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Transcription can enhance recombination; this is a ubiquitous phenomenon from prokaryotes to higher
eukaryotes. However, the mechanism of transcription-associated recombination in mammalian cells is poorly
understood. Here we have developed a construct with a recombination substrate in which levels of recombi-
nation can be studied in the presence or absence of transcription. We observed a direct enhancement in
recombination when transcription levels through the substrate were increased. This increase in homologous
recombination following transcription is locus specific, since homologous recombination at the unrelated hprt
gene is unaffected. In addition, we have shown that transcription-associated recombination involves both
short-tract and long-tract gene conversions in mammalian cells, which are different from double-strand-break-
induced recombination events caused by endonucleases. Transcription fails to enhance recombination in cells
that are not in the S phase of the cell cycle. Furthermore, inhibition of transcription suppresses induction of
recombination at stalled replication forks, suggesting that recombination may be involved in bypassing
transcription during replication.

High-fidelity pathways that repair damaged DNA are essen-
tial to maintain genomic integrity. The repair of DNA double
strand breaks (DSBs) is crucial for the maintenance of genome
stability, and defects in the cellular response to DSBs have
been linked to a number of inherited human cancer-prone
syndromes (7). Homologous recombination is a major mecha-
nism involved in the repair of DNA breaks generated sponta-
neously during replication (3, 32) or by DNA damaging agents
in mitotically dividing cells (see reference 42 for a review).
Recombination is stimulated by UV damage or chemical dam-
age (15) and also by transcription (2).

A link between transcription and homologous recombina-
tion has long been established, though the mechanism has
begun to be deciphered only recently. Transcription enhances
homologous recombination in all organisms from prokaryotes
to higher eukaryotes (reviewed in reference 2), a phenomenon
referred to as transcription-associated recombination (TAR).

Escherichia coli provided the first evidence of TAR in pro-
karyotes (11, 18, 44). Recombination enhanced by RNA poly-
merase I (RNAPI)-driven transcription was first shown in Sac-
charomyces cerevisiae in transcriptionally active DNA in the
recombination hot spot HOT1 (38, 45). Later, RNAPII-depen-
dent transcription was also shown to enhance recombination in
S. cerevisiae (43) and in Schizosaccharomyces pombe (14).

In mammalian cells, transcription of heteroallelic neomycin

genes stimulated recombination between plasmids transfected
into Chinese hamster ovary cells by approximately sixfold (27),
and transcription resulted in a two- to sevenfold increase in
intrachromosomal recombination between duplicated neomy-
cin genes stably integrated into a Chinese hamster ovary cell
line (26).

Many theories have been postulated to explain the mecha-
nism of TAR (see reference 2 for a review). The collision
between transcription and replication machineries could result
in a possible recombination intermediate for TAR. Such a
collision may result in replication fork stalling, and recombi-
nation is the major mechanism involved in resolving the stalled
forks (24). Recent studies with S. cerevisiae have provided
supporting evidence. In direct repeat constructs under the con-
trol of regulated promoters in S. cerevisiae, TAR required
head-on collisions with replication machinery (28). TAR oc-
curred at high levels when replication fork progression was
opposed to transcription and was far less pronounced when
both transcription and replication machineries traveled in the
same direction (28). This is also true in ribosomal DNA re-
peats of S. cerevisiae, where RNAPI-dependent transcription
results in a collision with the replication machinery, leading to
fork blockage and recombination (41).

TAR could also be a result of defects in transcription elonga-
tion (29). The THO-TREX complex in S. cerevisiae acts at the
interface between transcription and mRNA export. Mutation of
any of the proteins in this complex leads to a hyperrecombination
phenotype associated with impaired transcription elongation (8).
The THO mutants showing a hyperrecombination phenotype also
showed impaired replication fork progression due to RNA-DNA
hybrids blocking the replication machinery and leading to repli-
cation fork stalling (47). Furthermore, mutants of the TREX
complex with aberrant mRNA processing also showed elevated
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levels of recombination that was dependent on transcription (23).
Interestingly, an hpr1 (gene encoding one of the proteins of the
THO complex) point mutant derived by random mutagenesis
showed a strong defect in transcription and a general defect in
mRNA export but no hyperrecombination phenotype (17). This
was due to the absence of replication fork blockage in this mutant,
suggesting that stalled replication is a prerequisite for hyperre-
combination.

Thus, the data for yeast suggest that stalled replication forks
either formed by collision between transcription and replica-
tion machineries or due to RNA-DNA hybrids formed during
transcription elongation in S phase are the recombination in-
termediates for TAR. Here, in order to extend our understand-
ing of the underlying mechanisms controlling TAR in mam-
malian cells, we designed a recombination reporter substrate
containing two nonfunctional copies of the neomycin phospho-
transferase (neo) gene. This reporter substrate offers the pos-
sibility of studying the influence of transcription on levels of
homologous recombination in a highly controlled fashion. Us-
ing this substrate, we examined the possible link between TAR
and transcription elongation and whether TAR in mammalian
cells arises as a consequence of stalled forks occurring due to
the collision between transcription and replication machiner-
ies. In conclusion, our results are in agreement with the hy-
pothesis that TAR is a likely result of collision between DNA
replication machinery and RNA polymerase in mammalian
cells.

MATERIALS AND METHODS

Plasmids and oligonucleotides. The pBI-LMscIneo (TARneo) recombination
construct was made by subcloning parts in three steps into the pBluescript II
SK(�) vector (Stratagene). The truncated 3� neomycin gene was extracted from
the pMC1neopolyA plasmid (Stratagene) by cleavage with XhoI/NcoI and sub-
sequently blunt end subcloned into the EcoRV site of the pBluescript II SK(�)
vector. Secondly, a hygromycin resistance cassette (hygR) was blunt end sub-
cloned into the SmaI site of the resulting pBluescript II SK(�) (3� neo) vector by
extracting hygR after cleavage of the pREP4 plasmid (Invitrogen) with NruI. To
receive a nonfunctional neomycin gene, a linker containing an I-SceI restriction
site was subcloned into the MscI site in a pMC1neopolyA plasmid (Stratagene),
thus introducing a stop codon in the reading frame of the neomycin gene. To
check the correct orientation and sequence of the subcloned linker, the resulting
pMC1neopolyA plasmid was subjected to DNA sequencing. Subsequently, the
nonfunctional neomycin gene was PCR amplified with primers including XbaI
sites and the product was subcloned into the XbaI site of pBluescript II SK(�)
(hygR, 3� neo). Finally, the pMscIneo recombination substrate was released by
digestion with SacI/KpnI and made blunt ended with a Klenow fragment. This
approximately 4-kb sequence was subcloned into the EcoRV site of the pBI-L
vector (Clontech) to receive the pBI-LMscIneo recombination substrate. The
oligonucleotide constituting the I-SceI (underlined) linker was as follows:
CCACGTAGGGATAACAGGGTAAT. The following primers were used for
the PCR amplification of the nonfunctional neomycin gene: forward, 5�GCTC
TAGAATGGGATCGGCCATTGAACAAGAT3�; reverse, 5�GCTCTAGAAG
CTATGACCATGATTACGCCAAGC3�.

To build a TetOff plasmid encoding zeocin resistance, pCDNA3.1Cat/Zeo
(Invitrogen) was digested with DrdI to extract the zeocin resistance cassette.
Simultaneously, the pTetOffneo plasmid (Clontech) was digested with XhoI to
release the neomycin resistance cassette. The resulting vector and the zeocin
resistance cassette were made blunt ended with a Klenow fragment (New En-
gland Biolabs) and ligated to receive pTetOffzeo.

Cell culture. Cells were cultured in Dulbecco’s minimum essential medium
(DMEM) supplemented with 10% fetal calf serum, 1� nonessential amino acids,
and 90 U/ml of penicillin-streptomycin at 37°C and 5% CO2. S8TofZM3 and
SPD8 cells were maintained in 6-thioguanine to prevent the spontaneous rever-
sion of the hprt gene prior to the treatment. The S8TofZM3 cells were also
maintained in 1 �g/ml doxycycline to keep the transcription from the TetOff

promoter turned off and 0.25 mg/ml of zeocin and 120 U/ml hygromycin to
maintain the pTetoffZeo and pBI-LMscI vectors, respectively.

Establishment of stable cell lines. Stable S8TofZM clones were obtained by
electroporating 5 � 106 SPD8 cells with pTetoffZeo and then pBI-LMscI (250 V,
1,500-�F capacitance) in a Equibio EasyjectT plus machine (Geneflow). Follow-
ing the first transfection and selection in 0.5 mg/ml zeocin, the resulting SPD8-
TetOff clones were screened for low background expression combined with
efficient reporter gene induction by removing doxycycline and assaying for lucif-
erase activity. Subsequently, the selected SPD8-TetOff clones were transfected
with pBI-LMscI. The double transfectants were selected in DMEM supple-
mented with 360 U/ml of hygromycin and 0.25 mg/ml zeocin.

Luciferase activity. A Promega firefly luciferase assay system was used for
assaying the luciferase activity, following the manufacturer’s instructions. A Lucy
2 luminometer (Anthos Labtec Instruments, Salzburg, Austria) was used to
measure relative light units, which give a measure of the amount of luciferase
expressed.

Southern analysis. Southern blotting was carried out as previously described
(35) prior to assays with S8TofZM3 cells in order to check that the cells con-
tained an intact copy of the TARneo substrate. The pBI-LMscI vector was
digested with XhoI and MluI restriction endonucleases, and the 900-bp fragment
containing a part of the 5� neo gene was used as the probe. EcoRV restriction
endonuclease was used for the digestion of genomic DNA.

Recombination and fluctuation assays. Unless otherwise specified, all treat-
ments in the recombination assays were performed for 24 h. S8TofZM3 cells
(1.5 �106) were inoculated on 10-cm dishes in 10 ml DMEM without 6-thiogua-
nine and incubated overnight prior to treatment. The cells were allowed to
recover for 48 h after treatments and cloning and selection were performed. For
selection, 3 � 105 cells per dish were plated in the presence of 1� HAsT (50 �M
hypoxanthine, 10 �M l-azaserine, 5 �M thymidine), and hypoxanthine phospho-
ribosyltransferase (HPRT)-positive revertants were selected for 10 days. To
determine cloning efficiency, 500 cells were plated per dish without a selective
agent. The number of colonies on cloning plates gives a measure of the clono-
genic survival. The cloning was performed in duplicate and selection in triplicate.

In the case of the TARneo construct, 1.0 � 106 cells were inoculated onto
10-cm dishes in DMEM overnight. The cells were treated for 24 h in the presence
or absence of 1 �g/ml doxycycline (without or with transcription, respectively).
The cells were allowed to recover for 48 h after the treatment before subsequent
cloning and selection as described above. For the fluctuation assay, 1,000 cells
were plated in 24-well plates with or without 1 �g/ml of doxycycline for 10 days.
The total number of cells in each well was then determined, and cells were
replated on 10-cm dishes for selection. Ten milliliters of DMEM with 1 mg/ml of
G-418 was added per selection plate with or without 1 �g/ml of doxycycline to
select for either long-tract gene conversion (LTGC)/sister chromatid exchange
(SCE) or both LTGC/SCE and short-tract gene conversion (STGC), respec-
tively.

After 10 days, the colonies were fixed using methylene blue in methanol (4
g/liter) and counted, and the recombination levels were calculated using the
following formulae: recombination frequency � number of colonies on selection
plates/(number of cells plated on selection � cloning efficiency), where cloning
efficiency is the number of colonies on cloning plates/500; and recombination
rate (25) � ln(number of selection plates with no colonies/total number of
plates)/number of cell generations per culture.

PCR analysis. Genomic DNA was extracted from each recombinant using the
FlexiGene DNA kit (QIAGEN), and PCR was performed using Go-Taq master
mix (Promega) according to the manufacturer’s instructions with an annealing
temperature of 59°C and an extension time of 30 s. The primers used were as
follows: forward primer (Pf), 5�GCCGCATCGATAAGCTTGTC3�; reverse
primer 1 (Pr1), 5�CGTCGTGGATTACCCTGTTA3�; and reverse primer 2
(Pr2), 5�GTCGTGGCCAGCCACGATA3�.

Propidium iodide staining and cell cycle analysis. Cells (1.5 � 106) were
plated on 10-cm plates overnight prior to treatment. Cells were then trypsinized,
washed in phosphate-buffered saline, and fixed in 70% (vol/vol) ethanol at
�20°C overnight. The cells were then washed in phosphate-buffered saline twice
and resuspended in 300 �l (50 �g/ml) of propidium iodide stain and 50 �l of (5
mg/ml) RNase A and incubated at 4°C for at least 1.5 h before being acquired on
a Becton Dickinson FACSort machine and analyzed using Cell Quest software.

RESULTS

Establishment of cell lines to study the effect of transcrip-
tion on recombination. In order to study the mechanism of
TAR in mammalian cells, we designed a recombination sub-
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strate containing two inactive repeats of the neomycin phos-
photransferase gene (neo), in which transcription can be reg-
ulated using tetracycline (Fig. 1A), and subcloned it into a
commercial vector. This vector is labeled pBI-LMscI and the
construct TARneo. Stable transfectants of the Chinese ham-
ster cell line SPD8 (10, 15) were established by transfection of
the pTetOff plasmid, which contains the tetracycline-depen-
dent transactivator. The selected clones were then transiently
transfected with pBI-L vector, which has the luciferase re-
porter gene, and individual clones were isolated based on their
luciferase activities (data not shown). Subsequently, we estab-
lished double-stable transfectants of the selected SPD8-TetOff
clone by transfection with pBI-LMscI. We selected two clones,
S8TofZM3 and S8TofZM24, based on a low background of
recombinants combined with efficient induction of luciferase
expression (Fig. 2A). Clones containing an intact TARneo
substrate were verified by Southern blotting (data not shown).

Homologous recombination is efficiently enhanced by tran-
scription. In both S8TofZM3 and S8TofZM24 cells, doxycycline
effectively controlled transcription through the substrate as indi-
cated by the luciferase activity (Fig. 2A). We observed 64-fold and

14-fold increases in transcription in the S8TofZM3 and
S8TofZM24 cells, respectively, in the absence of doxycycline com-
pared to levels in its presence. This increase in transcription led to
a 22-fold and 4-fold enhancement in recombination in the TAR-
neo substrate in S8TofZM3 and S8TofZM24 cells, respectively
(Fig. 2B). Together, these results suggest a potent ability for
transcription to induce homologous recombination in the TAR-
neo substrate.

The increase in recombination we see above might be due to
the global effect of long-term doxycycline treatment on rates of
homologous recombination. To test this, we examined the rate
of revertants in the unrelated hprt gene in the S8TofZM3 cells
after treatment with doxycycline. This cell line carries a spon-
taneous partial duplication of exon 7 in the hprt gene, render-
ing the gene nonfunctional, and a functional HPRT can be
regained by a homologous recombination event (15). We did
not observe any significant increase in the rate of homologous
recombination in the hprt gene (Fig. 2C), indicating that the
increased rate of TAR we demonstrate using the TARneo
construct is a locus-specific event.

Since DSBs are strong inducers of recombination (16), we

FIG. 1. Schematic illustration of the TARneo substrate. (A) The substrate contains two inactive neo repeats. The downstream neo gene is
controlled by a constitutive thymidine kinase promoter and has a 3� deletion, resulting in a nonfunctional gene product. The upstream neo gene
includes the full coding sequence but has an I-SceI restriction site introduced that creates a stop codon. The two neo genes are in direct orientation,
separated by a functional hygromycin resistance cassette. The full recombination substrate was subcloned into a commercial vector containing a
bidirectional promoter (Pbi-1) based on a tetracycline-controlled system (TetOff) and allowed inducible transcription over the upstream neomycin
gene. The TetOff promoter codirectionally controls the transcription of the construct and the reporter luciferase gene, enabling the quantification
of transcription through the substrate (4). The Pbi-1 promoter is negatively controlled by the presence of the tetracycline derivative doxycycline
(DOX). Transcription is turned off in the presence of doxycycline and turned on in its absence. The construct can revert back to its active form
by recombination, and the recombinants can be selected using G-418. STGC gives rise to a recombination product in which the upstream neo gene
controlled by the inducible promoter is reverted. The second recombination product is a result of either LTGC or SCE, in which the downstream
neo gene is reverted. The primers used to distinguish between the products of STGC (Pf and Pr2) and LTGC/SCE (Pf and Pr1) are also depicted.
(B) Presence of doxycycline during selection with G-418 turns off Pbi-1, leading to the selection of LTGC/SCE alone since the product of STGC
is not expressed. (C) When there is no doxycycline during selection, both the products of STGC and LTGC/SCE are selected with G-418.

156 GOTTIPATI ET AL. MOL. CELL. BIOL.



next investigated the effect of transcription on DSB-induced
recombination by inducing a DSB at the I-SceI site (using the
pCMVI-SceI vector) on the upstream neo gene in the TARneo
construct in S8TofZM3 cells and measuring recombination
frequencies in the presence or absence of transcription (with-
out or with doxycycline, respectively). Consistent with previous
reports (9, 22), recombination was stimulated by DSBs created
in vivo at the I-SceI site. However, transcription (no doxycy-
cline) did not further stimulate DSB-induced recombination
(Fig. 2D), suggesting that transcription has no further effect on
recombination once a DSB is induced, as shown in previous
reports (40, 48).

Transcription-associated recombination events involve gene
conversion. The design of the TARneo construct (Fig. 1A)
allows us to separate the recombination products rising from
STGC or LTGC. Inclusion of doxycycline during selection
favors the products of LTGC/SCE alone (Fig. 1B), while ex-
clusion of doxycycline selects the products of both LTGC/SCE
and STGC (Fig. 1C). Furthermore, single-strand annealing,
which occurs independently of RAD51-induced strand inva-
sion, is not selected for in this substrate since it would generate
a nonfunctional neo gene product.

There was an eightfold increase in recombination when only
LTGC/SCE was selected for (presence of doxycycline) (Fig.
3A). In contrast, on excluding doxycycline during selection
(selecting LTGC/SCE plus STGC), there was a 22-fold in-
crease in the recombination frequency. Hence, the 2.7-fold
further increase in LTGC/SCE plus STGC over LTGC/SCE

alone reflects STGC. We also measured the recombination
rate using fluctuation assays (Fig. 3B). While the recombina-
tion assay gives the frequency of recombination, i.e., the num-
ber of recombinants in a pool of cells, the fluctuation assay
measures the recombination rate, i.e., the frequency at which
recombination occurs per cell division. In line with the increase
in the recombination frequency, there was a 9.8-fold increase
in the recombination rate when doxycycline was included dur-
ing selection (LTGC/SCE), while there was 22-fold increase
when doxycycline was excluded (LTGC/SCE and STGC).
Hence, the 2.2-fold further increase reflects STGC. This sug-
gests that TAR induces both LTGC/SCE and STGC.

In order to further verify this, we isolated individual colonies
from the selection plates of the fluctuation assays not treated
with doxycycline and investigated the recombination pathway
by which they reverted. These are the products of either
LTGC/SCE or STGC. Those colonies that initially arose by
STGC will not be able to survive the subsequent G-418 treat-
ment in the presence of doxycycline, but this treatment will
make no difference to the survival of those which arose by
LTGC/SCE. Out of 30 colonies isolated from plates initially
selected with G-418 alone, nearly half the colonies (14/30)
survived well with doxycycline during subsequent selection
with G-418. This suggests that the colonies that could not
survive arose by STGC initially. This establishes that STGC
and LTGC/SCE are equally enhanced by transcription in mam-
malian cells.

The different types of recombination events detected genet-

FIG. 2. Locus-specific homologous recombination is enhanced by transcription, and transcription does not further enhance DSB-induced
recombination. (A) Luciferase assay on the substrate in S8TofZM3 and S8TofZM24 cells confirms that 1 �g/ml of doxycycline effectively inhibits
transcription in the TARneo substrate. (B) Recombination frequencies in the TARneo substrate in the S8TofZM3 and S8TofZM24 cells in the
presence (transcription off) or absence (transcription on) of 1 �g/ml doxycycline. (C) Recombination frequencies in the TARneo and hprt
substrates of S8TofZM3 cells in the presence or absence of 1 �g/ml doxycycline (transcription off or on, respectively). (D) Recombination
frequencies in S8TofZM3 cells with or without pCMVI-SceI (with or without DSB) in the presence (transcription off) or absence (transcription
on) of 1 �g/ml doxycycline. Results presented represent averages from at least three independent experiments, and error bars denote standard
deviations. DOX, doxycycline; RLUs, relative light units.
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ically were analyzed using PCR to verify that they correspond
to the expected molecular structure. In order to achieve this,
two reverse primers were designed (Fig. 1) in such a way that
reverse primer 1 (Pr1) gives a 291-bp product only with the
products of LTGC/SCE, corresponding to the upstream neo-
mycin gene with the I-SceI site, and the reverse primer 2 (Pr2)
gives a 231-bp product only with the products of STGC, cor-
responding to the reverted upstream neomycin gene without
the I-SceI site. As the forward primer is placed in the multiple
cloning site of the vector, only the upstream neomycin gene is
amplified and not the downstream repeat (due to the large
hygromycin cassette between them). Using these primers, PCR
analysis was performed on the genomic DNA extracted from
25 different colonies isolated from the selection plates of the
recombination assays with or without doxycycline in selection.
Representative PCR products from four different colonies, two
each from selection plates with or without doxycycline, are
shown in Fig. 3C. In agreement with the expected molecular

structure, colonies 3 and 4 selected with G-418 and doxycycline
(and which therefore must have been the products of LTGC/
SCE) gave only a 291-bp product with Pr1 and no product with
Pr2. This was also the case with colony 2 (selected without
doxycycline), suggesting that it is a product of LTGC/SCE,
whereas colony 1 (without doxycycline in selection) gave a
231-bp product with Pr2 and no product with Pr1, suggesting
that it is a product of STGC.

Inhibition of transcription elongation has no major effect on
transcription-associated recombination. TAR has previously
been suggested to be coupled to transcription elongation (8,
29). Based on the data from S. cerevisiae, we hypothesized that
inhibitors which block the movement of transcription elonga-
tion would enhance TAR in the TARneo construct, since they
create intermediate structures similar to the ones seen in the
THO mutants in S. cerevisiae. We therefore decided to exam-
ine the rates of recombination in S8TofZM3 cells after inhibi-
tion of transcription elongation with 2,3-dichlororibobenzi-

FIG. 3. Transcription enhances both short-tract and long-tract gene conversion events in mammalian cells. Recombination frequency (A) and
Recombination rate (B) in the TARneo substrate of S8TofZM3 cells in the presence or absence of 1 �g/ml doxycycline to turn off or turn on
transcription, respectively. Products of LTGC/SCE alone or both LTGC/SCE and STGC are distinguished by selection in the presence or absence
of 1 �g/ml doxycycline, respectively. Results presented represent averages from at least three independent experiments, and error bars denote
standard deviations. (C) PCR analysis of two colonies each from selection plates with or without doxycycline, expanded from the recombination
assay (see panel A) in order to distinguish between the products of STGC (PCR product corresponds to the recombined upstream neomycin
without the I-SceI site) and LTGC/SCE (PCR product corresponds to the upstream neomycin with the I-SceI site). The different types of
recombination events detected genetically correspond to the expected molecular structure. The primers used are depicted in Fig. 1. R1, Pf plus
Pr1; R2, Pf plus Pr2; �, �-actin primers; DOX, doxycycline.
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madazole (DRB) or actinomycin D. DRB inhibits CDK7
kinase associated with transcription factor II H, thereby pre-
venting it from phosphorylating RNAPII and blocking it from
proceeding in to the elongation phase (50). Actinomycin D
inhibits elongation by binding DNA at the transcription initi-
ation complex, thereby immobilizing it (36). Transcription as
measured by luciferase assay is inhibited at 1 nM actinomycin
D (Fig. 4A) and 75 �M DRB (Fig. 4B).

Treatment with 75 �M DRB or 1 nM actinomycin D re-
sulted in a slight increase in the recombination frequency,
though this was not statistically significant (Fig. 4C). A similar
result was obtained after treatment with 500 �M novobiocin
(see Fig. S1B in the supplemental material), which interferes

with transcription by inhibiting DNA gyrase (46). The dosage
was restricted to 500 �M due to the toxicity of the drug at
higher doses (data not shown) and since there was a consid-
erable reduction in the luciferase activity in the TARneo con-
struct at this dose (see Fig. S1A in the supplemental material).
These results suggest that inhibiting transcription elongation
does not cause a significant increase in TAR in the TARneo
construct.

Transcription-associated recombination is associated with
cycling cells. It has been shown in yeast that TAR is S phase
associated and replication dependent (28, 47). Since homolo-
gous recombination is particularly important in late S/G2
phase (31, 34), we next investigated if TAR in mammalian cells
is correlated to S phase. We hypothesized that if TAR is S
phase associated, then a growth arrest in G2/M would decrease
TAR. Transcription was turned on in the S8TofZM3 cells for
21 h, during which time cells were arrested in G2/M by treat-
ment with 40 ng/ml nocodazole. Propidium iodide staining and
fluorescence-activated cell sorting confirmed that nocodazole
treatment for 22 h effectively arrested the cells in G2/M phase
and that after 30 h cells were still arrested without displaying
significant apoptosis. Thirteen hours after removal of nocoda-
zole, most of the cells were still in G2/M phase, with only a very
small percentage in S phase (Fig. 5A). Simultaneously, by
assaying luciferase activity, it was determined that withdrawal
of doxycycline from the medium for 21 h (taken away at 22 h
and added back in after 13 h of release) was enough to suffi-
ciently turn on transcription (Fig. 5B). Although nocodazole
treatment inhibited transcription through the substrate (con-
sistent with previous reports [19]), transcription was turned
back on as soon as the cells were released from the treatment
(Fig. 5B).

Based on these data, the experiment was designed such that
transcription was switched on (no doxycycline) for 21 h, during
which time cells were not in S phase (Fig. 5A), and its effect on
TAR was measured. Arresting the cells in G2/M phase and
thus hindering them from entering S phase completely abol-
ished TAR (Fig. 5C), suggesting that TAR in S8TofZM3 cells
is S phase associated.

Dependency on S phase suggested that collision between the
machineries of transcription and replication could be respon-
sible for TAR. If this is the case, then halting either replication
or transcription elongation may decrease TAR. However,
there was no significant difference in recombination levels in
the cells treated with 10 mM thymidine relative to levels in the
untreated cells (Fig. 5D). Likewise, treatment with more-strin-
gent replication inhibitors, hydroxyurea and aphidicolin alone
or together prior to the recombination assay, also showed no
effect on recombination frequency (see Fig. S2 in the supple-
mental material), suggesting that inhibiting replication alone
has no effect on TAR in S8TofZM3 cells.

Transcription-associated recombination is likely a conse-
quence of collision between transcription and replication ma-
chineries. It has been shown for S. cerevisiae that head-on
collision between transcription machinery and replication ma-
chinery results in TAR (28). Stalling replication forks causes
homologous recombination (24). Therefore, replication forks
stalled by the transcription machinery may explain enhanced
TAR. It can be proposed that slowing replication forks with
thymidine in normally cycling cells could enhance collisions.

FIG. 4. Inhibition of transcription elongation does not further af-
fect transcription-associated recombination. Luciferase activity of the
TARneo substrate of S8TofZM3 cells after treatment with increasing
doses of actinomycin D (A) or DRB (B). (C) Recombination fre-
quency in the TARneo substrate of S8TofZM3 cells after treatment
with transcription elongation inhibitors 1 nM actinomycin D and 75
�M DRB in the presence (no transcription) or absence (transcription)
of 1 �g/ml doxycycline. Results presented represent average from at
least three independent experiments, and error bars denote standard
deviations. Dox, doxycycline; RLUs, relative light units.
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However, inhibiting transcription elongation at the same time
might decrease the number of collisions, thus decreasing the
number of recombination intermediates formed, in turn lead-
ing to a decrease in homologous recombination. In order to
test this with mammalian cells, the SPD8 cells were treated
with 10 mM thymidine alone and the transcription elongation
inhibitor DRB (75 �M) or actinomycin D (1 nM), and the
recombination frequency was then established using the hprt
substrate (Fig. 6A). Consistent with previous results (24), there
was an 11-fold increase in the frequency of HPRT-positive
revertants following treatment with thymidine. Cotreatment
with thymidine and an elongation inhibitor, however, de-
creased thymidine-induced recombination by threefold (statis-
tically significant; P � 0.05). The clonogenic survival of the
cells was similar after different treatments (Fig. 6B), suggesting
that the decrease in recombination observed is not because of
the toxicity of the drugs used.

A similar decrease in recombination was also observed after
combined treatment of SPD8 cells with thymidine and a more
stringent transcription elongation inhibitor, 	-amanitin. The
dosage of 	-amanitin was restricted to 5 �M due to its toxicity
to the SPD8 cells (data not shown). Treatment at this dose
resulted in a 1.7-fold reduction in thymidine-induced homolo-
gous recombination (see Fig. S3 in the supplemental material).
Though 	-amanitin is a more stringent transcription elonga-

tion inhibitor, the decrease is probably not as pronounced as in
the case of treatment with DRB or actinomycin D due to the
low dose of 	-amanitin used. However, this decrease is still
statistically significant (P � 0.05).

The decrease in homologous recombination after combined
treatment with thymidine and transcription elongation inhibi-
tors could be due to a decreased number of recombination
intermediates formed due to fewer collisions between tran-
scription and replication machineries, or it could be due to the
effect of transcription elongation inhibitors on the cell cycle.
The elongation inhibitors might arrest cells in the G1 phase of
the cell cycle, which would prevent the action of thymidine
during S phase. However, there were similar percentages of
cells in S phase after treatment with thymidine alone or thy-
midine and a transcription elongation inhibitor together (Fig.
6C), ruling out the second possibility. This suggests that the
decrease in homologous recombination after combined treat-
ment is more likely due to the reduction in the number of
collisions and thus the number of recombination intermediates
formed, implying that TAR is a consequence of collision be-
tween transcription and replication machineries in mammalian
cells.

Transcription-associated recombination is not influenced
by inhibition of DNA damage signaling pathways. We have
shown here that TAR is S phase associated, is likely to be

FIG. 5. Transcription-associated recombination in the TARneo substrate is S phase dependent. (A) Fluorescence-activated cell sorting data
representing the cell cycle profiles of S8TofZM3 cells after treatment with 40 ng/ml nocodazole and 1 �g/ml doxycycline. The results presented
are a representative of at least three independent experiments. (B) Luciferase activity of the S8TofZM3 cells during treatment with 40 ng/ml
nocodazole and 1 �g/ml doxycycline. (C) Recombination frequencies of the TARneo substrate in S8TofZM3 cells after treatment with 40 ng/ml
nocodazole in the presence or absence of 1 �g/ml doxycycline. (D) Recombination frequencies of the TARneo substrate in S8TofZM3 cells after
treatment with 10 mM thymidine in the presence or absence of 1 �g/ml doxycycline. Results presented represent averages from at least three
independent experiments, and error bars denote standard deviations. DOX, doxycycline; RLUs, relative light units.
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dependent on replication, and could be due to a collision
between transcription and replication machineries, leading to
replication fork stalling. Evidence suggests that the ATM and
ATR kinases are activated in response to replication stress (1).
Replication stress caused by agents such as thymidine leads to
rapid activation of the ATM-mediated signaling cascade to
initiate homologous recombination, and thymidine-induced
replication fork stalling requires ATM and Chk1 for its homol-
ogous recombination repair (5, 37). Recently, Chk1 was pro-
posed to be important during normal S phase to protect against
DNA breakage (39). Furthermore, the DNA-dependent pro-
tein kinase catalytic subunit (DNA-PKcs) and ATR were also
shown to be required for the cellular response to replication
stress and were suggested to play an important role in the
repair of stalled replication forks (49). Our work suggests that
replication stalling could be the cause of TAR, and it was
previously shown that inhibiting ATM, Chk1, and ATR abro-
gates homologous recombination induced by the DNA stalling
agents thymidine and hydroxyurea (5, 37, 49). We therefore
investigated the role of the kinases ATM, DNA-PKcs, ATR,
and Chk1 in TAR. Recombination frequencies were measured
after each of the kinases were inhibited in S8TofZM3 cells by
using specific inhibitors: ATM with 10 �M of KU55933 (6),
DNA-PKcs with 10 �M of KU51777 (6) and Chk1 with 500 nM
of CEP-3891 (37). Ten millimolar of caffeine (37), a nonspe-
cific ATM and ATR inhibitor, was used to test the effect of
combined inhibition of all phosphatidylinositol 3-kinase (PI
3-kinase)-related kinases on TAR. We observed that treatment

with either caffeine or specific inhibitors of ATM, DNA-PKcs,
or Chk1 had no significant effect on recombination frequencies
(Fig. 7), suggesting that TAR at a single locus is independent
of kinases within the DNA damage signaling pathways.

DISCUSSION

The design of the substrate using two inactive neo repeats
not only allows us to measure the amount of recombination
through the substrate but also allows us to distinguish between
the products of STGC and LTGC/SCE. Our work suggests that
transcription induces gene conversion in the substrate, includ-
ing both short tract and long tract. Previously we showed that
homologous recombination repair of DSBs involves STGC in
all the phases of the cell cycle (34). In contrast to this, tran-
scription induces both STGC and LTGC, suggesting that TAR
is not associated with a classical two-ended DSB. Our data
further suggest that once recombination is initiated by an en-
donuclease-induced DSB, transcription does not have any fur-
ther effect on recombination levels. Together with previous
results obtained with yeast and mammalian cells, these results
are consistent with the idea that transcription enhances spon-
taneous recombination by increasing the initiation events (13,
40, 48).

Recombination at the unrelated hprt locus is not affected by
transcription in the TARneo substrate. This shows that we are
looking at a locus-specific event in the TARneo construct due
to the effect of transcription and not at a general effect of

FIG. 6. Transcription-associated recombination is likely to be due to the collision between transcription and replication machineries. (A) Re-
combination frequency in the hprt substrate of SPD8 cells after treatment with 10 mM thymidine alone, the transcription elongation inhibitor DRB
(75 �M) or actinomycin D (1 nM) alone, or both thymidine and transcription elongation inhibitors together. Results presented represent averages
from at least three independent experiments, and error bars denote standard deviations. (B) Clonogenic survival of SPD8 cells after treatment with
10 mM thymidine, DRB (75 �M), or actinomycin D (1 nM) or both thymidine and transcription elongation inhibitors together. Results presented
represent averages from at least three independent experiments, and error bars denote standard deviations. (C) Cell cycle profiles of SPD8 cells
after treatment with 10 mM thymidine, DRB (75 �M), or actinomycin D (1 nM) or both thymidine and transcription elongation inhibitors together.
The results presented here are representative of at least three independent experiments.
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doxycycline. Recombination during mating-type switching in
yeast, which is enhanced by transcription, is also shown to be
site specific (20, 21). Taken together, these data suggest that
locus specificity is a general feature of recombination associ-
ated with transcription.

S-phase association of TAR suggests that it is dependent on
replication, since stalled replication forks are mainly repaired
by homologous recombination. These stalled replication forks
could be formed either by collision between replication and
transcription machineries or by obstruction due to RNA-DNA
hybrids that form during transcription. Yeast mutants that
cannot process the nascent mRNA properly form RNA-DNA
hybrids during transcription, resulting in hyperrecombination
(23). Replication fork progression is impaired by transcription
in these mutants, leading to the stalling of replication forks, a
possible cause of hyperrecombination (47). In addition, the
hyperrecombination in these mutants was higher in GC-rich
regions, which are difficult to transcribe in yeast (29). However,
since the SPD8 cells do not have any defect in mRNA pro-
cessing, the collision between the machineries of transcription
and replication, resulting in stalled replication forks, is proba-
bly the main cause of TAR in these cells. We saw that cells
stalled in S phase with no transcription do not undergo as
much homologous recombination as cells stalled to the same
degree in S phase but with transcription, probably due to
less-frequent collisions between transcription machinery and
replication machinery. This suggests that TAR is due not just
to fork stalling but to the collision between transcription and
replication machineries in mammalian cells, as it is in yeast
(28). Several recent publications on yeast have shown TAR as

a consequence of stalled replication (17, 28, 47). Here, though
we do not show any direct association between TAR and
stalled replication forks in mammalian cells, we do show that
TAR is S phase associated and that inhibiting transcription and
replication at the same time abolishes thymidine-induced re-
combination, suggesting that stalled replication forks are in-
volved in TAR in mammalian cells.

Since our data suggest that TAR is S phase associated, it is
surprising that slowing down the replication forks with thymi-
dine in the presence of transcription does not enhance TAR.
In cells with direct repeat constructs under the control of the
regulated promoters, a head-on collision between replication
and transcription machinery was required for TAR (28). When
both transcription and replication were in the same direction,
the increase in recombination was not significant. This may
explain the result with thymidine in S8TofZM3 cells. These
cells have a stably transfected TARneo construct. It is possible
that this construct integrated into the cells such that replication
through this substrate is codirectional with transcription, which
may explain why slowing down replication forks does not make
a further difference to the TAR. Another possible explanation
for this is that TAR requires only either transcription or rep-
lication machinery to be moving at any given time. When
replication is stalled with thymidine, transcription through the
substrate is still on, which may lead to collision between the
two machineries. On the other hand, when transcription elon-
gation was inhibited in these cells using chemical inhibitors, the
cells were still actively dividing, resulting in the replication
machinery colliding with the blocked RNA polymerase. This
suggests that replication needs to stall for TAR to occur, and
this can happen either when a moving transcription complex
collides with replication fork or when the transcription com-
plex itself is stalled, which will then obstruct the replication
machinery.

Mutations in the THO complex in yeast indicated that TAR
is associated with transcription elongation (2, 8, 29, 30). Both
of the elongation inhibitors we used, DRB and actinomycin D,
inhibit transcription elongation by blocking the movement of
the RNA polymerase (36, 50). Theoretically, using these drugs
to inhibit elongation creates the same scenario as in the THO
mutants in yeast. We saw a very slight increase (not statistically
significant) in recombination frequency on inhibition of tran-
scription elongation, though not to the same extent as in yeast.
This could also be due to the direction in which the construct
integrated into the cells (codirectional), as explained above.
Another possible explanation could be the time used for treat-
ment. The effect of drugs is temporary (only 24 h), whereas in
the THO mutants, there is a permanent defect in transcription.

Finally we have shown that TAR is not influenced by PI
3-kinase-related kinases or Chk1. ATM, ATR, DNA-PKcs,
and a downstream target for ATR, Chk1, are known to be
involved in DNA damage response in S phase (1, 12). They are
also known to be involved in homologous recombination in
response to DSBs and replication stress (5, 37). Hence, it is
unexpected that TAR was found not be affected by the inhi-
bition of any of these kinases independently or all together
(using the nonspecific inhibitor caffeine). However, TAR
might be independent of damage-signaling checkpoint kinases,
since transcription occurs constitutively and PI 3-kinase-re-
lated kinases are activated only upon DNA stress, for example,

FIG. 7. Transcription-associated recombination is independent of
DNA damage signaling pathways. Recombination frequencies in the
TARneo substrate of S8TofZM3 cells after treatment with the follow-
ing PI 3-kinase-like kinase inhibitors: 10 �M of KU55933 (ATMi), 10
�M of KU51777 (DNA-PKi), 500 nM of CEP3891 (Chk1i), or 10 mM
of caffeine (nonspecific inhibitor of PI 3-kinase-like kinases). Results
presented represent averages from at least three independent experi-
ments, and error bars denote standard deviations. DOX, doxycycline;
RLUs, relative light units; ATMi, ATM inhibitor; DNA-PKi, DNA-PK
inhibitor; Chk1i, Chk1 inhibitor.
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during DNA damage. Furthermore, transcription stalling may
need to occur within nucleoli in order to trigger a DNA dam-
age response (33).

In conclusion, we have shown here that transcription-asso-
ciated recombination is locus specific and involves gene con-
version events. We also have shown that TAR takes place only
in the cycling cells at the S phase of the cell cycle. Finally, our
results suggest that recombination may be involved in bypass-
ing transcription during replication.
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