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SUMMARY

Intermittent PTH administration builds bone mass
and prevents fractures, but its mechanism of action
is unclear. We genetically deleted the PTH/PTHrP
receptor (PTH1R) in mesenchymal stem cells using
Prx1Cre and found low bone formation, increased
bone resorption, and high bone marrow adipose tis-
sue (BMAT). Bone marrow adipocytes traced to Prx1
and expressed classic adipogenic markers and high
receptor activator of nuclear factor kappa B ligand
(Rankl) expression. RANKL levels were also elevated
in bone marrow supernatant and serum, but unde-
tectable in other adipose depots. By cell sorting,
Pref1+RANKL+ marrow progenitors were twice as
great in mutant versus control marrow. Intermittent
PTH administration to control mice reduced BMAT
significantly. A similar finding was noted in male
osteoporotic patients. Thus, marrow adipocytes
exhibit osteogenic and adipogenic characteristics,
are uniquely responsive to PTH, and secrete RANKL.
These studies reveal an important mechanism for
PTH’s therapeutic action through its ability to direct
mesenchymal cell fate.

INTRODUCTION

Age-related osteoporosis is characterized by low bone mass,

uncoupled bone remodeling, enhanced skeletal fragility, and

infiltration of the bone marrow with excessive numbers of adipo-

cytes (Rosen and Bouxsein, 2006). The generation of excessive

bone marrow adipose tissue (BMAT) is not well understood in

part because there are both physiologic and pathologic changes
in the marrow compartment with age in mice and humans.

For example, during the growth of mammalian long bones, red

marrow is gradually replaced by adipocytes. At the other

extreme, with advanced age, BMAT replaces hematopoietic el-

ements in the axial skeleton (Scheller and Rosen, 2014). Drugs

(e.g., glucocorticoids and thiazolidinediones), calorie restriction

or high-fat diets, chemotherapy and/or radiation, and hormonal

factors such as estrogen deprivation or leptin deficiency cause

a significant increase in BMAT (Cawthorn et al., 2014; Georgiou

et al., 2012; Naveiras et al., 2009; Prieur et al., 2013; Thomas

et al., 2001). Several genetically engineered and inbred

mouse strains exhibit high BMAT (Rosen et al., 2009). Notwith-

standing, the mechanisms, whereby mesenchymal progenitors

are directed toward the adipogenic rather than osteogenic line-

age, remain to be determined.

One possible mediator of mesenchymal stem cell fate is PTH

or its related protein, PTHrP. PTH is well known to enhance dif-

ferentiation of committed osteoblast precursors, to prevent

apoptosis of osteoblasts and osteocytes, and to decrease scle-

rostin (Ishizuya et al., 1997; Jilka et al., 1999; Keller and Kneissel,

2005). Previously, it was thought that intermittent PTH adminis-

tration stimulated new bone formation by increasing the activity

and effort of mature osteoblasts (Kim et al., 2012). However,

recent studies suggest that PTH could recruit marrow stromal

cells (MSCs) into the osteoblast lineage through PTH1R- and

LRP6-dependent pathways and endocytosis of this PTH1R/

LRP6 complex (Li et al., 2013; Yu et al., 2012). Consistent with

this theory, targeted overexpression of PTH1R using the Col2.3

promoter led to increased osteoblast numbers, greater bone

formation, and suppressed marrow adiposity (Calvi et al.,

2001; Tascau et al., 2016). By contrast, PTHrP-haploinsufficient

mice exhibited low bone mass and increased marrow adiposity

(Amizuka et al., 1996). Moreover, PTHrP has been shown to

inhibit adipocyte differentiation by suppressing PPARg activity

(Chan et al., 2001), or by interacting with bone morphogenetic

protein 2 (BMP2) in pluripotent C3H10T1/2 mesenchymal cells
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(Chan et al., 2003). PTH1R is a G-protein-coupled receptor,

which can activate Ga subunits, such as Gs or Gi, which stimu-

late or inhibit cyclic AMP production, respectively (Weinstein

et al., 2001). Loss of Gsa early in the osteoblast lineage favored

adipogenic differentiation of MSCs and committed osteoblast

precursors (Sinha et al., 2014). Importantly, the cell fate switch

occurred relatively rapidly in another study upon PTH with-

drawal, implying the primary target cell could either trans-differ-

entiate or is a unique progenitor (H.M. Kronenberg, N. Ono, D.

Balani, ASBMR 2015 abstract #1021). Recently, lineage-tracing

studies demonstrated that the bone-lining cell is a target for

PTH’s anabolic action (Kim et al., 2012). Differentiation of these

cells into functional osteoblasts is one means by which new

bone formation occurs, but these cells may also be a reservoir

for differentiation into other lineages (Matic et al., 2016).

Our study was designed to examine the mechanism of PTH

action in bone marrow stromal cells. To address that question

in vivo and in vitro, we generated a mouse model of PTH resis-

tance that develops a form of age-related bone loss relatively

early after birth. Conditional deletion of PTH1R using the Prx1Cre

recombinase resulted in a substantial increase in BMAT by

3 weeks of age accompanied by high bone resorption despite

the absence of functional PTH receptors in osteoprogenitors

and osteoblasts. We isolated marrow adipocytes to gain further

insights into the molecular signature of these cells as well as to

establish a model for understanding marrow progenitor cell

fate, its relationship to PTH1R, and its role in bone resorption.

Finally, we asked whether those findings in mice were translat-

able to male osteoporotic patients involved in a small clinical trial

of intermittent PTH(1–34).

RESULTS

Skeletal and Marrow Phenotype of
Prx1Cre;PTH1Rfl/fl Mice
We recently generated Prx1Cre;PTH1Rfl/fl mice (mutants), in

which the PTH1R is ablated at the early limb bud stage (embry-

onic day 9.5 [E9.5]), thereby resulting in total lack of PTH1R

expression in the adult limb and calvaria (Fan et al., 2016). To

demonstrate the tissue specificity of the Prx1Cre transgene, To-

matofl/fl reporter mice (Madisen et al., 2010) were crossed with

Prx1Cremice (Logan et al., 2002) for further analyses. As shown

in Figure S1, tomato staining was restricted to long bones and

calvaria (Figure S1A) with no further expression found in any

other tissues examined (Figure S1B). Mutants were born with

the expected rate of Mendelian inheritance, were viable, and

showed severely shortened limbs at birth (Fan et al., 2016) and

postnatally (Figure 1A). Micro-computed tomography (mCT)

analysis of the long bones showed amarked reduction in trabec-

ular and cortical bone volume and thickness in mutants when

compared to controls at 3 weeks of age (Fan et al., 2016). H&E

staining of paraffin sections of the tibia confirmed the previously

reported mCT data depicting the severe loss in trabecular and

cortical bone in mutants (Figure 1B). To further investigate

whether the cause for the reduction in bone volume was due to

decreased osteoblast function, we performed qRT-PCR ana-

lyses from RNA extracted from flushed tibia using TaqMan

primers. The majority of early osteoblast markers including

Runt-related transcription factor 2 (Runx2), Osterix (Osx), alka-
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line phosphatase (Alp), collagen type I a1 (Col1a1), as well as os-

teocalcin (Ocn), an osteocyte marker, were significantly downre-

gulated (Figure 1C). Most importantly, however, bone marrow

cells in mutants were replaced by mature adipocytes. Already

by 3 weeks of age, themarrow cavity of the distal tibia was occu-

pied by large adipocytes (Figure 1D). Noteworthy, no adipocytes

were detected in histological sections of the spine (L1) where

PTH1R expression was normal, indicating that the appearance

of marrow adipocytes coincided with the deletion of the

PTH1R in long bones (Figure S1C). Using osmium tetroxide

(OsO4) mCT analyses, we were able to visualize and quantitate

marrow adipose tissue/total volume (control: 10.4 ± 1.1%;

mutant: 20.3 ± 3.0%) in the intact tibia, thereby supporting the

histological findings (Figure 1E).

BMAT Exhibits Classic Markers of Adipogenesis
To further characterize the cell population occupying the bone

marrow space, we purified adipocytes from the spun bone

marrow using a specific centrifugation protocol (see Experi-

mental Procedures) and performed gene expression analyses.

First, we were able to confirm the efficient deletion of Pth1r in

mutants when compared to controls (Figure 2A). Furthermore,

the cells were not only strongly positive for the adipocytic tran-

scription factors CCAAT/enhancer binding proteins (Cebpa,

b, D), nuclear receptor peroxisome proliferator-activated recep-

tor-g (Pparg) and zinc finger protein 467 (Zfp467), but also ex-

pressed differentiated adipose cell markers including fatty acid

binding protein 4 (Fabp4), adiponectin (Adipo), and Perilipin (Fig-

ure 2B), genes prominent in peripheral fat depots including

epididymal (eWAT), inguinal (iWAT), and interscapular (iBAT) ad-

ipose depots (Figure S2A). Next, we cultured bone marrow stro-

mal cells (BMSCs) of 3-week-old control and mutant mice under

adipogenic condition, followed by oil red O (ORO) staining and

quantification by spectrophotometry at OD500. The results

demonstrated a marked enrichment in adipocyte differentiation

in the mutants (Figure 2C), strongly indicating that loss of

PTH1R in mesenchymal precursors affects cell fate decision

early on. Enhanced adipogenic differentiation was confirmed

by testing the gene expression pattern of the cultured cells

(Figure 2D).

In Vitro Deletion of PTH1R from BMSCs and Calvarial
Osteoblasts Results in Adipogenesis
We also examined whether deletion of PTH1R from postnatal

BMSCs (3 weeks) and calvarial osteoblasts (postnatal day 4

[P4]) of PTH1Rfl/fl mice using adenovirus-mediated Cre (Ad-

CRE) results in enhanced adipogenesis. First, the efficient dele-

tion of the Pth1r in both cell types (Figures S2B and S2C) was

confirmed. Furthermore, qRT-PCR analyses demonstrated

significantly increased expression of adipogenic markers in

Pth1r-deficient BMSCs and also in osteoblasts when compared

to Ad-GFP-treated control cells (Figures S2B and S2C).

PTH Regulates BMAT In Vivo and In Vitro
To test whether PTH could influence the formation of BMAT

in vivo, we daily injected control and mutant mice with

25 nmol/kg PTH(1–34) for 2 weeks (P8–P21). Three-week-old

tibiae were used to perform OsO4 mCT analyses and showed

greater BMAT volume in mutants versus controls. Interestingly,



Figure 1. Skeletal and Marrow Phenotype of

Prx1Cre;PTH1Rfl/fl

(A) Alizarin red/Alcian blue staining of hindlimb of

3-week-old PTH1Rfl/fl and Prx1Cre;PTH1Rfl/fl.

(B) H&E-stained paraffin sections of control and

mutant tibia at 3 weeks showed significant reduced

trabecular (upper panel; scale bar, 500 mm) and

cortical bone (lower panel; scale bar, 50 mm) in

mutant tibia. n = 6. Arrowheads indicate area of

trabecular bone.

(C) Gene expression pattern of osteoblast

markers from cortical bone RNA of PTH1Rfl/fl and

Prx1Cre;PTH1Rfl/fl at 3 weeks. n = 6, *p < 0.05,

***p < 0.001 versus control. Graph shows

mean ± SEM.

(D) H&E staining showed bone marrow space

in mutant distal tibia is filled with adipocytes

compared to controls. n = 6. Scale bar, 500 mm.

Boxed areas show high magnification; scale bar,

200 mm.

(E) OsO4 mCT image depicting the increase in bone

marrow adiposity in Prx1Cre;PTH1Rfl/fl, particularly

in the distal tibia, but also extendingmore proximal,

when compared to PTH1Rfl/fl at 3 weeks. n = 6.

Scale bar, 1 mm.

See also Figure S1.
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PTH administration to control mice resulted in a marked reduc-

tion in volume of adipose tissue/total volume in two regions of in-

terest (ROIs): proximal epiphyses and the growth plate to the

tibial fibular junction. Most importantly, however, mutants ex-

hibited higher basal BMAT levels, which were not significantly

affected by PTH administration (Figure 3A). To further observe
the effect of PTH(1–34) in control mice

and to validate the lack of response to

PTH(1–34) in mutants, we cut histological

sections of their tibiae (Figure 3B) and

counted bone marrow adipocyte ghosts.

No statistically significant decrease in ad-

ipocytes could be detected between

vehicle-injected (77.4 ± 12.0 cells/hpf)

and PTH(1–34)-injected (53.6 ± 12.8

cells/hpf) mutant mice. These data are

the first to show that PTH administration

can reduce bone marrow adipogenesis

in vivo and support the tenet that PTH

controls a regulatory mechanism in adipo-

cyte differentiation.

To complement our in vivo findings with

in vitro data, we cultured BMSCs of con-

trols or mutants with medium alone or

containing 100 nM PTH(1–34) under adi-

pogenic condition. Control BMSCs effi-

ciently responded to PTH by markedly

decreasing their number of adipocytes

as shown by reduced ORO staining

(OD500nm). In contrast, no changes could

be detected in mutant cells, which

showed significantly increased basal

numbers of adipocytes and stronger
ORO staining (Figure 3C). To further support reduced adipogenic

differentiation of cells upon PTH(1–34) treatment on a molecular

level, we performed qRT-PCR analyses and found significant

decrease in some adipogenicmarkers inPTH1Rfl/fl-derived cells,

whereas no reduction could be observed in Prx1Cre;PTH1Rfl/fl

cells (Figure 3D). Similarly exposure to 100 nM PTH(1–34)
Cell Metabolism 25, 1–12, March 7, 2017 3



Figure 2. Characterization of BMAT

(A and B) Schematic representation of bone

marrow adipocytes isolated for qRT-PCR ana-

lyses. mRNA expression levels of Pth1r (A) and

adipocyte specific genes (B) in isolated BMAT of

PTH1Rfl/fl and Prx1Cre;PTH1Rfl/fl at 3 weeks. n = 4/

control, 5/mutant.

(C) Schematic representation of BMSCs cultured

for qRT-PCR analyses. Oil red O staining

and quantification of BMSCs of PTH1Rfl/fl and

Prx1Cre;PTH1Rfl/flmice cultured under adipogenic

conditions. Scale bar, 200 mm.

(D) qRT-PCR analyses of BMSCs under adipo-

genic condition for adipocyte markers. n = 6–9.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

versus control. All graphs show mean ± SEM.

White bar represent PTH1Rfl/fl, and black bar

represent Prx1Cre;PTH1Rfl/fl in all panels.

See also Figure S2.
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(Con-PTH) from day 1 reduced ORO staining when primary

BMSCs from B6 wild-type mice were cultured in adipogenic me-

dia (Figure S3A). In contrast, treatment of cells with PTH at a later

stage during adipogenic differentiation (day 6, post-PTH) had no

effect andORO staining continued to be high (Figure S3B).More-

over, a single treatment of 3T3-L1 cells with 100 nM PTH(1–34)

prior to adipogenic differentiation resulted in less adipogenesis

and was similar to continuous PTH treatment, as determined

by decreased ORO (Figure S3C).

Intermittent PTH(1–34) Reduces BMAT in
Osteoporotic Men
There are very few studies that detail the effect of PTH on

bone marrow adiposity. However, Yang et al. (2016) reported

reduced bone marrow adiposity by MRI spectroscopy in women
4 Cell Metabolism 25, 1–12, March 7, 2017
treated with PTH(1–34). To test the hy-

pothesis that PTH treatment reduces

marrow adipocyte number in humans,

we analyzed paired bone biopsies (base-

line and 18 months) from seven males

with idiopathic osteoporosis treated with

PTH(1–34) (Dempster et al., 2001).

Marrow adipocyte number (126.4 ± 19.0)

was reduced by 27% after 18 months of

PTH (92.1 ± 11.3, p = 0.055), whereas

adipocyte size was not lowered by PTH

treatment (p = 0.99) (Figure 4).

Bone Marrow Adipocytes Are the
Source of RANKL in the Absence of
PTH1R Signaling
Our data indicated that the low bonemass

in mutants could be due to a decrease

in osteoblast function and activity (Fig-

ure 1C); however, we also detected an

increased number of tartrate-resistant

alkaline phosphatase (TRAP)-positive os-

teoclasts (Figure 5A). This is in concert

with our previous report, where we have
shown a marked upregulation of serum carboxy-terminal

collagen cross-link levels (CTX) (Fan et al., 2016), indicating

enhanced bone resorption. This increase was accompanied by

a significant elevation of Rankl and receptor activator of nuclear

factor kappa B (Rank) expression but no changes in osteoprote-

gerin (Opg) in the cortical bone of mutants. In contrast, no

changes in expression of any of these genes could be observed

in the spine of the same animals, indicating that the increased

Rankl/Opg ratio is a consequence of loss of PTH1R signaling

selectively in long bones due to Prx1Cre (Figure 5B).

The increase in bone resorption in the mutants was accom-

panied by a 4-fold increase in urinary calcium excretion (Fan

et al., 2016), confirming enhanced bone resorption despite the

absence of functional PTH1R. These data were rather surprising

because loss of PTH1R in long bones excludes PTH as a



Figure 3. Control of BMAT Formation by

PTH In Vivo and In Vitro

(A) OsO4 mCT analyses of 3-week-old tibiae of

PTH1Rfl/fl and Prx1Cre;PTH1Rfl/fl under vehicle or

PTH(1–34) administration. Control mice showed

marked reduction in volume of adipose tissue/

total volume, whereas Prx1Cre;PTH1Rfl/fl mice

exhibited higher basal BMAT levels, which were

not significantly affected by PTH administration.

***p < 0.001 versus PTH1Rfl/fl under vehicle treat-

ment. Two-way ANOVA and Bonferroni posttests

were used to evaluate individual samples re-

sponses related to PTH(1–34) treatment. Genotype

effect: ##p = 0.0014; PTH(1–34) effect: $p = 0.0264.

(B) Toluidine blue-stained paraffin sections of tibiae

of PTH1Rfl/fl and Prx1Cre;PTH1Rfl/fl under vehicle

or PTH(1–34) administration. n = 6. Scale bar,

500 mm.

(C) Oil red O staining and quantification of

PTH1Rfl/fl and Prx1Cre;PTH1Rfl/fl BMSC cultures

under adipogenic condition, treated with vehicle

or 100 nM PTH(1–34). PTH treatment reduced oil

red O staining in PTH1Rfl/fl BMSCs. In contrast,

Prx1Cre;PTH1Rfl/fl cells showed higher numbers of

adipocytes at basal stage and did not respond to

PTH(1–34). n = 3. Scale bar, 200 mm.

(D) qRT-PCR analyses of adipocyte specific genes

in BMSCs under adipogenic condition, with vehicle

or PTH(1–34) treatment. PTH1Rfl/flBMSCs showed

significantly reduced adipogenic markers (Fabp4,

Adiponectin, Perilipin, Cebpa, and Pparg) after

PTH administration, whereas Prx1Cre;PTH1Rfl/fl

BMSCs did not respond to PTH(1–34). n = 3.

*p < 0.05, **p < 0.01, ***p < 0.001 versus PTH1Rfl/fl

under vehicle treatment. All graphs show

mean ± SEM.

See also Figure S3.
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stimulator of Rankl (Figure S4A). We then tested serum levels of

other RANKL regulators such as 1,25(OH)2D3 (Fan et al., 2016),

tumor necrosis factor a (TNF-a), interleukin 6 (IL-6), and leptin,

but only the latter one was markedly decreased in mutants (Fig-

ure S4B). Changes in any of these circulating factors could have

also affected Rankl expression in the spine; however, no such

changes were noted between controls and mutants (Figure 5B).

To further address this question, we performed more detailed

histological analyses, which revealed the provocative finding

that many of the larger adipocytes located in the mutant marrow

space were situated in very close proximity to the bone surface,

which was covered by TRAP-positive osteoclasts suggesting

potential cross-communication (Figure 5C).

Next, to determine the source of the increased Rankl levels in

mutants, we isolated RNA from whole bone marrow and isolated

BMAT from controls andmutants to perform qRT-PCR analyses.

Rankl expression was significantly upregulated in mutant whole

BM and BMAT (Figure 5D). Moreover, we measured RANKL

protein levels by ELISA in the serum and BM supernatant of con-

trol and mutant mice. Interestingly, PTH1R-deficient samples

showed a marked elevation in RANKL protein, indicating again

that early loss of PTH1R signaling results in uncontrolled differ-
entiation of mesenchymal cells to bone marrow adipocytes

that can produce high levels of RANKL to induce bone resorption

(Figure 5E).

RANKL Production Is Limited to BMAT
We then examined the capability of other adipose depots to

secrete RANKL. To explore this possibility and to clarify whether

RANKL production was limited to bone marrow adipocytes of

mutants, we analyzed Rankl gene expression in three peripheral

adipose depots: eWAT, iWAT, and iBAT. We found virtually un-

detectable Rankl expression in either genotype when compared

to BMAT (Figures S4C and S4D). Thus, themarrow adipocytes in

Prx1Cre;PTH1Rfl/fl are unique in their expression signature,

possibly reflecting their site of origin.

In addition, we tested whether genetic absence of the PTH1R

was temporally specific such that loss of the receptor later in

adipocyte differentiation resulted in greater peripheral RANKL

expression. PTH1R was ablated using AdiponectinCre, which

showed significantly reduced Pth1r expression in peripheral ad-

ipose depots (eWAT, iWAT, and iBAT). Virtually undetectable

Rankl expression was found in peripheral fat of either PTH1Rfl/fl

or AdiponectinCre;PTH1Rfl/fl mice (Figure S4E). Moreover,
Cell Metabolism 25, 1–12, March 7, 2017 5



Figure 4. Control of BMAT by PTH(1–34) Treatment in Men

Representative paired iliac crest biopsy from a male subject treated with

PTH(1–34), at baseline and after 18 months of treatment (Dempster et al.,

2001). Three sections were analyzed per region of tissue. The cells were

counted, and marrow adipocyte volume and marrow volume were measured.
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primary stromal vascular fraction pre-adipocytes from iWAT did

not respond to PTH treatment in vitro (Figure S4F).

To be absolutely certain that Rankl was not expressed in

mature adipocytes outside the marrow, we examined RANKL ri-

bosomal RNA expression in peripheral fat depots from Adipo-

nectinCre;eGFP-L10a mice using the translating ribosome affin-

ity purification (TRAP) technology (Liu et al., 2014). No detectable

RANKL was noted in the inguinal depot of those mice (Fig-

ure S5A), whereas all other peripheral markers of adipogenesis

were enriched in AdiponectinCre;eGFP-L10a mice (data not

shown). Similarly, Zfp467 mRNA, a marker of adipocytes that

is suppressed by PTH, was 60% enriched in the eGFP+ cells

from the AdiponectinCre;eGFP-L10a mice versus Cre-negative

controls (Figure S5A). In addition, to exclude any potential contri-

bution of RANKL by macrophages present in isolated BMAT

preparation, we performed flow cytometry using CD11b as

marker and found less than 2% contamination excluding macro-

phages as main source of RANKL in BMAT (Figure S5B). More-

over, we evaluated RANKL expression in other tissues and found

no differences in RANKL expression between control andmutant

mice in thymus or spleen (Figures S5C and S5D), and Rankl was

undetectable in liver (data not shown).

Increased BoneMarrow Rankl Is Independent of Culture
Conditions
In order to determine whether the increased Rankl expression

found in the bone marrow of Prx1Cre;PTH1Rfl/fl mice could

be altered by various culture conditions, we grew control and

mutant cells in either osteogenic (OM), adipogenic (AM), or

normal (no treatment) medium. The results showed that indepen-

dent of which culture condition was used, mutant BMSCs

had consistently and significantly higher Rankl and markedly

reduced Opg expression levels, leading to an increased Rankl/

Opg ratio under every circumstance (Figure S6A). We also asked

whether lack of PTH1R in MSCs would change the number of

colony-forming units and performed colony-forming unit fibro-

blastic (CFU-F), CFU-alkaline phosphatase (CFU-ALP), and

CFU-adipocyte (CFU-Adipo) assays, and found that the fre-
6 Cell Metabolism 25, 1–12, March 7, 2017
quency of CFU-F mesenchymal progenitors, CFU-ALP osteo-

blast precursors, as well as CFU-Adipo adipocyte precursors

is significantly increased in mutants with a higher increase in

CFU-Adipo adipocyte precursors (Figure S6B).

Loss of PTH1R inMSCs Increases the Number of RANKL
Expressing Pre-adipocytes
To further characterize RANKL-positive cells in the bone

marrow, we performed extensive flow cytometry using the

RANKL antibody in combination with Pref-1 as the marker of

pre-adipocytes (Takeshita et al., 2014) and B220 as a B cell line-

age marker (Figure 6) (Smas and Sul, 1993). Fluorescence-

activated cell sorting (FACS) analysis revealed that, in B220-

negative cells, the percentage of Pref-1-positive cells was

increased in Prx1Cre;PTH1Rfl/fl,Tmfl/+ mice compared to control

heterozygous littermates (Figure 6A, left, Q1+Q2). Moreover,

mutants showed more RANKL-positive cells in bone marrow

mesenchymal cells (Figure 6A, right, Q2+Q3). Importantly, we

observed higher Pref-1 and RANKL double-positive cells in the

mutant mice in B220� cells (Figure 6A, Q2). All measurements

between control and mutant littermates were significantly

different (genotype effect, p < 0.01). When mutant bone

marrow cells were gated using Pref-1 and B220, the Pref-1+/

B220� population had a significantly higher mean fluorescence

signal for RANKL expression (p < 0.05) compared to the

ones in Pref-1�/B220� (Figure 6B, R1:1738 versus R2:947).

Prx1Cre;PTH1Rfl/+,Tmfl/+ heterozygous mice were used as litter-

mate controls.

Next, to determine whether the large number of bone

marrow adipocytes in mutants derives from Prx1-positive

mesenchymal progenitors, we cultured BMSCs from 3-week-

old Prx1Cre;Tmfl/+ and Prx1Cre;PTH1Rfl/fl,Tmfl/+ mice and dou-

ble stained them with antibodies for (1) Tomato to affirm the

Prx1 lineage and (2) adiponectin to reassert the adipocyte

phenotype. The merged image shown in Figure 7A illustrated

many double-positive cells (yellow), and their number was statis-

tically increased in mutant BMSCs (Figure 7B), providing firm

evidence that mesenchymal progenitor cells void of PTH1R

preferentially differentiate into adipocytes.

DISCUSSION

In this study, we demonstrated that genetic loss of PTH receptor

signaling in mesenchymal progenitors results in a rapid increase

in BMAT accompanied by very low bone mass due in part to a

high rate of bone resorption.We also showed thatmarrow adipo-

cytes, unlike peripheral adipocytes, secrete RANKL, their pro-

genitors are responsive to PTH, and their origin differs from other

adipocytes. Moreover, we found the impact on mesenchymal

cell fate from deletion of the PTH1R was temporally specific

and that loss of the PTH1R later in osteoprogenitor differentiation

had no effect on cell fate. Importantly, we provided the first evi-

dence from paired bone biopsies that patients treated with

PTH(1–34) show a significant reduction in marrow adipocyte

number, reinforcing our tenet that activation of the PTH1R regu-

lates mesenchymal cell fate in both mice and humans.

BMAT comprises a significant proportion of total body fat

stores in humans, yet its origin and function have not been clearly

defined (Sulston and Cawthorn, 2016). Marrow adipocytes are



Figure 5. Bone Marrow Adipocytes Are the

Source of RANKL in the Absence of PTH1R

Signaling

(A) Paraffin sections of Prx1Cre;PTH1Rfl/fl femurs

show more TRAP-positive cells than controls.

n = 3. Scale bar, 500 mm in low magnification;

200 mm in high magnification.

(B) Expression of Opg, Rankl, and Rank mRNA

and Rankl/Opg ratio in long bones and spine of

PTH1Rfl/fl and Prx1Cre;PTH1Rfl/fl mice at 3 weeks.

n = 12.

(C) Histological section of proximal tibia of a

Prx1Cre; PTH1Rfl/fl mouse at 3 weeks. TRAP-

positive osteoclasts lining the bone surface are

found in close vicinity to the many large adipocytes

located in the bone marrow space. Scale bar,

200 mm.

(D) qRT-PCR analysis for Rankl mRNA expression

in flushed whole bone marrow (whole BM) and

isolated bone marrow adipose tissue (BMAT).

n = 6/control, 7/mutant.

(E) Serum and BM supernatant RANKL protein

levels were significantly elevated in Prx1Cre;

PTH1Rfl/fl when compared to PTH1Rfl/fl. n = 17/

control, 16/mutant. *p < 0.05, **p < 0.01 versus

control. All graphs show mean ± SEM. See also

Figures S4 and S5.
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dynamic, i.e., their size and number can change in response to

environmental (e.g., cold temperature via sympathetic activa-

tion), nutritional (e.g., calorie restriction or high-fat diet), and

hormonal (e.g., estrogen deficiency, leptin) cues. Previous

work suggested that PTH could influence MSCs allocation in

the bone marrow niche (Kim et al., 2012) and that constitutive

activation of the PTH1R experimentally (Col1caPPR) caused

high bone mass, less hematopoiesis, and delayed development

of bonemarrow constituents, particularly adipocytes (Calvi et al.,

2001). Cain et al. (2016) demonstrated that targeting osteoblastic

Rs1, an activator of Gs signaling, using the Col2.3 promoter,

enhanced bone mass and increased insulin sensitivity, but

reduced both bonemarrow and peripheral adiposity. In contrast,

conditional deletion of Gsa in early osteoprogenitors by OsxCre

resulted in impaired bone formation and accelerated marrow

adipogenesis (Sinha et al., 2014). Recently, it was reported that

marrow adipocytes trace with Osterix, a marker of the osteo-

genic lineage (Chen et al., 2014; Liu et al., 2013). However, using

OsxCre for deletion of PTH1R in slightly more mature pre-osteo-

blasts,wewere unable to detect an increase inBMAT (Figure S7).

This lends further support to the tenet that PTH1R activation

impacts cell fate in the marrow in a context-specific manner.

However, the precise temporal sequence of lineage allocation

in mesenchymal progenitors has not been determined.

In our studies, we isolated both marrow adipocytes and their

progenitors, and found those cells express all the markers of
classic adipocytes. However, we were

not able to define the earliest transcrip-

tional event in this process. One possible

candidate is Zfp467. Previously, the Mar-

tin group noted from a gene array study

of a stromal cell line that Zfp467 was
downregulated by PTH (Quach et al., 2011). Moreover,

silencing of Zfp467 was found to induce osteogenesis (You

et al., 2012). Those authors also reported that Zfp467 could

not only upregulate PPARg but also induce RANKL and that it

was a critical co-factor in adipogenic differentiation and in the

development of marrow adipocytes in vivo. You et al. (2015)

also reported that Zfp467 was an important lineage determi-

nant, and that it regulated Sost independent of its effects on

PPARg, thereby targeting the Wnt signaling pathway (You

et al., 2015). In our studies, we found that PTH administration

suppressed Zfp467 expression in cortical bone from control

but not mutant mice (data not shown), and that Zfp467 was

upregulated 8-fold in RANKL-producing marrow adipocytes

from Prx1Cre;PTH1Rfl/fl mice when compared to controls

(Figure 2B). In support of that observation, primary BMSCs

differentiated in adipogenic media had a 4-fold increase in

expression relative to baseline, gene expression for other

markers of adipogenesis (Pparg, Fabp4, Adipo, Perilipin) were

also 5- to 10-fold increased in the marrow adipocytes of

mutants versus controls (data not shown). Thus, the marrow

adipocyte in our model exhibited characteristic features of

classic white adipocytes but also had the capacity to secrete

RANKL and impact bone resorption.

The origin of marrow adipocytes is not known, but lineage

tracing has provided insights into the nature of osteoprogenitors.

For example, Yue et al. (2016) demonstrated that sustained
Cell Metabolism 25, 1–12, March 7, 2017 7



Figure 6. Loss of PTH1R in MSCs Increases

the Number of RANKL-Expressing Pre-adi-

pocytes

Bone marrow cells of 3-week-old controls

(Prx1Cre;PTH1Rfl/+,Tmfl/+, PTH1Rfl/fl) and mutants

(Prx1Cre;PTH1Rfl/fl,Tmfl/+, Prx1Cre;PTH1Rfl/fl) were

stained with FITC-anti-B220 antibody, PE-anti-

Pref-1, and APC/Cy7-anti-RANKL antibody and

analyzed by flow cytometry.

(A) Cells were gated on B220� cells and charac-

terized with Pref-1 and RANKL (separated into Q1–

Q4). Q1+Q2 represent Pref1+B220� population,

Q2+Q3 represent RANKL+B220� population, and

Q2 represents Pref-1+RANKL+B220� population.

Table shows the percentage of each population.

(B) Mutant cells were gated on B220 and Pref-1

and separated into R1 and R2, and each fraction

was analyzed with RANKL expression. R1 repre-

sents Pref-1+RANKL+B220�, and R2 represents

Pref-1�RANKL+B220� population. Table shows

mean fluorescence intensity of RANKL expression.

Results shown are representative of three inde-

pendent experiments displaying similar results.
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increases in leptin, acting via the leptin receptor, promoted

adipocyte differentiation by skeletal stem cells during high-fat

feeding. Moreover, genetic deletion in the limbs of the LepR us-

ing the Prx1Cre prevented high-fat diet-induced marrow adipo-

genesis as well as bone loss from accelerated resorption. In

our studies, we also found that deletion of the PTH1R with

Prx1Cre had a major impact on cell fate, with a significant reduc-

tion in osteoprogenitors and amarked increase in marrow adipo-

cytes. However, in contrast to the work by Yue et al., the

Prx1Cre;PTH1Rfl/fl mice had low leptin levels and lower body

weight, suggesting that other determinants were operative in

driving adipogenic differentiation within the niche.

BMAT is often accompanied by bone loss due to increased

bone resorption. In Prx1Cre;PTH1Rfl/fl mice, high resorption

rates contributed to low bone mass in both trabecular and

cortical compartments. However, this seemed counterintuitive.

First, bone marrow osteoprogenitors are an important source

of RANKL and are activated by PTH (O’Brien, 2010). In the

absence of functional PTH activity, it would seem unlikely that

bone resorption could be high. Second, a previous report had

noted that overexpression of the PTH1R, rather than deletion,

led to greater bone resorption (Calvi et al., 2001). To address

this apparent paradox, we asked whether another cell could

drive the high resorption phenotype. Osteocytic osteolysis due

to enhanced expression of RANKL could have contributed to

the high rate of bone resorption, but we found no differences in
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osteocyte number/area or lacunar area

in mutant versus control mice (Fan

et al., 2016).

However, one clue came from histology

in which we noted that many of the

marrow adipocytes were located adja-

cent to the endosteal bone surface and

closely associated with TRAP+ osteo-

clasts (Figure 5C). Moreover, a similar

feature was noted in human biopsies.
Thus, we hypothesized that an early progenitor harboring adipo-

genic properties in the bone marrow could secrete RANKL and

was responsible for high bone resorption in mutants. Several

lines of experimental evidence supported that tenet. For

example, we found high Rankl expression in isolated bone

marrow adipocytes from the mutant mice (Figure 5D) and high

RANKL protein in the bonemarrow supernatant and in the serum

of Prx1Cre;PTH1Rfl/fl mice (Figure 5E). Also, in gating experi-

ments, we found that the proportion of Pref1+/RANKL+/B220�

cells was 2-fold higher in the marrow of mutants than controls

(Figure 6). It is of note that Sinha et al. (2014) also reported that

GsaOsxKO bones showed an 8-fold increase in Pref-1 expression,

a marker of pre-adipocytes, compared to controls. In addition,

previously, Takeshita et al. (2014) noted that, in aging mouse

marrow, with significant adiposity, the proportion of RANKL+/

Pref1+ cells was markedly increased. In addition, we noted that

BMSCs derived from the mutants when grown in osteogenic,

adipogenic, or no differentiation media, expressed consistently

higher levels of Rankl and greater Rankl/Opg ratios than controls

(Figure S6A). Finally, we were able to exclude any significant

contribution of Rankl production by additional tissues outside

of BMAT. The TRAP technology (Liu et al., 2014) was useful to

exclude other adipose depots such as iWAT as contributor.

FACS and qRT-PCR analyses eliminated spleen, thymus, and

liver as main sources of Rankl in Prx1Cre;PTH1Rfl/fl mice,

respectively. Moreover, we validated our BMAT preparation



Figure 7. Cells Ablated for PTH1R Preferen-

tially Developed into Adipocytes In Vitro

(A) Immunofluorescence staining of BMSCs

cultured under adipogenic conditions derived from

3-week-old Prx1Cre;Tmfl/+ and Prx1Cre;PTH1Rfl/fl,

Tmfl/+ mice. Red, Prx1-Tomato-positive cells;

green, adipocytes expressing adiponectin; blue,

DAPI stain for cell nuclei; and yellow, double-

positive (red/green) cells rendering BMSCs un-

dergoing adipogenic differentiation. Scale bar,

100 mm.

(B) The percentage of double-positive cells in

Prx1Cre;PTH1Rfl/fl,Tmfl/+ mice was significantly

higher than in controls. n = 3. **p < 0.01 versus

control. All graphs show mean ± SEM.
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and could show that our cell population is almost void of any

macrophages. Thus, it is conceivable that early mesenchymal

marrow progenitor cells destined to become adipocytes have

the capacity to secrete RANKL.

An important translational finding from our work was the

demonstration that in vivo PTH treatment reduces BMAT

in both mice and humans. Intermittent administration of teri-

paratide (PTH(1–34)) is widely used for the treatment of post-

menopausal osteoporosis because it reduces fractures and

increases bone mineral density (Neer et al., 2001). Changes

in bone remodeling with intermittent PTH administration are

generally anabolic and reflect an early but marked increase

in bone formation. BMAT changes have not been reported in

randomized trials of teriparatide or PTH(1–84). However, in a

small pilot study, Cohen et al. (2013) reported that adipocyte

volume per marrow volume, perimeter, and area, but not num-

ber, were significantly reduced in a small group (n = 21) of

women with idiopathic osteoporosis. More recently, Yang

et al. (2016) demonstrated with MRI spectroscopy of the fe-

mur, that PTH(1–34) treatment in postmenopausal women

reduced BMAT.

Recent studies have shown that PTH can act directly on

mature adipocytes to induce lipolysis and these cells can

also respond to PTHrP by changing their adipogenic program

toward a more thermogenic pattern (Kir et al., 2016). Impor-

tantly in the Yang et al. study where MRI demonstrated loss

of BMAT in response to PTH(1–34), they failed to find any

changes in peripheral fat depots (subcutaneous or visceral),

nor have there been any reports of changes in peripheral fat

mass in patients treated with PTH(1–34) (Yang et al., 2016). In

our analysis of paired bone biopsies from seven males in a

small randomized trial of PTH for male idiopathic osteoporosis

(Dempster et al., 2001), we found a 27% reduction in adipocyte

number but not size at 18 months in men treated with PTH.

Although the trial was not powered for change in marrow fat
cell volume or number, these data sup-

port the need for larger studies from clin-

ical trials.

There are several limitations to our

current work. First, we cannot exclude

the possibility that other systemic fac-

tors contributed to enhanced marrow

adiposity in the mutant mice. We
measured several circulating factors, including IL-6 and TNF-a

that could cause increased numbers of marrow adipocytes,

but these hormones were not elevated. On the other hand, leptin

levels were low in mutants. In some models such as the Ob/Ob

mouse, or in womenwith anorexia, low circulating leptin concen-

trations have been associated with higher marrow adiposity in

the limbs of mice and vertebrae of humans (Bredella et al.,

2009; Hamrick et al., 2004). Second, although calorie restriction

can induce marrow adiposity, it is unlikely that nutritional factors

played a role in the induction of adipogenesis because the mice

were just weaned at the time of sacrifice. Moreover, in mutants,

the greatest enhancement in marrow adiposity was noted in the

distal tibia, a site of constitutive marrow adipose tissue, and one

in which few or no changes have been noted with calorie restric-

tion (Scheller et al., 2015). Third, although we identified Zfp467

as a transcriptional factor downregulated by PTH during osteo-

genesis that may mediate RANKL production, we have not es-

tablished that it is the principal driver of marrow adipogenesis

in the absence of PTH1R. Further genetic studies are needed

to delineate the precise role of Zfp467 in mediating marrow adi-

pogenesis. Fourth, to determine the temporal importance of

PTH1R deletion from progenitor cells, we used OsxCre tg mice

to target more mature pre-osteoblasts. We compared the

BMAT phenotype of OsxCre;PTH1Rfl/fl and PTH1Rfl/fl mice and

found no differences. However, because OsterixCre mice are

slightly runted, a non-floxed OsxCre tg mouse would have

served as a better control.

In summary, we showed that deletion of the PTH1R in bone

marrow mesenchymal progenitors results in the phenotypic

presentation of low bone mass, high bone marrow adiposity,

and increased bone resorption. We established that the bone

marrow adipocyte is unique in supporting osteoclastogenesis.

We also showed, for the first time, that the anabolic skeletal

effect of PTH can be attributed, at least in part, to its ability to

change cell fate.
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EXPERIMENTAL PROCEDURES

Mouse Strains

Prx1Cre;PTH1Rfl/fl mice were generated by crossing PTH1Rfl/fl mice (Kobaya-

shi et al., 2002) to Prx1Cre transgenic mice (Logan et al., 2002) as described

previously (Fan et al., 2016). B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J

mice (Tmfl/fl) andAdiponectinCremicewere purchased from The Jackson Lab-

oratory. Prx1Cre;Tmfl/+mice were generated bymating Prx1Cre to Tmfl/flmice.

PTH1Rfl/fl mice (±AdiponectinCre) (Kir et al., 2016) and AdiponectinCre;eGFP-

L10a mice (Liu et al., 2014) were described previously. Mice lacking PTH1R in

osteoprogenitors were generated by crossing PTH1Rfl/fl with OsterixCre mice

(Panaroni et al., 2015). All studies performedwere approved by the Institutional

Animal Care and Use Committee at the Harvard Medical School.

Isolation of Bone Marrow Adipocytes and Supernatant

Both femurs and tibias were collected and cleaned in sterile PBS. Both ends of

femurs and tibias were snipped. The bonemarrow adipocytes were isolated as

previously described (Liu et al., 2011; Scheller et al., 2015). Bones were placed

in a 0.6-mL microcentrifuge tube that was cut open at the bottom and placed

into a 1.5-mLmicrocentrifuge tube. Fresh bone marrowwas spun out by quick

centrifuge (from 0 to 10,000 rpm, 9 s, room temperature [RT]). Red blood cells

were lysed using RBC lysing buffer (Sigma). After centrifugation (3,000 rpm,

5 min, RT), floating adipocytes were collected from the top layer and washed

with PBS for three times. The remaining middle layer of the bone marrow

was collected as bone marrow supernatant for RANKL measurement using

an ELISA.

Analysis of Paired Bone Biopsies from Males with Idiopathic

Osteoporosis

We analyzed bone biopsy samples from a previous trial that included eight

men with paired (before and after) iliac crest bone biopsies treated with

PTH(1–34) (Dempster et al., 2001). Analysis was performed using a reader

blinded to treatment assignment using the semi-automated Bio-Quant meth-

odology for histomorphometry. The primary outcomes were adipocyte num-

ber/marrow volume and adipocyte volume/marrow volume. Cell ghosts and

ghost volume were measured in three regions of the iliac crest biopsy section

from each subject before and after treatment, and the mean was calculated

for adipocyte volume/marrow volume, and adipocyte number/marrow volume.

Seven of the eight biopsy pairs were readable with respect to measurements

of discrete adipocytes within the marrow cavity. This study was approved by

the Institutional Review Boards of Helen Hayes Hospital and Columbia-Pres-

byterian Medical Center. All subjects gave informed consent.

Statistics

For statistical analysis, GraphPad Prism 5.0 (GraphPad Software) was used.

Unpaired two-tailed Student’s t test was used between two groups in mice

and one-way ANOVA followed by Tukey’s test was used for multiple compar-

isons. Variables between vehicle and PTH treatment groupswere evaluated by

two-way ANOVA. Two-way ANOVA with multiple comparisons was used for

flow cytometry to calculate the difference between control and mutant mice.

For the translational study in men with paired biopsies, we sought to test the

hypothesis from the mouse data that PTH would reduce adipocyte number,

so we employed a one-tailed t test with paired samples to examine the treat-

ment effect (Dempster et al., 2001). All values are expressed as mean ± SEM.

p values < 0.05 were considered significant for all analyses.

See Supplemental Experimental Procedures for detailed methods.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and seven figures and can be found with this article online at http://dx.doi.

org/10.1016/j.cmet.2017.01.001.
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