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AE STRACT 

I~Iyeloid  leukemia c e l l s  of human and murine o r i g i n  can be induced t o  d i f -  
f e r e n t i a t e  i n t o  more mature  forms which l o s e  t h e i r  n e o p l a s t i c  ~ r o p e r t l e s -  The 
hormonal form of  v i t a m i n  D i s  a  powerful  i n d u c e r  of monocytic d i f f e r e n t i a f i o n ,  b u t  
i t s  t h e r a p e c t i c  n s e  i s  l i m i t e d  by hypercalcemia.  It  was r e c e n t l y  r e p o r t e d  t h c t  2 

nove l  d e r i v a t i v e  o f  v i t a m i n  D ,  1,25-dihydroxy-16-ene-23-yne-vitamin D3, i s  a n  ex- 
c e p t i o n a l l y  p o t e n t  i n d u c e r  o f  monocytic d i f f e r e n t i a t i o n ,  and p ro longs  s u r v i v a l  of 
a i c c  b e a r i n g  leukemia c e l l s .  We now show t h a t  t h i s  compound i s  a l s o  a  most F o t e n t  
i n h i b i t o r  of e r y t h r o d i f  f e r e n t i a t i o n .  T h i s  f i n d i n g  h a s  impor tan t  i r n y l i c a t i o n ~  f o r  
t h e  c o n t r o l  o f  hematopo ies i s .  

INTXODUCTION 

A ~ a l o g s  of v i t a m i n  D have r e c e n t l y  bccome 
a v a i l a b l e  which induce  monocytic d i f f e r c c t i a t i o n  
of myelogenous leukemia c e l l s  w i t h  potency g r e a t -  
:r t h a n  1,25-dihydroxycholecalciferol (1,25(OH) 
D,,), t h e  hormonal form of  v i t a m i n  D ,  y e t  have 2  

r 6 1 a t i v e l y  low e f f e c t s  on ca lc ium metabol ism (1- 
6 ) .  S i n c e  t h e  p o t e n t i a l  f o r  t h e  t h e r a p e u t i c  LFe 
~f  v i t a r i i n  D and i t s  ana logs  i n  human leukemia i s  
l i m i t e d  by t h e  hyperca lcemia  whlch r e s u l t s  from 
~7.n i n c r e a s e d  i n t e s t i n a l  ca lc ium a b s o r p t i o n  and 
n o b i l i z a t i o n  of ca lc ium from bones  ( 7 , 8 ) ,  a n a l o g s  
w i t h  a  h i g h e r  r a t i o  o f  d i f f e r e n t i a t i o n  t o  ca lc ium 
n o b i l i z a t i o n  a c t i v i t i e s  o f f e r  promise  a s  a d j u n c t s  
t o  t h e  chemotherapy o f  leukemia.  Indeed ,  i n c r e a s -  
ed s u r v i v a l  t ime o f  leukemic mice t r e a t e d  w i t h  1 ,  
25-Sihydroxy-16-ene-23-yne-vitamin D (1,25(OH) - 

3  
15-ene-23-yne-D ) h a s  r e c e n t l y  been r e p o r t e d  ( 6 ) .  

Ihiork i n  t h i s 3 1 a b o r a t o r y  h a s  demonstra ted t h a t  
1,25(3H) D i n h i b i t s  chemica l ly  induced e r y t h r o i d  

3  
6 i f  f a r e n g i a t  i o a  o f  human leukemic c e l l s  K562 
(10) .  T h i s  i n h i b i t i o n  was maximized by a n  
cxporure  o f  t h e  c u l t u r e d  c e l l s  t o  t h i s  v i t amin-  
hormofie p r i o r  t o  t h e  i n d u c t i o n  o f  d i f f e r e n t i a t i o n  
w i t h  cher.ot'lci-apeui i c  a g e n t  1 -beta-D-arabinofu- 
r a n o s y l c y t o s i c e  (Ara-C) o r  o t h e r  i n h i b i t o r s  of 
D'TL4 s q n t h e s i - ,  and was e v i d e n t  a t  c o n c e n t r a t i o n s  
of 1 , 2 5 ( O k 1 ) ~ ~  rrhich a r e  o p t i m a l  f o r  t h e  
:~onocy:ic d i f  l e r e n t i a t i o n  of HL60 c e l l s  (10 ,11) .  

The r ro lecu la r  n e c h a n i s ~ x  by which 1  , 25(OH)2~3 
i r c t c e r  monocytic and i n h i b i t s  e r s t h ~ o i d  d i f -  
f e i e n t i a t i o n  a r e  n o t  known, i n  s ? i t e  01 a con- 
sic;e;-l'ulc zcc! m ~ l a t i o n  of d a t c  or! ti.,: -ccom- 
par j i . *g  changes  i n  gene e-r~;-eszio; .  (11.--15) 
S t t ld i e s  o i  t h e s e  n;echani~:rn , ~ o z l l i  k t  .:ccl.creted 
I f  i t  cou ld  be shotrn t h a t  t h e  r,i,r;lals z c n c r a t e d  
~y  : ,25(0! : ) i~j  o r  i t s  analoy-.  zrr. ill, szt  e i n  
HL60 and K5b2 c e l l s ,  even though they  r e s u l t  i n  
o p p o s i t e  e f f e c t s  on t h e  phenotype of d i f f e r e n -  
t i a t i o n .  We r e p o r t  h e r e  t h e  ev idence  s u g g e c t i n g  
t h a t  t h i s  i s  t h e  c a s e .  
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MATEXIALS AND METHODS 

C e l l  C u l t u r e s .  K562 c e l l  l i n e  e s t a b l i s h e d  from 
a  c a s e  of c h r o n i c  myeloid leukemia i n  b l a e t  c r i s i s  
and which can be induced t o  e r y t h r o i d  differentia- 
t i o n  wac o b t a i n e 6  from D r .  P.F. Bocars ly  (De;yrrt- 
ment of Pa tho logy ,  UMD-New J e r s e y  Medical  School) .  
HL60-G1 c e l l  l i n e ,  a n  e a r l y  passage  s u b l i n e  of 
promyelocyt ic  o r i g i n  which d i f f e r e n t i a t e s  i ~ t c  
r ~ o n o c y t i c  c e l l s ,  was c l o n e d  from s t o c k  ob ta ined  
from D r .  R .  Wilson (Department of B i o c h e ~ i s t r y ,  
UMD-New J e r s e y  Medical Schoo l ) .  The s t o c k  
c u l t u r e s  were  grown i n  7% C02 a t  3 7 ' ~  i n  BPMI 1640 
medium (Haz le ton  Research Produc t s ,  Denver, FA.)  
scpplemented w i t h  1 %  g lu tamine  (Grand I s l a n d  
B i o l o g i c a l  Co. (GIECO), Grand I s l a n d ,  N.Y.) and 
15% h e a t  i n a c t i v a t e d  ( 5 6 ' ~  f o r  1  h r )  f e t a l  bovin*? 
serum (Hyclone L a b o r a t o r i e s ,  Logan uT). Absence 
of mycoplasna c o n t a p i n a t i o n  was confirmed by a n  
a u t o r a d i o g r a p h i c  method ( 1 6 ) .  

Experiments were i n i t i a t e d  by re suspend ing  
c e l l s  i n  f r e c h  mediVr c o n t a i n i n g  1% f i n a l  con- 
c e n t r a t i o n  of p e n i c i l l i n  (50  IU) and s t reptomy- 
c i n  (50  ug/ml)  s o l u t i o n  ( G I R C q ,  Grand I s l a n d ,  
N.Y.) a t , a  d e n s i t y  of 300 x 10' K562 c e l l s / r n l  and 
530 x 13" IIL6O c e l l e / m l .  C e l l  v i ' o i l i t y  was d e t e r -  
miced by c o u n t i n g  300 c d l s  on a  Nevbscer 'z  hcmo- 
cy tomete r  a f t e r  expos7.:e t o  0.2% t r y p a n  bl ze 
s t a i n .  S t a i n i n g  f o r  n o w - - e c i f i c  c ~ c t e r a s c  (PTSE) 
a c t i v i t y  and n i t r o  b l u e  t e t r z z o l i u m  (NET)  dye 
r e d u c t i o n  a s s a y  were a l l  performed a s  p r e v i o u s l y  
d e s c r i b e d  ( 1 3 ) .  The p resence  of hemoglobin i n  
t h e  d i f f e r e n t i a t i n g  K562 c e l l s  was determined by 
t h e  benz id ine  r e a c t i o n  (17) .  

Chemicals.  1 , 2 5 ( O ~ )  D and i t s  a n a l o g s  26,27- 
F6-1, ~ ~ ( o H ) * D ~ ,  1  , 23$0~?2216-ene-23-yne-~ 1  ,25s ,  
26- t r ihydroxy-del ta  - c h o l e c a l c i f  e r o l ,  1 ,j;- 
dihydroxy-22-ene-26,27-hexafluoro-cholecal- 
c i f e r o l  and 1,25-dihydroxy-23-yne-cholecalcife- 
r o l  were p rov ided  by D r .  Milan Uskokovic, Hoff- 
mann LaRoche I n c . ,  N u t l e y ,  N . J .  

Ara-C, a p h i d i c o l i n  and o t h e r  chemica l s  r e -  
q u i r e d  were  o b t a i n e d  from Sigma Chemical Co. 
G c n i s t e i n  (4',5,7-trihydroxyisoflavone) was 
o b t a i n e d  from I C N  Biochemicals ,  C leve land ,  Ohio. 
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RESULTS 

R e l a t i v e  Potency of I n d u c t i o n  of Monocytic -- 
D i f f e r e n t i a t i o n .  We compared t h e  e f f i c i e n c y  of 
i n d u c t i o n  of d i f f e r e n t i a t i o n  by s i x  d e r i v a t i v e s  
of c h o l e c a l c i f e r o l  l i s t e d  i n  t h e  M a t e r i a l s  and 
Methods s e c t i o n  above. One, 1,25(OH) D i s  t h e  
p h y s i o l o g i c a l l y  a c t i v e  form of vitami: 3' ( 1  1 ,  and 
a n o t h e r  two, 26,27-F6-1,25(0HI2D3 and 1 , 2 5 ( 0 ~ ) ~ -  
16-ene-23-yne-D3 were r e p o r t e d  t o  have g r e a t e r  
an t i - l eukemic  a c t i v i t y  t h a n  1 , 2 5 ( 0 ~ )  0,-64,7-9). 

2  
The compounds were  used a t  2.4 x  l d  M ,  a  
c o n c e n t r a t i o n  p r e v i o u s l y  found s u f f i c i e n t  t o  in -  
duce n e a r  maximal monocytic d i f f e r e n t i a t i o n  o f  
t h e s e  c e l l s  i n  f i v e  days .  Time-course s t u d i e s  of 
t h e  i n d u c t i o n  of two phenotypic  markers  of mono- 
c y t  i c  d i f f e r e n t i a t i o n ,  t h e  p o s i t i v i t y  f o r  t h e  en- 
zyme NSE and t h e  ev idence  of t h e  o x i d a t i v e  b u r s t  
c a p a b i l i t y  by t h e  NBT r e a c t i o n ,  showed t h a t  
1,25(OH) -16-ene-23-yne-D3 d i d  indeed markedly 
a c c e l e r a g e  t h e  r a t e  o f  monocytic d i f f e r e n t i a t i o n  
of HL6O-G1 c e l l s  o v e r  t h a t  o b t a i n e d  w i t h  
1,25(0H) D ( F i g  1 A and E). However, exposure  t o  
equimola? 1 6 , 2 7 - ~ 6 - 1 , 2 5 ( 0 ~ )  D r e s u l t e d  i n  s lower  
and l e s s  complete  d i f f e r e n t g a s i o n  ( ~ i g  1 ) .  T h i s  
d i f f e r e n c e  from t h e  p r e v i o u s l y  r e p o r t e d  h i g h  
potency o f  2f1,27-F6-1,25(0H)~D may be due t o  t h e  
f a c t  t h a t  a n  e a r l y  passage  sub? ine  of HL6O c e l l s  
was used i n  o u r  s t u d i e s .  Other  a n a l o g s  of v i t a -  
min D t h a t  we used  i n  t h e s e  exper imen t s  showed 
r a t e s  and e x t e n t  of HL6O-G1 c e l l  d i f f e r e n t i a t i o n  
e s s e n t i a l l y  t h e  same a s  t h o s e  o b t a i n e d  w i t h  26,  
27-F6-1,25(OH),D, ( d a t a  n o t  sho-m). 

R e l a t i v e  ~ o e e g c ~  of I n h i b i t i o n  of Ery th ro id .  
D i f f e r e n t i a t i o n .  K562 leukemia c e l l s  exposed t o  
v a r i e t y  of a n t i m e t a b o l i t e s  a c q u i r e  pheno typ ic  
markers  of e r y t h r o i d  d i f f e r e n t i a t i o n ,  and can  be 
c o n v e n i e n t l y  sco red  a s  p o s i t i v e  f o r  hemoglobin by 
t h e  benz id ine  r e a c t i q  ( 1 7 ) .  When p r e t r e a t e d  f o r  
24 h r s  w i t h  2 .4  x 10 M c o n c e n t r a t i o n  o f  t h e  
v i t a m i n  D a n a l o g s ,  i n d u c t i o n  of e r y t h r o i d  phen.0- 
type  by 1  uM ara-C was reduced w i t h  t h e  same r e l -  
a t i v e  potency a s  i n d u c t i o n  of HL6O-G1 c e l l s  to1 
monocytic d i f f e r e n t i a t i o n .  T h i s  i s  i l l u s t r a t e d  
f o r  1 , 2 5 ( 0 ~ ) ~ D  , 26,27-F6-1,25(0H) D and 1 , 2 5  
(OH)  - 1 6 - e n e - ~ j - - ~ n e - ~ ~  i n  F i g  2A. 2 ~ ? s e n t i a l l y  
s i m i ? a r  r e s u l t s  were o b t a i n e d  when 1  uM a p h i d i -  
c o l i n ,  an  i n h i b i t o r  of DNA polymerases  a l p h a  a.nd 
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Figure 1. Time course curves showing the relative potency of 
1 ,25(OH),D3 and its analogs 26,27-F6-1 ,25-(OH)2D3 and 1 ,2!5(OH)2- 
16-ene-23-yne-D,, all at 2.4 x 1 OP8 MI on monocytic differentiation of 
HL6O-GI cells. Differentiation was measured by: (A) Non:jpecific 
esterase activity (NSE) and (B) Nitro blue tetrazolium reduction (NBT). 
Each point represents the mean +- SE of three independent determi- 
nations. SE less than 0.35 are not shown. 
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Figure 2. Erythroid differentiation of K562 cells measured by per- 
centage of benzidine-positive cells after exposure to chemical induc- 
ers, alone, and after 24-hr pretreatment with 1,25(OH)~D3 and its 
analogs 26,27-F6-1 ,25(OH),D3 and 1 ,25(OH)2-1 6-ene-23-yne-D3. All 
steroids were used at 2.4 x M. (A) Erythroid differentiation 
induced by Ara-C (1 pM). (B) Erythroid differentiation induced by 
genistein (1 11 pM). Each point represents the mean k SE of three 
independent determinations. SE less than 0.35 are not shown. 
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Figure 3. Dose-response curves comparing the relative potency of 
1 ,25(OH)2D3 and its analogs 26,27-F6-1 ,25(OH)2D3 and 1,25(OH)2- 
1 6-ene-23-yne-D3 on induction of monocytic and inhibition of erythroid 
differentiation. (A) Induction of monocytic differentiation by vitamin D 
analogs in HLGO-GI cells. (B) Inhibition by vitamin D analogs of 
erythroid differentiation induced by (1 11 ,uM) genistein in K562 cells. 
Each point represents the mean +- SE of three independent determi- 
nations. 

O/O Inhibition of erythrodifferentiation = 

B+ cells with 24-hr steroid pretreatment 
100 - 

B+ cells without 24-hr steroid pretreatment 

d e l t a ,  was used  ( d a t a  n o t  shown). I n t e r e s t i n g l y ,  
p r  eexposure  t o  v i  tamin D a n a l o g s  i n h i b i  t e d  
gen i s t e in - induced  e r y t h r o i d  d i f f e r e n t i a t i o n  of 
P562 c e l l s  (18)  t o  a  g r e a t e r  e x t e n t ,  b u t  t h e  
r e l a t i v e  potency of t h e  ana logs  remained t h e  same 
( F i g  2 B ) .  - 

C o m ~ a r i s o n  of t h e  Dose-Dependence of t h e  
I -  --- -- 

E f f e c t s  of Vitamin D Analogs on Monocytic and ------ 
E r y t h r o i d  D i f f e r e n t i a t i o n .  The p h y s i o l o g i c a l  
serum l e v e l s  of 1,25(01:),D, i n  humans a r e  i n  t h e  
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range of  0.5-1.5 x  1 0 - l ~ ~  ( 19-21), whi le  t h e  con- 
c e n t r a t i o n  necessa ry  f o r  t h e  maximal d i f f e r e n t i a -  
t i o n  of human hematopoier 'c  c e l l s  under c u l t u r e  ? 
c o n d i t i o n s  approach 10  M ( 1 1 ) .  We t h e r e f o r e  
examined t h e  e f f e c t s  on d i f f e r e n t i a t i o n  of HL60- 
G 1  and K562 c e l l s  of v i t a r i n  D ana logs  i n  t h i s  
e n t i r e  range.  The p r o f i l e s  of dose-dependency of 
t h e  i n d u c t i o n  of monocytic d i f f e r e n t i a t i o n  and 
t h e  i n h i b i t i o n  of e r y t h r o i d  d i f f e r e n t i a t i o n  were 
remarkably s i m i l a r  f o r  each ana log  (F ig  3  A and 
B). Th is  f i g u r e  a l s o  shows t h a t  i n  t h e  low range 
of p h y s i o l o g i c a l  c o n c e n t r a t i o n s ,  where calcium- 
mobi l i z ing  a c t i v i t i e s  of t h e  s t e r o i d s  a r e  mini- 
mal,  t h e  e f f e c t s  of 1,25(OH)2-16-ene-23-yne-~ on 
leukemic c e l l  d i f f e r e n t i a t i o n  c l e a r l y  exceed $hat  
of t h e  o t h e r  d e r i v a t i v e s  of c h o l e c a l c i f e r o l  
s t u d i e d  here .  

DISCUSSION 

Data p resen ted  above i n d i c a t e  t h a t  t h e  most 
p o t e n t  s t e r o i d  inducer  of monocytic d i f f e r e n t i a -  
t i o n  t h a t  we have s t u d i e d ,  1,25(OH) 16-ene-23- 

2- yne-D , i s  a l s o  t h e  most p o t e n t  i n h i b i t o r  of ery- 
t h r o i a  d i f f e r e n t i a t i o n  i n  K562 c e l l s ,  and t h a t  
compounds wi th  lower potency f o r  monocytic d i f -  
f e r e n t i a t i o n  than  1,25(OH) D a r e  a l s o  weaker 

2  3 i n h i b i t o r s  of  e r y t h r o d i f f e r e n t i a t i o n  (compare Fig 
1  ~ 6 t h  Fig 2 ) .  I n  a d d i t i o n  t o  t h e  same rank o r d e r  
of potency w i t h  r e s p e c t  t o  induc t ion  (of  mono- 
c y t i c )  and l n h i b i t i o n  ( o f  e r y t h r o i d )  d i f f e r e n -  
t i a t i o n ,  t h e  dose-dependency curves  of t h e s e  
e f f e c t s  a r e  p a r a l l e l  (compare F i e  3  C and B ) .  
Th i s  s u g g e s t s  a  s i m i l a r  molecular  b a s i c  f o r  both 
of t h e s e  e f f e c t s ,  s o  t h a t  d a t a  obtained :n e i t h e r  
system may be used t o  o b t a i n  s composite ~ i c t u r e  
of t h e  mechanisms by which 1,25(OH)2D3 s f f e c t c  
hematopoie t l c  stem c e l l s ,  Fcr thernore ,  t h e  para- 
uieters of t h e  S-shaped curves  f o r  dose dependency 
i n d i c a t e  t h a t  a t  i l j p  p h y s i o l o g i c a l  concentrat ion. :  
( a ~ p r o x i m a t e l y  10 M ,  r e f s  (19-21) 1,25(OH)2D3 
h a s  l i t t l e  e f f e c t  on HL60 o r  K562 c e l l  d i f f e r -  
e n t i a t i o n .  However, a r e l a t i v e l y  modest i n c r e a s e  
i n  t h e  c o n c e n t r a t i o n  o f  1,25(OH) D produces a  

2  3 r a p i d l y  e s c a l a t i n g  e f f e c t  on reducing e r y t h r o i d ,  
and promoting monocytic,  d i f f e r e n t i a t i o n  ( F i g  3 A 
and B). To t h e  e x t e n t  t h a t  HL60 and K562 c e l l s  
a r e  s i m i l a r  t o  t h e  hematopoiet ic  p recursor  c e l l s  
i n  t h e  bone marrow, t h e s e  f i n d i n g s  have 
i m p l i c a t i o n s  f o r  t h e  r o l e  of 1,25(OH) D3 i n  t h e  
c o n t r o l  of hematopoieein. More s p e c i $ i c a l l ~ r ,  our  
r e s u l t s  provide a n  exp lana t ion  f o r  t h e  g r e a t e r  
e f f e c t  of 1,25(0H)~-16-ene-23-yne-D~ over  
1,25(OH) D on t h e  s u r v i v a l  of n i c e  b e a r i ~ g  2  3 leukemia c e l l s  ( 9 ) .  We demonstratc  t h a t  
1,25(0~)~-16-ene-23-yne-~ h 1; a  c l e a r  e f f e c t  on 
t h e  d i f f e r e n t i a t i o n  of H L ~ O  and a 6 2  c e l l r .  a t  
c o n c e n t r a t i o n s  t o o  low (a!-?rc,.:ir..:ately ~ O - ' ~ M )  t o  
have a n  a p p r e c i a b l e  hypercalcemic e f f e c t .  These 
f i n d i n g s  may p o i n t  t h e  way t o  t h e  d e s i g n  of 
v i t ~ ~ r i n  D ana logs  w i t h  even g r e a t e r  p o t e n t i a l  a s  
ant i - leukemic agen ts .  
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