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ABSTRACT

Experiments were undertaken to explore whether in vitro exposure of
a nonmetastatic murine tumor to chemotherapeutic drugs would affect
the ability of this tumor to metastasize spontaneously. The tumor chosen
was an aneuploid (near-tetraploid) spontaneously arising intraductal
mammary adenocarcinoma (CBA-SP1 ), which normally fails to give rise

to microscopic or macroscopic mÃ©tastases after s.c. inoculation of cells.
The drugs tested were 5-aza-2'-deoxycytidine (5-aza-dCyd) and hydrox-
yurea. We found that the injection of 1 x 10s uncloned drug-treated cells

s.c. resulted in the emergence of gross and/or microscopically detectable
mÃ©tastases in the lungs of CBA mice. Individual clones derived from
hydroxyurea-treated cells all produced mÃ©tastasesin a manner similar to
the bulk culture injections. Clones of S-aza-dCyd-treated cells also pro

duced mÃ©tastases, but fewer of these produced macroscopic mÃ©tastases.
In addition, only 9 of 15 5-aza-dCyd-treated clones produced tumor takes
because of the ability of 5-Aza-dCyd to engender Imm+ variants in CBA-

SP1 cells. Lung mÃ©tastasesobtained after the injection of uncloned cells
retained their metastatic phenotype for three generations, indicating that
the phenotypic change was a heritable characteristic. Although the
genetic or epigenetic mechanism for this change is unknown, we observed
karyotypic changes of a similar nature in the drug-treated cell lines

established from micrometastases. These involved the detection of extra
copies of chromosome 8. It is possible that exposure of tumors to
therapeutic agents may in some cases increase their aggressiveness
through genetic or epigenetic mechanisms that lead to high frequency
heritable phenotypic alterations associated with distinguishable chro

mosomal changes.

INTRODUCTION

The growth of malignant tumors is a dynamic process the
driving forces of which are likely due to genetic changes and
host selection. Together, these factors can result in the gradual
development of such characteristics as tumor cell heterogeneity,
resistance to antineoplastic agents, and increasing biological
(i.e., malignant) aggressiveness (1, 2). As Nowell (1) hypothe
sized 10 years ago, this process of "tumor progression" is

facilitated by the inherent genetic lability of neoplastic cells.
Since then a substantial body of work has been devoted to
analyzing the genetic or epigenetic changes that precede or
accompany tumor progression (2).

When Nowell first formulated his concepts of tumor pro
gression, classic mutations leading to inherited phenotypic
changes were generally believed to be low-frequency events (e.g.,
10~6or less). We now know, however, that very high-frequency
mutational events (10~3 to 10"' or even more) may occur and

that they may lead to inherited phenotypic changes. In some
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cases the inherited changes are stable and in others not. Two
means by which varied stability may occur are induction of
selective gene amplification and inherited disturbances in gene
expression (i.e., gene activation or inactivation) brought about
by changes in DNA methylation (3). Both processes could
endow tumors with the ability to respond rapidly to changing
environments in ways that permit a large number of cells to
acquire new traits, thus increasing the probability of generating
cells with a selective or competitive advantage. Moreover, de
spite the high frequency of these phenotypic events, newly
acquired traits may be inherited by cellular progeny for either
few or many generations (4, 5). The two processes of inherited
change represent manifestations of the eukaryotic genome's

surprising flexibility or fluidity. This plasticity in turn clearly
adds a new dimension to the problem of tumor progression and
cancer treatment.

With regard to the changes in DNA methylation, we have
shown (4, 6) that the treatment of a variety of mouse tumor
cell lines with the potent DNA hypomethylating agent 5-aza-
Cyd4 could result in the high-frequency emergence of clones

that behave less aggressively (as defined by tumorigenicity in
the syngeneic host) or more aggressively (as defined by relative
ability to metastasize) than the parent cell line. Despite these
observations, we were unable to demonstrate that 5-aza-Cyd
could induce somatic mutations in these cells (6). We reasoned
that the observed phenotypic changes could be caused by the
drug's known DNA hypomethylating effects and that changes

in DNA methylation could be an important means by which
tumor cell populations progress, diversify, and acquire such
characteristics as the ability to metastasize. Olsson and Forch-
hammer (7) reached the same conclusion based on similar
experiments with 5-aza-Cyd, as did Gamma-Sosa et al. (8), who
based their analysis on 5-methylcytosine levels in the genomic
DNA of human tumors taken directly from patients. More
recent studies by Ormerod et al. (9) and Olsson et al. (10), have
shown that 5-aza-Cyd can induce or augment the metastatic
phenotype of tumors, including human tumors grown in nude
mice (10, 11).

When one considers that many drugs, including alkylating
agents such as yV-methyl-/V"-nitro-./V-nitrosoguanidine or ethyl

methanesulfonate, may alter DNA methylation (11), the ques
tion arises whether in vivo exposure of tumors to anticancer
agents could actually facilitate the expression of malignancy
and, if so, whether in some cases this might be the result of
inherited high-frequency events such as disturbances in DNA
methylation. An affirmative answer to these questions would
clearly have serious implications for the treatment of cancer.

The purpose of our study was to examine whether exposure
of SP1, a nonmetastatic mouse mammary adenocarcinoma to
5-aza-Cyd (or its 2-deoxy analogue, 5-aza-dCyd), or to HU
would increase the metastatic potential of SP1 cells. HU was

4The abbreviations used are: 5-aza-Cyd, 5-azacytidine; HU, hydroxyurea; 5-
aza-dCyd, 2'-deoxy-5'-azacytidine; SP1, spontaneous mammary adenocarcinoma
of CBA origin; HPLC, high-performance liquid chromatography.

2690

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/10/2690/2427350/cr0470102690.pdf by guest on 19 M

ay 2023



METASTATIC VARIANTS AFTER TREATMENT WITH 5-aza-Cyd OR HU

chosen because, in contrast to 5-aza-Cyd or 5-aza-dCyd, it does
not cause DNA hypomethylation; indeed, it may cause hyper-
methylation of DNA and as a possible consequence switch off
gene activity (12). We wished, therefore, to determine whether
HU could or could not augment malignant aggressivenes. Be
cause HU is used clinically as an antineoplastic agent, the
results could be significant in relation to the previously stated
hypothesis that exposure to anticancer drugs may actually
exacerbate the malignant behavior of tumors (13, 14). This
hypothesis has, in part, been substantiated by a recent study by
McMillan et al. (15), who used an artificial metastasis model.

MATERIALS AND METHODS

CBA/J female mice between 5 and 12 weeks of age were obtained
from The Jackson Laboratory, Bar Harbor, ME, and the Frederick
Animal Facility of the National Cancer Institute.

Tumors. SP1 was isolated January 25, 1982 (the tumor used in these
experiments was from in vitro passage 8). The tumor had arisen
spontaneously in an 18-month-old CBA/J female retired breeder mouse
from The Jackson Laboratory. It presented as an encapsulated tumor
mass in the inguinal region at the end of the milk line and without
apparent metastasis (13). The histological morphology of the original
tumor was consistent with that of an infiltrating mammary duct carci
noma (13), and ultrastructural analysis confirmed its epithelial origin.
SP1 was adapted to culture, was easily passaged in vivoby s.c. injection,
and produced well-defined, solid, encapsulated tumors without evidence
of either microscopic or macroscopic spontaneous mÃ©tastases.SP1
does not grow in histoincompatible stains, for example, C3H or DBA/
2, after s.c. injection. It adheres to tissue culture plastic in vitro and
requires trypsinization (0.5 mg/ml; GIBCO No. 610.5400) or 0.2 M
EDTA in phosphate-buffered saline for culture harvesting. All tumors
were tested periodically for the presence of Mycoplasma organisms by
assessing for growth in pleuropneumonia-like organism agar plates and
modified Hayflick's broth media under aerobic and anaerobic condi

tions. Only Mycoplasma-free lines were used. In addition, the cells were
tested by Microbiological Associates (Bethesda, MD) and found to be
negative by the murine antibody production test for the following
murine viruses: Sendai, MHV, PVM, Reo3, GDV11, K, ectromelia,
MVM, polyoma, lÃ¡clatedehydrogenase, M.Ad, and lactate dehydro-

genase.
Media. Ceils were cultured in GIBCO RPMI 1640 medium supple

mented with 50,000 units of penicillin and streptomycin, 150 mg of L-
glutamine, 20 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid
solution, 375 mg of sodium bicarbonate, and 5 to 7% fetal calf serum
(batch 12103166; Hazelton Laboratories, Denver, CO).

Drug Treatment of Cells. Cells were treated with 5-aza-dCyd as
described previously (6). Briefly, 3 x IO6 adherent SP1 cells were
incubated with 3 Â¿tM5-aza-dCyd for 24 hr. The cells were washed three

times and injected.
For HU treatment, 3 x IO6 adherent-SPl cells were treated with 1

mM HU for 20 h. The cells were washed three times and injected. Both
5-aza-dCyd and HU were obtained from Sigma Chemicals, St. Louis,
MO.

Plating Efficiencies. Plating efficiencies were assessed as follows: 500
CBA-SP1 cells were exposed to 3 /Â¿M5-aza-dCyd or 1 mM HU for 24
h. The cells were washed and 500 drug-treated or untreated control
cells were plated in twenty 60-mm Petri dishes. The dishes were stained
with mÃ©thylÃ¨neblue when colonies were readily visible (generally about
6 days with the CBA-SP1 cell line). We would emphasize that the cells
used to assess plating efficiencies were identical to those used for
injections.

Tumor Cell Injections. In one set of experiments in which bulk
cultures were used, groups of 10 animals were given injections s.c. of
IO6untreated or drug-treated cells. The animals were observed for the

development of primary tumors, which generally reached 2 to 4 cm in
size within 30 to 40 days. When the animals appeared ill, that is,
showed signs of cachexia, ruffled fur, or listlessness, they were killed
and their lungs, liver, spleen, and kidneys were removed and examined

for macroscopic mÃ©tastases.[In several experiments (please see "Re
sults") the lungs were divided and the left lower lobe was fixed in
Bouin's solution]. The remainder of all tissues was then gently forced

through a wire mesh and plated in 100 nun tissue culture dishes. The
cultures were washed frequently during the first 10 days to remove dead
cells and organ debris.

All cultures were observed for 4 to 6 weeks. Cultures established
from organs containing occult tumor cells showed signs of tumor
growth within 7 to 10 days of culture. In the case of untreated control
cells only growth in vitro was initially observed but these cells subse
quently failed to withstand either trypsinization or to grow in vivo. This
never occurred with drug-treated cell populations, and was assumed to
be a result of the growth of normal cells.

In additional experiments, drug-treated tumor cells were cloned by
limiting dilution. Twenty clones of untreated or drug-treated cells were
injected s.c. at a dose of 10s cells/mouse, observed, and handled in a

manner similar to that of the bulk culture experiments. The animals
were examined 56 days after being given injections. Finally, in a second
set of cloning experiments, animals were given injections of 1 x IO6
cells s.c. (please see "Results").

Chromosome Preparation. Actively dividing cultures of metastatic
cells were harvested without any mitotic inhibitors and processed by
the air-drying technique. Giemsa- and C-banding patterns were induced
by a method described previously (16).

Assessment of DNA 5-Methylcytosine Content by HPLC. The HPLC
method used to quantitate 5-methylcytosine was based on that described
by Plateau et al. (17). Cells were labeled with [6-3H]uridine by incubating
2 x IO5cells with 5 Â¿iCi/2ml uridine. A Waters HPLC system with an
Altex ULTRASIL-CX column was used with isocratic elution using
0.035 M KH2PO4, pH 2.5 containing 5% vol/vol methanol at a flow
rate of 2.5ml/min. The elution of the bases was measured using known
standards. The fractions containing the cytosine (C) and 5-methylcy
tosine (MC) were assayed for radioactivity by scintillation counting.
The percentage of MC (17) was calculated as follows

MC = cpm (MC)
cpm (C) -I-cpm (MC) x 100%.

DÃ©finitionof Nonmetastatic. The absence of metastatic potential of
SP1 cells from s.c. sites was established by four criteria: (a) no gross
or microscopic mÃ©tastaseswere observed in the lungs, liver, or kidneys
of animals given injections, even after in vitro culture; (Â¿>)the s.c.
injection of organ fragments from animals previously given injections
s.c. of SP1 failed to result in tumor growth; (c) resection of a primary
s.c. implant of SP1 had no effect on the development of mÃ©tastases;
and (</) animals succumbed to the primary tumor and no mÃ©tastases
were noted at the time of death.

RESULTS

Effect of Drug Treatment on Plating Efficiencies in Vitro.
Twenty-four h after treatment, drug-exposed as well as un
treated cells were seeded at 500 cells/dish in twenty 60-mm
Petri dishes. The number of colonies observed was 242 Â±15
(SD) for control cells, 272 Â±19 for aza-dCyd-treated cells, and
74 Â±12 for HU-treated cells. This translates to a plating
efficiency of 0.48,0.54, and 0.15 for the respective control, aza-
dCyd- and HU-treated cells. There was essentially no difference
beween the plating efficiencies of control and aza-dCyd-treated
cells despite the dramatic effect aza-dCyd had on the methyla-
tion levels of CBA-SP1 cells (please see below).

Tumor Growth after Injection of Cells Obtained from Bulk
Cultures. In experiments in which cloning was not performed,
IO6drug-treated or control (nontreated) cells were injected s.c.

(Table 1). The larger cell inoculum was used to increase the
chances for the selection of possibly rare metastatic cells in
duced by the drug treatment and to increase the percentage of
tumor takes. Tumor take in groups of 20 animals (2 experi-
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Table 1 Incidence of lung mÃ©tastasesin individual animals after injection of
uncloned control or drug-treated cells

Uncloned control SP1 and 1 mM HU or 3 UM aza-dCyd-treated cells were
injected into groups of mice. The animals were sacrificed, and lungs from
individual animals were removed and placed in culture. Three cultures from each
drug-treated group were reinjected s.c. on three occasions.

CellsinjectedCBA-SP1

control
CBA-SP1 (HU)
CBA-SP1 (aza-

dCyd)No.

of
animals given

injec
tions45

20
20Incidence

of
mÃ©tastasesDrug

treat
mentNone

1 itiMHU
3 (/\i aza-

dCydPooled

lungs0/45

10/10"

10/10Individ

ual
lungs10/10

10/10Stability

of
metastatic
phenotype03/3

3/3

Â°Two sets of three lungs and one set of four.

Table 2 Detection of mÃ©tastasesafter injection of clones of treated and control
SPI cells

Control or 1 mM HU or 3 MMaza-dCyd cells were cloned by limiting dilution.
Twenty-five control and 13 HU- and 15 aza-dCyd-treated clones were injected
into individual mice at I x 10* cells/mouse. The animals were killed when the
tumors reached 2 to 3 cm in size, and individual lungs were removed and placed
in culture.

Cells
injectedCBA-SP1

CBA-SP1
CBA-SP1No.

of
clones

injected25

13
15Drug

treat
mentNone

1 mMHU
3 UMaza-dCydTumor

take
(%)100

10060Presence

of lung
mÃ©tastases"Gross0/25

13/13
6/9Micro

scopic0/25

13/13*
9/9*

" Number of clones with metastases/number of individual clones injected.
* Lungs were not pooled.

merits with 10 animals each) was 100%. The lungs from tumor-
bearing animals were assessed in two ways. In one experiment,
organs from groups of three animals were pooled, while in the
second experiment, individual lungs were plated. Tumor out
growth occurred in all cases when IO6cells were injected. In all
animals receiving either HU or aza-dCyd-treated cells, mÃ©tas
tases were identified. Lungs from animals given injections of
control cells were always pooled so as to optimize the possible
identification of metastatic cells. Despite this, no mÃ©tastases
were ever observed.

Stability of Drug-induced Metastatic Phenotype. The mÃ©tas
tases obtained from the lungs of animals given injections of
bulk culture drug-treated SPI cells have remained metastatic
after three successive passages in vivo in CBA/J mice. The cells
treated with either 5-aza-dCyd or HU and isolated from the
lungs of animals have retained the metastatic phenotype (Table
1).

Tumor Growth after Cloning. Twenty-five clones of untreated
SPI cells were injected s.c. (10s cells/mouse) into groups of 1

to 3 mice (the difference in the number of animals given
injections was due to the variable growth rates of the clones).
Each of 25 clones produced a tumor but in no case were
macroscopic or microscopic mÃ©tastasesobserved (Table 2). This
was true even when lungs from groups of animals were pooled.
In contrast, the s.c. injection of 13 individual clones of HU-
treated cells ( 10' cells/animal) resulted in a 100% tumor take

and the development of both gross and microscopic mÃ©tastases
in all the individual lungs examined (Table 2).

aza-dCyd-treated cells produced a somewhat different but
expected result. The incidence of tumors after the injection of
1 x IO5 aza-dCyd SPI clones was only 60%. Forty % of the

clones (6 of 19) did not produce tumors. This is attributed to
the documented ability of aza-dCyd to generate Imm-t- variants

from SPI cells (13). The nine clones that did grow as s.c.
tumors all produced mÃ©tastases(individual lungs); but in 3 of

9 only microscopic mÃ©tastaseswere seen. This divergent effect
of aza-dCyd (Imm+ and/or met+ phenotype) has been previ
ously reported (4).

Gross DNA Methylation Levels. The mean percentage of
methylcytosine in SPI cells is 3.46 Â±0.15 (Table 3). This was
reduced to 1.87 Â±0.06 after a single treatment with 5-aza-
dCyd. After 3 months in culture, the level of methylcytosine
returned to 3.14 Â±0.19 and remains at that level. The fact that
the methylation levels have not completely returned to normal
could explain the persistence of the phenotypic change.

In contrast to 5-aza-dCyd, HU had no discernible effect on
DNA methylation levels, and there was clearly no hypometh-
ylation.

Cytogenetic Analysis. In an effort to define differences be
tween the parent SPI and SP1-HU or SPl-Az cells, karyotypic
analysis with G- and C-bandings was performed. A minimum
of 32 metaphase spreads was analyzed for each cell type. The
mean chromosome number and the range of distribution are
shown in Table 4. All cell types showed a hypotetraploid
distribution of chromosome number with a mean of 66.84
chromosomes in SPI, 69.56 in SPl-AzLl, and 73.36 in SP1-
HU-L1. Since all these tumor types shared some common
markers, we decided to number them serially (Figs. 1-3). Four
marker chromosomes were identified: Ml, an isochromosome
of mouse chromosome 4. This marker is present in both SP1-
AzLl and SP1-HU-L1, but absent in the parent SPI cells; M2,
an isochromosome of chromosome 8. It is present in both SP1-
AzLl and SP1-HU-L1 but absent in SPI; M3, a small meta-
centric chromosome present only in SP1-HU-L1. This marker
is derived from M4 as an isochromosome; M4, a small aero-
centric chromosome present in all cell types. The origin of this
marker is unknown at the present time. A modified chromo
some 3, marked by arrowheads in Figs. 1-3, is present in all
three cell types in variable copies. Mouse chromosomes with
normal morphology are present in monosomy, disomy, trisomy,
and tetrasomy in these karyotypes. Mouse chromosome 4 is
present in three copies in SPI. In SP1-HU-L1 and SPl-AzLl
because of the presence of M l and a single copy of normal
chromosome 4, the total copies of this chromosome are three.
An average of only two copies of chromosome 8 was present in
parent SPI cells. Due to the presence of M2 in both SP1-HU-
Ll and SPl-AzLl, the number of copies of chromosome 8 was

Table 3 Levels of 5-methylcytosine in SPI mammary adenocarcinoma cells and
drug-treated variants

The percentage of methylation of cytosine residues was measured in control
(untreated) and treated SPI cells. The cells treated with 3 <iM5-aza-dCyd or 1
mM HU were assessed for 5-methylcytosine levels 72 h after treatment and again
3 months later when they had acquired a stable metastatic phenotype.

Tumor cell population
analyzedSPI

-control
SPl-5-aza-dCyd
SPl-5-aza-dCyd
SP1-HU
SP1-HUTime

of
analysis72

h
3 mo

72 h
3 mo%

methylated
cytosines3.46

+ 0.15"

1.87 Â±0.06
3.14 Â±0.19
3.34 Â±0.06
3.30 Â±0.14

1Mean Â±SD.

Table 4 Karyotypic analysis of SPI mouse mammary adenocarcinoma cells
versus 5-aza-dCyd- and HU-treated metastatic SPI cells

CelltypesSPISP1-HU-LlSPl-AzLlNo.
of Mean no.

cells ofchromo-counted324232somes66.8473.3669.56Rangeof distri
bution59-7352-9750-79Altered

chromo-Ml
M2 M3 M4 some3-"
- - +++

+ + +++

+ - -I- +
Â°â€”,marker absent; +, marker present.
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)*â€¢m M;mi iii

M4
Fig. I. G-banded karyotype of a metaphase spread from SPI. Note the

presence of modified chromosomes 3 (arrowheads) and the presence of other
altered chromosomes including the marker M4 arranged on the bottom row.

isi Â¡wA*
li* lu nat

MI III IMI 16 Mi*

il

9 i

M4
Fig. 2. G-banded karyotype of a spread from SPl-HU-Ll. Note the presence

of markers Ml, M2, M3, and M4 arranged below the normal mouse chromo
somes. Similar markers from another metaphase plate of this tumor are arranged
on the bottom row. Modified chromosomes 3 are marked by arrowheads.

increased to six and five, respectively. SP1-HU-L1 and SP1-

AzLl cell types have many similarities but do not represent
cross-contamination of the cultures, for M3 was present in
100% of metaphase spreads of SP1-HU-L1, but was totally
absent in SPl-AzLl cells.

DISCUSSION

Our main conclusion from these studies is that in vitro
treatment of a nonmetastatic mammary adenocarcinoma with
either HU or 5-aza-dCyd results in the frequent acquisition of
metastatic properties by the drug-exposed tumor cells. This
phenotypic change is associated with similar drug-induced kar-
yotypic alterations but dissimilar effects on DNA methylation
levels.

An issue raised by our results concerns the mechanism by
which the metastatic phenotype is induced in the SPI tumor by
exposure to HU or 5-aza-dCyd. Previous results using 5-aza-
Cyd in several tumor models led us (4, 5) and others (7) to
suggest that changes in DNA methylation were the most likely
explanation for the inductive or enhancing effects of this drug
on the metastatic phenotype. In the absence of any knowledge
regarding the nature of the "metastasis gene(s)" it is difficult to

confirm this by direct analysis, but the fact that HU and 5-aza-
dCyd were similarly able to induce the metastatic phenotype in
SPI cells weakens (but does not negate) the argument that

â€¢i-,a
-4t

xti k""ni ss?Â«.i;

Fig. 3. G-banded karyotype of a cell from SPl-AzLl. Note the presence of
markers MI, M2, and M4 arranged below the normal mouse chromosomes. Ml
and M2 from another cell of this tumor are arranged on the bottom row. Modified
chromosomes 3 are marked by arrowheads. Marker M3 was absent in this cell
type.
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changes in DNA methylation (or more specifically, hypometh-
ylation) are primarily involved in the experimental results pre
viously obtained with 5-aza-dCyd or 5-aza-Cyd treatment (4).
This is so because, unlike 5-aza-Cyd and 5-aza-dCyd, HU does
not induce hypomethylation and can, in fact, cause DNA hy-
permethylation (12).5 Nyce and Jones (12) have recently ob

tained evidence that HU treatment can inactivate gene expres
sion, probably through a hypermethylation-associated process.6
It is, of course, possible that aza-dCyd or HU affects the
metastatic phenotype by different mechanisms. Findings that
argue against this possibility are related to the karyotypic
changes observed. Despite the fact that Aza-dCyd and HU are
known to have different effects on DNA, they both produced
identical chromosomal changes, i.e., an increase in the copy
number of chromosome 8. This result argues for a common
effect of both drugs but also implies that other yet undetermined
drug-induced genomic effects may be as important as DNA
hypomethylation.

If changes in DNA methylation are not involved in induction
of the metastatic phenotype in these experiments, what is? One
possibility is gene amplification or another form of cytogenetic
change. Brown et al. (18) and Mariani and Schimke (19) have
postulated that agents that can inhibit DNA synthesis can cause
gene amplification and that this can eventually lead to other
sorts of chromosomal aberrations. This concept is by no means
universally accepted (20). Since both 5-aza-Cyd and 5-aza-dCyd
can inhibit DNA synthesis directly (5-aza-Cyd) or indirectly (5-
aza-dCyd), it is possible that they induce chromosomal aberra
tions, perhaps at high frequencies. A striking finding in our
study was that micrometastases recovered from CBA/J mice
given injections of either HU- or 5-aza-dCyd-treated cells had
an increased number of copies of chromosome 8.

The karyotypic abnormalities observed deserve further com
ment for their detection in the stable drug-induced metastatic
cells could also be explained by in vivo selection from the parent
tumor of prÃ©existentclones with specific karyotypic changes.
Perhaps only rare clones with an increased number of chro
mosome 8 are able to metastasize, and perhaps these clones
were present as a subpopulation in the parent tumor. This view
is supported by the fact that more than 95% of the metaphases
from a pool of lung mÃ©tastaseshad the observed karyotypic
change. This finding does not, however, detract from the fact
that mÃ©tastaseswere seen only after drug treatment. Thus, if
the lung mÃ©tastasesrepresent rare clones of the parent popu
lation, these clones must have been particularly sensitive to the
effects of both drugs. This issue is probably best investigated by
determining at what time the karyotypic changes occur after
drug treatment. Such analyses will soon be completed.7

Our results emphasize the need to use unrelated drugs as
controls (such as HU treatment) in experiments assessing the
effects of 5-aza-Cyd or 5-aza-dCyd on phenotypic changes in
cell populations, especially when the nature of the genes in
volved is unknown. In this regard, we have found that the high-
frequency induction of thymidine kinase activity in thymidine
kinase-deficient murine cells by hypomethylating agents such
as 5-aza-Cyd (21), 5-aza-dCyd (22), or periodate-oxidized aden-
osine cannot be recapitulated by HU treatment. The same is
true for 5-aza-Cyd induction of class 1 major histocompatability
(H-2) antigens in SPI cells that are normally H-2 deficient (13),
that is, HU is an ineffective inducer.8 This fact is further

* E. Alvarez and R. S. Kerbel, unpublished observations.
" P. A. Jones, personal communication.
7 P. Frost and S. Pathak, manuscript in preparation.
" B. E. Elliott et al., unpublished observations.

emphasized by our inability in this study to detect Imm+
variants after HU treatment.

While heritable alterations in gene expression caused by
changes in DNA methylation remains an attractive and plau
sible model for explaining some facets of the generation of
tumor cell heterogeneity and the evolution of tumor growth, it
is clearly not the only mechanism involved. We and others have
speculated that 5-aza-dCyd may result in the transcriptional
activation of previously silent genes by DNA hypomethylation
(23). We have also postulated that gene inactivation in which
recessive autosomal genetic mutations may occur as a result of
an irreversible, low-frequency genetic mutational event at one
alÃeleand a reversible high-frequency inactivation event could
involve DNA methylation at the other alÃele(24).

Our results also tend to support the hypothesis that exposure
of tumor cell populations to anticancer drugs may actually
facilitate or induce the expression of malignancy (14). Clearly,
much more work needs to be done to validate this hypothesis
in terms of its clinical relevance. The malignant properties of
tumors exposed to therapeutic agents in vitro rather than in
vivo must be thoroughly explained, and the effects of using
protocols having multiple drugs (i.e., combination therapy)
rather than a single agent will have to be evaluated. We believe
that such protocols will show facilitation or induction of malig
nancy because of their ability to alter the genome of the exposed
cells, that is, to cause genetic or epigenetic changes on the DNA
level or broader chromosomal changes, which are the mecha
nisms whereby tumor progression is normally believed to occur.
Host selection pressures would presumably favor the preferen
tial overgrowth of the most aggressively behaving variants, even
if they initially represented numerically rare events. Some clin
ical data supporting this idea are beginning to emerge in the
literature. For example, Reynolds et al. (25) characterized sev
eral human neuroblastoma cell lines established before and
after therapy; there was a clear and definite tendency toward
increased biological aggressiveness manifested in those lines
established after therapy, and this was accompanied by con
spicuous chromosomal aberrations.

We believe that the possible malignancy-promoting effects of
exposure to therapy should be thoroughly explored because of
the negative impact some therapeutic modes may have on the
survival of patients with cancers that are currently poorly or
not at all responsive to therapy (26, 27). Clearly, tumor pro
motion by therapeutic agents could be a factor contributing to
the apparent lack of progress made in the treatment of solid
tumors (27).

In summary, our results showed that it is possible to induce
the metastatic phenotype in a nonmetastatic mammary adeno-
carcinoma by a simple, brief one-time exposure to either HU
or 5-aza-dCyd. The change is heritable and seems to involve a
high frequency of the drug-treated cells. The mechanism of this
effect and the contribution, if any, of changes in DNA methyl
ation remain to be determined. Regardless of the actual mech
anisms, the results suggest that clinical facilitation of tumor
progression in patients as a result of anticancer therapy is a
distinct possibility and that this could in some cases involve
high-frequency heritable changes in gene expression.
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