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ABSTRACT

We have previously demonstrated that prostate and prostate-derived
rodent rumors can be manipulated into increasing their accumulation of
radiolabeled putrescine by a-difluoromethylornithine (DFMO)-induced
depletion of intracellular putrescine and spermidine. As methods which
increase intracellular accumulation of cytotoxic agents often increase the
chemotherapeutic effectiveness of the agent, we examined whether an
alkylating derivative of putrescine would be cytotoxic to tumor cells. We
present here our findings on the cytotoxicity of the aziridinyl derivative
of putrescine (AZP) against prostata- cancer cells.

The apparent Ã„â€ž,for putrescine was 2.5 MMwith or without DFMO
pretreatment and the apparent A, for AZP was 1 MMwith or without
DFMO pretreatment. Intracellular polyamine depletion by DFMO pre
treatment resulted in a 3.7-fold greater accumulation of AZP compared
to non-DFMO-treated cells. The growth inhibitory activity of AZP was
increased with prior polyamine depletion by DFMO with the 50%
effective dose decreasing from 18 MMto 2.1 MM.Putrescine was able to
block the cytotoxic effect of AZP. Putrescine was also able to rescue the
AZP-treated PC-3 cells for up to 6 h following a I-h exposure to AZP.

It appears that aziridinylputrescine behaves like putrescine in that it
competes with putrescine for uptake into the cell and, like putrescine,
has its uptake into the cell increased by prior polyamine depletion. It
differs from putrescine in that it expresses cytotoxic activity and inhibits
the growth of the human prostate-derived PC-3 cell line. This cytotoxic
activity is also increased by prior polyamine depletion. The cytotoxic
behavior of AZP is dependent both on the concentration and duration of
exposure. Putrescine can rescue the cells from the effect of AZP. AZP
is a potentially useful cytotoxic analogue that utilizes the polyamine
transport system for its uptake into the cell.

INTRODUCTION

The natural polyamines putrescine, spermidine, and sperm-
ine and the enzymes for their synthesis are found in high
concentrations in the human and rat prostate glands (1-3).
Although the prostate has sufficient biosynthetic capability to
maintain these high tissue concentrations of polyamines, Clark
and Fair (4) reported that i.v. administration of radiolabeled
putrescine accumulated in the prostate to a greater extent than
it accumulated in most other tissues. A4"C]Methyl derivatives

of putrescine exhibited similar high uptake into the prostate
and "C-derivatives of putrescine were proposed as positron-
emitting agents for positron-emitting transaxial tomographic
imaging of the prostate and prostatic mÃ©tastases(5). Heston et
al. and Kadmon et al. demonstrated in rodents that the uptake
of i.v. administered putrescine by normal or cancerous prostate
could be greatly enhanced by pretreatment with DFMO4 and

that /// vivo DFMO enhanced the uptake only of the diamines
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putrescine and cadaverine but not the triamine spermidine or
the tetraamine spermine (6, 7). This suggested that diamine
putrescine analogues could be developed as cytotoxic or imag
ing agents and that these analogues could have their uptake
into the prostate increased by DFMO pretreatment.

Since the uptake of jV-methylputrescine and putrescine are
similar, we thought that aziridinylputrescine would also be
similarly accumulated and we have investigated its potential as
a chemotherapeutic agent. In a preliminary communication we
reported that aziridinylputrescine was toxic to human prostate
PC-3 cells in vitro (8). We confirm and expand on this finding
in the current report.

MATERIALS AND METHODS

Chemicals. The preparation of AZP from 1,4-diaminobutane (pu
trescine) was performed by the three-step synthetic method reported by
Piper et al. (9). Demonstration of the alkylating activity of AZP was
determined with 4-(p-nitrobenzyl(pyridine as described by Colvin et al.
(10).

DFMO was the generous gift of Merrell Dow Pharmaceuticals, Inc.,
Cincinnati, OH, through the courtesy of Dr. Peter McCann and Dr.
W. J. Hudack. Radiolabeled [MC]putrescine (113 mCi/mmol) and a-1-
[MC]carboxy-l-ornithine (58 mCi/mmol) were obtained from Amer-

sham, Arlington Heights, IL. HPLC grade acetonitrile was obtained
from Scientific Products. HPLC grade perchloric acid was obtained
from GFS Chemicals, Columbus, OH. HPLC grade methanol and
sodium phosphate and Scintiverse I and Scintilene scintillation cock
tails were obtained from Fisher Scientific Co., Fairlawn, NJ. The
standards for the polyamine assay and all other standard laboratory
chemicals were obtained from Sigma Chemical Co., St. Louis, MO.

Cell Culture. All tissue culture media and tissue culture additives,
such as RPMI 1640 media, 10% FCS, lOOx concentrations of penicil
lin, streptomycin, glutamine, nonessential amino acids, HBSS, and
trypsin-EDTA solutions were obtained from the Media Preparation
Facility, Memorial Sloan-Kettering Cancer Center. The human pros
tatic carcinoma-derived cell line PC-3 was obtained from the American
Type Culture Collection, Rockville, MD (11).

Cell Growth Assay. Assays of cell growth were performed by plating
3 x IO4PC-3 cells in RPMI 1640 medium with 10% FCS and allowing

them to attach overnight. The following morning the medium was
replaced with incubation medium consisting of RPMI 1640,10% FCS,
100 MMaminoguanidine, 100 units/ml of penicillin, 100 Mg/ml of
streptomycin, and 2 HIMglutamine, with or without 1 HIM DFMO.
Two days later the medium was aspirated and replaced with or without
AZP at the designated concentration usually for l h or for the desig
nated length of time. Following the I-h incubation, the medium of all
groups was aspirated and the dishes were rinsed with HBSS and
replaced with fresh incubation medium. Either daily or 8 days following
plating, the Petri dishes were rinsed with HBSS and the cells were
lifted from the plate by trypsinization. The dishes were examined for
completeness of cell removal by examination with an inverted micro
scope. The cells were counted with a Zeiss microscope using a hemo-
cytometer. Tumor cell population doubling time was determined by
ploting the natural logarithm (In) of the number of cells verra? the days
following plating. The slope of this line was determined using the
Memorial Sloan-Kettering Cancer Center Clin computer system statis
tical analysis package. Doubling time (DT) was determined as

In 2/slope = DT
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Statistical diffÃ©rencesin cell number between groups were determined
by Student's t statistic with the aid of the Memorial Sloan-Kettering

Cancer Center Clin computer using the statistics program.
Polyamine Uptake. Fifty thousand PC-3 cells were plated in 12-well

plates and 18 h later the incubation medium was removed and replaced
with 1 ml of RPMI 1640 medium containing 25 HIM4-(2-hydroxy-
ethyl)-l-piperazineethanesulfonic acid buffer, 100 Â¿tMaminoguanidine,
and 10% FCS. Forty-eight h later the medium was replaced with
medium which contained |'4C)putrescine in concentrations ranging

from 16 to 1.0 n\i with or without 5 Â»AIAZP. Following incubation at
37*C for IS min the |'4Cjputrescine-containing medium was aspirated,

and the cells were rinsed rapidly 4 times with HBSS. Following the last
rinse, 1.0 ml of a solution of 0.1 N NaOH was added and after a 2-h
incubation at room temperature a 0.2-ml aliquot was added to 1 ml of
2% glacial acidic acid and 10 ml of Scintiverse 1 scintillation cocktail
and the radioactive disintegrations were determined with a Packard
Tri-Carb 300 scintillation spectrophotometer. Counting efficiency for
I4C was 80%. Kinetic analysis of uptake was performed by graphic

methods as described by Dixon and Webb (12).
Polyamine Assays. One million PC-3 cells were plated in sextuplÃcate

in 60-mm2 Petri dishes and the following morning their incubation

medium was changed and replaced with medium which contained or
did not contain 1 HIM DFMO. Forty-eight h later the medium was
removed and replaced with medium which did or did not contain 25
Â»M AZP. One h later the medium was aspirated and the cells were
rinsed with cold HBSS. Three plates were treated with dilute trypsin
to release the cells from the plate and provide a single cell suspension.
The viability of the cells and the number of cells per plate were
determined by trypan blue exclusion and counting with the aid of a
hemocytometer. The other three plates were extracted with 0.4 N
perchloric acid and the polyamines were measured by fluorescence
following postcolumn derivatization with o-phthalaldehyde following
separation by the reverse phase ion-pair high performance liquid diro
matography procedure of Wagner et al. (13).

RESULTS

In Fig. 1 a Lineweaver-Burk plot of the uptake of [14CJ-
putrescine into the PC-3 cells is presented and was used to
determine the Km (intercept x axis) and Vmax(intercept y axis)
for putrescine. Plots of AZP produced changes in uptake that
were consistent with competitive inhibition. Therefore we cal
culated the apparent KÂ¡for AZP using the equation (12)

1= Km

The Km for putrescine was calculated to be 2.5 UMeither with
or without DFMO pretreatment and the \mK, of 40 pmol/15
min/10s cells without DFMO pretreatment and 190 pmol/15
min/105 cells following DFMO pretreatment. The apparent KÂ¡

for AZP was calculated to be 1 MMwith or without DFMO
pretreatment.

AZP (100 nmol) produced an absorbance increase of 0.7 with
4-(/Miitrobenzyl)pyridine in 5.0 ml when incubated in 0.1 M
acetate, pH 4.5, at 37Â°Cfor 2 h. This demonstrated that AZP

has alkylating activity. As shown in Fig. 2, when AZP was
injected with polyamine standards for Chromatographie sepa
ration using HPLC a single discrete peak eluting between
putrescine and histamine was observed. The retention times
were: putrescine, 19.6 min; AZP, 21.1 min; and histamine, 21.8
min.

In Table 1 are listed the values for the triplicate assays of the
concentrations of polyamine observed in nontreated cells, cells
treated with AZP for 1 h, cells pretreated for 48 h with 1 mivt
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Fig. 1. Lineweaver-Burk plot of the uptake of [MC]putrescine by DFMO-

pretreated cells. The ordinate is expressed as l/pmol/15 min. The abscissa is
expressed as 1 Â»iMconcentrations containing from 16 to 1.0 /IM ["Cjputrescine.
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Fig. 2. Chromatogram of AZP with standards used in polyamine assay with
relative fluorescence units and time from sample injection plotted on the ordinate
and abscissa, respectively. Abbreviations, retention times, and concentrations are:Put, putrescine, 19.61 min, 157 pmol; AZP, 21.IS min, l()0pmol:///'.vr, histamine,

21.82 min, 98 pmol; Spd, spermidine, 29.9 min, 83 pmul ; NaSpm, acetylspermine,
31.7 min, SOpmol; Spm, spermine, 34.26 min, 60 pmol.

DFMO and then incubated in drug free medium for 1 h, or
cells pretreated for 48 h with DFMO, rinsed free of DFMO,
and then incubated with 25 MMAZP for 1 h. All groups had
cell viabilities greater than 95% and cell numbers were 4.9 Â±
0.6 (SE), 4.9 Â±0.7, 4.8 Â±0.4, and 4.6 Â±0.4 x IO6cells for the
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Table 1 Intracellular polyamine levels of control and DFMO pretreated PC-3 cells following l-h incubation ofAZP

Polyaminelevels'Treatment'Control

DFMO only
AZP only
DFMO + AZPPUT2459

Â±137
192 Â±34

2520 Â±170
281 Â±73AZP115

Â±32425
Â±29Hist98

Â±10
98 Â±26
86Â±2575

Â±17Spd2717

Â±66
171 Â±66

2884 Â±100
144 Â±32(pmol/10")NaSpm108

Â±21
130 Â±10
125 Â±28
111 Â±27Spm3382

Â±193
3046 Â±554
3604 Â±323
3431 Â±290

Â°PC-3 cells were incubated with or without 1 mM DFMO for 48 h. Cells were then rinsed free of DFMO and incubated for l h with 25 JIMAZP. The cells were
washed free of AZP by three rinses of HBSS. With one set of triplicate plates, the cells were resuspended and counted by hemocytometer and viability was determined
by trypan dye exclusion (viability > 95%). Another set of triplicate plates was extracted with ice-cold perchloric acid and filtered and the polyamine concentrations
were determined by HPLC.

* Mean Â±SE for a triplicate assay. Histamine is included as a nonpolyamine control.
' Put, putrescine; Hist, histamine; Spd, spermidine; NaSPM, W-acetylspermine; Spm, spermine.

control, AZP, DFMO, and DFMO + AZP groups, respectively.
The apparent amount of AZP in the DFMO-treated cells was
3.7 times that of the AZP-only-treated cells. No A^-acetylsper-

midine, acetylputrescrine, or cadaverine was detected in any
group. A peak was detected at a wavelength of 254 nm in the
DFMO treatment groups that corresponds to the retention
time of decarboxylated S-adenosylmethionine. It was not ob
served in the groups that did not receive DFMO, and its
concentration did not change significantly with AZP treatment.

Fig. 3 illustrates the effect of 25 UMAZP treatment alone or
following 48-h 1 mM DFMO pretreatment on the growth of
the PC-3 cells as observed daily following a 1-h incubation with
AZP. The doubling time (days) for the groups were: control,
1.08 Â±0.05; DFMO, 1.14 Â±0.05; and AZP, 1.53 Â±0.06 (mean
Â±SE). After the day following treatment the DFMO/AZP
group decreased in cell number. On the day of plating (day 0)
3 x IO4 PC-3 cells per dish were plated. On day 8 following

plating there were 414 Â±17, 340 Â±54, 123 Â±10, and 7.4 Â±
2.5 x 10" cells per dish in the control, DFMO, AZP, and

DFMO/AZP dishes, respectively (mean Â±SD of triplicates).
The numbers of cells recovered from the AZP and DFMO/
AZP groups differed significantly from all other groups (P <
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Fig. 3. Effect of AZP on the growth of PC-3 cells with or without DFMO
pretreatment. PC-3 cells (3 x 10") were plated in 60-mm2 Petri dish in RPMI
1640-10% FCS and allowed to attach overnight. The following day the medium
was aspirated and replaced with RPMI 1640, 10% FCS. 100 Â«\iaminoguanidine
with or without 1 mM DFMO. Forty-eight h later the medium was aspirated, the
dishes were rinsed once with HBSS, and the cells were incubated with RPMI
1640-10% FCS-100 i/M aminoguanidine with or without 25 Â«siAZP for 1 h.
Following the l-h incubation the medium was aspirated, the plates were rinsed
twice with HBSS, and the incubation was continued with fresh RPMI 1640-10%
FCS-100 Â»/Maminoguanidine. At the indicated times following initial plating the
cells were lifted from the plate by trypsinization and were examined for their
ability to exclude trypan blue. Total cell counts were obtained with the aid of a
hemocytometer, and the completeness of the removal of the cells from the dish
was verified by the examination of each dish with the inverted microscope. â€¢.
control; A, DFMO; O, AZP; D, DFMO + AZP. Points, means; bars, SE.

0.05) while the DFMO and control groups did not differ
significantly from each other (P > 0.05).

Fig. 4 demonstrates the effect of the exposure of PC-3 cells
to different concentrations of AZP for 1 h. The 50% effective
dose for AZP was decreased from 18 ^M to 2.1 ^M by DFMO
pretreatment. The effect of exposing the cells to a single con
centration of AZP for an increasing length of time is shown in
Table 2. There was increasing toxicity to the cells the longer
they were exposed to AZP, consistent with a concentration-
and time-dependent toxicity. Nearly equivalent reductions of
12 and 9% were observed by 24 h in the non-DFMO-treated
cells and 8 h in the DFMO-pretreated cells.

Putrescine can reverse the growth-inhibitory activity of AZP
as is shown in Table 3. Treatment of PC-3 cells for 1 h with 10

ftM AZP reduced the number of cells recovered by 90% in
DFMO-pretreated cells. A l-h exposure of PC-3 cells to pu

trescine at 100 Â¿IMconcentration did not significantly alter the
number of cells obtained. When AZP and putrescine were
simultaneously incubated with the cells for 1 h there was a
restoration of cell growth to 87% of that of the untreated
control. If putrescine was incubated with the cells before AZP,
there was some restoration of cell growth but not nearly as
complete as that seen when the cells were incubated with
putrescine within 6 h following incubation with AZP. By 24 h

100r

05 1.0 25 50 10 25

DOSEOF AZP (MM)

Fig. 4. Dose-effect relationship of AZP on the growth on PC-3 prostatic
cancer cells. PC-3 cells (3 x 10') were plated in RPMI 1640-10% FCS in 60-
mm2 Petri dishes and allowed to attach overnight. The following day the medium
was aspirated and replaced with RPMI 1640-10% FCS-100 Â«Maminoguanidine
with or without 1 mM DFMO. Forty-eight h later the medium was aspirated, and
the cells were rinsed once with HBSS and replaced with RPMI 1640-10% FCS-
100 Â»IMaminoguanidine with or without the indicated UMconcentrations of AZP.
After a l-h incubation the medium was aspirated, the cells were rinsed twice with
HBSS. and the incubation was continued with fresh RPMI 1640-10% FCS-100
Â»iM aminoguanidine. Eight days following plating the cells were lifted from the
plates by trypsinization and were counted with the aid of a hemocytometer and
expressed as a percentage of control (100% without DFMO, 212 Â±31 x IO4:
100% with DFMO pretreatment. 219 Â±25 x IO4cells, respectively). â€¢.DFMO

pretreated: O, without DFMO.
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Table 2 Effect of increasing duration of exposure to AZP on PC-3 cell growth

Incubationdo"0

12

4
8

24Cell

no.Control241

+ 11 (100%)*

236 Â±8 (98%)
202 Â±11 (84%)
158 Â±20(66%)
122 + 16(51%)
30 Â±11 (12%)x

IO-4DFMO

pre-treated220

Â±11 (100%)
161 Â±13(73%)
114Â± 10(52%)
70 Â±8 (32%)
19 + 7(9%)
2 Â±1 (0.9%)

â€¢Thirty thousand PC-3 cells were plated in 60-mm2 Petri dishes in RPMI
1640-10% FCS. The next day the medium was aspirated and replaced with RPMI
1640-10% FCS medium with 100 n\i aminoguanidine with or without 1 m\i
DFMO. Forty-eight h later the medium was aspirated. The cells were rinsed and
incubated with RPMI 1640-10% FCS with 100 f;M aminoguanidine with no
additions or with 1 <iMAZP for various lengths of time. Following the respective
incubation period the cells were rinsed twice with HBSS and the incubation was
continued with fresh medium. Eight days following the initial plating the dishes
were rinsed with HBSS and the cells were lifted from the dishes by trypsinization
and counted by hemocytometer.

* Mean Â±SI. Numbers in parentheses, cell number as a percentage of the

control mean cell number.

Table 3 Putriscine reversal of aziridinylputrescine cytotoxicitjf

Treatment
groupNone

Put,' 100 UM

AZP, 10 UM
AZP and Put
Put (0), AZP
AZP (0), Put
AZP (2), Put
AZP (5), Put
AZP (23), PutCell

no.Â»xIO-4410

Â±39(100%)438
+ 16(106%)

39 Â±10(9%)
357 Â±64 (87%)

86 Â±13(21%)
335 Â±57 (82%)
360 Â±51 (88%)
259 Â±28 (63%)

54 Â±12(13%)
'Thirty thousand PC-3 cells were plated in 60-mm2 Petri dishes in RPMI

1640-10% FCS. The next day the medium was aspirated and replaced with RPMI
1640-10% FCS containing 100 MMaminoguanidine and 1 m\i DFMO. Forty-
eight h later the medium was aspirated, the cells were rinsed with HBSS and
exposed for l h to either AZP or Put or both, either simultaneously or following
each other as designated with the intervening time interval in hours defined in
parentheses between the compounds. Following the Ih incubation of the cells
with the agent the medium containing the agent was removed, the cells were
rinsed twice with HBSS, fresh RPMI 1640-10% FCS-100 nm aminoguanidine
containing medium was added, and the incubation at 37'C was continued. Eight

days following plating the dishes were rinsed with HBSS and the cells were
removed from the dish by trypsinization. The completeness of the removal of
cells from the dish was verified by examination with an inverted microscope. The
cells were enumerated with the aid of a hemocytometer.

* Mean Â±SE. Numbers in parentheses, mean number as a percentage of

control.
' PUT, putrescine.

following incubation with AZP, incubation with putrescine
could no longer reverse the growth-inhibitory activity of AZP.

DISCUSSION

Aziridinylputrescine was similar to putrescine in that it com
petitively inhibited the uptake of putrescine into PC-3 cells.
Neither the competitive nature nor the A, of this inhibition was
changed with DFMO pretreatment in keeping with the finding
that the observed A',,,for putrescine uptake was not altered by

DFMO pretreatment. DFMO pretreatment increased the Vma,
for putrescine uptake and the extent of uptake of aziridinylpu
trescine. In terms of polyamine transport, aziridinylputrescine
behaved in a similar fashion to that of putrescine. However,
putrescine exhibited no growth-inhibitory activity toward PC-3
cells while aziridinylputrescine was definitely growth inhibitory
even following a brief 1-h exposure to the cells.

Putrescine is not an alkalating agent while aziridinylputres
cine has alkylating activity as demonstrated with 4-(/>-nitroben-
zyl)pyridine at pH 4.5. Because aziridinylputrescine is an a/ir
idine, its alkylating activity is greater in an acidic environment.
This would be important if aziridinylputrescine were being

transported to the endosomal, lysosomal cellular compartment
where the pH is acidic. Currently the intracellular localization
of polyamines extracted from the extracellular space is un
known. If aziridinylputrescine were being activated by the in-
tralysosomal pH, it could be acting like the lysosomotropic
amines. The lysosomotropic amines have been shown to inhibit
the intralysosomal processing of growth factors like the epider
mal growth factor, resulting in the prevention of the growth
factor-mediated induction of DNA synthesis (14).

Aziridinylputrescine may also interfere with other aspects of
polyamine modulation of growth-factor activity. It has been
demonstrated that putrescine was able to reverse the growth-
inhibitory activity of tamoxifen on breast carcinoma cells in
vitro and in vivo and that polyamines enhanced the growth-
stimulatory activity of prolactin-stimulated conditioned media
"autocrine factor" from breast carcinoma cells in vitro (15-17).

In the present experimental setting the PC-3 cells are not
considered to be hormone responsive and the nature of any
autocrine factor(s) or mechanism remains to be defined.

In addition to any potential modulation of growth-factor
activity, polyamines are compounds that have long been
thought to be essential at certain intracellular concentrations
for cell growth to occur (18). It may be that because of the
aziridinyl modification of the V nitrogen, aziridinylputrescine
is unable to participate in further polyamine synthesis and is
interfering with a polyamine pool critical for cell growth. In
studies of spermidine analogues the two end amines were found
to be critical for growth-regulatory functions (19, 20). Modifi
cation of the end amines which eliminated their charge also
eliminated their activity in suppressing growth. Modifications
which preserved the charged nature of the amine such as N\N*-
diethylspermidine proved to possess growth-suppressive activ
ity (19, 20). This growth-suppressive activity was usually re
versible (19, 20). The aziridinyl function maintains the charge
of the nitrogen. Even if aziridinylputrescine were metabolized
to .V-a/.iridinylspermidine, it still is producing an irreversible
toxicity unlike that seen with the ethylspermidine moiety. A'-

Ethyl derivatives of putrescine were not shown to be growth
regulatory toward PC-3 cells (21). This suggests that aziridi
nylputrescine is acting like an alkylating agent and irreversibly
altering PC-3 cellular function so that growth activity ceases.

In keeping with the cytotoxic nature of aziridinylputrescine
it behaved like a toxic agent in that exposure of the PC-3 cells
to either increased concentration for a fixed period of time or
to one concentration for increased length of time resulted in a
greater inhibitory effect. Still, cytotoxic activity of the aziridi
nylputrescine was not a totally nonspecific toxic effect. Its
growth-inhibitory activity could be blocked by simultaneous
exposure to putrescine or PC-3 cells could be "rescued" by

exposing the cells to putrescine for up to 6 h after their exposure
to aziridinylputrescine. Even though putrescine can block or
reverse the growth-inhibitory effects of the aziridinylputrescine
on PC-3 cells, this may be related only to blocking transport or
enhancing efflux of aziridinylputrescine. Once inside the cell
aziridinylputrescine may be acting as a nonspecific alkylating
agent and DFMO pretreatment may be modulating its toxic
activity by altering the susceptibility of DNA to damage (22,
23).

The availability of radiolabeled AZP will help determine the
nature of the intracellular reactivity of aziridinylputrescine.
Further experiments with other polyamines and specific probes
of polyamine function will be useful in defining whether the
antigrowth activity of aziridinylputrescine is a specific feature
of the analogue related to its polyamine structure and internip
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tion of critical polyamine-dependent functions or the result of
a nonspecific alkylating agent being enhanced by the utilization
of the polyamine transport system.
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