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ABSTRACT Somatic gene therapies require targeted
transfer of the therapeutic gene(s) into stem cells that pro-
liferate and then differentiate and express the gene in a
tissue-restricted manner. We have developed an approach for
gene therapy using marrow cells that takes advantage of the
osteoblast specificity of the osteocalcin promoter to confine
expression of chimeric genes to bone. Adherent marrow cells,
carrying a reporter gene [chloramphenicol acetyltransferase
(CAT)] under the control of a 1.7-kilobase rat osteocalcin gene
promoter, were expanded ex vivo. After transplantation by
intravenous infusion, engrafted donor cells in recipient mice
were detected by the presence of the transgene in a broad
spectrum of tissues. However, expression of the transgene was
restricted to osteoblasts and osteocytes, as established by
biochemical analysis of CAT activity and immunohistochem-
ical analysis of CAT expression at the single cell level. Our
data indicate that donor cells achieved long-term engraftment
in various tissues of the recipients and that the CAT gene
under control of the osteocalcin promoter is expressed spe-
cifically in bone. Thus, transplantation of multipotential
marrow cells containing the osteocalcin promoter-controlled
transgene provides an efficacious approach to deliver thera-
peutic gene expression to osteoblasts for treatment of bone
disorders or tumor metastasis to the skeleton.

Gene therapy by bone marrow transplantation is an advanta-
geous approach for treatment of genetic and age-related bone
disorders that compromise the entire skeleton (1), provided
that the therapeutic gene can be targeted specifically into bone
forming osteoblasts. Presently, this therapeutic application is
limited by the inability to identify an osteoprogenitor cell with
competency for both self-renewal and restricted differentia-
tion into osteoblast lineage cells. In these studies, we have
experimentally addressed the feasibility of using the bone-
specific osteocalcin (OC) promoter to direct osteoblast-
restricted expression of a transgene following transplantation
of unfractionated marrow cells. Traditionally, transplantation-
based gene therapies for the treatment of inherited and
noninherited diseases have involved targeting the hematopoi-
etic system (2, 3). Candidate diseases for treatment by gene
therapy have included, for example, hemophilias, hemoglobi-
nopathies, primary immunodeficiencies, and hematological
malignancies and those that affect multiple organs and/or
tissues (e.g., lysosomal storage diseases). Such approaches
have been possible by the isolation and ex vivo expansion of
CD34* selected hematopoietic stem cells, introduction of a
therapeutic gene(s) into the cells ex vivo, and return of the
genetically modified cells to the patient (4-6).
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In addition to hematopoietic stem cells, bone marrow con-
tains mesenchymal stem cells that differentiate into cell lin-
eages that form bone, cartilage, muscle, and adipose tissues
(7-15). This pluripotent property of mesenchymal stem cells
necessitates selection of lineage-specific cells or restricted
expression of therapeutic genes to cells that commit to specific
phenotypes for gene therapy. The characterization of mesen-
chymal stem cells has been hampered by heterogeneity of the
marrow stromal cell population (16), uncertainty of their
precise location (9, 17), limited representation (10, 13, 18), and
lack of unique markers for the early-stage osteoprogenitor
cells (11, 19-22). As an alternative to isolation of a purified
committed osteoprogenitor population, we developed a strat-
egy for targeting gene expression to bone cells to support
skeletal gene therapy by using heterogeneous marrow cells.
Our approach is to restrict activity of therapeutic/marker
genes that are transfected into unfractionated marrow cells to
bone by controlling gene expression with the bone tissue-
specific osteocalcin promoter (23).

Over the past several years, we have achieved a significant
understanding of the structure, function, and in vivo expression
of the bone-specific osteocalcin gene (reviewed in ref. 24).
Osteoblast-restricted expression of the OC promoter-reporter
constructs in vivo has been well documented (23, 25-30). We
have transplanted by intravenous infusion or expanded mar-
row cells from transgenic animals with an OC promoter—
chloramphenicol acetyltransferase (CAT) reporter construct
(27). Recipient mice were examined for expression of CAT in
bone and nonosseous tissues biochemically and histochemi-
cally at the single cell level within the context of tissue
organization. Our results demonstrate that the OC promoter
can restrict gene expression to engrafted cells located in
osseous tissues. A basis is thereby provided for developing
strategies for transplantation-mediated gene therapy without
the requirement to isolate committed lineage-specific osteo-
progenitors.

MATERIALS AND METHODS

Preparation of Donor Cells. Ex vivo-expanded bone marrow
cells prepared from femur, tibia, and iliac bones of donor mice
were used for transplantation. Bones were aseptically removed
from 4- to 6-week-old transgenic mice (lineage SR62) harbor-
ing the 1.7-kilobase rat OC-CAT gene (27). Marrow was
harvested, and cells from different bone sources were plated
separately in media as described (27).

Abbreviations: CAT, chloramphenicol acetyltransferase; OC, osteo-

calcin.
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Nonadherent cells were removed on day 4, and the adherent
population was expanded for 4-8 days in the same media
under nondifferentiating conditions until used for transplan-
tation. For transplantation, cultured cells were retrieved by
digestion with 0.25% trypsin and 0.1 M EDTA at 37°C for 15
minutes and were resuspended and passed through a 40-um
sterile filter. To monitor cell viability and differentiation
potential, an aliquot of the prepared donor cells to be used for
transplantation was replated to culture in medium with addi-
tion of 50 wg/ml ascorbic acid and 10 mM B-glycerolphosphate
to induce osteogenic differentiation (27).

Transplantation. Our radiation and transplantation proce-
dures are based on published protocols (15, 18). The recipient
animals were 4- to 6-week-old C57B1/6XSJL mice (The
Jackson Laboratory), the strain from which the SR62 trans-
genic was derived (27). Mice were irradiated in a !¥7Cs
Gammacell 40 Irradiator (Atomic Energy, Ottawa) with two
dosages of 5.5 Gy at 5-hour intervals before transplantation.
Recipient mice received from 2 X 10° to 14 X 10° cultured
marrow cells in different experiments and, in several studies,
additionally received 1 X 10° fresh marrow cells (equivalent to
~1/8 of the total marrow cells derived from one donor
mouse). Cells were resuspended in 0.5 ml of culture media, and
the entire volume was transplanted by tail vein injection.
Animals were maintained and used in accordance with the
Federal Animal Welfare Act and the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Histological Procedures. Mice were anesthetized with
Metofane (Mallinkrodt), and 10 ml of cold PB solution (0.1 M
NaH,PO4/NaHPO,, pH 7.3) were infused into the left ven-
tricle, followed by 10 ml of cold 4% paraformaldehyde in PB
solution manually at 3 ml/min (31). Soft tissues and femur and
tibia, cut in half to expose their marrow cavities, were further
fixed by immersion in paraformaldehyde/PB solution at 4°C
for 3 hours. The fixed osseous samples were decalcified in
12-18% sodium EDTA (pH 6.6-7.2) at 4°C for 4 days, after
which the samples were equilibrated in PBS (0.1 M NaCl and
0.008 M NaH,PO,/NaHPO,, pH 7.3) at 4°C for 1 day to
remove the EDTA (31). The samples were dehydrated through
standard graded isopropanol and xylene solutions at 4°C (32).
Paraffin embedding was carried out under vacuum in low-
melting-point media (Paraplast X-TRA, Electron Microscopy
Sciences, Fort Washington, PA) at 56°C for 4 hours. Samples
were cut into 5-um sections by using a model 820 microtome
(American Optical). The paraffin films were floated on 48°C
water for 10 seconds and then were mounted onto positively
charged microscope slides (Superfrost/Plus, Fisher Scientific)
(33, 34).

Immunostaining for CAT was performed by using a Vec-
tastain Elite kit (Vector Laboratories). Before applying anti-
bodies, the deparaffinized and rehydrated tissue sections were
treated with 0.6% H,0O, in methanol for 20 minutes to quench
endogenous peroxidase activity and with 3% normal goat
serum for 30 minutes to block nonspecific staining. Prepared
slides were incubated with a polyclonal rabbit anti-CAT anti-
body (1:100-200, 5 Prime — 3 Prime, Boulder, CO) for 60
minutes at room temperature, were washed with PBS, and
were stained with a biotinylated goat-anti-rabbit antibody
(1:200) for 30 minutes. Excess antibody was removed by
washing in PBS, and avidin and biotinylated horseradish
peroxidase solutions were applied according to manufacturer’s
recommendations. A diamino benzidine substrate kit for per-
oxidase (Vector Laboratories) was used for color develop-
ment. Sections then were counterstained with Harris hema-
toxylin to identify bone tissue structure and cells, were dehy-
drated through graded isopropanol and toluene, and were
mounted with Shandon-Mount (Shandon, Pittsburgh). For
negative controls, the primary antibody (anti-CAT) was omit-
ted from the reaction.
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DNA Assays. PCR was used to identify and locate engrafted
donor cells that carry the OC-CAT transgene. Tissues dis-
sected from recipient mice, transgenic donors (positive con-
trol), and nontransgenic (negative control) mice were frozen
in liquid nitrogen, were crushed in a prechilled pulverizer, and
were digested with 0.5 mg/ml proteinase K at 56°C overnight.
Genomic DNA then was extracted by using the QIAamp
Tissue Kit (Qiagen, Chatsworth, CA). The PCR primers used
amplify a single 361-bp DNA fragment that spans the junction
between the OC promoter 5’ primer (GTTTGACCTATT-
GCGCACATGACCC) and the CAT reporter 3’ primer
(GGGCAAGAATGTGAATAAAGGCCGG). Conditions
for PCR reactions were 1 minute at 94°C, 2 minutes at 60°C,
and 1.5 minutes at 72°C for 25 cycles. PCR products were
separated on acrylamide gels. Identity of the amplification
products was verified by restriction digestions.

RESULTS

Ex Vivo Expansion of Marrow Cells That Support Osteo-
progenitor Differentiation and Tissue-Restricted Gene Ex-
pression. Initially, we determined that the plastic adherent
marrow cells can be expanded in culture and retain compe-
tency for differentiation to osteoblasts as well as tissue-
restricted activity of the bone-specific osteocalcin promoter.
Bone marrow cultures were prepared from transgenic mice
(lineage SR62) that were constructed with the proximal 1.7
kilobases of the rat OC gene promoter fused to a CAT reporter
gene. We previously showed by enzyme analysis of whole tissue
homogenates that expression of the CAT gene in the trans-
genic mice was largely restricted to osseous tissues including
calvaria, femora, and tail vertebrae (27). To further define in

b O S TR
AV 4v. ‘u ¢ SRR Sy
" ;\"' L ] . " _— “\.-"
] 3 .
TREMT S R
C F

FiG. 1. Expression of the bone-specific osteocalcin-CAT transgene
in osteoblast lineage cells of bone or mice. Immunohistochemical
detection of CAT-positive osteocytes (arrows) are seen in cortical
bone (4, X25) and in trabecular bone (B, X40). At higher magnifi-
cation (C, X100), the mature osteocyte inside of a well formed lacunae
is observed with an absence of positive cells in marrow. D and E show
CAT-expressing cells at a higher magnification (X100) from different
mice revealing positive surface osteoblasts, osteocytes in lacunae (D),
and a preosteocyte in E. F shows the growth plate region (X25) of
donor bone with an overall absence of OC-CAT-expressing cells in the
cartilage.
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vivo specificity of the OC promoter at the single cell level, we
examined tissue sections from 6-week old transgenic mice by
immunohistochemical staining using an anti-CAT antibody.
Fig. 1 shows numerous CAT-positive cells in representative
sections of cortical (Fig. 14) and trabecular (Fig. 1B) bone
from the femora of four transgenic animals (Fig. 1 4, B, D, and
E). Under higher magnification, CAT protein reflecting OC
promoter activity was detected in osteoblasts lining the bone
surfaces and in mature osteocytes inside well-formed lacunae
(Fig. 1 C-E). Neither the marrow cells (Fig. 1 A-C) nor
chondrocytes [in the growth plate (Fig. 1F)] show CAT
expression. Not all osteoblasts and osteocytes are positive for
CAT immunostaining. The representation of cells expressing
the CAT gene reflects the component of the osteoblast
population that is at a developmental stage when OC gene
expression occurs. Immunostaining did not detect CAT ex-
pression in nonosseous tissues and organs including lung,
kidney, muscle, spleen, thymus, heart, liver, and intestine (data
not shown). These data are consistent with biochemical anal-
ysis of CAT in whole tissue extracts (27). Taken together, these
findings indicate that expression of the CAT reporter gene
under control of the osteocalcin promoter is specific to osteo-
blasts and osteocytes in bone tissues of transgenic mice. Cells
from these animals provide a viable vehicle for evaluating
effectiveness of the bone-restricted osteocalcin promoter to
confine gene expression to bone after transplantation.

It has been well documented that the adherent marrow cell
population is enriched in stromal derived cells including
osteoprogenitors (refs. 8 and 11 and reviewed in refs. 10 and
16). We experimentally determined conditions for expansion
of the adherent marrow population that would retain compe-
tency for engraftment and subsequent osteogenic differenti-
ation (Table 1). For optimal engraftment (see below), adher-
ent marrow cells were cultured under conditions that promote
cell proliferation but do not permit expression of bone phe-
notypic properties (Fig. 2 A-C). Our methodology was to
culture marrow cells in the absence of media supplements that
facilitate differentiation (e.g., ascorbate and B-glycerophos-
phate). To maximize the representation of osteogenic stem
cells in the cultures, marrow cells were harvested from both
long bones and iliac bones. Cells from crushed iliac bones grew
faster and formed more adherent cell colonies in culture
compared with those obtained from flushed marrow cells of
long bones. As shown in Fig. 2.4-C, under these conditions, we
observed expansion of the adherent marrow cell population
with formation of stromal cell colonies that histochemically do
not express alkaline phosphatase, an early marker of osteo-
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Fi1G. 2. Ex vivo expansion of adherent marrow stromal cells in
nondifferentiation conditions. Shown are phase contrast micrographs
of cultures of whole marrow harvested from long bones and plated at
a concentration of 5 X 10° cells/ml. (4) Day-4 adherent cell colony.
(B and C) Days 6 and 8 of culture in «MEM with 20% FCS. D shows
day-8 culture in which ascorbate and B-glycerolphosphate are included
in media from day 4, stimulating osteogenic colony formation; £ and
F show that the culture process does not alter the osteogenic potential
of the cells. E shows that addition of ascorbate and 3-glycerophosphate
cultures at the end of the ex vivo expansion period from day 8 (C) to
day 18 results in mineralized nodules (dark area in center). F shows
donor cells harvested on day 8 and replated in differentiation media
to develop osteogenic nodules (shown at day 13 after replating). D, E,
and F show mineralized nodules.

genesis (data not shown). This population of bone marrow
derived cells supports reconstitution of the hematopoietic
system and osteoblast differentiation in lethally irradiated
mice that survive for 1.5 years posttransplantation (Table 1).
Exvivo culture did not compromise differentiation potential of
osteogenic stem cells (Fig. 2 D-F). The cell colonies resumed
proliferation and differentiate when cultured at the end of the
ex vivo expansion period on day 8 in complete medium
supplemented with ascorbate and B-glycerophosphate (differ-
entiation medium) (Fig. 2E). As a control for viability and
growth potential, we show that a replated mixture of ex vivo
expanded and undifferentiated femur and iliac marrow cells
that were used for transplantation retains its potential to

Table 1. Variables contributing to the frequency of engraftment of transplanted ex vivo-expanded

marrow cells in irradiated recipient mice

Culture Cultured cells Engraftment
Type and source of transplant conditions* injected per mouse efficiency’
Adherent cells only
Long bone marrow Differentiation 4 % 100 0/2
Differentiation 8 X 10° 0/1
Nondifferentiation 1% 10° 0/3
Nondifferentiation 4 % 100 4/4
Nondifferentiation 15 X 10° 6/6
Iliac and long bone marrow Nondifferentiation 15 X 10° 6/7
Adherent cells and supporting fresh marrow
Long bone marrow Nondifferentiation 4.5 X 10° 12/12
Nondifferentiation 7.6 X 10° 3/3
Iliac and long bone marrow Nondifferentiation 15 X 100 3/6%

*Differentiation = + ascorbate mice.

TTotal positive engrafted per total recipient mice; positive mice were identified by PCR analysis of the

transgene in tissues.

¥Only three of the six transplanted mice survived after 11 days, and these three were positive for engrafted

cells.
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Fic. 3. Engraftment of donor cells in osseous and nonosseous
tissues of recipient animals. A4 shows influence of the differentiation
states of transplanted adherent stromal cells on engraftment by
detection of the rOC-CAT transgene in control mice and bone tissues
of recipient transplanted mice. Lanes: 1, DNA from a nontransgenic
mouse [(—) control]; 2, a positive transgenic donor [(+) control]; 3, the
selected PCR primers (described in Materials and Methods) give rise
to the single product transgene of expected size 369 bp, which
comigrated close to the 400-bp molecular marker in the 5% polyacryl-
amide gel. The identity and actual size of the PCR product is verified
by restriction enzymes with HindIII (lane indicated), which cuts the
DNA at the OC-CAT junction resulting in two PCR products. Lane 4
shows size markers (Boehringer Mannheim); in lanes 5-8, four bone
tissues as indicated from transplanted animals with ex vivo-
transplanted donor cells expanded in nondifferentiating conditions
(—AA, ascorbic acid) show engraftment in mice 6 weeks posttrans-
plant. In lanes 9-12, the transgene was not detected in the tissues of
recipient animals transplanted with ex vivo-expanded cells differenti-
ated in the presence of ascorbate and B-glycerolphosphate (+AA). B
shows detection of the transgene 1, 6, and 12 months postimplantation
in osseous and nonosseous tissues of recipient mice as indicated.

differentiate (Fig. 2F). The importance of maintaining the
cultures under conditions that preclude osteoprogenitor dif-
ferentiation is demonstrated by a dramatic decline in in vivo
engraftment of differentiated transplanted cells (Table 1 and
Fig. 34).

Bone-Tissue Specific Activity of the Osteocalcin Gene Pro-
moter After Stem Cell-Mediated Engraftment. We deter-
mined that a critical number of transplanted cells, >3 million
per mouse, is required for engraftment (Table 1). We also
show that the ex vivo-expanded adherent marrow cell popu-
lation can support survival of the irradiated mice after trans-
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plant of the nondifferentiated cells. The poor rate of survival
of mice when flushed marrow from long bone is combined with
marrow from crushed iliac bone (Table 1) may reflect dilution
of an adherent hematopoietic stem cell population. To estab-
lish long-term engraftment of ex vivo expanded bone marrow
cells, PCR analysis (DNA PCR) was carried out on genomic
DNA prepared from various tissues of transplanted animals.
The PCR primers were designed to hybridize with sequences
present in the transgene and produce only one prominent
DNA band. The expected 369-bp PCR product was observed
with DNA from the transgenic control donor and not in
nontransgenic control mice (Fig. 34, lanes 1 and 2). Identity
of the PCR product was verified by restriction enzyme diges-
tion with HindIII, which cleaved the DNA at the OC-CAT
junction to yield two fragments of 139 and 229 bp (Fig. 34, lane
3). Using this assay, we detected engraftment of transgenic
donor cells that were maintained as undifferentiated expanded
cells before transplant (Fig. 34, —AA group). Cells that were
differentiated ex vivo in the presence of ascorbate and B-glyc-
erolphosphate before transplantation showed minimal or no
engraftment (Fig. 34, + AA group). Transplanted cells were
detected in bone and nonosseous tissues of recipient mice as
early as 1 month after transplantation and remained engrafted
for as long as 12 months (Fig. 3B).

We next determined bone-specific activity of the osteocalcin
promoter in engrafted cells of the transplanted recipient at the
single cell level within the context of skeletal tissue organiza-
tion. The principal objective was to evaluate whether an
OC-CAT reporter gene that is carried in the germ line and
expressed only in osseous cells of donor mice retains bone-
restricted expression after transplantation and engraftment of
marrow cells in recipient mice. Immunohistochemical staining
of mouse tissue sections from recipient mice 4-5 weeks after
transplantation was carried out by using an anti-CAT antibody.
CAT-positive osteoblasts and osteocytes (Figs. 4) were present
in bone sections of transplanted mice, indicating that donor
marrow-derived cells engrafted in bone tissue in an environ-
ment that supports maturation to the developmental stage
when the bone-specific osteocalcin promoter is transcription-
ally active. Osteoblasts expressing CAT were observed in the
primary spongiosa (Fig. 4 A and B) and cortical bone (Fig. 4
C and D) of the metaphysis. Osteocytes (Fig. 4 C and D) were
found inside well formed lacunae in recipient bone sections,
suggesting that the transplanted donor cells contained a pop-
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FiG. 4. Expression of the transgene by immunohistochemical
detection of OC-CAT in osteoblasts from bone of recipient mice. Bone
was harvested from two different recipient mice after 4 weeks (4 and
B) and 6 weeks (C and D). A and C show cortical bone, and B and D
show bone trabeculae in which cartilage remnants stain deeper blue.
Newly formed positive osteocytes (brown) in the well formed lacunae
are evident (4 and C) in the cortical bone. A positive osteoblast on the
surface (stained brown) is seen in B and C. Toluidine blue counter-
stain; X100.
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F16.5. Bone-specific expression of the transgene in recipient mice
by tissue assay of CAT activity. CAT activity in homogenates of
calvaria from a positive control pSR62 transgenic mouse (P), a
nontransgenic negative mouse (N), and a 6-week-posttransplant
mouse (BO), is compared (Left). CAT activity in soft tissues of the
same marrow-transplanted recipient mouse and assayed with the same
reagents as in the left panel is shown in the right panel for brain (BR),
heart (HT), lung (LN), liver (LV), kidney (KD), muscle (MU), spleen
(SP), and intestine (IN). Biochemical analyses for CAT activity were
performed with equal amounts of protein extracts for each tissue as
described in (27).

ulation of immature osteogenic cells (e.g., osteoprogenitors)
that were capable of further differentiation into mature and
active bone cells. In contrast, systematic examination of non-
osseous tissues from transplanted mice did not reveal CAT-
positive cells, either by biochemical assay of homogenized
tissue (Fig. 5) or by immunohistochemistry of tissue sections
(data not shown). Fig. 5 shows bone-specific CAT activity in a
recipient mouse 6 weeks posttransplant. The level of expres-
sion of OC-CAT in osteoblasts and osteocytes of transplanted
mouse bone is high, albeit at an expected lower level than the
transgenic donor. In nonosseous tissues, background CAT
ctivity is detected, similar to that observed in brain and spleen
tissue extracts from a negative control nontransgenic mouse
(data not shown). These findings demonstrate that activity of
the OC promoter is restricted to donor cells that have en-
grafted and undergone differentiation in osseous tissues of the
recipient mouse after transplantation.

DISCUSSION

We have demonstrated that an adherent, pluripotent marrow
cell population that has been expanded ex vivo can be trans-
planted into irradiated mice and remain competent to engraft
and differentiate into bone tissue forming cells, osteoblasts,
and osteocytes. At the time of transplantation, these donor
cells did not express mature osteoblast marker genes. How-
ever, development of osteoblast and osteocyte properties
subsequent to engraftment indicates that osteogenic stem cells
are a component of the transplanted cell population. Bone
marrow from many species contains multipotential precursor
cells that can differentiate into mesenchymal lineage cells that
include osteoblasts, chondroblasts, adipocytes, and myoblasts.
On this basis, the mesenchymal population enriched in vitro by
their adherence property to plastic surfaces has been desig-
nated a mesenchymal stem cell (35). Despite significant efforts
to identify and purify mesenchymal stem cells or osteopro-
genitors (21, 35), it remains to be established whether the cells
that have been isolated to date are primitive or partially
committed. However, the ability of this pluripotent population
of mesenchymal stem cells to engraft after intravenous trans-
plantation and become tissue-restricted differentiated cells
(refs. 15, 36, and 37; these studies) provides evidence for stem
cell properties. Bruder and colleagues (38) have shown that
human mesenchymal stem cells can be expanded in vitro during
extensive subcultivation and cryopreservation. Furthermore,
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Keating et al. (39) demonstrated that the long term cultured
adherent stromal cells can be transplanted in man. Thus,
manipulation of the adherent marrow population for integra-
tion of a bone-specific controlled transgene is feasible. Our
studies have established that, by using the osteoblast-specific
osteocalcin gene promoter to restrict gene expression to bone
forming cells, the requirement to isolate a pure population of
osteoprogenitor cells targeting genes to bone is effectively
circumvented. In transplanted marrow cells that contain a
transgene under control of the osteocalcin promoter, fidelity
of bone tissue-specific transcription is retained. Genes that
regulate osteoblast growth and differentiation or genes that
support bone structure can be targeted to impaired skeletal
tissue for facilitating repair of bone tissues in diseases such as
osteoporosis and osteogenesis imperfecta (1, 35, 36).

The potential for therapeutic application of promoters with
tissue-restricted activity is supported by demonstrations that
the albumin and tyrosinase promoters can target gene expres-
sion to hepatoma and melanoma cells, respectively, to treat
solid tumors (40, 41). Ferrari et al. have recently reported
facilitation of muscle regeneration by transplanting unfrac-
tionated bone marrow cells (42). However, although expres-
sion of the reporter gene appeared to be muscle-specific when
the cells were injected locally, it remains to be determined
whether expression is restricted to the muscle when the cells
are injected systemically. Pereira et al. (15) have transplanted
cultured adherent marrow cells carrying the collagen type I
(COLI) marker gene and have examined its expression in
various tissues in recipient animals by PCR-based assays. As
expected, the marker gene expression was detected in the lungs
but not cartilage. The limitation is that the COLI promoter
used in their study is active in lung, spleen, and bone. In
contrast, several studies have documented bone-specific ex-
pression of osteocalcin in vivo (25-28, 30). The study by Ko e?
al. (29) used the OC promoter for in vivo targeting to bone
tumors. Intratumoral injection of a vector that harbors an
OC-thymidine kinase construct into a subcutaneous tumor of
rat or human osteosarcoma abolished tumor growth in a host
treated subsequently with acyclovir. However, this approach
does not permit treatment of metastatic bone tumors.

We report osteoblast-targeted gene expression controlled by
a bone-specific osteocalcin promoter after systemic transplan-
tation of a heterogeneous mouse marrow cells. Although other
studies have shown that bone marrow cells injected or im-
planted directly into specific regions of bone can engraft (37,
43), our experiments demonstrate that an adherent and ex-
panded marrow stromal population transplanted systemically
can retain competency to (i) engraft, (i) differentiate into
mature osteoblasts and osteocytes after transplantation, and
(iii) support reconstitution of hematopoiesis in radiation-
ablated mice. Hematopoietic cells are found in close associa-
tion with stromal cells (reviewed in ref. 44). Earlier studies
have shown that myeloid and lymphoid progenitors do adhere
to plastic within hours and can support survival of lethally
irradiated mice (45). Recently, Phinney et al. (46) demon-
strated that hematopoietic lineage progenitors persist in plas-
tic adherent mouse marrow population and 20 days of culture.
In one other study in mice, hematopoietic recovery from total
body irradiation was found after transplantation of a bone
marrow stromal cell line (47). Our 10-day ex vivo-expanded
adherent marrow population, maintained as nondifferentiated
cells, support survival of fully marrow-ablated irradiated mice.
Control-irradiated mice not receiving transplanted cells ex-
pired after 10 days. We also observed that 50% of the mice
died [3 of 6 (Table 1)] in one experiment when marrow cells
were used for transplantation from crushed iliac bone, which
likely contained a lower percentage of adherent stem cells
because, in the microenvironment of trabecular bone, con-
taminating surface osteoblasts may have diluted the represen-
tation of undifferentiated cells.
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Our findings validate the strategy to use the bone tissue
specificity of the osteocalcin gene promoter for restricting
expression of therapeutic genes to skeletal cells. The efficacy
of using the osteocalcin gene promoter in transplanted bone
marrow cells for targeting expression of therapeutic genes to
bone clinically would be compromised by a necessity to
precede transplantation by radiation or chemoablation. How-
ever, Nilsson et al. (48) have recently demonstrated by Y
chromosome painting that unfractionated marrow cells trans-
planted from a male to a nonablated female mouse engraft and
differentiate into osteocytes. It may, therefore, be realistic to
combine stem cell-mediated transplantation with tissue-
restricted activity of the osteocalcin gene promoter to deliver
therapeutic genes to bone for correcting imbalances between
bone formation and resorption or treating heritable disorders
and tumor metastasis to the skeleton.
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