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Abstract p-3-Azido-3-deoxy-myo-inositol (3AMI) is an
inhibitor of the growth of v-sis-transformed NIH 3T3
cells but not of wild-type NIH 3T3 cells, whose effects
may be mediated through the phosphatidylinositol-3’-ki-
nase pathway. We studied some properties of the cellular
pharmacology of 3AMI using high-specific-activity [3H]-
3AMI. The uptake of [3H]-3AMI by wild-type NIH 3T3
and v-sis NIH 3T3 cells was similar. [3H]-3AMI was a
substrate for phosphatidylinositol synthetase, with the
maximal velocity (Vmax) being 1.0 nmol min-! mg-1 and
the Michaelis constant (Km) being 23 mM. Corresponding
values obtained for [3H]-myo-inositol as a substrate were
5.5 nmol min-! mg-! and 3.2 mM. [3H]-3AMI was
incorporated into the cellular inositol lipids of v-sis NIH
3T3 cells to a similar extent as that observed for [3H]}-myo-
inositol but was not incorporated into the inositol lipids of
wild-type NIH 3T3 cells. The [3H]-3AMI incorporated by
the v-sis NIH 3T3 cells was present in the phosphatidyli-
nositol and phosphatidylinositol phosphate fractions but not
in bisphosphorylated phosphatidylinositol. myo-Inositol
antagonized the growth-inhibitory effects of 3AMI. The
v-sis NIH 3T3 cells were found to be more sensitive than
the wild-type NIH 3T3 cells to growth inhibition (without
3AMI) caused by the removal of myo-inositol from the
medium. The results of the study suggest that 3AMI is an
antimetabolite of myo-inositol. The relative sensitivity of
v-sis NIH 3T3 and some other cells to 3AMI may be a
reflection of increased myo-inositol requirements for the
growth of these cells as compared with wild-type NIH 3T3
cells.
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Abbreviations 3AMI, p-3-azido-3-deoxy-myo-inositol;
3AmM]I, p-3-amino-3-deoxy-myo-inositol; PIPLC, phos-
phoinositide-selective phospholipase C; PtdIns(4,5)P>,
phosphatidylinositol(4,5)bisphosphate; Ins(1,4,5)P3, myo-
inositol(1,4,5)trisphosphate; Ins(1,3,4,5)Ps, myo-inosi-
tol(1,3,4,5)tetrakisphosphate; PKC, protein kinase C;
PtdIns3 K, phosphatidylinositol-3'-kinase; PDGF, platelet-
derived growth factor; EGF, epidermal growth factor; CDP-
diglyceride, cytidine dipalmitoyl diphosphodiglyceride;
DMEM, Dulbecco’s modified Eagle’s medium; PBS, Dul-
becco’s phosphate-buffered saline; HCS, heat-inactivated
calf serum; ICso, concentration required to cause 50%
inhibition; PtdIns synthetase; phosphatidylinositol synthe-
tase; DAG, diacylglycerol

Introduction

The cyclohexitol sugar myo-inositol occupies a key position
in intracellular signaling pathways that mediate the effects
of growth factors and mitogens on cell proliferation.
Mitogenic peptides such as bombesin and vasopressin
bind to cell-surface receptors [35, 41] and activate a
guanine nucleotide-binding, (G) protein-regulated, phos-
phoinositide-selective phospholipase C (PIPLC-B) [45],
causing the hydrolysis of phosphatidylinositol(4,5)-bi-
sphosphate [Ptdlns(4,5)P;] to inositol (1,4,5)trisphosphate
[Ins(1,4,5)Ps] and diacylglycerol (DAG) [6, 10, 24].
Growth-factor-receptor protein tyrosine kinases activate
another PIPLC, PIPLC-y, that also hydrolyzes
PtdIns(4,5)P2 [27]. Ins(1,4,5)P3 releases Ca?+ from non
mitochondrial intracellular stores, causing an increase in
the cytosolic free Ca?+ concentration ([Ca2+];), whereas
DAG activates a Ca?*- and phospholipid-dependent pro-
tein kinase C (PKC) [5, 36]. A subsequent series of events,
probably involving phosphorylation of nuclear transcription
factors by PKC, results in increased DNA synthesis [7].
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[ns(1,4,5)P3 can undergo further metabolism by inositol-
3-kinase to give inositol(1,3,4,5)tetrakisphosphate
[[ns(1,3,4,9)P4] [20]. The role of Ins(1,3.4,5) in Ca2+
signaling remains controversial [29, 38, 44], but it may
modulate Ca?+ mobilization by (1,4,5)P3 [17] and facilitate
the refilling of internal Ca?+ stores by external CaZ+ [20,
21], thus permitting the continued release of Ca?+ by
Ins(1,4,5)Ps.

A second myo-inositol signaling pathway involves
phosphorylation of the D-3 position of the myo-inositol
ring of phosphatidylinositols (PtdIns) by phosphatidyl-
inositol 3’-kinase (type 1 phosphatidylinositol kinase,
PtdIns3K). PtdIns3K is phosphorylated by and associates
with a number of growth-factor-receptor protein tyrosine
kinases, including the platelet-derived growth factor
(PDGF) receptor and the epidermal growth factor (EGF)
receptor [4, 23] as well as oncogene protein tyrosine
kinases [9, 16]. The PtdIns-3-phosphates formed are not
substrates for hydrolysis by known PIPL.Cs and, thus, do
not contribute to the inositol phosphate signaling pathway
[42]. Evidence for the importance of PtdIns3K in mitogen-
esis comes from situations in which mutated tyrosine
kinases fail to associate with and activate PtdIns3K.
Polyoma middle-T mutants that associate with and activate
pp60csre tyrosine kinase but fail to activate Ptdins3K are
nontransforming [23, 48]. Cells transfected with mutated
PDGEF receptors that retain protein tyrosine kinase activity
but do not associate with or activate PtdIns3K fail to show a
mitogenic response to PDGE, unlike cells transfected with
the wild-type PDGEF receptor [12]. The function of PtdIns-
3-phosphates in mitogenesis is not known but they may be
involved in cytoskeletal reorganization [14].

On the basis of the evidence that phosphorylation at the
D-3 position of myo-inositol is important for intracellular
signaling by mitogens and, perhaps, for cell transformation,
we synthesized a series of p-3-deoxy-3-substituted myo-
inositol analogues that inhibited the proliferation of wild-
type and transformed NIH 3T3 cells in culture [25, 26, 39].
The most active of these analogues was 3AMI. We have
now synthesized high-specific-activity [H]-3AMI and
report on its cellular pharmacology.

Materials and methods

Compounds

3AMI was synthesized as previously described [39]. [BH]-3AMI was
synthesized according to the procedure described by Kozikowski et al.
[25] and had a specific activity of 6 Ci/mmol. [2-3H]-myo-Inositol
{(specific activity, 20 Ci/mmol) and [14C-(U)]-glucose-6-phosphate
(specific activity, 300 mCi/mmo]) were purchased from American
Radiolabeled Chemicals, Inc. (St. Louis, Mo.). [3H]-PidIns, [3H]-
PtdIns(4)P and [3H]-PtdIns(4,5)P2 standards for chromatography
were purchased from Amersham Radiochemicals (Downers Grove,
1l1). Cyudine dipalmitoyl diphosphodigylceride (CDP-diglyceride)
was purchased from Sedary Research Laboratories (London, Ontario,
Canada). myo-Inositol, argd-vasopressin, and bradykinin were pur-
chased from Sigma Chemical Co. (St. Louis, Mo.). PDGF (B-chain
homodimer) was obtained from Bachem Inc. (Torrance, Calif.) and
aequorin was supplied by Friday Harbor Laboratories (Friday Harbor,

Wash.). Both Dulbecco’s modified Eagle’s medium (BDMEM) contain-
ing 40 UM myo-inositol and myo-inositol-free DMEM were purchased
from Grand Island Biological Co. (Grand Istand, N.Y.).

Cell lines

Wild-type mouse NIH 3T3 cells were obtained from the American
Type Culture Collection (Rockville, Md.). v-sis NIH 3T3 cells and
v-erb B NIH 3T3 cells [32] were provided by Dr. D. S. Aaronson
(National Cancer Institute, Bethesda, Md.), and mas NIH 3T3 cells
[49] were provided by Dr. D. Young (Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.).

Cell-growth assays

Cells were maintained in bulk culture in DMEM supplemented with
10% heat-inactivated calf serum (HCS) and were passaged using
0.05% trypsin and 0.5 mM ethylenediaminetetraacetic acid (EDTA).
Cell-growth assays were performed by plating 5 x 103 cells in 1.6-cm-
diameter culture wells in 0.5 ml DMEM with 10% HCS and allowing
the cells to attach to the culture surface for 24 h. The medium was
removed and the cells were washed first with Dulbecco’s phosphate-
buffered saline (PBS) and then with DMEM with or without myo-
inositol, as appropriate; finally, DMEM with or without myo-inositol
and containing 10% dialyzed HCS as well as the myo-inositol
analogues was added. After 3 days, attached cells were harvested
with 0.05% trypsin and 0.5 mM EDTA and then counted using an
automated cell counter (Coulter, Hialea, Fla.). The mean concentration
of myo-inositol analogue required to cause 50% growth inhibition in
treated cells as compared with nontreated cells (ICsp) was calculated
from nonlinear least-squares regression analysis of the cell-prolifera-
tion concentration data [3]. The time course of the inhibition of cell
growth was measured by plating 103~104 cells in 1.6-cm-diameter
culture wells in DMEM with or without myo-inositol and containing
10% dialyzed HCS with or without 100 uM 3AMI. Cells were
harvested and counted every day for 7 days. At day 3, free-floating
cells in the medium were collected, washed three times with DMEM,
and replated in DMEM (with myo-inositol) and 10% dialyzed HCS.
Cells were measured every day for an additional 4 days. All incuba-
tions were conducted in quadruplicate.

Biochemical measurements

The uptake of [3H]-myo-inositol and [*H]-3AMI by wild-type NIH 3T3
and v-sis NIH 3T3 cells over 2 h was measured as previously described
[31]. The phosphatidylinositol synthetase (PtdIns synthetase)-catalyzed
incorporation of myo-inositol, 3AMI, p-3-deoxy-3-fluoro-myo-inositol,
and p-3-deoxy-3-amino-myo-inositol (3AmMI) into PtdIns was mea-
sured as described by Moyer et al. [33] using partly purified rat-brain
PtdIns synthetase [40]. The incorporation of [3HI-myo-inositol and
[3H]-3AMI into cellular phospholipids was measured by growing
5 x 105 wild-type NIH 3T3 or v-sis NIH 3T3 cells in 60-mm diameter
culture dishes in myo-inositol-free DMEM and 10% dialyzed HCS
together with 1 uCi (0.17 wM) [3H}-myo-inositol/ml or 1 uCi [3H]-
3AMU/ml for 48 h. The cells were harvested with 0.05% trypsin and
0.5 mM EDTA and extracted with chloroform:methanol:HCI (80:40:1,
by vol.). The organic layer was removed and dried under N2 and the
residue was dissolved in 100 pl chloroform. An aliquot of the
chloroform solution was counted by liquid scintillation and the
remainder was applied to a silica-gel thin-layer chromatography
(TLC) plate (Whatman LK6D, Maidstone, UK), which was developed
using a solvent system of chloroform:methanol:H>O:ammonium hy-
droxide (50:50:10:5, by vol.). The radioactivity on the plates was
measured using a radio-TLC scanner (Model RS, Packard Instruments,
Downers Grove, IIl.) and compared with standards of [3H]-PtdIns,
[3H]-PtdIns(4)P, and [3H]-PtdIns(4,5)P2 run under the same conditions.
The formation of [3H]-myo-inositol phosphates was measured in wild-
type NIH 3T3 cells and v-sis NIH 3T3 cells grown with 1 pCi
(0.17 uM) [3H]-myo-inositol/ml or 1 uCi [*H]-3AMI/ml for 48 h as



described above. The cells were washed four times with myo-inositol-
free DMEM, incubated in 2 ml myo-inositol-free DMEM containing
15 mM LiCl for 10 min at 37 °C, and then stimulated with 3.3 x 10-°M
PDGF for 10 min at 37 °C. The incubation was terminated by the
addition of 2 ml 10% perchloric acid at 4 °C. myo-Inositol phosphates
(i.e., myo-inositol mono-, bis-, and trisphosphates) were isolated by
anion-exchange chromatography as previously described [1].

The de novo synthesis of myo-inositol by wild-type NIH 3T3 cells
and v-sis transformed NIH 3T3 cells was measured by a modification
of the method of Li et al. [28] as the conversion of ['4C]-glucose-6-
phosphate to [14CJ-myo-inositol-1-phosphate by myo-inositol-1-phos-
phate synthase, which is the rate-limiting step in myo-inositol biosyn-
thesis [15]. Briefly, saponin-permeabilized cells were incubated for up
to 1 h at 37°C with 12 pM [14C]-glucose-6-phosphate, 0.8 mM
nicotinamide adenine dinucleotide (NAD*), and 5 mM LiCl. [14C]-
Glucose-6-phosphate and [14C]-myo-inositol-1-phosphate were sepa-
rated by high-performance liquid chromatography (HPLC) using a 25-
cm, 7-um, mixed-mode RP-18/anion-exchange column (Alltech As-
sociates, Deerfield, I11.) and 20 mM (NH4)H2POj4 as the eluant, run at a
flow rate of 1 ml/min and detected with a radioactive flow detector
(Flo-One Beta, Packard Instruments, Downers Grove, Iil.). The
retention times found for [14CJ-myo-inositol-1-phosphate and [14C]-
glucose-6-phosphate with this HPLC systern were 9.8 and 11.1 min,
respectively. The limit of detection of the assay under the conditions
employed was calculated to be 6 pmol myo-inositol-1-phosphate
formed per 106 cells per hour.

Changes in intracellular free Ca2+ concentration ([Ca2+];) were
measured using the CaZ+sensitive photoprotein aequorin. Wild-type
NIH 3T3 cells and v-sis NIH 3T3 cells were loaded with aequorin by a
fow-Ca2+ centrifugation technique as previously described [37]. In all,
106 cells were plated in 35-mm culture dishes containing 2 mt DMEM
with 10% dialyzed HCS. After incubation overnight to allow the cells
to attach to the surface of the culture dish, the medium was replaced
with DMEM without HCS for 3 h. Some cells were grown for 2 days
with 100 uM 3AMI in myo-inositol-free DMEM with 10% dialyzed
HCS, loaded with aequorin, and then exposed to the same medium with
100 uM 3AMI overnight prior to the measurement of [Ca2+];. The
culture dish was placed in a 37 °C thermostated holder over a
photomultiplier tube, and the surface of the medium was flushed
with a humidified atmosphere of 5% COz: 95% air. Arg8-vasopressin
(10-7 M) and bradykinin (2 X 10-7 ), were used to produce maximal
increases in [Ca2+];. At the end of the study, the cells were lysed with a
solution of 1% Triton X-100 and 5 mM CaCl; and the total light signal
was integrated. An estimate of [Ca2+]; was obtained using the calibra-
tion method for aequorin previously reported by Allen and Blinks [2].

Results

Cell growth inhibition by myo-inositol deprivation and
3AMI

The growth of wild-type NIH 3T3 cells was unaffected by
3AMI concentrations of up to 33 mM (the highest concen-
tration tested), with or without myo-inositol in the medium.
In contrast, 3AMI inhibited the growth of v-sis NIH 3713
cells with an ICso of 53 uM without myo-inositol in the
medium. The results confirm our previous observation that
in the absence of myo-inositol, v-sis NIH 3T3 cells are
extremely sensitive to growth inhibition by 3-deoxy-3-
substituted myo-inositols as compared with a wild-type
NIH 3T3 cell line [39]. We therefore used the two cell
lines to compare the cellular pharmacology of 3AMI. myo-
Inositol reversed the growth-inhibitory effects of 3AMI on
v-sis NIH 3T3 cells with an ICso for myo-inositol of 2 uM.
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The time course of the growth inhibition of NIH 3T3
cells and v-sis NIH 373 cells by 3AMI is shown in Fig. 1
and is compared with the effects of myo-inositol deprivation
on cell growth. The growth curve generated for wild-type
NIH 3T3 cells without myo-inositol in the medium (Fig. 1A)
was the same as that generated for wild-type cells in
medium containing 40 UM myo-inositol (results not
shown), demonstrating that myo-inositol is not necessary
for the growth of these cells over the period studied. In
contrast, the growth of v-sis NIH 3T3 cells required myo-
inositol in the medium. Without myo-inositol, the number
of attached cells began to decline slowly after 3 days.
About 50% of the total v-sis NIH 3T3 cells that detached
in myo-inositol free medium could be collected at day 3,
and when replated in myo-inositol-containing medium they
proceeded to grow normally. The growth of wild-type NIH
3T3 cells over 7 days was not inhibited by 100 uM 3AMI,
either in the absence of myo-inositol (Fig. 1A) or in its
presence (results not shown). In the presence of 100 uM
3AMI, the number of attached v-sis NIH 3T3 cells declined
drastically after only 2 days (Fig. 1B). Less than 10% of the
detached cells could be collected from the medium at day 3.
However, when these cells were replated in 3AMI-free
medium with myo-inositol they grew at a normal rate.

Fig. 1 A, B Cell-growth inhibition caused by myo-inositol deprivation
and by 3AMI. A Approximately 103 wild-type NIH 3T3 cells (O) or
v-sis NIH 3T3 cells (@) were grown in myo-inositol-free DMEM and
10% dialyzed HCS. Adherent cells were counted every day. At day 3
the floating v-sis NIH 3T3 cells were collected and replated in the
same medium containing 40 UM myo-inositol (7). B Approximately
104 wild-type NIH 3T3 cells (O) or v-sis NIH 3T3 cells (@) were
grown in myo-inositol-free DMEM containing 100 uM 3AMI and 10%
dialyzed HCS. Adherent cells were counted every 3 days. At day 3 the
floating v-sis NIH 3T3 cells were collected, washed, and replated in
same medium without 3AMI and with 40 UM myo-inositol (/). More
cells were plated in B than in A so as to obtain sufficient floating cells
to replate. Each point represents the mean value for triplicate
determinations
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Table 1. Effect of LiCl on
the cytotoxicity of p-3-substi-

‘Without #yo-inositol

With myo-inositol

tuted-3-deoxy myo-inositol

analogues NIH 373 v-sis NIH 3T3 NIH 3T3 v-sis NIH 373
1Cs0 (mM) 1Cs0 (mM) ICso (mM) 1Csg (mM)
3AMI NT 0.08 =0.01 NT NT
3AMI + 5 mM LiCl ND 0.11+0.00 ND NT
3AmMI 0.13£0.01 2.29+0.25 4.54+£0.77 3.001£0.30
3AmMMI + 5 mM LiCl 0.10£0.02 0.96+0.11* 5.91£1.07 3.184+0.30

Cell growth was measured as described Materials and methods using
5 mM LiCl, a concentration that caused < 10% growth inhibition, and
3AMI or 3AmMI in various combinations with or without myo-inositol
in the medium. Data represent ICso values (+SD)

NT, Not toxic (< 10% inhibition of cell growth at 10 mM, the highest
concentration tested); ND, not determined

* P<0.05 versus the value obtained without LiCl

For further exploration of the relationship between the cell-
growth inhibition produced by myo-inositol deprivation and
by 3AMI, other NIH 3T3 cell lines were studied. We had
previously observed that v-erb B NIH 3T3 cells were
relatively resistant to 3AMI (ICso, 29 mM), whereas mas
NIH 3T3 cells were more sensitive (ICsg, 5 mM) [39].
These cells were studied for their myo-inositol requirement.
The growth of v-erb B cells was not affected by the absence
of myo-inocsitol in the medium for 7 days, whereas the
growth of mas NIH 3T3 cells was inhibited by 57% (results
not shown). Taken together, the results of these studies
suggest that the effects of 3AMI in inhibiting cell growth
are functionally like those of myo-inositol deprivation.

Synthesis of myo-inositol

Attempts were made to measure rates of [14C]-myo-inositol-
[-phosphate synthesis from [}4C]-glucose-6-phosphate in
saponin-permeabilized wild-type NIH 3T3 cells and v-sis
NIH 3T3 cells. However, we could not detect [*Cl-myo-
inositol-1-phosphate synthesis by either cell line. The
calculated limit of detectability for [14C]-myo-inositol-1-
phosphate synthesis in our assay was 6 pmol 10-6 cells h-1.
This is well below the levels of myo-inositol-1-phosphate
biosynthesis (100 pmol/106 cells per 20 min) reported for
retinal capillary pericytes using the same procedure [28].

Effects of LiCl on cell-growth inhibition

Because we could not detect myo-inositol biosynthesis by
wild-type NTH 3T3 cells or v-sis NIH 3T3 cells, we studied
the possibility that salvage or reutilization of myo-inositol
formed from Ptdlns would allow wild-type NIH 3T3 cells
but not v-sis NIH 3T3 cells to grow in the absence of myo-
inositol. To do this we studied the effects of LiCl, an
inhibitor of myo-inositol phosphate phosphatases [34], on
the cell-growth inhibition induced by 3AMI and by another
3-substituted myo-inositol, 3AmMI. We found no difference
in the LiCl ICso values (£ SD) that inhibited the growth of
wild-type NIH 3T3 cells (ICsp, 22.0 = 2.1 uM without
myo-inositol in the medium; 20.0 * 5.3 mM with myo-

inositol) or v-sis NIH 3T3 cells (ICso, 19.1 * 3.2 mM
without myo-inositol; 25.0 = 4.7 mM with myo-inositol). A
concentration of LiCl that caused less than 10% growth
inhibition, 5 mM, was chosen for combination with the
myo-inositol analogues. The growth inhibition induced by
3AMI or 3AmMI in either wild-type NIH 3T3 cells or v-sis
NIH 3T3 cells was unaffected by this concentration of LiCl,
with or without myo-inositol, except for a small potentiation
in the cell-growth produced inhibition by 3AmMI in v-sis
NIH 373 cells without myo-inositol (Table 1). Overall, the
studies with LiCl do not support a role for myo-inositol
salvage as a factor in the myo-inositol requirement for cell-
growth or for differences in the growth inhibition induced
by 3AMI or 3AmMI between wild-type NIH 3T3 cells and
v-sis NIH 3T3 cells.

Cellular uptake of myo-inositol

The uptake of [3H]-3AMI by wild-type NIH 3T3 cells
exhibited a maximal rate (Vmax) of 2.6 nmol 10-6 cell h-!
and a Michaelis constant (Km) of 0.42 mM. We have
previously reported that 3AMI is a competitive inhibitor
of [3H]-myo-inositol uptake by wild-type NIH 3T3 cells,
with its inhibition constant (Kj) being 0.35 mM [39]. The
uptake of [3H]-myo-inositol by wild-type NIH 3T3 cells had
a Vmax of 2.8 nmol 10-6 cell h-! and a K of 69 uM. These
values are similar to those previously reported for myo-
inositol uptake by NIH 3T3 cells [43]. Uptake of [3H]-
3AMI by v-sis NIH 3T3 cells exhibited a Vimax of 1.8 nmol
10-6 cell h-! and a Km of 0.35 mM, and the uptake of [3H]-
myo-inositol showed a Vimax of 2.3 nmol 10-¢ cell h-1 and a
K of 53 uM.

PtdIns synthetase

The ability of [3H]-3AMI to act as a substrate for partly
purified PtdIns synthetase with CDP-diglyceride as an
acceptor is shown in Fig. 2. The Vmax was 1.0 nmol
min-! mg-! and the Km, 23.0 mM. With [3H]-myo-inositol
as a substrate, the Vmax was 5.5 nmol min-1 mg-! and the
Ku, 3.2 mM. The values obtained for myo-inositol as the
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Fig. 2 3AMI and myo-inositol as substrates for PtdIns synthetase:
Lineweaver-Burk plots of the incorporation of [3H]-3AMI (O) and
[3H]-myo-inositol (@) into phospholipid when cells were incubated at
various concentrations with rat-brain PtdIns synthetase and CDP-
diglyceride for 30 min at 37 °C

substrate for PtdIns synthetase are similar to those pre-
viously reported [33]. We also studied the ability of some
nonradiolabeled D-3-substituted 3-deoxy-myo-inositol ana-
logues to act as inhibitors of PtdIns synthetase with [3H]-
myo-inositol serving as the substrate. The K; values
(together with the type of inhibition) were: D-3-fluoro-
3-deoxy-myo-inositol, 37.2 mM (competitive); 3AmMI,
24.6 mM (noncompetitive); and 3AMI, 31.2 mM (non-
competitive).

Incorporation into cellular phospholipids

The incorporation of [3H]-myo-inositol and [3H]-3AMI into
cellular phospholipids of wild-type and v-sis NIH 3T3 cells
is shown in Table 2. Incorporation of [3H]-myo-inositol into
cellular phospholipids of wild-type NIH 3T3 cells was
approximately twice that of v-sis NIH 3T3 cells. [3H]-
3AMI was incorporated into the cellular phospholipids of
v-sis NIH 3T3 cells to a similar extent as that found for
[3H]-myo-inositol but was hardly incorporated into wild-
type NIH 3T3 cells.

TLC analysis of the phospholipids is shown in Fig. 3.
The majority of the radioactivity from [3H]-myo-inositol
chromatographed with PtdIns and lesser amounts, with
PtdIns phosphates. The percentages of total radioactivity
chromatographing with the standards in wild-type NIH 3T3
cells were PtdIns, 74%; PtdIns(4)P, 5%; PtdIns(4,5)P2, 2%:;
and other peaks, 19%; those in v-sis NIH 3T3 cells were
PtdlIns, 85%; PtdIns(4)P, 6%; PtdIns(4,5)P2, 3%; and other
peaks, 6%. These values are similar to those reported by
other workers for [3H]-myo-inositol incorporation into
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Ptdins of fibroblasts [43]. [3H]-3AMI, which was poorly
incorporated into PtdIns by wild-type NIH 3T3 cells, had
percentages of total radioactivity chromatographing with
the standards as follows: PtdIns, 50%; PtdIns(4)P, 32%;
PtdIns(4,5)P2, 4%; and other peaks, 14%. In v-sis NIH 3T3
cells the percentages were: PtdIns, 91%; PtdIns(4)P, 8%;
PtdIns(4,5)P2, 0; and other peaks, 1%. Thus, it appears that
although [3H]-3AMI can be incorporated into PtdIns and
PtdIns monophosphate by v-sis NIH 37T3 cells, it may not
undergo further phosphorylation to PtdIns bisphosphates.

NIH inositol |
500 {

500

T

100-NIH 3AMI

4] + T e iyt

v-sis 3AMI |
500+ '
|

*

l’tc:llnsl’2 Ptdins

PtdinsP

Fig. 3 Incorporation of [3H]-myo-inositol and [3H]}-3AMI into phos-
phatidylinositols (PtdIns) of wild-type NIH 3T3 cells (NIH) and v-sis
NIH 3T3 cells (v-sis). Cells were grown with 1 uCi [3H]-myo-inositol
or [3H]-3AMI in myo-inositol-free DMEM and 10% dialyzed HCS for
48 h. Phospholipids were extracted from 2 x 106 cells with chloro-
form:methanol:HCI (80:40:1, by vol.) and subjected to TLC on silica
gel with a solvent system of chloroform:methanol:H,Q:ammonium
hydroxide (50:50:10:5, by vol.). Radioactivity was quantified using a
radio-TLC scanner. The position of standards are shown by the arrows
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Table 2. Incorporation of

3AMI into phosphatidylinosi- Compound Cell line E;}rgéitllggpél;}isgid [*H]-Inositol phosphates
tol and inositol ph
NIH 3T3 and v-is NIH cels Withou PDGE - With PDGF
(fmol/106 cells) (fmol/106 cells)
myo-Inositol NIH 3T3 8.0010.36 198 +57 581 * 10*
v-sis NIH 3T3 415+0.21 420 £30 560 +160
3AMI NIH 3T3 0.29+0.02 6.8+ 04 61+ 08
v-sis NIH 3T3 3.33£0.06 6.3 4.0 62+t 15

Wild-type NIH 3T3 and v-sis NIH 3T3 cells were grown with 1 uCi
[*H]-AMUml or 1 uCi [3H]-myo-inositol/ml for 2 days. The incorpo-
ration of radioactivity into cellular phospholipids as well as the basal
and (3.3 x 109 M) PDGF-stimulated inositol phosphate formation were
measured. Data represent mean values for 3 separate determinations
(£ SE)

* P<0.01 versus the nonstimulated value

Table 3. Effect of 3AMI on mitogen-stimulated [Ca2+]; responses by
NIH 3T3 and v-sis NIH 3T3 cells

Cell line Without 100 pM 3AMI  With 100 uM 3AMI
Vasopressin  Bradykinin  Vasopressin Bradykinin
[Ca*]i (uM) [Ca?]i (uM) [CaZ]i (M) [Ca2)i (UM)

NIH 313 0.55£0.10 0.56£0.04 05010.16 0.58+0.06

v-sis NIH 373 0.72£0.13 1.20%£0.15 0371030 1.33+0.17

Wild-type NIH 3T3 and v-sis NIH 3T3 cells were grown in myo-
inositol-free DMEM with 10% HCS, with or without 100 uM 3AMI for
3 days. At 24 h prior to the study, the cells were harvested, loaded with
the Ca2+-sensitive photoprotein aequorin, and allowed to reattach to the
tissue-culture plates. Both control and drug-treated cells were exposed
to the appropriate medium without HCS for 3 h prior to the addition of
107 M argd-vasopressin and 2 x 10-7 M bradykinin. Data are
expresssed as the maximal increase in [Ca2+] and represent mean
values for 3—5 determinations (+ SE). The resting [Ca2+]; in the cells

was 0.1 uM

Formation of inositol phosphates

The formation of [3H]-myo-inositol phosphates by wild-
type NIH 3T3 cells and v-sis NIH 3T3 cells grown with
[3H]-myo-inositol or [3H]-3AMI is shown in Table 2. PDGF
stimulated [3H]-inositol phosphate formation 2.9-fold in
wild-type NIH 3T3 cells. The resting level of [3H]-inositol
phosphate formation in v-sis NIH 3T3 cells was over 2-fold
that of wild-type NIH 3T3 cells and there was only a small,
nonsignificant stimulation of [3H]-inositol phosphate for-
mation by PDGF. The v-sis NIH 3T3 cells are known to
produce an autocrine PDGF-like factor [18] and to have
low levels of PDGF receptors [19]. The resting levels of
[3H]-inositol phosphate formation were very low in both
wild-type NIH 3T3 cells and v-sis NIH 3T3 cells exposed
to [3H]-3AMI, being less than 5% of those found for [3H]-
myo-inositol, and were not stimulated by PDGF.

Ca2+ signaling

Wild-type NIH 3T3 cells or v-sis NIH 3T3 cells grown in
100 uM 3AMI for 3 days showed no effect in terms of the
peak Ca2+ responses of the surviving cells to vasopressin
and bradykinin (Table 3).

Discussion

We have previously reported that 3AMI is the most active
of a series of growth-inhibitory D-3-substituted 3-deoxy-
myo-inositol analogues [26, 39]. 3AMI selectively inhibits
the growth of v-sis transformed NIH 3T3 cells, showing
over a 1000-fold increased potency in the absence of
exogenous myo-inositol for growth inhibition of v-sis NIH
3T3 cells as compared with wild-type NIH 3T3 cells.
Providing a mechanistic basis for this remarkable selectiv-
ity was the reason for our study. To facilitate the investi-
gation we synthesized high-specific-activity [3H]-3AMI
starting from the naturally occurring compound quebrachi-
tol [25].

3AMI appears to be acting as a myo-inositol antimeta-
bolite in inhibiting cell-growth. The effect of 3AMI on v-sis
NIH 3T3 cell-growth was antagonized by myo-inositol with
an ICso of 2 WM. This is considerably lower than the
concentration of myo-inositol in serum, which is around
40 uM [46]. Microinjection or scrape-loading of mono-
deoxyfluoro-myo-inositols into cells has shown that only
the 3-fluoro- and 5-fluoro isomers inhibit serum-stimulated
cell proliferation [11]. It has been suggested that cells that
do not require myo-inositol for growth may be capable of
synthesizing myo-inositol de novo [47]. However, we could
not detect myo-inositol synthesis by either wild-type NIH
3T3 cells or v-sis NIH 3T3 cells. We also considered the
possibility that wild-type NIH 3T3 cells might bave a more
efficient salvage pathway than v-sis NIH 3T3 cells for the
reutilization of myo-inositol produced by the breakdown of
Ptdlns [6]. We used LiCl to inhibit myo-inositol phosphate
phosphatases [34] but could not find any evidence of



differences in the salvage of myo-inositol as a factor in the
myo-inositol requirement for growth between wild-type
NIH 3T3 cells and v-sis NIH 3T3 cells. Despite our
inability to demonstrate differences in myo-inositol synthe-
sis or myo-inositol salvage between the cell types, the v-sis
NIH 3T3 cells that showed the greatest sensitivity to 3AMI
were also those that required myo-inositol for growth. It
therefore remains possible that v-sis NIH 3T3 cells are
sensitive to 3AMI because they have low levels of endo-
genous myo-inositol, whereas wild-type NIH 3T3 cells have
higher levels of endogenous myo-inositol, which counter-
acts the effects of 3AMI as a myo-inositol antimetabolite.

Studies using [3H]-3AMI showed that it was incorporat-
ed into the cellular phospholipids of v-sis NIH 3T3 cells to
about the same extent as was [3H]-myo-inositol. However,
wild-type NIH 3T3 cells incorporated [3H]-3AMI to less
than 5% of the extent of [3H]-myo-inositol incorporation.
This difference could not be explained by the absence of an
uptake mechanism for [3H]-3AMI in the wild-type NIH
3T3 cells, which had a Ky value about 10-fold that found
for myo-inositol, but was the same as that observed in v-sis
NIH 3T3 cells, which incorporated [3H]}-3AMI into cellular
phospholipids. Additionally, the difference could not be
explained by the inability of [3H]-3AMI to act as a substrate
for PtdIns synthetase. This finding was important to
establish because on the basis of work with 5-deoxy-5-
substituted myo-inositols, Moyer et al. [33] had suggested,
that PtdIns synthetase had strict structural requirements for
myo-inositols as substrates and, thus, it might not have
tolerated 3-deoxy-3-substituted myo-inositols. Johnson et al.
[22] have reported that 3-modified myo-inositols are sub-
strates for PtdIns synthetase. We found that the K of 3AMI
for rat-brain PtdIns synthetase was about 10-fold that of
myo-inositol. Unless mouse PtdIns kinase has properties
very different from those of the rat enzyme, the inability of
3AMI to be incorporated into wild-type NIH 3T3 cell
phospholipids is unlikely to lie at the level of PtdIns
synthetase. Another explanation, although one that we
could not confirm (see above), is that wild-type NIH 3T3
cells have sufficient myo-inositol, produced through either
synthesis or salvage, to compete with 3AMI for incorpora-
tion into phospholipids.

Although 3AMI was incorporated into the PtdIns frac-
tion of v-sis NIH 3T3 cells and could be phosphorylated to
give PtdIns monophosphate, the PtdIns monophosphate was
not further phosphorylated to PtdIns bisphosphate. Cosulich
et al. [11] have recently reported that [3H]-3-deoxy-3-
fluoro-myo-inositol incorporated into the PtdIns of electro-
permeabilized thymoctyes also fails to form detectable
PtdIns bisphosphates. This may explain why there was no
formation of inositol phosphates in v-sis NIH 3T3 cells
labeled with [3H]-3AMI, either under resting conditions or
on stimulation with PDGF. PDGF causes inositol phosphate
formation through activation of PIPLC-y [27]. The major
substrate for PIPLC is PtdIns(4,5)P2, and PtdIns monophos-
phates do not appear to be substrates for PIPLC under
physiological conditions [30]. The inability of 3AMI to
form PtdIns phosphates that lead to the production of
inositol phosphates is probably attributable to the observa-

77

tion that the PtdIns is not phosphorylated past the mono-
phosphate stage and thus fails to give rise to PtdIns
phosphates that are substrates for PIPLC.

In wild-type NIH 3T3 cells and v-sis NIH 3T3 cells
grown with 3AMI for 3 days, there was no alteration in the
[Ca2t]; responses to bradykinin and vasopressin. Both
agonists are thought to cause an increase in [Ca+]; due to
inositol phosphate formation through activation of PIPLC
[13, 35]. It might be expected that [Ca2+]; signaling would
be decreased in the v-sis NIH 3T3 cells since there was no
formation of inositol phosphates. It is possible that the
increase in [Ca?+]; caused by these agents is not due to the
formation of inositol phosphates. There is evidence that
bradykinin, at least, causes an increase in [Ca2t]; through
the release of arachidonic acid [8]. Alternatively, inositol
phosphate production may not be affected by exposure of
cells to 3AMI, despite its incorporation into PtdIns. Another
possibility is that the cells surviving a 3-day exposure to
3AMI may be those that have unaffected inositol phosphate
production and, thus, normal Ca2+ signaling. The majority
of the cells were lost by this period of 3AMI treatment and
could not be studied for their [Ca2+];, response.

The mechanism of growth inhibition by 3AMI is
unknown. The block of inositol phosphate and DAG
formation through decreased Ptdlns hydrolysis in 3AMI
treated cells might be expected to lead to inhibition of cell-
growth. It is known that blockage of increases in PKC
activity in fibroblasts due to DAG produced in response to
growth factors such as PDGF can prevent increased DNA
synthesis [13]. However, the overall importance of the
inositol phosphate and DAG signaling pathway to mitogen-
esis remains unclear at this time [12].

An alternative target for inhibition by 3AMI is the
PtdIns3K pathway. 3-Substituted PtdIns and PtdIns mono-
phosphates formed from 3AMI would not be substrates for
PtdIns3K and might antagonize the effects of PtdIns-3-
phosphates. The mechanisms by which PtdIns-3-phosphates
cause mitogenesis is not known but may involve reorgani-
zation of the cytoskeleton. Cellular proliferation is known
to be closely associated with changes in the actin network
of the cytoskeleton, and a correlation between actin poly-
merization and the formation of PtdIns(3,4,5)P3 has been
reported [14]. It is noteworthy that we observed signs of
changes in the cytoskeleton in 3AMI-treated fibroblasts,
which became rounded and detached from the cell-culture
surface. We also have preliminary evidence that a PtdIns
prepared from 3-deoxy-3-fluoro-myo-inositol is an inhibitor
of PtdIns3K (G. Powis and M. Berggren, unpublished
observations). Thus, as well as acting as antimetabolites
of PtdIns-3-phosphates, PtdIns derived 3-AMI might inhibit
PtdIns3K.

In summary, we have confirmed that 3AMI exhibits a
remarkable selectivity for growth inhibition of v-sis NIH
3T3 cells as compared with wild-type NTH 3T3 cells. 3AMI
appears to be acting as an antimetabolite of myo-inositol.
Wild-type NIH 3T3 cells can take up 3AMI but do not form
PtdIns from 3AMI although it is a substrate for Ptdins
synthetase. This could explain the observed lack of growth
inhibition of wild-type NIH 3T3 cells by 3AMIL 3AMI is
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taken up by v-sis NIH 3T3 cells and is incorporated into
PtdIns and PtdIns monophosphate but does not form PtdIns
bisphosphates. The block in the formation of inositol
phosphates as well as a block in the formation of Ptdlns-
3-phosphates could explain the observed inhibition of cell
growth by 3AMI in v-sis NIH 3T3 cells.
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