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Growth factors and certain oncogenes activate a range
of phospholipid-mediated signal transduction pathways
resulting in cell proliferation. Phosphatidyl myo-inositol
(PI) occupies a unique position in that it can undergo
reversible phosphorylation at multiple sites to generate
five different phosphoinositides,! while its metabolites
regulate two pathways important for cell proliferation:
the inositol phosphate/diacylglycerol signaling path-
way?3 and the phosphatidylinositol 3-phosphate (PI-3-
kinase) pathway.*® In the first pathway, Pl-specific
phospholipase C (PI-PLC) hydrolyses a minor mem-
brane phospholipid, P1(4,5)P, to give the water-soluble
Ins(1,4,5)P3 and a lipophilic diacylglycerol (DAG). Ins-
(1,4,5)P3 interacts specifically with membrane receptors
to release Ca?",% a key event in cellular signal trans-
duction, while DAG is an endogenous activator of
protein kinase C (PKC).” Ins(1,4,5)P3 is metabolized by
either hydrolysis of the phosphate at position 5 giving
Ins(1,4)P, or phosphorylation at position 3 giving Ins-
(1,3,4,5)P4. Ins(1,4)P; is not active as a Ca?*-mobilizing
agent and is subsequently degraded by other phos-
phatases. However, it has been suggested that Ins-
(1,3,4,5)P4 may play a role in refilling the intracellular
Ca?" stores with extracellular Ca?".%2 Together, the
increase in [Ca?"] and the increased activity of PKC lead

T Georgetown University Medical Center.
* Arizona Cancer Center.

S0022-2623(98)00254-4 CCC: $15.00

to a sequence of events that culminate in DNA synthesis
and cell proliferation.

In the second pathway, PI-3-kinase has been found
associated with almost every growth factor receptor or
oncogene transformation.® PI-3-kinase phosphorylates
Pl at position 3 of the myo-inositol ring to give a class
of Pls that are poor substrates for hydrolysis by PI-PLC,
e.g., PI(3,4)P, and PI(3,4,5)P3. The exact mechanism
by which 3-phosphorylated PIs modulate cell growth is
not known, but they appear to be important modulators
of protein interaction and enzyme activity through
binding to specific sites on proteins. For example,
binding of PI(3,4)P,, P1(4,5)P,, or PI(3,4,5)P; to pleck-
strin-homology (PH) domains on enzymes such as AKT
(protein kinase B) leads to enzyme activation, whereas
the Src-homology-2 (SH2) domain that mediates protein
tyrosine phosphate binding binds specifically P1(3,4,5)-
P3.1° Some studies have also provided evidence that
PKC is activated by PI1(3,4)P, and PI(3,4,5)P3,'1-13 while
adapter protein-2 (AP-2) is the only protein with high
affinity and isomer-specific binding to PI1(3)P.14 Thus,
inhibition of the production of such lipids produced by
PI-3-kinase can result in inhibition of many acute
cellular responses. The fungal metabolite wortmannin,
an inhibitor of PI-3-kinase,’®> has shown antitumor
activity in animal models but is relatively toxic and
nonspecific and inhibits a variety of other related
kinases.

Our studies have been directed toward the synthesis
of 3-substituted myo-inositol derivatives to selectively
block the effects of myo-inositol-derived second mes-
sengers on cell proliferation and transformation while
leaving other aspects of myo-inositol signaling unaf-
fected. This strategy may offer a basis for the selective
control of cancer cell growth without disrupting the
function of normal cells. Our approach has been to
synthesize Pl analogues modified on the inositol ring
and then to improve the antiproliferative activity of the
most promising analogues by making additional changes
in the diacylglycerol moiety. We have found that 1p-
3-deoxyphosphatidyl-myo-inositol (1)1 (Chart 1) and its
3-fluoro derivative 217 at relatively high concentrations
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inhibit colony formation by HT-29 human colon carci-
noma cells, with 1Cso values of 35 and 37 uM, respec-
tively. We hypothesize that the relatively low potency
of these compounds may be due to their hydrolysis by
phospholipases including PI-PLC, and the DAG pro-
duced by hydrolysis can activate PKC and may lead to
tumor cell proliferation.

To decrease the susceptibility of the 3-deoxy-PI ana-
logues to phospholipase hydrolysis, we adopted two
separate synthetic strategies. First, we synthesized a
phosphonate derivative (3), in which the sn-3 oxygen of
the DAG is replaced by methylene group, rendering this
compound resistant to hydrolysis by PI-PLC and main-
taining relatively high concentration as an antimetabo-
lite in the PI-3-kinase signaling pathway (Scheme 1).
Second, we synthesized ether lipid analogues of 3-deoxy-
PI. The ether lipid analogue 4 is of synthetic interest
not only because of its greater stability to phospholi-
pases but also due to the known antitumor activity of
some members of its family.1® Ether lipids such as 1-O-
octadecyl-2-O-methylglycerophosphocholine (edelfosine)
are inhibitors of PI-PLC with ICs's in the low micro-
molar range.’® Thus we expected that the 3-deoxy-Pl
ether lipid would not be a substrate for PI-PLC. A
further advantage of the ether lipids is that they have
shown intrinsic antitumor activity against a variety of
tumor types. Some ether lipid analogues that have
undergone clinical trial as antitumor agents are inhibi-
tors of PI-3-kinase.?’ They affect several aspects of lipid
intracellular signaling, and their antitumor activity may
arise from a combination of effects on the signaling
pathway. 1-O-Octadecyl-2-O-methylphosphatidylinosi-
tol (6), however, has not shown good antitumor activ-
ity.2!

For the synthesis of the phosphonate analogue 3
(Scheme 1), the dichloride 8 was prepared from (S)-3,4-
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bis(palmitoyloxy)butylphosphonic acid (7)?? with oxalyl
chloride in the presence of a catalytic amount of DMF
at room temperature. The inositol component, 1b-
2,4,5,6-tetra-O-benzyl-3-deoxy-myo-inositol (9), was ob-
tained as reported before.?® Phosphorylation of 9 with
8 in the presence of a base afforded monoester chloride
intermediate which was transformed into 10 by hy-
drolysis, a reaction which proceeded in a surprisingly
sluggish manner. After purification by preparative
TLC, catalytic hydrogenation of 10 using Pd(OH),/C in
tert-butyl alcohol?* provided the target phosphonate 3
in good yield.

We also tested the hypothesis that an ether lipid
analogue would be a more potent inhibitor of cell
growth. Compound 4 was synthesized with 1-O-octa-
decyl-2-O-methyl-sn-glycerol instead of dipalmitoyl-
glycerol through similar steps as in the synthesis of 123
(Scheme 2). Phosphonate 5 was also synthesized to
prevent PI-PLC hydrolysis. Synthesis of compound 5
was effected through H-phosphonate methodology?®
using ammonium O-benzyl-H-phosphonate (12) (Scheme
3), which is readily available by hydrolysis of dibenzyl
phosphite with ammonium hydroxide.?® The phospho-
rylation of 9 was complete within 10 min after addition
of pivaloyl chloride into a dichloromethane solution of
9, 12, and pyridine at room temperature. Subsequent
alkylation of H-phosphonate 13 with Mel provided
methyl phosphonate 14,27 the anion of which was then
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Table 1. Effects of Compounds 1-5 on PI-PLC and
PI-3-kinase Activity and Growth Inhibition of HT-29 in Vitro

1Cs0 (uM)
compd PI-PLC PI1-3-K growth inhibition HT-29
1 N/AP >2502 352
2 8 30 37
3 N/AP N/AP 10
4 19.9 25 2.1
5 10 5.3 45

a Reported in ref 16. ® N/A, not active, with <20% inhibition at
100 uM.

Table 2. Antitumor Activity of 1 and 4 against HT-29 Human
Colon in Scid Mice

compd dose tumor vol®on
(mg/kg) schedule? day 10 (cm?3) T/C (%) pe

control 0.27 £ 0.04
500 ip, qd 4—5 lethal
250 ip, qd 4—7 0.30 + 0.06 111.1 NS

4
150 ip, qd 4—7 0.09 + 0.07 333 <0.05
100 ip, qd 4—7 0.32 +0.09 118.0 NS
50 ip, qd 4—7 0.28 + 0.05 103.7 NS

ae.g., 250 mg/kg ip, qd 4—7 means that the 250 mg/kg dose was
given as an intraperitoneal injection each day from days 4 to 7 (4
daily injections) after the tumors were implanted. ® Tumor volume
values are the mean for 8 mice per group with SE. ¢ The P column
is the significance value for a Student’s test comparing the tumor
volumes in the treated group to the tumor volumes in the control
group; 0.05 is usually the maximum value for significance. NS,
not significant, meaning that these studies were not repeated.

coupled with the triflate of 1-O-octadecyl-2-O-methyl-
sn-glycerol to provide the fully protected precursor 15.28
Final hydrogenation furnished the desired phosphonate
5.

Biological Activity. Invitro inhibition of bovine PI-
PLC® and of bovine brain p110/p85 PI-3-kinase!® was
measured as previously described.1® Inhibition of colony
formation in soft agarose of HT-29 colon carcinoma cells
with continuous 7-day drug exposure was measured as
described.16

The most important result is the finding that replace-
ment of the diacylglycerol moiety with an ether lipid
group results in an over 15-fold increase in growth
inhibition activity (compare 1 and 4). Although replace-
ment of phosphate by phosphonate increases the growth
inhibiting activity of 3-deoxy-PI by almost 3-fold (com-
pare compounds 1 and 3), it decreases the growth
inhibiting activity of the 3-deoxy ether lipid analogue
(compare 4 and 5). These compounds are only weak
inhibitors of PI-PLC compared to 1-O-octadecyl-2-O-
methylglycerophosphocholine which has an 1Cso under
the same assay conditions of around 1 uM.?® The
3-deoxy ether lipid Pls were relatively potent inhibitors
of PI-3-kinase with 1Csg values of 2—5 uM. O-Octadecyl-
2-O-methylglycerophosphocholine has previously been
found to be an inhibitor of PI-3-kinase with an 1Csg of
35 uM, while myo-inositol-containing analogue 6 is a
much weaker inhibitor with an 1Cso of 90 uM.3° Thus,
the presence of a 3-deoxy-myo-inositol moiety appears
to impart PI-3-kinase inhibiting activity to the com-
pounds.

Preliminary studies of in vivo antitumor activity were
conducted in scid (severe combined immunodeficient)
mice implanted subcutaneously with 107 HT-29 human
colon adenocarcinoma cells. Injection of compounds 1
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and 4 was begun 4 days after tumor inoculation in
groups of 8 mice as 4 daily intraperitoneal injections of
the compounds suspended in 3% EtOH, 3% Tween 20,
0.9% NaCl. Tumor volume was measured with calipers
on day 10. Asshown in Table 2, compound 1 was lethal
at a daily dose of 500 mg/kg and exhibited no antitumor
activity at one-half this dose. Compound 4 was not toxic
at the highest dose tested of 150 mg/kg/day and inhib-
ited tumor growth by 67%. There was no antitumor
activity at doses of 100 and 50 mg/kg/day.

In summary, we present the synthesis and the bio-
activity of several rationally designed phosphatidyli-
nositol analogues. Further studies of these compounds
in animals using other tumor xenografts will be reported
in due course.
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