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ABSTRACT

A'-Adenosylmethionine-dependent transmethylatiun reactions are re

quired for many critical pathways in human cells. The enzyme S-adenosyl-
homocysteine hydrolase converts Ã€'-adenosylhomocysteine, a potent en

dogenous inhibitor of S-adenosylmethionine-mediated methyltransferase
reactions, to adenosine and i.-homocysteine. The effects of the inhibitor of
S-adenosylhomocysteine hydrolase, Z-4',5'-didehydro-5'-deoxy-5'-fluoro-

adenosine (MDL 28,842), on the growth of cultured keratinocytes and
cutaneous squamous cell carcinoma lines were investigated. MDL 28,842
suppressed the proliferation of all cells in a dose-dependent manner, and

significantly increased keratinocyte differentiation at a concentration of 1
firn. Following incubation with MDL 28,842, the methylation indices (ratio
of .S-adenosylmethionine/.S-adenosylhomocysteine) of undifferentiated ke

ratinocytes and squamous cell carcinoma lines were significantly de
creased.

These data demonstrate that the inhibitory effect of MDL 28,842 on
squamous carcinoma cells and keratinocyte proliferation may result di
rectly from inhibition of 5-adenosylhomocysteine hydrolase activity. The

antiproliferative activity of MDL 28,842 against squamous carcinoma cells
and keratinocytes suggests a potential role for MDL 28,842 as a novel
therapeutic agent for neoplastic and hyperproliferative disorders of the
skin.

INTRODUCTION

Intracellular methylation reactions have been shown to modulate
normal eukaryotic cell function as well as proliferation and differen
tiation (1, 2). A major pathway for the metabolism of AdoHcy1 is via

hydrolysis to adenosine and L-homocysteine, a reaction that is cata

lyzed by AdoHcyase (EC 3.3.1.1) (Fig. 1). AdoHcy acts as a com
petitive inhibitor of most methyltransferases that require AdoMet as
their methyl donor (3). Changes in AdoHcyase activity indirectly
affect AdoMet metabolism, since this enzyme regulates the intracellu-

lar concentration of AdoHcy (4). Hence, inhibition of AdoHcyase
causes an increase in AdoHcy concentration with a corresponding
decrease in trunsmethylation in many normal and malignant cells.

A number of adenosine analogues have been reported to inhibit
AdoHcyase through competitive or irreversible inhibition (5-9). MDL

28,842, a fluorinated analogue of adenosine, has been shown to be a
potent irreversible inhibitor of AdoHcyase in a variety of tumor cell
lines (8-10).

In the present investigation, we have studied the relationship be
tween the inhibition of intracellular methylation and the proliferation
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of keratinocyte and squamous carcinoma cell lines. Since this meta
bolic pathway has not been previously demonstrated in these cell
lines, the hypothesis that inhibition of AdoHcyase activity suppresses
keratinocyte and squamous cell carcinoma proliferation was tested.

MATERIALS AND METHODS

AdoHcy Hydrolase Inhibitor MDL 28,842. MDL 28,842 was synthesized
and provided by Dr. J. McCarthy of the Merrell Dow Research Institute,

Cincinnati, OH.
Tissue Culture. Discarded neonatal foreskins were disaggregated into a

single cell suspension by treatment with trypsin/EDTA in /V-2-hydroxyethyl-
piperazine-W-2-ethanesulfonic acid-buffered saline, pH 7.4, for 16 h at 4Â°C.

Cells were grown without a feeder layer in complete serum-free medium KGM
(Clonetics, San Diego, CA) (11), which contained 0.15 mM Ca2 +, 10 ng/ml

epidermal growth factor, 5 fig/ml insulin. 0.5 /xg/ml hydrocortisone, and
bovine pituitary extract 0.4% (w/v). After allowing keratinocytes to attach for
24 h, the medium was changed every 2-3 days. Cutaneous squamous cell

carcinoma lines SCC13, SCC12B2, and SCC12F2 (courtesy of Dr. James
Rheinwald, Boston, MA) (12) were initiated in 75% Dulbecco's minimum

essential medium with 25% Ham's F-12 and 20% fetal calf serum and subse

quently grown in complete KGM.
Addition of MDL 28,842 to Cells. Keratinocytes in second passage or

SCCs were seeded at 5 X IO3 cells/well in 24-well flat-bottomed plates

containing KGM media. A stock solution of 10 mM MDL 28,842 was prepared
in a mixture consisting of dimethylsulfoxide 3.3% v/v, ethanol 50% v/v, and
saline 46.7% v/v, and stored at -20Â°C. All final dilutions were prepared in

tissue culture media at the time of addition to cultures. MDL 28,842 was added
to cell cultures on days 2 and 4 to achieve concentrations ranging from 10 nut
to 10 U.M.Cellular proliferation was assessed on day 6 (preconfluency) by
counting cells with a hemacytometer. Cell viability was determined by trypan
blue exclusion of harvested cells.

Assays of Cornified Envelopes. The number of cornified envelopes was
determined as a measure of keratinocyte differentiation. This assay is based on
specific cell resistance to lysis following incubation with detergent in the
presence of reducing agent (13). Cells were harvested on day 6 following
incubation with trypsin and cell number determined. The cells were immedi
ately dissolved in 2% sodium dodecyl sulfate/20 mm dithiothreitol solution by
boiling for 5 min at 1(X)Â°C.The envelopes were counted with a hemacytometer,

and the percentage of cornified cells relative to the total number of cells per
dish determined. Assays of cornified envelope formation were performed in
triplicate.

Assay of AdoMet and AdoHcy. Keratinocytes and SCCs were plated at
concentrations of 5 x 10-Vflask in 75-cm2 flasks. MDL 28,842 was added 48

h later at concentrations of l /J.Mand 0.1 /J,M.Following 72 h of incubation in
the presence of either agent, the cells were removed with trypsin/EDTA,
washed with normal saline twice, and counted in a hemacytometer. The cells
were immediately placed in 100 fii of 0.4 Nperchloric acid, mixed on a vortex
shaker, and placed on ice for 10 min. The mixture was centrifuged for 2 min
at 13,000 X g and stored at -20Â°C until analysis. AdoMet and AdoHcy

concentrations were determined by HPLC using the Gilson 715 system con
troller and model 116 variable wavelength detector at 260 nm. All assays were
performed on a Microsorb C8 analytical column (Rainin Instruments, Middle-

ton, WI) using an isocratic eluant of 0.1 Mphosphate with 10% acetic acid and
8% acetylnitrile. Standards of AdoMet and AdoHcy (Sigma, St. Louis, MO)
were used for calibration, and MDL 28,842 (100 /j.g/specimen) was used as the
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INHIBITION OF S-ADENOSYLHOMOCYSTEINE HYDROLASE

Fig. 1. Intracellular metabolism of AdoMet. Increased concentrations of AdoHcy result
in inhibition of methyltransferase with a reduction in methylation. MDL 28,842 inhibits
AdoHcyase, leading to an increase in levels of AdoHcy.

Table 1 Effect of MDL 28,842 on cornifica envelope production of normal
keratinocytes

Keratinocytes, grown in KBM with 0.15 HIMcalcium, were dissolved in 2% sodium
dodecyl sulfate/20 mw dithiothreitol solution. The enevelopes were counted, and the
percentage of cornified cells relative to the total number of cells per dish determined.
Assays of cornified envelope formation were performed in triplicate.

irnified cells
(Mean Â±SD)

Control
MDL 28,842 (0.1 jiM)
MDL 28,842 (1 /iM)

1.80 Â±0.63
2.33 Â±0.46
7.80 Â±1.47Â°

" P < 0.05 versus control.

internal standard. Areas under each peak were integrated to determine AdoMet
and AdoHcy concentrations and the AdoMet/AdoHcy ratio calculated from
these data.

Statistical Analyses. The IC50 for each cell line was determined using a
computer program in which data were analyzed by SAS, version G (SAS
Institute, Cary, NC), general linear models procedure. This model consisted of
a 2-way analysis of variance with time/experiment serving as a blocking
variable, and agent/dose as a fine-level factor. The method provided mean

values and confidence limits for the IC50 of each cell line. Cornified envelope
production data were analyzed by analysis of variance.

RESULTS

Effect of MDL 28,842 on Proliferation of Normal and Neoplas-
tic Keratinocytes. MDL 28,842 inhibited cell proliferation in a con
centration-dependent manner over the range of 10 nMto 10 /LIM(Fig.

2). The IC5()sof MDL 28,842 calculated for specific cell lines were as
follows: keratinocytes, 0.11 Â¿IM;SCC12F2, 0.12 /J.M;and SCC13, 1.5
JAM.The IC50 of SCC12B2 was similar to that of SCC12F2. The
inhibitory effect of MDL 28,842 on proliferation of the SCC12F2 and
SCC12B2 lines was significantly greater than of the SCC13 lines.
Morphological changes compatible with cell toxicity were not dis
cerned by trypan blue uptake.

Effect of MDL 28,842 on Keratinocyte Differentiation (Corni
fied Envelope Production). The percent of keratinocytes with cor
nified envelopes increased significantly (P < 0.05) from control con
ditions when cells were incubated with MDL 28,842 at 1 /XMbut not
at 0.1 /XMconcentration (Table 1).

Effect of MDL 28,842 on Methylation Index of Keratinocytes
and SCC Cell Lines. The methylation index decreased significantly
in a dose-dependent manner following incubation of MDL 28,842

with undifferentiated normal keratinocytes and all SCC lines (Table
2). This shift in AdoMet/AdoHcy ratio reflected an increase in the
AdoHcy concentration, presumably due to inhibition of AdoHcyase
by the inhibitor substrate. There was no apparent change in the
AdoMet concentration, suggesting that the pool size of this methyl-

ating substrate was not affected by the analogue.

DISCUSSION

The significance of AdoMet-dependent transmethylation reactions

in the regulation of cellular differentiation and proliferation have been

-10 -5

Fig. 2. Inhibitory effect of MDL 28,842 at concentrations of 10 Â¡IMto 10 nM on
proliferation of cultured keratinocytes and SCC lines SCC12F2 and SCC13, grown in
KGM medium, 0.15 mM calcium. Points, mean of triplicate measurements. Top, keratino
cytes. Control keratinocyte counts = 1.32 X IO6 Â±0.14 X IO5 cells (SD). Middle,
SCC12F2. Control cell counts = 9.78 X 10s Â±0.36 X IO5. Bottom, SCC13. Control cell
counts = 1.32 X IO6 Â±0.27 X IO5.
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INHIBITION 01 .V-AUl-NOSYI.HOMOCYSTIÃ•INIi HYDRÃ•HASÃ•

Table 2 Effect of AdoHcyase inhibitors on meihylation index of squamous cell
carcinoma cells and normal keratinocytes

Kcratinocytcs and SCCs were incubated with MDL 28,842 at concentrations of 1 /Â¿M
and 0.1 /J.M for 72 h and counted. Following treatment with 0.4 Nperchloric, acid, AdoMet
and AdoHcy concentrations were determined by high performance liquid chromatography.

ControlMDL

(0.1/Â¿M)MDL(1

fiM)SCC12-B247.25"

(22.28)"8.44*

(1.97)2.46

h

(0.36)SCC12-F218.59

(11.98)6.93*

(5.61)2.7"

(0)SCC1318.65

(8.67)4.58*

(1.36)1.21*(1.67)K-Cytes71.79

(28.89)16.41*(10.20)3.25*

(1.99)
" The first row represents the geometric mean, and the second row in parentheses

represents SD for the mean in each treatment level combination.
* Statistically significant difference from control at the 0.001 level.

well demonstrated (1,2, 6). Pharmacological modulation of intracellu-

lar methylation has generally been achieved by 2 major approaches:
(a) direct inhibition of methyltransferase enzymes (7); or (b) indi
rectly via feedback inhibition of transmethylase activity by AdoHcy
(5, 14). This endogenous substrate is formed following enzymatic
removal of a methyl group from AdoMet by the action of methyl
transferase. AdoHcy normally undergoes reversible hydrolysis by
AdoHcyase to form L-homocysteine and adenosine, with the reaction

preferentially proceeding in the hydrolytic direction even though equi
librium favors the formation of AdoHcy (15, 16). A significant eleva
tion in intracellular AdoHcy concentration may be achieved by de
creasing AdoHcyase activity. Numerous nucleoside analogues,
capable of reversibly and irreversibly inhibiting AdoHcyase, have
been synthesized as potential antiviral and antitumor agents (6, 8, 9).

The present investigation has demonstrated that the AdoHcy hy-

drolase inhibitor MDL 28,842 causes a significant suppression of cell
proliferation and decreases the methylation index when incubated
with keratinocytes and squamous carcinoma cell lines. In addition,
MDL 28,842 increases differentiation of keratinocytes grown in 0.15
rtiMcalcium at a drug concentration of l /UM,but not significantly at
0.1 /XM.While the effect of MDL 28,842 of increased differentiation
of keratinocytes was not as striking as the inhibitory effect, increased
cellular differentiation by AdoHcyase inhibitors has been described
previously. Adenosine dialdehyde, a potent inhibitor of AdoHcyase,
causes a 50-60% increase in neurite expression in murine neuroblas
toma cells (17), and also increases differentiation of HL-60 cells (18).

Treatment of leukemic cells with nucleoside analogue inhibitors of
AdoHcyase induces the expression of myeloid characteristics (19).

In summary, this investigation has demonstrated that MDL 28,842,
an inhibitor of AdoHcyase, exerts powerful suppressive effects on the
proliferation of both keratinocytes and SCC cell lines, presumably due
to perturbation of transmethylation reactions. The observed inhibitory
effect of MDL 28,842 on cell proliferation of normal and neoplastic

keratinocytes suggests that inhibitors of S-adenosylhomocysteine hy-

drolase may prove useful as novel therapeutic agents for patients with
neoplastic and hyperproliferative skin disorders.
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