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ABSTRACT

The binding of certain growth factors and mitogens to their cell-surface receptors 

triggers the phospholipase C (PLC)-catalysed hydrolysis of a rare inositol lipid, 

phosphatidylinositol 4,5-bisphosphate (PtdIns(4 ,5)P2)- PLC-mediated Ptdlns(4 ,5)?2 

breakdown yields two classes of second messengers: inositol polyphosphates which 

ti'igger intracellulai' Ca^  ̂ mobilization and Ca^  ̂ entry, and diacylglycerol (DAG) which 

activates protein kinase C. Growth factor or mitogen-stimulated inositol lipid breakdown 

represents a signal critical for the initiation of cascades of biochemical events which 

culminate in mitosis. Autonomous, i.e. growth factor-independent, hydrolysis of inositol 

lipids and generation of inositol phosphates and DAG has been detected in several cell 

types following the transformation with oncogenes whose products were localized to the 

cell membrane. These observations have suggested the participation of inositol lipid 

turnover in triggering or maintaining the neoplastic process.

This thesis describes investigations on the autonomous generation of inositol lipid- 

derived second messengers in the HL60 human promyelocytic leukaemia cell line. The 

possible roles of these species in regulating proliferation and during the induction of 

differentiation of these cells was also addressed. In proliferating HL60 cells, brief 

inhibition of inositol phosphate phosphatases with LiCl, led to the accumulation of 

inositol phosphates, suggesting the occunence of autonomous inositol lipid hydrolysis. 

Induction of granulocytic differentiation by the treatment with retinoic acid (RA) or 

dimethyl sulphoxide (DMSO), or of monocytic differentiation with phorbol myristate 

acetate (PMA), abolished LiCl-induced inositol phosphate accumulation suggesting that 

down-regulation of inositol lipid hydrolysis had occuned. Consistent with these 

obseiwations, the steady state levels of inositol polyphosphates declined within the same
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time frame. Imponantly, down-regulation of inositol lipid breakdown and the decline of 

inositol polyphosphate levels always preceded the cessation of HL60 cell proliferation or 

the decline of DNA synthesis which accompanied the induction of terminal 

differentiation. In addition, down-regulation of inositol lipid hydrolysis was probably due 

to subtle regulatory changes tnggered by the compounds used to induce differentiation, 

since no alterations of the absolute levels and enzymological characteristics of key 

enzymes of inositol lipid turnover (PtdIns(4 ,5)P2-PLC, inositol phosphate phosphatases) 

were detected. These experiments also showed that PtdIns(4,5)P-> represents the substiate
i

preferentially hydrolysed by PI-PLC in HL60 cells. The ability of the (uoroaluminate ion, 

a direct activator of G proteins, to reactivate inositol lipid breakdown in HL60 cells 

treated with RA or PMA suggested that these changes may involve a 0  protein-linked 

mechanism. Nevertheless, the paiticipation of PKC in the process of PMA-induced 

differentiation could not be excluded.

These obseiwations suggested that autonomous, PLC-mediated, hydrolysis of 

inositol lipids occurred in HL60 cells and that this process involved the preferential 

hydrolysis of Ptdlns(4 ,5)P2- P is therefore possible that autonomous generation of 

PtdIns(4 ,5)P2-derived second messengers may play a regulatory role in signalling HL60 

cell proliferation and that the early shutdown of this turnover following the induction of 

differentiation, constitutes a regulatory signal important in securing the cessation of 

proliferation associated with differentiation.
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Biochemistry of the inositol lipid signalling pathway.

1.1. The ligand-stimulated activation of the inositol lipid signalling pathway.

Research carried out on a wide variety of cell systems has demonstrated the major 

role played by the inositol lipid signalling pathway in intracellular signal transduction. 

Several hormones, neurotransmitters, antigens, chemotacdc factors, vasoactive substances 

and, interestingly, growth factors including platelet derived growth factor (PDGF) and 

epidermal growth factor (EGF), as well as mitogens including phytohaemoagglutinin 

(PHA), bombesin and thrombin, transduce signals by activating the inositol lipid signalling 

pathway [Michell RH, 1975]

The binding of these ligands to their cell surface receptors triggers the activation 

of an inositol lipid-specific phospholipase C (PI-PLC) which in turn hydrolyses a rare 

inositol phospholipid, phosphatidylinositol 4,5-bisphosphate. The hydrolysis of 

phosphatidylinositol 4,5-bisphosphate generates two second messengers: 1,2-diacylglycerol 

(DAG) and inositol 1,4,5-trisphosphate (Ins(l,4 ,5)?3) [Berridge MJ, 1984]. DAG is an 

allosteric activator of protein kinase C (PKC) [section 1.5.3.]. Ins(l,4 ,5)?3 and its 

phosphorylated derivative inositol 1,3,4,5-tetrakisphosphate (Ins(l,3,4,5)fJ, control the 

mobilization of intracellular Ca^  ̂ ions [section 1.4.4.]. These signals initiate cascades of 

biochemical events which constitute the early stages of the cellular response to ligand 

stimulation.
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1.2, The inositol lipid family.

1.2.1. Phosphatidylinositol phosphatidylinositol 4-monophosphate and phosphatidylinositol 

4,5-bisphosphate.

The inositol lipids, also called phosphoinositides, constitute up to 10% of the total 

phospholipids of mammalian cells. Depending on the cell type, from 90 to 95% of the 

inositol lipids consists of phosphatidylinositol (Ptdlns), whereas the remaining 5%-10% is 

constituted by phosphorylated derivatives of Ptdlns (polyphosphoinositides), mainly 

phosphatidylinositol 4-monophosphate (PtdIns(4)P), phosphatidylinositol 4,5-bisphosphate 

(Ptdlns(4 ,5)?2) [Downes CP et a i, 1989], [Fig 1.1.].

De novo biosynthesis of Ptdlns takes place in the endoplasmic reticulum. First, 

phosphatidic acid is converted to CDP-diacylglycerol (CDP-DAG) by reaction with a 

molecule of CTP. The CDP-diacylglycerol then reacts with a molecule of myo-inositol to 

form Ptdlns while CMP is released. This reaction is catalysed by the enzyme CDP- 

diacylglycerol : inositol transferase. Finally, the fatty acid composition of Ptdlns is 

enriched in arachidonic acid by a process of de-acylation re-acylation [Vance DE, 1985]. 

PdtIns(4)P and Pdtlns(4,5)?2 are generated by sequential phosphorylation of Ptdlns 

catalysed by a Ptdlns 4 ’-kinase and a PtdIns(4)F 5'-kinase [Fig 1.1.]. These enzymes 

generate and maintain the pool of polyphosphoinositides that constitute the substrate for 

PI-PLC, and their activity is often enhanced following ligand-stimulation of inositol lipid 

turnover [Walker DH & Pike LJ, 1987]. Furthermore, the relative ratios of PtdIns(4 ,5)P2, 

Ptdlns and PtdIns(4)P is also maintained by a ‘futile cycle’ of kinases and phosphatases 

which controls the interconversions of the different inositol lipid species [Downes CP et 

a i, 1989]
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^  CDP-DAG► PtdAcidDAG

ATP CTP

CMP

— PtdlnsPtdlns(4)P

ATP ATP
PLCPLC PLC

DAGDAG DAG

lns(l)P

ATP

inosiio/phosphate phosphatases Inositol

Fig 1.1. Inositol lipid metabolism. Biosynthesis and PLC-catalysed degradation of 
phosphoinositides. See text for abbreviations.
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1.2.2. The inositol lipid 3’-kinase.

A novel inositol lipid kinase, which phosphorylates Ptdlns, PtdIns(4)P and 

Ptdlns(4,5)?2 in the 3’ position, generating PtdIns(3)P, Ptdlns(3,4)?2 PtdIns(3,4,5)P) 

(inositol lipid kinase Type I), has recently been described [Whitman M et al., 1988]. This 

enzyme is activated following the binding of certain growth factors (PDGF, EGF etc) 

[Bjorge JD et al., 1990]. The biological role of inositol lipid kinase type I and of 3’- 

phosphorylated inositol lipid isomers is not understood, since these inositol lipids are not 

substrates for PI-PLC and are not a direct source of known second messenger molecules 

[Serunian LA, et a i, 1989].

1.3. Phosphoinositide specific phospholipase C (PI-PLC).

1.3.1. Substrate specificitv of PI-PLC.

Several lines of evidence have indicated that, following receptor stimulation, 

Ptdlns(4 ,5)?2 is the preferred substrate for PI-PLC mediated hydrolysis; (i) Virtually all 

inositol phosphates formed within a few seconds after ligand stimulation, consist of 

Ins(l,4 ,5)?3 and its phosphorylated derivative Ins(l,3,4 ,5)?4 [Berridge MJ et al., 1983]. (ii) 

By contrast inositol bisphosphate (InsP2) and inositol monophosphate (InsP), are detected 

minutes later, suggesting that they are derived indirectly from the degradation of 

Ins(l,4 ,5)P3 and Ins(l,3,4,5)^4 [Heslop IP et al., 1986]. (iii) Following ligand activation 

of inositol lipid hydrolysis, Pdtlns(4 ,5)?2 turnover is faster than the turnover of other 

inositol lipid species [Koreh K & Monaco ME, 1986]. (iv) PdtIns(4)P also undergoes rapid 

turnover during ligand stimulation. However, PdtIns(4)P is thought to serve as substrate 

for the synthesis of new PdtIns(4 ,5)P2 which replaces the PtdIns(4 ,5)P2 which has been 

hydrolysed.

1.3.2. PI-PLC isozvmes.

1.3.2.a. Molecular structure

PI-PLCs can be divided in four major isozyme sub groups a , 6, y  and Ô whose 

common characteristic is the capacity to selectively hydrolyse inositol phospholipids.
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Consistent with the absence of immunological cross reactivity, molecular size and 

aminoacid sequence, these PI-PLCs show considerable variation: the reported molecular 

weights of the polypeptides encoded by the respective cDNA clones are: a , 56 kD; 6 , 133 

kD; y, 148 kD; Ô, 85 kD [Rhee SG et a i  1989]. Although the cDNA sequences show low 

homology , the B, y and 6 groups show significant similarities in two regions called X and 

Y each consisting of about 150 and 120 amino acids respectively. These two regions have 

been thought to be of importance in the recognition of inositol phospholipids or in the 

interaction with OTP binding proteins.

PI-PLCy differs significantly from all the other isozymes since its sequence shows regions 

of homology with the non catalytic domain of the src protein tyrosine kinases [Stahl ML 

et a i, 1988]. These regions, designated SH2 and SH3 (‘Src Homology’) are clustered 

between the two X and Y domains and they probably have regulatory functions 

[Meisenhelder J et a i, 1989] [Margolis B et al., 1989]. Similar SH2 and SH3 domains 

have also been identified on certain enzymes and proteins which are activated following 

growth factor stimulation as well as on the crk oncogene product [Mayer BJ et a i, 1988], 

[Kazlauskas A et al., 1990].

PI-PLCa is the only isozyme containing 24 amino acids at the NH2-terminus 

strongly resembling a membrane-anchoring domain. Because significant amounts of PI- 

PLC6, y and 5 have been detected associated with membranes, it has been suggested that 

they interact with and bind to membrane-anchored proteins.

1.3.2.b. Enzvmological characteristics.

The specificity of PI-PLC isozymes for hydrolysing the different inositol lipid 

species depends on the Câ "̂  concentration. At nM or pM Ca^  ̂ concentrations PI-PLC 

isozymes hydrolyse almost exclusively Pdtlns(4 ,5) f 2, whereas at millimolar Ca^  ̂

concentrations these enzymes also hydrolyse Ptdlns [Ryu SH et a i, 1987], [Veeraswamy 

M, 1988], [Homma Y et a i, 1988]. In the absence of Ca^  ̂ ions the activity of 6 , y and 8 

isozymes was completely abolished [Rebecchi MJ & Rosen OM, 1987], [Ryu SH et a i.
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1987] whereas PI-PLCa activity was still detectable at 25% of the optimum [Banno Y et 

a i, 1988]. Maximal PdtIns(4 ,5)P2 hydrolysis was detected at pH 6.8 or 7, whereas the 

activity of all four PI-PLC isozyme groups a , 6 , y, and Ô, was almost completely inhibited 

at pH 4.5 - 5.

1.3.3. Regulation of PI-PLC activity by G proteins.

The role of guanine nucleotide-binding proteins (G proteins) in the transduction of 

external signals, has been extensively investigated in the adenylate cyclase-cAMP system. 

More recently, specific G protein families that couple PI-PLC activation to receptor 

stimulation have also been identified.

Stimulatory (Gs) as well as inhibitory G proteins (Gi) of the adenylate cyclase 

system, consist of three subunit a , B and y. In their inactive state the three subunits form 

a stable complex, with a molecule of GDP bound to the a  subunit. Following agonist 

stimulation the GDP molecule is exchanged for a molecule of GTP. The GDP —> GTP 

exchange causes the dissociation of the activated a-GTP subunit from the 6-y complex. 

The a-GTP subunit causes activation or inhibition of target enzymes depending on the 

stimulatory or inhibitory nature of the G protein. The GTP bound to the a  subunit is 

rapidly degraded to GDP by a GTPase intrinsic to the a  subunit. The degradation of the 

GTP to GDP causes inactivation of the G protein [Gilman AG, 1987], [Harden KT, 1989]. 

Compounds that mimic the action of GTP, including non-hydrolysable GTP derivatives 

such as GTP-y-S, can activate G proteins directly. Cholera toxin inhibits the GTPase 

activity of inhibitory or stimulatory G proteins, via ADP-ribosylation of the a-GTP 

complex [Gilman AG, 1987]. Pertussin toxin causes G protein-receptor uncoupling by 

ADP-ribosylation of a cysteine residue which is thought to constitute the site of 

palmitoylation for anchoring the protein to the plasma membrane [Winslow JW et a i, 

1987], [Cockcroft S & Stutchfield J, 1988].

The observation that GTP and non-hydrolysable GTP analogs like GTP-y-S 

[Cockcroft S & Gomperts BD 1985] or the fuoroaluminate ion AIF/ [Litosch I, 1987]
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triggered phosphoinositide hydiolysis and activated cell responses [Stutchfield J & 

Cockcroft S, 1988] in permeabilised cells or in cell membranes, suggested that G proteins 

were involved in regulating PI-PLC activity. These views were reinforced by the 

observation that contrast GDP and GDP-6-S, a GDP derivative that forms a stable complex 

with the inactive G protein, inhibited the stimulatory effects of GTP and GTP-y-S and of 

AIF4 [Cockcroft S & Taylor JA, 1987]. Several classes of G proteins, involved in PI-PLC 

regulation, have been identified, a  subunits of the Gq family have been recently purified 

and used in vitro reconstruction assays. Purified a  subunits enhanced the catalytic activities 

of PI-PLC isozymes of the 6 gi'oup whereas the activity of PI-PLC isozymes belonging to 

the 5 or to the y groups were not modified. [Smrcka AV et al., 1990] [Taylor SJ et al., 

1991].

1.3.4. PI-PLC regulation bv tvrosine phosphorvlation.

Tyrosine protein kinases are enzymes involved in the intracellular transduction of 

many signals, especially growth signals. When activated, these enzymes phosphorylate their 

targets on tyrosine residues. PI-PLCs of the y group have been shown to be phosphorylated 

on tyrosine residues in response to the binding of PDGF [Wahl MI et al., 1989] and EGF 

[Margolis B et al. 1989] to their respective receptors. It is thought that PI-PLCy recognises 

and binds to the activated receptor which in turn tyrosine phosphorylates the lipase. 

Tyrosine phosphorylation of PI-PLCy has critical regulatory consequences since it enhances 

the catalytic activity of the lipase [Nishibe S et al. Science 1990].
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1.4. The metabolism and functions of inositol phosphates.

The major metabolic pathways of inositol phosphate metabolism are summarized in Fig.

1.2 .. in the following sections the biochemical characteristics of the more important 

enzyme of inositol phosphate metabolism will be discussed.

1.4.1. InsQA5)P, phosphorylation: the Ins(lA 5)P, 3'-kinase.

The metabolism of Ins(l,4 ,5)f*3 generated following PtdIns(4 ,5)P2 hydrolysis, 

follows two alternative routes: (i) inactivation to Ins(l,4)?2 by the removal of the 

phosphate group in position 5’ by the Ins ( l,4 ,5)f*3 5’-phosphatase [Connolly TM et a i,

1985]. (ii) Phosphorylation by the Ins(l,4 ,5)P3 3’-kinase to Ins(l,3 ,4 ,5)?4 [Irvine RF etal.,

1986]. This latter pathway has attracted much interest, since Ins(l,3,4,5)P^ cooperates with 

Ins(l,4 ,5)?3 in regulating intracellular Ca^  ̂ levels. Ins(l,4 ,5)?3 3’-kinase is widely 

distributed. It is mainly detectable in the soluble fraction of cell preparations. Ins(l,4 ,5)?3 

3’-kinase has been shown to be specific for and to have a very high affinity towards 

Ins(l,4 ,5)P3. The affinity of the 3’-kinase for Ins(l,4 ,5)?3 is several times higher than the 

affinity of the Ins(l,4 ,5)?3 5’-phosphatase, which competes with the 3’-kinase for the same 

substrate [Shears SB, 1989]. The activity of the Ins(l,4 ,5)P3 3’-kinase is significantly 

enhanced by calcium ions. Therefore the Ins(l,4 ,5)P3 induced Ca^  ̂rise would also result 

in increased generation of Ins(l,3,4 ,5)P4, a molecule which cooperates with Ins(l,4 ,5)?3 

in the contiol of Ca^  ̂ mobilization.

1.4.2. Ins(l,4,5)P, and Ins(l,3,4,5)P. degradation: the Ins(lA 5)P, and Ins(l,3A5)P^

5’-phosphatase.

The two Ca^^-regulating inositol polyphosphate species Ins(l,4 ,5)P3 and Ins(l,3,4 ,5)P4, are 

inactivated by a specific Ins(l,4 ,5)P3 and Ins(l,3 ,4 ,5)?4 5’-phosphatase, (abbreviated as 5’ - 

phosphatase), which generates Ins(l,4)P2 [Downes CP et a i, 1982] and Ins( 1,3,4)^3 

respectively [Shears SB et a i, 1987], compounds with no known second messenger 

functions. The 5’-phosphatase is dependent on the presence of Mĝ "̂  for optimal activity 

[Downes CP et al., 1982]. Ins( 1,4,5)^3 degradation by the 5’-phosphatase is a low
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affinity/high capacity route, compared to Ins( 1,4,5)^3 phosphorylation operated by the 3’- 

kinase, which has a higher affinity but lower capacity. Therefore the absolute flux through 

these two different pathways, during maximal Ins(l,4 ,5)?3 generation, has been estimated 

to be almost identical [Shears SB, 1989]. The catalytic activity of the 5’-phosphatase is 

enhanced by PKC-mediated phosphorylation. Therefore this mechanism is thought to be 

part of a PKC operated negative feed back on the function of second messengers generated 

by inositol lipid turnover [Connolly TM et a i, 1986].

1.4.3. The inositol monophosphatase.

In contrast to the strict stereospecificity the inositol polyphosphate phosphatases, 

the inositol monophosphatase hydrolyses all inositol monophosphate isomers with the 

exception of Ins(2)P, and releases inositol which can be re-utilized for de novo 

biosynthesis of Ptdlns [Ackermann KE et al., 1987]. The inositol monophosphatase shows 

similar affinity for all inositol monophosphate isomers with k^ values between 0.1 mM and 

1 mM. The enzyme is also dependent on Mg^  ̂ for optimal activation. The inositol 

monophosphate phosphatase can be reversibly inhibited, in intact cells as well as in vitro, 

by LiCl [Hallcher LM & Sherman WR, 1980]. The mechanism of LiCl inhibition is non

competitive, since the k„/V„,ax ratio of the reaction is not affected by LiCl. LiCl does not 

compete with Mĝ "*" ions for the same binding sites on the enzyme molecule: Li  ̂ ions bind 

independently to the enzyme-substrate complex, thereby making the reaction inefficient 

[Hallcher LM & Sherman WR, 1980]. LiCl has been widely utilized to detect ligand- 

stimulated inositol lipid hydrolysis; by inhibiting the final degradation of Insf and of some 

InsP2 isomers, LiCl treatment results in an easily detectable accumulation of these inositol 

phosphate species, providing a semi-quantitative measure of inositol lipid hydrolysis 

[Hokin-Neaverson M & Sadeghian K, 1984] [Bijesterbosch MK et al., 1985].
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Fig 1. 2. Major pathways of inositol phosphates metabolism.
Reviewed by: [Shears SB, 1989], [Majerus PW, et a i, 1988], [Downes CP 1988].
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1.4.4. The inositol phosphates and the control of intracellular calcium mobilization.

As mentioned earlier, Ins(l,4 ,5)?3 and Ins(l,3 ,4 ,5)?4 are second messenger 

molecules which cooperate in regulating intracellular Ca^  ̂ levels. The release of these 

second messengers into the cytosol initiates a biphasic Ca^  ̂ signal: an initial phase in 

which Câ "̂  is released from intracellular stores followed by a prolonged phase in which 

extracellular Ca^  ̂ions enter the cell [Berridge MJ & Irvine RF, 1989]. Ins(l,4 ,5)?3 triggers 

the release of Ca^  ̂ from intracellular stores, which accounts for 30-50% of non- 

mitochondrial calcium. These Ins( 1,4 ,5)?3-sensitive stores have been tentatively identified 

as ‘calciosomes’: membrane vesicles belonging to the endoplasmic reticulum (ER) which 

contain the Ca^  ̂binding protein calsequestrin. By binding to specific receptors which have 

been identified on the calciosomes, InsP(l,4 ,5)F3 induces the opening of calcium channels 

which allow the efflux of Ca*  ̂ ions [Spat A et al., 1986]. Ins( 1,4,5)f^-induced Ca^  ̂efflux 

constitutes the signal that initiates intracellular Ca^  ̂mobilization. According to this model, 

Ca^  ̂ions released from Ins(l,4 ,5)P3 sensitive pools, would start a process of ‘Ca^"^-induced 

Ca^^-release' by allowing the release of Ca^  ̂ ions from Ins(l,4 ,5)?3 insensitive stores 

through Câ "̂  sensitive channels [Wakul M et a i, 1990] [Berridge MJ & Irvine RF, 1989].

In addition to triggering intracellular calcium mobilization, Ins(I,4 ,5)?3 cooperates 

in the control Ca^  ̂ entry into the cell. In some cell systems, the ligand-stimulated 

generation of Ins(l,4 ,5)?3, or simply its micro-injection, was sufficient to initiate a calcium 

signal culminating in Ca^  ̂entry. However, Ins( 1,4 ,5)?3-sensitive Ca^  ̂channels, that allow 

the entry of extracellular Ca'^ directly into the cytosol, have been identified only in 

lymphocytes and mast cells [Kuno N & Gardner P, 1987]. Therefore it has been proposed 

that extracellular Câ "̂  ions are not directly released into the cytosol but first enter the ER 

where they are temporally stored. Emptying of Ins(l,4,5)f3-sensitive pool, following 

Ins(l,4 ,5)F3 generation, would constitute the prerequisite for the influx of extracellular 

calcium into the ‘emptied’ ER stores [Putney JW et al., 1989].

In certain cell types the simultaneous presence of both Ins(l,4 ,5)P3 and
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Ins(l,3,4 ,5)P4 is required for triggering extracellular Ca^  ̂ entry. Furthermore a 

Ins(l,3,4 ,5)F4-and Ca^ -̂ sensitive Ca^  ̂ channel, involved in mediating the influx of Ca^  ̂

ions has recently been described in endothelial cells [Luckhoff A & Clapham DE, 1992]. 

In addition, the identification of an Ins(l,3 ,4 ,5)P4 binding site in HL60 cells, has suggested 

the involvement of Ins(l,3,4 ,5)f*4 in the regulation of Ca^  ̂ signalling in this cell line 

[Bradford PJ & Irvine RF, 1987]. These observations have suggested that Ins(l,3,4 ,5)F4 

regulates the entry of extracellular Ca^  ̂by directly acting on Ins(l,3,4 ,5)?4-sensitive Caî * 

permeable channels as well as by regulating the shift of Ca^  ̂ ions from Ins(l,4 ,5)?3 

insensitive pools to Ins(l,4 ,5)F3 sensitive pools [Berridge MJ & Irvine RF, 1989]. As 

mentioned above, emptying of the Ins( 1,4,5)f^-sensitive pool would constitute the 

condition required for initiating Ca^  ̂mobilization culminating in Ca^  ̂entry [Berridge MJ 

& Irvine RF, 1989] [Putney JW et al.  ̂ 1989].

1.5. Diacylglycerol: intracellular metabolism and role in protein kinase C activation.

1.5.1. Metabolism of DAG.

DAG is highly hydrophobic and remains in the cell membranes where is rapidly 

metabolised by at least two different routes.

(i) DAG is de-acylated by the sequential action of 1,2-diacylglycerol and monoacylglycerol 

lipases. Since inositol lipids are enriched in arachidonic acid, DAG de-acylation may serve 

as source of arachidonic acid for the synthesis of prostaglandins and leukotrienes 

[Habenicht AJR et al., 1981].

(ii) DAG is rapidly phosphorylated by a DAG kinase to generate phosphatidic acid 

(PtdAcid) [MacDonald ML et at., 1988]. PtdAacid can be re-utilized for the biosynthesis 

of inositol lipids or of other acidic phospholipids such as phosphatidylserine [Vance DE,

1985]. In many cell types, this second pathway appears to have a primary importance in 

the removal of DAG.

Besides second messenger functions, diacylglycerols are also intermediates in 

phospholipid metabolism. Therefore only a fraction of the DAG detectable in most of the
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cell types, derives from Pdtlns(4 ,5)f’2 hydrolysis [Kennerly DA 1987]. Depending on cell 

type and status, the ratio of PdtIns(4 ,5)P2 derived DAG to the total amount of cell 

diacylglycerol may vary considerably.

DAG can also derive from the breakdown of other phospholipids such as 

phosphatidylcholine (PtdCho). Production of significant amounts of DAG and 

phosphocholine (PCho), in absence of phosphoinositide turnover was observed in murine 

fibroblasts and Hela cells briefly exposed to phorbol esters [Besterman JM et a/., 1986], 

[Glatz et al., 1987]. Transformation with activated ras oncogenes or the introduction of ras 

oncogene products into murine fibroblasts or Xenopus laevis oocytes also resulted in the 

rapid generation of DAG which was paralleled by increased PtdCho turnover and 

production of PCho [Piice BD gf al., 1989-B] [Lacal JC, et al., 1987]. Importantly, phorbol 

ester as well as ra^-induced PtdCho breakdown was abolished by PKC down regulation 

following prolonged pre-treatment with PM A [Price BD et al., 1989-A]. Taken together 

these observations demonstrated that significant amounts of DAG and PtdAcid are 

generated by PtdCho hydrolysis. These data also suggested that PKC activation plays an 

important role in regulating the turnover of PtdCho.

1.5.2. 1.2-DAG and PKC regulation.

PKCs are a family of closely related and widely distributed protein kinases which 

phosphorylate target proteins on serine and threonine residues. Sevrai PKC isozymes have 

been identified. They differ from each other in tissue distribution, molecular structure and 

activation requirements [Ohno S et al., 1987], [Nishizuka Y, 1988]. The release of DAG 

in the cell membrane following inositol lipid hydrolysis or, phosphatidylcholine hydrolysis, 

constitutes the primary trigger of PKC activation [Nishizuka Y, 1986]. Most PKC isozymes 

also require the presence of Ca^  ̂ions and phosphatidylserine for optimal activation. DAG 

increases the affinity of PKC for Ca^  ̂ ions, thereby causing enzyme activation at 

physiological Ca^  ̂ levels [Nishizuka Y 1988]. DAG action on PKC is strictly 

stereospecific, therefore not all the diacylglycerols are able to activate PKC. The enzyme
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requires the l,2-^/;-DAG configuration, while 1,3-DAG and 2,3-DAG isomers are not 

active. Furthermore DAG needs to be esterified to at least one unsaturated fatty acid 

y  [Nomura H et al., 1986]. Several other compounds, especially tumour promoters such as 

phorbol esters, can cause PKC activation in absence of inositol lipid breakdown. These 

compounds compete with each other and with synthetic DAGs for the same binding site 

on PKC, and, because of their importance in many experimental models, they will be 

discussed in some detail in the following paragraphs.

1.5.3. Mechanisms of DAG-induced PKC activation.

Ligand-stimulated generation of DAG constitutes, together with the mobilization 

of Câ  ̂ions, represents one of the critical events that cooperate to activate PKC [Nishizuka 

Y, 1984]. Since DAG is rapidly inactivated, ligand-stimulated PKC activation constitutes 

a transient and reversible event, during which the enzyme is briefly translocated from the 

cytosol to the plasma membrane. Membrane association seems critical for PKC activity 

[Homma Y et a!., 1986], but also exposes the activated PKC to proteolytic cleavage and 

consequently to inactivation.

Exposure to certain phorbol esters, e.g. phorbol 12-myristate 13-acetate (PMA), 

results in strong PKC activation These compounds activate PKC by a mechanism similar 

to that described for the DAGs: they increase PKC affinity for the Câ  ̂ ions and trigger 

PKC activation at ‘resting’ Ca‘̂  levels. By contrast to DAGs, the phorbol esters are slowly 

degraded. Therefore PMA-triggered PKC activation and membrane translocation is longer 

than that generated by DAGs [Nishizuka Y, 1984]. Recent observations have demonstrated 

that introduction of activated ras oncogene products into murine fibroblasts or Xenopos 

laevis oocytes also resulted in PKC activation, suggesting a relationship between the ras 

oncogene signalling pathway and PKC [Price BD et al., 1988-B].

1.5.4. Physiological activity of PKC.

PKC activation positively synergizes with Câ  ̂ mobilization in triggering cell 

responses such as secretion, induction of gene expression and notably induction of early
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events of mitosis [Nishizuka, 1984]. The role of PKC activation in cell mitosis was 

stressed by the observation that fibroblasts or lymphocytes treated with PMA, alone or in 

association with Ca^  ̂ionofores, initiated DNA synthesis and underwent other early mitotic 

changes [Geenberg ME & Ziff EB, 1984], [Rabin MS et aL, 1986], [Truneh A et a i,

1985]. Interestingly, PKC can also activate the NF-/:B transcription factor in vitro [Gosh 

S & Baltimore D, 1990].

PKC activation also provides a negative feed back on ligand-stimulated inositol 

lipid turnover and on other membrane events [Nishizuka Y, 1986]. In mouse fibroblasts 

activation of PKC by PMA abolished bombesin or PDGF- stimulated inositol lipid 

hydrolysis [Brown KD et al., 1987] [Price BD et al., 1989-A]. The mechanisms of PKC- 

induced down regulation of inositol lipid turnover have only been partially elucidated. PKC 

may inhibit PI-PLC directly [Ryu SH al., 1990]. Following prolonged PMA treatment, 

ligand-stimulated activation of inositol lipid breakdown was restored and, in some case 

enhanced. Since membrane translocation of PKC exposes the enzyme to inactivation by 

proteolysis, it is plausible that prolonged PKC activation results in PKC down-regulation. 

The enhanced inositol lipid hydrolysis following PKC down regulation, would then be the 

result of the loss of negative feed back on inositol lipid breakdown [Helper JR et al.,

1988].

In several cell types, activation of PKC, triggered by ligand stimulation, ras 

oncogene transformation or by exposure to PMA, resulted in PLC or PLD-mediated 

hydrolysis of PtdCho or of other phospholipids, eg phosphatidylethanolamine (PdtEt) [Price 

BD et al„ 1989-B], [Billah MM et al., 1989], [Kiss Z & Anderson WB, 1989]. Although 

the regulatory role of these events has not been entirely clarified, the generation of DAG 

and PtdAcid was involved in the transduction of chemotactic signals [Pai JK et al., 1988] 

[Bonser RW et al., 1989] and in the activation of early mitotic events in murine fibroblasts 

and epidermal carcinoma cell [Moolenar WH et al., 1986], [Yu CL et al., 1988].
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The role of inositol lipid breakdown and the 

regulation of proliferation of normal and neoplastic cells

1.6, Inositol lipid turnover and the regulation of proliferation of normal cells.

The proliferation of eucaryotic cells is regulated by growth factors and mitogens. 

The binding of a growth factor to its cell surface receptor triggers cascades of intracellular 

events or signals that will secure commitment to mitosis. Binding of certain growth factors 

and mitogens to their receptors triggers inositol lipid breakdown, suggesting that this 

pathway constitutes a critical step in the regulation of cell proliferation [Whitman M & 

Cantley L, 1988].

Growth factors and mitogens which trigger the activation of the inositol lipid 

signalling pathway can be divided in two broad families:

i. Growth factors and mitogens acting through receptors which are coupled to PI-PLC 

activation by G proteins.

ii. Growth factor and mitogens acting through receptors containing ligand activated 

tyrosine kinase activity.

1.6.1. Growth factor and mitogen receptors coupled to PI-PLC via G proteins.

Several mitogens and vasoactive polypeptides, including thrombin, bombesin, 

serotonin, bradykinin, vasopressin, epinephrine, substance P, fmet-leu phe, etc, function by 

binding to receptors which are coupled to PI-PLC by specific G proteins [Heslop JP et a i, 

1986] [Martin TFJ, 1989]. In hamster fibroblasts, pertussis toxin treatment abolished 

thrombin-induced inositol lipid hydrolysis [Paris S et al. 1987] and caused significant 

reduction of thrombin-induced DNA synthesis [Chambard JC et al. 1987]. Similar 

observations have been made using fibroblasts, macrophages, neuroblastoma-glioma cells.
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hépatocytes and haemopoietic cells. In these cell types the coupling of receptors to PI-PLC 

activation was pertussis toxin- or cholera toxin-sensitive [Martin TFJ, 1989].

Activation of resting T lymphocytes, following T cell receptor (TCR/CD3) 

stimulation by PHA or other ligands, resulted in PI-PLC mediated inositol lipid hydrolysis. 

Treatment of intact or permeabilized T lymphocytes with the AIF/ ion or with non 

hydrolysable GTP analogs, like GTP-y-S, also resulted in PI-PLC activation suggesting the 

existence of G proteins that couple the (TCR/CD3) complex to a PI-PLC [Mire-Sluis AR 

et al., 1987]

1.6.2. Growth factors acting through receptors with ligand activated tvrosine kinase 

activitv.

This group includes PDGF, EGF, fibroblast growth factor (FGF), insulin like 

growth factors. The receptors for these growth factors possess intrinsic ligand-activated 

tyrosine kinase activity. The binding of a growth factor results in receptor 

autophosphorylation. PI-PLCy and other intracellular enzymes, including Pdtlns-3-kinase, 

ra^GAP and c-raf serine kinase, recognize and bind to the cytosolic domain of the 

activated receptor on specific phosphotyrosine residues [Cantley LC et al., 1991]. 

Following binding, the activity of PI-PLCy and of the other enzymes is modulated by 

tyrosine phosphorylation. These observations have provided direct evidence that 

concomitant activation of various signalling pathways occurs following growth factor 

stimulation, and that these signals cooperate to trigger mitosis [Cantley LC et al.,1991].

Both PDGF and EGF treatment resulted in tyrosine phosphorylation of PI-PLCy in 

intact 3T3 fibroblasts and A431 epidermoid cells as well as in vitro [Meisenhelder J et al.

1989]. Exposure to PDGF of Rat-2 cells line, overexpressing the isozymes PI-PLCy^ and 

PI-PLCy^, caused tyrosine phosphorylation of PI-PLCy isozymes and generation of inositol 

phosphates which was higher than in the parental cells, and which correlated with the 

levels of tyrosine-phosphorylated PLCy. Furthermore, in the same cells, G protein 

activators like AIF/, failed to cause inositol phosphate accumulation [Sultzman L et al.
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1991]. Direct evidence that tyrosine phosphorylation caused an increase of PI-PLCy 

catalytic activity in vitro, was obtained in PI-PLCy immunoprecipitates from EGF treated 

and untreated A-431 cells. PI-PLCy activity was significantly higher in the 

immunoprecipitates from EGF treated cells, but importantly, PI-PLCy activity was inhibited 

following the addition of a phosphotyrosine phosphatase to the assays [Nishibe S et al,

1990].

PDGF triggers inositol lipid hydrolysis, and inositol lipid re-synthesis in several 

types of cells and cell lines of epithelial or mesenchymal origin. Following exposure to 

PDGF, generation of Ins(l,4 ,5)P3 and DAG showed a lag-time that varied with the cell 

type. Nevertheless, transient rise of cytoplasmic Câ "̂  levels and PKC activation have been 

documented [Habenicht AJR et al„ 1981] [Habenicht AJR et at., 1985].

Although PI-PLCy isozymes have been shown to be readily tyrosine phosphorylated 

in response to EGF stimulation, activation of inositol lipid hydrolysis was detected only 

in certain instances of EGF-induced mitogenesis. Following EGF stimulation, increased 

synthesis of polyphosphoinositide species and pertussis toxin-insensitive inositol lipid 

hydrolysis, was detected in the A431 epidermoid cell line. [Pike LJ & Eakes AT, 1987]. 

Stimulation with EGF of mouse fibroblasts or of epidermoid cells, also triggered the 

activity of Ptdlns and PtdIns(4)P 3'-kinases and the generation of 3’-phosphorylated 

phosphoinositide [Bjorge JD et al. 1990]. Although the functions of these inositol lipid 

species are not yet understood, they are thought to have a signalling role in cell mitosis 

[Carpenter IC & Cantley LC, 1990].

1.6.3. Relationship between generation of inositol-lipid derived second messengers and the 

control of cell proliferation.

Several strategies have been devised to study the relationship between growth 

factor-stimulated inositol lipid turnover and cell proliferation. On the one hand, inositol 

lipid turnover has been mimicked by pharmacological agents, whereas on the other hand 

inositol lipid turnover has been selectively blocked by immunological or pharmacological
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means.

1.6.3.a. Experiments in which the operation of inositol lipid turnover was artificially 

reproduced or induced.

Calcium ionophores (A 23187 and ionomycin), and phorbol esters (PMA in 

particular), have been used to mimic the intracellular signals generated by Pdtlns(4 ,5)?2 

hydrolysis, namely Ca^  ̂ mobilization and PKC activation. The goal of these experiments 

was to investigate the effects of these signals on cell proliferation in the absence of growth 

factor stimulation.

Treatment of several epithelial or mesenchymal cell lines, resting lymphocytes or 

of chronic lymphocytic leukaemia cells, with calcium ionophores or with PKC activators 

including DAG analogs such as 1-oleoyl 2-acetyl glycerol (OAG) or PMA caused 

induction of some early mitotic events such as weak stimulation of DNA synthesis, 

transcription of the immediate-early response genes c-myc and c-fos, activation of Na^/H^ 

exchange and cytosol alkalinization. Simultaneous exposure to calcium ionophores and 

phorbol esters caused stronger induction of early mitotic events an, in some instances, S- 

phase entry [Moore JP et al., 1986], [Truneh A et at., 1985], [Rabin MS et al., 1986], 

[Drexler HG et al., 1989], [Greenberg ME & Ziff EB, 1984]. Nevertheless treatment with 

these compounds alone was not able to induce cell mitosis, observations that could be 

partially explained by their toxic nature [Whitman M & Cantley L. 1988].

The artificial expression of PI-PLC coupled neuroreceptors in non-neuronal cells, 

such as fibroblasts or lymphoid cells, has recently provided the possibility of 

‘physiologically’ activating inositol lipid hydrolysis. The stimulation of the PI-PLC - 

coupled 5HTlc serotonin neuroreceptor, expressed in NIH 3T3 fibroblasts, caused Ca^  ̂

mobilization and formation of neoplastic foci [Julius D et al. 1989]. Stimulation with 

carbachol of the muscarinic receptor Hml, expressed in the CCL39 hamster lung fibroblast 

cell line, triggered inositol lipid hydrolysis followed by Ca^  ̂mobilization, PKC activation 

and initiation of early mitotic events. Nevertheless, carbachol alone did not induce cell
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mitosis, suggesting that activation of additional signalling pathways was required [Seuwen 

K et al. 1990]. Similar experiments have been carried out by expressing the HMl 

muscarinic receptor in a Jurkat-derived T-cell line. Stimulation with carbachol, resulted in 

inositol lipid hydrolysis which was followed by early events of T cell activation, including 

IL2 production and IL2-receptor 6 chain expression. Importantly, the physiological 

stimulation of the T-cell receptor with specific antibodies triggered identical biochemical 

events [Desai DM et at., 1990].

In conclusion, selective activation of inositol lipid hydrolysis, following stimulation 

of PI-PLC-coupled neuroreceptors was able to initiate several biochemical events that 

normally precede and prepare the cell for the mitosis. These observations suggest that 

activation of inositol lipid turnover constitutes one of the critical steps that precede and 

trigger G/S-phase transition. The observation that PI-PLC microinjection induced normal 

fibroblasts to enter the S phase and, in some instances, to undergo neoplastic 

transformation, appears entirely consistent with this hypothesis [Smith IR et a/., 1989]. 

Furthermore, transfection of mouse fibroblasts with cDNA encoding PKC isozymes was 

sufficient to confer multiple growth abnormalities to these cells including formation of 

neoplastic foci in vitro and increased tumorigenicity in nude mice. [Mousey GM et al.,

1988], [Persons DA et al., 1988]

1.6.3.b. Experiments in which the ligand-stimulated operation of inositol lipid turnover was 

selectivelv blocked.

Ligand stimulated PI-PLC activity as well as the biological effects of PdtIns(4 ,5)P2- 

derived second messengers, may be blocked by various agents. Unfortunately none of these 

agents act specifically on inositol lipid turnover, making the interpretation of these 

experiments difficult. Neomycin inhibited PI-PLC activity stimulated by Ca^ ,̂ guanine 

nucleotides or by the chemotactic peptide fMetLeuPhe probably by binding to 

PdtIns(4 ,5)P2 [Cockcroft S & Gomperts B, 1986], [Cockcroft S & Stutchfield J, 1988]. 

Exposure to neomycin also inhibited thrombin stimulated mitogenesis, however, neomycin
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is toxic and its specificity for Pdtlns(4 ,5)?2 remains unclear [Whitman M & Cantley L,

1988].

In certain cell systems, pertussis toxin causes inhibition of ligand stimulated PI-PLC 

activity [Cockcroft S & Stutchfield J, 1988]. Thrombin, as well as bombesin-stimulated 

mitogenesis was abolished by pertussis toxin treatment, consistent with the proposed role 

of inositol lipid breakdown in cell proliferation [Chambard JC gf <2/., 1987]. However, 

because of pertussis toxin interactions with other biochemical pathways, it cannot be 

established whether the inhibition of inositol lipid hydrolysis alone is sufficient to abrogate 

ligand-induced mitosis [Gilman AG, 1987].

The development of a monoclonal antibody to Ptdlns?2, has provided the possibility 

of selectively blocking the generation of inositol lipid-derived second messengers. This 

antibody, by binding to Ptdlnsf2, inhibited ligand stimulated Ptdlnsf2 hydrolysis in vitro. 

Microinjection of the anti-PtdIns?2 antibody in NIH 3T3 fibroblasts caused inhibition of 

the mitogenic effects of PDGF and bombesin. Conversely, the same anti-PtdIns?2 antibody 

did not inhibit FGF, EGF, insulin or serum-stimulated mitosis [Matuoka K et at., 1988]. 

These results were partially explained by the observation that EGF and FGF, by contrast 

to PDGF and bombesin, did not stimulate PdtIns(4 ,5)P2 hydrolysis in NIH 3T3 cells 

[Matuoka K et a i, 1988].

Molecular approaches have also been used to selectively abolish ligand stimulated 

inositol lipid hydrolysis. A mutated FGF receptor, unable to bind PLCy and therefore 

unable to activate phosphoinositide hydrolysis upon ligand stimulation, retained the 

capacity of transducing mitotic signals independently from the activation of the inositol 

lipid signalling pathway in a myoblastic cell line [Peters IG et al., 1992] [Mohammadi M 

et al., 1992]. These observations, although restricted to one cell line (L6 myoblasts), 

demonstrated that, FGF-stimulated inositol lipid breakdown did not play a critical role in 

signalling cell division. These data also suggested that phosphoinositide hydrolysis may 

not be directly involved in the regulation of mitogenesis triggered by growth factors acting
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through receptors with tyrosine kinase activity.

1.7. Neoplastic transformation and inositol lipid turnover.

Many growth factors, growth factor receptors, intracellular transducers and 

transcription factors involved in the control of cell proliferation, are encoded by 

protooncogenes. Genetic alterations occurring in critical regions of protooncogenes can 

contribute to neoplastic transformation. Neoplastic transformation originates from the 

capacity of altered oncogene products to mimic and substitute for physiological 

proliferative signals, as well as from the loss of function of tumour suppressor genes. For 

example: i. Growth factor receptors, which are constitutively activated as a result of a 

oncogenic mutation, can trigger cell proliferation in the absence of growth factor 

stimulation [Cross M & Dexter TM, 1991]. ii. The abnormal operation of ‘mutated’ or 

‘altered’ transcription factors can produce unregulated expression of genes capable of 

triggering the neoplastic growth or, conversely, can inhibit the expression of genes that 

exert a negative control on cell division [Lewin B, 1991]. iii. Mutated versions of certain 

intracellular transducers, such as non-receptor tyrosine kinases or regulatory GTP-binding 

proteins, can be oncogenic since they can activate their targets in the absence of an 

upstream physiological stimulus [Cantley LC et at., 1991].

Autonomous, i.e. growth factor-independent, activation of inositol lipid turnover 

was detected in NIH 3T3 and Rat 1 cells transformed with a number of oncogenes whose 

products are membrane acting proteins. By contrast, transformation with oncogenes whose 

products are nuclear or cytosolic proteins, did not cause activation of inositol lipid turnover 

suggesting that these oncogene products function ‘downstream’ of the inositol lipid 

pathway [Alonso T et al. 1988].

The relationship between neoplastic transformation, generated by different classes 

of oncogenes, and the autonomous operation of inositol lipid turnover is discussed in the 

following sections.
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1.7.1. Activation of inositol lipid turnover following the transformation with oncogenes 

encoding mutated versions of growth factors and growth factor receptors.

The w-sis oncogene is highly homologous to the 6-chain of PDGF [Johnsson A et 

a i,  1984] and causes transformation of normal fibroblasts via autocrine secretion of a 

PDGF - like factor. Transformation with \-sis caused significant increases of DAG, 

probably indicative of inositol lipid hydrolysis. However this study did not establish 

whether all DAG detected was actually derived from inositol lipid hydrolysis or whether 

it was also derived from the breakdown of other phospholipids such as PtdCho [Priess J 

et al., 1986].

Transformation by oncogenes whose products are mutated or truncated versions of 

growth factor receptors, also resulted in alterations of inositol lipid turnover. 

Transformation of chick embryo fibroblasts with the er^^oncogene, which encodes a 

truncated version of the EGF receptor, resulted in increased generation of DAG and in 

PKC activation. Moreover the transformed cells showed Pdtlns and PdtIns(4)P kinase 

activation as well as DAG kinase. Although these results strongly suggested activation of 

inositol lipid turnover in the erbB transformed cells, no data on inositol phosphate 

generation were reported [Kato M et a/., 1987]. An increased rate of inositol lipid 

hydrolysis, but no significant activation of Ptdlns kinase, was detected in mink lung 

epithelial cells transfoiTned with the v-fms oncogene. Compared to the parental cells, the 

\-fm s transformed cells showed increased activity of membrane Pdtlns(4 ,5)?2-PLC 

following guanine nucleotide-stimulation. [Jackowski S, et al. 1986]. Alteration of inositol 

lipid turnover was also observed following the transformation with neu, which is related 

to the EGF receptor and \-ros which is homologous to the insulin receptor [Whitman M 

& Cantley LC, 1988], [Macara IG et al., 1984].
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1.7.2. Alterations in inositol lipid turnover following transformation by oncogenes encoding 

non receptor tvrosine kinases.

Many non-receptor tyrosine kinases belong to the src family and their non-mutated 

versions play regulatory roles in the transduction of growth signals.

In Japanese quail embryo cells transformed with Rous sarcoma virus, overall 

phospholipid metabolism was greatly inhibited by serum deprivation or high cell density, 

whereas inositol lipid turnover was not [Diringer H & Friis RR, 1977]. These observations 

first suggested the existence of a correlation between Rous sarcoma virus transformation 

and growth factor independent turnover of inositol lipids.

The biochemical effects of \-src induced transformation have also been investigated 

using mutants which encode temperature-sensitive tyrosine kinases. In chicken embryo 

fibroblasts, transfected with the transforming mutant NY71-4 of Rous sarcoma virus, 

inositol lipid turnover and inositol phosphate generation were significantly activated in 

cells which had been kept at the permissive temperature for 24 hours [Martins TJ et al.

1989]. This long time-delay raised the question of whether inositol phosphate generation 

was a direct effect of src oncogene activation. A partial answer to these questions was 

given by the observation that in Rat-1 fibroblasts transfected with a different temperature 

sensitive mutant of Rous sarcoma virus (LA24), activation of inositol lipid hydrolysis, and 

generation of inositol phosphates occurred within 10 minutes following exposure to the 

permissive temperature [Chiarugi V et at. 1987]. However in these studies, transfection 

with non transforming variants of Rous sarcoma virus caused temperature insensitive 

generation of inositol phosphates, suggesting that expression of high levels of non

transforming ppbO'" ̂ ^̂ kinase could cause perturbations of cell metabolism able to trigger 

inositol lipid turnover.

Transformation of a mink lung epithelial cell line with the v-fes oncogene, which 

encodes a non-receptor tyrosine kinase, also caused enhancement of inositol lipid 

hydrolysis. In this study, exposure of the transformed cells to LiCl, compound that inhibits
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InsP and Insf*2 degradation [section 1.4.], caused significant accumulation of these species 

[Jackowski S, et al. 1986].

1.7.3. Neoplastic transformation and phosphoinositide 3-kinase activation.

In some instances, tiansformation with oncogenes encoding mutated tyrosine 

kinases triggers phosphoinositide 3-kinase activation and generation of 3’-phosphorylated 

polyphosphoinositide species [Whitman M et al. 1985]. The biological role of these 

inositol lipid species and of the phosphoinositide 3’-kinase is not clear. 3’-phosphorylated 

inositol lipid species are generated only following growth factor stimulation, whereas they 

are not detectable in resting cells. These 3 ’-phosphorylated inositol lipid isomers are not 

hydrolysed by PI-PLC [Serunian LA et al., 1989]. The phosphoinositide 3’-kinase belongs 

to the group of enzymes, including PI-PLCy, ra.yGAP, etc, which recognize and bind to 

growth factor receptors upon growth factor stimulation. These observations strongly 

suggested the involvement of phosphoinositide 3’-kinase activity in the regulation of cell 

proliferation: the current best guess is that the 3’-phosphorylated polyphosphoinositides are 

themselves intracellular second messengers that bind to actin and regulate actin filament 

rearrangement during cell mitosis [Cantley LC et al. 1991].

1.7.4. The ras oncogene familv and inositol lipid turnover.

Three human ras oncogenes have so far been identified: Ha-raj, Ki-mj, N-ra^: they 

encode 21kD membrane associated proteins (pZT'^ that belong to the family of guanine 

nucleotide binding regulatory proteins (G proteins) [Shimizu K et al. 1983]. Like other G 

proteins, the ras proteins are in a GTP-bound form when activated and in GDP-bound form 

when inactive [Hall A, 1991]. The ras proteins posses intrinsic GTPase activity which is 

regulated by a 120kD /w-GTPase activating protein (ra.sGAP). rajGAP regulates p 2 r"  

activity by interacting with the activated, GTP bound, form of p 2 r ‘“ and triggering the 

degradation of GTP to GDP. Following its interaction with p2r"^, ra^GAP is thought to 

transduce the p2 L'^-GTP signal, thereby operating as the downstream effector of p2 T'“ 

[McCormick F, 1989].
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The involvement of p2T'“ proteins in the regulation of cell growth was suggested 

by experiments in which serum-induced S phase entry was abolished by microinjection of 

anti-p2T'“ antibodies. These results indicated that p2T'" activity was required throughout 

the early stages of cell division [Mulcahy LS et al., 1985].

The involvement of p2r"" in the control of cell proliferation was also suggested by 

the ability of mutated ras oncogenes to cause neoplastic transformation. Oncogenic 

mutations of ras are point mutations of codons 12, 13, 59 or 61 which result in 

substitutions of critical amino acid residues. Molecular studies have shown that these 

mutations affect the GTP binding site of p2T'“ and result in inhibition of p2T'“ GTPase 

activity [McGrath CP et at. 1984]. Oncogenic p2T'" remains in the constitutively active, 

GTP-bound, form and can trigger neoplastic transformation by generating unregulated 

mitogenic signals in absence of physiological stimulation. Identical mutations of ras 

oncogenes have been detected in many types of cancer and are though to play important 

roles in tumorigenesis [Vogelstein B et at., 1988].

The suggestion that p2r^“ was involved in regulation of inositol lipid hydrolysis 

originated from the observation that, in certain instances, G proteins acted as coupling 

elements between receptor stimulation and PI-PLC activation [Cockcroft S and Gomperts 

BD, 1985]. This hypothesis was investigated by transfecting NIH 3T3 fibroblasts with 

wild-type N-ras oncogenes whose expression was under the control of a steroid-inducible 

promoter. In these experiments, activation of inositol lipid hydrolysis following growth 

factor stimulation, was several fold higher in cells where p21^ '̂ '“ expression had been 

induced by dexamethasone than in control cells. Interestingly, growth factor - stimulated 

DNA synthesis was higher in the cells overexpressing p21^''‘“ than in the control cells 

[Wakelam MJO et al 1986].

Transformation of two different fibroblast cell lines, NIH 3T3 and NRK, with 

mutated versions of, N-ras, Ki-ras and Ha-rû5 oncogenes led to a significant increase of 

the steady state levels of inositol lipid derived second messengers in absence of growth
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factor stimulation [Fleischman LF et al. 1986]. Increased phosphoinositide breakdown, 

measured as the basal rate of inositol phosphate generation in the absence of growth factor 

or serum stimulation, was also observed in NIH 3T3 fibroblasts transformed with mutated 

versions of ras oncogenes and in COSl cells transiently expressing mutant p2r*" proteins 

[Hancock JF et at. 1988]. Moreover, in these experiments, the basal rate of inositol 

phosphate turnover was not enhanced by the expression of wild-type p2 r “ , suggesting that 

autonomous PI-PLC activation only occurred following transformation with mutated ras 

genes. Finally, microinjection of anti PdtIns(4 ,5)P2 antibodies into cells transformed with 

mutated ras oncogenes caused the decrease of neoplastic proliferation and the reversion 

of the neoplastic phenotype [Fukami K et al., 1988].

The above studies suggested the existence of a direct relationship between ras 

induced neoplastic transformation and the autonomous activation of inositol lipid 

hydrolysis. However other studies failed to identify such a correlation. No constitutive 

activation of phosphoinositide hydrolysis was observed in Chinese hamster lung 

fibroblasts (CCL39) transformed with mutated Ki-ras or Hsi-ras genes [Seuwen K et al.

1988]. Furthermore, the rate of thrombin or AIF4 -stimulated inositol lipid hydrolysis was 

not significantly increased in the CCL39 cells overexpressing wild type p 2 r ‘“, suggesting 

that p 2 r ‘̂  ̂ was not the coupling element between receptor stimulation and PI-PLC 

activation in these cells [Seuwen K et al. 1988]. Other studies, carried out on different cell 

lines and under different culture conditions, indicated that the G protein agonist AIF/ 

triggered PI-PLC activity in cells overexpressing p2r^“ [Wakelam MJO 1989].

In most of the studies reported above, the difference between primary and 

secondary effects of ras transformation could not be differentiated because these studies 

utilized permanently transformed cell lines. To investigate the primary effects of mutated 

ras proteins on the metabolism of normal cells, ras proteins were introduced into several 

cell types by ‘scrape loading’ [McNeil PL et al. 1984]. ‘Scrape loading’ of oncogenically 

activated p2T‘“ (V all2p2r‘“) into Swiss-3T3 fibroblasts rapidly induced PKC activation.
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in the absence of phosphoinositide hydrolysis [Morris JDH etal. 1989]. Interestingly, PKC 

activation was followed by significant accumulation of DAG, which was derived from 

PKC-activated phosphatidylcholine breakdown [Price DP et al. 1989-B]. DAG 

accumulation in the absence of inositol phosphate generation was also observed in NIH 

3T3 cells transfected with the Ha-ra^ oncogene [Lacal JC et at. 1987] and in Xenopus 

laevis oocytes micro-injected with p2V‘̂  proteins [Lacal JC 1990]. Besides these effects, 

‘scrape-loading’ Vall2p2L‘" into Swiss 3T3 cells caused inhibition of PDGF-induced 

inositol lipid breakdown within 5-10 minutes. Nevertheless, PDGF was able to trigger 

inositol lipid breakdown following PMA-induced PKC down regulation, suggesting that 

V all2p2r‘“ inhibition of PDGF stimulated inositol lipid hydrolysis was a consequence of 

PKC activation [Price BD et al. 1989-A]. These obseiwations suggested that introduction 

of oncogenic p2r"“ into Swiss 3T3 cells, resulted in PKC activation which caused 

inhibition of ligand-stimulated inositol lipid turnover and activation of phosphatidylcholine 

hydrolysis. Prolonged PKC activation, probably sustained by the chronic generation of 

phosphatidylcholine-derived DAG, resulted in PKC down regulation and loss of inhibition 

of phosphoinositide hydrolysis. Autonomous inositol lipid hydrolysis, detected in cells 

permanently transformed with ras oncogenes, could therefore derive from the loss of PKC- 

operated feed back control on PI-PLC activity.
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Biological and biochemical mechanisms of myeloid 

leukaemia cell differentiation.

1.8. Normal myelopoiesis and its regulation.

The production of mature blood cells is a multi-stage process which is regulated 

by haemopoietic growth factors. Blood cells of both myeloid and lymphoid lineages derive 

from a small number of common progenitors, the pluripotent stem cells. The pluripotent 

stem cells retain their self-renewal capacity and secure the output of progenitor cells 

committed to differentiate towards myeloid or lymphoid lineages. Following their 

commitment, myeloid or lymphoid progenitors lose their proliferative capacity and undergo 

functional and morphological differentiation [Dexter TM, 1991].

Myeloid differentiation has been divided into successive stages, represented by 

morphologically and functionally distinguishable cell types. The haemopoietic growth 

factors (Colony-Stimulating Factors, CSFs) were identified by their capacity to induce or 

support the clonal growth and differentiation of haemopoietic precursor cells in vitro [Clark 

SC & Kamen R, 1987]. Several CSFs have so far been isolated and cloned including 

interleukin 3 (IL3), granulocyte-macrophage colony-stimulating factor (GM-CSF), 

granulocyte colony-stimulating factor (G-CSF), macrophage colony-stimulating factor (M- 

CSF) and erythropoietin. The actions of these growth factors are not restricted to one cell 

type or to one step of differentiation; they act at different stages of myeloid differentiation 

and, in certain cases, contribute to the functional activation of mature myeloid cells 

[Vallace SJ & Whetton AD, 1991].

IL3 is the only CSF that supports the proliferation or self renewal of multipotent 

stem cells and is the only CSF that promotes the formation of erythroid, granulocytic.
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megacai'yocytic and macrophagic colonies in vitro. IL3 is also active towards committed 

myeloid progenitors and cooperates with other CSF in regulating their differentiation 

[Vallace SJ & Whetton AD, 1991].

GM-CSF supports the formation of granulocytic and macrophage colonies in 

clonogenic assays, and is also active towards erythroid and megacaryocytic progenitors 

[Metcalf D, 1986], [Sieff CA, 1987].

G-CSF is a lineage specific growth factor acting only on granulocytic progenitors, 

and supports the formation of granulocytic colonies in vitro. G-CSF and GM-CSF stimulate 

the functions of mature myeloid cells: both growth factors increase phagocytic and 

cytotoxic activity of granulocytes and macrophages and enhance the oxidative burst in 

response to stimulation with chemotactic peptides [Metcalf D, 1986], [Sieff CA, 1987].

M-CSF is a lineage specific growth factor whose action is restricted to the 

macrophage lineage. In vitro M-CSF triggers the formation only of macrophage colonies 

[Metcalf D, 1986]. The M-CSF receptor is a tyrosine kinase encoded by the fms proto

oncogene [Sherr CJ et al., 1985].

1,9. Neoplastic transformation and leukaemogenesis.

Acute myeloid leukaemias (AML) originate from the neoplastic transformation of 

myeloid progenitor cells [Sawyers CL et al 1991]. Neoplastic transformation blocks the 

process of myeloid differentiation: AML cells are arrested at a specific stage of maturation 

which is sometimes morphologically or immunologically identifiable and which may 

influence the clinical behaviour of the disease. These diseases are characterized by the 

appearance of a monoclonal population of immature myeloblasts in the bone marrow and 

in the peripheral blood, that gradually expands and supplants the normal haemopoietic 

cells. AML patients suffer and often die because of the lack of mature blood cells: 

anaemia, haemorrhage and infection constitute the major clinical features of these diseases 

and frequently require specific supportive care, apart from primary treatment.

Several genetic abnormalities are associated with myeloid leukaemias, and, in
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certain cases, their involvement in the development of the neoplastic process has been 

demonstrated. Oncogenic point mutations of the ras oncogenes have been detected in about 

30% of AML [Farr CJ et al., 1988]. Amplification of myc oncogenes has been found in 

myeloid leukaemia cell lines such as HL60 [Collins S & Groudine M, 1982], inactivation 

of p53 tumour suppressor gene occurs in more than 20% of blastic crises of chronic 

myeloid leukaemia [Kelman Z et at., 1989], in myeloid leukaemias showing 17p 

monosomy [Fenaux P et aL, 1991] as well as in myeloid leukaemia cell lines like HL60 

[Wolf D & Rotter V, 1985] and Friend’s erythroleukaemia [Mowat M et al. 1985]. 

Overexpression of the IL3 gene has been implicated in the genesis of some murine 

leukaemias whereas reinfusion of murine bone marrow cells, which had been transfected 

with \-fms oncogene, caused the development of erythroleukaemia and other 

haematological malignancies in mice [Sawyers CL et al 1991].

Certain genetic abnormalities involved in the development of myeloid leukaemias 

are the result of chromosomal lesions typically associated with these malignancies. The 

translocation Philadelphia (Ph) t(9;22), frequently observed in CML and in Ph  ̂

lymphoblastic leukaemias, results in the generation of the bcr-abl fusion gene. The bcr-abl 

gene product is a constitutively activated tyrosine kinase whose expression in haemopoietic 

cells can trigger their neoplastic transformation [Heisterkamp N et al., 1985]. The 

translocation t(15;17), which is typical of the acute promyelocytic leukaemia (APL), 

generates the myl-RARa fusion gene, in which the retinoic acid receptor a  (RARa) gene 

is fused to a gene myl that encodes a putative transcription factor [de The’ H et al., 1990]. 

The abnormal functioning of RARa or, of myl probably results in inappropriate 

transcription of genes that can contribute to the arrest of differentiation and the neoplastic 

transformation of APL cells [Pandolfi PP et al., 1991].

1,10. The induction of differentiation of acute myeloid leukaemia cells.

Studies carried out in the last ten years have shown that AML cells or AML- 

derived cell lines can be induced to cease autonomous proliferation and to undergo
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terminal differentiation by treatment with many substances. Depending on the compound 

or on the cell type employed, AML cells can be triggered to differentiate towards a 

granulocyte-like or monocyte/macrophage-like morphology [Koeffler HP, 1983], [Lubbert 

M & Koeffler HP, 1988], [Collins SJ, 1987]. These observations have attracted the interest 

of many researchers since the possibility of overcoming the differentiation block of 

leukaemic cells could provide new insights in the biology of AML, and could suggest the 

development of new therapeutic strategies, some of which are now being evaluated in 

clinical trials [section 1.10.8.].

Many chemical compounds trigger the granulocytic or monocyte/macrophage 

differentiation of leukaemic cells [Table 1.1.]. However much attention is now being paid 

to biological molecules like retinoic acid, vitamin D3 or certain cytokines, which are active 

in vitro but which can also be used in the treatment of AML patients.
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Table 1.1. Human myeloid leukaemia cell lines and compounds that can induce their 
differentiation.

Cell line Compound differentiation pathway

HL60 DMSO Granulocytic
Retinoic acid
HMBA
Purines, pyrimidines
Mithramicyne, antraciclines
PMA Macrophagic
xJibutynil cAMP
TNF Monocytic
y-if n
TNF+y-IFN
Vitamin D3
Ganglioside GM3

KGl . Retinoic acid Granulocytic
PMA Macrophagic
TNF Monocytic

U937 PMA Macrophagic
TNF Monocytic
Vitamin D3
Ganglioside

K562 Haemin Erythroid

Hel Haemin Erythroid

ML3 PMA Macrophagic
Vitamin D3 Monocytic

TPHl PMA Macrophagic
TNF Monocytic
TNF-ylFN

Reviewed by [Koeffler HP, 1983], [Lubbert M & Koeffler HP, 1988], [Collins SJ, 1987]. 
(see text for abbreviations)
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Most of the studies on the induction of AML cell differentiation have been carried 

out on leukaemic cell lines that have been established from AML samples. Cell lines have 

proven to be useful tools to study the biology of human leukaemias [Lubbert M & Koeffler 

HP, 1988], [Collins SJ, 1987]: (i) They provide a well characterized and homogeneous cell 

population for morphological and biochemical studies, (ii) They constitute a common 

experimental model that allow the comparison of results obtained in different laboratories,

(iii) They are blocked at one specific stage of myeloid maturation, (iv) Many AML cell 

lines carry mutated oncogenes providing a valuable model to study the role of oncogene 

activation in leukaemic transformation.

1.10.1. The HL60 cell line

The human promyelocytic leukaemia cell line HL60 was originally derived from 

the peripheral blood leucocytes of a patient affected by acute promyelocytic leukaemia 

(APL) [Collins SJ et al. 1977]. HL60 cells proliferate exponentially in liquid culture with 

a doubling time of 24-48 hours. These cells are immature myeloblasts morphologically 

resembling promyelocytes. Cytochemical and immunological studies have confirmed that 

more than 95% of untreated HL60 cells are promyelocytes whereas less than 5% are 

myelocytes or metamyelocytes which have undergone spontaneous differentiation. 

Molecular studies have demonstrated that the HL60 cells carry several genetic 

abnormalities: they harbour an amplified myc oncogene [Collins S & Groudine M, 1982] 

and a oncogenically mutated N-ras oncogene [Janssen JWG et al., 1985]. Furthermore they 

show deletion of the tumour suppressor gene p53 [Wolf D & Rotter V, 1985].

Treatment with several compounds, such as retinoic acid [Breitman TR et al. 1980] 

or dimetylsulphoxide [Collins SJ et al., 1978], induces HL60 cells to cease proliferation 

and to undergo granulocytic differentiation. By contrast treatment with PMA [Rovera G 

et al., 1979] or vitamin D3 [McCarthy D & Freake MJ, 1983] induces HL60 cells to 

undergo monocyte-macrophage like differentiation. Immunological, cytochemical and 

functional changes, typical of normal myeloid maturation, characterize the differentiation
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process, suggesting that tlie mechanisms underlying HL60 cell differentiation resemble 

those operating in nomial cells.

1.10.2. Induction of granulocvte-like differentiation.

Compounds able to induce the granulocytic differentiation of AML blasts and of 

certain leukaemia cell lines include retinoic acid (RA), dimethyl sulphoxide (DMSO), 

purines and pyrimidines (e.g. hypoxanthine, thymidine), several cytostatic and cytotoxic 

drugs (e.g. anthracyclines, mithramycin) [Table 1.1.] [Lubbert M and Koeffler HP, 1988].

1.10.3. Retinoic acid.

Retinoids aie a family of natural compounds that control the differentiation and the 

proliferation of a vaiiety of normal cell types. These compounds are involved in the 

regulation of several moi*phogenetic processes such as limb development and regeneration 

and epithelial cell differentiation [Lotan R, 1980]. Interestingly treatment with RA, a 

member of the retinoid family derived from retinol (vitamin A), induces the cessation of 

proliferation and in some instances triggers the differentiation of several neoplastic cell 

lines [Sporn MB & Roberts AB, 1983]. Following RA treatment F9 murine 

teratocarcinoma cells differentiate towaids an endodermal morphology [Strickland S & 

Mahdavi V, 1978]. RA also induces the cessation of proliferation of breast cancer and 

melanoma-derived cell lines [Lacroix A & Lippman ME, 1980]. RA and related compounds 

stimulate the clonal growth of normal myeloid progenitor cells in vitro [Tobler A. et al.

1986]. In contiast to these effects on nornial haemopoiesis, RA inhibits the proliferation 

and induces the granulocytic differentiation of myeloid leukaemia cell lines and of AML 

blasts isolated from leukaemia patients [section 1.10.4. & section 1.10.5]. RA tieatment 

inhibited the clonal giowth of HL60 promyelocytes and of KGl myeloblasts in a dose- 

dependent manner, whereas cell lines blocked at earlier stages of differentiation, like the 

erythroblastic K562 and the myeloblastic KGl A, were not affected by exposure to RA 

[Douer D and Koeffler PH, 1982].
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1.10.4. RA induced granulocytic differentiation of HL60 cells.

Exposure of HL60 cells to RA induced cessation of proliferation and granulocytic 

differentiation in a dose-dependent manner [Breitman TR et al. 1980]. HL60 cells treated 

with 1 pM RA ceased proliferation within 4 days of treatment, whereas cells treated with 

0.1 pM RA, ceased proliferation after 6 days from exposure. Following 6 days of treatment 

with 1 pM RA more than 90% of HL60 cells lost their promyelocytic morphology, and 

acquired more differentiated features: 30% of them showed a granulocyte-like phenotype 

whereas 46% showed myelocytic features [Breitman TR et at. 1980]. RA-treated HL60 

cells also expressed surface antigens typical of mature granulocytes, whereas antigens 

characteristic of eaiiy stages of myeloid development were lost [Ferrero D et at. 1983]. 

The differentiated cells also acquired some of the functional characteristics of mature 

granulocytes such as niti*o blue tétrazolium (NBT) reduction capacity and phagocytosis 

[Breitman TR et al. 1980].

1.10.5. RA induced differentiation of APLs.

As mentioned earlier, RA induced granulocytic differentiation of AML blasts 

isolated from myeloid leukaemia patients. Among AML subtypes, APL, (M3 according to 

the Franco-American-British (FAB) classification) is the subtype most sensitive to RA 

treatment [Koeffler PH, 1983]. APL represents between 5% and 15% of all non- 

lymphocytic leukaemias, and is chaiacterized by the appearance of hypergranular 

promyelocytes in the bone maiTow and in the peripheral blood [Castaigne S et a i, 1990]. 

10-15% of APL patients die of a severe coagulopathy which is frequently triggered by 

chemotherapy. In a recent study, 34/35 APL samples underwent granulocytic differentiation 

following 5 days of 1 pM RA tieatment in vitro. By contrast only 14/36 similarly treated 

samples of other AML subtypes, acquired granulocytic features [Chomienne C et al. 1990]. 

The relationship between RA and granulocytic differentiation of APL has been stressed by 

the recent obsewation that the tianslocation t(15;17), which is a virtually constant feature 

of APL, involves the RARa gene. The role of t(15;17) in APL will be discussed in the
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1.10.6. RA receptors.

RA exerts its biological activities, by binding to nuclear receptors (RARs) that 

belong to the superfamily of thyroid and steroid hormone receptors which are ligand- 

activated transcription factors. Four RARs have been identified: RAR-a which is expressed 

in many tissues and cell lines, RAR-B that is expressed in epithelial cells, RAR-y which 

is expressed mainly in the skin, RXR-a which is expressed in liver and which is thought 

to regulate vitamin A metabolism [Petkovich M et a i, 1987], [Mangelsdorf DJ et al.

1990], [Evans RM, 1988]. Upon the binding of RA, the RA-RAR complex activates or 

inhibits the transcription of tai get genes by interacting with inducible regulatory sequences 

located in the promoter regions [Evans RM, 1988]. For example, in rat teratocarcinoma 

cells expression of the Era-1 gene is rapidly activated following RA treatment [LaRosa GJ 

et al. 1988], whereas in rat embryo fibroblast cells RA inhibits expression of the 

stromelysin gene [Nicholson RC et al. 1990].

Because of the importance of the RARs in mediating RA functions, several studies 

have investigated the relationship between RAR expression and sensitivity to RA treatment 

of AML and APL cells. Expression of the RAR-a has been detected in several myeloid 

and lymphoid leukaemia cells, including HL60, and in AML samples [Largman C et al.

1989]. Nevertheless attempts to identify a relationship between RARa mRNA expression 

and response to RA treatment, has generated contradictory results. The amount of RAR-a 

mRNA detected in HL60 and in other myeloid cell lines, correlated with the response to 

RA treatment [Wang C et al. 1989]. The same study however, showed that the response 

to in vitro RA tieatment of 23 AML samples did not correlate with RAR-a mRNA 

expression. In a further study, higher levels of RARa mRNA were detected in 6 cases of 

RA-responsive APL, compared to 8 cases of RA unresponsive AML [Gallagher RE et al.,

1989]. However, since no alterations in RARa mRNA species and in the genomic structure 

of the RARa were detected between RA responsive and unresponsive samples, the authors 

concluded that the different amounts of RARa mRNA which was expressed in the
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responsive and unresponsive samples, could not account for the difference in sensitivity 

to RA treatment. These results also suggested that other molecular abnormalities occurred 

and influenced the interaction of RA with the RAR and the biological activity of the RA- 

RAR complex [Gallagher RE et al. 1989].

In a RA-resistant HL60 subclone, RAR-a affinity for RA was greatly decreased and 

the molecular weight of RARa was abnormally low. Réintroduction of a wild-type RARa 

cDNA into the RA resistant HL60 cells restored the expression of a wild type RARa and 

their sensitivity to RA [Collins SJ et al. 1990]. Similar studies, carried out on the RA 

insensitive K562 cell line, demonstrated that the amount of RARa mRNA and the number 

of RARa expressed in these cells, was significantly lower than that expressed in RA 

sensitive HL60 cells (80 RAR-a per cell in K562 vs 550 RAR-a in HL60). [Robertson KA 

et al 1991]. Introduction of RARa cDNA into K562 cells increased the number of RARa 

to 2000 per cell, nevertheless the transfected cells acquired only a limited sensitivity to 

RA, indicating that other biochemical mechanisms were involved in mediating RA 

biological activity.

1.10.7. The RARa gene and the translocation t(15;17) in APL.

The translocation t(15;17) can be detected, almost exclusively, in more than 95% 

of APL’s cases, suggesting the existence of a relationship between the disease and this 

chromosomal abnormality [Rowley JD etal., 1977], [Mitelman F, 1991]. Molecular studies 

have recently demonstrated that the t(15;17) results in the transposition of part of the 

RARa gene, from chromosome 17q, to a locus, my/, located on chromosome 15q [de The’ 

et al. 1990]. Moreover rearrangement of RARa gene was found in 65% of the cases of 

APL, whereas no RARa rearrangements were detected in other haematological 

malignancies [Longo L et al., 1990], [Chen Z, et al. 1991]. The predicted structure of the 

my I gene product suggests that it may be a transcription factor [Kakizuka A et al. 1991]. 

The t(15;17) translocation generates a novel gene, my/-RARa, which is constituted by the 

DNA and RA binding domain of RARa and the NHj terminal domain of PML [de The
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H et al. 1991]. The role of the fusion protein encoded by the my/-RARa gene in APL and 

in generating APL sensitivity to RA are not clear. However, RARa-wy/ proteins function 

as a RA inducible transcription factors, with various degree of RA dependence for 

transactivation [Pandolfi PP et al. 1991]. The generation of RARa-my/ fusion gene in APL 

would abolish the physiological activities of RARa and myl whereas exposure to RA 

would activate the PML-RARa fusion protein, restoring some of myl and RARa functions. 

This model would explain, at least in part, APL’s sensitivity to RA treatment [Kakizuka 

A et al. 1991].

1.10.8. RA in the treatment of APL.

Because of the high sensitivity demonstrated by the promyelocytic leukaemia cell 

line HL60 and by APL blasts to RA in vitro, several clinical trials have been carried out 

to test the efficacy of RA in the treatment of APL patients. Complete remission was 

achieved in 23/24 APL patients who were treated with RA (45 to 100 mg/m^ body 

surface/day). The remission was obtained following 44 days of treatment and lasted a 

median time of 5 months [Huang M et al. 1988]. The toxicity of the treatment was 

described as ‘mild’ and maiTow aplasia or coagulopathy did not occur in these patients. 

In 14/15 patients RA-induced granulocytic differentiation of leukaemic blasts was 

confirmed in vitro. This clinical trial has now been extended to 90 patients and a response 

rate of 88% has been reported [Wang ZY et al. 1990]. In a further study, 14/23 (60%) 

APL patients obtained complete remission following RA treatment (45 mg/m^ body 

surface/day), whereas a partial response was observed in a 4 patients [Castaigne S et al.

1990]. Differentiation towards granulocytic morphology was observed in 16/18 APL bone 

marrow samples which were exposed to RA in vitro. Occurrence of remission was 

confirmed cytogenetically since the t(15:17) was not observed in bone marrow samples 

obtained from responsive patients in remission. The efficacy of RA in the treatment of 

APL has been confirmed in a recently published study in which 47/50 (94%) untreated 

APL patients achieved complete remission following RA treatment [Chen ZX et al. 1991].
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The median duration of the remission was 15 months and 19/47 patients had relapsed at 

the time of the publication.

1.10.9. DMSO-induced granulocytic differentiation.

Exposure to DMSO induces granulocytic differentiation of several human myeloid 

leukaemia cell lines including the myeloblastic KGl, the myelomonoblastic MLl or ML3, 

and the promyelocytic HL60 [Lubber M and Koeffler H, 1988]. HL60 cells exposed to 1 - 

1.5% DMSO cease proliferation within 4 - 5  days and undergo differentiation, acquiring 

morphological, immunological and some functional characteristics typical of mature 

granulocytes. Morphological changes include decrease of cell size, pyknosis of nuclear 

chromatin, segmentation and convolution of the nucleus, and cytohistochemistry typical 

of granulocytes [Collins SJ et al. 1978]. Immunological changes include the expression of 

surface antigens typical of late stages of myeloid differentiation, e.g. reactivity with the 

antibodies OKMl and L I2.2, chemotactic receptors, and complement receptors [Ferrero 

D et at. 1983]. Furthermore, DMSO treated HL60 cells acquire the ability to reduce NBT, 

chemotaxis and phagocytosis. However, DMSO-induced granulocytic differentiation, like 

RA induced differentiation, appears incomplete or dissimilar from normal myelopoiesis 

[Collins SJ 1987].

The mechanisms by which DMSO exerts its action remains unknown. Treatment 

of HL60 cells with 1%-1.2% DMSO caused down-regulation of c-myc expression which 

commenced 24 h following the addition of DMSO and was completed within 72 h [Grosso 

LE & Pi tot HC, 1985] [High KA et a i, 1987]. Treatment of HL60 cells with DMSO for 

12 hours also cause the down-regulation of expression of the recently described serine 

protease myeloblastin. The myeloblastin gene is thought to play a role in the proliferation 

of APL cell lines, since inhibition of its expression with antisense oligonucleotides caused 

cessation of proliferation and partial monocytic differentiation of the IFIO -D 3 

promyelocityc leukaemia cell line [Bories D et al. 1989].

Besides its activities on human myeloid leukaemia cell lines, treatment with DMSO
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induced erythroid differentiation of Friend murine erythroblastic leukaemia cell line. These 

cells ceased proliferation after 12-24 h of treatment with 1.5% DMSO and showed 

haemoglobin synthesis and a decrease of c-myc expression [Faletto DL et al., 1985].

1.10.10. Monocvte-macrophage differentiation.

PMA and other phorbol esters, bryostatin, dibutyryl cAMP, harringtonine, 

ganglioside GM3, vitamin D3, and cytokines (e.g. Tumour Necrosis Factor, TNF), trigger 

monocyte-macrophage like differentiation of AML cells or cell lines [Table 1.1.].

1.10.11. Phorbol ester induced macrophage-like differentiation.

Treatment with PMA caused cessation of proliferation and macrophage-like 

differentiation of several myeloid leukaemia cell lines, including HL60, U937, KGl and 

ML3. By contrast, cell lines blocked at earlier stages of differentiation, e.g. K562 or KGla 

are less sensitive to PMA treatment [Lubbert M & Koeffler HP, 1988].

PMA-treated HL60 cells lost their proliferative capacity, developed adherence to 

plastic and acquired macrophagic morphology in a dose-dependent manner. Following 

exposure to PMA HL60 cells became long and flat and formed pseudopodia resembling 

mature macrophages [Rovera G et al., 1979]. Cytochemically, these cells stained positively 

for nonspecific esterase and acid phosphatase, whereas they lost their positivity for 

chloracetase esterase. PMA treated HL60 cells also developed phagocytic capacity and 

bactericidal activity.

The mechanism by which PMA induces HL60 cell differentiation has not been 

clarified. Unlike DAG, PMA generates long and sustained membrane translocation and 

activation of PKC. Membrane localization of activated PKC is thought to be critical for 

PKC biological activity [Homma Y et al., 1986]. Nevertheless membrane translocation 

makes PKC more sensitive to the action of proteolytic enzymes and may result in PKC 

down regulation [section 1.5.4.].

PMA-mediated activation of PKC triggers the phosphorylation of several proteins 

in HL60 cells [Kreutter D et al. 1985] and the breakdown of choline phospholipids in
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mouse fibroblasts and HL60 cells [Besterman JM et al. 1986] [Billah MM et al., 1989]. 

Treatment with synthetic DAGs also resulted in PKC activation and phosphorylation of cell 

protein [Yamamoto S et al. 1985], however, despite the similarities with PMA, treatment 

with synthetic DAGs failed to generate macrophagic differentiation of HL60 cells [Kreutter 

D et a i, 1985], [Yamamoto S et al., 1985] [Morin MJ et a i, 1987].

PMA treated HL60 cells show significant changes in oncogene expression. The 

expression of the myc oncogene, which is amplified in this cell line, was gradually reduced 

and was completely abolished following 24 hours of PMA treatment [Salehi A et a i, 

1988]. Down regulation of c-myc expression was also observed during the induction of 

granulocytic differentiation of HL60 cells and seems consistent with the proposed role of 

c-myc in regulating cell proliferation. Interestingly, PMA induced macrophagic 

differentiation also induces brief expression of c-fos which was detectable soon after the 

addition of PMA and ceased within 12 hours [Mitchell RL et al., 1985]. c-fos expression 

was not detected during induction of granulocytic differentiation with DMSO or RA, and 

its role is not yet understood. Expression of the c-fms oncogene, which encodes the M-CSF 

receptor, is also induced following 12 hours of PMA treatment in HL60 cells [Sariban E 

et al., 1985].

1.10.12. Vitamin D, induced macrophagic differentiation.

Vitamin Dj and some of its derivatives have important regulatory functions in 

calcium metabolism. The metabolically active derivative of vitamin D3, 1,25 

dihydroxyvitamin (l,25(0H)2Dg) also induced monocyte-macrophage differentiation of 

AML cells and of certain cell lines. l,25(OH)2D3, at concentrations between 10 * and 10 *®, 

inhibited clonal growth and triggered macrophagic differentiation of several myeloid cell 

lines including HL60, U937 and THP-1 and the myeloblastic HEL. [Munker R et al.,

1986]. 1.25(0H)2D3 tieatment inhibited the clonal growth of 10/14 AML samples whereas, 

in the presence of ‘CSF’, l,25(OH)2D3 stimulated the clonal growth of normal 

haemopoietic precursors, strongly suggesting that l,25(OH)2D3 participated in the
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regulation of normal haemopoiesis [Munker R et a i  1986].

1,25(0H)2D3 binds to a nuclear receptor that belongs to the steroid-thyroid hormone 

receptor superfamily and the activated receptor is thought to regulate the transcription of 

target genes [Evans RM, 1988].

1.10.13. Induction of monocvtic differentiation of mveloid leukaemia cells bv cvtokines.

TNF and Interferon y (IFN-y) inhibited proliferation and, in certain cases, induced 

monocytic differentiation of myeloid leukaemia cells and cell lines. Like the other 

biological inducers of differentiation of AML cells, these cytokines have received much 

interest, because of their possible use in the treatment of AML patients. TNF inhibited the 

clonal growth and induced some features of monocytic differentiation in 6/9 myeloid 

leukaemia cell lines including HL60, U937, KGl, KGIA. TNF also inhibited the clonal 

growth of 8/15 myeloid leukaemia samples [Munker R & Koeffler P, 1986]. Suppression 

of c-myc and c-myb expression following TNFa treatment, was observed in HL60 [Kronke 

M et a i  1987] and in other TNF-sensitive myeloid cell lines such as KMB3, KMB5, 

whereas the level of c-myc and c-myb expression was not affected in the TNF-resistant 

K562 cell line [Schachner J et a i  1988].

Recombinant IFNy alone did not influence the clonal growth of HL60 cells. 

However synergistic antiproliferative effect was observed when TNF and IFNy were used 

in combination [Peerte C. et al. 1986] probably because, INFy induced the expression of 

TNF receptors [Ruggiero V et al. 1986]. Cooperation between RA and TNFa was also 

demonstiated in induction of monocytic differentiation of HL60 cells, whereas the same 

combination did not result in the differentiation of AML cells [Tobler A et al. 1987]. RA 

also synergized with IFNy in triggering the monocytic differentiation of HL60 cells 

[Hemmi H et al. 1987], nevertheless the clinical relevance of these observations remains 

unclear.



CHAPTER II

MATERIALS AND METHODS
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2.1. Cell cultures

HL60 cells, originally from Dr. R. Gallagher [Collins SJ etal., 1977] were grown 

at 37°C, in a 5% COj, water-saturated atmosphere. The culture medium was RPMI-1640 

medium supplemented with 10% foetal calf serum, 2 mM L-glutamine, 100 units per ml * 

penicillin, 100 pg . ml * stieptomycin. Viable cell counts, were determined by trypan blue 

exclusion in a Neubauer counting chamber. Cell density was adjusted to 0.25-0.5 . 10̂  

cells . ml * and the culture medium was replenished every 48 h. Under these conditions, 

HL60 cells proliferated continuously and their viability always exceeded 98%. The cell 

line was tested for contamination with mycoplasma by Dr. HG Drexler at the German 

Collection of Microorganisms and Cell Cultures, Braunschweig, Germany, using the 

following three methods: i. DAPI immunofluorescence for staining of mycoplasma DNA.

ii. Broth-agai* culture for detection of typical mycoplasma colonies, iii. RNA-cDNA 

hybridization using a probe specific for mycoplasma rRNA [Uphoff CC et al., 1992]. 

2 .1.1 RA treatment.

All-rra/^î^-retinoic acid (RA) was dissolved at 10 mM in 95% ethanol and stored 

at -20°C in the daik. This stock solution was routinely diluted to 100 pM, in 95% 

ethanol, immediately before adding to cell cultures. The final ethanol concentration in the 

cell cultures was 0 .1%, a level which had no effect on cell growth or differentiation.

2.1.2. DMS04 treatment.

DMSO was directly added to the cell cultures at the final concentration of 1.5%.

2.1.3. PMA treatment.

PMA was dissolved in ethanol to 10 pM and kept at -20°C in the dark. This stock 

solution was diluted to 2 pM in complete medium immediately before adding to the cell 

cultures. Final PMA concentiation in the cell cultures was 20 nM, while the final ethanol 

concentration was 0 .2%, a level that did not significantly affect cell growth or 

differentiation.
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2.1.4. MoiT)hological studies.

10̂  cells, suspended in 100 pi of PBS, were used to prepare cytospin slides which 

were stained with GIEMSA or subjected to other cytochemical staining methods as 

indicated. At least 100 cells were evaluated for each experimental point.

To assay niti'o blue tétrazolium (NBT) reduction capacity, 2 . 10̂  cells, 

resuspended in 2 ml of complete medium, were incubated for 30 min at 37°C in the 

presence of 0.2% NBT and 100 ng . ml^ PMA. The percentage of cells containing the 

inti’acellulai* blue-black formazan deposits was determined using a Neubauer counting 

chamber. At least 200 cells were evaluated for each experimental point.

2.1.5. pHlthvmidine incorporation.

To measure the incoiporation of thymidine into DNA, 10̂  cells were plated 

in 0.2 ml of complete medium and incubated for 1 h with 0.5 pCi of [methyl- 

thymidine (30 Ci . mmol ‘) in a 96-well microtiter plate. At the end of the incubation 

the cell suspensions were transfened to 10 ml tubes, the nucleic acids were precipitated 

by adding 2 ml of 0.5 M perchloric acid and recovered by centrifugation at 1500 xg for 

10 min. Following 4 washes, the precipitated nucleic acids were hydrolysed in 0.5 ml of 

0.5 M perchloric acid by heating at 80°C for 20 min and transferred into scintillation 

vials. Incoi*poration of radiolabel into DNA was quantified by scintillation counting 

following the addition of scintillation fluid (‘Scintillant 299’).

2.1.6. DNA distribution analvsis.

The DNA content was studied by fluorescence activated cell sorting following 

staining of the DNA with propidium iodide. After three washes with PBS, 10̂  cells were 

fixed in ice-cold 80% ethanol and incubated on ice for 30 min. The fixed cells were 

recovered by centrifugation and resuspended in 1 ml of a solution including 2 mg/ml 

propidium iodide; 10 mM Tris-HCl pH 7; 5 mM MgCl2 and 250 pg RNase A. This cell 

suspension was incubated for 30 min at 37°C and then cooled to 4°C. The cells were 

sorted using a EPICS scanner. The data were analyses using an EASY 2 computer with
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the PARA 1 programmer.

2.2. H]inositol labelling experiments.

2.2.1. HL60 cell labelling.

HL60 cells were seeded at 0.25-0.5 . 10̂  cells . ml'* in culture medium prepared 

with inositol-free RPMI 1640, supplemented with 10% dialysed foetal calf serum; 2 mM 

L-glutamine; 100 units . ml ' penicillin; 100 pg . ml'* stieptomycin. The final 

concentration of inositol in the medium was 250 nM compared with the 200 pM present 

in normal RPMI-1640 medium. Control experiments showed that 48 h of exposure to low 

inositol conditions did not affect either the growth curves of HL60 cells or their 

differentiation induced by RA, DMSO or PMA, either during exposure or following 

subsequent transfer to complete medium.

To measure the steady state levels of inositol phosphates and inositol 

phospholipids, exponentially growing HL60 cells, seeded under the conditions specified 

above, were labelled for 48 hours with 5 pCi . ml ‘ of [^H]inositol, (myo-[2-^H]inositol, 

20 Ci . mmol ‘). Importantly, 48-hours incubation of HL60 cells with the radiolabel was 

sufficient to label the different classes of inositol lipids, inositol phosphates and 

glycerophosphoinositol to isotopic equilibrium [Faletto DL et al., 1985]. This was 

established by showing that the ratio of radiolabel detected in each inositol-containing 

compound expressed as a percentage of the total [^H] inositol incorporated in inositol 

lipids, did not change by prolonging the incubation with [^H] inositol to 72 h. Under these 

conditions the distiibution of radiolabel among the inositol-containing compounds was 

directly proportional to the molai* ratios of the compounds themselves.

To study the effect of the induction of granulocytic or macrophagic differentiation 

on inositol lipid metabolism, appropriate amounts of RA, DMSO or PMA were added to 

the HL60 cell cultures at vaiiable times prior the end of the 48 h incubation with the 

radiolabel. This experimental protocol, ensured that all cultures were labelled with 

[^H]inositol for 48 hours with variable periods of exposure to the differentiating agents
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[Faletto DL et al., 1985].

2.2.2. Extraction of inositol phospholipids.

At the end of the 48 hour labelling period, 3 . 10̂  cells were transferred into 5 

ml polypropylene tubes and pelleted by centiifugation (700 xg, 5 min). In the 

macrophagic differentiation experiments, a rubber policeman was used to detach the cells 

from the bottom of the culture wells. One millilitie of 10% trichloroacetic acid (TCA) 

was added to the cell pellet and the tubes were kept on ice for 30 min. The acid- 

insoluble material was recovered by centrifugation and the precipitate was washed twice 

with 0.5 ml 10% TCA. All the supernatants resulting from the TCA washes were 

combined and used for determination of water-soluble inositol phosphates [section 2.2.5.]. 

The inositol lipids in the acid-insoluble material were extracted by the addition of 1.5 ml 

of chloroform : methanol : concentrated HCl (20:40:1 vol/vol). After 30 min on ice, 

phase-split was induced by addition of 0.5 ml each of chloroform and water. The aqueous 

phase was disc aided. The organic phase was washed with the upper phase obtained after 

partitioning a mixture chloroform : methanol : 1 N HCl (1:1:0.9 vol/vol). The total 

incoiporation of [^H]inositol in inositol lipid was determined by counting the amount of 

radioactivity recovered in an aliquot (50 pi) of each organic phase.

2.2.3. Analvsis of inositol phospholipids.

Inositol lipid classes were resolved by thin layer chromatography (TLC) on silica 

gel G60 plastic backed plates (20 cm . 20 cm, 0.2 mm thickness), which had been 

impregnated with 1% potassium oxalate and activated at 110°C for 1 h in vacuo. The 

organic phase was concentrated under a stream of Nj and was spotted on the silica gel 

following the addition of 10 pi of P"P]-labelled PtdIns(4)P and Ptdlns(4 ,5) f 2 markers 

(2000 counts . min'^) [section 2.2.4] and 100 pg of unlabelled L-a-Pdtlns. The plates 

were developed for 2 h in chloroform : methanol : water : ammonia (17:13.2:2.8:1 

vol/vol) [Pike LJ et a i, 1987]. The aieas conesponding to Ptdlns were then identified by 

exposing the plates to iodine vapour. The plates were then autoradiographed and the areas
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corresponding to PtdIns(4,5)/̂ 2 and PtdIns(4)P were detected [Fig 4.4.]. The areas 

corresponding to inositol lipid species, plus the origin, were cut out, placed in 

scintillation vials, and double-counted for [^H] and [̂ “P] after overnight extraction with 

scintillation fluid (‘Filter Count’)at 4°C. The net amount of [^H] counts was determined 

by subtracting the spillover of [̂ P̂] counts into the [^H] channel. The [^H]inositol 

incorporated into each inositol lipid species was quantified and expressed as a percentage 

of the total radiolabel recovered in inositol lipids. The absence of labelled aqueous 

contamination was established by re-chromatography of some duplicate lanes with water 

: concentrated ammonia (34:1 vol/vol) prior to scintillation counting.

2.2.4. Prepaiation of [^^Pi-labelled inositol lipid standaids.

[^^P]-labelled inositol lipid markers were prepared by labelling the inositol 

phospholipids of erythrocyte membranes with [y-^^P]ATP according to a published 

procedure [Cockcroft S et a i, 1985]. Normal erythrocytes, 1 ml packed volume, were 

lysed in 40 ml of ice-cold 5 mM NaPj buffer pH 7.5. The resulting lysate was centrifuged 

at 20,000 xg for 15 min, at 4°C. The membrane pellet was aspirated and resuspended in 

1 ml of 100 mM Tris-HCl pH 7; 10 mM magnesium acetate; 250 mM sucrose; 1 mM 

EGTA; and stored at -70°C in 50 pi aliquots.

The labelling reactions were earned out for 5 min at 30°C in 100 pi of reaction 

mixture including 100 nmols [y-^^P]ATP (50 cpm . pmol^); 20 mM Mĝ "̂ ; 50 mM Tris- 

HCl pH 7; 125 mM sucrose; 0.5 mM EGTA and 100 pg of membrane protein. The 

reaction was stopped by adding 1 ml of 10% TCA and the inositol lipids were extracted 

from the acid-insoluble material as described above [section 2.2.2.]. Under these 

conditions 40,000 (±5000) [^"P]counts . min ‘ were typically incorporated into inositol 

lipids and recovered in each organic phase.

2.2.5. Extraction and seoaiation of water soluble inositol phosphates.

Cells (3 . 10̂ ) labelled with [^H]inositol [section 2.2.1.] were transferred to 

polypropylene tubes and collected by centrifugation (700xg). Ice-cold 10% TCA (1 ml)
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was added to the cell pellet while vortexing. After 30 min on ice the supernatant was 

recovered by centrifugation and the acid-insoluble material was washed two more times 

with 0.5 ml of 10% TCA and used for inositol lipid analysis [section 2.2.2]. The 

combined TCA supernatants were extracted three times with 5 ml of diethyl ether and 

neutralized with 2-5 pi of 3M Tris-HCl pH 8.8.

Individual [^Hjinositol-labelled inositol phosphate species were resolved by anion 

exchange chromatography on Dowex-formate columns as follows. Fifty grams of Dowex- 

C1 A1-X8 resin were washed with 11 of IM NaOH. After the suspension had settled, the 

NaOH was discaided and the Dowex resin converted into its formate form by addition 

of 11 of IM formic acid. The resulting dowex-formate was washed extensively with water 

till the pH approached that of the water. One millilitre of Dowex slurry (1:1 vol/vol with 

water) was loaded into a glass Pasteur pipette plugged with glass wool and 0.5 ml of the 

neutralised TCA extiact was added to the dowex. The column was then washed with 10 

ml of water to elute all the unbound [^H]inositol. Individual inositol phosphates were 

eluted by the stepwise addition of 5 buffers (8 ml each) containing increasing levels of 

formate. Buffer 1 contained, 5 mM sodium borate and 60 mM sodium formate and was 

used to elute glycerophosphoinositol. Buffer 2, 100 mM formic acid and 200 mM 

ammonium formate and was used to elute InsP. Buffer 3, 100 mM formic acid and 400 

mM ammonium formate and was used to elute InsP2- Buffer 4, 100 mM formic acid and

1 M ammonium formate and was used to elute Insf^. Buffer 5, 200 mM formic acid and

2 M ammonium formate and was used to elute Insf^ [Berridge MJ et al., 1984]. The 

eluates were collected, and 1 ml of each was counted after mixing with scintillation fluid 

(‘Scintillant 299’). Total radioactivity recovered in each inositol phosphate species was 

expressed as a percentage of total radiolabel detected in inositol lipids. Typically, at the 

end of the 48 h labelling period, in 10̂  unti'eated cells, 2000 (±360) counts . min ‘ were 

recovered in Insf, 240 (±60) in Insf^, 540 (±80) in Insf^, and 390 (±80) in InsF^.
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2.2.6. Validation of inositol phosphate extraction and separation procedures.

pH]inositol (35,000 counts, min *), pH]Ins(l)/^ (25,000 counts . min *) [section 

2.6.4], pH]Ins(l,4 ,5)P3 (25,000 counts . min *) [section 2.6.3] were added individually to 

cell pellets containing 3 . 10  ̂ unlabelled HL60 cells. Inositol phosphate extraction and 

analysis was then earned out as described above [section 2.2.5]. Separation of the water 

soluble inositol phosphates, by Dowex chromatography, showed that all the radioactivity 

was eluted in the inositol, Insf and InsP^ fractions respectively. Less than 10% of 

radioactivity was lost during extraction and analysis procedures [Fig. 2.1.].

2.2.7. Estimation of the rate of autonomous inositol phosphate generation.

Inositol phosphates are degraded to free inositol by the sequential operation of 

inositol phosphate phosphatases via the generation of InsP. Insf monophosphatase and, 

to a lesser extent, Ins(l,4)?2 and Ins(l,3 ,4)P3 r-phosphatase are inhibited, in intact cells, 

by LiCl [section 1.4.]. Therefore, addition of LiCl to cell cultures labelled with 

pH]inositol, results in the accumulation of [^H]-labelled inositol phosphates, mainly 

pH]InsF, under conditions where inositol lipid hydrolysis is occurring. This rationale was 

used in detecting ligand-stimulated inositol lipid hydrolysis [Hokin-Neaverson M & 

Sadeghian K, 1984] and increased inositol lipid turnover in cells transfected with certain 

oncogenes [Jackowski s et aL, 1986].

HL60 cells were labelled with pH]inositol (5 pCi.ml'*) for 48 hours as described 

[section 2.2.1.]. LiCl (10 mM) was added to the cultures at the required times before the 

end of the labelling period. Inositol lipids and inositol phosphates were extracted and 

quantified as described [section 2.2.3. & section 2.2.5].
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Fig. 2.1. Validation of inositol phosphate species sepai'ation by Dowex-formate
chromatography.
[^H]inositol (-|-), 35,000 counts . min '; [^H]InsP (a), 25,000 counts . min ';]Ins(l,4 ,5)/^3 
(o), 25,000 counts . min ', were individually added to cell pellets containing 3 . 10̂  HL60 
cells. Inositol and inositol phosphates were extracted and resolved on Dowex-formate 
columns by the stepwise addition of buffers containing increasing levels of formate 
[section 2.2.5.]. Fractions, 1 ml each, were collected and counted following the addition 
of scintillation fluid. Bl, buffer 1, used to elute glycerophosphoinositol; B2, buffer 2, 
used to elute InsP; B3 buffer 3, used to elute InsP2: B4, buffer 4, used to elute InsP^; B5, 
buffer 5, used to elute InsP .̂
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The radiolabel detected in each inositol phosphate species was expressed as a percentage 

of total radiolabel recovered in inositol lipids. In the cultures exposed to LiCl, the 

increase of [^H]InsP and [^H]Insf*2 levels were also expressed as percentage increase over 

the levels of [^H]InsF and [^H]InsP2 detected in the cultures not exposed to LiCl.

2.3. pHJglycerol labelling experiments.

2.3.1. HL60 cell labelling protocol.

To measure the steady state levels of 1,2-DAG and of the other 

glycerophospholipids, exponentially growing HL60 cells, seeded in complete medium at 

0.5 . 10̂  cells . m l'\ were labelled for 48 h with pH]glycerol ([2-^H]glycerol, 1 Ci . 

m m o l ' a t  2.5 pCi . ml \  A 48 h labelling period was found to be sufficient to label 

glycerolipid species to isotopic equilibrium. This was established by showing that the 

ratio of radiolabel detected in each glycerolipid species did not change significantly 

between 24 h and 48 h of labelling. Therefore, under these conditions of labelling, the 

distribution of radiolabel among glycerol-containing lipids was directly proportional to 

the molar ratios of the compounds themselves.

As described above for the pH]inositol labelling experiments, RA (100 nM) or 

DMSO (1.5%) or PMA (20nM), was added to the cultures at the required times before 

the end of the 48 h incubation with pHJglycerol. This experimental protocol ensured that 

all the cultures were labelled with pH] glycerol for 48 hours with variable periods of 

treatment with the differentiation inducers [Faletto DL et a i, 1985].

2.3.2. Extraction and analvsis of glvcerolipids.

At the end of the 48 h labelling period 2 . 10̂  cells were transferred into 5 ml 

polypropylene tubes and centrifuged (700xg, 5 min). The supernatant was removed and 

the cell pellet washed three times with ice cold 10% TCA. The acid-insoluble material 

was extracted twice with 1 ml of chloroform : methanol (1:1 vol/vol). After 30 min on 

ice, phase split was induced by adding 0.7 ml of water. The upper, aqueous, phase was 

discarded and the lower, organic, phase was washed twice with acidic water (water : cone
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HCl, 1:300 vol/vol). To estimate total incorporation of glycerol into glycerolipids, 

the radioactivity recovered in the organic phase was determined by counting a 50 pi 

aliquot of each organic phase in a scintillation counter. A further 50 pi of the organic 

phase were analyzed by thin layer chromatography on silica gel G60 plastic backed plates 

(20 cm X 20 cm, 0.2 mm thickness). 25 pg of each 1-monooleoyl-rac-glycerol, diolein 

(C18:l,[d5]-9), a mixture of 1,2- and 1,3- isomers, and triolein, were added and run with 

each radioactive sample as standards for mono-, di- and triacylglycerols. The plates were 

developed for 30 min in benzeneiethylacetate (7:3 vol/vol) [Fleischman LF et al., 1986]. 

The plates were then exposed to iodine vapour and the areas corresponding to the origin 

(phospholipids), 1 -monoacylglycerol, 1,2- and 1,3- diacylglycerol, tiiacylglycerol were 

cut out, placed in scintillation vials and counted after overnight extraction in scintillation 

fluid (‘Filter Count’). The radioactivity co-migrating with each species was expressed as 

a percentage of total radiolabel recovered in glycerolipids.

2.3.3. Two-dimensional analvsis of pHlslvcerol labelled phospholipids.

HL60 cells were labelled for 48 h in complete medium with [^H]glycerol (2.5 

pCi.ml^) [section 2.3.1]. At the end of the 48 h labelling period 3 . 10̂  cells were 

transfened into 5 ml polypropylene tubes and pelleted by centrifugation (700 xg, 5 min). 

Glycerolipids were extracted in 1.5 ml of chloroform : methanol : concentrated HCl 

(20:40:1 vol/vol) according to the method used for the extraction of inositol-labelled 

phospholipids [section 2.2.2.]. The organic phase resulting from the extraction procedures 

was concenuated under a stream of nitrogen and analyzed by two-dimensional thin layer 

chromatography on silica gel G60 glass backed plates (20x20 cm, 0.2 mm thickness), 

which had been impregnated with 1% potassium oxalate and activated at 110°C for 1 h. 

The plates were developed for 2 h in the first dimension using chloroform : methanol : 

water : ammonia (17:13.2:2.8:1 vol/vol) [Pike LJ et a i, 1987] then dried and developed 

for 1.5 h the second dimension in chlorofomr : acetone : acetic acid : water : methanol 

(40:15:12:8:13 vol/vol). Individual glycerophospholipids were identified by the use of
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unlabelled, standards: 100 jjg each of L-a-PtdCho, L-a-PtdEt, L-a-Ptd-L-Ser, L-a-Ptdlns, 

L-a-PtdAcid and sphingomyelin were mixed with the concentrated organic phase and 

spotted on the silica gel. The phospholipids were identified by exposing the plate to 

iodine vapour [Fig 5.6.]. Individual spots were scraped into scintillation vials and the 

radiolabel in each phospholipid species was quantified after over night extraction in 

scintillation fluid (‘Filter Count’). The radiolabel recovered in each lipid species was 

expressed as a percentage of total radiolabel detected into glycerophospholipids. Neutral 

glycerolipids were not resolved by this procedure and therefore excluded from analysis.

2,4, Choline labelling experiments.

2.4.1. Labelling of cells with [̂ ‘̂ ClCholine.

HL60 cells (0.5 . 10̂  cells ml'^) were labelled for 48 h with 1.25 pCi . ml’* [*'*C]choline 

([A77̂ r/2y/-*‘*C]choline chloride, 60 mCi . mmol '). DMSO-treated cells were labelled 

between day 2 and day 4 of treatment. The labelled cells were recovered by 

centrifugation (700 xg, 5 min) washed twice with HBSS and resuspended at 10  ̂cells . 

ml ' in culture medium containing 25 mM choline. Following incubation for 3 h at 37°C, 

the cells were recovered, washed and re suspended at 2.5 . 10̂  cell . m l' in RPMI 1640 

medium with antibiotics, 25 mM choline, but without foetal calf serum. Aliquots (0.2 ml) 

were incubated at 37 °C with appropriate additions, as indicated. Cell viability remained 

>95% throughout all the experiments. This ‘chase’ procedure is essentially as described 

[Kiss Z & Anderson WB, 1989]. Cells were processed for analysis of soluble choline 

metabolites as described in the following paragraphs.

2.4.2. Labelling of cells with lvsophosphatidvl[^H]choline.

This procedure was based on that used by [Pai JK et a i, 1988] for the labelling of cells 

with alkyl-lysoPtdCho. Lysophosphatidyl[^H]choline (lysoPtdpH]Cho) (0.5 pCi), prepared 

as in [section 2.4.6.], was diied under N2 and resuspended with gentle sonication in 4 ml 

RPMI 1640. This was added to 4 ml of RPMI 1640 medium containing 25 . 10  ̂ HL60 

cells. Following incubation at 20°C for 10 min, the cells were recovered by centrifugation
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and resuspended in compete medium at 10̂  cells . ml \  Approximately 60% of the input 

radiolabel was incoiporated into the cells and 10% of it was in lysoPtdCho and 90% in 

PtdCho. The cells were incubated for a further 6 h at 37°C, at which time less than 1% 

of the radioactivity was in lysoPtdCho. The cells were recovered, washed and 

resuspended at 5 . 10̂  ce ll. ml'  ̂ in RPMI 1640 medium with antibiotics, 25 mM choline, 

but without foetal calf serum. Aliquots (0.2 ml) were incubated at 37°C with appropriate 

additions, as indicated. Cells were processed for analysis of soluble choline metabolites 

as described in the following paiagraphs.

2.4.3. Processing of labelled cells for analvsis of choline metabolites.

Cells were recovered by centrifugation (700 xg, 5 min) and the supernatant was frozen 

until analysis of choline metabolites was earned out. The cell pellet was extracted with 

200 pi of chloroform:methanol (2:1 vol/vol) 20mM HCl and phase split was induced by 

adding 67 pi of each chloroform and water. The aqueous phase containing the 

intracellular, water-soluble, choline metabolites was re-extracted twice with 200 pi 

chlorofoiTn. The water soluble choline metabolites were resolved by TLC using Solvent 

System I [section 2.4.7].

2.4.4. Detection of phospholipase D activitv.

Phospholipase D activity in intact cells was detected by the generation of 

transphophatidylation products following incubation of the cells with primary alcohols 

[Pai JK et a i, 1988] [Bonser RW et al.,l9S9]. HL60 cells were incubated for 18 h at 

37°C with 0.5 pCi . ml ‘ [*'‘C]palmitic acid ([l-‘‘̂ C]palmitic acid, 60 mmCi . mmol'^). 

This procedure resulted in the labelling of all phospholipid species and at least 60% of 

the radiolabel was recovered in PtdCho, as determined by two-dimensional TLC. The 

cells were recovered, washed twice with HBSS and resuspended at 1.5 . 10̂  cells . ml'  ̂

complete medium in the presence or in the absence of 50 mM butanol and of other 

reagents. Aliquots (0.2 ml) were incubated at 37°C for 4 h. Lipids were extracted and 

radiolabelled PtdBut and phospholipids were quantified by TLC using Solvent System
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III [section 2.4.7.].

2.4.5. Preparation of radiolabelled standards.

Glycerophospho[^H]choline (Gro[^H]Cho) was prepared by alkaline hydrolysis of 

Ptd[^H]Cho (L-3-Phosphatidyl [N-methyl ^HJcholine 1,2-dipamitoyl, 60 C i. mmol'*). Ten 

microliters (125 pmol) were dried and dissolved in 75 pi ethanol, 25 pi O.IM NaOH were 

added and the mixture was incubated at 37°C for 20 min. The reaction was stopped by 

the addition of 4 pi ethyl acetate. Following phase split Gro[^H]Cho (>98% of input 

radiolabel) was recovered from the aqueous phase [Dawson RMC, I960]. 

Phospho[^H]choline (P[^H]Cho) was prepared by incubating 10 pCi of Ptd[^H]Cho with

0.01 units of B. Cereus phospholipase C for 5 min at 37°C, in Tris-HCl pH 7.2. 

Following extraction with chloroform, P[^H]Cho (>95% of input radiolabel) was 

recovered in the aqueous phase. Both Gro[^H]Cho and P[^H]Cho migrated as single spots 

on TLC using Solvent System 1 [section 2.4.7.].

[^^C]phosphatidylbutanol ([*‘̂ C]PdtBut) was prepared as described [Kobayashi M & 

Kanfer JN, 1987].

2.4.6. Preparation of lvsoPtd[^H]Cho.

Ptd[^H]Cho (37.5 pCi, 625 pmol) was dried under and resuspended by gentle 

sonication in 10 pi 50 mM Tris-HCl pH 8.9. Phospholipase A2 (0.01 units) (SIGMA 

Chemical Company) were added and the reaction was incubated for 15 min at 20°C. The 

products were extracted by adding 500 pi chloroform:methanol (2:1, vol/vol) 20 mM 

HCl. Following phase split lysoPtd[^H]Cho was recovered in the organic phase. An 

aliquot was resolved on TLC using Solvent System 11 [section 2.4.7.] and >95% of 

radiolabel co-migrated with an unlabelled standard.

2.4.7. TLC analvsis.

Solvent System 1: Methanol/0.9% NaCl/ammonia (50:50:5, vol/vol). This solvent was 

used to resolve water soluble choline metabolites on Kieselgel 60 plates [Martin TW, 

1988].
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Solvent System II: ChlorofonTi/Methanol/Acetic Acid/Water (75:45:12:3. vol/vol). This 

solvent was used to resolve lysoPdtCho from PtdCho on Kieselgel 60 plates.

Solvent System III: The organic phase of a mixture containing 2,2,4-

trymethylpentan/ethyl acetate/Acetic Acid/Water (5:11:2:10, vol/vol). This solvent was 

used to resolve PdtBut on Kieselgel 60 plates [Bonser RW et al., 1989].

Radiolabelled compounds were detected by autoradiography and quantified by 

scintillation counting.

2.5. HL60 cell fractionation.

HL60 cell fractions were prepared from paiallel cultures of untreated cells and of 

cells which had been treated with 100 nM RA, 1.5% DMSO or 20 nM PMA for the 

required times. The cells were harvested by centrifugation (700 xg, 5 min) and washed 

twice with ice-cold Hanks’ balanced salts solution. All the following procedures were 

carried out on ice. The cell pellet was resuspended at a cell density of 10̂  . ml * in lysis 

buffer containing 5 mM Tris-HCl pH 6 .8, 1 mM EGTA, 10 mM benzamidine, 1 pg/ml 

leupeptin, 500 pM phenylmethyl sulfonyl fluoride. The cells were left to swell in the 

buffer for 30 min, and were then disrupted by 50 strokes in a Bounce homogenizer. Cell 

lysis of was checked by trypan blue exclusion. Tonicity was restored by adding 0.25 M 

sucrose to the lysis buffer. Nuclei and remaining intact cells were removed by 

centrifugation at 1000 xg for 15 min at 4°C. The resulting post-nuclear cell fractions 

were stored in 50 pi aliquots at -70°C. When further subcellular fractionation between 

soluble and particulate fraction was required, the post-nuclear cell lysate was centrifuged 

at 20,000 xg for 1 h, at 4°C. Cytosolic and membrane fractions were recovered separately 

and stored in 50 pi aliquots at -70°C. Protein concentrations were determined by a 

sensitive modification of the Lowry procedure [Lowry OH et a i, 1951].
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2.6. Enzymological studies

2.6.1. PtdIns(4,5)P-,-PLC assay.

[̂ H]PtdIns(4,5)7’2 (typically 2.5 counts . min ‘ . pmol'̂ ) was prepared by mixing 

the required amount of [^H]-labelled Ptdlns(4,5)7*2 (Ptd[2-̂ H]Ins(4,5)7*2» 1-5 C i . mmol̂ ) 

with non radioactive L-a-PtdIns(4,5)7*2- The organic solvent (dichloromethane : ethanol 

: water, 20:10:0.1 vol/vol) in which Ptdlns(4,5)7*2 was dissolved, was dried under 

nitrogen, and the phospholipid was resuspended in 0.2% sodium cholate, 20 mM Tris- 

HCl pH 6.8 at the concentiation of 100 pM. It was ascertained by TLC analysis that the 

resuspension of the Ptdlns(4,5)?2 i" aqueous buffer did not cause degradation.

Reactions (50 pi) typically contained: 50 pM [^H]Ptdlns(4 ,5)7*2, 0.1% sodium 

cholate, 20 mM Tris-HCl pH 6 .8, 1.3 mM CaCL and 3 mM EGTA (‘standard assay 

conditions’). Under these conditions, free Câ "̂  concentration was 250 pM, as measured 

using a Ca""̂  electiode. Free Ca"'*’ concentration was modified when required by changing 

the CaCE/EGTA ratio: the expected free Câ "̂  concentration was always confirmed by 

direct measurement with a Ca"'̂  electiode. The assay was started by adding Ptdlns(4 ,5)7*2 

to the enzyme protein. Reactions were canied out for 20 min at 37°C and stopped by the 

addition of 150 pi of ice cold methanol : chloroform : conc-HCl (40:20:1 vol/vol). 

Organic and aqueous phases were split by adding 100 ul each of chloroform and water. 

After centrifugation in a microfuge, a 150 pi aliquot of the aqueous phase (230 pi total) 

was transfeiTed into a scintillation vial, mixed with scintillation fluid and counted. 

Column fractionation on Dowex formate of [^H]-labelled compounds recovered in the 

aqueous phase [section 2.2.5.], demonstrated that [^HjlnsP^ represented more than 95% 

of the cleavage products, while the remaining 5% consisted of [^H]Ins7*2 (3.5%) and 

[^H]Ins7* (1.5%). About 20% of the substrate was hydiolysed in each assay. Thin layer 

chromatography of the lipid material recovered in the organic phases resulting from 

Ptdlns(4 ,5)7*2-PLC assays, showed that un-hydrolysed [^H]PtdIns(4 ,5)7*2 was the only 

labelled lipid detectable. These experiments also showed that no pH]PtdIns(4)7* or
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[^H]PtdIns were generated during the assay, indicating that no substrate degradation by 

phosphatase activity had occuned. Enzyme activity was expressed as pmol of substrate 

hydrolysed . min^ . pg'  ̂ of cell protein in the assay.

Variations of this protocol, required in individual experiments, are indicated in the 

figure legends,

2.6.2. Affinitv of PI-PLC for individual inositol lipids species.

To study the in vitro PI-PLC specificity towards individual inositol lipid species, 

a modification of the assay described above was employed. The substrate for these PI- 

PLC assays was prepaied from a total lipid extract obtained from HL60 cells, labelled 

to equilibrium with inositol [section 2.2.1]. Untreated HL60 cells were labelled for 

48 h with 5 pCi . ml^ [^HJinositol. The phospholipids were then extracted according to 

the procedure described above [section 2.2.2.]. The radioactivity recovered in 50 pi of the 

organic phase was counted to deteimine total [^H] inositol incorporation into inositol 

phospholipids. The organic phase was then dried under nitrogen and the lipids 

resuspended in 0.2% sodium cholate; 20 mM Tris-HCL pH 6.8 and briefly sonicated. The 

recovery of radioactivity following the lipid resuspension, was also determined and 

usually was above 90% of the total radioactivity detected in the organic phase. Aliquots 

of the substrate prepaiation were re-extracted with chloroform : methanol : concentrated 

HCL (20:40:1 vol/vol) and analyzed by thin layer chromatography [section 2.2.3.]. The 

distribution of the radiolabel among the inositol lipid species in the substrate preparation 

was not significantly different from that detected in the original extract from untreated 

HL60 cells. Total phospholipid content and the relative ratio of individual phospholipid 

species in HL60 cells was determined by estimation of lipid-bound phosphate [Bartlett 

GR. 1959]

Fifty pg of cell protein were used per assay, and incubations were carried out at 

37°C for 30 min. The reactions were stopped as described above [section 2.6.1]. After 

phase split, the water (upper) phase was neutralised and loaded onto a Dowex-formate
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column. Individual, [^H]-labelled inositol phosphates, generated by PLC action, were 

resolved by the addition of buffers containing increasing levels of formate as described 

[section 2.2.5.]. Fractions (1 ml each) were collected in scintillation vials and counted 

after addition of scintillation fluid. Under these conditions the rate of the reaction was 

directly proportional to the duration of the assay until 60 min and to the amount of 

protein used up to 100 pg.

2.6.3. lns(l,4,5)f^ 5’-phosphatase assav.

The substrate for the reaction was prepared by mixing the required amount of 

[^H]lns(l,4 ,5)P3 (D-wyo-[2-^H]lns(l,4 ,5)P3, 1-5 Ci . mmol ') with unlabelled D-myo- 

lns(l,4 ,5)P3. Reactions (50 pi) contained: [^H]lns(l,4 ,5)?3 75 pM (2.5 counts . min ' . 

pmol '), 30 mM Hepes pH 7; 2 mM MgCl2 and 5 pg cell protein (‘standard assay 

conditions’). The assays were staited by adding the substrate to the protein preparation. 

Following incubation at 37°C for 30 min, the assays were stopped by the addition of 1 

ml of ice cold water to the reaction mixture. The tubes were thoroughly mixed and their 

contents were loaded onto a Dowex-formate column. [^H]inositol labelled compounds 

were eluted by the stepwise addition of buffers containing increasing concentration of 

formate [section 2.2.5.]. Fractions, 1 ml each, were collected in scintillation vials and 

counted after addition of scintillation fluid.

Enzyme activity was expressed as pmol of substrate hydrolysed . min ' . pg ' of 

protein. Under these assay conditions about 10% of the substrate was hydrolysed in 30 

min.

2.6.4. lns(l)P monophosphatase assav.

The substiate for the reaction was prepared by mixing the required amount of 

[^H]lns(l)P (D-myo-[2-^H]lns(l)P, 1-5 Ci . mmol') with unlabelled D-myo-lns(l)P. 

Reactions (50 pi) contained 1 mM [^H]lns(l)P (0.25 counts, min ' . pmol ') 50 mM Tris- 

HCl pH 6 .8 , 3 mM MgClj, and 25 pg cell protein (‘standard assay conditions’). 

Following incubation at 37°C for 30 min, the assay was stopped and the products
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analyzed on a Dowex-formate column [section 2.2.5.]. Enzyme activity was expressed 

as pmol of substrate hydiolysed min  ̂ pg'  ̂ of protein in the cell fraction preparation. 

Under these assay conditions about 7% of the substrate was hydrolysed by 25 pg of 

protein in 30 min.

2.6.5. PtdCho phosphodiesterase assav.

The substrate for the reaction was prepared by mixing the required amounts of L-3- 

Phosphatidyl [N-methyl [^Hjcholine 1,2-dipamitoyl, 60 Ci . mmol'^) (Amersham 

International) with unlabelled L-a-PtdCho (SIGMA Chemical Company. Reactions (50 

pi) contained: 20 pM [^H]PtdCho (50-100 counts . min ' . pmol *), 0.1% sodium cholate, 

50 mM Tris-HCl pH 7.2, 50 pg of cell protein. When indicated 0.02 units of 

commercially available PtdCho-specific PLC from Bacillus cereus (SIGMA Chemical 

Company) were added to the standard assay. The reactions were started by adding the 

substrate to the cell protein, and cairied out at for 30 min at 37°C. The reactions were 

stopped by adding 150 pi of chlorofoim : methanol : concentrated HCl (20:40:1 vol/vol) 

and phase split was induced by adding 100 pi of each chloroform and water. After 

centrifugation, the upper, aqueous, phase was placed into a scintillation vial and counted 

after the addition of scintillation fluid. Thin layer chromatography analysis of the lipid 

material recovered in the organic phases resulting from the PLC reactions showed that 

more than 95% of the radioactivity was still detectable in the PtdCho spot identified by 

a PtdCho standard.

2.7. Measurement influx.

Cells were washed twice in Hepes-buffered HBSS (pH 7.4) without Ca^  ̂ and 

resuspended at 10̂  cells . ml ' in the same medium. Aliquots (100 pi) were dispensed into 

Eppendorf microfuge tubes and equilibrated at 37° C for 5 min prior to addition of 10 

pCi “*̂ Câ  ̂ (10-40 mCi. mg'*), final concentiation 100 pM. The incubation was continued 

for 15 min and the uptake of '*̂ Ca"̂  stopped by the addition of ice-cold Hepes-buffered 

HBSS containing 1 mM Câ '". The cells were rapidly centrifuged at 4° C, washed twice
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in the same solution, dissolved in 100 pi 1% tiiton X-100 and the uptake

quantified by scintillation counting. Blank values (determined by the addition of 

to the cell suspensions after addition of ice-cold HBSS) were subtracted from all 

determinations, which were carried out in sexduplicate. Negligible loss of from 

cells occurred during the washing procedures.
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AIMS

A large number of observations have indicated that autonomous (i.e. growth 

factor-independent) inositol lipid hydrolysis occurs in several cell types following 

transformation by oncogenes, whose products are membrane acting proteins [section 1.7.]. 

These obseiwations have suggested that autonomous inositol lipid turnover may be a 

component of a network of biochemical abnormalities cooperating to trigger neoplastic 

tiansformation [section 1.7.]. The experiments described in this chapter were designed 

to investigate the involvement of ligand-independent inositol lipid hydrolysis in the 

proliferation and in the RA-induced granulocytic differentiation of HL60 cells [section

1.10.1.]. This hypothesis was tested by studying:

i. Whether autonomous inositol lipid breakdown, resulting in the generation of second 

messenger molecules, occuned in HL60 cells.

ii. Whether induction of HL60 cell differentiation with RA triggered changes in the rate 

of operation of autonomous inositol lipid breakdown and whether the kinetics of these 

changes were consistent with the involvement of inositol lipid turnover in the process of 

myeloid maturation.

iii. The mechanism underlying down-regulation of inositol lipid turnover following 

induction of differentiation.

The results in this chapter describe experiments in which granulocytic 

differentiation was induced by exposing HL60 cells to RA. RA was chosen because of 

its natural origin, its role in the regulation of many biological process, and because of its 

ability to induce the granulocytic differentiation of AML cells and cell lines in vitro 

[section 1.10.3.]. Furtheimore, the interest in RA was stimulated by the promising results 

achieved using RA in the treatment of APLs [section 1.10.8.].
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RESULTS

3.1. Kinetics of the response of HL60 cells to the induction of granulocytic 

differentiation.

Unti'eated HL60 cells, seeded at 0.25 . 10̂  cells . ml \  proliferated continuously 

in liquid culture with a doubling time of about 24-36 h [Fig. 3.1.]. The proliferation rate 

decreased following 4-5 days of incubation, when the cells reached a density of 1.7-2 . 

10  ̂cells . mV\ Therefore, the medium was replenished and the cultures re-diluted to 0.25 

. 10  ̂ cells . ml ' after 4 days of incubation. Re-dilution was always followed by 

resumption of exponential growth.

Following addition of 100 nM RA to the culture medium, HL60 cells proliferated 

at the same rate as untreated cells for the first 4 days. However they failed to resume 

proliferation following re-dilution after 4 days of treatment [Fig 3.1.].

Preliminary experiments showed that treatment with 1 pM or 0.5 pM RA caused 

cessation of HL60 cell proliferation within 3 and 4 days respectively (data not shown). 

However, following 4 days of incubation with 0.5 pM or 1 pM RA, 30% or 40% of the 

cells were non-viable. By contrast, more than 95% of the cells, exposed to 100 nM RA,
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remained viable for at least 7 days of treatment.

In agreement with the observations of others, RA-induced cessation of HL60 cell 

proliferation was accompanied by the appearance of granulocytic differentiation 

[Breitman TR et a i, 1980]. Moiphological examinations of cytospin preparations, showed 

that whereas more than 95% of untieated HL60 cells retained a blast like phenotype 

throughout all the experiments, the RA-treated cells gradually acquired a differentiated 

morphology. After 4 days of RA treatment 45% of the cells exhibited a metamyelocytic 

and 9% a granulocytic moiphology [Table 3.1.]. The gradual acquisition of the 

differentiated phenotype was paralleled by a progressive increase in the proportion of 

cells that were able to reduce NET. Less than 1% of untreated cells showed NET 

reducing ability whereas 20% and 50% of RA treated cells reduced NET after 2 and 4 

days of tieatment respectively [Table 3.1.].

Untieated HL60 cells were negative when stained with monoclonal antibodies 

against CD68 or CD 14 markers. Following 7 days of RA treatment, more than 90% of 

the cells were positive for CD68 and 20-25% for CD 14. Only 5% of the treated cells 

were CD68 positive and less than 1% CD 14 positive after 3 days of RA treatment, 

suggesting that cellulai* differentiation, as indicated by the expression of these two 

markers typical of mature myeloid cells [Civin I, 1990] had barely commenced at this 

time [Table 3.1.]. (The study of the immunological phenotype of untreated and RA 

tieated HL60 cells was earned out by Dr. L. Poulter, Dept, of Immunology, The Royal 

Free Hospital and School of Medicine).
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Fig 3.1. Effect of RA on HL6Q cell proliferation. HL60 cells were incubated without (o) 
or with (•) 100 nM RA. Following 4 days of incubation {arrow) the medium was 
replenished and the cultures were rediluted to 0.25 . 10̂  cells . m l'\ This figure is 
representative of three independent experiments. Cell viability remained above 95% in 
this and all other experiments.



85

Table 3.1. Differentiation of HL60 cells in response to the treatment with 100 nM 

RA.

Day 0 1 2 3 4 5 7

NET reduction

% positive cells <1 7 20 35 50 - >90

% promyelocytes 90 - 23 - 2 - -

% myelocytes 10 - 69 - 44 - -

% metamyelocytes <1 - 8 - 45 - -

% granulocytes 0 - 0 - 9 - -

% positive cells

CD68 <1 - - 5 - 70-75 >90

CD14 <1 - - <1 - <1 20-25

RFD7 <1 - - <1 - <1 20-25

RFDl <1 - - <1 - <1 <1
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3.2. Operation of inositol lipid turnover in untreated HL60 cells.

To investigate whether autonomous (i.e. growth factor independent) hydrolysis of 

inositol lipids was occurring in untreated HL60 cells, the degradation of inositol 

phosphates, was inhibited by adding 10 mM LiCl to the cell cultures which had been 

labelled for 48 h with [^H]inositol [section 1.4. & section 2.2.7.]

In cells not exposed to LiCl, the radiolabel recovered in Insf was 2.84% of the 

total radiolabel detected in inositol lipids. Exposure to LiCl resulted in a gradual increase 

of the ratio of radiolabel detected in Insf, which showed a 62% increase in cells exposed 

to LiCl for 1 h, and a 76% increase in cells exposed to LiCl for 3 h or 6 h [Fig 3.2.].

The amount of radiolabel recovered in InsF^ was also significantly increased 

following treatment with LiCl: a 25% increase was detected after 1 h of treatment, 

whereas a 60% increase was detected in cells exposed to LiCl for 3h or 6h [Fig 3.2.]. 

Importantly, the steady state levels of [^H]Ins?3 and [^ In sF ^  did not show significant 

changes following the addition of LiCl. Furthermore, exposure to LiCl did not modify 

the amount of radiolabel recovered in inositol lipids.

Because the proliferation of certain cell lines is dependent on the addition of 

serum or growth factors to the culture medium, I determined whether inositol lipid 

breakdown occurring in HL60 cells was triggered by the serum used to prepare the 

culture medium. Preliminary experiments demonstrated that 72 h growth in serum-free 

conditions did not impair the kinetics of HL60 cell proliferation. HL60 cells were 

labelled for 48 h with [^H] inositol (5 pCi. ml *) in inositol-free RPMI 1640 supplemented 

with L-glutamine and antibiotics only. One hour before the end of the incubation with 

the radiolabel, 10 mM LiCl was added to one half of the cultures. Exposure to LiCl for 

1 h induced a 50% increase of radiolabel detected in InsP both in cells grown in 

complete medium and in cells grown in serum free conditions, demonstrating that the 

operation of inositol lipid turnover was not dependent on the presence of serum. 

Importantly, incubation in semm free medium did not affect either the uptake of
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pH]inositol into inositol lipids or the steady state levels of inositol phosphate species.

To ascertain whether the InsF detected in these experiments was derived from the 

breakdown of inositol lipids and not from the phosphorylation of inositol molecules, 

inositol kinase activity was assayed in post-nuclear HL60 cell fractions [section 2.5.]. 

[^H]inositol (500,000 counts . min \  10 nmol) was added to 50 pg of cell protein 

preparation in a reaction mixture (50 pi) including Tris-HCl pH 7, 50 mM; MgCl2, 5 

mM; sucrose, 125 mM; ATP, 2 mM. Reactions were carried out for 30 minutes at 37°C 

and stopped by adding 1 ml of ice cold water. After mixing, the products of the reaction 

were analyzed by Dowex chromatography [2.2.5.]. Under these conditions the 

radioactivity detected in the pH]InsP fraction (250±50 counts . m m ‘) never exceeded the 

background radioactivity detected in absence of cell protein indicating that no inositol 

kinase activity could be detected in HL60 cells in vitro.

3.3. Operation of autonomous inositol lipid hydrolysis following the induction of 

granulocytic differentiation with RA.

3.3.1. Changes induced bv RA to the autonomous operation of inositol lipid hvdrolvsis.

The results of the experiments described above indicated that ligand-independent 

inositol lipid turnover was occurring in untreated HL60 cells. Because turnover of inositol 

lipids may result in the generation second messengers which are important to the 

regulation of cell proliferation, i. e. DAG and Ins(l,4,5)?3, I studied whether cessation 

of HL60 cell proliferation following the induction of granulocytic differentiation with RA 

was associated with or preceded by changes of autonomous inositol lipid turnover.

Following the addition of 10 mM LiCl to untreated HL60 cells for Ih, the 

percentage of radiolabel recovered in [^H]InsP showed a 50% increase. Addition of RA 

(100 nM) for 6 h did not impair LiCl-induced [^H]Insf accumulation. However [^H]Insf 

accumulation declined between 6 and 24 h of RA treatment and was abolished in cells 

treated with RA for 48 h suggesting that autonomous inositol lipid hydrolysis had 

virtually ceased by that time [Fig 3.3.].
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Fig 3.2. Effect of the addition of LiCl on the levels of InsP (o) and InsP^ (*) in untreated 
HL60 cells. Untreated HL60 cells were labelled for 48 h with inositol (5 p C i. ml'^) 
and LiCl (10 mM) was added at the indicated times before the end of the incubation with 
the radiolabel. The amount of radiolabel detected in each inositol phosphate species was 
expressed as percentage of the total radiolabel recovered in inositol lipids. The 
significance of the differences detected in Insf and Ins?2 levels between control cultures 
and LiCl-treated cultures was estimated by Student’s r-test: (*), P<0.005; (-f), F<0.01. 
n=4, SEM < 5%.
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The level of was also increased following the addition of LiCl for 1 h.

However, 48 h treatment with RA completely abrogated [^H]InsP2 accumulation.

3.3.2. Changes in steady state levels of inositol phosphates during the induction of 

granulocytic differentiation with RA.

The results of the experiments described in the previous section indicated that 

treatment of HL60 cell with RA resulted in down-regulation of inositol lipid breakdown. 

Therefore the steady state levels of Insf, Insf*2> InsP3 and Insf^ were also studied during 

RA treatment. HL60 cells were labelled to isotopic equilibrium (48 hours) with 

[^H]inositol. RA was added to the cell cultures 6 h, 24 h and 48 h before the end of the 

incubation with the radiolabel, ensuring that all the cell cultures were labelled for a 

constant time (48 h) with different periods of exposure to RA [section 2.2.].

No significant differences were found between inositol phosphate levels detected 

in control cells and cells treated with RA for 6 hours. However, following 24 h RA 

treatment, the steady state level of pHjlnsf^ declined to 74% of control, decreasing from 

0.78% of total radiolabel in inositol lipids, detected in untreated cells to 0.58% [Fig 3.4.]. 

Following 24 h RA treatment the steady state level of [^H]InsF4 declined to 67% of 

control, decreasing from 0.4% to 0.27%. The levels of these inositol phosphates showed 

a further decline after 48 h RA treatment when [^H]Ins?3 fell to 69% and pH]Insf4 to 

65% of control. Steady state levels of [^H]InsF2 and [^H]Insf were also decreased 

following 24 hours of RA treatment: [^H]InsF2 was 62% of control and [^H]InsF 71% of 

control. [^H]Insf2 and [^H]InsF steady state levels showed a further decline in the cells 

treated with RA for 48 h [Fig 3.4.]. Because 48 h labelling with [^H]inositol was 

sufficient to label inositol containing compounds to apparent isotopic equilibrium [section

2.2.1.] the ratios of the labelled species measured here were representative of the molar 

ratios of the compounds themselves. Therefore the decreases of the radiolabel detected 

in inositol phosphates, represented decreases in the intracellular levels of these species.
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Fig. 3.3. The effect of pretreatment with RA on the accumulation of l^HlInsP following LiCl 
addition to HL60 cells. HL60 cells were labelled for 48 h with [^HJinositol. RA (lOOnM) was 
added to the designated cultures 6, 24 and 48 h before cessation of labelling. LiCl was added 
to one-half of the cultures 1 h before the end of the incubation and extraction of inositol 
phosphates. Relative [^HjlnsP accumulation, following LiCl addition, is expressed as:

% radiolabel in [^H]InsP in LiCl-treated cells
-------------------------------------------------------------  X 100
% radiolabel in [^HJInsP in absence of LiCl 

The significance of the difference in relative [^H]InsP levels between cultures exposed to 
LiCl and cultures not exposed to LiCl was estimated by Student's r-test: (*), P<0.001; (+), 
P<0.01. 0, n=8; 6 hours, n=4, 24 hours, n=6; 48 hours, n=6. Bars indicate SEM.
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Fig 3.4. Effect of RA treatment on relative steady state levels of inositol phosphate 
species. HL60 cells were labelled to equilibrium with [^HJinositol (5 pC i. ml '). RA (100 
nm) was added to the designated cultures 6, 24 and 48 h before the end of the incubation 
with the radiolabel and inositol phosphate analysis. Levels of each inositol phosphate 
species in RA-treated cells were expressed as a percentage of the level of corresponding 
inositol phosphate in control cells. The significance of the difference of inositol 
phosphate levels in unueated and RA-treated culture was studied at each time-point by 
Student’s r-test. (*), P<0.001; (-|-) F<0.02; 6 hours, n=4; 24 hours, n=8, 48 hours, n=8.
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3.3.3. High performance liquid chromatography (HPLC) analysis of inositol phosphate 

species in untreated and RA-treated HL60 cells.

HPLC analysis was used to investigate the molecular identity of inositol phosphate 

species recovered from untreated and RA treated HL60 cells. The cells were labelled to 

equilibrium with pH] inositol (48 h) and RA was added to one-half of the cells cultures 

for 48 h before the end of the incubation with the radiolabel. In agreement with the 

results described in the above paragraphs, these studies demonstrated that RA treatment 

caused a 35% decrease of the radiolabel recovered in InsP^ and InsP^ species as well as 

a 50% decrease of the radiolabel detected in InsP and Ins?2 isomers in RA treated cells.

HPLC analysis demonstrated that all pH]InsP^ recovered in untreated as well as 

in RA treated cells comigrated with the biologically active isomer Ins(l,3,4,5)P4. By 

contrast almost all pHJInsPj consisted of the Ins(l,3,4)P3 isomer, which does not have 

known second messenger functions. However, since polyphosphoinositides 

phosphorylated in the 3’ position are not efficiently hydrolysed by PI-PLC mediated 

hydrolysis [Serunian LA et al., 1989], Ins(l,3,4)P3 could only be derived from the 

degradation of Ins(l,3,4,5)P4 which is produced by the phosphorylation of Ins(l,4,5)P3 

[section 1.4.] [Fig 1.2.]. Therefore, the presence of Ins(l,3,4)?3 was indicative of 

Ins(l,4,5)P3 generation. Furthermore most Ins?2 detected in untreated cell was represented 

by the Ins(l,4)?2 isomer. Ins(l,4)?2 is derived from Ins(l,4,5)P3 degradation, therefore, 

the substantial decline in Ins(l,4)P2» observed following RA treatment was also indicative 

of decreased production of Ins(l,4,5)P3. Finally, HPLC analysis showed that more than 

40% of the [^H]InsP recovered in untreated HL60 cells consisted of the Ins(4)P isomer. 

Because Ins(4)P could not be derived from Ptdlns breakdown but from the degradation 

of inositol phosphates [section 1.4], these data also indicated that PtdIns(4,5)P2 and/or 

PtdIns(4)P hydrolysis was occurring in untreated HL60 cells.
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3.3.4. Changes in the rate o f e n t r y  into HL6Q cells following RA treatment.

As mentioned in the previous section, HPLC analysis of the inositol phosphates 

showed that all of the [ ^ I n s f ^  detected, consisted of the Ins(l,3,4,5)F4 isomer, and that 

the level of this species was markedly decreased following 48 h RA treatment. Because 

Ins(l,3,4,5)f*4 is thought to regulate Ca^  ̂influx into cells [section 1.1.4], the rate of 

entry into HL60 cells was studied before and following 48 h of RA treatment. The rate 

of entry into untreated cells was 2.67 (+-0.05) pmol. 15 m in'\ whereas that in RA-treated 

cells was 2.04 (+-0.09) pmol. 15 m in'\ The decrease of 24% in the rate o f e n t r y  

into RA treated cells was highly significant compared to controls (p<0.001, n=12). 

Statistically significant decreases, varying from 50% to 10%, were observed in five other 

experiments. These observations were confirmed by a time course study which showed 

a 25% decrease of the rate of Ca^  ̂ entry in 48h RA treated HL60 cells at all the time- 

points analyzed [Fig. 3.5.].

3.3.5. Relative levels of inositol phospholipids following induction of granulocvtic 

differentiation with RA.

In order to establish whether RA treatment caused significant changes in the 

inositol lipid composition of HL60 cells, which could in turn result in down-regulation 

of autonomous inositol lipid hydrolysis, total inositol lipid content and relative ratios of 

inositol lipid species were studied in untreated and in RA-treated HL60 cells.

HL60 cells were labelled to isotopic equilibrium with pH] inositol. RA was added 

to the cell cultures at 24 h or 48 h prior the end of the labelling period. Under these 

conditions, the total radiolabel recovered in inositol lipids was typically 60,000 (± 

15,000) counts . min^ . 10  ̂cells. RA treatment for 48 h did not significantly modify this 

figure.

The distribution of the radiolabel among inositol lipid species was analyzed by 

thin layer chromatography [section 2.2.3.]. In untreated cells, 1.79% of the total 

radioactivity was recovered in PtdIns(4,5)P2, 1.31% in PtdIns(4)P and 96.9% in Ptdlns.
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In cells treated with RA for 48 h, the distribution of radiolabel among the inositol 

phospholipids was: PtdIns(4,5)P2 2.07%, PtdIns(4)P 1.83% and Ptdlns 96.1%. These 

ratios were not significantly different from those observed in untreated cells (Student’s 

r-test, P>0.05, n=7). Similar observations were made in HL60 cells exposed to RA for 

24 h (not shown).

3.3.6. SteadV state level of DAG following the induction of granulocvtic differentiation 

with RA.

Induction of granulocytic differentiation with RA caused down-regulation of 

inositol phosphate generation and significant decreases in steady state levels of inositol 

phosphates. PI-PLC mediated inositol lipid hydrolysis yields equimolar amounts of 

inositol phosphates and DAG [section 1.1.]. A 10% decrease (Student’s r-test, P<0.05, 

n=10) in the steady state level of [^H] 1,2-DAG was detected in cells treated for 24 h with 

RA. However no significant decrease of DAG was detectable following 48 h RA 

treatment (n=8). Importantly, 24 h or 48 h of RA treatment did not affect the uptake of 

[^H] glycerol by HL60 cells since the total radiolabel detected in glycerolipids was 20.000 

(±3000) counts . min^ . 10̂  cells in both untreated and RA treated cells.
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Fig 3.5. Uptake of into untreated HL60 cells (o) and cells treated with RA (100 
nM) for 48 h (Q. Means of duplicate determinations from a single experiment and their 
range are shown, f  <0.05, one-way analysis of variance. The time course shown here is 
representative of three experiments.
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3.3.7. Operation of inositol lipid turnover in HL60 cells, following cessation of 

proliferation induced bv exposure to hydroxyurea.

The experiments described in the above sections indicated that cessation of HL60 

cell proliferation following induction of granulocytic differentiation with RA was 

preceded by down regulation of autonomous inositol lipid turnover and by decreases in 

the steady state levels of inositol phosphates. To investigate whether these changes were 

specific to the differentiation process or whether they were simply the result of 

withdrawal from proliferation, inositol lipid turnover was studied in HL60 cells that had 

been induced to cease proliferation by the treatment with the ribonucleotide reductase 

inhibitor hydroxyurea. Following 24 h exposure to 1 mM hydroxyurea, HL60 cells ceased 

proliferation completely but remained viable. Exposure to hydroxyurea caused a dose- 

dependent inhibition of DNA synthesis, as measured by [^H]thymidine incorporation, 

which was abolished following 1 h of treatment with the drug at 1 mM [Fig 3.6.].

Operation of inositol lipid turnover was studied in HL60 cells labelled to 

equilibrium with [^H] inositol and exposed for Ih or for 24 h to 1 mM hydroxyurea. 

These experiments showed that the radioactivity detected in InsP [Fig 3.7.] and the total 

radioactivity recovered in inositol phosphates in control cells were virtually identical to 

those detected in cells exposed to hydroxyurea. Moreover, addition of LiCl for 1 h to 

untreated cells led to significant [^H]InsP accumulation which was 33% over the levels 

detected in absence of LiCl (Student’s f-test, P<0.01, n=4). Addition of LiCl to cells 

exposed to hydroxyurea for 1 h or for 24 h, also caused [^H]InsP accumulation to 30% 

over the baseline levels (Student’s r-test, P<0.01, n=4), demonstrating that autonomous 

operation of inositol lipid hydrolysis was not affected by hydroxyurea-induced cessation 

of HL60 cell proliferation [Fig. 3.7].
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Fig 3.6. [~^H1thymidine incoi-poration by HL6Q cells before and during the treatment with 
hydroxyurea. Untreated HL60 cells were exposed to increasing concentrations of 
hydroxyurea for 1 hour (o) or 3 hours (•). [‘̂ H]thymidine (1 pCi) was added to the cells 
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Fig 3.7. Operation of inositol lipid turnoyer following the exposure to hydroxyurea for 
24h. HL60 cells were labelled to equilibrium (48 h) with [^H]inositol, hydroxyurea (1 
mM) was added to the designated cultures for the indicated times before the end of the 
labelling period. LiCl (10 mM) was added to one-half of cultures {shaded bars) 1 h 
before the end of the incubation. The differences between the [^H]Insf leyels in control 
cultures and the conesponding [^H]InsP leyel detected in cultures exposed to hydroxyurea 
were not significant (Student’s Ltest, P>0.05, n=4, SEM<5%).
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3.4. Quantification and partial characterization of PI-PLC InsP3 5*-phosphatase and 

InsP monophosphatase following the induction of granulocytic differentiation ofHL60 

cells with RA.

The biochemical mechanisms underlying RA induced down-regulation of 

autonomous inositol lipid hydrolysis were addressed by analyzing the enzymological 

characteristics and the absolute levels of three key enzymes involved in the regulation of 

the inositol lipid cycle: Ptdlns(4,5)f2-PLC and PI-PLC activity, Ins(l,4,5)P3 5- 

phosphatase and InsP monophosphatase.

3.4.1. PtdIns(4.5)P.-PLC.

The enzymological characteristics of PI-PLC activity towards PtdIns(4,5)P2 

(PtdIns(4,5)P2'PLC) were determined in post nuclear cell fractions derived from untreated 

HL60 cells and from cells treated with 100 nM RA for 48 h [section 2.5. & section

2 .6 .1.]

3.4.1. a. Effect of Ca~̂  concentration on PtdIns(4,5)P->-PLC activitv.

PtdIns(4,5)P2-PCC showed a strong requirement for Ca^  ̂ ion. The activity of the 

enzyme was negligible when 1 mM EGTA was added to the reaction mixture or in the 

absence of added Ca”'̂ . Optimal PtdIns(4,5)P2"PLC activity was observed at a Ca^  ̂

concentration of 250 pM, whereas mM Ca^  ̂concentrations were inhibitory [Fig 3.8.].

3.4.1. b. Effect of pH and of anionic detergents on PtdIns(4,5)P-,-PLC activitv.

The rate of PLC-mediated PtdIns(4,5)P2 hydrolysis slightly increased between pH 

6 and pH 6.8, level at which maximal activity was observed. Further increases of pH 

caused a sharp decrease of PLC activity which was almost undetectable at pH 8.3 [Fig. 

3.9.].

Optimal Ptdlns(4,5)?2 hydiolysis was observed when 0.1% sodium cholate was 

added to the assay whereas higher concentrations were inhibitory. Other detergents, such 

as sodium deoxycholate, were not as effective as sodium cholate.
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Fig 3.8. Effect of Ca~̂  concentration on PtdIns(4,5)/^,-PLC activity. Post-nuclear cell 
fractions derived from untreated HL60 cell (o) and from cells treated for 48 h with RA 
(100 nM) (•) were assayed for PtdIns(4,5)P2 hydrolysis under standard assay conditions 
[section 2.6.1.]. Concentrations of free Ca”"̂ were controlled using Ca'^/EGTA buffers and 
calibrated using a Ca'^ electrode. Enzyme activity, pmol . min ' . pg ‘ cell protein. Results 
are means of duplicate determinations from one experiment representative of four.
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Fig 3.9. Effect of pH on Ptdlns(4,5)Pi-PLC activitv. Post-nuclear cell fractions derived 
from untreated HL60 cell (o) and from cells treated for 48 h with RA (100 nM) (•) were 
assayed for PtdIns(4,5)P2 hydrolysis at various pH levels. Enzyme activity, pmol . min ' 
. pg ‘ cell protein. Results are means of duplicate determinations from one experiment 
representative of two.
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3.4. L c. Determination of apparent BL, and of PtdIns(4,5)Po-PLC.

In fractions from untieated HL60 cells, the enzyme showed an apparent of 

7.4 (± 0.4) pmol . min^ . pg * protein and an apparent for Ptdlns(4,5)?2 of 45 pM. In 

fractions from HL60 cells treated with RA for 48 hours, the was 8.7 (± 0.5) pmol 

. min^ . pg'  ̂ protein and the apparent for Ptdlns(4,5)?2 was 38 pM . The differences 

observed in and values between treated and untreated cells were not significant 

[Fig 3.10.a. & Fig 3.10.b.], [Table 3.2.].

3.4.1. d. Relationship between Ptdlns(4,5)P^-PLC activitv and time of incubation.

The rate of Ptdlns(4,5)?2 hydrolysis increased up to 20 min of incubation, when 

38% of the substiate had been degraded. The rate of the reaction did not increase 

between 20 and 60 min, when more than 50% of the Ptdlns(4,5)?2 was hydrolysed [Fig 

3.11.]. These results were confirmed in a second set of post-nuclear cell fractions (data 

not shown).

3.4.1. e. Relationship between Ptdlns(4,5)Po-PLC activitv and amount of protein used in 

the reaction.

Under standai'd assay conditions, the rate of Ptdlns(4,5)P2 hydrolysis increased 

linearly with protein up to 10 pg. Higher protein concentrations resulted in the hydrolysis 

of more than 50% of the substi'ate and in the loss of the linear relationship between 

amount of protein and rate of Ptdlns(4,5)P2 hydrolysis. No differences in hydrolysis rate 

were observed between untreated and RA-treated cell fractions [Fig 3.12.]. These results 

were confirmed in a second set of cell fractions (data not shown).

These obseiwations suggested that induction of HL60 cell granulocytic 

differentiation with RA did not cause changes of the activity and presumably of the 

absolute level of Ptdlns(4,5)P2"PLC, although, in HL60 cells RA treatment, triggered de 

novo expression of certain enzymes including tissue transglutamase [Davies PJA et al., 

1985] and NAD^-glycohydrolase [Hemmi H & Breitman TR, 1982].



101

CO
s

8

6

4

2

0
300250200150100500

Substrate (pM)

Fig 3.10. a. Effect of substrate concentration on Ptdlns(4,5)fi-PLC activitv. Post-nuclear 
cell fractions derived from untreated HL60 cell (o) and from cells treated for 48 h with 
RA (100 nM) (•) were assayed for PtdIns(4,5)P2 hydrolysis at increasing substrate 
concentration. Assay conditions were as described in [2.1.6], Enzyme activity, pmol . 
min * . pg * cell protein. Results are means of duplicate determinations from one 
experiment representative of two. The difference of activity detected between untreated 
and RA-treated fractions was not significant (P>0.05, one’s way analysis of 
variance)(SEM<5%).
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Fig 3.10. b. Eadie-Hofstee plot of the hydrolysis of PtdIns(4,5)f*o by PLC. Data from the 
experiment depicted in Fig 3.10.a. were analyzed using the Eadie-Hofstee method in 
order to determine the apparent value of PI-PLC for PtdIns(4,5)/^2 i" untreated (o) 
and RA (•) treated HL60 cell fractions, v, velocity; a, substrate concentration.



Table 3. 2. K„, and of PtdIns(4,5)P2-PLC, Ins(l,4^)fj 5’-phosphatase and InsP monophosphatase in untreated and RA treated (48h) 

HL60 cells

Ptdlns(4,5)P2-PLC Ins(l,4,5)P3 

5’-phosphatase

InsP

monophosphatase

Km

Untreated cells 45 pM 79 pM 1 mM

RA-treated cells 38 pM 75 pM 1 mM

(P>0.05, n=4) (P>0.05, n=4) (P>0.05, n=4)

V * ̂max

Untreated cells 7.4 6.6 6

RA-treated cells 8.7 6.2 6.3

(P>0.05, n=4) (P>0.05, n=4) (F>0.05, n=4)

*pmol . min * . pg * cell protein

oU)
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Fig 3.11. Relationship between PtdIns(4,5)Pi-PLC activity and time of incubation. Post- 
nuclear cell fractions derived from untreated HL6Ü cell (o) and from cells treated for 48 
h with RA (100 nM) (•) were assayed for PtdIns(4,5)P2 hydrolysis at increasing times of 
incubations. Reactions were carried out as described [section 2.6.1.]. Enzyme activity, 
pmol . pg * cell protein. Results are duplicate means from one experiments representative 
of two. P>0.05; one way’s analysis of variance.
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Fig 3.12. Relationship between PtdIns(4,5)Po-PLC activitv and amount of protein used. 
Post-nuclear cell fractions derived from untreated (o) and RA treated (•) HL60 cells were 
assayed for Ptdlns(4,5)P2 hydrolysis using various amount of cell protein. Enzyme 
activity, pmol . min *. No significant difference in enzyme activity was detected between 
untreated and RA treated cell fractions at each protein concentration tested (Students’s 
f-test, P>0.05, n=12)(SEM<8%).
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3.4.1. f. Studies on the specificity of PI-PLC for different inositol lipid species.

The in vitro specificity of PI-PLC's towards individual inositol lipid species, was 

studied in post-nuclear cell fractions derived from untreated and 48 h RA treated HL60 

cells. The substrate for the reactions was prepared from a lipid extract made from HL60 

cells whose inositol lipids had been labelled to isotopic equilibrium with pH]inositol 

[section 2.2.1.]. Final phospholipid concentration in the assay mixture was 0.5 mM, of 

which PtdCho constituted 47% of the total, PtdEt 27.2%, PtdSer 4.3%, Ptdlns 8.8%, 

sphingomyelin 6.5%, PtdAcid 0.6%, others 5%. (These determinations were carried by 

Dr. J. Owen, Dept, of Medicine, The Royal Free Hospital and School of Medicine). The 

quantification of absolute inositol lipid content and the study of the distribution of the 

radiolabel among inositol lipid species showed that this substrate preparation resembled 

the inositol phospholipid composition of HL60 cells. Estimated inositol lipid 

concentrations in the 50 pi assay mixture were: Ptdlns 40 pM (2 nmoles), PtdIns(4)P 0.68 

pM (34 pmoles), Ptdlns(4,5)7̂ 2 0.8 pM (40 pmoles) respectively representing 97.2%, 1,8% 

and 2% of the total inositol phospholipids respectively. Inositol phospholipids were 

labelled at a specific activity of 8.5 . lO'* counts . min^ . nmol^ and 200,000 counts . min 

were routinely used in each PLC reaction. Since PLC-mediated hydrolysis of individual 

inositol lipid species is selectively activated by different Ca^  ̂ concentrations [section 

1.3.2b.], the assays were canied out at three Ca^  ̂concentrations: 200 nM, 250 pM and 

3 mM.

The fractionation of water soluble [^H]inositol labelled compounds produced in 

the reaction showed that the generation of all inositol phosphate species (InsPj, Ins?2, 

InsP) was activated by increasing the Ca^  ̂concentration in the assay [Fig 3.13]. Further 

analysis of these data showed that, although [^H]PtdIns(4,5)P2 constituted only 2% of the 

inositol lipids in the substrate, [^H]InsP3 constituted more than 60% of the products of 

the reaction at 200 nM or 250 pM Câ "̂ . At 3 mM Ca^ ,̂ [^H]InsP3 represented 25% of the
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reaction products whereas InspHjf*, whose generation was virtually undetectable at lower 

Ca^  ̂ levels, represented more than 60% of the inositol phosphates which were generated 

by PLC. However, at 3 mM Câ "̂ , only 2.3% of [^H] Ptdlns was hydrolysed to produce 

[^HJInsP, whereas 38% of [^H]PtdIns(4,5)?2 was hydrolysed to generate InsP^.

The increased activity of PI-PLC towards PtdIns(4,5)P2 detected when using 3 

mM Ca^  ̂ was in apparent contradiction with the results shown in [Fig 3.8.]. However, 

the substrate used in these experiments was a whole lipid extract including all cell 

phospholipids which may have significantly modified the presentation of PtdIns(4,5)P2 

to the lipase.

Identical results were obtained using fractions derived from HL60 cells treated 

with RA for 48 h, indicating that RA did not modify the specificity of PI-PLC for 

PtdIns(4,5)P2 [Fig 3.13].

Because the cell lysate used also contained InsPj 5’-phosphatase activity, and 

since this enzyme did not require high Mĝ "̂  concentrations to degrade InsPj [section 

3.4.2], at least some of the InsP and Ins?2 detected in the water phase were probably 

derived by dephosphoi'ylation of InsP^. Attempts to inhibit the InsP^ phosphatase with 2,3 

bisphosphoglycerate [Downes CP, et a l, 1982] resulted in a strong inhibition of the PLC 

reaction.
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Fig 3.13. Dowex-formate column fractionation of water soluble l^Hlinositol labelled- 
compounds generated by PLC hydrolysis of PHIinositol labelled total cell lipids. Post- 
nuclear cell fractions (50 pg of protein), derived from untreated HL60 cell (o) and from 
cells treated for 48 h with RA (100 nM) (•), were assayed for PI-PLC activity at three 
different Câ "̂  concentrations, (A) [Ca^ ]̂ 200 nM; (B) [Ca^ ]̂ 250 pM, (C) [Ca^ ]̂ 3 mM. 
Reactions were carried out by using as substrate 200,000 counts per min* of a total lipid 
extract, obtained from HL60 cells labelled to equilibrium with inositol. GPIns, 
glycerophosphoinositol. Due to the presence of Ins(l,4,5)P3 phosphatases in protein 
preparation,generation of these species by PI-PLC cleavage was underestimated [section
3.4.2.]. Attempts to inhibit these phosphatases with 2,3 bisphosphoglycerate led to 
inhibition of the PLC.
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3.4.2. Enzymological chai'acteristics and in vitro levels of Ins(l,4,5)f*, 5’-phosphatase 

during RA - induced differentiation of HL60 cells.

The metabolically active inositol phosphate species, Ins (1,4,5)^3 and 

Ins(l,3,4,5)P4, are inactivated by a specific phosphatase which selectively hydrolyses the 

phosphate group in position 5’: Ins(l,4,5)?3 / Ins (1,3,4,5)P4 5’-phosphatase [section

1.4.2.]. Since the removal of the phosphate group in position 5’ constitutes the first step 

of Ins (1,4,5)?3 and Ins(l,3,4,5)?4 degradation [Fig 1.2.], the Ins(l,4,5)?3 5’-phosphatase 

is directly involved in the control of the intracellular levels of these molecules.

The key enzymological chaiacteristics of the Ins(l,4,5)?3 5’-phosphatase were 

studied in post-nuclear fractions from untieated HL60 cells and from cells treated with 

RA for 48 h. In these experiments the substrate was [^H]Ins(l,4,5)F3. Direct confirmation 

of the activity of Ins( 1,4,5)^3 5’-phosphatase in the assay was obtained by HPLC analysis 

which showed that all of the [^H]InsF2 isomer produced in the reaction was Ins(l,4)P2*

3.4.2. a. Effect of Mĝ "̂  concentration and pH on Ins(l,4,5)F, 5’-phosphatase activitv. 

Maximal enzyme activity was detected at Mĝ '*’ concentrations between 1 and 2 mM 

whereas trace amounts of Mg"  ̂could partially sustain phosphatase activity [Fig. 3.14.]. 

Complete enzyme inhibition was obseiwed only with 1 mM EDTA.

Optimal Ins(l,4,5)?3 hydiolysis was observed at pH 7. pH between 6 and 7 

produced sub-optimal enzyme activation, whereas a pH between 7.5 and 8 resulted in 

complete enzyme inhibition.
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Fig 3.14. Effect of ions on the activitv of lns(lA.5)P^ 5’-phosphatase. Ins(l,4,5)F'3 
5’-phosphatase activity was assayed in post-nuclear cell fractions derived from untreated 
HL60 cell (o) and from cells treated for 48 h with RA (100 nM) (•). Reactions were 
carried out as described [section 2.6.3.]. Enzyme activity, pmol . min ' . pg ' cell protein. 
Results are means of duplicate determinations from one experiment representative of 
three, (SEM < 5%).
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Fig 3.15. Relationship between Ins(l,4,5)P, 5’-phosphatase activitv and duration of the 
assay. Ins(l,4,5)P3 5’-phosphatase activity was assayed for various times of incubation 
in post-nuclear cell fractions derived from untreated HL60 cell (o) and from cells treated 
for 48 h with RA (100 nM) (•). Enzyme activity, pmol . pg ' cell protein. Results are 
duplicate means from one experiment representative of two; (SEM<5%).
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3.4.2. b. Relationship between Ins(l,4,51F, 5’-phosphatase activitv and duration of the 

assay.

The amount of Ins(l,4,5)F3 hydi'olysed was proportional to the duration of the 

assay up to one hour, at which time 15% of the substrate was hydrolysed [Fig. 3.15].

3.4.2. c. Relationship between Ins(l,4,5)P, 5’-phosphatase activitv and protein 

concentration.

Ins(l,4,5)?3 5’-phosphatase activity increased with the amount of protein used per 

reaction up to 10 pg. Although the enzyme showed classic Michaelis-Menten kinetics 

[section 3.4.2.d.] the increase of enzyme activity was not directly proportional to the 

protein concentration and the plot of the activity vs. protein concentration showed an 

upward curvature [Fig 3.16.]. One possible explanation for this observation is that 

interaction between subunits may be required for maximal enzyme activity and that this 

process was facilitated by the increased protein concentration. No significant difference 

in enzyme activity was detected between protein preparations derived from untreated and 

RA treated HL60 cells [Fig. 3.16.].

Similai* obseiwations were made when using another batch of cell fractions derived 

from independent HL60 cultures (not shown).

3.4.2. d. Determination of K.. and of InsP, 5’-phosphatase.

The effect of the substrate concentration on InsP^ 5’-phosphatase activity was 

assessed under standard assay conditions [section 2.6.3]. In sub-cellular fractions derived 

from untreated cells, the of the enzyme for Ins(l,4,5)P3 was 79 pM and the 6.6 

pmol . min'^ . pg'* of protein [Fig 3.17.], [Table 3.2]. In cell fractions derived from 48h 

RA tieated cells for Ins(l,4,5)?3 was 75 pM and of 6.2 pmol x min * . pg'* 

protein [Fig 3.17.], [Table 3.2].
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Fig 3.16. Relationship between Ins(l,4,5)P, 5’-phosphatase activitv and amount of 
protein. lns(l,4,5)7'3 5’-phosphatase activity was assayed in post-nuclear cell fractions 
derived from untreated HL60 cell (o) and from cells treated for 48 h with RA (100 nM) 
(•) using various amounts of cell protein. Reactions were carried out as described [section
2.6.3.]. Enzyme activity, pmol . min \  No significant difference of enzyme activity was 
detected at each level of protein tested. Student’s f-test, F’>0.05, n=8 (SEM<3%)
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Fig 3.17. Effect of substrate concentration on Ins(l,4,5)/^, 5’-phosphatase activitv. Post- 
nuclear cell fractions derived from untreated HL60 cell (o) and from cells treated for 48 
h with RA (100 nM) (•) were assayed for lns(l,4,5)?3 5’-phosphatase activity at various 
substrate concentration. Assay conditions were as described in [section 2.6.3] Data were 
analyzed using the Eadie-Hofstee method in order to determine the apparent value of 
Ins( 1,4,5)^3 5’-phosphatase. Results are means of duplicate determinations from one 
experiment representative of two; v, velocity; a, substrate concentration.
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3.4.3. Quantification and partial characterization of InsP monophosphatase during RA- 

induced differentiation of HL60 cells.

InsP monophosphatase degrades all InsP isomers, except Ins(2)P, therefore this 

enzyme represents a final, common step of inositol phosphate degradation contributing 

to the regulation of inositol phosphates and the maintenance intracellular inositol levels 

[section 1.4.3.].

The key enzymological characteristics of InsP monophosphatase were studied in 

post-nuclear fractions derived from untreated and 48h RA-treated HL60 cells. The 

enzyme showed Mg'^-dependent activation which was maximal between 2 and 3 mM 

Mĝ "̂ . Lower or higher Mĝ "̂  concentrations resulted in partial inhibition of enzyme 

activity which was abolished by 1 mM EDTA. Optimal substrate hydrolysis was detected 

at pH 6.8, whereas higher pH levels were inhibitory.

The effect of substrate concentration on InsP monophosphatase activity was 

assessed at 3 mM Mg""̂  and 50 mM Tris-HCl pH 6.8 using 25 pg of protein preparation 

in each assay. Under these conditions InsP phosphatase showed a of 6 pm ol. min * 

. pg * of protein with a for Ins(l)P of 1 mM in the fractions derived from untreated 

cells, and of 6.3 pmol . min * . pg * with a for Ins(l)P of 1 mM, in the fractions 

derived from cells treated with RA for 48 hours [Table 3.2], [Fig. 3.18.].

Enzyme activity was directly proportional to the concentration of protein up to 80 

pg per assay [Fig 3.19.] and to the duration of the reaction up to 1 hour [Fig 3.20.], in 

both untreated and RA tieated cell fractions.
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Fig 3.18. Effect of substrate concentration on inositol monophosphatase activitv. Post- 
nuclear cell fractions derived from untreated HL60 cell (o) and from cells treated for 48 
h with RA (100 nM) (•) were assayed for inositol monophosphatase activity at various 
substrate concenU'ation. Assay conditions were as described [2.6.4.], Data were analyzed 
using tlie Eadie-Hofstee method in order to determine the apparent and values 
of inositol monophosphatase. Results aie means of duplicate determinations from one 
experiment representative of two; v, velocity; a, substrate concentration.
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Fig 3.19. Relationship between inositol monophosphatase activitv and duration of the 
assay. Inositol monophosphatase activity was assayed in post-nuclear cell fractions 
derived from untreated HL60 cells (o) and from cells treated for 48 h with RA (100 nM) 
(•) at various times. Enzyme activity, pmol . 50 pg ' cell protein. Results are duplicate 
means.
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Fig 3.20. Relationship between inositol monophosphatase activity and amount of protein. 
Inositol monophosphatase activity was assayed in post-nuclear cell fractions derived from 
untreated HL60 cells (o) and from cells treated for 48 h with RA (100 nM) (•) using 
various amounts of cell protein. Reactions were earned out as described [2.6.4.]. Enzyme 
activity, pmol . min '. No significant difference in enzyme activity was detected between 
untreated and RA treated cell fraction at each protein level tested. Student’s r-test, 
P>0.05, n=8.
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The study of the absolute level of InsP phosphatase activity, carried out under 

optimal assay conditions and using 25 pg and 50 pg protein per assay, showed that 

enzyme activity was not affected by the treatment with RA [Fig 3.20.]. Addition of 10 

mM LiCl to the assays resulted in more than 95% inhibition of InsP phosphatase activity 

in cell fractions derived from untreated cells as well as in fractions derived from RA 

treated cells. Furthermore addition of AIF  ̂ (a mixture of 50 mM NaF and 5 pM AICI3) 

to the reaction mix, also resulted in significant (87%) inhibition of InsP monophosphatase 

activity. These results were confirmed on another batch of cell fractions derived from 

independent HL60 cultures (not shown). These data suggested that the decrease of InsP 

production observed in RA tieated cells was neither a consequence of RA-induced 

alterations of InsP phosphatase activity nor the result of changes of the sensitivity of the 

enzyme to LiCl exposure.

3.5. The generation of inositol phosphates can be reactivated by the fluoroaluminate 

ion in HL60 cells treated with RA.

In many cellular systems, including HL60 cells, membrane receptors are coupled 

to PtdIns(4 ,5)P2-PLC isozymes by guanine-nucleotide binding proteins (G proteins). The 

binding of ligands to these receptors tiiggers the exchange of G protein-bound GDP for 

GTP and the active, GTP-bound form is presumed to activate PtdIns(4 ,5)P2-PLC. G 

proteins can be activated in vitro and in intact cells by several compounds including 

nucleotides like GTP, non hydrolysable GTP analogs and the fluoroaluminate ion (AlFf). 

In intact cells, AIF4 has been shown to bind to G proteins, thereby causing G protein 

activation. Therefore AIF4 can trigger PtdIns(4 ,5)P2 hydrolysis by acting directly on G 

proteins which regulate PtdIns(4 ,5)P2 activity [section 1.3.3.].

To investigate whether alteration of G protein functions was implicated in RA- 

induced down-regulation of inositol lipid turnover, AlFf was used in an attempt to 

reverse the shutdown of inositol lipid hydrolysis observed in HL60 cells treated with RA
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for 48 h.

HL60 cells were labelled to equilibrium with [^H]inositol and treated with RA for 

48 h. In agreement with results reported in [Section 3.2.], addition of LiCl to cells treated 

with RA for 48 h did not cause significant pHJInsP accumulation. However, AIF  ̂ (a 

mixture of 50 mM NaF and 5 pM AICI3) added alone for 30 minutes led to a significant 

increase in [^HJInsP, which rose to 160% of the baseline levels [Fig 3.21.]. The 

simultaneous addition of LiCl to and AIF/ did not significantly increase the yield of 

InsP and of inositol phosphates compared to the addition of AIF '̂ alone. This was 

presumably because the fluoride ion itself, like LiCl, is a potent inhibitor of InsP 

phosphatase [section 3.4.3.].

Addition of AIF  ̂ to untreated HL60 cells also resulted in a 30% increase in 

[^H]InsP over baseline levels [Fig 3.21.]. This increase was comparable to that obtained 

when LiCl was added during a 30 min incubation, in contrast with the observations on 

RA-treated cells. Therefore it is likely that the increase in [^H]InsP observed upon AIF/ 

addition to untreated cells was attributable solely to the inhibition of InsP phosphatase 

by the fluoride [section 4.4.3.] ion rather than to an effect on a G protein.

These data suggested that activation of G proteins by AIF/ did not result in a 

increase in the autonomous inositol lipid breakdown in untreated HL60 cells. However 

AIF/ was able to re-activate inositol lipid hydrolysis in cells whose inositol lipid turnover 

had been down regulated by the induction of gianulocytic differentiation with RA.
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Fig 3. 21. The effect of AIF,' on inositol lipid breakdown in HL60 cells. HL60 cells, 
labelled with ['^H]inositol, were either untreated or treated with 100 nM RA for 48 h. 
AIF^, (a mixture of 50 mM NaF and 5 pM AICI3) was added to one-half of each set of 
cultures {hatched bars) whereas the other half {open bars) received no AIF/. Thirty 
minutes later the cells were processed for Insf determination. The significance of the 
difference between cultures not exposed and exposed to A IF/ was P<0.005 (n=4).
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DISCUSSION

3.6. Autonomous inositol lipid hydrolysis in untreated HL60 cells.

Addition of LiCl to untreated HL60 cells consistently resulted in the accumulation 

of Insf and InsPo» whose levels increased up to 3 h of incubation. Since inositol 

phosphates can only be derived from phosphoinositide breakdown [Majerus et ûî/.1986], 

and because no inositol kinase activity was detected in HL60 cell fractions in vitro, it is 

likely that this InsP and Ins?2 derived from PLC catalyzed hydrolysis of inositol lipids. 

Phospholipase D activity has also been detected in HL60 cells following the stimulation 

with PMA or the chemotactic peptide fMet-Leu-Phe [Billah MM et al., 1989], [Pai JK 

et a i, 1988]. Nevertheless InsP and InsP^ could not be generated by PLD-catalyzed 

polyphosphoinositide hydrolysis since PLD does not hydrolyse PtdIns(4)P or 

PtdIns(4 ,5)P2 [Downes CP et a i, 1989].

Alternative explanations for LiCl induced inositol phosphate accumulation cannot 

be ruled out, since LiCl inhibits other cellular enzyme systems, e.g. the adenylate cyclase- 

cAMP system [Ebstein RB et al., 1987]. However a direct link between these systems 

and autonomous generation of inositol phosphates has not been identified.

Lithium chloride-induced InsP and InsP2 accumulation could derive from PLC- 

mediated hydrolysis of Ptdlns and PtdIns(4)P, or from the degradation of Ins(l,4 ,5)P3 

and Ins(l,3,4,5)P^, which are produced upon PtdIns(4 ,5)P2 hydrolysis. This distinction 

is of critical importance, since inositol phosphates which are involved in signalling cell
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proliferation derive from Ptdlns(4 ,5)f*2 breakdown. Several observations indicated that 

InsP and InsPj accumulation was, at least in part, derived from the degradation of 

Ins(l,4 ,5)P3 and Ins(l,3,4 ,5)?4.

i. An in vitro study of the enzymological characteristics of HL60 cell PI-PLC 

demonstrated that in the presence of nM or pM [Ca^^], concentrations similar to those 

present in the cytosol of HL60 cells or of resting lymphocytes [Lew PD et al., 1986] 

[Tsien RY et at., 1982], PI-PLC hydrolysed Ptdlns(4,5)?2 almost exclusively, compared 

with Ptdlns(4)P or with the 50-fold more abundant Ptdlns. The activity of PI-PLC 

towards Ptdlns increased greatly in the presence of 3mM Ca^ ,̂ nevertheless only 3.8% 

of Ptdlns was hydrolysed, whereas, under the same conditions, the lipase degraded 38% 

of PtdIns(4,5)P2- Similar observation have been made using turkey erythrocyte 

membranes, where, at resting Ca^  ̂level, PtdIns(4,5)P2 was the predominant substrate for 

GTP-y-S-stimulated PI-PLC activity [Harden TK et a i, 1988].

ii. HPLC analysis of inositol phosphate species showed that more than 40% of InsP 

recovered in untieated HL60 cells consisted of the Ins(4)P isomer. Ins(4)P could not be 

derived from Ptdlns hydrolysis, which would yield Ins(l)P. Therefore the Ins(4)P isomer 

derived from PtdIns(4 ,5)P2 or PtdIns(4)P hydrolysis; however, as mentioned above, the 

affinity of PI-PLC for PtdIns(4)P was much lower than that for Ptdlns(4 ,5)?2 suggesting 

that most of the Ins(4)P derived from the degradation of Ins(l,4,5)Pg or Ins(l,3,4,5)P^.

iii. Many observations have demonstrated that ligand-stimulated inositol lipid hydrolysis 

results in rapid generation of Ins(l,4 ,5)?3 and Ins(l,3,4 ,5)P4. In these studies InsP and 

InsP2 generation showed a longer lag-time, indicating that these molecules derived from 

Ins(l,4,5)P) or Ins(l,3,4 ,5)P4 degradation rather than from Ptdlns or PtdIns(4)P 

breakdown.

iv. In mink lung epithelial cells transformed with the v-fnts or with the v~fes oncogene, 

exposure to LiCl induced a ligand-independent accumulation of InsP and InsP2. In these
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cells PI-PLC exhibited a veiy low affinity for Ptdlns, suggesting that InsP and InsPj 

accumulation was derived from the degradation of InsP^ produced upon PtdIns(4 ,5)P2 

breakdown [Jackowsky S et al., 1986].

3.7, Relationship between autonomous inositol lipid hydrolysis and HL60 cell 

proliferation.

The results of experiments discussed in the previous paragraphs [section 3.6.], 

indicated that growth-factor independent inositol lipid breakdown, involving the 

hydrolysis of PtdIns(4 ,5)P2 was occuiring in untreated HL60 cells. Growth factor 

independent generation of inositol phosphates, has also been detected in Neuro-2A 

neuroblastoma cells analyzed at the G, / S phase transition suggesting that the increase 

in the rate of inositol lipid hydrolysis contributed to cell cycle progression [Fleischman 

LF & Cantley L. 1988]. The role of inositol lipid derived second messengers in 

regulating cell proliferation was also stressed by experiments in which mimicking of 

Ins(l,4 ,5)?3 and DAG signals by calcium ionophores and PMA respectively, resulted in 

the activation of certain early mitotic events, such as initiation of DNA synthesis and 

cytoplasmic alkalinization [section 1.6 .3.a.].

Exposure of proliferating K562 leukaemia cells to LiCl, did not result in 

accumulation of inositol phosphates (not shown) indicating that autonomous inositol lipid 

hydrolysis was not occumng in this cell line. Although inositol phosphates could have 

been degraded via LiCl-insensitive pathways, these observations suggested that the 

operation of autonomous inositol lipid turnover in HL60 cells was not merely a 

consequence of continuous proliferation of leukaemic cell lines. On the contrary 

biochemical and genetic abnormalities, specific of HL60 cells, could be responsible for 

the activation of inositol lipid breakdown. Consistent with this hypothesis, abolition of 

HL60 cell proliferation induced by the DNA synthesis inhibitor hydroxyurea, did not 

cause any change in either the rate of autonomous inositol lipid hydrolysis or the steady
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state levels of inositol phosphates.

An increased rate of ligand-independent production of inositol phosphates has also 

been detected in murine fibroblasts transformed with mutated versions of oncogenes 

whose products localize to the plasma membrane [Fleischman LF et aL, 1986] [Hancock 

JF et a i, 1989] [Chiamgi V et a i, 1987]. By contrast, transformation with nuclear 

oncogenes did not trigger inositol lipid breakdown suggesting that the products of these 

oncogenes acted .istieam of the inositol lipid signalling pathway [Whitman M & 

Cantley L 1988] [Alonso T et al., 1988].

As mentioned earlier [section 1.10.1.] HL60 cells cany several genetic 

abnormalities, including an activated N-ras oncogene, which may result in the 

perturbation of transmembrane signalling and trigger growth factor independent activation 

of inositol lipid hydrolysi >. Given the critical role of inositol lipid hydrolysis in signalling 

growth factor stimulated cell division and the close relationship between generation of 

inositol lipid derived second messengers and activation of early mitotic events which 

characterize G, / S phase transition, it is plausible that autonomous Ptdlns(4 ,5)f*2 

breakdown, chronically occuning in HL60 cells, contributed to signal the continuous 

proliferation of this leukaemic cell line.

3.8, RA-induced changes in the autonomous operation o f inositol lipid turnover and 

their relationship with HL60 proliferation and differentiation.

Following the induction of granulocytic differentiation with 100 nM RA, HL60 

cells gradually lost their proliferative capacity and acquired the features of differentiated 

myeloid cells resembling metamyelocytes or granulocytes. Moreover, RA treatment 

resulted in the complete abrogation of inositol phosphate generation in the presence of 

LiCl and in the decline in the steady state levels of inositol phosphate. However, whereas 

cessation of HL60 cell proliferation occurred following 4 days of exposure to RA, 48 h 

RA treatment were sufficient to abolish the autonomous generation of inositol phosphates
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and to cause a decline of the steady-state levels of inositol lipid-derived second 

messengers. Importantly, a significant decrease of all inositol phosphate species was 

detected following only 24 h of exposure to RA, at least 48 h before any effect of RA 

treatment on cell division was observed. Therefore down-regulation of inositol lipid 

hydrolysis was not a consequence of the cessation of HL60 cell proliferation. On the 

contraiy, RA-induced changes of inositol lipid turnover preceded the decrease of cell 

growth by at least 48 h .

These data were confirmed by HPLC analysis which demonstrated that the steady 

state levels of all inositol phosphate isomers were decreased following 48 h RA 

treatment. HPLC also showed that most of the InsFj recovered from HL60 cells 

consisted of the Ins(l,3 ,4)P3 isomer which has no second messenger functions. Since 

inositol phospholipids species which are phosphorylated in 3’ position are not hydrolysed 

by PI-PLC isozymes [Serunian LA et al., 1989], Ins(l,3 ,4)?3 could only have originated 

from the degradation of Ins(l,3,4 ,5)?4 which is itself derived from the phosphorylation 

of Ins(l,4 ,5)P3. Therefore the observed decrease of Ins(l,3,4)?3 level was indicative of 

a decline in the generation of Ins(l,4 ,5)P3.

Importantly, HLPC analysis demonstrated that all InsP^ detected in both untreated 

and RA-treated HL60 cells consisted of the biologically active isomer Ins(l,3 ,4 ,5)?4 

[Luckhoff A & Clapham DE, 1992] and this species was decreased following exposure 

to RA. RA-induced decrease of Ins(l,3,4,5)P^ was paralleled by a significant reduction 

in the rate of Ca^  ̂ entry into HL60 cells. Given the role of Ins(l,3,4 ,5)P4 in regulating 

Ca^  ̂ influx [Berridge MJ & Irvine RF, 1989] and the presence on HL60 cell membranes 

of specific Ins(l,3,4 ,5)P4 binding sites probably constituting Ins(l,3 ,4 ,5)P4 receptors 

[Bradford PJ & Irvine RF, 1987], it is likely that the decrease of Ins(l,3,4 ,5)?4 levels 

contributed to trigger the observed decline of Ca^  ̂entry.

Early decreases in Ins?3 and DAG levels induced by RA have also been observed
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in LAN-1 neuroblastoma cells. By contrast, a RA-resistant LAN-1 derived cell line did 

not show decline in inositol lipid derived second messengers following RA exposure 

[Lanciotti M et al., 1989].

Treatment of HL60 cells with RA has been shown to induce down regulation of 

c-myc expression, which occuiTed with the same time course as down regulation of 

autonomous inositol lipid breakdown [Bentley DL and Groudine M, 1986] [High KA et 

al., 1987]. Although down-regulation of c-myc expression, induced using anti-wyc 

antisense oligonucleotides, caused withdrawal of HL60 cells from proliferation, the cells 

exposed to the anti-wyc antisense underwent only a partial maturation suggesting that 

down-regulation of c-myc was not crucial for HL60 cell differentiation [Holt JT et al., 

1988]. .Consistent with these obseiwations, functional maturation of HL60 cells, triggered 

by exposure to low concentrations of interferon y, occurred without c-myc down- 

regulation and without cessation of cell division [Roberts P et al., 1989].

Taken together these observations indicated that RA-induced down-regulation of 

inositol lipid turnover was not simply a consequence of the cessation of HL60 cell 

proliferation. On the contrary, given the importance of inositol lipid derived second 

messengers in signalling the early events of mitosis in normal [section 1.6 .] and, in 

certain instances, in neoplastic cells [section 1.7.], it is plausible that shutdown of 

autonomous inositol lipid hydrolysis, occurring upon the induction of granulocytic 

differentiation, contributed to signal the withdrawal of HL60 cell from proliferation and 

the initiation of the maturation process.

3.9. Biochemical mechanisms underlying down regulation of inositol lipid turnover 

following the induction of granulocytic differentiation with RA.

The results discussed in the above paragraphs suggested that autonomous inositol 

lipid hydrolysis was occurring in untreated HL60 cells and that this turnover was down 

regulated following RA or DMSO-induced granulocytic differentiation. Because of the
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regulatory role that inositol lipid turnover could have in signalling proliferation and 

differentiation of HL60 cells, I attempted to elucidate the biochemical mechanisms 

underlying its operation and its down-regulation following exposure to RA.

3.9.1. The role of PI-PLC’s.

The in vitro study of the enzymological characteristics of PtdIns(4 ,5) f 2"PLC 

activity, demonstrated that induction of HL60 cell granulocytic differentiation with RA 

did not modify pH optimum, pattern of Ca^^-dependent activation of the enzyme, 

apparent for PtdIns(4 ,5)P2 and Furthermore, exposure to RA for 48 h did not 

affect the absolute level of Ptdlns(4 ,5)?2-PLC activity recovered. As mentioned above, 

the PI-PLC expressed in HL60 cells showed a strong preference for hydrolysing 

Ptdlns(4 ,5)?2 and the affinity of the enzyme for Ptdlns(4 ,5)?2 was not significantly 

modified following 48 h RA treatment. Therefore, exposure to RA did not exert a direct 

regulatory effect on PtdIns(4 ,5)P2-PLC and PI-PLC activity suggesting that this 

compound interacted with biochemical systems situated upstream PI-PLC’s, and which 

were responsible for causing down-regulation of inositol lipid hydrolysis.

A study of the inositol lipid content of HL60 cells, showed that 24 or 48 h of RA 

treatment did not affect [^H]inositol uptake and, importantly, did not cause any change 

in the relative ratios of [^H]inositol-labelled Ptdlns, PtdIns(4)P and PtdIns(4 ,5)P2- As 

isotopic equilibrium labelling conditions were used, these data suggested that exposure 

to RA did not modify the molar ratios of inositol lipid species. Therefore, down 

regulation of inositol lipid breakdown was not caused by decreased substrate supply for 

PI-PLC mediated hydrolysis.

HL60 cells express a PI-PLC62 [Kritz R et a i, 1990] whose activity is regulated 

by G proteins and can be triggered in vitro by OTP and OTP analogs [Ryu SH et al., 

1987], [Stutchfield J & Cockcroft S, 1988]. Furthermore, a PI-PLC 72 has also been 

detected in HL60 cells [Ohta S et a i, 1988], [Emori Y et al., 1989]. The activity of the
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latter enzyme is thought to be regulated by tyrosine phosphorylation. Therefore, two 

different ways of regulating PLC-mediated phosphoinositide hydrolysis coexist in HL60 

cells. Although the level of expression and specific activity of each isozyme is not yet 

known, the occurrence of distinct regulatory pathways both linked to the activation of 

phosphoinositide turnover, suggests that each isozyme responds to different stimuli and 

activates different cell responses. On the other hand, biochemical abnormalities occurring 

in HL60 cells may indirectly trigger growth factor-independent activation of inositol lipid 

hydrolysis by interacting with either PI-PLC isozyme. These data also imply that RA may 

interact with the regulatory mechanisms of only one of two PI-PLC isozymes causing 

down-regulation of its activity. The observation that AIF  ̂ could reactivate inositol lipid 

hydrolysis in RA-treated cells would suggest a direct involvement of the Pl-PLCB^ 

isozyme. However further studies are necessary to clarify these mechanisms.

3.9.2. Ins(L4,5)P, and Ins(L3,4,5)P^ 5-phosphatase.

The steady state levels of Ins(I,4 ,5)?3 and Ins(I,3,4 ,5)?4 are regulated by the rate 

of PtdIns(4 ,5)P2 hydrolysis as well as by their rate of degradation. Ins(I,4 ,5)?3 and 

Ins(1,3,4,5)^4 are degraded by a specific phosphatase which selectively removes the 

phosphate group in position 5’ (Ins(l,4 ,5)?3 and Ins(I,3,4 ,5)?4 5’-phosphatase) generating 

Ins(I,4)?2 and Ins(I,3,4)P3. The latter two inositol phosphate species do not have known 

second messenger functions [section 1.4.2.]. The importance of the 5’-phosphatase is 

stressed by the observation that the hydrolysis of the phosphate at 5’ represents the first 

common step of Ins(I,4 ,5)?3 and Ins(I,3,4 ,5)?4 degradation [Shears SB, 1989].

Exposure to RA for 48 h did not alter the major enzymological characteristics, 

such as Mg-"*" requirements, and the absolute level of the 5-phosphatase in HL60

cells. These observations clearly showed that exposure to RA did not cause decreases of 

InsPg and InsP4, by increasing the activity of 5-phosphatase.

3.9.3. Inositol phosphate monophosphatase.
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Treatment with RA for 48 h did not modify the major enzymological 

characteristics, absolute level and sensitivity to LiCl inhibition, of InsP phosphatase.

3.10. Relationship between down-regulation o f inositol lipid turnover and the 

biochemical and molecular mechanisms o f  RA-induced differentiation.

In normal as well as in neoplastic cells RA binds to nuclear receptors (RARs) and 

the RA-RAR complex functions as a transcription factor which controls the expression 

of target genes [Evans RM, 1988]. Several genes are positively or negatively regulated 

by the RAR-RA complex. In F9 embryonal carcinoma cells, RA treatment triggers the 

transcription of the laminin B1 gene [Valois G et al., 1991] and of the c-jun oncogene 

[de Groot RP et a i, 1990]. By contrast, in PyT21 cells, RA causes down regulation of 

the collagenase and stromelysin genes through a promoter element which is also an AP I 

binding site [Nicholson RC et a i, 1990]. RA-induced neuronal differentiation of the 

NT2/D1 teratocarcinoma cell line, caused down-regulation of growth factor genes and of 

oncogenes relevant to cell proliferation like myc, fas and myb. By contrast RA treatment 

upregulated the expression of certain human homeotic genes [Miller WH et al., 1990].

Less extensive studies on the mechanism of RA activity have been carried out in 

HL60 cells and in myeloid leukaemia cells. As mentioned earlier most APL’s show the 

t(15;17) translocation which results in the generation of a fusion gene consisting of the 

DNA and the RA binding domains of the RARa and by the NH^ terminus of a novel 

gene, probably with transcription regulation functions, myl [section 1.10.7.]. It has been 

shown that the my/-RARa fusion protein can repress the activity of RA-dependent 

promoters. It is therefore thought that the Myl-RARa fusion protein inhibits myeloid 

maturation by interfering with the expression of RA target genes [Pandolfi PP et al. 

1991]. However, HL60 cells do not show the t(15;17) translocation, and RA is thought 

to trigger granulocytic differentiation by interacting with the RARa and other cellular 

targets which have not been clarified [de The H et a i, 1990].
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In HL60 cells RA regulates the transcription of several genes, including tissue 

transglutamase [Davies PJA et a i, 1985], NAD^-glycohydrolase [Hemmi H & Breitman 

TR, 1982] and the myeloblastin gene [Bories D et al., 1989]. Nevertheless, treatment 

with RA did not cause changes in the enzymological characteristics and absolute levels 

of PI-PLC and inositol phosphate phosphatases. These data indicated that RA-induced 

down regulation of autonomous inositol lipid hydrolysis was not the result of alteration 

of expression of key enzymes operating in the inositol lipid turnover. On the contrary 

these data suggested that RA interacted with biochemical mechanisms regulating the 

activity of inositol lipid signalling pathway.

Recent observations have demonstrated that treatment of HL60 cells with RA 

modulated the level of expression of PKC isozymes. Exposure to 1 pM RA for 5 to 7 

days caused a 40% decrease of the expression of the PKC a  isozyme and increase of the 

expression of the PKC 61 and PKC 62 species. However, induction of monocytic 

differentiation with vitamin also caused increase of the 61 and 62 isozymes, whereas 

down regulation of the PKC a  was specifically associated with RA-induced granulocytic 

differentiation, suggesting that the decrease of this isozyme constitutes one of the steps 

involved in signalling HL60 granulocytic differentiation [Devalia V et al., 1992].

Treatment of HL60 cells with RA causes depletion of guanosine triphosphate 

(GTP) and guanosine diphosphate (GDP) [Lucas DL et al, 1983]. Depletion of 

intracellular pools of guanine nucleotides appears to be critical to HL60 cell 

differentiation since inhibition of guanosine nucleotide synthesis, by blocking the enzyme 

inosine monophosphate dehydrogenase, also caused HL60 cell maturation. Furthermore, 

RA-induced HL60 cell differentiation was partially reverted by the exposure to guanine 

ribonuclotides [Wright DG, 1987]. These observations suggested that guanylate depletion 

may influence myeloid maturation by affecting the activity of G proteins. At least one 

PI-PLC isozyme (PI-PLC62) which is expressed in HL60 cells is regulated by G proteins
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and it is tempting to speculate that RA inhibited the operation of inositol lipid turnover 

by interacting with G proteins involved in the regulation of this PI-PLC isozyme. 

Consistent with this view was the observation that RA-induced down regulation of 

inositol lipid hydrolysis could, to some extent, be reactivated by exposing the 

differentiated cells to AIF ̂ , which is a well known G protein activator.

Involvement of G proteins in RA-induced HL60 cell differentiation was also 

suggested by the obsei*vation that pre-treatment of HL60 cells with pertussin toxin 

abolished RA induced granulocytic differentiation [Hemmi H et al., 1989]. Pertussin 

toxin causes G protein-receptor uncoupling by ADP-rybosilating a cysteine residue which 

is the site of palmitoylation for anchoring the G protein to the cell membrane [Gilman 

AG, 1987]. Therefore, in HL60 cells as well as in other cell types, exposure to pertussin 

toxin produces loss of ligand-stimulated activation of inositol lipid hydrolysis, without 

affecting the capacity of GTP-y-S and other G protein activators like AIF4 to trigger 

inositol lipid breakdown directly [Cockcroft S & Stutchfield J, 1988]. HL60 cells harbour 

several genetic abnormalities which could result in the expression of altered signal 

transduction systems causing constitutive activation of inositol lipids hydrolysis. Among 

its functions, RA would interfere with these mechanisms, perhaps by interacting with 

certain intracellulai* transducers and resulting in down regulation of the autonomous 

functioning of PI-PLC. Pertussin toxin may make this system insensitive to RA by 

abolishing the upstream modulation of the G protein PI-PLC system.

In conclusion, the data discussed here demonstrate that ligand independent 

hydrolysis of inositol lipids, resulting in the generation of biologically active second 

messenger molecules occuned in HL60 cells. This process was significantly down- 

regulated upon the induction of granulocytic differentiation with RA. Since inositol lipid- 

derived second messengers have important roles in signalling cell division, it is plausible 

that autonomous inositol lipid turnover detected in HL60 cells cooperates in signalling
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the proliferation of this cell line, and that RA-induced inhibition of autonomous inositol 

lipid breakdown may constitute a pre-requisite for securing the cessation of proliferation 

which is associated with HL60 cell granulocytic differentiation.



CHAPTER IV

THE TURNOVER OF INOSITOL LIPIDS 

AND CHOLINE LIPIDS DURING THE INDUCTION 

OF DIFFERENTIATION OF HL60 CELLS BY DMSO.
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AIMS

Granulocytic differentiation of HL60 cells can be triggered by several substances 

[section 1.10.] and among these compounds DMSO constitutes a paradigmatic example. 

The ability of DMSO to induce HL60 cell granulocytic differentiation has long been 

known and its biological effects have been well characterized [Collins SJ et al., 1978]. 

The experiments described in this chapter were designed to determine whether DMSO 

treatment induced significant changes in phosphoinositide metabolism in HL60 cells and 

whether any relationship existed between DMSO induced changes and down-regulation 

of autonomous inositol lipid breakdown detected in RA treated HL60 cells.

Observations made in several cell types, including mouse fibroblasts, Xenopus 

laevis oocytes, and HL60 cells, have shown that stimulation with certain ligands such as 

the chemotactic peptide N-formyl-Met-Leu-Phe [Pai JK, et al 1988], or with PKC 

activators like PMA [Billah MM et al., 1989], as weU as introduction of activated ras 

oncogene products [Price BD et al, 1989-A] [Lacal JC, 1990], can stimulate PtdCho 

hydrolysis. Although the principal pathway of PdtCho hydrolysis appears to involve the 

activation of a specific PLD and the generation of PtdAcid [Pai JK, et al 1988], [Billah 

MM et a i, 1989], the paiticipation of a PtdCho-PLC and the production of PtdCho-
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derived DAG has also been described [Besterman JM et al. 1986] [Glatz JA et al., 

1987]. DAG is a well known PKC activator [sections 1.5.2. & 1.5.3.] whereas the fMet- 

Leu-Phe-stimulated generation of PtdAcid was functionally linked to superoxide 

production in neutrophils [Bonser RW et al., 1989]. Importantly PtdAcid activated early 

mitotic events including gene expression, DNA synthesis and cytoplasmic alkalinization 

in A431 cells or in mouse fibroblasts, suggesting its participation in the transduction of 

proliferative signals [Yu Chun-Li et al., 1988] [Moolenaar HW et al., 1986]. Consistent 

with these data was the obseiwation that PtdAcid participates to the regulation of the 

biological activity of p2r^“ by inhibiting NFl-GAP function [Bollag G & McCormick 

F, 1991].

Therefore I studied the pathways of PtdCho turnover operating in untreated HL60 

cells and whether PtdAcid and DAG were generated as a result of PtdCho degradation. 

I also studied the potential alterations in PtdCho metabolism occumng after the induction 

of granulocytic differentiation with DMSO.
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RESULTS

4.1. DMSO - induced granulocytic differentiation.

Untreated HL60 cells, seeded at 0.5 . 10̂  cells . ml \  proliferated exponentially 

in liquid culture until they reached the density of 2 . 10® cells . ml'* and resumed 

exponential growth following re-dilution on days 4 and 8. HL60 cells treated with 1.5% 

DMSO proliferated at the same rate as the untreated cells for the first 24 h of treatment 

[Fig. 4.1.]. A small decrease in proliferation rate was observed following 48 h of 

exposure to DMSO, nevertheless the cell cultures retained some proliferative capacity 

until 72 h of treatment. Complete cessation of cell division was observed following 4 

days of incubation, when the DMSO treated cells did not resume exponential growth 

following re-dilution to 0.5 . 10® cells . ml'* [Fig 4.1.]. In agreement with previous 

observations, HL60 cells cultures treated with DMSO for 14 days contained 36% 

metamyelocytes and 49% polymorphonuclear cells, demonstrating the occurrence of 

granulocytic differentiation [Collins SJ et a i, 1978]. By contrast untreated cultures 

contained 95% promyelocytes and 5% myelocytes. Cell viability remained >95% in both 

untreated and DMSO treated cultures throughout all the experiments.
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Fig 4.1. Effect of DMSO on HL6Q cell proliferation. HL60 cells were incubated without 
(o) or with (•) DMSO (1.5%). Arrows indicate replenishment of the medium, with 
redilution of the cultures to 0.5 x 10̂ ' cells x ml where necessaiy. This figure is 
representative of two independent experiments. Cell Viability remained above 95% in this 
and all other experiments.
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4.2. Effect o f  treatment with DMSO on the operation o f inositol lipid turnover.

4.2.1. Changes in steady state levels of inositol phosphates following DMSO treatment.

Exposure of HL60 cells labelled with inositol to 1.5% DMSO for 24 h caused 

a decrease in LiCl induced pH]Insf accumulation suggesting that treatment with DMSO 

caused down regulation of autonomous inositol lipid breakdown (not shown). Because 

of the close relationship between inositol lipid breakdown and the cellular levels of 

inositol phosphates, the steady state levels of InsF, Insf^, Insf^ and InsP^ were measured 

during the induction of granulocytic differentiation with DMSO. In cells treated with 

DMSO for 48 h, the steady state levels of Insf^ and Insf^, declined to 80% and 78% of 

control respectively, whereas InsP and InsP^ levels fell to 65% and 50% respectively 

[Fig. 4.2.]. Significant decreases of InsP, and InsP levels were also detected following 

24 h of exposure to DMSO, but the small decrease in InsP^ (10%) observed at that time- 

point was not significantly different from control levels. It should be emphasized that the 

chromatographic separation used here did not resolve the biologically active isomer 

Ins(l,4,5)Pg from the inactive Ins(l,3,4)Pg, therefore all the InsP^ detected may not have 

had a second messenger role. However, the Ins(l,3,4)P3 isomer derives from the 

degradation of Ins(l,3,4,5)P^ which is in itself derived from the phosphorylation of 

Ins(l,4 ,5)P3 [section 1.4.]. Therefore the level of InsP3 reflects, although indirectly, the 

generation of the biologically active Ins(l,4 ,5)P3 species.

Importantly treatment with DMSO for 24 h or 48 h did not cause any significant 

change in the steady state levels of glycerophosphoinositol, suggesting that the pathway 

involved in the generation of this compound was not affected by the induction of 

differentiation.
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Fig 4.2. Effect of DMSO treatment on relative steady state levels of inositol phosphate 
species. HL60 cells were labelled to equilibrium with pHJinositol (5 pCi x ml'*), DMSO 
(1.5%) was added to the designated cultures 6, 24 and 48 h before the end of the 
incubation with the radiolabel and inositol phosphate analysis. Levels of each inositol 
phosphate species in DMSO-treated cells were expressed as a percentage of the level of 
corresponding inositol phosphate species in untreated cells. Data were analyzed for a 
significant difference from the radiolabel in untreated cells, (Student’s f-test) (*), 
f  <0.001; (-j-) P<0.02; =j= f  <0.05. 6 hours, n=6; 24 hours, n=14; 48 hours, n=12.
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4.2.2. Relative levels of DAG following induction of granulocytic differentiation with 

DMSO.

Induction of granulocytic differentiation with DMSO resulted in decrease in 

inositol phosphate levels, suggesting that inositol lipid hydi'olysis was inhibited. Inositol 

phosphates are generated in equimolar amounts with DAG upon inositol lipid breakdown 

[section 1.1.]. Therefore the changes occurring in the steady state levels of DAG were 

also studied before and during the treatment with DMSO.

In untreated HL60 cells labelled to isotopic equilibrium with [^H]glycerol, the 

radiolabel recovered in [^H] 1,2-DAG constituted 1.6% of total radiolabel detected in 

glycerophospholipids [Fig 4.3.]. However, in cells exposed to DMSO for 6 h the 

radiolabel detected in DAG decreased to 1.14% of the total, showing a 30% decrease. 

This decrease was maintained in cells treated with DMSO for 24 and 48 h [Fig 4.3.]. A 

small decrease (9%) was also detected in cells treated with DMSO for 1 h, but this was 

not statistically significant (p>0.05, n=25). Importantly, treatment with DMSO did not 

cause changes in the radiolabel detected in monoacylglycerol, 1,3-DAG and 

ti'iacylglycerol, or in the total radioactivity recovered in glycerophospholipids.

Since isotopic equilibrium labelling conditions were used, the changes detected 

in the ratios of the [^H]glycerol-containing compounds represented changes in the molar 

ratios of the compounds themselves occumng after DMSO treatment.
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Fig 4.3. Effect of DMSO treatment on steady state levels of DAG.
HL60 cells were labelled to equilibrium with [^Hjglycerol and DMSO was added to the 
designated cultures at the indicated times before the end of the labelling period. The 
radiolabel recovered in 1,2-DAG was expressed as a percentage of the total radiolabel 
detected in glycerolipids. Bars show the relative amount of [^H]DAG in cells exposed to 
DMSO {hatched bars) and in control cells {open bars) (±SEM). Differences in DAG 
levels between untreated and DMSO treated cells were statistically significant: (Student’s 
f-test) 6 h 0.02<P<0.05, (n=14), 24 h: P<0.001, (n=8), 48 h: /^<0.001, (n=6).
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4.2.3. Relative levels of inositol phospholipids in DMSO-ti'eated HL60 cells.

In order to establish whether DMSO treatment caused significant changes in the 

inositol lipid composition of HL60 cells which could have affected the rate of PI-PLC 

activity, the total content and relative ratios of individual inositol lipid species were 

studied in untreated and DMSO treated HL60 cells. Analysis of [^H]inositol labelled lipid 

species, resolved by thin layer chromatography [Fig 4.4.], showed that, in untreated cells, 

1.55% of the total radioactivity was detected in Ptdlns(4 ,5) f 2, 2.3% in Ptdlns(4)P and 

96.15% in PI. Following 48 hours of DMSO tieatment, the distribution of radiolabel 

among inositol phospholipids was virtually unchanged: Ptdlns(4 ,5) f 2 constituted 1.75% 

of the total, Ptdlns(4)P 2.2% and PI 96.05% [Fig 4.5.]. Furthermore exposure to DMSO 

did not significantly modify the overall incorporation of [^H] inositol into inositol lipids. 

Since inositol lipid species were labelled to isotopic equilibrium, the results of these 

experiments indicated that induction of granulocytic differentiation by DMSO did not 

modify the inositol lipid composition of HL60 cells. These results also suggested that the 

activity of the enzymes responsible for generating and maintaining the phosphoinositide 

pools [section 1.2.1.] were unaffected by DMSO treatment.

4.2.4. Relative levels of glvcerophospholipids during the induction of differentiation with 

DMSO.

These experiments were designed to investigate whether changes of phospholipid 

composition of HL60 cells occuned during DMSO-induced differentiation. Treatment 

with DMSO for 48 h did not affect the total [^H]glycerol uptake into glycerolipids. 

FurtheiTnore the relative ratios of pH]labelled glycerophospholipids did not show 

significant differences between untieated and DMSO-treated cells [Table 4.1.].
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Fig 4.4. Separation of phosphoinositides by thin layer chromatography. HL60 cell were 
labelled with pHJinositol and phospholipids were extracted in chloroform-methanol-HCl 
(24:40:1, vol/vol) as described [section 2,2.2.]. Following extraction the organic phase 
was concentrated under nitrogen, mixed with 10 pi of [^"P]labelled inositol lipid standards 
(2000 counts x min ‘) and 100 pg of unlabelled Ptdlns, spotted on heat-activated silica 
gel plates which had been impregnated with 1% potassium oxalate. Plates were developed 
for 2 h in chlorofonn-methanol-water-ammonia (17:13.2:2.8:1, vol/vol). After 
chromatography the plates were exposed to iodine vapour and the aiea conesponding to 
Ptdlns was marked. The plates were then autoradiographed to detect Ptdlns(4,5)7*2 and 
Ptdlns(4)f. (0) Origin; (a) ["-P]Ptdlns(4,5)f„ (b) ["-P]Ptdlns(4)f; (c) pPjPtdAcid; (d) 
['HjPtdlns.
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Fig 4.5. Relative amounts of PtdIns(4.5)P-, and PtdIns(4)P in HL6Q cells treated with 
1.5% DM SO {hatched bars) and in control cells (open bars). Label in PtdIns(4 ,5)P2 and 
in PtdIns(4)P is expressed as a percentage of the total radiolabel recovered in inositol 
lipids under equilibrium labelling conditions. Differences between control and DMSO- 
treated cultures were not statistically significant, Student’s t test, P>0.05, n=10 at 24 h; 
n=7 at 48 h).
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Table 4.1. Distribution of radiolabel in individual phospholipid species in untreated 

and DMSO-treated HL60 cells.

Control DMSO 48 h

PtdIns(4,5)P, 0.67 0.79

Ptdlns(4) 0.75 0.96

Ptdlns 14.2 14.45

PtdAcid 1.14 0.47

PtdSer 8.6 7.75

PtdCho 58.65 60.9

PtdEt 18.15 14.0

HL60 cells were labelled to equilibrium (48 h) with glycerol and DMSO (1.5%) was 
added to half of the cultures before the end of the incubation with the radiolabel. 
Glycerophospholipid species were resolved by two-dimensional TLC [section 2.3.3.]. The 
radiolabel recovered in each phospholipid species was expressed as a percentage of the 
total radiolabel recovered in phospholipids. The differences in the ratios of radiolabel 
detected in each species between untreated and DMSO treated cells were not significant 
(p>0.05, n=4).
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4.3. In vitro activity of PtdIns(4f5)P2“PLCy Ins(l,4y5)P2 5^-phosphatase and InsP 

monophosphatase in untreated and DMSO treated HL60 cells.

4.3.1. In vitro level of PtdIns(4,5)Po-PLC.

The in vitro activity of PtdIns(4 ,5)P2-PLC was studied in cell fractions derived 

from untreated HL60 cells and in cells treated with DMSO for 48 h. The activity of the 

enzyme was investigated under standard assay conditions [section 2.6.1]. Two different 

amounts of protein, both in the range of linear* relationship between amount of cell 

protein and enzyme activity were used in each experiment. Under these conditions overall 

PtdIns(4 ,5)P2 activity detected in control cell fractions was 3.8 pmol . min * . pg'  ̂ of 

protein, whereas PtdIns(4 ,5)P2-PLC activity, in DMSO treated cell fractions, was 5.3 

pmol of Ptdlns(4 ,5)?2 hydrolysed . min ‘ . pg * of protein, (Student’s r-test, p<0.05, n=8) 

[Fig. 4.6.]. These results were confirmed in a second batch of cell fractions (not shown).

4.3.2. In vitro activitv of Ins(l,4,5)P^ 5’-phosphatase in DMSO treated HL60 cells.

The activity of Ins(l,4 ,5)P3 5’-phosphatase in vitro was studied under the standard 

assay conditions [section 2.6.3.]. The activity of the enzyme was assayed at three levels 

of cell protein, all in the range of linear* r elationship between amount of cell protein and 

enzyme activity. Under* these conditions no significant difference in enzyme activity was 

detected between untreated and 48 h DMSO treated HL60 cell fractions [Fig 4.7.].

4.3.3. In vitro level of InsP monophosphatase in DMSO treated HL60 cells.

The activity of InsP monophosphatase was significantly increased in the cell 

fractions denved from DMSO treated cells, 86 pmol of Ins(l)P hydrolysed . min * . 25 

pg * of protein, compared to the activity detected in control cell fractions, 62 pm ol. min * 

. 25 pg * of protein [Fig 4.8.]. These results were confirmed in a second batch of cell 

fractions derived from independent cell cultures (data not shown).
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Fig 4.6. Effect of DM SO treatment on PtdIns(4,5)Po-PLC activitv. Post-nuclear cell 
fractions derived from untreated HL60 cell (o ) and from cells treated for 48 h with 
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significant. Student’s r-test, P<().()5, n=8; (SEM<10%).
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In s(l,4 .5 )f^  5 ’-phosphatase activity was assayed in post-nuclear cell fractions derived 
from  untreated HL60 cell (o ) and from cells treated for 48 h with DM SO (1.5%) (•) 
using increasing amounts of cell protein. Reactions were can ied out as described [section
2.6.3]. Enzyme activity, pmol x min '. Differences between untreated and DM SO treated 
cell fractions are not significant, Student’s r-test, 7*>0.05, n=8.

200

^  150

ocd
O)
csi

a

100

50

O  Control 

Q  DMSO 48 h

25 50

Cell protein (pg)

Fig 4.8. Effect of DMSO treatment on inositol m onophosphatase activitv. Inositol 
monophosphatase activity was assayed in post-nuclear cell fractions derived from 
untreated HL60 cell (o ) and from cells treated for 48 h with DM SO 1.5% (•) using 
increasing amounts of cell protein. Reactions were earned out as described [section
2.6.4]. Enzyme activity, pmol x min '. Differences between untreated and DM SO-treated 
fractions are statistically significant at each protein level. Student’s r-test, ^*<0.001, n=8, 
SEM <3%.
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4.4. Choline phospholipid turnover in untreated and DMSO treated HL60 cells.

The experiments described in this section were designed to determine whether 

autonomous PtdCho breakdown, resulting in the generation of DAG or PtdAcid, was 

occumng in untreated HL60 cells. Because of the significant decrease of DAG caused 

by the exposure to DMSO, I also asked whether DMSO treatment caused changes in 

PtdCho metabolism which may have contributed to the decrease of DAG levels.

4.4.1. Choline turnover in HL60 cells.

The turnover of choline phospholipids was studied in ’chase’ experiments. The 

release of radiolabelled choline metabolites by cells whose choline lipids had been 

labelled for 48 h with [‘“̂CJcholine was measured. Following 6 h of chase 9% of the lipid 

label was released as [̂ “̂Clcholine, mostly into the extracellular medium. No significant 

amount of labelled choline metabolites were detected in the intracellular compartment 

[Fig 4.9.A]. In HL60 cells treated for 4 days with DMSO, the rate of release of 

[‘“̂CJcholine during a 6 h chase increased to 20% of total radiolabel recovered in choline 

lipids [Fig. 4.10.A]. These obseiwations suggested that PtdCho turnover was detectable 

in HL60 cells and that this turnover was increased in DMSO treated cells. The 

breakdown of PtdCho was promptly stimulated by exposing the cells to PMA resulting 

in a rapid increase of [*‘*C]choline release into the medium in both untreated [Fig 4.9.D] 

and DMSO treated cells [Fig 4.10.D], in agreement with the observations of others 

[Billah MM et a l, 1989].

Similai* observations were made by selectively labelling the PtdCho pool with 

lysoPtdpHJCho in untreated [Fig 4.11. A & D] and DMSO treated HL60 cells [Fig 4.12. 

A & D].
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Fig 4.9. Analysis of water soluble choline metabolites in the intracellular (o ) or in the 
extracellular (») com paitm ent of HL6Q cells labelled for 48 h with r^'^Clcholine. The total 
radiolabel recovered in each compound is also shown (A ). Choline lipids contained 
54,000 (±3,750) counts . min ‘ . 10^ cells at the start of the experim ent (zero time). The 
data presented are typical of four experiments. All analyses were carried out in triplicate 
and the results are shown as triplicate means. SEMs were < 10% of the values shown. 
Radiolabel in choline metabolites: [‘̂ Cj counts . min'^ (xlOOO)
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4.4.2. The action of the PKC inhibitor staurosporine on the release of choline by HL60 

cells.

As mentioned above, the PMA-independent release of radiolabelled choline, 

detected in untreated or DMSO treated HL60 cells, suggested the operation of 

autonomous PtdCho turnover via a PLD mediated mechanism. In HL60 cells PLD is 

regulated by PKC activation [Billah MM et a i, 1989]. Therefore the PKC inhibitor 

staurosporine was used to investigate whether the observed PtdCho turnover in 

unstimulated cells was the result of PKC-dependent PLD activity. Whereas staurosporine 

consistently abolished PMA-stimulated [‘“̂CJcholine release, the PMA-independent release 

of choline was entirely resistant to the inhibition of PKC activity [Fig 4.13.], 

demonstrating that this pathway did not involve PKC-regulated PLD activation.

4.4.3. Estimation of PLD activity in HL60 cells.

In order to detect PLD activity directly, HL60 cells labelled with [‘"‘C]palmitic 

acid, were incubated with butanol for 4 h. Under these conditions the [‘'‘C]phosphatidic 

acid, generated by PLD activity, is converted to ['^C]phosphatidylbutanol (PtdBut) 

through a transphosphatidylation reaction [Bonser RW et al., 1989] and can be detected 

and quantified by TLC [section 2.4.4.]. Addition of butanol to untreated and DMSO 

treated HL60 cells resulted in a very small increase of [*'*C]PtdBut which represented less 

than 0.1% of [^"*C]palmitate-labelled lipids [Fig. 4.14]. In the [^"^C]choline labelling 

experiments, the rate of radiolabelled choline released represented the degradation of 

9.3% and 20% of choline lipids in untreated and DMSO tieated cells respectively. In the 

experiments described in this section 60% of the [*'^C]palmitate label co-mi grated with 

PtdCho in two dimensional TLC (data not shown). Therefore the low level of generation 

of [‘“*C]PtdBut did not account for the release of radiolabelled choline described above. 

These data suggested that a mechanism different from PLD-mediated hydrolysis was 

responsible for the generation of [*‘̂ C]choline.
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Addition of butanol to untreated or DMSO treated HL60 cells which had been 

stimulated with PMA resulted in the rapid formation of [‘“̂CJPtdBut confirming the 

stimulation of PLD by this agent [Fig 4.14.]. Inhibition of PMA-stimulated PtdBut 

formation by staurosporine provided further evidence of the involvement of PKC in the 

activation of PLD by PMA [Fig. 4.14.].

4.4.4. The generation of phosphocholine (PCho) in untreated and DMSO treated HL6Q 

cells.

Several cell systems have been shown to contain a PtdCho-specific PLC which 

is responsible for the degradation of PtdCho and for the generation of DAG. To 

investigate whether HL60 cells contained a specific PtdCho-PLC, the choline lipids were 

labelled with lysoPtd[^H]Cho and the generation of P[^H]Cho was studied by TLC 

[section 2.4.7.]. Neither untreated [Fig. 4.1 l.B] nor DMSO treated [Fig. 4.12.B] HL60 

cells generated any detectable P[^H]Cho in either the intracellular or extracellular 

compaitment, strongly suggesting that PLC-mediated PtdCho breakdown did not occur 

in these cells. These observations were confirmed by in vitro experiments which failed 

to detect any PtdCho-specific PLC activity in postnuclear HL60 cell fractions under 

several experimental conditions [section 4.4.6.]

A significant amount of P[^H]Cho was generated following the stimulation of the 

untreated and DMSO treated cells with PMA [Fig. 4 .HE] & [Fig 4.12.E]. However in 

contrast to the rapid [ '̂*C]choline release triggered by PMA [Fig 4.1 l.D] & [Fig 4.12.D], 

PCho release was not detected until after Ih of PMA stimulation, suggesting that other 

mechanisms were involved in this process.
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4.4.5. The generation of glycerophosphocholine (GroPCho) in HL60 cells.

The rate of generation of GroPCho was studied in chase experiments, in which 

HL60 cells were labelled for 48 h with [̂ "‘CJcholine and the release of GroPCho was 

measured by TLC [section 2.4.7.]. In untreated HL60 cells, an increase of radiolabelled 

GroPCho was observed during the first 6 h of chase, representing release of 5.6% of total 

radiolabel in choline lipids [Fig 4.9.C]. The release of radiolabel in DMSO-treated cells 

was significantly greater than that obsei'ved in untreated cells, constituting 16% of total 

radiolabel in choline lipids [Fig 4.10.C]. Exposure of the cells to PMA did not result in 

an increase in GroPCho generation suggesting that this compound did not significantly 

affect the operation of this pathway [Fig 4.9.F], [Fig 4.10.F].

These obsei*vations were confinned when similar experiments were canied out in 

cell labelled with lysoPtdpHJcholine [Fig 4.11.C & F], [Fig 4.12.C & F].

In conclusion these data indicated that HL60 cells degrade choline lipids by a 

pathway involving the successive removal of acyl moieties and the consequent generation 

of GroPCho, and that the activity of this pathway is increased by the induction of 

differentiation with DMSO.

4.4.6. Studies on PtdCho-specific phosphodiesterase activitv in HL60 cells in vitro.

The activity of a PtdCho-specific phosphodiesterase was investigated in 

subcellulai" fractions derived from untreated HL60 cells. The reactions were started by 

adding 1 nmol of [^H]PtdCho (50-100 counts . min ' . pmol ') to 50 pg of cell protein 

prepaiation under the conditions described [section 2.6.5.]. Under standard assay 

conditions no PtdCho hydrolysis was detected since the amount of the water-soluble 

radiolabel liberated in the water phase at the end of the 30 min incubation, never 

exceeded the background radioactivity detected in absence of cell protein. Furthermore 

no PtdCho breakdown was obsei*ved using three different procedures for the presentation 

of the radiolabelled subsuate [Table 4.2.]. These assays were based on the optimal
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conditions established by others for the detection of PtdCho hydrolysis [Wolf RA & 

Gross RW, 1985]. However, under all the assay conditions tested, PtdCho-specific PLC, 

purified from Bacillus cereiis, was able to catalyze PtdCho hydrolysis showing that the 

substrate was presented in a foiTn that was accessible to PLC hydrolysis. In addition the 

activity of Bacillus cereus-?LC was not inhibited by the concomitant addition of HL60 

cell protein to the reaction mixture. Attempts to concentrate the enzyme activity by 

ammonium sulphate precipitations and column fractionation on DEA6 cellulose, failed 

to show any PtdCho specific PLC or PLD activity, whereas Ptdlns(4,5)?2-PLC activity 

was always detectable in the same protein preparations (not shown).
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Table 4.2. Assays for the detection of PdtCho hydrolysing activity in HL60 sub- 

cellular fractions.

Conditions Activity

Microsomes Cytosol

Standard assay <2 <2

+ B.Cereus PLC 501 490

+ 2mM CaCli <2 <2

+ 2mM MgCU <2 <2

- cholate 4 <2

- cholate, 5mM CaCli nd <2

- cholate, 5mM MgCL nd <2

- cholate, B.cereus PLC 513 492

+ earner lipids 3 <2

Activity: pmol of substi'ate hydrolysed over the 30 minutes incubation by 50 pg of cell 
protein. Standard assay: each reaction contained 50 pg of the indicated protein fraction 
and one nmol of [^H]PtdCho [section 2.6.5.]. Where indicated, 0.006 U of Bxereus PLC 
were added in the presence of the cell fraction. Carrier lipids: substrate lipids were 
dispersed by sonication in the presence of 50pg each of phosphatidylserine and 
phosphatidylethanolamine. The results are averages of duplicate determinations which did 
not vary by more than 10%. Similar results were obtained in four experiments using three 
separate sets of HL60 prepaiations. Under these conditions no significant PtdCho 
hydrolysis was detected.
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DISCUSSION

4.5. Effects o f DMSO treatment on HL60 cell proliferation and their relationship with 

inositol lipid turnover.

Induction of HL60 cell granulocytic differentiation with 1.5% DMSO caused 

down regulation of autonomous phosphoinositide hydrolysis and a decrease in the steady 

state levels of DAG and inositol phosphates. Results presented in this chapter show that 

a 30% decrease in DAG was detectable within 6 h of DMSO treatment and was 

maintained at least until 48 h. In contrast to this, decreases of Insf^ and Insf^, were 

detected following 48 h of exposure to DMSO whereas 24 h of treatment were sufficient 

to cause significant decline of InsP and InsPj levels. DAG is generated in equimolar 

amounts with inositol phosphates upon the hydrolysis of inositol lipids [section 1.1.], 

therefore any change in DAG level should be accompanied by changes in level of inositol 

phosphates. DAG also constitutes an important intermediate of lipid metabolism [Vance 

DE, 1985] and can derive from the degradation of other phospholipids such as PtdCho 

[Price BD et al., 1989-B] [Besterman JM et a/.,1986]. Several DAG pools, which derive 

from different sources and which are subjected to different regulatory mechanisms, exist 

within the cell [Kennerly DA, 1987]. Therefore the lack of coordination between the 

decrease of the levels of DAG and inositol phosphates could be explained taking into 

account the multiple regulatory pathways which cooperate to modulate intracellular DAG 

levels. On the other hand, in HL60 cells the activity of the Ins(l,3,4,5)P^ 5’-phosphatase, 

enzyme responsible for the degradation of Ins(l,3,4)P3 and Ins(l,3,4,5)?^, was greatly
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reduced compared to normal granulocytes and macrophages [Nye KE et al., 1991]. These 

observations could explain the delay obsei*ved in the decrease steady state levels of Insf^ 

and InsPj.

It is important to emphasize that the changes in DAG and inositol phosphate 

levels occurred before DMSO-induced cessation of HL60 cell proliferation. Although 

decreases in DAG occurred following 6 h of DMSO tieatment and decreases of Insf^ and 

Insf^ were detected following 48 h, complete cessation of HL60 proliferation was 

observed only between 3 and 4 days after DMSO addition.

Veiy little is known of the mechanism by which DMSO tiiggers cessation of 

proliferation and granulocytic differentiation of HL60 cells. Exposure of HL60 cells to 

DMSO caused down-regulation of the expression of c-myc oncogene which was virtually 

abolished within 3 days of treatment [Filmus J and Buick RN, 1985]. Furthermore, 

tieatment with DMSO for 8-12 h also induced down-regulation of the expression the 

myeloblastin gene [Bories D et a i, 1989]. The inhibition of the expression of these genes 

is thought to be critical for HL60 cell division since exposure to antisense 

oligonucleotides complementary to c-myc mRNA or to myeloblastin mRNA caused 

decrease of the proliferation rate, [Wickstrom EL et a i, 1988] [Bories D et a i, 1989], 

and the appearance of some markers of myeloid differentiation [Holt JT, et at., 1988].

Induction of erythroid differentiation of Friend murine eiythroleukaemia cells with 

DMSO, caused significant decreases of inositol phosphate and DAG levels within 2 h of 

treatment. However, whereas Ins?^ did not decline further following 2 h of exposure, the 

level of DAG continued to decrease until 24 h [Faletto DL et a i, 1985]. By contrast, the 

data presented in this chapter show that in HL60 cells DAG fell to a new steady state 

level within 6 h of DMSO treatment, well before any change of Insf^ and Insf^ levels 

were detected. Moreover, in Friend cells, PtdIns(4,5)P2 levels declined significantly 

following 8 h of exposure to DMSO whereas in HL60 cells PtdIns(4,5)P2 remained 

unchanged for at least 48 h. Taken together these observations seem to indicate that in
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HL60 cell and in Friend cells, the mechanisms regulating the turnover of inositol lipids 

and its response to DMSO treatment show significant differences, even though the 

induction of differentiation of either cell line resulted in down-regulation of inositol lipid 

metabolism. Furthermore, in both cell lines down-regulation of c-myc expression was 

clearly preceded by the shutdown of inositol lipid turnover. Given the importance of Ca^  ̂

mobilization and PKC activation in the regulation of oncogene expression [Drexler HO 

et a i, 1989] [Moore JP et a i,  1986], these data suggested that DMSO-induced inhibition 

of inositol lipids hydrolysis may have a regulatory role in signalling the withdrawal from 

proliferation and the subsequent granulocytic differentiation of leukaemia cells. Consistent 

with this hypothesis DMSO induced differentiation of Friend’s murine erythroleukaemia 

cells was inhibited and to some extent reversed by exposure to synthetic DAG analogs 

[Faletto DL et a i, 1985].

4.6. Biochemical mechanisms underlying down-regulation o f inositol lipid turnover 

following treatment with DMSO.

The analysis of the total uptake of pH]inositol into the inositol lipid pool and the 

relative distribution of radiolabel among inositol lipid species, showed that 48 h DMSO 

treatment did not cause any change in the uptake of the radiolabel and in the relative 

level of Ptdlns, PtdIns(4)P and PtdIns(4,5)P2* Moreover when similar experiments were 

earned out by labelling the cells with [^H]glycerol, no changes in the uptake of 

radioactivity and in the glycerophospholipid composition of HL60 cells were detected 

following 48 h exposure to DMSO. Therefore the ratio of inositol lipids to the total cell 

phospholipid was net affected by the induction of differentiation. These data eliminated 

the possibility that a decrease in the supply of inositol lipid substrate for cleavage by PI- 

PLC could undaia/ down-regulation of inositol lipid turnover, indicating that the 

decrease of DAG ani inositol phosphate levels could not be attributed to DMSO-induced 

alteration lof overdl Ipid metabolism. Furthermore these obseiwations suggested, although 

indirectly,, that DviSQ treatment did not cause alteration of inositol lipid phosphorylation
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and de-phosphorylation [section 1.2. L], infened by the unchanged distribution of 

radiolabel in individual inositol lipid species following DMSO treatment.

Exposure to DMSO for 24 h did not result in down regulation of the absolute 

level of Ptdlns(4,5)f2-PLC in vitro or in changes of its key enzymological characteristics 

suggesting that the decreases in inositol phosphate and DAG levels, observed in the 

DMSO treated cells, were not a consequence of decreased activity of the lipase. In fact 

a small but significant increase of PtdIns(4,5)f*2"P^LC activity in vitro was observed in 

fractions derived from HL60 cells treated with DMSO for 48 h. Importantly, induction 

of differentiation with DMSO did not modify the activity of Ins(l,4,5)P3 5’-phosphatase 

in vitro, suggesting that the decrease in the levels of InsP^ and InsP^ was not caused by 

increased degradation of these molecules. By contrast, a significant increase in the level 

of InsP phosphatase in vitro activity was detected in cell fractions derived from cells 

treated with DMSO for 24 or 48 h. These obsei*vations indicated that the augmented 

catalytic activity of this enzyme may have contributed to generate the decrease of Insf 

levels observed in the cells treated with DMSO for 24 h or 48 h.

4.7. Relationship between phosphatidylcholine metabolism and the proliferation and 

differentiation o f HL60 cells.

The results presented in this chapter indicated that an early decline in DAG levels 

was induced by DMSO treatment of HL60 cells. As mentioned earlier, PdtCho hydrolysis 

can constitute an important source of DAG as well as PtdAcid [section 1.5.1.]. Therefore 

the constitutive breakdown of choline lipids in untreated HL60 cells and the changes in 

their breakdown occuiring upon induction of differentiation with DMSO were studied. 

These studies were designed to identify possible biochemical and functional similarities 

between the operation of inositol lipid turnover and choline lipid metabolism.

In the absence of exogenous stimuli, both untreated and DMSO treated HL60 cells 

released a significant amount of choline into the medium, initially suggesting that PLD 

or PLC-mediated PtdCho hydrolysis was occurring. However, when untreated or DMSO
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treated HL60 cells, labelled with palmitic acid, were incubated in the presence of butanol, 

no significant generation of radiolabelled PdtBut was detected. Since the addition of 

butanol results in the PLD-catalyzed conversion of PtdAcid to PdtBut by a 

tiansphosphatidylation reaction [Pai JK et al. 1988] [Bonser RW et al., 1989], these data 

clearly indicated that no phosphatidic acid was generated. It was therefore unlikely that 

the constitutive generation of choline observed in HL60 cells was attributable to PLD 

activity. By contrast, the rapid formation of PtdBut and significant release of choline was 

obsei*ved when the cells were stimulated with PMA, in agreement with the observations 

of others that exposure to PKC activators can trigger PLD activity in HL60 cells [Billah 

MM et al., 1989].

Untreated or DMSO-treated HL60 cells labelled with lysoPtdCho, failed to 

generate significant amounts of PCho, suggesting that no PtdCho-PLC was operating in 

these cells. Consistent with this view, no in vitro PdtCho-PLC activity and, importantly, 

no phosphatase capable of degrading PCho to Cho was detected in HL60 cell fractions 

(not shown). These data suggested that no constitutive hydiolysis of choline lipids 

resulting in the generation of DAG or PdtAcid was occumng.

Untreated or DMSO-treated HL60 cells labelled with choline or with lysoPtdCho 

released significant amounts of GroPCho, and this release was not affected by stimulating 

the cells with PMA or by the treatment with DMSO for 4 days. Therefore one important 

pathway of choline lipid turnover may be de-acylation and release of GroPCho. 

Consistent with this view, incubation of labelled GroPCho with HL60 cell post-nuclear 

fractions resulted in the generation of choline (not shown). It is possible that all or part 

of the choline which is released by HL60 cells in the absence of PKC activation derives 

from the degradation of GroPCho.

In conclusion, both untreated and DMSO treated HL60 cells turn over choline 

phospholipids and inositol lipids via the removal of acyl moieties, and these pathways 

do not appeal* to be affected by the induction of differentiation. Although PLD-mediated
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hydrolysis of PtdCho was triggered by brief stimulation with PMA, no evidence 

suggesting constitutive, i.e. independent from exogenous stimuli, activation of a PLD or 

PLC specific for PdtCho, was found in HL60 cells. By contrast HL60 cells degraded 

inositol lipids by PLC-mediated hydrolysis i.e. via a pathway capable of generating 

second messengers which may play a critical role in the control of the proliferation of 

these cells [section 3.2]. Importantly this pathway operated in the absence of exogenous 

stimuli and was down regulated upon the induction of differentiation with DMSO or by 

RA [section 3.3].



CHAPTER V

MODULATION OF INOSITOL LIPID TURNOVER DURING 

PMA INDUCED MACROPHAGE-LIKE DIFFERENTIATION OF

HL60 CELLS.
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AIMS

The results described in the previous chapters suggested that autonomous inositol 

lipid turnover occuned in HL60 cells and that this was down-regulated following the 

induction of granulocytic differentiation by RA or DMSO. The experiments described in 

this chapter were designed to investigate

(i) Whether the induction of macrophage-like differentiation by PMA resulted in down- 

regulation of the autonomous operation of inositol lipid turnover.

(ii) Whether the kinetics of tlie changes in the operation of inositol lipid turnover 

induced by PMA could be consistent with their involvement in the process of 

differentiation.

(iii) The mechanisms underlying PMA induced down-regulation of inositol lipid turnover 

and their relationship with PMA induced differentiation.
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RESULTS

5.1. Kinetics o f  the response o f HL60 cells to induction o f  macrophage-like 

differentiation with phorbol myristate acetate (PMA).

5.1.1. Effects of PMA treatment on HL6Q cell growth and differentiation.

Untreated HL60 cells, seeded at a density of 0.5 . 10̂  cells . m r \  proliferated 

continuously in liquid culture with a doubling time of about 24-36 h. These cells retained 

their promyelocytic moiphology and remained in single-cell suspension throughout all the 

experiments. In accordance with the obseiwations of others, HL60 cells treated with 20 

nM PMA rapidly lost their proliferative capacity and acquired macrophage-like 

morphology [Rovera G et a/., 1979]. Serial cell counts showed that PMA treated cells did 

not proliferate during the 48 h treatment [Fig 5.1]. PM A-treated cells became 

progressively adherent to the plastic: no adherent cells were detected following 6 h of 

exposure to PMA and only 7% acquired adherence by 12 h. Virtually all cells were 

adherent at 48 h [Fig 5.1.].

The microscopic obseiwation of Giemsa-stained preparations, showed that 48 h 

after the addition of PMA to the cell cultures, the majority of HL60 cells had lost their 

blast-like moiphology and had acquired differentiated features resembling mature 

macrophages. The occuiTence of macrophage-like differentiation was additionally 

confirmed by the observation that treated cells were strongly positive for non-specific 

esterase activity 72 h following PMA addition, whereas untreated cells were only weakly 

positive. Cell viability remained >95% in both control and test cultures throughout all 

experiments described here.
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F is 5.1. Effect of PMA treatment on HL60 cell proliferation. (A) untreated HL60 cells; 
(B) cells treated with PMA (20 nM) at time zero, (o ) total cells; (•) adherent cells. Data 
from  one experiment representative of two.
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5.1.2. Effect of PMA tieatment of DNA synthesis and cell cycle distribution of HL60 

cells.

The changes in DNA synthesis induced by the exposure to PMA were studied by 

measuring [^H]thymidine incorporation. No difference in [^H] thymidine uptake was 

detected between control cells and cells treated with PMA for up to 6 h. [^H] thymidine 

incorporation decreased by 50% after 12 h of PMA exposure. The uptake of 

[^H]thymidine continued to decrease until 48 h of PMA treatment when it was almost 

undetectable [Fig 5.2.].

The cell cycle distribution of untreated and PMA-treated HL60 cells, was studied 

by fluorescence-activated cell sorting. In untreated cell cultures, 33% of the cells were 

in S phase, 21% in G2/M, and 46% in Gj. These ratios remained essentially unchanged 

throughout the experiment. Treatment with 20 nM PMA for 1 h or 12 h did not modify 

DNA content and cell cycle distiibution of HL60 cells, which remained virtually identical 

to that of untreated cells. However, following 24 h of PMA treatment, the ratio of cells 

in phase S declined to 21% and that of cells in Gj/M phases to 18%. These ratios showed 

a further decrease following 48 h of PMA treatment when only 9% of HL60 cells were 

in G2/M phases and 15% in S phase, whereas 76% of the treated cells were in G/G^ 

phases (The fluorometric analysis of cellular DNA content was carried out by Mr A. 

Timms, Dept, of Immunology, Royal Free Hospital and School of Medicine). In 

accordance with the obsewations of others [Rovera G et al., 1980], these results indicated 

that following the addition of PMA, HL60 cells proceeded through the cell cycle until 

the subsequent Ĝ  phase, in which they stopped and underwent differentiation without 

requiring further DNA synthesis, although the possibility that some of the cells arrested 

in other phases of the cycle cannot be excluded.
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Fig 5.2. r^Hlthymidine incoi-poration by HL60 cells. [^HJthymidine was added to 
untreated (o ) and PMA treated (•) HL60 cells one hour prior to harvesting of cells. The 
data (±SEM ) are from two experiments earned out in triplicate.
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5.2. Effects o f treatment with PMA on Inositol lipid metabolism.

5.2.1. Changes induced by exposure to PMA on the autonomous operation of inositol 

lipid turnover.

The effects of PMA tieatment on the operation of autonomous inositol lipid 

hydiolysis, was investigated by briefly exposing HL60 cells to LiCl. As described earlier 

[section 1.4.], LiCl inhibits the terminal stages of the degradation of inositol phosphate 

species, causing an accumulation of InsP and InsPj under the conditions where inositol 

lipid hydrolysis is occumng.

In agreement with the data previously shown [section 3.2.], addition of LiCl (10 

mM) to untreated HL60 cells for 3 h, generated a 67% increase of the radiolabel in InsP 

[Fig 5.3]. The level of [^H]Ins?2 was also increased following the addition of LiCl. 

whereas the levels of [^H]InsPj and [^H]Ins7*4 were unchanged. In cells exposed to PMA 

for 6 h, the ratio of radiolabel detected in InsP was reduced by 27% [section 5.2.2.], 

nevertheless, addition of 10 mM LiCl to these cells failed to generate any increase of 

[^H]InsP level, indicating that autonomous inositol lipid hydrolysis was completely down- 

regulated following 6 h of PMA treatment [Fig 5.3.]. Virtually identical results were 

obtained when similar experiments were canied out in cells treated with PMA for 24 h.

5.2.2. Changes in the steadv state levels of inositol phosphate species during PMA 

treatment.

The data described in the previous section suggested that PMA treatment of HL60 

cells caused early down-regulation of autonomous inositol lipid hydrolysis. Therefore, 

using equilibrium labelling techniques, the steady state levels of inositol phosphate 

species were analyzed, before and during the treatment with PMA.

Significant decreases of radiolabelled InsP^, InsPj and InsP were detected in cells 

exposed to PMA for 1 h, even though the level of InsP^ was unchanged [Fig 5.4.]. 

However, the steady state levels of all inositol phosphate species, showed a significant
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decrease following 6 h of PMA treatment. The levels of [^HJInsPg and [^HJInsP^ declined 

to 48% and 60% of the control levels, whereas the levels of pH]Ins?2 [^H]InsP fell 

to 35% and 58% of contiol [Fig 5.4.]. Following 24 h of PMA treatment the steady state 

levels of all inositol phosphates species showed further decreases: [^HJInsPj level 

declined to 20% of control, [^HjlnsP^ to 24%, [^H]InsP2 to 25% and [^HjlnsP to 50% 

[Fig 5.4.]. Since equilibrium labelling conditions were used, the ratios of the inositol 

phosphate species detected here, were representative of the molar ratios of the compounds 

themselves.

5.2.3. Changes in the steadv state level of DAG following the induction macrophage-like 

differentiation of HL60 cells.

DAG is generated in equimolar amounts with inositol phosphates upon inositol 

lipid hydiolysis [section 1.1.]. The effect of PMA treatment on the level of DAG was 

investigated by labelling the cells to equilibrium, with [^H] glycerol. The steady state levels 

of DAG did not change significantly following 30 min or 1 h of treatment with PMA. 

DAG levels increased to 115% of the control level in cells treated with PMA for 6 h, and 

continued to rise to 145% at 12 h and had risen to 176% by 24 h [Fig 5.5.]. Because 

these experiments were caiiied out by labelling the cells with [^H] glycerol, the source of 

the DAG which accumulated after the addition of PMA could not be identified. The 

steady state levels of the other [^H] glycerol-labelled neutral glycerolipids 

(monoacylglycerol, 1,3-DAG, triacylglycerol) did not show any significant change 

following the exposure to PMA.
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Fig 5.3. Generation of inositol phosphates in untreated and PMA treated HL6Q cells. 
HL60 cells were labelled to equilibrium (48 h) with f^H]inositol. (A) control cultures; (B) 
cultures treated with PMA (20 nM) for 6 h. LiCl was added to one-half of each set of 
cultures {hatched bars) three hours prior the end of the labelling period. Radiolabel in 
each inositol phosphate species is expressed as a percentage of radiolabel recovered in 
inositol lipids (±SEM). *, P<().001; (Student’s r-test, n=8).
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Fig 5.4. Radiolabel in inositol phosphate species in HL6Q cells during PMA treatment. 
HL60 cells were labelled to equilibrium (48 h) with [^H]inositol, PMA (20 nM) was 
added to one-half of the cultures at the indicated times before the end of the incubation 
with the radiolabel. Data were analyzed for a significant difference from the radiolabel 
in untreated cells. Student’s r-test; 4-, P<0.001; 4=, P<().01; *, P<0.05. 1 h, n=6; 6 h, n=7; 
24 h, n=8.
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Fig 5.5. Radiolabel in DAG in HL6Q cells during PMA treatment. HL60 cells were 
labelled to equilibrium with ["'Hjglycerol, PMA (20 nM) was added to the cultures at the 
indicated times prior the end of the incubation with the radiolabel. Radiolabel in DAG 
was expressed as a percentage of total radiolabel in glycerolipids. Data were analyzed for 
a significant difference in radiolabelled DAG in PMA treated cells compared to control 
cell. Student’s r-test; 0.5 h, NS, n=6; 1 h, NS, n=10; 6 h, P<0.05, n=6; 12 h, f  <0.01, 
n=8; 24 h, P<0.001, n=16.
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5.2.4. Relative levels of inositol phospholipids following PMA treatment.

The effect of PMA treatment on the inositol lipid content and on the relative 

ratios of individual inositol lipid species was studied by labelling the cells to equilibrium 

with pH]inositol. Total radiolabel recovered in inositol lipids was typically 60.000 

(±18.000) counts . min'^ . 10̂  cells, and this value was not was not significantly modified 

in cells treated with PMA for 24 h or 48 h. The study of radiolabel distribution among 

inositol lipid species showed that in untreated cells, 2.7% of total radioactivity was 

recovered in Ptdlns(4,5)?2, 2.8% in PtdIns(4)P whereas the remaining 94.5% was in 

Ptdlns. In cells treated for 24 h with PMA, the distribution of the radiolabel was virtually 

unchanged: 2.73% of the total radioactivity recovered in inositol lipids was detected in 

Ptdlns(4,5)f2, 2.8% in Ptdlns(4)P and 94% in Ptdlns (P>0.05, n=7). These results 

showed that 24 h or 48 h PMA treatment did not modify the inositol lipid composition 

of HL60 cells suggesting that PMA-induced down-regulation of inositol lipid hydrolysis 

was not the result of alterations of the composition of the inositol lipid pool.

5.2.5. PMA-induced changes in glvcerophospholipid composition of HL60 cells.

The effects of PMA treatment on the relative phospholipid composition of HL60 

cells was studied by labelling the cells to equilibrium with [^H]glycerol. Six hours of 

üeatment with PMA did not induce significant changes in the distribution of the 

radiolabel among the major phospholipid species of HL60 cells. By contrast, following 

24 h of PMA treatment the radiolabel recovered in inositol lipids showed a small but 

significant increase, rising from 14.5% to 16.8% of the total radiolabel in phospholipids 

[Table 5.1.]. This increase appeared consistent with a slow accumulation of substrates 

caused by PMA-induced down regulation of autonomous inositol lipid hydrolysis. The 

radiolabel detected in PtdAcid showed a 74% increase following PMA treatment, rising 

from 0.8% of total radioactivity in phospholipids detected in untreated HL60 cells, to 

1.53% detected in cells tieated with PMA. No significant changes were detected in the 

distribution of radiolabel between the major lipid species (PtdCho, PtdEt and PtdSer)
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suggesting that 24 h PMA treatment did not significantly perturb the relative ratios of 

these phospholipids [Table 5.1.].
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Fig 5.6. Two-dimensional phospholipid separation. HL60 cells were labelled to 
equilibrium with pHjglycerol, phospholipidswere extracted in chloroform-methanol-HCl 
(24:40:1, vol/vol) [section 2.3.3.]. The organic phase was concentrated and 100 pg of 
each PtdCho, PtdAcid, Ptdlns, PtdSer, PtdEt and sphingomyelin were added as standaid. 
The lipid extract was analyzed by two-dimensional TEC on silica gel plates which had 
been impregnated with 1% potassium oxalate. After the chromatography the plates were 
exposed to iodine vapour and the areas conesponding to PtdCho, PtdAcid, Ptdlns, PtdSer, 
PtdEt were scraped and the radioactivity recovered in each lipid species was measured 
by scintillation counting. (0) origin; (a) PtdAcid; (b) PtdCho; (c) Ptdlns; (d) PtdEt;(e) 
PtdSer,*(f) sphingomyelin.
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Table 5.1. Distribution of radiolabel in phospholipid species of HL60 cells.

ConU'ol PMA 24 h P value

PtdAcid 0.88 1.53 P<0.001

PtdCho 58.5 57.26 NS

Inositol lipids 14.53 16.78 P<0.02

PtdSer 7.7 7.95 NS

PtdEt 17.85 16.45 NS

HL60 cells were labelled to equilibrium (48 h) with glycerol, PMA (20 nM) was 
added 24 h before the end of the labelling period. Glycerophospholipids were extracted 
and quantified as described [section 2.3.3.]. Radiolabel in each lipid species was 
expressed as a percentage of total radiolabel in glycerophospholipids. The values 
observed in the PMA-treated cells were tested for significant differences with control 
cells, P-values are reported on the right column, NS, no significant difference; n=8.
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5.3. Study o f the in vitro levels o f PtdIns(4,5)P2-PLC, Ins(l,4,5)P2 5*-phosphatase and 

InsP monophosphatase before and following PMA treatment.

The in vitro levels of Ptdlns(4,5) - Pj-PLC, Insf^ phosphatase and InsP 

phosphatase were investigated in subcellular fractions derived from untreated HL60 cells 

and from cells which had been treated with PMA for 6 h or 12 h.

5.3.1. PtdIns(4,51P-,-PLC.

Ptdlns(4,5)-P2-PLC activity was assayed under the standard assay conditions 

described [section 2.6.1.]. These experiments were canied out using two levels of protein 

in the lineai* protein vs. enzyme-activity range. Under these conditions overall enzyme 

activity detected in fractions derived from control cells was 3.36 pmol . min^ . pg of 

protein. Virtually identical enzyme activity was detected in the fractions derived from 

cells treated with PMA for 6 h (3.94 pmol of PtdIns(4,5)P2 hydrolysed . min'^ . pg of 

protein) [Fig. 5.7.]. The study of PtdIns(4,5)P2-PLC activity in fractions derived from 

cells tieated with PMA for 12h, showed a 40% decrease of overall enzyme activity. 

However, 12 h of PMA treatment also caused significant down-regulation of DNA 

synthesis and appeaiance of macrophage phenotype, suggesting that additional and 

probably non-specific, mechanisms caused down regulation of PtdIns(4,5)P2"PLC after 

the first 6 h of exposure to PMA [Fig 5.7.].

5.3.2. Ins(l,4,5)P, 5’-phosphatase.

Ins(l,4,5)P3 5’-phosphatase activity was studied in post nuclear cell fractions derived 

from untreated HL60 cells and from cells which had been treated with 20 nM PMA for 

12 h. These experiments were canied out under standaid assay conditions [section 2.6.3.]. 

The activity of the enzyme was assayed at 3 levels of cell protein per reaction in the 

lineal" range of protein vs. enzyme activity. Under these conditions no significant 

difference in enzyme activity was detected between untreated and PMA treated cell 

fractions [Fig 5.8.].

5.3.3. InsP monophosphatase studies.



183

InsP monophosphatase in vitro activity was studied under standard assay conditions as 

described in the ‘Materials and Methods’ chapter [section 2.6.4.]. The enzyme activity 

was assayed at two protein levels in the linear range of protein vs. enzyme activity. 

Under these conditions no significant difference in InsP monophosphatase activity was 

detected between control cells fractions and fractions derived form cells treated with 

PMA for 6 or 12 h. Overall enzyme activity in control cell fractions was 2.12 pmol of 

InsP hydiolysed . min'^ . pg ‘ of protein whereas in fractions derived from cells treated 

with PMA for 6 h or 12 h, enzyme activity was 2.25 pmol and 2.43 pmol . m in‘ . pg'  ̂

of protein respectively [Fig 5.9.].

5.4. Inositol lipid hydrolysis can be reactivated by the fluoroaluminate ion in HL60 

cells treated fo r  6 h with PMA.

The results of the experiments described in the above paragraphs demonstrated that, in 

HL60 cells, 6 h of exposure to 20 nM PMA caused complete down regulation of 

autonomous inositol lipid hydrolysis as well as decreases in the steady state levels of 

inositol phosphates [section 5.2.1. & section 5.2.2.]. Furthermore, 6 h of PMA treatment 

did not generate significant changes in the activity of PtdIns(4 ,5)P2-PLC, Ins(l,4 ,5)P3 

phosphatase and InsP phosphatase [section 5.3.]. To further investigate the mechanisms 

of PMA induced down regulation of inositol lipid turnover, hydrolysis of inositol lipids 

was reactivated in cells tieated with PMA for 6 h by the use of the G protein activator 

AIF4 (fluoroaluminate ion) [Cockcroft S & Taylor JA, 1987].

Addition of AIF '̂ (added as a mixture of 50 mM NaF and 5 pM AICI3) for 30 

min, to untreated HL60 cells labelled to equilibrium with [^H]inositol, caused a 50% 

increase of InsP levels. In cells treated with PMA for 6 h, addition of AIF  ̂ for 30 min, 

also caused a 53% increase of the radiolabel recovered in InsP. These observations 

suggested that although 6 h PMA treatment caused down-regulation of autonomous 

inositol lipid breakdown, HL60 cells retained the capacity of hydrolysing inositol lipids 

following the stimulation with a 0  protein activator such as AIF/.
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Fig 5.1. Effect of PMA treatment on PtdIns(4,5)Po-PLC activity. Post-nuclear cell 
fractions derived from untreated HL60 cell and from cells treated with PMA (20 nM) for 
6h or 12 h were assayed for PtdIns(4,5)P2 hydrolysis using various amount of cell protein 
under standard assay conditions [section 2.6.1]. Enzyme activity, pmol . min '. Data were 
analyzed for a significant difference between PtdIns(4,5)P2-PCC activity in untreated and 
PMA treated cell fractions (Student’s r-test). *, P<0.05, n=8 (SEM<1()%).
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Fig 5.8. Effect of PMA treatment on Ins(L4 ,5)fi  5 ’-phosphatase activity. Ins( 1,4,5)7*3 5 ’- 
phosphatase activity was assayed in post-nuclear cell fractions derived from un tieated 
HL60 cell (o )  and from cells treated for 12 h with PMA (20 nM) (•) using various 
amounts of cell protein. Reactions were canned out under standard assay conditions 
[section 2.6.3.]. Enzyme activity, pmol . min *. No significant difference of enzyme 
activity was detected at any data point (Student’s r-test, n=8, SEM<5%)

I
ë
eu
B
o

150

100

50

EU Control 

E] PMA 6 h 

H  PMA 12 h

25 50

Cell protein (pg)

Fig 5.9. Effect of PMA treatment on Ins(l)P  monophosphatase activity. Ins(l)P  
monophosphatase activity was assayed in post-nucleai' cell fractions derived from 
untreated HL60 cell and from cells treated for 6 h or 12 h with PMA (20 nM) using two 
amounts of cell protein. Reactions were canied out under standard assay conditions 
[section 2.6.4.]. Enzyme activity, pmol . min *. No significant difference of enzyme 
activity was detected at any data point (Student’s r-test, n=8, SEM<12%)
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Fig 5.10. The effect of the stimulation with AIF, on inositol lipid breakdown by HL60 
cells. HL6Ü cells, labelled to equilibrium with [^Hjinositol, were either untreated or 
treated with 20 nM PMA for 6 hours. A1F_̂ \ added as a mixture of 50 mM NaF and 5 
uM AlCl^, was added for 30 min to one-half of each set of cultures {shaded bars). The 
significance of the difference between the cultures not exposed and exposed to A IF/ was 
P <0.005 (Student’s r-test, n=4. SEM<4%).
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DISCUSSION

5.5. Relationship between PMA-induced macrophage-like differentiation and the 

operation o f inositol lipid turnover.

5.5.1. Effect of PMA treatment on the rate of production and the steady state levels of 

inositol phosphates.

Isotopic equilibrium labelling experiments were used to study the rate of 

breakdown of inositol lipids and the steady state levels of inositol lipid derived second 

messengers during the induction of macrophage-like differentiation of HL60 cells with 

PMA. The data shown in this chapter demonstrated that autonomous inositol lipid 

hydi'olysis, as measured by InsP and Ins?2 accumulation in the presence of LiCl, was 

totally down-regulated within 6 h of PMA treatment. Consistent with these observations, 

the steady state levels of all inositol phosphate species showed significant decreases 

following 6 h of exposure to PMA. Whereas the levels of InsP, InsP2 and InsP^, were 

decreased as early as 1 h after PMA addition, the steady state level of InsP^ declined 

more slowly: this could be explained, at least in part, by the lower activity of the enzyme 

Ins(l,3,4,5)P4 5’-phosphatase detected in HL60 cells, compared to normal granulocytes 

or macrophages [Nye KE et al. 1992]. The chromatographic separation of inositol 

phosphate species used here did not resolve the biologically active isomer Ins(l,4,5)P3 

from the presumably inactive Ins(l,3,4)P3 [section 1.4.]. However, because Ins(l,3,4)P3 

derives from the degradation of Ins(l,3,4,5)P4, which is itself produced by Ins(l,4,5)P3 

phosphorylation, the level of InsP3 detected here reflected generation of active inositol



188

phosphate species, even though the Ins(l,3,4)/^3 does not itself play a known second 

messenger role [section 1.4.].

Importantly, following the exposure to PMA, down-regulation of inositol lipid 

turnover and the decrease of inositol phosphate species was detected at least 6 h before 

the occuiTence of any observable change in cell morphology or DNA synthesis. 

Therefore, shutdown of phosphoinositide breakdown was not a consequence of the 

cessation of HL60 cell proliferation. On the contrary these observations are consistent 

with the hypothesis that down-regulation of inositol lipid hydrolysis may play a 

regulatory role during PMA induced differentiation.

5.5.2. Effect of PMA treatment on the steadv state levels of DAG and PtdAcid.

Following the addition of PMA to HL60 cells, the steady state levels of DAG and 

PtdAcid increased in a time-dependent manner. Exposure of HL60 cells to PKC 

activators, like PMA, tiiggered PLD-mediated PtdCho hydrolysis [section 4.4.3.], [Billah 

MM et a i, 1989]. It is therefore plausible that the accumulation of DAG and PtdAcid 

described here was the result of this process, i

, Furthermore, since no PLC-mediated PtdCho turnover was detected in HL60 cells

[section 4.4.4], the PMA-induced increase of DAG was probably the result of the
c

degradation of PtdAcid. Therefore it may be possible that any decrease of 

phosphoinositide-derived DAG, caused by PMA-induced down-regulation of 

phosphoinositide turnover, was masked by a parallel increase in the level of DAG derived 

from PtdCho breakdown.

Little is known about the signalling role of the PtdAcid and DAG produced upon 

PtdCho hydrolysis in HL60 cells. Exposure to PdtAcid or to PLD triggered early mitotic 

events in mouse fibroblasts or A431 epidemroid cells [Moolenaar WH et al., 1986] [Yi 

CL et a i, 1988]. Furthermore, PLD-mediated PtdCho hydrolysis, following stimulation
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with the chemotactic peptide fMet-Leu-Phe or PMA, constitutes one critical step of 

superoxide generation in neuüophils [Pai JK et al., 1988], [Bonser RW et al., 1989]. 

PMA-induced PtdAcid and DAG accumulation in HL60 cells, was probably the result of 

the activation of similar biochemical mechanisms.

5.5.3. Biochemical mechanisms underlying the down-regulation of inositol lipid turnover 

induced bv PMA.

The relative proportion of inositol lipids, compared to the total cellular 

phospholipids, showed a small but significant increase 24h after the addition of PMA, 

which was consistent with the decline of the rate phosphoinositide hydrolysis. With the 

exception of PdtAcid, whose steady state level showed a 74% increase, 24 h PMA 

treatment did not induce any change in the relative proportion of the other major 

phospholipid species. Furthemnore, although Ptdlns(4,5)?2 constituted the preferred 

substiate of PI-PLC mediated-hydiolysis [section 1.3.1.], [section 3.4. l.g], the distribution 

of [^H]inositol radiolabel among individual inositol lipid species was unchanged after 24 

h PMA. This could be accounted for by the futile cycle of kinases and phosphatases 

which catalyses the interconversion of Ptdlns, PtdIns(4)P and PtdIns(4,5)P2 and maintains 

the molar equilibrium between these species [Majerus PW et al., 1986].

Exposure to PMA for 6 h did not affect the in vitro level of PtdIns(4,5)P2"PLC, 

suggesting that the eaiiy decreases of inositol phosphate levels were not caused by 

alteration of the activity of the lipase. A significant decrease of PtdIns(4,5)P2-PLC 

activity was obseiwed in fractions derived from cells exposed to PMA for 12 h indicating 

that alterations diiectly affecting PI-PLC functions occuned following prolonged PMA 

treatment. However, the levels of all inositol phosphates were already decreased after 6 

h of exposure to PMA, therefore the reduction of Ptdlns(4,5)?2-PLC activity could be 

involved only mai'ginally in the eai'ly shutdown phosphoinositide turnover.

Treatment with PMA for 6 or 12 h did not modify the activity of the Ins(l,4,5)P3 

5’-phosphatase and InsP phosphatase in vitro demonstrating that the decreases of inositol



190

phosphate levels were not the results of alterations of the activity of these enzymes. In 

human platelets, the catalytic activity of the enzyme Ins( 1,4,5)^4 5’-phosphatase was 

enhanced following PKC activation with DAG analogs and Ca^  ̂ ions [Connolly TM et 

al., 1987]. By contrast, no increase of Ins(l,4,5)?4 5’-phosphatase activity was observed 

in HL60 cells treated with PMA for 12 h.

In conclusion, the results of these experiments showed that the early down 

regulation of inositol lipid hydi olysis induced by PMA was not the result of the alteration 

in levels of key enzymes of inositol lipid metabolism or changes of phosphoinositide 

composition of HL60 cells. Although a significant decrease of PtdIns(4,5)P2-PLC activity 

was found in subcellulai* fractions derived from cells exposed to PMA for 12 h, these 

data suggested that for at least the fii’st 6 h of PMA treatment the alteration of a 

regulatory mechanism was probably responsible for inducing the decrease of 

phosphoinositide turnover.

5.6. Biochemical changes induced by PMA in HL60 cells and their relationship with 

the operation o f inositol lipid turnover.

Exposure of HL60 cells to PMA, or to other phorbol esters, resulted in strong and 

prolonged activation of PKC and translocation of PKC activity from the cytosol to the 

cell membrane [section 1.5.3.]. Compounds that alter PMA-PKC interactions or compete 

with the same binding site on PKC, like sphinganine [Menill AH et al., 1986] or 

bryostatin [Kiaft S h e t  a I., 1986], as well as molecules which inhibit PKC activation like 

staurosporine or H7 [Okazaki T et al., 1988], can block and to some extent revert PMA- 

induced macrophage-like differentiation of HL60 cells. Consistent with these observation, 

PMA failed to induce activation and membrane tianslocation of PKC in HL60 subclones 

resistant to phorbol ester-induced differentiation [Homma Y et al., 1986]. Treatment of 

HL60 cells with compounds that mimic PMA functions, like synthetic DAOs, also caused 

PKC activation and triggered other biochemical events, including protein phosphorylation, 

similar* to those tiiggered by PMA. Nevertheless the exposure to multiple doses of
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synthetic DAGs, alone or in association with calcium ionophores, was ineffective in 

induction of macrophage-like differentiation [Kieutter D et al., 1985], [Morin MJ et at., 

1987], [Yamamoto S et al. 1985]. These data suggested that, although PMA-induced PKC 

activation represented a crucial step, which is required for macrophage-like 

differentiation, PMA also interacted with other biochemical pathways which contributed 

to trigger the differentiation process.

Several studies suggested the existence of important interactions between PKC 

activation and the ooeration of the inositol lipid signalling pathway. In smooth muscle 

cells, angiotensin activation of PI-PLC was inhibited by brief pre-tieatment with PMA 

or l-oleyl-2-acetylglycerol [Brook TA et al., 1985]. PMA treatment of mouse 3T3 cells 

caused inhibition of bombesin-stimulated inositol lipid breakdown without affecting the 

binding of bombesin to its receptor. However, bombesin-induced inositol lipid hydrolysis 

was restored in cells in which PKC was down-regulated by prolonged PMA treatment 

[Brown KD et al., 1987]. Similar observations were made in a rat liver epithelial cell line 

(WB cell), in which ligand-stimulated phosphoinositide turnover was abolished by brief 

exposure to PMA but appeared enhanced following PKC down-regulation [Helper JR et 

al., 1988]. Taken together these observations indicated that PKC activation exerted a 

negative feed-back on phosphoinositide breakdown which resulted in inhibition of ligand 

stimulated inositol lipid hydrolysis, probably by directly phosphorylating PI-PLC [Ryu 

SH et al., 1990]. It is tempting to speculate that, in HL60 cells, PMA-induced PKC 

activation also operated a negative feed-back on autonomous inositol lipids breakdown 

causing shutdown of inositol phosphate generation. Prolonged exposure of HL60 cells to 

PMA (24 h), and consequently PKC down-regulation, did not result in resumption of 

autonomous inositol lipid turnover. However other alterations caused by the long PMA 

treatment, such as the decrease of PtdIns(4,5)P2-PLC activity which was observed after 

12 h PMA exposure, may cooperate in maintaining the inhibition of inositol lipid 

turnover.
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Exposure to PMA led to complete down-regulation of phosphoinositide breakdown 

within 6 h. However, stimulation of PMA tieated HL60 cells, with the G-protein activator 

AIF/ resulted in resumption of PI-PLC activity and generation of inositol phosphates. As 

for RA-induced HL60 cell differentiation [section 3.5.], these observations suggested that 

PMA caused inhibition of PI-PLC activity without altering the capacity of specific G 

proteins to activate PI-PLC. As mentioned above, brief PMA treatment abolished 

hormone or growth factor-stimulated phosphoinositide turnover in rat-liver cells. 

Nevertheless exposure of PMA-treated cells to AIF '̂ or to GTP-y-S resulted in activation 

of inositol lipid hydrolysis [Helper JR et al. 1988]. These data were consistent with the 

view that PKC activation did not cause inhibition of phosphoinositide breakdown by 

interfering with the activity of regulatoiy G proteins.



CHAPTER VI

CONCLUSIONS
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For the last 25 years cytotoxic therapy has constituted the standard treatment of 

AMLs. This strategy has produced valuable results in terms of remission of the disease 

and survival rate. Nevertheless this approach is associated with adverse effects due to the 

non-specific cytotoxicity of antiproliferative drugs. The observation that certain 

compounds, such as DMSO or PMA and, importantly, some biological molecules 

including RA, TNF or vitamin D3, induced the differentiation of AML cells and AML- 

derived cell lines in vitro, has suggested the possibility of using these compounds in the 

treatment of AML patients by ti'iggeiing the terminal differentiation of the leukaemic 

blasts [section 1.10]. Several clinical trials have now demonstrated the capacity of RA 

to induce remission in a high proportion of APL patients, by triggering the granulocytic 

differentiation of APL cells in vivo, without causing marrow aplasia and the other toxic 

effects often induced by antiproliferative therapy [section 1.10.8].

The main aim of this project was to study the biochemical events involved in 

triggering and regulating the cessation of proliferation and subsequent differentiation of 

AML cells. Given the importance of the turnover of inositol lipids in signalling the 

proliferation of normal cells and of certain neoplastic cell types [sections 1.6. & 1.7.], the 

experiments described here were designed to analyze the role of phosphoinositide
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metabolism in the proliferation and during the induction of differentiation of the human 

prornyelocytic leukaemia cell line HL60.

An autonomous, (i.e. exogenous ligand-independent), hydrolysis of inositol lipids, 

which was catalyzed by a specific PLC, was detected in untreated HL60 cells [section

3.2.]. This turnover was slow when compared to the rate of ligand-stimulated inositol 

lipid breakdown observed in PH A-stimulated lymphocytes or in fibroblasts exposed to 

mitogens like bombesin. Nevertheless, given the role of phosphoinositide-derived second 

messengers in signalling growth factor-regulated mitosis, it is possible that the chronic 

hydrolysis of inositol lipids occurring in HL60 cells was part of the network of aberrant 

signals which cooperated in maintaining the neoplastic proliferation of this cell line. This 

hypothesis was supported by the obsei*vation that no autonomous and PLC or PLD 

catalyzed breakdown of PtdCho [section 4.4.]. By contrast both inositol phospholipid and 

choline lipids were degraded by metabolic pathways involving successive de-acylation 

and generation of GPIns and GroPCho. Importantly this pathway was unaffected by the 

induction of differentiation, suggesting that the activity of the de-acylation pathway was 

not related to the proliferative status of the cells.

Induction of granulocytic differentiation by RA or DMSO or induction of 

macrophagic differentiation by PMA resulted in shutdown of autonomous inositol lipid 

hydrolysis and in decreases of inositol phosphate steady state levels [sections 3.3.; 4.2. 

& 5.2.]. These changes of inositol lipid metabolism could potentially have regulatory 

consequences on several biochemical process. I therefore attempted to determine whether 

down-regulation of inositol lipid turnover may participate in triggering HL60 cell 

differentiation, or whether it represented an aspecific result of the cessation of 

proliferation induced by RA, DMSO or PMA.
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i. The study of the kinetics of HL60 cell differentiation showed that down-regulation of 

inositol lipid breakdown preceded any decrease of proliferation or DNA synthesis caused 

by the treatment with RA, DMSO or PMA [sections 3.3.; 4.2. & 5.2.]. These data 

indicated that the changes in inositol lipid metabolism, were not consequences of the 

decrease of cell proliferation following induction of differentiation. This view was 

reinforced by the observation that cessation of HL60 cell proliferation, induced by the 

DNA synthesis inhibitor hydroxyurea, did not result in alterations of inositol lipid 

turnover [section 3.3.7.].

ii. Others have shown that induction of differentiation with RA, DMSO or PMA caused 

decrease of the expression of genes important for cell proliferation, such as c-myc and 

the myeloblastin gene which occuned in the same time-frame of the decrease of inositol 

lipid turnover [section 1.10.]. While little is known about the myeloblastin gene, 

transformation with mutated versions of c-myc did not result in activation of 

phosphoinositide turnover [section 1.7.]. Therefore it would be unlikely that changes in 

the expression of this gene resulted in shutdown of inositol lipid hydrolysis.

iii. In RA treated cells, the decrease of inositol phosphate levels was paralleled by a 

decrease of Ca^  ̂ entry into the cells [section 3.3.4.]. Inositol phosphates play a critical 

role in regulating Ca"  ̂ entry and Ca"  ̂ mobilization, therefore, it is plausible that the 

decrease of the rate of production of these species contributed, to signal the decrease of 

Ca^  ̂ entry into HL60 cells.

iv. Induction of granulocytic or monocyte-like differentiation did not result in alteration 

of the enzymological characteristics or absolute levels of the major enzymes of inositol 

lipid metabolism which could account for the observed shut-down of PLC-mediated 

phosphoinositide turnover [sections 3.4.; 4.3. & 5.3.]. Furthermore, induction of 

differentiation did not induce changes in the inositol lipid composition of HL60 cells 

which could in turn result in decreased generation of inositol lipid-derived second
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messengers [sections 3.3.6.; 4.2.3. & 5.2.4.].

V .  Hydrolysis of inositol lipid could be reactivated following the induction of 

differentiation using a G protein activator [sections 3.5. & 5.4.].

Taken together, these observations were consistent with the hypothesis that a 

subtle modulation of regulatory mechanisms was responsible for triggering the decrease 

of PI-PLC activity and consequently of autonomous inositol lipid breakdown.

The precise mechanisms by which RA, DMSO and PMA caused down-regulation 

of inositol lipid turnover remain unidentified. Down-regulation of phosphoinositide 

turnover following the induction of differentiation with RA, DMSO or PMA showed 

significant time-course differences, suggesting that each compound acted on different 

pathways. Shut-down of inositol lipid hydrolysis and decreases of inositol phosphate 

levels were detected after 2 days of tieatment with RA [section 3.3.1.] or DMSO [section

4.2.1.] whereas similar changes of phosphoinositide metabolism took place after 6 h of 

treatment with PMA [section 5.2.1.]. The process of PMA induced differentiation of 

HL60 cells is rapid and does not require the multiple cell divisions with are associated 

with the maturation induced by the other agents. Furthennore, tieatment of HL60 cells 

with PMA resulted in almost immediate PKC activation. In mouse fibroblasts and in 

other normal cell types, PKC activation caused down-regulation of ligand-stimulated 

phosphoinositide hydrolysis stimulated with mitogens including bombesin, vasopressin 

or other ligands, probably by directly phosphorylating a PLC6 [section 1.5.4]. It is 

possible that the shutdown of inositol lipid turnover, observed in PMA-treated HL60 

cells, was also pait of a PKC-regulated mechanism.

Granulocytic differentiation induced by DMSO was preceded by an early decrease 

of DAG [section 4.2.2.] which did not involve alterations of PLD or PLC-mediated 

PtdCho turnover [section 4.4.]. An early decline of DAG and of inositol phosphates was 

also observed during DMSO-induced erythroid differentiation of Friend cells. By contrast.
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tieatment with RA did not significantly modify DAG levels [section 3.3.5]. Given the 

multiple DAG pools existing within the cells and their different regulation [section

1.5.1.], it is possible that a decrease of phosphoinositide-derived DAG induced by RA 

could have been masked by parallel changes occurring in other DAG pools.

The steady state levels of DAG and PtdAcid significantly increased following 

PMA treatment [sections 5.2.3. & 5.2.5.]. Exposure of HL60 cells to PMA resulted in 

PLD-mediated breakdown of PtdCho suggesting that a mechanism different from inositol 

lipid turnover, namely PtdCho hydiolysis was responsible for the increase of DAG and 

PtdAcid [section 4.4.].

By contrast to its growth inhibitory effects on HL60 cells, treatment with PMA, 

alone or in association with Ca"'̂  ionophores, triggered some early mitotic events in 

normal lymphocytes, in mouse fibroblasts, and in chronic lymphocytic leukaemia (CLL) 

cells [section 1.6.3.a.]. In these cells, the exposure to PMA induced c-myc expression. By 

contrast myc expression was rapidly down-regulated in PMA-treated HL60 cells [section 

1.10.11.]. Given tlie importance of myc expression in the proliferation of normal and 

neoplastic cells, it is possible that the differential regulation of the expression of this 

oncogene contributed to the generation of the opposing proliferative responses observed 

in HL60 cells and in normal cell types. As mentioned above, down-regulation of c-myc 

was also obseiwed during RA and DMSO-induced granulocytic differentiation of HL60 

cells. Because c-myc expression, as well as other early mitotic events, was, at least in 

part, regulated by Câ "̂  mobilization and PKC activation [section 1.6.3.], it would be 

tempting to speculate that shutdown of inositol lipid turnover following the induction of 

granulocytic or macrophage-like differentiation of HL60 cells, contributed to ‘switch-off’ 

one of the biochemical abnoiTnalities which may detemiine HL60 cell proliferation.

Work described in this thesis demonstrated that induction of differentiation of 

HL60 cells abolished the autonomous operation of a consdtutively activated signalling
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pathway which is involved in regulating cell proliferation. Although only a minority of 

cells in a leukaemic population retain proliferative capacity, inducing them to cease 

proliferation and to undergo terminal differentiation would by of therapeutic benefit. By 

improving the understanding of the biochemical mechanisms which cooperate in inducing 

AML cells to overcome their maturation block, the differentiation of other AML 

subtypes, which are now considered resistant to differentiation induction, may be 

achieved and could open new possibilities for the treatment of these diseases.
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Adenosine 5’-[y-^^P] triphosphate NEN, Du Pont

[5,6,8,9,11,12,14,15,-^H]arachidonic acid Amersham Int.

Benzamidine SIGMA

""Ca-+ Amersham Int.

Choline SIGMA

{methyl-^^C]cho\mt. chloride Amersham Int.

Diolein (C18:l,[d5]-9) SIGMA

DMSO BDH

Dowex-Cl A1-X8 BDH

Filter Count Packard

Foetal calf serum GIBCO

[l,3-'"^C]glycerol NEN, Du Pont

L-glutamine GIBCO

[2-^H] glycerol Amersham Int.

HBSS GIBCO

wyo-[2-^H] inositol Amersham Int.

Inositol-free RPMI 1640 GIBCO

D-myo-Ins(l)P SIGMA

'D-myo-[2-^H] Ins( 1 )P Amersham Int.

D-myo-Ins( 1 ,4 ,5)P3 SIGMA

D-myo-[2-^H] Ins( 1,4 ,5)?3 Amersham Int.

Kieselgel 60 plates Merck

Leupeptin SIGMA
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Lithium Chloride anhydrous 

1 -monooieoyi-rac-glycerol 

Nitro blue tétrazolium 

[l-^‘*C]palmitic acid 

Penicillin-sti'eptomycin 

Phenylmethyl sulfonyl fluoride 

Phorbol 12-myristate 13-acetate (PMA)

Phospholipase from crotalus atrox venom

Phospholipase C from B. Cereus

Propidium iodide

L-a-PtdAcid

L-a-PtdCho,

L-a-PtdEt

L-a-Pdtlns

L-a-PtdIns(4,5)?2

Ptd[2-’H]Ins(4,5)P2

L-a-PtdSer

L-3-Phosphatidyl [N-methyl ^HJcholine 1,2-dipamitoyl

All-rra/?5-retinoic acid

RNase A

RPMI-1640

Scintillant 299

Silica gel G60 plastic backed plates 

Silica gel G60 glass backed plates 

Sphingomyelin 

TCA

[methyl-^W] thymidine

BDH 

SIGMA 

SIGMA 

NEN, Du Pont 

GIBCO 

SIGMA 

SIGMA 

SIGMA 

SIGMA 

SIGMA 

SIGMA 

SIGMA 

SIGMA 

SIGMA 

SIGMA 

Amersham Int. 

SIGMA 

Amersham Int. 

SIGMA 

Boehringer 

GIBCO 

Packard 

Merck 

Merck 

SIGMA 

BDH

Amersham Int.
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Triolein SIGMA

Triton X-100 BDH

X-ray film (X-Omat S 100) Kodak

All other general chemicals were obtained from BDH
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A.1, Proliferation and differentiation of HL60 cells in low inositol medium.

These experiments were carried out to determine whether a 48 h exposure to low 

inositol medium, which was required to label HL60 cells to equilibrium [Section 2.2.1], 

resulted in significant alterations in growth [French, P.J. et at.., 1991], [French, P.J. et al. , 

1988] and/or differentiation induced by RA, DMSO or PMA. HL60 cells were grown in low 

inositol medium for 48 h and then transferred to complete medium. RA (100 nM), DMSO 

(1.5%) or PMA (20 nM) were added to the designated cultures throughout all the experiments. 

Viable cell counts were assessed by trypan blue exclusion and the occurrence of 

differentiation was evaluated by the microscopic observation of GIEMSA stained 

preparations.

Figure A.I. shows that a 48 h incubation in low inositol medium did not result in 

alteration of HL60 cell proliferation rate or of the cessation of proliferation induced by RA 

and DMSO. Experiments similar to those depicted in Fig. A.I. were carried out using PMA. 

Following a 48 h treatment with PMA, more than 90% of the cells were adherent to the 

plastic and showed a macrophage-like morphology in the cultures kept in low inositol 

medium as well as in the cultures kept in complete medium. These data indicated that a 48 h 

incubation in low inositol medium did not impair the macrophage differentiation of HL60 

cells induced by PMA.

A,2. Operation of inositol lipid turnover in serum-free conditions.

These experiments were carried out in order to determine whether autonomous 

operation of inositol lipid turnover in untreated HL60 cells was dependent on or triggered by 

the serum used to prepare the culture medium [Section 3.2.]. HL60 cells were labelled for 48 

h with [^H]inositol ( 5 ^ i . ml’ l) in inositol-free RPMI-1640 supplemented with antibiotics



and glutamine only. One hour prior the end of the incubation with the radiolabel 10 mM LiCl 

was added to one half of the cultures. Figure A.2. shows that addition of LiCl for one hour 

caused a 50% increase of the radiolabel detected in Ins? both in cells grown in complete 

medium and in cells grown under serum free conditions. Importantly, incubation in serum free 

medium did not impair either the uptake of radiolabel into inositol lipids or the steady state 

levels of inositol phosphate species.

A 3, The steady state levels of glycerophosphoinositol (GroPIns) in untreated and DMSO- 

treated HL60 cells.

The steady state levels of GroP[^H]Ins in untreated and DMSO-treated HL60 cells 

were determined together with the steady state levels of inositol phosphates in the experiments 

depicted in Fig 4.2.. By contrast to inositol phosphate levels which were significantly 

decreased following 48 h DMSO treatment [Fig. 4.2.] the steady state levels of GroPIns did 

not show any significant change [Fig A.3.].

A.4. Statistical analysis.

Throughout the thesis the value of 'n' indicates the number of independent 

determinations of a given experimental parameter or time point, under each experimental 

condition. For example, with respect to Fig. 3.7. and Fig 3.21. and also Fig A.2. 'n=4' means 

that each determination for each of the conditions tested was repeated 4 times (these 

experiments were carried out twice and each time two independent duplicates were analyzed). 

Therefore each value shown in the figures was the average of 4 determinations.
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Fig A.I. Proliferation and differentiation of HL60 cells in low inositol medium. HL60 cells 
(500 . 103. ml"l) were grown either in complete medium (open symbols) or in low inositol 
medium (solid symbols). Following 48 h of incubation untreated cells (o, •), RA treated cells 
, A) or DMSO treated cells (0 , # )  were transferred to complete medium (zrrow) and grown 
for a further 4 days, at day 4 all cultures were readjusted to 5.10^cells . ml"^ in complete 
medium. Data represent averages from two independent experiments.
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Fig. A.2. LiCl-induced Ins? accumulation in serum-free HL60 cell cultures. HL60 cells were 
labelled for 48 h with [3H]inositol (5 / Ci . m l'^) in inositol-free RPMI-1640 medium 
supplemented with antibiotics and glutamine only or in the same medium supplemented with 
10% dialyzed FCS. LiCl was added one hour prior the end of the incubation with the 
radiolabel. The amount of radiolabel detected in Ins? was expressed as a percentage of the 
total radiolabel recovered in inositol lipids. Data are averages form two independent 
experiments carried out in duplicate (n=4, SEM<4%).
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Fig. A.3. Effect of 48h-DMSO treatment on relative steady state levels of GroPIns. HL60 cell 
were labelled to equilibrium with [^HJinositol, DMSO (1.5%) was added to the designated 
cultures 48 h before the end of the incubation with the radiolabel. Levels of GroPIns were 
expressed as a percentage of total radiolabel recovered in inositol lipids. (Student's Hest, 
f)^ .05 , n=12, SEM<5%). These determinations are from the experiments depicted in Fig. 4.2.



ADDENDUM TO CHAPTER VI CONCLUSIONS'

1, Labelling of HL60 cells with fiHJinositol in a low inositol medium.

When HL60 cells were grown in the presence of [^H]inositol in low inositol medium, 

equilibrium labeling of inositol lipids and of the inositol phosphate species analyzed here 

(InsP, Insf2 , InsP3 and Ins ? 4 ) was achieved within 48 h of incubation [Section 2 .2 .1]. Since 

incubation of HL60 cells in a medium devoid of inositol can result in the loss of proliferative 

capacity of the cells [French, P.J. et al , 1991] [French, P.J. et al, 1988], I investigated 

whether 48 h of incubation in the low inositol medium, which contained 250 nmoles/1 of 

inositol, altered the proliferation or the differentiation of HL60 cells. These experiments 

demonstrated that 48 h of incubation in the low inositol medium did not affect the growth 

curves of HL60 cells during the exposure and following subsequent transfer to complete 

medium [Fig A.I.]. Furthermore, 48 h exposure to low inositol medium did not affect the 

differentiation of HL60 cells either during the incubation in low inositol condition (PMA- 

induced macrophage differentiation) or after the transfer of the cells to complete medium (RA 

or DMSO induced granulocytic differentiation) [Section A.I.].

Similar protocols for labelling HL60 cells with [^H]inositol in low inositol medium 

have also been employed by others. The concentrations of inositol in the labelling media 

described in these studies varied from 250 nM [Stutchfield J and Cockroft S, 1988], [Geny B 

etaly 1988], [Geny B e ta l , 1989], to 5y^M [French PJ etal.y 1988].

Induction of HL60 cell granulocytic differentiation with DMSO or macrophage 

differentiation with PMA has been shown to increase the inositol transport and the 

intracellular inositol concentration in HL60 cells [Baxter, M.A. et al, 1991] [Grafton, G.^et 

al.y 1991]. However in the experiments reported in this thesis, the amount of radiolabel 

recovered in inositol lipids did non change following the exposure to RA, DMSO or PMA, 

suggesting that the increased transport of inositol did not affect the incorporation of the 

radiolabel into inositol lipids. One possible explanation for these observations could be that



the increase of inositol transport in differentiated HL60 cells was detected in cells which had 

been treated for 4 days with DMSO or for 36 h with PMA, whereas here the measurements of 

inositol lipid metabolism were carried in a shorter time course. The possibility that the 

induction of granulocytic or macrophage differentiation may have caused a significant change 

in the specific activity of inositol lipid species, could probably be best investigated by 

analyzing the absolute inositol lipid content of HL60 cells, before and following the induction 

of differentiation, by the determination of lipid bound phosphate.

2. DAG levels during DMSO or PMA treatment of HL60 cells.

The experiments in Fig 4.3. showed that exposure of HL60 cells to DMSO caused an 

apparent early decline of the steady state levels of DAG which was not accompanied by a 

concomitant decline of inositol phosphates. Furthermore a late increase of DAG was detected 

in PMA treated cells [Fig. 5.5.] which could not be entirely explained by the PLD-mediated 

hydrolysis of PtdCho which is stimulated upon the addition of PMA to HL60 cells. These 

experiments were carried out by labelling the cells to apparent equilibrium with [^H] glycerol. 

Although this methodology has been used by several authors in different cell lines [Geny, b. 

et al 1988], [Faletto, D.L. et al 1985], labelling of HL60 cells with [^H]glycerol may have 

resulted in selective labelling of certain DAG pools which did not reflect the total DAG 

content of HL60 cells. DMSO or PMA treatment of HL60 cells may have generated a 

selective decrease or increase of the labelled DAG pools which may have been 

unrepresentative of the DAG content of the cells or of the Ptdlns(4,5,)?2-derived DAG. A 

more accurate evaluation of DAG content and of its changes following the induction of 

differentiation, could have been achieved by mass measurement of DAG using a DAG-kinase 

based methodology [Cook, S.J., etal, 1990].

3 , uptake by untreated and 48HRA treated HL60 cells.

The experiments depicted in Fig. 3.5. showed that the rate of 45ca^+ entry in 48 h RA 

treated HL60 cells was apparently decreased compared to controls. However the 

interpretation that this decrease may represent a decrease in the rate of Ca^+ influx that could



be related to the decrease of Ins( 1,3,4,5)?4 level [Section 3.8.] was entirely speculative. The 

decrease of 45ca^+ entry in the RA treated HL60 cells may in fact represent a decline in 

permeability to the calcium ions rather than decrease of an actively regulated process. 

Furthermore, the decreased recovery of ̂ ^Ca^+ from RA treated cells may be the result of a 

decrease in HL60 cells size due to the occurrence of granulocytic differentiation. Therefore 

these studies could have been improved by a parallel analysis of HL60 cell size during the 

process of differentiation. In conclusion, although the decrease of Ins(l,3,4,5)?4 may in part 

have contributed to triggering a decline of 45ca^+ entry into RA treated HL60 cells, the 

observations presented in Fig. 3.5. and the methodology used in these experiments, do not 

lead to the conclusion that a cause and effect relationship existed between the decline of 

Ins(l,3,4,5)P4 steady state levels and the apparent decrease of Ca^+ influx.

4. Reactivation of inositol lipid turnover in RA or in PMA treated cells by the use of AIF4". 

Treatment of HL60 cells with RA or PMA resulted in complete down-regulation of inositol 

lipid turnover as measured by LiCl-induced accumulation of inositol phosphates. Therefore I 

determined whether the turnover of inositol lipids could be re-activated by briefly exposing 

the cells to AIF4 -, a compound able to trigger PI-PLC activity via a regulatory G protein. The 

results of these experiments showed that exposure to A1F4 " of RA or PMA-treated cells 

resulted in an accumulation of InsP suggesting re-activation of inositol lipid breakdown [Fig. 

3.21 and Fig. 5.10.]. However, there is no evidence that autonomous inositol lipid turnover in 

untreated HL60 cells was a G protein-linked event in the first place. The response to AIF4- in 

RA or PMA-treted cells may represent the activation of a pathway independent from that 

involved in the operation of autonomous lipid turnover. Therefore the suggestion that G 

proteins were involved in signalling RA or PMA induced differentiation [Section 3.10. and 

section 5.4.] was only speculative. As mentioned in Section 3.9.1., HL60 cells express a PLC ^  

which is regulated by G proteins, and a PI-PLC which is regulated by tyrosine 

phosphorylation. The use of highly selective tyrosine kinase inhibitors [Levitski, A., 1990]
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would be helpful in establishing which of these pathway is involved in the operation of 

autonomous inositol lipid turnover in HL60 cells.

Addition of A1F4“ to untreated HL60 cells also resulted in accumulation of InsP . 

AIF4" causes strong inhibition of InsP monophosphatase [Section 3.4.3.]. Therefore it is 

plausible that InsP accumulation was due to ALF4" induced decrease of InsP degradation. 

However it is also possible that AIF4" generated InsP increase by activating a G protein 

linked PI-PLC.

5. Relationship between down regulation of inositol lipid turnover and the cessation of 

HL60 cell proliferation.

The data presented in this thesis showed that treatment of HL60 cells with RA,

DMSO or PMA induced a down regulation of autonomous inositol lipid turnover which 

always preceded the cessation of proliferation or the decrease of DNA synthesis. In RA 

treated HL60 cells down regulation of inositol lipid breakdown was observed 2 days before 

the cessation of proliferation and a similar observation was made in cells treated with DMSO. 

This time course could suggest a dissociation between the cessation of cell proliferation and 

down regulation of inositol lipid turnover. However, the fact that cell proliferation continued 

after the decrease of inositol lipid breakdown is consistent with the explanation that inositol 

lipid derived second messengers may regulate early events that contribute to trigger cell 

proliferation at distance in time, and that cessation of proliferation would therefore be 

observed some time after cessation of inositol lipid breakdown. On the other hand treatment 

of HL60 cells with hydroxyurea caused almost immediate cessation of proliferation without 

altering inositol lipid turnover. Hydroxyurea causes cessation of HL60 cell proliferation by 

directly inhibiting DNA synthesis, therefore it would be unlikely that hydroxyurea -induced 

cessation of proliferation would result in a blockade of inositol lipid turnover. Down 

regulation of inositol lipid turnover occurred without altering the in vitro activity or the major 

enzymological characteristics of PI-PLC. Other authors have shown that RA or PMA 

treatment can significantly inhibit PI-PLC [Geny, B., et al, 1989], [Geny, B., et al, 1991].



However these experiments were carried out in different experimental systems or using 

concentrations of RA higher than that employed here. Nevertheless, I cannot exclude that 

using different experimental methodologies, (eg. measurement of enzyme levels in 

streptolysin 0-permiabilized cells) may result in detection of subtle differences of enzyme 

activity.

In conclusion, the data presented here do not prove unequivocally that down 

regulation of inositol lipid turnover constitutes a prerequisite for cessation of HL60 cell 

proliferation and granulocytic or macrophage-like differentiation. Although these 

observations seem to suggest that the attenuation of inositol lipid breakdown plays a role in 

HL60 cell differentiation, more conclusive evidence is necessary to establish a cause and 

effect relationship. A more direct way of addressing the potential role of inositol lipid 

turnover in cell proliferation would be the use of highly specific inhibitors of PI-PLC or the 

down regulation of the expression of PI-PLC by the use of antisense nucleotides.
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Abstract. We have labeled HL60 human prom yelocytic 
leukemia cells to isotopic equilibrium with [l-^H]glycerol or 
myo-[2-^H]inositol in order to determine the molar ratios o f  
glycerol lipid species and o f inositol-containing lipids and 
water-soluble com pounds, respectively. The cellular content 
o f diacylglycerol (DAG ) and o f  inositol phosphates (IPs) de
clined significantly following induction o f  granulocytic dif
ferentiation by dim ethylsulfoxide. Changes in levels o f  these 
com pounds preceded the withdrawal o f induced cells from  
the proliferative cycle. Because DAG and IPs are important 
biochem ical second messengers in the regulation o f  cell pro
liferation, these observations are consistent with the hypoth
esis that the constitutive generation o f  these com pounds may 
contribute to the deregulated proliferation o f  HL60 cells and 
that their reduced production may be associated with the 
cessation o f  proliferation which precedes morphological dif
ferentiation o f these cells.

Key words: Inositol lipids — Diacylglycerol — Inositol phosphates
— Differentiation — Proliferation

The human promyelocytic leukemia cell line HL60 prolif
erates continuously in culture, but can be induced to cease 
proliferation by treatment with a variety o f  chemical agents. 
Treatment with dim ethylsulfoxide (DMSO) or hexam ethy- 
lene bisacetamide triggers cessation o f  proliferation accom 
panied by morphological changes resembling granulocytic 
differentiation [1 ,2]. On the other hand, the tumor promoter 
phorbol myristate acetate (PMA) induces HL60 cells to ac
quire morphological and functional characteristics o f  m ac
rophages [3].

Because the induction o f  differentiation o f leukem ia cells 
in v ivo  is a serious therapeutic option [4], it is o f importance 
to elucidate the biochemical mechanisms underlying the 
withdrawal o f these cells from the proliferative state. Recent 
studies have shown that the stimulation o f  different growth 
factor receptors triggers the breakdown o f  a rare membrane 
lipid, phosphatidylinositol bisphosphate (PIP;), with the 
consequent generation o f  two cellular second messengers, the 
water-soluble inositol trisphosphate (IP,) and lipid-soluble 
diacylglycerol (DAG ) [5, 6 ]. These com pounds are thought 
to be important in transduction o f the growth factor signal.

Address reprint requests to; Dr. Emilio Porfiri, Department of Hae
matology, Royal Free Hospital, Pond Street, London NW3 2QG, 
England.

IP3 stimulates the release o f  Ca^" from intracellular stores 
and the consequent rise o f  cytoplasmic Ca^+ is thought to 
trigger Ca^^-calmodulin-dependent processes [5, 6 ]. Inositol 
tetrakisphosphate (IP4), which is derived from IP3, also has 
a role in gating Ca^" entry from outside the cell [7, 8 ], whereas 
the bisphosphate (IP2) and m onophosphate (IP ,)  are prob
ably intermediates in degradation o f IP3 and IP4. The soluble 
inositol phosphates are derived exclusively from lipid pre
cursors and not by phosphorylation o f  inositol [5, 6 ].

On the other hand, D AG  activates protein kinase C, an 
enzyme which also requires Ca^* and phospholipid for ac
tivity [9]. The ensuing cascades o f  biochem ical events ini
tiated by the generation o f  IP3 and D AG  are thought to 
synergize to secure com m itm ent o f  cells to m itosis, but the 
precise biochem ical pathways involved have remained elu
sive.

Although receptor-mediated generation o f  D AG  often in
volves the breakdown o f inositol lipids [5, 6 ], it is now be
coming clear that this second messenger may also be pro
duced from alternative sources. Both phosphatidylcholine
[ 1 0 ] and com plex inositol-containing glycolipids [ 1 1 ] have 
been shown to give rise to DAG in som e systems. Therefore, 
the production o f  DAG  and stimulation o f protein kinase C 
need not invariably be coupled to generation o f inositol phos
phates and the elevation o f  Ca^~.

Because the levels o f  D AG  and the inositol phosphates are 
probably important in determining the proliferative status 
o f  cells, we measured the levels o f these second messengers 
in HL60 cells during DM SO-induced granulocytic differen
tiation. We report here that significant decreases in both 
DAG and the inositol phosphates occurred after D M SO  ad
dition, and that these changes preceded the cessation o f  cell 
proliferation.

M aterials and methods

Cell cultures. HL60 cells were grown in RPMI-1640 medium sup
plemented with 1 0% fetal calf serum, 1 % L-glutamine, and antibiotics 
(GIBCO, Paisley, Scotland). Inositol-free RPMI-1640 (GIBCO) and 
dialyzed fetal calf serum were used in the inositol labeling experi
ments. The cells were grown at 37°C in a 5% CO; atmosphere. Viable 
cell counts were determined by trypan blue exclusion.

[̂ H]glycerol labeling. [l-^H]glycerol (Amersham International, 
Amersham, UK) at 2.5 ^Ci/ml was added to cell cultures at a density 
of 0.5 X 10* cells/ml. Cells were labeled to isotopic equilibrium for 
48 h and 1.5% DMSO (British Drug Houses, Poole, UK) was added 
at appropriate times during these 48 h. Final cell density was between
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1 X 10* and 1 .3  X 10* cells/ml. At the end of the 48-h labeling 
period, 2  X 10* cells were transferred into 5-ml polypropylene tubes 
and centrifuged (700 g, 5 min). The supernatant was removed and 
the pellet was washed three times with 1 ml of ice-cold 10% tri
chloroacetic acid (TCA). The supernatants were discarded and the 
acid insoluble material was extracted twice with 1 ml of a mixture 
of chloroform and methanol (1:1 vol/vol). The supernatants were 
pooled and the phases were split by addition of 0.7 ml of water. The 
upper (aqueous) phase was discarded and the lower (organic) phase 
was washed three times with acidic water (HzOiHCl, 300:1 vol/vol). 
The washed organic phase (50 fil) was counted to estimate incor
poration of label into total [^H]glycerolipids. A further 50 /il was 
analyzed by thin layer chromatography on silica gel G60 plastic- 
backed sheets (Merck, Darmstadt, FRG) using benzene : ethyl acetate 
(7:3 vol/vol) as solvent [12]. Monoolein, 1,2- and 1,3-diolein, and 
triolein (Sigma, Poole, UK) were also run with each radioactive 
sample as standards for mono-, di-, and triacylglycerols. We have 
established that these substances were chromatographically indis
tinguishable from chemically synthesized standards. Following chro
matography, the plates were developed by exposure to iodine vapor 
and the areas corresponding to origin (phospholipids), monoacyl- 
glycerol, 1,2- and 1,3-diacylglycerol, and triacylglycerol were cut out, 
placed in scintillation vials, and counted after overnight equilibra
tion in scintillation fluid. The results were expressed as percent of 
total [^H]glycerolipids. Exact correspondence between the markers 
and the labeled spots as well as the absence of any contaminating 
labeled aqueous material in the [^Hjphospholipid spot were estab
lished by rechromatography of some duplicate lanes with 
water : concentrated NH3 (34:1 vol/vol) prior to scintillation count
ing [1 2 ].

[̂ HJinosito/ labeling studies. Myo-[2-^H]inositol (20 Ci/mmol, 
Amersham) at 5 /iCi/ml was added to cell cidtures seeded at a density 
of 0.7 X 10* cells/ml. Cells were labeled to isotopic equilibrium for 
48 h and DMSO was added at appropriate times. Final cell density 
was approximately 1.5  x 1 0* cells/ml.

The final concentration of [^H]inositol in these labeling experi
ments was 250 nmol/liter compared with the 200 /imol/liter present 
in normal RPMI-1640 medium. We therefore carried out control 
experiments that established that 48-h exposure to the low inositol 
conditions did not affect the growth curves of HL60 cells either 
during exposure or following subsequent transfer to complete me
dium. This was true both for cells grown in the presence or the 
absence of DMSO. We also established that 48-h exposure to the 
low inositol medium did not affect subsequent differentiation fol
lowing transfer to complete medium. We therefore conclude that a 
48-h exposure to low inositol medium did not affect growth or dif
ferentiation of HL60 cells.

At the end of the 48-h labeling period 4 x 10* cells were transferred 
into polypropylene tubes and centrifuged. TCA (10%, 1 ml) was 
added to the cell pellet and tubes were kept on ice for 30 min. The 
acid insoluble material was recovered by centrifugation and the su
pernatant was saved for the determination of the inositol phosphates 
(see below). The precipitate was washed once with 10% TCA and 
then extracted by addition of 1.5 ml of chloroform : methanol : con
centrated HCl (20:40:1 vol/vol). After 30 min on ice, phase split 
was induced by addition of 0.5 ml each of chloroform and water. 
The aqueous phase was discarded and the organic phase of each 
sample was washed three times with the upper phase obtained after 
partitioning a mixture of chloroform : methanol: 1 N HCl (1:1:0.9 
vol/vol). The washed organic phase (50 /il) was counted to obtain 
the radiolabel in total [^Hjinositol lipid.

A further 50 /tl of each organic phase was mixed with 25 /il of an 
organic phase containing ^^P-labeled standard inositol lipids (see 
below), and the mixture was spotted on silica gel plates impregnated 
with 1% potassium oxalate and activated by heating at 110°C for 1 
h. Plates were developed in chloroform : methanol : ammonia : water 
(17:13.2:1:2.8 vol/vol) as solvent [13]. Following chromatography 
the plates were sprayed with Amplify (Amersham), dried, and au
toradiographed to locate the labeled lipids. The areas corresponding 
to the origin, PIP2, phosphatidylinositol monophosphate (PIP), and 
phosphatidylinositol (PI) were cut out, placed in scintillation vials, 
and counted for ^̂ P and ^H, following overnight extraction with 
scintillation fluid. Exact correspondence between ^̂ P and ^H counts

was found in each PIP; and PIP spot. The absence of labeled aqueous 
contamination was established as reported for glycerolipid analysis. 
In order to assess the net amount of ̂ H counts, the spillover of ’ P̂ 
counts into the ^H channel was calculated and subtracted from the 
^H counts. Radiolabel in each species was calculated as the per
centage of the total label in ^H-labeled inositol lipids.

Two-dimensional separation of phospholipids. [^Hjphospholipids ex
tracted from cells labeled for 48 h with [2-^H]^ycerol were analyzed 
by two-dimensional chromatography on oxalate-impregnated thin 
layer plates. The solvent in the first dimension was chloroform: 
methanol :water : ammonia (17:13.2:2.8:1 vol/vol). The second di
mension solvent was chloroform : acetone : acetic acid : water : meth
anol (40:15:12:8:13 vol/vol). Phosphatidylserine, phosphatidylcho
line, phosphatidylethanolamine, phosphatidylinositol, and 
phosphatidic acid spots were identified by the inclusion of standards 
(Sigma, Poole, UK). ^^P-labeled PIP2, PIP, and phosphatidic acid 
standards were prepared by labeling erythrocyte ghosts (see below). 
Unlabeled lipids were identified by exposure to iodine vapor and 
^^P-labeled markers were located by autoradiography. Individual 
spots were scraped into vials and ^H label in each lipid species 
estimated as described above. Neutral lipids (i.e., mono-, di-, and 
triacylglycerol) were not resolved by this procedure and were ex
cluded from the analysis.

Preparation op^P-labeled inositol lipid standards. [^^P]inositol phos
pholipid standards were prepared by labeling erythrocyte ghosts with 
[y-^^P]ATP (50 cpm/pmol) essentially as described [14, 15].

Separation of water-soluble inositol phosphates. The supernatant re
tained from the first TCA wash of [^Hjinositol-labeled cells was 
extracted three times with 2 ml of ether to remove TCA, and neu
tralized with 0.8 /tl 3 M Tris-HCl buffer, pH 8 .8 . Aliquots of 0.3 ml 
were applied to columns containing 1 ml of Dowex A1-X8 (formate 
form). The inositol phosphates were eluted by the stepwise addition 
of buffers (8  ml each) containing increasing levels of formate as 
described [16]. Aliquots (1 ml) of each eluate were added to 10 ml 
scintillation fluid and counted for ^H. Radiolabel in each inositol 
phosphate species was expressed as the percentage of total radiolabel 
in [^H]inositol lipids.

Statistical methods. The data were evaluated by Student’s /-test for 
unpaired samples.

Results

Time course of cessation of HL60 cell proliferation 
following treatment with 1.5% DMSO

HL60 cells seeded at 0.5 x 10*/ml proliferated exponentially 
in liquid culture (Fig. 1). D ilution o f cultures at days 4 and 
8 , when the cell density had reached 2  x 1 0 */ml, was followed  
by continued exponential growth. However, if  1.5% DM SO  
was included in the m edium, a decline in the rate o f  prolif
eration (compared to the control culture) became evident 
between days 1 and 2 , and complete cessation o f  cell d ivision  
was observed by day 5, despite redilution o f cultures to 0.5 x 
10* cells/m l (Fig. 1). We have verified that DM SO-induced  
cessation o f  proliferation was accompanied by granulocytic 
differentiation. Microscopic observation o f Giem sa-stained  
preparations showed that control cultures retained the largely 
blastlike morphology o f  HL60 cells. Throughout the exper
im ent 90% promyelocytes and 10% myelocytes were ob
served. By contrast, cultures treated with DM SO exhibited  
a gradual shift towards more mature granulocytic m orphol
ogy. A t day 14 following induction the culture contained 4% 
promyelocytes, 6 % myelocytes, 36% metamyelocytes, and  
49% polymorphonuclear cells. Cell viability remained >95%  
in both cultures throughout the experiment.
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Fig. 1. Effect of DMSO on HL60 cell proliferation. HL60 cells were 
incubated without (A) or with (•) 1.5% DMSO. Arrows indicate 
replenishment of medium, with redilution of cultures to 0.5 x IQ* 
cells/ml where necessary.

Changes in cellular content of inositol-containing 
compounds following DMSO-induced differentiation

The relative cellular contents o f inositol lipids and water- 
soluble inositol phosphate derived from lipid breakdown were 
estimated by labeling cells with [2-^H]inositol for 48 h in 
inositol-free medium. In the experiments described here, ra
diolabel was added at time 0 to all cultures, and DMSO was 
added to the test cultures at varying times before extraction 
and analysis o f  lipids and soluble compounds. This experi
mental design has been used previously in related studies 
[ 12].

Figure 2 shows that no significant changes in the relative 
amounts o f the [^Hjinositol-labeled lipids PIP and PIP2 were 
observed following either 24-h or 48-h treatment with DMSO. 
PI, the predominant inositol lipid (>95% ), also showed no 
significant changes in level (not shown).

By contrast, measurement o f  the radiolabel in the different 
water-soluble inositol phosphates present in cells labeled with 
[^Hjinositol showed that statistically significant changes in 
all soluble inositol phosphates were detectable 48 h following 
DMSO addition (Fig. 3). The physiologically important com 
pounds IP3 and IP4 had each declined to 80% o f control 
levels, whereas IP; and IP, had fallen to 50% and 65% re
spectively. Statistically significant decreases in IP; and IP; 
were also seen at 24 h, but the small decrease (10%) in IP3 

seen at this time was not significantly different from control 
levels. Small but statistically nonsignificant changes in IP, 
and IP; were seen at 6  h. At this time IP3 levels were the 
same as in controls, whereas IP4 levels were actually higher 
in DMSO-treated cells than in controls. However, the Dowex 
chromatography procedure [ 16] does not resolve the biolog
ically active in osito l-1,4,5-trisphosphate from the presum
ably inactive 1,3,4 isomer. Therefore all o f  the IP3 detected 
by us may not play a role in regulation o f Ca^+ levels.

We emphasize that the ratios o f labeled compounds mea
sured in the above experiments represented the molar ratios 
o f the compounds them selves, because the 48-h incubation 
with [^Hjinositol was sufficient to label inositol phosphates 
to equilibrium. This was established by demonstrating that 
the distribution o f  radiolabel among the different inositol 
phosphate species and glycerophosphoinositol remained un-

2 4  h
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o
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Fig. 2. Relative amounts of PIP and PIP; (± standard error of the 
mean [SEM]) in HL60 cells treated with 1.5% DMSO {hatched bars) 
and in control cells {open bars). Label in PIP or PIP; is expressed 
as a percentage of label in total [^Hjinositol lipid under equilibrium 
labeling conditions (see text). Differences between control and DMSO- 
treated cultures were not statistically significant (p > 0.5) at all times 
(« = 10 at 24 h; « = 7 at 48 h).

changed if  incubation with the labeled precursor was pro
longed to 72 h (not shown). We also stress that the total 
incorporation o f [^Hjinositol into lipids was unaffected by 
DMSO treatment, indicating that the differences between 
treated and untreated cells documented above could not be

•  100

2 4  4 8
t i m e  ( h o u r s )

Fig. 3. Effect of DMSO treatment on levels of soluble inositol 
phosphates in HL60 cells. Levels of each inositol phosphate in DMSO- 
treated cells are expressed as a percentage of the level of the corre
sponding compound in untreated cultures. *, p < 0 .0 0 1 ; 0 .0 1  <
p < 0.02; 4, 0.02 < p < 0.05 {n = 14 at 24 h; /i = 12 at 48 h).
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Fig. 4. Relative amounts of DAG (± SEM) in HL60 cells treated 
with 1.5% DMSO {hatched bars) and in control cells {open bars). 
Label in DAG is expressed as a percentage oflabel in total [^HJglycerol- 
containing lipid under conditions of equilibrium labeling (see text). 
Differences between cultures were statistically significant: 6 h: 0.02 < 
p < 0.05 (n = 14), 24 h: p < 0.001 {n = 8 ), 48 h: p < 0.001 {n = 
6 ).

Table 1. Distribution of radiolabel in individual lipid classes from 
HL60 cells labeled to equilibrium (48 h) with [-^H]glycerol in the 
presence or absence of dimethylsulfoxide

Control + DMSO

PIP; 1 0.67 0.79 H
PIP
PI 14.2 14.45
Phosphatidic acid 1.14 0.47
Phosphatidylserine 8 .6 7.75
Phosphatidylcholine 58.65 60.9
Phosphatidylethanolamine 18.15 14

Numbers represent radiolabel in each lipid (percent of total [̂ H] 
lipid). The differences in the proportion of radiolabel in each phos
pholipid species between the control and DMSO-treated cells were 
not statistically significant (Student’s /-test). The results shown are 
from two independent experiments.

accounted for by DMSO-induced alterations in the uptake 
o f PHjinositol.

Changes in cellular DAG content following 
DMSO-induced differentiation

In order to assess changes in the cellular content o f DAG, 
equilibrium labeling experiments were carried out using 
[^H]glycerol. A statistically significant decrease in DAG con
tent of 30% was observed 6 h following DMSO addition and 
was maintained at 24 h and 48 h (Fig. 4). A small decrease 
in DAG content (91% o f control) was also detected 1 h fol
lowing DMSO addition. However, this was not statistically 
significant {n = 26, p > 0.05).

The 48-h labeling period was found to be sufficient to 
establish isotopic equilibrium, because the distribution of 
radiolabel in phospholipid, mono-, di-, and triacylglycerol 
did not change significantly between 24 h and 48 h o f labeling. 
Furthermore, DMSO addition did not alter the total uptake 
of [^HJglycerol into total lipid. Therefore, the measurements 
documented in Figure 4 represent changes in molar ratios of 
diacylglycerol following DMSO addition.

Distribution of radiolabel in phospholipids of 
HL60 cells labeled with [^H]glycerol in the 
presence or absence of DMSO

We ascertained that no significant changes in distribution of 
phospholipid species occurred in HL60 cells labeled to equi
librium with PHjglycerol. Both the total uptake o f  label 
and the distribution o f radiolabel in phospholipid species 
were identical whether the labeling was carried out for 48 h 
in the presence or absence o f DMSO (Table 1).

Discussion

The results here have shown that statistically significant de
creases in the cellular content of DAG and soluble inositol 
phosphates occurred following induction o f DMSO-stimu- 
lated differentiation o f HL60 cells. No changes in PIP;, the 
putative precursor o f DAG and inositol phosphates [5, 17], 
was observed. These observations are consistent with the

suggestion that the activity o f the phospholipase C enzyme, 
which specifically cleaves the P IP ; to DAG and IP3 [17], was 
reduced following DMSO treatment. However, the metab
olism of DAG and IP3 is part o f a complex interacting net
work o f reactions [5, 6 , 17], and changes in the rates o f other 
biochemical processes may also contribute to the observed 
decrease in the cellular content o f these compounds. The 
complexity o f these pathways may also explain why the de
creases in DAG and inositol phosphates did not appear to 
be coordinate, because the levels o f these compounds may 
be modulated by changes in the rates of reactions other than 
the phospholipase C step, which in itself would produce equi- 
molar amounts o f IP3 and DAG. An alternative explanation 
for the apparently uncoordinated decrease in IP3 and DAG  
is that the major source o f DAG in HL60 cells is not an 
inositol-containing lipid. Recent evidence suggests that phos
phatidylcholine [ 1 0 ] or complex inositol-containing glyco
lipids [11] may serve as sources o f receptor-stimulated DAG 
production.

In addition to its second messenger role, DAG is an in
termediate in lipid biosynthesis in some cell types [ 18]. How
ever, the changes in DAG reported here cannot be ascribed 
to generalized changes in phospholipid metabolism conse
quent to withdrawal from the cell cycle or to differentiation 
for the following reasons. First, DMSO-treated cells undergo 
one complete round o f cell division before ceasing prolifer
ation, and this round o f  proliferation extends substantially 
beyond the time (6  h) at which the fall in DAG was maximal. 
Second, the assessment o f differentiation by a variety o f im 
munological and histochemical parameters showed that no 
phenotypic changes were detectable until at least 24 h fol
lowing DMSO addition [19]. Third, we were unable to detect 
significant changes in labeling o f the total phospholipid pool 
or in the distribution o f radiolabel in individual phospholipid 
species in cells labeled to equilibrium (i.e., for 48 h) in the 
presence or absence o f DMSO. Therefore the changes in lipid 
metabolism detected by us appeared to be specific for DAG.

The observed decrease in DAG by 6  h following DMSO  
treatment clearly preceded the cessation o f proliferation by 
at least 18 h. However, statistically significant decreases in 
IP3, the physiologically important inositol phosphate, were 
not manifest until 24 h, although a nonsignificant decrease 
was seen at 6 h. Because DAG and IP3 are important second
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messengers in the stim ulation o f  cell proliferation [5, 6 , 17], 
we suggest that the early decrease in D A G  following DM SO  
treatment, and possibly o f  IP3 as well, m ay contribute to the 
withdrawal o f  H L 60 cells from proliferation.

D M SO  treatment o f  murine erythroleukemia cells induces 
their differentiation to erythroid cells [12]. This differentia
tion was also preceded by decreases in  levels o f  inositol phos
phates and diacylglycerol that were also not coordinate with  
respect to tim e o f  D M SO  treatment. In this study a significant 
decrease in  levels o f  both IP3 and D A G  was evident at 2 h. 
H ow ever, IP3 levels did not decline further, whereas D A G  
levels continued to fall over the next 24 h. By contrast the 
present study shows that in  differentiating HL60 cells levels 
o f  diacylglycerol fell to a new steady state level before sig
nificant changes in IP3 levels were detected. Furthermore, 
PIP2 levels in the erythroleukemia cells declined significantly 
after 8 -h D M SO  treatment, whereas they remained un
changed in the H L60 system . Therefore, the m echanism s 
regulating inositol lipid m etabolism  and that o f  inositol lipid- 
derived second messengers during D M SO -induced differ
entiation o f  HL60 cells and murine erythroleukemia cells 
appear to be different.

The m echanism  underlying the observed D M SO -induced  
decrease in D A G  and IP3 is unclear. H L60 cells are known 
to harbor an activated oncogene, N-ras [20]. N-ras is a m em 
ber o f  the ras fam ily o f  oncogenes, all o f  which encode GTP- 
binding proteins [21]. It is believed that the normal alleles 
o f ras oncogenes function in coupling cell-surface receptors 
to effector enzym es that generate cellular second messengers, 
and that point m utations that oncogenically activate these 
genes do so by destroying a GTPase activity intrinsic to the 
gene products [22]. The loss o f  GTPase activity may lead to 
permanent activation o f  the signaling system even in the 
absence o f  growth factor stim uli, causing uncontrolled pro
duction o f  second messengers. The normal allele o f  N-ras 
has been shown to couple receptors for the growth factor 
bom besin to the breakdown o f  inositol lipids, presumably 
by stimulating the PIP2-specific phospholipase [23]. Trans
fection o f  oncogenically activated alleles o f  ras genes into 
fibroblasts causes their neoplastic transformation and con
com itantly results in an elevation in their D A G  and IP3 levels 
[24, 25]. The differences in D A G  levels between ras-trans- 
formed and un transformed cells were similar (about 30%) to 
the differences observed between untreated and DM SO- 
treated HL60 cells in  the present study. We therefore suggest 
the hypothesis that the activated N-ras allele o f  HL60 cells 
contributes to the transformed phenotype by stimulating the 
unregulated generation o f  D A G  and IP3, and that induction  
o f  differentiation by D M SO  reduces the activity o f  this path
way. This cannot be attributed to the down-regulated expres
sion o f  the N-ras gene itself, because N-ras expression is 
maintained during D M SO  differentiation [26]. It is, however, 
plausible that the activity o f  the N-ras protein, the phos
pholipase, or som e other com ponent o f  the system is m od
ified following D M SO  treatment.
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Abstract. We have studied the metabolism and cellular levels 
o f  inositol lipids and their breakdown products, the inositol 
phosphates and diacylglycerol (D AG ), in H L60 hum an m y
eloid leukem ia cells. Changes in these species during phorbol 
myristate acetate (PM A)-induced differentiation to a mac- 
rophage-like phenotype were quantitated by isotopic labeling 
techniques. The slow, autonom ous breakdown o f  inositol 
lipids detectable in uninduced cells was alm ost com pletely  
abolished between 3 and 6  h o f  PM A addition. The intra
cellular levels o f  the inositol phosphates were detectably re
duced 1 h after PM A addition and continued to decline dur
ing the next 24 h. Also consistent with the reduced breakdown 
o f  inositol lipids, the molar ratio o f  these species showed a 
small but significant increase relative to other membrane 
lipids 24 h following PM A addition. However, the cellular 
D A G  content increased gradually after PM A addition, pre
sum ably due to the cessation o f  cell proliferation and reduced 
utilization o f  D A G  as a precursor for lipid synthesis. The 
results here suggest that the slow, autonom ous generation o f  
inositol lipid-derived second messengers may contribute to 
the stim ulation o f  proliferation o f  HL60 cells and that the 
rapid PM A-induced inhibition o f  this pathway may precede 
the triggering o f  cellular differentiation in this system.

Key words: Phorbol ester — Leukemia cell differentiation — Inosi
tol lipids — Inositol phosphates — Diacylglycerol

The differentiation o f  som e m yeloid  leukem ia cells and cell 
lines to a terminal nonproliferating state can be triggered in 
vitro by treatment with chem ical agents or bioactive poly
peptides such as colony stimulating factors, interferons, or 
tum or necrosis factor [1, 2]. The treatment o f  leukem ia by 
the induction o f  differentiation is currently considered to be 
a feasible therapeutic option [1]. The design o f  rational in 
v ivo  differentiation induction protocols will be aided by an 
understanding o f  the biochem ical m echanism s underlying 
the stim ulus-induced withdrawal o f  cells from the prolifer
ating state and their subsequent differentiation. W e have 
therefore undertaken a study o f  the early events following  
induction o f  differentiation o f  the H L60 human m yeloid leu
kemia cell line, a well-studied m odel system  [3]. Following  
treatment with the tum or promoter phorbol myristate acetate

Address reprint requests to; Dr. E. Porfiri, Department of Haema
tology, Royal Free Hospital and School of Medicine, Pond Street, 
Hampstead, London, NW3 2QG, UK.

(PMA), H L60 cells com plete one round o f  D N A  synthesis, 
becom e arrested in the subsequent G1 phase [4], and undergo 
differentiation to macrophage-like cells [5]. We have used  
this system to study changes in the levels o f  inositol phos
phates and o f  diacylglycerol (D AG ) during the differentiation 
process. Inosito l-1,4,5-trisphosphate (IP3) and D A G  are im 
portant intracellular second messenger m olecules produced 
as a consequence o f  the binding o f  several growth factors to 
their surface receptors and are thought to play crucial roles 
in the transduction o f  m itogenic signals [6 , 7]. These m ole
cules are generated as a result o f  cleavage o f  a rare membrane 
lipid, phosphatidylinositol-4,5-bisphosphate (PIP2) by a PIP2- 
specific phosphodiesterase (PIP2-PDE). PIP2 is derived from  
phosphatidylinositol (PI), a more abundant membrane lipid, 
by sequential phosphorylation via phosphatidylinositol-4- 
m onophosphate (PIP). In normal cells the activity o f  PIP2- 
PDE is stimulated following the binding o f  growth factors or 
mitogens to their specific receptors [8 , 9]. The generation o f  
D A G  and IP3 is thought to initiate multiple cascades o f  b io
chemical events that culm inate in the initiation o f  D N A  
synthesis and eventually o f  cell d ivision [6 , 7]. The role o f  
PIP2 breakdown in the regulation o f  proliferation is em pha
sized by the observation that m itogenesis stim ulated by som e 
growth factors is abolished by microinjection o f  antibodies 
against PIP2 [10]. D A G  is an allosteric activator o f  the Ca^+ 
and phospholipid-dependent enzyme protein kinase C (PKC) 
[6 ]. IP3 triggers the release o f  Ca^+ ions from intracellular 
stores [7], leading to an increase in cytoplasm ic Ca^+ con
centrations and the stim ulation o f  Ca^+-dependent events. 
Inositol-1,3,4,5-tetrakisphosphate (IP4), which is derived by 
the phosphorylation o f  IP3, also contributes to Ca^+ eleva
tion, probably by stimulating the entry o f  extracellular Ca^+ 
[11]. Inositol bisphosphate (IP2) and inositol monophosphate 
(IP,) have no known messenger function and are probably 
breakdown products o f  IP3 and IP4. Because ligand-indepen
dent production o f  D A G  m ay contribute to aberrant growth 
signaling in som e cell lines transformed by certain oncogenes 
in vitro [12-14], we carried out experiments to determine 
whether the autonom ous breakdown o f  PIP2 could be de
tected in H L60 cells and whether this process may be blocked 
by PM A treatment.

M aterials and methods

Cell cultures. HL60 cells were grown at 37°C in a 5% CO2 atmo
sphere, in RPMI-1640 medium supplemented with 10% fetal calf
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serum, L-glutamine, and antibiotics (GIBCO, Paisley, Scotland). Ino
sitol-free RPMI-1640 (GIBCO) and dialyzed fetal calf serum were 
used in the inositol labeling experiments. Viable cell counts were 
determined by trypan blue exclusion. Adherent cells were detached 
and counted after treatment with trypsin (0.5%)/ethylenediamine- 
tetraacetate (EDTA; 0.2 g/liter; GIBCO) for 10 min at 37°C. To 
measure [^H]thymidine incorporation, 10̂  cells in 0.2 ml of complete 
medium were plated in a microtiter plate. At the times indicated, 
triplicate wells were pulsed for 1 h with 1 tiCi each of [^HJthymidine 
(40 Ci/mmol; Amersham International, UK). Incorporation of ra
diolabel into DNA was quantified by scintillation counting after 
precipitation with 0.5 M perchloric acid [15].

The distribution of cells in the proliferative cycle was determined 
by fluorescence-activated sorting of cells stained with propidium 
iodide [16]. Data were analyzed using an EASY 2 computer with 
the PARA 1 program.

PHjinositol labeling experiments. In order to measure the steady 
state levels of inositol phosphates, HL60 cells were labeled for 48 h 
to isotopic equilibrium with myo-[2-^H]inositol (20 Ci/mmol; 
Amersham) in inositol-free medium. We have previously established 
that 48-h incubation is sufficient to label the inositol lipids, different 
inositol phosphate species, and glycerophosphoinositol to isotopic 
equilibrium [17]. Therefore, under these conditions of labeling, the 
distribution of radiolabel in inositol-containing species is directly 
proportional to the molar ratios between these species [1 2 , 13, 17, 
18]. We have also established that neither growth nor the viability 
of HL60 cells were affected by 48-h exposure to low inositol medium 
[17]. Furthermore, we have now observed that the PMA-induced 
maturation of HL60 cells was not modified by the 48-h incubation 
in low inositol medium. In each experiment HL60 cells in expo- 
nential-phase growth were seeded at 0.5 x IQVml in 6  x 3 5-mm 
flat-bottomed multiwell plates (Sterilin Limited, Hounslow, UK). 
Five MCi/ml myo-[2-^H]inositol was added to all the cultures at zero 
time, and 20 nM PMA (Sigma Chemical Company, Poole, UK) was 
added to the test cultures at the times specified in the figure legends 
prior to the extraction of the cells at 48 h. This experimental design 
ensures that all the cultures were labeled to equilibrium (i.e., for 48 
h) with variable periods of exposure to PMA; the design has been 
previously employed and discussed by us [17] and others [18] in 
related studies.

At the end of the 48-h incubation, the plates were shaken vigor
ously, and culture medium was aspirated and centrifuged at 700 g 
for 5 min in 5-ml polypropylene tubes in order to recover the non
adherent cells. Adherent cells were recovered by scraping the bottom 
of each well twice after addition of 0.75-ml aliquots of 1 0 % trichlo
roacetic acid (TCA). The pooled TCA washes were added to the 
pellet of nonadherent cells. After 30 min on ice, the tubes were 
centrifuged, the supernatant was saved, and the pellet was washed 
again with 0.5 ml of 10% TCA. All the supernatants obtained from 
the TCA washes were combined and used for the determination of 
the water-soluble inositol phosphates (see below). The inositol lipids 
present in the acid-insoluble material were extracted witb chloro
form : methanol : concentrated HCl (20:40:1 vol/vol) as described 
[17], and the total incorporation of [^H]inositol in these species was 
quantified by liquid scintillation.

Radiolabel in the water-soluble inositol phosphates recovered in 
the TCA extracts was determined by anion exchange chromatog
raphy on Dowex A1-X8 (formate form) columns as previously de
scribed [17, 19]. Radiolabel in each inositol phosphate species was 
expressed as a percentage of total ^H radiolabel in inositol lipids.

Ĵ HJglycerol labeling experiments. To measure steady-state levels of 
glycerophospholipids, [ 1-^H]glycerol ( 1 Ci/mmol; Amersham) at 2.5 
^Ci/ml was added to HL60 cells seeded in complete medium at a 
density of 0.5 x IQVml in 6  x 35-mm multiwell plates. Cells were 
labeled for 48 h, which was previously shown to be sufficient for the 
establishment of isotopic equilibrium [17], and 20 nM PMA was 
added at the appropriate times during these 48 h. At the end of the 
48-h incubation, the cells were harvested and the acid-insoluble 
material was precipitated with 10% TCA as described for the inositol 
labeling experiments. The acid precipitate was then extracted by 
addition of 1.5 ml of chloroform : methanol : concentrated HCl (20: 
40:1 vol/vol). After 30 min on ice, phase split was induced by ad

dition of 0.5 ml each of chloroform and water. The aqueous phase 
was discarded and the organic phase of each sample was washed 
three times with 0.7 ml of the upper phase obtained after partitioning 
a mixture of chloroform : methanol 1 N HCl (1:1:0.9 vol/vol). The 
washed organic phase was concentrated under a stream of nitrogen 
and analyzed by two-dimensional thin layer chromatography as re
ported [17], except that the second dimension solvent was chloro
form : methanol : acetone : acetic acid : water (17:7.4:3:3.4:2 vol/vol). 
The radiolabel in each glycerophospholipid species is expressed as 
a percentage of the total radiolabel in glycerophospholipids. Neutral 
lipids were not resolved by this procedure and were excluded from 
the analysis.

In order to measure the steady-state levels of the neutral gly- 
cerolipids (monoacylglycerol, 1,2- and 1,3-DAG, and triacylgly
cerol), HL60 cells were labeled to isotopic equilibrium with [1- 
^H]glycerol and the lipids precipitated with TCA as reported for the 
glycerophospholipids (see above). The acid-insoluble material was 
then extracted and the neutral lipids were analyzed by thin layer 
chromatography as previously described [17]. The results are ex
pressed as radiolabel in each neutral lipid as a percentage of ra
diolabel in total [^H]glycerolipids.

Estimation of the rate of inositol phosphate generation. The rate of 
production of inositol phosphates in PMA-treated and untreated 
HL60 cells was compared following the addition of LiCl, an inhibitor 
of IP, phosphatase [19]. Inositol phosphates are derived exclusively 
from the breakdown of inositol lipids and not by the phosphorylation 
of inositol [6 , 7], Therefore LiCl treatment has proved useful in the 
detection of inositol lipid breakdown provoked by many agonists, 
due to the accumulation of inositol phosphates at the level of IP, 
[19]. We have used this method in order to detect the autonomous 
generation of inositol phosphates in HL60 cells. A similar procedure 
has been used to study inositol lipid breakdown in cells infected with 
feline sarcoma viruses [14].

HL60 cells, seeded at 0.5 x IQVml in inositol-free medium in 
6  X 35-mm multiwell plates were labeled to isotopic equilibrium 
for 48 h with myo-[2-^H]inositol at 5 ^Ci/ml. The radiolabel was 
added to all the cultures at zero time and 20 nM PMA was added 
to the test cultures 24 or 6  h before the end of the 48-h incubation. 
LiCl (10 mM) (British Drug Houses, Poole, UK) was added 3 h 
before the end of the incubation with the radiolabel. The cells were 
recovered from the plates and the acid-insoluble material was pre
cipitated with 10% TCA as described for the inositol labeling ex
periments (see above). The water-soluble [^H]inositol phosphates in 
the TCA extracts were quantitated by anion exchange chromatog
raphy on Dowex A1-X8 columns as previously described [17, 19]. 
The total incorporation of [^H]inositol in the inositol lipids extracted 
into the organic phases was also quantitated [17]. Radiolabel in each 
inositol phosphate species was expressed as a percentage of total 
radiolabel in [’H]inositol lipids.

Statistical methods. The data were evaluated by Student’s (-test for 
unpaired samples.

Results

Effect of PMA on cell growth and differentiation

HL60 cells, seeded at 0.5 x lOVml proliferated continuously 
in liquid culture with a doubling tim e o f  about 24 h. When 
20 nM  PM A was added to the m edium , the cells rapidly lost 
their proliferative capacity and gradually became adherent 
to the plastic surface o f  the culture well. Whereas the control 
cells grew exponentially (Fig. lA ), the cell number in the 
PM A-treated cultures showed only a sm all initial increase 
(Fig. IB). M oreover, after 48-h exposure to PMA, 90% o f  
the cells became adherent to plastic and could be rem oved  
only by treatment with trypsin/EDTA. The microscopic ob
servation o f  Giem sa-stained preparations showed that 48 h 
after the addition o f  PM A to the culture m edium , the m a
jority o f  HL60 cells lost their blast-like morphology and ac
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quired differentiated features resembling mature macro
phages. The differentiation of the cells was additionally 
confirmed by the observation that the adherent cells were 
strongly positive for nonspecific esterase activity 72 h fol
lowing PMA addition, whereas untreated cells were only 
weakly positive. Cell viability remained >95% in both con
trol and test cultures throughout all experiments described 
here.

[^Hjthymidine uptake and DNA analysis

The incorporation of [^Hjthymidine into DNA was studied 
by pulse labeling HL60 cells for 1 h at different times after 
PMA addition (Fig. 2). PH]thymidine incorporation was 
identical in control and PMA-treated cultures after 1 and 6  

h o f exposure to PM.A. The PHJthymidine uptake o f PMA- 
treated HL60 cells began to decrease between 6  and 12 h o f  
exposure and continued to decline until 48 h. In order to 
confirm that the decrease of pHjthymidine uptake was due 
to the withdrawal o f cells from the S phase, we analyzed the
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F ig . 1. P ro l if e ra t io n  a n d  d if fe re n t ia t io n  o f  H L 6 0  ce lls  (A ) a n d  o f  
H L 6 0  ce lls  t r e a te d  w ith  2 0  n M  P M A  a t t im e  z e ro  (B ). O , to ta l  ce lls ; 
# ,  a d h e re n t  ce lls .

DNA distribution at various times after PMA addition. In 
untreated cultures 30.7% of cells were in S phase, 19.4% in 
G2/M, and 49.9% in G l; this distribution remained essen
tially unchanged during 48 h of culture. Forty-eight hours 
after PMA addition the proportion o f  the cells in S phase 
decreased to 15.2% and those in G2/M to 9.8%, whereas the 
cells in G l GO constituted 75% of the total. We did not find 
any significant changes in DNA content distribution after 1 
and 12 h of PMA treatment. These results confirm that fol
lowing the addition o f  PMA, HL60 cells proceeded through 
the cell cycle until the subsequent G l phase, in which they 
were arrested and underwent differentiation without requir
ing further DNA synthesis.

The rate of autonomous production of inositol phosphates 
in PMA-treated and untreated UL60 cells

When LiCl was added to exponentially growing HL60 cells 
that had been labeled to equilibrium with [’H]inositol, the 
radiolabel in IP, in LiCl-treated cells rose to 170% of the 
radiolabel in LiCl-untreated cells (Fig. 3), indicating that a 
slow, autonomous breakdown of inositol lipids was occurring 
in these cells. However, if 20 nM PMA was added to the 
cultures 6  h prior to termination o f incubation there was no 
significant difference in the radiolabel in IP, in LiCl-treated 
and untreated cells, suggesting that the autonomous break
down of inositol lipids in HL60 cells was completely abol
ished between 3 and 6  h following PMA addition. Further
more, the radiolabel in IP, in the absence of LiCl was reduced 
to 70% in PMA-treated cells compared to the untreated cells 
(Fig. 3). Because equilibrium labeling conditions were em 
ployed, this suggests a fall in the steady-state level o f IP,. 
Steady-state levels o f  IP., IP,, and IP4 in PMA-treated cells 
also fell to 40%, 50%, and 70%, respectively, o f the levels in 
the control cells, and were not detectably increased by the 
addition of LiCl (Fig. 3).

A similar experiment to that depicted in Figure 3 was also 
carried out on cells treated with PMA for 24 h. PH]IP, levels 
in PMA-treated cells fell to 50% of the level in the control 
cells. Addition o f LiCl to the PMA-treated cells for 3 or 6  h 
did not result in an increase in radiolabeled IP,, indicating 
that the block on inositol lipid breakdown was maintained 
24 h following PMA addition (not shown).
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o f  th e  m e a n  (S E M ).
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Changes in cellular content of inositol lipids 
and inositol phosphates following 
treatment with PMA

Because PMA treatment o f HL60 cells led to the rapid ces
sation o f inositol lipid breakdown, we investigated the time 
course o f the change in the steady-state levels o f inositol- 
containing lipids or o f  inositol phosphates, estimated by la
beling the cells to isotopic equilibrium with ['Hjinositol. Ra
diolabel was added at zero time to all the cultures and 2 0  

nM PMA was added to the test cultures at varying times 
before extraction and analysis o f inositol-containing com 
pounds.

Figure 4 shows that significant changes in the ratios o f  
[’Hjinositol-labeled PIP and PIP, (compared with the ra
diolabel in total inositol lipids) were not detected after either 
24- or 48-h treatment with PMA. However, significant de
creases in the levels o f all the inositol phosphates became 
evident following 6  h o f  exposure to PMA (Fig. 5). At this 
time IP, and IP4, the physiologically important second mes
sengers, fell to 48% and 60% o f control values, respectively, 
while IP, and IP, fell to 58% and 35%. After 24 h o f treatment 
with PMA the steady-state levels o f all the inositol phos
phates showed a further decline. IP, fell to 50% o f control 
values, IP, to 25%, IP3 to 20%, and IP4 to 24%. Statistically 
significant decreases in IP,, IP,, and IP3 were also seen as 
early as 1 h following PMA addition, but the small decrease

in IP4 evident at this time (to 92%) was not significantly 
dilferent from the control.

PMA-induced changes in DAG content in IIL60 cells

In order to evaluate the changes in cellular content o f DAG  
during PMA-induced differentiation, we carried out equilib
rium labeling experiments using [’Hjglycerol. The steady- 
state levels o f DAG did not change significantly after 30 min 
or 1 h o f PMA treatment, but increased to 115% o f the 
control level at 6  h, continued to rise to 145% at 12 h, and 
had risen to 1 76% by 24 h (Fig. 6 ).

PMA-induced changes in glycerophospholipid 
composition of HL60 cells
We finally used two-dimensional thin layer chromatography 
to study the distribution o f radiolabel in glycerophospholipid 
species in HL60 cells labeled to equilibrium with [^Hjglycerol. 
Six hours o f treatment with 20 nM PMA did not induce any 
significant changes in the phospholipid composition o f HL60 
cells (not shown). By contrast, following 24 h o f exposure to 
PMA, the levels o f radiolabeled phosphatidic acid increased 
significantly relative to other phospholipids by 74% (Table 
1). Radiolabel in inositol lipids also increased by a small 
(15%) but significant amount. This is consistent with a slow 
accumulation o f the substrates o f inositol lipid breakdown 
following PMA treatment and is in agreement with the de
crease in steady-state levels and rate o f production o f inositol 
phosphates reported above. N o significant changes in the 
distribution o f radiolabel between the major lipid species 
(phosphatidylcholine, phosphatidylserine, and phosphati- 
dylthanolamine) were detected, suggesting that 24-h PMA 
treatment did not result in a major perturbation o f membrane 
composition.

Discussion

We have used isotopic labeling techniques to study the rate 
o f breakdown o f inositol lipids and the steady-state levels o f 
inositol lipid-derived second messengers following induction 
o f differentiation o f HL60 leukemia cells by PMA. The data 
here indicate clearly that an autonomous breakdown of inosi
tol lipids occurs in uninduced cells. This breakdown is slow 
compared to the rate o f ligand-stimulated inositol lipid
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breakdown in other cell types. In the experiment described 
in Figure 3 the accumulation o f inositol phosphates during 
a 3-h incubation in the presence o f LiCl amounted to only
1.5% of the radiolabel in inositol lipids. By contrast, in a 
typical experiment designed to measure inositol lipid break
down in human lymphocytes mitogenically stimulated with 
phytohemagglutinin [2 0 ], 18% o f the radiolabel in inositol 
lipids accumulated as inositol phosphates in a 30-min in
cubation (Porfiri, unpublished observation). The autono
mous breakdown o f inositol lipids was almost totally abol
ished between 3 and 6  h following the addition o f PMA to 
the cultures. This extends previous observations that ligand- 
stimulated inositol lipid turnover in several different cell 
types was abolished by phorbol ester pretreatment [6 ].

Measurements o f the steady-state levels o f inositol phos
phates showed that significant decreases in these compounds, 
including the biologically active IP3 and IP4, were detectable 
as early as 1 h following PMA addition. The chromatographic 
separation of inositol phosphates used here [19] did not re
solve the biologically active isomer 1 ,4 ,5 -IP3 from the pre
sumably inactive 1 ,3 ,4 -IP3. Therefore a fraction o f the IP3 

detected by us might not have had a second messenger role. 
Although the ratio o f 1,3 ,4 -IP3 to 1 ,4 ,5 -IP3 may vary de
pending on cell type or its physiological status [7], it has been 
shown that the source o f the 1 ,3 ,4 -IP3 isomer is 1 ,3 ,4 ,5 -IP4, 
which is in itself derived by the phosphorylation o f 1,4,5- 
IP3 and has second messenger function in regulating intra
cellular Ca^+ levels [11]. Therefore the levels o f total IP, 
reflect the production o f active inositol phosphate species.
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Fig. 6 . R a d io la b e l in  H L 6 0  ce lls  la b e le d  to  e q u i l ib r iu m  w i fi 
[^H ]g lycero l a n d  t r e a te d  w ith  2 0  n M  P M A . Times in d ic a te d  on  the 
abcissa a re  th e  t im e s  o f  P M A  a d d i t io n  p r io r  to  e x t ra c tio n . S ignifi
ca n c e  o f  th e  d if fe re n c e s  o f  D A G  ra d io la b e l  in  P M A -tre a te d  cells 
c o m p a re d  to  c o n tro l  c e lls  w e re  e s t im a te d  by  S tu d e n t 's  /- le s t .  0 .5  n: 
// =  6 , NS; 1 h: « =  10, NS; 6 h: // =  6, 0 .0 2  < p  < 0 .0 5 ; \2 h: n 
=  8 ,0 .0 0 1  < p  < 0 .0 1 ; a n d  24  h: n = 16, p  < 0 .0 0 1 .

T a b le  1. D is t r ib u t io n  o f  ra d io la b e l  in  g ly c e ro p h o s p h o lip id  species 
o f  H L 6 0  ce lls  la b e le d  to  e q u i l ib r iu m  (4 8  h ) w ith  [ 'H ]g ly c e ro l in the 
p re s e n c e  o r  a b s e n c e  o f  P H A

C o n 
tro l

P lu s  
P M A , 
24  h

in  =  8) P

P h o s p h a tid ic  a c id 0 .8 8 1.53 p  < 0 .001
P h o s p h a tid y ls e r in e 7.7 7 .95 N S
P h o s p h a tid y lc h o lin e 5 8 .5 5 7 .2 6 N S
P h o s p h a tid y le th a n o la m in e 17 .85 16 .45 N S
In o s ito l lip id s 14 .5 3 16 .78 0.01  < p  < 0 .0 2

N u m b e r s  r e p re s e n t  r a d io la b e l  in  e a c h  l ip id  s p ec ie s  e x p re s s e d  a s  a 
p e rc e n ta g e  o f  to ta l  [ ’H ] la b e l in  g ly c e ro p h o s p h o lip id s  ( 1 0 -1 5  x 10 ’ 
c p m  w ere  a n a ly z e d  o n  e a c h  c h ro m a to g r a p h ic  p la te ) . T h e  v a lu e s  o b 
s e rv e d  in  P M A - tr e a te d  ce lls  w e re  te s te d  fo r  a  s ig n if ic a n t d iffe re n ce  
f ro m  c o n tro l v a lu e s  b y  S tu d e n t’s /- te s t ,  a n d  th e  p -v a lu e s  a r e  r e p o r te d  
in  th e  th i rd  c o lu m n . N S , n o  s ig n if ic a n t d iffe re n ce . D u e  to  th e  low  
in c o r p o ra t io n  o f la b e l  in to  P IP  a n d  P I P . ,  a ll th e  in o s ito l  l ip id  sp ec ie s  
w e re  a n a ly z e d  to g e th e r .

even though the 1,3,4-1?, isomer does not itself play a known 
second messenger role.

The relative proportion o f inositol lipids compared to total 
cellular lipids was significantly increased 24 h after PMA 
addition, compatible with the decrease in their rate of deg
radation. No changes in the relative proportions o f the other 
major phospholipid species (with the exception o f phospha
tidic acid) were detected. Although it is generally believed 
that PI? 2  is the target for phosphodiesteratic cleavage of 
inositol lipids [6 , 7], no significant changes in distribution of 
[^H]inositol radiolabel between the three inositol lipid species 
could be detected 24 h following PMA addition. This may 
be accounted for by the operation o f a “futile cycle” o f kin
ases and phosphatases, which catalyzes the interconversion 
between PI, PIP, and PIP,, and which maintains an equilib
rium between these species [7].

In addition to the inositol phosphates, DAG is also pro
duced by the breakdown o f inositol lipids. Surprisingly, the 
cellular levels o f DAG actually rose markedly following PMA 
treatment. Whereas the inositol phosphates can only be de
rived via the breakdown o f inositol phospholipids [6 , 7],
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other routes for D A G  synthesis are known. Although PM A  
treatment o f  HL60 cells has been shown to trigger the gen
eration o f  D A G  from phosphatidylcholine [21], this is a 
rapid and transient phenom enon that is terminated within  
minutes o f  PM A addition and is therefore unlikely to account 
for the marked and sustained increase in D A G  reported here. 
D A G  also serves as a biosynthetic precursor for the de novo  
synthesis o f  som e phospholipids [2 2 ], and we consider it 
likely that the accumulation o f  D A G  reported here results 
from its reduced utilization in PMA-treated cells due to their 
cessation o f  proliferation. Comparison o f  Figures 2 and 6  

shows that the increase in D A G  occurred in the same tim e  
frame following PM A addition as did the decline in the rate 
o f D N A  synthesis. This explanation is also supported by the 
observation that phosphatidic acid, the precursor o f  biosyn
thetic D A G  [22], was also elevated in PM A-treated cells. If  
indeed the bulk o f  D A G  in PM A-treated cells originates from  
the biosynthetic pathway, this im plies that a major regulatory 
point in de novo phospholipid synthesis lies distal to D A G  
formation. Furthermore, biosynthetic D A G  would be ex
pected to have a different subcellular localization and prob
ably functional properties compared to inositol lipid-derived  
DAG . It is also likely that an increase o f  the biosynthetic 
D A G  pool may mask a decrease in D A G  derived from inosi
tol lipid breakdown. In any event PKC is markedly down- 
regulated in HL60 cells treated with PMA. Therefore any 
accumulated D A G  would be unable to activate the PKC  
pathway [23].

The PM A-induced changes in second messengers de
scribed here contrast with our previous observations on the 
induction o f  granulocytic differentiation o f  HL60 cells by 
dim ethylsulfoxide (DM SO) [17]. DM SO treatment led to a 
rapid (within 6  h) decline in D A G  levels that was maintained  
for at least 48 h. It is noteworthy that no detectable cessation  
in proliferation o f  DM SO-treated HL60 cells was seen until 
3 days following DM SO addition [17], whereas PM A-in
duced withdrawal from D N A  synthesis was evident at 12 h. 
However, a significant decrease in inositol phosphates was 
not evident until 24 h following DM SO addition. Further
more, DM SO treatment results in a substantial elevation o f  
PKC activity in H L60 cells, whereas PM A induced its down- 
regulation [23]. Therefore, the data are compatible with the 
suggestion that D M SO  and PM A trigger the withdrawal o f  
HL60 cells from the cell cycle by acting at different sites in 
the complex pathways that regulate their proliferation. It 
would be o f  interest to extend these studies using other chem 
ical and biological inducers o f  both granulocytic and m ono
cytic differentiation.

The changes in inositol lipid breakdown described here 
occur in the same tim e frame as the changes in expression  
o f  the protooncogenes c-fos [24] and c-m yc [25] following 
PM A treatment. The expression o f  these oncogenes has been 
shown to play putative roles in the regulation o f  both cell 
proliferation and differentiation [24-27] and has also been 
shown to be regulated by PKC- and Ca^+ ion-dependent 
pathways [28,29], which are regulated in turn by the products 
o f inositol lipid breakdown. It w ould therefore be o f  interest 
to establish the links between PM A-induced changes in inosi
tol lipid metabolism and in oncogene expression.

Neither the mechanism  underlying the autonom ous sec
ond messenger generation in HL60 cells nor the cessation o f

this process following PM A treatment are understood. The 
HL60 cell line harbors an activated N-ras gene [30]. The 
products o f  activated ras genes have been shown to rapidly 
stimulate PIP2-PDE following their microinjection into Xen- 
opus oocytes, whereas their normal counterparts are unable 
to do so [31]. By contrast, the product o f  normal ras alleles 
may serve in coupling growth factor receptors to PIP2-PDE  
in normal m itogenic signaling [32]. It is plausible, though 
unproven, that the product o f  the activated N-ras allele o f  
HL60 cells may trigger the autonom ous breakdown o f  inosi
tol lipids leading to the aberrant triggering o f  mitogenic path
ways. Because PKC is the only known target o f  PMA action 
in eukaryotic cells [6 ], it is likely that the PM A-induced  
down-regulation o f  inositol lipid breakdown is mediated by 
the phosphorylation and inactivation o f  either PIP2-PDE it
self or a regulatory protein via PKC activation. However, 
we cannot rule out the possibility that the activation o f  PKC  
triggers the down-regulation o f  expression o f  enzymes cata
lyzing lipid breakdown.

In summary, the present work describes the early changes 
in the inositol lipid breakdown pathway that precede PM A- 
induced withdrawal from the cell cycle and m onocytic dif
ferentiation o f  HL60 human m yeloid leukemia cells. A l
though it is extremely unlikely that tum or promoters such 
as PM A will be o f  utility in inducing the cessation o f  prolif
eration o f  leukemia cells in vivo, an understanding o f  the 
changes in intracellular growth regulatory pathways following 
treatment with such agents will be an advantage in designing 
protocols applicable in vivo.
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Retinoic Acid-Induced Granulocytic Differentiation of HL60 Human 
Promyelocytic Leukemia Cells Is Preceded by Downregulation of Autonomous 

Generation of Inositol Lipid-Derived Second Messengers

By Emilio Porfiri, A. Victor Hoffbrand, and R. Gitendra Wickremasinghe

Inositol phosphates (InsPs) and diacyglycerol (DAG) are 
second m essengers derived via the breakdown of inositol 
phospholipids, and which play important signalling roles in 
the regulation of proliferation of som e cell types. We have 
studied the operation of this pathway during the early stages  
of retinoic acid (RA)-induced granulocytic differentiation of 
HL60 m yeloid leukemia cells. The autonom ous breakdown of 
inositol lipids that occurred in HL60 cells labeled with [̂ H] 
inositol w a s com pletely abolished following 48 hours of RA 
treatm ent. The rate of influx of ^̂ Câ  ̂ w as also significantly 
decreased at 48 hours, consistent with the role of inositol 
lipid-derived second m essengers in regulating Ca'^ entry into 
cells. The downregulation of inositol lipid m etabolism  clearly 
preceded the o n set of reduced proliferation induced by RA

Re t i n o i d s  a r e  a family of natural compounds 
known to control the differentiation and proliferation 

o f a wide variety o f normal cell ty p es .R e tin o ic  acid (RA), 
a member of this family, induces growth arrest and terminal 
differentiation of some neoplastic cells and cell lines.^ " The 
human promyelocytic leukemia cell line HL60,^ as well as 
fresh myeloid leukemia blast c e l ls ,c e a s e  proliferation and 
undergo granulocytic differentiation in vitro in response to 
micromolar or nanomolar concentrations of RA. In limited 
clinical trials, RA treatment has apparently induced com
plete remission in more than 95% of cases of acute 
promyelocytic leukemia without causing marrow aplasia.’*

The mechanisms by which RA exerts its biologic effects 
are unclear. RA binds to specific nuclear receptors (R A R s)’ 
and the RA-RAR complex is thought to regulate the 
transcription of target g e n e s .T h e  importance of the RAR  
in the response of HL60 cells to RA has recently been 
emphasized by the observation that RA sensitivity could be 
restored in an RA-resistant subclone expressing a low- 
affinity RAR by retrovirus-mediated introduction of a 
wild-type RAR cDNA." Little is known of the intracellular 
events that initiate the process leading to the cessation of 
proliferation and to terminal differentiation of the respon
sive cell subsequent to RA-RAR interaction. We have 
therefore investigated the changes in the operation of the 
inositol lipid signalling pathway that occur during RA  
induction of HL60 cell differentiation.

The inositol lipid signalling pathway plays a crucial role 
in the intracellular transduction of growth signals in some 
cell types.'’ ** This pathway involves the cleavage of a rare 
membrane lipid, phosphatidylinositol (4,5)-bisphosphate 
(PIP;), by a specific phospholipase C (PLC) in response to 
the binding of several growth factors to cell surface recep
tors. The consequent generation of the second messengers 
diacyglycerol (D AG ), an activator of protein kinase C, and 
inositol (l,4,5)-trisphosphate (Ins ( 1 ,4 ,5 )-P3) and inositol 
( 1,3,4,5)-tetrakisphosphate (Ins (1,3,4,5)-PJ, which modu
late cellular Ca’*̂ levels, appear to be crucial for intracellu
lar transduction of mitotic signals in some cell systems. The 
biochemical details of the inositol lipid signalling pathway 
have been extensively summarized.''*’'*

treatm ent, and w as therefore not a consequence of de
creased cell growth. The generation of InsPs In RA-treated 
cells w a s reactivated by the fluoroalumlnate Ion, a direct 
activator of guanine nucleotlde-blnding proteln(s) (G pro
teins) that regulate the Inositol llpid signalling pathway. 
Subtle alterations to  a regulatory mechanism may therefore  
m ediate the RA-lnduced downregulation of this pathway. 
The data are consistent with the hypothesis that the autono
m ous generation of Inositol llpld-derlved second m essengers  
may contribute to  the continuous proliferation of HL60 cells, 
and that the RA-lnduced downregulation of this pathway 
may. In turn, play a role In signalling the cessation  of 
proliferation that preceedes granulocytic differentiation.
© 1991 by The American Society of Hematology.

By contrast to ligand-stimulated operation of the inositol 
lipid pathway in normal cells, the autonomous (ie, exoge
nous growth factor-independent) operation of this pathway 
occurs in some transformed cell lines.'* '® These observa
tions suggest that autonomous PIP  ̂breakdown may play a 
role in signalling unregulated proliferation in these cells, 
and this view has been reinforced by the observation that 
transformation of fibroblasts by ras oncogenes was reversed 
by the microinjection of an anti-PIPj antibody.’" In the 
present study we show that RA-induced cessation of 
proliferation and granulocytic differentiation of HL60 cells 
is preceeded by the downregulation of autonomous inositol 
lipid hydrolysis and decreases in the steady state levels of 
inositol phosphates. The data suggest that RA treatment of 
HL60 cells results in subtle alterations in the regulation of 
the inositol lipid cycle, and that these changes may contrib
ute to the withdrawal of the cells from proliferation and to 
the initiation of the differentiation process.

MATERIALS AND METHODS

Cell cultures. Procedures for the maintenance of HL60 cells, 
determination of viable cell counts, and the estimation of [^H]thy- 
midine incorporation have been described, '̂ In all of the experi
ments described here, cells were diluted to 0.2 x 10̂  cells/mL with 
fresh medium 24 hours before the commencement of the incuba-

From the Department of Haematology, Royal Free Hospital School 
of Medicine, London, UK.

Submitted September 19, 1990; accepted April! 2,1991.
Supported by the Kay Kendall Leukaemia Fund. E.P. thanks 

Associazione Italiana per la Ricerca sul Cancro (A.l.R.C.) Milan, 
Italy, for personal support.

Address reprint requests to Emilio Porfiri, MD, Department of 
Haematology, The Royal Free Hospital School of Medicine, Pond St, 
London NW32QG, UK.

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
“advertisement” in accordance with 18 US.C. section 1734 solely ro 
indicate this fact.

© 1991 by The American Society of Hematology.
0006-497119117804-0026$3.0010

Blood, V o l  7 8 , N o  4  ( A u g u s t  1 5 ) ,  1 9 9 1  : p p  1 0 6 9 - 1 0 7 7 1 0 6 9



1070 PORFIRI, HOFFBRAND, AND WICKREMASINGHE

tion with the radiolabel to ensure that the cultures were in 
exponential phase.

[̂ H]inositol-labeling experiments. To measure the relative steady 
state levels of inositol phosphates and inositol lipids, exponentially 
growing HL60 cells (0.5 x lOVmL) were labeled for 48 hours with 5 
|iCi/mL of wyo-[2-^H]inositol (20 Ci/mmol) in inositol-free me- 
dium.̂ ''̂  ̂RA (100 nmol/L) was added to the cultures 6 , 24, or 48 
hours before the end of the labeling period. '̂ This protocol 
ensures that cell cultures were labeled for a constant period (48 
hours) that we have previously established was sufficient to label all 
inositol lipids and inositol phosphates studied here to isotopic 
equilibrium. '̂’̂  ̂At the end of the labeling period, the distribution 
of radiolabel in water-soluble pHjinositol-containing compounds 
was determined by chromatography on Dowex A1-X8 (BDH, 
Poole, UK) columns.̂ ''̂ ’̂̂'* Total radioactivity incorporated in each 
inositol phosphate species was expressed as a percentage of total 
radiolabel in inositol lipids. We stress that Dowex column chroma
tography resolves inositol phosphates carrying different numbers of 
phosphate groups, but does not distinguish between positional 
isomers. The resolved species are therefore designated as InsP, 
inositol monophosphate; InsP;, inositol bisphosphate; InsP;, inosi
tol trisphosphate; and InsP̂ , inositol tetrakisphosphate. The total 
incorporation of pH]inositol into inositol lipids was quantified by 
scintillation counting of cellular lipids extracted as described. '̂ 
Radiolabel in individual inositol lipids was determined following 
their resolution by thin-layer chromatography (TLC). ’̂

[̂ H]glycerol labeling experiments. The steady state levels of the 
neutral glycerolipids (monoacyglycerol, 1,2 and 1,3-DAG, and 
triacyglycerol) were determined by labeling HL60 cells to isotopic 
equilibrium for 48 hours with 2.5 puCi/mL [^Hjglycerol (1 Ci/mmol). 
RA was added to cell cultures according to the protocol described 
for the [^H]inositol-labeling experiments. At the end of the labeling 
period, the distribution of the radiolabel in individual neutral 
glycerolipids was determined by TLC. '̂ The radioactivity incorpo
rated into each species was quantitated and expressed as a 
percentage of total radiolabel in glycerolipids.

Estimation of the rate of autonomous inositol phosphate generation. 
The relative rates of inositol phosphate generation in RA-treated 
and untreated cells were estimated following addition of LiCl to 
the cell cultures. LiCl inhibits the sequential degradation of InsP; 
and InsP< to free inositol by inhibiting the InsP and InsP; 
phosphatases. Therefore, the addition of LiCl to cells whose 
inositol lipids have been labeled with [^Hjinositol results in the 
accumulation of [^H]-labeled inositol phosphates, mainly pHjInsP, 
when inositol lipid hydrolysis is occurring.’’’̂ '

HL60 cells were labeled with 5 jiCi/mL myo-[2-^H]inositol for 48 
hours and exposed to RA for varying periods. LiCl (10 mmol/L) 
was added to half of the cultures 1 hour before the end of the 
incubation with radiolabel. Inositol lipids and inositol phosphates 
were extracted as described. Water-soluble inositol phosphates 
were resolved by anion exchange chromatography on Dowex 
A1-X8 columns and the radiolabel in each inositol phosphate was 
expressed as a percentage of total radiolabel in inositol lipids. The 
difference in the level of [^H]InsP between the control cultures and 
those exposed to LiCl provides a semi-quantitative measure of the 
level of autonomous inositol lipid breakdown.’®'̂ ' The reproducibil
ity of separation of inositol phosphate species was verified by 
chromatography of authentic radiolabeled standards (Amersham 
International, Amersham, UK).

HL60 cell fractionation. HL60 cell fractions were prepared 
from parallel cultures of untreated and RA-treated cells. The cells 
were harvested by centrifugation and washed twice with Hank’s 
balanced salts solution (HBSS). The cell pellet was then resus
pended (10̂  cells/mL) in an ice-cold lysis buffer (5 mmol/L 
Tris-HCl, pH 6 .8 , 1 mmol/L EGTA, 10 mmol/L benzamidine, 1

p,g/mL leupeptin, 500 |xmol/L phenylmethylsulfonyl fluoride). 
After 30 minutes on ice, the cells were disrupted by 50 strokes in a 
Dounce homogenizer (Jencons, London, UK) followed by the 
addition of sucrose to 0.25 mol/L. Nuclei and remaining intact cells 
were removed by centrifugation at 700g for 15 minutes. The result
ing post-nuclear cell fractions were stored in aliquots at -20°C.

PIP2-PLC assay. PIP;-PLC activity was estimated by incubating 
HL60 cell extract (5 |xg protein) with 50 p,mol/L [^H]PIP; (3 
counts/min/pmol) in a final volume of 50 p,L containing 20 mmol/L 
Tris-HCl, pH 6 .8 , and 0.1% sodium cholate. The free Câ ’’’ 
concentration was buffered at 250 |xmol/L using a Ca^ /̂EGTA 
buffer calibrated using a Câ  ̂electrode. The assay was terminated 
and water-soluble radiolabel was quantitated as described.’’ These 
conditions were optimal for PIP;-PLC activity. Under the condi
tions described, the assay was independent of added guanine 
nucleotides and therefore enabled us to quantitate absolute levels 
of PIP;-PLC in control and treated HL60 cells. The assay was 
linear over a 60-minute incubation period and at protein concentra
tions up to 15 fig per assay. Column fractionation on Dowex A1-X8 
columns of the [’H]-labeled compounds recovered in the aqueous 
phase demonstrated that [’H]InsP; represented more than 95% of 
the cleavage products.

The specificity of the PLC for the different inositol lipid species 
was determined by using as substrate a total lipid extract from 
HL60 cells labeled for 48 hours with 5 fiCi/mL myo [2-’H]inositol. 
The lipid extract was prepared as described previously. ’̂ The total 
phospholipid content and individual phospholipid species were 
detei mined by the estimation of lipid-bound phosphate.^ The 
distribution of [^H]inositol radiolabel among inositol lipid species 
was determined by TLC on silica gel plates. '̂ The radiolabeled 
lipid extract was used as a substrate in the PLC assay described 
above, giving a final phospholipid concentration of 0.5 mmol/L, and 
estimated PI, PIP, and PIP; concentrations of 40 fjimol/L, 0.68 
fjumol/L, and 0.8 p,mol/L, respectively. The inositol phospholipids 
were labeled at a specific activity of 8.5 (±1) x 10’ counts/min/ 
nmol and 200,000 counts/min were used in each PLC reaction. Fifty 
micrograms of enzyme protein were used per assay, and incuba
tions were performed at 37°C for 30 minutes. After stopping the 
reaction,” water-soluble inositol phosphates generated by PLC 
action were resolved and quantitated on Dowex columns. ’̂

Inositol phosphate phosphatase assays. The rate of hydrolysis of 
InsP; by HL60 cell fractions was measured using [’H]Ins (1,4,5)-P; 
as substrate and InsP phosphatase was assayed using [’HJIns (1)-P. 
These assays were essentially as described.

Measurement of ^̂ Câ* influx. Cells were washed twice in 
HEPES-buffered HBSS (pH 7.4) without Câ  ̂and resuspended at 
10’ cells/mL in the same medium. Aliquots (100 p,L) were dis
pensed into Eppendorf microfuge tubes and equilibrated at 37°C 
for 5 minutes before addition of 10 nmol ’̂Ca’"’. The incubation was 
continued for the indicated times and the uptake o f ’Ca’’ stopped 
by the addition of ice-cold HEPES-buffered HBSS containing 1 
mmol/L Ca’’̂ . The cells were rapidly centrifuged at 4°C, washed 
twice in the same solution, dissolved in 100 pL 1% Triton X-100 
(Sigma, Poole, UK), and the ’’Ca’’" uptake quantitated by scintilla
tion counting. Blank values determined by the addition of'’’Ca’"’ to 
the cell suspensions after addition of ice-cold HBSS were sub
tracted from all determinations. Negligible loss o f’’Ca’  ̂from cells 
occurred during the washing procedures.

Materials. All radiolabeled compounds were from Amersham 
International UK. RA was from Sigma. The sources of other 
reagents have been described.”'̂ ’

RESULTS

Kinetics of the response of HL60 cells to RA. Under our 
culture conditions, untreated HL60 cells proliferated expo
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nentially in liquid culture and resumed growth after redilu
tion at day 4 (Fig 1). Cells treated with 100 nmol/L RA 
proliferated at the same rate as eontrol cells for 4 days 
following RA addition. However, the cells did not resume 
growth after redilution on day 4. In agreement with the 
observations of others,^ we confirmed that RA-induced 
cessation of cell division was accompanied by granulocytic 
differentiation. Morphologic examination of Giemsa- 
stained cytospin preparations showed that untreated HL6 Ü 
cells retained a blast-like phenotype throughout all the 
experiments, whereas the RA-treated cells gradually ae- 
quired a differentiated morphology, exibiting a metamyelo- 
cytic (35%) or granulocytic (9%) morphology and ability to 
reduce NET after 5 days of treatment (not shown). Unin- 
dueed HL60 cells were negative when stained with mono
clonal antibodies against CD6 8  or CD14 markers. How
ever, 7 days after RA addition 95% of the cells were 
positive for CD6 8  and 25% for CD 14. Only 4% of the 
treated cells were CD6 8  positive and less than 1% CD 14 
positive after 2 days of RA treatment. (K.E. Nye, G. Riley, 
L.W. Poulter, E. Porfiri, A.V. Hoffbrand, R.G. Wickremas- 
inghe, in preparation), indicating that cellular differentia
tion, as evidenced by the expression of these markers of 
mature myeloid cells,"*' had barely commenced at this time.

Operation of the inositol lipid pathway in HL60 cells. 
Addition of 10 mmol/L LiCl for 1 hour to untreated, 
exponentially growing HL60 cells, which had been labeled 
to isotopic equilibrium with [^Hjinositol, caused a signifi
cant accumulation of (^HJInsP, which showed an increase of 
50% over the level observed in the absence of LiCl (Fig 2). 
These results were in agreement with our previous observa
tions"' and suggest that autonomous inositol lipid hydrolysis 
occurs in proliferating HL60 cells. LiCl-induced [^H)InsP 
accumulation was not impaired in cells treated with 1 0 0  

nmol/L RA for 6  hours. However, the relative increase of 
[^HjlnsP declined between 6  and 24 hours of treatment and 
was almost completely abolished in cells treated with RA
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24 48
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6 ; 4 8  h o u r s , n =  6 .

for 48 hours, suggesting that autonomous inositol lipid 
hydrolysis had virtually ceased at that time (Fig 2). Analysis 
of total radiolabel in all of the inositol phosphates also 
showed that 48 hours of treatment with RA resulted in
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complete shutdown of the generation of all of these species 
(not shown).

Changes in the relative steady state levels of water-soluble 
inositol phosphates during RA treatment. The relative steady 
state levels of the water-soluble inositol phosphate species, 
before and during RA treatment, were measured in cells 
labeled to isotopic equilibrium with pHjinositol. No signifi
cant difference in the relative steady state levels of each 
inositol phosphate was found between control cells and 
cells treated with RA for 6  hours (Fig 3). However, the 
relative steady state levels of the inositol phosphates were 
significantly reduced in cells treated for 24 hours with RA 
and a further reduction was evident 48 hours after addition 
of the drug. The decrease in the levels of all the inositol 
phosphates 48 hours after RA addition was confirmed by 
HPLC analysis (K. Nye, G. Riley, E. Porfiri, and R.G. 
Wickremasinghe, unpublished data, 1991).

Changes in the rate of entry during RA treatment. 
High performance liquid chromatography (HPLC) analysis 
of the radiolabeled inositol phosphates of pH]inositol- 
labeled HL60 cells showed that all of the [^H]InsP  ̂was the 
Ins (1,3,4,5 )-P  ̂isomer, and that the level of this species was 
markedly decreased following 48 hours of RA treatment 
(K. Nye, G. Riley, E. Porfiri, and R.G. Wickremasinghe, 
unpublished data). Because Ins (1,3,4,5)-P^ is thought to 
regulate Ca‘" influx into cells'^ we studied the rate of entry 
of into HL60 cells following 48 hours of RA treat
ment. The uptake of ^̂ Ca‘  ̂ was clearly reduced in RA- 
treated cells (Fig 4). In a further experiment (performed 
using sextuplicate 15-minute incubations) the rate of entry 
(per 10'’ cells) into untreated cells was 2.67 (±0.05) pmol/15 
min, whereas that in RA-treated cells was decreased by 
24% to 2.04 (±0.09) pmol/15 min {P < .001, n = 12). 
Statistically significant decreases varying from 50% to 10% 
were observed in four other experiments.

Relative levels of DAG following RA treatment of HL60 
cells. The steady state levels of DAG relative to the other 
glycerolipids were studied in HL60 cells labeled to equilib
rium with [’H]glycerol. A 10% decrease {P < .05, n = 10) 
in DAG level was observed in cells treated for 24 hours with 
RA, but no significant decline was detected following 48 
hours of RA treatment (P > .05, n = 8 ).

Relative levels of inositol phospholipids following RA addi
tion to HL60 cells. PIP, is a rare membrane lipid that is 
derived by the phosphorylation of an abundant precursor, 
phosphatidylinositol (PI), via the intermediate phosphati- 
dylinositol (4)-phosphate (PIP). Typically, PIP and PIP; 
constitute between 1% and 4% each of the total inositol 
lipids of eukaryotic cells.”' Total uptake of radiolabel into 
these species and their relative steady state levels were 
studied by TLC in untreated and RA-treated HL60 cells 
labeled for 48 hours with pH]inositol. In the equilibrium 
labeling experiments, total radiolabel incorporated into 
inositol lipids was typically 60,000 (±15,000) counts/min 
per 10" cells and this uptake was not affected by RA 
treatment for 48 hours. In untreated cells, 1.79% of the 
total radioactivity in [*’H]inositol lipids was recovered in 
PIP,, 1.31% in PIP, and 96.9% in PL Following 48 hours of 
RA treatment, the distribution of radiolabel among the
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c u ltu r e s  6 , 2 4 ,  a n d  4 8  h o u r s  b e fo r e  in o s ito l  p h o s p h a t e  e x t r a c t io n  a n d  

q u a n t i t a t io n .  L e v e ls  o f  e a c h  in o s ito l  p h o s p h a t e  in  R A - t r e a t e d  c e lls  a r e  

e x p r e s s e d  a s  a p e r c e n t a g e  o f  t h e  le v e l  o f  c o r r e s p o n d in g  in o s ito l  

p h o s p h a te  in  c o n t r o l  c e lls .  A t  t h e  e n d  o f  t h e  4 8 - h o u r  la b e l in g  p e r io d ,  in  

1 0 ' u n t r e a t e d  c e lls , 2 ,0 0 0  ( ± 2 2 0 )  c o u n t s /m in  w e r e  r e c o v e r e d  in  In s P , 

2 4 0  ( ± 6 0 )  in  In s P ,,  5 4 0  ( ± 8 0 )  in  In s P j,  a n d  4 8 0  ( ± 8 0 )  in  In s P ,.  ( * )  P < 
.0 0 1  ; ( t )  A  <  .0 2 . n =  4  a t  6  h o u r s ,  n  =  8  a t  2 4  h o u r s , n =  8  a t  4 8  h o u rs .

inositol phospholipids was: PIP;, 2.07%; PIP, 1.83%; and 
PI, 96.1%. These values were not significantly different 
from those observed in the control cells {P > .05, n = 7).

Quantitation and partial characterization of PIP2-PLC 
during RA-induced differentiation. The major enzymologic 
characteristics of PIP;-PLC were determined in post- 
nuclear fractions derived from untreated HL60 cells and
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T h e  t im e  c o u r s e  s h o w n  h e r e  Is  r e p r e s e n t a t iv e  o f  t h r e e  e x p e r im e n ts .

from cells treated for 48 hours with 100 nmol/L RA. 
Neither the nor the of the enzyme was significantly 
altered in the RA-treated cells compared with controls 
(Table 1). The Ca‘* dependence of PIPj-PLC was also 
identical in treated and untreated cell fractions (not shown). 
These results were confirmed using a second set of post- 
nuclear cell fractions.

We also studied the in vitro specificity of HL60 PLC for 
PIP] by using as substrate a lipid extract obtained from 
HL60 cells whose inositol lipids had been labeled to 
equilibrium with [’HJinositol. Under these assay conditions, 
Dowex fractionation of water-soluble [^HJinositol-contain- 
ing compounds produced in the reaction showed that 
although PIP, represented less than 2% of the inositol 
lipids in the substrate, [^HJInsPj constituted more than 60% 
of the products of the reaction catalyzed by extracts from 
both untreated and RA-treated cells (Fig 5). [^HjlnsP  ̂and 
pHjInsP constituted 8 % (± 2) and 15% (±3), respectively, 
of the [^HJinositol-labeled products of the reaction in both 
untreated and RA-treated HL60 cell fractions (Fig 5).

T a b le  1 . K „  a n d  V „ ,„  o f  P IP ^ -P L C , In s P , ,  a n d  In s P  P h o s p h a ta s e  in  

U n t r e a t e d  a n d  R A - T r e a t e d  ( 4 8 - h o u r )  H L 6 0  C e lls

PIPj-PLC
InsP,

Phosphatase
InsP

Phosphatase

U ntreated  cells 45 [xmol/L 79 pm ol/L 1 mmol/L

RA -treated cells 38 p.mol/L 75 pm ol/L 1 m m ol/L

[P > .05, n =  4) [P > .05, n =  4) [P > .05, n =  4)

Vmax*

U ntrea ted  cells 7.4 6.6 6

RA -treated cells 8.7 6.2 6.3

[P > .05, n =  4) [P > .05, n = 4) [P >  .05, n = 4)

Quantitation of InsPj and InsP, phosphatase during RA- 
induced differentiation of HL60 cells. Ins ( 1 ,4 ,5 )-P3 and Ins 
(1,3,4,5)-Pj are degraded sequentially by a series of phos
phatases, ultimately yielding free inositol.'" The and 
of InsP] and InsP phosphatase activities of HL60 cells were 
not significantly altered following 48 hours of RA treatment 
(Table 1). These results were confirmed on another batch 
of cell fractions derived from independent HL60 cultures 
(not shown).

The generation of inositol phosphates can be reactivated by 
the fluoroaluminate ion in HL60 cells treated with RA. In 
some cellular systems, membrane receptors are coupled to 
PIPj-PLC by guanine-nucleotide binding proteins (G pro
teins). The binding of ligands to these receptors triggers the 
exchange of G protein-bound GDP for GTP and the active, 
GTP-bound form is presumed to activate PIP,-PLC. In 
several cell types, the fluoroaluminate ion (A IF /), has been 
shown to activate G proteins directly."’ Therefore, A IF / is 
able to activate PIP^-PLC via binding to a G protein.’® To 
investigate whether RA-induced downregulation of inositol 
lipid breakdown could be reversed, we exposed 48-hour 
RA-treated and [’Hjinositol-labeled HL60 cells to A IF /. In 
these cells, the addition of LiCl alone did not result in
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significant [’HJInsP accumulation (Fig 3). However, treat
ment with A IF / (added as a mixture of 50 mmol/L NaF and 
5 ^imol/L AlCl,) alone for 30 minutes led to a significant 
increase of [’HJInsP, which increased to 160% of the 
baseline levels (Fig 6 ). The simultaneous addition of LiCl 
and AIFC did not significantly increase the yield of InsP 
and of inositol phosphates compared with the addition of 
A IF / alone. This result was presumably due to the fact that 
the fluoride ion itself, like LiCl, is a potent inhibitor of InsP 
phosphatase (not shown).

Addition of A IF / to untreated HL60 cells resulted in a 
25% increase in [^HjlnsP over baseline levels (Fig 6 ). 
However, this increase was comparable with that obtained 
when LiCl was added during 30 minutes of incubation (not 
shown), in contrast with the observations on RA-treated 
cells. Thus, it is likely that the increase in [^H]InsP observed 
upon AIFC addition to control cells was attributable solely 
to the inhibition of InsP phosphatase by the fluoride ion 
rather than to an effect on a G protein. Therefore, the data 
suggest that the activation of G proteins by A IF / did not 
result in a increase in the autonomous inositol lipid break
down of control HL60 cells, but was able to activate this 
reaction in cells whose inositol lipid turnover has been 
downregulated following 48 hours of treatment with RA.

Abolition of HL60 cell proliferation by hydroxyurea is not 
accompanied by downregidation of inositol lipid hydrolysis. 
Hydroxyurea abolishes cell proliferation by selectively inhib
iting the enzyme ribonucleoside diphosphate reductase 
and, consequently, DNA synthesis. HL60 cells exposed to I 
mmol/L hydroxyurea for 24 hours remained viable but did 
not proliferate. The ability of this drug to block HL60 
proliferation completely and reversibly has been described
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P < .0 0 5  (n  =  4 ).

previously.^' DNA synthesis, measured by ['^HJthymidine 
incorporation, was abolished following I hour of incubation 
with the drug. We investigated the effeets of hydroxyurea- 
indueed eessation of proliferation on the operation of the 
inositol lipid pathway in HL60 cells labeled to equilibrium 
with [’HJinositol. Addition of LiCl for I hour to untreated 
eells led to significant pHJInsP accumulation, which in
creased to 133% of baseline levels. In cells exposed to I 
mmoI/L hydroxyurea for 24 hours, [’H]InsP accumulation 
following LiCl addition also increased to 130% of baseline 
levels (P > .05, n = 4), indieating that autonomous opera
tion of inositol lipid hydrolysis was not affected by the 
drug-induced eessation of cellular proliferation.

DISCUSSION

We have investigated the changes in the breakdown of 
inositol lipids that occur during the early phase of RA- 
indueed granulocytic differentiation of HL60 cells. In agree
ment with our earlier resu lts ,th e  evidence reported here 
suggests that autonomous (ie, exogenous growth factor- 
independent) PLC-mediated hydrolysis of inositol lipids 
oecurs in these cells. Several lines of evidence suggest that 
this phenomenon may have regulatory consequenees. An in 
vitro study of phosphoinositide-speeific PLC(s) of HL6 Ü 
eells showed that this activity displayed a marked prefer
ence for the hydrolysis of PIP, compared with the approxi
mately 50-fold more abundant PI, in agreement with 
studies in other cell systems.^"’’ Because only a small 
fraetion of the PI of mammalian cells is able to give rise to 
PIP,,'" it is unlikely that the PLC pathway of HL6 Ü cells is 
involved in the metabolie turnover of inositol lipids.

HPLC analysis of the ["H]inositol phosphates of ["H]- 
labeled HL60 cells (K. Nye, G. Riley, E. Porfiri, and R.G. 
Wickremasinghe, unpublished data) also suggests that the 
products of inositol lipid breakdown may have regulatory 
funetions. All InsP\ species detected represented the Ins 
( 1,3,4,5)-P^ isomer, which is known to play a role in 
regulating cellular Ca'  ̂ levels.'"' Indeed, significant de
creases in the rate of entry o f ‘'"Ca""' were detected 48 hours 
after RA addition, suggesting that the RA-indueed de- 
erease in the level of Ins (I ,3 ,4 ,5 )-P4 may consequently 
modulate the rate of Ca'  ̂ influx.

Induction of HL60 cell granuloeytie differentiation by 
treatment with 100 nmol/L RA resulted in the complete 
abrogation of inositol phosphate generation in the presenee 
of LiCl. This result is strongly suggestive of the shutdown of 
PLC-mediated inositol lipid hydrolysis. However, we can
not completely rule out alternative explanations of the data 
because LiCl also inhibits cellular enzyme systems other 
than InsP and InsP, phosphatases, eg, adenylate cyclase."  ̂
Nevertheless, relative steady state levels of all inositol 
phosphate species also declined in the same time frame, 
supporting the interpretation that RA treatment resulted in 
the progressive downregulation of PIP^-PLC. Steady state 
levels of inositol phosphates have also been shown to 
decrease following the induction of differentiation of HL60 
eells“ or Friend murine erythroleukemia eells"" by dimethyl 
sulphoxide. However, these studies did not attempt to dem
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onstrate directly that the decreases in steady state levels 
were the result of decreased breakdown of inositol lipids.

The decrease in steady state levels of DAG following RA  
treatment was modest and transient compared with the 
decreases observed in the levels in the inositol phosphates. 
However, whereas the inositol phosphates are derived only 
from the breakdown of the inositol lipids, DAG is also a 
precursor for phospholipid biosynthesis.^^ Therefore, it is 
plausible that any RA-induced changes in PIP  ̂ derived 
DAG  were masked by other cellular pools of DAG that are 
not involved in signalling.

Significantly, downregulation of inositol lipid breakdown 
and the decline in inositol phosphate and DAG levels 
occurred at least 48 hours before RA-induced cessation of 
HL60 cell proliferation, and also preceded the appearance 
of a more differentiated cell phenotype as evidenced by the 
expression of immunologic markers. Therefore, the down
regulation of inositol lipid breakdown was not a conse
quence of the cessation of cell proliferation. This conclu
sion is reinforced by the observation that a block in HL60 
cell proliferation induced by the D N A  synthesis inhibitor 
hydroxyurea did not cause any change in either the rate of 
autonomous inositol lipid hydrolysis or in the steady state 
levels o f inositol phosphates. On the contrary, given the 
crucial role of the inositol lipid signalling pathway in the 
transduction o f mitotic signals in normal cells'^ " and in the 
continual proliferation of fibroblasts transformed by some 
oncogenes,“ the data here are consistent with but do not 
prove the hypothesis that autonomous operation of the 
inositol lipid signalling pathway may contribute to signal
ling the continuous proliferation of HL60 cells, and that the 
downregulation of this pathway may be part of the mecha
nism by which cell proliferation is halted following RA  
treatment. The observation that synthetic DAG analogs 
can inhibit dimethyl sulphoxide-induced differentiation of 
Friend erythroleukemia cells is consistent with this hypoth
esis.^^

The mechanism by which downregulation of inositol 
lipid-derived second messengers may secure the cessation 
of proliferation is unclear. However, the RA-induced differ
entiation of HL60 cells has been shown to be associated 
with the downregulation of expression of the c-myc protoon- 
cogene^® and of the recently described myeloblastin gene^  ̂
in the same timeframe as the downregulation of inositol 
lipid breakdown described here. The products of all of 
these genes are required for the proliferation of HL60 cells, 
because anti-sense oligonucleotides to each of their messen
ger RNAs (mRNAs) can block proliferation although 
several days elapsed between the addition of the anti-sense 
sequences and the eventual cessation of proliferation.” '̂ * 
The c-myc and the c-fos proto-oncogenes appear to be 
positively regulated at least in part by the inositol lipid- 
derived second messengers generated consequent to growth 
factor stimulation of normal cells.” ’'*® While it is plausible 
that RA-induced downregulation of the inositol lipid signal
ling pathway may lead in turn to the downregulation of 
expression o f genes important to cell proliferation, the data 
presented here do not allow us to draw firm conclusions on 
the putative mechanism(s) by which downregulation of

inositol lipid breakdown may eventually secure the with
drawal of HL60 cells from the proliferative state. The 
alternative possibility that downregulation of expression of 
nuclear protooncogenes by the RA-RAR complex leads to 
downregulation of inositol lipid breakdown appears un
likely, because there is no evidence that the products of 
c-myc and c-fos genes can modulate inositol lipid turnover. 
In fact, transformation of fibroblasts by the \-myc and \-fos 
genes has been shown not to result in altered inositol lipid 
breakdown.” In any event, these mechanisms are likely to 
involve complex interacting pathways, given the time inter
val between the shutdown of inositol lipid breakdown and 
the cessation of proliferation.

We have also attempted to elucidate the mechanism 
underlying RA-induced downregulation of inositol lipid 
breakdown. Because RA is a regulator of transcription,® we 
asked whether the observed effect of RA on inositol lipid 
metabolism may be mediated via decreased levels of PIP2- 
PLC or increased levels of inositol phosphate phos
phatases. We detected no changes in the levels of these key 
enzymes of the inositol lipid pathway that may account for 
the observed downregulation. Furthermore, RA treatment 
did not induce any change in levels of PIP or PIP ,̂ 
eliminating the possibility that the supply of inositol lipid 
substrate for cleavage by PIP^-PLC via an alteration in the 
levels of PI kinase or PIP kinase” may underlie the 
observed changes. Although we obtained no evidence that 
RA addition altered the levels of enzymes directly involved 
in inositol lipid metabolism, the observed effect of this 
agent on inositol lipid breakdown may be modulated via the 
increased expression of genes regulated positively by the 
RA-RAR complex and whose products negatively regulate 
this pathway in intact cells. On the other hand, these effects 
may be mediated via transcriptional repression of the 
expression of proteins that stimulate the inositol lipid 
signalling pathway. For example, the RA-RAR complex is 
known to repress transcription regulated via AP I sites.'"

A large body of evidence suggests that the PIP^-PLC of 
normal cells is linked to cell surface receptors via a G 
protein.'*  ̂Indeed, inositol lipid breakdown could be reacti
vated by the addition of AIF^', a direct activator of G 
proteins, to RA-treated cells. Thus, RA-treated HL60 cells 
express a functional system for inositol lipid breakdown, 
consistent with the measurements of PIP^-PLC in vitro. 
This observation suggests in turn that the autonomous 
breakdown of inositol lipids in HL60 cells may be mediated 
by a G-protein-linked mechanism and that this mechanism 
is inactivated following RA treatment. This interpretation 
is consistent with the observation that AIF^" addition to 
untreated cells did not increase the autonomous break
down of inositol lipids. It is possible that HL60 cells secrete 
an autocrine growth factor"  ̂ or that they express a mutant 
growth factor receptor or other signalling protein that 
stimulates inositol lipid breakdown and that may be down- 
regulated following RA treatment. Further investigations 
at the molecular level will be required to distinguish 
between these possibilities.

In conclusion, we have shown here that the autonomous 
breakdown of inositol lipids that occurs in HL60 promyelo-
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cytic leukemia cells is downregulated following the induc
tion of granulocytic differentiation by RA. Several features 
of inositol lipid hydrolysis in these cells suggested that this 
phenomenon is related to the well-known inositol lipid 
signalling pathway rather than to the metabolic turnover of 
cellular phospholipids and is regulated by a G-protein- 
linked mechanism. It would be of interest to establish 
whether similar changes in this important regulatory path

way occur during differentiation o f fresh blast cells from 
patients with acute myeloid leukemia.
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Impaired Degradation of Ca^^-Regulating Second Messengers in Myeloid Leukemia Cells. 
Implications for the Regulation of Leukemia Cell Proliferation
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R. Gitendra Wickremasinghe^

'Department o f Immunology, St Mary’s Hospital Medical School, Norfolk Place, London W2 IPG, UK, and Departments o f  
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Inositol 1 ,4,5-trl$phosphate and inositol 1,3,4,5-tetrakisphosphate 
are Ca^-regulating second m essenger m olecules which are 
generated via the cleavage of inositol lipids. We have previously 
shown that th ese  sp ec ies are autonomously generated in HL60 
myeloid leukemia cells and that they may play a role in signalling 
the continuous proliferation of this cell line. Here we show that the 
activity of the 5-phosphom onoesterase (5-PIVIE) enzyme which 
cleaves and inactivates these  second m essengers was strikingly 
reduced in HL60 cells  compared to normal granulocytes or macro
phages. Induction of differentiation of HL60 cells along the 
monocyte/macrophage or granulocytic pathways did not result in 
a significant increase in 5-PME activity. The activity of this enzyme 
was also low in extracts of bone marrow mononuclear cells from 
four patients with myeioid leukemia. A lesion in the 5-PME path
way may therefore result in the conservation of Ca^^-regulating 
second m essengers in the HL60 cell line and in som e myeloid 
leukemia cells. It is plausible that this lesion may co-operate with 
the autonomous cieavage of inositol lipids in the signalling of 
leukemic cell proliferation.

INTRODUCTION

T he b inding o f  several ho rm ones, neu ro tran sm itte rs  
and  grow th  fac to rs to  the ir cell-surface recep tors rapidly  
triggers the cleavage o f  a  ra re  inosito l lip id , phos
phatidy linosito l 4 ,5 -b isphosphate  (1). T he im m ediate 
p roducts o f  the  cleavage reac tion , diacylglycerol and  
inosito l 1 ,4 ,5 -trisphosphate  (Ins 1 ,4 ,5 -? ;)  have po ten t 
second m essenger functions. D iacylglycerol is an  allo- 
steric ac tiva to r o f  p ro te in  k inase C  (2). Ins 1 ,4 ,5-P] 
m ediates increases in  cytosolic Ca^+ levels by triggering 
the  release o f  Ca^+ sequestered  in in tracellu la r sites (1). 
Ins 1 ,4 ,5-?) is a  su b stra te  fo r a  3-kinase which catalyzes 
its phosp h o ry la tio n  to  inosito l 1,3 ,4 ,5 -te trak isp h o sp h ate  
(Ins 1 ,3 ,4 ,5 -P J  (1). In concert w ith  its p recu rso r 
Ins 1 ,4 ,5-P ), Ins 1,3,4,5-P4 m ay regulate  th e  influx 
o f  ex tracellu lar Ca^+ in to  th e  cell (1). C ascades o f  
biochem ical processes triggerred  by th e  ac tiva tion  o f  
p ro tein  k inase C  synergize w ith C a^+-regulated  events 
in securing th e  eventual cellu lar responses to  ligand 
b inding (3).

Ins I ,3 ,4 ,5 -?4  is d ephosphory la ted  by a  3-phos- 
p hom onoesterase  (3-P M E ), w ith  the  consequen t re-
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generation  o f  its p recurso r Ins 1 ,4 ,5-Pj (4). H ow ever, 
the  p red o m in an t pathw ay fo r the  rem oval o f  Ins
1.3.4.5-?4 is via  cleavage by a 5 -phosphom onoesterase  
(5-PM E ), which yields Ins 1,3,4-P) (5). T he la tte r 
isom er does n o t play a direct role in the regu la tion  o f 
Ca^+ fluxes (I) . T he 5-PM E also cleaves Ins 1,4,5-P) 
(5). T his enzym e plays an  im p o rtan t role in the regu la
tion  o f  the  levels o f  bo th  Ins 1,4,5-P) and  Ins 1,3,4,5-F^, 
and  the re fo re  in the regulation  o f  cellu lar Ca^+ 
concen tra tions.

Several recent observations suggest th a t inosito l lipid- 
derived signals play im p o rtan t roles in the regu la tion  o f  
p ro life ra tio n  o f  bo th  norm al and  m alignant cells (6-9). 
W e (10-12) and  o thers (13,14) have th e re fo re  stud ied  
the  po ten tia l ro le o f  the inositol lipid signalling system  
in regulating  the  con tinuous p ro life ra tion  o f  th e  H L60 
hum an  m yeloid leukem ia cell line. C onstitu tive  cleavage 
o f  inosito l lipids occurred  in these cells, an d  the  dow n
regulation  o f  this pathw ay  preceded the cessation  o f  
p ro life ra tion  induced by agents which triggered  their 
d iffe ren tia tion  to  m acrophages (12,13) o r to  g ran u lo 
cytes (10,12,14). These o bservations suggested a  possible 
role fo r this pathw ay in m ain ta in ing  the p ro lifera tive  
sta te  o f  this cell line. The influx o f  ex tracellu lar Ca^+ 
also declined in the  sam e tim e-fram e as d id  constitu tive  
inosito l lipid cleavage (12), im plying th a t th e  a u to n o 
m ous generation  o f  Ins l,3 ,4 ,5 -? 4 , m ay p lay  a ro le  in 
the  regu la tion  o f  Ca^+ levels, and  possibly o f  p ro life ra 
tio n , in  this cell line. Since the cleavage o f  Ins
1.3.4.5-?4 is im p o rtan t in regulating  the  cellu lar levels 
o f  this second m essenger (5), we have stud ied  the  s tab il
ity o f  exogenous P H ]Ins 1,3,4,5-P4 in ex tracts  p repared  
from  H L60 cells and  from  bone m arrow  cells o f  fou r 
m yeloid leukem ia patien ts. T he d a ta  suggest th a t this 
species is rem arkab ly  stable in these cell ex tracts , w hen 
the la tte r were com pared  w ith extracts from  n o rm al cells 
o f  the m yeloid lineage.

MATERIALS AND METHODS  

Cells and Cell Culture

HL60 cells were maintained in RPMI-1640 medium sup
plemented with 10% fetal calf serum and antibiotics (Life 
Technologies, UK). Differentiation o f cells along the macro
phage pathway was induced by the addition o f  50 nM phorbol 
myristate acetate (PMA) (11), and along the granulocytic 
pathway by the addition o f 100 nM retinoic acid (RA) (12). 
Differentiation was quantified by monitoring cell adhesion
(11) and nitroblue tétrazolium (NET) reduction. Reactivity
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with monoclonal antibodies (MoAbs) was determined by 
the indirect immunoperoxidase method using cytospin 
preparations.

Normal granulocytes were obtained by sedimentation of 
human peripheral blood on discontinuous Ficoll-Hypaque 
gradients (Sigma, UK) as described (15). Normal macrophages 
were obtained by bronchial alveolar lavage from consenting 
donors. These cells consisted of >90%  macrophages by 
immunological criteria (16). Peripheral blood monocytes 
were obtained by adherence to plastic tissue culture surfaces 
pre-coated with fetal calf serum.

Bone marrow mononuclear cells were obtained by sedimen
tation on Lymphoprep gradients (Nyegaard, Oslo, Norway). 
Residual erythrocytes were lysed by incubation of the cell 
suspension in 8.32 g/1 NH4CI and 0.84 g/1 NaHCOj at 4°C for 
10 min. The viability of the residual mononuclear cells was 
> 90%.

Preparation o f Cell Extracts

Cells were recovered by centrifugation at 800 g for 5 min, 
washed twice in Hanks’ balanced salts solution and lysed by 
three freeze-thaw cycles in 10 m M  Tris-HCl, pH 7.4, 2 m M  

ATP, 4 m M  MgCl; containing the following protease inhibi
tors: 0.5 m M  phenylmethylsulfonyl fluoride, 1 m M  dithiothrei- 
tol, 0.5 mg/ml benzamidine, 0.25 U /m l aprotinin, lO^g/ml 
antipain, \0ng/m\ leupeptin, 3/xg/ml chymostatin and 
50/ig/m l pepstatin. Nuclei were removed by sedimentation 
at 800 g for 5 min. Supernatants were stored at -7 0 °C .

Incubation o f Cell Extracts with f^HJIns 1,3,4,5-P4

Incubations (200 /d) were carried out as described (17). 
Reactions were started by the addition of 5 nCi [^H] Ins
I,3 ,4 ,5 -P4 (I Ci/m m ol, Amersham International, UK). Incu
bations were at 37°C and were terminated by the addition of 
200/il 20% trichloroacetic acid. Insoluble material was 
removed by centrifugation at 12 000 g for 15 min at 4°C. The 
supernatants were neutralized by the addition of I M ammonia 
and resolved by high-performance liquid chromatography 
(HPLC) using a Partisil SAX column as described (21). The 
column was calibrated using radiolabelled inositol phosphates 
(Amersham International, UK).

RESULTS
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Figure 1. Analysis by HPLC of radiolabelled inositol phosphates 
following incubation of pH j Ins 1,3,4,5-P4 with cell extracts, 
(a) 20 ng protein from macrophages, 5 min incubation, (b) 20 /*g 
protein from granulocytes, 5 min incubation, (c) 100/ig protein 
from HL60 cells, 5 min incubation, (d) 100 ng protein from HL60 
cells, 30 min incubation. Elution positions of radiolabelled 
markers are indicated in all figures by numbered arrows: 1, inositol 
4-phosphate; 2, inositol 1,4-bisphosphate; 3, Ins 1,3,4-P3; 4, Ins
1,4,5-P3; 5, Ins 1,3,4,5-P4. Each set of HPLC analyses included a 
calibration with all the markers to allow for the use of different 
gradients in some runs. Similar results were obtained using three 
independent sets of cell extracts.

Figure la shows the H PL C  analysis o f the radiolabelled 
inositol phosphate species generated following a 5 min 
incubation o f  pH ]lns l,3 ,4 ,5-?4 , with an extract from  
norm al m acrophages obtained by bronchial alveolar 
lavage. All o f  the PH]Ins 1,3,4,5-P4 was degraded 
during the incubation . The m ajor hydrolysis product co
eluted with Ins 1,3,4-P) (peak 3). Therefore, the m ajor 
enzym atic activity hydrolyzing Ins I,3,4,5-P4 in the 
m acrophage extract was the 5-phosphom onoesterase 
(5-PM E). H ow ever, a small peak o f Ins 1,4,5-Pj was 
also detectable (peak 4), suggesting that a low level o f 
3-PM E was also present. Extracts obtained from  
peripheral b lood m onocytes (20 /ig protein) also 
degraded Ins I,3,4,5-P4 com pletely during a 5 min 
incubation (not shown).

Extracts from  norm al granulocytes also degraded 
pH jIns 1,3,4,5-P4 rapidly (Figure lb ). However, little 
radiolabel was recovered in either Ins 1,4,5-P3 or Ins

1,3,4-P) due to  the further rapid degradation o f the 
trisphosphates to bisphosphates (peak 2) and m onophos
phates (peak 1). In a separate experiment using a lower 
concentration o f granulocyte extract the m ajor im m e
diate product o f hydrolysis was pH ]Ins 1,3,4-P, (not 
shown), indicating that the m ajor enzymatic activity 
hydrolyzing Ins 1,3,4,5-P4 in granulocyte extracts was 
the 5-PM E.

By contrast, radiolabelled Ins 1,3,4,5-P4 was rem ark
ably stable when incubated with an extract from  HL60 
leukaem ia cells. Very little degradation was observed 
during a 5 min (Figure Ic) or 30 min (Figure Id) incuba
tion, even though 100/ig lysate protein was used in each 
reaction, com pared to  20 /xg norm al m acrophage (Figure 
la ) or granulocyte (Figure lb) protein. The small am ount 
o f  degradation catalyzed by the HL60 extract resulted 
m ainly in the generation o f [^Hjlns 1,4,5-P) (Figure Ic, 
d, peak 4) with a smaller shoulder o f Ins 1,3,4-P3 (peak
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3). In tim e-course experim ents (5 an d  20 m in incubations 
using 20 p ro te in , no t show n), the ra te  o f  pH JIns
1.3.4.5-P4 deg rad atio n  by H L60 cell ex tracts never 
exceeded 0 .2  p m o I/5  m in /2 0  ng  p ro te in . By c o n tra st, the 
ra te  o f  d eg ra d a tio n  catalyzed by m acrophage o r g ran u 
locyte ex tracts was never less th a n  5 p m o l/5  m in /2 0  fig 
pro te in . T h ere fo re , the  ra te  o f  d eg rad a tio n  catalyzed by 
H L60 cell ex tracts was a t least 25-fold low er th a n  th a t 
catalyzed by ex tracts  o f  no rm al m yeloid cells. T he very 
low activ ity  o f  the  5-PM E  in H L 60 cell ex tracts p re 
cluded the  d e term ina tion  o f  its value.

M ixing o f  equal am o u n ts  o f  an  ex tract from  H L60 
cells w ith one p repared  fro m  norm al m acrophages 
d id  no t im pair the deg rad atio n  o f  p H ]ln s  1,3,4,5-P4 
catalyzed by th e  la tte r (no t show n). T herefo re , it is 
unlikely th a t the  strik ing  stab ility  o f  th is second 
m essenger in  H L60 cell ex tracts was a ttr ib u tab le  to  the 
presence o f  a  5 -P M E  inh ib ito r.

In  an a ttem p t to  determ ine w hether the  low 5-PM E  
activity  o f  H L 60 cells was a fea tu re  o f  cells a t the  stage 
o f  m yeloid d iffe ren tia tio n  a t w hich these m alignan t cells 
have been arrested , we stud ied  the  stab ility  o f  pH ]Ins
1.3.4.5-P4 in ex tracts o f  H L 60 cells w hich had  p re
viously been stim ula ted  to  d iffe ren tia te  to  cells resem bl
ing m atu re , n o n -p ro life ra tin g  m yeloid cells. T rea tm en t 
o f  H L 60 cells w ith 50 nM P M A  resulted  in  the  com plete 
arrest o f  p ro life ra tio n  w ith in  24 h (no t show n; see (11)). 
T able 1 show s th a t u n trea ted  cells d id  no t react w ith 
the  m acrophage-specific (20) CD 68 M oA b. Follow ing 
P M A  trea tm en t, the  cells were induced to  express CD68 
reactivity , and  a t 7 days * 8 0 %  o f  the cells expressed 
this m arker. F u rth e rm o re , > 8 0 %  o f  the  cells becam e 
adheren t to  th e  p lastic su rface  o f  the  cu ltu re  vessel 
(Table 1). T h erefo re , in agreem ent w ith earlier observa
tions (18), P M A  trea tm en t o f  these cells resulted  in the 
rap id  cessa tion  o f  p ro life ra tio n  and  th e  acquisition  o f  
som e m acrophage-like p roperties. H ow ever, th e  PM A - 
trea ted  cells rem ained  unreactive w ith R F D l (a M oA B  
recognizing an  H L A -D R  ep itope restric ted  to  an tigen  
presenting  cells (21)), R FD 7 (which recognizes a  cy to 
plasm ic p ro te in  o f  m a tu re  phagocytes (22)) and  C D  14 
(which recognizes a  d iffe ren tia tio n  an tigen  o f  m atu re  
m onocytes an d  granu locy tes (23)). P M A -induced  d if
feren tia tion  did  n o t result in  any  observable increase in 
the rate  o f  deg rad atio n  o f  p H ]ln s  1,3,4,5-P4 by extracts 
from  cells trea ted  w ith P M A  fo r 6, 24 o r 48 h . In  th ree 
separate  experim ents, the  ra te  o f  d eg rad atio n  was in fact 
slightly reduced com pared  to  th a t seen in ex tracts from  
uninduced  cells (d a ta  n o t show n).

Table 1. Differentiation of HL60 Cells In Response to 50 nw PMA.

Table 2. Differentiation of HL60 Cells in Response to 100 nw 
Retinoic Acid.

Cells (% ) Positive for Time after PMA Addition

Oh 6 h 24 h 48 h

CD 6 8 < 1 17 -22 73 -7 8 7 8 -83
GDI 4 < 1 < 1 < 1 < 1

RFD7 < 1 < 1 < 1 < 1

RFDi < 1 < 1 < 1 < 1

Adherence < 1 ND ND > 8 0

Cells (% ) Positive for Time after Retinoic Acid Addition

Od 3 d 5 d 7 d

CD 6 8 < 1 5 -1 0 70 -75 > 9 0
GDI 4 < 1 < 1 < 1 2 0 -25
RFD7 < 1 < 1 < 1 2 0 -2 5 *
RFDI < 1 < 1 < 1 < 1

NBT Reduction < 2 ND ND > 9 0

NO, not done. * W eak reactivity.

H L 60 cells can  also be triggered to  cease p ro life ra tion  
3 -4  days follow ing the  add ition  o f  retinoic acid (RA ) and  
to  d iffe ren tia te  to  cells w hich resem ble granulocytes (no t 
show n; see (12) and  (19)). T ab le 2 shows th a t the cells 
acquired  the  ability  to  reduce n itrob lue té trazo lium  
(NBT) follow ing the induction  o f  d iffe ren tia tion  by 
RA . The cells also becam e strongly  reactive w ith the 
CD68 M oA b, w hich is norm ally  confined  to  cells o f  the 
m o n o cy te /m acro p h ag e  lineage (20). A  sm aller p ro p o r
tio n  o f  the  cells expressed CD 14 positivity  and  a  sim ilar 
percentage reacted  weakly w ith the RFD 7 M oA b. 
M orphological exam ination  o f  stained cytospin  p re p a ra 
tions show ed th a t un induced H L60 cells were p redom i
nantly  blast-like in  appearance. Follow ing 7 days 
trea tm en t w ith R A , an  increase in the  p ro p o rtio n  o f  cells 
w ith a m ore m atu re  m yeloid phenotype was observed. 
H ow ever, the observed ‘d iffe ren tia tio n ’ was only p a r 
tia l, w ith 35%  o f  cells resem bling m yelocytes and  9%  
resem bling neu troph ils. T herefo re , the  R A -induced 
d iffe ren tia tion  o f  H L60 cells resem bles granulocytic 
d iffe ren tia tion  by som e m orphological, functional, and  
im m unological criteria , bu t appears to  be incom plete.

Cell ex tracts were p repared  3 and  7 days a fte r the 
induction  o f  d iffe ren tia tion  by RA , using the  sam e

Table 3. Haematological Data on Patients Studied.

Patient

A B G D

WBC (x IO ^ I) 71 73 2 1 25

Myeloid markers {%)
GDI 3 75^ 91 84 8 8

CD33 81 92'' 78 90^
GDI 4 2 0 < 1 7 1

T lymphoid markers (% )
GD2 NA 8 8 '= 9 6

GD3 15 7 1 1 6

B lymphoid markers (% )
GDIO < 1 < 1 NA < 1

GDI 9 4 2 4 4
GD22 5 2 5 4

Other markers (% )
Terminal transferase < 1 2 < 1 < 1

GD34 80 89 84 6

HLA class II 78 8 7 80

FAB sub-type M 4 M 3 Mg Mo

ND, not d o n e
W BC, White blood cell count. NA, da ta  not available. ^ W eak expression ; 

strong expression : ^ aberran t expression .
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Figure 2. Analysis by HPLC of radiolabelled inositol phosphates 
following 5 min incubations of (^H|lns 1,3,4,5-P4With 20 ^g 
protein extract from bone marrow mononuclear cells of myeloid 
leukemia patients A-D (Table 3).

culture as was used in the experim ent o f Table 2. A very 
small induction (approxim ately 1.5-fold) o f the 5-PM E 
was detected in the treated cells (at 7 days) com pared to 
the control (not shown).

Finally, we estim ated the 5-PM E activity in extracts 
o f bone m arrow  m ononuclear cells obtained from  four 
patients with myeloid leukemia. The haem atological 
data on these patients are sum m arized in Table 3. All o f 
these extracts degraded Ins 1,3,4,5-P4 very slowly 
(Figure 2), at rates at least 25-fold lower com pared to  the 
extracts from  norm al m ature myeloid cells.

DISCUSSIO N

The results here show that extracts prepared from  HL60 
myeloid leukaem ia cells contain very low levels o f the 
5-PM E enzyme which catalyzes the degradation and 
inactivation o f  the Ca^+-mobilizing second messengers 
Ins 1,3,4,5-P4 and Ins 1,4,5-P3. By contrast, rad io 
labelled Ins 1,3,4,5-P4 was rapidly degraded by extracts 
o f norm al m ature myeloid cells. The low level o f the 
5-PM E in H L60 cells is unlikely to  be attribu tab le to  an 
inhibitor o f 5-PM E activity, since the mixing o f extracts 
from  HL60 cells with a m acrophage extract did not result 
in the inhibition  o f  PH]Ins 1,3,4,5-P4 degradation by 
the latter.

It is possible tha t the low level o f Ins 1,3,4,5-P4 
breakdow n catalyzed by the HL60 extracts is a ttr ib u t
able to  the early stage o f differentiation  in which these 
m alignant cells have become arrested. U nfortunately , it 
is not feasible to  ob ta in  the norm al equivalent myeloid 
progenitors in sufficient num bers for biochemical study.

We therefore attem pted to  induce the HL60 cells to 
differentiate along either the m onocyte/m acrophage or 
granulocytic pathway by treatm ent with PM A or RA 
respectively. Both agents resulted in substantial changes 
in phenotype, including the com plete cessation o f pro
liferation and the acquisition o f some immunological 
and functional m arkers o f myeloid differentiation. The 
activity o f 5-PM E actually decreased in the TPA- 
induced cells and increased only very slightly following 
RA addition. These observations suggest that the low 
level o f Ins 1,3,4,5-P4 degradation by HL60 cells may 
be the result o f a perm anent defect in this cell line and 
not linked to  differentiation stage. O ur observation 
(K .E .N . and R .G .W ., unpublished) that extracts from 
the B urkitt’s lym phom a cell line Raji degraded Ins
1.3.4.5-P4 as rapidly as did extracts from  norm al lym
phoid cells, whereas extracts from  a second B urkitt’s cell 
line (Daudi) did so at a rate approxim ately 30-fold lower 
is consistent with the interpretation that reduced 5-PME 
activity in some leukemia cell lines is not linked to 
differentiation stage.

Nevertheless, we stress that several immunological 
and m orphological m arkers o f myeloid differentiation 
were only poorly induced by RA or PM A. Cells treated 
with RA also express some antigenic characteristics of 
the m onocyte/m acrophage lineage, also suggesting that 
RA-induced changes in the phenotype o f HL60 cells do 
not strictly parallel norm al granulocytic d ifferentiation. 
We therefore cannot exclude completely the possibility 
that the lack o f induction o f 5-PM E following T PA  or 
RA treatm ent was attributable to  the partial response of 
the cells to  these agents. The question o f whether HL60 
cells harbour a perm anent genetic defect in the gene 
encoding 5-PM E will only be conclusively resolved when 
m olecular probes for the coding sequence become 
available.

The autonom ous breakdow n of inositol lipids and 
the consequent generation o f growth-regulating second 
messengers may contribute to signalling the continuous 
proliferation o f HL60 (10-12) and m urine ery th ro 
leukem ia (24) cells. The im paired activity o f the 5-PM E 
pathw ay in HL60 cells will result in the conservation o f 
the Ca^+-regulating messengers Ins 1,3,4,5-P4 and Ins
1.4.5-P3. Cellular Ca^+ levels themselves play im por
tan t roles in the regulation o f proliferation (25). F u rther
m ore, the sesquiterpene lactone thapsigargin, which 
prolongs the duration  o f Ca^+ signals, triggers the 
expression o f the im portant cell cycle genes c-fo s  and 
c-jun  (26). It is noteworthy that thapsigargin is a potent 
tum or prom oter. Therefore, a lesion in the 5-PM E 
pathway, which would result in the prolongation  o f 
Ca^+ elevation, may co-operate with the lesion(s) which 
result in the autonom ous activity o f the inositol lipid 
pathway in signalling the continuous proliferation o f  
HL60 leukemia cells. The hypothesis that inositol lipid- 
derived second messengers are o f im portance in 
regulating HL60 cell proliferation is consistent with the 
observation tha t the influx o f extracellular Ca^ + 
decreases 2 days after the induction o f differentiation by 
RA, at which tim e autonom ous inositol lipid breakdow n 
is also abolished (12).

We have also observed that bone m arrow  m o n o 
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nuclear cells from  four m yeloid leukem ia patients 
expressed low levels o f  5 -PM E  activity . H ow ever, we 
have been unab le  to  estim ate the levels o f  5 -PM E  in 
norm al m yeloid p rogenitors a t a  stage o f  d iffe ren tia tion  
com parab le  to  th a t o f  the  leukem ia cells stud ied  here. It 
is the re fo re  p rem a tu re  to  draw  firm  conclusions fro m  
this lim ited study , bu t the d a ta  here suggest th a t a  m ore  
extensive investigation  o f  Ins I,3 ,4 ,5-P4  deg radation  by 
extracts o f  fresh  leukem ia cells m ay reveal w hether the 
abno rm al stab ility  o f  this im p o rta n t second m essenger 
po ten tia lly  co n trib u tes  to  the a b e rra n t regulation  o f  
leukem ia cell p ro life ra tion .
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