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SUMMARY

Nucleotide excision repair (NER) activity was investigated in
lymphocytes from patients with chronic lymphocytic leukemia
(CLL). The NER process consists of two broad stages: incision/
excision of the damaged oligonucleotide and resynthesis of the
repair patch. NER in CLL lymphocytes was monitored with the
use of in vitro biochemical assays, allowing the determination of
either the extent of repair synthesis or the incision activity on
damaged plasmid DNA during incubation with whole-cell pro-
tein extracts. Fresh CLL tumor cells were purified from the
blood of 7 untreated patients and 11 patients who had been
treated with chemotherapy. No repair activity was found in 14
extracts (7 treated and 7 untreated) or in normal blood periph-

eral lymphocytes. The defect was at the level of both repair
synthesis and incision/excision activity of DNA damage. In
contrast, 4 of the extracts exhibited 25-60% of the repair
activity measured in an extract from a control repair-proficient
cell line. A linear relationship was found between the values of
DNA-repair synthesis and incision activities, which indicates
that the extent of significant incision was the limiting factor in
these protein extracts. All of the extracts that exhibited DNA-
repair activity were purified from lymphocytes of treated pa-
tients. These data suggest that chemotherapy might exert an
effect on the status of repair activity in the lymphoid tumor cells
of patients.

DNA repair that is involved in the maintenance of genetic
information proceeds via reversion, excision, or tolerance of
the lesions. Among these pathways, NER plays a major role
since it recognizes and removes a wide variety of DNA lesions
(1, 2). NER mechanism involves two distinct major steps: (i)
the incision reaction, including damage recognition, asym-
metric incision of the lesion-containing DNA strand on both
sides of the lesion, and excision of the damaged oligonucleo-
tide; and (ii) repair synthesis of new DNA with the comple-
mentary strand used as a template and its subsequent liga-
tion to restore strand continuity (3, 4). Modulation of NER
activity might be approached by testing defective cell lines
such as XP cells (5) or resistant cell lines to cisplatin and
alkylating agents when DNA repair is involved in the mech-
anism of resistance (6, 7).

Interestingly, the process of NER has been reproduced in a
biochemical assay in vitro (8, 9). This assay allows the deter-
mination of NER activity with the use of cell-free extracts
incubated in the presence of damaged plasmid DNA through
incorporation of a radiolabeled nucleotide during the repair-
synthesis step. It has proved to be very informative and to

This work was supported in part by a grant from the Association pour la
Recherche sur le Cancer, France.

! Current affiliation: Département de Cancérologie Expérimentale, Centre
de Recherche Pierre Fabre, 81106 Castres Cedex, France.

closely imitate the in vivo situation: (i) the incision step
seemed to be slow and rate limiting (10); (ii) in the case of the
repair-deficient syndrome XP, UV-dependent repair synthe-
sis was restored through preincision of the damaged DNA
with pyrimidine dimer-specific glycosylases and supple-
mented cell extracts (9); and (iii) the fragment excised by
human cell-free extracts ranged in length from 27 to 32
nucleotides (11). Finally, (iv) the entire eucaryotic NER re-
action has been reproduced in vitro with purified protein
components (12, 13).

However, the extent of repair synthesis measured in the
assay was dependent not only on the incision activity but also
on the length of the DNA-repair patch. The latter point might
be critical when, for example, comparing protein extracts
with contaminating nonspecific nuclease activities or with
altered DNA polymerase activities. This is illustrated by
defective PBLs in DNA replication (14, 15). To overcome this
inherent drawback, we have recently devised a derivative
assay in which incision activity of protein extracts can be
measured (16, 17). Determination of incision/excision activity
in PBL protein extract revealed blockade of this repair activ-
ity that was alleviated through activation of PBLs with lec-
tins such as phytohemaglutinin (18).

We report the determination of NER activity in lymphocyte
protein extract purified from blood of patients with CLL

ABBREVIATIONS: NER, nucleotide excision repair; CLL, chronic lymphocytic leukemia; CDDP, cis-dichlorodiammineplatinum(ll); PBL, peripheral
blood lymphocyte; XP, xeroderma pigmentosum; pBS, pBluescript KS*; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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disease. CLL is characterized by the proliferation and accu-
mulation of mature B lymphocytes or, exceptionally, T lym-
phocytes. This type of leukemia, which typically occurs in
persons >50 years old, is the most common leukemia in the
Western world and accounts for ~30% of all cases of leuke-
mia (19). In the light of the clinical status of the disease,
basically the lymphocytosis, alkylating agents such as
chlorambucil are used in first treatment. These drugs co-
valently bind to DNA and induce the formation of various
adducts that block DNA and RNA polymerization (20, 21).

During treatment with chemotherapy, clinical resistance
frequently occurs, which leads to the use of polychemothera-
peutic treatment, including alkylating agents. Various mo-
lecular pathways underlie the resistant phenotype (22-24),
among which enhanced DNA-repair activity in CLL cells has
been suggested (7). To the best of our knowledge, NER has
never been characterized in malignant fresh cells, although
the repair status might in part explain a resistant or hyper-
sensitive phenotype to chemotherapy with alkylating agents.
In addition to the inherent limitations of performing experi-
ments with fresh tumor cells, the lack of experiments with
cell extract may be justified by the following points: (i) ex-
tracts from fresh tumor cells often show high levels of con-
taminating nonspecific nucleases?; (ii) in solid tumors, it is
difficult to obtain pure tumor cells from surgical samples;
and (iii) the in vitro repair assay requires many cells (=2-6 X
107 cells/protein extract purification).

CLL seemed to be an interesting tumor model for this type
of study for the following reasons: (i) CLL blood samples
usually provide large quantities of tumor cells with a very
low contamination with nonleukemic cells; (ii) the DNA-re-
pair capacity of CLL cells can be compared with their non-
tumor cell counterpart (i.e., normal blood lymphocyte) as well
as with immortalized cell lines of lymphoid origin; (iii) de-
pending on the progression of the disease, chemotherapeutic
treatment is given that includes alkylating agents; (iv) as a
result of this treatment, resistant tumor cells might result.

We therefore have designed a study in which both the
repair synthesis and the incision capacity of fresh human
lymphoid tumor cell were evaluated. Eighteen blood samples
were selected from both treated and untreated CLL patients
with hyperleucocytosis of B and T cell types.

Materials and Methods

Patients and Volunteer Donors

Eighteen patients (Service d'Hématologie, Hopital Purpan, Tou-
louse, France) with CLL were studied; their clinical characteristics
are given in Table 1. Patients with a high lymphocyte count (22,000-
202,000 cells/ul) were enrolled in the study (age range, 52-82 years).
Eleven patients had been previously treated (patients T1-T11),
whereas 7 were untreated (patients U1-U7). All except one patient
(T4) had B cell-derived CLL. PBLs harvested through cytapheresis
from 7 healthy volunteer donors (Centre Régional de Transfusion
Sanguine, Toulouse, France) were used as nonimmortalized lympho-
cyte controls.

Cell Lines

The Epstein-Barr virus-immortalized human lymphoblastoid cell
lines that we used were AHH1 (healthy donor), from Dr. E. Mous-

2 J.-M. Barret, P. Calsou, G. Laurent, and B. Salles, unpublished observa-
tions.
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tacchi (Institut Curie, Paris, France), as a repair-proficient control
cell line, and XP GM2253D (XP group D), from the National Institute
of General Medical Sciences Human Genetic Mutant Cell Repository
(Coriell Institute, Camden, NJ), as a repair-defective cell line. All of
the cells were cultured in suspension in 1-liter spinner bottles at 37°
under 6% CO,. The culture medium was RPMI 1640 medium
(GIBCO-BRL) supplemented with 2 mM glutamine; 10% or 15% fetal
calf serum (GIBCO-BRL) for AHH1 or XP-D cell lines, respectively;
2 X 10°® units/liter penicillin; and 50 mg/liter streptomycin. Cells
were diluted with fresh medium every 2-3 days to maintain the
exponential phase of growth; cells were tested regularly and found to
be free of contamination with Mycoplasma (Mycoplasma detector kit,
Boehringer).

Harvesting of Cells and Whole-Cell Extracts

Blood samples from the 18 patients were collected into hepa-
rinized tubes after informed consent (40-50 ml/patient). Leukemic
and healthy cells were purified twice through density centrifugation
in Lymphocyte Separation Medium containing Ficoll (MSL, Euro-
bio). After centrifugation (400 X g for 20 min at room temperature),
cells were collected through aspiration of the liquid interface. Under
these conditions, lymphocytes represented >95% of the cell popula-
tion. Cells were rinsed twice with ice-cold phosphate-buffered saline
and then frozen as pellets in liquid nitrogen and stored at —70°.
AHH1 and XP-D cells were collected through centrifugation, rinsed,
and stored as described above or, in some cases, processed immedi-
ately. No significant difference in in vitro DNA-repair activity was
found between extracts from fresh and frozen cell samples (data not
shown). Whole-cell extracts were prepared as reported (9), except
that ultracentrifugation after the first ammonium sulfate precipita-
tion (10% final concentration) was at 55,000 rpm instead of at 42,000
rpm. The protein concentration in cell-free extracts ranged from 7.4
to 17.8 mg/ml.

Preparation of Plasmids and Their Damaging Treatments
with CDDP and UV Light

pBS (Stratagene) is a 2959-base pair plasmid, and pHM is a
3738-base pair derivative plasmid (gift from Dr. R. D. Wood, ICRF,
London, UK). pBS plasmids were prepared and treated with cispla-
tin as described previously (25) or irradiated with UV light (peak
wave-length, 254 nm) as described previously (9). Approximately 15
UV-damaged (9) or 20 Platinum/DNA adducts were present per pBS
plasmid molecule as determined with atomic absorption spectrome-
try (Perkin Elmer). pHM plasmid was incubated without drug and
used further as a control in repair reactions.

In Vitro Repair Assays

Repair synthesis assay. The repair-synthesis assay was per-
formed as already described (9). Briefly, 50 ul of reaction mixture
contained 300 ng each of damaged pBS and untreated pHM plas-
mids, 2 uCi of [a-32P}dATP (800 Ci/mmol, Amersham), and 150 ug of
protein extract in reaction buffer. KCl and MgCl, concentrations
were optimized by using T10 and T11 sample protein extracts to
obtain the highest specific repair synthesis; the values were 30 mmM
and 5 mM, respectively. After a 3-hr incubation at 30°, plasmid DNA
was purified, linearized with HindIIl, and electrophoresed overnight
on a 1% agarose gel containing 0.5 pug/ml ethidium bromide. Data
were quantified with the use of autoradiography and densitometry
(Scanning Laser Densitometer, Biocom, France) and/or scintillation
counting of excised DNA bands and standardized to an equal quan-
tity of plasmid DNA determined from fluorographic intensity. The
repair activity was expressed as the difference in dAAMP incorpora-
tion into pBS (damaged plasmid) minus pHM (control plasmid),
which corresponds to the so-called specific incorporation.

Incision assay. Incision activity in whole-cell extracts was quan-
tified according to the method of Calsou and Salles (17). Briefly,
standard 50 ul reaction mixture contained 300 ng each of damaged
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TABLE 1

Repair activity in protein extract from different CLL and control celis
Pa“:;:lt or Lymcg::tcyte Previous treatment or cell specification” gyu:mr:sp‘:'{ DNA incision®

cells/mm®

U1 22,000 No 3+1 62
U2 37,000 No <2 5
u3 101,000 No <2 5§+2
U4 27,000 No 3+1 6+3
us 38,000 No <2 5§+3
ue 38,000 No 31 8+2
u7 202,000 No 9*2 8+3
T1 43,000 CLB, COAP, CVP <2 3
T2 22,000 CLB, CHOP 3+1 5+2
T3 72,000 CLB, COAP <2 6+2
T4 88,000 cLB 4*1 5
T5 193,000 CLB, PRED 6+4 11+4
T6 134,000 CHOP, COAP 103 9+4
T7 118,000 CLB, COAP 16 9
T8 188,000 CLB, COAP 37+8 34+5
T9 48,000 CLB, COAP 52+5 45+ 6
T10 23,000 CLB, COAP, CVP 65 48
T 150,000 cLB 87 +7 738
AHH1 Lymphoblastoid cell line 150 = 20 125 + 12
XP-D Excision repair defective 27 +5 187
PBL Purified blood lymphocytes <2 25+8

# CLB = chliorambucil, CHOP = cyclophosphamide + doxorubicine + vincristine + prednisone, COAP = cyclophosphamide + vincristine + aracytine +
prednisone, CVP = cyclophosphamide + vincristine + prednisone, PRED = prednisone.
® Quantification of repair synthesis or incision activity was expressed as the difference in dAMP incorporation into pBS (damaged plasmid) minus pHM (control

plasmid) * standard deviation.
°T cell CCL.

pBS and untreated pHM plasmids, 150 ug of extract protein; the
reaction buffer was the same as above except that deoxyribonucle-
otides were omitted and 4.5 uM aphidicolin was included in 1 ul of a
suitably diluted solution in dimethylsulfoxide. Reaction was carried
out at 30° for 2 hr and stopped by the addition of 256 mM EDTA. The
mixture was treated with 200 ug/ml proteinase K (37° for 30 min) in
the presence of 0.5% sodium dodecyl sulfate. Plasmid DNA was
purified with phenol/chloroform extraction and ethanol precipita-
tion. DNA was then incubated for 15 min at 20° in 10 ul of reaction
mixture containing 90 mM HEPES-KOH, pH 6.6; 10 mM MgCl,; 2
uCi [a-3?PIdATP (800 Ci/mmol); 2 mM dithiothreitol; 20 uM concen-
trations of dCTP, dGTP, and dTTP; 2 uM dATP; and 1 unit of Klenow
polymerase (Escherichia coli DNA polymerase I large fragment,
GIBCO-BRL). Reaction was stopped by the addition of 50 mM EDTA
and 1 mM unlabeled dATP. The mixture was treated with 50 ug/ml of
bovine pancreatic ribonuclease A (37° for 10 min). DNA was then
purified, linearized, and electrophoresed as described above. Quan-
tification of incision activity was similar to the quantification of in
vitro repair activity.

Results

DNA-repair synthesis in lymphocytes from CLL pa-
tients. The determination of NER activity was carried out in
lymphocytes from 18 CLL patients that had been harvested
at various stages of the disease. Eleven of the 18 patients had
previously been treated with chlorambucil or with polyche-
motherapy (Table 1). Repair synthesis activity in leukemia
cell extracts was compared with that observed with extracts
from the repair-proficient lymphoblastoid cell line AHH1 and
the repair-deficient cell line GM2253D (Fig. 1). Extracts from
PBLs from healthy donors were tested in parallel. Repair
synthesis activity observed in proficient AHH1 cell extracts
(Table 1) was in the same range as that found with other
lymphoblastoid cell lines (25). None or a very low level of
repair synthesis (<10% of control) was found with the ex-
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Fig. 1. Repair synthesis of CLL protein extract. The repair assay was
performed on all extracts, with results indicating either very low or
significant activity. These two typical responses were illustrated with
extracts from patients CLL-T5 and CLL-T11, respectively. Control pro-
tein extracts were from AHH1 (AHH 1) and GM2253D (XP-D) cell lines
and PBLs. CDDP+, cisplatin-damaged plasmids. CDDP—, control un-
damaged plasmids. DNA-repair synthesis was performed with 150 ug
of protein extract and 300 ng of each plasmid DNA. The repair activity
was standardized to an equal quantity of plasmid DNA that was deter-
mined as described in Materials and Methods. Top, photograph of the
ethidium bromide-stained agarose gel. Bottom, autoradiograph of the
dried gel.

tracts obtained from all of the nontreated and from 7 of the
treated patients. The sample with T cell CLL (CLL-T4) from
a treated patient also showed no repair synthesis. In con-
trast, in 4 extracts, significant repair activity, higher than
that found with XP-D cell extracts, was measured. The repair
defect with normal lymphocyte and CLL cells could result
from slower kinetics of repair synthesis than with the control
extracts. Such a possibility was ruled out, however, because



the maximal value was almost reached after the 3-hr incu-
bation time with all of the repair-proficient extracts, as pre-
viously reported (9), and did not level off with the deficient
cell-free extracts (Fig. 2). When protein extracts were tested
with a UV-damaged plasmid, similar results were obtained
(data not shown).

DNA incision activity in lymphocytes from CLL pa-
tients. Because extracts deficient in NER synthesis lacked
DNA polymerase activity, these extracts might be proficient
in the incision/excision step. Therefore, the damage-specific
incision activities of cell-free extracts were measured (Table
1 and Fig. 3). Repair-deficient extracts of normal PBLs and
CLL cells (CLL-T9) exhibited almost no DNA incision activ-
ity. The incision-defective XP-D protein extract showed, as
expected, low activity. In contrast, repair-proficient extracts
(AHH1 and CLL-T11) exhibited significant incision activity,
25-60% of that measured in the extract of the control lym-
phoblastoid cell line. The incision of DNA damage was rate
limiting in the NER reaction (10), but no correlation between
the extent of incision and repair synthesis was reported be-
cause extracts were either proficient or deficient in NER
activity. With CLL extract, intermediate levels of NER activ-
ity were found, which allowed us to compare the incision
event with the entire repair process. When the values of
repair synthesis were plotted versus values of incision activ-
ity, a linear relationship was clear (Fig. 4).

Discussion

The aim of this study was to assess whether NER activity
could be measured in fresh tumor cells as previously reported
in cell lines (26). Moreover, tumor cells from patients either
untreated or treated with chemotherapy were used. Slight
modifications in the preparation of cell-free extract allowed
us to determine repair activity in protein extracts of CLL
cells obtained from blood samples.

First, we found that most leukemic cell extracts (14 of 18
CLL blood samples) exhibited very low extents of DNA-repair
synthesis in vitro, similar to those of normal circulating
lymphocytes. The defect was related to the incision step of
the lesions that might result from (i) the presence of an

250
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Fig. 2. Kinetic of repair synthesis. Protein extract (150 ug) was incu-
bated with 300 ng of cisplatin-treated and -untreated plasmid DNA for
=6 hr. Repair synthesis was evaluated with two extracts that were
representative of the two types of responses, CLL-T5 () and CLL-T11
(@), with AHH1 cells ((J) and PBLs () as controls. The repair activity
was expressed as the difference in dAMP incorporation into pBS (pla-
tinated plasmid) minus pHM (control plasmid). For each sample, incor-
poration was normalized for the amount of DNA recovered.
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KB
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CDDP

Fig. 3. Incision activity of CLL protein extract. The repair assay was
performed on all extracts (150 ng of protein) in an incision reaction with
cell extracts as described in legend to Fig. 1. Extracts were from
patients CLL-TS5 and CLL-T11, respectively, and control protein ex-
tracts were from AHH1 (AHH 1) and GM2253D (XP-D) cell lines and
PBLs. The incision activity was standardized to an equal quantity of
plasmid DNA determined as described in Materials and Methods.
CDDP+, cisplatin-damaged plasmids. CODP—, control undamaged
plasmids. Top, photograph of ethidium bromide-stained agarose gel.
Bottom, autoradiograph of the dried gel.
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Fig. 4. DNA-repair activity versus incision activity of CLL and normal
lymphocytes. DNA-repair synthesis and incision activities were evalu-
ated with extracts of lymphocytes from treated (O) or untreated (@)
patients with AHH1 cells (), PBLs (), and XP-D cells ((J) as controls.

inhibitor in the reaction, (ii) bias in the protein purification
step, or (iii) qualitative and/or quantitative modifications of
the incision protein complex. No inhibitor seemed to account
for the low incision activity since mixing these repair-defi-
cient extracts with AHH1 extracts gave an extent of repair
synthesis that corresponded only to the amount of AHH1
extract in the reaction (data not shown and Ref. 18). A bias in
protein purification seems to be ruled out because three or
four CLL blood samples were processed at the same time,
leading to both repair-proficient and -deficient extracts un-
related to the protein concentration of the extracts. More-
over, two samples (CLL-T5 and CLL-T11), when processed in
two different protein purification experiments, gave similar
values of repair activity. The lack of one protein of the inci-
sion complex may be ruled out as no in vitro complementa-
tion was found between XPA or XPD cell-free extract and
CLL-T5 or CLL-U4 CLL extract (data not shown).

Second, in some protein extracts (4 of 18), we found a
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significant repair signal compared with repair-proficient and
-deficient (XP-D) lymphoblastoid cell line extracts. The re-
pair activity measured in the assays could be derived from a
cell subpopulation that was replicating; such an explanation
requires 25-60% of the CLL cells to be in cycle because under
our conditions, the extent of repair synthesis was directly
proportional to the amount of active protein extract. Indeed,
PHA-stimulated normal PBLs exhibited significant increases
in both repair synthesis and incision activities related to the
percentage of cycling cells (18). However, this possibility
seems to be ruled out because, when measurable, only a very
low percentage of CLL cells were in S-phase (27). In repair-
proficient CLL extracts, an increased DNA polymerase activ-
ity may not account solely for the increase of NER activity.
The direct correlation between DNA-repair synthesis and
DNA incision activity (Fig. 3) supports the concept that the
incision step represents a critical event in the NER process,
as established in XP cells (5, 26). Moreover, the use of CLL
cell-free extracts with intermediate values of repair activity
allowed it to be established, for the first time, that the extent
of repair synthesis in the in vitro assay was directly depen-
dent on the extent of nicks in the plasmid DNA due to the
incision step of the NER reaction. The mechanism by which
the incision activity was enhanced in some malignant lym-
phoid cells remains to be elucidated but may imply (i) the
overexpression of certain incision proteins such as ERCC1
and XPE, which has been reported to occur in CDDP-resis-
tant cells (28, 29); and (ii) the diminution of DNA damage-
recognition proteins, such as high mobility group-related pro-
teins, as in the case of repair of cisplatin/DNA adducts (30,
31). The latter hypothesis may be ruled out because the
enhanced DNA-repair synthesis was found with both CDDP-
and UV-treated plasmid DNA. On the other hand, a simple
correlation between in vitro repair activity and in vivo situ-
ation should be taken with caution because in addition to the
potential artifacts due to in vitro assays, (i) preferential re-
pair (3, 32) cannot be tested with prokaryotic plasmid DNA;
and (ii) other activities, such as topoisomerase II activity,
might participate in cellular resistance and DNA-repair ca-
pacity, whereas it cannot be tested with the in vitro NER
assay (33, 34).

Interestingly, it should be noted that the repair-proficient
samples were obtained from heavily pretreated patients.
However, no correlation between the repair activity and the
chemotherapic treatment could be drawn because seven ex-
tracts from CLL cells of treated patients (six of seven with
heavy chemotherapeutic treatment) exhibited a low incision
activity. Therefore, the treatment was not directly responsi-
ble for the enhanced repair capacity, but other processes
were also involved in producing this new phenotype with
intermediate levels of activity (35, 36). It is necessary to have
a larger number of samples that are analyzed through vari-
ous pharmacological approaches to obtain information about
this change in the repair profile of CLL cells.
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