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Abstract

Given the intimate relationship between bone and bone mar-
row, we hypothesized that the human bone marrow may func-
tion as a source (or reservoir) of bone-forming progenitor cells.
Weobserved a population of cells within the bone marrow
which produce bone-specific or bone-related proteins. The pro-
duction of these proteins was developmentally regulated in
human long-term bone marrow cell cultures; the bone protein-
producing cells (BPPC) are observed under serum-free, short-
term culture conditions, respond to bone-related and not hema-
topoietic growth factors, and are derived from a population of
low-density, nonadherent, MylO-negative (or low MylO den-
sity), marrow cells (MylO is an antigen found on most hemato-
poietic progenitor cells). Cultivation of marrow-derived BPPC
in secondary, serum-containing cultures results in their differ-
entiation into osteoblastlike cells. At this stage of develop-
ment, BPPCproduce an extracellular matrix which incorpo-
rates both bone-related proteins and radiolabeled calcium.
Humanbone marrow BPPCthus represent a newly described
cell phenotype important to both bone and hematopoietic cell
biology. (J. Clin. Invest. 1990. 86:1387-1395.) Key words:
hematopoiesis - osteopoiesis - bone proteins - bone-gla-protein

osteonectin

Introduction

The hematopoietic microenvironment influences the growth
and differentiation of hematopoietic cells. Although poorly
understood, this microenvironment is comprised of soluble
regulatory factors, cellular elements, and extracellular compo-
nents. Soluble factor production within this microenviron-
ment is restricted to the stromal.cells (1, 2). Such cells are
defined as nonhematopoietic components of bone marrow,
e.g., connective tissue, vascular, or neural elements. In long-
term bone marrow cultures the maintenance of hematopoiesis
is dependent upon the establishment of an intact layer of ad-
herent (stromal) cells. Such adherent cell layers elaborate solu-
ble factors and deposit extracellular matrix which, in turn,
influence hematopoietic proliferation and differentiation
(1, 3).
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Little information is available concerning the intimate re-
lationship between the bone marrow and its surrounding tis-
sue: the bone. The available data demonstrate that bone mar-
row stromal cells respond to bone growth factors in vitro (in-
creasing the numbers of alkaline phosphatase-positive cells)
(4, 5), that stromal cells (or stromal cell lines) generate osteoid
in vivo (6, 7), and that cells of osteoclastic potential are found
in the marrow (vide infra). However, these studies do not es-
tablish the lineage derivation and/or hierarchy of such cells.
Similarly, the few studies on bone formation address only its
indirect relation to bone marrow development, showing that
bone formation in in vivo models is followed by marrow for-
mation (8-10). Additionally, either type of in vitro model
shows limited degrees of bone formation, if any. In particular,
the use of postfetal mesenchymal tissue to generate bone pro-
genitor cells results in chrondrogenesis but is often inadequate
for osteogenesis (1 1). Thus, information concerning the cellu-
lar activation signals and intracellular processing during bone
formation is limited.

One of the central issues concerning bone formation re-
gards the developmental lineages of the bone cell types,
namely the osteoblast and the osteoclast. There is adequate
evidence to suggest that osteoblasts arise from mesenchymal
cell populations and that osteoclasts are derived from blood-
born monocyte/macrophage cells. Fischman and Hay first
demonstrated that monocytes fused to form osteoclasts in re-
generating newt limbs (12). Although the role of macrophage
fusion remains controversial (4, 13), further evidence for the
blood-born origin of the osteoclast was pioneered by Le-
Douarin using a chick:quail chimera in which nuclear mor-
phology allows clear distinction of cell derivation. These stud-
ies conclusively demonstrated that osteoblasts and osteocytes
are derived from the limb bud mesenchyma, whereas osteo-
clasts arise from blood-born hematopoietic cells (14, 15). The
importance of these observations was subsequently shown by
the successful cure of osteopetrosis utilizing bone marrow
transplantation in both animals (16) and humans (17). While
such data conclusively show the hematogenous origin of os-
teoclasts, little knowledge exists on the nature or location of
the stem cell population(s) capable of differentiating into
bone-forming osteoblasts.

A number of proteins, isolated from demineralized bone,
are involved in bone formation. Osteonectin (ON)' is a 32-kD
protein which binds calcium, hydroxyapatite, and collagen,

1. Abbreviations used in this paper: BGP, bone-gla-protein; BPPC,
bone protein-producing cell; CFC-F, fibroblast, colony-forming cell;
ECM, extracellular matrix; a2HS-GP, alpha2HS glycoprotein;
LTBMC, long-term bone marrow cell culture; NALD, nonadherent
low density; ON, osteonectin; SAOS2-P80, 80-kD cell surface protein
isolated from SAOSosteosarcoma cell line; TGF-fl, transforming
growth factor-beta.
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and thus may initiate nucleation of the mineral phase of bone
deposition (18). Cellular localization of osteonectin message
reveals its presence in a variety of developing tissues (19).
However, it is present in its highest levels in bones of the axial
skeleton, skull, and the blood platelet (megakaryocyte) (20).
Bone y-carboxy glutamic acid-containing protein (BGP, os-
teocalcin) is a vitamin K-dependent, 5,700-D calcium binding
bone protein which is specific for bone and may regulate Ca2"
deposition ( 18, 21).

We utilized monoclonal antibodies to bone-related pro-
teins (22, 23) as phenotypic probes of the hematopoietic mi-
croenvironment. Wereport that bone proteins are produced in
human long-term bone marrow cell cultures, and that the
marrow-derived cells producing bone proteins proliferate in
response to regulators of bone development but not hemato-
poietic growth factors. Finally, marrow-derived bone protein-
producing cells are capable of osteoblastlike differentiation.

Methods

Marrow cell preparation and culture. Human bone marrow aspirates
were obtained from normal volunteers after informed consent. Long-
term bone marrow cultures (LTBMC) were established exactly as de-
scribed by Kaplan and Gartner (24). For immunolocalization, two to
three coverslips were placed in each LTBMCculture and removed
weekly for immunocytochemistry (see below).

For short-term (7-d) assays, human bone marrow cells were sub-
jected to density and adherence separation techniques as described
previously (25, 26). Marrow cells were density-separated on Ficoll-
Hypaque, and adherent cells were depleted by two rounds of plastic
adherence. Importantly, these nonadherent, low-density (NALD) cells
do not contain megakaryocytes or platelets. The former are low density
in Ficoll and thus not recovered in the mononuclear cell density band.
Both residual megakaryocytes and platelets are removed by the subse-
quent two rounds of plastic adherence. The resultant NALDcells were
cultured in serum-free cultures of supplemented McCoy's 5A media
(25) containing 1% ITS-plus (Collaborative Research, Bedford, MA).
Cultures were established in LabTek tissue culture chamber slides (8
chambers per slide, Miles Laboratories Inc., Naperville, IL), and incu-
bated for 7 d at 330C in 7% CO2. TGF-3 (Collaborative Research,
Bedford, MA) was kept in stock solution per manufacturer's instruc-
tions and diluted in McCoy's media immediately before use.

Culture of bone protein producing cells (BPPC). BPPCare culti-
vated for 7 d under serum-free conditions as described above. In
serum-stimulation studies the adherent cells are removed by incubat-
ing in trypsin/EDTA (Grand Island Biologicals, Grand Island, NY) for
30 min at 370C, and the trypsin inactivated by adding equal volumes
of FCS. The adherent cells are washed twice in McCoy's media,
serum-stimulated by the addition of 10% FCS, and recultivated for an
additional 7 d as above. Cells are trypsinized and replated to reduce cell
density; equivalent results are observed if serum is added directly to the
primary cultures and the cells grown in situ.

Radioimmunoassay and immunochemistry. Bone antigen expres-
sion was determined by solid-phase RIA as we have described else-
where (25, 27) using monoclonal antibodies to human bone-related
proteins: osteonectin, BGP, and SAOS2-P80, all at 10 ug/ml. Bone-re-
lated protein antibodies (22, 28) were localized by immunoperoxidase
cytochemistry utilizing an avidin-biotin system previously described
by this laboratory (27, 29).

'5Calcium incorporation into extracellular matrix. BPPCwere cul-
tivated under serum-free conditions, and serum-stimulated on day 7 as
described above. On days 3, 6, and 8 post-serum stimulation, the
suspension and adherent cells were removed, washed three times with
calcium-free PBS, and metabolically labeled with 50 ,Ci 4"Ca2+ (as
45Ca2+; Amersham Corp., Arlington Heights, IL; sp act 733 mBq/Mg)

for 60 min at 370C. After calcium equilibration, labeled cells were
washed free of unincorporated calcium, resuspended in tissue culture
medium (RPMI 1640, Gibco, Grand Island, NY), reestablished in the
original cultures, and allowed to incorporate cellular 4Ca"2+ into the
extracellular matrix (ECM) for 60 min at 330C. Subsequently, cells/
ECMwere removed with trypsin/EDTA (as in Fig. 3), cells pelleted by
centrifugation, and 4(Ca2+ incorporation into the trypsin/EDTA ex-
tractable ECMdetermined by scintillation counting. Trypsin-resistant
ECMwas removed by Triton X-100 extraction as described previously
(30, 31) and counted similarly.

Results and Discussion

Expression of bone proteins in human long-term marrow cul-
tures. Human LTBMCwere examined for the production of
the bone-related proteins: ON, BGP, and for SAOS2-P80, a
membrane-specific antigen present on cells of the human os-
teosarcoma cell line SAOS2(23). Immunocytochemical analy-
sis of LTBMCindicates that each was present in a phenotypi-
cally distinct subpopulation of bone marrow stromal cells. Os-
teonectin was found within the cytoplasm of fibroblastlike
cells as intracellular granules which are often concentrated at
the cell periphery (Fig. 1). These ON-positive cells were scat-
tered throughout the developing hematopoietic foci. Produc-
tion of BGPand SAOS2-P80 (latter not shown) was limited in
distribution to a subpopulation of mononuclear cells, which
often appeared in clusters, and localized as a diffuse intracel-
lular deposition (Fig. 2).

Kinetic analysis of bone protein production in human
LTBMCshows that BGP-positive cells are observed within 1
wk of culture. At this time, BGP-containing cells are scattered
throughout the cultures as small (10-50 cells) clusters, sug-
gesting a clonal evolution of BGP-producing cells. These
BGP-positive clusters contain from 20 to 40% antigen-positive
cells. After 2-3 wk, BGP-containing cells are seen to redistrib-
ute to the peripheral regions of the developing hematopoietic
foci (Fig. 2 B). Eventually (weeks 4-6), BGPis deposited
within the extracellular matrix (not shown). Osteonectin pro-
duction in these cultures remains restricted to fibroblastlike
cells which are intermingled with developing hematopoietic
cells. Like BGP, ON-positive cells later redistribute to the pe-
riphery of developing hematopoietic foci. To confirm the os-
teal nature of these cells, parallel cultures were stimulated with
1,25-dihydroxy vitamin D3 (10-'°-10-9 M). These cultures
show both accelerated development of the marrow stromal
layer and enhanced production of BGP(data not shown).

Proliferation of bone protein-producing cells (BPPC) in
serum-free marrow cell cultures. The nature of the cells pro-
ducing bone protein (BPPC), were also examined in short-
term (1 wk), serum-free cultures utilizing NALDhuman bone
marrow cells as target cells. Immunocytochemical data indi-
cated that cells containing each of the two bone-related cyto-
plasmic proteins (ON, BGP), as well as a2HS glycoprotein, and
the membrane-specific SAOS2-P80 were generated from anti-
gen-negative input cells, and that these proteins are not present
as membrane-bound serum contaminants. In unstimulated
cultures, - 6-7% of the total cultured cells were BGPor
SAOS2-P80 positive and 2%contained ON. Although NALD
cells were used to initiate the cultures, the BPPCobserved on

day 7 were an adherent cell population. In all cases, the cells
bearing these antigens resembled the BGP-positive mononu-
clear cells observed in LTBMC(re: Fig. 2, A-C). We next

1388 M. W. Long, J. L. Williams, and K. G. Mann



A B

r
II

C

C D

examined cultures (n =4 separate bone marrow donors) in
which both NALD cells and plastic-adherent cells were uti-
lized as target cells in short-term, serum-fr-ee cultures. Again,
cells capable of producing bone proteins and membrane-spe-
cific antigens were restricted to NALDpopulations. Adherent
input cells (i.e., stromal cells isolated from unfractionated
marrow by plastic adherence) did not generate antigen-posi-
tive cells.

Expression of MY10 antigen on bone protein producing
cells (BPPC). Two alternative approaches were taken to exam-
mne the expression of the hemnatopoietic progenitor cell anti-
genic marker MY10 (32) on cells capable of producing bone
proteins. The first approach was to subject input NALDcells
to a cytotoxicity assay, realizing that the anti-MY lO is an IgG,
isotype (which weakly binds complement), and that a lack of
cytotoxic effect would be inconclusive. However, we cultivated

Figure 1. Localization of osteonectin in
human LTBMC. Bone-related protein anti-
bodies (22, 28) localized by immunoperoxi-
dase cytochemistry utilizing an avidin-biotin
system (27, 29). (A) Large hematopoietic foci
(lOOX) plus adjacent stromal cells positive for
osteonectin (ON). Note the concentration of
ON-positive cells at the periphery of the foci,
and scattered positive cells throughout. Such
foci do not exist in input cells which are ON
negative and monodispersed. (B and C) Cellu-
lar localization (400X) in a fibroblastlike cell.
Note granular reaction product which is typi-
cal of osteonectin localization. (D) Secondary
antibody control (i.e., without antiosteonectin).

hematopoietic colonies in parallel as controls. These data in-
dicated a 74±15% reduction of CFU-GMin the presence of
antibody and complement versus complement only (n = 3
separated donors, each condition cultivated in triplicate).
Whereas hematopoietic cells were reduced, BPPCwere not
effected by anti-MY 10 treatment. Indeed, the data suggests
that an inhibitory cell may be removed by MY-10 depletion
(Table I).

Alternatively, we depleted MY 10-positive cells by im-
munoadherence (to anti-IgG coated petri dishes). These data
corroborated the cytotoxicity data, in that the MY10+ cells
failed to grow under the same serum-free conditions which
support the proliferation of BPPC (not shown). Webelieve
that both of these studies suggest that BPPCevolve from MY
10-negative cells. However, we interpret these observations
with some caution as neither are conclusive.
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Antigenic expression of bone proteins by bone-protein pro-
ducing cells. To confirm our immunocytochemical observa-
tions and obtain quantitative data on bone protein expression,
we also examined serum-free, short-term human bone marrow
cultures for SAOS2-P80, osteonectin, and BGPproduction,
utilizing a solid-phase radioimmunoassay (SPRIA) developed
in this laboratory (27). Examination of unstimulated input
marrow cells indicates that ONand BGPare not detected by
RIA, whereas low amounts of the SAOS2-P80 antigen are seen
(Fig. 3 A). Cultivation of (unstimulated) marrow cells under
serum-free conditions results in increased surface expression
on ON, BGP, and SAOS2-P80 among adherent cells. These
data confirm and extend our immunocytochemical data by
showing that adherent BPPCconstitutively express bone pro-
teins within the hematopoietic microenvironment. Impor-
tantly, they also are the first to show the expression of SAOS2-

Figure 2. Bone gla protein localization in
human LTBMC. Unlike ON, bone y-carboxy-

-.; glutamic acid protein (BGP) is present as a
diffuse cytoplasmic reaction product (A-C).
(D) A large hematopoietic foci with BGP-posi-
tive cells restricted to peripheral region and es-
sentially negative core regions. Methods as in
text. Identical results have been observed in
five separate marrow donors.

P80 in nontransformed cells, and suggest that this antigen may
be developmentally regulated during osteopoiesis. Whether a
single cell population coexpresses each of these antigens or
multiple bone protein-producing lineages exist remains to be
determined. Nonetheless, the RIA data are consistent with
immunocytochemical observations.

Growth factor responsiveness of bone protein producing
cells. TGF-(3 is the prototype of a family of multifunctional
regulatory peptides with diverse effects on cellular function
(33, 34). Importantly, it is a negative modulator of hematopoi-
etic cell proliferation which is produced by hematopoietic (and
other) cells, blood platelets being the most concentrated source
of TGF-# in the body (33). Moreover, TGF-fP is found in high
quantity in bone, suggesting that bone contains the greatest
total amount of TGF-fi (34, 35). TGF-# stimulates cartilage
formation, is synthesized and secreted in bone cell cultures,

1390 M. W. Long, J. L. Williams, and K G. Mann



Table L Bone Protein Producing Cells (BPPC) Lack
a MY10 Phenotype

Antigenic phenotype (percent positive)

SAOS2 BGP ON

Control 7.4 6.2 2.2
Anti-MY 10 9.5 19.2 10.3

HumanNALDcells were treated with complement (controls) or
anti-MY 10 and complement in a typical cytotoxicity assay, and cul-
tivated (in the absence of stimuli) as described in Methods. Subse-
quently, the cells were subjected to immunoperoxidase labeling and
quantitated based on 500 cell differentials. Results are from a single
donor based on triplicate replicate cultures per condition.

and stimulates the growth of subconfluent layers of fetal bone
cells, thus showing it to be an autocrine regulator of bone
development (33). Weexamined the ability of TGF-,6 to regu-
late the bone protein expression in short-term human bone
marrow cell cultures. Picogram concentrations (10-50 pM) of
this regulator markedly increased the number of bone pro-
tein-positive cells observed by immunocytochemistry, result-
ing in a 6-10-fold increase in BPPCnumbers (Fig. 3 B). Con-
versely, BPPCwere not affected by the recombinant hemato-
poietic growth factors: interleukins-1,3, or 6 nor GM-CSF
(Table II). Thus, the increase in BPPCnumbers in stimulated
adherent cell populations shows that TGF-/# is an important
modulator of bone protein expression within the hematopoi-
etic microenvironment, and their lack of hematopoietic factor
responsiveness further distinguishes them from hematopoietic
progenitor cells.
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Figure 3. Bone-related protein expression in short-term serum-free
cultures. Bone expression determined by solid-phase RIA as de-
scribed elsewhere (25, 27) using monoclonal antibodies to human
bone-related proteins. For simplicity, variability indices are not
shown but are < 10% intraassay, and 35% between donors. (A) Un-
stimulated cultures. (Open bars) BGP; (solid bars) ON; (hatched
bars) SAOS2-P80. (B) TGF-,6 stimulated cultures (suspension cells).
(Circles) BGP; (squares) SAOS2-P80; (triangles) ON.

" I.-

Table II. Characterization of Bone Marrow-derived
Bone Protein-producing Cells In Vitro

Unstimulated cultures B.P. expression

Input Marrow Negative/rare'
hu-LTBMC (n = 5) Positive
Short-term, serum-free cultures

NALDcells (n = 4) Positive
Adherent cells (n = 4) Negative
MY-10 negative NALD(n = 2) Positive

Stimulated serum-free cultures Responsiveness

Hematopoietic growth factors, (r-hu-ILI, IL3,
IL-6, or GM-CSF(n = 5) Negative

1,25-OH vitamin D3 (n = 5) Moderate
TGF-#B (n = 8)

Suspension cells Low-moderate
Adherent cells High

Serum-free human NALDcells were established in short-term (7 d)
cultures as described in Fig. 3. The numbers (n) represent the total
number of individual bone marrow donors examined for bone pro-
tein expression in each condition. Serum-free bone protein-produc-
ing cells have been observed in 21 separate donors and five separate
donors for long-term marrow cultures. (a) Input NALDmarrow cells
contain 100-300/105 BP-positive cells as determined by FITC-la-
beled flow cytometry studies (not shown). hu-LTBMC, human long-
term marrow cell cultures; NALD, nonadherent, low-density cells;
BP, bone protein; r, recombinant; hu, human; IL, interleukin.

Osteoblastlike differentiation of marrow-derived bone pro-
tein producing cells. Further documentation of the osteal na-
ture of BPPC was observed after the addition of serum to
7-d-old serum-free cultures. Serum repletion stimulated BPPC
to differentiate into large osteoblastlike cells (Fig. 4 A). These
cells morphologically resemble marrow-derived osteoblasts
(36), having abundant, foamy cytoplasm and a single, eccen-
tric nucleus. Immunocytochemical analysis revealed that these
cells continue to express low amounts of cytoplasmic bone-re-
lated protein (ON; BGP; SAOS2-P80, and a2 HS-GP), and,
importantly, deposit bone-related proteins in the extracellular
matrix (ECM) (Fig. 4, Band C). A macrophage phenotype was
ruled out as these cells fail to express (either constitutively or
TGF-# stimulated) the MO-1 antigen, (which is found on
granulocytes, monocytes, and tissue macrophages [37]) and
are nonspecific esterase and NBT-reductase negative. Finally,
immunocytochemical studies indicate that these cells express
type I and type III collagen (not shown) further confirming
both their osteal nature and ruling out a macrophage pheno-
type as these collagens are not expressed by macrophages.

The extracellular deposition of bone-related proteins sug-
gests that these cells are organizing the ECMin an osteogenic
fashion, i.e., bone protein is incorporated into the matrix ante-
cedent to, or coincident with mineralization. Consistent with
this hypothesis, the ECMsurrounding these cells is positive for
the von Kossa reaction (Fig. 4 D), which detects the presence
of calcium phosphates in mineralized tissue (38). Further,
these cells deposit radiolabeled calcium (45Ca24) into the ECM,
showing a 10-100-fold increase in incorporation over 8 d of
culture (Table III).
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Table III. '5Ca"+ Incorporation into Extracellular Matrix

45Ca++ incorporation (DPM)

Procedure Day 3 Day 6 Day 8

EDTA/trypsin extract NT 71,165 186,798
Triton X-100 extract 1,700 20,400 12,094
Total 1,700 91,568 198,842

Calcium (45Ca"+) incorporation into the ECMof serum-stimulated
BPPC. Equivalent cell numbers were seen on each day of culture so
data is not normalized for cellularity. Results are mean DPMper
culture of three separate determinatons from a single representative
donor of two separate donors. Each extraction procedure was per-
formed sequentially. Methods: BPPCwere cultivated under serum-
free conditions and serum stimulated on day 7 as described in Fig. 4.
On days 3, 6, and 8 post-serum stimulation, the suspension and ad-
herent cells were removed and washed three times with calcium-free
PBS, and metabolically labeled with 50 UCi 45Ca++ (as CaCl2; Amer-
sham Corp.; sp act 733 mBq/Mg) for 60 min at 370C. After calcium
equilibration, labeled cells were washed free of unincorporated cal-
cium, resuspended in tissue culture medium (RPMI 1640, Gibco,
Grand Island, NY), reestablished in the original cultures, and al-
lowed to incorporate cellular 45Ca++ into the ECMfor 60 min at
330C. Subsequently, cells/ECM were removed with trypsin/EDTA
(as in Fig. 3), cells pelleted by centrifugation, and 45Ca++ incorpora-
tion into the trypsin/EDTA extractable ECMdetermined by scintil-
lation counting. Trypsin-resistant ECMwas removed by Triton
X- 100 extraction as described previously (30, 31) and counted simi-
larly. Total extractable counts on day 3 were determined using a sin-
gle Triton X-100 extract. NT, not tested.

In summary, these culture systems document the presence
of a new marrow cell phenotype capable of elaborating bone-
related proteins, osteoblastlike differentiation, and bonelike
organization of the ECM. In LTBMC, which are replete with
serum and contain heterogeneous cell populations, BPPCare
developmentally regulated, and regionally restricted in their
distribution. In short-term, serum-free cultures, these cells
evolve from NALDinput cells as an adherent cell phenotype
with a limited capacity to proliferate but which nonetheless
express bone-related proteins, and respond to TGF-#t with a
marked increase in proliferation. Subsequently, these cells re-
spond to undefined serum factor(s) with osteoblastlike differ-
entiation and matrix deposition. The nature of the serum regu-
lator(s) is unknown, but it is not mimicked by the addition of
TGF-,3 or 1,25-OH vitamin D3 to serum-free cultures (not
shown).

Our observations do not exclude a role for other marrow
cells in osteogenesis. Previous reports by both Owenand Frie-
denstein demonstrated the osteogenic potential of bone mar-
row (for a review see reference 39). These studies documented

Osteoprogenitor Preosteoblast Osteoblost
Cel

7D/Serum-free (I) 7D/Serumr
\ 7-} GFC3 w

Local Bone Morrow Endosteal Surface
of Morrow Trobeculae

Frequency 100-300/i05 30-60-/102
'TissJe Culture)

Choracteristics NALD
My 10-
HGF-

TGF$+

Adherent
High Cytoplasmic BRP
Expression

* BGP(osteocalcin)+
* SAOS2-P80+
* Ostecnecion +
e "2HS-GP+

Bone

30-60-/102
(Tissue Culture)

Adherent
Low Cytoplasmic BRP
Expression

MO-I;,NBT reductase-
ECMDeposition

- BRP+
* Von Kossa +
. 45 Co ++ .ncofp +

Figure 5. Hypothetical model of bone marrow-derived BPPCdevel-
opment. This model proposes that unrecognizable osteoprogenitor
cells exist among the marrow nonadherent cell populations. These
cells are highly proliferative in the presence of bone-related regula-
tors such as TGF-ft. Such a lineage expansion results in the presence
of immature cells which contain high levels of cytoplasmic bone-re-
lated proteins. In this model, the progeny of the osteoprogenitor cell
cells are the preosteoblasts which are adherent and express cytoplas-
mic bone proteins. These BPPCin turn respond to unknown serum
regulators by begining to differentiate into osteoblastlike cells which
deposit bone proteins and calcium into the ECM. 7D, 7 d in culture;
TGF-#l, transforming growth factor-#; serum, serum repletion of cul-
tures; NALD, nonadherent low density cells; HGF, hematopoietic
growth factors; BRP, bone-related proteins; BGP, SAOS2-P80,
HS-GPas in text; MO-I, a granulocyte, macrophage antigenic
marker, NBT, nitrotoledine blue; +, positive responsiveness; -, neg-
ative responsiveness.

that organ cultures of murine marrow, or marrow stromal
cells, have bone-forming potential both in vivo (using diffu-
sion chambers) and in vitro (7, 40, 41). These investigators
further identified an osteogenic cell phenotype in a subpopu-
lation of adherent bone marrow fibroblasts, localized near the
(endosteal) bone surface (40, 42). These cells are the progeny
of fibroblast colony-forming cells (CFC-F) which are serum-
responsive, generate heterogeneous populations of cells, and
are strongly adherent (43-46). In sharp contrast, our observa-
tions of human BPPCshow that these putative osteoprogeni-
tor cells are nonadherent (i.e., are not found among adherent
stromal cells), proliferate under serum-free conditions, are
nonresponsive to hematopoietic regulators, but do respond to
bone-related growth factors (Fig. 5). Human BPPCalso de-
velop under temperature conditions which are restrictive to
CFC-F proliferation (330C vs. 370C, respectively), (47). Fi-
nally, human cells producing bone proteins lack distinct fibro-
blast characteristics being morphologically similar to (pre)os-
teoblasts. Whether a relationship exists between BPPCand
cells of other lineages such as fibroblasts will require coanalysis

Figure 4. Serum-induced osteoblastlike differentiation of bone protein producing cells. Exposure of BPPC, previously cultivated for 7 d in
serum-free cultures, to 10% fetal calf serum (FCS) results in an osteoblastlike differentiation. (A) Romanovski staining of serum-stimulated
BPPC. (B) Bone gla protein expression in serum-stimulated BPPC. (C) Extracellular deposition of BGPin ECMsurrounding serum-induced
BPPC. (D) The von Kossa reaction showing calcium phosphate deposition (yellow/tan coloration; nuclei are counterstained green; see reference
38) in ECMsurrounding BPPC. Immunoperoxidase was performed as in Methods. The von Kossa reaction was performed and described pre-
viously and shows the typical yellow/dark tan positive reaction product due to calcium phosphate (38). Cells pictured are from a single donor
representative of eight separate donors examined for BPPCserum-responsiveness (except for the von Kossa reaction which was observed in two
donors).
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of specific markers for each lineage. Lacking such markers, in
particular for fibroblast progenitor cells, such questions re-
main unresolved.

Our data demonstrate the existence of a previously unrec-
ognized population of bone protein-producing cells in human
bone marrow, that these cells respond to regulatory peptides
known to affect bone cell development, that they evolve from
a hematogenous source of nonadherent cells, and that they are
capable of osteoblastlike function. These observations, cou-
pled with the proliferation and differentiation of unrecogniz-
able BPPC precursors in the input NALD cell populations,
suggests that osteoprogenitor cells exist as a separate lineage
among nonadherent marrow cells. These cells become bone
associated (i.e., adherent) under osteopoietic regulatory influ-
ences such as TGF-f3 (Fig. 5). Whereas this hypothesis remains
to be proven, marrow-derived BPPC nonetheless provide a
valuable model for studies on the regulation of bone protein
production in health and disease.
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