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Introduction

Background:
CCAAT/Enhancer-Binding Proteins (C/EBP)
CCAAT/enhancer-binding proteins (C/EBPs) comprise a sub-family of
transcription factors that belong to the basic leucine zipper (bZIP) superfamily. These
proteins are critical for normal cellular differentiation and function in many types of
tissues, such as" adipose, placenta, liver, lung, kidney, small intestine, and brain and

hematopoetic cells. High levels of C/EBP mRNA have been observed in tissues
important in energy metabolism such as adipose and liver tissues, where C/EBP
expression was limited to fully differentiated cells 1]. The sub-family has 6 currently
known members designated as C/EBPa,/3, e, 3, and

’. [2] The members are all related

structurally and consist of an activation domain, a dimerization bZIP region and a
DNA-binding domain. The dimerization domain is highly conserved in all C/EBP
members as it is required for DNA binding. C/EBPs function by forming homodimers
or heterodimers with one another or with other bZIP family members. This allows

them to modulate transcriptional activity of the target genes. Most of the variations
between family members occur in their activation domains as some can be strong

activators, or as in one isoform of C/EBP/3, a dominant negative repressor. C/EBP/3 has
three in-frame AUGs in the mRNA which initiate translation of a 35 or a 20 KDa
isoform. The larger product p35C/EBP/3 contains the N-terminal transactivation
domain and functions as a transcriptional activator. The p20C/EBP/3 (originally LIP)

(Figure 1) isoform contains the C-terminal bZIP DNA binding domain, but lacks the Nterminal transactivation domain necessary for transcriptional activation. Thus, in effect,

causing p20C/EBP/3 to act as a dominant negative regulator of C/EBP function[3]. This
isoform may also arise by a proteolytic cleavage of full length C/EBP/3 that is C/EBPa

independent[4].

bZIP Transcription Factors and Bone

The bZip transcription factor superfamily has been shown to have important roles
in the regulation of bone cell differentiation. C-fos null mice exhibit osteopetrosis due
to a lack of osteoclasts[5], while overexpression of the c-fos protooncogene leads to the

development of osteosarcomas[6]. Overexpression of zXFosB and Fra-1 have been
shown to individually cause an increase in bone mass or osteosclerosis [7] [8]. zXFosB
also caused reduced adipogenesis while Fra-1 did not. Knock-in mice in which Fra-1
was substituted for c-fos under control of the endogenous c-fos promoter have shown

that Fra-1 rescues some c-fos functions, including osteoclastogenesis, in a gene-dosage

dependent manner [9]. Other actions of c-fos, such as the induction of target genes in
fibroblasts, were not effected by Fra-1. These studies demonstrate that not all effects of

transcription factors lacking activation domains can be attributed to repression.

Relationship of Adipogenesis and Osteogenesis
The role of C/EBP transcription factors in adipogenesis has been well described.
Their possible role in osteogenesis can be suggested by describing the relationship

between adipogenic and osteogenic cells. The inverse relationship between bone

formation and bone marrow adipogenesis has been the subject of numerous studies.

Age related increases in fatty degeneration, regions of bone marrow that have been
almost completely taken over by fat cells, have been reported.[ 10]. Beresford has
shown an inverse relationship between the differentiation of adipocytes and osteoblasts
in rats[ 11]. Studies have shown that osteoblasts and adipocytes share a common

pluripotent progenitor of bone marrow cellular origin. Bone marrow stromal cells that
have been placed under certain culture conditions can be differentiated into osteoblast
or adipocyte cell lineages [12].

A murine bone marrow stromal cell line (BMS2) that

has been induced toward the adipogenic cell line shows a decrease in the expression of
markers of osteoblast activity such as" alkaline phosphatase (AP), Collal, and BSP.

These same studies show that osteocalcin (OC), a marker for late osteoblast

differentiation, is present in preadipocytes but absent in adipocytes[ 13].

The

osteoinductive hormone, bone morphogenetic protein-2 (BMP-2), has been shown to

inhibit adipogenesis[ 14]. Recent studies have demonstrated various degrees of

plasticity between the differentiation of adipocytic, and osteogenic cells in human bone
marrow stromal cell cultures. Park et. al.

[ 15] have demonstrated the ability of isolated

clonal adipogenic cells to redifferentiate into cells of the osteogenic and adipogenic

lineage in vitro. Myoblasts have been shown to transdifferentiate into mature

adipocytes[ 16]. Schiller et. al. 17]has shown that confluent cultures of human
osteoblastic cells grown under osteogenic conditions developed an adipocytic

phenotype after 3 days of complete inhibition of gap junction communication. These

results provide further evidence that the osteogenic and adipogenic cells share a
common multipotential precursor. It still remains unclear whether this de-

differentiation back to a pluripotent state or trans-differentiation between osteoblast and

adipocyte lineages can occur in vivo.

C/EBPs and Adipogenesis
C/EBP’s are made by osteoblasts as well as other cells throughout the body.

They have been shown to have major roles in regulating adipocyte commitment,
differentiation and gene expression. In vitro data support a model in which C/EBP/3 and
C/EBP6 activation represents the earliest event in regulating commitment of progenitors

to the adipocyte lineage [18] [19]. Subsequently, C/EBP/3 and C/EBP3 induce

expression of C/EBPc and PPAR3,, which, in turn, direct expression of terminal

adipocyte marker genes. [20-22]. Disruption of the C/EBP[23], C/EBP/3 and C/EBP6
genes[24] prevents normal development of adipose tissue. Knockout studies show a
high mortality rate due to a failure of thermogenesis provided by brown adipose tissue
and profound defects in adipocyte differentiation. These studies support a model in
which C/EBP6 and C/EBP/3 are the key transcription factors that regulate commitment

of progenitor cells to the adipocyte lineage. The fact that adipocyte commitment was
much more severely affected in the double knockout mice(C/EBP/3-C/EBP6) indicates

that there is functional overlap and redundancy between these factors. Loss of C/EBPc
interferes with terminal adipocyte differentiation and differentiated function and,

therefore, does not affect determination of progenitors. [24]

Bone Marrow Stromal Cells
Bone marrow stromal cells (BMSC) contain mesenchymal stem cells, pluripotem

progenitor cells that have the ability to form bone, cartilage, marrow adipocytes and
fibrous tissue. Single colony forming units-fibroblast (CFU-F) are heterogeneous in size

and have the potential to differentiate. Some of the cells are restricted to a single
lineage while others are more primitive and possibly more pluripotent. It is these

mesenchymal cells that may be able to differentiate into other phenotypes depending on
which regulators or factors are present.

Colonies that will give rise to bone are committed to the osteoprogenitor line of

development. These can be identified histologically in vitro by bone nodule formation
and subsequent formation of bone. The stromal cells can be separated from

hematopoetic cells by differential adhesion to tissue culture plastic. In vivo, the
osteogenic precursor cells can be identified by morphology and immunohistochemistry
and fluorescence microscopy. To supplement the histological analysis, northern blot

analysis can be performed for tissue specific macromolecules such as the bone matrix

molecules(type I collagen, osteopontin, bone sialoprotein, Co12.3 GFP [25] and
osteocalcin [26]) and transcription factors (Msx-2, Cbfa-1, and C/EBPs). The sequence

of gene expression or activation for these macromolecules may determine the stage of

osteoblast differentiation (Figure 2).

Preliminary studies from our lab using bone marrow stromal cell cultures have
shown a depressed and delayed pattern of expression of osteogenic markers and

Col2.3GFP activity in the cells derived from p20C/EBP/3 transgenic mice when

compared to normal expressing wild-type mice. This suggests that the inhibition of
functional C/EBP may prolong the proliferative stage of differentiation, while possibly

inhibiting late stage differentiation. Nevertheless, mineralized nodules were produced in
these cultures, suggesting a partial inhibition of terminal differentiation in osteoblasts.
These findings need to be further reconciled by using an in vivo model of bone

formation, which we have attempted in this study.

Col 2.3GFP fluorescence
Visual transgenes, which are activated at distinct stages during osteoblast

differentiation, have recently been developed by linking different fragments of the

collagen promoter to green fluorescent protein (GFP). Cultures that are derived from
pOBCol3.6GFP transgenic mice contain 3.6 kb of rat type I collagen promoter and are
activated concurrently with the appearance of AP positive cells and type I collagen

mRNA expression. These are seen in cells that are within and at the periphery of
developing nodules. The pOBCol2.3GFP transgene contains 2.3 kb of the rat type I

collagen promoter and has been shown to be restricted to cells within differentiated
nodules undergoing mineralization[25]. These transgenes can be used to help visualize

osteoblast activity in vitro and ex vivo by examining bone samples and heterotopic.

implants containing wild-type or transgenic cells.

Heterotopic bone formation

As early as 1965, Urist showed that extracts for demineralized bone induced
new bone formation when implanted into ectopic sites in rodents. Bessho[27, 28land

Kussumoto[29] have shown ectopic bone formation in collagen implants carrying
recombinant human BMP2.

Ectopic bone formation can occur when a small amount

of rhBMP-2 is implanted subcutaneously in rats[30].

In order to extend the in vitro observations of p20/CEBP/3 bone marrow stromal
cells, an in vivo analysis has been undertaken. We have incorporated the use of a
heterotopic bone formation model to assess the ability of stromal cells derived from
these transgenic mice to form bone when implanted into a wild-type host. The hosts are
2 to 3 month old CD-1 nude mice obtained from a commercial supplier. The nude gene
has been bred into an outbred CD-1 background through a series of out-crosses. The
animal does not have a thymus and is therefore immunodeficient and unable to produce

T-cells. Thus, this has enabled us to study the autonomous osteogenic capacity of these
cells in an in vivo environment.

In this study we have used a sterile three-dimensional collagen composite scaffold
(Upjohn Pharmaceuticals) as a carrier. These were seeded with bone marrow stromal
cells derived from p20C/EBP/3 transgenic mice and wild type mice for controls. The

scaffolds were implanted into host mice and analyzed by direct visualization, micro-CT,

fluorescence microscopy and routine histology.

Rationale

It is well known that osteoblasts and adipocytes share a common pluripotent
progenitor cell in the bone marrow. We also know that bone density and formation
decrease as humans age, with a concomitant increase in the number of fat cells in the
bone marrow. It is possible to study differentiation of adipogenic and osteogenic cells
in vivo and ex vivo using a variety of assays which can show the interaction between

these two cell lines.

C/EBP transcription factors stimulate adipocyte differentiation[ 19],

yet their effects on osteoblasts are not well described. To study this in detail, four lines
of transgenic mice with Collal promoter-targeted expression of FLAG-tagged

p20C/EBP[ were analyzed. In this model, the dominant negative isoform of C/EBP[,
p20C/EBP[ was overexpressed in osteoblasts and their pluripotent progenitors. It was
postulated that this would inhibit adipocyte differemiation and therefore increase the
number of precursors available for osteoblast differentiation. However, the results

showed otherwise, and three lines of mice showed osteopenia. It is thought that these
mice with targeted expression of p20C/EBP exhibit osteopenia due to inhibition of

osteoblast differentiation in vivo. Data from ex vivo bone marrow stromal cell cultures
have shown a decrease in Col2.3GFP expression as well as a decrease in osteocalcin
expression. These results indicate a possible inhibition in late osteoblast differemiation
and/or a possible increase in proliferation.

In the present study, the effects of

p20C/EBP expression on differentiation and proliferation have been further assessed
using an in vivo analysis ofheterotopic bone formation in bone marrow stromal cells
that are derived from the p20C/EBP transgenic mice. These stromal cells were

expanded and placed in collagen carriers and were subcutaneously implanted into nude
mice. Osteoblast differentiation and bone formation have been assessed in the

heterotopic implants by histology, micro CT, and Col2.3-GFP expression. Femurs were
also excised from transgenic and wild type mice, and compared using routine histology,
micro-CT and Col2.3-GFP expression. This study was the first step toward enabling us
to gain further insight into the role of C/EBP in osteoblast differentiation and function

in an in vivo model. This study should help our basic knowledge of the role of C/EBP

transcription factors in the regulation of osteoblast differentiation. Comprehending
these processes may lead to a better understanding of C/EBP transcription factors role
in bone mass control, and possibly lead to therapeutic strategies for enhancing bone
formation.

Hypothesis
Prior studies in our laboratory have shown that stromal cells derived from

p20C/EBP/3 transgenic mice show a decrease in Co12.3-GFP expression and osteocalcin
expression, suggesting an alteration in late osteoblast differentiation.
The current studies were designed to test the following hypotheses"
1. Cells derived from p20C/EBP/3 transgenic mice will result in a cell autonomous
inhibition of osteoblast differentiation and bone formation using a heterotopic bone
formation model.

2. Decreased bone formation is associated with a decrease in Col2.3GFP expression

both in heterotopic implants using cells derived from p20C/EBP/3 TG mice, and in

p20C/EBP/3 TG mice in vivo.
Specific Aims/Objectives
1. Cells that have undergone multiple passages will be tested for their ability to
maintain osteogenic potential. These cells will be tested for alkaline phosphatase

activity, Von Kossa stained for mineral content, and RNA will be extracted in order
to test for osteoblastic marker expression.

2. To optimize bone marrow stromal cells for implantation, they will be cultured in the

absence or presence of FGF-2, and cell numbers will be determined.
3. Osteoblast differentiation and bone formation will be assessed in wild type and

transgenic femurs and heterotopic implants by: routine histological examination,
micro-CT measurement of bone volume and expression of Col2.3GFP fluorescence.
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Materials and Methods

Creation of FLAG-tagged p20C/EBP/3 transgenic mice

In order to identify the cells that express the C/EBP transgene, an amino-terminal
FLAG epitope is incorporated into the p20C/EBP/3 construct. This will enable the cells
that express the C/EBP transgene to be examined for the presence of the transgene by

Western blotting or immunocytochemistry using the M2 FLAG antibody. This allows
us to differentiate expressed transgenic p20C/EBP/3 from endogenously occurring

C/EBP isoforms. The dominant negative function of p20C/EBP/3 is not altered by the

incorporation of the FLAG epitope due to the modular nature of transcription factors.
The FLAG p20C/EBP/3 construct was created by PCR using the CMV-LIP plasmid as a

template. The construct was confirmed by sequencing. Experiments also confirmed the
FLAG-tagged p20C/EBP/3 exhibits the expected DNA binding, nuclear localization, and
dominant negative function.

Targeting of FLp20C/EBP/3 to osteoblastic cells"

A pOBCol3.6-FLp20/CEBP/3 construct was used to target expression of
FLp20C/EBP/3 throughout the osteoblastic lineage. PCR3.1-FLp20/CEBP/3 was
digested with HindIII and XbaI and the resulting FLp20/CEBP/3 fragment was
subcloned into an intermediate Cla vector which contains a polylinker and the bovine

growth hormone (bGH) polyadenylation sequence flanked by two ClaI sites. Following
digestion of ClaI, the FLp20/CEBP/-bGH cassette (792 bp) was isolated and subcloned
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into pBCSK+ColInt5.2Xba, which contains a ClaI site downstream of the 3.6 kb Collal

promoter and 1.6 kb Collal first intron. Clones containing FLp20/CEBP/ in the
correct orientation were identified using asymmetric restriction sites.

Because there is differential utilization of Collal promoter elements as the cell
progresses through differentiation, FLp20C/EBP/3 expression can be targeted toward
cells at multiple stages of the osteoblast lineage, pOBCol3.6GFP has been reported as
an early marker of the osteoblast lineage, being expressed in early pluripotent

progenitor cells, while pOBcol2,3GFP expression is restricted more to differentiated
osteoblasts [31]. Therefore, FLp20C/EBP/3 was targeted with a pOBCol3.6 construct to
direct expression broadly throughout the osteoblast lineage. Heterozygous transgenic

and wild type mice were crossed with homozygous pOBCol2.3 GFP reporter mice.

Thus, providing us with an osteoblast-specific marker. GFP was analyzed in frozen
section of the implants and femurs to preserve GFP fluorescence.

Preparation of Transgenic FLp20C/EBP/30verexpressing Mice"

A pronuclear microinjection technique of pOBCol3.6-FLp20C/EBP/3 was used to
prepare transgenic CD-1 mice that overexpress FLp20C/EBP/3. A dot blot analysis of
tail snip DNA from potential founders was screened by using a probe directed against

the human growth hormone polyadenylation site, which is cloned downstream of

p20C/EBP/3. Mice that screened positive for the human growth hormone 3’-UTR were
confirmed by PCR using a 5’-primer directed against the Collal first intron (5’-

ACCCTCCTCcATTTTAGCC-3’) and a 3’-primer directed against the FLAG epitope
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(5’-CATCGTCGTCGTCCTTCTAGTC-3’). Four transgenic founders (2 male, 2
female) were obtained and bred with wild type CD-1 mice to establish transgenic lines.

Progeny are screened for the presence of the transgene at the time of weaning by tail
snip, DNA extraction and PCR. The four transgenic lines are: 00-50-9, 00-50-10, 00-63
and 00-65.

Bone Marrow Stromal Cell Cultures:

In order to obtain cell cultures, femurs and tibiae were dissected out from 6 week
old, male and female, wild type and transgenic mice, with sex ratios held constant
between the two groups. Excess tissue was cleaned from the bones and the epiphyses.

Some of the femurs were kept intact for histological and micro-CT analysis. The
epiphyses were cut from the remaining femurs in order to expose the marrow cavity.
The bone marrow was then flushed with alpha-minimum essential medium (a-MEM),
with 10% heat-inactivated fetal calf serum (FCS), streptomycin (50/xg/ml, and penicillin

(100#g/ml), into sterile tubes containing the same medium. The bone marrow was then

pooled within groups and then passively filtered through a nylon filter to obtain a single
cell suspension. The cells were then counted with a Coulter counter and plated in 10cm

plates at a density of 400,000/cm2 and kept at 37C. In some studies, cultures were
supplemented with 10 nM FGF-2 [32], and the effects on cell number were determined.

On day 3, half of the medium was replaced with fresh medium containing 10% FCS,
and from then on, the medium was fully replaced with fresh medium every two days.
When a monolayer was formed in the plates (about 10-14 days), the cells were

passaged. The cells were rinsed twice with Hank’s balanced salt solution (HBSS), and
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then treated with 10ml of chondroitinase ABC (Sigma) for 30 minutes at 37C. The

cells were rinsed once with HBSS and then treated with 5ml Trypsin/EDTA for 10-20
minutes at 37C. The cells were washed with 5ml of o-MEM to inactivate the

TrypsirdEDTA and collected into sterile 15 ml tubes. The plates were then rinsed once
with 4ml of c-MEM and collected into the tubes. The tubes were centrifuged at 1500

rpm for 10 minutes. The cells were then counted and replated in 10cm plates at a
density of 400,000/cm2. The cells were kept at 37C and fed every two days. The

passaging process was carried out at confluence every 10-14 days until enough cells
were available for implant seeding, about two to five million per implant.

Cell Preparation and Heterotopic GelFoam Implantation

The night before the surgery, collagen scaffolds were cut into four by five mm

pieces and placed under UV light overnight. Filter paper was also cut and placed under

UV light for use the next day. On the day of surgery, the scaffolds were soaked in
aMEM at 37C for thirty minutes. After this, they were dried for five minutes between
filter paper.

The next step was to aliquot the cells into eppendorftubes, each tube containing
two to five million cells. The cells were treated as in the passaging phase with

chondroitinase ABC, rinsed and trypsinized, then collected and counted. These were

centrifuged at 1,500 rpm for ten minutes. The media was then aspirated, and the
residual media on the wall of the tube (about 30ul) was used to resuspend the cells. The

scaffolds were transferred into the eppendorftubes and incubated at 37C for thirty

15

minutes. Any bubbles were removed from the edges of the scaffold using a pipette tip

in order to ensure even uptake of the media and cells.

The recipient mice were anesthetized by intraperitoneal injection of Ketamine

(87mg/kg) and Xylazine (13mg/kg). The mid-dorsal area was disinfected with ethanol
then iodine. A lcm incision was made in the mid-dorsal line about 2cm above the tail.

Using blunt dissection with a hemostat, four subcutaneous tunnels were created, one
toward each shoulder, and one toward each hip. The collagen implant was held with the
hemostat and placed through the tunnel into the desired positions. Two transgenic and
two wild type samples were placed in each mouse. The wound was closed with surgical
sutures. The mice were observed until they recovered from the anesthesia and checked

daily over the next 4-5 days to ensure that there were no problems with the closure site
or secondary infections. Mice were sacrificed to harvest the implants at 42 and 56 days

after implantation. The mice appeared to tolerate the implants without difficulty, and

problems with infection did not occur [33]. The implants underwent micro-CT analysis,
routine histology and GFP expression assays.

Micro-Computed Tomoaphy
Dissected femurs and implants from both transgenic and wild type mice were
fixed in 4% paraformaldehyde (PFA) then placed in 70% ethanol. The specimens were
sent to the University of Connecticut Health Center micro-CT facility, headed by Dr.
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Doug Adams. The specimens underwent examination in the Scanco micro-CT 40
system. The micro-CT system obtains an image of the implant or femur and takes

optical slices at 18 micron intervals. The implants were scanned entirely, whereas, the
femurs were scanned in a region of interest beginning 720 microns from the

mammillary process of the growth plate and extending an additional 720 toward the
diaphysis. Analysis and measurements of the specimens were performed using semiautomated computer software. This assay allows three-dimensional reconstruction of

the dissected femurs .and implants in order to compare differences of bone volume, size,
and shape between wild type and transgenic specimens.

Preparation of Histological Slides
The femurs and implants were prepared for histological analysis in a similar
manner. The implants and femurs were first harvested and cleaned of excess tissue.

Because GFP is sensitive to light and heat, the samples are kept cold and protected from
light, from this time point forward. For fixing, the samples were placed in 4% PFA at
4 C under constant agitation for 3 days. The samples were then decalcified in 14%

EDTA solution at 4 C under constant agitation for 3-4 days. The 14% EDTA solution
was changed every 24 hours. To prepare samples for embedding, they were then

soaked in 30% sucrose in PBS at 4 C under constant agitation for 24 hours.
The samples were removed from the sucrose solution and placed in embedding

trays. They were then covered with OCT embedding compound and placed in a 2-

methylbutane under dry ice to flash freeze the sample.
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In order create histological sections, a cryostat was used. The frozen block was
mounted on a metal chuck and positioned on the cryostat so that 5 gm frozen sections

could be obtained of the implant or femur. The positioning of the sample was adjusted
so that level and uniform sections were taken. The sections were collected with

CryoJane tape and then transferred to StarFrost adhesive slides and exposed to
ultraviolet light to fusethe section to the slide. The slides were then rinsed in PBS for 5
minutes and then soaked in 0.1M MgC12 in PBS for 30 minutes. Coverslips were

mounted using about 7-10 drops of 50% glycerol in PBS.

Fluorescence Microscopy

Histological analysis was performed in the laboratory of Dr. David Rowe at the
University of Connecticut Health Center. The microscope used was a fluorescent
microscope equipped with a mechanical stage and video imaging system. Openlab
software by Improvision controls the microscope, stage and imaging system. The

samples were analyzed for GFP by using a Cyan/GFP fluorescence filter. Digital scans
were taken of specific samples using the Openlab software and a macro program

designed by John Delaney in the laboratory of Dr. David Rowe at the University of
Connecticut Health Center. In order for the scans to be taken, two separate locations on

the slide Were chosen in order to encompass the region of interest. Each point consists
of separate x and y coordinates. Openlab then photographs several contiguous fields
across the tissue, then moves down and across again in an arranged pattern, continuing
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this process until the second point is reached. These scans were taken at 10x and saved
as a multiple image files in Openlab.

Image Concatenation and Analysis
In order to obtain a useful image from the Openlab data, the multiple image files
need to be concatenated into one large image. Using the Graphic Converter program by
Lemke Software, the multiple small images are concatenated into one large image

representing the entire femur or implant. Because this image contains the data that is
present in many smaller 10x scans, it can be viewed as a whole sample or visualized
down to the cellular level without distortion of the image.

Quantification of GFP containing cells was performed by modifying a method

developed by John Delaney in the lab of Dr. David Rowe. Openlab software was used
to create density slices of the images (Figures 21-23). The red, green, and blue fields
were altered in order to remove the background and keep the GFP positive cells visible

in the image. This enabled us to detect specific areas of GFP fluorescence above a

threshold intensity by density slice analysis. The density slices were taken so that two
intensities of GFP expression could be compared in each sample. One slice contained

cells expressing GFP at an arbitrarily selected high level, called "High GFP", and
another captured all cells that were GFP positive, called "Total GFP". It has been

previously calculated that 0.96 pixels is equal to 1.0 mm. This enabled us to calibrate
the images to millimeters, allowing the program to determine the number and size of all
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of the positive images, or pixels, in a specific region (Figure 24). From this data we
were able to compare different samples to one another within experimental groups.

Results

In Vivo
Femur Harvesting and Analysis
Femurs were harvested from the progeny of line 50xl 0 heterozygous mice that
had been crossed with homozygous GFP reporter mice. This gave us a population of
wild type mice and transgenic littermates that are heterozygous for the GFP reporter

gene. Line 50x10 mice were used because of their known osteopenic phenotype.

Femurs were used for stromal cell harvest and for direct analysis. Donor mice were
about 6-8 weeks of age. Comparisons were made between WT and TG femurs. The

TG femurs were smaller and more brittle than the WT population. Some femurs were
used for stromal cell harvesting to obtain cell cultures for the implant studies. Others
were sent for micro-CT analysis and treated for frozen section and histological analysis.

Micro-Computed Tomography
Micro-CT data has been able to confirm some of our observational and

histological GFP expression findings. When comparing femurs derived from wild type
and transgenic mice, some clear differences were seen (Figure 3). Cortical thickness of
wild type femurs was almost twice that of transgenic samples, .24 mm compared to. 13
mm in TG (Figure 4). When comparing bone volume to total volume (BV/TV), we

saw about four times more bone in wild type samples, at 23.9% compared to 6.5% in

TG (Figure 5). This data is also consistent with the brittleness of the bones that has
been noted during femur harvest.
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Green Fluorescent Protein Expression
Femurs from wild type and transgenic animals were sectioned at 5 gm so that the
central vein remained visible through the length of the section. They were visualized
and scanned under the fluorescent microscope for pOBCol2.3-GFP expression. There
were striking differences between the wild type and transgenic samples. There is less

total GFP, correlating with the decreased trabecular bone in TG mice, and there is also a
difference in intensity. Wild type sections showed a much more intense expression of

GFP in both the lining osteoblasts and the osteocytes. The transgenic samples show a
much less intense expression, particularly noticeable in the osteocytes. The WT sample

appears to have more area of cortical bone formation as well as more osteoblasts and
osteocytes (Figure 6-7). Quantification experiments show differences in both "Total"
and "High" groups of GFP expression. In Total GFP groups, the area of GFP expression
in WT was 1.8mm2 and 1.2mm2. The corresponding expression in TG samples was

1.0mm2 and 0.2mm2 (Figure 8). In the High GFP expressing group, we showed areas of
0.43mm2 and 0.59mm2 for WT samples and 0.15mm2 and 0.03mm2 for respective TG

samples (Figure 9). When comparing the percentage of High expression to Total GFP
expression, we see 23.6% and 46.7% for WT samples and 14.1% and 14.9% for the
corresponding TG samples (Figure 10).
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Heterotopic Implants

Determining Osteogenic Potential in Passaged Cells

In order to obtain enough cells for the implantation experiments, the cell cultures must
be expanded and passaged numerous times. It was thought that this may have an effect
on osteogenic potential of the passaged cells. Using Northern blot analysis and alkaline

phosphatase staining, we were able to show that the passaged cells maintain their
osteogenic potential. Cultures were expanded and passaged two times. After the second
passage, the cells were supplemented with ascorbic acid and/3-glycerol phosphate.

RNA extraction, alkaline phosphatase staining and Von Kossa staining were completed
at one, three and four weeks of cell culture.

Northern blot analysis shows that

osteocalcin, bone sialoprotein, actin and collagen are all present at three and four weeks.
There is a sharp increase in osteocalcin and bone sialoprotein activity between 3 and 4
weeks in culture (Figure 11). Alkaline phosphatase staining showed an increase
between 3 and 4 weeks consistent with the known time course of osteogenic
differentiation in bone marrow stromal cells. Von Kossa staining confirmed this by

showing increased mineralization from 3 to 4 weeks (Figure 12). These results indicate
that cells which have undergone multiple passages are able to maintain their osteogenic

potential. Therefore, we believe that these passaged cells will be functional for in vivo
heterotopic bone formation experiments.
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FGF-2 Supplementation
Previous ex vivo experiments in our laboratory have indicated that transgenic

bone marrow stromal cell cultures appear to proliferate at a faster rate than the wild type
cultures. It was thought that this may pose a potential problem for harvesting these cells
for implantation experiments. The cell numbers needed for implantation would

potentially be reached sooner in the transgenic samples. It was postulated that FGF-2
supplementation may offset this imbalance of proliferation. It has been shown that
FGF-2 treatment shows a marked increase in proliferative potential in stromal cell

cultures[32, 34]. The concentration used, 10 ng/ml, was based on previous studies
showing increased cell numbers and colonies in stromal cell cultures [35]. This

experiment confirmed the previous ex vivo observation that transgenic cells proliferate
much more rapidly than wild type cells. Supplementing the cultures with FGF-2 did

show a significant increase in cell numbers in the transgenic group when compared with
vehicle. There was also a significant difference in the increase in cell number in the

transgenic group when compared to wild type cultures. However, there was no
significant difference in cell numbers in the FGF-2 treated wild type group when

compared to vehicle (Figure 13). Since wild type cell numbers were not significantly
increased with FGF-2 supplementation under these conditions, FGF-2 supplementation
was therefore discontinued for the remainder of the experiments.
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Heterotopic Implant Harvesting and Analysis

Implants were harvested at 6 and 8 weeks post implantation. Upon removal of
implants, it was noted that in both 6 and 8 week subjects, there was a clear visual and
tactile difference between WT, TG and control samples. WT samples appeared much
more opaque than the control and TG. The TG and Control samples were both very

difficult to dissect as they were much more flexible than the rigid WT samples. Some

implants underwent Micro-CT and all were fixed and embedded for frozen sectioning
and histological analysis.

Micro-Computed Tomography
Micro-CT ofheterotopic implants revealed evidence for reduced bone formation
similar to the in vivo analysis. Wild type samples showed 17.9% Bone Volume/Total

Volume with the total volume representing the estimated volume of the GelFoam

scaffold. Transgenic implants showed 6%, while acellular controls had 4.3% bone
volume (Figures 14-15). Bone formed in the acellular control implants was unexpected,
but may have been due to contamination of these implants with stromal cells originating
from WT and TG implants during subcutaneous positioning of the implants. This

interpretation is supported by the presence of GFP-positive cells present in the control

implants. Nonetheless, we see a dramatic difference between WT and TG samples in
heterotopic implants which is consistent with our in vivo data.
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Green Fluorescent Protein Expression
Implants were cut in 5 gm sections and placed on slides; these were visualized
and scanned under a fluorescent microscope for GFP activity. From direct visualization
in the microscope, a dramatic difference in intensity can be appreciated when

comparing WT and TG samples. There were areas that were similar in appearance to
trabecular bone. Bone spicules associated with marrow elements could be seen that
were lined by GFP-positive osteoblasts. There were osteocytes present in the bone
matrix in the WT, in contrast the TG mice showed very few osteocytes. The WT

samples have areas of intense GFP expression along with an overall brighter appearance
than TG implants. The TG group also shows a more diffuse, less intense pattern of GFP

expression. Acellular controls tended to show small amounts of peripherally localized

GFP expression (Figure 16). An interesting finding was that the TG implants appear to
have had skeletal muscle tissue incorporated into the implants (Figure 16). The WT

implants formed denser areas of cortical bone and large more distinct marrow spaces
than the TG implants (Figure 17). When the images were analyzed using the Openlab

software, WT implants show an average of 1.35 mm2 of GFP positive cells whereas TG
show an average of 0.57 mm2 of GFP positive cells and controls show 0.05 mm2

(Figure 18). Analyzing the samples for cells that express High amounts of GFP shows
0.091 mm2 for WT, 0.027mm2 for TG and 0.001 mm2 for controls (Figure 19). Again,
we compared the percentage of High GFP expression to Total GFP expression and

showed 8.0% for WT, 4.8% for TG and 1.8% for Control (Figure 20).

Discussion

The purpose of this study was to help form a better understanding of the role of
C/EBP transcription factors in the regulation of osteoblast differentiation and function.

In order to do this, we used a recently developed transgenic mouse model that
overexpresses a dominant negative isoform of C/EBP which, in effect, inhibits the

activity of endogenous C/EBP transcription factors. Gross observation of these
transgenic mice reveals a reduced body size with smaller and more brittle long bones.
Previous in vitro results in our lab have indicated that this transgenic model exhibits

impaired osteogenesis consistent with the osteopenic phenotype in the transgenic mice.
These mice also show asite-specific dentin-related phenotype. These studies suggest
that C/EBP transcription factors play a role in osteoblast development and/or
differentiation. We have attempted to expand our findings of this transgenic model by

using an in vivo analysis of bone formation and a heterotopic bone formation assay.
Osteoblasts are generated from osteoprogenitor cells from within, the bone
marrow. These cells display various stages of differemiation as they mature. As the

cells mature, they reproducibly express different gene markers at different maturational

stages. These markers can be detected using various immunocytochemical and
molecular techniques, which enables us to determine specific stages in the osteoblasts
maturation. Recently, the addition of visual transgenes has enabled us to detect different

stages of maturation in vivo. By linking different fragments of the collagen promoter to

GFP, distinct stages of differentiation can be visualized with the aid of a fluorescent
microscope, pOBCol3.6GFP has been reported as an early marker of the osteoblast
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lineage, being expressed in fibroblasts and also progenitor cells, while pOBCol2.3GFP
expression is restricted more to differentiated osteoblasts [31 ]. As a matter of
differentiation in our study, we have used the pOBCol2.3GFP transgene, which contains

2.3 kb of the rat type I collagen promoter and is restricted to mature bone associated
with regions of bone mineralization.

When comparing the long bones of WT and TG mice, we have been able to
show dramatic differences in the amount and intensity of 2.3 GFP expression. WT mice

appear to have a much more intense expression as well as an overall greater area of GFP

expressing cells. Because 2.3GFP is specific to mature osteoblasts, this may indicate
that osteoblasts in the TG mice may not be differentiating to the same extent as WT.
Previous ex vivo studies in our lab suggest that these transgenic cells proliferate much
more rapidly and in much higher numbers than the wild types. We were able to confirm

this in the present study by showing an increase in cell number in TG stromal cell

cultures compared to WT. These results also showed that these rapidly progressing TG
cells did not express as much GFP as the WT. This may indicate that, although the TG
cells are proliferating much more rapidly than WT, many of these cells may be unable
to differentiate into mature, bone producing osteoblasts. We believe that this shows a

correspondence of these observations with our in vivo results.

In order to make an attempt at quantifying this difference in GFP expression, we
have used a microscope with a powerful image scanning technique. The captured

images were analyzed using computer software that enables us to select out only GFP

expressing cells. A standard area was used for the entire analysis to obtain areas of
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fluorescence colocalization, and create density slices of regions of interest (Figures 21-

24). This enabled us to visualize cells, or groups of cells expressing GFP, as well as a
total area of GFP expression. This density slice analysis was done for all cells that were

expressing GFP, as well as those that were expressing intense amounts of GFP above an
arbitrarily selected threshold level (High GFP expression). Recent advances in this
analysis have suggested the use of micro beads with an inherent, known and measurable
fluorescent intensity may serve as controls. These beads were not available during our

analysis, therefore, a standard level is set for each set of experiment making it difficult
to compare across groups, but sufficient for comparison within a group. Our results for

this analysis show that indeed, there is a higher amount of GFP expression in both the

"Total GFP" and "High GFP" expressing groups in WT samples. In addition, we found
a higher percentage of the total GFP-expressing cells were high expressers in WT mice

compared to TG, suggesting that GFP intensity per cell is inhibited in the TG model.

We believe that this is an extension of our histological ex vivo and in vivo data, that
only helps to strengthen our hypothesis that these transgenic mice show decreased or
altered osteoblast differentiation.

Micro-computed tomography data seems to confirm the previous histological
data, in that the amount of trabecular bone present in WT is about four times the amount
found in TG femurs. The cortical thickness of WT bones is about twice that of TG.
This could possibly be due to a decreased or retarded maturation of the osteoblast

lineage in the transgenic mice, which results in decreased amounts of bone mass in long
bones.
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Another important aim was to determine if the effect observed in the ex vivo

BMSC experiments, could be reproduced in vivo with heterotopic bone formation. To
do this experiment, we needed to culture bone marrow stromal cells and passage them
in order to obtain the 4-5 million cells that we needed for each heterotopic implant

seeding. The previous ex vivo experiments showed that the TG appeared to proliferate
at a much higher rate than the WT and we were able to confirm this data. However, we
were not able to overcome this difference by supplementation of cultures with FGF-2 at

10ng/ml. This lengthened the duration of the cultures as the number of expanded WT
cells became the limiting factor to implant seeding. It is possible that the TG cells have
an inherent increase in proliferation, which precludes them from developing the

necessary cellular functions needed to become a fully mature osteoblast. Thus, they are

rapidly developing and dividing, leading to a greater amount of cells, but they show a
deficit in the production of mineralized bone.

There was some concern that culturing cells through numerous passages could

affect the overall osteogenic potential of the cells. We were able to show that WT cells
are able to develop into mature osteoblasts after 2 passages. Cells that were seeded into

implants, on average, were passaged 2 or 3 times. Therefore, this confirmed that
passaging the stromal cells several times did not preclude the osteogenic potential of the
cells.

Heterotopic bone formation was assessed to confirm the ex vivo results and to
establish whether this is a cell autonomous effect. To do this, we seeded GelFoam

implants with 4-5 million WT or TG cells and placed them in nude mice for six and
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eight weeks. The nude mice were used because they are athymic, and therefore will not
form an immune response to the implants. Also, because they have no hair, this

facilitated implantation, positioning and harvesting of the implants. Upon harvesting the

implants, it was noticed that those that contained WT cells were much more opaque,
rigid and easy to dissect free from surrounding tissues compared to TG implants. Micro-

CT analysis showed a much higher bone volume present in the WT when compared to
TG and control. Histological analysis confirmed this with more intense areas of GFP
expression in the WT implants. These results indicate that indeed, we are seeing a cell
autonomous effect in the TG stromal cells that leads to a decreased bone production

possibly due to an alteration in the differentiation pathway of osteoblasts in TG mice.
When analyzing heterotopic implants using computer software, similar results
were found as in the in vivo studies. The implants that contained TG cells had less area

of bone, fewer apparent osteoblasts and osteocytes and smaller marrow spaces.

WT implants had more intense GFP expressing cells and well defined cortical bone
areas surrounding marrow spaces when compared to TG implants. There was a higher

total area of GFP expressing cells in both the "Total GFP" and "High GFP" analyses in

WT samples.

An interesting finding in the TG implants was that there appears to be some
incorporation of muscle tissue. C/EBP transcription factors are known to have
regulating effects on differentiation of many cells. It is possible that C/EBP/3 has an
effect on these transgenic cells, leading to differentiation reward the myogenic pathway.
Skeletal muscle and adipose tissue development often has a reciprocal relationship in
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vivo. Hu, et. al. have shown that myoblasts with no inherent adipogenic potential can

be induced to transdifferentiate into mature adipocytes by the ectopic expression of

PPAR3,.and C/EBPc 16]. It is possible that a dominant negative, C/EBP/3, could cause
or lead to differentiation of myoblasts. However, it remains to be determined whether

the observed skeletal muscle was derived from the donor or host, thus it is premature to

speculate that overexpression of C/EBP may have played a role in this phenomenon.
This may represent an area for future investigation in these studies.

Conclusions

In this experiment, we were able to further our understanding of the role of
C/EBP transcription factors in osteoblast differentiation and function. Long bones

derived from transgenic mice that overexpress p20C/EBP/3 show a decreased expression

and intensity of GFP, and a decreased bone volume and cortical thickness when

compared to wild type mice. Heterotopic bone formation is decreased in transgenic
samples, showing a cell autonomous effect of lower bone volume, decreased expression
and intensity of GFP, and possible transdifferentiation toward a myoblastic lineage.

The results suggest a delayed or altered osteoblast differentiation in transgenic mice.
These animals have the ability to produce bone, yet its quality and quantity are severely

affected, resulting in small, brittle and bone deficient long bones. The heterotopic
implant assay further suggests that this may be due to a cell autonomous alteration of
the differentiation pathway of osteogenic cells, confirming the data in ex vivo studies.
The transgenic cells appear to proliferate more rapidly, yet there appears to be a

decreased GFP expression.and bone volume, suggesting a decreased amount of mature

osteoblasts producing mineralized bone. In order to fully understand the role of C/EBP
in bone differentiation and mineralization, further in vivo and heterotopic implant

studies need to be conducted over a longer course of time. These studies should
concentrate on normalizing a quantification method for GFP analysis and be combined
with fluorescent markers specific for the C/EBP/3 transgenes. The effects of C/EBP/3

overexpression on odontoblast differentiation and function, and the possibility of

myoblast differentiation need to be further assessed as well.
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Figure Legend

Figure 1" The molecular structure of C/EBP mRNA.
Figure 2" Developmental time course of osteogenic marker expression. Modified from
Aubin, 1998. Plus signs indicate when certain osteoblast markers are expressed during
the differentiation pathway. Minus signs indicate less or no expression..
Figure 3" Micro-computed tomography images of femur cross sections from WT and
TG mice. The results show bone volume to total volume and cortical thicknesses of
WT and TG bones.
Figure 4" Mean cortical thicknesses of WT and TG femurs. Values represent means +
SEM.
Figure 5" Femoral trabecular bone volume in vivo. Bars represent the mean trabecular
bone normalized to total volume. Values represent means + SEM.
Figure 6" Fluorimaging of GFP expression at low magnification. Representative low
magnification images of WT and TG femur sections. These images show reduced
expression and intensity of GFP expression in TG mice.

Figure 7" Fluorimaging of GFP expression with high magnification. Representative
samples of high magnification images of WT and TG femur sections. These images
show reduced expression and intensity of GFP expression in TG mice.
.Figure 8: Quantification of total GFP expression using Improvision OpenLab software
density slice analysis. These data represent two independent experiments.. Values
represent means + SEM.
Figure 9: Quantification of high GFP expression using Improvision OpenLab software
density slice analysis. These data represent two independent experiments.. Values
represent means + SEM.
Figure 10: Percentage of the total cells representing high GFP expressors. These data
represent two independent experiments.. Values represent means + SEM.
Experiment 1: WT 23.6%, TG 14.1%. Experiment 2: WT 46.7%, TG 14.9%.

Figure 11" Northern blot analysis of osteogenic marker expression in stromal cell
cultures treated with ascorbic acid and B-glycerolphosphate. Stromal cells were
passaged twice. Increases in collagen, bone sialoprotein, and osteocalcin between 3 and
4 weeks demonstrate that passaged stromal cells maintain osteogenic capacity when
placed under osteogenic conditions.
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Figure Legend

Figure 12" Alkaline phosphatase and Von Kossa staining ofpassaged cells at 7, 21, and
28 days, indicating maintained osteogenic capacity..
Figure 13" Effects of FGF-2 supplementation on cell number in bone marrow stromal
cell cultures. There is a significantly increased cell number in TG stromal cell cultures
when compared to WT. This graph also shows a significant increase in cell numbers in
TG cultures when supplemented with FGF-2 compared to vehicle. The WT cultures did
not show an increase in cell numbers when supplemented with FGF-2. Values represent
means + SEM.
Figure 14: Micro-computed tomography ofWT, TG and control implants. Computer
generated images of the implants show differences in bone volume. The small amount
of peripheral bone in the control implant is most likely due to contamination of the
implant with donor cells from other implants..

Figure 15" Bone volume normalized to total volume in heterotopic implants. Mean
percent bone volume to total volume ofheterotopic implants. WT 17.9% TG 6.0 % and
Control 4.3%

Figure 16" Fluorimaging of GFP expression in WT, TG and control heterotopic
implants. Representative images of a WT, TG and control implant viewed with
fluorescent microscopy for GFP activity. Arrow indicates what appears to be skeletal
muscle in TG implants.
Figure 17" Fluorimaging of GFP expression, high magnification. Higher magnification
images of WT and TG implants. Blue arrows show cortical bone. Red arrows show
bone marrow spaces.

Figure 18" Quantification of mean total GFP expression using Improvision OpenLab
software density slice analysis in heterotopic implants. Values represent means + SEM
Figure 19: Quantification of mean high GFP expression using Improvision OpenLab
software density slice analysis. Values represent means + SEM
Figure 20" Percentage of High GFP to Total GFP expression in heterotopic implants.
WT 8.0 %, TG 4.8%, Control 1.8%.
Figure 21" Density slice example. Image of a representative density slice made with
OpenLab software. These slices are used to calculate GFP expression.
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Figure Legend

Figure 22" Density slice removed from background. This image represents the density
slice csptured from the preceding image. The density slice was used to calculate GFP
expression by concentrating on an area of interest such as the 4.0mm section near the
growth plate.
Figure 23" Density slice showing High and Total GFP. Red density slice represents all
or total cells expressing GFP. The blue represents an overlapping density slice of
"High" GFP expressing cells within a 4.0 mm region of interest.
Figure 24" Sample image of a density slice that has been converted to individual data
points. Each data point represents a cell or group of cells that have a measurable area.
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Figure 2
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Figure 3
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