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ntil quite recently, the only known function of 
vitamin D was a regulator of the extracellular U calcium homeostasis. However, specific cyto- 

sol or nuclear receptors for 1 a,25-dihydroxyvitamin D3 
( la,25-(OH)2D3) were recently found in almost all tis- 
sues, and this raised the question of whether la,25- 
(OH)2D3 has more subtle functions in a wide variety of 
cells and tissues besides bone and intestine ( 1). 

In 198 1, we clearly demonstrated that 1 a,25- 
(OH)2D3 suppresses growth and induces differentiation 
of mouse myeloid leukemia cells (MI) (2). We extended 
this original observation to other types of cells, in 
particular focusing on hemopoietic cells. A wide variety 
of the effects of 1 ~ , 2 5 - ( 0 H ) ~ D ~  indicate that la,25- 
(OH)2D3 is not only a calcium-regulating hormone, but 
also a potent inducer of cell differentiation. We review 
here recently discovered functions of 1 L Y , ~ ~ - ( O H ) ~ D ~  in 
inhibiting proliferation and inducing differentiation 
and fusion of hemopoietic cells. 

Modulation of Growth and Differentiation of 
Hematopoietic Cells by l~x,25-(OH)~D~ 

Osteoclasts, the principal bone-resorbing cells, are 
considered to be derived from immature bone marrow 
cells of the monocyte-macrophage lineage (3,4). Of the 
several systemic and local factors known to affect bone 
resorption, la,25-(OH)2D3 is one of the most potent 
inducers. This hormone markedly increases the number 
of osteoclasts and then stimulates bone resorption (5, 
6). 1 GQ~-(OH)~D~ receptors have been found in colony- 
forming units in culture (precursors of macrophages 
and granulocytes), differentiated rnonocytes-macro- 
phages, and activated T lymphocytes (7, 8). However, 
the mechanism by which I ~ , 2 5 - ( 0 H ) ~ D ~  alters osteo- 
clast population was not known until quite recently. 

1 a,25-(OH)2D3 induces differentiation of not only 
mouse M 1, but also human promyelocytic leukemia 
cells (HL-60) (9- 1 1) and human histiocytic monoblast- 
like lymphoma cells (U937) (12, 13). Like other typical 
inducers such as 12-0-tetradecanoylphorbol- 13-acetate 
(TPA), retinoic acid, and dexamethasone, 1 a,25- 
(OH)2D3 markedly induced phagocytosis and nitro-blue 
tetrazolium-reducing activity in those myeloid leuke- 
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mia cells, However, at that time, we could not conclude 
that 1 a,25-(OH)2D3 induced the selective differentia- 
tion of those myeloid cells into monocytes-macro- 
phages, since these differentiation-associated properties 
are observed commonly in both monocyte-macrophage 
and granulocyte differentiation. 

HL-60 is a very useful cell line in determining the 
direction of differentiation, since HL-60 cells have been 
known to be induced to differentiate selectively into 
granulocytes by retinoic acid or dimethyl sulfoxide and 
into monocytes-macrophages by TPA or interferon-y 
(IFN-7). We therefore examined the differentiating ac- 
tion of 1 ~ ~ , 2 5 - ( o H ) ~ D ~  using HL-60 cells and monoclo- 
nal antibodies specific for either differentiation. 1 a,25- 
(OH)2D3 markedly induced binding of the monoclonal 
antibody MAS 072, which is specific for monocytes- 
macrophages, whereas retinoic acid did not affect the 
binding of MAS 072 (14). In contrast, when HL-60 
cells were treated with either I a,25-(OH)2D3, retinoic 
acid, or TPA, only retinoic acid increased the binding 
of MAS 067, which is specific for granulocytes. Neither 
10!,25-(0H)~D~ nor TPA affected the binding of MAS 
067 (14). These results clearly indicate that la,25- 
( OH)2D3 induces differentiation of HL-60 cells selec- 
tively into monocytes-macrophages. This conclusion 
was confirmed in several other cell lines of myeloid 
leukemia cells and also in normal bone marrow cells 
(1 1, 15- 17). I a,25-(OH)2D3 selectively induces macro- 
phage differentiation of HL-60 cells even in the pres- 
ence of 1 00-fold retinoic acid ( 18). Thus, it is concluded 
that l~x,25-(OH)~D~ is a potent natural inducer in the 
monocyte-macrophage differentiation ( 1). 

The relation between suppression of cell growth 
and induction of cell differentiation is most interesting. 
In order to investigate this relation, we examined the 
effect of 1 C L , ~ ~ - ( O H ) ~ D ~  in a mouse myelomonocytic 
leukemia cell line (WEHI-3), which is known to pro- 
duce high levels of interleukin 3. 1 ~ , 2 5 - ( 0 H ) ~ D ~  strik- 
ingly increased the proportion of cells accumulating in 
the Go/G1 phase and decreased that in the S phase (19). 
The phenotype of the surface antigens became positive 
in macrophage-associated surface markers (Mac- 1 and 
Ia antigens) after treatment with 1 a,25-(OH)2D3. Fur- 
thermore, l C X , ~ ~ - ( O H ) ~ D ~  markedly inhibited interleu- 
kin 3 production by WEHI-3 cells (19). It is therefore 
concluded that 1 a,25-(OH)2D3 inhibits proliferation of 
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WEHI-3 cells by blocking transition of the cells from 
the Go/G, to the S phase, resulting in induction of the 
Go/GI-arrested cells to differentiate into macrophages 
(Fig. 1). The relation between the suppression of cell 
growth by I ( ~ , 2 5 - ( 0 H ) ~ D ~  and interleukin 3 production 
has to be examined in the future. 
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Survival of Leukemic Mice by Vitamin D Treatment 
The marked in vitro effect of l~x,25-(OH)~D~ on 

cell growth and differentiation in hematopoietic cells 
led us to examine the possibility of whether in vivo 
administration of vitamin D compounds to tumor- 
bearing mice would decrease their leukemogenicity. 
There have been several reports about growth inhibition 
of myeloid leukemia cells by la,25-(OH)2D3 in short- 
term cultures (2, 10, 11, 17). However, when leukemic 
cells are cultured with some differentiation inducers for 
a longer time, they tend to become resistant to them. 
Thus, we examined the effects of l~u,25-(OH)~D~ on 
proliferation of mouse M1 cells in a long-term culture 
to develop an effective therapeutic strategy using vita- 
min D compounds. 

Growth in the MI cells cultured for 20 days with 
lo-' M 1 ~ ~ , 2 5 - ( o H ) ~ D ~  was suppressed almost com- 
pletely (20). However, 1 ~~,25-(0H)~D,-resistant cells ap- 
peared on about Day 25 after continuous treatment 
with la,25-(OH)2D3 and they started to grow again 
thereafter. In contrast, when M1 cells were treated 
simultaneously with lo-* A4 la,25-(OH)2D3 and non- 
cytotoxic doses of antileukemic drugs such as arabino- 
furanosylcytosine and daunomycin, resistant cells did 
not appear for at least 35 days and a striking growth 
inhibition was observed (20). 

On the basis of these in vitro findings, we further 
examined whether simultaneous treatment with vita- 
min D compounds plus antileukemic drugs could pro- 
long the survival time of syngeneic SL mice inoculated 
with MI cells. We used la-hydroxyvitamin D3 ( la-  
(OH)D3) instead of 1~1,25-(oH)~D~, since 1 a-(OH)D3 
was more effective than 1 C X , ~ ~ - ( O H ) ~ D ~  in prolonging 
the survival of leukemic mice (21). SL mice inoculated 
with 3 X lo5 M 1 cells were treated with 1 a-(OH)D3 and 
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Figure 1. A proposed model for 1~~,25- (0H)~D~ action in inhibiting 
growth and inducing macrophage differentiation in WEHI-3 cells. 

daunomycin, separately or in combination, three times 
a week. The mean survival time of untreated leukemic 
mice was about 19 days, whereas that of mice treated 
with either 1 a-(OH)D3 or daunomycin alone was about 
27 days. In contrast, the mean survival time of mice 
treated with 1 a-(OH)D3 in combination with dauno- 
mycin was about 35 days (20). These results suggest 
that the combination therapy with vitamin D com- 
pounds and low doses of antileukemic drugs may pro- 
vide a new effective therapeutic strategy in the future. 

Induction of Fusion of Macrophages by la,25- 
( 0 H ) A  

We next examined the possibility of whether la,25- 
(OH)2D3 induces fusion of macrophages. Because sim- 
ilar 1 ~ ~ , 2 5 - ( 0 H ) ~ D ~  receptors have been found both in 
the differentiated macrophages and activated T lym- 
phocytes (7, S), we investigated the direct action and 
the lymphocyte-mediated indirect action of 1 a,25- 
(OH)2D3 on macrophage fusion. We used alveolar mac- 
rophages as precursor cells for multinucleated giant cell 
formation, since alveolar macrophages often fuse in 
vivo. 

As a source of lymphocytes, spleen cells were ob- 
tained from ddy strain male mice and cultured with 
either phytohemagglutinin (PHA), concanavalin A 
(Con A), or 1 ~ ~ , 2 5 - ( 0 H ) ~ D ~ .  After being cultured for 3 
days, the spleen cells were removed by centrifugation 
and conditioned media were obtained. Alveolar mac- 
rophages obtained from mice of the same strain were 
cultured for 3 days either with conditioned media or 
directly with PHA, Con A, or 1~~ ,25- (0H)~D~.  Fusion 
rate of macrophages was expressed as percentages of 
the total number of nuclei within giant cells to the total 
number of nuclei counted. 

Figure 2 shows the time course of change in fusion 
of alveolar macrophages directly induced by la,25- 
(OH)2D3 (right) or by a spleen cell-mediated indirect 
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Figure 2. Time course of change in the fusion of alveolar macro- 
phages induced either by exposure to conditioned media obtained 
from spleen cell cultures treated for 3 days with 15 pg/ml of PHA or 
Con A or 12 nM 1 a,25-(OHp3 (left), or by direct exposure to 15 pg 
of PHA or Con A or 12 nM 1 CY,~~- (OH)~D~ (right). The fusion rate of 
macrophages was expressed as percentages of the total number of 
nuclei within giant cells containing at least three nuclei in a cell to the 
total number of nuclei counted. From Reference (22); reproduced by 
permission of the National Academy of Sciences. 
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mechanism (left). By the indirect mechanism, as much 
as 80% of the macrophages fused to form multinucle- 
ated giant cells on Day 3, similarly with each of the 
three conditioned media from spleen cell cultures (Fig. 
2, left) (22). The conditioned media contain both mi- 
togens or la,25-(OH)2D3 and also a macrophage fusion 
factor (MFF) produced by spleen cells. Thus, the ques- 
tion remains whether the stimulating effect of condi- 
tioned media on macrophage fusion is due to a direct 
action of PHA, Con A, or 1~~ ,25- (0H)~D~,  or to an 
indirect action involving MFF released from the stim- 
ulated spleen cell cultures. However, 1 a,25-(OH)2D3 
added to the macrophages directly induced fusion of 
about 35% of the cells on Day 3. In contrast, neither 
PHA nor Con A induced fusion (Fig. 2, right) (22). 

Therefore, it is concluded that 1 ( ~ , 2 5 - ( o H ) ~ D ~  is 
capable of inducing fusion of mouse alveolar macro- 
phages by a direct mechanism and also by a spleen cell- 
mediated indirect mechanism (Fig. 3). PHA and Con 
A also induce production of a lymphokine (MFF) which 
exhibits macrophage fusion activity (22, 23). 

After we reported the direct action of la,25- 
(OH)2D3 in inducing macrophage fusion, several labo- 
ratories have confirmed the direct action of la,25- 
(OH)2D3 on fusion of hemopoietic cells, using HL-60 
cells (16), feline, baboon, and human bone marrow 
mononuclear cells (24, 25) and human blood mono- 
cytes (26). Thus, it is concluded that la,25-(OH)2D3 
has a common function in directly inducing fusion of 
hemopoietic cells of the monocyte-macrophage lineage. 

Polyamines are Involved in the 1 a,25-(OH),D3- 
Induced Fusion of Macrophages 

While examining further the mechanism of the 
1 a,25-(OH)2D3-induced fusion of macrophages, we 
found that polyamines are involved in this mechanism. 
Mouse alveolar macrophages incubated with 1 a,25- 
(OH)2D3 began to fuse at 36 hr and the fusion rate 
increased linearly for up to 60 hr (27). Addition of as 
much as 0.05-5 mM a-difluoromethylornithine, a spe- 
cific inhibitor of ornithine decarboxylase, did not in- 
hibit fusion appreciably, but addition of 0.05-5 pM 
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Figure 3. Involvement of 1 ~ ~ , 2 5 - ( 0 H ) ~ D ~ ,  PHA, and Con A in the 
differentiation of hematopoietic cells into monocytes-macrophages 
and multinucleated giant cells. 

methylglyoxal bis (guanylhydrazone) (MGBG), an in- 
hibitor of S-adenosylmethionine decarboxylase, strik- 
ingly inhibited fusion (27). When macrophages were 
treated with both 12 nM la,25-(OH)2D3 and 5 pM 
MGBG for the first 12 hr and incubated further for 60 
hr in fresh medium containing la,25-(OH)& but not 
MGBG, fusion was significantly inhibited, suggesting 
that the 1 ~~,25-(OH)~D~-induced synthesis of poly- 
amines precedes fusion. The inhibition by MGBG of 
the 1 a,25-(OH),D3-induced fusion was restored com- 
pletely by adding 1 pM spermidine or spermine or 100 
pM putrescine (27). None of the polyamines alone 
induced fusion. MGBG suppressed the 1 (~ ,25- (0H)~D~-  
induced incorporation of [ 3H]leucine into the trichlo- 
roacetic acid-insoluble fraction in macrophages, but its 
inhibitory effect was restored completely by adding 1 
pM spermidine. When macrophages were incubated 
with [ 14C]ornithine, the polyamine that accumulated 
most was [14C]spermidine (27). 1 a,25-(OH)2D3 further 
enhanced the accumulation of [ I4C]spermidine. The 
accumulation of [ ''C]putrescine and spermine was not 
appreciably altered by the 1 (~ ,25 - (oH)~D~ treatment. 
Adding MGBG almost completely suppressed the ac- 
cumulation of ['4C]spermidine and spermine, but it 
enhanced the accumulation of [ 14C]putrescine consid- 
erably (27). These results indicate that spermidine is an 
important intracellular mediator of the 1 ( ~ , 2 5 - ( 0 H ) ~ D ~  
action in inducing protein synthesis, which in turn 
induces fusion of alveolar macrophages. 

Spermidine-Dependent Proteins Responsible for 
Fusion of Macrophages 

We next examined the nature of spermidine-de- 
pendent proteins responsible for macrophage fusion by 
using sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis of [35S]methionine-labeled proteins. 1 a,25- 
(OH)2D3 increased synthesis of 14 proteins at 24 hr 
before it initiated fusion at 36 hr after the vitamin 
addition (Table I). When spermidine synthesis was 
inhibited by adding MGBG, the enhanced synthesis of 
9 in the 14 proteins induced by lc~,25-(OH)~D~ was 
greatly diminished with a concomitantly occurring in- 
hibition of fusion. Addition of spermidine with MGBG 
and 1 (~ ,25 - (0H)~D~ recovered the synthesis of these 
nine proteins and the MGBG-inhibited fusion as well. 
The synthesis of three proteins in nine was induced in 
a similar manner by interferon-y (IFN-y), retinoic acid 
(RA), or lipopolysaccharide (LPS) (Table I). These com- 
pounds have been known to induce activation but not 
fusion of mouse alveolar macrophages (28). The appar- 
ent M, of the remaining six proteins were 142,000, 
98,000, 78,000, 60,000, 50,000, and 42,000, respec- 
tively. 

Very recently, McInnes and Rennick (29) reported 
that recombinant mouse interleukin 4 (rIL-4) induced 
formation of multinucleated cells in bone marrow 
mononuclear cell cultures. IL-4 was originally found as 

216 VITAMIN D AND MYELOID CELL DIFFERENTIATION 



Table 1. A List of Proteins of which Synthesis is 
Enhanced by 1~~,25-(0H)~D~,  IL-4, IFN-7, RA, and 

LPS in Mouse Alveolar Macrophages 

la,25-(OH)2D3' IL-4" IFN-yb RAb LPSb 

Activation 
Fusion 
Band 

1 (Mr = 172,000) 
2 (M, = 142,000) 
3 (M, = 107,000) 
4 (M, = 98,000) 
5 (M, = 78,000) 
6 (M, = 72,000) 
7 (M, = 64,000) 
8 (M, = 60,000) 
9 (M, = 53,000) 

10 (M, = 50,000) 
11 (M, = 49,000) 
12 (M, = 42,000) 
13 (M, = 36,000) 
14 (M, = 34,000) 
15 (M, = 75,000) 
16 (M, = 57,000) 
17 (M, = 48,000) 

+ 
+ 
++* 
++* 
+++ 
+* 
+* 
++* 
+ 
++* 
++* 
++* 
++ 
+++* 
++ 
++ 

+ + + +  
+ _ _ _  

+* + 

+* 
+* 

++ + + + 
++* + +  
++* 

+ ++ + 
+ ++ ++ 

++ ++ 
+ ++ 

+++ + ++ 
+ 

Plus marks with asterisk indicate sperrnidine-dependent synthesis 
of proteins and those without asterisk indicate sperrnidine-independ- 
ent synthesis of protein. 

Spermidine dependency of protein synthesis was not examined. 

a factor involved in the growth and differentiation of 
immature B cells in the supernatants of mitogen-stim- 
ulated mononuclear cell cultures (30). This lymphokine 
has been called B cell stimulatory factor 1. Recent 
reports have demonstrated that B cell stimulatory factor 
acts on not only B cells but also other hematopoietic 
cells, including macrophages (3 1-33). These results in- 
dicate that B cell stimulatory factor 1 (IL-4) has an 
important role in the regulation of growth and differ- 
entiation of various hematopoetic cells. We confirmed 
that mouse rIL-4 induces fusion of mouse alveolar 
macrophages. However, the maximal fusion rate of 
alveolar macrophages obtained by as high as 3000 
units/ml of rIL-4 was only 40-45%, whereas that in- 
duced by the conditioned media of mitogen-stimulated 
spleen cell cultures attained a level as high as 70-80%. 
Although some other unknown factor(s) may also be 
involved in inducing fusion of alveolar macrophages, 
IL-4 is considered to be a powerful candidate for MFF. 

We found that rIL-4 also induced fusion of alveolar 
macrophages by a spermidine-dependent mechanism 
and it increased synthesis of five proteins (1 72,000, 
98,000, 78,000, 53,000, and 50,000) in nine proteins 
induced by I L Y , ~ ~ - ( O H ) ~ D ~  through a spermidine-de- 
pendent mechanism. These results suggest that the three 
spermidine-dependent proteins (98,000, 78,000, and 
50,000) commonly induced by 1 ~ ~ , 2 5 - ( o H ) ~ D ~  and IL- 
4 are involved in the fusion of mouse alveolar macro- 

phages (Table I) (Tanaka et al., submitted for publica- 
tion). This suggests that there is a common mechanism 
in the fusion of alveolar macrophages induced by the 
respective compounds. A possible explanation is that 
1 a,25-(OH)2D3 induces IL-4 synthesis, which in turn 
promotes fusion of macrophages. However, it should 
be noted that the maximal fusion rate obtained by rIL- 
4 was lower than that induced by la,25-(0H)& 
Whether 1 ( Y , ~ ~ - ( O H ) ~ D ~  induces expression of mRNA 
of IL-4 in macrophages and whether lc1,25-(OH)~D~ 
and IL-4 increase the synthesis of above common pro- 
teins by respective receptor-mediated mechanisms are 
of considerable interest and are currently under inves- 
tigation. 

Calcium is Essential in the Fusion of Alveolar 
Macrophages Induced by 1 ~ ~ , 2 5 - ( 0 H ) ~ D ~  

It has been reported that some divalent cations, in 
particular calcium ion, are involved in the fusion proc- 
ess of some cells such as erythrocytes, skeletal muscle 
cells, and myoblasts (34-36). Very recently, we also 
found that the calcium ion is essential for inducing 
fusion of macrophages. When alveolar macrophages 
were cultured with la,25-(OH)2D3 in a medium with 
graded concentrations (0.13-1.85 mM) of calcium, the 
fusion rate went down in parallel with the decrease of 
medium calcium (37). Neither calcium ionophore 
A23187 nor TPA induced fusion of freshly isolated 
macrophages, but the two compounds greatly promoted 
fusion of the macrophages pretreated with 1a,25- 
(OH)2D3 for 18 hr. The vitamin effect for the first 18 
hr occurred in a similar manner irrespective of the 
medium calcium concentration (37). In contrast, mil- 
limolar orders of calcium were essential in the subse- 
quent period of incubation (18-72 hr) for inducing 
fusion (37). The activation of macrophages measured 
by the induction of cytotoxicity and the enhancement 
of glucose consumption by la,25-(0H)2D3 occurred in 
a similar manner irrespective of the medium calcium 
concentration. These results clearly indicate that the 
fusion process of alveolar macrophages induced by 
1~1,25-(0H)~D~ can be divided into two phases: the 
calcium-independent priming phase (0- 18 hr) and the 
calcium-dependent progression phase ( 18-72 hr). 
1 ~ ~ , 2 5 - ( 0 H ) ~ D ~  is necessary only in the priming phase 
and A23187 or TPA can be substituted for la,25- 
(OH)2D3 in the progression phase (Fig. 4). In the pro- 
gression phase, changes of cytoskeletal proteins induced 
by calcium-dependent proteins such as calmodulin, 
calpain and gelsolin, phospholipase A2-dependent ara- 
chidonic acid metabolism, or membrane phospholipase 
C-dependent phospholipid metabolism may be in- 
volved. The relationship between the proteins com- 
monly induced by la,25-(OH)2D3 and IL-4 by a sper- 
midine-dependent mechanism in the priming phase 
and the role of calcium in the progression phase is of 
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considerable interest and it is under investigation in 
our laboratory. 

The Role of 1 ~ , 2 5 - ( 0 H ) ~ D ~  on Osteoclast Formation 
The marked stimulating effects of I ~ , 2 5 - ( 0 H ) ~ D ~  

on differentiation of myeloid cells into monocytes- 
macrophages and fusion of the differentiated macro- 
phages prompted us to examine the role of la,25- 
(OH)2D3 on osteoclast formation. We developed a 
mouse marrow culture system to examine the forma- 
tion of osteoclast-like multinucleated cells (MNC). 
1 a,25-(OH)2D3 greatly stimulated the formation of tar- 
trate-resistant acid phosphatase (TRACP, a marker en- 
zyme of osteoc1asts)-positive MNC dose and time de- 
pendently (38). The number of clusters consisting of 
TRACP-positive mononuclear cells was also increased 
by l~u,25-(OH)~D~. Time course studies showed that 
these TRACP-positive mononuclear cell clusters ap- 
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ld,25(OH),D3 1+25(OH),D, 
I L-4 A23187 

T PA 
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Cytoskeletal 
proteins 

Spermidine f Calmodulin 
J. Calpain 

Protein synthesis Gelsolin 
PLase A 2  - Prostaglandin(s) 
PLase C -Membrane lipids 

Figure 4. A possible mechanism of the two-step fusion process 
alveolar macrophages. 

of 

peared prior to the formation of MNC, suggesting that 
the TRACP-positive mononuclear cells are precursors 
of MNC. In the control culture, no TRACP-positive 
MNC was formed. Most of the TRACP-positive mono- 
nuclear cell clusters and MNC were found near the 
colonies of alkaline phosphatase-positive mononuclear 
cells (possibly osteoblasts) in the cultures (38). 

Salmon calcitonin (CT) markedly inhibited the 
formation of TRACP-positive MNC but not of 
TRACP-positive mononuclear cell clusters induced by 
1 a,25-(OH)2D3 (38). By means of the autoradiography 
of I2%labeled CT and the measurement of CT-depend- 
ent cAMP production, it was shown that the TRACP- 
positive MNC formed in vitro possessed CT receptors 
(39). '251-Labeled CT was specifically bound to the 
TRACP-positive MNC and mononuclear cells (39). 
The CT-dependent cAMP production was induced in 
parallel with the increase in the number of TRACP- 
positive MNC induced by I a,25-(OH)2D3 (39). Neither 
freshly isolated marrow cells nor the cells cultured 
without la,25-(OH)2D3 accumulated CT-dependent 
CAMP. CT also induced cytoplasmic contraction of 
marrow-derived MNC. These results suggest that the 
MNC induced by 1 a,25-(OH)zD3 from mouse marrow 
cells possess CT receptors and respond to exogenous 
CT, as authentic osteoclasts do (39). 

When marrow cells were cultured with la,25- 
(OH)2D3 on sperm whale dentin slices, many resorption 
lacunae were formed on the dentin surfaces (38). An 
electron microscopic study revealed that MNC located 
on the lacunae exhibited characteristic ruffled borders 
and clear zones. The surface dentin layer facing the 
ruffled borders was decalcified, whereas that facing the 
clear zones was not. Numerous fragments of dentin 
crystals were recognized both in the extracellular space 
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Figure 5. A possible mechanism of 1 C Y , ~ ~ - ( O H ) ~ D ~  action in osteoclast formation. 
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of the rumed borders and in the dark lysosomes located 
in the deep cytoplasm of MNC (Sasaki et al., submitted 
for publication). These results clearly indicate that 
mouse marrow-derived MNC formed in v i m  in the 
presence of la,25-(OH)2D3 satisfy all of the criteria of 
osteoclasts and that osteoblasts may play an important 
role in osteoclast formation (Fig. 5). 

Conclusion 
I C X , ~ ~ - ( O H ) ~ D ~  modulates not only extracellular 

calcium homeostasis, but also growth, differentiation, 
and fusion of hemopoietic cells. Two aspects of the 
effects of 1 ~ , 2 5 - ( 0 H ) ~ D ~  in modulating cell growth and 
differentiation appear important: first, 1 a,25-(OH)2D3 
regulates osteoclast formation; in other words, skeletal 
homeostasis by modulating differentiation and fusion 
of osteoclast progenitors. Second, I a,25-(OH)2D3 ap- 
pears to act as a biologic response modifier in cell 
growth and differentiation. We expect that a better 
understanding of the differentiating action of 1 a,25- 
(OH)2D3 will provide important clues to the physiology 
and pathophysiology of several clinical states. 

This review article has been written based on the presentation 
at the symposium entitled Newly Discovered Actions of 1,25-Dihy- 
droxyvitamin D3 chaired by Dr. H. F. DeLuca, President of SEBM, 
at the FASEB Meeting held in Las Vegas, May 1-6, 1988. I am 
grateful to Dr. H. F. DeLuca for giving me the opportunity to present 
our recent work at the symposium. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Suda T, Miyaura C, Abe E, Kuroki T. Modulation of cell 
differentiation, immune responses and tumor promotion by vi- 
tamin D compounds. Bone Miner Res 4:l-48, 1986 
Abe E, Miyaura C, Sakagami H, Takeda M, Konno K, Yamazaki 
T, Yoshiki S, Suda T. Differentiation of mouse myeloid leukemia 
cells induced by 1 a,25-dihydroxyvitamin D3. Proc Natl Acad Sci 
USA 78:4990-4994, 198 1. 
Kahn AJ, Simmons DJ. Investigation of cell lineage in bone 
using a chimera of chick and quail embryonic tissue. Nature 

Baron R, Van PT, Nefussi JR, Vignery A. Kinetic and cytochem- 
ical identification of osteoclast precursors and their differentia- 
tion into multinucleated osteoclasts. Am J Pathol 122:363-378, 
1986. 
Raisz LG, Trummel CL, Holick MF, DeLuca HF. 1,25-Dihy- 
droxycholecalciferol: A potent stimulator of bone resorption in 
tissue culture. Science 175768-769, 1972. 
Holtrop ME, Cox KA, Clark MB, Holick MF, Anast CS. 1,25- 
Dihydroxycholecalciferol stimulates osteoclasts in rat bones in 
the absence of parathyroid hormone. Endocrinology 108:2293- 
2301, 1981. 
Provvedini DM, Tsoukas CD, Deftos LJ, Manolagas SC. 1,25- 
Dihydroxyvitamin D3 receptors in human leukocytes. Science 

Bhalla AK, Amento EP, Clemens TL, Holick MF, Krane SM. 
Specific high-affinity receptors for 1,25-dihydroxyvitamin D3 in 
human peripheral blood mononuclear cells: presence in mono- 
cytes and induction in T-lymphocytes following activation. J Clin 
Endocrinol Metab 57:1308-1310, 1983. 
Miyaura C, Abe E, Kuribayashi T, Tanaka H, Konno K, Nishii 
Y, Suda T. 1 a,25-Dihydroxyvitamin D3 induces differentiation 

258~325-327, 1975. 

221:1181-1183, 1983. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

VITAMIN 

of human myeloid leukemia cells. Biochem Biophys Res Com- 
mun 102:937-943, 1981. 
Tanaka H, Abe E, Miyaura C, Kuribayashi T, Konno K, Nishii 
Y, Suda T. 1 a,25-Dihydroxycholecalciferol and human myeloid 
leukemia cell line (HL-60): The presence of receptors and induc- 
tion of differentiation. Biochem J 204:713-719, 1982. 
McCarthy DM, San Miguel JF, Freake HC, Green PM, Zola H, 
Catovsky D, Goldman JM. 1,25-Dihydroxyvitamin D3 inhibits 
proliferation of human promyelocytic leukemia (HL-60) cells 
and induces monocyte-macrophage differentiation in HL-60 and 
normal human bone marrow cells. Leuk Res 7:51-55, 1983. 
Dodd RC, Cohen MS, Newman SL, Gray TK. Vitamin D 
metabolites change the phenotype of monoblastic U937 cells. 
Proc Natl Acad Sci USA 80:7538-7541, 1983. 
Olsson I, Gullberg U, Ivhed I, Nilsson K. Induction of differen- 
tiation of the human histiocytic lymphoma cell line U937 by 
la,25-dihydroxycholecalciferol. Cancer Res 43:5862-5867, 
1984. 
Tanaka H, Abe E, Miyaura C, Shiina Y, Suda T. la,25-Dihy- 
droxyvitamin Di induces differentiation of human promyelocytic 
leukemia cells (HL-60) into monocyte-macrophages, but not into 
granulocytes. Biochem Biophys Res Commun 11756-92, 1983. 
Clohisy DR, Bar-Shavit Z, Chappel JC, Teitelbaum SL. 1,25- 
Dihydroxyvitamin D3 modulates bone marrow macrophage pre- 
cursor proliferation and differentiation. J Biol Chem 262: 15922- 
15929, 1987. 
Bar-Shavit Z, Teitelbaum SL, Reitsma P, Hall A, Pegg LE, Trial 
J, Kahn AJ. Induction of monocytic differentation and bone 
resorption by 1,25-dihydroxyvitamin D,. Proc Natl Acad Sci 

Mangelsdorf DJ, Koemer HP, Donaldson CA, Pike JW, Haussler 
MR. 1,25-Dihydroxyvitamin D3-induced differentiation in a hu- 
man promyelocytic leukemia cell line (HL-60): Receptor-me- 
diated maturation to macrophage-like cells. J Cell Biol 98:39 1- 
398, 1984. 
Miyaura C, Abe E, Suda T, Kuroki T. Alternative differentiation 
of human promyelocytic leukemia cells (HL-60) induced selec- 
tively by retinoic acid and 1 a,25-dihydroxyvitamin D3. Cancer 
Res 454244-4248, 1985. 
Abe J, Moriya Y, Saito M, Sugawara Y, Suda T, Nishii Y. 
Modulation of cell growth, differentiation, and production of 
interleukin 3 by ln,25-dihydroxyvitamin D3 in the murine mye- 
lomonocytic leukemia cell line WEHI-3. Cancer Res 46:6316- 
6321, 1985. 
Kasukabe T, Honma Y, Hozumi M, Suda T, Nishii Y. Control 
of proliferating potential of myeloid leukemia cells during long- 
term treatment with vitamin D3 analogues and other differentia- 
tion inducers in combination with antileukemic drugs: In vitro 
and in vivo studies. Cancer Res 47:567-572, 1987. 
Honma Y, Hozumi M, Abe E, Konno K, Fukushima M, Hata 
S, Nishii Y, DeLuca HF, Suda T. la,25-Dihydroxyvitamin D3 
and 1 a-hydroxyvitamin D3 prolong survival time of mice inoc- 
ulated with myeloid leukemia cells. Proc Natl Acad Sci USA 
80:201-204, 1983. 
Abe E, Miyaura C, Tanaka H, Shiina Y, Kuribayashi T, Suda S, 
Nishii Y, DeLuca HF, Suda T. la,25-dihydroxyvitamin D3 pro- 
motes fusion of mouse alveolar macrophages both by a direct 
mechanism and by a spleen cell-mediated indirect mechanism. 
Proc Natl Acad Sci USA 80:5583-5587, 1983. 
Sone S, Bucana C, Hoyer LC, Fidler IJ. Kinetics and ultrastruc- 
tural studies of the induction of rat alveolar macrophage fusion 
by mediators released from mitogen-stimulated lymphocytes. Am 
J Pathol 103:234-246, 1981. 
Ibbotson KJ, Roodman GD, McManus LM, Mundy GR. Iden- 
tification and characterization of osteoclast-like cells and their 
progenitors in cultures of feline marrow mononuclear cells. J 
Cell Biol99:471-480, 1984. 
Roodman GD, Ibbotson KJ, MacDonald BR, Kuehl TJ, Mundy 

USA 80~5907-5911, 1983. 

D AND MYELOID CELL DIFFERENTIATION 219 



GR. 1,25-Dihydroxyvitamin D3 causes formation of multinucle- 
ated cells with several osteoclast characteristics in cultures of 
primate marrow. Proc Natl Acad Sci USA 82:82 13-82 17, 1985. 

26. Ohta M, Okabe T, Ozawa K, Urabe A, Takaku F. la,25-Dihy- 
droxyvitamin D, (calcitriol) stimulates proliferation of human 
circulating monocytes in vitro. FEBS Lett 1859- 13, 1985. 

27. Hayashi T, Shinki T, Tanaka H, Abe E, Suda T. Polyamines are 
involved in the 1 cu,25-dihydroxyvitamin D,-induced fusion of 
mouse alveolar macrophages. J Bone Miner Res 1:235-242, 
1986. 

28. Abe E, Shiina Y, Miyaura C, Tanaka H, Hayashi T, Kanegasaki 
S, Saito M, Nishii Y, DeLuca HF, Suda T. Activation and fusion 
induced by 1 a,25-dihydroxyvitamin D, and their relation in 
alveolar macrophages. Proc Natl Acad Sci USA 81:7 1 12-7 1 16, 
1984. 

29. McInnes A, Rennick DM. Interleukin 4 induces cultured mono- 
cytes/macrophages to form giant multinucleated cells. J Exp Med 

30. Paul WE, Ohara J. B-cell stimulatory factor-l/interleukin 4. Ann 
Rev Immunol5:429-459, 1987. 

31. Lee F, Yokota T, Otsuka T, Meyerson P, Villaret D, Coffman 
R, Mosmann T, Rennick D, Roehm N, Smith C, Zlotnik A, Arai 
K. Isolation and characterization of a mouse interleukin cDNA 
clone that expresses B-cell stimulatory factor 1 activities and T- 
cell and mast cell-stimulating activities. Proc Natl Acad Sci USA 

32. Crawford R, Finbloom DS, Ohara J, Paul WE, Meltzer M. B- 
cell stimulatory factor- 1 (interleukin 4) activates macrophages 

167598-61 1, 1988. 

83~2061-2065, 1986. 

for increased tumoricidal activity and expression of Ia antigens. 
J Immunol139:135-141, 1987. 

33. Rennick DM, Yang G, Muller-Sieburg C, Smith C, Arai N, 
Takabe Y, Gemmell L. Interleukin 4 (B-cell stimulatory factor 
1 )  can enhance or antagonize the factor-dependent growth of 
hemopoietic progenitor cells. Proc Natl Acad Sci USA 84:6889- 
6893, 1987. 

34. Ahnkong QE, Tampion W, Lucy JA. Promotion of cell fusion 
by divalent cation ionophores. Nature 256:208-209, 1975. 

35. Bosch JV, Schudt C, Pette D. Quantitative investigation on Ca++- 
and pH-dependence of muscle cell fusion in vitro. Biochem 
Biophys Res Commun 48:326-332, 1972. 

36. Schudt C, Pette D. Influence of the ionophore A23 187 on my- 
ogenic cell fusion. FEBS Lett 59:36-38, 1975. 

37. Jin CH, Segawa A, Miyaura C, Tanaka H, Abe E, Suda T. 
Calcium is essential in the fusion process of mouse alveolar 
macrophages induced by 1 a,25-dihydroxyvitamin D,. J Cell 
Physiol 137:llO-116, 1988. 

38. Takahashi N, Yamana H, Yoshiki S, Roodman GD, Mundy 
GR, Jones SJ, Boyde A, Suda T. Osteoclast-like cell formation 
and its regulation by osteotropic hormones in mouse bone mar- 
row cultures. Endocrinology 122:1373-1382, 1988. 

39. Takahashi N, Akatsu T, Sasaki T, Nicholson GC, Moseley JM, 
Martin TJ, Suda T. Induction of calcitonin receptors by la,25- 
dihydroxyvitamin D, in osteoclast-like multinucleated cells 
formed from mouse bone marrow cells. Endocrinology 
123:1504-15 10, 1988. 

220 VITAMIN D AND MYELOID CELL DIFFERENTIATION 




