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Growth Kinetic Studies of Methionine Dependence
in Co-culture of Monolayer and Anchorage Independent

Mouse Cell Lines
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Abstract. Nonlransformed C3Hl10T1l2 Cl I mouse embryo

fibroblasts and malignant R.l.l mouse T-lymphoma cells were
examined for their ability to utilize homocysteine thiolactone
(Hcy+l) instead of methionine (Met) for growth. The non-
transformed fibroblasts showed only a slightly slower growth
rate in Hcy-tl supplemented medium, while the T-lymphoma
cells showed an absolute requirement for Met, defined as
methionine dependence. A co-culture system was established
where both monolayer growing fibroblasts and lymphoma
cells in suspension were grown in the same culture vessel. In
Met supplemented medium both cell types proliferated, but
when Hcy-tl replaced Met only the fibroblasts were able to
grow. Two major conclusions were drawn: 1) The inability of
the lymphoma cells to utilize Hcy-tl was not due to formation
and release of toxic agent(s) to the growth medium. 2) It was
possible to exploit the metabolic defect of methionine depend-
ence to select for the growth of non-transformed cells from
malignant cells.

Homocysteine, the metabolic precursor of methionine (Met),
has been shown to support growth of cells in culture with

_varying efficiency (1, 2, 3). Initial experiments (4, 5) indi-
cated that loss of ability to utilize homocysteine was linked to
neoplastic transformation, and malignant cells were defined
as "methionine dependent". However, several investigations
have revealed a more complex nature of this phenomenon
since some normal cells have been shown to require Met for
growth, and different malignant cells have been shown to be
Met independent (6, 7. 8. 9).

Abbreviations: Hcy-tl : homocysteine thiolactone; Met =

methionine.
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The biochemical basis of Met dependence is not well
understood. No enzyme defect has been demonstrated in
such cells, but there are reports of low concentration of free
Met and low ratio between S-adenosylmethionine and S-
adenosylhomocysteine, suggesting decreased overall trans-
methylation rate (1).

In a detailed study of both non-transformed and several
malignant lines of C3}J/ll-lllz mouse embryo fibroblasts, we
showed that the malignant cell lines were capable of utilizing
homocysteine thilactone (Hcy-tl) for growth, but at a slower
rate than their non-transformed counterpart (9). Homocy-
steine in its reduced form was highly toxic to these cells, while
the disulfide or the thiolactone of homocysteine was non-
toxic. Furthermore, one transformed cell line showed altered
glutathione content when transferred to medium containing
Hcy-tl instead of Met (9). These observations point to the
possibility that cellular utilization of Hcy{l results in forma-
tion of toxic agent(s), eliminated through a detoxification
mechanism in non-transformed cells. In methionine depen-
dent cells this mechanism may be defective and cause appa-
rent lack of ability to utilize Hcy-tl for growth. If toxic
agent(s) are not efficiently handled, they may be released
into the culture medium and suppress growth of normal cells.
This possibility is evaluated in the present report.

Since Met dependence is largely associated with malignant
cells, an interesting idea is to exploit this metabolic defect to
promote selectively the growth of normal cells from a mixture
of normal and malignant cells.

To explore these possibilities, the present paper describes
the establhishment of a co-culture system where anchorage-
independent mouse leukemic cells and non-transformed
monolayer-growing mouse embryo fibroblasts are grown in
the same medium in the same culture vessel. This system
enables us to determine the growth rates of both cell types in
Hcy-tl supplemented medium, and compare this with data
obtained from separately growing cultures. Growth kinetic
data of this co-culture system are presented, and the absolute
Met requirement of the leukemic cells is exploited in selecting
for the non-transformed cells by growing both cell types in
Met deficient medium supplemented with Hcy-tl.
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Figurc 2. Growth of R.l.l mouse T-lymphoma cells in Met-lcficient
medium supplemented with either 0.1 mM Met,0.1 mM Hcy-t|,0.1 mM
Hcy-tl plus 0.1 mM Met or 0.1 nM Hcy-tl plus 10 pM Met. 50000 cells per
ml were secded in culture J'lasks (25 tnt:) ut day 0. At thc times indicated,
aliquots of 0.5 ml each from two different vessels were removed from euch
groLtp, and the cells counted. The growth curves ura representative exam-
ples ol four different erperiments.

were seeded at a density of 50000 cells pcr dish in Met-free RPMI 1640
medium supplemented as above. Exponentially growing stock cultures of
R.1.1 cells werc harvested by centrifugation for 7 min at 500 X g, washcd
and resuspended (5 X i06 cellVml) in Merfree RPMI 1640 mcdium
supplemented as abovc, but without Mct or Hcy-tl. 24 hoursafter sceding
of the fibroblasts, thc mcdium was removed and replaced with fresh
medium as abovc (5 mVdish) containing either 0.1 mM Mct or 0.1 mM
Hcy-tl, and 10s R.1.1 cells pcr ml werc added from the Mct-frce cell
suspension. At the times indicated two parallcl dishes from cach group
werc removed, and samples of the suspension cclls wcre countcd. In
dishes with Met-containing medium, the lymphoma cells outnumbered
the fibroblasts and attached to the fibroblasts, making it impossible to
quantitate the latter cclls. In dishes containing Hcy-tl, however, it was
possible to remove the R.1.1 cells for counting, and thereafter thc
fibroblasts were trypsinized and counted.

Results

Growth support of Hcy-tl in separately growing cultures. The
ability of the non-transformed C3FI/10T1/2 Cl 8 cells to utilize
Hcy-tl for growth is demonstrated in Figure 1. The cells
thrived in Hcytl supplemented medium, but grew at a
slightly slower rate than in medium supplemented with Met.
The malignant R.1.1 cells, however, exhibited an absolute
requirement for Met since the cells did not grow at all when
Hcy-tl replaced Met in the growth medium (Figure 2).
Co-addition of Met and Hcy-tl supported growth to the same
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Figure 1. Growth of C3 Hll0Tl 12 CI 8 moLrse embryo fibroblast ce lls in Met
deficient medium supplemented with either 0.1 mM Met or 0.1 mM Hcy-tl.
50000 cells ware seeded per dish (60 mm) at duy 0. At the times indicated
two dislrcs from each group were trypsinized and the cells counted. The
growth curves are representative exomples of Jitur differenl experimenls-

Materials and Methods

Chemicals. L-Hcy-tl, L-Met, vitamin B12 (cyanocobalamin), folic acid and
Met-free RPMI 1640 medium were from Sigma Chemical Co., St. Louis,
MO. Complete RPMI 1640 medium was from Flow Laboratories and
foetal calf serum was from Sera-Lab Ltd., Sussex, England.

Cell lines and culture conditions. Stock culturcs of the non-transformed
mouse embryo fibroblasts C3Wl0'lI/2 Cl 8 cells werc grown as described
elsewhere (9). The mousc TJymphoma cell line R.1.1 (10) was obtaincd
from Dr. Dennis A. Carson at Scripps Clinic and Research Foundation,
La Jolla, CA. Stock cultures of R.1.1 were maintained in suspension
culture in RPMI 1640 medium supplemented with 10% heat inactivated
foetal calf serum and routinely diluted in fresh mcdium twice a weck.
Cclls were grown in tissue culture plastic dishes (6 cm; Nunc, Denmark)
at 37'C in an atmosphere of 5% CO2 in air and a relative humidity of
95%.

Growth.expeiments with separate cell lines. C3l1l10TIl2 Cl 8 and R.1.1
cells were grown in Met-free RPMI 1640 medium supplemcnted with 1.5
pM vitamin B12 (cyanocobalamin), 11.3 pM folic acid, 10% dialyzed, heat
inactivated foetal calf serum and eithcr 0.1 mM L-Met or 0.1 mM
L-Hcy-tl unless otherwise indicated. Cl 8 cells were seeded at a dcnsity of
50000 cells per dish, and two parallel dishes from each group wcre
removed at the times indicated, trypsinized and thc cells counted in a
Coulter Counter Model ZM (Coultcr Electronics Ltd., England).

R.1.1 cells were secded at a density of 10s cellVml in a total volume of
5 mVdish. Two parallel dishes from each group were removed at the times
indicated and samples of the cell suspensions counted.

Co-culture of non-transformed and malignant cells. C3WI0T1/2 Cl 8 cells
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extent as Met alone, demonstrating that the iack of growth in
Hcy-tl supplemented medium was not due to a direct toxic
effect of Hcy+I. Furthermore, co-addition of 0.1 mM Hcy-tl
and 10 pM Met resulted in optimal growth until mid-log
phase where growth ceased abruptly (Figure 2), probably due
to depletion of Met.

Co-culture of non-transformed and malignant cells. The
growth of Cl B and R. 1.1 cells in co-culture is shown in Figure
3 and Figure 4. In Met-supplemented medium, the lymphoma
cells grew at a rate similar to that observed when cultured
alone (Figure 2) with a doubling time of 13.2 hours. ln
co-culture in Met supplemented medium, the lymphoma cells
totally outnumbered the fibroblasts, probably due to the
shower growth rate of the latter, which had a doubling time of
20.4 hours when cultured alone. A major portion (50-70%) of
the fibroblasts were covered with lymphoma cells (up to 20
per fibroblast cell) within 24 hours after seeding. Shaking of
the cultures or mild treatment with trypsin (0.0I%,5 min at
37"C) did not separate the cells. After 2-3 days in co-culture
the lymphoma cells seemed closely and strongly associated
with the fibroblasts. However, cells attached to the fibrob-
lasts constituted a negligible part of the total number of
lymphoma cells. Consequently, determination of the number
of lymphoma cells was not affected.

In contrast, the attachment of lymphoma cells to the
fibroblasts made it nearly impossible to make accurate deter-
minations of the number of fibroblasts in co-culture in Met
supplemented medium. But when Hcy-tl replaced Met in the
medium, the lymphoma cells did not grow at all, and the
number attached to the fibroblasts was too small to affect cell
counting of the latter. In this case, it was therefore possible to
determine the number of both cell types with equal accuracy.

Substituting Met with Hcy-tl in the medium resulted in the
selective growth of the non-transformed cells, while the
lymphoma cells did not proliferate at all (Figure 3). The
non-transformed cells had a doubling time of 38.2 hours in
the co-culture experiment. This equals the growth rate
(doubling time of 40.1 hours) observed when the fibroblasts
were cultured alone in Hcy-tl supplemented medium (Figure
1).

These results strongly indicate that the inability of the
Iymphoma cells to utilize Hcy-tl for growth was not due to
production and release of toxic agent(s) in response to Hcy-tl.

Furthermore, these results show that in this cell culture
system, it was possible to obtain selective growth of non-
transformed cells in co-culture of non-transformed and malig-
nant mouse cells.

The morphological appearance of the non-transformed

C3Hll}TIl2 Cl 8 cells and the R.1.1 T-lymphoma cells in
co-culture is demonstrated in Figure 4. Without attachment
of any lymphoma cells, the fibroblasts appeared normal in
morphology, both in Met and in Hcy-tl supplemented
medium. Covered with lymphoma cells, however, the fibrob-
lasts had a round, swollen and rugged morphology. In Met
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Figure 3. Growth of C3Hll0TI12 Cl 8 mouse embryo fibroblast cells and

R.1.1 mouse TJymphoma cells in co-culture in Met deficient medium

supplemented with either 0.1 mM Met or 0.1 mM_ Hcy-tl. 50000 CI 8 cells

were seeded per dish (60 mm) at day 0, and lF R.1.1 cells per ml were
added to each dish ut day 1. At the times indicated, uliquots of 0.5 ml each

were removed from two dishes in each group, and the R.1.1 cells counted.
ln dishes with Hcy-tl in the medium the R.1.1 cells were removed, and the

remaining Cl 8 cells were washed, trypsinized and counted- The growth

curves are representative examples of four dffirew expefiments.

supplemented medium, the lymphoma cells thrived with a
typical round and smooth shape (Figure 4 A). In contrast,
when Hcy-tl replaced Met in the medium, the lymphoma cells
appeared shrunk and wrinkled as seen in Figure 4 B.

Discussion

The idea of exploiting therapeutically the metabolic defect of
methionine dependence has been put forward previously (1,
1.I, I2). Recently, Stern and Hoffman (13) described the
selective growth of normal human fibroblasts in co-culture
with methionine dependent malignant cells in methionine
deficient medium supplemented with homocysteine. Under
these conditions they obtained selective killing of the cancer
cells by use of cytostatic drugs.
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Figure 4. C3H|IOT[|2 Cl 8 mouse embryo fibroblast cells and R.I.1 mouse T-lymphoma cells in co-culture in Met deficient medium supplemented with
either 0.1 mM Met or 0.1 mM Hcy-t[. Cells were grown at conditions identical to those described in the legend to Figure 3. Photomicrographs were taken at
day 3 after seeding of CI 8 cells. Bar = 100 W.

The present paper describes a co-culture system consisting
of anchorage dependent non-transformed mouse fibroblasts
and mouse leukemic cells growing in suspension. Grown
separately, these two cell lines behaved according to the
hypothesis of methionine dependence (1), since the non-
transformed cells thrived in Hcy-tl supplemented medium,
while the leukemic cells demonstrated complete inability to
utilize Hcy-tl for growth (Figures 1,2).

The results obtained with these two cell lines in co-culture

t6l4

experiments confirmed the results of Stern and Hoffman (13)
regarding the selective growth of non-transformed cells. In
addition, this co-culture system allowed us to determine cell
growth kinetics, demonstrating that the growth rate of the
normal cells was not reduced by the presence of the leukemic
cells in methionine deficient medium supplemented with
Hcy-tl (Figure 3). In contrast, the latter cells died after some
days in culture under these conditions (Figures 3, 4).

Obviously, comparing growth kinetics (Figures 1,3) may
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reveal the presence of factors in the medium affecting
growth, which would not be recognized by qualitative (13) or
end-point analysis (12).

Some observations have pointed to the possibility of
production of toxic agent(s) during cellular utilization of
homocysteine. In its reduced form, homocysteine was toxic to
both non-transformed and malignant fibroblasts (9), and
toxicity against endothelial cells seemed to be mediated by
production of hydrogen peroxide (1a). The malignant fibrob-
last cell line Cl T422 (I5) had markedly reduced growth rate
when Hcy-tl replaced Met in the medium and showed altered
content of the detoxifying agent glutathione under these
conditions (9).

The demonstration of absolutely no reduction in growth
rate of fibroblasts in co-culture with leukemic cells in Hcy-tl
supplemented medium (Figures 1,3), is not consistent with
production and release of toxic agent(s) into the culture
medium. Therefore, the methionine dependence of the
leukemic cells did not seem to be mediated by formation and
release of toxic agent(s) during cellular utilization of Hcy-tl.

In conclusion, the methionine dependence of R. 1.1 mouse
T-lymphoma cells is probably related to a defect in the
metabolism of homocysteine, and the inability to utilize
Hcy-tl for growth was not caused by production and release
of toxic agent(s). It was possible to exploit this metabolic
defect to promote the selective growth of non-transformed
fibroblasts in co-culture with totallv Met dependent leukemic
cells.

References

1 Hoffman RM: Altered methionine metabolism, DNA methylation
and oncogene expression in carcinogenesis. Biochim Biophys Acta
738: 49-87,1984.

2 Hoffman RH: Methionine dependence in cancer cells - a review. In
Vitro 18: 42I-428, 1982.
Stipanuk MH: Metabolism of sulfur-containing amino acids. Annu
Rev Nutr 6: 179-209, 1986.
Halpern BC, Clark BR, Hardy DN, Halpern RM and Smith RA: The
effect of replacement of mcthionine by homocysteine on survival of
malignant and normal adult mammalian cells in culture. Proc Nat
Acad Sci USA 71: 1133-1136,1974.

5 Hoffrnan RM and Erbe RW: High rn vivo rates of methionine
biosynthesis in transformed human and malignant rat cells auxotrophic
for methionine. Proc Natl Acad Sci USA 73: 1523-1527.1976.

6 Kreis W and Goodenow M: Methionine requirement and replacement
by homocysteine in tissue cultures of selected rodent and human
malignant and normal cells. Cancer Res 38: 2259-2262, 1.978.

7 Kano Y, Sakamoto S, Kasahara T, Kusamoto K, Hida K, Suda K,
Ozawa K, Miura Y and Takaku F: Methionine dependency of cell
growth in normal and malignant hematopoietic cells. Cancer Res 42..
3090-3092, 1982.

8 Christa L, Kersual J, Auge J and Perignon J: Salvage of 5'-deoxy-5'-
mcthylthioadenosine and L-homocysteine into methionine in cells
cultured in a methionine-free medium: A study of "methioninc-
depcndence". Biochem Biophys Res Commun 1J5: 131-i38, 1986.

9 Djurhuus R, Svardal AM, Ueland PM, Male R and Lillehaug JR:
Growth support and toxicity of homocysteinc and its effect on
methionine metabolism in non-transformed and chemically trans-
formed C3FV10T1/2 cells. Carcinogenesis 9: 9-16, L988.

10 Kubota M, Kamatani N and Carson DA: Biochemical genetic analysis
of the role of methylthioadenosine phosphorylase in a murine lym-
phoid ccll line. J Biol Chem 258: 7288-7291,,1983.

11 Hoffman RM, Jacobsen RJ and Erbe RW: Reversion to methionine
independencc in simian virus 40-transformed human and malignant rat
fibroblasts is associated with altered ploidy and altered propirties of
transformation. Proc Natl Acad Sci USA 76: 1,313-7317,1979.

12 Krcis W, Baker A, Ryan V and Bertasso A: Effect of nutritional and
enzymatic methionine deprivation upon human normal and malignant
cells in tissue culture. Cancer Res 40: 634-641, 1980.

Acknowfedgements 13 Stern PH and Hoffman RM: Enhanccd in vitro selective toxicity of
chcmotherapeutic agents for human canccr cclls based on a metabolic

rhe authors express their graritude to Dr. Dennis o ."1:':.r.:l'f,ry ,- Siiiii;1.,*"3 ffffi:.lH'r(i, g1?:,'riJ,,:?::ir in1u.y due to coppcr-Cllnlc and Rcsearch Foundation, La Jolla, CA, for kindly providing the catalyzed hydrogcn peroxide generation from homocysteine. J'blin
stock culture of thc R.1.1 mousc T-lymphoma cclls. The skilful technical lnveit 77: illO_tZlO, DgA.
assistance of Ms Eli Gundersen is highly appreciatcd. Rune Djurhuus is a 15 Male R, Bjerkvig R and Lillehaug JR: Biological and biochemical
fellow of the Norwegian Cancer Society, and this work was supported by characterization of cell lincs derived from initiation - promotion
grants from this organization. transformed C3W70^lll2 cells. Carcinogcnesis 8; 1375-1383, 1987.

Received lune 16, 1989
Accepted Augtut 31, 1989

-i

A

l6 l -5




