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Abstract

Osteopetrosis is an inherited disorder characterized by bone
sclerosis due to reduced bone resorption. Here we report
that human osteopetrotic osteoblast-like (Ob) cells express a
defective phenotype in primary cultures in vitro, and that
bone marrow transplant (BMT) corrects osteoblast function.
DNA analysis at polymorphic short-tandem repeat loci
from donor, recipient, and primary Ob-like cells pre-BMT
and 2 yr post-BMT revealed that Ob were still of recipient
origin post-BMT. Osteopetrotic Ob-like cells obtained pre-
BMT showed normal and abnormal 1,25(OH),D;-induced
alkaline phosphatase (ALPase) and osteocalcin production,
respectively, and failed to produce macrophage colony-
stimulating factor (M-CSF) in response to IL-1a: and TNF-o.
These parameters were all normalized in primary Ob-like
cells prepared 2 yr post-BMT. X-linked clonality analysis at
the human androgen receptor (HUMARA) locus revealed
that osteoblasts showed a polyclonal and an oligoclonal der-
ivation pre- and post-BMT respectively, indicating that a
limited number of progenitor reconstituted this population.
Because osteoblasts were still of recipient origin post-BMT,
this suggests that functional osteoclasts, due to the replace-
ment of hematopoeitic cells, provided a local microenviron-
ment in vivo triggering the differentiation and/or recruitment
of a limited number of functional osteoblasts. (J. Clin. In-
vest. 1996. 98:1835-1842.) Key words: human osteopetrosis
« osteoblast defect « clonality assay « macrophage colony-
stimulating factor « bone marrow transplant

Introduction

Osteopetrosis is an inherited disorder characterized by bone
sclerosis due to reduced bone resorption. Marrow cavities fail
to develop and result in extramedullary hematopoiesis, leading
to severe hematologic abnormalities associated with optic at-
rophy, deafness, and mental retardation. Heterogeneous clini-
cal, biochemical, and histologic features suggest that the dis-
ease is multigenic (1, 2), and can be classified into five groups
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according to severity. In humans, only one form has been
clearly identified and is due to carbonic anhydrase II defi-
ciency (3), preventing acid release, which is essential for bone
mineral dissolution.

The defect in hematopoeitic stem cells can sometimes be
cured by bone marrow transplant (BMT)! in children (4, 5).
BMT also corrects the anomaly in some animal models (6, 7).
In other types of osteopetrosis, BMT is unsuccessful and it
seems that the defect lies principally in the bone marrow mi-
croenvironment. Elevated plasma 1,25-dihydroxyvitamin D;
(1,25(0OH),D3) concentrations in animal mutants (8) and in
several osteopetrotic children (2, 9), together with the ob-
servation of in vivo resistance to pharmacologic doses of
1,25(0OH),D; (9), suggested that osteoclasts or their progenitor
cells may be resistant to the hormone. In children exhibiting
the osteopetrotic mutation, disturbed mineral metabolism, in-
cluding low plasma calcium (10-13) and phosphorus levels
(11-13), and increased parathyroid gland activity (11, 12) have
been observed.

Bone formation may be abnormal in mutant rat models
due to altered expression of genes involved in osteoblast dif-
ferentiation (14, 15). Indeed, bone osteocalcin is greatly re-
duced in two mutant rat models (op/op and tl/tl), coexistent
with a reduced number and activity of osteoclasts (16). Consid-
ering that the extracellular matrix in bone plays a key role in
cell recruitment and differentiation (17), this observation sug-
gests that osteocalcin abnormalities may be a contributing fac-
tor in osteopetrosis. Osteocalcin levels have been reported
normal or low in osteopetrotic children (2). However, in a sub-
group of six children, the activity of osteoblasts, evaluated by
circulating alkaline phosphatase and osteocalcin, and osteo-
blast number measured by bone histology, were not increased,
despite hyperparathyroidism, suggesting a resistance to PTH
or defective osteoblasts (2).

A local bone marrow microenvironment defect may also be
present in the op/op mutant mouse model (18) because: (a)
BMT fails to correct osteopetrosis; (b) they have a drastically
reduced number of resident peritoneal cells and blood mono-
cytes (19); and (c) they have relatively few active osteoclasts in
bones. Macrophage colony stimulation factor (M-CSF), which
is necessary for the growth and differentiation of hematopoie-
tic cells (20), is produced by osteoblast-like cells (21-23), coop-
erates with other factors such as interleukin-3 (IL-3) and -1
(IL-1) in the formation of osteoclasts, and may also be im-
paired in these animals (24).

We prepared primary osteoblast-like cell cultures from
bone biopsies of two osteopetrotic patients to determine if an

1. Abbreviations used in this paper: BMT, bone marrow transplant;
HUMARA, human androgenreceptor.
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osteoblast defect was part of the expression of this disease.
The production of alkaline phosphatase, osteocalcin, and
M-CSF by these osteopetrotic cells was aberrant pre-BMT.
This situation was corrected in one patient from whom we
could prepare primary cultures 2 yr post-BMT. Taken to-
gether, this suggests that an osteoblast defect is present in hu-
man osteopetrosis, a situation that is corrected by BMT.

Methods

Patients and clinical parameters. The osteopetrotic patients were
6-mo- (EC) and 12-mo- (MG) old girls referred for bone marrow
transplantation. The diagnosis was confirmed by histologic examina-
tion, which showed numerous inactive osteoclasts in bone slices that
were unable to create resorption cavities. Bone marrow transplanta-
tions were performed using a chemotherapy-based preparative regi-
men which consisted of Busulfan (4 mg/kg) for 4 d and Cyclophos-
phamide (50 mg/kg) for 4 d. Graft versus host disease (GVH)
prophylaxis consisted of adjusted dose cysclosporine A (CSA) and
short course methotrexate. MG had an allogeneic matched unrelated
transplant, and EC a related transplantation from her HLA-compati-
ble sibling. Seric parameters (1,25(OH),Ds, alkaline phosphatase,
calcium, and osteocalcin) were evaluated three times a week. Alka-
line phosphatase and calcemia were determined within our clinical
facilities, whereas 1,25(OH),D; and osteocalcin were determined by
RIA. Normal individuals undergoing surgery or investigation for
bone marrow transplant with no signs of metabolic diseases were also
used as controls for the preparation of primary bone cell cultures.
One was a 12-yr-old boy (G12), and the others were two adults (HBC
and JR).

Primary bone cell cultures. Human primary bone cell cultures
were prepared as previously described (25) from bone biopsies of
normal individuals, pre-BMT for EC and MG, and 2 yr post-BMT for
EC (bone marrow transplant was successful for patient MG as as-
sessed at the 3-mo follow-up, but MG died 6 mo post-BMT of pulmo-
nary restriction). Briefly, bone explants were washed free of blood,
and trabecular bone was cut out of surrounding cortical bone and
minced in 2 mm? pieces. These pieces were digested three times with
collagenase type I (1 mg/ml, Clostridium histolyticum; Sigma Chemi-
cal Co., St. Louis, MO) for 20, 20, and 40 min, washed three times in
media HAMF12/Dubecco’s Modified Eagle’s Medium (DMEM) 1:1,
then placed in 100 mm plastic culture dishes (Nunc) and covered with
HAMF12/DMEM + 20% fetal bovine serum (FBS) + 1% Insulin-
Transferrin-Selenium (ITS) mix (Sigma Chemical Co.). The medium
was replaced every 2 d until cells were observed (5 to 8 d). The me-
dium was then replaced by HAMF12/DMEM with 10% FBS + 50 ug/ml
ascorbic acid and changed twice a week. Cells reached confluence
within 21 to 28 d in culture. At confluence, cells were passaged once
at a ratio of 1:6 and grown in 35 mm dishes (Nunc). The cells were left
to recover for 2 d before assays.

DNA isolation. Several samples were obtained to document the
origin of the osteoblast-like cells population post BMT in patient EC:
(a) cells from buccal mucosa (recipient); (b) peripheral blood cells
2 yr after BMT (donor cells); (c) osteoblast-like cells prior to trans-
plantation; and (d) osteoblast-like cells 2 yr post-BMT. DNA isola-
tion was done as follows: 3-5 ml of peripheral blood was lysed with
Triton X-100 (Sigma Chemical Co.) lysis solution (0.32 M Sucrose;
10 mM Tris, pH 7.5; 5 mM MgCly; 1% Triton X-100), digested with
proteinase K in SDS buffer (Proteinase K 2 mg/ml, 5% SDS) at 37°C
for 24 h, then DNA was extracted with phenol, phenol/chloroform,
and chloroform, precipitated with 2 vol of absolute ethanol and 0.1
vol of 3 M sodium acetate, and resuspended in Tris-EDTA (TE)
buffer. The buccal cells and osteoblast-like cells were processed as for
the peripheral blood with the omission of the Triton X-100 lysis.

Genetic identification of osteoblasts by short tandem repeat poly-
morphic loci analysis. DNA form the recipient (buccal cells), donor
(peripheral blood cells 2 yr post-BMT), osteoblast-like cells prior and
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2 yr post-BMT were amplified at three short tandem repeat (STR)
polymorphic loci in a multiplex reaction (GenePrint™ STR System;
Promega Corp., Madison, WI). The polymorphic loci included
CSF1PO at 5q33.3-34, THO1 at 11p15.5, and TPOX at 2p13. Amplifi-
cation was conducted according to the manufacturer’s instruction.
Amplified products were run on a 5% denaturing polyacrylamide gel
for 90 min at 60 W. Gels were stained with silver nitrate (DNA silver
staining system; Promega Corp.) according to the manufacturer’s in-
structions. A picture of the film was obtained using the APS film
(Promega Corp.).

HUMARA clonality assay. X-inactivation clonality assay was con-
ducted at the human androgen receptor locus (HUMARA) as previ-
ously described (26) with minor modifications (27). Briefly, genomic
DNA was precut by mixing sample DNA (100 ng-1 pg in 2 pl) with
Hpall (1 pl, high concentration, 40 U/ul), Rsal (0.5 ul, high concen-
tration, 40 U/ul), L buffer (2 pl; Boehringer Mannheim Biochemicals,
Indianapolis, IN) and H,O (14.5 pl). An autocontrol was prepared in
the same way except that Hpall was omitted from the mix. Samples
were incubated at 37°C overnight, and heat inactivated at 95°C for
4 min prior to amplification. 2 pl of digested DNA were added to 23 pl
of a PCR mix containing buffer (10X: 500 mM NaCl, 100 mM Tris-
HCI, pH 8.2; 15 mM MgCl, 0.1% gelatin); dNTPs (200 wM each);
primer HUMARA I: 5'-GCTGTGAAGGTTGCTGTTCCTCAT-3'
and primer HUMARA II: 5'-TCCAGAATCTGTTCCAGAG-
CGTGC-3' (12.5 pmol each); DMSO (1.0 pl, Sigma Chemical Co.);
v-2P end-labeled HUMARA 1 primer (1.25 pmol), Taq polymerase
(0.5 U, Perkin Elmer-Cetus Instruments, Emeryville, CA); and H,O
to final volume of 23 pl. Samples were amplified on a programmable
thermal cycler (MJ Research, Inc., Watertown, MA); initial DNA de-
naturation at 94°C for 3 min, then 28 cycles starting with 94°C for 45 s,
60°C for 30 s, and 72°C for 30 s. At the end of amplification 12.5 pl of
formamide loading buffer (95% formamide, 20 mM EDTA, 0.05%
bromophenol blue, 0.05% xylene cyanol) was added to each sample,
and samples were denatured at 95°C for 3 min and chilled rapidly.
Amplified PCR products (8-10 wl) were electrophoresed on a 4%
acrylamide-urea-formamide denaturing gel at 60 W for ~ 3 h.

Quantitation of alleles. The allele ratio was defined as the ratio
between the two X-linked alleles in a given sample. The corrected ra-
tio (CR) was defined as the allele ratio of the pre-cut sample divided
by the allele ratio of the non-precut sample of the same specimen.
This ratio compensates for potential preferential amplification of one
of the two alleles. Gels were exposed to high performance autorad-
iography film overnight at —80°C. The developed film was scanned
on a LKB Bromma Ultroscan XL laser densitometer (Uppsala, Swe-
den) and the ratios between the two X-linked alleles were measured
using Gel Scan XL software (LKB Bromma).

Osteocalcin and cellular alkaline phosphatase determination. Os-
teocalcin (OC) release was measured in HAMF12/DMEM (1:1) me-
dia containing 2% charcoal-stripped FBS, 1% PS, and 50 ng/ml
ascorbic acid. Osteocalcin was determined by a RIA (Biomedical
Technologies, Inc., Stoughton, MA) as previously described (25, 28).
Alkaline phosphatase (ALPase) activity was determined as the re-
lease of p-nitrophenol hydrolyzed from p-nitrophenyl phosphate
(12,5 mM final) at 37°C for 30 min after solubilizing the cells in AL-
Pase buffer (100 mM glycine, 1 mM MgCl,, 1 mM ZnCl,, 1% Triton
X-100, pH 10.5) with agitation for 60 min at 5°C. Alkaline phos-
phatase was determined immediately on aliquots. Protein determina-
tion was performed by the method of Lowry et al. (29).

Measurement of macrophage colony-stimulating factor. Confluent
cells, plated on six wells/plate, were washed twice with PBS, pH 7.4,
and covered with 1 ml of HAMF12/DMEM (1:1) media containing
2% FBS, 50 pg/ml ascorbic acid, and 1 ng/ml IL-1e, 2 ng/ml TNF-«, or
the vehicle. After 72 h of incubation at 37°C, the supernatant was re-
cuperated. M-CSF was measured by a double-sandwich ELISA using
a primary goat anti-human M-CSF antibody (R & D Systems, Minne-
apolis, MN) for 2 h at 37°C. Following an incubation with unknown
samples or standards, a polyclonal rabbit anti-human M-CSF (Gen-
zyme Corp., Markham, Ontario, Canada) was then added for 1 h at



Table I. Serum Parameters of Osteopetrotic Patients Before
Marrow Transplant

Osteopetrotic patients

Parameter EC MG
Pi (mM) (1.23-1.62) 0.59 0.7+0.08
Ca (mM) (2.26-2.73) 2.17+0.06 2.01%0.05
1,25(OH),D; (pM) (29.4%+13) 63.4 613
ALPase* (Ul/liter) (< 300) 1617+254 947.5+55
Osteocalcin (ng/ml) (10-40) 6.020.17 39.2+8.6

Values are the mean*SEM of three or four determinations within 2 wk
from transplant. Values in parentheses are the normal range for the pa-
rameters evaluated.
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Figure 1. STR analysis of origin of osteoblast-like cells post-BMT.
Multiplex STR analysis at the CSF1PO, THO1, and TPOX loci of
recipient (buccal cells), bone marrow donor (peripheral blood 2 yr
post-BMT), osteoblast-like cells pre-BMT (Ob pre-BMT), and osteo-
blast-like cells 2 yr post-BMT (Ob post-BMT). Genotype analysis of
peripheral blood cells 2 yr post-BMT reveals a completely different
genotype than of the recipient. This reflects complete donor cell chi-
merism post-BMT. However, genotype analysis of osteoblast-like
cells 2 yr post-BMT is identical to recipient and to osteoblast-like
cells pre-BMT.

37°C. The detection of this second antibody was performed by the ad-
dition of a goat anti-rabbit antibody coupled to a peroxidase (Orga-
non-Technika, Scarborough, Ontario, Canada), and the peroxidase
activity was evaluated by the hydrolysis of 0.05% ABTS substrate
(Organon-Technika) at 405 nM. The validation of the ELISA shows
intraassay variations of 6% and interassay variations of 8%.

Statistics. Values are expressed as the mean+SEM of n separate
determinations. Statistical differences were evaluated by analysis of
variance in dose-response experiments and by two-tailed Student’s ¢
tests. The statistical test performed is indicated in each case, and the
number of experiments performed is indicated in the individual leg-
ends.

Results

Seric parameters. Before BMT, seric 1,25(OH),D; and alka-
line phosphatase were very high in both osteopetrotic patients
(Table I). These high levels of circulating 1,25(0OH),D; were
corrected by the intervention, and within 10 wk post-BMT,
the seric levels were normalized for EC. Seric alkaline phos-
phatase had essentially the same behavior as seric 1,25(OH),D;
and was corrected (adjusted for the age of the patient) by 8
wk post-BMT. Calcemia was low (Table I), and was further
reduced prior to transplant possibly in part due to the very
low calcium diet given to these patients. Regardless of the
diet, the post-BMT calcemia raised and returned to normal
values within 2 to 3 wk, indicating a progressive return to nor-
mal resorption. Phosphatemia was also low for both patients
(Table I). Seric osteocalcin, an indicator of bone turnover,
was strikingly low for one patient (EC) compared to normal
patients in this age group, while it was normal for the second
patient (MG) (Table I). This parameter was progressively
corrected after BMT, but significant correction was noted
only after 5 to 6 wk. By 6 wk post-BMT, osteocalcin ranged
between 14 and 16 ng/ml for EC, which is in the low normal
range of this age group.

Genetic origin of osteoblast-like cells post-BMT by PCR
analysis of polymorphic STR loci. STR analysis at the c-fms
protooncogene (CSF1PO), tyrosine hydroxylase (THO1), and
thyroid peroxidase (TPOX) allowed complete distinction be-
tween the genotype of the recipient (buccal cells) and the bone
marrow donor (peripheral blood, 2 yr posttransplant). The ab-
sence of recipient alleles post-BMT demonstrates complete
chimerism of donor cells (Fig. 1). However, osteoblast-like
cells obtained 2 yr post-BMT reveal the same genotype as the
recipient and of the osteoblast-like cells obtained prior to
transplant. Therefore, osteoblasts are still of recipient origin 2
yr post-BMT (Fig. 1).

Alkaline phosphatase and osteocalcin production by pri-
mary cell cultures. Primary bone cell cultures (normal, G12;
and osteopetrotic patients, EC and MG) showed a gradual in-
crease in alkaline phosphatase activity in response to increas-
ing doses of 1,25(OH),D;, although in the osteopetrotic cells
the initial values in the absence of 1,25(OH),D; were variable
and higher than the values from the normal cell culture. The
dose-response to the hormonal treatment was however similar
and parallel in all three cultures (Fig. 2). This increase in in
vitro alkaline phosphatase activity may explain the high circu-
lating levels of alkaline phosphatase, in osteopetrotic patients,
which reflect the activity of osteoblasts. Normal bone cell cul-
tures also produced osteocalcin in response to 1,25(OH),D;
(about a 20-fold increase), while the osteopetrotic cultures re-
sponded much less to the hormonal treatment (a 2- to 3-fold
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Figure 2. Cellular alkaline phosphatase in human primary bone cell
cultures. Primary human bone cell cultures of a normal (G12) and
two osteopetrotic patients (EC, MG) were treated with increasing
doses of 1,25(0OH),D; for 48 h. At the end of this incubation, cellular
alkaline phosphatase was determined in these cultures in quadrupli-
cate dishes. The results show the mean=SEM of these assays. The
dose-response to 1,25(OH),D; was significant within each cell culture
by analysis of variance (P < 0.005).

increase, P < 0.001 vs. normal cells, Fig. 3). Human parathy-
roid hormone fragment 1-34 (PTH, 100 nM) failed to inhibit
osteocalcin secretion in these osteopetrotic cell cultures (not
shown), in contrast to the situation generally observed in nor-
mal cells under these conditions (25).
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Figure 3. Secretion of osteocalcin by human primary bone cell cul-
tures. The supernatant of the cells treated with increasing doses of
1,25(OH),D; and used for alkaline phosphatase determination in Fig. 1
were used for the determination of osteocalcin release. Osteocalcin
was determined by RIA, and the results show the mean+SEM of
quadruplicate dishes for each condition. The secretion of osteocalcin
was greatly reduced in the bone cell cultures of the osteopetrotic pa-
tients as compared to the normal patient at all doses tested (P < 0.001
by analysis of variance).
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Figure 4. The production of macrophage colony-stimulating factor by
human primary bone cell cultures. Cells were incubated with the ve-
hicle (CTL), or IL-1a (1 ng/ml), or TNF-a (2ng/ml) for 72 h. M-CSF
was measured by an ELISA assay on aliquots of the cell superna-
tants. ELISA assays were done in triplicate for six dishes per condi-
tion and the results are the mean=SEM. Osteopetrotic primary bone
cell cultures both failed to respond to IL-1a while the response to
TNF-a was mixed. Normal cells produced a 2.5— and 3—fold increase
in response to IL-1a and TNF-a, respectively. *P < 0.001 vs. respec-
tive control of each patient.

Production of macrophage colony-stimulating factor. 1L-1a
and TNF-a are potent stimulators of bone resorption, and en-
hance the release of M-CSF by osteoblasts (22, 23). Indeed, pri-
mary osteoblast-like cells produced M-CSF, and basal levels of
M-CSF in osteopetrotic cell cultures were not significantly differ-
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Figure 5. Production of cellular alkaline phosphatase by human
primary bone cell cultures from the bone biopsy of EC at the 2 yr
follow-up exams, and from JR. Primary cells were again treated with
1,25(OH),D; (100 nM) for 48 h and alkaline phosphatase determined
on quadriplicate dishes. The cells were also treated in parallel with or
without PTH (100 nM). Results are the mean*=SEM. *P < 0.005 vs.
respective CTL, **P < 0.005 vs. 1,25(OH),D; treatment for JR, and
ik P < (0,02 vs. 1,25(OH),D; treatment for EC.



ent than controls (Fig. 4). In contrast, the response to IL-la was
almost absent in both osteopetrotic cell cultures (P < 0.001 vs. nor-
mal cells), whereas TNF-« slightly increased M-CSF production
in both osteopetrotic cell cultures. However, they never reached
the values obtained with normal cells for EC (P < 0.001) (Fig. 4).

Follow-up after 2 yr post-transplant. The alkaline phos-
phatase activity of primary bone cells obtained from a bone bi-
opsy 2 yr post-BMT was normalized. First, the 1,25(OH),Ds-
induction was slightly improved as compared to the activity
from pre-BMT osteopetrotic cells (4-fold vs. 1.5- to 2-fold).

Second, the 1,25(OH),Ds-induced alkaline phosphatase
production was reduced in the presence of PTH (100 nM, Fig. 5),
unlike in the first bone cell cultures from this osteopetrotic pa-
tient (not shown). Primary osteoblast-like cells from a normal,
older patient (JR), showed a similar increase in alkaline phos-
phatase activity in response to 1,25(OH),D; (2.2-fold in-
crease), and an inhibition of 1,25(OH),D; induction of about
50% in response to PTH (Fig. 5).

The 1,25(OH),Ds-induced (100 nM) secretion of osteocal-
cin in these post-BMT osteoblast-like cells was 134.42+10.69
ng/mg protein/48 h (eightfold stimulation over basal levels,
P < 0.005, Fig. 6), and is comparable to the secretion by nor-
mal cells under similar conditions (Fig. 2, 121.8+5.1 ng/mg
protein/48 h, NS). Parathyroid hormone treatment of these
cells also resulted in a significant inhibition of 1,25(OH),D;-
induced osteocalcin secretion (P < 0.05, Fig. 6), a feature also
observed in normal cells (25). Human primary osteopetrotic
bone cells prepared post-BMT also produced M-CSF in re-
sponse to both IL-1la and TNF-a. The cells produced 2.08=*
0.28 and 3.8+0.32 U M-CSF/mg protein/72 h in response to
IL-1a and TNF-a, respectively (P < 0.02 and P < 0.001 vs.
controls, Fig. 7). Thus, the production of M-CSF in response to
TNF-a was normalized (3.85+0.13 U/mg protein/72 h in nor-
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Figure 6. Osteocalcin production by human primary bone cell cul-
tures from the biopsy of EC at the 2-yr follow-up exams. The condi-
tions were as in Fig. 4. Osteocalcin secretion was determined on the
cell culture media of these cells after 48 h of culture. Results are the
mean*+SEM of quadruplicate dishes. Osteocalcin secretion was in-
creased about eight-fold in the presence of 100 nM 1,25(OH),D;
alone (P < 0.005), while PTH inhibited partly (—50%) the effect of
1,25(OH),D; (P < 0.05) in these bone cell cultures. The response to
both hormones was similar but lower in a cell culture from a normal
individual (JR).

mal cells, NS) whereas the response to IL-la was increased,
yet did not reach the production observed in normal cells
(2.08%0.28 vs. 3.37x0.11, P < 0.005).

X-linked clonality analysis at the HUMARA locus. Alle-
lic ratio of the buccal cells sample, which served as somatic
control, was 1.14 excluding extreme Lyonization in this female.
The peripheral blood sample obtained 2 yr after BMT was also
compatible with polyclonal derivation of cells with an allelic
ratio of 1.44. The two X-linked alleles in this post-BMT sample
were different than that of the recipient, further confirming
the full engraftment of donor cells post-BMT (Fig. 8). The al-
lelic ratio of the osteoblast-like cells pre-BMT was 1.06, close to
the ratio of the buccal cells, and compatible with polyclonal
derivation of cells. However, the post-BMT osteoblast cell pop-
ulation gave a significantly shifted allelic ratio that jumped
from 1.06 to 2.01. This demonstrates that the osteoblast cells are
derived from a limited number of progenitors post-BMT, i.e.,
the osteoblast cell population has reconstituted oligoclonally
post-BMT.

Discussion

BMT corrected the clinical and bone histological parameters
of two osteopetrotic infants. The correction of clinical parame-
ters (plasma alkaline phosphatase, calcium, 1,25(OH),D;, and
osteocalcin) appeared soon after BMT (within 3 mo), indicat-
ing that both bone resorption and bone formation indices were
corrected. Seric osteocalcin, an index of bone formation/turn-
over, which was very low in one patient before BMT, was in-
creased after the intervention, a noteworthy discovery. More-
over, the present study suggests that, in addition to a possible
osteoclast defect in these patients, osteoblasts were defective.
Indeed, both seric parameters and in vitro functional analysis
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Figure 7. Production of macrophage colony-stimulating factor by hu-
man primary bone cell cultures from bone biopsies of the osteope-
trotic patient (EC) at the 2-yr follow-up exams. Cells were incubated
in the presence of the vehicle (CTL), or IL-1a, or TNF-a.. M-CSF was
determined by an ELISA assay on aliquots of the supernatant. As-
says were done in triplicate for four dishes per conditions. Results are
the mean*SEM. *P < 0.001 vs. respective control, **P < 0.02 vs. re-
spective control.

Defective Osteoblast Function in Human Osteopetrosis 1839



Hpa Il — e o= =

Figure 8. X-linked clonality analy-
sis at the HUMARA locus. Hpa I1
allows the distinction between the
active and inactive X chromosome.
Each lane shows two alleles corre-
sponding to the maternal and the
paternal X chromosome. CR is the
corrected allelic ratio (see Methods
section). (A) Somatic control tissue
(buccal cells) of the recipient. (B)
Peripheral blood 2 yr post-BMT.
The different HUMARA alleles

I | I confirms the complete chimerism of
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of primary osteoblasts indicate an abnormal behavior for these
cells prior to BMT.

Total BMT, such as performed in our unit, could have re-
placed, in addition to osteoclast precursors, progenitor cells for
osteoblasts which can contribute to the de novo release of os-
teocalcin. A marrow stromal rather than hematopoietic origin
of osteoblasts is supported by the induction of chondrogenesis
and osteogenesis of bone marrow fragment or cell suspensions
transplanted in vivo within diffusion chambers (30), by se-
quential histological examinations (31), and because bone
marrow primary cultures can give rise to osteogenic, osteo-
blast-like stromal cell cultures (32, 33), and cell lines (34). His-
tological and functional evidence in animal models suggest
that osteoblasts can be defective in this disease. In particular,
the ultrastructural examination of osteopetrotic rabbit bone
revealed abnormalities in both osteoclast and osteoblast popu-
lations (35), a finding corroborated by quantitative evaluation
of in vivo bone collagen synthesis in rabbit osteopetrotic mu-
tants (36). The metatarsal coculture system of the mutant rab-
bit skeleton is unable to support the differentiation and func-
tion of osteoclasts from normal precursors (37), which again
supports the hypothesis of a primary osteoblast defect. How-
ever, the hypothesis that BMT also contributed stromal stem
cells that could give rise to functional osteoblasts in the osteo-
petrotic patient must be rejected following the demonstration
that osteoblasts obtained 2 yr post-BMT are not of donor ori-
gin. The genotype analysis clearly demonstrated the recipient
origin.

The aberrant expression of biomarkers of osteoblast-like
cells in primary human osteopetrotic bone cell cultures pre-
BMT then becomes puzzling. A resistance to 1,25(OH),D;
or a reduction in the number of vitamin D; receptors in these
pre-BMT cells is very unlikely. This hormonal treatment
stimulated alkaline phosphatase activity in osteopetrotic bone
cells yet it failed to stimulate osteocalcin release, thus arguing
against a generalized disfunction of 1,25(OH),D; hormone-
receptor coupling in this disease. Cournot et al. recently
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1.06

c D HUMARA alleles are still of

donor cells. (C) Osteoblast cells
prior to transplantation. (D) Osteo-
blast cells 2 yr post-BMT. The al-
lelic ratio of osteoblasts post-BMT
is changed significantly from

the pre-BMT sample, and the

2.01

recipient origin.

demonstrated that osteopetrotic infants show variable seric
1,25(0OH),D; levels, regardless of the severity of the disease or
the number of functional osteoclasts (2), and the same group
also showed that cultured circulating mononuclear cells from
osteopetrotic children can still generate multinucleated, osteo-
clast-like cells in response to 1,25(OH),D; (38).

The production of alkaline phosphatase was much higher
in osteopetrotic cells than in normal cells, as expected from
their high seric alkaline phosphatase levels mainly contributed
from bone, a situation also attributable in part to the age dif-
ference between these patients. In contrast, seric osteocalcin
levels were different for the two patients, although both failed
to produce significant levels of osteocalcin in vitro regardless
of 1,25(0OH),D; treatments. Reduced bone osteocalcin has
been observed in op/op and tl/tl rat models, yet these de-
creases in bone coexisted with elevated serum levels of osteo-
calcin (16). Hence, this is in contrast to results in one human
case (EC) where we observed both a reduction in serum levels
and in in vitro bone cell production, but resembles the second
case (MG). Abnormal expression of this and other extracellu-
lar matrix protein genes have been observed by Marks et al.
(14) and Shalhoub et al. (15) in bone from op/op and tl/tl rats,
also providing biochemical and molecular evidence of matrix
aberrations. However, despite the in vivo normalization of the
expression of these genes following CSF-1 (M-CSF) treatment
in tl/tl rats, the disease still persists as regional sclerosis (39).

Osteopetrotic cells produced similar basal M-CSF levels as
normal cells, however, because the response to IL-la and
TNF-a was different in our osteopetrotic primary osteoblast-
like cells as compared to normal cells, or other osteoblast-like
cells (22, 23), the failure to respond normally to both cytokines
may reflect the state of differentiation of these cells (as does
the alkaline phosphatase activity and osteocalcin release ob-
served in these cells), which failed to express either the neces-
sary receptors for IL-1loc or TNF-a pre-BMT, or expressed a
postreceptor defect. A truncated, biologically inactive mole-
cule of M-CSF may be responsible for this condition in the os-



teopetrotic (op) mouse (24, 40). This hypothesis is unlikely in
our study because the normal production of M-CSF 2 yr post-
BMT in EC argues against a primary M-CSF defect in this
case, and STR gene typing provided evidence that osteoblasts
were not replaced by bone marrow transplantation. The nor-
malization of all tested in vitro parameters 2 yr post-BMT in
EC also suggests that the osteoblast cell defect(s) previously
observed in this patient was corrected. It could also suggest
that an abnormal cell present in the bone biopsy may have had
a growth advantage over normal cells in primary culture.

However, clonality analysis at the HUMARA locus has
confirmed that osteoblast cells are polyclonally derived pre-
BMT. The polyclonal finding pre-BMT indicates that osteo-
blasts in osteopetrosis are not derived from a single mutant cell
with a growth advantage such as seen in human neoplastic dis-
ease. This rather suggests a germ line defect or a field effect
which in this case would be an abnormal microenvironment.
Moreover, polyclonality indicates that the culture process did
not select for any particular progenitor cells which could have
a different phenotype from the original cells. The oligoclonal
reconstitution post-BMT is interesting. It is possible that the
pool of stem cells giving rise to osteoblasts was considerably
reduced by the effect of the chemotherapy and that the entire
osteoblast population reconstituted from only a few viable
progenitors. However, the correction of the abnormal pheno-
type post-BMT raises the possibility that the chemotherapy
has selected osteoblasts with a normal phenotype, or else that
the change in the microenvironment after BMT has selected
for a subpopulation of osteoblasts responding appropriately to
the signals of the milieu (osteoclast-derived signals?). In a pre-
vious study, transplanted osteoclasts, but not osteoblasts, were
shown to be of donor origin in one affected infant (10), as cor-
roborated by the present study. This all raises a fundamental
question: What induced the differentiation of osteoblasts in
this osteopetrotic infant following BMT if precursor cells for
osteoblasts were not replaced with those from the donor? The
most simple and direct way would be to hypothesize that
BMT, by replacing osteoclast precursor cells, and hence osteo-
clasts, provided a favorable microenvironment to trigger the
differentiation of osteoblasts. Conversely, BMT may have
helped reduce the proliferation of non-differentiated osteo-
blasts, hence favoring the proliferation of a few number of dif-
ferentiated osteoblasts and/or their progenitors. This last hy-
pothesis would then agree with the oligoclonal derivation of
these cells post-BMT. It also suggests that a functional cross-
talk may be taking place between osteoblasts and osteoclasts
to regulate bone mineralization/remodeling, and that this sig-
naling pathway is defective in osteopetrosis. Indeed, co-cul-
tures of tl/tl rat osteoblasts and normal osteoclasts failed to
trigger resorption (pit formation), despite 1,25(OH),D; treat-
ments, in contrast to the situation with normal osteoblasts (41),
indicating that a functional cross-talk between osteoblasts and
osteoclasts is disrupted in these animals. Hence, the etiology of
this dysfunction is most likely multigenic, but our results un-
derline the essential role of osteoblasts in this human disease
which could also stem from an aberrant cross-talk between ab-
normal osteoclasts and osteoblasts.
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