A Constitutively Active Mutant PTH-PTHrP
Receptor in Jansen-Type Metaphyseal
Chondrodysplasia
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A single heterozygous nucleotide exchange in exon M2 of the gene encoding the
parathyroid hormone—parathyroid hormone-related peptide (PTH-PTHrP) receptor was
identified in a patient with Jansen-type metaphyseal chondrodysplasia, which changes
a strictly conserved histidine residue at position 223 in the receptor’s first intracellular
loop to arginine. Constitutive, ligand-independent adenosine 3',5’-monophosphate
accumulation was observed in COS-7 cells expressing the mutant PTH-PTHrP receptor

but not in cells expressing the wild-type receptor. This finding explains the severe -

ligand-independent hypercalcemia and hypophosphatemia, and most likely the ab-
normal formation of endochondral bone, in this rare form of short-limbed dwarfism.

Jansen-type metaphyseal chondrodysplasia
(JMC) (1), a rare form of short-limbed
dwarfism, is associated with asymptomatic
but often profound hypercalcemia and hy-
pophosphatemia (2, 3), despite the lack of
parathyroid gland abnormalities (2, 4, 5)
and the presence of normal or undetectable
amounts of PTH and PTHrP (6, 7, 8).
Although these laboratory findings suggest
the presence of an unknown calcium-regu-
lating factor (6, 7, 8), we considered the
possibility of a PTH-PTH1P receptor muta-
tion that results in constitutive receptor
activation. Genomic DNA of a patient with
JMC was therefore screened for mutations
in all coding exons of the PTH-PTHrP
receptor gene. A heterozygous His to Arg
mutation at position 223 (H223R) was
found at the junction between the PTH-
PTHIP receptor’s first intracellular loop and
second membrane-spanning helix (Fig.
1A). Both unaffected parents were homozy-
gous for the normal allele (Fig. 1B). This
result and the phenotypic evidence of wide-
spread abnormalities in many tissues sug-
gested that the patient inherited a new
germline mutation or developed a new so-
matic mutation early in development.

To test the consequences of the H223R
missense mutation in vitro, we introduced
the respective nucleotide exchange into the
complementary DNA encoding the wild-
type human PTH-PTH1P receptor (HKrk)
to generate HKrk-H223R. Ligand-indepen-
dent constitutive accumulation of adeno-
sine 3’,5'-monophosphate (cAMP) oc-
curred only in COS-7 cells expressing
HKrk-H223R but not in cells expressing
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HKrk (Fig. 2A, inset). Transfection with
increasing amounts of HKrk-H223R led to
a corresponding increase in basal cAMP
accumulation that reached a plateau at
about 100 ng per well. In contrast, cells that
expressed increasing amounts of HKrk
showed no change in basal cAMP accumu-
lation, which was furthermore indistin-
guishable from that of cells transfected with
vector alone (9). When challenged with
[N1e818, Tyr**bovine PTH(1-34)amide or
[Tyr**lhuman PTHrP(1-36)amide, cAMP
accumulation increased only approximately
twofold in cells expressing HKrk-H223R,
yet more than 20-fold in cells expressing
HKrk (Fig. 2A).

Because the PTH-PTHrP receptor acti-
vates adenylate cyclase and phospholipase
C (10), we tested whether the H223R mis-
sense mutation led to ligand-independent
inositol phosphate (IP) accumulation. Cells
that were transfected with saturating
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Fig. 1. (A) Genomic DNA from a recently de-
scribed patient with JMC (8) was screened by
temperature-gradient gel electrophoresis or direct

amounts of HKrk-H223R showed, in com-
parison with cells expressing HKrk, no in-
crease in basal IP accumulation. However,
challenge with either [N1e®'8, Tyr*#Jbovine
PTH(1-34)amide or [Tyr’**}human PTHrP
(1-36)amide failed to stimulate the accu-
mulation of IP in cells transfected with
HKrk-H223R (Fig. 2B). Because PTH-stim-
ulated IP generation depends on the num-
ber of expressed receptors (11), we assessed
cell-surface expression of wild-type and mu-
tant receptors in which a Haemophilus influ-
enza hemagglutinin (HA) epitope had been
introduced into the NH,-terminal extracel-
lular domain by oligonucleotide-directed

~ site-specific mutagenesis (12). When cells

were transfected with the same increasing
amounts of either plasmid, maximal expres-
sion of HA-HKrk-H223R was approximate-

-ly 50% lower than that of HA-HKrk (Fig.

2C). However, when HA-HKrk expression
was reduced to match that of HA-HKrk-
H223R, ligand-stimulated IP accumulation
was readily detectable (Fig. 2D). This indi-
cated that the H223R mutation, and not
the lower amount of cell-surface expression,
caused the impaired activation of phospho-
lipase C. The transiently expressed mutant
HKrk-H223R bound [Nle®!8, Tyr**]bovine
PTH(1-34)amide and [Tyr**lhuman PTHrP
(1-36)amide with an apparent binding af-
finity of 4.1 * 1.0 and 4.1 = 0.5 nM,
respectively, compared with 10 = 3.1 and
21 = 8.0 nM for the wild-type PTH-PTH:P
receptor (13), and indistinguishable bind-
ing data were obtained with HA-HKrk and
HA-HKrk-H223R, respectively (9). The in-
creased apparent binding affinity observed
with cells expressing PTH-PTHIP receptors
that contained the H223R mutation ap-
peared to be directly related to a reduced
cell-surface expression (Fig. 2C) and is con-

nucleotide sequence analysis or both for mutations in the coding exons of the gene encoding the
PTH-PTHrP receptor (28). A heterozygous A to G change, which introduces a restriction site for Sph |,
was identified in exon M2, which encodes portions of the first intracellular loop and of the second
membrane-spanning domain. This nucleotide exchange causes a His to Arg mutation at position 223 of
the PTH-PTHrP receptor. Genomic DNA from both healthy parents revealed no abnormality in exon M2
(9). (B) To confirm these polymerase chain reaction findings, ~5 wg of genomic DNA from the patient
(lane 2) and her healthy mother (lane 3) and father (lane 1) was digested with Sph | before analysis by
Southern (DNA) blot. The blot was probed with an =1.5-kb Xho | fragment from the most 3' portion
of the human genomic DNA clone HG-2 (28). The patient’s DNA revealed two large hybridizing DNA
species of ~5.7 and =~6.5 kb, respectively, and a small fragment of ~0.8 kb (9). DNA from both parents
showed only a single ~6.5-kb DNA fragment that hybridized approximately twice as intensely as did the
same DNA fragment from the patient. Position and size of the DNA markers are indicated by arrows.
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sistent with previous findings made with
the use of wild-type and mutant receptors
(11, 12).

Actions of PTH and PTHrP on kidney
and bone explain the abnormalities in min-
eral ion metabolism found in diseases of
excess hormone production such as primary
hyperparathyroidism (14) and the syn-
drome of humoral hypercalcemia of malig-
nancy (HHM) (15), respectively. The strik-
ing laboratory similarities between these
diseases and JMC are undoubtedly caused
by the dominant expression of the mutant,
constitutively active, PTH-PTHtP receptor
in the two most important organs of calci-
um and phosphate homeostasis. These find-
ings thus provide evidence that the recently

isolated PTH-PTHrP receptor is the major-

mediator of the endocrine functions of PTH
and PTHrP. )
However, PTHrP and the PTH-PTH1P

receptor are also expressed in adjacent cells

suggests a paracrine-autocrine role for
PTHtP (16, 17). Furthermore, the targeted
ablation of the gene encoding PTHrP in
mice through homologous recombination
results in a perinatally lethal phenotype
with severe chondrodysplasia (18), and a
similar, but more severe, phenotype that
leads to death in utero is observed in mice
that lack the PTH-PTHrP receptor (19). At
least in the animals lacking PTHrP, the
osseous malformations are most likely
caused by the abnormal proliferation and
differentiation of growth-plate chondro-
cytes into hypertrophic cells (17). PTHrP,
through its interaction with the PTH-
PTHrP receptor, thus appears to play a
prominent role in bone elongation and
ossification. This hypothesis is supported
by our findings in JMC, which indicate
that an activating receptor mutation caus-
es not only the abnormalities in mineral
jon homeostasis but also the abnormal
formation of endochondral bone. The lat-

» REPORTS

ter findings appear to be reciprocal to
those in mice lacking PTHrP or the PTH-
PTHrP receptor (5).

Activating receptor mutations were re-
cently implicated in some human diseases.
In rhodopsin, such mutations cause either
rare forms of retinitis pigmentosa (20) or
congenital stationary night blindness (21);
in the thyroid-stimulating hormone recep-
tor, they cause either thyroid adenomas
(22) or congenital nonautoimmune hyper-
thyroidism (23); in the luteinizing hor-
morne receptor, they cause gonadotropin-
independent male precocious puberty (24);
and in the calcium-sensing receptor, they
cause hypoparathyroidism (25). Similarly,
murine melanocyte-stimulating hormone
receptor mutations result in either consti-
tutively active or hypersensitive receptors
that determine the fur coat color (26). Our
findings concerning the PTH-PTH1P re-

ceptor extend this list of activating muta-

within the metaphyseal growth plate, which

tions to yet another family of heterotrimeric

Fig. 2. Functional evaluation of mutant
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(29). (A) Cyclic AMP accumulation. E 60
Measurement of intracellular cAMP 1004 ¥

accumulation in COS-7 cells tran- §. 50+
siently expressing HKrk (squares) or = 40
HKrk-H223R (circles) (100 ng of g 304
plasmid DNA per well) after stimula- 754 5

tion with increasing concentrations a 204
of either [NIe®'  Tyr34bovine B 10
PTH(1-34)amide (filled squares and £

circles) or [Tyr3¢human PTHrP(1-
36)amide (open squares and circles).
Maximal cAMP accumulation was
338 =+ 59 pmol per well per 15 min
for PTH and 395 + 95 pmol per well
per 15 min for PTHrP when COS-7
cells expressing Hkrk were tested.

cAMP accumulation
(% of maximal stimulation)
w
o
]

25 =

[3H]IP accumulation (cpm/40 min x 1000)

Basal cAMP accumulation of COS-7 0 I
cells expressing either HKrk (filled 12 -1 -10
bar) or HKrk-H223R (shaded bar) is
shownintheinset (14.1 += 1.1 versus
67.5 *= 4.8 pmol per well per 15 min; P < 0.001). When increasing con-
centrations of the plasmid. encoding the wild-type and the mutant PTH-
PTHrP receptor were compared (3 to 600 ng per well), the HKrk-H223R
mutant revealed three- to fivefold greater basal cAMP accumulation at each
of the plasmid concentrations used for COS-7 cell transfections. A plateau
of basal cAMP accumulation was observed at approximately 100 ng of
plasmid DNA per well. Indistinguishable results were obtained when using
wild-type and mutant PTH-PTHrP receptors in which an H. influenza (HA)
epitope, Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala, had been introduced to re-
place residues 93 to 101 (9). No stimulation or inhibition of cAMP accumu-
lation was observed after treatment of COS-7 cells expressing HKrk-H223R
with either [Nle® 18, Tyr34]bovine PTH(3-34)amide or [Nle® '8, Tyr34|bovine
PTH(7-34)amide (9). Data are given as percent of maximal cAMP accumulation
with HKrk and represent mean + SE of at least three independent experiments,
each done in duplicate or triplicate. (B) IP accumulation. Hydrolysis of total IPs
(IP,, IP,, and IP4) was assessed as described (70) in the absence (filled bars) or
presence (shaded bars) of [Tyr*¢]human PTHrP(1-36)amide (10 M) with the
use of COS-7 cells transfected with either HKrk or HKrk-H223R (100 ng of
plasmid DNA per 24 wells). Indistinguishable results were obtained when the
experiments were done with HA-HKrk and HA-HKrk-H223R or with [NIe®'8,
Tyr¥4bovine PTH(1- 34)amide (9). Data are the mean * SE of at least two
independent experiments each done in triplicate. (C) Assessment of cell-sur-
face expression. COS-7 cells were transfected with increasing concentra-
tions of the plasmid DNA encoding HA-HKrk (open squares) or with
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HA-HKrk-H223R (filled circles). Cell-surface expression of PTH-PTHrP re-
ceptors was determined as described with the use of the monoclonal
antibody 12CA5 and a second radiolabeled antibody to mouse immuno-
globulin (72). Data are the mean *+ SE of at least two independent experi-
ments each done in triplicate. (D) IP accumulation. COS-7 cells were trans-
fected with increasing concentrations of the plasmid DNA encoding HA-
HKrk (open squares) or with HA-HKrk-H223R (filled circles). Hydrolysis of
IPs was assessed as described (70) in the absence or presence of
[Tyr®human PTHrP(1-36)amide (106 M). Data are the mean + SE of at
least two independent experiments each done in triplicate.
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guanosine triphosphate—binding protein (G
protein)—coupled receptors. Because the
equivalent of the histidine residue investi-
gated in the present study is strictly con-
served in all members of this receptor family
(27), it may be of general functional impor-
tance in these G protein—coupled receptors.
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Ras-Dependent Induction of Cellular Responses
by Constitutively Active
Phosphatidylinositol-3 Kinase

Qianjin Hu,* Anke Klippel,*t+ Anthony J. Muslin,
Wendy J. Fantl, Lewis T. Williams+§

Phosphatidylinositol (P1)-3 kinase is one of many enzymes stimulated by growth factors.
A constitutively activated mutant, p110*, that functions independently of growth factor
stimulation was constructed to determine the specific responses regulated by PI-3 kinase.
The p110* protein exhibited high specific activity as a PI-3 kinase and as a protein kinase.
Expression of p110* in NIH 3T3 cells induced transcription from the fos promoter. Co-
expression of dominant negative Ras blocked this response. When expressed in Xenopus
laevis oocytes, p110* increased the amount of guanosine 5’'-triphosphate-bound Ras,
caused activation of the Ras effector Raf-1, and induced Ras-dependent oocyte matu-
ration. These findings show that PI-3 kinase can stimulate diverse Ras-dependent cellular
processes, including oocyte maturation and fos transcription.

P13 kinase activity has been correlated
with the actions of growth factors and on-
cogenes (1). Studies with mutants of plate-
let-derived growth factor (PDGF) receptor
have shown that PI-3 kinase is required for
PDGF-mediated mitogenic signaling (2). In
fibroblast cell lines, a mutant PDGF re-
ceptor that no longer associated with PI-3
kinase did not activate c-Ras (3). Al-
though this observation implies that PI-3
kinase acts upstream of Ras in PDGF-
stimulated signaling, the interpretation of
this type of experiment is complicated by
the possibility that several signaling mol-
ecules share the same binding site. To
investigate directly whether PI-3 kinase
can transmit signals through a Ras-depen-
dent pathway, we generated a form of PI-3
kinase that is constitutively active and

Fig. 1. Schematic representation of the p85 and
p110 derivatives used in this study (76). The p110
constructs were tagged at the COOH-terminus
with the Myc epitope (oval); the iSH2 fragment of
p85 contained a COOH-terminal influenza virus
hemagglutinin (HA) epitope tag (diamond). The
box labeled Kinase represents the p110 region
with similarity to the catalytic domain of protein
kinases. The domain responsible for the interac-
tion with the iSH2 domain of the p85 subunit is
shown as a small box at the p110 NH,-terminus.
The p110Akin protein is a kinase-deficient version
of p110 in which the ATP-binding site was mutat-
ed (16), as indicated by an asterisk within the
catalytic domain. The iSH2 domain of p85 that is
required for catalytic activity is represented by a
striped bar. The first and last amino acids of frag-
ments are numbered with respect to their position
in the wild-type p85 or p110 sequence. The p110*
protein is a constitutively active chimera that con-
tains the iSH2 domain of p85 fused to the NH,-
terminus of p110 by means of a flexible glycine-
kinker (76). Plasmid p110*Akin is the kinase-defi-

does not require receptor stimulation.
The catalytic subunit of PI-3 kinase,
p110, exhibits enzymatic activity in mam-
malian cells only when bound, through its
NH,-terminal region, to the p85 subunit
or to a 102—amino acid fragment of the
inter—Src homology region 2 (iSH2) re-
gion of p85 (4-6). We postulated that a
molecule composed only of elements of
p85 and pl10 that are essential for enzy-
matic activity might be constitutively ac-
tive. To generate an activated p110 mutant,
pl10*, we covalently attached the iSH2
region of p85 to the NH,-terminus of p110.
A hinge region composed of a “glycine-
kinker” was inserted between iSH2 and
pl10 to allow the iSH2 domain to more
easily interact with the p110 NH,-terminal
domain (Fig. 1). The p110* protein exhib-
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cient version of p110*. Plasmids p110*A61 and p110*A123 lack 61 or 123 amino acids, respectively,
from the p110 NH,-terminus and can no longer associate with iSH2 (5). Plasmids p110*Al, p110*All, and
p110*Alll are mutants that have internal deletions within the p110 structure as indicated (76).
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