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a b s t r a c t

Methionine dependence is a unique feature of cancer cells characterized by growth and cell

cycle arrest (typically in S and G2/M) under conditions of methionine depletion. Following

replenishment of media with methionine, the cell cycle blockade is reversible and during

this recovery period, cells may become more susceptible to the action of cell cycle specific

drugs. The response of a panel of methionine dependent (HTC, Phi-1, PC3 and 3T3) cells to

vinblastine and paclitaxel was compared to methionine independent Hs-27 cells under

conditions of methionine depletion (M�H+; methionine depleted media supplemented with

homocysteine) and starvation (M�H�; media without methionine or homocysteine). All cell

lines were significantly more resistant to both agents under M�H+ and M�H� conditions

compared to controls under normal culture conditions [M+H�]; however, the magnitude of

resistance was reduced in the methionine independent Hs-27 cells. During recovery from

methionine depletion and starvation, the response of the methionine dependent cells to

vinblastine and paclitaxel was significantly enhanced compared to controls. Although the

activity of vinblastine on the Hs-27 cell line was comparable to controls, these methionine

independent cells became significantly more resistant to paclitaxel during recovery studies

(IC50 = 2.13 � 0.5 mM) compared to control cultures (IC50 = 0.13 � 0.15 mM). Whilst the

mechanism responsible for this remains uncertain, the increased activity of paclitaxel

against methionine dependent cells in conjunction with the decreased activity against

Hs-27 cells suggests that methionine depletion strategies may enhance the therapeutic

index of paclitaxel.
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1. Introduction

A characteristic feature of many solid tumours is their

requirement for exogenous methionine in order to proliferate

whereas normal cells are generally methionine independent

[1,2]. This unique feature is not specific to the tissue of origin

and is characterized in vitro by the inability of cells to grow in

methionine-deprived medium supplemented with homocys-

teine, which is the metabolic precursor for de novo methio-
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nine synthesis [2,3]. Whilst the biochemical basis for

methionine dependence is still not well understood, methio-

nine depletion is known to havemarked effects upon cell cycle

kinetics producing cell arrest in the S and G2 phases of the cell

cycle in vitro [4–6]. Similar cell cycle changes have been

reported in xenografts models and in cancer patient tumours

treated with methionine-free diets [7–12].

As methionine depletion affects both the growth and the

cell cycle of tumour cells, this treatment has been considered

for selectively targeting methionine dependent cells. Two
.
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main strategies have been evaluated. First, depletion of

methionine through the use of enzymatic treatments (such

as methioninase) has demonstrated tumour regression fol-

lowing prolonged methionine restriction [13]. Prolonged

methionine depletion is not however suitable for clinical

use because of potential toxicity and quality of life issues and

the subsequent interruption of treatment results in re-growth

of the tumour [14]. An alternative approach is to use

methionine restriction strategies in combination with

chemotherapy [15] where enhanced activity of cytotoxic

agents could be achieved through exploitation of the

changes in cell cycle kinetics that occur during methionine

depletion and recovery from methionine depletion condi-

tions. In the case of DNA intercalating agents (such as

doxorubicin) that exert their greatest cytotoxic effects in S

and G2, enhanced sensitivity of methionine dependent cells

in vitro has been reported [11,16]. During recovery from

methionine depletion, cells become synchronized in M

phase where they become more sensitive to anti-mitotic

agents such as vincristine [11]. Paclitaxel belongs to the anti-

mitotic class of agents but has a different mechanism of

action compared to the vinca alkaloids in that it promotes

tubulin polymerization [17]. As paclitaxel is now widely used

to treat a range of malignancies, the principal objective of

this study is to determine whether or not the activity of

paclitaxel can be modulated by methionine depletion

studies in a panel of cell lines where methionine dependent

growth characteristics and cell cycle analysis has been

previously characterized [6]. Furthermore, analysis of

methionine depletion and its effect on the response of

methionine independent cells was also determined with a

view to identifying whether or not potentiation of cytotoxi-

city is restricted to the methionine dependent phenotype.

The vinca alkaloid, vinblastine was also included in this

study as a positive control compound in order to determine

whether or not differences in the mechanism of action

between paclitaxel and vinca alkaloids influence the efficacy

of methionine depletion strategies.
2. Materials and methods

2.1. Cell lines and culture conditions

Five different cell lines were used in this study. These were

HTC, Phi-1 (rat hepatocarcinoma cells), PC3 (hormone-

dependent human prostate cancer), 3T3 (murine fibroblast

cells) and Hs-27 (human new-born fibroblast cell line), all of

which were obtained from the European collection of cell

cultures. HTC, Phi-1 (previously reported as being partially

methionine dependent [18]), PC3 and 3T3 cells exhibited

methinone dependent growth characteristics whereas Hs-27

cells are methionine independent, details of which have

been published elsewhere [6]. Culture conditions for all cell

lines were identical to those described previously [6], brief

details of which are described below. Methionine-free media

was purchased from ICN (Basingstoke, UK) and supplemen-

ted with 10% 1 kDa cut-off dialyzed foetal calf serum (First

Link, Birmingham, UK), 1 mM sodium pyruvate, 50 IU/ml

penicillin, 50 mg/ml streptomycin, non-essential amino acid
solution, 2 mM glutamine, 50 mg/ml insulin (used only for

Phi-1 and HTC cells), all purchased from Sigma (Dorset, UK),

and 24 mMHEPES (for PC3 cells only, InVitrogen, Paisley, UK).

The following notations were used to describe the various

culture conditions employed: M+H� denotes standard or

control media conditions where media was supplemented

with 100 mM of L-methionine; M�H+ denotes methionine

depletion conditions where media was supplemented with

100 mM of L-homocysteine thiolactone; M�H� denotes

methionine starvation conditions where no methionine or

L-homocysteine thiolactone supplementation occurred. All

cells were cultured at 37 8C in a humidified atmosphere

containing 5% CO2.

2.2. Chemosensitivity studies

Paclitaxel and vinblastine were obtained from Sigma (Dorset,

UK). Both drugs were reconstituted in DMSO. Stock solutions

were batched out into aliquots and stored at �20 8C until

required. Experimental conditions and drug exposure para-

meters used for the various conditions of methionine

depletion, starvation and recovery are specified below. It is

important to state however that during conditions of

methionine depletion and starvation, methionine dependent

cells remain viable but do not proliferate and therefore

cultures do not reach confluence during this initial phase of

the study design. The methionine independent Hs-27 cells do

continue to proliferate undermethionine depletion conditions

but their doubling time is long (85 h) and therefore cultures do

not reach confluence during this initial phase of the study

design. Oncemethionine is added after methionine depletion,

cells begin to proliferate with doubling times of 24–85 h

depending on the cell line in question. Chemosensitivity is

assessed 5–6 days after recovery from methionine depletion

commenced and all cells were in the exponential phase of the

growth curve at the time chemosensitivity was assessed. Full

details of all growth curves under the conditions used in this

study are presented elsewhere [6].

2.3. Drug treatment combined with M+HS medium

Cells were plated in 96-well plates in M+H� medium (between

500 and 2000 cells per well according to cell line). After 24–48 h

of incubation at 37 8C to obtain cells in exponential growth, the

cells were treated with either paclitaxel or vinblastine at

concentrations ranging from 100 to 0.01 mM for 1 h at 37 8C. A

1 h drug exposure period was employed as this time period is

pharmacologically relevant in view of the fact that the major

drug exposure in vivo occurs within the first hour after drug

exposure [19].

2.4. Drug treatment combined with MSH+ and MSHS

medium

Cells were plated in 96-well plates as described earlier inM+H�

medium. In exponential growth, themediumwas changed for

either M�H+ or M�H� medium and cells were maintained

under these conditions for 5 days at 37 8C. After this period of

time, cellswere treatedwith either vinblastine or paclitaxel for

1 h at 37 8C in M�H+ or M�H� media.
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2.5. Drug treatment applied after MSH+ and MSHS

treatment (recovery)

Cellswere plated in 96-well plates as described earlier inM+H�

medium. In exponential growth the medium was replaced by

either M�H+ or M�H� medium and cells weremaintained for 5

days at 37 8C. Themediumwas removed and replaced by fresh

M+H� medium and the cells were maintained at 37 8C for 5 or

24 h before 1 h of drug treatment.

2.6. Post drug exposure procedures and chemosensitivity
determination

Following drug exposure, monolayers were washed twice

with Hanks Balanced Salt Solution prior to the addition of

200 ml of M+H� media to each well. Following a 5 day

incubation period at 37 8C, chemosensitivity was determined

using the MTT assay (which is an established endpoint for

assessing cell viability [20]), details of which are described

elsewhere [21]. Briefly, the medium of each plate was

completely removed and replaced by fresh medium contain-

ing 0.6 mg/ml of MTT. Following 4 h incubation at 37 8C, the

medium was completely removed and replaced by 150 ml of

DMSO to dissolve the formazan crystals. The absorbance of

the resulting solution was measured at 550 nm using a

Labsystems Multiskan1 PLUS plate reader. Cell viability was

determined as the ratio of absorbances in treated wells to

control wells expressed as a percentage. IC50 values were

obtained from plots of percentage cell viability against drug

concentration. Each experiment was performed in triplicate

for each condition. In order to compare the response of

methionine dependent and independent lines under the

various culture conditions specified, results were expressed

as the ratio of IC50 formethionine dependent lines to the IC50

value for HS-27 cells. Values >1 indicate that methionine

dependent lines are more resistant to drug treatment than

the methionine independent Hs-27 cell line.

2.7. Statistical analysis

All statistical analysis was performed with the SPSS 12.0

Software. Independent-samples Student’s t-test was used to

compare IC50 values generated as a result of the various

methionine depletion strategies outlined above.
3. Results

3.1. Chemosensitivity of cells to paclitaxel under conditions
of methionine depletion, starvation and during recovery

The influence of methionine depletion and starvation strate-

gies on the response of cells to paclitaxel is presented in Fig. 1.

Under standard M+H� cell culture conditions, a broad

spectrum of sensitivity exists with IC50 values ranging from

0.05 � 0.06 to 48.7 � 16.5 mM. Under conditions of M�H+

methionine depletion and M�H� starvation, all methionine

dependent cell lines were significantly less responsive to

paclitaxel with IC50 values of >100 mM. In the case of the

methionine independent Hs-27 cell line, IC50 values increased
from 0.13 � 0.15 mM in methionine supplemented M+H�

medium to 10.9 � 7.1 mM under conditions of M�H+ methio-

nine depletion and 51.9 � 46.3 mM under conditions of M�H�

methionine starvation. During the initial phase (5 h) of

recovery from M�H+ methionine depletion, all methionine

dependent lines (with the exception of Phi-1) were more

responsive to paclitaxel than control M+H� conditions and in

HTC and Phi-1 cells, the response of cells was further

potentiated after a 24-h recovery period (Fig. 1). In contrast,

the methionine independent Hs-27 cell line was less sensitive

than control cells (IC50 = 0.13 � 0.15 mM) following both a 5

(IC50 = 0.99 � 0.40 mM) and 24 h (IC50 = 2.13 � 0.5 mM) recovery

period from methionine depletion. During recovery from

methionine starvation (M�H�), a similar pattern of chemo-

sensitivity profiles exists in HTC, Phi-1 and 3T3 cells as

described above although Phi-1 and 3T3 cells are particularly

sensitive to paclitaxel following a 5 h recovery period (IC50

values of 0.017 � 0.018 and 0.089 � 0.014 mM, respectively)

compared to control values (IC50 values of 15.4 � 4.15 and

24.4 � 7.30 mM, respectively). In contrast, the activity of

paclitaxel against PC3 cells was not potentiated during

recovery from M�H� conditions (Fig. 1).

3.2. Chemosensitivity of cells to vinblastine under
conditions of methionine depletion and during recovery

The influence of methionine depletion on the response of

cells to vinblastine is presented in Fig. 2. Under standard

M+H�, cell culture conditions IC50 values ranged from

7.22 � 8.39 to 0.16 � 0.13 mM. During recovery from M�H+

conditions, the activity of vinblastine was potentiated after

24 h of recovery for HTC and Phi-1 cells whereas for 3T3 and

PC3 cells, the activity of vinblastine was potentiated after 5 h

of recovery only (Fig. 2) although this potentiation did not

reach statistical significance (except for PC3 cells treated

after 5 h of recovery). In all cases however, the magnitude of

potentiation was less than that observed with paclitaxel. In

the case of Hs-27 cells, IC50 values during recovery

(0.13 � 0.13 and 0.08 � 0.06 mM for 5 and 24 h recovery,

respectively) were similar to IC50 values in controls

(0.16 � 0.13 mM). During recovery from M�H� conditions,

only minor potentiation of vinblastine activity against

HTC, Phi-1 and PC3 cells was observed. In the case of 3T3

cells however, significant decreases in IC50 values were

observed following both 5 (IC50 = 0.038 � 0.016 mM) and 24 h

(0.14 � 0.076 mM) recovery compared to controls (IC50 = 0.54

� 0.12 mM). In contrast, the activity of vinblastine against

Hs-27 cells decreased following a 24 h recovery period.

3.3. Relationship between the response of methionine
dependent and independent cells to paclitaxel and vinblastine
under normal culture conditions (M+HS), recovery from
methionine depletion (MSH+) and recovery from methionine
starvation (MSHS)

The results are expressed in terms of the ratio of IC50 values

for the methionine dependant cell lines to the IC50 value for

Hs-27 cells under the various experimental conditions

employed (values >1 indicate resistance of methionine

dependent cells compared to Hs-27 cells), details of which
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Fig. 1 – The response of a panel of cell lines exposed to paclitaxel under standard (M+HS) media conditions, during

methionine depletion (MSH+) or starvation (MSHS) and during recovery from MSH+ and MSHS treatment (R5 and R24

denote drug treatment after 5 or 24 h recovery). (*) statistical significance (p < 0.05) and all statistical analyses were made

by comparing treated cells to control M+HS cultures.
are presented in Table 1. With regards to paclitaxel, HTC, 3T3

and Phi-1 cells were significantly more resistant than Hs-27

cells with IC50 ratios of 369, 187 and 118, respectively, under

standard methionine (M+H�) rich media conditions. In

contrast, PC3 cells were more responsive than normal Hs-

27 cells (IC50 ratio of 0.38) under similar conditions. Under

M+H� conditions, chemosensitivity ratios were 369 and 118
for HTC and Phi-1 cells, respectively, but following a 24 h

recovery from M�H+ conditions, the response of HTC and

Phi-1 cells were similar to the response of Hs-27 cells (IC50

ratios decreased from 369 and 118 to 0.98 and 0.76 for HTC

and Phi-1 cells, respectively, Table 1). With regards to

recovery from M�H� conditions, the only cell line not to

show any major reductions in chemosensitivity ratios to
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Fig. 2 – The response of a panel of cell lines exposed to vinblastine under standard (M+HS) media conditions, during

methionine depletion (MSH+) or starvation (MSHS) and during recovery fromMSH+ and MSHS treatment (R5 and R24 denote

drug treatment after 5 or 24 h recovery). (*) statistical significance (p < 0.05) and all statistical analyses were made by

comparing treated cells to control M+HS cultures.
paclitaxel was PC3. Particularly marked reductions in

chemosensitivity ratios were observed in the case of Phi-1

and 3T3 cells (following a 5 h recovery time) and HTC cells

(following a 24 h recovery period). In contrast to studies on

paclitaxel, the effect of methionine depletion or starvation

and recovery from either treatment condition on cytotoxi-

city ratios for vinblastine was comparatively modest

(Table 1). Whilst all cell lines showed some reduction in

chemosensitivity ratios at either 5 or 24 h recovery com-

pared to standard M+H� conditions, the most significant
reductions were observed in HTC cells (following a 24 h

recovery from M�H� conditions) and 3T3 cells (following 5

and 24 h recovery from M�H� conditions).
4. Discussion

The results of this study demonstrate that methionine

depletion, starvation and recovery from both treatments have

a significant effect on the response of methionine dependent
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Table 1 – Relationship between the response of methionine dependent and methionine independent cells under standard
cell culture conditions (M+HS) and during recovery from methionine depletion (MSH+) and starvation (MSHS)

Drug cell line Ratio (M+H�) Ratio R5 (M�H+) Ratio R24 (M�H+) Ratio R5 (M�H�) Ratio R24 (M�H�)

Paclitaxel

HTC 369 � 82 23.9 � 1.4* 0.98 � 0.3* 18.5 � 6.2* 0.62 � 0.14*

Phi-1 118 � 28 17.2 � 4.6* 0.76 � 0.5* 0.073 � 0.05* 13.2 � 1.9*

3T3 187 � 39 8.9 � 2.1* 6.76 � 0.6* 0.38 � 0.01* 3.05 � 0.23*

PC3 0.38 � 0.10 0.009 � 0.003* 0.019 � 0.04 0.56 � 0.19 0.11 � 0.08

Vinblastine

HTC 12.8 � 1.28 8.92 � 1.08 5.0 � 0.60 11.3 � 2.90 0.40 � 0.38**

Phi-1 45.1 � 3.8 41.1 � 10.9 25.7 � 5.8 22.1 � 5.2 14.9 � 1.70

3T3 3.4 � 0.8 1.61 � 0.10 6.5 � 0.40 0.28 � 0.10** 0.26 � 0.14***

PC3 1.9 � 1.20 0.15 � 0.08** 5.8 � 1.76 0.78 � 0.16 4.0 � 0.89

Results are expressed in terms of the ratio (�S.D., n = 3) of IC50 values for individual methionine dependent cells relative to the methionine

independent Hs-27 cell line under the different culture conditions used. R5 and R24 denote recovery from depletion or starvation for 5 and 24 h,

respectively. Statistical analysis was conducted by comparing all individual values to M+H� results.
* p values of <0.01.
** p values of <0.05.
*** p values of <0.001.
cell lines to vinblastine and paclitaxel. Under conditions of

methionine starvation (M�H�) and depletion (M�H+), all

methionine dependent cell lines were considerably more

resistant to both vinblastine and paclitaxel compared to

sensitivity underM+H� conditions (Figs. 1 and 2). These results

are consistent with the fact that these cells are blocked in

various positions of the cell cycle (S andG2/M for HTC; PC3 and

3T3 cells; G1 for Phi-1 cells) during the period of drug exposure

[6]. During recovery from M�H+ and M�H� conditions, the

cytotoxic effects of both agents increased (Figs. 1 and 2). These

results are consistent with previous studies using the closely

related vinca alkaloid vincristine in that reversal of the cell

cycle blockade following the addition of methionine allows

cells to enter mitosis where they become more sensitive to

anti-mitotic agents [11,15].

With regards to the methionine independent cell line Hs-

27, resistance to both paclitaxel and vinblastine during

methionine depletion and starvation was also observed

although the magnitude of this effect is greatly reduced

compared to methionine dependent lines. The effects of

methionine depletion and starvation on cell cycle kinetic

parameters demonstrated a slight but statistically significant

accumulation of cells in G1 compared to controls [6]. During

recovery of cells fromM�H+ and M�H� conditions, only minor

differences in IC50 exist in the response of cells to vinblastine

were observed compared to controls (Fig. 2). In the case of

paclitaxel however, a different pattern of chemosensitivity

was observed particularly with regards to the response of

methionine independent and dependent cells during recovery

from methionine depletion and starvation. In contrast to

vinblastine, Hs-27 cellswere significantlymore resistant to the

effects of paclitaxel after both 5 (IC50 = 0.99 � 0.40 mM) and

24 h (IC50 = 2.13 � 0.50 mM) recovery from M�H+ conditions

compared to controls (IC50 = 0.16 � 0.13 mM, Fig. 1). The

mechanistic basis for these observations is not clear. It is

conceivable that because Hs-27 cells continue to grow during

M�H+ conditions that the cell population would be approach-

ing plateau phase at the time of drug treatment and therefore

be less sensitive to paclitaxel. This is however unlikely as a

similar effect would have been obtained with vinblastine.
Recent studies have suggested that paclitaxel induces apop-

tosis in G1 and S phases of the cell cycle whereas both

apoptosis and necrosis occur in G2/M [22]. During M�H+ and

M�H� conditions, a small but significant increase in G1 and

reduction in S phase was observed in Hs-27 cells whereas cells

in G2 remained at a similar level to controls [6]. It is

conceivable therefore that the extent of cell death caused

bynecrosiswould decrease and this could explain the increase

in resistance observed. Furthermore, methionine restriction is

known to havemultiple biochemical effects including changes

to cellular glutathione, S-adenosyl homocysteine and S-

adenosyl methionine levels that could have broad ranging

effects on both drug sensitivity and cell cycle kinetics [23,24]. It

has been recently suggested that reactive oxygen and nitrogen

species are involved in paclitaxel cytotoxicity and the tumour

antioxidant capacity is directly linked to resistance to

paclitaxel [25]. Our previous studies have shown that

methionine depletion reduces the levels of glutathione in

vitro [6]; this effect may lead to a reduction in the antioxidant

capacity of methionine dependent cells under methionine

depletion and may render these cells more susceptible to

paclitaxel. Further studies are required to dissect the

mechanism responsible for the chemosensitivity effects

reported in this study.

The increase in the response of methionine dependent

cells coupled with the decreased sensitivity of the methio-

nine independent Hs-27 cell line to paclitaxel during

recovery from methionine depletion has significant impli-

cations in that the potential therapeutic index of paclitaxel

could be enhanced by methionine restriction strategies.

HTC cells for example are 369 timesmore resistant than cells

to paclitaxel under standard methionine rich control con-

ditions (M+H�) whereas 24 h after the initiation of recovery

from methionine depleted (M�H+) conditions, IC50 values

for HTC and Hs-27 cells are comparable (Table 1). Similar

results have been obtained for Phi-1 and PC3 cells (Table 1).

Clearly Hs-27 cells cannot be regarded as being representa-

tive of all normal cells but in the context of their methionine

independent phenotype (which is a characteristic feature

of normal cells in general), similar effects may occur in other
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normal cell types. To our knowledge, increased resistance

of methionine independent cells during recovery from

methionine depletion has not been reported previously

and further studies in the in vivo setting are warranted.

Both dietary methionine starvation in vivo [8,26] and

PEGylated recombinant methioninase [27] have been used

in the in vivo setting to lower methionine levels and

alternate cycles of methionine restriction and chemother-

apy have been suggested as a suitable schedule for

improving the efficacy of anticancer drugs [28]. Further

studies in the in vivo setting are required to determine

whether or not methionine restriction strategies in combi-

nation with paclitaxel chemotherapy can improve the

therapeutic index of paclitaxel.
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