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Preclinical paper

Effects of methylacetylenic putrescine, an ornithine
decarboxylase inhibitor and potential novel
anticancer agent, on human and mouse cancer cell

lines

Istvan Palyi, Tibor Kremmer, Adrienn Kalnay, Gizella Turi, Rudolf Mihalik,’

Katalin Bencsik and Mariann Boldizsar

Research Center of Oncology, National Institute of Oncology, 1525 Budapest, Hungary. 'Institute of
Hematology and Blood Transfusion, 1502 Budapest, Hungary.

Sensitivity of several human and mouse cancer cell lines to
methylacetylenic putrescine (MAP) was evaluated using
clonogenic, sulforhodamine B and cell counting assays.
The effects of MAP on cell morphology, cell cycle phase
distribution and changes in polyamine metabolism of
xenografted MCF-7 and MDA-MB-231 human mammary
tumor cells were also investigated. On the basis of ICs,
values, BHT-101 human thyroid carcinoma cells were the
most sensitive (9 .g/ml), followed by P388 mouse lymphoma
(32 1g/ml), MCF-7 (48 ug/ml) and MDA-MB-231 (110 ug/ml)
human breast carcinoma cell lines. MAP treatment led to
accumulation of P388 cells in G, phase. At higher doses, the
cytoplasm of the cells became vacuolated followed by
apoptosis. The foamy cytoplasm may suggest a rare type
of cell death (Clarke Il type) called non-apoptotic pro-
grammed cell death. MAP treatment resulted in a total
inhibition of ornithine decarboxylase (ODC) activity with a
concomitant decrease of intracellular polyamine (mostly
putrescine and spermidine) content in the breast cancer
cells, whilst the spermine concentration was shown to
increase. MAP proved at least 10 times more potent than
the formerly studied pL-x-difluoromethylornithine making it
an attractive candidate for clinical testing. [ ¢ 1999 Lippincott
Williams & Wilkins.]
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amine metabolism.

Introduction

Natural poly(oligo)amines are highly basic, with rather
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simple structures which exhibit definite biological
activity. Cumulative data indicate the ubiquitous role of
putrescine (Pu), spermidine (Spd), spermine (Spn) and
agmatine (Agm) in the regulation and/or modulation of
the most basic biosynthetic and reproductive functions
(e.g. proliferation, differentiation, etc.) in all living cells
under physiological and pathological conditions.!™®
According to their particular importance in the
malignant processes high intracellular Pu and Spd
levels have been measured in various experimental and
human tumors depending on the rate of cell prolifera-
tion.>*'* Due to the high biosynthetic activity of
malignant tissues elevated serum concentrations and
urinary excretion of polyamines have been reported in
cancer patients and regarded as a useful biochemical
tumor marker.” 14

Depletion of cellular polyamines using various
omnithine and Pu analogs, potential inhibitors of
ornithine decarboxylase (ODC, EC 4.1.1.17), the first
key enzyme of the polyamine biosynthetic pathway,
has opened new perspectives in enzyme-regulated
anticancer chemotherapy.**'>2! Among several ac-
tive derivatives bLx-difluioromethylomithine (DFMO,
Eflornithine™) has been shown to inhibit cell prolif-
eration and tumor growth in vitro and in vivo,'>?%3°
and has also been introduced into clinical therapy of
human cancers.'”?*?!*!32 Recently, a promising Pu
analog, (2R,5R)G-heptyne-2,5-diamine (methylacetyle-
nic putrescine, MAP), has been synthesized and
reported to be 10-50 times more active than
DFMO.?%33-3% Both DFMO and MAP altered cell cycle
phase distributions by accumulating cells in G,
phase.?'?*?8 However, both cytostatic and cytotoxic
effects were demonstrated depending on the cell line
studied.>® Polyamine analogs were considered to
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induce apoptotic cell death, as shown first using a new
Spn derivative.*

In the present study the effects of MAP on the
clonogenicity of P388 mouse lymphoma and of some
human cancer cell lines, as well as on the cell cycle
distribution and the intracellular polyamine levels of
P388 cells were evaluated in vitro. Morphological
alterations observed in human tumor cell lines,
suggesting a special type of programmed cell death,
are also described.

Materials and methods
Cell cultures

P388 mouse lymphoma was obtained from I Wodinsky
(Arthur D Little, Cambridge, MA) and was established
in suspension culture.*' MCF-7 estrogen receptor (ER)
positive and MDA-MB-231 ER-negative human breast
cancer and PC3 prostatic cancer cell lines were
obtained from the ATCC (Rockville, MD). BHT-101
human thyroid anaplastic cell line was established in
our laboraltory.42

Drug solutions

MAP was generously supplied by Merrell Research
Institute (Strasbourg, France). Fresh MAP solution was
made by dissolving the compound in saline or in
medium before the experiments.

Clonogenic assay

Cloning efficiency of monolayer cultures was per-
formed as previously described.** Briefly, known
numbers of exponentially growing cells were plated
into triplicate 35 mm Petri dishes (Nunc, Roskilde,
Denmark). On the following day the cultures were
exposed to different doses of MAP and the MAP was
left in contact with the cells throughout the study, and
the cultures were incubated in a CO, incubator
(Heraeus, Hanau, Germany) at 37°C for 10-12 days.
The cultures were then rinsed with saline and stained
with crystal violet. Colonies containing at least 50 cells
were counted. Cloning efficiency of cells growing in
suspension was determined as published.“1 The cell
suspension, containing the appropriately diluted MAP,
was solidified with 0.25% final concentration of agar
(Difco, Detroit, MI). Three-dimensional colonies were
counted after 10-12 days of incubation under a
dissecting microscope.
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Absolute cloning efficiency of untreated control
cultures was normalized as 100%. Survival of treated
cultures was expressed as a fraction of the survival of
the control cultures. ICs, is the inhibitory drug
concentration needed to decrease the survival by 50%.

Antiproliferation studies

The effect of MAP on cell proliferation has been
determined by comparing the changes in cell numbers
of control and MAP-treated cell populations. MDA-MB-
231 or MCF-7 (2-3x 105) cells were seeded into
50 mm Petri dishes and on the following day were
exposed to 100-500 ug/ml MAP. The cells were
trypsinized on day 2 and the cell numbers were
determined using a Neubauer-type hemocytometer.

Flow cytometry

Samples were prepared according to Shapiro.‘8 Briefly,
5 x 10° cells were fixed in 70% ethanol and stored at
—20°C for a few days. The samples were then
centrifuged and washed in phosphate-buffered saline
(PBS) solution. After repeated centrifugation, cell
pellets were diluted with 1 ml PBS containing 20 ug
propidium iodide (P (Sigma, St Louis, MO) and 100 ug
RNase (Sigma), and were incubated on room tempera-
ture for 30 min before measurements. Cell cycle phase
distributions were analyzed by measurements of
relative DNA content of individual cells using a Cytoron
Absolute flow cytometer (Ortho, Raritan, NJ). The
quality of the setup was checked by lysed, propidium
iodide-stained normal human lymphocytes. The data
were analyzed on Cell Cycle software (Ortho).

Cell morphology

MDA-MB-231, BHT-101 and PC3 cells were seeded into
Petri dishes, and the morphology of the MAP-treated
and control cultures was examined and compared
using an Olympus inverted phase contrast microscope.
In some cases, fixed and hematoxylin & eosin-stained
preparations were also prepared.

Determination of cellular polyamines and
ODC activity

Simultaneous determinations of ODC, EC 4.1.1.14
activity and base polyamine levels in cell homogenates
were performed by the method of Kvannes and



Flatmark,** as modified previously.45 Polyamines (Pu,
Spd and Spn) were extracted from the enzyme
reaction and blank (base line level) samples with ice-
cold perchloric acid and measured as dansyl deriva-
tives by reversed-phase high-performance liquid chro-
matography (RP-HPLC). ODC activity was calculated
from the amount of putrescine formed in the
enzymatic reaction and given in nmol Pu/h/10° cells.

Results
Dose survival studies (clonogenic assay)

The effect of MAP on the clonogenicity of P388 mouse
lymphoma and BHT-101 human thyroid cancer cells is
shown in Figure 1. The first region of the dose-
response curves is steep followed by a nearly
horizontal ‘plateaw’ portion. Above 75 ug/ml, both
curves decline. The IC5, values of the P388 and BHT-
101 cells were 32 and 9 ug/ml, respectively. The dose-
response curves of the two breast cancer lines (Figure
2) are rather different in shape from those of Figure 1.
ICso values of MCF-7 and MDA-MB-231 cells were 48
and about 110 pg/ml, respectively. Of the four cell
lines studied, the BHT-101 cells were the most sensitive
and the MDA-MB-231 cells the least sensitive to MAP.
ICs values are summarized on Table 1.

Effect of MAP on cell proliferation

The effect of MAP on the proliferation of ER-positive
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Figure 1. Dose—response curves of P388 mouse lympho-

ma (O) and BHT-101 human thyroid carcinoma (H) cells
treated with MAP continuously.

In vitro effects of methylacetylenic putrescine

MCF-7 and ER-negative MDA-MB-231 human breast
cancer cell lines was determined by cell counting. No
significant retardation of cell proliferation was
achieved below 100 pug/ml MAP. The results summar-
ized in Table 2 show a dose-dependent rate of growth
retardation, with MCF-7 cells proving more sensitive
than MDA-MB-231 cells.
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Figure 2. Dose-response curves of MDA-MB-231 (Q) and
MCF-7 (l) human mammary carcinoma cells treated with
MAP continuously.

Table 1. IC5, values (mean+ SEM) obtained by treat-
ment with MAP of tumor cell lines in clonogenic assays
Cell line ICs value

(ng/ml)
P388 . 32+3
BHT-101 9+1
MCF-7 48+4
MDA-MB-231 ~110+10

Table 2. Effect of MAP on proliferation of MCF-7 and
MDA-MB-231 cells

Doses Rate of inhibition (%)
(ug/mi)

MCF-7 MDA-MB-231
100 36+5° 21+3
200 4216 22+3
500 66+8 53+6

#Mean values + SEM at 48 h after treatment.
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Effect of MAP on the cell cycle

Concentrations between 10 and 50 ug/ml caused only
minimal changes in cell cycle distribution, while those
of 75 or 100 ug/ml MAP altered the ratio of cell cycle
phases considerably, both at 24 and 48 h following
MAP addition (Figure 3 and Table 3). The percent of G,
phase cells increased from 34 to 47 and 55% at the
expense of G,/M cells. The ratio of S phase cells
showed an increase at 24 h and a decrease at 48 h,
parallel with the higher concentrations.
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Effect of MAP treatment on cell
morphology

No characteristic cytomorphological changes were
observed below 250 ug/ml MAP. The most typical
alteration was vacuolization of the cytoplasm (‘foamy
cytoplasm’) which began to appear in some cells at
250 pug/ml and the vacuoles were small. All cells
became heavily vacuolated exposed to 500 pg/ml
and the vacuoles were of different sizes. Confluency
of the cells ceased and they showed a tendency to
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Figure 3. Changes in the cell cycle phase distribution of P388 cells 48 h after exposure to 10, 75 and 100 ug/ml of MAP. The

major peak in channel 80 corresponds to Gy cells.

Table 3. Effect of MAP on the cell cycle phase distribution of P388 mouse lymphoma cells

Doses Phase distribution (%)
(ng/ml)
24 h 48 h

G1 S G2 G1 S G2
Control 34 33 23 34 38 28
10 38 43 19 36 39 25
25 32 45 23 43 34 23
50 34 43 23 42 35 23
75 47 36 17 55 27 18
100 41 41 18 55 27 18
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round up. A fraction of the cells showed signs of
apoptosis, e.g. bleb formation and pyknosis (Figure
4a-c). Long and thin cytoplasmic processes were
characteristic by 72 h. At even higher concentrations
of MAP (1000 pug/mb), all cells rounded up, began to
disintegrate and formed coalesced groups (Figure
4d-f).
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In vitro effects of methylacetylenic putrescine

Effect of MAP treatment on the ODC
activity and polyamine content of MCF-7
and MDA-MB-231 human breast
carcinoma cells

Changes in ODC activity and in polyamine content of
MCF-7 and MDA-MB-231 human breast cancer cell lines
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Figure 4. Effect of MAP on cell morphology. (a) Untreated MDA-MB-231 cells with regular morphology and mitotic figures. (b)
Cells treated with 500 ng/mi MAP for 24 h. Note the heavily vacuolated cytoplasm and the loose arrangement of the cells. (c)
PC3 cells treated with 500 ug/ml MAP for 24 h. The cytoplasm of the cells is filled with vacuoles. Some cells are rounded up,
others have long filaments. (d) PC3 cells treated with 1000 ug/ml MAP for 24 h. Most cells rounded up, others have long
processes and one giant cell is full of vacuoles. (e) Untreated BHT-101 cells with regular morphology. (f) Cells treated with
1000 pg/mi MAP for 24 h. All cells rounded up producing clusters. Some single cells show apoptosis with bleb formation and
freely floating apoptotic bodies are seen. Phase contrast picture of living cells. Magnification: x 160.
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induced by a 24 h exposure to 250 ug/ml MAP are
summarized in Figure 5. MAP treatment resulted in
practically total inhibition of ODC activity in both cell
lines. Simultaneously, a decrease in total intracellular
polyamine content (mostly in terms of Pu and Spd
levels) and a relative increase in Spn concentration was
observed. We have found significant differences
between the total polyamine base levels of these two
cell lines, indicating a higher biosynthetic activity in
MDA-MB-231 cells and a higher sensitivity to MAP
treatment, first of all, in relation to the changes in Spd
content. Retention of Spn induced by MAP in MCF-7

Polyamine content

ODC activity
nmol PA/108 cells

nmol PU/h/108 cells

2 MDA-MB-231
1.5
1.5
1
1
0.5
0.5
0 0
Pu Spd Spn oDC
2 MCEF-7
1.5
1.5
1
1
0.5
0.5
0 i 0

Pu Spd Spn oDC

[] Control B vap

Figure 5. Changes in polyamine content and ODC activity
of MCF-7 and MDA-MB-231 breast cancer cells following
treatment with 250 pg/ml MAP for 24 h.
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cells also showed a marked contrast to that noted in the
MDA-MB-231 line. Similar changes were observed
depending on either the MAP concentration (50-
500 ug/ml) applied or the time of in vitro exposure
(24, 48 or 72 h).

Discussion

Our results presented here demonstrate that all cell
lines tested were sensitive to MAP. Their sensitivity
was, however, dependent on the ER content (MCF-7
versus MDA-MB-231) or on the organ they originated
from. The MDA-MB-231 breast cancer cells were the
least sensitive, while the BHT-101 thyroid tumor
cells were the most sensitive to MAP treatment. This
observation supports the significance of the histio-
specific toxicity and the disease-oriented anticancer
drug discovery screen.®® In comparison of MAP with
the ODC inhibitor DFMO, the former proved to be
more potent against malignant human and mouse
cell lines. Namely, ICsy values of DFMO were 60,
625 and 300 ug/ml for MCF-7, MDA-MB-231 and
P388 cells, respectively.?”** It means that the
difference between DFMO and MAP ranged from
slight (20%) to big (10 times). According to other
observations, MAP was 20-100,%” 10-30 or 50-300
times®® more potent than DFMO, depending on the
choice of end point, assay and cell type. Bakic et
al®® found only a minimal difference using HL-GO
cells and a clonogenic assay. The enhanced growth-
inhibitory activity could be due to increased cellular
uptake of MAP. The difference in sensitivity to MAP
among the various cell lines could also be due to the
difference in their doubling times.>® According to
the classic viewpoint, sensitivity is dependent on the
rate of proliferation (‘proliferation-dependent cyto-
toxicity’),”” although we have shown that this view
may not be universally valid.*! Indeed, the slower
growing BHT-101 thyroid carcinoma cells were more
sensitive to MAP than the fast-growing P388 cells.
There was a difference in sensitivity between the
two breast cancer cell lines as well, both against
DFMO*® and MAP, with the ER-positive MCF-7 cells
being more sensitive. According to Davidson et al®®
there was no clear relationship between either the
ER status or the proliferation rate and sensitivity to
the spermine analog BESpm. MAP induced an
accumulation of cells in G, and a decrease of cells
in G, using P388 mouse lymphoma cells. Similar
changes in cells cycle phase distribution following
DFMO or MAP treatment were described by several
authors. 222437384 Tpjs effect can be a consequence
of polyamine depletion. The shape of the dose-



response curves, e.g. the plateau portion, also
suggested phase-specific effects of the ODC inhibi-
tors.’® Both compounds exerted cytostatic>® rather
than cytotoxic effects, although the latter were also
observed.”* Whether the effect is cytostatic or
cytotoxic is dependent on the cell line employed.*”
In our opinion, it may be concentration dependent
as well. At high MAP concentrations, a specific
cytomorphological effect appeared in most cell lines,
the cytoplasm became heavily vacuolated, ‘foamy’,
followed by cell death. This phenomenon suggests a
rare type of programmed cell death as described by
Clarke®' and called non-apoptotic programmed cell
death (Clarke III type). Foamy cytoplasm induced by
high doses of tyrphostin, a tyrosine kinase inhibi-
tor,>> has been observed.”® Programmed cell death
induced by a polyamine analog, CPENSpm, was first
described by McCloskey et al.*® No other data on
programmed cell death elicited by either DFMO or
MAP have so far been published. The role of ODC in
c-Myc-induced apoptosis has been reviewed by
Packham and Cleveland.>* Polyamines are associated
with cell death and the precise regulation of ODC
activity in cells has been suggested as preventing
polyamine associated cytotoxicity.>>>® ODC inhibi-
tors are potential anticancer drugs. DFMO has been
introduced into clinical trials.'”**?! In conclusion,
superiority for MAP as a new anticancer drug in
comparison to DFMO is expressed in its higher
biological activity, its histio-specific selectivity and its
induction of programmed cell death.
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