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A B S T R A C T   

Studies using kinase inhibitors have shown that the protein kinase D (PRKD) family of serine/threonine kinases 
are required for formation and function of osteoclasts in culture. However, the involvement of individual protein 
kinase D genes and their in vivo significance to skeletal dynamics remains unclear. In the current study we present 
data indicating that protein kinase D3 is the primary form of PRKD expressed in osteoclasts. We hypothesized 
that loss of PRKD3 would impair osteoclast formation, thereby decreasing bone resorption and increasing bone 
mass. Conditional knockout (cKO) of Prkd3 using a murine Cre/Lox system driven by cFms-Cre revealed that its 
loss in osteoclast-lineage cells reduced osteoclast differentiation and resorptive function in culture. Examination 
of the Prkd3 cKO mice showed that bone parameters were unaffected in the femur at 4 weeks of age, but 
consistent with our hypothesis, Prkd3 conditional knockout resulted in 18 % increased trabecular bone mass in 
male mice at 12 weeks and a similar increase at 6 months. These effects were not observed in female mice. As a 
further test of our hypothesis, we asked if Prkd3 cKO could protect against bone loss in a ligature-induced 
periodontal disease model but did not see any reduction in bone destruction in this system. Together, our 
data indicate that PRKD3 promotes osteoclastogenesis both in vitro and in vivo.   

1. Introduction 

Proper maintenance of skeletal bone is of great importance to quality 
of life. Excessive bone destruction underlies many distinct pathologic 
conditions including cancer-associated bone disease, periodontal dis-
ease, osteoporosis, peri-implant osteolysis and arthritis [1]. In these, 
excessive bone destruction leads to fractures, bone and joint destruction, 
failure of dental or orthopedic implants and hypercalcemia. Bone loss 
occurs by the action of specialized cells called osteoclasts, which are 
large, multinucleated cells formed by fusion of mononucleated pro-
genitors of the monocyte/macrophage lineage [2,3]. Two of the key 
regulators of osteoclast formation are RANKL [4] (receptor activator of 
NF-κB ligand) and M-CSF [5,6]. RANKL, a cytokine produced by osteo-
blasts, osteocytes [7] and synovial fibroblasts [8] recruits mono-
nucleated osteoclast precursors, drives commitment to the osteoclast 
lineage, and promotes differentiation and cell-cell fusion into mature 
multinucleated osteoclasts. Additionally, various immune cells secrete 
RANKL and other cytokines to impact osteoclastogenesis, particularly 
during inflammatory conditions [9,10]. Efficient osteoclast formation 
by M-CSF and RANKL requires additional co-stimulatory signals 

mediated by DAP12 and FcRγ [11], which are not sufficient on their own 
for osteoclastogenesis. M-CSF and RANKL activate intracellular 
signaling pathways including MAPKs, PI3K/AKT, BTK and NF-κB, lead-
ing to increased expression of the NFATc1 transcription factor [12], 
which acts as a master regulator of osteoclast formation [13]. Once 
differentiated into mature osteoclasts, they bind to the bone surface via 
integrins [14,15] and sequester the underlying space via the sealing zone 
[16], which is formed by a large podosome-based structure called the 
actin ring [17]. Osteoclasts then secrete acids and proteases into the 
resorption lacuna to demineralize the hydroxyapatite mineral and 
degrade the collagen-rich bone extracellular matrix, leading to bone loss 
or resorption [18,19]. Better understanding the cellular and molecular 
pathways regulating osteoclast formation from mononucleated pre-
cursors and their subsequent bone resorptive activities is anticipated to 
lead to new therapies for better clinical management of osteolytic pro-
cesses and to improved patient health. 

We have identified protein kinase D (PRKD) as a novel regulator of 
osteoclasts [20–22]. Protein kinase D is a family of three closely related 
serine/threonine kinases: PRKD1 (PKCμ) [23,24], PRKD2 [25] and 
PRKD3 (PKCν) [26] that are placed into a novel subgroup of the 
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calcium/calmodulin-dependent protein kinase superfamily based on 
sequence homology of their catalytic domain [27]. The PRKD proteins 
are composed of an N-terminal regulatory domain containing two 
cysteine-rich zinc finger domains and an autoinhibitory pleckstrin ho-
mology domain, and a C-terminal kinase catalytic domain. See [28–30] 
for review of PRKD structure, regulation and functions. In the classical 
PRKD activation pathway [31,32], receptor-activated pathways stimu-
late phospholipases to cleave phosphatidylinositol 4,5-bisphosphate 
into diacylglycerol (DAG) and stimulate novel protein kinase C iso-
forms (nPKC). PRKD is recruited to the plasma membrane via the DAG- 
binding activity of the PRKD zinc-finger domains, where it becomes 
phosphorylated at two serines (Ser744 and Ser748 of mouse PRKD1) 
[33] in the kinase activation loop by nPKC [34]. Subsequent work has 
suggested that autophosphorylation by PRKD itself may be the main 
mechanism of Ser748 phosphorylation [35]. PRKD1 and 2 also possess 
an autophosphorylation site at Ser916 [36] near their C-terminus that 
has often been used as a marker of PRKD catalytic activity. Activation of 
PRKD isoforms can also involve tyrosine phosphorylation [37,38], and 
there are reports of PRKD activation by additional mechanisms [39–42]. 
Once activated, PRKD proteins phosphorylate an array of substrates on a 
conserved peptide motif [43,44] to regulate activity of their targets and 
influence cellular behavior. PRKD and its targets have been implicated 
in diverse cellular processes [28–30] including actin cytoskeletal dy-
namics [45,46], cellular survival/apoptosis [37], proliferation [47], 
differentiation, regulation of gene expression and vesicle trafficking 
[48]. Alterations in PRKD activity or expression have been connected to 
an array of cancers [28,49,50] and small-molecule PRKD inhibitors are 
being investigated for potential applications against cancers and other 
human diseases [51]. 

Given their many functions, we sought to determine if and how 
PRKD impacts osteoclasts. We made use of PRKD kinase chemical in-
hibitors in osteoclast cell culture to discover that PRKD activity is 
required for fusion of committed mononucleated osteoclast precursors 
into multinucleated osteoclasts and for maintenance of the actin ring 
formed by mature osteoclasts as part of their bone resorptive machinery 
[20,21]. Subsequently, a phosphoproteomics-based approach was used 
to identify the histone deacetylase 5 transcriptional co-repressor as an 
endogenous substrate of protein kinase D in osteoclasts [22]. Although 
these studies demonstrated the involvement of PRKD protein family in 
osteoclasts, important unanswered questions include exactly which of 
the three PRKD kinases are involved in osteoclastogenesis and whether 
loss of PRKD in osteoclasts impacts skeletal physiology in vivo. Since loss 
of PRKD function impairs osteoclast formation in culture, we hypothe-
sized that conditional deletion of PRKD in osteoclasts should reduce 
osteoclast formation and bone resorption, likely increasing bone vol-
ume. In the current study we describe results demonstrating that con-
ditional deletion of protein kinase D3 in osteoclast-lineage cells impairs 
osteoclast formation in culture and in the intact skeleton, leading to 
increased trabecular bone volume in male mice at 3 and 6 months of age. 

2. Materials & methods 

2.1. Mouse breeding and genotyping 

Mice containing conditional alleles of Prkd2 and Prkd3 were previ-
ously described [52], and were kindly provided by Sho Yamasaki. They 
were mated to cFms-Cre transgenic mice purchased from the Jackson 
Laboratory. Prkdflox;flox; cFms-Cre-positive mice are referred to as Prkd 
conditional knockout (Prkd cKOs). Prkdflox/flox Cre-negative mice, referred 
to as Prkd flox, were used as normal controls. The presence of Prkd flox 
and wild-type alleles and the c-Fms-Cre transgene were detected by PCR 
against genomic DNA isolated by tissue biopsy at the distal tail. Se-
quences of the primers used for genotyping are provided in Supple-
mental Table 1. Amplification products were resolved by agarose gel 
electrophoresis and stained using SybrSafe DNA Stain (Thermo Fisher). 

2.2. Mouse osteoclast cultures 

Murine bone marrow-derived osteoclasts were isolated and cultured 
according to published protocols [22,53]. Briefly, bone marrow was 
flushed from the tibiae and femurs of mice at 2–4 months age, incubated 
in ACK red blood cell lysis buffer, then plated to tissue culture dishes 
overnight in phenol red-free α-MEM supplemented with 5 % fetal bovine 
serum, penicillin-streptomycin, and 1 % CMG14-12 cell supernatant 
[54] as a source of M-CSF. The following day, the non-adherent cell 
population containing monocytes was re-plated to tissue culture plates 
at 100,000 cells/cm2 and cultured for 48 h. Any non-adherent cells were 
then removed. The remaining adherent bone marrow macrophages, 
BMMs, were further cultured in media containing M-CSF and 20 ng/mL 
RANKL (R&D Systems). This media was changed every 2 days. Cells 
were fixed with 4 % formaldehyde solution, permeabilized using 0.1 % 
triton X-100 in PBS and stained for TRAP to visualize osteoclast differ-
entiation, rhodamine-phalloidin to assess actin ring morphology, and 
DAPI to visualize nuclei. Osteoclasts were defined as TRAP-positive cells 
containing ≥3 nuclei, and typically appear 3–4 days after RANKL 
stimulation. Cells were photographed on an Olympus IX70 inverted 
microscope and photographed with a DP71 digital camera using light 
and epifluorescence imaging. Image processing and analysis was per-
formed using Adobe Photoshop and NIH ImageJ software. 

Resorption assays were performed as described [55,56]. Bone 
marrow monocytes were seeded onto bovine bone slices (Immunodi-
agnostic Systems) and cultured until the third day of RANKL stimula-
tion. They were then switched to αMEM at pH 6.8 supplemented with M- 
CSF and RANKL. At day 6 of the culture, cells were removed from the 
bone slices using a cotton swab. The bone slices were stained with he-
matoxylin for 10 s then swabbed vigorously to remove excess back-
ground staining and reveal resorption pits. Bone slices were mounted in 
glycerol and observed using reflective light microscopy on an Olympus 
BX51 microscope. 

2.3. RNA isolation and real-time qPCR 

RNA was harvested from cell cultures in triplicate using Trizol re-
agent (Thermo Fisher) according to the manufacturer’s recommended 
protocol. RNA was quantified using UV spectroscopy and used for 
reverse transcription with the iScript cDNA synthesis kit (Bio-Rad). 
Relative gene expression was then determined using quantitative real- 
time PCR. Amplification reactions were performed using iTaq Sybr 
Green Supermix (Bio-Rad) run on a CFX Connect Real Time PCR System. 
Target genes were normalized to expression of Hprt1. Primer sequences 
used for qPCR are given in Supplemental Table 1. 

2.4. Cell transfection and Western blotting 

HEK293T cells were transfected using Fugene HD (Promega) trans-
fection reagent by the recommended protocol with plasmids encoding 
epitope-tagged mouse PRKD1-GFP, PRKD2-FLAG and PRKD3-MYC- 
FLAG. HEK293T and osteoclast cellular proteins were harvested using 
ice-cold NP40 lysis buffer (50 mM Tris pH 7.4, 250 mM NaCl, 5 mM 
EDTA, 1 % NP40) supplemented with protease and phosphatase in-
hibitors (Thermo Fisher). Lysates were cleared by centrifugation for 10 
min at 12,000 ×g at 4 ◦C. Proteins were resolved by SDS-PAGE and 
transferred to PVDF membranes (Millipore). TBST +3 % BSA was used 
to block the membrane and for primary antibody incubations overnight 
at 4 ◦C. Blots were washed with TBST, then incubated with HRP- 
conjugated secondary antibodies (Advansta) diluted in TBST + 5 % 
nonfat milk for 1 h at room temperature. Bands were visualized using 
WesternBright Sirius chemiluminescence substrate (Advansta) on a 
ChemiDoc Touch imaging system (Bio-Rad). The antibodies used were: 
protein kinase D1 (Cell Signaling #2052, Cell Signaling #90035), pro-
tein kinase D2 (EMD-Millipore ST-1042, Bethyl A300-074A, Cell 
Signaling #8188, Abcam Ab51250), protein kinase D3 (Cell Signaling 
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#5655), α-tubulin (Cell Signaling #2144). 

2.5. Micro computed tomography (μCT) imaging and analysis 

Femurs were dissected from freshly euthanized mice, fixed overnight 
in formalin and stored in 70 % ethanol. Bones were scanned on a Nikon 
XT H 225 μCT instrument operating at 120 kV, 61 μA, 1 mm aluminum 
filter, 720 projections, 2 frames per projection, and an integration time 
of 708 milliseconds. The resulting images had an isotropic pixel reso-
lution of 8.85 μm. Scans were reconstructed using CT Pro 3D software 
(Nikon Metrology) and converted to bitmaps using Studio MAX 3.4 
(Volume Graphics GbH). Morphometric analysis was performed using 
CT-Analyzer software (Bruker microCT). The region of interest (ROI) for 
trabecular bone analysis at the distal metaphysis started 0.7 mm prox-
imal to the growth plate and extended 1.5 mm proximally towards the 
diaphysis for the 4 week samples, and 2.0 mm for 12 week and 6 month 
samples. The region for cortical bone analysis was a 0.5 mm section at 
the mid-diaphysis. Automated contouring was used to determine the 
region of interest for both trabecular and cortical bone, with global 
thresholding used to segment bone from surrounding tissue for analysis. 

2.6. Histological staining 

Mouse femurs were fixed overnight in formalin, decalcified by in-
cubation in 10 % EDTA at 4 ◦C, embedded in paraffin, and sectioned by 
standard methods. Slides were then stained with hematoxylin and eosin 
(H&E) or stained for TRAP activity with methyl green counterstaining. 
The stained sections were mounted in permount and examined on an 
Olympus BX51 microscope at 4× magnification for H&E staining and 
20× magnification for TRAP staining. Quantitative histomorphometric 
analysis of the slides was performed using NIH ImageJ and Adobe 
Photoshop with the investigator blinded to sample sex and genotype. For 
H&E staining the number of animals analyzed: male flox = 8, male cKO 
= 7, female flox = 7, female cKO = 8. For each animal the trabecular 
bone area and total area were measured in the secondary spongiosa from 
a single section. For TRAP staining, the number of animals analyzed: 
male flox = 9, male cKO = 8, female flox = 7, female cKO = 5. 3–4 
microscope fields within the secondary spongiosa were analyzed per 
specimen. To determine average bone perimeter per osteoclast (B.Pm/ 
Oc), the length of trabecular bone covered by each individual osteoclast 
was manually measured, with between 221 and 598 cells measured per 
group. 

2.7. Serum Crosslaps (CTX-1) ELISA 

Serum was isolated by centrifugation of whole blood collected at the 
time of euthanasia and stored at − 80 ◦C until analysis. The presence of 
CTX-1 was measured using the Serum Crosslaps (CTX-1) ELISA kit 
(Immunodiagnostic Systems) according to the manufacturer’s recom-
mended protocol, with each biological sample assayed in duplicate. 

2.8. Ligature-induced periodontal disease model 

Ligature-induced periodontitis was performed as previously reported 
[57]. Mice at 10 weeks of age were placed under ketamine/xylazine 
anesthesia. A size 5–0 silk suture was ligated around the right second 
maxillary molar of each mouse. Five days later, the mice were eutha-
nized. Their maxillae were then harvested, fixed overnight in 4 % 
formaldehyde, and used for μCT imaging. 

2.9. Experimental replication and statistical analysis 

Cell culture experiments were performed at least three times with 
3–4 technical replicates per group. Within each experiment the control 
and knockout cells were always from mice of the same sex and age. 
Quantitative data presented for cell culture studies show results from 

single representative experiments and are graphed as the mean +
standard deviation. Data processing, analysis and statistical testing was 
performed using Excel (Microsoft) or R Studio (Posit) statistical soft-
ware. Comparisons between two groups were performed using Student’s 
t-test. Significance of the actin ring population distributions in Fig. 2E 
were tested using the Chi-Squared test. 

2.10. Ethics statement 

Mice were kept in University of Minnesota Research Animal Re-
sources housing and maintained according to applicable NIH and Uni-
versity of Minnesota guidelines. All experimental procedures received 
prior approval from the University of Minnesota IACUC (Protocols 2010- 
38523A and 1710-35270A). 

3. Results 

3.1. Protein kinase D3 cKO impairs osteoclast formation in vitro 

In our previous work, we reported expression of PRKD3 in osteoclasts 
[21,22]. To test its functional role, we generated mice in which the 
Prkd3 gene was conditionally deleted in osteoclasts. To achieve this, we 
interbred mice carrying the c-Fms-Cre transgene, which is expressed in 
osteoclasts and their macrophage precursors, as well as dendritic cells 
and bone marrow granulocytes [58], with Prkd3flox mice. The Prkd3flox 

mice were previously used successfully for conditional knockout of 
Prkd3 in T-cells [52]. From these crosses, we obtained homozygous 
Prkd3flox/flox Cre-negative (Prkd3 flox) control mice and Prkd3flox/flox 

cFms-Cre conditional knockout (Prkd3 cKO) mice. Prkd3 flox and cKO 
mice were born at the expected Mendelian ratios, with the caveat that 
Prkd3 and the c-Fms-Cre transgene displayed genetic linkage, indicating 
that they are both located on mouse chromosome 17 separated by 15 cM 
genetic distance based on their recombination frequency. To verify that 
the Cre/LoxP recombination system was working as expected, we per-
formed PCR on genomic DNA from distal tail biopsies and from osteo-
clast cultures of Prkd3 mice (Fig. 1A). Genomic DNA from a 
heterozygous Prkd3flox/+ mouse tail in lane 6 acted as a positive control 
and size standard for the Prkd3 wild-type (wt) allele and Prkd3flox allele, 
which is larger due to the LoxP sequences. PCR on tail biopsy DNA from 
Cre-negative Prkd3flox/flox and Cre-positive Prkd3 cKO mice showed the 
Prkdflox allele (lanes 1–2). Osteoclast cultures from the same mice (lanes 
3–4) revealed that in cKO osteoclasts the Prkd3flox allele was nearly 
absent, having been efficiently replaced by the deletion allele. We did 
not detect loss of the Prkdflox allele or formation of the deletion allele in 
the tail biopsy DNA. These data indicate the expected CRE-mediated 
excision of the Prkd3 gene in osteoclasts. RT-PCR using primers spe-
cific for the region expected to be deleted in the cKO showed a strong 
reduction of Prkd3 mRNA from the cKO osteoclast cultures (p = 0.002) 
(Fig. 1B). No change in Prkd1 or Prkd2 mRNA expression was detected in 
these cultures (not shown). Western blotting revealed that PRKD3 pro-
tein was undetectable in Prkd3 cKO osteoclasts cultured from either 
male or female mice (Fig. 1C). Together these data establish that our 
Prkd3flox; c-Fms-Cre system successfully deletes PRKD3 expression in 
osteoclasts. 

We then examined differentiation of Prkd3 cKO and flox control 
osteoclasts from bone marrow monocytes stimulated with M-CSF and 
RANKL. There was no difference in the number of nuclei present from 
day − 1 (the day prior to RANKL addition) through day 3 of RANKL 
stimulation, where pre-osteoclasts were fusing into multinucleated os-
teoclasts (Fig. 2A). These data suggest that Prkd3 cKO has little impact 
on proliferation or survival of the cells at these stages. We next examined 
whether it impacted induction of bone marrow macrophages into TRAP- 
positive osteoclasts. Staining the cultures for TRAP (Fig. 2B) and DAPI 
(not shown) after three to four days stimulation with RANKL revealed 
the Prkd3 flox cells formed large, multinucleated osteoclasts, whereas 
the TRAP-positive multinucleated osteoclasts formed in Prkd3 cKO 
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cultures were markedly smaller and contained significantly fewer nuclei 
(Fig. 2B–C). Staining the actin cytoskeleton revealed altered actin 
cytoskeletal architecture, with fewer Prkd3 cKO osteoclasts containing 
well-formed peripheral actin belts that are important for the sealing 
zone and resorption of the underlying bone (Fig. 2D–E). Finally, we 
cultured cells on bone slices and compared their bone resorptive ca-
pacity. Generation of resorption pits was impaired in Prkd3 cKO cul-
tures, leading to significant reductions in the average pit size and the 
total area resorbed compared to Prkd3 flox controls (Fig. 2F). Compa-
rable results were observed in each of these assays using cells from male 
or female mice. Representative data from single experiments are shown; 
any differences between male and female Prkd3 flox cells were not 
reproducible between experiments. These results together indicate that 
in vitro osteoclast differentiation, actin cytoskeleton organization, and 
bone resorptive capacity are diminished by loss of PRKD3 in osteoclasts. 

3.2. Protein kinase D2 cKO has little effect and shows limited expression 
in osteoclasts 

In addition to PRKD3, in our previous paper we also reported that 
osteoclasts express PRKD2 but not PRKD1 [21]. Consequently, we asked 
whether conditional deletion of the Prkd2 gene using cFms-Cre affected 
osteoclasts. We showed the expected excision of the Prkd2 genomic DNA 
locus and loss of Prkd2 mRNA in cKO osteoclasts (Supplemental 
Fig. 1A–B). However, we were unable to detect any in vitro phenotype in 
the Prkd2 cKO osteoclasts (Supplemental Fig. 1D–F). We characterized 
Prkd2/Prkd3 double cKO osteoclasts, finding that they show impaired 
osteoclast formation in culture comparable to that of the Prkd3 single 
cKO cells (data not shown). 

Results of western blotting against PRKD2 in control and Prkd2 cKO 
cultures, as well as the lack of a phenotype raised questions of whether it 
is actually expressed in osteoclasts. Western blots using PRKD2 anti-
bodies ST-1042 and A300-074A did show bands at the expected mo-
lecular weight of approx. 120 kDa in Prkd2 flox cells (Supplemental 
Fig. 1C), but the bands were not changed in Prkd2 cKO (or Prkd3 cKO, 
not shown) osteoclasts. Blotting the same osteoclast lysates with two 
other commercial PRKD2 antibodies, #8188 and Ab51250, did not show 
any bands near 120 kDa (data not shown). A number of commercial 
PRKD antibodies are known to be cross-reactive between the PRKD 
proteins, and various other technical issues have been described with 
others [59–62]. These concerns led us to carefully test the specificity of 
our PRKD antibodies and their ability to detect PRKD proteins in oste-
oclasts by western blot (Supplemental Fig. 2A). As positive controls to 
validate the sensitivity and specificity of our antibodies, we transfected 
HEK293T cells with plasmids encoding epitope-tagged mouse PRKD1, 
PRKD2 and PRKD3 and performed western blots. Alongside these, we 

ran lysates from mouse osteoclast cultures at Day 0 (prior to RANKL 
addition) or at 3 days RANKL stimulation. The PRKD1 CS-2052 poly-
clonal antibody is reported by its manufacturer as cross-reactive to 
PRKD1 and PRKD2. This antibody readily detected overexpressed 
PRKD1 and 2 proteins and a 120 kDa band in untransfected HEK293T 
cells. Cells transfected with PRKD3 showed a mild increase in the 120 
kDa band compared to untransfected cells suggesting that the antibody 
may also be reactive against mouse PRKD3 to some extent. PRKD1 CS- 
2052 sometimes detected a weak 120 kDa band in osteoclast lysates. 
PRKD1 antibody CS-90035 appears to be more specific for PRKD1 than 
CS-2052. It readily detected 150 kDa and 120 kDa bands that presum-
ably represent PRKD1-GFP and endogenous PRKD1 in HEK293T cells. 
We did not see any potential PRKD bands in osteoclasts with this anti-
body even after long exposures. PRKD2 antibodies ST-1042 and A300- 
074A were both raised against the same peptide epitope. Both demon-
strate cross-reactivity against overexpressed mouse PRKD1, PRKD2 and 
PRKD3. In osteoclasts they detected bands at 120 and 200 kDa, but as 
mentioned, neither band was reproducibly affected in Prkd2 cKO or 
Prkd3 cKO cultures. Two additional PRKD2 antibodies, CS-8188 and 
Ab51250, appear to be more specific based on the HEK293T cell over-
expression. They did not show any bands near 120 kDa in control or cKO 
osteoclasts. PRKD3 antibody CS-5655 appears to be specific for PRKD3 
in our tests. It readily detects overexpressed and endogenous PRKD3 in 
HEK293T cells and in osteoclasts at both timepoints. The A300-319A 
PRKD3 antibody used in our earlier publication has been discontinued 
by the manufacturer so was not tested here. In summary, the PRKD3 CS- 
5655 antibody shows a good specificity profile and indicates expression 
of PRKD3 in control osteoclasts and loss of Prkd3 in cKO cells (Fig. 1C). 
Neither PRKD1 nor PRKD2 is detected in osteoclasts using the high 
specificity antibodies; possible PRKD bands are only detected in osteo-
clasts with the more promiscuous antibodies. qPCR using primer pairs 
predicted to be specific for the intended target gene confirm Prkd3 as the 
most abundant, with low expression of Prkd1 and Prkd2 mRNAs (Sup-
plemental Fig. 2B). We saw a similar pattern of Prkd expression (Prkd3 
> Prkd2 > Prkd1) in several sets of RNA-Seq performed on osteoclast 
mRNA (data not shown). Collectively, our interpretation of these west-
ern blot and mRNA data is that PRKD3 is the primary PRKD protein 
present in osteoclasts, while PRKD1 and PRKD2 have limited or absent 
expression. 

3.3. Protein kinase D3 conditional knockout in osteoclasts increases 
trabecular bone mass in male mice 

From the in vitro data demonstrating impaired osteoclasts from Prkd3 
cKO, we then tested whether this impacted bone in vivo, with the hy-
pothesis that reduced osteoclast activity in the Prkd3 cKO mice should 
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Fig. 2. In vitro phenotypes of Prkd3 cKO osteoclast cultures (A) The number of nuclei on the indicated times of culture relative to RANKL addition, comparing Prkd3 
flox (dark bars) and cKO (light bars) cultures. Total number of nuclei per field were visualized by DAPI staining. (B) TRAP staining of Prkd3 flox and cKO osteoclast 
cultures. Scale bar = 250 μm (C) Quantitative analysis of number of osteoclasts (TRAP-positive multinucleated cells with 3-or-more nuclei) per field and nuclei per 
osteoclast (D) Rhodamine-phalloidin staining for actin cytoskeleton. Examples of cells showing mature actin belts (blue arrowhead), smaller internal rings (orange 
arrowhead), and other actin morphology (green arrowhead) are indicated. Scale bar = 400 μm (E) quantitative analysis of the percentage of osteoclasts with each 
actin morphology. The population distributions in both sexes show statistically significant differences by the Chi-squared test (p < 5 × 1020 for males and p < 0.001 
for females) (F) Average resorption pit size and total resorbed area produced by Prk3 flox and cKO osteoclasts cultured on bone slices. *p < 0.05, **p < 0.005, ***p <
0.0005. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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decrease bone resorption and increase bone volume. We collected mice 
at 1- and 3- and 6- months ages. There was no detected phenotype 
associated with Prkd3 knockout in the body mass or body length at any 
timepoint (Fig. 3A). To assess skeletal phenotypes, we performed 
microCT analysis of cortical bone at the femoral midshaft and trabecular 
bone at the distal femur. At 1-month (4-week) timepoints, there was no 
significant difference between Prkd3 flox and cKO mice of either sex at 
either site (Fig. 3B), although trends towards very slight increases in BV, 
BV/TV, Tb.N and decreased Tb.Sp were seen. At 3-months (12-weeks), 
we noted significant changes in each of those parameters in male mice, 
with increases in bone volume (BV), tissue volume (TV), BV/TV, and in 

the number of trabeculae (Tb.N). Trabecular separation (Tb.Sp) trended 
to a 10 % reduction (p = 0.083) (Fig. 4A–B). The cortical cross-sectional 
bone area (Ct.B.Ar) showed a small but statistically significant increase, 
while cortical thickness (Ct.Th) was slightly decreased (not significant). 
There were no apparent or statistically significant differences between 
female Prkd3 flox and cKO mice. Representative 2-dimensional radio-
graphic images from the μCT of Prkd3 male mice are shown in Fig. 4B. 
These specific samples were chosen for having BV/TV parameters near 
to their group means. Visually, we note increased abundance of 
trabeculae in the knockouts extending more proximally towards the 
diaphysis. Similar patterns were observed at 6-months age, where Prkd3 
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Group Age Weight (g) Body Length (cm) N
 Prkd3 flox 4 weeks 15.7 ± 2.1 7.8 ± 0.3 8
 Prkd3 cKO 4 weeks 15.5 ± 2.3 7.7 ± 0.3 9

 Prkd3 flox 12 weeks 26 ± 2.4 9.2 ± 0.4 13
 Prkd3 cKO 12 weeks 27.4 ± 2.8 9.2 ± 0.3 11

 Prkd3 flox 6 months 26 ± 2.4 9.5 ± 0.3 14
 Prkd3 cKO 6 months 27.4 ± 2.8 9.5 ± 0.4 12

 Prkd3 flox 4 weeks 13.3 ± 1.7 7.5 ± 0.2 11
 Prkd3 cKO 4 weeks 12.2 ± 1.5 7.4 ± 0.3 8

 Prkd3 flox 12 weeks 20.1 ± 1.7 8.6 ± 0.5 13
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 Prkd3 flox 6 months 26.2 ± 4.6 9.2 ± 0.5 11
 Prkd3 cKO 6 months 27.7 ± 4.8 9 ± 0.4 9

Fig. 3. Phenotypes of Prkd3 cKO mice (A) Body weight and length for mice of the indicated genotypes and ages. No statistically significant differences between Prkd3 
flox and cKO of the same sex and age were observed. (B) μCT analysis of Prkd3 flox (dark bars) and Prkd3 cKO (light bars) mice at 4-weeks age. Cortical analysis was 
performed at the mid-diaphysis, while trabecular analysis was done at the distal femur. Number of individuals analyzed by μCT is indicated in Fig. 3A. 
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male cKO mice showed increased trabecular bone measurements, while 
minimal differences were seen in the cortical bone compartment or in 
females (Fig. 5). The increased trabecular bone observed in Prkd3 cKO 
males is supportive of our working hypothesis, while the lack of 
phenotype in females was unexpected. We performed histological ex-
amination of Prkd3 bones using H&E and TRAP staining to gain further 
insights into the cellular mechanisms of their phenotype (Fig. 6A–C). In 
agreement with the μCT data, H&E staining at the distal femur in 3- 
month mice showed a non-statistically significant trend towards 8 % 
increase in trabecular bone area: tissue area (BA/TA) in male Prkd3 cKO 

(Fig. 6A, C). We examined osteoclasts in these bones by staining for 
TRAP activity and examining regions within the secondary spongiosa 
(Fig. 6B). Measurement of the fraction osteoclast perimeter: bone 
perimeter (Oc.Pm/B.Pm) showed a trend to 31 % reduction in male 
cKOs (p = 0.057) (Fig. 6C). This parameter can be responsive to changes 
in the number of osteoclasts or in their size. To distinguish between 
these, we counted the number of osteoclasts per mm of bone perimeter 
(N.Oc/B.Pm) finding little difference between Prkd3 flox and cKO 
(Fig. 6B–C). However, measurement of bone perimeter per individual 
osteoclast (B.Pm/Oc) showed that the male Prkd3 cKO cells each 
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covered 55 % less bone perimeter on average than Prkd3 flox cells (p =
1.7 × 10− 6). To quantify the rate of bone resorption in the Prkd3 mice at 
12-weeks, we performed a serum CTX-1 ELISA assay. This assay showed 
37.2 ng/mL average CTX-1 for Prkd3 flox and 30.8 ng/mL for Prkd3 cKO, 
a 17 % decrease, which would be consistent with our hypothesis 
(Fig. 6D). However, this possible difference failed to reach statistical 
significance so we cannot conclude with confidence that the observed 
difference was not due to chance. Conversely, female Prkd3 cKO showed 
increased CTX-1 compared to flox controls, although this difference was 
not statistically significant either. 

Although our data indicate that PRKD2 is not meaningfully 
expressed or functionally important in osteoclast cultures, in light of the 
ambiguities in the Prkd2 expression data, we proceeded to test for 
skeletal phenotypes in the Prkd2 cKO mice. Unlike the skeletal effects of 
Prkd3 cKO, we did not detect any phenotype by μCT analysis of femurs 
from Prkd2 conditional knockouts at 1- or 3- month timepoints (Sup-
plemental Fig. 3). 
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3.4. Protein kinase D3 cKO does not reduce osteolytic bone loss in a 
mouse model of periodontitis 

To further examine whether PRKD’s regulation of osteoclasts might 
contribute to osteolytic diseases, we utilized a ligature-induced model of 
periodontitis, with the hypothesis that reduced osteoclast function 
might reduce bone destruction in Prkd3 cKO mice. In this model, liga-
tures are tied around the right second maxillary molar, which is ex-
pected to cause inflammation and bone destruction around the ligated 
tooth. The non-ligated side of each mouse serves as a baseline control. 5 
days after ligature placement, we harvested the maxillae and utilized 
μCT to measure the extent of bone loss. While bone in the control side of 
the jaws looked robust and healthy, a loss of bone was readily apparent 
on the ligated sides (Fig. 7). By comparing the bone volumes in a defined 
volume-of-interest on the ligated versus non-ligated side of each indi-
vidual, we determined that Prkd3 flox males lost 16 % and cKO males 
lost 18 % of the bone volume in the region of interest. Similar bone 
destructive effects were seen in females, and again there was no differ-
ence observed between flox and cKO. Thus, loss of PRKD3 in osteoclasts 
does not appear to protect against bone destruction in this model. 

4. Discussion 

Our previous work revealed that PRKD promotes osteoclasts and 
bone resorption [20,21]. In those studies, PRKD chemical inhibitors 
CRT0066101, CID755673 and Gö6976 were shown to have significant 
inhibitory effects on osteoclast cultures. Since we observed similar ef-
fects from multiple different PRKD inhibitors it suggested that the effects 
were due to PRKD inhibition rather than something off-target. Multiple 
aspects of osteoclast biology were affected, with defects noted in pro-
gression and fusion from mononucleated pre-osteoclasts to multinucle-
ated osteoclasts, in actin ring dynamics, and in the bone resorptive 
activity of mature osteoclasts. Those studies were limited to in vitro 
cultures, and since they relied on PRKD chemical inhibitors it was not 
possible to unambiguously distinguish the significance of individual 
PRKD proteins. To address these limitations and extend our work into 
the intact living skeleton, in the current study we utilize a novel con-
ditional knockout mouse model system using floxed Prkd3 and c-Fms-Cre 
to test the hypothesis that loss of PRKD3 in osteoclasts will impair 
osteoclast formation and function, thereby increasing bone mass. 

We are currently focusing primarily on PRKD3 as our data indicate it 
is the most abundant and important PRKD in osteoclasts. Prkd3 is readily 
detected in osteoclasts at the mRNA expression and protein levels. The 
cFms-Cre cKO system gives efficient rearrangement of the Prkd3 gene, 
and loss of mRNA and protein. Prkd3 cKO osteoclast cultures showed 
abundant but smaller osteoclasts containing fewer nuclei. The osteo-
clasts that did form exhibited impaired capacity to form or maintain 
actin rings and a diminished ability to resorb bone in vitro. These 
knockout osteoclast phenotypes were quite similar those seen with 
PRKD inhibitors [20,21] and further confirm that PRKD, specifically 
PRKD3, promotes osteoclastogenesis. Our data lean against expression 
of Prkd1 or Prkd2 in osteoclasts. Since there was some ambiguity in the 
data around PRKD2’s expression and we had the mice in hand, we felt it 
wise to test the effect of knocking it out in osteoclasts. We observed 
successful genomic DNA deletion and loss of the putative mRNA, but did 
not see any in vitro or in vivo skeletal phenotype from Prkd2 cKO. These 
results indicate that PRKD2 is not essential and likely not meaningfully 
expressed in osteoclasts. 

Other groups have examined the role of PRKD proteins in myeloid 
cell types related to osteoclasts, which arise from the monocyte/ 
macrophage branch of the myeloid lineage. All three PRKD genes were 
detected by RT-PCR in macrophage-like cells including the RAW264.7 
cell line and mouse primary macrophages, and effects from Prkd1 shRNA 
knockdown in these cells have been described [63–66]. Similarly, 
knockdown of Prkd1 showed an effect in neutrophils [67]. PRKD3 was 
demonstrated to be important in macrophages using in a conditional 

knockout system driven by LysM-Cre, in which the Prkd3 cKO mice 
developed lung fibrosis due to altered macrophage activation [68]. 
Since its expression pattern includes osteoclast progenitor cells, we 
explored using LysM-Cre cKO to verify our results. However, initial 
studies showed low efficiency in Prkd3 gene deletion in osteoclast cul-
tures and a weak, inconsistent phenotype, so we did not pursue it 
further. Similar issues with inadequate knockout in osteoclasts using 
LysM-Cre have been reported by other groups [69,70]. 

The impaired Prkd3 cKO in vitro osteoclast phenotype leads to our 
hypothesis that Prkd3 cKO mice would exhibit reduced osteoclasts and 
diminished bone resorption, potentially leading to increased bone mass. 
Indeed, this is what we observed in male Prkd3 cKO mice, where BV/TV 
and trabecular number were significantly increased and trabecular 
separation trended downwards. Histological examination showed 
similar numbers of osteoclasts per bone perimeter in the trabecular 
compartment between flox and cKO, but each osteoclast covered less 
bone surface. Based on the in vitro phenotypes, we propose that these in 
vivo differences are likely to be caused by smaller osteoclasts due to 
impaired precursor fusion, altered cytoskeletal architecture or defective 
interactions with the bone surface, or perhaps some combination of 
these. The relationship between total number of osteoclasts and their 
rate of cell-cell fusion can be complicated since each time two cells fuse 
together it reduces the number of individual cells, so impaired fusion can 
actually give an increased number of smaller, less nucleated osteoclasts, 
which seems to be what we observe in Prkd3 cKO cultures. They form 
equal or greater number of multinucleated osteoclasts, but they are 
smaller with fewer nuclei per cell and show a diminished ability to 
resorb bone. The in vivo skeletal and osteoclast phenotype we observe in 
Prkd3 cKO males is somewhat mild, with a normal number of osteoclasts 
present, but appearing smaller than in control mice, and a modest in-
crease in trabecular bone. These observations suggest to us that PRKD3 
functions not as a binary ‘on-off’ switch absolutely required for osteo-
clast formation, but more as a dimmer-switch to allow for fine-tuning 
the level of osteoclast formation and bone resorption in response to 
varying physiological demands. 

Why does Prkd3 cKO give different skeletal phenotypes between 
male and female mice, particularly since we don’t note a sex difference 
in culture? Sex-based differences in osteoclasts are established in the 
literature [71], arising through actions of estrogens and androgens, 
differences in immune responsiveness and inflammation, further shaped 
by additional differential gene expression, and likely influenced by 
signals from osteocytes, osteoblasts or other immune cells. Intrinsic sex 
differences in osteoclast cell culture systems have been described in 
some cases but there are conflicting data, and effects are sensitive to 
differences in culture methodologies and the precise nature of the 
osteoclast precursors used [71–74]. In vivo, sex hormones are major 
regulators of skeletal physiology, although their effects are complex, 
implicate multiple cell types, and depend on both the individual’s sex 
and the specific skeletal compartment being considered [75,76]. Loss of 
estrogens is the major driver of osteoporosis pathogenesis [77]. One 
component of estrogen’s actions involves directly promoting osteoclast 
apoptosis through estrogen receptor α(ERα) [70,78,79]. Conditional 
deletion of ERα in osteoclasts increased osteoclastogenesis and bone 
resorption in female mice, demonstrating that estrogens are protective 
of trabecular bone via direct effects on osteoclasts [70,79]. Despite this 
inhibitory effect of estrogen, young female C57Bl/6 mice are reported to 
have increased numbers of osteoclasts in their bones and decreased bone 
mass relative to males, which is thought to arise due to increased 
expression of RANKL and enhanced inflammatory signaling pathways 
stimulating osteoclast formation [72]. Unlike in females, deletion of ERα 
in mature osteoclasts does not cause trabecular bone loss in male mice 
[79]. Instead, androgens seem to be the main sex hormones influencing 
trabecular bone mass in males. Disruption of the androgen receptor (AR) 
reduces trabecular bone mass, but combined loss of AR and ERα does not 
give any further bone loss [80]. These effects of androgens on trabecular 
bone are largely mediated through osteogenic effects on osteocytes and 
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osteoblasts. Direct effects of androgens in osteoclasts are controversial. 
Osteoclast-lineage cells do seem to express the AR [81], although its 
expression level is low compared to osteoblasts and osteocytes. Some 
papers have reported inhibitory effects of androgens on cultured oste-
oclasts in vitro [82,83]. Other groups report no direct effect of androgens 
on osteoclasts in vitro and no discernable phenotype in either cortical or 
trabecular bone following conditional knockout of AR in myeloid cells 
and osteoclasts using LysM-Cre or Ctsk-Cre [84,85]. In vitro osteoclast 
culture systems are highly simplified models of osteoclastogenesis 
driven mainly by M-CSF and RANK Ligand, and generally lacking in-
fluences from sex hormones, inflammatory cytokines and other regula-
tors present in vivo. Under these circumstances, our data indicate that 
loss of PRKD3 is sufficient to impact osteoclast formation and function. 
We speculate that in the female skeleton under normal physiological 
conditions and in the highly inflammatory milieu of the periodontitis 
model, additional regulatory inputs such as heightened RANKL and in-
flammatory signals supersede the effects of PRKD3 deletion and promote 
osteoclast formation and bone resorption. 

In summary our current data indicate that PRKD3 is an important 
factor to enhance osteoclast formation and activity. An exciting possi-
bility originating from the findings that loss of PRKD3 expression or 
treatment with PRKD inhibitors reduce osteoclasts and bone resorption 
is that PRKD inhibitors might be clinically useful as antiresorptive 
agents to reduce bone loss in osteolytic conditions. This possibility needs 
to be weighed against PRKD’s broadly distributed expression, which 
raises concerns about potential side-effects in other tissues. More spe-
cific to the skeleton, there is literature showing PRKD acts in osteoblasts 
to promote osteogenesis [41,42,86–90], which could imply that any 
gain in bone health due to anti-osteoclast and anti-resorptive actions of 
PRKD inhibitors might be offset by decreased bone formation. On the 
other hand, several groups have made use of PRKD inhibitors in mice 
against tumor xenografts without noting any adverse effects [91–94], 
and PRKD inhibitors are being actively investigated as possible anti- 
cancer agents [28,46,91,95]. More data are needed to directly test 
these ideas and explore any possible applications to skeletal physiology 
and pathology. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bone.2023.116759. 
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