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Abstract

The related transcriptional co-factors YAP (Yes-associated protein) and TAZ (transcriptional co-
activator with PDZ-binding motif) have been proposed to either promote or inhibit osteoblast
differentiation. Here we investigated the skeletal consequences of deleting YAP and TAZ at
different stages of the osteoblast lineage using Prx1-Cre, Osx1-Cre, and Dmp1-Cre transgenic
mice. Prx1-Cre-mediated deletion resulted in embryonic lethality. Mice lacking both copies of
TAZ and one copy of YAP in cells targeted by Prx1-Cre were viable and displayed elevated bone
mass associated increased bone formation. Deletion of YAP and TAZ using Osx1-Cre mice led to
perinatal lethality. Suppression of Osx1-Cre activity until 21 days of age permitted postnatal
deletion of YAP and TAZ, which resulted in increased osteoblast number at 12 weeks of age but
no change in bone mass. Mechanistic studies revealed that YAP and TAZ suppress canonical Wnt
signaling and Runx2 activity in osteoblast progenitors. Consistent with this, deletion of YAP and
TAZ from osteoprogenitor cells increased osteoblast differentiation in vitro. Deletion of YAP and
TAZ from mature osteoblasts and osteocytes using Dmp1-Cre mice led to reduced osteoblast
number and bone formation, as well as increased osteoclast number, but no changes in known
regulators of bone turnover such as RANKL, OPG, and Sost. Together these results suggest that
YAP and TAZ in osteoblast progenitors oppose differentiation towards the osteoblast lineage but in
mature osteoblasts and osteocytes, they promote bone formation and inhibit bone resorption.
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1. Introduction

Bone is constantly remodeled via a process in which osteoclasts resorb bone that is
subsequently replaced by osteoblasts [1]. Excessive bone resorption or insufficient bone
formation results in bone loss and increases fracture risk. Osteoblast differentiation from
mesenchymal progenitors requires the transcription factors Runx2 and Osterix (Osx), as well
as canonical Wnt signaling [2-7]. The molecular mechanisms by which these factors interact
to control osteoblastogenesis and bone formation are not fully understood.

YAP (Yes-associated protein), encoded by the YapI gene, and TAZ (transcriptional co-
activator with PDZ-binding motif), encoded by the Wwir1 gene, are transcriptional cofactors
that have been implicated as regulators of osteoblast differentiation. These proteins have
similar structures and redundant functions in several cell types [8-11]. They stimulate gene
expression by binding to members of the TEAD family of transcription factors and promote
expression of genes that stimulate cell proliferation [12]. Recent studies have shown that
YAP and TAZ also interact with the Wnt/p-catenin pathway. Specifically, cytoplasmic YAP
and TAZ bind Axin and facilitate sequestering of B-catenin in the destruction complex
thereby promoting its proteosomal degradation [13]. Cytoplasmic TAZ also inhibits
phosphorylation of Dishevelled (DVL), which inhibits release of p-catenin from the
destruction complex [14]. These studies suggest that cytoplasmic YAP and TAZ may inhibit
osteoblast differentiation by antagonizing Wnt/p-catenin signaling. Consistent with this,
inhibition of YAP in murine mesenchymal progenitors increased osteoblast differentiation in
vitro [15].

In vivo suppression of TAZ expression in zebrafish abolished skeletal development as well
as osteoblast differentiation [16]. In contrast, germline deletion of TAZ in mice did not result
in any obvious defects in skeletal development [17, 18]. Mice lacking YAP die during
embryogenesis [19]. Thus, the role of YAP and TAZ in osteoblast formation in mammals
remains unclear. To elucidate the role of YAP and TAZ in osteoblast lineage cells in vivo, we
deleted YAP and TAZ from cells at different stages of osteoblast differentiation using Prx1-
Cre, Osx1-Cre, and Dmp1-Cre transgenic mice.

2. Material and methods

2.1. Mice

Mice harboring both YAP and TAZ conditional alleles, kindly provided by Eric N. Olson
(UT Southwestern Medical Center, Texas), were described previously [8, 20]. The
generation of transgenic mice expressing the Cre recombinase in different cell populations
have been described previously: Prx1-Cre [21], Osx1-Cre [22], and Dmp1-Cre [23]. Prx1-
Cre; YAP* TAZf mice and littermates were obtained by mating YAPTf TAZTf mice
(mixture of 129/Sv and C57BL/6) and Prx1-Cre mice (crossed into C57BL/6 for more than
10 generations). Osx1-Cre; YAPTf TAZf mice and littermates were obtained by mating
YAP TAZ mice (mixture of 129/Sv and C57BL/6) with Osx1-Cre mice (mixed
background crossed into C57BL/6 for 6 generations). DMP1-Cre; YAP™f TAZf mice and
littermates were obtained by mating YAPYf TAZTf (mixture of 129/Sv and C57BL/6) with
DMP1-Cre (crossed into C57BL/6 for more than 10 generations).
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The experimental animals used in most of the studies were obtained by a two-step breeding
strategy. Hemizygous Cre transgenic mice were crossed with homozygous YAPTf TAZf/f
mice to generate heterozygous YAPT* TAZ* offspring with and without a Cre allele. The
YAPT* TAZ* mice with a Cre allele were then backcrossed with the YAPTf TAZf mice to
obtain the experimental YAP™f TAZf mice with and without a Cre allele. For the Prx1-Cre
model, we analyzed Prx1-Cre; YAPT* TAZf and YAP"* TAZf mice using YAP* TAZ/f
mice as the control since the conditional double knockout mice were embryonic lethal. For
the Dmp1-Cre model, YAPTf TAZT mice were analyzed as the control. To generate mice
with postnatal YAP ad TAZ deletion using Osx1-Cre transgenic mice, adult Osx1-Cre;
YAPT*+ TAZT* and YAPTT TAZf mice were fed a diet containing doxycycline (Bio-Serv)
beginning 1 week before breeding to suppress expression of the Cre transgene in the
resulting offspring. After birth, the offspring were maintained on the doxycycline-containing
diet until 3 weeks of age, after which they were switched to regular chow for 9 weeks or 21
weeks. To generate the Osx1-Cre control mice in a mixed background similar to that of the
conditional knockout mice, YAP?* TAZ* mice were bred with Osx1-Cre mice and the
resulting progeny carrying YAP and TAZ wild-type alleles were intercrossed to generate
control mice. The control mice were fed the doxycycline-containing diet in the same way as
Osx1-Cre; YAPf TAZTf mice.

To quantify bone formation, mice were injected with calcein (20 mg/kg body weight) 7 and
3 days before harvesting. All mice were housed in the animal facility of the University of
Arkansas for Medical Sciences. The Institutional Animal Care and Use Committees of the
University of Arkansas for Medical Sciences approved protocols involving these mice.

2.2. Skeletal analysis

BMD of the lumbar spine and femur were measured by dual-energy X-ray absorptiometry
using a PIXImus Densitometer (GE-Lunar Corp.) and the manufacturer's software as
previously described [24, 25]. Three dimensional bone volume and architecture of L4
vertebra and femurs were measured using UCT (model uCT40, Scanco Medical) as
previously described [25, 26].

2.3. Histology

Femurs and L1-L3 vertebra were fixed in 10% Millonig's formalin for 24 hours and were
gradually transferred to 100% ethanol, and embedded undecalcified in methyl methacrylate.
Histomorphometric analysis was performed on 5um longitudinal sections using the
OsteoMeasure Analysis System (OsteoMetrics Inc.). Static and dynamic histomorphometry
measurements of the cancellous bone were restricted to the secondary spongiosa.
Terminology used were recommended by the Histomorphometry Nomenclature Committee
of the American Society for Bone and Mineral Research [27]. Growth plate analysis was
also performed using the OsteoMeasure Analysis System (OsteoMetrics Inc.) on 5um
longitudinal femoral sections.

2.4. Quantitative PCR

Bones, from which soft tissues were removed, were harvested from animals and stored
immediately in liquid nitrogen. Cortical bone was prepared by removing the ends of femurs
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and tibias and then flushing the bone marrow with PBS. The bones were then scraped with a
scalpel to remove cells on the periosteal surface and frozen in liquid nitrogen for later RNA
isolation, or decalcified for genomic DNA isolation. Total RNA was isolated using Trizol
(Thermo Fisher Scientific, MA), according to the manufacturer's instructions and cDNA was
prepared as previously described [28]. The following Tagman assays from Applied
Biosystems were used for quantitative RT-PCR: YapZ (Mm01143263 m1l), wwirl
(MmO01289583_m1), Axin2 (MmO00443610_m1), Sp7(Mm00504574_m1), Collal
(Mm00801666_g1), 7nfsf116(Mm0041908_m1), 7nfrsfi1b (Mm00435452_m1l), SOST
(MmO00470479_m1), Dkk1 (MmO00438422_m1), csfl (Mm00432686_m1), Bglap2 (for, 5'-
GCTGCGCTCTGTCTCTCTGA-3’, rev, 5-TGCTTGGACATGAAGGCTTTG-3, probe,
5'-AAGCCCAGCGGCC-3"), and ribosomal protein S2 (Mrps2) (for, 5’-
CCCAGGATGGCGACGAT-3, rev, 5'-CCGAATGCTGTAATGGCGTAT-3, probe, 5’-
FAM-TCCAGAGCAGGATCC-NFQ-3"). The relative mMRNA amounts were calculated
using the ACt method [29]. Genomic DNA was isolated from decalcified bone fragments
after digestion with proteinase K and phenol/chloroform extraction. Two custom Tagman
assays from Applied Biosystems were used for quantifying the YAP and TAZ gene deletion
efficiency: one specific for sequences between the loxP sites and the other specific for
sequences downstream from the 3" loxP site. The sequence of primers are as follows: YapZ
(for, 5'- CAGACAACAACATGGCAGGAC-3’, rev, 5'-CCGCTGGGCTGGCA-3’, probe,
5 -FAM-CTTTCGCAACTGAACGTT-NFQ-3") and wwar (for, 5'-
CCCCAGGAAGGTGATGAATCAG-3', rev, 5'-GCACCGAGGTGGAAGTGAT-3’, probe,
5 -FAM-ACGGGTGGAGGTTCAC-NFQ-3").

2.5. Plasmid construction, viral production, and cell transduction

The 7TFP Wnt/B-catenin luciferase reporter construct was obtained from Addgene (Plasmid
#24308) [30]. The 7xOSE Runx2 luciferase reporter was constructed by replacing the
7XTCF promoter with a 7xOSE promoter within the Pstl and Nhel sites of the 7TFP
lentiviral vector. Single OSE was built by annealing two oligos
AGCTGCAATCACCAACCACAGCA and CTTGCTGTGGTTG-GTGATTGCAG
(Integrated DNA Technologies) and the product was ligated to generate series multi copies
of OSEs. The ligation products were then separated in an agarose gel and 7xOSE was
recovered according to the size of the DNA using Zymoclean Gel DNA Recovery kit (Zymo
Research, Irvine, CA). 7xOSE was then cloned into Pstl and Nhel sites of the 7TFP
lentiviral vector and the sequence was confirmed by DNA sequencing. Lentiviral vectors
used in this study are second generation vectors. For virus production, HEK293T cells were
cultured in a 6-well culture plate and co-transfected with a total 3 pg of lentiviral reporter
vector, pMD2G (Addgene plasmid #12259, a gift from Didier Trono), and psPAX2
(Addgene plasmid # 12260, a gift from Didier Trono) at the ratio of 2:0.9:0.4 using TransIT-
LT1 transfection reagent (Mirus, Madison, WI). The media was changed 12 hours after
transfection. The viral supernatant was collected 48 h after media change, passed through a
0.45 pm filter, and used fresh. Bone marrow stromal cells were transduced with 1ml of viral
supernatants containing 8 pug/ml polybrene (Sigma-Aldrich, St. Louis, MO) for 24 hours.
Cells were then selected in a-MEM medium containing 2 pg/ml puromycin (Sigma-Aldrich)
for 3 days. After selection, cells were replated in 24-well plates at 5x10* and cultured for 24
hours. Luciferase activity was measured using Dual-Luciferase Reporter Assay System
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(E1910, Promega, Madison, WI) and normalized to total protein which is measured using
Pierce BCA Protein Assay Kit (23225, Thermo Fisher Scientific).

2.6. Cell culture

Bone marrow stromal cells were harvested from long bones as previously described [31].
Osteoblast differentiation of bone marrow precursors was evaluated by plating bone marrow
cells in 12-well plates at 5x108 cells/well and culturing in a-MEM containing 10% fetal
bovine serum, 1% penicillin/streptomycin/glutamine, 1% ascorbic acid, and 10 mM -
glycerolphosphate. Culture medium was changed every 3 days. After 21 days, the cultures
were fixed with 10% Millonig's modified phosphate buffered formalin and then stained with
an aqueous solution of 40 mM alizarin red. Osteoblast-specific gene expression was
evaluated in parallel cultures lacking B-glycerolphosphate and harvested after 12 days.
Calvaria cells were isolated from 5-day-old YAPTT TAZf mice as described previously [32]
and were transduced with adenovirus encoding Cre recombinase (Ad-Cre) or GFP (Ad-GFP)
(\Vector Biolabs, Malvern, PA) at an MOI of 30 for 6 hours and allowed to recover for 72
hours. The cells were trypsinized and replated in 6-well plates for RNA analysis or in 10-cm
dishes for protein analysis.

2.7. Western blot

2.8. ELISA

The nuclear and cytoplasmic fractions were isolated from the total cell lysates using the
Nuclear Extraction Kit (Active Matif, Carlsbad, CA) according to the instructions of the
manufacturer. Proteins were then resolved in 10% SDS-polyacrylamide gels and
electroblotted onto polyvinylidene difluoride membranes. Membranes were subsequently
blocked with 5% nonfat dry milk in TBS and were then incubated with primary antibodies
and an appropriate horseradish peroxidase-linked secondary antibody. The following
antibodies were used: B-catenin (#610154; BD Biosciences, San Jose, CA), lamin A
(sc-20680; Santa Cruz Biotechnology Inc., Dallas, Texas), a-tubulin (T5168, Sigma, St.
Louis, MO), and YAP (4912, Cell Signaling Technology, Danvers, MA). The immunoblot
was quantified using ImageJ (NIH).

The blood was collected by retro-orbital bleeding. The blood samples were left at room
temperature for 30 minutes for clotting. Serum was then collected by centrifuging the blood
sample at 5009 for 5 minutes. Serum CTX was measured using mouse CTX ELISA kit
(Novatein Biosciences, Woburn, MA) according to the manufacturer's instruction.

2.9. Statistics

Student's t-test was used to detect statistically significant treatment effects, after determining
that the data were normally distributed and exhibited equivalent variances. All t-tests were
two-sided. P-values less than 0.05 were considered as significant. Values in all graphs
represent means + s.d..
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3.1. Haploinsufficiency of YAP and complete loss of TAZ in Prx1-Cre-targeted cells
increases bone mass

To determine whether YAP and TAZ have an essential role in osteoblast-lineage cells, we
deleted the genes for YAP and TAZ using the Prx1-Cre transgene [21], which leads to DNA
recombination in all mesenchyme-derived cells in the limbs. Complete loss of YAP and TAZ
in mesenchymal progenitors caused embryonic lethality with severe hemorrhage and edema
during embryo development (Fig. 1A). However, mice with haploinsufficiency of YAP and
complete loss of TAZ in mesenchymal progenitors, referred to here as Prx1-
Cre;YAPT* TAZ T mice, developed normally. We analyzed the skeletal phenotype of these
mice at 5 weeks of age, and the analysis was focused on the femur since the Prx1-Cre
transgene is active in the limbs but not the spine [21]. Deletion of the YAP and TAZ genes
was detected by quantitative real time PCR using genomic DNA isolated from cortical bone
(Fig. 1B). The body weight of Prx1-Cre; YAPT* TAZf male mice at 5 weeks of age was
indistinguishable from control YAP* TAZf littermates (Fig. 1C).

Micro-CT analysis of the femur of 5-week-old male mice revealed increased cancellous
bone volume with increased trabecular number and decreased trabecular separation in Prx1-
Cre;YAP"* TAZf mice compared to control littermates (Fig. 1D and supplementary Fig. 1).
Moreover, cortical thickness was also increased in these mice (Fig. 1D). The increases in
femoral cancellous bone volume and cortical thickness were also present in 12-week-old
female Prx1-Cre;YAPT* TAZ"f mice (Fig. 1E). Histomorphometric analysis of femoral
cancellous bone of 12-week-old female mice revealed increased osteoblast number,
mineralizing surface, and bone formation rate in Prx1-Cre; YAP"* TAZf mice (Fig. 1F).
However, the osteoclast number did not change (Fig. 1F). Histological analysis of the growth
plate in the distal femur revealed no obvious changes (Fig. 1G). Quantification of the growth
plate of 5-week-old male mice indicated that there was no significant difference in overall
thickness, width of proliferative zone, and width of hypertrophic zone (Fig. 1G). The overall
growth plate thickness in 12-week-old female mice also did not change (supplementary Fig.
1), suggesting that chondrocyte biology was not notably altered in 5- and 12-week old Prx1-
Cre;YAP™* TAZf mice. These results demonstrate that reduced expression of YAP and TAZ
in the entire mesenchymal lineage, which includes all stages of the osteoblast lineage,
increases bone mass.

3.2. Postnatal deletion of YAP and TAZ from the osteoblast lineage promotes osteoblast

formation

To determine the role of YAP and TAZ in cells committed to the osteoblast lineage, we next
deleted the YAP and TAZ genes using Osx1-Cre transgenic mice, which express the Cre
recombinase at the earliest stages of the osteoblast lineage [22]. Mice lacking YAP and TAZ
in cells targeted by the Osx1-Cre transgene displayed perinatal lethality (not shown). By
taking advantage of temporal regulation of the Osx1-Cre transgene by doxycycline, we
deleted the YAP and TAZ genes from osteoblast progenitors postnatally. To do this, breeders
were kept on a doxycycline-containing diet to turn off the Osx1-Cre transgene, which
enabled us to obtain live Osx1-Cre; YAPf TAZf offspring. These mice were kept on a
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doxycycline diet until 3 weeks of age, then switched to normal diet, and harvested at 12 or
24 weeks of age to analyze the skeletal phenotype. Mice that harbor the Osx1-Cre transgene
alone were used as controls since previous reports have demonstrated a negative impact of
the Osx1-Cre transgene on skeleton [33-36]. Deletion of the YAP and TAZ genes was
detected by quantitative PCR of genomic DNA isolated from cortical bone and showed a
more profound deletion in the 24 week old animals (Fig. 2A and supplementary Fig. 2).
Micro-CT analysis of 12-week-old female mice did not reveal a significant difference in
cancellous bone volume in either the distal femur or the L4 vertebra of Osx1-

Cre; YAP™f TAZf mice compared to control Osx1-Cre mice (Fig. 2B and C). Micro-CT
analysis of 24-week-old male and female mice also did not reveal a significant difference in
cancellous bone volume in either the distal femur or the L4 vertebra (supplementary Fig. 2).
Cortical thickness was also unaffected in these mice at both ages (Fig. 2B and
supplementary Fig. 2). Nonetheless, osteoblast number and mineralizing surface were
significantly increased in vertebral cancellous bone of 12-week-old female Osx1-

Cre; YAP™f TAZf mice (Fig. 2D). In contrast to the increased mineralizing surface, the
mineral appositional rate was reduced in Osx1-Cre; YAPYf TAZf mice, resulting in a bone
formation rate that was not different from control mice (Fig. 2D). Osteoclast number was
unaffected by postnatal deletion of YAP and TAZ using the Osx1-Cre transgene (Fig. 2E).

3.3. Deletion of YAP and TAZ in osteoblast progenitors increases Wnt signaling and Runx2

activity

To determine whether osteoblast differentiation was affected by deletion of YAP and TAZ in
osteoblast progenitors, we examined the osteoblastogenic potential of bone marrow
progenitors isolated from conditional knockout mice. Ex vivo culture of bone marrow
stromal cells revealed increased osteoblastogenesis in cultures from Prx1-Cre; YAPT* TAZ/f
mice, as indicated by Alizarin-red staining (Fig. 3A). As expected, YAP mRNA was reduced
by approximately 50% and TAZ mRNA by more than 80% in these cultures (Fig. 3B). This
was associated with increased expression of osteoblast marker genes, including osterix-1
(Sp7), osteocalcin (Bglap2), and collagen 1al (Collal) (Fig. 3B).

We next sought molecular explanations for the increased osteoblast differentiation in the
conditional knockout mice. YAP has been reported to suppress Runx2 activity in vitro [37].
Moreover, YAP and TAZ have been shown to interact with B-catenin and promote its
degradation [13, 14]. Given the essential role of Runx2 and p-catenin in osteoblastogenesis,
the interaction of YAP and TAZ with these proteins could potentially explain the skeletal
phenotype we observed in Prx1-Cre; YAP"* TAZT and Osx1-Cre; YAP! TAZf mice.
Therefore, we examined whether deletion of YAP and TAZ affected Wnt signaling or Runx2
activity in osteoblast progenitor cells. To assess the transcriptional activity of p-catenin and
Runx2, lentiviruses harboring luciferase reporters for TCF activity (7TFP-luc) or Runx2
activity (7xOSE-luc) were transduced into cultured bone marrow stromal cells from Prx1-
Cre;YAP™* TAZf and control mice. Reduced levels of YAP and TAZ increased the activity
of both reporters (Fig. 3C). Consistent with these results, mRNA levels of Axin2, a Wnt
target gene, and Bglap2, a Runx2 target gene, were higher in bone marrow stromal cells
isolated from Prx1-Cre; YAPT* TAZf mice compared to cells from control mice (Fig. 3D).
Ex vivo culture of bone marrow mesenchymal cells from Osx1-Cre; YAPYT TAZTf mice also
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showed increased expression of osteoblast specific genes Sp7, BglapZ2, and Collal, as well
as the Wnt target gene AxinZ, compared with control cultures (Fig. 3E).

To achieve more complete deletion of YAP and TAZ, calvaria cells isolated from

YAPTt TAZTf mice were transduced with an adenovirus expressing the Cre recombinase.
This led to a potent reduction in the mRNAs of both genes and a concomitant increase in the
expression of Axin2and Bglap2 (Fig. 3F). In addition, immunoblot analysis revealed
increased accumulation of p-catenin in the nucleus of knockout calvaria cells (Fig. 3G).
Taken together, these results suggest that YAP and TAZ suppress Wnt signaling and Runx2
activity in osteoblast progenitors and this may account for the increase in osteoblast number
we observed in mice with reduced YAP and TAZ in the osteoblast lineage.

3.4. Deletion of YAP and TAZ in mature osteoblasts and osteocytes decreases bone mass

The phenotypes we observed by deleting YAP and TAZ with Prx1-Cre or Osx1-Cre could be
due to loss of YAP and TAZ activity at any stage of the osteoblast lineage. Therefore, we
sought to determine whether these genes have an essential function in mature osteoblasts
and osteocytes. To do this, we deleted them using the Dmp1-Cre transgene, which causes
DNA recombination in osteocytes as well as mature osteoblasts [26, 38].

Mice lacking both the YAP and TAZ genes in Dmp1-Cre expressing cells, hereafter referred
to as Dmp1-Cre; YAPTT TAZf mice, were born at the expected Mendelian ratio and their
body weight was indistinguishable from control YAPYf TAZf littermates (Supplementary
Fig. 3). Deletion of the YAP and TAZ genes was detected by quantitative real time PCR
using genomic DNA isolated from cortical bone (Fig. 4A). Dmp1-Cre;YAPTf TAZTf mice
exhibited decreased bone mineral density (BMD) at 5 and 12 weeks of age as measured by
dual energy x-ray absorptiometry (DXA) (Supplementary Fig. 3). Quantification of the
femoral cancellous bone compartment revealed decreased bone volume, decreased
trabecular number, and increased trabecular separation in 12-week-old female and male
Dmp1-Cre;YAPTT TAZf mice compared to control littermates (Fig. 4B, C, and
Supplementary Fig. 3). Cortical thickness was also decreased in Dmp1-Cre; YAPf TAZ/f
mice (Fig. 4B and Supplementary Fig. 3). Similar results were observed in the cancellous
bone of lumbar vertebra of Dmp1-Cre; YAPTf TAZf mice in both sexes (Fig. 4D and
Supplementary Fig. 3).

Consistent with the changes in bone mass and architecture, histomorphometric analysis of
female vertebral cancellous bone revealed that osteoblast number was significantly
decreased in 12-week-old Dmp1-Cre; YAPTf TAZf mice (Fig. 4E). Moreover, the bone
formation rate was reduced in Dmp1-Cre; YAPYf TAZff mice with decreased mineralizing
surface and mineral appositional rate (Fig. 4E and F). Consistent with the decrease of
osteoblast number in the vertebra cancellous bone, expression of osteocalcin in the 51
lumbar vertebra was also significantly decreased in Dmp1-Cre; YAPTf TAZf mice (Fig. 4G).
On the other hand, osteoclast number was increased in 12-week-old female Dmp1-
Cre;YAPTT TAZf mice (Fig. 4H). However, the bone resorption marker CTX in the
circulation was not significantly increased in Dmp1-Cre; YAPYf TAZf mice (Fig. 41). We
then sought molecular explanations for the reduced osteoblast number and bone mass in
Dmp1-Cre;YAPTT TAZf mice. We measured the expression of genes that are known to
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regulate osteoblast an osteoclast formation including Sost, Dkk1, Axin2, RANKL (7nfsf11),
OPG (7nfrsf11b), and M-csf (Csfl). The measurements were focused on cortical bone,
which is enriched in osteocytes and osteoblasts. However, measurement of these mMRNAs in
cortical bone did not reveal any changes in their expression in Dmp1-Cre; YAPTf TAZf mice
except for Axin2which was increased in conditional knockout mice (Fig. 4J). Taken
together, these results demonstrate that, in contrast to deletion of YAP and TAZ using the
Prx1-Cre or Osx1-Cre transgene, deletion of YAP and TAZ gene using the Dmp1-Cre
transgene decreases osteoblast number and bone mass.

4. Discussion

The goal of our study was to determine whether YAP and TAZ play an essential role in
osteoblast differentiation. We found that deletion of YAP and TAZ from osteoblast
progenitors increased osteoblast formation and this was associated with increased Wnt
signaling and Runx2 activity. In contrast, deletion of YAP and TAZ from differentiated
osteoblasts and osteocytes decreased osteoblast number and bone formation. These results
suggest that YAP and TAZ perform distinct functions in mesenchymal progenitors versus
mature osteoblasts and osteocytes.

Previous studies have not provided a clear consensus on the role of YAP and TAZ in
osteoblast differentiation. Specifically, some studies suggest that these factors promote
osteoblast differentiation while others conclude the opposite. For example, suppression of
TAZ in zebrafish using morpholinos abolished osteoblast differentiation and skeletal
development [39]. In addition, knockdown of YAP and TAZ in human mesenchymal
progenitors completely inhibited expression of osteoblastic markers in vitro [40]. Similarly,
haploinsufficiency of YAP and TAZ almost completed abolished osteoblast differentiation of
murine osteoblast progenitors in vitro [41]. More recent studies suggest that TAZ promotes
osteoblast progenitor proliferation and differentiation by binding to TEAD and Runx2,
respectively [42, 43]. In contrast to these studies, knockdown of YAP in murine bone
marrow-derived mesenchymal cells stimulated osteoblast differentiation in vitro [15]. In
addition, deletion of YAP in osteochondroprogenitors using a Col2-Cre transgene increases
bone mass in mice [44]. These studies are consistent with early work suggesting that YAP
inhibits Runx2 transcriptional activity [45]. Also, contrary to the morpholino experiment in
zebrafish, mice with germline deletion of TAZ undergo apparently normal skeletal
development [17, 18].

We have examined the roles of YAP and TAZ at several stages of osteoblast differentiation
and found that they play distinct roles at these different stages. To interpret the phenotypes
observed in our study, it may be helpful to consider only the models in which both copies of
YAP and TAZ were deleted. The low bone formation and bone mass resulting from deletion
with Dmp1-Cre clearly demonstrates that YAP and TAZ function in mature osteoblasts and
osteocytes to promote bone formation. Since the Osx1-Cre transgene deletes in mature
osteoblasts and osteocytes, in addition to osteoblast progenitors, one might have expected
low bone mass similar to that obtained with Dmp1-Cre. However, since this was not the
case, the loss of positive actions in mature cells must have been counterbalanced by loss of
negative actions in progenitors in the Osx1-Cre-targeted mice.
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Our mechanistic studies suggest that canonical Wnt signaling and Runx2 activity were
elevated in osteoblast progenitors with reduced YAP and TAZ. These changes were
associated with robust increases in markers of commitment to the osteoblast lineage and
osteoblast differentiation. Why this translated into elevated bone mass in the mice targeted
with Prx1-Cre but not Osx1-Cre is unclear but may be related to the remaining YAP allele,
deletion at an earlier stage of the mesenchymal lineage, or deletion at an earlier stage of
development in the Prx1-Cre-targeted mice.

In mature osteoblasts and osteocytes, deletion of YAP and TAZ decreased osteoblast
number, increased osteoclast number, and lowered bone mass. However, the mechanisms
underlying these changes remain unknown. We measured expression of several factors
known to regulate osteoblast and osteoclast formation such as Sost, RANKL, OPG, and M-
CSF. However, we did not observe any changes in expression of these genes. Numerous
studies have demonstrated that YAP and TAZ participate in the response of cells and tissues
to changes in mechanical loading [40, 46-48]. Moreover, loss of mechanical load in bone
causes a decline in osteoblast number and an increase in osteoclast number, similar to what
we observed in the conditional knockout mice. Therefore, it is possible that deletion of these
genes from osteocytes impaired the ability of the conditional knockout mice to respond to
normal physiological loading.

While preparing the revision of this manuscript, Kegelman et al. published a study in which
YAP and TAZ were deleted from osteoblast progenitors using Osx1-Cre transgenic mice
[49]. In contrast to our findings, they reported that deletion of YAP and TAZ from Osx1-Cre
expressing cells decreases bone mass and that this is associated with reduced osteoblast
number and increased osteoclast number. Similar to our study, these authors found that the
bone formation rate did not change in the conditional knockout mice. Differences in results
between the two studies may be explained by several important differences in approach. For
example, we compared our conditional knockout mice with Osx1-Cre transgenic mice,
which have previously been shown to display low bone mass and even fractures at some
skeletal sites shortly after birth [33-35]. In contrast, Kegelman et al. used YAPTf TAZ7f mice
as controls. Secondly, in our study the deletion was initiated at 3 weeks of age, while the
other study deleted YAP and TAZ from embryonic development onward.

In conclusion, the results presented here provide evidence that YAP and TAZ in osteoblast
progenitors play a negative role in regulating osteoblast differentiation possibly through
interfering with Wnt signaling and Runx2 activity. In contrast, YAP and TAZ in mature
osteoblasts and osteocytes play a positive role in osteoblast formation and function,
potentially by transducing mechanical signals in osteocytes. Further studies will be required
to address this latter possibility. Taken together, our results suggest that YAP and TAZ have
opposing effects at different stages of osteoblast differentiation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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YAP and TAZ expression in mesenchymal progenitors inhibits their
differentiation towards osteoblasts

TAZ expression in mesenchymal progenitors is completely dispensable for
osteoblastogenesis in mice

YAP and TAZ expressed in mature osteoblasts and osteocytes promote
osteoblast number and bone formation
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Figure 1. Haploinsufficiency of YAP and complete deletion of TAZ in Prx1-Cre-targetted cells
increases bone mass

(A) Hemorrhage and edema in YAP/TAZ mutant embryos at E13.5. Blue arrowheads
indicate hemorrhage and red arrowheads indicate edema. (B) Quantitative PCR of loxP-
flanked genomic DNA isolated from cortical bone of male YAP?* TAZ'f (n = 6) and Prx1-
Cre; YAPT* TAZT (n = 7) littermates. (C) Body weight of 5-week-old male YAPT* TAZ/f
(n = 6) and Prx1-Cre; YAPT* TAZf (n = 7) littermates. (D) Cancellous bone volume
(BV/TV) and cortical thickness in the distal femur of 5-week-old YAP"* TAZf (n = 6) and
Prx1-Cre; YAP?* TAZf (n = 7) littermates. (E) Cancellous bone volume (BV/TV) and
cortical thickness (Ct.Th) in the femur of 12-week-old female YAP?* TAZf (n = 11) and
Prx1-Cre; YAP"* TAZf (n = 10) littermates. (F) Histomorphometric analysis of femoral
cancellous bone in 12-week-old female YAPY* TAZTf (n = 11) and Prx1-Cre; YAP"* TAZT/f
(n =10) littermates.(G) Representative images and histomorphometric analysis of the
growth plate (in the femur of 5-week-old male YAP"* TAZf (n = 6) and Prx1-

Cre;YAP™* TAZf (n = 7) mice. Values are the mean + s.d.. *P < 0.05 versus YAP* TAZ/f
using Student's t-test.
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Figure 2. Postnatal deletion of YAP and TAZ from osteoblast progenitors promotes osteoblast
formation in vivo

(A) Quantitative PCR of loxP-flanked genomic DNA isolated from tibial cortical bone of
Osx1-Cre;YAPTf TAZTf (n = 7) and Osx1-Cre (n = 7) mice. (B) Femoral cancellous bone
volume (BV/TV) and cortical thickness (Ct.Th) of 12-week-old female Osx1-

Cre;YAPTf TAZTf (n = 7) and Osx1-Cre (n = 7) mice. (C) Cancellous bone volume (BV/
TV), trabecular number (Th.N), trabecular thickness (Th.Th), and trabecular spacing
(Th.Sp.) in the L4 vertebra of 12-week-old female Osx1-Cre;YAPYf TAZ!f (n = 7) and
Osx1-Cre (n = 7) mice. (D) Histomorphometric analysis of osteoblast number per bone
perimeter (N.Ob/B.Pm), mineralizing surface per bone surface (MS/BS), mineral apposition
rate (MAR), and bone formation rate per bone surface (BFR/BS) in cancellous bone in the
L1-L3 lumbar vertebra of 12-week-old female Osx1-Cre;YAPf TAZf (n = 7) and Osx1-
Cre (n = 7) mice. (E) Histomorphometric analysis of osteoclast number per bone perimeter
(N.Oc/B.Pm) of mice described in (D). *P < 0.05 using Student's t-test. All mice were
exposed to doxycycline in utero and maintained on a doxycycline-containing diet until 3
weeks of age.
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Figure 3. Deletion of YAP and TAZ from mesenchymal progenitors increases osteoblast
formation associated with increased Whnt signaling and Runx2 activity

(A) Alizarin Red staining of bone marrow stromal cells isolated from 5-week-old

YAP* TAZf (n = 5) and Prx1-Cre;YAP?* TAZf (n = 5) mice and cultured for 21 days in
osteoblast differentiation medium (n = 3 wells/group). (B) Quantitative RT-PCR of YAP
(Yapl), TAZ (Wwirl), osterix-1 (Sp7), osteocalcin (Bglap2), and collagenlal (Collal) in
12-day primary bone marrow cells cultured in osteoblast differentiation medium (n = 3
wells/group). (C) Relative luciferase activity measured in bone marrow stromal cells isolated
from YAPT* TAZ'T (n = 5) and Prx1-Cre;YAP"* TAZ"f mice (n = 5) and transduced with
lentivirus harboring 7TFP (Wnt) or 7xOSE (Runx?2) luciferase reporters. (n = 3 wells/
group). (D) AxinZand Bglap2 mRNA levels in bone marrow stromal cells isolated from
YAP* TAZf (n = 5) and Prx1-Cre; YAP"* TAZf mice (n = 5) and cultured for 5 days. (n =
3 wells/group). (E) Quantitative RT-PCR of Sp7, Bglap2, Collal, and Axin2 mRNAS in
bone marrow stromal cells isolated from Osx1-Cre;YAPTf TAZf (n = 5) and Osx1-Cre (n =
5) mice and cultured for 12 days in osteoblast differentiation medium (n = 3 wells/group).
(F) Quantitative RT-PCR of Yapl, Wwirl, Bglap2, and Axin2 mRNAs in YAPTf TAZ/f
calvaria cells transduced with adenovirus harboring GFP or Cre. (n = 3 wells/group). (G)
Immunoblot of protein extracted from the cytoplasm and nucleus of calvaria cells described
in (F) and the quantification of nuclear g-catenin normalized to Lamin A. *p < 0.05 using
Student's t-test.
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Figure 4. Deletion of YAP and TAZ in mature osteoblasts and osteocytes decreases bone mass
and osteoblast number

(A) Quantitative PCR of loxP-flanked genomic DNA isolated from tibial cortical bone of
YAPTE TAZT (n = 10) and Dmp1-Cre; YAPTf TAZf (n = 11) mice. (B) Femoral cancellous
bone volume (BV/TV) and cortical thickness (Ct.Th.) of 12-week-old female YAPf TAZf/f
(n = 10) and Dmp1-Cre; YAPf TAZTf (n = 11) mice. (C) Representative micro-CT images
of the distal femur of 12-week-old female mice. Scale bar, 1 mm. (D) Vertebral cancellous
bone volume (BV/TV), trabecular number (Th.N), trabecular thickness (Th.Th), and
trabecular spacing (Th.Sp.) measured in the L4 vertebra of 12-week-old female

YAPH TAZT (n = 10) and Dmp1-Cre; YAPTf TAZTT (n = 11) mice. (E) Osteoblast number
per bone perimeter (N.Ob/B.Pm), mineralizing surface per bone surface (MS/BS), mineral
apposition rate (MAR), and bone formation rate per bone surface (BFR/BS) in cancellous
bone of L1-L3 lumbar vertebra of 12-week-old female YAPf TAZf (n = 10) and Dmp1-
Cre; YAPTT TAZTT (n = 11) mice. (F) Photomicrographs of calcein-labeled surfaces in
vertebral cancellous bone (20x). (G) Osteocalcin (Bglap2) mRNA abundance in L5 vertebra
from YAPTf TAZf and Dmp1-Cre; YAPTf TAZf mice. (H) Osteoclast number per bone
perimeter (N.Oc/B.Pm) of the same animals described in E. (I) Serum CTX measured by
ELISA in 12-week-old female YAPYf TAZ'f (n = 8) and Dmp1-Cre; YAP™f TAZTf (n = 9)
mice. (J) Quantitative RT-PCR of SOST, Dkk1, AxinZ, RANKL (7nfsf11), OPG
(Tnfrsf11b), and m-csf (CsfI) mRNA in tibia shafts from 12-week-old female YAPf TAZf/f
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(n = 10) and Dmp1-Cre; YAPTf TAZf (n = 11) mice. *P < 0.05 versus YAPTT TAZf using
Student's t-test.
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