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4-Methylthio-2-oxobutanoic acid (MTOB) is the final compound of the methionine salvage
pathway that converts the polyamine byproduct methylthioadenosine to adenine and
methionine. Here we find that MTOB inhibits growth of several human cell lines in a
dose-dependent manner. Growth inhibition was specific for MTOB as we did not observe
any inhibition with other chemically related compounds. MTOB treatment causes apoptosis
and reduction of ornithine decarboxylase (ODC) activity but not ODC mRNA. To determine if
MTOB exerts its effects primarily via ODC inhibition, we compared the effects of MTOB with
the ODC-specific inhibitor difluoromethylornithine (DFMO). We found that MTOB was a
more potent inducer of apoptosis than DFMO, lacked activation of caspase 3/7, and was able
to induce apoptosis in cells lacking p53. Our results show that MTOB-induced growth
inhibition and apoptosis is not simply secondary due to ODC inhibition and implies that
MTOB activates apoptosis via other mechanisms.

© 2006 Elsevier Inc. All rights reserved.

MTOB, 4-methylthio-2-oxobutanoic
acid

ODC, ornithine decarboxylase
DFMO, difluoromethylornithine
MTAP, methylthioadenosine
phosphorylase

7-AAD, 7-amino-actinomycin D
FBS, fetal bovine serum

1. Introduction enzyme in the pathway is methylthioadenosine phosphor-

ylase (MTAP). Loss of MTAP activity is frequently observed
4-Methylthio-2-oxobutanoic acid (MTOB) is the penultimate in a variety of human tumors, including lung cancer,
compound in the methionine salvage pathway which is used leukemia, glioblastoma, pancreatic cancer, and melanomas
to recycle methylthioadenosine, a by-product of polyamine [1-5]. This activity loss is generally due to homozygous
metabolism, into adenine and methionine (Fig. 1). The initial deletion of the MTAP gene [6].
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Fig. 1 - Methionine metabolic pathways. Metabolites are
interconverted as shown by arrows. Key enzymes are in
italics next to arrows. Abbreviations—AdoMet: S-
adenosylmethionine; AdoHcy: S-adenosylhomocysteine;
DcAdoMet: decarboxylated S-adenosylmethionine; MTA:
methylthioadenosine; MTR1P: methylthio-ribose 1-
phosphate; MTOB: methylthio-oxo-butanoic acid; MTAP:
methylthioadenosine phosphorylase; ODC: ornithine
decarboxylase; MS: methionine synthase.

Evidence suggests that loss of MTAP may be important in
tumorigenesis. Expression of ectopic MTAP in MTAP-deleted
MCF-7 cells inhibits the ability of the cells to grow in soft agar
and form tumors in SCID mice [7]. Re-expression of MTAP in
Mel Im melanoma cells inhibits migration in collagen [5]. Loss
of MTAP is also associated with elevation in polyamines due to
increased levels of ornithine decarboxylase (ODC), the initial
enzyme in the polyamine biosynthetic pathway [4,7,8].
Elevated ODC and polyamines are observed in many different
tumors, and studies have shown that over-expression of ODC
is able to transform fibroblasts in vitro [9,10]. In addition,
transgenic mice with ODC expressed under control of the
keratinocyte promoter are more susceptible to skin tumors
[10].

Previous work from our lab has suggested that the
accumulation of the salvage pathway compound MTOB is
responsible for the decrease in ODC activity observed in MTAP
expressing cells. Substitution of methionine with MTOB in
media causes a significant decrease in ODC levels and activity
in both S. cerevisiae and human tumor derived cells lines [8]. At
concentrations of 100 uM MTOB can substitute for 100 puM
methionine as a source of fixed-sulfur for mammalian cell
growth [11]. However, at high concentrations (>1 mM) MTOB
has been reported to induce apoptosis in at least one cell line
[12]. In this paper we explore the effect of MTOB on cell growth
and test the hypothesis that MTOB induces apoptosis via its
inhibition of ODC.

2. Materials and methods
2.1. Chemicals and reagents

4-Methylthio-2-hydroxyl-butanoic acid (MTHB), MTOB, 2-oxo-
glutaric acid (OG), methionine, DFMO, putrescine, spermidine,
spermine, mouse monoclonal anti-g-actin were purchased
from Sigma Chemical Corp. (St. Louis, MO). Rabbit polyclonal
anti-PARP (p85 fragment) antibody was purchased from Upstate
(Lake Placid, NY). Mouse monoclonal anti-p53 antibody (Ab-6)
was purchased from Calbiochem (San Diego, CA).

2.2. Cell lines and media

MiaPaca-2, MCF-7, and HepG2 cells were purchased from
ATCC. All cells except PA-1 were routinely grown in DMEM
supplemented with 2 mM glutamine, 100 pg/ml penicillin,
100 pg/ml of streptomycin, and 10% dialyzed fetal bovine
serum (FBS). This media contains 200 .M methionine and will
be referred to as standard media. In the experiment in which
ODC activity and mRNA levels were examined (Fig. 4A), the
media was identical to that described above except that the
DMEM lacked methionine (methionine-free media). PA-1and
PA-1/E6 cells were obtained from Dr. Wafik El-Deiry (Uni-
versity of Pennsylvania). PA-1 cells were cultured in BME
media supplemented with 10% dialyzed FBS, 2 mM gluta-
mine, 100 pg/ml of penicillin and 100 pg/ml of streptomycin.
PA-1/E6 cells were cultured with same media as used for PA-1
cells with addition of 400 ng/ml G418. F5889 cells were a
generous gift of Dr. Gottfried Boers (University Medical
Center, Nijmegen, The Netherlands). All media and serum
were obtained from the tissue culture facility at Fox Chase
Cancer Center.

2.3. Stable transformation of HT1080 cells with hMTAP

The pTRE2hyg:MTAP plasmid was created by inserting the
hMTAP containing BamHI/EcoRV fragment from pCR:sMTAP
[7] into pTRE2hyg (Clontech, Palo Alto, CA). HT1080 Tet-Off
cells (Clontech) were cultured in standard media supplemen-
ted with 250 pg/ml G418. Transformations were performed
using Fugene6 reagent (Roche, Indianapolis, IN), a nonliposo-
mal transformation agent according to the manufacturer’s
instructions. Four micrograms of pTRE2hyg:MTAP DNA were
used for each transformation. Clones were selected using
250 pg/ml (Sigma). The stable expression of human MTAP
gene in the transformed cell line was confirmed by MTAP
activity assay and Western blot.

2.4.  Cell growth assays

Cell growth was determined with the Cell Titer 96 Aqueous
One Solution Cell Proliferation Assay kit (MTS assay, Promega,
Madison, WI) following manufacturer’s instructions. Cells
were plated in a 96 well-plate and cultured in standard media
with various indicated supplements. Each treatment was
carried out in triplicate. At the designated time, media was
replaced by 100 pl standard media containing 15% cell titer 96
Aqueous one solution and plate was incubated at 37 °C for 3 h.
The absorbance of the MTS metabolite formazin at 492 nm
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was recorded immediately by using a 96-well plate reader,
Multiskan Ascent (Thermo Bioanalysis, Santa Fe, NM).

2.5.  Measurement of ornithine decarboxylase

Ornithine decarboxylase activity was assayed by measuring
the *CO, formed by decarboxylation of 1-'*C-labeled
ornithine as previously described [8].

2.6.  RNA preparation and real-time PCR

MiaPaca-2 cells were initially seeded in 100 mm Petri-dishes.
After 24 h, standard media was replaced with methionine-free
media supplemented with the concentration of methionine or
MTOB indicated in Fig. 4A. At the end of the treatment period,
cells were harvested and total RNA was extracted using
RNeasy Mini Kit (Qiagen, Valencia, CA) according to manu-
facturer’s instruction.

Human ODC gene-specific probe and primer sets for
quantitative assay were obtained from Applied Biosystems
(Foster, CA). Quantitative real time PCR was carried out
according to the TagMan Assay-on-Demand one-step protocol
of Applied Biosystems with universal thermal condition.
Human B-actin primer and probe sets from the same supplier
were used as endogenous normalization standard. Each assay
was performed in triplicate.

2.7.  Measurement of caspase 3/7

Caspase 3/7 activity was measured with Caspase-Glo 3/7 Assay
kit from Promega (Madison, WI) following manufacture’s
instruction. In brief, MiaPaca-2 cells were plated in 96 well-
plate and cultured in standard media with specified supple-
ments. Each treatment was carried out in triplicate. At assay
time, media was replaced by 200 pl of freshly made reaction
solution (one part standard media and one part Caspase-Glo 3/
7 reagent), mixed gently, and then incubated at 25°C for
60 min. The luminescence of each sample was measured by
using a plate reader, Fluoroskan Ascent FL (Thermo Bioana-
lysis, Santa Fe, NM), according instruction of the manufac-
turer.

2.8. Apoptosis assay and cell-cycle analysis

Annexin V and 7-AAD levels were determined with Guava
Nexin kit using a Guava Personal Cell Analysis System (PCAS,
Guava Technologies, Hayward, CA) according to the manu-
facturer’s instruction. Cells were cultured in standard media
supplemented with various concentrations of MTOB or DFMO
for 72 h. Cells were trypsinized and collected by centrifuging at
1000 rpm for 5min at 4 °C. After washing with ice-cold 1x
Nexin buffer, cells were resuspended in the same buffer,
labeled with Annexin V-PE and 7-aminoactinomycin D in the
dark on ice for 20 min, and then analyzed with the PCAS.
For cell cycle analysis, 1 x 10°cells were collected as
described above. After washing with ice-cold PBS, cells were
fixed in 70% ethanol at 4 °C overnight. Fixed cells were washed
twice with PBS, resuspended in 500 pl staining solution (PBS
containing 200 pg/ml of DNase-free RNase, 25pg/ml of
propidium iodide and 0.1% of Triton X-100) and then incubated

at 25 °C for 30 min in the dark. The stained cells were sorted
and analyzed on the PCAS.

2.9.  Western blotting

Western blotting was performed as previously described [7].
Membranes were probed with primary antibodies (1:2000 for
rabbit anti-PARP antibody, 1:1000 for mouse anti-p53 antibody,
and 1:20,000 for mouse anti-B-actin antibody) with 1% non-fat
milk in TTBS. HRP-conjugated secondary antibodies (Amer-
sham Pharmacia Biotech, Piscataway, NJ) were used at 1:30,000.
The SuperSignal West Dura ECL Western Blotting kit (Pierce,
Rockford, IL) was used to detect the antigen-antibody complex.

3. Results

3.1.  MTOB is a specific growth inhibitor in a variety of cell
lines

We examined the effect of MTOB on cell growth in five
different human cell lines, three tumor derived cell lines and
two primary non-transformed cell lines (Fig. 2A). The tumor
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Fig. 2 - Growth inhibition by MTOB. (A) 5 x 10° of the
indicated cell types were seeded in triplicate in 96-well
plates in standard media supplemented with the indicated
amount of MTOB. After 72-h growth was assessed by MTS
assay. Error bars show standard deviation. (B) Growth
inhibition in isogenic MTAP* and MTAP~ HT1080 cells.
Cells stably transformed with either the empty vector
(pTre2.Hyg) or an MTAP expressing plasmid
(pTre2.Hyg.MTAP) were assessed for growth in standard
media supplemented with the indicated amount of MTOB.
Growth was assessed by MTS assay.
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derived cell lines included a human pancreatic adenocarci-
noma derived cell line (MiaPaca-2), a human hepatocellular
carcinoma line (HepG2) and a breast adenocarcinoma derived
line (MCF-7). The two primary lines included early-passage
human foreskin fibroblasts (HFF) and a skin-derived fibroblast
line derived from a patient with cystathionine beta-synthase
deficiency (F5889). Using normal methionine containing media,
we found that supplementation with high concentrations of
MTOB caused growth inhibition in all the lines tested. The ICsg
for the tumor derived Mia-Paca-2, HepG2, and MCF-7 cells was
2.1, 2.7 and 4.6 mM, respectively. The ICso for the non-
transformed HFF and F5889 cells was 6.2 and 6.8 mM. The
mean ICsq value after 72 h of growth for the three tumor derived
cell lines was 3.1 mM compared to a mean of 6.4 mM for the
non-tumor derived cell lines (p < 0.05). These results suggest
that transformed cells are somewhat more sensitive to MTOB-
induced growth inhibition than non-transformed cells.

Since all of the tumor cell lines we tested were MTAP-
deficient, while the primary cell lines were not, we examined
directly if MTAP status affects MTOB sensitivity in isogenic
MTAP* and MTAP™ cells. HT1080 is a MTAP-deleted human
osteosarcoma derived cell line. We stably transfected this line
with either an empty vector plasmid (pTRE2hyg) or an MTAP
expression plasmid (pTRE2hygMTAP). Expression of MTAP in
these cells was confirmed by Western blot analysis (data not
shown). As shown in Fig. 2B, at all three time points examined
the MTAP™ cells exhibited greater growth than MTAP" cells.
These results show that MTAP-expressing cells are more
sensitive to MTOB.

NH,
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To determine if growth inhibition of MTOB was specific, we
examined the growth inhibitory effects of other structurally
related compounds (Fig. 3A). MTHB is identical to MTOB with
the exception that there is a hydroxyl, as opposed to a keto-
group, present on the alpha carbon. OG, like MTOB, is an
oxoacid, but substitutes a second carboxylic acid group for the
methylthio group in MTOB. Unlike MTOB, we found that
neither MTHB nor OG exhibited significant growth inhibition
when added to standard media at concentrations up to 20 mM
on HepG2 cells (Fig. 3B). We also failed to observe any growth
inhibition by methionine itself both in HepG2 cells as well as
MiaPaca-2 cells and MCF-7 cells (data not shown). From these
studies we conclude that growth inhibition by MTOB is specific
and requires both a methylthio-group and a oxoacid moiety.

3.2.  Post-transcriptional inhibition of ODC by MTOB

Previously we had shown that the addition of MTOB to
methionine-free media resulted in down-regulation of ODC
activity in S. cerevisiae and two mammalian cell lines [8]. To
reconfirm this observation, we placed MiaPaca-2 cells in media
containing either 100 pM methionine, no methionine, 800 pM
MTOB or 8 mM MTOB for 48 h and then isolated protein and
RNA. We first examined ODC activity using a radiometric
assay (Fig. 4A, white bars). We found that cells exposed to
methionine-free media had about half the ODC activity
(normalized to total protein) of cells exposed to standard
media. Surprisingly, cells exposed to 800 pM MTOB actually
had significantly increased ODC activity compared to cells
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Fig. 3 - Growth effects of MTOB related compounds. (A) Chemical structures of compounds used in this study. (B) HepG2 cells
were seeded as described above in standard media supplemented with the indicated compounds. Growth was assessed by

MTS assay.
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Fig. 4 - MTOB effects on polyamine pathway. (A) Effect of MTOB on ODC mRNA and enzyme activity. MiaPaca-2 cells were
grown in methionine-free media supplemented with either methionine or MTOB at the indicated concentration. After 48 h
cells were harvested and ODC mRNA and ODC activity were determined as described in Section 2. Black bars show relative
level of ODC mRNA as compared to actin mRNA using quantitative real time PCR. White bars show ODC enzyme activity in
the same cells. Measurements were performed in triplicate for qRT-PCR and quadruplicate for the enzyme assay. Standard
error is shown as indicated by the bars. (B) Comparison of growth inhibition of MTOB and DFMO. MiaPaca-2 cells were
plated at a density of 3000 cells per well in 96-well plates in triplicate in standard media supplemented with the indicated
levels of MTOB and DFMO and allowed to grow for 72 h. Growth was measured by MTS assay. Bars indicate the standard
error. (C) Effect of exogenous polyamines. MiaPaca-2 cells were plated in standard media containing the indicated
supplements and allowed to grow for 48 h. Growth was assessed using the MTS assay. Experiment was done in triplicate
and standard error is shown.
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grown in 100 pM methionine. However, when a higher
concentration of MTOB was used, we observed a 30-fold
decrease in ODC activity. These findings confirm that high
levels of MTOB can inhibit ODC activity.

We then used quantitative RT-PCR to determine whether
the drop in ODC activity was due to decreased ODC mRNA
levels. We found that the number of cycles required to amplify
the ODC mRNA did not vary significantly between the
samples, and that the ratio of ODC mRNA to actin mRNA
was essentially identical (Fig. 4A, black bars). These findings
indicate that the reduction in ODC activity by MTOB must be
occurring at the post-transcriptional level.

3.3.  Growth inhibition by MTOB and DFMO

Since inhibition of ODC is known to inhibit cell growth, we
compared the effect of MTOB and the specific ODC inhibitor
DFMO on the growth of MiaPaca-2 cells [13]. As shown in
Fig. 4B, both MTOB and DFMO inhibited MiaPaca-2 cell growth
after 72h of exposure. However, DFMO appears to be less
potent than MTOB. Growth inhibition with DFMO exhibited at
plateau at 35-40% of wild-type, while MTOB inhibition
exhibited a strong linear response over the entire dose range.
Interestingly, when DFMO and MTOB were combined we did
not see any indication of additivity, but rather the addition of
DFMO actually blunted some of the inhibitory effect of MTOB.
These findings suggest that although DFMO and MTOB can
inhibit ODC, their effects on cell growth are quite different.

3.4.  MTOB induces morphological changes and apoptosis

To determine exactly why MTOB resulted in growth inhibition
of cells, we examined the effect of MTOB on cell morphology of
MiaPaca-2 cells. We found that cells exposed to high
concentrations of MTOB seemed to contract in surface area
and leave behind long thin pseudopodia jutting out from the
cell's body. We also observed many dead cells with the
characteristic blebbing observed in cells undergoing apoptosis
(Fig. 5A). These observations suggested that growth inhibition
observed in MTOB exposed cells was caused by increased
apoptosis.

To confirm that MTOB was inhibiting growth via apoptosis,
we examined molecular markers of apoptosis in MTOB treated
cells as well as cells treated with DFMO. For these experi-
ments, MiaPaca-2 cells were plated in media containing either
nothing, 5 mM MTOB, 10 mM MTOB, 1 mM DFMO, or 5 mM
DFMO for 72 h and apoptosis was assessed and examined in
two different ways. First, cells were stained for two markers of
apoptosis, annexin V and 7-AAD, and assessed by flow
cytometry (Fig. 5B). Annexin V positive 7-AAD negative cells
arein the early stages of apoptosis, while Annexin V positive 7-
AAD positive cells are in the late stage of apoptosis. Treatment
of cells with MTOB resulted in a four-fold increase in the
number of early stage apoptotic cells, and a two-fold increase
in the number of late stage apoptotic cells. Treatment of cells
with DFMO resulted in a weaker response with a 1.5-fold
increase in the number of early stage cells and a 1.6-fold
increase in the number of late stage cells. In the same cells we
also examined DNA content by flow cytometry to determine
the percentage of cells with less than G1 DNA content, which is

indicative of apoptosis (Fig. 5C). We found that treatment with
MTOB caused a 2.6-fold increase in the number of cells in the
pre-G1 (apoptotic) fraction, while treatment with DFMO
caused only a 1.6-fold increase in the pre-G1 fraction. We
did not notice any significant differences in the ratio of cells in
G1and G2, suggesting that neither MTOB or DFMO resultedin a
specific cell cycle arrest point. From these experiments we
conclude that MTOB induces apoptosis and is more potent
than DFMO.

3.5.  Activation of caspase 3/7 by DFMO but not MTOB

Cells treated with MTOB and DFMO were also assessed for
activation of caspases 3 and 7, the so-called “executioner”
caspases, by incubating cells with a luminogenic substrate
that is activated by caspases 3 or 7 dependent cleavage. As
shown in Fig. 6A, when normalized for cell number we
observed a significant increase in caspase 3/7 activity in cells
treated with DFMO, but failed to see any increase in activity in
MTOB treated cells. Our results show that the apoptotic
program initiated by MTOB does not involve caspase 3/7, while
DFMO induced apoptosis does.

In a separate experiment, we looked for the presence of
cleaved poly (ADP-ribose) polymerase-1 (p85 PARP), a known
target of caspase 3/7. As shown in Fig. 6B, we observed a
significant increase in p85 PARP in cells that were exposed to
high doses of either MTOB or DFMO.

3.6.  MTOB growth inhibition is partially rescued by
addition of polyamines

The data shown above clearly indicated that growth inhibition
and apoptosis by MTOB was not due simply to inhibition of
ODC, but did not exclude the possibility that ODC inhibition
was contributory. To examine the importance of ODC
inhibition in the MTOB response, we asked whether poly-
amines could rescue the growth inhibition and apoptotic
phenotype. We exposed MiaPaca-2 cells to 5 and 10 mM MTOB
in the presence of the three main polyamines, putrescine,
spermidine, and spermine (Fig. 4C). Addition of 5 mM of either
putrescine, spermidine, or spermine resulted in a modest
increase in growth, with spermine working the best. However,
in no case did addition of polyamines fully alleviate MTOB
induced growth inhibition. These findings suggest that ODC
inhibition does not play a major role in MTOB-induced growth
suppression and apoptosis.

3.7.  MTOB growth inhibition is p53 independent

The p53 protein plays an important role in controlling cell
growth and apoptosis. We compared the p53 dependence of
growth inhibition and apoptosis by MTOB and DFMO using PA-
1 ovarian teratocarcinoma cells either lacking or expressing
the HPV16 E6 protein, which targets p53 for degradation [14].
PA-1 control cells or E6 expressing cells were exposed either to
2and 4 mM MTOB or 0.2 and 1 mM DFMO for 48-h. As shown in
Fig. 7A, wild-type PA-1 cells show similar growth inhibition
with both DFMO and MTOB. In contrast, PA-1/E6 cells show no
growth inhibition with either concentration of DFMO, but
substantial growth inhibition occurred with 2 or 4 mM MTOB.
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Fig. 5 - Induction of apoptosis by MTOB. (A) Morphology of MiaPaca-2 cells in standard media supplemented with either 0 or
10 mM MTOB for 48 h. Magnification is 200 x. (B) MiaPaca-2 cells grown in standard media exposed to either DFMO or MTOB
for 72 h were assessed for apoptosis by staining with annexin V and 7-AAD as described in Section 2. (C) Cell cycle analysis
of cells exposed to DFMO or MTOB for 72 h.
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were done in triplicate and standard error is shown by
bars. (B) MiaPaca-2 cells grown in standard media
supplemented with the indicated amount of either MTOB
or DFMO for 72 h were harvested and assessed by
immunoblot for levels of p85 PARP and actin.

We also examined apoptosis in these cells by examining the
appearance of p85 PARP. As shown in Fig. 7B, PA-1 cells show
substantially increased levels of p85 PARP when treated with
DFMO or 2 mM MTOB. We observed less p85 when cells were
exposed to 4 mM MTOB, but actin levels were also reduced
suggesting that most of the PARP expressing cells had already
completed apoptosis. In sharp contrast, we fail to observe
cleaved PARP in PA-1/E6 cells treated with DFMO, but see high
levels of cleaved PARP with MTOB treated cells. Interestingly,
MTOB also appears to cause elevated p53 levels in PA-1/E6
cells, suggesting that MTOB somehow interferes with E6-
dependent degradation of p53. Taken together, these experi-
ments show that growth inhibition and apoptosis caused by
MTOB is largely independent of p53 function, in contrast to
DFMO-induced apoptosis.

3.8.  Conversion of MTOB to methional is not involved in
MTOB induced apoptosis

Our results from above indicate that most of MTOBs effect on
cell growth and apoptosis is not due to its inhibition of ODC. An
alternative mechanism that has been proposed involves the
conversion of MTOB to methional by the action of branched-
chain oxoacid dehydrogenase complex (BCOADC) [12]. If this
were the case, one would expect that methional would cause
similar effects as MTOB. Although we do observe growth
inhibition and apoptosis with methional (data not shown), we
see a strong difference in behavior with regard to the activation
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Fig. 7 - Effect of p53 on MTOB and DFMO induced growth
inhibition and apoptosis. (A) PA-1 and PA-1/E6 cells were
plated and incubated in BME media containing the various
supplements for 48 h. Growth was then measured using
the MTS assay in triplicate. (B) Cell lysates made from cells
grown in parallel with panel A. were immunoblotted and
probed for p85 PARP, p53, and actin.

of caspase 3/7 (see Fig. 6A). Methional, unlike MTOB, results in
activation of caspase 3/7, whereas MTOB does not. In addition, if
MTOB is being converted to methional via BCOADC we would
expect that co-incubation of MTOB with another BCOADC
substrate such as a-ketobutyrate would inhibit the formation of
methional by competing for BCOADC activity [12]. We found
that 10 mM a-ketobutyrate did not rescue the growth inhibition
of MTOB in MiaPaca-2 cells (Fig. 4C). In additional studies using
Hela cells we failed to see any protection from MTOB with
concentrations of a-ketobutyrate up to 40 mM (data not shown).
Our findings do not support the view that MTOB conversion to
methional is the mechanism of MTOB-induced growth inhibi-
tion and apoptosis.

4, Discussion

In this report we show that MTOB can inhibit growth and
induce apoptosis in a variety of different human tumor cell
lines. Growth inhibition by MTOB requires relatively high
concentrations of compound, with ICsy values ranging
between 2 and 6 mM. These high external levels of MTOB
are probably required in order to raise the internal MTOB
concentrations to levels sufficient to observe growth inhibi-
tion. This is supported by the fact that cells expressing MTAP
are more sensitive to MTOB than MTAP-deleted cells. MTOB
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inhibits cell growth of both transformed and non-transformed
cells, but transformed cells appear to be more sensitive. The
toxic effect of MTOB is quite specific. We failed to observe any
significant inhibitory effect with a variety of structurally
related compounds at very high concentrations including
MTHB, OG, and methionine. The lack of response to these
compounds is somewhat surprising given the high degree of
structural similarity among these molecules. Methionine and
MTHB both share the methylthio group of MTOB, while OG has
the oxoacid moiety. Thus, neither of these two functional
groups alone is sufficient to explain the pro-apoptotic function
of MTOB. Both must be present to induce apoptosis.

In earlier work, our lab has shown that cells lacking MTAP
have elevated levels of polyamines due to increased ODC
activity [8]. Presumably, these MTAP deleted cells lack MTOB,
as MTAP is upstream in the methionine salvage pathway. We
had also demonstrated that addition of exogenous MTOB
could inhibit ODC activity both in S. cerevisiae and in human
tumor cell lines. Although we reconfirmed our previous
observation that MTOB reduced levels of ODC activity, we
did not observe any difference in the level of ODC mRNA. This
finding implies that the inhibition of ODC activity by MTOB
occurs at the post-transcriptional level. Post-transcriptional
regulation of ODC has been well studied with regard to its
regulation by the polyamines via the production of the
antizyme protein [15]. Antizyme targets ODC to the proteo-
some for degradation. Whether antizyme is involved in MTOB-
induced inhibition of ODC is not yet known and is an area for
future study.

Comparisons of the effects of MTOB and the ODC inhibitor
DFMO show that MTOBs effects are not primarily due to
inhibition of ODC. MTOB was more potent than DFMO in
promoting growth inhibition and apoptosis. Furthermore,
whereas DFMO strongly stimulated caspase 3/7 activity, we
saw no such stimulation with MTOB. Finally, whereas DFMO-
induced growth inhibition and apoptosis were largely depen-
dent of p53 function, the effects of MTOB were not dependent
on p53. However, we also found that addition of polyamines
could lessen some of the growth inhibitory effects of MTOB,
suggesting that ODC inhibition may play a small role in the
MTOB effect.

What other mechanism might explain the pro-apoptotic
properties of MTOB? Quash and colleagues have speculated that
the conversion of MTOB to methional by the action of BCOADC
might be important [12]. Alpha-ketobutyrate has a three-fold
higher affinity for BCOADC compared to MTOB, and therefore
would shunt BCOADC away from the metabolism of MTOB. In
their study, they showed that addition of a-ketobutyrate to the
media could alleviate growth inhibition by 2 mM MTOB in HeLa
cells. However, we failed to see any effect of a-ketobutyrate on
Hela cells or the MiaPaca2 cells. Furthermore, whereas
methional treatment clearly induced caspase 3/7, we did not
observe induction by MTOB. Therefore, our data do not support
the idea that conversion of MTOB to methional via BCOADC
explains its unique effects, and favor the view that other as yet
unknown mechanisms may be involved.

The lack of p53 dependence on growth inhibition and
apoptosis is somewhat unusual. The vast majority of
apoptosis promoting drugs are far more effective in a p53
null setting [16]. Many compounds that show the least

dependence on p53 cause lysosomal membrane permeabili-
zation (LMP) resulting in release of lysosomal proteases into
the cytosol. Interestingly, many of these LMP-causing com-
pounds have the unusual property that at high concentration
they cause a reduction in caspase 3 dependent cleavage of
cytokeritan-18. This observation is consistent with the lack of
caspase 3 activation we observed in MTOB treated cells.

The finding that MTOB inhibits ODC and can induce
apoptosis in a variety of tumor cell lines suggests the
possibility that MTOB might be a useful cancer treatment or
prevention. Human clinical trials have shown that low protein
diets containing MTOB and other keto-acids are well tolerated
and did not increase mortality of patients with chronic renal
disease [17]. In rats, MTOB can substitute for methionine,
allowing animals to grow and gain weight as efficiently as
methionine [18]. Given the results described here, it would be
worthwhile to determine if MTOB could retard tumor forma-
tion and progression in an appropriate rodent model.
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