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ABSTRACT

Poly(ADP-ribose)polymerase (PARP) is an abundant
nuclear enzyme activated by DNA breaks. PARP is
generally believed to play a role in maintaining the
integrity of the genome in eukaryote cells via anti-
recombinogenic activity by preventing inappropriate
homologous recombination reactions at DNA
double-strand breaks. While inhibition of PARP
reduces non-homologous recombination, at the
same time it stimulates sister chromatid exchange
and intrachromosomal homologous recombination.
Here we report that the inhibition of PARP with
100 pg/ml (0.622 mM) 1,5-isoquinolinediol results in
an average 4.6-fold increase in the frequency of
extrachromosomal  homologous  recombination
between two linearized plasmids carrying herpes
simplex virus thymidine kinase genes inactivated by
non-overlapping mutations, in mouse Ltk— fibroblasts.
These results are in disagreement with the previously
reported observation that PARP inhibition had no effect
on extrachromosomal homologous recombination in
Ltk— cells.

INTRODUCTION

Homologous recombination is the process by which two DN
molecules exchange homologous sequences. In eukaryotes t
process is the basis of a number of important biological eventy,

substrates include ligases, topoisomerases, histones and PARP
itself. Although the biological role of PARP is as yet unclear, it
has been recently suggested by Satoh and Lindahl, and others,
that one of PARP’s overall functions might be the preservation
of genomic integrity by decreasing spontaneous homologous
recombination at sites of DNA breaks (9-11).

There have been a number of reports indicating that PARP
inhibition results in a decrease of random integration of exogenous
DNA into the mammalian genome (12,13). PARP inhibition
was also reported to increase the frequency of sister chromatid
exchange (SCE) in mammalian cells, a process that proceeds
via homologous recombination (14). Finally, Waldman and
Waldman have reported that PARP inhibition increased the
frequency of intrachromosomal homologous recombination in
mouse Ltk—fibroblasts (15). Recent studies with PARP knock-
out mice have confirmed the anti-recombinogenic function of
PARP at DNA strand breaks (16,17).

The above mentioned results suggest that PARP inhibition
generally stimulates homologous recombination processes.
However, studies of the effect of PARP inhibition on the rate
of extrachromosomal homologous recombination in mouse
Ltk— fibroblasts and gene targeting in Chinese hamster ovary
cells showed that the rate of the former remained unchanged
and the frequency of the latter decreased 2-fold in response to
PARP inhibition with 3-methoxybenzamide (3-MB) (13,18).

Here, we report the effect of PARP inhibition with 1,5-
isoquinolinediol (ISQ) on extrachromosomal recombination in
mouse Ltk— fibroblasts. In contrast to the previously published

AEe orts, we have observed that PARP inhibition results in a

sistent dose-dependent increase in the frequency of extra-
omosomal homologous recombination.

such as recombination between homologous chromosomes
during mitosis and meiosis, generation of the antigen recognition

molecule repertoire of the immune system, gene amplificatioMATERIALS AND METHODS

and DNA repair (1-5). The complexity of the cellular

machinery involved in DNA repair and recombination has now! e recombination system

become apparent. In yeast alone, the number of genes whosRe recombination system used is similar to the one described
products are believed to participate in recombination/repair iy Shapiraet al. (19). It is based on two plasmids carrying the

estimated at over 100 (6).

herpes simplex virus (HSV) thymidine kinas)(gene with

Poly(ADP-ribose)polymerase (PARP) is an abundant nuclearon-overlapping insertion and deletion mutations (Fig. 1).
protein found in all higher eukaryotes (7,8). It recognizes, bind8oth mutatedtk genes are non-functional. Ltk— fibroblasts are
to, and becomes activated by DNA breaks. As its nameleficient intk activity and, hence, cannot survive in hypoxanthine—
implies, the enzyme catalyzes the synthesis of polyADP-ribosaminopterin—-thymidine (HAT) medium. The appearance of HAT-
from NAD* on a number of different protein targets. Its resistant (HAT) colonies, after co-transfection with the two
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Figure 1. Recombination detection systems. The H&\gene of the Thx26 vector is inactivated by tkd linker insertion at position 738. The pAd-ThxZ6

vector contains the HS¥k gene of the original Thx76 vector (with théhd linker insertion at position 1611) deleted ® the Xhd site. The homologous
sequences between both vectors, surroundingtiwelinker of the Thx26 are 1.12 kb'%o the linker and 0.9 kb’3o the linker. The pAd-Thx74 vector contains

the CMV-neocassette which allows the detection of illegitimate recombination events. Recombination between the target and the targeting vector would yield
functionaltk, resulting in HATR clones. Prior to transfections both plasmids were linearized at the site of their respédudivimkers (open triangles). The DNA

probe used for the Southern analysis is shown as an open rectangle with thick borders.

plasmids, is diagnostic of an interplasmid homologous recomPARP inhibition

bination event. The competitive inhibitor of PARP, 1,5-isoquinolinediol

The Thx26 vector (Sigma) was dissolved in DMSO at 100 mg/ml (622 mM). The

] . inhibition was performed by direct addition of appropriate
The Thx26 vector contains an H3W gene with an 8 biXhd  3mounts of the above solution to the cell culture medium
insertion mutation at position 738 of thlk coding sequence, jmmediately after the completion of the transfection procedure.
subcloned into pBR322 (19). The PARP inhibition was maintained for 20 h.

The pAd-Thx76A vector Southern analysis of the HATR clones

The HSVtk gene with aXhd insertion mutation at position HATR colonies were randomly selected and expanded. The
1611 of thetk coding sequence (Thx76) was deleted from thegenomic DNA (gDNA) from HATR clones was extracted by
sequence’3o theXhd linker and subcloned into the commercial standard proteinase K/phenol/chloroform method. Ten micro-
pAdBM1 vector (Quantum, Canada). The CMMocassette grams of the gDNA were then digested wiitaRI, Hindlll

was inserted %o the mutated HSk. and Xhd enzymes (Pharmacia) and subjected to Southern
Cell cult analysis by standard methods. TBecRI-Hindlll fragment of
ell cutture the HSVtk from the Thx26 plasmid, labeled witAP]dCTP

Ltk— cells were grown and maintained in DMEM (Bio Media, by a random primer oligolabeling kit (Pharmacia), was used as
Canada) supplemented with 10% FBS (Gibco BRL, NY) andhe probe.
antibiotic—antimyotic (Gibco BRL) at 3T in 5% CQ/95%

ar. RESULTS

Transfections and selection The effect of 1,5-isoquinolinediol on cell survival and

3x 10 cells were plated on 100 mm dishes (Costar, MA) andllegitimate recombination frequency
allowed to divide once. The cells were transfected with equimol

quantities of Thx26 (4ig) and of pAd-Thx78 (6 ug) plasmids %o assess the toxicity of the 1SQ to the Ltk— fibroblasts we

! ) . : 2/ 5 have performed a number of standard cell survival clonogenic
I|near|z_ed with Xhd, using Sgperfect pon-gqtlomc reagent ssays. The results are summarized in Figure 2A. The exposure
from Qiagen (Canada) according to the specifications provide f cells to the inhibitor for 20 h resulted in a dose-dependent
by the manufacturer. drop in cell survival. At 10Qug/ml (0.622 mM)—the highest

At 20 h post-transfection, the cells were trypsinized. Ongjr,q concentration used—the cell survival was on average
percent of all cells was seeded in an 8C*dre flask (NUNC, only 29% (:2%) of the control.

IL) containing complete DMEM supplemented with 26g/ml The effect of ISQ inhibition of PARP on the frequency of
G418. The rest of the cells were plated in four 8¢di8 flasks  rangom integration (illegitimate recombination) was determined
containing complete DMEM supplemented with HAT. by transfecting the pAd-Thx?6plasmid linearized wittXhd

The cells were then incubated in a @@cubator for 11 days  into Ltk cells, followed by treatment with different concentrations
with the selection media being changed every 4 daysef |SQ for 20 h and selection of the G418-resistant colonies.
Surviving cells were finally fixed with 10% formaldehyde in The ISQ treatment decreased the frequency of random integration.
phosphate-buffered saline and stained with methylene blughe maximum decrease of 46.5%4(28%) was observed at
The colonies, formed by at least 20 cells, were counted. 100 ug/ml ISQ (Fig. 2B). Given the large variation in the

The statistical significance for the differences observed forandom integration frequencies is observed for the lower doses
recombination frequencies was determined by the paitedt.  of the drug, itis unclear whether there is an early dose dependence
The difference was considered significant Bwvalues <0.05.  followed by a plateau or if there is a biphasic response, perhaps
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indicating two different actions of the drug at different
dosages.

The effect of ISQ on interplasmid homologous recombination

The appearance of HARTcolonies subsequent to co-transfection
of the Thx26 and pAd-Thx76 plasmids is diagnostic of an
interplasmid homologous recombination event followed by
random integration of the corrected plasmid into the genome.
Hence, the frequency of appearance of KACblonies is the
product of the frequency of interplasmid homologous recombi-
nation and of the frequency of their random integration. It is
possible, however, that a functiortkigene can be produced by
inter or intra-chromosomal recombination between two
randomly integrated complementary plasmids, but the
frequency of this event should be many-fold lower than that of

the event described abovex210-° [(2 x 109 x 1079 versus
104 events/cell/generation. According to Waldman and
Waldman (15), the frequency of intrachromosomal recombination
between HSMk sequences in Ltk— cells is»210 events/cell/
generation; the average frequency of integration of the
pBR322-HSV tk vector is ~10% The frequency of inter-
plasmid recombination followed by random integration into
the Ltk— cell genome, as reported by Shagiral (19), is ~10%.
Hence, it is reasonable to assume that the vast majority of the
HATR colonies detected arose by interplasmid homologous
recombination followed by random integration.

20 + The CMV-neo cassette incorporated into the pAd-ThA76

10 + vector allows us to monitor the frequency of random integration
of the plasmid by scoring the number of G418-resistant
(G418) colonies produced from an aliquot of the transfected
cells. The frequency of interplasmid homologous recombination
is then calculated as a ratio of the number of F&®lonies to

the number of G418colonies.

To demonstrate that HATclones arose as a result of a
homologous recombination event that gave rise to the wild-
Figure 2. The effect of ISQ on cell survival and on illegitimate recombination type HSVik, th? genomic DNA of r_andomly selgcted HAT
in Ltk— cells. A) Ltk—cells (300) were plated in 25 &iiC flasks and treated clones was _SUbJeCted to triple digestion wecRl, Hindlll a’.’d
5 h after plating with different concentrations of ISQ for 20 h. The cells were XNd restriction enzymes and analyzed by Southern blotting for
then washed twice with phosphate-buffered saline and incubated in DMEMthe presence of the intaxhd-resistant HSMk gene (Fig. 3).
10% FBS, anpibiotie—amimyotic ina CQ incut_)ator for 11 days. The cell_s EcaRl cuts both p|asmid3 once 187 b’g5the initiation codon
were finally fixed with 10% formaldehyde in phosphate-buffered sallne,of thetk gene;Hindlll cuts the Thx26 plasmid 0.6 kb & the
stained with methylene blue and the colonies, formed by at least 20 cells, wer :

§top codon of thek gene, and pAd-Thx76within the CMV-

counted. For every drug concentration the experiment was carried out in tripli= : ._
cate. An average of 175 colonies per flask were scored in the absence of tiite0 cassetteXhd cuts both plasmids once at the position of
inhibitor. The percent survival is calculated as the number of colonies scoretheir respective(hd linker insertions (Fig_ 1)_ The presence of
for the given concentration of the drug divided by the number of coloniesthe 1.9 kbEcoRI-Hindlll restriction fragment resistant to the

scored in the absence of the drug, multiplied by 100. Each point represents tl}ﬁb . . . . .
mean of five separate experiments, and each error bar one standard deviatio d dlgestlon is characteristic of the reversion of one of the

of that mean. B) Ltk—cells (3x 10F), plated on 60-mm dishes 20 h prior to mUtateq tk genes to the wild-type, either by single-strand
transfection, were transfected with tX@d-linearized pAd-Thx7a plasmid ~ annealing (SSA; the dominant type of extrachromosomal
using Superfect poly-cationic reagent from Qiagen and treated with differenhomologous recombination), by double crossing-over, or by
concentrations of 1ISQ for 20 h. At 20 h post-transfection, the cells weregene conversion of Thx26 at the position of tkd linker

trypsinized, plated onto 80 ¢hTC flasks in complete DMEM supplemented : . . .
with 25019/l G418 and incubated in a G@icubator for 11 days, at which ~ NSertion. Although a simple loss of théhd linker from

point the cells were fixed, stained and the colonies were counted. An averagBhx26 would restore the wild-typtk gene, no HAT colonies

of 61 G41& colonies were scored in the absence of the drug. The percentageould be detected in the control experiments where the Ltk— cells
of illegitimate recombination is calculated as the number of @ZbIBonielts; were transfected with theXhd-linearized Thx26 plasmid
scored for the given concentration of the drug divided by the number of%418 . . .

colonies scored in the absence of the drug, multiplied by 100. The percentag?elone' The d|agnos'g|c 1918 bb“nd”l_EC(Rl fragment

of illegitimate recombination has been adjusted for the cell death due to thEeSiStant toxhad digestion was detected for every HATlone

drug toxicity by dividing the observed percentage of illegitimate recombination byanalyzed with the exception of one clone (Fig. 3, lane 7). In the
the average cell survival rate determined for this drug concentration. The standaghse of the latter, the band corresponds to a fragment of higher

deviation of the mean for the percentage of illegitimate recombination ha: ; ;
been similarly adjusted by multiplying it by the standard deviation of the mean?nmecmar Welght' It has probably arisen as a result of a double

for the percentage of cell survival for the same drug concentration. Each poirff0SSing-over with the resolution of the Holiday junctidri®
represents the mean of five separate experiments. theHindlll restriction site of Thx26.

lllegitimate recombination (% per
cells surviving)

0 30 50 75 100
(1sq] (ng/ml)
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Figure 3. Representative Southern analysis of H&blonies arising after co-
transfection of Ltk— cells with th&Xhd-linearized Thx26 and pAd-Thx76
plasmids. The¥P]dCTP-labeled&Ecarl—Hindlll fragment of the HS\Mtk was
used as a probe. Lanes4 feature, respectively, pAd-Thxa&&digested with
Hindlll and EcdRl; Thx26 digested wittHindIll and EcoRl; pAd-Thx7&
digested withHindlll, EcaRl and Xhd; and Thx26 digested wittdindlll,
EcoRl andXhd. Lanes 5-21, 10ug of gDNA isolated from randomly selected
HATR colonies, digested withiindlll, EcaRl and Xhd. The 1918 bp band
corresponds to thelindlll—EcadR| fragment of HSVtk which is resistant to
Xhol digestion and can be seen for every HATlone analyzed, with only one

exception (lane 7).
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significant difference in the rate of extrachromosomal homologous
recombination, as compared to the untreated cells, was
observed at the lowest concentration of the drug useggaal =
0.186 mM), for the ISQ concentrations of 50, 75 and @0l
(0.310, 0.466 and 0.622 mM), the average increase in homologous
recombination was, respectively, 85.6%% 0.0066; ranging
from 34.4 to 182%), 191%R = 0.0370; ranging from 150 to
261%) and 463%HK = 0.0030; ranging from 294 to 709%).

DISCUSSION

The precise mechanism of homologous recombination in
eukaryotes remains unknown (20). The proposed models,
known as the double-strand break (gap) repair model (21-23),
the SSA model (24), the one-sided invasion model (25) and the

synthesis-dependent

strand-annealing model

(26), were

devised to accommodate the existing data from recombination
studies done mainly in lower eukaryotes. Although all of these
models differ from each other in several aspects, all postulate
that homologous recombination is initiated by a double-strand
break (DSB) in one of the recombining molecules.

Two of the major proteins known to recognize, interact with,
and become activated by free DNA ends are DNA-dependent
protein kinase (DNA-PK) and PARP (27). Whereas DNA-PK
activation by free DNA ends most probably leads to the activation

The results from all recombination experiments are summarizeef the non-homologous end-joining DSB repair pathway (28),
in Table 1. The statistical significance for the differencesthe role of the PARP in DNA repair/recombination remains
observed was determined by the paitest. Although no

unclear.

Table 1. Effect of ISQ on recombination between ThxXBd and pAd-Thx7&/Xhad

Exp. [Inhib.] @g/ml) HATR colonies per G418colonies per HAR/G41& ratio  Percentage difference
6 x 10° cells transfected & 10° cells transfected
1 0 80 15x 1% 0.0533 -
30 63 16x 17 0.0394 -26.0
50 73 9x 107 0.0811 +52.2
75 80 6x 107 0.133 +150
100 63 3Xx 102 0.210 +294
2 0 78 57x 1% 0.0137 -
30 62 26x 1% 0.0238 +74
50 54 14x 107 0.0386 +182
75 49 12x 1¢? 0.0408 +198
100 73 8x 10? 0.0912 +567
3 0 33 7x 1% 0.0471 -
30 40 6x 107 0.0667 +41.6
50 19 3x 1% 0.0633 +34.4
75 17 1x 107 0.170 +261
100 18 1x 12 0.180 +282
4 0 92 60x 10? 0.0153 -
30 58 36x 1% 0.0161 +5.10
50 72 27x 17 0.0267 +73.9
75 107 27 17 0.0396 +158
100 124 10k 102 0.124 +709
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PARP is an abundant nuclear enzyme present in all highdwo competing pathways, then the repression of the former
eukaryotes. Although its structure and enzymatic activitiesvould result in stimulation of the latter.
have been extensively studied and are fairly well understood, In light of the recent finding by Rusceti al. that the protein
its biological function remains unclear (7,8,11). It is knownkinase activity of DNA-PK can be stimulated by PARP in the
that PARP is activated by breaks in chromosomal DNA. It capresence of NADIn a reaction that is blocked by ISQ (27), the
bind to both single- and double-strand breaks in the DNA andbllowing alternative explanation of our results can be offered.
initiate the polymerization of polyADP-ribose on itself and onPARP might actively promote the functioning of a DNA repair
a number of its protein substrates. The resulting negativelpathway other than the recombination repair pathway, for
charged branched ADP-ribose polymer is thought to protect thexample the non-homologous end-joining (NHEJ) repair
DNA nicks from inappropriate recombination with homologouspathway. If NHEJ competes with recombination repair, and if
genomic sequences allowing the former to undergo repair vithe former is stimulated by PARP, then PARP’s inhibition may
end-joining reactions. Lindhadt al. and others (9—11) have resultin increased homologous recombination.
proposed that the role of PARP could be the negative regulation of As mentioned in the introduction, a study similar to ours was
recombination which ensures the stability of the genome. Thisonducted by Waldman and Waldman in 1990 (13). They
hypothesis predicts that PARP inhibition or deactivationinvestigated the effect of 3-MB, a competitive inhibitor of PARP,
should result in an increase of homologous recombinatio@n illegitimate and extrachromosomal recombination in Ltk— cells.
processes. Indeed, PARP inhibition stimulates SCE anth their study cells were transfected with a wild-type H&/
increases the frequency of intrachromosomal homologougene or with two defectivek gene sequences, circular or
recombination in mouse cells (14,15). Similarly, knock-outlinearized, followed by selection fak-positive colonies. While
mice that lack PARP feature increased levels of SCE (16)freatmentof the cells with 2 mM 3-MB was found to reduce the
Moreover, increased recombination activity after the loss oftumber of colonies recovered with a wild-tyfke10- to 20-fold
PARP anti-recombinogenic function is demonstrated by thénumbers non-correpted for the celllsurvwal r_ates), it reduced
fact that the PARP knock-out can rescue V(D)J recombinatiof’€ number of colonies recovered with defectikgenes only
in SCID mice lacking the DNA-PK (17). to the same extent as in transfection with a wild-type gene.

It is generally believed that extrachromosomal recombinatioﬂ]"en_cfe' the authors have concluded that PARP played a role in
is, to a certain extent, similar to meiotic and mitotic recombinatior} legitimate recombination, but did not play an important role in
and most probably makes use of the same enzymes as the latfgfirachromosomal homologous recombination.
It would be reasonable then to expect that PARP inhibition would he two major factors that distinguish our study of the effect

be stimulatory to extrachromosomal homologous recombinatio ff PA{EP |nh|(§)|t|on_t())n dthte) extrachorﬁlo?]omalhtr%comblnatlt_)gl
as it is for SCE, intrachromosomal and V(D)J recombination. om the one described above, and which mignt be responsiole

Usina olasmids carrving HSMK oenes. inactivated b for the diverging results of these studies, are the nature of the
gp ; rying <9 . Y PARP inhibitor and the method of transfection used.
complementary insertion and deletion mutations, we were able Our predecessors made use of 3-MB, whereas we used 1SQ

to show that treatment of the transfected cells with a PARP. 1" e
inhibitor, ISQ, resulted in a dose-dependent increase in the r 8Q is amore potent and more specific inhibitor of PARP. 1SQ

of interplasmid homologous recombination ranging, for the as first identified as potent inhibitor of PARP by Banasik and

; . co-workers during a large scale survey usingrawitro assay
highest ISQ concentration tested, from 2.8- to 7.0-fold. system (29). They showed that its 50% inhibitory concentration

Given that there is no clear understanding of PARP effectga \wo orders of magnitude lower than that of 3-aminobenzamide.
on the cellular processes, the only explanations for th_e opserv bsequently, Shat al. reported that ISQ was also a potent
increase of extrachromosomal homologous recombination afghipitor of PARPIN vivo and showed that it could completely
purely speculative. One possible explanation is that extrachromgy,gjish oxidant-induced activation of PARP in C3H10T1/2
somal recombination, similarly to inter- and intrachromosomal.g||s (30).
recombination, requires a protein whose activity is repressed o5 far as the method of transfection of the plasmids is
by PARP. It is also possible that PARP inhibition makes the:oncerned, we used lipofectin in our study, because in our case
free ends of the Ilnearlze(_j plgsmlds more readily _acce55|ble ) gives more consistent transfection efficiency than the
the homologous recombination machinery. It might also begicjum phosphate/DNA coprecipitation or electroporation
that ISQ acts on a protein or proteins other than PARP and thgiethods used by Waldman and Waldman in their study (13).
the former affect(s) recombination directly or indirectly. The method of transfection can be of importance, since the
However, in spite of the fact that over the past six years ISQame authors have reported that an identical concentration of
has been widely used in the studies involving PARP, therg.MB resulted in different degrees of inhibition of random
have been no reports of ISQs affecting any enzyme other thantegration depending on whether the plasmid DNA had been
PARP. Similarly, the suggestion that the observed increase électroporated or transfected via calcium phosphate/DNA
homologous recombination might be due to ISQs promotingoprecipitation (18).

DNA damage and thus stimulating recombination, although Also, since the plasmids containing the mutated H&V
plausible is not supported by any reports of ISQ causing angenes used by Waldman and Waldman did not have a marker
DNA damage directly or indirectly (Guy Poirier, personal allowing the direct determination of the rate of illegitimate
communication). recombination, the determination of the frequency of homologous

Yet another possible explanation involves the well-establishegecombination in their experiments required two separate
fact that PARP inhibition decreases the frequency of illegitimateransfections: one to determine the rate of random integration,
recombination (12,13; Fig. 2B and Table 1, this paper). Ifand the second to determine the rate of appearance oRHAT
illegitimate and extrachromosomal recombination represertdolonies due to homologous recombination followed by



random integration (13). The frequency of homologous recom-8.
bination was then calculated using the results from the two
transfections without taking into account the variability in ;¢

transfection efficiency from one experiment to another. We

believe that our determinations of the frequency of homologou$1.
recombination are more accurate, since they derive from thé?:
data generated by a single transfection experiment and, hencg,
are not affected by the variability in the transfection efficiency.
Overall, we believe our finding that PARP inhibition stimulates 14.
extrachromosomal homologous recombination while decreasin
non-homologous recombination is important First, it appears
to solve the conflict in the previously reported results thatis.

PARP inhibition stimulates chromosomal but not extrachromo-

somal homologous recombination. Second, it suggests thaf"
PARP inhibition with 1ISQ may be used to increase gene;g
targeting frequency. We are now investigating this possibility.
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