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in Refs. 1 and 4). Recently, it has been postulated that the gene coding
for ODC may act as an oncogene since expression of ODC at very
high levels from appropriate plasmid vectors leads to a transformed
phenotype (10, 11).
One way in which the translation of mRNAs with extensive see
ondary structure might be regulated is by the activation of translation
initiation factors that melt mRNA secondary structure. Insulin, which
induces ODC activity, also stimulates the phosphorylation of eukary
otic initiation factors eIF-4B and eIF-4E, which are both involved in
mRNA binding to the 48S initiation complex, usually the rate-limiting
step in translation initiation (12). Phosphorylation of eIF-4B and
eIF-4E is increased by various mitogenic stimuli, and it has been
suggested that eIF-4E, the least abundant of the translation initiation
factors, plays a regulatory role in translation. The importance of
eIF-4E in growth control has been demonstrated by Lazaris-Karatzas

was blocked

Ct al.

The mRNAs for two key enzymes In polyamine biosynthesis, oral
thine decarboxylase (ODC) and 5-adenosylmethionine decarboxylase
(AdoMetDC), both have long 5' untranslated regions (5'UTRs) that could
be Important In the regulation ofenzyme levels by affecting the translation
of these mRNAs. In order to test this hypothesis, ODC and AdoMetDC

activities were measured in 3T3 cells and in 3T3 cells overexpressing
eIF-4E (P2 cells). eIF-4E has been reported to be a limiting factor in the
translation of mRNAs with extensive secondary structures in the S'UTR.
AdoMetDC activity was not greatly different in the two celilines, but ODC

activitywas much greater in the P2 cells.These results were confirmedby
transfecting these cells with plasmids containing a luciferase complemen
tary DNA fused to follow the S'UTR from ODC or AdoMetDC. The ODC

S'UTR construct produced a higher luciferaseactivityin the P2 celia.The
high level ofexpression ofODC may be a CrItical factor in the transformed
by levels

of the ODC

inhibitor,

a-difluoromethylornithine,

that reduced the ODC activity to values comparabk to those ofthe parent

31'3 cells.These results provide more evidencefor a Criticalrole of ODC
activity in neoplastic transformation and for the importance of its trans
latlonal regulation

(13),

who

showed

that

cells

overexpressing

eIF-4E

exhibit

characteristics of cellular transformation, including formation of
transformed foci on a monolayer of cells, anchorage-independent

growth, and tumor formation in nude mice. Also, synthetic mRNAs

in cell growth and transformation.

containing extensive secondary structure in their 5 â€˜UTRswere trans
lated more efficiently in cells overexpressing wild-type eIF-4E than in

Introduction

cells expressing eIF-4E in which serine 53, the major phosphorylation
ODC-@ and AdoMetDC

biosynthesis.
differentiation,

are the rate-limiting

enzymes

in polyamine

Polyamines play an essential role in cell growth and
and the polyamine

biosynthetic

pathway

important target for the design of chemotherapeutic

may be an

agents. The eel

site, has been mutated to an alanine, creating an inactive protein (14).
It has been postulated that cell transformation brought about by
eIF-4E overexpression may be caused by relief of suppression of
translation of mRNAs encoding proteins that regulate cell growth. The

lular activities of the polyamine metabolizingenzymes are tightly experiments described here examined whether ODC and AdoMetDC
controlled. Extensive alterations in enzyme activities can occur very

may be involved in this process and indicate that ODC levels are

quicklyand are usuallythe result of changesin the absoluteamount controlled by eIF-4E and that ODC is an essential component of the
of enzyme protein(reviewed in Ref. 1). Regulationof these enzymes
has been shown to occur at both the transcriptional and translational
levels (Refs. 1â€”8and references therein). One feature of both ODC
and AdoMetDC that may be involved in translational regulation is the
unusually long 5'UTRs (>300 bases) of their mRNAs. Although most
genes encode mRNAs with relatively short, unstructured 5'UTRs,
oncogenes and genes involved in cellular proliferation frequently
encode mRNAs with long 5'UTRs that are predicted to form exten
sive secondary structure (9). An increased ODC activity has been
reported to occur in many cells exposed to chemical carcinogens or
tumor promoters (1, 8), and prevention of this rise in ODC by use of
specific inhibitors such as DFMO reduces tumor formation (reviewed

transformation of 3T3 cells by this factor.
Materials
Materials.

and Methods
The NIH-3T3 cell lines used in these studies, including clone

3T3 pMV7â€”4E(P2)which overexpresses eIF-4E (13, 14), were generous
gifts of Dr. N. Sonenberg (McGill University, Montreal, Quebec, Canada).
S-Adenosyl[carboxy-'4Cjmethionine

(50 mCi/mmol)

mCi/mmol) were from DuPont-New

England Nuclear (Boston, MA). DFMO

and L-['4C]ornithine

(52

was from Marion Merrell Dow Research Institute (Cincinnati, OH). Restriction
enzymes were from Stratagene (La Jolla, CA), Promega Corp. (Madison, WI),
and Bethesda Research Laboratories (Bethesda, MD). Qiagen plasmid purifi
cation columns were purchased from Qiagen, Inc. (Chatsworth, CA). Other
biochemical

reagents used were purchased

from Sigma Chemical

Co. (St.

Louis, MO), Bio-Rad (Richmond, CA), Becton Dickinson (Cockeysville,
The costs of publication of this article were defrayed in part by the payment of page
MD), and Difco (Detroit, MI).
charges. This article must therefore be hereby marked advertisement in accordance with
Plasmid Construction. Plasmids containing the coding sequence of lucif
18 U.S.C.Section1734solelyto indicatethisfact.
erase
and the 5'UTR of ODC and AdoMetDC were constructed in the
1 V.:@s work was supported
by Grant CA-18138
from the National
Cancer
Institute.
pEUK-Ci expression vector (Clontech, Palo Alto, CA). The plasmid pADC
2 To whom
requests
for reprints
should be addressed,
at Department
of Cellular
and
MolecularPhysiology,PennsylvaniaStateUniversityCollegeofMedicine,M.S.Hershey Luc which contains the 320 base 5'UTR of AdoMetDC was constructed as
Medical Center, P. 0. Box 850, Hershey, PA 17033.
follows. PCR was carried out on the pSAM32O(15) to create a BamHI site at
3 The abbreviations
used are: ODC,
ornithine
decarboxylase,
AdoMetDC,
S-adenosyl
the 3' end of the 5'UTR. An antisense primer, 3'-AAGCGATCAGAGTGC
methionine decarboxylase; DFMO, a-difluoromethylornithine; 5'UTR, 5' untranslated
Received 1/31/94; accepted 3/18/94.

regions; PCR, polymerase chain reaction; ORF, open reading frame; DMEM, Dulbecco's

CCCFAGGUCGACGTGT-5'

modified Eagle's medium.

primer corresponding to a sequence in the plasmid vector were used, and the

(underlining,

the BamHI site), and a sense
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PCR product was cut with XhoI and BamHI. The luciferase coding region was
@

@

pEUK-Ci vector was digested with XhoI and Sad. The three pieces were then
ligated together to form pADC-Luc. The plasmid pADC(-ATG)-Luc

in which

the internal ORF in the 5'UTR was destroyed by changing the ATG sequence
to CGA was prepared by digesting pSAM32O-ATG (15) with NdeI, which cuts

@

S-Adenosylmethionine
Decarboxylase Activity

obtained from plasmid pCiL2 (Promega) by cutting with BamHI and Sad. The

within

the pEUK-Ci

vector,

and N/tel,

which

cuts

within

the 5'UTR

:112
0E

of

AdoMetDC. A 1983-base pair piece was isolated. pADC-Luc was cut with the
same enzymes, and a 5000-base pair piece was isolated and ligated to the
1938-base pair fragment to form pADC(-ATG)-Luc. The plasmid pODC-Luc,

oE

which contains 222 bases of the 5'UTR of ODC, was constructed as follows.

0

pEUK-ODC, which contains the ODC 5'UTR and protein coding region in the
pEUK-Ci vector,4 was used as a template for PCR to create a BamHI site at
the ODC initiation codon. The same sense primer needed for the construction
of pADC-Luc and an antisense primer with the sequence 3'-TTCGTG
TAGCFCITCCTAGGCGTCGAAATGA-S'

(underlining,

the BamHI site)

were used. The product of this reaction was digested with XhoI and BamHI and
combined in a ligation reaction with the pEUK-Ci

@

1.5

U).

0
C

5'UTR regions.

Cell Culture. Cells were grown in DMEM supplemented with 10% fetal

ously (7).

60

Hours

80

100

.50
t;0.
Co D@

U)0

8@2

calf serum, 4 mM glutamine, and 100 g.@g/mlpenicillin and streptomycin (14).

3T3 pMV7â€”4E(P2)cells were maintained in 500 @Wml
Geneticin (G418
sulfate; GIBCOIBRL, Gaithersburg, MD). Cell extracts were prepared for
enzyme assays, polyamine measurements, or RNA blots as described previ

40

OrnithineDecarboxylasoActivity

8

vector digested with XhoI,

Sac!, and the BamHIJSacI fragment from pGL2 to create the plasmid pODC
Luc. The sequence of all of these plasmids was confirmed by sequencing the
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Fig. 1. Activity of ODC and AdoMetDC in 3T3 and P2 cells. Cells were plated at a
density of 10@/cm2and grown for various times up to 96 h. At the times indicated, dishes

For plating in soft agar, 5 X 10â€•
cells were resuspended in 2 ml of 0.35%
(w/v) agar solution containing DMEM plus 20% fetal calf serum and overlaid
onto a 0.5% agar solution in a 35-mm plate. Two days after plating, 2 ml of
DMEM supplemented with 20% fetal calf serum was added. Colonies were
counted 7 days after plating. When DFMO was added, it was included in the

were harvested, and ODC (bottom) and AdoMetDC activity (top) were measured. Points,

agar when cells were plated and also in the added medium.

Methods.â€•Enzyme activities are expressed as the mean Â± SD of 3 to 7 separate
determinations. RNA levels are expressed as absorbance units4&g of total RNA deter
mined using a laser densitometer.Enzyme

Determination of Enzyme Activities and mRNA Levels. ODC and
AdoMetDC were assayed by measuring the release of â€˜4CO2
from L
[1-'4C]ornithine

(16) orS-adenosyl[carboxy-'4Cjmethionine

means of triplicate measurements;

bars, SD.

Table 1 Endogenous enzyme activities and RNA levels in NIH 3T3 cells and P2 cells

Cells were grown and harvested 72 h after plating as described in â€œMaterials
and

activity

(17), respectively.

(nmol/30 mm/mg protein)

The mRNA content for these enzymes was determined essentially as described

RNA levels
(units4@g RNA)

(7) using probes prepared with digoxigenin-labeled Ui? and plasmids pCM9

ODCNIH
Cell line

AdoMetDC

ODC

AdoMetDC

(17) as a template for AdoMetDC and pGEM-ODC (16) as a template for
ODC. RNA was detected using a nucleic acid detection kit (Boehringer

1.59pMV7-4E(P2)
3D

0.36 Â±0.08

0.25 Â±0.04

1.50

0.54 Â±0.1

3.37 Â±058

1.99

Mannheim Biochemicals, Indianapolis, IN) according to the manufacturer's

1.75

instructions and was quantitated using a laser densitometer.

Luciferase Assays. Cells were transfected 24 h after plating, and transfec
tions were performed

for 5 h with 2â€”5p@gof plasmid/plate

using the Lipofectin

procedure(GIBCO/BRL)accordingto the manufacturer'sinstructions.The
cells were harvested 48 h after the start of transfection. Luciferase assays were
performed with a luciferase assay system (Promega) and quantitated against a
standard curve using purified firefly luciferase (Boehringer Mannheim). Re
sults were expressed as fg luciferase per mg protein. Activities were normal

ized using a control luciferase plasmid (pGL2; Promega) that was also tram
fected into each cell line. The reported results are the ratio of luciferase activity
obtained with each plasmid divided by the activity obtained with the control
plasmid.

ODC or AdoMetDC fused to luciferase(Fig. 2). Therewas a 2.5-fold

Results
ODC activity in 3T3 cells showed a peak at 24 h after plating and
then declined over the next 72 h. ODC activity in the P2 cells
increased

greatly

over the first 24 h as the cells attached

and began

growing and remained at high levels over the entire period measured
(Fig. 1). After 72 h in culture, ODC in P2 cells was at least 13-fold
higher than that in the parent NIH-3T3 cells (Fig. 1; Table 1). By
96 h, the difference was at least 30-fold. In contrast, there was little
difference in the AdoMetDC levels of the two cells lines, which
showed a peak at 24 h (Fig. 1; Table 1). The mRNA levels corre
sponding to either ODC or AdoMetDC were virtually identical in P2
4 A.

E.

cells and the parent cell line (Table 1). The difference in ODC levels
between the P2 and the 3T3 cells was even more striking after longer
times in culture. When the cells were grown for 7 days (with the
medium changed every 3 days), the level of ODC in the 3T3 cells was
0.005 nmol/mg/30 mm and that in the P2 cells was 600 times greater
(3.2 mnol/mg/30 mm).
These results suggest that ODC translation may be increased in the
P2 cells as a consequence of the elevated level of eIF-4E. This was
examined by measuring the formation of luciferase in these cells after
transient transfection of plasmid constructs containing the 5'UTR of

Pegg

and

A.

Manni,

unpublished

data.

increase in luciferase expression in the P2 cells when the 5'UTR came
from ODC, but there was no difference in luciferase expression from
the constructs containing the AdoMetDC 5'UTR. These results mdi
cate that the S'UTR from ODC is less inhibitory to translation of the
chimeric luciferase mRNA when eIF-4E levels are high and confirm
previous suggestions that this initiation factor may be a limiting factor
in the translation of mRNAs that have extensive secondary structure.
Translation of luciferase mRNAs containing the 5'UTR from

AdoMetDC was not increased in the P2 cells. Furthermore,this

mRNA was very poorly translated (Fig. 2). A major factor in this very
poor translation is the ORF in the S'UTR (which runs from bases
â€”312to â€”297).Removal of this ORF by mutation of the AUG codon
improved the expression of luciferase considerably, but there was no
2314

Downloaded from cancerres.aacrjournals.org on December 1, 2021. © 1994 American Association for Cancer
Research.

@
.â
, €˜

0.01 â€¢
i&@i3cells
ORNITHINE

DECARBOXYLASE

g 1.4 ___________
U)

@

1.2

@

0.
)(
0

1

I P2cells

__________

TRANSLATION

AND NEOPLASTIC

3T3 cells

i9 0.8
:@ 0.6
0.4

:@ 0.2
0

TRANSFORMATION

sion from the AdoMetDC-luciferase
chimeras, there was still no
difference between the response of P2 and 3T3 cells.
The persistently high level of ODC and the increased ODC:
AdoMetDC ratio in the P2 cells lead to a much higher content of
putrescine in the cells and in the medium. This intracellular overpro
duction of putrescine may be related to the neoplastic phenotype of
these cells. Overexpression of ODC in 3T3 cells has been shown to
lead to transformation (10, 11). In these studies, ODC synthesis was
driven to very high levels by inserting the complementary DNA into
vectors driven by a very strong promoter. A third study, where a lower
level of ODC expression which did not by itself cause transformation
was obtained, showed that coexpression with c-Ha-ras produced a
transformed phenotype (18). It is certainly possible that other growth
factors/oncogenes may also be increased as a result of the production
of high levels of eIF-4E and these may combine with ODC to lead to
transformation. However, the fact that reduction of ODC by 50 @M

1.31

0

.@

I@

0.06 0.07

cro
pADC-Luc pADC(-ATG)-Luc
pODC-Luc
Fig. 2. Expression of luciferase from plasmids containing the 5'UTR from ODC or

AdoMetDCtransfectedinto3D or P2 cells.Cellsweregrownandtransfectionscarried
out as describedin â€œMaterials
and Methods.â€•
Resultsare the meansof duplicateassays
which agreed within 5% and were normalized by dividing the activities obtained by the

activityproducedby a controlluciferaseplasmid.Therewasno significantdifferencein
the expression of this control plasmid in the 3T3 and P2 cells.

DFMO abolished the anchorage-independent growth of the P2 cells
difference between the level of luciferase produced in the two cell
lines. Thus, despite the apparent similarity between ODC and
AdoMetDC in that they both have long 5'UTRS and are regulated at
the level of translation, there is a fundamental difference in this
regulation involving the ORF in the case of AdoMetDC and the

secondary structure in the case of ODC.

@

also provides evidence that ODC is important in the neoplastic re
sponse. It is unlikely that the well known antiproliferative effect of
DFMO (4) is responsible for this effect since the residual ODC
activity in the DFMO-treated P2 cells was still greater than that in the
parent 3T3 cells, even after exposure to 200 p.M DFMO.
There is evidence for increased transcription of the ODC gene in
response to some carcinogens, tumor promoters, and oncogenes (1, 8,
19, 20), but the very poor translatability of the ODC gene and the
close regulation of this translation by cellular polyamine levels may
restrict the expression of ODC activity. Our results show that changes
in factors altering translation may be an important factor in ODC
expression. Although the overproduction of eIF-4E could lead to the
increased synthesis of such oncogenes, our results rule out a second

The increased ratio of ODC to AdoMetDC in the P2 cell line was
reflected in the polyamine content of the cells and in the culture
medium. Compared to the 3T3 cells, putrescine levels in P2 cells were
increased 3.5-fold, and spermidine levels increased 2-fold, reaching
5.2 and 18.4 nmol/mg protein, respectively, when measured at 48 h
after plating. There was an even larger (7-fold) increase in putrescine
in the medium (data not shown).
These results suggest that the high level of ODC expression in the
P2 cells may be a critical factor in their transformed phenotype. This
was examined by using DFMO to reduce the ODC level and measur
ing the ability of the cells to form colonies in agar (Fig. 3). DFMO
produced a dose-dependent decrease in both ODC activity, measured
after 7 days of growth on a monolayer, and in the colony-forming
activity of the P2 cells. Colony formation was abolished by 50 @.LM

:.@

I

DFMO. This level of DFMO reduced the ODC activity at 7 days from
3.2 nmol/mg protein to 0.032, although this value was still higher than
that in the 3T3 cells at this time.
0

Discussion
These results provide very strong evidence that ODC translation is

regulated by the content of eIF-4E. Not only is the endogenous ODC
activity much higher in the P2 cells that overexpress this factor, but
the production of luciferase from a mRNA with most of the 5'UTR
from ODC was increased in these cells. The level of increased
luciferase expression was only 2.5-fold, which is significantly less
than the increase in ODC. This may indicate that the coding and
3'UTR sequences of ODC also play a role in its translational effi
ciency, and there is some previous evidence for this (2). However, it
is possible that additional expression of the luciferase-ODC chimera
saturates the available eIF-4E in the P2 cells. Based on other studies
in which eIF-4E has been implicated in the â€œmeltingâ€•
of secondary
structure in the 5'UTR of other mRNAs, it is likely that this is the
mechanism by which increased ODC expression occurs. The lack of
increased synthesis of AdoMetDC suggests that the secondary struc
ture of this S'UTR is not the limiting factor in its translation. This is
in agreement with previous work showing that the internal ORF has a

powerful influence on AdoMetDC synthesis (5, 15). Even when this
ORF is removed, which led to a major increase in luciferase expres

__!@

50

100

DFMO(jiM)

150

200

@4.
C
0
0

@3.

0

0

J@:
(@0
0

10

20

30

DFMO(jiM)

40

50

Fig. 3. Effect of DFMO on ODC activity and anchorage-independent colony formation
in P2 cells. Top, effect of various concentrations of DFMO on ODC activity measured at

7 days after plating. The medium was replaced every 3 days. The values shown are the
means of duplicate determinations expressed as the specific activity of ODC (nmol of CO2

released per 30 mm per mg of protein). Bottom, effect of DFMO on the ability of the cells
to form colonies when grown in soft agar. DFMO was added when the cells were plated
and was present throughout the experiment. Points, means of from 4 to 6 separate
determinations; bars, SD. Cloning efficiency in agar was calculated by the number of

colonies X 100 divided by the number of cells plated. Colonies are defined as cell
aggregates containing more than 10 cells.
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ary effect on ODC in P2 cells via its increased transcription. The P2
cells provide an excellent model for studying the effects of polyamine
levels on the regulation of translation of ODC by eIF-4E and the
possible interaction of this factor with polyamines in influencing the
translation of ODC and AdoMetDC mRNA.
It has long been known that polyamines play an essential role in the
proliferation of mammalian cells, and the depletion of polyamines
inhibits growth of neoplastic cells both in vitro and in animal models
(1). The additional evidence now available suggesting that high levels
of ODC are associated with neoplastic transformation provides strong
support for the planned trials of DFMO as a chemopreventive agent in
several types of human cancers (reviewed in Ref. 4).
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