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Background: To determine whether DNA double-strand break (DSB) repair is coupled to transcription, we analyzed DSB

repair at the active and inactive genes.

Results: Our results reveal that DSB repair at the active gene is faster than that at the inactive gene.
Conclusion: These results demonstrate a preferential DSB repair at the active gene.
Significance: This study supports the existence of transcription-coupled DSB repair.

Previous studies have demonstrated transcription-coupled
nucleotide/base excision repair. We report here for the first
time that DNA double-strand break (DSB) repair is also coupled
to transcription. We generated a yeast strain by introducing a
homing (Ho) endonuclease cut site followed by a nucleotide
sequence for multiple Myc epitopes at the 3’ end of the coding
sequence of a highly active gene, ADH]I. This yeast strain also
contains the Ho cut site at the nearly silent or poorly active mat-
ing type a (MATa) locus and expresses Ho endonuclease under
the galactose-inducible GAL1I promoter. Using this strain, DSBs
were generated at the ADHI and MATa loci in galactose-con-
taining growth medium that induced HO expression. Subse-
quently, yeast cells were transferred to dextrose-containing
growth medium to stop HO expression, and the DSB repair was
monitored at the ADHI and MATa loci by PCR, using the
primer pairs flanking the Ho cut sites. Our results revealed a
faster DSB repair at the highly active ADHI than that at the
nearly silent MATa locus, hence implicating a transcription-
coupled DSB repair at the active gene in vivo. Subsequently, we
extended this study to another gene, PHOS5 (carrying the Ho cut
site at its coding sequence), under transcriptionally active and
inactive growth conditions. We found a fast DSB repair at the
active PHOS gene in comparison to its inactive state. Collec-
tively, our results demonstrate a preferential DSB repair at the
active gene, thus supporting transcription-coupled DSB repair
in living cells.

Cellular DNA is continuously attacked by both endo- and
exogenous factors causing DNA damage (1-3). The most ver-
satile cellular pathway for dealing with a large variety of struc-
turally unrelated DNA lesions is nucleotide excision repair
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(NER),” which mainly removes helix-distorting lesions, includ-
ing UV-induced cyclobutane pyrimidine dimers, 6-4 photo-
products, and 4-nitroquinoline-1-oxide-induced bulky chemi-
cal adducts. The other frequent damages, like oxidative lesions
and small base alterations, are processed by base excision repair
(4). The very toxic DNA DSBs induced by ionizing radiation are
repaired via homologous recombination (HR) or non-homolo-
gous endjoining (5—8). Further, the occurrence of DNA lesions
triggers checkpoints at the key stages in the cell cycle. Check-
points monitor the progression of cell cycle post-DNA damage
and maintain the proper order of events (3, 9-11). The up-reg-
ulation activity of checkpoint proteins in response to DNA
damage will impose a temporary arrest of cell cycle progression
to allow DNA repair or to induce apoptosis (cell death).

Although DSB is a threat to the genomic integrity of a cell, it
occurs during normal DNA metabolism such as replication,
meiosis, and immune system development. Programmed DSBs
in meiosis are found to promote several major events beyond
recombination and synaptonemal complex formation (5, 12).
Cells can take advantage of DSB-induced recombination to
generate genetic diversity in physiological processes such as
meiosis and generation of antibodies by V(D)] recombination
in lymphocytes.

An extremely cytotoxic ramification of DNA damage is when
lesions in the actively transcribed coding sequence cause stall-
ing of the transcription machinery (13, 14). Persistent tran-
scriptional arrest interferes with cellular function or triggers
apoptosis (15, 16), and thus the efficient removal of lesions from
the coding regions of active genes is essential for proper cellular
function. A specific repair mode, referred to as transcription-
coupled repair, removes lesions from the coding sequences of
active genes in both prokaryotes and eukaryotes (17-24). In
prokaryotes, the transcription repair coupling factor displaces
DNA damage-stalled RNA polymerase, which facilitates the
recruitment of the DNA repair machinery to the lesion in the
active gene. Eukaryotic transcription-coupled repair is consid-

2 The abbreviations used are: NER, nucleotide excision repair; DSB, double-
strand break; HR, homologous recombination; TC-NER, transcription-cou-
pled NER; GG-NER, global genome NER; YPG, yeast extract, peptone plus
2% galactose; YPR, yeast extract, peptone plus 2% raffinose; YPD, yeast
extract, peptone plus 2% dextrose; Pi, inorganic phosphate.
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erably more complex and is not well understood, although the
phenomenon of transcription-coupled repair in eukaryotes was
reported more than 20 years ago (19, 21, 22).

Transcription-coupled repair is one of the two subpathways
of NER. The other one is the global genome repair (GGR or
GG-NER) that is responsible for the removal of DNA lesions
throughout the genome. The basic steps of NER are: 1) recog-
nition of the DNA lesion, 2) dual incisions of the DNA strand
carrying the lesion to form a 24 -32-nucleotide oligomer, 3)
release of the excised oligomer bracketing the lesion, 4) repair
synthesis to fill in the resulting gap using the undamaged strand
as template, and, finally, 5) ligation. DNA damage recognition
differs between GG-NER and TC-NER, but the subsequent
steps are shared. The damage recognition step makes TC-NER
a faster process than GG-NER. In TC-NER, recognition of the
lesion is tied to RNA polymerase stalling at the DNA damage
site and involves Rad26p in yeast or Cockayne syndrome group
B protein (CSB) in humans (25-34). Like TC-NER, base exci-
sion repair is also coupled to transcription (35-37). However, it
is yet to be determined whether DSB repair is coupled to tran-
scription. Here, we report a fast DSB repair at the transcription-
ally active gene as compared with the inactive gene, thus imply-
ing transcription-coupled DSB repair.

EXPERIMENTAL PROCEDURES

Plasmids—The plasmid pFA6a-13Myc-KanMX6 (38) was
used for genomic myc epitope tagging of Ino80p at the C-ter-
minal. The same plasmid was also used to insert the Ho cut site
just before multiple myc epitope tags at the ADHI and PHO5
coding sequences. The plasmid pFA6a-3HA-His3MX6 (38)
was used for genomic HA epitope tagging of Rad50p and Ku70p
at their C-terminals. The plasmid pRS406 (39) was used to
knock out RAD52 and DNL4.

Strains—The vyeast (Saccharomyces cerevisiae) strain
JKM179 contains a Ho cut site at the MA Ta locus and expresses
HO under the GALI promoter in galactose-containing growth
medium. JKM179 was obtained from the Haber laboratory
(40). The genotype of JKM179 is hoA MATa hmlA:ADE1
hmrA:ADEI adel-100 leu2-3,112lysS trpl:hisG' ura3-52
ade3:GAL::HO. The Ho cut site followed by a nucleotide
sequence encoding multiple myc epitope tags was added before
the stop codons at the original chromosomal loci of ADHI and
PHOS in JKM179 to generate the PCY23 and RSY33 strains,
respectively. Multiple myc epitope tags were added to the chro-
mosomal locus of INO80 in JKM179 to generate the ASY32
strain. Likewise, multiple HA epitope tags were added to the
chromosomal loci of RAD50 and KU70 in PCY23 to generate
the RSY30 and RSY31 strains, respectively. The RAD52 and
DNL4 genes were knocked out in PCY23 to generate the PCY36
and PCY37a strains, respectively.

Growth Media—For induction of the GALI promoter to
express HO, yeast cells were grown in galactose-containing
medium (YPQG) (yeast extract, peptone plus 2% galactose). To
stop the expression of HO, yeast cells were grown in raffinose-
containing (YPR) (yeast extract, peptone plus 2% raffinose) or
dextrose-containing (YPD) (yeast extract, peptone plus 2% dex-
trose) medium. To study the DSB repair at the Ho cut sites at
ADHI and MATa loci, yeast cells were initially grown in YPG
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and subsequently switched to YPD as described in the legend
for Fig. 3B. To study DSB repair at the Ho cut site at PHOS, yeast
cells (RSY33) were initially grown in YPG without inorganic
phosphate (Pi) and then switched to YPD (transcriptionally
inactive condition) or YPD-P; (transcriptionally active condi-
tion), as described in the legend for Fig. 6, B and C.

Genomic DNA Preparation—The genomic DNA was ex-
tracted from 5 ml of yeast culture. Briefly, the harvested cells
were suspended in 200 ul of lysis buffer (50 mm HEPES (pH 7.5),
140 mMm NaCl, 1 mm EDTA, 1% Triton X-100, and 0.1% Na-
deoxycholate) with 200 ul of volume-equivalent of glass beads
and then vortexed for 30 min at 4 °C using a Tomy vortexer
(MT-360). The whole-cell extract was collected by punching a
hole at the bottom of the Eppendorf tube and then partitioned
with 200 ul of phenol:chloroform:isoamylalcohol. The aqueous
phase following phenol:chloroform extraction was treated with
ethanol to precipitate genomic DNA.

Analysis of DSB and Its Repair—The genomic DNA was ana-
lyzed for Ho-induced DSB and repair at the ADH1, PHOS, and
MATa loci using the primer pairs flanking the Ho cut sites at
the ADHI, PHOS, and MATa loci. The primer pair used to
analyze DSB at the Ho cut site at ADHI was as follows: 5'-
CTGGTTACACCCACGACGGTTCTT-3" and 5'-CCGAGA-
TTCATCAACTCATTGCTGG-3'. The primer pair used to
analyze DSB at the Ho cut site at PHO5 was 5'-ACCTCTAAT-
TCTAAGAGATGTCATGAC-3' and 5'-GAATTCGAGCTC-
GTTTAAAC-3'. The primer pair used to analyze the DSB at
the Ho cut site at the MATa locus was 5'-AGTATGCTGGA-
TTTAAACTCATCTGTGATTTGTGG-3' and 5'-GATGCT-
AAGAATTGATTGTTTGCTTGAG-3".

The disappearance of the PCR signal would indicate the pres-
ence of a DSB. A specific region of SMC2 was amplified as a
control. SMC2 is not damaged by Ho. The primer pair for
amplification of a specific region of SMC2 was 5'-GACGACC-
TTGTAACAGTCCAGACAG-3' and 5'-GGCGAATTCC-
ATCACATTATACTAACTACGG-3'.

ChIP Assay—The ChIP assay was performed as described
previously (41-44). Briefly, yeast cells were treated with 1%
formaldehyde, collected, and resuspended in lysis buffer. Fol-
lowing sonication, cell lysate (400 ul of lysate from 50 ml of
yeast culture) was precleared by centrifugation, and then 100 ul
of lysate was used for each immunoprecipitation. Inmunopre-
cipitated protein-DNA complexes were treated with proteinase
K, the cross-links were reversed, and DNA was purified. Immu-
noprecipitated DNA was dissolved in 20 ul of TE 8.0 (10 mm
Tris HCI (pH 8.0) and 1 mm EDTA), and 1 ul of immunopre-
cipitated DNA was analyzed by PCR. PCR reactions contained
[@-*?P]dATP (2.5 uCi for a 25-ul reaction), and the PCR prod-
ucts were detected by autoradiography after separation on a 6%
polyacrylamide gel. As a control, “input” DNA was isolated
from 5 ul of lysate without going through the immunoprecipi-
tation step, and dissolved in 100 ul of TE 8.0. To compare PCR
signal arising from the immunoprecipitated DNA with the
input DNA, 1 ul of input DNA was used in the PCR analysis.

For analysis of recruitment of Ino80p, Ku70p, and Rad50p,
the above ChIP protocol was modified as described previously
(25). Briefly, a total of 800 ul of lysate was prepared from 100 ml
of yeast culture. Following sonication, 400 ul of lysate was used
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for each immunoprecipitation (using 10 ul of anti-HA or anti-
myc antibody and 100 ul of protein A/G plus agarose beads
from Santa Cruz Biotechnology, Inc.), and an immunoprecipi-
tated DNA sample was dissolved in 10 ul of TE 8.0, of which 1
wl was used for the PCR analysis. In parallel, the PCR analysis
for input DNA was performed using 1 ul of DNA that was
prepared by dissolving purified DNA from 5 ul of lysate in 100
wul of TE 8.0. The primer pairs used for PCR analysis were as
follows: MATa-Ho, 5'-GGTTTTGTAGAGTGGTTGACG-
AAT-3" and 5'-GCTATACTGACAACATTCAGTACTCG-
3'; ADHI-ORF, 5'-CGGTAACAGAGCTGACACCAG-
AGA-3’" and 5'-ACGTATCTACCAACGATTTGACCC-3;
ADHI-UAS, 5'-GAGTTTCCGGGTGTACAATATGG-3’ and
5'-CTATTGTATATCTCCCCTCCGC-3'; ADHI-Core, 5'-
GGTATACGGCCTTCCTTCCAGTTAC-3" and 5'-GAACG-
AGAACAATGACGAGGAAACAAAAG-3'; PHOS-OREF, 5'-
ACCTCTAATTCTAAGAGATGTCATGAC-3" and 5'-ACA-
ATGTCATCATTGGCATCGTAGTC-3'; and Chr-V, 5'-GGC-
TGTCAGAATATGGGGCCGTAGTA-3" and 5'-CACCCCG-
AAGCTGCTTTCACAATAC-3'. UAS, upstream activating
sequence; core, core promoter; and Chr-V, Chromosome-V.

Autoradiograms were scanned and quantitated by the
National Institutes of Health image 1.62 program. Immunopre-
cipitated DNAs were quantitated as the ratio of immunopre-
cipitate to input in the autoradiogram.

Total RNA Preparation—Total RNA was prepared from
yeast cell culture as described by Peterson et al. (45). Briefly, 10
ml of yeast culture was harvested and then suspended in 100 ul
of RNA preparation buffer (500 mm NaCl, 200 mm Tris-HCl,
100 mm Na,EDTA, and 1% SDS) along with 100 ul of phenol/
chloroform/isoamyl alcohol and 100 ul of volume-equivalent of
glass beads (acid-washed, Sigma). Subsequently, the yeast cell
suspension was vortexed with a maximum speed (10 in a VWR
mini-vortexer, catalog no. 58816-121) five times (30 s each).
The cell suspension was put in ice for 30 s between pulses. After
vortexing, 150 ul of RNA preparation buffer and 150 ul of phe-
nol/chloroform/isoamyl alcohol were added to the yeast cell
suspension followed by vortexing for 15 s with a maximum
speed on a VWR mini-vortexer. The aqueous phase was col-
lected following 5 min of centrifugation at maximum speed in a
microcentrifuge machine. The total RNA was isolated from the
aqueous phase by ethanol precipitation.

RT-PCR Analysis—RT-PCR analysis was performed accord-
ing to the standard protocols (46). Briefly, total RNA was pre-
pared from 10 ml of yeast culture. Ten micrograms of total
RNA was used in the reverse transcription assay. RNA was
treated with RNase-free DNase (M610A, Promega) and then
reverse-transcribed into cDNA using oligo(dT) as described in
the protocol supplied by Promega (A3800, Promega). PCR was
performed using synthesized first strand as template and the
primer pairs targeted to the ADHI and MATa ORFs. RT-PCR
products were separated by 2.2% agarose gel electrophoresis
and visualized by ethidium bromide staining. The primer pairs
used in the PCR analysis were as follows: ADH1, 5'-CGGTAA-
CAGAGCTGACACCAGAGA-3' and 5'-ACGTATCTACCA-
ACGATTTGACCC-3" and MATa, 5'-GGTTTTGTAGAGT-
GGTTGACGAAT-3" and 5'-GCTATACTGACAACATT-
CAGTACTCG-3'".
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FIGURE 1. MAT« is a poorly active gene in comparison to a highly active
ADH1 gene. A, RT-PCR analysis of ADHT and MATa mRNAs. Yeast cells were
grown in YPR as well as YPG. Total RNA was prepared from harvested culture
and analyzed for ADHT and MATa mRNAs. The level of ADHT mRNA was set to
100, and MATa mRNA was normalized with respect to 100. Normalized mRNA
levels are plotted in the form of a histogram. B, analysis of RNA polymerase Il
association with the ADHT and MATa loci. Yeast cells were grown in YPR as
wellas YPG and cross-linked by formaldehyde. Immunoprecipitation was per-
formed as described previously (41-44) using a mouse monoclonal antibody
8WG16 (Covance) against the carboxyl terminal domain of the largest subunit
(Rpb1p) of RNA polymerase Il. Immunoprecipitated DNAs were analyzed by
PCR using the primer pairs targeted to ADH1 and MATa. The ratio of the PCR
signal ofimmunoprecipitated DNA to that of input DNA was determined and
referred to as the ChIP signal. The ChIP signal at ADHT was set to 100, and the
ChIP signals at MATa and Chr-V were normalized with respect to 100. The
normalized ChlP signals (represented as normalized occupancy) are plotted
in the form of a histogram.

RESULTS AND DISCUSSION

Induction of DSBs at the Highly Active ADHI and Nearly
Silent MATa Genes—Cells in S-phase have a fast kinetics of
DNA DSB repair post-irradiation as compared with cells in G,
or G, phase (47). The fast repair kinetics of DSBs in S phase is
attributed to functionally active DNA polymerases. To deter-
mine whether RNA polymerases have any influence on the
repair of DNA DSB, we analyzed the effect of RNA polymerase
II-dependent transcription on DSB repair by introducing the
Ho cut site at the ADHI coding sequence and MA T« locus as
described below. Our RT-PCR analysis revealed that ADH1 is a
highly active gene as compared with the MA T« locus (Fig. 1A).
MATo appeared to be a poorly active or nearly silent gene,
consistent with previous studies (48). These observations were

“QSEpEN

VOLUME 287+NUMBER 43-OCTOBER 19,2012



further substantiated by the analysis of the association of RNA
polymerase II with these two loci. We found a robust associa-
tion of RNA polymerase II with ADH1 as compared with the
MATa locus (Fig. 1B). A primer pair targeted to the transcrip-
tionally inactive region of chromosome V was also used in the
PCR analysis as a nonspecific DNA control (49). Collectively,
these results demonstrate that ADH1I is a highly active gene,
consistent with previous studies (48, 50), and MA T« is a nearly
silent gene as compared with ADHI. However, the coding
sequences of both genes have a similar nucleosomal density
(51).

To determine whether DSB repair is coupled to transcrip-
tion, we first analyzed the DSB at the nearly silent MATa locus
using the yeast strain that has a Ho cut site at the MA T« locus
and expresses HO under the control of the GALI promoter in
galactose-containing growth medium (Fig. 24). The yeast
strain was initially grown in raffinose-containing medium up to
an Agy, of 0.9 and then switched to galactose-containing
growth medium for 30 and 60 min. In raffinose-containing
growth medium, HO was not expressed, as the GALI promoter
is not induced in the presence of raffinose (44, 52). Therefore,
the Ho cut site at the MATa locus was intact in raffinose-con-
taining growth medium (Fig. 2B). Upon switching to galactose-
containing growth medium, HO was expressed as the GALI
promoter is induced in the presence of galactose (44, 52). Such
an expression of HO would induce a DSB at the Ho cut site at
the MATa locus. The generation of a DSB at the MATa locus
was monitored by PCR using the primer pair flanking the Ho
cut site (Fig. 24). The disappearance of the PCR signal would
indicate the DSB at the M A Talocus. Our PCR analysis revealed
that the PCR signal was significantly reduced upon switching
the growth medium from raffinose to galactose for 30 and 60
min (Fig. 2B). As a control, we amplified a specific region of
SMC2 that is not damaged by Ho. We find that like the MATo
locus, the PCR signal at SMC2 did not decrease upon switching
the growth media from raffinose to galactose for 30 and 60 min
(Fig. 2B). These results support that the expression of HO in
galactose-containing growth medium induced DSB at the
MATa locus.

To further support the induction of DSB at the MATa locus,
we analyzed the recruitment of the INO80 complex at the Ho
cut site because previous studies (53, 54) have demonstrated
the recruitment of INO80 to DSB. INOS8O is an ATP-dependent
chromatin remodeling complex and is required to promote
DSB repair (53-55). To analyze the recruitment of the INO80
complex at the MATa-Ho locus, we tagged the Ino80p compo-
nent of INO80 by myc epitope in the JKM179 strain that has a
Ho cut site at the MATa locus and expresses HO under the
GALI promoter. Subsequently, the ChIP assay was performed
following the switch of the growth medium from raffinose to
galactose for 60 min. Immunoprecipitated chromatin was ana-
lyzed by PCR at the site proximal (represented as “ChIP region”
in Fig. 24) to the DSB. Consistent with previous studies (53, 54),
we observed an enhanced recruitment of INO8O to the ChIP
region in galactose-containing growth medium (Fig. 2C), thus
supporting the presence of DSB at the MATa locus.

Next, we analyzed the DSB at the highly active ADHI gene. In
this direction, we introduced a Ho cut site followed by a nucle-
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otide sequence for multiple myc epitope tags just before the
translational stop codon of ADHI in the JKM179 strain. To
confirm the presence of the Ho cut site at the ADH1 locus in the
generated strain (PCY23), the DSB was analyzed in raffinose,
dextrose, or galactose-containing growth medium. In the raffi-
nose- or dextrose-containing growth media, the GALI pro-
moter is not induced (44, 52), and thus, HO would not be
expressed. Hence, DSB would not be observed at the ADHI
locus in raffinose- or dextrose-containing growth medium. The
DSB at the ADH1 locus was analyzed by PCR using the primer
pair flanking the Ho cut site. The PCR signal at the ADHI locus
disappeared in galactose-containing growth medium but not
raffinose- or dextrose-containing growth medium (Fig. 2D). As
a control, we amplified a specific region at the SMC2 locus and
found that the PCR signal at SMC2 did not disappear in galac-
tose-containing growth medium (Fig. 2D). These results dem-
onstrate the presence of DSB (and hence the Ho cut site) at the
ADH]1 locus in galactose-containing growth medium.

We next analyzed the induction of DSB at the ADH1I locus
following the switch of the growth medium from raffinose to
galactose for 30 and 60 min. In this direction, we inoculated the
yeast strain in raffinose-containing medium, and grown up to
an Agy, of 0.9 at 30 °C. Subsequently, yeast cells were trans-
ferred to galactose-containing growth medium for 30 and 60
min, and DSB was analyzed at the ADH1 locus by PCR. We find
a modest decrease in the PCR signals after 30 and 60 min in
galactose-containing growth medium (Fig. 2E). The PCR signal
at the control SMC2 gene did not decrease after 30 and 60 min
in galactose-containing growth medium (Fig. 2E). Thus, there is
a modest level of DSB at ADHI following the switch of the
growth medium from raffinose to galactose for 30 and 60 min
(Fig. 2E). On the other hand, we observed a dramatic decrease
in the PCR signal at the Ho cut site at the MA T« locus (Fig. 2B).
These observations indicate that the nearly silent MA T« locus
has significantly more DNA DSB than the highly active ADH1
gene.

Fast DSB Repair at ADH1 in Comparison to MATo—Why is
the extent of DSB at ADH1 less than that at the MA T« locus?
When HO is expressed in galactose-containing growth
medium, both the generation and repair of DSB occur simulta-
neously, as Ho is constantly present in galactose-containing
growth medium. Therefore, we do not observe 100% DSB.
However, less DSB would be observed if DSB repair occurs
faster than its generation in galactose-containing growth
medium. Intriguingly, we observed less DSB at the highly active
ADH]I gene than the nearly silent MAT«a locus. Thus, these
observations indicate that there might be a fast DSB repair at
ADH1 as compared with the MATa locus. To confirm that the
DSB at the highly active ADH 1 gene is repaired fast in compar-
ison to the nearly silent MATa locus, we analyzed DSB repair at
the ADH1 and MATa loci. In this direction, we grew the yeast
cells in galactose-containing growth medium up to an A, of
0.2 to induce maximal DSB at ADH1I (as done in Fig. 2D) and
then switched to dextrose-containing growth medium for 0.5,
2, and 3 h to allow the cells to repair the DSB as shown sche-
matically in Fig. 3A. We isolated genomic DNAs from these
yeast cultures and analyzed DSB repair by PCR using the primer
pairs flanking the Ho cut sites at the ADH1 and MATaloci. The
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FIGURE 2. Analysis of DSB at the MATa and ADH1 loci. A, schematic diagram showing the generation of DSB at the MAT« locus following the induction of HO
expression. The primers flanking the Ho cut site are marked by two arrow-headed lines and were used in PCR for analysis of DSB. B, PCR analysis of DSB at the
MATu locus. The yeast strain that contains a Ho cut site at the MATa locus and expresses HO under the GALT promoter was initially grown in YPR up to an Agq,
of 0.9 (log phase) and then switched to YPG for 30 and 60 min (an Ag, of 1.0 is ~3 X 107 yeast cells/ml; 46). Genomic DNA was analyzed by PCR to determine
DSB using the primer pair flanking the DSB site. The PCR signal at 0 min was set to 100. The PCR signals at 30 or 60 min in YPG were normalized with respect to
the 0 min time point in YPG. C, the ChIP assay for analyzing the recruitment of Ino80p to the DSB site. The yeast strain (ASY32) was grown as in B prior to
cross-linking. Immunoprecipitation (IP) was performed using an anti-myc antibody (9E10, Santa Cruz Biotechnology, Inc.) against myc-tagged Ino80p. An
anti-HA was used as a nonspecific antibody control. The ratio of immunoprecipitate over the input in the autoradiogram is indicated below the immunopre-
cipitated band. D, analysis of DSB at ADHT in YPR, YPG, and YPD media. The yeast strain PCY23 was grown in YPR, YPG, or YPD up to an A, of 0.2 at 30 °Cand
harvested. Genomic DNA was analyzed for DSB by PCR using the primer pair flanking the HO cut site at ADH1. E, induction of DSB at the ADHT locus. The yeast
strain PCY23 was grown as in B.

increase in PCR signal would indicate the progression of DSB
repair. Intriguingly, we find that the PCR signal at ADHI
increased more than that at the MAT« locus (Fig. 3B). These
observations support that the DSB at the highly active ADH1 is
repaired fast as compared with the nearly silent MA T« locus.
Therefore, we detected less DSB at ADH1 than at the MAT«
locus (Fig. 2, B and E).
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HR-dependent DSB repair is absent at the MAT« locus
because of the deletion of the donor in the parent JKM179
strain (40). Thus, DSB repair at the MAT«a locus occurs via
non-homologous end joining. An enhanced DSB repair at
ADH1 as compared with MA T« could be due to the presence of
HR at ADH1. To test this possibility, we analyzed DSB repair at
ADH]1 in the presence and absence of Rad52p that is essential
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Genomic DNAs from these yeast cultures were analyzed by PCR for DSBs at
the ADH1 and MATa loci. The PCR signals at the 0 h time point for both the
ADHT1 and MAT« loci were set to 100, and the signals at other time points were
normalized with respect to 100. Normalized PCR signals are plotted in the
form of a histogram.

6 1 Galactose — Dextrose
5 -

4

Ratio of normalized PCR signal
at Ho cut site to that at SMC2

H |

= N - o = o = &N

g g s 3 s 3

o o o s

- - - X

Dextrose — 0 hr 3 hr 0 hr 3 hr
ADH1-Ho MATa-Ho

FIGURE 4. Analysis of DSB repair at the ADH1 and MATa loci in the pres-
ence and absence of Rad52p. Both the wild-type (PCY23) and Arad52
(PCY36) strains were grown as in Fig. 3B. Genomic DNAs from these yeast
cultures were prepared and analyzed by PCR for DSBs at the ADHT and MAT«
loci. A specific region within SMC2 was amplified as control, using the same
genomic DNAs. The PCR signals at 0 h time point for the ADH1, MATa and
SMC2 loci were set to 100, and the PCR signals at 3 h were normalized with
respect to 100. The ratios of normalized PCR signals at 3 h at the ADH1 and
MATa Ho cut sites to that at SMC2 are plotted in the form of a histogram. A
ratio that is greater than 1 would indicate the DSB repair.

for HR-dependent DSB repair (56). We find that the absence of
Rad52p did not significantly alter the DSB repair at ADH1 (Fig.
4). Thus, DSB repair at ADHI does not appear to be promoted
via HR but rather non-homologous end joining. Such DSB
repair is impaired in the absence of DNA ligase Dnl4p (Figs. 5, A
and B).

How is the DSB repair facilitated at the active gene? We
hypothesize that RNA polymerase II promotes the recruitment
of the repair factors to the DSB site at the active gene (and hence
stimulates DSB repair), analogous to the fact that RNA poly-

OCTOBER 19, 2012+VOLUME 287+-NUMBER 43

Preferential DSB Repair at the Active Gene

(A)

8 3.5 - Galactose ——p Dextrose
£5
22 31
[
x5 i
gf 25
83 21
Ex 1.5 -
g o
5 2 14
oX
gg 0.5
® 0 -
X X
s g S
X .
Dextrose — 0 hr 3hr
ADH1-Ho

—
vy
S

=
3

|1 Galactose —» Dextrose

N
38
5% 3 -
n ©
8% 2.5 -
s “
s L |
ge 2
T
E*51.5-
)
cf 11
°B
O =
£ 0.5
Ss=
b
© 0_
E X = X
= 5 = 5
N ~

w
=
=

Dextrose — 0 hr
MATa-Ho

FIGURE 5. Analysis of DSB repair at ADH1 in the presence and absence of
Dnl4p. Both the wild-type (PCY23) and Adnl4 (PCY37a) strains were grown as
in Fig. 3B. The DSB repairs at the ADH1 (A) and MAT« (B) loci were analyzed as
in Fig. 4.

merase I facilitates the recruitment of TC-NER-specific factor
Rad26p to the DNA lesion at the active gene to promote NER
(25). In support of this hypothesis, a recent study (57) impli-
cated the interaction of RNA polymerase II with RPA (replica-
tion protein A complex), which is involved in DSB repair. Fur-
ther, the INO80 chromatin remodeling complex that promotes
DSB repair is recruited to the gene in a transcription-dependent
manner (58, 59). Similarly, the recruitment of the MRX
(Mrellp-Rad50p-Xrs2p) complex and Ku proteins to the DSB
site might be promoted by RNA polymerase II or transcription
machinery to stimulate DSB repair. To test this, we generated
yeast strains carrying HA epitope tags at the C-terminals of
Rad50p (Mrellp-Rad50p-Xrs2p) and Ku70p (Ku proteins) and
then performed the ChIP experiments to analyze their associa-
tion with the active ADHI gene. Our ChIP analysis revealed
that Rad50p and Ku70p did not associate with ADH1 (supple-
mental Fig. S1, A and B). Thus, RNA polymerase II or active
transcription machinery does not appear to promote the target-
ing of Mrellp-Rad50p-Xrs2p or Ku70p to DSB. However, like
the association of RPA and INO80 with the active gene (57-59),
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FIGURE 6. Analysis of DSB repair at the PHO5 gene under transcriptionally
inactive and active conditions. A, schematic diagram for the experimental
strategy. Inactive and active refer to DSB repairs under transcriptionally inac-
tive and active conditions, respectively. B and C, the yeast strain RSY33 was
initially grown in YPG-P; up to an Agy, of 0.4 and then switched to YPD
(denoted as +Pi) or YPD-P, (denoted as -Pi) for 1, 2, 3, and 4 h. Genomic DNAs
from these yeast cultures were prepared and analyzed by PCR for DSBs at the
PHOS5 locus using the primer pair flanking the Ho cut site. A specific region
within SMC2 was amplified as control using the same genomic DNAs. The PCR
signals at the 0 h time point for the PHO5 and SMC2 loci were set to 100, and
the PCR signals at 1, 2, 3, and 4 h were normalized with respect to 100. The
ratios of normalized PCR signals at 1, 2, 3 and 4 h at the PHO5 Ho cut site to
those at SMC2 are plotted in the form of a histogram. A ratio that is greater
than 1 would indicate the DSB repair.

we have demonstrated recently that TC-NER factor Rad26p
associates with active genes (25, 60) and facilitates chromatin
disassembly (60, 61). Such chromatin regulatory function of
Rad26p might be enhancing DSB repair at the active gene. Fur-
ther, DSB repair at the active coding sequence is likely to be
promoted by a transcription-coupled open chromatin struc-
ture or chromatin remodeling/modifying factors. These possi-
bilities remain to be investigated. Nonetheless, this study dem-
onstrates for the first time that DSB repair at the active gene
occurs faster than that at the inactive gene, thus supporting
transcription-coupled DSB repair.

36420 JOURNAL OF BIOLOGICAL CHEMISTRY

Fast DSB Repair at PHOS5 under Transcriptionally Active
Conditions in Comparison with the Inactive State—To extend
our results to another set of transcriptionally active and inactive
genes, we introduced a Ho cut site followed by a nucleotide
sequence for multiple myc epitope tags just before the transla-
tional stop codon of an inducible PHOS5 gene in the aforesaid
yeast (JKM179) strain that had a Ho cut site at the MATa locus
and expressed HO under the GALI promoter. The PHOS gene
is transcriptionally induced in the absence of P; and repressed in
the presence of P, (62— 65). Thus, transcription of PHOS would
be repressed in YPD (which contains Pi) and induced in the
YPD-P; (YPD without Pi) medium. Using this generated strain,
we induced DSB at the PHOS coding sequence in YPG-P,; (sup-
plemental Fig. S2) and then analyzed DSB repair under tran-
scriptionally active (YPD-Pi) and inactive (YPD) conditions, as
shown schematically in Fig. 6A. We find that DSB repair at the
PHOS coding sequence occurs fast under transcriptionally
active condition as compared with the inactive state (Fig. 6, B
and C). However, at the later time point (4 h), DSB repairs at the
active and inactive PHOS5 were the same (Fig. 6B). Therefore,
our data support a fast DSB repair at the transcriptionally active
PHOS gene as compared with inactive PHOS, hence implying
transcription-coupled DSB repair.

CONCLUSION

Previous studies (17-24, 35-37) have demonstrated tran-
scription-coupled nucleotide/base excision repairs. However, it
remained unknown whether transcription-coupled DSB repair
exists. Here, we have developed experimental systems to ana-
lyze the induction and repair of DSBs at the active and inactive
genes. Using such systems, we demonstrate that DSB repair at
the active gene occurs faster than that at the inactive genomic
locus. Therefore, our results support for the first time the exis-
tence of transcription-coupled DSB repair, hence providing a
new regulatory process of genome repair in vivo.
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