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A B S T R A C T   

In osteoporosis, mesenchymal stem cells (MSCs) prefer to differentiate into adipocytes at the expense of osteo-
blasts. Although the balance between adipogenesis and osteogenesis has been closely examined, the mechanism 
of commitment determination switch is unknown. Here we demonstrate that phospholipase D1 (PLD1) plays a 
key switch in determining the balance between bone and fat mass. Ablation of Pld1 reduced bone mass but 
increased fat in mice. Mechanistically, Pld1/− MSCs inhibited osteoblast differentiaion with diminished Runx2 
expression, while osteoclast differentiation was accelerated in Pld1− /− bone marrow-derived macrophages. 
Pld1− /− osteoblasts showed decreased expression of osteogenic makers. Increased number and resorption activity 
of osteoclasts in Pld1− /− mice were corroborated with upregulation of osteoclastogenic markers. Moreover, 
Pld1− /− osteoblasts reduced β-catenin mediated-osteoprotegerin (OPG) with increased RANKL/OPG ratio which 
resulted in accelerated osteoclast differentiation. Thus, low bone mass with upregulated osteoclasts could be due 
to the contribution of both osteoblasts and osteoclasts during bone remodeling. Moreover, ablation of Pld1 
further increased bone loss in ovariectomized mice, suggesting that PLD1 is a negative regulator of osteoclas-
togenesis. Furthermore, loss of PLD1 increased adipogenesis, body fat mass, and hepatic steatosis along with 
upregulation of PPAR-γ and C/EBPα. Interestingly, adipocyte-specific Pld1 transgenic mice rescued the 
compromised phenotypes of fat mass and adipogenesis in Pld1 knockout mice. Collectively, PLD1 regulated the 
bifurcating pathways of mesenchymal cell lineage into increased osteogenesis and decreased adipogenesis, which 
uncovered a previously unrecognized role of PLD1 in homeostasis between bone and fat mass.   

Abbreviations: ALT, alanine aminotransferase; ALP, alkaline phosphatase; Ap2, adipoprotein2; AST, aspartate aminotransferase; BAT, brown adipose tissues; 
BMMs, bone marrow-derived macrophages; BSP, bone sialoprotein; BS/BV, bone surface/volume ratio; BV/TV, bone volume fraction; Conn. D, connectivity density; 
C/EBPα, CCAAT enhancer binding protein alpha; Runx2, runt-related transcription factor 2; eWAT, epididymal white adipose tissues; NFATc1, nuclear factor of 
activated T cells 1; M-CSF, macrophage colony-stimulating factor; MSC, mesenchymal stem cells; OCN, osteocalcin; OPG, osteoprotegerin; OVX, ovariectomy; PLD1, 
phospholipase D1; PPAR-γ, peroxisome proliferator activated receptor-gamma; pOB, preosteoblasts; qRT-PCR, quantitative real time-polymerase chain reaction; 
RANKL, receptor activator of nuclear factor kappa-В ligand; SMI, structure model index; SREBP1c, sterol regulatory element binding protein 1c; Tb.N, trabecular 
number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; TG, transgenic; TRAP, tartrate-resistant acid phosphatase; μCT, micro-computed tomography. 
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1. Introduction 

Bone marrow-derived multipotent mesenchymal stem cells (MSCs) 
undergo differentiation into various anchorage-dependent cell types, 
including osteoblasts and adipocytes [1]. It has been suggested that a 
reciprocal relationship exists between osteoblasts and adipocytes during 
the differentiation of MSCs [2,3]. The relationship between bone and fat 
formation within the bone marrow microenvironment is complex and 
remains an area of active investigation. Although various cell types can 
be derived from MSCs, commitment of these cells into adipocytes and 
osteoblasts is specifically related to the pathological conditions of 
abnormal bone remodeling [2]. With age, mesenchymal stem cells in the 
bone marrow become inclined to undergo differentiation into adipo-
cytes rather than osteoblasts, resulting in increased number of adipo-
cytes and decreased number of osteoblasts, causing osteoporosis [2,3]. 
The deranged balance of these processes causes an elevated risk of 
fractures with age. 

The commitment of MSCs towards either the osteoblast or adipocyte 
lineages depends on lineage-specific transcriptional regulators. Various 
transcription factors play as key regulators of adipogenesis and osteo-
genesis. For example, the nuclear receptor, peroxisome proliferator- 
activated receptor gamma (PPAR-γ and CCAAT enhancer binding pro-
tein α (C/EBPα) are critical regulators of adipogenesis [4] and also 
function as positive and negative modulators for osteoclastogenesis 
[5–7] and osteoblastogenesis [8,9], respectively. Runx2 is a master 
transcription factor for osteoblast differentiation [10–12]. Interestingly, 
however, PPAR-γ suppresses osteogenesis via inhibition of Runx2 tran-
scriptional activity [13]. 

Osteoblasts orchestrate osteoclast-mediated bone destruction by 
expressing M-CSF and receptor activator of NF-κB ligand (RANKL) as 
well as osteoprotegerin (OPG) [14]. RANKL binds to its receptor RANK 
on osteoclast precursors to mediate osteoclast differentiation and sub-
sequent activation. OPG, a soluble decoy receptor for RANKL, blocks 
RANKL binding to RANK and thereby inhibits osteoclast differentiation 
[15]. Despite the availability of adequate information regarding various 
regulatory factors in each cell linage pathway, the molecular mecha-
nisms of coordinating the balance between osteogenesis and adipo-
genesis are still limited. Two isoforms of phospholipase D (PLD), PLD1 
and PLD2, hydrolyze phosphatidylcholine, the most abundant mem-
brane phospholipid, to generate choline and the second messenger 
signaling lipid, phosphatidic acid [16]. PLD isozymes have been impli-
cated in a wide range of pathophysiological processes including prolif-
eration, oncogenesis, inflammation, phagocytosis, and 
neurodegenerative diseases [17,18]. Although only a few studies have 
been reported on the involvement of PLD in osteogenesis and osteo-
clastogenesis [19–22], the function and molecular mechanisms of PLD in 
bone formation, bone resorption and adipogenesis remain unclear. In 
this study, we report a role of PLD1 as a key regulator of bone and fat 
homeostasis through Runx2, β-catenin-OPG, PPAR-γ and C/EBPα axis. 

2. Materials and methods 

2.1. Materials 

Alkaline phosphatase (ALP) kit, silver nitrate, Alizarin Red S, methyl 
green, toluidine blue, β-glycerophosphate, and ascorbic acid were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modified 
Eagle Medium, fetal bovine serum, trypsin-EDTA, and antibiotic- 
antimycotic solution were purchased from GibcoBRL (Grand Island, 
NY, USA). The polyclonal anti-PLD antibody, that recognizes both PLD1 
and PLD2, was generated as described previously [23]. Runx2, TAZ, 
PPAR-γ, C/EBPα, and SREBP1 antibodies were purchased from Cell 
Signaling Inc. (Danvers, MA, USA). Antibody to OPG was from Abcam 
(Cambridge, UK). Horseradish peroxidase-conjugated antibodies to 
rabbit IgG or mouse IgG were purchased from Kirkegaard & Perry, Inc. 
(Gaithersburg, MD, USA). 

2.2. Plasmids and small interfering RNA 

Wild type PLD1 (WT-PLD1) construct was cloned into the ApaI site of 
the pLVX-ZsGreen1-lentiviral plasmid (Clontech). The promoter con-
structs of pGL3-Runx2-P1 (4.7 kb), pGL3-ALP (0.6 kb), pGL3-OCN (0.8 
kb), and pGL3-BSP (0.4 kb) were used for transient transfection assays as 
described in a previous study [3]. A stable β-catenin mutant (S37A 
β-catenin) was used. pcDNA3 PPAR-γ2 and the promoters for pGL3- 
PPAR-γ and pGL3-aP2 were kindly provided by Dr. J Cheong (Pusan 
National University, Busan, Republic of Korea). The TAZ promoter 
(− 3550/+483) was amplified from human genomic DNA and cloned 
into pGL4.14b luciferase reporter plasmid (Promega, Madison, WI, 
USA). A scrambled sequence was used as a control for off target effects of 
shRNA. The shRNA sequences were as follows: shPLD1-a (1571–1591): 
AAGGUGGGACGACAAUGAG, shPLD1-b (4975–3051): AGGACAUU-
CAGGAUCCAGUGA, shScramble: GCGCGCTTTGTAGGATTCG. The se-
quences were cloned into a pLKO1-lentiviral plasmid (Sigma-Aldrich). 
RUNX2 shRNA (iLenti-GFP shRUNX2 vector, i000153) and its control 
vector (iLenti-GFP, LV015G) were purchased from Abmgood (Rich-
mond, Canada). 

2.3. Mice strains 

PLD1-deficient C57BL/6 mice (Pld1− /− ) were kindly provided by Dr. 
Gilbert Di Paolo (Columbia University Medical Center) [24]. To 
generate adipocyte-specific PLD1 transgenic C57BL/6 mouse (aP2-GFP- 
PLD1 Tg mouse, Pld1Tg), GFP-PLD1 was inserted downstream of the aP2 
promoter (Macrogen Inc., Korea). Pld1− /-Pld1Tg mice were generated by 
crossing Pld1 Tg with Pld1− /− mice. All mice were housed at 25 ◦C under 
a 12:12 h light/dark cycle. All animal procedures were performed in 
accordance with the institutional guidelines for animal research and 
were approved by the Institutional Animal Care Committee of Pusan 
National University. 

2.4. Bone structure analysis 

After removing the soft tissues, the femur bone structure of male 
mice or ovariectomized (OVX) female mice was analyzed using micro- 
computed tomography (μCT) (GE Healthcare, Little Chalfont, Buck-
inghamshire, United Kingdom). Scans were obtained using a source 
voltage of 80 kV and a source current of 80 μA. The resolution was set to 
10 μm. Structural parameters for trabecular and cortical bone were 
analyzed using the built-in software of the μCT. Bone parameters and 
density were analyzed at the region between 0.7 mm and 2.3 mm below 
the growth plate of the distal femur. All bone (μCT) nomenclature fol-
lowed the guidelines of the American Society for Bone and Mineral 
Research [25]. Total bone mineral density (BMD) was measured, and 
trabecular parameters were evaluated as the bone volume expressed per 
unit total volume (BV/TV), trabecular number (Tb.N), trabecular sepa-
ration (Tb.Sp), trabecular thickness (Tb.Th), and structural model index 
(SMI). Three-dimensional bone structure image slices were recon-
structed using the built-in software. 

2.5. Ovariectomy of mice 

The ovary from Pld1+/+ and Pld1− /− female mice was resected 
bilaterally at 12 weeks of age. Briefly, each female mouse was anes-
thetized with sodium pentobarbital (65 mg kg− 1, i.p.) before being 
placed on its ventral surface without restraint. Following an incision 
made with a small pair of scissors and forceps, the periovarian fat was 
grasped, and the ovary was pulled through the opening in the muscu-
lature. A ligature was placed around each ovary and fallopian tube 
before the ovaries and periovarian fat were resected bilaterally. Sham- 
operated animals underwent the same procedure as the OVX female 
mice but without resection of the ovaries. 
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2.6. Alcian blue and Alizarin Red S staining and histological analyses 

The tissue was fixed in 95% ethanol for four days, transferred to 
acetone for three days and subsequently transferred to 0.03% Alcian 
blue 8GX staining solution (Sigma), 0.015% Alizarin Red S staining 
solution (Sigma) and 5% glacial acetic acid in ethanol at 37 ◦C for two 
days and at room temperature for one more day. Tissue was cleared in 
1% potassium hydroxide for several days and then, bone sections were 
decalcified in 10% formic acid for three weeks, dehydrated in ethanol, 
and rinsed in xylene. Tissues were then embedded in paraffin and cut 
into 4μm sections. The sections were stained with Alcian Blue and 
Alizarin Red S staining solutions. Images were captured using a DP71 
digital camera (Olympus, Center Valley, PA, USA) attached to an 
Olympus BX41 microscope at 400× magnification [26]. 

2.7. Culturing of MSCs 

Human bone marrow-derived MSCs (hMSCs) were purchased from 
Cambrex BioScience (Walkersville, MD, USA) and cultured in Dulbec-
co’s Modified Eagle Medium (low glucose) containing 20% fetal bovine 
serum (FBS) (Invitrogen, NY, USA). MSCs cultured until six passages 
were used for the experiments. Cells were cultured at 37 ◦C in a hu-
midified incubator with 5% CO2. Mouse bone marrow-derived MSCs 
(mMSCs) were generated from 6 to 8-week old Pld1+/+ littermates and 
Pld1− /− mice. Bone marrow cells were collected by flushing femurs and 
tibias with Hank’s balanced salt solution (HBSS) and plated at a density 
of 106 cells/cm2 in murine mesenchymal medium with murine mesen-
chymal supplements (MesenCult, Stem Cell Technologies, BC, Canada). 
Nonadherent cells were removed after 24 h, and culture medium was 
replaced every three days. mMSCs at passage 2 to passage 5 were used in 
the described experiments. 

2.8. In vitro coculture of osteoblast with BMMs 

Neonatal murine calvarial cells were prepared as previously 
described [27,28]. Briefly, calvariae of newborn Pld1+/+ littermates and 
Pld1− /− mice were dissected and washed twice with 4 mM EDTA in PBS 
in a 37 ◦C water bath with shaking. The calvariae were then digested 
with 20 μg/ml collagenase type II (Worthington Biomedical Corpora-
tion, Freehold, NJ) in PBS for 10–15 min each for 5 times. Cells from the 
last three digestions, which were highly enriched in osteoblastic cells, 
were collected and used as the starting population of cells [29]. Mouse 
calvarial cells were cocultured with BMM in α-MEM containing 10% 
fetal calf serum (CSL Limited, Victoria, Australia) in 48-well plates 
(CORNING Inc., Corning, NY). All cultures were maintained at 37 ◦C in a 
humidified atmosphere of 5% CO2 in air. 

2.9. Osteoblast differentiation assay 

Osteoblast differentiation was induced by exposure of confluent 
MSCs to osteoblast induction medium (OIM; 10% FBS, 0.1 μM dexa-
methasone, 10 mM β-glycerolphosphate, and 50 μM ascorbic acid in 
α-minimum essential medium), and extracellular matrix calcification 
was visualized by Alizarin Red S staining. The osteogenic medium was 
changed every two days. Briefly, cells were washed twice with PBS and 
fixed with 95% ethanol at 4 ◦C for 30 min. Fixed cells were incubated 
with 4% Alizarin Red-S (Sigma) for 15 min with shaking. To minimize 
non-specific staining, cells were rinsed five times with deionized water 
and once with PBS for 20 min. Osteoblast differentiation was quantified 
by measuring the area of Alizarin Red S staining and images were 
captured using a digital camera equipped with Nikon TS100 inverted 
microscope (Nikon, Japan) and 10×/0.25 ph 1 ADL or LWD 40×/0.55 
ph 1 ADL, and, the density using Scion imaging software (Scion Cor-
poration, Frederick, MD, USA). 

2.10. Adipogenic differentiation assay 

MSCs were cultured to confluency in growth medium and then 
treated with adipogenic induction medium (AIM; 10% FBS, 0.1 μM 
dexamethasone, 0.5 mM 1-methyl-3-isobutylxanthine, 10 μg/ml insulin, 
and 200 μM indomethacin). As described previously [30], accumulation 
of intracellular triglyceride droplets was visualized by Oil Red O (ORO) 
staining, and phase contrast images were captured using a digital cam-
era equipped with a Nikon inverted microscope (Nikon, Japan) using 
10×/0.25 ph 1 ADL or LWD 40×/0.55 ph 1 ADL. 

2.11. Osteoclastogenesis assay 

Bone marrow cells from mouse were isolated, cultured, and differ-
entiated into osteoclast in the presence of 10% FBS DMEM containing 
30 ng/mL of mouse M-CSF (R&D systems) and 50 ng/mL mouse RANKL 
(R&D systems). The pit formation was performed in BioCoat OSTEO-
LOGIC™ Bone Cell Culture System plates (BD Biosciences) that had been 
coated with a thin film of calcium phosphate for 5 d. The cells were 
removed, and total resorption pits were observed under a bright-field 
microscope as clear zones in the matrix. The resorbed areas on the 
plates were captured with a digital camera attached to the microscope 
and analyzed by a soft imaging system. The percentage of resorption was 
calculated by considering the area of a single well as 100% with six to 
eight wells per group. TRAP staining was performed with the aid of a 
commercial kit (Sigma-Aldrich), according to the manufacturer’s in-
structions. TRAP-positive multinucleated cells containing three or more 
nuclei were counted as mature osteoclasts. TRAP activity was deter-
mined as previously described [31]. 

2.12. Transient transfections and luciferase reporter assay 

MSCs were plated in 12-well plates at 1 × 105 cells/well and grown 
to 60–70% confluency. Plasmid mixtures containing luciferase reporter 
plasmids were transfected using Lipofectamine Plus, according to the 
manufacturer’s instructions. Following 24 h of transfection, reporter 
activity was measured using the dual luciferase assay system (Promega). 
For transfection efficiency, relative luciferase activity was calculated by 
normalizing firefly luciferase activity against Renilla luciferase activity 
of the internal control. 

2.13. ELISA 

Serum from 5-week-old mice (n = 6) was isolated, and OPG levels 
were measured using the Quantikine mouse OPG ELISA kit (R&D 
systems). 

2.14. RNA isolation and quantitative real-time PCR (q-PCR) 

Total RNA from cells or bone tissues was isolated using the Trizol 
reagent (Sigma, St. Louis, MO, USA). First-strand cDNA was synthesized 
using AMV-RTase (Promega, Madison, WI, USA). Real-time q-PCR was 
performed with cDNA using the SsoFast EvaGreen qRT-PCR kit (Bio- 
Rad) and CFX96 Real Time System (Bio-Rad). All data were normalized 
with GAPDH or β-Actin gene expression values. Oligonucleotide primer 
sequences are listed in Supplemetary Table 1. 

2.15. Statistics 

Data are represented as mean ± SEM. Data were analyzed by the 
Student’s t-test and ANOVA. Results were considered as statistically 
significant when P < 0.05. 
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3. Results 

3.1. Loss of PLD1 decreases bone mass 

We first investigated whether PLD1 regulates bone homeostasis 
using in vivo Pld1− /− male mice. Pld1− /− mice showed lower trabecular 
bone mass than Pld1+/+ littermates as analyzed by micro-computed 
tomography (μCT) at 12 weeks of age (Fig. 1A). Bone histomorpho-
metric analysis revealed that the bone volume fraction (BV/TV), 
trabecular thickness (Tb.Th), trabecular number (Tb.N) and connectiv-
ity density (Conn. D), were markedly decreased in Pld1− /− mice, 
compared to that of Pld1+/+ littermates. However, bone surface/volume 
ratio (BS/BV), trabecular separation (Tb.Sp), and structure model index 
(SMI) were significantly increased (Fig. 1B), suggesting weak bone 
strength in Pld1− /− mice. However, there was no significant difference 
in cortical bone between Pld1− /− and Pld1+/+ mice (Supplementary 
Fig. 1). Low bone mass of Pld1− /− mice may be due to the high activity of 
osteoclasts. The percentage of bone surface covered by osteoclasts (Oc. 
S/BS) was significantly increased in Pld1− /− mice at 12 or 60 days of 
age, as analyzed by tartrate-resistant acid phosphatase (TRAP) staining 
(Fig. 1C and D). Osteoclast number was increased two to three fold in 
Pld1− /− mice compared to wild type (WT) littermate mice (Fig. 1D). 
Taken together, these results indicate that deletion of PLD1 decreases 
trabecular bone mass. 

3.2. Pld1− /− MSCs inhibits osteoblast differentiation 

To investigate the role of PLD1 during osteogenesis in vitro, MSCs 
were differentiate into osteoblasts under osteogenic media. Expression 
of Runx2 was increased during osteoblast differentiation as shown in 
Fig. 2a and b. Interestingly, expression of PLD1 but not PLD2, was also 
increased during osteoblast differentiation (Fig. 2A and B). MSCs 
derived from Pld1− /− mice suppressed osteogenic differentiation as 
analyzed by Alizarin Red S staining (Fig. 2C). Pld1− /− MSCs decreased 
the expression of Runx2 and its target, TAZ (Fig. 2D), and other osteo-
genic markers such as osteocalcin (OCN), alkaline phosphatase (ALP), 
and collagen type I α1 (COL1A1) during osteogenic differentiation 
(Fig. 2E). Pld1− /− MSCs under osteogenic media for 3 days, did not affect 
cell proliferation, compared with that of wild type MSCs (data not 
shown). Similarly, PLD1 knockdown (KD) in human MSCs significantly 
reduced the expression of RUNX2 (Supplementary Fig. 2A), mineral 
deposition (Supplementary Fig. 2B), the activity of ALP (Supplementary 
Fig. 2C), an early marker of osteoblast differentiation, and the expres-
sion of osteogenic marker genes (Supplementary Fig. 2D). Consistently, 
the levels of Runx2 was greatly reduced in tibia of Pld1− /− mice as 
analyzed by immunofluorescence staining (Supplementary Fig. 3). Next, 
we investigated whether forced expression of PLD1 could rescue the 
promoter activity of osteogenic genes in Pld1− /− MSCs. Indeed, forced 
expression of PLD1 in PLD1-deficient MSCs increased the promoter ac-
tivity of various osteogenic genes like Runx2, OCN, ALP, BSP, and TAZ 
(Fig. 2F). These results indicate that deletion of PLD1 in MSCs inhibits 
osteoblast differentiation. 

Fig. 1. Loss of PLD1 impairs bone formation. 
(A) Trabecular bone structure of littermates Pld1+/+ and Pld1− /− male mice, at 12 weeks of age, was analyzed by μCT and two or three-dimensional bone structure 
image slices were reconstructed. (B) Histomorphometric analysis of trabecular bone. n = 8 per group. (C) The bone structure in PLD1-deficient C57BL/6 male mice, 
was analyzed by TRAP staining. n = 8 per group. (D) The bone surface covered by osteoclasts was quantified. n = 8 per group. Results are representative of three 
independent experiments and shown as mean ± standard error of the mean (SEM). *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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3.3. PLD1 plays as a negative regulator for osteoclast differentiation and 
resorption activity 

High TRAP (+) staining as shown in Fig. 1C suggests that low bone 
mass in Pld1− /− mice may be due to the increased osteoclast activity. 
Supportably, deletion of PLD1 showed a strong bone resorption activity 
with increased pit formation in osteoclasts derived from Pld1− /− bone 
marrow-derived macrophages (BMMs) compared to that of WT litter-
mate mice (Fig. 3A), suggesting that PLD1 inhibits osteoclast differen-
tiation. Since coupled bone remodeling between bone-forming 
osteoblasts and bone-resorbing osteoclasts is required for the mainte-
nance of bone homeostasis [32], we performed coculture experiments 
using calvarial preosteoblasts (pOB) and BMMs to induce osteoclast 
differentiation by M-CSF and RANKL treatments. Coculture of WT pOB 
or BMMs with Pld1− /− BMMs or pOB, respectively, increased the 

number of TRAP-positive multinucleated osteoclasts, relative to that of 
coculture of WT pOB with WT BMMs (Fig. 3B). Coculture of Pld1− /− pOB 
with Pld1− /− BMMs showed the strongest osteoclast formation and 
resorption activity (Fig. 3B and C). TRAP activity showed positive cor-
relation with osteoclast formation in the coculture of pOB and BMMs 
(Supplementary Fig. 4). Consistently, coculture of WT pOB or BMMs 
with Pld1− /− BMMs or Pld1− /− pOB, respectively, increased osteoclast 
resorption activity compared to that of coculture of WT pOB and WT 
BMMs (Fig. 3C). Moreover, these coculture experiments using WT and 
Pld1− /− pOB and BMMs showed increased expression of osteoclast dif-
ferentiation markers including c-Fos, PPAR-γ, NFATc1, TRAP, Cathepsin 
K, and MMP-9 (Fig. 3D). Taken together, these results indicated that the 
increased osteoclast differentiation in Pld1− /− mice could be due to the 
contribution of both osteoblast and osteoclast lineage cells. 

Next, we evaluated the role of PLD1 on estrogen deficiency-mediated 

Fig. 2. Loss of PLD1 leads to decreased osteoblastogenesis. 
(A,B) Osteoblast differentiation of hMSCs induced during the indicated days. Expression levels of PLD isozymes and Runx2 as determined by qRT-PCR (A) and 
western blotting (B). (C) Osteogenic differentiation of MSCs from littermates WT and Pld1− /− mice as analyzed by Alizarin Red S staining (left panel) and quan-
tification (right panel). n = 6 per group. (D) During osteogenesis of Pld1+/+ and Pld1− /− MSCs, expression of the indicated proteins was analyzed by western blotting. 
(E) The expression of the indicated osteogenic marker genes during osteogenesis of mouse MSCs was analyzed by qRT-PCR. (F) Effect of PLD1 overexpression on the 
promoter activity of osteogenic genes in PLD1-deficient MSCs. Results are shown as mean ± SEM and are representative of at least three independent experiments. *, 
P < 0.05; **, P < 0.01; ***, P < 0.001. 

D.W. Kang et al.                                                                                                                                                                                                                                



BBA - Molecular Basis of Disease 1867 (2021) 166084

6

bone loss using ovariectomized mice as a model of postmenopausal 
osteoporosis. Six weeks after ovariectomy (OVX), decreased femoral 
BV/TV, BMD, Tb.Th, Tb.N, and increased Tb.Sp in both Pld1+/+ and 
Pld1− /− mice were observed compared to those of sham mice (Fig. 3E 
and F). Trabecular bone loss of Pld1− /− mice markedly increased 
compared with that of the control group as shown by μCT analyses 
(Fig. 3E and F). Taken together, these observations suggest that deletion 

of PLD1 accelerates osteoclast differentiation cell-autonomously and 
thus PLD1 is a negative regulator of osteoclast differentiation. 

3.4. Reduced expression of OPG in Pld1− /− osteoblasts is associated with 
enhanced osteoclast differentiation 

Low bone mass in Pld1− /− mice could be due to the combined 

Fig. 3. Loss of PLD1 leads to increased osteoclasgogenesis. 
(A) Representative images of resorption pits (left) and quantification of resorption pit area (right) during osteoclastogenesis. BMMs were cultured as shown in 
Materials and Methods. n = 6 per group. (B) The number of osteoclasts (upper) and representative images (lower) of BMMs in cocultures with osteoblasts originated 
from WT littermates (+/+) and Pld1− /− (− /− ) mice. n = 6 per group. (C) Effect of coculture of WT pOB or BMMs with Pld1− /− BMMs or pOB on bone resorption. 
Representative images of resorption pits (left) and quantification of resorption pit area (right). n = 6 per group. (D) Expression of osteoclast differentiation markers 
by qRT-PCR under the indicated coculture conditions. (E) The femur bone structure of OVX female mice, at 12 weeks of age was analyzed using μCT and two or three- 
dimensional bone structure image slices were reconstructed (F) BMD and histomorphometric analysis of trabecular bone from OVX mice. n = 8 per group. Results are 
shown as mean ± SEM and are representative of at least three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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dysregulation between osteoblast and osteoclasts during bone remod-
eling. The observed increase in the number and bone resorption activity 
of osteoclasts in PLD1-deficient mice prompted us to examine the 
expression of osteoclastogenic and osteoblast markers, particularly with 
respect to the components of the RANK-RANKL signaling pathway. 
PLD1-deficient calvariae showed significant decrease in the expression 
of RANKL, OPG, and osteogenic genes, including Runx2, OCN, ALP, 
COL1A1, and β-catenin at the transcriptional level (Fig. 4A). PLD1- 
deficient calvariae also showed the protein level of β-catenin (Supple-
mentary Fig. S5). In particular, the expression of Opg in Pld1− /− calvarial 
preosteoblasts was dramatically diminished by a factor of 30, while the 
expression of Rankl was decreased by a factor of 1.4 Hence, the RANKL/ 
OPG ratio, an important determinant of osteoclast formation, increased 
approximately 18-fold in Pld1− /− calvarial osteoblasts compared to WT 
osteoblasts. 

The increased osteoclast numbers with reduced Opg expression in 
Pld1− /− pOB, were correlated with the decreased serum OPG levels of 8- 
week-old Pld1− /− mice compared to that of WT mice (Fig. 4B). More-
over, treatment with OPG blocking antibody increased TRAP activity in 
the coculture of WT pOB and BMMs but not in the coculture of Pld1− /−

osteoblasts and WT BMMs (Fig. 4C). Thus, the acceleration of osteoclast 
formation due to deletion of Pld1 appears to be linked to the dramatic 
increase in RANKL/OPG ratio. These results further indicated that the 
increase in the number and activity of osteoclasts in Pld1− /− mice was 

due to the combined contribution of osteoblasts and osteoclasts. 

3.5. Pld1− /− osteoblasts inhibits OPG expression by downregulation of 
β-catenin 

Since β-catenin has been known to be a regulator for OPG expression 
[33], we examined whether β-catenin affects the promoter activity of 
Opg in Pld1− /− osteoblasts. As expected, expression of β-catenin 
increased the promoter activity of Opg (Fig. 4D). However, Runx2 did 
not affect Opg promoter activity. Mutation studies of β-catenin/TCF 
binding site (TBE) and Runx2 binding site (OSE) further confirmed a 
positive regulatory role of β-catenin in the activity of the Opg promoter 
(Fig. 4D). Deletion of PLD1 diminished OPG expression, which was 
recovered by overexpression of constitutive active β-catenin (Fig. 4E). 
Furthermore, Pld1− /− osteoblasts showed a dramatic decrease in the 
binding of β-catenin to the Opg promoter, which was recovered by forced 
expression of β-catenin (Fig. 4F). Taken together, these results suggest 
that downregulation of OPG expression in Pld1− /− osteoblasts is asso-
ciated with β-catenin-pathway. 

3.6. Pld1− /− osteoclast lineage cells upregulates PPAR-γ and C/EBPα 
mediated c-Fos expression during osteoclastogenesis 

We further investigated whether the upregulation of 

Fig. 4. Downregulation of OPG by PLD1 deficiency is mediated by β-catenin in osteoblasts. 
(A) Expression of the indicated genes in neonatal calvariae from Pld1+/+ and Pld1− /− mice as analyzed by qRT-PCR. (B) Determination of serum levels of OPG from 
WT (+/+) and Pld1− /− (− /− ) mice by ELISA. n = 8 per group. (C) TRAP activity assay of BMMs in coculture with osteoblasts in the presence of OPG blocking 
antibody. n = 6 per group. (D) Schematic representation of putative Runx2-binding element (OSE) and TCF-binding element (TBE) in the Opg promoter region (top). 
Effect of Runx2 and β-catenin on the promoter activity of OPG (bottom). (E) Effect of β-catenin overexpression on the protein level of OPG in Pld1− /− osteoblasts. (F) 
ChIP assay for the binding of β-catenin to the promoter of Opg in Pld1− /− osteoblasts. Results are shown as mean ± SEM and are representative of at least three 
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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osteoclastogenesis in Pld1− /− BMMs was due to the deregulation of 
osteoclast lineage cells. Pld1− /− calvariae showed significant increase in 
osteoclastogenic markers including c-Fos, NFATc1, TRAP, and 
Cathepsin K, suggesting a negative role of PLD1 on osteoclastogenesis 
(Fig. 5A). Moreover, during osteoclastic differentiation of RANKL/M- 
CSF-treated BMMs, expression of β-catenin and RUNX2 did not affect 
expression of osteoclastogenic markers increased in PLD1-deficient 
BMMs (Supplementary Fig. 6A), suggesting involvement of other fac-
tor (s) in the regulation of osteoclastogenesis by PLD1. As a control, 
expression of β-catenin and RUNX2 is shown in Supplementary Fig. 6b. 
Interestingly, loss of PLD1 increased expression of PPAR-γ and C/EBPα 
in calvariae (Fig. 5A). PPAR-γ and C/EBPα, well-known master regula-
tors of adipogenesis, have been known as upregulator for c-Fos expres-
sion, an essential mediator of osteoclastogenesis [5–7]. Therefore, we 
further investigated whether PPAR-γ and C/EBPα could affect c-fos 
promoter activity in BMMs. Based on the bioinformatic analysis we 
found that there were two binding sites of PPAR-γ and C/EBPα on the c- 
fos promoter. As analyzed by chromatin immunoprecipitation (ChIP) 
assay, PLD1 ablation enhanced the binding of PPAR-γ and C/EBPα to the 
c-fos promoter, which was suppressed by shRNAs for PPAR-γ and C/ 
EBPα Fig. 5B). In RANKL/M-CSF-treated BMMs, PLD1 deletion signifi-
cantly increased the expression of PPAR-γ and C/EBPα Fig. 5C as well as 
promoter activity of c-fos, which was reduced by depletion of PPAR-γ 
and C/EBPα (Fig. 5D). Taken together, these results indicate that PLD1- 
deficient osteoclast lineage cells promote osteoclast differentiation via 
upregulation of PPAR-γ and C/EBPα-induced c-Fos expression. 

3.7. Increased fat mass and adipogenesis in Pld1− /− mice 

As shown in Fig. 5, deficiency of PLD1 increased the expression of 
PPAR-γ and C/EBPα in calvarial bone. Thus, we hypothesized that PLD1 
might also play a role as a regulatory switch between osteoblastogenesis 
and adipogenesis. Although body weight of Pld1− /− mice did not differ 
from that of WT littermate mice until 180 days of age, it was slightly 
increased in Pld1− /− mice at 200 days of age (Fig. 6A). Interestingly, the 
loss of PLD1 increased the weight of white adipose tissues (WAT) and 
brown adipose tissues (BAT) over time in a linear and U-shaped pattern, 
respectively (Fig. 6B). We further confirmed the increase in lipid droplet 
size in eWAT and BAT from Pld1− /− mice, relative to Pld1+/+ mice, as 
analyzed by Oil Red O staining (Fig. 6C). Besides, the number of average 
white and brown adipocytes in Pld1− /− mice was increased compared to 
that of Pld1+/+ mice (Supplementary Fig. 7). Tomography images 
indicated that Pld1− /− mice at the age of 45, 90, and 150 days showed 
significant increase in abdominal fat volume (Fig. 6D). We further 
investigated the expression of PLD1 during adipogenic differentiation of 
MSCs. The expression of PLD1 was gradually increased during adipo-
genesis of MSCs (Supplementary Fig. 9). As a control, the expression of 
C/EBPα was increased during adipogenesis. Furthermore, PLD1 ablation 
increased the expression of major adipogenic or lipogenic transcription 
factors such as PPAR-γ, C/EBPα and sterol regulatory element binding 
protein 1c (SREBP1c) in BAT, WAT, and even liver, as analyzed by qRT- 
PCR (Fig. 6E) and immunofluorescence staining (Supplementary Fig. 8A 
and 8B). The Wnt/β-catenin signaling pathway has been known to 
repress adipogenesis by blocking the induction of PPAR-γ and C/EBPα 
[34]. Loss of PLD1 decreased the expression of β-catenin in eWAT, BAT 
and liver (Fig. 6E, Supplementary Fig. 8B). Recently, we reported that 

Fig. 5. PLD1 ablation in osteoclast lineage cells upregulates PPAR-γ and C/EBPα mediated c-Fos expression during osteoclastogenesis. 
(A) qRT-PCR of osteoclastogenic markers in neonatal calvariae from Pld1+/+ littermates and Pld1− /− mice. (B) Pld1− /− BMMs were infected with lentiviral vector 
expressing control (CTRL), Ppar-γ or Cebpα knockdown (KD) shRNAs, followed by ChIP assay for the binding of PPAR-γ and C/EBPα to the promoter of c-fos. (C) Effect 
of PLD1 deletion on the expression of c-fos, Ppar-γ, Cebpα in RANKL/M-CSF-treated BMMs. (D) Effect of inhibition of c-fos, Ppar-γ, Cebpα genes on the promoter 
activity of c-Fos. Results are shown as mean ± SEM and are representative of at least three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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pharmacological inhibition of PLD1 reduces the expression of β-catenin 
at the post-transcriptional level in cancer cells [35]. In addition to adi-
pocytes, PLD1 ablation significantly increased the expression of adipo-
genic genes including PPAR-γ, C/EBPα, and aP2 in MSCs compared to 
that of WT mice (Fig. 6F and G). To further clarify the effect of β-catenin 
on adipogenesis of PLD1 KO MDCs, we examined whether over-
expression of β-catenin downregulates the expression of C/EBPα and 

PPARγ Forced expression of β-catenin in PLD1 KO MSCs reduced the 
protein levels of C/EBPα and PPARγ (Supplementary Fig. 10). Taken 
together, these data suggest that PLD1 ablation increases fat mass and 
adipogenesis via upregulation of major adipogenic transcription factors 
in both MSCs and adipose tissues. 

Fig. 6. Ablation of PLD1 increases fat mass and adipogenesis. 
(A) Total body weight of Pld1+/+ and Pld1− /− mice. (B) The weight and representative images of WAT (upper) and BAT (lower) from the indicated age of male mice. 
n = 8 per group. (C) Representative images of hematoxylin and eosin (H&E) and Oil Red O staining in WAT and BAT. (D) Micro-CT analysis of abdominal fat structure 
and reconstruction of two or three-dimensional fat structure image slices of the indicated age of male mice (left), and quantification of fat volume (right). n = 8 per 
group. (E) qRT-PCR of Ppar-γ, Cebpα, Srebp1c, and Ctnnb1 expression in WAT, BAT, and liver. Pld1− /− MSCs were differentiated into adipocytes for the indicated time 
and analyzed by Oil Red O staining (F) and qRT-PCR of adipogenesis marker genes (G). Results are shown as mean ± SEM and are representative of at least three 
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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3.8. Adipocyte-specific PLD1 overexpression decreases fat mass and 
adipogenesis in Pld1− /− mice 

To further study the role of PLD1 in adipose tissues, we generated 
PLD1-Ap2 transgenic (Pld1Tg) mice that overexpress GFP-PLD1 specif-
ically in adipocytes. The transgenic mice exhibited high GFP-PLD1 
expression in adipose tissues but not in other organs (Fig. 7A). To 
explore the impact of adipocyte-specific PLD1 overexpression in Pld1− /−

mice, Pld1− /-Pld1Tg mice were generated by crossing Pld1Tg with Pld1− /−

mice. Pld1− /-Pld1Tg mice significantly decreased the mass of WAT and 
BAT at all the examined ages, compared to those of Pld1 − /− mice 
(Fig. 7B). Moreover, analysis of WAT and BAT sections from 
Pld1− /-Pld1Tg mice, taken 160 days after birth, showed decrease in lipid 
droplet size, relative to Pld1− /− mice (Fig. 7C). In addition, the number 
of average white and brown adipocytes in Pld1− /-Pld1Tg mice was 
decreased compared to that of Pld1− /− mice (Supplementary Fig. 11). 
Abdominal fat depots were significantly decreased in Pld1− /-Pld1Tg mice 
compared to that of Pld1 − /− mice at 90 and 160 days after birth, as 
analyzed by μCT (Fig. 7D). Furthermore, adipocyte-specific PLD1 

overexpression in Pld1− /− mice reduced the expression of PPAR-γ, C/ 
EBPα, and SREBP1 in WAT, BAT and liver, but increased the level of 
β-catenin, compared to that of Pld1− /− mice (Fig. 7E). Interestingly, 
Pld1− /-Pld1Tg mice at 160 days greatly suppressed the phenotype of 
hepatic steatosis observed upon PLD1 ablation (Supplementary 
Fig. 12A). The activities of alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST), two of the most reliable markers of hepato-
cellular injury, were increased in the serum of Pld1− /− mice, suggesting 
liver dysfunction in these mice (Supplementary Fig. 12B). However, 
adipocyte-specific PLD1 overexpression in Pld1− /− mice reduced the 
levels of hepatic triacylglycerol, cholesterol, and the activities of ALT 
and AST, relative to Pld1− /− mice (Supplementary Fig. 12B). Taken 
together, these results indicate that adipocyte-specific PLD1 over-
expression decreases fat mass and adipogenesis in Pld1− /− mice. 

4. Discussion 

In this study, we demonstrate that deletion of PLD1 stimulates the 
conversion of MSCs into more adipogenic pathway than osteogenic one, 

Fig. 7. Adipocyte-specific PLD1 overexpression decreases fat mass and adipogenesis in Pld1− /− mice. 
(A) Expression of PLD1 in various tissues from Pld1Tg mice. (B) The mass of WAT and BAT from Pld1− /− and Pld1− /-Pld1Tg male mice at the indicated ages. n = 8 per 
group (C) Representative images of H&E and Oil Red O staining in WAT and BAT of the indicated male mice. (D) Analysis of abdominal fat depots by two or three- 
dimensional μCT from male mice at the indicated ages and quantification of fat volume. n = 8 per group (E) Immunofluorescent staining to detect the expression of 
PPAR-γ and C/EBPα in WAT and BAT. Results are shown as mean ± SEM and are representative of at least three independent experiments. *, P < 0.05; **, P < 0.01; 
***, P < 0.001. 
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which resulted in the diminished bone mass but increased fat mass. 
It was suggested that PLD might be involved in bone formation, as 

evidenced by its expression and activity in osteoblasts and osteoclasts 
[19–22]. In addition, it was reported that PLD regulated adiopogenic 
differentiation in cultured cells [36]. However, the functional roles of 
PLD in bone remodeling and adipogenic function in vivo animal model, 
remain unknown. Thus, we tried to investigate the role of PLD1 in bone 
and fat homeostasis using PLD1 KO mice. Pld1− /− mice had reduced 
bone mass due to increased number and activity of osteoclasts as well as 
diminished osteoblast differentiation. Upregulation of osteoclastogenic 
activity by PLD1 deficiency was due to both the increased RANKL/OPG 
ratio through the reduced expression of β-catenin in osteoblast lineage 
cells and enhanced expression of PPAR-γ and C/EBPα mediated c-Fos in 
osteoclast lineage cells. Moreover, loss of PLD1 increased adipogenesis, 
body fat mass, and hepatic steatosis along with upregulation of PPAR-γ 
and C/EBPα. The reduced expression of PLD is involved in the replica-
tive and premature senescence in human fibroblasts [37]. Recently, it 
has been reported that PLD1 but not PLD2 enhances the mineralization 
in osteoblasts [22]. Although PLD1 inhibitor-treated and PLD1-deficient 
osteoblasts were significantly less efficient in mineralization, bone for-
mation was not impaired in PLD1 KO mice [24]. They performed the 
experiments using small number of female mice (n = 4) at 6–12 months 
without examination of the effects of PLD1 on osteoclast differentiation 
[22]. Thus, the finding should be interpreted with caution. With regard 
to bone mass, our Pld1− /− C57BL/6 mice showed low bone mass clearly 
compared to WT littermate mice. At present, we do not figure out why 
these two results are different. It may be due to differences in the gender, 
strains, age, and housing condition of mice. The coordinated action of 
osteoblasts and osteoclasts controls bone architecture. Female and male 
have very different bone homeostasis, and age can affect bone homeo-
stasis too. In our study we utilized male mice and OVX female mice (n =
8) at 8–12 weeks and investigated the effect of PLD1 ablation on the 
activity of both osteoblasts and osteoclasts. Based on our results, low 
bone mass owing to ablation of PLD1 was due to the defects in both 
osteoblasts and osteoclasts, implicating the importance of coupling be-
tween osteoblasts and osteoclasts during bone remodeling [32]. An 
accelerated bone loss even under estrogen deficiency in Pld1− /− mice 
was due to the several reasons. First, the RANKL/OPG ratio was 
increased in Pld1− /− mice. Since OPG suppresses the RANK-RANKL 
signaling pathway [13,38], a dramatic decrease in OPG levels by 
downregulation of β-catenin in Pld1− /− preosteoblasts was responsible 
for acceleration of osteoclast activity. Interestingly, human MSCs grad-
ually decreased expression of osteogenic markers as well as OPG with 
aging [39]. Our previous study showed that PLD1 inhibition increased 
expression of miRNA-4496 that causes downregulation of β-catenin in 
cancer cells [35]. With respect to the PLD1-mediated regulation of 
β-catenin expression via miRNAs, further studies are required in osteo-
blasts. Secondly, ablation of PLD1 also promoted osteoclastogenesis cell- 
autonomously via upregulation of PPAR-γ and C/EBPα-induced c-fos in 
osteoclast lineage cells. Using PLD1 knockout mice, we showed that 
PLD1 controlled differentiation of MSCs into osteoblasts and adipocytes 
via downregulation of osteogenic (RUNX2) and upregulation of adipo-
genic (PPAR-γ, C/EBPα) transcription factors (Fig. 8). Although the 
molecular mechanisms of PLD1-mediated Runx2 expression have not 
been determined, reduction of Runx2 and its target genes by deletion of 
PLD1 may provide an explanation for suppression of osteoblast differ-
entiation. PLD1 was upregulated during osteoblastogenesis. Elucidation 
of the mechanisms by which PLD1 affects Runx2 expression requires 
further studies. An inverse relationship between adipogenesis and 
osteogenesis leads to the concept that inhibition of adipogenesis might 
enhance bone formation [40]. In this study, ablation of PLD1 increased 
adipogenesis of MSCs, fat mass, adipocyte size, and lipid droplets in 
WAT, BAT, and liver. Moreover, overexpression of PLD1 in adipocyte of 
PLD1 null mice rescued fat mass observed in Pld1− /− mice. Thus, it is 
suggested that PLD1 plays a positive and negative role on bone and fat 
tissues, respectively (Fig. 8). Deletion of PLD1 upregulated expression of 

PPAR-γ, C/EBPα, and SREBP1, but downregulated β-catenin expression. 
Although the Wnt-β-catenin signaling pathway is known to suppress 
adipogenesis by reducing the expression of PPAR-γ and C/EBPα [41], 
the mechanism of this suppression remains to be elucidated at the mo-
lecular level. The decrease in bone mass and increase in fat mass in 
Pld1− /− mice are similar to changes associated with osteoporosis and 
age-related osteopenia [42]. Unbalanced differentiation of MSCs into 
adipocytes rather than osteoblasts might be a causing factor for osteo-
porosis and aging [3]. Osteoporotic bones contain aberrantly high 
numbers of adipocytes in the trabecular bone marrow space [43] and 
increased bone marrow fat is a consequence or the cause of decreased 
bone mass in osteoporosis [44]. Interestingly, bone marrow fat-secreted 
factors could be biomarkers for detection of bone marrow adipose tissue 
accumulation and osteoporosis risk [45]. The phenotype of hepatic 
steatosis in Pld1− /− mice might be due to secretory factor(s) released 
from various adipose tissues including bone marrow fat. Non-alcoholic 
fatty liver disease is associated with hepatic insulin resistance, which 
is a major risk factor for type 2 diabetes [46]. Therefore, tissue-specific 
conditional PLD1 knockout is necessary for further identification of a 
new role of PLD1 in bone diseases as well as other metabolic diseases. 
Collectively, these results indicate that PLD1 plays a positive and 
negative role in maintaining bone and fat mass by regulating osteoblasts 
and adipocytes, respectively. 

5. Conclusions 

This study identifies PLD1 as a key novel regulator of bone homeo-
stasis and adipogenic function through Runx2, β-catenin-OPG, PPAR-γ 

Fig. 8. Schematic diagram representing the proposed mechanisms for PLD1- 
mediated bone and adipose tissue homeostasis. 
PLD1 induces osteogenesis via upregulation of Runx2 and suppresses osteo-
clastogenesis via upregulation of β-catenin-mediated OPG expression and 
downregulation of PPAR-γ and C/EBPα-induced c-Fos. Furthermore, PLD1 
suppresses adipogenesis via upregulation of PPAR-γ and C/EBPα. PLD1 defi-
ciency disrupts the balance between bone and fat mass, resulting in low bone 
mass and high fat mass. PLD1 may be a novel regulator of bone and fat 
homeostasis. 
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and C/EBPα axis. PLD1 regulated the bifurcating pathways of mesen-
chymal stem cell lineage into increased osteogenesis and decreased 
adipogenesis, which uncovered a hitherto unrecognized role of PLD1 in 
homeostasis between bone and fat mass. 
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