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Abstract

Methionine dependence is a feature unique to cancer cells, exhibited as inability to grow in a methionine-depleted environment
supplemented with homocysteine, the immediate metabolic precursor of methionine. This study explores the effect of methionine
depletion and homocysteine supplementation on the viability, sulfur amino acid metabolism and cell-cycle kinetics of normal and cancer
cells, as well as their ability to recover from the treatments. An array of cells including hepatomas (HTC, Phi-1), prostate adenocarcinomas
(PC-3) and transformed (3T3) and normal (HS-27) fibroblasts, has been used aiming to evaluate the importance of tissue specificity. All
cell lines proliferated well in methionine-complete media (M+H—), whilst only the normal fibroblasts HS-27 grew in methionine-
depleted homocysteine-supplemented media (M—H+-). None of the tested cell lines were able to grow in media without methionine or
homocysteine (M—H—). HTC was the only cell line that did not recover from the M—H+ treatment whilst PC-3 did not recover from the
M—H-— treatment. Methionine and homocysteine depletion (M—H-+ and M—H—) were found to induce arrest at different phases of the
cell cycle, depending on the cell line: the methionine-dependent HTC, PC-3 and 3T3 arrested at the S and G2/M phase, whilst Phi-1 and
the methionine-independent HS-27 accumulated in the G1 phase. The cell-cycle kinetics showed that the observed blockades were
reversible. The information resulting from these studies is important for not only the behavior of cancer cells, but also for appreciating the

potential of developing cancer therapies based on methionine-depletion strategies.
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1. Introduction

A broad range of human and animal cancer cell lines and
tumors have been described as methionine dependent.
Methionine dependence is termed as the inability of cancer
cells to grow in a methionine-depleted environment supple-
mented with homocysteine, the immediate metabolic pre-
cursor of methionine. In contrast, normal cells are able to
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efficiently utilize homocysteine and sustain growth in the
absence of externally provided methionine (methionine-
independent cells) [1-4]. A number of cancer cells show
methionine-independent phenotypes although they exhibit
significantly lower growth rates when compared to methio-
nine-containing control cultures [3,4]. Impaired 5,10-methy-
lene tetrahydrofolate reductase and methionine synthase
activities [4-7], impaired transamination (methionine sal-
vage) pathway [8], as well as differential use of exogenous
and de novo produced methionine for increased rate of
transmethylations [9,10], are among the lines of investigation
thathave been explored in an attempt to identify the origins of
methionine dependence. However, none of these paths has
provided a hypothesis that can fully explain all the features of
this metabolic defect, hence the biochemical basis of methio-
nine dependence remains to be elucidated.
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Fig. 1. Major biochemical pathways related to methionine and homo-
cysteine metabolism. AdoMet: S-adenosylmethionine; AdoHcy: S-adeno-
sylhomocysteine; Met: methionine; Hcy: homocysteine; GSH: glutathione;
THEF: tetrahydrofolate; 5-CH3-THF: 5-methyltetrahydrofolate; 5,10-CH,-
THF: 5,10-methylenetetrahydrofolate; (1) methionine synthase; (2)
methylene tetrahydrofolate reductase; (3) cystathionine [ synthase; (4)
betaine-synthase.

Methionine is an essential amino acid provided by the
diet and the de novo recycling of homocysteine [11]. Two
major intersecting pathways are involved in methionine
metabolism, the methionine cycle and the sequential trans-
sulfuration reactions (Fig. 1). Whilst the methionine cycle
is ubiquitously expressed, the transsulfuration pathway is
limited to liver, kidney, small intestine and pancreas. Apart
of its role in protein synthesis, methionine is the substrate
for the formation of S-adenosylmethionine (AdoMet), the
broadly utilized methyl donor for DNA, protein and lipid
methylating reactions. Homocysteine is involved in the
salvage of the one-carbon pathway, recycling of intracel-
lular folates, catabolism of choline and betaine in the liver,
and the transsulfuration pathway as precursor of cystathio-
nine, cysteine and, eventually, glutathione. Excessive con-
centrations of homocysteine and methionine are exported
from the cells [12,13]. Cysteine is used in protein synthesis
and the synthesis of glutathionine, a thiol-containing tri-
peptide with multiple function ranging from antioxidant
defence to modulation of cell proliferation [14]. Cysteine is
provided by the diet or tissues expressing the enzymes of
the transsulfuration pathway and has also been shown to
reduce the requirements for methionine in murine [15] and
human [16] cells. However, due to constitutive expression
of the homocysteine transmethylation pathway as opposed
to the limited tissue distribution of transsulfuration [17],
methionine sparing by cysteine appears to be limited to
liver cells.

One of the hallmarks of cancer cells is the loss of cell-
cycle checkpoints [18]. This leads to loss of genomic
integrity, and dysregulation of oncogenes and tumor sup-
pressor genes, all contributing to tumorigenesis. Therapeu-
tic manipulation of cell-cycle checkpoints has been one of
the major modern directions for development of cancer

therapeutics [19,20]. Methionine depletion has been shown
to reversibly arrest the cell cycle of methionine-dependent
cells at the S and G2/M phase [21,22]. This feature has
been considered as a target for selective targeting of
methionine-dependent cancer cells using chemotherapeu-
tic agents [10,23,24]. The majority of these studies have
focused on the cell-cycle effects during methionine deple-
tion but little is known about the biochemical and cell-
cycle events that take place when the cell-cycle block is
released by replacement with methionine-rich media.
Since most studies on methionine depletion utilize homo-
cysteine supplementation, it is important to investigate and
appreciate the effect of homocysteine in the cell cycle and
sulfur amino acid metabolism during treatment and recov-
ery studies. It is conceivable that the cell cycle of methio-
nine-dependent cells may be synchronized for a period of
time during this recovery phase thereby providing oppor-
tunities for therapeutic intervention using cell-cycle phase
specified anti-cancer drugs. The principle objective of this
study is to characterize the cell-cycle effects and sulfur
amino acid biochemistry of normal and cancer cells during
methionine depletion, with and without homocysteine
supplementation, as well as during recovery from these
treatments. Since the two major pathways that regulate the
methionine and homocysteine pathways are tissue depen-
dent [11], an array of cells including hepatomas, epithelial
cells and fibroblasts has been used aiming to evaluate the
importance of tissue specificity.

2. Materials and methods
2.1. Materials

Modified Eagle’s medium (MEM), Dubelcco’s mod-
ified Eagle medium (DMEM), Roswell Park Memorial
Institute medium (RPMI), trypsin-ethylenediaminote-
traacetic acid solution (Trypsin-EDTA), MEM non-
essential amino acid solution, L-glutamine, sodium pyr-
uvate, penicillin and streptomycin solutions, insulin,
D,L-homocysteine thiolactone, propidium iodide, RNase
A, glutathione (reduced form), bpL-homocysteine,
cysteine, cysteinyl-glycine and N-acetyl cysteine were
obtained from Sigma (Dorset, UK). MEM, DMEM and
RPMI without methionine were from ICN. Hepes was
purchased from Gibco BRL. One kilodalton cut-off dia-
lyzed fetal calf serum was obtained from First Link.
7-Fluorobenzofurane-4-sulfonic acid, ammonium salt
(SBD-f) was obtained from Fluka.

2.2. Cell lines

Five different cell lines were used: HTC and Phi-1 (rat
hepatocarcinoma), PC-3 (human prostate adenocarci-
noma), 3T3 (mouse transformed fibroblasts) and HS-27
(non-transformed human new-born foreskin fibroblasts).
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All the cell lines were obtained from the European Collec-
tion of Cell Cultures.

2.3. Cell culture

Cells were maintained in vitro at 37 °C in a 5% carbon
dioxide 95% air humidified incubator. HTC and Phi-1 cells
were grown in MEM, PC-3 cells in RPMI, 3T3 and HS-27
cells in DMEM media. For the different treatments, the
cells were grown in the following media: MEM or RPMI or
DMEM containing 100 uM of L-methionine (abbreviated
M-+H-); methionine-free MEM or RPMI or DMEM
media containing 100 pM of L-homocysteine thiolactone
(abbreviated M—H+); methionine-free MEM or RPMI or
DMEM media (abbreviated M—H—). All media were
supplemented with 10% 1 kDa cut-off dialyzed fetal calf
serum, 1 mM sodium pyruvate, 50 units/ml penicillin,
50 pg/ml streptomycin, non-essential amino-acid solution,
2 puM glutamine, 50 pg/ml insulin (used only for Phi-1 and
HTC cells), and 24 uM Hepes (for PC-3 cells only).

2.4. Cell-treatments and cell number determination

Cells in exponential growth were trypsinised, counted
and plated in 6-well plates at a cell density of 10°-3 x 10*
cells per well depending of the cell line, in M+H— media.
The medium was changed after 24-h incubation to start the
experiment: control cells were grown in M+H— medium,
while test cells were treated with M—H+ or M—H— media
for 5 days. At the end of the treatments, media were
changed to M+H— (recovery). Cells were harvested at
appropriate time points. Cells were trypsinised, stained
with Trypan Blue to determine viability, and counted by
using a haemocytometer, the final count being the average
of two counts. Each experiment was performed in dupli-
cate, and repeated three independent times.

2.5. Cell-cycle studies

Cells (between 10° and 5 x 10° cells depending of the
cell line) were plated in M+H— medium in 50 cm® Petri
dishes. The medium was changed 24 h later to start the
experiment: control cells were maintained in M+H—
medium while test cells were treated with either M—H+-
or M—H— media. Following 5 days of M—H+ or M—H—
treatment, media were replaced by M+H— and the cells
were allowed to recover. The cells were harvested at
appropriate time points using trypsin, centrifuged for
5 min at 200 X g, re-suspended in 200 pl of PBS and fixed
by adding 2 ml of 70% ethanol. Fixed samples were stored
in —20 °C awaiting analysis. Fixed samples were centri-
fuged for 5 min at 200 x g, washed in 2 ml of PBS and
pelleted. Cell pellets were re-suspended in 400 pl of PBS;
50 pl of 1 mg/ml RNase A and 50 pl of 400 pg/ml propi-
dium iodide were then added, and the samples were
incubated for 30 min at 37 °C (DNA staining). The reac-

tion was stopped on ice, and the samples were analyzed on
a FACSCalibur flow cytometer (Becton Dickinson Immu-
nocytometry Systems, BDIS) equipped with a 15 mW
argon-ion air-cooled laser with excitation wavelength
488 nm. Pulse height signals of forward light scatter
(FSC), side light scatter (SSC) were collected, and propi-
dium iodide emission was measured using fluorescence
parameter FL-2 with a bandpass filter 585/42 nm. Data on
scatter parameters were collected in linear mode as was
FL2-Area and FL2-Width (double determination) used for
DNA histogram analysis. Ten thousand events were
acquired and stored in list mode using Cellquest software
(BDIS). DNA histograms analysis was performed based on
the algorithm first described by Watson et al. [25], and
modified by Ormerod et al. [26] using the software
WinMDI and Cylchred.

2.6. Metabolite analysis

Cell culture media was collected during the different
treatments and stored at —80 °C awaiting analysis. Total
homocysteine (free thiol, disulfide, homocysteine—cysteine
mixed disulfide), cysteine, cysteinyl-glycine and glu-
tathione (total reduced glutathione and glutathione disul-
fide) were measured by fluorimetric detection
(derivatization with SBD-f) after separation by HPLC as
described by Kenyon et al. [4]. N-Acetylcysteine was used
as internal standard. Results are expressed as concentration
(UM) of metabolite present in the medium.

2.7. Statistical analysis

All results are expressed as means = S.E.M. Statistical
analysis was performed with the SPSS 11.0 Software.
Independent samples’ Student’s ¢ test was used to analyze
cell-cycle events.

3. Results

3.1. The effect of methionine and homocysteine
supplementation on cell proliferation

Growth curves for all the cell lines (i.e. HTC, Phi-1, PC-
3, 3T3 and HS-27) were performed for up to 20 days
(depending of the cell line) in (a) methionine-complete
media, containing 100 pM vr-methionine (M+H—), (b)
methionine-depleted media supplemented with 100 pM
L-homocysteine thiolactone (M—H+) and (c) media with-
out methionine or homocysteine (M—H—). In all cases
dialyzed serum was used to avoid supplementing the cells
with traces of amino acids potentially present in the serum.

All cell lines proliferated well in the M+H— media
(Fig. 2). When methionine was replaced with homocys-
teine (M—H+), HTC, Phi-1, PC-3 and 3T3 cells ceased to
proliferate, showing methionine dependence (Fig. 2A, C
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Fig. 2. Progress curves for (A) HTC, (B) Phi-1, (C) PC-3, (D) 3T3 and (E) HS-27 cells treated with media containing 100 uM methionine (M+H—), 100 uM
homocysteine (M—H+) or none (M—H—) (treatment). Cells treated for 5 days with M—H+ or M—H— media were allowed to recover in methionine
containing media (recovery). Values are means = S.E.M. of at least three independent experiments.
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Fig. 3. Cell-cycle analysis of (A) HTC, (B) Phi-1, (C) PC-3, (D) 3T3 and (E) HS-27 cells treated with media containing 100 uM methionine (M+H—),
100 pM homocysteine (M—H+) or none (M—H—) (treatment). Cells treated for 5 days with M—H+ or M—H— media were allowed to recover in M+H—
media (recovery). Results are expressed as percentage of cells in G1, S and G2 phases of the cell cycle. C5: cell-cycle profile obtained after 5 days of culture
in M+H— (control); TS: cell-cycle profile obtained after 5 days of culture treatment in either M—H+ or M—H— (treatment); Rn: cell-cycle profile obtained
during the n days of recovery after treatment in methionine-containing media (M+H—). Values are means & S.D. of at least three independent experiments
(*P < 0.05, P < 0.01, P < 0.001). All comparisons were made using a two-tailed Student’s ¢ test.
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Fig. 3. (Continued).

and D, respectively). Normal fibroblasts HS-27 were able
to grow in M—H+ media, showing, as expected, a methio-
nine-independent phenotype (Fig. 2E). Our results are in
agreement with previously reported studies on HTC and
PC-3 being methionine dependent [4,22]. Phi-1 did not
show any growth when treated with M—H+ media for up
to 17 days (Fig. 2B), appearing thus to be methionine
dependent. None of the tested cell lines were able to grow
in the M—H— media. However, the cells remained viable
for up to 15 days with the exception of Phi-1 cells that
appear to be very sensitive to this treatment and cell
numbers decreased almost to zero at the end of the treat-
ment (day 17) (Fig. 2B).

The ability of the cell lines to survive the methionine-
depletion treatments (M—H+ and M—H—) was tested by
assessing cell viability and ability for growth after the
depletion. Following 5-day treatment with M—H+ and
M—H— media, the cells were transferred to complete
(M+H—) media and allowed to proliferate. Growth curves
were performed for up to 15 days. Although HTC cells
were able to recover from the M—H— treatment, they did

not grow after the 5-day homocysteine supplementation
(M—H+) treatment. (Fig. 3A). The second hepatoma cell
line, Phi-1, recovered from both treatments although a lag
period of 5 days was observed following the M—H—
treatment (Fig. 2B). Conversely, PC-3 cells recovered
and proliferated after the M—H+ treatment (Fig. 3C)
but were not able to proliferate after the M—H— treatment.
3T3 and the normal fibroblasts HS-27 recovered from both
treatments (Fig. 2D and E) and were able to proliferate.

3.2. The effect of methionine and homocysteine
supplementation on cell-cycle kinetics

In order to evaluate the effect of methionine and homo-
cysteine on the cell cycle, the cell-cycle kinetics for all cell
lines were followed under normal (M+H—), methionine
depletion (M—H+) and starvation (M—H—) conditions.
The progress of the cell cycle when the cells were recover-
ing from 5-day treatments with M—H+ and M—H— media
was also followed up. DNA from ethanol fixed cells was
stained with propidium iodide and the samples analyzed by
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flow cytometry. Fig. 3 shows the DNA histograms obtained
for the five cell lines, results expressed as percentage of
cells in the G1, S and G2/M phases of the cell cycle. The
relative distribution of cells in the G1, S and G2/M phases
was calculated for all cell lines after 5 days of control
treatment (M+H—) (Fig. 3) and the results of all treatments
and recovery experiments were compared to this.
Treatment of HTC cells with M—H+ resulted in
decrease of cells in the G1 phase and concomitant accu-
mulation in the S phase. The cells recovered from the
M—H+ treatment through a burst of cells in the G2/M
phase followed by increase in G1. The M—H— treatment of
the HTC cells showed the same profile as for M—H+, i.e.
decrease of cell population in the G1 and increase in G2/M
phase, followed by a recovery through reduction of cell
number in GI, increase in S and finally the G2/M phase.
Overall, methionine depletion (M—H+) and starvation
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(M—H-) appeared to have the same effect on these liver
cells (Fig. 3A).

Methionine depletion (M—H+) in Phi-1 cells did not
result in any statistically significant changes whilst starva-
tion (M—H—) caused an accumulation of cells in the G1
phase. Recovery in both cases was observed through an
initial decrease of cell numbers in the G1 phase accom-
panied by an increase of cells in the S phase, and the cell
cycle normalized 7 days after the reversal of the treatment
(Fig. 3B).

PC-3 cells showed an accumulation of cells in the S and
G2/M phase following both methionine depletion
(M—H+) and starvation (M—H—) treatments. The cells
appeared to recover from both treatments in the same
manner, i.e. increase of cells in the G2/M phase. The cell
cycle appeared to normalize within 7-9 days from the
reversal of the treatment (Fig. 3C).
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Fig. 4. Cysteine (Cys), homocysteine (Hcy), cysteinyl-glycine (Cys-Gly) and glutathione (GSH) in cell culture media of (A) HTC, (B) Phi-1, (C) PC-3, (D)
3T3 and (E) HS-27 cells treated with media containing 100 uM methionine (M+H—), 100 uM homocysteine (M—H+) or none (M—H—) (treatment). Cells
treated for 5 days with M—H+ or M—H— media were allowed to recover in M+H— media (recovery). Values are means =+ S.D. of at least three independent

experiments.
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3T3 cells appeared to accumulate on the S and G2/M
phase of the cell cycle following a methionine-depletion
treatment (M—H+-) accompanied by reduced cell numbers
in the G1 phase. However, the starvation (M—H—) treat-
ment caused only an increase in the number of cells in the
G2/M phase. 3T3 appeared to recover from both treatments
in the same manner, with an initial increase of cells in the S
phase followed by normalization of the cell cycle within 7
days from the reversal of the treatments (Fig. 3D).

The normal fibroblasts HS-27 responded to methionine-
depletion (M—H+) and starvation (M—H-—) with an
increase in the number of cells in the Gl phase and
reduction of cells in the S phase. Recovery from both
treatments followed the same pattern with an initial
increase of cell numbers in the S phase, followed by
increase in the G1 and decrease in the S phases (Fig. 3E).

Overall, apoptotic cells have been observed in the DNA
histogram analysis (data not shown) but this did not prevent
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the apparent recovery of the cells after M—H+ and M—H— estimated in the media of all the treatments; results are
treatments. presented in Fig. 4.

Under control conditions, (100 puM methionine), the
3.3. The effect of methionine and homocysteine hepatoma HTC cells utilized Cys, and exported low
supplementation on sulfur amino acid metabolism concentrations of Hcy and Cys-Gly (Fig. 4A). In the
M-H+ and M-H- treatments, the cells showed
The levels of cysteine (Cys), total homocysteine (Hcy), similar patterns for Cys (uptake: although at lower rates)

cysteinyl-glycine (Cys-Gly) and glutathione (GSH) were and Hcy (exported), whilst Cys-Gly was found to
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Fig. 4. (Continued)

decrease within 10 days of culture. The M—H+ and
M—H- treatment did not affect the ability of HTC cells
to uptake Cys from the media or export Hcy and Cys-Gly
as shown from the results of the recovery studies
(Fig. 4A). GSH was not detected in the media of HTC
cells under any condition, in agreement with our previous
report [4].

The hepatomas Phi-1 (Fig. 4D) utilized Cys and pro-
duced low concentrations of Hcy, Cys-Gly and GSH when

treated with control (100 ptM methionine) media. Methio-
nine-depletion (M —H+ or M—H—) did not alter the ability
of the cells to uptake Cys or produce Cys-Gly and GSH,
although the levels of those two metabolites were lower
(Fig. 4B). When the cells were allowed to recover from the
M—H+ and M—H-— treatments, they were found to follow
the same trend, although the M—H+- treatment resulted in
higher rate of Cys uptake and higher Hcy and Cys-Gly
production.
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E. Hs-27 treatment
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Fig. 4. (Continued ).

Prostate adenocarcinoma PC-3 cells (Fig. 4C) utilized
Cys and exported Hcy, Cys-Gly and GSH when grown in
complete M+H— medium (Fig. 4C). The M—H+ and
M—H- treatments did not affect the ability of the cells
to uptake Cys, and produce Cys-Gly. However, Hcy pro-
duction was very low in the M—H— medium and GSH
production was very low in both M—H+ and M—H-—
conditions. Upon recovery, PC-3 were able to utilize

Cys and produce Hcy, Cys-Gly and GSH showing patterns
similar to the ones obtained under control (M—H+) con-
ditions (Fig. 4C).

The transformed fibroblasts 3T3 were found to utilize
Cys and export Hcy, Cys-Gly and GSH when grown in
M+H— control media. When 3T3 cells were treated with
M—-H+ and M—H— media, they metabolized Cys in a
similar to M+H— way (Fig. 4D). Although Hcy was
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exported from the cells in M—H+ media, Hey levels in
M—H-— media were very low. Cys-Gly was produced at
very low levels in both treatments whilst GSH level were
negligible. Upon recovery from a 5-day treatment with
M—-H- and M—H+, 3T3 were found to metabolize all
thiols in the same manner, all were comparable to the
corresponding control.

The normal fibroblasts HS-27 cells in control M+H—
media (Fig. 4E), metabolized Cys, and exported, at low
concentrations, Hey, Cys-Gly and GSH. When grown in
M—-H+ media, the levels of Cys remained unchanged
whilst Hcy and Cys-Gly were exported. Cys was not
utilized when the cells were grown in M—H— media,
and Gys-Gly was the only metabolite that was exported.
3T3 cells recovered from the 5-day M—H— and M—H+
treatments, and were able to utilize Cys, export Hcy, Cys-
Gly and GSH.

4. Discussion

A broad range of cancers and transformed cells are
characterized by their dependence on the essential amino
acid methionine. This feature is unique to cancer cells and
offers a means of selectively controlling the proliferation
of methionine-dependent cells by depleting their environ-
ment of methionine. Although the role of many biological
pathways and enzymes regulating methionine metabolism
has been investigated, the molecular basis of this metabolic
defect remains unclear. Methionine depletion either by
nutritional manipulation [27] or use of the hydrolase
methioninase [28] has been explored as therapeutic strat-
egy against cancer.

All the cancer cell lines tested in this study were found to
be methionine dependent (Fig. 2), i.e. they stopped pro-
liferating in methionine-depleted media supplemented
with homocysteine (M—H+). Cell growth was also
arrested in methionine and homocysteine-depleted media
(M—H-) (starvation). The only surprising result was the
behavior of the hepatoma cells Phi-1 that we had pre-
viously reported to exhibit a partially methionine-indepen-
dent phenotype [4] and are now exhibiting methionine
dependence (Fig. 2B). However, in the present study, we
have used a new batch of cells obtained from the European
Cell Culture Bank. It is, therefore, possible that sub-
culturing the cells has resulted in enhancing some char-
acteristics of their methionine-dependent trait. Both hepa-
toma cell lines (HTC and Phi-1) were found to utilize
cysteine during the methionine-depletion treatments whilst
the fibroblasts 3T3 and HS-27, and epithelial cells PC-3
(Fig. 4) did not. These results agree with the presence of the
transsulfuration sequence in the liver cells and their ability
to use cysteine to spare methionine [11].

The methionine-depletion treatments were found to
induce arrest of the cell-cycle events at two different
phases, depending on the cell line: the methionine-depen-

dent cells HTC, PC-3 and 3T3 exhibited arrest at the S and
G2/M phase (Fig. 3A, C and D) whilst the methionine-
independent HS-27 appeared to be blocked at the G1 phase
(Fig. 3E). Surprisingly, Phi-1 did not show the profile
exhibited by the other liver cell line HTC or the methio-
nine-dependent cells PC-3 and 3T3, but arrested at the G1
phase of the cell cycle similarly to the methionine-inde-
pendent normal fibroblasts HS-27. Lu et al. [22] have
recently reported that upon methionine-depletion the
methionine-dependent prostate cells PC-3 arrested predo-
minantly in the G2/M phase whereas the partially depen-
dent LNCaP accumulated exclusively in the G1 phase. This
data is similar to our findings for Phi-1 and HS-27. These
observations indicate that there is a wider diversity
between the methionine-dependent cancer cells in terms
of exhibiting different cell-cycle characteristics. Further
studies using dependent and partially dependent cell lines
are needed to prove this hypothesis. Should this be con-
firmed, the cell-cycle characteristics could be used to tailor
cell cycle-dependent therapies to specifically target differ-
ent cancers.

It is also important to note that both the homocysteine
supplementation (M—H+) and starvation (M—H—) treat-
ments had similar effects on the cell-cycle kinetics (Fig. 3),
leading to the conclusion that the cellular events behind the
arrest of the cell cycle are independent of the presence of
homocysteine and can most probably be attributed to lack
of methionine. Also, a differential analysis of the expres-
sion of cell cycle-dependent kinases controlling the indi-
vidual check points may elucidate these events and offer
new targets for intervention.

With the exception of HTC, all other cells recovered
from the methionine-depletion homocysteine-supplemen-
tation treatment (M—H+). HTC were treated with homo-
cysteine for 5 days prior to reversing the treatment to
methionine-rich media. They were then cultured for a
further 9 days in methionine-rich media (M+H—) without
showing any growth. However, the cell-cycle kinetics
(Fig. 3A) showed that the observed increase in S phase
is induced by both the homocysteine (M—H+-) and starva-
tion (M—H—) treatments, and that both are reversible.
Apparently, the cause that led to these cells being unable
to recover from the M—H+ treatment did not have a major
effect on the cell-cycle events. The lack of growth can be
attributed to either a specific homocysteine-mediated
effect or a complete depletion of the methionine and
methyl-group pools (e.g. SAM or specific folate species)
necessary for cell proliferation, an explanation that is in
agreement with the hypothesis for higher methylation rates
in methionine-dependent cancer cells [9]. The uptake of
cysteine, formation of homocysteine and cysteinyl-glycine
upon recovery were not found to be compromised in the
HTC cells.

The prostate adenocarcinomas PC-3 appeared to be
affected by the complete depletion of methyl group source
(starvation) (M—H—) and did not recover when the treat-
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ment was reversed (Fig. 2). This could again be explained
if we consider the need of a minimum concentration of
methionine and/or methyl groups for maintaining certain
crucial for cell growth metabolic functions. However, the
cell-cycle events following recovery did not differentiate
between the two treatments (M—H+ and M—H—) and
showed the same profile upon recovery (Fig. 3). PC-3 cells
accumulated in the S and G2/M phase of the cell cycle, in
accordance with the studies of Guo [21], Lu [22] and
Poirson-Bichat [29].

Overall, methionine and homocysteine restriction
induced arrest in cell growth. Although within the time
frame of this study the arrest was not reversible for two of
the tested cell lines (HTC and PC-3), it did not differen-
tially influence the metabolic competence of these cells.
The cell-cycle events also indicate an ability of these cells
to recover and offer the potential of synchronizing them at
specific point of the cell cycle. It is therefore possible to
utilize methionine depletion to synchronize methionine-
dependent cancer cells and devise a specific and selective
therapeutic strategy.
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