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ABSTRACT

The lutai levels of DNA 5-methylcytosine were determined in a series
of related highly metastatic cell lines which had been isolated from the
poorly metastatic human melanoma tumor line MeWo. The procedure
used to quantitate DNA 5-methylcytosine involved labeling of DNA with
|6-3H)uridine,hydrolysis with formic acid, and separation of rytosine and
5-methylcytosine bases by high-performance liquid chromatography.The
DNA 5-methylcytosine content of the parental MeWo tumor was 3.07 Â±
0.16%. Metastatic variants of MeWo which had been isolated using a
combination of in vitro and in vivo selection procedures had DNA 5-
methylcytosine levels between 2.45 Â±0.15% and 2.75 Â±0.09%. Meta
static variants which were isolated using a single step in vivo selection
procedure exhibited DNA 5-methylcytosine levels of 1.92 Â±0.02% to
2.68 Â±0.09%. No consistent decreases in DNA 5-methylcytosine content
were found in "artificial" mÃ©tastasesarising in athymic "nude" mice

following the i.v. inoculation of MeWo or its cloned sublines. These
observations provide further support for the hypothesis that alterations
in the cytosine methylation of DNA may play an important role in the
generation of tumor cell heterogeneity and the progression of tumors
from relatively benign to highly malignant states.

INTRODUCTION
Approximately 2% to 6% of the Cyt4 bases in mammalian

DNA are methylated at the 5'-position of the pyrimidine ring

to form 5-mCyt (1). DNA methylation is thought to play an
important role in the regulation of gene expression (2, 3). The
presence of 5-mCyt at critical sites (notably the 5'-promotor
region) within specific genes is associated with their transcrip-
tional inactivation. Conversely, transcriptionally active genes
tend to be less methylated (i.e., have a lower amount of 5-mCyt)
than their nontranscribed counterparts. While this inverse re
lationship between the extent of DNA (gene) methylation and
transcriptional activity has been noted for a wide variety of
genes, there are exceptions to these findings (4, 5).

Reductions in DNA 5-mCyt are associated with various as
pects of cancer (6,7). Many chemical carcinogens inhibit DNA
methylation in eukaryotic cells (8-10) and, in general, the total
DNA 5-mCyt content or the methylation of individual genes in
tumor tissues or established cell lines from both human and
rodent sources is lower than in normal tissues or cells (11-16).
While other studies have not found a consistent reduction in
either the total DNA 5-mCyt content or the methylation of
specific genes in tumor tissues or cell lines (17,18), the tendency
of tumor DNA to be less methylated than its normal counter
part has nevertheless been established for a reasonably broad
spectrum of tumor types.

Alterations in DNA methylation may also contribute to the
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generation of tumor cell heterogeneity, aspects of tumor pro
gression, and the process of metastasis (11, 19-21). Studies
from our own laboratory have shown that exposure of normally
nonmetastatic murine carcinoma TA3 cells to 5-azacytidine [a
potent inhibitor of DNA methylation (22)] resulted in a small
proportion of cells having acquired the ability to metastasize
when implanted s.c. into the appropriate syngeneic host (20).
Similar findings of enhanced metastatic potential following
exposure to S-azacytidine have also been reported for murine
Lewis lung carcinoma (21) and B16 melanoma (23) cells as well
as human squamous cell lung carcinoma (24) and melanoma
(25) cells. In addition, studies have found that the S-mCyt
content of either total DNA (11) or individual genes (14) is
lower in some mÃ©tastasesthan in the primary tumors.

In studies examining the mechanisms of tumor progression
and metastasis there is an increasing trend towards the use of
human tumors xenografted into immunosuppressed athymic
"nude" mice. Until recently, it was generally conceded that

human tumors metastasized poorly, if at all, in such hosts even
if the tumor had been originally obtained from a metastatic
deposit. This failure to metastasize was likely due to a number
of factors such as the immune status of the animals (26) or site
of tumor inoculation (27). Recently, however, several labora
tories, especially Fidler's (28), have developed new methods to
allow human tumors to metastasize in athymic "nude" mice. In

this regard our laboratory has successfully isolated a series of
highly metastatic variant cell lines from the human melanoma
cell line MeWo (29,30). These variant lines were isolated using
a combination of in vitro and in vivo selection procedures. Some
of these metastatic variants were much more aneuploid than
MeWo itself, leading us to suggest that they likely represented
a genetically distinct subpopulation of cells within the original
poorly metastatic MeWo tumor (29, 30). We have found that
these metastatic variants have markedly reduced levels of DNA
S-mCyt compared to the parental cell line. These observations
provide further support for the hypothesis that DNA hypo-
methylation is associated with the progression of tumors from
benign to highly malignant states.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. The cell lines used in this study
and a brief description of their isolation are presented in Table 1. All
were derived from the pigmented human melanoma cell line MeWo,
whose origin has been described in detail elsewhere (29, 30). The
superscripts "a" and "s" in the designation of the cell lines signify that
the line was established from an "artificial" or "spontaneous" metas

tasis, obtained following the i.v. or s.c. inoculation of tumor cells into
BALB/c-nu/nu mice, respectively. The isolation of SMe-Lu'-4, SMe-
Lu'-7, SMe-Lu'-8, SMe-Lu'-9, SMe-LuMO, MeWo-LCl, MeWo-LCl-
LN'2, MeWo-LCl-LN'3, MeWo-LCl-LNM, MeWo-LCl-LN'6,
MeWo-LC4-LN'l, MeWo-LC4-LN'2, and MeWo-LC4-LN'3 has been
described elsewhere (29, 30). MeWo luM and MeWo lu*2 were derived
from individual "artificial" lung mÃ©tastasesin a BALB/c-nu/nu mouse
which had been inoculated (i.v.) 3 mo earlier with 10" MeWo cells.
MeWo-LCl lu'l and MeWo-LCl lu'5 were derived from individual
"spontaneous" lung mÃ©tastasesin a BALB/c-nu/nu mouse which had
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Table I Origin ofMeWo sublines used in study

Cell line Origin

MeWo Parental human melanoma line (30)*

MeWo-LC4-LN'l Primary tumors arising in BALB/c-nu/nu mice im-
MeWo-LC4-LN'2 planted (s.c.) with individual lung mÃ©tastasesob-
MeWo-LC4-LN'3 tained from MeWo-LC4 cells (30)

MeWo-LCl Cell line derived from (s.c.) implantation of MeWo-
infiltrated lung cube into BALB/c-nu/nÂ« mouse (30)

MeWo-LCl-LN'2 Individual "artificial" lung mÃ©tastasesobtained follow-
MeWo-LCl-LN'3 ing (i.v.) inoculation of MeWo-LCl into BALB/c-
MeWo-LC 1-LN'4 nu/nu mice (30)
MeWo-LCl-LN"6

MeWo-LCl lu'l Individual "spontaneous" lung mÃ©tastasesisolated
MeWo-LCl lu'S from BALB/c-nu/nu mouse inoculated (s.c.) 5 mo

earlier with IO*MeWo-LCl cells

SMe-Lu'-4 Individual "spontaneous" lung mÃ©tastasesobtained
SMe-Lu'-7 from BAI .B/c-nu/nu mice implanted (s.c.) with solid
SMe-Lu'-8 MeWo tumor fragments (29)
SMe-Lu'-9
SMe-Lu'-10

MeWo lu'l Individual "artificial" lung mÃ©tastasesisolated from
MeWo lu'2 BALB/c-nu/nu mouse inoculated (i.v.) 3 mo earlier

with IO* MeWo cells

M2 In vitro isolated subclone of MeWo

M2 lu'l Individual "artificial" lung mÃ©tastasesisolated from
M2 lu'4 BALB/c-nu/nu mouse inoculated (i.v.) 5 mo earlier

with 5 x IO5 M2 cells

M2 ax' Axillary lymph node metastasis isolated in BALB/c-
nu/nu mouse inoculated (i.v.) 5 mo earlier with 5 x
10Â»M2 cells

M6 In vitro isolated subclone of MeWo

M6 lu'l Individual "artificial" lung mÃ©tastasesisolated from
M6 lu'2 BALB/c-nu/nu mouse inoculated (i.v.) 4 mo earlier
M61u'6 with 5 x IO5M6 cells

â€¢Numbers in parentheses, reference where origin of cell line has been previ
ously described.

been inoculated (s.c.) 5 mo earlier with 10* MeWo-LCl cells. M2 and

M6 are subclones of MeWo and were obtained using an in vitro limiting
dilution (31) technique. M2 lu'l and M2 lu'4 were derived from
individual "artificial" lung mÃ©tastasesin a BALB/c-nu/nu mouse which
had been inoculated (i.v.) 5 mo earlier with 5 x 10s M2 cells. M2 ax'

was derived from an axillary lymph node metastasis in the same animal
from which were derived the M2 lu'l and M2 lu*4 cell lines. M6 lu'l,
M6 lu*2, and M6 lu'6 were derived from individual "artificial" lung

mÃ©tastasesin a BALB/c-nu/nu mouse which had been inoculated (i.v.)
4 mo earlier with 5 x IO5 M6 cells. Cells were cultured at 37Â°Cin
KI'M I-1640 medium containing 10% (v/v) fetal bovine serum (heat-
inactivated at 56'C for 30 min) in a 5% CO2/95% air atmosphere. The

cells were screened for Mycoplasma contamination as previously de
scribed (29,30), and only Mycoplasma-Ã¯reecells were used in this study.

Analysis of DNA 5-mCyt Content. The method used to quantitate
DNA 5-mCyt was based on the procedure described by Flatau et al.
(32). Briefly, 3.0 x 10J tumor cells (in 4 ml of culture medium) were
incubated for 24 to 48 h with 16 pCi of [6-3H]uridine (20 Ci/mmol;

Amersham, Oakville, Ontario, Canada). The cells were washed, and
DNA was hydrolyzed to its constituent bases with 88% formic acid.
The bases were separated on a Whatman Partisil-SCX ion-exchange
column using isocratic elution with 0.035 M KH2PO4 (pH 2.5) buffer
containing 5% (v/v) methanol, at a flow rate of 2 ml/min. Elution of
bases was compared to that of known standards, and radioactivity in
the Cyt and 5-mCyt fractions was determined by liquid scintillation
counting. DNA 5-mCyt content was presented as a percentage of the
total Cyt content and was calculated as follows.

of DNA 5-mCyt =
cpm (5-mCyt)

cpm (5-mCyt) + cpm (Cyt) x 100

The results are the mean Â±SD of the indicated number of individual
determinations. Statistical analysis was performed using the Student t
test, with differences being assessed at /' < 0.01.

Chromosome Analysis. Chromosome analysis was performed as pre
viously described (29, 30). A total of 40 to 50 metaphase spreads was
counted.

RESULTS

Kerbel et al. (30) isolated a series of highly metastatic variants
(when grown in athymic "nude" mice) from the human mela

noma cell line MeWo, which itself originated from a lymph
node metastasis in a patient with malignant melanoma (33).
Three of these variant lines, MeWo-LC4-LNsl, MeWo-LC4-
LNS2, and MeWo-LC4-LN53, were isolated from individual
"spontaneous" lung mÃ©tastaseswhich arose in BALB/c-nu/nu

mice following the s.c. implantation of a MeWo-infiltrated
mouse lung cube (30). Chromosome analysis of these cells
revealed them to be near-tetraploid in contrast to the near-
diploid parental MeWo cells (Table 2). In addition, the DNA
5-mCyt content of these variants was markedly reduced com
pared to MeWo (Table 2). These results provided the first
indication that variants of MeWo selected for enhanced meta
static capability had lower amounts of DNA 5-mCyt than the
(less metastatic) parental cell line. MeWo-LCl, another highly
metastatic variant of MeWo which had been isolated using a
combination of in vitro and in vivo selection procedures (30),
had a DNA 5-mCyt content which was approximately 10%
lower than MeWo (Table 2). Cell lines (MeWo-LCl lu'l,
MeWo-LCl lu'5) derived from "spontaneous" mÃ©tastasesof

MeWo-LCl exhibited DNA 5-mCyt levels which were approx
imately 17% lower than MeWo-LCl itself.

Table 2 DNA 5-mCyt and chromosome content of MeWo sublines

CelllineMeWoMeWo-LC4-LN'lMeWo-LC4-LN'2MeWo-LC4-LN'3MeWo-LClMeWo-LCl-LN'2MeWo-LCl-LN'3MeWo-LCl-LN'4MeWo-LCl-LN-6MeWo-LCl

lu'lMeWo-LCl
lu'5SMe-Lu'-4SMe-Lu'-7SMe-Lu'-8SMe-Lu'-9SMe-Lu'-lOMeWo

lu'lMeWo
lu'2M2M2

lu'lM2
lu'4M2
ax-MoM6

lu'lM6
lu'2Molu-6%

of DNA
5-mCyt3.07
Â±0.16-2.65

Â±0.07'2.45
Â±0.05'2.68
Â±0.06'2.75

Â±0.09e2.37
Â±0.05'''2.33

Â±0.05'-'2.34
Â±0.04'-'2.38

Â±0.05'-'2.28

Â±0.06"2.22
Â±0.01"2.10Â±0.11'2.68

Â±0.09e1.98
Â±0.02'1.92
Â±0.21'2.02

+0.16'2.71

Â±0.07'3.03
Â±0.092.78

Â±0.04'2.58
Â±0.01'''2.59
Â±0.05'-'2.69

Â±0.04'2.90

Â±0.062.70
Â±0.102.78

Â±0.072.81
Â±0.06No.

of
determi
nations1044613454374694564744444464No.

ofchromosomesMode447878744542,434464,

68,74758281-83,8577,784243827944434243Range38-82

(30)Â»65-84

(30)64-85
(30)42-115(30)39-82

(30)30-5535-4658-13565-8638-13958-14659-8538-8140-8241-16253-15541-8529-9535-12535-75

â€¢Mean Â±SD.
* Numbers in parentheses, reference where chromosome data have been pre

viously described.
' Significantly different from MeWo.
'Significantly different from MeWo-LCl.
' Significantly different from M2.
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The isolation of the highly nu-1Ã¤stalie MeWo-LCl and
MeWo-LC4-LNsl, 2, and 3 cell lines was carried out using a

combination of in vitro and in vivo selection procedures (30).
However, Kerbel and Man (29) have also isolated other highly
metastatic variants (SMe-Lus-4, SMe-Lus-7, SMe-Lu'-8, SMe-
Lu*-9, SMe-Lus-10) of Me Wo using a single step in vivo selec
tion procedure. All were found to have DNA 5-mCyt levels
much lower than Me Wo (Table 2). With the exception of SMe-
Lus-7, which had a total DNA 5-mCyt content of approximately
2.68%, the other metastatic cell lines had genomic S-mCyt
levels in the range of 2.0%. In addition, these variants exhibited
a highly aneuploid karyotype having approximately 70 to 80
chromosomes per cell.

The methods used to isolate these metastatic variants in
volved the application of strong selection pressures upon the
Me Wo tumor line. The isolation of MeWo-LCl and the
MeWo-LC4-derived cell lines required those cells to either
infiltrate or adhere to mouse lung cubes. For the SMe-Lu"-4,-
7,-8,-9,-10, MeWo-LCl lu'l, and MeWo-LCl Ius5 cell lines,

the cells must have had to complete all the steps in the meta
static process in order to form the distant ("spontaneous") lung

mÃ©tastases(34).
Although the DNA 5-mCyt content of these metastatic var

iants was markedly reduced compared to MeWo itself, it was
not entirely clear if merely passaging these tumor lines in
animals under less stringent selection conditions would lead to
the isolation of cells with reduced DNA 5-mCyt content.

To examine this question in more detail, we determined the
DNA 5-mCyt content in a series of cell lines derived from
"artificiar mÃ©tastasesobtained following the i.v. inoculation of
either Me Wo, its cloned sublines M2 and M6 or MeWo-LCl
into BALB/C-/IU//ZÂ«mice. No consistent decreases in DNA 5-
mCyt content were found in "artificial" mÃ©tastasesof either
MeWo, M2, or M6. One (MeWo lu'l) of two (MeWo lu'l,
MeWo lu*2) "artificial" lung mÃ©tastasesof MeWo had a lower

DNA 5-mCyt content than MeWo itself (Table 2). While two
(M2 lu'l, M2 lu'4) of the three (M2 lu'l, M2 lu'4, M2 ax")
"artificial" mÃ©tastasesof M2 had DNA 5-mCyt levels signifi
cantly lower than M2 itself, none of the "artificial" mÃ©tastases
(M6 lu'l, M6 lu"2, M6 lu'6) of M6 had DNA 5-mCyt levels

which were significantly different from M6. The total chromo
some content of these "artificial" mÃ©tastaseswas virtually iden

tical to that of the inoculated cells (Table 2). In contrast, the
"artificial" mÃ©tastases of MeWo-LCl (MeWo-LCl-LN"2,
MeWo-LCl-LN'3, MeWo-LCl-LN'4, and MeWo-LCl-LN'6)
had DNA 5-mCyt levels which were approximately 14% lower
than MeWo-LCl itself.

DISCUSSION

The isolation of a series of related metastatic variants from
the human melanoma cell line MeWo (29, 30) has provided us
with an excellent model system to further examine the role of
DNA-hypomethylation in tumor progression and metastasis.
The procedure used to quantitate DNA 5-mCyt involved label
ing of DNA with [6-3H]uridine, hydrolysis with formic acid,
and separation of the Cyt and 5-mCyt bases by high-perform
ance liquid chromatography. We found that the DNA 5-mCyt
content of the parental MeWo tumor was 3.07 Â±0.16%. Using
a spectrophotometric procedure, Diala et al. (12) reported the
DNA 5-mCyt content of MeWo was 2.15%.

We have found that highly metastatic variants of MeWo have
lower amounts of DNA 5-mCyt compared to the parental (and
significantly less metastatic) tumor. The decrease in DNA 5-

mCyt content was most dramatic in those cell lines (SMe-Lu*-
4,-7,-8,-9,-10) established from "spontaneous" lung mÃ©tastases,

obtained following the s.c. inoculation of MeWo tumor frag
ments into BALB/C-/JW//IMmice (29).

The isolation of rare "spontaneous" mÃ©tastasesfrom poorly

metastatic tumor cell lines or the use of tumor cell-infiltrated
lung cubes to isolate highly malignant cell populations involves
the application of strong selection pressures upon the initial
cell population. This, along with the phenotypic stability and
highly aneuploid chromosome content of these variants, led
Kerbel et al. (29, 30) to suggest that they probably represented
a distinct subpopulation of tumor cells. Our results indicate
that the MeWo tumor line is heterogeneous not only in terms
of metastatic ability and chromosome content but also in re
gards to DNA 5-mCyt content.

It is unlikely that the lower DNA 5-mCyt content in the
"spontaneous" metastatic variants of MeWo was merely due to
the passaging of these cells in animals. Although the "sponta
neous" and "artificial" mÃ©tastasesof MeWo-LCl had signifi

cantly reduced levels of DNA 5-mCyt compared to MeWo-LCl
itself, it should be remembered that MeWo-LCl is a highly
selected variant subpopulation of MeWo (30). While growth of
MeWo-LCl in animals may have led to a reduction in DNA
methylation, it is more likely that these "spontaneous" and
"artificial" mÃ©tastasesof MeWo-LCl represent distinct sub-

populations of the tumor line which have diminished DNA 5-
mCyt levels, although they may not necessarily represent the
same population of cells (35).

The results obtained regarding the chromosome content of
the "spontaneous" metastatic variants of MeWo (SMe-Lu*-4,-

7,-8,-9,-10) recapitulate to some extent the observations made
in clinical settings, where malignant tumors (including mela
nomas) have been frequently found to be much more aneuploid
than relatively benign neoplasms (36, 37). These observations,
along with the findings of diminished DNA 5-mCyt content in
mÃ©tastases(11) or as shown here in metastatic cell lines, suggest
a possible relationship between the extent of DNA
(hypo)methylation and chromosome content in neoplastic cells.
If the level of DN A-methyltransferase is an important factor in
controlling DNA methylation patterns (38), it is reasonable to
propose that increases in the chromosome content of neoplastic
cells which might occur in the absence of a corresponding
increase in DNA-methyltransferase activity could result in re
duced levels of DNA methylation.

While the metastatic variants of MeWo had a lower DNA 5-
mCyt content than the parental line itself, it is apparent that
such a correlation may not always be observed for each experi
mental system under investigation. We have not detected a
significant difference between the DNA 5-mCyt content of
highly metastatic A375-Met-Mix melanoma cells (1.95 Â±
0.11%, 6 determinations) and the (less metastatic) parental
A375 tumor (39) (2.07 Â±0.17%, 5 determinations). Recently,
Ormerod et al. (40) reported finding no consistent correlation
between the extent of DNA methylation and metastatic ability
in a series of murine and human tumor cell lines. In their
studies, however, DNA 5-mCyt levels were only determined in
"artificial" mÃ©tastaseswhich arose following the i.v. inoculation
of cells into athymic "nude" mice. It must be remembered that
an analysis of total DNA 5-mCyt will not detect changes in the
methylation status of individual genes whose expression may
be important for acquisition of the "metastatic phenotype."

Correlations between DNA 5-mCyt levels and metastatic ability
should take into account such factors as the intrinsic metastatic
ability of the tumors, the heterogeneity of the cell population
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(41), as well as the route of inoculation used to assess the
"metastatic phenotype" (27, 28,35,42). Thus a failure to detect
differences in total DNA 5-mCyt content in related cell lines of
varying metastatic potential does not necessarily rule out the
possibility that alterations in DNA methylation are involved in
tumor progression and metastasis.

Our findings, that highly metastatic variants of MeWo have
a lower DNA 5-mCyt content than the less metastatic parental
tumor along with the observations of lowered Cyt methylation
in mÃ©tastasesfrom human tumors (11, 14) and the ability of
DNA-hypomethylating agents to enhance the metastatic capa
bilities of human and murine tumor cell lines (20, 21, 23-25),
support the hypothesis that alterations in DNA methylation
are associated with the progression of tumors from benign to
highly malignant states. Future studies will be required to
examine the methylation status and transcriptional activity of
specific genes thought to contribute to tumor progression and
metastasis.
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