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ABSTRACT

The cellular effects of a-difluoromethylornithine (DFMO), an inhibitor
of ornithine decarboxylase (ODC). and Arl,N8-bis(ethyl)spermidine

(BES), an apparent regulator of the enzyme were compared in cultured
LI210 cells. Unlike DFMO, BES has no direct inhibitory effect on OIK
activity. Rather the polyamine analogue is believed, from previous studies,
to behave similarly to exogenous spermidine in its ability to suppress
intracellular OIK activity but not in its ability to perform functions
required for cell growth. The kinetics and extent of growth inhibition by
30 /IM or 100 MMBES and 1 HIMDFMO were nearly identical as were
their effects on macromolecular precursor incorporation with leucine
being the first and most significantly affected. By flow cytometry, neither
BES nor DFMO induced obvious perturbations in the cell cycle. Both
compounds effectively eliminated OIK activity in treated cells and
depleted putrescine and spermidine pools with very similar kinetics of
decline. These close similarities in drug effects between BES and DFMO,
an established polyamine inhibitor, support previous indications that
BES induces growth inhibition by depletion of cellular polyamines. BES
differed distinctly from the OIK inhibitor by decreasing speratine pools,
and by not increasing 5-adenosyl-methionine decarboxylase activity, ,V-
adenosylmethionine pools, or stimulating cellular uptake of polyamines.
The data suggest that enzyme regulation by polyamine analogues such
as BES represents a viable alternative to enzyme inhibition as an anti-
proliferative strategy directed at polyamine biosynthesis.

INTRODUCTION

DFMO3 has been used to provide convincing evidence that

polyamine biosynthesis is an obligatory step in the initiation
and maintenance of cell proliferation and not simply a conse
quence of it (1). The compound is an enzyme-activated, irrever
sible inhibitor of ODC, the initial enzyme in polyamine biosyn
thesis (2). Typically, cells treated with DFMO are rapidly
depleted of PUT and SPD (but not SPM) and become growth
inhibited within 1 to 2 cell cycles following initiation of treat
ment ( 1). The causal relationship of these two events has been
repeatedly confirmed by studies in which exogenous polyamines
are used to prevent or reverse growth inhibition by DFMO.
Although it has been shown to cause secondary effects related
to AdoMet metabolism (3, 4), growth inhibition by DFMO has
been generally attributed to depletion of PUT and SPD (3). On
the basis of its high enzyme specificity, its widespread utiliza
tion, and the general agreement in its biological effects, DFMO
has become recognized as a benchmark among inhibitors of
polyamine biosynthesis. In view of this achievement, the Mer-
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rell-Dow Research Institute has mounted a program to synthe
size new and more effective inhibitors of ODC, modeled after
DFMO, as potential anticancer and antiparasitic agents (5). As
an alternative strategy towards these same goals, the potential
usefulness of analogues of polyamines and methionine has been
considered (6).

During a recent evaluation of the biological effects of a series
of newly synthesized A" ,7V8,and JV4analogues of SPD (7), it
was determined that certain of the N1JV*-SPD derivatives, and

particularly BES (Fig. 1), are capable of behaving comparably
to DFMO in diminishing cellular ODC activity, depleting poly
amines, and inhibiting cell growth. Because BES was found to
have no direct inhibitory effects on ODC preparations from
untreated cells, it was concluded that the SPD analogue was
most likely affecting polyamine biosynthesis in intact cells by
regulating ODC in a manner similar to exogenous polyamines
(8). Specifically, exposure of intact cells to exogenous polya
mines elicits a rapid and significant decrease in cellular ODC
activity which seems to be related to translational and/or post-
translational regulatory mechanisms (9, 10). Growth is inter
rupted with BES since, unlike the natural polyamines, the
analogue is apparently incapable of fulfilling at least some of
the critical functions performed by the polyamines normally
synthesized by the cell (7).

Thus, in addition to enzyme inhibition with DFMO and
related analogues (11), interference with polyamine biosyn
thesis as an antiproliferative strategy can also be achieved
through enzyme regulation with SPD analogues such as BES.
In the present study, the cellular consequences of ODC regu
lation with BES were compared to those of ODC inhibition by
DFMO and related agents. Data indicate that the two strategies
achieve comparable effects on growth, PUT and SPD pools,
and macromolecular precursor incorporaton which are consist
ent with their similar net effect on ODC. However, distinct
metabolic differences such as those involving AdoMet decar
boxylase activity, decarboxylated AdoMet pools, SPM deple
tion, and polyamine uptake were apparent. In light of these
differences, additional studies comparing BES and DFMO may
prove useful in delineating the involvement of various regula
tory phenomena in polyamine biosynthesis, function, and up
take.

MATERIALS AND METHODS

Materials. BES was synthesized via schemes and methodologies
described elsewhere (12, 13). DFMO and RR-MAP were generously
provided by the Merrell-Dow Research Institute, Cincinnati, OH. The
chemically prepared decarboxylated AdoMet which was used as a
standard for HPLC was synthesized and generously provided by Dr.
James Coward, Rensselaer Polytechnical Institute, Troy, NY.

Cell Culture. Murine LI210 leukemia cells were maintained as a
suspension culture in RPMI-1640 medium containing 2% (4,2-hydrox-
yethyl)-1 -piperazineethanesulfonic acid-3-(/V-morpholino)propane-sul-
fonic acid as a buffer, 1 mM aminoguanidine as an inhibitor of serum
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GROWTH INHIBITION BY DFMO AND BES
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Fig. 1. Structural representations of SPD and BES. Note that BES differs
from SPD in having no primary amino groups.

diamine oxidase, and 10% Nu Serum IV (Collaborative Research, Inc.,
Lexington, MA), as a semidefined serum substitute. Under such con
ditions, the IC5ofor SPD was approximately 1 mM. Cells were grown
in either 25- or 75-cm2 tissue culture flasks in a total volume of 15 or
50 ml, respectively, under a humidified 5% CO2 atmosphere at 37Â°C.

Cultures were treated while in logarithmic growth (initial inoculum, 3
x IO4cells/ml; maximum cell density, 5 x IO5cells/ml). Cell number

was determined by electronic particle counting (Model ZF Coulter
Counter; Coulter Electronics. Hialeah, FL). Indication of cell viability
was obtained by trypan blue dye exclusion (0.5% in unbuffered 0.9%
NaCl solution). The percentage of control growth was determined using
only viable cells as follows:

of control _ final treated cell no. - initial inoculum
growth final untreated cell no. - initial inoculum x 100

Flow Cytometry. Exponentially growing LI210 cells were treated
with 1 HIMDFMO or 100 MMBES for 48 h. At the end of the incubation
period, control and treated cells were washed once in ice-cold complete
medium and stained with the DNA fluorochrome, 4,6-diamidino-2-
phenylindole, in the presence of 0.2% Triton X-100. DNA distributions
were obtained on an ICP-22 flow cytometer (Ortho Instruments, West-
wood, MA) as described previously (14).

Drug Treatment. The effects of BES, DFMO, and RR-MAP on
cultured cells were compared at their approximate IC50values (30 MM,
300 MMand 1 mM, respectively) as determined elsewhere (7, 11). In
addition, BES was tested at 100 MMto determine whether its effects on
growth and polyamines could be enhanced at higher concentrations.
The drugs were compared over short-term incubations (i.e., 0 to 24 h)
and during longer term incubations (i.e., 0 to 96 h) during which the
cell cultures were washed and reseeded in fresh medium at 48 h.
Following incubations, treated and control cell samples were washed
and counted. Cell samples were adjusted to the same cell density, and
aliquots were taken for determinations of polyamine pools, AdoMet,
and decarboxylated AdoMet concentrations, enzyme levels, precursor
incorporation, and [3H]SPD uptake.

Polyamine Pools. An aliquot of 10 cells was taken for polyamine
determinations. A perchloric acid extract of the cells was analyzed by
HPLC using a system based on cation exchange as described in detail
elsewhere (7). Because BES lacks primary amino groups and is, there
fore, not reactive with orthophlaldehyde, intracellular levels of the
analogue were quantitated by HPLC following precolumn derivatiza-
tion with dansyl chloride using a polyamine analysis system described
elsewhere (15).

AdoMet and Decarboxylated AdoMet Pools. The intracellular levels
of AdoMet and decarboxylated AdoMet were measured using the same
perchloric acid extracts prepared for polyamine pool determinations.
Analysis of the extract was performed using a modification of the
method of Zappia et al. (16) as described elsewhere (17).

Ornithine and AdoMet Decarboxylase Activities. Decarboxylase ac
tivities were determined as described previously (7) following the basic
methodology of Pegg and coworkers (18, 19).

Macromolecular Precursor Incorporation. LI210 cells were treated
with 30 MMBES, 100 MMBES, I mM DFMO, or 5 mM DFMO for
periods of 12, 18, 24, 36, and 48 h in separate T25 culture flasks
containing 10' cells in 10 ml. Six h prior to harvesting the cells,
precursors were added as follows: ['HJleucine (1.0 MCi/ml; 60 Ci/mmol;
New England Nuclear, Boston, MA); [3H]thymidine (0.10 MCi/ml; 40

Ci/mmol; New England Nuclear); or [3H]uridine (0.10 MCi/ml; 17 Ci/

mmol; ICN, Chemical Radioisotope Div., Irvine, CA). Duplicate flasks
were assayed for each precursor addition. Following incubation for 6 h
at 37Â°C,incorporation was halted by the addition of 200 M!of 2% (w/

v) sodium azide to each flask. The cells were washed twice with
phosphate-buffered saline and 3 times with ice-cold 10% trichloroacetic
acid containing 0.5 mg of unlabeled leucine, thymidine, and uridine per
ml. Radioactivity was determined by scintillation counting, and results
were expressed as the percentage of control incorporation. Control
cultures were seeded at densities of 3, 4, or 5 x IO4cells/ml. Incorpo

ration in treated cultures was then compared to incorporation in control
cultures which had a similar final cell density. This later calculation
permits treated cells to be compared with untreated cycling cells at
similar densities so that the precursor is similarly diluted among cells.
The percentage of control was determined by dividing cpm/105 treated
cells with cpm/105 control cells of a similar density.

|3HJSPD Uptake. The effects of BES or DFMO on SPD uptake were

determined as described previously (20). Prewarmed treated and control
LI210 cell suspensions (5 x 106/ml) were incubated in RPMI-1640
medium containing 2% 4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid-3-(/V-morpholino)propanesulfonic acid and 0.2, 0.5, 1.0, 2.0, 5.0,
and 10 MM[3H]SPD (New England Nuclear Corp., Boston, MA). The

cells at a total volume of 250 M' were incubated in glass tubes (16 x
100 mm) for 20 min at 37Â°C.One tube containing 10 MM[3H]SPD
which was not prewarmed was incubated at 4Â°Cto measure nonspecific

binding. At the end of the incubation, the cells were washed twice with
5 ml of cold RPMI-1640 containing l mM SPD to displace nonspecif-
ically bound [3H]SPD. The pellet was dried with a cotton swab and
dissolved in 200 M!of NaOH at 60Â°Cfor 20 to 60 min. The material

was neutralized with N HC1, diluted to 1 ml with distilled water, and
subjected to scintillation counting. Results were expressed as pmol of
[3H]SPD per min per mg of protein. Kinetic characteristics were deter

mined by computer (Digital, Pro 350).

RESULTS

Despite differences in their mode of affecting ODC activity
(Fig. 2), both DFMO and BES were nearly identical in their
effects on cell growth. During either short-term (i.e., up to 24
h or less) or longer term (i.e., up to 96 h) incubations, the
kinetics of growth inhibition for l IHMDFMO, 30 /Â¿MBES, or
100 MMBES was very similar and, in fact, nearly overlapped
(Fig. 3). In general, growth inhibition was not particularly
obvious during short-term incubations. Initially, there was a
brief stimulation of cell growth at 4 h which subsided by 12 to
16 h (Fig. 3). Thereafter, growth inhibition continued at a
steady rate so that by 96 h, growth with all three treatments
was only 10 to 15% of control. BES at 100 /uMwas somewhat
more effective than 30 MMBES in inhibiting cell growth at 48
h but by 72 h, the two were comparable in their effects. The
combination of DFMO plus BES, given simultaneously, was

100

.001 0.1 1.0 10.0

Log Concentration (mM)
Fig. 2. Dose-response curves illustrating the effects of increasing concentra

tions of BES. SPD, and DFMO on ornithine decarboxylase activity present in an
acellular extract from untreated L1210 cells. The drugs were incubated with the
enzyme-containing extract during the 1-h assay for enzyme activity.
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GROWTH INHIBITION BY DFMO AND BES
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Fig. 3. Comparison of the effects of I mM DFMO, 30 /*MBES, and 100 Â»M
BES on the growth of L1210 cells expressed on the basis of cell number (top) or
on the percentage of control growth (bottom). Essentially no growth inhibition
was observed during short-term experiments (0 to 24 h) seeded at I x 10* cells
(top left, A). In long-term experiments (0 to 96 h) cells were reseeded in fresh
medium at 48 h. In order to show short- and long-term treatment data together,
the time scale was changed between 24 and 48 h. Data are representative of those
obtained in two experiments performed in duplicate.

not found to be more effective than either drug alone in inhib
iting cell growth (Fig. 4). Neither BES nor DFMO exhibited
profound cell cycle specificity in their growth inhibition as
determined by flow cytometric analysis (Fig. 5). The slight
decrease in the proportion of cells in S and G2-M phases
following treatment with either drug for 48 h will require further
characterization with time to determine whether this effect has
an impact on overall cell cycle progression. At present, we are
primarily concerned with the similarity of effects for BES and
DFMO.

Further support for a common site of action (i.e., polyamine
synthesis or function) for the antiproliferative properties of
DFMO and BES is provided in macromolecular precursor
incorporation data (Fig. 6). In incubations of 12 to 48 h, during
which precursor incorporation was measured in subsequent 6-
h intervals, both compounds had nearly identical effects. Inhi
bition of leucine incorporation first became significant during
the 18- to 24-h interval and correlated with the onset of growth
inhibition. Despite obvious growth inhibition, thymidine incor
poration was not affected during these time intervals.

As with cell growth inhibition and precursor incorporation,
the effect of all three treatments on depletion of PUT and SPD
pools was very similar (Fig. 7). In all three cases, PUT pools
were totally depleted by 8 h and SPD by 48 h. The kinetics of
PUT and SPD depletion was nearly the same for both agents.
However, DFMO and BES differed distinctly in their effects
on SPM pools. DFMO treatment resulted in an initial increase
by 24 h followed by a modest decrease over the next 72 h. By
contrast, BES caused SPM pools to decrease steadily with time
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Fig. 4. Comparison of growth inhibition by 30 //M BES and 1 min DFMO as
single agents with the drug combination in cultured L12IO cells. Data from 2
experiments run in duplicate.
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Fig. 5. Flow cytometric analysis of exponentially growing LI210 cells and
cells treated with 1 mM DFMO or 100 tiM BES for 48 h. These drug concentra
tions consistently resulted in a 50% inhibition of cell growth by 48 h.
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GROWTH INHIBITION BY DFMO AND BES

so that by 96 h, they were about 25% of control levels. During
the 96-h incubations, the BES content of cells treated with the
analogue rose very rapidly to a maximum of ~3600 pmol/106

cells by 8 h and then remained roughly at this level for the
remainder of the incubation. Treatment with either 30 /^MBES
or 100 n\t BES gave comparable results in this regard.

In experiments separate from those shown in Fig. 5, BES
was compared with DFMO and a more potent irreversible
inhibitor of ODC, RR-MAP (21), for their effects on polyamine
pools, ODC and AdoMetDC activity, and intracellular pools of
AdoMet and decarboxylated AdoMet (Table 1). On the basis
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Fig. 6. Comparison of the effects of 30 <JMand 100 ^M BES with those of 1
mM DFMO on incorporation of radiolabeled thymidine, uridine, and leucine into
acid-insoluble macromolecules over the course of a 6-h incubation. Cells were
treated for 12 h (not shown), 18 h (top), 30 h (middle), and 42 h (bottom) prior
to addition of the radiolabeled precursors.
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within 8 h and, therefore, are not shown graphically. Throughout the 96-h
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value shown on the X axis. Control PUT pools were 460 pmol/106 cells. Data
are representative of those obtained in two experiments performed in duplicate.
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GROWTH INHIBITION BY DFMO AND BES

Table 1 Comparison of the cellular effects of inhibitors and regulators ofornithine decarboxylase in cultured LI2IO cells
Data are representative of those obtained from three experiments performed in duplicate.

Treatment (48h)None

30 UMBES
100/iM BES
I IHMDFMO
0.3 HIMRR-MAPGrowth

(% of
control)100

56
4152

42Polyamines

(pmol/10*cells)PUT520

ND
ND
NDNDSPD2410

70
ND
ND
NDSPM1060

710
570

1160
590Decarboxylase

activity
(% ofcontrol)"Umiliimi1100

3
1

16
15AdoMet100

97
87

320
380AdoMet/AdoMetDC

(nmol/107cells)2.4/ND*

2.3/ND
2.1/ND
1.5/3.1
1.3/4.9

" Control ODC, 12.1 nmol CO2 released per IO7cells per h; AdoMetDC, 0.61.
* ND, not detectable (<10 pmol polyamines per IO7cells or <0.5 nmol AdoMetDC per 10' cells).

of external drug concentrations, BES was more effective than
the two ODC inhibitors in inhibiting LI210 cell growth. At the
approximate ICso value, all three compounds were comparable
in their ability to deplete PUT and SPD pools. However,
whereas DFMO increased SPM pools slightly, both BES and
RR-MAP decreased them by about 50%. Both BES and the
ODC inhibitors were effective in depleting cellular ODC activ
ity, but their influence on AdoMetDC differed significantlyâ€”
enzyme activity decreased slightly with BES but increased by
320% with DFMO and 380% with RR-MAP. As a possible
consequence of this effect, both DFMO and RR-MAP lowered
AdoMet pools by about 40%. Intracellular pools of decarbox-
ylated AdoMet reflected drug effects on AdoMetDC, remaining
undetectable in control and BES cells and increasing markedly
in DFMO- and RR-MAP-treated cells.

Finally, DFMO and BES were compared for their ability to
alter [3H]SPD uptake into cells (Table 2). While a 48-h treat
ment with 1 mM DFMO resulted in a 6-fold increase in the
Vmaxfor SPD uptake and a slight increase in the apparent Km,
BES had no effect on either parameter. When incubated with
DFMO, BES negated its effect on Vmax.

DISCUSSION

The similarities and differences in cellular effects between
BES and the ODC inhibitors are summarized in Table 3. Of
the various similarities, the close correlation between the kinet
ics of PUT and SPD depletion and growth inhibition suggests
that, in both cases, these two effects are causally related. While
this is known to be true for DFMO, the situation is less certain
for BES. Whereas with DFMO, prevention or reversal of
growth inhibition with exogenous polyamines is generally re
garded as reliable evidence for its mode of action, comparable
evidence cannot be unambiguously obtained for BES. Because
BES is a close structural analogue of SPD, prevention studies
with exogenous polyamines are complicated by competition for
cellular uptakeâ€”all three polyamines and BES use the same
transport mechanism (7, 20). Likewise, attempts to enhance
growth recovery following treatment with BES (7) are also
complicated by the possibility that the polyamines might en
hance the efflux of BES. Although it has been known for some
time that DFMO perturbs AdoMet metabolism in the manner

Table 2 Effects of DFMO and BES on kinetics ofpHJspermidine uptake into
cultured LI210 cells

Treatment (24h)Control

30 UMBES
100 Â«MBES
1 mM DFMO
DFMO + 30 ,iM BESApparent

Kâ€ž(HM)Â°2.8

Â±1.0*

3.4 Â±1.0
4.4 Â±2.4
4.1 Â±1.7
3.0 Â±1.1Vmmx

(pmol/min)"52.2

Â±4.3
58.0 Â±4.8
56.2 Â±9.1

32 1.0 Â±47.0
54.6 Â±5.1

" Kinetic values were obtained by fitting the data to the Michaelis-Menton

equation. Each value was derived from six data points.
* Mean Â±SE.

described here (3, 4), these changes have been shown to be
probably unrelated to growth inhibition (3). Thus, the close
similarities between BES and DFMO in the kinetics of growth
inhibition, PUT and SPD depletion, and macromolecular pre
cursor incorporation together with the cytokinetic data provide
good indication that BES, like DFMO, inhibits cell growth by
polyamine depletion. We have considered the possibility that
growth inhibition by BES could be a consequence of its inter
ference with SPD at critical (but as yet undefined) sites vacated
by the polyamine as a consequence of ODC inhibition. This
again is difficult to definitively prove or disprove, particularly
since interference at the level of SPD binding sites is likely to
have similar cellular consequences as polyamine depletion.

The differences between BES and the ODC inhibitors in
cellular effects offer interesting insights into the regulatory
mechanisms which govern polyamine biosynthesis. The signif
icant increase in AdoMetDC (>300%) that occurs with DFMO
has been observed by others (3, 4) and is believed to be a
consequence of SPD depletion. Under steady-state conditions,
intracellular SPD and SPM pools normally maintain enzyme
activity at a basal level. Thus, decreases in intracellular SPD or
SPM result in a compensatory increase in AdoMetDC. Because
DFMO also depletes PUT, which is required for activation of
the enzyme, the actual effect on net enzyme activity in the
context of an intact cell treated with DFMO may be consider
ably less than that measured in the assay (320%) where PUT is
present in excess. The slightly greater increase in AdoMetDC
activity with RR-MAP may be partly related to the dual deple
tion of both SPD and SPM. Although BES has similar effects
on SPD and SPM, AdoMetDC decreases slightlyâ€”most prob
ably because the presence of intracellular BES fulfills the reg
ulatory role(s) otherwise performed by SPD in depressing the
enzyme. Since we have found that, in LI 210 cells, at least SPM
is much more effective than SPD in repressing AdoMetDC, as
well as ODC,4 an analogue of SPM such as bis(ethyl)-SPM

should be even more effective than BES as a regulator of
polyamine biosynthesis and, thus, as a potential inhibitor of
cell growth.

The substantial increase in decarboxylated AdoMet and con
comitant decrease in AdoMet pools that occur with ODC
inhibitors, but not with BES, are probably a function of in
creased AdoMetDC activity in the absence of the aminopropyl
acceptors, PUT and SPD. It has recently been shown that
DFMO-induced increases in decarboxylated AdoMet could lead

to inhibition of histone acetylation (21, 22). Despite the inter
esting implications of this observation, studies with polyamine
analogues which reverse DFMO cytostasis and lower AdoMet
decarboxylase activity without decreasing decarboxylated
AdoMet pools suggest that the latter is probably of little con
sequence in bringing about DFMO-induced growth inhibition

4 Unpublished data.
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GROWTH INHIBITION BY DFMO AND BES

Table 3 General comparisons of cellular effects by the inhibitors ofODC
activity, DFMO and RK-MAP, with those of the apparent regulator of

OK activity, BES. in cultured LI210 cells

ODCinhibitorsParameterEffective

dose
Growth effect
Cell cyclespecificityPutrescine

Spermidine
SpcrmineODC

activity
AdoMelDCactivityAdoMet

AdoMetDCSpermidine

uptakeDFMO1.0

mM
Cytostatic
NoneDepleted

Depleted
IncreasedDepleted

IncreasedDecreased

IncreasedIncreasedRR-MAP0.3

/IM
Cytostatic
NoneDepleted

Depleted
DecreasedDepleted

IncreasedDecreased

IncreasedIncreasedODC

regulator,
BES0.03

Â¡IM
Cytostatic
NoneDepleted

Depleted
DecreasedDepleted

DecreasedUnchanged

UnchangedUnchanged

in vitro (3). It could, nonetheless, have implications in vivo
where accumulated decarboxylated AdoMet could facilitate the
conversion of PUT that leaks through the DFMO biosynthetic
blockade to SPD and SPM and thus permit cell growth. Simi
larly, at the cessation of treatment with DFMO or between
treatment courses, accumulated decarboxylated AdoMet may
enable cells to recover polyamine pools and growth more rap
idly.

We are uncertain why BES decreases SPM pools while
DFMO does not. It could be related to the differences in drug
effects on AdoMetDC; however, RR-MAP increases the en
zyme activity to a greater extent than DFMO yet, like BES,
decreases SPM pools. It may be that BES and RR-MAP accom
plish SPM depletion by different mechanisms, possibly involv
ing their ability or inability to induce SPD/SPM jV'-acetyltrans-
ferase (23). Interestingly, both BES and RR-MAP were com
parable to DFMO in depleting SPD pools. Despite decreases
in SPM pools by BES and RR-MAP, the kinetics of growth

inhibition was about the same.
One of the well-recognized consequences of polyamine deple

tion by DFMO is a substantial increase in polyamine uptake
(or decreased efflux) (24, 25) apparently as a compensatory
mechanism to overcome intracellular polyamine depletion. In
the present study, we find that, while BES induces a greater
depletion of intracellular polyamines than DFMO, it does not,
like DFMO, increase SPD uptake (Table 3). Moreover, it
prevents DFMO-induced increases when used in combination.
Most probably, BES substitutes for intracellular SPD Â¡nregu
lating uptake in the same manner by which it apparently re
places SPD in regulating AdoMetDC. Obviously, this differ
ence between DFMO and BES would be advantageous in in
vivo experiments where tissues deprived of polyamines by BES
treatment would not be as likely as cells treated with DFMO
to salvage polyamines from exogenous sources.

These comparative in vitro studies indicate that polyamine
analogues which are capable of regulating ODC activity are as
effective in inhibiting cell growth in vitro as are irreversible
inhibitors of the enzyme. Whether this regulatory approach can
be extended to in vivo systems is presently under study. Because
BES appears to enter cells via the polyamine transport system
(7), it is effective in vitro at concentrations which can be
realistically achieved in vivo. Rapid serum degradation of BES
may not be a problem in vivo since it lacks primary amino
groups (Fig. 1) and may, therefore, not be suitable substrates
for serum diamine oxidase which typically converts polyamines
to nonspecifically toxic products (26). It has been observed, for
example, that the IC50 for BES is unchanged in the presence or

absence of aminoguanidine, an inhibitor of this enzyme (27),
whereas that for SPD decreases by at least two orders of
magnitude.5 Finally, although the combination of DFMO and

BES does not enhance growth inhibition in vitro, it may be
more effective in vivo where, due to problems related to ODC
turnover, build-up of decarboxylated AdoMet pools and drug
clearance, a sustained and complete blockade of polyamine
biosynthesis, is much more difficult to establish and maintain.

Ultimately, the regulatory approach must be validated by
determining the mechanisms by which BES and similar ana
logues suppress ODC activity in intact cells. The mechanism
by which SPD itself regulates ODC has yet to be completely
delineated. The preponderance of current evidence indicates
that posttranslational mechanisms are involved, including in
creased enzyme degradation (9, 10) related to induction and
binding of antizyme protein (28-30), and more recently, a
possible direct interaction of SPD with ODC mRNA (31, 32).
Hence interference with ODC translation, has also been pro
posed.

Finally, we are intrigued by the observation that, as a result
of polyamine depletion by either DFMO or BES, leucine incor
poration is the earliest and most affected of the macromolecular
precursors. The likelihood of the relationship being causal is
supported by the fact that inhibition of protein biosynthesis is
preceded by several hours by substantial decreases in SPD. The
finding is in basic agreement with two earlier observations (30,
33). Specifically, Rudkin et al. (30) found that polyribosome
formation is markedly reduced by DFMO-induced polyamine
depletion in rat hepatoma tissue culture cells. HÃ¶lttaet al. (33)
have reported similar findings in mitogen-activated lympho
cytes. Taken together, the data from these three studies indicate
that the polyamine function(s) required for cell proliferation
could be related to polyribosome formation and integrity, and
secondarily, to the synthesis of various proteins. Thus, depend
ing on the system, the frequently described effects of polyamine
depletion on DNA synthesis might actually be preceded by
interference with protein synthesis.
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