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Abstract9

There are controversial theoretical models about a possible involvement of DNA topoisomerase II (topo II) in the molecular
mechanism of sister chromatid exchanges (SCEs). In order to clarify the role of this enzyme, if any, in such recombinational
event, CHO parental AA8 and mutant EM9 cells, which shows and extremely high baseline frequency of SCE, have been
treated with different doses of the non-poisoning topoisomerase inhibitors, ICRF-193 and bufalin. The frequencies of SCEs
after the treatments have been determined and the inhibitory effect of these compounds has been assessed using a topo II
activity assay. The results indicate that ICRF-193 and bufalin effectively inhibit topo II activity in AA8 and EM9 cell lines.
ICRF-193 induced a moderate increase in the frequency of SCEs in both types of cells, while bufalin did not modify the level
of SCEs in any of them. The results are discussed taking into account the apparently unlike mechanisms of inhibition of topo
II by ICRF-193 and bufalin. © 2001 Published by Elsevier Science B.V.
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1. Introduction21

DNA topoisomerases (topos) are conserved nuclear22

enzymes that catalyze a series of topological changes23

that take place in DNA during many fundamental24

metabolic processes such as replication, transcription25

and recombination. These changes depend basically26

upon the capacity of the enzymes to perform tran-27

sient cleavage of DNA, strand passing and religation28

(for a review, see [1]). While topoisomerase I (topo29

I) (monomer) breaks and rejoins one DNA strand at30

a time, topo II (homodimer) is able to do so with31

the two strands that make up duplex DNA. As for32

the DNA substrates that they do resolve, both type I33
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and II enzymes are proficient in relaxing supercoiled34

DNA in order to relieve torsional tension generated35

during replication and transcription, while only topo36

II can decatenate intertwined DNA molecules. This37

unique decatenating and unknotting activity of DNA38

topo II is essential to efficiently carry out segregation39

of daughter chromosomes after DNA replication [1].40

Focusing on the possible role of topoisomerases41

in recombination, in all three types of recombi-42

nation mechanisms, i.e. homologous conservative,43

homologous non-conservative and non-homologous44

(illegitimate), it is thought that the initial step is a45

double-strand break in one or both target sequences,46

and one obvious candidate for such an enzymatic47

activity, given its mechanism of action (see above),48

is topo II [2]. In a pioneer work, Ikeda et al. [3] first 49

reported that bacterial gyrase (a prokaryotic topo II50

enzyme) directly participates in illegitimate recombi-51

1 1383-5718/01/$ – see front matter © 2001 Published by Elsevier Science B.V.
2 PII: S1383-5718(01)00241-8
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nation in vitro. An association of the sites for recom-52

bination with the topoisomerase cleavage sites was53

further observed for bacteriophage T4 DNA topoi-54

somerase [4]. Similarly, eukaryotic topo II has been55

shown to mediate illegitimate recombination in vitro56

[5,6]. As for the capacity of topo II to stimulate re-57

combination, also in vivo, the addition of exogenous58

topo II resulted in an increase in the recombination59

frequency in mammalian cells [2].60

Contrasting with this proposed role of topo II in61

promoting recombination, studies mainly carried out62

in yeast have shown results that seem to support63

that topoisomerases (both I and II) could also sup-64

press recombination. Nitiss and Wang [7] reported65

that anti-tumor drugs camptothecin and mAMSA,66

that interfere with topo I and II, respectively induce67

high levels of homologous recombination. A strong68

suppression of mitotic recombination within theSac-69

charomyces cerevisiaerDNA cluster as a result of a70

combined action of DNA topo I and II has also been71

found [8].72

Sister chromatid exchange (SCE) is the cytological73

manifestation of double-strand breakage of sister chro-74

matids, at supposedly the same locus, and exchange75

and rejoining of the subunits [9]. This recombinational76

process, that can take place spontaneously to some ex-77

tent but is highly sensitive to base damage in DNA, oc-78

curs through an as yet unknown molecular mechanism,79

though some favored models have proposed the pos-80

sible participation of DNA topoisomerases [10–12].81

The CHO mutant EM9 shows a defect in the repair82

of DNA strand breaks induced by either chemicals or83

ionizing radiation, and its main feature is an extremely84

high baseline SCE frequency compared to its parental85

line AA8 [13–15]. This extraordinarily high yield of86

SCEs in EM9 parallels that found in cells from the87

human hereditary disease Bloom’s syndrome [16].88

The classical topo II inhibitors exert their effects89

by stabilizing covalent complexes between topo II90

and DNA, the so-called “cleavable complex” thus91

“poisoning” the otherwise beneficial reaction and92

generating DNA double-strand breaks that lead to93

chromosome damage, SCE and cell death. In recent94

years, a diverse group of drugs has been reported95

which inhibit catalytic activity but, unlike the classical96

topo II poisons, do not stabilize cleavable complexes97

[17–21]. Thus, they are widely known as true “cat-98

alytic inhibitors”. The bis-dioxopiperazine ICRF-19399

is one of the topo II inhibitors that belongs to this100

“catalytic” type [19,20]. Bufalin, one of the compo-101

nents of the bufadienolides in the traditional Chinese102

medicine, has also been reported to inhibit topo II103

activity [22]. Although, its molecular mechanism of104

inhibition remains unclear, there is evidence that it is105

not a topo II poison [23]. 106

With the aim of testing the hypothesis of a pos-107

sible involvement of DNA topo II in the molecular108

mechanism leading to SCE, we have treated EM9 and109

AA8 Chinese hamster cultured cells with the topo II110

inhibitors ICRF-193 and bufalin. The frequencies of111

SCEs in EM9 and its parental cell line AA8 after treat-112

ment with these inhibitors has been assessed. The topo113

II inhibition assays were carried out in order to check114

the effects of these compounds on the catalytic activ-115

ity of the enzyme. 116

2. Materials and methods 117

2.1. Culture conditions 118

The parental cell line AA8 and mutant EM9119

were grown as monolayers in McCoy’s 5A medium120

supplemented with 10% fetal bovine serum, 2 mM121

l-glutamine and the antibiotics penicillin (50 U/ml)122

and streptomycin (50�g/ml). Cells were grown in 123

dark at 37◦C in a 5% CO2 atmosphere. 124

2.2. Cell treatments 125

Exponentially growing cells were cultured for two126

complete rounds of replication in a mixture made up127

of 1�M 5-fluorodeoxyuridine (FdU, Sigma), 100�M 128

deoxycytidine (dC, Sigma) as well as bromodeoxyuri-129

dine (BrdU, Sigma) at 5�M for AA8, and 1.25�M 130

for EM9. The topo II inhibitors were added to the131

cultures after the first round of replication (13 h for132

AA8 and 16 h for EM9) at concentrations ranging from133

10−3 to 2.5 × 10−1 �M for ICRF-193 and from10−7 134

to 5× 10−4 M for bufalin. Cell cultures which were135

treated with the halogenated mixture but did not re-136

ceive any inhibitor treatment served as controls. The137

inhibitor treatments were given for 13 h in AA8 cells138

and 16 h in EM9 cells, that is one round of replica-139

tion. The cultures were then washed and the medium140

plus the halogenated mixture was replaced. After 5 h141
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of cell recovery, Colcemid (2× 10−7 M) was added142

for the last 3 h of cell culture for metaphase arrest.143

The flasks were shaken to dislodge the mitotic cells,144

which were collected by centrifugation, treated with145

0.075 M KCl for 2 min, fixed in methanol:acetic acid146

(3:1) and dropped onto clean glass microscope slides.147

The slides were used for SCEs and chromosome aber-148

rations (CAs) analysis. Two independent experiments149

were carried out for each inhibitor.150

2.3. Analysis of SCEs and CAs151

Differential staining of BrdU-substituted sister152

chromatids was obtained in one set of slides by the153

fluorescence-plus-Giemsa (FPG) method of Perry and154

Wolff [24] modified by Morgan et al. [25]. A number155

of 50 complete metaphases with well preserved chro-156

mosome morphology were scored for each treatment157

from two independent experiments.158

Another set of slides was stained with 3% Giemsa159

in order to analyze CAs. A number of 100 metaphases160

were analyzed for each treatment from the two inde-161

pendent experiments.162

2.4. Topoisomerase II activity assay163

2.4.1. Preparation of nuclear extracts164

Exponentially growing AA8 and EM9 cells were165

incubated for 22 h in the presence of different doses166

of the topo II inhibitors. ICRF-193 was added to the167

cultures at concentrations of 0.05–5�M, while the168

doses used for bufalin were in the range of 10−6 to169

5 × 10−4 M. After the treatment, the cells were pro-170

cessed to obtain extracts of nuclear proteins, while171

control (untreated) cells were also sampled in par-172

allel for comparison. The procedure followed was173

basically that described by Heartlein et al. [26]. Ap-174

proximately 107 cells were suspended in 1 ml of175

0.32 M sucrose, 0.01 M Tris–HCl (pH 7.5), 0.05 M176

MgCl2, 1% Triton X-100 and thoroughly vortexed177

to lyse the cells. Nuclear pellets were obtained by178

centrifugation at 2000 rpm (Eppendorf centrifuge),179

for 5 min at 4◦C. Nuclei were then washed in 1 ml180

of nucleus wash buffer (5 mM potassium phosphate181

buffer, pH 7.5, 1 mM phenylmethyl sulfonyl fluo-182

ride (PMSF), 1 mM�-mercaptoethanol, and 0.5 mM183

dithiothreitol (DTT)). The nuclei were then pelleted as184

described above and resuspended in 50�l of nucleus185

wash buffer, and 50�l of 4 mM EDTA was added. 186

Following incubation at 0◦C for 15 min, the nuclei 187

were lysed by adding 100�l of 2 M NaCl, 20 mM 188

Tris–HCl pH 7.5, 10 mM�-mercaptoethanol, 1 mM189

PMSF. Following a 15 min incubation at 0◦C, 50�l 190

of 18% polyethylene glycol (PEG-6000) in 1 M NaCl,191

50 mM Tris–HCl pH 7.5, 10 mM�-mercaptoethanol,192

and 1 mM PMSF was added. The suspension was193

incubated for a further 40 min period at 0◦C. The su- 194

pernatant from a 30 min centrifugation at 12 500 rpm195

at 4◦C was then collected. Total protein concentration196

in each extract was determined in a Beckman DU-64197

spectrophotometer by the Bradford [27] protein as-198

say (Bio-Rad Laboratories) and extracts were kept at199

−80◦C for no longer than a month. 200

2.4.2. Topoisomerase II activity in nuclear extracts201

The topo II activity in nuclear extracts was as-202

sayed using TopoGen (Columbus, OH, USA) assay203

kits based upon decatenation of kinetoplast DNA204

(kDNA). The amount of nuclear extract protein from205

the different cell lines used in each assay was 100 ng.206

Reaction products were resolved using agarose gel207

electrophoresis of DNA. After 40 min incubation at208

37◦C the samples were loaded onto 1% agarose gels209

and subjected to electrophoresis for 2.5 h at 100 V.210

Finally, gels were stained with 0.5�g/ml ethidium 211

bromide, destained (30 min) in distilled water and212

photographed using a standard photodyne set. 213

3. Results 214

Fig. 1A shows the decatenation activity, assessed by215

the decatenation assay using kinetoplast DNA (kDNA)216

as a substrate, in nuclear extracts in AA8 and EM9217

cell lines after treatments with different doses of the218

topo II catalytic inhibitor ICRF-193. As can be seen,219

topo II activity was clearly reduced in AA8 when this220

compound was used at 0.1�M or higher. Nevertheless,221

in EM9 the inhibition of topo II activity was only clear222

when the dose of ICRF-193 was as high as 5�M. 223

EM9 is highly sensitive to BrdU and has an ex-224

tremely elevated frequency of SCEs [13–15] com-225

pared with its parental line AA8. In order to reduce226

the level of SCEs induced by BrdU alone thus mak-227

ing possible a more accurate scoring, a low dose of228

1.25�M BrdU was used in this mutant cell line, while229
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Fig. 1. Percentage of decatenated DNA, that shows the catalytic activity of topo II, in AA8 and EM9 cells treated with: (A) different
doses of the enzyme catalytic inhibitor ICRF-193; and (B) different doses of bufalin.

the dose chosen for the parental line AA8 was 5�M230

BrdU.231

Table 1 shows the frequencies of SCEs induced by232

different doses of ICRF-193 in AA8 and EM9 cell233

lines, respectively. The results indicate that ICRF-193234

did not clearly modify the frequency of SCEs in AA8235

cells for inhibitor concentrations up to 10−2 �M, while236

a detectable enhancement in the frequency of SCEs237

in cells treated with non-cytotoxic higher doses of238

ICRF-193 was observed. The percentage of second239

and third mitosis was also analyzed for all the treat-240

ments so that any delay in the cell cycle could be de-241

tected and the results are shown in Table 1 as well. For242

all the doses tested up to 10−1 �M, the percentage of243

second and/or third mitosis was about 90%. Contrast-244

ing with this, the highest dose used, 2.5 × 10−1 �M 245

ICRF-193, was shown as cytotoxic and to produce246

such a delay in the cell cycle that no proper scoring247

could be done. 248

As can be seen in Table 1, ICRF-193 also induced249

an increase in the frequency of SCEs in EM9 cell250

line as compared with that observed in cells treated251

with BrdU alone. Nevertheless, this increase was more252

moderated than that obtained in the parental cell line.253

The percentage of second mitosis, that is indicated in254

Table 1 as well, was about 90% for all the doses up255

to 5× 10−2 �M of ICRF-193. The dose of 10−1 �M 256

reduced this value to 65% and scoring was not possible257

due to bad morphology of chromosomes; no mitosis258

were obtained at the dose of 2.5 × 10−1 �M. 259
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Table 1
Effect of different doses of ICRF-193 on the induction of SCEs and CAs in AA8 and EM9 cell linesa

Cell line BrdU (�M) ICRF-193 (�M) SCEs per metaphase± S.E. CAs (%) Proliferation rateb

Second mitosis (%) Third mitosis (%)

AA8 5 – 7.84± 0.78 8.67 56 44
5 10−3 10.76± 0.91 9.15 67 33
5 5 × 10−3 9.42 ± 0.85 32.22 72 28
5 10−2 10.06± 0.88 34 72 27
5 5 × 10−2 12.24± 0.97 141.5 90 7
5 10−1 13.88± 1.03 80.5 93 0
5 2.5 × 10−1 nmc – –

EM9 1.25 – 51.84± 1.99 21.33 99 0
1.25 10−3 58.24± 2.11 17.8 99 0
1.25 5× 10−3 58.96± 2.13 43.15 94 0
1.25 10−2 57.52± 2.10 63.2 100 0
1.25 5× 10−2 59.70± 2.14 187.03 86 0
1.25 10−1 – – 65d 0
1.25 2.5× 10−1 nm – –

a A number of 100 metaphases were scored in each of two independent experiments and the mean of the values is shown.
b Second mitosis (%): chromosome staining pattern corresponding to cells with two rounds of replication; and third mitosis (%): cells

with at least some chromosomes stained according to a pattern corresponding to more than two rounds of replication.
c nm: no mitosis.
d SCE scoring was not possible due to the bad morphology of chromosomes.

Table 2
Effect of different doses of bufalin on the induction of SCEs and CAs in AA8 and EM9 cell linesa

Cell line BrdU (�M) Bufalin (M) SCEs per metaphase± S.E. CAs (%) Proliferation rateb

Second mitosis (%) Third mitosis (%)

AA8 5 – 9.16± 0.84 9 32 68
5 10−7 10.94± 0.92 8.5 20 80
5 10−6 11.48± 0.94 11 32 67
5 10−5 10.82± 0.91 11.24 23 75
5 5 × 10−5 10.32± 0.89 7.2 48 50
5 10−4 9.56 ± 0.86 6.8 99 0
5 5 × 10−4 – – 2 0

EM9 1.25 – 52.8± 2.01 19.2 96 0
1.25 10−7 54.26± 2.04 22.4 95 0
1.25 10−6 51.46± 1.99 22.6 95 0
1.25 10−5 60.36± 2.15 26.78 99 0
1.25 5× 10−5 55.80± 2.07 21.91 96 0
1.25 10−4 51.36± 1.99 20.45 87 0
1.25 5× 10−4 nmc –

a A number of 100 metaphases were scored in each of two independent experiments and the mean of the values is shown.
b Second mitosis (%): chromosome staining pattern corresponding to cells with two rounds of replication; and third mitosis (%): cells

with at least some chromosomes stained according to a pattern corresponding to more than two rounds of replication.
c nm: no mitosis.
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The frequencies of chromosome aberrations (see260

Table 1), on the other hand, indicated that ICRF-193261

induced a significant level of damage in AA8 at con-262

centrations of 5× 10−3 �M or higher, while in EM9263

this clastogenic effect was observed at concentrations264

of 10−2 �M or higher.265

As previously shown for ICRF-193 (Fig. 1A), in266

AA8 bufalin caused a partial inhibition of topo II ac-267

tivity at the dose of 10−5 M (Fig. 1B) while the inhibi-268

tion was more evident for the dose of 10−4 M. In EM9269

cell line, on the other hand, a partial inhibition of topo270

II activity was demonstrated when bufalin treatment271

had been given at the dose of 10−4 M, whereas the in-272

hibition was total when the dose used was 5×10−4 M.273

Table 2 shows the results on the frequency of SCEs274

in AA8 and EM9 cell lines treated with BrdU plus dif-275

ferent doses of the anti-topoisomerase agent bufalin.276

As can be seen, bufalin did not produce any signif-277

icant modification in the frequency of SCEs induced278

by BrdU in AA8 and EM9 cell lines for all the doses279

tested up to 10−4 M, that turned out to be the high-280

est non-cytotoxic. The results on cell cycle progres-281

sion are also presented in Table 2, and indicate that282

about 90% of the cells had completed two rounds of283

replication in all the treatments up to 10−4 M of bu-284

falin. When 5×10−4 M was used, no result could be285

obtained due to the low number of metaphases found286

in EM9, and the low percentage of metaphases in their287

second mitosis found in AA8 (2%).288

Chromosome aberrations were also analyzed289

for this inhibitor. Contrasting with that found for290

ICRF-193 (see above) the observation was that bu-291

falin did not induce chromosome aberrations at any292

of the doses tested (see Table 2).293

4. Discussion294

Although, SCE is a cytogenetic end-point now295

known for over 30 years, many features of its molec-296

ular mechanism still remain to be fully elucidated. As297

they occur during S, it is generally believed that SCE298

is a recombinational process that represents the in-299

terchange of DNA replication products at apparently300

homologous loci, involving DNA breakage and re-301

union [9,28]. There are two major models to explain302

SCE. According to the first model, SCE is medi-303

ated by homologous recombination [10,11,29]. The304

second model proposes that, topo II causes transient305

double-stranded DNA breaks during replication, and306

the proximity of DNA breaks on sister chromatids307

may result in incorrect rejoining, causing an SCE308

[12,26,30,31]. Concerning the second model, there are309

many reports which support that DNA topoisomerases310

are involved in recombination [32,33]. Such a possi-311

ble role of topoisomerases in the SCE mechanism is312

based upon the ability of these nuclear enzymes to313

carry out a concerted breakage and rejoining of DNA314

[10–12,31,34]. 315

In order to study the still open question of a pos-316

sible involvement of topo II activity in the formation317

of SCEs, we have examined the effect of the topo II318

inhibitors ICRF-193 and bufalin on the production of319

SCEs in the CHO mutant EM9, which shows an ex-320

tremely elevated baseline frequency of SCE after BrdU321

incorporation in DNA, and its parental line AA8. Both322

ICRF-193 and bufalin act on topo II activity without323

forming any cleavable complex [17,23]. 324

ICRF-193 and related dioxopiperazines catalyt-325

ically inhibit mammalian DNA topo II [17,18]. 326

ICRF-193 stabilizes the closed clamp-form of the327

enzyme on DNA as a post-passage complex by in-328

hibiting the intrinsic ATPase activity of the topo II,329

sequestering the enzyme from its normal turnover330

[19]. 331

We have found that the treatment with ICRF-193332

induced a moderate increase in the level of SCEs in the333

cell line AA8, while the induction of SCE was only334

slight for the mutant cell line. In good agreement with335

our results, it has been shown earlier that ICRF-193336

only slightly elevated the frequency of SCEs in MR-6337

cells [35]. The effect of ICRF-193 on the induction338

of chromosome damage has been recently reported.339

Ikushima et al. [36] showed that ICRF-193 causes340

both chromatid- and chromosome-type aberrations341

in Chinese V79 cells. Our results also indicated that342

ICRF-193 induced chromosome aberrations in both343

cell lines. 344

It has been suggested that SCE reflect a DNA repair345

process [31,34] and that it is intimately associated with346

DNA replication. In our opinion, the well established347

mechanism by which ICRF-193 inhibits topo II activ-348

ity [19] could provide an explanation for our results.349

ICRF-193 produces stabilization of the closed-clamp350

form of the enzyme, which could represent an obsta-351

cle for the progression of the replication fork. A num-352
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ber of recent reports point to the importance of repli-353

cation fork arrest for DNA double-strand breaks [37]354

and recombination [38,39]. The closed-clamp struc-355

ture, similarly to a bulky lesion, could recruit recom-356

binatory repair enzymes which in turn would induce357

DNA breaks leading to the induction of chromosome358

aberrations and SCE. It is noteworthy that, according359

to recent data, SCE are mediated by homologous re-360

combination in vertebrate cells [29].361

The mechanism by which bufalin exerts its action362

against topo II, on the other hand, is not yet completely363

understood, but it has been demonstrated that it can364

induce a decrease in the level of ARNm for topo II�365

that in turn leads to a decrease in the amount and366

activity of topo II� [23].367

Our results show that, bufalin was unable to modify368

the frequencies of SCEs in both, AA8 and EM9 cell369

lines. Since, bufalin causes a drastic decrease in topo370

II activity, this absence of any effect on the yield of371

SCE seems to indicate that this enzyme activity has372

not a direct role in the formation of SCEs, so contrast-373

ing with that proposed earlier by different authors in374

their models to explain the molecular mechanism of375

this recombinational event [10,11,31]. Nevertheless,376

in our opinion, caution has to be taken before reaching377

any conclusion on this controversial subject. A possi-378

ble way by which bufalin could cause the decrease in379

the activity of the nuclear enzyme has been proposed.380

Hashimoto et al. [23] suggested that topo II� in HL-60381

cells that had been treated with bufalin might undergo382

post-translational modification, such as ubiquitination,383

and the modified topo II� might be then easily de-384

graded. Concerning the localization of topo II, how-385

ever, it has been shown that matrix association regions386

(MARs) contain multiple topo II cleavage sites and it387

has been hypothesized that topo II could mediate re-388

combination at these sites [40]. It is well known that389

protein ubiquitination occurs when a certain signal of390

the protein is shown, so that its conformation must be391

different in some way to that of the same protein that392

is not going to be ubiquitinated. It could, then, be pro-393

posed that maybe the conformation of topo II that is394

associated to MARs might be different from that of the395

enzyme which is not associated to DNA. While this396

is highly speculative, it could be proposed that bufalin397

might somehow induce ubiquitination specifically on398

topo II that is not associated to DNA. On this basis,399

bufalin would not be affecting the topoisomerase ac-400

tivity associated to DNA, thus maybe explaining the401

lack of any effect on SCEs. According to this explana-402

tion, in spite of our observations on a lack of effect of403

bufalin, it cannot be conclusively ruled out a possible404

role of topo II in the formation of SCEs. 405

While there are still many unanswered questions406

concerning the molecular mechanism of SCE, the role407

of other enzymes in the formation of SCEs has been408

demonstrated. Recently, it has been shown that DNA409

helicase activity of Sgs1 is required for suppression410

of SCE in yeast [41]. It has also been shown that411

RecA mediates homologous recombination between412

sister chromatids during S-phase in transformed plants413

expressing this protein [42]. In the same way, as stated414

above, there are evidences that eukaryotic homologues415

of RecA are involved in SCE formation in vertebrate416

cells [29]. 417
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