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Abs tract 

Recent data indicate that cysteine, a free radical scavenger, can accumulate in solid 

tumours at much greater concentrations than those found in tissue culture and normal 

tissues. Since cysteine is more effective than glutathione in the chernical repair of DNA 

radical sites, these elevated levels of cysteine are potentially devant to radiation 

scnsitivity in cancer patients. The action of the enzyme, y-glutamyl transpeptidase (y- 

GT), facilitates the cellular uptake of cysteine. The hypothesis investigated in the work is 

that -pGT plays a significant role in maintaining elevated cysteine levels in carcinomas of 

the cervix that express high levels ofy-GT activity and hence, tbat y-GT inhibition may 

have therapeutic potential in combination with radiotherapy. 

Experiments involving inhibition of y-GT activity in hurnan cewical cancer ce11 

lines rnaintained in tissue culture and xenografts in severely combined imrnunodefieicent 

(SCID) mice show a decrease in intracellular cysteine levels in the high pGT expressing 

cells. 
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Chapter 1 

Introduction 



1.1 Cervical Carcinoma 

1 .l. I Bialogy of Cervical Carcinoma 

Al though its incidence in North Amerka has declined due to screening methods, c e ~ c a i  

carcinoma remains the third most comnon gynaecoIogica1 cancer found in women 

(Wolfson, 1999). The spread of cervicai carcinoma occur by metastasis to the drainkg 

Iymph nodcs or blood-borne distant metastasis, whkh is a Iate stage in cervical cancer 

and is Linked with poor prognasis. 

Squamous cel: cervical carcinoma develops fiorn the transformation of normal 

ccrvical epitheliôl cells to malignant cells foIlowing infection by the human 

papillomavirus (HPV). Three classes of HPV types exist: low-risk HPV (such as types 6 

and I 1), intermediate-risk WPV (such as 3 1,33, and 3 9 ,  and high-risk KPV (such as 16 

and 18) (Giannoudis and Hemngton, 2001). High-risk HPV types 16 and 18 are 

rissociated with malignant transformation of cells (Lazo, 1999) consequent to the effect of 

the eady genes E6 and E7 (Sur Hausen, 2000). E6 and E7 genes are invoived with 

promoting the ubiquitin-mediated degradation of the tumour suppressor genes p53 and 

pRb respectively (Southem and Herrington, 2000), and thereby abrogating their tumour- 

suppressing function. 

1.1.2 Trearntent of Cervical Carcinoma 

Early invasive disease is curabte with conservative surgery; however, the mainstay of 

bulkier disease treatment is radiation therapy with or wiîhout chemotherapy (Woffson, 

1999). Since the majority of patients present with loçaiized disease, coatained radiation 

trcatment can bear ideal treatment modality (Eifel, 2000). There is a Iow risk of 



radiation-induced complications with nonna1 tissues as they are relatively radio-resistant 

and intracavitary treatment can be used to deliver radiation treatment (via the uterus and 

vagina) with low dose rate radiotherapy in addition fo extemal beam radiotherapy. Over 

50% of cervical cancer cases can be cured with radiation therapy alone (Eifel, 1999) 

ivhen the disease is confined to the pelvis. In spite ofthese advantages, recunent local 

discase remains an important factor in patients treated with radiation alone. 

Radioresistance is a major obstacle in the ireamnt of cervical cancer. Thus, many forms 

of chemotherapy have been tested in patients with advanced cervical carcinoma. 

Cisplatin, alone or in combination with other cytotoxic agents, is most commonly used. 

Although chemotherapy alone has had moderate effects, several recent clinical triais have 

show that the combined use of cisplatin and radiotherapy improves local disease control, 

and this has now become standard treatment (Nguyen and Nordqvist, 1999; Kim and 

Spencer, 2000; Lehman and Thomas, 2001; Rose and Eifel, 200 1). 

1.1.3 Factm Afecting Radiosensirivity in Tumours 

Tumours differ in their sensitivity to specific forms of treatment. Comrnon factors that 

protect cells from rddiotherapy include repopulation beween radiation doses, intrinsic 

cellular radioresistance (e.g. DNA repair capacity, rate of repair, non-protein 

su1 fhydryls), and hypoxia. 

The ability to repopulate between radiation doses is an important cause of 

radioresistance since only a propomon of cells are killed at any one dose of radiation. 

The remaining clonogenic cells can repair damage during the course of the radiation 

therapy and decreases the response to additional radiation treatment (Wong and Hill, 



1998). Reducing the overall treatment tirne has been shown to counteract the effect of 

repopulation of clonogenic cells during the treatment course (Bussink et al., 1999) and 

has been a successful strategy in rapidly-growing tumours. 

The intrinsic radiosensitivity of tumour cells involves the ability to repair damage 

caused by radiation therapy. In conditions where low oxygen levels exist, non-protein 

sulfhydryls (NPSH) in the ceIl are able to compete with oxygen and exert a 

radioprotective effect by donating a hydrogen to DNA radicals leading to chemical repair 

of DNA or by scavenging radicals diiectly. As well, NPSH can act in conjunction with 

othcr cellular defence mechanisms to offset damaging izffects of radiation (Koch, 1998). 

Other genetic and inherent factors which can modifjr radiosensitivity involve ce11 cycle 

control, DNA repair and apoptosis (Bnstow et al., 1998). 

The rnicroenvironrnent may also alter radiation response as seen with hypoxia in 

tuniours. Hypoxia has been classified as one of two types: chronic hypoxia and acute 

hypoxia. Chronic hypoxia is caused by inadequate blood vesse1 formation and usually 

occurs when cells are farther than approximatelylS0pm fiom an adequate blood supply 

in human tumours (Brown, 2000). At this distance, oxygen has limited diffusion into the 

tumour tissue. Intermittent or acute hypoxia is due to changes in blood flow caused by 

transient fluctuations in the circulation caused by poody structured vasculanire leading 

into tumour tissue (Dewhirst, 1998). Both acute and chronic hypoxia have been 

implicated in increasing treatment resistance and overall poor patient outcome (Hockel et 

al., 1996). 



1.2 Factors in Radiaprotection 

1 2.1 Radioprotection by Non-Protein Sul&vd'yls 

DNA is the main target of ionizing radiation in the treatment of cancer. Various factors 

such as the amount of damage prtxiuccd, the efficiency of repair, the rate at which repair 

is occurring. and the toietance of remaining damage detemine radiation response (Orta et 

ni., 1995). Free radical damage produced by DNA radical sites caused by radiotherapy 

can be repaired by NPSH such as glutathione and cysteine. The role of NPSH can be 

explained in t e n s  of what is known as the repair/€ition competition mode1 (as 

rcviewed by Koch, 1998). This mode1 describes the competition between oxygen and 

NPSH for a DNA radical site (Figure 1-1). When oxygen is in abundance, it can interact 

at thc DNA radicaI site, forming peroxy radicals or hydroperoxy adducts thereby causing 

the site to be "fixeci", thus rendering it necessary for the darnage to be repaired by 

cnzymatic mechanisms, possibly resulting in cell death if not completed successfuliy 

(Figure 1 - 1 A). When there is an opportunity for a NPSH such as cysteine to compte 

with oxygen for interaction with the radical site, the thiol is able to donate a hydrogen to 

the radical site, Ieading to direct chernical repair of the damage (Figure 1-1 B). This 

competition between oxygen and NPSH depends on both the concentrations of oxygen or 

NPSW and the rate constant@) of the interaction. 

AIthough other possible mechanisms exist where NPSH, such as glutathione, may 

be involved with radioprotection such as fiee tadical scavenging and reductioa of 

peroxides, the most potent factor of radioprotection is the ability to repair DNA damage 

by hydrogen donation (Figure 1-2) (Orta et al., 1995). 



DNA 
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Figure 1-1: Diagrammatic representation of chemicd fixation (A) by oxygen and 
chernical repair (B) by NPSH. This figure is modifïed h m  a figure in 
Brown, 1999. 



OH' Scavenging: 

R-SH + 'OH R-S' + &O (Held and Powers, 1979) 

Secondary Radical Scavenging: 

R-SH + R' i R-S'+RE (Willson et al., 1985) 

Rcduction of DNA Peroxyl Radicals: 

R-SH + DNAOO' 3 RS' + DNAOOH (Schulte-Frohünde et al., 1986) 

Reduction of DNA Peroxides: 
(CSH S-Transfcrue) 

R-SH + ROOH i R-SS-R + ROH (Ketterer a al., 1988) 

Figure 1-2: Potential mechanisms by which NPSH, such as glutathione and cysteine, 
act as radioprotectors. 

1 .2.2 Cjsteine as a Factor of Radioprotection 

Glutathione (Figure 1-3) has been extensively investigated for protection of the ce11 from 

midative damage as well as from damage caused by ionizing radiation (Bump et al., 

1992b; Orta et al., 1995; Zheng et al., 1988; Brown, 1999; Clark, 1986; Held et al., 

1984; Koch et al, 1989; Livesey and Reed, 1987; Revesz, 1985; Willson, 1983). 

However, lcss attention has been given to cysteine as a radioprotector (Mathews et al., 

1977; see section 1.3). Cysteine, although not investigated as a major factor of ceIl 



Glutamic -4cid Glycine 

Cysteine 

Figure 1-3: Structure of Glutathione (y-glutamyl-cysteine-glycine) 

protection, has gathered renewed interest in terms of cancer therapy resistance (Koch and 

Evans, 1996; Bump er al., 1992a). Although not found as in abundant quantities as 

elutathione, cysteine may be a more potent radioprotector than glutathione on a rnolar - 
basis (Koch and Evans, 1996), since cysteine is electrically neutral and has significantly 

bettcr access to negatively charged DNA (Koch and Evans, 1996). 

Recently, higher than expected concentrations of endogenous cysteine were found 

in some biopsies obtained fiom cervix cancer patients (Vukovic et al., 2000; Guichard et 

al.. 1990). The mechanism behind this high concentration of cysteine in patients has yet 

to be eiucidated but may relate to thetapeutic resistance. 



1.3 Non-Protein Sulfhydryls 

1.3.1 Biochemistry of Glutathione 

Non-protein sulfhydryls (NPSH)  include glutathione (a tripeptide consisting of glutamic 

acid joined to cysteine oy a y-linkage, and glycine) (structure shown in Figure 1-3) and 

cysteine. Glutathione is present in greater amounts intracellularly than cysteine, typically 

in the millirnolar range and represents approximately 90% of the total NPSH in vitro 

(Hanigan and Pitot, 1985). The levels of glutathione are much higher intracellularly than 

those in plasma (Meister and Anderson, 1983). Glutathione is involved in normal 

cellular functions such as synthesis of proteins and DNA, metabolism, transport, and 

cnzymatic activity (Meister and Anderson, 1983). Also, glutathione can function as an 

antioxidant by reducing Hr02 under the action of gluathione peroxidase. In addition, it 

acts as 3 scavenger for free radicals (Meister and Anderson, 1983), and participates in 

rcducing DNA radicals caused by the loss of an electron or hydrogen atom (Bump et al., 

19921). 

Glutathione cannot be transported intact into most cells, thus it must be broken 

down into i ts constituent moieties (Hanigan, 1998). A membrane-bound enzyme, 

gamma-glutarnyl transpeptidase (y-GT) is the only enzyme known to cleave glutathione 

for transport into the ce11 (Hanigan and Pitot, 1985). y-GT hydrolyses the y-glutamyl 

bond in glutathione, producing a y-glutamyl moiety and a cysteinyl glycine rnolecule 

(Meister and Tate, 1976). Subsequently, the y-giutamyl moiety is transferred to an 

acceptor molecule such as an amino acid and traasported into the ce11 where the 

constituent moieties can be used (Tate and Meister, 1985). The reaction occurs as 

foliows: 



Y-GT 
1. y-glutamyl-cysteine-glycine + y-glutamyl + cysteine-glycine 

pepidase 
2. y-glutamyl-cystine y-glutamyl-cysteine + cysteine 

glutathione synthetase 
3. y-glutamyl-cysteine + glycine 3 y-giutamyl-cystehe-glycine 

Glutathione c m  be formed de novo by the ce11 through the action of the enzyme y- 

elutamylcysteine synthetase and using cysteine and glutamic acid transported into the cell 
w 

by arnino acid transport; as well, through the action of the enzyme glutathione synthetase 

which catalyzes the formation of glutathione by binding of a glycine molecule to a y- 

EI utamyl-cysteine molecule transported into the ce11 after the breakdown of glutathione - 
(reaction 3 - above). Excess amounts of glutathione are exponed out of the ceil into the 

cxtraccllular environment where it can be broken d o m  and re-enter the cycle (Meister 

and Tate, 1976). This cycle of glutathione metabolism has been termed the y-glutamyl 

cycle (Meister and Tate, 1976). 

1.3 2 Biochemisrry of Cysteine 

Both sources of glutathione (de novo synthesis and recycling with the aid ofy-GT) act as 

storage f~ms  of cysteine and cystine (Burnp et al., 1992a; Meredith et al., 1986). 

Cysteine is a non-essential arnino acid because the ce11 can obtain the molecde through 

elutathione breakdown or through conversion of methionine (Hanigan, 1995; Anderson - 
and Meister, 1987). Cysteine can be transported into the ce11 by amino acid transport 

system directly or by the cleavage of glutathione by y-GT (Taniguchi and ikeâa, 1998; 



Glutathione 

Figure 14:  Diagrammatic representation of glutathone breakdown by y-GT and 
intracellular cysteine accumulation. This figure was composed from 
several descriptions fiom several references (Hanigan and Pitot, 1985; 
Meister and Tate, 1976; Taniguchi and Ikeda, 1998; Anderson and 
Meister, 1985). 

Anderson and Meister, 1985) as seen in Figure 1-4. Glutathione is cleaved by the 

enzyme y-GT, whereby a y-glutamyl moiety and a cystehyl-glycine molecule are forrned. 

The y-glutamyl moiety is then fiee to bind to an acceptor molecule that is found in the 

extracellular environment, such as cystine. When bound to cystine, the y-glu-cys-cys 

molecule can be transported into the ce11 by active transport. Once in the ceil, a cysteine 



rnolccule is liberated and the y-glutamyl-cysteine moiety c m  then be involved with the 

synthesis of glutathione by the cell. 

Most cells rely on the serum for cysteine supplies. Levels of cysteine found in 

human serum are approximately 30-60 pM (Hanigan and Pitot, 1995). Even with amino 

acid transport, high levels of cysteine detected in some cervical cancer patient samples 

cannot be accounted for in this manner. Thus, the breakdown of glutathione by y-GT 

may play an important role in the concentration of cysteine in cells. 

Kidney, pancreas, and liver cells, however, c m  transfocm methionine into 

c ysteine by means of the cystathionine pathway (Hanigan and Pitot, 1985; Anderson and 

SAH 

Cyrbiîlo \cbWsJ SAM HCY 

Methionine 

Figure 1-5: Diagrammatic representation of the trans-sulfuration pathway. 
SAM - S-adenosylmethionine; SAH - S-adenosylmethionine; HCY- 
homocysteine; CYS - cystathionine. Modifieci fiom Hemnann et aL(2000). 



Meister, 1987). This pathway involves the condensation of ATP and methionine 

ca ta1 y zed by the enzyme methionine adenosyltraasfefase which generates 

S-adenosylmethionine (SAM). When the methyl groups are enzymatically removed from 

S A M ,  a S-adenosylmethionine (SAH) molecule results that is then converted into 

homocysteine. A cystathionine molecule is produced by the combination of 

homocysteine and serine and with the aid of cystathionine synthetase. Through the action 

of cystathionine lyase, cystathionine breakdown produces cysteine (Figure 1-5). 

1.3.3 i~leuszirernent of Iniracellular Cysteine 

Although found in lower levels intracelluIarly than glutathione. cysteine is a cellular 

component of significance to radioprotection in tumour biology. Until recently, cysteine 

Icvcls have becn measured as part of a NPSH pool (which includes glutathione) as seen 

in the detection of NPSH levels with mercury orange (Moreno-Merlo et al., 1999), or 

dctccted by HPLC methods which use derivitizations to fluorescent probes. Due to the 

hydrophilicity of cysteine, many assays could not be used to detect its levels (Allison and 

Shoup, 1983; Fahey et al., 1983). Recentiy, Koch and Evans (1996) solved this problem 

by devising a protocol for HPLC analysis of cysteine that allowed for cysteine to be 

measured in its native state. The technique is based on the detection of the sulfhydryl 

croups in cysteine which are measured with a higbly sensitive electroçhemical detector. 
b 

An advantage of this method is that more than one NPSH group can be detected within 

the same sample, and in its native state. 



1.4 y-Glutamyl Transpeptidase 

1.4.1 Role of yGlutamy1 Transpeptidase in the ~Glutamyl Cycle 

The y-glutamyl cycle, a biochernical mechanisni proposed by Meister, d e s c r i i  the 

metabolism of glutathione (Figure 1-6). The first step in the metabolism of glutathione 

occurs in the extracellular environment and involves the enzyme, y-GT (Meister and 

Tate. 1976). y-GT is the only known enzyme that has the capability to cleave intact 

elutathione (Meister and Tate, 1976; Meister et al., 1981; Hanigan, 1998). When 
L 

elutathione encounters pGT, the y-glutarnyl bond of the glutathione molecule is - 
hydrolysed by y-GT (Figure 1-6). The products that mult fiom this interaction are a y- 

elutamy 1 moiety and a cysteine-glycine molecule. The fo!lowing reactions can occur - 
through the breakdown of glutathione: 

1. y-glutamyl-cysteine-glycine + amino acid + 
y-gtutamyl-amino acid + cysteine-glycine 

7. */-glutarnyl-cysteine-glycine + Hz0 glutamate + cysteine-glycine 

3. -/-glutarnyl-cysteine-glycine + y-glutamyl-çysteine-glycine i 

y-c!-g1umyi)-gluiamyl-çysteine-glycine + cysteine-glycine 

I f  there is an abundance of an acceptor molecule, such as an amino acid or a dipeptide, 

the y-_elutamyl moiety can bind to the acceptor and be transprted into the ceIl (Reaction 

1 ). This is known as transpeptidation (AIlison, 1985; Meister et al., 1981; Tate and 

Meister, 198 1 ). Previous studies bave shown tbat the preferred amino acid acceptor is 



Cysteine 

Cystine 

Figure 1-6: Modified version of the y-glumyl cycle proposed by Meister (Karp et al., 
200 1). 

cystine, although other amino acids such as glutamine, methionine, alanine, and serine 

m a l  also act as acceptors (Thompson and Meister, 1976). The hydrolysis reaction 

catalyzed by y-GT is optimum at a pH between 6 and 8. However, the transpeptidation 

reaction is maximum at a pH between 8 and 9, with approxjmately 50% transpeptidation 

reaction occurring at pH of 7.4 (Meister et al., 1981). 



Water can serve as an acceptor for the y-glutamyl moiety resulting in hydrolysis 

of the y-glutamyl bond (Reaction 2) to produce glutamate and cysteine-glycine 

(Taniguchi and Ikeda, 1998). In the absence of an acceptor (as seen in Reactionl) or 

wter (as seen in Reaction 2), autotranspeptidation can occur (Reaction 3) where the y- 

glutamyl moiety can bind to another glutathione molecule leaving cysteine-glycine as the 

other product (Abbott et al., 1986). The cysteine-glycine product can then be cleaved by 

pcptidases, such as aminopeptidases, found in the extracellular environment to form 

cysteine and glycine molecules (Meister and Tate, 1976). 

Once glutathione is cleaved by y-GT, the constituent moieties can be actively 

transporteci into the cell (Figure 1-6). Once in the cell, a cysteine molecule can be 

cleaved by peptidases to produce a y-glutarnyl-cysteine moiety and a cysteine molecule. 

The cysteine rnolecule c m  be used by the cell in the de novo synthesis of glutathione or 

by the ceIl for protein or DNA synthesis. The y-glutamyl-cysteine molecule can either 

cntcr the cycle to manufacture glutathione with the aid of the enzyme glutathione 

synthetase or be cleaved by y-glutamyl cyclotransferase to form cysteine and 5- 

oxoprol ine (not shown). De novo synthesis of glutsithione occurs through the action of 

the enzyme y-glutamylcysteine synthetase (y-GC synthetase) and amino acids glutamic 

acid, cysteine and glycine. Thus, the action ofqpGT is a potential mecbanism for the 

elevated cysteine levcls observed in tumour tissues (Meister and Tate, 1976). 

1 .J.2 Localisation of pGlutamyi Trampeptidase 

;&T is found in a wide variety of tissues throughout the plant and animai kingdom 

(Kasai et al., 1982; Griffith and Meister,l980; Tate and Ross, 1977). It is highly 



expressed in the normal kidney and b e r ,  where most of the glutathione cycling occurs 

(Hanigan and Pitot, 1985). It is also found, to a lesser extent, in the pancreas, seminal 

vesicles, and tissues that express an absorptive or secretive function (Tate and Meister, 

1985; Hanigan and Frierson, 1996). Furthemore, y-GT is ubiquitously present 

temporarily in embryonic stages during tissue development (Richards and Astmp, 1982). 

Many forms of hurnan cancer express higher levets of y-GT than those seen in 

surrounding normal tissues (Figure 1-7). Examples include hepatocellular carcinoma 

(Hanigan and Pitot, 1985), rend ce11 carcinoma (Kaufmann et al., 1997), ovanan 

carcinoma (Hanigan er al., 1994; Paolicchi et al.,L996), malignant mammary epithelial 

tissue (Levin et al., 1983), and head and neck cancer (Guichard et al., 1990). 

Figure 1-7: Localisation of y-GT in a biopsy obtained h m  a cervical carcinoma patient 
using a polyclonal a n h i y  (Ruoso, 2001, uapublished data). Heavy red 
staining found in the tumour islands, surmunded by non-nimourigenic tissue 
(See Chapter 3 for technical details ofstaining techniques). 



1.4.3 Physical Characteristics of pGiu~umyl Tronspeptidme 

y-GT consists of two non-covalently associated subunits, a 45kDa large subunit and a 22 

kDa small subunit (Kanigan, 1498). The enzyme is anchored into the outer ceIl 

membrane at the amino terminaus of the large subunit by a transrnernbrane section which 

consists of 18 amino acids and in the cytoplasm by a 6 amho acid segment (Matsuda et 

al. 1983). .pGT is translated as a single polypeptide chain which is then heavily 

slycosylated and cleaved into the two subunie after pst-translational modification 

(Taniguchi and Ikeda, 1998). AI1 the catalytic activity of the enzyme is located in the 

e.utraceIlular domain, Although both subunits are cequired for enzyrnatic activity, al1 of 

the catalytic activity resides on the srnaII subunit (Stole er al., 1990). A single chain 

precursor form of the enzyme has been isolated and characterized by Tate (1986). Wben 

tcst~d for activity, the single chain form of y-GT exhibited approximately 2% of the 

activiry of the heterodimeric enzyme. 

-pGT deficient patients and mice bave been observed and suffer fiom 

dutathionuria, a condition due to defective glutathione metabolism (Meister et al., 198 t). 
b 

in the absence ofy-GT activity. mice show developmental retardation (Harding et al., 

1997) and caiaract formation (Chéves-Barrios er al, 2000). 

Due to current lack of clinical implications, pharmaceuticals that specifically inhiiit y-GT 

have not been developed, However, a number of laboratory reagents, reversible and 

irreversible, are available to study the biochemistry of gluîathione metabolism, and are 

discussed beiow. 



1 S. 1 Reversible Inhibitors of yGIutctrnyl Tranrpeptidase 

There are a number of reversibte inhilitors available, for example makate, bippurate, 

serine and borate, and L-y-glutamyl-(O-cart70xy)pbenyUiydraPlle. Inhi'bition studies 

performed with maleate have demonstrated that it works to inhibit pGT activity by 

prcventing the transpeptidation reaction catalyzed by ihe enzyme (Meister et al., 198 1), 

possibly by blocking the binding site for the acceptor molecule (Hanigan and Pitot, 

1985). The mechanism of action of hippurate is sirnilar to that of makate (Haaigan and 

Pitot. 1985). It has also been specdated that the concentration of hippurate naturally 

found i n  sswm and urine may be involved with regulating the cleavage of glutathione by 

-pGT (Thompson and Meister, 1979). 

Another reversible inhibitor is L-serine and borate. When used togethet, this 

complex acts to inhibit yGT activity by competing for the substrate on the enzyme and 

mi mic king the structure of the y-glutamyl substrate molecule (Tate and Meister, 1978). 

However, this inhibition is reversed by incubation with an increasing level of the y- 

glutamyl rnoiety (Meister et al., 198 1). Administration of high concentrations of serine 

(33mmokg) and borate (32mmo~g)  in vivo did not result in cornpiete inhibition of 

d u  tathione breakdown (Griffith and Meister, 1979). 
L 

L-y-glutarnyl-(O-carb0xy)phenyIhydraPne (L-OC) is a more speciric inhibitor of 

-,&T than the serine and borate complex. L-OC does not inhibit glutathione 

aminotransferases as seen with other inhibitors (Meister et al., 1981). However, due to 

the slow release of O-carboxyphenyhydrazine, a potent convulsant, îhis inhibitor cannot 

bc used in vivo due to toxicity in rnice (Meister et al., 198 1 ) .  



1 S .2 Irreversible Inhibitors of pGlutamyl Trampeptidase 

Several irreversible inhibitors have been developed and extensively studied in vitro. A 

group oCcompounds that act as glutamine aatagonists have been tested to inhibit the .- 
catalytic activity of the transpeptidase. These inchde, L-azaserine, 6-diazo-S-oxo-L- 

no rleiic ine (DON), and L-(aS,SS)-a-amino-3-chlom-4,5-diiiydro-S-isoxazoleacetic acid 

(acivicin), al1 of which act by covalently binding to the glutamyl element of the substrate 

binding site (Griffith and Meister, 1980; Meister et al., 198 1). L-azaserine has the 

lowest inactivation rate when compared to the other inhibitors; M3N has the next highest 

inactivation rate with acivicin being the most potent ofy-GT inhibitors (Griffith and 

Meistcr, 1979). Acivicin has a higher affinity for the enzyme and thus can effectively 

compete for the catalytic site. Also, acivicin exhibited less toxicity in expenmental 

animals than DON (Meister et al., 198 1). In vitro studies with the inhibitors found that 

both acivicin and DON are effectively irreversibte (Weber, 1983). When used in vivo, 

enzymatic activity returned to approximately 40% ofthe pre-treatment level afler 24 

hours due to re-synthesis of the enzyme (Capram and Hughey, 1985). 

f .5.3 '4 civicin: A ~Glutamyl Transpeptidase Inhibitor 

Acivicin, an amino acid antibiotic produceci by Srreptomyces sviceus var. mceus, was 

originally the product of an empirical screening program for anticancer agents (Figure 1- 

8) (Earhart and Neil, 1985; Williams et al., 1990). It füst demonstrateci antitumour 

activity against L1210 and P388 mouse leukernias and human lung and breast xenografts 

implanted in mice (Hanka et al., 1973). Acivicùi was used as a chernotherapeutic agent 

to block DNA synthesis by inhibiting the transfer of the amido group h m  L-glutamine 



by blocking amidotransferases, thereby impeding the de novo synthesis of purines and 

pyrimidines (Jayaram et al., 1975; Earhart and Neil, 1985). When tested in Phase 1 and 

II trials as a chemotherapeutic agent, it was observed that patients suffered h m  centra1 

nervous system toxicity which included symptoms such as confision, lethargy, paranoid 

rcactions, and jerky movements (Maroun et al., 1984; Earhart and Neil, 1985; McGuire 

et al., 1986; Taylor et al., 199 1). These symptoms were found to be a dose-limiting and 

schediile dependent response and were detectable afier many hours of continuous 

intnvcnous infusion of the drug (McGuire et al., 1986). 

Figure 1-8: Structure of the y-GT inhibitor, Acivicin 



Since acivicin was found to be toxic and to have limited anti-cancer effect, it is 

not currently being used in the clinic. However, more m e n t  studies have found that 

acivicin can be used to inhibit y-GT activity thereby reducing glutathione levels in 

tumour ceILs (Meister et al., 1981; Meredith and Williams, 1986; Hanigan, 1995). 

Histochemical techniques originally developed by Rutenberg et al.(1969) c m  be used to 

show inhibition of y-GT by acivicin in vivo as illustrated in Figure 1-9. This technique 

illustrates the inhibition of y-GT and incorporates the use of a substrate-donor rnethod 

îvhere a substrate (y-glutamyl-4-methoxy-2-naphthylamine), when cleaved by y-GT and 

bound to an acceptor rnolecule (glycylglycine), fonns an insoluble red product that can be 

visualized. 

Figure 1-9: Inhibition of y-GT activity in SCID mouse kidney with the use of the 
inhibitor acivicin visualised using a histochemical technique. The untreated 
kidney section displays a great amount of red staining s i m g  y-GT 
activity. When the animai is treated with acivicin, activity decreases and 
appears similar to the negative conml (Ruoso, 2000, unpubIished data). 



When the animal was treated with acivicin, the insoluble red product is notas 

noticeable and the staining is comparable to the negative control. Thus, it can be 

visualized that acivicin leads to alrnost complete inhibition of y-GT activity. 

1.6 Measurements of y-GT Activity 

A nurnber of biochemical assays have been designed to detect levels of y-GT activity in 

cclls both in vitro and in vivo. Many of the procedures use a substrate-acceptor model to 

determine activity levels. This model takes into account the rate of formation of the 

products from the transfer of the y-glutamyl moiety of glutathione to an acceptor 

molecule such as an amino acid catalyzed by y-GT (see section 1.4.1 - Reaction 1.). 

Aithoiigh the most widely used substrate for the determination of y-GT activity is L-y- 

rlutamyl-p-nitroanilide {Orlowski and Meister, 1963), a more sensitive assay has been * 

dcsi l n  cd using L-y-glu tamy l-7-amino-4-methylcoumann (L-y-glutamy 1-AMC) as a 

fluorogenic substrate {Smith et al., 1979). This fluoromemc method is preferred to 

determine y-GT activity levels in cells and tissues with relatively low levels of y-GT 

activity since the lower limit of detection of AMC is approximately 0.05 nmoVmL (Smith 

et al., 1979) whereas 1-2 nrnoVrnL is the lower limit of detection for p-nitroanilide (Tate 

and Meister, 1985). 

The reaction behind this fluorescence method is as follows: 

y-GT 
y-glutamyl-AMC + glycylglycine + y-glutamyl-glycylglycine + AMC 

Once the substrate is cleaved by y-GT, the y-glutamyl moiety is t r a n s f d  to the 

acceptor molecule (glycylglycine). The AMC produced is determined by reading its 



fluorescence at an emission of 4 4 h  with an excitation of 37Onm with a fluorescence 

spectrophotometer. A calibration curve using known concentrations of AMC is used to 

compare fluorescence measured in each sample. y-GT activity is calculated according to 

the foilowing formula: 

1 .  Using the AMC calibration curve, the fluorescence reading fiom the sample is 

compared with known concentrations of AMC to obtain milli units of y-GT activity 

per sample (rnU of y-GT / Sample) 

7 .  The miIli units of y-GT activity per sample is then divided by the amount of enzyme 

solution added to the substrate and acceptor buffer to obtain milli uni& of y-GT 

activity per miIlilitre of sample (munits of y-GT / ml) 

3. The units of 7-GT activity per millilitre of sample is then divided by the amount of 

pro tein in rnilligrams contained in the sample (obtained fiom a protein assay) to 

acquire rnilli units of y-GT activity per milligram of protein in the sample (mU/mg 

protein) 

The concentration of protein in each sample from the above equation is determined using 

the Bradford protein assay method (1976) with BSA used as the standard. pGT activity 

is prcsentcd as standard international units of enzyme activity per mg of protein found in 

the sample. 



1.7 Rationale for Experiments and Outline of Thesis 

Extensive literature has implicated glutathione in protecting the ceIl h m  radiation- 

induced damage. In contrast, studies on cysteine remain ümited. Cysteine is a more 

effective ceIl protector on a molar basis (approximately 10 times more effective; Koch 

1998) than glutathione against damage from free radicals (Koch and Evans, 1996; Bump 

er al., 1992a). It has recently been reported that levels of cysteine in some biopsies 

obtained from cervical carcinoma patients can exceed ImM (Vukovic et al., 2000), 

significantly greater than those typically seen in cells in tissue culture. Although these 

levcls of c ysteine are lower than those of glutathione, they are potentially an important 

cause of radioresistance. 

Most of the recent work performed on y-glutamyl transpeptidase has been Cocus& 

on rittempts to decrease glutathione levels in the ce11 in order to allow for sensitization for 

chcrnotherapeutic treatment (Hanigan et al., 1999). However, based on the mechanism of 

enzyme activity illustrated in Figure 1-4, elevated y-GT activity that is known to occur in 

human cancer may play a significant role in cysteine accumulation and thereby contribute 

to clinical radioresistance. 

The experiments described in Chapter 2 of this thesis examine the effects of 

inhi bition of y-GT activity on intracellular cysteine levels in vitro. Using the squamous 

ce11 cervical carcinoma cell lines, Me180, Sii-ia, C41, and CaSki, a range ofy-GT 

activities was detected. Cells were grown in defmed media to determine the role ofqpGT 

in the rnetabolism of glutathione at GSH and cysteine concentrations simulahng those 

present in vivo. 



To investigate the role of y-GT in modulating cysteine concentration in vivo, 

methods used to detect y-GT activity and measure cysteine levels used in Cbaptcr 2 were 

employed in Chapter 3. Using the irreversible inhibitor, acivicin, enzyme activity was 

suppressed to determine the effects of this agent on intracelldar cysteine levels. 

In Chapter 4, a summary of the data presented in Chapters 2 and 3 are reviewed 

and future experiments are proposed. 



Chapter 2 

Inhibition of Gamma-Glutamyl Transpeptidase Activity 
Decreases Intracellular Cysteine Levels in Cervicai 

Carcinoma: In Vitro ~x~eriments'  

I Modified portions of this chapter are contained in a manuscript to be subrnitted for 
publication in the Journal of Biologcal Chemistry. Authors of the paper are P. Rwso 
and D.W. Hedley. Al1 experiments were performed by P. Ruoso. 



2.1 Abstract 

Elevated cysteine levels have recently been found in some biopsies obtained fiom 

cervical carcinoma patients (Vukovic et al., 2000). Since cysteine is more effective than 

dutathione in the repair of DNA radical sites (Koch and Evans, 1996), these elevated 
b 

levels of cysteine observed in patients may be relevant to radiation sensitivity. y-GT 

(which is known to be overexpressed in some cancers) facilitates the cellular uptake of 

cysteine; therefore, y-GT activity may play a significant role in maintaining elevated 

cysteine levels in cervical carcinomas. 

Human squamous ce11 cervical carcinoma ce11 lines were used to examine the role 

of y-GT in maintaining elevated levels of cysteine in tumours. Biochemical methods 

w r e  uscd to measure enzymatic activity in response to varying doses of acivicin, an 

irreversible inhibitor of y-GT and to determine the effects of-pGT inhibition on 

intraceliular cysteine levels, a highly sensitive HPLC method was employed. Although 

no significant decrease in cysteine levels was seen when ce11 lines were grown in 

unmodified growth medium and treated with the y-GT inhibitor acivicin (compared with 

cysteine levels in untreated cells), a significant decrease was evident in the high p G T  

expressing ceIl line, Me 180, when y-GT activity was maximally inhibited and cells were 

grown in an environment with concentrations of cysteine and glutathione close to 

physiological conditions. 



2.2 Introduction 

NPSH such as glutathione (GSH) and cysteine are involved in many aspects of 

biochemical fùnctions, but they are particularly important in terms of fiee radical 

scavenging. In previous studies, elevated GSH and cysteine levels, which are of 

particular concem due to their involvement with both chemo- and radiation therapy 

resistance (Biaglow et al., 1983; Ozols et al., 1987), have been reported in cervical 

cancer (Vukovic et al., 2000). Typicdly, inûacellular GSH levels have been found to be 

much higher than other NPSH such as cysteine. However, cysteine is more effective in 

terms of DNA damage repair than glutathione (Bump et al., 1992b). Due to its net 

neutral charge and small size, cysteine has a considerably better access to DNA radical 

sites (Koch and Evans, 1996). In a sbte ofreduced oxygen, cysteine can chemically 

rcpair damaged sites by donating a hydmgen (Brown, 1999), and covalently binding to 

another sulfhydryl group, thereby eliminating the ftee radical. 

GSH is a tripeptide consisting of y-glutarnic acid, cysteine and glycine. Although 

rnost cells cannot take up intact GSH, it can be broken d o m  into its constituent moieties 

by a membrane-bound enzyme, y-glutamyl transpeptidase (y-GT). y-GT cleaves the y- 

glutarnyl bond in GSH to produce a y-glutamyl moiety and a cysteinylglycine molecule 

( Meister and Tate, 1976). This enzymatic action leaves the y-glutamy I moiety fiee to 

bind to an acceptor molecule, such as cystine, whicti can then be transported into the ceIl 

via active transport (Anderson and Meister, 1983). Once in the cell, a cysteine molecule 

is liberated and an intracellular cysteine pool may accumulate. This cysteine pool can be 

used by the cell for de novo GSH synthesis (Meister and Anderson, 1983). Excess levels 

of GSH are actively transported out of the ceil into the extracellular envimument where 



GSH may re-enter the y-glutarnyl cycle. intracellular cysteine levels act as the rate- 

limiting step for GSH synthesis within the ce11 (Hanigan and Rickettes, 1993). 

Since elevated y-GT activity has previously been reported in a number ofdifferent 

hurnan tumours (Gerber and Thung, 1980; Bard et al., 1986; Levine et al., 1983; 

Groves ei al., 199 l), this may contribute to the high cysteine levels found in some 

tumours which may, in turn, be a cause of resistance to radiation therapy. Thus, 

inhibition of y-GT activity is anticipated to decrease cysteine levels and enhance 

treatment sensitivity. 

To examine this hypothesis, human squarnous cell cervical carcinoma ce11 lines 

werc ircated with the y-GT inhibitor acivicin in both standard and modified thiol (close to 

physiological concentrations of cysteine and glutathione) growth media, and the effects 

on intracelIular cysteine were determined using HPLC. 

2.3 Materials and Methods 

2.3.1 Materials 

Acivicin [(czS,5S)-a-amino-3-chloro-2-isoxazoline-S-acetic acid; AT- 1251, 

glycylglycine, 2-arnino-2-methyl-l,3-propanedioI (ammedio1)-HCI, y-glutamyl-7-amino- 

4-rnethylcoumarin (y-giutamyl-AMC), 7-amino4methylcoumarin (MC) ,  L-cysteine, 

cl utath ione (reduced form), ûis base, Triton X-100, methoxyethanol, glycine, 5- - 
su1 fosalicyclic acid, kanamycia, EDTA and dietùylenetriaminepentaacetic acid were 

obtained from Sigma-Aldrich Canada Ltd. (Oakville, Ontario, Canada). Protein assay 

reagents were purchased from Pierce (Rockford, IL). Essentially fatty acid k e  bovine 



semm albumin (BSA) was obtained fiom Boehruiger Mannheim (Indianapolis, Di). 

Sodium diethyldithiocarbamate, a-phosphotic acid (HPLC grade) and methanol (HPLC 

grade) were obtained fiom Fisher Scientific Limited (Nepean, Ontario, Canada). Fetal 

calf serum (FCS) was obtained h m  Cansera (Rexdale, Ontatrio, Canada). 

2.3.2 Ce11 Litles 

Hurnan squarnous ce11 cervical carcinoma ceII lines Me1 80, SiHa, C41 and CaSki were 

obtained from the American Type Culture Collection (ATCC, Rockville, MD). Al1 cells 

were grown in alpha-minimum essential medium (a-MEM) (Media Department, Ontario 

Cancer Institute, Ontario, Canada) supplemented with 10% FCS and 0. Lmg/ml 

kanamycin. at 37OC in a humidified atmosphere containing 95% air and 5% COz. 

2.3.3 Growth Media 

Cysteine-free a-MEM medium was prepared and modified by the addition of 3OpM of 

cystcine, 30pM of glutathione or 30pM cysteine and 30pM glutathione. Additions were 

niadc immediateiy prior to use. 

2.3 -4 y Glutamyl Transpeptidase (pGn Activity 

Expression of y-GT was detemined using the fluorimetric biochemical assay modified by 

Forman et al. (1995). Briefly, cells were grown in 60mm plastic dishes until confluent 

and washed twice with cold phosphate buffered solution (PBS). Lysis buffer [1% Triton 

X- 100,O. 1 % SDS, 50mM Tris (pH &O), 15ûmM NaCl, LmM phenylmethylsulfonyl 

fluoride, 5 pglmL leupeptin, and Spg/mt aprotinin] was added to the cells then coiiected 



and centnfuged at 16 000 g for 15 minutes. A 0.1 ml aliquot of the enzyme solution was 

added to a 0.25ml reaction mixture containhg 0.1M 2-amino-2-methyl-1,3-propanediol 

(arnmedio1)-HC1 buffer (pH 8.6), 20 m M  glycylglycine, 20pM y-glutamyl-7-amino-4- 

mcth y lcoumarin (y-glutamyl-AMC), and 0.1% Triton X- LOO. The y-glutamyl-AMC was 

prepared as a 1 mM stock solution in methoxyethanol by sonication. The reaction took 

place in a 37°C incubator for 30 minutes and was halted by the addition of 1 Sm1 of ice 

cold glycine buffer (50mM). Fluorescence emission of the AMC product was measured 

ivith a SLM Aminco Bowman Series 2 fluorescence spectrophotometer at 440nm with an 

excitation wavelength of 3ïOnm. The concentration of protein in each sample was 

dctermined using the Bradford protein assay method (1976) with BSA used as the 

standard. y-GT activity is expressed as standard international units of enzyme activity 

pcr mg of protein (mUImg protein). 

2.3.5 k iv ic in Trearment 

Before treatment of cell lines with acivicin, the growth medium was aspirateci and the 

cells were washed three times with lm1 cold PBS. The cells were then incubated in one 

of 5 growth media for 24 hours: 

a-MEM 

cysteine-fiee a-MEM 

cysteine-free a-MEM supplemented with -30p.M cysteine 

- 30w GSH 

- 30w cystehe + 30pM GSH 



Acivicin was dissolved in milli-Q water and prepared as a stock solution of 10 mM and 

concentrations were also diluted in milli-Q water (20pM, SOpM, IOOpM, 150pibl, 

700pM) and one of the five concentrations was added to the cultures and hcubated for 3 

hours at 37'C. 

2.3.6 Cysteine Measwements using High Pressure Liquid Chromatography 

Growth medium was aspirated and the cells were washed three times with Iml ice cold 

P BS. Cysteine was extracted using the method descnied by Koch and Evans (1996), as 

moditied by Vukovic (1999). Bnefly, cells were bathed in lm1 extraction buffer 

contai ning 50mM sulfosaIicyclic acid and 50pM each of EDTA, sodium 

dicthy ldithiocarbamate and diethylenetriaminepentaacetic acid at 4°C for 10 minutes. 

SampIes were then centrifuged at 16 000 g at 4°C for 15 minutes to obtain visually clear 

supcrnatants which were then immediately assayed by HPLC. The HPLC system 

consisted of a Waters 600E system controller, Waters Ultra WISP 715 sample processor, 

Waters 746 data module and Waters 464 pulsed electrochemical detector, equipped with 

a Hg-coated dual gold electrode. The use of an electrochemical detection unit offered the 

advantages of high sensitivity and that cysteine is determined in its native state. The 

separation was carried out using an Alltech Alltima C 18 column (100mm x 4.6mm) with 

a 3pm bead size (Alltech Associates, Deerfield, IL). Al1 separations were performed at 

room temperature using a low pH (pH 2.0) mobile phase containing 0.1M phosphonc 

acid. 3.3mM heptane sulfonic acid in water and 10% methanol. To decrease the 

background, the mobile phase was filtered using a 45pn pore millipore filter. To 

displace dissolved oxygen, the mobile phase was purged with heliurn prior to entry into 



the column. Cysteine concentrations were calculated by comparing the area under the 

peak of the samples with that of known cysteine standards. Standards were diluted in 

extraction buffer. To allow for determination of cysteine content per cell, parallel 

cultures were set-up and the cells were counted with a Coulter Counter (Bechan- 

Coul ter). 

2.3.7 Sfufistical Analysis 

Statistical analyses of al1 data was carried out using Sigma Stat 2.0 sofiware. 

Cornparisons between control and treatment groups were made with analysis of variance 

('ANOVA) followed by the Dunnett's test, while student t-tests were used for data 

comparing between untreated and singIe treatment groups, with P 5 0.05 as the criterion 

for statistical significance. ResuIts are reported as means 5 standard error (SEM). 

All cxperiments were repeated at least 3 times. 

2.4 Results 

2.4.1 Inhibision of ,&Iuiamyl Transpeptidase Activify in Cervical Carcinoma Ceil Lines 

Using the bioc hemical technique described above, y-GT activity was measured in al! 4 

cervical carcinoma ceIl lines. The Me180 ceII Iine showed a considerably greater amount 

of enzyme activity (1 19.888 2 28.76 1 mUhg protein) compared to the other three ceIl 

lines (13.144 2 1.28 1 mU/mg protein - SiHq 1 1.694 5 1.455 mU/mg protein - C4I; 

3.5 54 5 0.6 12 rnUIrng protein - CaSki). The difference in activity levels between the 

highest y-GT expressing ce11 line and the lowest is a factor of 30. This difference in 



activity levels is comparable to a previously report4 value for other buman cancer ce11 

lincs (Maellaro et QI., 2000). 

Dose response curves with a 3-hour acivicin treatment were plotted for Me 180, 

SiHa, C41, and CaSki cell Iines (Figure 2-1). Varying doses of acivicin were used to 

determine the m a i m u m  inhibition of y-GT activity. A dose dependent inhibition was 

scen in the Me 180, SiHa, and C41 ce11 Iines {Table 2-1). No detectable effect was seen 

uith acivicin in the CaSki ceIl line. As seen in Figure 2-L, the enzyme activity detected 

in untreated CaSki cells was found b be statistically similar to the enzyme levels found 

in the SiHa treated with 200pM of acivicin. 

2.4.2 Effrcts of Various Mod$ed Media on Cysreine Levels in Cervical Carcinama Cell 

Lines 

The tissue culture medium (a-MEM) used to grow the four ce11 lines contains high levels 

of cysteine (200pM) compared to those found in normal human senun (30m. Thus, 

the investigation of the role of y-GT in concentrating cysteine in cells using unmoditied 

a-MEM may not accurately represent the in vivo situation. To determine the effects of 

environmental changes in viiro and to simulate the in vivo situation, al1 four ce11 lines 

were incubated in unmodified a-MEM and modifieci a-MEM media (cysteine-fke alone 

and with the addition o130pM cysteine, 30ph4 GSH, or 30w cysteine and 30pM GSH) 

for 24 hours at 37°C. When ceils were growa in unmodified a-MEM, cysteine Ievels 

Lvere found to range hom 0.338 2 0.083 n m o ~  106 ceiis to 1 S46 + 0.374 nrno~10~ ceils 

(Table 2-2). However, the cysteine leveb did not correlate with pGT enzyme activity 

detected. 



Table 2-1: y-GT activity in human squamous ce11 cervical carcinoma ce11 lines. 
Cells were treated with varying levels of acivicin for 3 hours at 37°C 
prior to biochemical analysis. Enzyme activity is expressed as mU/mg 
protein. Error is stated as SEM. Al1 experiments were repeated at least 4 
times. 

CeU Line 

Acivicin Dose 
(~31) Me180 SiHa C41 Cas ki  

Untreated 1 19.888 + 28.761 13.144 + 1.280 1 1.694 - + 1.455 3.554 + - 0.612 



-O- Me180 
4 SiHa 
t C41 - CaSki 

Acivicin Doses (pM) 

Figure 2-1: y-GT activity in cervical carcinoma ce11 lines using varyuig does of acivicin. 
Error is expressed as SEM. ANOVA analysis was performed and groups 
were cornpared with untreated activity levels. Significant differences in y- 
GT activity when compared to untreated are expressed as (a) for Me180 and 
(b) for SiHa and (c) for C41 with PI 0.05. 



The highest levels of cysteine were detected in the C41 ce11 line whereas the highest y-GT 

activity levels were found in the Me180 cells. Cysteine levels in cells grown in 

unmodified a-MEM. 

When cells were grown in modified media, cysteine levels were found to vary 

amung the cell lines and growth media used (Table 2-2). Cells grown in cysteine-fiee 

medium had lower levels of intracellular cysteine relative to those found in cells grown in 

unmodified a-MEM. The addition of 3OpM of cysteine to the rnodified medium 

( cysteine-free) did not significantly alter cysteine levels (Figure 2-2). In glutathione 

supplemented medium, intracellular cysteine levels showed a small, non-significant 

incrcasc in the Mel 80, SiHa, and CaSki cell lines, but the cysteine IeveIs appeared to 

dccrcase when C41 cells were grown in this medium. This decrease, however, was not 

significant. When the ce11 lines were grown in medium containing 30pM cysteine and 

30pM glutathione. intracellular cysteine levels in the Me180 and SiHa ce11 lines 

increased to approximately those observed when cells were grown in unmodified a- 

MEM, whereas for both the CaSki and C41 ce11 lines this same increase was not 

obsewed. 

3.4.3 pGT Inhibition and Effects on Cysteine Leveis 

To investigate further the role of y-GT in concentrating intracellular cysteine tevels, 

enzyme activity was inhibited using 20,50, 100, 150 and 200 pM of acivicin for t h e  

hours and the corresponding cysteine levels in the cells were measured. Inhibition of y- 

GT ac tivity even with a high dose of acivicin did not produce any significant decreases in 



Table 2-2: Cysteine levels in cells grown in unrnodified a-MEM and modified a-MEM 
media. Cysteine levels are expressed as n m o ~ 1 0 ~  cells. Error is expressed 
as SEM and al1 experiments wcre repeated at least 3 times, 

Cc11 lines a-MEM Cys-Free 3OpM Cys 30pM GSH 30pM CydGSH 

>le180 0.636 4 0.150 0.377 2 0.126 0.386 + 0.094 0.493 2 0.18 1 0.556 20.1 18 

SiHa 0.450 5 0.1 10 0.234 + 0.070 0.265 + 0.092 0.307 0.034 0.453 0.099 

CJI 1 .S46 2 0.374 1.252 20.266 1.337 50.249 0.782 + 0.035 0.1 10 + 0.046 

CaSki 0.338 2 0.083 0.1 17 5 0.043 0.107 + 0.039 0.155 + 0.059 0.109 + 0.021 



a-MEM 
l 

ei Cys-Free l 
l 

3OpM Cysteine 1 
30pMGSH i 

I 30pM CysIGSH 1 

Me180 SiHa C4I CaSki 

Figure 2-2: The effect of varying thiol concentrations in growth media on intracellular 
cysteine levels in cervical carcinoma ceU lines. Error bars are SEM. 
Results are based on a minimum of 3 separate experiments. Significant 
differences in cysteine levels wben compared to levels found in a-MEM 
medium are expressed as (a) for C41 and (b) for CaSki with P< 0.05. 



Table 2-3: Cysteine levels in ceils grown in unmodified a-MEM and incubated with 
varying concentrations of acivicin. Levels are expressed as n m o ~ 1 0 ~  cells 
and error is expressed as SEM. All experiments were repeated at least 3 
times. 

CeII Line 

Acivicin Dose 
(PW Me180 SiHa C41 CaSki 

Ui'ntreated 0.636 + 0.150 0.450 2 O. 110 1.546 + 0.374 0.338 + 0.083 



I 
+- Met80 - SHa 
+ C41 - CaSki 1 

Acivicin Dose ( CiM) 

Figure 2-3: Effect of y-GT inhibition using varyhg concentrations of acivicin on 
cysteine IeveIs in cell lines grown in unmodined a-MEM. Emr is 
expressed as SEM and al1 experiments were repeated a minimum of three 
times. 



cysteine b e l s  when the cells were grown in unmodifieci a-MEM medium (Table 2-3; 

Figure 2-3). 

2.4.4 EfSecr of pGT inhibition on Cysteine Levels in Thiol-Modified Growrh Media 

Three hours prior to HPLC anaiysis, cells were treated with 200pM of acivicin to 

detcmiine the effects of y-GT inhibition on cysteine levels in cells grown in the modified 

media for 24 hours. As seen in Figure 2-2, cysteine leveIs in the Me180 and SiHa cells 

grown in cysteine-free medium supplemented with 30pM of cysteine and 30pM of 

glutathione were comparable to those found in cells grown in unmodified medium. y-GT 

inhibition in unmodified a-MEM did not lead to a significant decrease in cysteine ievels 

in any of the ce11 lines. However, treatrnent of Me180 cells with 200pM of acivicin 

signi tlcantly decreased cysteine b e l s  only when cells were grown in media 

supplemcnted with concentrations of cysteine andJor glutathione close to physiological 

levcls (Figure 2-4A; Table 2-4). Although cysteine levels decreased in the SiHa cell line 

when the cells were treated and grown in physiological-simulating media, the effect was 

not significant (Figure 218; Table 2-4). As well, no significant decrease in cysteine 

levels was seen in the C41 and CaSki cell lines (Figure 2-4C and D; Table 2-4). 



'i'able 2-4: Effect of y-GT inhibition on cysteine ievels grown in unmodified and 
modified growth media. Cells were either treated with 200pM of acivicin 
(+) for 3 hours at 3i"C prior to analysis or lefi untreated (-). Cysteine levels 
are expressed as n m o ~ 1 0 ~  cells and error is expressed as SEM. Al1 
experiments were repeated at least 3 times. 



- - - - - - 

Control 
200pM acivicin 

Figure 2-4: The e ffect of y-GT inhibition on mtracellular cysteine levels when grown in 
modified media in Me180 (A), SiHa (B), C41 (C), and CaSki 0). Emr 
bars are SEM. Significant decreases in cysteine LveIs cornparhg acivicin 
treated groups with untreated groups are expressed as * with P 5 0.05. 



i - contrai 1 
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Alph-XIEM Qs-Fm. - C y  -GSH -C!JGSH 

Medium 
D - CaSki 

I 

Control I i 
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+ C!s - GSH + Cyst GSH 

Medium 

Figure 24: Effects of y-GT inhibition on cysteine levels (continued). 



2.5 Discussion 

Although y-GT has previously been suggested to play a role in concentrating intracellular 

GSH Icvels (Hanigan and Pitot, 1985), the contribution of y-GT activity in maintaining 

intracellular cysteine levels has not yet been delineated. The results from this chapter 

demonstrate a role of lpGT activity in the concentration of cysteine in the Me180 ceIl 

line. The inhibition of the enzymatic action ofy-GT with the irreversible inhibitor, 

ricivicin, significantly decreased cysteine levels in this high-expressing y-GT cell line that 

\vas grown in media that most closely resembled physiological conditions. 

pGT activity was found to Vary 30-fold between the highest and lowest pGT 

expressing ce11 lines. The Me180 and CaSki cells showed the highest and lowest yGT 

rictivity, respectively, found using the biochemical assay. Overall, the difference in -1-GT 

activity levels detected was comparable to differences previously reported for other 

cancer ce11 lines (Maellaro er al., 2000). AIthough high y-GT activity was predicted to 

promote cysteine uptake, no correlation was found between levels ofy-GT activity and 

intracellular cysteine levels when cells were grown in unmodified a-MEM medium. 

Standard growth medium used to grow the ce11 lines has greater than 10 times the 

cysteine concentration found in tissue fluid- Thus, at these levels, the uptake of cysteine 

is expccted to occur through amino acid rransport systems rather than the y-glutamyl 

cycle. Therefore, the effect on cysteine levels when cells were grown in thiol-modified 

media was examined. When cells were grown in cysteine-ke medium, decreases in 

c y s teine Ievels were seen as predicted. However, the C41 ce11 line was able to maintain 

intracellular cysteine levels close to those seen in standard medium. This result codd be 

due to the ability of C4I cells to saIvage cysteine h m  methionine via the cystathionine 



pathway. Addition of cysteine and glutathione concentrations typically found in tissue 

fluids provided a subsûate for y-GT. lntracellular cysteine levels in the Me180 and SiHa 

cell lines were found to be slightly higher, as compared to levels found in cysteine-fiee 

medium. when 30pM of GSH was added to cysteine-depleted medium. A similar result 

was not seen in the C41 and CaSki ce11 lines, possibly due to the low levels of y-GT 

activity found in these ce11 lines. However, the largest difference between CaSki and C41 

versus the Me1 80 and SiHa intracellular cysteine levels was found when cells were 

grown in cysteine-free medium supplemented with 30pM of cysteine and 30pM of GSH. 

The cysteine levels found in the Me180 and SiHa cell lines were comparable to those 

found in unrnodified a-MEM medium, while CaSki and C41 cells were unable to 

maintain the cysteine levels observed when cells were grown in similar conditions. This 

could be attributed to the lack ofy-GT activity to cleave glutathione to supply the CaSki 

and C4I cells with cysteine. This finding is supported by the fact that under these 

conditions, the highest expressing ce11 Iine, Me180, was able to maintain cysteine levels 

close to those seen when cells were grown in standard a-MEM medium, consistent with 

the hypothesis. 

To determine the effects of y-GT inhibition on cysteine levels, y-GT activity was 

suppressed by acivicin. Although activity levels of y-GT in the Me1 80, SiHa, and C41 

ce11 lines decreased in a dose dependent fashion, no consistent and significant effect on 

cysteine levels was seen when acivicin was added to cells in standard growth medium. 

However, when 200pM of the inhibitor was added to thiol-modified media, acivicin 

significantly suppressed cysteine accumulation by the Me180 ce11 h e .  The effects seen 

when cells were treated with varying doses of acivicin codd be due to 0 t h  metabolic 



effects of acivicin not involved with &e inhibition of y-GT activity, s k e  acivicin is 

known to inhibit other enzymes that use glutamine as a substrate (such as those involved 

with nucleoside biosynthesis) (Jayaram et al., 1975) 

Several unexpected observations were found with the C41 ceIl line. The reasons 

for the findings that levels of intracellular cysteine seen in the C41 ceils were much 

higher than the other three cell lines tested and when cells were p w n  in medium that 

coniained close to physiological concentrations of cysteine and GSH, a significant 

dwrease in cysteine levels was noted. As well, treaûnent of cells with 200pM of acivicin 

lcd to increases in cysteine levels when cells were grown in unmodified a-MEM and 

siznificant increases when grown in 30pM cysteine and 30pM GSH growth media (Table 

2-4). The mechanism behind these results is currentty unclear, however, a possible 

cxplanation may be that cysteine rnay have been used for de novù synthesis of 

elutathione since elevated levels of glutathione were found in those sampks (data not - 
shown). S ince al1 cell lines were processed immediateiy (Le. not fiozen and processed at 

a latcr time), in a similar manner and each experiment was repeatcd at Ieast three times, 

i t  is therefore unlikely that observed levels are a result of cysteine loss during anaiysis. 

The data presented in this chapter were consistent with the action of y-GT in 

contributing to the concentration of cysteine levels in the Me180 cervical carcinoma cell 

line, which had the highest levels of y-GT activity. Since the most significant decmses 

in cysteine levels with y-GT activity inhibition were found in Me180 ceIIs grown in 

cysteine-free a-MEM media supplemented with close to physiological concentrations of 

cy s teine and GSH, a role for y-GT activity in maintainhg intracel Mar cysteine levels 

may also be seen in vivo. 



Chapter 3 

Inhibition of Gamma-Glutamyl Transpeptidase Activity 
Decreases Intracellular Cysteine Levels in Cervical 

Carcinoma: b Vivo ~x~eriments'  

I Portions of this chapter are modified text contained in a manuscript to be submitted for 
publication in the Journal of BiologzIcaI Chemisrry. Authors of the paper are P. Ruoso 
and D.W. Hedley. Al1 experiments were performed by P. Ruoso. 



3.1 Abstract 

The activity of y-GT was examined for its potential role in the cellular accumulation of 

cysteine levels which were found in some biopsies fiom cervical carcinoma patients. 

Treatment of a series of cervical carcinoma ce11 lines with acivicin, an irreversible 

inhibitor of y-GT, was shown to decrease y-GT activity in Me180, SiHa, and C41 cell 

l incs as described in Chapter 2. Cysteùie deptetion occurred in the Me 180 ceIl Iine, 

xhich had the greatest levels of y-GT activity, and was more pronounced when cells were 

grown in medium with glutathione and cysteine concentrations simuiating the in vivo 

situation. 

The present study investigated tfie effects of inhibition of 7-GT activity on 

intracellular cysteine levels in xenografts grown in severe combined imrnunodeficient 

(SCID) mice. With the use of 35 mgkg of acivicin, y-GT activity decreased in Me 180 

and CaSki tumours and significant decreases in cysteine levels were seen in the high y- 

GT cxpressing tumours (Me180), consistent with in Miro data described in Chapter 2. 

Thus, inhibition of y-GT activity may have therapeutic potential. 



3.2 Introduction 

Although cysteine levels are genedy much lower than those of glutathione in cells in 

(issue culture and normal tissue, elevated levels have been reported to occur during in 

vivo tumour growth (Koch and Evans, 1996), and in some biopsies obtained hom 

cervical cancer patients (Vukovic et al., 2000; Guichard et al., 1990). The membrane- 

bound enzyme, y-GT, is able to facilitate the cellular uptake of cysteine in vitro, as 

obsened in Chapter 2. Although published work on the role ofy-GT has primdy 

involvcd studies of GSH and cysteine metabolism in vitro (Hanigan, 1998; Hanigan and 

Rickctts, 1993; Hanigan, 1995; Stole et al., 1994; Karp et al., 2001), a few investigators 

have cxamined the enzyme's role in vivo (Guichard et al., 1990; Hochwald et al., 1996; 

Paolicc hi et al., 1996). Furthermore, the effects of y-GT activity on cysteine 

accumulation in solid tumours has not been previously investigated. 

The aim of the work described in ibis chapter was to determine the role of yGT in 

maintainhg elevated levels of cysteine in cervical carcinoma in a preclinical model. 

Thus. Me1 80 and CaSki ce11 lines were grown as xenografts in SClD mice based on in 

i.iiro data showing extreme levels of y-GT activity (highest and lowest respectively). 

These tumours were then used to study the effect of acivicin as a potential cysteine 

modulator in vivo. 



3.3 Materials and Metbods 

3.3.1 Marerials 

Acivicin [(aS,SS)-a-amino-3-chloro-2-isox~olin~c acid; AT- 1251, 

glycylglycine, 2-amino-2-rnethyl-1,3-propanediol (ammedio1)-HCI, -~-glutarnyl-7-amino- 

4-mcthylcoumatin (y-glutamyl-AMC), 7-mino4methylcoumarin (AMC), purified 

bovine kidney y-giutamyl transpeptidase, hematoxylin, L-cysteine, glutathione (reduced 

form), tr is base, Triton X-100, Tween 20, SDS, sodium chloride (NaCl), 

methoxyethanol, gI ycine, 5-sulfosalicyclic acid, kanarnycin, EDTA and 

diethylenetriaminepentaacetic acid were obtained h m  Sigma-Aldrich Canada Ltd. 

(Oakville, Ontano, Canada). Phenylmethylsulfonyl fluoride, ieupeptin, apmtinin, and 

horscrridish-peroxide-conjugated goat anti-rabbit IgG were purchased from VWR Canada 

(Mississauga, Ontario). Protein assay reagents were purchased h m  Pierce (Rockford, 

IL.). Essentially fatty acid free bovine senun albumin (BSA) and Cherniluminescence 

Western blotting reagents were obtained h m  Boehringer Mannheim (Indianapolis, Di). 

Sodium dicthyldi thiocarbamate, parafomaldehyde, a-phosphoric acid (HPLC grade) and 

methano1 (HPLC grade) were obtained h m  Fisher ScientifTc Limited (Nepean, Ontario, 

Cnnada). Nitroceilulose was obtained fiom Bio-Rad Laboratories (Mississauga, Ontario). 

Tissue Tek OCT compound was purchased h m  Sakura Finetek (Torrance, CA). 

h.Iultispecies blocking reagent and anhibody diIutent were obtained h m  M o  

(Mississauga, Ontario). 



3.3.2 Animal Mode1 

Human squamous ce11 cervical carcinoma ceIl lines, Me180 and CaSki, were injected 

intra-rnuscularly in the hind legs of female SCiD mice (6-8 weeks). Experiments were 

performed when tumour and leg diameter reached - 1 1 mm. Three hours prior to 

sacri fice, the mice were injected with the fluorinated nitroimidazole compound, EF5 [2- 

(2-nitro- 1 H-imidazol- 1-y1)-N-(2,2,,3,3,3-pentafiuoropropyl)acetde] (obtained fiom 

Dr. C. Koch, University of Pennsylvania, PA) to obtain a concentration of 100pM in the 

mouse to define areas of hypoxia in the tumour as previously described by Lord er al. 

( 1993). Two hours ptior to sacrifice, randomly chosen mice were injected with 17.5, 

35.0, 70.0, and 140.0 mgkg of acivicin as an intravenous (i-v.) bolus. At sacrifice, the 

tumours were excised rapidly and immediately placed in cryovials containing Tissue Tek 

OCT cvmpound and placed in liquid nitrogen (-170" C). 

3 .3 .3  Prepararion of Cryosrar Tissue Sections 

For enzyme activity and NPSH analysis, lOpm thick serial cryostat sections were cut 

from the frozen tissue using a Tissue-Tek ii Cryostat (Miles Laboratories, Napendle, 

IL). Sections were irnmediately placed in buffers specific to the analysis to be 

performed. For immunofluorescence and hematoxylin and eosin (H&E) staining, 5pm 

parallel sections were mounted on slides, air-dried and fwed. 

3.3.4 ;+Glrltamyl Transpeptidase (7GV AcriMs, 

Two 10 prn thick cryostat sections were immediately placed in 500p.L ice cold lysis 

buffer [1% Triton X-100,0.1% SDS, 50mM Tris (pH 8.0), ISOmM NaCI, 1mM 



p heny lmethy lsul fony 1 fluoride, 5pg/mL leupeptin, and 5pgh.L aprotinin] and placed on 

ice for 30 minutes. Whote ce11 lysates were then collected and centrifuged at 16 000 g for 

15 minutes at 4°C. Expression of y-GT was detemiined using a fluorescence-based 

biochemical assay as described by Forman et al (1995). An aliquot (0.1 ml) of the lysate 

solution was added to a 0.25ml reaction mixture containing 0.1M 2-arnino-2-methyl-1,3- 

propanediol (ammedio1)-HC1 buffer (pH 8.6),20 mM glycylglycine, 2OpM y-glutamyl-7- 

amino-4-methy lcoumarin (y-glutamy 1-AMC), and 0.1% Triton X- LOO. The y-glutamyl- 

AMC was prepared as a 1mM stock solution in methoxyethanol by sonication. The 

reaction was carried out in a 37°C incubator for 30 minutes and was terminated by the 

addition of 1 Sm1 of ice cold glycine buffer (SOmM). Fluorescence emission was 

rncasured at 440nm with an excitation waveIength oE370nm. Using a calibration curve 

çenerated with knom concentrations of AMC, y-GT activity levels were determined in 

cach sample, The concentration of protein in each sample was determined using the 

Bradford protein assay method (1976) with BSA used as the standard and y-GT activity is 

exprcssed in standard international uni& of enzyme activity per mg of protein (mU1mg 

protein). 

3.3.5 Crsteine Measuremenis using High Preswe Liquid Chromatography 

Cysteine was extracted From the tumour tissue and measured using the method described 

by Koch and Evans (1996), as modifieci by Vukovic er al (2001). Two cryostat sections 

( 10pm) were imrnediately placed in 300pi ice cold extraction bufTer [SOmM 

sulfosalicyclic acid and 50pM each of EDTA, sodium diethyldithiocarbamate and 

diethylenetriaminepentaacetic acid] for 1 hour and whole ce11 lysates were collected. The 



ce11 solution was then centrifuged at 16 000 g at 4*C for 15 minutes to obtain visualty 

clear supematants that were then h e d i a t e l y  assayed by HPLC. The HPLC system 

consisted of a Waters 600E system controller, Waters Ultra WISP 7 15 sarnple processor, 

Waters 746 data module and Waters 464 pulsed electrochemical detector, equipped with 

ri Hg-coated duaI goId electrode. The separation was carried out using an Alltech Alltima 

C 18 column (100mm x 4.6mm) with a 3pm bead s i x  (Ailtech Associates, Deerfield, IL). 

Ail separations were perfonned at room temperature using a low pH (pH 2.0) mobile 

phase containing O. 1 M phosphoric acid, 3.3mM heptane sulfonic acid in water and 10% 

methanol. To decrease the background current, the mobile phase was filtercd using a 

45pm pore millipore filter. To displace dissolved oxygen, the mobile phase was purged 

with helium prior to separation. Cysteine concentrations were calculated by comparing 

the srca under the pcak of the samples with that of known cysteine standards. Standards 

wcre diluted in extraction buffer. The total voIumes ofeach tissue section were obtained 

using digital microscopy to measure the area of a parallel section stained with 

hematoxylin and eosin (H&E), and multiplying this by the thickness of the section, as 

desctibed below. 

3.3.6 Transmitted Lighr Microscopy 

Hematoxyh and eosin sections were imaged using a MimComputer Image Device 

(MCID; Imaging Research, Inc., St. Catherine's, Ontario, Canada) linked to a Sony 

DXC-970 MD, 3CCD coIour video camera mounted on a Zeiss Axioskop microscope 

fitted with a Ludl Biopoint motorized stage as described by Vukovic et al (200L). 

Brie fly , using a 10 x 0.25 numerical aperture (NA.) objective lem and an automated mini 



program, a composite field-by-field digitized tiled image of the entire section was 

obtained. Using the MCU) software program, the pixel area of the tissue section was 

obtained, and converted into pm2 using an extemal calibcation siandard. This area was 

then multiplied by the section thickness to detennine volume of the tissue section. 

3.3.7 .hri-pGT Antibody (GGT129) 

In order to localise y-GT in histological sections, an anti-y-GT antibody (GGT129) was 

obtained from Dr. A. Paolicchi (University of Pisa, Italy). This antibody was raised 

against a synthetic peptide corresponding to the C-terminal21 amino acid residues of 

human pGT heavy chain (CDTTHPISYYKPEFYTPDDGG) as previously described by 

Hanigan and Frierson (1996) and Maellaro et al. (2000). To test for possible cross 

reactivity with other proteins, western blotting was performed using the anti-y-GT 

rintibody using Me180 and CaSki cells. Briefly, cells (-lx 1o6) were washed wice in 

icc-cold PBS and then incubated with ImL of lysis buffer [1% Triton X-100,0.1% SDS, 

50mM Tris (pH &O), l5OmM NaCI, 1 rnM phenylmethylsuifonyl fluoride, Spg/mi 

leupeptin, and 5pg/mL aprotinin] on ice for 30 minutes. Whole ce11 lysates were then 

collccted and cenuifuged at 16 000 g for 15 minutes at 4OC. Samples were heated in SDS 

sarnple buffer for 5 minutes at 95"C, loaded at 50pg of protein and electrophoresed on a 

12% polyacrylamide-SDS gel at 150 V and electroblotted to nitrocellulose (0.45pm pore) 

for 1 hour at LOO V using the Mini Trans-Blot Electmphoresis Transfer Cell (Bio-Rad 

Laboratories, Mississauga, Ontario). The membranes were blocked in a solution 

containing 10% skim milk, his bufTered saline with tween (TBST) [lm Tris (pH 7.6), 

150mM NaCl and 0.5% Tween 201 and milli-Q water, ovemight at 4°C. Membranes 



were then incubated with the rabbit polyclonaI GGT129 antibody (1:8000 dilution) for 1 

Iiour at room temperature. Blots were then rinsed 3 times in TBST and incubated with 

horseradish-peroxide-conjugated goat anti-rabbit IgG diluted 1:2500 in TBST containhg 

skim milk powder. M e r  3 rimes in TBST, the blots were visualised by 

chemiluminescence according to the manufacturer's directions, 

Five Fm cryostat serial sections of tumour tissues that were fiozen in liquid nitrogen 

were cut. Sections were mounted on slides, air-dried and futed in a 1% 

paraformaldehyde solution at room temperature for 10 minutes. One slide from each 

tumour was stained with hematoxylin and eosin (H&E) for histological examination. 

Rcmaining sections were treated with a 0.3% hydrogen peroxide solution for 10 minutes 

to decreasc exogeneous peroxidases in the tissue sections. The sections were then treated 

with a multispecics blocking teagent for 20 minutes. Based on a preliminary antibody 

dilution curve, a 1:8000 dilution was used for irnmunohistochemical analysis. The slides 

ivcre incubated with the anti-y-GT antibody overnight at 4OC. Control slides were 

incubated with antibody dilutent. Antibody was then aspirated and slides were rinsed in 

PBS for 5 minutes. Slides were incubated with biotinylated goat anti-rabbit IgG and 

followed by incubation with a Mer .  The sIides were treated with the chromogen 3- 

amino-9-ethyl carbazole ( M C )  and monitored for colour development for 5 minutes. 

Slides were then rinsed in PBS and counterstained for 1 minute with hematoxyiin, 

mounted in Crystal Mount and allowed to dry overnight. SCID  mouse kidney was used 



as a positive control. Irnmunohistochemical sections were imaged as described in section 

3.3.6. 

3.3.9 Fl mrescence Imniunohistochemistry 

Turnour sections wcre examined for possible CO-localisation ofy-GT with tissue hypoxia 

using dual fluorescence imaging as follows. Five prn cryostat serial sections of tumour 

tissue were fixed in a 1% paraformaldehyde solution at room temperature for IO minutes 

and then treated with a multispecies blocking reagent for 20 minutes. Slides were then 

incubated ovemight at 4°C with y-GT primary antibody (l:8000) and were then incubated 

with a Cy3-conjugated secondary antibody (goat-anti-rabbit) (1:200) for 1 hour in the 

dark at room temperature. The slides were rinsed in PBS, twice, for five minutes. 

Sections were then incubated with a CyS-conjugated anti-EFS antibody (1 :20) (obiained 

from Dr. C. Koch, University of Pennsylvania, PA) for l hour in a dark room, at room 

tcmpenture. Slides were then rinsed in PBS and allowed to dry. 

3.3.1 0 Fluorescence Microscopy and lmaging 

S 1 ides stained for fluorescence immunohistochemistry were inaged using a system 

similar to that used for imrnunohistochemical analysis, equipped with a Quantix cooled 

CCD camera (Photomemx Inc., Tucson, AZ) mounted on a Olympus BX50 reflected 

fluorescence microscope fitted with a motorized stage and iinked to a second MCID 

image analysis system. Tiled images of the tumour sections were acquired at 20x using 

j35nrn excitation and emission at 572nm for Cy 3, and 620nm excitation and 700nm 

crnission for Cy 5.  Four Me180 tumours and four CaSki tumours were analysed. 



3.3.1 1 Image Prmessing 

Images obtained fiom the fluorescence microscope system were saved as 24-bit TlFF 

files. The images were then converted to &bit greyscale images and equalised using îhe 

Adobe Photos hop 5.0 sofhvare program. 

3.3.12 Statistical Analysis 

Statistical analyses of al1 data was camed out using Sigma Stat 2.0 software. 

Cornparisons between control and matment groups were made with analysis of variance 

(ANOVA) followed by the Dunnett's test, while student t-tests were used for data 

comparing between untreated and single treatment groups, with P 5 0.05 as the criterion 

for statistical significance. Results are reported as means i standard emr (SEM). 

3.4 Results 

3.4.1 TG T rlcriviry Detecrion in Me1 80 and CaSki Xenografts 

H is toIogical examinaiion of the tumour sections showed typical squamous cell carcinoma 

in both the Me 180 and CaSki xenograh. The Me180 xenografis were weI1- 

differentiated, keratinised tumours. The CaSki xeaograh showed moderate 

di fferentiaiion and contained regions of necrosis. 

In prelirninary experiments, the Me 180 and CaSki xenografls were examined for 

7-GT activity using the biochemical method described above and che histochemical 

technique developed by Rutenberg et al. (1969) as illustrated in Figure 2-9. However, 

al though the histoc hemical technique readily detected y-GT activity in normal kidney, it 

was insufficiently sensitive to detect pGT activity in Me180 and CaSki xenografts. 



Therefore, the biochemical rnethod was used to determine y-GT activity in subsequent 

experiments. y-GT activity in the Me1 80 xenografts was 24.686 2 10.401 mU/mg 

protein. and 3.996 + 2.152 mU/mg protein in the CaSki xenografk. The Me 180 

xcnografts showed higher y-GT activity than the CaSki xenograh, as found in the in 

virro experiments ( 1  19.888 + 28.76 1 mU/mg protein - Me 180; 3.554 + 0.6 12 mU/mg 

protein - CaSki). 

3.4.2 Inhibition of pGTActivity with Acivicin in Me1 80 and CaSki Xenografrs 

To dctermine the time course ofq/-GT inhibition by acivicin, tumour-bearing mice (n = 2 

per group) were injected i.v. with 35 mgkg of acivicin and sacrificed at various tirne 

points (Figure 3- 1 ; Table 3- 1). The dose of acivicin used was based on a previous 

publication (Hochwald et al., 1996). 

Having determined that a 2-hour treatment produced maximum inhibition of y-GT 

activity, a dose-response curve was then obtained. Tumour-bearing mice were treated 

with varying doses of acivicin (17.5 mgkg, 35.0 mgkg, 70 mgkg, and 140 mgkg) for 2 

hours and the Me1 80 and CaSki xenografts were analysed biochemically for enzyme 

activity. Al1 doses of acivicin decreased y-GT activity in both the Me180 and CaSki 

xenografts (data not shown). Based on these data, a dose of 3Smgkg was selected for 

subsequent experiments. 
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Figure 3-1: Time course for acivicin inhibition of  y-GT activity. Figure shown in A. is 
inhibition of y-GT activity using acivicin (1 mg was injected) in rat kidney 
(Capraro and Hughey, 1985). Time course shown in B is inhibition of y-GT 
activity with 35.0 mgkg acivicin in Me180 xenografts. 

Table 3-1: Time course data for inhibition of y-GT activity in Me180 xenografk with 
35.0 mgkg acivicin. Each time point was repeated with 4 tumours. Emr is 
expressed as SEM. 

Time (Hours) 



3.4.3 Effect of y GT Activiy on Cysteine Levels in Me1 80 and CaSki Xenografrs 

To determine the effect of y-GT activity on cysteine levels in untreated and acivicin 

treated mice, Me180 and CaSki xenograh were analysed for cysteine levels using 

prtrallel cryostat sections to the sections that were analysed for y-GT activity. In 

untreated tumours, there was no consistent relationship between y-GT activity and 

cysteine levels. However, when treated with acivicin, cysteine levels decreased at al1 

doses; although, there was no significant difference in the decrease between any of the 

doses of acivicin tested (data not shown). 

3.4.5 Itilribition of 7 G T  Activiy with 35 m@g Acivicin 

;pGT activity was examined in a large group of Me180 and CaSki xenografts, and 

analysed for enzyme activity, as shown in Figure 3-2 and Table 3-2. Consistent with the 

results shown in Table 3-1, a significant 20-fold decrease in enzyme activity was seen in 

the Me L 80 xenografts when treated with 35.0 mg/kg acivicin. A decrease in enzyme 

activity was seen in both CaSki and Me180 tumours. However, this was only statistically 

signi ficant (P 5 0.05) in the high y-GT activity expressing Me180 (from 24.686 + 10.401 

mUimg protein to 1.2 1 1 5 0.164 mUImg protein). 

3 .45  Eflect of pG T inhibition on Cysteine Levels in Xenogrdts rising 35 mg/kg Acfvicin 

Cryostat sections cut parallel to those examined for y-GT activity were analysed for 

c y s teine levels using HPLC. Cysteine levels in Me I8O and CaSki tumours were 

0.323 5 0.059 and 0.382 i 0.050 nmoUmg tissue for untreated Me180 [consistent with 

previoudy published values (Vukovic et al., 2001)J and CaSki tumours respectively. 



Table 3-2: yGT activity and HPLC measurements of cysteine in untreated and 35mg/kg 
acivicin treated Me 180 and CaSki xenogtafts. y-GT activity is expressed as 
mU/mg protein. Cysteine measurements are expressed as nmoiimg tissue. 
Error is stated as SEM. 

Untreatcd (n=9) I 24.686 + 10.40 1 1 0.323 5 0.059 

Xenografts 

Acivicin treated (n=17) 

Acivicin treated (n=I5) L.874 + 0.5881 1 0.333 2 0.083 

y-CT Activity 
(mU/mg protein) 

Cysteine Levels 
(nmoVmg tissue) 



Untreated 
35rngkg Acivicin i 

Me180 CaSki 

Figure 3-2: Effect of y-GT inhibition with 35 mgkg acivicin on enzyme activity in 
Me 180 and CaSki xenografts. Enzyme levels are expressed as milli units of 
y-GT activity per mg of protein. Emr bars are SEM and n 2 13. A 
significant decrease is represented by * (P 5 0.05). 



Untreated 
c.---.i 35 mgkg acivicin 

Figure 3-3: Effect of 7-GT iahiition with 35 mgl kg acivicin on cysteine levels in 
Me 180 and CaSki xenografts. Enor bars are SEM and n 2 13. A significant 
decrease is represented by * (Pg.02). 



Treatment of the tumour bearing animals with 35.0 mgkg of acivicin resulted in 

dccreases in cysteine levels in the Me180 tumours to 0.210 5 0.01 1 nmoVmg tissue 

(P  5 0.05) and to a small non-significant decrease to 0.333 + 0.083 in CaSki tumours 

(Figure 3-3). Thus, with acivicin treatment, both y-GT activity and cysteine levels were 

found to decrease significantly in the high y-GT activity expressing Me180. 

3 A.6 FGT Localisalion rrsing Polyclonal Antibody(GGT129) 

Using the polyclonal antibody GGTI 29, immunohistochemistry was perfonned to 

detcrmine the location of y-GT in the Me180 and CaSki xenograh. Prior to this, western 

b Io tting was used to detemine whether GGT129 was able to detect yGT in the Me 180 

and CaSki cell lines and to identify possible cross-reactivity with other proteins. As 

illustrated in Figure 3-4 A and B, the antibody detected a band 66 kDa in size, 

corresponding to the heavy subunit of the y-GT protein (Maellaro et al., 1999; Hanigian 

and Frierson, 1996). y-GT pmtein was detected in the purified bovine y-GT protein and 

in the Me 180 cell line (Figure 3-4 B) and was not detected in CaSki cefk These resulis 

are consistent with data in Chapter 2. Other bands were also seen in both bbts (Figure 3- 

4 A and B). 

In Figure 3-5, the pGT enzyme is represented by heterogeneous distribution of 

red staining seen in the Me180 xenografi. These levels of y-GT were not detected in the 

CaSki xenograft. Control sarnples were incubated with secondary antibody alone and 

showed no sign of specific staining. Thus, the y-GT activities revealed by 

immunohistochemical staining are consistent with the biochemical data obtained using 

the fluorescence spectrophotometer and western blotting. 



49 D a -  

Figure 3-11: Western blot using a pdyclonal antibody anti-y-GT. A: Blot taken h m  
Maellaro et al. (2000). Lanes 1 and 2 are melanoma 665/2 clone 2/60, 
membrane and cytosol protein fractions, respectively; lanes 3 and 4 are 
clone U2 1, membrane and cytosol protein hctions, respectively. B: (Blot 
done by author) Bands detected at 66kDa size corresponding to heavy 
subunit of the y-GT pmtein. Purifieci bovine kidney y-GT was used as a 
positive control. 



Me180 CaSki 

Figure 3-5: yGT localisation in Me180 and CaSki xenografts. The anti-y-GT 
antibody was used to determine the location of y-GT protein in the 
xenografts. y-GT is shown as dark red staining as seen throughout 
the Me 180 xenograft (above left). The staining in the CaSki xenografi is 
mainiy counterstain (hematoxylin) and is seen as purple staining (above 
right). Mag. 250x. 



3 -4.7 EFS and pGT Co-localisation 

Recent work from Dr. Hedley's laboratory has identified a correlation between increased 

Ievels of NPSH and areas of hypoxia in ceMcal carcinoma xenografts (Moreno-Merlo et 

ai., 1999). It was therefore of interest to determine if the distribution of y-GT showed a 

similar correlation. 

Both EF5 and y-GT were detected by immunofluorescence in tissue sections 

obtained from Me180 and CaSki xenografts consistent with what was visualised in the 

immunohistochemical slides (Figure 3-5). y-GT showed greater intensity in the Me180 

xenoçrafts (Figure 3-6 - bottom right). By visual inspection the hypoxia marker EF5 and 

y-GT showed heterogeneous distribution patterns in both tumour types, with a 

pronounced trend for y-GT to co-localise with EF5 in the CaSki tumours (Figure 3-6 - 

top right and lefi). To quantitate this trend, digital image processing was used to 

detemine the number of pixels in the EFS image that overlapped pixels in the y-GT 

image. Preliminary analysis of these data indicates that the number of pixel overlaps 

observed in the CaSki tumours exceeds thzt expected if y-GT was randomly distributed, 

thus confirming the visual impression that pGT expression in CaSki tumour co-localises 

to regions of hypoxia. 



Figure 3-6: Me 180 and CaSki xenografts labeIIed for EF5 and y-GT. Top lefi: CaSki 
xenograft showing EFS staining. Top right: CaSki showing y-GT staining. 
Bottom left: Me180 showing EF5 siauiing. Bottom right: Me180 showing 
y-GT staining. (Mag. 200x) 



3.5 Discussion 

Previously published papers have established that y-GT is involved with the breakdown 

of GSH both in vitro (Hanigan, 1995; Karp er al., 2001) and in vivo (Hochwaid et al., 

1996); however a role for y-GT in maintaining the levels of cysteine in Éumours has not 

been previousIy investigated. Thus, the focus of this chapter was to examine y-GT 

activity and cysteine levels in cervical cancer in vivo, and to investigate the potential of y- 

GT inhibition in cancer therapy. 

The Me i 80 and CaSki ceIl Iines were seIected based on in vitro data showing 

extrcme leveis of 7-GT activity (highest and lowest respectively). Me 180 had higher y- 

GT activity levels in vivo than CaSki, consistent with in vitro data from Chapter 2. This 

finding was observed using both the biochemical assay and the irnmunohistochemical 

technique. Using the biochemical assay, there was an approximately 5-fold difference 

between y-GT activity tevels in vitro and those found in vivo in the Me180 cells (1 19.888 

-+ 28.761 mU/mg protein vs. 24.686 + 10.401 mU/mg protein). This could be explained - 

by the fact that in the in vitro situation, onIy Me180 cells were anaIysed for y-GT activity 

while iti vivo. non-cancerous tissues and btood within the cryostat sections were anaiysed 

dong with the Me180 cervical carcinoma cells. Since -pGT activity was expressed in 

tenns of protein content in the tissue section, a decrease in y-GT activity levels in vivo 

would be predicted. However, a similardecrease was not observed in the CaSki tumours. 

This could be explained by an upregulation of y-GT activity in the Cash cells in vivo. 

Acivicin was used to inhibit y-GT activiîy in vivo. This inhibitor has previously 

been used in the ctinic to inhibit DNA synthesis. The animais in this study were abie to 

tolerate the h g  well as no side e&ts were observed in the mice during the course of 



the treatment. A 2-hour treatment with acivicin was found to maximally inbibit y-GT 

activity. Capraro and Hughey (1985) also reported a similar result in rat kidney. This 

inhibition was associated with a decrease in cysteine Icvels in the high pGT expressing 

Me ! 80 tumours, consistent with in vitro data and hypotnesis, 

In this study, inhibition of y-GT activity with 35 mglkg acivicin led to a 

s tatisticaIl y signi ficant decrease in cysteine levels in the Me1 80 tumeurs. Although y-GT 

activity was inhibited by over 20-fold in the Me 180 tumUurs, a similar decrease was not 

sccn in the cysteine Leveb, A small, but non-signrfcant decrease in cysteme levels was 

also seen in the CaSki tumours. This may be due to low levels  of^^ activity found in 

the CaSki tumours and/or other metabolic pathways being involveci with cysteine 

accumulation, such as through amino acid transport and cystathionine pathway (Meister 

and Anderson. 1983). 

As described by Hanigan and Friewon (l996), the GGT129 antibody was raised 

ngainst the heavy subunit of the y-GT enzyme, whïch does not carry any enzymatic 

action, and anchors the protein into the extracellular membrane (Hanigan, 1998). 

Western blot analysis showed that in addition to the heavy subunit of the y-GT protein, 

the antibody detected other bands that could possibIy be degraded y-GT protein during 

the preparation of samples, or cross reactivity with other proteins. Therefore, 

irnrnunohistochernical data must be interpreted with caution. However, the tevels ofy- 

GT visualised in the imrnunohistochemical sections were found to be consistent with 

those obtained by biachernical analysk of y-GT, where Md80 and CaSki xenografts 

Nrere found to have high and low y-GT activity, respectively. Furthemore, 



immunohistochernical labelling of normal SCiD mouse kidney CO-localised to y-GT 

activity detected using the histochemical tecbnique (data not show). 

Moreno-Merlo et al. (1999) found that increased levels of NPSH correlated with 

areas of hypoxia in cervical carcinoma xenografh. It was of interest to detemine if a 

similar pattern was found with y-GT and hypoxia, since elevated cysteine leveis in 

hypoxic regions are predicted to enhance radioprotection (Le. NPSH are more effective 

radioprotectors under hypoxic conditions). Preliminary analysis indicates a significant 

overlap in the CaSki xenograh, which may be explained by the possibility of y-GT 

activity being upregulated in response to hypoxia in the surrounding environment. A 

significant overlap was not seen in the Me180 xenografts. This could possibly be due to 

the fact that. in contrast to CaSki, y-GT activity is constitutively upregulated regardles of 

the surrounding environment in the Me180 tumours. To examine this hypothesis, Further 

testing of CaSki and Me180 cell lines under hypoxic conditions must be carried out. 

In summary, the data presented in this chapter show that inhibition of y-GT 

activity decrease intracellular cysteine levels in the hi& y-GT expressing Me180 tumours 

in viilo. These results are consistent with in vitro data described in Chapter 2, and suggest 

that y-GT activity may play a significant role in maintainhg elevated tumour cysteine 

levels in some cervical cancer patients. Thus, y-GT inhibition could have thetapeutic 

potential in the clinic. 



Chapter 4 

Discussion and Future Work 



4.1 Summary and Discussion of Results 

This thesis examines the role of y-GT activity in the maintenance of elevated cysteine 

levels in cervical carcinoma, and thus the therapeutic potential of y-GT inhibition as an 

adjunct to radiotherapy in the chic.  

Experiments performed in Chapter 2 involved using an in vitro mode1 to analyse 

I-GT activity and intracellular cysteine levels in four cervical carcinoma ceIl lines, 

Me 1 80, SiHa, C41, and CaSki. Previously published reports have addressed the role of y- 

GT activity in the concentration of glutathione in the ceil (Hanigan, 1995; Meister and 

Anderson. 1983); however, the effets of y-GT on inüacellular cysteine levels have not 

been previously investigated. 

Applying biochemical and HPLC methods to cervical carcinoma ceIl lines 

showed that following inhibition of y-GT activity with acivicin, inüaceliular cysteine 

levels decreased in the Me180 cells when these were grown in media with cysteine and 

glutathione concentrations characteristically found in tissue fluids. Although acivicin 

inhibitcd y-GT activity levels in al1 4 ce11 lines tested, intracellular cysteine levels were 

noi affected in the same marner. Paradoxically, increased cysteine levels were obsewed 

in some ce11 lines. This could be due to the fact that acivicin inhibits other metabolic 

pathways not directly involved with the y-glutarnyl cycle that use glutamine as a substrate 

(Jayaram et al., 1975). 

To investigate further the role of y-GT activity in the in vivo situation, y-GT 

activity and cysteine levels were analysed in Me180 and CaSki xenografts grown in 

SCID mice (Chapter 3). Data obtained fiom Chapter 3 were consistent with the in vitro 

finding that y-GT does play a role in the maintenance of cysteine levels in Me180 ceIls. 



Although a decrease in intracellular cysteine levels was observed in Me180 tumours, 

funher experimentation must be doue to determine if this results in a decrease in 

radioresistance. 

ünexpected results obtained fiom Chapter 3 include the y-GT activity levels 

found in the CaSki tumours. The difference in y-GT activity levels between in vitro and 

iti i*ivo Me1 80 cells was not observed in the CaSki cells. This is ofparticular interest due 

to the additional finding that results fiom Chapter 3 also show a possible correlation 

bctwccn the hypoxia marker, EFS, and y-GT in CaSki xenogr;ifts using an 

irnrnunofluorescence technique. An explanation for these results may be that -pGT 

activity rnay be upregulated in response to hypoxia in the sumunding environment in the 

CaSki tumours. As well, a link between NPSH levels and hypoxia was previously 

identified by Moreno-Merlo et al. (1999) in Me180 and SNa tumous, thus the finding 

that p G T  activity may link to hypoxia could possibly be identified as an additional factor 

involved in enhancing radioresistance. However, m e r  investigation is needed to 

detemine if this association does indeed exist. 

4.2 Future Work 

4.2.1 In Vitru Wurk 

To investigate hrther the role of y-GT in the hypoxic environment, ce11 lines, such as 

those used in Chapter 2, can be grown under Iow oxygen conditions in bssue culture. 

This strategy would aIlow a determination of wheiher y-GT activity is upregulated in 

response to a hypoxic microenvironment and be a relevant factor in the response of 

tumours to clinical treatment in siru. The design of the study should involve many of the 



same techniques employed in Chapter 2 of this thesis. Followïng ùicubations in the 

hypoxic environment, both y-GT activity levels and cysteine levels can be measured 

using the biochemical assay and HPLC method respectively, as described previously. 

Levels of enzyme activity should be compared to y-GT activity levels and cysteine levels 

obtained from cells grown under oxic conditions to determine if an upregulation of 

activity does indeed occur in the hypoxic environment. 

In addition to y-GT activity, the cystathionine pathway, that allows de novo 

synthesis of cysteine from methionine, may also be implicated in the concentration of 

iniracellular cysteine levels found in cervical carcinoma ceII lines (eg. C4I cell line). 

This pathway may be examined using similar experiments used in Chapters 2 and 3 to 

dctcrmine this metabolic pathway's role in maintaining elevated levels of cysteine in the 

ccll. 

4.2.2 In Vivo Work 

The goal of the study in Chapter 3 was tc detennine if inhibition ofy-GT activity could 

deplete cysteine levels in vivo. Since high cysteine leveIs are known to be 

radioprotective, a strategy to determine whether the inhibition ofy-GT activity in vivo 

increases radiosensitivity has therapeutic implications. An experimental approach to such 

a study could include many of the techniques descriied in Cbapter 3. Briefly, human 

cervical carcinoma xenograh will be grown in mice ba t  are able to tolerate treatment 

with radiation [(i.e. RAG-/-) personal communication with Dr- F-Liu]. Mice can then be 

treated with acivicin (3 Srnglkg) and irradiated. If acivicin treatment results in increased 

growth delay compared to the control group dinical trials may be beneficiai. - 



Two of the 4 ce11 lines investigated in Chapter 2 were m e r  examined in vivo, 

and additional studies involving C41 and SiHa xenograh would be advantageous to 

determine if the effecis of=/-GT inhibition on intracellular cysteine levels are aIso seen in 

these turnours. Futhemore, other types of cancer such as renal ce11 carcinoma, whicb is 

known to have high 1eveIs of y-GT activity (Zhu et al., 1997), should be examined for the 

thcrapeutic potential of y-GT inhibition. 

In view of the fact that acivicin is known to inhibit other metabolic pathways not 

direc tl  y involved with y-GT, tfiis drug is not ideal for use in the clinic. However, if 

treatrncnt with acivicin is found to lead to a decrease in radoresistance, there may be a 

potcntial use for acivicin in patients. 

4.2.3 Clinicai Srridies 

A study analysing cervical cancer patient samples for y 4 T  activity and cysteine levels 

and correlating these to patient outcome is currently king perfonned, using a fiozen 

tissue bank established as part of a concerted hypoxia program at tht Princess Margaret 

Hospital. 

Funher studies may inciude testing the ability of acivicin to mdulate cysteine in 

patients. This could be perfonned by obtaining biopsies h m  cervix cancer patients 

injected with acivicin and using the HPLC technique, utilised in Chapters 2 and 3, to 

determine levels of cysteine prior to and following acivicin treatment, If acivicin d m  

indeed lead io a decrease in t u m o d  cysteine levels in patients, clhical trials for acivicin 

as a c ystei ne rnodulato r in conjunction with radiotherapy may be addressed. 



4.3 Conclusions 

The results obtained From this thesis estabIish the d e  of y-GT in the accumulation of 

intracel Mar cysteine levels in Me l8O cells, both in wiim and in vivo. The response from 

the different ce11 lines and tumour types indicate that although y-GT activity is involved 

with maintaining elevated cysteine levels, it may be only one of many pathways or 

systems that contribute to cysteine modulation. For example, the amino acid transport 

system may be involved in conditions where hi@ concenmtions of cysteine are found in 

surrounding tissue fluids or growth medium. As well, the cystathionine pathway that 

salvages cysteine from methionine may also play a role in the accumulation of cysteine. 

This work provides a first step in a rational approach to the investigation of cysteine 

modulation as a therapeutic strategy in the c h i c .  
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