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Fibroblasts Transformed with v-src Show
Enhanced Formation of an Inositol Tetrakisphosphate

R. M. JounsoN,* W. ]J. WASILENKO,T R. R. MATTINGLY,

M. J. WEBER, J. C. GARRISONT

The tyrosine kinase pp60™*", encoded by the v-src oncogene, seems to regulate
phosphatidylinositol metabolism. The effect of pp60**™ on control points in inositol
phosphate production was examined by measuring the amounts of inositol polyphos-
phates in Rat-1 cells expressing wild-type or mutant forms of the protein. Expression
of v-src resulted in a five- to sevenfold elevation in the steady-state amount of an isomer
of inositol tetrakisphosphate, whereas the concentrations of inositol trisphosphates or
other inositol tetrakisphosphates were not affected. The activity of a key enzyme in the
formation of inositol tetrakisphosphates, inositol (1,4,5)-trisphosphate 3-kinase, was
increased six- to eightfold in cytosolic extracts prepared from the v-src—transformed
cells, suggesting that this enzyme may be one target for the pp60*~*" kinase and that it
may participate in the synthesis of novel, higher order inositol phosphates.

NCOGENES ARE ALTERED OR

overexpressed forms of genes

whose products participate in nor-
mal growth control, and oncogene products
are presumed to induce malignancy by per-
forming in an unregulated fashion activities
that the proto-oncogene products control in
normal cells (7). Thus, certain oncogene
products are closely related to growth fac-
tors, mitogen receptors, and nuclear regula-
tory proteins (1). The protein encoded by
the v-src oncogene, pp60Y-*"® (2), may inter-
act with inositol lipid signaling pathways
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because it regulates a membrane-bound
phosphatidylinositol kinase (3) and stimu-
lates phospholipid breakdown (4). Howev-
er, control of the inositol signaling pathways
is complex, with regulatory sites in both the
membrane and cytoplasm (35).

To investigate the effect of expression of
the v-src oncogene on inositol polyphos-
phate concentrations, we incubated grow-
ing, nearly confluent cultures of normal and
sre-transformed  Rat-1  fibroblasts for 24
hours with [*H]myo-inositol and examined
the steady-state amounts of those isomers
that are thought to serve as intracellular
messengers, the inositol tris- and tetrakis-
phosphates (5). We added serum to the
incubation medium so that the normal cells
would continue to divide, thereby allowing
us to compare normal growing cells with the
constitutively  proliferating ~ v-sre—trans-
formed cells. The inositol polyphosphates
present in extracts of normal and v-src—
transformed cells were resolved on a strong
anion-exchange column by high-perform-
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Fig. 1. Effect of expression of v-src on the steady-
state amounts of inositol polyphosphates in Rat-1
cells. Normal (hatched bars) and v-sre—trans-
formed (open bars) Rat-1 fibroblasts were labeled
with [*H]myo-inositol for 24 hours, and *H-
labeled inositol polyphosphates were extracted
from the cells (6). The I(1,3,4)Ps, I(1,4,5)P5, and
IP, in the sample were resolved by HPLC on a
strong anion-exchange column, and the counts in
each compound were corrected for the protein
corresponding to the sample applied to the col-
umn. Data represent the mean * SEM from five
experiments performed on two to three dishes of
cells per experiment. The effect of v-src on IP,
concentrations was significant at the P < 0.05
confidence interval using a one-tailed, paired ¢
test.

ance liquid chromatography (HPLC) (6).
When the results from five such experiments
were averaged and corrected for sample
protein content, the steady-state amount of
inositol tetrakisphosphate (IP;) was 6.2
(£1.9) times as great in v-sre—transformed
cells as in normal fibroblasts, whereas the
amounts of inositol (1,4,5)-trisphosphate
[I(1,4,5)P5] and inositol (1,3,4)-trisphos-
phate [I(1,3,4)P;] were similar in the two
cell types (Fig. 1). The amount of IP4 was
not increased in Rat-1 cells containing the
psV-neo vector alone. Our studies suggest
that the high concentration of IP4 in v-sre—
transformed cells is not due to an agonist
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Table 1. Amounts of inositol phosphates in fibroblasts transfected with the v-src oncogene. Rat-1
cells were grown and labeled with [*H]myo-inositol and the water-soluble inositol phosphates prepared
for HPLC analysis (6). Cell lines were transfected with the src and ras oncogene constructs and selected

as described (8). The data are expressed as the mean
inositol phosphates found in paired experiments with

+ SEM of the fold increase over the amounts of
the appropriate control cells. Each experiment (r)

represents one plating of cells in which triplicate dishes were analyzed by separate HPLC runs.

Amount (fold increase over control)

Cell type n
P 1(1,4,5)Ps 1P, 1(1,3,4)P5

Normal Rat-1 (control) 1.0 1.0 1.0
Rat-1 c-src 12+0.1 1.3 0.7 1.1 +03 3
Rat-1 v-src 09 +0.2 6.2 £ 19% 1.1 +0.3 5
Rat-1 c-src 527F 1.3x0.1 4.3 + 1.6* 1.3+0.2 3
Rat-1 tsLA29 at 39.5°C (control) 1.0 1.0 1.0
Rat-1 tsLA29 at 35.5°C 1.1x03 2.3 £09* 1.1 02 3
Swiss 3T3 (control) 1.0 1.0 1.0
Swiss 3T3 ras 1.3+0.2 09 +0.1 2.1 = 0.4* 2
Swiss 3T3 v-src 09=x0.1 2.0+ 0.1* 1.6 = 0.2* 2

*P < 0.05 by one-tailed, paired ¢ test.

effect of serum, as this phenomenon was also
observed in v-sre—transformed cells that were
labeled with [*H]myo-inositol in serum-free
medium. Furthermore, the large increase in
the amount of IP, was not seen in normal
cells treated with bombesin, endothelin, epi-
dermal growth factor, or serum for 3 to 5
min, even when the cells were incubated
with LiCl before stimulation (7).

To determine if the tyrosine kinase activi-
ty of pp60¥~*" was required for the effect on
cellular IP; content, we measured the
amounts of inositol polyphosphates in cells
expressing ecither a temperature-sensitive
pp60Y- kinase (tsLA29 src) or an activated
c-src kinase (Table 1). Rat-1 cells expressing
the tsLA29 src contained greater amounts of
IP4 when grown at the permissive tempera-
ture for the activity of the pp60*~"* kinase
(35.5°C), as compared to the nonpermissive
temperature (39.5°C) (8). The c-src mutant,
in which the codon for tyrosine-527 was
altered to encode phenylalanine, specifies a
protein with an activated tyrosine kinase and
is able to transform cells (9, 10). Rat-1 cells
expressing this mutant c-src had IP4 concen-
trations that approached those found in Rat-
1 cells transformed by wild-type v-src (Table
1). A tenfold overexpression of the non-
transforming  pp60°*"®  proto-oncogene
product did not significantly change the
amounts of the three inositol polyphos-
phates in these cells. Our results show a
correlation between the src product tyrosine
kinase activity and greater amounts of IP4 in
rodent fibroblasts. The effect of src on 1P,
concentration was not restricted to Rat-1
cells, as an increased amount of IP,, albeit of
lesser magnitude, was also observed in Swiss
3T3 cells. The amount of IP, was not
measurably elevated in Swiss 3T3 cells trans-
formed by H-ras, suggesting that the effect is
not a general property of transformed cells
but may be specific to transformation by v-
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src (Table 1).

Because multiple isomers of IPs exist in
cells (11), we modified the HPLC elution
conditions (12) to determine which IP4
isomers were affected by expression of
pp60Y~"¢. Comparison of the elution posi-
tions of the IP; and IP4 standards (Fig. 2A)
with the pattern obtained from normal and
transformed cells (Fig. 2B) revealed that v-
sr—transformed Rat-1 cells contained large
amounts of an IP, isomer that is distinct
from inositol (1,3,4,5)-tetrakisphosphate
[1(1,3,4,5)P4] and inositol (1,3,4,6)-tetra-
kisphosphate [I(1,3,4,6)P4]. In src-trans-
formed Rat-1 cells, including the tsLA29
and c-src 527 mutants described in Table 1,
>95% of the labeled IP4; was the novel
isomer. On the basis of its elution position
relative to that of I(1,3,4,5)P; and
I(1,3,4,6)P4 in similar gradients (12), we
propose that this isomer is inositol
(3,4,5,6,)-tetrakisphosphate [1(3,4,5,6)P4];
indeed, it coelutes with an authentic
1(3,4,5,6)P4 standard on a weak anion-ex-
change column (13). However, until chemi-
cal analysis of its structure is performed, this
assignment must remain tentative. The find-
ing that the IP, isomer accumulating in
the v-sr—transformed cells is probably
1(3,4,5,6)P4 may explain why the concen-
trations of the inositol trisphosphates are
not markedly altered by src transformation,
in that this IP, isomer is not formed directly
from 1(1,4,5)P; (11).

Although the details of the pathways used
to synthesize 1(3,4,5,6)P, and higher forms
of the inositol polyphosphates are still un-
certain, it appears that the first step is the
conversion of 1(1,4,5)P; to I(1,3,4,5)P4
(11, 14). The enzyme that catalyses this
reaction is inositol (1,4,5)-trisphosphate 3-
kinase [I(1,4,5)P; 3-kinase] (5, 11). The
I(1,4,5)P3 3-kinase activity in cytosolic and
particulate fractions from normal and v-sre—
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Fig. 2. Resolution of IP, isomers. (A) HPLC
elution profile of a mixture of ATP, adenosine
tetraphosphate (ATPP), and *H-labeled I(1,4,5)
P3a I(la3a4)P3’ I(1a33435)P4a and I(1a334a6)P4
standards. The conditions used to elute the iso-
mers from the strong anion-exchange (SAX) col-
umn were modified to optimize the separation of
the tetrakisphosphate isomers as described (12).
Collection of 0.4-ml fractions at 20-s intervals
began 28 min after injection of the sample and
stopped 6 min later; collection restarted at 38 min
and stopped at 50 min. This schedule minimized
the number of fractions per sample. (B) Repre-
sentative elution profile of *H-labeled inositol
polyphosphates from one dish of normal (open
boxes) or v-sre—transformed (closed circles) Rat-1
fibroblasts. Elution conditions were as described
in (A). Equal numbers of cells were seeded onto
each dish, but data are not corrected for protein.
Data are representative of ten experiments. The
vertical dashed lines mark the elution positions of
each inositol polyphosphate.

transformed Rat-1 cells was assayed by mea-
suring the rate of conversion of *H-labeled
1(1,4,5)P; to 1(1,3,4,5)P,. About 85% of
the 3-kinase activity in both cell types was
found in the cytoplasm, in agreement with
results from other cells (15-17). However,
the amount of 3-kinase activity was signifi-
cantly greater in v-src—transformed cells than
in normal cells (Fig. 3A). The IP, isomer
produced in this assay was I(1,3,4,5)P4 on
the basis of its elution position in the modi-
fied HPLC gradient and the quantitative
conversion of the *H-labeled 1(1,4,5)P; to
IP, in the assay (Fig. 3B). To determine if
activation of the 3-kinase was an early step
in the src transformation process, we assayed
the enzyme in cytosolic fractions prepared
from tsLA29 src—infected Rat-1 cells at in-
tervals between 1.5 and 24 hours after a
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shift to the permissive temperature for
expression of the mutant pp60*~* kinase
activity (35.5°C). The 3-kinase was activat-
ed five- to sixfold within 1.5 to 3 hours of
the temperature shift, suggesting that activa-
tion of this enzyme may be an early event in
src transformation.

To characterize the stimulated 3-kinase
activity in extracts of src-transformed cells,
we partially purified the enzyme from nor-
mal and v-sre—transformed cells by a modifi-
cation of the phosphocellulose cation-ex-
change chromatography described by Jo-
hanson et al. (17). The increased activity
expressed in crude cytosolic extracts from v-
sre—transformed cells was still apparent after

column chromatography, with a peak of 3-
kinase activity eluting at 0.05M K,HPO,
(Table 2). The activity of the 3-kinase in the
partially purified extracts from both cell
types was not significantly affected by the
addition of 5 wM calmodulin to the assay
mixture (7). The fact that 3-kinase activity
remains elevated in extracts of v-sre—trans-
formed cells after elution from a phospho-
cellulose column suggests that the activation
of this enzyme is not mediated by a small
molecule or cofactor.

Our findings suggest that cells expressing
an active pp60*~*" tyrosine kinase have at
least two alterations in their inositol lipid
signaling pathways, a markedly elevated

Fig. 3. (A) Production of
3H-labeled 1(1,3,4,5)P,
from 3H-labeled 1(1,4,5)P,
by cytosolic extracts pre-

=

pared from normal (M) and 30
v-sre—transformed cells (@).
(B) Loss of >*H-labeled
1(1,4,5)P; in the same assay.
Cells were homogenized 20

and I(1,4,5)P; 3-kinase ac-
tivity measured as described
(22). No  measurable
amounts of I(1,3,4)P; were
produced in the assay. The
assay was terminated after 2
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scribed during the assay of the 3-kinase from human erythrocytes (24) and porcine brain cytosol (25).
The results are expressed as nanomoles of 1(1,3,4,5)P, formed per milligram of protein and are the
mean * SEM for assays from three cytosolic preparations. In (A) results are shown from a control
experiment in which no protein was present in the assay ([J).

Table 2. Partial purification of 1(1,4,5)P; 3-kinase from normal and v-sre—transformed Rat-1 cells.
Cytosolic fractions were prepared from normal or v-sre—transformed Rat-1 cells as described (22), except
that the cells were homogenized in 25 mM Hepes, 45 mM tris (pH 8.1), 1 mM MgCl,, 2 mM EGTA, 1
mM dithiothreitol, and leupeptin (2 mg/ml). The cell extract was prepared for purification as described
(23). The specific activity of the 3-kinase activity in the 100,000¢ supernatant fraction applied to the
phosphocellulose was 0.4 nmol min~' mg™' in normal cells and 1.9 nmol min™! mg™"! in v-src cells. The
values for purification are multiples of these activities. The fold increase in specific activity of the v-sre—
transformed cells over the normal cells is shown in parentheses for each fraction. The results are
representative of three separate experiments.

Total Total Specific Purifi-
Fraction activity protein activity cation
(nmol min™?) (mg) (nmol min~" mg™) (fold)
Void volume
Rat-1 2.0 1.1 1.8 4.3
Rat-1 v-sre 13.3 2.8 4.9 (2.7x) 2.6
Eluates
0.05M phosphate
Rat-1 1.0 0.6 1.8 44
Rat-1 v-src 17.7 14 12.4 (6.7X) 6.5
0.2M phosphate
Rat-1 0.9 0.3 29 7.2
Rat-1 v-src 32 0.5 6.2 (2.1x) 3.2
0.4M phosphate
Rat-1 0.2 0.1 1.6 3.7
Rat-1 v-src 1.0 0.4 2.3 (1.5%) 1.2
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1(1,4,5)P; 3-kinase activity and an increased
concentration of a particular IP, isomer.
Currently, the roles of all inositol tetrakis-
phosphates are unclear. It has been pro-
posed that 1(1,3,4,5)P, regulates Ca®" in-
flux after acute hormonal stimulation (18),
whereas the more recently discovered
1(1,3,4,6)P4 and 1(3,4,5,6)P4 have been ob-
served to accumulate in chick red blood cells
and under prolonged hormonal stimulation
of other cell types (12, 19). The source of the
novel IP4 isomer is not established, but it
seems unlikely to be the unique inositol
phospholipid produced by the phosphati-
dylinositol kinase activated by v-src, as this
inositol phospholipid is reported to have
phosphate in the d-1 position (3). The find-
ing that the activity of the 1(1,4,5)P3 3-
kinase is markedly elevated in cells trans-
formed with v-src is more germane, as this
enzyme may be a control point for the
subsequent synthesis of the novel inositol
tetrakisphosphate isomers (11, 14). This
protein has been purified or partially puri-
fied from several sources and found to be an
adenosine 5'-triphosphate (ATP)-requiring
enzyme that is sensitive to Ca>* and calmo-
dulin (15-17, 20). In addition, the enzyme
in lymphocytes and hepatocytes may be
activated by phosphorylation (21). It is pos-
sible that the activation of the 3-kinase in src-
transformed cells is the result of posttransla-
tional modification, such as phosphoryl-
ation. Alternatively, it could be due to an
increase in the amount of the 3-kinase pro-
tein. Regardless of the mechanism, the
marked effects of src transformation on ino-
sitol polyphosphate metabolism provide an-
other link between the src oncogene and the
inositol lipid signaling pathway.
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