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Malignant Transformation by H-ras Results in Aberrant
Regulation of Ribonucleotide Reductase Gene
Expression by Transforming Growth Factor-B,
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Abstract Ribonucleotide reductase is a key rate-limiting and regulatory step in DNA synthesis and plays a crucial
role in the coordination of DNA synthesis, DNA repair, and cell proliferation. The present study demonstrates a link
between alterations in TGF-B, regulation during malignant conversion and the expression of ribonucleotide reductase.
H-ras-transformed mouse 10T cell lines exhibiting malignant potential were examined for possible TGF-B-mediated
alterations in ribonucleotide reductase expression. Selective induction of ribonucleotide reductase gene expression
occurred, since only H-ras-transformed highly metastatic cells exhibited marked elevations in ribonucleotide reductase
expression, whereas nontransformed normal 10T cells were unaffected by TGF-, treatment. These changes occurred
without any detectable modifications in DNA synthesis rates, suggesting that these changes were regulated by a novel
mechanism independent of the S-phase of the cell cycle. Furthermore, this TGF-B,-mediated regulation of ribonucleo-
tide reductase expression was shown to occur through an autocrine mechanism. TGF-B;-modulated regulation of
ribonucleotide reductase expression requires de novo protein synthesis and involves, at least in part, transcriptional and
post-transcriptional events. Furthermore, evidence is presented to suggest a possible role for protein kinase C-mediated
events, protein phosphatases, and G-protein-coupled events in the TGF-B,-mediated regulation of ribonucleotide
reductase expression in H-ras-transformed malignant cells. TGF-B; regulation of ribonucleotide reductase in highly
malignant cells appears to be complex and multifaceted and constitutes an integral part of an altered growth regulatory
program. 1995 Wiley-Liss, Inc.
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During malignant progression, numerous and
varied biological and biochemical changes occur
[Nicolson, 1984; Weber, 1983]. These alter-
ations appear to be controlled through modifica-
tions in a discrete set of fundamental regulatory
genes, especially oncogenes [Greenberg et al.,
1989; Wright et al., 1990a; Egan et al., 1987a,b},
which appear to be critically important in cellu-
lar functions [Wright et al., 1990b, 1993; Green-
berg et al., 1989]. These functions are often
subject to regulation by growth factors [Wein-
berg, 1989; Wright et al., 1993].

Transforming growth factor-g (TGF-B) repre-
sents a family of 25-kd homodimeric proteins
required for the growth, development, and differ-
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entiation of many types of cells [Sporn and Rob-
erts, 1990; Jakowlew et al., 1988; Wakefield et
al., 1987; Wilder and Rizzo, 1991]. Although
most normal cells are growth inhibited by TGF-
B1, its effects are dependent on many growth
conditions [Roberts et al., 1988; Schwarz et al.,
1988]. Previously, we have reported that while
TGF-B, inhibited DNA synthesis in the 10T%
pulmonary fibroblast cell line, H-ras-trans-
formed 10T cell lines that demonstrated a
highly malignant phenotype exhibited stimula-
tion of DNA synthesis following exposure to
TGF-B, [Schwarz et al., 1988]. Furthermore, we
have suggested that this altered response to
TGF-B, following malignant transformation by
ras, combined with an elevated rate of secretion
of activated TGF-B; by these cells [Schwarz et
al., 19901, indicates a role for TGF-B in the
autocrine stimulation of cell proliferation in ma-
lignancy. In the presence of TGF-8,, metastatic
cell populations will exhibit alterations in expres-
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sion of genes involved in the coordination of DNA
synthesis and cell proliferation. Previously, we
tested this idea by investigating the highly regu-
lated expression of the two genes that code for a
rate-limiting enzyme of DNA synthesis, ribo-
nucleotide reductase [Hurta et al., 1991].
Ribonucleotide reductase is responsible for
the de novo conversion of ribonucleotides to
deoxyribonucleotides essential for DNA synthe-
sis [Wright, 1989; Wright et al., 1990a]. In mam-
malian cells, ribonucleotide reductase is com-
posed of two dissimilar components often called
R1 and R2. Protein R1 is a dimer with a molecu-
lar weight of 170,000 and possesses complex
substrate and effector-binding sites [Wright et
al., 1990a; Thelander et al., 1980]. Protein R2
also exists as a dimer, with a molecular weight of
88,000 and contains non-heme iron and a unique
tyrosyl-free radical required for activity [Wright
et al.; 1990a; McClarty et al., 1987]. The activity
of ribonucleotide reductase correlates more
closely with DNA synthesis than any other bio-
synthetic activity [Weber, 1983]. Indeed, in ac-
tively growing cells, S-phase appears to be depen-
dent on synthesis of the R2 component, which is
rate-limiting for ribonucleotide reductase activ-
ity [Wright et al., 1990a; Bjorklund et al., 1990].
Changes in ribonucleotide reductase expression
can significantly influence the biological proper-
ties of cells [Wright, 1989]. The enzyme may be
involved in certain immunodeficiency diseases
in humans [Ullman et al., 1979] and has been
defined as a mutator locus in mammalian cells
[Weinberg et al., 1981]; studies have suggested
that the activity is tumor progression linked
[Weber, 1983]. In addition, this enzyme is impor-
tant in DNA repair [Hurta and Wright, 1992b]
and in the critical early events in mechanisms of
tumor promotion [Hurta and Wright, 1992a;
Amara et al., 1994; Chen et al., 1993]. Previous
investigations have suggested a link between
TGF-B; regulation of cellular transformation
and alterations in ribonucleotide reductase gene
expression [Hurta et al., 1991, Amara et al.,
1993]. The present study extends these earlier
observations and provides further support of a
key role for TGF-B, in the aberrant regulation of
ribonucleotide reductase in highly malignant
H-ras-transformed fibrosarcomas.

MATERIALS AND METHODS
Cell Lines and Growth Conditions

Mouse cell lines were routinely cultured at
37°C on plastic tissue culture plates (Lux Scien-

tific) in e-minimal essential medium («-MEM)
(Flow Laboratories), supplemented with antibi-
otics and 7% (v/v) fetal bovine serum (FBS)
(Hyclone Laboratories) as previously described
[Hurta et al., 1991]. Cells grew with doubling
times of approximately 18-20 h. In experiments
using the growth factor TGF-8, (R&D Systems,
Inc.), a serum-free medium was used that con-
tained 4 pg/ml of transferrin (Sigma Chemical
Co.) and 2 wg/ml of insulin (Sigma Chemical
Co.) in 100 ml of a-MEM [Hurta et al., 1991;
Schwarz et al., 1988]. In this medium, the cells
grew with doubling times of approximately 20—22
h. Cells were grown overnight in a-MEM with
7% FBS, then switched to the serum-free me-
dium for 18 h prior to exposure to 10 ng/ml
TGF-B, at predetermined times [Hurta et al.,
1991]. Cells were removed from the surface of
tissue culture plates using a 0.3% buffered tryp-
sin solution (Difeo Laboratories) [Hurta and
Wright, 1990].

Northern Blot Analysis

Total cellular RNA was prepared by a rapid
extraction method [Gough, 1988] and subjected
to electrophoresis through 1% formaldehyde-
agarose gels, followed by transfer to Nytran
nylon membranes (Schleicher and Schuell). Blots
were prehybridized and hybridized as we have
outlined previously [McClarty et al., 1990]. Hy-
bridization occurred either in the presence of a
32P-labeled Ncol-generated fragment containing
the cDNA of clone 65 (R1) or the Pst1-generated
fragment containing the cDNA of clone 10 (R2)
[McClarty et al., 1987] or in the presence of a
32P-labeled BglII-generated TGF-B; fragment
from the pPK9A plasmid [Samuel et al., 1992],
or in the presence of a 32P-labeled EcoR1-
generated fragment of junB obtained from the
p456.20 plasmid (provided by D. Nathans, John
Hopkins University, Baltimore, MD). Glyceradi-
hyde-3-phosphate dehydrogenase (GAPDH)
cDNA was used to determine RNA loading.
Probes were labeled using an oligolabeling kit
(Pharmacia LKB Biotechnelogy).

Ribonucleotide Reductase Assay

CDP reductase activity was determined by the
method of Steeper and Stuart [1970], as modi-
fied by Cory and Whitford [1972], using [14C]-
CDP (Moravek Biochemicals, Inc.) as substrate
and Crotalus atrox snake venom to hydrolyze
the nucleotides, as we have previously described
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[Hards and Wright, 1981; Lewis et al., 1978].
The CDP reduction reaction mixture contained
in a final volume of 150 pl, [*4C]-CDP (0.05 p.Ci,
7.5 nmol), dithiothreitol (900 nmol), magne-
sium acetate (600 nmol), ATP (300 nmol), and a
quantity of enzyme preparation. Reactions were
initiated by the addition of enzyme and then
carried out for 20 min at 37°C for CDP reduction
and 1 h at 37°C in the presence of snake venom.
All reactions were terminated by boiling for 5
min; then 0.5 ml of distilled water was added to
each assay tube, and heat-precipitable material
was removed by centrifugation. The superna-
tant was retained and the deoxycytidine was
separated from the cytidine compounds on 5 x
80-mm Dowex-1-borate columns (BioRad Labo-
ratory). Briefly, the separation depends on the
formation of a complex between ribonucleosides
and borate ions in the column resin. Deoxyribo-
nucleosides do not possess a cis-diol, and there-
fore cannot form a complex. Deoxycytidine was
eluted from the column with 5 ml of distilled
water; 7 mi of Scintiverse (Fisher Scientific) was
then added. Radioactivity was determined in a
Beckman model LS7800 liquid scintillation spec-
trophotometer.

DNA Synthesis Assay

DNA synthesis in cells cultured in 6-well Nun-
clon plates (Nunc) was measured by incorpora-
tion of [*H]thymidine into 10% trichloroacetic
acid (TCA)-insoluble material [Hurta et al.,
1991]. C3 cells [Egan et al., 1987a] were grown
for 24 h in a-MEM with 7% FBS, then washed
three times with phosphate-buffered saline
(PBS), followed by exposure to serum-free me-
dium in the presence or absence of TGF-B; (10
ng/ml) for various periods of time; they were
then pulsed with 50 p.Ci/ml CHs-[*H]thymidine
(ICN Radiochemicals) for 2 h [Hurta et al.,
1991]. Medium was then removed, and a 0.3%
buffered trypsin solution was added to the wells
for 30 min at 37°C. Ice-cold TCA was added to a
final concentration of 10% for 30 min at 4°C.
Cellular material was passed through 2.4-cm
glass microfiber filters (Whatman) prewashed
with 10% ice-cold TCA. Wells were washed twice
with ice-cold 10% TCA; these washes were ap-
plied to the filters. Filters were then washed
with 95% ethanol, air-dried, and placed into 8 ml
of Aquasol-2 (DuPont, New England Nuclear).
Radioactivity was determined by liquid scintilla-
tion spectroscopy using a model LS7800 scintil-
lation counter (Beckman).

RESULTS

Properties of T-24 H-ras-Transfected
10T Mouse Fibroblasts

Isolation and characterization of the cell lines
used in this study have been discussed previ-
ously [Egan et al., 1987a; Schwarz et al., 1988,
1990]. Briefly, 10T% mouse fibroblast cells were
transfected with the plasmid pAL8A, which con-
tains T-24 H-ras and the neo® gene. After trans-
fection, cell lines were isolated and character-
ized. A morphologically transformed cell line,
C3 was used here for further study. A summary
of the biological properties of these cell lines is
presented in Table I. The 10T% parental cell
line is not tumorigenic, whereas the C1 and C3
cell lines exhibit increasing malignant character-
istics, with C3 highly malignant. A cell line
called clone 17.18 was isolated from the C1 cell
line as described previously [Samuel et al., 1992].
In brief, to obtain this cell line, C1 cells (Table I)
were co-transfected by lipofection [Felgner et
al., 1987] with the pPK9A plasmid [Samuel et
al., 1992], containing the coding region of TGF-p;,
under the control of a zinc-sensitive metallothio-
nein promoter and the hygromycin resistance
(PY3) marker gene [Samuel et al., 1992]. The
pPKO9A plasmid contains the coding region of
the porcine TGF-B, cDNA inserted between the
metallothionein promoter and the human
growth hormone (hGH) polyadenylation se-
quence [Samuel et al., 1992]. Normally, TGF-8,
is secreted in a latent form [Gentry et al., 1988].
However, in order to ensure secretion of active
TGF-B,, serines were substituted for cysteines
at 223 and 225 in the propeptide. This mutation
results in the release of bioactive TGF-$; [Brun-
ner et al., 1989]. A clone designated 17.18 showed
very low basal level of TGF-B; mRNA, which
was only slightly higher in the uninduced cells
than in the nontransfected C1 cell line [Samuel
etal., 1992]. This clone, 17.18, was then used for
further investigations.

Selective Induction of Ribonucleotide Reductase
Gene Expression by TGF-B,

The effects of TGF-B, on ribonucleotide reduc-
tase gene expression in 10T and C3 cells shown
in Table I are presented in Figure 1. Elevations
of R2 and R1 mRNA levels were observed follow-
ing TGF-B, treatment, but this occurred only in
the highly malignant cell line, C3. No increase in
either R2 or R1 gene expression was detected
in TGF-B;-treated parental 10TY cells, whereas
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TABLE I. Tumorigenic and Metastatic Properties of Mouse 10T, and C3 Cell Lines*
Experimental metastases®

Cell Tumorigenicity No. of lung nodules Degree of

line frequency® Frequency (mean *=SE) malignancy
10T 0/12 0/12 0 Normal
C1 13/13 20/27 14+5 Intermediate
C3 11/11 14/14 121 = 20 High

*Data summarized from previously reported results [Egan et al., 1987a].
aTumorigenicity was determined following subcutaneous injections of 3 x 105 cells.

bInjections were performed with 3 x 105 cells.
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Fig. 1. Ribonucleotide reductase gene expression following
treatment with TGF-B; in 10T, (left) and C3 (right) cells.
Northern blot analyses of R2 mRNA and RT mRNA levels in the
absence of TGF-B; and following exposure to TGF-B; (10
ng/ml) for 2, 4, and 8 h. The total cellular RNA blots were
probed with (A) R2, (B) R1, and (C) GAPDH cDNA, as a control
for loading. The position of ribosomal markers is indicated. The
autoradiograms were exposed for 24 h at —70°C with intensify-
ing screens.

in malignant C3 cells, 4.2-, 5.7-, and 5.1-fold and
4.8-, 3.3-, and 3.2-fold increases in R2 and R1
gene expression, respectively, were detected fol-
lowing exposure of cells to TGF-B, for 2, 4, and 8
h, respectively.

To investigate directly the relationship be-
tween the expression of R2 and R1 with TGF-3,
treatment illustrated above, clone 17.18 was
investigated further. A time-course analysis with
this clone showed that TGF-B; message levels
increased 2 h postinduction with ZnSO, expo-
sure; this expression increased to about 5-fold
above untreated controls after 8 h, after which
no further elevation was noted (Fig. 2A). Expres-
sion of the junB gene was observed after 2-h
ZnS0, treatment of the 17.18 cell line and oc-
curred coincidentally with the elevation of

TGF-B; mRNA (Fig. 2A). Increased R1 and R2
mRNA levels were also observed 2 h postinduc-
tion of the 17.18 cells with ZnSO, (Fig. 2A). The
time-course analysis showed that 5.2- and 5.9-
fold elevations in R1 and R2 mRNA levels, re-
spectively, occurred 2 h postinduction with
ZnS0,. The increase in R1 mRNA level was
maintained over the entire time course (Fig.
2A). R2 mRNA levels remained elevated, with
maximum increases detected at 24—48 h postin-
duction of ZnSO, of about 11.4-fold.

Since TGF-B8,, junB, and R2 and R1 were
induced after 2 h of ZnSO, treatment, the expres-
sion of these genes at earlier times was investi-
gated to determine the order of induction. In
this analysis, TGF-B; mRNA levels were el-
evated after 30 min of ZnSO, treatment, whereas
junB mRNA levels were not increased until 45
min postinduction (Fig. 2B). Interestingly, R2
and R1 mRNA levels were elevated after TGF-B;
mRNA levels were increased but occurred coinci-
dent with increases in junB mRNA. R1 and R2
mRNA levels were elevated 3.4- and 5.3-fold
respectively, following 45 min ZnSO, treatment
(Fig. 2B).

Ribonucleotide Reduction in Cells
Treated With TGF-B,

Ribonucleotide reductase activity is elevated
dramatically during the period of DNA synthe-
sis and correlates more closely with this process
than any other biosynthetic activity [Lewis et
al., 1978; Weber, 1983]. In actively proliferating
cells, S-phase appears to be dependent on the
synthesis of the R2 component, which is rate
limiting for enzymatic activity [Wright et al.,
1990a]. Assays of ribonucleotide reductase activ-
ity at various periods of time following TGF-B,
exposure revealed that ribonucleotide reductase
activity was increased in the highly malignant
C3 cell line. Ribonucleotide reductase activity
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Fig. 2. A: Overexpression of TGF-B; and R2 and R1 in clone
17.18 following ZnSO, treatment. Kinetics of induction of
TGF-B,, junB, R2, and R1T mRNA levels are significantly in-
creased by 2 h of incubation. GAPDH loading controls are
shown. All blots were exposed for 24 h except the junB blot,
which was exposed for 48 h at —70°C with intensifying screens.
The TGF-B; and junB Northern blot analyses have been carried
out previously and are included here for ease of comparison
[Hurta et al., 1993]. B: TGF-B; induction following ZnSO,
treatment of clone 17.18 cells occurs prior to junB induction.
TGF-B, and junB mRNA levels were elevated at 30 min and 45

-18s

increased on average 2-3.5-fold in C3 cells ex-
posed to TGF-B;. On the contrary, there was no
elevation in ribonucleotide reductase enzymatic
activity in normal 10T cells following exposure
to TGF-B, (Table II), in keeping with the inhibi-
tion of DNA synthesis and cell proliferation
usually observed following treatment of normal
fibroblasts with TGF-8, [Wright et al., 1993].

Induction of Ribonucleotide Reductase
in Relation to S-Phase

The changes observed in R1 and R2 gene
expression and ribonucleotide reductase en-
zyme activity observed in C3 cells occurred rela-
tively quickly following exposure to TGF-8,,
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min, respectively, postinduction of clone 17.18 cells with ZnSQ,.
R2 and RT mRNA levels were both elevated at 45 min postinduc-
tion of clone 17.18 cells with ZnSO, coincident with elevated
junB mRNA expression. GAPDH loading controls are also shown.
All blots were exposed for 24 h at —70°C with intensifying
screens. TGF-B; and junB Northern blot analyses have been
carried out previously and are included here for ease of compari-
son [Hurta et al., 1993]. No change in TGF-$,, junB, R2, or R1
mRNA levels were detected following ZnSQ, treatment of the
C1 tumor cell line (data not shown).

making it unlikely that a block at S-phase or an
unusual movement of cells into S-phase could
account for the marked modifications in ribo-
nucleotide reductase expression. To investigate
this possibility directly, incorporation of [CHj-
3H]thymidine into DNA was measured [Hurta
et al., 1991]. Figure 3 illustrates that the modifi-
cations of ribonucleotide reductase expression
by TGF-B,; treatment occurring in C3 cells took
place prior to any detectable change in the rates
of DNA synthesis. These findings support the
hypothesis that TGF-B,; is able to induce ribo-
nucleotide reductase gene expression and enzy-
matic activity in these malignant H-ras-trans-
formed cells without altering the proportion of
cells in S-phase.
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TABLE II. Ribonucleotide Reductase
Enzymatic Activity* in 10T, and C3 Cells
Following Exposure to TGF-$,

Ribonucleotide
reductase activity
(nM CDP reduced/

h/mg protein)

0.77 = 0.20
0.70 = 0.38
0.59 = 0.05
0.63 = 0.28

2.01 £ 0.54
3.96 = 0.63
5.42 + 0.18
7.14 £ 0.10

Cell Exposure
line to TGF-8,2 (h)

10T

C3

WO 0O

*Results shown are from duplicate assays.

2The concentration of TGF-B; was 10 ng/ml. Control cells
received only BSA/HCI in which TGF-p; was reconstituted
and activated.

Effect of TGF-B, Treatment on Transcription
of R1 and R2 Genes

The possibility that the increases in R2 and
R1 message levels observed in malignant cells
following TGF-B, exposure were due to changes
in gene transcription rates was tested by pre-
treating C3 cells with the transcription blocker,
actinomycin D [Hurta and Wright, 1992b] prior
to exposure to TGF-B,. As illustrated in Figure
4, actinomycin D prevented the elevation in
both R2 and R1 message levels previously ob-
served following exposure of these cells to TGF-
Bi. In the absence of actinomycin D, 5.4- and
7.0-fold increases in R2 mRNA levels and 4.0-
and 4.6-fold increases in R1 mRNA levels were
evident at 2 and 4 h postexposure to TGF-B;,
respectively. In the presence of the transcription
blocker, no increases in either R2 or R1 message
were observed following TGF-B, treatment. In
control experiments, actinomycin D alone did
not affect R2 or R1 message levels (data not
shown). These findings suggest that the TGF-8,
effects on ribonucleotide reductase gene expres-
sion are mediated, at least in part, by changes in
the transcriptional apparatus.

Effect of Protein Synthesis Inhibition
on Ribonucleotide Reductase (R2 and R1)
mRNA Induction by TGF-8,

To determine whether the TGF-3,;-mediated
elevations in R1 and R2 mRNA required protein
synthesis, C3 cells were exposed to TGF-B, in
the presence or absence of 10 ug/ml cyclohexi-
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Fig. 3. DNA synthesis in C3 cells treated with TGF-B;. Cells
were stimulated with TGF-B,, and trichloroacetic acid-insoluble
3H-thymidine incorporation was determined as described un-
der Methods and Materials. The concentration of TGF-8; used
was 10 ng/ml. —, in the presence of 4 mM HCl in T mg/mi
bovine serum albumin; +, in the presence of TGF-8¢; 0, no
additions.

mide, an inhibitor of eukaryotic protein synthe-
sis [Phillips and Crowthers, 1986; Le et al,,
1992]. Figure 5 shows that cycloheximide treat-
ment reduced the TGF-B;-mediated accumula-
tion of R1 and R2 mRNA in C3 cells. In the
absence of cycloheximide, 4.5- and 5.2-fold in-
creases in R1 and R2 mRNA levels, respectively,
were noted following exposure to TGF-B, for 5 h.
When cycloheximide was present, only 3.0- and
3.2-fold elevations in R1 and R2 mRNA levels,
respectively, were observed (Fig. 5). Cycloheximide
alone did not elevate R1 or R2 mRNA levels.

Stability of Ribonucleotide Reductase Message
in Malignant C3 Cells Following
Exposure to TGF-$,

Alterations in the rates of decay of mature
message in response to external stimuli are a
common mechanism for regulating message lev-
els post-transcriptionally [Raghow, 1987; Chen
et al., 1993; Amara et al., 1993, 1994]. TGF-B;-
mediated elevations of R2 and R1 mRNA levels
occurred, at least in part, through changes in
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Fig. 4. Actinomycin D prevents the TGF-B;-induced eleva-
tions of R2 and R1 message levels and evaluation of relative R2
and RT mRNA levels in C3 cells in the absence or the presence
of actinomycin D. A: Relative R2 mRNA levels in control cells in
the absence of actinomycin D and TGF-B4 (a), R2 mRNA levels
in C3 cells in the absence of actinomycin D but with TGF-B; for
2 h (b)and 4 h (c); R2 mRNA levels in C3 cells in the presence of
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Fig. 5. Cycloheximide treatment decreases the TGF-B4-
induced elevation of R2 and RT message elevations. A: North-
ern blots of R2 mRNA levels, control C3 cells (1), C3 cells
exposed to TGF-B; (10 ng/ml) for 5 h (2), cells exposed to
TGF-B; (10 ng/ml) and cycloheximide (10 wg/ml) for 5 h (3)
and C3 cells in the presence of cycloheximide (10 wg/ml) (5-h
exposure) alone (4). B: Northern blots of R1 mRNA levels as
described above are shown. C: GAPDH loading controls for the
R2 and R1 Northern blots are shown. R2, R1, and GAPDH
autoradiograms were exposed for 24, 48, and 24 h, respec-
tively, at —70°C with intensifying screens.

the transcriptional process (see Fig. 4), the pos-
sibility that changes at the post-transcriptional
level in response to TGF-B; can also occur was
investigated. The rate of decay of the mature R1
and R2 messages was determined in untreated,
and in TGF-B;-treated, C3 cells after exposure

R1

actinomycin D and TGF-B4 for 2 h (d) and 4 h (e). B: Relative R1
MRNA levels in C3 cells under the same conditions described
above. Actinomycin D concentration was 5 p.g/ml, and TGF-8,
was added at a final concentration of 10 ng/ml. Actinomycin D
alone did not affect either R2 or R1 mRNA levels (data not
shown).

to an inhibitor of transcription initiation, 5,8,di-
chloro-1-B-p-ribofuranosylbenzimidazole [Tamm
and Sehgal, 1978; Mukherjee and Molloy, 1987].
As shown in Figure 6, R2 and R1 mRNA levels
in C3 cells are more stable following TGF-3,
treatment. Assuming that the decay of R2 and
R1 message after blocking RNA synthesis fol-
lows first-order kinetics, the half-life of R2 and
R1 mRNA in TGF-B;-treated cells, estimated by
extrapolation, was approximately increased by
3.6- and 4.3-fold for R2 and R1, respectively,
over that found in cells not treated with TGF-B,.
The half-life of the R2 message in untreated
cells was estimated to be 2 h, whereas in growth
factor-treated cells, the half-life of the R2 mes-
sage was found to be 7.2 h. The half-life of the
R1 message in untreated cells was estimated to
be 2.3 h, while in TGF-B;-treated C3 cells, the
half-life of R1 mRNA was estimated to be 10 h.
These observations suggest that TGF-B, is ca-
pable of regulating R2 and R1 mRNA levels through
mechanisms of post-transcriptional stabilization.

Possible Role for Protein Kinase C-Mediated
Events and Protein Phosphatases
in the TGF-B,-Mediated Regulation
of Ribonucleotide Reductase

The involvement of a protein kinase cascade
in the action of some mitogens has been pro-

posed [Ralph et al., 1990; Pelech et al., 1990]. A
rapid but transient increase in R2 gene expres-
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Fig. 6. Stability of R2 and R1 mRNA in untreated and TGF-B;-
treated C3 cells. C3 cells exposed to TGF-B4 (10 ng/ml) (treated
cells) (@), or to BSA/HCI solution (the vehicle in which TGF-B,
is dissolved/activated) (untreated cells) (O ) for 2 h were subse-
quently treated with 5,6-dichloro-1--p-ribofuranosy! benzimid-
azole (63 uM). Total cellular RNA was isolated at the times
indicated and subjected to Northern blot analysis as described.
The relative levels of R2 and R1T mRNA were determined by
densitometric evaluation of autoradiograms exposed in the
linear range for each set of samples. The results presented are
from duplicate experiments.

sion in BALB ¢/3T3 fibroblasts treated with the
tumor promoter, 12-0-tetradecanoyl-phorbol-13-
acetate (TPA) has been deseribed, and after 24-h
TPA treatment, ribonucleotide reductase activ-
ity and R2 gene expression returned to approxi-
mately the unstimulated condition [Choy et al.,
1989]. In C3 cells, TPA treatment causes a rapid
but transient elevation of both R2 and R1 gene
expression, with R2 and R1 mRNA levels return-
ing to approximately unstimulated levels follow-
ing 24-48-h TPA treatment (data not shown).
Although TPA activates protein kinase C (PKC)
[Nishizuka, 1986], the precise pathway respon-
sible for transducing the signal generated
through PKC activation is unknown. We hypoth-
esized that the TPA and TGF-B, effects on R2

and R1 gene expression in C3 cells may involve
some components of the same pathway. To test
this hypothesis, C3 cells were pretreated with
TPA (0.1 pM) for 48 h prior to exposure to
TGF-B;. Extended treatment with TPA results
in a downregulation of PKC activity [Young et
al., 1987]. Following this 48-h TPA pretreat-
ment, cells were exposed to TGF-3, for 2 and 4
h, respectively. Total cellular RNA was prepared
and Northern analysis was performed. In C3
cells, unexposed to TPA, R2 and R1 gene expres-
sion was increased 5.5- and 4.4-fold, respec-
tively, following exposure to TGF-B; for 4 h (Fig.
7). However, in TPA-pretreated C3 cells, in-
creases in R2 mRNA expression were 1.1- and
1.3-fold following exposure to TGF-B; for 2 and
4 h, respectively (Fig. 7). Similarly, in TPA-
pretreated C3 cells, only 1.6- and 1.5-fold eleva-
tions in R1 mRNA levels were noted in cells
exposed to TGF-B; for 2 and 4 h, respectively
(Fig. 7). These results show that the TGF-B;-
induced elevation of R2 and R1 message levels
can be reduced by TPA pretreatment, suggest-
ing that TGF-; may be using, to some extent, a
PKC-dependent pathway to modulate ribo-
nucleotide reductase expression in C3 cells.

Previously, we have demonstrated that oka-
daic acid, a non-phorbol ester tumor promoter,
can rapidly elevate R2 and R1 expression in
BALB ¢/3T3 cells, in the short term [Hurta and
Wright, 1992b]. Okadaic acid specifically inhib-
its protein phosphatases 1 and 2A/2B; it has
been suggested that prolonged exposure to oka-
daic acid results in the inhibition of protein
phosphatase activity and that this prolonged
phosphatase inhibition reduces the tumorigenic
properties of cells [Cohen et al., 1990]. To test
the possibility that protein phosphatases may
also play a role in TGF-B, regulation of R2 and
R1 expression, C3 cells were pretreated with
okadaic acid for 48 h prior to exposure to TGF-B,
for 2, 4, and 8 h, respectively. Interestingly, in
cells pretreated with okadaic acid for 48 h,
TGF-B, was unable to elevate either R2 or R1
mRNA levels in such cells (Fig. 8). In control
cells, that is, cells without okadaic acid pretreat-
ment, but exposed to TGF-B, for 8 h, 7.7- and
6.1-fold increases in R2 and R1 mRNA levels
were evident, suggesting that the TGF-B, was
indeed functional in these experiments (Fig. 8).
These findings further suggest a possible role
for protein phosphatases in the TGF-B,-medi-
ated modulation of ribonucleotide reductase ex-
pression in malignant fibrosarcomas.
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Fig. 7. Possible role of protein kinase C-mediated events in
TGF-B4 regulation of ribonucleotide reductase gene expression.
C3 cells were exposed to TPA (0.1 uM) for 48 h prior to
exposure of cells to TGF-B4 (10 ng/ml). Total cellular RNA was
isolated, and Northern blot analysis was performed. A: North-
ern blots of R2 mRNA levels are shown in C3 cells not exposed
to either TGF-B4 or TPA (lane 7); in C3 cells exposed to TGF-B4
for 4 h, no exposure to TPA (positive control cells) (lane 2); in
cells pretreated with TPA for 48 h and then exposed to TGF-B;
for 2 h (fane 3), and for 4 h (lane 4); in cells exposed to TPA for
48 h, and no exposure to TGF-B; (fane 5). Control cells (flane 7)
received only the vehicle in which the TGF-8, and TPA solutions
were made. B: Northern blots of R1 mRNA levels in C3 cells as
described above. C: GAPDH mRNA levels as loading controls
are shown. R2, R1, and GAPDH autoradiograms were exposed
for 24, 24, and 48 h, respectively, at —70°C with intensifying
screens.

Possible Involvement of G-Proteins
in TGF-B,-Regulated Ribonucleotide
Reductase Gene Expression

Previously, it has been suggested that both
G-protein-dependent and -independent signal-
ing may be involved in TGF-B;-regulated events
[Howe et al., 1989]. To test the possibility of
G-protein involvement in the TGF-B, modula-
tion of R2 and R1 gene expression, C3 cells were
pretreated with pertussis toxin alone or in com-
bination with TGF-B;. Total cellular RNA was
isolated, and R2 and R1 gene expression was
evaluated by Northern blot analysis. Treatment
of C3 cells with TGF-B, for 2 h resulted in 4.7-
and 5.8-fold elevations of R1 and R2 mRNA
levels, respectively (Fig. 9). Treatment of C3
cells with pertussis toxin alone did not alter the
level of R1 and R2 mRNA expression. However,
TGF-B;-induced elevations of R1 and R2 gene
expression were markedly reduced in cells ex-
posed to pertussis toxin. Only 2.3- and 2.6-fold
elevations of R1 and R2 mRNA levels, respec-
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Fig. 8. Possible role for protein phosphatases in TGF-B, regu-
lation of ribonucleotide reductase gene expression. C3 cells
were pretreated with okadaic acid (10 nM) for 48 h (to down-
regulate the phosphatases) prior to exposure to TGF-B,. Total
cellular RNA was isolated and Northern blot analysis was per-
formed. A: Northern blots of R2 mRNA levels are shown in C3
pretreated with okadaic acid, then exposed to BSA/HCl solution
and in the absence of TGF-B¢ (controls cells) (1); in okadaic
acid-pretreated cells, following exposure to TGF-81 (10 ng/ml)
for 2 h (2), for 4 h (3), and for 8 h (4), respectively. R2 mRNA
levels are also shown in cells exposed only to TGF-B; (10
ng/ml) for 8 h (5). These cells were not exposed to okadaic acid
(hence no inactivation of protein phosphatases) prior to treat-
ment with TGF-B; (positive control cells). B: Northern blots of
R1T mRNA levels in C3 cells as described above. C: GAPDH
mRNA levels as loading controls are shown. R2, R1, and GAPDH
autoradiograms were exposed for 48, 48, and 24 h, respec-
tively, at —70°C with intensifying screens,

tively, were noted following TGF-3, exposure to
cells treated with pertussis toxin. This observa-
tion suggests a possible role(s) for a pertussis
toxin-sensitive G-protein(s) involvement in the
TGF-B,-modulated upregulation of ribonucleo-
tide reductase gene expression.

DISCUSSION

Obvious alterations in the expression of R2
and R1 gene expressions were observed in re-
sponse to TGF-B; exposure in highly malignant
H-ras-transformed C3 cells. Normal 10T cells
did not exhibit these changes. These observa-
tions are consistent with and substantiate previ-
ous studies of TGF-B, regulation of the ribo-
nucleotide reductase genes and DNA synthesis
in normal and malignant cells [Hurta et al.,
1991], which showed that malignant ras-trans-
formed cells contain alterations in signal trans-
duction pathways that lead to novel regulation
of this growth-related activity.

The present investigation also demonstrated
directly the relationship between TGF-$,; expres-
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Fig. 9. Possible involvement of G-protein signaling events in
TGF-B; regulation of ribonucleotide reductase gene expression.
Northern blot analysis of R2 mRNA in C3 cells is presented. (1)
C3 controf cells; (2) C3 cells exposed to TGF-B; (10 ng/ml) for
2 h; (3) C3 cells treated with pertussis toxin (50 ng/ml) for 2 h;
(4) C3 cells exposed to pertussin toxin (50 ng/ml) and to
TGF-B for 2 h. Northern blot analysis of R1 mRNA in C3 cells is
provided as described above. GAPDH mRNA levels as a loading
control are afso presented. The R2, R1, and GAPDH autoradio-
grams were exposed at ~70°C with intensifying screens for 24,
24, and 8 h, respectively.

sion and enhanced R2 and R1 gene expression,
using a metallothionein-inducible TGF-3,-ex-
pressing clone, designated 17.18. Secretion of
TGF-B; in clone 17.18 closely follows TGF-3,
mRNA levels, indicating that the mutated gene
is regulated by stimulation of the metallothio-
nein promoter [Samuel et al., 1992]. Paralleling
the increases in TGF-§, gene expression, corre-
sponding elevations in R2, R1, and junB mRNAs
were observed. Notably, junB expression is an
early genomic response in cells sensitive to
TGF-B, stimulation [Pertovaara et al., 1989].
The rapid junB and R2 and R1 response in clone
17.18 following exposure to ZnSO, immediately
after TGF-B; stimulation suggests that the in-
duction is probably occurring through the auto-
crine action of the secreted bioactive TGF-3,
homodimer. It should be noted that the effect of
TGF-B, on clone 17.18, and consequently on
increased R2 and R1 gene expression, may also
be occurring through an intracrine pathway.
Whether this pathway plays a role, and to what
extent, is not readily apparent.

S-phase-specific expression of R1 and R2
mRNAs has been reported [Bjorklund et al.,
1990]. It is noteworthy that the changes in R1
and R2 gene expression following TGF-8, expo-
sure occurred prior to any detectable changes in

the rates of DNA synthesis. These observations
are consistent with previous investigations in
which TGF-B, effects on DNA synthesis in cell
lines examined in this present study have been
described [Schwarz et al., 1988, 1990]. No stimu-
lation of DNA synthesis in malignant C3 cells
was observed until at least 18-24 h of TGF-B,
treatment (data not shown). These observations
support the interesting concept that TGF-B,
induces ribonucleotide reductase gene expres-
sion without changing the proportion of cells in
S-phase. This is noteworthy because several pre-
vious investigations have indicated ribonucleo-
tide reductase activity normally correlates very
closely with the S-phase of the cell cycle [Weber,
1983; McClarty et al., 1986], and models of the
regulation of mammalian ribonucleotide reduc-
tase show that control can occur through the
synthesis and breakdown of the R2 component
with relatively little change in protein R1 [Wright
et al., 1990a]. Previously, we have suggested
that the potential to regulate mammalian ribo-
nucleotide reductase gene expression indepen-
dently of S-phase exists in normal cells as a
means of responding to DNA damage and DNA
repair requirements [Hurta and Wright, 1992a].
Studies with tumor promoters [Choy et al., 1989;
Hurta and Wright, 1992b; Chen et al., 1993;
Amara et al., 1994] also support the contention
of a role for regulation of ribonucleotide reduc-
tase expression outside of S-phase constraints.
Increased levels of R2 and R1 message expres-
sion occurred in malignant cells following
TGF-B, exposure at least partly due to modifica-
tions in the transcriptional efficiency of the R2
and R1 genes. Evidence was presented that
changes at the post-transcriptional level in re-
sponse to TGF-B; can also occur in malignant
H-ras-transformed cells. TGF-B; treatment in-
creased the stability of R2 and R1 messages in
malignant cells following exposure to TGF-p,,
indicating that TGF-B; is capable of regulating
R2 and R1 mRNA levels in these cells through a
mechanism of post-transcriptional stabilization.
This observation is consistent with observations
in BALB ¢/3T3 mouse fibroblasts, in which
mRNA cis—trans interactions that regulate R1
and R2 message stability have recently been
described [Chen et al., 1993; Amara et al., 1993,
1994]. The prevailing hypothesis is that growth
factors such as TGF-p, exert their biological
modifications by inducing an altered program of
gene expression through transcriptional activa-
tion of genes. In this regard, we suggest that the
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TGF-B,-mediated post-transcriptional stabiliza-
tion of R2 and R1 mRNA may represent a com-
ponent of an altered growth regulatory program
associated with malignant transformation.

Mammalian ribonucleotide reductase expres-
sion has previously been shown to be modulated
by TPA treatment [Choy et al., 1989; Chen et
al., 1993]. TPA activates protein kinase C [Nishi-
zuka, 1986]. Furthermore, prolonged exposure
of mammalian cells to TPA has been shown to
result in a downregulation of PKC activity
[Young et al., 1987]. TPA treatment of C3 cells
causes a rapid but transient elevation of both R2
and R1 gene expression, with R2 and R1 mRNA
levels returning to unstimulated levels follow-
ing prolonged exposure to TPA. These results
are consistent with previous observations ob-
tained with BALB/c 3T3 cells [Choy et al., 1989].
The observation that the TGF-B;-induced in-
creases in R2 and R1 message levels can be
reduced by TPA pretreatment (known to down-
regulate PKC activity), suggests that a PKC-
dependent pathway may be involved in the
TGF-B,; modulation of ribonucleotide reductase
expression in C3 cells. Additionally, it is possible
that in C3 cells, following prolonged exposure to
TPA, a downregulation of expression or inactiva-
tion of TGF-B receptors may result. The species
of TGF-B released by cells exhibiting varying
malignant potential has been determined. Paren-
tal 10T cells produced predominantly TGF-B,
(80%), while virtually all the TGF-B produced by
C3 cells was in the form of TGF-B, [Schwarz et
al., 1990]. Notably, the TGF-B receptor number
and affinities were previously evaluated by
Scatchard analysis. C3 cells exhibited approxi-
mately normal receptor numbers (1.05 x 10%)
compared to the parental 10T line (1.87 x 10%)
and moderately increased receptor affinity
(Kd = 4.4 pM in C3 cells versus Kd = 12.3 pM
in parental 10T cells) [Schwarz et al., 1990]. It
would be interesting to determine if TPA pre-
treatment of C3 cells results in alterations in
TGF-B receptor expression, consequently con-
tributing to the abrogation of the TGF-B in-
duced increase in ribonucleotide reductase gene
expression.

Mammalian ribonucleotide reductase has also
been shown to be subject to regulation by the
tumor promoters and protein phosphatase in-
hibitors okadaic acid and calyculin A [Hurta and
Wright, 1992b]. These studies showed that ribo-
nucleotide reductase, particularly the R2 compo-
nent, plays a fundamental role in the critical

early events involved in the process of tumor
promotion and illustrated a role for cellular
protein phosphatases in the regulation of ribo-
nucleotide reductase [Hurta and Wright, 1992b].
Inhibition of protein phosphatases allows the
unopposed activity of protein kinases constitu-
tively present in the cell and leads to enhanced
phosphorylation of many of the substrates of
protein kinases [Sassa et al., 1989]. Downregula-
tion of PKC activation abrogated the okadaic
acid mediated elevations of ribonucleotide reduc-
tase mRNAs consistent with the involvement of
this signal pathway in the regulation of ribo-
nucleotide reductase and the effects of okadaic
acid [Hurta and Wright, 1994]. Downregulation
of protein phosphatases by okadaic acid resulted
in an abrogation of the TGF-8;-induced eleva-
tions of R2 and R1 mRNA levels, suggesting a
possible role for protein phosphatases in the
signaling pathway. Interestingly, in human ke-
ratinocytes, growth arrest induced by TGF-$; is
accompanied by protein phosphatase activation
[(Gruppuso et al.,, 1991]. The specifics of the
intracellular signaling pathways responsible for
the TGF-B,-directed modulation of ribonucleo-
tide reductase gene expression and the possible
role of protein phosphatases in this process re-
main to be further elucidated.

Several studies have demonstrated that G-
proteins may participate in transducing the mi-
togenic signal of polypeptide growth factors
[Chambard et al., 1987; Fischer and Schon-
brunn, 1988; Luttrel et al., 1988]. Furthermore,
multiple G-protein-dependent and -independent
transducing pathways are responsible for medi-
ating the biological signal of TGF-B, [Howe et
al., 1989]. In keeping with this idea, possible
pertussis-toxin sensitive G-proteins may play a
role in the TGF-B,-mediated alterations of ribo-
nucleotide reductase gene expression in highly
malignant H-ras-transformed cells. The nature
of the specific G-protein(s) and the signaling
mechanism(s) involved are unknown and sub-
ject to further investigation. Interestingly, in
NIH-3T3 fibroblasts (minimally responsive to
TGF-B,) when stably transfected with guanine
nucleotide-binding protein A;,; cDNA, TGF-$,
induced a morphological transformation; these
G, transfectants also exhibited mitogenic hyper-
responsiveness to TGF-B, [Kataoka et al., 1993].
Notably, this response to TGF-B, is blocked by
pertussis toxin. The data reported in this study
are consistent with these and other observa-
tions [Kataoka et al., 1993; Howe et al., 1989].
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Clearly, the present investigation of TGF-B;
regulation of ribonucleotide reductase and DNA
synthesis in normal and malignant cells indi-
cates that malignant H-ras-transformed cells
contain alterations in signal transduction path-
ways that lead to novel regulation of ribonucleo-
tide reductase gene expression. The observation
of a relationship between H-ras expression and
the inducibility of R1 and R2 gene expression by
TGF-B; is consistent with the idea that ras-
mediated activities play an essential role in this
process [Wright et al., 1990b] and others [Hurta
and Wright, 1994]. Determination of the precise
nature of the regulatory mechanisms involved
and how they interact to contro!l ribonucleotide
reductase in normal cells, as well as how this
regulation is altered or abrogated in malignant
cells poses, a significant challenge. Studies to
address these questions are under way.
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