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Summary

Mesenchymal stem cells give rise to osteoprogenitors that
proliferate and  differentiate into  identifiable

recognizable cohort of cells considered more primitive than
committed osteoprogenitors; (2) a cohort of early

preosteoblasts, osteoblasts, bone lining cells and osteocytes progenitors transiently expressing bone sialoprotein; and

To identify and establish a molecular profile for the more
primitive and uncharacterized cells in the lineage,
relatively rare (<1%) osteoprogenitors present in primary
cultures of fetal rat calvaria cell populations were identified
by a replica plating technique. Since the cell number was
limited in each colony sampled, we used global
amplification PCR to analyze the repertoire of genes
expressed in osteoprogenitors. We established a molecular
fingerprint and a developmental sequence based on
simultaneous expression patterns for both known
osteoblast-associated markers (collagen type I, alkaline

(3) that mRNAs for FGF-R1, PDGF-Rx and PTH1R were
expressed earlier than other markers and tended to
increase and decrease in relative concert with the
osteoblast-specific markers. The observations suggest that
within the osteoblast differentiation sequence both discrete
stages and continua of changing marker expression levels
occur with variation in expression for any given marker.
This combined approach of replica plating and global
amplification PCR allows molecular fingerprinting of
definitive primitive osteoprogenitors and will aid in
identifying novel developmental stages and novel

differentiation stage-specific genes as these cells progress
through their differentiation sequence.

phosphatase, osteopontin, bone sialoprotein, PTH1R and
osteocalcin) and potential regulatory molecules (i.e. FGF-
R1, PDGF-Ra and PTHrP). By analysis of 99

osteoprogenitor and osteoblast colonies captured by replica
plating at different developmental stages, we found: (1) a

Key words: Osteoprogenitors, Osteoblasts, Differentiation, PCR,
Replica plating

Introduction osteoblast maturation and macromolecular synthesis, their
According to current understanding, multipotential@Pparently aberrant expression of at least some markers has
mesenchymal stem cells give rise to different lineages, one &fggested that other models are required for detailed
which is the osteogenic lineage (for reviews, see Aubin angharacterization of the molecular nature of the more primitive
Liu, 1996; Aubin and Triffitt, 2002). Osteogenic cells originateOsteoprogenitors. To this latter end, we devised an alternative
from committed osteoprogenitors that proliferate andstrategy that relies on the use of primary cultures of fetal rat
differentiate into cells that by morphological, histochemicalcalvaria (RC) cell populations. The well established RC model
immunohistochemical and molecular criteria are identifiable agontains osteoprogenitors that can divide and differentiate in
preosteoblasts, mature osteoblasts, quiescent bone lining cel#ro to form bone nodules, although their number is low, i.e.
and terminally differentiated osteocytes. To identify more<1% of an RC population under standard culture conditions
primitive cells in the lineage has been difficult because theitBellows and Aubin, 1989). In this system, the
morphological characteristics are not known to be differenesteoprogenitors present are morphologically indistinguishable
from fibroblasts, unique molecular markers are not yet knowrffom other pleiomorphic or fibroblastic cells making up the
and they are relatively rare compared with their moremajority of the population, but they can be identified indirectly
differentiated progeny. Some clonal multipotential andor retrospectively by their ability to give rise to more
osteoblastic cell lines have been isolated whose phenotypes aliierentiated progeny, up to and including mature osteoblasts
consistent with their being relatively immature, but significanforming the easily identifiable colony type of a mineralized
differences amongst representative lines suggest that nohene nodule (multilayer of cuboidal cells with abundant
faithfully represents authentic progenitors (Aubin et al., 1993psteoid and deposited hydroxyapatite). In this proliferation-
Rodan and Noda, 1991). Further, while they have been useftifferentiation sequence, genes associated with proliferative
models in which to investigate some aspects of regulation aftages (e.g. histones, and proto-oncogenes suzfoaandc-
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myQ characterize the first phase, while expression of the mosize polyester cloth (HD7-1; B&SH Thompson, Scarborough, ON)

frequently assayed osteoblast-associated genes collagen typeak floated above the cells and weighted down by a monolayer of 4
(COLL-I), alkaline phosphatase (ALP), osteopontin (OPN)Mm glass beads; replica cloths were placed on cells at day 1 or day
osteocalcin (OCN) and bone sialoporotein (BSP) is increasetand were removed on day 5 or day 11, respectively, and transferred
in a well established temporal sequence as osteoblasts deve'l'&t{%"’l new dish. The master dish and polyester disc were each rinsed
and bone forms (reviewed by Aubin and Liu, 1996; Aubin an ith PBS and fed with supplemented medium as above. The replica

e . - - - L isc was incubated at 37°C; whereas, the master dish was incubated
Triffitt, 2002; Stein et al., 1996). Briefly, the differentiation 4 gjther 25°C or 30°C to stall the proliferative and differentiation

sequence is defined by an increase in COLL-I synthesiggiiities of colonies. The medium was changed every 2-3 days.
acquisition and increase in ALP activity, and acquisition of |n preliminary experiments to determine the transfer efficiency and
expression of several non-collagenous bone matrix proteinfidelity of transfer for colonies of fetal RC cells, replica cloths were
such as OPN, followed by BSP and finally OCN as the latedixed on day 25 with 10% neutral buffered formalin and stained with
marker of the mature osteoblast. However, many discrepanci#¥® von Kossa technique. Also on day 25, master dishes were
to this expression profile have been reported in this and relaté@nsferred from theolower temperaturellncubators to a37°C |ncybator.
models, suggesting that lineage analysis in these heterogened\fg" 14 days atf37 C, these :naster dishes were fixed and Sta'”gd.forl
populations leads to significant ambiguity. the presence of bone nodules as described above. For statistical

. o I . . _analysis (Fig. 1), the data were expressed as means and standard
Earlier, while investigating changes in levels of expressioRqiations.

of the osteoblast-related macromolecules in RC colonies
classified morphologically as comprising early or more mature
osteoblasts versus ones designated ‘fibroblastic’, we fourfdsteoblastic colony isolation and cDNA preparation
evidence to suggest that developmental stages more primitivdter two weeks at 37°C, the replica cloth was fixed in 10% neutral
than those recognizable by the presence of cuboidal cells ahdffered formalin and stained with the von Kossa technique to identify
prior to upregu'ation of any of the known osteoblast markergone n(?dU.leS. The mastel’ dlSh was transferred t0.37°C for 5-9 hO.UI'S.
were accessible for analysis in this model (Liu et al., 1994y ter this time, the replica disc was matched up with the master dish
Our solution to the problem of identifying the low frequency o localize primitive osteoblast colonies, which were then marked. In

imiti t it ¢ l lati di haddition, single isolated osteoblast colonies containing plump
primitive osteoprogenitors was to use replica plating on dis boidal cells with unmineralized osteoid or mature osteoblast

plated at low density and sampled early in the development @fonies containing mineralizing osteoid were marked and collected
colonies. Replica plating has been found to allow screening @fom dishes that were not cultured with polyester discs. Dishes were
large numbers of individual mammalian cell clones for th&insed with PBS and a cloning ring was placed around the marked
phenotype of interest while still maintaining a master copy o€olonies. The cells from each colony were released with 0.01% trypsin
the colonies; use of polyester cloth, in particular, provides higtwhen matrix lacked mineral) or a 1:1 mixture of 0.01% trypsin and
fidelity copies for a variety of cell types (Esko, 1989; Raetz egollagenase (when osteoid was mineralizing), and the enzyme(s)
al., 1982). Since cell number was limited in each colonyreutralized after cell release by add§/[EM containing 15% FBS.
sampled, we applied global amplification or poly(A)-PCR otal RNA was extracted using a mini-guanidine thiocyanate method

. . . s described previously and cDNA was synthesized by oligo(dT)
(Aubin etal., 2002; Brady et al., 1995; Brady and Iscove, 199 riming, poly(A)-tailed, and amplified by PCR with oligo(dT) primer

to fjetermine simu'ltaneous expression profiles of the mRNA@rady and Iscove, 1993; Liu et al., 1994). The 108 colonies reported
of interest. These included both the osteoblast-related mMRNARre were collected from 12 independent cell isolations and replica

and mRNAs for potential regulatory molecules. We now reporplating experiments.
that this approach not only allows molecular fingerprinting of
definitive primitive osteoprogenitors but also reveals novel

transient developmental stages of such cells as they progreg!thern blots and hybridization
onto 0.2um pore size nylon membrane (ICN, Costa Mesa, CA), and
immobilized by baking at 80°C for 2 hours. Prehybridization and

: hybridization were performed as described (Liu et al., 1994). After
l(\:/lalllterl;slls and Methods hybridization, the blots were washed af®5or 1 hour each in»?
ell culture SSC/0.1% SDS and in x55SC/0.1% SDS. The blots were then

Cells were isolated by a five-step sequential digestion procedure gkposed to phosphorimager screens (Molecular Dynamics,
21 day Wistar rat calvariae with a collagenase enzyme mixture, aunnyvale, CA), and digitized images obtained and quantified with
described previously (Bellows et al., 1986). Cells obtained from thehe |PLab Gel program (Signal Analytics Corp., Vienna, VA). After
last four of the five digestion steps (populations II-V) were pooled anguantifying the data, the signal intensity for each probe was
plated in T-75 flasks containing-MEM, 15% FBS, 100ug/ml  standardized against total cDNA (see below). For preparation of
penicillin G, 50 ug/ml gentamycin and 0.fg/ml fungizone, and comparative histograms of relative expression profiles, we next
incubated at 37°C in a humidified atmosphere of 95% air and 5% COdetermined maximal expression value for each message; the largest
After 24 hours, cells were trypsinized (0.01% trypsin in citrate saline)value was divided by 5 to obtain five ranges of values or categories.
counted, replated at 10-25 cellsfoper 100 mm culture dish, and Samples were then given a rank of 1, 2, 3, 4, or 5 depending on where
cultured in standard medium described above supplemented with $eir values fell within each range or were given a rank of 0 if the
mg/ml ascorbic acid, 10 mM sodiugaglycerophosphate and 10 nM intensity of signal was not detectable. For statistical analysis of
dexamethasone (Liu et al., 1994). relative expression levels (Fig. 4), the actual standardized expression
levels for each probe in each sample were used to calculate means and
) ) standard deviations within categories of populations. Levels of
Replica plating statistical significance were calculated by the Weltst.

Replica plating was done essentially as described (Esko, 1989; Raetz abeled probes were used at an activity of ¢@m/ml. cDNA

et al., 1982) but with minor modifications. Briefly, a disc pivl pore  probes were labeled with32P]dCTP using an oligolabeling kit
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50 5 1/removed on day 5 or added on day 4/removed on day 11, and
the best low temperature for stalling colony growth on master
dishes while maintaining osteoprogenitor viability, relative
immaturity, and subsequent recovery with ability to
differentiate intact. Bone and non-bone colonies were
identified by well established morphological characteristics
and confirmed by immunocytochemical and molecular
characteristics as shown elsewhere [data not shown (see Liu et
al., 1994; Malaval et al., 1999)]. Consistent with our earlier
limiting dilution analyses (Bellows and Aubin, 1989) and other
low density plating experiments (Liu et al., 1994), total
population plating efficiency/colony forming efficiency of
primary RC populations was ~10% and of these the fraction of
colonies that were bone was 10%, i.e. ~1% of the starting cell

40 4

20 2

B Total population plating efficiency (%)
[ Osteoprogenitor plating efficiency (%)

0 0
COR M CoR M CoR M Co R M Co population at 37C (Fig. 1). Control experiments in which both
- - . replica cloth and master dish were maintained atC37
0C % soc xc e confirmed that replication of both bone and non-bone colonies
. X 0 - : X
day 4/day 11 day day 5 worked with essentially 100% efficiency in these low density

cultures on both master and replica (Fig. 1). Stall temperatures

Fig. 1. Plating efficiencies/colony forming efficiencies of bone and  ©f 4°C or lower gave extremely poor cell recovery from the
non-bone colonies in controls (Co), master dishes (M) and replica Master dish so this was not used further. Replica cloths placed
cloths (R) under different replication conditions. Bars are means and@Ver colonies on day 4 (many cells entering log phase growth)
standard deviations of colony counts from a range of 4-34,100 mm and removed a week later (day 11) allowed sufficient numbers
dishes depending on the condition. The days indicated correspond tof cells to attach to cloth and master dish to achieve ~95%
when the replica cloths were placed over/removed from the coloniegransfer efficiency when the master dish was stalled at 30°C
in master dishes as described in Materials and Methods. (Fig. 1). In control experiments, we found that a few colonies
did not replicate faithfully either because the whole colony
(Pharmacia, Uppsala, Sweden). Total cDNA probe was prepared g@insferred to the cloth or little or none of the colony
described (Sambrook et al., 1989) from poly(A)+ mRNA isolatedransferred. Several other protocols used [e.g. stalling the
(Auffray iﬂd Rougeon, 1f9§0) fro”;hmass p‘?p“'ﬁ“%"g of feta'dec celldyaster dishes at 26 to maintain colonies at even lower
grown in the presence of dexamethasone in which bone nodules w - - - -
beginning to mineralize. For optimal detection of pon(A)-PCR-%FOWth rates or by pchmg replicas for Shortgr perIQQS e"?‘”'er
fayl-S)] led to considerably lower replication efficiencies,

amplified cDNA, the probes required sequences at or close to t S
extreme 3ends of the native transcripts. Labeled probes for th&lUe to @ combination of poor recovery of cells on the master

cDNAs listed above were generated as described previously (Liu 8ish at lower temperature and/or overall lower colony
al., 1994). The rat cDNA probes used were for COLL-I [(Genovesé&fficiencies on replica and master dishes when colonies were
et al., 1984) a gift of D. Rowe, Farmington, CT], bone/liver/kidneyreplicated only during their early growth phases (Fig. 1).

ALP [(Noda and Rodan, 1987) gift of G. A. Rodan, West Point, PA], By using optimal conditions and selecting for fingerprinting
OPN (a gift of R. Mukherjee, Montreal, PQ), BSP and OCN [prepareénly colonies in which cells had a robust appearance, and ones
by gcterr]leratingf_spgcifi(_: pTOtb%S b%/I\TA?RB screening an ?SteC’b:aStI'_i_bretﬂF}Screte/well separated from and so not contaminated by cells
and then confirming 1solated CDINAS by sequencing (See aiso LU §fom other colony types, we were able to isolate over 80
al, 1994)]. Rat PDGF-R[(Lee et al., 1990) a gift of R. R. Reed, ognitive osteoprogenitor colonies. Visual inspection indicated

Baltimore, MD] was a 400 bp cDNAst fragment obtained by that th t it the stalled t
digesting full length cDNA wittHindlll to remove 6 kb of the'5 al, on average, the osteoprogenitors on the stalled master

region and religating the sticky ends. Mouse FGF-R1 [(MansukharffiShes were relatively quiescent and had undergone only 0-1
et al., 1990) a gift of C. Basilico, New York, NY] was a 400 bp cDNA additional population doublings; a few which had a senescent
Hincll-Pst fragment. Rat PTHrP [(Yasuda et al., 1989) a gift of D.Or dying appearance were discarded from the analysis. All
Goltzman, Montreal, PQ] was a 700 bp cDS#Ad fragment, and rat  osteoprogenitor colonies selected for analysis comprised cells
PTH/PTHrP receptor [PTH1R (Abou-Samra et al., 1992) a gift of Gwith a pleiomorphic morphology indistinguishable from non-
V. Segre, Boston, MA] was a 800 bp cDN#ndIll-Xba fragment.  pone colonies on the same dishes, indicating that none had yet
acquired the cuboidal shape characteristic of differentiated
osteoblasts. That cells were well recovered prior to mRNA
Results isolation is indicated by the fact that they were relatively
Replica plating mitotically active after 5 hours and 9 hours from dishes
The replica technique as applied to mammalian cells has beenginally stalled at 30°C and 25°C, respectively (not shown).
used mainly with rapidly growing, and often transformed, celEstimated colony size judged by microscopic viewing on a grid
lines. To validate it for identification of osteoprogenitor cellsranged from 500 to 3000 cells per colony, colony size did not
in primary RC populations, we first did a quantitative analysiglirectly correlate with any specific phenotypes observed by
of colony formation on master dishes and replicas, antingerprinting.
compared total population plating efficiencies and bone colony
plating efficiencies of RC cells plated at low density, the
efficiency of faithful colony replication and bone nodule Global amplification poly(A)-PCR
formation when replica cloths were added to cultures on dagreviously, we used poly(A)-PCR to establish molecular
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Fig. 2. Phosphorimage cDNA expression profiles of osteoprogenitor/preosteoblast (OP/Pre-OB) colonies. OP/Pre-OB colonies were identified
by the replica plating technique, and early and mature osteoblast colonies were identified morphlogically by the cubaflakthaipasts

and deposition of osteoid (OB) and mineralization of osteoid (Mature OB), respectively. The mRNA from each sample waamsughsslt

into cONA and amplified by the poly(A)-PCR method. The resulting cDNA amplified from each colony was then probed for theregpressi

total cDNA (a control for the amplification procedure), the various bone-related proteins (COLL-I, ALP, OPN, BSP and OCN, PTH1R,
PTHrP), and cytokine receptor messages (FGF-R1 and PGBSspecified. Each vertical lane is the cDNA from the same colony. The
exposure is the same for all colonies for each probe. These colonies are in random order within each category.

profiles for osteoblastic colonies and single cells that hadetected were eliminated from our subsequent analyses. As
differentiated to different extents as recognizeddescribed in Materials and Methods, the remaining colony
morphologically (i.e. early, intermediate, and maturesamples were then assigned categories of relative expression
osteoblast) (Liu et al., 1997; Liu et al., 1994) and we includeétom low (0-1) to high (5). This classification smoothed out the
a few such advanced colonies here. These (labeled OB asdhall but not the large variations in expression levels such that
Mature OB; 24 colonies total) were subjected to the sameverall patterns of gene expression became more obvious.
poly(A)-PCR manipulations and Southern blotting as colonie®ased on numerous previous studies and techniques, it is
identified by replica plating (labeled OP/Pre-OB; 84 colonieknown that ALP expression rises as osteoblasts mature and
total) (Fig. 2). A total cDNA probe was used as a control tdhen declines as osteoid becomes heavily mineralized, while
assess first strand synthesis and amplification amongst the 10&N expression is acquired latest and essentially is diagnostic
colonies (Fig. 2); this proved relatively constant and its signabdf post-proliferative osteoblasts (Malaval et al., 1999).
strength was used to standardize relative abundance of all ottiérerefore, we rank-ordered colonies manually based on ALP
messages for comparison amongst colonies. Of all messagasd OCN expression (Fig. 3), which imposed an order for all
probed, OPN was most uniformly and abundantly present inther genes probed: the mature end (extreme right; COLL-
virtually all colonies analyzed. PTHrP, PTH1R, FGF-R1 and*/ALP*/OCN"), followed in order to the left by colonies
PDGF-Rr mRNAs were also detectable in virtually all colony expressing fewer and fewer markers in the order COLL-
types but their abundance was generally lower andtt/ALP* colonies, then COLL¥ALP- colonies, then COLL-
heterogeneous from one colony to another (Fig. 2). ConsistehfALP— (i.e. colonies expressing no osteoblastic markers are
with our previous data, most of the mature osteoblast coloniem the extreme left). Among the COLEMALP- colonies,
expressed all markers, but to various extents; a fewurprisingly a few were BSP Since a few COLL-VALP-
osteoprogenitor colonies also expressed all markers to somelonies were also BSPwe grouped all these BSEolonies
degree, but most a much more restricted repertoire and together at the COLLEIALP-COLL-I/ALP~border. By using
limited levels (Fig. 2). categories established in Fig. 3, we also calculated the means
Immature progenitor colonies or more mature osteoblastiand standard deviations of corrected (standardized against total
colonies analyzed in the Southern blot shown in Fig. 2 are ioDNA) expression levels for each probe within categories of
random order, reflective only of the order of processing. Tpopulations and looked for statistically significant changes
determine whether immature progenitors could be placed induring the osteogenic differentiation sequence (Fig. 4).
rank order of more primitive or less primitive cells, we These analyses allowed us to discern whether other
developed a paradigm for their comparison. Relativainexpected patterns existed, for example, in the hormone and
expression levels of all messages in all colonies sampled wegeowth factor receptors (Figs 3, 4). First, there is a
determined by normalization of their signal strengths againsecognizable cohort of cells captured by the replica and
that for total cDNA; colonies in which total cDNA was not well considered very primitive (left; no osteoblast-specific mRNAs
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5 mature osteoprogenitors/preosteoblasts (Pre-
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PTHrP 2: message; OBs and Mature OBs are defined as
N | " | " | " | | | " | " | | | | | in Fig. 2. All colonies were rank-ordered
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expressed); these are not quiescent since they express IdWFHL1R mRNA is significantly upregulated prior to that of
intermediate levels of mRNAs for OPN, PTHrP, PTH1R,PDGF-Rx and earlier than upregulation of ALP; a second
FGF-R1 and PDGF-&R Second, a group of relatively significant upregulation occurs late in the differentiation
primitive (expressing no other osteoblast-associated mMRNAsequence as cells acquire other features of differentiated
progenitors transiently expressing BSP emerges as a distirm$teoblasts including OCN. Fifth, PDGFR+RmMRNA is
developmental stage. Third, during osteoprogenitomaintained at a relatively constant level until it is upregulated
differentiation, BSP mRNA expression undergoes a seconsimilarly to FGF-R1 and osteoblast-associated markers late in
significant upregulation prior to that of OCN, and relativelythe differentiation sequence. Sixth, amongst the more mature
early after upregulation of ALP (Fig. 3). Fourth, FGF-R1 andcells in the lineage (expressing all osteoblast-associated
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oo significant changes as cells differentiate (table
s COLL-I"/ALP~ COLL-I/ALP* OBs on the right). Categories were defined as
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000 testable).

markers) PTHrP, PTH1R, FGF-R1 and PDG&-RRNAs  Discussion

tended also to decrease in relative concert with the osteoblagiur data provide the first molecular characterization of
specific markers (Fig. 3). Seventh, on average, BSP expressidefinitive normal osteoprogenitors committed to terminal
remained higher than did other osteoblast markers in the madifferentiation and bone formation in vitro. The profiles
mature colonies in the analysis. established to date are only a first step towards understanding
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primitive cells in this lineage, based as they are on analyzingxpression across larger developmental boundaries and
the simultaneous expression profiles of nine mMRNAs — siaveraged amongst small cohorts of sibling cells (colonies) in
known osteoblast-associated markers (PTH1R, COLL-Il, ALRyhich single cell stochastic variations would be averaged and
OPN, BSP and OCN), two receptors for potential regulatoryhus minimized as a contribution to the profiles achieved. A
factors (FGF-R1 and PDGFeR and a regulator of skeletal few colonies displayed features consistent with their having
cells (PTHrP) known to be made by osteoblasts and other cellready reached a preosteoblast or early osteoblast phenotype,
types. Our data indicate that the approach of replica platinige., simultaneously expressing all osteoblast-associated
combined with poly(A)-PCR provides new insights into themarkers analyzed (PTH1R, COLL-I, ALP, OPN, BSP, and
osteoblast developmental sequence, establishing landmarks @€N), as did the few morphologically defined later stage
new early developmental stages, and clarifying other issues fosteoblast colonies used here for comparison and validation. In
which discrepant data exist. We have extended characterizatiomarked contrast, other replica colonies expressed none of these
of osteoprogenitor cells to cells more primitive than those yahRNAs to a detectable levels, while others expressed different
expressing the earliest established markers (i.e. COLL-I antbmbinations of these messages. Expression levels for all
ALP) of committed osteoprogenitors, have identified a cohonnarkers analyzed with the exception of OPN, which was
of early progenitors transiently expressing BSP, and hawelatively uniformly and highly expressed in virtually all
characterized distinct stages of upregulation of two differentolonies (see below), covered a range of expression levels from
growth factor receptors and a developmentally critical hormonandetectable (off) to detectable (on) but very low to
receptor (PTH1R), all of which contribute new understandingntermediate to very high. This suggests that to some extent,
of early developmental stages in this skeletal lineage. and at least as represented by those osteoblast markers
The replica techniqgue we applied to the RC populatioranalyzed, there is a quantal change (off-on), but that once a
worked with the fidelity (~95%) required for the studiesmarker is on/acquired its expression as populations of
undertaken (i.e. to identify retrospectively osteoprogenitoresteoprogenitor cells differentiate represents a continuum from
early in their developmental lifetime). The replicas were madeetectable expression through gradually higher expression
in low density cultures from discrete colonies well separatedntil mature osteoblasts express most markers analyzed at very
from other contaminating cell and colony types and early imigh levels.
their developmental sequence while progenitor cells were still The rank order profile (Fig. 3) was generated and based on
proliferative. The progenitor cells stalled at lower thantemporal expression of ALP (expression increases with
physiological temperature on the master dishes weresteoblast maturation and then decreases with osteoid
essentially quiescent or very slowly proliferating, but were ablenineralization) and OCN (expressed by post-proliferative
to resume their proliferation and differentiation capabilitiesosteoblasts) as observed in several previous studies of the bone
ultimately to form mineralized bone nodules when transferredodule model (for reviews, see Rodan and Noda, 1991; Aubin
back to 37C. To date, we have used this replica approach tand Liu, 1996; Stein et al., 1996) and detailed by Malaval et
identify and isolate over 80 osteoprogenitor and preosteoblaat. (Malaval et al., 1999), where the kinetics of osteoprogenitor
colonies, all of which comprised cells with pleiomorphic and osteoblast differentiation in vitro was correlated with the
morphology and none of which displayed the cuboidakxpression of several bone matrix proteins. Based on ALP,
morphology of differentiated osteoblasts depositing andCN and other markers, previously the proliferation-
mineralizing osteoid. Our reason for selection of large numberdifferentiation sequence for osteoprogenitors has been
of colonies was to confirm the validity of the approach, that iscategorized mainly into three stages comprising proliferation,
each phenotype was expected to be sampled more than onegtrix production and matrix maturation and mineralization
and to acquire information on the differentiation process itselfStein et al., 1996). In keeping with these previous analyses,
(i.e. whether cells traversed a continuum of changingve found a sequential upregulation of expression of bone-
expression profiles or traversed the differentiation sequence ielated macromolecules beginning with COLL-I, followed by
quantal leaps). Our data suggest that both patterns aféP and then BSP, and finally by OCN (for reviews, see Aubin
characteristic of and define the osteoblast developmentahd Liu, 1996; Rodan and Noda, 1991; Stein et al., 1996). That
process (see below). virtually all early osteoprogenitor and preosteoblast colonies
Previously, we showed that the technique of poly(A)-PCRexpressed moderate to high levels of OPN is not surprising
was a powerful and discriminating tool to establish moleculasince, as outlined above, these colonies had high numbers of
profiles for osteoblastic colonies and single cells that hadycling cells; OPN is known to be high in proliferating cells,
differentiated to different extents as recognizedand it was originally cloned as a cell-cycle-related molecule
morphologically (i.e. early, intermediate and matureinduced in cells in vitro by tumor promoters and growth factors
osteoblast) (Liu et al., 1994). When mRNA expression in théNomura et al., 1988; Smith and Denhardt, 1987). Since we
replica colonies analyzed was quantified by this technique armgkrformed the low density and replica plating technique in the
co-expression profiles of a variety of messages for bone-relat@desence of dexamethasone, we expected and did capture both
macromolecules and growth factor receptors determined, whe more primitive and more mature osteoprogenitors defined
found marked differences amongst colonies. Elsewhere wearlier by flow cytometry on the basis of absence (primitive,
have discussed heterogeneity of marker expression amongix-requiring) or presence (more mature, dex-independent) of
single cells at the same developmental stages in terms ofALP expression (Turksen and Aubin, 1991). However, novel
stochastic process contributing to osteoblast plasticity anformation was also obtained. The results support our
heterogeneity (Liu et al., 1997; Liu et al., 1994). In the presertbservations made earlier at the single cell level in which we
analysis to seek transition points and landmarks representatidetected the presence of mMRNAs for ALP, COLL-I, OPN, BSP,
of cells as much more or less primitive, we have analyzednd/or OCN in a few cells in fibroblastic colonies and confirm
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the hypothesis for which we had no definitive proof then thathe most primitive colonies expressed all the receptors analysed
these were probably representative of committed osteoblaat easily detectable levels and prior to upregulation of any of
lineage cells that had not yet acquired the morphologicdhe known osteoblast-associated molecules. PTH1R, FGF-R1
characteristics of the lineage, rather than cells with leaky cand PDGF-R play roles in normal skeletal development.
promiscuous expression of MRNAs (Liu et al., 1994). It is als@nalysis of knockout mice has shown that FGF-R1 is essential
notable that all these markers can be and are expressed in cédis cell proliferation and axial patterning in mouse
that have not yet assumed the cuboidal shape of preosteoblad¢yelopment (Deng et al., 1994) and mutations in FGF-R1 are
and osteoblasts; while these studies have not addressed #ssociated with skeletal abnormalities in humans (Muenke et
presence of deposited protein, they do suggest the possibili&y., 1994). In homozygous PDGFsRhull mouse mutants,
that none of these, including the RGD-containing BSP andhesenchymal cell proliferation is affected (Bowen-Pope et al.,
OPN, might be directly responsible for the cuboidal shap&991), resulting in growth retardation and deficiencies in
determination characteristic of mature osteoblastic cells, andesodermal structures (Schatteman et al., 1992). While early
vice versa that overt cuboidal shape is not itself required fanesodermal cells are affected, cells traversing the osteoblast
detectable transcription levels of these particular genes. lineage specifically also respond to these growth factors.
Strikingly, our data also point towards a much more compleGrowing evidence supports the hypothesis that FGF has
series of transitions during this developmental sequence thaonsiderable anabolic effects on bone (Dunstan et al., 1999;
the three stages commonly described and suggest a minimufawaguchi et al., 2001; Liang et al., 1999; Zhang et al., 2002).
of seven transitions based on the markers assessed here. FDIGF has also been shown to enhance proliferation of
example, this analysis of primitive progenitor cells revealed asteoblastic cells, but its effects on differentiation have been
small group of colonies expressing low but detectable levels @ficonsistent in different models in vitro, although in general
BSP; a few of these colonies also expressed COLL-I, but niahibition is observed (reviewed by Canalis et al., 1992). While
other osteoblast-associated molecules. We (Liu et al., 199#)ese studies have shown that osteoblastic populations respond
and others (Bianco et al., 1991; Bianco et al., 1993; Chen & FGF and PDGF, there is little information on which
al., 1991) have shown that BSP is upregulated as osteoblastspopulations of osteoblastic cells express the receptors and
mature in vitro and in vivo at sites of de novo bone formationwhether receptor numbers change as a function of
While it is generally considered a relatively late stage markedifferentiation stage. Our results show that mRNAs for both
expressed concomitantly with OCN and just prior togrowth factor receptors are expressed continuously through the
mineralization, where it has been proposed to seeliheage from very early progenitor to mature osteoblast and
hydroxyapatite crystal formation (Hunter and Goldberg, 1993)that both tend to peak as osteoblasts reach maturity and then
we have established that it is upregulated prior to OCN andecline concomitant with downregulation of the osteoblast-
well before detectable mineralization can be observed (Liu efpecific messages. However, they are differentially regulated in
al., 1994). We have now detected transient BSP expressidime earlier progenitors in the lineage, which may allow for
even earlier, prior to the onset of COLL-I and ALP expressiommportant regulatory differences early in development. Our
and osteogenesis. We have also previously shown the preseficeling that FGF-R1 goes through the first of its two stages of
of primitive BrdU*(cycling)/ALP/BSF* cells by double label upregulation relatively early in the differentiation sequence and
immunocytochemistry in clonogenic bone nodules in vitroprior to upregulation of ALP suggests that amongst target
(Malaval et al., 1999) indicating that the mRNA resultspopulations for FGF spanning multiple developmental stages,
reported here are meaningful also at protein translational levédtGF may have a special role in very early committed and
We have further found evidence for a similar primitive proliferatively active osteoprogenitors. The second special
transiently BSP-expressing osteoprogenitor in the sutures tdrget stage for both receptors that peak at late developmental
developing rat calvaria (Candeliere et al., 2001). It isstages concomitant with other markers such as BSP and OCN
interesting to speculate that this early and apparently transieappears to be the matrix synthesizing mature osteoblast cell.
expression of BSP may reflect its role as a cell adhesiofhere is also a trend towards more rapid downregulation of
molecule through its RGD recognition site for integrins,FGF-R1 than PDGF-R in mineralization phase (Fig. 3),
notably theayfs vitronectin receptor (Oldberg et al., 1988); suggesting that the latter may play a unique role at this terminal
BSP has also been reported to mediate osteoblast celfferentiation stage. These data provide evidence that the
attachment in vitro (Mintz et al., 1993). This role for BSP maygrowth factor receptors can be used as additional markers for
be functionally separate from its role during its second roundsteoprogenitors at different developmental stages and provide
of upregulation during the later stages of the differentiatiorsome clues as to target genes for their activities.
sequence when osteoblasts are actively synthesizing otherMany discrepancies exist in earlier determinations of when
matrix molecules and depositing osteoid. Late during thisluring osteogenic developmental PTHrP and PTH1R are
second developmental window, i.e., when matrix isexpressed (reviewed by Aubin and Liu, 1996). In this study,
mineralizing and cells achieve osteocyte and/or lining celve found that PTHrP is continuously expressed at a relatively
status, it is also interesting that BSP expression remains aonstant level throughout the lineage in keeping with most
average higher than that of other bone matrix molecules ambservations (Kartsogiannis et al., 1997; Suda et al., 1996) and
ALP. is not specifically localized to immature osteoblasts as
While levels of PTHrP remained relatively constant fromindicated by others (Karmali et al., 1992). Our results also
very primitive to more mature stages, PTH1R, FGF-R1 andhow that mRNA for PTH1R is expressed continuously
PDGF-Ri mRNAs followed the same trends as the bonehrough the lineage from early progenitor to mature osteoblast
matrix molecule messages, i.e., underwent a significar@nd that it tends to peak as osteoblasts reach maturity and then
increase as osteoblasts matured. However, it is also notable tidatlines concomitantly with downregulation of osteoblast-
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