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ABSTRACT

The activity of 1-phosphatidyhinositol4-kinase (EC 2.7.1.67), the first
committed AlP-utilizing enzyme of inositol 1,4,5-trisphosphate and dia
cyiglycerol biosynthesis, was determined In a spectrum of rat hepatomas
of differentgrowthrates,in sarcoma,and in normaltissuesof high cell
renewal rates which include differentiating and regenerating liver. A
standard isotopic method was developed to measure the enzymic activity
in crude particulate extracts. In this assay, the enzyme activity was linear
with time for 2 mm and proportional with protein concentrations over a
range of 0.1 to 1.0 mg per 0.1 nil reaction mixture. The optimum pH for
both liver and hepatoma enzyme was 7.4. The apparent Km values of the
Idnase for All',@ and the substrate phosphatidylinositol in normal
liver were 0.03, 10, and 0.2 miw,respectively,and in rapidlygrowing
hepatoma 3924A 0.01, 0.1, and 5.3 mM. The kinase activity in adult rat
livers was 0.3 to 0.5 Â±0.01 nmol/h/mg protein. In hepatomas of slow and
intermediate growth rates, kinase activity Increased 5.3- to 7.6-fold, and in
rapidly proliferating hepatoma 3924A, it was elevated 28.5-fold over that
of normalliver.In rat sarcoma,kinaseactivitywas 13.2-foldhigherthan
in normal muscle. To clasify further the linkage between kinase activity
andprollfrration,enzymicactivitywasdeterminedin rapidlygrowingrat
tissues. The kinase activity in rat thymus, bone marrow, spleen, and testis

increased 8.4-, 7.6-, 5.6- and 5.6-fold, respectively, over the values of
normal rat liver; by contrast, in skeletal muscle, liver, heart, and renal
cortex, the activities were low. In the rapidly growing neonatal rat liver
and In24-h regenerating liver, activities were 3.4- and 3.0-fold higher than
in the adult resting liver.

From this study, the relationship of 1-phosphatidylinositol 4-kinase
activity with transformation and cell proliferation Is clearly apparent in

the markedly increased activity in transplantable hepatomas of different
growth rates and in sarcoma and is further emphasized by the high activity
observed in newborn and regenerating liver and In thymus, bone mawow,
spleen, and testis. Since the kinase activity is linked with proliferation and
malignancy, it may well be a sensitive target for chemotherapy.

INTRODUCTION

Phosphoinositide turnover plays an important role in cellular re
sponse to a wide array of metabolic stimuli (1). Activation of phos
phoinositide metabolism following receptor agonist binding leads to
phospholipase C-dependent hydrolysis of PIP24with generation of 1P3
and diacylglycerol (2). Whereas 1P3effects the release of intracellular
calcium from non-mitochondrial stores, diacylglycerol, in concert
with ionized calcium, activates protein kinase C (3, 4).

In additionto regulationof P1turnoverby phospholipaseC, phos
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phorylation of P1 and PIP by P1 and PIP kinases should be important

steps in determining the magnitude of the cellular response (5). With
regard to the role of P1 kinases in the regulation of P1 turnover, it is
now well established that a P1 4-kinase phosphorylates the inositol
ring in the C-4 position, yielding P1 4-P, and a P1 3-kinase phospho
rylates the inositol ring in the C-3 position, yielding P1 3-P (6, 7). P1
4-kinase is a broadly distributed membrane-associated enzyme (8). It
is inhibited by adenosine and activated by detergent (8, 9). On the
other hand, P1 3-kinase is inhibited by detergent and insensitive to
adenosine inhibition (6, 10). P1 kinases have been associated with the
response to various growth factors and oncoproteins with tyrosine
kinase activity (9, 11â€”15).

We have previously demonstrated in a murine myeloid cell line
transfected with a val-12 mutant ras a positive correlation of onco
genic transformation with guanine nucleotide and fluoroaluminate
sensitive phospholipase C activity (16). Furthermore, stimulation of
ras-transfected cells was associated with increased generation of PIP
and PIP2, implicating activation of P1 kinases (16). In the present
study, we have examined in detail the presence and the characteristics
of P1 4-kinase in normal rat tissues compared to various rat tumors in
order to explore the possibility that P1 4-kinase activity is associated
with neoplastic proliferation.

MATERIALS AND METhODS

Materials. Hyperfilm-MP and [-y-32P]ATP (3000 Ci/mmol) were pur
chased from Amersham Corp. (Arlington Heights, IL). All chemicals were of
reagent grade and were purchased from Sigma Chemical Co. (St. Louis, MO)
unless otherwise indicated.

Animals. Male rats were obtained from Harlan Sprague-Dawley, Inc.
(Indianapolis, IN). Except for neonatal rats, animals were kept in separate
cages with water and Purina Rat Chow available ad libitum. Animal rooms

were air-conditioned and illuminated daily from 6 a.m. to 7 p.m.
Tumors. Hepatocellular carcinomas were maintained as bilateral s.c. trans

plants in male inbred ACt/N rats (hepatoma 3924A) and in male Buffalo strain
rats (all other hepatomas). Muscle sarcoma was maintained as bilateral s.c.
transplants in male Fischer rats. The tumors were harvested when they reached
a diameter of 1.5 to 2 cm. Livers of normal ACI/N and Buffalo strain rats and
skeletal muscle of Fischer rats were used as controls for hepatomas and
sarcomas, respectively. The biological properties (17) and the biochemical
aspects of these neoplasms (18â€”20)were outlined elsewhere.

Regenerating Liver. Male ACIIN rats weighing 200 g were used. Partial
hepatectomy was carried out under light ether anesthesia by the standard
method (21), and sham-operated animals were used as controls. At 24 h after
operation, the regenerating livers and livers from sham-operated rats were
excised and used for enzyme assays.

Differentiating Liver. Pregnant Wistar rats were purchased from Harlan
Sprague-Dawley, Inc. The litters were allowed to remain in the same cage with

the mother for 18 days after birth, and then each rat was placed in an individual
cage. For rats under 7 days old, five or more samples were prepared, each
containing pooled livers of four to six rats. Beyond this age, individual livers

were used (19, 22).
Preparation of Particulate Fraction from Normal and Neoplastic

Tissues. Animals were stunned, decapitated, and bled. Tumors and control

tissues were removed by dissection from necrotic, hemorrhagic, and connec
tive tissues. Fresh tissues (10% w/v) were minced and homogenized with a

motor-driven Teflon pestle (40 s) in 0.25 mM sucrose, 50 mM Tris-HCI (pH

7.4), 1 mM EGTA, and 10 mM dithiothreitol containing 10 mM benzamidine,
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100.5 mM phenylmethylsulfonyl fluoride, 1 p.g/ml leupeptin, and 10 p@g/ml

aprotinine. This and all subsequent procedures for isolation of particulate
fractions were carried out at 4Â°C.The homogenate was centrifuged at 800 X
g for 15 mm. The supernatantwas retained and centrifuged at 45,000 X g for
30 min. The pellet was recovered and resuspended in 5 ml of 25 m@13-glyc
erophosphate buffer containing 1 mM EGTA and protease inhibitors at the
same concentration as in the homogenization buffer. Phosphodiesterase I was
used as a marker enzyme for plasma membranes (23).

Protein Determination. Protein concentration was determined by the
Lowry method using bovine serum albumin as a standard (24).

Phosphatidylinositol 4-Kinase Many. The activity of P1 4-kinase was
measured by quantitating the transfer of phosphate from [y-32PJATPto phos
phatidylinositol as reported previously (16, 25). Briefly, the reactions were
carried out in 0. 1 ml volume containing solubiized membranes in 25 mM
@3-glycerophosphatebuffer (jH 7.4) containing 30 mM MgCl2, 0.45 mM P1,
(dissolved in 1%Triton X-100), and 0.06 m@,i[ 732P]ATP. Assays were started
by addition of ATP and MgCl2 and were incubated at 30Â°Cfor 2 min unless
otherwise indicated. Reaction was stopped by addition of 1 ml chloroform:
methanol:HC1 (2:1:0.03 v/v). After 30 min, the phases were resolved by
addition of 0.5 ml chloroform and 0.5 ml H20. The samples were vortexed and
centrifuged at 800 X g for 10 min to separate the phases. The organic phase
was recovered and dried under nitrogen. Dried samples were dissolved in Protein (.g)

Fig. 2. Proportionality of P1 4-kinase activity in liver and hepatoma 3924A with
amount of enzyme added.

chloroform:methanol and spotted on silica gel 60 TLC plates with the appro
DAG priatephospholipidsstandardinchloroform:methanol:20%methylamine(60:

35:10 v/v) as reported (16, 25). Spots corresponding to the position of radio
active PIP were visualized by autoradiography and quantitated by liquid
scintillation counting as reported (16, 25).

Expression and Evaluation ofResults. P14-kinase activity was calculated
in nmolof PIPproducedperh permg ofprotein (specific activity).Resultsare
presented as means Â±SE of three independent experiments, each performed in
triplicate unless otherwise indicated. Results were statistically evaluated by
the t test for small samples. Differences between means yielding a probability
of <@ were considered as significant.

RESULTS AND DISCUSSION

P1 4-Kinase Activity and Its Role in Phosphoinositide Metabo
Ham. Fig. 1 shows that P1 4-kinase is the first committed enzyme in
the phosphorylation pathway of phosphatidylinositol for the produc
tion of second messenger compounds, diacylglycerol and 1P3. Be
cause of its role at the fountainhead of this metabolic sequence, we
postulated that the P1 4-kinase activity would be stringently linked
with neoplastic transformation. We tested this hypothesis by deter
mining P1 4-kinase activity in various rat tumors, rapidly growing
normal, regenerating and differentiating tissues, and normal organs of
different cell renewal capacity (19, 22).

P14-kinase is a particulateenzyme which is inhibitedby adenosine
and Ca2@(6â€”10).These properties observed in the liver and hepato
mas (not shown) indicate that the PIP generated under our experi
mental conditions was primarily due to P1 4-kinase (6â€”10).This
conclusion was further supported by the fact that the 32P-labeled
product comigrated with authentic P1 4-P in thin layer chromatogra
phy (not shown). Our experience in this enzyme assay agrees with our
earlier data and that of others (6â€”10).

Kinetic Conditions of P1 4-Kinase Activity in Liver and Hepa
toma. To establish a standard assay for comparison of P1 4-kinase
activities in crude extracts, kinetic properties were compared in nor
mal liver and in rapidly growing hepatoma 3924A.

The P1 4-kinase activity in liver and hepatoma was saturated at
phosphatidylinositol concentrations of 0.3 to 0.5 m@i.For liver and
hepatoma kinase activity, Km5 of 0.2 and 0.1 nmi, respectively, were
observed. Kinase activity for both liver and hepatoma was saturated at
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Fig. 1. Place ofPI 4-kinase in the metabolic pathway of phosphatidylinositol utilization
for the biosynthesis of second messengers, [P3and diacylglyceroL The enzymes involved
are: 1. 1-phosphatidylinositol 4-kinase; 2. 1-phosphatidylinositol-4-phosphate 5-kinase;
and3. 1-phosphatidylinositol-4,5-bisphosphatephosphodiesterase.
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Table 1 P1 4-kinase activity in ratorgansActivityâ€•Tissues

nmol/h/mg protein

Table 2 P1 4-kinaseactivity in hepatomasof different growth rates andinsarcomaGrowth

rate:Activityâ€•%ofTissuesweeks(nmol/h/mg
protein)controlsNormal

liversACt/N
strains'0.4 Â±0.02100Buffalo
strain0.3 Â±0.01100Hepatomas96186.01.6

Â±0.1533C89995.51.7
Â±0.3566C7288

t.c.5.52.0 Â±0.3666'77875.52.3
Â±0.4766'5123

t.c.3.01.7 Â±0.2566'3924AI
31 1.4 Â±0.62,850'Normal

musc1e'@0.5 Â±0.03100

2.0 6.6 Â±0.07 1,320'

LL1@ I

PHOSPHATIDYLINOSifOL 4-K1NASE ACTiVITY IN TUMORS

0.1 â€”

0â€”

1.0 kinase activity in the brain was 340% of that of the liver, which may

.@ 0.9 relate to the important role of phosphoinositide metabolism in the func

@ tion of the central nervous system (3).
@. 0.8 P1 4-Kinase Activity in Hepatomas and Sarcoma (Table 2). To

I determinethelinkagewithneoplasia,thebehaviorofP14-kinasewas
i 0.7 measuredintumorswithaswidearangeofgrowthrateaspossible.

@; 0.6 The kinase activity was examined in a spectrum of six hepatomas

@ where the proliferation rate ranged from 1.5 to 6.0 weeks in reaching
;, 0.5 atumordiameterof 1.5to2.0cm.Innormalliversof BuffaloandACI

@ strains, the activity varied from 0.3 to 0.4 @mol/Iilmgprotein. The
@ 0.4 values of ACI/N rats were used as controls for hepatoma 3924A

I 0.3 which is grown in this strain. All other hepatomas were grown in
Buffalo strain rats, and the value of the normal liver of these rats is

0.2 taken as 100%. The P1 4-kinase activity was significantly increased in

__________ allexaminedhepatomaswitharangeof5.3-to7.6-foldoverthe
@ values of the corresponding normal livers. The kinase activity was

particularly high in the rapidly growing hepatoma 3924A (28.5-fold
r-@ i i I I I â€¢I I 1 normalvalues).ThePt 4-kinaseactivityin theskeletalmuscleof
0 1 2 3 4 5 6 7 8 9 10 normal Fischer rats was 0.52 Â± 0.03 nmollh/mg protein; in the

sarcoma, the activity increased 13.2-fold.
TL@ (.iuuts) These results indicate that P1 4-kinase activity is transformation

Fig.3. Timecourseof P14-kinaseactivityin liverandhepatoma3924A.Theactivity linked as the activity was elevated in all tumor tissues; therefore, this
was measured under the standard conditions descnbed in â€œMaterialsand Methodsâ€•except
thatreactionswereterminatedat varioustimeperiodsas indicated. enzyme may be used as a marker of neoplastic transformation, de

pending on further studies in other types of tumors, particularly of
human origin.

_____________________________________________________ Effect of Regeneration on P1 4-Klnase Activity. In the sham
% of operated liver, P1 4-kinase activity was 0.35 Â± 0.03 nmol/h/mg

liver protein. In the regenerating liver, the activity increased to 1.05 Â±0.1

g@b nmol/h/mg protein (300%).

@g: EffectofDifferentiationonP14-KinaseActivity(Table3).In
560â€• the newborn rat liver, P1 4-kinase activity was 1.65 Â±0.2 nmol/h/mg

@g: protein,whichwas344%ofthatobservedintherestingliverofthe
200 adult rat (50 days old). By 23 days of age (50 g rats), the enzymic
100
100
40

Thymus 4.2 Â±0.4
Bone marrow 3.8 Â±0.9
Spleen 2.8Â±0.7
Testis 2.8 Â±0.3
Lung 1.8Â±0.1
Brain 1.7 Â±0.9
Skeletal muscle 1.0 Â±0.8
Liver 0.5 Â±0.01
Heart 0.5 Â±0.03
Renal cortex 0.2 Â±0.1

a Means Â± SE of four or more samples are given.

b Significantly different from liver (P < 0.05).

0.04 and 0.05 mM ATP. The activity in the hepatoma was inhibited by
higher concentrations of AlP. For AlP for hepatoma and liver,
apparent KmSwere 0.01 and 0.03 mM.The liver and hepatoma kinase
activity was saturated at 30 to 50 mt@sMgCl2. The apparent KmS for
hepatoma and liver were 6.3 and 10 m@t,respectively. The pH opti
mum for both liver and hepatoma was 7.4.

Through systematic kinetic studies, a standardassay was estab
lished for determination of P1 4-kinase activity in crude enzyme
extracts of liver and hepatomas and other tissues. In the standard
assay, good proportionality was achieved with the amount of enzyme
added for the range of 0.1 to 1.0 mg protein (Fig. 2). The enzyme
assay yielded proportional activity for a reaction time of 2 mm, after
which the activity leveled off. In the standard assay, the P1 4-kinase
activity is measured at 0, 30, 60, and 120 s (Fig. 3). Alterations in the
activity measured should indicate changes in the concentration of P1
4-kinase activity (amount).

P1 4-Klnase Activity in Rat Tissues (Table 1). P14-kinase activ
ity was compared in extracts from organs of high cell renewal (thy
mus, bone marrow, spleen, testis, and lung) to that of the liver serving
as the standard and to tissues of low cell renewal capacity (brain,
muscle, heart, and kidney). P1 4-kinase activities in thymus, bone
marrow, spleen, testis, and lung were 840, 760, 560, 560, and 360%,
respectively, of the activity in liver. The kinase activity was in the same
range in muscle, liver, and heart and low in renal cortex (40%). The

Muscle sarcoma

a Means Â± SE of 3 or more rats.

b ACI/N rats are controls for hepatoma 3924A. Buffalo rats are controls for all other

hepatoma strain.
C Significantly different from corresponding normal values (P < 0.05).

d Fischer strain rats were used for the normal muscle and sarcoma samples.

Table 3 Effect of differentiation on liver P1 4-kinase activity

P14-kinaseactivityâ€•
Age Body weight

(days) (g) nmol/hlmg protein

6 12 1.65 Â±0.2â€• 344k)
23 50 0.48 Â±0.04 100
35 100 0.43 Â±0.06 90
45 150 0.50 Â±0.1 104
50 200 0.48 Â±0.03 100

a Means Â± SE are for three Wistar rats in each group.

b Significantly different from normal adult (P < 0.05).
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activity was in the range of normal adult liver where it remained
during development.

Linking of P1 4-Kinase Activity with Transformation and Rep
lication. To evaluate the behavior of P1 4-kinase activity in the
contexts of cell proliferation and neoplasia, we compared tumors of
different growth rates, rapidly growing regenerating and differentiat
ing livers, and normal rat tissues of high and low cell renewal rates.
That P1 4-kinase activity was 5.3- to 28.5-fold elevated over values of
the normal rat liver indicates the linking of this enzymic activity with
proliferation. This is confirmed by the observation that in rapidly
growing regenerating liver and differentiating liver, the P1 4-kinase
activity increased 3.0- and 3.4-fold over values of normal resting liver.
The ubiquitous increase of P14-kinase activity in hepatomas indicates
that this kinase is a transformation-linked enzyme. The linkage with
malignancy is further indicated by the 13.2-fold elevated activity in
the sarcoma. This conclusion is supported by reports that increased
activities of P14-kinase were observed in hepatocarcinogenesis and in
mammary tumors (26, 27).

Because of its low absolute activity in normal liver and because it
is the first committed enzyme in the sequence leading to production of
second messenger molecules, diacylglycerol and 1P3, this kinase may
well be a key rate-controlling one in this sequence.

The increases in P1 4-kinase activity in neoplasia are quantitatively
higher than in regenerating and differentiating liver which have the
same growth rate as rapidly growing hepatoma 3924A (19, 21);
however, the enzyme activity in the rapidly growing normal livers
only increased 3.0- to 3.4-fold, whereas it rose 28-fold in hepatoma
3924A. Because this enzyme appears to be proliferation- and trans
formation-linked and because of its position at the beginning of the
biochemical sequence which produces second messenger molecules,
the increased P1 4-kinase activity should confer selective advantages
to the cancercells and, therefore,shouldbe a sensitivetarget in the
design of chemotherapy.

Novel Aspects of this Report. Novel findings include:(a) kinetic
properties for P1 4-kinase in normal liver and rapidly growing hepa
toma 3924A were similar for their pH optimum and the apparent K@
values for phosphatidylinositol, ATP, and Mg@@;(b) the activity of P1
4-kinase was 5- to 28-fold elevated in rat hepatomas of different
growth rates and 13-fold in sarcoma; (c) these enzyme activity in
creases were quantitatively more marked than those in rapidly grow
ing neonatal rat liver and regenerating rat liver, which were 3.4- and
3.1-fold; (d) the kinase activity in testis, spleen, bone marrow, and
thymus was increased 5.1- to 8.4-fold over values of rat liver, and
activities were low in muscle, heart, and kidney cortex; (e) taken
together, these observations indicate that the activity of P1 4-kinase,
the first committed enzyme of the phosphorylation pathway of inositol
1,4,5-trisphosphate and diacylglycerol biosynthesis, is linked with
proliferation and malignancy. Therefore, it may be a sensitive target
for chemotherapy.
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