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Runx2 Expression in Smooth Muscle Cells Is
Required for Arterial Medial Calcification in Mice
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Arterial medial calcification (AMC) is a hallmark of aging, diabetes, and chronic kidney disease. Smooth
muscle cell (SMC) transition to an osteogenic phenotype is a common feature of AMC, and is preceded by
expression of runt-related transcription factor 2 (Runx2), a master regulator of bone development. Whether
SMC-specific Runx2 expression is required for osteogenic phenotype change and AMC remains unknown. We
therefore created an improved targeting construct to generate mice with floxed Runx2 alleles (Runx2f/f) that
do not produce truncated Runx2 proteins after Cre recombination, thereby preventing potential off-target
effects. SMC-specific deletion using SM22erecombinase transgenic allele mice (Runx2DSM) led to viable mice
with normal bone and arterial morphology. After vitamin D overload, arterial SMCs in Runx2f/f mice
expressed Runx2, underwent osteogenic phenotype change, and developed severe AMC. In contrast, vitamin
Detreated Runx2DSM mice had no Runx2 in blood vessels, maintained SMC phenotype, and did not develop
AMC. Runx2 deletion did not affect serum calcium, phosphate, fibroblast growth factor-23, or alkaline
phosphatase levels. In vitro, Runx2f/f SMCs calcified to a much greater extent than those derived from
Runx2DSM mice. These data indicate a critical role of Runx2 in SMC osteogenic phenotype change and
mineral deposition in a mouse model of AMC, suggesting that Runx2 and downstream osteogenic pathways
in SMCs may be useful therapeutic targets for treating or preventing AMC in high-risk patients. (Am J Pathol
2015, 185: 1958e1969; http://dx.doi.org/10.1016/j.ajpath.2015.03.020)
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Arterial medial calcification (AMC) is prevalent in aging,
diabetic, and chronic kidney disease (CKD) patients.1e3 In
contrast to arterial intimal calcification (AIC) associated with
atherosclerosis, AMC occurs in the absence of inflammation,
is the earliest type of vascular calcification found in children
with CKD, and is considered a hallmark of CKD mineral and
bone disorder in adults.4e6 Although AIC and AMC both are
associated with increased cardiovascular mortality,7 AIC is
associated with plaque rupture and myocardial infarction,8e10

whereas AMC leads to vessel stiffening, increased pulse-wave
velocity, reduced cardiac perfusion, and, ultimately, left ven-
tricular hypertrophy and heart failure.1,7,11,12 Importantly, heart
failure is a predominant cardiovascular cause of death in aged,
diabetic, and CKD patients.1e3,13 Furthermore, in randomized
clinical trials, statins do not improve survival in CKD patients,
suggesting that noninflammatory arteriosclerotic disease
featuring AMC may underlie the high cardiovascular mortality
risk in these patients.14e18 Thus, understanding the cellular
and molecular mechanisms mediating AMC is critical for
improved therapeutics for high-risk patients.
stigative Pathology.
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Analyses of arteries from children4 and experimental
animals19,20 have indicated that cells expressing an osteo-
genic phenotype appear in the media before extracellular
matrix mineralization in AMC.21,22 Furthermore, genetic
fate mapping studies show that SMCs are the predominant
progenitors of osteogenic cells in a mouse model of AMC,23

supporting a critical role for SMCs in this pathology.
Mechanistically, osteogenic reprogramming of vascular
SMCs is preceded by de novo expression of runt-related
transcription factor 2 (Runx2).23,24 Runx2, also known as
Cbfa1 or AML3, is a transcription factor that absolutely is
required for skeletal formation and remodeling.25,26 Muta-
tions in the Runx2 gene lead to cleidocranial dysplasia in
humans,27 and targeted deletion in mice results in perinatal
death caused by defective bone formation and respiratory
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Figure 1 Design and characterization of a conditional runt-related transcription factor 2 (Runx2) allele. A: Conditional targeting strategy for the mouse Runx2
gene. Runx2 genomic sequence (striped line) containing exon 4 (grey box) was cloned into targeting vector. Homologous recombination (dashed line) between
targeting vector and wild-type locus resulted in the targeted allele. Neo cassette was used to select positive embryonic stem cell clones and was removed from the
conditional allele of the chimeric mice through breeding to a FLP transgenic background. On Cre recombination (dotted line), exon 4 was removed, leading to a shift in
reading frame that resulted in a stop codon. Restriction enzyme site K, Kpn I; R, EcoR I; RV, EcoR V.B: Characterization of the neo cassetteedeleted conditional allele by
PCR. Genomic DNA was extracted from the tail biopsy specimens of mice 5380 to 5382. Specific primers were used to identify the presence of a single LoxP site (upper,
428 bp), the homologous recombination of the targeting vector, and the wild-type Runx2 locus (middle, 1.8 kb), and the absence of the neo cassette in the conditional
allele (lower, 592 bp). Fragments amplified from wild-type (WT) Runx2 allele were 366 bp (top panel) and 414 bp (bottom panel). No fragment was amplified from the
wild-type Runx2 allele (middle panel). Genomic DNA isolated from 13D4 embryonic stem cells was used as a positive control for the conditional allele.
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failure.25,26 However, it is not yet known whether Runx2
expression specifically in SMCs is required for either oste-
ogenic phenotype change or AMC under conditions of
calcifying vascular disease. We therefore generated mice
with SMC-specific Runx2 inactivation alleles (Runx2DSM) to
determine whether selective ablation of Runx2 in vascular
SMCs prevents SMC osteogenic differentiation and mineral
deposition in a mouse model of AMC.

Materials and Methods

Generation of a Runx2 Conditional Allele that Targets
the Runt Homology Domain

A Runx2 targeting vector was created such that exon 4, the
second exon of the runt homology domain, was flanked by a
single loxP sequence on the 50 side and a FRT-flanked and a
loxP-flanked neomycin-resistant (Neo) cassette oriented
opposite of the Runx2 gene on the 30 side. This targeting
vector then was linearized and electroporated into
The American Journal of Pathology - ajp.amjpathol.org
C57BL/6� 129SvEv hybrid embryonic stem cells. On G418
antibiotic selection and Southern blotting using a probe that
recognizes sequences outside of the homologous recombi-
nation arms of the allele, embryonic stem cell clones with
proper homologous recombination were identified (data not
shown). Two positive clones subsequently were injected into
C57BL/6 blastocysts and produced five chimeric floxed-
Runx2 transgenic mice that showed a high percentage of
agouti coat color. These chimeras then were bred onto a FLP
recombinase background to remove the Neo cassette, and
their genomicDNAwas extracted from tail biopsy specimens.

Primers used to identify the hemizygous floxed-Runx2 mice
(Runx2þ/f) were as follows: LOX1 50-GCTCAAGACCTGA-
CTCGAGAC-30 and SDL2 50-GAAACACTTAAGGACA-
GAGAACACATGC-30, which flank the single loxP site;
A1 50-AAACCAGCCAAAACTCAGAAAGCC-30, which is
downstream of the short homology arm; F3 50-GCATAAG-
CTTGGATCCGTTCTTCGGAC-30, which is inside of theNeo
cassette; and NDEL1 50-GTTAGGCTCTCTGGTGCAAG-30

and NDEL2 50-CTTGAAACCATCCACAGGTGAT-30,
1959
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Figure 2 Global deletion of the runt-related transcription factor 2 (Runx2) gene leads to bone and cartilage abnormality and perinatal lethality in mice. A: Global
deletion of the Runx2 gene. A Runx2þ/floxmale mouse was bred to a female Sox2-Cre recombinase transgenic mouse followed by interbreeding of the Runx2þ/Dmice to
generate Runx2 nulls (Runx2D/D). Embryos at 18.5 days after coitum were genotyped (A), and then imaged by a dissection scope (B). Skeletons of mice with
representative genotypes were determined by Alcian blue and Alizarin red stain (C) and by soft X-ray (D). Ctrl, control; Runx2þ/þ, wild-type; Runx2D/D, knockout;
Runx2þ/D, heterozygote; WT, wild type.
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which flank the Neo cassette. The Runx2þ/fmice were back-
crossed to C57BL/6 mice for three generations and then inbred
to produce homozygotes (Runx2f/f). Mice hemizygous and
homozygous for the conditional transgenic allele were viable,
normal in size, fertile, and did not show gross physical or
behavioral abnormalities.

The Runx2þ/f mice were bred further with either Sox2-Cre
transgenic mice (008454; The Jackson Laboratory, Bar Har-
bor, ME) to produce Runx2þ/f:Sox2-Cre (Runx2þ/D), or
SM22a-Cre transgenic mice to produce Runx2f/f:SM22a-Cre
(Runx2DSM) to deplete the Runx2 gene globally or specifically
in SMCs, respectively. Genotyping of these mice was per-
formed using PCR of DNA extracted from tail biopsy speci-
mens. Primers used for genotyping were LOX1 and NDEL2
(see previous paragraph), which amplify regions from the 50

side of the first loxP to the 30 side of the second loxP, and
generated amplicons of 1019 bp (wild-type allele), 1269 bp
(floxed conditional allele), and 527 bp (Cre recombined allele).
Characterization of Runx2D/D Mice

Runx2þ/þ, Runx2þ/D, and Runx2D/D embryos were collected
at 18.5 days after coitum from timed inbreeding of Runx2þ/D

mice. The pregnant adult mice were euthanized with CO2

asphyxiation followed by exsanguination. Embryos were kept
hypothermic followed by an immediate peritoneal injection of
pentobarbital at a dosage of 450 mg/kg body weight. Sacri-
ficed embryos were imaged for gross anatomy and tail biopsy
specimens were taken for DNA extraction and genotyping.
Subsets of Runx2þ/þ, Runx2þ/D, and Runx2D/D embryos were
either X-rayed, double-stained for cartilage and bone with
1960
Alcian blue and Alizarin red,28 or fixed in 10% buffered
formalin for histology.

Vitamin D Induction of AMC in Mice

AMC was induced via vitamin D (cholecalciferol) overload as
previously described.29 USP grade cholecalciferol (C1357;
Sigma, St. Louis, MO) was dissolved in 100% ethanol and
diluted freshly to 1.65 mg/mL containing 5% ethanol for each
injection. Ten-week-old Runx2f/f and Runx2DSM mice received
cholecalciferol subcutaneously at a dosage of 500,000 IU/kg/
day for 4 consecutive days, and 5% ethanol in sterile water was
used as a vehicle control. Animals were monitored daily and
terminated for study 10 to 14 days after injection. Specifically,
mice were sacrificed with 50 to 180 mg/kg pentobarbital
intraperitoneally followed by exsanguination via cardiac
puncture. Sera were collected for blood chemistry. Aortic
arches and abdominal aortas plus common iliac arteries were
collected for calcium quantification, and thoracic aortas, renal
arteries, and kidneys were collected for histology.
All animals were maintained in a specific pathogen-free

environment. Protocols were in compliance with the NIH
Guideline for the Care and Use of Laboratory Animals and
have been approved by the Institutional Animal Care and
Use Committee at the University of Washington.

Histochemical and Immunohistochemical Staining

Specimens were fixed with modified Clark’s fixative (75%
methanol, 25% glacial acetic acid) and embedded in
paraffin. Serial sections (5 mm thick) were collected and
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Mice with smooth muscleespecific
deletion of the runt-related transcription factor 2
(Runx2) gene are viable and show normal vascular
morphology. Runx2flox/flox mice were bred with
SM22-Cre transgenic mice to generate smooth
muscle cell (SMC)-specific Runx2 knockout mice
(Runx2DSM). A: Tissue-specific deletion of Runx2
was examined by PCR using primers that amplify
the loxP-flanked targeting sequence. Genomic DNA
isolated from aorta and liver of Runx2f/f and
Runx2DSM mice was used as a template. In addi-
tion, aortic media were isolated carefully with
enzymatic digestion and showed complete removal
of Runx2 exon 4. (BeJ) Upper abdominal aortas
dissected from wild-type (BeD), Runx2f/f (EeG),
and Runx2DSM (HeJ) mice were stained for SMC
markers, SM22a (B, E, and H), ACTA2 (C, F, and I),
and SMMHC (D, G, and J).

Runx2 and Arterial Medial Calcification
used for hematoxylin and eosin staining. Calcium-phosphate
minerals were detected by Alizarin red and von Kossa
staining.19,23 Immunohistochemistry was used to determine
SMCs and osteochondrogenic precursors. In brief, sections
were deparaffinized and rehydrated, blocked for endogenous
peroxidase activity and nonspecific binding, and incubated
with primary antibodies that recognize SM22a (ab10135;
Abcam, Cambridge, MA), SMMHC (ab683; Abcam),
ACTA2 (A2547; Sigma), Runx2 (MAB2006; R&D sys-
tems, Minneapolis, MN), or osteopontin (AF808; R&D
systems). The presence of vascular SMCs or osteochon-
drogenic precursors then were visualized through biotin-
conjugated secondary antibodies followed by avidin-biotin
complex amplification (PK-6100; Vector Labs, Burlin-
game, CA) and 3, 30-diaminobenzidine staining (D-0426;
Sigma) or fluorescent secondary antibodies.23,24
Serum Analysis

Micewere fasted for 4 hours before blood collection into serum
separator tubes. Sera were used to determine calcium and
blood urea nitrogen levels colorimetrically using the o-cre-
solphthalein complexone kit (C503-480; Teco Diagnostics,
Anaheim, CA) and the QuantiChrom Urea Assay kit (DIUR-
The American Journal of Pathology - ajp.amjpathol.org
500; BioAssay Systems, Hayward, CA), respectively. Fibro-
blast growth factor-23 was measured using an enzyme-linked
immunosorbent assay kit from Immuotopics (#60-6300; San
Clemente, CA), and phosphorus by a standard bioanalyzer.19
Isolation and Culture of Vascular SMCs

Vascular SMCs were isolated from aortas of 4-week-old
wild-type, Runx2f/f, and Runx2DSM mice as previously
described.30 Briefly, thoracic and the upper part of the
abdominal aorta were incubated first with 1 mg/mL colla-
genase, 0.23 mg/mL elastase, 0.375 mg/mL soybean trypsin
inhibitor, and 2 mg/mL bovine serum albuminA at 37�C
for 5 minutes to separate aortic media from adventitia.
Endothelial cells were removed with a cotton swab, and the
medial layer then was stripped off carefully under a
dissection microscope and cut into 1-mm pieces. After
digestion in 1 mg/mL collagenase for 20 minutes to remove
residual endothelial and adventitial cells, the aortic media
pieces were rinsed with culture medium and dispersed in a
mixture of 0.64 mg/mL collagenase and 0.44 mg/mL elas-
tase in culture medium containing 20% fetal bovine serum.
After incubation at 37�C for 40 minutes to 1 hour with
occasional gentle agitation, medial cells were released. The
1961
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Figure 4 Smooth muscle cell (SMC)-specific
removal of runt-related transcription factor 2
(Runx2) does not alter normal bone development.
Thoracic aortas dissected from Runx2þ/þ (A),
Runx2f/f (B), and Runx2DSM (C) mice were negative
for Runx2 by immunofluorescent staining. Runx2
was up-regulated in vitamin D (VitD)-treated
Runx2f/f mice (D). Arrows designate Runx2þ cells
in aortic media. Femurs of 7-day-old wild-type (E,
H, and K), Runx2f/f (F, I, and L), and Runx2DSM (G,
J, and M) mice were stained with hematoxylin and
eosin (H&E) for gross morphology (EeG), von
Kossa, and toluidine blue counterstain for bone
development (HeJ), and immunohistochemically
for Runx2 (KeM). Similar morphology and Runx2
expression patterns were observed among sections
of different genotypes. A, adventitia; M, media; L,
lumen.

Lin et al
cell suspension was centrifuged at 800 � g for 5 minutes,
and the cell pellet was washed and resuspended in Dul-
becco’s modified Eagle’s medium containing 100 U/mL
penicillin, 100 mg/mL streptomycin, 0.25 mg/mL fungizone,
and 20% fetal bovine serum. Aortic SMCs were seeded at a
density of 1 � 105 cells/mL for primary culture, and split
1:2 at confluency. Cells used for the experiments were from
the third to ninth passages. Subcultured SMCs were main-
tained in Dulbecco’s modified Eagle’s medium containing
100 U/mL penicillin, 100 mg/mL streptomycin, 0.25 mg/mL
fungizone, and 10% fetal bovine serum.30 SMCs of more
than 96% purity as determined by the presence of SM22a,
1962
SMMHC, and ACTA2 were used for the study (data not
shown).

Western Blotting

Nuclear lysates were prepared from SMC monolayers using
a nuclear extraction kit (78,833; Thermo Scientific, Wal-
tham, MA). The protein content of the lysates was measured
by the Micro BCA assay (Life Technologies, Grand Island,
NY). Equal amounts of the protein from each sample were
separated by SDS-PAGE followed by a transfer to a poly-
vinylidene difluoride membrane (Perkin Elmer, Waltham,
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Vitamin D (VitD) overload increases
serum calcium, fibroblast growth factor (FGF)-23,
and alkaline phosphatase (ALP) levels without
affecting phosphate levels, blood urea nitrogen
(BUN) levels, and kidney histology. Vitamin D and
vehicle (VC) were prepared and delivered as
described in Materials and Methods. Fasting serum
and kidney were collected from vehicle-injected
Runx2f/f and vitamin Deinjected Runx2f/f or
Runx2DSMmice. Serum calcium (A), FGF-23 (B), and
ALP (C) levels were increased by vitamin D overload,
but no differences were observed between geno-
types. Serum phosphate level (D), BUN level (E),
and gross kidney anatomy (periodic acid-
Schiff stain) (FeH) were not affected significantly
by vitamin D overload. Data are presented as
means� SD (nZ 3 to 5). *P< 0.05 as determined
by one-way with ANOVA the Dunn post hoc test.

Runx2 and Arterial Medial Calcification
MA). Runx2 protein then was detected using an antibody
specific for mouse Runx2 (D130-3; MBL Int Corp, Woburn,
MA; or sc-10758; Santa Cruz Biotechnology, Inc., Dallas,
TX), a horseradish peroxidaseeconjugated secondary
antibody (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA), and the SuperSignal WestDura chem-
iluminescence detection kit (Thermo Scientific). Probing of
the same membrane with antibody recognizing lamin B (sc-
6217; Santa Cruz) was used to monitor sample loading.

Reverse Transcription-PCR and Quantitative Real-Time
PCR

Total RNA was extracted from blood vessels or SMC
monolayers using the RNeasy Mini kit (Qiagen, Valencia,
CA). The contaminating genomic DNA was digested by
RNase-free DNase I (Qiagen). Total RNA (0.5 to 1 mg) was
used to synthesize first-strand cDNA using Omniscript (Qia-
gen) at 37�C for 1 hour, and the cDNA produced was used to
determine the expression of Runx2 and osteogenic genes,
osteopontin (Opn, official name Spp1), alkaline phosphatase
(Alpl), and osteocalcin (Ocn, official name Bglap) using
TaqMan quantitative real-time PCR. Primer and probe se-
quences were as follows: Runx2 forward primer: 50-CACC-
GACAGTCCCAACTTCCT-30, Runx2 reverse primer: 50-
ACGGTAACCACAGTCCCATCTG-30, and Runx2 probe: 50-
FAM-CCTTCAAGGTTGTAGCCCT-MGB-30; Opn forward
primer: 50-TGAGGTCAAAGTCTAGGAGTTTCC-30, Opn
reverse primer: 50-TTAGACTCACCGCTCTTCATGTG-30,
and Opn probe: 50-FAM-TTCTGATGAACAGTATCCTG-
MGB-30; Alpl forward: 50-CAAGGACATCGCATATCA-
GCTAA-30, Alpl reverse: 50-CAGTTCTGTTCTTCGGGTA-
The American Journal of Pathology - ajp.amjpathol.org
CATGT-30, and Alpl probe: 50-FAM-AGGATATCGA-
CGTGATCAT-MGB-30; Ocn forward: 50-CTGGCTGCG-
CTCTGTCTCT-30, Ocn reverse: 50-GACATGAAGGCTT-
TGTCAGACTCA-30, and Ocn probe: 50-FAM-TGACCT-
CACAGATGCCAA-MGB-30. Probe sequences were created
to span an exoneexon junction of the desired genes to avoid
amplification of residual genomic DNA. The 18s ribosomal
RNA expression was determined using TaqMan Ribosomal
RNA Control Reagents (Life Technologies) to control sample
loading. Gene expression levels were normalized to 18s ribo-
somal RNA levels and expressed as a fold of control sam-
ples. The Runx2 primers also were used to amplify exon 4
to determine the deletion efficiency of the Runx2 gene in
the Runx2DSM alleles. Thirty cycles of PCR were used to
allow exponential amplification of the desired genes, and
glyceraldehyde-3-phosphate dehydrogenase was used to
monitor sample loading.

Calcium Quantification

Approximately 6 mm of the aortic arch and 4 mm of the
abdominal aorta plus two common iliac arteries from each
mouse were collected and lyophilized to a constant weight.
Calcium was extracted from the lyophilized tissue with 0.6
N HCl at 37�C for 48 hours on a shaker, determined
colorimetrically using the o-cresolphthalein complexone kit
(C503-480; Teco Diagnostics), and normalized to the tissue
dry weight.19,20 To determine calcification of SMC cultures,
cells first were rinsed with ice-cold phosphate-buffered sa-
line and decalcified with 0.6 N HCl at 4�C for 24 hours on a
shaker. Calcium released from the cell cultures was deter-
mined colorimetrically as described earlier and normalized
1963
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Figure 6 Smooth muscle cell (SMC)-specific
deletion of Runx2 prevents SMC osteochondrogenic
phenotype change. Runx2f/f (A, B, D, E, G, H, J, K, M,
and N) and Runx2DSM (C, F, I, L, and O) mice were
treatedwith either vitamin D (VitD) (B, C, E, F, H, I, K,
L, N, and O) or vehicle control (A, D, G, J, and M) as
described in Materials and Methods. Abdominal aortas
were collected to visualize calcium deposition
through Alizarin Red S stain (AeC), as well as he-
matoxylin and eosin (H&E) (DeF), Runx2 (brown
nuclear stain) (GeI), SMC marker protein, SM22a
(brown stain) (JeL), and osteopontin (OPN) (brown
stain) (MeO, double arrows). Dashed lines in GeI
designate external elastic lamina. Note the bright red
calcium stain in the aortic media of Runx2f/f mice
challenged with vitamin D (B) and the presence of
Runx2-positive cells in the media layer around the
calcification site (H, arrowheads), but not in vehicle-
injected (A) or Runx2DSM vessels (C). Note also the
concomitant loss of SM22a at the calcification site (K,
arrows).

Lin et al
to cellular protein of the culture and expressed as micro-
grams of calcium per milligram of cellular protein.30

Statistics

Data, shown as means � SEM, were analyzed with the
Student’s t-test or one-way analysis of variance with the
Dunn post hoc test. Data were considered statistically
significant at P < 0.05.

Results

Global Deletion of Runx2 Inhibits Fetal Bone and
Cartilage Development

Mice carrying a Runx2 conditional allele that targets exon 4, the
first exon of the runt homology domain of theRunx2 gene, were
generated (Figure 1A). On Cre recombination, exon 4 is
removed, resulting in a reading frame shift and early stop codon
(Figure 1A). This strategywas chosen to avoid the generation of
1964
runt homology domain-containing truncated proteins that pre-
viously were reported to retain DNA binding ability and act as a
dominant-negative competitor.31 In this way, we were able to
avoid off-target effects on related runt homology domain-
containing family members (Runx1 and Runx3) that poten-
tially could confound our studies. By using Runx2 targeting
vectorecontaining embryonic stem cell clone (13D4) as posi-
tive control, three mice were identified to have appropriate loxP
sites (Figure 1B) after homologous recombination at the Runx2
locus (Figure 1B) and in the absence of the Neo cassette
(Figure 1B). We also verified sequences of the floxed exon 4
region through DNA sequencing (data not shown).
To confirm that the conditional allele led to appropriate

Runx2 deletion, male Runx2f/f mice were bred with female
Sox2-Cre recombinase transgenic mice to produce Runx2þ/D

mice. Inbreeding of the Runx2þ/D mice produced Runx2þ/þ,
Runx2þ/D, and Runx2D/D embryos at a rate similar to that
reported previously for traditionally generated Runx2
knockout embryos.25,26 Figure 2 shows representative em-
bryos of each genotype. Genotypes were identified using
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Smooth muscle cell (SMC)-specific
deletion of Runx2 prevents vascular calcification.
Total calcium deposition in blood vessels [aortic
arches (A) or abdominal þ iliac aorta (B)] of
Runx2f/f and Runx2DSM mice with [vitamin D (VitD)]
or without (vehicle) vitamin D treatment was
quantified and normalized to tissue dry weight.
Total RNA was extracted from pooled thoracic
aortas (n Z 4) and used to determine the expres-
sion of Runx2, Ocn, Opn, and Alpl by quantitative
real-time PCR with 18S rRNA as a normalizing con-
trol and untreated wild-type samples as a calibrator
(CeF). Data for vascular calcification are presented
as means SEM (n Z 3 to 5) (A and B). Data are
presented as the fold-change compared with
vehicle control (CeF). *P < 0.05 as determined by
the nonparametric t-test.

Runx2 and Arterial Medial Calcification
PCR primers described in Materials and Methods. Three
different sizes of amplicon indicate wild-type (1019 bp),
floxed (1219 bp), and Cre-recombined (527 bp) alleles
(Figure 2A). The global Runx2D/D embryos generated by Cre
recombination of the conditional Runx2 alleles were smaller
in size than Runx2þ/D and Runx2þ/þ mice, and had fore-
shortened noses (Figure 2B and data not shown). Impor-
tantly, Alizarin red S staining of skeletons of the Runx2þ/þ

embryo at 18.5 days after coitum had ossification in the skull,
vertebral arches, ribs, clavicles, scapulae, and long bones,
whereas the Runx2D/D embryonic littermates showed neither
calcified cartilage nor mineralized bone (Figure 2C).
Furthermore, there was no skeleton element detected in the
skull, mandibles, upper and lower extremities, ribs, and
vertebrate of the Runx2D/D embryos by soft X-ray emission
spectroscopy, a technique often used for determining skeleton
structure of experimental animals (Figure 2D). Runx2þ/þ and
Runx2þ/D embryos were normal in size and showed no dif-
ference in skeletal development in radiography. The defects in
skeletal development observed in the Runx2D/D embryos were
similar to those observed in conventional targeted Runx2
knockout mice,25,26 confirming that appropriate targeting of
the conditional Runx2 allele had been achieved.

Generation and Characterization of SMC-Specific Runx2
Knockout Mice

To generate mice with Runx2 deletion specifically in SMCs,
we introduced the SM22a-Cre recombinase transgenic allele
into the Runx2f/f mice (Runx2DSM). The 2.8-kb SM22a
promoter used to drive Cre recombinase expression in this
transgenic allele contains regulatory sequences that direct
SMC-restricted expression32 and has been used successfully
for in vivo loss-of-function studies in vascular SMCs33,34

and genetic fate mapping studies of vascular SMCs.23,24

By using primers that amplify the sequence containing the
The American Journal of Pathology - ajp.amjpathol.org
floxed exon 4 region, genomic DNA rearrangement of the
conditional Runx2 alleles directed by the SM22a-Cre
recombinase was determined. Exon 4 was deleted efficiently
from the aortas of the Runx2DSM mice and was absent in the
aortic media, compared with wild-type and Runx2f/f coun-
terparts (Figure 3A). In contrast, no SM22a-Creemediated
DNA rearrangement of the Runx2 gene was observed in
liver, similar to previous observations by us and other in-
vestigators.23,32,33 Runx2f/f and Runx2DSM mice were viable,
normal in size, and fertile (data not shown). No develop-
mental defects were observed in the arteries of the Runx2f/f

and Runx2DSM mice as determined by hematoxylin and
eosin staining (data not shown), and immunohistochemical
staining for SMC lineage markers SM22, ACTA2, and
SMMHC (Figure 3, BeJ).

Consistent with previous studies in mice and
humans,23,24,35 Runx2 was not detected in untreated blood
vessels of Runx2þ/þ, Runx2f/f, and Runx2DSMmice (Figure 4,
AeC). On the other hand, Runx2 expression was detected
easily after vitamin D (VitD) treatment of Runx2f/f mice
(Figure 4D). Hematoxylin and eosin and von Kossa staining
of mouse femurs showed no differences in morphology and
mineralization in the Runx2f/f and Runx2DSM mice in com-
parison with their wild-type counterparts (Figure 4, EeJ),
and the Runx2 expression pattern was similar among various
genotypes as well (Figure 4, KeM).

Runx2 Expression in SMC Is Required for VitD-Induced
AMC in Mice

To determine whether Runx2 expression in SMCswas required
for AMC, we induced disordered mineral homeostasis in
Runx2f/f andRunx2DSMmice via subcutaneous injection of VitD
at a dosage of 500,000 IU/kg/day for 4 consecutive days. VitD
treatment of both Runx2f/f and Runx2DSM mice led to signifi-
cantly increased serum calcium, fibroblast growth factor-23,
1965
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Figure 8 Runx2-deficient smooth muscle cells (SMCs) have decreased
susceptibility to calcification in vitro. A: SMCs were isolated from wild-type
(WT), Runx2f/f, and Runx2DSM mice. Genomic DNA was extracted and the
presence of WT, floxed, and knockout alleles was determined as described
in Materials and Methods. B and C: WT, Runx2f/f, and Runx2DSM SMCs were
treated with 2.4 mmol/L inorganic phosphate for 4 days, and total RNA and
nuclear protein were extracted and used to determine the presence of exon
4 transcripts of Runx2 by reverse transcriptase-PCR (B), and Runx2 protein
by Western blotting (C). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and lamin B were used to monitor sample loading. D: SMCs of
various genotypes were cultured in the normal (0.9 mmol/L; black bars) or
increased (2.4 mmol/L; white bars) inorganic phosphate (Pi) for 6 and 10
days. SMC calcification was determined and normalized to total cellular
protein. Data are presented as means � SD (n Z 3). *P < 0.05 as
determined by one-way analysis of variance with the Dunn post hoc test.

Lin et al
and alkaline phosphatase levels compared with vehicle controls
(Figure 5, AeC). Serum phosphate level was increased in
VitD-treated mice compared with vehicle controls, but did not
achieve statistical significance, likely owing to the highly
increased serum fibroblast growth factor-23 levels that occurred
in response to VitD treatment (Figure 5D). Blood urea nitrogen
levels were similar in VitD- and vehicle-treated mice
(Figure 5E). Furthermore, no significant differences in these
serum parameters were observed between VitD-treated Runx2f/f

and Runx2DSM animals (Figure 5, AeE). Consistent with blood
urea nitrogen findings, kidneys from VitD-treated Runx2f/f and
Runx2DSM mice showed normal renal histology compared with
vehicle-treated Runxf/f mice, and the absence of renal calcifi-
cation. (Figure 5, FeH).

In association with altered mineral homeostasis, VitD
treatment rapidly induced calcification in the arteries of
Runx2f/f mice. Calcification was restricted to arterial media
(Figure 6B), was highly associated with the deformed and
fragmented elastic lamina (Figure 6E), and was undetectable
in VitD-treated Runx2DSM vessels (Figure 6C) and vehicle
control vessels (Figure 6A). Calcium content was increased
1966
greatly in aortic arches and abdominal aortas plus common
iliac arteries on VitD treatment, ranging from 4 to 12 mg/mg
dry weight on average (Figure 7, A and B). Importantly,
inactivation of the Runx2 gene in SMCs significantly
reduced AMC by 79% in abdominal aortas plus common
iliac arteries of Runx2DSM mice (Figure 7B) in comparison
with Runx2f/f mice. The same trend (approximately 39%
reduction in AMC; P Z 0.26) also was observed in aortic
arches, but most likely did not attain statistical significance
because aortic arches calcified to a much lower extent than the
lower abdominal aorta and iliac arteries in this model
(Figure 7A). Finally, no inflammatory lesions were observed
in the vasculature of VitD-treated mice (Figure 6, DeF).

Runx2 Expression in SMC Is Required for the
VitD-Induced Osteogenic Phenotype Change in Mice

To determine whether Runx2 expression in SMC was
required for osteogenic phenotype transition in AMC, im-
munostaining for Runx2, SM22a, and OPN was performed.
As expected, Runx2 was not detected in vehicle-treated
Runx2f/f mice (Figure 6G), but was induced in medial cells
after treatment with VitD in Runx2f/f (Figure 6H) and absent
when Runx2 was depleted in Runx2DSM mice (Figure 6I).
The SMC lineage marker SM22a was decreased dramatically
in the medial cells within calcified areas of VitD-treated
Runx2f/f vessels compared with vehicle-treated controls
(Figure 6, J and K). In contrast, VitD-treated Runx2DSM

showed SM22a levels equivalent to that observed in
vehicle-treated Runx2f/f mice (Figure 6L). Furthermore,
the osteogenic marker OPN was increased dramatically in
the medial cells of VitD-treated Runx2f/f mice compared
with vehicle-treated controls (Figure 6, M and N),
whereas no OPN was detectable in medial cells in VitD-
treated Runx2DSM mice (Figure 6O). We also quantified
expression levels of Runx2, Opn, Alpl, and Ocn in these
vessels via quantitative real-time PCR. The mRNA levels
of Runx2 were increased in the VitD-treated Runx2f/f

vessels but no increase was observed in VitD-treated
Runx2DSM vessels, suggesting that SMC is the major
source of Runx2 signaling during VitD-induced vascular
calcification (Figure 7C). Finally, deletion of the Runx2
gene in vascular SMCs greatly reduced the expression of
Opn and completely blocked the up-regulation of the
osteoblast marker genes, Alpl and Ocn, in response to
VitD (Figure 7, DeF).

Runx2 Function in Vascular Calcification Is SMC
Autonomous

To determine whether the function of Runx2 in AMC was
SMC autonomous, we isolated vascular SMCs from aortas
of wild-type, Runx2f/f, and Runx2DSM mice and determined
their calcification susceptibility in response to the calcifi-
cation stimulus, increased phosphate. Genotypes of the
SMCs were determined by genomic DNA rearrangement at
ajp.amjpathol.org - The American Journal of Pathology
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exon 4 of the Runx2 gene (Figure 8A) and the expression of
Runx2 at mRNA and protein levels (Figure 8, B and C).
SMCs isolated from Runx2DSM mice were found to have a
complete loss of Runx2 even when cells were treated with
increased phosphate, whereas the Runx2f/f SMCs retained
appropriate Runx2 level in response to phosphate induction
(Figure 8, B and C). Increased phosphate levels induced
matrix calcification in SMCs of wild-type and Runx2f/f

genotypes in a time-dependent manner (Figure 8D). In
contrast, SMCs isolated from the Runx2DSM mice showed
significantly attenuated phosphate-induced matrix calcifi-
cation compared with Runx2f/f (Figure 8D).
Discussion

AMC is highly prevalent in aging, diabetic, and CKD
patients, and is a major risk factor for cardiovascular
morbidity and mortality.1e3 Runx2, a master regulator of
bone formation, has been proposed as a key transcription
factor controlling SMC osteogenic phenotype change and
calcification, but definitive in vivo evidence for this is
lacking. Here, we developed and characterized mice car-
rying an improved Runx2 conditional targeting allele for
SMC-specific deletion. By using these mice, we showed
that SMC-specific Runx2 expression was required for
pathologic AMC development induced by VitD overload.
In addition, Runx2 knockout in SMC prevented osteogenic
phenotype change. Finally, SMCs isolated from Runx2DSM

mice were completely devoid of Runx2 protein and unable
to respond to high-phosphateeinduced calcification
in vitro.

Although previous studies have implicated Runx2 as an
important mediator of vascular SMC calcification
in vitro,30,36 the current studies are the first to show that
Runx2 expression specifically in SMCs is required for AMC
in vivo. Our studies also confirm and extend findings by Han
et al37 that used Runx2 haploinsufficient mice to examine
functional cooperation between VitD-receptor and Runx2 in
VitD-treated mice. Although they observed less AMC in
Runx2þ/� mice treated with VitD, bone remodeling activity,
as measured by serum alkaline phosphatase levels, also was
reduced. Because alkaline phosphatase degrades pyrophos-
phate, a major serum inhibitor of vascular calcification,38

decreases in alkaline phosphate may have protected ves-
sels against AMC, thereby confounding interpretation of the
studies. The conditional targeting strategy used here allowed
us to delete Runx2 selectively from SMC without changes in
serum alkaline phosphatase levels, osteoblast expression,
or bone morphology, thereby allowing us to distinguish
between the skeletal and vascular effects of Runx2.

The appearance of vascular medial cells with an osteo-
genic phenotype is a common finding in AMC in people and
experimental animals, and these cells are known major
mediators of vascular calcification.19,20,23,39e41 Lineage
tracing studies have confirmed that vascular SMCs could
The American Journal of Pathology - ajp.amjpathol.org
undergo lineage reprogramming and give rise to Runx2-
expressing osteochondrogenic progenitors in AMC23 as
well as AIC.24,42 The present findings show for the first time
that Runx2 expression in SMCs is required for osteogenic
lineage reprogramming in vessels undergoing AMC. AMC
in VitD-treated mice was associated with increased Runx2,
Opn, Alpl, and Ocn, and loss of SM22a expression in the
tunica media in Runx2f/f but not Runx2DSM mice. Further-
more, SMCs isolated from Runx2DSM mice were much less
susceptible to phosphate-induced calcification than those
from Runx2f/f and Runx2þ/þ mice. Together, these findings
suggest an SMC autonomous role of Runx2 in AMC via
control of osteogenic lineage reprogramming.

AMC occurs within the tunica media typically starting
along the elastic lamina, and proceeding in the absence
of inflammation.19,43 Indeed, in our hands, no signs of
vascular inflammation were detected in VitD-treated mice,
regardless of genotype. In contrast, AIC is characterized
by mineral deposition in highly inflamed and necrotic
atherosclerotic lesions of the tunica intima. Interestingly,
Sun et al44 reported that Runx2 deficiency in SMCs pre-
vented AIC in ApoE null mice fed a high-fat diet. In
that study, mice with conditional Runx2 targeting had
decreased expression of receptor activator of NF-kB ligand
in SMCs, and greatly reduced macrophage infiltration in
atherosclerotic lesions, suggesting a role for Runx2 in
regulating proinflammatory effects of SMCs. Thus, the
mechanism(s) by which Runx2 promotes vascular calcifi-
cation are likely to be different in AMC versus AIC, and
highly dependent on disease context. However, it should
be noted that Sun et al44 used a Runx2 exon 8 targeting
construct that resulted in truncated Runx2 proteins con-
taining the Runt homology domain to be synthesized in
SMCs. Such truncated Runx2 proteins have been shown to
act as dominant-negative inhibitors and potentially can
interfere with other runt homology domain family mem-
bers: Runx1 and Runx3.31 In addition, recent evidence has
shown that the truncated Runx2 still retains various de-
grees of transcriptional activity depending on the pro-
moter.45 Thus, possible dominant-negative inhibition of
Runx1 and Runx3 as an alternative explanation for the
effects observed by Sun et al44 cannot be ruled out. Clearly,
future studies using a Runx2 targeting vector that leads to
complete deletion of Runx2 in SMCs, as was developed in
the present study, are warranted to distinguish between
these mechanisms in AIC.

In conclusion, with an improved Runx2 conditional inac-
tivation model, we have shown the importance of SMC-
specific Runx2 in AMC induced by disordered mineral
metabolism. Mechanistically, this effect likely was owing to
the inhibition of SMC reprogramming into osteochondro-
genic progenitors. Furthermore, Runx2 function was SMC
autonomous because systemic mineral homeostasis was not
altered and decreased susceptibility of Runx2-deficient
SMCs to calcification was recapitulated in vitro. Taken
together, our study showed a critical role of SMC-specific
1967
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Runx2 in SMC osteochondrogenic phenotype change and
AMC development, and points to pathways controlling
Runx2 expression as potential therapeutic targets.
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