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ABSTRACT

MITOMYCIN C AND PORFIROMYCIN: STUDIES ON BIOACTIVATION 
AND CYTOTOXICITY IN CULTURED CELL LINES

Paula  M arie F racasso  

Y ale University 

1984

Solid neoplasm s a re  known to  contain  d e fic ien t or poorly functional vascular 

beds and as a ---suit populations o f cells in these  solid tum ors may contain  hypoxic 

or poorly oxygenated tum or ce lls . These hypoxic tum or cells  may form  a  th e ra ­

peutically  re s is ta n t cell population w ithin the  tum or d ifficu lt to  e ra d ica te  by 

ionizing rad ia tion  and m ost ex isting  chem otherapeu tic  ag en ts . As a  consequence, 

th is d isse rta tion  has investiga ted  the  m echanism  of b ioactivation  and cy to tox ic ity  

of m itom ycin C and porfirom ycin , s tru c tu ra lly  sim ilar an tib io tics  which are  

selectively  cy to to x ic  to  hypoxic cells .

M itom ycin C was p refe ren tia lly  cy to tox ic  to  hypoxic EMT6 and V79 cells in 

c u ltu re , but was not se lec tive ly  cy to tox ic  to  CHO cells in cu ltu re . Porfirom ycin 

produced hypoxic ce ll cy to to x ic ity  com parable to  th a t  of m itom ycin C in EMT6 and 

V79 cells , but exh ib ited  significantly  less aerobic  cy to to x ic ity . Porfirom ycin was 

significantly  m ore cy to tox ic  to  hypoxic CHO cells  than  to  aerob ic  CHO ce lls . This 

increase in hypoxic ceil cy to to x ic ity  for CHO cells tre a te d  with porfirom ycin, 

how ever, was substan tia lly  less than  the  d iffe ren tia l cy to to x ic ity  seen w ith the 

EMT6 and V79 ce lls  tre a te d  w ith th is  drug.

N A D PH -Cytochrom e c  red u c tase , NA DH -cytochrom e b^ red u c tase , cy to ­

chrom e b^» and DT-diaphorase w ere p resent in all th ree  cell lines, w hereas 

cytochrom e P-450 was not d e te c ta b le . The highest a c tiv ity  of NA DPH-cyto- 

chrom e c red u c tase  and D T-diaphorase w ere observed in EMT6 cells . Sonicates of

ii
i
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EMT6, V79, and CHO ce lls  enzym atica lly  form ed rea c tiv e  m etab o lite s  o f MC under 

hypoxic conditions as d e te c te d  by th e  trapp ing  agen t M p-n itrobenzy l)py rid ine. 

EMT6 ce lls  w ere  ab le  to  g e n e ra te  rea c tiv e  m etabo lites  of m itom ycin  C to  a
i
|  g rea te r  e x te n t th an  V79 and CHO cells . The fo rm ation  of re a c tiv e  m etabo lites

* occurred m ost e ff ic ie n tly  in th e  presence of an NADPH reg en era tin g  system  and to

a  lesser d eg ree  w ith  added NADPH or NADH a lone .

Carbon m onoxide, an inh ib itor of cy tochrom e P-450, did n o t d ecrease  the  

form ation  of m itom ycin  C -derived  rea c tiv e  m etab o lite s  by son ica tes  o f th e  th ree  

j cell lines. N A D P+ and m ersalyl inh ib ited  NADPH cy tochrom e c  red u c tase  a c tiv ity

| and the  fo rm ation  of rea c tiv e  m etabo lites  from  m itom ycin C . Dicoumarol

inhibited D T -diaphorase a c tiv ity  com plete ly , w hile th e  r a te  of fo rm ation  of 

reac tiv e  m e ta b o lite s  of m itom ycin C was enhanced . The resu lts  in d ica te  th a t
j
i cy tochrom e P-^50 and D T-diaphorase a re  not d ire c tly  involved in th e  ac tiv a tio n  of
1

m itom ycin C , bu t appear to  m odula te  th e  degree  of ac tiva tion  of th e  an tib io tic  to  

reac tiv e  sp ec ie s , which a re  presum ably responsible for cy to to x ic ity . F u rtherm ore , 

N A D PH -cytochrom e c  red u c tase  was capable of ac tiva ting  m itom ycin  C to  a 

reac tiv e  species , but did not appear to  be th e  sole enzym e involved in th e  reductive
!
I ac tiva tion  o f m itom ycin  C by th ese  cell lines.
J

Alkaline e lu tion  m ethodology was u tilized  to  study both th e  fo rm ation  and 

repair of DNA single s tran d  b reaks, DNA in te rs tran d  cross-links, and DNA-protein 

] cross-links produced by m itom ycin  C and porfirom ycin  in the  EMT6 and CHO cell

j lines. DNA single strand  b reaks, DNA in te rs tra n d  cross-links and DNA protein
ii
j cross-links w ere  negligible in hypoxic or aerob ic  CHO cells  im m edia te ly  a f te r
I
\ t re a tm e n t w ith  m itom ycin  C or porfirom ycin . Although hypoxic and aerob ic  EMT6
i

cells dem o n stra ted  no single strand  breaks im m edia te ly  a f te r  tre a tm e n t w ith these  

j an titum or an tib io tic s  under both hypoxic and aerob ic  conditions, DNA in te rstrand
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] cross-links w ere produced in th is ce ll line . Substan tially  m ore DNA in te rstran d
\\
I cross-linking o ccu rred  under hypoxic conditions th an  under aerobic cond itions, w ith

j th e  sam e am ount of cross-linking occurring  a f te r  m itom ycin C and porfirom ycin

tre a tm e n t. These resu lts  a re  consisten t w ith th e  degree of c y to to x ic ity  produced
i

j bv these  agen ts  to  hypoxic and aerobic  CHO and EMT6 ce lls . F u rth e r  studies

\ ind ica ted  th a t  DNA in te rstran d  cross-links persis ted  in hypoxic EMT6 ce lls  over a

■ 2^ hr period follow ing rem oval of m itom ycin C and porfirom ycin , w ith  a  decrease
if
j in DNA in te rs tran d  cross-links observed a t  2U h r . A erobic EMT6 cells  tre a te d  with
i

\ m itom ycin C and porfirom ycin  dem onstra ted  an increase  in DNA in te rs tran d  cross-

| links hours a f te r  drug rem oval, w ith a  d ecrease  in th ese  lesions being observed by

i  2<t h rs , suggesting th a t  the  ra te  of form ation  o f th e  cross-links m ay be slow er under

j aerob ic  conditions. A low degree of D N A -protein cross-links occu rred  in both
|
| hypoxic and ae rob ic  EMT6 cells tre a te d  w ith m itom ycin C and porfirom ycin . These

| resu lts  suggest th a t  b ioactiva tion  and fo rm ation  of DNA lesions m ay be im portan t

ji to  cy to tox ic ity  bu t a re  not the  sole d e te rm inan ts  of to x ic ity  by m itom ycin  C and
i

j  porfirom ycin in hypoxic and aerobic cu ltu red  ce ll lines.
I1
{

i

j

i
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CHAPTER I 

Background

ORIGIN AND CHEMICAL STRUCTURE

The f irs t  na tu ra lly  occurring m itom ycins w ere iso la ted  from  S trep tom yces 

caespitosus and described by H ata  e t  aL  (1956) in Japan . These w orkers iso lated  

tw o frac tio n s , A and B, which had a c tiv ity  against various m icrobes and Ehrlich 

asc ite s  tum or cells  in m ice. Within th e  next few  y ea rs , Wakaki e t  aL  (1958) 

repo rted  the  iso lation  of m itom ycin C (MC), also from  S trep tom yces caesp ito su s , 

and DeBoer e t  a l. (1961) described th e  isolation and a c tiv ity  of porfirom ycin  (PM) 

produced by an o th er actinom yces s tra in , S trep tom yces a rdus. M itom ycins A, B, C 

and PM w ere found to  have sim ilar b ac te ric id a l and an titu m o r a c tiv ity , and Webb 

e t  aL (1962a, 1962b) dem onstra ted  chem ically  th a t  th ese  an tib io tics  had a  com m on 

s tru c tu re  to  w hich th ey  gave th e  tr iv ia l nam e, m ito sane , and d iffe red  only in 

minor sub stitu en ts  as ind icated  in Table 1. These w orkers fu rth e r  showed th a t  

th ese  an tib io tics  w ere th e  f irs t na tu ra lly  occurring com pounds which con ta ined  an 

azirid ine ring, a  n-pyrrolo(l,2-a)indo!e ring system , an am ino- or m ethoxybenzo- 

quinone, and a  pyrrolizine residue. S tevens e t  aL  (196*f) confirm ed th e  s tru c tu re  of 

MC by chem ical analysis. The abso lu te  configurations of m itom ycin A, B, and C 

w ere determ ined  by x-ray crysta llog raph ic  analysis (Tulinsky, 1962; Tulinsky and 

Van den H ende, 1967; Yahashi and M atsubara , 1976, 1978; Shirahata  and H irayam a, 

1983). In add ition , th e  to ta l synthesis of MC has been achieved  (N akatsubo e t  a l . , 

1977).

M itom ycins A, B, C and PM, and many of th e ir  analogues exhib it useful 

an tib ac te ria l (K inoshita e t  aL, 1971a, 1971b) and an titum or p roperties  (C rooke, 1979). 

The principal in te re s t in the m itosanes is derived from  th e ir  an titum or a c tiv ity

- 1-

I
1 . .
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\ (C rooke, 1979). MC, th e  m ost thoroughly studied m itosane an tib io tic , is e ffe c tiv e

j against a  re la tiv e ly  wide range of neoplasm s, including head and neck cancers ,1

i adenocarcinom as of th e  g astro in tes tina l t r a c t ,  squamous cell carcinom a of th e
t
j ce rv ix , and ovarian carcinom a (Crooke, 1979). PM, th e  N -m ethyl hom olog of MC,
|
j was developed in th e  U nited S ta tes  fo r phase I c lin ical tr ia ls  (Izbicki e t  a h , 1972),

t bu t bo th  th e  a c tiv ity  against solid tum ors and th e  to x ic ity  of PM w ere sim ilar to
i
; MC and as a  resu lt, PM was never m arke ted .

j

j THE MECHANISM O F ACTION OF MC AND PM

I Early investigations on the  m echanism  of ac tion  of MC c learly  dem onstra ted
|
; th a t  th is  an tib io tic  inh ib ited  the  biosynthesis of DNA in b a c te ria  (Sekiguchi and
4

; T akagi, 1959, 1960a; Shiba e t  a h , 1959) and in m am m alian cells  (Sekiguchi and

! T akagi, 1960b; Shatkin e t  a h , 1962), while RNA and p ro te in  synthesis continued
i

j re la tiv e ly  u n affec ted  (Schw artz e t  a h , 1963; Shiba e t  a h , 1959). The p refe ren tia l
!
ij inhibition of DNA synthesis was accom panied by m assive degradation  of preexisting

I DNA, suggesting th a t  DNA was th e  principal ta rg e t  of th is  drug. In 1963, Iyer and

; Szybalski dem onstra ted  th a t  M C-induced ce ll dea th  occurred  m ore rapidly than  the

| r a te  of DNA breakdow n (Iyer and Szybalski, 1963), and suggested  th a t  th e  e ffe c ts

on DNA synthesis and breakdown m ight be secondary to  an ea rlie r  ac tion  of the  

an tib io tic . Using th erm al denatu ration  profiles and cesium  chloride and cesium 

su lfa te  equilibrium  density  cen trifuga tion , these  investiga to rs  dem onstra ted  cross- 

j linking of DNA in MC tre a te d  m icroorganism s (Iyer and Szybalski, 1963). F u rth e r­

m ore, th ey  reported  th a t  MC had no e ffe c t  on purified b ac te ria l DNA in vitro  

unless a  cell e x tra c t  was added (Iyer and Szybalski, 1963). Subsequently, they  

proposed th a t  the  inhibitory e ffe c ts  of MC on DNA synthesis was a consequence of 

the  cross-linking of the  com plim entary  strands of DNA, and they  provided addi-

1
*

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



-3 -

i tional evidence th a t  cross-linking occu rred  in hum an ce lls , although higher concen-

j tra tio n s  of MC w ere  required to  ob tain  com parable am ounts of cross-linking

| (Szybalski, 196^; Szybalski and Iyer, 196*fa). A t th e  sam e tim e , M atsum oto and Lark
j
\ (1963) repo rted  th a t  DNA from  M C -trea ted  b a c te ria  d em onstra ted  a  low degree  of

j spontaneous re n a tu ra tio n , as ind ica ted  by a  decrease  in th e  hyperchrom icity  of
)
; DNA a t a  higher tem p e ra tu re  than  th a t  a t  which th e  hyperchrom icity  of the  norm al
i
j DNA d ecreases. They in te rp re ted  th ese  resu lts  to  in d ica te  th a t  bonds (or c ross-

| links) w ere form ed betw een  th e  tw o s trands of DNA in MC tre a te d  m icroorganism s.

j They w ere not able to  dem onstra te  changes in cesium  chloride equilibrium  density
]
j cen trifuga tion  p a tte rn s  ind icative of DNA in te rs tran d  cross-link ing , nor w ere they
I
I able to  dem onstra te  changes in th e  ren a tu ra tio n  k inetics  w ith  M C -trea ted  purified

S b a c te ria l DNA in v i tro . How ever, fu rth e r  stud ies by Iyer and Szybalski (196*>)
I
I ind ica ted  th a t  th e  m itom ycins and PM re a c te d  w ith purified  b a c te ria l DNA in v itro

when incubated in th e  presence of NADPH and a  c e ll- f re e  ly sa te ; from  these  

j investigations it  was concluded th a t  a  N A D PH -dependent enzy m atic  reduction  was

j necessary  for DNA cross-linking. A dditionally , th ey  have shown th a t  cross-linking
\i
; of b a c te ria l, v ira l, or m am m alian DNA in v itro  could be accom plished by chem ical

j reduction of MC under anaerobiosis. These investiga to rs  a lso  noted th a t  a  higher
j
| degree of cross-linking occurred  in b a c te r ia l, v ira l, and m am m alian  DNAs of higher
{
\ guanine and cytosine co n ten t (Iyer and Szybalski, 196^; Szybalski and Iyer, 196*fa).

O ther stud ies ind ica ted  th a t  the  r a te  of ce ll dea th  was c o rre la te d  w ith th e  degree 

' of DNA in te rstran d  cross-linking: 10 m in of exposure a t  37°C to  0.1, 1, and 10

yg /m l of MC resu lted  in 90%, 5%, and 5 x 10-£f% survival of Bacillus subtilis cells 

and 1, 10, and 100 cross-links/10 daltons of DNA, i .e ., per one ce ll genom e, 

respective ly  (Szybalski and Iyer, 196*»a). Using ^ C -Ia b e led  PM, these  investiga to rs  

dem onstrated  th a t chem ically  reduced PM covalen tly  bound to  purified Bacillus

i
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subtilis DNA, w ith one out of every  5 to  10 an tib io tic  m olecules p a rtic ip a tin g  in the  

cross-linking and th e  rem aining m olecules form ing m onoadducts w ith the  DNA 

(Szybalski and Iyer, 1964b). These findings w ere  confirm ed by W hite and W hite 

(1965), who showed th a t  a f te r  chem ical reduc tion , ^H -Iabeled PM strongly  bound 

bac te ria l DNA, and th a t  th e  PM-DNA adduct was re s is ta n t to  d en a tu ra tio n , 

suggesting a  cross-linking of DNA strands. T heir work also  dem o n stra ted  th a t  

some DNA, which did not ren a tu re , still re ta in ed  labe l, im plying th a t  PM caused 

m onoalkylations w ithout in te rs tran d  cross-linking.

F urther work by Szybalski and Iyer (1964a) dem onstra ted  th a t  it  was not 

possible to  cross-link in vivo m ore than 30-40% of th e  DNA m olecules in th e  hum an 

cell line , D98S, and in rabb it kidney ce lls , a lthough i t  was possible to  cross-link 

100% of b a c te ria l DNA in v itro  and in vivo w ith high co n cen tra tio n s  of MC. 

Because th ese  investiga to rs  f e l t  th a t  th e  incom plete  cross-linking of m am m alian 

DNA m ight re f le c t  poor p ene tra tion  of MC in to  th e  ce ll nucleus, th ey  exposed 

rabbit kidney ce lls  in fec ted  w ith  pseudorabies virus (localized  to  th e  nucleus o f the  

rabbit kidney cells) to  various concen tra tions of MC and discovered  th a t  a t  a 

concen tra tion  of 50 y g /m l of MC all of th e  v iral DNA was fully cross-linked  while 

all of the  m am m alian DNA was n o t. This d iffe ren ce  in th e  degree  of cross-linking 

was not explained by a d iffe ren ce  in the  guanine-cytosine c o n te n t betw een 

m am m alian and v iral DNA. H ow ever, a f te r  d ep ro te in iza tio n , m am m alian  DNA 

becam e fully susceptib le  to  in v itro  cross-linking by th e  an tib io tic  (Szybalski, 1964; 

Szybalski and Iyer, 1964a), leading these  investiga to rs  to  conclude th a t  the  

chrom osom al s tru c tu re  itse lf  m ust be im plicated  in th e  p ro tec tio n  of th e  rabb it 

kidney cell from  MC induced in te rs tran d  cross-links.

W eissbach and Lisio (1965) chem ically  reduced  ^H-MC and ^C -P M  and 

dem onstrated  covalen t binding of these  an tib io tics  to  purified  b a c te ria l DNA and
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RNA a t a  level of abou t one m olecule of an tib io tic  per 500 nucleo tide residues, 

j F u rth e r stud ies showed th a t  chem ically  reduced ^C -P M  bound p refe ren tia lly  to  the

hom opolym er, poly-G (L ipsett and W eissbach, 1965). The iso lation  of not only m ono- 

| guanylated  but d iguanylated  PM as a  product of the  in v itro  reac tion  o f soluble

] RNA (t-RN A) w ith chem ically  reduced  PM supported th e  hypothesis th a t  th ese

j an tib io tics  a re  b ifunctional a lky la ting  agen ts  (L ipsett and W eissbach, 1965). How-

| e v e r, analogous experim en ts w ith  DNA w ere not repo rted  by th ese  in v estig a to rs .

| In re c e n t y ea rs , Lown and his cow orkers have described  covalen t cross-linking

; of A-phage DNA by MC using an eth id ium  fluorescence assay  (Lown e t  a l., 1976). In
(

j th is  m ethodology, A-phage DNA was incubated with chem ically  reduced MC;
s
j following th e  incubation  period, DNA was h ea t denatured  a t  alkaline pH, cooled  in

i  th e  p resence o f e th id ium , and m easured for ethidium  fluorescence  enhancem en t,
?
j
I observed only if eth idium  brom ide in te rca la te d  betw een bihelical nucleic  acid .
i
j, This finding w as confirm ed by conducting a  sim ilar experim en t em ploying 5 j-

] endonuclease to  d igest single stranded  DNA. A dditionally , th ese  investiga to rs

| d em onstra ted  th a t  in te rs tran d  cross-linking increased w ith  higher guanine-cytosine

\ c o n te n t. F u rth e rm o re , MC was able to  cross-link DNA in th e  absence of reduction
i1
] a t  low pH (pH *0, suggesting to  th ese  investiga to rs th a t  p re fe re n tia l ac tiv a tio n  of

; th is  an tib io tic  would occur in tum or ce lls  which m ay tend  to  have a  lower pH than

j norm al ce lls , as  well as a  m ore reducing environm ent. L astly , o ther investiga to rs

have dem onstra ted  th e  presence of DNA cross-linking in m am m alian ce lls . By 

alkaline sucrose sed im en ta tion , hydroxyapatite  chrom atography, and S j-nuclease 

d igestion , th e  rem oval of in te rs tran d  cross-links in m any m am m alian cells in v itro  

has been co rre la ted  w ith  th e ir  sensitiv ity  to  MC (Fugiw ara, 1982; Fugiw ara and 

. T atsum i, 1975, 1977; Kano and Fugiw ara, 198I), while DNA in te rstran d  and DNA-

pro tein  cross-links w ere dem onstra ted  in normal hum an fibroblasts and in a

i
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Fanconi's anem ia fib rob last s tra in  by alkaline e lu tion  (Fornace and L it t le ,  1977; 

F o rnace  e t  aL , 1979).

The e x a c t s ite  of a tta ch m e n t to  DNA by th ese  an titu m o r quinones is under 

in tensive  in vestiga tion . As m entioned previously, a  co rre la tio n  has been found 

be tw een  the  guanine and cy tosine c o n ten ts  of DNA and th e  degree of cross-linking 

in v itro  and in vivo (Iyer and Szybalski, 1964; Lown e t  aL , 1976), while o th ers  have 

rep o rted  th a t  th e  m onofunctional binding of MC to  DNA and RNA is highly guanine 

sp ec ific  (L ipsett and W eissbach, 1965), ind icating  th a t  guanine is th e  m ajor or 

perhaps th e  only linkage point of th e  drug to  DNA. This is supported by th e  finding 

th a t  poly(dG) binds MC w ell, while binding of th e  a n tib io tic  to  poly(dA), poly(dT) or 

poIy(dC) is u n d e tec tab le  (Tom asz e t  a l .,  1974).

L ip se tt and W eissbach (1965) hypothesized  th a t  MC m ight a c t like o ther 

b ifunctional a lky la ting  agen ts  and , th e re b y , a lky la te  th e  N-7 of guanine. H ow ever, 

using space  filling  m odels, Szybalski and Iyer (1964a) suggested th a t  th e  

positions of th e  n e a re s t guanine residues on opposite s tran d s w ere the  only possible 

points o f a tta c h m e n t of MC which would allow in te rs tran d  cross-link w ithout 

d isto rtion  of th e  double helix . Tom asz (1970) reasoned th a t  MC did not cova len tly  

bind to  th e  N -7  or C-8 positions o f guanine in v itro  because no tritiu m  loss o f the  

C-8 hydrogen or guanine occurred  upon alkylation  of th is  base by MC. She argued  

th a t  m ethy la tion  of th e  N-7 position of guanine renders the  C-8 hydrogen 

ex trem e ly  lab ile  under physiological cond itions, a  p roperty  th a t  would re su lt in the  

re lease  of tritiu m  in to  the  m edium . F u rth e r ev idence by Lown and his cow orkers 

also suggested  th a t  MC did not cova len tly  bind the  N-7 position of guanine (Hsiung 

e t  a l . , 1976). In th e ir  w ork, they  d em onstra ted  a tim e  dependent loss of eth id ium  

fluo rescence  of DNA m ethy la ted  by dim ethyl su lfa te  or n itrogen  m ustard  a t  high 

pH. The loss of fluorescence  was thought to  be secondary  to  slow base-ca ta ly zed

\
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S im idazole ring opening, c h a ra c te r is tic  of N -7 alkylation of deoxyguanosine residues

i a t  high pH, and subsequent loss of ethidium  binding s ite s . Because th e  loss of

] eth idium  fluorescence was not observed to  be pH dependent w ith MC bound DNA,

| th ey  reasoned  th a t  MC did not a lk y la te  th e  N-7 position of guanine.
i
I Subsequent work has d em onstra ted  MC binding to  th e  phosphate group of a

' se rie s  of nucleo tides, including 5 '-uridylic  acid and 5'-guanylic acid  by e ith e r  ac id -
j

ca ta ly zed  ac tiv a tio n , or chem ical or enzym atic  reduction  of th e  drug (H ashim oto
i
1 e t  a h , 1980; Tom asz and Lipm an, 1979, 1981). R ecen tly , H ashim oto e t  a h  (1982)
i
j rep o rted  th re e  adducts a f te r  a  10 min c a ta ly tic  reduction  of 1.5 yM MC in the

■ presence  of 1 m g/m l of ca lf  thym us DNA. These adducts w ere iden tified  by acid

i  hydrolysis to  be th e  m odified nucleo tides w ith adducts a t  th e  N^ position  of
j /
I adenosine and th e  O and N-2 positions of guanosine; th e  am ount of MC bound to

! DNA was e s tim a ted  to  be 1 m olecule per 200 to  300 nucleo tides. F u rth e r work
i

d em onstra ted  these  sam e th re e  m odified nucleo tides in DNA from  r a t  liver 

| hom ogenates incubated  w ith MC, as well as from  livers of ra ts  tre a te d  w ith MC in

vivo (H ashim oto e t  a h , 1983). In the  livers from ra ts  tre a te d  in vivo w ith  MC, 

about 1 m olecule MC was e s tim a ted  to  be bound per 1 to  2 x 10^ nucleo tides w ith 

: p re fe re n tia l binding to  guanine, especially  a t  the O 6 a to m . U nfortunately , d e ta ils

; concerning th e  dose of MC adm in istered  and the  duration o f tre a tm e n t of ra ts  w ere

j  not p resen ted . In addition, Tom asz e t  a h  (1983) id en tified  th e  m ajor adduct of

chem ically  and enzym atically  reduced  MC with the  deoxynucleo tide, d(GpC), to  be 

the  adduct of deoxyguanosine.

BIO ACTIVATION OF MC AND PM BY ENZYMATIC REDUCTION

Early in the  studies on th e  ac tion  of MC and PM, investiga to rs  dem onstra ted  

the  necessity  for m etabolic  a c tiv a tio n  of these  an tib io tic s . Thus, Schw artz  and

1 . . 
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Philips (1961) repo rted  th a t  th e  d ec rease  in 363 nm absorp tion  of MC by r a t  tissue  

• hom ogenates in v itro  was proportional to  a  decrease  in a n tib io tic  a c tiv ity , and th a t

; r a t  liver hom ogenates caused th e  g re a te s t  decrease in 363 nm absorption of MC.

J F u rth e rm o re , th ey  dem onstrated  th e  necessity  for anaerobiosis (oxygen inhibiting

i  th e  m etabolism  of MC by 90%) and reduced  pyridine nuc leo tides for th e  m etab o -t!
i  lism of MC. They reported  th a t  alcohol dehydrogenase, gIucose-6-phosphate
Ii
i  dehydrogenase, xanthine oxidase, and a  non-specific d iaphorase did not decrease

| the  absorp tion  of th is agent a t  363 nm (Schw artz, 1961). Additional stud ies

5 d em onstra ted  tw o anaerobic system s by which MC was m etabo lized  in r a t  liver
i
! (Schw artz , 1962). The m ore a c tiv e  system  required  e ith e r  the  e n tire  r a t  liver
|
I hom ogenate or m icrosom es and NADPH or a  NADPH reg en era tin g  system , while

th e  less a c tiv e  system  required th e  e n tire  r a t  liver hom ogenate  or th e  recom bina- 

; tion  of m itochondrial, m icrosom al, and supernatan t fra c tio n s  (for a c tiv ity  com ­

parab le  to  th e  whole hom ogenate) in addition  to  NAD+, A TP, Mg++, and a  su b s tra te  

such as m a la te . These investiga to rs  suggested th a t  th e  proposed an aerob ic , 

■ reduc tive  a c tiv a tio n  of MC m ight explain  the  po ten t e f fe c ts  of MC aga in st
i

experim en ta l tum ors , as th e  ab ility  of MC to  inhibit th e  grow th  of a v a rie ty  o f th e  

tran sp lan ted  rodent tum ors m ay be due to  the  re la tiv e  anoxia under which such 

cells grow a f te r  being im planted (Schw artz  e t  a h , 1963).

In an analogous m anner, Iyer and Szybalski (1963) and M atsum oto and Lark 

(1963) showed th a t  in te rstran d  cross-link ing  of purified b a c te r ia l DNA did not occur 

unless th e  DNA was incubated w ith b a c te ria l cell lysa tes under anaerob ic  condi­

tions (Iyer and Szybalski, 1963). H ow ever, aging, a e ra tio n , or dialysis against 

sodium chloride-sodium  c itr a te  bu ffe r destroyed the a c tiv a tin g  cap ac ity  of the  

lysa te . The a c tiv ity  of the  d ialyzed ly sa te  could be re s to re d  by th e  addition of 

NADPH or a  N A D PH -generating system ; how ever, NADPH alone was in e ffec tiv e .

i
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These investiga to rs  found th a t  C lostrid ium  kluveryi d iaphorase, in th e  p resence  of 

NADPH, caused  cross-linking of b a c te ria l DNA by MC. H ow ever, they  rep o rted  

th a t  th e  reduc tase  a c tiv ity  resided in th e  lysa te  frac tio n  which sed im ented  a t  

198,000 x g , and th a t  th is  ac tiv ity  was not decreased  by d icoum arol, an inh ib itor of 

D T-diaphorase (Iyer and Szybalski, 1964). These workers concluded th a t  a  NADPH- 

dependent enzym atic  reduction  was necessary  for DNA cross-linking.

In 1979, Kennedy and Sartorelli ex tended  these  e a rlie r  findings to  m ouse liver 

subcellu lar frac tio n s  (Kennedy and S a rto re lli, 1979). They dem onstra ted  th a t  th e  

ra te  of MC d isappearance from  incubations w ith m ouse liver nuclei or m icrosom es 

requ ired  NADPH and anaerobiosis. F u rtherm ore , using th e  trapp ing  agen t, M p -  

n itrobenzyl)pyrid ine, th ey  dem onstrated  a  co rre la tion  betw een  th e  d isappearance 

of MC and th e  appearance  of an a lky la ted  species. F u rth e rm o re , two tum or cell 

lines, Sarcom a 180 and EMT6 carc inom a, w ere able to  m etabo lize  and a c tiv a te  MC 

to  an a lkylating  agen t under hypoxic conditions (Kennedy e t  a h , 1980).

From  these  s tud ies, it was c le a r  th a t  a  N A D PH -dependent enzyme(s) was 

necessary  for the  ac tiva tion  of th e  a n tib io tic . H ow ever, th e  enzym e(s) which was 

responsible for th is ac tiv a tio n  was obscure . In 1976, Handa and Sato showed th a t  

MC s tim u la ted  r a t  liver m icrosom al oxidation of NADPH under aerobic  conditions, 

a  finding extended to  p a rtia lly  purified ra t  liver N A D PH -cytochrom e c reduc tase  

(Handa and Sato , 1976). Since MC increased  the  NADPH oxidation by m icrosom es 

and by th e  enzym e prepara tion  to  a lm ost the  sam e d eg ree , these  investiga to rs 

suggested th a t  th e  NADPH oxidation produced by MC was ca ta lyzed  by NADPH- 

cy tochrom e c  red u c tase . In addition, Bachur and cow orkers have described NADPH 

oxidation and oxygen consum ption by both r a t  liver m icrosom es and purified ra t  

liver N A D PH -cytochrom e P-450 red u c tase  (Bachur e t  a h ,  1978, 1979). R eductive 

ac tiv a tio n  of MC by r a t  liver N A D PH -cytochrom e P-^50 and bu tte rm ilk  xanthine
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oxidase under anaerobic  conditions has been reported  by K om iyam a e t  a h  (1979a, 

1982). Using these  enzym es, th ey  dem onstra ted  loss of th e  quinone absorbance a t  

363 nm and an tim icrob ial a c tiv ity  under anaerob ic  conditions bu t not under aerob ic
|
j conditions and, in add ition , dem onstra ted  th a t  the  reduction  of MC by xanthine

j  oxidase was a t  least 10-tim es less e ff ic ie n t th an  th a t  produced by NADPH-

] cy tochrom e P-450 red u c tase . F u rth e rm o re , Kennedy e t  a h  (1982) have described

] the  m etabo lic  d isappearance of MC and th e  production of a  re a c tiv e  species w ith  a

I reco n stitu ted  r a t  liver cy tochrom e P-450 enzym e system  under anaerobiosis, and
j
i  hypothesized th a t  N A D PH -cytochrom e P-450 red u c tase , along w ith  cy tochrom e P-

j 450, w as necessary  fo r MC ac tiv a tio n  under hypoxic cond itions. Most recen tly ,
i

Bachur and cow orkers repo rted  th e  anaerob ic  reduction  o f MC and th e  fo rm ation  of 

\ MC m etab o lite s  by r a t  liver N A D PH -cytochrom e P-450 re d u c ta se  and bovine m ilk

j xanthine oxidase (Pan e t  a l. 1984).
•i
J
?

] PROPOSED MECHANISMS OF REDUCTION AND ACTIVATION O F MC AND PM

j  The enzym atic  ac tiv a tio n  of MC and PM has been proposed to  occur through
'I

e ith e r a  one e lec tron  reduction  to  form  th e  sem iquinone o r a  tw o e lec tro n  

| reduction to  form  th e  hydroquinone. As early  as 1964, P a tr ic k  and cow orkers
i

rep o rted  th e  de tec tio n  of a s tab le  sem iquinone of m itom ycin  B by ESR a f te r  

■ chem ical reduction; how ever, no d a ta  w ere p resen ted  to  support th is con ten tion

i (P atrick  e t  aK, 1964). In 1966, a  th eo re tic a l paper by M urakam i (1966) postu la ted

th a t  a  one e lec tro n  reduction  of th e  m itom ycins to  th e  sem iquinone was im portan t 

for DNA cross-linking. He suggested  th a t  th e  sem iquinone form  of th e  m itom ycins 

was th e  ac tiv e  in te rm ed ia te  and th a t  cross-linking included th e  O 6 position of 

guanine, the  N-4 of cy to sine , and th e  N-4 and 0 - 5  of m itom ycin . This proposed 

schem e of cross-linking resu lted  in a s tru c tu ra l change in th e  bases corresponding

i
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i)I
| to  th e ir ta u to m e ric  isom ers. He suggested fu rth e r th a t  th e  g re a te r  tendency
i
] tow ards isom erization  of cy tosine and guanine, as com pared to  thym ine and
1
) adenine, provided th e  basis for the  p re fe re n tia l contributions o f guanine and

| cytosine to  MC cross-linking. Bachur and cow orkers hypothesized th a t  one
j

1 e lec tron  reduc tion  of MC under anaerobiosis form s a MC rad ica l anion which*
j
; undergoes conversion to  m etabo lites  (Figure 1, adap ted  from  Pan e t  a h , 198*0.

] A fter genera tion  of th e  anion, th e  quinone m oie ty  form s an a ro m a tic  ring which
I
j favors the  re le a se  of the  m ethoxy group a t  C -9a as m ethanol. They argue th a t

• nucleophilic a t ta c k  a t  C -l is fa c ili ta te d  in th is  indole in te rm ed ia te  as  th e  azirid ine
t
] ring c leav es. In support of th is  m echanism , th ese  resea rch ers  produced the  MC

1 radical anion by e lec trochem ica l reduction and observed nucleophilic addition a t

j the  C-l position of MC (Andrews e t  a h , 1983). How ever, i t  is no tab le  th a t  single

e lec tron  reduc tion  m ay also be followed by reoxidation of MC in th e  presence of5I
| oxygen to  give th e  p a ren t compound and th e  superoxide rad ical as shown in Figure 1
i

(Bachur e t  a h , 1978, 1979). This rad ical m ay dism ute to  hydrogen peroxide and to  

j o ther rad ica ls , such as the hydroxyl rad ical which a re  known to  be cy to tox ic

(Fridovich, 1972). Such cyclic  reduction and oxidation of th e  quinone may be

• responsible fo r th e  tox ic ity  of th is drug in a ir (Kennedy e t  a h , 1980).

j A dditional ev idence for th e  ex istence  of a  semiquinone in te rm ed ia te  was

I described by N agata  and M atsuyam a (1969). These investigato rs dem onstra ted  an

ESR signal ind ica tive  of a  s tab le  sem iquinone a f te r  reduction of MC by sodium 

borohydride under alkaline conditions in a ir or n itrogen . Lown and cow orkers noted 

\ th e  MC sem iquinone a f te r  chem ical reduction  by sodium borohydride using ESR and

also observed superoxide and hydroxyl rad ical form ation  by spin trapp ing  (Lown e t 

a h , 1978). Bachur and cow orkers reported  an ESR signal ind ica tive  of the  

form ation of a  sem iquinone a f te r  reduction of MC with purified  xanthine oxidase;

i
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how ever, they  w ere  not able to  g en era te  a  s ign ifican t signal a f te r  reduction  of MC 

w ith r a t  liver m icrosom es or N A D PH -cytochrom e P-450 reduc tase  (Bachur e t  a h , 

1978, 1979; Pan e t  a h , 1984). K alyanaram an e t  a h  (1980) incubated  MC w ith r a t  

liver m icrosom es anaerobically  and genera ted  an ESR signal, which th ey  believed 

to  be th e  sem iquinone, though they  could not exclude th e  possibility th a t  th e  signal 

was produced by th e  N A D PH -cytochrom e c red u c tase  sem iquinone.

Although d ire c t ev idence for th e  fo rm ation  of th e  sem iquinone form  of MC is 

lim ited , m any in vestiga to rs  have found in d irec t ev idence for th e  p resence of MC 

sem iquinone. Thus, MC stim ula ted  th e  superoxide d ism utase-sensitive  oxidation of 

su lf ite  by m icrosom es, probably through th e  fo rm ation  of superoxide from  oxi­

dation of th e  sem iquinone (Handa and S ato , 1975). Tom asz (1976) dem onstra ted  th a t  

e ith e r  chem ically  reduced MC or an tib io tic  incubated  w ith b ac te ria l e x tra c ts  and 

NADPH g en e ra ted  hydrogen peroxide, while Handa and Sato (1976) and Bachur e t  

a l. (1978, 1979) showed m icrosom al NADPH oxidation and oxygen uptake in 

m icrosom es and tum or cells by MC, suggesting th e  presence of th e  MC sem i­

quinone.

The sem iquinone of MC has been repo rted  to  bind DNA. Thus, a f te r  one 

e lec tro n  reduc tion , Tom asz e t  a l. (1974) showed th a t  reduction of MC by sequential 

addition of substo ich iom etric  am ounts of sodium d ith ion ite  was m ore e ff ic ie n t in 

genera ting  MC-DNA adducts than  th e  addition  of d ith ion ite  in excess. T herefo re , 

they  proposed th a t  th e  semiquinone form ed an in itia l noncovalent a tta c h m e n t to  

DNA, followed by fu rth e r  reduction  of MC, and subsequent form ation  of a  covalent 

linkage. Sinha and Chignell (1979) repo rted  loss of th e  ESR hyperfine sp litting  of 

th e  MC sem iquinone rad ical a f te r  addition of DNA, which they  a ttr ib u te d  to  

im m obilization of the  radical upon binding; how ever, subsequent work w ith the

.*
i
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an th racyclines suggested  th a t  th e  binding process m ay be m ore com plex (Sinha and 

G regory , 1981).

Evidence to  support a  tw o e le c tro n  reduction  of th e  m itom ycins, w ith  the  

fo rm ation  of a  hydroquinone was f irs t rep o rted  by P a tric k  e t  aU (196*0. They 

dem onstra ted  th a t  under anaerobic conditions, chem ically  reduced m itom ycin  B 

yielded an u ltrav io le t spectrum  consisten t w ith th e  loss of th e  hydroxyl group on 

position 9a, and hypothesized th a t  th e  reduction  of m itom ycin B to  its  hydro­

quinone released  a  f re e  e lec tro n  pair on N-*f from  its  involvem ent in a  resonance 

w ith th e  quinone carbonyl group, thereby  fa c ilita tin g  th e  e lim ination  of th e  group 

a t  9a. Iyer and Szybalski (196*0 published a  sim ilar, m ore ex tensive discussion. 

They called  a tte n tio n  to  th e  fa c t  th a t ,  although th ese  an tib io tics  con ta in  an 

azirid ine ring *h ich  is usually highly re a c tiv e , th e  oxidized form  of th e  an tib io tic s  

exhibited  l i t t le  a lky la ting  ab ility  when re a c te d  th io su lfa te  w ith  y-(**-nitrobenzyl)- 

pyridine due to  th e  w ithdraw al of e lec tro n s  from  th e  n itrogen  atom  a t  position *f 

in to  th e  quinone ring . H ow ever, upon reduction  of th e  quinone to  th e  hydroquinone, 

loss of th e  9a-m ethoxy occurred  because th e  regaining of e lec tro n s by th e  N-*> 

atom  coupled w ith the  high driving fo rce  fo r th e  form ation  of a fully a ro m a tic  

indole system , fa c ili ta te d  fission of th e  az irid ine  ring because of th e  s tab iliza tio n  

of the  positive charge  by th e  indole ring . This resonan t system  provided 

s tab iliza tion  for an a c tiv a te d  carbonium  ion a t  C -l, th e  f ir s t  alky lating  c e n te r . The 

re lease  of the  m ethoxy group as m ethanol during chem ical reduction  of MC was 

q u a n tita tiv e , as de term ined  by a  m icrodiffusion techn ique. F u rth e rm o re , they  

p red ic ted  ac tiva tion  of a  second alkylating  c e n te r  to  form  a  carbonium  ion a t  C-10, 

because th e  carb am ate  anion was a good leaving group and a  positive charge  a t  C - 

10 would be s tab ilized  by the  indole n itrogen . F inally , these  in v estig a to rs  

postulated  a  th ird  rea c tiv e  s ite  a t  the  C -7 position of MC. In m ore rec e n t y ea rs ,

I
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th is  proposed m echanism  was m odified  slightly to  include th e  following sequence of 

even ts: reduction  to  the  hydroquinone w ith e lim ination  o f m ethoxy group as

m ethano l, opening of th e  az irid ine  ring by an e lim ination  process to  give a  C-l 

quinone m eth ide , nucleophilic addition  of DNA to  th e  quinone m eth ide to  give the  

m onoalkylated p roduct, and fin a lly , in tram olecu lar SN2  d isp lacem ent of th e  

ca rb am ate  to  form  a  second quinone m ethide a t  C -9  th a t  leads to  th e  cross-linked 

adduct (F igure 2, M oore, 1977; M oore and C zernik , 1981). Supportive ev idence for 

th is m echanism  in v itro  was provided by M ercado and Tom asz (1972) and O tsuji and 

M urayam a (1972) who dem onstra ted  th a t  m itom ycin d eriva tives  lacking th e  a z ir i­

dine ring or th e  carbam oyl group w ere in ferio r an tib a c te ria l agen ts  and w ere 

considerably less a c tiv e  than  MC in the  cross-linking of b a c te ria l DNA. M ore 

d irec t ev idence has involved the  e lec trochem ica l reduction  of m itom ycin by Rao e t  

a l. (1977). These investiga to rs  p resen ted  evidence th a t  MC was reduced to  th e  

hydroquinone w ith  subsequent loss o f th e  m ethoxy group a t  C -9a and fission of th e  

azirid ine ring.

A fte r th e  reduction  of M C, th e re  is substan tia l ev idence in support of the  

rea c tiv ity  of th e  C-l position of MC. Thus, following e ith e r  ac id -ca ta ly zed  

a c tiv a tio n , or chem ical or enzy m atic  reduction of MC, a  v a rie ty  of 1-substituted 

phosphate p roducts w ere form ed (H ashim oto e t a l .,  1980; Pan e t  a h , 1981#; Tom asz 

and Lipm an, 1979, 1981). F u rth e rm o re , deoxyribonucleotide adducts  from  the  

deoxyribonucleotide dim er d(GpC), c a lf  thym us DNA, or r a t  liver DNA bound to  the  

C-l position of MC have been c h a ra c te r iz e d  (Hashim oto e t  a h , 1982, 1983; Tom asz 

e t  a h , 1983). The evidence in support of th e  rea c tiv ity  of th e  C-10 position of MC 

is less su b stan tia l. In a chem ical system , Hornem ann e t  a h  (1979, 1983) repo rted  

th e  isolation and c h a ra c te riza tio n  of l,10-diethylxanthyl-2,7-diam inodecarbom oyl- 

m itosene a f te r  reduction  of MC w ith  sodium d ith ion ite  or palladium  on charcoal in
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the  presence of potassium  ethy l x an th a te . S im ilarly , Bean and Kohn (1983) 

dem onstrated  th a t  reduction of MC by sodium d ith ion ite  in th e  presence of the  

nucleophile, potassium  ethy l m onoth iocarbonate , a t  room tem p e ra tu re  led to  th e  

form ation of az irid ine  ring-opened d isubstitu ted  m itosene adducts a t  th e  C -l and 

C-10 positions of MC. In addition, they  reported  th a t  reduction of MC a t  0 to  5°C 

led to  p re fe re n tia l substitu tion  a t  the  C-l position of th is an tib io tic . However, 

desp ite  the  in tensive investigation  for an adduct on th e  C-10 position of MC in a 

biological sy stem , a t  p resen t, no ev idence ex ists fo r such a  com plex.

The purpose of th is thesis is th ree -fo ld : (a) to  exam ine the  cy to tox ic ity  of 

MC and PM to  aerob ic  and hypoxic cu ltu red  ce ll lines; (b) to  de te rm ine  w hether 

enzyme(s) proposed to  a c tiv a te  th ese  drugs a re  p resen t in these  cell lines and if 

p resen t, w hether a  co rre la tion  ex is ts  betw een th e  a c tiv ity  of these  enzym es and 

th e  cy to to x ic ity  of these  an titum or agen ts; and fina lly , (c) to  a sce rta in  th e  kinds of 

DNA lesions caused by these  an titu m o r an tib io tics  and to  determ ine w hether they  

co rre la te  w ith th e  cy to tox ic ity  of these  agen ts observed in the  cell system s 

em ployed. In C hap ter II of th is th es is , d a ta  a re  p resen ted  which dem onstra te  th a t  

these  an titum or quinones are  m ore cy to tox ic  to  hypoxic EMT6 mouse m am m ary 

tum or cells and Chinese ham ster V79 cells than to  th e ir  oxygenated co u n te rp arts , 

but a re  equ itox ic  to  Chinese ham ster ovary cells under these  conditions of 

oxygenation. In order to  a sce rta in  the  reason(s) for d iffe rences in th e  degree of 

cy to tox ic ity  to  MC and PM in th ese  cu ltured  cell lines, th e  m icrosom al e lec tron  

transport enzym es and D T-diaphorase, enzym es proposed to  b ioac tiva te  the  a n ti­

cancer quinones, w ere exam ined in son ica tes of these  cu ltu red  cells , and the  results 

of these  investigations a re  presented  in C hap ter III. In addition, d a ta  a re  presented  

which dem onstra te  the  ability  of ce ll son ica tes to  reduce and a c tiv a te  MC to  a
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reac tiv e  product(s). F inally , in C hap ter IV, alkaline e lu tion  m ethodology was 

u tilized  to  assess th e  im portance of DNA lesions to  th e  cy to to x ic ity  of th ese  drugs 

under conditions o f hypoxia and norm al ae ra tio n .
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Table 1

STRUCTURES O F MITOMYCINS A, B, C AND PORFIROMYCIN

9a

Antibiotic R 1 R2 R3

Mitomycin A CH30 OCH3 H

Mitomycin B c h 3 o OH CH

Mitomycin C h 2 n OCH3 H

Porfiromycin h 2n OCH3 CH
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FIGURE 1. One E lec tron  R eduction and A ctivation  of MC. One e lec tro n  reduction  

of MC form s the  rad ica l anion. In th e  absence of oxygen, e lim ination  of the  

m ethoxy group and a t ta c k  of DNA a t  C -l is fa c ili ta te d  as th e  azirid ine ring  cleaves 

(adapted  from  Pan e t  a lM 198*0. In th e  p resence of oxygen, the  quinone is oxidized 

to  give th e  paren t com pound and th e  superoxide rad ical (Bachur e t  a l., 1978,1979).
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FIGURE 2. Two E lectron R eduction and A ctivation  of MC. Two e lec tro n  

reduction of MC to  the  hydroquinone fa c ili ta te s  th e  e lim ination  o f th e  m ethoxy 

group, opening of the  azirid ine ring , and th e  fo rm ation  o f a  quinone m eth ide  a t  C -l. 

A ttack  of DNA a t  th is position gives th e  m onoalkylated p roduct, and subsequent 

SN2 d isp lacem ent of the  ca rb am a te  to  form  a  second quinone m eth ide  a t  C -9 

resu lts  in th e  cross-linked adduct (M oore, 1977; M oore and C zern iak , 1981).
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CHAPTER II 

C ell C h a ra c te ris tic s  and C y to tox ic ity  Studies

INTRODUCTION

Solid neoplasm s a re  known to  con tain  d e fic ien t vascular beds and a reas of 

severe  vascular insuffic iency , and, as a  re su lt, such tum ors m ay develop regions 

contain ing  hypoxic, or less w ell-oxygenated tum or cells (Thomlinson and G ray, 

1955; Vaupel, 1977; Vaupel and Thews, 197*0. These tum or ce lls , which frequen tly  

co n s titu te  5-30% of th e  to ta l  viable tum or ce ll population, may form  a 

th e rap eu tica lly  re s is ta n t cell population w ithin solid tum ors. P ro tec ted  from  

rad io therapy  and chem otherapy  by hypoxia, th ese  m alignant cells  m ay be capable 

of p ro life ra ting  and causing tu rner regrow th  a f te r  t re a tm e n t. Investigations in our 

labora to ry  hypothesized th a t  hypoxic cells in solid tum ors probably ex ist in an 

environm ent conducive to  reductive  processes. This environm ent m ight be 

exploited  by chem o th erap eu tic  agen ts th a t  becom e cy to tox ic  a f te r  reductive  

ac tiv a tio n . The b ioreductive a lkylating  agen ts  a re  a class of an titum or an tib io tics  

which requ ire  m etabo lic  reduction  to  form  a  species capable of a lky la ting  c ritic a l 

cellu lar m acrom olecules. Hypoxic tum or cells would be expected  to  a c tiv a te  and 

be suscep tib le  p refe ren tia lly  to  drugs of th is c lass .

The p ro to typ ic  b io reductive alkylating agen ts  a re  MC, an an tineop lastic  

an tib io tic  in c lin ical use fo r a  varie ty  of solid tum ors (Crooke, 1979; Crooke and 

Bradner, 1976), and PM, a s tru c tu ra lly  sim ilar a n tib io tic . Previous stud ies in our 

labora to ry , as well as in Dr. Sara Rockw ell's labo ra to ry , have dem onstra ted  th a t 

EMT6 and Sarcom a 180 tum or cells a re  m ore sensitive  to  MC under hypoxic 

conditions than  in the  presence of a ir (Kennedy e t  a h , 1980; Rockw ell e t  a h , 1982; 

Teicher e t  a l . , 1981). In itial wcrk by Dr. Sara Rockwell in co llaboration  w ith our

- 22 -
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lab o ra to ry  has ex tended  th ese  findings to  o ther cell lines. Chinese h am ste r lung 

fib rob lasts  (V79) and Chinese ham ster ovary (CHO) cells  w ere used fo r com parative  

purposes, as these  ce ll lines are  com m only used for investiga tions on th e  e f fe c ts  of 

rad iosensitiz ing  agen ts and cy to tox ic  drugs w ith sp ec ific ity  fo r hypoxic cells . 

A fte r tre a tm e n t of th ese  cell lines w ith a  single co n cen tra tio n  of M C, our 

lab o ra to ries  dem onstra ted  th a t  MC is essen tia lly  equ itox ic  to  aerob ic  and hypoxic 

CHO ce lls , w hereas it  is p refe ren tia lly  cy to tox ic  to  V79 under hypoxic conditions.

In th is c h a p te r, th e  EMT6, CHO, and V79 ce ll lines have been exam ined and 

d a ta  a re  p resen ted  on th e  genera tion  tim es , cell volum es, and cell cycle d istrib u ­

tio n s . This brief ch a ra c te r iz a tio n  was conducted in o rder to  estab lish  the  

conditions under which th ese  cell lines would be em ployed for th e  experim en ts 

conducted  throughout th is  d isse rta tio n . More im p o rtan t, th is  ch ap te r p resen ts 

m ore ex tensive  d a ta  on th e  cy to to x ic ity  of MC to  aerob ic  and hypoxic EMT6, CHO, 

and V79 ce lls . In add ition , i t  com pares these  resu lts  w ith th e  c y to to x ic ity  d a ta  

ob tained  a f te r  tre a tm e n t of th e  th re e  cell lines w ith th e  s tru c tu ra lly  sim ilar 

an tib io tic , PM.
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METHODS

C ultu red  C ell L ines—EMT6 m ouse m am m ary tum or ce lls  (subline EM T6-Rw, 

supplied by Dr. Sara Rockw ell, D epartm en t of T herapeu tic  Radiology, Y ale 

U niversity); Chinese ham ster ovary ce lls  (subline HA-1, supplied by Dr. Daniel S. 

K app, D epartm en t of T herapeu tic  Radiology, Y ale U niversity); and Chinese 

h am ste r V79 ce lls  (subline V79-8, supplied by D r. R . M ichael L iskay, D epartm en t of 

T h erap eu tic  R adiology, Y ale U niversity) w ere grown a t  37°C in W aymouth's 

m edium  (Grand Island Biological C om pany, Grand Island, NY) supplem ented w ith 

15% fe ta l  bovine serum  (Grand Island Biological Com pany) and an tib io tics  in a

hum idified  atm osphere  of 95% a ir/5%  C O j. Stock cu ltu res  o f EMT6, CHO, and V79
2 5 P. 5cells w ere  seeded in 25 cm p lastic  flasks a t  5 to  10 x 10 , 1 to  2 x 10 , 3 to  5 x 10

ce lls  per ml m edium , respec tive ly , w ith  subculturing being requ ired  every 3 to  k

days. O ther c h a ra c te r is tic s  of th ese  ce ll lines have been  described  in d e ta il

previously (Kapp and Hahn, 1979; L iskay, 1978; Rockw ell, 1977).

G enera tion  Tim es and M edian C ell Volumes of th e  C u ltu red  C ell L ines—Grow th 

c h a ra c te r is tic s  of th e  th re e  cell lines w ere  established by seed ing  2.0 x 10^ ce lls  

per 10 ml medium in glass milk d ilu tion  b o ttle s . Cell num bers w ere  obtained using 

a  C o u lte r  Model Zgj C ounter (C oulter E lec tron ics , Inc., H ia leah , FL) and counting 

d up lica te  sam ples every  day for one w eek. The m ean doubling tim es w ere 

de te rm ined  from  th e  linear portion of th e  logarithm ic grow th  curves. Using 

aliquo ts of cells from  the  bo ttles  used for th e  grow th cu rves, th e  cell volumes w ere 

de te rm ined  for each  ce ll line using a  C ou lter C hannelyzer c a lib ra te d  w ith m ulberry 

and ragw eed  p a rtic le  standards of 12-13 pm  and 19-20 pm  d iam e te rs , respec tive ly . 

A liquots of approxim ately  10^ cells  w ere also  obtained a t  in te rv a ls  throughout the  

grow th curve  for each  cell line for de te rm ina tion  of th e  DNA histogram s and cell 

cycle  phase d istribu tions (see below).
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DNA D istribu tions and C ell C ycle A nalyses o f C ultu red  C ell L ines—The DNA and 

c e ll cyc le  d istribu tions w ere  de te rm ined  fo r each  cell line th roughout th e  grow th 

curve. A pproxim ately  10^ cells w ere co llec ted  by cen trifuga tion  a t  600 x g for 5 

min and resuspended in 2.0 ml phosphate buffered  saline (PBS; 0.2 g KC1, 0.2 g 

KH2POif, 8 g N aC l, and 1.15 g N a2HPOif per l i te r ,  pH 7.4). A t th a t  tim e , 6 ml of 

ice-co ld  95% ethano l was added in th re e  2 ml a liquots. Fixed ce lls  w ere re f r ig e ra t­

ed un til s ta in ed  w ith 0.01% m ithram ycin  using th e  m ethodology of Chrissm an and 

Tobey (1974). The ce llu la r DNA co n te n t w as m easured using a  Becton-D ickinson 

FACS IV flow  c y to m e te r , and cell cyc le  d istribu tions w ere e s tim a te d  by com puter 

analysis o f DNA h istogram s by th e  m ethod of Dean and J e t t  (1974).

5 5
C ell Survival S tud ies—For cell survival s tu d ies , 2 x 10 EMT6 ce lls , 3 to  4 x 10 

CHO ce lls , and 1 to  2 x 10^ V79 ce lls  per 10 ml o f W aymouth's m edium  supplem ented 

w ith 15% fe ta l  bovine serum , 100 un its /m l penicillin , and 100 p g /m l strep tom ycin  

w ere seeded  in glass m ilk dilution b o ttle s . C ultures w ere allow ed to  grow for 3 

days a t  w hich tim e  th e  cells  w ere in m id-exponential grow th. A t th a t  tim e , th e  

medium was rem oved and rep laced  w ith 5 ml of fresh  m edium . The b o ttle s  w ere 

then  sealed  w ith s te r ile  rubber s leeve stoppers (Aldrich C hem ical Com pany, 

M ilw aukee, \VN) and f i t te d  w ith 13 gauge needles for gas inflow and 18 gauge 

needles fo r gas outflow ; tub ing  connected  to  th e  outflow  needles was im m ersed in 

w ater to  allow visible m onitoring of gas flow and to  prevent back  flow of a ir  into 

cu ltu res . To produce hypoxia, cu ltu res  w ere gassed continuously fo r th re e  hours a t 

37°C w ith  a  hum idified m ixture  of 95% N2/5%  C 0 2 (oxygen c o n te n t, <10 ppm; 

P resto  Welding Service C en te rs , N orth H aven, CT). This incubation technique 

produces full radiobiologic hypoxia a f te r  2 hr of exposure to  N j/C C ^  (Rockwell and 

K ennedy, 1979). Norm ally a e ra te d  cu ltu res  w ere incubated  in a  hum idified

i
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atm osphere of 95% air/5%  CC> 2  (P resto  Welding Service C en ters). During th e  th ird  

hour, the  ap p rop ria te  dilution of e ith e r MC or PM (the generous g ifts  of Dr. 

Maxwell Gordon, Bristol-M yers Com pany, Syracuse, NY) dissolved in 70% ethanol 

was added d irec tly  to  cu ltu res w ithout breaking the  hypoxia, by in jec tin g  a  sm all 

volume of drug through the  rubber sleeve . A fter exposure to  each  drug for 1 hr 

under hypoxia or a ir , th e  cells w ere washed tw ice  w ith 5 ml of s te r ile  PBS, and 

suspended by tre a tm e n t w ith 0.05% trypsin  (Grand Island Biological Com pany) in 

PBS for 10 m in. C ell num bers w ere obtained using a  C oulter Model Zgj coun ter 

(C oulter E lec tron ics, Inc.). A fte r th e  appropria te  dilutions w ere m ade , cells w ere 

p lated  in re p lic a te  dishes and allowed to  form  colonies for 10 to  14 days. At th e  end 

of th is tim e , th e  cell colonies w ere sta ined  w ith G ram 's c ry s ta l v io le t (Fischer 

Scien tific  C o., Fairlaw n, N3) and coun ted . Both hypoxic and ae rob ic  vehicle  (0.35% 

ethanol) con tro ls w ere included in each  experim en t; the  surviving frac tio n s  fo r 

hypoxic cu ltu res  w ere ca lcu la ted  using the  hypoxic con tro ls.
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RESULTS

G eneration  Tim es and C ell Volumes o f th e  C ultured C ell Lines—G eneration  tim es 

of 9.6, 12, and 9.6 hr for the  EMT6, CHO, and V79 cell lines, resp ec tiv e ly , w ere 

determ ined  from  th e  linear portion of th e  logarithm ic grow th curves (Table 1). Cell 

volum es of th e  EMT6, CHO, and V79 cell lines w ere m easured th roughout the  

grow th curve and because m ost experim en tal stud ies w ere done on day 3, only 

volum e m easurem ents fo r day 3 a re  repo rted  in Table 2.

DNA D istributions and C ell C ycle A nalyses—The DNA co n ten t of th e  EMT6, CHO, 

and V79 ce ll lines w as m easured during th e  e n tire  grow th curve. Days 2 and 3, 

which rep resen ted  th e  early  and m id-logarithm ic portion of the  grow th cu rve  for 

th e  th re e  cell lines, had sim ilar cell cycle profiles. The profiles for day 4 fo r the  

CHO and V79 cells  w ere  sim ilar to  days 2 and 3; how ever, the  profile fo r day 4 in 

th e  F.MT6 cells dem onstra ted  a  la rge r proportion of Gj phase cells, ind icating  the  

beginning of a  confluen t cu ltu re  and depletion of n u trie n ts  in the  m edium . The cell 

cycle  d istribu tions fo r th e  EMT6, CHO, and V79 cell lines on day 2 to  day 4 a re  

p resen ted  in Table 3.

C ell Survival S tud ies—M easurem ents of the  surviving frac tion  of hypoxic and 

aerob ic  v e h ic le - tre a te d  con tro ls dem onstra ted  a  slight cy to tox ic ity  w ith all th ree  

ce ll lines a f te r  hypoxic t re a tm e n t. The surviving frac tio n  of the hypoxic veh ic le- 

tre a te d  con tro l cells  was 0.472, 0.534, and 0.343, while th e  aerobic v e h ic le - tre a te d  

con tro ls  was 0.738, 0 .794, and 0.614 fo r EMT6, CHO, and V79 ce lls , resp ec tiv e ly . 

The survival curves fo r aerobic  and hypoxic cells tre a te d  w ith various c o n c en tra ­

tions of MC or PM a re  shown in F igures 3-8. These graphs rep resen t the  geom etric  

m ean + the  standard  e rro r  of th e  m ean of 3 to  5 experim en ts. The findings with
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th e  EMT6 ce lls  tre a te d  w ith  MC (Figure 3) agreed  w ith those published previously 

(Kennedy e t  a h ,  1980; Rockw ell e t  a h , 1982; Teicher e t  a h , 1981). The survival 

curves for th e  EMT6 and V79 cells tre a te d  w ith various con cen tra tio n s  of MC for 1 

hr w ere s im ila r, w ith  th e  survival of th e  hypoxic ce lls  being significantly  lower 

than  th a t  of aerobic  ce lls , and w ith th e  slopes of th e  hypoxic curves being s te e p e r  

than  those  of th e  aerob ic  curves (Figures 3 and 5). For CHO ce lls , th ere  was li t t le  

d iffe ren ce  betw een  aerob ic  and hypoxic cell survival w ith  MC tre a tm e n t (Figure *f).

In te resting ly , th e  d iffe re n tia l cy to to x ic ity  of PM to  hypoxic versus aerob ic  

EMT6 and V79 cells was sign ifican tly  g rea te r  than  th a t  of MC (Figures 6 and 8). 

These resu lts  dem onstra te  th a t  PM and MC a re  essen tia lly  equ itox ic  to  hypoxic 

tum or ce lls , w hile PM is considerably  less cy to tox ic  th an  MC to  aerobic  cells . For 

CHO ce lls , th e  resu lts  dem onstra ted  significantly  g re a te r  hypoxic ce ll cy to to x ic ity  

than  aerob ic  ce ll cy to to x ic ity  a t  2 and 4 yM p m  (Figure 7). H ow ever, th is  increase  

in hypoxic ce ll cy to to x ic ity  fo r CHO cells tre a te d  w ith PM was substan tia lly  less 

than  th e  d iffe re n tia l c y to to x ic ity  seen w ith EMT6 and V79 cells  tre a te d  w ith th is 

drug.
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Table 2

MEAN GENERATION TIME AND VOLUME O F CULTURED CELL LINES

Cell
line

G eneration  tim e 
(hr)

Cell Volume 
(ym ^)

C ell D iam eter 
( y m )

EMT6

CHO

V79

9 .6  

12.0

9 .6

3575

272*

20*3

19

17

10

The m ean g enera tion  tim e  and medium cell volume w ere determ ined  in exponen­

tia lly  growing ce lls  (day 3) as described in the  M ethods. The volum e and d iam eter 

m easurem ents w ere  ca lcu la ted  based on the  volumes of p a rtic le  standards, 

assum ing a  spherical shape for ce lls .
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Table 3

CELL CY CLE DISTRIBUTIONS IN CULTURED CELL LINES

C ell line Day Gl S g 2-m

EMT6 2 30 .2 56 .5 13.2
3 tt3.it 36 .4 20 .2
4 67 .6 17.5 14.9

CHO 2 40 .5 39 .5 20 .2
3 25 .5 59 .2 15.3
it 28 .8 64 .6 6 .7

V79 2 31 .0 4 6 .6 22 .3
3 27 .2 48 .3 2 4 .6
it 42 .8 39 .3 17.8

The cell cycle d istribu tions for each of th e  cu ltured  cell lines w ere de te rm ined  by 

com puter analysis of th e  DNA histogram s obtained on exponentially  growing cells 

using a Becton-D ickinson FACS IV flow cy tom eter as described in th e  M ethods.
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FIGURE 3. Survival of A erobic and Hypoxic EMT6 Cells a f te r  Exposure to  MC. 

Exponentially  growing ce lls  w ere exposed to  varying co n cen tra tio n s  of drug fo r 1 hr 

under conditions of norm al ae ra tio n  or hypoxia, and cy to to x ic ity  was e s tim a ted  by 

the  ab ility  of cells to  form  colonies as described  in the  M ethods. The d a ta  a re  

expressed as a  frac tio n  of con tro l survival of aerob ic  (O) or hypoxic ( • )  cells and 

rep resen t th e  m eans and s tandard  e rro rs  of th e  m eans for n^3 .
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FIGURE ft- Survival of A erobic and Hypoxic CHO C ells a f te r  Exposure to  MC. 

Exponentially growing cells w ere exposed to  varying concen tra tions o f drug fo r 1 hr 

under conditions of norm al aera tion  or hypoxia, and cy to to x ic ity  was e s tim a ted  by 

the  ab ility  of ce lls  to  form  colonies as described in the  M ethods. The d a ta  a re  

expressed as a  frac tio n  of con tro l survival of aerob ic  (O) or hypoxic ( • )  ce lls  and 

rep resen t the  m eans and standard  e rro rs  of the  m eans for n^.3.
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FIGURE 5. Survival of A erobic and Hypoxic V79 Cells a f te r  Exposure to  MC. 

Exponentially  growing ce lls  w ere exposed to  varying co ncen tra tions  of drug fo r 1 hr 

under conditions of norm al ae ra tio n  or hypoxia, and cy to to x ic ity  was e s tim a ted  by 

the  ab ility  of cells  to  form  colonies as described  in the  M ethods. The d a ta  a re  

expressed as a  frac tio n  of con tro l survival of aerob ic  (O) or hypoxic ( • )  ce lls  and 

rep resen t th e  m eans and standard  e rro rs  of th e  m eans for n^3 .
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FIGURE 6. Survival of A erobic and Hypoxic EMT6 Cells a f te r  Exposure to  PM. 

E xponentially  growing ce lls  w ere exposed to  varying co n cen tra tio n s  of drug fo r 1 hr 

under conditions of norm al aera tion  or hypoxia, and cy to to x ic ity  was e s tim a ted  by 

th e  ab ility  of ce lls  to  form  co lon ies.as  described in th e  M ethods. The d a ta  a re  

expressed  as a  frac tio n  of contro l survival of aerobic  (O) or hypoxic ( • )  cells  and 

rep re sen t th e  m eans and standard  e rro rs  of th e  m eans fo r nL3.
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FIGURE 7. Survival of A erobic and Hypoxic CHO C ells a f te r  Exposure to  PM. 

Exponentially  grow ing ce lls  w ere exposed to  varying concen tra tions  of drug fo r 1 hr 

under conditions o f norm al ae ra tion  or hypoxia, and cy to to x ic ity  was e s tim a te d  by 

th e  ab ility  of ce lls  to  form  colonies as described  in th e  M ethods. The d a ta  a re  

expressed  as a  fra c tio n  of con tro l survival of aerob ic  (O) or hypoxic ( • )  ce lls  and 

rep re sen t th e  m eans and standard  e rro rs  of th e  m eans fo r n^3 .
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FIGURE 8. Survival of Aerobic and Hypoxic V79 C ells a f te r  Exposure to  PM. 

Exponentially growing ce lls  w ere exposed to  varying con cen tra tio n s  o f drug fo r 1 hr 

under conditions of norm al ae ra tion  or hypoxia, and c y to to x ic ity  was e s tim a te d  by 

the  ab ility  of ce lls  to  form  colonies as described  in th e  M ethods. The d a ta  a re  

expressed as a  frac tio n  of con tro l survival of aerob ic  (O) or hypoxic ( • )  cells  and 

rep resen t the  m eans and standard  e rro rs  o f th e  m eans fo r n^3 .
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DISCUSSION

Significant advances tow ard th e  cu re  of hum an cancer have been achieved  by 

chem otherapy  and rad io therapy , p rim arily  in ce rta in  rapidly growing can cers  such 

as the  childhood leukem ias and Hodgkin's d isease. H ow ever, th ese  neoplasm s 

rep re sen t only a  sm all proportion of hum an can cers . U nfo rtunately , th e  m ajority  

of cancers  a re  slow -grow ing solid tu m o rs , such as colon, lung, or b rea s t can ce r, 

which frequen tly  a re  not cured by ex isting  tre a tm e n t m odalities.

One of th e  m ore in te res tin g  exp lanations fo r th e  poor cu rab ility  of som e solid 

tum ors by ex isting  tre a tm e n t  p ro toco ls is th e  presence of hypoxic, or less w ell- 

oxygenated tum or ce lls . Slow-growing solid neoplasm s a re  known to  contain  

ce llu la r subpopulations rem o te  from  functional blood vessels; as a  consequence, 

th ese  subpopulations a re  he terogeneous w ith  resp ec t to  degree of oxygenation and 

ra te  of p ro life ra tio n . In a  rec e n t rev iew  which com piled da ta  on th e  hypoxic 

frac tio n s  of a lm ost 100 roden t tum ors , i t  was concluded th a t  th e  vast m ajo rity  of 

m acroscopic  roden t tum ors  appear to  con ta in  betw een 5 to  30% hypoxic cells 

regard less of tum or h isto logy , grow th r a te ,  or size  (Moulder and R ockw ell, 198*0. 

M ore im p o rtan t, th e re  is ind irec t ev idence th a t  hypoxic cells ex ist in human 

tu m o rs . H isto logic s tud ies have shown a rc h ite c tu re  and vascular p a tte rn s  sug­

gestive  of regions o f hypoxia (Thomlinson and G ray , 1955). M easurem ents of 

oxygen co n cen tra tio n s  w ith  oxygen e le c tro d e s  have dem onstra ted  th a t  th e re  a re  

low er average  oxygen tensions in hum an tum ors than  in norm al tissues (C a te r and 

S ilver, 1960; Evans and N aylor, 1963). Bush e t  aU (i978) have published da ta  

ind icating  th a t  p a tie n ts  w ith high hem oglobin levels (>12 g%) have a  g rea te r  

probability  of rad io therapy  cure  for S tages lib and III carcinom a of th e  cerv ix  than 

individuals w ith re la tiv e ly  low hem oglobin levels. They proposed th a t  th e  increased 

cu re  ra te  w ith higher hem oglobin levels was the  resu lt of b e tte r  oxygen delivery

i
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and reduced tum or hypoxia. Analyses o f dose-response curves for th erap y  of 

superfic ia l skin carc inom a with large single doses of rad iation  also suggest the  

p resence of hypoxic ce lls  (Bush and H ill, 1975). F u rth e rm o re , im proved responses 

of c e rta in  m alignancies w ith rad io therapy  in com bination w ith hyperbaric  oxygen 

or hypoxic cell se n sitize rs  (Churchill-D avidson e t  a h , 1955; Duncan, 1973) give 

fu rth e r  credence to  th e  im portance  of hypoxic cells  in lim iting  the  responsiveness 

of hum an solid tum ors to  conventional th erap y .

Because hypoxic ce lls  a re  re la tiv e ly  re s is ta n t to  th e  cy to tox ic  e ffe c ts  of 

rad ia tion  and cell cycle  specific  ch em o therapeu tic  agen ts , i t  is not unlikely th a t  

th e  hypoxic cell population has the  cap ac ity  to  lim it the  cu rab ility  of solid tum ors. 

T herefo re , approaches have been undertaken  to  develop agen ts which will e ra d ica te  

th ese  populations of c e lls . These ag en ts , w ith  specific ity  fo r hypoxic ce lls  a re  

divided into tw o c lasses: the  hypoxic ce ll rad iosensitizers and th e  hypoxic cell 

cy to tox ic  agen ts .

The hypoxic ce ll rad io sensitizers , including m etron idazo le  and m isonidazole, 

increase  the  sen sitiv ity  of hypoxic cells to  ionizing rad ia tion . These compounds are  

thought to  sensitize  hypoxic cells  to  rad ia tion  by in te rac tin g  w ith e lec tro n  excess 

or f re e  rad ical to  form  a  n itro  rad ical anion (Mason and H oltzm an, 1975; P e rez - 

R eyes e t  a h , 1980). As a  consequence, th ese  compounds sensitize  hypoxic ce lls  to  

rad ia tion  (Fowler e t  a h ,  1976) w ithout s ign ifican tly  a ffe c tin g  th e  a lready  rad io ­

sensitive  aerobic  ce lls . In addition, th ese  rad iosensitizers  have been shown to  be 

se lec tive ly  tox ic  to  hypoxic cells in v itro  (Hall and Roizin-Tow le, 1975; Mohindra 

and R au th , 1976; M oore e t  a h , 1976). This se lec tiv e  cy to to x ic ity  of m isonidazole to  

hypoxic cells appears to  be the  resu lt of enzym atic  reduction of the  drug to  

rea c tiv e  species capab le  of alkylating DNA (Chapman e t  a h , 1983; Varghese e t  a h , 

1976; Varghese and W hitm ore, 1980). Because high concen tra tions of m ost of the

j
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rad iosensitizers  are  requ ired  fo r e ith e r  s ign ifican t rad iosensitiza tion  or se lec tive  

to x ic ity  to  hypoxic ce lls  and because these  co n cen tra tio n s  cause  dose-lim iting 

c e n tra l nervous system  to x ic ity  (U rtasun e t  a h , 1976), th ese  compounds have been 

disappointing as c lin ically  useful drugs.

The hypoxic cell specific  agents p rim arily  include agen ts  which require  

reductive  ac tiv a tio n  for c y to to x ic ity . In 1972, S arto re lli and cow orkers hypothe­

sized th a t  since anaerob ic  m icrobial cu ltu res had a  g re a te r  ca p ac ity  for reduction  

than  aerob ic  cu ltu res , th en  hypoxic ce lls , rem o te  from  th e  vascular supply of the  

tum or, m ay also have a  g re a te r  cap ac ity  for red u c tiv e  processes (Lin e t  aL , 1972). 

F u rth e rm o re , i t  was thought th a t  agents which becam e cy to tox ic  a f te r  reductive  

a c tiva tion  m ight be useful in th e  erad ica tion  of hypoxic ce lls . Recognizing MC as 

a na tu ra lly  occurring p ro to ty p e , these  w orkers designed and synthesized  many 

"b io reductive alky lating  agen ts"  including a  se rie s  of benzo-, naph tho-, and 

anthraquinones (Lin e t  aL , 1972, 1973, 1974, 1975, 1976; Lin and S arto re lli, 1973, 

1976a, 1976b; Lin e t  a l . , 1980) and a  group of o -n itrobenzy l halides and carbam ates  

(Teicher and S arto re lli, 1980), and they  have dem onstra ted  th a t  rep re sen ta tiv e  

compounds o f these  c lasses w ere significantly  m ore  cy to tox ic  tow ard  hypoxic cells 

than  oxygenated cells in c u ltu re . As ind ica ted  previously, th e  n itro h e te ro cy c lic  

rad io sensitizers  a re  not only cy to to x ic  to  hypoxic ce lls  because of th e ir  ab ility  to  

sensitize  th ese  cells to  th e  ac tions of ionizing rad ia tio n , but also because hypoxic 

ce lls  a re  able to  reduc tive ly  a c tiv a te  these  drugs to  to x ic  m etab o lite s  (Chapman e t  

a l . , 1983; Varghese e t  aL , 1976; Varghese and W hitm ore, 1980).

A driam ycin and MC have been ex tensively  studied as agen ts  which require 

reductive  ac tiv a tio n  for c y to to x ic ity . Our labo ra to ry  has found Adriam ycin to  be 

se lec tive ly  cy to tox ic  to  hypoxic EMT6 and Sarcom a 180 cells  (Kennedy e t  aL , 1983; 

Teicher e t  aL , 1981). While th e  p refe ren tia l sensitiv ity  of hypoxic cells to
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adriam ycin  also has been dem onstra ted  in less w ell-oxygenated  m elanom a cells 

(G upta and K rishan , 1982), o ther labo ra to ries  have rep o rted  th a t  oxygenated cells 

have g re a te r  or equal sen sitiv ity  to  th is  drug (Born and E ichholtz-W irth , 1981; 

H arris and Shrieve, 1979; M artin  and M cNally, 1979, 1980; Sm ith e t  a l., 1980; 

Tannock and G u ttm an , 1981).

Our lab o ra to ry , in co llaboration  w ith Dr. Sara Rockw ell's labo ra to ry , has 

dem onstra ted  th a t  MC is m ore cy to to x ic  to  hypoxic EMT6 and Sarcom a 180 cells in 

cu ltu re  (Kennedy e t  a l., 1980; R ockw ell e t  a h , 1982; T eicher e t  a h , 1981). In th is 

c h a p te r, re su lts  have been p resen ted  which ex tend  e a rlie r  findings on th e  cy to ­

to x ic ity  of MC to  o ther cu ltu red  ce ll lines. Thus, th e  resu lts  dem onstra te  th a t  MC 

is p re fe ren tia lly  cy to tox ic  to  hypoxic EMT6 and V79 ce lls , while it  is not p re fe ren ­

tia lly  cy to to x ic  to  hypoxic CHO ce lls . This work is in ag reem en t w ith th e  findings 

of R auth  e t  a h  (1983) which dem onstra ted  th a t  MC is m ore ac tiv e  against hypoxic 

V79 ce lls , bu t i t  is not in ag reem en t w ith th e ir  d a ta  which dem onstra ted  th a t  MC is 

also p re fe ren tia lly  cy to to x ic  to  hypoxic CHO cells. The reasons for th e  d iffe rences 

betw een th e  resu lts  p resen ted  in th is  chap ter and those  of R auth  and his cow orkers 

a re  not c le a r, bu t i t  is possible th a t  the  sublines of CHO cells em ployed d iffe r in 

th e ir  response to  hypoxia. It is no tab le  th a t th e  s tud ies perform ed in th is 

d isse rta tion  w ere conducted  on ce lls  in m onolayer, w hereas the  stud ies perform ed 

by R auth  e t  a l. (1983) w ere ca rried  out in suspension c u ltu re .

The cy to to x ic ity  of PM in hypoxic and aerobic cu ltu red  cells yielded resu lts  

d iffe ren t from  those  of MC. As ex p ec ted , PM produced hypoxic cell cy to tox ic ity  

com parable to  th a t  of MC in th e  th re e  cu ltu red  cell lines, but exhib ited  s ign ifican t­

ly less aerob ic  to x ic ity  in the th re e  cell lines. These findings agree  w ith ea rlie r 

studies which rep o rted  th a t  PM was an ac tiv e  an tican cer drug but w ith less potency 

and less to x ic ity  than  MC (Driscoll e t  a l., 197*0. T hat th is may be re la ted  to  its

i
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suscep tib ility  to  reduction  was suggested  by the  findings of P a trick  e t  a l. (1964), 

th a t  hydrogenation of m itom ycin B over a p latinum  c a ta ly s t a t  atm ospheric 

pressure in dim ethylform am ide produced an azirid inom itosene; w hereas, hy­

drogenation of PM under the  sam e conditions gave no p roduct. Since both of these  

an tib io tics  have iden tica l redox p o ten tia ls  of -0.40V, i t  is no t c lea r why d ifferences 

should ex ist betw een  th ese  agen ts  in th e ir  suscep tib ility  to  reduction .

Although PM was discarded clin ically  in favor of MC because i t  was not as 

p o ten t, i t  appears from  these  resu lts  th a t  i t  has g re a te r  p o ten tia l as an agent w ith 

sp ec ific ity  for hypoxic cells of solid tum ors, in th a t  i t  produces the  g rea te s t 

d iffe ren tia l kill of hypoxic cells re la tiv e  to  oxygenated ce lls  of any known quinone. 

T herefo re , th roughout th is d isse rta tio n , com parisons o f MC and PM have been 

conducted in an e ffo r t  to  a sce rta in  the  m echanism  involved in the  d iffe ren tia l 

to x ic ities  of th ese  agen ts  to  oxygenated ce lls .
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CHAPTER m  

The R ole of O xidoreductases in the  B ioactivation  of 

M itom ycin C  and Porfirom ycin

P a rt A: Studies on the  Enzymes Im plicated  in th e  A ctivation  of MC and PM in 

C ultured Cell Lines.

INTRODUCTION

MC and PM a re  closely re la te d  in s tru c tu re  and in m echanism  of a c tio n , 

which is thought to  be m onofunctional and bifunctional alkylation  of DNA. Early 

investiga to rs  have dem onstrated  th a t  enzym atic  b ioactiva tion  of MC resu lts  in 

cy to to x ic ity  assoc ia ted  with cross-linking of DNA (Iyer and Szybalski, 1963). 

F u rth e rm o re , th ese  early  studies dem onstra ted  th a t  th ese  an titum or an tib io tics  

requ ire  reducing equivalen ts and anaerobiosis as a  p rereq u is ite  for th e  production 

of DNA adducts in both b ac te ria  and ra t  liver hom ogenates (Iyer and Szybalski, 

1964; Schw artz , 1962). Experim ents perfo rm ed  by our labora to ry  and by o th ers  have 

shown both roden t liver m icrosom es and nuclei, as w ell as by purified cy toso lic  

xanthine oxidase and purified N A D PH -cytochrom e c  (P-450) red u c tase , can 

c a ta ly z e  the  anaerob ic  reduction of MC (Kennedy e t  a h ,  1982; Kom iyam a e t  a h , 

1979a; Pan e t  a l . , 1984) with the  concom itan t generation  o f a  reac tiv e  e lec tro p h ile  

(Pan e t  a h , 1984). Our laboratory  in co llaboration  w ith Dr. Stephen G. Sligar has 

suggested th a t  cy tochrom e P-450 m ight be involved in th e  anaerobic  m etabolism  of 

MC (Kennedy e t  a l, 1982), while work by o thers on D T -diaphorase, an enzym e 

ac tiv e  in the  reduction of quinones, including m enadione and Adriam ycin 

(Kom iyam a e t  a h ,  1979b; Lind e t  a h , 1982; Thor e t  a h , 1982), suggests th a t  th is 

enzym e should also be considered a  possible ac tiv a to r of MC.
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Although much work has dem onstra ted  th a t MC can  be m etabolically  

a c tiv a te d  by b a c te r ia , roden t liver m icrosom es and nuclei, and various purified  

enzym es, l i t t le  is known about the  ac tiv a tio n  of MC and PM in cu ltu red  ce ll lines. 

T herefo re , in th is  p a rt of C hapter III, th e  m icrosom al e lec tro n  tra n sp o rt enzym es 

and D T -diaphorase, enzym es proposed to  a c tiv a te  th e  a n tican ce r quinones, w ere 

exam ined in th e  EMT6, CHO, and V79 ce lls .
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METHODS

C ultured  C ell L ines—EMT6, CHO, and V79 ce lls  w ere grown a t  37°C in W aymouth's 

m edium supplem ented w ith  15% fe ta l bovine serum  and an tib io tics  in a  hum idified 

a tm osphere  of 95% a ir/5 %  CO 2 , as previously described  in C hap ter II, M ethods. 

Cells w ere grown both in m onolayer and in suspension cu ltu re . For both  m onolayer 

and suspension cu ltu res , 1 to  4 x 10^ ce lls /m l of W aymouth's medium plus 15% fe ta l 

bovine serum  and an tib io tics  w ere  seeded in p la s tic  flasks or in glass spinner 

b o ttle s  (Bellco G lass, Inc., Vineland, N J). From  th e  suspension cu ltu re s , a large 

num ber of cells w ere a tta in a b le  for th e  p repara tion  of cell son ica tes and 

m icrosom es.

P repara tion  o f Cell S on icates—Exponentially growing m onolayer ce lls  (suspended 

a f te r  incubation w ith 0.05%  trypsin  in PBS—see C h ap te r II, M ethods) or suspension 

cells  w ere pelle ted  by sed im en ta tion  a t  200 x g fo r 5 m in. The ce ll pe lle ts  w ere 

washed w ith 10 ml of ice-co ld  PBS, com bined in to  one tu b e  and cen trifuged  a t  200 x 

g fo r 5 m in. The ce lls  w ere resuspended in approx im ately  6 volum es of w a te r. 

A fte r a  10 min incubation on ice , an equal volume of 1.8% NaCl was added and cells 

w ere disrupted by th re e  6-sec bursts w ith a  Branson Model 160 son ica to r se t a t  25% 

of maximum in ten sity . M easurem ent of th e  am ount of pro tein  in th e  ce ll son ica tes 

w as conducted by th e  m ethod of Lowry e t  ah  (1951) using bovine serum  album in as 

th e  standard . Cell son ica tes w ere used for enzym e assays and for p repara tion  of 

subcellu lar frac tions .

Isolation of M icrosom es from  C ultu red  C ell L ines—A fter cell son ica tes were 

adjusted  to  a co n cen tra tio n  of 0.25 M sucrose by addition of 1.25 M sucrose, 

m icrosom es w ere prepared  by d iffe ren tia l cen trifu g a tio n  and calcium  p rec ip ita tion

i
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accord ing  to  a m odification of th e  m ethod of C inti e t  a l. (1972). B riefly , th e  cell 

son ica tes  in 0.25 M sucrose w ere cen trifuged  for 15 min a t  600 x g in a  Sorval 

Model RC-5 cen trifuge  to  rem ove nucle i, large ce llu lar debris, and unbroken ce lls . 

The resu ltan t superna tan t was decan ted  and re ta in e d . The p re c ip ita te  was 

resuspended in approxim ately  2 volum es of 0.25 M sucrose and cen trifuged  again a t  

600 x g fo r 15 m in. The p rec ip ita te  was re ta ined  and th e  superna tan t w as combined 

w ith  th e  ea rlie r 600 x g superna tan t and cen trifuged  a t  12,500 g fo r 15 min to  

rem ove m itochondrial and lysosom al fragm en ts. Calcium  chloride was added to  the  

su p e rn a tan t to  give an 8 mM solution followed by cen trifu g a tio n  a t  27,000 x g for 

15 min to  pe lle t th e  m icrosom es. The p e lle t was then  washed w ith an equal volume 

of 150 mM KC1-50 mM Tris-HCl (pH 7.4) and resed im ented  a t  27,000 x g fo r 15 min. 

This wash rem oved any absorbed p ro te in  and residual ca lc ium . The re su lta n t p e lle t 

o f m icrosom es was resuspended in 150 mM KC1-50 mM Tris-H C l (pH 7.4).

All of th e  subcellu lar frac tio n s  obtained from  th e  p repara tion  of m icrosom es 

w ere assayed for a c tiv ity  of various enzym es. M icrosom al yield was m easured  by 

com paring NA DPH -cytochrom e c  red u c tase  a c tiv ity  (see below) in th e  son ica te  

w ith  th e  a c tiv ity  of the  m icrosom es. S uccinate-cy tochrom e c red u c tase  a c tiv ity  

(see below) and la c ta te  dehydrogenase a c tiv ity  (see below) w ere m easured  in all 

subcellu lar frac tions to  determ ine  th e  degree of m itochondrial and cy toso lic  

con tam ination  in the  m icrosom al fra c tio n . P rotein  recovery  was de te rm ined  by the  

m ethod of Lowry e t  a l. (1951), using bovine serum  album in as the  standard .

M easurem ent of Succinate-C ytochrom e c  A ctiv ity—A m odification  of th e  m ethod 

of S o ttocasa  e t  a l. (1967) was used to  assay  succinate-cy tochrom e c  a c tiv ity  in the  

subcellu lar frac tions obtained from  th e  preparation  of m icrosom es. The reac tion  

m ix tu re  was assayed in a  Beckman Model 25 UV/Vis spectropho tom eter a t  550 nm
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and 30°C and con tained  100 mM Tris-H C l (pH 7.5), 0.04 mM cytochrom e c  (Type III, 

Sigma C hem ical Co., S t. Louis, MO), 0.6 mM KCN (Fischer Scien tific  C o., Fairlawn 

N J), and 0.05-0.5 mg of subcellu lar or cell son ica te  p ro te in  in to ta l  volum e of 1 ml. 

A fte r recording the  base-line sp ec tru m , 3 mM su ccina te  (disodium s a lt ,  Sigma 

C hem ical Co.) was added to  in it ia te  th e  reac tio n . The enzym atic  a c tiv ity  was 

expressed as nmol reduced cy tochrom e c /m in /m g p ro te in , using an ex tinction  

co e ff ic ien t of 27.7 mM” cm"*.

M easurem ent of L a c ta te  D ehydrogenase A ctiv ity—L a c ta te  dehydrogenase ac tiv ity  

in subcellu lar frac tio n s  was de te rm ined  by a  slight m odification  of th e  m ethod of 

H enry e t  aL (1960), using a Beckm an Model 25 UV/Vis Spectropho tom eter a t 340 

nm and 30°C. The reac tio n  m ix tu re  contained  300 mM potassium  phosphate buffer 

(20.4 g I^ H P O ^  per 500 ml and 26.1 g K ^ P O ^  per 500 m l, com bined to  ob tain  pH 

7.7) contain ing  100 mM N a2 EDTA (3. T . Baker C hem ical C o., Philipsburg, N J), 0.2 

mM NADH (Grade III, Sigma C hem ical Co.) and 0.01 to  0.5 mg of subcellu lar or cell 

son ica te  pro tein  in a  to ta l  volum e of 1 m l. A fter record ing  th e  base-line spectrum , 

th e  reac tio n  was in itia ted  by th e  addition  of 0.6 mM pyruvate  (sodium s a lt ,  Type II, 

Sigm a Chem ical Co.); th e  a c tiv ity  of la c ta te  dehydrogenase was expressed as the  

um ol of oxidized NA DH /m in/m g p ro te in , using an ex tinc tion  c o e ffic ien t of 6.2 

mM"* cm"*.

M easurem ent o f M icrosom al E lec tron  T ransport P ro te ins in C ultured  C ell Lines— 

N A D PH -cytochrom e c reduc tase  a c tiv ity  was determ ined  by the  m ethod of M asters 

e t  aL  (1967), as m odified by Vermilion and Coon (1974) using a Beckm an Model 25 

UV/Vis spectropho tom eter a t 550 nm and 30°C. B riefly , the  reac tion  m ixture 

con ta ined  300 mM of potassium  phosphate buffer (pH 7.7) contain ing 100 mM
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N a 2 EDTA, 0.04 mM cytochrom e c , and 0.05 to  0.5 mg of subcellu lar p ro te in  or cell 

son ica te  protein  in a  to ta l  volum e of 1.0 ml. A fte r th e  base-line spectrum  was 

ob tained , 0.1 mM of NADPH (Type X, Sigma C hem ical Co.) and 0.6 mM of KCN 

w ere  added to  begin the  reac tio n . The a c tiv ity  of th e  enzym e was expressed  as 

nm ol of reduced cy tochrom e c /m in /m g  pro te in , using an ex tinc tion  c o e ff ic ien t of 

27.7 mM'* cm '* .

NA DH -cytochrom e b^ red u c tase  (m easured as ferricyan ide  red u c tase ) a c tiv i­

ty  was assayed by the  m ethod of S o ttocasa  e t  a l. (1967) using a  Beckm an Model 25 

UV/Vis spectropho tom eter a t  420 nm and 30°C. The assay  m ix ture  con ta ined  300 

mM potassium  phosphate buffer (pH 7.7), 0.15 mM NADH, and 0.25 mM potassium  

ferricyan ide  (3. T. Baker C hem ical Co.) in a  to ta l volum e of 1 m l. A fter th e  base­

line spectrum  was ob tained , th e  reac tio n  was s ta r te d  by addition  of 0.1 to  0.5 mg of 

c e ll son icate  p ro te in . The a c tiv ity  was m easured as pm ol reduced potassium  

ferricyan ide/m in /m g  p ro te in , using th e  ex tinc tion  c o e ff ic ien t of 1.02 mM’ * cm - *.

The m ethod of S o ttocasa  e t  a l. (1967) was used to  assay  N A D H -cytochrom e c 

red u c tase  ac tiv ity . Briefly, the  assay m ixture con ta ined  300 mM potassium  

phosphate buffer (pH 7.7), 0.05 mM cy tochrom e c , 0.3 mM KCN, 0.5 pM ro tenone 

(Sigma Chem ical Co.), and 0.1 mM NADH in a to ta l volum e of 1 ml. A fter obtaining 

a  base-line spectrum , th e  assay was in itia ted  by the  addition  of 0.1 to  0.5 mg of cell 

so n ica te  p ro te in , and a c tiv ity  was recorded  as nmol reduced  cy tochrom e c /m in /m g  

p ro te in  using the  ex tinc tion  co effic ien t of 27.7 mM- * c m - *.

Cytochrom e b^ and cy tochrom e P-450 levels w ere m easured in m icrosom es 

by th e  m ethod of O m ura and Sato (1964a, 1964b) using an Aminco DW-2 UV/Vis 

spectropho tom eter in th e  sp lit beam  m ode a t room te m p e ra tu re . A 2.5 ml 

m icrosom al suspension containing 1 to  4 mg protein  in 150 mM KC1-50 mM Tris-HCl 

(pH 7.4) was p laced in both the  sam ple and refe rence  ce lls . A fter record ing  the

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



-54-

base-line  spectrum  from  350 nm to  500 nm , a  sa tu ra tin g  am ount of NADH was 

added to  th e  sam ple c u v e tte  to  reduce cy tochrom e b^, and th e  spectra l d iffe ren ce  

was m easured  and reco rded . Carbon m onoxide (P resto  W elding Service C e n te rs , 

N orth H aven, CT), deoxygenated by passing the  gas through a vanadous su lfa te  

solution (M eites and M eites, 1948), was bubbled through th e  m icrosom al suspension 

in the  re fe re n c e  c u v e tte  for approxim ately  1 min; th is was su ffic ien t to  s a tu ra te  

the  sam ple and to  allow com plete  binding of th e  cy tochrom e P-450 w ith th e  gas. A 

sa tu ra tin g  am ount of sodium d ith ion ite  was added to  both re fe ren ce  and sam ple 

c u v e tte s , and a f te r  sw itching th e  sam ple and re fe ren ce  c u v e tte s , the  d iffe ren ce  

spectrum  of the  reduced  carbon m onoxide com plex of cy tochrom e P-450 was 

recorded .

The cy tochrom e b^ con ten t (nm ol/m g m icrosom al p ro te in ) was ca lcu la ted  

from  th e  d iffe ren ce  in absorbance of the  reduced cy tochrom e betw een th e  424 nm 

peak and 410 nm trough , using an ex tinc tion  co effic ien t of 185 mM-1 cm - * (O m ura 

and S ato , 1964a, 1964b). The cy tochrom e P-450 co n ten t (pm ol/m g m icrosom al 

protein) was ca lcu la ted  from  th e  d iffe rence  in absorbance of th e  reduced carbon 

monoxide com plex of th e  pro tein  betw een th e  450 nm peak and 490 nm using an 

ex tinc tion  co e ff ic ien t of 91 mM’ * cm"* (Om ura and S ato , 1964a, 1964b). These 

studies w ere perfo rm ed  a t th e  U niversity  of C onnecticu t H ealth  C e n te r , 

Farm ington , CT w ith th e  help of Dr. Dominick L. C in ti.

M easurem ent o f D T-D iaphorase A ctiv ity—DT-Diaphorase a c tiv ity  was assayed 

using a  Beckm an Model 25 UV/Vis spectropho tom eter a t  600 nm and 30°C by the  

m ethod of E rnste r (1967) as m odified by Lind e t  a l. (1982). The reaction  m ix ture  

contained 50 mM Tris-H C l contain ing 0.08% Triton X-100 (New England N uclear 

Corp., Boston, MA) (pH 7.5), 0.04 mM 2,6-dichlorophenolindophenol (DCP1P; Sigma
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C hem ical Co.) and 0.05 to  0.5 mg of cell so n ica te  pro tein  in a  to ta l  volume of 1 m l. 

A fte r ob tain ing a  base-line spectrum , th e  reac tio n  was in itia te d  by the  addition of 

0.3 mM NADPH. Because the  assay m ix tu re  was not a purified  enzym e p repara tion  

but a  ce ll so n ica te , and o ther d iaphorases w ere p resen t, 0.1 mM of dicoum arol 

(Aldrich C hem ical C o., M ilwaukee, WI), a  p o ten t inhibitor of D T-diaphorase, was 

added to  th e  reac tion  m ix tu re . The d icoum aro l-sensitive  p a rt  of th e  a c tiv ity  was 

used as a re flec tio n  of th e  DT-diaphorase a c tiv ity  of th e  p rep ara tio n . The a c tiv ity  

was recorded  as nmol reduced D C PIP/m in/m g ce ll son ica te  p ro te in , using the  

ex tinc tion  c o e ffic ien t of 21 mM** cm**.
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RESULTS

Isolation o f M icrosom es from  C ultu red  C ell L ines—M icrosomes w ere  prepared  for 

each of th e  th re e  cu ltu red  cell lines by th e  calcium  p rec ip ita tion  m ethod of C inti 

e t  aL  (1972). Using th is  m ethod fo r ob tain ing  m icrosom es, th e  y ie ld , as  rep resen ted  

by N A D PH -cytochrom e c  red u c tase  a c tiv ity  of th e  m icrosom al fra c tio n  com pared 

w ith th a t  o f th e  to ta l ce ll so n ica te  was 19%, 18%, and 20% for th e  EMT6, CHO, and 

V79 cell lin es , respec tive ly  (Table U). M itochondrial con tam ina tion , as m onitored 

by su cc in a te  cy tochrom e c  a c tiv ity , was <5% in all cell lin es, while cytosolic  

c on tam ina tion , as m onitored by la c ta te  dehydrogenase ac tiv ity , was 1% in a ll cell 

lines. P ro te in  recovery  was approx im ate ly  90% or m ore of th e  p ro te in  m easured in 

th e  cell so n ica te  rem aining a f te r  th e  iso lation  of th e  subcellular fra c tio n .

M icrosom al E lec tron  T ransport P ro te ins in C u ltu red  Cell L ines—N A DPH-cyto­

chrom e c  red u c tase  a c tiv ity  was p resen t in a ll th ree  cell lines, while the  

hem opro tein , cy toch rom e P-^50 was not d e te c te d  (Table 5). N A D PH -cytochrom e c  

reduc tase  a c tiv ity  was higher in th e  EMT6 ce lls  th an  in th e  CHO and V79 ce lls . As 

expected , th e  sp ec ific  a c tiv ity  of th is  enzym e in m icrosom es was h igher than  in the  

son ica tes. N A D PH -cytochrom e c  red u c tase  a c tiv ity  in cell son ica tes was m easured 

in the  ce ll lines throughout th e  grow th cu rve  and th e  a c tiv ity  was essen tia lly  

unchanged in exponentially  growing and p la teau  phase cells. The am ount of 

cy tochrom e P-*t50, if p resen t, was not d e te c te d  w ithin the  lim its  of instrum ent 

sensitiv ity  (<5 pm ol/m g pro tein).

N A D H -cytochrom e b^, N A D H -cytochrom e c  reductase  a c tiv ity  (a m easure­

m ent of th e  to ta l  a c tiv ity  of N A D H -cytochrom e b^ reductase  and cy tochrom e b^), 

and cy tochrom e b^ w ere observed in a ll th re e  cell lines, w ith  no significant 

d ifferences occurring  betw een th e  cell lines in the  ac tiv itie s /am o u n ts  of the  

enzym es (Table 6).

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



-57-

The a c tiv itie s  of NA DH -cytochrom e c  red u c tase  and N A D H -cytochrom e 

reduc tase  w ere v a riab le , as evidenced by th e  re la tiv e ly  large  standard  e rro rs . This 

varia tion  re f le c te d  increases in the  tw o enzym e a c tiv itie s  in th e  ce lls  as the 

exponential cu ltu res  en te red  p lateau  phase.

D T-D iaphorase A c tiv ity  in C ultu red  C ell L ines—D T-D iaphorase was m easured  by 

dichlorophenolindophenol reduction w ith and w ithout dicoum arol in th e  cu ltu red  

c e ll lines (Table 7). C ytosolic d iaphorases w ere p resen t as ind ica ted  by reduction  

of DCPIP in th e  p resence  of dicoum arol, a  p o ten t co m p etitiv e  inh ib ito r of DT- 

diaphorase. The enzym e a c tiv ity  w as h igher in EMT6 ce lls  than  in CHO and V79 

cells .

L
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T a b le  if

IS O L A T IO N  O F  M IC R O S O M E S  IN  C U L T U R E D  C E L L  L IN E S

C ell Line

EMT6 CHO V79

M icrosom al Y ield, % 19 20 18

M itochondrial C on tam ination , % 3

C ytosolic  C ontam ination , % I I 1

P ro te in  R ecovery , % 96 88 92

M icrosom es w ere obtained from  cell son ica tes by th e  calcium  p rec ip ita tion  m ethod 

of C in ti e t  a h  (1972) as described  in th e  M ethods. M icrosom al yield rep resen ts  th e  

ac tiv ity  of N A D PH -cytochrom e c  reduc tase  in th e  m icrosom al frac tion  as a  

p e rcen t of the  to ta l a c tiv ity  of the  enzym e in the  ce ll so n ica te . The pe rcen t 

m itochondrial and cy toso lic  con tam ination  was m easured by th e  a c tiv itie s  of 

succina te  cy tochrom e c  red u c tase  and la c ta te  dehydrogenase, respec tive ly . P er­

cen t pro tein  recovery  rep re sen ts  th e  sum m ation of the  pro tein  in all of th e  

subcellu lar frac tions com pared with th e  to ta l  p ro te in  in th e  ce ll son ica tes. The 

d a ta  rep re sen t th e  average  percen tages  from  th re e  experim en ts.
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T a b le  5

M IC R O S O M A L  E L E C T R O N  T R A N S P O R T  P R O T E IN S  IN  C U L T U R E D  C E L L  L IN E S

CYTOCHROME P-450 PATHWAY

C ell N A D PH -Cytochrom e c  R eductase  C ytochrom e P-450
line (nm ol/m in/m g pro tein ) (pm ol/m g pro te in )

Sonicates M icrosom es M icrosom es

EMT6 4.6 + 0 .6 14.0 + 1 .6 < 0 .5

CHO 0.9 1 + o • 2.0 + 0 .6 < 0 .5

V79 1.1 •
o

 + 
1 3.6 + 1 .0 < 0 .5

The enzym e a c tiv ity  or co n cen tra tio n  was determ ined  by standard  assays described  

in th e  M ethods. The N A D PH -cytochrom e c  red u c tase  in ce ll son ica tes w as th e  

m ean of ^8 de term inations + th e  standard  e rro r of th e  m ean. N A D PH -cytochrom e 

c  re d u c ta se  a c tiv ity  and cy tochrom e P-450 co n cen tra tio n  in m icrosom es w ere th e  

average  o f 3 and 1 de te rm ina tions , respec tive ly .

- U
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Table 6

MICROSOMAL ELECTRON TRANSPORT PROTEINS IN CULTURED CELL LINES

Cell
line

CYTOCHROME b 5 PATHWAY

N A D H -C ytochrom e b ?
R eductase  

(p m o l/m in /m g  pro tein ) 
Sonicates

R otenone-Insensitive 
NA D H -Cytochrom e c 

R eductase  
(nm ol/m in/m g protein) 

Sonicates

C ytochrom e b^

(pm ol/m g pro tein) 
M icrosomes

EMT6

CHO

V79

1.5 + 0.3

1.6 +  0.2 

1.0 +  0.1

60.1 + 20.3 

42.6 +10.7 

34 .3+  5.6

31.1

34 .2  

37 .5

The enzym e a c tiv ity  or co n cen tra tio n  was determ ined  by standard  assays described 

in th e  M ethods. The N A D H -cytochrom e b^ red u c tase  and the  ro tenone-insensitive  

N A D H -cytochrom e c  reduc tase  a c tiv itie s  in cell son ica tes w ere th e  m eans of —8 

dete rm ina tions + th e  standard  e rro rs  of the  m eans. The cy tochrom e b^ c o n cen tra ­

tions in m icrosom es was th e  average  of tw o determ inations.
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Table 7

DT-DIAPHORASE ACTIVITY IN CULTURED CELL LINES

C ell D T-D iaphorase A ctiv ity
line (nm ol/m in/m g protein)

Sonicates

EMT6 151.*f + 48.7

CHO 10.0 + 3.2

V79 13.7+ 2.1

DT-D iaphorase a c tiv ity  was determ ined  by standard  assays as described  in th e  

M ethods. The d a ta  a re  the  m eans of 7 de te rm ina tions + th e  standard  e rro rs  of the  

m eans.

j
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P a rt B: Studies on th e  Form ation  of R eac tiv e  M etabo lites by MC in C u ltu red  Cell 

L ines.

INTRODUCTION

Studies on th e  enzym es proposed to  a c tiv a te  MC and PM in cu ltu red  ce ll lines 

(C hap ter III, P a rt A) dem onstra ted  th a t  a ll th re e  cell lines contained  th e  oxidore- 

duc tases N A D PH -cytochrom e c  red u c tase , N A D H -cytochrom e b^ red u c ta se , cy to ­

chrom e b^, and D T -diaphorase, but none con tained  d e te c ta b le  levels of cy tochrom e 

P-450. These stud ies ind ica ted  th a t  th e  EMT6 ce lls  con tained  m ore NADPH- 

cy tochrom e c  red u c tase  a c tiv ity  and D T-diaphorase a c tiv ity  than  th e  V79 and CHO 

ce lls . How ever, th e  absolu te  am ounts of a c tiv ity  of N A D PH -cytochrom e c  

red u c tase  and D T-diaphorase in th e  th re e  cell lines did not c o rre la te  w ith 

m easurem ents of th e  c y to to x ic ity  of MC and PM to  EMT6, V79 and CHO cells 

(C hap ter II). These la t te r  stud ies dem onstra ted  th a t  both an titu m o r an tib io tics  are  

m ore cy to tox ic  to  the  EMT6 and V79 ce lls  under hypoxic conditions than  in the  

p resence  of a ir , while th ese  an tib io tics  dem o n stra te  less d iffe re n tia l cy to to x ic ity  

under hypoxic and aerob ic  conditions w ith  th e  CHO ce lls .

Previous investiga tions in our labora to ry  have shown th a t  anaerobic  son ica tes 

of EMT6 and Sarcom a 180 tum or cells  a re  capable  of genera ting  a  rea c tiv e  species 

from  MC (Kennedy e t  a h ,  1980). In th is p a rt of C hap ter III, experim en ts have been 

designed to  ex tend  th ese  findings by com paring th e  ab ility  of V79 and CHO cell 

son ica tes to  th a t of EMT6 cells in genera ting  a  rea c tiv e  product(s) from  MC under 

anaerob ic  and aerob ic  conditions. In add ition , experim en ts  w ere done to  exam ine 

the  e ffic iency  of the  pyridine nucleo tides, NADPH and NADH, as e lec tro n  donors 

in th e  generation of the  rea c tiv e  product(s) of MC by the  ce ll son ica tes . F inally , to  

de te rm ine  the  re la tiv e  im portance of N A D PH -cytochrom e c red u c tase  and DT-
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diaphorase in the  fo rm ation  o f reac tiv e  species of MC, inhibitors of these  enzym e 

ac tiv itie s  w ere used. Through these  stud ies, a  co rre la tion  was sought betw een th e  

cellu lar enzym e(s) responsible fo r the  generation  of tox ic  a lkylating  species and th e  

b iochem ical basis for the  cy tox ic ity  observed in these  ce ll lines a f te r  MC or PM 

tre a tm e n t under aerobic  and hypoxic conditions.
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METHODS

C ultured  C ell Lines and P repara tion  of Cell S on icates—EMT6, V79 and CHO cells 

w ere grown a t  37°C  in W aymouth's medium supplem ented  w ith  15% fe ta l  bovine 

serum  and an tib io tics  in a  hum idified atm osphere of 95% air/5%  C 0 2 (see C hapter 

II, M ethods). Cells w ere seeded a t  1 to  4 x 10^ ce lls /m l in W aymouth's medium and 

15% fe ta l bovine serum  and an tib io tics  in glass spinner b o ttle s  (Bellco Glass Inc., 

Vineland, NJ). Cell sonicates w ere prepared as previously described  (C hapter III, 

P a rt A, M ethods) and used for enzym e assays and fo r th e  m easurem ent of reac tiv e  

m etabo lites .

M easurem ent o f th e  E ffec ts  o f Inhibitors on N A D PH -C ytochrom e c  R eductase  and 

D T-D iaphorase A ctiv ity  in C u ltu red  Cell L ines—N A D PH -cytochrom e c  reduc tase  

a c tiv ity  and DT-diaphorase a c tiv ity  w ere m easured as previously described 

(C hapter III, P a rt A, M ethods). A fte r th e  a c tiv ity  of th e  enzym es was m easured , 

th e  inhibitors w ere added and th e  residual a c tiv ity  was m on ito red . NADP+ (sodium 

s a lt ,  Sigma g rade , Sigma C hem ical Co.), dissolved in 100 mM Tris-H Cl (pH 7.5), was 

added to  the  enzym e assay a t  final concen tra tions o f 1.0, 5.0, and 10.0 mM, 

m ersalyl acid  (Sigma Chem ical Co.), dissolved in 0.5 N NaOH, was added to  the  

reac tion  m ixture  a t  final concen tra tion  of 0.1, 0.25, and 0.05 mM, and dicoum arol, 

dissolved in 0.5 N NaOH, was added to  th e  enzym e assay  a t  final co ncen tra tions  of 

0.1, 0.5, and 1.0 mM. N either vehicle  a ffe c te d  the  rea c tio n  r a te .

M easurem ent o f R eac tiv e  M etabo lites—R eactive m etab o lite s  of MC w ere e s tim a t­

ed by a  m odification of the  m ethod of W heeler and C hum ley (1967). The incubation 

m ixture contained  a NADPH regenera ting  system  (0.72 mM NADP+ (sodium sa lt, 

Sigma grade, Sigma Chem ical Co.), 5 mM MgCl2 (J. T. Baker C hem ical Co.), 5 mM
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glucose-6-phosphate (disodium s a lt ,  Sigma grade , Sigma Chem ical Co.), 1.25 U 

glucose-6-phosphate dehydrogenase (Type XII, Sigma C hem ical Co.), Q.k7 mM M p -  

nitrobenzyD pyridine (Aldrich C hem ical Co., M ilwaukee, WI), 2 to  6 mg of cell 

son icate  p ro te in , and 100 mM T ris-H C l buffer (pH 7 A )  in a  to ta l  volum e of 1.0 ml a t  

0 ° C . The reac tio n  m ixture also included th e  pyridine nucleo tides, NADPH and 

NADH, in p lace of th e  NADPH regenera ting  system , and th e  inh ib ito rs, NADP+, 

m ersaly l, and d icoum arol, as ind ica ted  in the  R esu lts. Hypoxia was produced by 

pregassing th e  reac tion  m ixture w ith prepurified  N2 (P resto  Welding Service 

C en ters) fo r 10 m in. A fter w arm ing a t  37°C for 5 min in a  shaking w a te r ba th , the  

reac tion  was in itia ted  by addition of 300 nmol MC dissolved in ace to n e . This 

concen tra tion  of ace tone  did not a f fe c t  the  enzym atic  ac tiva tion  of MC. The 

incubation was te rm in a ted  a f te r  20 min by addition of 2 ml of ace to n e  (J . T. Baker 

C hem ical Co.) and 1 ml of IN NaOH. Following e x tra c tio n  w ith ^ ml of ethyl 

a c e ta te  (3. T . Baker Chem ical Co.), th e  phases w ere separa ted  by cen trifuga tion  

for 2 min a t  1000 x g and the  absorbance of the  organic layer was m easured a t  5^0 

nm and 25°C  using a  Beckman Model 25 UV/Vis sp ec tro p h o to m ete r. The 

incubations and subsequent e x trac tio n s  used for e s tim a tin g  th e  p resence of an 

a lkylated  product w ere carried  out under subdued ligh t.

(
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RESULTS

F orm ation  o f R e a c tiv e  M etabo lites o f MC by C ultured  C ell L ines—Under the  

standard  reac tion  conditions, which em ployed a  NADPH reg en era tin g  system  and 

anaerobiosis, th e  fo rm ation  of rea c tiv e  products from  MC in th e  EMT6, CHO, and 

V79 ce ll lines as m easured  by th e  trapp ing  reagen t M p-n itrobenzyI)pyrid ine, was 

dependent upon both tim e  and pro tein  c o n c en tra tio n . The rea c tio n  r a te  was linear 

fo r a ll th re e  ce ll lines fo r 30 min a t  p ro te in  concen tra tions  ranging betw een  2 to  6 

m g/m l depending upon th e  ce ll line (F igures 9, 10, and 11). The g re a te s t 

m onoalkylating a c tiv ity  was obtained w ith  th e  EMT6 ce ll son ica tes; substan tia lly  

lower a c tiv itie s  w ere observed w ith CHO and V79 ce ll so n ica tes . The genera tion  of 

rea c tiv e  m etabo lite s  from  MC was inh ib ited  in all th re e  cell lines by boiling 

so n ica tes , ind icating  th a t  the  production of a  rea c tiv e  species was ca ta ly zed  by a 

ce llu la r enzym e(s) (Table 8). No a c tiv a tio n  of MC was observed in th e  p resence  of 

a ir  (Table 8). This inhibition was observed  over a  range of p ro te in  concen tra tions 

fo r ex tended  tim e  periods. As e x p ec ted , th e  form ation  of rea c tiv e  m etab o lite s  by 

PM in hypoxic EMT6 ce ll sonicates equalled  th a t d em onstra ted  w ith MC (S. R. 

K eyes, personal com m unication). The r a te  of generation  of a  reac tiv e  species in 

th e  absence of c o fa c to rs  was m arkedly  fa s te r  than  th e  r a te  in the  p resence  of 

oxygen, ind icating  th a t  low levels of endogenous reducing equ ivalen ts w ere p resen t 

in the  son ica tes (Table 8). These resu lts  a re  in ag reem en t w ith  e a rlie r  d a ta  from  

th e  labora to ry  using EMT6 and Sarcom a 180 cell son ica tes (Kennedy e t  a h , 1980; 

Rockw ell e t  aL , 1982).

Both NADPH and NADH supported  th e  form ation  of rea c tiv e  m etabo lites  

from  MC, with g re a te r  ra te s  of a lky lation  occurring  in the  presence of NADPH; 

how ever, n e ither c o fa c to r  was as e ff ic ie n t as the  N A D PH -regenerating system  

(Table 9). A ra te  lim iting  supply of NADPH did not accoun t for th e  lower
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alkylating  a c tiv ity  observed w ith th is pyridine nucleo tide , since increasing  th e  

concen tra tion  of NADPH did not increase  th e  ra te  of fo rm ation  of reac tiv e  

m etabo lites  above th e  levels rep o rted  in Table 9.

E ffe c t of E nzym atic  Inhibitors on th e  Form ation  o f R eac tiv e  M etabo lites  o f MC— 

Inhibitors of various enzym es im plica ted  in th e  b io transform ation  of MC w ere used 

as probes to  e s tim a te  the  contribu tion  of various oxidoreductases to  th e  reductive  

ac tiva tion  of MC. In ag reem en t w ith the  d a ta  which dem onstra ted  th a t  cy to ­

chrom e P-450 could not be d e te c te d  in the  m icrosom al frac tion  of th e  cu ltu red  

ce lls , th e  fo rm ation  of a  rea c tiv e  product(s) from  MC was not sign ificantly  

decreased  by CO in a ll th ree  ce ll lines (Table 10), im plying th a t cy tochrom e P-450 

was not an im p o rtan t c a ta ly s t fo r th is  reac tio n .

The con tribu tions of N A D PH -cytochrom e c  red u c tase  and D T-diaphorase to  

th e  ac tiv a tio n  of MC w ere e s tim a ted  using inh ib ito rs of these  enzym es in EMT6 

ce ll so n ica tes , since son ica tes from  th is  cell line exhibited the  g re a te s t  mono- 

alkylating a c tiv ity  and, th e re fo re , e ffe c ts  of th ese  inhibitors on enzym es im pli­

ca ted  in th e  b ioac tiva tion  of MC would be m ore easily  observed. D icoum arol, a 

po ten t co m p etitiv e  inhibitor of D T-diaphorase, was em ployed to  exam ine th e  role 

of th is enzym e in th e  b ioactiva tion  of MC. This inh ib itor e ffe c tiv e ly  blocked the  

a c tiv ity  of D T-diaphorase a t  a ll concen tra tions stud ied , w ith l i t t le  e f fe c t  on th e  

N A D PH -cytochrom e c  reduc tase  a c tiv ity  (Table II). In addition, d icoum arol did not 

dec rease , but in stead  enhanced th e  form ation  of rea c tiv e  product from  MC. In the  

absence of MC, the  reac tion  m ix ture  contain ing  dicoum arol was not able to  

g en era te  a lky la ting  species, ind icating  th a t  dicoum arol itse lf was no t converted  

into a  rea c tiv e  species by the  ce ll son ica te .

i
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The ro le  of N A D PH -cytochrom e c  red u c tase  in the  ac tiv a tio n  of MC was 

eva lua ted  using NADP+ and m ersa ly l, co m p etitiv e  inhibitors of th e  NADPH- 

cy tochrom e c  reduc tase  ac tiv ity . A t concen tra tions  of 1 to  10 mM, NADP+ 

sign ifican tly  low ered both N A D PH -cytochrom e c  reduc tase  a c tiv ity  and DT- 

diaphorase a c tiv ity  and decreased  th e  form ation  of rea c tiv e  m etab o lite s  of MC 

(Table 11). M ersalyl, likew ise, inh ib ited  N A D PH -cytochrom e c  red u c tase  and DT- 

diaphorase a c tiv itie s  and decreased  the  fo rm ation  of rea c tiv e  MC m etabo lites  

(Table 11). A lthough NADP+ and m ersalyl inh ib ited  D T -diaphorase, s tud ies  using 

th e  m ore specific  inhibitor, d icoum arol, to  com petitive ly  inhibit th is  enzym e 

dem onstra ted  th a t  D T-diaphorase did not c a ta ly ze  th e  production of reac tiv e  

m etabo lite s  of MC. T herefo re , th e  resu lts  of th e  stud ies w ith NADP+ and m ersalyl 

can be used to  assess th e  role of N A D PH -cytochrom e c  reduc tase  in th e  fo rm ation  

of a lky la ted  species of MC. Although th e re  was no absolu te co rre la tio n  betw een 

th e  degree  of inhibition of N A D PH -cytochrom e c  red u c tase  a c tiv ity  by NADP+ or 

m ersalyl and th e  r a te  of production of reac tiv e  species over th e  range o f inhibitor 

con cen tra tio n s  used, in genera l, inhibition of N A D PH -cytochrom e c  red u c tase  and 

concom itan t inhibition of th e  fo rm ation  of rea c tiv e  m etabo lites  was observed .

i
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FIGURE 9. F orm ation  of R eac tiv e  M etabo lites of MC by EMT6 Cell S on icates. 

The reac tiv e  m etabo lites  of MC by EMT6 cell son ica tes w ere e s tim a ted  by a 

m odification of th e  m ethod of W heeler and Chum ley (1967) as described  in th e  

M ethods. The reac tion  ra te  for hypoxic EMT6 cell son ica tes  was linear fo r 30 min 

w ith a  pro tein  concen tra tion  betw een  2 to  5 mg of ce ll son ica te . The d a ta  

rep resen t th e  m eans + standard  e rro rs  of th e  m eans w ith n^3 .
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FIGURE 10. Form ation  of R eac tiv e  M etabolites of MC by CHO C ell Sonicates. 

The rea c tiv e  m etabo lites  of MC by CHO cell sonicates w ere e s tim a ted  by a 

m odification of th e  m ethod of W heeler and Chum ley (1967) as described  in the  

M ethods. The reac tion  ra te  fo r hypoxic CHO ce ll son icates was linear fo r 30 min 

w ith a  p ro te in  concen tra tion  betw een 4 to  6 mg of cell so n ica te . The da ta  

rep resen t th e  m eans + standard  e rro rs  of th e  m eans with n>3.
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FIGURE 11. F orm ation  o f R eac tiv e  M etabolites of MC by V79 Cell S onicates. 

The reac tiv e  m etab o lite s  of MC by V79 ce ll son ica tes  w ere e s tim a ted  by a  

m odification of th e  m ethod of W heeler and Chum ley (1967) as described  in th e  

M ethods. The rea c tio n  ra te  for hypoxic V79 cell son ica tes was linear fo r 30 min 

with a protein  co n cen tra tio n  betw een 4 to  6 mg of cell son ica te . The d a ta  

rep resen t the  m eans + standard  e rro rs  o f th e  m eans w ith  n i3 .
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Table 8

FORMATION O F REACTIVE METABOLITES O F MITOMYCIN C 

IN CULTURED CELL LINES

Cell
line

NADPH regenerating  system  Nc co fac to rs
+  +  +• +  

Hypoxia Air Boiled Sonicates Hypoxia

,3<(A5£fQ x 10 /m in /m g  pro tein)

EMT6

CHO

V79

1.04 + 0 .05  

0 .33  + 0 .06  

0 .3 9  + 0 .04

0 .0 5  + 0.01 

0 .03  + 0.01 

0 .0 3  + 0.01

0.02  +  0.01 

0

0.01  +  0.01

0 .1 7  + 0 .0 2  

0.11  +  0.02 

0 .1 2  + 0 .0 5

The fo rm ation  of rea c tiv e  m etabo lites  of MC w ere e s tim a ted  by a m odification  of 

the  m ethod of W heeler and Chum ley (1967) as described  in th e  M ethods. The 

reaction  m ix tu re  contained  an NADPH regenera ting  system  (0.72 mM NADP+, 5 

mM M g C ^ , 5 mM glucose-6-phosphate and 1.25 U glucose-6-phosphate dehydro­

genase), 0.47 mM 4-(p-nitrobenzyl)pyridine and 3 to  5 mg o f cell son ica te  in a  to ta l 

volume of 1 ml of 100 mM Tris-H C l (pH 7.4). The reac tio n  was in itia ted  by th e  

addition of 300 nmol MC. The d a ta  rep resen t th e  m eans + standard  e rro rs  of th e  

m eans w ith n i4 .

1 . .
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T a b le  9

FORMATION OF REACTIVE METABOLITES O F MITOMYCIN C 

BY PYRIDINE NUCLEOTIDES IN CULTURED CELL LINES

Cell
line

EMT6

CHO

V79

NADPH
reg en era tin g

system
+

Hypoxia

1 .04  + 0 .0 5  

0 .3 3  + 0 .0 6  

0 .3 9  + 0 .04

NADPH
+

Hypoxia

( A ^ q x 10 /m in /m g protein)

0 .7 7  + 0 .1 3  

0 .1 8  + 0 .03  

0 .3 0  + 0 .04

NADH
+

Hypoxia

0 .3 6  + 0 .11  

0 .1 5  + 0 .0 3  

0.20  +  0.02

The fo rm ation  of rea c tiv e  m etabo lites  of MC w ere e s tim a ted  by a m odification  of 

th e  m ethod of W heeler and Chum ley (1967) as described  in th e  M ethods. The 

reac tion  m ix ture  con tained  an NADPH regenerating  system  (0.72 mM NADP+, 5 

mM M gC ^f 5 mM glucose-6-phosphate and 1.25 U glucose-6-phosphate dehydro­

genase), 0.47 mM 4-(p-nitrobenzyl)pyridine and 3 to  5 mg of cell son ica te  in a to ta l 

volume of 1 ml o f 100 mM Tris-H C l (pH 7.4). The reac tio n  was in itia ted  by the  

addition of 300 nmol MC. The NADPH regenera ting  system  was o m itted  or 

rep laced  w ith  1 mM reduced pyridine nucleotide as ind ica ted . The d a ta  rep resen t 

m eans + s tandard  e rro rs  of the  m eans w ith n>4.

l i
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T a b le  10

EFFECT O F CARBON MONOXIDE ON REACTIVE METABOLITES

O F  MITOMYCIN C  IN CULTURED CELL LINES

C ell
line CO

(A5ifQ x 10 /m in /m g  protein)

EMT6 1.10 + 0 .0 8 1 . 0 2  + 0 . 1 1

CHO 0.45  + 0 .13 0 .3 8  + 0 .0 6

V79 0.41 + 0 .05 0 .2 9  + 0 .02

The form ation  of rea c tiv e  m etabo lites  of MC w ere e s tim a ted  by a  m odification of 

th e  m ethod of W heeler and Chum ley (1967) as described in the  M ethods. The 

reac tio n  m ix ture  con ta ined  an NADPH regenerating  system  (0.72 mM NADP+, 5 

mM MgCl2, 5 mM glucose-6-phosphate and 1.25 U glucose-6-phosphate dehydro­

genase), 0.47 mM 4-(p-nitrobenzyl)pyridine and 3 to  5 mg of cell sonicate  in a  to ta l 

volum e of 1 ml o f 100 mM Tris-HCl (pH 7.4). The reac tion  was in itia ted  by the 

addition of 300 nm ol MC. Flasks w ere gassed with e ith e r  n itrogen ( ^ J  or carbon 

monoxide (CO) th roughout the  reac tion  period. The d a ta  rep resen t m eans of 3 to  5 

experim ents + s tandard  erro rs of the  m eans.
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Table 11

EFFECTS O F  INHIBITORS O F NADPH-CYTOCHROME c  REDUCTASE ACTIVITY 

AND DT-DIAPHORASE ACTIVITY ON THE FORMATION OF 

REACTIVE METABOLITES O F MITOMYCIN C  IN EMT6 CELLS

Inhibitor N A D PH -cytochrom e c  D T-D iaphorase R eac tiv e
(mM) R eductase  A c tiv ity  A ctiv ity  M etabo lites

(P ercen t con tro l ac tiv ity )

DICOUMAROL
0.1  1 0 0 + 1  2 + 1 9 8 + 1 3
0 . 5  100 0 143 + 13
1 . 0  8 3 + 1 0  0 185 + 22

NADP+
1 .0  2 1 + 8  1 8 + 9  7 4 + 1 0
5. 0 3 + 3  4 6 9 + 1 2
10 .0  0 9 3 3 + 2

MERSALYL
0.1  88 + 12 45 + 3 71 + 9
0 .2 5  65 + 10 19 + 4 22 + 10
0 .5  3 3 + 1 3  1 3 + 1 3  6 + 3

The fo rm ation  of rea c tiv e  m etab o lite s  of MC w ere es tim a ted  by a  m odifica tion  of 

th e  m ethod of W heeler and Chum ley (1967) as described in the  M ethods. The 

reac tion  m ix ture  contained  an NADPH regenera ting  system  (0.72 mM NADP+, 5 

mM M gCl^, 5 mM glucose-6-phosphate and 1.25 U gIucose-6-phosphate dehydro­

genase), 0.47 mM 4-(p-nitrobenzyl)pyridine and 3 to  5 mg of EMT6 cell so n ica te  in 

a  to ta l volum e of 1 ml of 100 mM Tris-H Cl (pH 7.4). Inhibitors w ere added as 

ind icated  and th e  reac tion  was in itia ted  by th e  addition of 300 nmol M C. The 

e ffe c ts  of inhibitors a re  expressed as p ercen tages  of the control a c tiv itie s  which 

are  given in previous tab le s . The d a ta  rep resen t the  m eans of a t  lea s t 3 

de te rm ina tions + standard  e rro rs  of the  m eans w here applicable.

i
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DISCUSSION

The b iochem ical m echanism  of MC and PM ac tiv a tio n  has been widely 

investiga ted  using b a c te ria l, liv e r, and purified  enzym e system s. Few stud ies, 

how ever, have  em ployed tum ors or o th er m am m alian  ce ll lines. In b a c te ria  and 

liver, s tud ies have dem onstrated  th a t  MC is a c tiv a te d  under anaerob ic  conditions 

to  a  re a c tiv e  product th a t  is capab le  of cross-linking DNA (Iyer and Szybalski, 1963; 

1964; S chw artz , 1962) and th a t  th e  reduced pyridine nucleo tide NADPH is required  

to  support th is  rea c tio n . In roden t liv e r, enzy m atic  a c tiv ity  resides predom inantly  

in th e  endoplasm ic reticulum  and nuclear subcellu lar frac tio n s . With both purified 

N A D PH -cytochrom e P-450 and m ilk xanthine ox idase, MC has shown to  be capable 

of consum ing th e  appropriate  su b s tra te , NADPH or xanth ine under hypoxic 

conditions (Bachur e t  a h , 1979; K om iyam a e t  a h , 1979a), and en zy m atic  a c tiv ity  is 

accom panied by th e  form ation  of MC adducts (Pan e t  a h , 1984). In add ition , i t  is 

conceivable th a t  several o ther enzym es, including cy tochrom e P-450 and DT- 

diaphorase, m ay be involved in th e  ac tiv a tio n  of MC under hypoxic conditions.

Previous work by our labo ra to ry  has em ployed m am m alian tum or ce ll lines 

and has dem o n stra ted  th a t  EMT6 m ouse m am m ary tum or cells  and Sarcom a 180 

asc ites  ce lls  a re  m ore sensitive  to  the  cy to to x ic  ac tion  of MC under hypoxic 

conditions th an  in a ir  (Kennedy e t  a h , 1980; Rockw ell e t  a h , 1982; T eicher e t  a h , 

1981), and th a t  son ica tes of th ese  ce ll lines a re  capab le  of consum ing MC to  

genera te  a  rea c tiv e  species. Extensions of th ese  findings to  o th e r cell lines 

dem onstra ted  th a t  MC is essen tia lly  equitoxic to  aerob ic  and hypoxic CHO cells; 

w hereas, i t  is p re fe ren tia lly  cy to tox ic  to  V79 cells under hypoxic conditions (see 

C hap ter II). These studies suggested  th a t  MC is enzym atica lly  a c tiv a te d  by 

cu ltured  ce lls . T herefo re , it was of in te re s t to  de te rm ine  which enzym e(s) a re  

im portan t in th e  b ioactivation  of MC and PM to  cy to to x ic  species in EMT6, CHO,
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and V79 ce lls . In P art A of th is  C h ap te r, the  m icrosom al e le c tro n  tran sp o rt 

enzym es and D T -diaphorase, enzym es proposed to  a c tiv a te  a n tican ce r quinones, 

w ere in vestiga ted  in th e  EMT6 m ouse m am m ary tum or cell line and in th e  two 

C hinese h am ste r ce ll lines, CHO and V79. Enzym e a c tiv itie s  c h a ra c te r is tic  of 

N A D PH -cytochrom e c  reduc tase  and D T-diaphorase w ere p resen t in a ll th re e  cell 

lines, bu t cy toch rom e P-U50 was u n d e tec tab le  (Tables k and 6). The enzym es of 

th e  cy tochrom e b 5 pathw ay w ere also  p resen t in th e  th re e  ce ll lines w ith no 

sign ifican t d iffe ren ces  occurring am ong th e  ce ll lines (Table 3). These resu lts  

in d ica te  th a t  tw o of th e  enzym es im p lica ted  in th e  a c tiv a tio n  of MC w ere p resen t 

in a ll th re e  cell lines.

In P a rt B of C hap ter III, th e  ab ility  to  g en e ra te  a  rea c tiv e  species from  MC 

as m easured by th e  trapp ing  ag en t 4-(p-nitrobenzyl)pyrid ine under hypoxic condi­

tions was dem o n stra ted  in EMT6 (in ag reem en t w ith previous d a ta , Kennedy e t  a h ,

1980), CHO, and V79 son ica tes, w ith  th e  g re a te s t a lky lating  a c tiv ity  occurring  in 

EMT6 son ica tes (Table 3). F u rth e rm o re , d a ta  have dem onstra ted  sim ilar a c tiv ity  

w ith PM (S. R . K eyes, personal com m unication). The pyridine nuc leo tide , NADPH, 

was m ore e ff ic ie n t as an e lec tro n  donor than  NADH fo r the  genera tion  of the  

rea c tiv e  product(s) (Table 9). These findings a re  in ag reem en t w ith d a ta  derived 

w ith liver hom ogenates (Kennedy e t  a h ,  1982; Schw artz , 1962). A lthough enzym es 

of th e  cy tochrom e b j  pathw ay w ere p resen t in th e  th re e  ce ll lines, th ese  enzym es 

requ ire  NADH as an e lec tro n  donor. B ecause NADH is no t as  e ff ic ie n t an e lec tron  

donor as NADPH, fu rth e r  studies w ith  N A D H -cytochrom e b^ red u c tase  and w ith 

cy tochrom e b^ w ere  not conducted . Instead , stud ies w ere ca rried  out with 

N A D PH -cytochrom e c  red u c tase , cy toch rom e P-^50, and D T -diaphorase, enzym es 

which u tilize  NADPH as a  c o fa c to r . To gain a  b e tte r  assessm ent of the 

involvem ent of th ese  enzym es in th e  b ioactiva tion  of MC, we investiga ted  the
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e ffe c ts  of inh ib itors o f cy tochrom e P-450, N A D PH -cytochrom e c  red u c ta se , and 

D T-diaphorase on both  enzym e a c tiv itie s  and th e  genera tion  of re a c tiv e  m etabo ­

lite s  from  MC.

C ytochrom e P-450 was not p resen t in any of th e  ce ll lines a t  levels w ith in  th e  

lim its  o f d e te c ta b ili ty  (<0.5 pm ol/m g); m oreover, CO did no t inhibit th e  fo rm ation  

of M C-derived re a c tiv e  m etabo lites by ce ll sonicates (Table 10). These findings 

w ere in c o n tra s t to  e a rlie r  studies from  th is  labora to ry  (Kennedy e t  a l .,  1980, 1982), 

which repo rted  inhibition of rea c tiv e  m etab o lite  fo rm ation  by CO. The c o n tra ­

diction w ith th e  p resen t studies appears to  be a ttr ib u tab le  to  an oxygen leak in th e  

experim en tal ap p ara tu s  used for th e  e a rlie r  investiga tion . F u rth e rm o re , work in 

our labo ra to ry  has dem onstra ted  th a t  CO n e ither inh ib ited  th e  fo rm ation  of MC 

derived re a c tiv e  m etabo lite s  by purified  N A D PH -cytochrom e c  red u c tase  and P - 

450, nor p ro te c te d  EMT6 cells from  MC induced cy to to x ic ity  (Keyes e t  a h , 1984a). 

In add ition , u tiliza tio n  of purified N A D PH -cytochrom e c  red u c tase  and cy tochrom e 

P-450 has dem onstra ted  th a t  cy tochrom e P-450 appears to  m odulate NADPH- 

cy tochrom e c  red u c tase  ac tiv ity  by increasing  the  e ffic ien cy  of e le c tro n  tra n s fe r  

from  N A D PH -cytochrom e c  reduc tase  to  MC (Keyes e t  a h , 1984a). P o tte r  and 

Reed (1983) have rec en tly  reported  a  sim ilar observation for the  anaerob ic  

reduction  o f l-(2-ch loroethyl)-3-(cyclohexyl)-I-n itrosourea.

The nonspecific  N A D PH -cytochrom e c  reduc tase  inh ib ito rs, NADP+ and 

m ersaly l, a lso  yielded in te restin g  resu lts  (Table 11). NADP+ com plete ly  inhibited  

N A D PH -cytochrom e c  reduc tase  a c tiv ity , and although i t  did not com pletely  

inhibit th e  fo rm ation  of reac tiv e  m etab o lite s  from  MC, i t  was able to  substan tia lly  

reduce the  ra te  of form ation of re a c tiv e  products. M ersalyl inh ib ited  the 

generation  of rea c tiv e  m etabo lites of MC to a g rea te r  e x te n t than  NADPH- 

cy tochrom e c  red u c tase  ac tiv ity . The d iffe re n t degrees of inhibition of a lkylating

i
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ac tiv ity  and N A D PH -cytochrom e c  reduc tase  ac tiv ity  by NADP+ and m ersalyl 

supports the  concep t th a t  N A DPH-cytochrom e c reduc tase  is responsible fo r som e 

o f  the  b ioactivation  of MC in EMT6 cells, but th a t  a t  least one o ther enzym e is 

also involved.

Dicoum arol m arkedly inhibited DT-diaphorase w ithout decreasing  e ith e r 

NA D PH -cytochrom e c  reduc tase  ac tiv ity  or the  generation  of rea c tiv e  m etabo lite s  

(Table 11). Indeed, th e  reac tiv e  product(s) genera ted  from  MC increased  signifi­

can tly  in th e  p resence o f dicoum arol, suggesting th a t  D T-diaphorase m ay m etabo ­

lize MC to  a  non-toxic substance. F u rther work in our labora to ry  w ith whole cells 

has dem onstrated  th a t  both MC and dicoum arol in com bination increased  the  

tox ic ity  of MC to  hypoxic cells (Keyes e t  aU, 1984b).

The resu lts  ob ta ined , particu larly  w ith th e  inhibitor dicoum arol, suggest th a t  

th e  ac tiva tion  of MC under hypoxic conditions proceeds through an in te rm ed ia te  

semiquinone rad ical or through a  hydroquinone (M oore, 1977; M oore and C zern iak ,

1981). The sem iquinone rad ical in te rm ed ia te  has been suggested by Bachur and his 

cow orkers (Andrews e t  aL , 1983), who reported  th a t  MC reduced e lec trochem ica lly  

to  the  semiquinone was capable of form ing covalen t adducts. This conclusion is 

supported by the  findings of Tom asz e t  aU (1974) th a t  partia lly  reduced  MC bound 

m ore avidly to  DNA than  the  fully reduced an tib io tic . These conclusions, how ever, 

appear to  be incom patib le with the  resu lts  of the  chem ical reduction  of the  m odel 

compound 2,3-dim ethyl-5,6-bis(m ethylene)-l,4-benzoquinone to  the  hydroquinone 

level, a process leading to  the  generation  of a  reac tiv e  species, presum ably through 

the form ation  of a  quinone m ethide (Lin e t  a l .,  1973).

In conclusion, the  resu lts  from this C hapter ind icate  th a t  two enzym es 

postu lated  to  a c tiv a te  an tican cer quinones, N A D PH -cytochrom e c  reduc tase  and 

DT-diaphorase, w ere p resen t in all th ree  cell lines. These stud ies dem onstra ted

>
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th a t  all th re e  cell types g e n e ra te  an e lec troph ile  from  MC, which can be m easured 

w ith M p-n itrobenzy l)py rid ine. Experim ents w ith  enzym e inhibitors suggested th a t  

DT-diaphorase and cy tochrom e P-^50 are  not involved in the  b ioactiva tion  of MC, 

although th ey  m ay m odulate i ts  ac tiv a tio n . On th e  o ther hand, NADPH-cyto­

chrom e c  red u c tase  was capab le  of ac tiva ting  MC, but m ay not be th e  sole enzym e 

involved in th e  reduc tive  ac tiv a tio n  of the  an tib io tic  by th ese  ce ll lines.

Although th e re  was a loose co rre la tion  betw een  enzym e a c tiv ity  and the  

generation  of re a c tiv e  m etab o lite s  from  MC, th ese  p a ram ete rs  did not co rre la te  

qu an tita tiv e ly  w ith th e  e x te n t of M C-induced cy to to x ic ity  to  th ese  cell lines. 

These findings do not preclude b ioactivation  of MC as a  c rit ic a l even t responsible 

for cy to to x ic ity , because stud ies w ith son ica tes cannot include th e  e ffe c ts  of such 

fac to rs  as th e  r a te  of tra n sp o rt of drug in to  ce lls  and the  rep a ir  of lethal and 

sublethal lesions. H ow ever, th e  lack of co rre la tio n  betw een  th e  ra te  a t which 

son icated  ce lls  g en e ra te  rea c tiv e  species and th e  cy to to x ic ity  of MC to  cells 

ind ica tes th a t  e ith e r  th e  ra te  of b ioactiva tion  of MC is no t th e  sole determ inan t of 

cy to to x ic ity  or th a t  th e  in te rac tio n  betw een a c tiv a te d  MC and M p-n itrobenzy l)- 

pyridine does not com plete ly  re f le c t  rea c tiv ity  leading to  cy to to x ic ity .

i
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C H A P T E R  IV

The Role of DNA Lesions Caused by Mitomycin C and Porfiromycin

in Cultured Cell Lines

INTRODUCTION

Early stud ies have dem onstra ted  cross-linking of b a c te ria l DNA in s itu  and 

cross-linking of purified  b ac te ria l DNA in th e  presence o f cell lysates in v itro  by 

MC (lyer and Szybalski, 1963; M atsum oto and L ark , 1963). These findings have been 

ex tended  to  include studies on th e  production of cross-links in DNA using a  

cu ltu red  human cell line (Szybalski, 1964; Szybalski and Iyer, 1964a). In add ition , 

a f te r  chem ical reduction  of MC, Lown e t  aL (1976) observed D N A -interstrand 

cross-links in purified X-phage DNA by th e  ethidium  fluorescence  assay. Fujiw ara 

and cow orkers observed DNA in te rs tran d  cross-links w ith  MC tre a te d  norm al 

hum an fibroblasts using alkaline sucrose sed im entation  (Fujiw ara, 1982; Fugiw ara 

and T atsum i, 1975,1977; Kano and Fugiw ara, 1981), hydroxyapatite  chrom atography, 

and S j-nuclease digestion m ethodologies, while Fornace and cow orkers observed 

DNA in te rstran d  and DNA-protein cross-links w ith MC tre a te d  human fib rob lasts  

by alkaline elu tion  m ethodology (Fornace and L ittle , 1977; Fornace e t  aL , 1979). 

While production of DNA in te rs tran d  cross-links and D N A -protein cross-links a re  

believed to  be p a rt of th e  m echanism  by which MC and PM e x e rt th e ir  cy to to x ic i­

t ie s , no d irec t ev idence ex ists  th a t  th ese  lesions a re  responsible for the  an tin eo ­

p lastic  ac tiv ity  of th ese  an tib io tics .

In th is c h a p te r, the  alkaline elu tion  m ethodology developed by Kohn and 

cow orkers (Kohn e t  a lM 1976, 1981; Kohn and Ewig, 1979) was u tilized  to  study both 

the  form ation  and repa ir of DNA single strand  breaks, DNA in te rstran d  cross-links, 

and D N A-protein cross-links produced by these  an tib io tics  in the  EMT6 and CHO 

cell lines. A concen tra tion  of 2 pM MC or PM was chosen, because a t  th is

-84-
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co n cen tra tio n  EMT6 cells  exhibited  p re fe ren tia l sen sitiv ity  to  both MC and PM 

under hypoxic conditions. These cells dem onstra ted  less aerob ic  c y to to x ic ity  

tow ards PM th an  tow ards MC, w hereas th e  an tib io tics  w ere essen tia lly  equ itox ic  to  

th ese  neop lastic  ce lls  under hypoxic conditions. C onsequently , if DNA in te rs tran d  

cross-links and D N A -protein cross-links a re  im p o rtan t, th ese  an tib io tics  would be 

expected  to  form  m ore DNA in te rstran d  cross-links and D N A -protein cross-links 

under hypoxic conditions than  aerobic  conditions. CHO cells  w ere also chosen as a  

te s t  system  because  th ey  exhibited  sligh t bu t equal c y to to x ic ity  w ith MC under 

both hypoxic and aerob ic  conditions, and slight but s ign ifican t increases  in 

cy to to x ic ity  w ith  PM under hypoxic conditions. C onsequently , th ese  an tib io tics  

would be expected  to  form  few  cross-links in these  cells under both  hypoxic and 

aerob ic  conditions.

i
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C ultu red  C ell L ines—EMT6 and CHO ce lls  w ere  grown a t  37°C  in W aymouth’s 

medium supplem ented w ith  15% fe ta l bovine serum  and an tib io tic s  in a  hum idified 

a tm osphere  of 95% a ir/5 %  as previously described in C h ap te r II, M ethods.

10 ml of W aymouth's medium supplem ented w ith  15% fe ta l bovine serum  and 

an tib io tics . A fte r a  24 hr incubation period , sam ple cells w ere  labeled w ith 0.02

C i/m m ol; Am ersham  C orp.). The rad io ac tiv e  medium was rem oved a f te r  24 hrs 

and rep laced  w ith fresh  medium until th e  s ta r t  of ex perim en ts. This procedure 

enabled th e  labeled m ate ria l to  be inco rporated  in to  high m olecu lar w eight DNA.

In o rder to  a sce rta in  w hether th e  rad io iso topes cause any cy to to x ic ity  in 

EMT6 or CHO ce lls , th e  surviving frac tio n  de te rm ined  by colony fo rm ation  (see 

C hap ter II, M ethods) and DNA cell cycle  d istribu tions (see C h ap te r II, M ethods) 

w ere a sce rta in ed  a f te r  labeling the  ce lls  fo r 24 h rs.

Drug T re a tm e n t—MC and PM, a t  a  co n cen tra tio n  of 2 pM , w ere  dissolved in 70% 

e thano l. The co n cen tra tion  of ethanol in t re a te d  and con tro l cells  was never 

g rea te r  th an  0.35% , and th is  co n cen tra tion  of e thano l did not a f fe c t  DNA elu tion  

profiles. D ru g -trea tm en ts  w ere te rm in a ted  a f te r  1 hr by rem oving the  drug 

containing m edium , washing the  cell m onolayer w ith  Hanks' balanced  sa lt solution 

containing glucose but no C a++ and Mg++ (HBSS; Grand Island Biological Com pany, 

Grand Island, NY), and adding fresh  medium to  th e  glass m ilk d ilu tion  b o ttle s .
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Cells w ere seeded  in glass milk dilution b o ttle s  a t  a  density  of 1 to  2 x 10^ cells  per

and re fe re n c e  cells w ere labeled w ith 0.05 p C i/m l [m e th y l-  H ]thym id ine  (2

pC i/m l [2 -^ C ] th y m id in e  ( 55 m C i/m m ol; A m ersham  C orp ., A rlington H eights, IL)
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Assay of Single S trand  Breaks and DNA In te rs tran d  C ross-L inks by A lkaline 

E lution—The alkaline elu tion  p rocedure has been described in d e ta il (Kohn e t  a h , 

1976; 1981). B riefly , EMT6 or CHO sam ple cells p relabeled w ith ^ C -th y m id in e  w ere 

tre a te d  w ith  2 yM MC or PM for 1 hr under hypoxia or a ir . Hypoxia was achieved 

by a  2 hr pregassing w ith 95% N2/5%  CO 2  (oxygen c o n te n t, < 10 ppm) and 

continuous gassing throughout th e  period of drug tre a tm e n t. Im m ediately  following 

drug t re a tm e n t, th e  drug contain ing  medium was rem oved, th e  cell m onolayer was 

washed w ith  HB5S and fresh  medium was added . A fter the  a p p ro p ria te  incubation 

period, cells  w ere washed w ith ice-co ld  HBSS and irrad ia ted  in 5 ml of HBSS w ith O 

or 300 R of x -irrad ia tio n  (Siem ans Stabilipan 250 kV, 15 m A, 2 mm Al f i l te r ,  dose 

ra te  153 R /m in) fo r th e  sing le-strand  breaks and DNA in te rs tran d  cross-linking 

assays, re sp ec tiv e ly . U n trea ted  EMT6 re fe re n c e  cells p relabeled  w ith ^H- 

thym idine w ere  also washed and irrad ia ted  w ith 300 R when used in th e  assays to  

m easure single strand  breaks and DNA in te rs tran d  cross-links. These re fe ren ce  

cells provided DNA w ithin each experim ent w ith consisten t e lu tion  k inetics  which 

w ere not in fluenced  by th e  e lu tion  ra te  of th e  experim ental ^ C - la b e le d  DNA. 

A fte r x -irrad ia tio n , th e  cells w ere co llec ted  from  th e  milk d ilu tion  b o ttle s  using a 

T -flask sc rap er (Bellco G lass, Inc., Vineland, N3), 5 ml of ice -co ld  medium was 

added to  each  b o ttle , and th e  cells w ere dispersed by gen tle  p ip e ttin g . Approxi­

m ate ly  2.5 x 105 ^ C -la b e le d  sam ple cells  and a  sim ilar num ber of ^H-Iabeled 

re fe ren ce  cells  w ere m ixed, d ilu ted  in ice-co ld  PBS, and co llec ted  on a  0.8 ym  

pore s ize , 2 mm d iam e te r , po lycarbonate  f il te r  (Nucleopore C orp ., P leasan ton , 

CA), which w as p laced on a  25 mm polyethylene f il te r  holder (Swinnex, M illipore 

C orp., B edford, MA) connected  to  a  50 ml polyethylene Luer-lok syringe. These 

cells w ere th en  lysed on the  f il te r  w ith 5 ml of a lysis solution contain ing  2% 

sodium dodecyl su lfa te  (SDS, 99% purity , BDH C hem icals, L td ., Poole, England),

J
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0.025 M N a2 HDTA (Fischer S c ien tific  C o., Fair Lawn, NJ) and 0.1 M glycine 

(Bethesda R esearch  L abo ra to ries , Inc., G aithersburg , MD), pH 10.0, which was 

allowed to  flow through the  f il te r  by g rav ity . The lysa te  was dep ro te in ized  by 

placing 2 ml of 2% SDS, 0.025 M N a2EDTA, and 0.1 M glycine (pH 10.0) contain ing  

0.5 m g/m l of p ro te inase  K (20 mAnson units/m g; E. M erck, D arm stad t, West 

G erm any) on th e  f il te r s  in the  upper cham ber of the  f il te r  ho lder. Follow ing the  

addition of p ro te in ase  K, 40 ml of a  solution containing tetrapropylam m onium  

hydroxide (RSA C orp ., E lm sford, NY), 0.02 M HjEDTA (Sigma C hem ical Co., St. 

Louis, MO), and 0.1% SDS (pH 12.1) was p laced in th e  syringe. Both solutions w ere 

pumped through th e  f il te r  in the  dark  a t  a  r a te  of 0.035 m l/m in , allow ing the  

p ro te inase  d igestion  tim e  to  be approxim ately  2 h r. E luted frac tio n s  w ere 

co llec ted  a t  3 hr in te rv a ls  for 15 h r. When all of th e  frac tions  w ere c o llec ted , they

w ere processed as follow s. The e lu ting  solution rem aining in th e  funnel reservo ir

w as gently  poured o ff and d iscarded . The solution rem aining in th e  pump tubing 

and f il te r  holder w as pumped a t  m axim um  speed in to  an em pty  sc in tilla tio n  vial. 

The f il te r  was rem oved and placed in a  sc in tilla tion  vial contain ing 0.4 ml of 1 N 

HC1. Subsequently , th e  f il te r  was h ea ted  a t  60°C fo r 1 hr to  depurinate  th e  DNA. 

A fte r heating  th e  f i l te r ,  i t  was cooled to  room tem p e ra tu re  and 2.5 ml of 0.4 N

NaOH (which co n v e rts  th e  apurin ic s ite s  to  strand  breaks) was added fo r one

additional h r. F inally , 10 ml of 0.4 N NaOH was added to  the  funnel to  flush the  

f il te r  holder and pum p tubing and a 2.5 ml aliquot of th is  solution was assayed for 

i ts  con ten t of rad io ac tiv ity . A 2 ml aliquot of lysis solution was obtained  and 

w a te r was added to  th is  frac tio n  and to  th e  frac tio n s  contain ing 0.4 N NaOH to  

give a  final volum e of 6 m l. All f ra c tio n s , excep t the  frac tion  which con ta ined  the  

f il te r , w ere m ixed w ith 10 ml A quassure (New England N uclear C orp ., Boston, MA) 

w ith 0.7% glacial a c e t ic  acid . The frac tio n  contain ing  the f il te r  was m ixed w ith 5
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ml Aquassure w ith 0.7% glacial a c e tic  ac id . Sam ples w ere counted in a  Beckman 

LS 7500 sc in tilla tion  coun ter ( ^ C  effic iency  of 63% and e ffic iency  of 13%).

DNA in te rs tran d  cross-linking indices w ere com puted using th e  form ula: 

cross-link index = (l-ro/i_r ) ^  -  1 

w here rQ and r  w ere  th e  frac tions  of th e  ^H -labeled and ^ C -la b e le d  DNAs 

rem aining on the  f i l te r  a f te r  approxim ately  10 hr of elu tion  (Kohn e t  a h , 1976,1981).

Assay o f D N A -Protein  Cross-Linking by Alkaline E lu tion—The assay  for drug 

induced DN A -protein cross-links u tilized  EMT6 or CHO cells  prelabeled  w ith  ^ C -  

thym idine and t re a te d  w ith 2 pM MC or PM for 1 hr under hypoxia or a ir . 

Following drug t re a tm e n t, th e  medium containing drug was rem oved, th e  cell 

m onolayer was w ashed with HBSS, and fresh  medium was added. A fte r  the  

appropria te  incubation  period , the  ^ C - la b e le d  sam ple ce lls  and th e  u n tre a te d  ^H- 

labeled EMT6 re fe re n c e  cells w ere washed w ith ice-co ld  HBSS and irra d ia te d  in 5 

ml HBSS w ith 3000 R . These re fe ren ce  cells  provided DNA w ithin each  experim en t 

w ith consisten t e lu tion  k inetics , which w ere not influenced by th e  elu tion  r a te  of 

the  experim ental C -labeled  DNA. A fte r x -irrad ia tion , cells  w ere rem oved from  

th e  m ilk dilution b o ttle s  using a  T -flask  sc rap e r, 5 ml of ice-cold  m edium  was 

added , and cells w ere dispersed by gen tle  p ipetting . A pproxim ately 2.5 x 10^ R e ­

labeled sam ple cells  and a sim ilar num ber of ^H -labeled re fe ren ce  ce lls  w ere 

m ixed, dilu ted  in ice-co ld  PBS, and co llec ted  onto a  2 pm  pore s ize , 25 mm 

d iam e te r, polyvinyl chloride f il te r  (M illipore C orp.), which was p laced  on a 

m odified Swinnex f il te r  holder connected  to  polyvinyl chloride alkaline e lu tion  

funnel (Millipore C orp.). Cells w ere then  lysed on the  f il te r  w ith 5 ml of th e  lysis 

solution used in the  previous assay. This solution was allow ed to  flow through the 

f il te r  by g rav ity . Following lysis, th e  f il te r  was washed w ith 0.02 M N a2 EDTA (pH

with permission of the copyright owner. Further reproduction prohibited without permission.
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10.0) to  rem ove the  rem aining lysis solution. F inally , 40 ml of te trap ro p y lam -

monium hydroxide and 0.02 M H2EDTA (pH 12.1) was placed in the  elu tion funnel.

The solution was pumped through th e  f il te r  in th e  dark  a t  a  r a te  of 0.035 m l/m in

for 15 hrs w ith frac tio n s  co llec ted  every  3 h rs . When all of th e  frac tions w ere

c o llec ted , th e  frac tions  w ere processed as ind ica ted  in th e  previous assay.

D N A -protein cross-linking indices w ere com puted using th e  form ula:

cross-link  index = (1-r)- ^  -  (1-r ) " ^o

where r  and rQ w ere th e  ex tra p o la ted  frac tio n s  of slow -elu ting  DNA in drug- 

tre a te d  and con tro l ce lls , re sp ec tiv e ly  (Kohn and Ewig, 1979).

S ta tis tic a l A nalyses—All s ta t is t ic a l  te s ts  w ere perform ed by an Apple lie 

m icrocom puter using th e  ALLFIT com puter p rogram . The d a ta  was analyzed by 

non-par am e tr ic  analysis which included th e  M ann-W hitney te s t ,  analysis of 

variance , and co n stra in t cu rve  f it tin g . S ignificance was defined a t  the  level of 

95% confidence  or b e tte r  (p<0.05).
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RESULTS

C ell Survival and C ell C ycle D istribu tions a f te r  Labeling w ith R adio iso topes—Both 

EMT6 and CHO ce lls  w ere  labeled w ith  ^ C -th y m id in e , while only EMT6 cells w ere 

labeled w ith ^H -thym idine and ce ll survival and ce ll cyc le  d istribu tions w ere 

m easured to  ensure  th a t  rad io ac tiv e  labeling did not a f fe c t  these  p a ram ete rs . 

These rad io iso topes did not d ec rease  ce ll survival as  m easured by th e  surviving 

frac tio n  a f te r  cloning, nor did th is  prelabeling w ith radioisotopes a f fe c t  the  cell 

cycle  d istribu tions (Table 12). As th e re  w ere no e ffe c ts  on ce ll survival or cell 

cycle d istribu tions w ith  th e  co n cen tra tio n s  of ^H-and ^ C -la b e le d  thym idine used in 

th ese  s tud ies, th e  e lu tion  profiles ob tained  w ere assum ed to  be th e  re su lt of drug 

t re a tm e n t.

Form ation  o f Single S trand B reaks and DNA In te rstran d  C ross-L inks D e tec ted  

Im m ediately  Follow ing Drug T re a tm e n t in  C ultu red  C ell L ines—Initia l experim ents 

using both  hypoxic and aerobic  EMT6 ce lls  tre a te d  w ith  2 pM MC or PM for 1 hr 

dem onstra ted  d iffe ren ces  dependent upon the  degree of oxygenation (Figure 12). 

Thus, although th e  alkaline e lu tion  profiles of aerob ic  and hypoxic EMT6 cells  

tre a te d  w ith  e ith e r  MC or PM fo r 1 hr dem onstrated  no DNA single s tran d  breaks, 

under both hypoxic and aerob ic  cond itions, th is ce ll line exh ib ited  DNA in te rstran d  

cross-links, w ith substan tia lly  m ore DNA in te rstran d  cross-links occurring  under 

hypoxic conditions than  w ith oxygenation . In teresting ly , both drugs dem onstra ted  a  

com parable am ount of cross-linking w ith these  an tib io tics  under hypoxic condi­

tions, a  finding which is consisten t w ith th e  degree of cy to to x ic ity  produced by 

these  agen ts  (see C hap ter II). A erobic EMT6 cells tre a te d  w ith MC dem onstra ted  

slightly  g re a te r  in te rs tran d  cross-linking than those exposed to  PM, which is also 

consisten t w ith th e  cy to to x ic ity  of th ese  drugs in a ir (see C hap ter II).

}j
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Both MC and PM did not form  d e te c ta b le  single s tran d  breaks in th e  CHO cell 

line under aerobic  and hypoxic conditions (Figure 13). C on trary  to  the  resu lts  

observed w ith EMT6 ce lls , negligible DNA in te rstran d  cross-linking was produced 

by MC or PM under hypoxic or aerobic  conditions. D N A -protein cross link indices 

fo r both aerob ic  and hypoxic CHO ce lls  tre a te d  w ith MC or PM d em o n stra te  l i t t le  

DNA-protein cross-linking (Table 13). These findings a re  co n sis ten t w ith  stud ies 

which dem onstra ted  only slight c y to to x ic ity  to  CHO cells by th ese  an tib io tic s  (see 

C hap ter II).

Form ation  and R em oval o f Single S trand  B reaks, DNA In te rstran d  C ross-L inks, and 

D N A -Protein C ross-Links Following R em oval of Drug in  EMT6 C ells—F urthe r 

s tud ies w ere done to  exam ine w hether th e  form ation  of single s tran d  breaks or 

DNA-protein cross-links occurred in EMT6 cells as a  function  of tim e  a f te r  

rem oval of drug. These studies also exam ined w hether th ese  an titu m o r an tib io tics  

continued to  form  DNA in te rstran d  cross-links in EMT6 cells and /or w hether these  

ce lls  w ere ab le  to  rem ove these  cross-links w ith tim e  a f te r  drug exposure.

A fter exposure to  2 pM MC for 1 h r , no single s tran d  b reaks could be 

dem onstra ted  in EMT6 cells under e ith e r  hypoxia or a ir  from  0 to  24 hr a f te r  drug 

rem oval (Figures 14 and 15). Under hypoxic conditions, M C -trea ted  cells  contained  

DNA in te rstran d  cross-links throughout th e  24 hr period a f te r  drug exposure . A 

slight increase in th e  am ount of cross-linking over th a t  occurring  a t  0 hr was 

observed a t  6 and 12 h r, w ith alm ost com plete  repair of th ese  lesions by 24 hr 

(Figure 14). The dependence of in te rs tran d  cross-linking on tim e  of exposure to  

MC in aerobic  EMT6 ce lls  was sim ilar to  th a t  seen w ith th e  hypoxic EMT6 cells; 

how ever, less cross-linking was observed im m ediately  following drug tre a tm e n t. In 

a m anner analogous to  th a t  observed for hypoxic ce lls , an increase  in the  degree of
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cross-linking occurred  during th e  6 to  12 hr post incubation  period w ith  a reduction  

in th e  num ber o f cross-links occurring  during the  12 to  2k hr period following drug 

exposure (F igure 15). A com parison of th e  DNA in te rs tran d  cross-link indices for 

both hypoxic and aerob ic  EMT6 ce lls  tre a te d  w ith MC is shown in F igure 16. There 

w ere s ign ifican tly  m ore DNA in te rs tran d  cross-links observed im m edia te ly  fo l­

lowing drug tre a tm e n t in hypoxic EMT6 ce lls  (p<;0.05). There w as, how ever, no 

sign ifican t d iffe ren ce  in th e  am ount of DNA in te rs tran d  cross-links occurring  6 ,12 , 

and 2k  hr a f te r  drug rem oval in hypoxic and aerob ic  EMT6 ce lls .

D N A -protein cross-link ind ices w ere ca lcu la ted  and th e  resu lts  a re  shown in 

F igure 17. A pproxim ately th e  sam e am ount o f DNA-protein cross-links was 

p resen t in hypoxic and aerob ic  EMT6 cells th roughout th e  2k hr period a f te r  drug 

exposure.

No single strand  breaks w ere  dem onstrab le in hypoxic or aerob ic  EMT6 cells  

over th e  0 to  2k hr period follow ing exposure to  2 pM PM for 1 hr (F igures 18 and 

19). DNA in te rs tran d  cross-links occurred  with th is  agen t in hypoxic EMT6 cells  

which w ere m ain tained  over th e  2k hr post incubation period , w ith approx im ately  

an equ ivalen t am ount of cross-link ing  being m ain tained  over the  O to  12 hr period 

and few er cross-links a t  2k hr (F igure 18). Barely d e te c ta b le  DNA in te rs tran d  

cross-links w ere  p resen t im m edia te ly  a f te r  PM tre a tm e n t of aerob ic  EMT6 ce lls , 

how ever, an increase  in DNA in te rstran d  cross-links occurred  a t  6 hr post 

incubation period w ith a  reduction  in num ber of cross-links occurring  during the  12 

to  2k hr period following drug exposure (Figure 19). A com parison of th e  DNA 

in te rstran d  cross-link  indices for both  hypoxic and aerob ic  EMT6 ce lls  tre a te d  with 

PM is shown in Figure 20. T here w ere sign ifican tly  m ore DNA in te rs tran d  cross­

links in hypoxic EMT6 cells than  aerob ic  EMT6 ce lls  a t  0 hr (p<0.05) and 6 hr

iJ
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(p< 0-03) a f te r  drug rem oval. There was no s ign ifican t d iffe ren ce  in cross-links 

observed 12 and 24 hr a f te r  drug rem oval.

The D N A -protein cross-linking indices for both  ae rob ic  and hypoxic EMT6 

cells following tre a tm e n t w ith PM a re  shown in F igure  21. It is no tab le  th a t  

hypoxic EMT6 ce lls  tre a te d  w ith PM have significantly  g re a te r  D N A -protein cross­

link indices th an  aerob ic  EMT6 cells  throughout th e  24 hr period following drug 

tre a tm e n t (p<0.01). The am ount of D N A -protein cross-links p resen t in hypoxic and 

aerobic  EMT6 cells was not s ign ifican tly  d iffe ren t w ith  tim e  following drug 

exposure.
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Table 12

SURVIVING FRACTIONS AND CELL CYCLE DISTRIBUTIONS IN CULTURED 

CELL LINES AFTER RADIOISOTOPE LABELING

C ell Cycle D istribu tions (%)

Cell line Surviving F raction S i S g 2- m

CHO 0.639 2 7 .5 5 8 .2 14.3

1ZfC -labeled  CHO 0.684 2 2 .2 5 2 .4 25 .4

EMT6 0.622 33.1 4 8 .6 18.2

lifC -labeled  EMT6 0.575 24 .1 5 9 .6 16.3

3H -labeled EMT6 0 .629 3 6 .2 4 9 .2 14.6

Exponentially growing ce lls  w ere exposed to  e ith e r  ^ C -th y m id in e  or 3H -thym idine 

for 24 h r, and th e  surviving frac tio n  e s tim a ted  by th e  ab ility  of ce lls  to  form  

colonies as described  in th e  M ethods. C ell cycle d istribu tions w ere determ ined  

using a  Becton-D ickinson FACS IV flow c y to m e te r  as described  in th e  M ethods.

j
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FIGURE 12. Alkaline E lution Profiles of A erobic and Hypoxic EMT6 Cells 

Im m ediately  Following MC or PM T rea tm en t. Exponentially  growing ce lls  w ere 

tre a te d  w ith 2 pM MC or PM fo r 1 hr under conditions of norm al ae ra tio n  or 

hypoxia. Subsequently, th e  drug-containing m edium  was rem oved, and th e  cells  

w ere irrad ia ted  w ith O R or 300 R and assayed fo r single strand  breaks or DNA 

in te rstran d  cross-links, re sp ec tiv e ly , by th e  a lkaline e lu tion  assay as described  in 

M ethods. The alkaline e lu tion  profiles for the  m easu rem en t of single s tran d  breaks 

and DNA in te rs tran d  cross-links a re  shown by open and closed sym bols, re sp e c tiv e ­

ly. O , • ,  con tro l c e l I s ;0 ,B ,  MC tre a te d  cells; A, 4 , pw  tre a te d  ce lls .
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FIGURE 13. A lkaline Elution P rofiles of A erobic and Hypoxic CHO Cells 

Im m ediately  Follow ing MC or PM T re a tm e n t. Exponentially  growing ce lls  w ere 

tre a te d  w ith  2 pM MC or PM for 1 hr under cond itions of norm al ae ra tio n  or 

hypoxia. Subsequently , the  drug-containing medium w as rem oved, and th e  cells  

w ere irra d ia te d  w ith O R or 300 R and assayed fo r single strand  breaks o r DNA 

in te rs tran d  cross-links, respec tive ly , by th e  alkaline e lu tion  assay as described  in 

th e  M ethods. The alkaline elution profiles for th e  m easurem ent of single strand  

breaks and DNA in te rs tran d  cross-links a re  shown by open and closed sym bols, 

resp ec tiv e ly . O , • ,  con tro l c e l l s ;0 ,B ,  MC tre a te d  ce lls; A, A, PM tre a te d  ce lls .
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Table 13

DNA-PROTEIN CROSS-LINK INDEX IN CHO CELLS 

AFTER DRUG TREATMENT

Drug Hypoxia A ir

M itom ycin C 0 .019  0 .027

Porfirom ycin 0 .0^1 0.021

Exponentially growing cells  w ere t re a te d  w ith 2 pM MC or PM for 1 hr under

conditions of norm al ae ra tio n  or hypoxia. Subsequently , th e  drug con tain ing

m edium  was rem oved, th e  cells w ere irra d ia te d  w ith 3000 R and assayed fo r DNA-

p ro te in  cross-linking by th e  alkaline e lu tion  assay as described  in th e  M ethods. The

D N A -protein cross-linking index was determ ined  using th e  fo rm u la , cross-link  index 
117 I /?

= ( l - r ) ' -  (I-ro)~ '  w here r  and rQ w ere the  ex tra p o la ted  frac tio n s  of th e  slow

elu ting  DNA on drug tre a te d  and con tro l ce lls , respec tive ly  (Kohn and Ewig, 1979). 

The d a ta  rep re sen t resu lts  from  one or tw o experim en ts.

i
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FIGURE 14. Alkaline E lution P rofiles of Hypoxic EMT6 C ells Various T im es a f te r  

th e  Rem oval of MC. Exponentially growing ce lls  w ere tre a te d  w ith  MC for 1 hr 

under hypoxic conditions. Subsequently, th e  drug containing m edium  was rem oved, 

and th e  ce lls  w ere incubated  in fresh  medium for 0, 6, 12, or 24 h r. A fter 

incubation , cells  w ere irrad ia ted  w ith  0 or 300 R and assayed fo r single strand  

breaks or DNA in te rs tran d  cross-links, re sp ec tiv e ly , by the  alkaline e lu tion  assay as 

described in th e  M ethods. The alkaline e lu tion  profiles fo r th e  m easurem ent of 

single strand  breaks and DNA in te rs tran d  cross-links a re  shown by open and closed 

sym bols, re sp ec tiv e ly . V , T, con tro l cells; O , • ,  0 hr; A, A, 6 h r ;D ,B ,  12 hr; an d O , 

24 hr a f te r  drug rem oval.
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FIGURE 15. Alkaline E lution P rofiles of A erobic EMT6 C ells Various Tim es a f te r  

th e  Rem oval of MC. Exponentially growing ce lls  w ere t r e a te d  w ith  MC for 1 hr 

under conditions of norm al a e ra tio n . Subsequently, th e  drug contain ing  medium 

was rem oved, and th e  ce lls  w ere incubated  in fresh  m edium  fo r 0 , 6 ,12 , or 2^ h r. 

A fter incubation , cells w ere irra d ia te d  w ith 0 or 300 R and assayed  for single 

strand  breaks or DNA in te rs tran d  cross-links, resp ec tiv e ly , by th e  alkaline elu tion  

assay as described in th e  M ethods. The alkaline e lu tion  p ro files  fo r the  m easu re­

m ent of single strand  breaks and DNA in te rs tran d  cross-links a re  shown by open 

and closed sym bols, respec tive ly . V, ▼, con tro l cells; O , • ,  0 h r; A, * , 6 !» • ;□ ,■ , 12 

hr; a n d O ,^ ,  2k hr a f te r  drug rem oval.
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FIGURE 16. DNA In te rstran d  C ross-L ink Index in EMT6 Cells a f te r  MC T reatm en t. 

Exponentially  growing cells  w ere t re a te d  w ith 2 yM MC for 1 hr under conditions 

of norm al a e ra tio n  or hypoxia. Subsequently , th e  drug containing medium was 

rem oved, th e  ce lls  w ere irra d ia te d  w ith  300 R and assayed for DNA in terstrand  

cross-linking by th e  a lkaline e lu tion  assay , as described  in th e  M ethods. The DNA 

in te rs tran d  cross-linking index w as de te rm ined  using th e  form ula, cross-link  index = 

, w here  rQ and r w ere  th e  frac tio n s  of con tro l and drug tre a te d  DNA 

rem aining on th e  f il te r  a f te r  approx im ate ly  10 hr of elu tion  (Kohn e t  a l . , 1976; 1981). 

The DNA in te rs tra n d  cross-link ind ices for hypoxic and aerob ic  EMT6 cells a re  

rep resen ted  by th e  hatched  and open ba rs , resp ec tiv e ly . The d a ta  rep resen t the  

m eans and s tan d ard  e rro rs  of th e  m eans of th re e  experim en ts. There were 

sign ificantly  m ore DNA in te rs tran d  cross-links (p< 0.05) im m ediately  following MC 

tre a tm e n t in hypoxic EMT6 cells.
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FIGURE 17. D N A -Protein  Cross-Link Index in EMT6 C ells a f te r  MC T re a tm e n t.

Exponentially  grow ing ce lls  w ere t r e a te d  w ith  2 pM MC for 1 hr under conditions

of norm al ae ra tio n  or hypoxia. Subsequently , th e  drug contain ing  m edium  was

rem oved , and th e  ce lls  w ere incubated  in fresh  m edium  for 0, 6, 12, and 2k hr.

A f te r  incubation , ce lls  w ere irra d ia te d  w ith  3000 R and assayed fo r D N A -protein

cross-linking by th e  alkaline elu tion assay  as described in the  M ethods. The DNA-

pro te in  cross-linking index was de te rm ined  using th e  fo rm ula , cross-link  index = (I- 
—1/t? 1/7

r)~ -  (l-ro)~ w here r  and rQ w ere th e  ex trap o la ted  frac tio n s  o f th e  slow elu ting

DNA in drug tre a te d  and con tro l ce lls , respec tive ly  (Kohn and Ewig, 1979). Each 

sym bol rep resen ts  a  d iffe re n t experim en t: 0 , 0 ,  drug tre a tm e n t under conditions 

o f norm al ae ra tio n ; • , ■ ,  drug tre a tm e n t  under hypoxic conditions.

i
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FIGURE 18. A lkaline E lution P rofiles of Hypoxic EMT6 Cells Various T im es a f te r  

th e  Rem oval of PM. Exponentially growing ce lls  w ere  tre a te d  w ith  PM fo r 1 hr 

under hypoxic cond itions. Subsequently, th e  drug con tain ing  medium was rem oved, 

and th e  cells  w ere incubated  in fresh  medium for 0, 6, 12, or 24 h r. A fter 

incubation , cells  w ere  irra d ia te d  w ith  0 or 300 R and assayed fo r single s trand  

breaks or DNA in te rs tran d  cross-links, resp ec tiv e ly , by th e  alkaline e lu tion  assay  as 

described  in th e  M ethods. The alkaline e lu tion  p rofiles for th e  m easu rem en t of 

single strand  breaks and DNA in te rs tran d  cross-links a re  shown by open and closed 

sym bols, respec tive ly . V , ▼, con tro l cells; O , • ,  0 hr; A, A , 6 h r ; 0 , B ,  12 hr; a n d O , 

♦ ,  24 hr a f te r  drug rem oval.
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FIGURE 19. A lkaline Elution P rofiles o f A erobic EMT6 C ells Various Tim es a f te r  

th e  Rem oval of PM. Exponentially grow ing cells w ere tre a te d  w ith PM for 1 hr 

under conditions of norm al ae ra tio n . Subsequently, th e  drug containing medium 

w as rem oved, and th e  ce lls  w ere incubated  in fresh  m edium  for 0, 6 ,12 , or 2k h r. 

A fte r incubation , ce lls  w ere irra d ia te d  w ith  0 or 300 R and assayed fo r single 

s tran d  breaks or DNA in te rs tran d  cross-links, resp ec tiv e ly , by th e  alkaline elu tion 

assay  as described  in th e  M ethods. The alkaline e lu tion  p rofiles fo r th e  m easure­

m en t of single s trand  breaks and DNA in te rs tran d  cross-links a re  shown by open 

and closed sym bols, resp ec tiv e ly . V, T , co n tro l cells; O , • ,  0 hr; A, A, 6 hr; □ , ■ ,  12 

hr; andO >^» 2k hr a f te r  drug rem oval.
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FIGURE 20. DNA In te rstran d  Cross-Link Index in EMT6 Cells a f te r  PM T re a tm e n t.

Exponentially growing cells  w ere t re a te d  w ith 2 pM PM for 1 hr under conditions of

norm al ae ra tion  or hypoxia. Subsequently, th e  drug contain ing  m edium  was

rem oved, th e  ce lls  w ere irrad ia ted  w ith 300 R and assayed fo r DNA in te rs tran d

cross-linking by th e  a lkaline elu tion assay , as described in th e  M ethods. The DNA

in te rstran d  cross-linking index w as determ ined  using th e  fo rm ula, c ross-link  index = 

1/2(1-r /1-r) '  -1, w here r  and r  w ere th e  frac tio n s  of con tro l and drug t re a te d  DNA o ’ o °

rem aining on th e  f i l te r  a f te r  approxim ately  10 hr o f elu tion (Kohn e t  a h , 1976; 1981). 

The DNA in te rs tran d  cross-link indices fo r hypoxic and aerob ic  EMT6 cells a re  

rep resen ted  by ha tched  and open bars , resp ec tiv e ly . The d a ta  rep re sen t th e  m eans 

and standard  e rro rs  of th e  m eans of th re e  experim en ts. There w ere  sign ifican tly  

m ore DNA in re rstran d  cross-links im m ediately  following PM tre a tm e n t  (p<0.05) 

and 6 hr a f te r  PM rem oval (p <0.03) in hypoxic EMT6 cells than  in aerob ic  EMT6 

cells.
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FIG U kE 21. D N A -Protein C ross-Link Index in EMT6 C ells a f te r  PM T re a tm e n t. 

Exponentially growing cells  w ere t re a te d  w ith 2 pM PM fo r 1 hr under conditions of 

norm al ae ra tio n  or hypoxia. Subsequently, th e  drug containing m edium  was 

rem oved, and th e  cells  w ere incubated  in fresh  m edium  for 0, 6, 12, and 2U hr. 

A fte r incubation , cells w ere irra d ia te d  w ith 3000 R and assayed fo r D N A -protein 

cross-linking by th e  alkaline e lu tion  assay as described  in th e  M ethods. The DNA- 

p ro te in  cross-linking index was determ ined  using th e  fo rm u la , cross-link  index  = (1- 

r) ^  -  (l-rQ)”^  w here r and rQ w ere th e  ex trap o la ted  frac tio n s  of th e  slow  elu ting  

DNA in drug tre a te d  and con tro l ce lls , respec tive ly  (Kohn and Ewig, 1979). Each 

sym bol rep resen ts  a  d iffe ren t experim en t: 0 , 0 ,  drug tre a tm e n t under conditions 

o f norm al ae ra tio n ; # , ■ ,  drug tre a tm e n t under hypoxic conditions.
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DISCUSSION

The alkaline e lu tion  technique developed by Kohn and cow orkers (Kohn e t  a h , 

1976, 1981; Kohn and Ewig, 1979) has been u tilized  to  study  th e  rela tionsh ip  of DNA 

single s tran d  b reaks, DNA in te rs tran d  cross-links, and D N A -protein cross-links to  

c y to to x ic ity  in hypoxic and aerobic  cu ltu red  cells  a f te r  tre a tm e n t  w ith e ith e r  MC 

or PM. This techn ique is a sensitive  m ethod fo r th e  m easu rem en t of DNA lesions 

and is based on th e  behavior of la rge  DNA strands re leased  from  m am m alian cells  

by lysis on m em brane f il te rs  (Kohn, 1979). The d e te rg en t con ta in ing  lysis rem oves 

m ost o f th e  cell p ro tein  and RNA but re ta in s  double-stranded  DNA, and, if desired , 

D N A -protein cross-links can be rem oved by a  p ro te in ase  d igestion . The DNA is 

e lu ted  through th e  f i l te r  by pumping an a lkaline  solution (which disrupts th e  DNA 

helix) slow ly through th e  f il te r  and co llec tin g  frac tio n s  con tain ing  sing le-stranded  

DNA. DNA is thought to  be e lu ted  from  th e  f il te r  as a  function  of strand  leng th , 

w ith sm aller s trands e lu ting  in itia lly  and la rg e r s tranded  DNA elu ting  a t  la te r  

tim es . This techn ique has been used to  m easu re  a  v a rie ty  o f lesions including DNA 

single-and double-strand  b reaks, a lka li-lab ile  s ite s , DNA in te rs tran d  cross-links and 

D N A -protein cross-links (Kohn, 1979; Kohn e t  a h , 1981).

MC and PM a re  believed to  e x e rt th e ir  an tin eo p la s tic  a c tiv ity  by th e  

fo rm ation  of DNA in te rs tran d  cross-links. By isopycnic sed im en ta tion , m any 

in vestiga to rs  have c o rre la ted  M C-induced DNA cross-linking in b a c te ria  and in a 

human ce ll line w ith cy to to x ic ity  (Iyer and Szybalski, 1963; M atsum oto and L ark , 

1963; Szybalski, 1964; Szybalski and Iyer, 1964a). By th e  e th id ium  fluorescence 

assay , Lown e t  a h  (1976) confirm ed th e  fo rm ation  of DNA cross-links in purified  * - 

phage DNA. By alkaline sucrose sed im en ta tio n , hyd roxyapatite  chrom atography, 

and Sj nuclease  d igestion , o ther in vestiga to rs  w ere ab le  to  c o rre la te  the  rem oval of 

cross-links in many m am m alian cells  in v itro  w ith  th e ir  sensitiv ity  to  MC
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(Fujiw ara, 1982; Fugiw ara and T atsum i, 1975,1977; Kano and F ugiw ara, 1981). These 

au tho rs observed th a t  th e  rem oval of in te rs tran d  cross-links in Fanconi's anem ia 

s tra in s  sensitive  to  MC occurred  a t  a  slow er ra te  th an  th e  r a te  of rem oval of c ro ss­

links in less sensitive  norm al hum an fib rob lasts  and o th e r  m am m alian ce lls . In 

c o n tra s t, using alkaline e lu tion  m ethodology, Fornace e t  a h  (1979) w ere not ab le  to  

d em o n stra te  a  co rre la tio n  betw een  th e  rem oval of in te rs tran d  cross-links in norm al 

human fib ro b lasts  and a Fanconi's anem ia  hum an fib rob last s tra in  (HG 261). In th is 

study , th e  HG 261 s tra in  was s ign ifican tly  m ore sensitive  to  MC than  th e  norm al 

fib rob lasts; how ever, th e re  w ere  no d iffe ren ces  in th e  deg ree  of cross-linking 

occurring  over a  2k  hr period a f te r  drug tre a tm e n t  in e ith e r  th e  norm al fib rob lasts  

or th e  HG 261 s tra in .

In th is  c h a p te r , th e  resu lts  of a lka line  elu tion stud ies on hypoxic and aerob ic  

EMT6 and CHO cells  tre a te d  w ith  MC and PM suggest a  co rre la tio n  betw een  th e  

cy to to x ic ity  of th ese  drugs and th e  fo rm atio n  of DNA cross-links under hypoxic 

and ae rob ic  conditions. In both cell lin es , single strand  breaks w ere not d e te c te d  

(F igures 12 and 13); how ever, th e  levels of DNA in te rs tran d  cross-links p resen t in 

an tib io tic  t r e a te d  EMT6 cells m ay have m asked single s tran d  breaks which m ay 

have o ccu rred  during or a f te r  drug tre a tm e n ts  by re ta in in g  th e  DNA on th e  f i l te r .  

F u rth e rm o re , even though MC is known to  form  hydrogen peroxide and hydroxyl 

rad icals  a f te r  reduc tive  a c tiv a tio n  (K om iyam a e t  a l., 1982; Lown and C hen, 1981; 

Tom asz, 1976), and th ese  rad icals m ay cause  single s tran d  breaks, Bradley and 

Erickson (1981) have repo rted  rap id  rep a ir  r a te s  for single s tra n d  breaks induced by 

hydrogen peroxide in V79 cells.

MC is m ore cy to to x ic  to  hypoxic EMT6 cells  than  to  corresponding aerob ic  

cells (see C h ap te r II) and m ore DNA in te rs tra n d  cross-linking was observed under 

hypoxic conditions than under aerob ic  conditions im m edia te ly  following drug
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tre a tm e n t (F igure 12). A sim ilar p a tte rn  was also observed in PM tre a te d  EMT6 

cells  (Figure 12). In teresting ly , th e  aerob ic  cy to to x ic ity  occurring  w ith MC in 

EMT6 cells is g re a te r  than  th a t  produced by PM (see C hap ter II), and th e  degree  of 

DNA cross-linking under these  conditions corresponds w ith th ese  d a ta  (F igure 12).

Both MC and PM produced in te rs tran d  cross-linking in EMT6 cells th a t  

persisted  over a  24 h r period following drug rem oval (Figures 14, 15, 18, and 19). 

In teresting ly , th e  form ation  of DNA in te rs tran d  cross-links in aerob ic  EMT6 cells 

increased hours a f te r  drug rem oval following both MC or PM tre a tm e n t. With MC 

tre a tm e n t, th e  am ount of cross-linking observed in aerob ic  EMT6 cells was 

com parable to  th e  am ount of cross-linking observed in hypoxic EMT6 ce lls  6 and 12 

hr a f te r  drug rem oval. While th is m ay suggest th a t  th e  ra te  of fo rm ation  o f cross­

links in EMT6 ce lls  is slower under a ir , i t  is also  possible th a t  a  g re a te r  am ount of 

cross-linking under hypoxia m ay have been dem onstra ted  a t  e a rlie r  tim es  a f te r  

drug rem oval. F u rth e r studies on th e  am ount of DNA in te rs tran d  cross-links in 

hypoxic and ae ro b ic  EMT6 cells betw een 0 and 6 hr a f te r  drug rem oval would 

exam ine th is possib ility .

Substan tially  less DNA in te rs tran d  cross-links w ere observed a t  24 hr a f te r  

MC or PM rem oval in hypoxic and aerob ic  EMT6 ce lls . These resu lts  m ay ind ica te  

rem oval and rep a ir  of cross-links by th ese  ce lls , although i t  is probable th a t  these  

cells divided and th a t  th e  decrease in cross-links re f le c ts  th e  fa c t  th a t  th e  original 

population of ce lls  is d iluted 24 hr a f te r  drug exposure. It would be of in te re s t to  

com pare the  am ount of rad ioactiv ity  in th e  medium a t  various tim es a f te r  drug 

tre a tm e n t. An increase  in the  am ount of rad io ac tiv ity  a t  24 hr from  th a t  m easured 

a t  0 hr m ay r e f le c t  degraded DNA in th e  medium secondary to  ce ll death  or 

excision repa ir of a lkylated  DNA. On the  o th e r hand, if  th e  am ount of 

rad ioactiv ity  in th e  medium a t  24 hr was th e  sam e or less than  th a t m easured  a t  0

II
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h r, th e  decrease  in th e  cross-link index m ay in d ica te  repopulation with daughter 

ce lls . It is probable th a t  cell d ea th , rep a ir  of cross-links, and repopulation w ith 

daughter cells con tribu ted  to  th e  dec rease  in cross-link  index observed a t  2k h r.

In conclusion, th ese  stud ies dem onstra ted  a  re la tionsh ip  betw een th e  c y to ­

to x ic ity  of these  quinone an tib io tics  in hypoxic and aerob ic  cell lines and th e  

degree of DNA in te rs tran d  and D N A -protein cross-linking. In these  s tud ies, CHO 

cells have appeared  " re s is tan t"  to  th e  cy to to x ic  e ffe c ts  of th ese  drugs and to  th e  

fo rm ation  of DNA in te rs tran d  cross-links, w hile EMT6 ce lls  a re  m ore sensitive  to  

th ese  p a ra m e te rs . F u rth e r  stud ies a re  w arran ted  to  a sce rta in  the  reason(s) fo r th e  

d iffe re n tia l cy to to x ic ity  betw een hypoxic and aerob ic  EMT6 cells  and the  very 

slight cy to to x ic ity  observed in CHO ce lls . It may be argued th a t u p take , 

a c tiv a tio n , and /or subsequent reac tion  w ith DNA is d iffe re n t in the  two ce ll lines, 

since DNA-protein cross-links a re  form ed to  a  lesser degree  in CHO cells than  in 

EMT6 ce lls . Finally , w ork by Erickson e t  a l. (1980a, 1980b, 1981) and Gibson e t  a h  

(198^a, 198*tb)has shown th a t  norm al (IMR-90) and sim ian virus transform ed (VA-13) 

human em bryo cells  d iffe red  in th e ir  response to  m any cross-linking ag en ts , 

possibly as a  resu lt of th e ir  ab ility  to  repa ir O ^-guanine lesions. These in v esti­

ga to rs  believe th a t  th e  cap ac ity  of IMR-90 ce lls  to  rep a ir  m ethy lated  lesions 

enable th ese  cells to  rem ove an O -m onoadduct, and th ereb y  prevent subsequent 

cross-linking and cell d ea th . In c o n tra s t, th e  inab ility  to  rem ove the  

O ^-m onoadduct in VA-13 cells would account fo r th e  p re fe re n tia l cy to tox ic ity  of 

cross-linking agen ts to  th ese  ce lls . Since H ashim oto e t  ah. (1983) have iden tified  an 

O ^-guanine-M C adduct a f te r  chem ical reduction  of MC in the  presence of ca lf 

thym us DNA, and Tom asz e t  a h  (1983) have iden tified  an O ^-guanine-M C a f te r  

chem ical and enzym atic  reduction  of MC in th e  presence of deoxyribonucleotide 

d im er, d(GpC), i t  is possible th a t  CHO cells  m ay be able to  repair the  in itia l
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m onoalkylation before  cross-linking occurs and th a t  EMT6 cells m ay be d e fic ien t in 

th is rep a ir  capab ility . F u rth e rm o re , i t  is known th a t  MC and PM a re  m ore easily  

reduced  under anaerobic conditions (Iyer and Szybalski, 196*#; Kennedy e t  a h , 1982; 

Kom iyam a e t  a l . , 1979a; Pan e t  a h , 198*#; Schw artz , 1962; Tom asz e t  a h , 1983), 

which would account for th e  additional cross-linking observed under hypoxic 

conditions in the  EMT6 cell line im m ediately  a f te r  drug tre a tm e n t.

J
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CHAPTER V 

Conclusions

Investigations on th e  an titu m o r an tib io tics  MC and PM have dem onstra ted  

th a t  th ese  ag en ts  requ ire  b ioactiva tion  to  cause DNA in te rs tran d  cross-links which 

may be responsible for the  cy to to x ic ity  of these  drugs. Previous work by our 

labora to ry  has em ployed m am m alian  tum or ce ll lines and has dem onstra ted  th a t  

EMT6 m ouse m am m ary tum or cells  and Sarcom a 180 a sc ite s  cells  a re  m ore 

sensitive  to  th e  cy to to x ic  ac tion  of MC under hypoxic conditions th an  in a ir , and 

th a t  son ica tes  of th ese  cell lines a re  capable of consuming MC to  g en e ra te  a  

rea c tiv e  species . S tudies p resen ted  in th is  d isserta tion  have ex tended  th ese  

findings to  o th e r  cu ltu red  cell lines and have dem onstra ted  th a t  MC is essen tia lly  

equitoxic to  ae rob ic  and hypoxic CHO ce lls , w hereas i t  is p re fe ren tia lly  cy to to x ic  

to  V79 cells  under hypoxic cond itions. PM is p re fe ren tia lly  cy to to x ic  to  hypoxic 

EMT6, V79, and CHO ce lls , although the  cy to tox ic ity  to  hypoxic CHO ce lls  is 

considerably  less than  th a t  to  EMT6 and V79 cells.

The reasons for acquired  res is tan ce  to  alkylating  agen ts  w ere review ed by 

Connors (197*0. In th is  rev iew , he s ta te d  th a t a) reduced ac tiv a tio n  or increased  

deactiva tion  o f th e  drugs, b) reduced  form ation  or increased  rep a ir  of cy to tox ic  

lesions, c) reduced  up take  of th e  drugs, and d) increased  production of o th er ta rg e t  

nucleophiles m ay explain res is tan ce  of tum ors to  alkylating ag en ts . These reasons 

may also explain  the  decreased  sensitiv ity  observed by th e  CHO cells  com pared to  

EMT6 and V79 ce lls  a f te r  MC and PM tre a tm e n t. In this d isse rta tio n , stud ies w ere 

conducted to  in v estig a te  the  ac tiv a tio n  of these  drugs in EMT6, CHO, and V79 cells 

and to  exam ine lesions c re a te d  by th ese  drugs on a  po ten tia l ta rg e t  m olecu le , DNA.

In o rder to  assess the  im portance  of MC and PM ac tiv a tio n  to  cy to to x ic ity ,
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th e  a c tiv itie s  and am ounts of c e rta in  enzym es in EMT6, CHO, and V79 cell lines 

w ere m easured . All th ree  ce ll lines contained  th e  oxidoreductases: NADPH- 

cy tochrom e c  red u c tase , N A D H -cytochrom e red u c tase , cy tochrom e b j ,  and DT- 

diaphorase, bu t none contained d e te c ta b le  levels of cy tochrom e P-*»50. The EMT6 

cells con ta ined  th e  g rea te s t a c tiv ity  of N A D PH -cytochrom e c  red u c tase  and DT- 

diaphorase, and all th re e  cell lines had com parable ac tiv itie s /am o u n ts  of the 

enzym es of th e  cy tochrom e b^ pathw ay.

To gain a  b e tte r  assessm ent of th e  involvem ent of th e  oxidoreductase 

enzym es in th e  b ioactiva tion  of M C, th e  ab ility  of son ica tes of th ese  ce ll lines to  

g en era te  a  m onoalkylated  species from  MC w as m easured using th e  trapp ing  agent 

M p-n itrobenzy l)py rid ine. All th re e  cell son ica tes w ere able to  g en e ra te  an 

a lkylated  species , w ith  the  g re a te s t a lky lating  a c tiv ity  occurring  in EMT6 soni­

c a te s . The pyridine nucleo tide, NADPH, was m ore e ff ic ie n t as an e le c tro n  donor 

than NADH fo r th e  generation  of th e  rea c tiv e  products. Although enzym es of the 

cy tochrom e b^ pathw ay w ere p resen t in all th re e  cell lines, th ese  enzym es require 

NADH as an e lec tro n  donor. Since NADH was not as e ff ic ie n t an e le c tro n  donor as 

NADPH, fu rth e r  stud ies w ith N A D H -cytochrom e b^ reduc tase  and w ith cytochrom e 

b^ w ere not conducted . Instead, s tud ies w ere carried  ou t w ith N A D PH -cytochrom e 

c  red u c tase , cy tochrom e P-^50, and D T-diaphorase, enzym es which u tiliz e  NADPH 

as a c o fa c to r . Inhibitors w ere used to  assess the  con tribu tion  of each  of these 

enzym es in th e  b ioactiva tion  of M C. C ytochrom e P-^50 was not p resen t in any of 

th e  cell lines w ithin the  lim its of d e te c ta b ility ; m oreover, carbon m onoxide, an 

inhibitor of cy tochrom e P-^50, did not inhibit th e  form ation  of M C-derived 

m etabo lite s . These resu lts , in conjunction w ith o ther work in our labo ra to ry  using 

purified enzym e and whole ce lls , dem onstra ted  th a t  cy tochrom e P-U50 is not 

d irec tly  involved in the  tran sfe r of e lec tro n s  to  MC.

i
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NADP+, a  co m p etitiv e  inhibitor of N A D PH -cytochrom e c  red u c ta se , de­

creased  th e  a c tiv ity  of N A D PH -cytochrom e c  reduc tase  a c tiv ity  com plete ly  but 

did not com plete ly  inh ib it the  fo rm ation  of alkylating  m etabo lites  in EMT6 cell 

son ica tes. On th e  o th e r  hand, m ersa ly l, an organic m ercuria l and a  nonspecific  

inhibitor of NADPH cy tochrom e c red u c ta se , did not dec rease  a c tiv ity  of NADPH- 

cy tochrom e c  re d u c ta se  com pletely , bu t to ta lly  inhibited  th e  fo rm ation  of reac tiv e  

m etabo lites  in EMT6 ce ll son icates. I t  is possible th a t  m ersalyl did not inh ib it the  

form ation  of re a c tiv e  m etabo lites  of MC but instead  th e  ac tiv e  MC in te rm ed ia te s  

m ay have bound to  th e  sulfhydryl groups in m ersalyl and lim ited  th e  ava ilab ility  of 

MC to  a lky la te  th e  trapping  agen t. The NADP+ and m ersalyl d a ta , how ever, 

support the  concep t th a t  N A D PH -cytochrom e c  red u c tase  a c tiv ity  is responsible 

fo r some of th e  b ioac tiva tion  of EMT6 ce lls , but th a t  a t  lea s t one o th er enzym e is 

also involved.

Studies involving dicoum arol, a  p o ten t inhibitor of D T-diaphorase, dem on­

s tra te d  inhibition of th e  ac tiv ity  of th is  enzym e in EMT6 cell son ica tes w ithout 

decreasing th e  gen era tio n  of reac tiv e  m etab o lite s . In f a c t ,  th e  rea c tiv e  product(s) 

genera ted  from  MC increased  sign ifican tly  in th e  p resence of dicoum arol, suggest­

ing th a t  D T-diaphorase may m etabo lize  MC to  a  non-toxic substance . F u rther 

work in our lab o ra to ry  w ith whole ce lls  has dem onstra ted  th a t  both MC and 

dicoum arol in com bination  increased th e  to x ic ity  of MC to  hypoxic ce lls . These 

resu lts  suggest th a t  D T-diaphorase is no t involved in th e  ac tiva tion  of MC to  a 

rea c tiv e  species in EMT6 cell son ica tes.

These stud ies do not suggest a re la tionsh ip  betw een the  enzym e a c tiv ity  and 

the  generation  of re a c tiv e  m etabo lites  from  MC and th e  e x te n t of M C-induced 

cy to tox ic ity  observed in EMT6, CHO, and V79 cells . These stud ies w ere done, 

how ever, using cell son ica tes and, th e re fo re , may not be d irec tly  com parable  to
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w hat is occurring  in whole cells. The lack  of co rre la tion  betw een  th e  ra te  a t  which 

son icated  ce lls  g e n e ra te  reac tiv e  species and th e  degree of c y to to x ic ity  of MC to  

cells ind ica tes th a t  o th e r events may be con tribu ting  to  th e  b ioactiva tion  of MC. 

Thus, xanthine oxidase or o ther ce llu lar red u c tases  may also be involved in the  

b ioactivation  o f M C, and con tribu te  to  th e  increase  in c y to to x ic ity  observed in 

EMT6 and V79 ce lls . A lterna tive ly , i t  is possible th a t  th e re  is an enzym e(s) p resen t 

in th e  CHO ce lls  w hich d eac tiv a tes  MC and th is  may be responsible fo r th e  

decreased  cy to to x ic ity  observed in CHO ce lls . More fundam ental than  enzym e 

ac tiv itie s /am o u n ts  in th ese  cells is th e  possibility  th a t  d iffe ring  levels of th e  

pyridine nucleo tide NADPH or o ther c o fa c to rs  needed for reduction  o f th ese  drugs 

ex ist in th ese  ce ll lines. F inally , th e  in te rac tio n  betw een a c tiv a te d  MC and M p -  

nitrobenzyl)pyrid ine m ay not com pletely  r e f le c t  rea c tiv ity  leading to  c y to to x ic ity . 

This m ay be due to  th e  fa c t  th a t  th is assay  largely  m easures m onoalkylations 

produced by th ese  drugs. It rem ains possible, how ever, th a t  th e  r a te  of b io ac tiv a ­

tion  of MC and PM m ay no t be th e  sole d e te rm in an t of cy to to x ic ity .

In order to  exam ine th e  form ation  and rem oval of th e  lesions c re a te d  by 

these  drugs on a  p o ten tia l ta rg e t m olecule  such as DNA, alkaline e lu tion  

m ethodology was u tilized  to  study th e  rela tionsh ips betw een DNA in te rs tran d  and 

DNA-protein cross-links to  cy to tox ic ity  in hypoxic and aerob ic  cu ltu red  ce lls  a f te r  

tre a tm e n t w ith e ith e r  MC or PM. This technique has th e  advan tage  of also 

m easuring DNA single strand  breaks, which m ay be im portan t in the  to x ic ity  of 

these  drugs in a ir , since reduction and reoxidation  of th e  quinone ring under th ese  

conditions gen e ra te s  superoxide, hydrogen peroxide, and hydroxyl rad icals .

The resu lts  of a lkaline elution studies on hypoxic and aerob ic  EMT6 and CHO 

cells tre a te d  w ith  MC and PM suggest a rela tionsh ip  betw een cy to to x ic ity  and the  

form ation  of DNA in te rs tran d  cross-links. In both cell lines, single s trand  breaks

J
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w ere not d e tec ted ; how ever, th e  levels of DNA in te rs tran d  cross-links p resen t in 

a n tib io tic  tre a te d  EMT6 cells w ere su ffic ien t to  m ask single s trand  b icaks which 

m ay have occurred  during or a f te r  drug tre a tm e n t  by causing re ten tio n  of DNA on 

th e  f i l te r .  Negligible DNA in te rstran d  and D N A -protein cross-links w ere observed 

im m ediately  following MC or PM tre a tm e n t in CHO ce lls . In c o n tra s t, DNA 

in te rstran d  cross-links w ere observed in EMT6 cells  a f te r  MC and PM tre a tm e n t 

under both  hypoxic and aerobic  conditions. S ignificantly  m ore DNA in te rs tran d  

cross-linking was observed under hypoxic conditions than  under aerob ic  conditions 

im m ediately  following MC or PM tre a tm e n t.

T hese studies dem onstra te  a  re la tionsh ip  betw een th e  cy to to x ic ity  of th ese  

quinone an tib io tics  to  hypoxic and aerobic  ce lls  and th e  degree of DNA in te rs tran d  

cross-links im m ediately  following drug t re a tm e n t. R epair o f th e  a lky la ted  lesions 

m ay also be im portan t in th e  cy to tox ic ity  e x e rted  by MC and PM in EMT6, CHO, 

and V79 ce lls . A possible explanation fo r th e  d iffe ren tia l in both c y to to x ic ity  and 

DNA in te rs tran d  cross-links betw een EMT6 and CHO cells a f te r  MC and PM 

tre a tm e n t m ay be th a t  CHO cells  a re  ab le  to  repa ir in itia l m onoalkylations which 

occur befo re  cross-linking is induced and th a t  EMT6 cells m ay be de fic ien t in th is  

repa ir capab ility . This would be analogous to  th e  ab ility  of c e rta in  ce lls , thought 

to  con tain  O ^-m ethy ltran sferase , to  rep a ir  th e  in itia l m onoalkylations of sim ple 

a lky lating  agen ts. F u ture  studies w ith th ese  ce ll lines m ust include fu rth e r  work on 

th e  rep a ir  of alky lated  DNA.

It is possible th a t  the  b ioactivation  and th e  DNA in te rs tran d  cross-linking 

observed by these  drugs in EMT6, CHO, and V79 cells a re  only partia lly  responsible 

for th e  cy to tox ic ity  observed w ith these  drugs. F u ture  stud ies a re  required  to  

de te rm ine  DNA in te rstran d  cross-links in V79 cells  as th is cell line dem o n stra tes  a 

d iffe ren tia l kill to  hypoxic and aerobic ce lls  but does not b io ac tiv a te  MC to  a
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reac tiv e  species to  the  sam e e x te n t as the  EMT6 cells . Substan tial fo rm ation  of 

DNA in te rstran d  cross-links in hypoxic V79 ce lls  in co n tra s t to  aerob ic  V79 cells  

im m ediately  following MC or PM tre a tm e n t would ind ica te  th a t  b ioac tiva tion  by 

ce ll son ica tes is not the  sole de term inan t in th e  cy to to x ic ity  observed by th ese  

drugs. In c o n tra s t, th e  absence of DNA in te rs tran d  cross-links in hypoxic V79 cells  

re la tiv e  to  aerobic V79 cells  would ind ica te  th a t  th e  form ation  of DNA in te rs tran d  

cross-links m ay be only p a rtia lly  responsible fo r th e  cy to to x ic ity  observed by th ese  

drugs.

This d isserta tion  has focused on DNA as a  po ten tia l ta rg e t  m olecule and 

cross-linking as the  cy to tox ic  lesion. In th e  absence of good ev idence th a t  DNA 

dam age is d irec tly  responsible for cy to to x ic ity , i t  rem ains possible th a t  c ross- 

linking of o ther cellu lar m acrom olecules including cell m em brane com ponents, 

amino ac id s, lipids, s tru c tu ra l p ro te ins, coenzym es, enzym es, as w ell as  nucleic 

acids m ay occur a t  highly sensitive  s ite s  in th ese  m olecules and resu lt in 

cy to to x ic ity . At the  level of th e  cell m em brane, a  rec e n t review  described  rep o rts  

of a lkylating  agents not only inhibiting ion and am ino acid  flux across m urine tum or 

ce ll lines but also causing elevations of cAM P concen tra tions thought to  be 

secondary to  a  cross-linked, in ac tiv a ted , m em brane-bound cAM P phosphodiesterase 

(Hickman e t  a l., 198*0. As th ese  au thors in d ic a te , the  cell m em brane plays a 

c rit ic a l ro le in the  con tro l of cell p ro life ration  and d iffe re n tia tio n , th e re fo re , it  

m ay be im portan t to  observe th e  ro le  of these  drugs a t  the  level o f th e  ce ll su rface  

in EMT6, CHO, and V79 ce lls . O ther s tud ies have dem onstra ted  th a t  DNA 

precursors a re  m ore rapidly a lky la ted  than residues in the  DNA duplex (Topal and 

Baker, 1983). These a lky la ted  precursors m ay be incorporated  in to  th e  DNA 

daughter strand  and have significant biological consequences. It is possible th a t  

the  availab ility  of d iffe ren t DNA precursors to  alkylation by MC and PM m ay be
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d iffe ren t in th e  th re e  cell lines and i t  would be in te res tin g  to  analyze th e  DNA 

precursors and th e ir  a lkylated  products in these  c e ll lines a f te r  MC or PM 

tre a tm e n t.

D iffe ren tia l up take  of th ese  drugs m ay explain th e  d iffe ren ces  in cy to to x ic ity  

betw een  hypoxic and aerob ic  EMT6 ce lls  and also betw een  EMT6 and CHO ce lls , 

although previous stud ies in th is  lab o ra to ry , in co llaboration  w ith Dr. Thomas 

T ritto n , have shown th a t  th e re  w ere  no significant d iffe ren ces  in th e  uptake of 

ano ther quinone an tib io tic , A driam ycin, in hypoxic and aerob ic  S180 ce lls . R e­

s is tance  of anim al tum ors to  a lky lating  agen ts  has been assoc ia ted  w ith a  reduced 

up take  of th e  drug, how ever, the  reduction  in uptake is o ften  sm all com pared  w ith 

th e  degree of res is tan ce  (Connors, 1974). T herefo re , w hile i t  is possible th a t  the  

CHO ce lls  do ta k e  up less drug than  EMT6 ce lls , again th is  m ay not be th e  only 

fa c to r  involved in th e  decreased  sensitiv ity  of th ese  cells  to  MC and PM. 

N onetheless, investiga tion  of th e  up take  of radiolabeled drugs needs to  be 

accom plished in th ese  cell lines.

Another in te res tin g  explanation  fo r the  decrease  in sensitiv ity  of CHO cells 

m ay be th a t  MC and PM form  m any m ore non-lethal a lkylations in th ese  cells  than  

in EMT6 and V79 ce lls . N on-lethal a lkylations may occur in cells w ith  a  higher 

c o n ten t of ce rta in  nucleophiles, including th io ls such as g lu ta th ione , which a re  able 

to  reduce th e  am ount of a c tiv a te d  drugs in the  cell and , th e re fo re , m ay play an 

im portan t ro le in decreasing  th e  cy to to x ic ity  of these  drugs to  th e  ce ll. It would 

be im portan t to  m easure the  g lu ta th ione  levels in th ese  ce ll lines to  de term ine  

w hether these  levels a re  im portan t in MC and PM cy to to x ic ity .

In sum m ary, th e  decreased  sensitiv ity  of CHO ce lls  com pared to  EMT6 and 

V79 cells to  MC and PM m ay not be due to  a single b iochem ical e v en t. Instead, 

dim inished drug up take , reduced a c tiv a tio n  or increased catabolism  of the  drug,
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d iffe rences  in the  r a te  of fo rm ation  and repa ir of c ritic a l lesions, and increased  

production of ta rg e t  nucleophiles m ay all play a  p a rt  in the sen sitiv ity  or res is tance  

of th ese  cell lines to  MC and PM. This d isse rta tio n  has d em onstra ted  th a t  

b ioactiva tion  of MC is im portan t in these  ce ll lines for m onoalkylation. An 

im portan t enzym e needed to  accom plish th is  ac tiv a tio n  is N A D PH -cytochrom e c 

red u c tase , although i t  is probably not th e  only enzym e involved. DNA, as a  ta rg e t  

nucleophile fo r these  drugs, m ay be im portan t in cy to tox ic ity  as m ore in te rs tran d  

cross-links w ere observed in EMT6 cells than  in CHO cells  and th is  c o rre la te s  well 

w ith th e  cy to to x ic ity  s tud ies. W hether or not o th e r fac to rs  a re  involved in th e  

c y to to x ic ity  observed in aerob ic  and hypoxic EMT6 and V79 cells and th e  decreased  

cy to to x ic ity  observed in aerobic  and hypoxic CHO cells will only be determ ined  

a f te r  fu tu re  experim en ta tion .

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



REFERENCES

P. A. Andrews, S. Pan, C . 3. G lover, and N. R . B achur, P roc. Am. A ssoc. C ancer 
R es. 24: 246(1983).

N. B achur, S. Gordon, and M. V. G ee , C ancer R es. 38:1745 (1978).

N . B achur, S. Gordon, M. V. G ee, and H. Kow, P roc. N a tl. A cad. Sci. U.S.A. 76:
954 (1979). —

M. Bean and H. Kohn, 3. O rg. C hem . 48: 5033 (1983).

R . Born and H. E ichholtz-W irth , Br. 3 . C ancer 44: 241 (1981).

M. O . Bradley and L. C . Erickson, Biochim . Biophys. A c ta  654: 135 (1981).

R . S. Bush, R . D. T. 3enkin, W. E. C . A llt, F . A. B eale, H. B ear, A. 3. D em bo, and 
3. F . P ringle , Br. 3. C ancer 37, Suppl. Ill, 302 (1978).

R . S. Bush and R . Y . H ill, Larnygscope 85: 1119 (1975).

D. B. C a te r  and I. A. S ilver, A c ta  R adio l. 53: 233 (1960).

3 . D. C hapm an, K. B aer, and 3. L ee , C ancer R es. 43: 1523 (1983).

I. C hurchill-D avidson, C . Sanger, and R . K. Thom linson, L ancet 268: 1091 (1955).

D. L. C in ti, P . M oldeus, and 3. B. Schenkm an, Biochem . Pharm acol. 21: 3249 (1972).

T . A. C onnors, Biochem . Pharm acol. Suppl. 2: 89 (1974).

H . A. C rissm an and R. A. Tobey, Science 194: 1297 (1974).

S. T . C rooke, In: M itom ycin C . C u rren t S ta tu s and New D evelopm ents (S. K.
C a r te r  and S. T. C rooke, eds.), New York: A cadem ic P ress , p. 1 (1979).

S. T . C rooke and W. T. B radner, C ancer T re a t. R ev. 3: 121 (1976).

P . N. Dean and 3. H . 3 e t t ,  3. Cell Biol. 60: 523 (1974).

C . D eB oer, A. D ie tz , N. E. Lum m is, G. M. Savage, In: A ntim icrobial A gents Annual 
I960 (P. G ray , B. Tabenkin, S. G . B radley, eds.), New York: Plenum P ress , p. 17 
(1961).

3. S. D riscoll, G. F . H azard , 3 r., H. B. Wood, 3 r., and A. Goldin, C ancer C hem . Rep. 
P a rt 2, 4: (1974).

W. Duncan, Br. Med. Bull. 29: 33 (1973).

L. C . E rickson, M. O . Bradley, 3. M. D uncore, R . A. G . Ew ig, and K. W. Kohn, Proc. 
N a tl. A cad. Sci. 77: 467 (1980a).

-130-

i
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



- 1 3 1 -

L. C . Erickson, G. L auren t, N. A. Sharkey, and K. W. Kohn, N atu re  288: 727 (1980b).

L « r EReCste« :’279I a '98 irUin8’ DUnC° re’ N> A‘ 5harkey' a"d K‘ W' Kohn’
L. E rn ste r, M eth. Enzym ol. 10: 309 (1967).

N. T. S. Evans and P. F . D. N aylor, B rit. 3. R adiol. 36: 418 (1963).

A. 3. F o rnace , 3 r. and 3. B. L itt le , Biochim . Biophys. A cta  477: 343 (1977).

5 6 k J r *’ 3’ B* U t t l e ’ 3nd R * R * W eichselbaum » Biochim . Biophys. A cta

3. F . Fow ler, G. E. Adam s, and 3. D enekam p, C ancer T re a t. R ev . 3: 227 (1976).

I. F ridovich, A ccts. C hem . Res. 5: 321 (1972).

Y . Fujiw ara, Biochim. Biophys. A cta  699: 217 (1982).

Y . Fujiw ara and M. T atsum i, Biochem . Biophys. R es. Com m un. 66: 592 (1975).

Y. Fujiw ara and M. T atsum i, 3. Mol. Biol. 113: 635 (1977).

N. W. Gibson, L. C . Erickson, and 3. A. H ickm an, C ancer R es. 44: 1767 (1984a).

N. W. Gibson, 3. A. Hickm an, and L. C . Erickson, C ancer R es. 44: 1772 (1984b).

V. G upta and A. K rishan, C ancer R es. 42: 1005 (1982).

E. 3. Hall and L. Roizin-Tow le, Radiology 117: 453 (1975).

K. H ands and S. Sato, Gann 66; 43 (1975).

K. Handa and S. Sato , Gann 67: 523 (1976).

3. W. H arris and D. C . Shrieve, In t. 3. R a d ia t. Oncol. Biol. Phys. 5: 1245 (1979).

Y. H ashim oto, K. Shudo, and T. O kam oto , C hem . Pharm . Bull. 28: 1961 (1980).

Y. H ashim oto, K. Shudo, and T. O kam oto , T etrahedron  L e tt. 23: 677 (1982).

Y. H ashim oto, K. Shudo, and T. O kam oto , C hem . Pharm . Bull. 31: 861 (1983).

I A n U W w iS & f!  A ) T ^ ( i 9 5 a MatSU'"a'!’ Kanam° rl> T‘ 5Wma’ and T' H“ hi-

381 a960)n.ry ’ N' C hiam ori’ ° -  Golub- and s - Berkm an, A m er. 3. C lin . P athol. 34:

3. A. H ickm an, K . 3. Scanlon, T. R . T r itto n , Trends Pharm acol. Sci. 5: 15 (1984).

U 8 (.c9h8 3 E- J - K c lle r’ H- u - vu - 3- f - k<>2,o” s w - and h - j -

i
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



1

- 1 3 2 -

\ U. H ornem ann, P . 3. K eller, 3. F . Kozlowski, 3. A m er. C hem . Soc. 7: 121 (1979).

H. Hsiung, 3. W. Lown, and D. 3ohnson, C an. 3 . Biochem. 54: 1047 (1976).

V. N. Iyer and W. Szybalski, P roc. N a tl. A cad. Sci. 50: 355 (1963).

V. N. Iyer and W. Szybalski, Science 145: 55 (1964).

R . Izbicki, M. A l-S arraf, M. L. R eed , C . B. Vaughn, and V. K. V aitkevicious, C ancer 
C hem other. R ep. 56: 615 (1972).

B. K alyanaram an, E. P erez-R eyes, and R . P . M ason, B iochim . Biophys. A cta  630: 
119 (1980).

Y . Kano and Y . Fujiw ara, M utation R es. 81: 365 (1981).

D. S. Kapp and G. M. Hahn, C ancer R es. 39: 4630 (1979).

K. A. K ennedy, S. R ockw ell, and A. C . S a rto re lli, C ancer R es. 40: 2356 (1980).

K. A. Kennedy and A. C . S a rto re lli, F ed . P roc . 38: 443 (1979).

K. A. K ennedy, 3. M. S iegfried , A. C . S a rto re lli, and T. R . T r itto n , C ancer R es. 43: 
54 (1983).

K . A. K ennedy, S. G. S ligar, L. Polom ski, and A. C . S a rto re lli, B iochem . 
Pharm acol. 31: 2011 (1982).

S. R . K eyes, P. M. F racasso , D. C . H eim brook, S. R ockw ell, S. G . S ligar, and A. C . 
S a rto re lli, C ancer R es., subm itted  (1984a).

S. R . K eyes, S. R ockw ell, and A. C . S a rto re lli, C ancer R es., su b m itted  (1984b).

S. K inoshita, K. Uzu, K. N akano, M. Shim izu, T. Takahashi, and M. M atsui, 3. M ed. 
C hem . 14: 103 (1971a).

S. K inoshita, K . U zu, K. Nakano, and T . Takahashi, 3. Med. C hem . 14: 109 (1971b).

K. W. Kohn, In: M ethods in C ancer R esearch  Vo. XVI (V. T . D eV ita, 3 r., and H. 
Busch, eds.), New York: A cadem ic P ress, p. 291 (1979).

K. W. Kohn, L. C . Erickson, R . A. G . Ewig, and C . A. F riedm an , B iochem istry 15: 
4629 (1976). “

K. W. Kohn and R . A. G. Ewig, Biochim. Biophys. A cta  562: 32 (1979).

K. W. Kohn, R. A. G. Ewig, L. C . Erickson, and L. A. Zw elling, In: DNA R epair: A 
L aborato ry  Manual of R esearch  Procedures (E. Friedberg  and P . H anaw alt, eds.), 
New York: M arcel D ekker, p. 379 (1981).

T. K om iyam a, T. Kikuchi, and Y. Sugiura, Biochem. Pharm . 3h 3651 (1982).

I
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



- 1 3 3 -

T. K om iyam a, T . O ki, and T. Inui, 3. Pharm . Dyn. 2: 407 (1979a).

T. K om iyam a, T . O ki, and T. Inui, 3. A ntib iotics 32: 1219 (1979b).

A. 3. Lin, L. A . Cosby, C . W. Shansky, and A. C . S arto re lli, 3. Med. C hem . 15: 1247 
(1972).

A. 3. Lin, L- A. Cosby, and A. C . S arto re lli, In: C ancer C hem otherapy  (A. C . 
S arto re lli, ed .), W ashington, D.C.: A m erican C hem ical Society , p. 71 (1976).

A. 3. Lin, B. 3 . L illis, and A. C . S arto re lli, 3. Med. Chem . 18: 917 (1975).

A. 3. Lin, R . S. Pardini, L. A. Cosby, B. 3. L illis, C. W. Shansky, and A. C .
S arto re lli, 3. M ed. Chem . 16:1268 (1973).

A. 3. Lin and A. C . S arto re lli, 3 . O rg . Chem . 38: 813 (1973).

A. 3. Lin and A. C . S arto re lli, 3. Med. Chem . 19: 1336 (1976a).

A. 3. Lin and A. C . S arto re lli, B iochem . Pharm acol. 25: 206 (1976b).

A. 3. Lin, C . W. Shansky, and A. C . S arto re lli, 3. M ed. Chem . 17: 558 (1974).

T. S. Lin, B. A. T e icher, and A. C . S arto re lli, 3 . M ed. Chem . 23: 1237 (1980).

C . Lind, P . H ochstein , and L. E rn s te r, Arch. Biochem. Biophys. 216: 178 (1982).

M. N. L ip se tt and A. W eissbach, B iochem istry 4: 206 (1965).

R . M. Liskay, E xptl. C ell R es. U4: 69 (1978).

3. W. Lown, A. B eg le iter, D. 3ohnson, and A. R . M organ, Can. 3. B iochem . 54: 110 
(1976). —

3. W. Lown and H .-H . C hen, C an. 3. Chem . 59: 390 (1981).

3. W. Lown, S .-K . Sim, and H.-H . Chen, Can. 3. Biochem . 56: 1042 (1978).

0 .  H. Lowry, N . 3. Rosebrough, A. L. F a rr, and R . 3. R andall, 3. Biol. Chem . 193:
265 (1951).

W. M. C . M artin  and N. 3. M cNally, In t. 3. R ad ia t. O ncol. Biol. Phys. 5: 1309 (1979). 

W. M. C . M artin  and N. 3. M cNally, Br. 3. C ancer 42: 881 (1980).

R . P. Mason and 3. L. H oltzm an, B iochem istry 14: 1626 (1975).

B. S. S. M asters, C . H. W illiams, and H. Kam in, M ethods Enzym ol. 10: 565 (1967).

1. M atsum oto and K. G. Lark , Exp. C ell. R es. 32: 192 (1963).

C. M. M ercado and M. Tom asz, A ntim icrob. Agents C hem other. 1: 73 (1972).

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



- 1 3 4 -

L. M eites and T. M eites, Anal. C hem . 20: 984 (1948).

3. K. M ohindra and A. M. R au th , C ancer R es. 36: 930 (1976).

B. A. M oore, B. P a lc ic , and L. D. Skarsgard , R a d ia t. R es. 67: 459 (1976).

H. W. M oore, Science 197: 527 (1977).

H. W. Moore and R . C zern iak , M ed. R es. R ev. h  249 (1981).

3 . F . Moulder and S. R ockw ell, In t. 3. R a d ia t. O ncol. Biol. Phys., in press (1984).

H . M urakam i, 3. T h eo re t. Biol. 10: 236 (1966).

C . N agata  and A. M atsuyam a, In: P rogr. A ntim icrob . A nticancer C hem other., 6th 
In t. Congr. C hem other., Vol. II, B altim ore: U niversity  Park P ress, p. 423 (1970).

F . N akatsubo, T . Fukuyam a, A. 3. C ocuzza, and Y . K ishi, 3. A m er. C hem . Soc. 99: 
8115 (1977).

T. O m ura and R . S a to , 3. Biol. C hem . 239: 2370 (1964a).

T . O m ura and R . S ato , 3. Biol. C hem . 239: 2379 (1964b).

N . O tsuji and I. M urayam a, 3. B ac terio l. 109: 475 (1972).

S.-S. Pan, P. A. A ndrew s, C . 3. G lover, and N. R . B achur, 3. Biol. C hem . 259: 959 
(1984).

3. B. P a trick , R . P . W illiams, W. E. M eyer, W. Fulm or, D. B. C osulich, R . W. 
B roschard, and 3. S. Webb, 3. Am. C hem . Soc. 86: 1889 (1964).

E. P erez-R eyes, B. K alyanaram an, and R . P . M ason, Mol. Pharm acol. 17: 239 (1980).

D. W. P o tte r  and D. 3. R eed , 3. Biol. C hem . 258: 6906 (1983).

A. M. R au th , 3. K . M ohindra, and I. F . Tannock, C ancer R es. 43: 4154 (1983).

G . M. R ao, A. B eg le ite r , 3. W. Lown, and 3. A. P lam beck , 3. E lectrochem . Soc. 124: 
199 (1977).

S. R ockw ell, Lab. Anim al Sci. 27 (P a rt 2): 831 (1977).

S. Rockw ell and K. A. Kennedy, In t. 3. R ad ia t. O ncol. Biol. Phys. 5: 1673 (1979).

S. R ockw ell, K. A. Kennedy, and A. C . S a rto re lli, In t. 3. R ad ia t. O ncol. Biol. Phys. 
8: 753 (1982).

H. S. Schw artz , F ed . P roc. 20: 173 (1961).

H. S. Schw artz , 3. Pharm acol. Expt. T herap . 136: 250 (1962).

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



- 1 3 5 -

H. S. Schw artz and F . S. Philips, 3. Pharm acol. Exptl. T herap . 133: 335 (1961).

H. S. S chw artz , 3. E. Sodergren, and F. S. Philips, Science 142: 1181 (1963).

M. Sekiguchi and Y. T akagi, N ature 183:1134 (1959).

M. Sekiguchi and Y. T akagi, Biochim. Biophys. A cta  41: (1960a).

M. Sekiguchi and Y. T akagi, Virology 10:160 (1960b).

A. 3. Shatkin, E. R eich , R . M. Franklin , and E. L. T atum , Biochim. Biophys. A cta
55: 277 (1962).

S. Shiba, A. T eraw aki, T . Taguchi, and 3. K aw am ata, N atu re  183: 1056 (1959).

K . S h iraha ta  and N. H irayam a, 3. A m er. Chem . Soc. 105: 7199 (1983).

B. K . Sinha and 3. L. G regory , Biochem. Pharm . 30: 2626 (1981).

B. K. Sinha and C . F . C hignell, Chem .-B iol. In t. 28: 301 (1979).

E. Sm ith , I. 3. S tra tfo rd , and G. E. Adam s, Br. 3. C ancer 41: 568 (1980).

G. L . S o ttocasa , T. K uylenstierna, L. E rnste r, and A. B ergstand, 3. Cell Biol. 32: 
415 (1967). —

C . L. S tevens, K. G. T aylor, M. E. Munk, W. S. M arshall, K. Noll, G . D. Shah, L. G. 
Shah, and K. Uzu, 3. M ed. Chem . 8:1 (1964).

W. Szybalski, Cold Spring Harbor Symp. on Q uant. Biol. 29: 151 (1964).

W. Szybalski and V. N. Iyer, Fed. Proc. 23: 946 (1964a).

W. Szybalski and V. N. Iyer, M icrobial. G enet. Bull. 21: 16 (1964b).

I. Tannock and P. G u ttm an , Br. 3. C ancer 43: 245 (1981).

B. A. T eicher, 3. S. L azo , and A. C . S a rto re lli, C ancer R es. 41: 73 (1981).

B. A. T eicher and A. C . S arto re lli, 3. Med. Chem . 23: 955 (1980).

R . H . Thomlinson and L . H. G ray, Br. 3. C ancer 9: 539 (1955).

H. Thor, M. T. Sm ith, P. H artze ll, G. Bellomo, S. A. 3ew ell, and S. O rren ius, 3. 
Biol. C hem . 257: 12419 (1982).

M. Tom asz, Eiochim . Biophys. A cta 213: 288 (1970).

M. T om asz, C hem .-B iol. In te r . 13: 89 (1976).

M. Tom asz and R. Lipm an, 3. Am. C ancer Soc. 101: 6063 (1979).

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



- 1 3 6 -

M. T om asz and R . L ipm an, B iochem istry 20: 5056 (1981).

M. T om asz , R . Lipm an, 3 . K . Snyder, and K. N akanishi, 3. Am. Chem . Soc. 105:
2059 (1983).

M. T om asz , C . M. M ercado, 3. O lson, and N. C h a tte r jie , B iochem istry 13: ft878 
(197ft).

M. D. Topal and M. S. B aker, P roc. N atl. A cad. Sci. 79: 2211 (1982).

A. Tulinsky, 3. A m er. C hem . Soc. 8ft: 3188 (1962).

A. Tulinsky and 3. H. Van den H ende, 3 . A m er. C hem . Soc. 89: 2905 (1967).

R . U rtasu n , P . Band, 3. D . Chapm an, M. L. F e ld ste in , B. M ielke, and C . F ry e r, New 
Eng. 3. M ed. 29ft; 136ft (1976).

A. 3. V arghese, S. G ulyas, and 3. K . M ohindra, C ancer R es. 36: 3761 (1976).

A. 3. V arghese and G. F . W hitm ore, C ancer R es ftf): 2165 (1980).

P. Vaupel, M icrovascular R es. 13: 399 (1977).

P. Vaupel and G. Thews, O ncology 30: ft75 (197ft).

3. L. Verm ilion and M. 3. C oon, Biochem . Biophys. R es. Com m un. 60: 1315 (197ft).

S. W akaki, H . M arum o, K . Tom ioka, G . Shim izu, E. K ato , H . K am oda, S. Kudo, and
Y. F u jim o to , A ntib io tics C hem otherap . 8: 228 (1958).

3. S. W ebb, D. B. Cosulich, 3. H. M owat, 3. B. P a tric k , R . W. P roschard , W. E. 
M eyer, R . P. W illiams, C . F . W olf, W. Fulm or, C . Pidacks, and 3. E. L an cas te r, 3. 
A m er. C hem . Soc. 8ft: 3185 (1962a).

3. S. W ebb, D. B. Cosulich, 3 . H. M ow at, 3. B. P a trick , R . W. P roschard , W. E. 
M eyer, R . P . W illiams, C . F . Wolf, W. Fulm or, C . P idacks, and 3. E. L an cas te r, 3. 
A m er. C hem . Soc. 8ft: 3187 (1962b).

A. W eissbach and A. Lisio, B iochem istry ft: 196 (1965).

G. P . W heeler and S. Chum ley, 3. Med. C hem . 10: 259 (1967).

H. L. W hite and 3 . R . W hite, 3. E lisha M itchell Sci. Soc. 81: 37 (1965).

R. Y ahashi and I. 3. M atsubara , 3. A ntib io t. 2 9 :10ft (1976).

R . Y ahashi and 1. 3. M atsubara , 3. A ntib io t. 31(6): co rrec tio n  (1978).

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.


	Yale University
	EliScholar – A Digital Platform for Scholarly Publishing at Yale
	12-1984

	Mitomycin C and Porfiromycin: Studies on Bioactivation and Cytotoxicity in Cultured Cell Lines
	Paula Marie Fracasso
	Recommended Citation


	tmp.1513711811.pdf.r2SQD

