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ABSTRACT

a-Difluoromethylornithine (DFMO), an enzyme-activated irreversible

inhibitor of ornithine decarboxylase (ODC), was used to select two very
highly drug-resistant cell lines, designated K562-DFMOr and V79-DF-
M<>'. Both DFMO-resistant cell lines exhibited elevated ODC expression
due to gene amplification. Moreover, the K562-DFMOr cells, but not the
V79-DFMOr cells, had an elevated level of ribonucleotide redactase sub-
unit R2 (R2) niKN'A and an increased R2 gene copy number. By analysis

of their electron paramagnetic resonance spectra, an increased level of the
R2 protein was observed in the K562-DFMOr cells as compared to the wild

type K562 cells. This is the first description of a DFMO-induced mutant

cell line exhibiting coamplification of the genes for ODC and R2, and
overexpression of their products. There was no coamplification of the
N-myc protooncogene, which is located close to the ODC and R2 genes on
human chromosome 2. The alterations exhibited by the K562-DFMOr cell

line were shown to be stable for many passages and to convey resistance
not only to DFMO but also to hydroxyurea, an inhibitor of ribonucleotide
reductase and thus DNA replication. In the absence of the selective pres
sure exerted by DFMO, the V79-DFMOr cell line produced revertants by

loss of ODC gene amplification within three passages. Coamplification of
linked genes may turn out to be an important mechanism in the develop
ment of cross-resistance and should be considered when designing thera

peutic strategies.

INTRODUCTION

DFMO3 is an enzyme-activated irreversible inhibitor of ODC (1, 2)

with strong antiproliferative effect on most types of cells grown in
culture (3-5). ODC catalyzes the first step in the polyamine biosyn-

thetic pathway (5), and when inhibited the cellular putrescine and
spermidine contents are depleted. DFMO enters mammalian cells by
a diffusion process (6) and must be used at rather high (mm) concen
trations in order to be effective (7). Although DFMO has been used
clinically in the treatment of cancer with some success (8), its most
dramatic clinical effect thus far is the cure of patients with African
sleeping sickness (9).

In the clinical situation, a major problem during DFMO treatment
is the compensatory uptake of extracellular polyamines which replen
ish the polyamine pools in the cells, thus neutralizing the inhibition of
polyamine synthesis exerted by DFMO (10, 11). In culture, tumor
cells have been shown to rapidly develop resistance to DFMO by gene
amplification (12-14).
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In view of the fact that DFMO alone, or in combination with agents
having a different mechanism of action (15), may have clinical utility
against certain tumors (15), we considered it important to determine
whether DFMO treatment might result in resistance to other drugs,
especially hydroxyurea, that may be part of the chemotherapeutic
regimen. Hydroxyurea is an effective inhibitor of ribonucleotide re
ductase, which catalyzes an important step in the synthesis of deoxy-

ribonucleotides, and is composed of two nonidentical subunits Rl and
R2. In various species, including humans, the gene for the R2 subunit
is located near the ODC gene on the chromosome. Moreover, hy
droxyurea has been shown to induce coamplification of the genes for
R2 and ODC, and overexpression of their products (16-20), thus
probably inducing cross-resistance to DFMO (although not experi

mentally demonstrated).
In the present study we show the converse, that DFMO treatment

induces cross-resistance to hydroxyurea in a human myelogenous
leukemia cell line, and analyze the properties of the drug-resistant
phenotype. The properties of this cell line (K562-DFMOr) are com
pared with those of a Chinese hamster cell line (V79-DFMOr), which

developed resistance to DFMO but not to hydroxyurea. Analysis of
their ability to produce revertants in the absence of the selective
pressure from DFMO showed the human cell line to be stable and the
Chinese hamster cell line to rapidly produce revertants.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. K562 cells, originally derived from a
patient with promyelocytic leukemia, were grown in suspension culture with
the use of RPMI 1640 medium (Gibco), supplemented with 10% fetal calf
serum (Seromed) and antibiotics (50 units of penicillin/ml and 50 /xg of
streptomycin/ml). These cells were passaged twice weekly by seeding IO6

viable cells into 10 ml of fresh medium. V79 fibroblasts, an established cell
line from Chinese hamster lung, were grown as monolayer cultures in Dul-
becco's modified Eagle medium, supplemented with 10% fetal calf serum and

antibiotics. The cell cultures were split (1:5) twice weekly.
Starting with wild type K562 and V79 cells, drug-resistant cells were

produced by a stepwise (2-fold) increase in the concentration of DFMO, from
0.1 mM to a final concentration of 20 mm. The DFMO-resistant cell lines were
designated K562-DFMOr and V79-DFMO', respectively. They were routinely
cultivated in the presence of 20 mM DFMO. All cells were incubated at 37Â°C

in a humidified atmosphere of 5% CO2 in air.
In reversal experiments, the K562-DFMO' and V79-DFMO' cells were

seeded into DFMO-free medium. The K562-DFMO' cells were subsequently

grown in the absence of DFMO, and the stability of the coamplification of the
ODC and R2 genes was monitored for 5 passages. When seeded into DFMO-
free medium, the V79-DFMO' cells died after about 2 days unless the growth

medium was frequently changed.
Southern Blot Analysis. Genomic high-molecular weight DNA was pre

pared from cells by phenol-chloroform or salt extraction (21). For Southern

blot analysis, 20 /xg of genomic DNA was digested to completion with EcoRl
(BRL) or Bamttl (Promega) (results not shown) restriction endonucleases,
followed by fractionation in 0.8% agarose gels and subsequent vacuum transfer
(Vacu-BIot XL, Pharmacia) to nylon membranes (Zeta Probe GT, Bio-Rad). All
blots were prehybridized at 65Â°Cfor at least 30 min in 0.25 M sodium phos-
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phate buffer (pH 7.2) containing 7% SDS, 1 PIMEDTA, and denatured salmon
sperm DNA (KH) /ig/ml of hybridization solution). Hybridi/.ation was per
formed in the same solution for 18-24 h following addition of 10" cpm/ml of
a 12P-labcled fragment containing the cDNA of interest. cDNA fragments were
12P-labeled by random primer labeling reactions (Amersham Multiprime or

Megaprimc DNA labeling systems). The membranes were washed twice (20
min; 65Â°C)in 0.02 M sodium phosphate buffer (pH 7.2) containing \% SDS,
and once (20 min; 65Â°C)in 0.01 Msodium phosphate buffer (pH 7.2) contain
ing 0.5% SDS. Autoradiography was performed at -70Â°C with the use of

intensifying screens. Hybridized probe was stripped off by washing the mem
branes twice (15 min; 80Â°C)in a solution of 0.1% SDS and 2 mm EDTA. The

ODC and R2 gene copy numbers were estimated in serial dilution experiments
by using Southern blot analysis.

Northern Blot Analysis. Cytoplasmic RNA was isolated from logarithmi
cally growing cells and from stationary phase cells essentially as described by
Cough (22). The cells were lyscd in 10 IÃŒIMTris-HCl buffer (pH 7.5) containing

0.15 M NaCl, 1.5 nui MgCK, 0.5 IHMdithiothreitol. and 1 mg/ml heparin. An
equal volume of 10 mm Tris-HCl buffer (pH 7.5) containing 7 Murea, 1% SDS,

0.35 MNaCl, and 10 ITIMEDTA was added, and the sample was extracted once
with phenol/chloroform; 12.5 /xg tRNA was added as a carrier and the RNA
was precipitated with ethanol. The RNA was then dissolved, fractionated by
electrophoresis in 1% agarose gels containing O.f>6M formaldehyde in 10 mM
sodium phosphate buffer (pH 6.5), and transferred by vacuum blotting to nylon
membranes (Hybond-N. Amersham), using 25 min sodium phosphate buffer
(pH 6.5). The blots were prehybridized at 60Â°Cfor at least 30 min in 0.25 M

sodium phosphate buffer (pH 7.2) containing 50% formamide, 0.25 MNaCl, 1
mM EDTA, 7% SDS, and 100 fig/ml yeast tRNA, using a Hybaid hybridization
oven equipped with cylindrical incubation bottles. Hybridization was per
formed at 6()Â°Cfor 16 h in the same solution supplemented with 10" cpm/ml
of a 12P-labeled antisense RNA probe corresponding to the cDNA of interest.
The membranes were washed 3 times (20 min; 65Â°C) in 40 HIM sodium

phosphate buffer (pH 7.2) containing 1 mM EDTA and 1% SDS. Autoradiog
raphy was performed at -70Â°Cwith the use of intensifying screens. Hybridized
probe was stripped off by washing the membranes with 0.1% SDS at IOOÂ°C.

The extent of overproduction of the ODC and R2 mRNAs was estimated in
serial dilution experiments by using Northern blot analysis.

DNA and RNA Probes. A 1.8-kilobase mouse ODC cDNA Sal\-BamH\

fragment (23) was used to make a DNA probe. The same fragment was
subcloned into plasmid pGEM3Zf(-) (Promega) and the construct was linear

ized with San, and finally T7 RNA polymerase was used to synthesize an
antisense RNA probe. A 1.5-kilobase Pst\ fragment of mouse R2 cDNA (24)
was used to prepare a DNA probe. A 0.4-kilobase C/al-iVoRI fragment of

mouse R2 cDNA, subcloned into plasmid pGEM3 (25), was linearized with
///Hi/Ill, and T7 RNA polymerase was used to synthesize an antisense RNA
probe. A 2.0-kilohase Â£VÂ«RIfragment of human gcnomic DNA. corresponding
to part of the N-myc protooncogene (26), was used to prepare a DNA probe.

The DNA and RNA probes were used in Southern and Northern blot analyses,
respectively.

Radioimmunoassay of ODC Protein. The ODC protein content of the
cells was determined essentially as described by Seely and Pegg (27). The cells
were sonicated in a 0.1 MTris-HCl buffer (pH 7.5) containing O.I mM EDTA,

0.5 mM dithiothreitol, and 0.1% bovine serum albumin. After centrifugation at
30,000 x g (20 min; 4Â°C),the supernatants were incubated with a monospe-

cific ODC antibody (28) for 30 min at room temperature. Purified ODC (29)
labeled with pH]DFMO was added, and the antibody-bound radioactivity was

determined after precipitation with bacterial protein A adsorbent and subse
quent centrifugation. Pure ODC was used as standard.

ODC Activity. The cells were sonicated as described above. The soluble
ODC activity was determined by measuring the release of I4CO^ from car-

boxyl-labeled ornithine in the presence of saturating concentrations of pyri-
doxal 5'-phosphate (0.1 mM) and i-ornithine (0.5 mM) (30).

Determination of Rate of ODC Synthesis. The cellular synthesis of ODC
was determined by measuring the incorporation of ("SJmethionine into ODC

(31). The cells were collected by centrifugation, resuspended in growth me
dium lacking methionine, and preincubated for 5 min at 37Â°C.['5S]Methionine

(10 /xCi/ml) was added and the cells were incubated for 25 min. The incor
poration of radioactivity was terminated by adding an excess of ice-cold

unlabclcd methionine. The cells were ccntrifuged and the pellets were stored at
-70Â°C. Following sonication of the cells and subsequent centrifugation (as

described above), aliquots containing equal amounts of acid-precipitable ra
dioactivity were removed from the supernatants and incubated with a 100-fold
excess of monospecific ODC-antiserum (28). The antibody-ODC complex was

precipitated with bacterial protein A adsorbent and washed. It was then
fractionated by SDS-polyacrylamide gel electrophoresis and visualized by

fluorography.
Determination of Polyamines, AdoMet, and dcAdoMet. The cellular

polyamines, AdoMet and dcAdoMet were separated and quantified by using
the reversed-phase HPLC method described by Seiler and KnÃ¶dgen (32). In

principle the polyamines were determined by separation of the ion pairs formed
with 1-octanesulfonic acid on a revcrsed-phase column (Kromasil KR 100-

5C18; Eka Nobel; 15 cm X 4.6 mm inside diameter). For these analyses we
used a Varian Vista 5500 liquid chromatography system equipped with a Model
9090 AutoSamplcr, a Model 2050 UV variable wavelength detector, a Model
2010 HPLC pump, and a fluorichrom fluorescence detector. A Dynamax HPLC
method manager and Macintegrator (Rainin Instrument Company) was used
with a Macintosh SE/30 for method editing and HPLC control, and for data
collection and analysis (peak identification and quantification).

EPR Spectroscopy. The expression of R2 protein in wild type K562 cells
and in K562-DFMO' cells was detected by measuring the EPR signal charac

teristic of the tyrosyl free radical present in functional R2 protein (33, 34).
Prior to analysis, the cells were washed and resuspended in Tris-saline. The

cell suspension was directly transferred to EPR tubes and packed by low-speed

centrifugation (150 x g for 10 min) in a Wifug Doctor centrifuge (33). The
height of the sedimented cell pellet was adjusted such that each tube contained
either the same volume of packed cells or, when possible, at least 170 Â¿Â¿Iof
packed cells, which is the maximal measured volume in the EPR spectrometer
(33). The tubes and their contents were frozen and stored in liquid nitrogen
until analyzed.

The tyrosyl free-radical content was determined at 77Â°K,using a Varian

Model E-109 X-band spectrometer and E-238 cavity, at 9 GHz, 20 mW (34).

A modulation amplitude of 8 G was chosen for optimal quantitative sensitivity.
The spectra were quantitated by peak height comparisons, using a standard
sample of mouse R2 protein of known tyrosyl free-radical content. The original

absolute quantitation was made by comparing double integrals of mouse R2
protein spectra at 77Â°Kwith that of a 1 HIMCu21 - 10 mM EDTA spectrum

recorded under similar conditions.

RESULTS

DFMO Resistance. Two DFMO-resistant cell lines designated
K562-DFMOr and V79-DFMO' were selected in the presence of

increasing concentrations of DFMO. At the highest (20 HIM)DFMO
concentration the growth rates of the drug-resistant cell lines were

similar to those of their wild type counterparts growing in the absence
of DFMO (data not shown).

Gene Amplification. Southern blot analysis with the use of a DNA
probe showed that the ODC gene was amplified in K562-DFMO' cells
as well as in V79-DFMOr cells (Fig. \A ). The ODC gene copy number

(as determined by serial dilution) was increased by approximately
8-fold in the K562-DFMOr cells and by more than 128-fold in the
V79-DFMO' cells. The R2 gene was coamplified only in K562-
DFMOr cells (Fig. IB), which exhibited an approximately 10-fold

increase in R2 gene copy number when compared to the wild type
cells. There was no evidence for coamplification of the N-wyc pro
tooncogene in any of the drug-resistant cell lines (Fig. 1C).

Transcript Levels. Northern blot analysis, using ODC-specific an
tisense RNA as the hybridization probe, showed dramatic elevations
of ODC message levels in both the K562-DFMOr cells and the V79-
DFMOr cells, relative to the wild type situation (Fig. 2, A, and C).

Hybridization with an R2-specific antisense RNA probe revealed a
dramatic elevation of R2 mRNA (over the wild type level) in K562-
DFMOr cells (Fig. 25), but not in V79-DFMO' cells (Fig. 2D). Serial

dilutions indicated a 5- to 10-fold increase in ODC mRNA content and
about a 5-fold increase in R2 mRNA content in exponentially growing
K562-DFMO' cells as compared to wild type cells (data not shown).

During stationary phase, the ODC mRNA content was about 100
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kb ODC R2 N-myc

Fig. 1. Soulhern blot analyses of fcoRI-digested
genomic DNA hybridized lo '2P-labeled ODC (A ),
R2 (B), and N-myc (C) DNA probes. Lane 1, wild
lype K562 cells; Lane 2, K562-DFMO' cells; Lane 3,
wild lype V79 cells; Lane 4. V79-DFMO' cells. Each

lane contains 1Ãœ/ig of genomic DNA. The ODC
cDNA probe was removed from the membrane by
stripping, lo allow for hybridization with the second
probe, /.e., R2 cDNA. The large number of ODC
gene copies in V79-DFMO' cells did not permit a

complete removal of the ODC cDNA probe, which
remains as a weak band (*) in Fig. IB, Lane 4. The
DNA size markers were ///ni/III-digested A DNA.

Equal loading of the gels was ascertained by
ethidium bromide staining and visual inspection of
the rRNA band intensities, kb, kilobases.
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times higher and the R2 mRNA content about 50 times higher in
K562-DFMOr cells than in K562 cells, mainly because of decreased
message levels in the wild type cells. As to the V79-DFMO' cells,

serial dilutions indicated a greater than 300-fold increase in ODC

mRNA content above the wild type level during exponential growth
(data not shown). During stationary phase the ODC mRNA content
was about 1200 times higher in V79-DFMOr cells than in V79 cells,

mainly because of a decreased message level in the wild type cells.
Protein Levels. Compared to wild type enzyme levels, K562-DF-

MOr and V79-DFMOr cells exhibited elevated levels of ODC activity

when grown in the absence of DFMO (Table 1). There were 2- and
80-fold increases, respectively, in K562-DFMOr cells and V79-DF-
MOr cells, over the wild type levels. A radioimmunoassay showed that
when the K562-DFMOr cells and the V79-DFMOr cells were grown

in the presence of 20 mvt DFMO they contained approximately 170-
and 3700-fold more ODC protein, respectively, than the wild type

cells grown in the absence of DFMO (Table 2). EPR spectra of R2
protein (Fig. 3) revealed a significant increase in R2 protein content in
the K562-DFMO' cells. The increase was 3- to 5-fold as compared to

the wild type situation.
Rate of ODC Synthesis. The increases observed in ODC activity

and content in K562-DFMOr and V79-DFMOr cells was corroborated

by measuring the rate of synthesis of the enzyme. Thus, cells were
pulse labeled with [15S]methionine and their ODC was precipitated

with a monospecific antibody, separated by SDS-polyacrylamide gel

electrophoresis, and identified with fluorography (Fig. 4). As shown in
Fig. 4, both DFMO-resistant cell lines exhibited a marked increase in

ODC synthesis, as compared to their wild type counterparts.
Polyamine Content. During exponential growth, K562-DFMOr

cells exhibited a much lower content of all three polyamines than did
the wild type cells (Table 3). During stationary phase, however, the
putrescine and spermidine levels were higher, and the spermine level
lower, in K562-DFMO' cells than in wild type cells. In both expo
nential and stationary phase V79-DFMO' cells, the putrescine and

spermidine content was markedly reduced, but the spermine content
increased, when compared to the wild type cells (Table 3). Apparently,
the polyamine complement characteristic of each DFMO-resistant cell

line was sufficient to maintain a normal growth rate in the presence of
20 mm DFMO, i.e., a growth rate similar to that of wild type cells
growing in the absence of DFMO.

ODC mRNA R2 mRNA

â€”¿�2.3

1 2

2.8 â€”¿�â€¢¿�f
1.5â€”1

3 4 3 4
Fig. 2. Northern blot analysis of total RNA hybridized to '-P-labeled ODC (A, C) and

R2 (B, D) antisense RNA probes. Lane 1, wild lype K562 cells; Lane 2, K562-DFMO'
cells; Lane 3, wild type V79 cells; Lane 4, V79-DFMO' cells. Each lane contains 10 u.g

of total RNA with the exception of Lanes 5 and 6, which contain 0.5 and 0.1 /u.g.
respectively, of total RNA from V79-DFMO' cells. The BRL 0.24-9.5-kilobase RNA

ladder was used as size marker. Arrows indicate sizes in kilobases.
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Table 1 ODC activity in DFMO-resisiam ceil lines and their wild type counterparts
when grown in the absence of DFMO

The cellular ODC activity was determined during exponential growth, i.e., 1 day after
seeding the cells into DFMO-free medium. Wild type cells were routinely grown in the
absence of DFMO, but the DFMO-rcsistant cells were grown in the presence of 20 HIM

DFMO prior to the experiment.

CelllineK562

wild type
K562-DFMÃ“'

V79 wild type
V79-DFMO'ODC

activity
(pmol CO2/h x 10"cells)325

61936829,544Overexpression

(-fold)280

Table 2 ODC content of DFMO-resistant cell lines and their wild type counterparts

The cellular ODC content was determined 1 day after seeding in fresh medium in the
absence (wild type cells) or presence (DFMO-resistant cells) of 20 mu DFMO, using a
radioimmunoassay and a monospecific ODC antibody. Values are means Â±SD of three
independent experiments.

CelllineK562

wild type
K562-DFMO'

V79 wild tvpe
V79-DFMO'ODC

protein
(ng ODC/106cells)0.77

Â±0.32
132 Â±8

0.38 Â±0.16
1400 Â±523Overexpression

(-fold)171

3684

K562-DFMCy

I ,

1.34 |iMR2 protein

3175 3225

Magnetic field (G)

3275

was barely detectable (1.5 pmol/106 cells during exponential growth

and less than that during stationary phase) (Table 3). A different
picture emerged when analyzing the dcAdoMet content of V79-DF-
MOr cells growing in the presence of DFMO. Their dcAdoMet level

was markedly elevated when compared to the wild type cells, and
increased from 232 pmol/106 cells during exponential phase to 473
pmol/106 cells during stationary phase (Table 3). The dcAdoMet
content of wild type V79 cells was less than 1 pmol/106 cells. When

comparing the AdoMet content of K562 and V79 wild type cells one
finds no major difference. As for the drug-resistant cells, however, the
AdoMet content is 2- to 5-fold higher in V79-DFMOr cells than in
K562-DFMOr cells (Table 3).

Cross-Resistance to Hydroxyurea. Due to the fact that K562-
DFMO' cells, and not V79-DFMO' cells, overexpressed both ODC

and R2, this cell line exhibited cross-resistance to DFMO and hy-

droxyurea (Fig. 5). A 1 HIMconcentration of hydroxyurea completely
arrested growth, and 2 min hydroxyurea caused cell death in K562
wild type cultures, while only slightly reducing the growth rate of the
K562-DFMO' cells.

Revertant Cells. In the absence of DFMO, V79-DFMOr cells

began to die within 2 days (Fig. 6), apparently because of overpro
duction of ODC and putrescine. Some of the cells were rescued,
however, if the growth medium was frequently changed after seeding

Fig. 3. EPR spectra of the R2 protein in wild type K562 cells and in K562-DFMO'
cells. The R2-specific tyrosyl free radical signal is clearly seen in both cell lines. Since the

concentration of radical is proportional to the amplitude of the EPR signal, the spectra
were quantitated by peak height comparisons by using a standard sample of mouse R2
protein of known tyrosyl free-radical content (33, 34). The spectra were recorded at 77Â°K.

The magnetic field was 3225 Â±50 G, the modulation amplitude was 8.0 G, the microwave
power was 20 mW (nonsaturating), and the microwave frequency was 9.03 GHz. The
magnetic field corresponding to g = 2.00 is indicated by an arrow.

1234 56
Fig. 4. ODC synthesis in wild type K562 cells (Lane 1 ), K562-DFMO' cells (Lane 2),

K562-DFMO' cells, non-immune rabbit serum (Lane 3). wild type V79 cells (Lane 4),
V79-DFMO1 cells (Lane 5), and V79-DFMO' cells, non-immune rabbit serum (Lane 6).
Arrow indicates the migration of ['HJDFMO-labclcd purified mouse ODC (M, ~ 53,000).

The increase in ODC activity that ensued on removal of DFMO
from the DFMO-resistant cell lines (Table 1) caused an increased
production of polyamines. In K562-DFMOr cells the putrescine, sper-

midine, and spermine content increased 8.3, 2.0, and 1.2 times, re
spectively, during the first day. In wild type K562 cells grown in the
absence of DFMO, the putrescine, spermidine, and spermine content
increased only 1.7, 1.6, and 1.2 times during the same time period. In
V79-DFMOr cells the increase in polyamine production was dramatic.

During the first day, the putrescine, spermidine, and spermine content
increased 123.7, 3.6, and 1.5 times, respectively, as compared to 3.2,
2.1, and 2.3 times in wild type V79 cells (grown in the absence of
DFMO).

Levels of AdoMet and dcAdoMet. The cellular dcAdoMet con
tent is normally very low, but upon DFMO treatment it increases
dramatically, sometimes several thousandfold (35, 36). In K562-DF-
MOr cells growing in the presence of DFMO, however, dcAdoMet

Table 3 Polyamine content of wild type K562 cells, K5(>2-DFMOr cells, wild type V79
cells, and V79-DFMOr cells during exponential (Exp) and stationary {Stati phase

The wild type cells were grown in the absence of DFMO, whereas the drug-resislant
cells were grown in the presence of 20 mM DFMO. The cellular putrescine. spermidine,
spermine, AdoMet. and dcAdoMet content was determined by high-performance liquid

Chromatographie analysis.

pmol/106cellsCell

lineK562

wildtypeK562-DFMO'V79

wildtypeV79-DFMO1PhaseExp

SUIExp

StatExpStatExp

StatÂ°ND,
nondetectable (<1Putrescine

Spermidine212

2222

158621

762121pmol/106

cells).1817

883248

12673403

1498514

209Spermine1205

1022715

848717

3771431

1389AdoMet382

8363

184365

124304427DcAdoMetND"ND1.5

NDNDNI)232473
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Days Davs
Fig. 5. Cross-resistance of K562-DFMO' cells to DFMO and hydroxyurea. Wild type

K562 cells (O) were grown in the absence of DFMO and in the presence of I) (control).
0.5, 1.0, or 2.0 mM hydroxyurea (HU). K562-DFMO' cells (â€¢)were grown in the presence

of 20 mu DFMO and 0 (control). 0.5. 1.0, or 2.0 mw hydroxyurea (HU). The number of
cells per ml was determined at 1-day intervals.

into DFMO-free medium. These cells had lost their ODC gene am

plification within 3 passages (in the absence of DFMO in the me
dium), i.e., a total growth period of about 12 days (data not shown).

K562-DFMOr cells grew equally well in the absence of DFMO

(Fig. 6), and were stable in their cross-resistance. After 5 passages in

the absence of DFMO there was no significant decrease in gene
amplification and the cells exhibited the same degree of resistance to
both DFMO and hydroxyurea (data not shown).

DISCUSSION

In the present study, DFMO was used to select two very highly
drug-resistant cell lines. When grown in the presence of 20 mM

DFMO, these cell lines exhibited approximately the same growth rates
as their wild type counterparts grown in the absence of the ODC
inhibitor. This finding suggests that both DFMO-resistant cell lines

are able to neutralize the inhibitory effect on ODC activity, i.e.,
polyamine synthesis, by somehow maintaining a normal polyamine
level and thus a normal growth rate. In fact, the total polyamine
content of both cell lines (growing in the presence of 20 min DFMO)
was similar to that of their wild type counterparts during the stationary
phase. During exponential growth, however, the total polyamine con
tent was significantly lower in the DFMO-resistant cells as compared

to their wild type counterparts, suggesting that exponentially growing
cells may have more polyamines than they actually need for main
taining a normal growth rate.

It is a well established fact that the cellular dcAdoMet content is
very low under most physiological conditions (35, 36). When cells are
treated with DFMO, however, it has been found to increase dramati
cally (35, 36). This was also true for V79-DFMOr cells, but not for
K562-DFMOr cells growing in the presence of DFMO. The elimina
tion of dcAdoMet in K562-DFMO1 cells is probably due to the pres

ence of a large enough spermidine (and putrescine) pool to accept
aminopropyl groups derived from dcAdoMet molecules, thus convert
ing dcAdoMet into S'-methylthioadenosine. Conversely, the accumu

lation of dcAdoMet in V79-DFMOr cells may be due to limiting

amounts of putrescine and spermidine to act as aminopropyl group
acceptors. To further explain the differences in polyamine pools be
tween the cell lines a detailed study of all the steps in the polyamine
metabolic pathway must be performed.

When grown in the absence of DFMO, both DFMO-resistant cell

lines exhibited an elevated ODC activity as compared to their wild
type counterparts (Table 1). When grown in the presence of 20 mM
DFMO, the DFMO-resistant cell lines also exhibited elevated immu-

noreactive ODC protein contents as compared to their wild type
counterparts (grown in the absence of DFMO) (Table 2). Since DFMO
is an irreversible inhibitor of ODC, the large amount of ODC protein
observed in the drug-resistant cells may be partly due to accumulation

of inactive enzyme. In the presence of DFMO most of the ODC
molecules are inactivated, reducing polyamine synthesis to a low, but
adequate, level.

Despite the fact that both K562-DFMO' and V79-DFMOr cells

were resistant to the same concentration (20 ITIM)of DFMO, their
degree of ODC amplification and expression were markedly different.
It is conceivable that factors like ornithine levels and ODC turnover,
which can affect the efficiency of DFMO, may account for these
differences between the two cell lines. Notwithstanding, the cellular
polyamine levels were roughly the same in the two cell lines, indi
cating that the degree of ODC amplification is mainly a function of the
cellular polyamine-producing capacity (37).

Northern blot analysis showed that the DFMO-resistant cell lines

not only contained elevated levels of ODC protein but also increased
levels of ODC mRNA. In the DFMO-resistant cells, the amount of

ODC mRNA decreased slightly as they entered a stationary phase. In
the wild type cells, however, there was a greater decrease in ODC
mRNA, resulting in greater differences (100- and 1200-fold, respec
tively) when comparing the ODC mRNA content of K562-DFMO'
cells and V79-DFMOr cells with that of their wild type counterpart.

Southern blot analysis revealed amplification of the ODC gene in
both DFMO-resistant cell lines. Further studies by Southern and
Northern blot analysis showed that the K562-DFMOr cells, but not the
V79-DFMO' cells, had an increased R2 gene copy number and an

elevated level of R2 mRNA. The R2 mRNA content was 5 times
higher in K562-DFMOr cells than in K562 cells during the exponen

tial phase, and 50 times higher during the stationary phase. The greater
difference during the stationary phase has the same explanation as that
observed for ODC mRNA (discussed above). By analysis of their EPR
spectra, a 3- to 5-fold increase in R2 protein content was observed in
K562-DFMOr cells as compared to their wild type counterparts.

This is the first description of a DFMO-induced mutant cell line
exhibiting coamplification of the genes for ODC and R2, and over-

expression of their products. Thus, even though DFMO is highly
specific for ODC, alterations affecting other genes and their products
can accompany conversion of a DFMO-sensitive population of cells to
a DFMO-resistant population. Interestingly, the ODC and R2 genes

are both localized on the short arm of human chromosome 2 and
apparently are close enough to be coamplified in the human K562
cells either when using hydroxyurea or DFMO as the selective agent.
Both genes map to human chromosome 2p23-24 (17). There was no
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K562-DFMOr

Fig. 6. Effects of removal of DFMO on the
number of cells in cultures of the K562-DFMO'
and the V79-DFMO' cell lines. K562-DFMO' and
V79-DFMO' cells were seeded in the absence (â€¢)

or presence (O) of 2(1mw DFMO. and the number
of cells was determined at I-day intervals.
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(Â»amplification of the N-myc protooncogene, which maps to human
chromosome 2p23-24 (16). Coamplification of the N-myc and ODC

genes does not seem to be a frequent event, but has been described in
a primary human neuroblastoma (16). Therefore, it was suggested that
the location of the ODC gene is at the limit of the unit of DNA
coamplified with the N-myc gene in human neuroblastoma cells

(16).
Drug resistance and cross-resistance to various drugs are major

limitations in the chemotherapy of malignant diseases. In view of the
present study, Coamplification of linked genes may turn out to be an
important mechanism in the development of cross-resistance and

should be considered when designing therapeutic strategies. The al
terations exhibited by the K562-DFMOr cell line were shown to be

stable for many generations in the absence of the selective pressure
exerted by DFMO. The stability of the DFMO/hydroxyurea-resistant

phenotype may indicate that the amplified genes reside on one or more
chromosomes in cytologically enlarged regions (homogeneous stain
ing regions or abnormal banding regions) (38, 39). When seeded in the
absence of DFMO, the V79-DFMO' cells began to die within 2 days

(Fig. 6), probably because of polyamine overproduction to toxic lev
els. Thus, a 124-fold increase in putrescine content was seen. The

same degree of putrescine overproduction has not been observed in
other DFMO-resistant cell lines (31). Some cells could be rescued by

frequent changes of the growth medium, and produced revenants
within three passages. These cells exhibited no evidence of ODC gene
amplification. This finding suggests that the mechanism of gene am
plification in V79-DFMO' cells is different from that in K562-DFMO'

cells, possibly involving cxtrachromosomal, self-replicating elements
that lack centromeric regions, so-called double minutes (38, 39). Thus,

it has been shown that when the amplified genes are highly unstable,
they reside on minute chromosomes (38, 39). Nevertheless, in some
cases chromosomally amplified genes may delete rapidly with reduc
tion in size of the homogeneously staining region (38, 39).

The present observations have clinical importance with respect to
treatment of cancer patients with chemotherapcutic agents that inter
fere with ODC and ribonucleotide reducÃase,enzymes that are impor
tant in cell cycle progression.
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