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ABSTRACT

The development of multidrog resistance (MOR) in tumour cells to a wide range of

anticancerdrugs has become a major obstacle in thechemotherapeutic treatmentofcancer. Molecular

characterization of MDR tumour cells bas led to the identification of severa! cell-based genetic

alterations including the overexpression of a membrane protein, P-glycoprotein (P-gp). P-gp is a

ATP dependent drug eftlux pump and P-gp ATPase activity bas been demonstrated to he essential

indrug transport. In aneffort ta understand how P-gp ATPase activity is coupled to drug binding and

transport, we examined the effects ofN-ethylmaieimide (NEM) , a potent inhibitor of P-gp ATPase,

on P-gp drug binding and transport. Our results show that short term treatment ofMDR cells with

NEM 100 to a concentration-dePendent increase in P-gp drug binding and phosphorylation. In

addition, NEM increases [3H]-vinblastine accumulation indrug resistant cells but not insensitive cells.

Our study suggests that inhibition ofP-gp ATPase activity, and not increased phosphorylation ofP­

gp by NEM, is responsible for the observed increase in P-gp-drug binding.

Selection of tumour cell lines in vitro bas led to multiple cellular changes that may mediate

drug resistance to anticancer drugs. The role ofother mechanisms, in addition to P-gp and multidrug

resistance protein (MRP) in drug resistance, is supported byevidence from studies with tumour cell

lines and clinical tumours. In an effort to identify other cellular changes that may he important in

tumour drug resistance to anticancer drugs, we have usoo a differential immunodot blot method to

isolate monoclonal antibodies that bind to proteins in drug resistant but not in drug sensitive cells.

By using the immunodot blot method, we have isolated a monoclonal antibody (IPM96 ) which

recognized a 40 kDa protein (P-40) in several MDR cell lines. The expression ofP-40 is concurrent

with the level ofdrog resistance. Biocbemical characterization showed P-4O to he associated with

the cell membrane and in the soluble fraction. Molecular cloning ofP-40 cDNA revealed that P-40

is identical to annexin l, a substrate for the epidermal growth factor receptor tyrosine kinase. The

observOO increase in P-40 (or annexin I) protein levels in drug resistant cells is due to the elevation

ofP-40 transcripts. The pbarmacologicalcharacterizationofP-40 cDNAtransfectants (P-40-MCF-7)

bas demonstrated that overexpression of P-40 in drug sensitive cells is capable of conferring dmg

resistance to adriamycin, actinomycin D , Taxol and cisplatin. Taken together, our study provides

convincing evidence that annexin l is important in the development ofdrug resistance in cancer cells.

In addition, it suggests a novel mechanism of drug resistance that is different from the ATP­

dependent drug eftlux pumps that mediate P-gp- and MRP-associated MDR
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ABRÉGÉ
Le développement, chez les cellules cancéreuses, d'une résistance multiple à un vaste nombre

de médicaments anticancéreux est devenu un obstacle important au traitement chimiothérapeutique
du cancer. La caractérisation moléculaire des cellules cancéreuses résistantes a permis d'identifier
plusieurs altérations génétiques comme la surexpression d'une protéine membranaire: la P­
glycoprotéine (P-gp). La P-gp est une pompe d'écoulement de composés chimiques en fonction de
l'ATP, et l'activité de la P-gp ATPaseest essentielle au transport de ces composés. Pour comprendre
comment l'activité de la P-gp ATPase est jumelée à la fixation et au transport de substances
chimiques, nous avons exanimé les effets de N-éthyhnaléinide (NEM), un puissant inhibiteur de la P­
gp ATPase, sur la fixation et le transport de composés au P-gp. Nos résultats démontrent qu'à court
terme le traitement de cellules résistantes avec NEM amène une augmentation de la fixation et de la
posphorylation des composés chimiques au P-gp en fonction de la concentration. De plus, NEM
augmente l'accumulation de la vinblastine tritiée dans les cellules résistantes, mais non dans les
cellules sensibles. Notre étude suggère que l'inhibition de l'activité de la P-gp ATPase est
responsable de l'augmentation de la fixation P-gp-composé chimique et non l'augmentation de la
phosphorylation de la P-gp par NEM.

Le processus de sélection de lignées cellulaires cancéreuses in vitro a engendré de multiples
changements cellulaires qui peuvent moduler la résistance aux médicaments anticancéreux. En plus
de la P-gp et de protéines multirésistantes, d'autres mécanismes de résistance sont révélés par des
études sur des lignées de cellules cancéreuses et des cas cliniques. Pour identifier d'autres altérations
cellulaires importantes à la résistance cellulaire aux médicaments anticancéreux, nous avons utilisé
la méthode par immunodot blot pour isoler des anticorps monoclonaux s'attachant aux protéines de
la résistance médicamenteuse mais non aux cellules sensibles. afâce à cette procédure, nous avons
isolé un anticorps monoclonal (IPM96) qui reconnaît une protéine (P-40) de 40 kDa dans plusieurs
lignées cellulaires résistantes. L'expression de P-4Q est concourante au niveau de résistance
médicamenteuse. La caractérisation biochimique de P-4D a démontré qu'il est associé à la fraction
soluble de la membrane cellulaire. Le clonage de P-4Q ADN-c a démontré qu'il était identique à
annexin l, un substrat d'un facteur de croissance épidermique récepteur de la tyrosine kinase.
L'augmentation observée du niveau de P-40 (ou annexin 1) dans les cellules résistantes est due à
l'élévation du nombre de transcrits de P-40. Le profile pharmacologique de cellules transfectées au
P-4D ADN-c (P-40-MCF-7) a démontré que la surexpression de P-4Q dans les cellules sensibles aux
médicaments est capable de créer une résistance à l'adriamycine, l'actimomycine D, le taxoI et la
cisplatine. Dans l'ensemble, notre étude prouve de façon convaincante que annexin l est important
au développement de la résistance médicamenteuse des cellules cancéreuses. De plus, elle suggère
un nouveau mécanisme de résistance médicamenteuse différent des pompes d'écoulement de
composés chimiques en fonction de l'ATP qui module la P-gp et autres protéines associées à la
résistance multimédicamenteuse.
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STATEMENT OF ORIGINALITY

Manuscript 1.

1.The inhibition ofP-gp ATPase activity does notinhibit the capacity ofP-gp to bind drugs.

In P-gp expressing MDR cen lînes, the abolishment of P-gp ATPase activity by a V-type ATPase

inlubitor ( N-ethylmaleimide ) leads to an increase in photolabeling with Iodoaryl-Azioprazosin

(IAAP) and [3H]-vinbIastine accumulation in MDR cells. These effects are Iargely due to the

inhibition ofP-gp drug transport, which in turn leads to the saturation of P-gp drug binding sites.

2. Persistent phosphorylation of P-gp does Dot affect P-gp drug binding capacity.

Super-phosphorylation of P-gp in the presence of N-ethyImaleimide in MDR cells is due to its

inhibition of P-gp phosphate turnover. Using a phosphatase inhibitor ( calyculin A) to mimic the

effect ofN-ethylmaleimide, P-gp drug binding can not he affected.

Manuscript IL

1. OverexpressioD ofa 40 kDa protein in human multidmg resistant (MDR) cen Iines bas been

identified.

By using immuno-dot blot method, we have isolated a monoclonal antibody which recognizes a 40

kDa protein (P-40) in severa! MDR celllines (MCF-7!Adr, SKOVNLB1.0, H69/AR and HL60/AR).

Furthennore, P-40 levels dropped significantly in one revertant cellline (H69/PR) derived from

H69!AR ceIlline. The low level ofP-40 was also detected in SKOV3, a cellline that was previously

shown to he clinically resistant to several cytotoxic drugs ( cisplatin and adriamycin). Since the

expression ofP-40 is also higher in two tumour ceIllines (SKTax6a and A2780cp
) that were selected

with paclitaxel and cisplatin but do not express P-gp or MRP, the overexpression ofP-40 is not the

result of co-amplification ofP-gp or MRP.

2. P-40 is a membrane-associated intraceUnlar proteine

We have demonstrated that two pools ofP-4Q exist in MDR cells. The membrane-associated P-40

is highly resistant to extraction with high salt ( disruption of the ionic force) and EDTA ( cationic

chelating agent) but not resistant to extraction with detergent and urea.
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Manuscript m.
1. Molecular c10ning of P-40 demoustrated that P-40 is identical to annexin l, a substrate for

epidermal growth factor receptor kinase.

The identity of P-40 and annexin 1 bas also been established based on (a) the similarity of the

molecuIar mass of P-40 and annexin l, Ch) the cross-reactivity of IPM96 monoclonal antibody and

(c) the distnoution pattern of P-40 and annexin 1 in mammalian ceIIs.

2. The expression of P-40 conCers low levels ofdrug resistance to several cytotoxic drogs.

The P-4Q cDNA stable transfectant has been established by transfecting P-4D cDNA into MCF-7

drug sensitive cells. Characterization ofP-4D stable transfectant shows that the expression ofP-40

in drug sensitive MCF-7 ceIIs confers low leveIs ofdrug resistance to a variety of anticancer drugs.

3. Annexin family may be very important in the developmentofmuItidrugresistantphenotype

in cancer ceUs.

The expression of several members of the annexin family ( ego fi and IV) is increased in MDR cell

Iines relative to the parental cell Iines, but to Iesser extent as that ofP-40 (or annexin 1). The levels

ofP-40 (or annexin 1), annexin II and IV are decreased in a revertant cellline (H69/PR). These facts

are critical for future evaluation of the functions of the annexin family in :MDR.
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THE MEC~TJ:SMSOF MDLTIDRUG RESISTANCE IN

CANCER CHEMOTHERAPY
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l.INTRODUCTION

The ability ofmalignant ceUs to develop resistance to cytotoxic drugs is a major obstacle in

the chemotherapeutic treatment of cancer patients. Clinically, a single drug treatment of cancer

patients results in the development of tumours that are resistant to other drugs that are structurally

and functionally dissimilar. Interestingly, a similar phenomenon has also been observed in vitro

using a ceU culture system. When tumour celllines grown in culture are challenged with a single

cytotoxic drug, they become resistant to many strueturally and functionally unrelated compounds

(Endicott and Ling, 1989; Gottesman and Pastan, 1993). Several mechanisms have been described

during the past decades to explain this pleotropic phenotype. For example, most multidrug resistant

tumour ceU Iines that are seleeted with natural product toxins overexpress one of two plasma

membrane proteins, P-glycoprotein (P-gp ) or the Multidrug Resistance Protein (MRP). P-gp and

MRP are members ofthe ATP binding cassette superfamily ofmembrane trafficking proteins (Higgins

,1993). The mechanism by which P-gp mediates multidrug resistance (MDR) has heen extensively

studied and it is now accepted that P-gp functions as an energy-dependent drug efflux pump. The

mechanism by which MRP mediates the multidrug resistance phenotype is similar to that for P-gp.

However, more work is required to elucidate the molecular basis by which MR.P confers drug

resistance.

The realization that MDR in cancer cells, especially in the clinical situation., is a multifactorial

process has led to an intensive investigation of other potential MDR-associated mechanisms in

tumour cells. These studies have demonstrated that the development of drug resistance in

malignant tumours could be associated with a number ofcellular changes. Such changes cao either

act separately or together to confer drug resistance. Sorne of the cellular changes that have been

identified in MDR tumour ceUs include changes in, Ca) Iipid composition Ce.g., ganglioside

expression; Biedler and Peterson, 1981),(b) enzymes involved in the metabolism of drugs and

xenobiotics Ce.g., cytochrome P450 and GST isoenzymes; Vickers et al, 1989; Tew 1994; Batist et

al, 1986), © nuclear proteins ( e.g., topoisomerase II; Evans et al, 1994) and the expression of

cytosolic proteins (e.g., sorcin; Van der Bliek et al, 1986). More recently, it has heen demonstrated

that changes in the susceptibility oftumour cells to apoptotic ceU death following chemotherapy also

lead to the:MOR phenotype (Lowe et al, 1993). Furthermore, mutation or allelic disruption ofp53,

3



• overexpression ofBel-2 and its homologoue Bel-x, or MDM2 are all able to induce drug resistance

in certain types of tumour cells (Symmans et al, 1993; Kamesaki et al~ 1993; Kitada et al~ 1994;

Lowe et al, 1993; Venil et al~ 1995; Perego et al, 1996; Kondo et al~ 1995). This literature review

is a brief summary of the CUITent understanding of the MDR phenotype and the mechanisms that

contnoute to this phenotype.

1.1 The MDR phenotype

The l\1DR phenotype was first described in tumour celllines grown in vitro in the presence

ofsublethal concentrations ofcytotoxic drugs. For example~ P3 88 murine leukemic cells selected for

resistance to vinblastine showed cross-resistance to actinomycin D~ vincristine and daunorubicin ~

and hence an IvIDR phenotype (Kessel et al ~ 1968). The phenomenon ofI\IDR is exemplified by the

expression of resistance to a wide range of structurally and functionally unrelated drugs. This

phenotype occurs frequently in cultured mammalian cells exposed to sublethal concentrations of

cytotoxic drugs and in cancer patients following chemotherapeutic treatment with adjuvant

anticancer agents.

• 1.2. MDR tumour celllines

To gain a better understanding ofthe MDR phenotype, several MDR tumour celllines were

isolated by exposing drug sensitive tumour cells to sublethal concentration of anticancer drugs (

Bech-hansen et al~ 1976; Ling et al, 1983; Gazdar et al~ 1980; Biedler and Rie~ 1970; Siegfried

et al, 1983; Mirski et al, 1987; Twentyman et al, 1986; McGrath and Center, 1987). Sorne of the

characteristics ofMDR celllines are listed in Table 1.

Table 1.Characteristics of the MDR phenotype

Increased resistance to unrelated cytotoxic drugs
Decreased intracellular accumulation of drugs
Enhanced drug effiux
Collateral sensitivity to membrane-active agents (eg. Triton X-lOO and local anaesthetics)
Overexpression ofa membrane transport protein or P-glycoprotein ( P-gp)
Reversai ofdrug resistance by different elasses ofdrugs known as reversing agents (eg. Verapamil
and cyclosporin A)
Georges et al, 1992

One of the most interesting characteristics ofthe above drug resistant cells, which provided

the impetus to the study ofMDR celllines as a model for clinical drug resistance, is the development

••
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of drug resistance to a broad spectrum of drugs upon exp0 sure to a single cytotoxic drug (Bech­

Hansen, etal 1976). Othercharacteristics included reduction in the cellularaccumulation ofcytotoxic

drugs (Inaba et al, 1982; Willingham et al, 1986) and collateral sensitivity to various membrane­

active agents such as calcium channel blockers, steroids and local anaesthetics (Biedler and Riehm,

1970). The mechanism by which multidrug resistant cells acquire collateral sensitivity to membrane

active agents remains unclear. However, it has been proposed that changes to the properties ofthe

cell membrane following treatment by membrane active agents, may influence the fluidity of the

lipid bilayer and induce programmed cell death (Lincoln and Georges, 1998 submitted).

Overexpression ofP-gp is the most consistent aIteration identified in MDR cells. The leveis

of P-gp expression have been shown to correlate with the degree of drug resistance in many

separately derived:MOR ceillines ( Ling et al, 1983; Kartner and Ling, 1984). Moreover, the role

of P-gp in the development of the MDR phenotype has been confinned by single gene transfer

studies (Gros et al, 1986; Ueda et al, 1987). Another important characteristic ofP-gp-expressing

MDR cells is the reversai ofthe drug resistance phenotype in the presence of nontoxic compounds

collectively known as reversing agents( for review, Georges et aL, 1990).

1.3. Clinical MDR

The occurrence ofdrug resistance during the chemotherapeutic treatment ofcancer patients

is a major obstacle limiting the success ofcancer treatment. It is believed that chemotherapy can

exert strong selective pressure on the malignant tumour cells leading to the outgrowth of chemo­

resistant cells. The ability of this small population ofmalignant cens ta survive, when exposed to

sublethaI doses of anti-cancer agents and to develop an :MDR phenotype results in untreatable

clinicaI relapse. Recent findings have established a correlation between P-gp levels in tumour

samples and failure of the chemotherapy in hematopoietic and childhood malignant tumours

(Chanet ai, 1991; Chan et ai, 1990; Bordow et al, 1994; Goldstein etai, 1989; Sato et al, 1990).

However, the prognostic value ofP-gp in other types ofcancers is less certain. The recently identified

membrane protein, MRP, in small celliung cancer (SCLC) cells, in the absence ofP-gp, may be of

prognostic vaIue in P-gp-negative MDR tumours. In the majority ofcases ofclinical drug resistance,

especially in solid tumours, it is likely that other cellular factors play critical roles. These cellular

factors may include drug uptake (Kaye, 1995 ), failure ofprodrug activation (powis and Prough,
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• Table 2 Frequently encountered neoplasms

Oral cancer
Gastric cancer
Hepatoma
Prostate cancer
Breast Cancer
Lung cancer

Oesophageal cancer
Pancreatic cancer
Colon and rectal cancer
Kidney cancer
Bladder cancer

•

•

In practice, these tumours are rarely cured by chemotherapy and account for over 90% of cancer
related deaths. (Spiers, 1994)

1987; Nebert et al, 1991), changes in intracellulardetoxification pathways (Hamilton et al, 1985;

Perez et al, 1990), changes in target enzymes (Pommier et al, 1986; Kim et al, 1991) and DNA

repair processes (Masuda et al, 1988). In addition, other intracellular molecules may impact drug

delivery and genetic controis for cellular mechanisms such as apoptosis (Miyashita et al, 1992;

Lowe et al, 1993). Therefore, it is likely that these changes, in addition ta P-gp and MRP, confer drug

resistance onto cancer cells. Furthermore, given that P-gp or :MRP transfectants expressed lower

Ievels ofdrug resistance when compared ta cells selected in vitro that express same amount ofthese

proteins strongly suggests that other mechanisms are involved in drug resistance.

2. MDR and overexpression of P-gp or MRP

Severai studies have provided compelling evidence that overexpression of P-gp or l\1RP is

sufficient to confer multidrug resistance (Gros et al, 1986; Ueda et al, 1987; Grant et al, 1994).

Analysis of the predicted amino acid sequences of these integral membrane proteins revealed

structural motifs characteristic of the superfamily ofABC membrane transporters. Thus, at least in

vitro, the raIe of P-gp and :rvIRP in MDR is weil established (Higgins, 1992). Moreover, given the

potential raIes ofthese proteins in the htIDR phenotype in sorne cancers, a major effort ta develop

drugs that reverse P-gp- or MR.P-mediated :MDRhas led ta the development ofa group ofreversing

agents ( e.g., cyclosporin A., BIBW 22 and PSC 833, etc.). Clinical trials using such reversing agents

in the treatment ofP-gp- mediated MDR in tumours are in progress.

2.1. P-gp and multidrug resistance

Overexpression ofP-gp has been identified in many MDR cells or tissues using P-gp-specific

monoclonal antibodies against different epitopes in P-gp (Kartner et al, 1985; Hamada and Tsuruo,
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1986). Moreover, a cDNA fragment that encodes a smaIl domain in P-gp was also used as a probe

ta measure P-gp rnRNA and gene amplification ( Riordan et al 1985). In another study, Ling and

Baker (1978) have demonstrated that the expression of the MDR phenotype segregates with the

acquisition ofthe P-gp gene. The demonstration that P-gp alone is sufficient for the expression of

the MDR phenotype was shown in transfection experiments using full-Iength clones ofP-gp cDNA

(Gros et al, 1986). In this study, Gros et al (1986) provided conclusive evidence that the

overexpression of P-gp alone in drug sensitive cells can confer an MDR phenotype. The latter

conclusion was further confirmedbyothers using cDNAs encoding human and hamster P-gp (Devaut

and Gros, 1990; Ueda et al, 1987).

Using a highly conserved fragment ofP-gp gene, it was later shawn that P-gp is encoded by

a smalI gene family ofthree genes (rodr1, rodr2, and rodr3) in rodents (hamster and mouse) and two

(MDR1 and~R3) inhumans (Ng et al, 1989; Van der Bliek et al, 1987). Interestingly, only MDR1

in human and mdr1 and mdr3 in rodents were shown to confer the IvIDR phenotype when fulliength

clones of P-gp cDNAs were transfected into drug sensitive cells. The transfection of cDNAs

encoding the huroan MDR3 and rodent mdr2 isoform ofP-gp from human or rodents did not confer

the lVIDR phenotype ( Schinkel et al, 1991; Buschman and Gros, 1991).

P-glyeoprotein strocture and tynetion: Analysis of the amino acid sequence of P-gp revealed a

tandemly duplicated structure ofhydrophobic and hydrophilic domains. The hydrophobie domains

are thought to encode for six putative transmembrane sequences linked via a stretch of 60 amino

acids. The hydrophilic domains encode for a large cytoplasmic domain each containing one ATP

binding site ( Gerlach et al, 1986; Gros et al, 1986; Chen et al, 1986). As an ABC transporter, P-gp

was shawn to bind to and hydrolyse ATP. Moreover, several studies have demonstrated a basal

ATPase activity using purified P-gp (Shapiro and Ling, 1995). Furthermore, P-gp ATPase activity

was shown to be stimulated in the presence of sorne anticancer drugs ( ComweU, et al., 1987;

Schurr, et al. 1989; Germann et al, 1990; Georges et al, 1992). Although the molecular mechanism

by which ATP hydrolysis is coupled to drug binding or transport is not clear, it has been

demonstrated that both ATP binding sites in P-gp are required for the function ofP-gp as a drug

efflux pump( Azzaria et al, 1989). Immunohistochemisty studies with monoclonal antibodies

(MRK-16 ,Georges et al, 1993; C219, Kartner et al, 1985; MM4.17, Cianfriglia et al, 1994) have
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confirmedthe cytoplasmic location ofATP-binding domains and the extracellular location ofthe loop

linking the putative transmembrane domains TM1 and TM2 and the loop linking the putative

domains TM7 and TM8. However, alternative topologies ofP-gp have been observed in cell free

system (Zhang and Ling, 1991; Zhang et al, 1993; Skach et al, 1993), Xenopus oocytes( Skach et al,

1993), and bacterial expression system (Bibi and Beja, 1994; Beja and Bib~1995). More recently,

the topological studies of P-gp have shown that P-gp undergoes major changes in its tertiary

structure upon the addition ofMg-ATP or Mg-ATP and verapamil (Sonveaux, et al 1996). Thus,

although the three dimensional structure of P-gp is not yet known, in a recent study using a two

dimensional crystalline array of detergent-solubilized and lipid reconstituted P-gp, the structure of

P-gp was detennined by electron microscopy and image analysis to a resolution of2.4 nm (Rosenberg

et al, 1997). In that study, P-gp was detennined to be a monomer with an overall shape ofa cylinder

of 10 nm in diameter and 8 nm in height viewed from the extracellular surface. P-gp appeared as a

toroidal with a large central pore of5 nm in diameter.

The role ofP-gp in rvIDR was initially based on its high sequence and structural homologies

to bacterial periplasmic membrane transport proteins (Doige and Ames, 1993). The structural

homology of P-gp was extended to include other membrane proteins such as the cystic fibrosis

transmembrane regulator (Riordan et al, 1989), the WfCrr endoplasmic peptide transporter (Spies

et al, 1990), and the a-mating factor transporter in yeast (STE6) (McGrath et al, 1989). In fact,

based on evidence from the yeast genomic project, the ABC family of proteins appears to be the

largest family of functionally or structurally conserved proteins when compared with other protein

families (Hartwell et al, 1997).

Further confirmation ofthe role ofP-gp in the expression ofthe~Rphenotype of tumours

has been supported by the isolation ofa number ofP-gp homologues from drug resistance parasites.

For example, it was shown that membrane proteins encoding 12 putative transmembrane domains

and two ATP binding sites are overexpressed in drug resistant Plasmodium falciparum (Wilson et

al, 1992), Leishmania (Hendrickson et al, 1993), and Entamoeba histolytica (Descoteaux et al,

1992). However, direct and conclusive evidence for the roles ofthese proteins in drug resistance

remains to be demonstrated. Taken together, it appears that P-gp functions as an energy-dependent

drug effiux pump that extrudes cytotoxic drugs from tumour cells in vitro. The molecularmechanism
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ofdrug efllux via P-gp is currently not clear. Using photoactîve analogues ofCYt0toxic drugs, it was

shown that P-gp interacted directlywithvarious lipophilic compounds including most cytotoxic drugs

(Nogae et al, 1989; Pearce et al, 1989; Safa et al 1987; Safa et al, 1989; Nare et al, 1994; Liu et

al,1996). In addition, P-gp with a single point mutation in the putative transmembrane domains 6

,Il or 12 was shown to display altered drug specificity (Devine, et al 1992; Loo and Clark et al,

1993; Gros et al, 1991). The latter observation clearly suggests that P-gp is directly involved in the

eft1ux ofcytotoxic drugs from !\.1DR cells.

P-glycoprotein expression in normalandtumour tissues: P-gp expression has been shown in normal

and tumour tissues (Weinstein et al, 1991). Studies on the normal tissue distribution ofP-gp in

rodents and humans have indicated a restricted expression ( Sugawara et al, 1988; Mukhopadhyay

et al, 1988). For example, it has been shawn that certain normal tissues have intrinsically high levels

ofP-gp, while other normal tissues do not express deteetable levels ofP-gp (Bradely et al, 1990). In

light ofthe possible raIe ofdifferent isoforms ofP-gp, it was shawn via two independent approaches,

that different isoforms of P-gp are differentially expressed. In one such study, using epitope-specific

monoclonal antibodies, Georges et al., (1990) demonstrated the expression of class l isoform in

colonic epithelial cells while the class II isoform was overexpressed to high levels in the adrenal

cortex. The class fi isoform was expressed only in a small subset of skeletal muscle fibers and in

smooth muscle. Using a similar approach, Bradely et al., (1991) extended the above tissue

distribution ofP-gp isoforms in normal hamster tissues (see Table 3). In addition, the above study

aIso demonstrated that the distribution ofP-gp isoforms in some tissues appears to be sex-dependent

and was hormonally-regulated. Based on the normal tissue distribution ofP-gp isofonns, it was

speculated that P-gp is likely ta mediate a specialized transport function in different tissues. The

above differential expression of P-gp isoforms was confirmed byusing isoform-specific cONA probes

that encode the rnouse P-gps (Croop et al, 1989).

The normal function ofP-gp, apart from its role in!\.1DR, is not known. Although possible

endogenous substrates for P-gp have not been identified, the tissue distribution studies, especially the

polarized location ofP-gp in sorne tissues (e.g., kidney and colon), have led sorne to speculate

about the raIes of P-gp in the transport of normal cell rnetabolites and detoxification of

xenobiotics
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Table 3. Detection of P-gp in normal hamster tissues

P-gp detected P-gp not detected

Cerebrum and cerebellum Salïvary gland
Heart Mammary gland
SmalI and large intestines Trachea and lung
Liver Buccal pouch, oesophagus, stomach
Ovary, oviduct, uterus, vagina Pancreas, spleen
Testis Kidney
Adrenal cortex Adrenal medulla
Gravid uterus Placenta
Striated muscle Smooth muscle

Bradely et aL 1990

(Thiebaut et al, 1987; Rao et al, 1994; Kalken et al, 1993). To gain a better insight into the normal

function ofP-gp, Smit et al., (1993) have developed knockout mice with disrupted mdr2 gene ( the

class m isofonn ). These mice showed severe liver disease and the major biochemical defect

appeared to be the secretion ofphospholipid into bile. This study strongly suggested that the mdr2

gene product is involved in the transport of phospholipids. The latter conclusion was further

supported by a later study using a mdr2 heterozygous yeast expression system (Ruetz and

Gros,1994). In contrast, knockout mice with P-gp mdrl ( class 1 isoform ) disruptions showed

normalliver phospholipid transport but were hypersensitivity to cytotoxic drugs at the level of the

blood-brain barrier (Schinkel et al, 1994). For example, rnice with both alle1es ofmdrl disrupted

showed 80 fold increase in the accumulation of drugs in tissues that express high levels of P-gp

Ce.g., brain , intestine etc.). These results demonstrated the role of mdrl in the extrusion of

cytotoxic compounds. It should be pointed out that although high levels of P-gp (rndrl) were

observed in other normal tissues (other than the endothelial cells of brain blood capillaries), no

preferential drug accumulation was observed in those tissues. These results may suggest that other

drug effiux mechanisms are operative in those tissues. More recently, another study from the above

group showed that human l\1DRl or mouse mdrl pgp is able to transport short chain phospholipid

analogues with broad specificity in vitro (Van Helvoort et al, 1996). Collectively, these results have

led to the speculation that the class 1 isoform ofP-gp (human MDR1 and mouse mdr1 pgp) may

have a physiological function as a flippase in translocating certain type of phospholipids within the

plasma membrane. Taken together, it appears that class 1and class II isoforms ofP-gp ( mdr1 and
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• mdr2 gene ) mediate the transport of xenobiotics and nonnaI cell metabolites, while the class III

isoform ( hamster mdr 3 and murine mdr2 ) is involved in the transport of phosphatidylcholine.

Table 4. P-gp expression in cancer

Tumour type.

•

•

Constitutive expression Colon carcinoma
Adrenal cancer
Renal carcinoma
Hepatoma
Pancreatic islet cell tumour
NSCLC with neuroendocrine properties
Cw., in blast crisis
AML

Increased expression after chemotherapy NI-IL
BeLL
ANLL
Neuroblastoma
Breast cancer
Multiple myeloma
Rhabdomyosarcoma

Trambas et al, 1997

Using the same molecular probes, investigation ofP-gp expression in human tumours was

aIso undertaken. The study by Bell et al., (1985) was the tirst demonstration ofhigh P-gp levels in

tumour sampIes from patients with advanced drug resistant ovarian cancer. Later studies by Fojo et

al., (1987) demonstrated high P-gp rnRNA in various tumours. For example, mdr1 (or class l

isofonn ofP-gp) transcripts were present at high levels in many untreated tumours including adrenal

gland and colon tumours in addition to treated and nonresponsive tumours in other organs.

Recently, (Fojo et al, 1987b; Gerlach etai, 1987; Goldstein et al, 1989, Salmon et al, 1989;

Schlaifer et al, 1990) high levels of P-gp or its mRNA have been reported in a large number of

different tumour samples (see Table 4). More recently, Abolhida et ai (1997) described an acute

transcriptional up regulation of MDRI gene in a human solid tumour from patients with

undessectable sarcoma pulmonary metastasis undergoing lung perfusion with adriamycin.

Post-translational modification ofP-gp P-gp is post-translationally modified by glycosylation and

phosphorylation (Carlsen et al, 1977; Hamada et al 1987, Mullar et al 1987, Ichikawa et ai 1990).
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Earlier studies have conclusively demonstrated that glycosylation does not significantly affect the

drug transport function of P-gp. However, the raIe of phosphorylation on P-gp funetion remains

controversiaL

Analysis of the primary amino acid sequence of P-gp revealed several potential protein

kinase A (cyclic AMP-dependent protein kinase, PK.A) and protein kinase C (Ca2
-- activated kinase,

PKC )phosphorylation sites ( Kennelly and Krebs, 1991). The covalent modification ofP-gp by

phosphorylation has been established as a general feature ofnative P-gp in drug-selected MDR cell

lines and in recombinant P-gp expressed in mdr-transfected mammalian cells ( Schurr, et al 1989) or

in mdr1 baculovirus-infected insect cells (Germann et al, 1990). The Linker region of P-gp1 has

been characterized by its high content of charged amino acids clustered into two regions with

predominately negative and positive domains. The identified phosphorylation sites of human P-gp

found in the basic domain are serine 661, 667 and 671 for PKC and serine 667, 671 and 683 for

PKA (Chambers et al, 1993; Chambers et al, 1994). More recently, a cluster of serine Ithreonine

residues that can be phosphorylated by the acidic-directed protein kinase in the acidic segment (

predominantly negative domain) ofthe linker region has been identified (Glary et al, 1997). Given

the importance ofprotein phosphorylation in general, the etfects ofphosphorylation on the function

ofP-gp in drug transport has been thoroughly investigated. In the early stages, efforts were focussed

on the investigation ofthe level of expression ofvarious kinases in MDR cells and the regulation

of multiple protein kinases by their activators and inhibitors. An assumption had been made that

changes in the levels and activities ofP-gp-related protein kinases might correlate with the levels of

drug resistance (Center et al, 1985; Bates et al, 1992; Mellado and Horwit,.1987; Staats et al, 1990;

Chamber et al, 1990; Fine et al, 1988; Abraham et al 1990). However, the nonspecific effects of

these regulators in intact cells made it difficult to link the activation of protein kinases to P-gp

phosphorylation and ta MDR in tumour cells. Later studies to assess the role ofthe phosphorylation

in P-gp-mediated MDR have embarked on the identification ofactual phosphorylation sites within

P-gp. Site-directed mutagenesis ofP-gp phosphoryiated sites (Germann et al 1996) has demonstrated

that unphosphorylated P-gp confers drug resistance and shows ATP-dependent drug transport. Thus,

phosphorylation /dephosphorylation ofP-gp does not play an essential role in mediating MDR (

Goodfellowet al, 1996; Buschman and Gros, 1991). However, P-gp phosphorylation may
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contribute to the regulation of its substrate specificity ( Bates et al, 1992) and chloride channel

activity ( Goodfellow et al 1996). The P-gp phosphorylation sites located in the acidic domain of

linker region have been recently identified and the role ofphosphorylation of these sites is under

intense investigation ( Glarys et al, 1997). The physiological role ofP-gp phosphorylation remains

to be elucidated.

P-gp as a marker ofmultidrugresistance : Clinically, the most important question relating to the

MDR phenotype is whether or not P-gp is a prognostic ofMDR. To address this question more

accurately, sequential tumour samples from the same patients before and after chemotherapeutic

treatment are required. This however, is technically and morally difficult and has been a major

obstacle in Yielding an accurate and consistent answer to the prognostic value of P-gp in the

development ofMDR in tumours from patients. In spite of these difficulties, clinical data appear to

be split on the prognostic role ofP-gp in clinical drug resistant tumours. The tirst report by Ma et

al.,(1987), using sequential testing of ANLL leukemic cell samples from two patients with

progressively non-responsive disease, showed an increase in P-gp levels and the proportion of

tumour cells which express P-gp. A larger scale study by Chan and her coworkers using

immunohistochemical staining technique demonstrated a prognostic correlation ofP-gp in soft tissue

sarcoma in children (Chan et al, 1990). Further study by the same group reported a correlation

between P-gp levels and the survival of children with Neuroblastoma (Chan et al, 1991). In both

studies, patients whose tumours contained no detectable levels ofP-gp had better prognosis and

Longer survival curves following chemotherapy.

Reversal ofPgp-associatedmultidrogresistance by reversing agents: Studies in support ofthe role

of P-gp in MDR have been based on the capacity of certain reversing agents to potentiate the

CYt0toxic effects of chemotherapeutic treatment in previousLy drug resistant celLs. One of the

important characteristics in P-gp-mediated multidrug resistance is that the activity ofP-gp could be

blocked pharmacologically by a large number of non-toxic compounds including calcium channel

blockers, calmodulin inhibitors, steroidal agents, immunosuppressive drugs, antibiotics and other

sYQthetic chemical agents (Ford and Hait, 1990; Ford and Hait, 1993; Lumb et al, 1993; Sikic et

al, 1997). It has been proposed that these MDR moduIators can block the function ofP-gp as drug

transporter by either occupying the drug binding sites that results in a competitive inhibition, or a
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reversing agent binding sites at P-gp as non-competitive inhibitors to disrupt drug effiux (Ford,

1995). Clinical trials using anti-cancer drugs plus MDR-reversing agents provided good evidence

forthe role ofP-gp in clinical drug resistance (Kloke and Osieka, 1985; Verweij et al, 1991). In

one such study, Dalton et ai (1988) obtained a significant clinical response when verapamil was

included with cytotoxic drugs in the treatment of patients previously refractory to multiple drug

treatment. The potentiation of chemotherapeutic treatment in those patients in the presence of

verapamil was proposed to be due to the presence of P-gp. A phase l clinical trial using a P-gp

reversai agent, Cyclosporin A or its analogue PSC 833, also showed that the combination treatment

resulted in a rapid decrease in circulating Ieukemic cells that expressed MDR1, thus restoring the

drug sensitivity and prolonging myelosuppression (Kloke and Oksiek et al, 1985; Sonnevel and

Nooter, 1991; Jachez et al, 1993; Boesch et al, 1991). The potential clinical importance ofMDRI

gene expression in sorne rnalignancies has led to numerous strategies to overcome the MDR

phenotype.(Table 5).

Table 5. Strategies to overcome P-gp-mediated MDR

I.Using currently available chemotherapeutic drugs which are not substrates for P-gp.
2.DeveIoprnent ofstructurally modified analogues ofMDR related drugs that retain their cytotoxicity

but are no longer substrates for P-gp.
3.Delivery of cytotoxic drugs via liposomal carriers.
4.Concurrent administration ofP-gp reversing drugs and chemotherapeutic agents.
Fisher et al 1995

Although there is a considerable body of evidence to demonstrate the role of P-gp in the

development of MDR phenotype during the chemotherapeutic treatment, the involvement of this

protein in clinical drug resistance in solid tumours remains unc1ear and controversiaI. It has been

estimated that P-gp is increased by as much as 50% in ail human tumours at sorne stage of

treatment with anticancer agents (Gottesman, 1993), but the relevance ofits expression and outcome

ofthe chemotreatment remains equivocal. Therefore, it is DOW believed that other mechanisms exist

and may explain the .MOR phenotype in solid tumours that are P-gp negative.

2.2. MRP and MDR

Given the role ofP-gp in the MDR phenotype of tumour celllines, it was predicted by sorne

• that P-gp would play a major role in the responsiveness of tumour cells to chemotherapy.
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Unfortunately, results from clinical studies with solid tumours, which account for 90% ofcancer­

related deaths, have not established P-gp as the major diagnostic/prognostic marker ofMDR ( Doyle

1993; Linn et al, 1995). Moreover, there are many examples ofmultidrug resistant celllines where

overexpression ofneither P-gp nor its rnRNA could be detected (Danks et al, 1987; Mirski et al

1987; Twentyman et al, 1986; Versantoort et al, 1990). These rvIDR celllines share many features

associated with the classical MDR mechanism such as an energy-dependent decrease in drug

accumulation and cross-resistance ta strueturally dissimilar drugs (Cole, 1992). The characterization

ofsorne ofthese celllines led to the identification of a 190 kDa plasma membrane protein that was

overexpressed in several non-P-gp tumour celllines ( McGrath anc Center, 1988; Center et al, 1990;

Marquardt et al, 1990; Versantvoort et al, 1992). The gene encoding for the 190 kDa protein (

Multidrug Resistance Protein or 1vfRP) was subsequently cloned by Cole and her collogues from a

Small Cell Lung Cancer ( SCLC) drug resistant cellline (H69/AR) using a differential hybridization

technique (Cole et al, 1992). MRP gene (mrpl) encodes a 1531 amino acid protein. Analysis of

MRP amino acid sequence showed strong homology to other membrane transporters of the ABC

superfamily (Cole, et al, 1992). Interestingly, the amino acid identity between MRP and another

member ofABC superfamily (P-gp) is ooly 15% with the highest sequence identity confined to the

nucleotide binding domains (Stride et al 1996).

BiochemicalcharacteristicsofMRP: MRP is 190 kDaglycophosphoprotein, originally isolated from

SCLC cellline (H69/AR). Northern blot analysis using a cDNA fragment which encodes part of

the MRP gene showed 100-200 fold increase in MRP rnRNA in drug resistant H69/AR cells versus

the parental drug sensitive cells (Cole et al, 1992). The overexpression ofMRP rnRNA was shown

to be due to the amplification of the cognate gene located on chromosome 16 at band 13.1.

Transfection ofMRP cDNA into drug sensitive cells conferred an MDR phenotype to sorne but not

all P-gp associated drugs (Grant et al, 1994). Nevertheless, several studies have now shown that

overexpressionof~ alone is sufficient to cause 1vIDR onto otherwise drug sensitive cells (Cole

et al 1994; Kurt et al, 1995; Kruh et al, 1994; Stride et al, 1996).

The predicted secondary structure of!v1RP consists of Il transmembrane domains in the

amine proximal half and 6 transmembrane domains in carboxyl proximal half Both halves ofMRP

are thought to be N-glycosylated (Loe et al, 1995; Bakos et al 1996). Moreover, similar ta other
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members ofthe ABC family~ MRP contains two cytoplasmic nucleotide binding domains located

in each halfofthe transmembrane domains. MRP contains multiple consensus sequences that can

be phosphorylated by protein kinases. Analysis of in vitro and in vivo phosphorylated MRP showed

MRP to be bighly phosphorylated on serine residues (Ma et al~ 1995). The effects of

phosphorylation of~ on its function remain ta be elucidated.

Recently~ several homologues ofMRP were identified by using different approaches. Other

:MRP homologues inc1ude the GS-X pump with 49% amine acid sequence identity ta the human

MRP1 ~ and the cMOAT (canalicular muItispecific organic anion transporter) (Paulusma et al, 1996

; Taniguchi et aI~ 1996; Keol et ai 1997). By screening databases of human expressed tags~ Kool

et al.~ (1997) identified severa! other MRP homologues (MRP-3, MR.P4 and MRP5) with different

tissue specificity and expression pattern in cisplatin resistant cell lines. The functions of the latter

MRP homologous remain ta be determined (Kool et al, 1997).

The mechanism by which MRP confers~R in cancer cells is not c1ear. CUITent evidence

suggests that MRP acts as an energy dependent efilux pump at the cell surface in sorne celllines (

Zarnans et aI1994)~while in other celllines~MR.P functions to sequester drugs in membrane vesicles

(Breuninger et al ~ 1995; Cole et aI~ 1994; Pauls et al~ 1996; Krishnamachary and Center, 1994;

Flen et aI~ 1994 ). In both cases~ MRP is thought to reduce the free intracellular concentrations of

cytotoxic drugs. Therefore~ cancer cells that express :MRP are able ta maintain nontoxic levels of

anticancer drugs.

MRP expression and multidrug resistance: High levels ofMRP have been detected in severa! in

vitro selected cell lines including fibrosarcom~ SCLC, NSCLC, breast~ prostate and bladder

carcinomas (Loe et aI, 1996). Characterization ofthese l\IDR celllines strongly suggests that the

decreased drug accumulation in these cells cOITelates with the overexpression of!vfRP (Loe et aI~

1996). Immunocytochemistry and immunoelectron microscopy stlldies indicated that MRP is

predominantly located in the plasma membrane ofMRP-expressing cells. Interestingly~ MRP was

aIso detected in the membrane ofGolgj network, endoplasmic reticulum and intracellular membrane

vesicles (Hipfer et aI~ 1994 ). However, it is not clear what factors govern the subcellular localization

ofMRP in different MDR celllines (Kavallaris et aI~ 1997). Furthermore, differences in MRP

expression among the various membrane compartments may explain the observed differences in the

16



• drug etllux kinetics seen in different MRP expressing celllines (Loe et al~ 1996).

The clinical relevance ofMR.P-mediated MDR in human cancers remains largely unknown.

Using immunohistochemistry. Nooter et al (1996) examined different stages ofNSCLC samples

reseeted from primary NSCLC with a variety of cell types. The results of that study showed that

35% ofthe samples had elevated MR.P mRNA, 40% ofthe tumour samples have cIear cytoplasmic

staining and 34% of the tumour samples have strong cytoplasmic as well as plasma membrane

staining. In another study (Nooter et al 1997), using series of 259 resected invasive primary breast

carcinomas, MRP expression was associated with increased risk for failure oftreatment in patients

with small tumours, in node-negative patients and in node-positive patients who received

combinational chemotherapy. Hence~ it was concluded that .MRP overexpression could lead to a

more aggressive phenotype and therefore may be prognostic off\IDR.

The overexpression of MRP bas been observed in tumour ceUs that respond poorly to

chemotherapy (e.g., anaplastic carcinoma ofthe thyroid and buman glioma; Sugawara et al, 1994;

Abe et al~ 1995). However, the relationship between lMRP expression and the outcome of

• chemotherapeutic treatment is not clear. Burger et al (1994) observed high levels ofNIRP expressed

in treated or untreated tumours from 80 patients with chronic B-ceU malignancies. However, further

analysis showed no correlation between the levels of!v1RP expression in treated and untreated

tumours. Taken together, the clinical relevance of increased levels of h.1RP is yet to be resolved.

Substrate S[Jecificitv andchemosensitisation ofMRP-mediatedMDR :Studies with in vitro selected

MRP-expressing celllines and MR.P transfectants have suggested that MRP is an ATP-dependent

drug efilux pump (Cole et al, 1994). Overexpression of:MRP results in an increased level of

resistance to natural anticancer drugs but not ta taxol, mitoxanthrone and cisplatin. MRP

overexpression has aIso been implicated in the resistance ta sorne heavy metal ions such as arsenate

and antimony (Cole et al, 1994). Furthermore, MRP-mediated .M:OR can not be reversed by drugs

such as verapamil and cyclosporin A that are potent reversing agents for Pgp-mediated MDR. In

particular~ unlike Pgp, there is no evidence for the direct interaction between l\1RP and unmodified

anticancer drugs. It has been suggested that 1vfRP functions as GS S-conjugate carrier (GS-X pump)

and transports amphiphilic anionic conjugates.

• 17



•

•

•

GSH-conjugates are actively transported by GS-X pump in an ATP-dependent manner. This

pump was shown ta have broad substrate specificity toward drugs that contain a hydrophobie

portion and at least two negative charges (Ishikawa 1992; Heijn et al, 1992; Ishikawa 1989). Using

membrane vesicles from~ expressing MDR ceUs and Hela cell transfected with MRP cDNA,

Leier et al. (1994) and Muller et aL (1994) independently showed that MRP is able to transport

leukotriene C4 CLTC4) and other compounds conjugated with glutathione, glucuronate or sulfate.

Consequently, depletion ofcellular GSH by exposure ofcells to buthionine sulphoxmine (BSO) , a

potent inhibitor ofGSH sYnthesis, led to the inhibition ofMRP transport activity and may aC1t as a

reversal agent (Kramer et al, 1988; Dusre et al, 1989). These studies strongly suggested that MRP

is either identicaI to GS-X pump or is able to activate endogenous GS-X purnp activity that extrude

GSH-eonjugated anticancer drugs.

Cellular GSH modulates a variety ofphysiologicaIly important functions in cellular defence

and metabolism, including the modulation of thiol-disulphate status ofproteins, protection oÏceUs

from oxidative stress, detoxifieation of electrophilic compounds, sYnthesis and transport of

biologicallyactive and endogenous substrates ( Tew 1994). Although the evidence ofGSH co­

transport by MRP is equivocaI, in vitro studies suggested that GSH facilitates drug transpo-rt by

MRP. Using chemically sYnthesized GSH-adriamycin conjugates, Priebe et al (1997) observed that

GSH conjugated daunorubicin and adriamycin showed great inhibition of LTC4 transport up to 60%

compared to the unconjugated drugs. Using vineristine, Loe et al (1996) showed that ATP­

dependent uptake ofunmodified drug by membrane vesicles derived from MRP transfectants can be

demonstrated only in the presence of GSH. This group aIso showed that MRP mediated an ATP

dependent transport ofaflatoxin B 1, a well characterized hepatotoxin and hepatocarcinogen, in the

presence ofGSH (Loe et al, 1997). The meehanism by that mediates GSH-dependent vineristine and

aflatoxinBI transport occurs, remains unc1ear. Since there is no evidence that these compounds form

conjugates with GSH in vitro, it is possible that GSH interacts directly with MR.P and tbis inter8.!ction

is necessary for transport ( Loe et al, 1996; Loe et al, 1997).

Studies in support of MR.P as an GS-X pump have been based on the capacity of certain

modulators to potentiate the cytotoxic effects ofchemotherapeutie agents in drug resistant ceUs. Most

agents that are effective in reversing the drug resistance of P-gp- mediated NlDR are unable to
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• reverse MRP- rnediated MDR. The ability ofMRP ta transport LTC4 and otherGSH conjugates has

led ta the suggestion that compounds that alter GSH levels may regulate MR.P mediated drug

resistance. In an effort to investigate whether lowering cellular GSH can increase the drug sensitivity

of MRP expressing cells to cytotoxic drugs, the cultured cells were incubated with buthionine

sulphoximine (BSO) and cytotoxic drugs. Studies from different groups showed that resistance to

daunorubicin, vincristine, and rhodamine 123 was partially reversed in lVIRP expressing cells

following exposure to BSO (Versantvoort et al, 1995a). In particular, an increase in the cellular

level of GSH in BSO treated cells resulted in restoration of daunorubicin accumulation. Other

compounds, such as MK571, an LTD4 receptor antagonist, were aIso able to increase the drug

accumulation and modulate the drug resistance ofMRP expressing cells (Leier et al 1994; Gekeler

et al, 1995). In addition, treatment ofMRP expressing cells with antisense oligonucIeotides showed

enhanced sensitivity to adriamycin (Stewart et al, 1996). The latter approach to reverse drug

resistance in rvfR.P associated MDR cells suggests an alternative method ofMDR reversai (Stewart

et ai, 1996).

•

•

3.Multidrug resistance caused by alteration of intracellular proteins.

Severa! cell lines have been developed that display resistance to different classes ofanticancer

drugs in the absence of P-gp or MRP expression (GabraI et a, 1997; Withoffet al, 1996; Minderman

et al, 1996). Drug resistance in those cell Hnes shows various cellular alterations including

decatenation of topoisomerase II (Takano et al, 1991), changes in GSH levels, increased GST

activity (Tidefelt et al, 1992; Kim et al, 1991), reduced expression of cytochrome P-450 (Batist

et al, 1986; Vickers et al 1989) and overexpression of specific isoforms of ~-tubulins ( Gabral et

al, 1981; Kavallaris et al, 1997; Monzo et al, 1997). Most of these proteins are either the targets

for many natural produets of anticancer drugs or essential enzymes for drug metabolism. Studies

with sorne of these cell tines suggested that they are cross resistant to structurally, but not

necessarily functionally different anticancer drugs. Interestingly, during the selection ofdrug resistant

celllines, sorne of the above alterations ( e.g., changes in topoisomerase II aetivity ) occur in the

early stages of drug selection and cause low levels of drug resistance ( Matsumoto et al, 1997).

Hence, it has been widely accepted that cellular aIterations described above may act together with
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weIl defined mechanisms to cause MDR in vivo.

A 110 kDa cytosolic protein, termed lung-resistance protein (LRP) was overexpressed in

several non-P-gp ceIllines (Scheper et al, 1993; Rik et al, 1993; Izquierdo et al, 1996). Sequencing

of the LRP cDNA revealed that LRP is a major component of human vaults which are highly

conserved cytoplasmic, ribonucleoprotein particles and thought to mediate intracellular transport

processes ( Scheffer et al, 1995; Rome et al, 1991). Although transfection of LRP into drug

sensitive cells did not confer an MDR phenotype (Scheffer et al, 1995), the role of vault proteins

in .r.ADR has not been excluded. The role ofLRP in MDR and the chemotherapeutic outcome is

under intensive investigation.

4. Mutidrug resistance caused by dysregulation of apoptosis

Apoptosis or programmed celi death plays a critical role in the regulation of tissue

homeostasis (Hartweli and Kastan 1994; Kerr et al, 1994). This pathway is highly regulated by a set

of genes that promote apoptosis and those that black it. There is now increasing evidence that

dysfunction ofthe apoptotic pathway plays an important role in cancer and the outcome ofcancer

chemotherapy. As most chemotherapeutic drugs directly or indirectly induce DNA damage,

mutations in severa! genes required for the activation of celi death affects the efficiency of

chemotherapy (Fisher 1994; Lowe et al, 1993). Several studies have now shown a direct link

between dysfunction of genes in cell death pathway and the expression of drug resistance to

chemotherapeutic drugs in cancer (Lowe et al, 1993; Perego et al, 1996).

4.1. p53 and drug resistance

p53 is a DNA binding protein that functions as a transcriptional factor to induce ceU growth

arrest and apoptosis in response to DNA damage induced by chemotherapeutic drugs and radiation

(Fisher, 1995). The fact that cancer ceUs frequently carry aberration ofp53 has led some ta suggest

a link between p53 funetion and the outcome of cancer chemotherapy (Bartek et al 1990). Using

a p53-deficient embryonic mouse fibroblast cells, Lowe et al (1993) investigated the malfunction of

p53 on the impact ofchemotherapy. They observed that p53 deficient embryonic fibroblast cells

are cross resistant to 5-FU, adriamycin and VP-16. Moreover, mutations in p53 sequence have

been associated with cisplatin resistance in sorne drug resistant ovarian cancer celllines ( Perego et
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• al, 1996). As a consequence of losing the ability of p53 as trans-activator to its down stream

targets, reduced expression ofBax: was seen in these drug resistant celllines. These in vitro studies

demonstrated that p53 gene is required for the efficient activation of apoptosis following

chemotherapy and thus, lack ofp53 expression leads to a dramatic increase in cellular drug resistance.

Since mutant p53 is frequently found in solid tumours, one may speculate that the expression of

mutant p53 or null p53 could be related to the lack ofsensitivity to chemotherapy in the absence of

P-gp. However, the observation from clinical tumours appears to he controversial (Wu and El-diry

1996; Hawkins Ds et al, 1996). Clearly, more studies are required to resolve the role ofp53 in the

JvfDR phenotype in solid tumours.

4.2. Overexpression of Bcl-2IBcl-xl and drug resistance.

Bcl-2 was originaIly described in non-Hodgkins lymphomas (Tsuyimoto et al 1986) as a

chromosomal translocation event from chromosome 18 into ajuxtaposition to y-globulin heavy chain

gene locus on chromosome 14. As an important anti-apoptotic regulator, Bcl-2 interaets with other

proteins to induce apoptosis (Reed 1995; Nunez et al, 1990; Conner et al, 1997). Single gene

• transfer studies of Bcl-2 into leukemic ceUs that express low levels of this protein showed a

correlation between the overexpression ofBcl-2 and drug resistance (Cathode et al, 1994)

Many in vitro studies and animal models had provided perfect correlation between the

alteration ofthe genes in apoptotic pathway (e.g., mutation ofp53 and dysregulation ofexpression

of Bcl-2/ Bel-xl) and multidrug resistance in chemotherapy and radiotherapy. This correlation is

consistent with the mode ofaction of anticancer drugs leading to apoptosis. More efforts are now

directed towards understanding the effeets of genes in the apoptotic pathway and multidrug

resistance in clinical tumours.

• 21



•

•

•

PART II.

BIOLOGY OF ANNEXINS
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1.INTRODUCTION

Annexins are a family of structurally related Ca2
+ - dependent phospholipid binding proteins

(RanaI and Pollard, 1994). Annexins are evolutionarily conserved and are found in many life forms

from mammals to molds and plants. Several different annexin gene products are expressed in aU

mammalian cells except red blood cells~ and are thought to play important roles in numerous intra­

and extracellular processes. Although the normal biological functions of annexins are not kno~

they have been implicated in membrane vesicular trafficking(Gruenberg and Emans ,1993; Burgoyne

and Glague, 1994), membrane fusion during exocytosis (Creutz 1992)~ transmembrane channel

activity (Demange 1994; Pollard and Rojas E 1988; Rojas et al~ 1990)~ organization ofmembrane

phospholipid domains (Geisow et al, 1987), mitogenic signal transduction (Moss 1992), settlement

ofcell-matrixinteraction (Mollenhauerand Vondermarkl993;Femandezet al, 1988;Wrrland Schwartz

1990), and inhibition of phospholipase A2 (Huang et al, 1986; Flower and BlackwelL 1979).

2. Discovery of annexins.

As a distinct family of intracellular Ca2
+ binding proteins, annexins have emerged from

multiple areas of investigation during 1980s. Several groups have identified individual members of

the annexin family from different tissues. AlI members of the annexin family are characterized by

their calcium-dependent binding to biological lipids and dexamethasone-induced inhibition of

eicosanoid production (Flower, 1985; Flower et al, 1988; Geisow et al, 1982; Creutz et al, 1983;

Moore et al, 1982; Moore et al, 1984). Annexins constitute a family as evidenced by their cross­

reactivity with specifie antisera, amino acid and cDNA sequence homology, "annexing" of

phospholipid membranes and their inhibitory aetivity on phospholipase A2 (pepinsky et al, 1988;

Crumptom and Dedman,1990). Studies from several avenues have clearly demonstrated that the

structural framework defined by annexin l and II is the norm for the annexin fa..'11Ï1y-

Efforts to identify proteins that participate in intracellular calcium signalling and

macromoleculartransport, led Creutz and bis coworkers (1978) to purifY a 47 kDa protein (SYnexin,

now termed annexin VIT) from bovine adrenal medulla that promotes aggregation of secretory

granules from chromaffin cells in vitro in the presence ofCa2
+. Subsequently, several other soluble

proteins that bind to phospholipids in a Ca2
+- dependent manner were identified.

Using rat peritoneal exudate, Pepinsky et al (1986) tirst reported partial peptide sequence
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ofa 37 kDa protein (initially named Iicoportin, and now known as annexin I) that was able to inhibit

the aetivity of phospholipase A2. Wallner et al (1986) subsequently isolated the corresponding

human gene which encoded a protein of346 amino acids. Cytogenetic studies showed that human

annexin 1 was coded by a single gene, located on chromosome 9 and mapped to the region 9qIl ­

9q22 (Wallner et al, 1986; Huebner et al, 1988). Later studies showed that annexin II is also located

on chromosome 9, close to the annexin 1 gene (Huebner et al ,1988).

Following these findings, Wallner's group isolated five other distinct calcium and

phospholipid binding proteins from rat and bovine that shared more than 50% identity with human

lipocortin 1 and II (pepinsky et al, 1988). The annexin family is now composed of 18 members that

are widely distributed throughout higher plants and animal cells. Up to 10 members are found in

mammalian cells from different organs and tissues (Burgoyne and Geisaw 1989; KaetzeL et al,

1989; Pepinsky et al, 1988; Raynal et al, 1994; Russo-Marie et al, 1991; Creutz et al, 1996). In

addition, the expression of certain annexins is developmentally regulated (Hofmann et al, 1992).

Moreover, annexins are differentially expressed between normal and malignant cells in several

tissues (Masaki et al, 1996; Sato-Matsumura et al 1996 ).

3. Structure and functions of annexins

The biochemical properties ofannexins have been extensively studied in the past decades. As

mentioned above, proteins belonging to the annexin family share high degree of sequence and

structural homologies. Analyses ofthe primary amino acid sequences ofannexin proteins suggested

that each annexin is made up of two different regions: a unique N-terminal domain (termed the tail

domain) and aC-terminal domain (termed the core domain) (Geisow 1986; Geisow et al, 1986;

Huber et al, 1992; Pepinsky et al, 1988). The C-terminal domain is conserved and is a hallmark

feature ofthe annexin family.

3.1. C-terminal domain of annexins.

Amino acid sequence analyses ofthe C-terminal domain ofannexins showed that each protein

contains four repeats of about 70 amino acids in length with a molecuIar mass of 34 kDa ( in the

case ofannexin VI, 8 repeats) ( Geisow 1986). These annexin repeats show 40 to 60% intra- and

inter-sequence identities ( Barton et al, 1991). The similar properties displayed by the annexin

family regarding the calcium and phospholipid binding are related by this unique primary sequence.
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A highly conserved 17 amino acid consensus sequence with its characteristic GXGTDE motif for

calcium binding is invariably found in each ofthe repeats (aIso known as endonexin foId) ( Swaijo

and Seaton, 1994). The crystal structures ofthe N-terminal truncated annexin I~ II, III, V and XII

have been determined (Weng et al~ 1993; Burger et al, 1996; Huber et al, 1992; Bewleyet al 1993;

Concha et al, 1993; Favier-Perron et ai, 1996; Lueck et al, 1995). Studies ofthe above rnolecular

structures have confirmed that the conserved C-terminal domains of annexins Cat Ieast that of

annexin 1 and V) have a globular structure which consists aImOS! exclusively oftightly packed Ct­

helices (Huber et al; 1990; Weng et al, 1993). These studies also permitted the determination of

the location of calcium binding sîtes in annexins. Taken together, the combination of biochemical

data and X-ray crystographic studîes, it bas been demonstrated that the core domain ofthe annexins

is resistant to limited proteolysis and contains the binding sites for Ca2
.,. and negatively charged

phospholipids (Huber et al 1990, Huber et al 1990, Huber et al 1992). In vitro models indicate

that the interactions between the polar head groups of the phospholipid and the annexins are

possibly mediated by Ca2
+ through the formation of phospholipid-calcium-annexin ternary

complexes and that this combination leads to phospholipid-vesicle binding to annexîns wîth high

affinity in a bilayer or monolayer configuration (Creutz 1992, Tait et al, 1989; Yoshizaki et al,

1991). Thus, the function ofthe core domain ofannexins is to bind to Ca2
"- and phospholipids which

can trigger several biological processes such as membrane aggregation and macromolecular

trafficking.

Although annexîns are collectively labelled as Ca2
+ bindîng proteins, they differ from other

weIl characterized calcium binding proteins, namely the EF-hand protein family Ce.g., calmodulin

), in terms oftheir structural architecture and their affinities for calcium ions. The EF-hand proteins

contain typical Ca2
+ bindîng sites spatially formed by helix-Ioop-helix motifs ( Kretsinger 1980;

Moncrief et al 1990; Nakayama et ai 1992). The concentration ofCa2
+ required for activation of

these proteins is within the nanomolar range (Klee 1988). In contrast to EF-hand protein family, the

crystal structure studies ofannexîns have shown that Ca2
.,. binding sites in annexîns lack the typical

helix -loop-helix motifs (EF hands) CKretsinger and Creutz 1986). Furthermore, the dissociation

constants of annexîns bound Ca2
+ are within the micromolar to millimolar range ( Klee et al, 1988;

Schlaepfer et al, 1987).
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3.2. N-terminal domain of annenns.

In contrast to the C-tenninal domains, the sequences of the N-terminal domains (tail) of

annexins are highlyvariable. The N-terminal domains varybetween 5 (e.g., annexin V) to more

than 170 amino acid residues in lengili ( e.g., annexin VII and XI ) (RaYnal and Pollard 1994 ).

Moreover, the sequence ofthe N-terminal domains is thought to be extremely important in dietating

and governing the functions of annexins ( Drust and Creutz, 1988). Therefore, the N-termini of

annexins are known as the regulatory region in that it contains sites for interactions with other

proteins, sites for phosphorylation by PKC and Tyrosine-specifie protein kinase (Varticovski et al,

1988, Wang and Creutz 1994). lt has been demonstrated that members of the annexin family are

able to bind proteins of the SI00 family at their N-termini ( William et al, 1996; Glenney et al.

1986; Towle et al, 1992; Naka et al. 1994; Watanabe et al, 1993). The S100 family ofproteins are

a subgroup of the EF hand calcium binding proteins thought ta play an important role in cellular

proliferation, differentiation and inflammation (Donato 1991). More recently, Mailliard et al

(1996) identified another la kDa that belongs to the SlDD farnily in extracts ofcultured A431

cells that interacted with annexin l through the tirst 14 N-terminal amino acids. The role of the

SIDa proteins in annexin binding remains to be elucidated. In addition, the N-termini ofannexins

are very sensitive ta proteolytic cleavage and cleavage at certain sites of the sequence results fi

an alteration in the requirement for Ca2
+ ( Ando et al, 1989; Drust and Creutz 1988).

4. Differentiai expression of annexins and their subcellular localization

Annexins are widely distributed in many cens from different tissues including adrenal medulla

(Geisow and Burgone 1982; Creutz et al, 1983; Geisowet al, 1984), brain (Sudhof et al, 1984;

Rhoads et al, 1985), lung (De et al, 1986; Fauvel et al, 1987), mammary and intestinal epitheliaI

cells (Braslau et al, 1984; Gerke and Weber 1984; Shadle et al, 1985, Glenney 1986), lymphocytes

(Sato et al, 1987) and neutrophils (Davies and Crumpton 1985; Owens et al, 1984). Differentiai

expression ofvarious members ofthe annexin family ofproteins has been found during development.

McKanna (1992) and McKanna and Cohen (1989) showed that annexin l was immunolocalized

exclusively to the floor plate in rat CNS at embryonic stage and early postnatal development. In a

more recent study, Harnre and coworkers (1995) examined the expression of five members of

annexins ( l, II, IV, V and VI) in the developing murine CNS. In that study, annexins l, II and IV
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were shown to have distinct immunolocalization in developing and mature mice. However, annexin

IV was the tirst annexin to be expressed in the embryonic stage ( Day 9.5) with the widest midline

distnbution while annexin 1 was the last to be expressed (Day Il.5) with strict distribution. Based

on the latter observations, it was proposed that the differential expression of annexins can be used

as markers for different structures in the developing murine central nervous system and annexin

IV may play an important role in the early development of central nervous system.

The differential expression of annexins has also been observed in malignant tumour cells

(Masaki et al, 1996; Ahn et al, 1997; Sato-Matsumura et al, 1996). This aspect has been thoroughly

studied in hepatocytes (Masaki et al, 1994; Masaki et al, 1996 ). Annexin 1 was not detected in

nonnal and chronic lesions of liver tissue, whereas it was overexpressed at the transcriptional and

the translationallevels in human hepatocellular carcinoma, especially in poody differentiated cancer

cells ( Masaki et al, 1996). Using an immunological staining approach, Ahn et al (1997)

demonstrated that annexin 1 was not detectable in the ductalluminal cells ofnormal breast tissues

and benign tumours but was generally expressed in various types of breast cancers, including

noninvasive ductal carcinoma in situ. These results indicated that the expression of annexin 1

correlates with malignant tumour progression and that annexin 1 may be involved in the early stages

of development of certain types of cancers.

Studies of subcellular localization of annexins have shown that the intracellular pools of

annexins are tightly linked to Ca2T levels. In the presence ofhigh Ca2
.,., annexins are able to bind

negatively charged phospholipids at the inner leaflet of the plasma membrane and behave as

peripheral plasma membrane proteins (Drust and Creutz 1991; Huber et al, 1992). However, in most

cases, the membrane associated fonn was released by a calcium chelating agent (EDTA) with the

exception of certain types of annexins whose dissociation from the plasma membrane required

nonionic detergents (Sheets et al, 1987). The membrane bound forro ofannexin 1can be converted

ta the soluble forro after phosphorylation by the epidermal growth factor receptor at Tyr 21 (Sheets

et al, 1987). The translocation ofannexin from the cytoplasm to the plasma membrane might be

required by their biological functions.

5. Biological function of annexins
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While much is known about the biochemical and structural properties ofannexins, the cellular

functions are largely unknown. ln vitro studies have implicated annexins in numerous intracellular

processes including vesicular trafficking (Creutz, 1992), membrane fusion during exocytosis(Creutz

et al, 1987; Drust and Creutz 1988) and endocytosis (Burgoyne and Clague 1994), mitogenic signal

transduction (Hollenberg, et al 1988), ion channel formation (polland and Rojas 1988), inhibition of

phospholipase A2 and anticoagulation(Huang et al, 1986) as weil as carcinogenesis ( Reinhard et al,

1993; Cole et al, 1992; Masaki et al, 1996). More recent studies have aIso implicated certain

members of the annexin family in programmed cell death or apoptosis ( Reutelingsperger and Van

Heerde, 1997).

5.1. Annexins and exocytosis and vesicular trafficking.

Exocytosis is a generaI mechanism by which large quantities ofmolecules enclosed within a

cell vacuole are transferred to the cell surroundings following fusion ofthe vacuole with the plasma

membrane. Membrane fusion is a key event in exocytosis and is often triggered by an intracellular

messenger or an increase in the intracellular calcium concentration, generated , for example, in

response to an external stimulus. Membrane fusion does not occur spontaneously because of the

electrostatic forces produced by the high negative surface charge of the phosphate groups of the

phospholipids. Cations such as Ca2+ and M~+ are thought to mediate membrane fusion by

interrupting the electrostatic repulsion between two membrane surface (Francis et al, 1992; Doubell

et al, 1991). These hypotheses have been confirmed in vitro in experiments using high

concentrations ofCa2
+ or Mg++ (above 1 mM) (Raynal and Pollard 1994). However, as the latter

concentration of cations is much higher than that in the cytoplasm, other factors are likely to

regulate membrane fusion in the intracellular environment. Despite the in vitro which support the

hypothesis that some members ofthe annexin family promote exocytosis is supported by in vitro

studies, the proposed function ofannexins in intracellular vesicular trafficking is challenged by their

requirement of "super-physiological" concentration of Ca2
.... The use of "Ca2+sensitive dyes" to

measure intracellular Ca2
- has led to the suggestion that the physiological concentrations of Ca 2­

in the cytoplasm ofsecreting cells is in the nanomolar range (McConkey and Orrenius 1995; Ranyl

and Pollard, 1994). This fact would tend to preclude a role for annexins in eX0CYt0sis. More recently,

it was suggested that high concentration ofCa2
+ in local areas ( micro domain) can reach 200 to
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300~ as measured by a low-sensitive Ca2
+-dependent photo protein, n-Aeqnorin-J (Llinas et al~

1992). TIüs fact suggested that the average Ca2
+ concentration in the entire CYt0plasm is not able

to reflect the spatial and temporal local area ofhigh Ca2
-+-. Thus, the role ofannexin in exocytosis,

in vivo, is under intense investigation.

Searching for mediators of membrane fusion in endocrine or exocrine cells , Creutz and his

coworkers (1978) purified a protein from bovine adrenal medulla (now named annexin VII) that

caused the aggregation ofsecretory vesicles in the presence of 10 JlM Ca2
-r. It was later found that

this concentration of Ca 2+ caused the self-association of annexin VII in the absence of

phospholipids (Creutz et al 1979). With the exception ofannexin V (Blackwood and Ernst, 1990),

ail annexins have been shown to promote membrane aggregation in a Ca2
-+--dependent manner.

Furthermore, using resonance energy transÎer assay, Zaks and Creutz (1991) proposed that the self­

association events enabled annexins to bind to membranes and reduced their requirement for high

concentration ofCa2
-r (from 1 mM to 10 ~).

Using sYQthetic membrane vesicles, it was shown that annexins can be subdivided into two

categories, one promoting and the other inhibiting membrane aggregation and fusion (Blackwood

and Ernest 1990, Tsao 1990). Annexins l, II, ID ,VII and XI belong to the former group that

stimulate membrane fusion events with different requirement for Ca 2+ , while annexin V and VI are

members of the latter and appeared devoid of such property (Blackwood and Ernst 1990; Creutz

et al, 1987). Several studies have clearly shown that annexins differ greatly in their capacity to

aggregate membranes and self-associate. Besides annexin VII, human annexin 1 is another farnily

member that had been throughly studied in term ofits membrane aggregation activity. These studies

had focussed on the possible regions of peptide sequence that is related to phospholipid binding

and the region that govemed membrane aggregation events.

In the early 1990s, Blackwood and Ernst (1990) fust demonstrated that annexin 1mediated

Ca2
.,. dependent fusion of phosphotidylserine liposomes. Subsequently, Oshry and bis coworkers

(1991) provided other evidence that annexin 1 aise promoted fusion of

phosphotidyiserine/phosphotidylethanolamine liposomes with neutrophil membranes. At that rime,

whether a single annexin molecule could mediate membrane vesicle aggregation by interacting with

two bilayer or whether annexin-annexin interaction were necessary, was not clear. Using native
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annexin 1 purified from the cytosol of neutrophils, or recombinant annexin 1, Meers and bis

coworkers (1991) showed that annexin 1 is a predominant mediator that enhances membrane

aggregation in a Ca2
+ dependent fashion. In the presence of cytosolic extracts, the fusion rate of

liposomes was gradually increased with 2-20 flM ofCa2
+. A similar phenomenon was seen in the

presence of increasing concentration of annexin 1 from different preparations with Ca2
+ at 1 mM.

They aIso showed that the monomers ofannexin 1 could contact two membranes simultaneously at

a point ofintervesicular linkage based on the fact that covalent linkage ofphotoaffinitY phospholipid

derivatives with annexin 1 in vesicular aggregates did not allow complete disaggregation of vesicle

byEDTA.

While it was quite certain that phospholipid binding sites are located in the consensus

sequence ofthe core domain ofannexin 1 (Glenney et al, 1986; Schlaepfer et al, 1987), the domain

which promotes membrane fusion was unclear. A protein engineering approach was applied ta

forro a chimeric protein between annexin 1and annexin V by different groups mainly based on the fact

that annexin V does not participate in membrane fusion event and annexins shared similar sequence

ofthe core domain. Ernest and coworkers (1991) constructed a chimeric protein between 41-118

of annexin 1 and 93-320 of annexin V and expressed it in a bacterial expression system. In the

presence of the tirst repeat of annexin 1, the chimera promoted Ca2-+--dependent membrane fusion.

This observation led ta the conclusion that the tirst repeat of annexin 1 was critical for membrane

fusion. However, in contrast to Eanest' studies, Hoekstra et al (1993 ) suggested that the N-terminal

of annexin 1 governed membrane fusion using the same approach except that the chimera was

generated through the entire tail ofannexin 1 (1-45) and core domain ofannexin V. Evidence from

the three dimensional structure ofannexin 1 indieated tOOt aIl the Ca2~ and lipid binding sites are

located on one side ofthe molecule while the tail domain ofannexin 1is located on the opposite side

ofthe molecule (Weng et al 1993). Thus, membrane-membrane fusion may occurthrough protein­

protein interactions between annexins bound ta different membranes. Logically, the tail of annexin

1 is much more important in initiating membrane fusion. Consistent with this speculation is the

observation that a monoclonal antibody ta the N-terminus ofannexin 1inhibits vesicle aggregation

and fusion but not lipid binding (Meers et al, 1992). The speculation that N-terminal ofannexin 1

is important in membrane fusion is also supported by studies with annexin 1constructs lacking parts
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of the N-terminal sequence. By generating different truncated forros of annexin 1 through the N­

terminal peptide sequence, Wang and Creutz (1994) showed that the truncated annexin 1 at Lys7.6

caused 4 times enhancement of Ca2
.;. sensitivity in the membrane aggregation assay. In contrast,

cleavage at Trp 12 resulted in 3 fold decrease in Ca 2+ sensitivity. Thus, the ability of annexin l to

aggregate membranes is highly sensitive to changes in the structure of its N-terminal domain.

Analysis of the amino acid sequence of N-terminal domain of annexin 1 revealed severa!

phosphorylation sites including Tyr 2\ Ser 27, Ser 28 and Thr24
. ScWdaepfer and Haiglerhad (1988)

have shown that Ser and Thr sites could be equally phosphorylated by protein kinase C in vitro.

ln a later study, Wang and Creutz (1992) showed that phosphorylation ofannexin l by protein

kinase C strongly inhibits its ability to aggregate chromaffin granules. Mutagenesis studies of the

phosphorylation sites of the human and bovine annexin 1 suggested that phosphorylation of Ser 27

and Thr 24 by protein kinase C led to an increase in the requirement of Cal.;. for annexin l to

aggregate chromaffin granules and phosphatidylserine vesicles ( Wang and Creutz 1994). It is very

likely that phosphorylation ofannexin 1in these sites blocks the interactions between the tail and the

core domains of annexin l, hence inhibition of the membrane aggregation and fusion event

(Francaise et al 1996). Interestingly, phasphorylation of annexin 1 does not affect or mildly

promotes its ability to bind to membranes ( Wang and Creutz 1992; Francoise et al,

1996).Consistent with these results is the observation that a monoclonal antibody to the N-tenninus

ofannexin l inhibits vesicular aggregation but not binding( Meers et al, 1992). This suggested that

membrane binding and aggregation are sequential events that involve different regions ofthe annexin

1 molecule. Phosphorylation of Tyrl in vitro could reduce the requirement for Ca 2--- by five fold

in membrane aggregation (Schlaepfer and Haiglerhad 1988 ) . This is somewhat controversial to the

idea that the conformational changes due to phosphorylation ofannexin 1would inhibit membrane

aggregation, since in vivo studies suggested that tyrosine phosphorylation was obscured because

the phosphorylation of annexin 1 on Tyr2l is highly susceptible to proteolysis at Lys 26. The fact

that truncated molecule minus the fust 26 amino acids from N-terminal requires lower levels of

Ca 2+ to aggregate membrane vesicles led to the speculation that phosphorylation of annexin 1 at

Tyrl might inhibit its membrane aggregation function. Hence, proteolysis could restore this

funetion (Wang and Creutz 1994).
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5.2. Inhibition of phospholipase A 2.

Phospholipase A2 and possibly other phospholipases are important enzymes that are

responsible for the release of arachidonic acid (AA), required for the synthesis of prostaglandins,

in response to various stimuli. Enhanced phospholipase A2 activity could result in an accelerated

release of arachidonic acid from phospholipid to cytosoL The consequences of this process are

pathogenic inflammatory and necrotic events. The activity ofphospholipases is a key factor in this

process and negative regulatory events on these enzymes are able to decrease the substrate for

prostagiandin sYfithesis. In the early 1980s, an effort to search for these regulatory factors of the

enzyme led to the discovery of a protein ( annexin 1) expressed in rabbit neutrophils induced by

glucocorticoids which inhibited phospholipase A2 aetivity ( Schiffinann K et al, 1980). Following this

study, the effects ofannexin on the inhibition of phospholipase activity and inflammation had been

extensively investigated due to its pharmacological significance. However, it was not clearif annexins

directly interaeted with phospholipase A2 in a classic enzymermhibitor manner. The evidence that

phospholipase A2 activity could be abolished when the ratio ofannexin/phospholipid in the reaction

mixture was decreased suggested an indirect effect of annexins on the regulation ofphospholipase

A2 activity (Davidson et al, 1987; Aarsman et al, 1987). However, modulation ofphospholipase A2

is likely indirect and the inhibitory etfect may be due to the depletion of its substrate by annexin

bound to phospholipid in the presence ofea h (Lavidson et al, 1987; Aarsman et al, 1987). To

investigate the substrate dependency in annexin/phospholipase A2 interactions, Bastian et al (1993)

measured the activity ofphospholipase A2 prepared from humàn epidermis and dermis homogenates

in the presence of annexin 1, II or V that were preincubated in separate series either with the

substrate or with the enzyme. They found that a partial inhibition of both epidermal and dermal

phospholipase A2 activities with all tested annexins. Moreover, the inhibitory effects were dependent

on the annexin/phospholipid ratio which occurred ooly at very high annexin concentrations relative

to the amount of the substrates. These results led to the CUITent "substrate depletian moder' and

annexins black the access of phospholipase A2 to its substrate by binding to phospholipids.

5.3. Role of Annexin 1 in signal transduction

Growth factors are important molecules in the cascade ofintracellular signal transduction.
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This process begins when receptor tyrosine kinases on the cell surface bind to their cognate growth

factors. Subsequently, activation ofthese receptors leads to a series ofbiochemical reactions through

intracellular kinase cascade. The phosphorylation of intracellular molecules including nuclear

transcription factors will regulate gene expression and cell proliferation. Earlier stlldies (Bargman

et aL 1986; Berjcel 1989; Dellibovi et al, 1987) have demonstrated that many oncogenic proteins

possess functions as growth factors. These proteins often lie at the center of an intracellular signal

transduction pathway and actively accelerate such cellular events as proliferation and

transformation through phosphorylation, and hence aetivate a variety ofproteins. erb and pp60v
-src

are typical examples of tyrosine kinases encoded by their cognate oncogenes. A search for the

substrate whose phosphorylation could regulate cell proliferation Led to the identification ofannexin

l and II as major substrates for EGFR and pp60v
-src, respectiveLy (pepinsky et al, 1986; Glenneyand

Tack ,1985). By peptide mapping , sequencing and immunological analysis, Pepinsky and Sinclair

(1986) first demonstrated that annexin l or p35 kD is a substrate for EGF receptor in A431 cells.

Annexin II was shown to be phosphorylated at the N-termini by pp60v-src in Rous sarcoma virus

transformed cells ( Glenney and Tack ,1985). A later study by Karasik et al (1988) suggested that

annexin l and II are also substrates for tyrosine kinases associated with the insulin receptor. Another

study showed that tyrosine phosphorylation ofannexin l could enhance its lipid binding activity and

decrease its requirement for Ca 2-,. (Wang and Creutz 1994). It was also found that annexin l is

involved in the internalization and degradation of EGF receptor since it was translocated to the

plasma membrane during EGF induced membrane ruflling( Swairjo and Seaton 1994). Taking

together, these observations strongly suggested that tyrosine phosphorylation ofannexin l an II could

modify their Lipid binding and hence may be important for their functions as intermediate signalling

molecules. With the exception of annexin V, all annexins are substrates for PKC (Dubois et al

1995; Rothut et al, 1995; Raynal et al, 1993; Schlaepferet al, 1992; Dubois et al, 1996). The function

ofannexin phosphorylation by PKC has been extensively studied in various cell types. Interestingly,

in several cancer celllines, annexin l appears to be resistant to phosphorylation by PKC although

it contains typical substrate site for PKC phosphorylation (Wijkander et al, 1989, Raynal et al 1993,

Bienkowski et al 1989). It has been proposed that natural PKC inhibitors could be responsible for

the lack ofannexin l phosphorylation in the cells (Raynal and Pollard, 1994).
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5.4. Annexin 1and cell transformation.

Although studies have implicated the overexpression ofannexin 1 and cell transformation

in certain type ofmalignancies (Ahn et al, 1997, Masaki et al 1996, Col et al 1993), the actual effect

of annexin 1 in mal-regulation of cell proliferation is poody understood. Based on the fact that

tyrosine phosphorylation is an important event in carcinogenesis and annexin 1 is an excellent

substrate for epidermal receptor tyrosine kinase, the association between overexpression of tyrosine

phosphorylated annexin 1 and cell transformation had been intensely investigated by different

approaches. Using immunohistochemical staining, in situ hybridization and anti-phosphotyrosine

monoclonal antibodies, Masaki et al (1996) observed that the overexpression of annexin 1 was

detected in human hepatocellular carcinoma and in damaged liver induced with CCL4. However,

a cytosolic forro ofannexin 1was highly phosphorylated only in hepatocellular carcinoma cells. This

observation led to the speculation that annexin 1 might be one of the factors contributing to cell

transformation. Tyrosine phosphorylation of annexin 1 is likely essential for annexin 1 to exert its

effect on tumourogenesis.

5.5. Other functions of annexins.

As an important protein family, it is believed that annexins exhibit diverse biological

functions in the intracellular milieu. In particular, the hypothesis that annexins fulfill their effects by

interacting with other proteins in a Ca2
-+- dependent fashion has received much attention. Annexins

are able to bind to cytoskeletal proteins and this interaction suggested that annexins may be

involved in the process of cell migration, adhesion, growth and differentiation ( Raynal and Pollard

1994). The interactions between annexin 1 and SIOO protein, or annexin II and PlI (proteins

belonging to the EF-hand family ofCa2
'" binding proteins) suggests that annexins may be important

in cell proliferation and differentiation (Naka et al, 1994; Donato 1991; Glenneyet al, 1986; William

et al, 1996). Although the association of annexins with biological membranes via their Ca2~­

dependent membrane aggregation and fusion properties have been extensively investigated for years,

the precise interactions between annexins and the lipid bilayer has not been weIl established yet. The

ability ofannexins ( annexin l, VII) to form voltage sensitive Ca2~ channels has been demonstrated

by using patch clamp with liposome or planar lipid bilayer (pollard et al, 1988; Rojas et al, 1990).

In those in vitro studies, annexin attachment to the targeted membrane in the presence ofCa2
-+- and
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RATIONALE FOR STUDY

Multidrug resistance (MDR) in chemotherapeutic treatment of cancer patients has been

associated with the overexpression of P-glycoprotein (P-gp). Bioehemical and moleeular

characterization ofP-gp has revealed that P-gp is a member ofa large family of membrane ATP

trafficking proteins, the ATP binding cassette (or ABC-transport proteins) (Higgins, 1995). P-gp­

ATPase activity has been demonstrated in both P-gp expressing I\IDR celllines and in purified P-gp

reeonstituted into defined liposomes (Gottestman and Pastan, 1993; Shapiro and Ling, 1994). The

mode of action of P-gp as a drug efflux pump in the transport of structurally and functionally

dissimilar drugs has been established. Studies using photoaetive drug analogues have suggested that

P-gp drug binding domains resides in hydrophobie sequences localized to the lipid bilayer

(Greenberger, 1993; Raviv et al, 1990). In addition, we and others have shown that P-gp-drug

interactions are inhibited with low concentration of non-ionic detergents at the levels that do not

affect the integrity of the lipid bilayer. Mutations in P-gp transmembrane domains were shown to

affect P-gp MDR function and substrate specificity (Zordan-Nudo et al. 1993; Lowand Sharom

1993). However, it is not known how P-gp ATPase is coupled to the drug binding and transport.

To filfther understand the correlation between P-gp ATPase activity and drug binding, we pursued

this study using chemical modification ofP-gp with N-ethylmaleimide.

This work has been published in Anticancer Research. (17:353-360, 1997)
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ABSTRACT

P-glycoprotein (P-gp) mediates a multidrug resistance (MOR) phenotype in tumour celilines

seleeted with lipophilic CYt0toxicdrugs. Transport studies using purifiedP-glycoproteinreconstituted

into defined liposomes have shown an energy-dependent drug efllux ofstructurally dissimilar drugs.

In this report, we have examined the effects ofN-ethylmaleimide, a potent inhibitor ofP-gp ATPase,

on P-gp drug binding in intact MOR cells and in plasma membranes. Our results show that short term

treatment ofMDR cells with 1-50~ N-ethyImaleimide led to a concentration-dependent increase

in P-gp photoaffinity labelling with iodoaryl-azidoparazosin (IAAP). In addition, N-ethylmaleimide

potentiates [3H] vinblastine accumulation in drug-resistant but not in sensitive cells. Comparison of

IAAP photolabeled P-gp from intact cells with or without N-ethylmaleimide treatment did not show

differences in the pattern of IAAP photolabeled peptides. Thus, the observed increase in P-gp

photolabeling with IAAP in N-ethylmaleimide treated cells is not due to photolabeling at different

sites. Incubation ofMDR cells with [14C] N-ethyImaleimide showed that P-gp is directly modified at

severa! cysteine residues as found from a complete proteolYtic digestion of [l4C] N-ethylmaleimide

labeled P-gp. The comparison ofV8 staphylococcus aureus peptides from [l4C] N-ethylmaleimide

or IAAP modified P-gp showed sorne peptides to co-migrate on SOS PAGE. However, modification

ofplasma membranes from drug resistant cells with N-ethylmaleimide did not show a dose-dependent

increase in P-gp photolabeling with lAAP as seen with intact l\1DR cells. Interestingly,

N-ethylmaleimide appears to increase P-gp phosphorylation by inhibiting the turnover of P-gp

phosphates. However, inhibition of P-gp phosphorylation with calyculin A did not show an increase

in P-gp photolabeling in MDR cells. Taken together, the results of this study suggest that

N-ethylmaleimide potentiates P-gp photolabeling with IAAP by inhibiting P-gp ATPase thereby

increasing the local concentration of IAAP in intact l\1DR cells. Furthermore, inhibition of P-gp

ATPase by N-ethylmaleimide does not lead to a confonnational change that affects P-gp drug

binding.
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INTRODUCTION

P-glycoprotein is a 170 kDa transmembrane surface ATPase that is a member ofa large family

of membrane transport proteins, the ATP Binding Cassette (or ABC-transport proteins) [1-3].

Members of the ABC-transport proteins that are homologous to P-gp include the multidrug

resistance-associated protein (MRP) [4], the cystic fibrosis transmembrane regulator (CFTR) [5], and

the a-mating factor transporter in yeast (STE6) [6]. In rodents, the P-gp gene family is made up of

three structurally similarbut functionally distinct isoforms (classes l, II, and III) [7,8]. Overexpression

ofP-gp classes l or II but not m in tumour ceUs confers rMnR [9-11]. More recently, purified P-gp

reconstituted into defined lipid vesicles was shawn to mediate an energy-dependent transport of

strueturally dissimilar drugs [12-14].

The broad substrate specificity of P-gp is not weil understood. P-gp has been shown ta

mediate the transport ofmany dissimilar eompounds that include lipophilic drugs, ATP, and small

hydrophobie peptides [15-18]. Studies using photoactive drug analogues have suggested that the

P-gp drug binding domain resides within hydrophobie sequences localized to the lipid bilayer [19,20].

In addition, we and others have shown that P-gp-drug interactions are inhibited by low

concentrations of non-ionic detergents at levels that do not affect the integrity of the lipid bilayer

[21,22]. Mutations in P-gp transmembrane sequences were also shawn ta affect P-gp MDR function

and substrate specificity [23-26]. Taken together, these observations led to the suggestion that P-gp

drug binding domains are localized in transmembrane sequences and that P-gp may be a "flipase"

[27]. However, little is known about P-gp drug binding domaines) and how its ATPase is coupled to

drug binding and transport. In one study [28], mutation of lysine residues in P-gp ATP-binding

cassettes inhibited its ATPase activity but not drug binding, while in another study [29], inhibition

ofATP binding ta P-gp with epitope-specific monoclonal antibodies inhibited P-gp-drug binding.

Furthermore, not aU drugs that are transported by P-gp modulate its ATPase activity. For example,

both verapamil or vinblastine were shown to increase P-gp ATPase, while colchicine (also substrate

for P-gp drug efilux pump) did not [12-14].

N-ethylmaleimide (NEM) and vanadate at low concentrations were shown ta inhibit P-gp

ATPase in 11DR ceUs [30] and in liposomes containing P-gp [12-14]. Though the mechanism by

which NEM inhibits P-gp ATPase is not clear, NEM has been shown ta modify Cysteine residues
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in the ATP binding domains ofV-type ATPases [31]. Further, NEM was shown recently to modify

a single cysteine residue in a recombinant N-terminal ATP-binding domain ofP-gp and to inhibit its

ATPase activity [32]. In this studyit was ofinterestto determine how the inhibition ofP-gp ATPase

by NEM affects P-gp drug binding and transport in intact :MOR cells. The results ofthis study show

that NEM causes a dose-dependent increase in P-gp drug binding in MDR cells but not in plasma

membranes. The increase in P-gp photoaffinity labelling with IAAP in intact cells is investigated

further with respect to other effects ofNEM, for example, the direct modification ofP-gp with NEM

and modulation ofP-gp phosphorylation.
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MATERIALS AND METROns

Materials - Carrïer-free [32P] inorganic phosphate (8 mCi/ml), pzsI] Iodoarylazidoprazosin (2200

Ci/mmol), [14C]N-ethylmaleimide (5.1 mCi/mmol), and eH]vinblastine (25 Cilrnmol) were purchased

from AmershamBiochemical Inc. (Mississauga, Ontario, Canada). Protein A-coupled sepharose was

purchased from Pharmacia Inc., Quebee, Canada. Drug-sensitive human lymphoma cells (CEM) were

a gift from Dr. W. Beek, St. Jude Children's Research Hospital, Memphis, TN. The monoclonal

antibody C219 and the Chïnese hamster drug-sensitive (Auxb1) and colchicine-resistant cells

(CHRC5), and vinblastine resistant CEM cells (CEMlVLBl.~ were generous gifts from DL V. Ling

at British Columbia Cancer Centre, Vancouver, Canada. AlI other chemicals were of the highest

commercial grade available.

Cell Culture and Plasma Membrane Preparation - Drug-sensitive (CEM or Auxb1) and their

resistant mutants (CEMNLB1.0 or CHRC5) were grown in a-MEM medium containing 10% fetal calf

serum (Hyclone, Inc.). Plasma membranes of CEM or CEMlVLBl.O ceIls were prepared essentially

as described by Lin et al. [33]. Briefly, cells were washed three times in ice-cold phosphate-buffered

saline (PBS) and resuspended in a hypotonie lysis buffer (la mM KCI, 1.5 mM MgCI 27 and 10 mM

Tris-HCI, pH 7.4) containing protease inhibitors (2 mM PMSF, 30 ~M leupeptin and pepstatin).

Cells were homogenized using a Ounce glass homogenizer and the eelIlysate was centrifuged at low

speed (3000 xg) to remove unbroken cells and nuclei. The resultant supernatant was made up to 10

mM CaCl 2 final concentration and mixed on ice. The calcium-indueed membrane aggregates were

preeipitated by high speed centrifugation at 100,000 xg for 1 hr at 4°C using a Beekman SW50 rotor.

The enriched plasma membrane pellet was washed with la mM Tris-HCI, pH 7.4, and 250 mM

sucrose and stored at -80°C until needed. Protein concentration was determined by the method of

Lowry et al [34] using bovine serum albumin as a standard.

Photoaffinity LabeUing - Intact cells (1 X 105 cells/sample) or plasma membrane fractions (-25

Jlg protein) were preincubated for 30 min in the absence or presence of l, la, or 50 ~M ofNEM,

or Calyeulin A. Cells or plasma membranes were then incubated with 20 nM IAAP in a-MEM or
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phosphate-buffered saline for 60 min at room temperature in the dark. Samples were transferred ta

ice for 10 min and UV irradiated at 254 nm (Stratagene UV crosslinker; Stratagene, La Jolla, CA).

f 2P] Metabolic Labelling of CeUs and Immunoprecipitation - Cells were incubated with

carrier-free 32p inorganic phosphate (250 ~Ci/m1) in a-MEM minus phosphate for 3 br. Metabolically

radiolabeled cells were incubated in the presence of NEM before or following 32p labelling (see

Results). For immunoprecipitation, cells were washed in ice cold PBS and lysed in buffer A

containing 50 mM Tris-HCI, pH 7.4, 1% sodium dodecyl sulphate (SnS), 150 mM NaCI, 50 mM of

mixture ofmono- and dibasic sodium phosphate, 50 mM sodium fluoride, and protease inhibitors (30

~ leupeptin, 30~ pepstatin, and 2 mM PMSF). Samples were vortexed and passed severa! times

through a 26 gauge needle to shear chromosomal DNA Immunoprecipitation was started following

clarification ofthe celllysate by centrifugation. Equal amounts ofcelllysate proteins were separately

incubated with 10 Jlg ofC219 monoclonal antibody [35] and aIlowed ta incubate overnight at 4°C

with rotation. The cell lysate containing P-gp-C219 mAb complex was further incubated with

protein-Acoupled sepharose (pharmacia, Inc.) for 1 br at room temperature and washed severa! times

as previously described [29]. P-gp-C219 mAb complex was eluted from the protein-A beads in

snS-sample buffer and resolved on sns-pAGE.

Drug Accumulation - For drug accumulation studies, drug sensitive and resistant cells were

washed three times in PBS plus glucose and incubated without or with 1 ta 50~ ofNEM for 30

minutes. Following NEM pre-treatment of cells, [3H]vinblastine (1 JlM) was added to aIl cells and

samples removed after 15, 30, or 60 min of incubation at 37°C. Cells were washed three times with

5 ml ofice-cold PBS. The washed cell pellets were solubilized in 1 N NaOH and the resultant cell

lysates were mixed with an equal volume of 1 N NC!. Samples (100 JlI) ofcelllysates were spotted

ante a Whatman tilter discs (GF/B glass fiber) and the radioactivity in each sample was measured by

liquid scintillation spectrometry using a Beckman LKB 1219 Rackbeta counter. The results for each

time point were the averages from three separate samples and are expressed as pmol drug /mg cell

lysate protein, (±S.D.)
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NEM Modification of Proteins and Protease Cleavage - For NEM modificatio~ intact cells or

plasma membranes were incubated for 30 minutes at room temperature with 1 mM NEM containing

1~ [14C] NEM. The reaction was stopped with excess beta-mercaptoethanol and cells or plasma

membranes were washed several time with PBS and pelleted by centrifugation. P-gp modified with

[
14C] NEM or IAAP was immunoprecipitated with C219 mAb and resolved on SDS-PAGE.

Immunoprecipitated P-gp was visualized by a short exposure ofa wet unstained polyacrylamide gel

to Kodak film. [14C]NEM or IAAP modified P-gp in gel slices was digested with Staphylococcus

aureus V8 protease (0.1 - 10 J.lg) in the wells of 15% acrylamide as previously described by

Cleveland et al. [36]_

Gel Electrophoresis and Western Blotting - Plasma membrane proteins (-25 J1g) were resolved

on SDS-PAGE using the Fair-banks gel system with sorne modifications [37]. Briefly, proteins were

dissolved in 1/5 vol. of 5X solubilization buffer 1 (2% SDS, 50 mM dithiothreitol (OTT), 1 mM

EDTA, and 10 mM Tris-HCI, pH 8.0), and mixed with an equal volume ofbuffer fi (2X buffer l, and

9 M urea). Gel slabs containing the resolved membrane proteins were either fixed in 40% methanol,

10% acetic acid or transferred onto nitrocellulose membrane according to the method by Towbin et

al [38].The nitrocellulose membrane was probed with P-gp specifie monoclonal antibody (0.5 ~g1ml).

Dried gels were exposed ta Kodak X-ray film at -70 oC.
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RESULTS and DISCUSSION

Earlier reports have shown that NEM is a potent inhibitor ofP-gp ATPase in MDR celllines

[30] and ina reconstituted transport system containing purified P-gp [12-14]. However, it is not clear

how inhibition ofP-gp ATPase with NEM affect P-gp drug-interaction or drug binding domain (s).

Thus, it was of interest to examine the effects ofNEM on P-gp drug binding and transport in MDR

ceUs and plasma membranes. In this study, P-gp-drug interactions were examined using the

photoactive-radioactive drug Iodoarylazidoprasozin (IAAP) previously shown to bind specifical1y to

P-gp[19]. Drug-sensitive (CEM) and -resistant (CEMNLBl.~ cells were photoaffinity labeled with

IAAP in the absence orpresence ofincreasingconcentrations ofNEM (1-50 ~. The results in figure

1a show the photolabeling of a 170 kDa protein (P-gp) with IAAP in intact ceUs without and with

NEM. The addition ofincreasing concentrations ofNEM (l, 10, or 50~ to intact drug-resistant

cells showed a concentration-dependent increase in the photolabeling ofP-gp (figure la, lanes 6-8).

Although small increase in P-gp photolabeling was seen in the presence of 1~ NEM, the presence

of la or 50 p,M NEM led to a greater (2 - 5 foId) increase. Aise, the increase in P-gp photolabeling

withNEM was specific since no similar increase in the photolabeling ofother proteins in drug-resistant

ceUs was observed (figure la). Sirrùlar concentrations of NEM (1-50 ~ added to intact

drug-sensitive ceUs did not affect the photolabeling of cellular proteins with lAAP (figure la, lanes

2-4). To show that the observed increase in the photolabeling ofP-gp with lAAP in the presence of

NEM is not due to modulations ofP-gp levels, identical samples to those in figure la were resolved

on SOS PAGE and probed with P-gp-specific monoclonal antibody (C219). Figure lb shows a 170

kDa protein of equal intensity in cell extracts from drug-resistant cells. It should be mentioned that

NEM at the concentration and incubation conditions used in this study did not lead to a significant

decrease of ceU viability as determined by Trypan dye exclusion assay (data not shown).

Following the above increase in P-gp photolabeling with IAAP in the presence ofNEM, it was

ofinterest to examine the effect ofNEM on the accumulation ofdrugs in NIDR ceUs. Figure 2a shows

the accumulation of [3H] vinblastine in drug-sensitive ceUs in the absence or presence of l, la, or 50

p.M NEM. The accumulation of [3H] vinblastine in CEM ceUs was not significantly altered in the

presence ofincreasing concentrations ofNEM (figure 2a). However, when similar drug accumulation

experiments were conducted using CEMlVLB 1.0 resistant cells (figure 2b), the presence ofNEM in
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Figure 1. Effect of NEM on the photoiabeling of P-gp in intact ceUs. CEM drug-sensitive or
CEMlVLBl.O

- resistant cells were photoaffinity labeled with IAAP in the absence or presence of1-50
IlM of NEM. Following photolabeling, cells were lysed and the proteins were resolved on
SnS-PAGE. Lanes 1 - 8 of figure la show photoaffinity labeled proteins from drug-sensitive (Jane
1-4) or resistant cells (lane 5-8) incubated in the absence (lane 1 or 5, respectively) or presence of
1, 10, or 50 flM ofNEM (lanes 2-4 or 6-8, respectively). The pre-incubation ofdrug-resistant cells
with NEM resulted in a dramatic increase in the photolabeling of the 170 kDa protein as indicated
in the bar graph shown below in figure la. Figure lb ~hows a Western blot probed with C2l9 mAb
of identical samples as in figure Sa. Note a single 170 kDa protein ofequal intensity was detected in
each of the four lanes containing total. celllysate from drug-resistant cells incubated in the absence
(lane S, figure lb) or presence of l-SO JlM ofNEM (1anes 6-8).
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Figure 2. NEM potentiates the accumulation of [3H] vinblastine in MDR eeUs. Drug-sensitive
and -resistant cells were pre-incubated with 1, 10, or 50 fl.M of NEM prior to the addition of eH]
vinblastine (1 IlM final). In the absence of NEM, [3H] vinblastine does not accumulate in
drug-resistant cells. Preincubation ofdrug-resistant cells with increasing concentrations ofNEM (1,
la, or 50 flM) results in a dose dependent increase in [3H] vinbIastine accumulation in drug-resistant;
while similar concentrations of NEM did not significantly increase [3H] vinblastine accumulation in
drug sensitive cells. Each time point is expressed as an average oftriplicate samples (± S.D.).
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the incubationmedia led to a concentration-dependent increase in the accumulation of[3H] vinblastine.

It should be mentioned that NEM caused a similar increase in P-gp photoaffinity labelling and drug

accumulation in other :MDR celllines ( including the Chinese hamster ovary cells, Auxb1 and other

Colchicine-resistant mutant CRReS, data not shown). Taken together, These results suggest that

NEM treatment off\1DR ceIls increases P-gp binding to IAAP likely by inhibiting its ATPase aetivity.

Thus, in the absence ofan active drug efilux: pump, lAAP accumulates in the lipid bilayer and saturates

P-gp drug binding site (s). Moreover, the above resuIts also indicate that inhibition ofP-gp ATPase

with NEM does not affect its ability to bind IAAP. Alternatively, the increase in P-gp photolabeling

may be due to changes in IAAP binding site(s) in P-gp in NEM treated rvIDR cells. To address the

latter possibility, IAAP photolabeled P-gp from MDR cells with or without NEM treatment were

subjected to Staphylococcus aureus V8 protease and the resultant photoaffinity labeled peptides were

analysed by SDS-PAGE. Figure 3 shows partial cleavage ofIAAP photolabeled P-gp digested with

0.1 Jlg - 10 Jlg of V8 protease. The results in figure 3 show no difference in the pattern of IAAP

photolabeled peptides ofP-gp from cells incubated with or without NEM. Therefore, the observed

increase in P-gp photolabeling in intact MDR cells in the presence of NEM is not due to the

photolabeling of other sites in P-gp but due to increased labelling of the same domains. However,

given the presence ofcysteine residues in P-gp sequences other than those found in the ATP binding

cassettes, the effect ofNEM on lAAP photolabeling ofP-gp maybe due to direct modification ofsuch

cysteine residues. Previous studies with another transporter, the Lactose permease, have shown that

NEM modification ofa single cysteine (Cys148 ) in transmembrane domain S inhibited the binding and

the translocation ofby the lactose permease [review in 43]. Thus it is conceivable that modification

ofcysteine residues in P-gp other than those in ATP-binding cassettes could alter P-gp-drug binding

and photolabeling with IAAP.

The primary structure ofP-gp encodes for seven highly conserved cysteine residues localized

to several demains thought to be important for P-gp :rvIDR function [figure 4C]. For example,

transmembranes 2,7 and Il which contain one cysteine each have been implicated in P-gp MDR

function [24,25,41,42]. Furthermore, earlier domain mapping studies [41,44] ofP-gp drug binding

sites(s) have identified short IAAP-labeled tryptic peptides (7kDa) to encode sequences adjacent to

transmembrane 12. Interestingly, mutations of aU seven cysteine residues to alanine did not affect
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Figure 3. Cleveland maps ofIAAP photolabeledP-gp in with or without NEM treatment. Intact
MDR cells incubated without or with 50 JlM NEM were photolabeled with IAAP and proteins
resolved on sns PAGE. Gel slices containing IAAP photolabeled P-gp from cells incubated without
or with NEM were digested with 0.01-10 Jlg of V8 protease in the wells of a second gel The
molecular weight markers are indicated to the left of the gel
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Figure 4. Covalent modification ofP-gp with [14C] NEM or IAAP. Drug-sensitive or -resistant
ce1ls were incubated with 10 JlM ofP4C] NEM at physiological pH for 30 minutes. Figure 4a shows
total ceillysate from drug-sensitive (1ane 1) and -resistant (Jane 2) cells following [14C] NEM
modification. Lanes 3 and 4 show the immuno-precipitation with IgG2a or C219 mAb from [14C]
NEM modified resistant cells. Figure 4b show V8 protease Cleveland peptide maps of [14C] NEM
(lane 1) or IAAP (Jane 2) modified P-gp. The positions of the various e4C] NEM or [12SI] IAAP
modified peptides are indicated by arrow heads. Figure 4c shows a schematic of P-gp predicated
secondary structure with the positions of the Cysteine residues indicated by arrow heads.
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P-gp :MOR function [40]. However, modification of a single cysteine residue in recombinant

N-terminal ATP-binding domain ofP-gp with NEM inhibited its photolabeling with 8-azido-ATP and

ATPase activity [32]. Thus, the addition of the maleimide moiety onto cysteine residues, in contrast

to mutations ofcysteine residues, could affect P-gp ATPase activity and drug binding. To determine

whether NEM modifies P-gp in MDR cells, CEM and CEMlVLB1.0 cens were incubated with e4C]

NEM and equal amounts oftotal cell proteins were resolved on SDS-PAGE (figure 4a; lanes 1 and 2,

respectively). Several proteins were differentially modified with [l4C] NEM in drug sensitive and

resistant cells. To determine ifP-gp is among the proteins modified with [l4C] NE~ lanes 3 and 4

show rt4C] NEM radiolabeled proteins immunoprecip~tated from CEMlVLB1.0 cell lysate with an

irrelevant IgG2a or C219 mAb, respectively. Laue 4 shows a single 170 k.Da protein labeled with e4C]

NEM. These results demonstrate that P-gp is directIy modified with [14C] NEM in MDR cells.

Moreover, given the localization of Cys956 near transmembrane 12 of P-gp, it was of interest to

determine ifsunilar domains ofP-gp are labeled with P4C] NEM and the photoactive drug IAAP. P-gp

labeled with e4C] NEM or IAAP was purified, digested in a gel slice with V8 protease and the

radiolabeled peptides resolved on SDS-PAGE (see Experimental Procedures). The results in figure 4b

show a peptide map ofe4C] NEM or IAAP labeled peptides (Janes 1 and 2, respectively). Digestion

ofp4C] NEM labeled P-gp with V8 protease resulted in three labeled peptides (8.2 kDa, 6.5 kOa, and

5.7 kDa); while digestion ofIAAP labeled P-gp resulted in a major peptide with an apparent molecular

mass of -7.2 kDa. The latter peptide labeled with IAAP was previously [41] shown to encode

sequences inP-gp immediately adjacent to transmembrane 12. Thus, although sorne ofthe NEM labeled

peptides co-migrate with the IAAP labeled peptide, it is not clear if co-migrating peptides encode for

the sarne amino acid sequence. Direct amino acid sequencing should reveal the identity ofthe IAAP and

NEM modified peptides. However, if the increase in IAAP photolabeling of P-gp in intact cells by

NEM is due to modification of sequences in P-gp drug binding domain, then similar increase in P-gp

IAAP photolabeling should be observed when membranes from NEM treated MDR cells are

photolabeled with lAAP. Figure 5a shows the photolabeling of plasma membranes from CEM

drug-sensitive and CEMlVLB1.0drug-resistant cells treated withNEM (1 - 50 J.lM). The results in figure

5a show a 170 kDa photoaffinity labeled protein with lAAP in the absence (lane 5) or presence of 1

-50~ ofNEM. The photolabeling ofP-gp with IAAP in plasma membranes was not significantly
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Figure 5. Photolabeling of P-gp in NEM treated plasma membranes. Membrane fractions from
drug-sensitive (CEM) or -resistant (CEMlVLB l.0) cells were photoaffinity labeled in the absence or
the presence ofincreasing concentrations ofNEM (1-50 1lM). Lanes 1-8 show IAAP photoaffinity
labeled plasma membrane fractions from drug-sensitive (lane1-4) and -resistant cells (lane 5-8)
incubated in the absence (1ane 1 or 5, respectively) and in the presence of 1, la, and 50 IlM ofNEM
(1anes 2-4 or 6-8, respectively). Figure 5b shows a Western blot, ofidentical samples as in figure 5a,
probed with C219 mAb. A 170 kDa protein (or P-gp) was detected in plasma membranes from
drug-resistant (lanes 5-8) but not from drug-sensitive cells (lanes 1-4).
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Figure 6. P-gp in vivo phosphorylation in the presence of NEM. Drug-resistant cells were
metabolically labeled with 32p in the absence or presence of NEM under three different conditions.
Figure 6a shows an immuno-precipitation of32

p radiolabeled P-gp frOID cells incubated in the absence
(lane 1) or in the presence of 50 IJ.M NEM (Jane 2) where 32p radiolabel was added to cells 30
minutes prior to the addition of NEM. Ta determine the effect of NEM on the tum-over of P-gp
phosphorylation, P-gp was immuno-precipitated from cells that were metabolically labeled with 32p

for 3 br (pulse) and then the 32P label was chased with excess cold phosphate in the absence (lane
1) or in the presence of 1, 10, or 50 IJ.M NEM (lanes 2-4, respectively; see Experimental
Procedures).
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increased in the presence ofNEM. Western blot analysis ofthe same plasma membrane samples as in

figure 5a probed with C219 mAb shows equal amount of proteins were loaded per weIL Taken

together, these results suggest that the increase in P-gp photolabeling in intact ceUs is not due to the

direct modification ofP-gp drug binding domain.

P-gp was shown to be phosphorylated at several serine residues in the linker domain [45].

Moreover, modulation of P-gp phosphorylation with various drugs has been suggested by sorne to

affect P-gp l\1DR function [46,47]. Given the results of an earlier report [48] which demonstrated a

large increase in P-gp phosphorylation in NEM treated Chïnese hamster lung ceUs, it was ofinterest

to determine if the observed increase in P-gp photolabeling with IAAP foUowing NEM treatment of

MDR cells was due to changes in P-gp phosphorylation state. However, it was not clear from that

study how NEM modulates P-gp phosphorylation. The results in figure 6a show P-gp phosphorylation

in CEM/VLB1.0 cells is increased dramatically when the 32p label was added 30 min before NEM. Lanes

1 and 2 show the immunoprecipitation ofP-gp from CEMlVLB1.0 cells incubated in the absence or in

the presence of 50 flM NEM, respectively. To deterrnine if the increase in P-gp [32p] labelling is due

to the inhibition Of 32p turn-over, CEMlVLB1.0 ceUs were "pulsed" with [32p] for 3 br without NEM

followed by a "chase period" in the presence ofexcess cold phosphate in the absence or in the presence

of 1 - 50J,lM ofNEM. Figure 6b shows the turn-over ofe2p] radiolabel on P-gp in the absence and in

the presence of l, 10 or 50 JlM NEM. The results in figure 6b suggest that the presence of 10 and

50JlM NEM inhibit the turn-over of [32P] on P-gp. By contrast, the [32P] label on P-gp was completely

turned-over in the absence ofNEM (figure 6b). Taken together, the results in figure 6 suggest that the

increase in P-gp phosphorylation in response to NEM treatment is due ta inhibition ofP-gp phosphate

tum-over. Thus, P-gp is more phosphorylated in the presence of NEM.. A similar effect on P-gp

phosphorylation was previously observed using the phosphatase inhibitors, okadaic acid and Calyculin

A [49, unpublished results]. To determine ifhigher phosphorylation state ofP-gp is responsible for its

increased photoaffinity labelling with IAAP, CEM/VLB1.0 ceUs were treated with calyculin A and then

photolabeled with IAAP. The results in figure 7a show IAAP photolabeled in CEMlVLBl.O ceUs in the

.absence and presence of increasing concentrations of calyculin A. calyculin A at 10-50 nM, which

inlubits P-gp phosphorylation (results not shown), did not alter P-gp photolabeling with IAAP. These

results are consistent with results from a recent study that showed mutation ofseveral serine residues
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Figure 7. P-gp photolabeling with IAAP in the presence of Calyculin A. CEMlVLB 1.0 cells
were pre-incubated for 30 mins without or with 1-50 nM of Calyculin A Cells were then
photoaffinity labeled with IAAP are described in the Experimental Procedures.
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• inP-gp Iinker domain to alanine prevented P-gp in vivo phosphorylation but not its MDRfunction [50].

In conclusion, the effects ofNEM on the photolabeling ofP-gp by IAAP is not entirely clear.

However, it is likely that NEM modulates P-gp photolabeling by modifying cysteine residues in P-gp

ATP binding domains. We suggest that the inhibition ofP-gp ATPase may contribute ta the observed

increase in P-gp photolabeling by allowing drugs to persist within the drug binding domain or to

increase the local concentration of IAAP in the surrounding lipid bilayer. Furthermore, these results

show that inhibition ofP-gp ATPase does not inhibit the capacity ofP-gp to bind drugs.
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CONNECTING STATEMENT 1

The discovery of P-gp has revealed a fundamental mechanism by which cancer cells evade

chemotherapy. A correlation between the overexpression ofP-gp and failure of chemotherapy has

been established in haemetopoetic tumours and childhood malignancies (Chan et al,1990).

Unfortunately, a similar correlation betweenP-gp expression and clinicall\1DRhas not been observed

in other cancers. The recent finding that sorne tumour cell lines overexpress another membrane

transporter (multidrug resistance protein, MRP) suggested that other proteins or cellular alterations,

alone or together with P-gp, couid explain the MDR phenotype in sorne clinical tumours. Given the

faet that the levels ofdrug resistance seen in P-gp or MR.P transfeetants are much lower than those

observed in in vitro selected celllines that express sirniIar levels ofthese proteins suggests that other

mechanisms may exist in MDR ceillines ( Cole et al, 1994; Gros et al, 1986). In this study, we

described the isolation and characterization of a 40 kDa protein (p-40) in several MDR tumour cell

lines.

ThisworkhasbeenpublishedinBiochemicalandBiophysicalResearchComunications(236:483-488,

1997).
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ABSTRACT

The use ofanticancer drugs in the chemotherapeutic treatment ofcancerpatients frequently results

in the emergence of drug resistant tumours. Selection of tumour cell lines in vitro has led to the

identification ofsevera! proteins that mediate drug resistance to anticancer drugs. In this study~ an

immuno-dot blot method was used to isolate a monoclonal antibody (lPM96) which recognized a 40

kDa protein (or P-40) co-expressed with P-glycoprotein and MRP in several multidrug resistant cell

Iines (MCF-7/Adr~ SKüVIVLBl.O, H69/Adr, and HL60/AR). Furtherrnore, P-40 levels dropped

significantly in one revertant cell line (H69/PR) derived from H69/AR cells. Interestingly, the

expression of P-40 was aIso higher in two tumour cell lines (SKTax6a and A2780Ci) that were

seleeted with paclitaxel or cisplatin but do not express P-gp or MR.P. Immuno-fluorescence staining

ofcells with IPM96 showed both membrane and cytoplasmic staining. These results were confirrned

by Western blot analysis of different subcellular fractions from MCF-7/Adr cells. The membrane

bound P-40 was resistant to extraction with high salt, chelating agents and denaturing agents; but

was solubilized with 10 mM CHAPS. Taken together, the overexpression of P-40 in multidrug

resistant cells has not been previously determined and therefore could be important in the expression

ofthe drug resistance phenotype.

93



•

•

•

INTRODUCTION

The use ofanti-cancer drugs in appropriate combinations has lead to major improvements in the

treatment of malignant tumours such as Hodgkin's disease and childhood leukemia (l, 2).

Unfortunately, resistance to CYt0toxic drugs in other cancers occurs frequently and is a major obstacle

in the chemotherapeutic treatment ofcancer patients (3). Several drug resistance mechanisms have

been identified in tumeur celllines selected in vitro with anti-cancer drugs (4, 5). At least four

proteins have been shown to Mediate a multidrug resistance (MDR) phenotype to structurally and

functionally dissimilar compounds. These proteins include the glutathione-S-transferase (6),

topoisomerase II (7), and two ATP-binding transmembrane proteins (P-glycoprotein, encoded by

mdrl and the multidrug resistant-asseciatedprotein encoded byMR.P genes) (8,9). Recently (10),

a lung-resistanceprotein (LRP) which is a major component ofhuman vaults (CYtoplasmic organelles

thought to Mediate intracellular transport processes) has been implicated in the expression ofMDR

in tumour cells.

The mechanism ofP-gp or ~-mediatedMDR describes tumour celllines that are defective in

drug accumulation (Il, 12). Both P-gp and :MRP were shown to function as energy-dependent drug

efilux pumps ofbroad substrate specificity (13-15). Transfection studies using cDNAs encoding mdr1

ormrp1 genes have clearly demonstrated that P-gp or:.MRP is sufficient to confer anMDR phenotype

onto otherwise drug sensitive cells (15-18). However, the levels ofdrug resistance seen in P-gp or

MRP transfectants are much lower than those observed in in vitro selected cell lines that express

similar levels ofthese proteins (15-18). Therefore, it has been speculated that other cellular changes

May be responsible for the observed high levels ofdrug resistance seen inMDR cells selected in vitro

versus transfeetant cells (19). Such cellular changes could amplify, or aet independently of, P-gp and

MRP functions. In this study, we report on the isolation of a monoclonal antibody that binds

specifically to a 40 kDa protein overexpressed alone or together with P-gp or MR.P in several MDR

selected cells.
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MATERIALS AND METROnS

Materials- [35S] methionine (1000 Cilmmol; Amersham Life Sciences, Inc.) and pzsI] goat anti­

mouse antibody were purchased from Amersham Biochemical Inc. Protein-A Sepharose-4B was

purchased from Bio-Rad Life Science Research. P-glycoprotein specifie antibody (C219) and the

SKOV-3, SKOVIVLBl.D cells were kindly provided by Dr. V. Ling at the BC. Cancer agency in

Vancouver, BC. The MRP-specific monoclonal antibody (QCRL-l) and the H69, H69/AR and

H69IPR cells were kindly provided by Drs. S. Cole and R. Deely at Queens University, Kingston,

ON. Canada. The HL60 and Ill.,60/AR cells were gjfts from Dr. M.S. Center at Kansas State

University, Manhattan, KS. MCF-7, MCF-7/Adr and MCF-7/Mitox ceUs were a generous gift from

Dr. G. Batist at the Lady Davis Research Institute, Sir Mortimer B. Davis-Jewish General Hospital,

in Quebec, Canada. The A2780 and A2780CP cells were kindly provided by Dr. S.B. Howell at

UCSD Cancer Center in La Jolla California. Nitrocellulose membranes containing celllysates from

SKOV-3 and SKTax6a cells were a gift from Dr. D. Rischin at the Peter MacCallum Cancer Institute

in Melbourne, Australia. AlI other chemicaIs used were ofthe highest grade available.

Tissue culture and CeU Fractionation - Drug sensitive (MCF-7, H69, SKüV-3 and HL60) and

resistant (MCF-7/Adr, MCF-7/Mitrox, H69/AR, SKOVIVLBl.O and HL60/AR) cells were cultured

in a-rvŒM or RPMI-1640 media supplemented with 5% to 15% fetaI calf serum (Hyclon. Inc.) as

previously described (20-25). AlI cells were examined for Mycoplasma contamination every three

months using the Mycoplasma PCR kit from Stratagene Inc. San Diego, CA. For cell fractionation,

MCF-7/Adr cells (IXI0~ were washed three times with ice-cold PBS containing protease inhibitors

(2 mM PMSF, 3~g/ml Leupeptin, 4 ~g/ml pepstatin A and 1 Jlg/ml aprotinin) and homogenized in

a hypotonic butTer (10 mM KCI, 1.5 mM MgCI27 10 mM Tris-HCI, pH 7.4) using the Danuce

Homogenizer. The celllysate was sequentially centrifuged at 1000 x g for 10 minutes, at 3000 xg

for 15 minutes (Pl), at 10,000 x g 15 minutes (P2) and at 100,000 x g for 60 minutes (P3) in a

Beckman ultracentrifuge, using the SW 28 rotor. The pellet from the last centrifugation (P3) was

resuspended in 5 mM Tris-HCI, pH 7.4 containing 8.6% sucrose and loaded onto a discontinuous

sucrosegradient consistingof16%, 31%, 45% and 60% sucrosein5 mM Tris-HCI, pH7.4. Samples
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were centrifuged at 100,000 x g for four hours in a Beckman ultracentrifuge using SW 55 rotor.

Fractions at the 16/31 and 31145 interfaces were collected and washed with 5 mM Tris-HCI, pH 7.4

by centrifugation at 100,000g for 60 minutes. The amount of protein in the above samples was

determined by the method ofLowry et al (26). Equal amounts of protein from the different pellets

and the soluble fractions were fractionated on SDS PAGE, transferred to nitrocellulose membrane

and analysed by Western blotting according to the method of Towbin et al. (27). Immunoreactive

proteins were visualized by chemiluminescence using the ECL method (Amersham Ine.).

Selection of monoclonal Antibodies and hybridoma supematant screening- BALB/c female

mice (8 to la weeks old) were immunized with total celi lysate from MCF-7/Adr ceUs. Mice were

immunized i.p. every 3-4 weeks for a period of6 months. Three days priorto the fusion ofSP2/0-Ag

14 myeloma (from ATTC type culture) with spleen ceUs, mice were boosted with 250 Jlg oftotaI cell

lysate injected i.v. into the tail vein. Cell fusion was done according ta standard protocols (28) using

polyethylene glycol 4000 (Boehringer Mannheim, Inc. Laval, QC.). Cells were then cultured in RPMI

media containing 15% FCS, 100 mM hypoxanthine, 0.4 mM aminopterin and 16 mM thymidine. Ten

days after fusion, 0.2 ml ofhybridoma supernatants were mixed with 0.8 ml of5% skim milk in PBS.

Nitrocellulose strips dotted with 4 ~g oftotal celllysates from drug sensitive (H69 and MCF-7) and

resistant (H69/AR and MCF-7/Adr) ceUs were incubated with the hybridoma supernatants. A total

of345 hybridoma clones were screened and hybridoma supernatants that recognized proteins in both

drug resistant (H69/AR and MCF-7/Adr) ceIls but not drug sensitive ceUs (H69 or MCF-7) were

expanded and cloned two times by limiting dilution. One antibody secreting hybridoma clone, IPM96,

was characterized further in this study. The subtype of the monoclonal antibody IPM96 was

determined by indirect immuno-enzymatic assay using the "mouse-Typer" from Bio-Rad Inc.

according to the manufactures procedure. The isotype ofIPM96 was determined to be IgG2b.

Metabolic Radiolabeling and Immunoprecipitation- MCf-7 and MCF-7/Adr cells at 70-80%

confluence were metabolically labeled with [35S] methionine (100 fl.Ci/ml) for 3-4 hours at 37° C in

methionine-free MEM. Cells were lysed and the cell lysates were immunoprecipitated with IgG2b,
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IPM96 orC219 mAbs as previouslydescribed (29). The immunoprecipitated proteins were separated

by SDS-PAGE using the Laemmli gel system (30). Polyacrylamide gels containing esS] rnethionine

proteins were exposed to Kodak X-ray film following 30 minute incubation in an Amplify solution

(Amersham Inc.).

Immunotluorescence Staining ofCells- Drug sensitive and resistant cells were washed with PBS

and smeared onto glass slides by briefcentrifugation at 1,500 rpm. The cytospins were air-dried and

fixed for 10 minutes in ice-cold acetone. Cells were rinsed twice with PBS and incubated in 1%

bovine serum albumin (BSA)IPBS for 30 minutes at room temperature. Slides were incubated with

the fus! antibody (5 Jlg/mI 1% BSA/PBS) for 30 minutes followed by three two minutes rinses with

PBS. FITC-conjugated goat-anti-mouse IgG (1:50 dilution) was added ta slides and allowed ta

incubate for 30 minutes. After several washes, slides were mounted in PBS containing 50% glycerol

and examined with a Nikon UFX-DX fluorescent microscope fitted with a 60X oil immersion

objective. Photographs were taken with Kodak Tri-X pan film (400 ASA) at 800X magnification.
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RESULTS

Isolation and characterization of IPM96 monoclonal antibody- To identify cellular changes

common to MDR celllines that overexpress P-gp or MRP, an immuno-dot blot method was used to

isolate a monoclonal antibody, IPM96, that binds to proteins from drug resistant (MCF-7/Adr and

H69/AR) but not drug sensitive (MCF-7 and H69) cells. Figure la shows the results ofa Western

blot containing total celllysates from MCF-7 and MCF-7/Adr probed with IPM96 mAb. IPM96

bound specificallyto a40 kDaprotein (p-40) in MCF-7/Adrbut notinMCF-7 cells. Figure lb shows

the immunoprecipited proteins from [355] methionine metabolically labeled MCF-7/Adr cells using

IPM96, C219 or an irrelevant IgG2bo The results in figure lb show that IPM96 immunoprecipitated

a 40 kDa protein while a 170 kDa protein (orP-gp) was immunoprecipitated with C219 mAb. No

[
35S] methionine labeled proteins were îmmunoprecipitated with an irrelevant IgG2b (Figure lb), nor

did IPM96 and C219 rnAbs precipitate a 40 kDa and a 170 lcDa proteins from MCF-7 cells (data not

shawn).

Expression of 40 kDa protein in MDR cells - To determine ifP-40 is overexpressed in other MDR

celllines, a Western blot oftotaI celllysates from MCF-7/Adr and SKOVNLB1.0 cells (P-gp positive

MDR cells) and from H69/AR and HL60/AR (MRP-positiveMDR cells) was probed with IPM96

mAb (Figure 2a). P-40 was deteeted at much higher levels in MDR cells than in parental drug

sensitive celllines (figure 2a). Furthermore, P-40 levels were much lower in one revertant cellline

(e.g., H69/PR; (31)) derived from H69/Adr cells (figure 2a). With the exception ofone parental cell

line (SKOV3), which expressed low levels ofP-40, no signal was detected in MCF-7, H69 and Ill..60

drug sensitive cells. Figure 2a also shows similarWestern blots probed withP-gp-specific mAb (C219

mAb), MRP-specific mAb (QCRL-1 mAb) and tubulin antiserum. The latter results confirm the

expression ofP-gp or MRP in the differentMDR celilines.

In addition to P-gp and :rvfRP-mediated.MDR cells, P-40 expression was examined in other MDR

celilines (MCF-7/Mitox, SKTax6a and A27800) selected for resistance to mitoxantrone, paclitaxel

or cisplatin, but showed no detectable levels ofP-gp or.MR.P (32-34, 25). Interestingly, while MCF­

7lMitox resistant cells did not express P-40 (figure 2b), a significant increase in P-40 levels was seen
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Figure 1. Binding of IPM96 mAb to a 40 kDa protein (P-40) in MCF-71Adr cells. Western blot

analysis of celllysates from drug sensitive (MCF-7) and resistant (MCF-7/Adr) cells probed with

IPM96 mAb show high expression ofa 40 kDa protein in MCF-7/Adr cells (a). Figure 1b shows an

immunoprecipitation of[35S) methionine labeled MCF-7 or MCF-7!Adr cells with an irrelevant IgG2b,

IPM96, or C219 mAbs. A 40 kDa and 170 kDa [35S] methionine labeled polypeptides were

immunoprecipitated with IPM96 and C219 mAbs, respectively (b).
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Figure 2. Expression ofP-40 in human MDR cells. Total celllysates from drug sensitive (MCF-7,

SKOV-3, andHL60), resistant (MCF-7/Adr, SKOVNLB1.0, H69/ARand HL60/AR) and a revertant

cel1 (H69/PR) were fractionated on SDS PAGE and probed for P-40 with IPM96 mAb, P-gp with

C219 mAb, MRP with QCRL-l mAb, and tubulin with an antiserum for tubulin (a). Similarly,

Figure 2b shows a Western blot oftataI celllysates from drug sensitive (SKüV-3, A2780 and MCF­

7) and resistant (SKTax6a, A2780CP and MCF-7/Mitox) cel1s prabed with IPM96 mAb.
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in SKTax6a and A2780CP cells (figure 2b). Table l surnmarizes the results. from the Western blot

analyses for P-40, P-gp and:MRP expression in all the celllines examined iB this study.

Membrane and Soluble Pools ofP-40- Given the above results, it was ofnnterest to determine the

subcellular localization ofP-40 inMDR cells. Figure 3a shows an indirect immunotluorescence

staining of MCF-7 and MCF-7/Adr cells with IPM96 mAb. MCF-7/Adr cells showed strong

fluorescence staining at the cell membrane and a more diffused staining in the cytoplasm. By contrast,

MCF-7 drug sensitive cells did not show any significant fluorescence when stained for P-40 with

IPM96 mAb (Figure 3a).

To further characterize the subcellular expression ofP-40, cell fractions from MCF-7/Adr cells

enriched for mitochondrial cP1), Golgi membranes (P2), microsomes and plasmamembranes (P3) and

soluble proteins (S5) were prepared by differential centrifugation. The P3 fraction was further purified

on a discontinuous sucrose gradient. A highly enriched plasma membrane and microsomal fractions

at 16/31 and 31/47 interfaces cP6131 and P31147) were collected and examined fo~ P-40 levels. The purity

ofthe above subcellular fractions was established using marker enzymes as previously described (35)

(data not shown). Figure 3b shows a Western blot of the different cellular fractions probed with

IPM96 and C219 mAbs. P-40 was found in all different fractions including the soluble fraction (figure

3b). However, higher levels ofP-40 were found in the plasma membrane enriched fraction (16/31)

than in the other fractions (figure 3b). Similarly, P-gp was found in all pellett fractions but was not

detectable in the soluble fraction (figure 3b). Ofinterest is the relative amonnt ofP-40 and P-gp in

P16/31 fraction compared to the other fractions.

To examine the nature of interactions between P-40 and the plasma maembrane, the effects of

agents that disrupt weak forces on P-40 association with the plasma membr.ane are shawn in figure

4. The resuIts in figure 4 shows that high salt (1.5 M NaCI) and chelating ag.ents (5 mM EDTA) did

not cause the release ofP-40 from the plasma membrane. The denaturing agent urea did cause the

release ofsorne P-40 from the membrane; while the presence ofa detergent (10 mM CHAPS) led to

the complete release of P-40 into the soluble fraction (figure 4). In addition, treatment of P 16131

membrane fractions with phosphatidylinositol (PD-specifie phospholipase C (36) did not affect the
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association ofP-40 with the plasma membrane (data not shawn). Hence, P-40 is not a PI anchored

protein.
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• Table 1. Relative Expression of MDR Related Protein

Selecting
Cellline drug P-gp MRP P-40 Ref

MCF-7
MCF-7/Adr Adriamycin ++++ +-++ (20)
MCF-7/Mitox Mitoxantron (32,33)
SKOV3 +
SKOV3NLB1

•
O Vmblastine 1 1 1 [ i ++++ (21)

SKTax6a Taxoi ++ (34)
H69
H69/AR Adriamycin ! 1/ [ 1 ++ (22,31)
H69/PR +/- (31)
HL60
HL60/AR Adriamycin + ++ (24)
A2780
A2780CP Cisplatin +++ (25)

•
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Figure 3. Subcellular localization of P-40 in MDR cells. Indirect immuno-fluorescence staining

of MCf-7 and MCF-7/Adr with IPM96 mAb shows bright fluorescent staining at the plasma

membrane and diffused staining in the cytoplasm in MCF-7/Adr cell (a). No staining was observed

in MCf-7 cells (a). Figure 3b shows a Western blot analysis of enriched membrane (pl, P2, P3,

P16/3l and P31/45) and soluble (S3) fractions from MCF-7/Adr cells (see Material and Methods).

The nitrocellulose membrane with equal protein samples was probed for P-40 with (IPM96) and P­

gp with (C2l9) mAbs (b).
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Figure 4. EfTects of denaturing agents and detergents on P-40 interactions with the plasma

membrane. Plasma membrane fractions were extracted with 6 M urea, 1.5 M NaCI, 5 mM EDTA,

or 10 mM CHAPS. Figure 4 show a Western blot of the extracted (soluble) and the remaining

membrane bound P-40 (pellet) probed with IPM96 mAb.
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DISCUSSION

In this study, we describe the isolation ofa monoclonal antibody (IPM96) that binds specifically

to a 40 kDa protein (p-40) in MDR cells. We also show that P-40 is highly expressed in several MDR

celllines that overexpress P-gp or MRP. The co-expression ofP-40 with P-gp or MRP is unlikely to

be the result of co-amplification, since the mdr1 (P-gp 1) and mrp1 (MRP) genes map to

chromosomes 7(q21 and q31) and 16 (p13.1), respectively (9,37). Furthermore, the observed

decrease of P-40 levels in a revertant cell line (H69/PR) derived from H69!AR, together with the

above results, suggest a correlation between the P-40 expression and drug resistance in H69!AR cells.

However, as the H69/PR cells were derived from H69!AR over a long period of cell culturing in the

absence ofdrug selection, further studies are required to demonstrate direct correlation between P-40

and drug resistance.

The overexpression ofP-40 in paclitaxel or cis-platinum selected celllines (SKTax6a and A2780eI),

in the absence ofa detectable levels ofP-gp or 'MRP, supports the notion that P-40 alone may confer

resistance to cytotoxic drugs. Although it remains to be deterrnined ifother.MDR-associated proteins

are overexpressed in these cell tines, earlier characterization of SKTax6a cells has demonstrated the

presence ofseveral isoforms oftubulins not expressed in the parental SKOV-3 cells (34). Similarly,

the cis-platinum seleeted cells (A2780Cl) were aIso shown to have an enhanced DNA repair compared

to the parental A2780 cells (25).

Earlier reports have described the co-expression ofan 85 kDa (CD36) and 135-220 kDa (CD56)

surface proteins with P-gp in severalMDR tumour celllines (38, 39). More recently (40), a 7 kDa

membrane protein was also shown to be co-expressed with P-gp in SKOVIVLBl.O cells. Furthermore,

Mirski et al. (41) have described the isolation of several monoclonal antibodies that recognized

changes in proteins between sensitive andMDR human cells. The antigen (a 35 kDa soluble protein)

recognized by one ofthe monoclonal antibodies was shown to be lipocortin II (42). However, except

for the 85 kDa (CD36) and 25 kDa calcium binding protein (Sorcin), the effects ofabove proteins on

theMDR phenotype have not been examined. Furtherrnore, it is not known ifthe above proteins are

aIso co-expressed with:MR.P inMDR cells. The co-expression ofP-40 with P-gp or MRP should allow

us to address the question ofwhether P-40 is responsible for the observed differences inMDR levels
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seen in P-gp or MRP transfectant versus in vitro selected cells that express equallevels of P-gp or

I\1RP. Studies are ongoing to determine ifP-40 interacts directly with P-gp and rvm.P_

Altematively, P-40 maymediate adrug resistance phenotype independently ofP-gp and"MRP MDR

mechanisms. For example, P-40 expression may be a first linè ofdefense and as such precedes the

expression ofP-gp and l\1RP. In this respect, the low level ofP-40 in the absence ofP-gp in SKOV-3

parental cells is not surprising since SKOV-3 cells were previously shown to be moderately resistant

to several CYt0toxie drugs (e.g., diphtheria toxin, cis-platinurn and adriamycin) (43). Moreover,

selection of SKOV-3 cells for resistance to vinblastine or paelitaxel (SKOVIVLBl.O or SKTax6a)

leads to much higher levels of P-40. In line with the above speculation, several studies have now

demonstrated the co-expression ofP-gp and MR.P inMDR selected celllines (44-47). Furthermore,

it has been shown that MRP expression in those eelllines precedes that ofP-gp at lower levels ofdrug

resistance(45-47). Thus, in future studies, it would be of interest to determine ifP-40 expression

precedes that ofP-gp or MRP at lower levels of drug resistance. These findings are important with

respect to MDR reversal, since the drugs that reverse P-gp-mediated MDR are not good reversing

agents ofMRP-mediate MDR (48, 49).

Our subcellular fractionation and immunofluoreseence data show P-40 to be associated with the

plasma membrane and soluble fractions. However, the membrane assoeiated P-40 was resistant to

extraction with high salt or ehelating agents and phosphatidylinositol (pI)-speeific phospholipase C.

The presence of6 M urea eaused sorne P-40 to dissociate from the membrane, while 10 mM CHAPS

resulted in the complete release ofP-40. The release ofP-40 in the presence of6 M urea but not with

high salt or EDTA is not clear but it is consistent with hydrophobie interactions (50). Altematively,

the release ofP-40 in the presence ofa denaturing agent may be caused by proteolytic cleavage . At

any rate, comparison of P-40 from soluble and plasma membrane pools by two-dimensional gel

electrophoresis shows differences in pl (results not shown). Furtherbioehemical analyses ofthese two

pools ofP-40 and the nature of interactions between P-40 and the cell membrane are the subject of

further studies.

In conclusion, we show the overexpression ofa 40 kDa protein in MDR cells in the presence and

absence ofP-gp or r..1RP. Although further studies are required to demonstrate a direct role for P-40,
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ifany, in drug metabolism andMDR; P-40 could modulate anMDR phenotype indireetly. For

example, P-40 may be a component of the apoptosis signaling pathway. There is now growing

evidence that changes in the levels or the functions ofproteins involved in the signalling ofapoptosis

can confer anMDR phenotype on tumour cells (51, 52).
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CONNECTINGSTATEMENT2

Our previous study ( Chapter Ill) has shown the overexpression of P-40 in rvIDR cells in the

absence or presence ofP-gp or rv1RP. Biochemical characterization ofP-40 has revealed that P-40

is an intracellular protein associated with the plasma membrane and soluble fraction. More

importantly, the expression ofP-40 can be correlated with the level ofdrug resistance (Wang et al

, 1997). It is very likely that, as a alternative mechanism, overexpression ofP-40 may confer MDR.

Although the expression pattern of P-40 Led to its implication in NIDR phenotype, further

investigations, especially the molecular characterization ofP-40 was required to demonstrate the role

of P-40 in !vIDR. The establishment of P-40 cDNA transfectants in drug sensitive cells will be

critical to evaluate the functional role ofP-40 in the development ofMDR phenotype. In this study,

we described the molecuIar characterization ofP-40 and elucidated the role ofP-40 in MDR by a

single gene transfer study.

Manuscript in preparation.
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ABSTRACT

The development of multidrug resistant tumour ceUs during the chemotherapeutic treatment of

cancer patients is a major obstacle in cancer treatment. Studies from in vitro seleeted celllines have

led to the identification of severa! cellular proteins that mediate resistance ta anticancer drugs (eg.

P-gp and MRP). We have previously identified a 40 kDa protein (named P-40) that is overexpressed

in several MDR celilines (Wang et al, 1997). In this study, we have further charaeterized this 40

kDa protein at molecular leveL The c10ning of the cDNA encoding P-40 revealed that P-40 is

identical to annexin l, a substrate for the epidermal growth factor receptor tyrosine kinase. The

identity ofisolated P-40 cDNA and annexin lis aIso established based on; (a) the cross-reactivity of

IPM96 monoclonal antibody with 40 kDa protein following the in vitro expression ofP-40 cDNA;

(b) the similarity ofthe molecular mass ofP-40 and annexin l and (c) the distribution pattern ofP-40

and annexing l in mammaIian cells. Northem blot analysis of totaI RNA from drug sensitive and

resistant ceUs revealed an increase in P-40 (or annexin n in drug resistant ceUs. The northern blot

results are also consistent with the Western blot data, especially those relating to the protein and

rnRNA levels ofP-40 (or annexin n in SKOV3 compared with SKOVIVLB1.0 ceUline. Thus, the

observed increase in P-40 (or annexin I) protein Ievel in drug resistant ceUs is transcriptionally

regulated. To determine the raIe ofP-40 (or annexin I) in MDR, the effeets of several anticancer

drugs were compared between MCf-7 transfected with P-40 (annexin I) cDNA ( P-40-MCF-7)

versus vector only. Our results show that P-40-MCF-7 transfectant cens are 2 ta 3- fold more

resistant to adriamycin, actinomycin D, TaxaI and cisplatin relative to the MCF-7 ceUs transfected

with vector alone. Interestingly, P-40-MCF-7 cells did not show cross -resistance ta vincristine and

colchichine. Taken together, these results provide the tirst direct evidence for the raIe ofannexin l

in multidrug resistance.
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INTRODUCTION

The ability of malignant cells to develop multidrug resistance (IvIDR) to cytotoxic drugs has

become a major impediment in the chemotherapeutic treatment ofcancer patients. Studies from in

vitro selected MOR tumour celllines have led to the identification of several cellular proteins which

confer resistance to a variety ofchemotherapeutic agents (pastan and Gottesman, 1987; Bradley et

al, 1988). The overexpression of P-glycoprotein (P-gp) and the Multidrug Resistance Protein

(MRP) in cells selected with hydrophobie cytotoxic drugs (eg. V mca alkaloid, anthracyclines and

epipodophyllotoxins ) have been shawn to confer an. l\IDR phenotype ( Gottesman and Pastan,

1993; Endicott et al, 1989; Cole et al, 1996). Bath P-gp and MRP belong to a large family ofATP

trafficking proteins that mediate the transport of numerous substrates ranging from ions to large

peptides (Higgins 1992). In tumour cell lines, P-gp and MRP reduce the intracellular drug

accumulation via an energy-dependent drug efllux mechanism (Shapiro and Ling, 1995; Doige and

Sharom, 1992; Zaman et al, 1994).

P-gp and MRP are expressed to variable levels in normal tissues and are thought to mediate the

transport of the normal cell metabolites, hormones and xenobiotics ( Cordon-Cardo et al, 1990;

Bradely et al, 1990; Thorgeirsson et al, 1987; Thiebaut et al, 1987). In agreement with the in vitro

studies, disruption of both alleles of P-gp (mdr1) from the mouse genome has resulted in the

accumulationor redistribution ofdrugs in many organs and tissues where P-gp is expressed (Schinkel

et al 1997; Schinkel et al, 1994 ). High levels of P-gp expression has also been detected in more than

50 % of tumours including those derived from tissues in which P-gp gene is consistently activated,

or those in which cell transforming events appear to be responsible for the activation ofP-gp gene

(TishIer et al, 1992; Abe et al, 1994; Baker et al, 1989; Belloni et al, 1989; Charpin et al, 1994; Fojo

etai, 1987;Charpinetal, 1994; Henson et al, 1992;Hijazi et al, 1994; Mattern and Volm 1994). The

correlation between the overexpression ofP-gp and failure of chemotherapyand poor survival rates

has been established for sorne hematopoietic tumours and childhood malignancies ( Chan et al 1990).

However, the lack of P-gp expression in other MDR tumours indicates that additional cellular

changes can confer resistance to anticancer drugs (Lee et al, 1997; Baggetto 1997; Linn et al 1994;

Lonn et al, 1994; Sognier et al 1994 ). Sorne ofthe cellular changes identified in drug resistant cells
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include the overexpression ofJ\1RP (Loe et al 1996), alterations in gIutathione-S-transferase activity

or GSH levels (Tew, 1994), reduction in Topoisomerase II levels or activity (Frelich et al, 1995),

overexpression ofLRP (the Lung Resistance Protein, the component ofhuman vaults (Scheffer et

al, 1995), and changes in proteins mediating apoptosis or prograrnmed cell death (Lowe et al, 1993;

Lowe et al, 1994).

We have previously demonstrated the overexpression of a 40 kDa protein (p-40) with orwithout

the expression ofP-gp or rvtRP (Wang and Georges 1997). Our earlier biochemical charaeterization

demonstrated the presence ofP-40 in the membrane and cytosolic fractions in several MDR celllines.

In this report, we show that P-40 is identicaI to annexin l (aIso known as lipocortin). Annexin l is

a member ofa large family ofCa2+-dependent phospholipid binding proteins with several predicted

functions including intracellular membrane vesicular trafficking and exocytosis (Raynal and Pollard,

1994). However, annexin l has not been previously implicated in drug resistance. Moreover, we

show that transfection of P-40 (or annexin I) cDNA into drug sensitive cens (MCF-7) confers

resistance to structurally and functionally dissimilar drugs. Taken together, the results ofthis study

demonstrate, for the tirst time, the role ofannexin l in the MDR phenotype oftumour cells.
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MATERIALS AND METHOnS

Cell culture. Cell culture was performed under standard conditions in RPMI or a-MEM medium,

containing 10% to 15 % fetaI calfserum (HyclonInc.). Drug-sensitive ceUs (MCF-7, H69, SKOV3

and HL60) and their resistant mutants (MCF-7/Adr, H69/Adr, SKOVIVLB1
•
O HL60/AR) were

grown in the absence ofantibiotics. Brietly, ceUs were grown at 37°C in humid atmosphere of 5%

CO2 and 95% air and passaged when cultures were 70-80% confluent for adherent eeUs or lXI06

cells/ml for eeUs in suspension. Drug-resistant ceUs were grown eontinuously with appropriate

concentrations ofcytotoxic drugs. AIl ceUs were routinely examined for Mycoplasma contamination

by PCR ( Mycoplasma PCR kit from Stratgene ).

Screening an expression cDNA library with monoclonal antibody. The screening of an

expression cDNA library constructed in À-gt Il using rnRNA from HeLa cells was performed

using a P-40 specifie monoclonal antibody essentially as outlined in the manufacturer's protocol

( Cloneteeh Laboartories Ine, V.S.A). About 5XIOs plaques were plated using Escherichia coli

YI090 as host and screened with IPM96 monoclonal antibody. Briefly, plates containing phage

plaques were ineubated at 42°C for 4 hours and then overlaid with a dried nitrocellulose filter

saturated with 10 mM IPTG (isopropyl-B-D-thiogalaetopyranoside). The agar plates were

incubated for another three hours at 37 Oc . To process the filters for antibody sereening, double

lifts from the agar plates were immediately immersed in a large volume ofTNT butfer (10 mM Tris­

HCI pH 8.0, 150 mM NaCI, 0.05% Tween-20) and washed twice for 30 minutes at room

temperature. Following one hour bloeking with 5% skim milk in the presence of 1.5 mM ofsodium

azide, the nitrocellulose filters were incubated with TBST buffer containing 2 fl.g/ml ofProtein G

colurnn purified IPM96 monoclonal antibody overnight at 4°C. Filters were washed with TNT buffer

and incubated with goat anti-mouse IgG eonjugated to horseradish peroxidase (Gibco BRL).

Positive plaques were visualized by chemilumineseence using Amersham ECL kit (Amersham,

Oakville, Ont.). The positive immunoractive plaques were verified by duplicate lifts and purified by

subsequent rounds ofscreening using lower plaque density. The phage particles were eluted from

the positive plaques in water and used as templates for PCR with the 3' and 5' insert screening
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amplimer sequence of À-gt-ll (Clonetech Laboratories Ine., U.S.A.). The DNA fragments from

the PCR reactions were cloned into peR II vector (Invitrogen ) following standard procedures

(Sambrook et al, 1989).

Nucleotide sequencing and computer sequence analysis. The above cDNA clones were

sequenced by the dideoxy termination method using M13 universal primers and sequence specific

primers via the automated DNA sequencing service at Sheidon Biotech Centre at McGill University

and Core Facility ofQueen's University at Kingston Ontario. Both strands oftwo different clones

were completely sequenced. Computer analysis ofthe DNA and protein sequence was done with

MacVector software and Blast search program.

Northern blot. For Northem blot analysis, total RNA was prepared from drug sensitive and their

resistant sublines using the Trizol Reagent Kit (GibcoBRL, Gaithersburg, U.S.A) according to the

manufacturer' s directions. Approximately 10 Ilg ofRNA samples from each cellline was separated

byeleetrophoresis through a 1% agarose gel containing 10 mM NaH2P04 and transferred to a

Hybonds™-N probe membrane (Amersham, Oakville, Ont.) by pressure blotting with 20XSSC

( lXSSC contains 140 mM NaCI, 32 mM Sodium Citrate, pH 7.4). The membrane was incubated

in buffer A ( 50% formamide, 2.5XDenhardt's solution, 25 mg/ml denatured salmon spermDNA, 1%

SDS and 1.25X SSPE ) containing lXl06 cpm/ml of a_[32-P]dATP nick translated probe of P-40

cDNA at 42°C overnight. The low stringency sequentiaI washes with 0.5 SSC were performed

for 30 minutes at room temperature. A higher stringency wash was applied oruy ifit was necessary.

Quantification of the radioactive signais was carried out by scanning the resultant autoradiograph

using Nlli imaging software ( NIH Image 1.59).

ln vitro transcription and translation. In vitro expression ofcDNA clones was carried out using

a rabbit reticuloeyte lysate transcription and translation system (promega Corporation. Madison,

WI). Briefly, eDNA eneoding for the fulliength P-40 was cloned into the Not 1 site ofa pCDNA3

eukaryotie expression veetor that contained the T7 and SP6 promoters (Invitrogen, Ine.). The
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pCDNA3 with and without P-40 cDNA insert were then added into a coupled reticulocyte lysate

transcription and translation system in the presence of[35S]-methionine (DupontINEW, MÎssissauga,

Ont). Following a two hour incubation at 30°C, in vitro synthesized proteins were analysed by

Western blotting and immunoprecipitation with IPM-96 monoclonal antibody as previously

described (Wang and Georges, 1997).

Gene transfection. MCF-7 cells were transfeeted with the veetor (pCIN4) alone or vector

containing P-40 cDNA using lipofectAMINE (Gibco, Burlington, Ontario, Canada) as outlined by

manufacture's protocol. Brietly, 4 X 105 cells was plated in a 60 mm plate with complete medium

and incubated overnight at 37°C. The plates were washed with serum-free a-rvŒM medium three

times and overlaid with 1 ml ofserum-free a-MEM containing 5 Ilg ofsupercoiled DNA in 10

III of lipofectAMINE. After a 5 hour incubation, the medium was replaced with 5 ml of a-MEM

medium supplemented with 10% fetaI calf serum ( Hyclone Laboratories ) and cells were further

cultured at 37°C for 24 hours. For stable transfectants, G418 (Gibco ) was added to the cells at

1 mg/ml and cells were cultured continuously with G418 for another three weeks. Individual clones

of MCF-7 cells stably transfected with pCIN4-P40 and pCIN4 only were obtained and

subsequently expanded in the presence of G418 (1 mg/ml). A population of cens exhibiting high

expression of P-40 and a population of the ceils transfected with pCIN4 vector alone were

charaeterized by Western blotting and immunofluroresence.

Cytotoxicity assays. The chemosensitivity patterns ofstably transfeeted MCF-7 cens with pCIN4

vector alone or fulllengthP-40 cDNA were determined by a tetrazolium salt-based microplate assay

as described previously (pouliot et al 1997). Briefly, 100 III aliquots ofcens were plated into 96­

weil plates at 5000 ceUs per weIL The cells were then incubated at 37°C for 24 hours before the

addition ofincreasing concentration of different cytotoxic agents. Following a 72 hour incubation

with different anticancer agents, 3-(4,5-Demethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide

(Sigma) was added to each well of the plates at a final concentration of 2.5 mg/ml. After 4 hour

incubation, cells were solubilized by the addition of50 III of 10% Triton X-100 in 0.01 N HCL The
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96-well plates were heated in the microwave aven for l minute at the minimal power setting~ and 10

J.ll of 100 % ethanol was added ta disperse the bubbles fonned during pipetting. Plates were read at

570 nm. using an ELISA microplate reader. The effects of drugs on the viability of cells were

expressed as the mean ± sn of two ta three independeot experiments in which triplicates were

assayed.

Indirect immunofluorescence. Bath in vitro seleeted P-40-expressmg MDR cell lines and P-40

cDNA transfeetants were used for indirect immunofluorescence analysis as described previously

(Wang and Georges 1997). Briefly~ ceUs were washed three times with PBS and prepared ooto

slides by cytospin centrifugation. Cytospins were air dried and fixed for 10 minutes in ice cold

acetone. AlI subsequent steps were performed at room temperature. Slides were rinsed brietly in

PBS and then incubated in a blocking solution cootaining 1% BSA in PBS for 20 minutes. A 100

Jl.l of IPM96 monoclonal antibody (2Jl.g/ml) was added to each slide and allowed to iocubate for

30 minutes at room temperature. The washed CYt0spins were incubated with fluorescein FITC­

conjugated goat antirnouse IgG (Sigma) for 30 minutes. After severa! washes, slides were mounted

in PBS cootaining 50 % glycerol and examined with a Nikon UFX-DX fluorescence microscopy

fitted with a 60X immersion objective. Photographs were taken with Ektachrome Tungsten film (160

ASA) at 400X to 600X magnificatioo.
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RESULTS

Isolation and identification ofP-40 cDNA clones. In a previous report (Wang et al, 1997), we

had demonstrated the overexpression ofa 40 kDa protein (p-40 ) in several MOR celllines alone or

together with Pgp or l\1RP. To further characterize the P-40 protein, it was ofinterest to isolate the

cDNA clone that encodes its sequence. In tbis study, we have used a P-40 specifie monoclonal

antibody ( IPM96) ta screen a cDNA expression library prepared from HeLa cells. A total of

500,000 plaques from À-gt Il phage library were screened. Severa! positive plaques were obtained

following the initial screening. Of the latter positive plaques, two positive clones were obtained

after a sequential plaque purification and both inserts were isolated by PCR (see Materials Methods)

The two positive clones encoded for the same 1.4 kb fragment that was subcloned into T/A PCRIT

vector. Sequence analysis ofboth cDNA clones showed an open reading frame of344 amino acids

which is consistent with the expected molecular mass of the protein ( 38.2 kDa versus 40 kDa).

Comparison of P-40 nucleotide and amino acid sequences to other sequences in the DNA data bank,

using a DNA search programs (Blast Search) revealed a complete identity ofP-40 to annexin 1*

(Wallner et aL 1986, accession No emb/x059081/HSLlPCR).

To confirm the identity of the isolated P-40 cDNA as that of annexin l, a pCDNA3 construct

containing a 1.417 kb fragment encoding the fulliength ofP-40 (Annexin 1) was expressed in vitro

using T7 promoter directed transcription and translation reticulocyte lysate with [35S]-Methionine.

Figure la shows the immunoprecipitation ofproteins with lPM96 monoclonal antibody from an in

vitro expression reaction containing vector only (lane 1) or vector plus 1.4 kb insert (lane 2). As

control for IPM96 monoclonal antibody, an irrelevant IgG2b was used to immunoprecipitate proteins

from a reaetion mixture containing vector plus the 1.4 kb insert (Figure 2a). The results offigure 2a

show a [3sS]-methionine labelled 40 kDa protein immunoprecipitated with IPM96 monoclonal

antibody but not with irrelevant IgG2b• Figure 2b shows Western blot analysis ofthe protein lysates

identical to those in figure 2a, but probed with IPM96 monoclonal antibody or irrelevant IgG2b o

Taken together, these results confirm the identity of the 1.4 kb fragment as the annexin 1 gene.

To determine ifthe amino acid sequence ofP-40 (or annexin 1) cloned from HeLa cells is different

*accession number:emb/Xo5908/HSLIPCR
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Figure 1. In vitro expression of P-40 (or annexin 1). The in vitro expression ofP-40 (or annexin

I) cDNA was performed using the T7 promoter directed transcription in peDNA3 cloning vector.

Figure 2a shows in vitro transcribed and translated products containing vector only or vector plus

1.4 kb insert following immunoprecipitation with IPM96 monoclonal antibody. Figure 2b shows

the same samples as in figure 2a but transferred to nitrocellulose membrane and probed with IPM96

monoclonal antibody or an irrelevant IgG 2b, respeetively.

123



•

•

•

from that found in MCF-7/Adr cells, P-40 (or annexin I) was further cloned from MCF-7/Adr cells

by RT-PCR using 5' and 3' primers encoding P-40 (or annexin 1). Analysis of annexin l sequence

from MCF-71Adr cells revealed no differences from that isolated frOID HeLa cells (data not shown).

In our previous study (Wang and Georges, 1997), the level ofP-40 (annexin 1) was compared

between drug sensitive and resistant cells lines. Figure 2a shows a Western blot analysis oftotal cell

lysates from drug sensitive (MCF-7, SKOV3 and H69) and their resistant (MCF-7/Adr,

SKOVNLBl.O and H69/AR) mutants probed with IPM96 monoclonal antibody. The results of the

latter Western blot shows an increase in P-40 expression in resistant cells relative to the parental

drug sensitive cells. The SKOV3 cells show lower levels ofP-40 (or annexin 1) than the resistant

SKOVNLB 1.0 cells. Interestingly, the SKOV3 cellline was originally derived from a patient with

ovarian tumourthat was considered clinical resistant to cisplatin and adriamycin (Fog and Trempe,

1975). To determine ifthe overexpression of P-40 is due ta transcriptional modification, northern

blot analysis was performed with RNA extracted from drug sensitive (MCF-7, SKOV3 and H69 )

and resistant (MCF-7/Adr, SKOVIVLBl.O and H69/AR) cells. The membrane was probed with 32p

labelled 1.4 kb fragment. The result in figure 2b shows a 1.6 kb mRNA band in MCF-7/Adr,

H69/AR and SKOVNLBl.O drug resistant celllines but not in their drug sensitive parental cells with

the exception of SKOV3 cells. In comparison with SKOVIVLBl.O
, a 4-fold decrease in P-40

transcript levels was observed in SKOV3 drug sensitive cells (Figure 3, lane 3 and lane 4). Taken

together, the northern blot results clearly demonstrate that the observed increase in P-40 (or

annexin I) in drug resistant celllines is due to an increase in its mRNA levels. Furthermore, the

northem blot results are consistent with the Western blot data, especially, those relating levels ofP-40

(or annexin I) in SKOV3 versus SKOV3NLBl.O cells. To determine ifthe above increase in rnRNA

levels in MDR cells relative to drug sensitive cells is due to gene amplification, genomic DNA from

drug sensitive and resistant cells were isolated and analysed quantitatively by Siot blotting.

Interestingly, no gene amplification ofP-40 (or annexin I) was observed in resistant cells (data not

shown).

Cbaracterization ofP-40 (or annexin 1) MCF-7 stable transfectant ceIls. Ta determine if P-40

(or annexin I) alone confers resistance ta anticancer drugs, a fulliength cDNA clone ofP-40 (or

124



•

•

•

Actin

Figure 2. Analysis of protein and mRNA levels of P-40 (or annexin 1) in drug sensitive and

drug resistant ceUs. Total cell extraet from drug sensitive (MCF-7, SKOV3 and H69) and drug

resistant human MDR celllines (MCF-/Adr, SKOVIVLBl.O and H69/AR) were fractionated on

sns-pAGE and transferred ta nitrocellulose membrane. The membrane was probed with IPM96

monoclonal antibody. P-40 (or annexin I) is seen in extracts from drug resistant cells. Low level of

P-40 is detected in SKOV3 drug sensitive cells but not in MCF-7 or H69 cells. For rnRNA levels in

the same celllines, total RNAs were resolved on agarose gel and transferred ta nylon membrane and

probed with 32p_dATP labelled 1.4 kb fragment encoding for P-40 (or annexin 1) and actin. Figure

3b shows that the expression ofa 1.6 kb rnRNA in drug sensitive and resistant i\IDR cells correlates

with levels ofP-40 (or annexin 1) in the same celllines.
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Figure 3. P-40 (or annexin 1) construct pCIN4-P40. The fulllength P-40 (or annexin 1) cDNA

was cloned into the Not-l site of eukaryotic expression vector pCIN4 in both sense and antisense

orientations. This places the P-40 ( or annexin l ) adjacent to the viral CMV promoter, which directs

its expression. The neomycin phosphotransferase gene is aIso present on the construct with its

expression being driven by the same promoter element located ahead ofmulti-cloning site. (indicated

in the map), thus providing G418 resistance to cells containing a construct. Please notice that, to

facilitate translation of the second open reading frame ( neomycin phosphotransferase ), the

encyphalomyocarditis virus internaI ribosome entry sites has been inserted into the expression cassette

immediately before the start codon ofneomycin phosphotransferase nucleotide sequence. Intervening

sequence (lYS) accompanies the transcription complex ( P-40 cDNA and neomycin

phosphotransferse gene) for maximal expression ofmature transcripts.
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annexin 1) was cloned into pCIN4 eukaryotic expression veetor ( Figure 3) and transfeeted into

MCF-7 drug sensitive cells. Stable transfeetants ofP-40 (or annexin 1) MCF-7 cells (p-40-MCF-7)

were selected in the presence of lethal concentration of G418. Figure 4a shows a Western blot

analysis oflysates from P-40-MCF-7 cells probed with the IPM96 monoclonal antibody. The results

ofthe latter Western blot shows P-40-MCF-7 cells to express 113 less P-40 than the MDR in vitro

selected MCF-7/Adr cens. However, the distribution pattern ofP-40 (or annexin 1) in P-40-MCF­

7 transfectants is similar ta that in MCF-7/Adr cens (Figure 4b). As expected , no detectable levels

ofP-40 was observed in cells transfected with vector alone.

Cross resistance patterns ofP-40 MCF-7 transfectants. Having established the expression ofP­

40 (or annexin 1) in P-40-MCF-7 cells, it was ofinterested to known the effect ofP-40 ( or annexin

n on the sensitivity of MCF-7 cells to anticancer drugs. Figure 5 shows the results of the

chemosensitivity assays using P-40-MCF-7 cells in the presence of increasing concentration of

anticancer drugs to that ofMCF-7 cells transfected with vector alone. Surprisingly, P-40-MCF-7

cells displayed low level ofresistance to adriamycin, actinomycin D, Taxol and cisplatin (Figure

6 ) relative to the cells transfected with veetor alone. However, P-40-MCF-7 cens did not show

cross-resistance to colclücine and vincristine ( data not shown) These results suggest that the

overexpression of P-40 ( or annexin 1) does confer low level drug resistance to a variety of

anticancer drugs.

Post-translational modification of P-40 (or annexin 1) in resistant cells. Annexin 1 is a

phosphoprotein phosphorylated at serine and tyrosine amino acids (Wang and Cretuz, 1994;

Varticovski et al, 1988). Furthermore, it has been suggested that phosphorylation ofannexin 1at its

N-terminal domain decreases its affinity for negatively charged phospholipids and its ability to cause

the aggregation of synthetic lipid vesicles (Wang and Cretuz, 1994). Given the above results,

conceming the role of P-40 in drug resistance, it was ofinterest ta examine the post-translational

modification of P-40 (or annexin 1) in rvIDR cens. The results in figure 6 show the

immunoprecipitation ofP-40 (or annexin 1) with IPM96 monoclonal antibody or an irrelevant IgG2b
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Figure 4a. Expression of P-40 (or annexin I) in MCF-7 stable transfectants. The expression

level ofP-40 (annexin I) in MCf-7 stable transfectants was determined by Western blot and indirect

immunfluroresence. Figure Sa shows equal number of cells from MCf-7 transfected with vector

alone (lane 1) orvectorplus P-40 cDNA(p-40-MCF-7)(lane 2) were lysed and thetotallysates were

separated by 10% sns PAGE and blotted onto PVDF membrane. The blot was probed with IPM96

monoclonal antibody. Figure Sb shows immunohistochemical staining ofMCf-7 cells transfected with

vector alone or vector plus P-40 cDNA The expression ofP-40 (or annexin I) in stable transfectants

(P-4D-MCf-7) was determined using the cytospins probed with IPM96 mAb and FITC conjugated

goat anti-mouse secondary antibody as described in Materials and Methods.
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Figure 5. Effects of anticancer drugs on MCF-7 cells expressing P-40 (or annexin 1). MCF­

cells transfected with P-40cDNA or vector only were incubated in the absence and presence of

increasing concentration ofadriamycin, actinomycin D, Taxoi and cisplatin. The sensitivity ofcells

to drugs was measured by the tetrazolium salt based assay as described in Materials and Methods.

Experiments were performed in triplicates.
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Figure 6._Post translational modification ofP-40 ( or annexin I) in MCF-71Adr cells. Cells were

metab0lically lahelled with [ 35S]-methionine or32P-inorganicphosphate and the radiolabelled proteins

were immunoprecipitated with an irrelevant IgG 2b or IPM96 monoclonal antibody.
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Figure 7. Expression of Annexin l, II, IV, and VI in drug sensitive and drug resistant cells.

Total cell lyzates from drug sensitive ( MCF-7, H69, SKOV3 and AuxB 1 ) and resistanrt: (MCF­

7/Adr, H69/AR, SKOVIVLB LO and ChrCS) or revertant (H69/PR) are resolved on SnS-PAGE and

transferred to nitrocellulose membrane. The nitrocellulose membranes were probed with anti-annexin

l, II, IV and VI monoclonal antibodies.
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• from MCf-7/Adr cells that have been metabolically labelled with [3SS]-methionine (lane 1 and lane

2) or [32p] inorganic phosphate (lane 3 and lane 4). Interestingly, P-40 (or annexin n is not

phosphorylated in MCF-7/adr cells. Similarly, basallevel of P-40 phosphorylation was not detected

in other MDR celllines ( data not shown ).

Overexpression of annexins in MDR cell lines. Ta determine if other members of the annexin

family are similarly overexpressed in lvIDR cells relative to the parental drug sensitive cells, total cell

lysates from drug sensitive (MCf-7, H69 and SKOV3) and resistant (MCF-7/Adr, H69/AR and

SKOV3NLB1.0 ) cells were analysed by Western blotting with anti-annexin l, II, IV and VI

monoclonal antibodies. The results ( Figure 7) show a significant increase in the expression of

annexin II and IV in the above MDR cell lines relative the parental drug sensitive cell lines.

However, unlike annexin l, bath annexin II and IV are expressed, at lower levels, in drug sensitive

cells ( figure 8). Ofconsiderable interest is the levels ofannexin 1 , II, and IV in a revertant cellline

• (H69IPR) derived from H69!AR cells that are less resistant to adriamycin (Figure 7).

•
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DISCUSSION

In this study, we have used the monoclonal antibody IPM96, previously shown to bind to a 40 kDa

protein in MDR cells, to screen a À-gt Il expression hbrary. Having cloned the gene that encodes

for P-40, we have determined that P-40 is identical to annexin 1, a known substrate of epidermal

growth factor receptor (Wallner et al, 1986). In addition, northem blot analysis using total RNAfrom

drug sensitive and resistant cells confirrned the overexpression ofP-40 (or annexin 1) in MDR cells

relative to their parental drug sensitive cells. The identity ofP-40 as annexin 1 is consistent with the

molecular masses ofP-40 and annexin L Furthermore, the cross-reactivity of IPM96 monoclonal

antibody with P-40 in vitro expressed protein confirmed that P-40 is annexin L Our earlier

observations that P-40 was associated with the cell membrane and in the soluble fraction ( Wang et

al, 1997) is again consistent with the cellular distribution patterns ofannexin 1 ( Ranyl and Pollard,

1994). The fact that the extraction ofmembrane associated P-40 (or annexin 1) was resistant to high

salt and EDTA indicated that P-40 may be associated more tightly with membranes (Wang et al,

1997). Although we have demonstrated that hydrophobie forces may be responsible for the

association of P-40 with the plasma membrane, the exact factors that govern this association remain

unclear. Interestingly, a similar conclusion regarding annexin 1 resistance to extraction from the cell

membrane was previously reported by others (pollard and Rojas 1988; Rojas et al 1990). The latter

possibility is likely given that annexins 1, V, VI and VII are thought to possess transmembrane

calcium channel activities. AIso consistent with our assignment ofP-40 as annexin 1, is the 35 kDa

proteolytic product which has been previously demonstrated to represent cleavage at the tail domain

ofannexin 1 (N-terminus) (Wang and Creutz 1994).

We have previously shown that P-40 (or annexin 1) is highly expressed in severa! rvIDR celllines

relative to their parental drug sensitive cells (Wang et al, 1997). The MDRcelllines used in our study

were previously shown to contain amplified copies of Pgp MDR-1 or MRP genes. The genes

encoding Pgp, MRP and P-40 ( or annexin 1) are localized on chromosome 7, 16 and 9 respectively

(Cole et al, 1993; Trent and Witkowski, 1987; Wallneret al, 1986). Therefore, the observed increase

in P-40 protein is not due to a co-amplification ofP-gp or MRP. In addition, our Siot blot results

did not revea! the amplification ofP-40 (or annexin n gene in any ofthe MDR celllines where P-gp
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or MRP are amplified. Furthermore, P-40 ( or annexin 1) was detected in MDR celllines that Iacked

detectable P-gp or MRP. The northem blot analysis of total RNA from drug sensitive and resistant

cells revealed an increase in P-40 (or annexin 1) rnRNA leveis in drug resistant cells. Thus, the

observed increase in P-40 (or annexin nprotein level in resistant cells is transcriptionally regulated

. Altematively, the increased transcription or rnRNA stabilization may govern the overexpression of

P-40 in MDR cells. Ofinterest was the deteetable increase in P-40 (or annexin nrnRNA in SKOV3

drug sensitive cells versus that in other drug sensitive cells. However, P-40 (or annexin 1) rnRNA in

SKOV3 cells was four foid less than that in its drug resistant counterpart (SKOVIVLBl.~_ In

particular, the northern blot results are consistent with the Western blot data, especially those

relating to the protein and mRNA Ievels of P-40 or annexin 1 in SKOV3 compared with

SKüVIVLBl.o.

Annexin 1 is a member of a family of Ca2
.o.-dependent membrane binding proteins ( Ranyl and

Pollard, 1994). Annexins share a sirnilar core domain with four ta eight conserved repeats of 70

amino acids. The variability in the N-terminal domains of annexins is thought to be important in

dictating the specific functions ofannexins. Although the physiological functions ofannexins are not

clear, they have been implicated in Ca2+-regulated exocytosis (Drust and Creutz, 1988; Creutz et al

1987). Annexin 1has been shown to mediated the Ca2"'-dependent fusion ofliposomes with isolated

neutrophil plasma membrane (Meers et al, 192). In intact cells, annexins are generally phosphorylated

in response to varieties of stimuli. Annexin 1 is phosphorylated by EGF receptor kinase at tyrosine

residues found in N-terminus ( Pepinsky et al, 1986) and by protein kinases C and A (Varticovski et

al, 1988). Interestingly, phosphorylation ofannexin 1 at the N-terminal domain by protein kinase C

inhibits its ability to aggregate chromaffin granules and synthetic liposomes (Wang and Creutz, 1992).

Our finding that annexin 1is not phosphorylated inMDR cells is consistent with its increased capacity

to cause aggregation of membrane vesicles.

The observed decrease in P-40 (or annexin 1) expression in a revertant cell line( H69/PR)

derived fram H69/AR (Cole et al 1992) togetherwith the increase in P-40 in SKOVIVLBl.°following

in vitro selection from SKOV3 show a strong correlation between the overexpression ofP-40 (or

annexin 1) and MDR. In this study, we show that the level ofdrug resistance of P-40 (or annexin
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1) transfectants is 2 to 3 foid higher than that transfected with vector alone. It is likely that P-40

(or annexin 1) confers Iower level of drug resistance than P-gp or:MRP (3 to 8 foId). However,

unlike the high levels of drug resistance seen in in vitro drug selected :MDR tumour celllines, low

level ofdrug resistance conferred by different cellular changes (such as P-40) are likely to be clinical

relevant. Given the fact that P-40 is expressed at lower level in SKOV3 cells, which are clinically

resistant to adriamycin and cisplatin, than that ofSKOVIVLBl.O(1000 fold resistance to vinblastine),

we speculate that the observed overexpression ofP-40 (or annexin 1) is probably an early event in

the development ofclinical drug resistance. Work is in progress in the investigation ofP-40 in clinical

tumour samples.

In tbis study, we show, for the first tïme, that P-40 (or annexin 1) confers resistance to anticancer

drugs. The results from the cytotoxicity assays indicate that the drug resistance profile ofP-40 (or

annexin 1) transfectants is similar but not identical to P-gp or:MRP transfectant cel1s. This apparent

difference in the resistant spectrum may be important ta the mechanism of P-40 ( or annexin 1)

mediated drug resistance. The mechanism by which P-40 (annexin n confers drug resistance to

anticancer drugs is presently unknown. However, the fact that P-40 can not be labelled by

photoactive analogues ofcytotoxic agents ( data not showed) and its amino acid sequence does not

encode for an ATP binding domain suggested that P-40 (or annexin 1) itselfdoes not transport drugs

direetIy to the extracellular environrnent. The intracellular distribution of P-40 in bath in vitro

selected P-40-expressing cells and in the transfectant cells suggests that the membrane localization

ofP-40 (annexin nis essential for its function in drug resistance. Translocation ofP-40 from the

plasma membrane to cytoplasm after treatment with verapamil and EDTA has been observed in

both P-40 expressing celilines and P-40 cDNA transfectants ( data not shown). This finding led us

to speculate that P-40 may participate in sequestering drugs from their targets. Alternatively, the

intracellular cation concentration (eg. Ca2+) may be important for the functions ofP-40 ( or annexin

1 ) in drug resistance. Work is in progress to determine ifP-40 induced drug resistance can be

reversed by 1\tIDR modulators. Given the role ofannexins in promoting aggregation of membrane

vesic1es through Ca2
+ dependent phospholipid binding, we speculate that P-40 (annexin 1) confers

a drug resistant phenotype by aggregation ofdrug filled membrane vesicles orexocytosis ofsuch drug
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filed vesicles. In support with this speculation is the observed increase in membrane voculisation

in many MDR ceU lines (Abbaszadegan et al, 1997; Slapak et al, 1992; Klohs et al, 1988).

Furthermore, P-glycoprotein and MRP have been detected in the endosomal membranes in in vitro

seleeted celllines. Thus, P-40 (or annexin 1) or other members ofthe annexin family could function

together with P-glycoprotein or :MRP to cause the aggregation and possibly exocytosis ofdrug filled

vesicles.

In conclusion, Our studies have provided convincing evidence that annexin l is important in the

development ofMDR phenotype in cancer celIs. The findings ofthis studyare also important to our

understanding ofthe functions ofannexin family. Analysis ofclinical tumour samples for P-40 (or

annexin l ) expression (primary or relapsed after chemotherapy) will provide further evidence for

the diagnostic role ofP-40 in clinical drug resistance.
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GENERAL DISCUSSION

The use of appropriate combination of anticancer drugs in chemotherapy has led to major

improvements in the treatment of malignant tumours such as Hodgkin' s disease and childhood

leukaemia (Rack, et al 1996; DeVita and Hubbard, 1993). However, resistance to cytotoxic drugs

in solid tumours , which are responsible for the 90% cancer related death, occurs frequently and

remains a principal obstacle in the chemotherapeutic treatment of cancer patients. The search for

mechanisms of resistance ofcancers to chemotherapy has led to the elucidation ofmany cell-based

genetic alterations including the reduced accumulation ofdrugs (Gerlach et al, 1986; Ling et al, 1983

), altered drug metabolism (Batist et al, 1986; Vickers et al, 1989; Tew 1994), inhibition of

apoptosis in response to cytotoxic drugs CLoew et al, 1993; Nunez et al, 1990; Conner et al, 1997)

, changes to drug targets CTakano et al, 1991; Kavallaris, et al 1997) and enhanced repair ofdrug

induced damage (Estaman 1991). By using tumour celllines selected in vitro with anticancer drugs,

two major mechanisms have been identified from multidrug resistant ( MDR ) cells. They are the

P-glycoprotein (P-gp) and multidrug resistant protein (MRP). P-gp and~ are multi-functional

membrane transporters with broad substrate specificity ranging from ions to large peptides ( Higgins,

1992). The function of P-gp as energy dependent efflux pump to reduce drug accumulation in their

expressing celllines has been weIl characterized at the biochemical, pharrnacological and molecular

levels. Direct evidence for the involvement of P-gp and JvIRP in mediating drug resistance to a

number ofanticancer drugs have been conclusively demonstrated with the single gene transfer studies

( Gros et al, 1986; Ueda et al, 1987; Grant et al, 1994 ).

The abundant expression ofP-gp and its transcripts have been observed in more than 50% of

malignant tumours including intrinsically resistant cancers and tumours that have relapsed during

or after chemotherapeutic treatment (Bergman et al, 1996; Goldstein et al, 1989; Weinstein et al,

1991). The overexpression of P-gp has been potentially linked with the failure of clinical

chemotherapy and poor survival. Although P-gp functions as a drug effiux pump to reduce drug

accumulation in MDR cells, little is known about the precise drug binding domain and how its

ATPase activity is coupled to drug binding and transport. Studies from different research groups

have attempted to correlate changes in the P-gp ATPase activity and its drug binding and transport
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but the results are controversial. In particular, sorne of well-known P-gp substrates (eg, colchicine

) do not stimulate P-gp ATPase activity (Shapiro and Ling 1994; Doige et al; 1992; Ambudkar et

al, 1992). To further understand the correlation between P-gp ATPase activity and drug binding,

\ve pursued the study using chemical modification ofP-gp with N-ethylmaleimide (NEM) (chapter

one).

NEM is a V-type ATPase inhibitor that exerts its inhibition of ATPase activity by modifying

Cysteine residues in the ATP binding domain (Feng and Forgac 1994). Furthermore, NEM was

shown to modify a single Cysteine residue in a recombinant N-terrninal ATP binding domain ofP-gp

and to inhibit its ATPase activity (Dayan et al, 1996). To understand the effects ofNEM on P-gp

drug binding and transport in MDR cells, we tirst examined the changes in P-gp-drug interactions

using a photoactive and radioactive drug ( iodoarylaziodiprasozin, IAAP). In that study, we showed

that treatment ofNIDR cells with 1 to 50~ ofNEM led to a concentration dependent increase in

P-gp photoaffinity labelling with IAAP and increased [3H]-vinblastine accumulation in drug resistant

cells but not in drug sensitive cells. These results suggests that NEM treatment of rvIDR cells

increased P-gp binding to IAAP likely by inhibiting its ATPase activity. By inactivating P-gp

ATPase activity, IAAP accumulates in the plasma membrane and saturates P-gp drug binding sites.

Alternatively, the increase in P-gp photoaffinity labelling may be due ta changes in lAAP binding

sites. To veritY this possibility, IAAP photolabelled P-gp from MDR cells with or without NEM

treatment were digested with Staphylococcus aurous V8 and the resultant photoaffinity labelled

peptides were resolved by SnS-PAGE. Comparison ofthe pattern ofthe peptides from this study

did not reveal differences between P-gp isolated from cells that were incubated with or without NEM.

Thus, the observed increase in the drug binding in the presence of NEM is not due to the

photolabelling of other sites in P-gp, but rather due to increased labelling of the sarne domains.

P-gp is shown to undergo phosphorylation at severa! Serine residues in the linker domain. Protein

kinase C (PKC) catalysed P-gp phosphorylation is thought to affect the function of P-gp NIDR

function. Given that NEM causes a large increase in P-gp phosphorylation in :MDR cells (Marsh

and Center, 1985), it was ofinterests to determine ifthe increase in IAAP binding following NEM

treatment ofMDR cells is due to changes in P-gp phosphorylation states. Very interestingly, our
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finding showed that NEM increased P-gp phosphorylation by inhibiting the turnover ofphosphate.

To determine if a higher phosphorylation state of P-gp is responsible for the increase in IAAP

binding to P-gp in MDR cells, we investigated the drug binding capacity ofP-gp in the presence

ofcalyculin A (a phosphatase inhibitor). Our results showed that inhibition ofP-gp phosphorylation

with calyculin A did not show any changes in P-gp photoaffinity labelling in MDR cells. Taking

together, our study indicates that inhibition of ATPase activity can contribute to the observed

increased in drug binding in P-gp. Furthermore, inhibition of P-gp ATPase activity does not inhibit

the capacity of P-gp to bind drugs.

The discovery of P-gp has revealed a fundarnental mechanism by which cancer ceUs evade

chemotherapy. Having demonstrated the role ofP-gp in MDR in vitro, the validity ofapplying these

findings ta the clinical situations has been intensively investigated. A correlation between the

overexpression of P-gp and failure of chemotherapy and poor survival has been established in

hematopoietic tumours and childhood malignancies (Chan et al 1990). Unfortunately, a similar

correlation between P-gp expression and clinical :M.DR has not been observed in other cancers. The

recent finding that sorne tumour celllines overexpress another membrane transporter ( the multidrug

resistance protein or:MRP), suggested that other proteins or cellular alterations, alone or together

with P-gp, could explain the MDR phenotype in sorne clinical tumours. This possibility is consistent

with the finding that the levels ofdrug resistance in Pgp (or MRP) transfectants are much lower than

those observed in in vitro selected celllines that express sîmilar levels of these protein (Cole et al,

1994; Ueda et al, 1987; Gros et al, 1986; Zaman et al, 1994). In an effort to identify these cellular

changes, we have used an immuno-dot blot method to isolate a monoclonal antlbody (IPM96) which

recognized a 40 kDa protein (p-40) overexpressed in several rvIDR cells. In the second chapter ofthis

thesis, we have shown that the overexpression ofa 40 kDa protein correlates with MDR in several

cell lines. The co-expression of P-40 with P-gp or MRP is unlikely to be the result of co­

amplification, since the mdr1 (p-gp ) and mrpl (MRP) genes are mapped to chromosome 7 and 16,

respectively. Furthermore, the overexpression ofP-40 in a Taxol and a cisplatin selected 1\IIDR cell

tines, in the absence ofa detectable Ievel ofP-gp or MRP, supports the notion that the mode ofaction

of P-4Ü in :MOR is independent of P-gp or MRP. More importantly, overexpression of P-40
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correlates with lower level of drug resistance, which is very similar to the clinical situation. Low

levels of P-40 was deteeted in SKOV-3, a cellline that was previously shown to be moderately

resistant to several cytotoxic drugs ( eg, cisplatin and adriamycin; Fogh and Trempe, 1975).

Moreover, selection ofSKOV-3 cells for higher levels ofdrug resistance with TaxaI or vinblastine

led to increased levels ofP-40. In agreement with the above speculation, several studies have now

dernonstrated the coexpression ofP-gp and MRP in MDR celllines and MRP expression in these

celilines precede that ofP-gp (Brock et al 1995). Having a correlation between the overexpresion

of P-40 and drug resistance, we predieted that P-40 may mediate a drug resistance phenotype

independently of P-gp and~ l\tIDR rnechanisms. However, given the fact that P-40 is co­

expressed with P-gp or MR.P in sorne l\1DR celilines, it is likely that P-40 is a fust line ofdefense

that precedes P-gp or .MRP expression. P-gp or MRP have been shown to mediate higher levels

of drug resistance. Biochemical characterization of P-40 suggested that P-40 is a membrane

associated protein . The fact that the extraction ofmembrane associated P-40 was resistant to high

salt and EDTA indicates that the membrane portion ofP-40 may be associated more tightly with the

plasma membrane. Although we have demonstrated that hydrophobie forces may he responsible for

the association of P-40 with plasma membrane, the nature of P-40 interaction with the plasma

membrane in l\tIDR cells is unknown. We speculate that the distribution pattern ofP-40 in MDR cells

may be important for its function. Furthermore, we have demonstrated that P-40 does not undergo

major post-translational modifications (e.g., glycosylation orphosphorylation, unpublished data) in

these l\1DR cells.

Although the expression pattern ofP-40 in MDR cells indicated that it may be important in l\tIDR,

further molecular studies were required to demonstrate the role of P-40 in MDR. The molecular

cloning ofP-40 cDNA has unveiled that P-40 is annexin 1, a substrate for epidermal growth factor

receptor tyrosine kinase. The identity of the isolated cDNA ofP-40 and annexin 1 was established

based on (a) the similarity ofthe molecular mass of P-40 and annexin 1; (b) the cross-reactivity of

IPM96 monoclonal antibody with a 40 kDa protein following the in vitro expression annexin 1cDNA

and ( c ) the distribution pattern ofP-40 and annexin 1 in mammalian cells.

Briefly, P-40 ( or annexin 1) is a member of the annexin family of structurally related Ca 2~_
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dependent phospholipid binding proteins. The biochemical features of annexin l have been

extensively studied. However, the exact biological role of this family of proteins in cellular

metabolism is not known. In vitro studies have implicated annexin l in several functions that

include intracellularvesicular trafficking ( Creutz 1992), membrane fusion during exocytosis (Creutz

et al, 1987; Drust and Creutz, 1988), mitogenic signal transduction (Hollenberg, et al 1988),

inhibition ofphospholipase A2 activity (Huang et al, 1986) and the transport of ions across the celI

membrane (Rojas et al 1990). Annexin 1 has also been associated with cell growth, differentiation

and tumourgenesis (Reinhard et al, 1993; Masaki et al, 1996). In our study, we show for the fust

time, a direct role of P-40 ( or annexin 1) in the expression of drug resistance in tumour ceUs.

Having established a stable P-40 (or annexin 1) transfectant ceUline, we show that overexpression

ofP-40 (or annexin 1) in drug sensitive cells (MCF-7) does confer low levels of drug resistance to

several cytotoxic drugs. This observation supports our previous speculation based on the expression

pattern ofP-40 in SKOV3 Ca clinical resistant cellline).

As mentioned in the third chapter of this thesis, the mode of action by which P-40 (or annexin l

) leads to low level ofdrug resistance is not known. Furthermore, as it was not possible to photolabel

P-40 with photoaetive analogues ofcytotoxic drugs, we predict that P-40- mediated MDR does not

involve direct binding to cytotoxic drugs. However, given the role ofP-40 Cannexin 1) in promoting

the aggregation ofmembrane vesicles, it is likely that P-40 (or annexin 1) confers drug resistance by

promoting the aggregation ofdrug filed membrane vesicles or exocytosis ofsuch drug filed vesicles.

In support of this notion, increased membrane voculisation has been observed in many MDR celI

lines (Beck, 1987; Sehested et al, 1987). According to amino acid sequence analysis, annexin l can

be phosphorylated by PKC. Our study suggests that basallevel ofphosphorylation of P-40 can not

be detected in MDR ceUs. Severa! possibilities may explain the lack of P-40 phosphorylation in

MDR ceUs. It has been previously reported that phosphorylation of annexin 1 by PKC inhibits its

ability to aggregate membrane vesicles (Wang and Creutz, 1992). Thus, an unphosphorylated P-40

( or annexin n in MDR cells may increase its capacity to aggregate membrane vesicles or increased

exocytosis.

The mechanisms that are responsible for rv1DR have been studied for decades. The observation
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from in vitro and clinical triais have provided strong evidence that clinical chemodrug resistance is

complex. Cisplatin resistance is a very serious problem in the treatment ofgynecologic malignancies7

especially in the ovarian carcinoma. In addition to decreased drug accumulation( Gately et al7 1993;

Zheng et al, 1995)7 enhanced DNA repair (Estaman 19917Estaman and Schulte 1988) and enhanced

inactivation ofdrugs (Ishikawa 19947Godwin et al 1992), a very notable aspect in these tumours is

the mutation ofp53 that results in the loss ability ofp53 to transactivate its target gene such as Bax

to prevent transition of the cell cycle (perego et al 1996), as weIl as increased level ofBcl-2 protein

( Eliopulos et al 19957), Again, in human AML HL6û resistant subline, HL60/TAXI000,

overexpression ofP-gp and Bcl-2/Bcl-x1 were determined and co-overexpression ofthese proteins

was thought to be responsible for the impaired paclitaxel accumulation and paclitaxel induced

apoptosis (Huang et al 1997). Taxoi is another powerful cytotoxic agent used in the treatment of

ovarian cancer cells. Resistance to taxol and its synthetic anaIogs has been correlated with different

mechanisms. For example, overexpression of different classes of ~-tubulinsand aIteration ofratio

ofdifferent classes of ~-tubulinhave been observed in experimentally selected Taxol resistant cell

tines and in the ovarian cancer cells (Kavallaris et al, 1997). It has been proposed that altered

expression ofdistinct isotypy ~-tubulin could modify tubulinlmicrotubule dynamics or stability of

microtubule in such a way that the action of taxol is diminished. In addition to the aIteration of

expression of p-tubulin isotypes, overexpression P-gp and Bcl-2 has aIso been associated with Taxol

resistance in cancer cells (Horwitz sb et ai 1993). Very recently, a transfectant that contains wide

type p53 made by transferring a trans-dominate negative mutated p53 gene that had a specific

mutations abrogating both wild type p53 trans-activation and repression functions was characterized.

It was aIso observed that the latter p53 transfectant had a remarkable increase in P-gp expression.

Functional assay showed a typical multidrug resistant fashion ofP-gp whereby the transfecta..Tlt was

cross-resistant to vinblastine, vincristine, actinomycin D and VM-26. Furthermore, the drug

sensitivity in this cellline was restored by addition ofcalcium channel blocker, reserpine (Thottassery

et al7 1997). Given the observation from our study, it is 10gicaI to believe that rvIDR is often a

multifactorial process and any single mechanism will not be enough to elucidate the MDR phenotype

of tumour cells, in the clinical situations. Although the mechanisms described ahove are
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fundamenta11y different, there is no doubt that they can act together to cause drug resistance in

clinical cancer chemotherapy. Consideration ofthese mechanisms in the design ofdrug and treatment

should allow for circumvention ofIvIDR in clinical cancer chemotherapy.
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