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We have shown previously thatγ-glutamyl transpeptidase
(GGT) activity is essential for the nephrotoxicity of cis-
platin. In this study we asked whether GGT activity was
necessary for the antitumor activity of cisplatin. GGT was
transfected into PC3 cells, a human prostate tumor cell
line. Two independent GGT-positive cell lines were isolated
and characterized. GGT cleaves extracellular glutathione
providing the cells with access to additional cysteine.
Expression of GGT had no effect on the growth rate of the
cells in vitro where the culture medium contains high levels
of cysteine. However, when the cells were injected into
nude mice the GGT-positive tumors grew at more than
twice the rate of the GGT-negative tumors. Weekly treat-
ment with cisplatin was toxic to both GGT-positive and
-negative tumors. The GGT-positive tumors were signific-
antly more resistant to the toxicity of cisplatin than the
GGT-negative tumors. Therefore, expression of GGT is
required for the nephrotoxicity of cisplatin, but diminishes
the tumor toxicity of the drug. These results indicate that
the nephrotoxicity and the tumor toxicity of cisplatin are
via two distinct pathways.

Introduction

Cisplatin is one of the most widely used chemotherapy
drugs. Platinum-based chemotherapy regimens are used in the
treatment of germ cell tumors, ovarian and bladder carcinomas,
squamous cell tumors of the head and neck and non-small cell
lung tumors (1).

Acute nephrotoxicity is the primary dose-limiting side effect
of cisplatin. We discovered that expression ofγ-glutamyl
transpeptidase (GGT) is essential for the nephrotoxic effects
of cisplatin. GGT is a cell surface enzyme that cleaves theγ-
glutamyl bond of extracellular glutathione and glutathione
conjugates (2). Cleavage of extracellular glutathione makes
available additional cysteine that can be used for protein
synthesis and synthesis of intracellular glutathione (3). Cleav-
age of glutathione-conjugated compounds by GGT on the
surface of the proximal tubule cells in the kidney is the first
step in the formation of mercapturic acids (4). Inhibition of
GGT activity completely blocks the nephrotoxicity of cisplatin
(5). It is unclear whether GGT expression alters the sensitivity
of tumors to cisplatin.

Results fromin vitro studies on the effect of GGT expression
and cisplatin sensitivity vary. No correlation was observed

Abbreviations: DMEM, Dulbecco’s minimum essential medium; GGT,
γ-glutamyl transpeptidase.
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between GGT expression and cisplatin sensitivity among the
human cell lines used in the National Cancer Institute Screening
Program (6). However, selection of a human ovarian tumor
cell line for resistance to cisplatin yielded a series of resistant
cell sublines with elevated levels of GGT mRNA (7). Transfec-
tion of GGT cDNA into a human prostate tumor cell line did
not alter its sensitivity to cisplatin (8).

In this study we asked whether the expression of GGT alters
the sensitivity of tumors to cisplatinin vivo. If GGT activity
is essential for the tumor response to cisplatin, as it is for the
nephrotoxicity, this would provide new insight into factors
that affect thein vivo sensitivity. If GGT activity only affects
the nephrotoxicity of the drug this would provide the first
evidence that the mechanism by which cisplatin kills the cells
of the kidney is distinct from its therapeutic mechanism
of action.

For this study the GGT-negative, human prostate tumor cell
line PC3 was transfected with GGT. Two independent clones
of GGT-positive cells and two independent clones of negative-
cells were isolated and characterized. The cells were trans-
planted into nude mice where they formed tumors. The mice
were treated weekly with cisplatin. The growth of the tumors
derived from the GGT-positive and -negative cells was mon-
itored. At the termination of the experiment the tumors were
removed, fixed and immunostained for GGT.

Materials and methods

Cell culture

PC3, a human prostate carcinoma cell line (ATCC CRL 1435) was obtained
from the American Type Culture Collection (Rockville, MD). The PC3 cells
were maintained in RPMI1640 media (Gibco BRL, Grand Island, NY), with
5% fetal calf serum (HyClone Laboratories, Logan, UT) and penicillin–
streptomycin (Gibco BRL).

Transfection of PC3 cells

A full length cDNA clone for human GGT was generously provided to us by
Dr Henry Pitot (9). The cDNA was inserted into two different transfection
vectors. The first vector was pLEN-PT as previously described (3). The
plasmid consists of a full length human GGT cDNA inserted into a pUC8-
based vector with an SV40 origin of replication, SV40 enhancer sequences,
human metallothionein II promoter, a polylinker region, an SV40 poly(A)
addition signal and poly(A) tract (9). The pLEN-PT vector does not contain
a selectable marker for mammalian cells that necessitates co-transfection with
another plasmid such as pWLneo, which contains a neomycin resistance gene.
For the second set of experiments GGT cDNA was inserted into pcDNA3.1(1)
vector (Invitrogen, San Diego, CA), which contains a neomycin resistance
gene. The pcDNA3.1 vector uses the human cytomegalovirus immediate-late
promoter rather than the human metallothionein II promoter.

For transfection, the PC3 cells were cultured in a 1:1 mixture of F12:Dul-
becco’s minimum essential medium (DMEM) (Gibco BRL), enriched with
10% fetal calf serum (HyClone Laboratories), and 25µg/ml gentamicin (Gibco
BRL). The plasmids were transfected by CaPO4 precipitation as previously
described (3). For the first transfection, PC3 cells were transfected with GGT/
pLEN-PT and co-transfected with pWLneo, a plasmid containing a G418
resistance marker. Control cells were transfected with pWLneo alone. For the
second transfection, PC3 cells were transfected with GGT/pcDNA3.1 plasmid
and control cells were transfected with pcDNA3.1 vector. For both transfections
stable transfectants were selected by adding 500µg/ml of G418 to the culture
media. Individual colonies were picked and grown into cell lines in RPMI1640
media supplemented with 5% fetal calf serum, penicillin–streptomycin and
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150 to 200µg/ml of G418. The GGT-positive cell line derived from the GGT/
pLEN-PT transfectants was named PC3/GGT1 and the control line PC3/C1.
The GGT-positive cell line derived from GGT/pcDNA3.1 was named PC3/
GGT2 and the control line PC3/C2.

Animals

Male athymic Swiss nude mice (defined flora), 5–8 weeks old, were obtained
from Taconic Farms (New York, NY). Animals were housed under pathogen-
free conditions at the Animal Resource Facility of the University of Virginia.
Food and water were providedad libitum.

In vivo tumor experiments

At 24 h prior to harvesting the cells for injection the medium was changed
to fresh medium that did not contain G418. For the injections, the cells were
suspended in RPMI1640, mixed 1:1 in Matrigel (Collaborative Biomedical
Products, Bedford, MA) and injected subcutaneously into the flanks. Each
mouse received one injection in each flank. Each injection contained 2.53106

PC3 cells. An aliquot of both GGT-positive and -negative cells was stained
histochemically for GGT on the day of the injection (10).

In experiment 1, 25 mice were injected with PC3/GGT1 and 25 mice were
injected with PC3/C1 cells. One week after the cells were injected both sets
of mice were divided into three groups of eight to nine mice each. Group 1
received weekly injections of saline, group 2 received weekly injections of
2.5 mg/kg cisplatin (Platinol-AQ; Bristol-Myers Squibb, Princeton, NJ) and
group 3 received weekly injections of 5 mg/kg cisplatin. The mice were
weighed weekly. Tumor size was measured weekly with vernier calipers. Nine
weeks after the tumor cells were injected, and 1 week after the final injection
of cisplatin or saline, the animals were killed and the tumors excised. The
tumors were weighed, fixed in Bouin’s fixative, embedded in paraffin and
sectioned at 4µm (11). The tissue sections were stained with an antibody
directed against human GGT as previously described (12).

In experiment 2, 18 mice were injected with PC3/GGT2 cells and 17 mice
were injected with PC3/C2 cells. One week after the cells were injected both
sets of mice were divided into two groups of eight to nine mice each. Group
1 received weekly injections of saline, group 2 received weekly injections of
5 mg/kg cisplatin. The animals were weighed and tumor size was measured
weekly. The animals were killed 10 weeks after the tumor cells were injected
and 1 week after the final cisplatin or saline injection. Tumors were removed,
weighed and one tumor from each mouse was immediately frozen in liquid
nitrogen and stored at –80°C. The other tumor was fixed, processed and
stained as described above.

Glutathione assay

The tumor tissue, while still frozen, was pulverized with a Bessman Tissue
Pulverizer (Fisher Scientific, Pittsburgh, PA) then immediately homogenized
in ice cold 4.31% sulfosalicylic acid with a Tissue Tearor (Fisher Scientific).
The homogenate was centrifuged at 8000g for 15 min at 4°C. The supernatant
was assayed for glutathione by the method of Tietze (13).

GGT assays

GGT activity was determined biochemically by the method of Tateishiet al.
(14) and histochemically by the method of Rutenburget al. (10). Protein was
determined with the BCA protein assay (Pierce, Rockford, IL). The level of
GGT activity in the transfected clones was measured in cells that were being
maintainedin vitro under G418 selection while thein vivo tumor experiments
were in progress.

Data analysis

The tumor volumes were calculated according to the formula:V 5
1
2ab2,

wherea is the length of the longest diameter andb the length of the shortest
diameter (15). The number of tumors that grew out were reported as the
number of cell injection sites in which tumors grew over the total number of
cell injection sites. Statistically significant differences between the groups
were detected by a two-tailed version of Fisher’s exact test (16). Mean values
and standard deviation for tumor doubling time and animal weight were
computed for each group. These data were analyzed for statistically significant
differences between groups with Student’st-test corrected for unequal sample
size when only two groups were compared and Dunnett’s test when two
treatment groups were compared with the control (16).

Results

GGT-positive PC3 cell lines
No GGT activity was detected in the parental PC3 cell line
with either the biochemical or histochemical assay. We inserted
a full length human GGT cDNA into two transfection vectors,
pLEN-PT and pcDNA3.1. Transfection of PC3 cells with
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either of the GGT-containing vectors gave rise to PC3 cells
that expressed functionally active GGT. The PC3/GGT1 cell
line was isolated from PC3 cells transfected with the pLEN-
PT/GGT plus pWLneo. PC3/GGT1 cells expressed
0.290 6 0.004 U GGT activity/mg protein. PC3/C1 was a
control cell line isolated from cells transfected with pWLneo
alone. No GGT activity was detected in these cells with either
the biochemical or histochemical assay. Expression of GGT
did not affect the growth rate of the cells in culture (Figure 1A).
In the absence of G418, the doubling times of the PC3/GGT1
and PC3/C1 lines were equivalent to the doubling time of the
parent PC3 cell line (doubling times 38.56 1.5 h).

The PC3/GGT2 cell line was isolated from the PC3 cells
transfected with pcDNA3.1/GGT plasmid. The PC3/GGT2
cells expressed 0.1266 0.007 U GGT activity/mg protein.
The control cell line PC3/C2 transfected with the pcDNA3.1
vector was negative for GGT. The doubling time of the PC3/
GGT2 and PC3/C2 cellsin vitro were equivalent (Figure 1B).
Tumor growth in vivo
The tumor cells were injected s.c. into the right and left flanks
of nude mice. In experiment 1 tumors arose at 15/16 sites that
were injected with the GGT-positive PC3/GGT1 cells and at
12/16 sites injected with GGT-negative PC3/C1 cells (Table I).
Similar results were obtained in experiment 2 in which tumors
arose at 17/18 sites injected with GGT-positive PC3/GGT2
cells and at 12/16 sites injected with GGT-negative PC3/C2
cells. The difference in the tumor take between the GGT-
positive and -negative cells was not statistically significant in
either experiment. Analysis of the growth rate of the GGT-
positive and -negative tumors shows that the tumors that arose
from the GGT-positive cells grew more rapidly than the tumors
from the GGT-negative cells (Figure 1C and D). The doubling
time of the GGT-positive tumors was 24 days in experiment
1 and 35 days in experiment 2 (Table II). In contrast, the
doubling times of the GGT-negative tumors were 65 and 72
days for experiments 1 and 2, respectively. In both experiments
the GGT-positive tumors were growing more than twice as
fast as the GGT-negative tumors. The difference in doubling
time between the GGT-positive and -negative tumors was
statistically significant (P, 0.01) in both experiments. Expres-
sion of GGT does provide a growth advantage to tumor
cells in vivo.
Cisplatin toxicity
In both experiments tumor-bearing mice treated with saline
gained weight throughout the course of the experiment
(Figure 2). Weekly treatment with 2.5 mg/kg cisplatin did not
significantly affect the amount of weight that the mice gained
over the course of the experiment. One mouse treated with
2.5 mg/kg cisplatin continued to gain weight over the course
of the experiment but died of unknown causes during the 9th
week of the experiment. Mice treated weekly with 5.0 mg/kg
cisplatin began to lose weight within 2–3 weeks. In experiment
1 four mice treated with 5.0 mg/kg cisplatin died prior to the
termination of the experiment. Two mice with GGT-negative
tumors died during the 7th week. Two mice with GGT-positive
tumors died, one during the 8th week and one during the 9th.
None of the animals in experiment 2 died prior to the
termination of the experiment. The toxicity of cisplatin lead
to the decision to terminate experiment 1 at 9 weeks, which
was 1 week earlier than experiment 2.
Response of tumors to cisplatin
GGT-positive tumors were less sensitive than GGT-negative
tumors to the toxicity of cisplatin (Table I). As noted above,
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Fig. 1. Growth of GGT-positive and -negative PC3 cellsin vitro and in vivo. Growthin vitro of GGT-positive, PC3 cells (1), GGT-negative, PC3 cells (s)
and parental PC3 cells (n) in experiment 1 (A) and experiment 2 (B). Growth of the same PC3 GGT-positive cells (d) and GGT-negative cells (s) when
injected into nude mice, experiment 1 (C); experiment 2 (D).

Table I. Outgrowth of GGT-positive and -negative tumors during treatment
with cisplatin

No. tumors/no. injection sites Tumor response,
positive versus negative

Cisplatin GGT-positive GGT-negative
(mg/kg) tumors tumors

Experiment 1
0 15/16 12/16 NS
2.5 14/16 6/16 P , 0.01
5.0 8/18**,a 0/18*** P , 0.01

Experiment 2
0 17/18 12/16 NS
5.0 8/18** 0/18*** P , 0.01

NS, no significant difference between GGT-positive and -negative tumors.
aStatistically significant differences from saline treated controls were
detected by Fisher’s exact test;** P , 0.01, *** P , 0.001.
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there was no statistically significant difference in the percentage
of GGT-positive and -negative tumors that grew in the saline
treated controls. In experiment 1 a weekly dose of 2.5 mg/kg
cisplatin was significantly more toxic to the GGT-negative
tumors than the positive tumors (P, 0.01). In both experiments
treatment of mice with 5.0 mg/kg cisplatin was more toxic to
the GGT-negative tumors (P, 0.01). A dose of 5.0 mg/kg
cisplatin reduced the percentage of GGT-positive tumors that
grew from 15/16 or 17/18 (94%) to 8/18 (44%,P , 0.01).
Treatment of mice bearing GGT-negative tumors with 5.0 mg/
kg cisplatin reduced the percentage of tumors that grew from
12/16 (75%) to zero (P, 0.001).

Analysis of the doubling time of the tumors that did grow
out during treatment also showed that the GGT-positive tumors
were less sensitive to cisplatin than the GGT-negative tumors
(Table II). In experiment 1 the lower dose of cisplatin (2.5 mg/
kg) did not significantly affect the doubling time of the GGT-

 by guest on M
arch 9, 2012

http://carcin.oxfordjournals.org/
D

ow
nloaded from

 

http://carcin.oxfordjournals.org/


M.H.Hanigan et al.

Fig. 2. Weight of mice during treatment with cisplatin. Mice bearing GGT-positive, PC3 tumors (closed symbols) and GGT-negative PC3 tumors (open
symbols) were weighed weekly prior to injection with saline (circles), 2.5 mg/kg cisplatin (squares) or 5.0 mg/kg cisplatin (triangles) in experiment 1 (A) and
experiment 2 (B).

Table II. Growth of GGT-positive and -negative tumors during treatment
with cisplatin

Doubling time (days)

Cisplatin (mg/kg) GGT-positive tumors GGT-negative tumors

Experiment 1
0 24 6 9 65 6 31
2.5 586 58 1206 47**
5.0 1886 205** –

Experiment 2
0 35 6 28 726 32
5.0 3306 293*** –

Data are significantly different from untreated control, **P, 0.01,
***P , 0.001.

positive tumors but did increase the doubling time of the GGT-
negative tumors from 65 to 120 days (P, 0.01).

GGT expression in tumors
Tumors were fixed and stained immunohistochemically with
GGT129, an antibody directed against human GGT. The
GGTcDNA that was used to transfect the PC3 cells was a
human cDNA, therefore, the GGT protein that was expressed
was recognized by the antibody. Immunohistochemical staining
showed that the tumors derived from the two control cell lines,
PC3/C1 and PC3/C2, were uniformly GGT-negative. Whereas,
all of the tumors that arose from the GGT transfected cells,
PC3/GGT1 and PC3/GGT2, were GGT-positive. In the PC3/
GGT1-derived tumors both cytoplasmic and membrane staining
were observed (Figure 3A). The cytoplasmic staining may
reflect GGT protein that is being synthesized and processed
within the cell. In the PC3/GGT2-derived tumors the antibody
staining was strongly localized to the cell membrane
(Figure 3B).

Some of the PC3/GGT1 tumors had areas of GGT-negative
tumor cells within them. The mixture of GGT-positive and
-negative cells that arose from the injection of 100% GGT-
positive PC3/GGT1 cells suggested that some of the PC3/
GGT1 cells were losing the transfected cDNA when not under
constant selection with G418. This was confirmed in culture.
Histochemical staining showed that when PC3/GGT1 cells
were maintained in culture without G418 for 12 weeks, the
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percentage of cells that were GGT-positive decreased from
100 to 61%. Addition of 150µg/ml of G418 to the culture
medium was toxic to the GGT-negative cells and resulted in
the restoration of the cell line to 100% GGT-positive within
14 days. Tumors derived from PC3/GGT2 were uniformly
GGT-positive. The stability of GGT expression in PC3/GGT2
cells was also noted in culture. PC3/GGT2 cells grownin vitro
without G418 for 12 weeks showed no reduction in the
percentage of GGT-positive cells.

The presence of GGT-negative areas in the PC3/GGT1-
derived tumors indicates that not only does GGT provide a
growth advantage for the cells that express the enzyme but it
also provides a growth advantage for cells surrounding the
GGT-positive cells. Areas of GGT-negative cells were more
commonly observed in the saline-treated animals than in the
animals treated with 5.0 mg/kg cisplatin. The regional effect
of GGT appears to be stronger in promoting growth than in
reducing cisplatin toxicity.
Glutathione in tumors
Glutathione levels were measured in the tumor tissue from
experiment 2 that had been stored frozen. The number of
tumors that could be assayed for glutathione was limited
because only half of the tumors were frozen and some of the
tumors were too small to obtain accurate glutathione levels.
The results showed that in five GGT-positive tumors from
saline-treated mice and two GGT-positive tumors from cispla-
tin-treated mice the glutathione levels were 1.476 0.48 and
1.39 6 0.63 µmol glutathione/g tumor, respectively. In six
GGT-negative tumors from saline-treated mice and one GGT-
negative tumor from a cisplatin-treated mouse the glutathione
levels were 1.366 0.34 and 1.42µmol glutathione/g tumor.
Analysis of the data showed that there was no significant
difference between the four groups. The glutathione levels in
the GGT-positive tumors were similar to those in the GGT-
negative tumors. The mice were killed 1 week after the final
injection of cisplatin or saline. No difference in glutathione
levels was detected between the cisplatin- and saline-treated
groups.

Discussion

Prior studies demonstrated that the nephrotoxicity of cisplatin
could be blocked by administering an inhibitor of GGT activity
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Fig. 3. Immunohistochemical staining of tumors derived from PC3/GGT1 cells (A) and PC3/GGT2 cells (B). Tumors were stained with GGT129, an antibody
directed against a 20 amino acid sequence in the human GGT protein. Antibody staining in the controls, PC3/C1 and PC3/C2 derived tumors, was negative
(data not shown).

prior to treatment with cisplatin (5). The current studies were
undertaken to determine whether expression of GGT affects
the sensitivity of tumors to cisplatin toxicity. The data showed
that expression of GGT did not affect the growth rate of cells
in culture but did increase the growth rate when the cells were
injected into nude mice. In contrast to the nephrotoxicity of
cisplatin, which requires GGT, the tumor toxicity was reduced
by GGT expression. These results suggest that the nephrotoxic-
ity and tumor toxicity of cisplatin are mediated by two different
mechanisms.

GGT is a cell surface enzyme that cleavesγ-glutamyl bonds
(17). It is localized to the luminal surface of ducts and glands
throughout the body (12). In these tissues GGT prevents the
excretion of glutathione by initiating the cleavage of glutathione
into its constituent amino acids, cysteine, glycine and glutamic
acid, which can then be reabsorbed (3). The proximal tubule
cells of the kidney express high levels of GGT. The enzyme
cleaves glutathione in the glomerular filtrate and its constituent
amino acids are reabsorbed. In GGT knockout mice, glutathione
remains intact as it flows through the kidney. Large amounts
of glutathione are excreted in the urine and as a result the
knockout mice suffer from a severe cysteine deficiency (18).

The level of GGT activity expressed in the transfectants
(0.126 and 0.290 U GGT/mg protein) is similar to the levels
expressed in human, mouse and bovine kidney (0.103, 0.275
and 0.405 U GGT/mg protein, respectively) (12,14). Compar-
ison between these levels and GGT expression in human tumor
cell lines is difficult because most studies of human tumor cell
lines have been based on relative amounts of GGT mRNA
expression (6,7). The level of GGT activity in our transfected
cell lines is higher than the levels reported in chemically
induced rat liver tumors and preneoplastic lesions (0.076 and
0.037 U GGT/mg protein) (14,19).

Unlike normal cells that express GGT and are strongly
polarizedin vivo, the cells in poorly differentiated tumors are
not polarized and the enzyme is present over the entire cell
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surface (20,21). In GGT-positive tumors, the enzyme is in
contact with the interstitial fluid and can cleave glutathione
present in the fluid. Hockwaldet al. (22) showed that as blood
circulates through a GGT-positive tumor the glutathione levels
in the blood decrease more rapidly than they do in the systemic
circulation. The cysteine liberated from the extracellular gluta-
thione by GGT serves as a secondary source of cysteine for
the tumor.In vitro studies with the mouse hepatoma cell line
Hepa 1-6 showed that at physiological concentrations cysteine
can becoming limiting for tumor cell growth (23). The GGT-
positive PC3 cells in this study had access to the cysteine in
extracellular glutathione and grew more rapidlyin vivo than
the GGT-negative PC3 cells.

In this study, immunostaining showed differences in the
localization of GGT in the two experiments. In the first
experiment, the staining appeared to be both membranous and
cytoplasmic whereas, in the second, most of the staining was
localized to the cell membrane. This is probably an indirect
result of the different level of GGT expression in the cell lines
used in the two experiments. We have seen previously in both
normal and neoplastic tissue that the higher the level of GGT
expression the more common it is to see antibody staining
that appears to be cytoplasmic in addition to the membrane
staining (12,20). This observation may be the result of immuno-
localization of GGT protein that is being synthesized and
processed intracellularly. The peptide should be recognized by
the antibody as soon as the 20 amino acids at the C-terminus
of the heavy subunit are synthesized (12). There is only one
report of a cell line in which GGT appears to be localized
intracellularly, the ARL-16T2 tumor cell line, which is derived
from a non-tumorigenic liver epithelial cell line (24).

In this study, GGT did not provide a growth advantage
in vitro. Tissue culture media contains cysteine at concentra-
tions 3- to 4-fold higher than the concentration in serum.
Therefore, cysteine is not rate-limiting for cell growthin vitro
and additional cysteine made available by GGT does not

 by guest on M
arch 9, 2012

http://carcin.oxfordjournals.org/
D

ow
nloaded from

 

http://carcin.oxfordjournals.org/


M.H.Hanigan et al.

further increase cell growth. Warrenet al. (25) obtained similar
data with a mouse epidermal cell line transfected with GGT.
In rapidly growing tumors cysteine can become limiting for
cell growth in vivo; but, access to additional cysteine has no
effect on growth when cells are grown in tissue culture media
that is cysteine-rich.

In contrast to the experimental animal models, a recent
clinical study showed no statistically significant correlation
between GGT expression and mitotic rate among 79 cases of
infiltrating mammary carcinoma (20). One explanation for this
discrepancy between clinical tumors and experimental tumors
is that most primary tumors grow more slowly than experi-
mental tumors derived from cell lines. As shown in this study
and others, expression of GGT will only provide a selective
growth advantage to tumors growing so rapidly that access to
cysteine is limiting for growth.

Cisplatin is a planar molecule that contains a central platinum
atom surrounded by two chloride atoms in thecisconfiguration
and two ammonia moieties. Chloride ions dissociate from
the platinum at low salt concentrations equivalent to the
intracellular concentration of chloride (26). This dissociation
creates an electrophilic form of platinum that will bind to
cellular nucleophiles such as DNA, RNA and negatively
charged groups on proteins. DNA damage caused by the
formation of platinum–DNA adducts is thought to be the
mechanism by which cisplatin kills dividing cells (27). Expres-
sion of GGT in the PC3 cells resulted in increased resistance
to the toxicity of cisplatin. It is of interest that cisplatin was
more toxic to the slower growing GGT-negative PC3 tumors
in comparison with the more rapidly dividing GGT-positive
PC3 tumors. This finding is contrary to the general observation
that the higher the rate of growth the more sensitive a tumor
is to the toxicity of most chemotherapy agents.

Glutathione is a nucleophile that can bind to the electrophilic
form of platinum. Intracellular platinum–glutathione conjug-
ates have been isolated from tissue culture cells treated with
cisplatin (28,29).In vitro studies have shown a correlation
between increased intracellular glutathione and resistance to
cisplatin (7,30), although a study donein vivo failed to show
a correlation (31). In this study the steady state glutathione
levels were the same in GGT-positive and -negative tumors.
Seven days after treatment with cisplatin there was no differ-
ence between the glutathione levels in cisplatin-treated and
control tumors. The resistance of the GGT-positive tumors to
cisplatin may result from the ability of GGT-positive tumors
to replenish intracellular glutathione levels more rapidly than
GGT-negative tumors because of the cysteine made available
by the cleavage of extracellular glutathione (3). Cisplatin–
glutathione conjugates have been shown to be formed intracell-
ularly and actively pumped out of the cell by the MRP/GS-X
pump (28,32). Resistance of tumor cells to cisplatin is associ-
ated with induction of intracellular glutathione and the MRP/
GS-X pump (32).

Our data, which show that expression of GGT in the PC3
cells protects the cell from the toxicity of cisplatin, is in direct
contrast to our studies of the nephrotoxicity of cisplatin, which
show that expression of GGT increases the nephrotoxicity of
cisplatin. These data indicate that the antitumor activity of
cisplatin and nephrotoxicity of cisplatin are via a distinct
mechanism. In tumor cells, cisplatin is conjugated to gluta-
thione and pumped out of the cell. Our hypothesis is that in
the kidney, GGT on the surface of the proximal tubule cells
cleaves extracellular glutathione–cisplatin conjugates, which
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initiates their metabolism through the mercapturic acid or beta-
lyase pathways that are unique to the kidney (5). Several
potent nephrotoxins have been shown to be conjugated to
glutathione and activated to toxins through these GGT-mediated
pathways in the proximal tubule cells of the kidney (4).

The results from this study show thatin vivo GGT increases
the growth of PC3 cells and increases the resistance of the
tumor cells to the toxicity of cisplatin. These data show for
the first time thatin vivo the same enzyme that is essential for
the nephrotoxicity of cisplatin inhibits the tumor toxicity of
cisplatin. These observations strongly support the hypothesis
that the pathway by which cisplatin is metabolized to a
nephrotoxin is distinct from the pathway by which it kills
tumor cells.
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