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Abstract 

In vertebrates, PTH receptor 1 (PTH1R) plays a pivotal role in control of 

bone development and homeostasis; however, how it is regulated is 

poorly defined. Here we report that Kindlin-2 binds to and modulates 

PTH1R to regulate bone mass and PTH actions. Deleting Kindlin-2 

expression using the 10-kb mouse Dmp1-Cre severely impairs the 

anabolic effects of intermittent PTH on bone in adult mice with or without 

ovariectomy. Of particular interest, Kindlin-2 and Pth1r double 

heterozygous mice (Dmp1-Cre; Kindlin-2f/+; Pth1rf/+), but not either singly 

heterozygous mice (Dmp1-Cre; Kindlin-2f/+ or Dmp1-Cre; Pth1rf/+), 

display severe osteopenia and fail to increase bone mass in response to 

administration of intermittent PTH. Mechanistically, Kindlin-2 interacts 

with the C-terminal cytoplasmic region of PTH1R. When overexpressed, 

this region efficiently inhibits the endogenous PTH/PTH1R signaling in 

osteoblasts, which is reversed by introduction of a point mutation that 

abolishes the Kindlin-2 interaction. Furthermore, Kindlin-2 loss inhibits 

PTH-induced CREB phosphorylation and cAMP production in vitro and in 

bone. PTH upregulates, while estrogen deficiency downregulates, 

expression of Kindlin-2 in vitro and in bone. Collectively, we demonstrate 

that interplay between Kindlin-2 and PTH1R regulates bone mass by 

modulating PTH1R and provide a potential therapeutic target for 

metabolic bone diseases. 
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Chapter 1. Background 

1.1 Bone remodeling  

Bone is such a dynamic tissue that continues to conduct a series of 

remodeling activities to ensure the structural integrity and mineralization 

balance throughout life. This highly coordinated activity is composed of 

bone resorption and bone formation and is an essential process for 

damaged bone repairment and mineral homeostasis maintenance. 

Osteoclasts arise from hematopoietic cells and are responsible for bone 

resorption (Teitelbaum 2000). Osteoblasts, derived from mesenchymal 

stem cells, are responsible for bone formation. These special bone-

forming cells involve in activities including bone matrix synthesis, 

mineralization regulation, and subsequently differentiate into mature 

osteoblasts and osteocytes (Lee, et al. 2017). There exist three 

consecutive stages in the remodeling cycle: resorption (i.e. osteoclasts 

digesting old bone), reversal (i.e. mononuclear cells present on the bone 

surface), and formation (i.e. osteoblasts producing new bone in order to 

replace the resorbed bone) (Hadjidakis and Androulakis 2006). Bone 

remodeling balance is well maintained by the interaction between 

osteoclasts and osteoblasts that is highly regulated by local and systemic 

body factors. Imbalance between bone resorption and bone formation 

results in several bone diseases including osteoporosis with the feature of 
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low bone mass and fragile bone which affects the majority of 

postmenopausal women and the aged people (Khosla and Hofbauer 

2017). 

1.2 The role of osteocytes in bone-remodeling process  

Osteocytes are the cells that are embedded in the bone matrix and 

derived from mesenchymal stem cells as a result of osteoblast 

differentiation (Fig 1) (Bonewald 2011). Osteocytes account more than 90% 

of bone cells on the bone surfaces or within the matrix and are the 

longest-living cells. For a long time, osteocytes were considered to be 

metabolically inactive and unable to proliferate. In recent years, it has 

been represented that osteocytes play a central biological role in 

regulating bone formation and bone resorption by responding to 

mechanical and hormonal stimuli (Neve, et al. 2012). Osteocytes have 

many long cytoplasmic processes like dendritic finger through which 

osteocytes are connected with each other. They form a network of 

canaliculi permeating the entire bone matrix (Bellido 2014). 

Osteocytogenesis is a passive process when osteoblast is encased 

passively in osteoid which is eventually mineralized. In theory, 

matrix/osteoid produced by an osteoblast will be trapped when the 

osteoid is loaded on the surface of the embedded cell by the neighboring 

osteoblasts (Franz-Odendaal, et al. 2006).  



 

3 

 

Osteocytes orchestrate bone remodeling with their lacunae-canalicular 

structure secreting crucial factors to regulate osteoblast and osteoclast 

activity. Mature osteocytes embedded within the mineralized matrix 

selectively secrete Sclerostin encoded by Sost gene to inhibit the 

canonical Wnt signaling upon binding to Lrp5/Lrp6 (Poole, et al. 2005, 

Baron and Kneissel 2013). Strong evidence from genetics and 

pharmacology indicates that the loss of SOST expression leads to high 

bone mass disorders in humans, such as Van Buchem’s disease and 

sclerosteosis (Balemans, et al. 2001, Brunkow, et al. 2001). Mice with the 

Sost gene deletion have progressive high bone mass and enhanced bone 

strength (Li, et al. 2008). Sclerostin neutralization antibodies display 

obvious anabolic effects on bone in preclinical osteopenic animal models. 

As a humanized Sclerostin monoclonal antibody, Romosozumab (AMG 

785) dramatically enhanced bone mass, thus lowering fractures risks in 

postmenopausal women with osteoporosis (Cosman, et al. 2016).  
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Figure 1 Expression of markers during osteoblast-to-osteocyte 

ontogeny. (Bonewald 2011 with updated) 

Osteocytes induce osteoclast activation by upregulating RANKL 

expression, which is a major regulator of osteoclast formation and 

differentiation (Xiong, et al. 2011). RANKL, which is expressed by 

preosteoblastic/osteoblastic cells, binds to RANK located on osteoclastic 

precursor cells. RANKL plays a pivotal role in osteoclast differentiation, 

fusion into multinucleated cells, activation and survival (Hsu, et al. 1999). 

Osteocytes are now considered to be the primary source of RANKL to 

facilitate osteoclastogenesis in mature bone remodeling (Xiong and 

O'Brien 2012, Nakashima, et al. 2011). In addition, OPG, another 

important factor secreted by osteocytes, can compete against RANKL for 

RANK on osteoclast precursors. OPG secretion is controlled by the 

Wnt/β-catenin pathway in osteocytes, just the case in osteoblasts. 
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Deleting β-catenin in osteocytes leads to an increase in osteoclast 

numbers and enhances bone resorption in mice (Kramer, et al. 2010, 

Simonet, et al. 1997). 

Osteocytes are regarded to function as mechanosensory cells due to their 

location and intertwined dendritic network (van Oers, et al. 2015). The 

osteocytes sense load via distinct means including through cell body, its 

dendritic network or the cell cilia (Klein-Nulend, et al. 2013). It has been 

acknowledged that optimal intensity, frequency, and timing of mechanical 

load in vivo on the bone contribute to the increased bone mass (Turner, et 

al. 1994). Among the mechanical loads, shear stress plays an important 

role in bone. There are several effects of shear stress on osteocyte-like 

MLO-Y4 cells , such as releasing nitric oxide and adenosine triphosphate 

(ATP), preventing apoptosis; activating signaling pathways including the 

Wnt/β-catenin and protein kinase A (PKA); translocating the β-catenin into 

the nucleus; initiating the transcription and translation of genes (Mikuni-

Takagaki, et al. 1996, Sunters, et al. 2010, Bonewald and Johnson 2008).  

Bone tissue not only regulates the skeletal metabolism but also has a 

powerful influence on other organs and tissues. This is of important 

because pathologies of the skeleton are likely to develop systemic 

disorders. In this case, further recognition of molecular mechanisms 

relative to bone remodeling and metabolism will enable us to become 
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more informed of such processes and provide innovative treatment of 

skeletal and systemic diseases. 

1.3 PTH/PTH1R signaling in osteocyte  

Parathyroid hormone (PTH) is an 84-amino acid peptide hormone 

produced in the parathyroid glands and plays a fundamental role in 

maintaining serum calcium and phosphorus concentration at normal level 

by acting on bone, kidney and small intestine (Hodsman, et al. 2005, 

Civitelli and Ziambaras 2011). PTH is released from parathyroid cells with 

a stochastically pulsatile manner and is regulated by the calcium-sensing 

receptor (CaSR) which is located on the membrane of parathyroid cell 

(Egbuna and Brown 2008). Chronic hyperthyroidism progressively 

increases bone resorption and leads to a net loss of bone mass, but also 

increases osteoblast numbers and promotes bone formation. In contrast, 

intermittent parathyroid hormone (iPTH) by daily injection stimulates bone 

formation and lead to a net increase of bone mass and lower fractures in 

potential at-risk groups (Silva and Bilezikian 2015). iPTH therapy has 

been proved for the clinical treatment of osteoporosis. Currently, 

Teriparatide, abaloparatide and humanized Sclerostin monoclonal 

antibody are the osteoporosis medication certificated by the Food and 

Drug Administration of the United States to stimulate new bone formation.  
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The N-terminal domain of PTH interacts with the PTH1R, a G-protein-

coupled receptor that is highly expressed on the surface of osteoblasts 

and osteocytes (Datta and Abou-Samra 2009, Fermor and Skerry 1995). 

PTH binding to PTH1R contributes to the stimulation of Gs-mediated 

activation of adenyl cyclase (AC) that promotes the cyclic adenosine 

monophosphate (cAMP) production and activates PKA signaling pathway 

(Jüppner, et al. 1991, Gesty-Palmer, et al. 2006). In addition, PTH1R is 

also linked to the induction of the phospho-lipase/protein kinase C (PKC) 

signaling cascade via Gq mediation (Kousteni and Bilezikian 2008). 

PTH controls expression of crucial genes that regulate bone remodeling 

via cAMP/PKA signaling (Ricarte, et al. 2018, Hattersley, et al. 2016). 

However, the PKC signaling is not a necessity of the osteoanabolic action 

of PTH or might have an inhibition effect (Ogata, et al. 2011, Yang, et al. 

2007). Stimulating PTH1R displaces β-arrestins from cell membrane 

which induces the anabolic actions of PTH in bone, which does not 

depend on the traditional G protein signaling (van der Lee, et al. 2013).  

It has been well studied that PTH bolsters both bone resorption and 

formation. But the molecular and cellular mechanisms have not been 

thoroughly understood yet. Massive studies on osteocytes have shown 

that these cells are crucial regulators of PTH function. Parathyroid 

extracts treatment directly regulates osteocyte morphology, leading to 
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noticeable changes in the appearance of osteocytes, such as cell death, 

and cellular retraction (Cameron, et al. 1967, Heller, et al. 1950). The 

concept of “osteocytic osteolysis” is regarded as the mechanism through 

which PTH quickly increases calcium levels in blood (Weisbrode, et al. 

1974). The fact that bone mineral resorption happens independently of 

osteoclast has proved this interesting model again (Nango, et al. 2016).  

PTH receptor deletion mice have unveiled the functional role of PTH 

signaling. Mouse models with PTH1R deletion by homologous 

recombination show a decreased trabecular bone formation and a 

delayed vascular invasion of the early cartilage during fetal development 

(Lanske, et al. 1999), like the symptom of patients with Blomstrand lethal 

chondrodysplasia (Jobert, et al. 1998). Multiple genetically modified 

mouse models have demonstrated the important role of PTH1R in 

osteocytes. Over-expression of PTH receptor in osteocytes in mice using 

the Dmp1-Cre leads to enormously increased bone formation associated 

with Wnt pathway activation (O'Brien, et al. 2008). In contrast, conditional 

deletion of the PTH1R in osteocytes causes a reduction in trabecular 

bone and mild osteopenia (Powell, et al. 2011). The role of osteocytic 

PTH1R signaling responding to iPTH treatment has been determined in 

mice with PTH receptors deletion in osteocytes. Obviously blunted/absent 

responses to iPTH treatment are observed when PTH receptors are not 
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present in Dmp1-expressing cells (Saini, et al. 2013).  

PTH modulates the expression of osteocyte-derived paracrine mediators 

that affect bone remodeling by directly acting on osteocytes. Sclerostin is 

an osteocyte-secreted WNT inhibitor, serving as a bone formation 

inhibitor. Declined Sclerostin expression in osteocyte may increase 

osteoblast function. PTH rapidly lowers the level of Sclerostin in bone (Tu, 

et al. 2012, Bellido, et al. 2005). Increasing PTH receptor signaling in 

osteocytes in an animal model results in decreased Sost expression and 

subsequently improves WNT signaling in osteocytes and osteoblasts. 

(O'Brien, et al. 2008, Rhee, et al. 2011).  

PTH activates osteoclastic bone resorption through a well-functioned 

mechanism that is via upregulation of RANKL expression (Xiong and 

O'Brien 2012). Much evidence suggests that osteocytes are the main 

source of RANKL during bone remodeling. First of all, the serious 

reduction in the number of osteoblasts does not alter PTH stimulation of 

RANKL expression in mice (Galli, et al. 2009). In addition, conditional 

knockout of RANKL expression in osteocytes using Dmp1-Cre 

significantly reduces the number of osteoclast and leads to high bone 

mass (Xiong, et al. 2011, Nakashima, et al. 2011). It is reported that 

cAMP-regulated transcriptional co-activators (CRTC) family (Altarejos 

and Montminy 2011) is involved in the regulation of PTH-induced RANKL 
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expression. CRTC proteins potentially promote CREB translocation 

between the nucleus and the cytoplasm in response to upstream signals. 

In osteocytes, CRTC2 is arrested in the cytoplasm after the 

phosphorylation by SIK2. When SIK2 is phosphorylated and inactivated 

by PKA signaling, the level of phosphorylated CRTC2 is declined, leading 

to CRTC2 shuttling from the cytoplasm to the nucleus where CRTC2 

binds to enhancer regions of Rankl promoter to stimulate PTH-induced 

RANKL upregulation in osteocytes.  

1.4 The Kindlin family of focal adhesion proteins 

The Kindlin family of focal adhesion (FA) proteins are comprised of three 

conserved proteins including Kindlin-1 (FERM1), Kindlin-2 (FERM2), and 

Kindlin-3 (FERM3), and called after the Kindler syndrome, a rare 

congenital skin disease that is caused by mutations in the gene encoding 

KINDLIN-1 (Siegel, et al. 2003, Jobard, et al. 2003). The most 

commendable task of Kindlin family is to increase the affinity of Integrin 

to extracellular matrix (ECM) by binding to β-Integrin cytoplasmic tails 

(Goult, et al. 2009, Montanez, et al. 2008). As heterodimeric 

transmembrane receptors, Integrins regulate cell-ECM and cell-cell 

adhesions (Hynes 2002). Kindlin-mediated Integrin activation is involved 

in several cellular processes, including cell adhesion, spreading, 

migration, proliferation and differentiation. Different from Kindlin-3, 
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Kindlin-1 and Kindlin-2 share higher sequence similarities in the 

evolutionary process (Siegel, et al. 2003). Due to the great differences in 

tissue expression, each Kindlin protein conducts specific tasks in the 

evolution process. Kindlin-1 is primarily expressed in epithelial cells, 

Kindlin-2 is almost ubiquitously expressed and Kindlin-3 is limited in the 

hematopoietic cells (Bialkowska, et al. 2010, Ussar, et al. 2006). Although 

most studies have been focusing on Kindlins as an important component 

of extracellular matrix junctions, we cannot exclude that Kindlins may 

have other important functions.  

1.4.1 Kindlin-1 and Kindlin-3  

FERMT1 encodes Kindlin-1, the mutations in which lead to Kindler 

syndrome, a rare congenital skin abnormality. The discovery that 

mutations in KINDLIN-1 cause Kindler syndrome recognized a novel 

protein family expressing and functioning in focal adhesions (FAs). 

Kindler syndrome features blistering, pigmentation defects and other skin 

diseases (Lai-Cheong, et al. 2010). Kindlin-1 almost resides in the 

basolateral plasma membranes in intestinal epithelial cells and 

keratinocytes and actively participates in Integrin-mediated adhesion 

(Ussar, et al. 2008). Apart from binding to and triggering Integrins, Kindlin-

1 also interacts with FA proteins (Lai-Cheong, et al. 2010). In human 

keratinocytes, KINDLIN-1 can regulate the signaling of Rho GTPases and 
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loss of KINDLIN-1 impairs the lamellipodia formation and reduces the cell 

migration (Has, et al. 2009).  

Kindlin-3 is highly expressed in hematopoietic cells (Ruppert, et al. 2015). 

Mice with Kindlin-3 knockout die immediately after birth and have 

noticeable leukocytosis, obvious osteopetrosis, severe bleeding, loss of 

hematopoietic stem cells (HSCs) and hematopoietic progenitor cells 

(HPCs) in bone marrow (Moser, et al. 2008). The studies of Kindlin-3 

deficiency in osteoclasts, platelets, and neutrophils in vitro reveal a 

functional loss of Integrins (Schmidt, et al. 2011). Research on leukocyte 

adhesion deficiency type III (LAD-III) also supports the conclusion that 

Kindlin-3 plays an important role in Integrin-mediated hematopoietic cell 

adhesion (Moser, et al. 2009, Malinin, et al. 2009). LAD-III syndrome is a 

rare hereditary disease related to KINDLIN-3 mutations that features 

devastating bleeding and impaired binding of leukocytes to inflamed 

endothelia. Besides, Kindlin-3 is highly expressed in blood cell 

malignancies, such as B-cell lymphoma and chronic lymphocytic 

leukemia (Boyd, et al. 2003).  

1.4.2 Kindlin-2 

Kindlin-2 is ubiquitously expressed. Global knockout of Kindlin-2 in mice 

leads to early embryonic death at E7.5 (Montanez, et al. 2008). So far, no 
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human genetic diseases are known to be linked to KINDLIN-2 mutations 

in humans. It is important to discover the role of Kindlin-2 in modulating 

the development and homeostasis of specific organs and tissues. 

Functions of Kindlin-2 have been under investigation by our research 

team for several years with Cre/loxP systems that allow Kindlin-2 deletion 

in specific tissues. We have proved that Kindlin-2 deletion in limb and 

head mesenchymal stem cells using the Prx1-Cre mice leads to neonatal 

lethality, severe chondrodysplasia and promotes chondrocyte apoptosis 

by reducing Sox9 expression and impairing TGF-β signaling. These 

results indicate that Kindlin-2 is vital to chondrogenesis and bone 

development (Wu, et al. 2015). Furthermore, deleting Kindlin-2 in 

osteocytes and mature osteoblasts by the 10-kb Dmp1-Cre transgenic 

mice causes severe osteopenia. Kindlin-2 deletion promotes bone 

resorption by enhancing Rankl expression in osteocytes and decreases 

bone formation by increasing Sclerostin expression in osteocytes, 

supporting the fact that Kindlin-2 is essential for the maintenance of bone 

homeostasis (Cao, et al. 2020). We also find that Kindlin-2 is a key factor 

for determining the fate of MSC differentiation into adipocytes or 

osteoblasts through regulation of YAP1/TAZ expression (Guo, et al. 2018). 

Moreover, mice with Kindlin-2 deletion in adipose tissue show severe 

lipodystrophy with strikingly reduced adipose tissue mass (Gao, et al. 
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2019).  

1.5 Aim of the current study  

The facts that osteocytes mediate PTH action and that osteocytic Kindlin-

2 regulates bone homeostasis prompted us to investigate whether and 

how osteocytic Kindlin-2 plays a role in the anabolic actions of PTH in 

bone.  
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Chapter 2. Materials and Methods 

2.1 Animals 

The Kindlin-2flox/flox mice used in this study was generated as we 

previously described (Cao, et al. 2020). Briefly, a Kindlin-2 targeting 

vector containing LoxP site flanking exon 5-6 of Kindlin-2 was transfected 

into embryonic stem (ES) cells by electroporation. Positive targeting 

clones were screened for homologous recombination by Southern 

blotting. We injected two ES cell clones into blastocysts to obtain chimeric 

mice that were crossed with C57BL/6 to acquire floxed allele mice. To 

generate Kindlin-2f/+ mice, we crossed the mice with flippase deleter mice 

to remove neo cassette. The Kindlin-2f/+ mice were intercrossed to 

generate homozygous floxed mice (Kindlin-2f/f). Pth1rflox/flox mice were 

generously provided by Prof Meiqing Wang (Air Force Medical University, 

Xi’an, China) and were bred to Dmp1-cre; Kindlin-2f/f mice to generate 

Dmp1-Cre; Kindlin-2f/+; Pth1rf/+ mice. For PTH injection, animals were 

treated with or without PTH 1-34 (100μg kg-1, subcutaneous 

administration) (Bachem) daily continuously for 28d. For the transient 

effect of PTH on bone protein expression, fresh bone fragments from the 

animal were treated with PTH (10-7M, Bachem) for 3h. All animal 

experiments were conducted in the specific pathogen free (SPF) 

Experimental Animal Center of SUSTech. Animals were housed 4-6/cage 
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at 20°C–24°C and exposed to a 12-hour/12-hour light-dark period. All 

research protocols were approved by the Institutional Animal Care and 

Use Committee (IACUC) of SUSTech.  

2.2 Bone histomorphometric analysis  

Mice were injected i.p. with calcein (20 mg/kg) at 6 and 2 days before 

sacrifice. Non-demineralized tibiae were embedded using an Osteo-Bed 

Bone Embedding kit (Sigma). Images were captured using a fluorescence 

microscope (Olympus-BX53). MAR, MS/BS, and BFR were measured as 

previously described (Wang, et al. 2019). Metaphyseal trabecular bones 

and diaphyseal cortical bones were evaluated using Image Pro Plus 7.0 

software. The MAR was calculated as the mean distance between the 

double labels divided by the number of days between the calcein 

injections. The mineralizing surface per bone surface (MS/BS) was 

calculated as the percentage of bone surface exhibiting mineralizing 

activity. The BFR per bone surface (BFR/BS or BFR) is the volume of 

mineralized bone formed per unit time and per unit bone surface. BFR/BS 

is calculated as BFR/BS = MAR × (MS/BS).  

2.3 Osteoclast differentiation in bone  

The TRAP staining of bone sections was performed as we previously 

described (Cao, et al. 2010). The tibiae were fixed in 10% formalin at 4°C 
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for two days, and decalcified in 10%EDTA for 14 days, and embedded in 

paraffin. Serial 5-μm bone sections were prepared for TRAP staining. The 

Oc.S/BS and osteoclast numbers/bone perimeter (Oc.N/BPm) in both 

primary and secondary spongiosa of tibiae were measured using Image 

Pro Plus 7.0 software as we previously described (Xiao, et al. 2012).  

2.4 Plasmid construction and transfection  

COS-7 cells and MC-4 cells were cultured and used for transfection. To 

generate pcDNA/Kindlin-2 and pcDNA/Flag-PTH1R expression plasmids 

expressing full-length, truncated and mutation form of PTH1R and 

Kindlin-2, DNA elements encoding full-length and respective Kindlin-2 

and PTH1R regions (C-108aa, C-88aa, C-68aa, ΔC1-8aa, ΔC9-18aa, 

ΔC19-28aa, ΔC29-38aa, ΔC39-48aa, ΔC49-58aa, ΔC59-68aa and Mut1, 

Mut2, Mut3, Mut4, Mut5, Mut6) by PCR analyses were subcloned into the 

HindIII/XhoI sites of pcDNA3.1(+) -3FLAG vector. All sequences were 

verified by automatic DNA sequencing.  

2.5 siRNA inhibition  

Kindlin-2 siRNA and control siRNA (GenePharma) were transfected into 

MC-4 cells using Lipofectamine RNAiMAX Reagent (Invitrogen Life 

Technologies) according to the manufacturer’s instructions. In brief, cells 

were seeded in a 6-well plate. 9 μL RNAiMAX reagent and 3 μl of 10 μm 
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Kindlin-2 siRNA were diluted in 150 μL Opti-MEM medium, respectively. 

Then, the diluted siRNA and RNAiMAX were gently mixed and incubated 

for 5 min at room temperature. Add 250 μL siRNA-lipid complex into cells 

and incubate cells for 24-48 h at 37°C. Next, the cells were stimulated by 

PTH for 1-3 h and the cell lysis was collected for the following experiment.  

2.6 Western blot analysis  

Total cell lysates were prepared in RIPA lysis buffer and aliquots of 30 g 

total protein was separated by SDS-PAGE and blotted onto a 

polyvinylidene fluoride (PVDF) membrane (Merck Millipore). Membranes 

were blocked at room temperature in 5% non-fat powdered milk in Tris-

buffered saline followed by an overnight incubation at 4°C with specific 

antibodies including anti-Kindlin-1 (1:1000, Sigma), anti-Kindlin-2 

antibody (1:1000, Merck Millipore), anti-Kindlin-3 antibody (1:1000, Cell 

Signaling Technology), anti-CREB antibody (1:1000, Cell Signaling 

Technology), anti-pCREB antibody (1:500, Cell Signaling Technology), 

anti-Flag antibody (1:3000, Sigma), anti-Gs alpha subunit antibody 

(1:1000, Sigma) and anti-Gapdh antibody (1:2000, Beyotime). After 

incubation with appropriate HRP-conjugated secondary antibodies 

(Santa Cruz), blots were developed using enhanced chemiluminescence 

ECL Kit (Merck Millipore) and exposed in ChemiDoc XRS 

chemiluminescence imaging system (Bio-Rad).  
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2.7 Immunohistochemistry  

For immunohistochemistry, bone sections at 5-m thickness were 

deparaffinized with xylenes and rehydrated in a descending series of 

ethanol concentrations. Antigen retrieval was performed using sodium 

citrate buffer (10 mM, pH 6.0) at 60 °C. The sections were blocked in 1% 

BSA with 0.25% Triton, and then were incubated with antibody to Kindlin-

2 (1:1000 dilutions, Merck Millipore) overnight at 4 °C. After washing in 

PBST three times, the sections were probed with Alexa Fluor 488-

conjugated antibody at RT for 1h. Finally, the sections were counterstained 

with DAPI-contained mounting medium (Abcam).  The sections were 

visualized under SP8 lighting confocal microscopy (Leica) and images 

collecting software was LAS (Leica).  

2.8 Immunofluorescence  

MLO-Y4 osteocyte-like cells grown on a confocal dish (SPL life science) 

were washed in PBS three times and then fixed in 4% PFA for 10 min. 

After permeabilization with 1% Triton X-100 for 15 min and incubation in 

the blocking solution (1% BSA) for 1h at room temperature, cells were 

incubated with the corresponding primary antibodies to Kindlin-2 (1:500, 

Merck Millipore) and PTH1R (1:200, Sigma) overnight at 4°C, followed by 

incubating with secondary antibodies conjugated with Alexa 488, 568 for 
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1h at room temperature. The cells were washed and then counterstained 

with 4´,6-diamidino-2-phelylindole (DAPI). Cells were visualized at 40x 

under SP8 lighting confocal microscopy (Leica) and images collecting 

software was LAS (Leica).  

2.9 Micro-CT analysis  

Fixed non-demineralized bones were scanned using a Micro-CT 

(SkyScan-1276, Bruker). Obtained slices were reconstructed using 

NRecon software (NRecon), CTAn to analyze the parameters of 

trabecular and cortical bone. A three-dimensional model was constructed 

by software (CTvox). Contours were defined and drawn close to the 

cortical bone. VOIs of trabecular bone selected for analysis was a 1.5 mm 

length of the metaphyseal secondary spongiosa, originating 0.5 mm 

below the epiphyseal growth plate and extending caudally. A 1 mm 

section was used to obtain midfemoral cortical bone thickness. The 

analysis of the specimens involved the following bone measurements: 

BMD, BV/TV, Tb.N, Tb.Th, Tb.Sp and Ct.Th.  

2.10 Co-immunoprecipitation  

COS-7 or MC-4 cells were transfected with a corresponding expression 

plasmid for 24h and were incubated cells for 10 min at 4°C with IP lysis 

buffer (pH 7.4, 0.025M Tris, 0.15M NaCl, 0.001M EDTA, 1% NP40, 5% 
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Glycerol) (Thermo fisher) with proteinase inhibitor cocktail to get lysed. 

Prepare the supernatant to conduct immunoprecipitation after 

centrifugation at 13000 g for 10 min at 4°C and incubate with primary 

antibody for Kindlin-2 (3ug) and Flag (2ug) overnight and subsequently 

incubated with Protein A/G Magnetic Beads at room temperature for 1 h. 

Use DynaMag™-2 Magnet (Thermo fisher) to collect dynabeads-antigen-

antibody complex and use IP buffer to wash the immune complex three 

times. Resuspend the complex with 60 ul 1x loading buffer (pH 6.8, 0.3M 

Tris-HCl, 5% SDS, 50% Glycerol) and cook it for 5 min prior at 95°C to 

analyze the supernatant by means of SDS–PAGE and immunoblotting.  

2.11 ELISA assay  

MC-4 cells transfected with si-NC or si-Kindlin-2 for 36h were treated with 

PTH for 3h. Total cell lysates were prepared in RIPA lysis buffer (150 mM 

NaCl, 1% NP-40, 50 mM Tris, 5 mM NaF, 0.1% SDS). Quantitative 

determination of cyclic AMP (cAMP) in cell lysates was measured using 

the cAMP Assay Kit (R&D Systems) according to the manufacturer’s 

instruction.  

2.12 Actin staining  

The MC-4 cells were seeded on a confocal dish at a density of 2x104 

cells/well for 24 h to allow cell attachment. After stimulated by PTH for 3h, 
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cells were fixed with 4% PFA for 10 min and permeabilized with 0.5% 

Triton X-100 in PBS solution for 15 min. Afterwards, the cells were rinsed 

with PBS solution and the F-actin stress fibers were stained with 

rhodamine phalloidin (Cytoskeleton). The cells were washed and then 

counterstained with 4’,6-diamidino-2-phelylindole (DAPI). Cytoskeleton 

and cell nuclei were visualized under SP8 lighting confocal microscopy 

(Leica) and images collecting software was LAS (Leica). 

2.13 Cilia staining  

Culture cells until cells reach 70% confluence. Wash with PBS and add 

serum free medium to induce cilia formation for 24h. Place cells on ice for 

30 min to destabilize microtubules prior to fix cells in 4% PFA for 10 min 

at room temperature (RT). Permeabilized cells with 0.5% TritonX-100 for 

15 min at RT and blocked cells with 1% BSA for 1h at RT. After rinse cells 

with PBS, cells were incubated against anti-acetylated tubulin antibody 

(Sigma) overnight at 4°C followed by incubating with secondary antibody 

conjugated with Alexa Fluor-546 for 1h at RT in the dark. The cells were 

washed and then counterstained with 4’,6-diamidino-2-phelylindole 

(DAPI). Take images on SP8 lighting confocal microscopy (Leica) with a 

63x oil objective and images collecting software was LAS (Leica).  
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2.14 Statistics  

The group means and standard deviations (SDs) were calculated for all 

outcome variables. Statistical analyses were analyzed using one-way 

ANOVA with Tukey’s multiple-comparisons test. A difference was 

considered to be statistically significant at p < 0.05. 
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Chapter 3. Study I  

3.1 Aim 

To investigate whether Kindlin-2 deletion in osteocyte using Dmp1-Cre 

transgenic mice impairs the anabolic actions of PTH in mice.  

3.2 Experimental design 

We have previously demonstrated that Kindlin-2 is critical for bone 

formation since Dmp1-Cre; Kindlin-2f/f mice show severe bone mass loss 

(Cao, et al. 2020). In this project, we use 3-month-old female Dmp1-Cre-; 

Kindlin-2f/f and Dmp1-CreTG; Kindlin-2f/f mice to perform administration of 

PTH for 28 days (n=6 mice for each group). Mice were sacrificed after the 

last PTH injection, the bilateral femurs and tibias were dissected and 

subjected to downstream processing and analysis. The left femurs were 

fixed for micro-CT analysis after that were collected for non-decalcified 

bone sections and subjected to calcein double labeling to evaluate the 

degree of bone formation. The left tibias were fixed followed by 

decalcification for TRAP staining and bone immunohistochemistry. The 

right femurs and tibias were collected for western blot analysis to 

determine the intraosseous protein expression levels of CREB and 

pCREB.  
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3.3 Results 

3.3.1 Deleting Kindlin-2 in osteocytes greatly impairs the anabolic 

actions of PTH in bone in adult mice  

X-ray micro-computed tomography (CT) analysis of distal femurs 

showed that effects of intermittent PTH on bone was largely impaired by 

Kindlin-2 deficiency (Figure 2-1a). Specifically, the bone mineral density 

(BMD), bone volume fraction (BV/TV), and trabecular number (Tb.N) 

were increased respectively, and trabecular separation (Tb.Sp) was 

decreased by PTH treatment in control mice. PTH-stimulated alterations 

in these bone parameters were dramatically reduced in cKO mice. It 

should be noted that this PTH regimen did not significantly increase the 

trabecular thickness (Tb.Th) and cortical thickness (Cort.Th) in both 

control and cKO adult mice (Figure 2-1 b-g). 
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Figure 2-1 Kindlin-2 deletion in osteocyte greatly impairs the 

anabolic response of skeleton to intermittent PTH in adult mice. (a) 

Three-dimensional (3D) images by -CT of distal femurs from 3-mo-old 

Kindlin-2f/f (control) and Dmp1-Cre; Kindlin-2f/f (cKO) female mice with 

and without PTH treatment for 28d starting at the age of 3 months. (b-g) 

Quantitative analyses of the bone mineral density (BMD) and bone 

volume/tissue volume (BV/TV), trabecular number (Tb.N), trabecular 

separation (Tb.Sp), trabecular thickness (Tb.Sp ), and cortical thickness 

(Cort.Th) of the distal femur. Results are expressed as mean ± standard 

deviation (s.d.). *P <0.05 and ***P <0.001.  
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3.3.2 Kindlin-2 deficiency in osteocytes impairs the PTH-induced 

bone formation and resorption  

Results from the double calcein labeling experiments, which measures 

the in vivo bone-forming activity of osteoblasts, revealed significant 

increases in the mineralization apposition rate (MAR), mineralizing 

surface per bone surface (MS/BS) and bone formation rate (BFR) after 

PTH treatment in control mice; these PTH-induced increases were 

dramatically decreased (MAR and BFR) or completely abolished (MS/BS) 

in cKO mice (Figure 2-2 a-d). We next determined the osteoclast 

formation by performing the tartrate-resistant acid phosphatase (Trap) 

staining of tibial sections of control and cKO mice with or without PTH 

treatment. PTH increased the osteoclast surface/bone surface (Oc.S/BS) 

and osteoclast number/bone perimeter (Oc.Nb/BPm) in control bones 

(Figure 2-2 e-g). Consistent with our recently published results (Cao, et 

al. 2020), Kindlin-2 loss increased osteoclast formation in bone. 

Interestingly, PTH failed to increase osteoclast formation in cKO bone 

(Figure 2-2 e-g).  
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Figure 2-2 Kindlin-2 deletion in osteocytes impairs the PTH-induced 

bone formation and resorption.  

(a) Calcein double-labeling images of the mineralized surface of the non-

demineralized distal femora from 3-mo-old Kindlin-2f/f (control) and 

Dmp1-cre; Kindlin-2f/f (cKO) female mice with and without PTH treatment 

for 28d starting at the age of 3 months. Scale bars: 20 μm. (b-d) 

Quantitative analyses of measurement of mineral apposition rate (MAR) 

(b), mineralizing surface per bone surface (MS/BS) (c), and bone 

formation rate (BFR) (d). (e) Osteoclast formation in bone. The tibial 

sections of (a) were subjected to tartrate-resistant acid phosphatase 

(Trap) staining. (f-g) Quantitative analyses of the osteoclast surface/bone 

surface (Oc.S/BS) and osteoclast number/bone perimeter (Oc.N/BPm). 

Results are expressed as mean ± standard deviation (s.d.). **P < 0.01, 

***P < 0.001.  
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3.3.3 PTH-induced CREB phosphorylation is significantly reduced in 

bone of Kindlin-2 deletion mice. 

We isolated fresh osteocyte-enriched mid diaphyseal femoral shafts (with 

their bone marrow flushed out) from 3-mo-old control and dKO female 

mice. The drafts were then cut into tiny pieces, cultured in 10%FBS/-

MEM media, and treated with or without PTH1-34 (10-7 M) for 3h, followed 

by preparation of protein extracts and western blotting for expression of 

Kindlin-2, phospho-CREB (p-CREB) and total CREB proteins. Using this 

simple ex vivo bone tissue culture model system, we were able to show 

that this acute PTH treatment strongly induced the phosphorylation of 

CREB without affecting its total protein level in control bone cultures 

(Figure 2-3 a-b). Importantly, PTH induction of CREB phosphorylation 

was significantly reduced in cKO bone (Figure 2-3 a-b). It is interesting to 

notice that PTH treatment increased the protein level of Kindlin-2 (Figure 

2-3 a-b).  
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Figure 2-3 PTH-induced CREB phosphorylation is significantly 

reduced in bone of Kindlin-2 deletion mice. (a) Western blotting. 

Freshly prepared osteocyte-enriched mid diaphyseal femoral shafts (with 

their bone marrow flushed) of 3-mo-old control (con) and dKO female 

mice were cut into tiny pieces and treated with or without PTH 1-34 (10-7 

M) for 3h, followed by western blotting for expression of the indicated 

proteins. (b) Quantitative analysis of protein expression of (a). Results are 

expressed as mean ± standard deviation (s.d.). *P < 0.05, ***P < 0.001.  
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3.4 Conclusion 

Collectively, these results demonstrate an essential requirement for 

Kindlin-2 in mediating the anabolic effects of intermittent PTH on bone. 
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Chapter 4. Study II 

4.1 Aim   

To investigate the effects of Kindlin-2 deficiency on PTH stimulation on 

bone in adult ovariectomized (OVX) mice.  

4.2 Experimental design 

We utilized an ovariectomized (OVX) model system that we previously 

used (Yu, et al. 2009), which is of clinical relevance. We selected 4-mo-

old female mice from Kindlin-2f/f and Dmp1-Cre; Kindlin-2f/f mice to 

perform ovariectomy. Two months after OVX surgery, mice were 

subjected to daily PTH 1-34 injection (100 g/kg body weight) for 28d. 

These experiments are divided into the following groups: con-sham, cKO-

sham, con-OVX, cKO-OVX, con-OVX+PTH and cKO-OVX+PTH. The left 

femurs were fixed for micro-CT analysis, and the left tibias were fixed 

followed by decalcification for bone immunohistochemistry.  
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4.3 Results 

4.3.1 Kindlin-2 loss dramatically reduces basal and PTH-induced 

bone mass in ovariectomized mice. 

The OVX surgery was successful, as demonstrated by significant 

reductions in BV/TV, BMD, Tb.N and Cort.Th and an increase in Tb.Sp in 

OVX control mice (con-OVX) relative to sham control mice (con-sham) 

(Figure 3-1a). OVX similarly decreased BV/TV, BMD, Tb.N  and Cort.Th 

and increased Tb.Sp in cKO mice (Figure 3-1 b-g). Consistent with 

previous results (Cao, et al. 2020), Kindlin-2 deletion significantly 

decreased BMD (Figure 3-1b), BV/TV (Figure 3-1c) and Tb.N (Figure 3-

1d) and increased Tb.Sp (Figure 3-1e). Importantly, Kindlin-2 loss 

severely impaired the anabolic effects of intermittent PTH on bone in OVX 

mice. Specifically, PTH treatment increased BV/TV, BMD, and Tb.N in 

control littermates; however, this PTH response was completely lost in 

cKO mice.  
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Figure 3-1 Kindlin-2 loss in osteocytes abolishes the anabolic effect 

of intermittent PTH on bone in ovariectomized (OVX) adult mice. (a) 

Representative micro-CT (CT) images of distal femurs. Four-mo-old 

control and cKO mice were subjected to sham and OVX operation. Two 

months later, mice were administrated with PTH (100 g/kg) for 28d. (b-g) 

Quantitative analyses of the bone mineral density (BMD), bone 

volume/tissue volume (BV/TV), trabecular number (Tb.N), trabecular 

separation (Tb.Sp), cortical thickness (Cort.Th) and trabecular thickness 

(Tb.Th) of distal femurs from control and cKO mice. Results are expressed 

as mean ± standard deviation (s.d.). *P < 0.05, **P < 0.01. 
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4.3.2 Estrogen deficiency significantly down-regulates the 

expression of Kindlin-2 in bone cells  

Interestingly, Kindlin-2 expression was drastically reduced in osteocytes 

in control OVX (con-OVX) tibiae compared to that in control sham (con-

sham) tibiae, as demonstrated by immunofluorescence staining (Figure 

3-2).  

 

Figure 3-2 Kindlin-2 expression is significantly reduced in 

ovariectomized (OVX) adult bone. Immunofluorescence staining of 

tibial sections of control-sham and control-OVX mice with an anti-Kindlin-

2 antibody, Scale bars: 50 m  
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4.4 Conclusion 

Ovariectomy significantly reduced Kindlin-2 expression in bone. Kindlin-2 

deletion abolishes the PTH anabolic effects on bone in ovariectomized 

(OVX) adult mice.  
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Chapter 5. Study III 

5.1  Aim 

To explore the mechanisms through which Kindlin-2 mediates the PTH 

actions.  

5.2  Experimental design 

First, the osteocyte cell line MLO-Y4 was used to analyze the co-

localization of Kindlin-2 and PTH1R in vitro by immunofluorescence. 

Second, we implemented the co-immunoprecipitation (co-IP) assay to 

verify the endogenous interaction between Kindlin-2 and PTH1R. Third, 

since PTH1R is a G protein coupled receptor with seven transmembrane 

helixes, we applied the full-length Kindlin-2 expressing plasmid and 

PTH1R intracellular domain expressing plasmid to determine whether 

Kindlin-2 can interact with the intracellular domain of PTH1R. Finally, we 

performed a series of experiments to define potential binding sequences 

within PTH1R molecule responsible for Kindlin-2 interaction by using 

truncated and mutation expression plasmids of PTH1R (C-108aa, C-88aa, 

C-68aa, ΔC1-8aa, ΔC9-18aa, ΔC19-28aa, ΔC29-38aa, ΔC39-48aa, 

ΔC49-58aa, ΔC59-68aa, Mut1, Mut2, Mut3, Mut4, Mut5, Mut6).  

 

 



 

40 

 

5.3 Results 

5.3.1 The co-localization and interaction between Kindlin-2 and 

Pth1r  

we performed immunofluorescence (IF) analysis to determine whether 

Kindlin-2 and PTH1R co-localize in the MLO-Y4 osteocyte-like cells. The 

results showed that PTH1R localizes at the plasma membrane, which is 

expected, while Kindlin-2 is widely distributed over the whole cell body. 

More importantly, we observed a strong co-localization of both proteins 

on the cell membrane (Figure 4-1a). We next performed co-

immunoprecipitation (co-IP) assays using whole cell extracts isolated 

from the murine MC-4 osteoblastic cells (Wang, et al. 1999). Results 

showed that PTH1R protein was present in Kindlin-2 immunoprecipitates 

(Figure 4-1b), thus demonstrating an interaction of the two endogenous 

proteins. 
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Figure 4-1 The co-localization and interaction between Kindlin-2 and 

PTH1R. (a) The co-localization between Kindlin-2 and PTH1R was 

observed by IF staining of MLO-Y4 osteocyte-like cells. (b) Co-

immunoprecipitation (co-IP). Protein extracts from MC-4 cells were 

incubated with Kindlin-2 antibody or IgG, and the immunocomplexes were 

separated by SDS-PAGE, followed by western blotting with the indicated 

antibodies 

 

 



 

42 

 

5.3.2 A region containing 10 amino acid residues of PTH1R was 

identified as the binding domain for Kindlin-2.  

Next, we explored the potential binding region within PTH1R responsible 

for Kindlin-2 interaction. As a seven transmembrane protein, PTH1R 

possesses an N-terminal extracellular domain which binds to its ligands 

(i.e., PTH and PthrP), three extracellular and three cytoplasmic loops, and 

a 128 aa C-terminal cytoplasmic domain (aa464-591). We first 

determined whether Kindlin-2 interacts with the intracellular domain of 

PTH1R (Figure 4-2a). Kindlin-2 and Flag-tagged 128aa C-terminal 

cytoplasmic domain of PTH1R were co-expressed in COS-7 cells. Whole 

cell extracts were prepared for co-IP assays. The results revealed that 

Kindlin-2 was present in the Flag immunoprecipitates (Figure 4-2b), and 

vice versa, Flag-tagged 128aa PTH1R protein was detected in the 

Kindlin-2 immunoprecipitates (Figure 4-2c). Second, we generated 

truncated plasmids expressing the aa1-108, aa1-88, and aa1-68 regions 

and co-transfected them with Kindlin-2 expression plasmid in COS-7 cells, 

followed by co-IP assays. The results revealed that deletion from aa128 

to aa 69 did not markedly affect Kindlin-2 interaction (Figure 4-2 d-f), 

suggesting that the Kindlin-2-interacting domain is located in the aa1-68 

region of PTH1R protein. Third, using aa1-108 plasmid as parent plasmid, 

we generated 7 internal deletion plasmids, each of which had a deletion 
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of 10 aa residues. We co-transfected these deletion plasmids with Kindlin-

2 plasmid into COS-7 cells, followed by co-IP assays. The results 

revealed that deleting aa9-18 region completely abolished the Kindlin-2 

interaction with PTH1R.  
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Figure 4-2 A region containing 10 amino acid residues of PTH1R is 

identified as the binding domain for Kindlin-2. (a) A diagram of the 

PTH1R protein structure topology. (b-c) Co-IP of Kindlin-2 and PTH1R 

intracellular domain. COS-7 cells were co-transfected with expression 

plasmids expressing Flag-PTH1R (128aa) along with plasmids expressing 

full-length Kindlin-2. Protein extracts were incubated with either Flag 

antibody or Kindlin-2 antibody, followed by western blotting with the 

indicated antibodies. (d-f) Identification of PTH1R intracellular domain that 

interacts with Kindlin-2. Truncated expression plasmids expressing the 

cytoplasmic 108aa, 88aa, or 68aa regions and full-length Kinldin-2 

expression plasmid were co-transfected into COS-7 cells. Protein extracts 

were incubated with Flag antibody, followed by western blotting using 

Kindlin-2 antibody. (g) Identification of Kindlin-2-interacting region in 

PTH1R. Using the 108aa plasmid as parent plasmid to generate seven 

internal deletion plasmids with 10aa deleted in each. These plasmids and 

a full-length Kindlin-2 plasmid were co-transfected into COS-7 cells. 

Protein extracts were incubated with Flag antibody, followed by western 

blotting using Kindlin-2 antibody.  
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5.3.3 The potential binding sites of PTH1R near the end of the cell 

membrane is identified for Kindlin-2 interaction 

Finally, using aa1-108 plasmid as parent plasmid, we generated a series 

of expression plasmids containing point mutations within the aa9-18 

region as indicated (Figure 4-3), The result showed that the Kindlin-2 

interaction was essentially abolished by mutation #3 (Mut3), in which 

TGG (Trp) was changed to AAA (Ser). It should be noted that mutation #4 

(Mut4), in which AGC (Ser) was changed to TTA (Leu), also significantly 

reduced Kindlin-2 interaction (Figure 4-3).    
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Figure 4-3 The potential binding sites within PTH1R for Kindlin-2 

interaction. Identification of Kindlin-2 binding site within PTH1R. Using 

the 108aa plasmid as parent plasmid, six plasmids with point mutations 

within the C9-18aa region were generated and co-transfected with full-

length Kindlin-2 expression plasmid in COS-7 cells. Proteins extracts were 

incubated with Flag antibody, followed by western blotting using Kindlin-2 

antibody. 
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5.4 Conclusion 

Collectively, our results demonstrate that Kindlin-2 interacts with the 

intracellular domain of PTH1R protein. The critical binding site for Kindlin-

2 lies in the aa474-475 region of PTH1R near cytoplasmic membrane.  
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Chapter 6. Study IV 

6.1 Aim 

Based on the above results, we next determined whether Kindlin-2 

modulates endogenous PTH/PTH1R signaling in cultured cells. 

6.2 Experimental design 

The main function of PTH is to activate the synthesis of cAMP, which is 

mediated by G protein. After binding to PTH1R, PTH leads to G protein  

subunit released from G protein. As a result, free Gs promotes the 

production of cAMP that regulates downstream signaling pathways. We 

established a PTH transient stimulation model in vitro. After PTH 

treatment, we collected cell lysis to detect Kindlin family protein and 

CREB protein expression, cAMP concentration through western blotting 

and ELISA assay, respectively.  
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6.3 Results 

6.3.1 PTH increases the expression of Kindlin-2, but not Kindlin-1 

and Kindlin-3  

The results showed that transient PTH treatment dramatically 

upregulated the protein expression of Kindlin-2 in a time-dependent 

manner, while Kindlin-1 and Kindlin-3 were not affected by PTH (Figure 

5-1).  

 

Figure 5-1 PTH treatment increases the expression of Kindlin-2.  

MC-4 cells were treated with PTH 1-34 (10-7 M) for the indicated times. 

Whole cell lysates were collected for western blotting using the indicated 

antibodies. 
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6.3.2 Knockdown of Kindlin-2 significantly inhibits PTH1R signaling   

Similar to results obtained from bone samples, PTH strongly induced the 

phosphorylation of CREB without affecting its total protein level. However, 

siRNA knockdown of Kindlin-2 dramatically reduced PTH-induced CREB 

phosphorylation in MC-4 cells (Figure 5-2 a-b). PTH stimulated cAMP 

production in MC-cells, which was completely abolished by Kindlin-2 

knockdown (Figure 5-2 c). 
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Figure 5-2 Knockdown of Kindlin-2 significantly inhibits PTH actions. 

(a) MC4 cells were transfected with control siRNA (si-NC) or si-Kindlin-2 

(si-K2) and then treated with PTH 1-34 (10-7 M) for 3h. Whole cell lysates 

were collected for western blotting using the indicated antibodies. (b) 

Quantitative analysis of protein expression of (a). (c) MC-4 cells were 

transfected with control siRNA (si-NC) or si-Kindlin-2 (si-K2) and then 

treated with PTH 1-34 (10-7 M) PTH for 3h. cAMP concentration was 

measured using an ELISA kit. Results are expressed as mean ± standard 

deviation (s.d.). *P < 0.05, **P < 0.01 and ***P < 0.001. 
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6.3.3 Overexpression of the C-terminal cytoplasmic region inhibits 

endogenous PTH/PTH1R signaling.  

We next determined whether overexpression of the C-terminal 

cytoplasmic region (PTH1R108aa) impacts endogenous PTH/PTH1R 

signaling in osteoblasts. In this experiment, MC-4 cells were transfected 

with plasmids expressing PTH1R 108aa or PTH1R 108aa (Mut3) and 

treated with or without PTH1-34 (10-7 M) for 3h. The results showed that 

overexpression of PTH1R 108aa dose-dependently reduced the PTH-

induced CREB phosphorylation (Figure 5-3 a-b). Of particular interest, 

overexpression of PTH1R-108aa (Mut3) failed to reduce the PTH-

induced CREB phosphorylation in MC-4 cells (Figure 5-3 a-b).  
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Figure 5-3 Overexpression of the C-terminal cytoplasmic region of 

PTH1R inhibits endogenous PTH/PTH1R signaling. (a) MC4 cells were 

transfected with low (800 ng, L) and high (1600 ng, H) amounts of PTH1R 

108aa (P108aa) or PTH1R 108aa (Mut3) plasmids and then treated with 

PTH 1-34 (10-7 M) for 3h. Whole cell lysates were collected for western 

blotting using the indicated antibodies. (b) Quantitative analysis of protein 

expression of (a). Results are expressed as mean ± standard deviation 

(s.d.). **P < 0.01, ***P < 0.001.  
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6.3.4 Kindlin-2 interacts with G protein Gs- in osteoblasts.  

As a G-protein coupled receptor (GPCR), PTH1R functions in concert 

with G proteins, such as Gs-. We determined whether Kindlin-2 interacts 

with G protein Gs-, a major signal transducer of GPCR that activates 

adenylyl cyclase. Whole cell extracts were isolated from MC-4 cells and 

then immunoprecipitated with Kindlin-2 antibody, and the generated 

precipitates were probed with an antibody against Gs-. Strong complex 

formation between Kindlin-2 and Gs-was detected (Figure 5-4). This 

result, along with those showing the Kindlin-2-PTH1R interaction 

(Figure4), suggests the formation of a Kindlin-2-PTH1R-Gs-tri-protein 

complex in cells. 
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Figure 5-4 The interaction between Kindlin-2 and G protein  subunit. 

Kindlin-2-Gs- interaction in osteoblasts. Protein extracts from MC-4 cells 

were incubated with Kindlin-2 antibody or IgG, and the immunocomplexes 

were separated by SDS-PAGE, followed by western blotting using 

antibodies against Gs-or Kindlin-2. 
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6.4 Conclusion 

These results demonstrated that Kindlin-2 modulates endogenous 

PTH/PTH1R signaling in cultured cells. Kindlin-2-PTH1R interaction is 

required for PTH function. 
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Chapter 7. Study V 

7.1 Aim 

To explore the effect of Kindlin-2 on PTH-mediated cell morphology and 

primary cilia growth. 

7.2 Experimental design 

F-actin staining was carried out to observe the effect of Kindlin-2 on cell 

morphology with or without PTH treatment. A specific antibody against 

acetylated tubulin was used for immunofluorescence staining for cilia 

observation. Cells were starved for 24h for to induce cilia formation prior 

to PTH treatment.  
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7.3 Results  

7.3.1 Kindlin-2 deletion disturbs PTH-induced changes in cell 

morphology 

F-actin staining in MC-4 cells revealed that PTH treatment dramatically 

increased cell retraction, whereas Kindlin-2 deletion reduced this PTH-

stimulated cell retraction compared with the si-NC group. 

 

Figure 6-1 Kindlin-2 deletion reduces PTH-induced cell retraction. 

MC-4 cells were transfected with control siRNA (si-NC) or si-Kindlin-2 (si-

K2) and then treated with PTH 1-34 (10-7 M) for 3h. The F-actin stress 

fibers and nuclei were stained with rhodamine phalloidin and DAPI, 

respectively. 
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7.3.2 Kindlin-2 deletion inhibits the primary cilia growth stimulated 

by PTH 

As PTH1R was found to be translocated to primary cilia after PTH 

treatment (Zheng, et al. 2018), we investigated whether Kinldin-2 

regulated primary cilium growth. Results from immunostaining of 

acetylated tubulin, a marker of primary cilium, revealed that Kindlin-2 loss 

significantly decreased the length of primary cilia in MC-4 cells (Figure 6-

2 a-b). Furthermore, PTH treatment significantly increased the length of 

primary cilium in MC-4 cells, which was abolished by Kindlin-2 knockdown 

(Figure 6-2 a-b). 
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Figure 6-2 Kindlin-2 loss impairs PTH-induced primary cilium growth. 

(a) siRNA knockdown. MC-4 cells were transfected with control siRNA (si-

NC) or si-Kindlin-2 (si-K2) and treated with or without PTH 1-34 (10-7 M) 

PTH for 3h. Cells were then subjected to immunofluorescence labeling of 

primary cilia using the antibody against acetylated tubulin. (b) Quantitative 

measurements of primary cilium length of (a). Results are expressed as 

mean ± standard deviation (s.d.). *P < 0.05  
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7.4 Conclusion 

The above results displayed the role of Kindlin-2 in cell morphology and 

primary cilia growth.  
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Chapter 8. Study VI 

8.1 Aim 

To determine whether there is a functional interplay between Kindlin-2 

and PTH1R in vivo.  

8.2 Experimental design 

We utilized the 10-kb Dmp1-Cre to generate Kindlin-2 or Pth1r singly 

heterozygous mice (i.e., Dmp1-Cre; Kindlin-2f/+ or Dmp1-Cre; Pth1rf/+) 

and double heterozygous mice (i.e., Dmp1-Cre; Kindlin-2f/+; Pth1rf/+). 

Three-month-old male and female mice of these three genotypes were 

subjected to daily PTH1-34 injection for 28d (n=6 for every group). PTH-

dependent anabolic activity was evaluated in these mice. The left femurs 

were fixed for micro-CT analysis and then for non-decalcified bone 

sections to evaluate the in vivo bone formation. The left tibias were fixed 

followed by decalcification for TRAP staining and bone 

immunohistochemistry. The remaining tibias and femurs were collected 

for western blot analysis to detect the intraosseous protein expression 

levels of CREB and pCREB.  
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8.3 Results  

8.3.1 Dmp1-Cre; Kindlin-2f/+; Pth1rf/+, but not Dmp1-Cre; Kindlin-2f/+ 

or Dmp1-Cre; Pth1rf/+, male mice fail to increase bone mass in 

response to intermittent PTH  

Micro-CT analyses of distal femurs of these mice showed that the double 

heterozygous mice displayed significant reductions in BMD, BV/TV, Tb.N， 

Tb.Th and an increase in Tb.Sp compared to either singly heterozygous 

mice (Figure 7-1 a-g). PTH similarly increased BMD, BV/TV, Tb.N, Tb.Th 

and Cort.Th and decreased Tb.Sp in Dmp1-Cre; Kindlin-2f/+ and Dmp1-

Cre; Pth1rf/+ mice (Figure 7-1 a-g). More importantly, PTH-induced 

increases in BMD, BV/TV, Tb.N, Tb.Th and Cort.Th and a decrease in 

Tb.Sp in either singly heterozygous mice were dramatically reduced (for 

BMD and BV/TV) or completely lost (for Tb.N, Tb.Th, Cort.Th, and Tb.Sp) 

in double heterozygous mice (Figure 7-1 a-g).  
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Figure 7-1 Kindlin-2 and Pth1r double heterozygous, but not singly 

heterozygous, male mice fail to increase bone mass in response to 

intermittent PTH. (a) Three-dimensional (3D) images of micro-

computerized tomography (CT) of distal femurs from Dmp1-Cre; Kindlin-

2f/+, Dmp1-Cre; Ptr1rf/+ and Dmp1-Cre; Kindlin-2f/+; Ptr1rf/+ male mice with 

and without PTH treatment for 28d starting at the age of 3 months. (b-g) 

Quantitative analyses of the bone mineral density (BMD), bone 

volume/tissue volume (BV/TV), cortical thickness (Cor.Th), trabecular 

number (Tb.N), trabecular separation (Tb.Sp), and trabecular thickness 

(Tb.Th) of distal femurs. Results are expressed as mean ± standard 

deviation (s.d.). *P < 0.05, **P < 0.01, ***P < 0.001. 
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8.3.2 Kindlin-2 and Pth1r double heterozygous impairs the PTH-

induced bone formation and resorption  

Results from the calcein double-labeling experiments showed that MAR 

and BFR were dramatically decreased in double heterozygous mice 

compared to those in either singly heterozygous mice (Figure 7-2 a-c). 

Furthermore, PTH dramatically increased MAR and BFR in either 

heterozygous mice, which were dramatically reduced (BFR) or completely 

lost (MAR) in in double heterozygous mice (Figure 7-2 a-c). PTH also 

increased osteoclast formation in bones of either singly heterozygous 

mice, which was completely abolished in double heterozygous mice 

(Figure 7-2 d-f). Note: double heterozygous mice had higher osteoclast 

formation than singly heterozygous mice (Figure 7-2 d-f). Finally, PTH-

induced CREB phosphorylation in singly heterozygous bones was 

dramatically decreased in double heterozygous bones (Figure 7-2 g-h).  
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Figure 7-2 Kindlin-2 and Pth1r double heterozygous display 

impaired anabolic response to intermittent PTH in bone. (a) Calcein 

double-labeling images of the mineralized surface of the non-

demineralized distal femora. Scale bars: 50 m. (b and c) Quantitative 

analyses of measurement of the mineral apposition rate (MAR) (b) and 

bone formation rate (BFR) (c). (d-f) Osteoclast formation. Quantitative 

analyses of the osteoclast surface/bone surface (Oc.S/BS) and 

osteoclast number/bone perimeter (Oc.N/BPm). (g) Western blotting. 

Freshly prepared osteocyte-enriched mid diaphyseal femoral shafts (with 

their bone marrow flushed) of 3-mo-old control and dKO male mice were 

cultured in 10% FBS/-MEM medium and treated with or without PTH 1-

34 (10-7 M) for 3h in vitro, followed by preparation of protein extracts from 

the bone shafts and western blotting for expression of the indicated 

proteins. (L) Quantitative data of (K). Results are expressed as mean ± 

standard deviation (s.d.). *P < 0.05. **P < 0.01, ***P < 0.001. 
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8.3.3 Kindlin-2 and Pth1r double heterozygous, but not singly 

heterozygous, female mice fail to increase bone mass in response 

to intermittent PTH  

Micro-CT analyses of distal femurs of female mice showed the similar 

results to male mice. Double heterozygous female mice displayed 

significant reductions in BMD, BV/TV, Tb.N, and an increase in Tb.Sp 

compared to either singly heterozygous mice (Figure 7-3 a-g). PTH 

similarly increased BMD, BV/TV, Tb.N, and decreased Tb.Sp in Dmp1-

Cre; Kindlin-2f/+ and Dmp1-Cre; Pth1rf/+ mice (Figure 7-3 a-g). More 

importantly, PTH-induced increases in BMD, BV/TV, Tb.N, and a 

decrease in Tb.Sp in either singly heterozygous mice were dramatically 

reduced (BV/TV and Tb.N) or completely lost (for BMD, and Tb.Sp) in 

double heterozygous mice (Figure 7-3 a-g). 
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Figure 7-3 The bone mass and responsiveness to PTH of Dmp1-Cre; 

Kindlin-2f/+; Ptr1rf/+ female mice are dramatically reduced. (a) Three-

dimensional (3D) micro-CT images of distal femurs from Dmp1-cre; 

Kindlin-2f/+, Dmp1-cre; Ptr1rf/+ female mice and Dmp1-cre; Kindlin-2f/+; 

Ptr1rf/+ with and without PTH treatment for 28d starting at the age of 3 

months. (b-g) Quantitative analysis of bone parameter for BMD, BV/TV, 

Tb. N, Tb. Sp, Tb. Th and Cor. Th of distal femur. Results are expressed 

as mean ± standard deviation (s.d.). *P < 0.05, **P < 0.01 and ***P <0.001. 
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8.4 Conclusion 

Collectively, these results demonstrate that Kindlin-2 and PTH1R act in 

the same genetic pathway in regulation of osteoblast and osteoclast 

function, bone mass and the anabolic actions of PTH in bone.  
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Chapter 9. Discussion 

In this study, we for the first time demonstrate an essential role of Kindlin-

2 in PTH signaling. Kindlin-2 deletion in osteocytes significantly impairs 

the anabolic actions of PTH in bone in adult mice. In addition, Kindlin-2 

loss dramatically reduces basal and PTH-induced bone mass in 

ovariectomized mice. The fact that Kindlin-2 interacts with PTH1R 

through its C-terminal 128aa cytoplasmic domain and that knockdown of 

Kindlin-2 in vitro remarkedly reduces PTH-induced phosphorylation of p-

CREB and cAMP activation demonstrate the crucial role of Kindlin-2 in 

PTH signaling. More importantly, Dmp1-Cre; Kindlin-2f/+; Pth1rf/+, but not 

Dmp1-Cre; Kindlin-2f/+ or Dmp1-Cre; Pth1rf/+, mice fail to increase bone 

mass in response to intermittent PTH, which indicates that Kindlin-2 and 

PTH1R act in the same genetic pathway.  

Kindlin-2 is the earliest Kindlin family member reported to be involved in 

integrin-mediated cell adhesion and plays an important role in regulating 

skeletal muscle development (Wu, et al. 2015, Rogalski, et al. 2000). Our 

previous studies have confirmed that Kindlin-2 knockout in osteocytes 

leads to severe osteopenia. One of the mechanisms is that Kindlin-2 

knockout greatly reduces bone formation by boosting Sclerostin 

expression, and increases bone resorption by upregulating Rankl 

expression (Cao, et al. 2020). It is well documented that intermittent PTH 
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treatment promotes bone formation. Several mechanisms have been 

reported to be involved in this process, including inhibiting osteoblast 

apoptosis, increasing the number of osteoblasts, and stimulating early 

stem cells to differentiate into osteoblasts (Nishida, et al. 1994, Balani, et 

al. 2017, Fan, et al. 2017). What’s more, PTH can down-regulate the 

expression of Sclerostin to activate the WNT signaling pathway (Bellido, 

et al. 2005). It is noted that PTH also stimulates bone resorption by up-

regulating the expression of RANKL (Nakashima, et al. 2011). The effects 

of PTH on bone formation and bone resorption are confirmed in the 

present study. Failure to respond to intermittent PTH treatment in Dmp1-

Cre; Kindlin-2f/f mice raised two key issues that need to be solved in this 

study: why the anabolic actions of PTH is significantly compromised after 

Kindlin-2 knockout in osteocytes and what is the role of Kindlin-2 in this 

process.  

The ovariectomized (OVX) model is widely used for postmenopausal 

osteoporosis study (Iwaniec, et al. 2006). We were surprised to find that 

Kindlin-2 loss severely impaired the anabolic effects of intermittent PTH 

on bone in Dmp1-Cre; Kindlin-2f/f mice with OVX. PTH-stimulated 

changes in bone parameters were almost lost in cKO mice. 

Immunofluorescence staining of bone sections showed that the 

expression of Kindlin-2 was significantly reduced after OVX in cortical 



 

76 

 

bone, where a large number of osteocytes reside. The result clarifies the 

reasons why the response to PTH disappears completely in Dmp1-cre; 

Kindlin-2f/f mice with OVX and implies that Estrogen may regulate the 

expression of Kindlin-2 in bone. Further studies are required and we 

cannot rule out other potential mechanisms to explain this phenomenon.  

Considering that Kindlin-2 plays an important role in PTH signals and that 

Kindlin-2 is located in the cytoplasm of the cell, we investigated the 

relationship between Kindlin-2 and PTH1R which is located on the cell 

membrane. PTH1R is a type II G-protein coupled receptor (GPCR) which 

is highly expressed in bone and kidney, and consists of the N-terminal 

extracellular domain, seven-transmembrane domain, and C-terminal tail. 

The mouse PTH1R intracellular domain has 128 amino acids. After a 

series of plasmid deletion and mutation experiments, we finally confirmed 

the key Kindlin-2 binding region of 474 to 475 amino acids in the C-

terminal region of PTH1R. Interestingly, it is also the similar region 

through which G protein  subunit (Gs) binds to PTH1R (Zhao, et al. 

2019). As one of the most important subunits of the G protein, deletion of 

Gs in osteoblasts contributed to reduced bone turnover (Sakamoto, et 

al. 2005). Binding of the hormone to PTH1R causes the conformation 

change of G protein leading to GTP-bound G release. Free Gs 

activates cyclic adenosine (AC), which further activates the synthesis of 
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the second messenger cAMP to regulate downstream signaling pathway 

(Luo, et al. 2019, Bastepe, et al. 2017). Notably, we also found that 

Kindlin-2 could interact with Gs, suggesting that PTH1R, Kindlin-2, and 

Gs may jointly form a tri-protein complex near the cell membrane to 

regulate PTH signal transduction. It is important that the exact structure 

of this complex is analyzed by structural biology methods in the future.  

In present study, we demonstrated that Kindlin-2 deletion blocks PTH-

stimulated cAMP activation and consequently reduces the expression of 

phosphorylation CREB, the cAMP response element binding protein. The 

phosphorylation of CREB stimulated by PTH promotes the binding of 

CREB to cAMP response elements (CREs) and is essential for CREB to 

activate target genes transcription, including many osteoblast-specific 

genes such as osteocalcin (Jiang, et al. 2004), BMPR2 (Zhou, et al. 2017) 

and beta-catenin (Guo, et al. 2010). Therefore, a decreased response to 

PTH due to the lack of Kindlin-2 may further lead to disorders related to 

bone formation defects.  

PTH1R has an indispensable role in the regulation of bone homeostasis. 

Conditional knockout of PTH1R in mesenchymal stem cells, osteoblasts 

and osteocytes cause low bone mass and bone development disorders 

(Powell, et al. 2011, Fan, et al. 2017, Qiu, et al. 2015). In current study, 

we have generated double heterozygous mice for Kindlin-2 and Pth1r 
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expression using Dmp1-cre. We found that single heterozygous mice 

have normal bone mass. In contrast, Kindlin-2/Pth1r double heterozygous 

mice exhibit a marked decrease in bone mass and low response to PTH 

treatment， indicating that Kindlin-2 and PTH1R could be functionally 

involved in the same genetic pathway in regulation of PTH actions.   

Intermittent injection of recombinant human parathyroid hormone (iPTH) 

has been proved for the clinical treatment of osteoporosis. Teriparatide, a 

PTH analog that is an FDA approved drug for osteoporosis treatment, is 

capable of increasing hip and spine bone mineral density and reduced 

the risk of vertebral and non-vertebral fractures (Leder 2017). However, 

the teriparatide-induced bone formation peaks after 6-12 months of 

therapy, after that the stimulation of osteoblast starts to wane which limits 

the further clinical application of PTH analogs for longer periods. Given 

the critical role of Kindlin-2 in PTH/PTH1R signaling, there are two 

potential clinical applications of Kindlin-2 worth consideration. First, 

whether the combination of teriparatide and Kindlin-2 will be able to 

prolong the treatment periods and get better therapeutic effect. Second, 

for patients who do not respond to teriparatide treatment, is it because 

the expression of Kindlin-2 has been reduced in bone and will the 

combination use of teriparatide and Kindlin-2 be effective? These 

conjectures need to be verified in future study.  
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In summary, our findings will be a landmark discovery in cell biology, 

uncovering a novel role of Kindlin-2 in mediating PTH/PTH1R signaling 

and provide a new theory for the PTH signaling in osteocytes and 

potential clinical application of PTH.  
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