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ABSTRACT

Difluoromethylornithine (DFMO), an enzyme activated irreversible
inhibitor of omithine decarboxylase (OIM '), depletes intracellular pu-

trescine, and spermidine (Spd), but not spermine, and generally leads to
an inhibition of cell proliferation, without cell death, in both normal and
neoplastic cells. This is the case with a culture line of human large cell
undifferentiated lung cancer, NCI H1S7, which will survive indefinitely
in DFMO containing medium and ultimately actually grows through the
DFMO block. We now provide evidence that a Spd analogue, V,V-
bis(ethyl)spermidine (BES) also suppresses OIX activity in H157 cells
but leads not only to complete depletion of putrescine and Spd but also
reduces intracellular spermine to 20-30% of control levels. This depletion
of polyamines is accompanied by a rapid decrease in cell proliferation
and ultimately cell death. The cell death resulting from BES treatment
is in direct contrast to results obtained with DFMO and occurs at
concentrations of less than 10 /JM. whereas 5 mM DFMO is required to
maintain growth inhibition in NCI HI57. The observed suppression of
OIK activity by BES is consistent with mechanisms by which Spd itself
regulates OIM activity. Our data suggest that although both agents,
DFMO and BES, interfere with polyamine metabolism, the differential
sensitivities to these agents indicate susceptibility to polyamine depletion
may be agent and cell type specific. Such differences may be related to
the different requirement of individual cell types for polyamines and
different regulatory events in polyamine biosynthesis. These differences
may be exploitable in the treatment of neoplastic disease with polyamine
analogues or inhibitors of polyamine biosynthesis.

INTRODUCTION

The requirement for the physiological polyamines, Put,3 Spd,

and Spm in the proliferation of several eukaryotic cell systems
has been well established through the use of polyamine ana
logues and specific inhibitors of the polyamine biosynthetic
pathway (1-4). The most widely described inhibitor of polya
mine biosynthesis is the enzyme-activated inhibitor of ODC,
DFMO (5). The typical response to polyamine depletion by
DFMO is cessation of growth within one to two cell generations
with continuous treatment (1). We have previously reported
that culture lines representative of the three major forms of
human non-SCLC respond in this cytostatic manner (6, 7). By
contrast SCLC uniformly exhibits a profound and unusual
cytotoxic response when treated with DFMO in culture (7, 8).
This differential sensitivity implies differences in the regulation
of polyamine biosynthesis and has been correlated in our pre
vious studies with a lower steady state level of ODC mRNA in
one of the SCLC cell lines (8).
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The spermidine analog, BES (9), has been shown in the
murine L-1210 leukemia system to suppress ODC activity,
reduce intracellular concentrations of all three physiological
polyamines, and significantly inhibit cell growth (4, 10, 11).
However, even at concentrations of 1 mM BES cytotoxicity is
not observed in the L-1210 system (12). The precise mecha
nisms of ODC inhibition by BES is unknown. Currently, avail
able data suggest that the inhibitory effect of BES on ODC is
not due to direct inhibition of the enzyme, but rather involves
regulatory mechanisms similar to those responsible for the
reduction of ODC activity during exposure of cells to exogenous
polyamines (11-14).

In this report, we describe the marked inhibition of growth
and cytotoxicity resulting from BES treatment of NCI H157
non-SCLC cells. We have previously shown this cell line to be
relatively resistant to the effects of polyamine depletion by
DFMO (7, 8). The results of this study provide further evidence
that various types of human neoplastic cells may regulate pol
yamine biosynthesis differently. Consequently, the differential
sensitivity to compounds such as DFMO and BES may be a
result of fundamental differences in the control of the polya
mine biosynthetic pathway and variations in the specific poly
amine requirements among human cancer cell types.

MATERIALS AND METHODS

Chemicals. BES was synthesized and provided by the laboratory of
Dr. Raymond J. Bergeron, University of Florida, Gainesville (15).
DFMO was kindly provided by Merrell-Dow Research Institute (Cin
cinnati, OH). Aminoguanidine and Spd were purchased from Sigma
Chemical Co. (St. Louis, MO) in their HC1 salt forms. BES and Spd
were prepared as 100 mM stock solution in 0.1 M HC1 and diluted in
medium for cell treatment. DFMO was prepared as a 1 Mstock solution
in 0.1 MNaOH, pH 7.0.

Cell Culture. The NCI HI57 non-SCLC line was maintained in
culture as previously described (7) in RPMI 1640 with 9% fetal calf
serum, penicillin (100 Â¿i/ml)and streptomycin (100 /Â¿g/ml).Amino
guanidine, an inhibitor of serum amine oxidase, was added to the
culture medium in those experiments requiring addition of polyamines
at the concentration of 1 mM to prevent the production of toxic
aldehydes. For treatment, cultures were generally seeded at 1 x H)"/

150-cm2 culture flasks in 50 ml of medium. Cultures were treated as
indicated in "Results." After treatment cells were harvested and assayed

for cell growth, polyamine content, and ODC enzyme activity as de
scribed below.

Polyamine Analysis and Ornithine Decarboxylase Activity. Cellular
polyamine content was determined essentially by the methods of Kabra
et al. (16). However, in place of the 10 mM KH2PO4 buffer suggested
in Kabra et al. (16), distilled H2O was used. Perchloric acid extracts of
cells were dansylated and chromatographs were resolved by reverse-
phase high-performance liquid chromatography with an increasing
acetonitrile/H2O gradient.

ODC activity was measured according to the previously published
methods of Pegg and Seely (17). Proteins were quantitated by the
methods of Lowry et al. (18).
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RESULTS

NCI H157 non-SCLC were tested for sensitivity to concen
trations of BES ranging from 1.0 MMto 100 MMfor 4 and 7
days (Fig. 1 and Table 1). The non-SCLC NCI H157 was found
to be very sensitive to the effects of BES, with an IC5o value
estimated to be less than 5 ^M on day 4. By day 7, actual cell
loss was observed at BES concentrations >5 MM(Fig. 1). As
compared to controls at cytotoxic concentrations (>5 MMBES)
all three polyamines were significantly (P < 0.001) depleted.
Put and Spd were reduced to the limits of detection and in
contrast to results with DFMO, BES significantly reduced Spm
(at concentrations >5 UM)to a maximum reduction of 86% at
day 7 with 100 MMBES (Table 1). At the concentration of 1
MMno significant decrease of Put was observed. However, there
was a significant (P < 0.001) decrease in Spd, possibly due to
product inhibition by the analogue on the spermidine synthe
sizing enzyme, spermidine synthase (2). Similar results have
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Fig. 1. Representative growth effects of increasing concentrations of BES on
NCI HIS? human large cell undifTerentiated lung carcinoma: O, untreated; â€¢,1
MM;A, 5 MM;A, 10 MM;G, 100 MM.Results are expressed as Ay/V0,where Na is
the seeded number of cells on day 0 and .V equals the number of cells on the
subsequent days. Cytotoxicity is defined as N/Na being less than 1. The long-term
growth effects of S mM DFMO treatment (â€¢)are included for comparison. The
results are expressed as a mean of two to six experiments with a SE generally less
than 10%.

Table I Effects of BES treatment on the polyamine levels and ornithine
decarboxylase activity in NCI HI57 human large cell undifferentiated lung

carcinoma cells

TreatmentNone1.0

MMBES5.0

MMBES10

MMBES100

MMBES5

mM DFMOi

ime
(days)474747474747Polyamines

(nmol/106cells)"Put0.350.270.310.40e<0.05'<0.05C<0.05<<0.05C<0.05C<0.05C<0.05C<0.05CSpd0.940.880.32'0.49C<0.05f<0.05f<0.05C<0.05f<0.05C<0.05C<0.05C<0.05CSpm1.211.361.081.440.74C0.8

Ie0.72C0.99170.31'0.1

9C1.501.40BES0.6Sd1.111.451.72"1.541.891.451.94''%ODCday

4control

activity*100254973161057<1ND'7ND

Â°Polyamine values for BES experiments represent the mean of at least three
determinations with a SEM less than 10%, except where indicated rt. (' ) indicates
that these values are significantly different from control values to the /' < 0.001
level, as analyzed by Student's / test.

* Four day ODC control activity was 334 pmol/h/mg protein released I4CO2.

More confluent cells (day 7) have ODC activity reduced by 75%. Each value
represents a mean of three determinations with a standard error generally less
than 10%.

' ND, not determined.

been observed with the transition state analogue, s-adenosyl-
l,8-diamino-3-thiooctane (19, 20). Importantly, at the 1.0 MM
concentration there was no significant effect observed on intra-
cellular Spm levels and this concentration was not found to be
cytotoxic in these cells.

At the concentrations of BES studied, the decreases in poly
amine levels and cell growth were accompanied by a significant
intracellular accumulation of the spermidine analogue. Intra-
cellular concentrations of BES were >1 nmol/106 cells at all

extracellular concentrations tested, reaching a maximum of 1.9
nmol/106 cells at 100 MMBES (Table 1). However, consistent

with previous findings (11), the intracellular BES concentration
did not appear to increase in a strictly dose-dependent manner
and did not appear to directly relate to the extent of natural
polyamine depletion. Although the 5 and 10 MMconcentrations
appear to have similar effects on polyamine content, it may be
significant that 10 MMresulted in a somewhat higher intracel
lular concentration of the analogue and a slightly more effective
inhibition of ODC. However, the observed difference in cyto-
toxicity may result simply from a more rapid accumulation of
the analogue at the higher concentration.

The activity of ODC was found to be significantly reduced
by all concentrations tested (Table 1). The most frank reduction
(>80%) occurring at the cytoxic concentrations (>5 n\t BES).
The decrease in ODC activity observed in the control cells on
day 7 (as compared to day 4 control) occurs, as expected, since
by day 7 the control cells were nearly confluent.

For comparison with the response to BES, the effects of
treatment of NCI H157 with 5 HIMDFMO is included in Table
1 and the long-term treatment effects on growth are presented
in Fig. 1. Although Put and Spd are completely depleted and
growth is inhibited, NCI H157 cells can survive indefinitely in
5 mM DFMO (7, 8) (Fig. 1). It is important to note that the
intracellular concentration of Spm was essentially uneffected
by DFMO treatment.

ODC is thought to be regulated at the posttranscriptional/
posttranslational level by the amount of intracellular spermi
dine and spermine (13,14,19-21). To determine if the decrease
in ODC observed with BES was consistent with a mechanism
similar to the suppression observed by the addition of exoge-
neous polyamines (13, 14), NCI H157 cells were treated for 24
h with 20 MMBES or 20 MMSpd and the activity of ODC was
measured (Table 2). H157 ODC activity was markedly affected
by the additions of Spd or BES. BES at the concentration of
20 MM,decreased the ODC activity by approximately 86%. Spd,
at the concentration of 20 MM,similarly decreased ODC activity.

DISCUSSION

We have previously described the unusual cytotoxic response
of human SCLC cells to polyamine depletion by DFMO (6-8).
This cytotoxic response to DFMO is in contrast to the more
typical cytostatic response exhibited by most other cell types,
including the human large cell undifferentiated lung carcinoma

Table 2 Effects of W \IM BES or spermidine on ornithine decarboxylase activity
in treated NCI HI57 human large cell undifferentiated carcinoma cells

Treatment"
%Control ODC

activity*

None
20 MMSPD
20 MMBES

100
12
14

Â°Each group was cultured in the presence of 1 mM aminoguanidine.
b Results are expressed as the mean of three determinations with standard

errors of less than 10% made 24 h posttreatment. Control ODC activity was 1470
pmol/h/mg protein released 14COj.
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line NCI H157. As we have previously shown, one potential
mechanism for this differential sensitivity to polyamine deple
tion may be related to differences in the regulation of ODC in
the polyamine biosynthetic pathway of these cell types, specif
ically at the level of steady state ODC mRNA levels (8). We
now show that interference with the polyamine pathway by the
spermidine analogue BES results in cell death of the relatively
DFMO insensitive NCI H157 line.

The NCI H157 cells are significantly growth inhibited by day
4 of BES treatment and by day 7 there is significant cell loss at
BES concentrations >5 MM.These effects are accompanied by
a substantial decrease in ODC activity and a dramatic decrease
in all three physiological polyamines. The inhibition of ODC
occurs at least as rapidly as 24 h. The effects of BES on ODC
activity and polyamine pools appear to result, at least in part,
from negative feedback mechanisms of BES on ODC enzyme
activity. These mechanisms appear to be similar to those in
volved in the control of ODC by the addition of exogenous
polyamines (10), and are consistent with previously reported
effects of BES and the naturally occurring polyamines (4, 10,
11,20-22).

It is important to note that there appears to be a breaking
point occurring at approximately 5 Â¿AIBES which separates
the cytostatic versus cytotoxic effects of the compound. These
results indicate that cellular effects other than the regulation of
ODC may be modulated by low concentrations of BES. This
would not be unexpected since the compound closely resembles
Spd and may interfere at regulatory sites other than those
affecting ODC. One possible sight of action, at the lower
concentrations, may be Spd synthase and as mentioned previ
ously this may account for the selective decrease in Spd at the
1.0-fiM dose of BES. These results are similar to those reported
by Pegg et al. (19, 20) for the Spd synthase inhibitor, the
transition state analogue S-adenosyl-l,8-diamino-3-thiooctane.

However, further experimentation will be necessary to test this
possibility.

For the present study, the most significant finding is that, at
concentrations >5 Â¿JMBES elicits a cytotoxic effect on NCI
H157 cells. Although the mechanism(s) by which BES exerts
this cytotoxic effect is/are not entirely clear, at concentrations
eliciting cytotoxicity (>5 UM) depletion of Spm obtained with
BES Â¡nH157 is far more extensive than that reported for other
cell types (10, 11). Determining the actual requirement of Spm
for growth has proven difficult and previously has been inves
tigated by using a combination of DFMO and a Spd analogue.
However, the polyamine analogues used in combination with
DFMO may have functionally substituted for the natural pol
yamines thereby leading only to cytostasis (3, 23). Since BES
does not appear to functionally substitute for any of the polya
mines (10), this may explain why in NCI H157 cells, Spm
depletion, in the absence of other functioning polyamines, is a
cytotoxic event.

The non-SCLC line H157 is obviously more susceptible to
BES than to DFMO. This finding strongly emphasizes that
different inhibitors of polyamine synthesis may have specific
effects on cellular polyamines and cell survival in different cell
types. In this regard, we also have preliminary evidence4 that

the highly DFMO-sensitive SCLC NCI H82 is not nearly as
sensitive to BES as is the NCI H157 non-SCLC. The further
study of the different responses to these compounds should
provide insight into the phenotypic variability within normal

4 R. A. Casero and S. B. Baylin. unpublished observations.

and neoplastic cells in their requirements for and regulation of
polyamine biosynthesis (6-8).

Our current results may also have implications for the use of
polyamine biosynthesis inhibitors in cancer treatment. Cur
rently, there are no acceptable treatments for nonsurgically
resectable non-small cell human lung cancers. Also, even
though small cell lung carcinoma may initially respond to
cytoreductive therapy, any remission is generally short in du
ration. Additionally, the recurring small cell tumor is most
often less responsive to all treatment modalities than the orig
inal tumor, and not infrequently phenotypically resembles non-
small cell tumor types (24). Our current data for BES effects
therefore may have particular relevance to human disease in
that this drug is now shown to be effective in vitro against a
line of large cell undifferentiated carcinoma, a very aggressive
form of lung cancer. Furthermore, the combination of DFMO
and BES may prove very useful in preventing the progression
of small cell to a more non-small cell-like tumor, thus rendering
it more completely responsive to primary treatment. The com
bination of DFMO and compounds similar to BES may also
prove useful in reducing polyamine levels in other types of
tumors, since it is often difficult to effect significant polyamine
pool reductions in vivo using DFMO alone (25). This inability
to reduce polyamines in vivo may be partially responsible for
the relative lack of clinical success with DFMO to date.
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