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ABSTRACT

Isoenz)mes of 3',S'-cyclie nucleotide phosphodiesterase (PDF) have

been characterized in B16 murine melanoma cells and MCI -7 human

mammary carcinoma cells. Separation of soluble phosphodiesterase ac
tivity by fast protein liquid chromatography on a Mono-O column re-
solved three isoenzymes, MCF-7 cells contained a cyclic GMP-specific
isoenzyme (PDE-V), a cyclic GMP-activable isoenzyme (PDE-II), and a
cyclic AMP-specific isoenzyme (PDE-IV). B16 cells contained a cyclic
(i.MP-specific isoenzyme (PDE-V), a Ca''/calmodulin-activated Â¡soen-

zyme (PDE-I), and a cyclic AMP-specific isoenzyme (PDE-IV).

A series of PDE inhibitors was tested for their activity spectrum on PDE
isoenzymes. Inhibition of PDE activity in B16 cells by the new compound
DC-TA-46, was found to result specifically from PDE-IV inhibition [50<7r

inhibition i K ,ni = 0.03 u\i]. Much lower inhibitory activity was observed
for DC-TA-46 toward PDE-I (IC5(I = 5 UM)and PDE-V (ICSO = 14 UM).

DC-TA-46 was found to inhibit growth of B16 melanoma and MCF-7
mammary carcinoma cells dose dependently (B16: IC5C>= 1.7 UM,MCF-7:

K .â€žâ€¢¿�2 UM).At 2 UMconcentration, growth inhibition of B16 melanoma
cells was 60%, concomitant with a decrease in PDE activity of 63% and an
increase in cAMP level of 59%. In contrast, incubation with inhibitors
specific for PDE-I and PDE-V resulted only in marginal or undetectable
growth inhibition. The results suggest a correlation between PDE-IV in
hibition and growth inhibition. PDE-IV thus appears to be a potential new

target for antiproliferative treatment.

INTRODUCTION

Multiple forms of PDE1 have been demonstrated in various tissues

or cells and have been characterized on the basis of substrate speci
ficity, sensitivity to calmodulin or phosphodiesterase inhibitors, and
kinetic parameters ( 1-3). However, no data are available yet concern
ing isoenzyme distribution in MCF-7 and B16 tumor cells. We found
three isoenzymes: in MCF-7 cells, PDE-II, PDE-IV. and PDE-V: in
B16 cells, PDE-I. PDE-IV, and PDE-V. Isoenzyme nomenclature fol

lows that introduced by Beavo (2).
Each form of isoenzyme has a unique role in the regulation of the

intracellular level of cyclic nucleotides. cAMP is a positive intracell-

ular signal for cell proliferation in many differentiated cells (4, 5). In
many tumor cells, however. cAMP is a negative messenger for pro
liferation, showing a much lower basal level than in normal cells (5).
Some data indicate that the activity of 3',5'-cyclic nucleotide phos

phodiesterase is elevated in tumor cells (3, 6). Various agents elevat
ing cAMP have previously been found to inhibit tumor cell growth in
vitro. PDE inhibitors, especially those of the methylxanthine type,
display, however, growth inhibition only at rather high concentrations
(5. 7-14).

A new PDE inhibitor, DC-TA-46 (15), with potent inhibitory ac
tivity toward PDE from B16 melanoma and MCF-7 mammary carci-
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1The abbreviations used are: PDE. phosphodiesterase; cAMP. 3'.5'-cyclic adenosine
monophosphale; cGMP. 3',5'-cyclic guanosine monophosphate; DC-TA-46. 7-benzylami-

no-6-chloro-2-piperazino-4-pyrrolidino-pteridine; 8-MeoMIX, l-rnethyl-3-isobutyl-8-
rnethoxy-methylxanthine; Murinone. l.6-dihydro-2-methyl-6-oxo-(3.4'-bipyridine)-5-

carbonitrile: RO-201724. 4-(3-butoxy-4-methoxybenzyl>-2-iniiduzolidinone; Zaprinast.
2-O-propoxyphenyl-8-azapurine-6-one; IC^i. 50^ inhibition of PDE activity.

noma, was tested for its effect on tumor cell growth. PDE isoenzymes
were identified to find out whether isoenzyme specific effects might
be relevant for growth inhibition.

MATERIALS AND METHODS

Preparation of Cell Extracts and High Speed Supernatant. All proce
dures were performed at 0Â°C.The cell pellet ( IO7cells), after two washes with

buffer, was suspended in 1 ml buffer A ( 10 IHMMgCU I HIMEDTA. 4 ITIM
hen/amidinc. O.I nisi phenylmethylsulfonyl fluoride. I imi ÃŸ-mercaptoethanol.
0.1 imi iV-a-/>-tosyl-L-lysine chloromethyl kelone. l JIM pepstatin. 1 JÃŒMleu-
peptin. 0.25 Msucrose. 0.05 MTris/HCI. ph 7.4). homogenized, and cemrif'uged

at 1.000 x g for 10 min. The supernatants (cell extracts) were centrifuged at
KK).(XM)X !>for 60 min to obtain the high speed supernatant.

PDE Assay. PDE activity was determined according to the assay of Poch
( 16) with slight modifications. PDE was incubated with tritium labeled cAMP
in buffer containing 50 imi Tris/HCI. pH 7.4, 10 m.\t MgCI:. and 1 imi AMP.
Incubation was carried ou! in triplicate at 37Â°Cand was stopped with ZnSO4.
['H]-5'-AMP was precipitated with Ba(OH):. centrifuged at 10.000 X g and

the supernatant was subjected to liquid scintillation counting against controls
without PDE.

Mono-Q Ion Exchange Chromatography. High speed supernatant from
cell extract was loaded at I ml/min onto a Mono-Q aniÃ³n exchange column

(5 X 0.5 cm), preequilihrated with butter B ( I HIMEDTA. 4 imi ben/.amidine.
O.I HIMphenylmethylsultonyl fluoride. 1 imi ÃŸ-mercaptoethanol. 0.1 imi N-ct-

/Mosyl-L-lysine chloromethyl ketone. 1 JX.Mpepstatin. 1 /MSIleupeptin. 0.05 M

Tris/HCI. pH 7.4). After washing with 1 bed volume buffer B. the PDE was
eluted at I ml/min. using a 50-ml gradient from 0 to 0.6 M NaCl in buffer B.

Fractions of 1 ml were collected and assayed for PDE activity.
Effects of Ca2*/Calmodulin and cGMPon PDE Activity. Activities were

determined in the presence of 1 imi CaCl2 and 1 fig/ml calmodulin or 1 JIM
cGMP.

Determination of IC50 Values. PDE inhibitors were dissolved in dimethyl
sulfoxide at a stock concentration of 10 imi and subsequently diluted in buffer
B to provide a range of drug concentrations from 1 nsi to 100 JIM final

concentration in the assay. ICi(, values were determined at I JIM substrate
concentration from the dose response data obtained with the drugs. Assays

were performed in duplicate.
Kinetic Parameters. Fractions were pooled from the midcut of peaks

eluting from the Mono-Q column. Kinetic parameters were determined at a

final concentration of 10 HIMMgCK at concentrations of cyclic nucleotide from
0.05 to 100 or 500 JIM.All assays were done in duplicate and care was taken
that no more than 15% of substrate was hydrolyzed. Kinetic data were obtained
from Hanes and Lineweaver-Burk plots.

Cell Culture. Cells were cultured in humidified incubators (37Â°C,5%

CO2). BI6 cells were grown in RPMI 1640 medium with extra glutamin, 5%
fetal calf serum and penicillin/streptomycin. MCF-7 cells were grown in the

same medium containing 10% fetal calf serum and penicillin/streptomycin.
Cells (3^t X 10-V90 mm dish) were seeded and 24 h later (day I), the

medium was replaced by fresh medium containing the drug. This was repeated
every 48 h throughout the incubation period. Every day cell counts were

performed in triplicate. Cell viability was determined by trypan blue exclusion
and was >95%.

cAMP in Cells. The cAMP level of the cells was determined by using a 'H

assay kit (Amersham). The cells were treated with ethanol and prepared as

described in the kit.
Materials. DC-TA-46 was a gift from Dr. Karl Thomae GmbH (Biberach.

Germany). 8-MeoMIX was a gift from Dr. J. N. Wells (Nashville, TN), and
2-O-propoxyphenyl-8-aza-purin-4-one was u giti from May&Baker Ltd.
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(Essex. United Kingdom). Other reagents were obtained commercially at the

highest purity available.

RESULTS

Distribution of Cyclic Nucleotide PDE Activity in B16 and
MCF-7 Cells. In both cell lines, PDE activity was predominantly
found in the high speed supernatant: 749!- of total cAMP and 84% of

total cGMPPDE activity in MCF-7 cells, 82% of total cAMPand 86%
of total cGMP PDE activity in B-16 cells.

ChromÃ¢tography of MCF-7 Soluble Fraction on Mono-Q Col

umn. Three peaks of cyclic nudeotide PDE activity were separated
by NaCl gradient elution of the high speed supernatant on a Mono-Q

column (Fig. 1). Peak 1 accounted for a large proportion of cGMP
hydrolyzing activity, whereas cAMP was hydrolyzed only to a negli
gible extent. According to Beavo and Reifsnyder (2) this cGMP-
specific isoenzyme is called PDE-V. Peak 2 corresponded mainly to
cAMP hydrolyzing activity, which was stimulated 2-fold by cGMP

(1 /AM),the latter being only slowly hydrolyzed itself. These charac
teristics apply to PDE-1I.

Peak 3 represented cAMP-specific PDE activity insensitive to
cGMP. therefore corresponding to PDE-IV. Peaks 1-3 accounted for

over 95% of the total PDE activity applied.
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Fig. I. Mono-Q ion exchange profile of MCF-7 soluble PDE activity. High speed

supernatant of cell extract was chromulographud asdescribed in "Materials and Methods,"

I-ml fractions were collected, and were assayed for PDE activity. - X -, assay in the
presence of I /AMcGMP.
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Fig. 2. Mono-Q ion exchange profile of BI6 soluble PDE activity. High speed super
natant of cell extract was chromatographed asdescribed in "Materials and Methods." l-ml

tractions were collected and assayed for PDE activity. - X -. assay in the presence of
endogenous calmodulin.

Table I Cmnparison Â»//CiÂ»values for five selective PDE inhibitors to
und MC F- 7 isoenzvmes

IC5â€ž(/JAI)

Drug andsourceX-McoMIXBI6MCF-7MurinoneBI6MCF-7RO-201724B16MCF-7XuprinastBI6MCF-7DC-TA-46B16MCF-7PDE-I"60â€”>I(K)â€”>IOOâ€”>IOOâ€”4.3â€”PDE-IIPDE-IV/,>I(X)

>IOO16>l(l(l

25(w>I(KI

1.3>IOO>I(X)

>IOO0.036.4

0.04PDE-V>I(X)>I(X)>HXI>1(K)NI'NI0,51.3142,5
" PDE activity was measuredat substrateconcentration of I JIMcAMP(PDE-l. -II. and

-IV) or l Â¿IMcGMPlPDE-Vl.
'' â€”¿�.no PDE in this tissue.
1 NI. not inhibited.
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Fig. 3. Effect of DC-TA-46 on B16 growth; I X \(f cells/90-mm dish were seededand
24 h later (day I ). the medium was removed and tresh medium with drug was added. This
was repeated every 48 h. 2 ^IM*. drug was added only on days I and 3.

Chromatography of B16 Soluble Fraction on Mono-Q. By NaCl
gradient elution three peaks of cyclic nucleotide PDE activity were
separated (Fig. 2). Peak 1 was a cGMP-specific isoenzyme (PDE-V).
not stimulated by Ca2 *-calmodulin. Peak 2 hydrolyzed cAMP and
cGMP and was stimulated by Ca21-calmodulin. which is character

istic for PDE-I. This peak accounted for 20% overall cAMP hydro
lyzing activity. Peak 3 was a cAMP-specific isoenzyme with no sen
sitivity for Ã‡a2+-calmodulin or cGMP. thus representing PDE-IV. This

peak accounted for 80% overall cAMP hydrolyzing activity. Over
95% of the cyclic nucleotide PDE activity applied was recovered in
peaks 1-3.

Characterization of B16 and MCF-7 PDE l.soenzymes with
Phosphodiesterase Inhibitors. Further characterization of the PDE
isoenzymes was carried out by using a spectrum of isoenzyme-selec-
tive PDE inhibitors. 8-MeoMIX has been described to be selective for
PDE-I isoenzymes ( 17). Murinone has been described to be selective
for PDE-III isoenzymes (18), RO-201724 shows preference for
PDE-IV (19). Zaprinast for PDE-V (20), and DC-TA-46 primarily
inhibits isoenzyme PDE-IV. Table 1 shows the concentrations of drugs
required for IC5() of the soluble PDEs from B16 and MCF-7 cells.

Effects of DC-TA-46 on Tumor Cell Growth. Figs. 3 and 4 show
DC-TA-46 to inhibit growth of MCF-7 mammary carcinoma and B16
melanoma cells in a dose-dependent manner. Concentrations of 4 /AM
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Fig. 4. Effect of DC-TA-46 MCF-7 cell growth; I x IO5cells/90-mm dish were seeded

und 24 h luter (day I ). ihe medium was removed und fresh medium with drug was added.
This was repeated every 48 h. 3 JIM*, drug was added only on days I and 3.
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Fig. 5. Effects of 8-MeoMIX. a selective PDE-I inhibitor, on cAMP PDE activity.
cAMP level, and BI6 cell growth on day 3 of a growth experiment.

(BI6) and 6 /UM(MCF-7) were already toxic. Short term incubation

(2 or 3 JAM)for 48 h resulted in a transient inhibition of cell growth,
with regrowth after drug release.

Effects of Selective PDE Isoenzyme Inhibition on Tumor Cell
Growth. Incubation with the PDE-I-selective inhibitor 8-MeoMIX at
concentrations that only inhibit PDE-I resulted in no significant

growth inhibition or influence on PDE activity and cAMP level (Fig.
5). The PDE-V-selective inhibitor Zaprinast also was inactive (Fig. 6).

Concentrations of up to 10 JAMshowed strong inhibitory effects on
cGMP PDE activity (not shown) but no effect on cAMP PDE activity.

In contrast, incubation with the PDE-IV-selective inhibitor DC-TA-
46, resulted in a concentration-dependent growth inhibition, concom

itant with a decrease in cAMP PDE activity and an increase in cAMP
level (Fig. 7). Growth inhibition and PDE inhibition correlated
remarkably well.

DISCUSSION

The presence of individual PDE isoenzymes has been demonstrated
in various tumor cell lines (21-23). We have determined the spectrum

and cellular distribution of PDE isoenzymes in B16 melanoma and
MCF-7 mammary carcinoma cells and found the main cAMP PDE

activity in the soluble fraction of the cell extracts. By chromatography
of high speed supernatant from cell extracts on a Mono-Q column,

three PDE isoenzymes were found in each cell line. Peak I from
MCF-7 cells corresponded to PDE-V, a cGMP-specific PDE not ac
tivated by calmodulin, but inhibited by Zaprinast and DC-TA-46. The
second peak displayed characteristics of PDE-II and was sensitive to
DC-TA-46. Peak 3, representing cAMP-specific activity characteristic
for PDE-IV, displayed a very strong sensitivity toward DC-TA-46.
This indicates DC-TA-46 to be a potent PDE inhibitor with strong
preference for PDE-IV (IC5() = 40 nw).

Peak 1 from B16 cells exhibited cGMP-specific activity (PDE-V),
similar to the MCF-7 isoenzyme. Peak 2, representing 20% overall

cAMP PDE activity, was characterized as PDE I. Peak 3, accounting
for 80% of total cAMP PDE of B16 cells again represented PDE-IV,
displaying extremely high sensitivity to DC-TA-46.

Various cAMP elevating agents have previously been found to
inhibit tumor cell growth m vitro (5,7-14). Tisdale and Phillis (24,25)

suggested certain alkylating agents to act by a similar mechanism and
reported sensitivity of two tumor cell lines toward chlorambucil to
correlate with the potential of this drug to elevate cAMP levels. cAMP
elevating activity has also been suggested for cry-platinum compounds

as a potential mechanism of action (26, 27).

100%

control E223 tpM Zaprlnut
IOuM ZBprlnMt

Fig. 6. Effects of Zaprinast. a selective PDE-V inhibitor, on cAMP PDE activity. cAMP
level, and B16 cell growth on day 3.

2OO%

160%

1OO%

60%

0%
POI activity Mil growth

Fig. 7. Effects of DC-TA-46. a selective PDE-IV inhibitor on cAMP PDE activity,
cAMP level, and B16 cell growth on day 3.
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PDE inhibition appears to offer a selective way to elevate the cAMP
level, but most drugs tested up to now are unselective inhibitors. PDE
inhibitors of the methylxanthine type display growth inhibition only at
rather high concentrations. Better results have been obtained with
pyrimido-pyrimidines. which in some tumor cell lines show good

antitumor activity in vitro at low concentrations (9. II, 12). As yet, no
studies have been performed with isoenzyme-selective PDE inhibi

tors.
We searched for isoenzyme-selective PDE inhibitors with high

inhibitory potency. DC-TA-46 turned out to be a highly selective
PDE-IV inhibitor with a very low IC5l) (0.03 JAM),displaying dose-
dependent tumor growth inhibition in B16 melanoma and MCF-7

mammary carcinoma cells already at rather low concentrations (2 or
3 JLIM).No such effects were observed for the PDE-I-selective inhibitor
8-MeoMIX in concentrations up to 50 /IM. The PDE-V-selective in

hibitor Zaprinast also did not inhibit cell growth. The latter did not
affect cAMP PDE activity in concentrations up to 10 /AMbut strongly
inhibited cGMP PDE activity (data not shown).

The results demonstrate a correlation between selective PDE-IV
inhibition, cAMP increase, and tumor cell growth inhibition /';; vitro.

We suggest PDE-IV as a potential new target for antiproliferative

treatment.
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