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NOVEL MYCOPHENOLIC ADENINE BIS(PHOSPHONATE)S AS
POTENT ANTICANCER AGENTS AND INDUCERS OF CELLS
DIFFERENTIATION

Krzysztof W. Pankiewicz* and Krystyna Lesiak-Watanabe
Codon Pharmaceuticals, Inc., 200 Perry Parkway, Gaithersburg, MD 20877, USA.

ABSTRACT: An effective treatment of myeloid leukemias would rely on inducing
myeloid cells to undergo differentiation. It has been demonstrated that inhibition of
IMPDH with mycophenolic acid or tiazofurin resulted in inhibition of cell growth as well as
induction of differentiation. We synthesized a number of bis(phosphonate) analogues of
tiazofurin-, benzamide-, and mycophenolic-adenine dinucleotide which were found to be
cytotoxic as well as effective inducers of cell differentiation.

Although lymphoid leukemias, particularly in children, are among malignant diseases
the most amenable to effective therapies, treatments of myeloid lenkemias are much less

effective and these diseases are generally fatal.! Current chemotherapies for myeloid
leukemias are hazardous due to high toxicity and low specificity of available drugs.! A
more effective therapy would rely on inducing myeloid leukemic cells to undergo
differentiation into mature myeloid cells.2.3 It has been demonstrated that inhibition of
inosine monophosphate dehydrogenase (IMPDH) resulted in such differentiation and
maturation processes.4 The differentiation-inducing action due to IMPDH inhibition has
been observed in several human cancer cell lines, including T-lymphoid CEM-2 leukemia,’
K-562 erythroleukemia,® and MCF-7 breast cancer.” It was also demonstrated that
antisense oligomer based on the human IMPDH cDNA caused induction of differentiation
in HL-60 and K562 human leukemia cell lines.8

The level of IMPDH activity was found to be much higher in several tumors than in
normal tissues. Human IMPDH exists as two isoforms, type I and type II, which are of
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identical size (514 amino acids) sharing 84% of sequence identity. Type I is expressed in
normal cells, while type H is up-regulated in neoplastic and replicating cells where it is a
preponderant isoform. Interestingly, when neoplastic cells are induced to differentiate, the
type II isoform is down-regulated to a level below that of type 1.2 Thus, inhibition of
IMPDH (possibly type II) is expected to provide a useful tool for overcoming the
differentiation block that exist in tumor cells.

Clinical studies of tiazofurin, a potent inhibitor of IMPDH, clearly indicated the
tiazofurin-induced differentiation in humans.# Unfortunately, tiazofurin cytotoxicity
precluded its broad application in chemotherapy of cancer. It is, therefore, an urgent need
for the development of agents less toxic than tiazofurin but that induce differentiation.
Herein we report the results of our recent studies on the design and development of such
new inhibitors.

TIAZOFURIN AND RELATED NUCLEOSIDE ANALOGUES

More than a decade ago it was found that tiazofurin (1) requires a unique metabolic
activation. It is phosphorylated by adenosine kinase to the 5’-mononucleotide which is then
coupled with AMP by NAD-pyrophosphorylase to give a mimic of NAD, tiazofurin
adenine dinucleotide, called TAD (2, FIG. 1). TAD was synthesized and found to be a

potent and specific inhibitor of IMPDH (K; = 0.1 pM).10

~CONH, H OH _CONH,
S N o o Qe S N
HO o Ne N 0-P-X-P-0 o
i > OH OH
NS ~N
HO OH NH, HO OH
1 Tiazofurin 2 TAD (X=0)
3 (X=CH,)
4 (X=CF,)

FIG. 1. Tiazofurin, TAD, and its analogues.

These studies prompted us to synthesize of a number of nucleoside analogues related to
tiazofurin or nicotinamide riboside in hope that such analogues could be similarly
metabolized in cells to the corresponding NAD analogues and thereby inhibiting IMPDH.
The closest mimics of nicotinamide riboside, C-nucleoside isosteres, such as C-
nicotinamide!! (5, FIG. 2), C-picolinamide!! (6), and C-isonicotinamide riboside!2 (7),

were prepared but they showed poor antitumor activity when compared with tiazofurin.
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Surprisingly, benzamide riboside (8) showed a high toxicity at nanomolar concentration to
49.1 lymphoma cells.!3 It was found that, in contrast to benzamide riboside, C-nucleoside

isosteres were not converted in cells to the corresponding NAD analogues. When,

NZ CONH, 2 CONH, Z CONH, CONH,
NS l SN N& l
HO o HO o HO o HO o

HO OH HO OH HO OH HO OH
5 C-Nicotinamide 6 C-Picolinamide 7 C-lsonicotinamide 8 Benzamide
riboside riboside riboside riboside

FIG.2 C-Nucleoside analogues of nicotinamide riboside .

however, NAD analogues in the form of pyrophosphates C-NAD (9, Fig. 3), C-PAD
(10), and BAD (11) were prepared from these nucleosides, all compounds showed a

potent inhibitory activity against IMPDH.!!

H OH H
R R g @9
Ny O o-P-x-P-8 Ne O O-P-X-P-B
,f L2 OH  OH ) OH OH
g N N S N
NH NH,
9 C-NAD (X=O; B=5) 13 (X=CHj; B=1)
10 C-PAD (X=O; B=5) 14 (X<CF,: B=1)
11 BAD  (X=O; B8) 15 (X=CH,; B=8)
12 (X=CHy; B=8)

FIG. 3. Analogues of NAD.

Studies of the relationship between metabolism, cytotoxicity, and resistance of tiazofurin
revealed that TAD accumulation was the most important determinant of its anticancer
activity. It was found that high level of a specific phosphodiesterase, called TADase, was
responsible for TAD breakdown and development of the cell line resistant to tiazofurin.

In 1986, methylenebis(phosphonate) analogue of TAD (3, in which the pyrophosphate
oxygen was replaced with methylene linkage) was synthesized by Marquez ef al.!4 and, as
expected, found to be resistant to TADase breakdown,. This compound was proved to be
active in tiazofurin resistant cell line. In spite of this compound 3 has not been developed
further as potential anticancer agent.
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BIS(PHOSPHONATE) ANALOGUES OF NAD

Tiazofurin, its mononucleotide, and TAD are in dynamic equilibrium in cells where
TAD is constantly synthesized from tiazofurin and simultaneously degraded by
pyrophostatases, phosphodiesterases, and phosphatases to the tiazofurin mononucleotide
and AMP. We found that in cell extracts and in serum these nucleotides are farther
dephosphorylated to tiazofurin and adenosine and the latter is converted into inosine by the
action of adenosine deaminase. This equilibrium is also affected by the possibility that
TAD degradation products would participate in other biochemical pathways. Tiazofurin
mononucleotide, for example, can be further phosphorylated to the level of di- and
triphosphates which may inhibit other cellular enzymes or be incorporated into nucleic
acids. Such activity is expected to result in general toxicity.

In contrast, methylenebis(phosphonate) (MBP) analogues as well as diflnoromethylene-
bis(phsophonate) (DMBP) analogues of such pyrophosphates as TAD and BAD should be
stable. Recently, we prepared!S a number of such analogues (3, 4, 12-15) and found that
these bis(phosphonate)s were completely resistant to degradation by cellular enzymes.
After 18 hours of incubation in cell extracts from K562 cell line which overexpresses
phosphodiesterase, compounds 3, 4, 13, and 14 were recovered unchanged (compounds
12 and 15 were not tested). In contrast, 80% of TAD was hydrolyzed to tiazofurin and
inosine under the same conditions.

All these bis(phosphonate) analogues were assayed for both inhibitory activity against
human IMPDH type II (K;’s or ICs4’s) and antiproliferative activity against K562

erytroleukemic cells (IC54’s). In addition the ability to induce differentiation in K562 cells

was estimated by determining the fraction of benzidine positive cells converted following
incubation with each analogue.
It was found that the activity of bis(phosphonate)s against the isolated IMPDH was

often as good as that of the parent pyrophosphates, for example TAD (2, 0.1 uM), MPB
analogue 3 (0.1 uM), DMBP analogue 4 (0.3 uM), or BAD (11, 0.8 pM) and MBP
analogue 12 (0.8 pM). With an exception of 3 (18.0 pM), however, other MBP

derivatives such as 12 (68.0 uM), 13 (70.0 uM), and 15 (no effect up to high millimolar
level) did not effectively inhibit growth of K562 cells. Interestingly, DMBPs analogues 4
(11.0 uM) and 14 (13.0 puM) showed much better growth inhibition of these cells in vitro
demonstrating their ability to enter cells. Indeed, in concentrations that is required to inhibit
50% of cell growth (appr. 15.0 uM) DMBP analogues 4 and 14 induced approximately

50% of differentiation of these K562 cells. Finally, some of the new analogues exhibited
good specificity against IMPDH: the MBP analogue of BAD (12) was 50 fold less potent
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than BAD (11) as an inhibitor of horse liver alcohol dehydrogenase (ADH, 6.3 uM versus
333 uM) and 14 was not active against ADH up to high millimolar level.

Recently, we synthesized!¢ a new MBP analogue of NAD in which nicotinamide
riboside was replaced with mycophenolic alcohol (17, FIG. 4). Since it has been

Hgy H Ha H
O¢q HO.
(@] o)
H
°© CH30 CHZO
CH4 CHj,
16 Mycophenolic acid 17 MPAlc
H OH
8 9
Yy TR :
N , N/> CHSO
NH,
18

FIG. 4. Methylenebis(phosphonate) analogue of MAD.

revealed that mycophenolic acid (16), the most potent inhibitor of IMPDH, was bound to
the enzyme in the cofactor binding domain in the place reserved for nicotinamide
mononucleotide, we prepared the MBP analogue of mycophenolic adenine dinucleotide
(MAD, 18) by coupling the alcohol 17 with adenine 5’-MBP. As expected, the MBP

analogue of MAD (18) was found to be a potent inhibitor of growth of K562 cells (IC5, =

1.5 uM). It was also found to be an effective inducer of cell differentiation (in

concentration of 10 UM 91% of conversion was observed). These results clearly indicate

that bis(phosphonate) analogues of NAD are of potential therapeutic interest. Further
studies on the synthesis of other such analogues are in progress.
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