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Abstract--The mechanism of the stimulatory effect of bleomycin on the production of hexosamine- 
containing substances by cultured fibroblasts was studied by measuring changes in the activity of 
hyaluronic acid (HA) synthetase. HA synthetase activity was increased by I /zg bleomycin/ml, and 
its stimulatory effect could be detected 4 days after the start of bleomycin treatment and was enhanced 
by lengthening the time of treatment, i.e. by 96 per cent for an 8-day treatment. In cell-free systems, 
however, bleomycin showed no stimulatory effect on this enzyme activity. The enhancement of HA 
synthetase activity by bleomycin was inhibited by the addition of cycloheximide or actinomycin D. 
The synthesis of HA was much less influenced by cycloheximide than was that of glycoprotein and 
sulfated glycosaminoglycan. From our results it can be concluded that HA synthetase activity, 
induced when the old medium of stationary cultures was renewed with fresh medium containing 5% 
fetal bovine serum, was significantly enhanced by the addition of bleomycin. However, the detailed 
mechanism of enhancement of HA synthetase activity has not yet been elucidated. 

It is well known that b leomycin ,  an ant i tumor  anti- 
biotic isolated f rom a strain of  Streptomyces 
verticillus [ i ], has a var ie ty  of  act ions such as single- 
strand breaks  of  D N A ,  inhibition of  D N A - d e p e n d e n t  
D N A  polymerase ,  and arrest  of  cells just  prior to 
mitosis [2-7]. 

In previous  papers  [8, 9], we repor ted  that bleo- 
mycin s igni fcant ly  increased the synthesis  of  acidic 
g lycosaminoglycans  (AGAG) ,  g lycoprote ins  and 
col lagen in cul tured fibroblasts. H o w e v e r ,  since 
these exper iments  were  pe r fo rmed  in the s teady 
state,  it was possible that the incorporat ion of lab- 
eled thymidine into D N A  was inhibited in only a 
small percentage  of  cells,  whereas  A G A G  was syn- 
thesized in about  95 per cent  of cells. Accordingly ,  
we suggested that inhibition of  D N A  synthesis  is 
independent  of  the s t imulatory effect  of  b leomycin  
on A G A G  synthesis.  

In this report ,  the effect  of b leomycin  on HA 
synthetase  was studied by using cul tured fibroblasts 
known to produce  primari ly a large amount  of  
H A  [9]. 

EXPERIMENTAL 

Culture conditions. Cloned fibroblasts (clone C5 
f rom rat carrageenin  granuloma) were  used [ 10, 11 ]. 
The cells were  g rown in a Petri dish at 37 ° in a CO2 
a tmosphere  with H a m ' s  F-12 medium (Nissui 
Seiyaku Co. ,  Tokyo)  supplemented  with 10% 
fetal bovine  serum (Microbiological  Associa tes ,  
Bethesda ,  MD) and antibiot ics  (penicillin, 100 
uni ts /ml,  and s t rep tomycin ,  100/zg/ml). All experi-  
ments  s tar ted just  af ter  the cells reached  their  
s ta t ionary phase ,  when the concent ra t ion  of  serum 
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was lowered to 5% so that a constant  cell number  
was maintained.  A more detailed descript ion is 
given in a previous  paper  [9]. 

Treatment of cells. A steril ized aqueous  solution 
of b leomycin  hydrochlor ide  (Lot  No. 1600AC01, a 
gift f rom Nippon Kayaku Co. ,  Tokyo)  was s tored 
as a s tock solution (i mg/ml) at - 2 0  ° until use. Just  
before  use, the s tock solution was diluted with 
H a m ' s  F-12 medium,  containing 5% fetal bovine 
serum,  to the appropriate  concentrat ions .  The cells 
were  exposed  to var ious concent ra t ions  of bleo- 
mycin  (0.1 to 10/zg/ml) during their stationary phase 
for  8 days.  The  medium was changed every  2 days.  
When cells reached their s tat ionary phase,  the 
medium was changed to a fresh medium containing 
5% fetal bovine serum and cyc lohex imide  ( I /zg/ml) 
or ac t inomycin  D (I /zg/ml). Af ter  an 8-day treat- 
ment  with bleomycin,  the cells were labeled with 
0 .5 / tCi /ml  of D[6-3H]glucosamine hydrochlor ide  
(sp. act . ,  29 Ci /m-mole)  for 6 hr. 

Extraction of AGAG and glycoproteins. After  
cul t ivat ion,  the medium and harves ted  cells were  
t reated separately with Pronase E (Kaken Chemi-  
cals Co. ,  Tokyo) .  The digest was added,  with tri- 
chloroacet ic  acid, to Pronase E, and the precipi tated 
protein was r emoved  by centr i fugat ion.  The super- 
natant  f ract ion was dialyzed and the dialysate was 
designated as a hexosamine-conta in ing  substance.  
A G A G  was precipi tated by adding cetylpyr idinium 
chloride to the dialysate.  The supernatant  fract ion 
was designated as the glycoprote in  fraction.  AGAG 
samples  were  subjec ted  to e lec t rophores is  on cell- 
ulose aceta te  strips (Separax,  Joko  Sangyo Co. ,  
Tokyo)  with 0.3 M calcium acetate.  The location of 
H A  and sulfated G A G  was de tec ted  by staining the 
strip with alcian blue. Both e lec t rophorograms were 
cut out and counted  in a scintillation counter .  
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More  deta i l s  are  desc r ibed  in p rev ious  paper s  
19, 101. 

Assay of HA synthetase. After  cu l t iva t ion ,  the 
cells were  h a r v e s t e d  with a teflon spa tu la  and  then  
mixed v igorous ly  in a T h e r m o - M i x e r  ( T h e r m o n i c s  
Co. ,  Tokyo) .  T h e  cell lysa tes  o b t a i n e d  were  f rozen  
and  then  t h a w e d  two t imes  and  cen t r i fuged  at 
10 ,000g for  15 rain. T he  pellet  was  w a s h e d  th ree  
t imes  with cold sal ine and  s tored  at - 2 0  ° . The  
sample  was t h a w e d  by the  addi t ion  of  a m e a s u r e d  
a m o u n t  of  cold sa l ine  just  be fo re  e n z y m e  assay .  
Al iquots  were  t aken  and  the  p ro te in  c o n t e n t s  mea-  
su red  by the  m e t h o d  of  Lowry  et al. 1121. The  res t  
of  the  sample  was  used as an  e n z y m e  source .  H A  
s y n t h e t a s e  ac t iv i ty  was a s s ayed  acco rd ing  to the  
me thod  of  l s h i m o t o  et al. [ 13]. This  e n z y m e  reac t ion  
was based  on the  i nco rpo ra t ion  of U D P [ ' 4 C I N  - 
a c e t y l g l u c o s a m i n e  (sp. act . ,  300 mCi /m-mole )  into  
HA in the  p r e s e n c e  of  T r i s - H C I  buffer  (pH 7,2), 
UDP-g lucu ron ic  acid,  MgCI~, and  the  e n z y m e  
(about  50/zg prote in) .  The  reac t ion  mix ture  was  
i ncuba t ed  at 37 ° for  60 rain and  the  r eac t ion  s topped  
by put t ing  the  r eac t ion  tubes  into boi l ing wa te r  for  
2 min. The  reac t ion  mix tu re  was  spo t t ed  on  What -  
man No, 3MM filter pape r  and  s u b j e c t e d  to de-  
s cend ing  paper  c h r o m a t o g r a p h y  with the  fo l lowing  
sys tem:  i sobuty l ic  ac id - I  M N H 4 O H  (5:3,  v/v).  
Af te r  48 hr  of  d e v e l o p m e n t ,  the  rad ioac t iv i ty  in the  
immobi le  mater ia l  r ema in ing  at the origin was 
m e a s u r e d  wi th  10 ml of sc int i l la t ion fluid (4 g PPO,  
0.3 g P O P O P  and  1 1. to luene)*  by a l iquid scinti l-  
la t ion coun te r .  T he  rad ioac t iv i ty  at  the  origin was  
r e d u c e d  to the  b a c k g r o u n d  level  w h e n  the  r eac t ion  
mix tu re  was  c h r o m a t o g r a p h e d  a f t e r  d iges t ion  with 
h y a l u r o n i d a s e  f r o m  Streptomyces hyalurolyticus. 
The  specific ac t iv i ty  of  this  e n z y m e  was  e x p r e s s e d  
as pmoles  of  [z4C]N-ace ty lg lucosamine  incorpor -  
a ted  into H A / h r / m g  of pro te in .  

Reagents. C y c l o h e x i m i d e  was  p u r c h a s e d  f rom 
W a k o  Pure  Chemica l  Indus t r i e s  Ltd . ,  T o k y o ,  
A c t i n o m y c i n  D was  p u r c h a s e d  f rom M a k o r  Chemi-  
cals  L td . ,  J e r u s a l e m .  U D P - g l u c u r o n i c  acid was  
p u r c h a s e d  f rom Boer inge r  M a n n h e i m ,  Tokyo .  All 
the  r ad ioac t ive  mate r ia l s  were  p u r c h a s e d  f r o m  the  
Rad iochemica l  Cen te r ,  A m s t e r d a m .  

RESULTS AND DISCUSSION 

Effect of bleomycin on HA synthetase activity in 
cultured ]ibroblasts. H A  s y n t h e t a s e  is k n o w n  to  act  
at the  final s tep  of  the  p a t h w a y  of  H A  syn thes i s ,  and  
this  e n z y m e  p o l y m e r i z e s  an  equal  molal i ty  of U D P -  
g lucuron ic  ac id  and  U D P - N - a c e t y l g l u c o s a m i n e  to 
p roduce  HA.  As e x p e c t e d ,  the  H A  s y n t h e t a s e  ac- 
t ivity in the  cu l tu red  f ibroblas ts  was  e n h a n c e d  by 
b l e o m y c i n .  A m a r k e d  inc rease  0 6  per  c en t  ove r  
cont ro l )  in the  ac t iv i ty  of  this  e n z y m e  was  seen  in 
cells t r e a t ed  wi th  1 /xg b l e o m y c i n  (Fig. I), and  th is  
s t imula t ion  was  e n h a n c e d  by l eng then ing  the  t ime  
of t r e a t m e n t ,  i.e. by  48 per  cen t  wi th  a 6-day t rea t -  
men t  and  by  96 per  cen t  wi th  an  8-day t r e a t m e n t  

* PPO, 2,5-diphenyloxazole; POPOP, 1,4-bis[2-14- 
methyl-5-phenyloxazolyl)]benzene. 
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Fig. 1. Dose-response curve of cultured fibroblasts treated 
with bleomycin. Enzyme activity was assayed after an 
8-day treatment with bleomycin. Medium transfer was 
performed every 2 days. Cultures were harvested 6 hr 
after the last renewal of media, and hyaluronic acid 
synthetase in the cells was assayed. Details are described 
in the experimental section. Each point indicates 
mean _+ S.E. (N = 3). The results indicate the 

pmoles/hr/mg of protein. 

(Fig. 2). It s eems  n e c e s s a r y  for  the  cells  to con tac t  
1 ttg b l eomyc in /ml  for  more  than  4 days  in o rde r  to 
e l eva te  s ignif icant ly the  e n z y m e  act iv i ty ,  s ince  
h igher  doses  of  b l eomyc in  fai led to sho r t en  the  lag 
t ime (not  shown) .  

Recen t ly ,  it was  r epo r t ed  that  H A  s y n t h e t a s e  
ac t iv i ty  was induced  w h e n  calf  s e rum was added  to 
the  m e d i u m  [14]. As s h o w n  in Fig. 3, H A  s y n t h e t a s e  
ac t iv i ty  was  induced  w h e n  the old m e d i u m  of  the  
s t a t iona ry  cu l ture  was r e n e w e d  wi th  f r e sh  med ium 
con ta in ing  5% fetal  bov ine  se rum.  The  H A  syn- 
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Fig. 2. Effect of bleomycin on hyaluronic acid synthetase 
activity in cultured fibroblasts. Cells were exposed to I ,ug 
bleomycin/ml for 0-8 days during the stationary phase. 
Medium transfer was performed every 2 days. Cultures 
were harvested 6 hr after the last renewal of media, and 
the enzyme activity was assayed. Each point indicates 
mean +- S.E. (N = 3). The results indicate the 
pmoles/hr/mg of protein: broken line = control cultures: 

solid line = bleomycin-treated cultures. 
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Fig. 3. Effect of medium change on hyaluronic acid syn- 
thetase activity in cultured fibroblasts treated with Iug  
bleomycin/ml. Enzyme activity was assayed after an 8-day 
treatment with bleomycin. Medium transfer was per- 
formed every 2 days. Cultures were harvested 0--6 hr after 
the last renewal of media, and hyaluronic acid synthetase 
in the cells was assayed. Each point indicates mean ± 
S.E. (N = 3). The results indicate the pmoles/hr/mg of 

protein. 

t he t a se  ac t iv i ty  wh ich  was  induced  r e a c h e d  a maxi-  
m u m  level for  4 hr  and  t hen  d e c r e a s e d  gradual ly .  
On the  o t h e r  hand ,  H A  s y n t h e t a s e  ac t iv i ty  in the  
g roup  p r e t r e a t e d  wi th  b l e o m y c i n  was  s ignif icant ly 
e n h a n c e d  and  c o n t i n u e d  to i nc rease  dur ing  the  
per iod  of  o b s e r v a t i o n ,  c o m p a r e d  wi th  tha t  of  the  
u n t r e a t e d  group.  T h e r e f o r e ,  we sugges t  tha t  the  
abil i ty of  the  f ib rob las t s  for  H A  syn thes i s  was  ac- 
ce l e ra t ed  by t r e a t m e n t  wi th  b l eomyc in .  H o w e v e r ,  
H A  s y n t h e t a s e  ac t iv i ty  in the  old m e d i u m  befo re  
r enewa l  did not  inc rease ,  e v e n  w h e n  the  cells were  
t r ea t ed  wi th  b l e o m y c i n  for  8 days .  

Direct effect o f  bleomycin on the HA synthetase 
activity in cultured fibroblasts. T e t s u k a  et al. [15] 
h a v e  r e p o r t e d  tha t  b l e o m y c i n  e n h a n c e d  the  ac t iv i ty  
of  p ro toco l l agen  pro l ine  h y d r o x y l a s e  in col lagen 
b io syn thes i s ,  and  tha t  this  e n h a n c e d  ac t iv i ty  was 
due  to an  a l tos ter ic  t r ans i t ion  of  the  e n z y m e .  In 
o rde r  to e x a m i n e  w h e t h e r  b l e o m y c i n  has  a d i rec t  
effect  on H A  s y n t h e t a s e  i tself ,  the  effect  of  bleo- 
myc in  was e x a m i n e d  in a cel l - f ree  sys tem.  As  s h o w n  
in Tab le  1, b l e o m y c i n  added  d i rec t ly  to  the  e n z y m e  
reac t ion  mix tu re  s h o w e d  no  s t imu la to ry  effect ,  e v e n  
at the  high dose  of  100/~g b l e o m y c i n / m l .  Th i s  resul t  
sugges ts  tha t  b l e o m y c i n  does  not  act  as an  a l los ter ic  
a c t i v a t o r  of  H A  s y n t h e t a s e .  

Effect of  cycloheximide or actinomycin D on the 
stimulation o f  HA synthetase activity by bleomycin. 

Table I. Direct effect of bleomycin on hyaluronic acid 
synthetase activity in a cell-free system* 

Dose Enzyme activity 
(,ug/ml) (pmoles/hr/mg protein) 

0 10.75 _+ 0.07+ 
I 10.03 ± 1.49 

l0 11.07 + 0.07 
100 11.24 _+ 0.67 

* Cultures were harvested 6 hr after the last renewal of 
medium and the enzyme activity was measured. Enzyme 
fraction was obtained from control cultures. Bleomycin 
was added directly to the enzyme reaction mixture. 

+ Results are expressed as mean ± S.E. (N = 3). 

In o rde r  to k n o w  w h e t h e r  syn thes i s  of  bo th  prote in  
and  R N A  is i nvo lved  in the  s t imula to ry  effect  of 
b l eomyc in  on  H A  s y n t h e t a s e ,  inh ib i tors  of  prote in  
and  R N A  s y n t h e s e s  were  used.  As s h o w n  in Table  
2, the  ac t iv i ty  of this  e n z y m e ,  in the  cells  t r ea ted  
with cyc lohex imide ,  d e c r e a s e d  to a b o u t  40 per  cen t  
in bo th  con t ro l  and  b l eomyc in  g roups ,  and  in the  
cells  t r ea ted  with a c t i n o m y c i n  D, the  e l eva t ion  of  
HA s y n t h e t a s e  ac t iv i ty  was also b locked  com-  
pletely.  T h e s e  resu l t s  sugges t  tha t  new syn thes i s  of  
bo th  pro te in  and  R N A  is requi red  for  an inc rease  
in HA s y n t h e t a s e  act iv i ty .  

It has  been  genera l ly  r ecogn ized  tha t  the  syn thes i s  
of  A G A G  is inh ib i t ed  by inhibi tors  of  prote in  syn- 
thes is  s ince  c o n c o m i t a n t  syn thes i s  of the  cor re-  
spond ing  co re  p ro te in  in the  b io syn thes i s  of A G A G  
is n e c e s s a r y  [16-20]. H o w e v e r ,  de ta i led  da ta  sup- 
por t ing  the  ex i s t ence  of  H A  in an imal  t i ssue  as a 
p ro t eog lycan  are  lacking.  

In o rde r  to  d e t e r m i n e  w h e t h e r  the  inhibi t ion of  
H A  s y n t h e t a s e  induced  in the  cu l tu res  t r ea ted  with 
c y c l o h e x i m i d e  or  a c t i n o m y c i n  D was due  to d i rec t  
e f fec ts  of  these  r eagen t s  on  the  syn thes i s  of  this  
e n z y m e  itself  or  to ind i rec t  ef fects  caused  by a 
d imin i shed  syn thes i s  of  co re  p ro te in ,  the  cu l tu red  
cells were  labeled  wi th  [3H]glucosamine  for  6 hr  in 
the  p r e s e n c e  of  cyc lohex imide  and  the i r  ef fects  on 
the  syn thes i s  of  va r ious  h e x o s a m i n e - c o n t a i n i n g  sub-  
s t ances  were  c o m p a r e d .  As  s h o w n  in Table  3, 
inh ib i t ion  of  the  i nco rpo ra t i on  of  [:~H]glucosamine 
into H A  by cyc lohex imide  was  exceed ing ly  small  
in the  cu l tu red  f ibroblas ts  c o m p a r e d  wi th  the inhi- 
b i t ion  of i nco rpo ra t ion  into chond ro i t i n  su l fa te  and  
g lycopro te in ,  wh ich  have  been  r ecogn ized  to have  
core  pro te in .  This  effect  of  cyc lohex imide  was 
incons i s t en t  wi th  resu l t s  ob t a ined  by  Mata lon  and  
D o r f m a n  [21] on  cu l tu red  f ibroblas t  and  by Smith  
and  H a m m e r m a n [ 2 2 ]  on  m o u s e  f ibroblas ts  and  
synovia l  cells.  H o w e v e r ,  the  inh ib i to ry  ra te  for  the  
syn thes i s  of  H A  s y n t h e t a s e  was  larger  than  tha t  for  
the  i nco rpo ra t i on  of  [aH]g lucosamine  into HA.  
F r o m  these  resu l t s  it s eems  mos t  r ea sonab le  to 
conc lude  tha t  inhib i t ion  of  H A  s y n t h e t a s e  induced  
by  cyc lohex imide  is re la ted  to the  d imin i shed  syn- 
thes i s  of  H A  s y n t h e t a s e  r a the r  than  to the  inhib i t ion  
of  co re  p ro te in  syn thes i s .  

The  o b s e r v a t i o n  tha t  new m e d i u m  is n e c e s s a r y  for  
s t imula t ion  of H A  s y n t h e t a s e ,  as de sc r ibed  a b o v e ,  
sugges ts  tha t  i n d e p e n d e n t  s t imula t ion  of  H A  syn-  
t he t a se  by b l eomyc in  is unl ikely.  Accord ing ly ,  it can  
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"Fable 2. Effect of cycloheximide or actinomycin D on the enhancement of hyaluronic acid 
synthetase activity by bleomycin* 

Enzyme activity (pmoles/hr/mg protein) 

Treatment Control ('4 Bleomvcin ' ;  

Cycloheximide Absent 6.36 + (I.62i lt)O 12.31 + t). 15 II}0 
Present 2.66 + 0.26 42 4.43 ~ (1.43 36 

Actinomycin D Absent 7.01 +(I.73 10(I 13.12+0.52 100 
Present 3.19 :* 0.07 46 2.8t + 0.20 22 

Cells were exposed to 1 /,g/ml of cycloheximide or actinomycin D for 6 hr after an 8-da~, treatment 
with I ,ug/ml of bleomycin. 

+ Results are expressed as mean ~- S.E. (N = 31. 

"Fable 3. Effect of cycloheximide on the synthesis of hexosamine-containing substances by cultured fibroblasts + 

Glycosaminoglycan (cpm/I ,: I(1'; cells l 

Glycoprotein Hyaluronic Sulfated 
Group [cpm/I × 10" cells) Total acid glycosaminoglycan 

Cell layer 
Control 3,036 ± 118+ 17,259 ± 21 8.997 + 86 1.297 :~ 76 
Cycloheximide 1,199 ± 13 12,082 ~ 146 7,1187 + 428 277 t 46 

(per cent inhibition) (6(I) (3111 (211 (791 
Medium 

Control 17,934 = 1,3411 11,430 + 132 6,487 - 663 2.278 + 87 
Cycloheximide 4,373 ± 335 6,708 + 96 6,407 ± 184 ~66 : 23 

(per cent inhibition) (76) (41 ) t01 (84) 

* Radioactivity of the extracted glycoprotein and total AGAG was measured in a liquid scintillation counter. The 
scintillator mixture was composed of toluene (I I.), Triton X-100 (500 ml) and 2.5-diphenyloxazole (6 g). The AGAG 
obtained was subjected to electrophoresis on cellulose acetate strips, and the radioactivity of HA and sulfated GAG 
on the eleclrophorogram developed with authentic standard samples was measured by a liquid scintillation counter in 
the conventional to luene-PPO-POPOP system by cutting out the individual channels stained with alcian blue. 

+ Each value indicates mean ± S.E. (N - 3). 

be c o n c l u d e d  that  b l e o m y c i n  add i t iona l ly  e n h a n c e s  
H A  s y n t h e t a s e  ac t iv i ty  i nduced  by  the  add i t ion  o f  
fe ta l  b o v i n e  s e r u m .  F u r t h e r  e x p e r i m e n t a t i o n  is 
n e c e s s a r y  to exp la in  ful ly th is  i n t e r e s t i ng  
o b s e r v a t i o n .  
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