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�MMARY
Two transfected cell lines, one carrying a mammalian ornithine
decarbo�yIase (ODC) that is suppressed by polyamines and one
carrying a trypanosomal ODC that is not, were used to ask
whether ODC suppression is necessary for the antiproliferative
activities of two polyamine analogs, N1,N8-bis(ethyl)spermidine
(BES) and N1,N14-bis(ethyl)homospermine (BE444). Both analogs
accumulated within cells and suppressed S-adenosylmethionine
decarbo�ylase, as well as polyamine-sensitive mouse ODC ac-
tivity. Neither drug was able to suppress the activity of the

polyamine-refractory trypanosome ODC. But, whereas BE444
was able to inhibit growth of both cell lines, BES could inhibit
only growth of cells carrying the polyamine-sensitive ODC, under
conditions that cause prolonged depletion of endogenous poly-
amines. We conclude from these studies that the antiproliferative
activity of BES, a less potent drug, requires the suppression of

OIDC. The efficacy of BE444 is enhanced by its ability to suppress
ODC. However, it can function without ODC suppression,
whereas BES cannot.

Polyamines are cationic molecules produced in all living

organisms and are essential for life (for reviews, see Refs. 1 and

2). Synthesis ofpolyamines is associated with cell proliferation,

making this process an attractive target for chemotherapeutic

intervention. Specific inhibition of polyamine-biosynthetic en-

zymes results in depletion of intracellular polyamine pools and

inhibition of growth (1, 2). The first enzyme of the polyamine-

biosynthetic pathway, ODC, is a highly regulated enzyme,

which, together with AdoMetDC, another tightly regulated

enzyme of this pathway, controls the de novo synthesis of

polyamines. ODC activity and protein increase in response to

various physiological stimuli and are suppressed in response to

elevated intracellular levels of the polyamines (3-6). In mam-

malian cells, AdoMetDC is similarly regulated in response to

polyamines, so that elevated intracellular spermine and sper-

midine pools greatly reduce AdoMetDC protein (7) (for review,

see Ref. 8).

ODC has been identified as a potential target in the chemo-

therapy of cancer and parasitic disease (for reviews, see Refs.

9-11). DFMO, an irreversible suicide inhibitor of ODC, has
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been used clinically against the trypanosome parasite respon-

sible for African sleeping sickness (12). Despite its success in

the therapy of trypanosomiasis, DFMO has shown limited

potential in the cure of proliferative diseases such as cancer.

As an alternative to the use of inhibitors, analogs of polyamines

have been developed. These analogs are designed to mimic

polyamines in certain regulatory functions, such as suppression

of ODC and AdoMetDC. However, the analogs, while replacing

natural polyamines within cells, appear unable to substitute for

them in growth-related functions (for review, see Ref. 13).

BE444 is a spermine analog that shows promise as a cancer
chemotherapeutic agent (14-16). Another compound, BES, is

a spermidine analog with less potent antiproliferative activity

than BE444, although it also appears to regulate the levels of

polyamine-biosynthetic enzymes (17-19). To understand better

the basis for this difference in antiproliferative activity, we

have tested these compounds against two transfected cell lines

that differ only in the nature of their ODC. One expresses an

ODC that responds to suppression by polyamines, the other an

QDC that does not (20). We have expressed cloned mouse ODC

or trypanosome ODC DNA in the C55.7 CHO cell line, which

lacks endogenous ODC activity (21). Although the mouse and

trypanosome enzymes are remarkably similar in amino acid
sequence, they differ markedly in certain properties. When

expressed in CHO cells, trypanosome ODC is not degraded
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rapidly, whereas the mouse enzyme is (22, 23). This reflects

accurately the behavior of each when expressed in its native

environment (24-26). In addition, the trypanosome ODC does

not respond to the negative regulatory stimulus of polyamines,

whereas mouse ODC does, in CHO cells. This difference allows
us to use the two transfectants of the C55.7 cell line to ask

whether regulatory reduction of ODC protein levels by polyam-
me analogs contributes to the antiproliferative activity of these

compounds.

Materials and Methods

Polyamine analogs. BES and BE444 were generous gifts of Ray-
mond J. Bergeron (University of Florida, Gainsville, FL).

Cells. Growth and maintenance of ODC-deficient C55.7 CHO cells

have been described in detail elsewhere (21, 23). Transfection and
selection of cells carrying either the mouse ODC (c461) or trypanosome

ODC (Try II) have been published previously (22, 23).

Growth studies. Cells at desired cell densities (see legend to Fig.
1) were seeded in triplicate in tissue culture flasks. Analogs, prepared
in Hanks’ balanced salt solution and sterilely filtered, were added 1

day after cell seeding. Cell growth was followed by trypsinization and

counting, using electronic particle counters, following the procedure

described previously (20).
ODC and AdoMetDC assays. Duplicate plates of 1 x 106 cells

were left untreated or treated with drug 24 hr after seeding. After a 24-

hr exposure to the drugs, cells were washed in cold saline and harvested
by scraping; cells were lysed in 200 pl of buffer containing 50 mM
phosphate (pH 7.4), 10 mM EDTA, and 5 mM dithiothreitol. ODC

activity was assayed in duplicate for each plate, as described previously

(26). [1-’4C]Ornithine used in the assays was purchased from New

England Nuclear. Final activity was corrected for protein content as

described previously (22, 23).
AdoMetDC assays were carried out on similarly treated lysates.

Assays were performed as described previously (17). [carboxy-’4CJ

AdoMet was purchased from New England Nuclear.

Determination of polyamine and polyamine analog levels in

cells. Cells (0.5-1.0 x 106) were harvested by trypsinization, washed
twice with cold (4’) phosphate buffer, and sonicated in 8% sulfosalicylic

acid. Polyamine and polyamine analog levels were measured in tripli-
cate by high performance liquid chromatography, as described (27).

Results

Growth of c461 and Try II cells in the presence of the
polyamine analogs BE444 and BES. c461 and Try II cells

are transfectants of ODC-deficient C55.7 CHO cells carrying

the mouse ODC cDNA and trypanosome ODC DNA, respec-

tively. We have shown that the ODC enzymes expressed in

these transfected cells differ in their ability to respond to the
negative regulatory stimulus of polyamines (24). To test
whether ODC suppression plays a role in the antiproliferative
activity of these drugs, cells were cultured in the presence of 10
�iM BE444 and 100 �tM BES and the cell number was determined

each day, in two experiments. In the first experiment, cells
were seeded at high cell density (2 x iO� cells/plate) and cell
growth was followed for 4 days. Alternatively, cells were seeded
at lower cell density (1 x 105/plate) and the cell number was

determined for 6 days.
When cells are seeded at a higher cell density, BE444 inhibits

growth of both cell lines to a similar extent (Fig. 1, A and B).

Little inhibition of growth is seen with BES against either cell

line under these conditions. Thus, under these conditions, there
is no difference in growth inhibition between cell lines; how-

ever, there is a difference in antiproliferative activity between
analogs. BE444 is an effective inhibitor of growth, whereas
BES is not.

With lower cell densities and longer exposures, BE444, again,
inhibits growth of both cell lines (Fig. 1, C and D). BE444 may

be slightly more effective against c461 than against Try II. BES

is as potent an inhibitor of growth of c461 as is BE444 under

these conditions, whereas BES is significantly less effective

against Try II. Thus, when cells are seeded at lower cell den-

sities, the effectiveness of BES, and to some extent BE444, as

a growth inhibitor differs between the two cell lines. However,

under these conditions, we observe a difference in growth-

inhibitory activities between drugs only against Try II cells.

Effect of BE444 and BES on ODC and AdoMetDC. To
verify that BE444 and BES have the ability to suppress mouse

ODC but not trypanosome ODC, cells were harvested and

assayed for ODC activity before and after exposure to the

analogs (Table 1). Treatment of c461 with BE444 or BES

causes a profound decrease in ODC activity, resulting in ap-

proximately 1% or less activity remaining after 24 hr of treat-
ment. Unlike c461, the mouse ODC cDNA-transfected cells,

the ODC activity of Try II, the trypanosome ODC DNA-

transfected cells, is only slightly inhibited (85% of control with

BES) or not inhibited at all (in the case of BE444) (Table 1).

Both ODC activities are inhibited by DFMO (data not shown).

Depletion of polyamine stores by treatment with DFMO

causes an induction of AdoMetDC in both c461 and Try II cells
(data not shown). In contrast, treatment of cells with BE444

or BES causes AdoMetDC levels to fall in both cell types

(Table 1), presumably by mimicking a state of natural polyam-

me excess.
Polyamine and polyamine analog levels in cells treated

with BE444 or BES. To verify that the polyamine analogs
are entering the cells, extracts of c461 cells and Try II cells

treated with BE444 or BES at high or low cell densities were

analyzed, by high performance liquid chromatography, for in-

tracellular analog levels (Table 2). Significant amounts of both
analogs accumulate in both cell lines. BES, a spermidine analog,

reaches concentrations equal to or higher than control sper-

midine levels, whereas levels of BE444, a spermine analog, are
approximately equal to control spermine concentrations in 3-

4 days.

Short term treatment (1-4 days), with BE444 or BES, of

cells plated at higher cell density results in reduction, but not

complete depletion, of spermidine in both c461 and Try II cells
(Fig. 1, A and B, insets). Spermine levels are also similarly

depleted by both analogs, but less so than spermidine, in both

cell types. Early and nearly complete depletion of putrescine,

to undetectable levels, occurs only in BES-treated c461 cells

(Fig. 1A, inset), whereas putrescine levels of BE444-treated
c461 cells are elevated to greater than control putrescine levels.
Reduction of putrescine levels in Try II cells occurs with both

BE444 and BES. This reduction is never complete (50% con-

trol) and occurs between days 3 and 4. In general, BES seems

to be a better polyamine-depleting agent than BE444 during

short term treatment of both cell lines.
Long term treatment (4-6 days) of c461 cells plated at lower

cell density results in rapid and virtually complete depletion of

all three polyamines by both BE444 and BES (Fig. 1, C and D,
insets). In Try II cells, however, both analogs only partially

reduce polyamine levels. Only spermine is completely depleted
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Fig. 1. Short term treatment (A and B) or long term treatment (C and D) of c461 and Try II cells with BE444 and BES. c461 cells carrying mouse
ODC (A and C) or Try II cells carrying trypanosome ODC (B and 0) were treated with BE444 (V) or BES (#{149})or not treated (0) and the number of
cells was determined. For short term treatment (A and B), cells were plated at a density of 2 x iO� cells/100-mm plate and the number of cells was
determined for up to 4 days. For long term treatment (C and D), cells were plated at a density of 1 x i0� cells/100-mm plate and the number of
cells was determined for 4-6 days. Inset, putrescine (0), spermidine (�), and spermine () levels of cells treated with BE444 (top) or BES (bottom).
* Undetectable levels.
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TABLE 1
Effect of BES and BE444 on ODC and AdoMetDC activities
c461 cells or Try II cells were treated with 10 MM BE444 or 100 �M BES or not
treated. After a 24-hr treatment, cells were harvested and ooc and AdoMetDC
activities were determined as described previously (26).

Activity

Contr� actvity
BE444 BES

% of control nmol of CO2 released/hr/mg of protein

ODC
c461 1.1 0.2 6.14
Try II 103.7 85.3 8.54

AdoMetDC
c461 29.3 17.4 0.29
Try II 39.3 22.7 0.15

TABLE 2

Polyamine analog levels
high or low cell density

in CHO cells treated with BE444 or BES at

Analog concentration

2� 3 4 5 6

nmol/1O� cells
c461

High cell densit?
BE444 2.63 2.63 3.51 �

BES 4.02 5.83 6.14 - -

Low cell density
BE444 - - - 11.76 10.12
BES - - - 6.25 6.56

Try II
High cell densit?

BE444 3.23 3,49 4.53 - -

BES 4.99 5.95 4.88 - -

Low cell densityc
BE444 - - - 8.66 2.51
BES - - - 4.00 4.28

a Days exposed to drug.aCells were plated at 2 x 1 05/100-mm plate.
C Cells were plated at 1 x 1 0�/i 00-mm plate.
d Not determined.

in Try II; this occurs in cells treated for 6 days with BE444.
Spermidine and spermine levels are 10-20% of control in all
other cases.

Discussion

BE444 treatment results in inhibition of growth of CHO cells
carrying either the mouse (c461) or the trypanosome (Try II)
ODC, when these cells are plated at a higher cell density and

the growth-inhibitory effects are monitored over a shorter
period of time (Fig. 1, A and B). BES, on the other hand, is not

an effective growth-inhibitory agent against either cell hue

under these conditions. Both drugs are taken up by the cells,
and both cause a regulatory reduction in the amount of mouse

ODC. Neither drug reduces the amount of trypanosome ODC,
an ODC that has been shown to lack responsiveness to poly-

amines (Table 1). BES and BE444 reduce the amount of

AdoMetDC in mouse or trypanosome ODC-carrying cells (Ta-

ble 1). These analogs can, therefore, accumulate within these
cells and exert regulatory effects on polyamine-biosynthetic

enzymes that normally respond to natural polyamines. Specif-

ically, the amounts of AdoMetDC and polyamine-responsive

mouse ODC are affected by these analogs. The difference in

the growth-inhibitory properties of BES and BE444 cannot,

therefore, be explained by differences in drug uptake or by

differential effects of the analogs on these two polyamine-
biosynthetic enzymes. Because BES is as effective as BE444 in

reducing mouse ODC activity, the suppression of ODC appears

to be insufficient to account for the antiproliferative activity of

BE444 under these conditions.
Quite different conclusions can be drawn under conditions

where cells are plated at lower cell densities and growth is

monitored over a longer period of time. In this case, c461 cells

carrying the polyamine-responsive ODC (Fig. 1C) are clearly
more sensitive than Try II cells to BES (Fig. 1D) in particular

and, to a lesser extent, to BE444. Thus, under these conditions,

ODC suppression appears to play a more prominent role in the

antiproliferative activity of these analogs; cells that carry a
polyamine-responsive ODC are more sensitive to growth inhi-

bition by polyamine analogs. However, ODC suppression still

cannot account for the difference in activity between BES and

BE444 seen in Try II cells under these conditions.
If not ODC suppression, what is responsible for the difference

in growth-inhibitory activities of these two analogs? Both drugs
dramatically induce spermine/spermidine acetyltransferase ac-

tivity in c461 and Try II cells, but there is no difference in

induction between drugs or between cell lines (data not shown).

The correlation between polyamine depletion and growth in-

hibition is also not straightforward. During short term treat-

ment, BES seems to be a better polyamine-depleting agent than

BE444 in both cell lines, but BE444 inhibits growth, whereas

BES does not (Fig. 1, A and B, insets). However, during long

term treatment c461 cells, whose growth is most inhibited by

both drugs, lose all polyamines early (Fig. 1C, inset). In Try II

cells, BES and BE444 both only partially deplete polyamines

(Fig. 1D, inset), but BE444 is more effective than BES in

inhibiting growth. (Although, in Try II cells, BE444 depletes

spermine to nondetectable levels after 6 days of treatment, the

growth-inhibitory effect of BE444 on this cell line is manifest

long before spermine depletion.) Taken together, these data

suggest that BE444 can inhibit cell growth in the presence of

at least a residual pool of endogenous polyamines, whereas a

prolonged reduction of polyamine pools to nondetectable or

barely detectable levels is necessary for BES to inhibit growth.

Why can BE444 act in the presence of endogenous natural

polyamines whereas BES cannot? It seems likely that the

analogs themselves differ in their intrinsic properties to affect

certain other critical intracellular functions. Past studies sug-

gest several possibilities, among them being DNA-polyamine

interactions (for review, see Ref. 28) and depletion of mito-

chondrial DNA. Our finding that BE444 exerts its antiprohif-

erative activity in the presence of residual polyamines is con-

sistent with the observation that BE444 binds DNA more

tightly than does spermine (18, 29). In the presence of poly-

amines, BE444 may compete effectively for sites on DNA,

whereas BES, which binds DNA less tightly than does sperm-

me, cannot displace DNA-bound polyamines. Depletion of mi-

tochondrial DNA from cells in culture by a homolog of BE444

[N�,N’2-bis(ethyl)spermine], but not by BES, has also been

reported (30, 31). It is possible that BE444 has similar effects

upon mitochondrial DNA and that this effect contributes to

the difference in growth inhibition exerted by BES and BE444.

Finally, these cell lines constitute a useful method for testing

the consequences of ODC suppressibility in pharmacological

responses. Our data provide support for the hypothesis that

ODC suppression is important in the antiprohiferative activity
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of BES, which requires a prolonged and extensive depletion of

polyamine pools to exert its effect. BE444, on the other hand,

is aided by the suppression of ODC but does not absolutely

require it for its antiprohiferative activity.
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