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ABSTRACT Our recent studies have shown that deregu-
lated expression of R2, the rate-limiting component of ribo-
nucleotide reductase, enhances transformation and malig-
nant potential by cooperating with activated oncogenes. We
now demonstrate that the R1 component of ribonucleotide
reductase has tumor-suppressing activity. Stable expression
of a biologically active ectopic R1 in ras-transformed mouse
fibroblast 10T1⁄2 cell lines, with or without R2 overexpression,
led to significantly reduced colony-forming efficiency in soft
agar. The decreased anchorage independence was accompa-
nied by markedly suppressed malignant potential in vivo. In
three ras-transformed cell lines, R1 overexpression resulted in
abrogation or marked suppression of tumorigenicity. In ad-
dition, the ability to form lung metastases by cells overex-
pressing R1 was reduced by >85%. Metastasis suppressing
activity also was observed in the highly malignant mouse
10T1⁄2 derived RMP-6 cell line, which was transformed by a
combination of oncogenic ras, myc, and mutant p53. Further-
more, in support of the above observations with the R1
overexpressing cells, NIH 3T3 cells cotransfected with an R1
antisense sequence and oncogenic ras showed significantly
increased anchorage independence as compared with control
ras-transfected cells. Finally, characteristics of reduced ma-
lignant potential also were demonstrated with R1 overexpress-
ing human colon carcinoma cells. Taken together, these
results indicate that the two components of ribonucleotide
reductase both are unique malignancy determinants playing
opposing roles in its regulation, that there is a novel control
point important in mechanisms of malignancy, which involves
a balance in the levels of R1 and R2 expression, and that
alterations in this balance can significantly modify transfor-
mation, tumorigenicity, and metastatic potential.

Ribonucleotide reductase is the only enzyme in the cell that is
responsible for converting ribonucleotides into deoxyribonu-
cleotides, the eventual substrates for DNA polymerase (1–3).
In mammalian cells, this enzyme contains two dissimilar
protein components, called R1 and R2, which are encoded by
two different genes located on different chromosomes (4).
Protein R1 is a homodimeric structure, with a molecular mass
of 168 kDa, and has substrate sites and allosteric effector sites
that control enzyme activity and substrate specificity (3, 5).
Protein R2 is a homodimer, with a molecular mass of 88 kDa,
and forms two equivalent dinuclear iron centers that stabilize
a tyrosyl free radical required for the initiation of electron
transformation during catalysis (5, 6). R1 and R2 proteins
interact at their C-terminal ends to form an active holoenzyme
(5, 7).

Expression of ribonucleotide reductase is highly regulated
(3, 5, 8). Nonproliferating cells do not contain ribonucleotide
reductase activity. In proliferating cells the R2 protein is found
primarily in S phase of the cell cycle (9). Although the R1
protein can be detected throughout the cell cycle, synthesis of
R1 mRNA, like R2 mRNA, appears to occur mainly during S
phase (9, 10). The broader distribution of the R1 protein
during the cell cycle is attributed to its longer half-life as
compared with the R2 protein (8). Ribonucleotide reductase
serves other biological functions in addition to providing
substrates for DNA replication. For example, its activity can be
induced outside the S phase by DNA crosslinking agents such
as chlorambucil, indicating a role for the enzyme in the DNA
repair process (11). Ribonucleotide reductase has long been
suspected of playing a role in malignancy, because higher levels
of enzyme activity have been observed in cultured malignant
cells when compared with nonmalignant cells (12, 13), a
positive correlation between the growth rate of tumors in mice
and the levels of ribonucleotide reductase activity has been
described (12), and increased levels of R2 protein and R2
mRNA have been found in premalignant and malignant hu-
man tissues as compared with normal control tissue samples
(14, 15). Furthermore, previous studies have shown that
regulation of ribonucleotide reductase, and in particular the
R2 component, is significantly elevated in transformed cells
exposed to tumor promoters, or to transforming growth factor
b in growth factor-mediated mechanisms of tumor progression
(16–19). Recently, we have directly tested a possible role for
ribonucleotide reductase in malignancy by analyzing malig-
nancy-related characteristics of cells containing deregulated
R2 expression achieved by gene transfer techniques (20).
Interestingly, overexpression of R2 led to an increased fre-
quency of transformed foci formation by mouse fibroblasts
after transfection with activated H-ras. In addition, expression
of recombinant R2 in ras-transformed cells resulted in en-
hanced colony-forming efficiency in soft agar and markedly
elevated tumorigenic and metastatic potential in vivo (20).
Furthermore, deregulated R2 expression can cooperate with
other oncogenes like rac-1 in mechanisms of transformation
(ref. 20 and unpublished observations). These results demon-
strated that R2 is a novel tumor progressor gene, which can
play an important role in mechanisms leading to cellular
transformation and malignant progression.

Having observed the malignancy-promoting activity of the
R2 component of ribonucleotide reductase, we decided to
investigate a possible role in malignancy for the R1 compo-
nent, alone or in combination with R2. We reasoned that
because R2-deregulated expression enhanced tumorigenic and
metastatic potential, an increase in R1 expression through its
interaction with the R2 component may play an opposite role
in the malignant process, and lead to a reduction in malignan-The publication costs of this article were defrayed in part by page charge
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cy-related characteristics. Interestingly, we show that overex-
pression of R1 strongly suppresses cellular transformation as
well as malignant progression in vivo.

MATERIALS AND METHODS

Expression Vectors. The human Myc epitope-tagged mouse
R1 cDNA was obtained by PCR by using the 59-primer
ACCGCTCGAGCCACCATGGAACAAAAGCTTATTTC-
TGAAGAAGACTTGATGCATGTGATCAAGCGAGA
[where the Kozak sequence, a possible ribosomal binding
signal (21), is in italics; the sequence encoding the human Myc
epitope is underlined; and the natural ATG initiation codon is
in bold], and the 39-primer CCGCTCGAATCAGGATCCA-
CACATCAG (where the termination codon is in bold), and
the template plasmid pcD-M1 (22). The PCR product was
treated with proteinase K, digested with XhoI, gel-purified,
and ligated to dephosphorylated XhoI-digested pLXSHD plas-
mid (23, 24), to generate the retroviral vector pSHDymR1.
Packaging of retroviral vector and preparation of viral stock
was accomplished by using C2 and PA317 cell lines, as we have
described (23), except that PA317-derived stable packaging
lines were obtained by selection with histidinol for 15 days. To
obtain an expression vector for R1 in the antisense orientation,
mouse R1 cDNA was prepared by PCR that used the primers
GCCTCGAGCTGACAGTCGTCTCTGTCCCT and TAAA-
GCTTATCACTTAGAAATGTTTATTTCAAAAT, di-
gested with XhoI and HindIII, and inserted into the mamma-
lian expression plasmid pcDNA3 (Invitrogen), to give the
plasmid pASR1. The construction of both pSHDymR1 and
pASR1 was confirmed by sequencing analysis as well as
restriction by endonuclease digestions.

Cell Lines and Cell Culture. Cell lines used in this study and
related information are shown in Table 1. Cells were routinely

cultured in a-minimal essential medium (MEM) supple-
mented with 8% calf serum (Fetalclone III, HyClone). To
generate cells expressing recombinant R1, cells were infected
with SHDymR1 viral stock, prepared from the stable pack-
aging line PAymR1, in the presence of polybrene (24). Stable
infectants ($500 clones) were obtained by selection with 4–15
mM histidinol depending on the cell lines and were pooled and
expanded. Control cell lines were generated in parallel by using
LXSHD virus lacking the R1 sequence. R1 antisense-
expressing cells were generated by transfection of NIH 3T3
cells by using a LipofectAmine kit (Life Technologies) fol-
lowed by selection with G418. Cell growth rates were assessed
by measuring absorbance at 260 nm with cell extracts prepared
in 1.0 N NaOH (27), andyor by counting cells at different time
points after seeding. Growth in soft agar was estimated in
10-cm tissue culture plates containing 15 ml of base agar (0.5%
Bacto agar in MEM containing 10% calf serum), and 10 ml of
growth agar (0.33% agar in MEM containing 10% calf serum).
Cells were obtained from subconfluent cultures, and colonies
were scored 14–21 days later (20).

Assays for Tumorigenicity and Metastasis. C3HyHeN syn-
geneic mice (Charles River Breeding Laboratories) were used
in these assays as described (20). Cells were prepared from
subconfluent, logarithmically growing cultures, collected by
gentle treatment with trypsinyEDTA solution, and adjusted to
appropriate concentration. Tumor latency was determined by
injecting cells subcutaneously and recording the time required
to form a tumor (2 3 2 mm) detectable by palpation. Tumors
were removed from the mice, and tumor weight was recorded
21 days later. In the case of no tumor formation, mice were
kept for 2 months after injection and then sacrificed. For
metastasis assays, cells were injected into the tail veins of 6- to
8-week-old C3HyHeN syngeneic mice and an estimate of the
number of lung tumors was made 21 days later, as described

Table 1. Information about cell lines

Designate Parental line Related characteristics and transgene expression Reference or source

BHK ATCC
C2 Retroviral packaging ATCC
PA317 Retroviral packaging ATCC
PAySHD PA317 Packaging control virus LXSHD This study
PAymR1 PA317 Packaging SHDymR1* virus This study
SC2 L60 R2 is in excess as compared to R1 McClarty et al. (6)
SC2ySHD SC2 hisD† This study
SC2ymR1 SC2 mR1, hisD† This study
CIRAS-1 10T1⁄2 T24 H-ras Egan et al. (25)
C1ySHD CIRAS-1 hisD†, T24 H-ras This study
C1ymR1 CIRAS-1 mR1*, hisD†, T24 H-ras This study
C1ymR2 CIRAS-1 mR2*, T24 H-ras Fan et al. (20)
C1ymR2ySHD C1ymR2 hisD†, mR2*, T24 H-ras This study
C1ymR2ymR1 C1ymR2 mR1, hisD†, mR2*, T24 H-ras This study
C1ymR2aySHD C1ymR2a‡ hisD†, mR2*, T24 H-ras This study
C1ymR2aymR1 C1ymR2a‡ mR1*, hisD†, mR2*, T24 H-ras This study
ras-3 (or R-3) 10T1⁄2 T24 H-ras Taylor et al. (26)
ras-3ySHD ras-3 hisD†, T24 H-ras This study
ras-3ymR1 ras-3 mR1*, hisD†, T24 H-ras This study
RMP-6 10T1⁄2 T24 H-ras, c-myc, mutant p53 Taylor et al. (26)
RMPySHD RMP-6 hisD†, T24 H-ras, c-myc, mutant p53 This study
RMPymR1 RMP-6 mR1*, hisD†, T24 H-ras, c-myc, mutant p53 This study
Colo 320HSR Human colon carcinoma ATCC
ColoySHD Colo 320HSR hisD† This study
ColoymR1 Colo 320HSR mR1*, hisD† This study
NIH 3T3 ATCC
Nyras NIH3T3 T24 H-ras, neo† This study
Nyras&ASR1 NIH3T3 R1 antisense, T24 H-ras, neo† This study

ATCC, American Type Culture Collection.
*mR1 and mR2, human Myc epitoped-tagged R1 and R2 proteins, respectively.
†Selective marker genes, hisD (histidinol dehydrogenase), and neo (neomycin phosphotransferase).
‡C1ymR2a is a subclone derived from C1ymR2.
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(20). To confirm that equal numbers of test and control cells
were injected, duplicate culture plates containing growth
medium were inoculated with 100 cells per plate. After 10 days
in culture, plates were stained with methylene blue, and
colonies were scored.

Detection of Recombinant R1 Protein Expression. An in-
direct immunofluorescence assay was used to detect transient
expression of recombinant R1 protein in BHK cells. Seventy
percent confluent cultures growing on coverslips were trans-
fected with pSHDymR1 plasmid by using a LipofectAmine
reagent. At 20 hr after transfection, cells were fixed with 3%
formaldehyde prepared in PBS, pH 7.2, permeabilized with
0.1% Triton X-100 (in PBS), incubated with anti-Myc epitope
monoclonal 9E10 antibody (American Type Culture Collec-
tion), washed, reacted with goat anti-mouse IgG (full mole-
cule) fluorescein isothiocyanate conjugate (Sigma), washed
again, and finally examined under a fluorescence microscope
(28). Immunoprecipitation of recombinant R1, by the 9E10
antibody, from [35S]methionineycysteine-labeled cells was per-
formed by using previously described procedures (6). In some
experiments R1 protein levels were determined by Western
blot analysis by using the AD203 anti-R1 mAb (Accurate
Chemicals) as we have described (6, 20).

Ribonucleotide Reductase Assay. Ribonucleotide reductase
activity in crude extracts prepared from SC2ymR1 and control
SC2ySHD cell lines was assayed as we have described (11). In
some experiments, enzyme assays were performed by com-
bining purified recombinant R2 protein with 9E10 antibody-
precipitated R1 protein. Pansorbin cells (formaldehyde fixed
Staphylococci, Calbiochem) carrying surface protein A and
rabbit anti-mouse IgG was prepared as described (29). This
conjugate was further incubated with an excess amount of
9E10 antibody and washed five times. Twenty microliters of
this complex (10% suspension) was added to 1.0 ml of extract
prepared from 5 3 107 cells and placed on a rocker at 4°C for
2 hr, washed three times with PBS containing 10 mgyml BSA,
and assayed for ribonucleotide reductase activity after the
addition of 1.0 mg of purified recombinant R2 protein (30).

RESULTS AND DISCUSSION

Expression of Recombinant R1. To overexpress the R1
protein in cells, we constructed a mammalian expression vector
pSHDymR1. In this vector, the expression of the human
Myc-epitope tagged R1 cDNA is under the control of a
retroviral promoter, long terminal repeat sequence (23). The
expression of recombinant R1 first was analyzed in BHK cells
after transient transfection. An indirect immunofluorescence
assay that used the anti-Myc monoclonal 9E10 antibody re-

vealed cytoplasmic expression of the recombinant R1 protein
in pSHDymR1 transfected cells (Fig. 1A). As a control,
nontransfected or empty vector pLXSHD transfected cells did
not show any specific f luorescence (data not shown). After
demonstrating that the recombinant R1 protein can be ex-
pressed in mammalian cells, we then converted the expressible
DNA into an infectious, but replication-deficient, vector virus
that has a high delivery efficiency, by using retroviral pack-
aging cells (Table 1). The expression of recombinant R1 in the
stable packaging line PAymR1 was analyzed again. Immuno-
precipitation with the 9E10 antibody detected a single, ap-
proximately 88-kDa protein from extract prepared from PAy
mR1 cells, which had been metabolically labeled with [35S]me-
thionineycysteine (Fig. 1B). As expected, no protein was
precipitated from the stable control virus packaging cell line
PAySHD (Fig. 1B). These results indicated that stable expres-
sion of the recombinant R1 protein could be achieved.

We then determined if cell-expressed recombinant R1 is
biologically active. For this we infected a hydroxyurea-resistant
mouse L cell line, SC2, with SHDymR1 or LXSHD viral
vectors and selected stable infectants (Table 1). Because SC2
cells express more R2 relative to the R1 subunit, expression of
biologically active R1 protein in this cell line would result in
increased ribonucleotide reductase activity (6). In four exper-
iments, the cytidine 59-diphosphate reductase activity in the
crude extract prepared from SC2ymR1 cells was 13.2 6 0.7
nmolsymg of protein per hr, which is approximately 30%
higher than that in extract prepared from control SC2ySHD
cells (10.1 6 0.2 nmolsymg per hr). Furthermore, we immu-
noprecipitated the recombinant R1 from C1ymR1 cells by
using the 9E10 antibody, and assayed ribonucleotide reductase
activity by combining the washed immunoprecipitate with
purified recombinant R2 protein. In three independent exper-
iments, enzyme activity of 15.4 6 2.0 pmolsymg per hr was
detected when C1ymR1 cells (Table 1) were used as a source
of recombinant R1, and as expected no activity was found
when control C1ySHD (Table 1) cells were used.

Reduced Anchorage Independence by Cells that Overex-
press R1. Cellular transformation frequently is accompanied
by anchorage independent growth in vitro, which often corre-
lates with tumorigenic potential in vivo, and can be evaluated
by the ability to proliferate and form colonies in medium
containing agar (20, 25). To investigate the role that R1 may
play in cellular transformation we infected CIRAS-1 cells with
the SHDymR1 vector virus or the control LXSHD virus
without the R1 insert. CIRAS-1 cells were derived from
wild-type, nonmalignant mouse 10T1⁄2 cells by transfection
with oncogenic T24 H-ras (25). Previous studies have shown
that it is a moderately malignant cell line and can serve as a
good model for analyzing transformation and malignancy-
related characteristics (20, 31). Stable infectants obtained after
histidinol selection were evaluated for soft agar growth abil-
ities. We found that the efficiency in forming colonies in soft
agar by C1ymR1 cells that contained elevated levels of R1 was
significantly decreased as compared with control C1ySHD
cells (Fig. 2). We also tested the effects of R1 expression on
soft agar growth with cells containing deregulated R2 expres-
sion. C1ymR2 is a CIRAS-1 derivative expressing recombinant
R2 and has acquired an increased malignant potential (20).
Again we observed that colony-forming efficiency of C1y
mR2ymR1 cells with elevated R1 was significantly reduced
when compared with control C1ymR2 cells (Fig. 2). To
exclude the possibility (albeit unlikely) that the reduced soft
agar growth efficiencies observed with R1 cells may have
resulted from selection of cells with intrinsically lower growth
efficiencies from a relatively heterogeneous cell population, we
isolated a subclone named C1ymR2a from C1ymR2 cells. We
then derived two cell lines (C1ymR2aymR1 and control C1
mR2aySHD) from this subclone population (Table 1). Con-
sistent with the observations with the parental line, C1ymR2ay

FIG. 1. Analysis of Myc-tagged R1 expression from pSHDymR1
transiently transfected BHK cells by the indirect immunofluorescence
assay (A), and from the stable retroviral packaging cell line PAymR1
by radioimmunoprecipitation (B). Anti-Myc epitope antibody 9E10
was used for both assays.
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mR1 cells exhibited similar reductions in growth efficiencies in
soft agar, when compared with control C1ymR2aySHD cells
(Fig. 2). This strongly suggests that the reduced anchorage-
independence is brought about by recombinant R1 expression.

The above tested cell lines are of mouse origin. To determine
if expression of recombinant R1 in human tumor cells also
alters transformation characteristics as demonstrated by
changes in soft agar growth ability, we used the human colon
adenocarcinoma Colo 320HSR cell line. These cells were
infected with the viral vector containing the R1 sequence to
obtain the ColoymR1 cell line (Table 1). Interestingly, growth
efficiency in soft agar with ColoymR1 cells was decreased by
about 50% when compared with ColoySHD cells containing
the empty vector (Fig. 2).

Suppression of Tumorigenic andyor Metastatic Potential in
Vivo with Cells Containing Elevated R1. To further evaluate
the role that alterations in R1 expression may play in malignant
progression, tumorigenic and metastatic properties of C1y
mR1 cells were analyzed in in vivo models. C1ymR1 cells
exhibited a dramatic reduction in malignant potential when
compared with control C1ySHD cells (Table 2). Whereas all
mice injected subcutaneously with C1ySHD cells developed
tumors at about 11 days after injection, none of the animals

injected with C1ymR1 cells formed detectable tumors even up
to 2 months after injection. In addition, experimental metas-
tasis assays showed that C1ymR1 cells were much less efficient
at forming lung metastases as compared with the control
C1ySHD cells (Table 2). We also carried out similar experi-
ments with another independently selected T24 H-ras trans-
fected mouse 10T1y2 cell line called ras-3, which has been
described (26). Although the tumor-suppressing activity of the
recombinant R1 in ras-3 cells was not as great as was observed
in C1RAS-1 derived cells, tumorigenicity with ras-3ymR1
cells, as compared with control ras-3ySHD cells, was signifi-
cantly reduced as judged by an extended tumor latency and
smaller tumor sizes. Similar to the CIRAS-1 derived cells,
ras-3ymR1 cells exhibited a markedly reduced metastatic
potential when compared with the control ras-3ySHD cells
(Table 2).

We also tested in vivo the impact of recombinant R1
expression on malignant potential with cells that contained
deregulated R2 expression. Consistent with previous observa-
tions, C1ymR2 cells showed higher tumorigenic and metastatic
potential than control C1ySHD cells, confirming the malig-
nancy promoting function of R2 (20). Also in agreement with
the data obtained in in vitro experiments (Fig. 2), C1ymR2y
mR1 cells were much less malignant than control C1ymR2
cells (Table 2). Further, both the tumorigenic and the meta-
static potential of C1ymR2ymR1 cells were reduced to signif-
icantly lower levels than that of C1ySHD cells (Table 2).

We next tested the potential ability of recombinant R1
expression to modify the malignant properties of a highly
malignant cell line that contains multiple oncogene alterations.
The RMP-6 mouse 10T1y2 line, which has been transfected
with a combination of activated H-ras, c-myc, and a mutated
oncogenic form of p53, has been well characterized (26, 32)
and was used in these studies. Unlike the above R1 overex-
pressing cell lines studied, RMPymR1 cells (Table 1) did not
show changes in tumorigenicity when compared with control
RMPySHD cells (Table 2). In agreement with these in vivo
results, we observed that RMPymR1 and RMPySHD cells had
approximately the same colony-forming efficiencies in soft
agar growth experiments (data not shown). Interestingly,
however, RMPymR1 cells formed significantly fewer lung
tumors in syngeneic mice than control RMPySHD cells in
experimental metastasis assays (Table 2). The difference in
numbers of lung metastases shown in Table 2 actually may have
been underestimated, because lung tumors generally were
larger in mice that had received RMPySHD cells than those
that developed in the lungs of mice injected with RMPymR1
cells. These results indicate that overexpression of R1 in these
highly malignant RMP-6 cells can suppress metastatic poten-

FIG. 2. Reduced growth efficiency in soft agar with recombinant
R1 expressing cells. Cell lines stably infected with the R1 viral vector
were compared with appropriate empty vector-infected control cell
lines (see Table 1 and below). Data presented were obtained from at
least three independent experiments, each consisting of triplicate
plates per cell line. Inoculum sizes (cellsyplate) were as follows: 5 3
105 for C1ySHD and C1ymR1 cells, 1 3 105 for C1ymR2 and
C1ymR2ymR1 cells, 1 3 104 for C1ymR2aySHD and C1ymR2aymR1
cells, ras-3ySHD and ras-3ymR1 cells, and 1 3 103 for ColoySHD and
ColoymR1 cells. In all cases, the difference in numbers of colonies
formed between recombinant R1 expressing cells and the control cells
were statistically significant (P , 0.001).

Table 2. Decreased tumorigenic and metastatic potential with cells expressing recombinant R1 protein

Cell line

Tumorigenicity assay* (subcutaneous tumors) Metastasis assay† (lung tumors)

Frequency
Latency
(days)

Weight
(g) Frequency

Number
of tumors P

C1ySHD 5y5 11 6 2 0.3 6 0.1 5y5 44 6 13
C1ymR1 0y5 — — 5y5 6 6 3 ,0.001
ras-3ySHD 5y5 9 6 2 0.9 6 0.3 5y5 120 6 22
ras-3ymR1 4y5 14 6 2 0.3 6 0.2 4y5 4 6 2 ,0.001
C1ymR2 10y10 8 6 1 .1.0‡ 10y10 195 6 34
C1ymR2ymR1 2y10‡ 19 6 4 ,0.1‡ 10y10 20 6 6 ,0.001
RMPySHD 4y4 7 6 1 1.1 6 0.3 4y4 61 6 8
RMPymR1 4y4 7 6 1 1.0 6 0.2 4y4 27 6 7 ,0.001

*Number of cells injected subcutaneously were as the follows: 1 3 105 for RMPySHD and RMPymR1 cells, and 3 3 105 for
all other cell lines.

†Number of cells injected intravenously were: 2 3 105 for RMPySHD and RMPymR1 cells, and 1 3 106 for all other cell lines.
‡Mice injected with C1ymR2 cells were sacrificed 21 days after injection. Tumors from these mice were estimated to be at
least 1.0 g. One of the mice injected with C1ymR2ymR1 developed tumor on day 15; when this mouse was killed on day 21,
the tumor was estimated to be less than 0.1 g. Another mouse in this group had an extremely slow-growing tumor, which
became detectable on day 23 and was estimated to be less than 0.1 g on day 60.
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tial without obviously affecting tumor growth properties.
Similar effects on tumorigenicity and metastasis have been
reported previously with several tumor suppressors (33, 34).

Increased Anchorage Independence with Oncogenic ras-
Transfected Cells Expressing R1 in the Antisense Orientation.
The results obtained from both in vitro and in vivo experiments
with multiple malignant cell lines of both mouse and human
origins have shown that R1 can suppress transformation and
malignant progression when it is overexpressed. Human tumor
suppressors mostly have been identified by studies linking
increased tumor incidence andyor accelerated tumor progres-
sion to lost expression of functional molecules as a result of
mutations. Interestingly, it recently has been reported that a
deletion of the coding sequence in the R1 mRNA can be
detected in some human colorectal carcinomas (35). Because
we observed that the levels of R1 expression can determine
malignant potential, it is certainly possible that an R1 deletion
would decrease R1 protein levels and enhance tumor progres-
sion. This prompted us to analyze the malignancy-related
properties of cells with down-regulated R1 expression. Anti-
sense approaches are commonly used to achieve decreased
gene expression (36), therefore we constructed an expression
vector in which the R1 sequence has been placed in an
antisense orientation relative to the vector promoter. NIH 3T3
cells were cotransfected with the antisense vector and the
pH06Ti plasmid that expresses the T24 H-ras oncogene (20).
H-ras expression transforms mammalian cells so that they are
often capable of colony formation in soft agar containing
growth medium (20, 25). Stable cotransfectants obtained after
selection with G418 were evaluated for anchorage indepen-
dent growth. Interestingly, Nyras & ASR1 cells containing R1
antisense exhibited a dramatically higher colony-forming ef-
ficiency in soft agar, when compared with control N3yras cells
that contained the H-ras oncogene without the R1 antisense
sequence (Fig. 3). Western blot analysis indicated, as expected,
lower expression of R1 in Nyras & ASR1 cells than in Nyras
cells (Fig. 4). These data together with a R1 deletion found in
human colorectal carcinomas (35) suggest that decreased R1
expression is important in tumorigenesis and support the
concept that R1 can act as a tumor suppressor activity.
However, it is unlikely that a complete lack of R1 expression
would occur in the development of malignancies, because the
R1 protein is essential for an enzyme activity that is required
for DNA synthesis (1–3), and a lack of R1 expression would be
incompatible with cell proliferation. Therefore, R1 differs
from some other tumor suppressors, in which inactivating

mutations to both alleles may occur (37). In a proliferating cell
there must be at least one R1 allele that encodes an active R1
protein. These observations suggest that a reduction in R1
levels as opposed to a complete lack of R1 protein is important
in malignant development. Studies aimed at determining the
relative levels of R1 protein in human cancers, and especially
an extensive search for possible R1 gene mutations, are
required to further test this hypothesis.

Unaltered Growth Rate and Plating Efficiency for Cells
with Deregulated R1 Expression Grown on a Solid Surface.
Whereas tumor suppressors such as p53 when overexpressed
suppress cell growth in vitro (37), others represented by
nucleoside diphosphate kinase nm-23 suppress malignancy
without affecting cell growth in culture (33). Furthermore, the
RB tumor suppressor has been shown to suppress growth of
some cell lines (38), but not of others (39). Therefore, growth
suppression is not necessarily an indicator of tumor suppressor
potential. Cell growth rates and plating efficiencies were
determined at least two times for all the cell lines listed in
Table 1, except the retroviral packaging lines, and we found
that cell lines containing the R1 sense or antisense vectors had
essentially the same or very similar growth rates and plating
efficiencies as their corresponding control lines. These obser-
vations indicate that deregulated R1 expression can occur
without significantly modifying in vitro growth properties as

FIG. 3. Increased colony-forming efficiency in soft agar with Nyras & ASR1 cells (b) as compared with control Nyras cells (a). Each plate was
inoculated with 1 3 104 cells. Nyras & ASR1 cells formed at least four times more colonies, which were generally larger than those formed by Nyras
cells. The colonies shown in a developed after 3 weeks and those shown in b developed after 2 weeks of incubation. When data from six experiments
each consisting of four plates per cell line were analyzed, the difference in colony-forming efficiencies exhibited by the two cell lines were found
to be highly significant (P , 0.0001).

FIG. 4. (A) Western blot analysis showing reduced R1 protein in
Nyras & ASR1 (b) as compared with control Nyras cells (a). (B) India
ink staining of the nitrocellulose membrane shown in A, demonstrating
approximately equal loading of cell extracts. Densitometric analysis
indicated a decrease of 3.2-fold in R1 protein level in Nyras & ASR1
cells when compared with Nyras cells.
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determined in growth studies performed on the surface of
plastic culture plates.

Malignant Potential Modified by the Levels of R1 and R2
Gene Expression. The present study and a previous report (20)
show that R1 and R2 can play opposing roles in the regulation
of cellular transformation, tumorigenicity, and metastatic po-
tential. We suggest that there is a delicate balance between R1
and R2 levels in cells, and that alterations in this balance
brought about by R2 overexpression andyor decreased R1
expression can promote transformation and malignancy,
whereas alterations that decrease R2 expression andyor ele-
vate R1 expression will favor malignant suppression. As a
working model, we suggest that in addition to functioning as
subunits for ribonucleotide reductase activity (1–3), R1 and R2
have novel, but yet undefined, properties that affect signal
pathways involved in determining transformation and malig-
nant potential. Support for this view comes from observations
that deregulated R2 expression activates a RasyRafyErk path-
way, which is important in mediating the expression of genes
that regulate such important biological functions as cell cycle
progression and cellular differentiation (20). We propose that
regulation in the expression of the two components of ribo-
nucleotide reductase provides a novel control point in mech-
anisms of malignant progression, a concept that is potentially
useful when considering new strategies to intervene in this
process.
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