






VITAMIN D ANALOGUES AND LEUKEMIA CELL DIFFERENTIATION

Table 1 Effect of vitamin I) analogues on donai growth unti cellular differentiation of leukemic cells
ED50(X 10~' M)

Gonipoundnumber
Compoundname/

l,25(OH)2Dj2
l,25(OH)2-16-ene-23-yne-D34
1.25(OH)2-16-ene-23-vne-26,27-</6-D,5
lF.25(OH)-16-ene-23-yne-D36

1F.25(OH)- 16-ene-23-yne-26.27-i/,,-D,3
25(OH)-l6-ene-23-yne-D3InhibitHL-60142h2327NRÂ°ion

of colony formationPLB-985-100.1132-10090NRHL-60NBT-positive9.61.83.22.39.3NR

' NR, the ED50was not reached.
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Fig. 3. Dose-response of vitamin D analogues on clonal proliferation of PLB-
985 leukemic cells. Results are expressed as a percentage of control plates not
exposed to vitamin D compounds. Each point represents the mean of two
experiments with triplicate dishes. O. 1.25(OH)2D3 (compound /);â€¢. 1.25(OH)2-
16-ene-23-yne-Dj (compound 2), A. 25(OH)-16-ene-23-yne-D, (compound 3); D,
l,25(OH)2-16-ene-23-yne-26.27-</,,-D3 (compound 4). A. IF.25(OH)-16-ene-23-
yne-D, (compound 5); â€¢lF.25(OH)-16-ene-23-yne-26.27-i/6-D, (compound 6).
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Fig. 5. Dose-response of vitamin D analogues on clonal proliferation of
normal human bone marrow leukemic cells. Results are expressed as a percentage
of control plates not exposed to vitamin D compounds. Each point represents the
mean of two experiments with triplicate dishes. O. 1,25(OH)2D, (compound /);
Â». 1.25(OH)2-16-ene-23-yne-D, (compound 2), A, 25(OH)-16-ene-23-yne-D3
(compound .?): O. 1.25(OH)2-16-ene-23-yne-26.27-</6-D, (compound 4), A,
lF.25(OH)-16-ene-23-yne-D, (compound 5): â€¢ lF,25(OH)-16-ene-23-yne-
26.27-Ã•/6-D,(compound 6).
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Fig. 4. Dose-response of vitamin D analogues on clonal proliferation of KG-
1 leukemic cells. Results are expressed as a percentage of control plates not
exposed to vitamin D compounds. Each point represents the mean of two
experiments with triplicate dishes. O, 1,25(OH)2D, (compound /);â€¢, 1,25(OH)2-
16-ene-23-yne-Dj (compound 2), A. 25(OH)-16-ene-23-yne-Dj (compound 3); D,
l,25(OH)2-16-ene-23-yne-26,27-<4-D3 (compound 4). A. lF.25(OH)-16-ene-23-
yne-D, (compound 5); â€¢lF,25(OH)-16-ene-23-yne-26.27-</6-D3 (compound fi).

Effects of Vitamin D Analogues on Stimulation of Intestinal
Calcium Absorption and Bone Calcium Mobilization. Fig. 7
presents the results of an assessment of the ability of the five
analogues of 1,25(OH)2D, to stimulate ICA, and BCM, as
assessed under our standard conditions in the vitamin D-defi-
cient chick. A summary of results is presented in Table 2. The
most potent stimulator of ICA and BCM, as expected, was the
reference compound 1,25(OH)2D.,; the activity produced by 100
pmol of I,25(OH)2D, was set to 100% for both ICA and BCM.
Then, the dose of the comparison analogues required to achieve
a biological response of either ICA or BCM equivalent to the
100-pmol dose of 1,25(OH)2D, was calculated and converted
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Fig. 6. Dose-response of vitamin D analogues on differentiation of HL-60
cells. Results are expressed as a percentage of untreated HL-60 cells for reduction
of NBT. Each point represents mean of two experiments with triplicate dishes.
O, 1.25(OH)2D, (compound /);â€¢. 1.25(OH)2-16-ene-23-yne-D, (compound 2);
A, 25(OH)-16-ene-23-yne-D, (compound 3); D. 1.25(OH)2-16-ene-23-yne-26,27-
(/â€ž-D,(compound 4), A. IF.25(OH)-16-ene-23-yne-D, (compound 5); â€¢
lF.25(OH)-16-ene-23-yne-26.27-i/6-D., (compound 6).

to a percentage. The relative order of potency of the five
analogues for stimulation of ICA was l,25(OH):-16-ene-23-
yne-D, > l,25(OH)2-16-ene-23-yne-26,27-i/f,-D, > 25(OH)-16-
ene-23-yne-D, > lF,25(OH)-16-ene-23-yne-D, = 1F,25(OH)-
16-ene-23-yne-26,27-i/(,-D, (2 > 4 > 3 > 5 = 6). Similarly, the
relative order of potency for BCM was l,25(OH)2-16-ene-23-
yne-D, > 25(OH)-16-ene-23-yne-D, > l,25(OH)-16-ene-23-
yne-26,27-dâ€ž-D, > lF,25(OH):-16-ene-23-yne-26,27-</6-D., >
1F,25(OH)-16-ene-23-yne-D, (2 > 3 > 4 > 6 > 5). It is apparent
that the structural modifications individually incorporated into
the five test analogues greatly diminished their abilities to
stimulate intestinal calcium absorption and bone calcium mo-
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Fig. 7. Dose-response effect of 1.25(OH)2-16-ene-23-yne-D, (compound 2) or

other analogues of 1.25(OH)2D, (compound /) on ICA and BCM in the vitamin
D-dcficient chick. The analogues of 1.25(OH)2D, were given i.m. to vitamin D-
deficient chicks 12 h before assay; the control A< Â«as48 h before assay. Results
are expressed as mean Â±SE of groups of seven chicks. Each assay included a
negative control (â€”/))and a positive control of vitamin Di. 3.25 nmol (see
"Materials and Methods"); the difference between these two groups was signifi

cant at P < 0.01. A detailed evaluation was carried out for each of the five
analogues (2-6) in separate bioassays; the results arc summarized in Table 2.

biliAilion, in comparison to the reference 1,25(OH):D3. Also,
it can be noted that there are some subtle differences amongst
the analogues relative to their abilities to stimulate BCM versus
ICA. Thus, analogue 3, 25(OH)-16-ene-23-yne-D%, was more
potent at stimulating BCM than ICA, as was analogue 6,
lF,25(OH)-16-ene-23-yne-26,27-</,,-D,.

The relative abilities of the various analogues to compete
with tritiated l,25(OH):Di for binding to the chick intestinal

receptor and HL-60 receptor are summarized in Table 3. Com
petition was quantitated by measuring the decrease in specific
binding of a fixed concentration of 1,25(OH)2-['H]D., as in

creasing concentrations of the test analogue were added to an
in vitro incubation. The RCI obtained for l,25(OH)2-16-ene-
23-yne-D, (compound 2) was a mean 75% of the RCI of
1,25(OH)2D, in both chick intestinal receptors and the HL-60-

derived receptors.
The ligand binding properties of the 1,25(OH)2D, receptor

present in the chick intestine versus the HL-60 cells appear not
to be identical, in that both analogue 4 (lo,25-hydroxy-16-ene-
23-yne-26,27-hexadeutero-vitamin D,) and analogue 6 (lÂ«-flu-
oro-25-hydroxy-16-ene-23-yne-26,27-hexadeutero-vitamin D.,)
had significantly different RCI values in the two receptor prep
arations. Analogue 3 (l<v-fluoro-25-hydroxy-16-ene-23-yne-vi-
tamin D,) had a significantly reduced RCI value in relation to
the other receptors, consistent with the fact that it has no 1-
hydroxyl group, which has been shown in previous studies to
be critically important for optimal binding to the 1,25(OH)2D,
receptor (29).

Inhibition of the 25(OH)D,-l-hydroxylase. Compounds
1,25(OH)2-16-ene-23-yne-D, (compound 2) and 1,25(OH)2-16-
ene-23-yne-26,27-i/h-D, (compound 4), which were the most
effective in inhibiting proliferation and inducing differentiation,
were the least effective inhibitors of the chick kidney mitochon-
drial 25(OH)-Di-l-hydroxylase, both being less effective than
1,25(OH)2D, itself (see Table 3). Compounds 25(OH)-16-ene-
23-yne-D, (compound 3), lF,25(OH)-16-ene-23-yne-D, (com
pound 5), and lF,25(OH)-16-ene-23-yne-26,27-rf6-D, (com
pound 6) were as effective, or more so, than 1,25(OH)2D,. The
active site of the 25(OH)D,-lÂ«-hydroxylase cytochrome P450
enzyme has a substrate binding domain which will have certain
tolerances for ligand binding. In this regard the cytochrome
P45nmoiety can apparently accommodate the deuterated C26
and C27 methyl groups, and addition of the fluorine at carbon
1 appears to increase inhibitor potency [compare 1,25(OH)2-
16-ene-23-yne-D3 (compound 2) with lF,25(OH)-16-ene-23-
yne-D, (compound 5) and l,25(OH)2-16-ene-23-yne-26,27-</6-
D, (compound 4) with lF,25(OH)-16-ene-23-yne-26,27-rf6-D,
(compound 6).

DISCUSSION

In a previous report from these laboratories (15), we reported
that l,25(OH)2-16-ene-23-yne-Dj (compound 2) was the most

Table 2 Effect oj vitamin D analogm'* on intestinal calcium absorption and hone calcium mobilization in the vitamin l)-ttefident chick
The vitamin D analogue was administered to vitamin D-deficient chicks 12 h before the assay. The chicks were anesthetized and 4.0 mg of "Â°Ca2*and 10 jiCi of

"Ca2* were placed in the duodenum. After 30 min. sera were sampled for "'Ca2*. The results presented for ICA and BCM are derived from dose-response studies for
each compound, similar to that presented in Fig. 7 for 1.25(OH);D, and 1.25(OH)2-16-enc-23-yne-D, (compound 4). The results summarized in this table are derived
from several bioassays.

BCM ICA

Compoundnumber/24563Compound
name1,25(OH)2D31.25(OH)2-16-ene-23-vne-Di1.25(OH)2-16-ene-23-yne-26.27-</6-D,lF.25(OH)-16-ene-23-yne-DjlF.25(OH)-l6-enc-23-yne-26,27-i/6-D,25(OH)-16-ene-23-yne-DjDose

of analogue to
achieveresponseequivalent

to 100
pmolof1,25(OH)2D,(pmol)1003.3008.300125.0008.3005.000Ratio[1.25(OH)2D3] .x

tuo
[analoguedose)(%)1003.01.20.080.22.0Dose

of analogue to
achieveresponseequivalent

to 100
pmolof1.25(OH)2D,(pmol)1005.00025.000333,000500.00077.000Ratio|1.25(OH)2D,]|oo[analogue

dose]TO1002.00.40.030.020.13
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Table 3 Relative effects of l,25(OH)ÃŸ, and its analogues upon components of the vitamin D endocrine system

RCI
Inhibition (<i) of 25 OH

Dj-1-hydroxylase at

Compound
number/24563Compoundnamel,25(OH)2Dj1

,25(OH)r 16-ene-23-\ne-D,1.25(OH)2-16-ene-23-yne-26,27-</6-D,lF.25(OH)-16-ene-23-yne-lF.25(OH)-16-ene-23-yne-26.27-i/6-D,25(OH)-16-ene-23-yne-D,25(OH)DjDBP0.15
+0.060.05
Â±0.04ND"NDNDND100Chick

in
testine1007586

Â±224

Â±526

Â±90.430.15

Â±0.02HL-60

cell1007946

Â±1'35

Â±1555

Â±1*ND2Â±

15

x 10~'M533626685863IO'7M402611372336

0 ND, not determined; where indicated the values are the mean Â±SD of triplicate determinations.
h The RCI values for the chick intestine versus the HL-60 cells were significantly different at P < 0.05.

promising of eight analogues of 1,25(OH)2D, studied, with
respect to its potency in stimulating cell differentiation in HL-
60 cells without stimulating the classic vitamin D response of
intestinal calcium absorption.

In this study we have studied five additional analogues of
1,25(OH)2D, (see Fig. 1) with respect to their ability to effect
productive cell differentiation and inhibition of proliferation of
HL-60 cells and related cell lines, e.g., PLB 985 early myelo-
blasts or KG-1 blast cells. In addition, we have evaluated for
these same analogues their relative effectiveness with regard to
stimulating ICA and BCM in the vitamin D-deficient chick
bioassay model and their ability to inhibit mitochondria! 25-
OH-D,-l-hydroxylase activity. The principle structural param
eters of the vitamin D secosteroid which were examined were
(a) the presence or absence of six deuterium atoms on carbons
26 and 27 and (b) on the A-ring, the deletion of the 1a-hydroxyl
or substitution of the 1a-hydroxyl group by a la-fluoro group.
The substitution of the protons on carbons 26 and 27 by tritium
atoms has been previously shown to affect not only the metab
olism but also the Chromatographie behavior of the 1,25(OH)2-
secosteroid (30). Also, the introduction of fluorine atoms (13,
31) or the lengthening of the side chain by one carbon (16, 18)
has been shown to markedly alter the biological properties of
the compound under study.

As summarized in Table 1, l,25(OH);-16-ene-23-yne-D,
(compound 2) and its hexadeutero analogue, namely
l,25(OH)2-16-ene-23-yne-26,27-<4-D, (analogue 4), were 2-7
times more potent than 1,25(OH)2D3 with respect to inhibition
of clonal growth in HL-60 cells (Fig. 2), as well as stimulation
of differentiation of HL-60 cells towards NBT-positive macro-
phage-like cells (Fig. 6). Substitution of the lÂ«-hydroxyl group
on either of these analogues by a 1Â«-fluorine atom, as in
analogues 5 and 6, resulted in compounds with variable activity
which was approximately equivalent to that of the parent
1,25(OH)2D> The complete absence of the 1a-hydroxyl group,
without substitution with a la-fluorine, as in analogue 3
[25(OH)16-ene-23-yne-D,J was completely ineffective in inhi
bition of clonal growth as well as induction of NBT activity in
HL-60 cells (Table 1).

Both l,25(OH)2-16-ene-23-yne-Di and its hexadeutero ana
logue (compound 4) were equivalently effective in limiting
clonal growth of PLB-985 cells, as well as stimulating the clonal
growth of KG-1 blast cells. These latter cells are very immature
myeloblasts derived from a patient with acute myelogenous
leukemia. These cells have the unique characteristic of respond
ing to colony growth factors with an enhanced clonal growth.
Finally, the committed myeloid stem cells known as GM-CFC
showed the greatest variability in response to the five analogues

evaluated. Compound 2 [l,25(OH)2-16-ene-23-yne-D3] and
compound 4 [l,25(OH)2-16-ene-23-yne-26,27-d6-D.,], as well as
compound 5 [lF,25(OH)-16-ene-23-yne-D,], were all able to
stimulate approximately 2-fold, while analogue 6 [1a-fluoro,25-
hydroxy-16-ene-23-yne-26,27-hexadeutero-vitamin D3] was
less stimulatory.

An assessment of the ICA and BCM activities for the five
analogues indicated that they were all significantly less potent
in the vitamin D-deficient chick bioassay model than
1,25(OH)2D, (see Table 2). In terms of ICA, any structural
variations in l,25(OH)2-16-ene-23-yne-D, (analogue 2) resulted
in analogues with significantly less ICA activity than 25(OH)-
16-ene-23-yne-D3; this leads to the conclusion that introduction
of a 26,27 hexadeutero moiety, deletion of the lÂ«-hydroxyl
group, or substitution of the lÂ«-hydroxy group by a la-fluorine
atom significantly affects the generation of intestinal calcium
absorption bioresponse. Thus, these analogues had approxi
mately one fifth to one tenth the activity of analogue 1,25(OH)2-
16-ene-23-yne-D., (compound 2). A slightly different spectrum
of activities was evaluated with respect to BCM. Here, ana
logues l,25(OH)2-16-ene-23-yne-26,27-</6-D., (compound 2),
25(OH)-16-ene-23-yne-D, (compound 3), and 1,25(OH)2-16-
ene-23-yne-26,27-<4-D, (compound 4) had approximately the
same BCM activity, which ranged from 1 to 3% of that of
1,25(OH)2Dâ€ž while analogues lF,25(OH)-16-ene-23-yne-D,
(compound 5) and lF,25(OH)-16-ene-23-yne-26,27-i/6-D3
(compound 6) had significantly less BCM activity (0.08-0.2%)
than 1,25(OH)2D,. Thus, the presence of a la-fluoro group in
the place of a 1a-hydroxyl group is significantly deleterious
with respect to the generation of BCM biological responses.

An assessment of the ability of the five analogues to bind
under in vitro conditions to the l,25(OH)2Dj receptor present
in the chick intestinal mucosa and HL-60 cells was performed.
As anticipated, analogue 25(OH)-16-ene-23-yne-D3 (compound
3) had very little affinity for the 1,25(OH)2D, receptor, con
sistent with the notion that the presence of a la-hydroxl group
is critical for optimal ligand binding (29). Other structural
variations, as represented by analogues 2 and 4-6, all had some
(Iiinun il ion of the measured RCI, which ranged from 26 to 86%
of the RCI of the reference 1,25(OH)2D,. Interestingly, ana
logue 6 (la-fluoro,25-hydroxy-l6-ene-23-yne-26,27-hexadeu-
tero-vitamin D3) had a significantly reduced RCI (26 Â±9) for
the chick intestine, as compared with the HL-60 RCI of 55 Â±
1. Analogue 4 (l,25-(OH)2-16-ene-23-yne-26,27-</6-Di) bound
approximately twice as effectively to the chick intestinal recep
tor as to the HL-60 receptor. Thus, in the presence of the 26,27
hexadeutero atoms, the substitution of the la-fluorine atom
(analogue 6) for the 1a-hydroxyl group (analogue 4) appears
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to generate some discriminatory binding activity between the
chick intestinal cells versus the HL-60 cells. It is not known
whether this intestinal difference would reflect a species (chick
versus human) or target organ (intestine versus bone marrow
cell) difference.

Another protein of the vitamin D endocrine system which
binds l,25(OH)2Di is the mitochondrial cytochrome P45o-lÂ«,
the terminal and specific component of 25-OH-D,-l-hydrox-
ylase. It is possible to compare the relative ability of analogues
to bind to the substrate binding domain of the 1a-hydroxylase,
as assessed by their relative inhibition of the enzymatic conver
sion of ['H]-25(OH)D, to product ['H]-1,25(OH)2D,. Thus, it

is informative to compare analogue binding to the cytochrome
P45oprotein (as measured by inhibition of la-hydroxylase activ

ity) to analogue binding to the intestinal receptor (RCI); it is
possible that the two binding sites may share some common
properties. The presence of the deuterated side chain does not
affect binding to either protein, while addition of fluorine at
the C-l position decreases receptor binding and increases 1-
hydroxylase inhibition, suggesting differences in the topology
of the binding sites in this region. This is perhaps not surprising,
since this is a key recognition region for the intestinal receptor
and a target region for the catalytic activity of the enzyme, i.e.,
introduction of the lÂ«-hydroxyl on carbon-1. Consistent with
this interpretation is the fact that the presence of a la-hydroxyl
group is critical for receptor binding but not for 1-hydroxylase
inhibition. This assay of the consequences of the 1,25(OH)2D,
analogues on the 25(OH)D,- 1-hydroxylase, which is conducted
in chick kidney homogenates, may give some insight into what
the consequences might be of chronic administration of the
analogues in vivo on the renal production of l,25(OH)2Dj.
Thus, a possible complication in the therapeutic administration
of a vitamin D drug effective at promoting cell differentiation
may be that it will inhibit or block the endogenous production
of 1,25(OH)2D, by the kidney.

Recently, several other vitamin D compounds have been
described that have greater or equivalent potency as
1,25(OH)2D, in the induction of differentiation or inhibition of
proliferation of HL-60 cells. One of us (13) and others (32)
have found that the introduction of fluoro groups at either
position C-24, C-26, or C-27 to 1,25(OH)2D, enhances by 4-
7-fold the ability of these analogues to induce differentiation of
HL-60 cells. Extension of the vitamin D side chain by one
carbon (as in 24-homo-l,252D, and 26-homo-l,25(OH)2D,)
resulted in a 10-fold increase in the differentiation-inducing
potency, as compared to 1,25(OH)2D, (16, 18). 24-Homo- and
26-homo-l,25(OH)2D3 are 10-fold more potent than
1,25(OH)2D, in inducing the differentiation of HL-60 cells
(16). The 26-homo analogue is more active and the 24-homo
analogue is less active than 1,25(OH)2D, in mobilizing calcium
from bone (BCM).

Other studies have focused on the length of the side chain of
the D-secosteroids, which is necessary for optimal activity.
Ostrem et al. (19) reported that shortening the side chain by
four carbons leads to an approximate 10-fold reduction in
activity for each carbon removed but, intriguingly, analogues
with very short aliphatic side chains and no hydroxyl groups
had only 20-fold less potency than 1,25(OH)2D,. Murayama et
al. (33) have synthesized the side chain analogue of
1,25(OH)2D, where C-22 is replaced by a 22-oxa group. This
analogue, l,25(OH)2-22-oxa-D3, was reported to have activity
similar to that of 1,25(OH)2D, in promoting HL-60 cell differ
entiation but had a greatly diminished ICA and BCM activity
(34). Similarly, Binderup and Bramm (35) have synthesized a

cyclopropyl side chain analogue [l,24(OH)2-22-ene-24-cyclo-
propyl D,] that also was as effective as 1,25(OH)2D, in stimu
lating cell differentiation but which possessed greatly reduced
ICA and BCM activity; this cyclopropyl side chain analogue of
1,25(OH)2D, has recently been shown to be effective in treating
psoriasis vulgaris (36), a disease characterized by hyperprolifer-
ation and incomplete differentiation of the epidermis.

Another important issue is to determine the relative contri
butions of the hydroxyls on C-l and C-25 of 1,25(OH)2D, to
mediating an inhibition of cell proliferation and to promoting
differentiation of the HL-60 cells. In this regard, Ostrem et al.
(18) as well as we (Table I)4 have shown that removal of the C-

1 or C-25 hydroxyl group from 1,25(OH)2D, greatly reduced
the ability to promote differentiation of the HL-60 cells. Also,
in the present study we noted that substitution of a 1-fluoro
group for a 1Â«-hydroxyl group, as in lF,25(OH)-16-ene-23-
yne-D., (compound 5) or lF,25(OH)-16-ene-23-yne-26,27-</6-
D., (compound 6) required a concentration only twice that of
1,25(OH)2D, to promote HL-60 differentiation, as measured
by the induction of nitroblue tetrazolium reduction. Interest
ingly, both of these analogues lacking a la-hydroxyl group but
possessing a substituted la-fluoro group bound significantly to
both the chick intestinal and the HL-60 cell 1,25(OH)2D,
receptors.

Several structural factors have been shown to influence the
biological activity of analogues of the secosteroid hormone
1,25(OH)2D3 with respect to inhibition of cell proliferation and
induction of cell differentiation. These include (a) their affinity
for binding to the DBF present in the serum, which deliver the
analogue to target cells; (b) their relative abilities to diffuse into
target cells; (c) their relative affinity for 1,25(OH)2D, receptors
in the target cells; and (d) their relative metabolism, degrada
tion, and excretion, i.e., pharmacokinetics. As yet, it is not clear
which of these variables may be dominant in terms of defining
the relative in vivo biological effectiveness of the analogues we
have evaluated. In the present studies, differences in "availabil
ity" to the cell seems unlikely, since our experiments were done

in the presence of excess DBF in the tissue culture environment;
diffusion of 1,25(OH)2D., or its D-analogues is not usually
thought to be rate-limiting over the several-day duration of the
experiments. Perhaps our new analogues are not as efficiently
metabolized and degraded in hematopoietic cells as is
1,25(OH)2D., (37, 38), which may account for their marked
hematopoietic potency even when they have a relatively weak
RCI.

In the current studies we have shown that analogues of
1,25(OH)2D, possessing a 16-ene-23-yne structural modifica
tion are very effective at inhibiting proliferation of HL-60 cells,
as well as inducing differentiation of these cells; the most potent
analogue identified to date is l,25(OH)2-16-ene-23-yne-D> In
troduction of six deuterium atoms on C-26,C-27 or the deletion
of the 1Â«-hydroxylgroup or substitution by a 1Â«-fluorogroup
did not increase the potency with respect to cellular differentia
tion or diminishment of ICA activity. Future in vivo studies
with these new analogues, particularly l,25(OH)2-16-ene-23-
yne-D,, are required to assess their ability to cause hypercal-
cemia in humans, relative to their possible antileukemic effects.
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