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Abstract

When assessed by 1,25-dihydroxyvitamin D, (1,25(OH),-D,)-
receptor (VDR) binding analysis or 1,25(OH),-D;-VDR-di-
rected bioresponsiveness, cultured cells from some New World
primates (platyrrhines) demonstrate a variable decrement in
VDR when compared with Old World primate (catarrhine)
cells. To study this difference in VDR expression among pri-
mates, we performed immunoblot analysis of the VDR in cul-
tured dermal fibroblasts from platyrrhines in the genera Pithe-
cia and Aotus and from catarrhines in the genus Presbytis; al-
though a platyrrhine, the owl monkey (4otus) expresses a VDR
of the catarrhine (wild type) phenotype. Despite a 10-fold dif-
ference in the content of VDR by ligand binding analysis among
cells from the three prototypic primate genera, there was a
< 10% difference in the steady-state level of S0-kD VDR de-
tected by immunoblet analysis of cellular extracts. We investi-
gated this apparent discrepancy in the content of VDR in im-
munoblots and ligand binding analyses by mixing VDR-con-
taining nuclear extracts of equivalent protein concentration
from the various primates. Coincubation of Pithecia and Aotus
fibroblast extracts with Presbytis extract diminished specific
1,25(OH),-D, binding in the mix by 90% and 95%, respectively.
Similar results were obtained by mixing nuclear extracts of the
owl monkey cell line, OMK, and the vitamin D resistant mar-
moset B-lymphoblast cell line B95-8. A wild type 1,25(OH),-
D;,-binding profile was restored in mixtures after trypsin or
heat treatment of the B95-8 extract. These data indicate that
some New World primate cells contain a soluble protein that
prevents intracellular 1,25(OH),-D,-VDR binding. It is possi-
ble that the quantitative differences in the expression of this
protein are responsible for 1,25(OH),-D, and other steroid
hormone resistant states of variable severity in New World
primates. (J. Clin. Invest. 1991. 87:996-1001.) Key words: ca-
tarrhini « platyrrhini « vitamin D ¢ steroid  fibroblasts

Introduction

The vitamin D endocrine system in many genera of New
World primates (platyrrhini) is characterized by a compen-
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sated form of target organ resistance to the active metabolite of
vitamin D, 1,25-dihydroxyvitamin D; (1,25(OH),-D;) (1-5).
When compared with Old World primates (catarrhini), the pla-
tyrrhine phenotype is typified by: (a) high circulating concen-
trations of 1,25(OH),-D in the absence of hyperparathyroidism
(6); (b) the development of vitamin D-deficient rickets and os-
teomalacia in some captive platyrrhine species when environ-
mental sunlight exposure is limited (2, 5); (¢) a decrease in the
cellular content of high affinity receptor for 1,25(OH),-D;
(VDR)' demonstrable by radiolabeled ligand binding analyses
(2,4, 7, 8); and (d) a decrease in cellular indices of 1,25(OH),-
D,;-VDR-directed bioaction without an apparent alteration in
the nuclear localization and binding of the VDR-hormone
complex (2). Similar observations have been made in platyrr-
hini for other steroid hormones including glucocorticoids, sex
steroids, and mineralocorticoids (9). The phenotypic expres-
sion of resistance to 1,25(OH),-D; (as well as other steroid hor-
mones) in various genera of platyrrhini appears to be heteroge-
neous (8, 9). Platyrrhines in the family Callitricidae and some
in the family Cebidae exhibit a marked decrement in the cellu-
lar content of bioeffective VDR and have a several-fold in-
crease in the serum concentration of 1,25(OH),-D (5, 8; Fig. 1).
On the other hand, nocturnal cebids in the genus Aotus (night
monkey or owl monkey) have a cellular receptor phenotype
and serum levels of 1,25(OH),-D that closely approximate
those found in catarrhini, including Homo sapiens (8; Fig. 1).
The reason for quantitative differences in the cellular content
of functional VDR among New World primate genera is not
known. In this report we demonstrate by immunoblot analysis
using a monoclonal antibody developed against the VDR (10)
quantitative and qualitative similarity of the VDR extracted
from catarrhine and platyrrhine cells. In addition, we describe
the presence of a factor extracted from cultured platyrrhine
cells that disallows 1,25(OH),-D; binding to VDR extracted
from cells derived from catarrhine hosts, Aotus trivergatus, and
bovine thymus gland.

Methods

Primates. Blood and 4-mm transdermal biopsies were obtained under
sterile conditions from tranquilized primates in residence at the Los
Angeles Zoo. Both procedures were performed during time allotted for
annual tuberculosis skin testing and general examination. None of the
primates were clinically ill at the time biological material was obtained.
Fig. 1 categorizes the donors according to primate infraorder and
genus. Platyrrhines were fed Zu-Preem diet containing 8,800 IU vita-
min D;/kg (Hills Pet Products, Topeka, KS) supplemented with vita-
min D-free yogurt (Johnston’s Foods, Glendale, CA). Catarrhines were
fed chow (Ralston-Purina Co., Richmond, IN) containing 6,000 IU
vitamin D;/kg. Platyrrhines were housed indoors 9 mo of the yr; supple-

1. Abbreviations used in this paper: EBV, Epstein-Barr virus; OMK,
owl monkey cell line; VDR, 1,25-dihydroxyvitamin D, receptor.
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Figure 1. Serum concentrations of 1,25-dihydroxyvitamin D among
different genera of New World primates (PLATYRRHINI) and Old
World primates (CATARRHINI). Note the log scale. Individual
primates, who served as the source of cultured dermal fibroblasts, are
indicated by the dots.

mental UV radiation (Vitalite; Westinghouse Electric Corp., Pitts-
burgh, PA) was available 8-10 h daily. Catarrhines were housed out-
doors year-round. Serum 1,25(OH),-D concentrations were deter-
mined in duplicate by modification of the method of Reinhardt et al.
(11); VDR and serum were preincubated for 1 h at 25°C before addi-
tion of radiolabeled hormone and incubation for an additional 1 h at
25°C. The intra- and interassay coefficient of variation were 8.4% and
11.6%, respectively. The range of normal for human serum in this assay
is 36—144 pmol/liter (15-60 pg/ml). Serum 1,25(OH),-D levels in some
of the individual primates shown in Fig. 1 have been previously re-
ported (5).

Cell culture. Full thickness, explant cultures of primate skin were
established exactly as previously described (12). Monolayer cultures of
dermal fibroblasts were maintained in DMEM (Irvine Scientific, Ir-
vine, CA) supplemented with 10% fetal bovine serum (FBS; Gemini
Bioproducts, Calabasas, CA) 100 U/ml penicillin, 100 ug/ml strepto-
mycin, and 4 mmol/liter glutamine (all from Irvine Scientific). Fourth
to seventh passage fibroblasts were used in all experiments. Two estab-
lished cell lines from the American Type Culture Collection, Rockville,
MD, were used in some experiments. OMK (owl monkey) cells, estab-
lished from a culture of renal tubular epithelial cells from an adult owl
monkey (Aotus trivirgatus) were maintained in modified Eagle’s me-
dium (Irvine Scientific) supplemented with 10% FBS, 100 U/ml peni-
cillin, 100 ug/ml streptomycin, and 4 mmol/liter glutamine. The B95-8
B-lymphoblastoid cell line was derived from EBV transformation of
peripheral blood mononuclear cells of the common marmoset (Cal-
lithrix jacchus). The B95-8 cells were maintained in RPMI 1640 me-
dium (Irvine Scientific) supplemented with 10% FBS, 100 U/ml peni-
cillin, 100 ug/ml streptomycin, and 4 mmol/liter glutamine.

[*H11,25(0OH),-D; binding analyses. The capacity of [*H-26,27-
methyl]1,25-(OH),-D; (181 Ci/mmol; Amersham Corp., Arlington
Heights, IL) to bind with high affinity to the VDR was examined in
both intact cells and cellular extracts of VDR. The specific uptake of
[*H]1,25(0H),-D; by suspensions of intact fibroblasts was determined
according to a modification of our previously described method (13,
14). After an 18-h period of preincubation in serum-free medium, con-
fluent fibroblast cultures were harvested and suspended in 200 ul
Ham’s F-10 medium (pH 7.4) containing 25 mM Hepes, 0.2% FBS,
and varying amounts of [*H]1,25(0OH),-D; with or without 20 pmol
1,25(0OH),-D; (generously provided by Dr. Milan Uskokovic of Hoff-
man-LaRoche, Nutley, NJ). The suspension was incubated for 1 h at
37°C with continual mixing. Cells were then pelleted by centrifugation
and washed twice in Ham’s F-10 medium containing 2% FBS. Recep-
tor-bound [*H]1,25(OH),-D; was extracted in 200 ul KETD buffer
(300 mM KCI 1 mM EDTA, 10 mM Tris-HCI [pH 7.4], and 5 mM
dithiothreitol) supplemented with 10 mM sodium molybdate and 0.5%

Triton X-100. The extract was adjusted to 60 mM KCl and receptor-
bound hormone was separated from unbound sterol on DEAE-cellu-
lose filters. Specifically bound hormone was determined by subtracting
nonspecific binding (mean of duplicate samples) from total binding
(mean of triplicate samples) at each concentration of [*H]1,25(OH),-
D; to which the cells were exposed.

In other experiments, the specific interaction of 0.04-1.2 nM [*H]-
1,25(OH),-D; with solubilized VDR in cell extracts was examined.
Confluent fibroblast and OMK cell monolayers were harvested by
scraping in ice-cold PBS (20 mM Na,HPO, [pH 7.2] 150 mM NaCl).
The cells were pelleted, washed twice in ETD buffer (KETD buffer
without KCl), and homogenized (P-10 polytron; Brinkmann Instru-
ments, Inc., Westbury, NY) in the same buffer. Nuclei, with associated
VDR, were pelleted at 4,000 g for 20 min at 4°C. The nuclear pellet was
washed successively in: ETD buffer; 250 mM NaCl containing 8 mM
EDTA; 10 mM Tris-HCI (pH 7.4) containing 1% Triton X-100; and 10
mM Tris-HCI (pH 7.4). All of the above buffers contained 5 mM DTT
and 1 mM PMSF. The pellet was resuspended in KETD buffer, kept on
ice for 30 min, and centrifuged once again at 14,000 g at 4°C for 30
min. The supernatant containing extracted VDR was collected, frozen,
and stored at —70°C until used. These nuclear extracts, diluted to the
desired volume with KETD buffer, were incubated with [*H]-
1,25(0OH),-D; in the presence or absence of 100 nM 1,25(0OH),-D; for 1
h at 25°C. Tryptic digestion of B95-8 cell nuclear extracts was achieved
by incubation of extracts with trypsin (Sigma Chemical Co., St. Louis,
MO) 125 ug/ml for 30 min at 37°C, before terminating the enzymatic
reaction with trypsin inhibitor (Sigma) 125 ug/ml for 15 min at 0°C
before reconstitution with OMK extract and exposure to radiolabeled
hormone. Heat inactivation of B95-8 cell nuclear extract was accom-
plished by warming extracts to 70°C for 30 min before mixing with
wild type OMK extract and determination of specific 1,25(0H),-D;
binding. VDR-bound hormone was separated from unbound hormone
by dextran-coated charcoal (15) or on DEAE cellulose filters (16). Mix-
ing experiments were performed by assessing specific 1,25(0H),-D;
binding in intergenus mixes of extracts of known protein concentra-
tion. Protein content of extracts was determined according to the
method of Bradford (17).

Immunoblot detection of VDR. Concentrated nuclear extracts were
suspended in electrophoresis buffer containing 0.02 M Tris-HCl, 1%
SDS, and 5% glycine, and heated at 90°C for 10 min. The denatured
samples were loaded onto 11% SDS-polyacrylamide gels (Mini-Pro-
tein; Bio-Rad Laboratories, Richmond, CA) as described by Laemmli
(18) and electrophoresed for 0.5 h at a fixed voltage of 200. The gels
were transblotted onto nitrocellulose (Bio-Rad, 0.45-um pore size) for
12 min at 100 V in transblot buffer containing 25 mM Tris HCI, 192
mM glycine, 0.1% SDS, and 20% methanol. Nitrocellulose membranes
were blocked in 1% Blotto (instant nonfat dry milk; Carnation Co., Los
Angeles, CA) in PBS for 1 h at 25°C and then transferred to 0.5% Blotto
in PBS containing 4 ug/ml rat anti-chick VDR monoclonal antibody
(9A7, kindly provided by Dr. M. R. Haussler and Dr. J. W. Pike, Uni-
versity of Arizona School of Medicine and Baylor College of Medicine,
respectively). After an overnight incubation at 4°C with gentle rocking,
the membranes were washed three times in Tris-buffered saline (50
mM Tris-HCl in 200 mM NaCl; pH 7.4) for 15 min at 25°C. The
membranes were then transferred to 0.5% Blotto in PBS containing
peroxidase-conjugated goat anti-rat IgG (Cappel Laboratories, Mal-
vern, PA) and incubated for 2 h at 25°C. The membranes were once
again washed three times in Tris-buffered saline for 15 min at 25°C and
then developed with 4-chloro-1-napthol (19).

Results

Quantitation of VDR. Immunodetection of the VDR in nu-
clear extracts of cultured dermal fibroblasts of comparable pro-
tein content from three different individual primates in three
different genera is shown in Fig. 2; included are extracts from
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‘ Pithecia pithecia, Old World primate (OWP), Presbytis

i cristatus, and an owl monkey (Owl), a New World primate
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added to each lane. A molecular weight standard is shown
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an Old World primate (catarrhine) in the genus Presbytis, a
New World primate (platyrrhine) in the genus Pithecia, and a
New World primate in the genus Aotus. Although Aotus triver-
gatus or owl monkey is found in the suborder platyrrhini, it
possesses the functional VDR phenotype of Old World pri-
mates (8). In the case of each extract, a 50-kD protein was
identified by the rat anti-chick monoclonal antibody devel-
oped against the VDR. Evidence that the 50-kD species de-
tected on Western blots was the VDR was obtained by: (a)
coelution of the immunodetectable 50-kD protein with specifi-
cally bound [*H]1,25(OH),-D; from DEAE anion exchange
HPLC (7.5 mm X 7.5 cm Protein Pak-DEAE-5PW; Waters
Associates, Millipore Corp., Milford, MA) through linear and
stepwise gradients of KCl (0.05-0.5 M); (b) a two to threefold
increase in the immunodetectable 50-kD protein in VDR-con-
taining rat osteogenic sarcoma (ROS 17.2) cells after overnight
incubation with 50 nM dexamethasone; glucocorticoids are
known to enhance specific 1,25(0OH),-D, binding in these cells
two to threefold (20); and (c) demonstration that a subclone of
this cell line (ROS 24.1), which lacks specific 1,25(0OH),-D,
binding capacity (21), possessed no detectable VDR on im-
munoblot analysis.

In addition to demonstrating identical elution positions on
Laemmli gels, the steady-state level of extractable VDR ap-
peared to be quantitatively similar among cells from the three
prototypic genera examined (Fig. 2 4). This observation was
confirmed in densitometric analyses of Western blots of cellu-
lar extracts derived from nine different individual primates,
three in each of the prototypic categories (Fig. 2 B). When
compared with VDR in extracts of calf thymus, there was no
significant difference in the amount of 50-kD VDR detected
among primates in different genera. Despite a quantitative simi-
larity in the cellular concentration of immunodetectable VDR,
there was a dramatic difference in the cellular content of VDR
when assessed by specific ligand binding analyses (Fig. 2 C).
New World primate fibroblasts exhibited a 90% reduction in
the number of high affinity intracellular binding sites observed
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in the far right lane. Immunoreactive species of higher
molecular weight are not related to the VDR. (B)
Densitometric quantitation of a 50-kD immunoreactive
protein extracted from fibroblasts cultured from three
different primates in each of the prototypic categories. Each
value is standardized against the densitometric value
obtained for the 50-kD protein in nuclear extracts of calf
thymus (CaT) of equivalent protein concentration run on
the same Western blot. Values are expressed as the
meanzstandard error. (C) Scatchard plots of the specific
internalization and nuclear binding of [*H]1,25-
dihydroxyvitamin D; by fibroblasts derived from the same
primate host shown in A. The calculated internalization
constant (K;,) for cells from all three primates was
essentially identical (0.04-0.05 nM). The x intercept
indicates the relative 1,25(OH),-D; binding capacity of the
cells.

in Old World primate cells. New World primate fibroblasts
from the owl monkey, however, had a threefold greater
1,25(0OH),-D; binding capacity than that observed in cells cul-
tured from platyrrhines in another genera. An observed VDR-
hormone binding capacity in owl monkey cells intermediate
between that of other platyrrhines and catarrhines is compati-
ble with our previous report (8). The internalization constant
of VDR for 1,25(OH),-D; among cells from various hosts of
primates was comparable.

Reconstitution experiments. In an attempt to restore spe-
cific hormone binding capacity to extracts of New World pri-
mate cells, we mixed Pithecia (resistant) cell extract with an
equal amount (on a milligram protein basis) of Presbytis and
calf thymus (wild type) cell extract. As depicted in the experi-
ment in Fig. 3 4, wild type VDR bound 20-60 times more
hormone than resistant VDR from the New World primate
Pithecia. Mixing equal amounts of the two wild type extracts
preserved the wild type phenotype. However, mixing calf thy-
mus extract with resistant extract reduced wild type VDR-hor-
mone binding to 24%, not 50%, of the expected value. The
specific binding of [*H]1,25(0OH),-Dj; in wild type extract from
the Old World primate Presbytis was completely abolished by
addition of the extract with the resistant phenotype. Extract
with the resistant phenotype had a similar effect on hormone
binding to VDR in an extract from fibroblasts cultured from
the owl monkey Aotus trivergatus (Fig. 3 B); the owl monkey
appears to express a wild type VDR even though this species is
a New World primate (8). The effect of mixing a given concen-
tration of wild type extract with increasing dilutions of resistant
extract is shown in Fig. 4. Even when the resistant extract con-
stituted as little as 8% of the protein in the reaction mixture,
there was complete inhibition of specific 1,25(OH),-D; binding
in wild type extract from Old World primate fibroblasts. Half-
maximal hormone binding in wild type extracts was not
achieved until the protein concentration of the resistant extract
was reduced to only 2% of the protein content of the reaction
mixture.
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The capacity of nuclear extract from cells with the resistant
phenotype to limit hormone binding to wild type VDR was
confirmed in cell lines established from different tissue sources.
As shown in Fig. 5, nuclear extracts of B95-8 cells, EBV-trans-
formed B-lymphoblasts from a common marmoset, exhibited
minimal high affinity binding of 1,25(OH),-D; when com-
pared with extracts of calf thymocytes and OMK cells, a cell
line of renal tubular epithelial cells derived from the kidney of
an adult owl monkey. These data indicate that OMK cells and
B95-8 cells are representative of the wild type and vitamin D-
resistant phenotype, respectively, expressed by cultured dermal
fibroblasts from New World primates with these characteristic
phenotypes. As was the case with nuclear extract from Pithecia
fibroblasts, B95-8 cells completely inhibited 1,25(OH),-D,
binding to VDR in wild type extracts of OMK cells when the
two extracts were mixed in equal proportion before exposure to
hormone (Fig. 5). Serial dilution of B95-8 cell nuclear extract
gradually restored 1,25(OH),-D; binding to wild type VDR
with the half-maximal inhibitory effect imparted when ~ 15%
of the reaction mixture consisted of B95-8 cell extract.

The mixing experiments suggested that there existed in nu-
clear extracts of vitamin D-resistant New World primate cells a
soluble factor(s) that prevented the high affinity interaction of
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Figure 4. Specific binding of [*H]1,25-dihydroxyvitamin D; in Old
World primate (Presbytis cristatus) fibroblast extracts (100 ug/ml)
mixed with increasing dilutions of New World primate (NWP;
Pithecia pithecia) fibroblast extract of an initial equivalent protein
concentration. Each point is the mean of duplicate determinations.

Figure 3. (A) Specific binding of [*H]1,25-
dihydroxyvitamin D; (5 nM) in extracts of
cultured dermal fibroblasts from a representative
Old World primate (OWP; Presbytis cristatus)
and New World primate, (NWP; Pithecia
pithecia), in extracts of calf thymus (CAT), and
in preparations where extracts (of equivalent
protein content) were mixed in equal parts. Each
value is the mean of three determinations of
specific hormone binding. (B) A similar
experiment employing a different extract of calf

—_— thymus (CAT), fibroblasts from an owl monkey
OWL NWP owL (OWL), and fibroblasts from another New
(NWP) ""?  World primate (NWP) in the genus Pithecia.
1:1 MI Each value is the mean of duplicate

determinations of specific hormone binding.

1,25(0OH),-D; with its cognate receptor. Data indicating the
proteinaceous character of this factor are presented in Fig. 5 C.
Treatment of B95-8 extract with trypsin (125 ug/ml) before
mixing with OMK extract and exposure to hormone resulted
in complete restoration of wild type binding. Likewise, heating
of B95-8 extract to 70°C for 30 min before reconstitution with
OMK extract also resulted in a marked increase (sevenfold) in
specific 1,25(OH),-D; binding.

Discussion

VDR-1,25(0OH),-D; binding analyses, using intact cells or ex-
tracted VDR from platyrrhine hosts (except cells from platyr-
rhines in the genus Aotus), demonstrate a clear decrease in the
cellular concentration of high affinity VDR when compared
with catarrhine cells (Fig. 2). There are several potential expla-
nations for this relative decrease in the cellular content of VDR
in platyrrhines. The two most obvious explanations are de-
creased production or increased catabolism of VDR in plat-
yrrhine cells. However, our data employing immunoblot detec-
tion of the protein suggest that there is quantitative as well as
qualitative similarity in the steady-state levels of the 50-kD
VDR species in cellular extracts from all genera of primates
tested (Fig. 2). There are, in turn, several possible explanations
for the apparent discrepancy in the ligand binding and immu-
noblot data obtained in platyrrhine cells with the vitamin D-re-
sistant phenotype.

First, it is possible that there is a structural alteration in the
ligand binding domain of the receptor that in some way vari-
ably diminishes the total number of steroid molecules that can
be bound. This possibility is unlikely in that one would expect
such a change in the VDR to result in a concomitant change in
the affinity of the VDR for 1,25(OH),-D;. Previous reports
from us (2, 8) and other investigators (4, 7) indicate there is
little or no change in the affinity of platyrrhine VDR for the
vitamin D hormone. Another possible but improbable cause
for diminished 1,25(OH),-D; binding in New World primate
cells without a change in steady-state VDR levels could be accel-
erated catabolism of [*H]1,25(OH),-D; in platyrrhine cells
(22). This is unlikely considering that the major intracellular
catabolic pathway for 1,25(OH),-D; is the 24-hydroxylase and
the activity of this enzymatic reaction is markedly decreased,
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vitamin D receptor (VDR) in the OMK cell nuclear extract. The total protein concentration of each reaction mixture was 50 ug/ml. Each value
is the mean of duplicate determinations of specific hormone binding. (C) Specific binding of 1 nM [*H]1,25(OH),-D; in mixtures of nuclear
extract from OMK and B95-8 cells before and after treatment of the B95-8 cell extract with trypsin (125 ug/ml) or heat (70°C) for 30 min. The
protein concentration of each of the individual cell extracts was 50 ug/ml; mixtures contained 100 ug/ml total protein. Each value is the

meanzstandard deviation of triplicate determinations.

not increased, in New World primate cells (8). Furthermore,
diminished VDR-hormone binding activity persists in nuclear
extracts of platyrrhine cells (Fig. 3) that should be devoid of
mitochondrial vitamin D-24-hydroxylase activity.

A third possible explanation, compatible with the results of
our mixing experiments (see Figs. 3 and 4), is that platyrrhine
cell nuclear extracts contain a soluble factor that prevents exog-
enous 1,25(OH),-D; from interacting with the hormone-bind-
ing domain of the VDR. The existence of such a factor is most
compatible with the results represented here. Since this factor
does not bind 1,25(OH),-D;, it should not quantitatively affect
the affinity of the VDR for 1,25(OH),-D; or the cellular con-
centration of immunodetectable, 50-kD VDR under denatur-
ing gel conditions. Such a factor was also documented to be
present in nuclear extracts of the B95-8 B-lymphoblast cell line
derived from EBV-transformation of marmoset (Callithrix jac-
chus) peripheral blood cells (Fig. 5), indicating that this factor is
not specific for a particular platyrrhine species, a specific tissue,
or primary cell culture. The factor is water soluble, and a sub-
stantial amount of it is colocalized, along with VDR, to the
nucleus under “low salt” conditions. The factor along with
VDR can be coextracted from the nucleus in “‘high salt™ buffer.
Although this factor does not appear to coelute with the VDR
from DEAE cellulose HPLC through a gradient of KCI (0.05-
0.5 M), it apparently does coelute with the VDR from isolated
nuclei through a stepwise gradient of KCI (2). Treatment of
B95-8 cell nuclear extract with a concentration of trypsin
known to effectively digest the VDR (23) resulted in reexpres-
sion of the wild type binding phenotype in mixtures of OMK
and B95-8 extract. Additional evidence supporting the protein-
aceous nature of the factor in B95-8 cell nuclear extract was
derived from OMK:B95-8 reconstitution experiments that
demonstrated reexpression of the wild type phenotype after
heat inactivation of the factor in B95-8 extract. Possible candi-
dates for this factor include a kinase inhibitor or a phosphatase
that disallows phosphorylation or dephosphorylates residues in
the ligand binding domain of the VDR; the VDR is known to
be subject to rapid, 1,25(OH),-D;-dependent phosphorylation
(24, 25), a casein-kinase II-mediated event that may be critical
in conversion of the VDR to an “active” state (26). Another
potential candidate for this factor is one of the heat shock pro-
teins. hsp-90 and hsp-70 are both known to bind to the ligand
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binding domain of steroid receptors (27, 28). However, unlike
other steroid hormone receptors (27, 29-36), there is no evi-
dence to suggest that the VDR is associated with heat shock
proteins either in vivo or in vitro (37).

A fourth potential explanation for the observed discrep-
ancy in the ligand binding and immunoblot results obtained in
platyrrhine cells is that there exists in platyrrhine cells another
factor that competes with endogenous VDR for 1,25(0OH),-D,
binding. This explanation is compatible with the mixing exper-
iments described in Figs. 3, 4, and 5, which demonstrate that
platyrrhine cell extracts contain a soluble factor that inhibits
ligand binding to catarrhine and Aotus VDR and that this fac-
tor is relatively plentiful. Such a protein would not be expected
to be bound by antireceptor antibody and, therefore, would not
be detected by immunoblot analysis. Compared with the VDR,
this protein would also have to exhibit higher capacity but
much lower affinity for 1,25(OH),-D; as there is little or no
specific binding of 1,25(OH),-D; to VDR from platyrrhine
cells at radioligand concentrations < 1 nM. A second binding
moiety with such characteristics (high capacity and low affin-
ity) has not yet been detected in platyrrhine cell nuclear ex-
tracts but investigation of the presence of such a factor in other
cellular compartments is underway.

The VDR, receptors for other steroid hormones, as well as
the intracellular receptor proteins for thyroid hormone and
retinoic acid likely evolved from a common ancestral gene by
reduplication (38). These genetic events are relatively ancient
when compared to the separation of the South American and
African continental land masses (50-60 million years ago) and
the independent evolution of platyrrhines and catarrhines.
Therefore, if the platyrrhine phenotype of multiple steroid hor-
mone resistance were due to mutational events at the level of
the receptor proteins, one would have to postulate the occur-
rence of concurrent mutations in the ligand binding domain of
each of the receptor genes. A far more plausible explanation
would be genetic alteration of a single protein, like hsp-90 or a
kinase, which has the potential to interact with the ligand bind-
ing domain of each and every one of these receptor proteins.
Moreover, quantitative differences in the level of expression of
this protein could give rise to the phenotypic heterogeneity in
steroid hormone-receptor interactions observed among differ-
ent genera of primates (8).
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