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ABSTRACT 

The major mediator of the 3-phosphoinositide signal transduction pathway is 

phosphatidylinositol (Ptdlns) 3-kinase (Kapellar and Cantley, 1994). The study of the 3-

phosphoinositide pathway has been facilitated by the existence of potent irreversible 

inhibitors of pi 10 Ptdlns 3-kinase, such as wortmannin (WM) (Powis et. al, 1994). Anti

metabolites of the 3-phosphoinositides generated in this pathway, such as lD-3-

Deoxyphosphatidylinositol (3'Deoxy-PtdIns), are also useful tools. 3'Deoxy-PtdIns is an 

analog of Ptdlns which, although it can be phosphorylated at the 4 or 4 and 5 positions of 

its inositol ring, is an anti-metabolite of 3-phosphoinositide signaling molecules 

(Kozikowski et al., 1995). In this study WM and 3'Deoxy-PtdIns were used to determine 

whether the 3-phosphoinositide pathway was a useful target for the development of a anti

cancer therapy. We found that WM and 3'Deoxy-PtdIns both inhibited the growth of 

murine C3H and human MCF-7 mammary tumors in vivo, however WM did not inhibit 

the growth of human UACC2I50 tumor. The ability of WM to inhibit C3H tumor growth 

was not related to inhibition of tumor total Ptdlns 3-kinase activity. The existence of the 

WM-insensitive Ptdlns 3-kinase activity observed in these tumors was confirmed in C3H 

and MCF-7 cell culture lysates, solid tumors and tissue homogenates. In addition to being 

resistant to inhibition by WM, MCF-7 cell lysate total Ptdlns 3-kinase activity was also 

resistant to five known pi 10 Ptdlns 3-kinase inhibitors. Human normal colon mucosa, 

colon tumors and placenta also contained WM- insensitive populations of Ptdlns 3-kinase 

activity. Human placental homogenate was chosen as the source for the purification of 
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WM-insensitive Ptdlns 3-kinase because it contained a profile of Ptdlns 3-kinase activity 

which was similar to that of MCF-7 cells. Purification of WM-insensitive Ptdlns 3-kinase 

from human placenta did not result in the identification of Ptdlns 3-kinase related proteins. 

Although WM appeared to inhibit tumor growth by a non-Ptdlns 3-kinase dependent 

mechanism, the results of this study confirmed that the 3-phosphoinositide signal 

transduction pathway was involved in the growth of mammary tumors. Because of its 

predominance in solid tumors and normal tissues, the WM-insensitive Ptdlns 3-kinase, 

once identified, may be a suitable target for anti-cancer drug development. 
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INTRODUCTION 

The Carcinogenic Process 

Cancer is the disease state which arises when ceils reproduce outside of normal 

growth controls, and invade and colonize areas of the body where they are not normally 

found (reviewed in Parodi and Mancuso, 1996 and references therein). Cells gain these 

capabilities as a result of a multi-stage process. Initiation occurs when an alteration in a 

cell's DNA sequence arises, goes uncorrected and after replication is "tixed" in the cell's 

DNA. The growth of initiated cells can then be reversibly promoted by external factors. 

Additional irreversible mutations develop in some daughter cells as a result of the 

increased growth rate that occurs during promotion. Progression occurs when mutations, 

sufficient to convey a growth advantage, have developed in essential cell control 

pathways. 

Cancer as a Disease of Intracellular Signal Transduction 

Advances in molecular biology have shown that neoplastic disease is essentially a 

pathology of signal transduction systems (Parodi and Mancuso, 1996). Most signaling 

pathways begin at the plasma membrane where ligands, such as neurotransmitters, protein 

hormones, and growth factors, bind to specific receptors and trigger cascades of 

intracellular events which alter the behavior of the target cell (Alberts et al., 1989). 

Binding of ligand to an extracellular receptor is believed to induce a conformational 
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change in the receptor which enables it to act as a transducer of the extracellular signal. 

The mechanism of this transduction depends on the class of receptor activated. 

Extracellular receptors can be channel-linked, G-protein coupled or catalytic. 

Channel-linked receptors are mainly involved in synaptic signaling between 

electrically excitable cells. These receptors act directly to transduce a signal by opening a 

pore which briefly changes the ion permeability of the plasma membrane. Unlike channel-

linked receptors, both G-protein linked and catalytic receptors interact with cytoplasmic 

proteins in order to transduce extracellular signals. Almost all known catalytic receptors 

are tyrosine kinases. Binding of ligand to a catalytic receptor causes activation of the 

receptors tyrosine kinase activity and autophosphorylation of specific tyrosine residues. A 

variety of cytoplasmic enzjmies are able to bind to the activated receptor as a result of this 

autophosphorylation. After ligand binding the conformational change that occurs in G-

protein-linked receptors allows the receptor to bind to a GTP-binding regulatory protein 

(G-protein). The G-protein then mediates the interaction of the receptor with either 

cytoplasmic enzymes or ion channels. 

Whether by opening an ion-channel or activating an intracellular enzyme, receptor 

ligand interactions start intracellular processes that eventually alter the behavior of the 

target cell. An example of a catalytic signal transduction cascade would be the activation 

of adenylate cyclase by a G-protein-coupled receptor. Each rcceptor protein can activate 

many stimulatory G-protein molecules which in turn activate an adenylate cyclase 

molecule. The activated cyclase molecules then convert ATP molecules into cyclic AMP 

molecules, which alter the activity of other enzymes. This amplification is repeated until 
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the desired effect on the cell is obtained. Each step in the signal transduction cascade is a 

site for potential amplification and regulation. Tight regulation of these pathways is 

essential for terminating the stimuli once the desired effect has been obtained. 

Mechanisms for termination signal cascades include rapid degradation of cyclic AMP and 

sequestering or buffering calcium. 

Transformation of a normal cell into a cancer cell results from the dis-regulation of 

signal transduction pathways. Many oncogenes code for proteins that are components of 

growth factor-activated intracel'ular signaling pathways (reviewed in Powis, 1991; Powis 

and Kozikowski, 1993; Patterson, 1992; Yarbro, 1992; Cantley et al, 1991; Cindy et al., 

1996). Oncogenes are mutated or retrovirally expressed forms of proto-oncogenes whose 

over expression leads to cancer by constitutively activating signal transduction cascades. 

Protein products of oncogenes cause increased rates of cell growth by functioning as 

growth factors (y-sis), growth factor receptors (y-erb, v-Jms, v-kit), transducers of 

growth factor responses (y-src, v-ras, v-raf), or transcription factors that mediate growth 

factor-induced gene expression (y-Jun, w-fos) (Cantley et  al . ,  1991).  

Degeneracy of Signal Transduction Pathways 

The degeneracy of grov^^h factor signaling makes it possible for drugs that inhibit 

intracellular signaling pathways to selectively target cancer cells (Povsas, 1994). Multiple 

growth factors are required for the proliferation of normal cells and each growth factor 

can activate multiple signal transduction pathways (Deul, 1987; Cantley et al., 1991). 
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This redundancy is demonstrated by the ability of tyrosine kinase growth factor receptors 

to use both protein kinase C (PKC)-dependent and PKC-independent pathways to induce 

c-myc and c-fos mRNA and S6 phosphorylation (Cantley et al., 1991). Because multiple 

signaling pathways are active during cell growth, a cell can survive the complete inhibition 

of one signaling pathway (Powis, 1994). In this situation, other signaling pathways 

assume some or all of the functions of the affected pathway. 

Gene knockout studies confirm that degeneracy is a common feature of growth 

factor signaling. The z-src protein-tyrosine kinase is expressed predominantly in platelets 

and the nervous system (Powis, 1994). Total disruption of z-src in mice was expected to 

result in severe or lethal defects in these systems, however c-src knockout mice grew 

almost normally despite the development of osteoporosis (Soriano et al., 1991). It was 

believed that related protein tyrosine kinase genes, such as yes and Jyn, assumed the 

fuction of c-src in these animals. Tumor growth factor (TGF)-pi gene knockout mice 

were also bom with no apparent defect, but did develop severe multi-focal inflammatory 

disease later in life (Shull et al., 1992). 

Signal transduction therapy is based on the principle that drugs can be developed 

which block signal transduction pathways activated by oncogenes and reverse the effects 

of the oncogene on the cancer cell (Levitzki, 1994). Targeting of the drug to the 

oncogene product itself is not necessary to inhibit the signaling pathway. A downstream 

protein, most usually an enzyme in the oncogene-activated signaling pathway, can be 

targeted (Powis, 1994). Drugs that inhibit signaling pathways would be expected to be 

cytostatic because they would return cancer cells to normal growth patterns, but do not 



cause cell death, i.e. they are not cytotoxic. With long term therapy, anti-signaling drugs 

would shift the balance from new cell production to cell death. This alteration in tumor 

dynamic could eventually lead to tumor shrinkage (Powis, 1994). 

Phosphoinositides as Mediators of Signal Transduction 

Phosphoinositides are key components in two growth factor-activated signaling 

pathways, in the more widely recognized pathway, activation of Ptdlns-specific 

phospholipase C results in the hydrolysis of PtdIns-4,5-bisphosphate and the generation of 

two second messengers, inositol-1,4,5-trisphosphate and diacylglycerol (reviewed in Rhee 

and Bae, 1997). These second messengers act in the release of calcium from intracellular 

stores and the activation of PKC respectively. An additional Ptdlns second messenger 

pathway relies on the protein-tyrosine kinase mediated recruitment and activation of 

Ptdlns 3-kinase, resulting in the production of PtdIns-3,4-bisphosphate (PtdIns-3,4-P2) 

and PtdIns-3,4,5-trisphosphate (PtdIns-3,4,5-P3) (reviewed in Carpenter and Cantley, 

1990; Downes and Carter, 1991; Kapeller and Cantley 1994; Toker and Cantley, 1997). 

The 3-phosphoinositides generated in this pathway are not substrates of any 

phospholipase C, and act themselves as intracellular mediators of signal transduction 

(Stephens er a/., 1993). 
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Inhibitors of Ptdlns 3-Kinase Activity 

WM and 2-(4-MorphoIinyl)-8-phenyl-4H-l-benzopyran-4-one (LY294002) 

(Figure 1) are widely utilized inhibitors of Ptdlns 3-kinase. WM is a cell permeable 

steroidal fungal metabolite (Brain et al., 1957; MacMillian et al., 1968), which was first 

identified as an inhibitor of myosin light chain kinase with a 50 % inhibitory concentration 

(ICso) 200 nivl (Nakanishi et al., 1992), but was later found to be a potent inhibitor of 

Ptdlns 3-kinase (Powis et al., 1994). Inhibition of Ptdlns 3-kinase by WM is irreversible 

and occurs following nucleophilic attack. The amino group of lysine 802 in the Ptdlns 3-

kinase pllO catalytic subunit binds to the WM fliran ring (C-20) resulting in the formation 

of an enamine (Wymann et al., 1996). The specificity of WM inhibition will be discussed 

in a later section. LY294002 is a derivative of quercitin which has improved potency 

(ICso of 1.4 |iM) and selectivity towards Ptdlns 3-kinase (Vlahos et al., 1994). The 

inhibitory mechanism of LY294002 is competitive with respect to adenosine trisphosphate 

(ATP) and therefore reversible. These inhibitors are important tools in the study of 

Ptdlns 3-kinase. 

Classes of Ptdlns 3-Kinase Activity 

Ptdlns 3-kinases have been divided into two classes (Table I) based on their in 

vitro lipid substrate specificity (Vanhaesebroeck et al., 1996) and sensitivity to WM. The 

Ptdlns specific 3-kinases are generally insensitive to WM and their in vitro substrate 

specificity is restricted to Ptdlns. The second group of enzymes contains forms of Ptdlns 



H3COH2C 

Wortmannin LY294002 

Figure 1 Chemical Structure of Ptdlns 3-Kinase Inhibitors 
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3-kinase that in vitro are able to phosphorylate Ptdlns, PtdIns-4-phosphate (PtdIns-4-P) 

and PtdIns-4,5-bisphosphate (PtdIns-4,5-P2) and, in general, are sensitive to WM. An 

additional novel class of Ptdlns 3-kinases that contain C-terminal "C2 domains" (Molz et 

al., 1996) has been discovered in Drosophila, but is not yet well characterized. 

Ptdlns Specific 3-Kinase Family 

Saccharomyces cerevisiae Vps34p and its two mammalian homologs, Ptdlns 

specific 3-kinases 1 and 2, comprise the class of Ptdlns specific 3-kinases (Table I) 

(Vanhaesebroeck et al., 1996). Unlike yeast Vps34p (Herman et al., 1992; Volinia et al., 

1995), which is relatively resistant to WM (IC50 of 3 |iM), the IC50 of WM for bovine 

Ptdlns specific 3-kinase 1 is 2.5 nM (Stephens et al., 1994). Vps34p and Ptdlns specific 

3-kinase 1 have been characterized, but little is knovm about human Ptdlns specific 3-

kinase 2. The molecular masses of all these proteins are approximately 100 kilo Dalton 

(kDa) and each is found in association with a 150 kDa regulatory protein (Herman et al., 

1992; Volina et al., 1995). Vps34p is required for receptor-mediated transport of soluble 

hydrolases between the late Golgi and vacuole (Herman et al., 1990). The fianction of its 

human homolog, Ptdlns specific 3-kinase 2, has been inferred to be vesicular trafficking 

based on this knowledge of Vps34p function (Vanhaesebroeck et al., 1996). 



Table I Classes of Ptdlns 3-Kinase Activity 

Class 1. Ptdlns specific 3-kinases 

Catalytic subunit WM IC50 Adaptor Protein Substrates Role in Cellular function 
Vps34p {S. cerevisiae) 3 n M  VpslSp Autophosphorylation Vesicular trafRcking and 

protein sorting 
Ptdlns 3-kinase I (bovine) 2.5 nM p l 5 0  No autophosphorylation Unknown 

(VpslSp like) 
Ptdlns 3-kinase 2 (human) Unknown Unknown Unknown Unknown 

Class n. Ptdlns 3-kinases able to phosphor>'late Ptdlns, Ptdlns-4-P and Ptdlns-4,5-P2 
Catal\1ic subunit WM Sensitivity Adaptor Protein Substrates Role in Cellular function 

p l l O a  low nM p85 a, p, y. p85, IRS-I Linked to receptors with 
(human, mouse, bovine) p55'''- intrinsic or associated 

tyrosine kinase activity 

pi 10 p (human) low nM p85 a Unknown Unknown 

p I 2 0  Y  ( h u m a n )  low nM Unknown Unknown Activated by 
heterotrimeric G proteins 

subunits (a, and Py) 
pi 20 (porcine) low nM p I O l  Unknown Activated by 

heterotrimeric G proteins 
subunits (Py only) 

pi 17 (porcine) low nM p l O l  Unknown Activated by 
heterotrimeric G proteins 
subunits (Py only) 

Adapted from (Vanhaesebroeck et ah, 1996). 
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Ptdlns 3-Kinase Family 

The second group of Ptdlns 3-kinases (Table I) phosphorylate Ptdlns, PtdIns-4-P 

and PtdIns-4,5-P2 in vitro (Vanhaesebroeck et al., 1996) although their in vivo substrate 

specificity may favor PtdIns-4,5-P2, with PtdIns-3,4-P2 being generated after 

dephosphorylation of PtdIns-3,4,5-P3 (Stephens, 1995). Some members of this group 

consist of pllO catalytic and p85 regulatory subunits. Other members do not bind p85, 

but are instead regulated by G protein a and py subunits (Stoyanov et al., 1995). Alpha, 

P and y isoforms of the pllO catalytic subunit have been characterized. In addition to the 

class n Ptdlns 3-kinase, reviewed by Vanhaesebroeck et al. (1996) in Table I, a pi 10 5 

has recently been identified (Vanhaesebroeck etal., 1997) and is found only in leukocytes. 

This enzyme displays substrate specificity similar to pi 10 a and P and also interacts with 

p85 regulatory proteins. Unlike pi 10 a, pi 10 5 does not phosphorylate p85 and is able to 

u n d e r g o  a u t o p h o s p h o r y l a t i o n .  U n i q u e  p r o t e i n - p r o t e i n  i n t e r a c t i o n  d o m a i n s  e x i s t  i n  p I l O  

5; namely proline rich sequences and basic-region leucine-zipper-like domain. Multiple 

forms of the p85 regulatory subunit have also been identified; p85a and P (Otsu et al., 

1991) as well as shortened p55^°^ (Pons et al., 1995), p55 a and p50 a forms (Inukai et 

al., 1997). The interactions between all of these catalytic and regulatory proteins have not 

yet been determined, but raises the potential for differential regulation of and multiple 

fiinctions for Ptdlns 3-kinase in vivo. 
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Structure of Ptdlns 3-Kinases 

As previously stated, two groups of Ptdlns 3-kinase en2ymes exist. The pi 10/p85 

enzymes (Figure 2) are considered the classic Ptdlns 3-kinases, while the pi 10/G protein 

enzymes have been discovered more recently and have not yet been well characterized 

(reviewed in Kapeller and Cantley, 1994; Cantley and Cantley, 1995). 

Each isoform of the Ptdlns 3-kinase pi 10 catalytic subunit contains a conserved 

C-terminal catalytic domain. Specific sequences in this catalytic domain are also 

conserved in Ptdlns 3-kinase related protein serine/threonine kinases. A p85 binding 

domain is located in the N-terminal region of the p 110 catalytic subunit. 

Ptdlns 3-kinase p85 regulatory proteins contain an N-terminal src homology 3 

(SH3) domain and two src homology 2 (SH2) domains, which flank a binding site for the 

pi 10 catalytic subunit. A break cluster region (Bcr) domain, flanked by proline rich 

sequences, is present between the SH3 and N-terminal SH2 domain (Dhand et al., 1994a). 

Ptdlns 3-kinase p55 regulatory proteins differ from the p85 forms by their lack of the SH3 

and Bcr regions (Pons et al., 1995). In p55 these regions are replaced by a unique short 

N-terminus which is followed by a conserved proline rich motif (Vanhaesebroeck et al., 

1996). 

The SH2 domains of p85 are responsible for binding with phosphotyrosine 

residues in receptor and non-receptor tyrosine kinases and SH3 domains bind to short 

amino acid sequences rich in proline residues. The proline rich sequences in p85 may bind 



30 

Similar to conserved sites 
Interaction witii p85 ® protein kinase 

{I lys802  ̂ ^ ^ 

p110 I I 1 Cafatyrfir I I I I I I ^ 

Interaction with phosphot/rosine 
{I % 

p85 iSH3 Hl}4BCRlH^--rSHri 1 i 1 SH2 

Proline-nch Interaction vinth p110 
SH3-binding 

Figure 2 Structure of Classic Ptdlns 3-Kinase Subunits 

Adapted from Cantley and Cantley, 1995. 
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to SH3 domains in cytosolic tryrosine kinases such as w-src, and represent a non-

phosphorylation dependent mechanism for activation of Ptdlns 3-kinase (Kapeller and 

Cantley, 1994). Function has not yet been assigned to the Bcr homology domain of p85, 

however this domain is similar to a region in proteins that are known to act as guanosine 

trisphosphate (GTP)ase activators for the ras-related proteins rho, rac and/or CDC42 

(Diekmann et al, 1991). 

Regulation of Ptdlns 3-Kinase Activity 

In addition to lipid kinase activity, the Ptdlns 3-kinase pi 10 a catalytic subunit 

displays a serine/threonine protein kinase activity (Dhand et al., 1994a). The protein 

kinase activity of Ptdlns 3-kinase down-regulates its lipid kinase activity by 

phosphorylating the associated p85 subunit (Dhand et al., 1994b). Ptdlns 3-kinase 

activity is activated by both receptor and non-receptor mediated mechanisms (Kapeller 

and Cantley, 1994). In both situations, the SH3 and SH2 domains of the Ptdlns 3-kinase 

p85 regulatory subunit mediate the association of the Ptdlns 3-kinase complex with 

activated tyrosine kinases. 

Binding of Ptdlns 3-Kinase to Receptor Tyrosine Kinases 

Activation of platelet derived growth factor (PDGF), insulin, insulin-like growth 

factor (IGF-1), colony stimulating factor (CSF-1), nerve growth factor (NGF), hepatocyte 



growth factor (HGF), Steel and epidermal growth factor (EGF) receptors is associated 

with an increase in Ptdlns 3-kinase activity in certain cells (Kapeller and Cantley, 1994). 

This increase of Ptdlns 3-kinase activity occurs by two mechanisms, for which PDGF 

receptors and insulin receptors are models. 

Activation of Ptdlns 3-kinase by PDGF receptors occurs directly. Upon binding to 

ligand, the PDGF receptor undergoes dimerization and autophosphorylates tyrosines 740 

and 751 in the consensus SH2 binding sequences ^'*°Y*MDM and '^'Y*VPM (Cantley and 

Cantley, 1995). These phosphotyrosine residues bind to the SH2 domains of the Ptdlns 3-

kinase p85 regulatory subunit and activate the bound Ptdlns 3-kinase complex. The 

insulin receptor indirectly activates Ptdlns 3-kinase. Recruitment of Ptdlns 3-kinase to the 

insulin receptor requires the insulin receptor substrate (IRS)-l molecule to become 

phosphorylated and act as a p85 docking protein (Backer et al., 1992). 

Binding of Ptdlns 3-Kinase to Non-Receptor Tyrosine Kinases 

Activation of Ptdlns 3-kinase by non-receptor tyrosine kinase can also occur by 

two mechanisms. An example of interaction mediated by SH3/proline rich sequence 

domain interactions would be that of the ppSO""^ (Kapeller and Cantley, 1994). Binding 

of the v-src SH3 domain to proline rich sequences in p85 allows the p85 SH2 domains to 

bind other proteins. Ptdlns 3-kinase is also found associated with the polyoma middle 

T/pp60°'^ complex (Cantley etal., 1991). Ptdlns 3-kinase is be activated by this complex 
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when middle T is phosphorylated on Y315 by pp60 and a binding site for the SH2 

domains of p85 is generated. 

Activation of Ptdlns 3-Kinase Activity 

Binding of Ptdlns 3-kinase to the activated tyrosine kinases results in increased 

activity by several mechanisms (reviewed in Kapeller and Cantley, 1994). Although 

tyrosine phosphorylation of Ptdlns 3-kinase has not been proven to increase Ptdlns 3-

kinase activity, tyrosine phosphorylation has been shown to occur in response to growth 

factors such as NGF (SoltofF et al., 1992). Binding of p85 SH2 domains to 

phosphotyrosines is believed to cause a conformational change in Ptdlns 3-kinase, which 

activates the lipid kinase activity of the pi 10 catalytic subunit. This mechanism was 

demonstrated in studies where phosphopeptides containing PDGF SH2 binding sequences 

were able to activate Ptdlns 3-kinase from purified preparations or cell lysates (Carpenter 

et al.^ 1993). Phosphotyrosine binding may also increase Ptdlns 3-kinase activity by 

causing the release of an inhibitory regulator or may simply facilitate activity by bringing 

the Ptdlns 3-kinase closer to its membrane bound substrates (Kapeller and Cantley, 1994). 

Role of Ptdlns 3-Kinase in Cell Functions 

Ptdlns 3-kinases were originally investigated for their roles in cell growth and 

transformation. However, in recent years these enzymes have been implicated in cellular 

processes ranging from cell growth and cell death to membrane trafficking and regulation 
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of actin and integrin functions (for reviews see Carpenter and Cantley, 1996; Shepherd et 

al., 1996; Lavin et al., 1996). It has been postulated that distinct phosphoinositide 

products of Ptdlns 3-kinase will mediate these diverse cellular functions (Carpenter and 

Cantley, 1996). The following brief discussion contains examples of the roles that Ptdlns 

3-kinases play in cells and is not intended to be all inclusive. 

Role in Cell Grmvth 

The importance of the 3-phosphoinositide pathway in mitogenesis was first 

demonstrated when it was shown that mutants of the PDGF receptor and polyoma middle 

T antigen defective in promoting growth and transformation respectively, failed to activate 

Ptdlns 3-kinase (Cantley et al., 1991). Further studies demonstrated that the mitogenic 

capacity of the PDGF receptor was regained when its ability to activate Ptdlns 3-kinase 

was restored (Valius and Kazlauskas, 1993). The role of Ptdlns 3-kinase in mitogenesis 

has been shown to be cell-type and stimulus-dependent (Roche et al., 1994); antibodies to 

the pllO a catalytic subunit of Ptdlns 3-kinase block DNA synthesis which occurs as a 

result of stimulation with PDGF and EGF, but not that which occurs in response to CSF-

I, bombesin or lysophosphatidic acid. Ptdlns 3-kinase has also been shown to be 

necessary for 12-0-Tetradecanoylphorbol-13-acetate (TPA) induced cell transformation 

and activated protein (AP)-l activation (Huang et al., 1997). Insulin activates Ptdlns 3-

kinase and enhances TPA-induced AP-I trans-activation and transformation. TP A also 

directly induces Ptdlns 3-kinase activity. Dominant negative mutant Ptdlns 3-kinase p85 
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subunit expression, WM and LY294002 are all able to block AP-1 trans-activation and 

TPA-induced cell transformation. 

Inhibition of Apoptosis 

Ptdlns 3-kinase activity was demonstrated to be necessary for the prevention of 

apoptosis in PC 12 (rat pheochromocytoma) cells (Yao and Cooper, 1995). Apoptosis 

was not prevented when PDGF was used to stimulate cells transfected with PDGF 

receptor carrying a mutant Ptdlns 3-kinase binding site, but was prevented in cells 

expressing wild-type PDGF receptor. Potent inhibitors of Ptdlns 3-Idnase, WM and 

LY294002, blocked the ability of NGF to prevent apoptosis in these cells (Yao and 

Cooper, 1995). Prevention of apoptosis in PC 12 cells was also shown to occur in 

response to IGF-1-dependent activation of both Ptdlns 3-kinase and mitogen activated 

protein (MAP)-kinase signal transduction pathways (Parrizas et al., 1997). The inhibition 

of hemopoietic cell apoptosis which occurs in response to interleukin (IL)-4, IL-3 and 

Steel factor is blocked by WM and LY294002 while that of granuloctye-macrophage 

colony stimulating factor and IL-5 is unaffected (Scheid et al, 1995). 

Role in Membrane Traffic 

Preliminary indications that Ptdlns 3-kinase was involved in membrane traffic were 

obtained when it was shown that cDNA encoding the first Ptdlns 3-kinase identified was 

related to the yeast Vps34 gene (Hiles et al., 1992). The Vps34 gene product was known 
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to be required for receptor-mediated transport of soluble hydrolases between the late 

Golgi and vacuole and was demonstrated to be responsible for most Ptdlns 3-kinase 

activity in S. cerevisiae (Herman and Emr, 1990). The control of membrane trafficking 

events is highly conserved among eukaryotes; SeclSp is directly exchangeable (Wilson et 

al., 1989). This similarity between eukaryotes and the existence of Vps34p prompted 

studies into the role of Ptdlns 3-kinase in membrane trafficking. 

Lysosomal Targeting 

The yeast vacuole and mammalian lysosome are functionally equivalent organelles. 

Because of the mechanistic similarity in the way that soluble proteins are trafficked in 

yeast and mammalian cells, it has been predicted that a homolog of Vps34p exists in 

mammalian cells (Shepherd et al., 1996). Treatment of rat and human cell lines with WM 

or LY294004 has been shown to cause newly synthesized lysosomal hydrolases to be 

secreted rather than targeted correctly (Davidson, 1995; Brown et al., 1995). Enzymes 

were secreted in precursor form similar to the secretion of procarboxypeptidase in yeast 

expressing mutant Vps34p. This treatment caused selective inhibition within the vacuolar 

delivery system because transport from the endoplasmic reticulum (ER) to the plasma 

membrane was unaffected. The mammalian Ptdlns 3-kinase involved in lysosomal 

targeting remains to be identified (Shepherd et al., 1996). Mammalian Ptdlns specific 3-

kinases that are either sensitive (Stephens et al., 1994) or resistant (Volinia et al., 1995) 

to WM have been characterized and the existence of these two enzymes may indicate that 
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some Ptdlns 3-kinase-dependent membrane traffic can occur in the presence of WM 

(Shepherd e/a/., 1996). 

Endocvtic Pathway 

It has been suggested that not only delivery from the vacuole to the trans-go Igi-

network (TGN), but also from the endocytic system may require Ptdlns 3-kinase activity 

(Shepherd et al., 1996). Kinase domain mutants of the CSF receptor and Ptdlns 3-kinase 

binding site mutants of the PDGF receptor do not alter receptor internalization but inhibit 

receptor degradation (Carlberg et al., 1994; Joly et al., 1995). These results implicated 

Ptdlns 3-kinase as important in targeting receptors to the lysosome for degradation but 

not in receptor-mediated endocytosis (Shepherd et al., 1996). The early endosome is a 

common sorting station for endocytosed material. Ptdlns 3-kinase has been implicated as 

important in the delivery of endocytosed material to this compartment because WM and 

LY294002 are able to inhibit endosome fusion in vitro (Li et al., 1995; Jones and Clague, 

1995). Constitutively active and kinase domain lacking Ptdlns 3-kinase pi 10 subunits 

caused three-fold stimulation and failed to support fusion, respectively (Li et al., 1995). 

WM inhibited endosome fiision in the presence of additional wild-type RabS, but the 

stimulatory effect of a constitutively active GTP-bound form of RabS was unaffected. 

These results implicated Ptdlns 3-kinase as involved in endosome fusion upstream of Rab5 

function and suggest that Ptdlns 3-kinase may affect the state of guanine-nucleotide 

exchange of the Rab family of small GTP-binding proteins (Shepherd et al., 1996). 
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Growth Factor Stimulation of Membrane Traffic 

The role of Ptdlns 3-kinase activaty in membrane traffic through specific 

compartments was addressed in studies of glucose transporters. The glucose transporter 

(Glut)l and Glut4 continually recycle between the plasma membrane and intracellular 

locations via the recycling endocytic pathway (Clarke et al., 1994). The exocytotic rate of 

glucose transporters to the plasma membrane is increased in response to insulin 

stimulation. WM and LY294002 are able to completely block this stimulation of 

transporter recruitment in widely ranging cell types (Clarke et al., 1994; Yeh et al., 1995; 

Tsakiridis et al., 1995; Cheatham et al., 1994). The fact that transferrin receptor 

recruitment to the plasma membrane by insulin is also blocked by these inhibitors 

(Shepherd et al., 1995) indicates that Ptdlns 3-kinase activity may be a general 

requirement for insulin-stimulated trafficking in the recycling endocytic system. Ptdlns 3-

kinase inhibitors also block a small portion of basal glucose transporter recycling (Dhand 

et al., 1994). These experiments demonstrate that Ptdlns 3-kinase is necessary for the 

insulin-stimulated, but not basal, trafficking of glucose transporters (Shepherd et al., 

1996). 

Regulation of Actin 

Although no direct role for Ptdlns 3-kinase lipid products in actin polymerization 

has been found, they have been shown to be necessary for some forms of cell motility and 

adherence (Carpenter and Cantley, 1996). Non-Ptdlns 3-kinase binding PDGF receptor 
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mutants do not mffle or undergo chemotaxis in response to PDGF (Wennstrom et al.^ 

1994; Kundra et al., 1994). Both non-Ptdlns 3-ldnase binding PDGF receptor mutants 

and WM inhibit binding of OTP to Rac in response to PGDF (Hawkins et al., 1995). 

Targets of 3-Phosphoinositides 

In recent years many proteins have been discovered to interact with 3-

phosphoinositides (for a complete review see Toker and Cantley, 1997). For some 

proteins response to 3-phosphoinositides is dependent on interactions with their Pleckstrin 

homology (PH) domains. It has been demonstrated that PH domains have specificity for 

binding to distinct 3-phosphoinositides (Toker and Cantley, 1997). The Akt/PKB protein 

serine/threonine kinase has an amino terminal PH domain and loss of this domain blocks 

the ability of agonists such as PDGF (Franke et al., 1995), but not insulin (Kohn et al., 

1996) to activate Akt/PKB in vivo. Direct stimulation of Akt/PKB activity (Franke et al., 

1997; Klippel et al., 1997; Freeh et al., 1997) and dimerization of Akt/PKB molecules 

(Franke et al., 1997) occur in response to PtdIns-3,4-P2. PtdIns-3,4,5-P3-dependent 

protein kinase-1 was recently identified. This enzyme is activated by PtdIns-3,4,5-P3 and 

PtdIns-3,4,-P2 and has been shown to phosphorylate and activate Akt/PBCB in vitro (Alessi 

et al., 1997). Another PH domain containing protein that is linked to Ptdlns 3-kinase is 

non-receptor Bruton's tyrosine kinase (Btk). This protein is involved in B-cell 

development and mutations in its PH domain result in X-linked agammaglobulinaemia in 

humans (Toker and Cantley, 1997). This PH domain has been shown to have high affinity 
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for PtdIns-3,4,5-P3 and Ins-1,3,4,5-P4 and low affinity for PtdIns-3,4-P2 and PtdIns-4,5-P2 

(Salim et al., 1996; Fukuda et al1996). These studies indicate that Akt and Btk may be 

important effectors of Ptdlns 3-kinase (Toker and Cantley, 1997). 

Various studies have demonstrated the ability of PtdIns-3,4-P2 and PtdIns-3,4,5-P3 

to activate isoforms of PKC, (PKC-e, t], X) as well as PKC-related kinase 1 (reviewed 

in Toker and Cantley, 1997). Pleckstrin, a physiological substrate of PKC, was shown to 

be downstream of Ptdlns 3-kinase in studies where phosphorylation of this protein was 

inhibited by WM and induced by synthetic PtdIns-3,4-P2 and PtdIns-3,4,5-P3, respectively 

(Toker et al., 1995). The ability of PtdIns-3,4,5-P3 to bind the PKC substrate neurogranin 

also indicated that this lipid may recruit and localize substrates of PKC to the plasma 

membrane (Lu and Chen, 1997). The relevance of activating PKC downstream of Ptdlns 

3-kinase is unknown, but may involve the role of PKC in the MAP kinase pathway (Toker 

and Cantley, 1997). 

AP-2 is involved in assembling clathrin coated pits at the plasma membrane (Toker 

and Cantley, 1997). This is the first protein identified that binds PtdIns-3-phosphate 

(PtdIns-3-P) in a sterioselective manner (Rappaport et al., 1997). AP-2 binds to proteins 

that internalize through coated pits and PtdIns-3-P effectively enhances this binding. The 

specificity of this protein for binding PtdIns-3-P may be physiologically relevant because 

most other proteins have low affinity for this particular 3-phosphoinositide (Toker and 

Cantley, 1997). 

Ptdlns 3-kinases have been shown to be effectors of the BCR/ABL oncogenic 

tyrosine kinase. Up or down regulation of BCR/ABL expression was followed by Ptdlns 
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3-ldnase activity levels and WM can block the proliferation of BCR/ABL cells (Skorski, et 

al., 1995). The p85 regulatory subunit of Ptdlns 3-kinase was also shown to co-

precipitate with the BCR/ABL substrate pi20^®'' (Sattler et al., 1995). 

Ptdlns 3-Kinase Related Protein Kinases 

Many proteins that do not act as lipid kinases have homology to Ptdlns 3-kinase 

and therefore are members of the Ptdlns 3-kinase family. The relationship between 

enzyme structure and function has been investigated for many of these Ptdlns 3-kinase 

family members (Zvelebil et al., 1996). The DNA double strand break repair protein 

(Boulton et al., 1996), DNA-dependent protein kinase (DNA-PK), was shown to have 

homology to conserved residues in the active site of Ptdlns 3-kinases (Hartley et al., 

1995). Cloning of the gene that when mutated is responsible for the development of 

Ataxia Telangiectasia (ATM) demonstrated that it would encode a putative protein with 

homology to Ptdlns 3-kinase (Savitsky et al., 1995). Immunochemically purified ATM 

did not have lipid kinase activity and instead was shown to phosphorylate iKB-a (Jung et 

al., 1997), a protein inhibitor of the NF-KB transcription factor. The yeast TORI and 

T0R2 genes as well as their human homolog mTOR represent genes with similarity to 

Ptdlns 3-kinase whose mutation is linked to resistance to the immunosuppressnt 

rapamycin (reviewed in Brunn et al., 1996). 
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Wortmannin as a Tool to Identify Ptdlns 3-Kinase Related Cellular Processes 

Although WM was first identified as an inhibitor of myosin light chain kinase, IC50 

200 nM (Nakanishi et ai, 1992) subsequent work (Powis et al., 1994) demonstrated that 

it could selectively inhibit Ptdlns 3-kinase, ICso 2-4 nM. Sensitivity to inhibition by WM 

was used to link many processes to Ptdlns 3-kinase, for example; insulin stimulated 

membrane ruffling (Kontani et al., 1994), insulin (Kara et al., 1995) and IL-2 (Monfar et 

al., 1995) dependent pp70 S6K activation, IL-4 mediated inhibition of apoptosis (Scheild 

et al., 1995), respiratory burst and phagocytosis (Baggioiini et al. 1987), choline 

phosphate, ATP and insulin dependent induction of DNA synthesis (Chung et al., 1997), 

TP A dependent induction of API activation and transformation (Huang et al., 1997) and 

trafficking of M6P-receptor-ligand complexes from the TON to the lysosome (Davidson, 

1995). However, WM has been shown to inhibit a variety of other enzymes both within 

and unrelated to the Ptdlns 3-kinase family. WM inhibits the Ptdlns 3-kinase related 

protein kinase mTOR and DNA-PK with ICso's that were unreported (Brunn et al., 1996) 

and 2-4 nM in vitro (Boulton et al., 1996), respectively. Ptdlns 4-kinase, and 

phospholipase A2 are enzymes not related to Ptdlns 3-kinase which were inhibited by WM 

with ICso's that were 150 nM (Meyers and Cantley, 1997), and 2 nM in cells (Cross et al., 

1995), respectively. Inhibition of another enzyme by WM, phospholipase D, was shown to 

indirect and no IC50 was reported (Reinhold et al., 1990). This raises the possibility that 

inhibition of enzymes other than Ptdlns 3-kinase could be responsible for the observed 

effects of WM on cellular processes. 
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Research Problems to be Addressed 

Extensive evidence exists to indicate that Ptdlns 3-kinase is required for mitogenic 

signaling, however the ability of WM to inhibit tumor growth appears to be limited to 

certain tumors and a correlation between in vitro inhibition of Ptdlns 3-kinase activity and 

in vivo anti-tumor activity has not been observed (Schultz et al., 1995). One explanation 

for this lack of in vitro and in vivo correlation would be that WM-dependent inhibition of 

tumor growth occurs via a non-Ptdlns 3-kinase mechanism. Forms of Ptdlns 3-kinase 

that are insensitive to WM are known to exist in bovine cells (Stephens et al, 1994), but 

have yet to be identified in humans. The limited ability of WM to inhibit tumor growth in 

vivo could indicate that these as yet unidentified WM-insensitive Ptdlns 3-kinases may be 

involved in mitogenic signaling. 

The hypothesis tested in this study is as follows: Human tissues contain novel 

Ptdlns 3-kinases that are insensitive to the Ptdlns 3-kinase inhibitor WM, and this 

may limit the ability of WM to act as an effective anti-cancer agent. The specific 

aims of this project were several fold. The first aim was to investigate the relationship 

between inhibition of Ptdlns 3-kinase and the anti-tumor activity of WM in models of 

breast cancer. The second aim was to characterize the Ptdlns 3-kinase activity profiles of 

normal and tumor tissues. The third aim was to purify and characterize human placental 

WM-insensitive Ptdlns 3-kinase. 



Significance and Implications 

WM is a potent inhibitor of Ptdlns 3-kinase (Powis et al., 1994). Because of the 

role of Ptdlns 3-lcinase in mitogenesis, WM has been considered a potential anti-cancer 

agent. Whether WM-dependent inhibition of tumor growth is due to a Ptdlns 3-kinase 

dependent or other mechanism remains to be demonstrated. Tumor growth that was 

inhibited by WM via a non-Ptdlns 3-kinase-dependent mechanism will illustrate why WM-

sensitivity alone cannot be used as an indicator that Ptdlns 3-kinase is involved in a 

specific cellular process. Demonstrating a potential lack of correlation between WM-

sensitivity and Ptdlns 3-kinase inhibition will force re-evaluation of the role that Ptdlns 3-

kinase plays in many cellular processes. The ability of WM to inhibit the growth of only 

limited types of tumors (Schultz et al., 1995) may be an indicator that defects in the 3-

phosphoinositide pathway are not a cause of carcinogenesis in all tumors or that tumor 

growth is at least in part due to previously unidentified WTvl-insensitive Ptdlns 3-kinases. 

If WM-insensitive forms of Ptdlns 3-kinase are present in tumors, these enzymes may 

represent an additional type of Ptdlns 3-kinase activity which could be targeted for the 

development of specific cancer therapies. 
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MATERIALS AND METHODS 

Chemicals 

All chemicals were purchased from Sigma (St. Loais, MO) unless otherwise 

stated. Radio-labelled ATP (y [^^P]-ATP, 3000 Ci/mmol) war. purchased from NEN Life 

Science Products, Boston, MA. Dr. Alan Kozikowski (Georgetown University) 

synthesized and kindly provided the 3'Deoxy-PtdIns. WM was obtained from Eli Lily. 

The commercial primary antibodies used were as follows: goat anti-human Ptdlns 3-kinase 

pi 10 a, goat anti-human Ptdlns 3-kinase pi 10 y, rabbit anti-human Ptdlns 3-kinase pi 10 

p (Santa Cruz Biotechnology, Palo Alto, CA) and anti-rat Ptdlns 3-kinase p85 (Upstate 

Biotechnology, Lake Placid, N.Y.). Commercial secondary antibodies used were donkey 

anti-rabbit (Amersham, Arlington Heights, IL) and rabbit anti-goat (Kirkegaard and Perry 

Laboratories, Gaithersburg, MD) horseradish peroxidase labeled IgG. Deionized water 

was used for all solutions. 

7/1 f^vo Models and Anti-Cancer Agents 

The MCF-7/ severe combined immune deficient (scfc^J (Paine-Murrieta e/ al., 

1997) and UACC2150/5c/£/ (Charles Taylor, personal communication) human mammary 

cancer/mouse xenografts have been characterized as reproducibly responding in a manner 

which reflects the human clinical situation. These human tumor xenografts and the C3H 

mouse mammary tumor model were used to determine if breast tumors were susceptible 
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to the anti-tumor activity of WM. HL60 leukemia ceils were also grown as a xenograft in 

scid mice to determine if WM's anti-tumor activity was selective for mammary tumors. 

In order to confirm that inhibition of the 3-phosphoinositide signal transduction 

pathway could block tumor growth, the Ptdlns analog, 3'Deoxy-PtdIns (Figure 3) was 

used as a probe to selectively block this pathway. The absence of the hydroxyl group at 

the 3' position of this compound prevents the formation of 3-phosphoinositide signaling 

molecules (Kozikowski et al., 1995). Administration of 3'Deoxy-PtdIns to animals 

provided a mechanism by which downstream targets activated by 3-phosphoinositides 

would be blocked regardless of the WM sensitivity of the Ptdlns 3-kinases involved in 

their activation. 

In Vivo Anti-Tumor Activity Studies 

Murine C3H mammary tumors had been adapted for solid tumor growth by serial 

trocar passage subcutaneously (s.c.) in the right mammary fat pad of female C3H mice. 

Dr. Richard M. Schultz (Eli Lily, Division of Cancer Research) kindly provided the C3H 

tumor fragment line and cell line. C3H tumor studies were performed as described in 

Schultz et al., (1995). C3H mice were from Jackson Laboratory (Bar Harbor, ME). Two 

days prior to tumor implantation, the hair on the right side of each mouse was removed 

with electric trimmers then 1 min. exposure to Nair (Carter Products, New York, NY) 

hair remover. Frozen (-80 °C) C3H tumor fragments were aseptically thawed, washed in 

Dulbecco's Modified Eagle's Minimal Essential Medium (DMEM) (Gibco, Grand Island, 
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Figure 3 Structure of lD-3-DeoxyphosphatidyIinositoI 
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NY) and implanted s.c. onto the right mammary fat pad of 3 to 5 female C3H mice. After 

10 days of in vivo growth the animals were sacrificed by CO2 asphyxiation followed by 

cervical dislocation and the solid tumors were aseptically minced into 1- to 3-mm^ 

fi-agments. These freshly amplified C3H tumor pieces were implanted s.c. in the right 

mammary fat pad of the 20 g female C3H mice to be used in the inhibitor studies. 

Alternatively, single cell suspensions of human MCF-7, UACC2150, and HL60 cells were 

injected s.c. onto the hind quarter of scid mice. MCF-7 and HL60 cells were fi-om the 

American type culture collection (ATCC), while the Arizona Cancer Center (AZCC) 

Cytogenetics Facility derived the UACC2150 cells from a malignant pleural effusion in a 

46-year-old woman. MCF-7 cells were grown in DMEM with high glucose (Gibco) while 

the HL60 and UACC2150 cell lines were grown in RPMI-1640 medium (Sigma). Media 

were supplemented with 10% fetal bovine serum (Gibco), 1% L-glutamine (Fischer, 

Phoenix, AZ) and 1% penicillin/streptomycin (Sigma). Cells were cultured at 37 °C under 

5 % CO2. All cell lines were routinely tested for mycoplasma with an Elisa kit 

(Boehringer Mannheim, Indianapolis, IN), and only mycoplasma-free cells were used in 

experiments. Trypsin (0.25 % (Gibco)) was added to detach adherent cells. Cells (90 to 

100 % viability) were counted and resuspended at a concentration of 1 x 10^ cells per 200 

Hl sterile saline before s.c. injection. 

In vivo anti-tumor activity studies performed in scici mice were overseen by the 

AZCC/University of Arizona scid mouse core facility. The scid mouse colony was 

developed, maintained and used for anti-tumor studies as previously described (Paine-

Murrieta e( a/., 1997). Twenty-four hours prior to injecting scid mice with hormone-
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dependent breast cancer cell lines the mice were implanted s.c. with a 0.25 mg 21 day 

release 17p-estradiol pellet (Innovative Research of America, Toledo, OH). Additional 

estradiol pellets were implanted every 21 days for the duration of the study. Day one of 

the study was the day that 1 x lO' cells from monolayer culture were injected s.c. on the 

mouse's lower right flank in a volume of 200 (il. 

Tumor burdens were assessed three times a week during the course of study using 

calipers to take two dimensional measurements. Tumor volumes in centimeters cubed 

(cc) were calculated with the following formula: 

Tumor Volume (cc) = Tumor Length (cm) x (Tumor Width (cm)) ^ /2 

In studies where only final masses were reported, tumors were excised and weighed after 

the completion of the study period. Mouse masses were determined weekly. WM was 

administered in 0.1% Tween 20 with 10 % ethanol. 3'Deoxy-PtdIns was prepared as a 

suspension in normal saline with O.I % Tween 20 and sonicated for 10 seconds (Heat 

Systems, Farmington, NY) before administration to animals. Details regarding drug dose, 

dosing schedule and study duration are given in the figure legends accompanying 

individual data. In general, WM was administered by oral gavage daily in doses of 1 or 

1.5 mg kg"' for 1 to 14 days and 3'deoxy-PtdIns was administered intraperitoneally (i.p.) 

in daily doses ranging from 50 to 500 mg kg"' for 12 to 17 days. Animals were sacrificed 

by CO2 asphyxiation followed by cervical dislocation when tumor burdens reached 20% of 

body weight. 
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In Vitro Ptdlns 3-Kinase Assays 

Ptdlns 3-kinase assays were based on the method of Powis et ai, (1994). Both 

partially purified and recombinant Ptdlns 3-kinase were used in these studies. Human 

recombinant Ptdlns 3-kinase a was a kind gift of Dr. Stan Bamett (Merck, West Point, 

PA). Crude Ptdlns 3-kinase preparations were obtained from both cultured cells and 

tumor fi-agments as follows. Flasks (T75) of monolayer cells were allowed to reach 

approximately 80 % confluency before enzyme assay. Cell cultures were washed with 

phosphate buffered saline (PBS) (1 mM KH2PO4, 10 mM Na2HP04, 137 mM NaCl, 2.7 

mM KCl pH 7.0) and incubated on a shaker at 4 °C for 20 minutes in 3 ml lysis buffer (20 

mM Tris-HCl pH 8.0, 137 mM NaCl, 10 % glycerol, 0.1 % Triton X-lOO, 1 mM MgCl2, 

ImM CaCl2, 1 mM sodium orthovanadate, imM phenylmethylsulfonyl fluoride (PMSF), 2 

|ig ml"' leupeptin and 2 ^lg mJ"' aprotinin). Protein solution was prepared from C3H 

mouse tumor, brain, liver and kidney fragments by polytron homogenization (Kinematica, 

Switzerland) in 3 volumes of lysis buffer on ice. Cell lysates and tissue homogenates were 

centrifiiged at 16,000 for 5 minutes. The protein concentration of the supernatant was 

measured using Coomassie Plus Protein Assay Reagent (Pierce, Rockford, EL). Before 

use in enzyme assays the lysate preparations were diluted to a final concentration of 0.01 

to 0.1 |ig protein lal"' in 20 mM Tris-HCl pH 8.0, 137 mM NaCl and 1 mM 

ethylenediamine tetraacetic acid (EDTA) (TNE) and human recombinant Ptdlns 3-kinase 

a was diluted 100 fold in TNE. 
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Ptdlns 3-kinase reactions contained 30 ^l of diluted protein with 10 ^l Ptdlns or 

3'deoxy-PtdIns (0.5 mg ml"' in 20 mM HEPES, pH 7.6) substrate. Substrates were 

prepared by drying aliquots of Ptdlns and 3'Deoxy-PtdIns 10 mg ml"' chloroform stocks 

under nitrogen and diluting to 0.5 mg ml"' with 20 mM HEPES, pH 7.6. Micelles were 

prepared by alternating 10 second bursts of sonication and vortexing. 

WM stocks of various concentrations were added to reaction tubes in 1 |il of 

ethanol before initiating incubations. Prior to mixing reaction components, 

pentagaloylglucose, hypericin, quercitin, LY294002, suramin and quinone XVIII were 

dried into the reaction tube from stocks prepared in 10 nl of dimethylsulfoxide (DMSO). 

Inhibitor concentrations quoted in experiments were the final reaction concentrations. 

Ptdlns 3-kinase inhibitor sensitivity was determined by comparing Ptdlns 3-kinase activity 

in the presence of inhibitor to that in negative control incubations. 

Reactions were initiated by the addition of 10 nl y [^^P]-ATP. Samples were 

incubated at 37 °C for 45 minutes, quenched by the addition of 100 ^1 IN HCl and were 

extracted with 400 |il of 1:1 chloroform; methanol then centrifliged at 2000 x g- for 1 

minute. For each sample, 25 ^1 of the lower organic phase was spotted onto the pre-

absorbent strip of an individual lane in a multi-channel thin layer chromatography (TLC) 

Silica gel 60 plate (Whatman, Hillsboro, OR). Plates were allowed to air dry at room 

temperature then chromatographed in a glass tank pre-equilibrated with 65 % n-propyl 

alcohol; 35 % 2M acetic acid. When the solvent fi"ont had traveled up the plate 13 cm, 

the plates were removed and allowed to air dry at room temperature. The glass 

chromatography plates were cut to remove the pre-adsorbent and undeveloped zones. 
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Individual plate fragments were aligned on a phosphorescent imaging cassette (Molecular 

Dynamics, Sunnyvale, CA.) and the imaging screen was exposed overnight. [^^P]-Labeled 

product was quantitated from the phosphorescent image using the ImageQuant software 

package (Molecular Dynamics). The number of pixels generated by a knovm quantity of 

[^^P]-ATP was determined and used to convert sample pixels to pmol product mg protein" 

' minute"' for each sample. Ptdlns 3-kinase activity was determined by subtracting the 

activity detected in 3'deoxy-PtdIns containing samples from that in corresponding Ptdlns 

containing samples. Values expressed as Ptdlns-kinase activity signified phosphorylations 

at all possible positions of the Ptdlns substrate. Percent inhibition of enzyme activity was 

calculated from the quotient of the mean treated value divided by the mean control value. 

In Vitro Cytotoxicity Testing 

Si.x-well plates were seeded with 5 x lO"* and 3 x 10"* cells well"' for WR-MCF-7 

and MCF-7 incubations respectively. The doubling time of wild-type MCF-7 cells was 

faster than that of WR-MCF-7 cells therefore fewer cells were plated. The day after 

plating, wells were dosed wnth WM at 5 to 50 ml"' in the culture media. After 7 days 

of incubation the wells were washed to remove dead cells and live cells were removed by 

trypsinization. The number of cells surviving was assessed using a Coulter counter 

(Coulter Electronics, Inc, Hialeah, FL). 
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PCR Amplification of the atm Gene 

Total RNA was isolated from MCF-7 cells using TRIzol reagent (Gibco). Pelleted 

MCF-7 cells were mechanically disrupted in the presence of TRIzol and incubated at room 

temperature. RNA was extracted into aqueous phase and precipitated by the addition of 

isopropanol. Washed RNA pellets were dissolved in diethylpyrocarbonate treated water. 

First strand cDNA synthesis was performed with the SuperScript Preamplification system 

(Gibco BRL, Gaithersburg, MD). The ELONGase polymerase chain reaction (PCR) kit 

(Gibco BRL) was used to obtain an atm cDNA fragment of approximately Ikb in size. 

PCR was performed with two sets of gene-specific primers (Biosyntheses, Lewisville, 

TX). The first round of amplification was conducted with the following primers; 

Forward 5'-CCTTTTGAGCTGTCTTGACG-3' 

Reverse 5'-CTAAAGGCTGAATGAAAGGG-3' 

The second round of amplification was conducted with primers which bound to the first 

PCR product: 

Forward 5'-GCATGTCGACTACCAGAGATTGTGGTGGAG-3' 

Reverse 5'-GCATGCGGCCGCTTGCCATCTTGGATAACTGC-3' 

These "nested" forward and reverse primers were designed with Sail (GTCGAC) and 

NotI (GCGGCCGC) restrictions sites, respectively. Restriction sites were engineered into 

the PCR primers to facilitate cloning the PCR product into the pGex-4T-3 vector 

(Pharmacia Biotech, Pisacatawy, NJ). PCR was conducted under the following conditions: 

1 cycle at 94 °C for 1 min. 
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30 cycles at 94 °C for 30 sec., 60 °C for 30 sec., 72 °C for 60 sec. 

I cycle at 72 °C for 7 min. 

Confirmation of Amplified Fragment and Library Screening 

The atm PCR fragment and pGex-4T-3 vector were digested with Sail and NotI 

(Boehringer Mannheim) and ligated together using a Rapid DNA Ligation kit (Boehringer 

Mannheim). This construct was used to transform XLl blue E. coli cells via calcium 

chloride precipitation (Sambrook, Fritsch, and Maniatis, 1989). Plasmid DNA was 

obtained from individual colonies using a mini-prep technique. Briefly, single colonies 

were harvested, transferred to LB (Difco Laboratories, Detroit, MI)/ampicillin plates and 

grovm in microflige tubes with 200 ^1 of LB/ampicillian broth (Difco Laboratories). 

Samples were incubated 4 to 6 hr. and plates were then stored at 4 °C. Liquid cultures 

were pelleted at maximum speed in a microcentrifuge for 15 sec. Pellets were 

resuspended (8% sucrose, 50 mM Tris-HCl pH 8.0, 5% Triton X-lOO, I mg ml"' 

lysozyme), boiled for 50 sec and pelleted at maximum speed in a microcentrifuge for 5 

min. Isolated plasmid DNA was analyzed for vector and the correct orientation of insert 

by restriction digestion and electrophoreses. When a desired colony was identified, a 

large scale plasmid prep was performed using a BIGprep kit (5 Prime to 3 Prime, Boulder, 

CO). Plasmid DNA was denatured and sequenced using a pGex specific primer 

(Pharmacia Biotech) and the Sequenase DNA sequencing kit (USB, Cleveland, OH). 
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A human placental X,gtll cDNA library (Clonetech, Palo Alto, CA), was screened 

for additional atm sequence. The bacteriophage library was grown at 37 °C for 8 hours on 

20 NZY (Gibco) plates to a density of 50,000 plaque forming units per plate. Chilled 

plates were used to transfer bacteriophage DNA to duplicate nitrocellulose filters (VWR, 

Cerros, CA). The orientation of the filter on the plate during transfer was marked with a 

syringe needle and india ink. Filters were denatured in 1.5 M NaCl and 0.5 M NaOH, 

neutralized in 1.5M NaCl and 0.5 M Tris-HCl (pH 8.0) and rinsed in 0.2 M Tris-HCl (pH 

7.5 ) and 2x SSC buffer (300 mM NaCl, 30 mM sodium citrate, pH 7.0). Blots were 

briefly dried on 3MM paper (Whatman) and baked at 80 °C for 1.5 to 2 hours. Dried 

filters were placed into heat sealable bags and 65 °C hybridization solution (1 % bovine 

serum albumin (BSA), 0.5 M sodium phosphate pH 7.2, 10 mM EDTA, and 7 % sodium 

dodecyl sulfate (SDS)) was added. Sealed bags were incubated with this solution at 65 °C 

for 2 hours. DNA probe was generated by restriction digesting the insert out of the 

pGex/ATM plasmid and labeled using the RadPrime DNA Labeling System (Gibco). 

Fresh hybridization solution and '^^'P-probe were added to bags and incubated at 65 °C 

overnight. Hybridized filters were washed with 0.04 M sodium phosphate pH 7.2, 1 mM 

EDTA, 1 % SDS buffer at 65 °C. Washed filters were blotted on Whatman paper and 

placed between sheets of plastic wrap in a film cassette with intensifying screens. 

Photographic film was exposed to the filters for 24 hours at -SOX then developed. 

Secondary screens were performed to confirm positive plaques by harvesting and replating 

the plaques of interest then repeating the screening procedure. 
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Purification of Recombinant ATM/GST Fusion Protein 

BL21 cells were transformed with the pGex-4T-3/a/m plasmid as described above 

and an ATM/glutathione-S-transferase (GST) fusion protein was generated using a GST 

gene fusion system (Pharmacia Biotech). Cultures of transformed BL21 cells were grown 

at 37 °C to an optical density at 600 nm of 1 and isopropyl-p-D-thiogalactoside was 

added to a concentration of 0.1 mM for an additional 4 hours of growth at 31 °C. 

Cultures were centrifuged at 7,700 x for 10 min at 4 °C and pellets were placed on ice. 

Pellets were re-suspended in 50 jil of ice cold PBS per ml original culture and sonicated in 

10 second bursts. Triton X-100 was added to a final concentration of 1 % and mixed for 

30 minutes at 4 °C. Solubilized samples were centrifuged at 12,000 x ^ for 10 minutes at 

4 °C. Bacterial sonicate was applied to a drained and washed 1 ml reduced glutathione 

(GSH)-Sepharose 4B column (Pharmacia Biotech). This and all subsequent column 

eluents were saved. The bound column was washed 3 times with 10 bed volumes of PBS. 

Fusion proteins were cleaved by incubating the column with 100 units of thrombin in PBS 

overnight at room temperature. After the incubation, the protein of interest and thrombin 

were washed from the colunm in 0.5 ml of PBS. Fusion proteins which were not cleaved 

were washed fi^om the column by the addition of 1 bed volume of GSH elution buffer (10 

mM GSH in 50 mM Tris-HCl pH 8.0) and the column was washed with PBS. Expression 

of ATM/GST fusion proteins was followed by SDS-polyacrylamide gel electrophoresis 

based on the method of Laemmli, 1970. Samples were mixed with 2x samples buffer (0.1 

M Tris-HCl pH 6.8, 2 % SDS, 20 % glycerol. 0.01% bromophenol blue and 2 % beta-
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mercaptoethanol OME)), denatured by boiling, loaded onto gels and electrophoresed in 

Biorad cells (Richmond, CA) until bromophenol blue was approximately 2 cm from the 

bottom of the gel. ATM/GST fusion protein was resolved on 12.5 % polyacrylamide gels 

and visualized by silver staining with the Rapid-Ag-Stain kit (ICN Radiochemicals, Irvine, 

CA). 

Production of Anti-Ptdlns 3-Kinase Antibodies 

Antibodies to various forms of Ptdlns 3-ldnase were raised in New Zealand White 

rabbits (Myrtle's Rabbitry, Thompson Station, TN). Peptides for rabbit inoculations were 

synthesized as multiple-antigen-peptide-conjugates (Biosynthesis, Lewisville, TX). Table 

n details the GeneBank accession numbers of the Ptdlns 3-kinase isozymes for which 

antibodies were developed and the peptide sequences used for conjugate preparation. 

Antigen was prepared in aqueous solution at 0.5 mg ml"' and mixed with an equal volume 

of Freund's complete adjuvant. Animals were bled prior to the first inoculation and then 

injected with antigen suspension (0.5 ml s.c. and 0.5 ml intra-dermal). Two additional 

injections were given at 4 week intervals with antigen suspension prepared in Freund's 

incomplete adjuvant. Animals were bled 2 weeks after each injection. Serum from each 

bleed and pre-immune serum were aliquoted and frozen at -80 °C. 
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Table II Ptdlns 3-Kinase pi 10 Antibodies Developed in Rabbits 

GeneBank Accession 

Number 

Characteristic Peptide Sequence* 

m93252 Bovine pllO a amino acids 44 to eOS** 

S67334 Human pi 10 P LPPKKTRnSHVWENNNPFQ 

X83368 Human pi 10 y LRYWKATHRSPGQIHLVQ 

Z46973 Human plIO*^ KPSALPVRTSYKAF 

" The antibodies directed against the three human Ptdlns 3-lcinases were derived from 
multiple-antigen-peptide-conjugates during the course of this project. "Yhis antibody was 

raised against a 22 kDa fragment of bovine brain Ptdlns 3-ldnase a (Frew et al., 1994). 
•^This form of Ptdlns 3-kinase has not as of yet been assigned a subunit designation. 
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Partial Purification of Ptdlns 3-Kinase 

Chromatography was performed on an fast protein liquid chromatography (FPLC) 

system (Pharmacia Biotech) at 4 °C. MCF-7 cell lysates used in fractionation studies were 

prepared in lysis buffer with low salt (20 mM Tris-HCl pH 8.0, 20 mM NaCl, 10 % 

glycerol, O.l % triton X-100). Placenta was homogenized in buffer containing 20 mM 

Tris-HCl pH 7.2, 1 mM EDTA, 1 mM PME, 1 mM PMSF and 0.1 % Triton X-100. 

Sam.ples were centrifiiged at 16,000 x g for 5 minutes and then passed through a 0.45 n 

filter. Solubilized protein was fractionated by loading onto a 5 ml MonoQ ion exchange 

column with buffer A (20 mM Tris-HCl pH 7.2, 1 mM EDTA, 1 mM (3ME, 1 mM PMSF 

and 0.01 % Triton X-100). Bound protein was eluted with a gradient to 50 % B (buffer A 

with the addition of 1 M NaCl) for 70 ml followed by a gradient to 100 % B for 15 ml and 

3 ml fi-actions were collected. Fractions were assayed for Ptdlns 3-kinase activity as 

described above and the presence of the Ptdlns 3-ldnase p85 subunit was determined by 

Western blot analysis using a rabbit anti-rat Ptdlns 3-kinase p85 subunit polyclonal 

antibody. 

Briefly, Western blots were performed by electro-blotting proteins resolved on 7.5 

% acrylamide gels to polyvinylidene difluoride (PVDF) (Dupont, Boston, MA.) membrane 

in a Biorad cell with 25 mM Tris-HCi, 192 mM glycine, 20 % methanol at 40 volts for 3 

hours. After blotting, methanol was allowed to evaporate from membranes which were 

then rinsed in 20 mM Tris-HCl pH 7.6, 0.5 M NaCl, 0.1% Tween 20 (TBST). 

Membranes were blocked overnight with 3 % BSA TBST with shaking. Primary 
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antibodies were diluted to 0.1 to 1.0 ml"' in 3 % BSA TBST and incubated with the 

blot on a shaker for I hour. Membranes were washed three times with 3 % BSA TBST 

before proceeding to the secondary antibody incubation. Blots were incubated for 4 hours 

in the presence of a 2000-fold dilution of horseradish peroxidase-labeled secondary 

antibody in 3 % BSA TBST and again washed. The Renaissance chemiluminescence 

detection system (DuPont, Boston, MA) was used to visualize immuno-labeled proteins. 

Purincation of Human Placental Wortmannin-Insensitive Ptdlns 3-Kinase 

The following procedure was the final WM-insensitive Ptdlns 3-kinase purification 

method developed. Buffers A and B were as described prexaously. All columns were 

washed with 3 volumes of buffer A before elution. The only exception to these conditions 

was the co-aminohexylagarose hydrophobic column which was loaded and washed with 

buffer C (buffer A with the addition of 0.9 M ammonium sulfate). Unless otherwise stated 

all supplies were purchased from Pharmacia Biotech. 

One human placenta (780 g) was obtained from the Labor and Delivery Unit at the 

University of Arizona Medical Center. The placenta was refngerated within minutes of 

delivery and homogenized within 1 hour. The placenta and umbilical cord were 

fragmented and then homogenized at 4 °C in buffer containing 20 mM Tris-HCl pH 7.2, 1 

mM EDTA, 1 mM BME, 1 mM PMSF and O.l % Triton X-100. Homogenate was 

centrifuged at 18,000 g for 50 min. at 4 °C. Supematants were pooled and centrifliged at 

48,000 g for 60 min at 4 °C. 
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Two liters of supernatant were applied to a 550 ml diethyiaminoethyl (DEAE) 

cellulose ion exchange column. Bound protein was eluted in batch mode with I 1 buffer 

B. DEAE cellulose column eluate was dialyzed against buffer A and applied to a 60 ml 

DEAE Sephacel column. Bound protein was eluted at 1 ml min"' with a 200 ml linear 

gradient to 100 % buffer B and 5 ml fractions were collected. 

Column fractions were used directly as enzyme source in Ptdlns 3-kinase assays as 

described previously. Ptdlns 3-icinase containing fj-actions were pooled and dialyzed 

a g a i n s t  b u f f e r  A ,  a d j u s t e d  t o  0 . 9  M  a m m o n i u m  s u l f a t e  a n d  l o a d e d  o n t o  a  3 0  m l  0 -

aminohexylagarose hydrophobic interaction column. Protein bound to the G)-

aminohexylagarose column was eluted in a 300 ml linear gradient fi-om 100 % buffer C to 

100 % buffer A and 10 ml fractions were collected. Fractions were assayed for Ptdlns 3-

kinase activity and WM sensitivity as described previously. 

Active fractions were pooled and loaded onto a 40 ml adenosine diphosphate 

(ADP)-Sepharose affinity column which was eluted with a 200 ml linear gradient fi*om 

100 % buffer A to 100 % buffer B. The purity of fractions was determined using silver 

stained 7.5 % polyacrylamide gels as described previously. Apparent molecular masses of 

protein bands were determined by comparison to the Rf values of commercial protein 

standards. 

ADP-Sepharose fractions with Ptdlns 3-kinase activity were pooled, dialyzed 

against buffer A, and ampholytes (biolyte pH 3 to 10 (BioRad)) were added to 7.5 % 

before bringing to 50 ml total volume. Prepared sample was applied to a Rotofor 
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Isoelectric Focusing unit (BioRad). The process of isoelectric focusing was found to 

interrupt Ptdlns 3-kinase activity so only fraction purity was assessed from this point on. 

Focused fractions containing protein bands of interest were pooled and dialyzed 

against buffer A by a "waterbug" micro-dialysis technique (Falson, 1992). Sample was 

loaded into a microfuge tube with a hole in the lid. Dialysis membrane was sealed across 

the top of the tube when the tube lid was closed, and the apparatus was inverted and 

floated in dialysis buffer. Dialyzed sample was loaded onto a 6 ml Fast Flow Q Sepharose 

ion exchange column and bound protein was eluted with a non-linear gradient to 50 % B 

in 56 ml, then to 100 % B in 11 ml, and was held at 100 % B for 11 ml. The purity of the 

isolated fractions was determined as previously described. Based on the results of this and 

previous rounds of purification it was decided that the major protein bands at 85, 75 and 

43 kDa would be subjected to fijrther analysis. 

Protein Sequence Analysis 

Purified proteins were prepared for sequencing as directed by the HHMI 

Biopolymer Laboratory and W.M. Keck Foundation Biotechnology Resource Laboratory, 

Yale University, New Haven, CT. Protein sequence analysis was performed by this 

facility according to published methods (Stone etal.^ submitted, Williams etal., 1996). 
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Statistical Analysis 

Individual sample means were compared using Student's t-test and differences 

were considered statistically significant if the p-value was <0.05 using n-1 degrees of 

freedom. Statistical analysis of in vivo data and WM dose response curves was performed 

by the AZCC Biometry Department. Tumor growth rates were determined from the 

slopes of the linearized tumor masses and compared by Students t-test. The shape of in 

vivo tumor and in vitro Ptdlns 3-kinase activity inhibition curves were determined with the 

method of Parallel, Intersecting and Identical Models. A calculated test statistic of greater 

than 3.59 indicated that inequality existed in the slopes tested. 



64 

RESULTS 

Wortmannin As An Anti-Cancer Agent 

Murine C3H Mammary Cancer Model 

WM has been reported to be active as an anti-cancer agent in the C3H mammary 

cancer model (Schultz et al., 1995) at a maximum tolerated dose of 1.25 mg kg"'. In this 

study, a more stringent test of WM anti-cancer activity was performed by assessing its 

ability to inhibit the growth of large palpable tumors. Administration of WM was begun 

when tumors reached a mass of approximately 1 g. No change in tumor mass compared 

to control was observed 24 hr following a single dose of WM (Figure 4), however after 

daily administration of WM for 6 days, tumor mass was decreased by 44 % relative to the 

controls (p<0.05). 

Studies were also conducted to determine whether tumor growth continued to be 

inhibited after WM treatment was terminated. At the end of the 7 day treatment period, 

the volume of the treated tumors was decreased by 54% (p < 0.005) relative to the 

controls (Figure 5). Treatment with 1 mg kg"' WM significantly decreased the growth 

rate of the tumors compared to the controls (p = 0.022). This inhibition was maintained 

during the period after drug treatment was withdrawn (p = 0.0003). The average body 

masses of the control and treated mice increased by 4 and 0.7 % respectively during WM 

treatment. 
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Figure 4 C3H Mammary Tumor Burdens in Mice Treated with Wortmannin. 

C3H tumor fragments were implanted subcutaneously with a trocar catheter into the 
axillary region of female C3H mice and allowed to grow for 7 days. When tumor burdens 
reached approximately 1 g, mice were randomly divided into control and treated groups of 
9 mice each. WM was administered p.o. on a daily x 6 schedule at 1 mg kg"'. Three mice 

from each group were chosen at random and sacrificed on the noted days. Actual tumor 
masses were determined at the time of sacrifice. Results were expressed as the mean = 
standard error (SE) of 3 mice per group. *p<0.05 vs corresponding control. 
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Figure 5 Growth of C3H Tumors During and After Wortmannin Treatment. 

C3H tumor fragments were implanted s.c. with a trocar catheter into the axillary region of 
female C3H mice and allowed to grow for 4 days. When tumors had become palpable 

mice were divided into control and treated groups. WM was administered p.o. on a daily x 
7 schedule at Img kg'^ (i.e. on days 4 to 10). Mice were observed for up to 7 days beyond 
the discontinuation of drug treatment. Tumor volumes were calculated from tumorimeter 
measurements on the noted day of the study. Results were expressed as the mean ± SE of 
8 mice per group. 
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Human MCF-7 Mammary/Scid Mouse Xenograft 

The ability of WM to inhibit the growth of both pre-palpable and palpable human 

MCF-7 breast tumors was tested in a scid mouse xenograft. WM treatment of pre-

palpable MCF-7 tumors at 1 mg kg"' p.o. for 14 days or 1.5 mg kg"' p.o. for 5 days 

followed by 9 days at 1 mg kg"' p.o. (Figure 6), resulted in 5 of the 8 mice in each group 

having no detectable tumor. During this period the growth rate of the treated tumors was 

significantly slower than that of the control tumors (p < 0.0001 at 1 mg kg"' and p = 

0.0001 at 1.5 mg kg'V 1 mg kg"'). After the course of treatment was completed, all of the 

mice developed tumors which grew at a rate which was not significantly different fi'om 

that of the control tumors. Growth rates for the 1 mg kg"' and 1.5 mg kg'V 1 mg kg"' 

treatment groups were significantly different during the treatment and recovery periods (p 

= 0.0016 and 0.0003 respectively). 

Five doses of WM at 1.5 mg kg"' resulted in a 14.9 % decrease in mean mouse 

mass and one mouse death. The surviving mice were dosed with 1 mg kg"' for the 

remainder of the study (9 days) and the overall weight loss experienced by these mice was 

12.6 %. At the dose of 1.0 mg kg"' for 14 days the mean mouse mass decreased by 6.25 

%. The mean mass of the control group increased by an average of 12.4 % during the 

treatment period. Decreases in mouse mass which were less that 20 % of total body mass 

were considered acceptable. 
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Figure 6 Growth of MCF-7 Tumors in Scid "Mice During and After Wonmannin 

Treatment. 

One day after the implantation of MCF-7 cells from monolayer culture s.c. onto the hind 
quarter of scid mice, animals were dosed p.o. with WM on a daily x 14 day schedule (i.e. 
on days 2 to 15). One group of 8 mice was dosed with 1 mg kg"^ WM for all 14 days. 

The second group of 8 mice was dosed with 1.5 mg kg"^ for the first 5 days the dose was 
decreased to 1 mg kg'^ for the remaining treatment period. Tumor volumes were 
calculated from caliper measurements and were expressed as the mean ± SE of 8 mice per 
group. 
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Figure 7 shows the results of testing WM against palpable MCF-7 tumors in the 

scid mouse xenograft. For this study, tumors had grown for 7 days and reached an 

average volume of 0.019 ± 0.004 cc before treatment with 1.0 mg kg"' WM was begun. 

As in the pre-palpable tumor study, treatment with 1 mg kg*' WM was able to significantly 

inhibit the growth of MCF-7 tumors when compared to controls (p = 0.0001). After drug 

treatment was discontinued, the growth of the treated tumors continued at a rate not 

significantly different than that of the controls. The growth rate of the treated tumors 

during the post-treatment period was, however, significantly different fi-om the growth 

rate during treatment (p = 0.0001). These studies indicated that WM produced cytostatic 

effects on the growth of both palpable and pre-palpable MCF-7 tumors. 

The 1.0 mg kg"' dose of WM did not result in animal loss in the pre-palpable 

tumor study, however only 5 of the 8 mice in the palpable tumor group survived 

throughout the course of treatment. This difference in WM tolerance may indicate that 

the developmental stage of the tumor affects drug toxicity in this model. 

Human UACC 2150 Mammary/Scid Mouse Xenograft 

The UACC 2150 early passage breast cancer cell line was developed by the 

cytogenetics facility at the University of Arizona Cancer Center fi-om a human breast 

cancer biopsy. Because the UACC 2150 cells had been passaged in tissue culture less 

than 10 times before use in the animal studies they may be more representative of in vivo 

tumor than the characterized MCF-7 cell line. Administration of WM to scid mice with 
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Figure 7 Anti-Cancer Activity of Wortmannin in Established Tumors in a MCF-

11 Scid Xenograft. 

MCF-7 cells from monolayer culture were implanted s.c. onto the hind quarter of scid 
mice. Tumors were allowed to grow until a mean volume of 0.02 cc had been obtained (7 
days). Animals were dosed p.o. with WM at 1 mg kg'^ on a daily x 14 day schedule (i.e. 
on days 8 to 21). Tumor volumes were calculated from caliper measurements and were 
expressed as the mean ± SE of 8 mice per group. 
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UACC 2150 tumors did not significantly affect tumor growth (Figure 8). The lack of 

anti-tumor activity in this model may have been due to the WM administration schedule 

used. In this study WM was administered intermittently while in the other studies 

described it was administered continuously. The mean mass of the control group 

increased by 9.26 % during treatment, while the mean treated mouse mass decreased by 

2.15 % during the same period. 

Human HL-60 Leukemia/Scid Mouse Xenograft 

The sensitivity of human HL-60 leukemic tumors to WM was tested in a scid 

mouse xenograft in order to determine if cancers other than those of the breast would be 

sensitive to inhibition by WM. Inhibition of pre-palpable HL-60 tumor growth with WM 

was not significant after 13 days of drug treatment (p = 0.59) nor after treatment was 

discontinued (Figure 9) although a trend towards inhibition may have been present. The 

average mouse mass among the treated mice decreased by 7.8% and the control mouse 

mass increased by 4.5 % during this same period. 

3'Deoxy-PtdIns As An Anti-Cancer Agent 

Murine C3H Mammary Cancer Model 

Preliminary studies were conducted on the ability of the Ptdlns analog, 3'deoxy-

Ptdlns, to inhibit C3H mammary tumor growth. Because of limited drug supply, only one 
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Figure 8 Anti-Cancer Activity of Wortmannin in the UACC 2150/5c/i/Xenograft. 

Early passage, less than 10, UACC 2150 breast cancer cells from monolayer culture were 

implanted s.c. onto the mammary fat pad of scid mice. Animals were dosed p.o. with WM 
at 1 mg kg"' on days 1, 2, 5-9 and 12 after implantation. Tumor volumes were calculated 
from caliper measurements and were expressed as the mean ± SE of 8 mice per group. 
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Figure 9 Growth of Tumors in the HL60/5c/c/Mouse Xenograft During and After 

Wortmannin Treatment. 

One day after the implantation of HL60 cells from monolayer culture onto the hind 
quarter of scid mice, animals were dosed p.o. with Img kg"^ WM on a daily x 13 day 
schedule. Values were calculated from caliper measurements and were expressed as the 
mean ± SE of 8 mice per group. 
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mouse was treated per dose at doses of 50 and 500 mg kg"' daily for 12 days. 3'Deoxy-

Ptdlns at 50 mg kg"' had no appreciable effect on tumor mass after 12 days (Figure 10). 

The 500 mg kg"' dose inhibited tumor growth by 53 % at day 12. The results of this 

preliminary study indicated that 3'deoxy-PtdIns was capable of inhibiting the growth of 

murine C3H mammary tumors at the doses tested. 

Human MCF-7 Mamntary/Scid Mouse Xenograft 

The ability of 3'deoxy-PtdIns to inhibit the growth of developing tumors was 

tested by beginning drug treatment the day after MCF-7 cell implantation (Figures 11). 

The dose of 3'Deoxy-PtdIns tested was decreased to 400 mg kg"' in order to conserve 

material. Tumor burdens in the treated animals were decreased by 77% relative to the 

controls (p=0.02) at day 17. The average treated and control mouse masses increased by 

0.9 % and 4.6 % respectively during the course of treatment. 

Ptdlns 3-Kinase Activity in Wortmannin Treated Tumors 

Because WM was characterized as a specific and irreversible inhibitor of Ptdlns 3-

kinase (Powis et al., 1994), we anticipated that its ability to inhibit tumor growth would 

be related to inhibition of the Ptdlns 3- kinase activity in the treated tumors. This 

hypothesis was tested by performing in vitro Ptdlns 3-kinase assays on C3H mouse tissue 

and tumor homogenates obtained from animals treated with 1 mg kg"' WM. After 6 days 
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Figure 10 Dose Finding Study for 3'Deoxy-Ptdlns as an Anti-Cancer Agent in C3H 

Mammary Tumors. 

C3H tumor fragments were implanted s.c. with a trocar catheter into the axillary region of 
female C3H mice. The next day mice were randomly split into control and treated groups. 
3'Deoxy-PtdIns was administered i.p. on a daily x 12 schedule at 50 or 500 mg kg''. 
Tumor volumes were calculated from caliper measurements. Each treatment consisted of 
one mouse. 
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Figure 11 3 'Deoxy Ptdlns Anti-Cancer Activity in the yiC^-HScid Mouse 

Xenograft. 

One day after the implantation of MCF-7 cells from monolayer culture s.c. onto the hind 

quarter of scid mice, animals were dosed i.p. with 400 mg kg"' 3'Deoxy-PtdIns on a daily 

X 17 day schedule. Tumor volumes were calculated from caliper measurements and were 
expressed as the mean and SE of the number of mice listed next to each point. * Treated 
vs. control at 17 days p = 0.02 
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of WM treatment (Table m), no significant differences in total Ptdlns 3-kinase activity 

were detected between control and treated tumor, brain, spleen or liver homogenates. 

The WM sensitivity of the Ptdlns 3-kinase in the control and treated tumor tissues 

was also tested. Ptdlns 3-kinase assays were performed on control and treated 6 day 

tumor homogenates in the presence of additional WM at varying concentrations and no 

differences in sensitivity were observed (Figure 12). 

The lack of differences in Ptdlns 3-kinase activity between control and treated 

tissues and tumors may indicate that WM is inhibiting C3H mammary tumor grov^^h by a 

mechanism unrelated to this enzyme. 

Ptdlns 3-Kinase in Breast Cancer Cells In Vitro 

Ptdlns 3-kinase assays were performed on cell lysates of mouse C3H and human 

MCF-7 mammary tumor cell lines. The MCF-7 cell line tested was used in our in vivo 

studies. The C3H line was a derivative of the trocar-passaged tumor which had been 

adapted for monolayer culture. 

Ptdlns 3-kinase activity in MCF-7 and C3H cell lysates were inhibited by 48.6% 

and 43.5% respectively at 5 nM WM (Figure 13). At 50 nM (10 times the WM IC50 of 

purified Ptdlns 3-kinase a) activity was inhibited by 60.2 % and 49.6 % in MCF-7 and 

C3H lysates, respectively. In addition, 1 pM WM (200 times the IC50) inhibited Ptdlns 3-

kinase in MCF-7 and C3H lysates by 83.0 % and 69.6 % respectively. Statistical analysis 

of the MCF-7 and C3H Ptdlns 3-kinase inhibition data, indicated that different slopes 
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Table HI Ptdin:; 3-BCinase Activity in Tissues Harvested from C3H Mice Treated 

with 1 mg kg"' Wortmannin p.o. for Six Days 

Ptdli'S 3-kinase Activity 

(pmol mg"' protein 45 min"') 

Tissue Control Treated 

Tumor 161.4±24.5 147.0±14.9 

Brain 142.6±9.5 116.8±14.5 

Spleen 8.38±0.7 6.2±0.9 

Liver 3l.5±3.7 43.0±9.l 

Frozen tissues from mice treated in vivo with WM daily for 6 days were homogenized, 
diluted to 0.01 to 0.1 [ag iiP' protein and used as enzyme in Ptdlns 3-kinase assays. 
Results were expressed as mean ± SE of duplicate determinations for tissue from each of 
the three mice in the group. 
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Figure 12 In Vitro Wortmannin Sensitivity of C3H Tumor Ptdlns 3-Kinase. 

Homogenates of frozen tumors from mice treated in vivo with WM daily for 6 days and 
control mouse tumor were diluted 0.01 to 0.1 ng protein ui*'. Ptdlns 3-kinase reactions 
were performed on diluted homogenate in the presence of varying concentrations of WM. 
Results were expressed as mean ± SE of Triplicate determinations for one mouse in the 
control and treated groups respectively. Values from one of two representative 
experiments were expressed as % control. 
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Figure 13 Inhibition of Ptdlns 3-Kinase in Breast Cancer Cell Lysate. 

Cell lysates of monolayer cultures of MCF-7 and C3H cells were prepared, diluted to 0.01 
to 0.1 [ig fil"^ protein and used as enzyme source in Ptdlns 3-ldnase assays. Reactions 
were performed in the presence of varying concentrations of WM. Data from one 
representative experiment was included and expressed as the mean and SE of triplicate 
determinations at each WM concentrations (n = 2 experiments). Activity was expressed 
as % Control to minimize slight differences in Ptdlns 3-ldnase activity, while emphasizing 
similar WM sensitivities. 
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existed for the 0 to 10 and 50 to 1000 nM WM concentrations in each cell line 

(p=0.0001). The intersection of these slopes in MCF-7 cell lysate was 8.75 nM WM with 

a 95 % confidence interval of 5.69 to 11.08 nM WM. The intersection of the C3H curves 

was 10.6 nM WM with a 95 % confidence of 8.45 to 13.55 nM WM. 

These results indicated that two populations of Ptdlns 3-kinase activity exist in 

C3H and MCF-7 cell lysates. One population was sensitive to inhibition by WM at 

concentrations similar to its characterized IC50 and the other population could not be 

completely inhibited even at 1 ^M WM. The intersection points demonstrated that the 

populations of Ptdlns 3-kinase activity in C3H and MCF-7 cell lysates had similar WM 

sensitivities. 

C3H cell lysate (Figure 13) and tumor homogenate (Figure 12) Ptdlns 3-kinase 

were inhibited differently by WM. While approximately 50 % of cell lysate Ptdlns 3-

kinase was sensitive to WM, tumor Ptdlns 3-kinase could not be significandy inhibited. 

Confirmation of Wortmannin-Insensitive Ptdlns 3-Kinase in MCF-7 Cell Lysates 

Inhibition of human recombinant Ptdlns 3-kinase-a was used to confirm that the 

apparent WM-insensitivity of breast cancer cells was not an artifact of our Ptdlns 3-kinase 

assay. Inhibition of enzyme function was demonstrated by the decreased incorporation of 

^^P into Ptdlns-3P (Figure 14) under the assay conditions utilized. These results were 

quantitated in Table IV and demonstrate that Ptdlns 3-kinase-a activity was inhibited by 
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Figure 14 Phosphorimage Depicting Incorporation of [^^P] into Ptdlns-3P by MCF-7 

Cell Lysate and Human Recombinant Ptdlns 3-Kinase a. 

Aliquots of the chloroform layer from Ptdlns 3-kinase reaction extracts were applied to 
Silica gel 60 plates. Samples were developed in a mobile phase of 30 % 2M acetic acid : 
70 % n-propanol until the solvent front had migrated two thirds the distance to the top of 
the plate. After drying the TLC plates were cut to remove the sample loading zone and 
the undeveloped portion of the plate. The plates were exposed to a phosphoresent screen 
for 24 hours before being scanned on a Molecular Dynamics Phospholmager using 
ImageQuant analysis software. 
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Table IV Inhibition of Ptdlns 3-Kinase a in Both the Presence and Absence of MCF-

7 Cell Lysate 

Enzyme Source Wortmannin 

(nM) 

Ptdlns 3-Kinase 

Specific Activity 

(pmol mg"' min'^) 

% Inhibition 

MCF-7 Cell Lysate 0 4.2 ±0.2 

5 2.2 ± 0.2 46.7 

50 1.6 ±0.3 60.2 

1000 0.7 ±0.1 82.9 

Ptdlns 3-kinase a 0 243.1 ± 15.5 

5 38.7 ±5.6 84.1 

50 1.2 ±0.3 99.5 

1000 0.1 ±0.02 99.9 

Ptdlns 3-kinase a and MCF-7 0 655.7±21.5 

Cell Lysate 5 27.2 ± 11.4 95.8 

50 7.4 ±0.1 98.9 

1000 3.7 ±0.3 99.4 

Ptdlns 3-kinase activity given as mean of triplicates ± SE from one of two representative 

experiments. Ptdlns 3-kinase a activity was measured with Ptdlns as substrate only. The 
amounts of protein used were 0.9 and 0.3 ^g/reaction for the MCF-7 lysate and Ptdlns 3-

kinase a respectively. Protein values equal to that used in each of the individual reactions 
were combined for the final reaction condition. Specific activity in the combined samples 

was calculated from the Ptdlns 3-kinase a protein values only. 
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84 % at 5 nM WM and completely (99.5 %) blocked by 50 nM WM. These results 

demonstrated that our Ptdlns 3-kinase assay could detect inhibition of enzyme activity. 

Another explanation for the WM-insensitive nature of MCF-7 cell lysate Ptdlns 3-

kinase was the presence of a component in the lysate which blocked inhibition of Ptdlns 3-

kinase by WM. To test this possibility, MCF-7 cell lysate, both alone and in combination 

with recombinant Ptdlns 3-kinase a, was tested for WM inhibition of Ptdlns 3-kinase 

activity. The inhibition of MCF-7 lysate Ptdlns 3-kinase activity observed (Table IV) was 

consistent with results obtained in previous experiments (Figure 13). When reactions 

were conducted on combined MCF-7 cell lysate/human recombinant Ptdlns 3-kinase-a 

samples, Ptdlns 3-kinase activity was inhibited in a manner similar to the recombinant 

enzyme alone. As the recombinant Ptdlns 3-kinase-a specific activity was 60-fold greater 

than the MCF-7 cell lysate Ptdlns 3-kinase activity, its activity masked that of the MCF-7 

ceil lysate. The inhibition of human recombinant Ptdlns 3-kinase-a, expressed as % 

control inhibition, was similar in both the presence and absence of 3X the level of lysate 

protein as recombinant protein. The 2.7 fold increase in total activity in the combined 

control samples could not be explained. However, these results demonstrated that MCF-7 

cell lysates did not contain components which decreased the WM-sensitivity of Ptdlns 3-

kinase. 
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Inhibitors of Wortmannin-Insensitive Ptdlns 3-Kinase Activity in Breast Cancer 

Cells 

We determined the ability of the WM-insensitive Ptdlns 3-kinase to be inhibited by 

other Ptdlns 3-kinase inhibitors (Table V). The compounds were tested at lOX their IC50 

for bovine brain Ptdlns 3-ldnase-a. Of the compounds tested, only quinone XVIII was 

able to inhibit more than 50 % of the Ptdlns 3-kinase in MCF-7 lysate. This inhibition was 

not considered adequate for use as a screening factor in the purification of the WM-

insensitive Ptdlns 3-kinase. 

Ptdlns Kinase in Human Normal Colorectal and Tumor Tissues 

The sensitivity of human colorectal mucosal tissue and tumor Ptdlns 3-kinase to 

WM was measured. This tissue was chosen for analysis because it was the only human 

tumor for which we could obtain matched normal tissue and tumor is sufficient amounts 

for assay. Colorectal tumors and matched normal mucosal samples obtained fi^om patients 

at the AZCC, Table VI, were found to contain predominantly WM-insensitive Ptdlns 

kinase activity. Total Ptdlns kinase activity, was significantly higher in tumors than in 

normal colorectal tissue, as was the amount of WM-insensitive Ptdlns kinase. 

Quantitation of Western blots demonstrated that the levels of immunoreactive p85 and 

pllO protein (Table VI) were highly correlated to each other in both tumors and normal 

tissue (p<0.005). Therefore, WM-insensitive Ptdlns 3-kinase activity is not limited to 

breast tumors and may be more prevalent in tumors than normal tissues. 
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Table V Inhibition of MCF-7 Cell Lysate Ptdlns 3-Kinase 

Compound Dose (nM) % Inhibition 

Pentagaloylglucose 5 10 

Hypericin 20 I 

Quercitin 50 9 

LY294002 50 38 

Suramin 100 39 

Quinone XVIII 1000 54 

Compounds know to inhibit bovine brain Ptdlns 3-kinase were tested at I Ox their 
res p e c tive IC50 for inhibition of MCF-7 cell lysate Ptdlns 3-kinase activity in the //i vitro 
assay. Values listed were from one representative experiment (n = 2) and the SE of 
triplicate determinations did not exceed 10 % of the mean. 
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Table VI Wortmannin Sensitivity of Human Normal Colorectal Tissue and Tumor 

Ptdlns 3-Kinase 

Normal Tumor P 

Activity (pmol/mg/40 min.) 

Total Ptdlns Kinase 6.8 ± 1.7 14.1 ±2.0 <0.05 

WM-sensitive* 0.08 ±0.7 I .30±0.7 NS 

WM-insensitive" 6.0 ± 1.6 12.8 ±  1.4 <0.05 

Immunoreactive Protein 

(relative units) 

p85 9.2 ± 1.4 1I .2±0.8 

pIlO 6.5 ±0.7 6.9 ±0,6 

Human normal colorectal mucosal tissue from within 5 cm of the tumor and tumor 
samples from patients were homogenized, diluted to 0.01 to 0.1 ng ^1"' protein and used 
as enzyme in Ptdlns kinase assays. WM-sensitive kinase' was calculated from the 
difference between reactions in the presence and absence of 50 nM WM. Ptdlns kinase 
activity remaining in the presence of 50 nM WM was considered insensitive. 'T.evels of 
pllO and p85 were highly correlated (p<0.005) to each other in both the normal and 
tumor tissues. 
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Characterization of Wortmannin Resistant MCF-7 Ceils 

We were interested in determining if WM-insensitive Ptdlns 3-kinase activity could 

be increased in cells which had been selected for resistance to this drug in culture. In 

order to select for drug resistant clones, MCF-7 cells were grown in the continuous 

presence of 58 [iM WM. The concentration of WM in the medium could not be raised 

above this due to the limited solubility of the drug. Growth curves were performed for 

both MCF-7 and WR-MCF-7 cel ls  in the presence of  concentrations of  WM from 11.7 to  

117 |iM WM (Figure 15). The ICso for growth inhibition in these cells was 21 nM and 

58 ^M for MCF-7 and WR-MCF-7 cells, respectively (i.e. a 2.8 fold difference). 

Lysates were prepared from both MCF-7 and WR-MCF-7 ceils after 1 day in 

medium without WM and Ptdlns 3-kinase activity was assayed in the presence of 

additional WM at varying concentrations. The WM dose response curves were similar for 

WR-MCF-7 and MCF-7 cells (Figure 16). No differences in sensitivity of the kinase to 

WM or total Ptdlns 3-kinase content were observed. Statistical analysis demonstrated 

that different rates of Ptdlns 3-kinase inhibition existed for the 0 to 10 and 50 to 1000 nM 

WM concentrations in WR-MCF-7 cells (p=0.0001) similar to previous observations with 

MCF-7 cells (Figure 13). The intersection of the two WR-MCF-7 Ptdlns 3-kinase 

inhibition slopes was 11.57 nM WM with a 95 % confidence interval of 9.01 to 14.74 nM 

WM. These results indicated that the Ptdlns 3-kinase activity in WR-MCF-7 cells was 

similar to that in both C3H and MCF-7 cells and that the content of WM-insensitive 

Ptdlns 3-kinase had not been increased in these cells. 
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Figure 15 Survival of WR-MCF-7 and MCF-7 Cells in Culture in the Presence of 

Varying Concentrations of Wortmannin. 

Values from one representative experiment (n = 2) were expressed as mean ± SE for 

triplicate determinations. 
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Figure 16 Inhibition ofWR-MCF-7 and MCF-7 Cell Lysate Ptdlns 3-Kinase Activity 

by Wonmannin. 

Lysates of MCF-7 and WR-MCF-7 ceUs from monolayer culture were prepared, diluted to 
0.01 to 0.1 ^g III"' protein and used as enzyme source in Ptdlns 3-kinase assays. 
Reactions were performed in the presence of varying concentrations of WM. Data from 
one representative experiment (n = 3) was included and expressed as the mean and SE of 

triplicate determinations at each WM concentrations. 
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Human Placental Wortmannin-Insensitive Ptdlns 3-Kinase 

The presence of WM-insensitive Ptdlns 3-kinase in human placenta was 

investigated to establish the suitability of this readily available human tissue as a source of 

enzyme in purifications. Ptdlns 3-kinase activity was measured in human placental 

homogenate and expressed as % control to allow comparison to the breast cancer cell 

lines in Figure 13. Total Ptdlns 3-kinase activity in the placenta was 14 fold lower than 

that in the breast cancer cells. Placental Ptdlns 3-kinase (Figure 17) was less sensitive to 

inhibition by WM than that in the breast cancer cells but similar to mouse solid C3H tumor 

sensitivity. At 10 nM WM 30% of placental and solid C3H tumor (Figure 12) Ptdlns 3-

kinase was inhibited while 50% of breast cancer cell Ptdlns 3-kinase was inhibited at this 

concentration of WM (Figure 13). One |iM WM inhibited the human placental lysate 

Ptdlns 3-kinase activity by 60% while this same concentration inhibited 70 to 85% of the 

activity in breast cancer cell lysates. Significantly different placental Ptdlns 3-kinase 

inhibition slopes existed in the 0 to 10 and 50 to 1000 nM WM concentrations ranges 

(p=0.0001). These curves intersected at 11.56 nM WM with a 95 % confidence interval 

of 7.73 to 20.77 nM WM. This intersect was similar to that observed in MCF-7 and C3H 

cells and identical to that observed in WR-MCF-7 cells, indicating that similar populations 

of Ptdlns 3-kinase exist in the cell lysates and human placental homogenate. This 

similarity to solid tumor and cell lysate Ptdlns 3-kinase indicated that human placenta was 

a suitable source for the purification of a WM-insensitive Ptdlns 3-kinase. 
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Figure 17 Inhibition of Human Placental Lysate Ptdlns 3-Kinase. 

Human placenta homogenate was prepared, diluted (0.01 to 0.1 jig protein ^1"^) and used 
as enzyme source in Ptdlns 3-kinase assays. Reactions were performed in the presence of 

varying concentrations of WM. Data from one representative experiment (n = 3) was 
included and expressed as the mean and SE of triplicate determinations at each WM 

concentration. Activity was expressed as % Control to allow comparison to the breast 

cancer cel l  l ine data in Figures 12 and 15.  
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Ptdlns 3-Kinase Activity of the Mutated Ataxia Telangectasi Protein (ATM) 

At the time these studies were begun, the ATM protein had recently been cloned 

and shown to have homology to the Ptdlns 3-kinase family of enzymes (Savitsky et al., 

1995). This raised the possibility that the WM-insensitive activity which was being 

studied could be due to the ATM protein. In order to eliminate the ATM protein as the 

source of our unique activity, it was necessary to obtain ATM protein and perform Ptdlns 

3-Icinase assays. Because purified ATM protein was not available to us we chose to use 

PGR to amplify the gene from MCF-7 cell RNA and express the protein product of this 

gene in bacteria. 

As an initial step in obtaining the full length atm coding sequence, a 932 base pair 

fi'agment from the 5' end of atm, including the start codon, was amplified by PGR using 

the primers described in the methods section. Engineered Sail and NotI restrictions sites 

were used to ligate this sequence into the multicloning site of pGex-4T-3 (Figure 18) 

creating pGex/ATM. Plasmid DNA was isolated fi-om BL21 E. Coli clones carrying the 

pGex/ATM vector. Digestion of DNA from clones 2, 5, 8, 9 and 10 (Figure 19) with 

EcoRI yielded a 276 bp fi-agment and indicated that these clones contained the correct 

orientation of the atm insert. Glone 5 was chosen for use in initiating a culture for large 

scale plasmid preparation. Sequence analysis was performed on this plasmid DNA 

preparation to confirm that the desired atm sequence had been obtained. The sequence 

obtained (Figure 20) was that of the pGEX-4T-3 vector, the Sail restriction site and the 

first 71 base pairs from the start codon of the cloned 932 base pair atm fi^agment. 
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Figure 18 Map of the pGrex/ATM Plasmid. 

Both the pGex-4T-3 plasmid DNA and the 932 base pair atm fragment were digested with 
Sail and NotI restriction enzymes ligated as described under Materials and Methods. 
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Figure 19 Electrophoresis of Restriction Digested Plasmid DNA on an Ethidium 

Bromide Stained 1.0 % Agarose Gel. 

Plasmid DNA from BL21 bacterial clones transfected with pGex/ATM was digested with 
EcoRI and electrophoresed on a 1 % agarose TAE gel run at 75 volts for 30 minutes. 
The first and last lanes were 1 kb ladder standard (Gibco). Interior lanes 1 to 10 were 
restriction digested plasmid DNA isolated from individual BL21 clones. Digestion of 
plasmid preparations 2, 5 ,8 ,9 and 10 resulted in the desired 276 bp fragment. 
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A TCC CCG AAT TCC CGG GTC GAC 

1 ATGACGTTAC ATGAGCCAGC AAATTCTAGG CCAGTCAGAG 

41 CACTGACCTC TGTGACTTTT CAGGGGATTG GATCCTGCTC 

81 CTAATCCACC TCATTTTCCA TCGCATGGAT TAAAGCAACA 

121 TTTGCCTATA TCAGCAATTG TCATAAACCA AGTTAAAAAG 

1 6 1  CATTTTAGAA ATTCTTTCCA AAAGCCTGAT TCCTATCAGA 

2 0 1  AAATTCTTCT TGCCATATGT GAGCAGCAGC TGAAACAAAT 

2 4 1  AATGTTTATA AGAAGCACAG AATCTTAAAA TATATCACCT 

2 8 1  GTTTGTTAGT TTATTACTGA AAATATAAAA AGTGGCTTAG 

3 2 1  GAGGAGCTTG GGCCTTTGTT CTCGAGACGT TATTTATACT 

3 6 1  TTGATTCACT ATATCAACCA AGGCCTTCTT GTATCATGGA 

4 0 1  TGTGTCATTA CGTAGCTTCC CCTTTGTTGT GACTTATTAA 

4 4 1  GTCAGGTTTG CCAGACAGCG TGACTTACTG TAAGGATGCT 

4 8 1  CTAGAAAACC ATCTTCATGT TATTGTTGGT ACACTTATAC 

5 2 1  CCCTTGTGTA TGAGCAGGTG GAGGTTCAGA AACAGGTATT 

5 6 1  GGACTTGTTG AAATACTTAG TGATAGATAA CAAGGATAAT 

6 0 1  GAAAACCTCT ATATCACGAT TAAGCTTTTA GATCCTTTTC 

6 4 1  CTGACCATGT TGTTTTTAAG GATTTGCGTA TTACTCAGCA 

6 8 1  AAAAATCAAA TACAGTAGAG GACCCTTTTC ACTCTTGGAG 

7 2 1  GAAATTAACC ATTTTCTCTC AGTAAGTGTT TATGATGCAC 

7 6 1  TTCCATTGAC AAGACTTGAA GGACTAAAGG ATCTTCGAAG 

8 0 1  ACAACTGGAA CTACATAAAG ATCAGATGGT GGACATTATG 

8 4 1  AGAGCTTCTC AGGATAATCC GCAAGATGGG ATTATGGTGA 

8 8 1  AACTAGTTGT CAATTTGTTG CAGTTATCCA AGATGGCAAT 

9 2 1  TGAGCAGGTG GA 

Figure 20 Sequence of ATM Fragment Obtained by PGR of MCF-7 Cell EINA. 

The first 16 bases sequenced were from the pGex-4T-3 vector, the next 6 bases were the 
Sail restriction site. The 71 base pairs of ATM sequenced started with the numbered 
bases. This sequence was found to be identical to the first 71 base pairs of ATM listed in 
Genebank accession number U26455. The first 932 base pairs of this fragment were 
cloned, but the 259 bases of 5' untranslated sequence were not. 



After confirming that the fi^agment cloned was the desired atm sequence, attempts 

were made to use this sequence as a primer in the PCR amplification of additional 

sequence. PCR amplification of a fi-agment larger than the original 932 base pairs was 

unsuccessfiil even when techniques were optimized for the isolation of such fi-agments (E 

Longase, Gibco/BRL). Because full length atm could not be obtained by PCR 

amplification, an alternative approach to obtaining coding sequence had to be taken. 

A human placental A.gtll cDNA library was screened with the isolated 932 base 

pair atm cDNA. This library was chosen for analysis because it was known that human 

placenta expressed a 12 kb atm mRNA (Savitsky et al., 1995). After three attempts at 

library screening no additional sequence had been obtained (Data not shown). 

In order to take an alternative approach to obtaining fianctional ATM protein, 

attempts were made to express the 932 base pair atm fragment as a GST fusion protein 

which could be utilized to raise antibodies against the ATM peptide in rabbits. The size of 

the fusion protein was calculated to be roughly 61 IcDa. GST-flision proteins purified 

from bacterial  lysates  by aff inity chromatography on a GSH column were 61,  37,  33,  28 

and 26 kDa in mass. These proteins were present in the eluate when bound material was 

thrombin cleaved and washed from the column (Figure 21). Because partial digestion 

was indicated thrombin cleavage was repeated in order to complete the separation of the 

ATM and GST peptides. Cleavage eliminated the 61 and 37 kDa bands and generated a 

band of 35 kDa which corresponded to the desired ATM peptide. Before these 

experiments were completed, Jung et al published in Cancer Research (1997) that the 

ATM protein had neither Ptdlns 3-kinase nor DNA dependent protein kinase activity. 
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Figure 21 Silver Stained SDS-Polyacrylamide Gel of Partially Purified BL21 

Bacterial Proteins in Fractions Obtained by GSH-Affinity Chromatography. 

Silver stained proteins separated on a 12.5 % polyacrylamide gel. Lanes 1 and 6 were 
Gibco high molecular weight pre-stained standards. Lane 2 was the concentrated GSH 
wash of a GSH affinity column which had been bound with lysate and been exposed to 
thrombin cleavage. Lane 3 was an aliquot of the liquid which passed through the 
concentrator and Lane 4 was GSH wash concentrate after a second thrombin cleavage. 
Lane 5 was blank. 

1 2 3 4 5 6 
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The demonstration that the ATM protein did not have Ptdlns 3-kinase activity allowed us 

to disregard this protein as being the source of our putative WM-insensitive Ptdlns 3-

kinase. No further attempts to characterize the ATM protein were made. 

Characterization of Ptdlns 3-Kinase Antibodies Raised in Rabbits and Purchased 

Commercially 

When purifying novel proteins it was advantageous to have a mechanism by which 

to eliminate any previously characterized forms of the enzyme from the sample. In order 

to accomplish this, antibodies directed against known forms of Ptdlns 3-kinase were 

developed in rabbits or purchased commercially. Before testing antibodies against purified 

protein samples they were titered against MCF-7 cell lysate. No immunoreactivity was 

detected with Ptdlns 3-kinase antibodies we raised in rabbits (Figure 22) nor any of the 

Ptdlns 3-kinase catalytic subunit antibodies purchased from Santa Cruz Biochemical (data 

not shown). Ptdlns 3-kinase p85 antibody (Upstate Biotechnologies) was included in 

Figure 18 as a control for Western blotting and detected a 85 kDa protein as expected. 

These results indicate that the lack of immunoreactivity in the test antibodies was not due 

to a problem with our Western blotting technique. Control protein suitable for use in 

Western blots was not available for the pi 10, pi lOP or pi lOy antibodies, so it was not 

possible to determine if these catalytic subunits were not present in the MCF-7 cell lysate 

or if the antibodies were not functional. The pIlOa antibody failed to recognize bovine 

brain Ptdlns 3-kinase-a indicating that the antibody was non-functional. The lack of 
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Figure 22 Western Blot of MCF-7 Cell Lysate Probed with Antibodies Raised Against Various Isoforms of Ptdlns 3-

Kinase. 

Protein molecular weight standards and MCF-7 cell lysate proteins were electrophoresed on a 7.5 % polyacrylamide gel and 
transferred to PVDF membrane. The membrane was split into 4 panels. In each panel lane 1 was high molecular weight pre-

stained markers (Gibco/BRL) and lanes 2 to 4 were loaded with approximately 500, 50 or 5 ^g of MCF-7 lysate protein, 

respectively. Panel A was probed with anti pi 10a antisera, B was probed with anti pi lOp antisera and C was probed with anti 

pllOy antisera, all at a 1:50 dilution. Panel D was probed with a 1:2000 dilution of Ptdlns 3-kinase p85 subunit antibody 
(Upstate Biotechnologies). Panels were probed with either a 1:2000 dilution of donkey anti rabbit secondary antibody 
(Amershams) or rabbit anti goat secondary antibody (Kirkegaard and Perry Laboratories) as appropriate. 
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immunoreactivity in both the antibodies we raised and those available commercially meant 

that we would not be able to test potential purified protein samples for content of these 

known Ptdlns 3-kinase pi 10 isoform. 

Partial Puriflcation of Wortmannin-Insensitive Ptdlns 3-Kinase 

Before the WM-insensitive Ptdlns 3-kinase was purified, it was necessary to 

confirm that the activity we were investigating was not due to known forms of this 

enzyme. In order to answer this question, partial purification profiles of MCF-7 lysate and 

human placental lysate were compared. Fractionation of protein in lysates was achieved 

by chromatography over a MonoQ anion exchange FPLC column at 4°C. Aliquots of 

these fi-actions were assayed for Ptdlns 3-kinase activity and immunoreactive p85 protein. 

At this early purification step, the data is expressed as pmol product produced per 

incubation in order to allow tracking of the fi-actions with the most total activity instead of 

the highest specific activity. 

Fractionation of MCF-7 breast cancer cell lysate Ptdlns kinase activity 

demonstrated that most of the activity in these cells was due to Ptdlns 3-kinase (Figure 

23). Western blotting showed that the majority of this activity to be correlated with p85 

subunit expression. Differing peaks of Ptdlns 3-kinase activity existed. Fractions 14 to 16 

contained two protein bands of 85 and 110 kDa, which were able to react when probed 

with the p85 regulatory subunit antibody. The identity of the 110 band was not known. 

Because it was larger than 85 kDa, it was not believed to be a breakdown product and 
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Figure 23 Fractionation of MCF-7 Cell Lysate Ptdlns iCinase Activity by MonoQ 

Anion Exchange Chromatography. 

MCF-7 cell lysate was prepared and fractionated using a Mono Q anion exchange FPLC 
column at 4 °C. Ptdlns-khiase activity and non-IHdIns 3-ldnase activity was determined 

with Ptdlns and 3'Deoxy-PtdIns as substrates, respectively. PtdLis 3-kinase activity was 
calculated from the difference of these two substrates. Data from one representative 
experiment (n = 3) was expressed as pmol product produced per reaction to allow 

tracking of those fractions with the highest total activity. Inset; Western blot of fractions 
probed with anti- rat Ptdlns 3-kinase p85 antibody (species cross reactivity, human, 

monkey, rat and mouse). 
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may represent a unique p85 related regulatory subunit. The activity in fractions 17 to 23 

was associated with only p85 subunit expression while the Ptdlns 3-ldnase activity and 

p85 subunit expression in fractions 24 to 35 was low. A second small peak of high Ptdlns 

3-kinase activity was present in fractions 12 and 13 which was not associated with p85 

subunit expression. 

Most of the Ptdlns kinase activity in placenta was Ptdlns 3-kinase (Figure 24). 

Two peaks of Ptdlns 3-kinase activity (fractions 14 to 15 and 16 to 18) were found to be 

associated with p85 expression, while a third peak (fractions 10 to 13) was independent of 

p85. None of the three peaks of Ptdlns kinase activity were shown to be sensitive to WM 

(Table VTI). 

The only previously characterized form of the Ptdlns 3-kinase activity that was not 

coupled v^dth a p85 subunit was known to be sensitive to WM (Thomason et al., 1994 and 

Stoyanov et al., 1995). For this reason the WM-insensitive Ptdlns 3-kinase not associated 

with p85 subunit expression was chosen as a target for purification. 

Purification of Wortmannin-Insensitive Ptdlns 3-Kinase from Human Placenta 

Several attempts were made to purify this protein following procedures published 

for bovine pi 10 Ptdlns 3-kinase (Vlahos et al., 1994, Morgan et al., 1990). When these 

procedures were unsuccessful, other separation procedures based upon different 

physiochemical properties of proteins were utilized (Pharmacia, Principles and Methods in 

Chromatography Series). The following describes the final procedure developed. 
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Figure 24 Fractionation of Human Placental Lysate Ptdlns BCinase Activity by 

MonoQ Anion Exchange Chromatography. 

Human placental homogenate was prepared and fractionated using a Mono Q anion 
exchange FPLC column at 4 °C. Ptdlns-kinase aaivity and non-Ptdlns 3-kinase activity 
was determined with Ptdlns and 3'Deoxy-PtdIns as substrates, respectively. Ptdlns 3-
kinase aaivity was calculated from the difference of these two substrates. Data from one 
representative experiment (n = 2) was expressed as pmol product produced per reaction 
to allow tracking of those fractions with the highest total activity. Inset: Western blot of 
fractions probed with anti- rat Ptdlns 3-kinase p85 antibody (species cross reactivity; 

human, monkey, rat and mouse). 
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Table VII Wortmannin Sensitivity in Peaks of Human Placental Ptdlns 3-tGnase 
Fractionated by MonoQ Anion Exchange Chromatography. 

Peak Fractio 
n 

WM(nM) Ptdlns-Kinase Activity 
(pmol P] product 90 min"' 

reaction) 

% Control 

A 10 to 0 0.025 ± 0.002 

13 
10 0.028 ±0.0001 115.1 ±0.5 
100 0.022 ± 0.003 91.5± 11.8 

1000 0.031 ±0.001 124.6 ±5.0 

B 14 and 0 0.043 ± 0.002 
15 

10 0.040 ± 0.003 92.8 ± 5.6 
100 0.043 ± 0.0006 98.9 ± 1.4 

1000 0.038 ±0.002 87.1 ±4.4 

C 16 to 0 0.061 ±0.005 

IS 
10 0.049 ± 0.007 80.3 ± 11.5 

100 0.056 ±0.005 91.9±8.9 
1000 0.054 ±0.006 89.6 ±9.6 

D 19 to 0 0.017 ±0.001 

22 
10 0.017 ±0.0003 101.7±2.3 

100 0.018 ±0.001 109.1 ±7.5 
1000 0.018 ±0.001 I08.3±8.7 

Ptdlns-kinase activity was assayed in combined peak samples in the presence of 10, 100 or 
1000 nM WM with Ptdlns as substrate. Data displayed is mean ± SE of triplicate 
determinations from one experiment. 
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DEAE-Cellulose Ion Exchange Chromatography 

The first column in the series, DEAE cellulose, was used batch purify crude human 

placental homogenate. Batch purification was performed to quickly decrease the protein 

concentration in the eluate which would be further manipulated. All material which bound 

to this column was eluted with IM NaCl, and dialyzed. Activity measurements were not 

made before proceeding to the next step. 

DEAE-Sephacel Ion Exchange Chromatography 

DEAE Sephacel ion exchange chromatography was used in order to obtain a finer 

separation than was possible with the cellulose matrix. Fractions eluted fi-om a DEAE 

sephacel column with a IM NaCl gradient were tested for protein and Ptdlns-kinase 

activity (Figure 25). The Ptdlns-kinase activity peaked in fi^actions II to 15 and was 

shifted slightly to the lefl of the bell shaped protein peak. Most of the activity in these 

fractions was Ptdlns 3-kinase. No Ptdlns- kinase activity was detected in the material 

which did not bind to the column. Fractions 11 to 15 had the highest activity and lowest 

protein content and were combined and carried to the next column step. 

a>-Aminohexylagarose Hydrophobic Chromatography 

The DEAE Sephacel activity peak was fractionated on a co-aminohexylagarose 

column which was used to separate proteins based on their hydrophobicity. This column 
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Figure 25 Ptdlns-Kinase Activity in DEAE Sephacel Fractions. 

DEAE Cellulose eluate was fractionated using a DEAE Sephacel column as described in 
the methods section. Ptdlns-kinase activity and non-Ptdlns 3-kinase activity was 
determined with Ptdlns and 3'Deoxy-PtdIns as substrates, respectively. Ptdlns 3-kinase 
activity was determined from the difference of these two substrates. Activity was 
expressed as pmol product produced per reaction to allow tracking of those fractions with 
the highest total activity. Protein content per incubation was determined with the 

Bradford assay. 
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was eluted with a decreasing ammonium sulfate gradient and fractions were assayed for 

both protein content and Ptdlns-kinase activity (Figure 26). Ptdlns-kinase activity 

peaked in fraction 7 and a shoulder of activity was present in fractions 10 to 20. The 

graph of protein content overlapped the activity peaks. Single determinations of WM 

sensitivity were made of the odd numbered fractions from 3 to 19 (Figure 27). None of 

the fractions analyzed were inhibited by 50 nM WM and only fraction number 5 was 

inhibited by 1 nM WM. It could not be determined if the trend towards WM stimulation 

of Ptdlns 3-kinase activity in fractions 7, 9 and 11 was real or an artifact of the system. 

ADP-Sepharose Ligand Chromatography 

Fractions 1 to 20 from the hydrophobic co-aminohexylagarose column were 

combined and the proteins were separated on an ADP-Sepharose column. This column 

was utilized for its ability to separate proteins based on their binding affinity for NADP'. 

Ptdlns-kinase activity and protein concentrations were determined in each fraction 

(Figure 28). Again protein and activity peaks overlapped. Fractions 4-5 contained 11% 

and fractions 6-7 contained 6.8 % of the loaded activity. Purity of the fractions was 

determined from silver stained polyacrylamide gels (Table VlU). None of the fractions 

with high activity were considered pure, however major bands at 104 and 95 kDa were 

consistently present in these fractions. 
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Figure 26 Purification of DEAE-Sephacel Activity Peak Over a ©-

Aminohexylagarose Column. 

DEAE sephacel firactions 11 to 15 were combined, dialyzed and subjected to 

chromatography over a co-aminohexylagarose column as described in the methods section. 
Total Ptdlns 3-kinase activity was determined on single replicates with Ptdlns as 
substrate. Protein content per incubation was determined with the Bradford assay. 
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Figure 27 Wortmannin Sensitivity of Fractions Isolated on a (o-Aminohexylagarose 

Column. 

The in vitro Ptdlns 3-kinase assay was used to test odd numbered co-aminohexylagarose 

fractions for inhibition by 10, 100 and 1000 nM WM. Single determinations were made 

with each concentration of WM. 
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Figure 28 The Purification of ©-Aminohexylagarose Fractions on an ADP-Sepharose 

Column. 

ffi-Aminohexylagarose fi-actions 1 to 20 were combined, dialyzed and fi^ctionated on an 
ADP-sepharose column. Total Ptdlns -kinase activity was determined on single replicates 

with Ptdlns as substrate. Protein content per incubation was determined by the Bradford 

assay. 
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Table VIII Apparent Molecular Masses of Proteins Present in Fractions Eluted From 
an ADP-Sepharose Column 

Fraction 

~~4 5 6 7 8 9 To n 12 13* 

MW(kDa) 166 168 168 168 168 \6S 126 m 174 174 

161 164 164 164 164 161 122 132 132 137 

157 161 161 161 161 126 104 112 110 110 

105 128 128 126 126 122 89 109 108 108 

104 104 122 122 122 104 61 100 99 98 

95 100 104 103 103 95 59 89 88 88 

86 95 100 99 94 89 46 82 64 64 

48 86 95 95 89 37 72 61 61 

75 75 85 79 64 48 58 

48 48 79 59 61 45 49 

40 74 41 49 38 46 

47 39 

Aliquots of each fraction were separated on a 7.5% polyacrylamide gel and silver stained using the ICN 
Rapid Ag Stain kit described in the methods section. Molecular masses were estimated by comparing to 
the standard curves of Elf value to log MW for known protein standards. • Fractions 14 to 20 contained 
the same bands as fraction 13 minus the 46.1 kDa protein. 
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Isoelectric Focusing 

Isoelectric focusing distinguishes between proteins based on their charge. ADP-

Sepharose fractions 4 and 5 were combined and labeled peak A while firactions 6 and 7 

were combined and labeled peak B. Each of these activity peaks were separately 

subjected to isoelectric focusing. We found that the ampholytes used in this process 

blocked Ptdlns-kinase activity so only the purity of the resulting fractions was assessed 

(Table IX and X). In the separation of peak A, fractions 12 to 16, contain major bands 

of protein at 98 and 95 kDa. Peak B, fractions II to 14, also contained major bands at 

these MW. Based on previous attempt to purify this putative enzyme these were the 

fractions in which we expected our activity to be present. 

Q-Sepharose Ion Exchange Chromatography 

The isoelectric focusing firactions 12 to 16 of peak A and 11 to 14 of peak B were 

combined into one sample and subjected to chromatography over a Q-Sepharose column. 

Purity was assessed in Q-Sepharose fractions 13 to 31 (Table XI). Major bands of 

approximately 85, 73 and 43 kDa were detected in fractions 19 to 23. Protein bands at 98 

and 95 kDa were only observed in fractions 19 and 20 and had decreased intensity 

compared to their content in the isoelectric focusing samples. 
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Table IX Apparent Molecular Masses of Proteins Present After Isoelectric Focusing 
of ADP-Sepharose Peak A 

Fractions 

MW(kDa) 2-6 7&8 9 & 10 uH 13 14 lb 16 «& 

12 17 

123 125 125 96 97 139 116 116 

102 67 79 94 94 116 97 97 

100 66 83 83 108 94 93 

94 75 78 97 83 88 

89 70 76 95 76 83 

85 70 89 70 76 

80 66 83 67 67 

74 78 

68 76 

70 

67 

Aliquots of each fraction were separated on a 7.5% polyacrylamide gel and silver stained 
using the ICN Rapid Ag Stain kit described in the methods section. Molecular masses 
were estimated by comparing to the standard curves of Rf value to log MW for known 
protein standards. Fractions 18 to 20 were too faint to read. 
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Table X Apparent Molecular Masses Present After Isoelectric Focusing of ADP-

Sepharose Peak B 

Fraction 

MW(kDa) 10 11 12 13 14 15 16 17 

106 103 105 105 142 142 142 130 

90 100 101 101 128 130 130 107 

71 97 98 97 105 105 107 71 

37 93 94 97 101 98 70 

89 90 90 97 69 

37 37 70 94 

90 

69 

Aliquots of each fraction were separated on a 7.5% polyacrylanude gel and silver stained 
using the ICN Rapid Ag Stain kit described in the methods section. Sizes were 
determined by comparing to the standard curves of Rf value to log MW for known protein 
standards. 
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Table XI Protein Sizes Present After Q Sepharose Separation 

Fraction 

MW(kDa) 13 to 16 17 18 19 20 21 22 23 24 25 to 27 

104 70 75 104 122 122 106 106 105 105 

70 46 70 97 97 104 105 106 83 83 

46 95 93 94 82 83 43 

86 86 85 76 76 

75 75 74 66 43 

70 69 68 61 

63 63 58 57 

58 58 45 44 

55 46 42 

46 

Aliquots of each fraction were separated on a 7.5% polyacrylamide gel and silver stained 
using the ICN Rapid Ag Stain kit described in the methods section. Molecular Masses 
were estimated by comparing to the standard curves of Rf value to log MW for known 

protein standards. Fractions 28 to 31 were too faint to read. 
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Protein Sequence Analysis 

Results from this purification could not be considered ideal because specific 

activity did not increase at each step as would be desired (Table XII) and the activity 

could not be purified to homogeneity. However, protein from Q-Sepharose fractions 19 

to 23 was concentrated and resolved on a 7.5 % polyacrylamide gel. Individual protein 

bands of 85, 75 and 43 kDa and a blank gel fragment were excised and sent to the W. M. 

Keck Foundation Biotechnology Resource Laboratory at Yale University for analysis. 

Gel fragments were analyzed and found to contain a total of 46 pmoles of the 43 

kDa protein at a protein/gel density of 0.086 ng mm^*', 30.6 pmoles of the 75 kDa protein 

at a density of 0.067 |ig mm^and 18.8 pmoles of the 85 kDa protein at a density of 

0.070 ^g mm^"'. These values exceeded the minimum requirements of 10 pmoles of 

protein at a density of 0.05 |ig mm^"' so the protein in the gel fragments were digested 

with trypsin and eluted. Following digestion, 10 % of each digested sample was run on a 

LCQ capillary HPLC/ion-trap mass-spectrometer system (Finnigan MAT, San Jose, CA). 

LCQ analysis was used to determine peptide masses as they eluted from the HPLC wath 

major species automatically fragmented to generate mass spectrometry (MS)-MS 

sequence patterns. Peptide masses and selected MS/MS fragmentation patterns were then 

searched against the OWL database using the SeQuest program (Table XDI). Masses of 

tryptic peptides generated from each of the samples submitted were found to show 

similarity to deduced tryptic fragment sizes generated from one or more known proteins. 

Eight tryptic fragments from the 43 kDa protein digest were found to correspond to 
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Table XII Purification of Wortmannin-Insensitive Ptdlns 3-Kinase From Human 

Placenta 

Protein 

(g) 

Ptdlns 3-kinase 

Specific Activity 

(pmol mg"' 45 min"') 

Fold Purification 

Crude Extract 208 0.84 1.0 

DEAE-Cellulose 18 1.34 1.59 

DEAE-Sephacel 21 1.23 1.46 

CO - Aminohexylagarose 129.1 X 10*^ 1.13 1.34 

ADP-Sepharose 6 X 10-^ 2.69 3.2 

Isoelectric Focusing 2.7 X 10'^ ND ND 

Q-Sepharose 1.68 X 10"* ND ND 

Values were derived fi-om single determinations conducted during the final round of 
purification and are representative of 3 courses of purification. ND=not determined. 
These values could not be determined because the ampholytes added for isoelectric 
focusing destroyed activity. From this point on the protein bands of interest were tracked 
instead of activity. 
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Table XHI SeQuest Searches of MS/MS Spectra Generated From Tryptic Digests of 

Protein Submitted to Keck Facility for Analysis. 

Sample Mass (kDa) Significant Match MW # of Peptides 

43 Elongation Factor TU 43.1 8 

No Match — 5 

75 30S Ribosomal Protein 61.1 6 

Complement C4 Precursor 192.2 2 

DNAK Protein (Hsp 70) 70 4 

Transketolase ~ 1 

No Match ~ 9 

85 Elongation Factor G 77.4 11 

Protein-Tyrosine Kinase — 1 

(EC 2.7.1.112) 

No Match ~ 12 

Protein was released from gel fragments and digested with 0.5 |ig modified sequencing 
grade trypsin (Promega, Madison Wl) per 15 gel volume. Peptides were extracted 
with 0.1 % TFA in 60 % acetonitrile. Aliquots of the digested sample were injected using 

an Alcott 738 autosampler (Norcross, GA) onto a_0.5 x 150 mm Aquapore C18 HPLC 
column. The mobile phases (A; 98 % Water/2 % acetonitrile/ 0.1 %acetic acid/ 0.02 % 
TFA and B: 80 % acetonitrile/ 0.09 % acetic acid/ 0.02 % TFA) were delivered at 5 
nl/min using as Applied Biosystems (Foster City, CA) Model HOB syringe pump. After 
10 minutes at 15 % B, the % B was increased to 80 % at 65 minutes and held for 10 
minutes. HPLC eluent was directly interfaced with the electrospray source on a Finnigan 
LCQ (San Jose, CA) quadrapole ion trap mass spectrophotometer with no flirther 
modifications. A full scan from m/z 200 to 1850 was acquired about once every second 
throughout the HPLC run. MS/MS scans were manually reviewed and converted to the 
ICIS format for use with Finnigan Bioworks software (version 8.2.1), which includes a 
modified version of the SeQuest searching program. 
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Elongation factor TU, while 5 peptides were generated which did not display significant 

matches to known proteins. Digestion of the 75 kDa sample generated 13 fragments with 

similarity to one of 4 known proteins and 9 peptides for which no significant match could 

be made. Eleven fi-agments generated fi-om the 85 kDa sample displayed sizes similar to 

fragments fi-om elongation factor G, 1 peptide was similar to protein-tyrosine kinase (EC 

2.7.1.112) and no significant match could be found for 12 fragments. Of the fragments 

generated, none were found to show similarity to the Ptdlns 3-kinase family of proteins. 

The molecular masses of Ptdlns 3-kinase regulatory proteins was known to be 85 

kDa. Because the 85 kDa protein mass indicated a known Ptdlns 3-kinase subunit which 

is not responsible for activity, it was not chosen for further analysis. The 43 kDa protein 

was not reproducibly present in the final purified protein samples generated from earlier 

courses of purification, therefore it was not believed to be a candidate for the WM-

insensitive enzyme. The 75 kDa protein was chosen for further analysis based on the 

quality of its tryptic digestion and its reproducible presence at the end of multiple courses 

of purification. 

Six peptide peaks from the 75 kDa digestion were recommended for MALDI-MS 

analysis; peaks 26, 33, 45, 50, 79 and 83. These peaks were chosen because they were 

believed to be the most likely to contain only 1 major peptide species (Figure 29). 

Matrix-assisted-laser-desorption-ionization (MALDI)-MS analysis of these peaks (Table 

XIV) indicated that only peak 83 contained a single species which was suitable for NH2-

terminal sequencing. Peptide masses were not detected in analysis of peaks 26 or 45, 

indicating low sample concentration, poor ionization or that the peaks were artifacts. 
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Tf 

Figure 29 HPLC Chromatogram of Peptides Generated by Tryptic Digestion of 75 

IcDa Protein. 

Protein was released from gel fragments and digested with 0.5 ^g modified sequencing 
grade trypsin (Promega, Madison WI) per 15 mm^ gel volume. Peptides were extracted 
with 0.1 % TFA in 60 % acetonitrile. Aliquots of the digested sample were injected using 
an Alcott 738 autosampler (Norcross, GA) onto a_0.5 x 150 nun Aquapore CI8 HPLC 

column. The mobile phases (A; 98 % Water/2 % acetonitrile/ 0.1 %acetic acid/ 0.02 % 
TFA and B: 80 % acetonitrile/ 0.09 % acetic acid/ 0.02 % TFA) were delivered at 5 
Hl/min using as Applied Biosystems (Foster City, CA) Model MOB syringe pump. After 
10 minutes at 15 % B, the % B was increased to 80 % at 65 minutes and held for 10 

minutes. 
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Table XTV Summary ofMALDI-MS Analysis of Selected Peptides Generated From 

the 75 kDa Protein. 

Peak Estimated 

Purity 

(%) 

Linear 

Observed 

M/Z 

Peptide 

Species Ratio 

Comments 

26 

33 

45 

50 

79 

83 

56 

> 50 

>50 

100 

no mass 

694.6 

1360.8 

1058.1 

854.1 

no mass 

1206.6 

1145.1 

1802.47 

1001.2 

1059.9 

1279.2 

855.0 

1327.4 

10;3;3;2 Major species at 694.6 

(mixture)-low signal to noise 

ratio. Marginal for HPLC re-

purification 

10:6:2:2 Major species at 1206.6 

(mixture). Suitable for HPLC 

re-purification 

10:7:7 Major species at 1059.9 

(mixture)-low signal to noise 

ratio. Possible adducts 

present. Marginal for HPLC 

re-purification. 

Species at 1327.4 Possible 

adducts present. Low signal 

to noise ratio. Marginal for 

NH2-terminal sequencing 
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Peaks 33, 50 and 79 were found to contain mixtures of peptides which would require 

HPLC re-purification before NH2-terminal sequencing. 

Although not suggested by the MADLI-MS analysis, sequencing of peak 83 

demonstrated the presence of multiple peptide in the sample. Because of the complexity 

of the sequencing information obtained, a primary sequence could not be assigned based 

on this information alone. In order to identify possible sequences, the information 

available was pieced together based on the protein identifications made during LCQ 

analysis. In this manner two "sequences" were identified. The 15 residues of sequence 

one, matched residues 465-479 of 30S ribosomal protein SI (Accession P02349, p = 

0.001) and 11 of the 13 residues in sequence 2 matched residues 32-44 of Heat shock 

protein 70 cognate (Accession X54401, p = 0.019). The predicted masses of tryptic 

peptides corresponding to sequences I and 2 were 1550.8 and 2423.7 respectively. 

Neither of these masses corresponds to the actual species observed at 1327.4 during 

MADLI-MS analysis. Because sequences were assigned based on potentially inaccurate 

LCQ analysis results and the masses for these derived sequences were not consistent with 

what was detected in the sample the identification of the proteins made could not be 

considered reliable. 
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DISCUSSION 

Introduction 

The 3-phosphoinositide pathway is a growth factor-activated signal transduction 

pathway which may be involved in carcinogenesis. Seven murine tumors and 10 human 

tumor xenografts have previously been tested for in vivo sensitivity to WM. This 

inhibitor of the 3-phosphoinositide pathway (Powis et al., 1994), was active against only 

murine C3H mammary carcinomas and human BxPC-3 pancreatic carcinoma xenografts 

(Schultz et al., 1995). The in vivo anti-tumor activity of WM was not correiated with in 

vitro cytotoxicity against the same cell line. The role of Ptdlns 3-ldnase in the anti-tumor 

activity of WM was not determined. While WM-insensitive forms of Ptdlns 3-kinase exist 

in yeast (Herman, et al., 1992) and bovine (Stephens, et al., 1994) cells, they have not yet 

been identified in murine or human tissues. The presence of WM-insensitive Ptdlns 3-

kinases in human and murine tumors may be responsible for limiting the anti-tumor 

activity of WM to a non-Ptdlns 3-lcinase-dependent mechanism. 

In the present study, the link between inhibition of tumor growth and Ptdlns 3-

kinase was investigated in breast cancer models. Because WM has the potential to inhibit 

enzymes other than Ptdlns 3-kinase (discussed in the Introduction) the Ptdlns analog, 

3'deoxy-PtdIns, was used to confirm that interrupting the 3-phosphoinositide pathway 

altered the growth of breast tumors in vivo. A WM-insensitive form of Ptdlns 3-kinase 

was, for the first time, identified in human and murine tissues. This activity was 

characterized in tumors and cell culture lysates and purification was attempted. 
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In Vivo Anti-Tumor Activity of the Ptdlns 3-Kinase Inhibitor Wortmannin 

WM has been reported to be an effective anti-tumor agent in pre-palpable murine 

C3H mammary and human BxPC-3 pancreatic models (Schultz et ai, 1995). Further 

work was conducted in the C3H model by allowing tumors to reach approximately I g in 

mass before WM administration was begun. WM at I mg kg"' for 6 days was able to 

significantly inhibit the growth of these tumors (Figure 4). Significant inhibition of tumor 

growth rates were also observed both during and after drug treatment (Figure 5). While 

these results were considered promising, the ultimate target for drug treatment was 

human, not a murine, cancer. We therefore conducted fijrther studies in human MCF-7 

breast cancer cells. 

When WM treatment was begun the day after tumor implantation in the MCF-

Hscid mouse xenograft model, tumor growth was inhibited during the period of drug 

administration (Figure 6). After drug treatment, tumors formed and grew in all 8 niice at 

a rate similar to the controls. The growth rate of palpable MCF-7 tumors (Figure 7) was 

inhibited to a degree similar to pre-palpable MCF-7 tumors by I mg kg'' WM and also 

paralleled that of the control after drug treatment was discontinued. However, increased 

WM toxicity was observed when treatment was delayed until palpable tumors had 

developed. This variation in toxicity may indicate that the tumors were releasing factors 

which either affected the metabolism of WM or the health of the mice directly. Whether 

or not the palpable tumors had begun to metastasize before drug treatment was begun was 
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not determined. These results indicated that WM was acting by a cytostatic mechanism, 

delaying growth but not killing tumor ceils. 

The UACC 2150 early passage human mammary Xwmovlscid xenograft model was 

also tested because the low passage number of these cells (less than 10) may render them 

more representative of the originating tumor than the highly passaged MCF-7 mammary 

tumor (Paine-Murieta et al., 1997). When treated intermittently with 1 mg kg"' WM, the 

growth rate of these tumors was not significantly affected (Figure 8). This may indicate 

either that not all tumors tested will be sensitive to WM or that continuous administration 

is necessary for anti-tumor activity. 

Previous studies have shown that cells which overexpress Her2/neu were less 

sensitive to WM cytotoxicity than cells which do not overexpress this protein (Schuitz et 

ai, 1995). The lack of WM sensitivity in the UACC2150 model was consistent with this 

work. UACC2150 cells were known to express Her2/neu (Paine-Murieta et al., 1997) 

while MCF-7 cells, which were WM-sensitive, express low levels of this protein (Schuitz 

e/a/., 1995). 

The anti-angiogenic activity of WM has been demonstrated (Oikawa and 

Shimamura, 1996) in an in vivo assay, but the mechanism of this inhibition has not been 

determined. Heterogeneity in angiogenic activity between MCF-7 and UACC2150 

tumors may also account for their differing sensitivities to WM. Studies have shown that 

highly vascularized tumors were biologically more aggressive and associated clinically 

with poor outcomes (Gasparini, 1996). While tumors initially arise without angiogenic 

activity, they are unable to grow beyond 2 to 3 mm^ in size unless angiogenic activity is 
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present (Pluda, 1997). The relatively aggressive growth of MCF-7 cells when compared 

to UACC2150 cells may indicate that MCF-7 cells have a greater angiogenic capacity. 

This angiogenic activity may render MCF-7 tumor growth susceptible to inhibition by 

WM. 

The ability of WM to inhibit the growth of breast tumors, in a model that has been 

demonstrated to respond in a manner consistent with human clinical outcomes, supports 

the hypothesis that WM has potential as a chemotherapeutic agent. Inhibition of both 

palpable and pre-palpable breast tumor growth may indicate that WM could be utilized 

both to treat existing tumors and as a post-surgical medication to block growth of residual 

tumor masses until they can be cleared by the body. The Her2/neu status and 

microvascular density of breast tumors may be just two of the potential indicators of WM-

sensitivity. 

When used as a control for tumor inhibition specificity, the HL-60/5c/i/ mouse 

xenograft model was found to be insensitive to WM (Figure 9). The lack of sensitivity to 

WM in this model may be artifactual because the tumors were grown s.c. as solid masses 

instead of in the blood, to allow comparison to the breast cancer models. While inhibition 

of tumor growth was not significant in this model, the trend towards inhibition observed 

may indicate the merit of further investigation into this model with traditional survival 

studies. 
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In Vivo Anti-Tumor Activity of the Ptdlns Analog 3'Deoxy-PtdIns 

Because of the potential for WM to block enzymes other than Ptdlns 3-kinase, it 

was helpful to utilize another agent to confirm the importance of this pathway in breast 

cancer. The agent utilized was the Ptdlns analog 3'Deoxy Ptdlns. This analog cannot be 

3-phosphoiylated and when phosporylated at other positions acts as an antagonist of the 

3-phosphoinositides normally formed in this pathway (Kozikowski et al., 1995). 

Exposing tumors to large concentrations of 3'Deoxy-PtdIns should interrupt the 3-

phosphoinositide pathway by displacing the Ptdlns substrate with this analog and thereby 

preventing activation of downstream targets. While not previously tested as a 

chemotherapeutic agent, the ability of 3'Deoxy-PtdIns to inhibit HT-29 human colon 

carcinoma colony formation in vitro (Kozikowski et al., 1995) was considered indicative 

of potential anti-cancer activity. 

3'Deoxy-PtdIns was capable of inhibiting the growth of C3H murine mammary 

tumors (Figure 10). Drug solubility was the limiting factor in determining dose response. 

The bioavailability of 3'Deoxy-PtdIns could not be determined due to the lack of 

radiolabeled compound. Treated tumor volume was decreased by 53 % compared to 

control tumor volume after 12 days of drug treatment. Because this compound must be 

custom synthesized and is only available in small quantities further testing was performed 

in a human tumor instead of confirming the results in the murine model. 

Pre-palpable MCF-7 tumors were treated with 400 mg kg"' 3'Deoxy-PtdIns in a 

scid mouse xenograft model. This stage of tumor growth was chosen as target because it 
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has been considered the most susceptible to inhibition. After 17 days of drug treatment 

(Figure 11) the volume of the treated tumors was significantly smaller than the controls (p 

= 0.02). However, linear regression analysis of the tumor growth rates indicated no 

significant differences between control and treated tumors (p=0.19). This lack of 

significance in the tumor growth rates was likely to be due to the smaller number of 

animals used in the treated group compared to the control. Further work must be 

performed, when more drug is available, to confirm the inhibition of tumor volumes 

observed with 3'Deoxy-PtdIns before conclusions can be drawn, however the 3-

phosphoinositide pathway appeared to play a role in tumor growth in these breast cancer 

models. 

Effect of Wortmannin Treatment on Tumor Ptdlns 3-Kinase Activity 

Prior to this study only one investigation into the anti-tumor activity of WM had 

been published (Schultz et al., 1995). WM was shown to inhibit the growth of murine 

C3H mammary and human BxPC-3 pancreatic carcinomas. The growth of several murine 

carcinomas, including those of the colon, lung and ovary, was unaffected by WM. Several 

human tumor xenografts, pancrjatic, ovarian, lung, colon and breast, were also unaffected 

by WM anti-tumor activity. Schultz et al., (1995) did not determine the effect of WM 

treatment on tumor Ptdlns 3-kinase. Because WM has been shown to inhibit enzymes 

other than Ptdlns 3-kinase, it was necessary to confirm that the inhibitions of tumor 

growth observed in this study were linked to alterations in in vivo Ptdlns 3-kinase activity. 
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No differences in Ptdlns 3-kinase activity were detected between control and in 

vivo WM-treated tumor, brain, spleen or liver homogenates (Table HI), although tumor 

and brain contained more Ptdlns 3-kinase activity than the other two tissues. The 

significance of higher Ptdlns 3-kinase activity in tumor and brain remains to be 

established. 

Alterations in the WM-sensitivity of the expressed Ptdlns 3-kinase were thought to 

be a second potential mechanism by which WM could be causing inhibition of tumor 

growth. Tumor homogenates prepared from control and WM treated mice were exposed 

to additional WM in the in vitro Ptdlns 3-kinase assay. Control and treated tumors lacked 

WM-sensitive Ptdlns 3-kinase activity and contained similar amounts of total Ptdlns 3-

kinase. Known forms of Ptdlns 3-kinase demonstrate WM ICso's ranging from 5 nM 

(Powis et al., 1994) to 3 ^M (Herman et ai, 1992). The absence of WM-sensitive Ptdlns 

3-kinase in C3H tumors (Figure 12) indicated that they contained a previously 

uncharacterized form of this enzyme. 

Schultz et al. (1995) demonstrated that tumors that were sensitive to inhibition by 

WM in vivo, C3H mammary and BxPC3 pancreatic carcinomas, were not very sensitive to 

WM cytotoxicity in vitro (IC50 of 5.4 and 20.3 |iM, respectively). The findings of the 

current study demonstrate that Ptdlns 3-kinase activity was unaffected in tumors treated 

with WM despite the inhibition of tumor growth observed. The lack of correlation 

between inhibition of tumor growth by WM and in vitro Ptdlns 3-kinase WM sensitivity 

or cell cytotoxicity (Schultz et al., 1995) indicated that the anti-cancer activity of WM 

may not be due to inhibition of Ptdlns 3-kinase. 
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Breast Cancer Cell Lysate Ptdlns 3-Kinase 

The next question addressed was whether the presence of WM-insensitive Ptdlns 

3-kinase in the mammary tumors was a function of the cells themselves or the conditions 

under which they were grown. While WM appeared unable to affect tumor Ptdlns 3-

kinase, the putative WM-insensitive Ptdlns 3-kinase may represent a new isozyme which 

could be targeted in drug development. 

Ptdlns 3-kinase WM-sensitivity profiles were similar in MCF-7 and C3H cell lines 

(Figure 13). The slopes of Ptdlns 3-kinase activity inhibition over the 0 to 10 and 50 to 

1000 nM WM concentrations were significantly different in each lysate. These bi-phasic 

WM inhibition curves indicated that at least two populations of Ptdlns 3-kinase activity 

existed. The similarity between the intersection of the two WM inhibition curves in both 

the C3H and MCF-7 cell lysates indicated that similar populations of Ptdlns 3-kinase 

activity were present in the two cell lines. One population of Ptdlns 3-kinase was 

sensitive to inhibition by WM at concentrations similar to the expected ICso of 5 nM, 

while a second population of activity existed which was inhibited by approximately 70 to 

80 % by IjiM WM. The inhibition observed in these breast oaucci cell iysaies was no-

consistent with the enzyme being identified as a previously characterized Ptdlns specific 3-

kinase, which has an ICso for WM of 1 jiM. 

Previous work from our lab has demonstrated that 80% of immunoprecipitated 

Swiss 3T3 cell Ptdlns 3-kinase activity could be blocked by 58 nM wortmarmin (Powis et 

al., 1994). In contrast, it requires roughly 20 times this concentration or 1 nM to block 
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70 to 85% of the Ptdlns 3-kinase activity in breast cancer cell lysates. The discrepancy 

between the sensitivity of immunoprecipitated Swiss 3T3 cell Ptdlns 3-kinase and breast 

cancer cell lysate Ptdlns 3-kinase could indicate that this activity was specific to breast 

cancer cells or that it was not recognized by Ptdlns 3-kinase antibodies. 

The WM sensitivity profile observed in the C3H cell lysate (Figure 13) was not 

similar to that observed in the primary C3H tumor homogenate (Figure 12). Primary 

C3H tumors appeared to lack WM-sensitive Ptdlns 3-kinase when compared to lysates of 

monolayer C3H cultures. Human colon tumors, normal colon mucosa and placenta also 

appeared to contain predominantly WM-insensitive Ptdlns 3-kinase. The selective 

presence of WM-sensitive Ptdlns 3-kinse in lysates of monolayer cultures may indicate 

that this activity is an artifact of cell culture or that it is more important in anchorage 

dependent growth than WM-insensitive Ptdlns 3-kinase. The conclusion that different 

forms of Ptdlns 3-kinase were necessary for anchorage-dependent and -independent 

growth was supported by studies performed in HT-29 colon carcinoma cells grown as 

monolayer cultures and colonies in soft agar (Dr. L. Yeates, personal communication). 

Differential display was used to demonstrate that Ptdlns 3-kinase p55''°^ mRNA was down 

regulated in soft agar colonies compared to monolayer cultures. Reverse transcriptase-

PCR and Northern blot analysis confirmed this result and demonstrated that both Ptdlns 

3-kinase pi 10 and p85 messages were lower in cells growing under anchorage-

independent conditions. 
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Conflrmation of the Inhibitory Capacity of Wortmannin 

Several studies were performed to confirm that the apparent WM-insensitive 

nature of the breast cancer ceil Ptdlns 3-kinase was not an artifact of the assay system 

utilized. Because WM was not observed as inhibiting Ptdlns 3-kinase as expected, our 

drug was analyzed to confirm its identity and purity. WM stock was analyzed by Dr. Tom 

McClure, Southwest Environmental Health Sciences Center Analytical Core facility, using 

high performance liquid chromatography/Mass spectrophotometry. The sample was 

found to contained a 428 MW compound, consistent with WM, that was greater that 90 

% pure. The WM stock was also tested for its ability to inhibit a previously characterized 

form of Ptdlns 3-kinase. Ptdlns 3-kinase-a is inhibited by WM with an IC50 of 5 nM 

(Powis et al., 1994). Under the assay conditions utilized in the current study, human 

recombinant Ptdlns 3-kinase a was inhibited by more than 80 % at 5 nM WM (Figure 14 

and Table FV). 

Ptdlns 3-kinase assays have traditionally been performed with purified or 

immunoprecipitated proteins (Powis et al, 1994). These studies could not be conducted 

in a similar manner because the protein being investigated had not yet been purified. 

Because of the complex nature of cell lysate, it was considered possible that factors other 

than Ptdlns 3-kinase were affecting the outcome of the testing. If factors were present in 

MCF-7 lysate which blocked the ability of WM to inhibit Ptdlns 3-kinase, combining 

lysate with recombinant enzyme would prevent inhibition of recombinant enzyme activity, 

Ptdlns 3-kinase reactions conducted on combined MCF-7 lysate and recombinant human 
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Ptdlns 3-kinase a samples demonstrated that lysate did not contain a factor which was 

capable of altering the ability of WM to inhibit Ptdlns 3-kinase a (Figure 14 and Table 

IV) 

These results confirmed that the apparently WM-insensitive Ptdlns 3-kinase 

activity was not due to WM breakdown or impurities. The ability of WM to inhibit Ptdlns 

3-kinase a both in the presence and absence of MCF-7 lysate confirmed that not only was 

WM active as an Ptdlns 3-kinase inhibitor, but that the WM-insensitive Ptdlns 3-kinase 

detected in MCF-7 cell lysate was not an artifact of testing lysate instead of purified or 

immunoprecipitated protein. The fact that WM-sensitive enzyme activity was detected 

with the recombinant Ptdlns 3-kinase also validated our Ptdlns 3-kinase assay. This was 

an important finding because it confirmed that the activity measured in lysates was not the 

result of enzymes other than Ptdlns 3-kinase 

Additional Inhibitors of Ptdlns 3-Kinase 

Compounds previously characterized as inhibitors of Ptdlns 3-kinase were tested 

for ability to inhibit MCF-7 cell lysate WM-insensitive Ptdlns 3-kinase (Table V). WM-

insensitivity and sensitivity to another inhibitor would provide a selection criterion to 

facilitate purification of the unique enzyme. However, no selective inhibitor of MCF-7 

cell lysate Ptdlns 3-kinase was identified when a panel of Ptdlns 3-kinase inhibitors were 

tested at lOX their ICso for bovine brain Ptdlns 3-kinase. The failure to identify an 

inhibitor of MCF-7 cell lysate Ptdlns 3-kinase did not simplify the purification of this 
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enzyme, but did support the hypothesis that a unique form of Ptdlns 3-kinase was present 

in MCF-7 cells. 

Wortmannin-Insensitive Ptdlns-Kinase in Human Tissues and Tumors 

Human colorectal mucosa and tumors were analyzed for the presence of WM-

insensitive Ptdlns 3-kinase (Table VT) to determine if the enzyme was present in primary 

human as well as murine tumors. Colorectal tissue was chosen for analysis because 

human breast tissue and tumors were unavailable. The levels of WM-insensitive Ptdlns 3-

kinase activity in colorectal tumors were consistent with the levels of WM-insensitive 

Ptdlns 3-kinase activity in C3H mammary tissue. Increased levels of WM-insensitive 

enzyme in primary colorectal and breast tumors may indicate that these enzymes were 

involved in mitogenesis. 

Potential Sources for the Purification of Wortmannin-Insensitive Ptdlns 3-Kinase 

Before purifying WM-insensitive Ptdlns 3-kinase, identification of a suitable 

source of enzyme was necessary. Purifying the protein from MCF-7 cells in culture was 

impractical because of the volume of cells which would be necessary to obtain adequate 

tissue masses. The cost of animals, housing and handling prevented attempts to purify 

WM-insensitive Ptdlns 3-kinase fi'om primary mouse tumors. Two additional approaches 

to obtaining protein were considered feasible; the first was inducing the amount of enzyme 

present in MCF-7 cells so more yield per cell volume was obtained and the remaining 



136 

approach was to purify protein from a human tissue source which was available in large 

amounts. 

Ptdlns 3-Kinase in Wortmannin Resistant MCF-7 Cells 

Comparison of WM dose response curves performed on MCF-7 and WR-MCF-7 

cell lysates revealed no differences in total Ptdlns 3-kinase activity or WM sensitivity 

(Figure 16). These results suggested that the resistance to WM observed in cultured 

WR-MCF-7 cells was not due to induction of WM-insensitive Ptdlns 3-kinase but could, 

for example, be due to altered uptake or metabolism. Therefore, these cells would not be 

a suitable source for the purification of this enzyme. 

Ptdlns 3-Kinase in Human Placenta 

One human tissue readily available in ample supply was placenta. Previous studies 

in this laboratory have successfully isolated enzymes of interest from this tissue (Oblong ei 

al., 1993). Testing of human placental homogenate for Ptdlns 3-kinase activity 

demonstrated a bi-phasic inhibition profile and an intersection of the two phases which 

were consistent with results obtained in WR-MCF-7, MCF-7 and C3H cell lysates 

(Figure 17). The placental WM inhibition profile indicated that this tissue contained a 

WM-insensitive Ptdlns 3-kinase which was less sensitive to WM than that in the breast 

cancer cells. Because the protein of interest had not yet been purified and characterized it 

was not possible to perform the immunohistochemical or molecular biological tests 
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necessary to confirming that placental and breast WM-insensitive Ptdlns 3-kinase were 

identical. The existence of a WM-insensitive Ptdlns 3-kinase in human placenta lead to 

the conclusion that it was a viable source for the characterization of this type of Ptdlns 3-

kinase. 

The Mutated Ataxia Telangectasia Protein as a Potential Ptdlns 3-Kinase 

The protein responsible for causing Ataxia Telangectasia when mutated was 

shown to have homology to the Ptdlns 3-kinase family of enzymes (Savitsky et al., 1995). 

Because the activity of this protein had not yet been established when these studies were 

initiated, it was considered possible that ATM was responsible for the WM-insensitive 

Ptdlns 3-kinase observed in this study. To determine if ATM was a WM-insensitive 

Ptdlns 3-kinase attempts were made to obtain functional protein for use in in vitro Ptdlns 

3-kinase assays. 

Nine-hundred and thirty-two base pairs of 5' atm sequence were obtained by PGR 

(Figure 20). Attempts to obtain additional sequence by PGR and library screening were 

unsuccessful. It was believed that the complexity of the atm gene, 150 kb of genomic 

DNA generating a 13 kb transcript from 66 exons (Uziel et al., 1996), was the reason that 

complete cDNA had not been obtained in these studies. This level of gene complexity 

would be likely to make full length mRNA transcripts rare. The lack of available 

transcript make it unlikely that PGR and/or library screens would be successful. 
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Because obtaining complete sequence was beyond our capabilities attempts were 

next made to express protein from the 932 bp cDNA fragment. The intention was to use 

this peptide to raise antibodies in rabbits. An ATM-GST fusion protein was expressed in 

E. coli, however amounts of protein sufficient for immunization of rabbits were not 

obtained in initial studies (Figure 21). When it was revealed that ATM was not a Ptdlns 

3-kinase (Jung et al., 1997) attempts to express additional quantities of the fusion protein 

were not made because ATM had been eliminated as the source of WM-insensitive Ptdlns 

3-kinase. 

Ptdlns 3-Kinase Antibody Studies 

A means to detect previously identified forms of Ptdlns 3-kinase would prevent 

the unintentional purification of these enzymes when following the WM-insensitive 

enzyme. To accomplish this task peptides from the a, P, y Ptdlns 3-kinase pi 10 catalytic 

subunits and a proposed form of Ptdlns 3-kinase were chosen for synthesis as multiple-

antigen-peptide-conjugates. Use of these conjugates eliminated the need for carrier 

protein and is believed to increase the immunogenicity of small peptides (Tam, 1988). 

During the course of the rabbit immunizations antibodies to the a, P, and y forms of 

Ptdlns 3-kinase became commercially available and were purchased. Experimental and 

commercial antibodies were tested for immunoreactivity against MCF-7 cell lysate. Of the 

antibodies tested, only the p85 control antibody reacted with a protein of the appropriate 

size in MCF-7 cell lysate (Figure 22), indicating that the Western blotting technique 
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utilized was appropriate. The Ptdlns 3-kinase a antibody failed to react with the bovine 

brain Ptdlns 3-lcinase which it was raised against (data not shown) and control protein was 

not available for testing of the other forms of Ptdlns 3-kinase. While immunizing rabbits 

with peptides can allow antibodies to be raised against molecules for which protein is 

unavailable they have the disadvantages. The antigenicity of peptides, even as multiple-

antigen-peptide-conjugates, may not have been sufficient to elicit an antibody response 

and the antibodies raised may have been targeted to three dimensional structures which 

were not present in native or denatured forms of the proteins. 

Comparison of MCF-7 and Human Placental Wortmannin-Insensitive Ptdlns 3-

Kinase 

The lack of antibodies to known catalytic forms of Ptdlns 3-kinase necessitated 

alternative approaches to confirming that WM-insensitive activity was not a function of 

these Ptdlns 3-kinases. This was accomplished while comparing the WM-insensitive 

forms of Ptdlns 3-kinase in MCF-7 cell lysate and human placental homogenate. Samples 

were partially purified by MonoQ-anion exchange chromatography and tested for Ptdlns 

3-kinase p85 regulatory subunit expression. 

The results obtained demonstrated that the majority of MCF-7 cell lysate Ptdlns 3-

kinase activity was associated with p85 expression (Figure 23). The activity in fractions 

14 to 16 was associated with two proteins which were p85 immunoreactive. The larger of 

these two proteins, 110 kDa, may represent a novel p85-related regulatory subunit. The 
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peak of Ptdlns 3-ldnase activity in fractions 12 and 13 was not correlated to p85-

immunoreactive protein. Multiple peaks of Ptdlns 3-kinase were also identified in 

fractionations of human placental homogenate (Figure 24). Ptdlns 3-kinase associated 

with p85 was present in two peaks, while a third peak (fractions 10 to 13) was 

independent of p85 immunoreactivity. 

In both MCF-7 and placental fractionations the first peak of Ptdlns 3-kinase 

activity isolated lacked p85 immunoreactivity while the following peaks were associated 

with p85. While the p85 independent peak was more active in MCF-7 cells than in human 

placenta, similar patterns of activity were obtained. The similarity between the WM 

sensitivity of MCF-7 lysate and placental homogenate, coupled with the similar patterns of 

activity observed upon fractionation indicated that human placenta was an appropriate 

source for the purification of a WM-insensitive Ptdlns 3-kinase which may be related to 

the MCF-7 form of this enzyme. Ptdlns 3-kinase y is the only known form of this enzyme 

which is not associated with p85 regulatory subunit expression and this enzyme is WM-

sensitive. Because of these characteristics of Ptdlns 3-kinase y, the WM-insensitive peak 

of activity which was independent of p85 was chosen for purification. 

Purification of Human Placental Wortmannin-Insensitive Ptdlns 3-Kinase 

Putative WM-insensitive Ptdlns 3-kinase was purified from human placenta using 

the procedure detailed in "Materials and Methods". The purification was not considered 

ideal because of the losses of specific activity and low yield experienced (Table XH), 
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however proteins of 85, 75 and 43 kDa were obtained and sent to the W. M. Keck 

Foundation Biotechnology Resource Laboratory at Yale University for analysis. LCQ 

analysis of tryptic peptides generated from the 43, 75 and 85 kDa proteins identified 

potential matches for some of the fragments (Table Xm), however, it did not identify a 

novel Ptdlns 3-kinase. Three possible explanations for this result were considered. The 

tryptic fragments could have masses similar to known protein tryptic peptides but 

dissimilar primary sequences indicating that true identification had not been made. The 

non-identifiable peptides could be fragments of the WM-insensitive Ptdlns 3-kinase, which 

do not contain sufficient homology to the Ptdlns 3-kinase family for identification. During 

the final steps of purification, the novel protein was lost and the proteins implicated by the 

tryptic characterization were indeed those purified. In order to determine which of these 

situations had occurred, further sequencing was performed on peptides generated from 

one of the proteins submitted for analysis. 

The 75 kDa protein was reproducibly present after multiple courses of purification 

and was recommended for further analysis based on the quality of its tryptic digestion. 

MALDI-MS analysis of six peaks present after tryptic digestion of the 75 kDa protein 

(Table XIV) indicated that only one of these peaks, 83, contained a single species, 

however NH2-terminal sequencing of this peptide revealed the presence of multiple 

species. While the complexity of the sequencing information obtained prevented the 

assigrunent of a "primary" sequence, two sequences were identified based on the protein 

identifications made during LCQ analysis (Table XIH). 
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Sequence 1 was thought to match residues 465-479 of 30 ribosomal protein SI 

while sequence 2 was believed to correspond to residues 32-44 of Heat Shock protein 70. 

The predicted masses of these peptides were 1550.8 and 2423.7, however neither of these 

corresponded to the 1327.4 mass actually observed during MADLI-MS analysis. This 

inconsistency was reported to indicate that the species at 1327.4 either corresponds to one 

of the other sequences in the mixture which could not be readily matched to 3OS 

ribosomal protein SI and DNAK protein, or that it corresponds to one of the other 

proteins identified during LCQ analysis of the 75 kDa protein (Table XHI). Another 

explanation offered was that a peptide spanning residues 261-272 in 3 OS ribosomal 

protein SI would have a mass of 1327.5, corresponding to the observed mass of 1327.4. 

This peptide would not have been detected because it begins with glycine and would block 

NH2-terminal sequencing. Because the amount of sequence generated was small (15 

residues or less), the sequences were assigned in a biased fashion (assigning sequences 

based on potentially inaccurate information), and the masses of the derived sequences did 

not match the observed mass in the sample, the identity of the purified protein could not 

be confirmed. 
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FUTURE STUDIES 

Wortmannin-Insensitive Ptdlns 3-Kinase Purification 

Because attempts to purify WM-insensitive Ptdlns 3-lcinase did not result in the 

identification of a novel Ptdlns 3-lcinase related enzyme, purification methods 

development should be continued. Successful purification and characterization of 

catalytically active WM-insensitive Ptdlns 3-kinase would be necessary before the 

relationship between the enzyme isolated from placenta and that expressed in breast 

tumors could be determined. This information would indicate whether the placental 

enzyme could indeed be used as a target for anti-cancer drug development. 

Because there is specificity in the binding of SH2 domain containing proteins to 

phosphotyrosine residues, phosphopeptide affinity coiumns may be a good way to purify 

WM-insensitive Ptdlns 3-kinase. For example, the Ptdlns 3-kinase binding domain of the 

PDGF recepter could be immobilized on a column matrix and used to purify proteins 

which have homology to the SH2 domain of Ptdlns 3-kinase. In order to concentrate all 

of the Ptdlns 3-kinases in the sample and remove non-Ptdlns 3-kinase related proteins, 

this column should be among the first steps in the purification. Chromatography steps 

performed after the phosphopeptide affinity column would be used to separate the distinct 

populations of Ptdlns 3-kinase activity present in the original sample. If Ptdlns 3-kinase 

activity was not detectable in the eluent of this column, other Ptdlns 3-kinase binding 

domains could be tested as ligand in the purification. 
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When developing a new purification procedure redundant column steps, such as 

DEAE cellulose and DEAE sephacel, should be eliminated. Iso-electric focusing should 

be performed over a narrow pH range using rotolytes. This change in ampholytes should 

prevent the loss of activity experienced in these studies. Additional columns to be used 

would include gel filtration and cation exchange. 

Once obtained, placental WM-insensitive Ptdlns 3-kinase protein should be 

sequenced. If evidence indicates that a unique Ptdlns 3-kinase has been isolated, then 

attempts should be made to clone the gene. The deduced DNA sequence would be used 

to develop primers for the PCR amplification of a fi"agment of this gene. This cDNA 

fi-agment should be used to screen libraries to obtain the full length gene. The gene should 

then be expressed and activity measurements made. If enough Ptdlns 3-idnase is 

available, attempts should be made to produce antibodies in rabbits. 

It was not initially possible to confirm that the WM-insensitive Ptdlns 3-kinase 

from placenta and breast tissue were the same enzyme. After obtaining the placental 

Ptdlns 3-kinase gene attempts should be made lo screen breast cancer cDNA libraries for 

this sequence. Isolated clones should be screened and compared to the placental gene. 

DifTerences in Ptdlns 3-Kinase Between C3H Tumors and Monolayer Lysates 

While C3H cell lysate Ptdlns 3-kinase was comprised of both WM-sensitive and 

insensitive populations, C3H tumors contained predominantly WM-insensitive Ptdlns 3-

kinase. Many of the WM-sensitive Ptdlns 3-kinases identified to date were found in 
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cDNA libraries or immunoprecipitated from ceil culture lysates. Demonstrating that these 

types of activity are present only in cell culture will indicate that they are less appropriate 

targets for the development of an anti-cancer therapy than the WM-insensitive enzymes. 

Studies siiTiilar to those performed in HT-29 cells in Dr. Powis's laboratory by Dr. 

Yeates, showing that different forms of Ptdlns 3-kinase were necessary for anchorage-

dependent and -independent growth, should be performed with C3H cells. Ptdlns 3-

kinase would be isolated from C3H cells grown in monolayer culture and as colonies in 

soft agar. Lysates of C3H cells grown in soft agar which contained predominantly WM-

insensitive Ptdlns 3-kinase would support the conclusion that anchorage independent 

growth affected the isoform of Ptdlns 3-kinase cells contained and that this enzyme was a 

better target for drug development than the WM-sensitive enzymes. If possible any 

differences observed should be confirmed by Western or Northern blot analysis. 

Mechanism for Inhibition of Tumor Growth by Wcrtmannin 

Determining the mechanism by which WM was responsible for inliibiting tumor 

growth was not necessary for the completion of these studies because it did not appear to 

be Ptdlns 3-kinase related. Understanding the mechanism by which WM inhibits tumor 

growth may however help determine what types of tumors could be effectively treated 

with this drug. Evaluating the roles that Her2/neu expression and angiogenic capacity 

play in the WM sensitivity of tumors would be two areas of interest 
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Tumor cell Her2/neu expression has been reported to be linked to in vivo WM 

sensitivity (Schultz et al., 1995). The expression of Her2/neu reported in UACC2150 

cells (Paine-Murieta et al., 1997) and MCF-7 cells (Schultz et al., 1995) should be 

simultaneously confirmed in order to properly assess the magnitude of difference between 

these cells. If a significant difference in Her2/neu expression does exist, the role of this 

receptor in in vivo WM sensitivity of breast tumors should be assessed. This could be 

accomplished by first assessing growth inhibition in tumors which have been characterized 

as either non- or over-expressors of this protein. If a relationship between Her2/neu and 

inhibition is supported, then attempts should be made to determine if responding tumors 

can be rendered non-responding by alterations in this pathway, for example MCF-7 cells 

transfected with a plasmid which over expresses Her2/neu should be rendered insensitive 

to WM in comparison to wild tj'pe cells. 

The role of angiogenesis in tumor WM sensitivity should also be determined. WM 

has been shown to be both a Ptdlns 3-kinase (Powis et al., 1994) and angiogenesis 

inhibitor (Oikawa and Shimamura, 1996). The relatively aggressive growth of MCF-7 

cells in comparison to UACC2150 cells may be due to increased angiogenic capacity and 

result in sensitivity to WM. Differences in angiogenic capacity between these tumors 

should be confirmed by determining the angiogenic index of each tumor. For this 

technique microscopic evaluation of vessel-number-per-field is performed on primary 

tumor samples. If the microvessel density of MCF-7 tumors is greater than that of 

UACC2150 tumors, evaluation of angiogenic index in WM treated MCF-7 tumors should 
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be compared to control tumors. Evidence for decreased vascularization in treated tumors 

would confirm that angiogenesis was targeted by WM in vivo. 
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SUMMARY 

Significant inhibition of C3H tumor growth resulted fi-om 7 days of p.o. WM 

treatment at 1 mg kg"' (p=0.022) and was maintained after treatment was withdrawn 

(p=0.0003). 

No difference in Ptdlns 3-kinase activity was detected between control or WM-treated 

mouse C3H mammary tumors despite the inhibition of growth observed in the treated 

tumors. 

The growth of both pre-palpable and palpable human MCF-7 mammary tumors was 

completely blocked by 1 mg kg"' p.o. WM (p ^ 0.0001), however growth resumed at a 

rate similar to controls when treatment was discontinued. 

The size to which MCF-7 mammary tumors had progressed before drug treatment was 

begun appeared to affect WM toxicity. 

Growth of human UACC2150 mammary tumors was not affected by WM given on an 

intermittent schedule. 

3'Deoxy-PtdIns blocked the growth of both C3H and MCF-7 mammary tumors in 

vivo. 

Lysates of C3H, MCF-7 and WR-MCF-7 cells, as well as human placental 

homogenate, contain both WM-sensitive and WM-insensitive populations of Ptdlns 3-

kinase activity. 
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Inhibitors of the novel WM-insensitive Ptdlns 3-kinase were not found among the 

compounds tested. 

Partial purification MCF-7 cell lysate and human placental homogenate Ptdlns 3-

kinase demonstrated that each contained a population of activity which was not linked 

to Ptdlns 3-kinase p85 subunit expression. 

The amino acid sequence of protein purified from human placenta did not show 

similarity to any known Ptdlns 3-kinase. 
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