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ABSTRACT

Human osteoblast-like cells can be readily cultured from explants of trabecular bone, reproducibly expressing the
characteristics of cells belonging to the osteoblastic lineage. Dual-color fluorescence-activated cell sorting was
employed to develop a model of bone cell development in primary cultures of normal human bone cells (NHBCs)
based on the cell surface expression of the stromal precursor cell marker STRO-1 and the osteoblastic marker
alkaline phosphatase (ALP). Cells expressing the STRO-1 antigen exclusively (STROALP ), were found to
exhibit qualities preosteoblastic in nature both functionally by their reduced ability to form a mineralized bone
matrix over time, as measured by calcium release assay, and in the lack of their expression of various bone-related
markers including bone sialoprotein, osteopontin, and parathyroid hormone receptor based on reverse trancrip-
tase polymerase chain reaction (PCR) analysis. The majority of the NHBCs which expressed the STRQALP™*
and STRO-1/ALP~ phenotypes appeared to represent fully differentiated osteoblasts, while the STRG/ALP™*
subset represented an intermediate preosteoblastic stage of development. All STRO-1/ALP NHBC subsets were
also found to express the DNA-binding transcription factor CBFA-1, confirming that these cultures represent
committed osteogenic cells. In addition, our primer sets yielded four distinct alternative splice variants of the
expected PCR product for CBFA-1 in each of the STRO-1/ALP subsets, with the exception of the proposed
preosteoblastic STRO-1/ALP ~ subpopulation. Furthermore, upon re-culture of the four different STRO-1/ALP
subsets only the STRO-TALP ~ subpopulation was able to give rise to all of the four subsets yielding the same
proportions of STRO-1/ALP expression as in the original primary cultures. The data presented in this study
demonstrate a hierarchy of bone cell development in vitro and facilitate the study of bone cell differentiation and
function. (J Bone Miner Res 1999;14:47-56)

INTRODUCTION

BONE IS A HIGHLY ORGANIZED Structure comprising a cal-
cified connective tissue matrix formed by the prolifera-
tion and differentiation of osteoprogenitors into mature os-
teoblasts (reviewed in Refs. 1 and 2). Evidence exists that
the osteogenic cell lineage belongs to the stromal fibroblas-
tic system of the bone marrow, which includes other stro-
mal tissues, such as cartilage, smooth muscle, and fat.¢>
The osteogenic cell lineage is thought to arise from a popu-

lation of uncommitted multipotential stromal precursor
cells which reside in the bone marrow spaces and the sur-
rounding connective tissue. Due to the lack of well defined
markers, little is known of the precise developmentally
regulated changes in phenotype and patterns of gene ex-
pression which occur during the differentiation and matu-
ration of human osteoprogenitor cells into functional osteo-
blasts and, ultimately, terminally differentiated osteocytes.

To date, the best characterized cells of the osteogenic
lineage are the osteoblasts, which are responsible for the
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production of the bone matrix constituents.®® Osteoblasts
are identified morphologically by their cuboidal appear-
ance and by their association with newly synthesized bone
matrix at sites of active bone formation. These committed
osteogenic cells are also characterized histologically by
their expression of high levels of alkaline phosphatase
(ALP) activity and biochemically by the synthesis of certain
bone-associated matrix proteins, such as collagen type |
(COLLI), osteocalcin (OC), bone sialoprotein (BSP), osteo-
nectin (ON), and osteopontin (OP).®% However, there is
heterogeneity of the osteoblast phenotype according to the
proliferative and functional state of the cell population.©1
Together these markers are useful in determining osteo-
genic commitment but cannot yet be associated unambigu-
ously with cells at discrete stages of osteogenic differentia-
tion. Moreover, the less differentiated precursors which
maintain the osteogenic cell population remain unidentified
in the absence of reliable markers for these cells.

We have previously described a monoclonal antibody
(MAD), STRO-1, that binds to an as yet unidentified cell
surface antigen expressed by a subset of human bone mar-
row cells.? Included in this subset are all assayable
colony-forming units-fibroblast, which under different cul-
ture conditions are capable of giving rise to an array of
stromal cell types, including smooth muscle cells, fibro-
blasts, lipid-laden adipocytes, and functional osteo-
blasts.**2

The isolation and culture of osteoblasts derived from ro-
dent bone tissue has been possible through the use of pro-
gressive enzymatic digestion®*® or by cell migration from
the outgrowth of bone explants.*>*® Similar culture sys-
tems have been established for assessing the biology of nor-
mal human bone cells (NHBCs).®"22 Human osteoblast-
like cells can be readily cultured from explants of trabecular
bone, reproducibly expressing the characteristics of cells
belonging to the osteoblastic lineage, including the ability to
form a mineralized bone matrix (hydroxyapatite), the pres-
ence of high levels of ALP activity, and the synthesis of
OC.(182022-25) However, it is not known what proportion of
the cell populations in these cultures are representative of
osteoprogenitor cells or indeed other stages of bone cell
development such as preosteoblasts, osteoblasts, and osteo-
cytes.

The intention of this study was, therefore, to characterize
better this culture system by defining objective criteria to
identify and isolate the various cellular components that
comprise this heterogeneous population of bone cells. The
dissection of this population of NHBCs was based on the
use of antibodies to two independent cell surface markers.
The bone/liver/kidney isoform of ALP, although not spe-
cific to the osteogenic cell lineage, was used as a general
marker of committed osteoblasts. The STRO-1 antigen,
which is expressed on multipotential bone marrow stromal
precursor cells with osteogenic potential, was used as a
marker representative of a preosteoprogenitor phenotype.
We employed dual-color fluorescence-activated cell sorting
(FACS) to subdivide the NHBC population according to
the cell surface expression of STRO-1 and ALP. Pheno-
typically distinct subpopulations were identified, and each
was subjected to an analysis of their osteogenic commit-
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ment, based both on their expression of bone-associated
matrix proteins and the osteogenic transcription factor
CBFAL, and on the ability of each subpopulation to form a
mineralized bone matrix in vitro.

MATERIALS AND METHODS
Normal human bone cells

Trabecular bone specimens were obtained from normal
patients (58-80 years old) during routine knee and hip re-
placements from the Department of Orthopaedic Surgery
and Trauma at the Royal Adelaide Hospital. Bone explants
were cultured as previously described.®® Briefly, bone
chips were grown in T-75 tissue-culture flasks in a-modified
Eagle’s medium (a-MEM; Flow Laboratories, Irvine, Scot-
land) supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine, and 100 wM L-ascorbate-2-phosphate (No-
vachem, Melbourne, Australia). Cultures were fed three
times per week for 5-6 weeks and incubated at 37°C in 5%
CO, until confluent.

Enzymatic digestion of NHBC cultures

Single-cell suspensions were obtained from confluent pri-
mary NHBC cultures by enzymatic digestion.®® The cul-
tures were washed twice in phosphate-buffered saline, pH
7.4, and then digested in a solution of COLI (3 mg/ml,
Worthington Biochemical Co., Freehold, NJ, U.S.A.) and
dispase (4 mg/ml) (Neutral Protease Grade Il; Boehringer
Mannheim, GMBH, Mannheim, Germany) for 90 minutes
at 37°C. Cell suspensions were then washed with growth
medium before being passed through a Falcon cell strainer
(Becton Dickinson Labware, Franklin Lakes, NJ, U.S.A.)
to obtain a single cell suspension.

Flow cytometric analysis

Following enzymatic digestion, NHBCs were resus-
pended in blocking buffer (Hank’s balanced salt solution
[HBSS] + 20 mM HEPES, 1% normal human serum, 1%
bovine serum albumin (Cohn fraction V; Sigma Aldrich
Pty. Ltd., New South Wales, Australia), and 5% FCS for 20
minutes on ice. Approximately 1-3 x 107 cells were pelleted
in 14-ml polypropylene tubes (Falcon Labware, Lincoln
Park, NJ, U.S.A.) and resuspended in 200 wl of saturating
concentrations of B4-78%" (mouse immunoglobulin G
[19G,] anti-human bone/liver/kidney ALP; Developmental
Studies Hybridoma Bank, lowa University, lowa City, 1A,
U.S.A)) and STRO-1 for 45 minutes on ice. The isotype
matched negative control antibodies, 1gG, (3D3) and IgM
(1 A6.12) (kindly provided by Dr. L.K. Ashman, Hanson
Center for Cancer Research, Adelaide, South Australia),
were used under identical conditions. The cells were then
washed in HBSS with 5% FCS and incubated with a goat
anti-mouse 1gG (y-chain specific) phycoerythrin (PE) (1:
50) and a goat anti-mouse IgM (p.-chain-specific) fluores-
cein isothiocyanate (FITC, 1:30) (Southern Biotechnology
Associates, Birmingham, AL, U.S.A.) for 45 minutes on ice.
The cells were then washed twice more and resuspended to



IDENTIFICATION OF DISTINCT BONE CELL POPULATIONS IN VITRO 49

TaBLE 1. PCR PRIMER SEQUENCES AND EXPECTED PrRoODUCT SiZE

RT-PCR primer set (5'-3") Expected
Upper primer (UP) product
Transcript name Lower primer (LP) size (bp)
GAPDH®? UP: TTGACCTCAACTACATGG 992
LP: TCATACCAGGAAATGAGC
Human OPG® UP: TTGCTTTTGCCTCCTAGGCA 430
LP: GTGAAAACTTCGGTTGCTGG
Human CBFA1®Y  UP: GTGGACGAGGCAAGAGTTTCA 632
LP: TGGCAGGTAGGTGTGGTAGTG
Human COLI¢G? UP: AGGGCTCCAACGAGATCGAGATCCG 222
LP: TACAGGAAGCAGACAGGGCCAACGTCG
Human PTHRG® UP: AGGAACAGATCTTCCTGCTGCA 571
LP: TGCATGTGGATGTAGTTGCGCGT
Human BSP®# UP: TCAGCATTTTGGGAATGGCC 657
LP: GAGGTTGTTGTCTTCGAGGT
Human ON®® UP: ATGAGGGCCTGGATCTTCTT 576
LP: CTGCTTCTCAGTCAGAAGGT
Human OCN®® UP: ATGAGAGCCCTCACACTCCTC 289

LP: CGTAGAAGCGCCGATAGGC

[10° cells/ml prior to being sorted using a FACStar"-"s

(Becton Dickinson, Sunnyvale, CA, U.S.A.) flow cytome-
ter. Positivity for each antibody was defined as the level of
fluorescence > 99% of the isotype-matched control anti-
bodies. Following the initial sort, each STRO-1/ALP sub-
population was resorted and analyzed to ensure a purity of
> 99%.

RNA isolation and first-strand cDNA synthesis

Total cellular RNA was routinely prepared from 2 x 10*
FACS double-sorted NHBC subpopulations using the
RNAZzoIB extraction method (Biotecx Laboratories Inc.,
Houston, TX, U.S.A.), per the manufacturer’s recommen-
dations. RNA isolated from each subpopulation was then
used as a template for cONA synthesis. cDNA was pre-
pared using a first-strand cDNA synthesis kit from Phar-
macia Biotech (Uppsala, Sweden) according to the manu-
facturer’s instructions. Briefly, total RNA was resuspended
in 8 pl of diethylpyrocarbonate-treated water and subse-
quently heated to 65°C for 10 minutes. Following snap cool-
ing on ice, the RNA was added to 7 .l of premix containing
reaction buffer, oligo-dT as primer, and Superscript
Moloney Murine Leukaemia Virus (MMLV) reverse tran-
scriptase (RT). Following incubation at 42°C for 60 min-
utes, the volume of the reaction was adjusted to 50 wl with
the addition of 35 .l of sterile water.

Polymerase chain reaction

Due to limited cell numbers, the expression of various
bone-related transcripts (Table 1) was assessed by polymer-
ase chain reaction (PCR) amplification, using a standard
protocol.®® Two microliters of the resultant first-strand
cDNA mixture from each subpopulation was diluted in a
50-wl PCR reaction (1x buffer = 67 mM Tris-HCI, pH 8.8,
16.6 mM (NH,)2SO,, 0.45% Triton X-100, 200 p.g/ml gela-
tin, 2 mM MgCl,, 200 .M each dNTP) containing 100 ng of
each primer detailed in Table 1. This mixture was heated to

96°C for 3 minutes, snap chilled, and 1 U of Amplitag DNA
polymerase (Perkin-Elmer Cetus, Norwalk, CT, U.S.A.)
was added. Reaction mixes were overlayed with mineral oil,
and amplification was achieved by incubation in a Perkin-
Elmer Cetus thermal cycler. Primer design enabled typical
cycling conditions of 94°C/2 minutes, 60°C/30 s, 72°C/1
minute for 40 cycles, with a final 10 minute incubation at
72°C. To control for the integrity of the various RNA
preparations, the expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and/or B,-microglobulin was
also assessed. Following amplification, 10 wl of each reac-
tion mixture was analyzed by 1.5% agarose gel electropho-
resis and visualized by ethidium bromide staining.

Mineralization in vitro

We have previously reported the conditions for the in-
duction of human bone marrow stromal cells to develop a
mineralized bone matrix in vitro.®? Briefly, primary sorted
NHBCs were cultured (5 x 10° cells/well 96-well microtiter
plate) in a-MEM (Flow Laboratories) supplemented with
20% FCS, L-glutamine (2 mM), B-mercaptoethanol (5 x
10~° M), L-ascorbic acid 2-phosphate (100 wM) (ASC-2P;
Novachem, Melbourne, Australia), dexamethasone sodium
phosphate (1078 M) (DEX; David Bull Laboratories, Syd-
ney, Australia), KH,PO, (1.8 mM) (BDH Chemicals Ltd.
Poole, Dorset, U.K.), and HEPES (10 mM) at 37°C, 5%
CO,. The media was changed twice a week for a period of
7 weeks.

Measurement of calcium levels

Single-cell suspensions of primary sorted NHBCs were
seeded at a density of 5 x 10° cells/well in a 96-well microti-
ter plate (NUNCSs). Calcium levels were determined as de-
scribed elsewhere®” from triplicate cultures at weekly in-
tervals for 7 weeks. The cultures were washed four times
with Ca®*- and Mg?*-free phosphate-buffered saline and
incubated overnight with 0.6 N HCI. Samples of the solu-
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bilized matrix were then reacted with o-cresol-phthalein-
complexon (Test Combination Calcium; Boehringer Mann-
heim), and the colormetric reaction was read at 570 nm.
The absolute calcium concentration was determined ac-
cording to a standard curve for calcium according to the
manufacturer’s recommendations.

Transmission electron microscopy

Seven-week-old mineralized NHBC cultures were
washed in 0.05 M sodium cacodylate buffer and then fixed
in 2.5% glutaraldehyde (EM grade) in 0.05 M sodium cac-
odylate buffer for 2 h at room temperature. After washing
with 0.05 M cacodylate buffer, the cultures were postfixed
with 2% osmium tetroxide (VI111; BDH Chemicals) in cac-
odylate buffer for 1 h at room temperature and then
washed in cacodylate buffer. Following this, the cultures
were dehydrated with graded alcohol (70, 90, and 100%
ethanol solutions) for two 15-minute changes for each al-
cohol grade. Epoxy resin (TAAB Laboratories; Berkshire,
U.K.) was then used to infiltrate the cultures overnight at
37°C. Polymerization of the resin was carried out at 60°C
for 24 h under vacuum. Ultrathin sections were cut on an
8800 Ultrotome Il (LKB, Broma, U.K.) and mounted onto
copper grids. Sections were then examined using a 1200 EX
11 transmission electron microscope (JEOL, Tokyo, Japan).
Photographs were taken using EM Technical film (llford,
Mobberly, Cheshire, U.K.). Mineral deposits were analyzed
using a Tracor-Northern Series Il EDX System (EDX, en-
ergy dispersive X-ray microanalyzer; Tracor Europa B.V.,
Bilthoven, The Netherlands). Electron diffraction analysis
was performed using a camera length of 100 cm on the
mineralized bone cultures and on a commercially available
hydroxyapatite standard (hydroxyapatite type 1; Sigma).

Statistical analysis

One-way analysis of variance was used to determine any
differences in the calcium concentrations between the dif-
ferent STRO-1/ALP NHBC subsets. Statistical significance
(p?> = 0.05) in the level of calcium detected between the
different STRO-1/ALP subgroups at each time point was
determined using Fisher’s projected least significant differ-
ence (PLSD) test.

RESULTS

Cell surface expression of STRO-1 and ALP on
primary NHBCs

Dual-color FACS was employed to determine the pat-
tern of expression of the stromal precursor cell marker
STRO-1 and the osteoblastic marker ALP on enzymatically
treated single-cell suspensions of 5- to 6-week-old primary
NHBC cultures derived from 12 different donors. The
NHBC population demonstrated a heterogeneous but
highly reproducible pattern of expression for both the
STRO-1 and ALP antigens (Fig. 1). The majority of the
NHBCs (62.2 + 2.7% SEM, n = 12) demonstrated no de-
tectable levels of STRO-1 or ALP at the cell surface
(STRO-17/ALP7). A high proportion of the remaining

GRONTHOS ET AL.

S/AP*(28.3%) [ S*AP* (2.4%)

B4-78 (AP) PE
@

191

STAP- (63.8%) 1. - SYAP(5.5%)
p i 1

[} - .1.8 -
STRO-1 FITC

FIG. 1. A representative histogram demonstrating the im-
munoreactivity of the MAbs B4-78 and STRO-1 with
NHBCs. Dual-color flow cytometric analysis depicting the
cell surface expression of the STRO-1 and ALP antigens on
single-cell suspensions of NHBCs. A typical dot plot histo-
gram is shown from a representative experiment where 5 x
10* events were collected as list mode data. The vertical and
horizontal lines were set to the reactivity levels obtained
with the isotype-matched control antibodies 3D3 (PE) and
1A6.12 (FITC), respectively.

NHBC population (30.8 + 2.5 SEM, n = 12) expressed the
osteoblastic marker ALP exclusively (STRO-17/ALPY),
while only a minor population (3.6 = 0.6 SEM, n = 12) of
cells expressed the STRO-1 antigen alone (STRO-1%/
ALP7). In addition, a small proportion of cells (3.4 + 0.7
SEM, n = 12) were also found to coexpress the ALP and
STRO-1 antigens (STRO-1"/ALP™). The number of cells
expressing B4-78 in a given sample correlated to the num-
ber of cells expressing ALP activity histochemically (data
not shown). Following FACS of each of the four different
STRO-1/ALP subpopulations, each was resorted and ana-
lyzed to ensure a purity of > 99% (Fig. 2) for all subsequent
experiments.

In vitro mineralization potential of the different
STRO-1/ALP subpopulations

The ability of the different STRO-1/ALP sorted sub-
populations to form a mineralized bone matrix was deter-
mined by culturing the cells in osteoinductive conditions in
the presence of ASC-2P, DEX and PO,; as previously de-
scribed.®? A mineralized matrix formed in all the STRO-
1/ALP NHBC subsets (Fig. 3) and was identified as hy-
droxyapatite by X-ray diffraction and EDX analysis (Fig.
4). The most rapid onset of mineral deposition was ob-
served in the STRO-17/ALP™ subpopulation. The level of
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FIG. 2. Double sorting experiments were conducted on each of the STRO-1/ALP NHBC subsets sorted initially from
primary cultures to ensure a purity of 99% for each phenotype. (A) STRO-1"/AP™; (B) STRO-1"/AP™; (C) STRO-17/AP7;
(D) STRO-1*/AP~. A typical dot plot histogram is shown from a representative experiment where 2 x 10* events were
collected as list mode data. The vertical and horizontal lines were set to the reactivity levels obtained with the isotype-
matched control antibodies 3D3 (PE) and 1A6.12 (FITC), respectively.

mineral formation by the STRO-1"/ALP™" cells between 14
and 35 days of osteoinduction was significantly greater
(Fisher’s PLSD test; p? = 0.05) than that demonstrated by
the STRO-1"/ALP~ and STRO-1"/ALP~ subgroups and
significantly greater (p?> = 0.05) than the level of mineral
formation by the STRO-1"/ALP* subpopulation between
14 and 28 days. The STRO-1*/ALP* subpopulation dem-
onstrated a potential for mineral formation intermediate
between that of the STRO-1*/ALP~ and STRO-1"/ALP*
populations. Differences in mineral deposition between the
STRO-1*/ALP* and both the STRO-1"/ALP~ and STRO-
17/ALP~ subpopulations were significant (p> = 0.05) at
14-35 days and at 14 and 35 days, respectively. The lowest
potential for mineral formation was exhibited by the
STRO-1*/ALP™ and STRO-1"/ALP~ NHBC fractions,
which also demonstrated a delay in the onset of mineral-
ization relative to the STRO-17/ALP* subpopulation and at
some of the time points assayed for the STRO-1*/ALP*
subgroup. Approximately equivalent levels of mineral de-
position were evident at all the time points measured, with
the exception at day 35 when a significantly (p?> = 0.05)
higher level of mineral formation was observed in the
STRO-17/ALP~ subgroup relative to the STRO-1*/ALP~

subpopulation. Based upon these studies, the overall ability
of each STRO-1/ALP NHBC subset to form a mineralized
matrix at the end of the osteoinduction period was ranked
as follows: STRO-17/ALP* > STRO-1"/ALP* > STRO-17/
ALP™ > STRO-1*/ALP".

Differential expression of bone-related markers
between the different STRO-1/ALP subpopulations

The expression of various genes associated with osteo-
genic development was determined for all the different
NHBC STRO-1/ALP subsets. RT-PCR amplification was
employed due to the small numbers of cells (2 x 10*) avail-
able following double sorting. The mRNA integrity in each
of the sorted subpopulations was confirmed by reproduc-
ible and consistent amplification of the ‘“‘house-keeping”
gene GAPDH. As anticipated, RT-PCR analysis of mMRNA
isolated from the unfractionated (bulk) NHBCs demon-
strated expression of all the bone-related genes examined
including OC, COLI, ON, OP, BSP, and the parathyroid
hormone receptor (PTHR). The four STRO-1/ALP NHBC
subpopulations were characterized by distinct patterns of
expression of these bone markers (Fig. 5). Although all
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FIG. 3. The mean calcium levels were determined from
cultures established from three different donors under os-
teoinductive conditions (ASC-2P, DEX, and PO,;) at
weekly intervals for 35 days. The release of free calcium
was achieved by treating the adherent cell layers of NHBC
cultures under acidic conditions. Samples were then reacted
with o-cresol-phthalein-complexon and the colormetric re-
action was read at 570 nm. The absolute calcium concen-
tration was determined according to a standard curve for
calcium for each STRO-1/ALP NHBC subset over the time
interval.

subpopulations expressed transcripts for COLI, ON, and
OC, only the STRO-17/ALP* and STRO-1"/ALP~ sub-
groups exhibited OP and BSP. The STRO-1"/ALP™ frac-
tion was unique among the four NHBC subpopulations in
its expression of PTHR and in demonstrating a pattern of
gene expression identical to that of the unfractionated bulk
NHBC population. The STRO-1*/ALP~ and STRO-1*/
ALP* subgroups demonstrated a similar pattern of expres-
sion characterized by the absence of transcripts for OP,
BSP, and PTHR. Given recent reports identifying the key
role of the runt-containing transcription factor CBFAL in
the regulation of bone cell differentiation, we also exam-
ined CBFAL expression in the various fractions. Primers
were designed to amplify a 635 base pair fragment, and, in
accord with this, a band of the expected size was identified
in all four STRO-1/ALP subpopulations. Unexpectedly, all
the STRO-1/ALP subgroups with the exception of the
STRO-1*/ALP~ subpopulation yielded three additional
smaller PCR products. DNA sequence analysis of these
products indicated that the smaller amplified bands repre-
sented spliced variants of the full-length transcript (data not
shown). Although all the sorted groups of NHBC expressed
CBFAL transcripts, only the full-length transcript was ob-
served in the STRO-1*/ALP~ subgroup.

We next examined whether the discordant pattern of
gene expression among the various STRO-1/ALP subpopu-
lations was a result of possible differences in the cycling
status among the different fractions. Three-color FACS
analysis of primary NHBC based on their expression of
STRO-1, ALP, and the cell cycling-specific antigen Ki-
67¢839 revealed that the majority of the cells (> 80%) in
each of the four STRO-1/ALP subsets were actively divid-
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FIG. 4. A representative transmission electronmicrograh
of the adherent cell layers of NHBC cultured for 5 weeks in
the presence of ASC-2P, DEX, and PO,;. (A) Examination
of the extracellular matrix of the adherent layers from a
typical bulk culture, demonstrating the presence of deposits
of hydroxyapatite-like crystals (double arrow) in association
with a network of collagen fibrils (x20,000). (B) EDX analy-
sis of similar mineral deposits demonstrating major peaks
for calcium (Ca) and phosphorous (P) with a mean Ca/P
ratio consistant with hydroxyapatite. (C) The X-ray diffrac-
tion pattern of the mineral deposits in the same cultures was
found to be identical to that of the hydroxyapatite standard.

ing, as indicated by their expression of the Ki-67 antigen
(data not shown).

STRO-1 and ALP expression following reculture of
NHBC subpopulations

A series of reculture experiments was performed in order
to examine the fidelity of the cell surface phenotype of each
of the four NHBC subpopulations initially isolated based
on their expression of the STRO-1 and ALP antigens. Each
subpopulation obtained was resorted to ensure phenotypic
purity and then recultured for a period of 2 weeks under
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FIG. 5. Expression of numerous bone-related transcripts
(ON, osteonectin; CBFAL; COLLI, collagen type I; OC, os-
teocalcin; BSP, bone sialoprotein; OP, osteopontin) was as-
sessed in the various STRO-1/ALP-sorted NHBC sub-
populations by RT-PCR from a representative culture.
Expression of GAPDH was assessed as an indicator of
MRNA integrity. Reaction mixes were subjected to electro-
phoresis on a 1.5% agarose gel and visualized by ethidium
bromide staining.

standard growth conditions. Reculture experiments were
performed on primary NHBCs from three different donors
(n = 3). Following this, the cultured cells were subjected to
flow cytometric analysis using STRO-1 and the B4-78
MADbs. Data from a representative experiment are shown in
Fig. 6. Over the 2 weeks of culture following their initial
isolation, none of the four STRO-1/ALP subpopulations
maintained the phenotype for which they were initially se-
lected. The NHBC fraction which originally expressed the
STRO-1*/ALP~ phenotype demonstrated the same STRO-
1/ALP pattern of expression as observed in the initial pri-
mary NHBC cultures (Fig. 6D). This was in contrast to the
other three STRO-1/ALP subgroups, which demonstrated
alternate STRO-1/ALP distribution patterns quite distinct
from that exhibited by unfractionated NHBCs. The major-
ity of the NHBC (73.0 + 0.1% SEM, n = 3) sorted on the
basis of the STRO-1"/ALP* phenotype were found to have-
lost cell surface expression of the STRO-1 antigen but re-
tained their expression of ALP after reculture (Fig. 6B).
Similarly, the majority (76.5 + 7.2% SEM, n = 3) of the
NHBCs sorted initially on the basis of the STRO-17/ALP*
phenotype retained their expression of ALP after 2 weeks in
culture (Fig. 6A). A proportion (29.7 £5.7% SEM, n = 3) of
those NHBCs which initially lacked any cell surface expres-
sion of STRO-1 or ALP (STRO-1"/ALP™) were now found
to express the ALP antigen following reculture (Fig. 6C).

DISCUSSION

The development of osteoblasts from undifferentiated
precursor cells occurs through a series of cellular transi-
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FIG. 6. A representative flow cytometric analysis of the
different STRO-1/ALP NHBC subpoulations: (A) STRO-
17/ALP*; (B) STRO-1*/ALP*; (C) STRO-17/ALP~; (D)
STRO-1*/ALP~ following reculture for 2 weeks under stan-
dard culture conditions supplemented with ASC-2P. A typi-
cal dot plot histogram is shown from a representative ex-
periment where 2 x 10* events were collected as list mode
data. The vertical and horizontal lines were set to the re-
activity levels obtained with the isotype-matched control
antibodies 3D3 (PE) and 1A6.12 (FITC), respectively.

tional stages which can be identified based on morphologi-
cal, biochemical, and molecular criteria.®® Current evi-
dence suggests that COLI, the major constituent of the
extracellular matrix in bone is expressed in all of the devel-
opmental stages within the bone cell lineage. Other mark-
ers, such as ALP, ON, OP, and PTHR/parathyroid hormo-
ne-related protein receptor (PTHrpR) are also thought to
be expressed in early preosteoblasts and functionally active
mature osteoblasts but are absent or only weakly present in
differentiated osteocytes. In contrast, the noncollagenous
proteins OC and BSP appear to be restricted in their ex-
pression to the mature osteoblasts and osteocytes. In the
present study, we utilized primary cultures of NHBCs as an
in vitro model of osteogenesis. Under appropriate culture
conditions, NHBCs exhibit characteristics attributed to
functionally active osteoblasts, including the ability to form
a mineralized bone matrix composed of hydroxyapatite in
vitro®*4°4D and to express all the above bone-related
markers.(18:20.22-25:4243) Dyagpite the utility of cultured bone
cells as an in vitro model of human bone cell development,
such culture systems are inherently complex and contain a
range of bone cell types at various stages of differentiation.
The present study was, therefore, performed in order to
develop a means of identifying and isolating NHBCs at
various stages of development.

Several studies have examined the expression of ALP as
an early marker of osteogenic differentiation to identify
committed bone cells in cultures comprised of heteroge-



54

neous cell populations. Flow cytometric analysis has been
previously used to quantitate the number of ALP express-
ing fixed stromal cells derived from rat bone marrow.“®
Subsequent studies by Aubin and colleages®“>4® utilized
MADbs reactive to ALP in order to isolate living cells with
osteogenic potential from cultures derived from adult rat
bone marrow and from fetal rat calvaria. In the present
study, we employed dual-color FACS to identify and isolate
four distinct subsets within the NHBC population based on
the cell surface expression of the stromal precursor cell
marker STRO-1 and the osteoblastic marker ALP. We hy-
pothesized that NHBCs expressing the ALP antigen repre-
sented a more differentiated bone cell phenotype compared
with those cells expressing the STRO-1 antigen alone. To
test our hypothesis, the different STRO-1/ALP subsets
were first placed under osteoinductive conditions to assess
the ability of each phenotype to form a mineralized bone
matrix, a function that is characteristically attributed to ma-
ture osteoblasts.

Compared with the other NHBC subpopulations, cells
expressing the STRO-1 antigen alone demonstrated both a
delayed onset in mineral formation and a reduced capacity
for the formation of a mineralized bone matrix over time.
In addition, this subpopulation lacked expression of mark-
ers characteristic of more mature bone cells, such as BSP
and OP, and of the four subpopulations examined this is the
only one that upon sorting and reculture has the capacity to
generate all the four STRO-1/ALP fractions de novo. Col-
lectively, these data are consistent with the hypothesis that
the STRO-1"/ALP~ subpopulation in NHBC cultures rep-
resents an early osteoprogenitor population. In contrast,
the STRO-17/ALP™ fraction exhibits both rapid mineraliza-
tion kinetics in vitro and expression of all the bone markers
examined and thus appears representative of a population
of fully differentiated osteoblasts. Intermediate between
the two both phenotypically and functionally is the STRO-
1"/ALP™, which we propose represents a preosteoblastic
cell population. A clear parent—progeny relationship among
these three populations is established by the resorting ex-
periments, which, together with the phenotypic and func-
tional data, constitute the basis for the hierarchical scheme
presented in Fig. 7.

In proposing this scheme, several points are of note. First,
although widely regarded as a specific biosynthetic product
of mature osteoblasts, OC expression was nevertheless de-
tected in all the STRO-1/ALP subpopulations. The reasons
for this are unclear but may, for example, reflect lack of
fidelity of expression under the in vitro culture conditions
utilized or the presence of contaminating OC™ cells in each
of the sorted fractions. It should be noted that OC expres-
sion in these studies was demonstrated by RT-PCR only
and it will therefore be important in future studies to ex-
amine OC expression at the protein level in each of the
STRO-1/ALP subpopulations. An alternative possibility is
that OC expression may not be tightly restricted to mature
osteoblasts, as is currently believed, and may be expressed
at earlier developmental stages. In support of this notion, OC
has been previously detected in preosteoblasts in vivo.“?”

Second, the physiological counterpart of the NHBC
population which lacks both STRO-1 and ALP remains to
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FIG. 7. Proposed hierarchy of bone cell development
based on the cell surface expression of the STRO-1 (S) and
ALP antigens in primary cultures of NHBCs.

be determined. Given that the STRO-1"/ALP~ subgroup
constitutes the majority of the NHBC population, this cell
fraction may be representative of other differentiated bone
cells, such as osteocytes and/or bone lining cells due to the
reduced functional properties of these cells to form a min-
eralized bone matrix compared with the STRO-1"/ALP*
subgroup. In support of this view, osteocytes and bone lin-
ing cells have been shown to have little or no ALP activity
and lack the expression of the PTHR in vivo,“®5% consis-
tent with the pattern of gene expression exhibited by the
STRO-17/ALP™ subpopulation in vitro. In addition, follow-
ing reculture of the STRO-1"/ALP —selected subgroup, a
minor proportion of the cells were found to develop a
STRO-17/ALP™ phenotype. This may imply a plasticity
during bone cell development where for example bone lin-
ing cells may be capable of differentiating into osteoblasts
and visa versa.

The discovery of the DNA-binding protein CBFAL has
provided a marker of early osteogenic commitment. -5
CBFAL is a homolog to the runt family of transcriptional
factors and has been specifically associated with osteogenic
tissue in rodents.®**% The precise function of CBFAL is
unknown but it is thought to regulate the osteoblast-specific
gene, OC, by complexing with the OC promoter. Although
an important marker of early osteogenesis, CBFAL cannot
be used to identify, isolate, and manipulate living osteo-
genic cells within a heterogeneous stromal cell population.
In the present study, all STRO-1/ALP NHBC subsets were
found to express CBFAL, confirming that primary NHBC
cultures are representative of committed osteogenic cells.
Furthermore, our primer sets yielded three distinct splice
variants in addition to the expected PCR product for
CBFAL in each of the STRO-1/ALP subsets, with the ex-
ception of the STRO-1"/ALP~ subpopulation. The low lev-
els of CBFAL expression observed in the STRO-1*/ALP~
fraction may be due to the presence of only a minor popu-
lation of CBFAL1* cells within this subset. The availability of
antibodies reactive to the CBFAL gene product may re-
solve this issue. Recent reports have identified two alterna-
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tive spliced variants at the 3’ end of the human CBFAL
gene, which have been shown to affect protein function.®*
We are currently pursuing the possibility that the expres-
sion of the alternative splice variants in this study are asso-
ciated with the switch from a preosteoblastic phenotype to
a functional osteoblast and a mature osteocyte.

Full characterization of the STRO-1/ALP NHBC sub-
populations will depend on the further development of
MAWDbs with restricted reactivity to specific developmental
stages during osteogenesis. Osteocyte-specific MADs,
OB7.3,% 0OB37.11,%® and SB-5," and osteoblast-
specific MAbs SB-2 and SB-3®" have previously been de-
veloped reactive to avian bone cells which recognize as yet
unidentified antigens. Unfortunately, these reagents do not
cross-react with mammalian bone cells in vivo or in vitro
and therefore cannot be used to dissect our model of bone
cell development. In humans, the MAb OB/M®® reacts
with a cytoplasmic antigen in osteocytes and may be useful
in determining whether the STRO-1"/ALP~ NHBC sub-
population represents an osteocyte-like phenotype. To
complicate matters further, other markers such as CD44,
which appear to react specifically to osteocytes in vivo,®®
have been found to be constitutively expressed by all cells
in primary cultures of NHBC (Gronthos S, unpublished
observation). Similarly, other MAbs known to react with
human stromal precursors/osteoprogenitors (SH-2, SH-3,
and SH-4,® and SB-10V) and osteoblasts (SB-20 and
SB-21)®Y in vivo demonstrate ubiquitous expression in
stromal cultures derived from human bone and bone mar-
row. This typifies the limitations of any in vitro culture
system where antigen expression can vary from that ob-
served in vivo for cells of similar ontogeny. The continuing
development of novel lineage and stage-specific markers
will allow us to use this system to subset further the NHBC
population and identify more accurately all the different
bone cell types within, therefore facilitating the study of
osteoblast function, differentiation, and pathogenesis of
various bone diseases.

ACKNOWLEDGMENTS

We greatly appreciate the technical assistance of Ms. S.
Schultz and Dr. R. Mason, for their measurement of cal-
cium levels, and Mr. K. Smith for his transmission electron
microscopic analysis of our NHBC cultures. The authors
also wish to thank Dr. L.B. To and Prof. D.W. Howie for
their ongoing encouragement and support. This study was
supported by grants from the Anti-Cancer Foundation of
the Universities of South Australia and the National Health
and Medical Research Council of Australia (P.J.S., S.E.G.,,
A.CW.Z). S.G. is supported by an Australian postgradu-
ate award stipend. This study was approved by the Human
Ethics Committee of the Royal Adelaide Hospital and the
University of Adelaide, South Australia.

REFERENCES
1. Aubin JE, Turksen K, Heersche JNM 1993 Osteoblastic cell

lineage. In: Noda M (ed.) Cellular and Molecular Biology of
Bone. Academic Press, San Diego, CA, U.S.A., pp. 1-45.

2. Triffitt JT 1996 The stem cell of the osteoblast. In: Bilezikian
JP, Raisz LG, Rodan GA (eds.) Principles of Bone Biology.
Academic Press, San Diego, CA, U.S.A., pp. 39-50.

3. Owen ME 1985 Lineage of osteogenic cells and their relation-
ship to the stromal system. Bone Miner Res 3:1-25.

4. Owen ME, Friedenstein AJ 1988 Stromal stem cells: marrow
derived osteogenic precursors. CIBA Foundation Symp
136:42-65.

5. Beresford JN 1989 Osteogenic stem cells and the stromal sys-
tem of bone and marrow. Clin Orthop 240270-280.

6. Aubin JE, Liu F 1996 The osteoblast lineage. In: Bilezikian JP,
Raisz LG, Rodan GA (eds.) Principles of Bone Biology. Aca-
demic Press, San Diego, CA, U.S.A.,, pp. 51-67.

7. Robey PG, Bianco P, Termine JD 1992 The cell biology and
molecular biochemistry of bone formation. In: Favus MJ, Coe
FL (eds.) Disorders of Mineral Metabolism. Raven Press, New
York, NY, U.S.A., pp. 241-263.

8. Robey PG, Boskey AL 1995 The biochemistry of bone. In:
Marcus R, Feldman D, Bilizekian JP, Kelsey J (eds.) Osteo-
porosis. Academic Press, New York, NY, U.S.A,, pp. 95-183.

9. Robey PG 1996 Bone matrix proteoglycans and glycoproteins.
In: Bilezikian JP, Raisz LG, Rodan GA (eds.) Principles of Bone
Biology. Academic Press, San Diego, CA, U.S.A., pp. 155-165.

10. Liu F, Malaval L, Aubin JE 1997 The mature osteoblast phe-
notype is characterized by extensive plasticity. Exp Cell Res
23297-105.

11. Simmons PJ, Torok-Storb B 1991 Identification of stromal cell
precursors in human bone marrow by a novel monoclonal an-
tibody, STRO-1. Blood 78:55-62.

12. Gronthos S, Ohta S, Graves SE, Simmons PJ 1994 The STRO-
1* fraction of adult human bone marrow contains the osteo-
genic precursors. Blood 84:4164-4173.

13. Peck WA, Binge SJ, Fedack SA 1964 Bone cells: biochemical
and biological studies after enzymatic isolation. Science
146:1476-1477.

14. Wong GL, Cohn DV 1974 Separation of parathyroid hormone
and calcitonin sensitive cells from non-responsive bone cells.
Nature 252:713-715.

15. Escarot-Charrier B, Glorieux FH, VVan der Rest M, Pereira G
1983 Osteoblasts isolated from mouse calvaria initiate matrix
mineralization. J Cell Biol 96:639-643.

16. Lomri A, Marie PJ, Tran PV, Hott M 1988 Characterization of
endosteal osteoblastic cells isolated from mouse caudal verte-
brae. Bone 9:165-175.

17. Mills BG, Singer FR, Weiner LP, Holst PA 1979 Long-term
culture of cells from bone affected by Paget’s disease. Calcif
Tissue Int 29:79-87.

18. Beresford HN, Gallagher JA, Poser JW, Russell RGG 1984
Production of osteocalcin by human bone cells in vitro. Effects
of 1,25(0OH),D;, 24,25(0OH),D,, parathyroid hormone and glu-
cocorticoids. Metab Bone Dis Relat Res 5:229-234.

19. Wergedal JE, Baylink DJ 1984 Characterization of cells iso-
lated and cultured from human bone. Proc Soc Exp Biol Med
176:60-69.

20. Ashton BA, Abdullah F, Cave J, Williamson M, Sykes BC,
Couch M, Poser JW 1985 Characterization of cells with high
alkaline phosphatase activity derived from human bone and
marrow: Preliminary assessment of their osteogenicity. Bone
6:313-319.

21. Robey PG, Termine JD 1985 Human bone cells in vitro. Calcif
Tissue Int 37:453-460.

22. Auf'mkolk B, Hauschka PV, Schwartz ER 1985 Characteriza-
tion of human bone cells in culture. Calcif Tissue Int 37:228-235.

23. Beresford HN, Gallagher JA, Russell RGG 1986 1,25(0OH),D,
and human bone-derived cells in vitro: Effects on alkaline
phosphatase, type 1 collagen synthesis and proliferation. En-
docrinology 119:1776-1781.

24. Koshihara Y, Kawamura M, Oda H, Higaki S 1987 In vitro
calcification of human osteoblastic cell line derived from peri-
osteum. Biochem Biophys Res Commun 145651-657.

25. Marie PJ, Lomri A, Sabbagh A, Basle M 1989 Culture and
behavior of osteoblastic cells isolated from normal trabeculer
bone surfaces. In Vitro Cell Dev Biol 25:373-379.



56

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Gronthos S, Stewart K, Graves SE, Hay S, Simmons PJ 1997
Integrin expression and function on human osteoblast-like
cells. J Bone Miner Res 12:1189-1197.

Lawson GM, Katzmann JA, Kimlinger TK, O’Brien JF 1985
Isolation and preliminry characterization of a monoclonal an-
tibody that interacts preferentially with the liver isoenzyme of
human alkaline phosphatase. Clin Chem 31:381-385.
Sambrook J, Fritsch EF, Maniatis T 1989 Molecular Cloning: A
Laboratory Manual, 2nd Ed. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, U.S.A.

Tokunaga K, Nakamura Y, Sakata K, Fujimori K, Ohkubo M,
Sawada K, Sakiyama S 1987 Enhanced expression of a glycer-
aldehyde-3-phosphate dehydrogenase gene in human lung can-
cers. Cancer Res 47:5616-5619.

Crosby AH, Edwards SJ, Murray JC, Dixon MJ 1995 Genomic
organization of the human osteopontin gene: Exclusion of the
locus from a causative role in the pathogenesis of dentinogen-
esis imperfecta type 11. Genomics 27:155-160.

Ogawa E, Maruyama M, Kagoshima H, Inuzuka M, Lu J,
Satake M, Shigesada K, Ito Y 1993 PEBP2/PEAZ2 represents a
family of transcription factors homologous to the products of
the Drosophila runt gene and the human AML1 gene. Proc
Natl Acad Sci USA 90:6859-6863.

Chu ML, de Wet W, Bernard M, Ramirez F 1985 Fine struc-
tural analysis of the Human pro alpha 1 (1) collagen gene:
Promoter structure, Alul repeats, and polymorphic transcripts.
J Biol Chem 260:22315-2320.

Bilbe G, Roberts E, Birch M, Evans DB 1996 PCR phenotyp-
ing of cytokines, growth factors and their receptors and bone
matrix proteins in human osteoblast-like cell lines. Bone
19:437-445.

Kim RH, Li JJ, Ogata Y, Yamauchi M, Freedman LP, Sodek J
1996 Identification of a vitamin D;-response element that over-
laps a unique inverted TATA box in the rat bone sialoprotein
gene. Biochem J 318219-226.

Villarreal XC, Mann KG, Long GL 1989 Structure of human
osteonectin based upon analysis of cDNA and genomic se-
guences. Biochemistry 28:6483-6491.

Fleet JC, Hock JM 1994 Identification of osteocalcin mRNA in
nonosteoid tissue of rats and humans by reverse transcription-
polymerase chain reaction. J Bone Miner Res 9:1565-1573.
Van Vlasselaer P, Falla N, Snoeck H, Mathieu E 1994 Char-
acterization and purification of osteogenic cells from murine
bone marrow by two-color cell sorting using anti-Sca-1 mono-
clonal antibody and wheat germ agglutinin. Blood 84:753-763.
Gerdes J, Lemke H, Baisch H, Wacker H-H, Scwab U, Stein H
1984 Cell cycle analysis of a cell proliferation-associated hu-
man nuclearantigen defined by the monoclonal antibody Ki-67.
J Immunol 133:1710-1715.

Wersto RP, Herz F, Gallagher RE, Koss LG 1988 Cell cycle
reactivity with the monoclonal antibody Ki-67 during myeloid
cell differentiation. Exp Cell Res 179:79-88.

Beresford JN, Graves SE, Smoothy CA 1993 Formation of
mineralized nodules by bone derived cells in vitro: A model of
bone formation? Am J Med Genet 45:163-178.

Gundle R, Joyner CJ, Triffitt JT 1995 Human bone tissue for-
mation in diffusion chamber culture in vivo by bone-derived
cells and marrow stromal fibroblastic cells. Bone 6:597-601.
Yao K-L, Todescan R JR, Sodek J 1994 Temporal changes in
matrix protein synthesis and mMRNA expression during miner-
alized tissue formation by adult rat bone marrow cells in cul-
ture. J Bone Miner Res 9:231-240.

Boss MP, van der Meer JM, Feyen JHM, Hermann-Erlee
MPM 1996 Expression of the parathyroid hormone receptor
and correlation with other osteoblastic parameters in fetal rat
osteoblasts. Calcif Tissue Int 58:95-100.

Kamalia N, McCulloch CAG, Tenenbaum HC, Limeback H
1992 Direct flow cytometric quantification of alkaline phospha-
tase activity in rat bone marrow stromal cells. J Histochem
Cytochem 40:1059-1065.

Tursken K, Aubin JE 1991 Positive and negative immunoselec-
tion for enrichment of two classes of osteoprogenitor cells. J
Cell Biol 14:373-384.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

GRONTHOS ET AL.

Herbertson A, Aubin JE 1997 Cell sorting enriches osteogenic
populations in rat bone marrow stromal cell cultures. Bone
21:491-500.

Mark MP, Butler WT, Prince CW, Finkelman RD, Ruch J-V
1988 Developmental expression of 44-kDa bone phosphopro-
tein (osteopontin) and bone y-carboxyglutamic acid (gla)-
containing protein (osteocalcin) in calcifying tissue in rat. Dif-
ferentiation 37:123-136.

Bianco P, Riminucci M, Bonucci E, Termine JD, Gehron
Robey P 1993 Bone sialoprotein (BSP) secretion and osteo-
blast differentiation: Relationship to bromodeoxyuridine in-
corporation, alkaline phosphatase, and matrix deposition. J
Histochem Cytochem 41:183-191.

Bianco P, Riminucci M, Silvestrini G, Bonucci E, Termine JD,
Fisher LW, Gehron Robey P 1993 Localization of bone sia-
loprotein (BSP) to Golgi and post-Golgi secretory structures in
osteoblasts and to discrete sites in early bone matrix. J Histo-
chem Cytochem 41:193-203.

Lee K, Deeds. JD, Bond AT, Juppner H, Abou-Samara A-B,
Segre GV 1993 In situ localization of PTH/PTHrPreceptor
mRNA in the bone of fetal and young rats. Bone 14:341-345.
Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G 1997
Osf2/Chfal: A transcription activator of osteoblast differentia-
tion. Cell 89:747-754.

Komori T, Yagi H, Nomura S, Yamaguchi A, Sasaki K, De-
gucchi K, Shimizu Y, Bronson RT, Gao Y-H, Inada M, Sato M,
Okamoto R, Kitamura Y, Yoshiki S, Kishimoto T 1997 Tar-
geted disruption of CBFAL results in a complete lack of bone
formation owing to maturational arrest of osteoblasts. Cell
89:755-764.

Rodan GA, Harada S-1 1997 The missing bone. Cell 89:677-680.
Geoffroy V, Corral DA, Zhou L, Lee B, Karsenty G 1998
Genomic organization, expression of the human CBFAL gene,
and evidence for an alternative splicing event affecting protein
function. Mamm Genome 9:54-57.

Nijweide PJ, Mulder RJP 1986 Identification of osteocytes in
osteoblast like cultures using a monoclonal antibody specifi-
cally directed against osteocytes. Histochemistry 84:343-350.
Nijweide PJ, Van der Plas A, Olthof AA 1988 Osteoblastic
differentiation. In: Everd D, Harnett S (eds.) Cell and Molecu-
lar Biology of Vertebrate Hard Tissues. Ciba Foundation Sym-
posium, Vol 136. John Wiley & Sons, Chichester, U.K., pp.
66-77.

Bruder SP, Caplan Al 1990 Terminal differentiation of osteo-
genic cells in the embryonic chick tibia is revealed by a mono-
clonal antibody against osteocytes. Bone 11:189-198.

Walsh S, Dodds RA, James IE, Bradbeer JN, Gowen M 1994
Monoclonal antibodies with selective reactivity against osteo-
blasts and osteocytes in human bone. J Bone Miner Res
9:1687-1696.

Hughes DE, Salter DM, Simpson R 1994 CD44 expression in
human bone: A novel marker of osteocytic differentiation. J
Bone Miner Res 9:39-44.

Haynesworth SE, Baber MA, Caplan Al 1992 Cell surface
antigens on human marrow-derived mesenchymal cells are de-
tected by monoclonal antibodies. Bone 13:69-80.

Bruder SP, Horowitz MC, Mosca JD, Haynesworth SE 1997
Monoclonal antibodies reactive with human osteogenic cell
surface antigens. Bone 21:225-235.

Address reprint requests to:

S. Gronthos

Matthew Roberts Laboratory
Leukaemia Research Unit

Hanson Centre for Cancer Research
I.M.V.S.

P.O. Box 14, Rundle Mall
Adelaide 5000, South Australia
Australia

Received in original form April 30, 1998; in revised form August 3,
1998; accepted August 24, 1998.



