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ABSTRACT

The effect of transfection of NIH 3T3 cells by the human ras (c-Ha-
ru.v-l) oncogene on uptake, interconversion, and excretion of polyamines
was studied. Uptake and interconversion of spermidine were higher in
the r<w-transfected cells. Acetylpolyamines were excreted into the me
dium by the nu-transfected cells, whereas they were retained by NIH
3T3 cells. In addition to acetylpolyamines, some unknown polyamine
conjugates occurred in the nu-transfected cells.

INTRODUCTION

The diamine putrescine and the naturally occurring polyam
ines spermidine and spermine are widely distributed in biolog
ical material (1, 2). They accumulate in cancer cells, and their
presence in blood, urine, and cerebrospinal fluid has been
explored as potential markers of neoplastic growth and for the
assessment of anticancer treatment (3, 4). However, the rise in
tissue polyamine levels is not specific for cancer cells, but is
also common for rapidly growing tissues such as embryonic
and hormonally stimulated tissues (1).

In most of the clinical tests for the detection of polyamines,
samples are hydrolyzed prior to their assay. This approach is
based on the finding that at least part of the polyamines is
excreted as conjugates and not as free polycations (5). Most of
these conjugates have recently been identified as monoacetyl
derivatives of diamines or polyamines (6, 7). Indeed acetyl
polyamines have been detected in elevated amounts in urine of
patients with leukemia (8-10) and other types of cancer (9, 11,
12). Moreover, the molar ratio of urinary jV'-acetylspermidine
to A^-acetylspermidine increased in patients with cancer (11-
13), suggesting that not all the acetylpolyamines are elevated
during the malignant state and that W-acetylspermidine com
prises a specific class of polyamine derivatives related to neo
plastic growth.

We have previously shown2 that polyamines accumulate in
the ros-transfected NIH 3T3 cells during the early log phase of
growth. Thereafter, a decrease in the spermidine and spermine
levels was noticed. This decrease was accompanied by an in
crease in spermidine acetyltransferase activity when compared
with NIH 3T3 cells. Surprisingly, there was no increase in
cellular putrescine levels, despite a decrease in spermidine and
spermine levels and an increase in spermidine acetyltransferase
activity. This finding could be explained by either (a) enhanced
oxidation of polyamines or diamines, or (Â¿>)excretion of poly
amines, diamines, or their conjugates. We have previously
shown that polyamine oxidase activity was practically the same
in roi-transfected NIH 3T3 cells and NIH 3T3 cells.2 We
therefore assumed that the ros-transfected NIH 3T3 cells ex
crete more diamines, polyamines, or their conjugated deriva
tives as compared with the normal controls. It will be shown in
this study that, in the ras-transfected cells, acetylpolyamines
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are excreted into the medium, whereas they are retained by
NIH 3T3 cells.

MATERIALS AND METHODS

Cell Cultures. NIH 3T3 cells and the rav-transfected cells were grown
at 37Â°Cin an atmosphere of 95% air-5% CO2 in RPMI 1640 (Grand

Island Biological Co., Grand Island, NY) supplemented with 2 HIM
glutamine and 5% fetal calf serum and seeded at a concentration of 6
to 7 x 10scells per 60-mm-diameter dishes (Nunc, Roskilde, Denmark).

Protein content in NIH 3T3 cultures was 148, 260, 280, and 294 Mg/
plate at the time of addition of labeled spermidine, i.e., at 24, 72, 120,
and 144 h. respectively, and it was 257, 301, 308, and 326 Â¿tg/plateat
72, 120, 144, and 168 h, respectively. Protein content in ras-trans-
formed cells increased from 164, 326, 766, and 1291 Â«ig/plateto 350,
752, 1249, and 1524 Â¿ig/plateduring the course of the experiment.
Protein content was approximately 300 UKper 10'' cells in each culture.

labeling Experiments. Cells were seeded at a concentration of 6 to 7
x 10* cells per 60- x 15-mm plates (Nunc, Roskilde, Denmark). After

24, 72, 120, and 144 h, medium was replaced by a serum-free medium
containing [3H]spermidine (2 /Â¿Ci/plate;specific activity, 24.3 Ci/mmol;

New England Nuclear, Boston, MA; 10 nM final concentration) and
incubated for 6 h (24 h prior to the labeling fresh medium was added
for the last time to the cultures). Subsequently, [3H]spermidine-contain-

ing medium was replaced by fresh medium containing 5% fetal calf
serum. Considering the addition of [3H]spermidine as zero time, sam

ples were taken every 6 h. After saving the medium, cultures were
washed twice with phosphate-buffered saline (pH 7.2, 300 mOsmol/
liter) and stored at -20'C. All the experiments were carried out in

duplicate.
Chemical Analysis. The cells, collected by scraping with a rubber

policeman, were treated with perchloric acid (final concentration, 3%)
and sedimented by centrifugation at 500 x g for 10 min. The resus-
pended pellet was dissolved overnight at 37Â°Cin l N NaOH and assayed

for proteins according to the method of Bradford (14). The radioactivity
in the supernatant fluid was next measured to determine the total
radioactivity of cellular polyamines and their metabolites. Polyamines
and acetylpolyamines were finally analyzed according to the method of
Seiler and KnÃ¶dgen(7). For the separation of dansylpolyamines plates
were run in ethyl acetate/cyclohexane (2/3, one run) and in ethyl acetate
(two runs) followed by chloroform/methanol (10/1, one run) for the
separation of dansylacetylpolyamines. Once identified by comparing
with standards, dansyl derivatives were scraped off the plates, trans
ferred to scintillation counting vials, and counted in a Packard Tri-
Carb scintillation counter.

For the estimation of total radioactive extracellular polyamines and
their metabolites, the radioactivity of an aliquot of the medium was
counted in a Packard Tri-Carb scintillation counter.

For the estimation of the individual extracellular polyamines and
acetylpolyamines, 60% perchloric acid was added to the medium to a
final concentration of 3%. The precipitated proteins were removed by
centrifugation. After adjusting the pH of the supernatant to 8.0 with
KOH pellets, the sedimented potassium perchlorate was removed by
centrifugation. The supernatant fluid was divided into two equal por
tions. One portion was hydrolyzed overnight at I !()"(' after adding

hydrochloric acid at a final concentration of 1 N. The hydrolyzed and
nonhydrolyzed media were evaporated to dryness in a Savant Speed
Vac concentrator at 40Â°C.The dried media were dissolved in 500-^1

quantities of distilled water and used for estimation of polyamines and
acetylpolyamines as described above. All the analyses were done in
triplicate, the variation being less than 5%.
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Identification of Acetylpolyamines. For identification of acetyl-
polyamines in the medium, media from both cell types were loaded
onto a Dowex column (Dowex 50 W x 8; 200 to 400 mesh, 7.5-cm
column; activated with 5 N HC1 and washed with water to neutral pH).
The column was washed with 0 to 0.7 N gradient HC1, and S-ml
fractions were collected. The fractions were evaporated to dryness in a
Savant Speed Vac concentrator at 40Â°C.Dried fractions were dissolved

in 500-fil quantities of distilled water and dansylated. The dansylated
samples were applied on Silica Gel G plates and run in chloroform/
mediano I (10/1). Acetylpolyamines were identified by comparing with
the standards.

Mass Spectrometry. Mass spectrometry was done essentially accord
ing to the method of Seiler et al. (15). Chromatographically uniform
samples which corresponded in their mobility to bisdansyl-/V-acetyl-
spermidine were introduced into small glass capillaries and were evap
orated into the ion source via the direct inlet system by using a linear
temperature program between 50Â°and 320'C. The instrument was a

quadripole mass spectrometer (1KB 2091GCMS) having a mass range
of 700 atomic units. lonization was accomplished by the chemical
ionization made with methane as a reagent gas at 0.2 Torr internal
source pressure.

RESULTS

To determine whether the ras-transfected cells differ from
NIH 3T3 cells in their ability to incorporate and metabolize
polyamines, both the cell cultures were grown for 24, 72, 120,
and 144 h and incubated with [3H]spermidine for 6 h. Consid
ering the starting of incubation with [3H]spermidine as zero
time, samples were taken out at 6-h intervals and analyzed for
spermidine uptake as described in "Materials and Methods."

The amount of spermidine uptake (calculated by the specific
activity of added [3H]spermidine) of the ros-transfected cells

was higher than that of NIH 3T3 cells (Fig. 1), and it was
maximal in both NIH 3T3 and the rai-transfected cultures 6 h
after adding the radioactive spermidine (first sample). There
after, with the increase in the time of incubation, the amount
of spermidine uptake decreased. When spermidine uptake in
the first samples (6 h) of cultures grown for different times was
compared, it was observed that, in NIH 3T3 cells, the spermi
dine uptake increased from 63 nmol/mg of protein in 24-h-old
culture to 110 nmol/mg of protein in the 72-h-old culture. In
older cultures the amount of spermidine uptake decreased to
70 nmol/mg of protein at 120-h and 144-h-old cultures. Con
trary to this, in the rai-transfected cultures the amount of
spermidine uptake was practically identical (approximately 120
nmol/mg of protein) up to 120-h-old cultures, and it decreased
to 80 nmol/mg of protein in 144-h-old cultures (Fig. 1).

To find out the extent of interconversion of [3H]spermidine,
perchloric acid extracts of the cells were dansylated, and poly-
amines were separated by thin-layer chromatography. Early in
the growth curve labeled spermidine and spermine levels were
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Fig. 1. Uptake of [3H]spermidine by the NIH 3T3 and the ros-transfected
cells. Cultures of NIH 3T3 (D) and the roi-transfected NIH 3T3 (x) were
incubated with [3H]spermidine for 6 h: thereafter samples were taken at 6-h
intervals and analyzed for the radioactive spermidine content.

higher in the ros-transfected cultures when compared with NIH
3T3 cultures, whereas radioactive putrescine levels were similar
in both types of cultures (Fig. 2). The amount of radioactive
spermidine was highest and that of spermine was lowest in
samples taken 6 h after each addition of radioactive spermidine.
After longer incubation times, a decrease in the radioactive
spermidine content with a simultaneous increase in the radio
active spermine contents was noticed (Fig. 2, B and C). The
pattern of labeled putrescine was similar to those of radioactive
spermidine with a maximum in the first sample (6 h) and a
decrease upon further incubation (Fig. 2/1).

Approximately 80% of the radioactive acetylpolyamines were
identified as W-acetylspermidine in NIH 3T3 cultures. Radio
active acetylputrescine occurred in the NIH 3T3 and in the ras-
transfected cells in relatively small amounts in comparison to
other intracci hi lar acetylated polyamines (Fig. 3A). Radioactive
acetylpolyamine content was higher in the NIH 3T3 cultures
as compared with the ros-transfected cultures. W-Acetylsper-
midine in the ros-transfected cultures was significantly lower
than that measured in NIH 3T3 cultures (Fig. 35). Like the
radioactive polyamines, the radioactive acetylputrescine and
W-acetylspermidine levels were higher in the first sample (6 h)
in cultures grown for all the times, and their content decreased
upon prolonged incubations.

When it was observed that, in the ros-transfected cultures,
there was a decrease in the radioactive spermidine without a
proportional increase in radioactive spermine, putrescine or A'1-
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Fig. 2. Radioactive polyamine content of NIH 3T3 and the ros-transfected
cells. Cultures of NIH 3T3 (D) and the nu-transfected NIH 3T3 (x) were
incubated with [3H]spermidine for 6 h; thereafter samples were taken at 6-h
intervals and analyzed for the radioactive polyamine content.
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Fig. 3. Radioactive acetylpolyamine content of NIH 3T3 and the nu-trans-
fected cells. Cultures of NIH 3T3 (D) and the ras-transfected NIH 3T3 (x) were
incubated with [3H]spermidine for 6 h; thereafter samples were taken at 6-h

intervals and analyzed for the radioactive acetylpolyamine content.
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Fig. 4. Total extracellular radioactive polyamines in NIH 3T3 and the ras-
transfected cells. Cultures of NIH 3T3 P) and the ras-transfected NIH 3T3 (x)
were incubated with [3H]spermidine for 6 h; thereafter samples were taken at 6-h
intervals and were analyzed for the radioactive polyamine content.

acetylspermidine extracellular radioactive polyamines were
measured in the medium. Fig. 4 shows that, in the cultures of
72, 120, and 144 h, the amount of radioactive extracellular
polyamines in the medium of the ras-transfected cells was
higher when compared with the medium of NIH 3T3 cultures.

To measure the content of individual extracellular radioactive
polyamines, proteins in the medium were precipitated by per
chloric acid, and the supernatant fluids were analyzed before
and after hydrolysis as described in "Materials and Methods."

It is evident from Table 1 that hydrolysis led to an increase in
radioactive polyamines in the medium of both NIH 3T3 cells
and in the ras-transfected cultures. The content of radioactive
putrescine and radioactive spermidine was approximately 4
times and that of radioactive spermine nearly 2 times higher in

Table 1 Extracellular polyamines in NIH 3T3 and the ras-transfected
NIH 3T3 cells

Experimental conditions were as those given for Fig. 4. Media from cells
labeled at 72 h and grown up to 120 h were pooled, hydrolyzed, and analyzed for
polyamine content as described in "Materials and Methods."

nnml of polyamines released by cells containing
mg of protein

NonhydrolyzedCompoundPutrcscine

Spermidine
Sperniine
Acetylputrescine
/V-Acetylspermidine
A/*-Acetylspermidine
A"-Acetylspermidine/

A*-acetylspermidineNIH

3T30.38

1.41
1.16
0.38
1.74
0.61
2.85NIH

3T3
ras0.37

1.47
1.23
0.94
9.12
1.17
7.79HydrolyzedNIH

3T30.75
(99)"

3.94(105)
1.68NIH

3T3
ras3.12(238)

16.06(136)
3.25

Numbers in parentheses, percentage of recovery.

the hydrolyzed medium of the ros-transfected cultures when
compared with the hydrolyzed medium of NIH 3T3 cultures.
On the other hand, the content of all three radioactive poly-
amines was similar in nonhydrolyzed medium of both the ros-
transfected and NIH 3T3 cultures. In NIH 3T3 cultures radio
active putrescine and radioactive spermidine contents were
double and that of spermine approximately 1.2 times higher in
the hydrolyzed medium when compared with the nonhydro
lyzed medium. In the ras-transfected cultures the amounts of
radioactive putrescine and radioactive spermidine were 10 times
and that of sperniine 2.5 times higher in the hydrolyzed medium
when compared with nonhydrolyzed medium.

To find out if the differences in the polyamine content of
hydrolyzed and nonhydrolyzed media in both NIH 3T3 and the
ras-transfected cultures were due to acetylpolyamines, the iden
tification of acetylpolyamines was attempted by thin-layer chro-
matography. The media from NIH 3T3 and ros-transfected
cultures contained acetylpolyamines. The content of acetyl
polyamines, especially that of ./V'-acetylspermidine, was signif
icantly higher in the medium of the ras-transfected cultures
than in the medium of NIH 3T3 cultures (data not given). For
unambiguous identification, mass spectra were prepared of the
dansyl derivatives. Due to the chemical ionization with methane
as reagent gas, the spectra of both authentic reference com
pound and the spots isolated from thin-layer chromatograms
of the media showed pseudomolecular ions for the products as
well as for their respective adduct ions with methane plasma
ions. For bisdansyl-jV'-acetylspermidine and for the media,

peaks were observed at 652 Â±1, 553 Â±1, and 419 Â±1 m/e
(Fig. 5).

Quantitative analysis showed that radioactive acetylputres-
cine, radioactive ./V'-acetylspermidine, and radioactive ./V'-ace

tylspermidine were almost 3, 5, and 2 times higher in the
nonhydrolyzed media of the ras-transfected cultures than in the
nonhydrolyzed media of NIH 3T3 cultures, respectively (Table
1). When the amounts of radioactive acetylpolyamines and of
polyamines were added up to find out the recovery of radioactive
polyamines in the hydrolyzed medium, it was observed that the
recovery was 100% in the medium of NIH 3T3 cultures, and
the recovery of radioactive spermidine and radioactive putres
cine was more than 100% in the medium of ras-transfected
cultures (Table 1).

DISCUSSION

Data presented in Fig. 1 are in line with published findings
(16-18) that polyamines are taken up by cultured cells. More-
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Fig. 5. Mass spectra of densyl derivatives of A^-acetylspermidine. From the
concentrated acetylpolyamines "Materials and Methods", /V-acetylspermidine
was separated with thin-layer chromatography, and mass spectra were recorded.
Top spectra are dilutions of standard W-acetylspermidine. Bottom spectra repre
sent a derivative of the medium.

over, results depicted in Fig. IB confirm our previous studies
(16) and demonstrate that transformation of cells leads to an
increased uptake of polyamines. This in turn resulted in the
increased intracellular radioactivity of polyamines in the ras-
transfected cells (Fig. 1). Increased uptake of polyamines in the
transformed cells may be because of changes in membrane
properties of the transformed cells (19). It is apparent that the
two lines differ significantly; NIH 3T3 cells grow more slowly
than the ros-transfected cells. One could argue that the observed
differences are not directly related to oncogene influence on
polyamine metabolism and transport, but to an oncogene-
mediated effect on cell growth characteristics. However, an
examination of the findings relating to uptake and interconver
sion seems to suggest that growth kinetics is not responsible
for the observed differences, since many effects are apparent
between 24 and 72 h when both lines are in logarithmic growth.

It has been generally accepted that enhancement of acetyl-
polyamine formation seems to occur whenever cells have to
dispose of polyamines. There may be an excess of polyamines
due to overproduction as seems to be the case in the transformed
cells (16), led in-stimulated lymphocytes (20,21), and cancerous
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tissues (22). Cell death as caused by cytotoxic agents was also
shown to be accompanied by an increased rate of acetylation of
spermidine (23). Pegg and coworkers have shown that spermi-
dine W-acetyltransferase was stimulated after administration
of thioacetamide, growth hormone, dialkylnitrosamines, or
after partial hepatectomy (24, 25). They have also shown that
spermidine W-acetyltransferase was activated after administra
tion of exogenous polyamines (26-28). Recent studies have
indicated that JV'-monoacetylation of polyamines abolishes the

inhibitory effect of spermidine and spermine on the translation
system (29), indicating that acetylation of polyamines is not
only for interconversion or removal of excess of polyamines but
may serve as a sensitive regulatory mechanism for protein
synthesis.

The present study demonstrates an increased conversion of
[3H]spermidine into [3H]spermine in the roj-transfected cells
(Fig. 2). Among the radioactive acetylpolyamines formed, Nl-

acetylspermidine is the major one (Fig. 3). This is in agreement
with the earlier findings that, in Friend erythroleukemia cells,
the interconversion of [l4C]putrescine into W-acetylspermidine
and jV-acetylputrescine was increased, while that in A^-acetyl-
spermidine remained unchanged after induction of differentia
tion dimethyl sulfoxide and hexamethylene bisacetamide (30).
Radioactive W-acetylspermidine, which is the major radioactive
acetylpolyamine derivative, is released into the medium by the
ros-transfected cells, whereas it is retained by the NIH 3T3 cells
(Fig. 3; Table 1). This may be explained by altered membrane
permeability of NIH 3T3 cells upon the ras transfection (19).
Selective release of radioactive W-acetylspermidine and not
that of radioactive A^-acetylspermidine into the medium could
be because of compart mentation of their formation. It is well
known that W-acetylspermidine formation is the result of cy-
toplasmic acetylation, while that of A^-acetylspermidine is nu

clear (31), which enables the former to pass through the cell
more easily than the latter.

Apart from polyamines, compounds like 7-aminobutyric
acid, 2(3)-hydroxyputrescine, put rean ine, isoputreanine, spermic
acid, and 7V-(3-aminopropyl)-./V1-2-(carboxyethyl)-l,4-diamino-

butane were also found to be excreted as urinary metabolites of
polyamines (32-34). Concentrations of some of these com
pounds were shown to be higher in patients with cancer (35).
This may explain the increased recovery of spermidine and
putrescine in the hydrolyzed medium of the mv transfeded
cultures. Further studies are warranted to identify the com
pounds which may form putrescine or spermidine or migrate
like putrescine or spermidine upon hydrolysis.

The present study is in line with earlier findings that there is
a selective elevation in the level of acetylpolyamines in the
cancerous tissues (22, 36) and in the urine of cancer patients
(8-12). It appears that there is a close relationship between IV1-
acetylation and excretion of W-acetylspermidine in the trans
formed cells. The increased excretion of A^-acetylspermidine
which brought about a change in the W-acetylspermidine/A'8-

acetylspermidine ratio will be used as an indicator for malig
nancy.
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