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Abstract. Acquisition of resistance to topoisomerase I
(TOP1)-targeting camptothecin (CPT) derivatives is a major
clinical problem. Little is known about the underlying
chromosomal and genomic mechanisms. We characterized
the CPT-KS cell line expressing mutant CPT-resistant TOP1
and its parental T-cell derived acute lymphoblastic leukemia
CPT-sensitive RPMI-8402 cell line by karyotyping and
molecular genetic methods, including subtractive oligo-
based array comparative genomic hybridization (soaCGH)
analysis. Karyotyping revealed that CPT-K5 cells had
acquired additional structural aberrations and a reduced
modal chromosomal number compared to RPMI-8402.
soaCGH analysis identified vast copy number alterations
and >200 unbalanced DNA breakpoints distributed unevenly
across the chromosomal complement in CPT-K5. In addition,
the short tandem repeat alleles were found to be highly
different between CPT-K5 and its parental cell line. We
identified copy number alterations affecting genes important
for maintaining genome integrity and reducing CPT-induced
DNA damage. We show for the first time that short tandem
repeats are targets for TOPI cleavage, that can be
differentially stimulated by CPT.
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The camptothecin (CPT) derivatives, topotecan and
irinotecan (SN-38 being the active metabolite), belong to an
important group of drugs used for the treatment of many
types of malignancies in advanced stages, including
colorectal, ovarian, small cell lung cancer and acute
leukemia (1-5). However, acquired resistance to these drugs
greatly compromises their efficacy in clinical use (6).

The CPTs are highly selective inhibitors of the nuclear
enzyme DNA topoisomerase I (TOP1) [reviewed in (7)].
TOP1 is an important monomeric enzyme that is required to
release the torsional tension of DNA introduced during the
DNA replication and transcription processes in normal cells
[reviewed in (8)]. Moreover, it has been shown that, in
addition to its DNA-relaxing activity, TOP1 also has
independent kinase activity important for splicing of pre-
mRNA (9). The enzyme exerts its relaxing activity by
transiently cleaving and rejoining one strand of the DNA
duplex. The CPTs are non-competitive, reversible TOP1
inhibitors that cause accumulation of TOPI-cleavage
complexes (TOPl-cc) in the genome by transiently
preventing the DNA rejoining step of catalysis. The trapped
TOP1-cc are converted into one-ended DNA double-strand
breaks (DSBs) when they collide with the DNA replication
or transcription machinery. It is generally accepted that the
formation and stabilization of TOP1-cc and their conversion
into one-ended DSBs is a prerequisite for the cytotoxic
activity of CPTs (10).

Although many players have been implicated in the
cellular response to CPT, little is known about the pathways
downstream of the trapped TOP1-cc that ultimately lead to
repair of DNA damage or cell death. Impaired DSB repair
makes cells hypersensitive to CPT and unless the DSBs are
repaired they are lethal to the cell. DNA repair may lead to
chromosomal or genomic alterations depending on the
involved pathways. Several CPT-resistant cell lines have
been derived (11-22), but only few of these have been
characterized at the chromosomal or genomic level (21, 23).
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In the present study we aimed to characterize the
chromosomal complement and global copy number
aberrations generated by acquired CPT resistance in the
CPT-K5 cell line to gain insight into which regions of the
genome may be affected in acquisition of CPT resistance.
Furthermore, we examined whether short tandem repeat
(STR) sequences, normally used for paternity testing and
cell line authentication, are targets for TOP1 DNA cleavage,
and whether these DNA cleavage sites can be selectively
stimulated by CPT.

Materials and Methods

Cell lines and cell proliferation analysis. Andoh and co-workers
established the CPT-resistant cell line, CPT-K5, from its parental
sensitive counterpart human T-cell derived acute lymphoblastic (T-
ALL) cell line RPMI-8402 (wild-type) by exposure to stepwise
increasing concentrations of the semi-synthetic water-soluble CPT-
derivative, irinotecan (11). For this study, cells stored in liquid
nitrogen were thawed and cultured briefly at an initial density of
1x106 cells/ml in RPMI 1640 medium supplemented with 10% fetal
calf serum as described elsewhere (24). Growth inhibition of the
cells by CPT was determined by counting the number of cells in
culture using a hematology analyzer (Sysmex KX-21N; Sysmex
Nordic Aps, Copenhagen, Denmark).

Nuclear extracts, western blotting, and measurement of tyrosyl-DNA
phosphodiesterase 1 (TDP1) and TOPI activity. Preparation of
nuclear extracts from RPMI-8402 and CPT-KS5 cells, TOP1-specific
western blotting and TOP1 activity measurements by rolling-circle
enhanced enzyme activity detection (REEAD) was performed as
described previously (25), while TDP1 activity measurement was
performed as described in (26).

Expression and purification of recombinant human TOPI.
Recombinant human TOP1 was expressed in yeast and purified to
homogeneity, as described previously (27). The enzyme preparation
was tested for purity by sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis followed by Coomassie staining
and the concentration estimated by comparison to a bovine serum
albumin (BSA) standard before use.

G-Banding and fluorescence in situ hybridization (FISH).
Chromosomal preparations and G-banding were performed according
to standard protocols as described in (28). Karyotypes and FISH
results were reported according to ISCN, 2013 (29). Analysis of 10
G-banded metaphases was carried out using a Laborlux microscope
(Leica, Germany) equipped with a grey-level charge coupled device-
camera and Ikaros karyotyping software implemented on a Dell
Optiplex GX1 (MetaSystems, Heidelberg, Germany). Locus-specific
FISH analysis of interphase nuclei and metaphase spreads was carried
out with the following directly fluorescent labeled probe sets
according to the manufacturers’ instructions: SIL-TAL1 FISH DNA
probes and TOP1/CEN20 (DAKO, Glostrup, Denmark); BlueFISH
Bacterial Artificial Chromosomes (BAC) probes (BlueGnome,
Cambridge, UK): RP11-133H19 fluorescence labeled with red
(11p15.4, pos. 8,555,486-8,732,332 bp located telomeric to the LIM
domain only 1 (LMOI) gene pos. 8,202,433-8,241,982) and RP11-
29813 (14ql1.2, pos. 22,435,253-22,627,198 located centromeric to
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the Terd T cell receptor delta chain (TCRD) gene pos. 21,994,085-

22,002,042); and custom-made BAC-based probes (Empire
Genomics, Buffalo NY, USA): RP11-368G2 (4q22.1, pos.
89,137,575-89,319.451), and RP11-213013 (14q32.11, pos.

89.,466,687-89,648,208) were used for validation of array-based
comparative genomic hybridization (aCGH) results. Interphase nuclei
and metaphases were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI). The genomic position of the listed BAC probes
was according to National Center for Biotechnology Information
(NCBI) build 36.1 (hgl8) (http://www.ncbi.nlm.nih.gov).

Spectral karyotyping (SKY). Pretreatment, denaturing, and
hybridization of microscopy slides with chromosome suspension
applied were carried out as previously described (30) according to
the manufacturer’s instructions (Applied Spectral Imaging™,
Migdal HaEmek, Israel). Ten fully analyzed mitoses in the SKY
analysis were performed for both cell lines. Numerical and
structural aberrations were counted using a normal female as
reference. Karyotypes were described according to International
System for Human Cytogenetic Nomenclature (ISCN) (29)

aCGH analysis. High-resolution aCGH analysis was performed
using the 180k oligo-based Cancer CytoChip (BlueGnome) as
described elsewhere (31). In brief, high molecular weight DNA was
isolated from RPMI-8402 and CPT-KS5 cells using Gentra Pure Gene
kit (Qiagen AB, Sollentuna, Sweden) according to the
manufacturer’s instructions. Pooled female DNA (Promega, Biotech
AB, Nacka, Sweden) was used as reference DNA to determine the
DNA copy number status of the female RPMI-8402 cells and
derivative CPT-KS5 cells. In addition, subtractive aCGH analysis of
CPT-KS5 was performed with isolated DNA from the parental cell
line RPMI-8402 as reference DNA. The analysis was carried out
according to the manufacturer’s instructions using 0.5 ug of DNA.
After hybridization, washing and drying, the oligo arrays were
scanned at 2.5 pm with a GenePix 4400A microarray scanner
(Molecular Devices, Sunnyvale, CA, USA). Initial analysis and
normalization was achieved with BlueFuseMulti v2.6 (BlueGnome).
For analysis and visualization, log2 probe signal values were
imported into Nexus Copy Number software v6.1 (BioDiscovery,
Hawthorne, CA, USA), and segmented using RANK segmentation
algorithm with a minimum of five probes/segment. Gains and losses
were defined by log2 ratios 0.16 and —0.16, respectively, while 0.5
and —1.0 defined high copy gains and large losses, respectively. The
reference genome was NCBI build 36.1 (hgl18). Bioinformatics
analysis was performed by querying the University of California,
Santa Cruz database (http://genome.ucsc.edu).

Genomic break point analysis. Break points were defined with high
precision as locations where a change in copy number occurred in
called regions of amplifications and deletions as determined by the
Nexus software algorithm. To quantify genomic breakage, log, ratio
differences larger than 0.3 were used to discriminate putative DNA
breakage points. We identified those breakage points at the edges
of segments of copy number gains and losses as well as points of
abrupt copy number changes called within larger aberrations. The
precision of this type of measurement is determined by the
resolution of the array. The smallest aberration we were able to
detect with confidence on the 180k platform was 100 kb in length.
In addition, the abnormality needed to be present in at least 10-20%
of the cells in order to be detected.
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Immunophenotyping by flow cytometry. Immunophenotyping of
exponentially growing RPMI-8402 and CPT-KS5 cells were carried
out as described in (32).

STR profiling. STR profiling was performed at the Department of
Forensic Medicine, University of Copenhagen, Copenhagen,
Denmark, as part of their routine analyses using the AmpFISTR®
Identifiler PCR Amplification kit (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, USA). The STR profiling was
repeated twice with identical results on genomic DNA purified from
two independent cultures from both cell lines.

Generation of STR TOPI cleavage substrates. The flanking
sequences in the STR TOP1 cleavage substrates were the same in
the three substrates (marked below in bold) and the STR repeat
length (marked with underline) were from the parental CPT-
sensitive 8402 cell line.

Each of the STR TOPI cleavage substrates were synthesized as
single-stranded oligonucleotides (DNA technology, Aarhus,
Denmark).

I) D7S820 locus (8 repeats of GATA): 50-base top strand (5°-
>3"): ACGTCACGGGATAGATAGATAGATAGATAGATAGAT
AGATACGGTTCAGC; 50-base bottom strand (5’->3’):
GCTGAACCGTATCTATCTATCTATCTATCTATCTATCTATC
CCGTGACGT.

II) D5S818 locus (12 repeats of AGAT): 60-base top strand (5°-
>3’): ACGTCACGGAGATAGATAGATAGATAGATAGATAGAT
AGATAGATAGATAGATAGATCGGTTCAGC; 60-base bottom
strand (5°->3"): GCTGAACCGATCTATCTATCTATCTATCTAT
CTATCTATCTATCTATCTATCTATCTCCGTGACGT.

IIT) Thyroid peroxidase (TPOX) locus (8 repeats of AATG): 50-
base top strand (5’°->3’): ACGTCACGGAATGAATGAAT
GAATGAATGAATGAATGAATGCGGTTCAGC; 50-base bottom
strand (5°->3"): GCTGAACCGCATTCATTCATTCATTCATT
CATT CATTCATTCCGTGACGT.

To prepare the STR substrates for TOP1 cleavage reaction, 50
pmol of each top strand was separately hot-labeled with gamma-
ATP essentially as described before (33). The reaction was stopped
by ethanol precipitation using NaCl and after 80% EtOH wash, and
drying of the pellet, it was resuspended in 10 pl 1x TOPI-cleavage
buffer (5 mM MgCl,, 5 mM CaCl,, and 10 mM Tris-HCI, pH 7.5).
Then 50 pmol of the corresponding bottom strand was added, the
mixture was left at 90°C for 2 min and allowed to anneal with the
respective top strand by slowly cooling down to room temperature.

TOP1 STR cleavage reactions and detection. The TOP1 cleavage
reaction was performed as described (33). Briefly, approximately
200 copies of the annealed oligonucleotides were used for cleavage
reaction with 300 units of human TOP1 in the presence of 10 uM
CPT or dimethylsulfoxide, which was used as a solvent for CPT.
The reaction was carried out at 37°C for 30 min. and stopped by the
addition of 0.2% SDS followed by EtOH precipitation. After
precipitation and 80% EtOH washing and drying of the pellet, it was
resuspended in 10 pl trypsin mix and incubated at 37°C for 30 min
as described previously (33). Then 10 pl of 2x Seq-buffer (100%
formamide, 1 mM EDTA, pH 8.0, 0.1% bromophenol blue (BPB),
and 0.1% xylene cyanol) (Sigma-Aldrich, Brgndby, Denmark) was
added to each reaction. Approximately 16 counts per second was
added to each lane of a 14% denaturating polyacrylamide gel and
run until BPB left the gel. The gel was transferred to Whatman

Table 1. Immunophenotype of RPMI-8402 and CPT-K5.

Antigen RPMI-84022 RPMI-8402 CPT-K5
(DMSZ)

CD2 + + +
CD3 - - -
CD4 - n.d.c n.d
CD5 + + +
CD6 + n.d. nd.
CD7 + + +
CDS8 - - -
CD13 - - -
CD19 - - -
CD33 nib - -
CD34 + + -
CD45 n.i. + +
CD71 n.i. + +
CD235a n.i. - -
TCR-a/f - n.d. n.d.
TCR-Y/d - n.d. n.d.

AInformation from DMSZ web-site, http://www.dsmz.de; bn.i., no
information; °n.d., not done.

3MM filter paper (Sigma-Aldrich Chemie GmbH), dried and
exposed in a phosphor imager (PMI Imager; Bio-Rad, Life Science,
Bio-RAD laboratories, Copenhagen, Denmark).

Results and Discussion

Cellular characteristics of CPT-K5 and its CPT-resistant
CPT-KS5 cell line. To obtain a global genomic insight into the
development of acquired CPT resistance and to identify
putative candidate genes involved in this process, we took
advantage of the CPT-KS5 cell line, which exhibits highly
stable CPT resistance following prolonged CPT-selective
growth of its parental RPMI-8402 cell line (11, 24, 34).
For the purposes of the present study, we wanted to
confirm the cellular and biochemical characteristics of these
cell lines using current methods. Firstly, immunophenotyping
of the parental cell line RPMI-8402 confirmed that it is
indeed a T-ALL derived cell line (Table I). The CPT-K5 cell
line has mnot previously been characterized by
immunophenotyping but this analysis confirmed that CPT-
K5 retains the predominant T-ALL immunophenotype (Table
I). Secondly, at the genetic level it was confirmed that the
RPMI-8402 harbors two T-ALL specific chromosomal
aberrations: i) the common S/L deletion at chromosome
region 1p32; and ii) the rare t(11;14)(p15;q11)/LMOI1-TCRD.
Both aberrations were present in two copies (Figure 1). CPT-
K5 has retained one of the chromosome 1 that harbors the
1p32 deletion, while the t(11;14) was completely lost (Figure
1). Thirdly, in a standard cell survival assay the CPT-resistant
and the CPT-sensitive phenotypes of the CPT-K5 and RPMI-
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Figure 1. Fluorescence in situ hybridization (FISH) analysis of RPMI-
8402 cell line using the SIL-TALI split-apart probe set showing a
nucleus with 2F2G pattern indicating deletion of the SCL/TALI-
Interrupring locus (STIL) gene in two alleles and a normal fusion in the
other two alleles. FISH analysis using of RPMI-8402 cell line using the
LMOI-TCRD single fusion probe showing a nucleus with 2F2R2G
pattern indicating fusion of the LIM domain only 1 (LMOI) and the
Terd T cell receptor delta chain (TCRD) genes in two alleles and no
fusion in the other two alleles. FISH analysis of CPT-K5 cell line using
the TALI-STIL split-apart probe showing a nucleus with 2F1G pattern
indicating deletion of the STIL gene in one allele and a normal fusion
in the other two alleles. FISH analysis using of CPT-K5 cell line using
the LMOI-TCRD single fusion probe showing a nucleus with 3R3G
pattern indicating no fusion of the genes.

8402 cell
demonstrated

lines, respectively, were confirmed. As
in Figure 2A, cell proliferation was
significantly reduced in the presence of 1 uM CPT in the
CPT-sensitive parental cell line RPMI-8402, while the CPT-
resistant derivative cell line, CPT-KS5, did not exhibit any
significant change in growth rate. In the absence of CPT, the
cellular growth rate of the CPT-K5 was lower as compared
to its parental cell line, which seems to be a common feature
of CPT-resistant cell lines (22). Fourthly, we compared the
TOP1 activity expressed in the two cell lines by western
blotting and REEAD assay (35, 36). In line with previous
studies, we found a reduced intra-cellular level of TOP1
protein in CPT-KS5 cells relative to RPMI-8402 cells (Figure
2B). The cellular TOP1 activity was measured using the
REEAD assay, which allows quantification of TOPI
cleavage-ligation activity in crude extracts from only a few
human cells (schematically illustrated in Figure 2C) (35, 36).
With the REEAD assay, we found a 2- to 3-fold reduction in
cellular TOP1 enzymatic activity (Figure 2D). Moreover, the
previously observed CPT-resistant phenotype of purified
TOP1 expressed in CPT-KS5 cells (11, 24) was confirmed by
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measuring the effect of CPT on TOP1 activity present in
crude extracts from the CPT-K5 and its parental cell lines
using the REEAD assay (Figure 2E).

Taken together, our present findings are in agreement with
previous studies by Andoh ef al. (11) and Kjeldsen et al.
(24), and establish that the CPT-K5 cell line is a T-ALL
derived cell line with unique characteristics.

Chromosomal analysis of CPT-K5 and RPMI-8402 cells. The
CPT-KS5 cell line has not previously been characterized by
karyotyping, whereas its parental cell line RPMI-8402 had a
partial or incomplete karyotype available as described
elsewhere (37-40) and by DSMZ (Braunschweig, Germany;
http://www.dsmz.de). In agreement with these earlier reports,
we found that the RPMI-8402 cell line is hypo-tetraploid
with a modal chromosomal number of 90 (range=76-92)
(Figure 3A and B; Table II). In the present study, we
completed the karyotype by defining the three previously
assigned marker chromosomes to be: del(X)(q13.2q22.1),
del(2)(q11.2q23.7) and der(15)t(14;15)(q32.2;p11).

The karyotype of the CPT-KS5 cell line is also hypo-
tetraploid but with a modal chromosome number of 80
(range=71-81) (Figure 3C and D; Table II). The most
prominent differences between CPT-K5 and its parental RPMI-
8402 are: i) a reduced modal chromosomal number from 90 to
80; ii) loss of five structurally aberrant chromosomes: del(Xq),
del(2q), dup(4q), del(6q), and t(11;14); and iii) gain of 13 new
structurally aberrant chromosomes: der(1)t(1;10), der(2)t(2;6),
der(4)t(4;17), der(6)t(6;16), der(7)t(7;8), der(8)t(8;9),
der(9)t(4:;9), der(10)t(10;20), der(12)t(4;12), der(16)t(3;16),
der(19)t(3;19), der(20)t(9;20), and der(22)t(3;22;3). Despite
these major karyotypic differences between the two cell lines
affecting almost all chromosomes, chromosomes 5, 18, and 21
were cytogenetically unaffected.

Although several human cell lines resistant to CPT or its
derivatives have been developed (Table III) only the CPT-
K5 cell line has so far been studied by karyotyping analysis
as described above. This is intriguing from a biological point
of view since TOP1 exerts its main activity in DNA
metabolism by cleavage and rejoining, and that the latter is
inhibited by CPT causing DNA strand breaks, which
ultimately may induce chromosomal aberrations and
genomic instability (23, 41). Spectral karyotyping of the
doxorubicin-resistant cell line, NCI-H69AR, which is cross-
resistant to several topoisomerase II inhibitors, revealed
substantial structural chromosomal differences compared
with its parental NCI-H69 cell line (42). Similar
chromosomal findings were obtained for mitoxantrone-
resistant SF295 cells (43). Together these data suggest that
acquisition of resistance to drugs inhibiting DNA cleavage-
rejoining/metabolizing topoisomerases is accompanied by
major karyotypic alterations, although the molecular
mechanisms behind such alterations remain obscure.
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Figure 2. A: Effects of camptothecin (CPT) on cell growth of parental RPMI-8402 and CPT-KS5 cells. Growth of parental cells in the absence (O)
and presence of 1 uM CPT (®). Growth of CPT-KS in the absence (/\) and presence of 1 uM CPT (A). B: Western blot of nuclear extracts from
100 cells of RPMI-8402 and CPT-KS5 using mouse antibody against human topoisomerase 1 (RTOP1). C: Schematic representation of the rolling-
circle enhanced enzyme activity detection (REEAD) assay. A dumbbell-shaped DNA substrate with a preferred TOP1 cleavage sequence in the
double-stranded stem region and an identifier- or primer annealing sequence (denoted “i” or “p”) in each of the loops is converted to a closed
circle upon cleavage and ligation by TOPI. The generated circle is then hybridized to a surface anchored primer with a sequence matching the
“p” region and subjected to rolling circle amplification by added phi-polymerase. The resulting tandem repeat rolling circle product is visualized
at the single molecule level by hybridization of fluorescent labeled detection probes matching the “i” region. D: REEAD measurement of hTOPI
in nuclear extracts generated from 106 cells and assayed either undiluted (1x) or 10, 100, 1000, or 10,000 times diluted as indicated. E: The CPT
sensitivity of hTOP1 in extracts from RPMI-8402 (blue bars) and CPT-K5 (red bars) was analyzed by measuring the activity using the REEAD
assay in the presence of increasing concentrations of CPT as indicated. The bar chart shows the mean values from three independent experiments
and the error bars indicate standard deviations.

Genomic profiling reveals greatly increased number of
genomic DNA breakpoints in CPT-K5 cells. To further

Analysis (Welcome Sanger Trust Institute, http://
www.sanger.ac.uk/cgi-bin/genetics/CGP/cghviewer). The

characterize the observed chromosomal differences between
RPMI-8402 and CPT-KS5 cells, we examined copy number
changes between the cell lines by oligo-based aCGH analysis
using female DNA pooled from normal individuals as
reference (Figure 4A). For RPMI-8402 cells, the observed
copy number aberrations were in agreement with the
published SNP Array Based LOH and Copy Number

oligo-based aCGH analysis of CPT-K5 cells confirmed the
major differences as revealed by karyotyping (Figure 4B).
For a detailed comparison, however, the approach of
comparing 0aCGH analyses with DNA from normal
individuals serving as a reference is imprecise. Subtractive
CGH analysis is a direct method for determining genomic
changes between drug-resistant cell lines where DNA from
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Figure 3. G-Banding (A, C) and spectral karyotyping (B,D) of the RPMI-8402 (A,B) and CPT-K5 (C,D) cell lines showing representative karyotypes.
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Table II. Karyotypes of the camptothecin (CPT)-resistant cell line CPT-K5 and its parental CPT-sensitive RPMI-8402 cell line.

Cell line Karyotype
RPMI-8402 90<4n>, XXX del(X)(q13.2q22.1), del(2)(q11.2q37.3), +3, dup(4)(q13.1q25)x2, -5, del(6)(q13q21)x2, -7, t(11;14)
(pl5;q11)x2, -13, -13, -15, der(15)t(14;15)(q32.2;p11), -16, -18, der(20)t(1;20)(p36.1;q11.21), der(22)t(20;22)
(q11.21;q13.33) and a minor sideline with an additional der(1)t(1;8)(p3?5;q11)
CPT-K5 80<4n> XX ,-X,-X der(1)t(1;10)(p10;q11)del(1)(q25),-2,t(2;6)(q37::p12.3p11.2) -3 ,+4 der(4)t(4;17)(q?11;925),

del(4)(q11), -5, der(6)t(6;16)(p21;q11), der(7)t(7;8)(q36;q13), der(8)t(8;9)(q12;q33), i(9)(q10) der(9)t(4;9),
-10, der(10)t(10;20)(p15;?), -11,-11, t(4;12)(q22q21::p13),-14,-15 der(16)t(3;16)(q21;q11) ,-17 -18,
der(19)t(3;19)(p21;p13), der(20)t(9;20), -21, der(22)t(3;22;3) and a minor sideline with del(6)(q14q21)

Table III. Human cell lines developed after selection of resistance to camptothecin (CPT) or its derivatives.

Resistant Parental Parental Selection TOPI point Karyotype Reference
cell line cancer agent mutation available (Ref)
CPT-K5 RPMI-8402 T-ALL CPT-11 Asp533Gly P: Yes (see Table II) (11, 34)
R: Yes, present study (see Table II)
PC-7/CPT PC-7 Non-small cell lung cancer CPT-11 Thr729Ala P: No (12, 13)
R: No
A549/CPT A549 Lung cancer CPT None P: Yes, (97) (14)
R: No, but CGH analysis (44)
St-4/CPT St-4 Gastric cancer CPT No, but ex3 P: No (14)
to ex9 deletion R: No, but CGH analysis (44)
HT-29/CPT HT-29 Colon cancer CPT No, but ex3 P: No (14)
to ex9 deletion R: No, but CGH analysis, (44)
U937/CR U937 Myeloid leukemia 9-NC Phe361Ser P: Yes (98) (15)
R: No
CEM/C1 and CCRF-CEM T-ALL CPT* Asn722Ser P: Yes (99) (16)
CEM/C2 R: No
DU-145/RCO0.1 DU145 Prostate cancer 9-NC Arg364His P: Yes (100, 101) (17, 18)
DU-145/RC1 R: No
U937/RERC U937 Myeloid leukemia 9-NC Asp533Asn P: Yes (19)
R: No
CPT30 HONE-1 Nasopharyngeal carcinoma CPT Glu418Lys P: No (20)
R: No
MMRU/CR1 and MMRU Melanoma CPT-11 None P: No 21)
MMRU/CR2 R: No, but BAC-based
aCGH analysis (21)
SF295/hCPT50 and SF295 Glioblastoma hCPT and None P: Yes (43) (55)
SF295/BN50 BN80915 R: No
HT-29/SN-38 HT-29 Colon cancer SN38 None P: No (22)
HCT-116/SN-38 HCT-116 Colon cancer Arg364Lys R: No
and Gly721Arg

P: Parental; R: resistant; T-ALL: T-cell lymphoblastic leukemia, 9-NC: 9-nitro-20(S)camptothecin; hCPT: homocamptothecin; BN80915: hCPT
derivative; SN-38:7-ethyl-10-hydroxy-20(S)-camptothecin. *Resistance stable for up to 6 months.

the parental cell line serves as reference DNA (44, 45). The
subtractive oligo-based aCGH analytical approach, where the
RPMI-8402 DNA served as a reference, revealed that CPT-
K5 cells had acquired 165 copy number alterations (Figure
4C, Table IV).

Calculating the mere number of copy number alterations
underestimates the number of putative DNA breakage points

(46). We assessed those DNA breakage points at the edges
of segments of DNA copy number gains and losses, as well
as at points of abrupt DNA copy number changes called
within larger aberrations as exemplified in Figure 4D. By
this analysis, we found that CPT-K5 cells had acquired a
total of 236 unbalanced breakpoints that were unevenly
distributed across each chromosome (Figure 4D). The
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Figure 4. Genomic profiling using 180k oligo-based array comparative genomic hybridization (aCGH) analysis. A: Whole-genome view of RPMI-
8402 against normal female DNA pool. B: Whole-genome view of CPT-K5 against normal female DNA pool. C: Subtractive aCGH analysis where
RPMI-8402 served as reference. To the right of the individual ideograms, microarray profiles of copy number gains and losses are depicted. Gain
is indicated by blue and loss is indicated by red as an overlay on the ideogram. The log2 ratios for each chromosome are —2.5, 0, and +2.5 as
illustrated for chromosome 1. D: Subtractive aCGH-based breakpoint analysis. Left panel: Magnified view of copy number profile of a region on
chromosome 6 (pos. 42,500,000-58,000,000 bp) in which asterisks indicate determined putative DNA breakpoints. Focusing on the called regions
of loss (red) and gain (blue) indicates two breakpoints, while taking copy number changes within the called regions into account, eight putative
DNA break points can be determined. Right panel. Diagram showing the number of putative DNA break points determined on each chromosome.

98



Kjeldsen et al: Camptothecin-induced Genomic Changes in CPT-KS5 Cells

Table IV. Results from subtractive oligo array-based comparative genomic hybridization analysis between CPT-K5 and RPMI-8402 (hgl8) cell

lines.

Chromosomal region

Copy number aberration

Length (bp)

Cytoband

No. of probes

chr1:0-4,617,760
chr1:4,617,760-6,731,626
chrl:6,731,626-23,383,050
chr1:29,939,359-40,135,057
chr1:40,232,695-47,470,334
chr1:47,555,023-76,314,989
chrl:76,687,243-121,052,423
chr1:147,259,828-148,058,607
chrl:164,645,796-171,310,019
chrl:171,310,019-172,363,398
chr1:172,363,398-172,978,604
chr1:172,978,604-247,249,719
chr2:82,105-2,351,466
chr2:17,082,892-19,555,672
chr2:47,871,668-47,913,372
chr2:96,685,923-98,987,015
chr2:98,987,015-99,310,234
chr2:99,310,234-115,209,148
chr2:115,209,148-115,389,211
chr2:115,389,211-124,331,966
chr2:124,331,966-125,952,676
chr2:147,977,155-148,340,965
chr2:160,098.,019-160,395,597
chr2:200,685,674-201,878,147
chr2:211,746,930-232,604,377
chr2:232,604,377-232,810,269
chr2:232,810,269-242,118,949
chr3:4,499,856-4,714 317
chr3:15,760,147-30,673,114
chr3:32,894,032-36,997,480
chr3:46,704,902-75,717,747
chr3:96,119,738-131,498 439
chr3:133,661,863-144,156,885
chr3:154,366,004-199,501,827
chr4:30,928,350-48,818,171
chr4:48,818,171-49,324,512
chr4:52,379,976-54,001,926
chr4:54,001,926-55,601,951
chr4:57,756,781-58,477,891
chr4:59,282,223-84,667,611
chr4:84,667,611-86,334,752
chr4:86,334,752-90,572,723
chr4:90,572,723-92,216,636
chr4:92,216,636-116,617,534
chr4:150,282,711-156,335,243
chr4:174,686,909-176,738,183
chr4:180,929,325-183,265,266
chr4:189,587,206-191,040,830
chr5:72,172,204-76,597,348
chr5:85,672,364-86,090,775
chr5:130,374,979-142,235 475
chr5:172,636,434-180,857,866
chr6:0-44,324,035
chr6:44,324,035-44,330,142
chr6:44,330,142-46,756,760
chr6:46,756,760-49 038,560
chr6:49,038,560-55,583,943

Loss

Homozygous copy loss

Loss
Loss
Loss
Loss
Loss
Loss
Gain
High copy gain
Gain
Loss
Loss
Loss
Loss
Gain
High copy gain
Gain
High copy gain
Gain
High copy gain

Homozygous copy loss

Loss
Loss
Gain
High copy gain
Gain
Loss
Gain
Gain
Loss
Loss
Loss
Loss
Gain
Loss
Gain
Loss
Loss
Loss
Gain
High copy gain
Gain
Loss
High copy gain
Gain
High copy gain
Loss
Loss
High copy gain
Loss

Homozygous copy loss

Loss

Gain

Loss
High copy gain

Gain

4617761
2113867
16651425
10195699
7237640
28759967
44365181
798780
6664224
1053380
615207
74271116
2269362
2472781
41705
2301093
323220
15898915
180064
8942756
1620711
363811
297579
1192474
20857448
205893
9308681
214462
14912968
4103449
29012846
35378702
10495023
45135824
17889822
506342
1621951
1600026
721111
25385389
1667142
4237972
1643914
24400899
6052533
2051275
2335942
1453625
4425145
418412
11860497
8221433
44324036
6108
2426619
2281801
6545384

p36.33 - p36.32
p36.32 - p36.31
p36.31 - p36.12
p35.3 -p34.2
p34.2 - p33
p33 - p31.1
p31.1 -pll.2
q21.1-q21.2
q24.1 - q25.1
q25.1
q25.1
q25.1 - q44
p25.3
p24.2 - p24.1
pl6.3
qll.2
qll.2
qll.2 - ql4.1
ql4.1
ql4.1-ql43
ql4.3
q22.3
q24.2
q33.1
q34 - q37.1
q37.1
q37.1 -q37.3
p26.2
p24.3 - p24.1
p22.3 - p22.2
p21.31 - pl23
qll.2-q21.3
q22.1 - q23
q25.2 - q29
pl5.1 - pll
pll
qll - ql2
ql2
ql2
ql3.1-q21.23
q21.23
q21.23 - q22.1
q22.1
q22.1 - q26
q31.23 - q32.1
q34.1-q342
q34.3-q35.1
q35.2
ql3.2 - ql4.1
ql4.3
q233-q31.3
q352-q353
p25.3 - p21.1
p21.1
p21.1 -pl23
pl2.3
pl2.3-pl2.1

347
135
1028
667
518
1702
2547
30
417
62
37
4372
139
129
26
122
21
891
11
473
89
16
19
102
1322
13
591
13
847
218
1868
2074
698
2836
1029
13
115
141
36
1379
91
291
94
1401
408
107
115
84
254
22
763
452
2863
17
147
127
369

Table IV. Continued
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Table IV. Continued

Chromosomal region Copy number aberration Length (bp) Cytoband No. of probes
chr6:55,583.,943-57,048,799 High copy gain 1464857 pl2.1 91
chr6:58,733,711-58,827,870 Loss 94160 pll.l 5
chr6:74,906,801-107,152,528 High copy gain 32245728 ql3 - q21 1733
chr6:130,196,488-133,067,603 Gain 2871116 q22.33 -q23.2 153
chr6:135,489,105-135,956,121 Loss 467017 q23.3 44
chr6:137,243,750-137,499,193 Gain 255444 q23.3 15
chr7:0-1,121,607 High copy gain 1121608 p22.3 53
chr7:1,121,607-7,035,288 Gain 5913682 p22.3 - p22.1 446
chr7:7,035,288-16,220,801 High copy gain 9185514 p22.1 - p21.1 531
chr7:16,220,801-17,144,093 Gain 923293 p21.1 53
chr7:17,144,093-17,274,506 High copy gain 130414 p21.1 7
chr7:17,274,506-57,931 ,426 Gain 40656921 p21.1 - pll.1 2454
chr7:61,060,634-73,060,264 Gain 11999631 qll.l -ql1.23 641
chr7:75,463,022-91,853,628 Gain 16390607 qll1.23-q21.2 1061
chr7:92,385,908-98,849 814 Gain 6463907 q21.2 - q22.1 392
chr7:102,194,682-108,995,676 Gain 6800995 q22.1 - q31.1 404
chr7:108,995,676-109,629,306 High copy gain 633631 q31.1 38
chr7:110,609,962-111,191,239 High copy gain 581278 q31.1 34
chr7:138,278,951-140,733,077 Loss 2454127 q34 155
chr7:141,028,260-141,716,184 Loss 687925 q34 43
chr7:141,716,184-142,001,388 Homozygous copy loss 285205 q34 34
chr7:142,001,388-158,821,424 Loss 16820037 q34 - q36.3 1033
chr8:6,939,167-8,140,313 Loss 1201147 p23.1 42
chr8:51,018,695-51,876,043 Gain 857349 ql1.22 50
chr8:52,319,845-56,579,297 Loss 4259453 qll1.22 - q12.1 313
chr8:75,594,717-75,816,663 Loss 221947 q21.11 13
chr8:100,169,590-100,592,848 Loss 423259 q2.2 26
chr8:111,840,142-112,654,585 Gain 814444 q23.2-q233 39
chr9:0-21,791,953 Loss 21791954 p24.3 - p21.3 1323
chr9:22,331,315-47,059,042 Loss 24727728 p21.3 - pll.1 1193
chr9:101,646,358-102,093,247 Loss 446890 q31.1 35
chr9:133,061,462-133,365,057 High copy gain 303596 q34.13 36
chr10:0-15,888,483 Loss 15888484 pl5.3-pl3 952
chr10:16,915,490-36,318.413 Loss 19402924 pl3 - pll.21 1177
chr10:36,593,683-37,866,631 Loss 1272949 pll.21 64
chr10:41,927,663-42,119,299 Gain 191637 qll.l - ql1.21 9
chr10:46,207,943-48,328.,997 Gain 2121055 qll.22 81
chr10:49,279,264-51,016,781 Gain 1737518 qll1.22-ql1.23 95
chr10:51,592,423-71,893,858 Gain 20301436 ql1.23 - q22.1 1183
chr10:77,740,437-79,305,369 Gain 1564933 q22.3 91
chr10:89,615,986-89,851,240 Loss 235255 q23.31 25
chr10:89,851,240-104,145,580 Gain 14294341 q23.31 - q24.32 889
chr10:106,426,059-114,163,946 Gain 7737888 q25.1-q252 445
chr10:114,163,946-124,316,045 Loss 10152100 q25.2 - q26.13 598
chr10:124,382,777-135,374,737 Loss 10991961 q26.13 - q26.3 652
chr11:0-3,759,910 Loss 3759911 pl55-pl54 395
chr11:3,759,910-4,116,151 Homozygous copy loss 356242 pl5.4 25
chrl1:4,116,151-51,407,929 Loss 47291779 pl5.4 - pll.11 2735
chr11:54,691,084-56,019,679 Loss 1328596 qll 79
chr11:56,348,485-111,109,293 Loss 54760809 qll -q23.1 3569
chrl1:111,109,293-111,379,863 Gain 270571 q23.1 15
chrl1:111,379,863-134,452,384 Loss 23072522 q23.1 - q25 1626
chr12:10,914,787-11,201,643 Loss 286857 pl3.2 17
chr12:11,201,643-11,831,298 High copy gain 629656 pl3.2 39
chr12:33,409,429-35,400,000 Loss 1990572 pll.l - qll 57
chr12:100,808,565-101,022,195 Gain 213631 q23.2 13
chr13:17,928,209-34,651,641 High copy gain 16723433 qll-ql3.2 1132
chr13:34,651,641-34,923,584 Gain 271944 ql3.2-ql133 17
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Table IV. Continued

Chromosomal region Copy number aberration Length (bp) Cytoband No. of probes
chr13:34,923,584-49,660,630 High copy gain 14737047 ql3.3-ql4.3 927
chr13:49,660,630-49,890.816 Gain 230187 ql4.3 14
chr13:49,890,816-114,142,980 High copy gain 64252165 ql4.3 - q34 3468
chr14:19,242,599-19,473,021 Loss 230423 qll.2 13
chr14:19,758,344-21,385,999 Loss 1627656 qll.2 127
chr14:21,385,999-21,678,310 Gain 292312 qll.2 34
chr14:21,678,310-22,073,646 Homozygous copy loss 395337 qll.2 43
chr14:22,073,646-54,510,912 Loss 32437267 qll2-q223 1849
chr14:61,276,314-88,287,948 High copy gain 27011635 q23.2-q31.3 1613
chr14:88,287,948-90,535,004 Gain 2247057 q31.3 - q32.12 132
chr14:98,445.434-105,601,857 High copy gain 7156424 q32.2 - q32.33 526
chr14:105,700,924-106,368,585 High copy gain 667662 q32.33 40
chr15:20,145,866-30,712,202 Loss 10566337 qll2-ql33 545
chr15:63,566,907-63,826,238 Loss 259332 q22.31 16
chr16:0-1,998,049 Gain 1998050 pl3.3 122
chr16:2,074,844-23,832,350 Gain 21757507 pl3.3-pl2.1 1434
chr16:23,832,350-24,085,795 Loss 253446 pl2.1 15
chr16:24,085,795-29,582,504 Gain 5496710 pl2.1 - pl1.2 305
chr16:29,582,504-33,746,468 Loss 4163965 pll.2 227
chr16:33,746,468-35,006,622 Gain 1260155 pll.2 - pll.l 58
chr16:44,945,309-55,455,741 Gain 10510433 qll.2-ql3 647
chr16:56,876,211-76,791,921 Gain 19915711 q21-q23.1 1270
chr16:77,529,554-88,827 254 Gain 11297701 q23.1-q24.3 718
chr17:4,964,674-5,005,652 Loss 40979 pl3.2 53
chr17:6,030,004-6.,459,217 Loss 429214 pl3.2 25
chr17:20,079,654-20,634,224 Loss 554571 pll.2 28
chr17:22,200,000-70,815,509 Loss 48615510 qll.l1-qg25.1 3395
chr17:74,616,873-75,422,920 Loss 806048 q25.3 39
chr18:19,868,443-20,151,388 Loss 282946 qll.2 17
chr19:10,645,176-10,984,732 Loss 339557 pl3.2 46
chr19:47,876,805-48.,456,771 Loss 579967 ql3.31 27
chr19:51,972,368-55,041,795 Loss 3069428 ql3.32-q13.33 206
chr19:55,041,795-59,364 356 Gain 4322562 ql3.33 - q13.42 362
chr19:59,364,356-59,743,803 High copy gain 379448 ql3.42 23
chr19:59,743,803-63,811,651 Gain 4067849 ql3.42-ql1343 242
chr20:7,042,589-8,048,700 High copy gain 1006112 pl2.3 56
chr20:27,100,000-28,266,142 Gain 1166143 qll.1 10
chr20:29,297,076-39,079.,714 Loss 9782639 qll.21-ql2 714
¢hr20:39,079,714-39,209,853 Homozygous copy loss 130140 ql2 19
chr20:39,209,853-62,435,964 Loss 23226112 ql2-ql3.33 1760
chr22:14,433,500-18,072,209 Gain 3638710 qll.l1-ql1.21 238
chr22:18,529,725-28,719,750 Gain 10190026 qll.21-ql22 730
chr22:28,719,750-29,265,348 Loss 545599 ql22 33
chr22:29,265,348-40,253,100 Gain 10987753 ql2.2-ql132 846
chr22:44,546,688-44,803,212 High copy gain 256525 ql3.31 16
chrX:0-59,500,000 Loss 59500001 p22.33 - qll.1 3431
chrX:61,697,828-95,798.355 Loss 34100528 qll.l -q21.33 1923
chrX:95,798,355-96,306,484 Homozygous copy loss 508130 q21.33 33
chrX:96,306,484-101,646,251 Loss 5339768 q21.33 - q22.1 288
chrX:101,646,251-154,913,754 Homozygous copy loss 53267504 q22.1 - q28 3033

highest number of breakpoints were observed on
chromosomes 1 and 4, whereas chromosomes 18 and 21 had
the lowest; in fact, there were no unbalanced breakpoints on
chromosome 21 and only two on chromosome 18. The long

arm of chromosome 4 had a complex pattern of alternating
copy number changes (Figure 4C), which is compatible with
chromothripsis (47). Chromothripsis has been invoked to
explain clusters of gross chromosomal rearrangements in a
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wide variety of tumor types (48-52) but has not previously
been described in a CPT-resistant cell line.

The detailed karyotype findings and the highly significant
number of increased DNA break points generated in CPT-K5
cells not only indicates that the prolonged CPT inhibition of
TOP1 at sublethal cellular doses is associated with the
acquisition of major chromosomal and genomic reorganization
both in terms of numerical and structural aberrations, but also
that some chromosomes are unaffected. Absence of genomic
or chromosomal aberrations suggests that these chromosomes
or chromosomal regions might be lacking CPT-involved
targets, and that these chromosomes or regions may contain
genes of importance so only cells without aberrations affecting
these genes may survive or that they have been repaired with
great accuracy. This could be due to the essential functions of
genes in those regions. The acquisition of major chromosomal
reorganizations may at some point have resulted from DSBs,
which in turn may have resulted from formation of TOP1-cc
that were repaired erroneously, giving rise to copy number
alterations, perhaps providing selective growth advantages.

Genomic copy number changes in CPT-K5 cells. To
specifically address gene dosage changes that might be
involved in generating highly stable CPT resistance, we
closely examined different chromosomal locations harboring
genes that are known to be involved in maintaining cellular
and genomic homeostasis (53). Resistance of cancer cells to
CPT is multifactorial, and five major mechanisms may
account for cellular CPT resistance (6, 53-55): i) reduced
TOP1 activity, either by reduced specific activity or a
reduced cellular amount e.g. due to reduced gene dosage; ii)
TOPI mutations that render the enzyme drug-resistant; iii)
reduced intracellular active drug content by decreased drug
influx or increased drug efflux; iv) resistance to apoptosis;
and v) efficient repair of TOP1-cc by the cell.

A first line of defense for a cell against CPT-induced damage
is down-regulation of its TOP1 activity, thereby reducing TOP1-
cc (55, 56). Our subtractive oligo-based aCGH analysis revealed
that the gene dosage of the TOPI locus was diminished by a
factor of approximately 1.7, which was confirmed by FISH
(Figure 5). The loss of TOPI gene copy numbers correlated
with a reduced level of cellular TOP1 protein in CPT-KS5 cells
(Figure 2). Other studies have shown that a copy number
change of the TOPI gene correlates with the cellular amount of
enzyme and seems to be a common mechanism contributing to
CPT resistance (56). By CGH analysis of the CPT-resistant cell
lines HT-29/CPT, A549/CPT and st-4/CPT, a reduced DNA
copy number of TOP1 was shown together with a reduced
relative expression of TOP1 (44). In our subtractive oligo-based
aCGH analysis, we further screened for copy number changes
of other type I topoisomerases (TOPIMT, TOP3A and TOP3B)
and type II topoisomerases (TOP2A, TOP2B and TOPOVIA
(also known as S. cerevisiae, homolog of, SPO11). We observed
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that TOP2A and SPOII exhibited large losses, and loci of
TOP3B and TOP2B were gained, while TOP3A and TOPIMT
displayed no copy number change between the CPT-K5 and
RPMI-8402 cells (Table 1V).

Another line of defense for a cell to resist the effects of
CPT is through the acquisition of single nucleotide mutations
of TOPI thereby preventing the action of CPT on TOP1-cc
[reviewed in (57)] (Table III). We previously showed that
CPT-K5 harbors mutated TOPI containing the Asp533Gly
mutation (34). These types of mutations, however, cannot be
revealed by oligo-based aCGH analysis.

Reduced intracellular CPT concentration is a third important
way to reduce the formation of devastating TOP1-cc. One of
the major mechanisms responsible for multidrug resistance in
cancer chemotherapy is overexpression of some members of
the ATP-binding cassette (ABC) transporter superfamily,
including ABCB1, ABCC1 and ABCG2, resulting in decreased
intracellular levels of drugs [reviewed in (58)]. [In mammalian
cells, expression of ABC transporters such as Pgp (ABCB1)
and ABCG2 confers resistance to CPT and its derivatives (59-
61). Gene amplification is a major contributor to increased

Figure 5. Fluorescence in situ hybridization (FISH) validation of copy
number changes at specific genomic regions important for the
camptothecin resistance in CPT-K5 cells. Left hand-side panel:
Genomic profiles of chromosome 20 (upper panel), chromosome 4
(middle panel) and chromosome 14 (lower panel) together with their
respective ideograms beneath. Magnified genomic profile views of
corresponding altered chromosomal regions are given below
chromosome 20, chromosome 4, and chromosome 14 indicating deleted
region at 20ql2 containing topoisomerase 1 (TOPI) gene, highly
amplified region at 4q22.1 containing ATP-binding cassette sub-family
G member 2 (ABCG2) gene and amplified region at 14q31.3g32.11
containing the tyrosyl-DNA phosphodiesterase 1 (TDPI) gene,
respectively. Blue and red bars around the ideograms indicate regions
of gains and losses, respectively. Regions with high gains and losses are
indicated by double bars in their respective color. A yellow bar in the
copy number profile of chromosome 14 indicates the region of gain in
the CRI-CR2/MMRU cell lines (see Table IlI). Right hand-side panel:
FISH analyses confirm the genomic array comparative genomic
hybridization (aCGH) findings in the RPMI-8402 and CPT-K5 cell lines
on interphase nuclei with hybridization signals using the following
probe sets as indicated by red and green marks on the respective
ideograms in the left hand-side panel: i) Bacterial artificial
chromosome (BAC)-based probe containing the TOP1 gene (red) and
centromere 20 probe (green); ii) BAC-based probe RP11-368G2 (green)
containing the ABCG2 gene together with centromere 4 probe (red) —
to the right metaphase spreads represented by partial karyograms of
chromosomes 4 and 12; and iii) BAC-based probe RP11-213013 (red)
containing the TDPI1 gene together with subtelomeric 14-qter probe
(green) - to the right metaphase spreads represented by partial
karyograms of derivative chromosomes 11 (der(11)t(11;14)) and 15
(der(15)t(14;15)) for RPMI-8402 and partial karyograms of derivative
chromosomes 5 (der(5)t(5;14)(q35;932)) and 14 for CPT-K5.
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Table V. Copy number findings of key genes involved in DNA repair pathways and cell-cycle arrest in CPT-KS5 cells relative to RPMI-8402 cells.

HGNC-approved gene symbol

Function

Cytoband

Pos. (hgl8)

Copy number

Proteasome-dependent TOP1 degradation pathway/phosphodiesterase pathway for TOP1-cc repair of single-ended DSB

PARPI1

TDPI

XRCCI

PTEN

PNKP

APEX]I or APE]
POLB

PRKDC

DSB recognition, XRCC1 and TDP] recruitment
Hydrolyze the tyrosyl-DNA link in Topl-DNA complex

DNA binding

Phosphatase, negative regulator of PI3K/AKT pathway

End processing

Apurinic/apyrimidinic endodeoxyribonuclease 1

DNA polymerase beta

1q42.12
14¢32.11
19q13 .31
10923 31
1991333
14q11.2
8pl1.21

8q11.21

Proteasome-independent pathway/endonuclease pathway for TOP1-cc repair of single-ended DSB

ERCC1

ERCC4 or XPF
RPAI

RPA2

RPA3

POLDI

POLD2

POLD3

POLD4

FENI

LIGI

SLX4

HR & NHEJ
ATM

H2AFX

MREI1

NBN or NBS1
PARPI

RADS50

HR

BARDI

BLM or RECQL3
BRCAI

BRCA2

RBBPS or CtIP
DNA2

EXO1

LIGI

PALB2

POLD

POLE

RADS1

RADS52

ATRX or RAD54
RPA

Classic NHEJ
APTX

APLF

LIG4

NHEJI or XLF
PNKP

PRKDC or DNA-PKcs
POLL or DNA-Pol u
POLM or DNA-Pol u
XRCC4

XRCCS5 or Ku80
XRCC6 or Ku70

Interacts with ERCC4 to form endonuclease
3’-Flap endonuclease subunit
Replication protein Al subunit
Replication protein A2 subunit
Replication protein A3 subunit
Polymerase delta catalytic subunit A
Polymerase delta catalytic subunit B
Polymerase delta catalytic subunit D
Polymerase delta catalytic subunit A
Flap structure-specific endonuclease 1
DNA ligase 1
Structure-specific endonuclease subunit

Binds to MRN complex, phosphorylates CHK2

Activated by ATM, recruit further DNA repair components
Endonuclease, 3’-5’ exonuclease, MRN complex

Adaptor, check point roles, MRN complex
DSB recognition, MRN complex recruitment
ATPase/Scaffold, MRN complex

BRCA1-associated ring domain
Bloom syndrome, helicase
Mediator/adaptor, ubiquitin ligase
Recombination mediator, binds to RADS51
Endonuclease; binds to BRCA1
DNA replication helicase 2
5’-3” Exonuclease
ATP-dependent DNA ligase
Partner and localizer of BRCA2
See above for POLD1-4
Catalytic subunit DNA polymerase epsilon
Recombinase, homology pairing
Mediator of repair
Recombinase, D-loop formation
See above for RPAI-3

End processing
End processing
DNA ligase 4, complexes with XRCC4
Scaffold protein
End processing
DSB-responsive PIKK family protein kinase
End processing, gap filling
End processing, gap filling
Scaffold protein
dsDNA end binding, resection inhibition
dsDNA end binding, resection inhibition

19q13.32
16p13.12
17p13.3
1p35.3
7p21.3
19q13.33
7pl3
11q134
11q13.1
11q12.2
19q13.32
16p13.3

11922.3
11q23.3
11q21
8q21.3
1q42.12
5q31.1

2q35
15926.1
17q21.31
13q13.1
18ql1.2
10921.3
1q43
19q13.32
16p12.1
12q24.33
15q15.1
12p13.33
Xq21.1

9pl13.3
2pl4
13q33.3
2q35
19q13.33
8ql1.21
10q24.32
Tpl13
5ql4.2
2q35
22q13.2

224,615,015-224,662 424
89,491,999-89,580,861
48,739,304-48,771,570
89,613,175-89,718,512
55,056,273-55,062,630
19,993,130-19,995,766
42,315,187-42,348 470
48.,848,222-49,035,296

50,608,532-50,618,642
13,921,515-13,953,706
1,680,023-1,749,598
28,090,636-28,223,823
7,643,100-7,724,763
55,579,405-55,613,083
44,120,811-44,129,672
73,981,277-74,031,413
66,875,595-66,877,593
61,316,726-61,321,286
53,130,515-53,365,372
3,571,185-3,601,608

107,598,769-107,745,036
118,469,795-118,471,387
93,790,115-93,866,688
91,014,740-91,060,075
224,615,015-224,662 424
131,920,529-132,007 494

215,301,520-215,382,673
89,061,583-89,159,690
38,449,840-38,530,994
31,787,617-31,871,809
18,767,293-18,860,447
69,843,827-69,901,885

240,078,158-240,119,671
53,310,515-53,365,372
23,521,984-23,560,179

131,710,421-131,774,018
38,774,651-38,811,648

904,877-912,503

76,647,012-76,928,375

32,962,608-32,991,626
68,548,246-68,660,798
107,657,793-107 665,883
219,648,290-219,733,831
55,056,273-55,062,630
48,848,222-49,035,296
103,328,629-103,337,963
44,078,372-44,088,607
82,409,073-82,685,335
216,682,377-216,779,248
40,347,241-40,389,998

Loss
High gain
nc
Loss
Gain
Loss
nc
nc

nc
Gain
nc
nc
High gain
Gain
Gain
Loss
Loss
Loss
Loss
Gain

Loss
Loss
Loss
nc
Loss
Loss

Gain
Gain
Loss
High gain
nc
Gain
Loss
Loss
Gain
nc
nc
nc
Loss

Loss
nc
High gain
Gain
Gain
nc
Gain
Gain
nc
Gain
nc
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Table V. Continued

HGNC-approved gene symbol Function Cytoband Pos. (hgl8) Copy number
Alternative NHEJ

RBBPS or CtIP Nuclease; binds to BRCA1 18q11.2 18,767,293-18,860,447 nc
POLB Gap filling 8pll.21 42,315,187-42,348,470 nc
XRCC1 DNA binding 19q13.31 48,739,304-48,771,570 nc
LIG3 DNA ligase 3, complexes with XRCC1 17q12 30,331,651-30,356,201 Loss
WRN DSB repair mediator, Helicase 3’-5 exonuclease 8pl12 31,010,320-51,150,819 nc
Mismatch repair

MLH]I Forms a heterodimer with PSM2 3p22.2 37,009,983-37,067,341 nc
MLH3 Forms heterodimer with MLH1 14q24 .3 74,550,220-74,587,988 High gain
MSH?2 Forms heterodimer with MSH6 2pl16.3 47.,483,767-47,563,864 nc
MSH3 Forms heterodimer with MSH3 5ql4.1 79,986,050-80,208,390 nc
MSHG6 Forms heterodimer with MSH2 2pl6.3 47,863,725-47,887,596 Loss
PMS1 Forms heterodimer with MLH1 2q32.2 190,357,056-190,450,600 nc
PMS?2 Forms heterodimer with MLH1 7p22.1 5,979,396-6,015,263 Gain
Cell-cycle arrest

CHK1 Phosphorylated by ATR, G,/M cell-cycle arrest 11q24.2 125,001,854-125,030,850 Loss
CHK?2 Phosphorylated by ATM, G, cell-cycle arrest 22q12.1 27,413,731-27,460,715 Gain
TP53 G; and G, Cell cycle arrest 17p13.1 7,512,445-7,531,588 nc

DSB: Double=strand break HR: homologous recombination; NHEJ: non-homologous end-joining; nc: no change.

expression of ABCB1 and ABCG2 in colorectal and breast
cancer cells making them resistant towards the CPT-analog
SN-38 and mitoxantrone (62, 63). Remarkably, we found that
in the CPT-KS cell line, the genes ABCBI and ABCCI are
located in regions of copy number gain at 7q21.12 and
16p13.11, respectively, while ABCG2 is in the region of highest
copy gain at 4q22.1 (Figure 5, Table IV). The CPT-resistant
cell lines HT-29/CPT and A549/CPT had amplified ABC
transporter family genes (44). These observations indicate that
copy numbers gains of ABC transporters are of importance in
decreased intracellular CPT accumulation in CPT-KS5 cells. It
has been shown that CPT-K5 is multidrug resistant e.g. it is
also resistant to topoisomerase II inhibitors (64). This
observation is in line with the findings that there are many
drugs that are substrates for the ABCG?2 transporter, including
topoisomerase II inhibitors (e.g. mitoxantrone, etoposide,
daunorubicin, and doxorubicin), CPT analogs (e.g. topotecan,
and irinotecan), tyrosine kinase inhibitors, antimetabolites, and
many other drug types [reviewed in (58)]. Interestingly, a
glioblastoma cell line, SF295, which became mitoxantrone-
resistant by exposure to step-wise increasing concentrations of
the drug had a resulting ABCG2 amplification by forming
double minutes, which were later reintegrated into the genome
at multiple chromosomal regions during subsequent selection
steps (43). In the CPT-KS5 cell line, we found that the ABCG2
gene in addition to its location at 4q22.1 is highly amplified at
a single chromosomal site on der(12)t(4;12) (Figure 5),
suggesting a similar mechanism of amplification to that
observed in the SF295 cell line. Taken together, these findings
support the idea that ABCG2 is one of the most important

transporter genes in relation to CPT and its derivatives, which
is in agreement with previous suggestions (65-67).

Alteration of apoptotic pathways is a fourth line of
defense in influencing resistance to CPT. The biochemical
pathways of apoptosis include pro-apoptotic and anti-
apoptotic proteins, which affect the cellular response to CPT
as reviewed elsewhere (7, 68). A delicate balance between
pro- and anti-apoptotic pathways has been proposed to
provide alternative means of providing cancer cells with a
selective advantage promoting chemoresistance (69).
Apoptosis involves a complex network of many proteins of
which the proteins encoded by tumour protein p53 (TP53),
inhibitor of apoptosis, X-linked (XIAP) and baculoviral IAP
repeat-containing protein 5 (BIRCS) play important roles in
regulating apoptosis (70). TP53 plays an important role in
sensitivity to CPT and apoptosis induced by CPT. When
leukemia cells are deficient in p53 function, the cells are
hypersensitive to CPT, whereas cells with normal
functioning p53 are resistant to CPT (71, 72). In our study,
we found that the copy number of TP53 was unchanged
(Tables IV and V), which is in agreement with previous
findings that normal TP53 is important for resistance to CPT
and its derivatives. The anti-apoptotic genes X/AP and
BIRC)5 possess a wide range of biological activities that
promote cancer cell survival and proliferation to overcome
endogenous and exogenous insults [reviewed in (68)]. We
found CPT-K5 cells had loss of the XIAP gene and that
BIRCS5 had no copy number change (Table IV).

A fifth line of defense against CPT is efficient repair of CPT-
induced DNA damage by the cell (53). Although the
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Figure 6. Schematic overview of mechanisms implicated in repair of camptothecin (CPT)-induced DNA damage. BER: Base excision repair; BIR:
breakage-induced replication; CPT: camptothecin or its derivatives; DSB: double-strand break; HR: homologous recombination; MMBIR: micro-
homology-mediated BIR; MRN: meiotic recombination 11 (MRE11)/DNA repair protein RADSO(RADS50)/nibrin (NBS1) complex; NER: nucleotide
excision repair; NHEJ: non-homologous end-joining; NHR: non-homologous recombination; PTEN(-) indicates phosphatase and tensin homolog
deficiency; SSB: single-strand DNA break. Open red circle indicates fork collision and repair mechanisms; Y-P: 3’-phosphotyrosyl.

mechanisms implicated in repair of TOP1-cc have been widely
studied they still remain largely elusive (73-78). The repair of
this rather unique form of DNA damage involves different
pathways (Figure 6) that cooperate to remove the TOP1-cc and
restore intact DNA, thus allowing the resumption of
physiological cellular functions including replication and
transcription. An important step in the repair of TOP1-cc is
degradation of DNA-bound TOP1 (76). Furthermore, it has
been shown that cells that rapidly degrade TOP1 are resistant
to CPT, while cells that fail to degrade TOP1 are sensitive to
CPT (75,79). TOP1 covalently stalled on DNA is degraded via
a ubiquitin-26S proteasome pathway into a small peptide with
a tyrosyl residue attached to the 3’-end of the nicked DNA (75,
76). A recent finding suggests that phoaphatase and tensin
homolog (PTEN) availability may determine the fate of cells
harboring CPT-induced DNA damage by regulating activity of
DNA-dependent protein kinase (PRKDC) kinase, which
phosphorylates TOP1 on serine 10 (79). It was found that
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PTEN deletion ensures higher TOP1 serine 10 phosphorylation
leading to rapid TOP1 degradation and CPT resistance.
PRKDC-dependent phosphorylation of TOP1 in complex with
DNA seems to be a prerequisite for ubiquitinylation, which in
turn is required for proteasomal degradation (79).

Another important aspect of the repair of CPT-induced
DNA damage is the fate of stalled or collapsed replication or
transcription fork complexes which are generated by CPT
(80). Colliding replication forks on the leading strand for
DNA synthesis or transcription on the template strand
convert CPT-stabilized TOP1-cc into devastating DSBs if
unrepaired. Break-induced replication (BIR) is a homologous
recombination pathway which was recently identified as
serving for repair of collapsed or broken replication forks
[reviewed in (81, 82)]. Another more recent BIR-related
pathway called micro-homology-mediated BIR has been
proposed to explain copy number alterations, complex
chromosomal rearrangements and microsatellite expansion
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Figure 7. Bar chart showing the mean of the results obtained when
measuring relative tyrosyl-DNA phosphodiesterase 1 (TDPI) activity in
whole-cell extracts from 1.0x100 and 0.5x10° RPMI-8402 (black bars)
and CPT-K5 (grey bars) cells, as indicated in the figure, in three
independent repetitions. Relative TDP1 activity in CPT-K5 cells was
increased by a factor of 1.42 (p<0.001; unpaired t-test). The error bars
indicate standard deviation.

associated with cancer and various other diseases in humans
(81-83). It is beyond the scope of this study to describe these
processes in more detail, as excellent reviews exist (81, 82).

A summary of the genes involved in the repair processes
described above is given in Table V, which also provides
information about copy number changes affecting these genes
in the CPT-K5 cell line. Interestingly, important genes
involved in the repair of TOP1-induced DNA damage had
copy number changes. Firstly, the PTEN gene, an upstream
effector of the proteasomal pathway, had a copy number loss.
Secondly, a 50% increase in copy number of the TDP] gene,
which was confirmed by FISH analysis (Figure 5), and a 1.42-
fold higher relative activity of TDPI1 (Figure 7) were
identified. Both of these observations are in agreement with
the recent findings by Ando er al. (79) suggesting that PTEN
deletion ensures higher TOP1 serine 10 phosphorylation by
PRKDC, favoring rapid TOP1 degradation and CPT
resistance. It might be interesting in future studies to
determine PTEN expression or the level of phosphorylated
serine 10 in TOP1 in the CPT-K5 cell line and investigate
whether TOP1 is more degraded in response to CPT in CPT-
K5 cells. A previous BAC-based aCGH analysis on the
irinotecan-resistant cell lines CR1 and CR2, derived from
parental melanoma MMRU cell lines, showed a gain of the
region 14q23.2 to q31.1 (21). The amplified region in that

study is within the region gained at 14q23.2-q32.12 observed
in CPT-K5 cells (Table IV; Figure 5) but amplification in the
CR1 and CR?2 cells did not include the TDPI gene. A major
difference between the CPT-KS and the CR1/CR2 cell lines is
that the latter needs CPT to be present for the cells to conserve
their CPT resistance as opposed to CPT-K5 cells, which are
stably CPT-resistant in the absence of CPT. This difference
may influence the cellular dynamics of e.g. DNA repair.

The DNA mismatch repair (MMR) system also plays an
important role in maintaining genomic stability (84). The main
genes involved in MMR include, E. coli homolog of MutL
(MLHI), MLH2, E. coli homolog of MutS (MSH2), MSH3,
MSH6, postmeiotic segregation increased, S. cerevisiae 1
(PMS1), and PMS2. Defects in any of these genes result in
microsatellite instability (85) and repeat expansions (86). It
was shown in one study that MSH2 deficiency results in a
higher sensitivity to CPT, while loss of MLH] results in CPT
resistance (87). In the CPT-KS5 cell line, we observed a gain
of MLH3 and PMS2, and a 3’-partial loss of MSH6, while
there were no copy number changes in the other MMR genes
(Table V). Although only few studies exist on MMR and CPT
sensitivity, gain of MLH3 located at 14q24.3 might be a
recurrent rearrangement in CPT-resistant cells as it was also
observed in CPT-resistant MMRU cells (21).

A slower growth rate has been reported in several CPT-
resistant cell lines (55, 11, 22), although this does not seem
to be a major mechanism of resistance to TOP1 inhibitors
(55). It may, however, be a reminiscence of altered properties
as a result of obtaining CPT resistance because cell-cycle
checkpoint arrest is important to allow time for repair and to
prevent progression of replication. CPT-induced DNA
damage activates S. pombe homolog of checkpoint 1 (CHK1)
and CHK2 checkpoint kinases (88). The two independent
CPT-resistant colorectal cancer cell lines derived from
HT-29 and HCT-116 had an approximately 30% increased
doubling time (22). Increased basal levels of H2A histone
family, member X (y-H2AX) and activated CHK2
accompanied these findings, without notable changes in the
level of CHK1. Consistent with these findings, the CPT-K5
cell line has an increased generation doubling time
(approximately 100% increase) (11) and amplification of the
CHK?2 gene together with a relative loss of CHKI (Table V).

STR profiling of RPMI-8402 and CPT-K5. Because of the
major cytogenetic and genomic differences between RPMI-
8402 and CPT-K5 cells, we wanted to examine whether STRs
differ between the two cell lines. STRs are microsatellites
with repetitive sequences characterized by a variable number
of repeated short sequence elements of 2-6 bp in length as a
unit (e.g. di-, tri-, and tetra-sequences). They are highly
polymorphic between individuals and are especially used in
forensic studies for human identification, and more recently
for authentication of human cell lines (89, 90).
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Table VI. Short tandem repeat (STR) profiling of RPMI-8402 and CPT-KS5 cells using the AmpFISTR® Identifiler PCR amplification kit.

STR locus Chromosomal STR alleles? Match Repeat unit®
location
RPMI-8402 CPT-KS
TPOX* 2p25.3 8 8 M (AATG)g 14
D2S1338 2q35 19 23 m (TGCC)4(TTCC)y,
23 24
26
27
D3S1358 3p21.31 14 14 m TCTA (TCTG),_3(TCTA) .15
16 15
16
FGA 4q28 23 21 (TTTC);TTTTTTCT(CTTT),CTCC(TTCC),
22
24
D5S818* 5q23.2 12 11 m (AGAT);_5
13 12
13
CSF1PO 5q33.1 11 9 m (AGAT)s_1¢
12 (10)
11
12
D7S820* 7q21.11 8 9 None (GATA)g_14
13 12
14
D8S1179 8q24.13 11 13 None (TCTA)7.15
14
THO1 11p15.5 9 6 None (AATG);3_,
9.3 7
VWA 12p13.31 14 a7 m TCTA TCTG TCTA (TCTG), (TCTA);
20 18
20
22
D13S317 13q31.1 12 10 m (TATC)7_15
12
D16S539 16q24.1 10 10 m (GATA)s_15
11 14
D18S51 18q21.33 16 14 None (AGAA)g 7
20 17
18
D19S433 19q12 12 14 m (AAGG)(AAAG)(AAGG)(TAGG)(AAGG)7.15
(13) 15
14
D21S11 21q21.1 30 28 m (TCTA)4(TCTG)g(TCTA);TA(TCTA);TCA (TCTA),TCCATA(TCTA)¢
30
332
342

M: Complete match, m:partial match, None: no match of genotypes. ¥*Denotes STR loci analyzed by topoisomerase 1 (TOP1) DNA cleavage assay;
aNumbers in brackets indicate a minor peak; PSubscripts indicate number of repeat units. A more detailed allele listing of these STR loci is available

at www.cstl.nist.gov/biotech/strbase/fr_fact.htm.

The AmpFISTR® Identifiler PCR Amplification tests STR
alleles (tetra-nucleotide repeats) at 15 loci that are located on
distinct chromosomes, behave according to known principles
of population genetics and contain low mutation rates
[reviewed in (91)]. The results from the STR profiling analysis
of RPMI-8402 and CPT-K5 cells are summarized in Table VI.
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A comparison of the STR results of the two cell lines shows
that it is only the TPOX locus which has a complete match,
with the homozygous STR allele bearing the eight repeat units
present in both cell lines. For the remaining 14 STR loci, there
was either a partial match (D2S1338, D3S1358, D5S818,
CSF1PO, vWA, D13S317, D16S539, D19S433, D21S11) or
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5'=ACGTCACGG STR CGGTTCAGC=-3'
3'-TGCAGTGCC RPMI-8402 GCCAAGTCG-5'
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Repeat size 8 12 8
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Figure 8. Topoisomerase 1 (TOP1) DNA cleavage assay using short
tandem repeat (STR) sequences as DNA substrate. The top panel shows
the construction of the double-stranded oligonucleotide substrates. The
grey box indicate the double-stranded STR alleles representing no
match (None) D758820, a partial match (m) D5S818, and a complete
match (M) for thyroxin peroxidase (TPOX) as observed in the STR
profiling of DNA from RPMI-8402 and CPT-K5 cell lines. These
oligonucleotides were constructed so that the sequence of each of the
three selected RPMI-8402 STR alleles were flanked by a common
sequence identical in the three different substrates. Each construct was
5’-radiolabeled and subjected to human topoisomerase 1 (hTOP1) DNA
cleavage with purified recombinant hTOP1 in the absence and presence
of CPT before the products were separated by 12% polyacrylamide gel
electrophoresis. Lanes 1,4 and 7: incubation without enzyme and CPT;
lanes 2, 5 and 8: incubation with hTOP1 in the absence of CPT; lanes
3, 6 and 9: incubation with hTOP1 and 10 uM CPT. Uncleaved
substrates are marked (S) and *denotes hTOP1 DNA cleavage sites.

no match (FGA, D7S820, D8S1179, THO1, D18S51) of the
STR alleles between the two cell lines. The aberrant STR loci
did not
translocations or breakpoints as identified by karyotyping or
genomic profiling. The total number of STR alleles increased
from 26 in the RPMI-8402 cells to 42 in the CPT-KS5 cell line
(p<0.01), which is in line with the observed number of
changes by karyotyping and by breakpoints identified by
oligo-based aCGH analysis. These findings are in agreement
with the fact that CPT induces genomic instability.

correlate with the observed differences in

STRs can be cleaved in vitro by TOPI and DNA cleavage
can be stimulated by CPT. The most obvious conclusion
from the STR data is that either the two cell lines are not
related or alternatively that differences may be the result of
CPT-induced DNA damage and repair.

To test whether STR alleles are targets for CPT-induced
DNA damage, we performed a number of classical in vitro
TOP1 DNA cleavage experiments in the presence and absence
of the drug (Figure 8). We found that the substrate containing
the sequence of the D75820 locus was a stronger TOP1 DNA
cleavage site than the substrate containing the sequence for the
D5S818 locus in the absence of CPT. Addition of CPT to the
TOP1 cleavage reaction resulted in very strong stimulation of
DNA cleavage of the D7S820 STR substrate, whereas only
very weak stimulation for the D5S818 STR substrate was
observed. In contrast, the TPOX STR substrate was not cleaved
by TOP1 and neither was cleavage stimulated by CPT.

Correlating these findings with the observed STR allelic
differences between the two cell lines, it should be noted that
the TPOX STR was the only allele that showed a complete
match in the STR profiling and that we found only one allele
in both cell lines. This finding indicates that because the
TPOX STR does not contain a TOP1 cleavage site it is stable
in the presence of CPT. Furthermore, the D7S820 locus,
which did not exhibit any match in the STR profiling,
contained the strongest TOP1 DNA cleavage site. This site
was also the site with the strongest cleavage stimulation by
CPT of the three loci sequences tested. Taken together, our
findings indicate that the genomic stability of the tested STR
alleles depends upon their ability to be cleaved by TOP1 and
how strongly CPT can enhance this cleavage. This
interpretation is in agreement with the studies on
transcription-induced trinucleotide STR instability (92-94).
Another way STR can become unstable or mutate is by
replication strand slippage or misalignment (95). Replication
fork collapse or arrest is one source of DNA strand slippage
and as CPT greatly enhances the frequency of replication
fork arrests, it is not unlikely that it will affect the STRs as
exemplified by the tetra-nucleotides we examined. Normally
the rate of slippage is highest in dinucleotide STRs and
lowest in tetra-nucleotides but how CPT affects the rate of
slippage remains unknown (96).
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In conclusion, it is highly likely that cells subjected to
continuous sublethal concentrations of CPT acquire
increased STR instability, but further studies focusing on
CPT and STR are warranted.

Conclusion

A major clinical problem is that initially responding patients
with cancer treated with CPT or its derivatives gradually
acquire resistance. We used the stably and highly CPT-
resistant cell line CPT-KS5 to obtain global genomic insight
into acquired CPT resistance by characterizing the cell line,
and its parental, using 24-color karyotyping and subtractive
oligo-based aCGH analysis.

Although many human cell lines resistant to CPT or its
derivatives have been developed, only very few of these
have been examined at the chromosomal or genomic level.
This is intriguing because CPT is a specific inhibitor of
TOP1, which has a major role in DNA metabolism, such as
in transcription, replication, recombination and repair.

By 24-color karyotyping, we showed that CPT-KS5 is hypo-
tetraploid with a modal chromosomal number reduced to 80,
and had loss or gain of 18 structural aberrant chromosomes
compared with its parental RPMI-8402. Subtractive oligo-
based aCGH analysis identified 165 copy number alterations
and 236 unbalanced DNA breakpoints unevenly distributed
across the chromosomal complement in CPT-K5 cells.
Furthermore, we found that STRs highly differ between CPT-
K5 and its parental cell line, and we show for the first time that
STRs are TOP1 targets that can be differentially stimulated by
CPT. These findings are in agreement with repair pathways that
efficiently repaired CPT-induced DNA damage at the expense
of conserved genome integrity providing substantial
chromosomal and genomic alterations that may have been
beneficial for survival and cellular proliferation. However,
further studies are needed to establish whether STR alterations
actually contribute to cellular tolerance to CPT.

We suggest that acquired resistance to CPT in the CPT-K5
cell line is a multifactorial process. Four major mechanisms
seem to be involved in addition to its acquired previously
described TOPI mutation. These are: i) reduced gene dosage
of TOP] resulting in decreased cellular amount and activity of
the enzyme; ii) high amplification of ABCG2, which may
contribute to reduced intracellular concentration of active drug
by decreased drug influx/increased drug efflux; iii) no copy
number changes in TP53 and BIRCS5 genes, which may
contribute to resistance to apoptosis; and iv) high amplification
of TDPI accompanied by increased TDP1 activity and reduced
gene dosage of PTEN, which were recently shown to be of
great importance for repair of CPT-induced DNA damage.

CPT-resistant cell lines have variable degrees of resistance to
CPT and variable dependency on the presence of CPT to retain
their resistance to it. These observations may relate to
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mechanisms implicated in their resistance. Only a few CPT-
resistant cell lines have been examined at the genomic level,
and clearly, more CPT-resistant cell lines need to be examined
with up-to-date genomic methods in order to enhance the
understanding of their resistance mechanisms. Furthermore, it
should be kept in mind that CPT-resistant cell lines are
developed by exposure to longitudinal increments of sublethal
drug doses, and often prior to their selection, had a mutagenic
step, which may provide the cells with potential initial genomic
aberrations amenable to selective advantage. This is different to
the clinical situation in that patients becoming resistant to
treatment with CPT-derived drugs did not have an initial
mutagenic step and most often no increment in drug dose.

Nevertheless, identification of recurrent regions implicated
in the acquisition of CPT resistance might provide the first
clues to identifying important regions of the genome, and
consequently genes, which could serve as potential
therapeutic targets for intervention against development of
CPT resistance, or for its reversal.
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