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Abstract

Inositol-containing molecules are involved in important cellular functions, including signalling, membrane transport and secre-

tion. Our interest is in lysophosphatidylinositol and the glycerophosphoinositols, which modulate cell proliferation and G-protein-
dependent activities such as adenylyl cyclase and phospholipase A2. To investigate the role of glycerophosphoinositol (GroPIns) in
the modulation of Ras-dependent pathways and its correlation to Ras transformation, we employed a novel liquid chromato-
graphy-tandem mass spectrometry technique to directly measure GroPIns in cell extracts. The cellular levels of GroPIns in selected

parental and Ras-transformed cells, and in some carcinoma cells, ranged from 44 to 925 mM, with no consistent correlation to Ras
transformation across all cell lines. Moreover, the derived cellular inositol concentrations revealed a wide range (�150 mM to �100
mM) under standard [3H]-inositol-loading, suggesting a complex relationship between the inositol pool and the phosphoinositides

and their derivatives. We have investigated these pools under specific loading conditions, designing a further HPLC analysis for
GroPIns, combined with mass determinations of cellular phosphatidylinositol 4,5-bisphosphate. The data demonstrate that limiting
inositol conditions identify a preferred pathway of inositol incorporation and retention into the polyphosphoinositides pool. Thus,

under conditions of increased metabolic activity, such as receptor stimulation or cellular transformation, the polyphosphoinositide
levels will be maintained at the expense of phosphatidylinositol and the turnover of its aqueous derivatives.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Receptor-stimulated production of arachidonic acid is
known to act via the activation of cytosolic phospholi-
pase A2 (PLA2) and its action on membrane phospholi-
pids such as phosphatidylcholine [1,2]. More recently,
however, evidence has also emerged for a role for the

activation of a phosphatidylinositol (PtdIns)-specific
PLA2 in the production of not just arachidonic acid [3],
but also the cell growth promoter lysoPtdIns [4–6].
Paralleling these effects, we and others have reported
that another cellular product of a combined PLA2/
lysoPLA activity on PtdIns, namely glyceropho-
sphoinositol (GroPIns), and its metabolic product inositol
1-phosphate (Ins1P), can also show increases in K-Ras
transformed cells [3,7,8]. This led to the proposal that
GroPIns levels in cells can themselves be used as a marker
of oncogenic transformation by Ras, and hence as an
indicator of malignant cellular transformations that
involve this oncogene [3,8,9]. Furthermore, with higher
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levels of GroPIns not only in the differentiated forms of
both PC12 and HL60 cells (10), but also in various hae-
matopoietic cells lines during differentiation [11–13], such
an effect has been proposed to be more generally asso-
ciated with physiological or pathological events modu-
lated by Ras-dependent pathways (for review see [14]).

[3H]-Inositol equilibrium loading of cells that undergo
acute receptor/modulator stimulation has been used to
define the relative concentrations and the numerous roles
of the inositol phospholipids and polyphosphates in
various cell-signalling pathways. Under these conditions,
and within any single cell type, it is possible to relate
such acute changes in the [3H]-inositol content of these
compounds (as seen on high performance liquid chro-
matography (HPLC), for example) directly to changes
in their intracellular concentrations. However, in the
case of comparisons across different [3H]-inositol-label-
led cell types and/or control and transformed cells, there
is the need to take into account equilibrium-labelling
times, cell volumes and cell numbers under standard
incubation conditions.

Alternative direct mass measurements have been
obtained for inositol 1,4,5-trisphosphate (Ins145P3) in
cells by taking advantage of its specific high affinity
binding to partially purified Ins145P3 receptor prepara-
tions [15], and estimates of the concentrations of the full
[3H]-inositol-containing complement of certain cells
have been made using estimates of medium [3H]-inositol
specific activities [11–13,16]. Furthermore, with the
importance of both PtdIns 4,5-bisphosphate (PtdIns45P2)
and PtdIns 3,4,5-trisphosphate (PtdIns345P3) in intracel-
lular signalling pathways, both Ins145P3 and inositol
1,3,4,5-tetrakisphosphate binding assays have been used
with the alkaline hydrolysis products obtained from total
cell phospholipid extracts [17,18].

Here, by employing a liquid chromatography–tandem
mass spectrometry (LC–MS/MS) analysis, we report on
the direct measurement of the concentrations of Gro-
PIns in aqueous extracts of cells. This is initially used to
determine the intracellular GroPIns concentrations in
parental and Ras-transformed cells, and in a selection of
carcinoma cell lines. Correlation of these GroPIns con-
centrations with [3H]-inositol labelling and PtdIns45P2

mass assays via the Ins145P3-binding assay indicates
discrepancies in [3H]-inositol-equilibrium-labelling con-
ditions. We discuss the implications of this data with
respect to the use of GroPIns and lysoPtdIns levels as
markers for Ras-induced transformation.

2. Materials and methods

2.1. Materials

All cell culture media and related products were obtained
from either Sigma (St Louis, MO, USA) or GIBCO BRL

(Grand Island, NY, USA). Myo-[3H]-inositol (14–21 Ci/
mM) and [3H]-labelled HPLC standards were obtained
from New England Nuclear (Boston, MS, USA). GroPIns
was purchased from Sigma. All other reagents were from
standard commercial sources and of the highest available
purities.

2.2. Cell culture and [3H]-inositol labelling

Control and transformed FRTL5, FRT-Fibro and
PCCl3 cells lines were all maintained as previously
described in Ref. [5]. Swiss 3T3, 11+/+, 4�/�, Hela
and MDA cell were maintained in Dulbecco’s Modified
Eagle’s medium (DMEM) supplemented with L-gluta-
mine, penicillin, streptomycin and 10% FCS, with the
addition of further non-essential amino acids to the
MDA cells. OVCAR3 and MCF7 cells were maintained
in Roswell Park Memorial Institute medium 1640
(PRMI 1640) and DMEM medium, respectively, sup-
plemented with L-glutamine, penicillin and streptomy-
cin, with the addition of 10% and 5% FCS,
respectively. The 293 cells were maintained in MEM/
Earle’s medium with 10% horse serum. [3H]-Inositol
labelling of cells (from 2.5 to 10 mCi/well) was carried out
in 12-well plates for 24–48 h under standard [3H]-inositol
labelling conditions in 1 ml M199 supplemented with L-
glutamine, penicillin, streptomycin, and 2% calf serum
(Table 1, column 4). In the case of the specific compar-
isons between low and high inositol media of the FRTL5,
KiKi, FRT-Fibro and FRT-Fibro-Ha cells (Tables 2–4),
the [3H]-inositol labelling was with 10 mCi/well for �40 h
under either these standard conditions (1 ml M199 sup-
plemented with L-glutamine, penicillin, streptomycin, and
2% calf serum; ‘‘low inositol’’) or in 1 ml DMEM/F12
supplemented with L-glutamine, penicillin, streptomycin
and 2% FCS (‘‘high inositol’’).

2.3. LC–MS/MS analysis

LC–MS/MS analyses were performed at room tem-
perature using a Perkin-Elmer series 200 micro LC
pump system (Norwalk, CT, USA) and a CC 200/4
Nucleodex b-OH HPLC column (200�4 mm, 5 mm)
equipped with a CC 8/4 Nucleodex b-OH guard column
(8�4 mm), both purchased from Macherey-Nagel
(Düren, Germany). Injection of standards and samples
was performed automatically using a Perkin-Elmer ser-
ies 200 autosampler (thermostated at 4 �C) with a 20 ml
injection loop. Analysis of GroPIns in cell samples was
achieved using a flow rate of 0.7 ml/min, with a binary
linear gradient of 20 mM ammonium formate (solvent
A) and acetonitrile (solvent B); from 20 to 56% solvent
A in 12 min, followed by a 10 min system re-equilibra-
tion with 20% solvent A.

The micro LC pump system was directly coupled to a
PE Sciex API 365 triple-quadrupole mass spectrometer
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(Toronto, Canada) through a Sciex Turboionspray
source operated in negative electrospray ionisation
(ESI) mode. The mass spectrometry parameters were
optimised by direct infusion of the GroPIns standard in
the mobile phase (50% solvent A) using a make-up sys-
tem. The analyses were performed using the Multiple
Reaction Monitoring (MRM) mode for which a ‘‘pre-
cursor to product ion’’ pair was monitored. The high
sensitivity towards GroPIns detection and quantifica-
tion (limit of detection of 2.5 ng/ml) was obtained using
the ion pair: precursor ion ! product ion, m/z 333 !

153 amu (Dragani et al., unpublished data).

2.4. Sample preparation for LC–MS/MS

For the LC–MS/MS analysis of all the cell types used,
each cell line was first grown to near confluence in 8.5
cm-diameter petri dishes in their respective media (see
earlier). The cells were detached from the support using
trypsin/ethylenediaminetetraacetic acid (EDTA), and
washed twice in a N-[2-hydroxyethyl]-piperazine-N0-[2-
ethanesulfonic acid] (HEPES)-buffered (25 mM, pH 7.5)
Hank’s balanced salt solution with calcium (1.3 mM)
and magnesium (0.9 mM) (HBSS++). After the final
wash, they were resuspended in 15 ml 0.9% NaCl solu-
tion; 3 ml of this was diluted back to 15 ml in the same
solution, and used to assess the cell volume and number
with a Coulter Counter (Coulter Electronics Ltd.,
Luton, England). Calibration of the Coulter Counter

for cell diameter (and hence volume) was ascertained
initially using a range of Coulter Electronics Ltd. cali-
bration standards, from 8.4 to 14.0 mm diameter (289–
1437 fl volume, respectively), and routinely with a 10.2
mm diameter (556 fl volume) standard and an aperture
of 100 mm. The remaining 12 ml of cell suspension was
centrifuged (50�g, 5 min) to precipitate the cells, which
were then killed by the addition of 5 ml methanol
(�20 �C), 4 ml H2O, 5.5 ml chloroform and 66 ml con-
centrated HCl; this provided the basis for a two-phase
acid extraction [19]. The upper (aqueous) phase was
aliquoted (1.0 or 2.0 ml) for lyophilising and resuspen-
sion for LC–MS/MS analysis. Each cell line was asses-
sed in triplicate from at least three independent petri
dishes of each cell type. The LC–MS/MS analyses were
carried out in three batches, with the cell samples being
stored at �80 �C until use. Cell counts were determined
for each individual cell sample as at least triplicate
measures during the collection and summation of the
cell volume data.

2.5. Recovery monitoring

For each batch of sample preparation, parallel petri
dishes of cells were used to monitor the GroPIns recov-
eries through the extraction procedure. Hence after the
addition of the �20 �C methanol to the cell pellet (see
earlier), a known amount of [3H]-inositol-labelled Gro-
PIns (produced by HPLC purification of deacylated

Table 1

Intracellular GroPIns concentrations and relative inositol levels in selected cell lines

Cell line GroPIns concentration

(mM�SEM)

na

(MS)

Derived inositolb

(mM)

nc

([3H])

Cell volume

(pl �SE)

Cell type

FRT-Fibro 172 �25 7 1.1 11 1.62 �0.14 Fibroblast

FRT-Fibro-Ha 925 �155** 6 0.26 24 1.92 �0.07 Fibroblast, H-Ras transformed

FRTL5 434 �48 13 97.1 13 0.84 �0.07 Thyroid

KiKi 272 �34** 16 0.29 18 1.71 �0.11 Thyroid, K-Ras transformed

PCCl3 144 �3 5 25.3 20 0.97 �0.03 Thyroid

PC-KiKi 133 �12 6 30.4 10 0.97 �0.02 Thyroid, K-Ras transformed

PC-Ha 44 �3** 8 1.2 10 1.57 �0.08 Thyroid, H-Ras transformed

PC-Src 90 �7* 7 0.14 11 2.22 �0.04 Thyroid, Src transformed

11+/+ 433 �40 8 10.6 17 4.39 �0.23 Mouse embryo fibroblasts eps8+/+

4 –/– 317 �4* 6 3.6 16 1.82 �0.04 Mouse embryo fibroblasts eps8�/�

Swiss 3T3 328 �16 5 10.9 27 2.48 �0.14 Fibroblast

293 439 �12 3 ND – 1.11 �0.05 Kidney epithelial, adenovirus transformed

MDA 400 �30 3 ND – 1.53 �0.10 Prostate epithelial adenocarcinoma

OVCAR3 200 �22 3 133 9 2.20 �0.03 Ovarian epithelial adenocarcinoma

MCF7 185 �19 3 ND – 1.64 �0.10 Mammary epithelial adenocarcinoma

Hela 134 �10 3 ND – 1.39 �0.08 Cervical epithelial adenocarcinoma

L cells 89 �10 3 ND – 0.74 �0.19 Mouse fibrosarcoma

ND, not determined; SEM, standard error of the mean; SE, standard error.
a Number of independent mean observations of each triplicate measurement of GroPIns (and cell volume) by LC–MS/MS.
b Approximate cytosolic inositol concentrations derived from LC–MS/MS GroPIns concentrations and Partisil-10-SAX [3H]-inositol:[3H]-Gro-

PIns ratios from standard M199, 2% serum, radiolabelling conditions; a 75% purity adjustment has been made for all [3H]-GroPIns peaks (see text).
c Combined number of wells (12-well plates) used for inositol concentration derivation.

* P<0.05, as compared with ‘‘parental’’ cell line.

** P<0.01, as compared with ‘‘parental’’ cell line.
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Table 2

Experimentally deriveda relative levels of [3H]-inositol-containing compounds from labelling of FRTL5 and FRT-Fibro-Ha cells under high (DMEM) and low (M199) inositol media conditions

Condition

Cell type

Ins

SE

GroPInsb

SE

Ins1P

SE

Ins2P

SE

Ins4P

SE

InsP2

SE

PtdIns

SE

LysoPtdIns

SE

PtdInsP

SE

PtdIns45P2

SE

DMEM medium

FRTL5

Dpm 1.52 �0.001 �106 2664 �777 1054 �55 403 �46 565 �67 488 �64 0.12 �0.002 �106 8760 �1691 1527 �47 1452 �153

Percentage 91.7 �0.1 0.16 �0.05 0.06 �0.003 0.02 �0.003 0.03 �0.004 0.03 �0.004 7.21 �0.11 0.53 �0.10 0.09 �0.003 0.09 �0.009

FRT-Fibro-Ha

Dpm 0.87 �0.02 �106 50683 �17436 24840 �901 8805 �253 635 �147 1300 �400 0.77 �0.008 �106 45070 �6815 16052 �1197 16391 �1938

Percentage 47.2 �1.0 2.8 �0.95 1.4 �0.05 0.48 �0.01 0.04 �0.008 0.07 �0.02 42.1 �0.4 2.45 �0.37 0.87 �0.07 0.89 �0.11

M199 medium

FRTL5

Dpm 2.56 �0.002 �106 4796 �1665 2274 �225 627 �56 1565 �99 963 �92 0.37 �0.004 �106 29233 �3736 6321 �724 5782 �568

Percentage 85.7 �0.1 0.16 �0.06 0.08 �0.008 0.02 �0.002 0.05 �0.003 0.03 �0.003 12.5 �0.2 0.98 �0.13 0.21 �0.02 0.19 �0.02

FRT-Fibro-Ha

Dpm 0.04 �0.003 �106 53453 �2565 67143 �1562 25796 �1388 639 �69 3567 �168 1.49 �0.008 �106 115881 �21074 65272 �4829 136009 �20526

Percentage 2.0 �0.16 2.6 �0.13 3.3 �0.08 1.3 �0.07 0.03 �0.003 0.18 �0.008 73.3 �0.4 5.7 �1.0 3.2 �0.2 6.7 �1.0

Ins, inositol; Ins2P, inositol 2-phosphate; Ins4P, inositol 4-phosphate; InsP2, inositol biophosphate; PtdInsP, PtdIns monophosphate; all other abbreviations as used in text. NB Calculated percen-

tages assume [3H]-inositol equilibrium throughout all compounds; in M199 (low inositol medium) this is not the case. See text and Tables 3 and 4 for details.
a [3H]-Inositol (dpm) incorporated under each media condition; from the combined means of two independent determinations, each carried out in duplicate (n=4;�SE), for each cell type under

each [3H]-inositol-labelling condition (10 mCi/well; see Section 2). Also expressed as percentages of total (aqueous plus organic) [3H]-inositol incorporated. See text for details.
b Corrected for known purity of Partisil 10 SAX ‘‘GroPIns’’ peaks (see text; FRTL5, 75%; FRT-Fibro-Ha, 60%).
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[3H]-inositol-labelled cellular lipids) was added. This
then allowed for sampling to determine the recoveries of
[3H]-inositol-labelled GroPIns (and hence cellular Gro-
PIns) from the cell samples. Recoveries were routinely
in the 96–98% range and have been incorporated into
the data shown in Table 1.

2.6. Mass-assay-derived PtdIns45P2 levels

The cellular PtdIns45P2 levels were determined by
initially cleaving off its polar, Ins145P3, headgroup, and
then measuring the Ins145P3 concentration using a
highly selective and sensitive radioligand displacement

Table 4

Calculateda relative levels of [3H]-inositol-containing compounds from labelling of FRTL5 and FRT-Fibro-Ha cells under high (DMEM) and low

(M199) inositol media conditions

Condition

Cell type

Ins

(mM)

GroPIns

(mM)

Ins1P

(mM)

Ins2P

(mM)

Ins4P

(mM)

InsP2

(mM)

PtdInsb

(fmoles/pl)

LysoPtdInsb

(amoles/pl)

PtdInsPb

(amoles/pl)

PtdIns45P2
b

(amoles/pl)

Total cell Insc

(fmol/pl)

DMEM medium

FRTL5

GroPIns (�SE) 248�0.2 434d �48 172�9 66�8 92�11 79�10 19.5�0.3 1426�275 249�8 236�25 270.2

PtdIns45P2 (�SE) 283�0.2 495�145 196�10 75�9 105�13 91�12 22.3�0.3 1629�314 284�9 270d �17 308.7

FRT-Fibro-Ha

GroPIns (�SE) 15.9�0.3 925d �155 453�16 161�5 12�3 24�7 14.1�0.2 822�124 293�22 299�35 33.6

PtdIns45P2 (�SE) 12.6�0.3 738�254 362�13 128�4 9�2 19�6 11.3�0.1 656�99 234�17 239d �27 26.8

M199 medium

FRTL5

GroPIns (�SE) – 361d �9 – – – – – – – 436e �43 –

PtdIns45P2 (�SE) – 171e �59 – – – – – – – 206d �49 –

FRT-Fibro-Ha

GroPIns (�SE) – 784d �82 – – – – – – – 1994e �301 –

PtdIns45P2 (�SE) – 62e �3 – – – – – – – 157d �25 –

For abbreviations, see Table 2 and text. NB: Inositol concentrations in mM; other aqueous concentrations in mM.
a Calculated using individual percentages of each [3H]-inositol-containing compound (Table 2) and GroPIns-LC–MS/MS- or PtdIns45P2-mass-

assay-derived specific activities (Table 3).
b Lipid levels expressed as femto (PtdIns only) or atto moles/pl cell volume (10�15 or 10�18 moles/pl cell volume; mM or mM equivalent, respec-

tively).
c Total cellular inositol content (femtomoles/pl cell volume) in aqueous and lipid components summed from given components.
d Experimentally-derived values (Table 3).
e Non-equilibrium calculations (see text).

Table 3

Correlations between LC–MS/MS-derived GroPIns concentrations and mass-assay-derived PtdIns45P2 levels in FRTL5 and FRT-Fibro-Ha cells

under high (DMEM) and low (M199) inositol media conditions

DMEM

FRTL5 cells

DMEM

FRT-Fibro-Ha cells

M199

FRTL5 cells

M199

FRT-Fibro-Ha cells

GroPIns (LC–MS/MS)

mM�SE 434�48 925�155 361�9 784�82

Specific activitya 6.14 54.81 13.27 68.22

PtdIns45P2 (mass assay)

Attomoles/pl cell volume �SE 270�17 239�27 206�49 157�25

Specific activityb 5.38 68.70 28.05 867.40

Specific activity ratiosc 1.14 0.80 0.48d 0.08d

(GroPIns-derived/PtdIns45P2-derived)

PtdIns45P2

Distributione 227�14 264�30 162�32 173�28

a Calculated independently as dpm/mM using LC–MS/MS-derived GroPIns concentrations (mM) and dpm values from Table 2.
b Calculated independently as dpm/attomoles.pl�1 using PtdIns45P2 mass assay levels (mM equivalent) and dpm values from Table 2.
c Ratios of GroPIns-derived to PtdIns45P2-derived specific activities (see text).
d Large variation from unity indicates non-equilibrium conditions, and hence no further calculations in Table 4 (see also text).
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assay [15]. The samples for this PtdIns45P2 mass assay
were prepared from FRTL5 and FRT-Fibro-Ha cells
that were grown to 60–70% confluence in 12-well plates
in their respective media (see earlier). The growth med-
ium was then removed and the cells were washed and
further incubated (for �40 h) either in the ‘‘low inositol’’
medium or in the ‘‘high inositol’’ medium (see earlier).
Finally, the cells were washed twice with HBSS++ and
killed with 1 ml �20 �C methanol. Following the stan-
dard acid two-phase [19] extraction, the lower lipid
phases were evaporated to dryness under nitrogen and
stored at �80 �C prior to further analysis.

The Ins145P3 mass assay itself was performed essen-
tially as previously described in Ref. [17]. Briefly, the
dried lipids were hydrolysed by boiling for 30 min in 100
ml 0.5 M KOH, cooled on ice, centrifuged for 5 s at
12,000�g, and neutralised with 50 ml 1.0 M acetic acid.
After two extractions with 5 volumes of water-saturated
butan-1-ol/petroleum ether (40–60�)/ethyl acetate
(20:4:1; v/v) (to remove fatty acids and other organic
material), the samples were resuspended in 500 ml 0.1 M
acetic acid. Five ml of each (or the standard Ins145P3)
was then incubated for 15 min on ice in 100 ml 25 mM
Tris/HCl, pH 5.0, 1 mM EDTA, 1 mg/ml bovine serum
albumin (BSA), [3H]-Ins145P3 (�20,000 disintegrations
oer minute (dpm) per assay) and Ins145P3 binding pro-
tein (crude membranes from adrenal cortex). Unbound
[3H]-Ins145P3 was removed by aspiration after 2 min
centrifugation at 12,000�g at 4 �C. The pellets were
thoroughly resuspended in 100 ml water, 1 ml FloScint IV
was added, and the bound radioactivity determined by
liquid scintillation counting. The levels of Ins145P3 in
each sample (and hence PtdIns45P2 from whence it
derived) were calculated from a standard Ins145P3 bind-
ing curve run with each set of samples. These values were
then related back to the original cell number and cell
volume of each sample, allowing the PtdIns45P2 levels to
be expressed as detailed later.

2.7. Lipid data handling

The mass-assay-derived lipid data have been con-
verted from pmoles of PtdIns45P2-derived Ins145P3 per
sample to attomoles PtdIns45P2 per pl cell volume. This
is thus equivalent to the mM concentrations of the aqu-
eous compounds. However, for a more direct compar-
ison between the FRTL5 and FRT-Fibro-Ha cells in
Section 4, these are also included in Table 3 in the form
of attomoles PtdIns45P2 per cell surface area, as arbi-
trary units. These data are derived from the attomoles
per pl cell volume values (Table 3) on the basis that the
2.29-fold increase in cell volume from the FRTL5 to the
FRT-Fibro-Ha cells (0.84 and 1.92 pl, respectively;
Table 1) represents a mathematically determined 1.74-
fold increase in the surface area between these cells
(approximated to a sphere).

2.8. HPLC separation of [3H]-inositol-labelled water-
soluble metabolites

A standard Partisil 10 SAX column (Jones Chroma-
tography, Mid Glamorgan, England) elution system
with on-line flow detector (Packard FLO ONE A-525)
was used for the routine anion-exchange analysis of
[3H]-inositol-labelled water-soluble metabolites. This
was achieved using a non-linear gradient of water/1.0 M
ammonium phosphate, pH 3.35 (phosphoric acid)
(Buffer B), from 0 to 100% Buffer B, with a 1.0 ml/min
flow rate, as previously described in Refs. [4,5]. The
HPLC-derived dpm were obtained by recovery correc-
tion, combined with the thin layer chromatography
(TLC)-derived lipid dpm values, and expressed as both
dpm and percentages of the total cellular [3H]-inositol-
containing compounds (Table 2).

A second HPLC system was designed using the CC
200/4 Nucleodex b-OH HPLC column to separate the
less-charged [3H]-inositol-labelled aqueous products (up
to and including the inositol monophosphates) and to
determine the purity of the GroPIns peaks from Partisil
10 SAX HPLC (see Fig. 1). This used acetonitrile (Buf-
fer A) and acetonitrile/ethanol/acetic acid/water/1.0 M
ammonium acetate/200 mM sodium hydrogen phos-
phate in the ratios of (v/v) 18.0/3.4/2.2/22.0/6.0/1.0
(Buffer B), with a non-linear gradient of 35–100% Buf-
fer B at a flow rate of 0.8 ml/min over 82 min. The
addition of the phosphate to Buffer B was essential for
the elution of the inositol monophosphates and above
(i.e. not for inositol or GroPIns), hence indicating the
combined reversed-phase and ionic elution achieved.
The levels of labelled compounds within each fraction
were determined with full peak separation by collection
of fractions every 12 s, with the addition of 6 ml Ultima
Gold (Packard Bioscience BV, Groningen, The Nether-
lands) to each sample followed by b-scintillation count-
ing. Fig. 1 illustrates the separation profile of (a)
FRT-Fibro-Ha cell sample on Partisil 10 SAX HPLC
(first 30 min of elution only) and (b) elution of samples
from these Partisil-10-SAX-derived [3H]-inositol and
[3H]-GroPIns peaks (pooled, lyophilised and resus-
pended in 35% Buffer B as indicated). The elution
positions of the [3H]-inositol, [3H]-GroPIns and [3H]-
inositol monophosphates standards are indicated. Peaks
A, B, C and D are unknown [3H]-inositol-containing
compounds present in the Partisil 10-SAX HPLC ‘‘[3H]-
GroPIns’’ peak that are separated from pure GroPIns
by the Nucleodex b-OH HPLC (see also Section 3).

2.9. [3H]-inositol uptake

The experimental determination of the kinetics of
inositol entry was carried out as previously described by
Batty and colleagues in Ref. [21]. Briefly, FRTL5 and
FRT-Fibro-Ha cells were grown to confluence in
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24-well plates, as detailed above. Twenty-four hours
post-confluence, cells were washed twice with 2 ml of
freshly-prepared HEPES buffer at 37 �C, containing:
118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM
KH2PO4, 1.25 mM CaCl2, 10 mM glucose, 25 mM
HEPES, pH 7.4, and then preincubated in a further 0.5
ml HEPES buffer for 30 min at 37 �C. Inositol-uptake
incubations were carried out at 37 �C and were started
by replacing the preincubation buffer with the same
buffer containing the required concentrations of cold
(unlabelled) inositol and 0.5 mCi/well [3H]-inositol.
After the standard incubation time (30 min; see later),
the medium was aspirated and the cells were washed

rapidly with 4�2 ml per well ice-cold HEPES buffer
containing 1 mM unlabelled inositol. After the final
wash, the cells were killed with 0.5 ml (�20 �C) metha-
nol per well, scraped and removed to a scintillation
counting vial. The wells were further washed with 0.5 ml
50% methanol/water (v/v), which was added to the
respective vials, and following the addition of 6 ml
Ultima Gold (Packard), the [3H]-inositol levels were
determined by b-scintillation counting. As an initial
time course of [3H]-inositol uptake showed a linear
increase over the first 90 min at both low (3 mM) and
high (1 mM) extracellular inositol concentrations (see
Fig. 2), a standard incubation time of 30 min was used.

Fig. 1. Analysis of cell-derived, Partisil-10-SAX-purified [3H]-inositol and [3H]-GroPIns by Nucleodex b-OH HPLC. (a) First 30 min of Partisil 10

SAX HPLC elution of an aqueous extract from [3H]-inositol-labelled FRT-Fibro-Ha cells (see Section 2); and (b) Combination of two separate

analyses (joined as indicated on time axis on Nucleodex b-OH HPLC (see Section 2) of samples from the pooled (as indicated) [3H]-inositol and [3H]-

GroPIns peaks from (a). No further peaks were seen throughout these full Nucleodex b-OH HPLC analyses for either sample. The elution times of

the known [3H]-labelled standards are shown, with abbreviations as given in Table 2 and text.
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For the final data analysis using an Eadie-Hofstee plot
(V vs V/[S]), the experimental data were fitted to
straight lines, giving a gradient of�Km (see Section 3).

3. Results

3.1. Mass spectrometry analysis of intracellular GroPIns

A number of parent, transformed and carcinoma cell
lines were analysed for their intracellular GroPIns
concentrations by LC–MS/MS under their normal
growth conditions (Table 1). As the separation and
identification of phosphorylated inositol-containing
compounds is still commonly achieved using ion-
exchange (high salt concentrations) and ion-pair (ion-
pairing reagents) HPLC and radiolabel detection, there
are usually problems of incompatability with mass
spectrometry. We have overcome this by using a b-
cyclodextrin-based column operated under reversed
phase conditions with a binary mobile phase of aceto-
nitrile and a low concentration of a volatile salt solu-
tion, hence allowing on-line detection by negative ESI-
MS, and achieving a sensitive quantitative analysis of
GroPIns (see Section 2; Dragani et al, unpublished
data).

As shown in Table 1, across these cell lines of different
origin, the GroPIns concentrations are relatively con-
stant, generally varying between 130 and 450 mM. As
previously reported [3,9], the H-Ras-transformed fibro-
blast cell line (FRT-Fibro-Ha) does show a higher
(5.4-fold) GroPIns concentration (925 mM) over its
parent cell line (FRT-Fibro; 172 mM; P<0.01), initially
indicating a potential parallel between Ras transforma-
tion and GroPIns concentrations. However, this corre-
lation does not hold with either the parent thyroid
FRTL5 cell line (434 mM) and its K-Ras-transformed
counterpart (KiKi; 272 mM; P<0.01), or the PCCl3
parent cell line (144 mM) and both its H-Ras- (PC-Ha;
44 mM; P<0.01) and K-Ras- (PC-KiKi; 133 mM;
P=0.44) transformed counterparts. The consequence of
these data with regard to cellular transformation is dis-
cussed further below.

As also indicated in Table 1, according to cell types,
there can be an apparent massive variation in the approx-
imate relative cytosolic inositol concentrations under
similar radiolabelling conditions. These calculations are
derived from the LC–MS/MS GroPIns concentrations
and Partisil-10-SAX [3H]-inositol:[3H]-GroPIns ratios
from our standard M199, 2% serum, radiolabelling
conditions, and they indicate variations in the potential
cytosolic inositol concentrations from �150 to 300 mM
and �100 to 130 mM (PC-Src/FRT-Fibro-Ha/KiKi
and FRTL5/OVCAR3, respectively; Table 1). As this
could affect the cellular inositol handling, we evaluated
the standard growth (DMEM; �50 mM inositol) and

[3H]-inositol-labelling (M199;43 mM inositol) media on
the [3H]-inositol labelling (10 mCi/well) and LC–MS/
MS-derived GroPIns concentrations, with a direct
comparison with an Ins145P3 mass assay of the alkaline
hydrolysis products obtained from total phospholipid
extracts under the same media conditions (see Section
2). As among the non-carcinoma cell lines, the FRTL5
and the FRT-Fibro-Ha cells demonstrated this wide
range of these apparent intracellular inositol concentra-
tions (97 mM and 260 mM, respectively; see Table 1),
these two cell types were compared directly.

3.2. Nucleodex �-OH analysis of cell-derived, Partisil-
10-SAX-purified [3H]-inositol and [3H]-GroPIns

To be able to extrapolate from LC–MS/MS- and
mass-assay-derived data, there was the need to be more
certain of the purities of the [3H]-inositol-labelled peaks
that elute at the early times (and hence low salt con-
centrations) from Partisil 10 SAX HPLC.

When the FRTL5- and FRT-Fibro-Ha-derived
[3H]-inositol peaks from Partisil 10 SAX HPLC were
analysed by our novel Nucleodex b-OH HPLC system
(see Section 2), �90 and �97%, respectively, did
indeed co-elute with the purchased [3H]-inositol used for
cell labelling (single 100% peak; see also Fig. 1). Fur-
thermore, the peak widths at 50% peak height were also
equal (e.g. 34.0, 35.6 and 34.9 s for the FRTL5,
FRT-Fibro-Ha and [3H]-inositol samples, respectively),
thus indicating that these do indeed represent the
same, single peaks, within the reported purity of the
[3H]-inositol used for cell labelling and the separation
capabilities of this system.

Fig. 2. Time course of [3H]-inositol uptake in FRTL5 cells with low (3

mM) and high (1 mM) extracellular inositol concentrations. The

experimental determination of the kinetics of inositol entry was carried

out as previously described by Batty and colleagues [21], and as fur-

ther detailed in Section 2. The data represents the means (�SEs) of

triplicate determinations from a representative experiment with the

addition of 3 mM (filled circles) or 1 mM (filled squares) extracellular

inositol. The line graphs are the best fit straight lines (3 mM inositol,

y=0.27x; 1 mM inositol, y=3.59x) up to and including the 60 min

data points, demonstrating the linearity of the assay over this time.
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However, this was not the case for the Partisil-10-
SAX-derived [3H]-GroPIns peaks from both the FRTL5
and the FRT-Fibro-Ha cells, with the major [3H]-inosi-
tol-containing peaks on the Nucleodex b-OH HPLC
system (see Section 2) representing only �75 and
�60% (see Fig. 1), respectively, of the samples applied.
This was shown to represent genuine [3H]-GroPIns by
co-elution with both deacylated, HPLC-purified
[3H]-PtdIns from [3H]-inositol-labelled FRT-Fibro-Ha
cells, and deacylated, HPLC-purified [14C]-PtdIns from
Swiss 3T3 cells that had been [14C]-glycerol labelled.
These major Nucleodex b-OH peaks from the cell-
derived, Partisil-10-SAX-purified ‘‘[3H]-GroPIns’’ peaks
thus contain both the inositol and the glycerol moieties,
and represent genuine GroPIns. Furthermore, a direct
comparison (by the GroPIns LC–MS/MS analysis)
between FRTL5 and FRT-Fibro-Ha cells prepared
under either normal growth conditions (DMEM; as
given in Table 1) or standard [3H]-inositol-labelling
conditions (M199) demonstrated that the latter GroPIns
concentrations were �20% lower in both cell types.
These GroPIns purities and concentrations have thus
been incorporated into the data presented in Tables 2–4
(see later).

3.3. Intracellular concentrations

Both the FRTL5 and FRT-Fibro-Ha cells were [3H]-
inositol-labelled under the same high (DMEM) or low
(M199) inositol medium conditions. The aqueous and
organic phases of the cell extractions were analysed by
their respective methodologies (Partisil 10 SAX HPLC
and TLC; see Fig. 3 and Section 2) and corrected for the
experimentally derived efficiencies of each system. The
resulting [3H]-dpm were combined, and also used to
calculate the relative levels of [3H]-inositol in each com-
pound peak (as percentages of the total intracellular
[3H]-inositol-containing compounds; see Table 2). The
dpm values were used with the LC–MS/MS- and mass-
assay-derived GroPIns and PtdIns45P2 levels to provide
independently derived specific activities of the GroPIns
and PtdIns45P2 levels. As shown in Table 3, in the high
inositol medium (DMEM) within both the FRTL5 and
FRT-Fibro-Ha cells the specific activities (in dpm/mM
equivalent, see Legend to Table 3) from the GroPIns
LC–MS/MS and the PtdIns45P2 mass assay are in good
agreement (6.14 vs. 5.38 and 54.81 vs. 68.70, respec-
tively), and have been used to demonstrate the full levels
of each of the [3H]-inositol-containing compounds in
these cells under these conditions (see Table 4). How-
ever, in the low inositol medium, the GroPIns LC–MS/
MS specific activities within the FRTL5 and Fibro-Ha
cells are some two-fold (13.27 vs. 28.05) and 13-fold
(68.22 vs. 867.40) lower than those for the PtdIns45P2

mass assay, respectively (Table 3). This would indicate
that despite the apparent radiolabel equilibrium reached

by evaluating the total inositol content (medium vs cell),
the GroPIns and PtdIns45P2 pools within these cells
under these conditions do not contain an even labelling of
their different inositol-containing pools, and are thus not
at radiolabel equilibrium (as indicated in the legend to
Table 4); the consequences of this are discussed further
below.

3.4. [3H]-inositol uptake

The inositol-handling ability of the two main cell
types examined here may be affected by their inositol
uptake mechanisms. However, an examination of their
incorporation of inositol (see Section 2) showed that
they both have little or no non-saturable, low affinity
inositol uptake, with the relatively high affinity uptake
showing a Km of 40�6 and 44�6 mM for the FRTL5
and FRT-Fibro-Ha cells, respectively (see Section 2).
This indicates that the difference in the inositol handling
of these two cell types under the low inositol conditions
is not due to different abilities of their inositol uptake
systems.

4. Discussion

Demonstrations of increased levels of GroPIns in cells
transformed with cytoplasmic or membrane-associated
oncogenes have led to the proposal that GroPIns can
constitute a biochemical marker for such oncogenic
activation via the parallel regulation of PLA2 activity
[7,8]. In the case of Ras transformation, this was sup-
ported by demonstrations from our laboratory of
apparent increases in the levels of GroPIns in thyroid
FRTL5 cells upon Ki-Ras-transformation (KiKi cells;
[3]), and after Ha-Ras transformation in another thyr-
oid cell line (PCCl3) and in a thyroid-derived fibroblast
cell line (FRT-Fibro; [9,14]). At the same time, this
constitutive production of GroPIns was accompanied
by an elevation in the levels of arachidonic acid and
lysoPtdIns, hence indicating that the transformation
process involves the sequential action of a PLA2 and a
lysoPLA on PtdIns [4–6,9].

The possibility of exploiting these increased GroPIns
levels as tumour markers led us to develop a second,
independent (of [3H]-inositol labelling of cells), analy-
tical approach that has also resulted in a more precise
determination of the GroPIns concentrations in cells
(Dragani et al, unpublished data). Thus by use of a
LC–MS/MS system that does not involve the high salt
concentrations seen with Partisil 10 SAX HPLC, cou-
pled with cell counting and cell volume measurements as
seen previously [11–13,16], we have determined the
GroPIns concentrations in a series of parent, trans-
formed and carcinoma cell lines (Table 1). These values
generally range from between 130 and 450 mM and are

C.P. Berrie et al. / European Journal of Cancer 38 (2002) 2463–2475 2471



in good agreement with previous intracellular con-
centrations of GroPIns that have been calculated using
estimates of medium [3H]-inositol specific activities [11–
13,16]. However, although the highest GroPIns con-
centration is in a Ras-transformed cell line (FRT-Fibro-
Ha; 925 mM), in other cell types we were unable to
confirm a correlation in GroPIns concentrations
between parent (FRTL5 and PCCl3) and Ras-trans-
formed thyroid cells using these direct LC–MS/MS
determinations of intracellular GroPIns concentrations.

These data also gave indications of unexpectedly high
inositol concentrations in some cell types when the
LC–MS/MS-derived GroPIns concentrations are rela-
ted to previous experimental [3H]-inositol:[3H]-GroPIns
ratios from [3H]-inositol equilibrium labelling (see
Tables 1 and 4). While most cell types should contain
from 1 to 30 mM, which is in agreement with pre-
viously-reported data [12,13], both FRTL5 and
OVCAR3 cell lines appear to have cytosolic inositol
concentrations of �100 mM (Table 1). This thus con-
firms that cells must be able to actively control their
intracellular concentrations of the various, often highly
phosphorylated, inositol-containing compounds that

show relatively stable concentrations despite these huge
differences in cytosolic inositol content. Indeed, the
[3H]-inositol equilibrium-loading data here (DMEM;
Table 4) indicate (using either assay technique) that
while PtdIns45P2 levels (in attomoles/pl cell volume, or
after the calculated surface area adjustment; Table 3)
are not significantly different in the FRTL5 and the
FRT-Fibro-Ha cells, the total amount of inositol within
the cells (see final column, Table 4) is some 10-fold
higher in the former. This is not due to any inherent
difference in the Km values of the inositol uptake sys-
tems of these two cells, or to the inositol content of the
extracellular medium. This fine control must therefore
be a balance between the potential loss of inositol back
to the extracellular medium, down the sharp concentra-
tion gradient, and the incorporation of the inositol into
PtdIns, and thence the polyphosphoinositide pools.
Thus PtdIns45P2 levels are maintained by altering the
equilibria between and within the cytosolic inositol and
the membrane phosphoinositides.

Considering this apparently high cytosolic inositol
contribution towards our M199 [3H]-inositol labelling
conditions with the FRTL5 cells (upon exchange of

Fig. 3. Standard Partisil 10 SAX HPLC analysis. Separation of the aqueous phase derived from [3H]-inositol-labelled FRT-Fibro-Ha cells under (a)

high inositol (DMEM) and (b) low inositol (M199) labelling conditions (see Section 2). The elution times of the relevant known [3H]-labelled stan-

dards are shown. Ins14P2, inositol 1,4-bisphosphate; cpm HPLC, counts per minute for HPLC on-line b-scintillation counting; for other abbrevia-

tions, see Table 2 and text.
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growth medium with labelling medium), there will be a
significant dilution (and redistribution) of the total (1 ml
medium at �3 mM inositol, plus �1.5 pl cells at �100
mM inositol) [3H]-inositol specific activity. This will not
be the case with the Kiki cells (their Ras-transformed
counterparts; cytosolic inositol �0.3 mM). This
demonstrates that the apparently three-fold higher
GroPIns concentrations we have previously reported in
KiKi vs. FRTL5 cells (3) was under loading conditions
that gave different [3H]-inositol specific activities across
these two cell types. Allowing for this, there should
actually be a two- to three-fold higher GroPIns con-
centration in the parent FRTL5 cell line, in line with the
present direct LC–MS/MS GroPIns analysis. At the
same time, the specific activities calculated by two dif-
ferent methodologies in the present study demonstrate
that the low-inositol-containing cell types (such as the
KiKi and FRT-Fibro-Ha cells) may well not be in full
intracellular radiolabel equilibrium under our standard
M199 medium labelling conditions, despite the apparent
[3H]-inositol-loading equilibrium previously seen
between medium and cells.

However, despite the large differences in cytosolic ino-
sitol concentrations and total intracellular inositol content
between the FRTL5 and FRT-Fibro-Ha cells analysed
further in the present study, the mass-assay-derived
PtdIns45P2 levels show no significant differences under
both labelling conditions in both cell types, particularly
when the attomoles/pl cell volume data is corrected to
allow for differences in cell volume (see Table 1), and
thus surface area (see Table 3). This demonstrates the
ability of cells to maintain their polyphosphoinositide
pools even under limiting inositol conditions. This
appears to be accomplished by altering the balance
between the large PtdIns pool and the polypho-
sphoinositides, in favour of maintenance of PtdIns45P2

levels; indeed, under the extreme conditions in the low
inositol FRT-Fibro-Ha cells, this is also seen not just as
a reduction in the [3H]-PtdIns pool, but also as a mas-
sive reduction of the [3H]-inositol pool (see Fig. 3).
Hence, with the assumption that the lipid pools are in
radiolabel equilibrium within themselves (see also later),
the FRTL5 and FRT-Fibro-Ha cells show changes in
the PtdIns:PtdIns45P2 ratios from 83-fold and 47-fold
in DMEM to 65-fold and 11-fold in M199, respectively
(calculated from dpm values in Table 2 and the
PtdIns45P2-generated specific activities of Table 3). This
represents a �40 and �85% loss of PtdIns levels. These
large reductions in the PtdIns pools with the main-
tenance of the PtdIns45P2 levels has also been seen with
receptor stimulation under inositol depletion conditions
in 1321N1 astrocytoma cells [20,22] and with chronic
elevation of cellular Ins145P3 levels caused by under-
expression of the inositol polyphosphate 5-phosphatase
in NRK fibroblasts [23]. These were both linked to a
central role for the PtdIns transfer protein in the resupply

of PtdIns [23,24]. Conversely, overexpression in COS-7
cells of the two enzymes of the PtdIns biosynthetic path-
way, CDP-diacylglycerol synthetase and PtdIns syn-
thase, was not seen to enhance the rate of PtdIns
biosynthesis [25]. Therefore, the main determining fac-
tors in the maintenance of the PtdIns pool for resynthesis
of the polyphosphoinositides are the availability of ino-
sitol for resynthesis of PtdIns (with the Km of PtdIns
synthase for inositol in the range of 60 mM to 5 mM;
[26]), and the ability to transfer such newly synthesised
PtdIns to where it is needed (by the PtdIns transfer pro-
tein).

A further change in the phosphoinositide equilibrium
that can be related to Ras activation arises from an
increased PtdIns 4-kinase activity. This has been seen in
membranes from Ras-transformed fibroblasts [27], in
Dictyostelium cells overexpressing a mutantRas oncogene
(Gly12! Thr12; Dd-Ras-Thr12; [28], and in Ras-injected
Xenopus laevis oocytes [29]. This combination of PtdIns
resynthesis and PtdIns 4-kinase activation will thus be
the determining factors in the re-establishment of the
phosphoinositides equilibrium under inositol depletion,
sustained stimulation and Ras activation. As it can also
be shown that all newly synthesised PtdIns goes through
an obligatory transit as part of the cellular lysoPtdIns
pool (see Ref. [14]), this lends further support to the
equilibration of the full phosphoinositides pool, thus
indicating that the previously reported data from our
laboratory [4,5] demonstrating increased lysoPtdIns
levels upon Ras-induced cell transformation should
indeed hold across these different cell types. Further-
more, use of cell lines expressing temperature-sensitive
mutants of oncogenic Ras [3,4,8] largely avoids the ino-
sitol equilibrium problems seen in the present study,
confirming increases in GroPIns and lysoPtdIns only at
the permissive temperature. Finally, increased levels of
GroPIns and lysoPtdIns have also been seen in differ-
entiation of hepatic and neuronal cells [9,10] and in cells
overexpressing the PtdIns transfer protein PITPa [30].

As we have indicated previously (see Ref. [14] for
review), the control and maintenance of lysoPtdIns
levels in cells is of extreme importance, particularly
considering the lytic properties of the lysolipids [31].
This can in part be accomplished by its removal and
release from the cell, as has been shown with the
FRTL5 and FRT-Fibro-Ha cells used in this study,
where increases in medium lysoPtdIns and inositol cyc-
lic 1:2-monophosphate (Ins1:2cP), its main extracellular
hydrolysis product, have been reported [6,9]. High levels
of Ins1:2cP (indicative of lysoPtdIns hydrolysis) have
also been found in Morris 7777 hepatomas and renal
tumours, along with a decreased activity of the cyclic
hydrolase [32–35]. With the advent of more recent direct
measurements of extracellular (ascites fluid) lysopho-
spholipids by mass spectrometry [36,37], a role for
lysoPtdIns as a diagnostic marker for ovarian cancer is

C.P. Berrie et al. / European Journal of Cancer 38 (2002) 2463–2475 2473



also emerging. Similar methodology was used to moni-
tor the newly-synthesised PtdIns transition through the
cellular lysoPtdIns pool (see earlier and Ref. [14]). This
thus needs to be taking place without cycling through
GroPIns (as increased GroPIns levels do not always
parallel those of lysoPtdIns), showing a further level of
control that avoids the potential rapid hydrolysis of
lysoPtdIns that we have seen both in vitro and in a
number of cell types in culture [5,6,19]. Thus the cou-
pling of these increased lysoPtdIns levels with its known
mitogenic activity ([4–6], see Ref. [14] for review) could
indicate a more intimate role for lysoPtdIns (rather than
GroPIns) in cellular transformation. The ability to link
this to certain cancer conditions also demonstrates the
increased potential importance of lysoPtdIns (along with
lysophosphatidic acid and lysophosphatidylcholine; see
Ref. [38] for review) as a specific tumour marker.

In conclusion, in the present study we have used
LC–MS/MS analysis to directly measure the concentra-
tions of GroPIns in aqueous extracts of cells, demon-
strating that there is no simple relationship between Ras
transformation and intracellular GroPIns concentra-
tions. The correlation of these LC–MS/MS-derived
GroPIns concentrations with [3H]-inositol labelling and
PtdIns45P2 mass assays has uncovered an apparent
wide range of cytosolic inositol concentrations, with low
intracellular inositol conditions demonstrating preferred
patterns of its distribution. These favour the main-
tenance of PtdIns45P2 levels at the expense of PtdIns,
which will be further pronounced under conditions of
high metabolic activity (and particularly when com-
bined with low inositol availability), such as cell activa-
tion and transformation.
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