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ABSTRACT

Runx2 is a transcription factor controlling skeletal development, and is also expressed in extraskeletal tissues where its function is not well
understood. Existing Runx2 mutant and transgenic mouse models do not allow the necessary control of Runx2 expression to understand its
functions in different tissues. We generated conditional, doxycyline-inducible, triple transgenic mice (CMV-Cre;ROSA2 6-neo¥/ T_rtTA;Tet-
0-Runx2) to investigate the effects of wide spread overexpression of Runx2. Osteoblasts isolated from CMV-Cre;ROSA2 6-neo¥/ T_rtTA; Tet-
O-Runx2 mice demonstrated a dose-dependent effect of doxycycline to stimulate Runx2 transgene expression. Doxycycline administration to
CMV-Cre ;ROSAZG-neoﬂ"X/ TrtTA;Tet-0-Runx2 mice induced Runx2 transgene expression in all tissues tested, with the highest levels
observed in kidney, ovary, and bone. Runx2 overexpression resulted in deceased body size and reduced viability. With regard to bone, Runx2
overexpressing mice paradoxically displayed profound osteopenia and diminished osteogenesis. Induced expression of Runx2 in extraskeletal
tissues resulted in ectopic calcification and induction of the osteogenic program in a limited number of tissues, including lung and muscle. In
addition, the triple transgenic mice showed evidence of a myeloproliferative disorder and an apparent inhibition of lymphocyte development.
Thus, overexpression of Runx2 both within and outside of the skeleton can have diverse biological effects. Use of tissue specific Cre mice will
allow this model to be used to conditionally and inducibly overexpress Runx2 in different tissues and provide a means to study the post-natal
tissue- and cell context-dependent functions of Runx2. J. Cell. Biochem. 112: 653-665, 2011. © 2010 Wiley-Liss, Inc.
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R unx?2 (also called Cbfal, Osf2, PEBP2aA, and AML3) is a
transcription factor that regulates the lineage determination
and differentiation of mesenchymal precursors into osteoblasts and
the terminal differentiation of chondrocytes essential for normal
skeletogenesis [Ducy et al., 1997, 1999; Komori et al., 1997; Otto
et al., 1997; Enomoto et al., 2000; Yoshida and Komori, 2005]. The
original targeted disruption of Runx2 in mice reported by Komori
et al. [1997] and Otto et al. [1997] and the overexpression of
dominant negative Runx2 or C-terminal truncated constructs
established the importance of Runx2 in skeletogenesis [Choi
et al., 2001]. Runx2 also plays a role in postnatal bone metabolism
[Liu et al., 2001; Geoffroy et al., 2002; Maruyama et al., 2007], but
overexpression of Runx2 postnatally paradoxically reduces bone
mass. In addition, we defined the differential roles of Runx2-I and
Runx2-11 isoforms in bone development [Xiao et al., 2004] by
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creating selective Runx2-1I deficient mice and compound hetero-
zygous Runx2-1I and global Runx2 deficient mice. We found that the
P1 promoter regulation of Runx2-1I expression is critical for
endochondral bone formation and full osteogenic capacity of cells
within the osteoblasts lineage, whereas P2 promoter-dependent
Runx2-1 expression is sufficient for early osteoblastogenesis and
intramembranous bone formation [Xiao et al., 2004; Zhang et al.,
2009]. These differences occurred, in spite of similar transactivation
potential of Runx2-I and Runx2-II. Runx2-I and II are identical with
respect to their runt domains and C-termini and have indistinguish-
able transactivation potential, in spite of their different biological
functions [Ahn et al., 1996; Ueta et al., 2001; Wang et al., 2005].

Runx2 is also expressed in extraskeletal tissues where its function
is less well understood [Ogawa et al., 1993; Satake et al., 1995;
Meyers et al., 1996; Banerjee et al., 2001]. For example, Runx2 was
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identified from a retroviral insertion site (Til-1 locus) in the Runx2
gene as a cooperative factor in the development of T cell lymphomas
[Stewart et al., 1997; Blyth et al.,, 2001]. Depending on the cell
context, Runx2 may function as a tumor suppressor [Blyth et al.,
2005] or an oncogene. Runx2 may contribute to the tumorigenesis
and metastatic potential of breast [Javed et al., 2005] prostate cancer
cells [van der Deen et al, 2010]. Runx2 is also expressed
hematopoietic precursors [Kuo et al., 2009] and hematological
malignances, including multiple myeloma [Colla et al., 2005] and
myeloid leukemia [Kurokawa and Hirai, 2003; Kuo et al., 2009]. In
addition, the ectopic expression of Runx2 in vascular smooth muscle
induced by environmental factors such as hyperphosphatemia and
oxidative stress has been implicated in ectopic bone formation and
vascular calcifications [Byon et al., 2008; Speer et al., 2010]. It is
possible that the mechanisms underlying the distinct biological
responses of Runx2 observed in different tissues depend more on the
amount of Runx2 expression and the importance of factors related
to the cell-context and temporal factors (i.e., time and place), rather
than intrinsic transcriptional activation potential of the different
members of this family.

To fully understand the cell context-dependent functions of
Runx2 in different tissues, conditional and inducible deletion and/or
overexpression of this transcription factor will be required. Recent
studies have used a retroviral system to deliver Runx2 under the
control of the tetracycline-inducible (tet-off) promoter in vitro
[Gersbach et al., 2006], but to date, no inducible and conditional
system for overexpression of Runx2 have been evaluated in vivo. A
conditional and inducible transgene expression system has been
developed in vivo using Cre-mediated recombination to express
rtTA transgene in ROSA26-neo/"-rtTA mice [Belteki et al., 2005].
To address the question of time and place of Runx2 expression on
functions of this transcription factor, we have developed a Tet-O-
driven Runx2 transgenic mouse model and used the CMV-Cre and
ROSA26-neo™/*-1{TA mice to conditionally and inducibly over-
express Runx2, thereby allowing the assessment of the context-
dependent functions of Runx2 in multiple tissues.

CREATING EXPRESSION OF DOXYCYCLINE-INDUCIBLE RUNX2
(TET-0-RUNX2) TRANSGENIC MICE

We used pW1 vector containing a multiple cloning site and an SV40
intron plus polyadenylation site and the following strategy to create
inducible Tet-O-Runx2 transgene construct by doxycycline (Dox;
Fig. 1). Briefly, a 445bp of Tet-O-promoter, consisting of seven
direct repeats of tetracycline (Tet) Operator sequences [(Tet-0),] and
a minimal CMV promoter, was excised from pSK-tet-Cre plasmid
(a gift from Dr. Andras Nagy, University of Toronto) [Belteki et al.,
2005] with Xhol and EcoRI double digest and inserted into pW1
vector digested by Sall and EcoRI, thereby generating pW1-Tet-0
plasmid. The pW1_Tet-O-Runx2-II construct was generated by PCR
amplification of the mouse 1,587 bp Runx2-1I cDNA in pcDNA3.1
plasmids [Xiao et al., 1999] using a Xbal-containing Runx2-II
forward primer 5'-GCT CTA GAG CAT GGC GTC AAA CAG CCT CTT
CAG CGC AG-3' in combination with a Xbal-containing Runx2
reverse primer 5-GCT CTA GAG CTC AAT ATG GCC GCC AAA CAG

Apal | Apal|

gl B R

Tet-O-promoter Runx2 (DNA SV40 poly A™+ Intron
(445bp) (1587 bp) (848 Dbp)

Fig. 1. Schematic diagram of inducible Tet-O-Runx2 transgene construct by
doxycycline. A 445 bp of Tet-O-promoter, consisting of seven direct repeats of
Tet Operator sequences [(Tet-0),] and a minimal CMV promoter, followed by a
1,587 bp mouse Runx2-11 cDNA and a 848 bp SV40 intron plus poly A™ site was
subcloned pW1 plasmid and linearized by Apall restriction enzyme.

ACT CAT CC-3' followed by subcloning of the product into the
Xbal site of pW1-Tet-O plasmid. The correct orientation of the
Runx2-11 in pW1-Tet-0-Runx2-II plasmid was confirmed by direct
sequencing. Then pW1_Tet-O-Runx2-11 was purified using the
EndoFree Kit (Qiagen, Valencia, CA) to remove endotoxins. A 4.5kb
of Tet-O-Runx2-1I fragment was released from the vector pW1 using
Apall degestion, separated by agarose gel, and gel-purified twice
using GENECLEAN® Turbo (MP Biomedicals, LLC, Solon, OH)
according to the manufacturer’s instructions and quantified using
the PicoGreen Assay Kit (Molecular Probes, Eugene, OR). Then
transgenic mouse was made by the KUMC Transgenic and Gene-
targeting Institutional Facility by microinjection of C57B1/6 x SJL
hybrid fertilized mouse eggs with DNA at a concentration of 2-3 ng/
wl according to standard techniques. The Tet-O-Runx2-1I transgenic
mouse was genotyped by PCR using tail DNA and the following
primers: Runx2 forward 5-TCT TCC CAA AGC CAG AGT GG-3'and
SV40pA reverse 5'-ATC AGT TCC ATA GGT TGG AAT C-3’. We have
successfully generated 3 founder lines of Tet-O-Runx2-II transgenic
mice. All animal research was conducted according to guidelines
provided by the National Institute of Health and the Institute of
Laboratory Animal Resources, National Research Council. The
University of Tennessee Health Science Center’'s Animal Care and
Use Committee approved all animal studies (Protocol number:
1885R2).

GENERATION OF CMV-CRE-MEDIATED AND
DOXYCYCLINE-INDUCED OVEREXPRESSION OF RUNX2 MOUSE
MODELS IN A TRIPLE TRANSGENIC SYSTEM

We have successfully developed an inducible transgenic mouse
models to overexpress Runx2-1I and Runx2-1 isoform. We used a
triple transgenic system: (1) a ROSA26-neo™ 1% _+TA mouse,
which carries floxed PGK-neo cassette between the ROSA26 locus
and the rtTA-IRES-EGRP transgene, (2) a CMV promoter driven-Cre
mouse obtained from The Jackson Laboratory, which expresses Cre
in all the cells of the early embryo, and (3) a transgenic mouse
expressing Runx2-11 or Runx2-1 under the control of the Tet-O
promoter. We used a two-step breeding strategy (Fig. 2) to create
double transgenic CMV-Cre;Tet-O-Runx2-I1 or CMV-Cre;Tet-0-
Runx2-1 mice, and then crossing CMV-Cre;Tet-O-Runx2-I1
or CMV-Cre;Tet-O-Runx2-1 with homozygous ROSA26-
neo™X1°%_1TA mouse to generate the following four genotypes:
ROSA26-neo™ ™ -rtTA, CMV-Cre; ROSA26-neo™/*-rtTA, Tet-O-
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Fig. 2.

Breeding strategy for CMV-Cre-mediated and doxycycline-induced overexpression Runx2 mouse model in a triple transgenic system. A triple Cre-loxP system was used

to generate global inducible Tet-O-Runx2-I1 transgenic mice by conditional deletion of the floxed PGK-neo cassette in all tissues using CMV-Cre through two-round crossing
Tet-0-Runx2-Il, CMV-Cre, and ROSA26-neo™/M*_TA mice. For the first round, Tet-0-Runx2-1l mice were crossed with CMV-Cre to generate CMV-Cre;Tet-0-Runx2-II mice.
For the second round, CMV-Cre;Tet-0-Runx2-Il mice were mated with ROSA26-neo”/™*_rtTA mice to generate CMV-Cre; ROSA26-neo"™*-rtTA:Tet-0-Runx2-Il mice

(triple transgenic mice).

Runx2-11 or CMV-Cre;Tet-O-Runx2-1, and CMV-Cre; ROSA26-
neo"/*_rtTA; Tet-0-Runx2-1 or CMV-Cre;ROSA26-neo™*/*-
1tTA;Tet-0-Runx2-1 (designated TgMVTtTA-Tet-0-Runx2-Il ). 1 CMV-
rTA-Tet-0-Runx2-1 o triple transgenic mouse; Fig. 2). For these initial
studies we used the CMV-Cre-recombinase to remove the floxed
PGK-neo cassette, thereby allowing the broad tissue expression of
rtTA and GFP from the rtTA-IRES-EGRP cassette. The administra-
tion of doxycyline will result in over-expression of Runx2-II or
Runx2-11in all the cells where the CMV promoter is active, thereby
allowing us to explore in the same animal the cell context dependent
effects of Runx2-II or Runx2-1.

DOXYCYCLINE-INDUCED RUNX2-11 OR RUNX2-1 EXPRESSION

IN VITRO

Primary osteoblasts were isolated from newborn control and
TgCMVfrtTAfTethfRunxszI or TgCMVfrtTAfTethfRunxsz triple transgenic
mice. The cells were incubated with various dose of doxycycline
(10,100, 500, 1,000, and 2,000 pg/ml) in the culture media for 48 h,
then total RNAs were extracted from the cells and a real-time RT-

PCR was performed to examine the expression of the Runx2-1I or
Runx2-1 transgene and its downstream genes.

DOXYCYCLINE-INDUCED RUNX2-1l OR RUNX2-1 EXPRESSION

IN VIVO

We examined the tissue expression of the Runx2-I1I or Runx2-1
transgene after administration of doxycyline for 1 week to
TgCMV—rtTA—Tet—O—Runxz—II or TgCMV—rtTA—Tet—O—RunXZ—I 3-week-old mice.
For these studies, we administered doxycycline (Dox) to achieve
activation of the Tet-O-Runx2-II or Tet-O-Runx2-I (Tet-ON) in the
triple transgenic mice. Dox (2 mg/ml in 5% sucrose solution) was
added to the drinking water to 3-week-old mice. At the end of a
week, various tissues were harvested and the levels of Runx2-II
or Runx2-1 transgene expression were quantified using real-time
RT-PCR.

REAL-TIME RT-PCR
For quantitative real-time RT-PCR, 2.0 j.g of total RNA isolated from
either the long bone of 4-week-old mice or 3 days cultured primary
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osteoblasts in inducible conditions was reverse transcribed as
previously described [Xiao et al., 2004]. PCR reactions contained
100 p.g template (cDNA or RNA), 300 pM each forward and reverse
primers, and 1x iQ™ SYBR® Green Supermix (Bio-Rad, Hercules,
CA) in 50 pl. The threshold cycle (Ct) of tested-gene product from the
indicated genotype was normalized to the Ct for cyclophilin A.

ASSESSMENT OF SOFT TISSUE CALCIFICATION

The whole organ specimens were stained for overnight in a 1%
aqueous Alizarin Red S solution (Sigma Cat. No. A5533), followed
by exhaustively rinsed with tap water for 10 min. Then the dye was
extracted with 10% cetylpyridinium chloride and quantified at
562 nm as previously described [Stubbs et al., 2007].

SERUM BIOCHEMISTRY

Serum osteocalcin levels were measured using a mouse osteocalcin
EIA kit (Biomedical Technologies Inc., Stoughton, MA). Serum urea
nitrogen (BUN) was determined using a BUN diagnostic kit from
Pointe Scientific, Inc. Serum calcium (Ca) was measured by the
colorimetric cresolphthalein binding method, and phosphorus (P)
was measured by the phosphomolybdate-ascorbic acid method
(Stanbio Laboratory, TX). Serum TRAP was assayed with the ELISA-
based SBA Sciences mouseTRAP™ assay (Immunodiagnostic
Systems, Fountain Hills, AZ). Serum PTH levels were quantitated
with the use of an enzyme-linked immunosorbant assay from
Immunotopics according to the directions of the manufacturer.

BONE DENSITOMETRY, HISTOMORPHOMETRIC, AND

MICRO-CT ANALYSIS

Bone mineral density (BMD) of femurs was assessed before and after
doxycycline administration for 2 weeks at 3 and 5 weeks of age
using a LUNARpixmmus bone densitometer (Lunar Corp, Madison,
WI). Alizarin Red (Sigma, St. Louis, MO) double labeling of bone and
histomorphometric analyses of periosteal mineral apposition rate
(MAR) in tibias were performed using the osteomeasure analysis
system (Osteometrics). Goldner and Von Kossa staining were
performed according to standard protocols [Glass et al., 2005; Xiao
et al., 2005]. The distal femoral metaphyses were also scanned using
a Scanco wCT 40 (Scanco Medical AG, Briittisellen, Switzerland). A
3D images analysis was done to determine bone volume (BV/TV) and
cortical thickness (Ct.Th) as previously described [Xiao et al., 2005,
2006].

HISTOLOGY AND CYTOLOGY ANALYSES

Tissue samples (spleen, liver, and thymus) collected from control and
triple transgenic mice were fixed in 10% buffered formalin,
embedded in paraffin, and sectioned specimens were stained with
hematoxylin and eosin (H&E). The bone marrow (BM) cells were
isolated from femurs and tibias via cytocentrifuged preparations.
BM smear were prepared and stained with Wright-Giemsa (Fisher
Scientific, Pittsburgh, PA) for cytologic and morphologic changes
according to the manufacturer’s instructions. Images were taken
under a microscope with magnifications of 20 x using a Nikon E800
and an optronics CCD camera driven by the AnalySIS software
(Olympus Soft Imaging Solutions Corp, Lakewood, CO).

IMMUNOFLUORESCENCE

Freshly dissected tissues were covered with cryoembedding media,
and then rapidly frozen in liquid nitrogen. The 10 pm thick frozen
sections were fixed in 4% PFA for 10 min at room temperature and
rinsed 3 times in 1x PBS containing 0.3% Triton X-100 (PBST;
Sigma; pH 7.4). The sections were blocked with normal serum (from
same host species as secondary antibody) plus BSA (Sigma) at room
temperature for 1h. The sections were then incubated overnight at
room temperature with antiserum against Runx2 (1:200; rabbit
polyclonal IgG; SC-10758, Santa Cruz). Primary antibody binding
was visualized with Cy3 goat anti-rabbit IgG (1:200; Jackson, West
Grove, PA) incubation for 1h at room temperature. All incubations
were carried out in a humidified chamber and slides had coverslips
placed on them with Fluoromount G (Southern Biotechnology
Associates, Inc., Birmingham, AL). Images were captured with Nikon
Eclipse 80i microscope system.

FLOW CYTOMETRY AND PHENOTYPE ANALYSIS

Mice were killed at the indicated time points to collect peripheral
blood, spleen, thymus, and bone marrow (BM). Blood was counted
by Hemav (Drew Scientific Ltd., Waterbury, CT) and the other sample
cells were counted by Cell Lab Quanta SC(Beckman Coulter Inc.,
Fullerton, CA). After lyses of red blood cells, total nucleated cells
from peripheral blood, spleen, thymus, and BM were stained with
cell surface markers for phenotype analysis by using flow cytometry
as described previously [Zhang et al., 2006].

STATISTICAL ANALYSIS

We evaluated differences between groups by one-way analysis of
variance. All values are expressed as means + SD. All computations
were performed using the GraphPad Prism5 (GraphPad Software
Inc., La Jolla, CA).

INDUCIBLE EXPRESSION OF RUNX2 IN

CMV-CRE;ROSA26-NEO™ X/ -RTTATET-0-RUNX2-1l MICE IS LETHAL
CMV-Cre;ROSA26-ne0™*/*_rtTA:Tet-O-Runx2-11 mice were born
with the expected Mendelian frequency, developed normally, and
where identical to wild-type littermates in the absence of rtTA-
inducer doxycycline (DOX; Fig. 3A). Dox treatment also had no
demonstrable effects on WT mice. In contrast, CMV-Cre;ROSA26-
neo™*-rtTA:Tet-0-Runx2-1 treated with DOX from the time of
weaning (3-weeks-of-age) displayed growth retardation, developed
a sickly appearance characterized by patchy hair loss and the
inability to open their eyelids (Fig. 3A). While vehicle treated and
non-treated CMV-Cre; ROSA26-neo™/*-rtTA:Tet-0-Runx2-11
mice had normal survival identical to non-transgenic wild-type
mice, CMV-Cre;ROSA26-neo™/*_rtTA:Tet-0-Runx2-1 mice began
to die 1 week after Dox treatment and no mice survived beyond
2 weeks of treatment (Fig. 3B). In contrast, Dox administration to
control mice had no effect on survival. We lowered the dose of Dox
to 0.25 and 1 mg/ml, but this did not improve the survival of CMV-
Cre;ROSA26-neo™/* -rtTA;Tet-0-Runx2-11 mice. We also found
that CMV-mediated expression of rtTA resulted in wide expression
of the Runx2 transgene in response to Dox treatment. Indeed, the
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individual samples.

Runx2-1I transgene was induced in all tissues tested, with the highest
levels observed in kidney and ovary (Fig. 3C).

To gain insights into the tissue and cellular context dependent
functions of Runx2 and to understand the potential mechanisms
underlying the apparent toxic effects of widespread Runx2
overexpression, we examined the multiple tissues for abnormalities.

MUSCULOSKELETAL PHENOTYPE IN DOX-TREATED CMV-CRE;
ROSA26-NEO™-*X/* -(TTA;TET-0-RUNX2-1| MICE

Although the triple transgenic mice overexpressing Runx2-II
survived for only 2 weeks, the inducible overexpression of
Runx2-11 had profound effects on the musculoskeletal system.
Dox-treated CMV-Cre; ROSA26—neoﬂ°"/+—rtTA;Tet—O—Ruan—H
mice exhibited lower body weights (Fig. 4A), reductions in BMD
(Fig. 4B), and body fat (Fig. 4C), but no change in lean body mass
(Fig. 4D) by DEXA analysis. The lower bone density in Dox-treated
CMV-Cre; ROSA26—neoﬂ°x/+—rtTA; Tet-0-Runx2-II mice was due to
loss of trabecular bone volume and cortical thickness measured by

wCT analysis of femoral metaphyseal bone (Fig. 5A) due to
suppression of osteoblast-mediated bone formation and increased
bone resorption. In this regard, we respectively found a significant
decrease in periosteal and endosteal mineral apposition rate (MAR;
Fig. 5B) and an increase in circulating TRAP levels (Fig. 5C) in Dox-
treated Runx2-II triple transgenic mice. Consistent with suppressed
osteoblastic function, Osx and Oc were markedly suppressed in the
femur (Fig. 5D). To quantify DOX-induced Runx2 expression, we
examined Runx2-Il transgene expression in primary osteoblast
cultures from CMV-rtTA-Tet-O-Runx2-1I mice in which doxycy-
cline was added to the culture medium in vitro (Fig. 5E). Doxycycline
induced Runx2-II transgene expressions in a dose-dependent
manner in triple transgenic osteoblasts, but not in the control
cells, achieving a maximal induction at doxycycline concentrations
of ~1,200ng/ml. Similarly, Runx2-dependent osteogenic genes,
including Osteocalcin and Bone sialoprotein (Bsp) were increased in
a dose-dependent fashion by Dox (Fig. 5E), indicating that the
Runx2-11 transgene was highly expressed and functional in
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osteoblasts and that the effect was different between ex vivo and
in vivo induction of Runx2 expression.

RUNX2 MEDIATED "OSTEOGENIC PROGRAM" AND ECTOPIC
CALCIFICATION IN EXTRASKELETAL SITES ARE CELL CONTEXT
DEPENDENT

We examined the effects of Runx2 overexpression in different
tissues to induce an ‘“osteogenic program” as measured by the
expression of Osterix (Osx) and Osteocalcin (Oc), early and late
marker of the osteogenic lineage, respectively and by the presence of
ectopic calcifications, as measured by Alizarin Red S staining. Of the
multiple tissues overexpressing Runx2, extensive calcification of the
heart and lung as evidenced by both the greater intensity of staining
and amount of Alizarin Red S eluted from these tissues in Runx2-11
triple transgenic mice compared to control mice (Fig. 6A,B). In
contrast, the liver and kidney had spotty Alizarin-red staining and
lower amounts of Alizarin red elution. Other tissues, such as the skin,
spleen, and muscle, displayed no evidence of calcifications (data not
shown).

There was also tissue heterogeneity in the ability of Runx2
overexpression to induce an osteogenic program. In this regard,
overexpression of Runx2 induced expression of Osx and Oc in the
lung, spleen, and muscle (Fig. 6C-E), but not the aorta, heart, liver or
kidney (Fig. 6F-I). We also found discordance between Runx2-
mediated up-regulation of Osx and Oc and organ calcification.

The degree of calcification did not correlate with the levels of
ectopic Runx2 expression or the induction of the osteogenic
program. For example, heart calcifications were associated with
reductions in Osxr and Oc expression, lung calcifications were
associated with the upregulation of Osx and Oc and kidney
calcifications were associated with no changes in expression of these
osteoblastic markers (Fig. 6C-I). In non-calcifying tissues in Runx2
overexpressing mice, the spleen and muscle exhibited up-regulation
of Osx and Oc, whereas these osteogenic markers were decreased in
the heart and aorta of Runx2 overexpressing mice (Fig. 6C-I).
Differences in serum phosphate did not explain the soft tissue
calcifications, since serum phosphate in the triple transgenic mice
was not different from controls (8.8 & 3.7 mg/dl vs. 7.9 & 2.3 mg/dl,
respectively).

EFFECTS OF DOXYCYCLINE-INDUCIBLE RUNX2-1I EXPRESSION ON
SPLEEN, THYMUS, LIVER AND BONE MARROW

The spleen and thymus were significantly smaller in Dox-
treated CMV-Cre; ROSAZG—neoﬂOX/+—rtTA;Tet—O—Ruan—II com-
pared to controls (Fig. 7A,B). The control spleen consists of the
lymphoid white pulp (composed of the periarteriolar lymphoid
sheath (T-cell area), the adjacent follicles (B-cell area), and marginal
zone (B-cell area), and the hematogenous red pulp (which is
predominantly composed of red blood cells, but also contains
lymphocytes and macrophages; Fig. 7A, left panel). Both the white
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and red pulp are disorganized and depleted of cells in Runx2-I1
overexpressing mice (Fig. 7A, right panel). With regard to the
thymus, control mice show densely packed T-lymphocytes
(Fig. 7B, left panel), whereas the Runx2 overexpressing mice show
significantly smaller thymus glands that on histological examina-
tion demonstrate lighter areas consisting of what appear to be less
densely arranged T-lymphocytes and the presence of a greater
number of reticular cells that have fused into Hassall’s corpuscle,
that typically appear in involved thymus glands (Fig. 7B, right panel).
We did not observe any significant changes of B220" B cells in

peripheral blood, BM and spleen in Runx2 transgenic mice. The
absolute number of thymus mature and immature T cells decreased in
Runx2 transgenic mice by fluorescence activated cell sorting (FACS)
analysis (data not shown). In contrast, there were no abnormalities of
liver size or histology (Fig. 7C), in spite of higher levels of the Runx2
transgene expression in liver compared to spleen.

Analysis of doxycycline-inducible Runx2-II in the peripheral
blood and bone marrow suggests the potential presence of a myeloid
proliferative disorder (MPD). The Wright-Giemsa stained bone
marrow smear from Runx2-1I overexpressing mice reveals an altered
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myeloid-erythroid ratio and a preponderance of immature appear-
ing cells of uniform appearance (Fig. 7D). We assessed cell types in
peripheral blood and bone marrow (BM) by fluorescence activated
cell sorting (FACS) analysis in these mice. We have found that the
percentage of neutrophil was 3.8 folds increase in peripheral blood

while the percentage of lymphocyte was 2.5 folds decrease in Runx2
transgenic mice (Fig. 8A). Consistent with the peripheral blood
count, the percentage and absolute number of myeloid and
monocyte precursors (Mac17Gr1™) were 2.6 and 2.0 folds increase
in bone marrow (Fig. 8B,C) from Runx2-II transgenic mice, but there
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was no significant change in Mac17Gr1™ myeloid cells in the BM
from Runx2-II transgenic mice. These data suggested Runx2-II
transgenic mice might develop MPD.

Runx2 is a widely expressed transcription factor but its physiolo-
gical function is only well understood in bone development, where
Runx2 is an essential nodal point for the commitment of
undifferentiated mesenchymal cells to the osteoblast lineage and
for the terminal differentiation of chondrocytes [Komori et al., 1997;
Otto et al., 1997; Choi et al., 2001]. Since Runx2 null mice are
embryonic lethal, the extraskeletal effects of Runx2 remain largely
undefined, principally due to the lack tools to conditionally and
inducibly manipulate the expression of Runx2. In the current study
we tested the hypothesis that Runx2 biological effects are cell-
context dependent using a newly developed conditional and
inducible in vivo mouse model for overexpression of Runx2 under
control of a heterologous promoter. Using CMV-Cre to release the
inhibition of rtTA expression and doxycyline administration to
stimulate Runx2 cDNA expression from a Tet-On-promoter in
combined CMV-Cre; ROSA26-neo™/"-rtTA;Tet-0-Runx2-II mice,
we were successful in increasing the expression of Runx2 in multiple
tissues, postnatally. We found that the wide spread extraskeletal

expression of Runx2 in adult mice was lethal, with most of the mice
dying within 2 weeks of inducing Runx2 expression. The precise
mechanism of death could not be identified, in part because
abnormalities were identified in multiple organs. Indeed, the lethal
phenotype in resulting from CMV-Cre mediated and doxycycline
induced overexpression of Runx2 was associated with paradoxical
osteopenia, a myleodysplastic syndrome, and extensive soft-tissue
calcifications.

We found that the ability of Runx2 to induce an osteogenic
program, which is the principal known function of this transcription
factor [Choi et al., 2001], was highly influenced by the tissue and cell
context. Interestingly, CMV-directed increased expression of Runx2
in mature bone resulted in a reduction in bone mass. The reduction
in bone mass was caused by both a reduction in osteoblastic markers
consistent with decreased bone formation as well as a nearly twofold
increase in serum TRAP activity, consistent with increased bone
resorption in Runx2 transgenic mice. There are several studies
consistent with our findings that Runx2 overexpression in mature
osteoblasts inhibits bone formation and stimulates resorption [Liu
et al.,, 2001; Ueta et al., 2001; Geoffroy et al., 2002; Hassan et al.,
2006; Kanatani et al., 2006]. This paradoxical effects of Runx2 to
either stimulate skeletogenesis or cause net skeletal catabolism has
been explained by an effect of Runx2 antagonizing the final steps of
osteoblast maturation and/or the bone-forming activity of fully
differentiated osteoblasts [Liu et al., 2001; Geoffroy et al., 2002;
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Maruyama et al., 2007 ; Merciris et al., 2007]. These catabolic effects
of Runx2 differ from other observations showing a positive
association between increased Runx2 and bone mass. For example,
a human mutation in the P2 promoter of Runx2 is associated with
increased BMD [Doecke et al., 2006], a high bone density mouse
model is caused by inhibition of Runx2 degradation [Jones et al.,
2006], and Mmpl13-promoter directed Runx2 overexpression
stimulates net increases in bone formation in adult mice
[Selvamurugan et al., 2006]. The disparities between the catabolic
and osteoinductive effects of Runx2 overexperssion may be

explained by the amount of Runx2 and the timing of expression
controlled by the different promoters driving its expression.

The more interesting aspect of our studies is the finding that the
ectopic induction of the osteogenic program was limited to certain
tissues. Whereas in some tissues, such as muscle, lung and spleen,
overexpression of Runx2 induced an osteogenic program leading to
vascular calcifications, in other tissues, such as liver, heart, aortal
and kidney, Runx2 overexpression did not induce markers of
osteoblast differentiation. The ability of Runx2 overexpression to
induce an osteogenic program in lung, is consistent with clinical
observations of pathological calcifications of lung tissue in both
hereditary disorders, such as pulmonary alveolar microlithiasis, and
in acquired disorders, such as chronic kidney disease [Bendayan
et al., 2000]. Runx2 overexpression also induced an osteogenic
program in skeletal muscle, which also undergoes ossification in a
variety of hereditary and acquired disorders [Shore and Kaplan,
2008]. In contrast, the cardiovascular system, which has a special
susceptibility to calcifications in chronic kidney disease, diabetes
and aging [Chillon et al., 2009; Speer et al., 2009], did not exhibit an
osteogenic program in response to Runx2 overexpression. Our
findings add complexity to the idea that ectopic Runx2 expression is
always sufficient to initiate an osteogenic program leading to soft-
tissue and vascular calcifications in various disease states, by
suggesting that the initiation of the Runx2 osteogenic development
cascades requires other co-factors in some but not all tissues. There
is growing evidence that environmental signals, such as hyperpho-
sphatemia or oxidative stress can promote a phenotypic switch of
vascular smooth muscle cells from contractile to osteogenic
phenotype that is associated with an increase in Runx2 expression
and transactivity [Byon et al., 2008; Mathew et al., 2008; Speer et al.,
2009]. In addition, Runx2 siRNA blocks VSMC calcification, and
adenovirus-mediated overexpression of Runx2 induces VSMC
calcification in vitro. Also, we found that the presence of soft-
tissue calcifications did not correlate with the induction of the
osteogenic program. For example, increased alizarin red staining
was observed in the heart and lung, but the osteogenic program was
induced only in the lung. The rapid loss of bone mass in Runx2
transgenic mice, and the consequent release of calcium and
phosphate from bone, might explain the widespread organ
calcification, similar to the proposed mechanism for soft tissue
calcifications caused by the high turnover bone loss in OPG null
mice [Bucay et al., 1998].

We also found that overexpression of Runx2 under control of the
CMV-promoter and doxcycyline production rapidly induced
abnormalities in hematopoietic stem cell development. Ectopic
expression of Runx2, either by retroviral insertion into Runx2 gene
or by the generation of transgenic mice that overexpress a full-
length Runx2 cDNA in the T-cell compartment (CD2-Runx2) is
reported to cause lymphomas [Vaillant et al., 1999; Blyth et al.,
2001, 2006]. We found, however, that overexpression of Runx2
resulted in impaired development of the B- and T-cells. While it is
well established that Runx1, a related family member, controls
hematopoiesis, conditional knockout of RunxI in hematopoietic
compartments after birth, results in greater impairment of the
maturation of megakaryocytes and development of both T and B
lymphocytes than myeloid and erythroid development [Wang et al.,
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1996; Ichikawa et al., 2004a,b]. Recently, the p2-Runx2-I isoform
has been shown to be expressed in hematopoietic stem cells, where
sustained expression cooperates with abnormal Cbff in mice
expressing the fusion oncogene CbfB-MYH11 to cause acute
myeloid leukemia [Blyth et al., 2001, 2006; Kuo et al., 2009].
Consistent with this later finding, we found that overexpression of
Runx2 resulted in a myeloproliferative-like disorder in doxycycline
treated CMV-Cre;ROSA26-neo ™+ -1tTA;Tet-0-Runx2-1I mice. Our
findings of differential effects on myeloid and lymphocyte
compartments is consistent with the finding that depending on
the cell context, Runx2 may function as a tumor suppressor [Blyth
et al., 2005] or an oncogene. This cell-context proliferative potential
of Runx2 is not limited to cancer, since Runx2 also stimulates
proliferation in endothelial cells [Sun et al., 2004; Qiao et al.,
2006] and may be involved in endothelial-mesenchymal transfor-
mation during cardiac valve formation [Mercado-Pimentel et al.,
2007]. Cardiac valves of doxycycline treated CMV-Cre; ROSA26-
neo°x/ T_rtTA;Tet-0-Runx2-11 mice also showed abnormalities
of proliferation of endocardial cells lining the heart valves
(Supplemental Fig. 1).

There are several limitations to our model. First, we cannot
distinguish whether the extraskeletal effects represent a biological
function of Runx2 per se or whether it is mimicking the function of a
paralogue normally expressed in that tissue. Runx2 isoforms and
Runx paralogues have shared gene structures and functional
domains encoded by exons 2-8 and overlapping transactivation
potential [Lindenmuth et al., 1997; Imai et al., 1998; Thirunavuk-
karasu et al., 1998; Quack et al., 1999; Javed et al., 2000; Zaidi et al.,
2001]. Second, we also did not test the differential effects of the
Runx2-I and Runx2-II isoforms, which have been shown to have
similar transactivation in vitro [Xiao et al., 2004]. Finally, since we
used the broadly expressed CMV promoter to overexpress Runx2, we
have not fully utilized the advantage of our triple transgenic system
to target Runx2 overexpression to specific tissues.

In conclusion, we have addressed the differential functions of
Runx2 in different tissues. We found that the ectopic overexpression
of Runx2 recapitulated phenotypes in the mouse that have been
previously associated with the pathological unregulated expression
of Runx2 in various disease states. Our results emphasize the
importance that the cell context plays, rather than intrinsic
transcriptional activation potential of the transcription factor, in
determining whether Runx2 promotes osteogenic differentiation,
suppresses cell proliferation or functions as an oncogene. There
appears to be a physiological requirement for stringent control of
Runx2 expression, such that overexpression both within and outside
of the skeleton can have adverse consequences and contribute to a
variety of disease states. Overall, our findings support the idea that
differential regulation of Runx2 promoters that control the time,
place and amount of gene expression, the presence of different co-
factors that bind to Runx proteins, and concurrent transcriptional
programs that cross-talk with Runx all act in concert to determine
the separate functions of Runx 2 isoforms. By developing a
conditional and inducible mouse model to overexpress Runx2, and
which can also modified to knockdown Runx2 isoforms by
developing Tet-O-siRNA for Runx2-lI and II, we have tools to
investigate the cell context-dependent functions of Runx2 isoforms.

Understanding the molecular basis for the cell context dependent
actions of Runx2 may allow us to exploit this knowledge to
understand a wide range of disorders ranging from bone anabolism
and catabolism to the oncogenic and tumor suppressor potential of
Runx2.
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