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Abstract

Protein kinase D1 (PRKD1) is thought to play a role in a number of cellular functions, including 

proliferation and differentiation. We hypothesized that PRKD1 in bone marrow-derived 

mesenchymal stem cells (BMMSC) could modulate osteogenesis. In BMMSCs from floxed 

PRKD1 mice, PRKD1 ablation with adenovirus-mediated Cre-recombinase expression inhibited 

BMMSC differentiation in vitro. In 3- and 6-month-old conditional knockout mice (cKO), in 

which PRKD1 was ablated in osteoprogenitor cells by osterix promoter-driven Cre-recombinase, 

bone mineral density (BMD) was significantly reduced compared with floxed control littermates. 

Microcomputed tomography analysis also demonstrated a decrease in trabecular thickness and 

bone volume fraction in cKO mice at these ages. Dynamic bone hisotmorphometry suggested a 

mineralization defect in the cKO mice. However, by 9 months of age, the bone appeared to 

compensate for the lack of PRKD1, and BMD was not different. Taken together, these results 

suggest a potentially important role for PRKD1 in bone formation.
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1. Introduction

Bone loss results from either decreased bone formation and/or enhanced bone resorption 

leading to osteopenia or osteoporosis, which affects roughly 44 million Americans. Aging is 

associated with a gradual and progressive bone loss. Although the mechanisms that lead to 

reduced bone density with age are not well understood, decreased bone formation with aging 

plays an important role. Aging is also known to be associated with the generation of 

excessive reactive oxygen species (ROS), which can inhibit osteoblastic differentiation of 

BMMSCs and their mineralization (e.g., (Kim et al., 2010, Bai et al., 2004) and reviewed in 

(Hamada et al., 2009)). Importantly, differentiation of BMMSCs results in their increased 

use of oxidative phosphorylation for ATP production (Guntur et al., 2014); this change in 

cell metabolism would be expected to enhance the generation of ROS (Guntur et al., 2014). 

Thus, in order for osteoblastic differentiation of BMMSCs to proceed in the face of this 

stimulated ROS generation, these cells apparently must up-regulate mechanisms to protect 

themselves against this oxidative stress.

Protein kinase D (PRKD) family members have been implicated in a number of important 

cellular functions, such as Golgi trafficking, hypertrophy, proliferation, immune responses, 

migration, invasion and survival (reviewed in (Guha et al., 2010) (LaValle et al., 2010)). 

Recent studies also indicate a potentially important role for PRKD1 in bone physiology in 
vitro and in vivo (Ford et al., 2013, Yeh et al., 2010, Jensen et al., 2009). However, its exact 

role in the various cell types regulating bone homeostasis (e.g., mesenchymal stem cells, 

osteoblasts, osteoclasts and osteocytes) and the mechanism by which this kinase exerts its 

effects in bone are unclear.

A few studies have investigated the role of PRKD1 in bone function or the mechanisms by 

which it acts (Yeh et al., 2010, Jensen et al., 2009). Investigators have demonstrated in vitro 
activation of PRKD1 by bone morphogenic proteins (BMP), including BMP2 and BMP7, as 

well as a role for this enzyme in regulating bone cell function (Yeh et al., 2010, Jensen et al., 

2009, Lemonnier et al., 2004, Celil and Campbell, 2005). In vivo, Ford et al. (Ford et al., 

2013) used transgenic mice in which one PRKD1 allele is replaced with an inactivatable 

(dominant-negative) PRKD1 mutant to demonstrate a role for PRKD in pubertal bone 

growth. However, there are several limitations with this model: (1) only mice heterozygous 

for this PRKD1 mutant can be studied due to the fact that homozygosity is lethal (Ford et al., 

2013), (2) the mutant is global so the observed changes in bone mineral density could not be 

attributed directly to effects on osteoblasts, since differences in osteoclasts were also 

observed (Ford et al., 2013) and (3) the inactivatable PRKD mutant used may act in a 

dominant-negative manner towards PRKD2 in addition to PRKD1 (Yin et al., 2008). To 

address these issues, in this report we made use of a floxed PRKD1 mouse model (Flelitz et 

al., 2008) to ablate the PRKD1 gene in bone using Cre recombinase. These studies were 

performed in bone marrow-derived mesenchymal stem cells (BMMSCs) in vitro and 
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osteoprogenitor cells in vivo by crossing PRKD1 floxed mice with the transgenic mouse in 

which the osterix promoter drives Cre expression (Rodda and McMahon, 2006). We then 

evaluated bone mineral denisty (BMD) and other key parameters in mature (3–12 months of 

age) conditional knockout (cKO) compared to floxed mice of various ages. Our results 

suggest an important role for PRKD1 in regulating bone turnover.

2. Methods

2.1. Bone Marrow-Derived Mesenchymal Stem Cell Isolation and Culture

The Augusta University Stem Cell Core Facility prepared BMMSCs from PRKD1 floxed 

mice as described in (Flelitz et al., 2008) from bone marrow harvested from femora of 

approximately 3-month-old floxed PRKD1 mice (Flelitz et al., 2008). These mice were 

generously provided by Dr. Eric Olson (University of Texas Southwestern Medical Center, 

Dallas, TX). All experiments were conducted in accordance with protocols approved by the 

Augusta University Institutional Animal Care and Use Committee (Protocol 

#BR09-11-265). Mice were euthanized by carbon dioxide overdose followed by 

thoracotomy, an American Veterinary Medical Association-approved method.

2.2. In vitro PRKD1 Gene Ablation

Isolated BMMSCs derived from PRKD1 floxed mice cells were infected with GFP-

expressing (control) adenovirus and adenovirus expressing Cre recombinase (and GFP) to 

delete the PRKD1 gene as performed previously in epidermal keratinocytes (Choudhary et 

al., 2014). These cells were then cultured for 1–2 days before stimulation with the indicated 

reagents or transfer into an osteogenic medium as described below. In addition, BMMSCs in 

which PRKD1 was or was not stably ablated (via infection with Cre- or GFP-adenovirus, 

respectively) were passaged several times prior to plating in appropriate tissue culture dishes 

for experimentation.

2.3. Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

Cells (BMMSCs infected with GFP- or Cre-adenovirus or passaged from cells) were 

harvested and RNA isolated using PerfectPure RNA Tissue kits (5 Prime, Gaithersburg, 

MD). RNA was reverse-transcribed using iScript cDNA synthesis kits (Bio-Rad, Hercules, 

CA) and the resultant cDNA analyzed by qRT-PCR in a 20 μL reaction volume containing 

Supermix and primer-probe sets obtained from Applied Biosystems (Thermo Scientific, 

Waltham, MA). Data were analyzed using the delta-delta-Ct method using the average Ct 

value for GAPDH and RPLP0 as the housekeeping genes and GFP-infected, untreated 

samples as the comparator. For analysis of Cre expression, organs/tissues were harvested 

from PRKD1 cKO mice or floxed control mice at sacrifice and immediately flash frozen in 

liquid nitrogen. Organs/tissues from each mouse were homogenized in TRIzol reagent 

(Invitrogen) using a tissue homogenizer (VWR 200), and RNA was extracted and purified. 

After removal of genomic DNA contamination by treatment with DNase (DNase I, 

Invitrogen), samples were reverse transcribed into cDNA using the SuperScript III First-

Strand Synthesis System (Invitrogen) and analyzed by qRT-PCR using Quanta SYBR Green 

Supermix and the Bio-Rad CFX Connect 96 Real-Time PCR Detection System. Transcript 

levels were normalized to the reference gene Gapdh using the ΔΔCt method as above; 
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primer sequences were as follows: Gapdh F: 5′-GGGAAGCCCATCACCATCTT’3′, Gapdh 

R: 5′-GCCTCACCCCATTTGATGTT-3′, Cre F: 5′-ACCAGCCAGCTATCAACTCG-3′, 
Cre R: 5′-TTACATTGGTCCAGCCACC-3′.

2.4. Alkaline Phosphatase Staining

BMMSCs were cultured for 3–10 days in osteogenic medium consisting of DMEM with 4% 

fetal bovine serum, 50 μM L-ascorbic acid-2-phosphate, 10 mM β-glycerophosphate and 

100 nM dexamethasone with or without an initial one-day incubation with 50 ng/mL BMP2. 

The cells were then fixed in 75% ethanol and stained for alkaline phosphatase using One-

Step™ NBT/BCIP solution (Pierce). Stained cells were scanned using an Epson Perfection 

4490 Photo scanner.

2.5. Alizarin Red Staining

BMMSCs (4000 cells/well) were plated in 96-well tissue culture plates and cultured to 

approximately 70–80% confluence before replacing the growth medium with fresh control 

medium or osteogenic medium as above. The media were replaced every second day. After 2 

to 3 weeks in the osteogenic medium, cells were fixed with 70% ethanol, stained with 40 

mM alizarin red S (Sigma, St. Louis, MO) at pH 4.2 and photographed. The stain was 

solubilized using 10% cetylpyridinium chloride in 10 mM sodium phosphate, pH 7.0, and 

absorbance determined at 570 nM using a BioRad Microplate Manager Version 5.1 plate 

reader.

2.6. Generation of osteoprogenitor-specific PRKD1 cKO mice

Floxed PRKD1 mice on a mixed strain background (Flelitz et al., 2008) were obtained from 

Dr. Eric Olson (University of Texas Southwestern Medical Center, Dallas, TX). These mice 

were crossed with transgenic mice in which the osterix promoter drives Cre recombinase 

expression in a doxycycline-suppressible manner. Siblings were crossed to generate 

osteoprogenitor-specific PRKD1 cKO mice, which were then backcrossed to produce 

roughly 50% floxed PRKD1 controls (PRKD1fl/fl Osx1 Cre−) and 50% osteoprogenitor-

specific PRKD1 cKO mice (PRKD1fl/fl Osx1 Cre+). Although the osterix-Cre transgene has 

been reported to cause a bone phenotype itself, at the youngest age examined (3 months) in 

the current studies, the skeletal phenotype of Osx1 Cre+ mice is resolved (Davey et al., 

2012). After injection of calcein 2 and 6 days prior, these mice were then sacrificed at 

various ages and BMD and microarchitecture parameters determined as described below. 

Mice were genotyped using PCR of DNA isolated from tail snips performed in two 

reactions: one to detect the floxed PRKD1 allele and/or its recombined version and one to 

monitor the presence or absence of the Cre recombinase gene.

2.7. Bone Marrow Stromal Cell Isolation

Floxed and osteoprogenitor-specific PRKD1 KO mice were sacrificed and femora harvested. 

The ends were cut from the bones, which were centrifuged at 1300 × g for 10 min in a 1.5 

mL Eppendorf tube with 100 μL Dulbecco’s modified Eagles medium (DMEM) containing 

10% fetal bovine serum (FBS) and 1% penicillin/streptomycin to collect bone marrow cells. 

These cells were plated in DMEM with 20% FBS and 1% penicillin/streptomycin/fungizone 
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and, after an overnight incubation, unattached cells removed by aspiration and rinsing. The 

attached bone marrow stromal cells were cultured for 5–6 days and RNA isolated as 

described above. In addition, RNA was isolated from the flushed bone shafts from the floxed 

or osteoprogenitor-specific conditional PRKD1 KO mice after they were frozen in liquid 

nitrogen and pulverized with a mortar and pestle.

2.8. DXA

Dual energy X-ray absorptiometry (DXA) of isolated femora was performed on a Lunar 

Piximus DXA instrument (General Electric Healthcare, Barrington, IL) as previously 

described (Hamrick et al., 2006).

2.9. Micro-computed tomography (μCT)

For three-dimensional (3D) bone morphometric analysis, samples were scanned using a 

Skyscan 1174 μCT system (Micro Photonics Inc.; PA, USA). The scan was performed at a 

voxel size of 15.9 μm, using a 0,25 mm aluminum filter. Bone was reconstructed using 

Skyscan NRecon/NRecon server software (Micro Photonics Inc.; PA, USA) with parameters 

standardized in all the scanned samples by the use of a single reconstruction log file. 

Datasets were loaded into the Skyscan CTanalyzer software (Micro Photonics Inc.; 

Allentown, PA) and greyscale thresholding set to a range of 70–255 for determination of 3D 

bone morphometric parameters, including femoral head bone mineral density (BMD), bone 

volume fraction (BV/TV, %), trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, 1/

mm), trabecular spacing (Tb.Sp, mm), and degree of anisotropy (DA). The nomenclature 

used is based on standards of the American Society of Bone and Mineral Research 

(ASBMR) for bone histomorphometric parameters. 3D images of the regions of interest 

were created using Skyscan CTvol software.

2.10. Dynamic Histomorphometry

A femur from each mouse was dehydrated and embedded in methyl methacrylate as 

previously described (McGee-Lawrence et al., 2013). Briefly, thin (5 μm) undecalcified 

trabecular bone sections were prepared from the distal femoral metaphysis, and dynamic 

histomorphometric indices were measured in the distal metaphyseal secondary spongiosa. 

Slides were digitized using a microscope (Olympus IX-70) and digital camera (QIcam) and 

analyzed using image analysis software at 200X or 400X magnification (Bioquant Osteo, 

Nashville TN). Single-labeled, double-labeled and mineralizing surface, as well as mineral 

apposition rate, were quantified from unstained sections (Dempster et al., 2013).

2.11. ELISA

Upon sacrifice blood was collected from each mouse by cardiac puncture. Serum was 

prepared, aliquoted and stored at −80°C until analysis. Pyridinoline cross-link (PYD) levels 

in serum were determined using an ELISA kit from Quidel Corp. (San Diego, CA) as per the 

manufacturer’s instructions.
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2.12. Statistical Analysis

In vitro experiments were repeated at least 3 times with similar results. Alizarin red staining 

was quantified as fold change relative to GFP control cells. A log transformation on fold 

change was used prior to analysis. A 2 Infection (GFP vs. CRE) X 2 BMP2 (no vs. yes) 

ANOVA was used to determine the effect of CRE infection and treatment on osteogenic 

differentiation of BMMSCs. The expression of PRKD1 or PRKD2 for floxed PRKD1 and 

PRKD1 cKO mice was analyzed for effects due to PRKD1 cKO using a t-test on the ΔCt 

values [target gene (PRKD1 or PRKD2) – housekeeping gene] obtained with qRT-PCR. For 

in vivo data, DXA BMD and μCT measures (BMD, BV/TV, Tb.Th, Tb.Sp, Tb.N, DA) were 

analyzed using an exact Wilcoxon Rank Sum test within each age (3, 6, 9, and 12 months) to 

determine differences between cKO and WT mice. SAS© 9.3 (SAS Institute, Cary, NC) was 

used for all analysis and statistical significance was determined at p<0.05. Values are 

expressed as means ± SEM or SD as indicated and were graphed using GraphPad Prism 

(GraphPad, La Jolla, CA).

3. Results

3.1. Ablation of PRKD1 in vitro

With the assistance of the Augusta University Stem Cell Core Facility, we prepared 

BMMSCs from PRKD1 floxed mice obtained from Dr. Eric Olson (University of Texas 

Southwestern Medical Center), as described in (Flelitz et al., 2008). These cells were then 

infected with GFP- expressing (control) adenovirus and adenovirus expressing Cre 

recombinase (to delete the PRKD1 gene). Initially, we determined whether infection of 

BMMSCs with Cre recombinase resulted in a loss of PRKD1 mRNA and protein. BMMSCs 

were infected with a GFP-expressing or Cre recombinase-expressing adenovirus and 

incubated for 24 hours, at which time the medium was replaced and the cells incubated an 

additional 48 hours. The cells were then harvested and analyzed by qRT-PCR and western 

blotting. As shown in Figure 1A, infection with Cre recombinase resulted in a complete 

ablation of PRKD1 mRNA. Cells infected with GFP or Cre recombinase could be passaged; 

those in which the PRKD1 gene had been deleted by Cre overexpression maintained their 

undetectable PRKD1 levels with passaging (Figure 1B) and both transiently infected and 

stably deleted cells were used in subsequent experiments.

We first sought to examine the effect of loss of PRKD1 on BMMSC differentiation and 

mineralization in vitro. To do so, we infected floxed PRKD1 BMMSCs with GFP- or Cre-

expressing adenovirus prior to incubating the infected cells, or uninfected control cells, in 

osteogenic medium as described in Methods and analyzing alkaline phosphatase (ALP) 

activity (differentiation) or alizarin red staining (mineralization). Although initial 

experiments suggested a possible slight decrease in ALP staining with Cre ablation of 

PRKD1, multiple experiments indicated no differences (Figure 2). On the other hand, our 

results showed that infection with adenovirus expressing Cre resulted in reduced alizarin red 

staining in comparison with GFP-expressing adenovirus (Figure 3). This effect was 

particularly prominent when osteogenic differentiation was enhanced by co-treating cells 

with BMP2, which has been reported to activate PRKD (Lemonnier et al., 2004, Celil and 

Campbell, 2005), upon initiation of the differentiation process with osteogenic medium. This 
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result suggests that PRKD1 deficiency inhibits the ability of BMMSCs to form a 

mineralized matrix. We would also note that these results are consistent with the finding that 

the presence of an allele of a dominant-negative PRKD mutant inhibits the ability of bone 

marrow stromal cells to differentiate as monitored by alkaline phosphatase activity and the 

ability to mineralize (Ford et al., 2013) but further specify that the relevant PRKD isoform is 

PRKD1.

3.2. Ablation of PRKD1 in vivo

Based on our results suggesting an involvement of PRKD1 in osteogenesis and in particular 

formation of a mineralized matrix by BMMSCs, we sought to investigate the effect of 

ablation of PRKD1 in osteoprogenitor cells on bone mineral density (BMD) and 

microarchitecture in vivo. We used the osterix-Cre transgenic mouse model in which Cre 

expression in osteoprogenitor cells is driven, in the absence of doxycycline, by the osterix 

promoter. We crossed floxed PRKD1 mice with Osx-Cre mice to generate floxed (“wild-

type”) and osteoprogenitor-specific PRKD1 knockout mice (“KO”) and examined their bone 

mineral density and microarchitecture at various ages. Initially, we sought to verify PRKD1 

ablation in bone cells. To do so, we harvested bone marrow stromal cells or bone shafts from 

floxed or KO male mice and isolated RNA from these two tissues. As shown, quantitative 

RT-PCR analysis of both cultured bone marrow stromal cells (Figure 4A) and bone shafts 

(Figure 4B) showed significantly reduced mRNA levels of PRKD1 in the cKO animals 

compared with the floxed control mice. PRKD2 expression was not altered (Figure 4A and 

B). We then measured BMD by DXA and found that at 3- and 6-months of age, 

osteoprogenitor-specific male PRKD1 KO mice exhibited a significant decrease in BMD of 

approximately 7% (Figure 5); however, by 9-months-of-age (and also subsequently at 12-

months-of-age) bone appeared to be able to compensate for loss of PRKD1 such that 

PRKD1 KO mouse BMD was not significantly different from the floxed control at these 

later time points (Figure 5).

We then examined femoral microarchitecture in these male PRKD1 KO versus floxed 

control mice using micro-computed tomography (microCT). As illustrated in Figure 6, bone 

microarchitecture was affected in the 3-, 6- and 12-month-old PRKD1 cKO mice, with 

reduced BMD (panel A) and percentage of bone volume to total volume (panel B). In 

addition, we observed a significant decrease in trabecular thickness in PRKD1 cKO mouse 

femora at 6 and 9 months of age; the difference at 3 months did not quite achieve statistical 

significance (panel C). The PRKD1 cKO femora also showed a significant increase in 

trabecular spacing but only in the 12-month age group (Panel E). Although there appeared to 

be a slight decrease in trabecular number in the 3-month-old PRKD1 cKO femora (panel D), 

the difference did not achieve significance (p=0.077). There was also no significant change 

in the degree of anisotropy (panel F) at any age.

Using dynamic histomorphometry we also investigated the bone formation and 

mineralization capacity of the 3- and 6-month old osteoprogenitor-specific PRKD1 cKO and 

floxed control mice. We observed no difference in the single-labeled bone surface (Figure 

7A), but the double-labeled surface and the mineralizing surfaces were decreased in the KO 

mice at both ages (Figure 7B and C). In addition, mineral apposition rate was also 
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significantly reduced in the PRKD1 cKO mice at 3 and 6 months of age (Figure 7D), 

suggesting a mineralizing defect with PRKD1 ablation in osteoprogenitor cells. Finally, we 

determined the effect of PRKD1 loss in osteoprogenitor cells on the bone resorption marker 

PYD, an indicator of type I collagen degradation, in 3- and 6-month-old PRKD1 KO and 

floxed control mice but detected no statistically significant differences in serum PYD levels 

(Figure 8).

4. Discussion

Few previous studies have examined the potential involvement of PRKD1 in bone function. 

Celil and Campbell (Celil and Campbell, 2005) showed in human mesenchymal stem cells 

that insulin-like growth factor-I (IGFI) and BMP2 activate PRKD. Using the non-selective 

classical protein kinase C/PRKD inhibitor Gö6976, these authors also showed the 

involvement of PRKD activity in mineralization as measured by alizarin red staining and 

ALP expression. Interestingly, they also found a role for PRKD in the induction of osterix 

mRNA expression by IGFI and BMP2 (Celil and Campbell, 2005), suggesting the 

possibility of a negative feedback effect of PRKD1 ablation on the expression of Cre 

recombinase driven by the osterix promoter in our mouse model. Also using the non-

selective PRKD inhibitor Gö6976 in C2C12 and MC3T3-E1 osteoblastic cell lines, 

Westendorf and colleagues (Jensen et al., 2009) demonstrated a role for PRKD in the 

phosphorylation and subsequent nuclear export of histone deacetylase-7 (HDAC7), with this 

relocalization reversing HDAC7-mediated repression of Runx2 expression. Finally, 

Lemonnier et al. (Lemonnier et al., 2004) demonstrated BMP2-induced activation of PRKD 

in a mouse osteoblastic cell line; in these cells antisense oligonucleotide-mediated 

knockdown of PRKD1 reduced BMP2-elicited activation of the mitogen-activated protein 

kinases c-Jun N-terminal kinase (Jnk) and p38, as well as ALP activity and osteocalcin 

mRNA and protein expression. In addition, using both inhibitor and overexpression 

strategies, PRKD has been found to play a role in the osteogenic response to BMP7 and 

IGFI in fetal rat calvarial cells (Yeh et al., 2010). Although these studies suggested a role for 

PRKD in osteogenesis, most were performed in vitro and/or using a non-selective PRKD 

inhibitor in cell lines. Thus, our study is the first to show over time, that loss of PRKD1 in 

osteoprogenitor cells results in decreased bone mineral density, changes in bone 

microarchitecture and a mineralizing deficiency in mature mice.

PYD, a marker of bone resorption, was not altered in the PRKD1 cKO mice, suggesting that 

the low bone mass resulted from decreased bone formation rather than increased breakdown. 

Our in vitro studies provide evidence of PRKD’s direct involvement in osteogenesis in 

BMMSCs genetically manipulated to lack PRKD1. Thus, we showed that ablation of 

PRKD1 using Cre recombinase in floxed PRKD1 BMMSCs inhibited mineralization 

induced by osteogenic medium with and without BMP2 exposure in vitro. In addition, in 

mice in which PRKD1 was targeted in osteoprogenitor cells expressing Cre recombinase 

under the control of the osterix promoter, reduced PRKD1 levels resulted in lower BMD as 

well as corresponding changes in bone microarchitecture in 3- and 6-month-old mice. These 

results are similar to those reported in a dominant-negative PRKD1 transgenic mouse model, 

in which BMD was reduced in pubertal (7- to 8-week-old) male and female mice (Ford et 

al., 2013). Interestingly, however, at 9 and 12 months of age, there were no significant 
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differences in BMD in the osteoprogenitor-specific conditional PRKD1 knockout mice, 

suggesting an ability of the bone to compensate for the loss of PRKD1. We have observed a 

similar compensatory capacity in a glucose insulinotropic polypeptide receptor knockout 

mouse model. In these mice, lack of the glucose insulinotropic polypeptide receptor resulted 

also in decreased femoral BMD at 1 and 3 months of age that normalized by 5 months (Xie 

et al., 2005). On the other hand, in 12-month-old mice we again observed changes in bone 

microarchitecture with decreased BMD and bone volume fraction at least in the femur head. 

We speculate that this difference may perhaps be the result of accelerated aging in the 

absence of PRKD1, a result that is consistent with the observed increase in trabecular 

spacing in the 12-month-old PRKD1 KO mice (Figure 6). Indeed, oxidative stress is known 

to increase with aging (reviewed in (Finkel and Holbrook, 2000)). Since in other cell types 

PRKD1 induces endogenous mechanisms that protect against reactive oxygen species and 

oxidative stress (e.g., (Storz et al., 2005, Zhang et al., 2015, Xiang et al., 2013)), this result 

suggests the possibility that loss of PRKD1 could result in enhanced oxidative stress to 

inhibit mineralization. However, this idea requires further investigation.

A limitation of our study is that our breeding scheme precluded generation of an osterix-Cre 

expressing control mouse (i.e., PRKD1+/+ osx-Cre+). The osterix-Cre transgene used for 

conditional ablation of PRKD1 has been reported to exhibit developmental effects on bone 

independent of ablation of a loxP-flanked gene at younger mouse ages. Wang et al. (Wang et 

al., 2015) have reported craniofacial defects induced by expression of the transgene, and 

Davey et al. (Davey et al., 2012) reported decreased cortical bone perimeter and thickness in 

young mice possessing the osterix-Cre transgene (in the absence of loxp sites). These 

changes could be accounted for by the reduced body weight and length of these mice, and 

importantly, the osterix-Cre transgene-related bony changes were entirely resolved by 2–3 

months of age, with no maintained differences in cortical bone expansion or accrual after 

this time frame (Davey et al., 2012). Therefore, despite the limitation of lacking an osterix-

Cre expressing control in our studies, it seems unlikely that the differences in BMD and 

bone microarchitecture that we observed in the 3- and 6-month-old mice are due to the 

osterix-Cre transgene alone.

Li et al. (Li et al., 2017) employed a similar strategy to conditionally knock out Prkd1 in 

osteoprogenitor cells using the same osterix-Cre mouse model (i.e., Prkd1f/f Cre− or 

Prkd1f/+ Cre− mice as controls, Prkd1f/f Cre+ mice as cKO). These authors also found a 

reduced bone formation phenotype in the cKO mice; however, in Li et al.’s studies the effect 

of the Osx-Cre transgene could have influenced outcome measures because mice were 

examined at only 4 and 10-weeks-of age (Li et al., 2017), at which time the skeleton is not 

yet fully mature (Ferguson et al., 2003) and wild-type Cre-positive animals are known to 

display a bone phenotype (Davey et al., 2012, Wang et al., 2015). Thus, the abnormalities 

detected by Li et al. (Li et al., 2017) in BMD, bone microarchitecture and bone development 

may have been related in part to the Cre transgene rather than PRKD1 loss. Thus, one of the 

previously published in vivo studies examined young mice in which the Cre transgene may 

still be exerting effects independent of the PRKD1 knockout. On the other hand, a caveat for 

the other was the use of a global knock-in dominant negative PKD1 allele that may also 

inhibit PRKD2 and was expressed in multiple bone-active tissues and investigated also in 

young (pubertal) mice. The results presented in the current study build upon these two 
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studies (Ford et al., 2013, Li et al., 2017), confirming that PRKD1 (independent of Cre 

transgene or PRKD2 effects) has an important role to play in osteogenesis of the mature 

mouse skeleton.

The mechanism(s) by which PRKD1 affects bone formation is not yet fully understood. 

Based on data in the literature and as mentioned above, PRKD1 might promote maintenance 

of mineralization by inducing endogenous antioxidant systems to detoxify reactive oxygen 

species generated during this process. In addition or alternatively, the ability of PRKD1 to 

phosphorylate and induce the relocalization of type II HDACs (reviewed in (Tao et al., 

2014)) such as HDAC7 (Jensen et al., 2009) may be involved in its effects on bone 

formation. Other signaling molecules implicated in PRKD1’s effect in bone are the Janus 

kinase 1 (JAK1)/signal transducer and activator of transcription-3 (STAT3) and p38 

mitogen-activated protein kinase pathways: the phosphorylation (activation) status of both 

STAT3 and p38 was found to be decreased in differentiating calvarial osteoblasts from 

young PRKD1 cKO mice, although statistical analysis was not performed due to the limited 

number of primary cultures examined (Li et al., 2017). Finally, in endothelial cells, PRKD 

has been reported to phosphorylate and inactivate glycogen synthase kinase-3-beta (GSK3) 

(Shin et al., 2012). Inhibition of GSK3β is known to result in the stimulation of the 

transcriptional activity of beta-catenin by allowing its accumulation via prevention of its 

degradation (reviewed in (Hoeppner et al., 2009)). Since beta-catenin is a known regulator of 

osteogenesis (Duan and Bonewald, 2016), this interaction with the Wnt/beta-catenin 

pathway may underlie PRKD1’s role in bone and bone formation. Clearly, further studies 

are needed.

Based on our results, then, PRKD1 appears to play an important role in mesenchymal stem 

cells in vitro and osteoprogenitor cells in vivo, contributing to the ability of these cells to 

form a mineralized matrix. Future studies are needed to define the exact mechanism by 

which PRKD1 affects bone structure and function, as well as the changes that occur with 

aging.
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Abbreviations

ALP alkaline phosphatase

BMD bone mineral density

BMMSC bone marrow-derived mesenchymal stem cell

BMP bone morphogenetic protein

cKO conditional knockout

Ct cycle threshold
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DXA dual-energy X-ray absorptiometry

IGF1 insulin-like growth factor-1

Osx osterix

PRKD protein kinase D

PYD pyridinoline cross-link

qRT-PCR quantitative reverse transcription-polymerase chain reaction

ROS reactive oxygen species

3D three dimensional

μCT microcomputed tomography
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Highlights

Loss of PRKD1 inhibits mineralization in mesenchymal stem cells (MSCs) in 
vitro.

Loss of PRKD1 in MSCs does not affect alkaline phosphatase activity in vitro.

Osteoprogenitor-specific PRKD1 loss reduces bone mineral density and 

mineralization.

Osteoprogenitor-specific PRKD1 loss affects bone microarchitecture in mice in 
vivo.
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Figure 1. Adenovirus-mediated Cre recombinase expression resulted in PRKD1 loss in BMMSCs
(A) Floxed PRKD1 BMMSCs were infected with adenovirus expressing GFP (GFP) or Cre 

recombinase (Cre). Three days after infection PRKD1 mRNA levels were determined by 

qRT-PCR with GAPDH as the normalization control using the delta-delta Ct method and 

GFP-infected cells as the comparator. (B) Floxed PRKD1 BMMSCs were infected with 

adenovirus expressing GFP (GFP) or Cre recombinase (Cre). At near-confluence GFP- or 

Cre-expressing BMMSCs were passaged to generate stable cell lines. PRKD1 mRNA levels 

were determined in the passaged cells by qRT-PCR with GAPDH as the normalization 

control using the delta-delta Ct method and GFP-infected cells as the comparator.
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Figure 2. PRKD1 loss in BMMSCs has little effect on alkaline phosphatase activity in vitro
Floxed BMMSCs were infected with adenovirus expressing GFP or Cre (or uninfected) as in 

Figure 1. The cells were then treated for 10 days with control medium (containing 2% FBS) 

or osteogenesis-stimulating (OS) medium containing dexamethasone, β-glycerophosphate 

and ascorbic acid in the presence and absence of 50 ng/mL BMP2 (added for the first 48 

hours only), and alkaline phosphatase staining determined. Shown is a representative of 3 

experiments.
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Figure 3. PRKD1 loss in BMMSCs inhibits mineralization in vitro
Floxed PRKD1 treated as in Figure 1 were cultured for 18–25 days and alizarin red staining 

determined. (A) Shown is a representative experiment. (B) Cumulative results from 3 

separate experiments expressed as the percent maximal response are shown as means ± 

SEM; *p<0.05 versus all OS and OS + BMP2 conditions; †, ¶, ¥, p<0.05 as indicated.
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Figure 4. Bone marrow stromal cells and bone from osteoprogenitor-specific conditional PRKD1 
knock-out mice show reduced expression of PRKD1, but not PRKD2
Floxed PRKD1 mice were crossed with a transgenic mouse model in which the doxycycline-

regulated osterix promoter drives Cre expression. (A and B) Adherent bone marrow cells 

were isolated from floxed and conditional PRKD1 knockout femora and (A) PRKD1 and 

(B) PRKD2 expression measured by qRT-PCR. (C and D) RNA was also isolated from bone 

shaft and (C) PRKD1 and (D) PRKD2 expression monitored by qRT-PCR. Each symbol 

represents an individual mouse; the line denotes the mean fold expression relative to the 

average control value. (E) Tissue-specific Cre expression was demonstrated by measuring 

Cre mRNA levels in kidney, spleen, heart and relative to bone using qRT-PCR with Gapdh 

as the normalization control in the osteoprogenitor-specific PRKD1 KO and floxed control 

mice. Results represent the means ± SEM of 3–4 individual 3-month-old male mice.
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Figure 5. Conditional PRKD1 knockout mice show reductions in BMD as well as changes in bone 
microarchitecture at 3 and 6 months of age
(A) Conditional PRKD1 knockout mice (“KO”) and floxed littermates (“WT”) at various 

ages were sacrificed, the femora removed and bone mineral density (BMD) determined by 

DXA as described in Methods (floxed n=10–13, cKO n=10–13);*p<0.05, **p<0.01. (B) The 

femoral heads of floxed (“WT”) and cKO (“KO”) mice of various ages were analyzed by 

microCT (floxed n=10–13, cKO n=10–13). Two mice of the 3-, 6- and 9-month-old age 

groups (one WT and one PRKD1 knockout) were randomly selected and 3-dimensional 

reconstruction images prepared as described in Methods.

Bollag et al. Page 18

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. PRKD1 ablation in osteoprogenitor cells of conditional PRKD1 knockout mice affects 
the microarchitecture of bone
The femoral heads of 3-, 6-, 9- and 12-month-old floxed (“WT”) and cKO (“KO”) mice 

were analyzed by microCT (floxed n=10–13, cKO n=10–13). Mean ± SD values are shown 

for various bone parameters (TV = total volume; BV = bone volume; Tb.Th = trabecular 

thickness; Tb.N = trabecular number; Tb.Sp = trabecular spacing); *p<0.05, **p<0.01.
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Figure 7. PRKD1 ablation in osteoprogenitor cells of conditional PRKD1 knockout mice reduces 
the mineralizing capacity of bone
Conditional PRKD1 knockout mice (filled bars) and floxed littermates (open bars) at 3 and 6 

months of age were sacrificed, the femora removed and (A) single-labeled bone surface, (B) 

double-labeled bone surface, (C) mineralizing surface and (D) mineral apposition rate 

determined by dynamic histomorphometry as described in Methods (floxed n=10–13, cKO 

n=10–13);*p<0.05.
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Figure 8. PRKD1 ablation has no effect on serum PYD levels in 3- or 6-month-old 
osteoprogenitor-specific conditional PRKD1 knockout mice
Serum from blood collected by cardiac puncture from floxed (“WT”) or cKO (“KO”) mice 

upon sacrifice was assayed using an ELISA kit for PYD levels. Results represent the means 

± SD of 10–13 mice per age group and genotype.
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