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The genetic factors that contribute to the susceptibil-
ity of osteoporosis are likely to be extremely hetero-
geneous, reflecting the complex genetic program that
controls the cellular aspects of bone formation and
remodeling. Because it is unlikely that current genetic
methods will have the power to resolve multiple subtle
genetic effects from the environmental contribution,
biologic approaches will have to be developed to iden-
tify mechanistically similar forms of osteoporosis prior
to applying more sophisticated molecular studies. This
perspective article proposes a strategy that focuses on
those subjects with an inherent impairment of bone
formation as the primary cause of diminished bone
mass. It views the impairment as a defect within the
osteoprogenitor lineage and identifies the stage within
the lineage where the progression digresses from nor-
mal. It is at the stage of diversion in the lineage that
affected cells are isolated for extensive microarray
studies with the intent to identify molecular pathways
that are underperforming. The technological steps that
have to be accomplished for this strategy to be suc-
cessful rely heavily on promoter green fluorescent pro-
tein transgenes that can assess the extent and tempo
of lineage progression in primary cells and intact bone,
and that can allow for a relatively small subpopulation
of cells from a primary bone cell culture to be isolated
for molecular analysis. Initially, the strategy has to be
validated in murine models with single gene defects
affecting the performance of the osteoprogenitor line-
age. The experience gained from murine models will
allow a similar approach to be applied to humans.
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Introduction

There is increasing appreciation that genetic factors play

a major role in determining adult bone mass (1,2). Popula-

tion studies identify a relatively higher risk of osteoporosis

in individuals with a northern European and Asian ancestry

relative to individuals with an African or Mediterranean back-

ground. Family studies have documented mother-daughter

pairs with osteoporosis (3), and twin studies also show the

importance of genetic determinants of bone mass (4). Inbred

mouse strains demonstrate a profound genetic impact on

bone mass (5,6). Despite these genetic studies, little progress

has been made in identifying genes that are necessary for

maintaining normal bone mass, although significant pro-

gress has been made in identifying genes that are essential

for limb patterning, growth plate regulation, bone cell dif-

ferentiation, and the structural macromolecules that are

essential to cartilage and bone function. This article devel-

ops an idealized strategy for identifying genes that are neces-

sary for maintaining skeleton mass—osteoporosis risk genes.

Polygenic Nature of Osteoporosis

Gene knockout studies in mice that produce skeletal

defects (7) point to transcription factors (8), growth factors

(9), signal transduction pathways (10,11), and extracellular

matrix molecules that are essential for the patterning of the

skeleton, the formation of joints (12), the invasion of osteo-

blasts (13), the coordinated growth of the metaphysis and

cortical bone (14), the production of an osteoid matrix that

will mineralize (15), and an ability to remodel existing bone

(16,17). With a few exceptions, these traits are expressed in

homozygous knockout mice as a severe phenotype such that

the mutation has to be maintained in heterozygous mice. In

most cases, the carrier mice appear to be normal and do not

have obvious bone disease. However, the molecular path-

ways that are used during embryogenesis to build the initial

skeleton are likely to be used again in the acquisition of

peak bone mass in the peripubertal years, and in the main-

tenance of bone mass during adulthood and will be chal-

lenged further to meet the increased requirement for bone

formation after menopause. If these pathways contribute to

skeletal biology in the postnatal period, it would not be

surprising that a relative insufficiency rather than a com-

plete knockout of its function could contribute to a less than

optimal skeleton in adulthood. Thus, haploid insufficiency

(complete loss of one allele), partial insufficiency of one

allele, partial insufficiency of both alleles (double heterozy-

gosity), partial insufficiency of multiple genes in the same

molecular pathway, or partial insufficiency of genes in dif-

ferent molecular pathways are all potential combinations

that could contribute to the inability to maintain a sufficient
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bone mass. This complexity in molecular pathogenesis will

make it difficult to use standard genetic methods to identify

osteoporosis risk genes because of the difficulty in identi-

fying a reasonably homogeneous study group.

When a single mutant allele of a gene acts through either

a dominant negative or a strong haploid insufficiency mech-

anism, traditional Mendelian genetics can be used to iden-

tify the underlying genetic unit through standard linkage

or candidate gene analysis. Examples include osteogenesis

imperfecta and vitamin D–resistant rickets. However, in

most cases of low bone mass, pedigree analysis is not pos-

sible, and, instead, populations of affected individuals are

studied by associating a polymorphism within a candidate

gene or polymorphismic markers distributed throughout

the genome. Although promising studies of the vitamin D

receptor (18), estrogen receptor (19), COL1A1 gene (20,

21), and other genes known to have an important role in

bone biology (22–24) have shown an increased risk for bone

disease with certain genotypes, the association is often

weak and not consistent from study to study. Single nucleo-

tide polymorphism (SNP) is a more sensitive approach to

associate statistically an allele of a candidate gene to a poly-

genic disease process (25). This method has the advantage

of automated throughput and more sensitive discrimina-

tion because it does not depend on a polymorphism altering

a restriction site. SNP analysis is receiving broad application

through programs and databases initiated by the National

Institutes of Health, but the value of this method for study-

ing bone diseases has yet to be demonstrated (26,27).

Quantitative trait analysis is a directed search for candi-

date genes using polymorphisms distributed throughout

the genome (28). It points to regions within a specific chro-

mosome where genetic units exists that are associated with

a phenotype. With full definition of the mouse and human

genome, this approach will be extremely powerful for iden-

tifying genes important to bone biology. However, this ap-

proach is best used in a homogeneous genetic background

such as the mouse (6,29) because its power becomes diluted

in the heterogeneous human population (30).

While a purely genetic approach to identify osteoporo-

sis risk genes is currently the most practical course (31),

this strategy may or may not improve our understanding of

how a particular genetic unit operates within a tissue as

complex as bone. Bone biologists need to develop model

systems that can be used in concert with genetic approaches

to define function of genes associated with osteoporosis in

the context of concepts of bone formation and remodeling.

Here the focus will be on bone formation, but a similar

model will be required for other aspects of bone biology.

Osteoprogenitor Lineage

The model for understanding the role of osteoporosis

risk genes envisions that the osteoprogenitor lineage is con-

tinually called on throughout the life of the individual to

generate new packets of robust matrix-forming osteoblas-

tic cells (32,33). Initially, the early progenitor cells prolifer-

ate to produce a wave of cellular expansion that is necessary

to provide sufficient numbers of cells for subsequent differ-

entiation. As this population of cells becomes more restricted

to the osteoblast lineage, expression of alkaline phospha-

tase (AP), type 1 collagen, and parathyroid hormone (PTH)

receptor serves to mark these cells as preosteoblasts fol-

lowed by early osteoblast expressing sialoprotein (BSP).

At this stage, the rate of cell division has dropped sharply

while the production of extracellular matrix molecules accel-

erates. With further maturation, the cells become mature

osteoblasts and nondividing osteocytes located either as

lining cells or within the mineralized bone matrix, some of

which can be identified by their production of osteocalcin.

Conceptually, it is convenient to divide the lineage into

a proliferating noncommitted phase of cell expansion fol-

lowed by a commitment and maturing phase of cell differ-

entiation (34) (Fig. 1). The cells within these two phases of

the lineage have distinctly different cellular properties for

which different molecular pathways will play essential con-

trolling roles. Mutations in genes within these molecular

pathways will affect the intrinsic ability of the lineage to

develop a sufficient number of progenitor cells, or will either

impede or accelerate the ability of these cells to acquire full

osteoblastic differentiation. In either case, the lineage will

be compromised in its ability to provide sufficient numbers

of fully differentiated osteoblastic cells resulting in a com-

mon phenotype of diminished bone mass. When the gene-

tic deficiency is severe, as in a homozygous knockout mouse,

developmental abnormalities are observed because insuffi-

cient numbers of differentiated osteoblasts are formed to

meet the demand during organogenesis (Fig. 1, row B).

When the deficiency in gene function is mild and leads to a

subtle alteration in lineage progression, as in a heterozygous

knockout, early embryonic development and postnatal bone

growth are normal probably because the robustness of cell

proliferation and differentiation during this period of life

can compensate for mild inadequacies within the lineage

(Fig. 1, row C). However, with advancing age, irrespective

of any underlying genetic abnormalities, the robustness in

proliferation and maturation to full osteoblast is dimin-

ished (35,36). In addition, environmental factors such as

smoking and physical inactivity contribute to the decreased

effectiveness of the lineage to generate mature osteoblastic

cells (Fig. 1, row D). With the loss of sex hormones, the

lineage is called on to increase its production of mature

osteoblasts. It is at this time that a mild genetic deficiency

producing intrinsic defects controlling lineage progression

combines with environmental factors to act as an osteopor-

osis risk gene (Fig. 1, row E).

The problem that faces the bone biologist is how to deter-

mine where these genetic factors affecting bone mass in

mice act on the bone lineage in human subjects. Histologic

analysis of bone biopsies can give an impression of cellular
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activity but lacks the discrimination of molecular studies.

Microarray analysis of RNA from bone biopsy samples will

be difficult to interpret because of the heterogeneity of the

cell population within the sample and the inability to appre-

ciate how the lineage is performing in a static sample. Instead,

osteoprogenitor cells need to be removed from the affected

individual and induced to recapitulate the lineage under

standard experimental conditions so that the proliferative

and differentiating phases of osteoblast generation can be

assessed at the cellular and molecular levels. Initially, devel-

opment of a murine model system is needed to take advan-

tage of the power of the growing number of gene knockout

and chemical mutagenized mice (37) that have a skeletal

phenotype. The mice will provide the platform to appreci-

ate the cellular and molecular elements of the osteopro-

genitor lineage. Once these pathways are understood in the

mouse, then applying this strategy to humans becomes a

more feasible undertaking.

Analysis of Murine

Osteoprogenitor Pathway In Vitro

Primary mouse cell cultures derived from either marrow

stromal cells (MSC) or the neonatal calvarial osteoblasts

(mCOB) are preferable sources of cells for lineage analysis

to immortalized bone cell lines because primary cells have

greater phenotypic stability and more easily recognized stages

of cell differentiation. In addition, producing primary cul-

tures from mice with defined gene knockouts provides

direct linkage between the effect of the mutation on lineage

progression in vitro and the consequences of the mutation

on intact bone. MSC- and mCOB-derived cultures are dis-

tinctly different, each with advantages and disadvantages.

The cells that initiate an mCOB culture contain a mixture

of osteoblasts, preosteoblasts, and progenitor cells. Within

2 to 3 d after initiating the culture, the majority of cells lose

their osteoblastic markers and enter a proliferation phase

that continues until confluency is reached. As nodules

develop, markers of bone differentiation reappear in a con-

sistent and reproducible matter. What is not clear in this

model is the source of the cells that eventually give rise to

the bone nodules. Do they arise from early progenitor cells

that progress unidirectionally forward or does a more mature

cell dedifferentiate, proliferate, and then redifferentiate?

Possibly both routes are utilized but the molecular pathways

controlling the two processes might be different. Less con-

fusing for lineage studies are MSC cultures in which extre-

mely early progenitor cells initiate the culture and progress

forward to produce nodules, some of which become osteo-

blasts and some of which mineralize. The disadvantage of

the MSC culture is its heterogeneous composition of non-

osteoblastic nodules and cells that enter other lineages. In

either model, the cell population is heterogeneous with cells

at different levels of osteoblastic differentiation or within

nonosteoblastic lineages.

Fig. 1. View of the osteoprogenitor lineage that recognizes two distinct phases (proliferation and commitment/differentiation) that

culmulate in formation of mature osteoblastic cells. The inherent tempo and magnitude of each phase is lost with advancing age and can

be further compromised by hypomorphic mutation in genes that control each phase. Homozygous mutations have an embryonic pheno-

type because the lineage cannot keep up with the rapid phase of somatic growth while a heterozygous mutation is usually scored as normal.

However, with advancing age, the heterozygous mutation may sufficiently impair the ability of the lineage to maintain bone mass,

particularly when demand for increased bone formation associated with estrogen deficiency develops. Each scenario (A–E) is developed

in the text.
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Molecular analysis of the osteoblast lineage will require

methods to produce a relatively homogeneous subpopu-

lation of cells derived from defined but different stages of

lineage progression. Antibodies directed to cell-surface

proteins have the potential of identifying cells in the early

lineage before confluency, and a dense extracellular matrix

requires proteolytic steps for cell isolation (38–40). To date,

identification of subpopulations of cells by their cell-sur-

face epitopes has been most successfully applied to freshly

isolated bone marrow cells rather than to cells that have been

maintained in culture. To overcome these cell identifica-

tion problems, we have chosen to develop transgenes express-

ing various colors of green fluorescent protein (GFP) that

activate at different stages within the lineage. This approach

has the advantages of observing lineage progression in real

time within the culture system, of isolating intact cells for

subsequent culture studies, and of correlating expression

of the GFP marker in vitro and in intact bone.

The first step in demonstrating the usefulness of a partic-

ular promoter-GFP transgene requires colocalization of GFP

expression with endogenous markers of bone cell matura-

tion. Figure 2 depicts our view of lineage progression using

endogenous molecular and cellular markers that most inves-

tigators would accept as defining a specific stage of cell

differentiation (41). The earliest identifiable population is

the proliferating multipotential progenitor cell that has not

yet become AP positive and does not express readily detec-

table levels of type I collagen mRNA. These fibroblast-like

cells express ALCAM on their cell surface (42), the twist

(43,44) or Oct4 (45) transcription factor, fibroblast growth

factor receptors (46,47), and probably fibronectin. The next

recognizable stage is the expression of AP within clusters

of cells that are surrounded by AP-negative cells. These

cells initiate type I collagen synthesis (41), express the PTH

receptor (48), and are designated preosteoblastic cells. With

time, these clusters become multilayered and the more cen-

trally placed cells become cuboidal in shape and express

bone sialoprotein. We have defined cells at this level of

development as early osteoblasts. The level of type I colla-

gen synthesis within the preosteoblast stage becomes more

prominent in the early osteoblastic cells. The development

of a mineralized matrix that encompasses some of the osteo-

blastic cells is the last visible stage of differentiation. It is

at this time that osteocalcin expression is detected, which

identifies a mature osteoblast or osteocytes.

Using these endogenous phenotypic markers, we have

developed three different Col1a1 promoter fragments that

activate at uniquely distinct stages in the lineage (49) (Fig.

3). pOBCol3.6GFP is first expressed in the subclass of cells

that are AP positive. The transgene continues to remain

active as the culture matures, ultimately developing two

levels of fluorescent intensity. The low-intensity cells are

fibroblastic in appearance and surround the nodule, while

the high-intensity cells are located within the nodule and

are cuboidal in shape. In intact bone, the transgene identi-

fies elongated cells with low fluorescent intensity in the

periosteum as well as more strongly fluorescent cells lining

the bone surface. We interpret the period of time of trans-

gene expression in primary culture between early cluster

formation and bone cell differentiation as the time when

transgene expression identifies preosteoblastic cells. Col2.3

GFP activates concomitantly with bone sialoprotein expres-

sion, and it is restricted to the cuboidal cells within the early

bone nodule. Within intact bone, Col2.3GFP is not observed

in the periosteum but is detected primarily on trabecular

and cortical bone surface with some extension within the

bone matrix. This marker appears to be sensitive to the tran-

sition between a preosteoblast and an osteoblast. The third

marker is pOB2.3GFP, which differs from the previous

construct by the presence of the collagen’s first intron. In

culture, this marker activates later than Col2.3GFP and is

restricted to cells that are within the mineralized region of

the nodule. It becomes active somewhat before the culture

acquires osteocalcin expression. In intact bone, it identifies

cells lining the bone surface and, to a greater extent than

Col2.3GFP, is positive in most of the osteocytes within the

bone matrix. We interpret this marker to identify mature

osteoblasts and osteocytes. Currently, we are evaluating the

efficacy of the fibronectin and osteocalcin promoters as mark-

ers that will flank the spectrum of differentiation identified

by three Col1a1-derived transgenes.

The power of GFP is the ability to obtain relatively homog-

eneous subpopulations of cells within the osteoprogenitor

lineage using fluorescent activated cell sorting (FACS). For

example, approx 50% of the freshly isolated cells from neo-

natal calvaria contain pOBCol3.6-positive cells while 20%

of cells are pOBCol2.3GFP positive. During the first 3–6 d

of calvarial culture, GFP expression is gradually lost. As

the cells become AP positive, pOBCol3.6GFP can account

for 50% of the total cell population while the other trans-

genes are inactive. Thus, it is during this time that pOBCol3.6

GFP can be used to isolate cells at the preosteoblast stage

of differentiation. Col2.3GFP becomes positive 3 to 4 d

after pOBCol3.6GFP and can account for approx 20% of the

total cell population. Therefore, between the time of activa-

tion of Col2.3GFP and pOBCol2.3GFP (approx 3 to 4 d

later), a relatively homogeneous population of early osteo-

blasts can be isolated. Finally, cells that expressed pOBCol2.3

GFP account for 10% of the total cell population and their

direct isolation yields a population of very mature osteo-

blast and osteocytes. Essentially none of the MSC cells that

initiate the culture are GFP positive, but as the culture

matures, it develops the same pattern and tempo of trans-

gene expression as observed for the mCOB culture.

Our goal is to develop multicolor GFP transgenes that

can be distinguished visually and isolated by FACS so that

multiple levels of differentiation within the same culture

can be subjected to analysis. Using combinatorial color

criteria, preosteoblasts would be identified by the presence

of color expressed by pOBCol3.6GFP and the absence of
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color expressed by Col2.3GFP. Early osteoblastic cells

would be identified by the presence of color expressed from

Col2.3GFP and the absence the color from pOBCol2.3GFP,

while mature osteoblast would be identified by the color

expressed from pOBCol2.3GFP. Thus, by producing trans-

genic mice that are homozygous for various promoter frag-

ments and color versions of GFP, mice harboring multiple

color transgenes can be produced from which comprehen-

sive lineage studies can be performed. Our intent is to make

these mice available to bone cell investigators as a common

platform reagent to facilitate standardized lineage studies.

Identifying Molecular Pathways Controlling

Osteoblast Lineage Progression in Mice

Microarray analysis of RNA expression profiles provides

the most comprehensive approach to understanding gene-

tic interrelationships in a complex cellular system. The more

homogeneous and reductionist the model system, the easier

the interpretation of such an analysis. The primary culture

system that utilizes GFP markers to isolate subpopulations

of cells within the lineages provides a platform to assess the

expression profile at specific levels of cell differentiation.

From this analysis, it is likely that members of well-defined

molecular pathways that have already been defined in sim-

ple organisms will be identified, which will aid in under-

standing its role within the osteoprogenitor pathway.

However, the wide variability in hybridization intensity

ratios reported in cDNA microarray studies needs to be con-

trolled to discriminate experimental noise from a meaning-

ful difference in a hybridization signal between control and

test samples. Two preliminary steps need to be implemented

to overcome some of the uncontrolled variability in a micro-

array study. The first is the genetic background of the mice

used in the study. Using inbred lines of mice has the advan-

tage of a uniform genetic background, but the homozygous

nature of the line can emphasize private variations in bone

biology and expression that would never be observed in an

outbred line (50). While outbred mice will not be subject to

strain-specific differences, their nonuniform genetic back-

ground will produce unnecessary variability in an expres-

sion study that will become particularly problematic when

the study requires detecting quantitative differences (51).

To overcome this problem, we have chosen to perform our

studies in the F1 offsprings of two inbred mice, C57Bl/6

and C3H. These inbred mice have been used for studying

the influence of genetic background on bone mass (6,52)

and MSC cultures (53,54) and serve as models for the low

and high bone mass, respectively. The F1 offsprings will

be uniformly heterozygous at every loci, which should pro-

duce a tight phenotype and one that most closely resembles

an outbred mouse line. The second requirement is the pro-

duction of a hybridization slide that is optimized for quan-

titative measurement of mRNAs present in cell extract (55,

56). Current commercial or public domain expression librar-

ies did not use sources of tissue highly enriched for bone,

cartilage, or other connective tissues and thus probably

lack many of the genes that might be of interest to the bone

biologist. The use of large arrays from diverse tissues is

extremely expensive and precludes the use of repeated mea-

sures to assess experimental variation.

To overcome these problems, we are developing a con-

nective tissue–focused gene collection from a variety of

library sources. To be included in the gene collection, base-

line studies will be required to demonstrate that the target

gene produces a “yellow” hybridization signal of sufficient

strength from a variety of connective tissue extracts that

have been divided, labeled separately with cy3 and cy5,

and recombined prior to the hybridization step. This step

will remove targets with affinities for a particular fluoro-

chrome and segregate targets based on their hybridization

intensity, two steps that contribute to variability in a cDNA

expression study. In addition, slides will be configured with

repetitive gene arrays on multiple slides to allow calcula-

tion of the experimental variability of a particular target.

These extensive preliminary steps will offer the best oppor-

tunity to measure quantitative changes in expression of

genetic pathways in the isolated subpopulation of cells dur-

ing lineage progression. However, to prove that an observed

pathway is playing a deterministic role in lineage progres-

sion, it will be necessary to inactivate that gene and observe

the consequence of this mutation first on the cellular pheno-

type and then on the expression profile at each level of cel-

lular differentiation. The source of the cells with a specific

inactivation of an endogenous gene will come from exist-

ing gene knockout mice. In many cases, gene knockouts

exert their phenotype in the homozygous state and heter-

ozygous mice are maintained as normal healthy breeders.

However, there is increasing evidence that many of the

heterozygous mice in fact have subtle defects that become

evident as the animals age (57). If the goal is to identify genes

that contribute to osteoporosis in humans, then older heter-

ozygous breeder mice with evidence of diminished bone

mass should be a rich source of candidate genes affecting

the osteoprogenitor lineage sufficient to compromise main-

taining normal bone mass with aging.

Using this rationale, heterozygous breeder mice can be

crossed with homozygous ColGFP mice to generate litters

that all contain the marker gene and half of which carry one

dose of the knockout gene. In many cases, the mice are main-

tained in a partial or complete C57Bl/6 background. To pro-

duce a more stable genetic background, the breeders will

be crossed with C3H mice homozygous for the GFP trans-

gene to produce a uniform and heterozyous genetic back-

ground. When cultures are developed from these mice, the

inherent ability of the cells to progress down the lineage can

be compared based on standard markers plus expression of

GFP. The prediction is that the cultures from affected mice

will progress down the lineage normally until a point is

reached that is dependent on the defective gene for further
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progression (see Fig. 4B). At that point, subsequent differ-

entiation would be delayed (or accelerated). Microarray

analysis will be most informative in the population of cells

that first express the delay in progression and to a lesser

extent the cells immediately downstream in the differentia-

tion pathway. The analysis should indicate when the hypo-

morphic gene exerts its effect within the lineage and point

to potential candidate genes that are downstream in a poten-

tial molecular pathway. Genetic manipulations such as forced

expression of a downstream gene may show that the cellu-

lar phenotype can be rescued, which will further define the

importance of the pathway.

The strength of this analysis is to view lineage progres-

sion from a vantage point of tempo, cell number, and stage

of cellular differentiation, all of which determine the intrin-

sic ability of the lineage to produce ample numbers of mature

bone cells. It is likely that distinctly different molecular

pathways control all three aspects of the lineage. By exam-

Fig. 2. Working model of osteoprogenitor lineage using histologic, immunologic, and molecular markers. The tempo for progression to

full osteoblast differentiation varies with the source of stem cell and culture conditions as well as the genetic backgroud of the mouse

used to establish the culture. The promoter GFP transgenes given in italics have yet to be shown to be markers for the earliest stages of

the lineage. OC, osteocalcin; BSP, bone sialoprotein.

Fig. 3. Expression of collagen-GFP transgenes in primary cell culture and intact mouse bone. The images illustrate the expression of the

two most distinctive promoter-GFP transcripts. pOBCol3.6GFP activates at the preosteoblastic stage of the lineage and intensifies in

expression as the cells become osteoblastic, while pOBCol2.3GFP activates at full osteoblast differentiation. The relative difference in

intensity of expression of pOBCol3.6GFP is illustrated in the MSC culture and in the cells within the collar region of the metaphysis.

The uniformity of intensity and restriction of expression of pOBCol2.3GFP to differentiated osteoblasts/osteocytes is seen in the MSC

culture (cell restricted to the mineralized nodule) and in the cortical bone within the diaphysis. T, transmitted light; F, fluorescent light;

C, composit of the transmitted and fluorescent image.
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ining a sufficient number of knockout mice, it will be possi-

ble to catalog the molecular pathways for each stage within

the lineage. It would not be possible to do this analysis by

examining the total cell population from a primary culture

or from intact bone because of the heterogeneous nature

of the tissue. That type of analysis will primarily reflect the

failure of the lineage to generate mature cells and will

obscure the crucial rate-limiting phase and immediate down-

Fig. 5. Comparison of expression pattern of GFP driven from constitutive promoter within replication-incompetent retrovector and

Col2.3GFP construct within SIN retrovector in primary murine MSC culture. In the MG1 retrovector construct, GFP is expressed from

the cytomegalovirus (CMV) promoter and may also be influenced by the upstream promoter from the Mulv LTR. It generates GFP-

positive cells throughout the MSC culture irrespective of the state of cellular differentiation. By contrast, the ROSA retrovector construct,

which lacks promoter elements within the LTRs, allows the Col2.3 promoter to express GFP exclusively in the mineralized nodules. Both

vectors were pseudotyped in a VSV packaging cell line.

Fig. 4. Identifying cells at defined levels of differentiation within osteoprogenitor lineage using multiplexing of promoter GFP constructs

expressing different colors of GFP. Those colors that activate at a particular stage of the lineage while eliminating the color that activates

at an earlier stage and continues into later stages are shown. The tempo of cell differentiation of (A) a control lineage and (B) a test lineage

are contrasted. The rate of progression in tempo and number are identical until the effect of the mutation (arrow) acts on further lineage

progression. Analysis of cells at this stage of differention will provide the best hope for understanding the role of the mutant gene on

lineage progression.
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stream members of a molecular pathway that affects lineage

progression.

Application of Lineage/Microarray

Strategy to Humans with Osteoporosis

It is the heterogeneity of osteoporosis, including ge-

netic, hormonal, and behavioral factors, that confounds the

detection of genes contributing to this bone disease. One

step toward reducing this heterogeneity is a strategy to

enrich for individuals with an intrinsic failure to produce

sufficient numbers of mature osteoblast by removing those

in whom hormonal/environmental factors are the major

contributor to osteoporosis. In other words, we need to focus

on individuals likely to harbor gene defects that act in the

cell autonomous manner to control lineage proliferation

and differentiation. The types of problems that would act

in a cell autonomous manner include a reduced ability to

proliferate sufficient numbers of precursor cells, an alter-

ation (either prematurely or delayed) in the rate that these

cells acquire a fully differentiated phenotype, or the pre-

mature apoptotic loss of cells in either phase of the lineage.

Advancing age will only contribute further to an intrinsic

problem of cell proliferation and differentiation, underly-

ing the importance of controlling for age. Thus, the causes

for the intrinsic defect within the osteoprogenitor lineage

will be complex and call for improved clinical characteriza-

tion to distinguish family pedigrees with osteoporosis likely

to have a genetic contribution.

A potential test to distinguish individuals with a cell

autonomous defect from those with a cell nonautonomous

defect is to induce osteoprogenitor cells derived from the

affected individual to form bone in a standardized environ-

ment. Heterotopic bone formation appears to provide an

environment conducive to bone formation, and intrinsic

defects within bone formation are reproduced in this model

system (58,59). In this test, fibroblastic cells derived from

MSC cultures are embedded in a three-dimensional matrix

and implanted in the subcutaneous space of an immuno-

tolerant mouse. Over the course of 2–4 wk, a small bone

nodule develops in which the transplanted cells make bone

while the marrow that invests it is derived from the host.

Thus, the outcome of an initial screening study could stratify

individuals whose MSC-derived cells either do or do not

yield a heterotopic bone at a particular threshold. In reality,

this is a clinical study that will need extensive validation,

but such an analysis, when coupled with a thorough clinical

evaluation, might well provide a measure of stratification

of osteoporosis that could be useful for clinical classifica-

tion and drug selection.

Once a pedigree has been identified that demonstrates a

cell intrinsic defect in bone formation, a more structured

assessment of in vitro lineage progression can be initiated

that resembles the strategy developed for the mouse. An

essential reagent for the analysis is self-inactivating (SIN)

retrovectors that can deliver ColGFP constructs in a way

that will allow the marker genes to respond to endogenous

cellular signals (Fig. 5). While standard retrovectors can

efficiently transduce genes into a wide variety of mamma-

lian cells, the promoter/enhancer elements within the long

terminal repeat (LTR) elements of the virus overpower an

included mammalian promoter. SIN retrovectors are a trans-

ducing agent in which the promoter/enhancer elements

have been removed so that the included mammalian pro-

moter transgene is free to respond to endogenous transcrip-

tional signals (60). When the SIN retrovectors are produced

in a vesicular stromatitis virus (VSV) packaging cell line,

extremely high-titer vectors are produced that are capable

of infecting the majority of the cells in a culture without the

need for antibiotic selection (61). These vectors can deliver

the Col-driven GFP constructs that activate in a temporal

and spatial manner similar to their expression patterns in pri-

mary MSC cultures derived from transgenic mice. Although

validation of these virus-delivered marker transgenes for

lineage identification still needs rigorous documentation,

it should be possible to build reagent retrovectors contain-

ing different promoter fragments and colors of GFP. With

these reagent vectors, the intrinsic capacity of the osteo-

progenitor pathway of MSC-derived cells from individual

patients can be assessed in intact bone using the hetero-

topic bone assay and in real time in primary MSC cultures

from which a subpopulation of cells can be isolated for sub-

sequent microarray analysis.

Despite all these steps, it is likely that interpretation of

data from a microarray study of lineage progression will be

difficult. Unlike the mice in which all of the genes are nor-

mal except for the one that is hypomorphic, osteoporotic

humans are likely to have a number of underperforming

genes and partially dampened molecular pathways. Some

will be identifiable from a pedigree analysis, and some may

be a consequence of aging or other extrinsically dependent

factor. However, the mouse data will have mapped a num-

ber of molecular pathways essential to the stages of prolifer-

ation and/or differentiation that should be directly transfer-

able to studies of lineage performance and gene expression

in humans. From the mouse studies, informatic strategies

for pathway analysis will be developed to appreciate essen-

tial pathways for lineage progression, and these informatic

strategies will be used to interpret the data derived from

humans. The prediction is that patterns of expression will

point to certain underperforming molecular pathways that

are contributing to a diminished lineage proliferation or dif-

ferentiation such that candidate genes within that pathway

can be specifically examined for mutations that account for

a lower level of gene activity. In fact, it would not be surpris-

ing that more than one gene within one pathway or more than

one gene in two or more pathways could have an impact on

the lineage. Proof that a particular candidate gene is con-
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tributing to this problem could be developed by transduc-

tion with a replacement gene construct to determine whether

lineage performance improved either in culture or in the

heterotopic bone assay and by clinical linkage studies.

Clearly this is not a strategy that is going to be fully

realized in the immediate future. It provides a general out-

line that certainly will need to be modified as experience is

gained. The essential elements of this strategy are the pro-

moter GFP constructs in mice and the retrovectors to deliver

these constructs to human cells so as to assess lineage poten-

tial both in culture and in heterotopic bone implants. Also

necessary, but not fully discussed here, is the need for gene

array sets that are optimized for studying the osteopro-

genitor lineage in both mice and humans. The transgenic,

retrovector, and gene array sets are reagents that must be

available to basic and clinical investigators as a way to stan-

dardize their application to murine models and human sub-

jects with bone disease. However, this strategy will enable

a more rational and informative evaluation of patients with

bone disease. Identifying genetic risk factors will focus

behavioral and therapeutic interventions on individuals

prior to the onset of bone disease as well as aid the choice

of drugs tailored to a specific pathophysiologic cause for

osteoporosis.
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