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ABSTRACT

2-Chloroethyl (methylsulfonyl)methanesulfonate (CIEtSoSo) is

of interest as a possible new chloroethylating agent because its
simpler chemistry suggests that it will not generate the hydrox-

yethyl products which are produced by chloroethylnitrosoureas
(CIEtNUs). The effects of CIEtSoSo on DNA were studied in
IMR-90 and VA-13 human embryo cells by means of DNA alkaline
elution analysis. IMR-90 are normal cells, whereas VA-13 cells
are SV40 transformed and are deficient in DNA-guanine O6-

alkyltransferase activity. The effects of CIEtSoSo were essen
tially the same as those of CIEtNUs in the following respects: (a)
DNA interstrand cross-links were produced in VA-13 cells but
not in IMR-90 cells; (b) the interstrand cross-links in VA-13 cells

were formed after a delay of 6 to 12 h and appeared to undergo
repair; (c) DNA-protein cross-links were formed promptly in both

cell types and appeared to be repaired; (d) DNA strand breaks
and alkali-labile lesions were produced and repaired, and differ
ences were observed between the two cell types; and (e) VA-13
cells were more sensitive than IMR-90 cells (dose modification
factor, 5). The differential cytotoxicity against VA-13 cells was

similar to that produced by noncarbamoylating CIEtNUs, and
significantly larger than that produced by carbamoylating
CIEtNUs. The results suggest that CIEtSoSo acts by chloroethy
lating guanine O6 positions in DNA.

INTRODUCTION

2-Chloroethyl and 2-fluoroethyl derivatives of nitrosoureas are

among the most effective classes of compounds thus far tested
in animal tumor systems (19). Chemical evidence suggests that
these compounds may act by producing haloethyl adducts of
macromolecules such as DNA (2,13,18, 20, 23). The effects of
CIEtNUs3 on DNA in mammalian cells have been studied in some

detail (6, 8-11, 29). These studies have indicated that the cyto-

cidal effects of CIEtNUs may be related to the formation of DNA
interstrand cross-links. Interstrand cross-links are thought to
arise by an initial chloroethylation of DNA guanine O6 positions,

followed by a series of reactions that leads to a delayed produc
tion of interstrand cross-links over a period of a few hours (13,

18,31,32). Normal human cells, as well as the majority of human
tumor cell strains, possess a G06AT activity which removes
methyl, ethyl, and perhaps chloroethyl adducts from guanine O6
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positions (3-5, 34). Chloroethyl groups are thought to be re

moved before they react farther along the path to interstrand
cross-link formation (6, 9). Such cells are described as possess

ing the Mer phenotype (3). Approximately 25% of human tumor
cell strains (Mer phenotype) are deficient in G06AT activity (3-
5). Mer cell strains generally exhibit little or no interstrand cross-

linking following treatment with chloroethylnitrosoureas, whereas
Mer strains exhibit substantial interstrand cross-linking and are

selectively killed (9).
In an effort to find antitumor compounds based on other types

of haloethylating chemistry, Y. Fulmer Shealy and his colleagues
at the Southern Research Institute prepared a series of 2-
chloroethyl and 2-fluoroethyl-methanesulfonates and identified

some derivatives with moderately enhanced activities in the P388
murine leukemia system (26). Lown and Chauhan (15) had also
investigated this problem and detected DNA interstrand cross-
linking by 2-chloroethyl trifluoromethanesulfonate. Subsequent

work by Shealy ef al. (25) led to the preparation of CIEtSoSo
(Chart 1) which was found, in the National Cancer Institute
screening program, to be highly effective against the murine
P388 leukemia (25) and against L1210 leukemia, B16 melanoma,
and Lewis lung carcinoma.4

In the current work, we have tested the concept that CIEtSoSo
acts on human cells as a chloroethylating agent analogous to
CIEtNUs. We find that, like CIEtNUs, CIEtSoSo produces DNA
interstrand cross-links in a Mer cell strain but not in a Mer

strain, and selectively kills the Mer cells. The production of
DNA-protein cross-links and DNA strand breaks is also reported.

Potential advantages of CIEtSoSo over CIEtNUs are discussed.

MATERIALS AND METHODS

Colony Forming Assays. Cells were seeded at 0.1, 0.3, 1 and 3 x
103 cells/60-mm-diameter plastic dish (Falcon film-lined dish; Becton-
Dickinson, Oxnard, CA) in Eagle's minimal essential medium (Dutchland

Laboratories, Denver, PA) supplemented with the following components:
10% fetal bovine serum; gentamicin (0.05 mg/ml); glutamina (0.03 mg/
ml); D-biotin (0.1 mg/ml); vitamin B12(1.36 M9/ml); 0.1 HIM nonessential

amino acids; 1 mw sodium pyruvate; and 0.02 M 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid. Cells were preincubated for 24 h to allow
attachment to the surface of the dish. Cells were then exposed to various
concentrations of CIEtSoSo for 2 h at 37 Â°C.After 10 days of incubation
in fresh medium, the plates were rinsed with Hanks' balanced salt

solution, fixed with methanol, and then stained with a solution containing
1 ml of mÃ©thylÃ¨neblue, 1 ml of 0.15 M Na2HPO4, and 1 ml of 0.15 M
KH2PO4diluted to 50 ml with distilled water. Colonies were then counted,
and the observed control plating efficiencies were 23% for IMR-90 cells
and 52% for VA-13 cells.

Drug Treatment. CIEtSoSo was obtained from the Drug Development

' J. Plowman,personal communication.
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Branch, National Cancer Institute, and was dissolved in sterile dimethyl
sulfoxide immediately before treatment of cell cultures. The concentration
of dimethyl sulfoxide in either treated or control cells was never greater
than 2% (v/v). Treatments were terminated by aspiration of the drug-

containing medium and replacement with fresh medium.
Alkaline Elution Experiments. IMR-90, a human fibroblast cell line

derived from embryonic lung was obtained from W. Nichols, Institute of
Medical Research (Camden, NJ). The VA-13 cell line was derived by
transformation of the normal human embryo cell strain WI-38 with SV-

40, and has been maintained in this laboratory for several years.
Stock cultures of IMR-90 and VA-13 cell were maintained by seeding

cells at a density of 5 x 104 cells/ml, at 37 Â°C, in Eagle's minimal

essential medium supplemented as described above. For alkaline elution
experiments, 1.5 to 2.5 x 105 cells were seeded into 25-sq cm flasks in
10 ml of medium which contained [14C]thymidine (0.02 /iCi/ml; 56 mCi/

mmol; New England Nuclear, Boston, MA) and grown for 24 h. The
radioactive medium was removed, and the cultures were grown for an
additional 18 to 24 h to allow for the maturation of labeled DNA into
higher-molecular-weight DNA.

The alkaline elution analyses were carried out as described previously
(14). For analyses of interstrand cross-links, strand breaks and alkali-
labile lesions, cells were lysed on 0.8-^m-pore-size polycarbonate (Nu-

cleopore) filters with 2% sodium dodecyl sulfate, 0.025 M EDTA, pH
10.0, and proteinase K (0.5 mg/ml) and were eluted at 2 ml/h with
tetrapropylammonium hydroxide/EDTA (pH 12.1 or 12.6) containing
0.1% sodium dodecyl sulfate. For assay of interstrand cross-links, the
cells cooled in ice were irradiated with 300 R of 137Cs7-rays. Internal
standards were [3H]thymidine-labeled L1210 cells irradiated with 300 R

in the cold. Interstrand cross-link index is defined as

1/2

-1

where fl0 and fl, are relative retention of [14C]DNA at 25% retention of
[3H]DNA; no corrections for strand breaks were applied.

For assay of DNA-protein cross-links, cells were irradiated with 3000
R 137Cs7-rays in the cold. Cells were lysed on 2 ^M pore-size Polyvinyl

chloride filters with 2% sodium dodecyl sulfate, 0.025 M EDTA, pH 10.0.
The detergent was then washed away with 5 ml of 0.02 M disodium
EDTA, pH 10.0. Elution was with tetrapropylammonium hydroxide/
EDTA, pH 12.1. Internal standards were [3H]thymidine-labeled L1210

cells irradiated with 3000 R. DNA-protein cross-link index is defined as

(1 - /T"2 - (1 - r0)-1/2

where r and r0 are the fraction of [14C] or [3H]DNA, respectively, in the

slow-eluting component.

RESULTS

Differential Cytotoxicity. The transformed Mer human em
bryo cell line, VA-13, was compared with the normal Mer human
embryo cell strain, IMR-90, for susceptibility to cell killing by

CIEtSoSo (Chart 2). Cell killing assays based on reduced colony
formation showed VA-13 cells to be much more sensitive to the
drug than were IMR-90 cells. The dose reduction factor for killing
of VA-13 cells relative to IMR-90 cells was approximately 5; i.e.,

0 0
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CICH,CH2-0-S-CH2â€”S-CH3
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O 0

Chart 1. Structure of CIEtSoSo.
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Chart 2. Inhibition of colony-forming ability of IMR-90 (O) and VA-13 (â€¢)cells
by 2-h treatments with various concentrations of CIEtSoSo. Bars, SD.
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Chart 3. DNA interstrand cross-linking in IMR-90 (D, A, V) and VA-13 (â€¢,A, â€¢
*) cells treated for 2 h at the indicated concentrations of CIEtSoSo and then
incubated in drug-free medium for various times.

a 5-fold higher drug concentration had to be applied to IMR-90

cells to reduce their survival in the same degree as a given drug
concentration applied to VA-13 cells.

DNA Interstrand Cross-Linking. DNA interstrand cross-link
ing by CIEtSoSo in IMR-90 and VA-13 cells was examined in a

manner similar to that which had previously been used to study
the effects of CIEtNUs on these same cell types (6). As was
previously found with CIEtNUs, CIEtSoSo produced interstrand
cross-links in VA-13 cells but not in IMR-90 cells, and the peak
of cross-link formation was delayed 12 hr following drug treat

ment (Chart 3). There was evidence of removal of some of the
interstrand cross-links between 12 and 24 h after treatment with

CIEtSoSo.
The formation of interstrand cross-links by CIEtSoSo in VA-
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13 cells, measured at the time of maximum cross-linking, was

proportional to drug concentration (Chart 4). By contrast, there
were no detectable interstrand cross-links in IMR-90 cells at any

time or at any drug concentration.
The interstrand cross-link indices for IMR-90 and VA-13 cells

treated with high drug concentrations were actually slightly neg
ative at early times after treatment (Chart 3); this is attributable
to a low frequency of DMA strand breaks at early times after
treatment (Chart 7, closed symbols).

DNA-Protein Cross-Linking. CIEtSoSo produced DNA-pro-
tein cross-links equally in IMR-90 and VA-13 cells (Chart 5).
Immediately after the 2-h drug treatment (0 h in Chart 5), DNA-
protein cross-linking at corresponding drug concentrations was

nearly the same in the 2 cell types. The 2 cell types appear

150 200 250UK)

CONCENTRATION I
Chart 4. DNA interstrand cross-linking in IMR-90 (O)and VA-13 (â€¢)cells treated

with various concentrations of CIEtSoSo for 2 h and then incubated in drug-free
medium for 12 h.
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Chart 5. DNA-proteincross-linking in IMR-90(right)and VA-13(left)cells treated

with the indicated concentrations of CIEtSoSo for 2 h and then incubated in drug-
free medium for various times.

equally capable of removing these cross-links. In IMR-90 cells,
the removal occurred with a half-time of 12 to 18 h. In VA-13

cells, however, the apparent removal kinetics were complicated
by the delayed formation of interstrand cross-links which in
crease the apparent DNA-protein cross-link index. This is re
sponsible for the transient increase in DNA-protein cross-link

index which was consistently seen with these cells at 12 h after
drug treatment.

DNA Strand Breaks and Alkali-labile Lesions. CIEtSoSo

produced an unusual pattern of formation and removal of frank
DNA single-strand breaks and alkali-labile lesions (Chart 7). Frank
breaks and alkali-labile lesions were assayed by alkaline elution

at pH 12.1 and pH 12.6 (Chart 6). In order to avoid the effect of
DNA-protein cross-links which would hold up DNA on the filters
by protein adsorption, the elutions were conducted using pro-
teinase K, polycarbonate filters, and sodium dodecyl sulfate.
Alkali-labile lesions were clearly demonstrated in both IMR-90
and VA-13 cells by: (a) marked increases in elution at pH 12.6

relative to pH 12.1 ; and (b) downward curvature of the pH 12.6
elution plots due to the progressive conversion of alkali-labile

sites to breaks during the assay (Chart 6). The elution plots
(Chart 6) are relative to an internal standard of [3H]thymidine-
labeled 300-rad irradiated cells, whose filter retention is plotted

on the horizontal axis. The small effect of pH on the elution of
frank strand breaks was thus automatically eliminated from the
pH 12.6 elution curves in Chart 6.

[Elution at pH 12.1 could, in principle, arise either from frank
strand breaks or from alkali-labile lesions which, although causing
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FRACTION OP[3H]DNA RETAINED ON FILTER
Charte. Examples of alkaline elution assays for DNA strand breaks (pH 12.1

elution, left panels) and alkali-labile lesions (pH 12.6 elution, right panels). In this
experiment, VA-13 cells (foppanels) and IMR-90 cells (bottompanels)were treated
with 0 (â€¢),100 (O), 150 (A), 200 (D), or 250 (V) MMCIEtSoSo for 2 h and then
incubated in drug-free medium for 6 h.
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more rapid elution at pH 12.6, would still cause some increase
in elution at the lower pH. However, since the changes with time
were quite different when assayed at the 2 pH values (Chart 7),
it is likely that 2 chemically different classes of lesions are being
measured and that elution at pH 12.1 is in this case mainly due
to strand breaks that do not require high pH to be disclosed. We
therefore take elution at pH 12.1 in these experiments to reflect
mainly frank strand breaks.]

The results with IMR-90 cells are easily interpreted because
there were no interstrand cross-links; hence, the altered DNA
elution is attributable exclusively to strand breaks and alkali-

labile lesions. Frank breaks, indicated by reduced filter retention
at pH 12.1 (Chart 7, filled symbols), were most numerous im
mediately after the 2-h drug treatment, and then disappeared

over the next 12 to 18 h. Even at their highest level (immediately
after a 2-h treatment with 250 pu CIEtSoSo), these breaks

amounted to only 70 rad equivalents.
In IMR-90 cells, alkali-labile lesions (Chart 7, open symbols)

were at all times more prevalent than frank breaks. During the
first 6 h following drug treatment, alkali-labile lesions increased
while frank breaks decreased. Between 6 and 12 hr, alkali-labile

lesions decreased. But this was followed by a second increase
between 12 and 18 h, and a subsequent decline. This pattern
was reproduced in independent experiments.

The VA-13 cells showed generally similar behavior to that of
IMR-90 cells, but the magnitudes of the elution effects were
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Chart?. DNA strand scission (pH 12.1 assay, â€¢,A, â€¢T) and alkali-labile
lesions (pH 12.6 assay, O, V, Ãœ,A) in VA-13 (top panel) and IMR-90 (bottom panel)
cells treated with 100 (O, â€¢),150 (A, A), 200 P, â€¢)or 250 (V, T) â€žMCIEtSoSo for
2 h and then incubated for various times in drug-free medium. Fraction of DNA
retained on filter is inversely related to frequency of strand breaks or alkali-labile

lesions (14).

smaller. At 6 h or more following drug removal, the smaller
apparent effects can be attributed to the formation of interstrand
cross-links in VA-13 cells. The results immediately after drug

treatment (0 h in Chart 7), however, are not subject to this
consideration, because interstrand cross-links had not yet
formed to a significant degree at this time. At this early time, VA-
13 cells exhibited frank breaks but no alkali-labile lesions.

DISCUSSION

CIEtSoSo is of interest as a potential chloroethylating agent,
because of the possibility that it would produce less side reac
tions than do CIEtNUs. In addition to chloroethylations, a major
alkylation route of CIEtNUs leads to hydroxyethyl adducts (12,
30, 33) which may contribute importantly to the mutagenic and
carcinogenic effects of these drugs (21, 22, 28). Hydroxyethyla-

tion, however, contributes little to antitumor activity, as evi
denced by a marked reduction in antitumor activity when chloride
was replaced by hydroxyl in a CIEtNU structure.5 CIEtNUs can

undergo cyclization reactions in which the chloride is lost; the
cyclic intermediates can then produce hydroxyethylations (1,15).
CIEtSoSo does not appear to have analogous reaction oppor
tunities, and the alkylation products would probably be exclu
sively chloroethyl products.

The objective of the current work was to determine whether
CIEtSoSo affects cellular DNA in the manner expected for chlo-
roethylation of DNA guanine O6 positions. The answer to this

question was clearly affirmative, as indicated by the following
observations, (a) CIEtSoSo produced DNA interstrand cross
links in a cell line (VA-13) deficient in G06AT, but not in a cell
strain (IMR-90) having a high level of this activity. The G06AT

deficiency is thought to impair the removal of chloroethyl groups
from DNA guanine-O6 positions in VA-13 cells, thereby allowing

the production of potentially lethal interstrand cross-links in these
cells (6). (b) The interstrand cross-links were generated after a
delay of 6 to 12 h and appeared to undergo repair (;'.e., their

frequency declined after 12 h). The delay is attributable to the
time required for the series of reactions which led from O6-

chloroethylguanine in DNA to interstrand guanine-cytosine cross
links (13, 31, 32). (c) DNA-protein cross-links were produced

without delay in both cell types and appeared to be repaired.
Chemical considerations suggest that the initial reactions here
are most likely chloroethylation of protein amino and/or sulfhydryl
groups; the resulting 2-chloroethylamine and/or 2-chloroethyl-
sulfide residues could then react rapidly with the most nucleo-
phylic sites on DNA. The possibility that a DNA-protein cross

link may be formed by an initial alkylation of DNA followed by a
second reaction with a protein cannot be ruled out. (d) The
formation of interstrand cross-links in the G06AT-deficient cell

line was accompanied by an increased cytotoxic action against
these cells.

These actions of CIEtSoSo are essentially the same as pre
vious findings with CIEtNUs (6), strongly indicating that the drugs
act basically by the same mechanism. The mechanism by which
CIEtSoSo and CIEtNUs kill IMR-90 cells does not appear to be
related to DNA-DNA interstrand cross-linking and is presently
undefined. However, these data indicate that cross-linking, al

though not the only cytotoxic event caused by CIEtSoSo, may

5J. A. Montgomery, personal communication.
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be the mechanism responsible for the differential toxicity ob
served between a Mer' and a Mer Å“il.

The large differential cytotoxicity produced by CIEtSoSo
against the G06AT-deficient cells is similar in magnitude to that

produced by noncarbamoylating CIEtNUs, and significantly larger
than is the case for carbamoylating CIEtNUs (6). This is in accord
with the chemical structure of CIEtSoSo which would not allow
carbamoylation-type reactions. Carbamoylation reactions seem

to interfere with DMA repair steps that are required by normal
G06AT-proficient cells in order to deal with other potentially

lethal DNA lesions produced by CIEtNUs (24).
In addition to interstrand and DNA-protein cross-links, CIEt

SoSo produced DNA strand breaks (pH 12.1 assay) and 2
components of delayed alkali-labile lesions (pH 12.6 assay), all

of which appeared to undergo repair (Chart 7). In attempting to
interpret this complex pattern, we may first note that VA-13 cells
immediately after treatment exhibited strand breaks but no alkali-

labile lesions. These breaks disappeared by 6 h, at which time
alkali-labile lesions appeared. IMR-90 cells immediately after
treatment exhibited both strand breaks and alkali-labile lesions;
the strand breaks then declined while alkali-labile lesions in

creased. Thus, the pH 12.1 assay for strand breaks is seen to
be largely independent of alkali-labile lesions, and in these ex

periments probably represents mainly strand breaks existing in
cells.

Strand breaks in cells treated with an alkylating agent may
arise by excision repair of alkylated bases, alkaline phosphatase-
endonuclease scission of base-free sites, or cleavage of certain

phosphotriesters (17). Strand breakage by the last 2 mechanisms
would be preceded or accompanied by alkali-labile lesions, con
trary to our observations of strand breakage followed by alkali-

labile lesions. Hence, the transient strand breaks in both cell
types probably arose by excision repair of alkylated bases. In
any case, the alkali-labile lesions may be assumed to have arisen

by an independent mechanism.
Alkali-labile lesions may be due to base-free sites or phospho-

triester groups (27). Phosphotriesters, however, would be ex
pected to appear promptly after alkylation, contrary to our ob
served increase in alkali-labile lesions following drug removal.

(The drug probably exits without significant delay following cell
wash, because the drug is non-ionic and therefore should pass

readily through cell membranes. This is further supported by the
observation that strand breaks disappeared after cell wash.)
Hence, the alkali-labile lesions may be due to the formation of
base-free sites by enzymatic (e.g., glycosylase) and/or by spon

taneous chemical release of alkylated bases.
The cause of the second peak of alkali-labile lesions 18 h after

drug treatment is difficult to assess. There are several possibili
ties, the simplest of which is delayed loss of alkylated bases at
some DNA sites or in some cells.

With regard to the observed differences between VA-13 and
IMR-90 cells, the overall apparent reduction of strand breaks
and alkali-labile lesions in VA-13 cells can be attributed in part to
the formation of interstrand cross-links, and the consequent

reduction in sensitivity of the alkaline elution assay to a given
frequency of strand breaks. The effect, however, cannot account
for the complete absence of detectable alkali-labile lesions in VA-

13 cells immediately after drug treatment. The results suggest
that, at least initially, VA-13 cells produced fewer alkali-labile
lesions and perhaps more strand breaks than did IMR-90 cells.

A similar conclusion was reached in a previous study (7) of the
effect of W,A/'-bis(2-chloroethyl)-A/-nitrosourea on VA-13 com

pared to WI-38 cells (like IMR-90, a strain of normal human

embryo cells). This difference is not readily explained on the
basis of the G06AT deficiency. One possibility would be that VA-
13 cells also are deficient in a DNA glycosylase; thus, base-free

sites would be reduced, and strand breaks arising from normal
excision repair might be increased.
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