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Methotrexate Induced Differentiation in Colon
Cancer Cells is Primarily Due to Purine Deprivation
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Abstract The folate antagonist methotrexate (MTX) inhibits synthesis of tetrahydrofolate (THF), pyrimidines and
purines, and induces differentiation in several cell types. At 1 mM,MTX reduced proliferation and induced differentiation
in HT29 colon cancer cells; the latter effect was augmented (P< 0.001) by thymidine (100 mM) but was reversed
(P< 0.001) by the purines, hypoxanthine (Hx; 100 mM) and adenosine (100 mM). In contrast 5-fluoro-uracil (5-FU), a
specific thymidylate synthase (TS) inhibitor, had no effect on differentiation, suggesting that MTX-induced differentiation
is not due to a reduction in thymidine but to the inhibition of purine biosynthesis. Inhibition of cyclic AMP (cAMP)
by RpcAMP (25 mM) further enhanced (P< 0.001) MTX induced differentiation, whereas the cAMP activator forskolin
(10 mM) reversed (P< 0.001) MTX induced differentiation. These observations implicate a central role of adenosine and
cAMP in MTX induced differentiation. By combining Western blot analysis with liquid chromatography-mass
spectrometry (LC-MS), methionine synthase (MS), and HPLC analyses we also reveal both the expression and activity
of key enzymes (i.e. MS, s-adenosylhomocysteinase, cystathionine b-synthase and ornithine decarboxylase) regulating
methyl cycle, transsulfuration and polyamine pathways inHT29 colon cancer cells. At 1 mM,MTX induced differentiation
was associated with a marked reduction in the intracellular concentrations of adenosine and, consequently, S-
adenosylmethionine (SAM), S-adenosylhomocysteine, polyamines and glutathione (GSH). Importantly, the marked
reduction inmethionine that accompaniedMS inhibition followingMTX treatment was non-limiting with respect to SAM
synthesis. Collectively, these findings indicate that the effects of MTX on cellular differentiation and single carbon
metabolism are primarily due to the intracellular depletion of purines. J. Cell. Biochem. 99: 146–155, 2006.
� 2006 Wiley-Liss, Inc.
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The epithelial cells of the mammalian intest-
inal tract are hierarchically arranged so that
cells become more differentiated as they ascend
the crypt-villus axis. The process is maintained
and regulated by a population of intestinal stem
cells, which residewithin the crypts of the small
and large intestine and generate all the intest-
inal epithelial lineages [Vidrich et al., 2003].
Intestinal differentiation is accompanied by
changes in morphology, temporal and spatial-
specific expression of genes, such as the brush
border enzymes sucrase-isomaltase and intest-

inal alkaline phosphatase (ALP), and is regu-
lated by a myriad of biochemical pathways
[Leedham et al., 2005]. Aberrations in the
biochemical signaling cascades within stem
cells play an integral part in the development
of gastrointestinal malignancy.

Several compounds such as methotrexate
(MTX), butyrate, retinoids, and Vitamin D can
induce differentiation in colon and other cancer
cells [Spira and Carducci, 2003]. There are
probably mechanistic differences in how the
various agents induce differentiation in cancer
cells. However, the overall process involves the
reversion of malignant tumor cells into more
benign forms, in which cellular proliferation is
lowered resulting in reduced tumor growth.
MTX has been used to treat millions of patients
with malignant and autoimmune diseases such
as rheumatoid arthritis and has been in clinical
use for over 50 years [Fairbanks et al., 1999].
MTX enters the cell via a reduced folate carrier
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and is converted into a polyglutamated form by
folypolyglutamyl synthetase [Bosson, 2003].
The polyglutamated form is retained in the cell
and inhibits not only dihydrofolate reductase
but has an increased affinity for certain folate-
dependent enzymes such as thymidylate syn-
thase (TS) and enzymes involved in purine
synthesis [Kimura et al., 2004]. MTX targets
enzymes involved in the metabolism of three
specific tetrahydrofolates (THFs) that play
essential roles as single carbon carriers invol-
ved in the synthesis of DNA precursors
[McGuire, 2003]. The first THF, 10-formylte-
trahydrofolate, donates its single carbon group
for the synthesis of purines in reactions medi-
ated by glycineamide ribonucleotide (GAR)
transformylase and aminoimidazolecarboxi-
mide ribonucleotide (AICAR) transformylase.
The second THF, 5, 10-methylenetetrahydro-
folate, donates its single carbon group for
the reductive methylation reaction mediating
conversion of dUMP to thymidylate. The third
THF, 5-methyltetrahydrofolate, donates methyl
groups in the methylation of homocysteine to
methionine. Inhibition of GAR and AICAR
transformylases, TS and dihydrofolate reduc-
tase is central to the pharmacological actions of
MTX.MTX, therefore, inhibitsmultiple enzyme
targets, perturbs methyl and folate cycles and
inhibits purine and pyrimidine synthesis.
The present study sought to demonstrate

which of these effects of MTX are involved in
differentiation of HT29 colon cancer cells and
also to identify the key mechanisms and signal-
ing pathways involved in MTX-induced differ-
entiation. We also report, for the first time in
HT29 colorectal cells, the presence of active
methyl cycle, transsulfuration and polyamine
pathways by demonstrating the expression of
key enzymes, and by monitoring the relative
changes in methyl cycle metabolites following
MTX treatment using a combination of liquid
chromatography-mass spectrometry (LC-MS)
and HPLC analyses.

MATERIALS AND METHODS

Cell Culture

We used the well characterized human colon
cancer cell line, HT29, as a model for intestinal
differentiation. This cell line displays a multi-
potent phenotype, characterized by differentia-
tion into a polarized monolayer with the

expression of the brush-border enzyme ALP
after treatment with the short chain fatty acid,
sodium butyrate or MTX [Heerdt et al., 1994].
The cell line has been extremely useful in
delineating potential pathways resulting in an
enterocyte-like phenotype and therefore has
been extensively used as a model for intesti-
nal cell differentiation [Hodin et al., 1996;
Matthews et al., 1998; Cohen et al., 1999;
Taupin and Podolsky, 1999]. These cells were
obtained from the European Collection of
Animal Cell Cultures at the Public Health
Laboratory Service (Porton Down, Wiltshire,
UK). The cells were grown in monolayers and
maintained at 378C in a humidified atmosphere
of 5% CO2 and 95% air. The cells were initially
cultured inDulbecco’smodifiedEagle’smedium
supplemented with 10% (v/v) fetal calf serum
(FCS), 100 units/ml penicillin, 100 mg/ml strep-
tomycin, 4 mM glutamine and 50 ng/ml insulin.
The cells were grown in 75 cm2 flasks. The
medium was replaced after 24 h with fresh
DMEM containing 5% FCS and appropriate
concentrations of test reagents as indicated in
the figure legends and the cells were harvested
after 48 h. Thymidine, hypoxanthine (Hx),
adenosine, THF, MTX, 9-fluorenylmethyl chor-
oformate, glycine, forskolin, PD98059, wort-
mannin and staurosporine used in this study
were all purchased from Sigma (Sigma, Poole,
Dorset, UK).

Cell Proliferation and Differentiation

The cells were lysed in 250 ml 0.25% NP-40 in
phosphate buffer saline (PBS). The lysates were
stored at �208C until determination of ALP
activity and protein concentration. The activity
of the ALP enzyme was quantified using Sigma
kit 204 (Sigma Ltd, Poole, Dorset, UK) in a 96-
well assay plate with a microplate reader (Bio-
Rad, Hemel Hemstead, UK). The method is
based on the ability of the enzyme to convert p-
nitrophenyl phosphate to p-nitrophenol, which
in alkaline solution presents as a yellow color
and can be read at 410 nm. For ALP staining,
the cells were cultured on 13 mm sterile glass
cover slips (Fisher Scientific, Loughborough,
UK) in 24 well culture dishes (Nunc, Hereford,
UK) at 1.5� 105 cells/ml in a humidified atmo-
sphere of 5% CO2 in air at 378C. The media was
replaced with fresh media (DMEM with 5%
FCS) containing appropriate concentrations of
test reagents, as indicated in the figure legends,
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and the cells were harvested after 48 h. Assess-
ments of differentiation were determined in
triplicate. The culture medium was removed
from the cover slips after 48hand the cover slips
quickly washedwith cold PBS, fixed for 5min in
cold acetone (48C) and stored at �208C until
required for ALP staining. The cells were
stained for ALP activity using SigmaFast
5-bromo-4-chloro-3-indolyl phosphate/nitroblue
tetrazolium tablets (Sigma Ltd, Poole, Dorset,
UK). One tablet was dissolved in 10 ml of
distilled water by stirring and 250 ml of the
solution per coverslip was added. Samples were
incubated at room temperature for an hour and
the reaction was stopped following the addition
of PBS. Samples were washed twice with cold
PBS, andmounted inDPX (BDH, Poole, Dorset,
UK). The stained cellswere photographedusing
an imagingmicroscope (Olympus BH2, London,
UK). To assess cell proliferation the harvested
cells were resuspended in 1 ml of DMEM and to
a 200 ml aliquot were added 500 ml DMEM and
300 ml trypan blue. The cells were mixed gently
and counted using a cytometer.

Western Blot Analysis

Cell lysates were mixed with SDS–PAGE
sample buffer (62.5mMTris [pH6.8] containing
2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v)
mercaptoethanol, and 0.001% (w/v) bromophe-
nol blue) and boiled for 5 min. The polypeptides
were then separated on an 8% SDS-polyacryla-
mide gel. The separated polypeptides were
electrotransferred to nitrocellulose membranes
for 1 h at 100 V in 25 mM Tris, 192 mM glycine,
and 20% (v/v) methanol. After transfer, the
membranewas blockedwithPBS containing5%
(w/v) dry milk and 0.1% (v/v) Tween-20 for 1 h,
and then incubated with primary antibody for
1 h. The membrane was then washed five times
with PBS containing 0.1% Tween-20, followed
by incubation with peroxidase-conjugated sec-
ondary antibody for 1 h. The membrane was
washed again and the bound antibody was
detectedusinganenhanced chemiluminescence
kit (Amersham-Pharmacia Biotech, Bucks,
UK). The blots were stripped and reprobed with
b-actin to confirm equal loading. Densitometry
was performed using Quantity One software
(Biorad, Hemel Hemstead, UK). Total protein
was measured using the method of Bradford
with bovine serum albumin as the standard
protein [Bradford, 1976].

HPLC Analysis of Thiols and Polyamines

Cell pellets were suspended in 700 ml phos-
phate buffered saline containing a mixture of
protease inhibitor cocktail (Sigma Cat. No.
P2714) and the suspensions sonicated on ice
using three 20-s pulses to lyse the cells, followed
by centrifugation at 18,000g for 15 min. The
supernantant fraction was used to measure
intracellular thiols using Agilent 1100 HPLC
(Agilent Technologies, Stockport, Cheshire,
UK) using methods described previously [Pfeif-
fer et al., 1999]. Briefly 100 ml of cell lysate was
mixed with reducing agent containing tris (2-
carboxyethyl) phosphine, phosphate buffered
saline and cystamine as an internal standard,
and incubated for 30 min at room temperature,
after which 180 ml of 10% (w/v) trichoroacetic
acid containing 1 mmol/L EDTA was added for
deproteinization. After the sample was centri-
fuged for 10 min at 13,000g, 100 ml of super-
natant was added to an autosampler vial
containing 20 ml of 1.55 mol/L NaOH; 250 ml of
0.125 mol/L borate buffer containing 4 mmol/L
EDTA, pH 9.5; and 100 ml of 1 g/L SBD-F in
borate buffer. The sample was then incubated
for 60 min at 608C. HPLC was carried out on an
Agilent 1100 series system (Agilent Technolo-
gies, Stockport, Cheshire, UK) equipped with
a fluorescence detector (385 nm excitation,
515 nm emission). Separation of SBD-F deravi-
tized thiols was performed on a Prodigy ODS2
analytical column, 150� 3.2 mm, 5 mm (Phe-
nomenex, Macclesfield, Cheshire, UK) with an
Adsorbosphere C18, 3-cm guard column, using a
25 ml injection volume and 0.1 mol/L sodium
acetate buffer pH 5.38 containing 3.05%metha-
nol as mobile phase at a flow rate of 0.7 ml/min
and a column temperature of 298C.

Polyamine analysis was performed as descri-
bed previously [Ekegren et al., 2004]. Briefly, to
a homogenate containing 100 mg protein, 60 ml
borate buffer (0.2M, pH 9.0) and 5 ml of internal
standard (1.6-DAH; 30 nmol/ml) were added.
The derivitization was performed with 200 ml
9-fluorenylmethyl choroformate (0.01 M in
acetone). After 90 s the excess FMOC was
allowed to react with 240 ml freshly prepared
glycine reagent [0.04 M glycine dissolved in
0.2M borate buffer (pH 9.0): Acetone, 50/50 v/v]
and mixed for 45 s followed by addition of
dilution buffer [0.05 M sodium acetate buffer
(pH 4.2): Acetonitrile 30/70, v/v]. After 45 s the
total volume was adjusted to 800 ml with 200 ml
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of water. The separation was carried out on a
C18 reverse phase column, protected by a 3-cm
guard column at a flow rate of 1.2 ml/min.
The separation was achieved using a gradient
comprising two buffer systems. Buffer A con-
sisted of 0.05 M sodium acetate buffer (pH 4.2):
Acetonitrile 80/20, v/v. Buffer B consisted
of 0.05 M sodium acetate buffer (pH 4.2):
Acetonitrile 5/95, v/v. Both polyamines and
thiols were quantified using chromatographic
software (Chemstation Plus, Agilent Technolo-
gies, Stockport, Cheshire, UK).

LC-MS Analysis of Metabolites

S-adenosyl methionine, s-adenosyl homocys-
teine, adenosine, and methionine were ana-
lyzed by quantitative liquid chromatography
tandem electrospray ionization mass spectro-
metry (LC-MS-MS). The metabolites were deri-
vatised as N (O, S)-i-butylcarbonyl i-butyl
esters using i-butyl chloroformate. The method
enabled fast and simultaneous esterification of
the carboxylic and other protic function groups
such as hydroxyl, thiol and amine groups.
Briefly, 90 ml water containing two internal
standards was added to the freeze-dried sample
of extracted metabolites. This was followed by
the addition of 40 ml iso-butanol/pyridine mix-
ture (3:1 v/v), 10 ml iso-butylchloroformate and
200 ml dichloromethane/tert-butylmethyl-ether
(1:2 v/v)withmixingat each stage.Onehundred
fifty microliters of upper organic phase was
removed, and evaporated to dryness under a
stream of nitrogen gas. The derivatised meta-
bolites were then redissolved in 100 ml LC
mobile phase (80% v/v methanol in 10 mM
ammonium formate) prior to LC-MS–MS ana-
lysis. LC separation was done on an Agilent
1100 system (Agilent, Waldbron, Germany)
using a mobile phase (80% v/v methanol in
10 mM ammonium formate) at a flow rate of
200 ml/min using a LUNA ODS C18(2) column
(150� 2.0 mm, 5 mm particle size) (Phenom-
enex, Macclesfield, UK), maintained at 308C.
The MS system was a Waters Micromass
Quattro Ultima triple quadrupole (Waters,
Manchester, UK), used in positive ion multiple
reaction monitoring scan mode to monitor
specific precursor/product ions for each meta-
bolite. The ESI source was operated in the
positive-ionmode at a capillary voltage of 2.81 V,
and a cone voltage of 35.0 V. Nitrogen was used
as the nebulizing gas at a flow rate of 155 L/h,

and as the desolvation gas at a flow rate of
765 L/h. The ion source was at a temperature of
1258C, and the desolvation temperature was
maintained at 3508C. The concentrations of
individual metabolites were calculated from
calibration lines using the peak area ratio to
internal standard.

Data Analysis

Each experiment was conducted in triplicate.
The data were analyzed by one-way analysis of
variance (ANOVA) with Tukey’s test for multi-
ple comparisons. All results are expressed as
mean�SEM, and a P-value of <0.05 was
considered statistically significant.

RESULTS

Thymidine Augments Whereas Hypoxanthine,
Adenosine and Tetrahydrofolate Inhibit

Methotrexate Mediated Induction of ALP Activity

At 1 mM, MTX treatment resulted in enter-
ocyte-like differentiation by 48 h as confirmed
by induction of the brush-border enzyme ALP
(Fig. 1A). MTX treated cells were enlarged and
rounded with intense ALP staining relative to
controls. To determine whether pyrimidine or
purine nucleotides affectedMTX-induced intesti-
nal cell differentiation we first co-administered
MTX with thymidine for 48 h. The cells were
harvested after 48 h and lysed and the extracts
assayed for ALP activity. Thymidine (100 mM)
co-administration resulted in 1.4-fold augmen-
tation (P< 0.001) of MTXmediated induction of
ALP activity (Fig. 1A and B). Five-fluoro uracil
(5-FU; 2 mM), a specific inhibitor of TS, failed
to enhance ALP activity on its own or MTX-
induced ALP activity (Fig. 1C). In contrast,
supplementation with the purines Hx (100 mM)
(Fig. 1A and B) or adenosine (100 mM) (Fig. 1C)
almost completely abolished (P< 0.001) MTX-
mediated induction of ALP activity. These
results suggest that MTX-induced differentia-
tion is mainly due to inhibition of purine
synthesis. Interestingly, THF supplementation
(50 mM) also inhibited MTX-mediated ALP
induction (Fig. 1B).

Inhibition of Cyclic AMP, MEK-ERK, and PI-3
Kinase Enhances Methotrexate

Mediated ALP Activity

Since adenosine is required for cyclic AMP
(cAMP) synthesis, and our data show that the
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depletion of adenosine leads to MTX-induced
intestinal cell differentiation, we next deter-
mined if cAMP was involved in this process.
HT29 cells were treatedwith 1 mMMTX for 48 h
in combination with cAMP activator, forskolin
(10 mM). Forskolin reversed (P< 0.001) MTX-
mediated induction of ALP activity but had no
effect on ALP activity on its own (Fig. 1C). In
contrast,RpcAMP (25mM), a specific inhibitor of
cAMP, augmented by 1.3 fold (P< 0.001) MTX-
inducedALPactivity (Fig. 1D).Next,HT29 cells
were treated for 48 h with inhibitors of PKC
(staurosporine; 10 nM), PI3-kinase (P13-K)
(wortmannin; 1 mM) or the MAP kinase path-
way (MEK-ERK; PD98059; 2 mM), alone or in

combination with 1 mMMTX. Both wortmannin
and PD98059 treatments resulted in 2.0- and
1.7-fold increase (P< 0.001) respectively inALP
activity after 48 h of treatment compared to
DMSO control (Fig. 1D). Furthermore, these
inhibitors, in combination withMTX, increased
(P< 0.001) ALP activity by 1.5 and 1.2 fold,
respectively, compared with MTX alone. In
contrast, the PKC inhibitor, staurosporine,
had no effect on ALP activity alone or in
combination with MTX (Fig. 1D).

Methotrexate and Proliferation of HT29 Cells

As the antifolate, MTX, is known to inhibit
the proliferation of various cell types, sowenext

Fig. 1. A: Alkaline phosphatase (ALP) staining (10� magnifi-
cation) of untreated (control) HT29 cells or HT29 cells treated
with methotrexate (MTX; 1 mM) alone or in combination with
hypoxanthine (Hx; 100 mM) or thymindine (Thy; 100 mM). Hx
inhibited MTX-induced ALP staining whereas thymidine aug-
mented it. Inset showsa fully differentiatedcell exhibiting intense
ALP staining. ALP induction (relative to control) in HT29 cells

following (B) treatment with MTX alone or MTX with various
combinations of Thy, Hx, and tetrahydrofolate (THF; 50 mM);
(C) treatment with MTX, adenosine (100 mM), 5-fluro-uracil
(5FU; 2 mM) and forskolin (10 mM) alone or in combination with
MTX; (D) treatment with MTX, wortmannin (1 mM), PD98059
(2 mM), RpcAMP (25 mM) or staurosporine (10 nM), alone or in
combination with MTX.
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determined if exogenous THF could reverse the
anti-proliferative effects of MTX in our colon
cancer cells. The results show that, at 1 mM,
MTX-induced inhibition of proliferation was
fully reversed by the combination of thymidine
(100 mM) and Hx (100 mM), and was partially
restored (P< 0.001) by thymidine alone (Fig. 2).
However, neither Hx nor THF (50 mM) when
added alone were able to reverse this MTX-
induced inhibition of cell proliferation.

Methotrexate Reduces Intracellular Adenosine,
Methionine, SAM, and SAH

Since supplementation with purines, Hx or
adenosine reversed MTX mediated induction of
ALP activity we next determined, by LC-MS,
the effect of MTX (1 mM) on intracellular con-
centrations of adenosine in HT29 colon cancer
cells. The results show that MTX caused a
dramatic decline (by 89%) (P< 0.005) in intra-
cellular adenosine (Fig. 3A). Hx (100 mM) alone
partially reversed this MTX induced decline
(P< 0.05) in adenosine whereas thymidine
(100 mM) or THF (50 mM) had no effect.
However, the combination of thymidine and
Hx completely reversed (P< 0.001) the MTX-
induced decline in intracellular adenosine con-
centrations. We next determined the effect of
MTX on intracellular methionine concentra-
tions. MTX treatment resulted in a sharp
decrease (P< 0.001) in intracellularmethionine
(Fig. 3B), an effect, which was only partially
reversed (P< 0.001) by a combination of thymi-
dine andHx.Co-administration ofMTXwithHx
or thymidine, however, failed to restore basal
concentrations of intracellular methionine.

Since bothmethionine and adenosine are requi-
red for the synthesis of universal methyl donor
SAM, and its demethylated product and nega-
tive regulator, SAH, we next determined the
relative changes inSAMandSAH in response to
MTX treatment. MTX treatment resulted in a
37 and 57% decrease in intracellular concentra-
tions of SAM (P¼ 0.002) and SAH (P< 0.01)
respectively, as determined byLC-MS (Fig. 3C).
Interestingly, compared to MTX alone, co-
administration of MTX with thymidine failed
to increase intracellular SAM and SAH concen-
trations.However, supplementationwith either
Hx or a combination of thymidine and Hx
significantly increased intracellular SAM and
SAH concentrations compared to MTX alone.
Furthermore, when MTX was co-administered
witha combination of thymidine,HxandTHF, a
complete recovery of intracellular SAM and
SAH concentrations was observed (P< 0.01).
MTX supplementation with THF, however,
failed to enhance intracellular SAM and SAH
concentrations.

Methotrexate Reduces Intracellular Glutathione
and Polyamines in HT29 Cells

S-adenosylmethionine is an aminopropyl
donor for polyamine synthesis [Moinard et al.,
2005] and a positive regulator of cystathionine
b-synthase [Stipanuk, 2004]. This enzyme is
involved in the conversion of homocysteine into
cystathionine, which is eventually converted
into cysteine and glutathione (GSH). Conse-
quently, we sought to determine the effects of
MTX on intracellular GSH and polyamine
(spermidine and spermine) concentrations.
Analysis by HPLC revealed that, relative to
control, MTX treatment (1 mM) resulted in a
sharp decrease (P< 0.001) in intracellular GSH
(by 72%), spermidine (by 48%) and spermine (by
55%) concentrations (Figs. 4A and B). This
reduction in intracellular GSH and polyamine
concentrations was reversed following supple-
mentation with Hx (100 mM) alone; but neither
thymidine (100 mM) nor THF (50 mM) proved
effective in this regard. MTX-mediated de-
creases in intracellular SAM concentrations,
therefore, appear to downregulate GSH and
polyamine synthesis.

Methotrexate Affects Methyl Cycle and
Polyamine Pathway Enzyme Expression

In anattempt to attribute the aforementioned
metabolic effects of MTX to either its anti-folate
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properties or its ability to deplete intracellular
adenosine we next sought to determine the
effect of MTX on the expression of key enzymes
involved in the methyl cycle and associated
polyamine pathways by Western blot analysis.
MTX treatment (1 mM) almost completely
abolished the expression of methionine syn-
thase (MS), an effect which was reversed by
exogenous THF (50 mM) or a combination of
thymidine and Hx (both at 100 mM) (Fig. 5A).
Densitometric analysis revealed a 3-fold in-
crease in MS expression relative to control in
cells treated with MTX and THF suggesting
that MTX-mediated decline in MS expres-
sion is due to folate deprivation. The expres-
sion of the other two enzymes involved in
homocysteine metabolism (i.e., cystathionine
b-synthase (Fig. 5D)) and S-adenosylhomocys-
teinase (Fig. 5B) was not affected by MTX. In

contrast, MTX treatment (ranging from 1 to
4 mM) resulted in a non-dose dependent 2-fold
upregulation of ornithinedecarboxylase expres-
sion (Fig. 5C), the first enzyme in the polyamine
pathway, as assessed by densitometry.

DISCUSSION

Thenovel findings from thepresent studyare,
firstly, that MTX induced differentiation of
HT29 colorectal cells ismainlydue its inhibitory
actions on purine (i.e., adenosine) biosynthesis.
The data also support a major role of cAMP, but
rule out an involvement of PKC, in MTX-
induced differentiation. In contrast, pyrimidine
(i.e., thymidine) inhibition is unable to induce
cellular differentiation. The present study also
reveals the presence of activemethyl cycle/tran-
sulfuration and polyamine pathways in HT29
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cells and demonstrates that treating these cells
with MTX reduces intracellular SAM, SAH,
polyamine and GSH concentrations, by deplet-
ing intracellular pools of adenosine.

Purines Versus Pyrimidines

The increase in MTX-induced ALP activity
following supplementation with thymidine
demonstrates that MTX-induced differentia-

tion is not due to the inhibition of TS and,
therefore, reduction in thymidine. This was
further confirmed by the fact that 5-FU, a
specific inhibitor of TS, did not increase ALP
activity. Thus unlike keratinocytes, leukaemia
cells and human choriocarcinoma cells, where
the cytodifferentiating effects of MTX mainly
arise as a result of thymine nucleotide depletion
[Hatse et al., 1999], in HT29 human colon
cancer cells it is apparently due to the depriva-
tion of purines. Our data further show that co-
administration of MTX with Hx or adenosine
results in a complete inhibition ofMTX-induced
differentiation; thus confirming the pivotal role
played by the inhibition of purine synthesis in
MTX-induced differentiation.

Cell Signaling

Since adenosine is required for cAMP synth-
esis we investigated if cAMP was involved in
MTX-induced differentiation. Our results indi-
cate that cAMP inhibition plays a central role in
MTX-induced differentiation of colon cancer
cells. This observation is supported by the very
recent finding of Boucher et al. [2005] that
cAMP/PKA signaling negatively regulates dif-
ferentiation in Caco-2 colon cancer cells, sug-
gesting a more general role of cAMP in
intestinal cell differentiation. In contrast, the
failure of staurosporine to induce ALP activity
alone or to further enhance ALP expression in
MTX treated cells (Fig. 3C) effectively elim-
inates the involvement of the PKC pathway in
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Fig. 4. HPLC analysis of (A) glutathione (GSH) and (B) polyamines. At 1 mM, MTX reduced intracellular
GSH, spermidine and spermine concentrations; an effect reversed by Hx (100 mM) suggesting that
the reduction in these metabolites is a consequence of the reduction in adenosine and consequently
S-adenosylmethionine.

Fig. 5. Western blot analysis of (A) methionine synthase (MS)
expression following treatment with 1 mM MTX (lane 2); 1 mM
MTXplus 100mMthymidine andHx (lane 3); 1 mMMTXplus 100
mM thymidine and Hx, and THF (50 mM) (lane 4); and 1 mMMTX
plus 50 mM THF (lane 5). Lane 1 represents untreated control.
Western blot analyses of (B) s-adenosylhomocysteinase,
(C) ornithine decarboxylase and (D) cystathionine synthase
following, in each case, treatment with 1 mM (lane 2), 2 mM
(lane 3) and 4 mM (lane 4) MTX. Lane 1 in each case represents
untreated control. MTX downregulates MS and upregulates
ornithine decarboxylase expression.
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MTX mediated cellular differentiation of HT29
colorectal cells. Since MTX is known to gener-
ally inhibit PI3-K/AKT and MEK-ERK signal-
ing [Wang et al., 2001; Winter-Vann et al.,
2003], we next assessed the effects of inhibiting
these two pathways on cellular differentiation
in HT29 cells. Our findings confirm a role for
these signaling pathways in intestinal cell
differentiation. However, the fact that both cell
signaling inhibitors augmented MTX induced
cellular differentiation suggests that MTX may
either not fully operate via these pathways or
that the dose of MTX used in the current study
was insufficient to completely inhibit cell sig-
naling via these pathways.

Cellular Metabolism

Although our study shows that THF supple-
mentation toMTX treated cells upregulatesMS
protein expression beyond that of control cells,
THF failed to reverse the growth inhibition
caused by MTX; although it did inhibit MTX
induced differentiation. At present we have no
obvious explanation for this latter effect.
Growth inhibition by low doses of MTX (nM
ranges) can be reversed by THF [Kimura et al.,
2004], suggesting that at these levels the anti-
proliferative effects of MTX are mainly due to
the inhibition of dihydrofolate reductase. This
was clearly not the case in the current study
where the inhibition caused by the high dose of
MTX was primarily due to the decline in
pyrimidine and purine synthesis. Unlike low
doses of MTX, which failed to reduce polyamine
concentrations in adherent cells in the study of
Kimura et al. [2004], our study showed a
significant decline in polyamine concentrations
at 1 mM MTX despite a 2-fold increase in the
expression of ornithine decarboxylase. Polya-
mine concentrations were significantly greater
in MTX treated cells supplemented with Hx
compared to cells treated with MTX alone. This
probably arose as a consequence of Hx supple-
mentation resulting in greater intracellular
concentrations of SAM, which is required for
polyamine synthesis.

The decrease in intracellular SAM concentra-
tions that accompanied MTX treatment
appeared to be primarily due to the dramatic
decline in intracellular adenosine concentra-
tions. This observation is supported by the fact
that the co-administration of MTX with Hx
resulted in a significant increase in adenosine

and SAM concentrations compared to cells
treated with MTX alone; but this treatment
had no effect on intracellular methionine con-
centrations suggesting that the reduction in
intracellular methionine was non-limiting with
respect to SAM synthesis in spite of a dramatic
loss in expression of MS.

Winter-Vann et al. [2003] observed that MTX
inhibited carboxylmethylation of Ras, causing
its mislocalization to the cytosol and a 4-fold
decrease in activation of p44MAPK and AKT in
mouse embryonic fibroblasts, and suggested
that this effect was due to an accumulation of
SAH. In HT29 cells, however, we observed a
decrease in SAH and SAM concentrations,
whichwasdue to a sharpdecline in intracellular
adenosine. It is well documented that decrease
in SAM limits the supply of methyl groups
required for the synthesis of DNA, RNA and of
aminopropyl groups for polyamine biosynthesis
[Moinard et al., 2005]. Intracellular concentra-
tions of SAM following MTX treatment were
reduced to around 63% that of control cells. This
reduction in SAM and polyamine concentra-
tions, therefore, may have contributed to the
decrease in cell proliferation andperhaps also to
the induction of differentiation by MTX.

The data also show that the reduction in SAM
concentrations in MTX treated cells led to a
parallel decrease in intracellular GSH concen-
trations. This decline in GSH was not due to a
reduction in cystathionine b-synthase expres-
sion, as determined by Western analysis, but
probably to its activity, as SAM is a known
positive regulator of cystathionine b-synthase
activity [Janosik et al., 2001]. GSH depletion
has been shown to be associated with the
inhibition of cell cycle progression, increased
cytotoxicity and induction of apoptosis by
melphalan (L-phenylalanine mustard) in color-
ectal and pancreatic cancer cells [Vahrmeijer
et al., 1999; Schnelldorfer et al., 2000]. Incuba-
tion of pancreatic adenocarcinoma cell line
AsPC-1 with TGF-a resulted in enhanced cell
proliferation whereas incubation of GSH
depleted cells with TGF-a failed to stimulate
proliferation [Schnelldorfer et al., 2000]. Thus
MTX mediated GSH depletion may have con-
tributed to the reduction in cell proliferation in
the current study. GSH depletion has also been
shown to augment butyrate induced differen-
tiation in HT29 cells [Bernard and Balasubra-
manian, 1997]. The MTX mediated depletion of
SAM and consequently GSH in the current
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study could, therefore, have contributed to
MTX-induced cellular differentiation.
Collectively, theseresultsdemonstrateacent-

ral role of purine deprivation in MTX induced
cellular differentiation. Further investigations
into the mechanisms involved in the regulation
of cell differentiation will provide a better
understanding of normal intestinal homeosta-
sis, a better insight into the role of aberrations
in these pathways in development of malig-
nancy, and perhaps provide an alternative or
complimentary approach to chemotherapy.
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