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Correlation of resistance to nitrogen mustards in chronic lymphocytic leukemia
with enhanced removal of melphalan-induced DNA cross-links
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Resistance to the nitrogen mustards, either de novo or
acquired, is responsible for the failure of chemotherapy
in the treatment of many types of cancer. The precise
mechanism(s) involved in the development of resistance in
the clinical situation to nitrogen mustards is not known.
Ross et al. [1] have noted that persistence of DNA cross-
links with time is an important factor in cytotoxicity. Hans-
son et al. [2] have found a correlation between the cyto-
toxicity of nitrogen mustards and the total area under
the curve for DNA interstrand cross-links. Recently we
reported that lymphocytes from untreated chronic lympho-
cytic leukemia (CLL) patients as compared to those
obtained from resistant CLL patients demonstrate no
significant differences in the kinetics of melphalan (MLN)
transport, intracellular MLN accumulation, intracellular
MLN inactivation or GSH levels. However, the lympho-
cytes from resistant patients demonstrate a decreased per-
centage of DNA interstrand cross-links after exposure to
MLN followed by a 4-hr drug-free incubation to allow for
maximal DNA cross-link formation [3]. To better define
the kinetics of DNA interstrand cross-link formation and
removal, we determined in the present study the percentage
of DNA interstrand cross-links (C,) following a 35-min
incubation with 5 or 10 uM MLN and a variable drug-free
incubation period.

Methods

Lymphocytes were isolated from patients with CLL as
previously described [3]. There were eight untreated CLL
patients and six treated resistant patients as previously
defined [3]. Differences between the two groups were deter-
mined by Student’s unpaired ¢-test.

The lymphocytes at 2 X 10° cells/ml were incubated at
37° with MLN for 35min in PAG [phosphate-buffered
saline (Dulbecco’s modification), pH7.4, with 0.1 mM
albumin and 0.25% glucose]. The cell suspensions were
centrifuged and resuspended in an equivalent volume of
PAG for a variable period of drug-free incubation at 37° to
allow for development of DNA cross-links. The per-
centages of DNA cross-links developed at 4 and 6 hr of
drug-free incubation were similar for lymphocytes from
two untreated CLL patients and thus a 4-hr time point was
utilized. Lymphocyte viability was =95% by trypan blue
exclusion at the end of the 24-hr drug-free incubation.

The DNA interstrand cross-links were detected by using
an ethidium bromide fluorescence assay as described pre-
viously except that the pH of the ethidium bromide (EB)
solution was adjusted so that the final pH of the solution
resulting from the mixture of the cellular suspension and
the EB solution was 11.5-11.9 in order to allow for optimal
denaturation [3, 4].

Results

To better define the kinetics of the formation and
removal of DNA cross-links, C, values were determined at
0, 4, and 24 hr after a 35-min incubation with 5 or 10 uM
MLN. Lymphocytes from eight untreated patients demon-
strated a time-dependent increase in C, without evidence
of removal of DNA cross-links (Figs 1 and 2) except for
one patient who removed approximately 50% of the DNA

cross-links at 24 hr. In contrast, the lymphocytes from the
six resistant CLL patients demonstrated the greatest C, at
0 hr with removal of most of the DNA cross-links by 24 hr.
At Ohr, 10 uM MLN resulted in a significantly (P < 0.01)
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Fig. 1. Percentage of DNA crosslinks (%C,) in lymphocytes
from seven untreated (O) and six resistant (@) CLL
patients. The cells were exposed to 5uM melphalan in
PAG for 35 min and then incubated in drug-free medium
for0, 4 and 24 hr. The data are expressed as the mean + SE.
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Fig. 2. Percentage of DNA crosslinks (%C,) in lymphocytes
from eight untreated (O) and six resistant (@) CLL
patients. The cells were exposed to 10 uM melphalan in
PAG for 35 min and then incubated in drug-free medium
for 0, 4 and 24 hr. The data are expressed as the mean + SE.
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greater C, with lymphocytes from resistant CLL patients
than those from untreated CLL patients. At 0 and 4 hr
following a 5 uM MLN incubation, there were no significant
differences in C, between these two groups. After 24 hr of
drug-free incubation, following either 2 5 or 10 uM MLN
incubation, lymphocytes from untreated CLL patients had
a statistically greater percentage of DNA cross-links
(P < 0.025) than those from treated resistant patients.

Discussion

The kinetics of the formation and removal of DNA
cross-links in lymphocytes from the untreated CLL patients
demonstrated that the maximal development of DNA
cross-links occurred 4-24 hr after the initial drug incubation
as previously described [1] and, in general, there was no
evidence of removal of DNA cross-links. In contrast, with
lymphocytes from resistant CLL patients, maximal DNA
cross-links occurred immediately following the MLN incu-
bation and almost all the DNA cross-links were removed
by 24 hr. The results in the present study suggest that
lymphocytes from resistant CLL patients may have an
altered chromatin alkylation which allows for a more
efficient repair of DNA and/or an enhanced DNA repair
enzymatic system that removes the DNA cross-links.
Altered chromatin structure in the presence of elevated
topoisomerase II activity has been associated with resist-
ance to nitrogen mustard [5]. Examination of the patterns
of DNA alkylation and the chromatin structure in lympho-
cytes from these two groups of patients may indicate impor-
tant differences.

The involvement of DNA repair enzymes in the devel-
opment of resistance to the nitrogen mustards in CLL is
supported by the accelerated removal of interstrand DNA
cross-links in lymphocytes from resistant CLL patients.
It is possible that DNA cross-links induced by nitrogen
mustards are repaired as are other bulky chemical adducts
or UV-induced damage. Two human genes (ERCC-1 and
ERCC-2) have been implicated in the excision of lesions
induced by ultraviolet light, cis-platinum and mitomycin C
[6-8]. The activity of DNA polymerase 8 was found to be
elevated 5-fold in a P388 cell line resistant to cisplatin [9].
Alternatively, it is also possible that repair of nitrogen
mustard-induced DNA cross-links is via specific gly-
cosylases such as 7-methylguanine-DNA glycosylase [10].
Elucidation of the enzymatic component(s) involved in
the repair of DNA cross-links in lymphocytes from CLL
patients, including possible gene amplification and/or
increased expression of the above mentioned repair genes,
could be informative.
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