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A B S T R A C T   

Research background: The role of osteocytes in maintaining bone mass has been progressively emphasized. 
Pip5k1c is the most critical isoform among PIP5KIs, which can regulate cytoskeleton, biomembrane, and Ca2+

release of cells and participate in many processes, such as cell adhesion, differentiation, and apoptosis. However, 
its expression and function in osteocytes are still unclear. 
Materials and methods: To determine the function of Pip5k1c in osteocytes, the expression of Pip5k1c in osteo
cytes was deleted by breeding the 10-kb mouse Dmp1-Cre transgenic mice with the Pip5k1cfl/fl mice. Bone his
tomorphometry, micro-computerized tomography analysis, immunofluorescence staining and western blotting 
were used to determine the effects of Pip5k1c loss on bone mass. In vitro, we explored the mechanism by siRNA 
knockdown of Pip5k1c in MLO-Y4 cells. 
Results: Pip5k1c expression was decreased in osteocytes in senescent and osteoporotic tissues both in humans and 
mice. Loss of Pip5k1c in osteocytes led to a low bone mass in long bones and spines and impaired biomechanical 
properties in femur, without changes in calvariae. The loss of Pip5k1c resulted in the reduction of the protein 
level of type 1 collagen in tibiae and MLO-Y4 cells. Osteocyte Pip5k1c loss reduced the osteoblast and bone 
formation rate with high expression of sclerostin, impacting the osteoclast activities at the same time. Moreover, 
Pip5k1c loss in osteocytes reduced expression of focal adhesion proteins and promoted apoptosis. 
Conclusion: Our studies demonstrate the critical role and mechanism of Pip5k1c in osteocytes in regulating bone 
remodeling. 
The translational potential of this article: Osteocyte has been considered to a key role in regulating bone homeo
stasis. The present study has demonstrated that the significance of Pip5k1c in bone homeostasis by regulating the 
expression of collagen, sclerostin and focal adhesion expression, which provided a possible therapeutic target 
against human metabolic bone disease.   

1. Introduction 

Osteoporosis has become a serious public health problem globally 
[1–3]. Furthermore, a cross-sectional study revealed that the 
age-standardized prevalence of osteoporosis was estimated to be 33.49 
% in the middle-aged and elderly Chinese permanent residents [2]. 

Therefore, a better understanding of mechanisms behind bone mass 
regulation will provide new approaches to the prevention and treatment 
of osteoporosis [4]. Osteocytes are the most abundant cells in bone, 
occupying 90–95 % of the total cells in bone [5]. In recent years, 
increasing number of studies have shown that osteocytes, which were 
considered to be metabolically inactive, play a vital role in maintaining 
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bone homeostasis [6–12]. Osteocytes regulate surrounding cells by both 
intercellular signaling through dendrites and direct connections with 
osteoblasts, osteoclasts, and mesenchymal stem cells [13]. In addition, 
osteocytes can regulate bone remodeling by secreting a variety of sol
uble factors, such as sclerostin (Sost), receptor activator of nuclear 
factor-κB ligand (RANKL), osteoprotegerin (OPG) and other factors [14]. 
However, the upstream signaling pathways that modulate osteocyte 
function and thereby bone homeostasis remain to be incompletely 
elucidated. 

PI(4,5)P2, as a plasma membrane marker [15], is one of the key 
players of cytoskeletal-PM adhesion [16]. It was reported that PI(4,5)P2 
is critical for maintaining the intracellular content of PI(4,5)P2 [17–19], 
which is mainly generated by type I phosphatidylinositol 4-phosphate 5 
kinases (PIP5KIs) [20]. In mammals, there are three isoforms of Pip5k1 
protein, including Pip5k1a, Pip5k1b, and Pip5k1c [21–24]. Among 
them, Pip5k1c plays essential functions in regulating cytoskeleton [21, 
25–28], biomembrane [21,28–32] and Ca2+ release [21,25] of cells, and 
participating in many processes such as cell polarity, phagocytosis [21, 
33], adhesion [25], migration [29,34], differentiation [31], and 
apoptosis [35]. In humans, a mutation in the PIP5K1C gene caused lethal 
contractural syndrome type 3 (LCCS3), which is characterized by mul
tiple joint contractures with severe muscle atrophy and early death after 
birth for respiratory insufficiency [36,37]. In mice, alterations in 
Pip5k1c expression or activation cause a series of organ damage and 
dysfunction, such as tumor metastasis [38–42], neural dysfunction [22, 
43,44], immune system disorder [34,45], cardiac developmental ab
normality [22] and obesity [46]. Wang YF et al. reported that the 
absence of Pip5k1c led to embryonic lethality [22]. Zhu et al. reported 
that optimal Pip5k1c expression is critical for maintaining osteoclast 
differentiation and function via regulating the PI(4,5)P2 generation 
[47]. Our previous study has established a crucial role of Pip5k1c in the 
protection against osteoarthritis in mice [48]. Besides, the involvements 
of Pip5k1c in Prx1-expressing mesenchymal stem cells (MSCs) have 
been well documented. Pip5k1c loss in MSCs reduced bone formation by 
impairing the stability of Runx2 and RANKL-mediated osteoclast for
mation, leading to low turnover osteoporosis [49]. However, the role of 
Pip5k1c in osteocytes is not reported. 

In this study, we demonstrate that loss of Pip5k1c expression in the 
Dmp1-expressing osteocytes leads to severe bone loss with impaired 
bone formation and bone resorption. Pip5k1c loss reduces the expres
sion of type I collagen and several focak adhesion (FA) proteins, pro
motes sclerostin production in osteocytes and osteocyte apoptosis, 
consequently impairing bone mass and strength. 

2. Materials and methods 

2.1. Animal studies 

The Institutional Animal Care and Use Committee of Southern Uni
versity of Science and Technology (No. SUSTC-JY2020119) approved 
the animal protocols of this study. The generation of Dmp1-Cre and 
Pip5k1cfl/fl mice was previously described [7,49]. The experimental 
animals in this study were obtained using a two-step breeding strategy. 
The primer sequences of genotyping are listed in Supplementary 
Table 1. 

2.2. Human samples collection 

The Medical Ethics Committee of the First Affiliated Hospital of Sun 
Yat-sen University approved the procedures performed in this study 
(NO. [2023]176). Written informed consent was obtained from all 
participants. Human cancellous tissues were collected from the First 

Affiliated Hospital of Sun Yat-sen University. Samples were collected 
and fixed in 4 % paraformaldehyde (PFA) as previously described [50]. 

2.3. Femur three-point bending 

After dissected the encompassing soft tissue, the femurs were stored 
at 1 × PBS at once and followed by the three-point bending test using 
ElectroForce (Bose ElectroFore 3200; EndureTEC Minnetonka, MN, 
USA) as previously described [11]. 

2.4. Micro-computerized tomography analysis 

Micro-computerized tomography (μCT) analysis was performed as a 
previously established protocol [51]. Briefly, non-demineralized spine, 
femur, tibia, or skull were fixed in 4 % PFA for 24 h and then analyzed by 
a Bruker μCT (SkyScan 1276, Bruker) following the standards recom
mended by the ASBMR [52]. 

2.5. Confocal imaging and two-photon imaging 

Confocal images were conducted by Zeiss LSM 980. To investigate 
collagen fibers, second-harmonic generation (SHG) and two-photon 
excited fluorescence imaging were conducted by two-photon Olympus 
FVMPE-RS microscopy [12]. 

2.6. Histology and immunofluorescence staining 

Human and mice bone tissues were fixed for 24 h using 4 % PFA, 
decalcified and embedded in paraffin using standard protocols [53]. For 
histology, 5-μm sections were used for tartrate-resistant acid phospha
tase (TRAP) staining and hematoxylin and eosin (H/E) as previously 
described [54]. For immunofluorescence (IF) staining, after 
antigen-retrieval by citrate buffer (10 mM, pH 6.0), sections were per
meabilized with 0.2 % TritonX-100 solution for 10 min at room tem
perature (RT). After washing in 1 × PBS with 0.1 % Tween 20, the 
Immunol Staining Blocking Buffer (Beyotime, P0102) was used for 
blocking for 1 h at RT. Then the sections were incubated with indicated 
primary antibodies overnight at 4 ◦C and matched secondary antibody 1 
h at RT. Antibody information is listed in Supplementary Table 2. 

2.7. Calcein double labeling 

Mineral apposition rate (MAR) and bone formation rate (BFR) were 
measured as previously described [55]. Briefly, mice were injected 
intraperitoneally with calcein (20 mg/kg) on days 7 and 2 before sac
rifice. After being fixed in 4 % PFA for 24 h and embedded by an 
Osteo-Bed Bone Embedding kit (EM0200; Sigma), the femurs were 
sectioned at 15 μm. After obtaining images by fluorescent microscopy 
(Olympus, BX53). The MAR and BFR were calculated following quan
tities: MAR = dL.Ar/dL.Pm/5 days; BFR = MAR × (dLS + sLS/2)/BS. 

2.8. Western blotting analyses 

Protein samples from tissue and cell were isolated, followed by the 
western blotting analyses as we previously described [7]. Briefly, total 
protein extracted from tissues or cells was lysed with RIPA buffer (Sig
ma–Aldrich; R0278) containing protease and phosphatase inhibitor 
cocktail (Thermo Fisher Scientific, 78440). Proteins were fractionated in 
SDS-PAGE gel and transferred onto polyvinylidene fluoride (PVDF) 
membranes (Meck Millipore Ltd). After blocking in 5 % nonfat milk in 
Tris-buffered saline/Tween 20 buffer, the membranes were incubated 
with primary antibody (4 ◦C, overnight), followed by incubation with 
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corresponding secondary antibodies conjugated with horseradish 
peroxidase; and detect the bands by the enhanced chemiluminescence 
system (Bio-Rad; 1705040). Antibody information is listed in Supple
mental Table 2. 

2.9. qRT-PCR analyses 

qRT-PCR analyses were performed as previously described [56]. 
Briefly, total RNA was extracted by the MolPure Cell/Tissue Total RNA 
Kit (YEASEN, 19221ES50). After reverse transcription with Hifair II 1st 
Strand cDNA Synthesis Kit (YEASEN, 11119ES60). qPCR reactions were 
set up in a 96-well format on the CFX 96 Touch using Universal SYBR 
Green Supermix (Bio-Rad, 1725125). Primer sequences are listed in 
Supplementary Table 3. 

2.10. Serum enzyme-linked immunosorbent assay (ELISA) 

The serum levels of procollagen type 1 amino-terminal propeptide 
(P1NP), sclerostin and type I collagen cross-linked c-terminal peptide 
(CTX-1) were measured using the serum from mice by the Rat/Mouse 

PINP EIA (Immunodiagnostic Systems Limited, AC-33F1), SOST/Scle
rostin Quantikine ELISA Kit (R&D, MSST00) and RatLapsTM (CTX-I) EIA 
(Immunodiagnostic Systems Limited, AC-06F1) according to the man
ufacturer’s instruction. 

2.11. TUNEL staining 

The One Step TUNEL Apoptosis Assay Kit (Red Fluorescence) 
(Beyotime, C1090) was used to evaluate the cell apoptosis as previously 
described [57]. 

2.12. In vitro siRNA knockdown experiments 

Mouse MLO-Y4 osteocyte-like cells were cultured in α-MEM sup
plemented with 10 % FBS, 1 % penicillin and streptomycin. MLO-Y4 
cells were transfected with Pip5k1c siRNA and negative control siRNA 
using a Lipofectamine RNAiMAX transfection reagent (Invitrogen, 
13778075) as previously described [49]. As for the control group, 
negative control siRNA was transfected. At 48 h after siRNA transfected, 
proteins were extracted, followed by western blotting analysis. The 

Figure 1. Pip5k1c expression is decreased in human osteoporostic and aged mouse bones. A, IF staining. Sections of cancellous samples from young and aged 
humans were subjected to IF staining with Pip5k1c antibody. Merge images (top) and brightfield images (bottom) were showed. White dashed boxes indicate the 
higher magnification images in the right panels. Bone tissue and bone marrow were labeled as trabecular bone (TB) and bone marrow (BM), with the borders 
delineated by a red dashed lines. Scale bars, 100 μm. B, Quantification of (A). C, IF staining. Sections of tibia samples from 4-month-old and 18-month-old male mice 
were subjected to IF staining with Pip5k1c antibody. White dashed boxes indicate the higher magnification images in the right panels. White dashed lines indicate the 
bone surfaces. Scale bars, 100 μm. N = 6 mice per group. D, Quantification of (C). **P < 0.01, ***P < 0.001. (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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siRNA sequences are listed in Supplementary Table 4. 

2.13. Flow shear stress (FSS) experiments 

Fluid-induced FSS was performed as previously described [58]. 
Briefly, Streamer ® System STR-4000 (Flexcell International Corpora
tion, Burlington, NC, USA) was used for experiment. MLO-Y4 cells were 
seed on Collagen-I pre-coated culture slips with a total cell number of 
3.0 × 105 cells for 24–48 h before FSS. During FSS treatment, the culture 
slips were put into a flow chamber and exposed to 10 dyne/cm2 flow for 
2 h. Static control MLO-Y4 cells were kept in incubator without any 
force stimulation. Protein samples were extracted from MLO-Y4 cells 
right after FSS treatment. 

2.14. Statistics 

All values are expressed as mean ± SEM. Unpaired 2-tailed Student’s 
t-test or 2-way ANOVA was used to evaluate significant differences in 
the comparison between two groups or multiple groups. Statistical an
alyses were completed using the Prism GraphPad. P < 0.05 was 
considered statistically significant. 

3. Results 

3.1. Pip5k1c expression is decreased in osteocytes in human osteoporotic 
bone and aged mouse bones 

IF staining showed a dramatic reduction of PIP5K1C-positive cells in 
osteoporotic bone tissues from aged humans (66–80 years old) 
compared to those from young humans (27–43 years old) with normal 
bone mass (Fig. 1A–B). In addition, in C57bl/6 mice, the expression of 
Pip5k1c in osteocytes was significantly decreased in 18-month-old mice 
compared to 4-month-old mice (Fig. 1C–D). 

3.2. Generation of mice lacking Pip5k1c expression in osteocytes 

To further investigate the role of Pip5k1c in bone, we deleted its 
expression in osteocytes by breeding the 10-kb mouse Dmp1-Cre trans
genic mice with the Pip5k1cfl/fl mice (Dmp1-Cre; Pip5k1cfl/fl, referred as 
cKO hereafter) as the breeding strategy showed (Fig. 2A). PCR geno
typing using mouse tail DNAs were used to confirm the deletion of 
Pip5k1c(Fig. 2B). IF staining (Fig. 2C–D) and western blotting analyses 
(Fig. 2E) showed the protein level of Pip5k1c was significantly reduced 

Figure 2. Genetic deletion of Pip5k1c in Dmp1-expressing osteocytes in adult mice. A, A schematic diagram of breading strategy. B, Genotyping. DNA was 
amplified by PCR and then subjected to agarose gel electrophoresis. Dmp1-Cre, ~650bp; Pip5k1c flox KO band, ~380bp; Pip5k1c flox wildtype (WT) band, ~250bp. C, 
IF staining. Sections of cancellous samples from 5-month-old control and cKO male mice were subjected to IF staining with pip5k1c antibody. White dashed boxes 
indicate the higher magnification images in the right panels. White dashed lines indicate the bone surfaces. Scale bars: 100 μm. N = 6 mice per group. D, Quan
tification of (C). E, Western blot analysis. Protein samples extracted from the bone tissues of the control and cKO mice were subjected to western blot analyses with 
indicated antibodies. F, qPCR analyses. Total RNAs isolated from the indicated tissues of 3-month-old male control and cKO mice were used for qPCR analysis for 
expression of Pip5k1c gene, which was normalized to Gapdh mRNA. Results are expressed as mean ± standard deviation (s.d.). n.s.: not significant, *P < 0.05, **P <
0.01, ***P < 0.001. 
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in cortical bones from cKO mice compared to that from control mice. In 
contrast to results from bones, the mRNA levels of Pip5k1c in the liver, 
spleen, lung, kidney and brain were consistent between the control and 
cKO group (Fig. 2F). 

3.3. Pip5k1c loss in Dmp1-expressing osteocytes causes an osteopenic 
phenotype in mice 

Τhe results of μCT analysis showed that Pip5k1c loss caused osteo
penia in femurs from 5- and 8-month-old cKO male mice, but displayed 
no difference in 3-month-old between control and cKO group 
(Fig. 3A–G). Pip5k1c loss significantly decreased the bone mineral 
density (BMD) (Fig. 3A and B), bone volume fraction (BV/TV) (Fig. 3A, 
C) and trabecular number (Tb. N) (Fig. 3A, D) without affecting the 
trabecular thickness (Tb. Th) (Fig. 3A, F) and cortical thickness (Ct. Th) 
(Fig. 3G). The trabecular separation (Tb. Sp) (Fig. 3A, E) was increased 
in cKO mice compared to that in control mice. Similarly, BMD (Fig. 3H 
and I) and BV/TV (Fig. 3H, J) were also reduced in 8-month-old male 
cKO spine (L4-5) compared to those in control mice. However, there 
were no differences in bone mass of calvaria with Pip5k1c deletion or 
not(Fig. 3K-M). Consistent with the μCT analyses, cKO mice displayed 
less trabecular bone mass in tibia than that in control mice (Fig. 3N and 
O). 

3.4. Pip5k1c loss causes decreased mechanical properties and collagen 
synthesis in long bones 

We measured the mechanical properties of the femur by three-point- 
bending test, and as shown in the load–displacement curve, the femur of 
cKO mice could resist only a smaller bending force before fracture, 
accompanied by a shorter displacement of the force, compared to con
trol mice (Fig. 4A and B). The average maximum load on the femur in 
the cKO group (17.77 ± 2.13 N) was lower than that in the control group 
(21.79 ± 3.90 N) (Fig. 4B). The energy-to-fracture for femurs was 
significantly lower in cKO mice (5.99 ± 1.00 mJ) than that in control 
mice (7.82 ± 0.96 mJ) (Fig. 4C). SHG microscopy with two-photon 
excited fluorescence imaging was used to detect visualize fibrillar 
collagen fibers. As shown in Fig. 4D, compared to the control group, the 
arbitrary intensity of fiber significantly decreased in the trabecular bone 
but not in cortical bone from 5-month-old cKO male mice (Fig. 4D–F). 
These results suggested that collagen 1 fibers were reduced in cKO tibia. 
Consistently, protein expression of type 1 collagen was detected after 
siRNA knockdown of Pip5k1c in MLO-Y4 cells (Fig. 4G and H). 

3.5. Pip5k1c loss mainly impairs bone formation and increases sclerostin 
expression 

To further investigate the mechanism of osteopenia caused by 
Pip5k1c deficiency, we analyzed the bone formation and bone resorp
tion in control and cKO mice. The calcein double-labeling experiment 
was used to determine bone formation, which showed that the MAR 
(Fig. 5A and B) and BFR (Fig. 5A, C) in both diaphyseal cortical bones 
and the femoral metaphyseal cancellous from cKO mice were signifi
cantly decreased, compared with those in control mice (Fig. 5A–C). 
Consistently, IF staining revealed that the percentage of osterix (Osx)- 
expressing cells on the surface of trabecular bone in the tibial epiphysis 
of mice was significantly reduced in cKO mice, compared to that in 
control mice (Fig. 5D and E). The serum level of the P1NP, a marker for 
osteoblast activity and bone formation, was significantly reduced in 5- 
month-old male cKO mice than that in age- and sex-matched control 
mice(Fig. 5F). The sclerostin protein expression was determined by IF 
staining and a significantly higher percentage of sclerostin-positive os
teocytes were observed in cortical bone from 5-month-old male cKO 
mice. Meanwhile, the serum level of sclerostin was increased in 5- 
month-old male cKO mice, in comparison to that from the control 
mice (Fig. 5H). Moreover, Pip5k1c gene was knockdown by siRNA in 

MLO-Y4 cells increasing the expression of sclerostin (Fig. 5I). 

3.6. Pip5k1c loss reduces bone resorption 

To further analyze the effect of Pip5k1c deletion on bone resorption, 
TRAP staining showed that osteoclast number/bone perimeter (OC.N/ 
Bpm) (Fig. 5J and K) and the osteoclast surface/bone surface (OC.BS/ 
BS) (Fig. 5J, L) in primary cancellous bone in cKO group were less than 
those in control group. In vitro, after isolated from mice, the primary 
bone marrow mononuclear cells (BMMs) were induced osteoclasto
genesis and fewer TRAP-positive multinucleated osteoclasts (MNCs, 
defined as three or more nuclei per cell) were observed in cKO group 
than control mice (Fig. 5M and N). Furthermore, results from ELISA 
assays showed a significant decrease in the serum level of CTX-1, an in 
vivo marker for bone resorption, in cKO mice (Fig. 5O). 

3.7. Pip5k1c loss in osteocytes reduces the expression levels of FA proteins 
in bones 

It was reported that Pip5k1c plays an important role in controlling 
the FA formation [59–62]. Meanwhile, some studies have revealed that 
the decrease of FA in osteocytes is related to osteoporosis [7,8,11,12]. 
Therefore, we determined whether Pip5k1c loss impacted the expres
sions of FA-related molecules. Results from IF staining showed that the 
proportions of talin1-, vinculin- and 9EG7-positive osteocytes were all 
significantly decreased in cortical bones from 5-month-old male cKO, 
compared with those from control mice (Fig. 6A–F). Consistently, siRNA 
knockdown of Pip5k1c reduced the protein expression level of talin1, 
integrin β1 and vinculin in MLO-Y4 cells (Fig. 6G–J). 

3.8. Pip5k1c loss increases osteocyte apoptosis in mice 

In order to assess whether the apoptosis was affected by Pip5k1c loss. 
The results of TUNEL staining revealed that the percentage of apoptotic 
osteocytes was significantly increased in the cortical bone of cKO mice, 
compared to that in control mice (Fig. 7A and B). Results from in vitro 
studies revealed that siRNA knockdown of Pip5k1c in MLO-Y4 cells 
dramatically reduced the phosphorylated/total protein ratios of PI3K 
and Akt, without affecting the total protein levels of Akt, Erk and PI3K 
(Fig. 7C–E). 

4. Discussion 

In the present study, we defined the key role of Pip5k1c expression in 
osteocytes in controlling bone remodeling. First, we observed a signifi
cant reduction of Pip5k1c in osteocytes in bones from elderly humans 
and aged. Second, we demonstrated that Pip5k1c deletion in Dmp1- 
expressing cells led to significant bone loss in the cancellous bone of 
both weight-bearing bones, such as the femur and lumbar vertebrae. 
However, the bone mass of non-weight-bearing calvaria was comparable 
between control and cKO mice. Third, we demonstrated that decreased 
bone formation was observed in Pip5k1c deletion mice, probably caused 
by a rise in osteocyte-expressed sclerostin. Accompanied by decreases in 
osteocyte formation and bone resorption, cKO mice displayed a low 
bone turnover osteopenia. Finally, we also demonstrated that Pip5k1c 
deletion reduced expression levels of several important FA proteins and, 
in the meantime, increased osteocyte apoptosis. 

At 3 months old, the bone mass of cKO male mice was consistent with 
that of control mice. However, at 5 and 8 months old, cKO male mice 
showed significant bone loss. Compared to control mice, cKO mice 
displayed a 16.23 % reduction in trabecular BMD at 5 months old but a 
25.43 % reduction at 8 months old. Surprisingly, there was no difference 
in bone mass between the control and cKO groups in female mice at 4, 6, 
and 12 months old (data not shown). The underlying mechanisms for 
this difference between the sexes deserve further investigation in future 
studies. 

S. Lin et al.                                                                                                                                                                                                                                       



Journal of Orthopaedic Translation 45 (2024) 36–47

41

Figure 3. Pip5k1c loss leads to low bone mass in long bone and spine bone. A, Three-dimensional (3D) reconstruction from μCT scans of distal femurs from male 
control and cKO mice with the indicated ages. Scale bar, 250 μm. B-G, Quantitative analyses of BMD (B), BV/TV (C), Tb.N (D), Tb.Sp (E), Tb.Th (F), and Ct.Th (G) of 
femurs from control and cKO male mice with the indicated ages. H, 3D reconstruction from μCT scans of spine (L4, L5) from 8-month-old male control and cKO mice. 
Scale bar, 250 μm. I-J, Quantitative analyses of the BMD and BV/TV of spine from male control and cKO mice. N = 8 mice per group. K, 3D reconstruction from μCT 
scans of calvaria. L-M, Quantitative analyses of the BV/TV and BMD of calvaria from male control and cKO mice. N = 5 mice per group. N, H/E staining of tibial 
sections from 5-month-old male control and cKO mice. Scale bar, 200 μm. O, Quantitative analyses of the percentage of trabecular bone area in the total bone marrow 
cavity area. N = 6 mice per group. Results are expressed as mean ± standard deviation (s.d.). n.s.: not significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 4. Pip5k1c loss in osteocytes decreases bone mechanical properties and collagen synthesis. A-C, Three-point-bending test. Representative 
load–displacement curve from 5-month-old male control and cKO mice (A). Quantitative analyses of ultimate force (B) and energy to fracture (C). N = 10 mice for 
control group and N = 14 for cKO group. D, Representative images of collagen fibers of trabecular bone and cortical bone in tibial sections under two-photon 
microscopy from 5-month-old control and cKO male mice. Scale bars, 100 μm. E-F, Quantitative analyses of collagen fiber intensity of trabecular bone (E) and 
cortical bone (F). N = 6 mice per group. G, Western blot analysis. Protein samples extracted from the MLO-Y4 cells were transfected with si-NC or si-Pip5k1c and 
subjected to western blot analyses with indicated antibodies. H, Relative protein levels of Col1a1 of (G). Results are expressed as mean ± standard deviation (s.d.). n. 
s.: not significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 5. Pip5k1c loss in osteocytes regulates bone formation and bone resorption. A-C, Calcein double labeling. Representative images of 5-month-old control 
and cKO femur sections(A). Quantification of the MAR (B) and BFR (C) of trabecular bone and cortical bone. N = 6 mice per group. Scale bar, 50 μm. D, IF staining for 
expression of osterix of the tibial sections of 5-month-old control and cKO male mice. White dashed boxes indicate the higher magnification images in the bottom 
right panels. N = 6 mice per group. Scale bar, 100 μm. E, Quantification of (D). F, Serum levels of P1NP from 5-month-old control and cKO male mice. N = 6 mice per 
group. G, IF staining for expression of sclerostin of the tibial sections of 5-month-old control and cKO mice. White dashed boxes indicate the higher magnification 
images in the right panels. White dashed lines indicate the bone surfaces. N = 6 mice per group. Scale bar, 100 μm. H, Serum levels of sclerostin from 5-month-old 
control and cKO male mice. N = 8 mice per group. I, Western blot analysis. Protein samples extracted from the MLO-Y4 were transfected with si-NC or si-Pip5k1c and 
subjected to western blot analyses with indicated antibodies. J-L, TRAP staining of tibial sections from 5-month-old male mice. Quantitative analyses of Oc.N/BPm 
(K) and the Oc.S/BS (L) of primary spongiosa (PS) from (J). N = 6 mice per group. Scale bar, 50 μm. M, TRAP staining. BMMs from 5-month-old male control and cKO 
mice were cultured in osteoclast differentiation medium, followed by TRAP staining. N, Quantitative analyses of TRAP-positive MNCs with ≥3 nuclei per well of (M) 
were scored. N = 5 mice per group. Scale bar 50 μm. O, Serum level of CTX-1 from 5-month-old control and cKO mice. N = 6 mice per group. Results are expressed as 
mean ± standard deviation (s.d.). *P < 0.05, **P < 0.01. 
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Notably, Pip5k1c deletion in Dmp1-positive cells showed inconsis
tent bone mass changes in non-mechanical loading versus mechanical 
loading bones. These results suggest that Pip5k1c may be involved in 
mediation of mechanotransduction in bone. Previous studies have 
shown that mechanical load-induced intraosseous pressure gradients 
may result in fluid shear stress (FSS), which could enable osteocytes to 
detect external mechanical signals [63]. The results from western blot
ting showed that after exposed to 10 dyne/cm2 flow for 2 h, the protein 
levels of Pip5k1c and kindlin-2 in MLO-Y4 cells were up-regulated 

(Supplemental Fig. 1). While this result suggests that the mechanical 
stress might be a key factor in regulating the level of Pip5k1c expression 
in osteocytes, whether or not Pip5k1c plays a role in mediating 
mechanotransduction in bone needs further investigation. 

Pip5k1c loss resulted in reduced mechanical properties of the femur. 
On the one hand, the deletion of Pip5k1c in osteocytes caused low 
cancellous bone mass in femurs; this may suggest a decrease in mineral 
deposition. On the other hand, the Pip5k1c loss in MLO-Y4 cells reduced 
the type I collagen expression and the type I collagen content in the bone 

Figure 6. Loss of Pip5k1c in osteocytes reduces the expression of FA proteins. A, IF staining for expression of Talin1 of the tibial sections of 5-month-old control 
and cKO male mice. White dashed boxes indicate the higher magnification images in the right panels. White dashed lines indicate the bone surfaces. N = 6 mice per 
group. Scale bar, 100 μm. B, Quantification of (A). C, IF staining for expression of activated integrin β1 (9EG7) of the tibial sections from 5-month-old control and cKO 
male mice. White dashed boxes indicate the higher magnification images in the right panels. White dashed lines indicate the bone surfaces. N = 6 mice per group. 
Scale bar, 100 μm. D, Quantification of (C). E, IF staining for expression of vinculin of the tibial sections of 5-month-old control and cKO male mice. White dashed 
boxes indicate the higher magnification images in the right panels. White dashed lines indicate the bone surfaces. N = 6 mice per group. Scale bar, 100 μm. F, 
Quantification of (E). G, Western blot analysis. Protein samples extracted from the MLO-Y4 were transfected with si-NC or si-Pip5k1c and subjected to western blot 
analyses with indicated antibodies. H-J, Relative protein levels to Gapdh in MLO-Y4 cells transfected with NC siRNA or Pip5k1c siRNA. talin1 (H), vinculin (I) and 
integrin β1(J). Results are expressed as mean ± standard deviation (s.d.). *P < 0.05, **P < 0.01. 

Figure 7. Pip5k1c loss induces osteocyte apoptosis in mice. A, TUNEL staining of 5-month-old control and cKO of the tibial sections. White dashed boxes indicate 
the higher magnification images in the right panels. White dashed lines indicate the bone surfaces. Scale bar 100 μm. B, Quantification of (A). C, Western blot 
analysis. Protein extracts were isolated from the MLO-Y4 transfected with si-NC or si-Pip5k1c and subjected to western blot analyses with indicated antibodies. t: total; 
p: phosphorylated. D, Relative protein levels of t-PI3K, t-Akt and t-Erk to Gapdh in MLO-Y4 cells transfected with si-NC or si-Pip5k1c. E, Relative protein levels 
normalized as indicated ratio. Results are expressed as mean ± standard deviation (s.d.). n.s.: not significant, *P < 0.05. 
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matrix. 
In addition, we demonstrated that the Pip5k1c deletion in osteocytes 

impaired bone mass by affecting bone remodeling. Pip5k1c loss largely 
impaired osteoblast function and bone formation more than osteoclast 
formation and bone resorption, leading to low turnover osteopenia. Our 
results suggested that Pip5k1c loss upregulates sclerostin expression in 
vivo and in vitro, which may contribute to impairments in the prolif
eration and differentiation of osteoblasts in the bone marrow, ultimately 
affecting bone formation. The reduction of colonies in cKO group 
detected by CFU-F and CFU-OB analysis supports this notion (Supple
mental Fig. 2). 

The direct adhesion between osteocytes and the extracellular matrix 
(ECM) relies on the focal adhesions, linking to the actin skeleton to 
activate cellular responses [64,65]. Our previous studies reported the 
important role of focal adhesion in osteocytes in regulating bone ho
meostasis and bone mass, such as pinch1, pinch2, kindlin-2, integrin β3 
and integrin β1 [6,7,11,12]. Besides, Pip5k1c was reported to regulate 
focal adhesion protein in neutrophils, articular cartilage chondrocytes 
and colon cancer cells [34,48,66]. In this study, we determined that the 
Pip5k1c loss decreased the focal adhesion protein level of vinculin, 
talin1 and active integrin β1 in osteocytes in cKO mice and in MLO-Y4 
cells by siRNA knockdown, suggesting a possible mechanism through 
which Pip5k1c functions in maintaining bone mass. 

Apoptosis of osteocytes can be induced by abnormal stress [67]. 
Reduced mechanical properties caused by Pip5k1c loss might lead to a 
high level of TUNEL-positive osteocytes in cKO mice. Activation of 
PI3K/Akt pathway can prevent MLO-Y4 cells from apoptosis [67], which 
suggests that the downregulation of phosphorylated AKT and phos
phorylated PI3K caused by Pip5k1c loss in MLO-Y4 cells may contribute 
to the enhanced apoptosis. 

Based on the critical role of Pip5k1c in osteocytes in the maintenance 
of bone homeostasis, thus, elucidation of the upstream signaling 
pathway of Pip5k1c is critical to identify novel approaches to control 
bone mass and prevent osteoporosis. Activation of Fas has been reported 
to promote osteocyte apoptosis and sclerostin expression in vitro [68, 
69]. Aurélie Rossin et al. demonstrated that Pip5k1c reduced 
FasL-induced cell death in colon cancer cells [70]. In addition, Pip5k1c 
was reported to be regulated by different posttranscriptional modifica
tions. E3 ubiquitin ligases, such as Smurf1 and HECTD4, were shown to 
promote ubiquitination-mediated degradation of Pip5k1c [71,72]. 
Phosphorylation of Pip5k1c can be regulated by cyclin-dependent ki
nase 5 (Cdk5) thereby affecting tumor cell invasion [72]. As a down
stream of mTOR, S6K1 was shown to regulate Pip5k1c degradation via 
phosphorylation to promote cell migration and invasion [73]. 

Summarily, we establish the critical role of osteocyte Pip5k1c in the 
regulation of bone remodeling, bone mechanical properties and osteo
cyte survival and function. The findings of the present study provide a 
possible therapeutic target against human metabolic bone disease. 
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