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ABSTRACT

Recent evidence from our laboratory and from others suggested that
pretreatment with a-difluoromethylornithine (DFMO) sensitizes some
human and rodent tumor cell lines to l,3-bis(2-chloroethyl)-l-nitrosourea
(BCNU). Many human tumor cells are resistant to chloroethylnitrosou-
rea-induced DNA interstrand cross-linking and cell kill due to their high
levels of the DNA repair protein O'-alkylguanine DNA alkyltransferase.
We therefore investigated DFMO-mediated sensitization to BCNU in
BCNU-sensitive and -resistant cells. Colony formation assays were used
to compare BCNU cytotoxicity in DFMO-pretreated and control cultures
of two colon tumor lines, 111-29 cells, which have high alkyltransferase
levels and thus are U( M -resisi-ani, and BE cells, which are deficient in
this repair capacity and thus are BCNU-sensitive. Polyamine depletion
significantly enhanced BCNU cytotoxicity only for the repair-proficient
HT-29 cell line. BE cells were 40-fold more sensitive to BCNU than
were HT-29 cultures. However, in BE cells, no effect of polyamine
depletion was found on cellular response to BCNU treatment at 72 h
after DFMO treatment. Reverse-phase high-performance liquid chro-
matography assays of polyamine concentrations in cell extracts verified
that DFMO produced comparable degrees of polyamine depletion for
both cell lines. DNA alkaline elution analysis was used to monitor BCNU-
induced formation of DNA single strand breaks, DNA interstrand cross
links, and DNA-protein cross-links. Equal concentrations of BCNU
produced similar levels of strand breaks and DNA-protein cross-links in
DFMO-pretreated and control cultures for both cell lines. These data
suggest that DNA in polyamine-deficient HT-29 and BE cells is not more
accessible to BCNU than is DNA in controls. No DNA interstrand cross
links were detected in either DFMO-pretreated or control HT-29 cells
after BCNU treatment. Further, in BE cells which accumulate BCNU-
induced DNA interstrand cross-links, no increase in the measureable
levels of cross-links resulted from polyamine deficiency. Our observations
suggest that mechanisms other than increased DNA interstrand cross
link formation may be mediating the enhanced efficacy of BCNU in
polyamine-deficient HT-29 cell cultures. Our findings may also imply
that cellular targets for BCNU other than DNA damage may be respon
sible for DFMO-induced chemosensitization in the repair-proficient cells.

INTRODUCTION

Recently we reported (1) that pretreatment of five cultured
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human adenocarcinoma cell lines with DFMO3 potentiates cell

killing by BCNU. Our observations confirmed previous reports
of DFMO-induced sensitization to BCNU in the 9L rat glio-
sarcoma (2) and LI210 leukemia (3) cell lines and extended
these observations to human epithelial tumor cells. For 9L
cells, chemosensitization by DFMO pretreatment was also
found for other CENU antitumor drugs that cross-link DNA
(4, 5). DFMO is an enzyme-activated irreversible inhibitor of
ornithine decarboxylase (EC 4.1.1.17) (6), the initial enzyme in
the polyamine biosynthetic pathway. As in virtually all cell lines
tested (for reviews, see Refs. 7 and 8), DFMO treatment of
human adenocarcinoma cells results in disappearance of intra
cellular PUT by 6 h, and depletion of SPD content by 24-36
h, after drug addition (9). In the five human tumor lines we
studied, 48 h or longer in the presence of DFMO also reduces
SPM content to 40-70% of controls (1,9).

BCNU is thought to kill cells primarily through the intro
duction of covalent DNA interstrand cross-links in treated cells
(10). Using DNA alkaline elution techniques, Tofilon et al. (l1)
showed enhanced production of cross-links by equivalent con
centrations of BCNU in DFMO-pretreated 9L cells. The 9L
cell line, however, is nearly 10-fold more sensitive to BCNU
than are the five human lines we studied (cf. Refs. 1 and 2).
Most of these human cell lines were previously classified as
Mer+ based on their ability to reactivate chemically methylated
adenovirus (12). It has been shown that Mer+ cells have high
levels of the DNA repair protein 06-alkylguanine DNA alkyl

transferase (13), and that CENU sensitivity of human cell lines
correlates with their Mer phenotype (14). Further, Mer* cells

(CENU resistant) can be sensitized to CENU treatment by
prior incubation with DNA methylating agents at subtoxic
doses that are adequate to deplete cellular stores of active O6-

alkyltransferase protein (15, 16).
In the present study we have compared the effects of DFMO

pretreatment on cytotoxicity and DNA cross-linking properties
of BCNU in human cell lines of the Mer"1"and Mer~ phenotype.
DFMO pretreatment did increase BCNU sensitivity of Mer+

cell lines in our previous study. However, the concentration of
BCNU required for equivalent cell kill remained markedly
higher (1) than in 9L (2), in Mer" human cell lines that were
not polyamine depleted (14), or in Mor" human cells prÃªtrouted

with DNA-methylating chemical carcinogens (15, 16). This
result suggested that DFMO-induced chemosensitization of
Mer+ human cells to BCNU may not be occurring by saturation

or depletion of cellular repair capacity and may not be accom
panied by increased levels of DNA interstrand cross-links. The
experiments reported here were directed towards evaluating
these hypotheses.

MATERIALS AND METHODS

Chemicals and Drugs. PUT dihydrochloride and 1,7-diaminoheptane
were obtained from Sigma Chemical Co. (St. Louis, MO) SPD trihy-
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drochloride and SPM tetrahydrochloride were purchased from Calbi-
ochem-Behring (La Jolla, Ã‡A). DFMO was a generous gift of the
Merrell Dow Research Institute (Cincinnati, OH). Stock solutions of
DFMO (150 HIM)were prepared in serum-free culture media, adjusted
to pH 7.2-7.4, stored at -20Â°C, and sterilized by membrane filtration

(0.22-jim pores) immediately before use. BCNU was kindly provided
by the Pharmaceutical Research and Development Division, Bristol-
Meyers Co. (Syracuse, NY) and was dissolved in absolute ethanol
immediately before use. All other chemicals used were of analytical
grade and were obtained from standard commercial sources.

Cell Culture. Routine culture of HT-29 (colon adenocarcinoma) cells
was performed as previously described (1, 9). BE human colon carci
noma cells and 1,1210 mouse leukern ic cells were cultured as described
by Gibson and Erickson (17). Cultures were routinely monitored and
found free of Mycoplasma contamination by the fluorescence assay of
Chen (18).

Survival Assays. To determine the effects of DFMO pretreatment
on the cytocidal efficacy of BCNU, 75-cm2 plastic flasks were seeded
with 5 x 10s (HT-29) or 1 x IO6 (BE) cells and had DFMO stock

solution added at 24 h to a final concentration of 5 HIM.Control flasks
were treated with an equal volume of vehicle at the same time. After
48 (HT-29) or 72 (BE) h at 37'C in the presence or absence of DFMO,

BCNU in ethanol was added to achieve the indicated final concentra
tions (see "Results") and then removed after a 60-min incubation at
37Â°C.Controls received an equal volume of ethanol (150 /tl added to

IS ml media) for the identical time period, which had no effect on
plating efficiency. The monolayers were washed, cells were harvested
by gentle trypsinization, dispersed into single-cell suspensions, and
counted in a Coulter Electronics (Hialeah, FL) Model ZBI Particle
Counter. Survival of the treated and control cells was determined by
plating efficiency assay, as described (1,9).

Cell Culture for Alkaline Elution. Cells were seeded at 2-3 x 105/25-
cm2 culture flask and labeled for the first 24 h with 0.02 Â¿iCi/mlof [MC]

thymidine (specific activity, 52 mCi/mmol; New England Nuclear,
Boston, MA). At 24 h, media were aspirated from all flasks and, for
DFMO-pretreated cultures, replaced with fresh media containing 5 mM
DFMO but no [14C]thymidine. Controls received fresh media with the

initial concentration of isotope but no DFMO. This second 24-h
labeling for controls was needed to yield equivalent amounts of isotope
incorporated per cell for the two groups. Since DFMO treatment
inhibits proliferation (9), controls dilute the label incorporated in the
first 24 h to nearly twice the degree seen for DFMO-treated cells by
the time of BCNU treatment and alkaline elution 48-72 h later. After
the second 24 h, cultures were again fed with fresh media containing
no isotope but with (pretreated) or without (controls) 5 mM DFMO.
For HT-29 cells, 60-min treatment with BCNU at the indicated con
centrations took place after a third day at 37Â°C(i.e., 48 h after DFMO

addition). BE cells, a rather slow-growing cell line, required a total of
72 h in the presence of DFMO to achieve maximal polyamine depletion
(data not shown). Daily feeding of both cell lines with fresh media was
necessary to avoid artifactual fragility of cellular DNA after BCNU
treatment, leading to increased apparent strand breakage and decreased
sensitivity for detection of cross-links. BCNU containing media were
aspirated after 60 min at 37Â°C,replaced with fresh drug-free media,
and the cultures incubated at 37Â°Cfor a further 6 h to allow for

maximal production of cross-links (10, 14). In each experiment, one
control culture and one DFMO-pretreated culture, each of which had
been incubated with [MC]thymidine as described above, were harvested

by trypsinization, dispersed, and counted to estimate the total cell yield
per flask. This allowed equal numbers of cells and equivalent amounts
of DNA from the two pretreatment groups to be analyzed by alkaline
elution. Aliquots of these cell suspensions were pelleted and extracted
for determination of polyamine content (see below).

Alkaline Elution. The alkaline elution procedure used in these exper
iments has been described in detail and was recently reviewed (19). The
LI210 cells used as internal standards were labeled with 0.05 pCi/ml
of [3H]thymidine (20 mCi/mmol; New England Nuclear). Two modi

fications of the procedure were used.
ISC and Single-Strand Breaks. Six h after removal of BCNU, control

and treated cell monolayers were washed with Hanks' balanced salt

solution containing 0.02% EDTA (without Ca2+ and Mg2+) and de

tached by scraping with a rubber policeman in complete medium. For
measurement of interstrand cross-links, approximately 3xH)' cells

from each experimental culture were mixed in separate tubes with equal
numbers of 'H-labeled 1.1210 cells and subjected to 300 rads of â€¢>-

irradiation ((Â¡ammaceli 1000; Atomic Energy of Canada, Ltd., Ottawa,
Ontario, Canada). Strand-break assays utilized identical numbers of
unirradiated drug-treated human cells mixed with equal numbers of
irradiated and 3H-labeled LI210 cells. Each cell suspension was then
deposited on a separate 0.8-^m pore size polycarbonate filter (Nucle-
pore, Pleasanton, CA) and lysed with 5 ml of a solution containing 2%
sodium dodecyl sulfate, 0.1 M glycine, and 0.025 M disodium EDTA,
pH 10.0 (lysis buffer). Two ml of 0.5 mg/ml proteinase K (EM Bio-
chemicals, Cincinnati, OH) dissolved in lysis buffer were then added to
the upper chamber of a Swinnex filter holder, and 40 ml of a solution
containing 0.1 % sodium dodecyl sulfate and 0.02 M EDTA and adjusted
to pH 12.1 with tetrapropylammonium hydroxide were overlayered
and pumped through the filter at a rate of 0.035 ml/min. Five fractions
were collected at 3-h intervals. The [14C]-and [3H]DNA radioactivity

remaining on the filter and present in each fraction was determined by
scintillation counting, and the retention of label on the filter as a
function of elution time was calculated. Data shown below are expressed
as the fraction of [I4C]DNA remaining on the filter as a function of the
fraction of ['HJDNA retained. ISC frequencies in rad-equivalents were

calculated by

ISC d-r) x 300 rads

where rand r0 are the fractions of [14C]DNA of treated and control cells
retained on the filter when 25% of [3H]DNA remained on the filters

(19).
DPC. At 6 h after BCNU removal, cell suspensions from each

treatment condition (prepared as above and mixed with '1Mabeled
1,1210 cells as internal standards) were subjected to 3000 rads ->-
irradiation. The cells were then deposited on a 2.0-/am pore size poly-
vinylchloride filter (Millipore type BSWP; Millipore, Bedford, MA)
and lysed as described above. The filter was then washed with 5 ml of
0.02 M disodium EDTA, pH 10.0, and eluted as above with a solution
of 0.02 M EDTA adjusted to pH 12.1 with tetraethylammonium hy
droxide (Aldrich Chemical Co., Milwaukee, Wl). Three fractions were
collected at 3-h intervals and the retention of [I4C]- and [3H]DNA
determined as above. DPC frequencies (in rad-equivalents) were calcu
lated by

DPC = [(1 - r)-w - (1 - x 3000 rads

where r and r0 are the retentions of [I4C]- and [3H]DNA, respectively,

after 6 h of elution (19).
Polyamine Content. Aliquots of trypsinized and counted cells from

DFMO-pretreated and control cultures were pelleted, washed, and
extracted by sonication in 0.2 N perchloric acid containing 20 Â¿<M
diaminoheptane as internal standard for estimation of recovery, as
described (1,9). Concentrations of the poi vamines in supernatants from
the cell extracts were determined by the paired-ion reverse-phase high-
pressure liquid Chromatographie assay of Seiler and Knodgen (20).

RESULTS

The results obtained using plating efficiency assays to mea
sure HT-29 and BE cell survival after treatment with BCNU
are shown in Fig. 1. As in previous studies (1, 15, 16) HT-29
cells were resistant to the cytocidal effects of BCNU, requiring
concentrations in excess of 100 MMto reduce the surviving
fraction to the 50% level. A 2-fold increase in BCNU concen
tration still did not reduce HT-29 survival below 25%. These
results are in excellent agreement with our previous report on
BCNU efficacy in HT-29 (1), and are in quantitative agreement
on a molar basis with previous reports of HT-29 sensitivity to
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B: BE Table 1 Effect ofDFMO on cellular polyamine contents

:BCNIJ] (1*0

Fig. I. BCNU survival curves for control and DFMO-pretreated HT-29 and
BE cells. Cultures were treated at 24 h with either 5 m\i DFMO in medium (D)
or with medium alone (O). After 48 h (HT-29, A) or 72 h (BE, B), the cells were
treated for 60 min with the indicated concentrations of BCNU, and cell survival
was measured by colony formation assays. HT-29 survival curves are data from a
single experiment while BE survival curves are data from two independent
experiments with three BCNU doses tested in each experiment. Bars, mean Â±
SD of 4-8 replicates.

CNU (15, 16, 21). In contrast, BE cells were markedly more
sensitive to BCNU. Concentrations near 5 MMkilled more than
50% of the cells, and as little as 14 MMyielded a 2-log cell kill.
Our results with BCNU are comparable to those previously
reported for CNU sensitivity of the BE tumor line (21).

Also shown in Fig. 1 are survival curves for HT-29 and BE
cultures that were partially depleted of intracellular polyamines
by pretreatment with DFMO. In agreement with our previous
observations (1), HT-29 cells were sensitized to BCNU by the
48-h pretreatment with DFMO. At the two higher doses, pol
yamine deficiency enhanced cell kill by 0.5-1 log. In the more
sensitive BE cell line, a 72-h incubation with DFMO had no
effect on the survival curve for BCNU-treated cells. To be
certain that survival after BCNU treatment was truly identical
for DFMO-pretreated and control BE cells, we used linear
regression analysis for log mean surviving fraction as a function
of BCNU concentration to estimate both /)â€žvalues and extrap
olation numbers from the slopes and intercepts of the regression
lines for the linear portions of the survival curves. Virtually
identical regression lines were obtained from the two data sets,
as shown in Fig. IB. The control survival curve had a DOof
2.72 fiM and an extrapolation number of 2.28 (r = â€”0.97),while
the corresponding values for the DFMO-pretreated cultures
were a A> of 2.70 ^M and extrapolation number of 2.31 (r =
-0.88). Although the survival data for DFMO-pretreated HT-
29 cells were linear, the data for control HT-29 cells, as in past
reports ( 1, 15, 16, 21), remained on the shoulder of the survival
curve, thus precluding estimation of />â€žvalues by regression
analysis. As an estimate of the degree to which DFMO pretreat
ment sensitizes HT-29 cells to BCNU, we calculated a dose-
enhancement ratio of 1.78 at the 25% survival level. Thus, our
results clearly show that while the Mer+ HT-29 cells are sensi

tized to BCNU as a consequence of DFMO-induced polyamine
depletion, Mer~ BE cells show no enhancement of BCNU

efficacy resulting from polyamine deficiency.
We used reverse-phase high-pressure liquid chromatography

to verify that the treatment with DFMO significantly reduced
intracellular polyamine contents for both cell lines. Table 1
shows that a 48-h pretreatment with 5 HIM DFMO reduced
HT-29 cell PUT content below our lower limit of detection
(0.02 nmol/106 cells); it decreased SPD content to <5% of

control levels, but it only lowered SPM content by about 25%
of control levels. These results are comparable to those we have

CelllineHT-29

HT-29
BE
BEDFMO(HIM)0

5
05Time

of
harvest

(h)Â°48

487272nmol/106

cellsPutrescine0.527

Â±0.111*

<0.02
0.205 Â±0.019

<0.02Spermidine2.64

Â±0.46
0.10 Â±0.04
2.49 Â±0.09

<0.02Spermine4.05

Â±1.04
2.99 Â±0.65
3.00 Â±0.18
2.24 Â±0.36

" After addition of DFMO at 24 h postseeding.
* Mean Â±SD of eight replicates from two independent experiments.
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Fig. 2. DNA alkaline elution analysis of DFMO-pretreated and control HT-
29 and BE cells treated with BCNU. Cultures were treated at 24 h with either 5
HIMDFMO in medium (right) or with medium alone (left). After 48 h (HT-29,
top), or 72 h (BE, bottom), BCNU in ethanol was added for 60 min to final
concentrations of 0 (â€¢,O), 50 (A, A), or 100 (â€¢,D) MM.After 6 h at 34*C, DNA
single-strand breaks (O, A, O) and DNA interstrand cross-links (â€¢,A, â€¢}were
measured by alkaline elution of radiolabeled DNA through polycarbonate filters.

previously observed (1,9). Preliminary experiments (not shown)
established that 48 h in the presence of DFMO was insufficient
to achieve maximal polyamine depletion with BE cells. We
believe that this effect is due to their slower rate of proliferation
(doubling time of 26.4 h), as compared to HT-29 cells (doubling
time of 19.3 h). Experiments with BE cells thus required
DFMO-pretreatment periods of 72 h before BCNU addition.
The polyamine contents of control and DFMO-treated BE cells
at 72 h after DFMO addition are also listed in Table 1. The 5
HIM DFMO reduced both PUT and SPD content of BE cells
below our limit of detection and had about the same relative
effect on SPM levels as in HT-29 cells.

Fig. 2 shows typical results obtained with DNA alkaline
elution analysis of single-strand breaks and ISC for control and
DFMO-pretreated cultures of both cell lines. The BCNU dose
ranges used for the two cell lines were equimolar but not
equitoxic (BE cells are approximately 20-fold more sensitive to
BCNU than are HT-29 cells). We chose to use equimolar dose
ranges for simplicity, since even in the Mer" BE cells no ISC

can be demonstrated by alkaline elution analysis at doses of
BCNU below 25 MM. As expected, BCNU caused a dose-
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dependent increase in detectable single-strand breaks for both
cell lines (cf. Fig. 2, O, A, D, left). The level of strand breaks
produced by 50 and 100 pM BCNU was roughly equivalent for
the two cell lines. In addition, both concentrations of BCNU
caused comparable levels of strand breaks in DFMO-pretreated
cultures (Fig. 2, right) as in controls (Fig. 2, left). Table 2 lists
the results obtained for mean frequencies of DPC (from three
independent experiments) in control and DFMO-pretreated
cultures of BE and HT-29 cells after BCNU addition. As was
true for strand breaks, we found dose-dependent increases in
BCNU-induced DPCs, with little difference observed between
the two cell lines regarding levels of DPC produced by equiva
lent BCNU doses. Also, no enhancement of DPC resulting
from BCNU addition was observed in the DFMO-pretreated
cultures for either cell line. High-pressure liquid chromatogra-

phy measurements of polyamine concentrations in extracts
prepared from replicate cultures in the elution experiments
verified that DFMO reduced polyamine content of the pre-
treated cells to the same degree as we observed in the survival
studies (see Table 1).

As expected for control cultures, 50 and 100 n\i BCNU
produced detectable levels of ISC only in the BE cells (Fig. 2,
bottom). DNA from irradiated and BCNU-treated HT-29 cells
eluted faster than DNA from the X-ray-only controls (Fig. 2,
top). The results obtained here for BCNU-treated BE and HT-

29 cultures are comparable to those reported previously for
cells treated with CNU (15, 16, 21). For BE cells, the 72-h
pretreatment with DFMO did not increase the levels of ISC
produced by equal doses of BCNU (cf. Fig. 2, â€¢,A, â€¢,bottom).
In addition, no detectable cross-links resulting from BCNU
treatment were observed for the DFMO-pretreated cultures of
HT-29 cells either (Fig. 2, â€¢,A, â€¢,top right). As in control
HT-29 cultures, DNA from polyamine-deficient cells that were
also treated with BCNU prior to irradiation eluted faster than
DNA from X-ray only, DFMO-pretreated controls. Table 2
lists results for ISC frequencies estimated from the elution
curves obtained with control and DFMO-pretreated cultures of
HT-29 and BE cells averaged from 5-7 independent experi
ments. The calculated ISC frequencies were not corrected for
the strand breaks induced by BCNU since comparable levels of
strand breaks were produced in the polyamine-deficient and
control cultures. The negative values obtained for control and
polyamine-deficient HT-29 cultures confirm the absence of
detectable ISC resulting from BCNU treatment of these cells.
For BE cells, we observed positive values of ISC frequencies
that increased with BCNU dose. However, we found no differ
ence between DFMO-treated and control BE cells in the mean
ISC frequencies obtained at either dose of BCNU. We have
also compared BCNU-induced ISC in control and DFMO-

Table 2 ISC and DPC cross-linking frequencies (in rod-equivalents) measured in
HT-29 and BE cells exposed to BCNU with or without DFMO pretreatment

CelllineHT-29BEBCNUDFMO (MM)50

+ 50100

+ 10050

+ 50100

+ 100ISC-6.99

Â±3.22" (7)*
-6.75 Â±6.09(7)-10.44

Â±6.47 (5)
-9.05 Â±9.24(6)15.9Â±

13.4(6)
16.7Â±13.9(6)25.9

Â±14.4 (5)
23.4 Â±10.7 (5)DPC43.4

Â±19.8(3)
47.5 Â±21.2(3)107.0

Â±38.1 (3)
90.4 Â±25.2(3)21.3

Â±21.6 (3)
25.5 Â±8.4(3)11

7.5 Â±25.6 (3)
134.5+16.9(3)

' Mean Â±SD.
* Numbers in parentheses, number of replicate determinations.

pretreated cultures of HuTu-80 and A-427 cells (data not
shown). Both of these Mer+ cell lines showed DFMO-mediated

enhancement of cytocidal responses to BCNU (1), yet yielded
no demonstrable ISC in either polyamine-deficient or control
cells analyzed by alkaline elution after BCNU treatment (data
not shown).

DISCUSSION

Data presented here and elsewhere (1-5) demonstrate that
DFMO pretreatment sensitizes many human and rodent tumor
cells to BCNU-induced reduction of plating efficiency. Al
though no PUT-reversal studies are shown here, we previously
demonstrated that addition of 50 /Â¿MPUT to polyamine de
pleted cultures reverses the potentiation of BCNU efficacy in
HT-29 and three other human adoni Â»carcinomacell lines (1).
In 9L and L1210 cells, PUT also reverses DFMO-mediated
chemosensitization (2-4). These findings suggest that enhanced
CENU efficacy is a consequence of the effects of DFMO on
polyamine biosynthesis, possibly resulting from the reduced
cellular levels of polyamines.

The BE cell line is the first in which polyamine-deficient and
control cultures are equally sensitive to BCNU. The data of
Table 1 argue that the absence of potentiation for BE is not
due to continued polyamine biosynthesis in the presence of
DFMO. Rather, it may suggest that the mechanism(s) respon
sible for enhanced BCNU sensitivity in polyamine-deficient
cultures of HT-29 (Fig. 1) and other human tumor lines (1) are
not operative in BE cells. One major difference between BE
and the other human tumor cells is their alkylation repair
phenotype. BE cells are well established as Mer" cells while
HT-29 and HuTu-80 cells are clearly Mer+ (12, 13). Of the
other cell lines, A-427 was originally classified as Mer" (13)
but responds to BCNU in our hands as do Mer+ cells (1), while
the phenotypes of ME-180 and MCF-7 cells, although undeter
mined, are most likely Mer+ (1). It thus seems that human

tumor cells with limited BCNU sensitivity (HT-29, HuTu-80,
A-427, MCF-7, and ME-180) are sensitized to BCNU by
DFMO-induced polyamine depletion; the one Mer" human line

tested thus far is not similarly sensitized. Experiments with
additional Mer" human tumor cell lines are necessary to con

firm the generality of these observations.
Our findings with BE cells are in rather marked contrast to

results obtained with the two rodent cell lines studied thus far
(2-5). Indirect evidence (from CENU-induced DNA cross-
linking studies) suggests that LI210 cells are Mer . and 9L is
at least partially Mer", yet both are sensitized to BCNU by

polyamine depletion (2-5). Furthermore, DFMO enhances pro
duction of ISC by BCNU in 9L cells (11) and increased other
forms of BCNU-mediated DNA damage in L1210 cells (3).
Comparison of our results with human tumor cells to those
reported for rodent cells suggests that different mechanisms of
sensitization to BCNU may be operating in DFMO-treated
cells from humans and rodents. Alternatively, a single mecha
nism of sensitization that does not involve ISC may be operative
in all the cell lines tested, and the observed enhancement of
BCNU-induced DNA damage in polyamine-deficient rodent
cell lines (3, 11) may not be responsible for the increased cell
kill. Further work is necessary to distinguish between these
alternatives.

The hypothesis first proposed to explain enhanced sensitivity
to BCNU in DFMO-treated cells postulated that altered DNA
or chromatin structure resulting from polyamine deficiency
might enhance DNA accessibility to BCNU (2, 22). In support
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of this hypothesis, Hung et al. (23) reported data suggesting
altered DNA conformation in polyamine-deficient 9L cells and
Tofilon et al. (Il, 24) showed that BCNU-induced chromo
somal damage and ISC are also increased in DFMO-pretreated
9L cultures. While their reports provide evidence to support
DNA damage as the target for BCNU at which polyamine
deficiency is enhancing BCNU efficacy in 9L, it remains unclear
if increased DNA accessibility is responsible for the increased
DNA damage, even in that cell line. At least two other DNA
cross-linking agents, cu-diamminedichloropIatinum(II) (25)
and aziridinylbenzoquinone (26), are less effective in DFMO-
pretreated 9L cells. Furthermore, Oredsson et al. (5) reported
no difference in monoadduct formation from [14C]-l-(2-chlo-
roethyl)-3-fra/i5-methylcyclohexyl-l-nitrosourea between poly
amine-deficient and control 9L cultures. These observations
argue that any DFMO-induced chromatin structural changes
possibly occurring in 9L cells are serving to potentiate cross
link formation from equal numbers of CENU monoadducts
and do not reflect enhanced DNA accessibility for CENU
molecules or their decomposition products.

In the human lines studied here and previously (1), it also
remains questionable whether or not DFMO-mediated poten-

tiation to BCNU occurs via increased DNA damage. It seems
likely that, as in 9L, enhanced DNA accessibility to drug
molecules is not a generalized response to polyamine depletion.
We have already reported that chlorambucil efficacy is reduced
while thiotepa sensitivity remains unaltered (27) and that cells
are protected from Adriamycin (28) after DFMO pretreatment.
One would expect enhanced DNA accessibility to drug-mole
cules not to show such strict specificity for CENUs. We must
note, though, that in contrast to our results with chlorambucil
(27), Ducore and McNamara (29) reported enhanced cell kill
and ISC upon addition of L-phenylalanine mustard to DFMO-
pretreated cultures of a human lymphoma cell line. These
authors did note, however, that the increased cytotoxicity could
not be accounted for by the increased ISC alone. Furthermore,
data presented here show no increase in BCNU-induced strand
breaks (Fig. 2) or DPC (Table 2) accompanying polyamine
depletion. Our observations not only argue against increased
DNA accessibility to BCNU in the human tumor cell lines
studied here, but also show that two classes of BCNU-induced
DNA damage besides ISC are also not enhanced by partial
polyamine depletion. We must note, however, that all alkaline
elution measurements shown here were done at a single time
after BCNU treatment. We therefore cannot rule out alteration
of the time course(s) for ISC, DPC, or strand breaks induced
by BCNU in the DFMO-pretreated cells. However, this seems
unlikely in BE cells, where polyamine depletion did not alter
survival after BCNU. Nonetheless, comparison of all three
types of DNA damage at various times after BCNU treatment
in control and DFMO-pretreated cultures certainly merits fu
ture investigation.

DFMO-pretreated HT-29, HuTu-80, and A-427 cells, which
are sensitized to BCNU by polyamine deficiency (Fig. 1 and
Ref. l), still show no BCNU-induced ISC (Fig. 2)." This finding
suggests that cross-link production by BCNU may not be the
cellular target site at which DFMO is increasing BCNU efficacy
in these cells. Our observations resemble those of Marnane et
al. (30) who reported enhanced lethality from HN2 in cells
subsequently treated with caffeine. These investigators also
found that caffeine did not increase formation, or decrease
removal, of HN2-induced ISC. Later work by Lau and Pardee

4 Unpublished observations.

(31) showed that HN2 retards entry of G2 cells into M, allowing
repair of at least some DNA damage before mitosis, and that
caffeine inhibits the HN2-induced G2 arrest thus preventing
repair before mitosis and increasing HN2-induced nuclear frag
mentation. Although we have not tested if a similar mechanism
may be operative in DFMO-enhanced lethality of BCNU, it
seems unlikely since Nomura et al. (32) showed that G2 pro
gression in BCNU-treated 9L cells is unaffected shortly after
treatment. Furthermore, our observations of reduced cell cycle
transit in DFMO-treated human adenocarcinoma cells (33)
make it unlikely that polyamine depletion could reverse a G2
arrest induced by DNA cross-linking drugs. However, the ob
servations of Mumane et al. (30) and of Lau and Pardee (31)
suggest that examination of cell kinetic responses in BCNU-
treated human adenocarcinoma cells merits future investiga
tion.

Further work with measures of DNA and chromatin damage
other than alkaline elution is also required to determine if the
chemosensitization to BCNU that results from polyamine de
pletion does indeed involve DNA as the target site. If such
studies confirm that no form of detectable DNA damage by
BCNU is increased in polyamine-deficient cells, it would imply
the existence of target sites other than DNA and chromatin for
BCNU-mediated cytotoxicity. Such considerations might also
explain the lack of potentiation observed in clonogenicity assays
with DFMO-treated BE cells. Putative target sites other than
DNA might require significantly higher concentrations of
BCNU for inactivation than do BCNU-induced ISC in Mer
BE cells. If polyamine deficiency only enhances BCNU efficacy
in human adenocarcinoma cells at targets other than ISC, and
BE cells are killed by ISC at doses below those needed to
inactivate such targets it would result in no potentiation for
BCNU in the DFMO-pretreated BE cultures. It remains un
clear, however, why the rodent Mer~ cell lines (9L and LI210)

differ from the human Mer line (BE) with regard to enhanced
BCNU efficacy in polyamine-deficient cells.
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