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Point Mutations in the Human Vitamin D Receptor tissue (usually intestine and bone) for which 

Gene Associated with Hypocalcemic Rickets analysis could be performed. However, fi- 
broblasts cultured from human skin have 
been shown to contain the 1,25-(OH)2D3 

MARK R. HUGHES, PETER J. R/ZALLOY, DIRK G. KIEBACK, receptor (VDR) (1 1) and to exhibit biologi- 

ROBERT A. KESTERSON, J. WESLEY PIKE, DAVID FELDMAN, cal response to this hormone (9) .  Skin fibro- 

BERT W .  O'MALLE* blasts from patients and family members 
with HVDRR have been evaluated, and a 
spectrum of molecular defects has emerged 

Hypocalcemic vitamin D-resistant rickets is a human genetic disease resulting from including decreased or absent 1,25- 
target organ resistance to the action of 1,25-dihydroxyvitamin D3. Two families with (OH)2D3 binding or decreased DNA bind- 
affected children homozygous for this autosomal recessive disorder were studied for ing of the VDR (6-10). All cases tested 
abnormalities in the intracellular vitamin D receptor (VDR) and its gene. Although the show an inability to induce the enzyme 25- 
receptor displays normal binding of 1,25-dihydroxyvitamin D3 hormone, VDR from hydroxyvitamin D-24-hydroxylase, a useful 
affected family members has a decreased f i i t y  for DNA. Genomic DNA isolated marker of receptor-mediated 1,25-(OH)2D3 
from these families was subjected to oligonucleotide-primed DNA amplification, and action (7-10). 
each of the nine exons encoding the receptor protein was sequenced for a genetic We have studied two families for clues to 
mutation. In each family, a different single nucleotide mutation was found in the DNA their VDR defects (7, 8). The first family 
binding domain of the protein; one family near the tip of the first zinc finger (the D kindred) is the result of a consan- 
(Gly-Asp) and one at the tip of the second zinc finger (Arg-+Gly). The mutant guinous marriage in a black Haitian family 
residues were created in vitro by oligonucleotide directed point mutagenesis of wild- and includes nine members, five of whom 
type VDR complementary DNA and this cDNA was transfected into COS-1 cells. The have been evaluated [(7) and our data]. The 
produced protein is biochemically indistinguishable from the receptor isolated from parents (D4 and D5) are phenotypically 
patients. normal, as is one unaffected daughter (D3). 

Two affected daughters ( D l  and D2) dis- 

A GENETIC LESION IN THE PATHWAY eral target tissue resistance to the hormone play severe rickets and the classic childhood 
of vitamin D action has been sus- in a manner analogous to the clinical disor- phenotype of HVDRR. The second (the G 
pected in the human disorder of ders of glucocorticoid (Z), mineralocorticoid kindred) is a family of Arabs living in the 

hypocalcemic vitamin D-resistant rickets (3),  and androgen resistance (4). While nu- Middle East (8). The parents (G3 and G4) 
(HVDRR) (1). This rare, autosomal reces- merous patients have been reported with the are first cousins and are phenotypically nor- 
sive syndrome is characterized by hypocalce- HVDRR phenotype (5-lo), progress in un- mal with no calcium or bone abnormalities. 
rnia, secondary hyperparathyroidism, and raveling the molecular pathogenesis of this Of the six children, two males (G1 and G2) 
early onset rickets, all of which develop disorder has been hampered by the difficulty display the HVDRR phenotype. 
despite an increase of the calcium regulating in obtaining receptor containing "target" Fibroblasts or lymphocytes (or both) 
hormone 1,25-dihydroxyvitamin D3 (1,25- 
(OH)zD3) in the plasma. In cases tota1 Table 1. Summary of physical and functional properties of vitamin D receptor in two kindreds with 
body alopecia is also present but its relation HVDRR. 
to vitamin D physiology is unknown. This 
constellation of features results from periph- D kindred G kindred 

Property Wild type 
Parents* siblings Mected Unaffected Parents sibBgs 

M. R. Hughes, Deparunent of Cell Biology and Institute 
for Molecular Genetics. Bavlor Colleee of Medicine. . , u 
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were obtained from b i l y  members. The 
cells were transformed with Epstein-Barr 
virus and grown in culture for subsequent 
karyotype analysis, ~ , ~ ~ - ( o H ) ~ [ ~ H ] D  b i d -  
ing (7, 8), induction of 24-hydroxylase ac- 
tivity (7-10, 12), DNA-cellulose alkity (7, 
8), and immunoblot analysis with a mono- 
clonal antibody to VDR (8) (Table 1). The 
receptors from the affected children and 
obligate heterozygote parents display nor- 

mal 1,25-(OH)2D3 binding (7, 8) and mi- 
grate at the expected molecular size of 48 to 
50 kD when analyzed by immunoblot (8). 
However, receptors from the affected chil- 
dren elute from DNA-cellulose prematurely 
at 0.1M KC1 instead of at the expected 0.2M 
KC1 where the wild-type receptor elutes, 
suggesting that they have a lower &ty for 
DNA. These cells are also resistant in vitro 
to 1,25-(OH)2D3, as demonstrated by fail- 

1 1  / ' Ollgo 3b I 
CTCCCTCTTCTTCGTTCCACAAAOOTA' 

lntron I Is1 bp I lntron 
GTTCAGTGAC 

lntron f labpi lntron 

Fig. 1. Human VDR gene organization and exon amplification strategy. The nine coding exon 
sequences (black vertical bars) are separated along 45 kb of genomic DNA. Oligonudeotide primers 
(27 nudeotides) designed to anneal to 5' fl&g i n w n  sequence are numbered l a  to 9b. In two 
instances (exons 4 to 5 and 7 to 8) the i n w n  DNA is sufliciently short (<500 bp) to allow PCR to 
proceed through both exons plus the spanning intron h m  a single pair of primers. Hence, the nine 
exons h m  the patient were generated with seven paired sets of oligonudeotides that were allowed to 
anneal at 55°C for 2 minutes to 500 ng of heat-denatured genomic DNA. Primer elongation was 
accomplished at 72°C for 3 minutes in the presence of Taq I DNA polymerase and subsequent strand 
denaturation at 95OC for 1 minute. Twenty-two similar cydes (6 minutes each) were carried out (15) to 
produce amplified fiagment DNA that was digested with Ew RI to produce cohesive ends and cloned 
into bacteriophage M13mp8 for sequencing. 

Dlsea 
allel 

ai- 

Fig. 2. Partial pedigree and comsponding VDR nudeotide sequence 
analysis of two families with autosoma1 recessive HVDRR. Squares repre- 
sent males, circles indicate fcmales, filled symbols sigtllfy obvious clinical 
disease phenotype, and partially filled symbols indicate hemozygote carrier 
state for the disease allele. The double bar between the parents indicates 
consanguinous matings. Gcnomic DNA was subjected to 22 cydes of PCR 
(15) and s@c exon fragment yield was determined on a measured pomon 
(10%) by elecnophoresis in 5% acrylamide; the gels were stained with 
ethidium bromide and the intensity of the bands was compared. The reaction 
was then digested with Eco RI to generate cohesive ends and cloned into the 
Eco RI site of M13mp18 for sequencing by the dideoxynucleotide chain 
termination method (28). Mutations were verified by sequencing multiple 

ure to induce 24-hydroxylase activity, while 
cells fiom the parents and unaffected sibling 
induce enzyme normally (7, 8). Thus, the 
phenotypic abnormality in these kindreds is 
likely to result from a defective VDR-DNA 
interaction in the affected children. In addi- 
tion, the receptor is expressed from both 
normal and affected alleles in the obligate 
heterozygote parents. Routine cytogenetic 
analysis (G banding) revealed a normal 
karyotype in the affected children, excluding 
a major chromosomal rearrangement in 
these patients. Because hormone binding is 
normal and the receptor size is appropriate, 
we concluded that a minimal mutation in 
the receptor gene could represent the under- 
lying genetic defect. 

We used the previously cloned human 
VDR cDNA (13), the sequence of the hu- 
man chromosomal gene (14),  and the DNA 
amplification technique of polymerase chain 
reaction (PCR) (15) to amplify specific re- 
gions of the chromosomal gene, isolate and 
sequence the amplified products, and inter- 
pret these data with regard to possible mum- 
tions. This approach avoids the tedium of 
generating a genomic or mRNA library 
from each family member, and subsequent 
screening, mapping, and sequencing the iso- 
lated clones. 

The organization of the human VDR 
chromo5omal gene and the two pairs of 
oligonucleotide primers used to amplify ex- 
ons 2 and 3 of the nine exons comprising the 
full-length coding region of the gene are 
shown in Fig. 1. To identify potential splice 
site mutations, we designed primers to an- 
neal to the intron flanking region of each 

)Isease 
allele 

- 
DIs( 
all 

d o n a  in both strand orientations h m  independent amplification reactions. 
(A) Normal exon 3 sequence (left) and mutant sequence (right) are depicted 
for the D family. A single base substitution (asterisk) of G to A is the only 
identified sequence change in this kindred, and it is found in all clones h m  
amplified exon 3 in patients D l  and D2, and approximately half of the 
parental dones. The normal and disease allele sequences h m  the fither (D5) 
are shown and are identical to the maternal sequence. The phenotypically 
normal sibling (D3) carries only the normal wild-type allele. (B) A nudeo- 
tide transition (G to A) is seen in exon 2 from two a f F d  members of the G 
kindred. S i a r l y  the heterozygote parents displayed both the wild-type and 
mutant alleles. 
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exon so that the Taq I DNA polymerase 
would replicate 10 to 20 bp of genomic 
intron sequence prior to crossing the intron- 
exon boundary and generating the exon of 
interest. The 3' ends of the oligonucleotide 
primers contained bases that produce an 
artificial Eco RI restriction site to facilitate 
cloning into M13 bacteriophage vector. Ex- 
ons 4 and 5 as well as exons 7 and 8 are each 
separated by less than 250 nucleotides of 
intron and were amplified together with sin- 
gle pairs of oligonucleotides. In this manner, 
each of the nine exons and flanking interven- 
ing sequences from the VDR chromosomal 
gene were amplified and sequenced to identify 
a potential genetic mutation. 

Having identified the receptor defect as 

u 
'0 10 20 30 

Fraction number 

Flg. 3. DNA-cellulose elution profiles of VDR 
from normal individuals, members of the D kin- 
dred, and transiently transfected mutant receptor. 
Human Epstein-Barr virus transformed lympho- 
cytes or transiently transfected COS-1 cells were 
grown in cell culture (8, 13), and soluble cellular 
extracts containing VDR were prepared (8) and 
incubated with 2 nM 1,25-(OH)2['H]D for 3 
hours at 0%. Samples were processed as de- 
scribed in (29). (A) Elution profiles of wild-type 
VDR (triangles) and receptor from a typical 
patient (D2) with the classical HVDRR pheno- 
type (circles). Analyses of the other affected indi- 
viduals from the D and G kindreds similarly show 
early elution of the mutant VDR at 0.1M salt. (B) 
Profile of VDR isolated from an obligate hetero- 
zygote (HVDRR carrier) parent (D4) showing 
two receptor forms, one eluting at 0.2M salt 
coincident with wild-type receptor, and the other 
at 0.1M salt coincident with the elution position 
of VDR from the affected offspring. (C) Profile of 
deliberately mutated VDR after recreation of the 
site-specific mutation found in the D kindred (1 7, 
30). 

an anomaly in DNA binding, we focused 
our attention on exons 2 and 3 (Fig. 1) of 
the VDR gene encoding this functional 
domain (13, 14). Together these exons en- 
code for a 70 amino acid, cysteine rich area 
of VDR which is evolutionarily highly con- 
served (39 to 49% homology) throughout 
all members of the steroid receptor family. 
Moreover, in vitro mutations in this domain 
greatly reduce or abolish subsequent recep- 
tor-DNA interaction without disruption of 
hormone binding functions (16). 

Genomic DNA from cells of each family 
member was subjected to PCR amplifica- 
tion, the products were cloned into a bacte- 
riophage M13mp18 sequencing vector, and 
the clones were screened with either an end- 
labeled [32~]oligonucleotide complemen- 
tary to the middle of the amplified exon, or 
internally labeled (nick-translated) authentic 
VDR cDNA. Positive hybridizing clones 
were sequenced (Fig. 2). A reproducible 
single base mutation (CGA to CAA) was 
identified in the triplet codon for arginine in 
exon 3 from both affected children of the D 
kindred leading to the aberrant substitution 
of glutamine. The arginine at this position is 
positionally conserved throughout all of the 
steroid receptors sequenced to date (16). 
Although only the mutant codon was found 
in patients D l  and D2, parental genomic 
DNA was heterozygotic and generated both 
the mutant and the normal gene sequence. 
Random selection of PCR clones revealed 
58% normal and 42% abnormal codons, a 
distribution consistent with the ex~ected 
equal presence of both alleles in the hetero- 
zygote parents. The unaffected sibling (D3) 
showed only wild-type sequence and there- 
fore is not a carrier of the disease. 

Similar experiments were conducted on 
members of the G kindred. Although VDR 

exon 3 was entirely normal in this family, a 
point mutation was identified in exon 2 
from the affected children; the triplet codon 
change of GGC to GAC results in the amino 
acid replacement of glycine with aspartic 
acid. Glycine also is a positionally conserved 
amino acid in all the steroid and thvroid 
receptors, suggesting that it plays a crucial 
role in protein-DNA interaction. As before, 
the G-kindred parents displayed both the 
normal and disease alleles. 

The point mutations of exon 2 (G kin- 
dred) and exon 3 (D kindred) are the only 
VDR sequence variations uncovered in 
these families. We concluded that these sin- 
gle amino acid substitutions represent the 
molecular defects responsible for the 
HVDRR disease phenotype because, as 
would be expected, (i) with an autosomal 
recessive pattern of inheritance, the muta- 
tion predictably segregated in the family, 
and the parents displayed both the wild-type 
and mutant alleles; (ii) these were the only 
nucleotide changes found in the coding 
region for the receptor protein, and (iii) the 
observed mutations were located within the 
DNA binding domain of the receptor, con- 
sistent with the demonstrated biochemical 
defect. 

We obtained final confirmation bv re- 
creating these nucleotide base changes in 
wild-type VDR cDNA. We used oligonu- 
cleotide directed point mutagenesis (1 7), 
which was followed by transfer of the in 
vitro generated mutant cDNA into the eu- 
karyotic expression vector p91023b (18) 
and transfection into COS-1 monkey kidney 
cells (13). The expressed mutant VDR de- 
rived from sequence in the D kindred con- 
tained a gluta&ne substituted for arginine; 
it displayed normal 1,25- ( O H ) ~ [ ~ H ] D  
binding of high affinity, which was indistin- 

Fig. 4. Amino acid sequence and hypothetical St~UCture of the VDR DNA-binding domain. The 
deduced amino acids from the VDR cDNA are shown as two potential zinc-finger arrays each encoded 
by separate gene exons. The conserved residues found in the other steroid and thyroid receptors (16) are 
shaded. The triplet codon change of GGC to GAC in VDR exon 2 results in a Gly30 conversion to Asp 
in the genomic DNA of G kindred members. A nucleotide transition (G to A) in VDR exon 3 replaces 
kg7 '  for Gln in members of the D kindred. The residues are indicated in the diagram by the single 
letter abbreviations: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H ,  His; I, Ile; K, Lys; L, Leu; M, 
Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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guishable from wild type. As predicted, the 
a f i i t y  of the mutant receptor was markedly 
decreased for DNA cellulose (Fig. 3C), con- 
sistent with that observed in both the affect- 
ed patient (Fig. 3A) as well as the heterozy- 
gote parent (Fig. 3B). The mutant receptor 
eluted from DNA cellulose at approximately 
0.1M KC], in contrast to the normal recep- 
tor, which elutes at 0.2M KCI. The ex- 
pressed mutant VDR from the G kindred, 
which contained an aspartic acid substituted 
for glycine, produced similar biochemical 
profiles. These results suggest that single 
nucleotide substitutions identified in the 
VDR gene from each of these two kindreds 
are responsible for the tissue resistance to 
1,25-(OH)2D3 and the HVDRR disease 
phenotype. 

Steroid hormone molecules exert their 
effects on cellular functions via receptor 
proteins that contain discrete hnctional do- 
mains. A current model for the structure of 
the DNA binding domain is based on the 
conservation of certain hydrophobic and 
basic residues in an area of primary amino 
acid sequence rich in positionally conserved 
cysteine residues. A potential structural mo- 
tif for the DNA binding domain in steroid 
recemor  rotei ins is based on the discoverv 

I I 

of tandernly repeated units in the transcrip- 
tion factor TFIIIA from Xenopus oocytes 
(19). The repeat domains (approximately 30 
amino acids each) include paired cysteine 
and histidine residues which are thought to 
form fingerlike structures around a central 
zinc ion (20, 21). The zinc fingerlike struc- 
tures are encoded by two separate exons in 
the chromosomal genes (Fig. 4) for both 
VDR (14) and progesterone receptor (22). 
The mutations associated with HVDRR in 
the patients considered here reside near the 
tip of each of the fingers, and emphasize the 
importance of these regions for hc t iona l  
interactions of receptor with DNA. The D- 
kindred mutation replaces a very basic argi- 
nine residue (pK = 12) for an uncharged 
glutamine at a prominent position in the 
second finger. In the G kindred, the muta- 
tion changes a neutral glycine to a negatively 
charged aspartic acid in the first zinc finger 
structure. Both arginine and glycine residues 
are present at these two positions in all of 
the presently identified members of the re- 
ceptor supergene family (16), and this evolu- 
tionary conservation implies that these ami- 
no acids are critical to the interaction of 
receptor with DNA. It is unclear whether 
the abnormal function of these mutants is 
due to charge differences alone or whether 
the domain conformation in this critical 
region of the protein is altered. Point muta- 
tions of this nature may also affect protein- 
protein interactions such as the formation of 
receptor homodimers (23), or the interac- 

tion of receptor with other protein compo- 
nents of thi transcriptional regulating com- 
plex (24), or the structural integrity of alter- 
nate motifs for DNA binding proteins (25). 

Together with information determined 
for other members of the steroid-thyroid 
family of gene products by means of cell 
culture (26) and in vitro (16, 27) systems, 
the details of this complex process of pro- 
tein-DNA interaction and receptor-mediat- 
ed transcriptional regulation are beginning 
to emerge. 
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