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ABSTRACT

Ribonucleotide reductase is a highly regulated, cell cycle-controlled
activity that plays an important role in DNA synthesis and repair. Recent

studies have shown that elevated expression of the rate-limiting RI corn
ponent of ribonucleotide reductase increases Raf-l protein activation and
mitogen-activated protein kinase activity and acts as a novel malignancy
determinant in cooperation with activated oncogenes like H-ras. We show
that hydroxyurea-resistant mouse L cells with elevated R2 gene expression
and increased nbonucleotide reductase activity exhibit significantly de
creased sensitivities to the chemotherapeutic compounds N-(phosphonac
etyl)-L-aspartate (PALA) and methotrexate (MTX). Furthermore,

BALBIc 3T3 cells containing a retroviral expression vector encoding the
R2 sequence also showed decreased sensitivity to PALA and MTX when
compared to cells containing the same vector but without the R2 coding
region. Colonies that developed In the presence of PALA or MTX con
tamed amplifications of the CAD or dihydrofolate reductase genes and
exhibited wild-type pS3 function as determined in sequence-specific p53
binding activity assays. NIH-3T3 cells containing the R2 retroviral expres
sion vector also showed significantly decreased sensitivity to hydroxyurea
and MTX but not to PALA. Furthermore, NIH-3T3 cells transfected with
a vector containing the R2 sequence in antisense orientation exhibited
increased sensitivity to hydroxyurea, PALA, and MTX. Similarly, mouse
10TÂ½cells that are highly transformed and drug resistant due to alter
ations in H-ras and a mutant oncogenic form ofp53 exhibited significant
increases in sensitivity to hydroxyurea, PALA, and MTX when trans
fected with a vector containing the R2 sequence in antisense orientation
and compared to cells containing the same vector without the antisense
sequence. These results indicate that altered expression of the R2 compo

nent is capable of significantly modifying drug sensitivity properties of
tumor cells. We hypothesize that this occurs, at least in part, through a
mechanism of increased genetic instability that is independent of direct
PS3 mutation or loss and involves R2 stimulation of the mitogen-activated

protein kinase signal pathway.

INTRODUCTION

The mammalian ribonucleotide reductase is composed of two dif
ferent dimeric proteins called Rl and R2, which are needed to catalyze
the reduction of ribonucleoside diphosphates to their corresponding
deoxyribonucleotides, a rate-limiting step in DNA synthesis (1â€”3).
Changes in the activity of the enzyme and the expression of the RI
and R2 genes have been described under a variety of conditions, for
example, following treatment of BALB/c 313 cells by transforming
growth factor 13@or by phorbol ester tumor promoters (4â€”7).The
importance of ribonucleotide reductase in mechanisms of cell prolif
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eration and DNA repair (3, 8) and the observation that expression of
the enzyme is altered in malignant cells (9â€”!1) have made it a target
in chemotherapeutic strategies (1, 9, 11). The recent findings that
deregulated expression of the R2 gene of ribonucleotide reductase acts
as a novel malignancy determinant in cooperation with oncogenes like
H-ras and rac-l (12) further emphasizes the importance of the reduc
tase in mechanisms of tumor progression.

The genetic changes underlying cancer conversion and progression
are accompanied by a decrease in genomic stability of cells (13â€”16),
which leads to heterogeneity of tumor cell populations, alterations in
response to chemotherapy, and increased malignant potential. The
multitude of changes that are observed during malignant transforma
tion and are most pronounced at advanced stages of the disease are at
least in part due to changes in genome stability, as manifested for
example by an increased potential for DNA amplification (15, 17, 18).
Normal diploid cells rarely amplify their DNA, but amplification of
oncogenes and genes determining drug resistance is often observed in
tumor cell populations, and this is one of the most impressive char
acteristics that distinguishes normal cells from tumor cells (17, 18).
Clearly, mechanisms that lead to genomic destabilization are impor
tant in cancer transformation and progression. The recent demonstra
tion that aberrant expression of the R2 gene of ribonucleotide reduc
tase can influence the malignancy of tumor cells (12) has prompted us
to test the hypothesis that at least part of this process occurs through
a genomic destabilization mechanism.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. The hydroxyurea-resistantmousecell
lines H-2, H-4, LHF, and SC2 were derived from mouse L cells and have been
characterized in detail (19). BALB/c 313 cells were used as recipients of an R2

retroviral expression vector (B3/mR2 and B31R2c2cell lines) or of the same
retroviral vector lacking the R2 sequence (B3/SH cells; Refs. 12 and 20).
NIH-3T3 cells were also used as recipients of the R2 retroviral expression
vector (NIR2â€”4cell line) or of this retroviral vector lacking the R2 sequence
(N/SH cells), as described previously (12, 20). The NIR2 + ASR2 cell line was
the recipient through cotransfection using LipofectAmine (Life Technologies,
Inc., Grand Island, NY; Ref. 21) of retroviral vectors containing the R2 coding
sequence and the R2 sequence in the antisense orientation. RP3 and RP6 cells
are 101Â½ mouse cells that have been transfected with the T-24 H-ras onco

gene and a mutant oncogenic form of the p53 gene (22), and they were also
used as recipients through transfection using LipofectAmine reagent (21) of a

retroviral vector containing the R2 coding region in an antisense orientation
(20) to obtain RP3/ASR2 and RP6/ASR2 cells. lB cells are p53@ and were

derived from embryonic fibroblasts (23). All cells were cultured in a-minimal
essential medium (Life Technologies, Inc.) containing 10%fetal bovine serum
(Intergen, Purchase, NY) and antibiotics (100 units/ml penicillin and 100
pg/mI streptomycin) at 37Â°C in a humidified atmosphere containing 5% CO2.

Drug Selections. Cells rangingin numbersfrom 500 to 1â€”2X l0@were
added to 100-mm tissue culture plates in growth medium containing 10%
dialyzed fetal bovine serum and in the absence or presence of drug (16, 19).
The culture medium was replaced with fresh medium every week for 2â€”3
weeks. Surviving cells were visualized by methylene blue staining, and cola.
nies of about 50 cells or more were scored (16). The relative colony-forming

efficiency was defined as the ability to produce colonies in the presence of a

drug divided by that ability in the absence of drug (16, 19).
Assay for Gene Amplification. Genomic DNA was extracted from loga

rithmically growing cells by the phenol-chloroform extraction method (24),
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Table1 Drugsensitivitiesdeterminedby relativecolony-formingefficienciesXIO@'The
relative colony forming efficiencies are shown Â±SE, and the values presented are from four to eight determinations. Statistically significant differences were observedwhendata

obtained with H2 (P = 0.0004), H4 (P@ 0.0001), LHF (P 0.0001), and SC2 (P 0.0001) were each compared to data obtained with the parental wild-type cellline.Cell

lines
Drug

concentration Wild type H2 H4 LHFSC2PALA20

@LM 172.3 Â±126.3 406.7 Â±202.2 322.5 Â±36.4 233.3 Â±3.6 850.1@ 325.230
@LM 50.3 Â±20.5 39.4 Â±16.4 84.0 Â±30.0 78.8 Â±7.9 187.6 Â±46.440
@.tM 15.0 Â±7.0 23.3 Â±10.4 43.3 Â±9.6 46.5 Â±9.9 37.5 Â±8.750
@LM 3.6 Â±1.1 7.9 Â±1.7 23.2 Â±0.5 25.0 Â±6.8 47.5 Â±35.86OgM.I

1.3Â±0.4 3.6Â±0.6 11.1 Â±1.4 10.7Â±3.0 17.6Â±1.2MTX40

nt@i 11.2 Â±7.2 52.6 Â±25.2 44.2 Â±20.9 143.4 Â±41.3 880.4 Â±147.460
nr@i 12.3 Â±7.2 73.7 Â±16.6 34.7 Â±11.2 63.5 Â±18.6 566.8 Â±66.280
nsi 2.2 Â±1.6 67.7 Â±20.0 39.3 Â±18.7 68.2 Â±19.2 306.6 Â±61.5100
nM 0.8 Â±0.4 75.3 Â±10.0 15.1 Â±8.8 60.8 Â±16.7 261.8 Â±39.7150
oat 0.5 Â±0.2 53.3 Â±9.4 32.3 Â±13.7 63.9 Â±16.0 301.6 Â±76.8

R2 EXPRESSION AND GENOME INSTABILITY

and potential gene amplification events were determined by Southern blot
analysis as described (16, 19), using the cDNA fragments as probes noted

below. The pCAD142 plasmid containing CAD cDNA, which encodes the
CAD protein (25), was used to obtain the 6.3-kb Hindu fragment as a probe

(16). The pLTR DHFR26 plasmid containing the mouse dihydrofolate reduc
tase gene (26) provided the 1.3-kb BamHI fragment as a probe (16). The
l487-bp SaIlJPstI probe for ribonucleotide reductase R2 was prepared from
cDNA clone 10 as described (16, 19).

Western Blot Analysis. The procedures used have been described (12, 20).
Briefly, following cell extract preparation, total protein content was deter
mined, and an aliquot was analyzed on 10% linear SDS-polyacrylamide gel.
After protein transfer and blocking, membranes were incubated with anti-R2

rabbit polyclonal antibody. Alkaline phosphatase conjugated goat anti-rabbit
IgG (Sigma) was used for protein Ri detection.

Electrophoretic Gel MObilIty Shift Assay. Electrophoretic gel mobility
shift assay was used to determine the presence of wild-type p53. Assays were

performed essentially as described (27), with the following modifications.
Cells on 150-mmplates were washed once with ice-cold PBS and scraped into
1 ml of PBS. Cells were pelleted by centrifugation at 1300 X g at 4Â°Cfor 10
mm and stored at â€”80Â°C.Nuclei were prepared by lysing the pellets in 300 @.d
of buffer A [20 nmi HEPES (pH 7.6), 20% glycerol, 10 nmi NaCl, 1.5 mrsi
MgCl2, 0.2 m@iEDTA, and 0.1% Triton X-l00J for 20 mm on ice. Buffer A
also contained 10 m@i DTF and the protease inhibitors PMSF,4 aprotinin,
leupeptin, and pepstatin A. Nuclei were isolated by centrifugation at 1300 X g
at 4Â°Cfor 10 mm. Nuclear lysates were prepared by adding 20â€”40@.t1of buffer
A containing500 mMNaCl, 1mMPMSF,and 10 missDTTto thenuclearpellet
and incubating 20 mm on ice. The extracted nuclei were pelleted by centrif

ugation at 16,000 x g at 4Â°C; the supernatant was removed, and an aliquot was

used for protein determination using the Bio-Rad protein assay procedure. The
nuclear lysate was incubated with an excess of double-stranded p53 consensus

binding site (GGACATGCCC006CATGTCC) end-labeled with [y-32P]ATP
using T4 polynucleotide kinase (Boehringer Mannheim). DNA binding was
carried out in buffer containing 20 mr@iHEPES (pH 7.6), 20% glycerol, 1.5 mx@
MgCl2, 0.2 mt@iEDTA, 10 m@iDTf, and the protease inhibitors PMSF,
aprotmnmn,leupeptin, and pepstatin A. Each binding reaction contained 5 @sgof
cell lysate, 10 i.@gofdouble-stranded poly(dIdC)(Pharmacia), 1.4 ng of labeled
consensus probe, and 100 ng of monoclonal antibody 421 (Santa Cruz Bio
technology) in a total volume of 20 p3. DNA binding was allowed to proceed
for 30 mm at room temperature, and the mixture was separated by electro
phoresis on 5% nondenaturing polyacrylamide gels. Electrophoresis was car

ried out at room temperature until the xylene cyanol tracking dye had run to the

bottom of the gel and the free probe had run off of the gel.

Statistical Analysis. Analysis of covariance was used to compare dose

response data between groups of different cell lines, with the significance level

set at a = 0.05 (16).

4 The abbreviations used are: PMSF, phenylmethylsulfonyl fluoride; PALA, N-(phos

phonacetyl)-L-aspartate; MTX, methotrexate; DHFR, dihydrofolate reductase; CAD, car
bamyl phosphate synthetase/aspartate transcarbamylase/dihydrooratase; MAPK, mitogen
activated protein kinase.

RESULTS AND DISCUSSION

Hydroxyurea-resistant Cell Lines with Decreased Sensitivity to
Nonselective Drugs. H-2, H-4, LHF, and SC2 are mouse L cell lines
selected for resistance to the cytotoxic effects of the antitumor agent,
hydroxyurea. These four cell lines exhibited resistance to hydroxyurea
in colony-forming efficiency experiments that ranged between ap
proximately 18-fold (H-2) to 30-fold (SC2) higher than the wild-type
mouse L cell line from which they were derived ( 19, 28). They also
contained elevated levels of ribonucleotide reductase activity that
ranged between 2.2-fold (H-2) and 17-fold (LHF and SC2), which
was primarily due to increases in the R2 component of ribonucleotide
reductase that is limiting for enzyme activity and cell division in

proliferating mouse cells (8, 19, 28). Changes in sensitivity to the
cytotoxic effects of chemotherapeutic compounds such as PALA and
MTX can be used to monitor potential alterations in genetic stability
of cells (16â€”18).Therefore, the sensitivity to these drugs was deter
mined with cell lines exhibiting increased levels of R2 gene expres
sion. Table I shows that the four hydroxyurea-resistant cell lines were

less sensitive to the cytotoxic effects of PALA and MTX in colony

forming experiments when compared to parental wild-type mouse L
cells. These differences in drug sensitivity are highly significant, with
PS of 0.0004 for each of the cell lines when compared to the parental

wild-type mouse cells.
Although many mechanisms responsible for drug resistance have

been described (1, 29), resistance to MTX and PALA are frequently
accompanied by increased levels of the drug-targeted gene products,
DHFR or CAD (a multifunctional polypeptide), respectively, and this
often occurs through a mechanism of gene amplification (16, 30â€”33).
Indeed, the principal and perhaps only mechanism for PALA resist
ance in mouse cells occurs via CAD gene amplification (33). There
fore, colonies that developed in the presence of normally cytotoxic
concentrations of these two drugs were examined for possible gene
amplification events. Fig. 1 shows that cells that proliferated in the
presence of PALA or MDC exhibited increased CAD or DHFR gene
copy numbers. In keeping with previous studies (33â€”36),all colonies
that developed in PALA and tested (10 of 10) showed CAD gene
amplification. Also as reported previously (34), some but not all
colonies that developed in the presence of MTX (three of six tested)
showed DHFR gene amplification.

Direct Test for a Relationship between R2 Gene Expression and
Decreased Drug Sensitivity. Because hydroxyurea-resistant mouse
cells contain other biochemical alterations in addition to changes in
ribonucleotide reductase (1 1), we directly tested the relationship be
tween drug sensitivity and increased R2 levels with cells containing a
retroviral expression vector encoding the mouse R2 sequence and
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Table 2 Drug sensitivities determined by relative colony-forming efficienciesXThe
relative colony-forming efficiencies are shown Â±SE, and the values presentedarefrom

4 to 12 determinations. Statistically significant differences were observed whendataobtained
with B3/mR2 or with B3/R2c2 were compared with data obtained withB3/SH(all

P were 0.000l for data obtained in the presence of hydroxyurea, PALA, orMTX).Drugconcentration

B3/SH B3/mR2B3/R2c2Hydroxyurea0.1

m@i 3.3 Â±1.4 1310 Â±319.0 830.8 Â±97.00.4
inst 0.17 Â±0.19 14.6 Â±4.0 33.7 Â±11.00.5
msi 0.21 Â±0.14 6.5 Â±4.6 26.9 Â±I1.90.6
msi 0.41 Â±0.22 5.2 Â±3.7 12.5 Â±4.60.8
mi@t 0.19 Â±0.62 2.6 Â±1.4 13.2 Â±6.4PALA10

@tM 17.9 Â±11.0 965.0 Â±529.7 1230.0 Â±97.020
@tM 0.39 Â±0.18 120.1 Â±28.4 55.1 Â±15.640
sM 0.35 Â±0.01 25.0 Â±4.6 20.2 Â±6.850@.tM

0.24Â±0.14 27.6Â±8.9 15.9Â±4.060
@.tM 0.12 Â±0.05 25.0 Â±6.4 18.7 Â±5.380
@sM 0.17 Â±0.08 27.1 Â±6.75 20.0 Â±4.9MTX20

nt@i 192.6 Â±44.6 1055.0 Â±239.0 382.4 Â±71.340
nti 15.7 Â±2.9 62.1 Â±8.8 60.8 Â±13.060
nsi 6. 1 Â±2.0 76.7 Â±2 1.6 64. 1 Â±20.580
nt@i 2.2 Â±0.7 17.5 Â±3.6 20.1 Â±5.5100
nM 1.5 Â±0.5 12.3 Â±2.8 21.0 Â±7.2150
n@i 3.0 Â±1.1 23.0 Â±7.6 33.4 Â±14.3

DrugconcentrationN/SHN/R2-4N/R2+ASR2Hydroxyurea0.3

ms@1.14 Â±0.1246.1 Â±9.80.49 Â±0.340.4
mt.i0.71 Â±0.1718.0 Â±6.70.14 Â±0.14PALA10

@sM5.28 Â±1.56.22 Â±3.31.81 Â±0.815
@.tM5.83 Â±2.710.0 Â±5.50.58 Â±0.320
@sM0.30 Â±0. 11 .7 1 Â±1.20.04 Â±0.0425
@LM0.53 Â±0.30.8 Â±0.70.04 Â±0.0430
@tM0.48 Â±0.081 .03 Â±0.070. 12 Â±0.1240

p.M0.27 Â±0.20.14 Â±0.080.04 Â±0.04MTX20

n@i655 Â±74.8540 Â±25.1423 Â±11940
nM21 Â±12.1147 Â±4.23.5 Â±1.960
nsi3.4 Â±2.262.2 Â±30.71.9 Â±1.380
nM5.0 Â±5.050.4 Â±23.92.5 Â±1.5100
nM4.2 Â±2.566.1 Â±32.81.1 Â±0.6150
ntiI .4Â±0.92 1.0 Â±I I.50, n = 4

R2 EXPRESSION AND GENOME INSTABILITY

cells containing the same retroviral vector but lacking the R2 sequence
(12, 20). B3/mR2 is a population of BALB/c 3T3 cells containing
elevated R2 protein due to the presence of a retroviral expression
vector encoding R2, and B3/SH is a cell population that has normal
levels of R2 protein and contains the empty vector as a control (12,
20). B3IR2c2 is a cloned line with elevated R2 protein selected from
the B3/mR2 population.

Consistent with previous reports showing that elevations in R2 gene
expression leads to resistance to hydroxyurea (I, 8, 11, 19, 20), Table
2 shows that B3/mR2 and B3IR2c2 cells are significantly more
resistant to the cytotoxic effects of hydroxyurea, at a range of con
centrations, when compared to B3/SH cells. These results further
demonstrate that B3/mR2 and B3IR2c2 cells express increased levels
of an active R2 component of ribonucleotide reductase. Interestingly,
B3/mR2 and B3IR2c2 cells were also significantly less sensitive to the
cytotoxic effects of PALA and MTX, which act at sites other than
ribonucleotide reductase (Table 2). Resistance to these two drugs
ranged between approximately 10-fold with 100 n@iMTX to more
than 100-fold at most concentrations of PALA tested. Furthermore,

A B
abc

*@,

â€” @*

Table3 Drugsensitivitiesdeterminedby relativecolony-formingefficienciesX iO@
The relative colony-forming efficiencies are shown Â±SE, and the values presented are

from four to six determinations. Where 0 is shown, the number of determinations using
I X l0@cells/test is shown as 4 (n = 4). Statistically significant differences were observed
when data obtained with N/SH in the presence of PALA was compared to data obtained
with N/R2â€”4or with N/R2+ASR2 in the presence of hydroxyurea (P 0.0001 in both
cases) or in the presence of MTX (Ps = 0.0002 and 0.032, respectively). Statistically
significant differences were also observed when data obtained with N/SH in the presence
of PALA was compared to data obtained with NIR2+ASR2 (P 0.002)but not with data
obtained with NIR2-4.

Southern blot analysis showed that colonies that developed in the
presence of PALA or MTX contained amplifications of CAD or
DHFR genes (data not shown), although as observed in Fig. 1 and as
has been reported in other studies (3, 4), some but not all colonies that
developed in MTX-containing medium exhibited DHFR gene ampli
fication. Unlike PALA resistance, MTX resistance in mouse cells can
occur through a variety of mechanisms (35â€”37).

The changes in sensitivity to chemotherapeutic compounds exhib
ited by cells containing elevated levels of the ribonucleotide reductase
R2 component were further tested using NIH-3T3 cells containing the
R2 expression retroviral vector (Table 3). As expected, these cells
(NIR2â€”4) were resistant to hydroxyurea when compared to cells

containing the retroviral vector lacking the R2 coding sequence (NI
SH). The N/R2â€”4cells were also significantly more resistant to MTX.
Although the NIR2â€”4cells showed a trend toward resistance to PALA
when compared to N/SH cells, this trend was not statistically signif

Fig. I . Examples of Southern blot analysis of CAD (A) and DHFR (B) DNA with
mouse L cells. A. H-4 cells not exposed to drug as a control (Lane a) and H-4 cells from
a colony that developed in the presence of 50 psi PALA (Lane b) or in the presence of
60 @LMPALA (Lane c). DNA was digested to completion with XbaI. B, SC2 cells not
exposed to drug as a control (Lane a), SC2 cells from colonies that developed in the
presence of 80 nM MTX (Lane b). and (Lane c). DNA was digested to completion with
PstI. Ethidium bromide-stained gels showing DNA loading for A and B are provided
below each figure. Densitometric analysis indicated approximately 2.9- and 3.1-fold
increases in gene copy number for CAD in cells selected in the presence of 50 @.tM(Lane
b) and60 @LM(Lanec) PALA, respectively,andapproximately2.5-fold increasein gene
copy number for DHFR for cells selected in the presence of 80 mi MTX as shown in Lane
c, but no increase was observed in another cell line selected in 80 nsi MTX as shown in
Lane b.
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Table4 Drugsensitivitiesdeterminedby relativecolony.formingefficienciesXlO@The
relative colony-forming efficiencies are shown Â±SE, and the values presented are from 4 to 10 determinations. Statistically significant differences were observed whendataobtained

with RP6/SH were compared with data obtained with RP6/ASR2 (Ps = 0.0001, 0.0001 and 0.0001 in the presence ofhydroxyurea, PALA, and MTX, respectively).Significantdifferences
were also observed when data obtained with RP3/SH were compared with data obtained with RP3/ASR2 (Ps 0.04, 0.0001, and 0.004 in the presence ofhydroxyurea,PALA,

andMTX,respectively).Drug

concentration RP3/SH RP3/ASR2 RP6/SHRP6/ASR2Hydroxyurea0.1

msi 263.6 Â±19.3 109.8 Â±43 201.3 Â±27.2 43.8 Â±12.30.2
msi 53.6 Â±13.7 22.9 Â±3.1 35.5 Â±8.4 8.6 Â±2.50.3
msi 20.8 Â±7.5 6.6 Â±2.5 12.6 Â±2.4 4.5 Â±1.10.4
mi@i 5.8 Â±1.9 1.0 Â±0.2 10.8 Â±4.1 1.2 Â±0.50.5
mvi 4.8 Â±1.9 0.2 Â±0.1 12.1 Â±3.9 1.8 Â±0.90.6
msi 0.7 Â±0.3 0.3 Â±0.1 6.6 Â±2.9 1.5 Â±0.70.8
msi 0.8 Â±0.3 0.1 Â±0.05 1.7 Â±1.2 0.4 Â±0.3PALA10

@sM 2569 Â±338 1183Â±384 4619 Â±648 2083 Â±96020
@LM 123.4Â±19.3 86.1Â±32.9 1220Â±255 368 Â±15430
@sM 45.2Â±7.8 19.5Â±4.7 450 Â±129 316 Â±17140
@sM 15.0 Â±4.9 4.7 Â±0.6 271 Â±68 116 Â±5450
@sM 9.3 Â±3.6 2.1 Â±0.8 109 Â±23 41.7 Â±2360
@sM 3.9 Â±1.6 0.3 Â±0.2 55.5 Â±13 13.2 Â±6.3MTX20

nst 961.7Â±134 485.9Â±165 1856Â±464 1504Â±48640
nM 347.1Â±154 77.8Â±18 172Â±41.3 91.5Â±28.160
flM 123.8 Â±64 18.1 Â±6.2 77.3 Â±15.6 49.9 Â±14.180
nsi 66.5 Â±37 4.4 Â±0.8 68.7 Â±16.7 36.0 Â±6.0100

nsi 34.8 Â±21 0.6 Â±0.06 46.6 Â±5.6 14.4 Â±3.8l5OnM
4.7Â±3 0.2Â±0.1 11.1Â±4.4 3.5Â±0.9

R2 EXPRESSION AND GENOME INSTABILITY

b

Fig. 2. Western blot analysis of R2 protein levels in N/R2â€”4(a) and NIR2 + ASR2
(b) cells. To distinguish the vector R2 protein from the endogenous gene product in
transfected cells, a human c-myc epitope coding for 10 amino acids plus methionine was
placed at the 5' end of the cDNA for R2 (12). Recombinant (upper band) and endogenous
(lower band) R2 protein is observed in Lane a and is markedly reduced in cells containing
R2 antisense (Lane b). Both cell lines grew with approximately the same doubling time of
16 h.

icant. This latter observation indicates that other factors inherent in the
genetic differences between the cell lines used in this study, in
addition to the increased R2 levels, can influence drug sensitivity
responses. Therefore, we tested the hypothesis that R2 levels are
important in determining drug sensitivity characteristics by investi
gating drug sensitivities after decreasing the levels of R2, through
expression of an R2 antisense construct introduced into NIR2â€”4cells
to produce the N/R2 + ASR2 population. Fig. 2 shows that the level
of R2 protein is markedly reduced in N/R2 + ASR2 cells when
compared to NIR2â€”4cells. Interestingly, NIR2 + ASR2 cells were
significantly more sensitive to hydroxyurea, PALA, and MTX when
compared to NIR2â€”4cells (Table 3). Furthermore, sensitivity to these
three drugs in the R2 antisense-expressing cells was significantly
increased when compared to control N/SH cells containing the empty
vector (Table 3).

In previous studies, we have reported that mouse 10TÂ½ cells
transfected with activated ras and a mutant oncogenic form ofp53 are
highly resistant to chemotherapeutic agents (34). The observation that
R2 antisense expression can increase sensitivity of NIH-3T3 cells to
hydroxyurea, PALA, and MTX lead us to test the possibility that cells
containing ras and mutated p53 may also exhibit reduced drug resist

ance characteristics in the presence of an R2 antisense sequence. Table
4 showsthatthisiscorrect.Cellscont@.iningthÃ§R2antisensesequence

are significantly more sensitive to hydroxyurea, PALA, and MTX
when compared to cells containing the same vector but without R2 in
the antisense orientation. These observations suggest that at least one
of the determining factors relevant to drug sensitivity of these highly
transformed and malignant cells (22, 34) is ribonucleotide reductase
R2 levels.

Evidence That Loss of p53 Protein Function Is Not Required
for R2-mediated Drug Resistance and Gene Amplification. Inac
tivation or loss of p53 is a common event associated with the devel
opment of tumors and the accompanying decrease in genetic stability
observed in malignant cells, including the ability to undergo sponta
neous amplifications (30, 3 1, 38). Therefore, we tested the possibility
that the increased drug resistance properties exhibited by the R2
overproducing B3ImR2 and B3IR2c2 cells may be occurring through
a mechanism that results in a loss of wild-type p53 activity. It has been

demonstrated that p53 is a transcription factor, and that transactivation
by wild-type p53 but not mutated versions of p53 is sequence specific
and correlates with its binding to consensus DNA sequences (38â€”40).
To determine the presence or absence of wild-type p53 function in
drug-resistant colonies that developed in the presence of PALA,
MTX, or hydroxyurea, cell extracts were used in electrophoretic gel
mobility shift assays (27) to test for sequence-specific p53 binding
activity. Fig. 3 shows that drug-resistant clones derived from R2

overexpressing cells exhibited wild-type p53 binding activity. These
observations also agreed with our inability to detect mutant p53
proteins in cells from drug-resistant colonies in immunoprecipitation
assays using the Pab240 monoclonal antibody (41), which specifically

detects common forms of mutant p53 (data not shown).
It is interesting to note that elevations in ribonucleotide reductase

activity and R2 gene expression have been observed in studies of

tumor progression in animals (9, 11, 12) and in clinical situations (10,
42). The mechanism through which aberrant R2 expression modifies
drug sensitivities does not appear to require the direct involvement of
p53 mutation or loss of wild-type p53 function as shown above,

although it is possible that genetic events downstream of a p53-
regulated pathway are involved. In recent studies, we have shown that
a relationship exists between increased R2 expression and activation

of a ras pathway involving the Raf-l protein and MAPK-2 activity.
Recombinant R2 gene expression in BALBIc 3T3 and NIH-3T3 cells

a
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A

Fig. 3. p53-DNA binding activity in wild-type BALB/c 3T3 cells (A) and in cells from
colonies that developed in PALA, MTX, or hydroxyurea (B). Lane a, control lB cells that
are p53-null; Lane b, B3/mR2 cells that grew in the presence of 20 @sMPALA; Lane c.
B31R2c2cells that grew in the presence of 40 @sMPALA; Lane d, B3/mR2 cells that grew
in the presence of 40 nsi MTX; Lane e, B3/R2c2 cells that grew in the presence of 60 nsi
MTX; Lane f B3/mR2 cells that grew in the presence of 0.20 msi hydroxyurea; Lane g,
B3/R2c2 cells that grew in the presence of 0.30 inst hydroxyurea. Cells were pretreated
with 250 @LMPALA for 36 h, and extracts were incubated with 32P-labeled p53 consensus
binding sequence in the presence of antibody 421, which activates p53 for DNA binding
(27). Note the presence of complexes in all cell lines except in the lB control p53-null
cells. Low molecular weight complex formation results from p53-DNA binding, and
high molecular weight complex formation results from antibody supershifted p53-DNA
binding.
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significantly increased both Raf-l protein activation and MAPK ac

tivity (12). These observations imply that the R2 protein is capable of
acting as a signal molecule in the MAPK pathway, in addition to its
role as a rate-limiting component of ribonucleotide reduction. Tran
scription factors like the product of the c-myc gene are downstream
targets of the MAPK pathway, and control for example, expression of
cyclins A, D, and E, which are important in the regulation of check

points during cell cycle progression (43, 44). Compromising cell cycle
checkpoint controls enhances genomic destabilization and facilitates
DNA amplification (29, 30). Interestingly, c-myc overexpression has
also been directly linked to gene amplification mechanisms involving
DHFR (32). These observations suggest that alterations in the MAPK
pathway through aberrant R2 expression may be at least partly re
sponsible for the changes in drug sensitivities and genomic integrity
observed in this study. This hypothesis is under investigation.
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