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ABSTRACT

Topical treatment of mouse skin with the potent tumor promoter 12-
0-tetradecanoylphorboI-13-acetate (TPA) results in an array of bio
chemical alterations, one of the earliest being a more than 200-fold
transient induction of epidermal ornithine decarboxylase (OIK) activity.
There is an excellent correlation between the induction of epidermal OIK
activity and changes in the level of immunoreactive OIK protein follow
ing a single TPA treatment to skin. Both OIK activity and protein levels
peak at 4.5 h after TPA treatment and rapidly fall to basal levels by 24
li. Cycloheximide treatment of mice in which ODC had been previously
induced by TPA indicated a similar rapid turnover of both ODC catalytic
activity and protein levels. Northern blot analysis of polyadenylated RNA
isolated from mouse epidermis after a single TPA treatment revealed the
stimulation of one species of ODC mRNA of 2.0 kilobases with a
maximum at 3.5 h declining by 16 h. The same-sized species of ODC
mRNA was detected 4.5 h after multiple biweekly treatments with TPA
as well as in mouse papillomas and carcinomas not treated with TPA for
at least 1 week. Southern blot analysis of EcoRl or /fumili digests of
DNA derived from mouse liver, papillomas, or carcinomas revealed no
ODC gene amplification or rearrangement during neoplastic progression.
These observations indicate that the induction of epidermal ODC activity
following TPA treatment results in a transient increase in the steady
state levels of ODC mRNA and in the rate of synthesis of ODC protein,
in contrast to epidermal tumors where the levels of ODC mRNA and
protein are constitutively elevated.

INTRODUCTION

An important feature of tumor promoters is their ability to
alter the expression of many genes involved in the regulation
of growth and cellular differentiation. ODC3 is a very inducible

enzyme in many systems including mouse skin, a frequently
used model for studying the multistep process of carcinogenesis.
ODC, which catalyzes the decarboxylation of ornithine to form
putrescine, is a key enzyme in the biosynthesis of polyamines.
One of the earliest events after a single treatment of mouse skin
with the potent tumor-promoting agent TPA is a large, rapid,
and transient increase in ODC activity within 4.5 h (l, 2). It
has been proposed that this induction of ODC activity and the
subsequent increase in polyamine levels may be a necessary step
in tumor promotion since hyperplastic but nonpromoting
agents do not stimulate ODC activity (1). Moreover, mouse
skin tumors produced by the multistep carcinogenesis protocol
possess constitutively high levels of ODC activity (1,3, 4).

The present study was designed to better understand the
effect of tumor promoters on gene expression in mouse epider
mis and the differential regulation of ODC in skin tumors.
Previous studies have measured only ODC catalytic activity in
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mouse skin and there has been very little information on ODC
mRNA levels in mouse epidermis following tumor promoter
treatment or during neoplastic development. The recent avail
ability of ODC-specific antibodies and specific nucleic acid
probes has enabled us to correlate the fluctuations that occur
in ODC protein and its mRNA in TPA-treated epidermis with
previously described changes in ODC catalytic activity. Since
the regulation of ODC protein has been reported to be altered
in tumors compared to normal epidermis (4), we have also
investigated whether this altered ODC regulation is accom
panied by an increased steady state level of ODC mRNA and/
or changes in ODC gene copy number or organization.

MATERIALS AND METHODS

Animals and Treatments. Female CD-I mice were obtained from
Charles River Breeding Laboratories (Wilmington, MA) and were
housed at 21-23Â°Cwith a light period from 6 a.m. to 6 p.m. Food and

water were available ad libitum. Three days before the first treatment,
the dorsal hair of 7-week-old mice was shaved with electrical clippers.
For tumor induction studies, mice were initiated with 200 nmol 7,12-
dimethylbenz[a]anthracene (Eastman Kodak Co., Rochester, NY) ap
plied topically to their backs. Mice were then promoted twice weekly
with topical applications of either 10 or 17 nmol TPA (Chemicals for
Cancer Research, Eden Prairie, MN) in 200 n\ acetone. Control animals
were treated with an equal volume of acetone. Papillomas were excised
at 22 weeks and skin carcinomas were dissected at 35 weeks of pro
motion treatments. Papillomas and carcinomas were excised 1 week
after the last TPA treatment. Frozen sections stained with hematoxylin
and eosin were examined to positively distinguish malignant carcino
mas from papillomas.

ODC Determinations. For measurement of ODC activity and ODC
protein, groups of four to five mice per experimental point were used
in order to obtain sufficient enzyme especially for the determination of
ODC protein by radioimmunoassay. Animals were killed by cervical
dislocation, and cytosolic epidermal extracts prepared as described (2).
Aliquots of the extracts were assayed for both ODC activity and ODC
protein by radioimmunoassay as described previously (5).

Isolation of RNA and DNA. To isolate RNA from mouse epidermis,
the dorsal skin was removed and the epidermis scraped into a solution
consisting of 5 M guanidinium thiocyanate, 50 HIMlithium citrate (pH
7.0), 17 mM AMauroyl sarcosine, 0.5% (v/v) 2-mercaptoethanol, and
0.1% (v/v) Antifoam A emulsion. After forcing the mixture through a
20-g needle several times, total cellular RNA was isolated from the
lysate by centrifugation through a 5.7 M cesium chloride, 100 mM
EDTA (pH 7.5) cushion at 36,000 rpm for 16 h. The pellet of RNA
was dissolved in 0.1% sodium dodecyl sulfate, extracted with a 4:1
mixture of chloroform and 1-butano! followed by ethanol precipitation.
Poly(A*) RNA was selected by elution from oligo(dT) cellulose columns

(6). For isolation of RNA and DNA from solid tumors, the frozen
tissue was ground in liquid nitrogen followed by lysis in buffer contain
ing 5 M guanidinium thiocyanate. After the tissue lysate was spun
through a cushion of 5.7 M cesium chloride, the RNA was extracted
from the pellet as described above. The DNA was extracted from the
interface fractions, treated with proteinase K, and extracted with
phenol/chloroform; high molecular weight DNA was collected by
spooling through ethanol.

For Northern blots, poly(A+) RNA was denatured with 6.3% form

aldehyde and 50% formamide, electrophoresed through 1% agarose
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gels containing 6.6% formaldehyde, blotted onto nitrocellulose (7), and
hybridized at 37Â°Cin a buffer consisting of 0.075 M sodium citrate,

0.75 M NaCl, 50% formamide, 100 /ug/ml denatured salmon sperm
DNA, and 5x Denhardt's solution (5% Ficoll, 5% polyvinylpyrrolidine,
5% bovine serum albumin) with a [32P]oligo-labeled probe (8). The
probe used was the insert specific for androgen-stimulated mouse
kidney ODC mRNA which had been cut out of the plasmid pODC934
(9). For some RNA analyses, the ODC cDNA plasmid pOD48 isolated
from a difluoromethylornithine-resistant mouse lymphoma cell line
(10) was used following phosphorus-32 nick translation. Successive
hybridizations of a representative Northern blot with either cDNA
probe gives identical qualitative and quantitative results in both labo
ratories participating in this study,4 indicating that the choice of cDNA

probe does not alter the results presented. The filters were washed and
exposed to Kodak XAR-5 film at -70Â°Cin the presence of intensifying

screens. For Southern blot analysis, high molecular weight DNA (20
/in) was digested with either EcoRl or BamHl and electrophoresed
through 1% agarose gels, blotted onto nitrocellulose, and hybridized as
described above at 42'C.

RESULTS

Epidermal Ornithine Decarboxylase Activity and Protein Lev
els after TPA Treatment. The levels of epidermal ODC enzyme
activity and of immunoreactive protein were measured at var
ious times after a single topical application of 17 nmol TPA
(Fig. 1). As previously reported (1), the basal level of enzyme
activity is very low (0.013 units/mg protein) in acetone-treated
skin but is rapidly induced in the experiment shown by almost
900-fold after TPA treatment to a peak level by 4.5 h, returning
to basal levels by 24 h. The level of ODC protein was measured
in these same epidermal extracts by radioimmunoassay, and
Fig. 1 shows that the relative changes in enzyme activity closely
agree with changes found in the level of enzyme protein. How
ever, due to the very low levels of ODC present in control
extracts, no immunoreactive protein was detected; as a result
the level of induction could not be quantitatively determined.

The half-life of epidermal ODC was determined by measuring
the decline of both the catalytic activity and the level of protein
after 4.5 h of TPA treatment. In order to inhibit protein
synthesis, cycloheximide was administered to induced animals
4.5 h after TPA treatment, and the mice were killed at various
times thereafter. Fig. 2 shows that the half-lives of ODC activity
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Fig. 1. Correlation between enzyme activity and protein level in mouse epi
dermis at various times after treatment with TPA. Mice were treated topically
with 17 nmol TPA in acetone and killed at various times after treatment. The
same cytosolic epidermal extracts were used to assay the ODC activity expressed
in units per milligram protein (O) as described under "Materials and Methods"

and the amount of ODC protein (â€¢)by radioimmunoassay. Groups of four to
five mice were used per experimental point.
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4S. Gilmour, T. G. O'Brien, and A. K. Verma, unpublished results.

Fig. 2. Decline in ODC activity and immunoreactive protein after cyclohexi
mide treatment. Mice were treated topically with 17 nmol TPA and, after 4.5 h,
treated i.p. with cycloheximide (70 mg/kg) and killed at the indicated times
thereafter. Cytosolic epidermal extracts were analyzed for ODC activity (A) and
ODC protein (â€¢)by radioimmunoassay as described under "Materials and Meth
ods."
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Fig. 3. Northern blot analysis of ODC mRNA after application of TPA to

mouse skin. Acetone or 10 nmol of TPA in 0.2 ml acetone was applied to the
shaved backs of female CD-I mice. RNA from skin was isolated at the indicated
times after TPA treatment, followed by fractionation of 25 ng total cellular RNA
by electrophoresis in a denaturing formaldehyde/agarose gel and tranfernal to
GeneScreen. Species of RNA containing regions of ODC mRNA homology were
identified by Northern blot procedure (7).

and immunoreactive protein were 16.5 and 26 min, respectively,
indicating that the rapid decline in enzyme activity following
cycloheximide treatment is accompanied by an almost equally
rapid loss of immunoreactive ODC protein.

Steady State Levels of ODC mRNA in Epidermis and Epider
mal Tumors. To determine if the TPA-induced accumulation of
ODC protein is accompanied by an increase in ODC mRNA,
we isolated total cellular RNA from mouse epidermis at 0, 2,
2.5, 3, 3.5,4, 6,8, and 16 h after a single topical application of
TPA. Northern blot analysis, shown in Fig. 3, reveals maximal
accumulation of a single species of 2.0 kilobases RNA 3.5 h
after TPA treatment confirming preliminary results recently
published (11). The level of ODC mRNA was quantitated more
precisely by dot blot analysis as shown in Fig. 4. An increased
amount of ODC mRNA is observed as early as 2 h with a 16-
fold increase 3.5 h after treatment. This induction of ODC-
specific mRNA declines by 16 h to the very low basal levels of
ODC mRNA present in acetone-treated mouse skin. The
Northern blot shown on the left panel of Fig. 5 represents
poly(A+) RNA isolated from mouse epidermis at various times
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Fig. 4. Effect of TPA on the level of mouse epidermal ODC mRNA. Using
the total cellular RNA samples used in Fig. 3, ODC mRNA was quantitated by
dot blotting using "P-labeled nick-translated pOD48 (10). RNA bands containing
ODC mRNA were visualized by exposing Kodak X-Omat AR film to the washed
filter at â€”70*Cwith intensifying screens. The resulting autoradiogram was quan

titated densitometrically. The extent of induction of ODC mRNA (fold induction
over control levels) was calculated from the densitometric scans.

1XTPA 4XTPA

is detected, Â¡nagreement with measurements of ODC activity
over the same time course (2).

Since the two-stage carcinogenesis protocol involves repeated
treatments with tumor promoter, we also asked whether the
basal or induced level of ODC mRNA would be affected by
multiple TPA treatments. The blot shown on the right in Fig.
5 demonstrates Northern blot analysis of poly(A+) RNA iso

lated from mice treated biweekly with TPA over a period of 2
weeks and killed either 3 days or 4.5 h after the last TPA
treatment. While no ODC mRNA can be detected after 3 days,
there is still an accumulation of ODC mRNA 4.5 h after the
last TPA application. As a control for loading and transfer of
equal amounts of RNA in each lane, rehybridization of the
same bot with 32P-labeled polyuridinylate indicated approxi
mately equal amounts of poly(A+) in each lane (data not shown).

Previous reports have described constitutively high levels of
ODC activity in epidermal tumors (1,3, 4). Fig. 6 depicts the
Northern blot analysis of poly(A+) RNA isolated from mouse

papillomas and carcinomas produced by two-stage chemical
tumorigenesis. In all the tumors used in this study, tumor
promoter treatment was discontinued 1 week prior to analysis.
RNA isolated from papillomas (lanes 2 and 3) or from carci
nomas (lanes 4-7) display steady state levels of ODC mRNA
similar to that found in mouse epidermis 4.5 h after the last of
multiple TPA treatments (lane 1). Regardless of the stage of
neoplastic progression, all tumors display the same-sized, single
species of ODC mRNA as is found in TPA-induced normal
epidermal tissue. Out of seven individual papillomas obtained
from separate mice, pol>(.\' | RNA from two papillomas did

not possess any detectably elevated steady state levels of ODC
mRNA (data not shown). However, in most mouse papillomas
and in the four carcinomas that were analyzed, it appears that
ODC mRNA is constitutively increased in these tumors com
pared to the very low basal levels of ODC mRNA in normal
epidermal tissue.

Southern Analysis of Epidermal Tumors. The altered regula-
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Fig. 5. Northern blot analysis of ODC-mRNA after single or multiple TPA
treatments. Left, mice were treated topically with 17 nmol TPA and killed at the
indicated times (0-48 h). Pooling six mice per experimental point, RNA was
isolated from the epidermis as described in "Materials and Methods" and 8 Â«Â¿g
pol>(A ' ) RNA fractionated in formaldehyde-containing agarose gels, blotted onto
nitrocellulose, and hybridized to ("Ploligo-labeled pODC934 DNA. Right, mice
were treated topically with four applications of 17 nmol TPA given twice a week
for 2 weeks and killed either 3 days after the last TPA treatment (0 time) or 4.5
h after the last treatment. Groups of six mice were used per experimental point.
Epidermal RNA was isolated and 8 *ig poly(A*) RNA electrophoresed and

hybridized along with the RNA shown at left.

up to 48 h after a single topical application of TPA. Despite
extensive changes in DNA synthesis and differentiation-related

parameters during this period, no second peak of ODC mRNA

Fig. 6. Northern blot analysis of ODC mRNAs in papillomas and carcinomas.
RNA was isolated from epidermis from mice treated four times with TPA and
killed 4.S h after the last treatment (lane 1), from papilloma tissue (lanes 2 and
3), or from carcinoma tissue (lanes 4-7) by the guanidinium isothiocya-
natexesium chloride method as described previously in "Materials and Methods."
I'i>h( \ â€¢i RNA (8 /ig) was fractionated by electrophoresis, transferred to nitrocel

lulose, and hybridized to pODC934. The size of the hybridizing RNA is given at
right in kilobases.
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tion of gene expression occurring with neoplastic progression
can be attributed to either gene amplification or gene rearrange
ment. In order to address this question, Southern analysis was
performed using DNA isolated from the same tumors whose
RNA was analyzed previously. Following digestion with EcoRl
or Ham\\\. the Southern blot in Fig. 7 compares DNA from
normal mouse liver (lane 1) with DNA isolated from papillomas
(lanes 2 and 3) or from mouse carcinoma tissue (lane 4). Taking
into account discrepancies due to uneven loading of DNA (as
demonstrated by ethidium bromide staining of the gel; data not
shown) there does not appear to be any gene amplification or
rearrangement of the ODC gene(s) with neoplastic progression
in mouse skin.

DISCUSSION

Although mouse skin is one of the best-characterized models
for studying multistage carcinogenesis, few studies have inves
tigated the effect of tumor promotion on the expression of
specific genes in the epidermis during neoplastic progression.
Our results confirm previous studies that describe the induction
of epidermal ODC activity following TPA treatment (1, 2).
Furthermore, we have now shown that this early induction of
enzyme activity during tumor promotion is accompanied by a
corresponding increase in immunoreactive protein and in ODC
mRNA suggesting that the induction is at the level of transcrip-
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Fig. 7. Southern blot analysis of ODC genes in DNA from mouse liver,

papilloma, and carcinoma tissue. Genotnic DNA was isolated from normal mouse
liver (lane I), papilloma tissue (lanes 2 and 3), and carcinoma tissue (lane 4) as
described in "Materials and Methods." High molecular weight DNA (20 jig) was

digested with either Â£coRIor Â«Â«mlII and electrophoresed through 1% agarose
gels, blotted onto nitrocellulose, and hybridized with pODC934 probe. Although
equal amounts of DNA were digested with restriction enzymes, the amounts of
DNA loaded on the gels differed slightly as demonstrated by ethidium bromide
staining of the gel. The numbers at the right refer to the length in kilobases of
DNA markers consisting of Hindlll-generated fragments of phage A-DNA.

tion. There is a close correspondence between the induction of
enzyme activity and the accumulation of ODC protein both in
the magnitude of induction and with time. We have also dem
onstrated that the fall in ODC epidermal activity following
cycloheximide treatment is accompanied by a similarly rapid
decline in the level of immunoreactive protein. From these
results, we conclude that the rapid and transient stimulation of
ODC enzyme activity during the TPA induction process in
mouse skin is due to an increased synthesis of the short-lived
ODC protein. We have no evidence to suggest that the changes
in levels of catalytic activity occur in the absence of correspond
ing changes in the levels of ODC protein or via interactions
with activators or inhibitors since low levels of activity are
always reflected in the low levels of antigen and mRNA. Similar
results have been described previously in several other systems
including androgen-induced mouse kidney (12, 13), chemically
transformed hamster fibroblasts induced by TPA (5), and in an
ODC-overproducing variant of a Chinese hamster ovary cell
line (14).

The induction of ODC activity involves not only the synthesis
of new protein but also increased transcription of ODC mRNA.
The steady state levels of ODC mRNA increase in a similar
rapid fashion as is found on the protein level with a peak
accumulation 3.5 h after TPA treatment and a decline to nearly
basal level by 16 h. This close temporal correspondence between
the induction of ODC protein and mRNA has also been re
ported in chemically transformed hamster fibroblasts following
treatment with TPA (5) and in mouse kidney induced with
androgens (9, 15). It should be noted, however, that the induc
tion of ODC enzyme activity in both the androgen-treated
mouse kidney and in TPA-treated transformed fibroblasts re
sults in a nearly 100-fold higher level of enzyme (based on
specific activity) than occurs in mouse skin following TPA
treatment. Thus, the amounts of ODC protein and mRNA
present in mouse epidermis following induction by TPA prob
ably represent more typical levels of this enzyme than the very
inducible systems cited above. Nevertheless, given current meth
odology, quantitation of changes of these low-abundance mac-
romolecules is still feasible.

Since tumor promotion requires multiple and frequent appli
cations to be effective, it was of interest to determine the level
of ODC mRNA in skin treated repetitively with TPA. As has
been shown for ODC activity (1), multiple tumor promoter
treatments of mouse skin results in a transient increase in the
steady state levels of ODC mRNA, which peaks a few hours
after the last TPA application. Despite epidermal hyperplasia
caused by chronic TPA treatments, the ODC mRNA levels do
not remain elevated and are nondetectable 3 days after the final
TPA application. This closely parallels what is observed on the
protein level in mouse skin either through biochemical analysis
(1, 2) or by immunocytochemical methods (4).

In contrast to normal epidermal tissue, steady state levels of
ODC gene transcripts are elevated in papilloma and carcinoma
tissue, even when tumor promoter treatment has been discon
tinued for several days. Thus, ODC mRNA accumulation is
transient in normal epidermis after single or multiple TPA
treatments, but is constitutively increased in epidermal tumors.
Balmain et al. (16) have demonstrated the presence of a consti
tutively expressed, activated form of the cellular Harvey-nw
gene (c-ras") in both mouse papillomas and carcinomas. How

ever, the constitutive expression of no other known regulatory
gene or protooncogene (17) has been found to be elevated until
now in chemically induced mouse skin tumors.

The differential regulation of ODC in epidermal tumors
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compared to normal epidermis has recently been characterized
at the cellular level (5). Immunoperoxidase staining techniques
have revealed cells which contain high levels of ODC protein
in papillomas not treated with TPA for a week prior to analysis.
Moreover, all the tumors examined were characterized by het
erogeneous staining for ODC with some tumor cells possessing
dramatically increased levels of protein. This cellular hetero
geneity at the protein level in epidermal tumors could explain
the variability that we found on the RNA level in some papil
lomas where two papillomas possessed no detectable levels of
ODC mRNA.

A possible mechanism by which the regulation of ODC gene
expression can be altered with neoplastic progression in mouse
skin is through an increase in the gene copy number (18) or by
gene rearrangement. The ODC gene is readily amplified in cells
in culture through selection protocols such as deprivation of
polyamines (19) or after extended treatment with a-difluoro-
methylornithine (10, 20-22), an irreversible specific inhibitor
of ODC. However, our data indicate that there is no gene
amplification or ODC gene rearrangement in the same papil
lomas or carcinomas that also possess constitutively elevated
levels of ODC mRNA. Although our results suggest that the
altered regulation of ODC in papillomas and carcinomas occurs
at the transcriptional level, it remains to be determined whether
this altered regulation of ODC plays an essential role in malig
nant progression in mouse skin or is an effect of this process.
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