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ABSTRACT

A cDNA fingerprinting strategy was developed to
identify genes based on their differential expression
pattern during osteoblast development. Preliminary
biological and molecular staging of cDNA pools
prepared by global amplification PCR allowed discrim-
inating choices to be made in selection of expressed
sequence tags (ESTs) to be isolated. Sequencing of
selected ESTs confirmed that both known and novel
genes can be isolated from any developmental stage of
interest, e.g. from primitive progenitors, intermediate

the expressed gene repertoires in osteoprogenitors, particularly
during very early events in the maturational sequence, without
confounding contributions from other cells present in the cultures.
Recently, we isolated the osteoprogenitors by replica plating,
created cDNA pools by using a global amplification poly(A) PCR
technique §) which faithfully amplifies mRNA from single cells
or small colonies of cells while maintaining relative mRNA
abundances9j, and established molecular profiles for multiple
transitional stages as these cells matured to fully functional
osteoblastsl(0). Since these cDNA pools comprise the expressed
gene repertoires of cells at different maturational stages, we have
now developed and used a cDNA fingerprinting approach that

precursors or mature osteoblasts. EST expression
provides insight into possible interrelated physiological
functions and putative interacting molecules during
differentiation. This method offers a functional genomics
approach to isolate differentiation stage-specific genes
in samples as small as a single cell.

uses a representative subset of these as the starting point for
isolation of differentiation stage-specific genes.

MATERIALS AND METHODS
Selection of cDNA pools for fingerprinting

Twenty-eight poly(A) PCR cDNA pools representative of five

INTRODUCTION transitional stages in osteoblast lineage progression were selected

(RC); when these are grown long tertB (veeks) in medium g5 e of four to seven representative colonies were chosen from
supplemented W'tg‘ ascorbic acid dﬁ'm‘i]lycerophosphatg,' the each category for comparison. Relative amounts of total cDNA
low frequency (<1%) of osteoprogenitor cells present divide a;ere determined by Southern hybridization and were used to

differentiate to form mineralized bone nodules. Morphologicaty e late equal amounts of template for cDNA fingerprinting
(4), immunohistochemicabj and molecularf) analyses have ¢om each colony.

confirmed that formation of bone nodules reproducibly recapitulates
a proliferation—differentiation sequence fr_om an early_ precurs%rbitrarily primed PCR
cell to a mature osteoblast and in which expression of cel

cycle-related and osteoblast-associated macromolecules is acqui@ashditions for PCR were chosen so as to minimize specificity
and/or lost in a temporal sequence as cells differentiafe ( while preserving reproducibility, thus AmpliTag at a high
However, because osteoprogenitors comprise such a low fractiooncentration was used. The final concentrations of reagents in a
of cells in these populations and their differentiation does n@.5 pl reaction volume werexXtAmpliTaq PCR buffer, 4 mM
occur synchronously, it can be difficult to ascertain with certaintigCly, 250uM each of the four dNTPs, OCi/ul [32P]dCTP,
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primer and a 1:100 dilution of the first poly(A) PCR amplification. o nr —— ey 3 uTe

An initial priming step consisting of two cycles of@ifor 1 min, ARAAAAAAAA = = = = = — = ~ = versen
35°C for 5 min and 72C for 5 min was followed by 25 cycles EXON 1 EXON SENEZ

of 94°C for 1 min, 50C for 1 min, 72C for 1 min. Twenty-five R vvYYyvyvyertp— e
cycles were used because relative mRNA abundance in different TERMINAL TRANSFERASE . REVERSE TRANSCRIPTASE
samples is maintained with this protocol as shown in the original cenen

poly(A) PCR protocol (used for amplification stefi). The
entire 2.5ul reaction mix was then run on a 5% denaturing gel

B GENE 1

(12). In the representative figure shown (F8), an arbitrary Poly(a) peR ot s
primer with the sequence TGTAGGAGCCAGAGGTGGTG was SN Lmrery e aAAAA
used. These PCR conditions produced a complex banding pattern p—rT
for all primers tested to date, although varying film exposures are GENE n
required for different primers (data not shown). c CDNA SOUTHERN BLOT
Expressed sequence tag (EST) identification GENE A —— | e QD
EST expression patterns were identified on films exposed to ceve s | (D | O | —
dried-down gels and bands containing DNA of interest were GENE C
isolated for reamplification as describdd) Briefly, the piece I- L_JL_JL_J
of dried gel containing the DNA fragment of interest was placed D. .
in 500l of 50 mM NaOH and boiled to elute DNA. After 30 min,  oennruganion T ——
the solution was neutralized with f0of 1 M Tris, pH 8.0. An Low DN NG ARBITRARY PRIMER
aliquot (1/10 vol of PCR reaction) was then used for reamplification L S —
with standard PCR conditions3) for up to 40 cycles at 9€ for
1 min, 50 C for 1 min, 72C for 1 min. PCR fragments were then s exrension —
subcloned into the pBluescript Il SK— cloning vector for celime EnE v
sequencing and for use as templates for making DNA probes. AMPLIFICATION —
Sequenced ESTs were screened against public databases by using GENE--
the GCG Wisconsin package. (ibrary 1 library 2 library 3 library n
3 DIFFDﬁD?SE’)rt‘;lYALLY [— a— [ Gummg® 9cne X

. i - expression RN - — gene Y

Confirmation of expression patterns PATTERNS —_— —gene..

Expression patterns were initially confirmed on Southern blots
containing poly(A) PCR-amplified material from more than Figure 1. The cDNA fingerprinting strategy combines poly(A) or global
100 colonies at various transitional stages of osteoblast developmetplification PCR on developmentally staged colonies of osteoprogenitor cells
(10). Results from the Southerns were also shown to Correlath) with an arbitrarily p_nmgd_ PCR technique (21). Global amplification of

- . . . MRNA from samples with limiting cell number (50-100 cells) was done by
with expected patterns of expression obtained by northern hybrigayerse transcription and addition of a second poly(A) tail to cDNA (
ization to RNA isolated from differentiating primary RC cell Amplification of cDNA with preservation of relative cDNA abundance was
cultures {0) and in situ hybridization (not shown). Southern achieved by the amplification 6500 bp of 3end with an oligo(dT) primer
hybridization signal intensity was quantified by densitometry (from(ll) B). The developmental status of the cells used to create the cDNA pools

. . . s confirmed by Southern blotting withéhds of cDNA probes for known
phosphor-lmages using the IP Lab Gel analySIS program) argfteoblast markers to obtain relative gene expression prafjlesdpropriately

corrected for loading against total cDNA. Colonies were groupedelected cDNA pools were amplified with arbitrary primers to generate a
according to the above criteria into five stages of differentiationfingerprint of ESTs tags which differentially display patterns of gene expression
Statistical significance was assessed with a statistics prograf) across the developmental sequence.

(InStat) that calculated standard deviation and ANOVA.

marker expression profiles (FQ). The cDNA pools covered five
RESULTS transitional stages, labeled A—E; multiple examples for each stage
Selection of amplified cDNA pools and the cDNA were chosen for analysis to avoid_ spurioqs bands that might occur
fingerprinting method in only one colony. When an arbitrary primer was used to prime

amplification in these cDNA pools (FidD), clearly different
A schematic of the cDNA fingerprinting approach is outlined irpatterns of gene expression or fingerprints were evident in cells
Figure1l. The cDNA pools prepared with global amplification during lineage progression; differences were evident both in
poly(A) PCR (Fig1A and B) were characterized by establishingintensity of individual ESTs and in how many cDNA pools within
their molecular profiles by Southern hybridization witkeBd  a transitional stage expressed detectable levels of that EST
probes for known osteoblast markers (e.g. type | collagen, alkalii€ig. 3). Six ESTs from one particular fingerprint gel were
phosphatase, bone sialoprotein, osteocalcin and osteopontelected (Fig3). The two largest tags were EST 1 and 2, of 750
(Fig. 1C; 10). This allowed their alignment into pools of cDNAs and 700 bp, respectively. EST 1 corresponds to a relatively
representative of cells at different transitional stages frormabundant mRNA, which is present in progenitor colonies but is
primitive progenitor to mature osteoblast; we selected 28 sualp-regulated during intermediate differentiation stages and
cDNA pools from the more than 100 available on the basis of thainaintains this level through cell maturation. In contrast, EST 2
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Figure 3. Amplification with arbitrary primers of appropriately selected cDNA
pools differentially displays several different ESTs with varied patterns of gene
expression during osteoblast development (Materials and Methods). Selected
cDNA pools are aligned from left to right according to progression from
immature osteoprogenitor to mature osteoblast respectively, as shown in
Figure 2. Six different ESTs were selected based on size, relative abundance and
Figure 2.Samples for fingerprinting were selected based on the basic molecular€xpression pattemns (text). Selected ESTs were reamplified and sequenced
phenotype of the cDNA pools made from discrete isolated colonies at different (Materials and Methods). Expression patterns were confirmed on Southern
stages of osteoblast differentiation and bone development. Gene expressioRIOts containing >100 cDNA pools representative of the entire osteoblast
profiles of colonies were determined by analyzing expression of several knowndifferentiation sequence (Materials and Methods).

osteoblast lineage markers (10). These 28 cDNA pools, from a group of more

than 100 characterized cDNA pools, were selected for fingerprinting on the

basis that they represent several transitional stages: primitive progenitors L . .

(A), progressively more mature precurs@&slp) and terminally differentiated, Identification of selected ESTs and confirmation of

bone-forming osteoblastg) (Materials and Methods). While category order expression patterns

is progressive, the order of colonies within each category is random.

o —~ m @ o~ o

Sequencing revealed that EST 1 was the rat homolog of
osteonectin, a marker confirmed by both Southern and northern
analysis (not shown) to be up-regulated as osteoprogenitors in RC
cell populations differentiate and form bone nodules; osteonectin
corresponds to a much lower abundance mRNA, which xpression peaked approximately concomitantly with up-regulation
detectable in progenitor cells, but is up-regulated and theof type I collageni3-15; Fig.4). Similarly, EST 6 was found to
down-regulated to undetectable levels late in the differentiatiome osteocalcin, an abundant, well-characterized extracelluar
sequence. For comparison, ESTBJO bp) is not differentially matrix molecule in bone and a late marker of osteoblast
expressed in cells during lineage progression, ESB@0(bp) development 4,3,5,6), consistent with its pattern seen in the
and EST 6[(IL50 bp) are up-regulated later in the differentiatiorfingerprints. EST 4 was identified as cystating{7), a cysteine
sequence and EST 510 bp) decreases during osteoblasprotease inhibitor only recently identified in bone; we found it to
development. The expression patterns of these six ESTs wédre more highly expressed at intermediate developmental stages,
confirmed by probing the full array of lineage Southern blotsvith peak expression concomitant with the acquisition of alkaline
(>100 cDNA pools) representative of cells at various transitiongdhosphatase expression. EST 2 corresponds to a novel low
stages of osteoblast development (Fy. for some ESTs, abundance gene, whose expression also peaks concomitant with
northern blots of differentiating primary RC cell cultures wereup-regulation of alkaline phosphatase expression but decreases to
also done (data not shown). Quantitative analysis of the Southeran-detectable levels at late differentiation stagi8s EST 5 is
blots revealed statistically significant changes in their expressi@iso a novel gene, confirmed to be more highly expressed in
levels over the five differentiation stages represented by thwsteoprogenitors than in their more differentiated progeny. The
cDNA pools (Fig.4), with the exception of EST 3, whose sequence of EST 3 also suggests that it is a previously
relatively uniform level of expression was confirmed. uncharacterized gene.
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2 TYPE ICOLLAGEN X ESTS DISCUSSION

Our results show that we have developed a powerful method,
termed cDNA fingerprinting, to analyze globally amplified
poly(A) PCR cDNA pools to differentially display patterns of
1w gene expression during lineage progression. Using these expressior
4 ALKALINE PHOSPHATASE  EST6(OSTEOCALCIN) patterns, we predicted, and have isolated from these cDNA pools,
genes for known osteoblast markers (e.g. osteonectin and
osteocalcin), others for molecules recently found in osteoblasts
but for which differential expression during differentiation had
not been described (e.g. cystatin ¢ and glycyl tRNA synthetase)
and still others for novel (e.g. ESTs 2, 3, 5, 17.1, 13.2 and 5.2)
molecules that demarcate, and some of which probably regulate,
transitions between different maturational stages. With respect to
the first class (osteonectin and osteocalcin), our data from
fingerprinting and secondary screens on the Southern lineage
blots are entirely consistent with other approaches to assess
differentiating osteoblasts, e.g. northerns on differentiating
o cultures orin situ hybridization of bone tissud.§15). In the

U7 EST 13.1 (GLYCYL (RNA SYNTHETASE) second class (cystatin ¢ and glycyl tRNA synthetase), we extend
] information from that previously reported. For example, cystatin ¢
has recently been shown to be expressed by osteohigsfs

but whether it was differentially expressed as osteoblast precursors
mature was not analyzed. Given the fact that cystatin c is thought
to inhibit cysteine proteinases secreted by osteoclasts, it is
interesting that its maximum expression appears to coincide with
early events in osteoblast differentiation, prior to peak expression
of alkaline phosphatase, followed by a plateau to intermediate
levels during late phases of differentiation. This suggests a
differentiation-related mechanism by which osteoblast precursors
might down-regulate osteoclastic resorptive activity, coupling the
latter to osteoblast maturation and in-filling with new bone. It is
also notable that the mRNA for glycyl tRNA synthetase achieves
highest levels at the outset of differentiation prior to up-regulation
of type | collagen expression, since type | collagen, which makes
up 90% of the matrix of bone, is high in glycine content (collagen
is a long GLY-X-Y repeated amino acid chain). Thus, the
approach described here clearly demonstrates gene expression
cascades, at least some of which are presumably for interrelated
physiological functions, and predicts possible interacting or
upstream or downstream molecules in such cascades based or
Figure 4.EST identification and confirmation of expression patterns (Materials_tempora”y related expression profiles. In this context, the ESTs
and Methods). The mea_msand standard dewatlonsof‘expressmn Ievel_s, rel_atl\fsr novel genes, notably ESTs 2, 5, 17.1, 13.2 and 5.2, are
to the total cDNA quantity as a standard, were determined by phophorimaging; __ . - . . . . L
sequencing identified some ESTs as known genes (identified in brackets) or agart_'CUIarly mte_restlng as_ the_ll’ maximum expression is in the
novel. Type lal collagen and alkaline phosphatase are included as known€arliest progenitor cells, i.e. in cells that have not yet reached
osteoblast marker controls. ANOVA confirmed significant differences betweendifferentiation stages commonly accessibleitro andin vivo,

mean expression leve) at different developmental stages for all tags exceRémphasizing the utility of the approach for identifying molecules
, which we include as an example of a housekeeping gene. The ability : L .

predict expression patterns from a cDNA fingerprint allowed selection of ESTs or the mo_St elu5|_ve_ ceII_s in this or other Ilneages. . .
whose expression is highest in early progenitors (e.g. 17.1 and 13.1), those CONA fingerprinting is a powerful approach to identify

whose expression peaks in intermediate precursors (e.g. 2, 13.2 and 5.2) onarkers of interest from biologically and minimally molecularly
those peaking in mature cells (e.g. EST 6). characterized samples obtained from sources in which the
guantity of mMRNA is extremely limited. This approach provides
a functional genomics strategy which targets any physiological or
even pathological differentiation stage of interest for any cell
We next determined whether other random primers would proympulation in tissue culture or in tissue sections in which a
equally efficacious. With every primer tried to date, usablalifferentiation or developmental sequence can be identified.
fingerprints have resulted. For example, EST 17.1 (a novel gerighere are multiple approaches that may be used to obtain relevant
and EST 13.1 (identified by sequence analysis to be glycyl tRNeells from tissue culture or from tissue sectict for cONA
synthetase) are both more highly expressed in more primitive thingerprinting; these include simple micromanipulation to laser
in more mature osteoblast lineage cells, while expression of ESdapture microdissectior?(). The specific example we used
13.2 and 5.2 peak at intermediate maturational stageglfFig. comprised cDNA pools prepared from replica-plated differentiating

154 EST | (OSTEONECTIN) 110 ESTI7.1

0% EST 132
4

[ EST4(CYSTATINC) 001

A B CDE

Targeted selection of other ESTs
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