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Abstract

 

McCune-Albright syndrome (MAS) is characterized by
café-au-lait spot, multiple endocrine hyperfunction, and
polyostotic fibrous dysplasia. A somatic point mutation of
G

 

S

 

a

 

 protein was reported to decrease GTPase activity, lead-
ing to increase in the G

 

S

 

a

 

-associated hormone actions via
cAMP. IL-6 is known to stimulate osteoclast formation and
in the IL-6 promoter, a cAMP responsive element has been
identified. In this paper, we investigated the role of IL-6 in
the bone lesions of MAS, using the isolated fibrous cells from
the polyostotic fibrous dysplasia tissues in bones of the two
patients with MAS. Bone biopsy specimen revealed the in-
creased osteoclast in number. In both patients, a G

 

S

 

a

 

 muta-

 

tion (Arg

 

201

 

→

 

His) was identified in the cultured fibrous
cells. Intracellular cAMP content and IL-6 secretion by the
patient cells were increased. Rp-8Br-cAMP significantly in-
hibited IL-6 production in the patient cells, while it had no
effect on normal control. The addition of dibutyryl cAMP
significantly increased the synthesis of IL-6 in normal con-
trol cells. In contrast, no effect of dibutyryl cAMP on IL-6
synthesis was observed in the cells from one of the MAS pa-
tients. These data suggest that IL-6 is, at least, one of the down-
stream effectors of cAMP and that the increased IL-6 syn-
thesis has a pathogenic role in the bone lesions of MAS
patients via increasing the number of osteoclasts. These results
may provide a new strategy for the therapy of MAS patients.
(

 

J. Clin. Invest.

 

 1996. 98:30–35.) Key words: fibrous dyspla-
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Introduction

 

McCune-Albright syndrome (MAS)

 

1

 

 is characterized by café-
au-lait spot, polyostotic fibrous dysplasia, and multiple endo-

crine hyperfunction, such as precocious puberty, hyperthyroid-
ism, autonomous adrenal hyperplasia, and growth hormone
(GH)-secreting pituitary adenoma (1). Hypophosphatemic
rickets is recognized as a rare complication of MAS (2). As the
cause of this disease, an activating point mutation of G

 

S

 

a

 

 pro-
tein is reported in various tissues, including ovary, thyroid
gland, adrenal gland, skin lesions, and GH-secreting pituitary
tumor (3–5). Decrease in GTPase activity due to this mutation
results in the increase of cyclic adenosine 3

 

9

 

, 5

 

9

 

-monophos-
phate (cAMP) levels in the endocrine organs and activation of
the G

 

S

 

a

 

 protein–associated hormone actions (6).
The mutation of G

 

S

 

a

 

 protein has also been found in the
bone lesions in MAS patients, consisting of the spindle-like fi-
brous cells in the bone marrow space and the increased woven
bone (7). This mutation is present irrespective of polyostotic
(7) or monostotic bone lesions (8). Recently, it was reported
that one of the bisphosphonate derivatives (pamidronate) was
effective on the bone lesions of MAS patients (9). Since this
drug is also effective in inhibiting osteoclastic bone resorption
in Paget’s disease (10) or osteoporosis (11), increased osteo-
clastic bone resorption seems to be linked to the pathophysiol-
ogy of the bone disease in MAS patients. However, the mecha-
nism of increased bone resorption by G

 

S

 

a

 

 mutation has not
been investigated.

IL-6 is a cytokine involved in the differentiation of osteo-
clasts in vitro (12) and in vivo (13). IL-6 is also an important
factor for the trigger of postmenopausal osteoporosis (14). In
Paget’s disease, IL-6 is considered to be a causal factor for in-
creased osteoclastic bone resorption (15, 16). It is demon-
strated that a cAMP responsive element exists in the promoter
region of IL-6 gene (17). These lines of evidence enable us to
speculate that IL-6 synthesis is enhanced by the increased
amount of cAMP content associated with G

 

S

 

a

 

 mutation and
that increased IL-6 enhances bone resorption. In this paper,
we investigated IL-6 production by the fibrous cells of MAS
patients, which possessed a point mutation of G

 

S

 

a

 

 gene, and also
measured the osteoclast number in the bone biopsy specimen. 

 

Methods

 

Materials.

 

Dulbecco’s modified minimal essential medium (DMEM)
was obtained from Gibco Laboratories (Grand Island, NY), while 24-
well culture plates were obtained from Iwaki Glass (Osaka, Japan).
Collagenase, DNase type I, and isobutylmethyl xanthine were ob-
tained from Sigma Immunochemicals (St. Louis, MO). A restriction
enzyme, NlaIII, was purchased from New England Biolabs Inc. (Bev-
erly, MA). Rp-8-bromo-adenosine 3

 

9

 

,5

 

9

 

-cyclic monophosphothioate
(Rp-8Br-cAMP) was purchased from Biolog Life Science Institute
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1. 

 

Abbreviation used in this paper:

 

 MAS, McCune-Albright syn-
drome.
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(Bremen, Germany). Dibutyryl cAMP (dbcAMP) was purchased
from Yamasa Shoyu Co. (Choshi, Japan). Human 1-34 parathyroid hor-
mone (h-PTH) was obtained from Asahi Kasei Co. (Osaka, Japan).

 

Study subjects.

 

Patient A was a female who visited Osaka Uni-
versity Hospital, complaining of skin pigmentation (café-au-lait spot)
and genital bleeding at the age of 1 yr and 2 mo. Physical examination
revealed the signs of precocious puberty (breast development and in-
creased bone maturation). Laboratory investigation showed elevated
serum estradiol (E2) levels, and ovarian cyst was detected by echoso-
nography. Roentgenogram revealed fibrous dysplasia in her metacarpal
bones. We diagnosed her with MAS and treated her with cyproter-
one-acetate from 2 to 10 yr of age. At 9 yr of age, hypophosphatemia
was noted. She was admitted to Osaka University Hospital at 14 yr of
age for detailed examination of her bone disease. Laboratory data at
the admission were as follows. Serum calcium and phosphate concen-
trations were 9.2 mg/dl (normal 8.4–10.0) and 2.9 mg/dl (2.9–4.8), re-
spectively. Serum alkaline phosphatase activity was increased (3,026
IU/liter [69–185]). The serum concentration of 25-hydroxyvitamin D
(25OHD) was 10.7 ng/ml (9–29) and 1,25-dihydroxyvitamin D
(1,25(OH)

 

2

 

D) level was low (17.2 pg/ml [13–79] in the presence of hy-
pophosphatemia). Serum PTH and calcitonin concentrations were
317 pg/ml (160–520) and 29 pg/ml (

 

,

 

 100), respectively. Nephroge-
nous cAMP value was 1.77 nmol/100 ml glomerular filtration rate
(0.92–2.2). Serum osteocalcin concentration was elevated (80 ng/ml
[16–29]). Urinary excretion of pyridinoline and deoxypyridinoline
were also increased (791 pmol/

 

m

 

mol Cr [70–160] and 137 pmol/

 

m

 

mol
Cr [10–25], respectively). Serum concentrations of sodium, potas-
sium, glucose, total protein, Cr, and albumin were normal. Her serum
level of E2 was 149 pg/ml (20–60). LH and FSH values were 2.1 mU/
ml (1.8–5.2) and 2.5 mU/ml (2.9–8.2), respectively. Serum level of
TSH was suppressed to 0.05 

 

m

 

U/ml (0.5–3.7), but free triiodothyro-
nine (T3) 5.4 pg/ml (2.4–4.6) and free thyroxin (T4) 0.9 ng/dl (0.8–1.4)
levels were normal, suggesting subclinical hyperthyroidism (18). 

 

123

 

I
scintigraphy revealed increased uptake in her right lobe of thyroid
gland. At 14 yr of age, transiliac bone biopsy was performed, after ad-
ministration of tetracycline hydrochloride twice at an interval of a
week.

Patient B was a male diagnosed as MAS at 6 yr of age, because of
skin pigmentation, bone fracture, and deformity. He was also suffer-
ing from hyperthyroidism. He was treated by thiamazole from the age
of 6 yr, being in euthyroid states. At the age of 20, an operation to
correct bone deformity and bone biopsy was done at Osaka National
Hospital. At that time, serum calcium and phosphate concentrations
were 8.7 and 3.0 mg/dl, respectively. Serum alkaline phosphatase ac-
tivity was remarkably increased 2,135 IU/liter. At the age of 22, he
died of heart failure.

 

Blood and urinary parameters.

 

Serum and urinary constituents
were measured by standard techniques in Osaka University Hospital
and Osaka National Hospital. Serum PTH concentration was deter-
mined by a radioimmunoassay (Yamasa Shoyu Co.), and the serum
osteocalcin concentration was determined by an immunoradiometric
method (Mitsubishi Kagaku BCL Co., Ibaraki, Japan). Serum
1,25(OH)

 

2

 

D and 25OHD levels were measured by a radioreceptor as-
say and competitive protein binding assay, respectively (19). Urinary
concentrations of pyridinoline and deoxypyridinoline were deter-
mined by HPLC method (Mitsubishi Kagaku BCL Co.).

 

Bone biopsy.

 

In patient A, bone specimen was fixed by 70%
ethanol for 3 wk. After Villanueva bone stain, the 40-

 

m

 

m bone sec-
tion was made by grinding method (20). In patient B, decalcified sec-
tion was prepared after the treatment of EDTA, then the specimen
was stained with hematoxylin and eosin. The number of osteoclasts
on the bone surface surrounding the fibrous bone dysplasia was mea-
sured.

 

Cell culture.

 

Affected bone fragments from the two patients with
MAS and three normal controls were digested by collagenase (2 mg/
ml) and DNase I (0.1 mg/ml) in PBS for 2 h at 37

 

8

 

C. Released cells
were washed twice by DMEM supplemented with 10% FCS and then
cultured as described before (21). For normal controls (patients C, D,

and E), bone fragments from the patients without any metabolic bone
disease were obtained at the operation with the informed consent of
the patients or their parents. The age and the disease of normal con-
trol patients were as follows: F was a 65-yr-old male, fracture of left
femur; E was a 17-yr-old male, osteoid osteoma; and D was a 2-yr-old
female, pes equinovarus.

 

cAMP measurement.

 

Cells were plated at 2 

 

3

 

 10

 

4

 

/well in the 24-
well multiplates. After reaching confluence, DMEM containing BSA
(1 mg/ml) and isobutylmethylxanthine (0.5 mM) were supplied. After
the incubation for 15 min, cAMP was extracted by 0.1 N HCl and
kept frozen before cAMP measurement by radioimmunoassay. In
some experiments, cells treated with 0.5 mM isobutylmethyl xanthine
were incubated with 10

 

2

 

7

 

 M h-PTH for 15 min. Then, the cAMP con-
tents were measured.

 

Characterization of the fibrous cells.

 

Alkaline phosphatase activ-
ity was measured in the cell sonicates as previously reported (21). Os-
teocalcin synthesis was measured in the culture media by an immuno-
radiometric assay, after incubation with 10

 

2

 

8

 

 M 1,25(OH)

 

2

 

D

 

3

 

 for 72 h
in the 2% FCS-supplemented DMEM.

 

Cytokine production by the cultured cells.

 

Cells at confluence were
supplemented with 0.1% BSA-DMEM and cultured for 48 h. The
concentrations of IL-6 (Genzyme Corp., Cambridge, MA), IL-11, IL-
1

 

a

 

, and IL-1

 

b

 

 (R&D Systems, Minneapolis, MN) were determined by
ELISA. In some experiments, the cells were treated with dbcAMP
(10

 

2

 

3

 

 M) or Rp-8Br-cAMP (10

 

2

 

3

 

–10

 

2

 

4

 

 M). The amount of IL-6 and
IL-11 production was adjusted by DNA contents measured by a fluo-
rometric method (21).

 

Detection of a point mutation of G

 

S

 

a

 

 protein.

 

DNA was isolated
from the fibrous cells of the two MAS patients with a standard
method. DNA fragment encoding exon 8 was amplified by a PCR
method using the reported primers except deletion of GC repeats (4).
The primer pair was 5

 

9

 

-CTCTGAGCCCTCTTTCCA AACTAC-3

 

9

 

(MAS 1) and 5

 

9

 

-GGTTATTCCAGAGGGACTGGGGTGAA-3

 

9

 

(MAS 2). After the digestion of the PCR products by NlaIII, they
were visualized in 3% agarose gel. In addition, DNA sequence of the
PCR products was analyzed by automated fluorescent method (Ap-
plied Biosystems, Inc., Foster City, CA), after the PCR products were
subcloned in a pT7 Blue-T vector (Novagen, Inc., Madison, WI).

 

Statistical analysis.

 

The results were shown as the mean

 

6

 

SD. The
data were analyzed by two-way ANOVA.

 

Results

 

Bone histology.

 

The number of osteoclasts was remarkably in-
creased in both patients, compared with normal controls (Ta-
ble I). The numbers of the nuclei in osteoclasts from MAS pa-
tients A and B were 10.5

 

6

 

2.5 (

 

n

 

 

 

5

 

 10) and 5.5

 

6

 

2.1 (

 

n

 

 

 

5

 

 10),
respectively. By contrast, those were approximately three in
number in normal controls (Fig. 1).

 

cAMP contents.

 

In both patients, there were fibrous cells
in which cAMP contents were significantly increased com-

 

Table I. The Number of Osteoclasts in the Bone Specimen of 
MAS Patients

 

Patient A Patient B

 

Normal controls (

 

n

 

 

 

5

 

 3)

 

Osteoclasts
(number/mm) 29 30 0.8

 

6

 

0.4

In patient A, bone specimen was stained with Villanueva bone stain. In
patient B, decalcified bone specimen was stained with hematoxylin and
eosin. Then, the number of osteocflasts surrounding the fibrous bone
dysplasia tissues on the bone surface was measured under the light mi-
croscope.
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pared with normal controls (Fig. 2). In response to 10

 

2

 

7

 

 M
hPTH-(1-34), the increase in cAMP synthesis was blunted in
the cells from MAS patient A compared with a normal control
(MAS patient A, 4.07

 

6

 

0.54 vs. 11.9

 

6

 

1.08 pmol/

 

m

 

g DNA, 2.92-
fold induction; normal control, 1.57

 

6

 

0.04 vs. 18.3

 

6

 

0.50 pmol/

 

m

 

g DNA, 11.7-fold induction). The cells with the elevated
cAMP contents were used in the following experiments.

 

Characterization of the patient fibrous cells.

 

Alkaline phos-
phatase activities of the fibrous cells with the increased cAMP
contents were 12.3 and 11.9 nmol PNP/

 

m

 

g DNA/30 min in pa-

Figure 1. Osteoclasts in the patient with MAS. Osteoclasts in the bone specimen were stained with Villanueva bone stain in patient A and nor-
mal control. In patient B, hematoxylin and eosin staining was used. (A) MAS in patient A. (B) MAS in patient B. (C) Normal control. Note that 
the number of the nuclei in the osteoclasts from the patients with MAS is increased.

Figure 2. cAMP contents in the fibrous cells of the patients with 
MAS. cAMP in the confluent cells was extracted by 0.1 N HCl and 
then assayed by RIA. Values are the mean6SD of triplicate determi-
nations. ***P , 0.001 vs. control.

Figure 3. GSa protein mutation in patients with MAS. (A) The posi-
tions of PCR primers (MAS 1 and MAS 2) and the expected size of 
PCR products with or without NlaIII digestion. DNA fragment en-
coding exon 8 was amplified by a PCR method, then digested by a re-
striction enzyme, NlaIII. R, the position of NlaIII restriction site; R*, 
the position of a second NlaIII restriction site introduced by the mu-
tation in the codon for Arg201. (B) Agarose gel electrophoresis of 
PCR products with ethidium bromide staining. Note that GSa muta-
tion (Arg201→His) was observed in patient A. In contrast, the same 
mutation was not clear in patient B by this method. Lane 1, markers; 
lanes 2 and 3, patient A; lanes 4 and 5, patient B; lanes 6 and 7, nor-
mal control; lanes 3, 5, and 7, with NlaIII digestion; lane 2, 4, and 6, 
without NlaIII digestion.
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tients A and B, respectively. Osteocalcin was not detected in
the culture media of the fibrous cells from both patients.

 

Point mutation of G

 

S

 

a 

 

protein.

 

In patient A, the cells that
contain high levels of cAMP had a point mutation of G

 

S

 

a pro-
tein (Arg201→His), detected by the digestion of the PCR-
amplified products by NlaIII (Fig. 3). This mutation was con-
firmed by DNA sequence analysis (data not shown).

In patient B, the same mutation in the GSa protein was not
detected by digesting the PCR products by NlaIII. However,

the DNA sequence analysis of the PCR products revealed the
same mutation of GSa protein with low frequency (data not
shown).

IL-6 synthesis. In both patients, IL-6 synthesis by the fi-
brous cells with the increased cAMP contents was significantly
increased compared with normal controls (Fig. 4). The in-
creased IL-6 synthesis in both patients was blocked by the
treatment with Rp-8Br-cAMP. In contrast, Rp-8Br-cAMP had
no effect on the control cells (Fig. 5). The addition of dbcAMP
had no effect on IL-6 synthesis in patient B, while it signifi-
cantly increased IL-6 synthesis in normal control (Fig. 6).

Cytokine syntheses other than IL-6. IL-1a and b were un-
detectable (, 1.0 pg/ml) in the culture media from both nor-
mal control and MAS patients. IL-11 synthesis was increased
in the media of MAS patients compared with normal controls
(Table II).

Figure 4. IL-6 synthesis by the fibrous cells of the patients with MAS. 
IL-6 concentrations in the culture media were assayed by an ELISA 
after the incubation of 48 h. IL-6 concentration in the media (0.1% 
BSA-DMEM) was undetectable. Values are the mean6SD of tripli-
cate determinations. ***P , 0.001 vs. control.

Figure 5. Effect of Rp-8Br-cAMP on IL-6 synthesis by the fibrous 
cells from the patients with MAS. Confluent cells were incubated 
with 0.1% BSA-DMEM in the presence or absence of Rp-8Br-cAMP 
(1023–1024 M) for 48 h. In the experiments, the cells were preincu-
bated with Rp-8Br-cAMP for 30 min, and then the new media con-
taining the same concentration of Rp-8Br-cAMP were applied. IL-6 
in the media was assayed by an ELISA. Values are mean6SD of trip-
licate determinations. *P , 0.05 vs. no treatment in patient A; **P , 
0.01, ***P , 0.005 vs. no treatment in patient B.

Figure 6. Effect of dbcAMP on IL-6 synthesis by fibrous cells from 
the patient with MAS (patient B). Confluent cells were incubated 
with 0.1% BSA-DMEM in the presence or absence of 1023 M 
dbcAMP for 48 h. IL-6 in the culture media was assayed by an 
ELISA. Values are mean6SD of triplicate determinations. ***P , 
0.001 vs. no treatment in the normal control.

Table II. IL-11 Synthesis by Fibrous Cells from Patients
with MAS

IL-11 synthesis (pg/mg DNA)

Normal control
D 64616
E , 4
F 3062.5

MAS
Patient A 211633*
Patient B 337691‡

Culture media were obtained from the confluent cells after incubation
for 48 h in 24-well multiplates. Then, IL-11 was measured by ELISA.
IL-11 concentration in the media (0.1% BSA-DMEM) was undetect-
able. Values are mean6SD of triplicate determinations. *P , 0.01 vs.
D, E, or F. ‡P , 0.001 vs. D, E, or F.



34 Yamamoto et al.

Discussion

MAS is characterized by precocious puberty, café-au-lait spot,
and fibrous dysplasia of bone (1). A postzygotic missense mu-
tation in GSa gene was discovered to be responsible for this
disease (3, 4), leading to an activated GSa function in various
tissues, including ovary (5), thyroid gland (5), skin (5), and
bone (7, 8). Bone resorption in MAS was known to be in-
creased (9), but osteoclast number in the bone biopsy speci-
men has not been investigated. We describe that the osteoclast
numbers of the patients were significantly increased, and this
observation is consistent with the elevated bone resorption
markers, such as the urinary excretion of pyridinoline and
deoxypyridinoline (22). In addition, most osteoclasts were as-
sociated with the increased numbers of the nuclei. The in-
creased numbers of nuclei in osteoclasts are often observed in
Paget’s disease (16), whose pathogenesis is explained by in-
creased IL-6 secretion (15). Since IL-6 is known to increase the
number of osteoclasts (12, 13), it is reasonable that an increase
in the number of osteoclasts in MAS is due to the increased
synthesis of IL-6 by the fibrous cells isolated from the fibrous
bone dysplasia tissues. However, serum IL-6 levels were not
increased in MAS patient A (data not shown), suggesting that
the increased IL-6 synthesis is restricted to the local bone le-
sions where a GSa mutation exists.

It is plausible that the increased IL-6 synthesis by the pa-
tient cells results from the elevated cAMP contents, because
the cAMP responsive element exists in the promoter region of
IL-6 gene (17). In fact, the addition of 1023 M dbcAMP mark-
edly increased IL-6 synthesis in normal control cells, whereas
the same experimental condition had no effect in the patient
cells (patient B) (Fig. 6). These data suggest that the pathway
from the increased cAMP levels to enhance IL-6 production is
continuously activated in the MAS patient due to the GSa mu-
tation. This speculation is also supported by our observation
that Rp-8Br-cAMP, a specific inhibitor of protein kinase A
(23), was effective in suppressing IL-6 synthesis in the patient
cells (Fig. 5).

AP-1 and NF-kB binding sites were reported to be found in
the promoter regions of IL-6 gene (17). The expression of c-fos
gene was reported to be increased in a study of experimental
GSa mutation (24). Since c-fos is linked to form the transcrip-
tion factor AP-1 (25), it is possible that AP-1 is another impor-
tant factor to increase IL-6 secretion by the fibrous cells of
MAS patients. In fact, Candeliere et al. (26) reported the in-
creased c-fos expression in bone tissues of MAS patients. In
addition, a recent study (27) indicated that NF-kB is activated
by dbcAMP or forskolin. Thus, it is also possible that NF-kB is
another important factor in increasing the IL-6 production.

Recently, it was reported that thyroid hormone stimulates
IL-6 production (28). However, it is unlikely that thyroid hor-
mone is responsible for the elevated IL-6 production in these
patients, since patient A was in subclinical hyperthyroid state,
and patient B was in euthyroid state by the treatment.

The data suggesting that IL-6 plays an essential role in the
pathogenesis of MAS do not exclude the possibility that other
cytokines are also involved in the bone lesions of MAS. In our
case, the synthesis of IL-11, which is known to increase the
number of osteoclasts (29), was also significantly increased in
the fibrous cells from the MAS patients although its levels
were z 100 times less than those of IL-6 in the cultured media.
This observation might be related to the report that the analo-

gous sequence of AP-1 binding site is found in the 59 region of
the human IL-11 gene (30) and 12-O-tetra-decanoylphorbol
13-acetate (PMA) is capable of inducing IL-11 mRNA in the
human osteosarcoma cell line (31).

In conclusion, increased IL-6 secretion by the fibrous cells
in the fibrous bone dysplasia tissues of MAS patients was
proven. It is likely that this phenomenon is derived from the
elevated cAMP contents due to a point mutation of the GSa
gene and may explain the increased osteoclast numbers in the
bone lesions of MAS patients.
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