grown in YEPG for 2 days until 90% of cells were single.
Subsequently, cells were diluted in the same medium and
reincubated for 2 h, before being UV-treated (Figure 6B). The
irradiated cells remained in G1 (single cells) during the whole
repair period (2 h). As for haploid cells, the DNA repair assay
was performed on both the GALIO and URA3 genes.
Figure 6C shows PD removal from the TS of the GALIO
gene, and clearly indicates that the excision of PDs from the
rad5SIA diploid cells is slower than that in WT cells. In
average, 90% of PDs were removed from the TS in the WT
cells during the 2 h of repair, whereas in the rad5IA mutant
only about 50% were removed within the same period of
time (Figure 6D). In the diploids as well, RADSI deletion did
not affect the repair of the NTS (Figure 6D). Interestingly,
similar repair rates were obtained when cells were challenged
in G2/M phase (obtained by treatment with nocodazole),
indicating that in diploid cells TCNER efficiency is not cell
cycle-dependent (data not shown). The PDs formed on the TS
of the URA3 gene were also more slowly repaired in the
mutant radSIA cells than in the WT cells (data not shown),
which confirms the data obtained for GALI0. Together, these
results indicate that, even in G1 phase, the diploid rad5IA
cells are partially deficient in the repair of UV-induced PDs,
which was not the case for the haploid cells, suggesting the
involvement of RAD5I-dependent homologous recombina-
tion in the preferential repair of the TS.

RAD1 and RAD14 deletions abolish NER in G2/M cells
To test whether the role of homologous recombination in the
preferential repair of UV damage is direct, or indirect through
the NER process, repair of UV damage was assessed in NER-
deficient radIA and radI14A cells during G2/M phase of the
cell cycle. RADI4 gene codes for a DNA damage-binding
protein that plays key roles in the first steps of the excision
repair of UV damage (Guzder et al, 1993). Cells were syn-
chronized as described above and treated with a UV fluence
of 200Jm 2. As expected, after 2 h, the repair of the PDs in
the TS was undetectable (Figure 7). Indeed, the repair of PDs
from the different clusters was between 0 and 10%, indicating
that NER was abolished in these G2/M-rad14A cells. Similar
results were obtained in the radIA cells that are defective
for the Rad1/Rad10 endonuclase activity (Tomkinson et al,
1993), which is essential for the NER process (data not
shown).

Discussion

Transcription-coupled NER efficiency is cell cycle
modulated in haploid, but not diploid S. cerevisiae cells
It is shown in the present investigations that strand bias for
NER is more pronounced in the post-replicative phases than
in G1 phase of the haploid S. cerevisiae cells. This pheno-
menon is not locus-dependent, but it is transcription-related
since it was abolished in transcriptionally inactive GALIO
gene (Figure 2). By contrast, no cell cycle-dependent varia-
tion in TCNER was observed in diploid cells, which parallels
the results that were obtained in both human and rodent cells
(Lommel et al, 1995; Petersen et al, 1995).
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Figure 6 RADS] is required for the preferential repair of the TS in diploid cells. WT and rad5IA diploid cells were UV-challenged (200Jm™2)
and then reincubated for repair. (A) Log phase cells. Illustrated is quantitative analysis of site-specific removal of PD from the indicated PD
clusters of the GAL10 TS, after 2 h of dark repair: WT (dashed bars), radSIA (solid bars). (B) G1 cells, DNA profiles by FACScan analysis. (C) G1
cells, Autoradiograms, the legends are as in Figure 1. (D) G1 cells. Quantitative analysis, performed as described in Figure 1D. Each error bar

represents the standard deviation of three experiments.

RADZ26 is essential for TCNER in G1, but not in G2/M
phase of haploid cells

It is shown here that RAD26 deletion abolishes the prefer-
ential repair of the TS in G1, but only reduces its extent
in G2/M phase. This effect of RADZ26 is not locus-dependent
nor transcription rate-dependent, since it has been shown
in the highly transcribed GALIO gene (Figure 3) and the
lowly transcribed ACT1 gene (data not shown). These results
indicate that, while RAD26 is necessary for TCNER during
G1 phase, there are both RAD26-dependent and -independent
transcription-repair coupling processes in G2/M. Interes-
tingly, rad26A exhibits slight UV sensitivity in G1 but not in
G2/M, nor in Log phase. Together, these results indicate that
the lack of UV sensitivity and the absence/slight effect on the
preferential repair of the TS that has been previously found in
the rad26A mutants (Bhatia et al, 1996; Verhage et al, 1996)
may be due to the presence of a significant proportion of cells
in G2/M in the irradiated population.

Homologous recombination couples transcription

to the NER process

We have also shown that RADS]1 deletion impairs the repair of
the TS, but not that of the NTS, during the post-replicative
phases. However, no effect was observed in Gl phase
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(Figure 4C). This indicates that, in haploid cells, RADSI
plays an important role in the repair of the TS, but only in
G2/M phase, during which exchanges between sister chro-
matids can take place. This strongly suggests a role of
recombination in this process. In keeping with this possibi-
lity, we have found that RADS4, another homologous recom-
bination gene that belongs to the same epistasis group, is also
involved in the preferential repair of the TS during G2/M
phase of haploid cells (Figure 4C). This indicates that the
RAD26-independent TCR process is related to a pathway, but
not to a particular gene. Importantly, RADS]I is required for
the preferential repair of the TS even during G1 phase of
diploid cells, wherein homologous recombination is possible
(Figure 6), indicating that the role of RADSI in this process is
not cell cycle-dependent, but is related to the presence of
homologous molecules. Together, these results present the
first evidence that homologous recombination is involved in
the removal of PDs from the TS of active genes. Indeed, in the
absence of transcription (repressed GALI0), RADSI deletion
did not have any effect on the repair of both the TS and the
NTS in G2/M phase, showing that the role of RADSI in the
preferential repair of the TS during G2/M is transcription-
dependent. More importantly, the effect of RADSI deletion on
the repair of the TS was observed in most PD clusters in both
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legends of the autoradiogram are as in Figure 1.

GALIO and ACTI genes, indicating that the effect is not
limited to some PDs at specific sites, but is a general event.
These data indicate that homologous recombination is
coupled to transcription, in order to insure the most efficient
repair of UV damage from the TS. Is the removal of PDs by
HR direct or indirect through the NER process? In fact, the
abrogation of the NER RADI or RADI14 genes abolished the
repair of the TS of the GALIO gene in G2/M, indicating that
during this phase, wherein homologous recombination parti-
cipates in the preferential repair of UV damage, NER is still
essential for this repair process. This suggests that homo-
logous recombination is not directly involved in the excision
of UV damage, but only couples transcription to the NER
process that insures PDs removal in all phases of the cell
cycle. This indicates that, in addition to the role of homo-
logous recombination in UV damage avoidance (bypass)
during DNA replication, it also insures efficient repair of
part of these lesions from TS of active genes. It is noteworthy
that this novel function of HR in promoting the removal of
DNA photolesions is unrelated to DNA replication, since
(i) the cells used here were synchronized either in G1 or in

©2005 European Molecular Biology Organization

H 1 hi

is involved in TCNER
A Aboussekhra and IS Al-Sharif

G2/M; (ii) the role of RADSI in the preferential repair of UV
damage has been found to be strand-specific and transcrip-
tion-dependent; (iii) while rad50 mutant is known to be
defective for the post-replication repair process (Kadyk and
Hartwell, 1993), it has been found here to be normal for the
preferential repair of the TS during G2/M phase (Figure 4C);
(iv) while HR insures only an adaptive role during S phase,
it enables an efficient repair of UV damage during the
post-replicative phases.

In human cells, CSA and CSB are specifically involved in
repair of the TS. Unlike rad26 mutant, CSA and CSB mutants
are defective in the preferential repair of the TS (Venema et al,
1990; van Hoffen et al, 1993), suggesting that either the
homologous recombination is not involved in TCNER or
CSA and CSB mutants are defective in all the TCNER path-
ways. The human hRad51 protein, a sequence and functional
homologue of yeast RadS1, is also required for strand
exchange during homologous recombination (Benson
et al, 1994; Baumann et al, 1996). hRad51 protein binds
directly with Brca2 and interacts with Brcal, two breast
cancer susceptibility gene products that are also involved in
the homologous recombination mechanism (Venkitaraman,
2002). Importantly, BRCAI and BRCAZ2 are required for
transcription-coupled repair of the oxidative 8-oxoguanine
DNA damage (Abbott et al, 1999; Le Page et al, 2000). In fact,
this constitutes another example where proteins required for
homologous recombination are also involved in TCR. This
suggests that homologous recombination could be involved
in the coupling between transcription and repair of oxidative
DNA damage as well as UV damage, in human cells.

Homologous recombination and RAD26 control
different TCNER subpathways
Both mutants rad26A and radSIA are defective, but not
completely, in the preferential repair of the TS. Importantly,
the double mutant displayed no strand-specific repair, indi-
cating that RAD51 and RAD26 are both required for optimal
TCNER during G2/M phase of haploid cells and belong to two
additive and interactive TCNER subpathways. These subpath-
ways act on the same photolesions, since the repair rate
at each PD cluster on the TS was reduced in both radSIA and
rad26A mutants (Figure 5C). This indicates that the same
primary lesions are operated on in the WT cells by both the
RAD26- and the HR-dependent processes, which complement
each other to insure the best repair of the TS. It is noteworthy
that when the repair of the TS decreased in the repressed
GALIO gene, in the double mutant as well as in the single
mutants (rad5IA and rad26A), the repair of the NTS in-
creased slightly, which may suggest an inter-relationship
between repair of the TS and its corresponding NTS of each
particular gene, and that, during transcription, repair of the
TS takes place at the cost of that of the NTS.

It has been recently reported that Rpb9, a subunit of the
S. cerevisiae RNAPII, mediates a subpathway of TCNER (Li
and Smerdon, 2002). In the light of the present results, the
role of Rpb9 could be either indirect by affecting chromatin
remodeling during transcription or by enabling the RNAPII to
resume transcription after being arrested by DNA damage.
Indeed, Rpb9 sequence shows 30% identity with that of
TFIIS (Kaine et al, 1994), and are both normally involved
in reactivating paused RNAPII during transcription, in the
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absence of DNA damage (Awrey et al, 1997; Hemming and
Edwards, 2000; Hemming et al, 2000).

How homologous recombination could connect
transcription to NER?

A wide range of DNA lesions can block the elongation of the
RNAPII. Hence, fast removal of the lesion is crucial for
resuming transcription and escaping the mutagenic or lethal
effects of transcription inhibition. In an in vitro reaction with
purified proteins, it has been shown that the arrested RNAPII
occluded the lesion, making it inaccessible to repair enzymes
(Tornaletti et al, 1999). This suggests that rapid removal of
these lesions requires fast retraction/dissociation of the
blocked RNAPII and immediate recruitment of repair com-
plexes. In E. coli, these processes are carried out by the Mfd
protein (Selby and Sancar, 1993), which is not a transcription
nor a NER factor, but insures the coupling between these two
DNA metabolism processes. As yet, no such factor has been
identified in eukaryotic cells, where proteins that belong to
the RNAPII-elongating machinery, such as Rad26/CSB, seem
to facilitate repair of the transcription-blocking lesions
(Svejstrup, 2003). However, unlike Mfd, CSB is not able to
disrupt the ternary transcription complex of stalled RNA
polymerase in vitro (Selby and Sancar, 1997). Thereby, it
has become clear that, in eukaryotic cells, the coupling
between transcription and NER is an extremely complex
process, which requires different proteins. In the present
report, we present evidence that the homologous recombina-
tion mechanism is also involved in this process. Therefore,
how Rad26 and HR insure the preferential repair of UV
damage from TS of active genes? Since Rad26 is an ATPase
protein with similarities with the ATP-dependent chromatin-
remodeling enzymes of the Swi/Snf family (Eisen et al,
1995), it is possible that this protein is involved in the
remodeling of the ternary complex of the arrested RNAPII.
This could take place either by exposing the lesion to the
repair proteins or by retracting/dissociating the RNAPII com-
plex. These reactions, especially the dissociation of the
RNAPII from the damage site, may not be always possible
or may lead to/require the introduction of a DNA strand
break, which will necessitate the participation of HR. Indeed,
several lines of evidence point to the role of transcription
arrest or impairment in the stimulation of recombination.
Recently, it has been shown that the impairment of transcrip-
tion elongation and the presence of DNA:RNA hybrids, which
are present at the RNAPII arrested site, can cause hyper-
recombination (Chavez et al, 2000; Aguilera, 2002). In addi-
tion, several lines of evidence suggest that transcription
elongation may contribute to the formation of DNA breaks.
In a recent report, it has been shown that transcription and
double-strand breaks induce similar mitotic recombination
events (Gonzalez-Barrera et al, 2002). Rad51 and the other
homologous recombination proteins, including Rpa and
Rad54, can bind to the transcription arrest-dependent recom-
binogenic structure and initiate the recombination process by
searching for homology. Next, the pairing and branch migra-
tion can take place, leading to the formation of a double
Holliday junction. These events do not need the heterocom-
plex Rad50-Mrell-Xrs2, since RADS0 deletion did not affect
the repair of UV damage (Figure 4C). This suggests that this
transcription-related homologous recombination does not
need strand break processing. Subsequently, NER proteins
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will be recruited, may be through the RPA protein, which is
involved in both recombination and the first steps of the
excision repair mechanism. Indeed, RPA interacts with Rad51
and stimulates presynaptic complex formation and strand
exchange, and also associates with Rad14/XPA to insure NER
(Sugiyama et al, 1997; Rodriguez et al, 1998; de Laat et al,
1999; Stauffer and Chazin, 2004). Indeed, we have shown
here that Radl4 and the endonuclease Radl/Radl0 are
essential for the removal of UV damage in G2/M phase,
wherein homologous recombination is also involved
(Figure 7). This suggests that NER proteins will be recruited
by the HR proteins to excise the damaged fragment and then
fill in the resulting gap. Simultaneously or subsequently, the
Holliday junctions will be resolved, allowing the resumption
of transcription on a damage free DNA template.

Assuming that this process is initiated upon the arrest of
the RNAPII at DNA damage site, it is plausible that recombi-
nation is involved in coupling transcription with repair of
different RNAPII-blocking DNA lesions.

Materials and methods

Strains and media

The haploid S. cerevisiae strains used were FF181268 (MATa;
barl::LEU2; leu2; ura3; trpl; his7; lys1) (Aboussekhra et al, 1996),
AAS (MATa; barl::LEU2; leu2; ura3; trpl; his7; lysl; rad26::KAN),
AAG (MATa; barl ::LEU2; leu2; ura3; trpl; his7; lys1; rad51::URA3),
AA7 (MATa; barl::LEU2; leu2; ura3; trpl; his7; lysl; rad26::KAN;
radS1::URA3), FF18973 (MATa; leu2; ura3; trpl; his7; lysl;
rad54::LEU2), FF181655 (MATa; leu2; ura3; trpl; his7; lysl;
radl4::LEU2), and FF18964 (MATa; leu2; ura3; trpl; his7; lysl;
rad50::URA3). The isogenic diploid strains used were FF18735
(MATa/MATw; leu2/leu2; ura3/ura3; trpl/trpl; his7Z/his7; lys1/lys1)
and FF18960 (MATa/MATq; leu2/leul; ura3/ura3; trpl/trpl; his7/
his7; lysl/lysl; radS1::URA3/ radS1::URA3) (Aboussekhra et al,
1992).

Cells were grown at 30°C in complete medium containing 2%
glucose (YEPD) or galactose (YEPG) to a density of ~107 cells/ml.
a-Factor and nocodazole (Sigma) were prepared and used as
described previously (Aboussekhra et al, 1996).

Cell cycle blocks and UV irradiation

Exponentially growing cells were arrested at the G1/S boundary or
in G2/M with a-factor. The synchronization at G2/M was performed
with the synchronization/release technique. Cells were first
synchronized at the G1/S border, and then harvested and washed
out from o-factor. Next, cells were reincubated in o-factor-free
medium containing 10 pg/ml of pronase for recycling for 120 min.
When a significant number of cells were in the desired phase (large
budded, with 2n DNA content), cells were collected by centrifuga-
tion and resuspended in water. UV irradiation was performed using
a germicidal UV lamp (predominantly 254 nm), with a UV-fluence
rate of 1Jm 2s'. The UV dosimetry was performed using an
ultraviolet meter (Spectronics Corporation, NY, USA).

Flow cytometry

2 x 10° cells were fixed in 1ml ethanol (70%) for 60 min at room
temperature. Harvested cells were resuspended in 1 ml Na citrate
(50 mM) containing 250 ug RNase A and incubated at 50°C for
60 min. Next, cells were resuspended in the same buffer containing
4 ng propidium iodine (PI) and incubated for 30 min before being
analyzed by a Becton-Dickinson FACScan.

DNA repair

Once treated with a UV fluence of either 100 or 200J m™ <, cells were
reincubated in the dark. Cells were then collected at various repair
times and chilled immediately on ice to stop DNA repair. The
percentage of cells in Gl or in G2/M phases was monitored
microscopically during the entire repair period. In all cases, cells did
not escape the phase in which they were irradiated. A nonirradiated
sample served as a sham control.

2

©2005 European Molecular Biology Organization



DNA preparation and enzyme digestion

Genomic DNA was prepared from samples corresponding to
different repair times using QIAGEN columns and protocols,
whereupon the DNA was incised with the EcoRI restriction enzyme.

Primer extension analysis

Primer labeling and primer extension were carried out as described
previously (Aboussekhra and Thoma, 1998), using the GALIO,
ACT1, and URA3 genes as templates and the following primers:

GALI0 gene
bottom strand: 5'-TCTTCTGCTACTGCTTATGGTGATG-3';
top strand: 5'-CTAGATCAACTACGTGGATATAATC-3'.
URA3 gene
bottom strand: 5-GCAGGAAACGAAGATAAATCATGTC-3';
top strand: 5-GCAATTTGACTGTATTACCAATGTC-3'.
ACTI gene
bottom strand: 5-GTAACATCGTTATGTCCGGTGGTA-3/;
top strand: 5'-CTTGTGGTGAACGATAGATGGACC-3'.

Primer extension was achieved by 30 cycles of repeated
denaturation (95°C for 1min), annealing (60°C for 4 min) and
extension (72°C for 3 min) reaction, with 0.2U of Taq polymerase
(QIAGEN). The reaction products were ethanol precipitated and
analyzed on a 5% polyacrylamide, urea (w/v; 40%) gel. DNA
sequencing reactions were performed in parallel, using the Sanger
chain termination technique with the same primer. The gels were
subsequently dried on 3MM paper and then exposed to X-ray films
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