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ABSTRACT We describe studies of the molecular
defect in 1,25-dihydroxyvitamin D, [1,25-(OH).Ds]
action in cultured skin fibroblasts from a patient pre-
viously reported to have vitamin D-dependent rickets,
type 1I. Binding of [*H]1,25-(OH).D; in fibroblast cy-
tosol was normal with a B, (amount of high affinity
binding) of 26 fmol/mg protein and a half-maximal
saturation of 0.2 nM. Nuclear binding of [*H]1,25-
(OH);D; following whole cell uptake was 1.5 fmol/
pg DNA in patient fibroblasts compared with a range
of 0.5-2.9 fmol/ug DNA in five control strains. The
size of the [*H]1,25-(OH);Ds-receptor complex on su-
crose density gradients, 3.8 S, was the same as in nor-
mal cells. This patient, therefore, appeared to have a
receptor-positive form of resistance to 1,25-(OH);Ds.
Ta document resistance to 1,25-(OH);D; in the fibro-
blasts we developed a method for detection of 1,25-
(OH);Dj3 action in normal skin fibroblasts. Following
treatment of normal cell monolayers with 1,25-(OH),D;
there was more than a 20-fold increase of 25-hydroxy-
vitamin D-24-hydroxylase (24-hydroxylase) activity.
Treatment of 10 control cell strains with 1,25-(OH),Ds
for 8 h increased the formation of 24,25-dihydroxy-
vitamin D; from 25-hydroxyvitamin Dj in cell soni-
cates from <0.02 to 0.11-0.27 pmol/min per mg pro-
tein. When cells from the patient with vitamin D-de-
pendent rickets, type II were treated with 1,25-(OH),D;
in a similar manner, maximal 24-hydroxylase activity
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was only 0.02 pmol/min per mg protein, less than a
fifth the lower limit of normal. 24-Hydroxylase activity
in fibroblasts from the parents of the patient increased
normally following treatment with 1,25-(OH);D;. We
conclude that impaired induction of 24-hydroxylase
in the presence of normal receptor binding is evidence
for postreceptor resistance to the action of 1,25-
(OH);D;.

INTRODUCTION

Rickets due to resistance to the action of 1,25-dihy-
droxyvitamin D [1,25-(OH),D]' has been described in
several families (1-9). This condition has come to be
known as vitamin D-dependent rickets, type II, a term
that fails to convey the concept that this disorder is
a form of steroid hormone resistance. The character-
istic clinical features are defective bone mineraliza-
tion, usually beginning as rickets in childhood, im-
paired intestinal calcium absorption, and increased
plasma levels of 1,25-(OH),;D. In contrast to patients
with vitamin D-dependent rickets, type I, whose
plasma levels of 1,25-(OH),D are decreased and whose
bene disease can be cured by physiological replace-
ment doses of 1,25-(OH),Ds, these patients either re-
spond only to pharmacological doses of the hormone
(1-8, 6) or do not respond at all with the doses
tested (7-9).

! Abbreviations used in this paper: BSA, bovine serum
albumin; HPLC, high-performance liquid chromatography;
24-hydroxylase, 25-hydroxyvitamin D-24-hydroxylase; 1,25-
(OH),D, 1,25-dihydroxyvitamin D; TEDMK buffer; 10 mM
Tris-Cl, 1.5 mM EDTA, 1 mM dithiothreitol, 10 mM sodium
molybdate, 300 mM KCIl, pH 7.4.
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Studies of the molecular nature of the defects in this
disorder were initially limited due to the difficulty of
studying human intestinal mucosa, the primary site of
hormone action. More recently, methods have been
developed to measure 1,25-(OH),;D; receptors in cy-
tosol from cultured skin fibroblasts (10) and to assess
retention of [*H]1,25-(OH),D; in fibroblast nuclei fol-
lowing binding in dispersed whole cells (11). Eil et al.
(12) initially used the latter method to evaluate two
families with vitamin D-dependent rickets, type II,
and reported an apparent lack of nuclear retention of
the steroid. More recently, Liberman, Eil, and Marx
(13) have presented evidence for genetic heterogeneity
in fibroblasts from affected patients with some families
having deficiency of cytosol receptor binding, others
having impaired nuclear retention of the steroid, and
at least one family having no identifiable abnormality.

In the present report a method of assessing 1,25-
(OH);D; action in cultured skin fibroblasts is described.
Normal skin fibroblasts respond to 1,25-(OH),Dj treat-
ment by enhancement of 25-hydroxyvitamin D-24-
hydroxylase (24-hydroxylase). Using this method the
nature of the molecular defect in 1,25-(OH).Dj; action
is evaluated in cultured skin fibroblasts from a pre-
viously reported patient with vitamin D-dependent
rickets, type II (4), in whom 1,25-(OH);D; receptor
binding is normal.

METHODS

Materials. Materials used for cell culture have been de-
scribed previously (14), except that fetal and newborn calf
sera were obtained from Gibco Laboratories (Grand Island,
NY). Tissue culture dishes (15 cm in diameter; No. 3025)
from Falcon Labware, Div. of Becton, Dickinson & Co.
(Oxnard, CA) were used to grow cells for experiments. 1a,25-
Dihydroxy [23,24(n)-*H]vitamin D 91 Ci/mmol and 25-hy-
droxy [26(27)-methyl-*H]vitamin D; 20 Ci/mmol were
from Amersham Corp. (Arlington Heights, IL). 1,25-Dihy-
droxy[26(27)-methyl-*H]vitamin D; and 24,25-dihydroxy
[26(27)-methyl-*H]vitamin D; were prepared from 25-hy-
droxy[26(27)-methyl-*H]vitamin D; and kidney homoge-
nates from either vitamin D-deficient chicks [for the prep-
aration of 1,25-(OH);Ds] or from vitamin D-treated chicks
[for the preparation of 24,25-(OH);D;] using the method of
Haussler (15). [*C]Albumin was prepared by acetylation of
bovine serum albumin (BSA) (Armour Pharmaceuticals,
Phoenix, AZ) with ["*Clacetic anhydride (New England Nu-
clear, Boston, MA) (14). 25-Hydroxyvitamin D4 [25-(OH)Dy]
and 1,25-(OH),D; were gifts of Upjohn Co. (Kalamazoo, MI).
24,25-(OH);D3 was provided by M. Uskokovic of Hoffmann-
La Roche, Inc. (Nutley, NJ). Hydroxylapatite was obtained
from Bio-Rad Laboratories (Richmond, CA). Liquid scintil-
lation counting cocktail (Budget-Solve) was from Research
Products International Corp. (Mount Prospect, IL).

Cell culture. The fibroblast strains used in these experi-
ments were established from explants of skin and are listed
in Table 1. Cell strain 460 is from a patient previously re-
ported to have vitamin D-dependent rickets, type II (4). Cell
strains 87 and 98 are from her father and mother, respec-
tively. Cell strain 82 is from a patient with the tentative

TABLE 1
Identification of Cell Strains

Cell
strain Diagnosis Site of biopsy  Age
yr
Controls with 72 Normal Arm 26
no bone 160 Incomplete testicular  Abdomen 11
disease feminization
232 5a-Reductase Abdomen 18
deficiency
233  Mixed gonadal Abdomen 1
dysgenesis
374 Normal Abdomen 1
402 Normal Thigh
446 S5a-Reductase Abdomen
deficiency
466 Normal Abdomen 5
495 Normal Breast 22
Control with 82 Vitamin D-depen- Arm 24
osteomalacia dent rickets, type I
Patient 460 Vitamin D-depen- Arm 30
dent rickets, type II
Parents 87  Father of patient Arm 57
98 Mother of patient Arm 53

diagnosis of vitamin D-dependent rickets, type I, due to la-
hydroxylase deficiency and was made available to us by Dr.
N. A. Breslau, University of Texas Health Science Center,
Dallas, TX. Fibroblast storage and maintenance of stock cul-
tures have been described previously (14) except that new-
born calf serum was substituted for fetal calf serum for rou-
tine maintenance of stock cultures. To grow fibroblasts for
the various assays cells from stock flasks were dissociated
with 0.05% trypsin-0.02% EDTA at 37°C for 3 min and
seeded (day 0) at a density of ~500,000 cells/dish in 15-cm
Falcon dishes containing 25 ml of medium with 10% new-
born calf serum. On day 3, 15 ml of fresh medium with
serum were added to each dish. On day 6 the medium was
removed, each monolayer was rinsed once with 10 ml of
phosphate-buffered saline (PBS), and 25 ml of fresh medium
without serum were added to each dish. The fibroblasts were
assayed on day 7.

Cytosol-binding assay. Cells were scraped from plastic
dishes into cold Tris-saline (50 mM Tris-Cl, 150 mM NaCl,
pH 7.4). The cells were pelleted by centrifugation at 800 g,
rinsed twice in Tris-saline, and resuspended in 2-3 vol of
TEDMK buffer (10 mM Tris-Cl, 1.5 mM EDTA, 1 mM di-
thiothreitol, 10 mM sodium molybdate, 300 mM KCl, pH
7.4). The cell suspension was subjected to sonic disruption
in the cup horn attachment of a model W-185 sonifier cell
disrupter (Heat Systems-Ultrasonics, Inc., Plainview, NY)
using six 10-s bursts, and the sonicate was centrifuged at
100,000 g for 1 h at 0°C. The resultant high salt extract
supernatant was saved and, though it probably contains re-
ceptors from both the cytosolic and nuclear compartment,
will be referred to as cytosol. 200 ul of the cytosol were
added to polypropylene microfuge tubes (capacity 1.5 ml)
containing various concentrations of [*H]1,25-(OH),D3 with
or without a 250-fold excess of nonradioactive 1,25-(OH);Dj.
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The tubes were incubated for 4 h at 0°C, and bound and
free steroid were separated by hydroxylapatite as described
by Wecksler and Norman (16). In this procedure 0.4 ml of
a 50% slurry of hydroxylapatite in 10 mM Tris-Cl1 0.1 M KCl
(pH 7.5) were added, the tubes were mixed, and the hy-
droxylapatite pelleted by centrifugation for 2-3 s in a mi-
crofuge. The hydroxylapatite pellets were washed three
times with 10 mM Tris-Cl 0.5% Triton X-100 (pH 7.5), ex-
tracted twice with 0.9 ml ethanol, and counted in 10 ml of
Budget-Solve. Protein was measured by the method of
Lowry et al. (17) using BSA as standard. The amount of high
affinity binding or B,,, was estimated by linear regression
of the plot of total binding using the higher steroid concen-
trations. Half-maximal saturation was estimated from this
same plot as the concentration of steroid at which the binding
was half-maximal.

Nuclear localization of [*H]1,25-(OH),Ds. The nuclear
binding of [*H]1,25-(OH);D; was assessed by a modification
of a method developed in this laboratory for the measure-
ment of the intranuclear localization of the androgen re-
ceptor (18). Cells cultured as described above were harvested
from the 15-cm Falcon dishes by addition of 4 ml of stock
trypsin-EDTA solution diluted 1:1 with PBS followed by in-
cubation at 37°C for 5 min. The dishes were removed from
the incubator and tapped gently, and the cells were detached
by gentle trituration with a Pasteur pipette. The cells were
pelleted by centrifugation at 800 g and resuspended with
mixing in cold PBS. Following repeat pelleting at 800 g, the
cells were resuspended in bicarbonate-free Eagle’s minimal
essential medium buffered with Hepes instead of tricine at
a concentration of 1-2 X 108 cells/ml. 5 ml of the cell sus-
pension were incubated in 15-ml polypropylene tubes con-
taining 1 nM [*H]1,25-(OH);D3 with or without 250 nM 1,25-
(OH)gDj at 37°C for 45 min in a shaking water bath. The
tubes were mixed on a vortex apparatus every 10 min during
the incubation. Following the incubation the cells were cen-
trifuged at 800 g and rinsed by resuspension and centrifu-
gation five times in 5 ml of 50 mM Tris-Cl (pH 7.4) con-
taining 150 mM NaCl and 0.2% BSA, and twice with 5 ml
of 150 mM NaCl. The final supernatant was aspirated, and
the cell pellet was resuspended by mixing in 5 ml Tris-su-
crose buffer (20 mM Tris-Cl, 0.32 M sucrose, and 1 mM
MgCl;, pH 7.5). The cell suspension was transferred to glass
tubes, and the remainder of the nuclear binding procedure
was as described (18). In brief, following incubation in hy-
potonic buffer (20 mM Tris-Cl, 0.5 mM MgCl;, and 1 mM
CaCl,, pH 7.5) for 15 min to allow cell swelling, the cells
were disrupted by passage 10 times through a 25-gauge nee-
dle. The solution was made isotonic by the addition of hy-
pertonic Tris-sucrose buffer (20 mM Tris-Cl, 2.1 M sucrose,
0.5 mM MgCl,, and 1 mM CaCl,, pH 7.5), the nuclei were
collected by centrifugation at 2,000 g for 20 min, and the
nuclear pellet was resuspended in 5 ml Tris-sucrose buffer.
Following repeat centrifugation, the nuclei were resus-
pended in 2.6 ml Tris-sucrose and layered over 2.6 ml of
hypertonic Tris-sucrose buffer. The mixture was centrifuged
at 100,000 g for 1 h, the resultant purified nuclear pellet was
resuspended by passage through a 25-gauge needle, and al-
iquots for DNA quantitation and radioactivity measurement
were taken. Specific nuclear binding was estimated by sub-
traction of the amount bound in the incubation containing
added nonradioactive 1,25-(OH);D3 from that bound in the
incubation with radioactive hormone alone.

Density gradients. Cells cultured as described above
were harvested from 15-cm Falcon dishes with trypsin-
EDTA solution and incubated at a density of 1-2 X 108 cells/
ml medium with 1 nM [®H]1,25-(OH),D; with or without
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250 nM 1,25-(OH);Dj3 at 37°C for 45 min as described for
the nuclear localization studies above. After rinsing, the cell
pellets were resuspended in an equal volume of TEDMK
buffer and subjected to sonic disruption as described for the
cytosol-binding assay. The sonicate was centrifuged at
100,000 g for 1 h. 200 ul of the supernatant were layered
on the top of 5.3 ml 5-20% sucrose gradients prepared in
TEDMK buffer containing 10% glycerol. ['*C]Albumin was
added to the top of the gradient as an internal marker. Den-
sity gradients-were centrifuged in polyallomer tubes for 18
h in a SW 50.1 rotor at 50,000 rpm (250,000 g) at 0°C in
an ultracentrifuge (Beckman Instruments, Inc., Spinco Div.,
Palo Alto, CA). 4-drop fractions were collected from the top
of the tube using an ISCO gradient fractionater (model 640,
ISCO, Inc., Lincoln, NE) and assayed for radioactivity in 10
ml of Budget-Solve. Sedimentation coefficients were esti-
mated by the relative sedimentation of BSA taken as 4.6 S.

24-Hydroxylase assay. Cells were grown under standard
conditions. At various times before harvesting on day 7 of
culture, 25 ul of either ethanol alone or of ethanol containing
various concentrations of 1,25-(OH);D; were added to 25 ml
of medium without serum in the 15-cm Falcon dishes. At
the indicated times thereafter the medium was removed
from the dishes and discarded. The cell monolayers were
rinsed with 10 ml of Tris-saline, harvested by scraping into
Tris-saline, and collected by centrifugation at 800 g at 4°C.
After two rinses with Tris-saline, the cells were resuspended
in 50 mM Tris-citrate, pH 7.5, and the cell suspension was
subjected to sonic disruption as described for the cytosol-
binding assay above. 100 ul of the sonicate (1-2 mg protein/
ml) was added to polypropylene tubes containing 100 ul of
Tris-citrate buffer, 10 mM sodium succinate, 10 mM NADPH,
and various concentrations of [*H]25-(OH)D;. The assay
tubes were then incubated for various times at 25°C in a
shaking water bath. The routine incubation time was 30 min.
The assay was stopped by addition of 0.64 ml of methanol/
chloroform (2:1, vol/vol), and 70 ng of nonradioactive 24,25-
(OH),Ds was added to each assay tube as an internal recovery
standard for the subsequent extraction procedure.

The steroids were extracted in 1.5-ml polypropylene mi-
crofuge tubes by a modification of the procedure of Bligh
and Dyer (19). Following centrifugation of the chloroform/
methanol/buffer mixture for 5 min at maximum speed in
the microfuge, the supernatant was transferred to another
microfuge tube containing 0.2 ml chloroform and 0.1 ml
water, and the pellet was discarded. The tube was shaken
and then centrifuged for 15 s. The lower phase was removed
and transferred to a clean 1.5-ml microfuge tube. The re-
maining upper phase was washed with 0.4 ml chloroform,
and the lower phase from this mixture was collected and
added to the first lower phase. The combined chloroform
extracts were dried under a stream of nitrogen and the res-
idue was dissolved in 0.1 ml toluene/ethanol (1:1, vol/vol)
and stored at —20°C until analysis by high-performance liq-
uid chromatography (HPLC).

Reversed-phase HPLC was performed on the extracts us-
ing a Beckman model 334 system equipped with an Altex
Ultrasphere-ODS column (4.6 mm X 25 cm) (Altex Scien-
tific, Inc., Berkeley, CA). The extracts were dried under a
stream of nitrogen, dissolved in 25 ul of 85% methanol in
water, and applied to the column. The flow rate was 1 ml/
min using a program that increased the percent methanol
from 85 to 100% over a 2-min period beginning at 7 min
after injection of sample, maintained 100% methanol for 1
min, and returned to 85% methanol over an additional 2
min. 20-s fractions were collected into scintillation vials, and
radioactivity was measured following addition of 10 ml



Budget-Solve. Recovery of standard [24,25-(OH);D;) aver-
aged ~70% and was used to correct the amount of radio-
activity in the peak eluting in the region of 24,25-(OH),Ds
in each assay.

Identification of [*H]24,25-(OH)sDs by straight-phase
HPLC and periodate oxidation. The fractions from the
reversed-phase HPLC eluting in the region of authentic
24,25-(OH);Ds were pooled and dried under a stream of
nitrogen. The dried residue was reconstituted in 150 gl of
7% 2-propanol in hexane and applied to a HPLC system
(Glenco Scientific, Inc., Houston, TX) equipped with a Su-
pelcosil column (4.6 mm X 25 cm, Supelco Inc., Belleforte,
PA). The flow rate was 1 ml/min using 7% 2-propanol in
hexane as the mobile phase. 10-s fractions were collected
beginning 2 min before the elution of standard 24,25-
(OH);Ds and continuing for 2 min following its elution.
Utilizing this system 25-(OH)Dj; eluted between 315" and
3'45", and 24,25-(OH);D3 eluted between 515" and 6'15".
One aliquot of the eluate was assessed for radioactivity, and
the remainder of the pooled samples from the peak was
analyzed further. The putative [*H]24,25-(OH),D; obtained
after straight-phase HPLC was subjected to sodium perio-
date oxidation according to the procedure of Tanaka et al.
(20). The extract was treated with a 5% aqueous solution of
sodium metaperiodate and extracted with methanol/chlo-
roform (2:1, vol/vol). The recovery of radioactivity in the
organic extract was assessed and compared with authentic
[*H]24,25-(OH);Dg and [*H]1,25-(OH);Dj treated in the same
manner.

RESULTS

Incubation of skin fibroblast cytosols prepared from
a normal control cell strain and from a strain derived
from the patient with vitamin D-dependent rickets,
type II, with increasing concentrations of [*H]1,25-
(OH);D3 demonstrated high affinity saturable binding
in both (Fig. 1). The amount and affinity of binding
were similar to those previously reported for normal
fibroblasts by this assay (10). The amount of high af-
finity cytosol [*H]1,25-(OH),Dj3 binding in the patient’s
cells was 26 fmol/mg protein, and the half-maximal
saturation was ~0.2 nM. The nuclear binding of
[®H]1,25-(OH);D; was assessed following uptake of the
hormone by suspended whole cells at 37°C at a sat-
urating concentration of [*H]1,25-(OH);D;. Specific
[®H]1,25-(OH),D;3 binding to purified nuclei in five
control cell strains ranged from 0.5 to 2.9 fmol/ug
DNA. Specific purified nuclear [*H]1,25-(OH),D; bind-
ing in the patient with vitamin D-dependent rickets,
.type II, averaged 1.5 fmol/ug DNA in three deter-
minations. The sedimentation characteristics of the
[®H]1,25-(OH),Ds-receptor complex were assessed on
sucrose density gradients (Fig. 2). Both control (Fig.
2 A) and patient (Fig. 2 B) fibroblasts had a peak of
[*H]1,25-(OH);D; binding that sedimented at 3.8 S.
The effect of pretreatment of intact monolayers with
1,25-(OH);D; on the metabolism of [*H]25-(OH)Ds
was then evaluated. When a cell sonicate from a con-
trol strain not previously treated with 1,25-(OH)D; was
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FIGURE]1 [*H]1,25-(OH);D;s binding in fibroblast cytosol.
Fibroblasts from a normal subject (strain 402) (A) and from
the patient with vitamin D-dependent rickets, type II (strain
460) (B) were grown under standard conditions. The cells
were harvested by scraping and cytosol prepared as de-
scribed. 200-ul aliquots of cytosol were incubated with var-
ious concentrations of [*H]1,25-(OH),D; in the presence or
absence of a 250-fold excess of nonradioactive 1,25-(OH)sDs
for 4 h at 0°C. Bound and free steroid was separated by
hydroxylapatite. Protein concentration of each cytosol was
2 mg/ml. (@): total binding; (O): nonspecific binding.

incubated for 30 min with 0.05 uM [*H]25-(OH)D; and
the metabolism of the substrate was assessed by re-
versed-phase HPLC of the extract, little or no evidence
of metabolism of [*H]25-(OH)D; was found (Fig. 3 A).
However, when parallel dishes of the same control
strain were treated with 1 nM 1,25-(OH),D; for 8 h
before harvesting the cells, several [*H]25-(OH)D4
metabolites were detected after incubation of the
cell sonicate with [*H]25-(OH)D; (Fig. 3 B). The
major metabolite peak coeluted with authentic
24,25-(OH),D;.

When the fractions in the region of the peak co-
eluting with 24,25-(OH);D; were pooled and rechro-
matographed on straight-phase HPLC as described in
the Methods, 87% of the radioactivity from the re-
versed-phase HPLC peak coeluted with authentic
24,25-(OH);D;. Periodate oxidation of the putative
[*H]24,25-(OH),Dj3 peak that eluted from the straight-
phase column was then compared with oxidation of
authentic [*H]1,25-(OH);D3 and authentic [*H]24,25-
(OH),Dg (Table II). Whereas there was no loss of ra-
dioactivity following periodate oxidation of authentic
[®*H]1,25-(OH);D3, both the authentic and putative
[*H])24,25-(OH);D3 had >95% loss of radioactivity. We
concluded that the major radioactive metabolite was
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FIGURE 2 Analysis of [*H]1,25-(OH).;D; binding on sucrose
density gradients. Fibroblasts from a control subject (strain
466) (A) and from the patient with vitamin D-dependent
rickets, type II (strain 460) (B) were grown under standard
conditions. The cells were harvested with trypsin-EDTA and
incubated with 1 nM [*H]1,25-(OH),D; with or without 250
nM 1,25-(OH);D; at 37°C for 45 min (Methods). Following
rinsing, the cells were sonicated in TEDMK buffer, cytosol
was prepared, and 200 ul were layered on 5-20% sucrose
gradients in TEDMK buffer. The gradients were centrifuged
and fractionated as described in the Methods. The vertical
arrow indicates the position of the ['*CJalbumin marker. The
protein concentrations in the control cytosols (A) were 4.3
and 5.3 mg/ml for the incubations in the absence and pres-
ence of added nonradioactive 1,25-(Oh),Ds, respectively.
The protein concentrations in the patient cytosols (B) were
3.6 and 5.3 mg/ml for the incubations in the absence and
presence of added nonradioactive 1,25-(OH),Ds, respec-
tively. (®); 1 nM [*H]1,25-(OH);Ds; (O); 1 nM [*H]1,25-
(OH),D; and 250 nM 1,25-(OH),Ds.

indeed 24,25-(OH);D; and that 1,25-(OH),D; treat-
ment of control fibroblasts causes a marked increase
in 24-hydroxylase activity. The small peak eluting im-
mediately after 24,25-(OH),D; in Fig. 3 B is in the
position of elution of 25,26-(OH);D;. The minor
peak(s) eluting before 24,25-(OH);D; have not been
identified.

The effect of 1,25-(OH);D; treatment on the me-
tabolism of [*H]25-(OH)Dj; in fibroblasts from the pa-
tient with vitamin D-dependent rickets, type II, is
shown in Fig. 4. Sonicates of untreated fibroblasts did
not metabolize [*H]25-(OH)D; significantly as ana-
lyzed on reversed-phase HPLC (Fig. 4 A). When par-
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FIGURE 3 Metabolism of [*H]25-(OH)D; by control fibro-
blast sonicates as assessed by reversed-phase HPLC. Fibro-
blasts from a control subject (strain 446) were grown under
standard conditions. 8 h before harvesting, one 15-cm dish
was treated with 25 ul ethanol (A) or 25 ul ethanol containing
1 nM 1,25-(OH);D; (B). Cells were harvested by scraping,
rinsed with Tris-saline, and sonicated in 50 mM Tris-citrate,
pH 7.5. 100 ul of each sonicate containing 0.22 mg protein
(A) and 0.18 mg protein (B) were incubated with 100 ul of
buffer and cofactors (Methods) and 0.05 uM [*H]25-(OH)D;
for 30 min at 25°C. The reaction was stopped by the addition
of methanol/chloroform and 70 ng 24,25-(OH),Ds was
added as recovery standard. The lipid extract was redissolved
in 85% methanol in water and subjected to reversed-phase
HPLC as described. The arrows indicate the elution positions
of authentic 24,25-(OH);D; and 1,25-(OH);Ds. The recovery
percentages of the 24,25-(OH),Ds internal standards were
43% (A) and 59% (B).

allel dishes were treated with 1 nM 1,25-(OH),D; 8
h before harvest, there was a small peak of radioac-
tivity coeluting with authentic 24,25-(OH).D; (Fig. 4
B) that was <10% of the peak seen in control cells (Fig.
3 B). This peak was usually no more than twice the
substrate blank. When analyzed further to confirm that
this putative 24,25-(OH),D; peak was actually 24,25-
(OH),D;, the amount of radioactivity eluting with
authentic 24,25-(OH),D; from the straight-phase col-
umn was <3% of the radioactivity of a simultaneously
run control. This small amount of radioactivity was
sensitive to periodate oxidation. Thus a portion of the
radioactivity was in fact 24,25-(OH),Dj.



TABLE II
Periodate Oxidation of Vitamin D; Metabolites

Metabolite Loss of *H
%
Authentic [H]1,25-(OH);Ds 0
Authentic [*H]24,25-(OH),Dy 98+2
Putative [sH]24,25-(0H)2D3 96+3

Authentic vitamin D metabolites labeled with *H in positions 26
and 27 and putative [*H]24,25-(OH);D; formed from [*H]25-
(OH)D; labeled in positions 26 and 27 were treated with sodium
metaperiodate as described in the Methods. The loss of radioactivity
as estimated by the amount recovered in an organic extract is given
as a percentage of the starting radioactivity. Results are expressed
as meanzSE of three determinations.

The conditions for assessing the 24-hydroxylase ac-
tivity in fibroblasts were evaluated. The formation of
24,25-(OH),Dj; as a function of increasing concentra-
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FIGURE 4 Metabolism of [*H)25-(OH)D; by patient fibro-
blast sonicates as assessed by reversed-phase HPLC. Fibro-
blasts from the patient with vitamin D-dependent rickets,
type II (strain 460) were grown under standard conditions.
8 h before harvesting one 15-cm dish was treated with 25
ul ethanol (A) or 25 ul ethanol containing 1 nM 1,25-(OH);D,
(B). Cells were harvested, sonicated, and incubated as de-
scribed in the legend to Fig. 3 and the extracts subjected to
analysis by reversed-phase HPLC. The incubations con-
tained 0.18 mg protein (A) and 0.15 mg protein (B). The
recoveries of the 24,25-(OH);D; internal standard were 79%
(A) and 87% (B).

tion of [*H]25-(OH)D; was assessed. The average cal-
culated K, for the substrate in two experiments was
0.04 uM. A standard concentration of 0.05 uM sub-
strate was chosen because it was near saturation and
similar to the normal plasma level of 25-(OH)D3. The
24-hydroxylase assay was shown to be linear with time
to 50 min (Fig. 5 A) and with amount of protein to
0.1 mg/assay (Fig. 5 B). A standard assay time of 30
min was chosen.

When control fibroblasts were incubated with in-
creasing concentrations of 1,25-(OH),Djs for 8 h before
harvesting, the formation of 24,25-(OH).D3 was in-
creased by concentrations, of 1,25-(OH),D; as low as
0.02 nM (Fig. 6). Maximal induction occurred at ~0.1
nM 1,25-(OH);D;. The effects of similar treatments on
24-hydroxylase activity in fibroblasts from the patient
with vitamin D-dependent rickets, type II, are also
shown in Fig. 6. At the lowest concentration of 1,25-
(OH);D4 studied a small increase in 24-hydroxylase
could be detected. With increasing concentrations of
1,25-(OH),Dj slightly more 24,25-(OH),D; formation
was detected. However, even at 2.5 nM 1,25-(OH);D;
(or 25 times the maximally effective dose in control
cells) the rate of formation of 24,25-(OH);D; was only
a small fraction of that seen in control cells (Fig. 6).
In other studies not shown, doses of 1,25-(OH).D; as
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FIGURE 5 24-Hydroxylase activity in control skin fibroblast
sonicates. Fibroblasts from a normal subject (strain 402) were
grown under standard conditions and treated with 1 nM
1,25-(OH);D; 8 h before harvesting. Fibroblast sonicate was
prepared and incubated for varying periods of time at var-
ious dilutions with [*H]25-(QH)Dj as described in the Meth-
ods. The formation of 24,25-(OH);D; was assessed by re-
versed-phase HPLC.

Vitamin D Resistance 1195



€

‘§ 03}° o
° Control

£

€

~

g o2

8

&

L 0.1

o

&

9 Patient

Ry

g — /an/n]

05 10 15 20 25
1,25'(0“)203 (ﬂM)

FIGURE 6 Induction of 24-hydroxylase activity in skin fi-
broblasts as a function 1,25-(OH),D; concentration. Fibro-
blasts from a normal subject (strain 402) and from the patient
with vitamin D-dependent rickets, type II (strain 460) were
grown under the standard conditions. 8 h before harvesting
parallel dishes of cells were treated with either vehicle alone
or various concentrations of 1,25-(OH),D;. Cells were har-
vested, sonicated, and incubated with [*H]25-(OH)Dj as de-
scribed. The formation of 24,25-(OH),D; was assessed by
reversed-phase HPLC. (O): control fibroblasts; (®): patient
fibroblasts.

high as 100 nM were ineffective in stimulating 24-hy-
droxylase activity.

The time courses of increase in 24-hydroxylase ac-
tivity by 1,25-(OH);D; in control and patient fibro-
blasts are shown in Fig. 7. Following addition of 1 nM
1,25-(OH);D; to control cells, enhancement of 24-hy-
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FIGURE7 Time course of induction of 24-hydroxylase ac-
tivity in skin fibroblasts by 1,25-(OH);Ds. Fibroblasts from
a control subject (strain 446) and from the patient with vi-
tamin D-dependent rickets type II (strain 460) were grown
under the standard conditions. At various times before har-
vesting the ‘monolayers were treated with 1 nM 1,25-
(OH);D3. The cells were harvested, sonicated, incubated
with [*H]25-(OH)Ds, and 24,25-(OH);D;3 formation was as-
sessed as described. (O): control fibroblasts; (®): patient fi-
broblasts.
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droxylase activity could be detected as early as 2 h and
appeared to plateau between 6 and 12 h. The level of
24-hydroxylase activity in control cells declined some-
what by 16 h in this experiment and was even lower
at 16 h in other experiments (results not shown). The
increase of 24,25-(OH),D; in the patient’s cells was
maximal at 8 h and nearly undetectable at 16 h (Fig.
7). A standard time of 8 h treatment with 1,25-(OH);Dg
was chosen for comparing cell strains.

The effects of 1,25-(OH);D3; on 24-hydroxylase ac-
tivity in control fibroblast strains, and in fibroblasts
from the patient with vitamin D-dependent rickets,
type II, and from her parents are shown in Fig. 8. In
all 18 strains 24-hydroxylase activity in the absence
of pretreatment with 1,25-(OH),D3 was <0.02 pmol/
min per mg protein and similar to the substrate blank.
Following treatment with increasing concentrations of
1,25-(OH),D;, 24-hydroxylase activity was increased
to maximal levels of from 0.11 to 0.27 pmol/min per
mg protein in the 10 control fibroblast strains. The
control strains included nine patients without bone
disease and the patient with osteomalacia due to vi-
tamin D-dependent rickets, type I, whose stimulated
value was 0.27 pmol/min per mg protein. The con-
centration of 1,25-(OH),;Dj; that resulted in half-max-
imal level of 24-hydroxylase averaged 0.06 nM in these
10 strains. The average maximal 24-hydroxylase ac-
tivity in the patient with vitamin D-dependent rickets,
type II, was 0.02 pmol/min per mg protein, a value
about one-fifth the lower limit of the control group.
The maximal level of 24-hydroxylase activity in the
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FIGURE8 24-Hydroxylase activity in skin fibroblasts. Fi-
broblasts from 10 control subjects, the patient with vitamin
D-dependent rickets, type II, and her parents were grown
under the standard conditions. 8 h before harvesting parallel
dishes of cells were treated with vehicle alone or increasing
concentrations of 1,25-(OH),D; ranging from 0.02 to 1.0 nM.
The fibroblasts were harvested, sonicated, incubated with
[®H]25-(OH)D3, and the formation of 24,25-(OH);D3; was
assessed as described in the Methods. The average maximal
24,25-(OH);D3 formation from two or more such experi-
ments with each cell strain is plotted as the value for 1,25-
(OH),Dg-treated. O: control women; O: control men; @®: pa-
tient with vitamin D-dependent rickets, type II; ©: the pa-
tient’s mother; I: the patient’s father.



cells from the parents of the patient was in the mid-
normal range (Fig. 8).

DISCUSSION

Three general types of resistance to steroid hormones
are now recognized: impaired formation of an active
metabolite, abnormalities of the steroid receptor pro-
tein, and so-called receptor-positive resistance in which
hormone metabolism and receptor binding are normal
and the defect appears to reside at some subsequent
phase of hormone action (21). Vitamin D-dependent
rickets, type I, is an example of a disorder of impaired
formation of an active metabolite, i.e., 1,25-(OH),Dj.
Most patients with vitamin D-dependent rickets type
IT have been found to have an abnormality of the 1,25-
(OH),;D; receptor (9, 12, 13). However, at least one
previously reported patient with the disorder was
found to have normal receptor binding in cultured skin
fibroblasts and, by definition, receptor-positive resis-
tance.

Receptor-positive resistance has been the most dif-
ficult of these types of abnormalities to investigate at
the molecular level for two reasons. On the one hand,
hormone resistance in the intact subject could be due
to transient or hormonal factors and thus not be ex-
pressed in vitro in cultured cells. On the other hand,
what appears to be a normal receptor initially may in
fact be a qualitatively abnormal receptor when ex-
amined more carefully and thus not actually an ex-
ample of receptor-positive resistance. This has proven
to be the case in many prior instances of glucocorticoid
and androgen resistance.

The concept of a postreceptor defect in steroid hor-
mone action was first proposed by studies of gluco-
corticoid-resistant lymphoma cells (22-25). Absent
binding, decreased amount of receptor, and a quali-
tatively abnormal receptor are defects commonly seen
in these glucocorticoid-resistant cells, while the in-
ability to identify a receptor abnormality is rare (22-
25). Amrhein et al. (26) were the first to report the
presence of normal androgen receptor binding in a
family with testicular feminization and to raise the
possibility of a postreceptor defect in androgen action.
However, when more sensitive techniques were de-
veloped to assess qualitative abnormalities of the an-
drogen receptor, only a small fraction of the families
with androgen resistance had no identifiable receptor
abnormality (27). And, in fact, the first family reported
to have receptor-positive androgen resistance (26) has
recently been shown to have a qualitatively abnormal
androgen receptor (28). Thus, defects in steroid hor-
mone action at a postreceptor site are uncommon.

One of the limitations of prior evaluations of recep-
tor-positive steroid hormone resistance in man has

been the lack of a marker of hormone action in cul-
tured cells. In the studies of fibroblasts from families
with androgen resistance (27) and from the single fam-
ily with glucocorticoid resistance (29), receptor bind-
ing is the only parameter of normal hormone action
thus far available for assessment.

The present report describes studies in fibroblasts
from a patient with vitamin D-dependent rickets, type
I1. Cytosol 1,25-(OH),D; receptor binding and nuclear
uptake of 1,25-(OH);D; in fibroblasts cultured from
skin were normal. Thus, despite in vivo evidence for
resistance to the action of the hormone, the in vitro
assessment of the 1,25-(OH),D; receptor function
seemed to be normal in this patient. To document that
the defect in 1,25-(OH);Dj3 action in this patient was
due to an abnormality at some postreceptor level we
utilized 25-hydroxyvitamin Ds;-24-hydroxylase activ-
ity as a marker for 1,25-(OH),D; action in cultured
skin fibroblasts. The induction of this enzyme has re-
cently been reported to be deficient in fibroblasts from
a patient with receptor-negative vitamin D-dependent
rickets, type II (9). Compared with control fibroblasts
the increase in 24-hydroxylase activity following treat-
ment with 1,25-(OH);D; in our patient’s cells was
markedly diminished. Thus, this is the first instance
in which a marker for a steroid hormone action in
normal cultured fibroblasts has been identified and
used to evaluate the overall pathway of hormone ac-
tion in cells from a patient with hormone resistance
in which hormone binding is normal. We cannot ex-
clude the possibility that the abnormality in this pa-
tient involves the receptor protein (for example, the
binding of the hormone-receptor complex to receptor
sites in the chromatin), but, regardless, the availability
of such a mutation should make it possible to design
experiments to investigate the events in 1,25-(OH),Djg
action between receptor binding and ultimate nuclear
action. Indeed, the use of 24-hydroxylase as a marker
of 1,25-(OH),D;3 action might be the most reliable
means of documenting resistance to the hormone.

The utilization of 24-hydroxylase as a marker for
1,25-(OH);D; action has a solid rationale. In addition
to the actions of 1,25-(OH);D; to stimulate intestinal
absorption of calcium and mobilization of calcium
from bone, 1,25-(OH),D; regulates the metabolism of
25-(OH)D;. Vitamin D-deficient animals metabolize
25-(OH)D; primarily by la-hydroxylation to form
1,25-(OH);D3. Treatment with 1,25-(OH),Dj3 inhibits
la-hydroxylation and induces the 25-hydroxyvitamin
D;-24-hydroxylase; this results in increased plasma lev-
els of 24,25-(OH);D; (30). Although the primary site
of induction of 24-hydroxylase activity is thought to
be the kidney (31), recent studies in the rat suggest
that extrarenal 24-hydroxylase activity accounts for a
third of the 24,25-(OH);D; production, and that the
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extrarenal 24-hydroxylase is also under regulatory con-
trol by 1,25-(OH);D; (32). The sites of extrarenal 24-
hydroxylase activity are incompletely defined. Initial
studies of 24-hydroxylase activity in cultured cells
were limited to primary cultures of chick kidney cells
(83). Primary cultures of human bone cells also have
24-hydroxylase activity that is responsive to 1,25-
(OH);Dj (34), and a number of established mammalian
cell lines possess both receptors for 1,25-(OH);D;3 and
the capacity to respond to the hormone by induction
of 24-hydroxylase activity (35, 36). Because of these
findings we assessed the effects of 1,25-(OH);D; on the
24-hydroxylase activity in normal and patient skin fi-
broblasts. Since the presence of a normal 1,25-(OH),D;
receptor and presumably normal receptor function are
required for induction of 24-hydroxylase (9, 36), we
conclude that impaired stimulation of the enzyme in
the presence of .normal receptor binding is evidence
for postreceptor resistance to the action of the hor-

mone.
The relation of the impaired induction of 24-hy-

droxylase activity in fibroblasts to the in vivo formation
of 24,25-(OH),D; in the patient is unclear. Although
receiving treatment with 25-(OH)D; to raise the
plasma level of 25-(OH)D; to five times normal, the
patient’s plasma level of 24,25-(OH);D3 was in the
normal range (unpublished observations). (No pre-
treatment level was obtained.) This “normal” value
may be inappropriately low for an elevated plasma
level of 1,25-(OH),D; and the increased level of the
substrate (37). Alternatively the low 24-hydroxylase
in the fibroblasts may not reflect the activity of the
enzyme in the renal tubular epithelium, the primary
site of formation of plasma 24,25-(OH);D3, but rather
may be more indicative of the enzyme in bone or other
extrarenal tissues. There is precedent for this impaired
induction of 24-hydroxylase in fibroblasts in spite of
“normal” 24,25-(OH);D levels in vivo in the previ-
ously mentioned patient with receptor-negative vita-
min D-dependent rickets, type II (9). In this patient
the 24,25-(OH),D level was higher than the mean level
in normal subjects (9).

The finding of impaired formation of 24,25-(OH).D;
in cells from a patient with osteomalacia raises the
question of the importance of this vitamin D metab-
olite in normal vitamin D action. Although some in-
vestigators have concluded that 24,25-(OH),D; does
not have effects distinct from those of 25-(OH)D; (38),
others have concluded that 24,25-(OH),D; plays an
important role in mineralization of bone (39), in
suppression of parathyroid hormone secretion (40), in
skeletal maturation during embryogenesis (41, 42), and
in ameliorating the effect of nephrectomy on bone re-
sorption (43).
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