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SUMMARY: An exposure of a human myeloma cell line to 2-dif luoromethylorni thine,  
the mechanism-based inhibitor of orni thine decarboxylase (EC 4.1.1.17), resul ted 
in a select ion of tumor cells readily growing in the presence of 4 mM difluoro- 
methylorni thine,  a concen t ra t ion  that  swift ly hal ted the growth of the parenta l  
cells. Determina t ion  of the in t racel tu lar  polyamines revealed that  there were 
measurable  amounts  of putrescine and spermidine in the res is tant  cells. Res t r ic-  
tion enzyme analyses of genomic DNA isolated from the res is tant  cells indicated 
that  the gene dosage for orni thine decarboxylase was not increased to any appre- 
ciable extent .  Similarly, the accumula t ion  of mRNA was unal tered.  The res is tant  
myeloma cells, however ,  displayed arginase (EC 3.5.3.1) ac t iv i ty  that  was rough- 
ly ten t imes higher than that  in the parenta l  cells. ® 19s7 Academio Pre~s, ~,c 

An inhibit ion of orni thine decarboxylase, the ra te -cont ro l l ing  enzyme of the 

biosynthesis of polyamines, leading to a depletion of putrescine and spermidine,  

almost invariably results  in growth inhibit ion of animal cells (for ref. see 1). 

With the avai labi l i ty  of specific and potent  inhibitors of the enzyme,  such as 

2-dif luoromethylorni thine (DFMO) (2), it has, however, become increasingly 

evident  tha t  tumor cells can easily acquire res is tance to inbibitors of orni thi-  

ne decarboxylase. In almost every ins tance  the res is tance developed upon exposu- 

re to DFMO or compounds alike has been based on an overproduction of orni thine 

decarboxylase through an ampl i f ica t ion of act ively  expressed genes in mouse 

(3,4,5,) and in human (6) tumor cells. In the absence of an apparent  gene ampli-  

f icat ion the overproduction can also be a t t r ibu tab le  to a str ikingly increased 

accumula t ion  of orni thine decarboxylase mRNA (7,8) or even to an enhanced t rans-  

labil i ty of normal amounts  of the message (8). In contras t  to these studies, 

Medrano et ah (9) recent ly  reported that  a short exposure of various mouse or 

human cells to cycloheximide resul ted in a generat ion of cell populations resis- 

t an t  to DFMO without any overproduction of orni thine decarboxylase. Based on the 

profound polyamine depletion found in the res is tant  cells, the la t te r  authors 

(9) suggested that  the t r e a t m e n t  may have influenced the expression of some 

other genes possibly fulfil l ing the requi rements  for the polyamines. 

The abbrevia t ion used is: DFMO, 2-di f luoromethylorni th ine .  
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We here  repor t  a se lec t ion  (under the pressure  of DFMO) of a var ian t  human 

myeloma cel l  line r e s i s t an t  to the  an t ip ro l i f e r a t i ve  e f f e c t s  of DFMO although 

not overproducing orni th ine  decarboxylase .  The r e s i s t ance  was in all l ikelihood 

a t t r i b u t a b l e  to a s igni f icant  po lyamine  product ion from orni thine  as resu l ted  

from a s t r ik ingly  enhanced arg inase  ac t iv i ty .  The res i s t an t  cel ls  l ikewise showed 

mode ra t e ly  impai red  accumula t ion  of DFMO. 

MATERIALS AND METHODS 

Cell  cu l tu res  and the  se l ec t ion  of  DFMO-res i s t an t  ce l l s  

A human myeloma cel l  line (Fr) or ig inal ly  es tab l i shed  from the mye lomatous  
bone marrow of a mul t ip le  myeloma pa t i en t  (10) was used. The cel ls  were  grown in 
RPMI 1640 (Gibco Ltd.,  Pais ley,  Scotland) medium supplemented  with 5% pooled 
human serum (Finnish Red Cross Transfusion Service ,  Helsinki,  Finland} and with 
an t ib io t ics  (penicil l in and s t rep tomycin) .  The myeloma cel ls  were  exposed to 
gradual ly  increas ing concen t ra t ions  of DFMO over a per iod of severa l  months 
resul t ing  in a genera t ion  of va r ian t  cel l  populat ion able  to grow in the  p resence  
of 4 mM DFMO. 

Materials 

DL-2-Di f luoromethy lorn i th ine  was obta ined  from Cen t re  de Recherche  Merre l l  
In te rna t iona l  (Strasbourg,  France)  and DL-c,  - [ 3 ,4 -  3H J d i f luoromethylorn i th ine  
(specif ic  r ad ioac t i v i t y  33.3 Ci /mmol)  was p u r c h a s e d  from New England Nuclear  

We 14 1 Corpora t ion  (Dreieich,  s t -Germany) .  D L - [ 1 -  C ] O r n i t h n e  (spec.act .  61 Ci/mol) ,  
[ 3 2 p ] d C T P  (spec.act .  410 Ci /mmol)  and L - [ U - 1 4 C ]  arginine (spec.act .  345 Ci/mol)  
were  purchased  from Amersham In te rna t iona l  (Amersham, U.K.). The r e s t r i c t ion  
enzymes  Eco RI, Hpa II were  obta ined  from Amersham In te rna t iona l  and Msp I from 
Boehringer  Mannheim GmbH Biochemica  (Mannheim, West -Germany) .  For  hybr id iza t ion  
studies,  a human orni thine  deca rboxy lase  cDNA clone, pODC10/2H (1 l) (kindly 
provided by Dr. O.A. Janne) was used. 

Preparative and ana ly t i ca l  methods  

Tota l  ce l lu la r  RNA was i so la ted  and e x t r a c t e d  by the method of 
Rougeon (12) and DNA as descr ibed  by Blin and S ta f ford  (13). RNA was 
ted  by e lec t rophores i s  in 1.4% agarose  gels in the p resence  of 1 M glyoxal,  
t r ans fe r r ed  onto GeneScreen  f i l t e r s  (New England Nuclear  Corporat ion)  (14) and 
hybr id ized  to n i ck - t r ans l a t ed  (15) pODC10/2H. 

Isola ted  genomic DNA was d iges ted  with Eco RI, Hpa II or Msp I according 
the ins t ruc t ion  of the  suppliers.  The r e s t r i c t i on  f r agmen t s  were  f r a c t i o n a t e d  by 
e l ec t rophores i s  in 0.9% agarose  gels, t r ans fe r r ed  onto n i t roce l lu lose  f i l t e r s  
(16) and hybr id ized  to n i ck - t r ans l a t ed  pODC10/2H. 

Polyamines  were  de t e rmined  by the method of Sel ler  (17). The ac t i v i t y  
orni thine  decarboxy lase  was assayed as descr ibed  in (18) and tha t  of arginase  by 
the method of Alhonen-Hongis to  e t  al. (15). 

Auf f ray  and 
f r ac t iona -  

to 

of 

RESULTS 

A severa l  months '  exposure  of the  human myeloma cel ls  to increas ing con- 

cen t r a t i on  of DFMO resu l ted  in a se lec t ion  of ce l ls  read i ly  growing in the p re -  

sence of 4 to 5 mM DFMO. As ind ica ted  in Fig. 1, the  pa ren ta l  Fr  cel ls  exposed 
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Fig. 1. Effect of DVMO on the growth of human Fr myeloma cells. Resistant cells 
were grown in the presence of 4 mM DFMO for several months prior to the experi- 
ment whereas 4 mM DFMO was added into the parental cell cultures (parental + 
DFMO) at the beginning of the experiment. Duplicate cultures. 

Fi G. 2. Ornithine decarboxylase activity during the growth of parental and 
DFMO-resistant Fr cells. The time-point 0 refers to the dilution of the cultures 
with fresh medium. 

48 

to 4 mM DFMO hal ted their  growth in a few days, ye t  the var iant  cel ls  grew in 

the presence  of similar  concent ra t ions  of the drug as fast  as did the parenta l  

cells  in the absence of the drug (Fig. 1). 

Assay of ornithine decarboxylase  ac t iv i ty  (Fig. 2) revea led  no signs of a 

possible overproduct ion of the enzyme in the res is tant  cells. In fact ,  the maxi-  

mum enzyme ac t iv i ty  was lower in the resis tant  cel ls  than in the parenta l  cells  

(Fig. 2). De te rmina t ion  of cel lular  polyamines indicated that ,  in spi te  of the 

continuous presence  of ra ther  high concent ra t ions  of DVMO, the res is tant  cel ls  

still  contained measureable  amounts of putreseine and spermidine (20% and 15% of 

that  found in the parenta l  cells, respect ively) .  Spermine conten t  was vir tual ly  

unchanged (results not shown). 

Res t r ic t ion  endonuclease analyses indicated that  ornithine decarboxylase  gene 

dosage was vir tual ly  unal tered in the resis tant  cells  (Fig. 3). The use of the 

CCGG-c leav ing  isoschizomeric  res t r ic t ion  enzymes,  methyla t ion-sens i t ive  Hpa II 

and methyla t ion- insens i t ive  Msp I (20), for the digestion of genomic DNA revea-  

led no apparent  d i f fe rences  in the methyla t ion  s tatus of ornithine decarboxylase  

sequences (Fig. 3). The slightly more intensive signals shown in the DNA isola- 

ted from the res is tant  cel ls  (Fig. 3) were  not reproducible  in repea ted  exper i -  
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Fig.  3. R e s t r i c t i o n  e n z y m e  ana lyse s  of  g e n o m i c  DNA i so la ted  from the parenta l  
(S) and res i s tant  (R) and the  l eve l s  of  ornithine  d e c a r b o x y l a s e  m R N A .  DNA 
(10 I~g) was  d iges ted  with the  indicated  res tr i c t ion  e n d o n u c l e a s e s ,  e l e c t r o p h o r e -  
sed,  b lo t t ed  and hybr id ized  wi th  a human ornithine  d e c a r b o x y l a s e  c D N A  ( p O D C l 0 /  
2H) as d e s c r i b e d  under Mater ia l s  and Methods .  S imi lar ly ,  10 ~g of  tota l  R N A  was  
subjec ted  to e l e c t r o p h o r e s i s ,  b lo t t ed  and hybrid ized  with p O D C 1 0 / 2 H ,  kbp, kilo-  
basepairs;  kb, k i lobases .  

Fig.  4.  Arg inase  a c t i v i t y  during the  growth of parental  and D F M O - r e s i s t a n t  Fr 
ce l l s .  The t i m e - p o i n t  0 r e f er s  to the di lut ion of the  cu l tures  with fresh 
medium. 
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ments. In any event,  there was no increase in the accumulat ion of ornithine 

decarboxylase-speci f ic  mRNA, as also i l lustrated in Fig. 3. 

In order to e luc idate  whether the res istance to DFMO of the variant cel ls  was 

based on an impaired accumulat ion of the drug, we measured the uptake of DVMO by 

the parental and variant cel ls .  The uptake of the drug was indeed slower in the 

resistant cel ls ,  however,  the decrease was only 35 to 50% (results not shown) 

which probably is not enough to explain the res istance to 4 to 5 mM DFMO of the 

variant cel ls .  

A determination of the sens i t iv i ty  of  ornithine decarboxylase extracted from 

the sens i t ive  and resistant Fr cel ls  to DFMO in vitro revealed no di f ferences  

between the two cel l  lines (results not shown). 

We f inally addressed the question whether the res istance and the continuous 

production of putrescine and spermidine could be attributable to an enhanced 

production of  ornithine,  which could compete  with DFMO (2). As shown in Fig. 4, 

the resistant ce l l s  exhibited arginase act iv i ty  (cata lyz ing the conversion of 

arginine to ornithine) which was roughly I0 t imes  higher than that in the paren- 
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tal cells at most of the t ime points tested.  By comparing Fig. 2 and 4, one may 

also not ice that  the arginase ac t iv i ty  (per a given number  of cells) was more 

than 1000 t imes higher than the ac t iv i ty  of orni thine decarboxylase. 

DISCUSSION 

The present  findings add a fur ther  mechanism to the bewilderingly long list 

of the compensatory  react ions  tr iggered by a blockage of putrescine and spermi-  

dine formation.  We recent ly  (6) se lected a DFMO-resis tant  var iant  derived from 

an other human myeloma (Sultan) cell line. In these cells the res is tance was 

exclusively based on a str iking overproduction of orni thine decarboxylase through 

an ampli f icat ion of apparent ly  t ranscr ip t ional ly  act ive genes (6). In the 

case of the present  var iant  Fr cells, the drug-res is tance seemingly resul ted 

from an overproduction of ornithine,  which probably competes  with DFMO and wea- 

kens its inhibitory act ion towards orni thine decarboxylase.  In fact,  the modera-  

tely decreased uptake of DFMO by the res is tant  cells may likewise be a re f lec t i -  

on of increased in t race l lu lar  {and extracel lular?)  orni thine pools. 

The total  polyamine content  in the res is tant  cells was 48% of that  found in 

the parenta l  cells. In comparison with the parenta l  cells, the res is tant  cells 

conta ined 20% of putrescine,  15% of spermidine and 90% of spermine.  Is this 

enough for normal cell prol i ferat ion to occur? Probably yes, as Por ter  and Ber- 

geron (21) recent ly  showed that  minimum requi rement  for cell prol i ferat ion is 

30 % of normal spermidine and 60% of normal spermine. Although only containing 

15% of spermidine, our res is tant  Fr cells conta ined still 20% of putrescine and 

near  normal levels of spermine.  However, if this is not the case, i.e. these 

levels of the polyamines are not suff ic ient  for cell prol i ferat ion to occur, one 

has to go for further  thinking along the lines proposed by Algranat i  and his 

coworkers (9); the requi rement  for the polyamines can be fulfi l led by an expres- 

sion of other  growth-re la ted genes. 

There are several  pieces of exper imenta l  evidence indicat ing that  arginase in 

fact  funct ions as a b iosynthet ic  enzyme of the polyamines in non-ureote l ic  cells 

and could be co-ordinate ly  induced with orni thine and adenosylmethionine decar-  

boxylases (22, 23). We likewise showed that  a rep lacement  of the natura l  polya- 

mines (putrescine, spermidine and spermine) by cadaver ine-based polyamines (ca- 

daverine and aminopropylcadaverine) resul ted in a profound reduct ion of arginase 

ac t iv i ty  in a mouse  tumor cell line (19). HOltt& and Pohjanpelto (24) described 

a arginase-def ic ient  cell line the growth of which was dependent  on polyamine 

supplementa t ion  in se rum-f ree  medium. 

T~l'e p r e s e n t  finding reveal ing that  arginase ac t iv i ty  is enhanced under the 

pressure of DFMO links the enzyme even t ighter  to the biosynthet ic  pathway of 

the polyamines. 
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