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ABSTRACT

Seven murine and 17 human tumor-derived cell lines were tested for
their ability to grow in methionine-free medium containing the methionine
precursor homocysteine. Three murine tumors, SP1, MDAY-D2, and
LI 210, failed to grow in this medium and were therefore methionine
dependent (Met-Dep). In contrast, all human tumors, including 8 recently
established cell lines, were methionine independent (Met-Indep). Con-
canavalin A-induced lymphocyte ntitogenesis was also Met-Indep but
required 3 to 4 times the amount of homocysteine needed for the growth
of normal fibroblasts or Met-Indep tumors. In addition, lymphocyte
mitogenesis was also supported by exogenous 5'-methylthioadenosine,

another methionine precursor formed during polyamine synthesis. In
contrast, Met-Dep tumors did not respond to increasing homocysteine
concentration, nor was their growth supported by S'-methylthioadeno-

sine.
These findings demonstrate that Met-Dep can occur by varied mech

anisms relating to such parameters as homocysteine concentration and
the ability of cells to generate Met-Indep revenants or to grow in 5'-
methylthioadenosine. In general, we found the Met-Dep phenotype to be
more common in murine tumor cells and to occur infrequently in human
tumors. This may imply a species difference in methionine metabolism.

INTRODUCTION

Methionine dependence is defined as the inability of virally
transformed or tumor-derived cells to grow in medium devoid
of methionine but containing its immediate metabolic precursor
homocysteine. A variety of tumor cells have been shown to be
Met-Dep,4 whereas normal cells are Met-Indep and can use
homocysteine for growth (1-4). In addition, some tumor cells
will grow in the presence of MTA, another methionine precur
sor formed during polyamine synthesis (5).

Met-Dep tumors have been studied in several laboratories
and the occurrence of Met-Dep among human tumor cell lines
[50% in a survey of 23 tumors (6)] has suggested that it may be
an important aspect of oncogenic transformation and a poten
tial target for therapy (7). Indeed, the latter has recently received
some support from experimental therapeutic studies using Met"
and Hcy+ diets in murine tumor models (8, 9) and from the use
of chemotherapeutic agents in conjunction with Met" Hcy+

medium in tissue culture (10).
There has been a general consensus that normal cells (these
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include fibroblasts and liver and kidney cells) are able to grow
in Met" Hcy+ medium, but Kano et al. (11) reported that the

growth of normal B- and T-lymphocytes and bone marrow stem
cells was impaired in this medium. In addition, Kano et al. have
reported that lymphocyte mitogenesis was also Met-Dep. These
findings implied that normal and neoplastic hematopoietic cells
have similar in vitro methionine requirements.

In order to assess the importance of these issues, we examined
a battery of murine and human tumor cell lines, most of which
had not yet been characterized for their ability to grow in Met"
Hcy+ medium. The effect of Met" Hcy+ medium on control

normal cell proliferation was assessed in primary cultures of
fibroblasts and during lectin-induced lymphocyte mitogenesis.
Our results show that, in contrast to Met-Dep lymphoid tumor
cells, normal murine lymphocytes can proliferate in the pres
ence of supraoptimal homocysteine concentrations, or MTA.
This finding reinforces the view that methionine auxotrophy is
a specific defect of some, but only a small number, of neoplastic
cells, for in our survey of 24 tumors the frequency of the Met-
Dep phenotype was much lower than reported previously. We
have also been able to define more rigorously Met-Dep based
on the ability of Met-Dep tumors to generate revertants that
will grow in Met" Hcy+ medium. This fact, in addition to the

observation that the Met-Dep of lymphocyte mitogenesis is
related to the concentration of homocysteine in the medium
and can be supported by MTA, has led us to propose that this
phenomenon results from several different biochemical mech
anisms.

MATERIALS AND METHODS

Cell Lines and Culture Methods. Table 1 lists the cell lines used in
this study. All cells were maintained in RPMI1640 or minimal essential
medium (Irvine Scientific, Irvine, CA) containing 100 units/ml penicil
lin G, 100 Mg/ml streptomycin, 300 /ig/ml L-glutamine, 20 mM 4-(2-
hydroxyethyl)-l-piperazineethanesulfonicacid, and 10% FBS (GIBCO,
Grand Island, NY) at 37Â°Cin a 5% CO2-95% air atmosphere. Recently

established human tumor cell lines were grown in the same medium
supplemented with 5% FBS, 10 ng/ml epidermal growth factor, 250
Mg/ml insulin, 250 ng/ml transferrin, and 250 ng/ml sodium selenite
(Sigma Chemical Co., St. Louis, MO). All cell lines were screened
periodically for Mycoplasma using a Mycoplasma T. C. DNA probe
assay (Gen-Probe, Inc., San Diego, CA).

For the study of Met-Dep, methionine-deficient RPMI or minimal
essential medium (Irvine) was supplemented as above and further
supplemented by the addition of 100 Â¿IMfolie acid, 1.5 MMhydroxyco-
balamin, and either 100 Ã•/ML-methionine or 200 Â¿tMDL-homocysteine
thiolactone (all from Sigma) unless otherwise stated. The FBS was
dialyzed extensively against phosphate-buffered saline before use, and
the absence of methionine from the methionine-free culture media was
confirmed by high voltage paper electrophoresis using a Camag appa
ratus as described previously (12). Cells were plated in deficient media
supplemented with 100 //M L-methionine and allowed to attach to the
culture dishes overnight. They were then washed twice with phosphate-
buffered saline and grown in media containing methionine or homo-
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PATTERNS OF METHIONINE DEPENDENCE OF TUMOR CELLS

Table 1 Methionine dependence of normal and tumor cell lines

In vitro doubling time(h)Cell

lineNormal

cellsHE
(rat)Guil.
(human)J.

W.(human)Murine

tumorsSP1SP1-RCT26B16-bl6MDAY-D2Yac-1Wehi-3L1210L1210-RHuman

tumorsSN12CKM20KM12T24A375HEY2780MOLT-4SBCESSU937DaudiK562UPT

IeUPT2CAdamsBaronOrigin

Ref.Embryonic

lungfibroblastsTumor
stromalfibroblastsTumor
stromalfibroblastsMammary

adenocarcinoma13SP1
â€”¿�Met-Indeprevertan!Colon

carcinomaMelanoma
19Lymphoma
14T-lymphomaMyelomonocytic

lymphomaLeukemiaL1210-Met-Indep

revenantRenal

carcinoma25Duke
D colon carcinoma26Duke
B colon carcinoma26Bladder

carcinomaMelanomaOvarian

carcinomaOvarian
carcinomaT

(acute lymphocyticleukemia)B-lymphomaB-myelomonocytic

lymphomaHistiocytic
lymphomaBurkitt's
lymphomaMyelomaAdenocarcinomaAdenocarcinomaProstate

adenocarcinomaProstate
adenocarcinomaMet*

Hcy-13010582.513.814.519.519.022.015.015.622.023.532.036.034.019.268.029.015.628.015.624.019.219.225.032.0105.6170.096.0Met'Hey*14511095g32.043.538.4Â»30.034.0a42.074.444.040.030.064.029.023.030.018.024.038.442.725.048.0216.0173.0154.0DTMet/DT Hey
ratio0.900.960.8700.450.450.5000.500.4600.560.430.820.850.640.751.00.680.930.871.00.500.451.00.670.490.980.62

Â°Failed to grow until revenant appeared.
* Failed to grow; no revenants obtained.
' C. Bell and P. Frost, unpublished material.

cysteine. The cells were refed with fresh media every 3 days. Cell counts
were performed at different times from triplicate cultures. As a measure
of growth rate, doubling times during the exponential phase of growth
were calculated by least square regression.

Lymphocyte Transformation. Murine splenic mononuclear cells were
isolated by centrifugador) through a 65% Percoli solution at 500 x g
for 30 min at 22Â°C.The cells were then washed twice in phosphate-

buffered saline and resuspended in methionine free RPMI 1640 sup
plemented with 10% dialyzed FBS, 100 MMfolie acid, and 1.5 MM
vitamin H,.-.Cells were seeded in flat bottomed microtiter plates at a
density of 5 x IO5 in 0.2 ml medium containing either methionine,

homocysteine, MTA, or a combination of all 3 at desired concentra
tions. Con A at a final concentration of 2.5 Mg/ml, was then added to
triplicate cultures, which were incubated in 5% CO2-95% air at 37Â°C

for 48 h. Six h before harvesting, the cells were pulsed with 1 ^Ci/well
of [3H]thymidine (78 Ci/mmol; Dupont, Inc., Wilmington, Delaware).
The cells were harvested with an automated cell harvester and 3H

counting was performed with an LKB scintillation counter.

RESULTS

Methionine Dependence of Tumor Cells and Fibroblasts. The
cell lines used throughout this study, their origins, and their
DTs in methionine-free medium supplemented with either 100
MML-methionine or 200 Â¿tMDL-homocysteine thiolactone are
presented in Table 1. Some of the lines were obtained from the
American Type Culture Collection, while others were estab
lished in the Department of Cell Biology, in which case refer
ences are presented in Table 1.

The 3 normal fibroblast cell lines (1 murine and 2 human)
showed essentially no difference in growth when homocysteine
replaced methionine in the medium. Their growth rates were
also much slower (3- to 8-fold) than most tumor cell lines.
Among 7 cell lines derived from murine tumors, 3 (SP1,

MDAY-D2, and L1210) were Met-Dep; i.e., they did not grow
in Met" Hcy+ medium. SP1, a spontaneous mammary adeno

carcinoma derived from a CBA mouse (13); MDAY-D2, a
lymphoma induced in a DBA/2 mice (14); and LI210, a murine
leukemia, were tested for their ability to revert to Met-Indep
upon continuous culture in Met" Hcy+ medium. SP1 and L1210

consistently generated Met-Indep revenants after 1-2 weeks in
Met" Hcy+ medium. The revenants (SP1-R and L1210-R)
showed a 2-fold increase in DT in Met" Hcy+ medium as
compared to Met+ Hey" medium (Table 1). They retained the
ability to grow in Met" Hey* medium even after being grown

for 3 weeks in the presence of methionine. Although SP1-R
cells showed frequent morphological changes (such as multi-
nucleated giant cells) and lower cell density in culture, they
retained their tumorigenicity (equivalent to the parent SP1 cell
line) as assessed by s.c. injection into syngeneic mice (not
shown). In contrast to SP1 and LI210, MDAY-D2 proved
unable to generate Met-Indep revenants, despite numerous
attempts to isolate them. In fact, more than 95% of MDAY-
D2 cells were lost after 3 days in Met" Hcy+ medium.

All 17 human tumor cell lines examined in this study were
Met-Indep, although they usually grew more slowly in Met"
Hcy+ than in Met+ Hey" medium. The Met-Indep of T24 and

A375 is consistent with a previous report (15), whereas MOLT4
and K562 have been reported to be Met-Dep (11) and were
found to be independent in our studies. Eight of the human cell
lines were established in this laboratory and studied at early
passages (passages 3-10), thus minimizing the possibility of
phenotypic drift due to long-term tissue culture. The human
origin of these cell lines was confirmed by karyotypic analysis.

Human tumor cell lines grew more slowly than murine cells,
their average DTs being 44.0 and 18.1 h, respectively, in me-
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thionine-containing medium. The reduction in growth rate
occurring in Met" Hcy+ medium (expressed by the ratio of DT
in Met* Hey" to DT in Met" Hey* medium) was also signifi

cantly smaller for human cells, 0.75 Â±0.20 (SD), than for
murine cells, 0.49 Â±0.043 (P < 0.05; Mann-Whitney U test).
However, human lymphoid tumor cell lines grew as fast as
murine cells and still showed a smaller decrease in growth rate
in Met" Hcy+ medium (Table 1). Furthermore, there was no

significant individual correlation between the growth rate in
Met* Hey" medium and its decrease in Met" Hcy+ medium,

which suggests that the enhanced ability of human cells to grow
in Met" Hey* medium was not due to differences in growth

rate.
Methionine Dependence of Lymphocyte Mitogenesis. As

shown in Fig. 1, Con A stimulation of normal lymphocytes
could not be detected when medium deficient in methionine
and homocysteine was used. However, the addition of 100-200
/Â¿MDL-methionine resulted in [3H]thymidine uptake equivalent

to that observed with normal RPMI 1640 (not shown). In
contrast, homocysteine failed to support lymphocyte replication
at concentrations less than 200 /Â¿M.However, raising the hom
ocysteine concentration produced a dose-dependent increase in
lymphocyte replication. At 600 UM homocysteine, the Con A
stimulation of [3H]thymidine uptake approached that produced

by 200 /Â¿Mmethionine. Thus, homocysteine could support the
replication of normal lymphocytes, but only if used at approx
imately 3 times the concentration of methionine.

MTA, a nucleoside produced during the biosynthesis of sper-
midine and spermine, is also converted to methionine after
cleavage by MTA phosphorylase into methylthioribose 1-phos
phate and adenine. MTA phosphorylase activity has been
shown to increase by 100% after phytohemagglutinin stimula
tion of human lymphocytes (16). Furthermore, it has been
reported that MTA could support the growth of some tumor
cell lines that were unable to grow in Met" Hcy+ medium,

suggesting that methionine dependence could be specifically
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Fig. 1. Effect of methionine. homocysteine, or MTA concentration on DNA
synthesis in Con A-stimulated mouse spleen mononuclear cells. The incorporation
of | "Il|ih>iiikliiu' (TilR) into DNA was measured as described in "Materials and
Methods."

related to either the MTA-methionine or homocysteine-methi-
onine pathways (5). We therefore assessed the ability of MTA
to support lymphocyte transformation in methionine-free me
dium. Low doses of MTA (50 MM)supported Con A stimulation
of mouse spleen cells at a level 50% below that observed in
control cultures (Fig. 1). However, at higher concentrations,
MTA was inhibitory in a dose-dependent manner, achieving
almost 100% inhibition at 500 Â¿Â¿M.

The effects of supplements of methionine-free media with
combinations of methionine, homocysteine, or MTA are shown
in Fig. 2. In the presence of suboptimal amounts of methionine
(10 to 50 MM),concentrations of homocysteine that could not
support transformation by themselves, significantly enhanced
[3H]thymidine uptake, although not to maximal level (Fig. 2,-t).
Similar potentiation was observed for low-dose methionine and
MTA or homocysteine plus MTA (Fig. 2, B and Q. However,
when MTA in excess of 25 MMwas added to media containing
optimal concentrations of methionine, it inhibited lymphocyte
transformation, confirming the toxicity of this metabolite.

In contrast to Con A-stimulated lymphocytes the three Met-
Dep tumors, SP1, MDAY-D2, and L1210, did not grow in

response to increasing homocysteine concentrations. Fig. 3
shows that SP1 and MDAY-D2 cells did not increase DNA
synthesis despite increasing the homocysteine concentration
from 200 MMto 600 MM.The inhibition of DNA synthesis in
Mer Hcy+ medium was 83 and 50% for MDAY-D2 and SP1,

respectively. In addition, MTA could not support the growth
of the Met-Dep tumor cell lines we studied (not shown).

DISCUSSION

The main finding of this study is that the prevalence of
methionine auxotrophy in human tumor cell lines appears to
be much lower than previously reported. Whereas Mecham et
al. (6) reported that 50% of a series of 23 human tumors were
Met-Dep, we found no Met-Dep tumors among the 17 human
cell lines examined. Moreover, our results more likely reflect
the IB vivo situation, since 8 of these tumors were recently
established in culture and studied at early passage, thus mini
mizing the phenotypic variations that may occur during long-
term tissue culture.

The human A375 melanoma and T24 bladder carcinoma cell
lines were Met-Indep in accordance with a previous report (15).
On the other hand, the MOLT4 leukemia and K.562 myeloma
were Met-Indep, in contrast to the findings of Kano et al. (11).
A likely explanation for this apparent discrepancy is that Kano
et al. used too low a concentration of folie acid (10 UM) with
which to support the conversion of homocysteine to methio
nine. Our findings were more in concert with Christa et al. (17),
who found that Raji cells were Met-Dep whereas Kano et al.
found them to be Met-Indep (11).

A potential cause of these discrepancies is that the apparent
Met-Indep of cell lines could result from the presence of trace
amounts of methionine in the methionine-free medium or di-
alyzed serum. This possibility was ruled out in our studies by
assessing methionine levels directly with high-voltage paper
electrophoresis and by using an absolutely dependent murine
tumor line (MDAY-D2) as a sensitive control; i.e., MDAY-D2
fails to grow in the Met" Hcy+ media in which human Met-

Indep cells can grow.
While Naylor et al. (18) reported that the mouse B16 mela

noma was Met-Dep, we found that the bl6 subline of B16 was
Met-Indep. In this case, however, the concentration of folie
acid and vitamin Bi2 in the media was the same in both sets of
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10 r

Fig. 2. Effect of various combinations of
methionine, homocysteine, or MTA on DNA
synthesis in Con A-stimulated mouse spleen
mononuclear cells. A, methionine + homocys
teine; B, methionine + MTA; C, homocysteine
+ MTA.
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Fig. 3. Effect of methionine or homocysteine concentration on DNA synthesis
in MDAY-D2 and SP1 cells grown in methionine-free medium. MDAY-D2 (5 x
IO4cells) and SPI (2 x IO4cells) were grown in flat-bottomed microplates for 48
h with the indicated concentrations of methionine or homocysteine. [3H]Thymi-
dine d'il Ki was added to each well (1 Â«Â¿Ci)during the last 6 h of incubation. Each

point is the mean of triplicate determinations.

experiments, and the reason for the difference between our
results and those of Naylor et al. is likely the cell lines them
selves. The B16 subline bl6 is a highly metastatic variant of
B16 isolated after several in vivo selections (19). This subline
may therefore represent a subpopulation of Met-Indep revert-
ants from the parent B16 cell line.

The results obtained for murine tumor-derived cell lines were
quite different. Of 7 tumors 3 were absolutely Met-Dep: the
CBA adenocarcinoma; the MDAY-D2 lymphoma; and the
LI 210 leukemia. Moreover, the growth of murine cell lines was
inhibited more significantly in Met" Hcy+ medium than that of

human cell lines, 47% versus 12% of their growth rate in control
(Met* Hey") medium, respectively. In accordance with these

findings, we would propose that methionine auxotrophy as
defined by complete suppression of cell growth in Met" Hcy+

medium is a characteristic more common to tumors of murine
origin. Although murine solid tumors generally grew faster
than their human counterparts, lymphoid tumors of both spe
cies grew at the same rate, and there was no correlation between
the growth rate in Met* Hey" medium and the ability of cells
to grow in Met" Hcy+ medium. This suggests that the increased

Met-Dep of murine versus human tumors may be due to specific
differences in methionine metabolism between the two species,
rather than simply reflecting higher methionine requirements
in fast-growing cells.

Hoffman et al. (20) have shown that Met-Dep SV40-trans-
formed human fibroblasts and W256 rat carcinoma cells could
revert spontaneously to Met-Indep after long-term culture in

Met" Hey* medium. They also reported that many of the

revertants had a variable loss of the /// vitro properties of
transformation such as reduced cloning efficiency in semisolid
medium and high cell density, further indicating a relationship
between Met-Dep and oncogenic transformation (21). Simi
larly, we were able to isolate Met-Dep revertants from the SPI

cell line, and these revertants also showed decreased cell density
and frequent morphological alterations. However, they retained
the tumorigenicity of the parent SPI cells when injected into
syngeneic hosts, indicating that for SPI tumor cells reversion
to Met-Indep was not associated with a loss of oncogenic
potential.

We could also isolate Met-Indep revertants from the Met-
Dep L1210 leukemia, but the Met-Dep MDAY-D2 lymphoma
proved unable to generate revertants despite numerous attempts
at selection. There is no other reported example of a Met-Dep
tumor unable to revert to Met-Indep. Thus, it was possible to
distinguish two types of Met-Dep tumors according to their
ability to generate phenotypic revertants. Furthermore, bio
chemical studies revealed profound differences in methionine
metabolism among SPI, L1210, and MDAY-D2 that could be

relevant to this observation. One of these differences is that
pools of S-adenosylmethionine in Met" Hey* medium are re

duced below detectable levels in MDAY-D2 and are much less
affected in SPI and LI2IO.5

Our analysis of lymphocyte mitogenesis indicates that these
cells have somewhat unique characteristics in terms of Met-
Dep. Unlike normal fibroblasts or Met-Indep lymphoid tumors,
Con A-stimulated lymphocytes did not significantly proliferate
in Met" I Iry ' medium containing 200 //M DL-homocysteine.
These results seemed to confirm Kano's findings on the Met-

Dep of lymphocyte mitogenesis (11). However, when we in
creased the homocysteine concentration to up to 600 /<M,opti
mal transformation occurred. This unusual requirement for
high homocysteine concentration may be related to the rapid
metabolic activation that occurs in mitogen-stimulated lympho
cytes. Indeed, large increases in S-adenosylinethionine utiliza
tion (22), S-adenosylmethionine decarboxylase synthesis and
activity (23), and polyamine synthesis (24) are some of the
reported early changes related to methionine metabolism that
take place when lymphocytes are activated. Our results show
that MTA, another methionine precursor, can also support
lymphocyte mitogenesis, although in a narrow range of concen
trations. Micromolar amounts of MTA (10-50 pM) supported
up to 50% of optimal DNA synthesis, but increasing MTA

9J. G. Judde and P. Frost, manuscript in preparation.
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concentration over 100 n\t resulted in progressive inhibition of
transformation in a dose-dependent manner. These results con
firm and extend a previous report demonstrating the inhibitory
effect of millimolar concentrations of MTA on human lympho
cyte mitogenesis (16). Interestingly, Met-Dep tumors (SP1 and
MDAY-D2) did not respond to MTA or increasing homocys-
teine concentration, whether in terms of cell growth or resto
ration of DNA synthesis levels.

To summarize our findings, we have confirmed the high
frequency (3 of 7 cell lines) of methionine auxotroph murine
tumors. In addition, we have identified one auxotroph (MDAY-
D2) that was unable to revert to Met-Indep. According to
previous studies and to our data, this phenotype may be rare,
and this tumor should be useful for experimental studies the
interpretation of which is complicated by the possible emer
gence of Met-Indep revenants. The finding that lymphocyte
mitogenesis is a Met-Indep process, although it has higher
homocysteine requirements than other Met-Indep cells, rein
forces the view that methionine auxotrophy is a specific defect
of neoplastic cells. The apparent rarity of Met-Dep human
tumors contrasts sharply with a previous report (6) and at first
glance raises questions about the importance of this phenotype
in human cancer. However, the fact that in our hands human
tumor cells are Met-Indep does not detract from the clear
observation that their DT decreases in Met" Hcy+ medium.

Whether this fact can be useful in designing therapeutic ap
proaches is not yet known.
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