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ABSTRACT

We surveyed 11 Burkitt's lymphoma cell lines for chemosensitivity to

nitrogen mustard (HN2) in order to determine whether any simple
correlates to cytotoxic response might be revealed. The lines tested varied
over a 5-fold range in concentration of HN2 required to inhibit tumor
cell growth by 50%. Drug sensitivity correlated neither with continental
origin of tumor, growth fraction, presence of Epstein-Barr virus, nor with
the precise locations of (X;14) translocation breakpoints. Furthermore,
contrary to experience with other cell lines, no simple correlation was
found between the HN2 sensitivity of the four most divergent lines (low
sensitivity, CA46 and MCI 16 cells; high sensitivity, Namalwa and
JLP119 cells) and exposure to DNA cross-links (area under the DNA
cross-linking-cmÂ«M-timecurve). In addition, we found similar extents of
gene-specific HN2-induced damage in the native and translocated c-myc
alÃelesof CA46 and JLP119 cells. At equimolar HN2 treatment, CA46
cells exhibited a profound arrest in (,2M phase, while JLP119 cells
exhibited prolonged S-phase delay. This suggested that despite similar
DNA cross-link exposure, JLP119 cells were less able to complete DNA
replication while repair was in progress. As cell cycle distribution re
turned to near normal, JLP119 cells exhibited DNA degradation char
acterized by oligonucleosome-sized DNA fragments prior to cell mem
brane disintegration. Our findings indicate that HN2-sensitive Burkitt's

lymphoma cells may be more susceptible to delay in S phase for a given
frequency of DNA cross-links and that prolongation of S phase correlated
with apoptotic cell death.

INTRODUCTION

BL,3 first described in Africa in 1958 (1), is remarkably
sensitive to alkylating agent chemotherapy (2-4). Indeed, BL is
one of the few neoplasms that can be successfully treated with
chemotherapy alone (5-7). Within the highly chemoresponsive
population of BL patients, however, there exists a subpopula-

tion of patients that eventually relapse with extensive and more
chemoresistant disease (5-11). The precise molecular mecha
nisms accounting for the extraordinary chemosensitivity of BL
and the heterogeneity of chemotherapeutic response observed
in some patient populations have remained largely unchar-
acterized.

The African or endemic form of BL is invariably associated
with the presence of EBV (12-14). In the sporadic type of the
disease, however, only some 20% of tumors are positive for
EBV (15, 16). A common feature of all BL cases is the occur
rence of nonrandom chromosome translocations (for reviews
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see Refs. 16-18). The most common reciprocal translocation
(approximately 80% of cases) introduces the c-myc gene (chro
mosome 8) into immunoglobulin-heavy chain sequences (chro
mosome 14). Analysis of chromosome 8 translocation break
points shows a scattering over a relatively large region ranging
from the first intron of c-myc to sequences that lie up to perhaps
several hundred kilobases 5' of exon 1. Moreover, the presence

of EBV is more common in the subset of BL with breakpoints
distant from the c-myc gene (15, 16, 19-24). In all cases,
however, exons 2 and 3 of c-myc are translocated intact to
chromosome 14. The consequence of these translocation events
is a deregulation of c-myc expression, demonstrated by active
transcription of the translocated alÃele,while the native alÃele
is transcriptionally silent or repressed (25-27). Since the c-myc
gene plays a critical role in cell proliferation, deregulation of
this gene may be a key component in malignant transformation
of BL and a number of other neoplasms (28-30). Contrary to
the detailed molecular characterization of c-myc deregulation
by chromosome translocations and the association with EBV,
however, very little is known about the prognostic impact of
these factors on the treatment of BL.

We have surveyed 11 BL cell lines for chemosensitivity to
HN2 in order to determine whether any simple correlates to
cytotoxic response might be revealed. We compared growth
inhibition induced by HN2 in seven EBV-positive BL cell lines
with that of four BL cell lines negative for EBV. All cell lines
tested had similar growth rates and exhibited 8q24;14q32 chro
mosome translocations. We also investigated whether the pre
cise location of chromosome 8 and 14 breakpoints was a poten
tial indicator of drug sensitivity. Since current evidence suggests
that DNA cross-links are the most likely key lesions involved
in cell killing by HN2 and other bifunctional alkylating agents
(31-33), we explored the relationship between DNA damage
exposure and chemosensitivity in BL. For this purpose we
measured both the total exposure of BL cells to DNA ISC and
DPC using alkaline elution and the extent of HN2-induced N-
alkylpurine production by gene-specific analysis.

MATERIALS AND METHODS

Chemicals. HN2 was obtained from the Developmental Therapeutics
Program of the Division of Cancer Treatment, National Cancer Insti
tute, and prepared as a 10 mM solution in 0.1 M hydrochloric acid just
before use.

Cell Culture. All BL cell lines were grown at 37Â°Cin an atmosphere

of 95% air/5% CO2 in RPMI 1640 containing 15% heat-inactivated
fetal bovine serum, 2 mM L-glutamine, 50 units penicillin, and 50 jig/
ml streptomycin. All tissue culture products were obtained from Ad
vanced Biotechnologies (Columbia, MD) and routinely monitored for
the presence of Mycoplasma contamination.

Drug Treatment. Exponentially growing cells were resuspended in
medium containing 1% (v/v) fetal bovine serum and treated with HN2
for 30 min at 37Â°C.Drug-containing medium was then removed, and

the cells were washed twice in 10 ml drug-free medium.
Survival Studies. Drug-induced cytotoxicity was determined from 72-

h growth inhibition assays, as described previously (34). Following drug
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treatment (0.125-2 nM HN2), cells (IO5 cells/ml) were postincubated
at 37Â°Cin complete medium (15% serum). Growth fraction was quan-

titated at the time when the untreated-control cell population had
reached 8 times the initial inoculum (3 cell doublings). Cells were
counted using an electronic cell counter (Coulter Electronics, Hialeah,
FL). Triplicate determinations were made within 2 to 5 independent
experiments. Clonogenic assays were not performed because a number
of the BL cell lines tested exhibited low (<10%) colony-forming ability
in soft agar.

Alkaline Elution. DNA interstrand and DNA-protein cross-links
were quantitated by alkaline filter elution methods, as described in
detail by Kohn et al. (35) with modifications made by O'Connor and

Kohn (31). Following drug treatment, cells were incubated for up to 24
h in complete medium (15% serum).

DNA Lesion Kinetics. DNA interstrand and DNA protein cross-link
repair kinetics were analyzed using the first-order equation

c(t) = ce' (A)

where c(t) is the number of DNA cross-links at time /, and c is the total
number of cross-links produced, k is the rate constant for repair of
DNA cross-links. Maximum cross-linking for HN2 occurred by the
time of the first measurement (30 min after drug addition); hence the
rate of cross-link formation by HN2 far exceeds the rate of cross-link
repair.

A curve computer-fitted to the data of each independent experiment
was calculated by a least squares fit of DNA lesion frequencies to
Equation A. Total cross-links were also determined from Equation A.
The AUC (a measure of the total exposure of the cell to the lesion in
question) was calculated from the equation

AUC = - (B)

Equation B is obtained by integrating Equation A between r (I and /
= a.

The half-times (il/2) for repair of cross-links can be calculated from

the equation

tin = (C)

Calculations were performed for each independent experiment.
Measurement of W-Alkylpurine Production. The production of HN2-

induced A'-alkylpurines in the c-myc gene locus on either chromosome

8 or 14 of CA46 and JLP119 cells was analyzed according to the
methodology reported by Wassermann et al. (36). Following drug
treatment cells were washed in 10 ml of phosphate-buffered saline, pH
7.4, before cell lysis in 10 mM Tris-HCl, 1 mM EDTA, pH 8.0,
containing 0.5% (w/v) SDS and 0.3 mg/ml proteinase K for 16 h at
37Â°C.High-molecular-weight DNA was isolated by phenol extraction

and then restricted with EcoRl (5 units/Mg of DNA).
Samples containing 20 Â¿igof DNA were heated at 70Â°Cfor 30 min

in 50 mM citrate-phosphate buffer, pH 7.0, and then treated with
NaOH (final concentration, 100 mM) for 30 min at 37Â°C.Duplicate

DNA samples, each containing 10 ^g of DNA, were electrophoresed in
0.5% (w/v) alkaline agarose gels for 24 h at 27-33 V in 30 mM NaOH,
1 HIMEDTA. Gels were then washed in 0.25 M HCI twice for 15 min
and then incubated in NaOH before DNA was transferred to Sure Blot
support membranes (Oncor, Gaithersburg, MD) in l N NaOH. Prehy-
bridization in Hybrisol I (Oncor) was followed by hybridization with a
32P random prime-labeled 1.8-kilobase EcoRI-C/al 3rd exon c-myc

probe (Lofstrand Laboratories, Gaithersburg, MD). After hybridization
and several standard washes, membranes were given a final wash in 0.5
x saline-sodium phosphate-EDTA (150 mM NaCl, 10 mM NaHPO4, 1
mM EDTA, pH 7.4), 0.5% SDS at 65Â°Cfor 1 h.

Band intensities were quantitated using a Betascope analyzer and by
densitometry. The average frequency of apurinic sites in the band of
interest was calculated from the fraction of DNA in the band from the
treated sample compared to the untreated sample. The average number

of apurinic sites per DNA fragment was calculated as [-Infraction of

molecules free of apurinic sites)].
Cell Cycle Determination. Cells were washed once in ice-cold phos

phate-buffered saline, pH 7.4 (5 ml), fixed in 70% ethanol (5 ml), and
stored at 4"C. Cells were subsequently washed with ice-cold phosphate-
buffered saline, pH 7.4 (5 ml), and incubated for l h at 37Â°Cwith 500

units/ml RNase A (Sigma Chemical Co., St. Louis, MO). Cells were
washed again, and cellular DNA was stained with propidium iodide.
Cell-cycle determination was performed using a Beckton-Dickinson
fluorescence-activated cell analyzer, and data were interpreted using
the SFIT model program provided by the manufacturer. Results are
expressed as the percentage of total cells at a specific cell phase and
represent the mean of triplicate determinations in which a minimum
of 10,000 cells were assayed.

Filter Elution Measurements of DNA Degradation. The distribution
of radiolabeled DNA in cell cultures treated with HN2 was measured
over a 96-h time period following removal of the drug. Briefly, cells
were labeled with 0.02 j<Ci/ml [methyl-l4C]thymidine (53.8 mCi/mmol;

New England Nuclear, Boston, MA) for one cell cycle, chased by
resuspension in nonradioactive fresh medium and then treated with
HN2. At designated times after treatment, cells were centrifuged, and
the medium was counted for radioactivity (extracellular fraction). Cells
were resuspended in ice-cold phosphate-buffered saline (5 ml), loaded
onto prewashed polycarbonate filters (2-^m pore size, 25-mm diameter;
Nuclepore Corporation, Pleasanton, CA) and lysed with 5 ml of 2%
(w/v) SDS, 0.5 mg/ml proteinase K (Merck, Darmstadt, West Ger
many) at pH 10 for 1 h. Filters were then washed with 0.04 M EDTA
(5 ml), and the lysis and EDTA fractions were combined and counted
for radioactivity (lysis fraction). Filters were then removed from funnels
and counted for radioactivity. Funnels were subsequently washed with
0.4 M NaOH, and radioactive counts remaining on the Swinex-funnel
head were added to the radioactive counts of the filter to estimate the
filter fraction distribution.

Characterization of DNA Fragmentation by Agarose Gel Electropho-
resis. Cells were harvested by centrifugation, washed in ice-cold phos
phate-buffered saline (5 ml), and lysed in 0.5 ml of 1% (v/v) NP-40,
0.5 mg/ml proteinase K prepared in PBS, for 60 min. Following lysis,
samples were microfuged for 30 min, and supernatants were incubated
for 1 h at 37Â°Cwith 500 units/ml RNase A. Samples were then

electrophoresed in 2% (w/v) agarose gels containing 0.1% (w/v) SDS,
and DNA was visualized by staining with ethidium bromide after rinsing
away the SDS.

RESULTS

In the present study we surveyed 11 BL-derived cell lines for
chemosensitivity to HN2 in order to determine whether any
simple correlates of cytotoxic response could be identified. All
cell lines had similar growth rates and exhibited 8; 14 chromo
some translocations in which the c-myc gene (chromosome 8)
was juxtaposed to immunoglobulin heavy-chain sequences
(chromosome 14).

Growth Inhibition Studies. Growth inhibition tests on 11 BL
cell lines revealed a 5-fold range in the dose of HN2 required
to inhibit tumor cell growth by 50% (Table 1; Fig. 1). There
was no simple relationship between HN2-induced growth in
hibition and either continental origin of tumor or presence of
EBV. There was also no evident relationship between the pre
cise chromosome 8 and 14 breakpoint locations and HN2-
induced growth inhibition.

DNA Cross-Link Production. We investigated the possibility
that differential HN2 sensitivity of the four most divergent cell
lines (low sensitivity, CA46 and MCI 16 cells; high sensitivity,
Namalwa and JLP119 cells; Fig. 1) may be related to differences
in the intracellular kinetics of DNA cross-link production or
removal. The production and removal of ISC and DPC were
determined by alkaline filter elution as a function of time after
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HN2 treatment. Curves were fitted to the data for DNA cross
link frequency as a function of time using Equation A (see
"Materials and Methods"). The parameters fitted were the rate

constant for cross-link removal (k) and total cross-link produc
tion (c). The AUC was calculated from Equation B. The con
centration of HN2 used in the study (0.5 //M for 30 min)
produced lesion frequencies within the optimum range for
measurement and was less than 3 times the ID;o for each cell
line (Table 1).

For each cell line studied, maximum levels of ISC and DPC
were observed within 30 min of HN2 exposure (Fig. 2). The
extent of ISC and DPC production within the four cell lines
tested is listed in Table 2. Within interexperimental variability,
the total production of HN2-induced ISC and DPC (c, derived
from Equation A, is the total number of cross-links formed)

was similar in CA46, MC 116, Namalwa, and JLP119 cells
(Table 2), suggesting that differential chemosensitivity was not
explainable, on the basis of either differences in drug uptake or
intracellular detoxification of HN2.

DNA Cross-Link Removal. ISC and DPC were removed from
CA46, MCI 16, Namalwa, and JLP119 cells with apparent first-
order kinetics (Fig. 2). This was consistent with previous studies
in rodent (31) and other human cells (33). Within interexperi
mental variability, we observed similar rates of removal of both
ISC and DPC in the four cell lines tested (Table 2). The rate
constant (k) for removal of HN2-induced ISC and DPC in these
BL cells was similar to that found previously in other cell lines
(31, 33). It should be noted that during alkaline elution exper
iments, no more than 5% of 14C-labeled DNA was released into
the extracellular and lysis fractions of drug-treated cultures.
Thus, there was no profound or rapid cellular disruption or
DNA degradation during the 24 h following drug treatment.
During this period at least 90% of the cells maintained trypan
blue exclusion in all experiments.

As judged by HN2-induced cross-linking from two independ
ent experiments (calculated on the basis of AUC from Equation
B), all cell lines tested exhibited a similar exposure to ISC and
DPC (Table 2). Furthermore, the selectivity of HN2 for the
production of ISC relative to DPC (i.e., ISCDPC ratio; Ref.
31) in all four cell lines was also similar. These observations
were true whether based on total lesion production (c) or on
AUC (Table 2). Our studies therefore suggested that neither
the extent of HN2-induced ISC or DPC production, total ISC

GROWTH FRACTION

1 1.5

HN2 (uM)
Fig. 1. Growth fraction of CA46 (â€¢),MCI 16 (A), Namalwa (T), and JLP119

(â€¢)cells following HN2 treatment. Exponentially growing cells were treated with
HN2 for 30 min at 37*C and then incubated in drug-free medium for up to 72 h.

Growth relative to untreated control cells (growth fraction) was quantitated at
the time when control cells had reached 8 times the initial inoculum (3 cell
doublings). Points, mean of triplicate determinations made within 4 to 5 inde
pendent experiments; bars. SD.

or DPC exposure, nor the ISCrDPC ratio could account for the
differential HN2 sensitivity observed. This observation was
contrary to our expectations based on previous studies in rodent
cells (31, 32) and to reports in other human cell lines (33).

Production of N-Alkylpurines in Different c-myc Chromosomal
Loci. We also measured the extent of DNA alkylation at the
gene level using a recently developed technique of gene-specific
analysis of DNA fragments from HN2-treated cells (36). Fig. 3
shows the production of jV-alkylpurines in the EcoRl fragment
of the native and translocated alÃelesof the c-myc gene of CA46
and JLP119 cells. Neutral depurination followed by alkaline
hydrolysis of DNA from HN2-treated cells revealed a dose-

Table 1 Growth inhibition potency ofHN2 in II human Burkitt lymphoma cell lines relative to doubling lime of cells, continental origin of tumor, EBV status, and
8;14 chromosome translocation breakpoints

Restriction endonuclease markers on either side of the chromosome 8 breakpoint location are shown in brackets. H3; Hind\\\. All EBV-positive BL cell lines
shown expressed Epstein-Barr virus nuclear antigen 1. Treatment was for 30 min at 37Â°C.Values shown are independent values from several experiments (number of

experiments performed is shown in brackets beside the ID50). SD is shown wherever appropriate. Triplicate determinations were taken within each independent
experiment. Results are expressed as ID50 (the concentration of HN2 that reduced the rate of cell proliferation to 50% of the control untreated sample). Relative
resistance was determined from the mean ID50 ratio of each cell line relative to JLP119. The SD for the doubling time of each cell line was less than 2 h. The precise
position of the chromosome 8 breakpoint location for Namalwa was not confirmed by the present studies, since we observed only a parental c-myc band following
Â£coRIdigestion, indicating the breakpoint may be well upstream of exon 1.

CelllineCA46MCI

16RAJIR-cloneJ1JOYEAG876ST486DW6P3HRINAMALWAJLP119Doublingtime

(h)18.219.018.420.520.219.019.921.617.619.321.5OriginSouth

AmericaUSAAfricaAfricaAfricaAfricaUSAUSAAfricaAfricaUSATranslocationc-mycEBV

chrom81st

intron5'
(Pst-Pvu)+

5'(H3-Pst)+
5'(H3-Pst)+

5'-1-
5'1st

intron+
1stintron+

5'+

1stintroni?)5'
(Pvu-Sma)breakpointsIg

H-chainchrom
14Sâ€žS,s,s,Jâ€žJHs.Jâ€žJHSâ€žIDÂ»G<M)1.00

Â±0.08(5)0.96
Â±0.06(4)0.60,

0.660.43,0.510.41.0.450.36.

0.440.29,
0.370.29.0.310.24,

0.240.21
Â±0.04(4)0.20

Â±0.03 (5)RelativerÃ©sistance5.04.83.22.42.22.01.71.51.31.11.0
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dependent increase in the formation of jY-alkylpurines in both
EcoRl fragments of the c-myc gene. Moreover, we observed a
similar frequency of HN2-induced ,/V-alkylpurine adducts in
both the native and translocated alÃelesof the c-myc gene, and
no significant differences were observed between these two
chromosomal loci in CA46 and JLP119 cells. Gene-specific
probing of alkylated DNA fragments from HN2-treated cells
was therefore consistent with alkaline elution measurements of
the overall genome.

Cell Cycle Analysis. Flow cytometry and cell kinetic analysis
revealed that the S-phase population (Table 3) and the duration
of DNA replication (estimated from the doubling times of cells
from Table 1) were not significantly different in CA46, MCI 16,
Namalwa, and JLP119 cells (P < 0.01). These observations
made it unlikely that there is a simple relationship between
differential HN2 sensitivity and growth fraction of treated cells.

The most obvious difference in cellular response of CA46
and JLP119 cells to HN2 was observed in cell cycle analysis
following equimolar drug treatment (0.5 V.M;Fig. 4). In CA46
cells treated with HN2 there was a profound arrest of cells in
the G2M phase of the cell cycle, such that by 24 h following
HN2 removal some 3-fold more CA46 cells were arrested in
G2M phase compared to an untreated control population (40%
compared to 13%; P < 0.01). The accumulation of CA46 cells
in G2M at 24 h occurred despite the almost complete removal
of DNA cross-links by this time (see Fig. 2). Furthermore, the
small and transient accumulation of cells in S phase (61% at 8
h following HN2 treatment compared to 54% for the untreated
control) during the period of DNA cross-link removal was not
statistically significant (P < 0.01). Contrary to CA46 cells,
however, the JLP119 cell line exhibited a marked accumulation
of cells in S phase following HN2 treatment (85% at 24 h
following drug removal compared to 52% for the untreated

Table 2 Extent of ISC and DPC production and rate constants for removal of
DNA cross-links induced by HN2 treatment (0.5 Â¡JLM,30 min, 37Â°C)ofCA46,

MCI 16, Namalwa, andJLPH9 cells
Total ISC production (c) and the rate constant (k) for ISC and DPC repair

were calculated using Equation A. AUC was calculated using Equation B. The
results from two independent experiments (Expt) are shown. The units for total
ISC and DPC production and AUC are rad-equivalents and rad-equivalent-h,
respectively, k is expressed in h~'. The half-times for repair of DNA lesions can

be calculated from tv, = ln2/A (Equation C).

ISC DPC ISCDPC

Cell line Expt AUC AUC AUC

CA46 34A 42 4SI 0.094 192 1959 0.098 0.22 0.23
34D 54 279 0.192 219 1766 0.124 0.25 0.16

MC116NAMALWAJLP11932B34B32A32D32B34B4652414557432392764283913032980.1920.1880.0960.1150.1870.1433061761942872791971619260723573221145318190.1890.0680.0820.0890.1920.1080.150.300.210.160.200.220.150.110.180.120.210.16

control; P < 0.01). Accumulation of JLP119 cells in S phase
occurred over the time period which ISC and DPC were being
removed; thus by 24 h after HN2 treatment, more than 80% of
DNA cross-links had been removed and 85% of the cells had
been arrested in S phase (compare Figs. 2 and 4). JLP119 cells
progressed into G2M phase as a relatively synchronized cohort
24-36 h following HN2 treatment. The duration of time

JLP119 cells were then blocked in G2M appeared to be less
than that observed for CA46 cells (P < 0.05). Cell cycle distri
bution in both CA46 and JLP119 cells subsequently returned
to near control levels 48-72 h following HN2 exposure.

When these studies were repeated with equitoxic doses of
HN2 (ID50 for each cell line; see Table 1), both CA46 and

MC116 NAMALWA JLP119

- 7â€”^ Q\
8 16 24 0

320

16 24 0 8 16 24 0 8 16 24
POST-TREATMENT (HOURS)

Fig. 2. Production and repair of ISC (top) and DPC (bottom) induced by HN2 in CA46, MCI 16, Namalwa, and JLP119 cells. Cells were treated with 0.5 UMHN2
for 30 min at 37'C and then incubated in drug-free medium for up to 24 h. Points, single determinations from two independent alkaline elution experiments,

represented by different symbols. Curves, least squares fit of DNA lesion frequencies from the combined data sets of each independent experiment.
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Fig. 3. Extent of jY-alkylpurine production in the native (chromosome 8) and translocated (chromosome 14) alÃelesof the c-m>'c gene of CA46 and JLP119 cells.
DNA was extracted from CA46 and JLP119 cells treated with HN2 for .10 min, restricted with EcoRl, and Southern blotted prior to probing the membrane with a
random primed labeled EcoR\-Clal third exon c-myc probe. A: partial endonuclease restriction map of the c-myc gene, including the three exons of c-myc. The shaded
areas represent translated sequences. The translocation breakpoint locations are shown for CA46 and JLP119 cells along with the probe used for this study (thick
line under the restriction map). B: I. typical autoradiographs of/TcoRI-restricted. Southern blotted DNA from CA46 and JLP119 cells treated with HN2 and probed
with an EroRI-C/al third exon c-myc probe. //, quantitated data of HN2-induced DNA adducts per 10-kilobase fragment for doses of HN2 ranging from 0 to 50 Â¡IM
for a 30-min treatment.

Table 3 Cell cycle analysis ofCA46, MCI 16, Namalwa, andJLPII9 cells in
exponential growth by flow cytometry

Cell cycle determination was performed using a Beckton-Dickinson fluores
cence-activated cell analyzer as described in "Materials and Methods." Results

shown are the percentage of total cells in each cell cycle phase and represent the
mean Â±SD of at least three determinations in which 10,000 cells were assayed
per sample. Duration of S phase was determined from the percentage fraction of
cells in S phase relative to the cell doubling time given in Table 1.

CelllineCA46MCI

16NamalwaJLP1I9G,33
Â±530
Â±435
Â±427

Â±6S54

Â±449
Â±557

Â±652
Â±3G2M13

Â±417Â±319

Â±521
Â±3Duration

ofS
phase(h)10Â±

19Â±
110Â±
111

Â±1

JLP119 cells became progressively arrested in mid- to late S
phase for up to 16 h following HN2 treatment (Fig. 4). At
equitoxic exposure to HN2, CA46 cells appeared by SFIT
analysis to be arrested to a greater extent in S phase, while
JLP119 cells had progressed to arrest in G2M phase (P< 0.01).
DNA histogram analysis showed, however, that the majority of
CA46 cells were in late S phase at 16 h following HN2 exposure.
By 24 h after HN2 treatment, the two cell lines showed a

marked and similar extent of accumulation in G2M phase,
subsequently followed by a gradual decline to near control cell
cycle distribution 48-72 h after HN2 treatment.

Cell Disruption as Late Response to HN2-induced DNA Dam
age. We followed the distribution of 14C-labeled DNA from

CA46 and JLP119 cells treated with either equimolar or equi
toxic HN2 (Fig. 5). Contrary to CA46 cells, the JLP119 cell
line exhibited a marked reduction in filter retention of double-
stranded DNA some 48-96 h after equimolar HN2 exposure
(0.5 /Â¿M;P< 0.01). The majority of degraded DNA was located
in the lysis fraction at 48 and 72 h following drug treatment.
However, by 96 h, a greater fraction of nul Â¡Â«labeledDNA from
cells was recovered in the extracellular medium compared to
the lysis fraction (Fig. 5; P < 0.01). Cell disruption therefore
occurred well after of the complete removal of DNA cross-links
from either CA46 or JLP119 cells (compare Figs. 2 and 5) and
not until cell cycle distribution had returned to near control
levels after HN2 treatment (compare Figs. 4 and 5). When
these studies were repeated at equitoxic exposure to HN2, we
observed a similar extent of loss of filter retained DNA from
CA46 and JLP119 cells 72-96 h after drug treatment (Fig. 5).

6554

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6550/2445929/cr0510246550.pdf by guest on 19 M

ay 2023



DNA DAMAGE AND CYTOTOXICITY IN BURKITTS LYMPHOMA

EQUIMOLAR DOSE EQUITOXIC DOSE

POST TREATMENT (Hours)

Fig. 4. Cell cycle perturbations induced by HN2 treatment of CA46 and
JLP119 cells. Cells were treated either with equimolar dose HN2 (0.5 ^M) or
11Koof HN2 (see Table 1) for 30 min and then postincubated in drug-free medium
for up to 96 h. Cell cycle analysis was performed on propidium iodide-stained
cells using a Beckton-Dickenson flow cytometer as described in "Materials and
Methods." DNA histograms of at least 10,000 cells were quantitated using SFIT
analysis models provided by the manufacturer. Points, percentage of drug-treated
cells in each cell cycle compartment relative to a control untreated population.
The percentage of control-untreated cells in each cell cycle compartment is shown
in Table 3.

Again, the majority of non-filter-retained DNA was located in
the lysis fraction at 48-72 h following drug treatment, and by
96 h, a greater extent of degraded DNA was recovered in the
extracellular fraction compared to that of the lysis fraction (Fig.

Characterization of DNA Fragmentation by Agarose Gel Elec-
trophoresis. In order to characterize the appearance of degraded
DNA following HN2 treatment, we isolated DNA from drug-
treated cells using a rapid but gentle lysis procedure (see "Ma
terials and Methods"). Consistent with our findings with filter

elution methodology, neutral agarose gel electrophoresis of
DNA isolated from CA46 and JLP119 cells revealed marked
intracellular DNA degradation in JLP119 cells, 48-96 h after
HN2 treatment (Fig. 6). Minimal DNA degradation was ob
served, however, in HN2-treated CA46 cells. DNA degradation
in JLP1 19 cells at 48-72 h was characterized by the appearance
of oligonucleosome-sized fragments of 184 Â±9 (SD) base pairs
in length (Fig. 6, Panel II). By 96 h after HN2 treatment, an
underlying smear of DNA fragments increased to proportions
that made it difficult to define oligonucleosomal ladders.

DISCUSSION

We have surveyed 11 BL-derived cell lines for chemosensitiv-
ity to HN2 in order to determine whether any simple indicators
of cytotoxic response might be derived. All cell lines used had
similar growth rates and exhibited 8; 14 chromosome translo
cations in which the c-myc gene (chromosome 8) was juxtaposed
to immunoglobulin heavy-chain sequences (chromosome 14).

In growth inhibition tests, we observed a 5-fold range in the
dose of HN2 required to inhibit tumor cell growth by 50%.
There was no simple relationship, however, between HN2-
induced growth inhibition and continental origin of tumor, EBV
presence, or translocation breakpoint locations in the c-myc
oncogene or immunoglobulin heavy-chain locus. Furthermore,
the similar cell kinetic and S-phase population analysis in the
four most divergent cell lines tested (low sensitivity, CA46 and
MCI 16 cells; high sensitivity, Namalwa and JLP119 cells)
argued against a relationship between growth fraction depend
ence and HN2 sensitivity.

Since we had previously observed a good correlation between
the cytotoxicity of several nitrogen mustard compounds and
the total exposure tumor cells experience to DNA cross-links
(31), we tested the hypothesis that differential HN2 sensitivity
of the four most divergent cell lines in our study (low sensitivity,
CA46 and MCI 16 cells; high sensitivity, Namalwa and JLP119
cells) was related to differences in DNA cross-link exposure.
Surprisingly, however, the extents of HN2-induced ISC or DPC
production, area under the ISC- or DPC-vmÂ«s-time curve, and
ISC:DPC ratio were similar in the four cell lines. Furthermore,
by applying a recently developed technique of quantitating the
extent of /V-alkylpurine formation within specific gene loci (36),
we were unable to discern any significant difference in the total
production of HN2-induced /V-alkylpurines in the c-myc gene
of the least and most sensitive cell lines, CA46 and JLP119.
Our observations suggest that differential HN2 sensitivity be
tween these BL cell lines could not be accounted for by altera
tions in either cellular uptake of HN2, DNA damage, or re
moval of DNA cross-links from the overall genome. Moreover,
our observations also demonstrated that BL cell lines differed
from previously reported studies in rodents (31, 32) and reports
in other human cell lines (33) and implied that the differential
HN2 sensitivity of these BL cell lines may be determined by
processes subsequent to DNA damage or removal of DNA
cross-links. Interestingly, the lack of a direct correlation be
tween cellular exposure to DNA cross-links and cytotoxicity
had previously been reported in the BL cell lines WS (37), Raji,
and TK6 (38). In WS cells, reduced tolerance to cisplatin or
melphalan-induced DNA damage was expressed by an unusual
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Fig. 5. Extent of DNA degradation and cell lysis in ("Clthymidine template-
labeled CA46 and JLP119 cells after HN2 treatment. Cells were treated with
either equimolar HN2 (0.5 UM) or equitoxic HN2 (CA46, 2.5 JIM;JLP119, 0.5
MM)for 30 min and then postincubated in drug-free medium for up to 96 h. At
the times indicated 1 X 10*cells were loaded onto prewashed 0.2-^m polycarbon
ate filters and lysed with SDS-lysis solution, pH 10, containing 0.5 mg/ml
proteinase K. The amount of radioactivity released into the extracellular medium,
the lysis fraction, and the radioactivity remaining on the filter were quantitated
relative to untreated control samples. Columns, mean of either two or three
independent experiments, in which duplicate samples were measured in each
independent experiment. The distribution of radiolabeled DNA in the extracel
lular, lysis, and filter fractions for untreated-control cells was 0.5 Â±0.3%, 4.5 Â±
1.3%, and 94.6 Â±3.3%, respectively.
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Fig. 6. Characterization of DNA degradation in CA46 and JLP119 cells after

HN2 treatment. /, neutral agarose gel electrophoresis of DNA isolated from
CA46 and JLP119 cells, 0-96 h following treatment of cells with 2 tÂ¡MHN2 for
30 min at 37Â°C.C, DNA from control untreated cells. DNA was treated with

RNase A and then electrophoresed on a 2% (w/v) agarose gel containing 0.1%
(w/v) SDS at 75 V for 3 h. //, densitometric scan of DNA isolated from JLP119
cells, 48 h after HN2 exposure. Lanes were scanned from the photographic
negative of /. The numbers above the scanned peaks represent the mean DNA
fragment size of each peak in base pairs. The numbers along the top of the
densitometric scan are the positions of DNA size markers in base pairs.

early cell disruption, 12-14 h after drug treatment. The present
study and those of other workers (37, 38) therefore suggest that
the magnitude of HN2-induced DNA cross-link exposure may
not be the sole cytotoxicity determinant in BL cells.

For a more detailed investigation into the cytotoxic actions
of HN2 in BL, we compared CA46 and JLP119 cells, which
displayed the most divergent HN2 sensitivity of the cell lines
tested, while being similar in many other respects. Our analysis
involved assaying the fate of drug-treated cells with respect to
both cell cycle progression and cell death phenomena.

Contrary to CA46 cells, JLP119 cells exhibited marked cell
disruption 48-96 h after equimolar HN2 treatment. The ma
jority of degraded DNA at 48-72 h after HN2 exposure was
located in the cell lysis fraction, and only at 96 h following drug
treatment was there a greater fraction of radiolabel in the
medium compared to the lysis fraction. These results suggested
that JLP119 cells undergo cell death processing via degradation
of genomic DNA into double-stranded fragments (radiolabel
eluted in the lysis fraction at pH 10) prior to cell membrane
disintegration (radiolabel in the extracellular fraction). This
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sequence of DNA degradation events is comparable to that
reported for programmed cell death or apoptosis (39,40). Since
apoptosis is characterized in part by DNA degradation into
oligonucleosome-sized fragments prior to cell membrane dis
integration, we assayed for double-stranded DNA cleavage in
our cell lines by agarose gel electrophoresis. Oligonucleosome-
sized DNA fragments of 184 Â±9 base pairs were indeed
observed in JLP119 cells 48-72 h after HN2 treatment, and
these constitute additional evidence that JLP119 cells undergo
programmed cell death, occurring well after the complete re
moval of HN2-induced DNA cross-links. The appearance of
oligonucleosomal fragments with lengths that are multiples of
184 Â±9 base pairs indicates endonucleolytic cleavage between
chromatosomal units consisting of nucleosomes and histone
HI (41, 42). The smear of DNA fragments observed at 96 h
after HN2 treatment presumably represents indiscriminate
digestion of DNA during the later stages of cell death.

CA46 and JLP119 cells exhibited differential cell cycle per
turbations following equimolar HN2 treatment. CA46 cells
progressed through the cell cycle with only a small and transient
accumulation of cells in S phase. In contrast, JLP119 cells
became progressively arrested in S phase. These results suggest
that, despite similar production and rates of removal of DNA
cross-links, JLP119 cells were less able to complete S phase
while cross-links were being removed. The greater susceptibility
of JLP119 cells to arrest in S phase following HN2 treatment
correlated with cell survival. The apparent ability of CA46 cells
to complete S phase while exposed to a similar extent of DNA
cross-links was nonetheless followed by a prolonged G2 arrest.
Since cell cycle arrest is believed to fulfill the role of preventing
mitosis while incomplete replicÃ³n synthesis exists (43, 44),
CA46 cells might not accomplish the complete repair and
replication of damaged DNA templates until G2 phase. S-phase-
arrested JLP119 cells eventually progress through the cell cycle
and appeared to exhibit a much shorter duration of G2M block
than CA46 cells. This observation suggested that either virtually
complete DNA repair and replication was achieved prior to G2
phase or, alternatively, that cells divided without competent
replicÃ³nsynthesis. Interestingly, the activation of apoptosis did
not occur until cells had progressed through G2 phase and
divided. The survival advantage of some BL cell lines (CA46,
MC 116) may therefore be manifested in suppression of either
cell cycle progression or activation of programmed cell death
stimuli while competent replicons are being reformed. These
possibilities, until now, have remained largely unexplored in
the development of clinical drug resistance.

In summary, our survey of 11 BL-derived cell lines did not
observe a simple relationship between the heterogeneity of HN2
sensitivity and continental origin of tumor, EBV presence, or
translocation breakpoint locations in the c-myc oncogene or
immunoglobulin heavy-chain locus. Also, contrary to expecta
tions we did not establish a correlation between HN2 sensitivity
of the four most divergent cell lines tested (low sensitivity,
CA46 and MCI 16 cells; high sensitivity, Namalwa and JLP119
cells) and area under the DNA cross-link-verms-time curve.
Our findings indicated that the most HN2-sensitive cell line,
JLP119, was more susceptible to S-phase delay for a given
frequency of DNA cross-links and that prolongation of S phase
correlated with apoptotic cell death.
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