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ABSTRACT

Advanced t e s t i c u l a r  germ c e l l  tumours, in contrast to the m a jo r i ty  of  

adult  s o l id  tumours, are curable using chemotherapy. The reasons for  

t h e i r  s e n s i t i v i t y  to chemotherapeutic drugs are unknown.

A model system is  required to study the mechanisms. Ten continuous

c e l l  l ines  der ived from human non-seminomatous t e s t i c u l a r  germ c e l l

tumours, cu l tu red  under i d e n t i c a l  c ond i t ions ,  were charac te r ized  in 

terms of populat ion doubling t im e ,  i n t e r m i t o t i c  t im e ,  c e l l  loss r a t e ,  

colony-forming e f f i c i e n c y ,  proport ion of S-phase c e l l s ,  DNA p lo idy  

l e v e ls ,  isozyme p a t t e r n ,  tu m o r ig e n ic i ty  in nude mice and xenograft

morphology.

To determine whether t e s t i c u l a r  tumour c e l l  l ines  re ta in

chemosensit iv i ty  in v i t r o ,  the responses of f i v e  t e s t i c u l a r  and f i v e  

bladder tumour c e l l  l ines  were compared. Using a colony-forming assay,  

the t e s t i c u l a r  tumour c e l l  l ines  were,  on average,  f i v e  times more 

se n s i t iv e  to c is p l a t i n  and adriamycin (comparing IC70s).  Thus

chemosensit iv i ty  is inherent to the c e l l s ,  and is not due s o le ly  to

humoral fac to rs  such as blood supply or immunogenicity.

One mechanism that  may be involved is d i f f e r e n t i a l  binding of drug to  

DNA. Binding of c i s p l a t i n  was compared in a t e s t i c u l a r  and a bladder  

c e l l  l in e  using atomic absorption spectrophotometry.  Id e n t ic a l  amounts 

of c is p l a t i n  were bound, in d ic a t in g  that  t e s t i c u l a r  tumour c e l l s  may
f

be less able to  repa i r  damaged DNA. A c t i v i t y  of an enzyme involved in

a s p e c i f ic  DNA re p a i r  pathway, prevent ion of  c ross l ink  formation by
6

ch lo ro e th y In i t ro s o u re as ,  0 - a  IkyLguanine-DNA a Iky I t r a n s f e r a s e ,  was 

measured.
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Development of  res is tance to  c i s p l a t i n  is a major cause of  treatment  

f a i l u r e .  One t e s t i c u l a r  and one bladder c e l l  l in e  with s table  

c is p l a t i n  resis tance were developed by continuous exposure to

increasing concentrat ions of  c i s p l a t i n .  The growth c h a r a c t e r is t i c s ,

isozyme p a t te rn  and chromosome composition of  the c e l l  l ines  were 

compared, and degree of  c ross -res is tance  to other  ant icancer  agents 

was measured.

Thus j_n v i t r o  model systems fo r  studying inherent s e n s i t i v i t y  and

acquired drug resistance  in t e s t i c u l a r  tumours were developed and

c h a ra c te r iz e d ,  and used to in v e s t ig a te  two possible  mechanisms. In the  

long term, understandi ng the mechani sms under ly i  ng di f f e r e n t  i a I 

s e n s i t i v i t y  may resu l t  in more e f f e c t i v e  treatment fo r  the re s is ta n t  

tumours.
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CHAPTER 1. GENERAL INTRODUCTION

Major advances have been made in the treatment of m etasta t ic  

t e s t i c u l a r  cancer over the las t  30 years .  C isp la t  in-based combination 

chemotherapy now can cure approximately 80% of a l l  p a t ie n ts  with  

disseminated disease.  This is in contrast  to the m a jo r i ty  of adul t  

so l id  tumours which,  once they have metastasized ,  are e i t h e r  d i f f i c u l t  

or impossible to cure.

In th is  study,  I  have used c e l l  l ines  derived from non-seminomatous 

t e s t i c u l a r  germ c e l l  tumours (NSGCTs) to  study some of the mechanisms 

c o n t r o l l in g  s e n s i t i v i t y ,  and these have been compared with c e l l  l ines  

derived from t r a n s i t i o n a l  c e l l  carcinomas of the bladder .  Hence th is  

chapter reviews the development of chemotherapy fo r  m etasta t ic  t e s t i s  

tumours, and b r i e f l y  describes the current status of bladder cancer 

chemotherapy.

TREATMENT 0J_ TESTICULAR GERM CELL TUMOURS 

C l i n i c a l  stagi  ng and h i s topathologi  caI  c lassi  f i  cat ion 

The diagnosis of t e s t i c u l a r  germ c e l l  tumour is usual ly  made on 

h is t o lo g ic a l  examination of  the primary tumour fo l lowing orchidectomy. 

In order to determine the extent of d isease,  non-invasive  

in v es t ig a t io n s  are car r ie d  out ,  including CT (computerised a x ia l  

tomography) scans and measurement of tumour marker leve ls  in serum 

( a Ip h a fe to p ro te in  AFP and human chor ionic  gonadotrophin HCG) (reviewed  

by Peckham, 1988).  Volume and extent of metastases and serum AFP and 

HCG leve ls  are important prognostic f a c t o r s ,  so accurate staging is  

required to enable the most appropr iate  treatment to be g iven.  The 

Royal Marsden Hospi ta l  staging c l a s s i f i c a t i o n  of t e s t i c u l a r  tumours is  

shown in Table 1 .1 .

1



Table 1 .1 .  Royal Marsden Hospi ta l  staging c la s s i f i c a t i o n  of  t e s t i c u l a r

tumours

Stage

I  Lymphogram n e g at ive ,  marker n egat ive ,  no evidence of metastases

I I  Lymphogram p o s i t i v e ,  metastases confined to abdominal nodes. 
Three subgroups are recognised:

A. Maximum diameter of  metastases < 2 cm
B. Maximum diameter of  metastases 2-5 cm
C. Maximum diameter of  metastases > 5 cm

I I I  Involvement of  supra- and infradiaphragmatic  lymph nodes. No 
ext ralymphat ic  metastases.
Abdominal s tatus -  A, B, C as for  Stage I I

IV Extralymphatic metastases.  Suff ixes  as fo l lows: O=lymphogram 
negat ive;  A, B, C as for  Stage I I

Lung status
L1 ^ 3  metastases
L2 m u l t ip le  metastases < 2 cm maximum diameter  
L3 m u l t ip le  metastases > 2 cm diameter

L iver  status
H+ l i v e r  involvement

From: Peckham, 1988.
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Table 1 .2 .  A s im p l i f i e d  h is to p a th o lo g ic a I  c l a s s i f i c a t i o n  of  t e s t i c u l a

germ c e l l  tumours

B r i t i s h  T e s t ic u la r  
Tumour Panel

semi noma

malignant teratoma  
u n d i f f e r e n t i a t e d  (MTU)

malignant teratoma  
in termediate  (MTI)

teratoma d i f f e r e n t i a t e d  
(TD)

malignant teratoma  
t rophob las t ic  (MTT)

Ameri can 
(M o s to f i ,  1980)

semi noma

embryonal carcinoma

embryonal carcinoma 
with teratoma  
( t e ra to c arc  i noma)

teratoma

choriocarcinoma

h is t o lo g ic a l
appearance

composed of uni form,  
round or polygonal  
c e l l s

composed of malignant  
c e l l s  with no mature 
elements

composed of u n d i f f e r  
en t ia ted  and d i f f e r ­
e n t ia te d  t issue

composed of f u l l y  
d i f f e r e n t i a t e d  t issue  
such as muscle, bone, 
car t  i la g e

composed of tropho­
b l a s t i c  elements,  and 
possibly  MTI or MTU

For more d e t a i l  see: Pugh, 1976; M o s to f i ,  1980; Damjanov, 1983



Approximately 95% of t e s t i c u l a r  tumours are of  germ c e l l  o r i g i n ,  of 

which about 40% are seminoma, a fu r t h e r  20% are combined tumours 

consis t ing of seminoma plus NSGCT and 40% are NSGCTs (Anderson, 1986).  

The B r i t i s h  and American pa tho log ica l  c la s s i f i c a t i o n  systems are 

described b r i e f l y  in Table 1 .2 .  NSGCTs can be subdivided into  

u n d i f f e r e n t i a t e d  and d i f f e r e n t i a t e d  tumours. U n d i f f e r e n t i a te d  NSGCTs 

are c a l le d  embryonal carcinomas in the American system. Some NSGCTs 

contain stem c e l l s  capable of d i f f e r e n t i a t i o n  in to  somatic or e x t r a -  

embryonic t is s u e s .  Somatic d i f f e r e n t i a t i o n  gives r ise  to the mixture 

of t issues  seen in teratomas,  including muscle, c a r t i l a g e  and bone. 

Extra-embryonic t issues found in teratomas correspond to the chorionic  

membrane and the yolk sac. Trophoblast ic  elements (choriocarcinoma)  

may occur a lone,  or in combination with other tumour elements.  These 

tumours are charac te r ized  by the presence of cytotrophoblast  and 

syncy t io t ro p h o b las t ,  and a l l  are associated with d e tectab le  HCG 

sec re t io n .  Their  presence ind ica tes  the most aggressive ,  fast-growing  

type of NSGCT. Yolk sac carcinoma elements are found in about 40% of 

NSGCTs, and they are associated with elevated serum AFP levels  

(Damjanov, 1983; G r igor ,  1986).  Most male germ c e l l  tumours a r is e  in 

the t e s t i s ,  but they may occas ional ly  be ext ra-gonadal  in o r i g i n .  Once 

a diagnosis has been made and the tumour staged, treatment proceeds as 

fo l  lows.

Stage _I NSGCT

There are a number of treatment options for  pa t ien ts  with c l i n i c a l  

Stage I  d isease.  Re troper i tonea l  lymph node d issect ion  (RPLND) with or 

without adjuvant chemotherapy is common in the US, and gives a 3 year 

cure ra te  of  100%. In one s e r ie s ,  5% re lapsed,  but were successfu l ly  

t r e a te d  with chemotherapy (Lieskovsky et a l ,  1984).  However, RPLND 

represents overt reatment of  the m a jor i ty  of p a t i e n t s ,  since metastases
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are L ike ly  to occur only in 20-30% of c l i n i c a l l y  Stage I  p a t i e n t s .  

This operat ion also c a r r ie s  a high r isk  of e ja c u la to ry  f a i l u r e  and 

consequent i n f e r t i l i t y ,  an important fa c to r  given that r e l a t i v e l y  

young men are being t r e a t e d .  However, recent improvements in the RPLND 

procedure have resul ted  in 90% of pa t ien ts  r e ta in in g  normal 

e ja c u la t io n  (Wise and Scardino,  1988).

In the UK, Peckham et al  (1982) introduced orchidectomy alone fol lowed  

by s u rve i l la n c e  in 1979,  replacing adjuvant radiotherapy  to para­

a o r t ic  lymph nodes, fo r  the best prognosis Stage I  p a t ie n ts  (no 

evidence of metastases on CT scan, normal marker leve ls  p r io r  to  

orchidectomy).  One or both of the serum markers HCG and AFP is 

elevated in 80-85% of p a t ie n ts  with disseminated NSGCTs, provid ing an 

in d ic a to r  of relapse (Loehrer et a l ,  1988).  In a re t ro s p ec t iv e  study 

of 259 p a t ie n ts  t re a ted  with orchidectomy and s u r v e i l l a n c e ,  70 (27%)

relapsed with metasta t ic  d isease,  53 of these w i th in  the f i r s t  12 

months a f t e r  orchidectomy (Freedman et a l ,  1987).  A l l  but 3 p a t ien ts  

re lapsing were successfu l ly  t r e a te d  with chemotherapy. The est imated 4 

year s urv iv a l  ra te  is 98%, as good as previous re su l ts  with 

radiotherapy or RPLND (Freedman et a l ,  1987).  This study enabled the

h is t o lo g ic a l  features  which increase the r isk  of relapse to be

i d e n t i f i e d  ( invasion of t e s t i c u l a r  ve ins ,  invasion of t e s t i c u l a r  

lymphatics,  absence of yolk sac elements and presence of

u n d i f f e r e n t ia t e d  c e l l s )  (Freedman et a l ,  1987).  In a current t r i a l ,  

h ig h - r is k  p a t ien ts  are given a short course of chemotherapy (BEP) 

fo l low ing  orchidectomy (Peckham, 1988).

The m a jo r i ty  of Stage I  p a t ie n ts  (approximately 70%) who do not 

relapse are spared unnecessary t rea tm ent .  The s u rve i l la n c e  p o l icy  has 

been adopted in the UK, and by some spec ia l ised  centres in the US and

5



Europe. A danger of  s u rve i l la n c e  is poor p a t ien t  compliance. In a few 

cases in the US, loss to fo l low-up has resu l ted  in p a t ien ts  presenting  

with advanced disease (Loehrer et a l ,  1988).  Because of the r isks

associated with the s u r ve i l la n c e  p o l i c y ,  the modified RPLND remains

the treatment of choice in the US (Donoghue et a l ,  1988).

Stages I IA  and I I B  NSGCT

The management of  p a t ien ts  with Stage I I  NSGCT depends on the volume 

of disease.  The treatment of  p a t ien ts  with Stages I IA  and I I B  is 

c o n t r o v e r s ia l ,  the US favour ing RPLND plus adjuvant chemotherapy,  

depending on the extent of  disease (Skinner and Lieskovsky,  1 988 ) ,  the 

UK favouring chemotherapy alone (Peckham, 1988).  Out of 54 Stage I IA  

and I IB  p a t ien ts  t re a te d  with primary chemotherapy at the Royal

Marsden Hospi ta l  between 1977 and 1984,  52 are a l i v e  without evidence 

of disease (96%) (Peckham and Hendry, 1985; Peckham, 1988).  In a study 

of 87 p a t ien ts  with Stage I IA  and I IB  disease t re a te d  with RPLND and 

adjuvant chemotherapy, a 3 year cure ra te  of 94% was obtained  

(Lieskovsky et a l ,  1984).  Comparing the re s u l ts  of these two s tud ies ,  

there  is no apparent d i f f e re n c e  in s u rv iva l  between the US and the UK. 

Pat ien ts  presenting with c l i n i c a l  Stage I IC  NSGCT (metastases in 

abdominal lymph nodes, > 5 cm in diameter)  receive  chemotherapy, l i k e  

pa t ien ts  with Stages I I I  and IV .

Stages I I C ,  I I I  and IV NSGCT

Chemotherapy of advanced, metasta t ic  t e s t i c u l a r  NSGCT is  one of the  

major successes in oncology.  The development of combination 

chemotherapy fo r  NSGCT over the las t  30 years w i l l  be discussed l a t e r .  

C u rre n t ly ,  the 5-year  surv iva l  ra te  for  a l l  p a t ien ts  with Stages I I C ,  

I I I  and IV disease is about 80%. In a ser ies  of 320 p a t ien ts  t re a te d  

at the Royal Marsden Hospi ta l  between 1976 and 1985,  a c t u a r ia l



s u rv iv a l  at 5 years is 81% (Peckham, 1988).  More than 90% of the

relapses occurred during the f i r s t  year fo l low ing  chemotherapy, so 

these f igures  are l i k e l y  to represent long-term cures.  S im i la r  f igures  

are obtained in the US (E inhorn,  1988) .

Fol lowing chemotherapy for  metasta t ic  NSGCTs, a res idua l  mass is 

v i s i b l e  on CT scan in about 25% of p a t i e n t s ,  p a r t i c u l a r l y  in those

present ing with bulky d isease,  and resection of  the mass is car r ied  

out to achieve a CR. In an analys is  of 67 p a t ien ts  t re a te d  at the 

Charing Cross H o s p i ta l ,  h is t o lo g ic a l  examinat ion showed that  the 

res idua l  mass contained f i b r o t i c  scar t issu e  in 27%, mature teratoma 

in 43% and u n d i f f e r e n t ia t e d  malignant c e l ls  in 30% (Newlands and

Reynolds,  1989).  Pat ien ts  with f i b r o t i c  or necro t ic  masses have a good 

prognosis and only 20% of pa t ien ts  with apparent ly  mature teratoma 

re lapse.  However, less than h a l f  the p a t ie n ts  with residual  tumour 

remain d is e a s e - f re e  fo l low ing  surgery.  Hence the l a t t e r  group are

given f u r t h e r  chemotherapy ( E l l i s  and S ikora ,  1987; Peckham, 1988).

Stage 1_ semi noma

Approximately 70% of seminoma p a t ien ts  present with c l i n i c a l  Stage I  

disease (E inhorn,  1986).  Seminomas are more ra d io s e n s i t iv e  than NSGCT 

and adjuvant radiotherapy  to regional  lymph nodes a f t e r  orchidectomy 

produces a cure ra te  in excess of  90% (Einhorn,  1986; Peckham, 1988).

Stage I I  seminoma

Response rates of p a t ie n ts  with Stage I I  seminoma (metastases in 

abdominal lymph nodes) depend on the volume of metastases. The 

p re fe r re d  treatment fo r  p a t ien ts  with Stages I I A  and I I B  seminoma is 

radiotherapy  to the abdominal lymph nodes (Peckham, 1988).  Stage I IC  

(lymph nodes > 5 cm in diameter)  c a r r ie s  the worst prognosis,  22% of
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Stage I IC  p a t i  ents (1 1 /49 )  re Lapsi ng folLowi ng surgery and 

rad io therapy ,  compared with 0% (0 /6 )  fo r  I I A  and 6% (1 /18 )  fo r  I I B  

(Evensen et a t ,  1985).  Because of the s e n s i t i v i t y  of seminoma to

plat inum-based chemotherapy, Gregory and Peckham (1986) and Peckham 

(1988) recommend chemotherapy using s ing le  agent c arbop la t in  fo l low ing  

surgery as i n i t i a l  treatment fo r  Stage I IC  p a t i e n t s .  Other c l i n i c i a n s  

pre fe r  abdominal r a d ia t i o n ,  ca re fu l  fo l low-up and chemotherapy only on 

relapse (E inhorn,  1986).

Stages I I I  and IV semi noma

Pat ients  r a re ly  present with advanced metasta t ic  seminoma, but these 

respond well  to chemotherapy, both s in g le -agent  ( c i s p l a t i n  or 

carbop la t in )  and combination therapy.  From a Royal Marsden Hospi ta l

ser ies of 44 p a t ie n ts  t r e a te d  with c is p la t  in -c o n ta in in g  combination

chemotherapy or carbop la t in  as a s in g le  agent,  91% were a l i v e  and

d is ea se - f ree  12-73 months fo l low ing  treatment (Peckham et a l ,  1985).

DEVELOPMENT OF CHEMOTHERAPY FOR NSGCT

a . Single agent chemotherapy

Metastat ic  NSGCTs are s e n s i t iv e  to a wide range of chemotherapeutic  

drugs; a l l  drugs adequately evaluated as s in g le  agents have shown some 

a c t i v i t y  (W i l l ia m s ,  1977).  In the mid-1950s,  a number of agents began 

to be evaluated alone or in combination.  The response rates of 

metasta t ic  NSGCTs to various drugs as s ing le  agents,  derived from 

pooled da ta ,  are shown in Table 1 .3 .
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Table 1 .3 .  Sing le agent responses in metasta t ic  NSGCTs

number of 
pat ien ts

response
_CR

rate
PR

ci spla t  in 70 22% 44%

v in b la s t in e 25 16% 36%

bleomyci n 38 3% 28%

act i nomyci n-D 31 16% 36%

mi thramyci n 305 10% 27%

methot rexate 16 13% 33%

adri amyci n 19 5% 65%

Abbrevi at i ons

CR: complete response, defined as disappearance of a l l  measurable 
lesions for  at least one month

PR: p a r t i a l  response, de fined as at least a 50% reduction in size  
of a l l  measurable les ions ,  fo r  at least one month

From: W i l l iam s ,  1977; O l i v e r ,  1979
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Blokhin et al  (1958) found tha t  t e s t i c u l a r  tumours were responsive to  

an a lk y l a t in g  agent,  sarco lys in  (now known as phenyla lan ine mustard or 

melphalan).  90% (38 /42) of  p a t ie n ts  with advanced seminoma had

o b je c t iv e  responses to sarc o lys in ;  19 of these were ' a l i v e  and f i t  fo r  

work' 2 to 6 years a f t e r  t rea tment .  11/16 pa t ien ts  with combined 

tumours (teratomas with seminomatous areas) also responded 

(Chebotareva,  1964).

The synthet ic  organic a n t i b a c t e r i a l  compound n i t ro fu razone  caused 

marked atrophy of normal t e s t i s  when used to t r e a t  p a t ie n ts  with  

p r o s ta t i c  carcinoma, but l i t t l e  or no c y t o t o x ic i t y  against  the  

tumours. Thus i t  was used to t r e a t  4 p a t ie n ts  with seminoma, producing 

marked degeneration of the tumour c e l ls  and increased f ib r o s i s  

(Friedgood et a l ,  1952).  N i t ro furazone  caused a reduction in the s ize  

of pulmonary metastases in a p a t ie n t  with metasta t ic  tera tocarc inoma,  

but also caused severe t o x i c i t y  (Szczukowski et a l ,  1958).

Mithramycin was shown to cause dramatic regressions in the pulmonary 

metastases of two p a t ien ts  with embryonal c e l l  carcinoma; one 

remaining d is ea s e - f ree  for  near ly  4 years (C u rre r i  and A n s f i e ld ,  1960; 

Brown and Kennedy, 1965).  Some c l i n i c i a n s  considered i t  too t o x i c ,  and 

fo r  several  years in the 1960s i t  was withdrawn from c l i n i c a l  use 

(Kennedy, 1972).  Although undoubtably ac t iv e  against t e s t i c u l a r  

tumours, i t  is r a r e ly  used because of i t s  t o x i c i t y .

V in b la s t in e  caused s ig n i f i c a n t  regression of a metasta t ic  embryonal 

c e l l  carcinoma of the t e s t i s  (Wright et a l ,  1962).  An ob je c t iv e  

response ra te  of 52% was achieved amongst 21 pa t ien ts  with metasta t ic  

t e s t i c u l a r  tumours t re a te d  with v in b la s t in e  as a s ingle  agent (Samuels 

and Howe, 1970).  Two of the four p a t ie n ts  achieving a CR in  t h i s  study
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had received p r io r  chemotherapy. One of the CRs survived at Least 45 

months a f t e r  treatment (Samuels and Howe, 1970).

The e a r l i e s t  c l i n i c a l  t r i a l s  using adriamycin as a s in g le  agent showed 

tha t  i t  had a c t i v i t y  against a number of  s o l id  tumours (Bonadonna et 

a l ,  1969),  inc luding t e s t i c u l a r  cancer (Bonadonna et a l ,  1970).  The 

o b je c t iv e  response ra te  (corresponding to PR) was 65% (2 /4  seminomas, 

5/10 embryonal carcinomas, 5 /5  tera tocarc inomas,  1/1 choriocarc inoma),  

but the responses were g enera l ly  of  short durat ion (1 to  12 months) 

(Monfardini  et a l ,  1972).  Summarizing data on 59 p a t ie n ts  with 

t e s t i c u l a r  cancer t re a te d  by a number of groups, there  was an o v e ra l l  

response rate  of  29%, and the duration of remission ranged from 2 to  

18 months ( S l a v i k ,  1975).

Single agent a c t i v i t y  of the a n t im e ta b o l i te  class of compounds has not 

been studied e x ten s iv e ly .  Four out of 10 p a t ie n ts  with metasta t ic  

embryonal c e l l  carcinoma t re a te d  with methotrexate achieved CRs; a l l  

survived at least 5 years fo l low ing  trea tm ent .  In c o n t ra s t ,  the mean 

surv iv a l  of the non-responders was 4 months (Wyatt and McAninch, 

1967).  Nine out of  17 p a t ie n ts  with bulky stage IV disease rece iv ing  

methotrexate as f i r s t - l i n e  chemotherapy achieved p a r t i a l  remission 

(53%) (Smith et a l ,  1988).  However, the duration of response was short 

(41-75 days),  and only occurred in pa t ien ts  whose tumours contained  

t ro phob la s t ic  elements (Smith et a l ,  1988).  5 - f l u o r o u r a c i I  (5-FU) has 

shown a c t i v i t y ;  one of two p a t ien ts  with embryonal c e l l  carcinoma 

achieved an o b je c t iv e  response fo l lowing 5-FU t re a tm en t ,  but a p a t ien t  

with seminoma did not ( A l l a i r e  et a l ,  1961).

In the e a r ly  1970s,  bleomycin was shown to have s ingle  agent a c t i v i t y  

against metasta t ic  t e s t i c u l a r  cancer (Yagoda et a l ,  1972; Blum et a l ,  

1973).  In a review of several  studies  on s ing le  agent bleomycin,  in
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p a t ien ts  with advanced tumours re f r a c to r y  to  conventional t rea tm ent ,  

8/21 p a t ie n ts  (38%) with embryonal carcinoma responded to bleomycin,  

and 2 /8  p a t ie n ts  (25%) with te ratocarc inoma,  but durat ions were short  

(2 -4  and 1 .5 -2  months, re s p e c t ive ly )  (Blum et a l ,  1973).  The most 

serious s i d e - e f f e c t  of bleomycin was decreased pulmonary fu nct ion  due 

to f i b r o s i s .  There was also skin and mucosal u lc e r a t io n .  However, i t  

was not myelosuppressive (Yagoda et a l ,  1972; Bonadonna et a l ,  1972).

A major advance in the treatment of metasta t ic  NSGCT was the

demonstrat ion of  the anti tumour a c t i v i t y  of  c is p l a t i n .  Responses were

observed in 5 out of 21 p re t re a te d  p a t ie n ts  and the major side e f f e c t s

were n e p h r o to x ic i ty ,  severe nausea and vomiting and occas ional ly

n e u r o t o x ic i t y ,  o t o t o x i c i t y  and anaemia (Rossof et a l ,  1972).  However,

c is p l a t i n  caused only mild myelosuppression which was t ra n s ie n t  and

n o n - l i f e - t h r e a t e n i n g .  In  the o r i g i n a l  study,  the one p a t ie n t  with

embryonal carcinoma of the t e s t i s  did not respond to c i s p l a t i n  (Rossof

et a l ,  1972).  Subsequently, responses were reported in 9/11 p a t ie n ts

with t e s t i c u l a r  tumours r e f r a c to r y  to conventional  treatment including

actinomycin-D and adriamycin.  Three of these were complete

regressions,  l a s t in g  at least 5-11 months (Higby et a l ,  1974).  Dose-

esc a la t io n  studies in the group of 45 p a t ien ts  showed that

i r r e v e r s i b l e  kidney damage occurred in 5 /9  p a t ie n ts  fo l low ing  a
2 2 

single  dose of  100 mg/m IV ,  and in 2 /3  p a t ien ts  rece iv ing  24 mg/m
2

d a i ly  fo r  5 days. T o x ic i ty  caused by 20 mg/m d a i ly  fo r  5 days was 

considered acceptable (Higby et a l ,  1974).

The a c t i v i t y  of  VP-16 (e toposide)  as a s in g le  agent in t e s t i c u l a r  

tumours was demonstrated in 1977 (C a v a l l i  et a l ,  1977; Newlands and 

Bagshawe, 1977; F i t z h a r r i s  et a l ,  1980).  Out of 24 eva luable  p a t i e n t s ,  

3 achieved CR and 8 PR ( o v e r a l l  response ra te  46%). A l l  except one had
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received p r io r  chemotherapy and/or radiotherapy and had relapsed.  

Single agent a c t i v i t y  of  VP-16 as a second- l ine  agent was comparable 

with that  of other drugs used as f i r s t - l i n e  agents ( F i t z h a r r i s  et a l ,  

1980).

b. Development of  combination chemotherapy

The f i r s t  account of treatment  of  p a t ie n ts  with metasta t ic  t e s t i c u l a r  

cancer used a combination of chlorambuci l ,  methotrexate and 

actinomycin-D (Li et a l ,  1960).  Of 23 p a t ien ts  t r e a t e d ,  12 (52%)

showed o b je c t iv e  responses, 7 of which showed a 'complete or near ly  

complete1 response (30%). Three of these maintained t h e i r  CR fo r  9-18  

months. From 1955 onwards, Mackenzie (1966) t re a te d  p a t ie n ts  with  

metasta t ic  t e s t i s  cancer using e i t h e r  act inomycin-D a lone ,  or in 

combination with other agents inc lud ing chlorambucil ,  methotrexate ,  

mithramycin,  v in b la s t in e  and v i n c r i s t i n e .  O v e r a l l ,  24/154 p a t ie n ts  

(16%) were rendered f ree  of  disease,  7 of  these surviv ing fo r  at least  

3 years.

Actinomycin-D alone or with chlorambucil  and methotrexate became the  

standard treatment fo r  disseminated t e s t i c u l a r  cancer throughout the  

1960s (Wil l iams and Einhorn,  1983).  The complete response ra te  in 

ea r ly  studies was 10-20%; h a l f  of these were cured,  whereas the other  

h a l f  relapsed and u l t i m a t e l y  died.  Pat ien ts  who relapsed a f t e r  

complete response tended to do so w i th in  1 or 2 years of  treatment  

(Einhorn,  1981),  because t e s t i c u l a r  tumours are fast-growing and 

regrow soon a f t e r  chemotherapy i f  they have not been completely  

erad ic a ted .  I f  a p a t ie n t  with disseminated t e s t i s  cancer is s t i l l  

d is eas e - f ree  2 years a f t e r  chemotherapy, there  is 99% p r o b a b i l i t y  of 

cure (Einhorn,  1981).
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The Lack of myelosuppression caused by bleomycin made i t  a useful  

agent fo r  combination chemotherapy. P r e c l i n ic a l  studies suggested 

synergism between v in b la s t in e  and bleomycin (Barranco and Humphrey, 

1971),  a t t r i b u t e d  to the a b i l i t y  of v in b la s t in e  to a r res t  c e l l s  in 

mitosis and of bleomycin to k i l l  c e l l s  in mitosis  (Einhorn,  1986).  A 

combination of v in b la s t in e  and bleomycin was introduced at the M D 

Anderson Hospi ta l  and Tumor I n s t i t u t e  in Texas (Samuels et a l ,  1975; 

1976; 1979).  I n i t i a l  studies using VB-1 (see Table 1 .4 )  in pa t ien ts  

with Stage I I I  teratocarcinomas resu l ted  in 10/24 (42%) CRs. One

p a t ien t  re lapsed,  but the remainder survived at least 3 years and were 

considered cured (Samuels et a l ,  1976).

Table 1 .4 .  V in b la s t in e  and bleomycin protocols at M D Anderson 
Hospi t a I

VB-1 V in b la s t in e  0 .4  mg/kg t o t a l  dose, days 1,  2
Bleomycin 30 uni ts  IM twice weekly x 10 weeks
I f  a response was seen, f u r t h e r  courses were g iven ,  as fo l lows:  
V in b la s t in e  0 .4  mg/kg t o t a l  dose, days 1,  2 
Bleomycin 30 un i ts  IM twice weekly x 5 weeks 
Repeat at 4-week i n t e r v a ls

VB-2 Bleomycin 30 u n i t s / l  normal sa l in e  over 24h x 5 days 
V in b la s t in e  0 .4  mg/kg days 5,  6

VB-3 V in b la s t in e  0 . 4 - 0 . 6  mg/kg days 1,  2
Bleomycin 30 u n i t s / l  normal sa l in e  over 24h x 5 days (days 2-6)
Courses repeated every 3-4  weeks x 3 or 4

2
VB-3 + Add c i s p l a t i n  100 mg/m on recovery from myelosuppression
c is p l a t i n  x 2 at 7-day i n t e r v a ls

From: C a r te r ,  1983.
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In v i t r o  data suggested that  continuous exposure of c e l ls  to bleomycin 

markedly improved c e l l  k i l l  (Drewinko et a l ,  1972).  Changing the 

method of adm in is t ra t ion  of  bleomycin from in t e r m i t t e n t  to continuous 

in fusion increased the CR r a t e .  The three  recorded p a t ien ts  rece iv ing  

VB-2 a l l  responded, 1 of  them achieving a CR (reviewed by C a r te r ,  

1983).  VB-3 (v in b la s t in e  on days 1 and 2,  bleomycin in fus ion days 2-6)  

increased the CR ra te  to  65% (59/91 evaluable p a t i e n t s ) ,  with a 

fo l low-up time in excess of  2 years (Samuels et a l ,  1979).  These data 

were obtained in p a t ien ts  with a wide range of metasta t ic  disease,  

from l im i ted  nodal involvement to metastases in l i v e r  and brain  

(Samuels et a l ,  1979).  In a subgroup of pa t ien ts  with metasta t ic  

disease who had received p r io r  rad io therapy ,  only 20% remained 

d is ea se - f ree  a f t e r  2 years .  Increasing the dose of v in b la s t in e  

increased the CR r a t e .  Bleomycin caused i n t e r s t i t i a l  pneumonitis in 2% 

of pat i ents ,  but chest X-rays and ga l l ium scans enabled e a r ly  

detect ion  of t h i s  side e f f e c t ,  while i t  was s t i l l  at a re ve rs ib le  

stage (Samuels et a l ,  1979).

Reports of the marked s ing le  agent a c t i v i t y  of c i s p l a t i n  led to the 

development of the c is p la t in - c o n t a in in g  combination regimens. At the 

Memorial S loan-Ket te r ing  Cancer Center (MSKCC) in New York a ser ies  of  

combination protocols was developed ca l le d  the VAB program (see Table  

1 . 5 ) .  This began in 1972 with a combination of v in b la s t i n e ,  

actinomycin-D and bleomycin (V A B - I ) .  VAB-I d i f f e r e d  in dosage and 

method of adm in is t ra t ion  from the Samuels protocol  described above,  

and was not as successful ;  22% CRs in 68 eva luable  p a t i e n t s ,  13% being 

long-term d is ea s e - f ree  survivors  (Golbey et a l ,  1979) .
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Table 1 .5 .  Summary of  MSKCC protocols  VAB-I to VAB-VI

VAB-I

V in b la s t in e ,  0 .0 2 5 - 0 .0 5  mg/kg 
Actinomycin-D, 0 .0 0 75 -0 .015  mg/kg 
Bleomycin, 0 .4  mg/kg
A l l  drugs given on days 1 ,  2 ,  3 ,  9 ,  10,  11 + weekly maintenance

VAB-I I

V in b la s t in e ,  0 .06  mg/kg, day 1 
Actinomycin-D, 0 .02  mg/kg, day 1
Bleomycin, 0 .5  mg/kg/day,  days 1 - 7 ,  continuous IV in fus ion  
C i s p l a t i n ,  1 mg/kg, day 8

( Induct ion  cycle repeated every 3 -4  months; conso lida tion  with  
v in b la s t i n e ,  act inomycin-D and bleomycin weekly; c i s p l a t i n  
rep lac ing actinomycin-D every 3 weeks; maintenance a f t e r  
second induction cycle with chlorambuci l ,  v in b la s t in e  and 
actinomycin-D every 3 weeks for  2-3  years)

V A B - I I I

V in b la s t in e ,  4 mg/m2,  day 1 
Actinomycin-D, 1 mg/m2,  day 1
Bleomycin, 20 mg/m2,  days 1 -7 ,  continuous IV in fus ion  
C i s p l a t i n ,  120 mg/m2, day 8 ,  with prehydration and mannitol  
Cyclophosphamide, 600 mg/m2,  day 1

( Induct ion  cycle repeated a f t e r  5 months; conso lida tion  every 3 
weeks with v in b la s t i n e ,  adriamycin and chlorambucil  a l t e r n a t i n g  
with v in b la s t i n e ,  act inomycin-D and chlorambuci l ,  and with  
v in b la s t i n e ,  c i s p l a t i n  and chlorambucil .  Maintenance every 3 
weeks for  2 years with v in b la s t i n e ,  act inomycin-D and 
chlorambuciI)

VAB-IV

S im i la r  to V A B - I I I ,  but induction cycles repeated at 16 weeks and 
32 weeks instead of at 5 months. Consol idat ion phase shortened.  
Maintenance program same as V A B - I I I ,  fo r  2 years
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VAB-V

I n t e n s i f i e d  vers ion of  VAB-IV for  poor prognosis p a t ien ts  
V in b la s t in e ,  8 mg/m2,  day 1 
Actinomycin-D, 1.5  mg/m2,  day 1 
Bleomycin, 30 mg, day 1
Bleomycin, 20 mg/m2/d a y ,  days 1 -6 ,  continuous IV in fus ion  
C i s p l a t i n ,  120 mg/m2,  days 7 ,  28 with mannitol- induced d iu re s is  
Cyclophosphamide, 600 mg/m2,  days 1,  28 
Adriamycin,  40 mg/m2,  day 28

(Induction  cycle repeated at 15 and 30 weeks; conso lida t ion  
every 3 weeks with v i n b la s t i n e ,  act inomycin-D and bleomycin 
a l t e r n a t in g  with v in b la s t i n e ,  adriamycin and bleomycin.  
Maintenance every 3 weeks fo r  a t o t a l  of  2 -2 .5  years from the  
s ta r t  of  therapy,  with v in b la s t in e  and actinomycin-D)

VAB-VI

V in b la s t in e ,  4 mg/m2,  day 1 
Actinomycin-D, 1 mg/m2,  day 1 
Bleomycin, 30 u n i ts /m 2,  IV push, day 1
Bleomycin, 20 u n i ts /m 2/d a y ,  days 1 -3 ,  continuous IV in fus ion  
C i s p l a t i n ,  120 mg/m2,  day 4 
Cyclophosphamide, 600 mg/m2,  day 1

( Induct ion  cycle repeated every 3-4  weeks for  3-4  courses; no 
bleomycin in t h i r d  cyc le;  no conso l ida t ion;  no maintenance)

From: Golbey et a l ,  1979; C a r te r ,  1983; Vugrin et a l ,  1983a; S e i tz  et 

a l ,  1988.
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The VAB-I I  regimen, used between 1974 and 1976,  resu l ted  in 25/50  

pa t ien ts  (50%) achieving CR, with a median duration of response of 13 

months. Of these p a t i e n t s ,  23 became c l i n i c a l l y  f ree  of  disease on 

chemotherapy a lone,  the other  2 p a t ie n ts  had residual  disease which 

was removed by surgery a f t e r  chemotherapy. 11/50 (22%) were disease-  

f ree  3 years a f t e r  treatment  (Golbey et a l ,  1979; C a r te r ,  1983).  VAB- 

I I I ,  a complicated 7-drug regimen used from 1975 to  1977 resu l ted  in a 

CR ra te  fo l low ing  s urg ica l  resection of res idua l  disease of  60%. 45%

were d is ea se - f ree  with a minimum fo l low-up of 2 years (Golbey et a l ,  

1979; Wil l iams and Einhorn,  1983).  This protocol  included high-dose  

c i s p l a t i n ,  with prehydration and mannitol  d iu re s is  to minimize renal  

t o x i c i t y ,  and cyclophosphamide and adr iamycin,  which both show s ingle  

agent a c t i v i t y .

VAB-IV was s im i la r  to V A B - I I I ,  but increased the frequency of the 

induction phase. I t  was used between 1976 and 1978 and gave an i n i t i a l  

CR ra te  of 80% fo r  p a t ie n ts  who were previously  un t re a te d ,  and a 68% 

d is eas e - f ree  surv iva l  at 1 year (Golbey et a l ,  1979; Vugrin et a l ,  

1981).  VAB-V was used fo r  p a t ien ts  with poor prognosis,  inc luding 15 

who had received p r io r  chemotherapy, between 1977 and 1979. 18/38

pa t ien ts  (47%) achieved complete remission,  e i t h e r  with chemotherapy 

alone,  or chemotherapy plus surgery.  14 of these (37% o v e r a l l )  

remained d is e a s e - f re e  for  a median fo l low-up of 4 years.  However,  

t o x i c i t y  was severe,  e s p e c ia l ly  mucosit is a f t e r  bleomycin in fu s io n ,  

and myelosuppression.  T o x ic i t y  of ten caused a delay in induction  

cycles (12 months instead of 8 ) ,  and 30% of p a t ien ts  a c t u a l l y  refused  

chemotherapy (Vugrin et a l ,  1983a) .

The most recent p ro to c o l ,  VAB-VI, introduced in 1979,  has a high 

i n i t i a l  CR ra te  of 90%, and 80% d is e a s e - f re e  su rv iva l  at a median

18



fo l low-up of 2 years (Vugrin et a l ,  1983b). This durable CR r a t e ,  

obtained in pa t ien ts  with disseminated tumours, is comparable with  

that  c u r ren t ly  obtained using other c is p la t in -b a se d  regimens, such as 

PVB (Loehrer et a l ,  1988).  The VAB-VI protocol  d i f f e r s  from the  

e a r l i e r  ones in some important respects;  induction cycles are more 

frequent and maintenance therapy is abolished as unnecessary. The 

duration of therapy has decreased from 2 - 2 .5  years to 12 months. The 

lower CR rates obtained using VAB-I to VAB-IV may have been due to the  

long in te r v a ls  between high-dose c i s p l a t i n  treatments ( induct ion  

cycles repeated every 3-5  months, compared with every 3 -4  weeks in 

VAB-VI) (Einhorn,  1988).

In 1974,  as c i s p l a t i n  was being introduced in to  the VAB p ro to c o l ,  i t  

was also being incorporated in to  v in b la s t in e  plus bleomycin regimens 

at the Indiana U n iv e rs i ty  Hospi ta l  (PVB). In  the f i r s t  t r i a l  of PVB, 

from 1974 to  1976,  0 .2  mg/kg v in b la s t in e  was given on days 1 and 2,  

with c i s p l a t i n  and bleomycin doses as shown in Table 1 .5 .  V in b la s t in e  

(0 .3  mg/kg every 4 weeks) and B a c i l lu s  CaImette-Guerin were given as 

maintenance therapy for  2 years;  p a t ie n ts  were only given c i s p l a t i n  in 

t h e i r  fourth induction cycle i f  they had not already achieved a 

complete remission (Einhorn and Donoghue, 1977; Se i tz  et a l ,  1988).  In  

t h is  study,  33/47 (70%) p a t ie n ts  achieved a CR, and a f u r t h e r  5

p a t ien ts  (11%) were rendered d is ea s e - f ree  by post-chemotherapy  

surg ica l  resection of tumour. T h i r ty  p a t ien ts  (64%) surv ived ,  d isease-  

f r e e ,  for 5 years (E inhorn,  1981) and 28 (60%) fo r  10 years (S e i t z  et 

a l ,  1988).

Although th is  PVB regimen produced good therapeut ic  r e s u l t s ,  t o x i c i t y  

was a problem. C is p la t in  ne p h ro to x ic i ty  was con tro l led  using hydrat ion  

with normal sa l ine  before  and during the 5-day course. Bleomycin-
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induced pulmonary f ib r o s i s  was r a r e ,  but the major t o x i c i t y  was due to  

high-dose v in b la s t in e  -  severe granulocytopenia and fe v e r .  In 1976,  a 

randomized t r i a l  compared standard PVB with a PVB protocol containing  

low-dose v in b la s t in e  (0 .3  mg/kg) in the induction program. In the same 

t r i a l ,  the p o t e n t ia l  b e n e f i t  of adding adriamycin to PVB in terms of  

increased CR ra te  and long-term surv iva l  was assessed (Einhorn and 

W il l ia m s ,  1980; reviewed by Wi l l iams and Einhorn,  1983).  The choice 

of adriamycin was based on a study of  10 p a t ie n ts  with disseminated  

disease re f ra c to ry  to v in b la s t in e  and bleomycin who were t re a te d  with 

adriamycin and c i s p l a t i n .  A l l  responded o b j e c t i v e l y ,  with 1 CR and 9 

PRs, and a median duration of remission of 5 months (Einhorn and 

W il l ia m s ,  1978).  However, ad d i t io n  of adriamycin to the PVB protocol  

did  not increase the CR ra te  or the long-term su rv iva l  ra te  (80% and 

72% re sp e c t ive ly )  (E inhorn,  1981).  Reduction of v in b la s t in e  dose did 

reduce the haematological  t o x i c i t y  (15% of p a t ien ts  developed 

granulocytopenic f e v e r ,  compared with 38% on the o r i g i n a l  PVB 

regimen),  without compromising the therapeut ic  e f f i c a c y  (the CR rate  

fo l low ing  surg ica l  resection was 82% with low-dose v in b la s t in e  and 81% 

with the o r i g i n a l  PVB) (E inhorn,  1981; Wil l iams and Einhorn,  1983).  

The lower v in b la s t in e  dose was adopted for  subsequent therapy and 

adriamycin was not included in l a t e r  pro toco ls .  The extent of disease  

was the main prognostic v a r i a b l e .  30/31 (97%) p a t ie n ts  with minimal  

metasta t ic  disease achieved CR (Wil l iams and Einhorn,  1983) compared 

with 50% of pa t ien ts  with massive pulmonary metastases and advanced 

abdominal disease (E inhorn,  1981).

The value of maintenance chemotherapy was assessed in a randomized 

t r i a l  of p a t ien ts  achieving CR a f t e r  induction therapy (Einhorn,  

1981).  12% of p a t ie n ts  rece iv ing  v in b la s t in e  maintenance therapy
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relapsed compared with 7% of p a t ien ts  not rece iv ing  maintenance.  The 

re su l ts  showed that  maintenance therapy is unnecessary in disseminated  

t e s t i c u l a r  cancer t r e a te d  with 4 courses of  PVB.

Following the demonstrat ion of  the marked s in g le  agent a c t i v i t y  of  VP- 

16 in salvage therapy,  i t s  a c t i v i t y  in combination regimens was 

in v e s t ig a te d .  The Indiana U n iv e rs i ty  group used i t  alone or in 

combination with c i s p l a t i n  and adriamycin with or without bleomycin in 

salvage therapy for  p a t ie n ts  re lapsing a f t e r  PVB (Wil l iams et a l ,  

1980) .  The combination produced 14/33 CRs and 15/33 PRs. One t h i r d  of 

p a t ien ts  remained d is ea s e - f re e  fo r  at least 6 to  23 months fo l lowing  

t re a tm en t ,  a s ig n i f i c a n t  achievement fo r  salvage chemotherapy. On the 

basis of  these da ta ,  and those obtained by other groups, the ro le  of 

VP-16 in f i r s t - l i n e  therapy was evaluated .

VP-16 was subst i tu ted  fo r  v in b la s t in e  in PVB in an attempt to  decrease 

the t o x i c i t y  of t h is  regimen. In v e s t ig a to rs  at the Royal Marsden 

Hospita l  showed that  BEP was as e f f e c t i v e  as PVB but Less t o x ic ;  37/43  

p a t ien ts  (86%) a t ta in e d  long-term complete responses (Peckham et a l ,  

1983).  The Southeastern Cancer Study Group (SECSG) in the US then 

compared BEP with PVB in a randomized prospective t r i a l  (Wil l iams et 

a l ,  1987).  The o v e r a l l  therapeut ic  resu l ts  were s im i la r  (74% of 

p a t ien ts  t re a te d  with PVB achieved d is ea s e - f ree  status compared with 

83% t r e a te d  with BEP -  not s i g n i f i c a n t l y  d i f f e r e n t ) ,  but BEP was 

regarded as super ior  to PVB because of i t s  reduced t o x i c i t y .  VP-16 is 

myelosuppressive, but i t  does not cause the other t o x i c i t i e s  of 

v in b la s t in e  -  with BEP there  were fewer paras thes ias ,  abdominal cramps 

and myalgias.  In a subgroup of p a t ien ts  with poor prognosis (nodes > 

10 cm in d iameter ,  lung involvement,  high AFP and HCG l e v e l s ) ,  77% of  

pa t ie n ts  became d is e a s e - f re e  on BEP, compared with 61% on PVB,
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suggesting that  i t  has g re a te r  e f f i c a c y  in t h i s  subgroup (Wil l iams et 

a l ,  1987).

More aggressive chemotherapy regimens have been inves t iga te d  for

pa t ien ts  with poor prognosis.  Precise d e f i n i t i o n s  of t h i s  subgroup

vary ,  making d i r e c t  comparisons between d i f f e r e n t  groups d i f f i c u l t ,

but large tumour volume and high serum marker leve ls  are independent

prognostic va r ia b les  (MRC Working Party on t e s t i c u l a r  tumours, '  1985).

In order to increase su rv iv a l  in high r isk  p a t i e n t s ,  various protocol

modif icat ions have been studied.  These include dose e s c a la t io n ,  for
2

example, Ozols et a l  (1983) doubled the dose of  c i s p l a t i n  to 200 mg/m

over 5 days. High-dose c i s p l a t i n  with v in b la s t i n e ,  VP-16 and bleomycin

(PVeBV) was used to t r e a t  poor prognosis p a t i e n t s .  C i s p la t in  was

administered in hypertonic s a l i n e ,  g r e a t ly  reducing the nep h ro to x ic i ty

and enabling the high dose to be used. Treatment was fol lowed by

autologous bone marrow t r a n s p la n ta t io n  (ABMT) in p a t ie n ts  rece iv ing  4

courses of high-dose chemotherapy (Ozols et a l ,  1983).  However,

t o x i c i t y  was s t i l l  severe,  e s p e c ia l ly  myelosupression and o t o t o x i c i t y

(Ozols et a l ,  1983).  An a c t u a r i a l  5 -year  surv iva l  ra te  of 78%,

compared with 48% on PVB, was achieved (P value 0 .0 6 ,  not

s i g n i f i c a n t l y  d i f f e r e n t )  (Ozols et a l ,  1988).  To ta l  doses of 1200 
2 2 

mg/m VP-16 with 1500 mg/m carbop la t in  were used in p a t ien ts  who

had relapsed a f t e r  conventional  therapy.  Even with autologous bone

marrow support ,  bone marrow suppression was severe,  7 out of the f i r s t

33 p a t ie n ts  t r e a te d  dying of granulocytopenia and in fe c t io n  (reviewed

by Horwich, 1989).

22



Table 1 .6 .  Summary of current chemotherapy regimens for  metasta t ic

NSGCTs

VAB-VI

Cyclophosphamide, 600 mg/m2,  day 1 
V in b la s t in e ,  4 mg/m2,  day 1 
Actinomycin-D, 1 mg/m2,  day 1 
Bleomycin, 30 U/m2,  IV push, day 1 
Bleomycin, 20 U/m2/d  x 24h in fu s io n ,  days 1-3  
C i s p l a t i n ,  120 mg/m2,  day 4

(Cycles repeated monthly; no bleomycin in t h i r d  cycle)

PVB

C i s p l a t i n ,  20 mg/m2,  days 1-5 
V in b la s t in e ,  0 .15 mg/kg, days 1,  2 
Bleomycin, 30 U weekly x 12

(Cycles repeated every 3 weeks)

BEP

C i s p l a t i n ,  20 mg/m2,  days 1-5  
Bleomycin, 30 U weekly x 12 
Etoposide, 100mg/m2,  days 1-5  

(Cycles repeated every 3 weeks)

As BEP, om it t ing  bleomycin

POMB-ACE

P0MB
V i n c r i s t i n e ,  1 mg/m2,  day 1
Methotrexate ,  300mg/m2,  12h in fu s io n ,  day 1; f o l i n i c  acid rescue,  
15 mg 12-hour ly  x 4 ,  days 2 ,  3 
Bleomycin, 15 mg, 24h in fu s io n ,  days 2,  3 
C i s p l a t i n ,  12 mg/m2,  12h in fu s io n ,  day 4

ACE
Etoposide,  100 mg/m2,  days 1-5  
Actinomycin-D, 0 .5  mg IV ,  days 3 ,  4 ,  5 
Cyclophosphamide, 500 mg/m2,  IV ,  day 5

(Sequence: 2 courses P0MB fol lowed by ACE, then P0MB and ACE 
a l t e r n a t e  u n t i l  p a t ie n t  is in remission as measured by HCG and 
AFP l e v e ls ,  usual ly  3-5 courses of P0MB. I n t e r v a l  between 
courses normally 9-11 days)

From: Sei tz  et a l ,  1988; H i tch ins  et a l ,  1989.

23



Another approach to i n t e n s i f i c a t i o n  of  treatment has been to reduce 

the in t e r v a l  between courses of  chemotherapy. NSGCTs are rap id ly  

p r o l i f e r a t i n g  tumours (Fossa et a l ,  1985) and grow back rap id ly  

between chemotherapy cycles (Horwich,  1989).  A combination of 

v i n c r i s t i n e ,  c i s p l a t i n  and bleomycin was used in pa t ien ts  with bulky 

abdominal or advanced metasta t ic  disease (W et t la u fe r  et a l ,  1984).  

Because of the lack of myelosuppression,  four 5-day courses of 

c is p la t  in-based chemotherapy could be given in less than a month. A 

complete c l i n i c a l  remission was achieved in 93% of p a t ie n ts ;  83% 

remained in CR fo r  at least 18 to  46 months (W et t lau fe r  et a l ,  1984).  

The POMB-ACE regimen used by the Charing Cross Hospita l  also has a 

high c i s p l a t i n  dose r a t e .  Furthermore,  reducing the time between 

induct ion cycles g r e a t ly  increased the e f f i c a c y  of  the VAB p ro to c o l ,  

as discussed e a r l i e r .  In te n s iv e  induction chemotherapy was used in a 

Royal Marsden Hospita l  study with poor prognosis p a t i e n t s .  Four 

courses of bleomycin,  v i n c r i s t i n e  and c i s p l a t i n  (BOP) at 7-day  

in te r v a ls  were fol lowed by three courses of BEP or EP at 21-day 

i n t e r v a l s ,  for  a t o t a l  of 13 weeks of chemotherapy. Results were good 

-  85% of p a t ien ts  (23 /27 )  were f ree  of  progressive  disease at a median 

fo l low-up of 2 years.  20 /27 (74%) of p a t ien ts  achieved CR fo l lowing  

chemotherapy and surgery,  none of whom relapsed during fo l low -up .  

However, 2 p a t ie n ts  died of  bleomycin pneumonitis (Horwich et a l ,  

1989) .

Regimens containing a large number of drugs have been used for  high-  

r isk  p a t ie n ts .  The POMB/ACE regimen was developed at the Charing Cross 

Hospi ta l  in 1977. I n i t i a l  treatment with two courses of c i s p l a t i n ,  

v i n c r i s t i n e ,  methotrexate and bleomycin is fo l lowed by actinomycin D, 

etoposide and cyclophosphamide. POMB is  then a l t e r n a te d  with ACE u n t i l  

markers return to normal,  then 0MB a l t e r n a te s  with ACE fo r  a fu r th e r
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12 weeks. O v e r a l l ,  89% of p a t ie n ts  (171/193) with metasta t ic  NSGCT are 

a l i v e  with a median fo l low-up of 4.1 years (H i tch ins  et a l ,  1989).

As wel l  as improving su rv iv a l  in the group of pa t ien ts  with the worst

prognosis,  the current  aim of chemotherapy for  metasta t ic  NSGCTs is to

reduce t o x i c i t y  fo r  the p a t ie n ts  in good prognosis groups. Ways of

reducing t o x i c i t y  include: dosage reduct io n ,  decreasing the number of  

cyc les ,  using fewer drugs and less tox ic  drugs (Peckham, 1988),  One 

approach being inves t iga te d  is the s u b s t i tu t io n  of carbop la t in  for  

c is p l a t i n  in combination chemotherapy. Carboplat in  does not cause 

s ig n i f i c a n t  renal  t o x i c i t y ,  n e u ro to x ic i ty  or o t o x i c i t y ;  i t s  

predominant side e f f e c t  is myelosuppression.  A current MRC randomised 

t r i a l  is comparing BEP with CEB (c a r b o p la t in ,  e toposide,  bleomycin) in 

good prognosis p a t ien ts  (Horwich,  1989).

Another way of minimizing t o x i c i t y  in good prognosis p a t ien ts  is by 

reducing the number of courses of  chemotherapy. The SECSG began a 

t r i a l  in 1984 comparing the standard treatment (4 courses of  BEP over 

12 weeks) with 3 courses of  BEP over 9 weeks. With only a short 

fo l low-up per io d ,  3 courses gave equiva lent resu l ts  to 4 courses in 

pa t ien ts  with minimal or moderate extent d isease,  and reduced t o x i c i t y  

(S e i t z  et a l ,  1988).  As discussed above, lowering the dose of  

v in b la s t in e  in the o r i g i n a l  PVB regimen decreased t o x i c i t y  without  

a f fe c t in g  p a t ie n t  s u rv iv a l  (E inhorn,  1981).  A recent study also showed 

that  reducing the dose of v in b la s t in e  or bleomycin in p a t ien ts  

rece iv ing PVB, when forced to because of excessive t o x i c i t y ,  did not 

compromise i n i t i a l  treatment response or subsequent s u r v i v a l ,  compared 

with p a t ien ts  rece iv ing  f u l l - d o s e  chemotherapy (Levi  et a l ,  1989).
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Reducing the number of drugs used is another way of reducing t o x i c i t y .  

A randomized study is being c ar r ie d  out by the EORTC comparing EP with 

BEP in good prognosis p a t i e n t s .  Early  resu l ts  show that  there was no 

d i f fe re n ce  in CR rate  or continuous d is ea s e - f re e  s u r v iv a l .  T o x ic i ty  

was reduced with EP, there  was no lung or skin t o x i c i t y ,  and less 

myelosupression than with BEP (reviewed by Horwich,  1989).

TREATMENT OF BLADDER CANCER

C l i n i c a l  stagi  ng and hi s topathologi  cal  c lass i  f i  cat ion 

Treatment and prognosis of  bladder cancer is dependent on the stage of 

the disease.  The UICC h is to p a th o lo g ica l  staging system for  bladder  

cancer is shown in Table 1 .7  (UICC, 1988).  About 80% of pa t ien ts  

present with p a p i l l a r y ,  s u p e r f i c i a l  tumours (Ta,  T1,  T is )  and are 

t re a ted  with t ra n s u r e t h r a l  resection (TUR). In  50-70% of these 

pa t ien ts  s ing le  or m u l t ip le  recurrences occur.  In a small proport ion  

of these cases (10-20%),  the recurrences are invas ive .  Once the tumour 

has invaded the deep muscle layer  surrounding the bladder ( T 3 ) ,  or 

beyond, chances of cure diminish (Souhami and Tobias,  1986).
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Table 1 .7 .  UICC h is to p a th o lo g ica l  staging c l a s s i f i c a t i o n  fo r  bladder
cancer

Stage

Tis P re - invas ive  carcinoma (c a rc in o m a - in -s i tu )

Ta P a p i l l a r y  non-invasive carcinoma

TO No evidence of primary tumour found on h is t o lo g ic a l
examination of specimen

T1 Tumour invading s u b e p i t h e l i a l  connective t i s s u e ,  but not
extending beyond the lamina propr ia

T2 Tumour invading s u p e r f i c i a l  muscle (not more than h a l f  way
through muscle coat)

T3 Tumour invading deep muscle (more than h a l f  way through
muscle coat ,  T3a; or with invasion of p e r iv e s ic a l  f a t ,  T3b)

T4 Tumour with invasion of p r o s ta te ,  u te ru s ,  vagina ,  pe lv ic  wal l
or abdominal wal l

TX The extent  of invasion cannot be assessed

Stage grouping

Stage 0 Ti s NO MO
Ta NO MO

Stage 1 T1 NO MO
Stage I I T2 NO MO
Stage I I I T3a NO MO

T3b NO MO
Stage IV T4 NO MO

Any T N1,  N2, N3 MO
Any T Any N M1

From: UICC, 1988.



CHEMOTHERAPY OF ADVANCED BLADDER CANCER

Advanced t r a n s i t i o n a l  c e l l  carcinoma of the bladder does respond to  

chemotherapy, but responses are g e nera l ly  of a short dura t ion .  Once i t  

has metastas ized,  cures are r a r e ly  achieved.

Pooling data from a large number of  phase I I  t r i a l s  ind ica te  tha t

c i s p l a t i n  is the most a c t iv e  s ing le  agent,  with an average response

rate  of 30% (CR + PR) (see ta b le  1 . 8 ,  and reviews by Harker and T o r t i ,

1983; Scher,  1989).  C is p la t in  is commonly used at doses ranging from 
2

70 to  100 mg/m ,  s l i g h t l y  lower than those used for NSGCTs. G en era l ly ,  

responses are p a r t i a l  and of short d u ra t io n .  P at ien ts  with metasta t ic  

bladder cancer,  whose tumours progress on chemotherapy, r a r e ly  surv ive  

fo r  a year .  Median s u rv iv a l  is 3-5 months (Yagoda, 1985).

Adriamycin is also an e f f e c t i v e  s ing le  agent in the treatment of 

bladder cancer. Cumulative data from the US National  Cancer I n s t i t u t e  

(NCI) showed t h a t ,  out of 136 p a t ien ts  eva lua ted ,  there  were 40 

o b je c t iv e  responses, only 3 of  which were CRs. The o v e r a l l  response 

ra te  in the 136 p a t ie n ts  was 27%, and the dura tion  of remission was 1-  

11+ months (S lav ik  et a l ,  1975).

Various combinations of  drugs found to be a c t iv e  as s ing le  agents have 

been used to t r y  and improve the ra te  and duration of responses 

(Harker and T o r t i ,  1983).  Some randomized t r i a l s  have shown tha t  

combination chemotherapy increases the number of CRs compared with  

s in g le  agent therapy ( f o r  example Gagliano et a l ,  1983; H i l l c o a t  et 

a l ,  1989) but other data does not support th is  ( f o r  example Soloway et  

a l ,  1983; reviewed by Scher,  1989).  The increased i n i t i a l  CR rate  fo r  

pa t ien ts  t re a te d  with c i s p l a t i n  and methotrexate compared with  

c is p l a t i n  alone did not lead to increased s u rv iv a l  ( H i l l c o a t  et a l ,  

1989).
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Table 1 .8  Single agent responses in advanced bladder cancer

drug number of  average %
p a t ien ts  response

(CR+PR)

c i s p l a t i n  320 30

adriamycin 248 17

methotrexate 236 29

mitomycin-c 42 13

v in b la s t in e  38 16

VP-16 47 2

5-FU 105 15

From: Yagoda, 1988.

Three combinations commonly used are M-VAC (methotrexate ,  v in b la s t i n e ,  

adr iamycin,  c i s p l a t i n ) ,  CMV ( c i s p l a t i n ,  methotrexate ,  v in b la s t in e )  and 

CISCA ( c i s p l a t i n ,  cyclophosphamide, adr iamycin) .  M-VAC has g re a t ly  

improved the i n i t i a l  response rate  compared with s ing le  agent therapy  

in studies using a selected group of p a t ie n ts  (Sternberg et a l ,  1988).  

Out of 132 p a t i e n t s ,  an i n i t i a l  response ra te  of 72% was achieved (CR 

+ PR), with 36% CRs. Of these CRs, 11% required surg ica l  resection of 

residual  disease (Sternberg et a l ,  1989).  73% of CRs relapsed w i th in  3 

years ,  but 59% of CRs are surviv ing  at 3 years .  O v e r a l l ,  20% of 

pa t ien ts  are s t i l l  a l i v e ,  and median su rv iv a l  was 13 months (Sternberg  

et a l ,  1989).  However, using the same p ro to c o l ,  Tannock et  al  (1989) 

achieved a lower CR ra te  (10%) and reported a higher t o x i c i t y  than
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Sternberg 's  group. This r e f l e c t s  d i f fe re n ce s  in the p a t ien ts  s tudied ,  

for  example, the m a jo r i ty  of p a t ie n ts  in the Tannock study (33 /41)  

were being t re a te d  p a l l i a t i v e l y  and post-chemotherapy surgery was not 

f e a s i b l e .

Of p a t ien ts  rece iv ing  CMV, 28% achieved a CR, 43% of these remaining 

in remission 6 to  35 months a f t e r  treatment (12% o v e r a l l )  (Harker et 

a l ,  1985).  In a re t ro s p ec t iv e  study of CISCA, an i n i t i a l  CR ra te  of

36% was obta ined,  31% of these (12% o v e r a l l )  surv iv ing  longer than 4

years (Logothetis  et a l ,  1989a; Scher, 1989).

Development of treatment schedules is cont inuing: in a recent study,  

an escalated M-VAC protocol  was given with recombinant human

granulocyte macrophage c o lony -s t im u la t ing  fa c to r  (rhGM-CSF) to 

p a t ien ts  who had progressed on conventional  chemotherapy. 4 /22  (18%)

of pa t ien ts  achieved CRs las t in g  4 -8  months, showing that  responses 

are achievable  even in t h is  h e a v i l y - p r e t re a t e d  group (Logothetis  et 

a l ,  1989b).

Thus combination chemotherapy does seem to increase the proport ion of 

CRs, and increase the response d ura t ions ,  of p a t ien ts  with

unresectable  metasta t ic  bladder cancer,  compared with s ing le  agent 

therapy.  However, the t o x i c i t y  caused by combination chemotherapy is 

much greater  than that  associated with s in g le  agent th erapy ,  so i t s  

use in predominantly e ld e r ly  p a t ien ts  with advanced d isease,  fo r  whom 

chemotherapy is la rg e ly  p a l l i a t i v e ,  is quest ionable .

C u r re n t ly ,  the best treatment resu l ts  in approximately 12% of  pa t ien ts  

with metasta t ic  bladder cancer surviv ing  up to 4 years .  This contrasts  

with the treatment of metasta t ic  t e s t i c u l a r  cancer,  where c u r ren t ly  

more than 80% of p a t ien ts  are cured.
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CHAPTER 2. MATERIALS AND METHODS

2 . 1 .  Continuous c e l l  Lines

The o r ig in s  of  the continuous c e l l  Lines used in th is  study are shown 

in Table 2 .1 .  D e ta i ls  of  any p r io r  treatment (chemo- or radiotherapy)  

received by the p a t ie n t  are shown in Table 2 .2 .  The c e l l  Lines were 

obtained from various sources.  Tera I ,  Tera I I  and NEC-8 were obtained  

from Dr J Fogh (Memorial S loan-Ket te r ing  I n s t i t u t e  for  Cancer 

Research,  New York,  USA); SuSa was supplied by Dr B Hogan ( Im per ia l  

Cancer Research Fund, M i l l  H i l l  L a b o ra to r ies ,  London, England); T3B1 

was provided by Prof A M N e v i l l e  (Ludwig I n s t i t u t e  for  Cancer 

Research,  Sutton,  England); 833K and 1618K were obtained from Dr N J 

Vogelzang (U n iv e rs i ty  of Chicago Medical  Center,  Chicago, USA); GH and 

HL were provided by Dr R Kurth ( P a u l - E h r l i c h - I n s t i t u t ,  F ra n k fu r t ,  

FRG); GCT27 was obtained from Dr M F Pera ( I n s t i t u t e  for  Cancer 

Research,  Sut ton,  England); RT112 and RT4 were estab l ished in our 

l ab o ra to ry ;  T24 was provided by Dr C O'Toole (Cambridge, England) and 

was estab l ished  by Dr J Bubenik (Charles U n iv e r s i t y ,  Prague,  

Czechoslovakia);  HT1197 and HT1376 were obtained from Prof S Rasheed 

( U n iv e r s i t y  of  Southern C a l i f o r n i a ,  Los Angeles,  USA).

2 .2 .  Ce l l  cu l tu re

2 . 2 . a . Rout i ne m aintenance of c e l l  I ines

A l l  the c e l l  l ines  were maintained under i d e n t ic a l  c u l tu re  condit ions
2

as monolayers in 25cm f lasks  (Nunc, Gibco L td ,  P a is le y ,  Scotland) in

RPMI 1640 medium (Gibco) supplemented with 5% h e a t - in a c t i v a te d  fo e ta l

c a l f  serum and 2mM L-glutamine (Flow L ab o ra to r ies ,  Rickmansworth,  
o

England) at 37 C in a humidi f ied atmosphere of 5% CO in a i r .  During
2

the course of  th is  work, f o e t a l  c a l f  serum from six d i f f e r e n t  batches 

was used. Each was te s ted  to ensure that the colony-forming
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e f f i c i e n c i e s  of  the c e l l  l ines  were s im i la r  in each successive batch.  

Cells  were subcultured using an aqueous so lu t ion  of 0.05% t ry p s in  

(D i fco  1 :250 ,  London, England) and 0.016% versene (e thy lenediamine-  

t e t r a - a c e t i c  acid disodium s a l t )  (BDH L td ,  Poole,  England).  A l l  c e l l  

l ines  were used over a range of 10 in v i t r o  passages to minimise any 

changes which might occur as a re s u l t  of  long-term c u l tu re .

2 . 2 . b .  Mycoplasma te s t in g

Cell  l ines  were screened every six months for  mycoplasma (PPL0; 

pleuropneumonia- l ike organism) contamination by growing the c e l l  l ines  

on s t e r i l e  microscope s l ides  u n t i l  sem i-conf luent ,  then s ta in ing  with 

Hoechst 33258 (bisbenzimide; Sigma Chemical Co Ltd ,  Poole,  England),  

as described (Freshney, 1987).  Hoechst 33258 is  a f luorescent dye 

which binds s p e c i f i c a l l y  to DNA. When examined under a f luorescence  

microscope, the nuclei  of  mycoplasmarfree c e l l s  f luoresce b r i g h t l y ,  

with no background s ta in in g .  In mycoplasma-contaminated c e l l s ,  a 

p a r t i c u l a t e  or f i lamentous e x t ra -n u c le a r  f luorescence is seen. This 

s ta in ing  technique is not s p e c i f i c  fo r  mycoplasma -  any DNA-containing 

i n fe c t io n  such as c e r ta in  v iruses w i l l  also be v i s i b l e .

2 . 2 . c . Preparat ion of  a_ s in g le - c e l  I suspension

When c e l ls  were required fo r  f u r t h e r  study,  exponent ia l ly -g rowing

c e l l s  were detached from f la sks  by incubat ing in t ryps in /versene
o

so lu t ion  for a maximum of 5 minutes at 37 C, and a s in g l e - c e l l  

suspension was produced by sy'ringing twice through a 19 gauge needle.  

Viab le  c e l l  numbers were estimated by counting the c e l l s  excluding  

trypan blue dye,  using a haemocytometer (Freshney, 1983).
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2 .3 .  Characteri  zat ion of t e s t i  cuLar tumour c e l l  Li nes

2 . 3 . a. Tumor igenic ity  in nude mice

Exponent ia l ly-growing c e l l s  were enzymical ly  detached, washed once in

medium conta in ing serum and twice in medium without serum.
7

Approximately 10 c e l l s  in 0.1 ml unsupplemented medium were 

inoculated subcutaneously in to  one or both f lanks  of nude mice (at  

least three mice per c e l l  l i n e ) .  The mice were examined weekly fo r  

evidence of tumour development,  and k i l l e d  by c e rv ica l  d is lo c a t io n  

when tumours had grown to 0 .5 -1  cm diameter.  Tumours were excised,  

f ix e d  in formol s a l in e  and processed using standard h is t o lo g ic a l  

procedures.  P a r a f f in  sections were stained with haematoxylin and eosin 

and examined by an experienced h is t o p a t h o lo g is t .

2 . 3 . b .  Isozyme analysi  s

Exponent ia l ly-growing c e l l s  were enzymical ly  detached, washed once in

medium conta ining 5% serum and once in PBSA, counted,  then resuspended 
7

in PBSA at 10 /ml and t ra n s fe r r e d  to 1 ml cryotubes (Nunc). Cel ls  were

c en t r i fu g ed ,  the supernatant decanted and the p e l l e t s  allowed to a i r -

dry fo r  10 min before storage in l i q u id  ni trogen u n t i l  a n a ly s is .  A

minimum of 5 polymorphic enzymes were typed for  each c e l l  l i n e  using

h o r izon ta l  starch gel e lec trophores is  (H a r r is  and Hopkinson, 1976;

Freshney, 1987).  A c e l l  e x t rac t  was prepared by thawing the frozen

c e l l  p e l l e t ,  re f reez in g  and rethawing i t  and p ip e t t in g  the c e l l

suspension using a Pasteur p ip e t t e  to d isrupt the c e l l  membranes. The

homogenate was t ra n s fe r re d  to  Eppendorf tubes and cen t r i fuged  in a
o

m icrocentr i fuge for  2 minutes.  The supernatant was stored at -70  C 

u n t i I  a na lys is .

Isozymes migrate at d i f f e r e n t  rates depending on t h e i r  net charge and 

the strength of  the e l e c t r i c a l  f i e l d .  The compositions of  the buf fers

33



used, and the e lec t ro h o res is  condi t ions are s p e c i f ic  fo r  the isozymes

being studied (see Harr is  and Hopkinson, 1976).  Using GOTM

(mitochondria l  glutamic oxa loacet ic  transaminase) as an example, the

c e l l  ex t rac t  was appl ied  to the starch gel  and electrophoresed at 5
o

V/cm for  17 hours at 4 C. The e le c trophores is  b u f f e r  used was 0 .2  M

Na HPO ,  0 .03  M boric a c id ,  pH 7 . 0 .  The s ta ins  used to v is u a l i z e  the
2 4

bands are also s p e c i f ic  fo r  the isozymes being s tud ied .  GOTM catalyses

the conversion of aspar ta te  and 2 -ox og lu ta ra te  to  oxaloacetate  and

glutamate.  The oxaloacetate  produced reacts with the diazonium s a l t

Fast Blue B to form a blue band which marks the pos i t ion  of GOTM on

the g e l .  Therefore the gel  was stained with 50 ml of 30 mM L -a s p a r t ic

a c id ,  15 mM 2 -o x o g lu ta r ic  acid and 5 mg/ml Fast Blue B in 0.1 M T r i s -
o

HCl b u f f e r ,  pH 7 .4  at 37 C (Davidson et a l ,  1970; Harr is  and 

Hopkinson, 1976).  The other isozymes were sta ined using the methods 

described in H a r r is  and Hopkinson (1 976 ) .

2 . 3 . c . DNA analys is  using lo c u s -sp e c i f ic  probes

Cell  p e l le t s  were prepared as above ( 2 . 3 . b )  and stored in l i q u id

n i trogen u n t i l  a n a ly s is .  High molecular weight DNA was prepared from

the c e l l  p e l l e t s ,  as p rev ious ly  described (Edwards et a l ,  1985).

P e l l e ts  were thawed and lysed in 1 ml lys is  b u f fe r  (T r is  0.01 M, EDTA

0.01 M, NaCl 0.15 M, pH 8 .0  conta in ing 0.5% SDS) in the presence of

prote inase  K (300 / jg /m l ) .  The mixture was t ra n s fe r r e d  to an Eppendorf

tube and an equal volume of TE-saturated  phenol -chloroform-isoamyl

alcohol (24 :24 :1 )  (TE is  Tr is -HCl  0.01 M at pH 8 . 0 ,  Na EDTA 0.001 M;
2

TE-saturated phenol is 3 ml TE to 10 ml phenol) was added. The mixture  

was vor texed,  then centr i fuged  in a m icrocentr i fuge  for  1 minute. The 

DNA-containing aqueous phase was t r a n s fe r r e d  to  a fresh Eppendorf 

tube.  Contaminating RNA was removed from the aqueous phase by
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treatment with T and T RNAses (100 un i ts  of RNAse T ,  5 un i ts  of
1 2 1 

o
RNAse T for  45 minutes at 37 C) and DNA was p u r i f i e d  using phenol-  

2
chloroform-isoamyI alcohol then chloroform alone,  to remove any

contaminating phenol. DNA was p r e c ip i t a t e d  in ethanol conta ining 1%

sodium aceta te  and r insed in 70% e thanol .  High molecular weight DNA
o

was spooled out on a glass rod,  dissolved in TE and stored at 4 C.

The probes AMS1 and AMS31, derived from lo c u s -s p e c i f ic  hypervar iable

sequences (Wong et a l ,  1987) were provided by IC I  D iagnostics ,

Northwich,  England, in the form of cut-out  i n s e r t .  Random

o l igonuc le o t ide  priming (Feinberg and V o g e ls te in ,  1984) was used to
32

label  denatured probe with [<=<- PUdCTP (Amersham In t e r n a t io n a l  PLC,

Amersham, England).  Random o l ig o n u c le o t id e  priming is a method which

enables DNA to be lab e l led  to a high s p e c i f ic  a c t i v i t y .  In p r i n c i p l e ,

th is  technique uses random hexamers of bases which,  under the

appropr iate  cond i t ions ,  h y b r id ize  to s in g le  stranded DNA and act as

primers for  i n i t i a t i o n  of  incorpora t ion  of  bases, inc lud ing [ «* -  
32

PDdCTP, in to  the in te rven ing  areas of  s ing le -s t randed  DNA by DNA 

polymerase I .

DNA from the c e l l  p e l l e t s  (5 /jg) was digested with r e s t r i c t i o n

endonuclease H i n f l  in b u f f e r  (0 .015  M Tr is  HCl, 0.01 M MgCl ,  0.1 M
2

o
NaCl, 0.001 M DTE, pH 7 .5 )  at 37 C (Anglian Biotechnology,  Colchester ,

England) and electrophoresed fo r  24 h at 1 .3  V/cm in a 0.8% agarose

g e l .  E lectrophoresis  b u f fe r  was 0 .04  M T r i s ,  0.005 M sodium a c e ta te ,

0.001 M EDTA, pH 7 .6 .  The DNA was t r a n s fe r re d  to  a Gene Screen Plus

nylon f i l t e r  (Du Pont, Stevenage, England) according to the method

described by Perbal  (1988 ) .  H y b r id iz a t io n  of  DNA on the f i l t e r  with 
32

P - la b e l le d  probe was c a r r ie d  out according to the p r e -h y b r id iz a t io n  

and h y b r id iz a t io n  condi t ions of  Maniat is  et a l  (1982 ) .
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P reh y b r id iza t io n  was c a r r ie d  out in 6xSSC (SSC is  0 .15  M NaCl, 0.015 M

sodium c i t r a t e ) ,  0.5% SDS, 5 x Denhardt 's so lu t ion  (cons ist ing  of  0.1%

F i c o l l ,  0.1% p o ly v in y lp y r r o l id o n e ,  0.1% BSA) and 100 yug/ml denatured
o

salmon sperm DNA at 65 C. H y b r id iz a t io n  was c arr ied  out in a so lut ion

containing the const i tuents  of  the p r e - h y b r id i z a t io n  s o lu t io n ,  plus
o

0.01 M EDTA and l a b e l l e d ,  denatured probe,  at 65 C. Sodium

pyrophosphate (0.1%) was added to the p re -h y b r id i z a t io n  and

h y b r id iz a t io n  s o lu t io n s ,  and 10% dextran sulphate was added to the

h y b r id iz a t io n  s o lu t io n .  Non-spec if ic  binding was removed by washing
o

the f i l t e r  in 2xSSC, 0.1% SDS at 65 C, then in 0.2xSSC, 0.1% SDS at

the same temperature.  Autoradiographs were prepared by exposing the
o

f i l t e r s  to  Kodak X-0mat AR f i l m  overnight at -70  C in the presence of 

in te n s i f y in g  screens.

2 . 3 . d .  Populat ion doubling times

A s i n g l e - c e l l  suspension was p la ted  in to  3 .5  cm p e t r i  dishes (Nunc)

conta in ing 3 ml prewarmed and gassed medium, at a range of c e l l
3

d ens i t ies  (50 ,  100 and 200 x 10 c e l l s / d i s h ) .  A f te r  48 ,  72 and 96

hours incubat ion ,  c e l l s  were enzymical ly detached and a s i n g l e - c e l l  

suspension produced. Cel ls  were d i lu t e d  in a known volume of PBSA and 

the number of c e l ls  in two 0 .5  ml a l iquo ts  of each sample estimated 

using a Coulter ZB counter (Cou lter  E le c t ro n ic s ,  Luton,  England).  The 

mean resu l ts  from a minimum of two experiments were p lo t te d  on

semi logar ithmic  graph paper to in d ica te  the exponent ial  part  of the 

growth curve,  and the PDT was ca lcu la ted  over the exponent ial  part

using the formula : PDT = ln2 x t  /  l n ( N t /N o ) ,  where t = time

i n t e r v a l ,  No = number of  c e l l s  at the s t a r t  of t ,  and Nt = number of 

c e l l s  at the end of t .

36



2 . 3 . e .  I n t e r m i t o t i c  times and c e l l  death rates using t ime-lapse  

cinemi croscopy

Exponent ia l ly-growing c e l l s  in 5 cm p l a s t i c  p e t r i  dishes (Nunc) were
o

placed on an Olympus IMT inver ted  microscope f i t t e d  with a 37 C moist

chamber and 5% CO supply.  The microscope focus was ad justed ,  and a 
2

s u i ta b le  f i e l d  of c e l ls  was chosen. This consisted of  a number of 

in d iv id u a l  c e l l s ,  or small groups, with spaces between them to allow  

c e l l  number to increase with t ime.  Ce l ls  were l e f t  fo r  a few hours to  

al low the conditions to e q u i l i b r a t e .  Photographs of a microscope f i e l d  

of c e l l s  under phase contrast optics  were taken using a motoi—driven  

cine camera (Bolex) l inked to the microscope. The in t e g r a l  t imer  was

set to take photographs at the ra te  of  15 frames an hour. A black and

white f i lm  (Kodak AHU) was used, fo r  optimal r e s o lu t io n .  Films were 

analysed on an LW s top -a c t ion  p ro je c to r  and c e l ls  were fol lowed for

two to four genera t ions ,  as prev ious ly  described (R id d le ,  1979).  Ce l ls  

were fol lowed by marking t h e i r  d iv is io n s  on paper over laying  the

pro jected  f i lm  and recording the frame numbers at which d iv is ions  

occurred,  and s i m i l a r l y  fo r  the daughter c e l l s ,  and so on. From the  

frame numbers, the time between mitoses was ca lcu la ted  for  ind iv id u a l  

c e l l s .  The mean i n t e r m i t o t i c  t ime for  each c e l l  l in e  was ca lcu la ted  

from a l l  the in d iv id u a l  c e l l s .  The numbers of c e l ls  dying in each 

generation and the numbers of c e l l s  f a i l i n g  to d iv ide  by the end of 

the f i lm  were also determined.

2 . 3 . f . Colony-forming e f f i  ciency

A s in g l e - c e l l  suspension was obtained and p la ted  in to  5 cm p e t r i  

dishes (Nunc) conta ining 5 ml prewarmed and gassed medium, at a range 

of c e l l  d en s i t ie s  (400-6400 c e l l s / d i s h ) ,  with three re p l ic a te s  per

c e l l  number. A f te r  14 days incubat ion ,  colonies were f ixed  in methanol
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and stained in 10% Giemsa (Gurrs Improved R66; BDH). Colonies  

consist ing of more than 50 c e l l s  were counted using a binocular  

dissecting  microscope and the colony-forming e f f i c ie n c y  (CFE) 

determined using the formula : % CFE = mean number of  colonies per 

dish x 100/number of v ia b le  c e l l s  seeded. The mean CFE was ca lcu la ted  

from a minimum of 3 separate experiments.

2 . 3 . g .  DNA plo idy  and proport ion  of  1S1-phase c e l l s  using f low

cytomet ry

Exponentia l ly-growing c e l l s  were enzymical ly  detached and 
6

approximately 10 c e l l s  were resuspended in 4 ml medium conta in ing 5%

serum. A s i n g l e - c e l l  suspension was prepared by syr inging through 19,

21 and 25 gauge needles,  and f i l t e r i n g  through 35 jjm pore s ize
5

polyeste r  gauze. Chicken red blood c e l l s  (10 ) or human lymphocytes

were added as a standard and c e l l s  were sta ined with DAPI ( 4 ' , 6 -

d i amidino-2-phenyI indole d ihy droch lo r ide ;  Boehringer Mannheim, FRG) at
4

a f i n a l  concentrat ion of  1 / jg/ml in 0.2% T r i to n  X-100.  Cel ls  (10 )

were analysed using a Becton Dickinson FACS Analyser (Becton

Dickinson, Mountain View, C a l i f o r n i a ,  USA). DNA histograms were

p lo t te d  autom at ica l ly  and used to c a lc u la te  the DNA p lo idy  l e v e ls ,

from the pos i t ion  of  the G peak of  the aneuploid c e l l s  r e l a t i v e  to
1

the peak of the normal d ip lo id  lymphocytes or chicken red blood c e l l s .

Normal lymphocytes have a DNA index of 1 .0 ;  the chicken red blood

c e l l s  have a DNA index of  0 .3 3 .  Plo idy leve ls  were expressed as a

r a t i o  of the normal d ip lo id  DNA content.  The c o e f f i c i e n t  of  v a r i a t i o n

(CV) for  the G peak was ca lc u la ted  using an o n - l in e  Consort 30 
1

computer, and the data are der ived from histograms with CVs of less 

than 5.

Percentage 'S ' -phase c e l ls  were c a lcu la ted  as described (Baisch et a l ,
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1976).  In p r i n c i p l e ,  the number of  c e l l s  in the area under the curve

between the G and G +M peaks are measured. To do t h i s ,  the mean 
1 2

number of  c e l l s  per channel in a re presenta t ive  area of  the 'S ' -phase

part  of the histogram is m u l t ip l ie d  by the number of channels

separating the G and G +M peaks. This is d iv ided by the t o t a l  number 
1 2

of c e l ls  in the histogram, and expressed as a percentage.

2 .4 .  C y to to x ic i ty  assays

2 . 4 . a. Continuous exposure colony forming assay (Chapter 3 ,  c i s p l a t i n  

and adriamycin s e n s i t i v i t y )

A s in g l e - c e l l  suspension of exponent ia l ly -g rowing c e l l s  was p la ted

in to  5 cm p e t r i  dishes (Nunc) conta in ing 5 ml prewarmed and gassed

medium at a c e l l  densi ty  (4 0 0 -40 0 0 /d is h ,  depending on the p la t in g

e f f i c ie n c y  of the c e l l  l i n e )  which would produce approximately 250

colonies in control  dishes.  Cel ls  were incubated for  48 h,  then the

medium was removed and replaced with e i t h e r  fresh medium ( f i v e  dishes

of contro ls )  or with medium contain ing a range of drug concentrat ions
o

( three  dishes per c o n ce n t ra t io n ) .  Ce l ls  were incubated at 37 C fo r  a 

f u r t h e r  6-19 days, depending on the growth ra te  of the c e l l  l i n e .  

A f t e r  f i x in g  and s ta in in g  ( 2 . 3 . f ) ,  colonies consis t ing of  more than 50 

c e l l s  were counted. The mean number of colonies at each drug 

concentrat ion was expressed as a percentage of the contro ls .  Results  

from a minimum of th ree  separate experiments were combined and 

averaged, and graphs of percentage c e l l  su rv iva l  p lo t te d  against drug 

concentrat ion on semi- logar i thmic  graph paper.  S t a t i s t i c a l  analys is  of  

the data was performed as described ( 2 . 9 ) .

2 . 4 . b .  One hour exposure colony-forming assay (Chapter 7 ,  leve Is  of  

resi  stance in c is p la t  i n - r e s i  stant c e l l  l in es )

The method for  continuous exposure colony-forming assays was fo l lowed.

39



but a f t e r  a 1 h exposure to  a range of drug concentra t ions ,  medium was

asp ira ted  from a l l  the dishes and the c e l ls  were washed three times 
o

with warmed (37 C) medium without serum. Fresh complete medium was 

replaced in the d ishes ,  which were incubated for  a fu r t h e r  12 days 

before counting co lonies .  Percentage su rv iv a l  at each concentrat ion  

was ca lcu la ted  r e l a t i v e  to the c o n t ro ls .  S t a t i s t i c a l  analys is  was 

performed as described ( 2 . 9 ) ,  and the resu l ts  are the means of a 

minimum of 3 separate experiments.

2 . 4 . c . One hour exposure t r a n s f e r  assay (Chapter 5 ,  c isp la t in /DNA  

bi ndi ng)
2

Cel l  monolayers growing e xp o n e n t ia l ly  in 175 cm f lasks  (Nunc) were

exposed to a range of c i s p l a t i n  concentrat ions for  1 h. Medium was

asp ira ted  and the c e l l s  r insed with PBSA, enzymat ica l ly  detached and

resuspended in medium conta in ing serum. The s i n g l e - c e l l  suspension

was counted using a haemocytometer,  and a known number of c e l l s  p la ted

in to  10 cm p e t r i  dishes (Nunc) conta in ing 10 ml prewarmed and gassed

medium. The number of  c e l l s  p la ted  depended on drug concentrat ion and
5

c e l l  l in e  used, ranging from 500/d ish (RT112 contro ls )  to 10 /d ish  

(RT112 and 833K fo l low ing  exposure to the highest c i s p l a t i n  

co n c e n tra t io n ) .  A f te r  14 days incubat ion ,  colonies were counted and 

the mean number of colonies at each drug concentrat ion expressed as a 

percentage of the contro ls  (a l lowing  for  d i f fe re n c e s  in c e l l  numbers 

p l a t e d ) .  Results are the means of 3 separate experiments.  S t a t i s t i c a l  

analys is  was performed as described ( 2 . 9 ) .

2 . 4 . d .  MTT assay (Chapter 6 ,  MNU and mitozolomide s e n s i t i v i t y ;  Chapter 

7 ,  c ross -res is tance  of c i s p l a t i n - r e s i s t a n t  c e l l  I in e s )

This is a rapid c o lo r im e t r ic  assay using a te t ra zo l iu m  dye (MTT, 3-  

( 4 , 5 -d im ethy I t  hi a z o l - 2 - y I ) - 2 , 5 - d i p h e n y l t e t  ra z o l i  urn bromide) (Si gma)
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which is reduced by the mitochondrial  dehydrogenases of v iab le  c e l ls  

to purple MTT-formazan (Mosmann, 1983).  The assay measures the a b i l i t y  

of drug - t rea ted  c e l ls  to reduce MTT r e l a t i v e  to the a b i l i t y  of 

untreated c e l l s  to reduce MTT, and hence provides a measure of c e l l  

surviva I .

P re l im inary  experiments were c ar r ie d  out to determine the optimum MTT

concentrat ion and c e l l  number for  each c e l l  l i n e .  The optimum

combination of  these parameters would resu l t  in an absorbance of 1 -1 .5

absorbance un i ts  in semi-confluent contro l  wel ls  7 days l a t e r .  To

determine the optimum assay cond i t ions ,  96 -w e l l  microwell  p la tes

(Nunc) were set up in t r i p l i c a t e ,  conta in ing a range of c e l l  numbers

in 200 f j i  of  medium in rows 2 -1 2 ,  and medium alone in row 1. A f t e r  7
o

days incubation at 37 C and 5% CO ,  50 yuL of a range of concentrat ions
2

of MTT (Sigma), one concentrat ion per p l a t e ,  were added. The p la tes
o

were incubated at 37 C fo r  3 h. Medium conta in ing MTT was asp i ra ted  

g e n t ly ,  tak ing  care not to dislodge c e l l s .  DMSO (dimethyl  su l fox ide ;  

Sigma) (100 / j l / w e l l )  was added to s o l u b i l i z e  the purple MTT-formazan 

c r y s t a l s ,  and the p la tes  were shaken g e n t ly ,  to aid s o l u b i l i z a t i o n .  

Absorbance at 540 nm was measured using a T i t e r t e k  Mult iskan MCC 

spectrophotometer (Flow L a b o r a t o r ie s ) ,  and the appropr iate  c e l l  number 

and MTT concentra t ion chosen from the b lank-corrected  absorbances. The 

MTT concentrat ion used fo r  a l l  the c e l l  l ines  was 800 j jg /m l ,  but c e l l  

numbers used d i f f e r e d  depending on the c e l l  l i n e .

For drug assays,  exponent ia l ly -growing c e l l s  were enzymatical ly  

detached and 150 jul of a s i n g l e - c e l l  suspension at the predetermined  

optimum c e l l  densi ty  was p la ted  in to  rows 2-12 of  a 96 -w e l l  microwell  

p la te  (Nunc) using a mult ichannel  p ip e t te  (Flow L a b o ra to r ies ) .  Medium 

alone (150 yul) was added to row 1 as a blank.  A f t e r  24 hours
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o
incubation at 37 C, 50 ^il fresh medium was added to rows 1 and 2

(blanks and c o n t r o l s ) ,  or 50 /j L of medium contain ing a range of drug

concentrat ions (rows 3 - 1 2 ) .  A f te r  a fu r t h e r  6 days incubat ion ,  50 jul

of 4 mg/ml MTT (Sigma) dissolved in PBSA ( f i n a l  concentrat ion 800
o

jug/ml) was added to every wel l  and the p la tes  incubated at 37 C fo r  3 

hours.  Medium conta ining MTT was a sp i ra ted  and DMS0 was added, as 

described above.

Absorbance at 540 nm was measured as above, and mean absorbances in 

d ru g - t rea te d  wells  r e l a t i v e  to  the contro ls  (row 2) were ca lcu la ted  

using an o n - l in e  Amstrad PC1640 (Amstrad Consumer E le c t ro n ic s )  and a 

program supplied by Flow L a b ora tor ies .  The MTT program records the  

absorbance in every w e l l ,  then subtracts  the mean absorbance in the  

row of blanks (row 1) from the absorbances in rows 2 -12 .  I t  then 

c a lcu la tes  the percentage absorbance in each of the d ru g - t re a te d  rows 

r e l a t i v e  to  the c o n t ro ls ,  taken as 100%, by d iv id in g  each mean t re a te d  

value by the mean untreated (row 2) value and m u l t ip ly in g  by 100.  

Graphs were p lo t te d  of  each exper iment ,  decreasing absorbance versus 

increasing drug concentra t ion .  IC50 values ( i e .  concentrat ion of  drug 

which reduces the absorbance to 50% of the contro l  value) were 

ca lcu la ted  from the s t r a ig h t  part  of  the graphs using the Oxstat  

program, as described ( 2 . 9 ) .  The mean IC50s and standard e r ro rs  (SE)s 

of a minimum of 3 separate experiments were c a lc u la ted .  S t a t i s t i c a l  

analys is  was performed as described ( 2 . 9 ) .

2 .5 .  Chemotherapeutic drugs

Standard pharmaceutical preparat ions of  chemotherapeutic drugs were 

used in these studies (described in Table 2 . 3 ) .  I n i t i a l  solvents were 

used as recommended by the manufacturers ,  at the minimum concentrat ion  

necessary to obta in s o lu t io n .  For drug assays,  the highest
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concentra t ion  of  solvent used in the d rug - t rea te d  dishes was used as

the solvent  c o n t ro l .  Drugs were made up fresh each t im e ,  and used

immediate ly .  Exceptions were mitozolomide and c a rb o p la t in .

Mitozolomide was provided as a 100 mg/ml so lu t ion  in DMSO, and was 
o

stored at -20  C. I t  is s tab le  under these condit ions (G. Margison,

personal communication).  Carboplat in  (10 mg; Sigma) was dissolved in
o

10 ml s t e r i l e  water ,  and immediately frozen at -20  C in glass

ampoules. An a l iq u o t  was taken out of the f re e ze r  and used

immediately;  unused drug was never re f rozen .  For development of

c i s p l a t i n - r e s i s t a n t  c e l l  l i n e s ,  small amounts of  c i s p l a t i n  were

required o f t e n ,  so frozen stocks were prepared by d isso lv ing  the

pharmaceutical  prepara t ion  in s t e r i l e  water ( to  give a f i n a l

concentrat ion of  1 mg/ml c i s p l a t i n  in 0.9% sodium c h l o r id e ) ,  and
o

f re e z in g  a l iq u o ts  at -20  C.

2 . 6 .  C isp lat in /DNA binding (Chapter 5)

2 .6 a .  C is p la t in  exposure
2

Cel ls  growing e x pon ent ia l ly  as semi-confluent monolayers in 175 cm
o

f la s k s  (Nunc) were incubated for  1 hour at 37 C in 10,  25 and 50 juM

c i s p l a t i n  (approximately  3 . 3 ,  8 .3  and 16.7  pg/ml)  (e ight  f lasks  per

c i s p l a t i n  c o n c e n tra t io n ) .  Medium was poured out of the f l a s k s ,  c e l ls

were washed with 10 ml PBSA and harvested enzymical ly ( 2 . 2 . a ) .  Ce l ls
8

from 8 f lask s  were pooled and p e l l e t s  consist ing of  1 -1 .5  x 10

c e l I s / c i s p l a t i n  concentrat ion were stored in 50 ml cen t r i fuge  tubes

(Falcon Labware, Marathon Laboratory Suppl ies ,  London, England),  in

l i q u id  n i t ro g e n .  C y to to x ic i t y  at these c i s p l a t i n  concentrat ions was

assessed in a p a r a l l e l  experiment using one f la sk  for  each c is p l a t i n

concentrat ion  and one contro l  f l a s k  incubated in fresh medium for  1 
o

hour at  37 C, as described ( 2 . 4 . c ) .
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2 . 6 . b .  DNA e x t ra c t io n

DNA was ext rac ted  as described (Pera et a l ,  1981).  In summary, frozen

c e l l  p e l l e t s  in 50 ml polypropylene c en t r i fuge  tubes (Falcon Labware)

were thawed and lysed in to  a so lu t ion  consist ing of 6% w/v p-

am ino sa l icy l ic  acid (BDH), 1% w/v sodium ch lor ide  (BDH), 1% w/v

t r i iso propy Inaphtha lene  sulphonic acid (sodium s a l t )  (TIPNS) (Kodak),
7

6% v /v  buta n -2 -o l  (BDH) (1 ml lys is  s o lu t io n /2  x 10 c e l l s ) .  Usual ly  
8

10 c e l l s  were lysed in to  5 ml of  t h is  s o lu t io n .  TIPNS is a nuclease

i n h i b i t o r  which stops DNA being degraded. Tubes were shaken u n t i l  a

homogeneous suspension was obta ined,  then an equal volume of a phenol-

based depro te in is ing  so lu t ion  conta in ing 500 g phenol (BDH), 75 ml m-

cresol (Sigma), 0 .5  g 8-hydroxyquinol ine  (BDH) and 55 ml water was

added. Tubes were shaken u n t i l  a milky emulsion was produced, then
o

centr i fuged  at 4000 rpm, 4 C fo r  30 minutes to separate the DNA- 

conta in ing aqueous layer from the p ro te in -c o n ta in in g  phenol la y e r .  A 

Pasteur p ip e t te  with a U-shaped t i p  was used to separate the viscous 

aqueous layer from the phenol l a y e r .  The aqueous layer was t r a n s fe r re d  

to a 50 ml conical  f l a s k .

2-ethoxyethanol (BDH) ( twice  the o r i g i n a l  volume, ie 10 ml) was gently

layered on top of  the aqueous l a y e r ,  and the f lask  was gently  swir led

to p r e c i p i t a t e  the DNA. The DNA was wound onto a sp a tu la ,  removed from

the 2 -e thoxyethano l ,  and r insed three  times in absolute ethanol (BDH).

DNA was dissolved in 0 .5  volume (2 .5  ml) double d i s t i l l e d  water

(ddw),  20 jjI 1% RNAse (250 U of T1 and 10 U of T2) (Sigma) was added
o

and the DNA incubated at 37 C fo r  10 min. Prote inase K (100 j j l ,  1 

mg/ml) was added to remove RNAse and any contaminating p ro te in  and the 

mixture was incubated for  a f u r t h e r  15 min. The DNA was p u r i f i e d  using 

a phenol e x t r a c t io n .  Phenol reagent (3 ml) was added to the DNA 

so lu t ion  in a polypropylene tube ,  the tube was shaken, then
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centr i fuged at 1000-1500 rpm. The aqueous Layer was t r a n s fe r re d  to a 

fresh tube and sodium aceta te  (1%) (250 p i  of 10% sodium aceta te  

s o lu t ion )  was added to  the aqueous phase. Addi t ion of s a l t  is  

necessary to  p r e c i p i t a t e  DNA from e thanol .  An over layer  of absolute  

ethanol was added, and the tube was inver ted  gent ly  to mix. The DNA 

was hooked out of  the tube and r insed twice in e th a n o l ,  then twice in 

d ie th y l  e th e r .  The DNA was placed in a preweighed Eppendorf microfuge  

tube.  The DNA was dr ied  in a vacuum desiccato r  with sodium hydroxide 

desiccant overn ight .

Microfuge tubes were weighed and the weight of  DNA c a lc u la ted .  DNA

samples were dissolved in concentrated hydrochloric  acid to a

concentrat ion of  30 mg/ml. The l id s  were fastened and held securely in
o

place while the tubes were incubated at 56 C in a waterbath fo r  1 h,  

to hydrolyse the DNA. Samples were c entr i fuged  in an Eppendorf 

microfuge for  5-10 min. Samples (5 p i )  were d i l u t e d  8 0 0 - f o ld  in  ddw (4 

ml) and t h e i r  absorbance at 260 nm was measured using a Beckman u .v .

spectrophotometer,  to assess the p u r i ty  of the DNA. D i lu ted

hydrochloric  acid was used as a c o n t ro l .  Percentage p u r i t y  was

calcu la ted  r e l a t i v e  to an absorbance of 1 mg/ml f u l l y  hydrolysed DNA

of 26 absorbance u n i ts .

2 . 6 . c . Measurement of  the amount of  plat inum bound to DNA

A Perkin Elmer atomic absorption spectrophotometer (model 306) with a

Perkin Elmer HGA72 graph i te  c e l l  atomizer was used in these
o

experiments.  The graphi te  furnace was i n i t i a l l y  heated to 100 C fo r  15

seconds to dry the sample; t h is  was fol lowed by 1 minute of thermal
o o

dest ruct ion  at 1400 C, then 8 seconds of atomizat ion at 2600 C.

Absorption at 266 nm was measured. A standard curve for  platinum

absorption was obtained using a range of concentrat ions of plat inum
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chlor ide  d i lu te d  in 1M hydrochlor ic  a c id .  The amount of plat inum  

contained in 10 /j I - 5 0  /j I a l iq u o ts  of DNA samples was ca lcu la ted  from 

the standard curve and the p u r i t y  of  the DNA, and expressed as nmoles 

plat inum/g DNA. Results are the means of 4 separate experiments.  

S t a t i s t i c a l  analys is  of  the data was car r ie d  out as described ( 2 . 9 ) .

6
2 .7 .  Measurement of 0̂  -alkyIguanine-DNA a Iky I t  ransferase ( ATase) 

l eve ls  in t e s t i c u l a r  and bladder c e l l  I ines

2 . 7 . a.  Preparat ion  of  cel  Is

Exponent ia l ly-growing c e l l s  were harvested enzymatical ly  and ra p id ly

resuspended in medium conta in ing serum in order to i n a c t i v a t e  t r y p s in .
o

Cel ls  were washed twice in cold (4 C) PBSA, counted, and p e l l e t s  
7

conta ining 2x10 c e l l s  were stored in l i q u id  n i t rogen .

2 . 7 . b .  Preparat ion of  cel  I ext racts

The frozen c e l l  p e l l e t s  were thawed in to  1 ml bu f fe r  I ,  consis t ing of

50mM T r i s ,  1mM EDTA, 3mM d i t h i o t h r e i t o l  at pH 8 .3  and stored on ic e .

Cel ls  were sonicated twice for  10 sec; f i r s t l y  with 12 jum and secondly

with 18 fjm peak-to-peak d is tan ce ,  with cooling on ice in between. The

protease i n h i b i t o r  phenyImethyIsul fonyI  f l u o r id e  (PMSF) (Sigma) (0.01

vol or 10 jul of  8 .7  mg/ml PMSF in ethanol)  was added immediately a f t e r

the second son ica t ion .  The sonicates were t r a n s fe r re d  into  Eppendorf
o

tubes and centr i fuged at 16000 rpm, 4 C for  10 min. The supernatants  

were t ra n s fe r re d  to fresh Eppendorf tubes on ice .

2 . 7 . c .  Measurement of  ATase leve ls
3

Substrate (100 /jI of 100 jug/ml H-MNU-methylated-DNA in b u f fe r  I ,
6

conta in ing approximately 10000 cpm, 6% of t h i s  in 0 -methyIguanine)  

was placed at the bottom of s c i n t i l l a t i o n  counter m in i - v ia l s  ( S t e r i l i n  

L td ,  Teddington, England),  and a range of volumes of c e l l  supernatants
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were added (3 per sample).  Tubes were vortexed b r i e f l y .  P o s i t iv e  and

negative  contro ls  were included: the p o s i t iv e  control  was a range of

volumes (10,  20,  40 ,  60,  80 and 100 jjI )  of a s em i -p u r i f ie d  e x t rac t  of

E. col i  harbouring the plasmid p061 which contains the E. co l i  ogt

ATase gene. The e x t ra c t  was d i lu te d  1:200 in b u f fe r  I  conta in ing 1

mg/ml bovine serum albumin (BSA). Buf fer  I  was added as necessary,  to

make the volumes in a l l  the tubes up to 400 jul. The negative control

was substrate and 400 /j I b u f fe r  I  on ly .  Tubes were vortexed and 
o

incubated at 37 C fo r  2 h in a waterbath.

BSA so lution  (100 | j l  of 10 mg/ml BSA in bu f fe r  I ,  as a co-

p r e c ip i t a n t )  and pe rch lo r ic  acid (PCA) (200 f j l  of 4M PCA) were added

simultaneously to every tube,  to p r e c i p i t a t e  p ro te in  and DNA. A f ter
o

the add i t ion  of  2 ml of 1M PCA, the mixture was heated at 75 C fo r  45 

min. This completely hydrolyses residual  substrate  DNA, but not 

p r o t e in ,  to ac id -s o lu b le  m a t e r i a l .  A f te r  c e n t r i f u g a t io n  at 3000 rpm 

fo r  10 min, the supernatant was a s p i ra te d ,  the p r e c i p i t a t e  washed with 

4 ml of 1M PCA and resuspended in 300 jul of 0.01M sodium hydroxide.  

Ecoscint A s c i n t i l l a t i o n  f l u i d  (3 ml) (Mensura Technology L td ,  Wigan, 

Lancs) was added and the amount of r a d i o a c t i v i t y  in the t o t a l  p ro te in  

measured using an LKB 1211 Minibeta  l iq u id  s c i n t i l l a t i o n  counter.

Pro te in  content of the c e l l  e x t ra c ts  was estimated using the Bradford  

assay (Bradford,  1976).  This is based on the change in the peak 

absorbance of Coomassie Blue dye from 465 to  595 nm when i t  binds to  

p ro te in  in ac id ic  s o lu t io n .  The k i t  form. Biorad reagent (B iorad,  

Watford,  England),  was used. A range of concentrat ions of BSA ( in  

d u p l ic a te )  in Biorad reagent were read at 595 nm and used to p lo t  a 

standard curve.  The absorbances of the c e l l  ex t ra c ts  in Biorad reagent  

( in  t r i p l i c a t e )  were measured and t h e i r  p ro te in  concentrat ions
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calcu la ted  from the standard curve.  Cel l  e x t rac ts  were d i lu t e d  as

necessary, so that they f e l l  on the s t r a ig h t  part  of  the standard

curve.  The amount of  ATase was ca lcu la ted :  a graph of cpm in p ro te in

was p lo t te d  against volume of e x t r a c t ,  negat ive  contro l  values

providing the background l e v e l ,  and ATase a c t i v i t y  was ca lc u la ted  from

the slope of the s t r a ig h t  l i n e .  This was converted to  fmol ATase/ml by
3

d iv id in g  by 14 (a fa c to r  derived from the s p e c i f i c  a c t i v i t y  of  H-MNU- 

methylated-DNA [20 Ci/mmol] and the counting e f f i c i e n c y  [31% ]) ,  and to  

fmol ATase/mg p ro te in  by d iv id in g  by the pro te in  content of  the  

e x t r a c t .  The resu l ts  are the mean values obtained from two or three  

separate experiments fo r  each c e l l  l i n e ,  each in d iv id u a l  value being 

e f f e c t i v e l y  the mean of t r i p l i c a t e  es t im at ions .

2 . 7 . d. Measurement of  cytotox i  c i t y  of  methylat ing and ch lo ro e th y la t  ing 

agents

The c y t o t o x i c i t i e s  of one monofunctional methyla t ing agent ( N - n i t r o s o -  

N-methylurea,  MNU) (Sigma) and one cross l ink ing  ch lo ro e th y la t in g  agent 

(mitozolomide) (May and Baker,  Dagenham, England) against the bladder  

c e l l  l ines  RT112, RT112-CP, RT4, HT1376, HT1197 and MGH-U1 and the 

t e s t i c u l a r  c e l l  l ines  SuSa, SuSa-CP, 1618K, Tera I I ,  GH and GCT27, 

were compared using the MTT assay,  as described ( 2 . 4 . d ) .  S t a t i s t i c a l  

analys is  was performed, as described ( 2 . 9 ) .

2 .8 .  Development and chara c te r i  zat ion of  c is p la t  i n - r e s i  stant  

t e s t i c u l a r  and bladder c e l l  I ines

2 . 8 . a. Development of  c i s p l a t i n - r e s i s t a n t  c e l l  I ines

i .  RT112

The RT112 bladder cancer c e l l  l i n e ,  growing e xpon ent ia l ly  as a
2

monolayer in 25 cm f lask s  (G ibco) ,  was exposed to  80 ng/ml 

c i s p l a t i n .  This concentrat ion of  c i s p l a t i n  k i l l s  30% of  RT112 c e l l s  in
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a continuous exposure colony-forming assay.  The f la sk  was subcultured  

4 days l a t e r ,  and the c e l l s  were incubated in fresh medium containing  

the same c i s p l a t i n  concentrat ion (80 ng /m l ) .  Two days l a t e r ,  when the 

c e l l s  were again apparently  growing e x p o n e n t ia l l y ,  fresh medium 

containing 100 ng/ml c i s p l a t i n  was added. Ce l ls  were subcultured again 

a f t e r  another 2 days,  and 4 days l a t e r  fresh medium conta ining 130 

ng/ml c i s p l a t i n  was added. A s im i la r  p a t te rn  of  increasing c is p l a t i n  

concentrat ion was continued, and a f t e r  a month of  continuous exposure,  

RT112 c e l ls  were growing in 300 ng/ml c i s p l a t i n .  Treatment was 

continued for  a t o t a l  of 14 months, and at the end of t h is  time RT112 

c e l l s  were able to grow through 3 .5  /ug/ml c i s p l a t i n .

i i . SuSa

The SuSa NSGCT c e l l  l i n e ,  growing exp o n en t ia l ly  as a monolayer in 25 
2

cm f lasks  (G ibco),  was exposed to 50 ng/ml c i s p l a t i n .  This 

concentrat ion k i l l s  90% of SuSa c e l l s  in a continuous exposure colony-  

forming assay. I t  was chosen because of the ease with which induction  

of resistance was i n i t i a t e d  in RT112. SuSa c e l l s  were subcultured at a 

r a t i o  of 1:2 a f t e r  2 days, and incubated in fresh medium containing  

the same c is p l a t i n  concentra t ion .  They were subcultured again (1 :2 )  6

days l a t e r ,  and the c is p l a t i n  concentrat ion was increased to 62.5  

ng/ml a f t e r  a fu r t h e r  8 days. A f te r  a month of  continuous exposure,  

SuSa c e l ls  were growing in 75 ng/ml c i s p l a t i n .  Treatment was continued 

fo r  a t o t a l  of 11 months, and at the end of t h i s  time SuSa c e l l s  were 

able to grow through 300 ng/ml c i s p l a t i n .

Decisions about when and how much to  increase the c i s p l a t i n  

concentrat ion were based on the microscopic appearance of  the c e l l s .  

I f  large numbers were l i f t i n g  o f f ,  the f la s k  would be replenished with  

fresh medium at the same c oncentra t ion ,  whereas i f  the c e l l s  appeared
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to be t o l e r a t in g  the drug, the concentrat ion would be increased by a 

fa c to r  of a maximum of 30%. The stepwise increases in c is p l a t i n  

concentrat ion fo r  RT112 (A) and SuSa (B) are shown d iagrammatica I ly  in 

Figure 2 .1 .  Al iquots  of  c e l l s  were p e r io d ic a l l y  frozen in l i q u id  

nit rogen to provide a stock in case of contamination.

Fol lowing continuous exposure to c i s p l a t i n ,  the r e s u l t in g  sublines  

(designated RT112-CP and SuSa-CP) were maintained fo r  3 months in the

absence of drug,  and t h e i r  leve ls  of  res is tance  were determined at

monthly i n t e r v a l s .  The s e n s i t i v i t i e s  of  parent and re s is ta n t  c e l l

l ines  were compared using a 1 hour exposure colony-forming assay,  as

described ( 2 . 4 . b ) .  There was no change in response during the three  

months in which the sublines were te s te d .

Parent and re s is ta n t  c e l l  l ines  were re g u la r ly  screened fo r  mycoplasma 

contamination,  using Hoechst 33258,  as described ( 2 . 2 . b ) .  They were 

cons is te n t ly  negat ive .  Fol lowing development of re s is ta n ce ,  RT112-CP 

and SuSa-CP were used over a r e s t r i c t e d  range of 10 passages. The 

populat ion doubling t imes,  i n t e r m i t o t i c  t im es ,  c e l l  death rates and 

colony-forming e f f i c i e n c i e s  of  parent and r e s is ta n t  c e l l  l ines  were 

measured, as described ( 2 . 3 . d ,  2 . 3 . e  and 2 . 3 . f ) .

2 . 8 . b .  Percentage DNA-synthesi sing cel  I s ,  using bromodeoxyuridine 

(Brdllrd) s ta in ing

Brdllrd is an analogue of thymidine which can be incorporated in to  DNA

during S-phase of the c e l l  c yc le .  The percentage BrdUrd-stained c e l ls

in RT112, RT112-CP, SuSa and SuSa-CP were determined by exposing c e l l s

growing exponent ia l ly  on microscope s l id e s  to 10 /jM 5-bromo-2 '-
o

deoxyuridine (Brdllrd) (Sigma) in serum-free medium fo r  30 min at 37 C. 

Slides were r insed twice in  PBSA, pH 7 . 4 ,  then f ix ed  in a 1:1 mixture  

of methanol and ethanol fo r  1 hour. S l ides were stored in 70% ethanol

50



u n t i l  immunocytochemicat s ta in in g  with an anti -Brdl l rd  monoclonal 

antibody (G ra tzner ,  1982) was performed as fo l lo w s .

1. Sl ides were t re a te d  with 0.5% hydrogen peroxide ( H O )  (Merck) in
2 2

methanol for  30 min, to i n h i b i t  endogenous peroxidase.

2. In  order fo r  anti -BrdUrd antibody to bind to  BrdUrd in DNA, the DNA

must be p a r t i a l l y  denatured to  obta in  s ing le -s tranded  regions.  Sl ides
o

were t re a ted  with prewarmed 1 M HCl (Merck) at  60 C for  8 min. They 

were then r insed 3 times in PBSA, pH 7 .2  and the area to  be stained  

was marked on the s l id e  using a diamond.

3.  Mouse anti-human anti -BrdUrd antibody (Becton Dickinson,  Mountain 

View, C a l i f o r n i a ,  USA) was d i l u t e d  1:100 in 20% normal rabbi t  serum 

(DAKO-immunoglobulins, Denmark) in PBSA. D i lu ted  antibody (250 / j l )  was 

added dropwise to  s l ides  ly ing ins ide  a moisture chamber, and l e f t  fo r  

30 min. Sl ides were washed 3 times in PBSA before  the second antibody  

was added.

4.  Rabbit anti -mouse IgG conjugated to peroxidase (Dakopatts ,  Hamburg, 

FRG) was d i lu te d  1:75 in 0.6% BSA (bovine serum albumin) (Janssen,  

Beerse,  Belgium) in PBSA. Second antibody (250 ; j l )  was added to  s l ides  

in the moisture chamber fo r  30 min. S l ides were washed 3 times in 

PBSA.

5. 3 ,3 ' -d iam inobenz id ine  te t ra h y d ro c h lo r id e  (DAB) (Sigma) was used to

v is u a l i z e  the BrdUrd. When exposed to peroxidase,  a brown p r e c i p i t a t e

is produced. DAB was dissolved in T r is  (Merck) b u f f e r ,  pH7.6,  a t  0 .5

mg/ml. T r is  b u f fe r  was composed of 6.1 g T r is  dissolved in 50 ml

ddH 0 ,  to which 37 ml 1N HCl was added, and the t o t a l  volume was made 
2

up to 1 I with ddH 0.
2

6.  A f te r  5 min in DAB, the s l ides  were r insed in running water ,  

dehydrated in graded alcohols  (50%, 70%, 95%, 100%), r insed in xylene 

and mounted with DePeX and a c o ve rs l ip .
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Known p o s i t iv e  s l ides  ( t is s u e  sections which had sta ined p o s i t i v e l y  

a f t e r  incorporat ion of BrdUrd from an e a r l i e r  batch) were included as 

controls  when new batches of  BrdUrd or anti -BrdUrd antibody were used. 

Negative contro ls  were always inc luded.  These were 1) DAB a lone,  no 

f i r s t  or second antibody,  and 2) DAB and second ant ibody,  no f i r s t  

antibody.  These were co n s is te n t ly  negat ive .  Using phase-contrast  

microscopy, the proport ion of  p o s i t i v e l y - s t a i n e d  nuclei  was obtained  

by counting a t o t a l  of  1000 c e l l s / s l i d e  on d up l ica te  s l id e s .  The 

experiment was repeated at least tw ic e ,  and the mean and SE for  each 

c e l l  l in e  c a lcu la ted .

2 . 8 . c. Karyotypic analys is  of  parent and re s is ta n t  c e l l  l ines
2

Exponent ia l ly-growing c e l l s  in 25 cm f lasks  were incubated in

co lch ic ine  (50 /ul of a 100 jug/ml so lu t ion  was added to 5 ml of medium 
o

in a f la s k )  at 37 C fo r  1 hour. This a r res ts  c e l l s  in  metaphase and

causes chromosome condensation.  Cel ls  were r insed in prewarmed

hypotonic s a l t  so lu t ion  ( ' h y p o ' ,  consist ing of  0.3% KCl, 0.02% EDTA,
o

0.48% HEPES at pH7.4) and incubated in 3 ml 'hypo' fo r  20 min at 37 C.

Cel ls  were p ip e t ted  to dislodge them, then 'hypo' and c e l ls  were

centr i fuged at 1000 rpm fo r  5 min. The supernatant was asp ira ted

gently  and the c e l l  p e l l e t  was resuspended in about 200 L 'h y p o ' .

F ix a t iv e  (a 3:1 mixture of  methanol and g l a c i a l  ace t ic  ac id)  was added

dropwise, with constant mixing.  A t o t a l  of  approximately 3 ml of

f i x a t i v e  was added to each p e l l e t .  Ce l ls  were centr i fuged  at 1000 rpm

for  5 min, f i x a t i v e  asp i ra ted  and the c e l l s  were resuspended in fresh

f i x a t i v e  so tha t  the suspension had the cloudy appearance of frosted
o

glass .  Microscope s l ides  were cooled at -20  C and 2 or 3 drops of c e l l  

suspension were dropped from a height of  6-12 inches.  Sl ides were 

stored for  a week before s t a in in g .
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P r io r  to o r c e in -s ta in in g  and Giemsa-banding (G-banding),  the

chromosome spreads were soaked overnight in SSC, dehydrated in 50%,

95% and 100% ethanol and a i r  d r ie d .  For o r c e i n - s t a i n i n g ,  s l id e s  were

soaked in 2% orcein so lu t ion  in 45% ace t ic  acid fo r  1 hour then taken

through graded a lcoho ls ,  immersed in xylene and mounted with DePeX and

a c o v e rs l ip .  Modal chromosome numbers were obtained by counting 15

o rce in -s ta in ed  metaphases from each c e l l  l i n e .  For G-banding,  s l id e s

were soaked in 1% t ry p s in  s o lu t ion  in 0.9% sa l in e  fo r  5 minutes at 
o

15 C. T ry p s in iza t io n  is required to p a r t i a l l y  digest  the chromosomal 

p ro te in s .  Sl ides were r insed in s a l i n e ,  then t ra n s fe r re d  to  20% Giemsa 

so lu t ion  in SSC at pH 6 .8  fo r  5 minutes.  Sl ides  were washed in SSC, 

then a i r  d r ied .  Sl ides were immersed in xylene and mounted with DePeX 

and a c ove rs l ip .  Metaphase spreads in which the chromosomes were 

c le a r l y  banded and not overlapping were photographed. Chromosomes from 

at least four G-banded metaphases for  each c e l l  l in e  were cut out of  

the photographs, sorted on the basis of  t h e i r  s ize  and banding p a t te rn  

and pasted onto sheets of  white cardboard.  Chromosome rearrangements 

were marked on the sheets.  Chromosome rearrangements,  losses and gains  

in the four metaphases of  each c e l l  l in e  were recorded.

2 . 8 . d .  Induction of mi cronucle i  by ci sp la t  in in parent and resi  stant  

c e l l  l ines

Micronuclei  are e i t h e r  whole chromosomes or acen tr ic  chromosomal

fragments which are not incorporated in to  daughter nuclei  when a c e l l

d iv id e s .  Their  presence ind ica tes  that  damage to DNA has occurred.  In

order to measure micronucleus production in the parent and c i s p l a t i n -

re s is ta n t  c e l l  l ines  fo l low ing  c i s p l a t i n  exposure,  a s i n g l e - c e l l
5

suspension of exponent ia l ly -growing c e l l s  (4x10 RT112, RT112-CP,
5

SuSa-CP and 6x10 SuSa) was p la ted  in to  3 .5  cm p e t r i  dishes (Nunc),
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contain ing a s t e r i l e  co vers l ip  and 3 ml prewarmed and gassed medium.
o

A f te r  48 h incubation at 37 C, medium was removed and replaced with 

medium containing a range of c i s p l a t i n  concentra t ions ,  or medium alone 

( c o n t r o ls ) .  A f te r  a 1 h exposure to  c i s p l a t i n ,  c e l l s  were washed three  

times with medium, then incubated in fresh medium fo r  a fu r t h e r  48,  

72,  96 or 120 hours. At each t ime p o in t ,  two dishes per concentrat ion  

and contro l  were r insed in PBSA, f ix ed  for  10 min in methano l -g lac ia l  

acet ic  acid (3:1 v / v ) ,  r insed again then a i r - d r i e d .  Micronuclei  were 

sta ined with Hoechst 33258 (Sigma) (1 / jg/ml fo r  5 min) and counted 

using a Zeiss f luorescence microscope.

The c r i t e r i a  for  id e n t i f y in g  micronuclei  described by Heddle et al  

(1981) were used. B r i e f l y ,  micronuclei  were scored i f  they were: (a)

adjacent t o ,  but not touching,  the nucleus; (b) sta ined with less or 

equal i n t e n s i t y  r e l a t i v e  to the nucleus,  and (c)  t h e i r  diameter was 

less than one t h i r d  tha t of  the nucleus. Cel ls  with extensive  nuclear  

fragmentation were not scored.  Coversl ips were randomized and counted 

b l in d .  At least 1000 nuclei  were scored per c o v e r s l ip ,  from at least  

f i v e  d i f f e r e n t  areas of the c o v e r s l ip ,  taken at random. The number of 

micronuclei  per thousand nucle i  was expressed as a percentage and the 

mean value for  the two covers l ips  per concentrat ion or contro l  

c a lc u la te d .  Percentage micronuclei  in contro l  covers l ips  (background 

micronucleus production) were subtracted from t r e a te d  v a lues . The 

resu l ts  are the means of 2-4 separate experiments for  each c e l l  l i n e .

2 . 8 . e .  Cross-res is tance  studies on c i s p l a t i n - r e s i s t a n t  c e l l  I ines  

The responses of paren ta l  and re s is ta n t  c e l l  l ines  to  the inducing 

agent,  c i s p l a t i n ,  and to  c a r b o p la t in ,  adriamycin,  methotrexate ,  VP-16 

and bleomycin (see Table 2 . 3 . )  were compared using the MTT assay,  as 

described ( 2 . 4 . d ) .  Results are derived from a minimum of 3 separate

54



experiments; s t a t i s t i c a l  ana lys is  was performed as described ( 2 . 9 ) .  

Levels of c ross -res is tance  ( re s is ta n ce  r a t io s )  to each drug were 

obtained by d iv id in g  the IC50 fo r  the re s is ta n t  subline by the IC50 

fo r  the parenta l  l i n e .

/

2 .9 .  Stat  i st i cal  analysi  s

Data obtained from c y t o t o x ic i t y  assays ( 2 . 4 . a to 2 .4 .d )  were handled 

in the same way. Dose-response curves were p lo t te d  for  each in d iv id u a l  

experiment on semi- logar i thmic  graph paper.  Points which lay on the 

s t ra ig h t  part  of the curve ( judged by eye) were used fo r  l in e a r  

regression analys is  of each experiment using the Oxstat I I  program on 

an Amstrad PC1640. IC50,  IC70 or IC90 values were obtained from the  

l in e a r  regression a n a ly s is ,  and the means and standard e r ro rs  (SE) of  

a minimum of 3 separate experiments c a lc u la t e d .  These are presented in 

t a b u la r  form. For the colony-forming assays,  graphs were p lo t te d  of 

mean surv iva l  (+SE) against drug concentra t ion .  SEs were omitted from 

Figure 1,  Chapter 3 ,  to avoid overcrowding the graphs. For the MTT 

assays, data are presented in ta b u la r  form only .

For comparison of drug s e n s i t i v i t y  data obtained from t e s t i s  c e l l  

l ines  with data obtained from bladder c e l l  l ines  ( in  Chapters 3 and 

6 ) ,  a non-parametric t e s t ,  the Mann-Whitney U t e s t ,  was used, because 

the data did not appear to be normally d i s t r i b u t e d .  S i m i l a r l y ,  for  

comparison of a number of growth c h a r a c t e r is t i c s  between t e s t i s  and 

bladder c e l l  l ines  ( in  Chapter 4 ) ,  the Mann-Whitney U te s t  was used.  

However, where the data was assumed to  be normally d i s t r i b u t e d ,  for  

example comparing IC70s between in d iv id u a l  c e l l  l ines  ( in  Chapters 5 

and 7 ) ,  the means and standard devia t ions  (SDs) of  the re p l i c a te  

experiments were compared using a Student 's  unpaired t t e s t .
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Table 2 .1 .  Or ig in  of  continuous c e l l  l ines

CELL TUMOUR OF HISTOLOGY PREVIOUS YEAR OF REFERENCE
LINE ORIGIN OF TUMOUR TREATMENT ESTABLISHMENT

Non-seminomatous t e s t i c u l a r  germ c e l l  tumours

SuSa primary ,  
tes t  i s

t e r a t o -  
carc inoma

none 1976 Hogan et  
a l ,  1977

Teral  lung
metastasi  s

embryonaI 
care i noma

RT,CT 1970 Fogh and
Trempe, 1975

T e r a l l  lung
metastasi  s

embryona I 
care i noma

RT,CT 1971 Fogh and
Trempe, 1975

NEC-8 pr imary,  
tes t  i s

embryonal none
careinoma

1977 Yamamoto 
et a l ,  1979

T3B1 NR embryonaI
carcinoma,
YST

NR NR Cotte et 
a l ,  1981

833K abdomi naI  
metastasi  s

teratoma,  
semi noma, 
EC, chorio- 
carc i noma

CT 1975 Bronson et 
a l ,  1980

1618K primary,  
ret  ro­
per i toneum

embryonaI 
carc i noma

CT 1981 Vogelzang 
et a l ,  1983

GH pr imary,  
tes t  i s

NR none 1979 Loewer et 
a l ,  1981

HL pr imary,  
tes t  i s

NR none NR Loewer et  
a l ,  1981

GCT27 pr imary,  
te s t  i s

t e r a t o -  
carc i noma

none NR Pera et 
a l ,  1987a
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CELL TUMOUR OF HISTOLOGY PREVIOUS 
LINE ORIGIN OF TUMOUR TREATMENT

YEAR OF REFERENCE
ESTABLISHMENT

T ra n s i t io n a l  c e l l  carcinomas of the bladder

RT112 pr imary,  stage NR none 1973
bladder grade G2

198
RT4 recurrence,  stage T2 Au 1967

bladder grade G1 grains

T24 recurrence,  stage NR none 1970
bladder grade G3

HT1197 recurrence,  stage T2+ none 1972
bladder grade G4

HT1376 pr imary,  stage T2+ none 1973
bladder grade G3

Abbreviat ions:

CT, chemotherapy 
RT, radiotherapy  
EC, embryonal carcinoma 
YST, yolk sac tumour 
NR, not recorded

Masters et 
a l ,  1986

Rigby and 
Franks,  1970

Bubenik et 
a l ,  1973

Rasheed et 
a l ,  1977

Rasheed et 
a l ,  1977
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Table 2 .2 .  D e ta i ls  of  treatment given to the p a t ie n t  before the tumour 

sample used to e s tab l ish  the c e l l  l in e  was removed.

CELL
LINE

Tera I  

Tera I I

833K

1618K

RT4

PRIOR TREATMENT AND TIME BEFORE RESECTION, WHERE RECORDED

radiotherapy: 3000 rads to pa raao r t ic  reg ion ,  presumably 
inc luding area of  lung from which c e l l  l in e  was derived

chemotherapy: 5 - f lu o r o u r a c i  I ,  methotrexate ,  v i n c r i s t i n e ,  
Actinomycin D, cyclophosphamide, v in b la s t i n e ,  mithramycin

radiotherapy: 3000 rads,  Co 60 source,  abdomen and leg ( i . e .  
not d i rec ted  at lung metastasis  from which the c e l l  l in e  is  
deri  ved)

chemotherapy: 5 - f lu o r o u r a c i  I ,  methotrexate ,  v i n c r i s t i n e ,  
Actinomycin D, cyclophosphamide, v in b la s t in e

chemotherapy: methotrexate ,  Actinomycin D, cyclophosphamide,  
approximately 2 months p r i o r  to  removal of tumour sample at 
autopsy

chemotherapy: 4 cycles of  v i n b la s t i n e ,  c i s p l a t i n ,  bleomycin,  
and 5 cycles of  c i s p l a t i n ,  bleomycin,  adr iamycin,  VP-16,  
fol lowed by resection  of res idua l  th orac ic  masses, from 
which the c e l l  l i n e  was es tab l is h ed .

rad io ac t iv e  gold grains implanted in to  the urothel ium two 
years e a r l i e r
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Table 2 .3 .  Chemotherapeutic drugs used, together  with t h e i r  sources 

and i n i t i a l  solvents

drug i n i t i a l  source
solvent

c i sp la t  i n water

adri  amyc in 
(doxorubi cin)

PBSA

methot rexate PBSA

VP-16
(etoposide)

medi um

carbopla t in water

bleomycin PBSA

mitozolomide DMSO

N -n i t ro so -N -  
methylurea  
(MNU)

DMSO

F a rm ita l ia  Carlo Erba,  
St Albans,  England

F a rm i ta l ia  Carlo Erba,  
St Albans,  England

Lederle Laborator ies  
Div ,  Gosport,  England

Bri s to l-Myers  
Pharmaceut i c a Is ,  
Slough, England

Sigma Chemical Co L td ,  
Poole,  England

Lundbeck L td ,
Luton, England

May and Baker L td ,  
Dagenham, England

Sigma Chemical Co L td ,  
Poole,  England
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Figure 2 .1 .  Development of  re s is ta n t  l in e s :  RT112-CP from RT112 (A ) ,
and SuSa-CP from SuSa ( B ) . Dots represent a dd i t ion  of fresh medium 
conta ining c i s p l a t i n .
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CHAPTER 3.  DIFFERENTIAL SENSITIVITIES OF HUMAN TESTICULAR AND BLADDER

TUMOUR CELL LINES TO CISPLATIN AND ADRIAMYCIN 

INTRODUCTION

M etastat ic  t e s t i c u l a r  germ c e l l  tumours are cured in approximately 80%

of pa t ien ts  using combination chemotherapy (reviewed in Chapter 1,

General I n t r o d u c t io n ) .  In c o n t ra s t ,  most other ' s o l i d '  tumours in

adults  show i n t r i n s i c  or acquired resis tance and are d i f f i c u l t  or

impossible to cure.  The mechanisms under lying the s e n s i t i v i t y  of

t e s t i c u l a r  tumours to  chemotherapy are not understood. In order to

in v e s t ig a te  the biochemical  basis of drug s e n s i t i v i t y  re levant  model 

systems were required .

A number of p o t e n t i a l  model systems were a v a i l a b l e ,  including the 

human tumour colony-forming assay,  xenografts and continuous c e l l  

l i n e s .  Assays have been developed which enable fresh human tumours to 

be grown in_ v i t r o ,  known as human tumour colony-forming assays 

(Hamburger and Salmon, 1977; Courtenay and M i l l s ,  1978).  However, 

there  are numerous problems associated with growing colony-forming  

c e l l s  from b iops ies ,  using them for  chemosensi t iv i ty  assays,  and 

i n te r p r e t in g  the data (discussed by Selby et a l ,  1983).  Another model 

is  human tumour xenografts  in immunodeficient animals.  A number of 

t e s t i c u l a r  xenografts were a v a i l a b le  ( f o r  example, Selby et a l ,  1979; 

Cotte et a l ,  1982).  However, there  are several  advantages to using 

continuous c e l l  l ines  ra ther  than xenografts as a model system. There 

are more t e s t i s  c e l l  l ines  a v a i l a b l e ,  they are eas ier  and cheaper to 

maintain and use,  experimental  animals are not re q u ired ,  and resu l ts  

are obtained more q u ic k ly .  For these reasons, I  f i r s t  t r i e d  to 

e stab l ish  tha t  c e l l  l ines  from human tumours r e t a in  drug s e n s i t i v i t y  

in v i t r o .
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A possible c r i t i c i s m  of using c e l l  l ines  is tha t  they do not re ta in  

the p roper t ies  of  t h e i r  tumours of  o r i g i n .  However, th is  study (see 

Chapter 4 ) ,  and others (Andrews et a l ,  1983; Vogelzang et a l ,  1983; 

Pera et a l ,  1987a) have demonstrated that  t e s t i c u l a r  tumour c e l l  l ines  

produce tumours in immunodeficient animals which morphological ly  

resemble NSGCTs, provid ing evidence that  at least some of t h e i r  

b io lo g ic a l  c h a r a c t e r is t i c s  are re ta ined despite  long periods in 

c u l tu r e .

When th is  study began in 1984 there  were no data published about the  

chemosensit iv i ty  of human t e s t i c u l a r  tumour c e l l  l i n e s .  To determine  

whether continuous c e l l  l ines  derived from t e s t i c u l a r  tumours re ta in  

t h e i r  h y p e r s e n s i t iv i ty  _i_n v i t r o ,  the s e n s i t i v i t i e s  of f i v e  non- 

seminomatous t e s t i c u l a r  tumour c e l l  l ines  (SuSa, Tera I I ,  833K, NEC-8, 

T3B1) to  c is p l a t i n  and adriamycin were compared with those of f i v e  

bladder cancer c e l l  l ines  (RT4, RT112, HT1376, HT1197, T 2 4 ) . Bladder  

cancer was chosen for  comparison because i t  is another c i s p l a t i n -  

s e n s i t iv e  u ro lo g ica l  tumour, but one which is  usual ly  incurab le  due to  

the presence or development of  drug re s is tance .

C is p la t in  was chosen because i t  is the most ac t iv e  s ing le  agent in the  

treatment of  both t e s t i c u l a r  and bladder cancer ( O l i v e r ,  1984; Harker 

and T o r t i ,  1983) ,  and forms the basis of combination chemotherapy 

protocols  (reviewed in Chapter 1 ) .  Adriamycin is a c t ive  as a s ing le  

agent against t e s t i c u l a r  and bladder cancer ( S l a v i k ,  1975 ) ,  and is 

c u r re n t ly  included in the M-VAC and CISCA protocols  fo r  treatment of 

metasta t ic  bladder cancer (Sternberg et a l ,  1989; Logothetis et a l ,  

1989a) .
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RESULTS

The responses of the t e s t i c u l a r  and bladder tumour c e l l  l ines  to a 

range of concentrat ions of  c i s p l a t i n  and adriamycin were compared 

using a colony-forming assay,  as described (Chapter 2 ,  Section 4 . a ) .  

Dose-response curves, p lo t te d  as described in Chapter 2 ,  Section 9 ,  

are shown in Figure 3.1 A and B. In  order to compare the responses of  

the c e l l  l i n e s ,  a point  which lay on the s t r a ig h t  part  of  the s u rv iv a l  

curve,  in t h i s  case an IC70 (concentrat ion  required to reduce colony 

forming a b i l i t y  by 70%), was used. IC70s for  each in d iv id u a l  

experiment were obtained using regression analys is  and these were 

combined to obta in  the mean IC70 for  each c e l l  l i n e ,  as described in 

Chapter 2 ,  Section 9.  The r e s u l t in g  means and standard errors  (SEs) 

are shown in Table 3 .1 .  Subsequently, the responses of a fu r t h e r  three  

t e s t i c u l a r  tumour c e l l  l ines  (1618K, GH and GCT27) to  c i s p l a t i n ,  were 

obtained using the same method (see Table 3 .1 )

In order to assess the o v e r a l l  d i f f e re n c e  in s e n s i t i v i t y  between the  

bladder and t e s t i c u l a r  tumour c e l l  l i n e s ,  t h e i r  IC70s were analysed in 

a Mann-Whitney U te s t  (see Chapter 2 ,  Section 9 ) .  A non-parametric  

te s t  was chosen because the IC70s did not appear to  have a normal 

d i s t r i b u t i o n .  For example, the NEC-8 t e s t i s  tumour c e l l  l in e  has a 

c i s p l a t i n  IC70 of 161 ng /ml ,  which is considerably higher than the  

other t e s t i s  c e l l  l i n e s ,  and f a l l s  w i th in  the range of the bladder  

c e l l  l i n e s .  S i m i la r ly  with adriamycin,  one t e s t i s  c e l l  l i n e ,  T3B1, has 

a s im i la r  response to the bladder c e l l  l i n e s .  Comparing the responses 

to c i s p l a t i n  of  the e ight  t e s t i s  c e l l  l ines  and the f i v e  bladder c e l l  

l i n e s ,  the t e s t i s  c e l l  l ines  are s i g n i f i c a n t l y  more s e n s i t iv e  than the  

bladder c e l l  l ines  (P < 0 .0 2 ) .  Comparing the responses to adriamycin of  

the f i v e  t e s t i s  and f i v e  bladder tumour c e l l  l i n e s ,  the t e s t i s  c e l l

64



Lines are again s i g n i f i c a n t l y  more s e n s i t iv e  than the bladder c e l l  

I ines  (P < 0 .0 5 ) .

Table 3 .1 .  Concentrations of  c i s p l a t i n  and adriamycin required to 
reduce colony-forming a b i l i t y  by 70% ( IC70) in t e s t i c u l a r  and bladder  
tumour c e l l  l in e s .

Cel l  c i s p l a t i n  IC70 adriamycin IC70
l in e  +SE (ng/ml)  ±SE (ng/ml)

Test i s

SuSa 2 3 .6+3 .4  0 .82 ±0 .03

Tera I I  18 .7+2 .5  1 .07±0 .07

NEC-8 160 .8±17 .6  2 .12±0 .03

T3B1 60 .2 ±4 .2  7 .24 ±0 .09

833K 21 .0 + 1 .3  1 .16+0.17

1618K 4 2 .2 ± 5 .4  ND

6H 2 3 . 3 ± 0 .9 ND

GCT27 2 0 . 6 ± 2 . 5 ND

Bladder

RT112 2 1 4 .3±11.5  12 .2±0 .3

RT4 430 .7+18 .3  1 8 .6±0 .9

T24 15 9 . 4 ± 6 . 2 12 .3±0 .9

HT1197 111.6+3.1 3 .6 + 0 .4

HT1376 117 .9+4 .7  10 .5+0 .7

Range

Test is  1 8 .7 -1 6 0 .8  0 .8 2 - 7 .2 4

Bladder 1 11 .6 -4 3 0 .7  3 .6 0 - 1 8 .6

Abbrev ia t ion: ND, not done
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Figure 3 .1 .  Dose-response curves of  the 5 t e s t i c u l a r  and 5 bladder  
tumour c e l l  l ines  to c i s p l a t i n  (A) and adriamycin (B) .  Ce l l  l ines  are 
represented by the fo l low ing  symbols: t e s t i c u l a r  -  SuSa ( □ ) ,  Tera I I  
( O ) ,  NEC-8 ( < > ) ,  T3B1 ( A ) ,  833K ( V ) ;  bladder -  RT112 ( A ) ,  r t 4
( •  ) ,  T24 ( ■ ) ,  HT1197 ( ▼ ) ,  HT1376 ( ♦  ) .  Standard errors  for
in d iv id u a l  points are not shown to  prevent overcrowding the graphs.  
The extent of v a r i a t io n  between experiments is shown in Table 3 .1 .
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DISCUSSION

This study shows that  c e l l  Lines derived from t e s t i c u l a r  germ c e l l  

tumours are hypersensi t ive  to  c i s p l a t i n  and adriamycin,  r e f l e c t i n g  the  

c l i n i c a l  responsiveness of NSGCTs to  chemotherapy. This is  an 

important observation because i t  implies tha t  the s e n s i t i v i t y  of  

NSGCTs is not due to humoral fac to rs  such as blood supply or 

immunogenicity,  as suggested by O l iv e r  (19 85 ) .  I t  is  concluded that  

the chemosensit iv i ty  of  t e s t i s  cancer is due to inherent biochemical  

d i f fe re nce s  between t e s t i s  tumour c e l l s  and c e l l s  der ived from less 

responsive tumour types.

Since th is  work began, two other studies (Oosterhuis et a l ,  1984; Pera 

et a l ,  1987b) have ind ica ted  tha t  t e s t i c u l a r  tumour c e l l s  in v i t r o  are  

hypersensi t ive  to anticancer  agents.  Cel l  l ines  der ived from murine 

and human embryonal carcinomas were compared with c e l l  l ines  derived  

from other murine and human tumours, inc luding c o l o r e c t a l ,  breast and 

bladder cancer (Oosterhuis et a l ,  1984).  I n h i b i t i o n  of colony 

formation by a range of c is p l a t i n  concentrat ions was compared in f i v e  

of the human c e l l  l i n e s .  The two t e s t i s  tumour c e l l  l ines  studied  

(Tera I  and 2102Ep) were more s e n s i t iv e  to i n h i b i t i o n  of colony 

formation by c is p l a t i n  than a melanoma, a colon and a bladder  

carcinoma c e l l  l in e  (T24) (Oosterhuis et a l ,  1984).  The c i s p l a t i n  

s e n s i t i v i t i e s  of three  human t e s t i c u l a r  tumour c e l l  l ines  were 

measured in a colony-forming assay (Pera et a l ,  1987b). Two of the  

three  t e s t i s  c e l l  l ines  were more s e n s i t iv e  to c i s p l a t i n  than normal 

human f ib r o b la s t s  (Pera et a l ,  1987b).

Extending the study described in t h i s  chapter ,  the s e n s i t i v i t i e s  of  

f i v e  human t e s t i c u l a r  tumour c e l l  l ines  and four human bladder cancer  

c e l l  l ines  to  gamma-radiat ion,  and of two t e s t i s  and two bladder c e l l
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Lines to  u .v .  ra d ia t io n  were measured (P a r r is  et a l ,  1988; P a r r i s ,  

1989).  The t e s t i s  c e l l  l ines  were more s e n s i t iv e  to gamma- and u .v .  

r a d ia t io n  than the bladder c e l l  l i n e s .  Further evidence for  the  

h y p e r s e n s i t iv i ty  of t e s t i s  tumour c e l l  l ines  comes from our recent  

experiments comparing the s e n s i t i v i t i e s  of  six t e s t i s  and f i v e  bladder  

tumour c e l l  l ines  to twelve d i f f e r e n t  chemotherapeutic drugs,  

inc luding v in b la s t i n e ,  VP-16,  bleomycin,  methotrexate and 5-  

f l u o r o u r a c i I . On average,  the t e s t i s  c e l l  l ines  were more s en s i t iv e  to  

a l l  the drugs than the bladder c e l l  l i n e s ,  comparing IC50s in an MTT 

assay (Coren et a l ,  1990).  Thus our da ta ,  together  with those of  

Oosterhuis et al  (1984) and Pera et al  (1987b),  in d ica te  tha t  

t e s t i c u l a r  tumour c e l l  Lines are hypersensi t ive  to anticancer agents.

Ce l l  l ines  der ived from t r a n s i t i o n a l  c e l l  carcinomas of the bladder  

have been used throughout these studies as a basis for  comparison.  

M etas ta t ic  bladder cancer is  a tumour type which does respond to  

c is p la t in -b a s e d  chemotherapy (see Chapter 1,  General I n t r o d u c t i o n ) ,  

but responses occur in a smaller  propor t ion  of  p a t ie n ts  than NSGCTs, 

and are g enera l ly  s hor t - te rm .  A g rea te r  d i f f e r e n t i a l  s e n s i t i v i t y  might 

have been observed between t e s t i s  tumour c e l l  l ines  and c e l l  l ines  

derived from r e l a t i v e l y  unresponsive tumours such as colon or kidney 

cancer. However, showing a d i f f e r e n t i a l  s e n s i t i v i t y  in v i t r o  between 

two responsive tumour types,  which d i f f e r  in t h e i r  c u r a b i l i t y  in v iv o ,  

provides stronger evidence for  the s u i t a b i l i t y  of  t h is  model system 

fo r  in v e s t ig a t in g  drug s e n s i t i v i t y .

There are other  s e n s i t iv e  tumour types besides NSGCTs, fo r  example 

c e r t a in  lymphomas and leukemias which have a high response ra te  to  

chemotherapy and are o f ten  cured (see Carter et a l ,  1981).  

Furthermore, small c e l l  lung cancer (SCLC), although r a r e ly  curable
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once advanced, responds i n i t i a l l y  in at least 50% of p a t i e n t s .  

Further work is required to  determine whether panels of  c e l l  l ines  

derived from these responsive tumour types are also hypersensi t ive  to  

chemotherapeutic drugs compared with the more re s is ta n t  tumour types.  

I f  so, th is  would provide f u r t h e r  evidence tha t  c e l l  l ines  der ived  

from s en s i t iv e  tumour types r e t a in  t h e i r  h y p e r s e n s i t iv i t y  _i_n v i t r o ,

and i t  is not jus t  a property  of  t e s t i s  tumour c e l l  l i n e s .  Recent ly ,  

the Nationa l  Cancer I n s t i t u t e  in the US has begun to  use panels of  

c e l l  l ines  derived from d i f f e r e n t  types of  human tumours as a 

p re l im inary  screen fo r  compounds with anti tumour a c t i v i t y ,  prov id ing  

f u r t h e r  support fo r  the use of  continuous c e l l  l ines  as a model system 

fo r  human cancer (Pau l i  et a l ,  1989).

I t  has been suggested that  chemotherapeutic drugs may cure t e s t i c u l a r  

tumours by inducing c e l l  d i f f e r e n t i a t i o n .  D i f f e r e n t i a t e d  teratoma, but 

not EC, is found in the metastases of  some p a t ie n ts  whose primary  

tumours had contained both types of  c e l l s .  This f ind ing  has become

more common since the in t ro d u c t io n  of chemotherapy (Oosterhuis et a l ,

1983).  To assess whether exposure to c is p l a t i n  caused induction of  

d i f f e r e n t i a t i o n  in EC c e l l s  in v i t r o ,  human and murine EC c e l l s  were 

exposed to non-cyto toxic  concentrat ions of c i s p l a t i n  and t h e i r

morphology and antigen expression studied (Oosterhuis et a l ,  1984).

Expression of c e l l - s u r f a c e  d i f f e r e n t i a t i o n  antigens ( s ta g e -s p e c i f ic  

embryonic antigens SSEA-1 and SSEA-3; H2) was unchanged in human and 

murine EC c e l l s  fo l low ing  c i s p l a t i n  exposure.  This jn_ v i t r o  f in d in g  

supports the genera l ly -accepted  view tha t  the presence of res idua l  

d i f f e r e n t i a t e d  teratoma fo l low ing  chemotherapy in vivo is due to  the  

d i f f e r e n t i a l  s e n s i t i v i t y  of EC c e l l s  r e s u l t in g  in the p r e f e r e n t ia l  

k i l l i n g  of  these c e l ls  by chemotherapeutic drugs, and not to induction
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of d i f f e r e n t i a t i o n  in the EC c e l l s  by the drugs (Oosterhuis et a l ,

1983).  From my own da ta ,  there  was no evidence for  morphological  

d i f f e r e n t i a t i o n  in d ru g - t rea te d  t e s t i s  c e l l s .  Furthermore,  i f  

d i f f e r e n t i a t i o n  is associated with a slowing-down of p r o l i f e r a t i o n ,  

there  was no evidence for  th is  in colonies formed fo l lowing treatment  

with c is p l a t i n  -  c e l l s  which survived grew and formed colonies equal 

in s ize  to the contro ls .

P rev ious ly ,  c e l l  l ines  derived from p a t ien ts  with the h e r i t a b l e ,  

cancer-prone syndromes xeroderma pigmentosum (XP),  a t a x i a -  

te la n g ie c ta s ia  (AT) and Fanconi 's anemia (FA) have been used to study 

the mechanisms involved in t h e i r  s e n s i t i v i t y .  Some of these mechanisms 

may also be impl icated  in the d i f f e r e n t i a l  s e n s i t i v i t y  of  t e s t i s  and 

bladder tumour c e l l  l i n e s .  AT c e l l s  are amongst the most 

ra d io se n s i t iv e  of  a l l  human c e l l s  to gamma-radiat ion.  In normal c e l l s ,  

exposure to io n iz in g  r a d ia t io n  resu l ts  in i n h i b i t i o n  of  DNA synthes is ,  

which is be l ieved to al low t ime fo r  rep a i r  of  DNA damage to  occur.  AT 

c e l l s ,  however, f a i l  to i n h i b i t  DNA synthesis fo l low ing  exposure to 

r a d ia t i o n ,  which might con tr ibu te  to  t h e i r  r a d i o s e n s i t i v i t y .  Having 

demonstrated that t e s t i s  tumour c e l l  l ines  were intermediate  in 

s e n s i t i v i t y  to gamma-radiation r e l a t i v e  to a normal f ib r o b la s t  c e l l  

l in e  (MRC5-V1) and an AT c e l l  l in e  (AT5BIVA), P a r r is  et al  (1988)  

measured i n h i b i t i o n  of DNA synthesis fo l lowing gamma-radiation in 

three  t e s t i s ,  th ree bladder and the MRC5-V1 and AT5BIVA c e l l  l in e s .  

There was a pronounced i n h i b i t i o n  of  DNA synthesis in the normal 

f ib r o b la s t s  and a s im i la r  degree of  i n h i b i t i o n  was observed in two of 

the bladder c e l l  l i n e s .  In c o n t ra s t ,  the AT c e l l s  f a i l e d  to i n h i b i t  

DNA synthesis a l t o g e th e r .  The other bladder c e l l  l in e  and the t e s t i s  

c e l l  l ines  showed a s l i g h t l y  reduced a b i l i t y  to  i n h i b i t  DNA synthes is ,  

but th is  was not as marked as in the AT c e l l s .  There was no apparent
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c o r r e la t io n  w i th in  the t e s t i s  and bladder tumour c e l l  l ines  between 

r a d io s e n s i t i v i t y  and i n h i b i t i o n  of DNA synthesis .

F ibroblasts  derived from p a t ie n ts  with the in h e r i t e d  disease XP are  

hypersensi t ive  to u .v .  r a d ia t i o n .  There are two groups of XP c e l l s  

with d i f f e r e n t  u .v .  s e n s i t i v i t i e s  in v i t r o . The most s en s i t iv e  XP 

c e l l s  are d e fe c t iv e  in DNA exc is ion  re p a i r  (summarized in Lehmann et 

a l ,  1977).  The second group, termed XP ' v a r i a n t '  c e l l s  are also  

hypersensi t ive  to  u .v .  r a d ia t io n  compared with normal f i b r o b l a s t s ,  but 

to a lesser extent than the exc is ion r e p a i r - d e f i c i e n t  XP c e l l s .  XP 

' v a r i a n t '  c e l l s  are d e fe c t iv e  in p o s t - r e p l i c a t i o n  re p a i r  (Lehmann et 

a l ,  1977).  The t e s t i c u l a r  tumour c e l l  l ines  studied were as s e n s i t iv e  

to u .v .  ra d ia t io n  as the most u .v .  s e n s i t iv e  XP c e l l s ,  i . e .  those 

which have a defect  in exc is ion  r e p a i r .  The bladder cancer c e l l  l ines  

had a s im i la r  u .v .  response to normal human f ib r o b la s t s  ( P a r r i s ,  

1989).  Thus the response of the two t e s t i s  c e l l  l ines  may be 

c o n tro l led  by a defect  in exc is ion  r e p a i r .  This could be assessed by 

comparing unscheduled DNA synthesis in the t e s t i c u l a r  and bladder  

tumour c e l l  l i n e s ,  using the method described by Bootsma et al  (19 70 ) .

Of the eight t e s t i c u l a r  tumour c e l l  l ines  whose response to c i s p l a t i n  

was s tudied ,  one, NEC-8, was considerably  more re s is ta n t  than the  

others to c i s p l a t i n ,  showing a response which was w i th in  the range of 

the bladder cancer c e l l  l i n e s .  Conversely,  another of the t e s t i s  

tumour c e l l  l i n e s ,  T3B1, showed a response to adriamycin which was 

w ith in  the range of the bladder cancer c e l l  l i n e s .  The f ind ing  that  

not a l l  t e s t i s  tumour c e l l  l ines  are hypersensi t ive  to 

chemotherapeutic drugs might appear to  br ing t h e i r  use as a model 

system into  quest ion.  A l t e r n a t i v e l y ,  i t  may simply r e f l e c t  the 

c l i n i c a l  s i t u a t i o n ,  where a proport ion of  NSGCT p a t ie n ts  are not cured
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by chemotherapy, due e i t h e r  to i n t r i n s i c  or acquired res is ta n ce .  

Furthermore,  the f ind ing  that  one t e s t i s  tumour c e l l  l in e  is re s is ta n t  

to c is p l a t i n  and another is r e s is ta n t  to adr iamycin,  implies tha t  

in d iv id u a l  tumours may have d i f f e r e n t  pa t te rns  of  response to 

d i f f e r e n t  agents,  and a tumour which does not respond to c i s p l a t i n ,  

fo r  ins tance ,  might respond to adriamycin or other chemotherapeutic 

drugs.

However, NEC-8 and T3B1, the t e s t i s  tumour c e l l  l ines  which are the  

most re s is ta n t  to c i s p l a t i n  and adr iamycin,  are also the two 

mycoplasma-contaminated c e l l  l i n e s ,  so i t  is possible  tha t  t h e i r  

increased resis tance might be due to  mycoplasma contamination.  Both 

c i s p l a t i n  and adriamycin bind to DNA, and mycoplasma contain DNA, so 

t h e i r  presence in the cytoplasm of the c e l l s  might provide competit ion  

fo r  c is p l a t i n  or adriamycin which would otherwise have been binding to  

the DNA of the tumour c e l l .  However, the f in d in g  tha t  one c e l l  l i n e  is  

p a r t i c u l a r l y  re s is ta n t  to  c i s p l a t i n  and the other to adriamycin argues 

against t h e i r  res is tance being simply due to mycoplasma contamination.

I t  is possible tha t  the d i f f e r e n t i a l  s e n s i t i v i t y  of the bladder and 

t e s t i s  c e l l  l ines  to  c i s p l a t i n  and adriamycin might be inf luenced by 

the treatment given to the p a t ie n t  from whom they were de r ive d ,  p r io r  

to t h e i r  establ ishment in c u l t u r e .  There are examples of cases where a 

c e l l  l in e  derived from a p a t ie n t  a f t e r  chemotherapy is more re s is ta n t  

than a c e l l  l in e  estab l ished from the same p a t ie n t  before chemotherapy 

( f o r  examples see Wolf et a l ,  1987; de Vr ies et a l ,  1989).  None of the 

bladder c e l l  l ines  were derived from p a t ien ts  who had received p r io r  

chemotherapy, however the p a t ie n t  from whom the RTA bladder cancer 

c e l l  l in e  was derived had received local  radiotherapy  to her tumour 

two years p rev ious ly .  RT4 is the bladder c e l l  l i n e  which is most



r e s is ta n t  to c i s p l a t i n  and adriamycin and th is  may be due to the 

development of c ross -res is tance  to chemotherapeutic drugs fo l lowing  

rad io therapy.  The gamma-radiation responsiveness of t h is  c e l l  l in e  was 

not assessed, but i f  i t  is  also more re s is ta n t  to  gamma-radiation than 

the other bladder c e l l  l i n e s ,  t h i s  would support the suggestion that  

i t s  p r io r  treatment has inf luenced i t s  response as a c e l l  l i n e .

Of the t e s t i s  tumour c e l l  l i n e s ,  three of the eight whose 

s e n s i t i v i t i e s  to c is p l a t i n  were measured were establ ished from 

p a t ien ts  who had prev ious ly  received chemotherapy. Only one germ c e l l  

tumour c e l l  l i n e ,  1618K, was derived from a p a t ie n t  who had received  

c is p la t in -b a se d  combination chemotherapy (see Table 2 . 2 ) ,  and i t  was 

the most re s is ta n t  to c i s p l a t i n ,  i f  the two mycoplasma-contaminated 

c e l l  l ines  are excluded. The p a t ie n ts  from whom Tera I I  and 833K were 

der ived had also received p r io r  chemotherapy, but not adriamycin or 

c i s p l a t i n .

In conclusion,  the f in d in g  tha t  a panel of t e s t i c u l a r  tumour c e l l  

l ines  a re ,  on average,  hypersens i t ive  to  two chemotherapeutic drugs 

r e l a t i v e  to a panel of c e l l  l ines  derived from a less curable type of 

tumour supports t h e i r  use as a model system fo r  studying the molecular  

basis of  drug s e n s i t i v i t y .
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CHAPTER 4.  BIOLOGICAL CHARACTERISTICS OF TESTICULAR TUMOUR CELL LINES

AND COMPARISON WITH BLADDER CANCER CELL LINES 

INTRODUCTION

Having shown that  t e s t i s  tumour c e l l  Lines are hypersensi t ive  to  

c i s p l a t i n  and adriamycin in v i t r o ,  r e f l e c t i n g  the c u r a b i l i t y  of  such 

tumours in p a t i e n t s ,  I  then studied c e r t a in  b io lo g ic a l  c h a r a c te r is t ic s  

of ten continuous c e l l  l ines  derived from human NSGCTs. The c e l l  l ines  

were t ransplanted in to  nude mice to in v e s t ig a te  t h e i r  tum or igen ic i ty  

and determine whether the morphology of the xenografts corresponded to 

tha t  of  NSGCT. Isozyme analys is  was used to  confirm a human o r i g i n  fo r  

the c e l l  l ines  and to determine whether each c e l l  l i n e  was derived  

from a d i f f e r e n t  in d iv id u a l .

There is an associat ion between short volume doubling times in tumours 

and high response rates to chemotherapy (Skipper and P e r ry ,  1970; 

Shackney et a l ,  1978).  There fo re ,  to determine whether there was an 

associat ion between growth ra tes  and drug s e n s i t i v i t i e s  in v i t r o ,  some 

of the growth p roper t ies  of  the t e s t i c u l a r  and bladder tumour c e l l  

l i n e s ,  inc luding  populat ion doubling t imes,  'S ' -phase  f r a c t io n s  by 

f low cytometry,  i n t e r m i t o t i c  t imes,  c e l l  death rates and colony-  

forming e f f i c i e n c i e s ,  were measured. S i m i l a r l y ,  DNA p lo idy  was 

compared.

There have been a number of  stud ies descr ib ing the c h a r a c t e r is t i c s  of 

human NSGCT c e l l  l ines  (see reviews by Andrews, 1988; Andrews et a l ,

1987).  These studies did not s tandardize cu l tu re  c ond i t ions ,  in 

contrast  to my work. Furthermore, most of  these studies were concerned 

with d i f f e r e n t i a t i o n  of t e s t i s  tumour c e l l s  in v i t r o ,  and not t h e i r  

s e n s i t i v i t y  to drugs.
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RESULTS

1. Tumorigenic ity  in nude mice

The a b i l i t y  of the t e s t i s  c e l l  l ines  to  form tumours in nude mice and 

t h e i r  re su l t in g  morphology are summarized in Table 4 .1 .  Five of  the  

eight t e s t i s  c e l l  l ines  studied were tumorigenic ,  with d i f f e r i n g  

' t a k e '  rates and latency t imes.  Haematoxyl in and eosin stained

sections of the xenografts were examined by a h is topatho log is t

s p e c ia l i z in g  in u ro lo g ic a l  cancers,  who described them a l l  as 

e p i t h e l i a l  tumours, consistent with an o r ig in  from t e s t i c u l a r  tumours.  

Some of the xenografts showed evidence of d i f f e r e n t i a t i o n ,  with areas 

resembling seminoma in T3B1, HL and GCT27, and yolk sac tumour in 

T3B1.

2. Isozyme and DNA analys is

The isozyme p r o f i l e s  of  seven of the t e s t i s  c e l l  l ines  d i f f e r e d  at  one

or more of the loc i  studied (shown in Table 4 . 2 ) ,  in d ic a t in g  th a t  each

is derived from a d i f f e r e n t  in d i v i d u a l .  The p r o f i l e s  also d i f f e r e d

from that  of  HeLa, in d ic a t in g  tha t  the c e l l s  are not cross-

contaminated with t h is  c e l l  l i n e .  The isozyme p r o f i l e s  of NEC-8, HL

and GH were i d e n t i c a l  at the loci  s tud ied ,  so in order to determine

whether these c e l l  l ines  were cross-contaminated,  DNA analys is  was

car r ie d  out.  DNA analys is  is based on the 'DNA f i n g e r p r i n t 1 technique

estab l ished by J e f f rey s  et a l  (1985a and b ) . Probes which recognise

highly  polymorphic regions of DNA ( lo c u s -s p e c i f ic  m i n i s a t e l l i t e

probes) have been cloned (Wong et a l ,  1987).  The p r o b a b i l i t y  of  two

unre lated  in d iv id u a ls  having the same DNA banding p a t te rn  at the locus
4

recognised by AMS31 is approximately 2 in 10 ,  assuming no mutations  

have occurred (Wong et a l ,  1987 ) ,  whereas the p r o b a b i l i t y  of them 

having the same isozyme pat terns  at  the 13 loci  commonly used is about 

2.5  in 100 (Povey et a l ,  1976).  H yb r id iza t io n  of  DNA from GH, HL and
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NEC-8 with the ^MS31 probe (F igure 4 .1 )  showed tha t  NEC-8 was d i s t i n c t  

from HL and GH, but the La t te r  two c e l l  Lines had identicaL bands, 

showing that cross-contaminat ion had occurred.

3.  Growth c h a r a c te r is t i c s

The popuLation doubLing times (PDTs),  i n t e r m i t o t i c  times ( IM Ts) ,  ceLL 

death ra te s ,  coLony-forming e f f i c i e n c i e s  (CFEs) and proport ion of  ' S' — 

phase ceLLs in the te s t ic u L a r  and bLadder ceLL Lines are shown in 

TabLe 4 .3 .  PDTs ranged from 18 to 38 hours in the te s t icu L a r  ceLL 

Lines,  compared with 21 to  61 hours in the bLadder ceLL Lines.  Thus 

there  is extensive overLap between the two groups of ceLLs with  

respect to t h e i r  PDTs. The mean PDT fo r  the t e s t i s  Lines is 26 .6+2 .2  

hours (mean±SE), whiLe fo r  the bLadder Lines the mean PDT is  3 4 .3 ±7 .3  

hours.

IMTs were obtained using t ime-Lapse cinemicroscopy. IMTs ranged from 

19 to 32 hours,  with a mean of 2 4 .4 ±1 .4  hours,  in the t e s t i s  Lines,  

and from 17 to 47 hours,  with a mean of 3 0 .6±7 .0  hours,  in the bLadder 

Lines.  Thus there  was extensive  overLap between the two groups of ceLL 

Lines.  CeLL death r a t e s ,  obtained from the proport ion of  ceLLs dying 

during the f i r s t  two generations of  ceLLs anaLysed fo r  IMTs, ranged 

from 2% to 47% fo r  the t e s t i s  ceLL Lines,  and 0.5% to 36% for  the 

bLadder ceLL Lines.  Again there  was overLap between the t e s t i s  and 

bLadder ceLL Lines with respect to  ceLL death r a t e .

Both groups of ceLL Lines had a wide range of CFEs. These ranged from 

6% to  48%, with a mean of 16+5% in the t e s t i s  ceLL Lines,  and from 7% 

to 87%, with a mean of 39±15% in the bLadder ceLL Lines.  The 

proport ion of  'S ' -phase ceLLs, studied at the same t ime as DNA pLoidy 

using fLow cytometry,  was d i f f i c u L t  to assess in the t e s t i s  and
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bladder c e l l  l i n e s .  The values obtained were only rough 

approximations,  and ranged from 38% to  52% in the t e s t i s  l i n e s ,  and 

from 6% to 38% in the bladder l i n e s .  Although the t e s t i s  c e l l  l i n e s ,  

on average,  have higher 'S ' -phase f r a c t i o n s ,  the u n r e l i a b i l i t y  of  the 

data means that  th is  f in d in g  should be in te rp re te d  with caution.

In order to f in d  out whether there  was a r e la t io n s h ip  between 

chemosensi t iv i ty  and growth ra te  in t e s t i c u l a r  and bladder tumour 

c e l l s  l i n e s ,  the re su l ts  presented in t h is  chapter were combined with 

the data on c i s p l a t i n  and adriamycin s e n s i t i v i t y  from Chapter 3.  These 

are presented together  in Table 4 .4  and are discussed l a t e r .

4. DNA plo idy

P lo idy is expressed as the DNA index,  i e .  the amount of  DNA in each of 

the c e l l  l ines  r e l a t i v e  to the normal d ip lo id  content ,  taken as a 

value of 1. Ploidy  leve ls  ranged from 1.1 to  1 .7  in the t e s t i s  c e l l  

l i n e s ,  and from 1.1 to 2 .4  in the bladder c e l l  l i n e s .  The mean DNA 

index for  the t e s t i s  c e l l  l ines  was 1 .3 3 ± 0 .0 8 ,  and fo r  the bladder  

l i n e s ,  1 .78 ±0 .20 .  Again there  is  over lap ,  RT112 having a s im i la r  

p lo idy  leve l  to the m a jo r i ty  of  the t e s t i c u l a r  c e l l  l i n e s ,  and 1618K 

having a s im i la r  p lo idy  leve l  to the m a jo r i ty  of  the bladder c e l l  

I i nes.

5. Mycoplasma screening

Eight of the t e s t i s  c e l l  l i n e s ,  and a l l  the bladder c e l l  l i n e s ,  were 

co n s is ten t ly  negative  fo r  mycoplasma contamination.  However, two of 

the t e s t i s  c e l l  l i n e s ,  T3B1 and NEC-8, were i n t e r m i t t e n t l y  p o s i t iv e  

and consequently were examined in less d e t a i l  in order to avoid 

possible  contamination of  other  c e l l  l i n e s .
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6.  Morphology of t e s t i s  c e l l  Lines in v i t r o

The morphologies of the t e s t i s  l i n e s ,  growing under the same c u l tu re
2

condit ions in 25 cm f l a s k s ,  were examined under phase contrast  

mi croscopy.

SuSa: polygonal c e l l s ,  tending to  form colonies with very t i g h t l y -

packed c e l ls  in the centre .  I f  cu l tures  are l e f t  without passaging,  

the centres of colonies tend to  l i f t  o f f  as hollow spheres or 

cyl inders  and f l o a t  away in the medium.

Tera I :  sparse,  spindle-shaped c e l l s ,  d i f f i c u l t  to main ta in ,  and would 

not form colonies on p l a s t i c .

Tera I I :  immediately a f t e r  passaging cu l tures  consist  mainly of

spindle-shaped c e l l s ;  as they become more c onf lue n t ,  areas of  t i g h t l y -  

packed cuboidal  c e l l s  predominate.

NEC-8: polygonal,  evenly-spaced c e l ls

T3B1: polygonal,  regular ly -packed c e l l s ,  tending to form more t i g h t l y -  

packed colonies as they become conf luen t .

833K: polygonal c e l l s ,  evenly-packed colonies .

1618K: la rg e ,  evenly-packed cuboidal  c e l ls  in the centres of  co lon ies ,  

surrounded by loosely -packed,  spindle-shaped c e l l s .

GH/HL: polygonal c e l l s  forming d is c re te  colonies .

GCT27: Most c e l l s  are cubo ida l ,  with cytoplasmic p r o je c t io n s ,  while

some are long and s lender .  A l l  have prominent n u c l e o l i .
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Table 4 . 1 .  Tumor igenic ity  and xenograft  histopathology of the t e s t i s
tumour c e l l  l ines

c e l l  number number of  tumours xenograft  hi stopathology
I in e  of  mice and time from inoc-

u la t io n  to resection

T e r a l l  3M, 3F 1 (4 months) U n d i f f e r e n t ia te d  e p i t h e l i a l  tumour

T3B1 3F 3 (3 -5  weeks) P o o r l y - d i f f e r e n t i a t e d  e p i t h e l i a l  
tumour with a high m i to t ic  ra te .  
Some areas consist  of c e l l s  with 
regular  nuclei  and d i s t i n c t  
n u c l e o l i ,  resembling seminoma. 
Other areas have a microcyst ic  
p a t t e r n ,  resembling yolk sac 
elements.

1618K 4M 3 (3 -4  months) U n d i f f e r e n t i a t e d ,  anap last ic  e p i th ­
e l i a l  tumour resembling teratoma.  
Cel ls  have a high m i to t ic  r a t e ,  
with pleiomorphic and hyperchromat- 
i c nuc l e i .

HL/GH 3F, 5M 1 (2 months) Very a n a p la s t i c ,  e p i t h e l i a l  tumour 
consis t ing of  c e l l s  with regular  
nuclei  and d i s t i n c t  n u c l e o l i ,  
resembling seminoma

GCT27 3F,  3M 1 (9 months) U n d i f f e r e n t i a te d  e p i t h e l i a l  tumour.  
Some areas consist  of c e l ls  
arranged in sheets with scattered  
mult inuc lea ted  giant c e l l s ,  
resembling seminoma. Other areas 
consist  of  c e l l s  with pleiomorphic  
n u c l e i ,  resembling u n d i f f e r e n t i a t e d  
tera toma.

833K 3F,  6M 0

NEC-8 3F 0

SuSa 3F,  2M 0

Abbreviat ions: F, female M, male
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Table 4 .2 .  Isozyme p r o f i l e s  of  the t e s t i c u l a r  tumour c e l l  l ines

Ce l l  enzyme loci
l in e

PGM1 PGM3 GOTm GOTs ESD ADA ACP1 GLO PGP

Tera I 1 ba ND ND 2 1 ND 2-1 ND

Tera I I 1 a ND ND 2 2 ND 1 ND

SuSa 1 a ND ND 2-1 1 ND 2 ND

NEC-8 1 a ND ND 1 1 ND 2 ND

T3B1 1 a ND ND 1 1 ND 1 ND

833K 1 ba 1 ND 1 1 A 1 ND

1618K 2-1

b>a

a 1 ND 1 1 BA 2 ND

HL 1 a 1 ND 1 1 BA 2 ND

GH 1 a 1 1 1 1 ND 2 1

GCT27 1 ND 0 0 ND 1 ND 2 1

Abbrevi a t i  ons:

PGM1 and 3: f i r s t  and t h i r d  loci  of phosphoglucomutase; GOTm and s:
mitochondrial  and soluble  glutamate-oxa loace ta te  transaminase; ESD:
esterase D; ADA: adenine deaminase; ACP1: f i r s t  locus of acid
phosphatase; GLO: g lyoxa lase;  PGP phosphoglycolate phosphatase; ND:
not done.
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Table 4. 3.  Growth c h a r a c t e r is t i c s of the te s t  i cular and bladder tumour
c e l l  l ines

Cel l PDT IMT % c e l l % CFE %'S'-phase DNA
l in e ±SE (h) +SE (h) death ±SE cells±SE i ndex

Test i  s

SuSa 2 7 .7 ± 1 .3 2 8 .5 ± 1 .2 7 5 .6+0 .9 48±4 1.1

Tera I 38 .4+1 .3 31 .7 +1 .6 7 - ND ND

Tera I I 30 .8+0 .9 23 .1+0 .7 9 5.8+1.1 43±7 1.3
* *

NEC-8 17.7 2 2 .4 ± 1 .1 20 26.1±4 .3 ND ND

T3B1 18.4 19 .2+0 .6 28 48 .3±4 .2 ND ND

833K 23.2+1.0 19 .7+0 .7 2 13.0±2 .0 44±3 1.3

1618K 32 .1±1 .8 22 .8+0 .9 9 9 .6 ± 1 .8 40 1.7

HL 24.5±2.1 20 .1+0 .8 21 11 .1±2 .5 38 1.2

GH 25.2+0.6 24 .1+1 .2 37 12.2±3 .5 42±2 1.3

GCT27 25.7+1.9 2 8 . 5±1.1 47 9.0+2.1 52 1.3

Bladder

RT112 21.6+0.1 21.0+1.1 2 5 5 . 3±6.4 28±3 1.1

RT4 37 - - 6 .9 ± 0 .6 22±2 1.8

T24 21 17 0.5 87 .0+10 .3 6±1 1 .8

HT1197 61 47 36 9 .1 ± 0 .8 38 1.8

HT1376 31 37 .5+1 .5 3 38 .3 ±2 .0 30 2.4

Abbrevi a t i  ons:

PDT, populat ion doubling time SE, standard er ro r
CFE, colony-forming e f f i c ie n c y  IMT, i n t e r m i t o t i c  time
ND, not done 
★

IMT and c e l l  death data derived from one generat ion only;  Tera I  did 
not form colonies on p l a s t i c ;  RT4 forms such t ig h t ly -p a c k e d  colonies  
tha t  IMT and % c e l l  death could not be obtained.
Bladder PDT (RT4, T24,  HT1197, HT1376),  IMT and c e l l  death (T24,
HT1197) data were obtained from Masters et a l  ( 1 9 86 ) ,  and informat ion  
about inte i—experimental  v a r i a t i o n  was not a v a i l a b l e .
DNA plo idy  leve ls  are the means of two separate experiments;  the 
maximum v a r ia t io n  between experiments was ± 0 . 1 ,  so SEs are not shown. 
Because of the d i f f i c u l t y  in measuring proport ion of 'S ' -phase c e l l s ,  
some of the 'S ' -phase data is derived from one experiment only .
Data on HL is not included in c a lc u la t io n s  of  mean values in the t e x t .
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Table 4 . 4 .  Growth c h a r a c t e r is t i c s  and c i s p l a t i n  and adriamycin 

s e n s i t i v i t i e s  of t e s t i s  and bladder tumour c e l l  l i n e s .

Cel l  
I i ne

PDT
(h)

IMT
(h)

%cel I 
death

CP
IC70

(ng/ml)

ADR
IC70

(ng/ml)

%CFE %'S'
phase

DNA
inde;

Test i s

SuSa 28 28 7 24 0 .8 6 48 1.1

Tera I 38 32 7 ND ND - ND ND

Tera I I 31 23 9 19 1.1 6 43 1.3

NEC-8 18 22 20 161 2.1 26 ND ND

T3B1 18 19 28 60 7 .2 48 ND ND

833K 23 20 2 21 1 .2 13 44 1.3

1618K 32 23 9 42 ND 10 40 1.7

GH 25 24 37 23 ND 12 42 1.3

GCT27 26 28 47 21 ND 9 52 1.3

Bladder

RT112 22 21 2 214 12 55 28 1.1

RT4 37 - - 431 19 7 22 1.8

T24 21 17 0 .5 159 12 87 6 1 .8

HT1197 61 47 ' 36 112 4 9 38 1.8

HT1376 31 37 3 118 10 38 30 2 .4

Abbrevi a t i  ons:

PDT, populat ion doubling time  
IMT, i n t e r m i t o t i c  time 
CP, c i s p l a t i n  
ADR, adriamycin
IC70,  concentrat ion required to i n h i b i t  c e l l  s u r v iv a l  by 70% 
CFE, colony forming e f f i c i e n c y  
ND, not done
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F i g u r e  4 . 1 .  A u t o r a d i o g r a p h  o f  GH, HL, NEC-8 and HeLa DNA h y b r i d i z e d  

w i t h  /\ MS31 h y p e r v a r i a b l e  p r o b e .
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DISCUSSION

The a b i l i t y  of  c e l ls  of a continuous c e l l  l in e  to  form tumours when

inoculated subcutaneously in to  immunodeficient animals is  evidence for  

t h e i r  continued tu m o r ig e n ic i ty .  However, the ' t a k e '  ra te  v a r ie s ,  and 

some w e l l -c h a ra c te r i z e d  tumour c e l l  l ines  are unable to produce 

tumours on xenotransplanta t ion  (Freshney,  1983; Masters et a l ,  1986).  

For instance,  f i v e  cross-contaminated sublines of the bladder c e l l

l in e  T24,  which had been growing in d i f f e r e n t  l a b o ra to r ie s  for  long

per iods ,  d i f f e r e d  in t h e i r  tu m o r ig e n ic i ty  (Masters et a l ,  1986).  I t  is

possible  that the immunogenicity of  the c e l l s ,  e s p e c ia l ly  c e l l - s u r f a c e  

antigen expression,  may change depending on the c u l tu re  condi t ions or 

the time in c u l tu r e .  Although lacking in T - c e l l s ,  c ongen i ta l ly  athymic 

nude mice do have n a tura l  k i l l e r  c e l l s ,  which might enable them to  

recognise some human tumour c e l l s  as f o r e i g n ,  and re je c t  them 

(Hildemann et a l ,  1981).

In the present study,  f i v e  of  the e ight c e l l  l in e s  examined produced 

tumours, with d i f f e r i n g  take r a t e s .  Tera I I  and! HL/GH had very low 

take ra te s ,  only 1 /6  and 1 /8  nude mice producing tumours,  

re s p e c t iv e ly .  Tera I I  has been xenografted p re v io u s ly ,  and take rates  

on s .c .  inocu la t ion  in to  nude mide ranged from 1 / 7  (Jewett ,  1978) to  

3 /3  (Andrews et a l ,  1984 ) ,  r e f l e c t i n g  the d i f fe r e n c e s  that  can be 

obtained with the same c e l l  l i n e .  T3B1 had a high take ra te  in the 

present study,  a l l  the mice producing tumours w i t h in  3-5 weeks of 

in o c u la t io n .  Tumours developed in 3 /4  mice inocu la te d  with 1618K in 

the present study,  and reached approximately 1 cm diameter w i th in  4 

months of  in o c u la t io n .  This is a higher take ra te  than tha t  described  

prev ious ly  (Vogelzang et a l ,  1 983 ) ,  in which 4 /12  athymic mice 

produced tumours w i th in  50 days of in o c u la t io n .  Xenografts were 

produced in 1 /6  mice inocula ted  with GCT27 in the present study,  with
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a Long Latency period (9 months). In an e a rL ie r  study,  30% of nude 

mice formed tumours when inocuLated with GCT27, with a median Latency 

period of 14 weeks (Pera et aL,  1987a) .  Using nude mice given whoLe 

body i r r a d i a t i o n  immediateLy before tumour inocuLat ion ,  a higher take 

ra te  (62%) and shorter  Latency period (5 weeks) were obtained for  

GCT27 (SchLappack et aL, 1988 ) ,  in d ic a t in g  that  immunosuppression of 

nude mice may f a c i L i t a t e  xenograft  production.

The xenografts produced in the present study re ta ined  some of the  

histoLogicaL fea tures  associated with NSGCTs. Previous studies have 

shown t h a t ,  comparing the histoLogy of xenografts derived from ceLL 

Lines with the histoLogy of the or ig inaL tumours, many t e s t i s  ceLL 

Lines have Lost t h e i r  capaci ty  fo r  d i f f e r e n t i a t i o n  (see review by 

Andrews et aL,  1987).  Most xenografts consist of ceLLs with the 

morphoLogy of u n d i f f e r e n t i a t e d  embryonaL carcinoma ceLLs (EC ceLLs).  

Tera I I ,  GCT27 and 1618K are exceptions -  they show some somatic 

d i f f e r e n t i a t i o n  (Andrews et aL,  1984; 1987; Pera et aL,  1987a) .  For 

example, GCT27 was derived from a tumour conta in ing u n d i f f e r e n t i a t e d ,  

d i f f e r e n t i a t e d ,  yoLk sac and seminomatous elements (Pera et aL,  87a; 

SchLappack et aL,  1988; see TabLe 2 . 1 ) .  The xenograft  obtained in the 

present study consisted of  areas of  u n d i f f e r e n t i a t e d  and seminomatous 

eLements, but no evidence of somatic d i f f e r e n t i a t i o n .  EarLy-passage 

cuLtures ( i e .  Less than 15 passages) of  GCT27 produced xenografts with  

evidence of d i f f e r e n t i a t i o n  -  consis t ing of  EC ceLLs with somatic 

eLements incLuding squamous, cuboidaL and gLanduLar e p i th e L ia ,  bone, 

car t iLage  and ceLLs s ta in in g  fo r  AFP and HCG (Pera et aL, 1987a).  

CeLLs from Later passages produced xenografts consist ing soLeLy of 

monomorphic ceLLs resembLing EC (Pera et aL,  1989).  This suggests that  

the number of passages, or the time in cuLture,  can infLuence extent
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of d i f f e r e n t i a t i o n  of  xenograf ts .  The GCT27 c e l l s  in our laboratory  

are used between passages 58 and 67 ,  which may exp la in  why, l i k e  Pera 

et a l  (1 9 8 9 ) ,  the xenograft  produced in the present study shows L i t t l e  

evidence of d i f f e r e n t i a t i o n .

Although d i f f e r e n t i a t i o n  has been described in one xenograft  derived  

from Tera I I  (Andrews et a l ,  198 3 ) ,  xenografts produced from t h i s  c e l l  

l in e  usual ly  consist  of  EC c e l l s  (Je w et t ,  1978; Andrews et a l ,  1984).  

The h is t o lo g ic a l  appearance of  the xenograft  produced in the present  

study co r re la te s  with the l a t t e r  d e s c r ip t io n .  The one tumour produced 

from Tera I I  which contained d i f f e r e n t i a t e d  elements,  described by 

Andrews et a l  ( 1 9 8 3 ) ,  was r e -e s ta b l ish e d  in c u l t u r e ,  producing the  

c e l l  l in e  designated NTera2. Clonal l ines  were der ived from NTera2,  

and xenografts of  these clones consist  of EC c e l l s  plus various  

somatic t i s s u e s ,  mainly n e u ra l ,  but also muscular and glandular  

s t ru c tu re s ,  showing that  c e l l  l i n e s ,  o r i g i n a l l y  der ived from Tera I I ,  

have re ta ined the capacity  fo r  somatic d i f f e r e n t i a t i o n  (Andrews et a l ,

1984).

The morphology of the xenografts  produced by 1618K in an e a r l i e r  study 

depended on whether the c e l l s  had prev ious ly  been growing in the  

presence or absence of a feeder la y e r .  Ce l ls  growing on mitomycin c-  

t r e a te d  human embryonic lung f ib r o b la s t s  produced tumours in athymic 

mice which consisted of  EC c e l l s  plus w e l l - d i f f e r e n t i a t e d  e p i t h e l i a l  

c e l l s  arranged in glands (Vogelzang et a l ,  1983).  In c o n tra s t ,  1618K 

c e l l s  growing in the absence of feeders produced xenografts  consist ing  

of pure EC (Vogelzang et a l ,  1983).  The tumours produced by 1618K, 

also growing without fe ed ers ,  in the present study,  consisted of 

u n d i f f e r e n t ia t e d  e p i t h e l i a l  c e l l s  resembling teratoma,  which is  

consistent with the EC of the American c l a s s i f i c a t i o n  system. This

87



suggests that the growth condit ions immediately p r io r  to  inocu la t ion  

of c e l l  l ines  in to  nude mice can a f f e c t  the extent  of  d i f f e r e n t i a t i o n  

of the re s u l t in g  tumours. Growth on feeder c e l l s  may enable t e s t i s  

tumour c e l l  l ines  to r e t a in  more of  the d i f f e r e n t i a t e d  features  of  

t h e i r  tumours of  o r i g i n ,  which are then expressed when the c e l ls  are  

xenograf ted.  Establ ishment and maintenance of fu tu re  t e s t i s  tumour 

c e l l  l ines  on feeder layers may increase the chances of developing

c e l l  l ines  which are useful  fo r  studies of d i f f e r e n t i a t i o n  and

embryonic development.

Of the three c e l l  l ines  which were non-tumorigenic in t h is  study,  SuSa 

previously  did not produce tumours in nude mice soon a f t e r  i t s  

establ ishment (Hogan et a l ,  1977).  833K produced tumours in nude mice 

(Andrews et a l ,  1980; 1987 ) ,  as did NEC-8, fo l low ing  inocu la t ion  in to  

the cheek pouches of immunosuppressed hamsters,  and i . p .  in to  

i r r a d i a t e d  nude mice (Yamamoto et a l ,  1979; Motoyama et  a l ,  1987).  As 

in the present study,  no tumours were produced when NEC-8 was 

inoculated s .c .  in to  u n i r r a d ia te d  nude mice (Motoyama et a l ,  1987).  I f  

p r io r  i r r a d i a t i o n  had been given in t h is  study to immunosuppress the  

animals ,  take rates might have been h igher ,  and c e l l  l ines  such as

NEC-8 and 833K which were not tumorigenic in t h is  study,  but have been 

in o th e rs ,  might have produced tumours.

The sex of the host animal may c ontr ibute  to tu m o r ig e n ic i ty . 

I n i t i a l l y ,  female nude mice were used in t h is  study,  but subsequently  

males were used, in the b e l i e f  t h a t ,  since the c e l l  l ines  were 

t e s t i c u l a r  in o r i g i n ,  male hormones might f a c i l i t a t e  the growth of

xenografts .  Furthermore,  Jewett (1978) used male nude mice for

xenograft ing fresh t e s t i s  tumours to avoid problems with the HY

antigen system, so again ,  immunogenicity may be involved.  However, in
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the present study,  the re su l ts  are inconclus ive; only two tumorigenic  

l ines  were inoculated in to  both males and females,  and one of these 

grew in a male and the other  in a female.

Isozyme analys is  is used to i d e n t i f y  cross-contaminat ion between c e l l  

l ines  and to in d ica te  the species of  o r i g i n .  The phenotypes of  several  

polymorphic enzymes have been shown to be s tab le  when comparing human 

tumour c e l l  Lines with normal c e l l s  from the p a t ie n t  of  o r ig in  (Wright  

et a l ,  1979).  Furthermore,  human tumour c e l l  l ines  grown for  many 

years in d i f f e r e n t  la b o ra to r ie s  have s tab le  phenotypes (Povey et a l ,  

1973).  DNA analys is  using lo c u s -s p e c i f ic  hypervar iab le  probes is a 

more powerful  technique for  d is t in g u is h in g  between in d iv id u a ls  than 

isozyme a n a ly s is ,  and is  replacing isozyme analys is  as a method for  

d is t in g u ish in g  human c e l l  l i n e s .  In t h i s  study,  a combination of 

isozyme and DNA analys is  shows t h a t ,  except fo r  GH and HL which were 

estab l ished  in the same la b o ra to ry ,  each of the t e s t i s  c e l l  l in e s  is  

derived from a d i f f e r e n t  i n d i v i d u a l ,  and they are not cross-  

contaminated.  The i d e n t i t i e s  of  the bladder c e l l  l ines  were prev ious ly  

estab l ished  (Masters et a l ,  1986; 1988 ) .  As y e t ,  i t  is not known 

whether the cross-contaminat ion of GH and HL occurred before or a f t e r  

a r r i v a l  in our la b o ra to ry ,  but the o r ig in a t o r s  are sending me fu r th e r  

c e l l s  to check t h is  p o in t .  P re v io u s ly ,  f i v e  human bladder cancer c e l l  

l i n e s ,  claimed to be d i s t i n c t ,  were shown to have been cross­

contaminated in other l a b o ra to r ie s  with T24 (Masters et a l ,  1986;

1988).

Because of the apparent c l i n i c a l  assoc ia t ion  between fas t  growth rate  

and c u r a b i l i t y  of tumours (Skipper and P er ry ,  1970; Shackney et a l ,  

1978) ,  I  inv es t iga te d  whether a s im i la r  c o r r e la t io n  exis ted between 

growth k in e t ic s  and chemosensi t iv i ty  in the t e s t i s  and bladder c e l l
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Lines.  Comparing PDTs, there  is  over lap between the two groups of c e l l  

Lines: from 18 to  38 hours for  the t e s t i c u l a r  c e l l  Lines,  and 21 to  61 

hours for  the bladder c e l l  Lines.  Because PDT only gives a measure of  

the o v e ra l l  growth r a t e ,  and does not assess the doubling times of 

in d iv id u a l  c e l l s ,  nor takes account of  the na tura l  c e l l  death r a t e ,  

IMTs were studied using t im e- lapse  cinemicroscopy. This gives a 

precise  value for  the time in d iv id u a l  c e l l s  take to d i v id e ,  and 

fo l lows them through successive d i v is io n s .  IMTs were ca lcu la ted  from 

c e l l s  fol lowed for  2 ,  3 or 4 genera t ions ,  except fo r  NEC-8, which was 

only fol lowed for 1 genera t ion .  They range from 19 to 32 h fo r  the  

t e s t i s  l i n e s ,  and from 17 to  47 h fo r  the bladder l i n e s .  Thus, l i k e  

the re su l t  fo r  PDT, there  is  no cleai—cut d i f fe re n c e  between the 

t e s t i c u l a r  and bladder c e l l  l ines  which might account fo r  t h e i r  

d i f f e r e n t i a l  chemosensi t iv i ty .

O v e r a l l ,  there  is a good c o r r e l a t i o n  between the two measures of 

growth ra te  (PDT and IMT) in the t e s t i s  and bladder tumour c e l l  l in e s .  

Comparing PDT and IMT in in d iv id u a l  c e l l  l i n e s ,  however, they d i f f e r  

in some cases. For example, several  of the c e l l  l ines  have f a s t e r  IMTs 

than PDTs. This would be expected in c e l l  l ines  which have a high c e l l  

death r a t e ,  because PDT only assesses the o v e r a l l  doubling t ime of the  

whole popula t ion ,  and takes no account of c e l l  loss.  This is 

demonstrated by the bladder c e l l  l in e  HT1197. However, there  are other  

cases where a high c e l l  death ra te  is not associated with a d i f fe re n c e  

between PDT and IMT, such as GCT27. In th is  c e l l  l i n e ,  IMT is  longer 

than PDT, which is an unexpected r e s u l t .  The reasons are unknown, but 

may be due to the condi t ions under which the c e l l  l ines  were grown for  

the two assays. For the PDT assay,  c e l l s  were p la ted  at r e l a t i v e l y  

high i n i t i a l  d e n s i t ie s  and PDT was measured between the two t ime  

points  on a growth curve which gave the fa s te s t  increase in c e l l
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numbers. Thus th is  method of measuring growth ra te  selects  fo r  the  

t ime at which the c e l ls  are fa s tes t -g ro w in g .  In c o n t ra s t ,  c e l ls  were 

pla ted  at lower d en s i t ie s  fo r  the measurement of  IMT. In order to be 

able to fo l low c e l l s  using t im e- lapse  cinemicroscopy, there must be 

gaps between in d iv id u a l  c e l l s  or small groups of c e l l s ,  which they can 

d iv ide  and move into  during the course of  photographing them. Thus i f  

they are density-dependent ,  c e l l s  might be growing more slowly during  

IMT measurement. Furthermore,  the c e l l s  which are fol lowed are not 

selected for  fas t  growth,  and IMT measurements commonly include c e l ls  

with IMTs of 50 to 60 hours.

Relat ing growth ra te  to chemosensi t iv i ty  in in d iv id u a l  c e l l  l i n e s ,  the  

bladder cancer c e l l  l ines  RT112 and T24 have s im i la r  PDTs and IMTs to  

the t e s t i c u l a r  tumour c e l l  l ines  SuSa and 833K, but RT112 and T24 are 

7-10 times more r e s is ta n t  to c i s p l a t i n ,  and 10-15 times more re s is ta n t  

to adriamycin ,  comparing IC70s. With in the two groups of c e l l  l ines  

there  is also no associat ion between growth ra te  and s e n s i t i v i t y .  For 

example, HT1197 is the slowest-growing of a l l  the bladder c e l l  l i n e s ,  

with the longest PDT and IMT, yet i t  is the most s e n s i t iv e  to

c i s p l a t i n  and adriamycin.  Within the t e s t i c u l a r  c e l l  l i n e s ,  T3B1 is

one of the fa s te s t -g ro w in g ,  with a PDT of 18 hours and an IMT o f  19 

hours,  yet i t  is the least s e n s i t iv e  of  the t e s t i s  c e l l  l ines  to  

c i s p l a t i n .

D i fferences in c e l l  death rates between d i f f e r e n t  tumour types might 

contr ibute  towards c u r a b i l i t y .  High c e l l  loss rates have been 

associated with high p r o l i f e r a t i o n  rates (Mala ise  et a l ,  1973).

According to the stem c e l l  theory fo r  tumour c e l l  growth,  i f  a tumour

in vivo has a high ra te  of loss of the d i f f e r e n t i a t e d  'end'  c e l l s ,  

t h i s  w i l l  increase the net proport ion of  stem c e l l s ,  and make the
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tumour more d i f f i c u l t  to cure.  Ce l l  death rates ranged from 2% to  47% 

fo r  the t e s t i c u l a r  c e l l  l i n e s ,  and from 0.5% to 36% fo r  the bladder  

c e l l  l in e s .  There was no c o r r e la t io n  between c e l l  death ra te  and the 

growth rates of  the c e l l  l i n e s ,  measured as PDT or IMT. Thus there  is 

no evidence to support the f ind ings  of Malaise et a l  (1973 ) .  Cel l  

death rates are d i f f i c u l t  to c a lc u la te  a cc u ra te ly ,  because some of the  

slower-growing c e l ls  in the populat ion w i l l  not be included i f  they 

have not div ided by the end of the f i l m ,  increasing the apparent

proport ion of dead c e l l s  in l a t e r  generations.  In order to minimize 

th is  e r r o r ,  c e l l  death was c a lc u la ted  from the percentage of c e l ls  

dying as a proport ion of  the t o t a l  number of  c e l l s  analysed in the

f i r s t  and second generations.

I f  c e l l s  are d i f f e r e n t i a t i n g  in c u l t u r e ,  t h is  might be seen as an 

increasing proport ion  of  slow-growing c e l l s  or c e l l s  which f a i l  to

d iv id e .  The proport ions of  f i r s t  and second generation c e l l s  which had

not div ided before the end of the f i lm  were analysed for  each c e l l  

l i n e .  Three c e l l  l ines  had apparently  high proport ions  of such c e l l s :  

Tera I  and GH ( t e s t i s )  and HT1376 (b la d d e r ) .  However, when in d iv id u a l  

c e l l s  which f a i l e d  to d iv id e  by the end of the f i lm  were analysed,  

very few, i f  any, had been fol lowed long enough that  t h e i r  times 

without d iv id in g  exceeded the maximum IMT of the c e l ls  which had 

d iv id e d .  Thus there  was no evidence for  a subpopulat ion of 

' d i f f e r e n t i a t e d '  c e l l s  with very long IMTs, or which f a i l e d  to  d iv id e ,  

in any of  the c e l l  l i n e s .  In order to study whether,  as has been 

suggested,  chemotherapy induces the d i f f e r e n t i a t i o n  of  t e s t i s  tumour 

c e l l s ,  i t  would be necessary to t r e a t  c e l l s  with a low concentrat ion  

of drug e .g .  an IC10 concentra t ion ,  wash i t  o f f  and fo l low the c e l ls  

using time lapse cinemicroscopy. I f  a subpopulat ion was observed which
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did not d ie ,  but d iv ided very slowly or not at a l l ,  there  would be 

evidence for  drug-induced d i f f e r e n t i a t i o n .  I t  would be necessary to  

fo l low  the c e l l s  fo r  a longer t ime than was done in t h is  study.

There is a wide v a r i a t i o n  in the CFEs of the t e s t i s  and bladder c e l l  

l i n e s .  CFEs are dependent on c u l tu re  condit ions -  fo r  instance,  when 

t e s t in g  batches of serum before  buying a new ba tch,  some are unable to  

support colony formation by the t e s t i s  and bladder c e l l  l ines  te s te d .  

Serum concentrat ion may also a f f e c t  CFEs. We use 5% serum, which is  a 

lower concentrat ion than is commonly used fo r  growth of human t e s t i s  

tumour c e l l s ,  and may reduce t h e i r  CFEs. Thus c u l tu re  condit ions can 

cause v a r ia t io n  in CFEs, which we minimize by growing bladder and 

t e s t i s  c e l l  l ines  under id e n t i c a l  c ond i t ions ,  but I  fe e l  i t  would be 

unwise to attempt to c o r r e la te  CFEs with any of the other growth 

c h a r a c t e r is t i c s .  In s p i te  of changes in c u l tu re  cond i t ions ,  the CFE of  

GCT27 (9%) in the present study is i d e n t i c a l  to that o r i g i n a l l y  

described (Pera et a l ,  1987a).  Then, the c e l ls  were growing in 

Dulbecco's modified Eagle 's  medium (DMEM) supplemented with 10% FCS 

and 1 ^jg/ml hydrocort isone .

'S ' -phase f ra c t io n s  of the bladder c e l l  l ines  had been measured
3

previously  using the l a b e l l i n g  index ( L I )  method. C FGthymidine uptake 

in to  DNA-synthesising c e l l s  is measured fo l lowing a 15 minute exposure 

(Masters et a l ,  1986).  'S ' -phase values obtained using the two methods 

d i f f e r e d .  For example, T24 had an LI  of  51%, but an 'S ' -phase f r a c t io n  

of 6% using f low cytometry.  T24 is a fast-growing c e l l  l in e  and on 

t h is  basis a r e l a t i v e l y  high S-phase would have been expected.  The 

reasons for  the low re su l t  on three  separate occasions using flow 

cytometry are unknown. I f  the S-phase c e l l s  of  T24 were p a r t i c u l a r l y  

s e n s i t iv e  to t r y p s in i z a t i o n  r e l a t i v e  to c e l l s  at other phases of  the
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c e l l  c yc le ,  th is  might account fo r  the observed low S-phase value .  To

study th is  point  f u r t h e r ,  i t  w i l l  be necessary to measure the S-phase

f ra c t io n s  of the t e s t i s  and bladder c e l l  l ines  using a l t e r n a t i v e  
3

methods, such as C HUthymidine uptake or BrdUrd uptake.

DNA plo idy  leve ls  measure the amount of  DNA in c e l l s  of  a tumour or a 

c e l l  l i n e .  The amount of  DNA ranged from 1.1 to 1 .7  times the normal 

d ip lo id  leve l  in the t e s t i s  c e l l s ,  and from 1.1 to  2 .4  times the  

normal d ip lo id  leve l  in the bladder c e l l s .  Again,  there  is ov er la p ,  

RT112 having a s im i la r  lev e l  to  most of  the t e s t i s  l i n e s ,  and 1618K 

having a s im i la r  leve l  to  most of  the bladder l i n e s .  The amount of  DNA 

present in the nucleus of  a c e l l  may in f luence  s e n s i t i v i t y  to drugs 

such as c is p l a t i n  and adriamycin which bind to DNA. At the same

c i s p l a t i n  concentra t ion ,  a c e l l  which has less DNA may be more

s en s i t iv e  to the cytotox ic  e f f e c t s  of  c i s p l a t i n  than a c e l l  with more 

DNA, because the damage might be more concentrated over a smaller  

amount of DNA, and less e a s i l y  re p a i re d .  This does not seem to be 

c o n tr ibu t ing  to d i f f e r e n t i a l  s e n s i t i v i t y ,  because of the over lap  

between the two types of  c e l l s :  fo r  example, the RT112 bladder c e l ls  

have a lower p lo idy  leve l  than f i v e  t e s t i s  c e l l  l i n e s ,  but are more

re s is ta n t  to c is p l a t i n  than any of these t e s t i s  l i n e s .

Cultures of  the t e s t i c u l a r  c e l l  l ines  at high c e l l  densi ty  a l l  have a 

t y p i c a l  e p i t h e l i a l  appearance,  but w i th in  t h i s ,  each of the c e l l  l ines

has a c h a r a c t e r is t i c  morphology. In areas of lower c e l l  d e n s i ty ,  some

of the c e l l  l ines  take on a more f i b r o b l a s t o id  appearance. This

behaviour is t y p ic a l  of e p i t h e l i a l  c e l l s ,  and not s p e c i f ic  to t e s t i s  

tumour c e l l s .  Morphology of tumour c e l l  l ines  is h ighly  dependent on 

cu l tu re  condit ions (Freshney,  1983).  Despite t h i s ,  the t e s t i s  c e l l

l ines  in our laboratory  r e t a in  the morphological fea tures  described in
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the l i t e r a t u r e .  SuSa c e l l s  showed a tendency fo r  colonies to p i l e  up 

in the centre and form chains of e p i t h e l i a l  ves ic les  which f lo a te d  o f f  

in to  the medium (Hogan et a l ,  1977).  When sectioned and s ta ined ,  these  

were composed of c e l ls  resembling the u n d i f f e r e n t ia t e d  e p i t h e l i a l  

c e l l s  of  the o r i g i n a l  tumour (Hogan et a l ,  1977).  SuSa c e l ls  in our 

laborato ry  showed a s im i la r  tendency,  but th is  was minimized by 

regular  passaging and add i t ion  of  fresh medium. Tera I  and Tera I I  are 

the least e p i t h e l i o i d  of  a l l  the l in e s .  Tera I I  was previously  

described as consist ing of  elongated c e l l s  which formed monolayers 

with smooth, w e l l -d e f in e d  c e l l  boundaries (Andrews et a l ,  1980).  Under 

our c u l tu re  cond i t ions ,  Tera I I  c e l l s ,  when sparse,  are elongated,  but 

with increasing time a f t e r  passage, form areas of  t ig h t l y - p a c k e d ,  

cuboidal  c e l l s .  Clones of the subline NTera2 (described above) can be 

induced to d i f f e r e n t i a t e  by exposure to  re t in o ic  a c id .  Ce l ls  have the  

morphological  appearance of neurons and express neurofi lament  

polypept ides (reviewed by Andrews, 1988) .  In another t e s t i s  c e l l  l i n e ,  

2102Ep, morphological  d i f f e r e n t i a t i o n  can be induced simply by 

changing the cu l tu re  condi t ions (Andrews, 1988).  Furthermore,  a c lonal  

l in e  derived from GCT27 spontaneously d i f f e r e n t i a t e s  in the absence of  

feeder c e l ls  in to  c e l l s  with fea tures  s im i la r  to extraembryonic  

endoderm, and neurons. However, morphological  d i f f e r e n t i a t i o n  in 

v i t r o  r a re ly  occurs to the extent to which i t  is seen in NSGCTs, or in 

some xenografts .  This may be due to  the s e lec t ion  process which occurs 

when a c e l l  l in e  is estab l ished  in v i t r o ; c e l l s  which are able to  grow 

on p l a s t i c  may not be the m u l t ip o t e n t ia l  stem c e l l s ,  or i t  may be due 

to c u l tu re  condi t ions; growth as a monolayer may not f a c i l i t a t e  

d i f f e r e n t i a t i o n ,  and 3-D contacts may be required .

In summary, I  have shown that  human t e s t i c u l a r  tumour c e l l  l ines  are  

hypersensi t ive  to  c is p l a t i n  and adriamycin compared with human bladder
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cancer c e l l  Lines.  In s p i te  of  an in vivo c o r r e la t io n  between fast  

growth ra te  and c hem osens i t iv i ty ,  no such re la t io n s h ip  was observed in 

t h i s  study,  measuring growth ra te  as PDT or IMT. Xenografts of the  

t e s t i c u l a r  tumour c e l l  l ines  re ta ined  some of the h is t o lo g ic a l  

fea tures  associated with NSGCTs, and isozyme analys is  confirmed t h e i r  

human o r i g i n .  Since the d i f f e r e n t i a l  s e n s i t i v i t y  of  the t e s t i s  and 

bladder c e l l  l ines  was not due to d i f fe re n ce s  in growth r a t e ,  other  

p o t e n t i a l  fac to rs  c o n t r o l l in g  s e n s i t i v i t y  were s tud ied .  F i r s t l y ,  the  

amount of  c i s p l a t i n  binding to i t s  t a r g e t ,  DNA, was compared in t e s t i s  

and bladder tumour c e l l  l i n e s .
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CHAPTER 5. COMPARISON OF CISPLATIN BINDING TO DNA IN TESTICULAR AND

BLADDER TUMOUR CELL LINES 

INTRODUCTION

The aim of t h is  study was to f in d  out whether d i f fe rences  in the  

amount of drug binding to  i t s  ta rg e t  might contr ibute  to d i f f e r e n t i a l  

s e n s i t i v i t y  of  t e s t i c u l a r  and bladder tumour c e l l s .  The work presented  

in Chapters 3 and 4 showed tha t  t e s t i s  tumour c e l l  l ines  are 

hypersensi t ive  to c i s p l a t i n  and adriamycin compared with bladder  

cancer c e l l  l ines  and tha t  they provide a model system with which to  

in v e s t ig a te  the mechanisms c o n t r o l l in g  d i f f e r e n t i a l  s e n s i t i v i t y .

C is p la t in  is be l ieved to exert  i t s  cytotox ic  act ion  through binding to  

DNA (Roberts and Thomson, 1979).  Previous studies had examined the  

re la t io n s h ip  between c ispla t in-DNA binding and s u rv iv a l  in human c e l l s  

( f o r  example Fraval et a l ,  1978; Pera et a l ,  1981; reviewed by Roberts 

et a l ,  1986a) .  These studies ind ica ted  that some c e l l  types are more 

s e n s i t iv e  than others to DNA-bound c i s p l a t i n  and that  th is  may be due 

to d i f fe re n c e s  in t h e i r  DNA re p a i r  c a p a c i t ie s .  However, when th is  

study began, there  were no data published comparing c ispla t in-DNA  

binding in t e s t i c u l a r  tumour c e l l s  with other c e l l  types.

The amount of plat inum bound to  DNA in the 833K t e s t i c u l a r  c e l l  l in e  

and the RT112 bladder c e l l  l i n e  a f t e r  a 1 hour exposure to a range of  

c i s p l a t i n  concentrat ions was measured using atomic absorption  

spectrophotometry (AAS) (see Chapter 2 ,  Section 6 ) .  Ce l l  s urv iv a l  was 

assessed at the same c i s p l a t i n  concentrat ions and under the same 

cond i t ions ,  using a colony-forming assay (see Chapter 2,  Sections 4.c  

and 6 ) .
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RESULTS

The amounts of  pla t inum CPt) bound to  DNA (expressed as nmoles P t /g

DNA) in  833K and RT112 c e l l s  are shown in  Figure 5 . 1 .  Results are the

means and SEs of 4 separate  exper iments .  The amount of  p lat inum bound 

increases l i n e a r l y  with  inc reas ing  c i s p l a t i n  concentra t ion  (1 0 ,  25 and 

50 pM, ie  3 ,  7 .5  and 15 p g / m l ) .  At the same c i s p l a t i n  c o n centra t ions ,

s im i l a r  amounts of  pla t inum are bound to  DNA in  833K and RT112 c e l l s

(F igure  5.1 and Table 5 . 1 ) .  Combining data from a l l  the  p o in t s ,  2 .9  +

0 .2  nmol Pt are bound/g DNA/pM c i s p l a t i n  s o lu t io n  a f t e r  a 1 hour 

exposure.

Dose-response curves of  833K and RT112 in a colony-forming assay 

c a r r ie d  out in p a r a l l e l  to  the b inding assays are shown in Figure 5 . 2 .  

In  t h i s  assay,  th e re  is  a 2 . 8 - f o l d  d i f f e r e n c e  in c i s p l a t i n  s e n s i t i v i t y  

between 833K and RT112, comparing mean IC90s ( c i s p l a t i n  concentra t ion  

required to reduce s u r v iv a l  to  10% o f  the c o n tro l  l e v e l ) .  The mean 

IC90 fo r  833K was 8 . 7  pM ( 2 . 6  pg/ml)  and fo r  RT112 was 23 .3  pM (7 .0  

p g /m l ) .  The mean IC90s are s i g n i f i c a n t l y  d i f f e r e n t  when compared using  

a S tudent 's  unpaired t  t e s t  (P < 0 .0 0 2 ) .  For 833K, the amount of  

plat inum bound to  DNA at an IC90 c i s p l a t i n  concentra t ion  is  

approximate ly  26 nmol P t /g  DNA, whereas fo r  RT112 i t  is  67 nmol P t /g  

DNA, g iv ing  a 2 . 6 - f o l d  d i f f e r e n c e  in  the amount of  c isp la t in -DNA  

binding at the same le v e l  of  c e l l  k i l l .
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Table 5 .1 .  Platinum binding and su rv iva l  in 833K and RT112 c e l l s .

c i s p l a t i n  nmol Pt bound/ %_ cel  I
concentrat ion £  DNA ±_ SÊ  su rv iva l

(pM) (jug/ml) ± SE

833K 10 3 36.2  ± 2.2  10.9 ± 4 .4

25 7.5 59.2  ± 10.2 0.61 ± 0 .32

50 15 135.3 ± 19.5 0.004 ± 0.002

RT112 10 3 31.1 ±  10.5 47.3  ± 4 .7

25 7.5 65.3  ± 18.9 7 .0  ± 3 .2

50 15 138.0 + 32.5 1 .0  ± 0 .5
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Figure 5 .1 .  Amount of platinum bound to DNA in 833K ( v )  and RT112 

( A )  c e l l s ,  expressed as nmoles P t /g  DNA. The points show the means + 

SEs of A separate experiments.
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Figure 5 .2 .  Clonogenic s u rv iv a l  of 833K ( v )  and RT112 ( A ) c e l ls

fo l low ing  a 1 hour exposure to 10,  25 and 50 /uM c i s p l a t i n .  The points  

show the means ± SEs of 3 separate experiments.
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DISCUSSION

Cel l  surv iva l  and binding of c is p l a t i n  to DNA were measured in a 

t e s t i c u l a r  and a bladder tumour c e l l  l in e  immediately a f t e r  a 1 hour 

exposure to a range of concentrat ions of c i s p l a t i n .  The t e s t i c u l a r  

tumour c e l ls  were more s e n s i t i v e  to  c i s p l a t i n ,  but at the same drug 

concentrat ions,  s im i la r  amounts of  plat inum were bound in the two c e l l  

l i n e s ,  showing that d i f fe re n c e s  in the i n i t i a l  leve ls  of  binding did  

not account fo r  the d i f f e r e n c e  in response. Comparing the amount bound 

at equi tox ic  concentra t ions ,  an IC90 dose, approximately 2 . 6 - f o l d  less 

drug bound to the DNA was required to  k i l l  the t e s t i c u l a r  tumour 

cel  Is .

At the same time as I  obtained these da ta ,  Pera et a l  (1987b) also  

showed that t e s t i c u l a r  tumour c e l l  l ines  are hypersensi t ive  to a given  

i n i t i a l  amount of c ispla t in-DNA binding compared with other c e l l  

types.  Platinum binding was measured using the same method, AAS. 

Binding and s urv iv a l  were measured in three human t e s t i s  tumour c e l l  

l ines  and f ib r o b la s t s  derived from a p a t ien t  with the in h e r i t e d  

syndrome Fanconi's anemia, which l i k e  XP f i b r o b l a s t s ,  are 

hypersensi t ive  to c i s p l a t i n .  Two of the three  t e s t i s  tumour c e l l  

l i n e s ,  and the FA c e l l s ,  were more s e n s i t iv e  to  c is p la t in - in d u c e d  DNA 

damage than other c e l l  types ,  inc luding normal human f ib r o b la s t s  (Pera 

et a l ,  1981) and Walker ra t  carcinoma c e l l s  (Roberts et a l ,  1986b).  

Thus these data and the re su l ts  presented in t h is  chapter show that  

c e l l s  derived from t e s t i c u l a r  germ c e l l  tumours are more s e n s i t iv e  to  

a given amount of i n i t i a l  binding of c i s p l a t i n  to DNA than c e l l s  

der ived from other tumour types,  and from normal t i s s u e .

While the o v e r a l l  leve ls  of  binding were the same in the t e s t i s  and 

bladder c e l l  l i n e s ,  t h i s  study gives no information about where the
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drug is bound -  i t  may be binding to areas which are important for  

su rv iva l  in t e s t i s  c e l l s  to  a g rea te r  extent than bladder c e l l s .  

Chromatin s t ruc ture  w i l l  c on tr ibu te  to the a c c e s s ib i i t y  of  the DNA to  

c is p l a t i n  and, fur thermore ,  to re p a i r  enzymes. Regions of DNA 

important fo r  su rv iva l  may be b e t t e r  protected in bladder c e l l s  than 

t e s t i s  c e l l s .  However, the f in d in g  th a t  the same amounts of  c is p l a t i n  

were bound to DNA in bladder and t e s t i s  tumour c e l l  l ines  suggested 

th a t  the mechanism(s) c o n t r o l l in g  d i f f e r e n t i a l  s e n s i t i v i t y  are 

operating a f t e r  th is  stage,  and that a b i l i t y  to  rep a i r  DNA damage was 

an important area for  subsequent study.

There is evidence fo r  s e le c t i v e  r e p a i r  of key areas of  DNA fo l lowing  

damage. In human and rodent c e l l s  t re a te d  with u .v .  r a d ia t io n ,  

pyr imidine dimers are removed more ra p id ly  from the d ih y d ro fo la te  

reductase gene than from the DNA as a whole, in d ic a t in g  tha t  there  is  

p r e f e r e n t i a l  re p a i r  of a c t iv e  genes (Bohr, 1987).  I t  is  possible  that  

bladder cancer c e l l s  may be able to  re p a i r  areas important fo r  

surv iva l  f a s te r  or more a ccura te ly  than t e s t i s  tumour c e l l s .  I f  DNA 

re p a i r  over the whole genome was measured using conventional  

techniques,  d i f fe re nce s  in a b i l i t y  to  re p a i r  s p e c i f i c  genes would not 

be picked up. A l t e r n a t i v e l y ,  some c e l l  types may be b e t te r  able to  

t o l e r a t e  lesions in t h e i r  DNA and r e p l i c a t e  past them, subsequently 

re p a i r ing  them by p o s t - r e p l i c a t i o n  re pa i r  (van den Berg and Roberts,  

1975; Fox, 1984).  XP ' v a r i a n t '  c e l l s  are an example of such a c e l l  

type: they are in te rmediate  in u .v .  s e n s i t i v i t y  r e l a t i v e  to excision

repai i—d e f ic ie n t  XP c e l l s  and normal f i b r o b l a s t s .  Since the t e s t i s  

c e l l  l ines  were as s e n s i t iv e  to u .v .  as the most s e n s i t i v e ,  excision  

r e p a i r - d e f i c i e n t  XP c e l l s ,  evidence so fa r  suggests tha t  they are more 

l i k e l y  to be exc is ion r e p a i r - d e f i c i e n t  than p o s t - r e p l i c a t i o n  r e p a i r -
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d e f i c i e n t .  We have undertaken studies on DNA re p a i r  in bladder and 

t e s t i s  c e l ls  and these are discussed in Chapter 8 ,  General Discussion.

In c o n t ra s t ,  i f  the amount of  c i s p l a t i n  bound to DNA had been greater  

in the s en s i t iv e  t e s t i s  tumour c e l l  l in e  than the r e s is ta n t  bladder  

c e l l  l i n e ,  th is  f ind ing  would have suggested tha t  the mechanism(s) 

c o n t r o l l in g  s e n s i t i v i t y  were operat ing before the drug had bound to 

i t s  t a r g e t .  In t h is  case,  important areas fo r  fu r t h e r  study would have 

been uptake of c i s p l a t i n  and binding to  other i n t r a c e l l u l a r  molecules 

besides DNA -  p a r t i c u l a r l y  g lu ta th ione  (GSH) and m e ta l lo th io n e in .  

Binding of c i s p l a t i n  to GSH or m e ta l lo th ione in  would in a c t i v a t e  the 

drug and prevent i t  from binding b i f u n c t i o n a I l y  to DNA. Increased 

leve ls  of GSH and m e ta l lo th io n e in  have been impl ica ted  as res is tance  

mechanisms in c e l l  l ines  in which c i s p l a t i n  resis tance has been 

induced in v i t r o  (Hamilton et a l ,  1985; Andrews et a l ,  1986; Teicher  

et a l ,  1987) .  However, although these fac tors  have not been 

inves t iga te d  d i r e c t l y ,  the data presented here suggest th a t  they do 

not contr ibute  to the d i f f e r e n t i a l  s e n s i t i v i t y  of t e s t i c u l a r  and 

bladder tumour c e l l s ,  since at the same c i s p l a t i n  concentrat ions the 

same amounts are bound to  DNA.

AAS has been c r i t i c i z e d  as a method fo r  measuring c i s p l a t i n  binding

because i t  requires  r e l a t i v e l y  high concentrat ions of  c i s p l a t i n  to be

used for  the binding to be measurable.  However, in t h i s  study,  the two

Lower concentrat ions used (10 and 25 juM c i s p l a t i n ,  equ iva lent  to 3 and

7 .5  jug/ml) gave leve ls  of  c y t o t o x ic i t y  commonly measured in colony-

forming assays. Thus t h i s  c r i t i c i s m  is not v a l i d .  Another way of

measuring the amount of  c i s p l a t i n  bound to DNA is  to incubate c e l l s  in
195m

medium containing la b e l le d  drug (C P t U c i s p l a t i n ) ,  e x t ra c t  the DNA 

and measure the amount of  label  in the DNA by s c i n t i l l a t i o n  counting.
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We used th is  method to compare binding in two bladder cancer c e l l

l i n e s ,  RT112 and T24 (Bedford et a l ,  1987a) .  Roughly s im i la r  values

for  binding of c i s p l a t i n  to DNA in RT112 c e l l s  were obtained using the
195m

two d i f f e r e n t  methods. Using C P t H c i s p l a t i n ,  a value for  binding of  

1 .9  nmol Pt/g  DNA/pM was obta ined,  compared with a value of 2 .9  nmol 

Pt /g  DNA/pM obtained using AAS.

A t h i r d  method which also gives a value fo r  the i n i t i a l  amount of  

c i s p l a t i n  bound to DNA is  measurement of  s p e c i f i c  c isplat in -DNA  

adducts using ant ibodies  raised against them, in a compet it ive ELISA 

assay (Fichtinger-Schepman et a l ,  1985).  The amounts of  four s p e c i f ic  

Pt-DNA adducts were measured in two t e s t i s  (833K and SuSa) and one 

bladder (RT112) c e l l  l in e  in order to study in t ra s t ra n d  cross l ink ing  

(Bedford et a l ,  1988; discussed in Chapter 8 ,  General Discussion) .  

Binding was measured fo l low ing  exposure to  a s ing le  c is p l a t i n  

concentra t ion ,  16.7 pM (5 p g /m l ) .  In t h i s  case,  binding at 16.7 pM 

c i s p l a t i n  did not c o r r e la te  with my atomic absorption data presented  

here,  or with c y t o t o x i c i t y .  Comparing i n i t i a l  binding le v e ls ,  833K 

bound twice as much plat inum as SuSa, and RT112 was inte rmediate  

between these two. However, the t o t a l  amount bound was obtained by 

adding the amounts present as the four d i f f e r e n t  adducts,  so any 

errors  associated with measurement of each of the adducts would have 

been compounded. Furthermore,  the l in e a r  r e la t io n s h ip  between 

c i s p l a t i n  concentrat ion and DNA binding adds support fo r  the AAS d a ta ,  

whereas the ELISA data is derived from a s ingle  c i s p l a t i n  

concentrat ion.  However, despite  the d i f f e r e n t  methods used and 

p o s s i b i l i t i e s  for  e r r o r ,  the absolute leve ls  of  platinum binding were 

of the same order:  57 nmol P t /g  DNA fo r  833K and 33 nmol Pt/g  DNA fo r  

RT112 using the ELISA assay,  compared with 46 nmol Pt/g  DNA fo r  833K 

and RT112 using AAS, at a c i s p l a t i n  concentrat ion of 16.7 pM.
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Data from a number of  other  model systems also suggest tha t  c e l l  types  

which are hypersensi t ive  to drugs and ra d ia t io n  have s im i la r  leve ls  of  

i n i t i a l  c ispla t in-DNA binding compared with more re s is ta n t  c e l l s .  

Comparing s u rv iv a l  of  f i b r o b la s t s  from an in d iv id u a l  with the ion is ing  

r a d ia t i o n - s e n s i t i v e  syndrome XP with normal human fo e ta l  lung 

f i b r o b l a s t s ,  at a given lev e l  of  DNA binding the XP c e l l s  were fo u r ­

fo ld  more s e n s i t iv e  (Frava l  et a l ,  1978).  A marked d i f fe re n ce  in 

c y t o t o x ic i t y  r e l a t i v e  to the amount of platinum bound was also

observed in the Walker 256 ra t  carcinoma model. The w i ld - ty p e  (WS)

c e l l s  are extremely s e n s i t iv e  to b i f u n c t io n a l  agents (Roberts et a l ,  

1984).  I d e n t i c a l  amounts of  plat inum (10 nmol P t /g  DNA) were bound to  

DNA in both c e l l  l ines  immediately a f t e r  a 1 hour exposure to 5 /jM 

c i s p l a t i n .  This resu l ted  in s urv iv a ls  of  60% in the Walker r e s is ta n t  

c e l l s  and 0.01% in the Walker s e n s i t i v e  c e l l s  (Roberts et a l ,  1986a).

Thus I  have shown that t e s t i s  tumour c e l l  l ines  are hypersensi t ive  to  

c i s p l a t i n  r e l a t i v e  to bladder cancer c e l l  l ines  and that  th is  is  not 

due to d i f fe re n c e s  in the amount of  c i s p l a t i n  binding to i t s  ta rg e t  in 

833K and RT112. This f in d in g  suggests tha t  the mechanisms c o n t r o l l in g  

s e n s i t i v i t y  in t e s t i s  c e l l s  operate a f t e r  c i s p l a t i n  has bound to DNA,

and may involve d i f fe re n ce s  in DNA re p a i r  c apac i ty .
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6
CHAPTER 6^ 0 -ALKYLGUANINE-DNA ALKYLTRANSFERASE ACTIVITY I_N HUMAN

TESTICULAR AND BLADDER TUMOUR CELL LINES

INTRODUCTION

In order to determine whether t e s t i s  and bladder tumour c e l l  l ines
6

d i f f e r  in t h e i r  a b i l i t y  to re p a i r  the DNA lesion 0 -a lk y Ig u a n in e ,
6

leve ls  of the s p e c i f ic  enzyme which removes t h i s  adduct,  0 -

a IkyIguanine-DNA a Iky I t ra n s fe ra s e  (ATase),  were measured. The 

s e n s i t i v i t i e s  of the bladder and t e s t i c u l a r  tumour c e l l  l ines  to  

nit rosoureas  were also assessed. ATase repairs  DNA damage caused by

methylat ing and c h lo ro e th y la t in g  anti tumour agents such as

procarbazine ,  BCNU and CCNU and thus plays a ro le  in determining the  

response of tumour c e l l s  to these agents (reviewed by Yarosh, 1985; 

Fox and Roberts,  1987; Margison and O'Connor, 1989).

6
Removal of 0 -a lk y Ig u a n in e  from DNA was demonstrated in E. col i

(Lawley and Orr ,  1970) and mammalian c e l l  ex t rac ts  (Pegg and Hui,

1978) and the re p a i r  mechanism has since been e lu c id a te d .  In both
6

prokaryotes and eukaryotes,  an a lk y l  group is t ra n s fe r r e d  from the 0 

pos i t io n  of  guanine to a cyste ine residue in the a c t iv e  s i t e  of  the

ATase. Each enzyme molecule can remove one a lk y l  group and is i t s e l f

in a c t iv a te d  in a ' s u ic id e '  react ion  (Olsson and L in d a h l ,  1980).  In E. 

c o l i ,  methylat ing  agents such as MNNG t r i g g e r  an adaptive  response,  

increasing t r a n s c r ip t io n  of  the ATase gene ada (reviewed by Lindahl et 

a l ,  1988).  Less is known about re gu la t ion  of the mammalian enzyme, but 

i t  is inducib le  in some c e l l s  (Laval and La va l ,  1984; reviewed by

S a f f h i l l  et a l ,  1985; Yarosh, 1985).  The E. co l i  ada gene has been

cloned by several  groups. When t ra n s fe c ted  in to  a number of d i f f e r e n t  

mammalian c e l l  types which lack ATase, i t  confers resis tance to the

cytotox ic  and mutagenic e f f e c t s  of  a l k y l a t in g  agents such as
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methylnit rosourea (MNU) and chLoroethyInitrosoureas  (CNUs) (reviewed

by Margison and O'Connor, 1989).

In  vi vo,  ATase Levels vary widely between species,  between 

i n d iv id u a ls ,  and between t issues (reviewed by D ' In c a lc i  et a l ,  1988).  

ATase is present in a l l  normal human t issues studied (see ta b le  in 

D ' In c a lc i  et a l ,  1988 ) ,  leve ls  ranging from 67 fmol/mg p ro te in  in 

bra in  to 485 fmol/mg p ro te in  in l i v e r  (Gerson et a l ,  1986).  Human 

tumours contain ATase, but the leve ls  f re q u en t ly  d i f f e r  from the

corresponding normal t issues  (reviewed by Yarosh, 1985; D ' In c a lc i  et 

a l ,  1988).  For example, a tw o - fo ld  higher lev e l  of  ATase a c t i v i t y  was 

found in a human bladder tumour compared with normal bladder c e l ls  

from the same pa t ien t  (290 fmol/mg p ro te in  in the tumour, 140 fmol/mg 

p ro te in  in normal t i s s u e )  (Myrnes et a l ,  1984).  In c o n t ra s t ,  some 

tumours have s i g n i f i c a n t l y  less a c t i v i t y  than normal t i s s u e s ,  a fa c to r  

which might be exp lo i ted  by t r e a t i n g  such p a t ien ts  with CNUs. However, 

data from two studies showed tha t  only 3 out of  24 (Myrnes et a l ,  

1984) and 2 out of 6 (Kyrtopoulos et a l ,  1984) tumours had 

s i g n i f i c a n t l y  lower ATase a c t i v i t y  than the normal t i s s u e .

Continuous c e l l  l ines  a lso vary in t h e i r  ATase a c t i v i t y .  Ce l ls  which

lack ATase have been designated Mer . The Mer phenotype was

o r i g i n a l l y  defined by the s p e c i f ic  i n a b i l i t y  of c e l l s  to r e a c t i v a t e

MNNG-damaged adenovirus 5 (Day et a l ,  1980a) but now applies  ge n era l ly
6

to c e l l s  which are d e f i c i e n t  in re p a i r  of 0 -a lk y Ig u a n in e .  The Mer

phenotype has been found in about 20% of human tumour c e l l  l ines

studied (Day et a l ,  1983).  S t ra ins  of the hamster-derived c e l l  l ines

V79 and CHO, and of the human c e l l  l in e  HeLa, are usual ly  Mer . V79

c e l l s  express ATase at a lev e l  of 2 -4  fmol/mg p r o te in .  V i r a l  (SV40)
+

transformat ion  of  Mer human f i b r o b l a s t  c e l l  l ines  o ften  produces Mer
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c e l l s ,  which are more s e n s i t iv e  to k i l l i n g  by MNNG than t h e i r

untransformed parenta l  l ines  (Day et a l ,  1980b). Since human tumours
+

appear to be Mer ,  i t  is  possible  tha t  ATase can be lost during  

establ ishment of c e l l  l ines  in v i t r o  (Fox and Roberts,  1987).

+
Mer c e l l  l ines  are commonly re s is ta n t  to the cytotox ic  e f fe c ts  of

mono- and b i fu n c t io n a l  methylat ing and c h lo ro e th y la t in g  agents.  The

ATase enzyme is thought to reduce the c y t o t o x ic i t y  of  agents such as
6

the c l i n i c a l l y - u s e d  CNUs by removing an a lk y l  group from the 0

po s i t io n  of  guanine before in te rs t ra n d  crossl inks  can be formed (Kohn,

1977; Erickson et a l ,  1980a; 1980b).  Evidence tha t  a lk y la t io n  at the 
6

0 pos i t ion  of  guanine is cytotox ic  comes from studies in which the

endogenous ATase is dep le ted ,  e i t h e r  by p r io r  exposure of c e l ls  to
6

non-toxic  doses of  a l k y l a t in g  agents,  or by exposure to 0 -

methyIguanine. These pre - t reatments  increase the s e n s i t i v i t y  of  the

c e l l s  to subsequent treatment with a lk y l a t in g  agents (Gibson et  a l ,
6

1986; Gerson et a l ,  1988).  Further evidence that  0 -a Iky Igua n in e  in

DNA is  cytotox ic  comes from t r a n s fe c t io n  of  the b a c t e r ia l  ada gene,

or i t s  truncated d e r iv a t i v e s ,  in to  various Mer mammalian c e l l s .

Clones with high ATase a c t i v i t y  are more r e s is ta n t  to MNU and

ch lorozo toc in ,  but not to  MMS or HN2. MNU and chlorozotoc in produce
6 6 

high levels  of 0 -methyIguanine and 0 -ch lo roe thy Igua n ine ,
6

re s p e c t iv e ly .  In c o n t ra s t ,  MMS and HN2 cause very l i t t l e  0 -

s u b s t i tu t io n  (see review by Fox and Roberts,  1987).  These data provide  
6

evidence that 0 -methyIguanine is  a cytotox ic  les ion in mammalian 

c e l l s .

MNU was chosen for  t h is  study because i t  is a monofunctional
6

methylat ing agent ,  producing 0 -methy Iguanine,  but not c ro s s l in k s ,  in 

DNA. I t  is a potent mutagen, te ratogen and clastogen.  MNU underwent
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c l i n i c a l  t r i a l s  in the USSR s t a r t i n g  in 1966 and ob je c t iv e  responses 

were observed in 38% of p a t ie n ts  ( 4 7 /1 2 2 ) ,  p a r t i c u l a r l y  pa t ien ts  with 

lung cancer and Hodgkin's disease (Emanuel et a l ,  1974).

Mitozolomide (M—B 39565) (Stevens et a l ,  1984) is  be l ieved to be a

prodrug for  a c h lo r o e t h y l t r i a z e n e ,  which acts l i k e  a CNU (Gibson et

a l ,  1984).  I t  is be l ieved that  CNUs k i l l  c e l l s  by i n i t i a l l y  forming a 
6

mono-adduct, 0 -c h lo ro e th y Ig u a n in e ,  which then forms a cross l ink  with  

the cytosine group on the opposite strand of DNA (see review by 

Margison and O'Connor, 1989).  Mitozolomide is  highly a c t iv e  against a 

range of murine tumour model systems (Hickman et a l ,  1985),  and 

against human tumour xenografts  growing s .c .  in nude mice (Fodstad et 

a l ,  1985).  On the basis of  the p r e c l i n i c a l  r e s u l t s ,  i t  underwent 

c l i n i c a l  t r i a l  against a number of  d i f f e r e n t  s o l id  tumours, in the 

b e l i e f  tha t  i t  might be more e f f e c t i v e  than the CNUs c u r ren t ly  used 

c l i n i c a l l y .  P a r t i a l  responses were obtained in phase I I  t r i a l s  of 

mitozolomide against small c e l l  lung cancer,  melanoma and ovarian  

cancer (Harding et a l ,  1988; 1989 ) ,  but no responses were obtained 

among 15 p a t ien ts  with metasta t ic  bladder cancer (Blackledge et a l ,  

1989).  The major side e f f e c t  was severe,  delayed thrombocytopenia 

which,  together with i t s  d isappointing  lack of c l i n i c a l  a c t i v i t y ,  

resu l ted  in i t  being withdrawn from c l i n i c a l  t r i a l  (G. Blackledge,  

personal communication).

In v i t r o ,  mitozolomide produced a 7 - f o l d  g reater  c y t o t o x ic i t y
-  +

(comparing IC50s) in Mer compared with Mer c e l l s ,  which c orre la te d

with the presence of DNA in te r s t r a n d  c ross l ink ing  in Mer ,  but not 
+

Mer ,  c e l ls  (Gibson et a l ,  1984; 1985a) .  I t  was chosen for  th is  study 

because i t s  c y to to x ic ty  is be l ieved to be s o le ly  due to  

c h lo ro e th y la t io n  of guanine and c ross l ink  formation ,  and not
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carbamoylat ion,  in contrast  to other  cLin icaLly-used CNUs such as CCNU

(Horgan et a l ,  1983; Sariban et a l ,  1984).  D i f f e r e n t i a l  c y t o t o x ic i t y
+

of carbamoylating CNUs against Mer c e l l s  r e l a t i v e  to Mer c e l l s  is 

lower than non-carbamoylating CNUs, due to  the s e n s i t i v i t y  of  both 

types of c e l ls  to k i l l i n g  by carbamoylation (Sariban et a l ,  1984).

The responses of f i v e  t e s t i c u l a r  and f i v e  bladder cancer c e l l  l i n e s ,  

and the c is p l a t i n - r e s i s t a n t  sublines SuSa-CP and RT112-CP (described  

in Chapter 7 ) ,  to a monofunctional  methylat ing agent (MNU) and a 

cross l ink ing  c h lo ro e th y la t in g  agent (mitozolomide) were assessed using 

the MTT assay,  as described (Chapter 2 ,  Section 4 . d ) .  ATase leve ls  in 

the c e l l  l ines  were measured (see Chapter 2 ,  Section 7 fo r  methods),  

to determi ne whether ATase leve l  c o r re la te s  with n i trosourea  

s e n s i t i v i t y  in these t e s t i c u l a r  and bladder tumour c e l l s .
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RESULTS

S e n s i t i v i t i e s  of  the t e s t i s  and bladder c e l l  l ines  to NINU and 

mitozolomide (expressed as IC 5 0s ) ,  and ATase leve ls  (expressed as fmol 

ATase/mg p ro te in )  are shown in Table 6 .1 .

The t e s t i c u l a r  c e l l  l ines  were more s e n s i t iv e  to MNU and mitozolomide  

than the bladder c e l l  l i n e s .  Comparing the means of a l l  the IC50s,  the  

t e s t i s  c e l l  l ines  were 3 . 8 - f o l d  more s e n s i t i v e  to MNU, and 4 . 1 - f o l d  

more se n s i t iv e  to mitozolomide,  than the bladder c e l l  l in e s .  The means 

are  s i g n i f i c a n t l y  d i f f e r e n t  (P<0.01) fo r  both MNU and mitozolomide,  

using a Mann-Whitney U te s t  (Chapter 2 ,  Section 9 ) .  IC50

concentrat ions of MNU ranged from 1 .2  to  28 /ug/ml fo r  t e s t i s ,  and 54 

to 67 jug/ml fo r  bladder c e l l  l in e s .  IC50 concentrat ions of 

mitozolomide ranged from 0 .3  to 3.1 jug/ml fo r  t e s t i s ,  and 4 .5  to  9 .9  

pg/ml fo r  bladder c e l l  l in e s .  Thus there  was no over lap in IC50s

between the t e s t i s  and bladder c e l l  l in e s .

ATase a c t i v i t y  in 4 out of  5 bladder cancer c e l l  l ines  ranged from 279 

to  603 fmol/mg p r o t e in ,  higher than any of  the t e s t i s  c e l l  l i n e s .  In

c o n t ra s t ,  one bladder c e l l  l i n e ,  HT1197, had an ATase leve l  (11

fmol/mg) which was lower than a l l  the t e s t i s  tumour c e l l  l ines  except 

GCT27 (3 .3  fmol/mg).  ATase a c t i v i t y  in the other 4 t e s t i c u l a r  tumour 

c e l l  l ines  ranged from 39 to 206 fmol/mg p r o te in .

Re la t ing  IC50s to ATase leve ls  in the bladder cancer c e l l  l i n e s ,  

excluding HT1197 there  is some c o r r e la t io n  between s e n s i t i v i t y  and 

ATase l e v e l .  For example, HT1376 has the second highest ATase leve l  of  

a l l  the c e l l  l i n e s ,  and is the most re s is ta n t  to mitozolomide and the 

second most re s is ta n t  to  MNU. In c o n t ra s t ,  HT1197 has a low ATase 

l ev e l  but is r e l a t i v e l y  re s is ta n t  to  MNU and mitozolomide.  RT112 and
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HT1197 have almost i d e n t ic a l  IC50s to both MNU and mitozolomide,  but 

RT112 has 387 fmol ATase/mg p r o t e i n ,  compared with 11 fmol/mg in 

HT1197.

R e la t ing  IC50s to ATase leve ls  in the t e s t i c u l a r  tumour c e l l  l i n e s ,  

there  is some c o r r e la t io n  between s e n s i t i v i t y  and ATase l e v e l .  For 

example, 1618K has the ( j o i n t )  highest ATase leve l  of  a l l  the t e s t i s  

c e l l  l i n e s ,  and is the most re s is ta n t  of a l l  the t e s t i s  c e l l  l ines  to 

MNU and mitozolomide.  GCT27 has the lowest ATase l e v e l ,  and is the  

most se n s i t iv e  to both agents. Between these extremes, the other  

t e s t i s  c e l l  l ines  also show some c o r r e l a t i o n .  However, anomalies 

e x i s t ;  fo r  example, 1618K and Tera I I  have s im i la r  IC50s to MNU and 

mitozolomide,  but 1618K has 206 fmol/mg ATase, compared with 39 

fmol/mg in Tera I I .

Re la t ing  s e n s i t i v i t y  and ATase leve ls  across the two groups of c e l l s ,  

GCT27 ( t e s t i s )  and HT1197 (b ladder)  have s im i la r  ATase leve ls  (3 .3  and 

11 fmol/mg p r o t e i n ) ,  but GCT27 is 5 0 - f o ld  more s e n s i t iv e  to MNU, and 

1 4 - fo ld  more s e n s i t iv e  to mitozolomide,  than HT1197. Four of the  

t e s t i s  c e l l  l ines  have higher ATase leve ls  than HT1197, but they are  

2-6 times more s e n s i t iv e  to MNU and mitozolomide,  comparing IC50s.  

Ignor ing HT1197 and GCT27, the two t e s t i s  c e l l  l ines  with the highest  

ATase l e v e ls ,  1618K and SuSa, have approximately 25 % less ATase than 

RT4, the bladder c e l l  l in e  with the lowest ATase l e v e l ,  but the  

bladder c e l l  l in e  is 2-5 times more r e s is ta n t  to MNU and 5-6 times  

more r e s is ta n t  to  mitozolomide,  than 1618K and SuSa.

Comparing cisp l a t i n - r e s i s t a n t  SuSa-CP and RT112-CP with t h e i r  

s e n s i t iv e  parenta l  l i n e s ,  SuSa-CP has a s i g n i f i c a n t l y  higher leve l  of 

ATase than SuSa (470 compared with 206 fmol/mg p ro te in )  (P<0.01 in a 

Student 's  unpaired t - t e s t ) .  There is  also a d i f fe r e n c e  in s e n s i t i v i t y :
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comparing IC50s,  SuSa-CP is 2 . 4 - f o l d  more re s is ta n t  to  MNU, and 3 . 1 -  

fo ld  more re s is ta n t  to mitozolomide than the SuSa parenta l  l i n e .  RT112 

and RT112-CP have s im i la r  ATase l e v e ls ,  and s im i la r  s e n s i t i v i t y  to  

MNU. However, RT112-CP is 2 . 3 - f o l d  more r e s is ta n t  to mitozolomide than 

the parenta l  l i n e .
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Table 6 . 1 .  ATase a c t i v i t y  and s e n s i t i v i t y  to MNU and mitozolomide

Cel l  
I i ne

ATase leve l  
+SE (fmol/mg 

p ro te in )

MNU
IC50±SE
(jug/ml)

mitozolomide
IC50+SE
(pg/ml)

Test i s

SuSa 206 ± 27 12.2 ± 3 .4 1.34 ± 0 .18

Tera I I 39 ± 23 26.1 ± 8.1 1.15 ± 0 .22

GH 106 ± 15 13.1 ± 1.3 0.68 ± 0 .16

1618K 206 ± 24 28.1 ± 2 .8 1.82 ± 0.31

GCT27 3 .3 ± 0 .7 1.18 ± 0.21 0 .33  ± 0 .06

SuSa-CP 470 ± 20 29.0  ± 1.8 4.19 + 0 .50

Bladder

RT112 387 t  9 56.9 ± 4.1 4 .46 ± 0 .35

RT4 279 ± 1 66.7  ± 2 .0 8.84 + 0 .44

HT1376 509 ± 67 65.6  ± 3.1 9.94  ± 1.88

HT1197 11 ± 9 59.6 + 4 .0 4.49 + 0 .49

MGH-U1 603 + 58 53.9 + 4 .9 5.27 ± 0 .50

RT112-CP 301 ± 75 67.3  + 4 .9 10.49 + 0 .64

Test i s

Mean 16.1 1.06

Range 1 .2 -2 8 .1 0 .3 3 - 1 .8 2

Bladder

Mean 60.5 6 .6

Range 5 3 .9 -6 6 .7 4 .4 6 - 9 .9 4
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DISCUSSION

The data obtained in t h is  study suggest tha t  ATase Levels do not 

account fo r  the d i f fe re nces  in s e n s i t i v i t y  to CNUs between bladder  

and t e s t i c u l a r  tumour c e l l  l i n e s .  For example, HT1197 (b ladder)  and 

GCT27 ( t e s t i s )  contain s im i la r  ATase l e v e l s ,  but have a 5 0 - fo ld  

d i f fe re n c e  in s e n s i t i v i t y  to MNU and a 1 4 - fo ld  d i f fe re n c e  in 

s e n s i t i v i t y  to mitozolomide.

ATase a c t i v i t y  does c o r r e la te  with CNU c y t o t o x ic i t y  in human and 

murine c e l l  l ines  in some studies  (Day et a l ,  1980b; Scudiero et  a l ,  

1984; Bodell  et a l ,  1986; Je l inek  et a l ,  1988; Smith and B re n t ,  1989) 

but not others (Samson and L inn,  1987; Maynard et a l ,  1989).  There are 

several  possible  mechanisms besides ATase leve l  which could exp la in  

d i f f e r e n t i a l  s e n s i t i v i t y  to  CNUs. These include d i f fe re n ce s  in uptake 

of drug and binding to i n t r a c e l l u l a r  molecules other than DNA, such as 

g lu ta th ione  (GSH). Uptake and binding to GSH have not been measured, 

so they are discussed in r e la t i o n  to  d i f f e r e n t i a l  s e n s i t i v i t y  in 

general in Chapter 8 ,  General Discussion.

I f  ATase leve ls  alone are not enough to account fo r  the d i f f e r e n t i a l

s e n s i t i v i t y  of t e s t i s  and bladder c e l l s ,  i t  is possible  tha t  other
6

re p a i r  mechanisms capable of  removing 0 - les io n s  e x i s t .  For example,

V79 and V79/79 Chinese hamster c e l l  l i n e s ,  which lack ATase a c t i v i t y ,  
6

can remove 0 n-butyIguanine  from DNA (Boyle et a l ,  1987).  This is

probably by nucleot ide  exc is ion r e p a i r ,  the process which recognises

and removes bulky adducts including u .v . - indu ced  pyr imidine  dimers.  In

c e r t a in  cases,  the smaller methyl group can also be removed by an

excis ion repa i r  process.  Fol lowing MNU t re a tm en t ,  the V79/79 s t ra in  
6

can remove 0 -methyIguanine from i t s  DNA, but V79 c e l l s  cannot (Wild
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et a l ,  1983; Boyle et a l ,  1987).  Thus the substrate  s p e c i f i c i t y  of  the  

non-ATase repa i r  mechanism appears to vary between these c e l l  l i n e s .

This study confirms others (Day et a l ,  1980b; Gibson et a l ,  1985a)

which show that  monofunctional  methylat ing agents are c y to to x ic .  Ce l l

k i l l  by MNU appears to be due to d i f f e r e n t  mechanisms in d i f f e r e n t

c e l l  types.  For example, exposure of  Mer HeLa c e l l s  to MNU in e a r ly

S-phase caused i n h i b i t i o n  of  DNA synthesis in the second post-
6

treatment S-phase. This implies t h a t ,  while the 0 lesions did not

block r e p l i c a t io n  in the f i r s t  post- t rea tm ent S-phase,  they did in the

second. I f  the lesions were recognised by an endonuclease which

excised the DNA close to the les io n ,  in the next round of DNA

synthesis double strand breaks could be produced (reviewed by Fox and

Roberts,  1987).  In c o n t ra s t ,  M79 c e l l s ,  which are also Mer ,  but

considerably more re s is ta n t  to MNU, may lack the a b i l i t y  to inc ise  DNA 
6

close to 0 les io n s ,  so reduced numbers of double strand breaks form.  

S im i la r  events might be responsible fo r  the d i f fe r e n c e  in s e n s i t i v i t y  

between the HT1197 and GCT27 c e l l  l i n e s ,  which also have very low 

leve ls  of  ATase. The GCT27 c e l l s  may respond l i k e  the Mer HeLa c e l l s  

described above, causing double strand breaks and c y t o t o x i c i t y ,  while

the HT1197 c e l l s  may respond l i k e  the V79 c e l l s ,  causing considerably

fewer double strand breaks and less c y t o t o x i c i t y .

Another fa c to r  that might co n tr ib u te  to d i f f e r e n t i a l  s e n s i t i v i t y  is

the exis tence of d i f f e r e n t  mechanisms of c e l l  k i l l i n g  by CNUs besides 
6

production of 0 - l e s i o n s .  A lk y la t in g  agents produce at least t h i r t e e n

d i f f e r e n t  lesions in DNA, in vary ing p ropor t ions ,  most ni trogen and

oxygen atoms being possible  s i t e s  of  a t tack  (Margison and O'Connor,  
6

1989).  Besides 0 - a Ik y Ig u a n in e ,  other  lesions produced in iso la ted  DNA 

inc lude N7-methyIguanine and N3-methyladenine (reviewed by Margison
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6
and O'Connor, 1989).  For methylat ing agents,  0 -methyIguanine and N7-

methyIguanine (the major product)  do not block DNA synthes is ,  however

N3-methyladenine does (Margison and O'Connor, 1989).  Thus formation
6

and re p a i r  of lesions other than 0 -methyIguanine may contr ibute  to

s e n s i t i v i t y  in some c e l l  types.  One mechanism of re p a i r  which might be

involved is v ia  DNA g lycosy lases ,  enzymes involved in re p a i r  of

c e r t a in  N -a lk y la te d  pur ines.  I f  the t e s t i s  c e l l s  are d e f i c ie n t  in any 

of the stages involved in exc is ion r e p a i r ,  and i f  t h is  is  an important  

p r o te c t iv e  mechanism fo r  t e s t i s  and bladder c e l l  l ines  exposed to  

a lk y l a t in g  agents,  t h is  might account fo r  t h e i r  g rea te r  s e n s i t i v i t y  to  

MNU and mitozolomide.

+ 6
Several  studies have shown tha t  pretreatment of Mer c e l ls  with 0 -

methy Iguanine s en s i t i zes  them to k i l l i n g  by ni trosoureas (Dolan et a l ,
+

1988; Gerson et a l ,  1988).  In c o n t ra s t ,  pretreatment of Mer Raj i
6

c e l l s  with 0 -methyIguanine reduces the leve l  of  ATase, but does not

s e n s i t i z e  the c e l l s  to  the cytotox ic  e f f e c t s  of MNNG, BCNU or CCNU.
6

This implies  tha t  0 lesions are not the cytotox ic  les ion in these

c e l l s ,  and another binding s i t e  is responsible fo r  c e l l  k i l l i n g
6

(Karran and W i l l iam s ,  1985).  Another explanation would be that the 0
+

lesions are c y t o to x ic ,  and although the c e l l s  are Mer ,  a d i f f e r e n t

re p a i r  mechanism, possibly an exc is ion re p a i r  mechanism, which is  not
6

a f fe c te d  by dep le t ion  of ATase, is being used to  remove the 0

les ions .  Fol lowing on from the conclusions of Karran and Wi l l iams
6

(1 9 8 5 ) ,  i f  lesions other than those at 0 of  guanine are responsible

fo r  c y t o t o x ic i t y  in the bladder and t e s t i s  c e l l  l ines  studied here ,

d i f f e r e n t i a l  s e n s i t i v i t y  of bladder and t e s t i s  c e l l s  might be due to
6

d i f fe re n ce s  in the formation and re p a i r  of lesions other than 0 -  

a lky Iguan ine .  I t  is also possible  tha t  the d i f f e r e n t i a l  s e n s i t i v i t y  

may be due to  a combination of  e f f e c t s  and not to  a s in g le  f a c t o r .
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An a l t e r n a t i v e  explanation for  CNU resis tance in c e l l s  with low ATase

a c t i v i t y  is tha t  some c e l l s  may be b e t t e r  able to t o l e r a t e  or bypass 
6

the 0 -a lky Igua n in e  lesion in t h e i r  DNA than others (Fox and Roberts,

1987).  Another fa c to r  which may in f luence  the response of c e l l s  to
6

CNUs is the a c c e s s i b i l i t y  of  the 0 - a l k y l  group to ATase. The 

arrangement of  DNA and histone prote ins  in chromatin may make the  

les ion inaccessib le  in c e l l  l i n e s ,  such as the t e s t i s  l i n e s ,  which 

have r e l a t i v e l y  high ATase leve ls  but are s e n s i t iv e  to MNU and 

mitozolomide.

A b i l i t y  of c e l l s  to resynthesise  ATase may play a ro le  in determining

s e n s i t i v i t y  to MNU. The ATase assay measures the leve l  of ATase in

untreated c e l l s .  However, the MTT assay assesses the c y t o t o x ic i t y  of

MNU and mitozolomide over 6 days' incubat ion in drug.  In th eory ,  since

MNU does not c ross l ink  DNA, the c e l ls  could resynthesise ATase and use
6

i t  to continue removing 0 les ions .  In c o n t ra s t ,  fo l low ing

mitozolomide t rea tm ent ,  c ross l ink  formation reaches a peak about 12

hours a f t e r  treatment (Gibson et a l ,  1984 ) ,  prevent ing ATase removing

the methyl group. Hence resynthesis of ATase is u n l i k e ly  to con tr ibu te

to p ro tec t io n  from mitozolomide c y t o t o x i c i t y .  A c e l l  l in e  which has a

high i n i t i a l  leve l  of  ATase, but a low resynthesis cap a c i ty ,  might

appear more s e n s i t iv e  to  MNU than a c e l l  l in e  with the same i n i t i a l

l e v e l ,  but a high resynthesis  capa c i ty .  Hence d i f fe re n ce s  in a b i l i t y

to resynthesise ATase fo l low ing  MNU exposure might contr ibute  to

d i f f e r e n t i a l  s e n s i t i v i t y  of  bladder and t e s t i s  c e l l s .  However, a

fa c to r  arguing against resynthesis  as an important determinant of

s e n s i t i v i t y  is  the short h a l f - l i f e  of MNU and mitozolomide in medium 
o

at 37 C (approximately 1 hour fo r  mitozolomide (B r ind ley  et a l ,  

1 9 8 7 ) ) .  I f  ATase is the p ro te c t iv e  mechanism, i n i t i a l  leve ls  are
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L ike ly  to be an important fa c to r  in determining response,, and not

a b i l i t y  to  resynthesise  i t  in the next round of p ro te in  synthes is .  The

a b i l i t y  of  surv iv ing c e l l s  to resynthesise ATase fo l low ing  MNU
35

exposure could be measured using uptake of  C SDmethionine to label  

a l l  newly-synthesised p ro te in s .  Gel e lec trophores is  could be used to  

separate the prote ins  and autoradiography to check whether label  was 

incorporated in to  a band corresponding to  ATase.

C is p la t in  is be l ieved to bind predominantly to the N7 p o s i t io n  of 

guanine,  and to form DNA i n t e r -  and in t ra s t ra n d  c ross l inks  and DNA- 

p ro te in  c ro ss l in k s .  No c o r r e la t io n  has been found between the Mer 

phenotype and the extent of c is p la t in - in d u c e d  DNA in te rs t ra n d  

cross l ink ing  in human tumour c e l l  l i n e s ,  suggesting th a t  ATase is not 

involved in re p a i r  of  c is p la t in - in d u c e d  lesions (Laurent et a l ,  1981; 

Gibson et a l ,  1985b).  In v i t r o ,  there  is evidence fo r  ATase a c t i v i t y  

being increased by exposure of c e l l s  to  c i s p l a t i n .  The H4 ra t  hepatoma 

c e l l  l in e  was incubated in an IC50 concentrat ion of  c i s p l a t i n  for  1 

hour; ATase was measured 48 hours l a t e r ,  and an approximate 4 - f o l d  

increase in the number of ATase molecules per c e l l  was observed 

(Lefebvre and Lava l ,  1986).  In the present s tudy ,  there  was no 

evidence fo r  increased ATase leve l  in the subline of  the RT112 bladder  

c e l l  l in e  which had been exposed continuously to c is p l a t i n  fo r  a year ,  

and had s t a b le ,  induced c i s p l a t i n  resis tance (RT112-CP).  MNU 

s e n s i t i v i t y  was unchanged, but RT112-CP was 2 . 3 - f o l d  more re s is ta n t  

than RT112 to mitozolomide.  This suggests tha t  RT112-CP has acquired  

resis tance to c ross l ink ing  a lk y l a t in g  agents,  but not monofunctional  

a l k y l a t in g  agents,  since s e n s i t i v i t y  to MNU is not a f f e c t e d .  This 

re su l t  implies tha t  the resis tance is not mediated by ATase, since 

ATase would be expected to increase resis tance to both MNU and
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mitozolomide.  I t  might be due to an enhanced a b i l i t y  to re p a i r  

crossl inks  by an a l t e r n a t i v e  mechanism, although th is  is  not supported 

by our data on cross l ink  removal by RT112 and RT112-CP fo l low ing  

c i s p l a t i n  exposure (Bedford et a l ,  1987b).

The c is p l a t i n - r e s i s t a n t  t e s t i c u l a r  c e l l  l i n e ,  SuSa-CP, had a higher  

ATase leve l  than the parenta l  l i n e ,  and was c ro s s - re s is ta n t  to both 

MNU and mitozolomide.  This impl ies tha t  the increased ATase may be 

con tr ib u t in g  to  MNU and mitozolomide resis tance in SuSa-CP. The leve l  

of ATase in the SuSa-CP c e l l s  was comparable with the leve ls  in some 

bladder c e l l  l i n e s .  However, the SuSa-CP c e l l s  remained 2 - f o l d  more 

s e n s i t iv e  to MNU and mitozolomide than the bladder c e l l  l ines  with  

comparable ATase le v e ls .

The f ind ing  tha t  the s e n s i t i v i t y  of  t e s t i s  tumour c e l l  l ines  to MNU

and mitozolomide is not due to the lack of the s p e c i f ic  re p a i r  enzyme 
6

0 - a l k y  Iguanine-DNA a Iky I t ra n s f e ra s e  does not ru le  out the involvement  

of re p a i r  mechanisms in determining t h e i r  s e n s i t i v i t y  to anticancer  

agents.  The SuSa t e s t i c u l a r  c e l l  l in e  is d e f i c i e n t  in re p a i r  of  DNA 

in te i— and in t ra s t ra n d  crossl inks  caused by c i s p l a t i n  whereas the 833K 

t e s t i s  and RT112 bladder c e l l  l ines  are p r o f i c i e n t  in re p a i r  of  these  

lesions (Bedford et a l ,  1988).  Further studies on the re p a i r  capacity  

of the t e s t i s  and bladder c e l l  l ines  are c u r ren t ly  being undertaken,  

using a p la sm id - re pa ir  assay (described in Debenham et a l ,  1987).
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CHAPTER 7. DEVELOPMENT AND CHARACTERIZATION OF CISPLATIN-RESISTANT

HUMAN, TESTICULAR AND BLADDER TUMOUR CELL LINES 

INTRODUCTION

C is p la t in  is the most a c t iv e  s in g le  agent in the treatment of  

metasta t ic  t e s t i c u l a r  germ c e l l  tumours and t r a n s i t i o n a l  c e l l  

carcinomas of the bladder (see Chapter 1 ,  General I n t r o d u c t io n ) .  20% 

of p a t ien ts  with metasta t ic  t e s t i s  cancer and most of those with 

m etasta t ic  bladder cancer die of  disease uncontro l led by c i s p l a t i n -  

contain ing combination chemotherapy. C i s p l a t i n - r e s i s t a n t  c e l l  l ines  

have been developed from many types of tumour to provide model systems 

fo r  id e n t i f y in g  the mechanisms involved and methods of overcoming 

res is tance .  However, c i s p l a t i n - r e s i s t a n t  human bladder and t e s t i c u l a r  

tumour c e l l  l ines  have not prev ious ly  been described.

Test is  tumour c e l l  l ines  a re ,  on average,  more se n s i t iv e  to c i s p l a t i n  

than bladder cancer c e l l  l ines  (Chapter 3 ) ,  prov id ing a model system 

fo r  studying the mechanisms c o n t r o l l in g  i n t r i n s i c  s e n s i t i v i t y .  

However, i t  is  not known whether the mechanisms c o n t r o l l in g  acquired  

drug resis tance are the reverse of  those under lying drug s e n s i t i v i t y ,  

or are unre la ted .  To compare acquired drug resis tance with i n t r i n s i c  

drug s e n s i t i v i t y ,  c i s p l a t i n - r e s i s t a n t  bladder and t e s t i c u l a r  tumour 

c e l l  l ines  were developed and c harac te r ize d .
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RESULTS

Development of  resis tance

A f t e r  14 months exposure to gradua l ly  increasing concentrat ions of  

drug, the re s u l t in g  RT112 s u b l in e ,  designated RT112-CP, was able to  

grow continuously in 3 .5  /jg/ml c i s p l a t i n .  A f t e r  11 months exposure to  

increasing  concentrat ions of drug,  SuSa-CP was able to grow in 300 

ng/ml c i s p l a t i n .

C y to to x ic i ty  assays

Dose response curves for  the parent and re s is ta n t  c e l l  l ines  are shown 

in Figure 7 . 1 .  The mean concentrat ions of  drug required to reduce 

colony forming a b i l i t y  by 70% ( IC70) are shown in Table 7 .1 .  Comparing 

IC70s,  RT112-CP was 4 - f o l d  more r e s is ta n t  to c i s p l a t i n  than RT112, and 

SuSa-CP was 4 - f o l d  more re s is ta n t  than SuSa. Comparing the mean IC70s 

in a Student 's  unpaired t t e s t ,  they are s i g n i f i c a n t l y  d i f f e r e n t  

(P<0.001) fo r  both RT112-CP versus RT112 and SuSa-CP versus SuSa. 

These leve ls  of  resis tance were s tab le  when RT112-CP and SuSa-CP were 

maintained in the absence of c i s p l a t i n  fo r  three  months.

Characteri  st i cs of  parent and resi  stant c e l l  I ines

The populat ion doubling times (PDTs),  colony-forming e f f i c i e n c i e s  

(CFEs),  i n t e r m i t o t i c  times (IMTs) and proport ion of DNA-synthesising 

c e l l s  using BrdUrd uptake,  in parent and r e s is ta n t  c e l l  l ines  are 

shown in Table 7 . 1 .  Comparing RT112 and RT112-CP, PDT, IMT and CFE 

were s i m i l a r ,  but the proport ion of BrdUrd-posi t ive  c e l ls  was 

s i g n i f i c a n t l y  increased (P<0.05 using a Student 's  unpaired t t e s t ) .  

Comparing SuSa and SuSa-CP, PDT was s i m i l a r ,  but IMT, CFE and 

proport ion of BrdUrd-posi t ive  c e l l s  were s i g n i f i c a n t l y  d i f f e r e n t  (see 

Table 7.1 for  P v a lu e s ) .  CFE increased,  whereas IMT and proport ion  of  

BrdUrd-stained c e l ls  decreased.
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Isozyme anaLysis

The isozyme p r o f i l e s  of  SuSa and SuSa-CP were i d e n t i c a l ,  but those 

of RT112 and RT112-CP d i f f e r e d  (Table 7 . 2 ) .  The most s t r i k i n g  change 

was the appearance of PGM1 in RT112-CP; t h i s  was not detected in the  

paren ta l  l ine  (F igure 7 . 2 ) .  Both c e l l  l ines  were heterozygous for  

esterase D, but the r e l a t i v e  proport ions of  the isozymes had a l t e r e d ,  

such that the product of  the ESD*1 a l l e l e  was predominant in RT112, 

but in RT112-CP the product of  ESD*2 was predominant (F igure 7 . 3 ) .  

Other isozyme p a t te r n s ,  inc lud ing the uncommon heterozygous p a t te rn  of  

GOTm, were unchanged.

DNA analys is

Because of the changes in isozyme p r o f i l e  in RT112-CP, a f u r t h e r  check 

on i t s  i d e n t i t y  was c a r r ie d  out using two hypervar iab le  DNA probes,  

/WS1 and pAg3. RT112 and RT112-CP gave i d e n t i c a l  heterozygous pat terns  

using these probes,  confirming t h e i r  common o r i g i n .  Figure 7 .4  shows 

the autoradiograph of RT112 and RT112-CP DNA hybr id ized  with /\MS1 

probe.

Karyotypi  c analysi  s

Karyotypes d i f f e r e d  between parent and re s is ta n t  c e l l  l in e s .  The modal 

number for  RT112 was 47 ,  but fo r  RT112-CP was 43 (Table 7 . 3 ) .  Of the  

10 marker chromosomes in RT112, only 3 were re ta ined in RT112-CP; 6

new ones were gained and 5 pa ren ta l  markers were replaced by normal 

chromosomes in RT112-CP. No homogeneously s ta in in g  regions or double 

minutes were seen (F igure  7 . 5 ) .  The karyotypes of both RT112 and 

RT112-CP were consistent in a l l  the c e l l s  analysed. To confirm that  

the changes were not simply due to  repeated passaging,  RT112 was 

subcultured u n t i l  i t s  passage number reached tha t  of  the  r e s is ta n t  

sub l ine .  The karyotype of  RT112 was s tab le  over the number of  passages
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tha t  RT112-CP had undergone whi le  in c i s p l a t i n .  Karyotypic changes in 

SuSa-CP were not as extensive as in RT112-CP. The modal numbers of  

SuSa and SuSa-CP were s i m i l a r ,  and they had several  markers in common 

(Table 7 . 3 ) .  RT112-CP and SuSa-CP did not have any markers in common.

Mi cronucleus production

Pre l im inary  experiments showed tha t  micronucleus production in these  

c e l l  l ines  reached a peak 72 hours a f t e r  a 1 hour c i s p l a t i n  exposure 

(see Table 7 . 4 ) .  Increasing the c is p l a t i n  concentrat ion led to  

increased production of  micronuclei  (Table 7 . 4 ) .  Comparing the numbers 

of micronuclei  induced 72 hours a f t e r  exposure to equimolar c i s p l a t i n  

concentrat ions (8 /jg/ml fo r  RT112 and RT112-CP; 2 jug/ml fo r  SuSa and 

SuSa-CP), there  were 4 - f o l d  fewer micronuclei  in the re s is ta n t  l ines  

compared with t h e i r  paren ta l  l ines  (Table 7 . 5 ) .

Cross-resi  stance

IC50s (drug concentrat ion causing a 50% decrease in o p t ic a l  densi ty  

r e l a t i v e  to the contro ls )  fo r  c i s p l a t i n ,  c a rb o p la t in ,  VP-16,  

bleomycin,  methotrexate and adriamycin against RT112, RT112-CP, SuSa 

and SuSa-CP using the MTT assay,  are shown in Table 7 .6 .  R e la t iv e  

resis tance ( IC50 of r e s is ta n t  l i n e / IC 5 0  of parent l i n e )  is also shown 

in Table 7 .6 .  RT112-CP and SuSa-CP had d i f f e r e n t  leve ls  of resis tance  

to c is p l a t i n  in th is  assay compared with the colony-forming assay: 

RT112-CP 1 0 - fo ld  and SuSa-CP 2 - f o l d .  This is probably due to the  

d i f f e r e n t  exposure time (6 days in the MTT assay,  1h in the colony-  

forming assay) ,  d i f f e r e n t  PDTs (SuSa and SuSa-CP are s i g n i f i c a n t l y  

slower than RT112 and RT112-CP),  and the fac t  tha t  the MTT assay 

measures cytostas is  as wel l  as c y t o t o x i c i t y .  S im i la r  leve ls  of  cross-  

resis tance to the c is p l a t i n  analogue, carb o p la t in  (RT112: 1 0 - f o l d ,
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SuSa: 2 - f o l d ) ,  were observed. There was also a high degree of  cross-

resis tance to the unre la ted  compound, methotrexate (RT112-CP 7 - f o l d ,  

SuSa-CP 3 - f o l d ) .  Adriamycin was the only drug studied to  which there  

was no c ross - res is tance .
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Table 7 . 1 .  C is p la t in  s e n s i t i v i t y  and growth c h a r a c t e r is t i c s  of  parent  

and re s is ta n t  c e l l  l i n e s .

Cel l  I in e

RT112 RT112-CP SuSa SuSa-CP

IC70 ±SE 4 . 7 ± 0 . 4  1 9 . 1 ± 0 . 9  1.1 ±0 .1  4 .6  1 0 .2
( j jg/ml)  (P<0.001) (P<0.001)

PDT ± SE 21 .6  1 0.1 21 .5 1 1.5  2 7 . 7 1  1 .3  29.8  1 0 .8
(h)

IMT ±SE 21 .0  + 1 .1 22.4  + 0 .5  28.5 + 1 .2  19.3 + 0 .5
(h) (P<0.001)

CFE ±SE 55.3  1 6 . 4  51.0  1 3 .5  7 .6  1 2 . 0  16.6 12.1
(%) (P<0.02)

Proport i on
of BrdUrd- 31 .6  + 2.1 41 .4 + 2 .0  64.5 + 1 .2  49.5  ± 3 . 3
s ta ined c e l l s  (P<0.05) (P<0.05)
1 SE (%)

IC70s were ca lcu la ted  from l in e a r  regression analys is  of in d iv id u a l  
experiments (3 -5  experiments fo r  each c e l l  l in e )

S t a t i s t i c a l  s ig n i f ic a n ce  was assessed using a Student 's  unpaired t 
t e s t .  P values are shown fo r  s t a t i s t i c a l l y  s ig n i f i c a n t  d i f fe re nces  
on ly

Abbrevi at i ons:

PDT, populat ion doubling time 
CFE, colony forming e f f i c ie n c y  
IMT, i n t e r m i t o t i c  time
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Table 7 .2 .  Isozyme p r o f i l e s  of  parent and re s is ta n t  c e l l  l in e s .

Ce l l  l in e

PGM1

RT112 0

RT112-CP 1

SuSa 1

SuSa-CP 1

Enzyme loci  

PGM3 GOTm GOTs ESD

ba 2-1 1 2-1
(1>2)

ba 2-1 1 2-1
(b>a) (2>1)

a ND ND 2-1

a 1 1 2-1

ADA ACP1 GLO PGP 

1 B 2-1 1

1 B 2-1 1

1 ND 2 ND

1 ND 2 1

Abbrevi a t i  ons:

PGM1 and 3 ,  f i r s t  and t h i r d  loci  of phosphoglucomutase: GOTm and s,  

mitochondrial  and solub le  g lu tamate-oxa loaceta te  transaminase: ESD,

esterase D: ADA, adenosine deaminase: ACP1, f i r s t  locus of  acid

phosphatase: GLO, glyoxalase: PGP, phosphogLycolate phosphatase: ND,

not done.
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Table 7 .3 .  Chromosome rearrangements,  monosomies and tr isomies in 

parent and re s is ta n t  c e l l  l ines

RT112 RT112-CP SuSa SuSa-CP

modal no 47 43 53 52

chromosome

1 del 1p 1p-,1q+ 1p-,1q+
1q- 1 q-

2
3 3p- 3p-
4 -4
5 5p+ 5p+
6 6q+ +6q+ +6q+
7 7q- 7q-
8 i8q i8q
9 9q+ +9

10 +10
11 11p+
12 12q+ +12 , + i 12p 2xi12p

+?12q- 12p-
13 -13 13q- 13q+ - 1 3,13q+
14 14p+ -14
15 15p+ - 1 5 , 1 5q+ - 1 5 , - 1 5
16 16p+
17 17p+
18

00i
V

001 +18 -18
19 -19
20 +20 20p+ +20
21 i 21 q i 21 q -21
22

X Xp+
Y - -

ident i f i  ed 1 1 1 3
larkers (?del13q) (?3q-) (?8q-> (?8q-)

Abbrevi at i ons: 

d e l ,  de le t io n
p, p arm of chromosome (short  arm)
q,  q arm of chromosome (long arm)
i ,  isochromosome
+,  an ext ra  copy of the chromosome is  present  
- ,  the chromosome is absent
p+ (or q + ) ,  the p (or q) arm of the chromosome has an add i t ion
p- (or q - ) ,  the p (or q) arm of the chromosome has a d e le t io n
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Table 7 . 4 .  Increase in micronucleus production with time fo l lowing  

c i s p l a t i n  exposure

ce 11 
I i ne

c is p l a t i n  
cone, pg/ml

hours fo l low ing  c i s p l a t i n  exposure 

48 72 96 120

RT112 1 . 6±0. 4 

2 . 8+0.1 

3 .6 ± 0 .9

2 .0 ±0 .4  

3 .1 + 0 .8  

5 .3+0 .5

1 .6+0 .3  

2 . 8+1.1 

4 .3 +0 .8

0 .9 ± 0 .5  

2 . 1+0.6  

3 .7+0 .9

RT112-CP 8

16

32

1 . 1+0.4  

1 .5+0 .4  

2 .3 +0 .6

1 .3 ±0 .4  

2 .9+0 .8  

4 .1 +0 .2

1 .5+0 .6  

3.0+0.1  

4 .6 +0 .2

0 .9 +0 .4  

3 .2+0 .5  

4.7+1.1

SuSa 0.5

1

2

1 . 5±0 . 1 

2 .3 + 0 .7  

2 .9 + 0 .4

3 .4 +0 .4  

5 .3+0 .4  

8 .3 +0 .3

1 .3+0 .3  

2 .8+0 .6  

4 .7+0 .8

2. 6+0.2  

2. 8+0.3 

3 .0+0 .3

SuSa-CP 1 . 8+0.3  

3 .7 +1 .2  

3 . 7 ± 0 . 1

1 . 8+0.02 

2 .9+0 .6  

4 .6 + 0 .7

0 . 6+0.2 

2 .4+0 .4  

3 .9+0 .3

0 . 6+0.6  

0 .7 +1 .0  

1.9+0.1

Abbrevi at i ons:

% MN, percentage of c e l l s  with m icronu c le i ,  minus the background leve l  

(background leve l  in untreated c e l l s  is :  RT112, 0 .8 ± 0 .2 ;  RT112-CP,

1 . 8 ± 0 . 2; SuSa, 4 .8 ± 0 .7 ;  SuSa-CP, 3 .4 ± 0 .4 )
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Table 7 . 5 .  Micronucleus production 72 hours fo l lowing c i s p l a t i n

exposure

RT112

c is p l a t i n  % MN+SE 
cone, pg/ml

2 2 .0 ± 0 .4

4 3 . 1±0.8

8 5 .3+0 .5

RT112-CP

c i s p l a t i n  % MN+SE 
cone, pg/ml

8 1 .3+0 .4

16 2 .9+0 .8

32 4 .1+0 .2

SuSa SuSa-CP

c i s p l a t i n  % MN+SE c i s p l a t i n  % MN+SE
cone, pg/ml cone, pg/ml

0 .5  3 .4 + 0 .4  2 1 .8+0.02

1 5 .3 + 0 .4  4 2 .9+0 .6

2 8 .3 ± 0 .3  8 4 .6 ± 0 .7

Abbrevi at i ons: 

cone, concentrat ion

% MN, percentage of  c e l l s  with micronuclei  minus background 

(background leve ls :  RT112 0 .8 + 0 .2 ;  RT112-CP 1 .8+0 .2 ;  SuSa

SuSa-CP 3 .4 + 0 .4 )

4 .8 + 0 .7 ;
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Table 7 . 6 .  IC50s and resistance r a t io s  of parent and re s is ta n t  l i n e s .

Drug Cel l l in e

RT112 RT112-CP Rat io SuSa SuSa-CP Rat i o

c i s p l a t i n 64 ±11 638 +144 10.0 41 ± 8 87+ 12 2.1

carboplat  in 1800+400 18100±2100 9 .9 500 ± 55 1000± 100 2.0

methot rexate 1 . 1 ± 0.1 7 . 3 ±  0 .7 6 .6 8 .6  ± 0 .6 2 5 .6 ±  7.1 3 .0

bleomyc i n 49 ±11 135 ±29 2.8 6 .8  ± 0 . 6 7 .9  ± 1 . 3 1.2

VP-16 185 ±20 346 ±57 1.9 11 .3+1.7 20.5 ± 2 . 3 1.8

adriamycin 12.3  ± 0 . 9 12.6 ± 0 . 2 1.0 1 . 7 1 0 . 2 1.6  ± 0 .1 1.0

Abbreviat ion:

Resistance r a t i o ,  IC50 of  r e s is ta n t  l i n e / IC 5 0  of parent l in e



Figure 7 . 1 .  Dose-response curves of RT112 and RT112-CP (A ) ,  SuSa and 

SuSa-CP (B ) ,  to c i s p l a t i n .  Ce l l  l ines  are represented by the fo l lowing  

symbols: RT112 (O ) ,  RT112-CP ( • ) ,  SuSa ( □ ) ,  SuSa-CP ( ■ ) .  The points  

are the means ± SEs.
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F ig u r e  7 . 2 .  S t a r c h  g e l  s t a i n e d  f o r  PGM1 showing th e  p res en ce  o f

isozyme i n  RT112-CP, and i t s  absence f rom th e  p a r e n t a l  l i n e  RT112.
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F i g u r e  7 . 3 .  S ta r c h  g e l  s t a i n e d  f o r  ESD show ing  p redom inance  o f  ESD*1

i n  RT112, and ESD*2 i n  RT112-CP.

ESD
phenotype

2 - 1  

2 > 1
2-1 
1 >2

2-1

2=1

RT112-CP RT112
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F i g u r e  7 . 4 .  A u t o r a d i o g r a p h  o f  RT112 and RT112-CP DNA h y b r i d i z e d  w i t h  

AMS1 h y p e r v a r i a b l e  p r o b e .
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F i g u r e  7 . 5 .  K a r y o t y p e  o f  RT112 (A) and RT112-CP ( B ) .
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DISCUSSION

C is p la t in  is the most e f f e c t i v e  s ing le  agent in the treatment of 

t e s t i c u l a r  and bladder cancer,  but development of res is tance  is a 

major cause of treatment f a i l u r e .  In  order to develop a model of  

acquired resistance  to c i s p l a t i n ,  a bladder and a t e s t i c u l a r  c e l l  l in e  

were continuously exposed to the drug for  periods of 14 and 11 months. 

They are the f i r s t  reported c i s p l a t i n - r e s i s t a n t  c e l l  l ines  der ived in 

v i t r o  from these tumour types.

Isozyme p r o f i l e s  were compared to demonstrate a common o r ig in  fo r  the  

parent and re s is ta n t  c e l l  l i n e s .  The i d e n t i c a l  isozyme p r o f i l e s  of  

SuSa and SuSa-CP confirm t h e i r  common o r i g i n .  The uncommon phenotype 

of GOTm seen in both RT112 and RT112-CP, and the id e n t ic a l  pa tterns  

seen in these two c e l l  l ines  using the hypervar iab le  lo c u s -s p e c i f ic  

probes 7\MS1 and p^g3, are conclusive evidence fo r  t h e i r  o r ig in  

from the same in d i v i d u a l .  The changes seen in PGM1 and ESD between 

RT112 and RT112-CP could be due to the se le c t io n  of a subpopulat ion of  

c e l l s  with a d i f f e r e n t  isozyme p a t te rn  during long-term cu l tu re  in 

c i s p l a t i n .  However, karyotypic analys is  did not provide evidence for  a 

subpopulat ion in RT112 with gross chromosomal changes. One of the  

probes used for  DNA a n a ly s is ,  AMS1, is derived from chromosome 1p,  

and the PGM1 locus is also on 1p. Since both RT112 and RT112-CP are  

heterozygous for  AMS1, there  is no evidence for gross d e le t io n  of 1p 

to account fo r  the lack of  expression of PGM1 in the parent l i n e .  

However, karyotypic analys is  showed that  there  was a d e le t io n  of  1p in 

RT112-CP in the region of the PGM1 locus (1p21—2 2) .  Rearrangement in 

th is  area may have a l t e r e d  expression of the PGM1 gene. I t  seems 

l i k e l y  tha t  PGM1 expression can occas ional ly  "switch o f f "  in cu l tured  

c e l l s ,  as in the erythroleukaemia l in e  K562 (Povey et a l ,  1980).
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Disappearance of the 6q+ marker,  which is probably a 6/13  

t r a n s lo c a t io n ,  and appearance of  the 13q- marker in RT112-CP may 

account fo r  the change in ESD expression.  There was no evidence of 

homogeneously s ta in in g  regions or double minutes,  and there  was no 

marker common to RT112-CP and SuSa-CP which might account fo r  t h e i r  

increased res is tance .

Stable c is p l a t i n  resis tance has been induced in human c e l l  l ines

derived from other h i s t o lo g ic a l  types of  tumour, inc luding head and

neck (Fre i  et a l ,  1985; Te icher  et a l ,  1986 ) ,  ovar ian (Andrews et a l ,

1985; Kikuchi et a l ,  1986; Behrens et a l ,  1987; Kuppen et a l ,  1988;

Andrews et a l ,  1989) and lung (Hong et a t ,  1988; Hospers et a l ,  1988)

cancers and a B u r k i t t  lymphoma (Te icher  et a l ,  1986).  Studies on

mechanisms of resis tance in these c e l t  l ines  show that  i t  is

m u l t i f a c t o r i a l . The SCC-25/CP c e l l  l in e  (der ived from a squamous c e l l

carcinoma , of the tongue) has decreased c is p l a t i n  uptake,  increased

p ro te in  s u l fhy dry l  (m e ta I lo t h io n e in )  content,  increased a c t i v i t y  of  an

enzyme ( g lu t a th io n e -S - t r a n s fe r a s e )  involved in g lu ta th ione  metabolism,

and decreased leve ls  of  DNA c r o s s - l in k in g  (Te icher  et a l ,  1987).

However, g lu ta th ione  leve ls  are unchanged (Teicher  et a l ,  1987).

There is evidence that  d i f f e r e n t  mechanisms contr ibute  to resistance

in d i f f e r e n t  c e l l  l i n e s .  For example, w i th in  the ovarian c e l l  l i n e s ,
CPR

glu ta th ione  content is increased in the re s is ta n t  subline 2780 

(Hamilton et a l ,  198 5 ) ,  but is unchanged in 2008/DDP and C0L0/DDP 

(Andrews et a l ,  1985).

I n i t i a l  studies on resis tance in an RT112-CP subline (undertaken  

when c e l ls  were able to grow continuously in 2.5  pg/ml c i s p l a t i n )  have 

shown tha t  there  is no d i f fe r e n c e  in c i s p l a t i n  uptake between RT112 

and RT112-CP (Bedford et a l ,  1987b).  There are only minor d i f fe re nce s
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in the amounts of c i s p l a t i n  binding to DNA, and the peak leve ls  of 

in te rs t ra n d  cross l ink ing  of  DNA by c i s p l a t i n  are comparable. However, 

g lu ta th ione  content is increased in t h is  RT112-CP s u b l in e ,  and there  

is increased a c t i v i t y  of two enzymes involved in g lu ta th ione  

metabolism (g lu ta th io n e  reductase and g lu ta th io n e  peroxidase) which 

may, at least p a r t i a l l y ,  exp la in  i t s  increased resis tance (Bedford et 

a l ,  1987b).

In the m a jor i ty  of c i s p l a t i n - r e s i s t a n t  human c e l l  l ines  resistance has 

been developed by prolonged, continuous exposure to drug. This does 

not resemble the c l i n i c a l  s i t u a t i o n ,  where pa t ien ts  are t rea ted  

i n t e r m i t t e n t l y  with chemotherapy. Thus the r e s u l t in g  mechanisms of 

resis tance in c e l l  l ines  may d i f f e r  from those which occur c l i n i c a l l y  

and th is  is a l i m i t a t i o n  to the use of these c e l l  l ines  in mechanistic 

s tudies .

There was no obvious assoc iat ion  between the growth p roper t ies  of  the 

c e l l  l ines  and the development of res is ta n ce .  For example, PDTs were 

s im i la r  in both sets of  parent and re s is ta n t  c e l l  l i n e s .  IMT decreased 

in SuSa-CP, but not RT112-CP. CFE increased in SuSa-CP, but not RT112- 

CP. The propor t ion  of  BrdUrd-stained c e l l s  increased in RT112-CP, but 

decreased in SuSa-CP. Published data on the r e la t io n s h ip  between 

growth rates and the development of  res is tance to c i s p l a t i n  are also  

in co n s is te n t .  In two non-small c e l l  (Hong et a l ,  1988) and one small  

c e l l  lung cancer c e l l  l ines  (Hospers et a l ,  1988) c is p la t i n - r e s i s t a n c e  

development was associated with an approximately 2 - f o l d  slower 

populat ion doubling t ime.  In c o n t ra s t ,  PDTs were s im i la r  in other  

c i s p l a t i n - r e s i s t a n t  c e l l  l ines  (Behrens et a l ,  1987; Kuppen et a l ,  

1988).

The micronucleus assay has been used to study chromosomal damage
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caused by a number of  anticancer  agents,  inc luding c i s p l a t i n  (Bonat t i  

et a l ,  1983; Kl iesch and A d le r ,  1987).  C is p la t in  is be l ieved to exert  

i t s  cytotox ic  e f f e c t  through in t e r a c t io n  with DNA (Roberts and 

Thomson, 1979).  I t  causes chromosomal abberations (van den Berg and 

Roberts,  1975; Turnbull  et a l ,  1979) and can cause mutations to 6-  

thioguanine resistance  (Plooy and Lohman, 1979),  but the precise  

nature of the cytotox ic  les ion is not known. In  t h is  study,  the 

micronucleus assay was used to  in v e s t ig a te  the extent of c i s p l a t i n -  

induced DNA damage in s e n s i t iv e  and r e s is ta n t  c e l l  l i n e s .  I t  has been 

suggested that  a s i m i l a r i t y  in dose dependency between the le th a l  

e f f e c t s  and the induction of  micronuclei  provides evidence that  

chromosomal damage is the main cause of death for  c e l l s  t re a te d  with  

c is p l a t i n  (Bonatt i  et a l ,  1983).  However, despite  seeing a s im i la r  

r e la t io n s h ip  between micronucleus production and c y t o t o x i c i t y ,  because 

of the p r a c t i c a l  l i m i t a t io n s  of the assay (low incidence of 

micronuclei  r e l a t i v e  to c y t o t o x ic i t y  and lack of mechanistic  

in formation o b ta in e d ) ,  there  is i n s u f f i c i e n t  evidence fo r  a causal  

l i n k .

Pat terns of c ross -res is tance  are s im i la r  in RT112-CP and SuSa-CP. In 

common with other studies (Behrens et a l ,  1987; Hong et a l ,  1988),  

both were c ro s s - re s is ta n t  to carb o p la t in  to the same extent as 

c i s p l a t i n .  They were also h igh ly  c ro s s - re s is ta n t  to methotrexate ,  a 

drug with no s t r u c t u r a l  or fu n c t io n a l  s i m i l a r i t y  to c i s p l a t i n .  A high 

l ev e l  of  c ross -res is tance  to methotrexate was also seen in the 

squamous c e l l  carcinoma c e l l  l in e  SCC25/CP (Te icher  et a l ,  1986; 

Rosowsky et a l ,  1987).  Ne i ther  RT112-CP nor SuSa-CP were cross-  

r e s is ta n t  to adriamycin .  Some of the other  c i s p l a t i n - r e s i s t a n t  c e l l  

l ines  also lack c r o s s - re s is ta n c e ,  or are c o l l a t e r a l l y  s e n s i t i v e ,  to
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adriamycin (Teicher  et a l ,  1986; Behrens et a l ,  1987; Hong et a l ,  

1988).
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GENERAL DISCUSSION

This study shows that c e l l  Lines derived from t e s t i c u l a r  tumours are 

hypersensi t ive  to c i s p l a t i n  and adriamycin compared with bladder  

cancer c e l l  l i n e s .  This f in d in g  is important because i t  provides  

evidence that inherent biochemical  d i f fe ren ces  w i th in  the t e s t i s  

tumour c e l l s  contro l  s e n s i t i v i t y  and n o t ,  as prev ious ly  suggested 

( O l i v e r ,  1985) ,  humoral fac to rs  such as d i f fe re n c e s  in blood supply or 

immunogenicity. This f ind ing  also ind ica tes  tha t  t e s t i s  tumour c e l l  

l ines  provide a re pres enta t ive  model system for  studies on the 

i n t r i n s i c  biochemical  mechanisms of d i f f e r e n t i a l  s e n s i t i v i t y .

Many th eor ies  have been put forward to expla in  the d i f fe re n ce s  in 

response between d i f f e r e n t  tumour types.  The f i r s t  part  of  the 

Discussion w i l l  consider stem c e l l  f r a c t i o n ,  tumour growth r a t e ,  

proport ion of  cyc l ing c e l l s ,  mutat ion frequency and normal t issue  

s e n s i t i v i t y .

Stem c e l l  mode I

According to the tumour stem c e l l  model, continued growth of  a tumour 

depends on the s e l f - re n e w a l  capacity  of  a sub-populat ion of c e l l s ,  the 

stem c e l l s  (L a j t h a ,  1979).  Cure of a tumour requires e ra d ic a t io n  of 

a l l  stem c e l l s  and the p r o b a b i l i t y  of curing a tumour using chemo- or 

radiotherapy  is inverse ly  p ro por t iona l  to the number of stem c e l l s .  

Thus, t e s t i s  tumours might be curable because they contain a lower 

proport ion  of stem c e l l s  than other tumour types,  inc luding bladder  

cancer.

Assessing the propor t ion  of  stem c e l l s  in a tumour is d i f f i c u l t  

because there is no d i r e c t  means of i d e n t i f i c a t i o n .  One in d i re c t  

method is the human tumour colony-forming assay,  as described by
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Hamburger and Salmon (1977) and Courtenay and M i l l s  (19 78 ) .  Data 

obtained in such assays ind ica tes  that  there  is l i t t l e  d i f fe re n c e  

between t e s t i s  and bladder tumours in t h e i r  a b i l i t y  to  form colonies  

in soft  agar.  Comparing data from several  s tu d ie s ,  p la t in g  

e f f i c i e n c i e s  ranged from 0.0016% to  0.05% fo r  t e s t i s  (Sarosdy et a l ,  

1982; Foster et a l ,  1983; Hashimura et a l ,  1984) and from 0.001% to 

1.7% fo r  bladder tumours (Sarosdy et a l ,  1982; Hashimura et a l ,  1984; 

Kovnat et a l ,  1984; Macki l lop  et a l ,  1985).  Thus there  is a range of 

values fo r  clonogenic c e l l  f r a c t i o n  of  human t e s t i s  and bladder  

tumours, and no c lea r  evidence fo r  d i f fe re n c e s  which might r e la t e  to 

tumour c u r a b i l i t y .

However, there  are t h e o r e t i c a l  and tec h n ica l  problems associated with 

the human tumour colony-forming assay.  F i r s t l y ,  a 'c lonogenic '  c e l l  is  

not necessar i ly  synonymous with a stem c e l l .  T ra n s i t io n a l  c e l l s  may 

r e t a in  the capacity  to  undergo several  d iv is io n s  in v i t r o ,  and only 

six doublings may be required to produce a colony consist ing of  more 

than 50 c e l l s .  Hence in v i t r o  assays do not d is t in g u ish  between stem 

c e l l s  and t r a n s i t i o n a l  c e l l s  with a high p r o l i f e r a t i v e  p o t e n t i a l .  

Secondly,  clumping of c e l l s  when attempting to  produce a s i n g l e - c e l l  

suspension can produce a r t e f a c t u a l  co lon ies .  T h i r d l y ,  some c e l ls  w i l l  

be damaged in the prepara t ion  of  s i n g l e - c e l l  suspensions. Fourth ly ,  

the assay condit ions may be sub-opt imal ,  and only a subpopulat ion of 

stem c e l l s  and/or t r a n s i t i o n a l  c e l l s  is able to grow (Selby et a l ,  

1983; Chin et a l ,  1986).

Another in d i r e c t  measure of stem c e l l  f r a c t i o n  can be obtained from

the colony-forming e f f i c i e n c i e s  (CFEs) of  continuous c e l l  l in e s .  CFEs

ranged from 6 to  48% in my ser ies  of  t e s t i s  c e l l  l i n e s ,  and from 7 to

87% in the bladder c e l l  l i n e s .  Although o v e r a l l  the t e s t i s  l ines  have
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Lower CFEs, the d i f fe re n c e  is not s t a t i s t i c a l l y  s i g n i f i c a n t .  Thus,  

assuming the propor t ion  of  colony-forming c e l l s  in v i t  ro is equiva lent  

to tha t  of stem c e l l s  in v iv o ,  there  is l i t t l e  in d ic a t io n  that  the  

t e s t i c u l a r  c e l l  l ines  have lower stem c e l l  f r a c t io n s  than the bladder  

c e l l  I i nes. The major problem with using c e l l  l ines  for  th is  

comparison is tha t  they are a subpopulat ion of the o r i g i n a l  tumour,  

selected for  t h e i r  a b i l i t y  to grow as a monolayer on p l a s t i c .  This may 

select  fo r  r e l a t i v e l y  fas t-growing c e l l s ,  or even for  stem c e l l s .  Some 

of the tec hn ica l  problems associated with the human tumour colony-  

forming assay may a lso apply -  fo r  example, the clonogenic c e l l s  of  

the t e s t i s  c e l l  l ines  may be more s en s i t iv e  to enzymatic 

disaggregation than those of  the bladder c e l l  l i n e s ,  or t e s t i s  

clonogenic c e l l s  might be damaged more than non-clonogenic c e l l s ,  so 

t h e i r  CFEs would be reduced.

However, d is regarding the problems of q u a n t i fy in g  stem c e l l s ,  I  have 

shown that  the colony-forming c e l l s  of t e s t i c u l a r  c e l l  l ines  are more 

s e n s i t iv e  to c is p l a t i n  and adriamycin than the colony-forming c e l ls  of  

bladder c e l l  l i n e s .  Thus i f  clonogenic c e l l s  in c e l l  l ines  do 

correspond to stem c e l l s  in tumours, I  have shown tha t  t e s t i s  tumour 

stem c e l l s  are i n t r i n s i c a l l y  more s e n s i t iv e  to  c i s p l a t i n  and 

adriamycin than bladder tumour stem c e l l s .  This work was extended by 

P a r r is  et a l  (1988) who showed that  the clonogenic c e l ls  of t e s t i s  

c e l l  l ines  were more s e n s i t i v e  to gamma-radiat ion than the clonogenic 

c e l l s  of  bladder c e l l  l i n e s .  I f  t h is  is ex t rapo la ted  to the c l i n i c a l  

s i t u a t i o n ,  the p r o b a b i l i t y  of e rad ic a t in g  the last  stem c e l l  by chemo- 

or rad io therapy ,  and hence curing the tumour, is greater  fo r  t e s t i s  

than bladder tumours due to t h e i r  g reater  inherent s e n s i t i v i t y  ra ther  

than d i f fe ren ces  in the proport ion  of  stem c e l l s .
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Tumour growth ra te

Cure rates are higher in rapid ly -growing tumours (Breur ,  1966; Skipper  

and Perry ,  1970; Shackney et a l ,  1978) and t e s t i c u l a r  tumours are 

fast-growing (C o l l in s  et a l ,  1956; Breur ,  1966; Shackney et a l ,  1978).  

In a review of the l i t e r a t u r e  on tumour doubling t imes,  Shackney et al  

(1978) found that  t e s t i c u l a r  tumours had the shortest doubling times 

of 9 s o l id  tumours s tud ied ,  with a mean doubling time of 21 days. Non- 

Hodgkin's lymphoma had a doubling time of 25 days,  whereas 

adenocarcinomas of the lung and colon had mean doubling times greater  

than 70 days. Test is  cancer and non-Hodgkin's lymphoma are more 

responsive than adenocarcinomas of lung and colon.

I  measured the growth rates (PDTs) of t e s t i s  and bladder c e l l  l in e s .  

There was ov er la p ,  with PDTs ranging from 18 h to 38 h in ten t e s t i s  

c e l l  l i n e s ,  and from 21 h to 61 h in f i v e  bladder c e l l  l in e s .  

Comparing c e l l  l ines  with s im i la r  growth r a t e s ,  fo r example 833K (23

h) and RT112 (22 h ) ,  there  was a 1 0 - fo ld  d i f fe re n ce  in s e n s i t i v i t y  to 

c i s p l a t i n  and adriamycin.  Thus, fo r  the c e l l  l i n e s ,  there is  nO 

c o r r e la t io n  between growth ra te  and chemo- or r a d i o s e n s i t i v i t y  (Walker  

et a l ,  1987; P ar r is  et a l ,  1988).  S i m i l a r l y ,  the mean in t e r m i t o t i c  

t imes of the t e s t i c u l a r  and bladder c e l l  l i n e s ,  which assess the time 

taken for  in d iv id u a l  c e l l s  to d i v id e ,  did not c o r r e la te  with t h e i r  

chemo- or r a d i o s e n s i t i v i t y .

Attempts to c o r r e la te  tumour volume doubling time with response to  

chemotherapy do not take account of  the rates of  growth and loss of 

i n d iv id u a l  c e l l s .  Ce l l  loss is an important fa c to r  in the growth rate  

of a tumour ( S t e e l ,  1968).  Ce l l  lo s s . in  human tumours is d i f f i c u l t  to  

measure, but a value can be obtained knowing the actual  doubling time 

and the p o te n t i a l  doubling time of the tumour ( S t e e l ,  1968).
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Cel l  Loss in the t e s t i s  and bladder c e l l  Lines was estimated from the

propor t ion  of  c e l l s  dying while  being fol lowed by t im e- lapse

cinemicroscopy for  the c a lc u la t io n  of i n t e r m i t o t i c  t imes.  There was a 

wide range of c e l l  death rates in t e s t i s  and bladder c e l l  l i n e s .

Despite the in vivo c o r r e la t io n  between fas t  growth ra te  and high c e l l  

loss r a t e ,  no such c o r r e la t io n  was seen in the c e l l  l i n e s .  However, i f  

the in vivo r e la t io n s h ip  is due to decreasing n u t r ie n t  supply as c e l l s  

get fu r t h e r  away from blood vessels ,  then a s im i la r  c o r r e la t io n  in 

v i t r o  would not be expected,  because these condit ions do not apply.  

Cel l  l ines  which have a slow populat ion doubling t im e ,  but a high

proport ion of S-phase c e l l s ,  might be pred icted  to have a high c e l l  

loss r a t e ,  as is seen in the HT1197 bladder c e l l  l in e  (Masters et a l ,  

1986).  However, no such c o r re la t io n s  were seen in the t e s t i s  c e l l  

l ines  -  for  example, Tera I I  had a r e l a t i v e l y  long populat ion doubling  

t ime and a high S-phase f r a c t i o n ,  but a low death ra te .

Ce l l  cycle e f fe c ts

The proport ion  of  c e l l s  which are a c t i v e l y  cyc l ing is another measure

of tumour growth and p re d ic to r  of response. L abe l l ing  index ( L I )  gives

a guide to  the p r o l i f e r a t i v e  a c t i v i t y  of c e l l s  (Aherne et a l ,  1977).

P r o l i f e r a t i o n  ra te  was measured in tumour-bearing t e s t i c l e s  perfused  
3

with H-thymidine,  fo l low ing  orchidectomy (Rabes, 1987).  Cross- 

sections of  an advanced stage embryonal carcinoma showed areas of  

p r o l i f e r a t i o n  a l t e r n a t in g  with areas of  necrosis throughout the e n t i r e  

tumour. A LI  of  g reater  than 80% was found in the p r o l i f e r a t i n g  areas.  

In seminomas, the p r o l i f e r a t i n g  c e l l s  were mainly at the w e l l -  

vascular ized  boundary of  the tumour, where the LI  was > 40%. This

experiment provides evidence that  t e s t i s  tumours contain a high 

propor t ion  of  cyc l ing c e l l s ,  which could contr ibute  to t h e i r
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s e n s i t i v i t y .  Again though, my clonogenic assay data in d ic a te  tha t  the  

p r o l i f e r a t i n g  c e l l s  of  t e s t i s  tumours are more s en s i t iv e  to  drugs than 

the p r o l i f e r a t i n g  c e l ls  of  bladder tumours.

Flow cytometry has also been used to assess the p r o l i f e r a t i v e  a c t i v i t y

of t e s t i s  tumours. The proport ion of S-phase c e l ls  in the aneuploid

c e l l  f r a c t io n  was high,  ranging from 22% to 51% in 7 out of  8 tumours

(Fossa et a l ,  1985).  In c o n t ra s t ,  normal d ip lo id  t e s t i s  c e l l s  had a

much lower S-phase f r a c t io n  (4%) (Fossa et a l ,  1985 ) ,  provid ing

evidence that t e s t i c u l a r  tumours have a high proport ion of  a c t i v e l y -

cyc l ing c e l l s ,  and that normal t e s t i s  has a lower proport ion of

cyc l ing c e l ls  than t e s t i s  tumours. This may help to exp la in  why

chemotherapy k i l l s  t e s t i s  tumour c e l l s  but spares normal t e s t i s  c e l l s ,

and some p a t ien ts  regain t h e i r  f e r t i l i t y  fo l low ing  t rea tm ent .  I f  the

normal t e s t i s  contains a higher proport ion of  quiescent (G ) c e l l s ,
0

these may survive chemotherapy. The mean value fo r  S-phase f r a c t i o n  of  

human bladder tumours, measured in s i t u  using Brdllrd in fu s io n ,  was 

18%, with a range of 14-28% for  f i v e  p a t ien ts  with G3 tumours (Nemoto 

et a l ,  1990).  However, a l i m i t a t i o n  of these methods is th a t  they

do not give information  about the k in e t ic s  of the 's tem1 c e l l s  (or

c e l l s  with s e l f - renew a l  capac i ty )  because i t  is not possible to  

d is t in g u ish  them from the other tumour c e l l s  (Tannock, 1987).

In contrast  to the data showing that  t e s t i c u l a r  tumours are f a s t -

growing, and c o r r e la t in g  t h e i r  fa s t  growth ra te  with c u r a b i l i t y ,  there

is also evidence that  fast  growth ra te  is associated with poor

prognosis. The p r o l i f e r a t i o n  index (P I )  was measured in p a t ien ts  with

bulky metasta t ic  t e s t i c u l a r  tumours, which carry  a poor prognosis

(Sledge et a l ,  1988).  PI is the r a t i o  of  the number of c e l l s  in the

G +M peak to the number of c e l l s  in the G peak. Measurements were 
2 1
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made on the primary t e s t i c u l a r  tumour and a l l  p a t ien ts  subsequently 

received s im i la r  c is p la t in -b a s e d  combination chemotherapy regimens.  

P at ien ts  whose tumours had a high p r o l i f e r a t i o n  ra te  had a 

s i g n i f i c a n t l y  shorter mean s u rv iv a l  than p a t ien ts  whose tumours had 

low p r o l i f e r a t i o n  ra tes .  T e s t ic u la r  tumour p r o l i f e r a t i o n  has also been 

assessed by measuring the ra te  of  r is e  of  tumour marker production  

before chemotherapy in p a t ie n ts  with metasta t ic  t e s t i s  tumours (P r ice  

et a l ,  1988).  In p a t ien ts  with e levated HCG, there was a s ig n i f ic a n t  

negat ive  c o r r e la t io n  between ra te  of  HCG production doubling t ime and 

s u r v i v a l .  These re su l ts  show that  rapid p r o l i f e r a t i o n  rates in t e s t i s  

cancer are associated with decreased c u r a b i l i t y .  A cycle of  

chemotherapy k i l l s  a proport ion of the c e l l s ,  and a fast-growing  

tumour would be b e t te r  able to  repopulate in the t ime between courses 

than a slow-growing tumour.

Mutat ion frequency

Goldie and Coldman (1979) proposed that  c u r a b i l i t y  depends on the

mutation rate  of the tumour c e l l s .  A tumour with a high mutation rate

would develop resis tance e a r l i e r  than a tumour with a low mutation

r a t e .  Goldie and Coldman (1983; 1984) expanded t h e i r  o r i g i n a l

hypothesis to encompass tumour growth ra te  and stem c e l l  theory .  They

c a lc u la te  that i f  the p r o b a b i l i t y  of s e l f - re n e w a l  (PSR) is 1,  then i t
11

would only take 36 doublings for  a s in g le  c e l l  to increase to 10

c e l l s ,  whereas i f  the PSR is 0 .5 1 ,  1500 doublings would be required to

reach the same number of  c e l l s .  Assuming that  mutation occurs at a 

s im i la r  ra te  at each c e l l  d i v i s i o n ,  at a given s ize  the tumour with 

the lower PSR is more l i k e l y  to have developed re s is tance .  Therefore  

another possible  explanation fo r  the apparent lack of  mutation to  drug 

resis tance in t e s t i s  cancer is tha t  these tumours have a high PSR. 

Neverthe less ,  t h is  s t i l l  does not expla in  the h y p e r s e n s i t iv i ty  of
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t h e i r  clonogenic c e l l s  in v i t r o  to c i s p l a t i n  and other  anticancer  

agents .

A c o r o l la r y  of  the Goldie-Coldman hypothesis is tha t  bladder tumours 

may be more re s is ta n t  than t e s t i s  tumours because they have a higher  

mutation ra te .  The spontaneous and induced mutation rates  at the HGPRT 

locus were measured in three  t e s t i s  and three  bladder cancer c e l l  

l ines  ( P a r r i s ,  1989).  There was a range of spontaneous mutation rates  

in both c e l l  types with overlap between them. There was also a range 

of induced mutation r a t e s ,  obtained both with the c la s s ic a l  inducing 

agent EMS, and with c i s p l a t i n .  Thus when mutation induction by a 

chemotherapeutic drug was assessed, there  was no evidence from th is  

study for  a d i f fe re n c e  in spontaneous or induced mutation rates  

between bladder and t e s t i s  tumour c e l l  l i n e s .

T i s s u e - s p e c i f i c i t y

The Goldie-Coldman hypothesis makes the assumption th a t  tumour c e l ls  

are i n i t i a l l y  s e n s i t i v e .  However, th is  may not be t ru e  for  primary 

human tumours (van Put ten ,  1984).  I n t r i n s i c  d i f fe re n ce s  in s e n s i t i v i t y  

e x is t  between tumours derived from d i f f e r e n t  t issues (M ack i l lo p ,  

1986).  There are considerable d i f fe re n ce s  in ra d ia t io n  s e n s i t i v i t y  

between c e l l  l ines  derived from d i f f e r e n t  tumour types,  which 

c o r r e la te  with the c l i n i c a l  ra d ia t io n  s e n s i t i v i t y  of  the tumour of  

o r i g i n  ( A r l e t t  and Harcourt ,  1980; F e r t i l  and M ala ise ,  1985; Par r is  et  

a l ,  1988; Carmichael et a l ,  1989).  There are also considerable  

d i f fe re n ce s  in chemosensi t iv i ty  between c e l l  l ines  derived from tumour 

types with d i f f e r i n g  chemosensi t iv i ty  in vivo (see Chapter 3; Walker 

et a l ,  1987; Coren et a l ,  1990).  Furthermore,  the c o r r e la t io n  between 

ra d ia t io n  s e n s i t i v i t y  and chemosensi t iv i ty  of  d i f f e r e n t  classes of  

human tumour suggests tha t  i n t r i n s i c  chemo- and r a d io s e n s i t i v i t y  may
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have a common bas is ,  and t h i s  may depend on the e f f i c ie n c y  of  the 

c e l l u l a r  re p a i r  processes (M ac k i l lo p ,  1986).  P re l im inary  data on DNA 

re p a i r  in the t e s t i s  and bladder c e l l  l ines  suggests tha t there  is a 

re p a i r  defect in the SuSa t e s t i c u l a r  c e l l  l i n e .  These data are

discussed l a t e r  in t h is  chapter.

Normal t issues such as bone marrow and t e s t i s  are p a r t i c u l a r l y  

s e n s i t iv e  to chemotherapeutic drugs and i r r a d i a t i o n .  Bone marrow 

t o x i c i t y  is the major d o s e - l im i t in g  t o x i c i t y  fo r  most chemotherapeutic 

drugs (see ta b le  in Carter  et a l ,  1981).  T e s t ic u la r  tumours are very 

responsive,  as are a number of  tumours of  the haemopoietic system, 

inc luding Hodgkin's disease,  non-Hodgkin's lymphoma and ALL (Car ter  et 

a l ,  1981).  This implies  tha t  c e r t a in  tumours may be s en s i t iv e  because 

they are derived from normal t issues  which are themselves s e n s i t iv e .

The mechanisms c o n t r o l l in g  s e n s i t i v i t y  of normal t issues may also 

contr ibute  to the s e n s i t i v i t y  of  tumours derived from them. The

s e n s i t i v i t y  of normal human t e s t i s  to chemotherapy depends on the

drugs used. A lk y la t in g  agents,  such as chlorambucil or 

cyclophosphamide, cause complete azoospermia at high doses, implying 

tha t  the normal stem c e l ls  are k i l l e d  (reviewed by Gradishar and 

S ch i lsky ,  1988).  Treatment of  Hodgkin's disease pa t ien ts  with MOPP or 

MVPP regimens conta ining a lk y l a t in g  agents commonly causes permanent 

azoospermia (Whitehead et a l ,  1982).  In c o n t ra s t ,  m-AMSA only causes 

temporary t e s t i s  t o x i c i t y ,  in d ic a t in g  that i t  k i l l s  c e l ls  at l a t e r  

stages of  spermatogenesis,  but not stem c e l ls  (da Cunha et a l ,  1982).  

Pat ien ts  t re a te d  with c is p la t in -b a s e d  chemotherapy i n i t i a l l y  become 

azoospermic,  but spermatogenesis recovers in many pa t ien ts  wi th in  

about 18 months (see e d i t o r i a l  by S ch i lsky ,  1989).  I n t e r p r e t a t io n  of 

data is d i f f i c u l t  because there  is a high incidence of ol igospermia in
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t e s t i s  cancer p a t ien ts  before therapy is i n i t i a t e d ,  suggesting that  

the disease i t s e l f  may have an i n h i b i t o r y  e f f e c t  on spermatogenesis 

(S c h i ls k y ,  1989).  However, in one study 46% of pa t ien ts  cured of  

metasta t ic  t e s t i c u l a r  cancer regained t h e i r  pretreatment sperm counts 

by f i v e  years a f t e r  treatment (Hansen et a l ,  1989).  This ind ica ted  

th a t  some of the normal stem c e l l s  surv ived ,  eve n tua l ly  repopulated  

the germinal  ep i the l ium and enabled spermatogenesis to resume.

Therapeutic index

Since the t e s t i c u l a r  tumour p a t ie n ts  described by Hansen et a l  (1989)  

were cured,  a l l  the tumour stem c e l l s  must have been e rad ica ted .  This  

ind ica tes  a d i f f e r e n t i a l  s e n s i t i v i t y  between normal stem c e l l s  and 

tumour stem c e l l s  in t e s t i s .  There are a number of  fac to rs  which might 

contr ibu te  to t h i s .  These are a) ex is tence of  a b lo o d - t e s t i s  b a r r i e r ,  

b) regu la t ion  of spermatogenesis,  c) the process of  malignant  

tr an s fo rm at io n ,  d) a b i l i t y  to d i f f e r e n t i a t e  and e) the stage of

spermatogenesis from which t e s t i s  tumours a r is e .

F i r s t l y ,  the presence of the b lo o d - t e s t i s  b a r r i e r  may contr ibute  to  

d i f f e r e n t i a l  s e n s i t i v i t y  of normal and neoplastic  t e s t i s .  The normal 

t e s t i s  stem c e l l s  in the remaining t e s t i s  may be protected by the

b lo o d - t e s t i s  b a r r i e r ,  while the tumour stem c e l l s  are not ,  since these  

are normally only present in metastases outside the b a r r i e r  when

chemotherapy begins,  the primary tumour having previously  been removed 

surgi  cal  l y .

Secondly,  the regu la t ion  of spermatogenesis may make the normal stem

c e l l s  more re s is ta n t  than the tumour stem c e l l s .  In primates only

about h a l f  the stem spermatogonia d iv id e  at each cycle of  the germinal

ep i the l ium  (reviewed by de R o o i j ,  1983).  The remainder stay in a G /G
1 o
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phase, and these might be Less s e n s i t iv e  to cytotox ic  drugs a c t iv e

against cyc l ing c e l l s .  I f  the c e l l s  were damaged, by chemotherapy or

r a d ia t i o n ,  the long periods between d iv is io n s  would al low extra  time

for  rep a i r  before they p r o l i f e r a t e d  and repopulated the germinal

ep i th e l iu m .  There is evidence t h a t ,  the longer c e l l s  stay in G /G ,
1 o

the longer i t  takes them to respond to  s t im u la t io n  (de R o o i j ,  1983 ) ,  

which might account fo r  the long delay before spermatogenesis is  

restored fo l lowing chemotherapy.

T h i r d l y ,  normal stem c e l l s  may survive despi te  e rad ic a t io n  of  

t e s t i c u l a r  tumour stem c e l l s  because one of the steps involved in 

malignant transformat ion  confers s e n s i t i v i t y .  However, _i_n vi t  ro 

transformat ion  of  normal c e l l s  has been found to increase t h e i r  ra d io -  

( A r l e t t  et a l ,  1988; S k la r ,  1988a) and chemoresistance ( S k la r ,  1988b).  

Transformation of mouse NIH 3T3 c e l l s  with a c t iv a te d  ras oncogenes 

resu l ted  in a 4 to 8 - f o l d  increase in c i s p l a t i n  resis tance ( S k la r ,  

1988b).  Transfect ion  of RT112, T24 and HT1376 bladder c e l l  l ines  with  

SV40 (pSV3neo) did not a l t e r  t h e i r  r a d ia t io n  response (P a r r is  et a l ,  

1989).

The c u r a b i l i t y  of  germ c e l l  tumours might be re la te d  to t h e i r  a b i l i t y  

to d i f f e r e n t i a t e .  In a proport ion of p a t ien ts  t re a ted  with  

chemotherapy, masses remain which consist  so le ly  of mature,  

d i f f e r e n t i a t e d  teratoma (Oosterhuis et a l ,  1983; Loehrer et a l ,  1986).  

P r io r  to the in t roduc t ion  of c is p la t in -b a s e d  combination chemotherapy, 

the incidence of mature teratoma alone in metastases was extremely  

rare  (Smithers,  1969; Pugh, 1976) .  This suggests e i t h e r  tha t  

chemotherapeutic drugs induce t e s t i s  tumour c e l l s  to d i f f e r e n t i a t e ,  or 

th a t  the u n d i f f e r e n t ia t e d  c e l l s  are more s e n s i t iv e  and are k i l l e d ,  

leav ing the d i f f e r e n t i a t e d  c e l l s  behind (Hong et a l ,  1977; Oosterhuis
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et a l ,  1983).  The balance of  evidence favours the l a t t e r  hypothesis.  

Metastases from pure EC r a r e ly  i f  ever produce mature teratoma a f t e r  

chemotherapy, but become necro t ic  or f i b r o t i c  (Oosterhuis et a l ,  

1983).  The same p a t te rn  is seen in untreated tumours; only i f  

d i f f e r e n t i a t e d  t is su e  is seen in the primary tumour is i t  observed in  

the metastases. These data in d ic a te  tha t  chemotherapy does not induce 

d i f f e r e n t i a t i o n  of  u n d i f f e r e n t ia t e d  (EC) c e l l s ,  and th is  is not a 

fa c to r  con tr ib u t in g  to  c u r a b i l i t y .

T e s t is  tumour stem c e l l s  might a r is e  from a stage in spermatogenesis 

which is more s e n s i t iv e  to  chemotherapy and r a d ia t io n  than normal stem 

c e l l s  and t h i s  ex t ra  s e n s i t i v i t y  is re ta ined  in the tumour c e l l s .  The 

precise  stage from which t e s t i c u l a r  tumours are derived is unknown. 

There is evidence fo r  t h e i r  o r ig in  from a germ c e l l ,  and the p re -  

malignant d isease,  c a r c in o m a - in -s i t u ,  is widely be l ieved to be the  

precursor of germ c e l l  tumours (Skakkebaek et  a l ,  1987) .  There is  

evidence tha t  they are derived from a pre -m e io t ic  stage of  

spermatogenesis: 14/15 t e s t i c u l a r  tumour c e l l  l ines  studied contained  

an X and a Y chromosome (Wang et a l ,  1981).  Furthermore, karyotypic  

analyses of NSGCTs have shown that  they are commonly hyperd ip lo id  

(Rigby,  1968; Mart ineau,  1969; A tk in ,  1973; Deloz ier -B lanchet et a l ,  

1987; Sledge et a l ,  1987; Oosterhuis et a l ,  1989) with no haploid  

c e l l s  (Rigby,  1968).

Evidence that  d i f f e r e n t  stages of spermatogenesis d i f f e r  in t h e i r  

s e n s i t i v i t y  to drugs and ra d ia t io n  comes p a r t l y  from studies which 

show tha t  spermatogenesis is restored at d i f f e r e n t  times fo l low ing  

therapy (see above). Other studies  on men have shown that  

d i f f e r e n t i a t i n g  spermatogonia are very s e n s i t iv e  to ra d ia t io n  and 

chemotherapeutic drugs,  but stem c e l l s ,  spermatocytes and spermatids
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are r e l a t i v e l y  r e s is ta n t  (Rowley et a l ,  1974; Oakberg, 1984; 

M e is t r ic h ,  1986).  Studies on rodents have also shown that  c e l ls  at  

d i f f e r e n t  stages of  spermatogenesis d i f f e r  in t h e i r  ra d io -  and 

chemosensi t iv i ty  (Cra ig et a l ,  1961; Part ington et a l ,  1964; Fox and 

Fox, 1967).  I t  is tempting to  speculate t h a t ,  in men, t e s t i s  tumours 

might be derived from d i f f e r e n t i a t i n g  spermatogonia and re ta in  the  

s e n s i t i v i t y  of  these c e l l s .

Spermatogenesis involves m i to t ic  and meiotic c e l l  d i v i s i o n ,  fol lowed  

by d i f f e r e n t i a t i o n  in to  highly  s p ec ia l i ze d  c e l l s  with l im i ted  

metabolic fu nct ions .  I t  is  be l ieved tha t  stages of spermatogenesis 

a f t e r  the meiot ic  d iv is io n  are less able to rep a i r  damaged DNA as 

cytoplasm is lost  from the c e l l s  (reviewed by Moore, 1986).  On t h is  

b a s is ,  spermatocytes and spermatids would have less re p a i r  capacity  

than stem c e l l s  and d i f f e r e n t i a t i n g  spermatogonia and the former would 

be predic ted  to  be more s e n s i t i v e .  Thus the experimental  evidence th a t  

d i f f e r e n t i a t i n g  spermatogonia are the most s en s i t iv e  phase of  

spermatogenesis does not c o r r e la te  with DNA rep a i r  a b i l i t y  as proposed 

by Moore (1986 ) .

The s e n s i t i v i t i e s  of normal rat  germ c e l l s  at d i f f e r e n t  stages of  

spermatogenesis to gamma-radiation have been re la te d  to t h e i r  a b i l i t y  

to re p a i r  DNA double-strand breaks (Coogan and Rosenblum, 1988).  The 

most s e n s i t iv e  c e l l  types,  spermatogonia and pre lepto tene  

spermatocytes,  were v i r t u a l l y  unable to re p a i r  double-strand breaks 45 

minutes a f t e r  exposure to 6000 rads.  The most re s is ta n t  c e l l  ty p e ,  

pachytene spermatocytes,  was only able to  re p a i r  26% of double-strand  

breaks a f t e r  45 minutes.  In c o n t ra s t ,  in another study,  Chinese 

hamster ovary c e l l s  repaired 80% of double-s trand breaks 30 minutes 

a f t e r  exposure to  10000 rads (Weibezahn et a l ,  1985).  Furthermore,
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normal human f ib r o b la s t s  repaired double-strand breaks w i th in  1 h of  

exposure to 5000 or 10000 rads,  and almost 100% r e p a i r  had occurred 

by 4 h (Woods et a l ,  1982).  I t  is d i f f i c u l t  to make d i r e c t  comparisons 

between c e l l s  der ived from d i f f e r e n t  species,  but i t  appears tha t  

normal rat  t e s t i s  c e l l s  may be d e f i c i e n t  in re p a i r  of  DNA double-  

strand breaks at c e r t a in  stages of  spermatogenesis,  inc luding the  

d i f f e r e n t i a t i n g  spermatogonia,  and t h i s  may c ontr ibu te  to t h e i r  

s e n s i t i v i t y .

As wel l  as the phys io log ica l  fac to rs  c o n tr ib u t in g  to  t e s t i c u l a r  tumour 

c u r a b i l i t y ,  there  are a number of  biochemical  mechanisms involved in 

d i f f e r e n t i a l  s e n s i t i v i t y  which are g en era l ly  studied in v i t r o ,  and 

several  of  which have been studied in the t e s t i s  and bladder cancer 

c e l l  l in e s .

Mechanisms of drug resis tance

i )  Drug uptake

More drug may be taken up in to  t e s t i s  tumour c e l l s  than bladder tumour

c e l l s ,  which would con tr ibu te  to  t h e i r  s e n s i t i v i t y  in v i t r o . Uptake of

c i s p l a t i n  c o r re la te s  with c y t o t o x ic i t y  in some c e l l  l ines  with

d i f f e r e n t  i n t r i n s i c  s e n s i t i v i t i e s  to c i s p l a t i n  (E ich ho l tz -W ir th  and

H i e t e l ,  1986; Bedford et a l ,  1988) but not others (Bedford et a l ,
195m

1987a) .  We showed that  uptake of  C P tD c is p la t in  corre la ted  with 

c y t o t o x ic i t y  in SuSa, 833K and RT112 c e l l s  (Bedford et a l ,  1988).  

Decreased uptake often  c o r re la te s  with increased resistance in c e l l  

l ines  with c i s p l a t i n  resis tance induced in v i t r o  (Richon et a l ,  1987; 

Teicher  et a l ,  1987; Kraker and Moore, 1988; Andrews et a l ,  1988; 

Andrews et a l ,  1989).  Even though uptake can d i f f e r  between c e l l  

l i n e s ,  the f in d in g  that  the same amounts of c i s p l a t i n  can reach, and
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bind t o ,  DNA of t e s t i s  and bladder tumour c e l l s  (Chapter 5) implies  

th a t  uptake is not an important fa c to r  in determining d i f f e r e n t i a l  

s e n s i t i v i t y .

i i )  G luta th ione leve ls

Di f ferences  in g lu ta th ione  leve ls  might c ontr ibute  to i n t r i n s i c  

d i f f e r e n t i a l  s e n s i t i v i t y  to  c i s p l a t i n .  Gluta th ione d e t o x i f i e s  several  

anticancer  agents,  e i t h e r  by binding to them and in a c t i v a t in g  them, or 

by scavenging f ree  rad ic a ls  (see review by Arr ick  and Nathan, 1984).  

We compared the expression of two classes of  GST (pi  and alpha) in 

th ree  bladder and four t e s t i s  c e l l  l ines  but no c o r r e la t io n  was seen 

between GST expression and response (Davies et a l ,  submit ted).  

Evidence tha t  g lu ta th ione  lev e l  inf luences response in some c e l l  

l i n e s ,  but not o th ers ,  comes from studies  which use buthionine  

sul foximine (BSO) to deplete  c e l l s  of  g lu ta th io n e .  BSO treatment  

s e n s i t i z e s  some c e l l s  to c i s p l a t i n  (Hamilton et  a l ,  1985; Hromas et  

a l ,  1987 ) ,  but not others (Andrews et a l ,  1985; 1986; Richon et a l ,  

1987; Smith and Brock,  1988).  Thus there is evidence that g lu ta th ione  

leve l  may in f luence  response to c i s p l a t i n  in the t e s t i s  and bladder  

c e l l  l i n e s .  However, more data on g lu ta th io n e  l e v e ls ,  both in our c e l l  

l i n e s ,  and in samples of fresh tumours, is required before the ro le  of 

g lu ta th io n e  in chemosensi t iv i ty  can be f u l l y  understood.

i i i )  DNA re p a i r

I  inves t iga ted  a p a r t i c u l a r  aspect of  DNA re p a i r  in t e s t i s  and bladder
6

cancer c e l l  l in e s ;  the removal of an a lk y l  group from the 0 pos i t ion  

of guanine by ATase. ATase leve ls  and response to  a monofunctional  and 

a b i f u n c t io n a l  a l k y l a t in g  agent were measured. Within the t e s t i c u l a r  

c e l l  l i n e s ,  there  was some c o r r e la t io n  between ATase leve l  and 

s e n s i t i v i t y  to MNU and mitozolomide.  However, comparing the two groups
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of c e l l s ,  the resis tance of  the bladder c e l l  l ines  was not so le ly  due

to higher ATase l e v e ls ,  since one of the bladder c e l l  l i n e s ,  HT1197,

had a very low ATase l e v e l ,  but was r e l a t i v e l y  re s is ta n t  to  these

drugs.  This raises the p o s s i b i l i t y  tha t  the bladder c e l l s  have another
6

re p a i r  pathway which can remove the 0 - a l k y l  les ions ,  but which is  

lack in g ,  or less e f f i c i e n t ,  in t e s t i s  c e l l s .

A c o r r e la t io n  between the number of c is p la t  in- induced in te rs t ra n d  

cross l inks  and c y t o t o x ic i t y  has been made in some studies (Z w e l l ing  et  

a l ,  1979; Erickson et a l ,  1981) but not others (Strandberg et a l ,  

1982; Rawlings and Roberts,  1986).  We in v es t ig a ted  the re p a i r  of  

i n t e r -  and in t ra s t ra n d  cross l inks  in bladder and t e s t i c u l a r  tumour 

c e l l  l ines  (Bedford et a l ,  1988).  There was no de tectab le  re p a i r  of  

i n t e r -  or in t ra s t ra n d  crossl inks  in a s e n s i t iv e  t e s t i s  l in e  (SuSa) up 

to 24 h a f t e r  c i s p l a t i n  exposure. However, 50% of c rossl inks  were 

removed from the DNA of the bladder c e l l  l i n e  RT112 and the other  

t e s t i s  c e l l  l i n e ,  833K. Thus there  is no c le a r  c o r r e la t io n  between 

re p a i r  of i n t e r -  and in t ra s t ra n d  crossl inks  and s e n s i t i v i t y  in these

t e s t i s  and bladder cancer c e l l  l i n e s ,  and more work is required to

c l a r i f y  t h e i r  r e la t io n s h ip .

These data do not provide information about re p a i r  in s p e c i f ic  areas 

of the genome, which can d i f f e r  (Bohr, 1987).  Resistant c e l ls  might be 

b e t t e r  able than s e n s i t iv e  c e l l s  to  rep a i r  sequences which are

important fo r  s u r v iv a l .  I t  would be i n t e r e s t in g  to  f ind  out whether 

the mechanisms underlying res is tance  in RT112-CP and SuSa-CP are the  

same. I t  is  possible  tha t  the mechanisms involved in a subl ine derived  

from an i n i t i a l l y  s e n s i t i v e ,  r e p a i r - d e f i c i e n t  c e l l  l ine  w i l l  d i f f e r  

from those involved in a subline der ived from an i n i t i a l l y  r e p a i r -  

p r o f i c i e n t  c e l l  l i n e .  For example, DNA re p a i r  genes which are not
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expressed in SuSa c e l l s  might be expressed in SuSa-CP, whereas they 

are already  ac t iv e  in RT112 c e l l s ,  and resis tance in these c e l l s  may 

be due to  other mechanisms, such as increased leve ls  of g lu ta th ione  

and enzymes involved in i t s  metabolism. Recent data has shown that

SuSa-CP is unable to re p a i r  cisplat in-damaged plasmid DNA, but is  able

to  re p a i r  u.v.-damaged plasmid whereas the parenta l  l in e  is d e f i c i e n t  

in rep a i r  of both types of  adduct.

However, such studies do not give any information  about the q u a l i t y  of  

repai  r in c e l l  l ines  with di f f e r e n t  i a l  c is p la t  in s e n s i t i v i t y ;  i f  i t  is 

an erroi—prone process even c e l l s  which are able to re p a i r  may 

subsequently be k i l l e d .  There may also be d i f fe re n c e s  in to le rance  

l eve ls  between c e l l  l in es :  r e s is ta n t  c e l l s  may be b e t te r  able to  

t o l e r a t e  lesions remaining in the DNA and r e p l i c a t e  past them,

subsequently re p a i r ing  them by p o s t - r e p l i c a t i o n  r e p a i r .  DNA re p a i r

e f f i c i e n c y  is heterogeneous w i th in  the genome: re s is ta n t  c e l ls  may be 

b e t t e r  able to s e l e c t i v e l y  rep a i r  e ss e n t ia l  genomic regions.  A b i l i t y  

to re p a i r  lesions may r e f l e c t  the a b i l i t y  of  c e l l s  to i n h i b i t  t h e i r  

DNA synthesis s tep ,  a l lowing more time fo r  rep a i r  before the next 

round of DNA r e p l i c a t i o n .

The f in d in g  that  the t e s t i c u l a r  tumour c e l l  l ines  are hypersensi t ive  

to  a range of agents with d i f f e r i n g  modes of act ion  (Walker et a l ,  

1987; P a r r is  et a l ,  1988; Coren et a l ,  1990) suggests e i t h e r  tha t  they  

are d e fe c t iv e  in one step in re p a i r  which is common to a l l  the agents,  

or tha t  they are d e f i c i e n t  in a large number of  d i f f e r e n t  mechanisms. 

To te s t  the f i r s t  p o s s i b i l i t y ,  the a b i l i t y  of  the t e s t i s  and bladder  

c e l l  l ines  to re p a i r  a s ing le  double-strand break in plasmid DNA is  

c u r re n t ly  being assessed in our laborato ry  using an assay developed by 

John Thacker (Debenham et a l ,  1987).
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