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Transfer of Proa2(I) cDNA Into Cells of a Murine Model
of Human Osteogenesis Imperfecta Restores Synthesis of
Type I Collagen Comprised of a1(I) and a2(I)
Heterotrimers In Vitro and In Vivo
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Abstract The oim mouse is a model of human Osteogenesis Imperfecta (OI) that has de®cient synthesis of proa2(I)
chains. Cells isolated from oim mice synthesize a1(I) collagen homotrimers that accumulate in tissues. To explore the
feasibility of gene therapy for OI, a murine proa2(I) cDNA was inserted into an adenovirus vector and transferred into
bone marrow stromal cells isolated from oim mice femurs. The murine cDNA under the control of the cytomegalovirus
early promoter was expressed by the transduced cells. Analysis of the collagens synthesized by the transduced cells
demonstrated that the cells synthesized stable type I collagen comprised of a1(I) and a2(I) heterotrimers in the correct
ratio of 2:1. The collagen was ef®ciently secreted and also the cells retained the osteogenic potential as indicated by the
expression of alkaline phosphatase activity when the transduced cells were treated with recombinant human bone
morphogenetic protein 2. Injection of the virus carrying the murine proa2(I) cDNA into oim skin demonstrated synthesis
of type I collagen comprised of a1 and a2 chains at the injection site. These preliminary data demonstrate that collagen
genes can be transferred into bone marrow stromal cells as well as ®broblasts in vivo and that the genes are ef®ciently
expressed. These data encourage further studies in gene replacement for some forms of OI and use of bone marrow
stromal cells as vehicles to deliver therapeutic genes to bone. J. Cell. Biochem. 83: 84±91, 2001. ß 2001 Wiley-Liss, Inc.
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Osteogenesis Imperfecta (OI) is a heteroge-
neous group of genetic disorders that affect
connective tissue integrity, with bone fragility
being the major clinical feature. Most forms of
OI are the result of mutations in the genes that
encode the proa1 and proa2 polypeptide chains
of type I collagen, the major protein of bone

[Kuivaniemi et al., 1991; Byers and Steiner,
1992; Prockop et al., 1993, 1994; Tilstra and
Byers, 1994]. Because OI is an incurable genetic
disease, cell and gene therapy are being inves-
tigated as potential treatments [Colige et al.,
1993; Jaspal et al., 1994; Laptev et al., 1994;
Wang and Marini, 1996; Grassi et al., 1997;
Marini and Gerber, 1997; Pereira et al., 1998;
Horwitz et al., 1999; Prockop and Kivirikko,
1999]. Gene therapy for genetic diseases in-
volves replacement of a defective gene with a
normal gene [Crystal, 1995; Evans and Robbins,
1995]. Although OI is a genetic disease, it is a
complex genetic disease that affects most con-
nective tissues in which type I collagen is the
major structural protein. Most cases of OI result
from mutations, which substitute the conserved
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glycine with a different amino acid [Prockop
et al., 1993, 1994]. Glycine is the smallest amino
acid that can occupy the restricted space in the
center of the triple helix when the three chains
assemble. Amino acids with bulky side chains in
this position destabilize the triple helix result-
ing in the degradation of all the three chains.
The antisense gene therapy approaches being
investigated by some investigators for the
treatment of OI are aimed at eliminating the
collagen alleles that encode the defective col-
lagen chains. The aim here is to convert a
dominant negative mutation into a mild one
[Colige et al., 1993; Jaspal et al., 1994; Laptev
et al., 1994; Wang and Marini, 1996; Grassi
et al., 1997; Marini and Gerber, 1997]. Once the
mutant collagen alleles have been eliminated,
normal collagen genes could be transferred to
the cells. These approaches may lead to the
synthesis of a suf®cient number of normal
collagen molecules to restore tissue integrity.
In addition, OI mutations that involve absence
or non-expression of mutant collagen genes
could potentially be treated by supplying nor-
mal collagen genes.

To explore the above possibilities, we demon-
strate here that transfer of a murine cDNA into
cells de®cient in the synthesis of proa2(I) chains
results in the synthesis of normal type I collagen
consisting of a1(I) and a2(I) heterotrimers with
a1(I) and a2(I) chains in a 2:1 ratio. In addition
injection of an adenovirus carrying the murine
proa2(I) cDNA into the skin of mice de®cient
in pro a2(I) collagen synthesis results in the
synthesis of type I collagen consisting of a1 and
a2 heterotrimers at the injection site. The cDNA
was transferred into bone marrow stromal cells
that were harvested from a mouse model of
human OI (oim) [Chipman et al., 1993; Balk
et al., 1997]. The homozygous mice have
de®cient synthesis of proa2(I) chains [Chipman
et al., 1993; Balk et al., 1997]. Cells from the
mouse model of OI do not express proa2(I)
chains due to a nucleotide deletion in the region
that encodes the carboxyl-terminal domain of
the pro a2(I) chain [Chipman et al., 1993]. This
mutation leads to non-incorporation of proa 2(I)
chains into heterotrimers resulting in the
accumulation of a1 (I) homotrimers in tissues.
The present ®ndings demonstrate the feasibil-
ity of collagen gene transfer into bone marrow
stromal cells and encourage further investiga-
tion in the use of these cells to deliver collagen
genes to bone.

METHODS

Vector Construction

The recombinant adenoviral vector used in
the present study is a ®rst generation replica-
tion de®cient type 5 adenovirus that lacks the
E1 and E3 loci [Crystal, 1995; Yeh and Perri-
caudet, 1997]. The murine proa2(I) cDNA that
was cloned in SP72 vector was released from
plasmid by Hind III and Bam HI. The murine
collagen cDNA was inserted into the E1 region,
with expression under the control of the human
cytomegalovirus (CMV) early promoter. High
titer suspensions of the recombinant adeno-
virus were prepared following the methods
described previously [Hardy et al., 1997; Yeh
and Perricaudet, 1997]. The murine proa2(I)
cDNA was inserted into the pAdlox shuttle
plasmid under the control of the regulation of
the CMV promoter. A con¯uent 10 cm dish of
CRE8 cells (1.6� 107) was plated into 6 cm
dishes and grown at 378C for 4 h. Transfection of
these cells with pAdlox-murine proa2(I) cDNA
was performed by the calcium phosphate pre-
cipitation method with 3 mg of c 5-helper virus
DNA. The media were changed 16 h post-
inection. The transfected CRE8 cells were care-
fully fed daily until there were large scale
plaques. The cells were isolated and released
by allowing seven passages of the virus on Cre8
cells and freezing/thawing the viral lysate. The
virus was puri®ed using cesium chloride gra-
dient ultra-centrifugation at 30,000 rpm. The
virus was dialyzed against Tris saline buffer pH
7.4 and the titer was determined by optical
density: viral particles�OD at 260l�Dilu-
tion/9.09� 10ÿ13.

Bone Marrow Stromal Cell Isolation

Bone marrow stromal cells were established
by ¯ushing the marrow from the femurs of oim
mice into T-25 ¯asks. The cells were maintained
in culture without disturbance for 7 days and
then non-adherent cells were removed. The
adherent cells were maintained in culture with
media changes every 2 to 3 days as described
previously [Balk et al., 1997; Oyama et al.,
1999].

Transduction of Bone Marrow Stromal Cells

Bone marrow stromal cells from oim mice
were plated in 6-well plates in DMEM supple-
mented with 10% FBS and 50 mg/ml ascorbic
acid. At con¯uence, the media were removed
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and the cells were transduced by adding 750 ml
of a high titre virus (5� 1012 particles/ml)
encoding the murine proa2(I) cDNA (Adeno-
Collagen cDNA) at 50 and 100 MOI (multiplicity
of infection). The cells were incubated with the
virus for 2 h with agitation every 20 min. After
2 h, the transduced cells were transferred
to DMEM supplemented with 10% FBS and
50 mg/ml ascorbic acid and incubated further for
24 h to allow the cells to recover. The cells were
then analyzed for collagen production as out-
lined below.

Analysis of Collagen Synthesis

The transduced cells were transferred to
serum free media supplemented with 50 mg/ml
b-aminopropionitrile, 50 mg/ml ascorbic acid,
and 10 mCi/ml of [3H] proline (speci®c activity
1.92 TBq/mmol) to analyze for collagen synth-
esis using the methods described previously
[Balk et al., 1997; Oyama et al., 1999]. Brie¯y,
after 24 h of incubation at 378C in 5% CO2, the
medium and cell layer were harvested and in
some experiments combined, adjusted to 0.5 M
acetic acid and treated with pepsin at 100 mg/ml
for 4 h at 48C. Solid NaCl was added to the
pepsin digests to a ®nal concentration of 3.0 M
NaCl and stirred at 48C for 18 h. The pepsin
resistant chains were recovered by centrifuga-
tion and were then dialyzed against 0.05 M
NH4CO3. The dialysates were freeze-dried and
analyzed by sodium dodecyl sulphate polyacry-
lamide gel electrophoresis (SDS±PAGE) fol-
lowed by autoradiography.

Alkaline Phosphatase Activity

To determine whether the transduced cells
retained their osteogenic potential, the trans-
duced cells were plated in 48-well plates and
treated with 100 ng/ml of rhBMP-2 every the
other day for six days. On the 7th day, the cells
were subjected to freeze thaw cycles and the
lysates were analyzed for alkaline phosphatase
activity (ALP) using the Sigma ALP assay kit as
described previously [Balk et al., 1997].

Expression of proa2(I) Chains In Vivo

Oim mice were anesthetized and were then
injected intradermally with 5� 109 viral parti-
cles of the Adeno-proa2(I) cDNA in 50 ml of
GBBS (Gey's balanced salt solution). The
injected sites were marked with ink for easy
identi®cation. Saline was injected at different
locations into the skin of the oim mice that

received the Adeno-collagen cDNA vector and
served as controls. The mice that were injected
with the adenovirus encoding the collagen gene
were sacri®ced at 7 days after injection and
tissues were harvested from the virus injected
sites as well as the saline injected sites. Col-
lagens were extracted from the harvested
tissues by mild pepsin digestion and analyzed
by SDS±PAGE.

Analysis of the Proteins in the Cells and Medium
Conditioned by the Transduced Cells

To determine whether the collagens synthe-
sized by the transduced cells were ef®ciently
secreted, the distribution of the collagens
synthesized by the transduced cells in the
medium and in the cells were determined. After
cell transduction with the adeno-collagen
cDNA, the cells were incubated at 378C, in 5%
CO2 in presence of the [3H] proline for 24 h. After
24 h, the medium was removed and to the cell
sheet, water was added, and the cells were
subjected to freeze thaw cycles two times. The
medium proteins and the proteins in cell lysates
were separately digested with 100 mg/ml of
pepsin in 0.5 M acetic acid for 2 h. The pepsin
resistant chains were precipitated with 3 M
NaCl and analyzed by SDS±PAGE followed by
autoradiography.

RESULTS

The murine proa2(I) cDNA was originally
cloned in SP72 vector [Phillips et al., 1991,
1992]. The proa2(I) cDNA was removed from the
plasmid by Hind III and Bam HI restriction
enzymes and the proa2(I) cDNA was then
inserted into the E1 locus of the type 5 repli-
cation de®cient adenovirus (Fig. 1). The murine
proa2(I) cDNA is expressed off the human CMV
early promoter. A high titre recombinant virus
of 5.18� 1012 particles/ml was generated and
was used to transduce the murine bone marrow
stromal cells de®cient in the proa2(I) collagen
synthesis.

Transduction of Bone Marrow Stromal
Cells and Collagen Analysis

Initially, bone marrow stromal cells were
transduced with the Adeno-proa2(I) collagen
cDNA at different MOIs to determine the op-
timal conditions that resulted in the maximal
synthesis of type I collagen comprised of a1(I)
and a2(I) chains in a correct ratio of 2:1. Trans-
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duction of the cells at 50 MOI, resulted in the
synthesis of type I collagen comprised of a)1(I)
and a2(I) chains in approximately 2:1 ratio
(Fig. 2, lane A). When the cells were transduced
with the virus at 100 MOI, the cells did not
survive, only the cells that did not pick up the
virus survived (Fig. 2, lane B). Cells from
normal littermates synthesized type I collagen
consisting of a1(I) and a2(I) heterotrimers while
the cells from oim mice synthesized a1(I)-
homotrimers as expected (Fig. 2, lanes C and
D respectively).

Collagen Secretion by the Transduced Cells

To determine whether the transduced cells
secreted the collagen ef®ciently, the distribu-

tion of the collagens synthesized by the trans-
duced cells in the medium and in the cells was
determined. As Figure 3 shows, the a1(I)
homotrimers synthesized by the oim cells, were
ef®ciently secreted into the medium conditioned
by the cells (Fig. 3, lane C), very little collagen
was detected in the cell fraction (Fig. 3, lane D).
Analysis of the collagens synthesized by the
transduced cells also demonstrated that the
type I collagen synthesized by the cells was
ef®ciently secreted into the medium with very
little collagen remaining within the cells (Fig. 3,
lanes A and B). These data demonstrate clearly
that gene transduction did not interfere with
the ability of the cells to process and secrete the
synthesized collagens ef®ciently.

Fig. 2. Autoradiograph of pepsin resistant col-
lagen chains synthesized by non-transduced and
transduced bone marrow stromal cells from oim
mouse. Oim mouse cells were transduced with
the Adeno-proa2(I) cDNA at 50 and 100 MOI. At
50 MOI the cells synthesized a1(I) and a2(I)
chains in the correct ratio of 2:1, (lane A) like the
normal littermates (lane C). At 100 MOI the cells
that picked up the virus died (lane B). The non-
transduced cells synthesize a1(I) chains as
expected (lane D). Extensive degradation pro-
ducts are evident in lane A, presumably due to the
non-incorporated a2(I) chains.

Fig. 1. Schematic diagram of the Adeno-proa2(I) cDNA construct. The murine proa2(I) cDNA was
inserted into the E1 locus of the adenovirus. The collagen gene is under the control of the CMV early
promoter.
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Alkaline Phosphatase Activity

The murine bone marrow stromal cells estab-
lished from oim mice were shown previously to
exhibit alkaline phosphatase activity when
treated with rhBMP-2 [Balk et al., 1997]. To
assess whether the transduced cells retained
the potential to differentiate toward osteoblas-
tic lineage after gene transduction, cells were
treated with rhBMP-2 and then analyzed for
ALP activity. The bone marrow stromal cells
transduced with the Adeno-proa2(I) collagen
cDNA at 50 MOI were divided into two portions.
One aliquot of the cells was analyzed for
collagen synthesis and the other aliquot was
analyzed for the ALP activity. Analysis of the
ALP activity of the transduced cells demon-
strated that the cells exhibited ALP activity
that was equivalent to that of non-transduced
cells (Fig. 4). These data demonstrated that
gene transduction did not alter the osteogenic
potential of the transduced cells.

In Vivo Transduction of Oim Bone Marrow
Stromal Cells

To determine whether the collagen gene could
function in vivo, Adeno-proa2(I) collagen cDNA
was injected intradermally into the oim mice.
Analysis of the collagens from the tissue
harvested from the sites into which the virus
was injected, demonstrated presence of type I
collagen consisting of a1(I) and a2(I) hetero-
trimers (Fig. 5, lanes B and F). The sites that
were injected with saline did not show any
presence of the protein band that migrates in
the position of a2(I) (Fig. 5, lanes C and E).
These data demonstrated that direct injection of
the virus encoding the proa2(I) cDNA resulted
in the synthesis of type I collagen comprised of
a1(I) and a2(I) heterotrimers by the skin
®broblasts at the injection sites. The type I
collagen extracted from the tissue harvested
from the adeno-proa2(I) cDNA injected sites
contained high content of a1(I) homotrimers
because the extracted collagens contained a1 (I)
homotrimers that were already deposited in the
tissue. Nevertheless the data demonstrate that
a suf®cient number of proa2(I) chains were

Fig. 3. Autoradiograph of the collagens in the medium
conditioned by the cells and within the cells transduced with
the Adeno-proa2(I) cDNA. Over 90% of the collagens
synthesized by the transduced cells are present in the medium
(lane A), similarly most of the collagens synthesized by the non-
transduced cells are present in the medium (lane C). Very little
collagen is present within the cells (lanes B and D).

Fig. 4. Alkaline phosphatase activity of the transduced cells.
The cells transduced with the proa2(I) cDNA (TRD) exhibit
levels of ALP activity equivalent to that of the non-transduced
(NTD) cells when treated with rhBMP-2. The non-transduced
and transduced cells exhibit low levels of ALP activity without
rhBMP-2 treatment.
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newly synthesized in vivo that became incorpo-
rated into type I collagen heterotrimers and
were detected by SDS±PAGE.

DISCUSSION

The data presented here have demonstrated
clearly that collagen genes can be ef®ciently
transferred into cells to substitute for the de-
fective genes and that the genes are expressed
with high ef®ciency in vitro as well as in vivo. In
the present study we have shown that transfer
of a murine proa2(I) gene into bone marrow
stromal cells de®cient in the collagen gene
results in the synthesis of type I collagen
molecules comprised of a1(I) and a2(I) chains
in a 2:1 ratio. The type I collagen synthesized by
the transduced cells was ef®ciently secreted
indicating that gene transduction did not affect
collagen secretion. The attractive feature of
delivering collagen genes into bone marrow
stromal cells is that these cells have potential
to give rise to a variety of cells including
osteoblasts [Caplan, 1991; Pereira et al., 1995;
Prockop, 1997; Oyama et al., 1999; Pittenger
et al., 1999]. The hypothesis is that, if the cells
are used as vehicles to deliver the collagen genes
to bone, if transplanted in vivo, they would self-
renew and therefore provide treatment for life.
This is supported by studies in which bone

marrow was infused systemically into irra-
diated and nonoblated mice and shown to
populate and to persist in different tissues of
the recipient mice including bone [Stewart et al.,
1993; Pereira et al., 1995, 1998; Nilsson et al.,
1999; Oyama et al., 1999]. In addition a clinical
trial in which children with severe OI were
infused with allogenic bone marrow cells,
demonstrated that the cells persisted in bone
and presumably led to a reduction in the
fracture rate of the bones of the marrow
recipients [Horwitz et al., 1999]. We have also
previously shown that bone marrow stromal
cells that were transduced with the Lac-Z gene
and infused in the oim mice bones, persisted in
the bones of the recipient mice and appeared to
differentiate into osteoblasts in vivo [Oyama
et al., 1999].

The most common mutations in OI patients
are point mutations that substitute the con-
served glycine with a charged amino acid or
amino acid having a bulky side chain that
destabilizes the triple helix [Prockop et al.,
1993, 1994]. These types of mutations lead to
synthesis of abnormal a chains, which may
associate with normal chains. The defective
molecules may either be degraded intracellu-
larly or they may be secreted and assembled into
defective collagen ®brils in the extracellular
matrix [Prockop, 1990; Niyibizi et al., 1992].

Fig. 5. In vivo expression of the a2(I) chains. SDS±PAGE of the collagens extracted by pepsin digestion of
the tissues harvested from two oim mice injected with the Adeno-proa2(I) cDNA. Tissues from the mouse
injected with the virus (lanes B and F) show presence of a2(I) chains. The saline injected sites (lanes C and E)
do not show presence of a2(I) chains. Lanes A and D, pepsin extracted type I collagen from bovine bone.
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Supplying the normal gene in this case may not
alleviate the problem. However collagen muta-
tions in which an allele is absent or not ex-
pressed may be amenable to gene therapy. As
shown in the present study, the cells harvested
from oim mice do not express the proa2(I)
chains, the cells however synthesized type I
collagen consisting of a1(I) and a2(I) chains in a
correct ratio of 2:1 in vitro when they were
transduced with the Adeno-proa2(I) cDNA.
These data demonstrated that collagen null
mutations could be treated by supplying normal
collagen genes to replace the defective genes.
Several investigators are examining the use
of antisense gene therapy approaches as an
attempt to eliminate or decrease the expression
of the mutant alleles [Colige et al., 1993; Jaspal
et al., 1994; Laptev et al., 1994; Wang and
Marini, 1996; Grassi et al., 1997; Marini and
Gerber, 1997]. An antisense RNA or DNA
molecule complimentary to the mRNA for the
mutant protein binds to the target RNA to
prevent its translation [Woolf et al., 1990].
Antisense oligonucleotides tightly bind to the
target RNA, intracellular enzymes recognize
paired mRNA with DNA and digest them [Wang
and Marini, 1996]. The aim here is to convert a
dominant negative mutation into a mild one. In
this context a normal collagen gene could be
supplied after eliminating the mutant allele. In
addition even in dominant negative mutations,
over expression of normal collagen gene may
lead to the synthesis of a suf®cient normal
collagen molecules to perhaps normalize tissue
function.

The ratio of a1(I) to a2(I) synthesized in vitro
by the transduced cells was close to 2:1. The data
suggest that suf®cient proa2(I) chains were
synthesized to engage all the a(I) chains,
resulting in type I collagen heterotrimers,
consisting of a1 and a2 chains in a ratio of 2:1.
Presumably the proa2(I) chains that were not
incorporated were degraded since a2(I) chains
cannot form triple helices by themselves.
Whether the unincorporated a1(I) chains are
also degraded is not clear. Although in the
present study, an adenoviral vector which gives
transient gene expression was used for the
delivery of the collagen gene, these preliminary
data demonstrate conclusively that bone mar-
row stromal cells may be good candidates for the
delivery of the collagen genes to the skeletal
tissues. For sustained gene expression, retro-
viruses are the viruses of choice. Retroviruses

however, require dividing cells to achieve high
ef®ciency of transduction [Crystal, 1995]. High
ef®ciency of transduction of bone marrow
stromal cells with retroviruses has been
achieved by using repeated transfections of the
same cells with the same gene of interest [Marx
et al., 1999]. It is therefore possible to achieve
high gene expression in bone marrow stromal
cells that are transduced with retroviruses
carrying the collagen genes. Although an ade-
noviral vector was used to transduce the cells,
the present data encourage further studies in
the use of the bone marrow stromal cells as
targets to deliver collagen genes or other
therapeutic genes to bone. Further studies will
focus on the use of retroviruses and bone speci®c
promoters to deliver collagen genes to bone
using bone marrow stromal cells.
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