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Abstract—We examined the expression of the genes encoding topoisomerases I and II and those
associated with V(D)J [variable(diversity)joining] recombination in two human T-cell acute lymphoblastic
leukemia (T.ALL) cell lines, CEM and CEM/DOX. In CEM/DOX cells, which are resistant to
doxorubicin, the topoisomerase I gene was found to be 4-fold overexpressed and nuclear topoisomerase
I relaxation activity was 2-fold greater in CEM/DOX than in CEM cells. Furthermore, the cleavable
complex reaction induced by camptothecin, a specific topoisomerase 1 inhibitor, was found to be 2.5-
increased in the presence of topoisomerase I extracted from CEM/DOX, in comparison to that in
CEM cells. Conversely, the topoisomerase II mRNA levels, nuclear decatenation activities and
(mAMSA) 4'(9-acridinylamino)methanesulfon-m-anisidide-induced cleavable complex formation in
CEM/DOX were similar to those of the doxorubicin-sensitive cells. The results indicate that
topoisomerase I activity is elevated in CEM/DOX cells. Nevertheless, CEM/DOX cells were 11-fold
more resistant to camptothecin than were CEM cells, and cross-resistance to camptothecin was not
reversed by verapamil. Furthermore, using an intact cell assay for DNA-protein complexes, we found
that camptothecin-stimulated cleavable complexes formed in CEM/DOX cells were increased in
correlation with the elevated topoisomerase I activity. These results suggest that camptothecin resistance
in CEM/DOX cells is due to different mechanism(s) than topoisomerase- or P-glycoprotein-associated
multidrug resistance. The recombination activating gene, RAG1, which is one of the components of
the site-specific V(D)J recombination complex, was 20-fold overexpressed in CEM/DOX cells. In
contrast, RAG2 and T160 gene transcripts, other components of the V(D)J complex, were at best
poorly detected in both sensitive and resistant cells. No specific V(D)J recombinase activity was found
in CEM or CEM/DOX cells when the pJH201 transfection assay was used. The results indicate that
CEM/DOX cells failed to generate V(D)J recombination although RAG1 gene is overexpressed. The
mechanism of the RAG1 gene activation was not gene amplification, and no rearrangement was
detected in the RAG1 gene locus. RAG1 presents homology with the yeast gene HPRI, itself
homologous to yeast topoisomerase I and responsible for the control of recombination in somatic cells.
Since DNA topoisomerases are themselves involved in the control of DNA topology, recombination
and DNA repair, the possible coactivation of RAG1 and topoisomerase I genes in CEM/DOX cells is
discussed.
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The assembly of functional T-cell receptor and
immunoglobulin genes is carried out by a series of
site-specific recombination events known as V(D)J
[variable-(diversity)-joining]|] recombination[1]. The
recombination activity occurs at specific signal
sequences that flank the possible coding regions of
the immunoglobulin and T-cell receptor genes in
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pre-B and pre-T lymphocytes [1]. Recently, three
genes (recombination activating genes) RAGI,
RAG?2 and T160 were identified as playing a crucial
role in the recombination process [2-4]. RAGI is
homologous to the yeast gene HPRI, itself
homologous to yeast topoisomerase I and responsible
for the control of somatic recombinations in yeast
[5,6]. The RAG1 gene is thus thought to encode
the active nicking—closing enzyme involved in V(D)J
recombination, and its homology with HPR1 and
topoisomerase I and the relationship between these
enzymes in the control of genome integrity are
currently being investigated {6-8].

DNA topoisomerases are enzymes that modulate
DNA topology. Two DNA topoisomerases, type [
and type II, in eukaryotes have been well
characterized. They have important functions during
transcription, replication, recombination and DNA
repair (for areview see Ref. 9). DNA topoisomerases
I and II have been identified as major targets in
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cancer chemotherapy and their inhibitors include a
variety of structurally diverse antitumor agents [8, 9].
The mechanism of action of topoisomerase inhibitors
involves the transient formation of protein-associated
DNA single- or double-strand breaks, which could
be converted to irreversible DNA lesions during
replication or into chromosome aberrations by
recombination during mitosis [9, 10]. Resistance to
anticancer agents is frequently observed during the
clinical treatment of cancer. Many cell lines resistant
to topoisomerase inhibitors have been characterized
by the wide diversity of their resistance phenotypes.
The most frequently observed mechanism of
resistance is the elimination of the drug due to
an overexpression of the P-glycoprotein ATP-
dependent pump encoded by the mdr1 gene [11, 12]
and/or alteration of the nuclear topoisomerase I or
II activities [13-16]. Other mechanisms of resistance,
such as alterations of DNA repair, have been
reported for topoisomerase inhibitors and other
antitumor agents that directly or indirectly damage
DNA (reviewed in Ref. 17).

We examine here the modulation of the expression
of topoisomerase I and II and of the genes associated
with  V(D)J recombination in CEM/DOX, a
doxorubicin-resistant subline of the T-cell acute
lymphoblastic leukemia (T.ALL) cell line CEM, in
which the mdr1 gene is overexpressed and amplified.

MATERIALS AND METHODS

DNA, enzymes and chemicals. pBR322 DNA,
restriction endonucleases and nick-translation kit
were purchased from Boehringer Mannheim
(Meylan, France). Trypanosoma cruzi kinetoplast
DNA (kDNA) was a gift from Dr G. Riou (Institut
Gustave Roussy, Villejuif, France). [a—32P]dATP,
dCTP and Hybond N* membranes were purchased
from Amersham (U.K.). The following drugs
were obtained from commercial sources: 4’-(9-
acridinylamino)methane sulfon - m - anisidide
(mAMSA) (Substancia Laboratory, France),
doxorubicin (Roger Bellon Laboratory, Neuilly-sur-
Seine, France) and camptothecin (Sigma Chemical
Co., La Verpilliere, France); mAMSA and campto-
thecin were dissolved in dimethylsulfoxide at 1 mM
and then further diluted in water. Doxorubicin was
diluted in water at 1 mM.

Cell lines and cultures. CEM (ATCC CCL 119)
and CEM/DOX human T.ALL cell lines were
provided by Dr M. C. Chevallier-Multon [18] and
were grown in RPMI 1640 medium, supplemented
with 10% (v/v) heat-inactivated fetal calf serum,
2mM L-glutamine, and 50 ug/mL gentamycin.
Cultures were diluted twice weekly and maintained
at 37° in a humidified atmosphere with 5% CO,.
The T24 human bladder carcinoma cell line was
obtained from the American Type Culture Collection
(Rockville, MD, U.S.A.) and grown as monolayers
in McCoy’s 5a medium with 2 mM L-glutamine and
10% (v/v) fetal calf serum.

To obtain exponentially growing cell cultures,
CEM and CEM/DOX cells were seeded at
2 x 10°cells/mL in complete fresh medium and
collected after 48 hr of incubation. To obtain plateau-
phase cell cultures, CEM and CEM/DOX cells were

seeded at 5 x 10° cells/mL in complete fresh medium
and collected after 6 days, when cell density had
reached a plateau (~5-6 x 10%cells/mL). Except
where indicated, cells were collected in the
exponential growth phase for RNA, DNA and
topoisomerase preparations.

Evaluation of the antiproliferative properties. The
concentration of drugs inhibiting cell growth by
50% (1C5p) was determined from three separate
experiments performed with 96-well microculture
plates. Cell lines seeded at 2 X 10° cells/mL (0.2 mL/
well) were grown for 96 hr in the presence of
drugs at various concentrations (each point in
quadruplicate). Cells were then incubated for 16 hr
with 0.02% neutral red. The cells were washed and
lysed with 1% sodium dodecyl sulfate (SDS). The
incorporation of the dye reflecting cellular growth
and viability was evaluated by observing the optical
density for each well at 540 and 346 nm, with a
Titertek multiwell spectrophotometer.

RNA and DNA preparation and hybridization.
Total cellular RNA from exponentially growing cells
or from DBA/2 mice thymus was prepared by the
guanidinium isothiocyanate/CsCl density gradient
fractionation method [19]. Final RNA preparations
were precipitated in ethanol and adjusted to a
concentration of 1 mg/mL in DEPC-treated water,
then aliquoted and stored at —80°. For northern
biot analysis, 10 ug of each RNA sample were
electrophoresed on 1% agarose gels containing
formaldehyde and transferred to Hybond N*
membranes.

DNA was extracted and resuspended in Tris—
HCl pH7.5, 10mM, EDTA 0.5mM at a final
concentration of 1 mg/mL as described previously
[19]. DNA samples (10 ug) were digested overnight
by the different restriction enzymes (Bgl/II, EcoR 1,
Hind III, Poull, PstI, Xbal, and Xhol), electro-
phoresed in 1% agarose gels and transferred to
Hybond N* membranes. Prehybridization and
hybridization were done at 42° in 10 mL of 50%
formamide, 10 x Denhardts solution, 100 ug/mL
salmon sperm DNA, 1% SDS, 5 x standard saline
citrate (SSC) and 25mM NaHPO, pH6.8. The
heat denatured probe was added after 3hr of
prehybridization, and the hybridization reaction was
left to run for 16 hr. Membranes were washed as
follows: once at room temperature in 2 X SSC, twice
at 65° in 0.5 x SSC, 0.1% SDS and twice at room
temperature in 0.2 x SSC, 0.1% SDS.

Blots were autoradiographed for 1 or 2 days on
Hyperfilms MP (Amersham). Autoradiograms were
scanned with a Pharmacia Ultroscan® densitometer
in order to quantify the transcript level.

Probes. The probes used were: the 3.4 kb BamH1-
EcoRI cDNA fragment of the human topoisomerase
I gene [20], provided by Dr J. C. Wang (Harvard
University, Boston, MA, U.S.A.); the 1.8 kb EcoRI
cDNA fragment of the human topoisomerase II o
gene [21], provided by Dr L. F. Liu (Johns Hopkins
University, Baltimore, MD, U.S.A.), the 1.15kb
Pst1 cDNA fragment of the mouse actin gene [22];
the 5.4kb EcoRI cDNA fragment of the human
RAGI gene [2]; the 2.0 kb Not I cDNA fragment of
the mouse RAG2 gene [3], provided by Dr D. Schatz
(Whitehead Institute for Biochemical Research,
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Cambridge, MA, U.S.A.); and the 0.9 kb Hind III-
EcoRI cDNA fragment of the mouse T160 gene [4].
Probes were nick-translated by E. coli DNA
polymerase with [a*?P]dCTP and dATP (>3000 Ci/
mmol) as described [19]. The specific activities of
the probes were between 5 x 10° and 10° dpm/pg.

Determination of topoisomerase activity. Nuclear
extracts (0.35 M) were prepared in parallel from 10®
CEM and CEM/DOX cells in the exponential phase
of growth as already described [23]. Protein
concentration was determined by the Biorad assay.
For the determination of topoisomerase I relaxation
activity, serial dilutions of nuclear extracts were
incubated for 30 min at 37° with 0.1 ug of supercoiled
pBR322 DNA in a final reaction volume of 20 uL
containing 25mM Tris pH7.5, 0.5mM EDTA,
0.5mM dithiothreitol (DTT), 30ug/mL bovine
serum albumin (BSA) and 100 mM KCl. The reaction
was stopped on ice by the addition of 5 uL of stop
buffer consisting of 0.1% bromophenol blue, 50 mM
EDTA, 50% (v/v) glycerol. The samples were
loaded onto a 1% agarose gel in 1 X TBE (Tris—
borate-EDTA) buffer and electrophoresed at 40 V
for 16hr. The gel was stained with 10 ug/mL
ethidium bromide for 10 min, then washed with
distilled water and photographed on a UV
illuminator. Negatives of the gel pictures were
scanned with a Pharmacia Ultroscan® densitometer,
in order to quantify the relaxation reaction. In this
way, we determined the minimal amount of protein
(mg) necessary to relax 50% of the supercoiled
pBR322 DNA in the assay conditions, i.e. one
relaxation unit.

For the topoisomerase II decatenation activity,
serial dilutions of nuclear extracts were incubated
for 30 min at 37° with 0.1 ug of T. cruzi kinetoplast
DNA (kDNA) in a final reaction volume of 20 uL
containing 25mM Tris pH7.5, 0.5mM EDTA,
0.5mM DTT, 30 ug/mL BSA, 150 mM KCl, 10 mM
MgCl, and 1 mM ATP. The reaction was stopped
and electrophoresed as described for relaxation.
Decatenated minicircles were scanned on the
negatives of the gel photographs in order to quantify
the reaction. We determined the minimal amount
of protein (mg) necessary to decatenate 50% of the
kDNA network in the assay conditions, i.e. one
decatenation unit.

The DNA-cleavage assay in the presence of
camptothecin and mAMSA was performed on 32P-
end labeled pBR322 DNA as described previously
[23].

DNA-protein formation in intact cells. Cells were
incubated with radioactive leucine and thymidine as
described earlier [24]. Camptothecin was added
30 min prior to the termination of the experiment,
and radioactivity in washed cell pellets was
determined as described [24].

Transient expression of recombinase activity.
Transient expression of recombinase activity was
assayed by the recombination assay described
previously [25]. Approximately 10° cells of CEM
and CEM}DOX in the exponential phase of
growth were transfected by the calcium phosphate
precipitation procedure with 10 ug of the recom-
bination substrate pJH201 (a gift from Dr M. Gellert,
National Institute of Health, Bethesda, U.S.A.).

BP 46:5-F

Plasmid DNA was recovered 48 hr later by a rapid
alkaline lysis procedure. The recovered plasmid
DNA was then introduced into the competent E.
coli strain XL1 and then selected for ampicillin
{(Amp) and Amp-chloramphenicol (Cam) resistance.
Doubly resistant colonies were picked and replated
on AmpCam to control the resistance. A control
plasmid, pJH201A, which is deleted in the 0.35 kb
Hind III fragment containing the recombination
signal sequences and the transcription terminator,
was constructed and used as a positive control for
Cam acetyl transferase (CAT) expression. The
frequency of recombination, R, was calculated as
the number of AmpCam colonies divided by the
total number of Amp colonies. The number of
transformants (Amp or AmpCam) was corrected for
a plating dilution factor.

RESULTS

DNA topoisomerase I and Il activities in nuclear
extracts from CEM and CEM/DOX

Nuclear extracts from CEM and CEM/DOX cells
were prepared by 0.35 M NaCl extraction of isolated
nuclei [23]. Topoisomerase I ATP-independent
relaxation activities and topoisomerase II ATP-
dependent decatenation activities were determined
with serial dilutions of the extracts (see Materials
and Methods). Table 1 summarizes the specific
activities of topoisomerases I and II in CEM and
CEM/DOX. Results indicated that there were no
variations of the topoisomerase II decatenation
activity in CEM/DOX extracts compared to CEM.
Topoisomerase I relaxation activity was 1.7-fold
greater in nuclear extracts from CEM/DOX cells
than in extracts from CEM cells. During its catalytic
reaction, topoisomerase mediates a transient break
in the DNA, then allows another DNA strand to
pass through the break, and finally reseals the DNA
[9]. At the DNA breakage step, the enzyme is
covalently linked to one of the DNA termini [9].
Antitumor agents, such as camptothecin for
topoisomerase I and mAMSA for topoisomerase II,
are known to block the reaction by increasing the
amount of enzyme covalently linked to DNA [9].
The linked enzyme can be measured in an in vitro
reaction called “cleavable-complex reaction” in
which the enzyme-DNA cross-link is transformed
into a double- or single-strand break under protein
denaturing conditions. The camptothecin-induced
DNA cleavage activities of nuclear extracts were
measured by using linear 3?P-end labeled pBR322
DNA as substrate [23]. The extent of DNA cleavage
was quantified by densitometric scanning of the
4.3 kb pBR322 native DNA band and the results are
expressed as a function of the amount of protein in
the topoisomerase preparation (Fig. 1). The data
show that camptothecin-induced DNA cleavage
activity is 2.5-fold higher in nuclear extracts from
CEM/DOX than in extracts of CEM. When the
same type of experiment was performed in the
presence of mAMSA, no differences could be
evidenced between CEM and CEM/DOX extracts
(result not shown). These data indicate that
topoisomerase I activity was increased in CEM/
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Table 1. Specific activities of DNA topoisomerases I and II in nuclear extracts from
CEM and CEM/DOX cells

Specific activity (U/mg) x 10**
Topoisomerase It

Topoisomerase I

Cell line relaxation activity decatenation activity
CEM 125+1.0 1.2+0.14
CEM/DOX 21.6+3.5 1.15+0.23
R = CEM/DOX/CEM 1.72 0.95

* Results are the mean value (£SD) of three independent determinations.
+ One topoisomerase I relaxation unit is the amount of nuclear protein able to
relax 0.1 ug of supercoiled pBR322 DNA for 30 min at 37° in the conditions of the

assay (see Materials and Methods).

1 One topoisomerase II decatenation unit is the amount of nuclear protein able
to decatenate 0.1 ug of T. cruzi kDNA for 30 min at 37° in the conditions of the

assay (see Materials and Methods).
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Fig. 1. Camptothecin-induced DNA cleavage in nuclear
extracts from CEM (—A—) and CEM/DOX (---R---)
cells. ¥P-end-labeled pBR322 DNA was reacted with
10 uM camptothecin and with increasing amounts of nuclear
extracts as described [23]. Camptothecin-induced DNA
cleavage as a function of protein extract concentration was
quantified by scanning the area of the native pBR322 DNA
band (4.3 kb) on the autoradiograms. Results are expressed
as the per cent of DNA cleavage compared to that in the
control untreated DNA and are the mean value of two
separate experiments, individual points are shown.

DOX cells, while no change was observed for
topoisomerase II activity.

Formation of covalent topoisomerase I-DNA com-
plexes in intact CEM and CEM/DOX cells

Camptothecin-mediated cleavable complex for-
mation was also determined in intact sensitive and
resistant cells by the SDS-KCI precipitation assay
[24]. The ability of camptothecin to stabilize DNA-
protein complexes in CEM and CEM/DOX cell
lines labeled with [*H]thymidine and ['“C]leucine is

shown in Table 2. It is seen that 1 and
10 uM camptothecin caused a 1.26- and 1.93-fold
stimulation, respectively,in DNA-protein complexes
in CEM cells. Stabilization of complexes was found
increased in CEM/DOX cells, so that 1 and
10 uM camptothecin caused a 1.69- and 3.02-
fold stimulation, respectively, in DNA-protein
complexes. In addition, DNA-protein complexes
induced in untreated cells were found approximately
double in CEM/DOX cells, compared to CEM cells.
This correlated with the increased amount of
topoisomerase I and camptothecin-induced cleavable
complex stimulation detected in nuclear extract from
resistant cells.

Cytotoxic effect of mAMSA and camptothecin on
CEM and CEM/DOX cells

mMAMSA and camptothecin, in contrast to
doxorubicin, are not recognized by the P-glycoprotein
encoded by the mdrl gene [26], and could therefore
be used as biological probes to analyse variations of
topoisomerase activities. We examined the cytotoxic
effects of nAMSA and camptothecin on the sensitive
and resistant cell lines in exponential growth after
96 hr of contact with the drugs. The results, presented
in Table 3, correspond to the concentration of drugs
inhibiting growth by 50% (iCs). The CEM/DOX
cell line was 11-fold more resistant to camptothecin
than the CEM cell line, but no resistance to mAMSA
was observed. The lack of cross-resistance for
mAMSA is in agreement with the absence of
variation in topoisomerase II activity between
sensitive and resistant cells. In contrast, the cross-
resistance to camptothecin is contradictory with the
increased topoisomerase I activity in CEM/DOX
cells. Further analysis of the cytotoxic effect of
camptothecin on other cell lines bearing the P-
glycoprotein and their drug-sensitive counterpart,
such as KB/VLB and P388/VCR, has confirmed the
lack of cross-resistance to camptothecin in cells
displaying the mdr phenotype (result not shown).
The cytotoxic effect of camptothecin was also
examined on CEM and CEM/DOX cell lines in the
presence of verapamil, a P-glycoprotein antagonist
(Fig. 2). Results demonstrate that verapamil has no
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Table 2. Effect of camptothecin on protein complex formation in intact cells

DNA-protein complexes induced by camptothecin*

Cell line No drug 1uM 10 uM
CEM 0.46 = 0.01 0.58 = 0.02 (1.26)+ 0.89 = 0.19 (1.93)
CEM/DOX 1.12 = 0.08 1.90 + 0.18 (1.69) 3.39 £ 0.69 (3.02)

* Determined as described in Materials and Methods, after 30 min incubation with
camptothecin. Results are ratios of [PH]DNA cpm/["*C]protein cpm and are the

mean * SD of three separate experiments.

+ Numbers in parentheses represent fold increases in DNA-protein complexes in
drug treated cells, compared to no-drug controls.

Table 3. Relative resistance to mnAMSA and camptothecin
of CEM and CEM/DOX cell lines

ICso (nM)* Relative
resistance
Drug CEM CEM/DOX factort
mAMSA 4800 + 1400 4500 = 1100 0.93
Camptothecin 2.2 +0.25 25+5 11.4
Doxorubicin — — 153%

* ICsy = drug concentration, after incubation in liquid
medium for 96 hr, that inhibits cell growth by 50%,
determined from three separate experiments. Each
concentration of drug was tested in quadruplicate. SD of
the mean is indicated.

+ Relative resistance factor is the CEM/DOX ICg, value
divided by the CEM icy, value.

i Reported from Ref. 18.
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Fig. 2. Effect of verapamil on the -cytotoxicity of
camptothecin in CEM and CEM/DOX cell lines. Cell
growth was determined after incubation in culture medium
for 96 hr, as indicated in Materials and Methods, in the
presence or the absence of verapamil (4 uM) for each
concentration of camptothecin tested. Values are the mean
of two separate experiments, each point in quadruplicate.
SD are lower than 5%.

effect on the camptothecin cytotoxicity on either
CEM or CEM/DOX cell lines, and suggest that P-
glycoprotein is not involved in the mechanism of
cross-resistance to camptothecin in CEM/DOX cells.
These data indicate that CEM/DOX cells exhibit
an additional mechanism of resistance towards
camptothecin.

Northern blot analysis of topoisomerases I and Il and
RAG transcripts in CEM and CEM/DOX cells

To determine whether the expression of topo-
isomerases I and I and recombinase activating genes
is altered in CEM/DOX cells, we used northern
blots with specific probes to analyse total RNA from
CEM and CEM/DOX cells (Fig. 3). The results
indicated that there was no significant modulation
of the topoisomerase II mRNA level while the
topoisomerase I and RAG1 mRNA levels were
higher in CEM/DOX than in CEM cells (Fig. 3).
Hybridization with the murine B actin probe was
used as an internal control for evaluating the amount
of RNA loaded in each lane. Hybridization was also
performed with the probes for the RAG2 and T160
genes, which correspond to other known components
of the V(D)J} recombination [3,4]. No transcript
could be detected for RAG?2 in either CEM and
CEM/DOX RNA, while the assay readily detected
the RAG2 transcript in thymus RNA from mouse
(Fig. 3) or from rat (data not shown). This
negative result, confirmed by several independent
experiments, was obtained even when the blot
membrane was 10-fold overexposed to the auto-
radiogram. The T160 transcript was found at a low
level in CEM, CEM/DOX and thymus RNA, and
there was no evidence of significant variation in the
transcription of this gene between sensitive and
resistant cells (Fig. 3).

In order to study the influence of the cell growth
variations on the RAG1 and topoisomerase I and 11
mRNA levels, RNA was prepared from CEM and
CEM/DOX cells, collected during exponential phase
and during plateau-phase (Fig. 4). The transcript
levels were evaluated by densitometric scanning of
the autoradiograms and values were normalized
against the B actin transcript level. Results,
summarized in Table 4, showed that in RNA
from CEM and CEM/DOX cells, RAG1 and
topoisomerase II transcripts increased by 2-fold in
the exponential phase of growth compared to the
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Fig. 3. Northern blot analysis of topoisomerase and recombinase gene transcripts in CEM and CEM/

DOX cell lines. 10 ug of total RNA were electrophoretically resolved on 1% agarose formaldehyde

gels, blotted onto Hybond N* filters and hybridized with RAG1, topoisomerase I (Top 1), topoisomerase

II (Top 2), T160, RAG2 and B-actin probes (see Materials and Methods): lane 1, CEM celis; lane 2,

CEM/DOX cells; lane 3, murine thymus. Numbers on the right indicate the size (kb) of the transcript
detected.

CELLs:plteau eponential

Fig. 4. Variation of transcript level in CEM sensitive and
resistant cell lines in plateau or exponential phase of
growth. Total RNA (10 ug) from CEM or CEM/DOX cells
taken in exponential or plateau phase of growth (see
Materials and Methods) was analysed by northern bilot
with RAG1, topoisomerase II (Top 2), topoisomerase I
(top 1) and B-actin probes. Transcript size (kb) is indicated
on the right of the figure. Transcript levels were measured
by densitometric scanning, and the values obtained were
normalized against actin values (reported in Table 4).
DOX = CEM/DOX cells.

plateau phase, while no significant variation was
found for topoisomerase I transcripts.

Results also indicated that RAG1 mRNA levels
increased 18- and 14.7-fold in plateau and exponential
CEM/DOX cells, respectively, while topoisomerase
I mRNA levels increased 3.7- and 4.1-fold (Table
4). These dataindicate that RAG1 and topoisomerase
I mRNA levels are higher in CEM/DOX than in
CEM cells, whatever the state of growth of the cells.

RAG]1 gene locus

In order to search for alterations of the RAG1
gene structure which might be associated with the
overexpression of RAGI1, genomic DNA was
digested with several restriction enzymes (BglII,
BamH 1, EcoR 1, HindII1, Pst1, Poul, Xbal and
XhoI) and analysed by Southern blot hybridization,
for which the 5.4 kb EcoR 1 fragment of the RAG1
¢DNA was used as probe (see Materials and
Methods). The cleavage patterns of CEM and CEM/
DOX DNA produced by several restriction enzymes
were compared with those obtained with the DNA
from T24 human bladder carcinoma cells (Fig. 5A).
No alteration of the RAG1 gene locus was detected
in either sensitive CEM or resistant CEM/DOX cell
lines.

In addition, no rearrangement of the topo-
isomerase I or topoisomerase II gene locus
was detected when the same membranes were
rehybridized with these probes (result not shown).
As shown in Fig. 5B and confirmed by densitometric
analysis, the copy number of these genes (RAGI1,
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Table 4. Relative levels of RAG1, topoisomerase I and topoisomerase II transcripts in
exponentially growing or plateau phase CEM cells

Relative transcript level*

Cell lines and culture conditions RAG1 Topol Topo Il
CEM plateau phase 1.0 1.0 1.0
CEM exponential 2.0 (1.0) 0.8 (1.0) 1.7 (1.0)
CEM/DOX plateau phase 18.0 3.7 1.1
CEM/DOX exponential 29.5 (14.7) 334.1) 1.9 (1.1)

* mRNA transcript levels were determined by northern blot hybridization of total
RNA. Filters were sequentially hybridized by RAG1, topoisomerase II, topoisomerase
I and B-actin probes (see Materials and Methods). Autoradiograms from the experiment
presented in Fig. 4 were scanned by a densitometric analyser (Ultroscan, Pharmacia)
and values were normalized with the actin values.

Results are expressed relative to the mRNA level of CEM cells in plateau phase
(values defined as 1), or relative to the mRNA level of CEM cells in exponential phase
(number in brackets).

CEM CEMDX T24 ! e
123 123 12 3 kb Ce ,Seox Cer

09

RAG1 TOP1 TOP2
RAG1
1= EcoRlI
2=Bgtii
3=Pst |

Fig. 5. Southern blot analysis of the genomic DNA from CEM, CEM/DOX and T24 cells. (Panel A)
Genomic DNA (10 pg) from CEM, CEM/DOX (CEMDX) and T24 cell lines was digested with EcoR I
(lane 1), Bgl/II (lane 2) and Pst1 (lane 3) and analysed by Southern hybridization with the human
RAG1 probe (see Materials and Methods). No difference in the restriction cleavage pattern was
observed for these three cell lines. Numbers on the right indicate the size (kb) of markers. (Panel B)
DNA (10 ug) from CEM (C.) or CEM/DOX (D,) cell lines was digested with Pou IT and analysed by
successive Southern hybridization with the RAG1, topoisomerase I (Top 1) and topoisomerase II (Top
2) probes. Numbers on the right indicated the size (kb) of the corresponding DNA fragment.
Densitometric scanning indicates that the copy number of these three genes is identical in CEM and
CEM/DOX cells.

topoisomerases I and II) is identical in CEM and  Lack of V(D)J recombination activity in CEM and
CEM/DOX cells. These results indicated that the CEM/DOX cells

RAG1 mRNA overexpression in CEM/DOX cells To assay the V(D)J recombination activity in
is not caused by a gene amplification, nor by a CEM and CEM/DOX cells, we used plasmid pHJ201
readily detectable structural alteration, such as a as the V(D)J recombination substrate. On this
rearrangement or deletion, of the RAG1 gene locus.  plasmid, which carries the Cam and Amp resistance
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Table 5. V(D)J recombination activity in CEM and CEM/DOX cells

Number of colonies

Celi line Amp CamAmp Rt
CEM* 4781 0 <2.10™*
CEM/DOX* 2890 2% <3.4107*
Control pJH201 (1 ng) 4534 0 —
Control pJH201A (1 ng)$ 1360 920 —

* The number of transformants was corrected for a plating dilution factor and
corresponds to 3% of the total DNA recovered after transfection of the pJH201

plasmid (see Materials and Methods).

t R, the frequency of recombination, corresponds to the number of CamAmp
colonies divided by the number of Amp colonies.
1 The two CamAmp colonies were false positives, since they did not grow after

replating on CamAmp medium.

§ pJH201A, a deletion mutant of the pJH201 plasmid lacking the transcription
terminator, was used as positive control for the CamAmp resistance.

genes, the V(D)J recombinational signal sequences
flank a prokaryotic transcription terminator between
the E. coli lack promoter and the CAT gene [25].
Correct V(D)J rearrangement induces the deletion
of the transcription terminator and the expression
of Cam resistance [25]. In order to demonstrate
whether the RAG1 overexpression in CEM/DOX
corresponds to an increased V(D)J recombination,
pJH201 was transiently transfected into CEM and
CEM/DOX cells, recovered after 48 hr, and then
introduced into bacteria which were plated on Amp
and AmpCam resistant media. The recombination
frequency was calculated as the number of colonies
resistant to both Amp and Cam divided by the total
number of Amp colonies (Table 5). No AmpCam
colonies were obtained with pJH201 recovered from
CEM cells. This represented a recombination
frequency of <2 x 1074, The recombination fre-
quency obtained with pJH201 recovered from CEM/
DOX cells was < 3.4 x 107*.

These results indicate that no efficient V(D)J
recombination activity occurred in either CEM or
CEM/DOX cells.

DISCUSSION

CEM/DOX cells have been previously shown to
overexpress and amplify the mdrl gene, which is
responsible for an active efflux of doxorubicin and
other anticancer drugs [18]. Since topoisomerase II
is one of the major targets of doxorubicin, we
examined the mRNA transcript level and the activity
of topoisomerase II in CEM/DOX cells. Our results
indicate that (i) the topoisomerase II transcript level
is not quantitatively modified, (ii) the topoisomerase
II decatenation activity of CEM/DOX nuclei is
identical to that of sensitive cells, (iii) the
topoisomerase II inhibitor mAMSA is able to cleave
the same amount of DNA with topoisomerase II
preparations from CEM and CEM/DOX cells. These
data strongly suggest that topoisomerase II is not
qualitatively or quantitatively modified in CEM/
DOX cells. On the other hand, we found that
topoisomerase I activity is modified in CEM/DOX

cells: (i) topoisomerase I transcript level is 4-fold
increased, (ii) the topoisomerase I relaxation activity
of CEM/DOX nuclei is 1.7-fold higher than in CEM
cells, (iii) the topoisomerase I inhibitor camptothecin
induces 2.5 times more DNA cleavage with
topoisomerase I preparations from CEM/DOX cells
than with preparations from CEM cells, (iv) the
camptothecin-mediated cleavable complex formation
in intact CEM/DOX cells is about 2-fold increased,
compared to CEM cells. According to these data, it
is likely that topoisomerase I activity is quantitatively
increased in CEM/DOX cells. An increase of
topoisomerase I activity was already found in several
cell lines resistant to topoisomerase II inhibitors,
such as Calc18/AM and P388/AMSA cell lines
[27, 28]. However, in these cell lines the increase of
topoisomerase I was associated with a decrease of
topoisomerase II activity, and it was suggested that
topoisomerases I and II could partially complement
each other’s biological functions. The topoisomerase
I gene activation in CEM/DOX does not result from
a gene amplification, nor from a rearrangement of
the topoisomerase I gene locus (result not shown).
However, despite the increase of topoisomerase I
activity, we found CEM/DOX cells to be 11-fold
more resistant than CEM cells to camptothecin.
Camptothecin is not recognized by the mdrl P-
glycoprotein [26]. Accordingly, the lack of cross-
resistance to camptothecin was confirmed in P388/
VCR and KB/VLB resistant cell lines, which
overexpress the P-glycoprotein (result not shown),
and verapamil has no effect on the camptothecin
cytotoxicity in CEM/DOX cells, suggesting that
cross-resistance to camptothecin in CEM/DOX is
not related to overexpression of the mdrl gene. In
addition, the correlation for the camptothecin-
mediated cleavable complex formation between
intact cells and nuclear extracts suggest that a
modification of the drug penetration in resistant cells
is not probable. However, other mechanisms may
be involved in the observed resistance, such as
cellular alterations following stabilization of the
cleavable complex by camptothecin. Topoisomerase
I and II inhibitors mediate their cytotoxic activity



RAG]1 and Topo I overexpression in CEM/DOX cells

via a common mechanism involving stabilization of
the enzyme on DNA during the catalytic reaction
[9]. Formation of the cleavable complex leads
ultimately to cell death during replication by
transforming nicks into irreversible DNA breaks, or
during mitosis, by inducing aberrant chromosome
recombinations [9,10]. A potential pathway that
allows resistant cells to overcome these lesions is
an increased ability to repair them. Resistance
mechanisms involving alterations of DNA repair
have been reported for topoisomerase inhibitors and
other antitumor agents which mediate direct or
indirect DNA damage [11].

We have also examined the expression of the
genes involved in V(D)J recombination. We found,
by northern blot analysis, a 15-20-fold increase of
the RAG1 gene transcript in CEM/DOX cells. The
overexpression of RAGI is not caused by a gene
amplification, nor by an obvious alteration of the
RAG1 gene locus, since no differences in the
restriction enzyme pattern or the mRNA transcript
size were found between CEM/DOX, CEM and
T24 cells. This result does not exclude the possibility
of sequence modifications or other alterations, such
as a rearrangement in the regulatory regions of the
gene, which have not yet been studied.

Interestingly, the expression of RAG1 and
topoisomerase Il genes in both CEM and CEM/
DOX cells was 2-fold higher in exponentially growing
cells than in plateau phase cells. The transcript level
and the enzymatic activity of topoisomerase I were
found to be directly related to the proliferative state
of the cells [29, 30]. RAG1, RAG2 transcription and
V(D)J recombination are transiently increased in
lymphoid cells treated with agents that elevate cAMP
[31]. These data indicate that cell growth may
generate intra- or extra-cellular stimuli that can
modulate the expression of RAGI.

Other genes, such as RAG2 and T160, participate
in the formation of the V{D)J recombinase complex
[3,4]. Our results indicate that RAG2 gene
expression is undetectable in both CEM and CEM/
DOX cells and that T160 is expressed at a resting
level which is not modified in CEM or CEM/DOX
cells. Previous studies have shown that the concordant
expression of RAG1 and RAG2 genes is necessary
for the activation of V(D)J recombination and the
resulting T cell receptor rearrangement in pre-B or
pre-T cells [3]. In contrast, the T160 gene product,
which probably plays a role in the sequence-
recognition of the recombinase complex formation,
was found to be ubiquitously transcribed in adult
tissues, that do not exhibit V(D)J recombination {4].
Thelack of RAG2 geneexpressionin ourexperiments
suggests that V(D)J recombination is not efficient
in CEM or CEM/DOX cells. Transient transfection
of the recombination substrate indicated that V(D)J
recombination occurs at a frequency lower than 1074
in CEM or CEM/DOX cells. This figure corresponds
to the frequency of recombination observed in non-
lymphoid cells, such as fibroblasts, and represents a
resting level of unspecific recombination [3].
According to a previous report [3]. these results
indicate that RAG1 gene expression is not sufficient
by itself to generate efficient V(D)J recombination
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and suggest that in CEM/DOX cells, the RAG1
gene is diverted from its normal biological function.

Other studies have indicated that in CEM cells,
an abnormal recombinase activity is responsible for
the disruption of the SCL locus (also called TCLS
and TAL1) which is implicated in 25% of T.ALL
neoplasms [32-34]. It is, however, unclear whether
this translocation is mediated by an abnormal RAG1
function or by another factor associated with the
recombinase complex [35]. As shown by our results,
a discordant expression of RAG1 and RAG?2 genes,
which is originally observed in CEM sensitive cells,
may explain by itself a recombination error at the
SCL locus which is not a normal V(D)J site.

In order to determine the putative function of
RAG1 in the resistance to topoisomerase inhibitors in
CEM/DOX cells, Cos-7 fibroblasts were transiently
transfected with eukaryotic RAG1 expression
vectors. These experimentsindicated that transfected
cells had an increased topoisomerase 1 activity and
displayed a resistance phenotype relative to the
cytotoxic effect of doxorubicin and camptothecin (J.
F. Riou, manuscript in preparation). Therefore,
increased topoisomerase 1 activity in CEM/DOX
cells might be the direct or indirect consequence of
increased RAGI1 gene expression. Topoisomerases
and recombinases have a common function in
controlling genome stability [6, 7], and the modu-
lation of DNA topology is probably an important
factor which controls the complex processes involved
during DNA recombination [36,37]. Thus, the
concerted co-activation of RAG1 and topoisomerase
I genes may ensue from their functional regulation.
Topoisomerase inhibitors are known to promote
illegitimate recombination in vitro [38,39] and
chromosome aberrations by recombination during
mitosis {9, 10}. The unusual resistance to campto-
thecin in CEM/DOX cells and to topoisomerase |
and II inhibitors in Cos-7 cells transfected with
RAG1 might be related to increased recombination,
driven by RAG1, which remove the drug-induced
DNA lesions before their transformation in lethal
events. On the other hand, V(D)J recombination
was found impaired in several double-strand break
repair mutants and Taccioli et al. [40] recently
provided evidence that several factors encoded by
independent genes are each involved in both DNA
repair and V(D)J recombination. Thus, it is also
possible that one of these factors is activated by
RAGI overexpression and participates to remove
the DNA lesions.

In conclusion, our result is the first evidence that
both topoisomerase 1 and recombinase gene
transcription may be altered in a T.ALL cell line
resistant to a topoisomerase II inhibitor. Since
25% of human T.ALL neoplasms have aberrant
recombinase functions [33-35], it would be interesting
todetermine whether other T. ALL cell lines resistant
to anticancer agents similarly overexpress the RAG1
gene.
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