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Mechanosensor polycystin-1 potentiates differentiation of human
osteoblastic cells by upregulating Runx2 expression via induction
of JAK2/STAT3 signaling axis
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Abstract Polycystin-1 (PC1) has been proposed as a chief

mechanosensing molecule implicated in skeletogenesis and

bone remodeling. Mechanotransduction via PC1 involves

proteolytic cleavage of its cytoplasmic tail (CT) and

interaction with intracellular pathways and transcription

factors to regulate cell function. Here we demonstrate the

interaction of PC1-CT with JAK2/STAT3 signaling axis in

mechanically stimulated human osteoblastic cells, leading

to transcriptional induction of Runx2 gene, a master regu-

lator of osteoblastic differentiation. Primary osteoblast-like

PC1-expressing cells subjected to mechanical-stretching

exhibited a PC1-dependent increase of the phosphory-

lated(p)/active form of JAK2. Specific interaction of PC1-

CT with pJAK2 was observed after stretching while pre-

treatment of cells with PC1 (anti-IgPKD1) and JAK2

inhibitors abolished JAK2 activation. Consistently,

mechanostimulation triggered PC1-mediated phosphoryla-

tion and nuclear translocation of STAT3. The nuclear

phosphorylated(p)/DNA-binding competent pSTAT3

levels were augmented after stretching followed by ele-

vated DNA-binding activity. Pre-treatment with a STAT3

inhibitor either alone or in combination with anti-IgPKD1

abrogated this effect. Moreover, PC1-mediated

mechanostimulation induced elevation of Runx2 mRNA

levels. ChIP assays revealed direct regulation of Runx2

promoter activity by STAT3/Runx2 after mechanical-

stretching that was PC1-dependent. Our findings show that

mechanical load upregulates expression of Runx2 gene via

potentiation of PC1–JAK2/STAT3 signaling axis, culmi-

nating to possibly control osteoblastic differentiation and

ultimately bone formation.
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Introduction

Mechanical forces have a decisive impact on bone

remodeling, a vital process for preservation of the skele-

ton’s structural integrity, regeneration of damaged bone

and maintenance of metabolic homeostasis, holding great

promise for bone-tissue engineering and orthopedic treat-

ments [1]. Mechanical competence of bone tissue relies on

its adaptive ability to reform its mass, three dimensional

structure and mechanical properties to meet the prevailing

dynamic loading environment. Resident bone cells

including osteoblasts, osteocytes and osteoclasts regulate

bone’s adaptive response by perceiving and translating

mechanical energy into a cascade of structural and bio-

chemical changes within the cells [2]. Previous studies

from our group have shown that mechanical stimuli applied

on osteoblastic cells induce activation of tissue-specific
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transcription factors such as Runt-related transcription

factor 2 (Runx2) and activator protein-1 (AP-1) to integrate

upstream signaling pathways eventually modulating ana-

bolic cell responses [3–7].

Significant advances have been made over the last

years towards identification of mechanosensing proteins,

intracellular pathways and nuclear factors that cooperate

to control osteoblast response to mechanical signals

[1, 5, 6, 8, 9]. Animal models have revealed polycystin-1

(PC1; encoded by Pkd1 gene) as a key mechanosensing

molecule in osteoblasts with a primary role in bone

formation and regulation of skeletogenesis [8, 9]. PC1 is

proposed to ‘sense’ mechanical forces either directly or

indirectly through interaction of its long extracellular

domain with most mechanosensing proteins [10–12].

Upon mechanical stimulation, the C-terminal cytoplas-

mic tail (CT) of PC1 is proteolytically cleaved and

released from the membrane, eliciting a mechanore-

sponse. Nuclear translocated CT has been shown to

interact with several transcription factors such as AP-1

and signal transducer and activator of transcription 3

(STAT3) affecting transcriptional gene regulation and

cell function [10–14].

Studies of Pkd1-deficient mice demonstrate the essential

role of PC1 in the induction of osteoblast mechanoresponse

to mechanical loading [15]. Pkd1m1Bei homozygous

mutant mice (bearing inactivating missense mutations of

Pkd1 gene) exhibit decreased expression of the master

regulator of osteoblast differentiation, Runx2 and abnormal

bone development, whereas heterozygous mice present

osteopenia [16]. Moreover, conditional deletion of Pkd1 in

osteoblasts causes a gene dosage-dependent reduction in

bone development and a proportional reduction of

osteoblastic gene expression including Runx2-II isoform

[17].

Although there is evidence for the critical role of PC1 in

proliferation and differentiation of mechanically stimulated

bone cells, the underpinning intracellular pathways medi-

ating this response in osteoblasts remain elusive.

In different cell types, PC1 CT cleavages have been

associated with modulation of the mammalian target of

rapamycin (mTOR), cAMP and Wnt signaling pathways

[18, 19]. Studies in pre-osteoblastic cell line MC3T3-E1

have shown that PC1 mediates proliferation and differen-

tiation induced by mechanical tensile strain via the Akt/b-
catenin pathway and Ca2? signaling [20], while overex-

pression of PC1 CT in the same cell line enhances the

Runx2 distal promoter activity [16]. Furthermore, in an

in vitro model of mechanically stimulated human osteo-

blast-like cells we have shown that PC1 regulates

osteoblastic gene expression via the calcineurin/nuclear

factor of activated T-cells (NFAT) signaling pathway with

potential control on bone formation [21].

Recent evidence indicates the capacity of PC1 to regu-

late the activity of the STAT transcription factors in

experimental autosomal polycystic kidney disease (APKD)

in vitro and in vivo models [22, 23]. PC1 has been reported

to directly activate STAT1 and STAT3 via Janus kinase 2

(JAK2) that is associated with PC1-CT in renal HEK293T

cells. Additionally, in renal epithelial cells, PC1-CT was

shown to function as a nuclear co-activator of STAT1/3/6

along with cytokines and growth factors [22, 23]. Inter-

estingly, studies on JAK and STAT knock-out mice have

revealed a crucial role of the JAK/STAT signaling cascade

in bone development and metabolism [24]. Compared to

other STATs, profound effects of STAT3 have been shown

on bone homeostasis mainly involving transduction of

anabolic signals in osteoblasts and promotion of differen-

tiation. Inactivation of STAT3 resulted in unresponsive

osteoblasts to mechanical loading and limited bone for-

mation in knock-out mice [25].

Runx2 is tightly related to osteoblastic differentiation

during bone development and remodeling. Importantly,

previous work from our group demonstrates that Runx2

gene harbors functional STAT3-binding sites on its pro-

moter and can physically interact with STAT3 upon

stimulation of osteoblasts with growth hormone (GH)

[26, 27]. Additional studies in pre-osteoblast MC3T3-E1

cells reinforce this interaction by showing that Runx2 is

regulated by STAT3 during the differentiation process in

the presence of heparin sulfate [28] and interleukin (IL)-6

[24]. Therefore, a direct link of PC1–JAK2/STAT3 sig-

naling and Runx2 induction in mechanically stimulated

osteoblasts was speculated.

This study investigates the ability of PC1 to deliver

mechanical stimuli to human osteoblastic cells through

JAK/STAT pathways eventually regulating cell differenti-

ation. Indeed, the results of our experiments suggest an

essential role of PC1 in the activation of JAK2/STAT3

cascade and positive regulation of Runx2 promoter activity

upon mechanical loading of osteoblastic cells, posing that

PC1–JAK/STAT axis could be a potential novel target for

enhancing bone formation.

Materials and methods

Reagents and antibodies

Cell culture media (including fetal bovine serum, FBS) and

all tissue culture reagents were obtained from Invitrogen

(CA, USA). The anti-CT rabbit polyclonal antibody was

kindly provided by Baltimore PKD Core Center (Univer-

sity of Maryland, USA; see ‘‘Acknowledgements’’) [29].

The inhibitory anti-IgPKD1 antibody was a generous gift

from Dr. O. Ibraghimov-Beskrovnaya (Genzyme, MA,
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USA) [30, 31]. The PC1 antibody (sc-130554, mouse

monoclonal) was obtained from Santa Cruz Biotechnology

(CA, USA). The STAT3 antibody (G.659.4, mouse mon-

oclonal) was purchased from Thermo Scientific (IL, USA),

the human actin antibody (MAB-1501, mouse monoclonal)

was purchased from Millipore (MA, USA) and the SP-1

antibody (sc-59) was purchased from Santa Cruz

Biotechnology. The JAK2 (ab37226, mouse monoclonal),

pJAK2 (ab32101, rabbit monoclonal) and pSTAT3

(ab76315, rabbit monoclonal) antibodies were obtained

from Abcam (UK). The secondary antibodies used for

western immunoblotting were purchased from Thermo

Scientific (Ontario, Canada) and Millipore (goat anti-

mouse 31430 and goat anti-rabbit AP132P, respectively)

and those used for immunofluorescence (goat anti-rabbit

sc-2780 and goat anti-mouse sc-2010) were from Santa

Cruz Biotechnology. The JAK2 inhibitor AG490 (658491)

and the STAT3 inhibitor VII (ethyl-1-(4-cyano-2,3,5,6-te-

trafluorophenyl)-6,7,8-trifluoro-4-oxo-1,4-dihydroquino-

line-3-carboxylate) were purchased from Calbiochem

(Merck, Germany). DAPI and all other chemical reagents

were from Sigma-Aldrich Chemie (Germany). Duolink

in situ Ligation Kit (92004, 92006, 92002, 92007) was

obtained from Olink Bioscience (Uppsala, Sweden). All

FACS reagents were purchased from BD Biosciences (NJ,

USA). The STAT3-TransAM Kit and the ChIP-IT High

Sensitivity Kit (53040) were purchased from Active Motif

(CA, USA). The SimpleChIP Human Runx2 Promoter

Primers (12376), the Runx2 antibody (8486, rabbit mono-

clonal) and the normal rabbit IgG (2729) were obtained

from Cell Signaling Technology (MA, USA). The

oligonucleotides used were custom ordered from

Invitrogen.

Cell cultures

Human osteoblastic cells (i.e. cells with the potential to

differentiate into mature osteoblasts) were obtained from

explant cultures of periodontal ligament tissues as detailed

previously [4–7]. These cells have well-established osteo-

blast-like properties (hence pre-osteoblasts) as verified by

the intense immunohistochemical staining for alkaline

phosphatase and vimentin, a highly reliable marker of cells

originating from the mesenchyme [3]. The cells were

maintained in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10 % FBS and antibiotics.

All experiments were carried out with cells from the third

to the sixth passage after being checked for their

osteoblastic characteristics.

All experiments were carried out in accordance with the

approved guidelines and regulations set by the Ethics

Committee of the National and Kapodistrian University of

Athens Medical School. Furthermore, the entire study

protocol was approved by the Ethics Committee of the

National and Kapodistrian University of Athens Medical

School.

Mechanical stretch application and treatment

of cultured human osteoblastic cells

Approximately 4 9 105 cells were seeded onto 50-mm

dishes with a flexible, hydrophilic growth surface (Sarstedt,

Germany) and cultivated until they reached confluence.

The medium was then changed to DMEM supplemented

with 0.1 % FBS, to remain quiescent. Twenty-four hours

later, the cell cultures were stretched continuously for the

indicated periods of time employing an established

stretching apparatus, as detailed previously [4–7]. This

stretching system allows mechanical stimulation of human

osteoblastic cells to be quantitated by calculating the per-

cent expansion of the membrane at the bottom surface of

the culture dishes using a specific formula previously

described [4, 6, 32, 33]. The percentage of stretch applied

to the cells in our study was 2.5 %, an amount that closely

resembles the strain forces/mechanical load exerted on

osteoblastic cells in vivo [4, 5].

Control (unstretched) cultures were incubated under the

same conditions for the minimum and maximum period of

stretch application. Cells were treated with the inhibitors

AG490 (25 lM) and STAT3 VII (4 lM) for 2 h and

inhibitory anti-IgPKD1 antibody (dilution 1:50) for 3 h

prior to stretching in starvation medium.

Western immunoblotting

After stretch application, cells were washed with ice-cold

phosphate-buffered saline (PBS) and whole-cell, cytoplasmic

or nuclear lysates were obtained as follows. Total cell extracts

were prepared in SDS sample buffer as described [34–36].

Cytoplasmic and nuclear extracts were prepared according to

Schreiber et al. [36], except that the nuclear pellet was

extracted with 20 mM HEPES–NaOH, pH 7.5, 20 % glyc-

erol, 0.38 M NaCl, 2 mM MgCl2, 10 mM NaF, 10 mM

[Na2]-b-glycerophosphate, 10 mM [Na2]p-nitrophenyl

phosphate, 0.1 mM Na3VO4, 2 mM phenylmethylsulfonyl

fluoride, 5 lg/ml aprotinin, 2 lg/ml pepstatin, 2 lg/ml leu-

peptin and 2 mM dithiothreitol. All protein extracts were

aliquoted and stored at-80 �C until use.

Protein extracts were resolved in 10 % SDS–polyacry-

lamide gels followed by electrotransfer onto

polyvinylidene fluoride membranes (Amersham Bio-

sciences, Germany). Membranes were blocked for 1 h at

room temperature with 5 % milk in Tris-buffered saline

with Tween (TBST; 10 mM Tris–HCl, pH 7.4, 150 mM

NaCl, 0.1 % Tween-20) and probed with the primary

antibody overnight at 4 �C. After incubation with a
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horseradish peroxidase-conjugated secondary antibody

(Sigma-Aldrich Chemie), immunoreactive bands were

visualized by the enhanced chemiluminescence (ECL) Kit

(Amersham Biosciences, Germany).

The primary antibodies were used at the following

dilutions: anti-pJAK2, 1:250, anti-pSTAT3, 1:200 and anti-

actin, 1:5000. Both secondary antibodies (goat anti-mouse

IgG, goat anti-rabbit IgG) were used at a 1:2500 dilution.

Duolink proximity ligation assay (PLA) and image

analysis

Duolink PLA is a method that enables the visualization of

protein–protein interactions in cells using fluorescence

detection. PLA retains the dependency of proximal binding

of antibodies and provides a mean for signal amplification

[37]. This technology utilizes DNA oligonucleotides con-

jugated to antibodies (proximity probes) to provide a

template for ligation of subsequently added circularization

DNA oligonucleotides (http://www.sigmaaldrich.com/life-

science/molecular-biology/molecular-biology-products.

html?TablePage=112232138). The ligation will only

generate circular products if the proximity probes bind in

close proximity. The length and orientation of the oligonu-

cleotides, as well as the size of the affinity reagents,

determine the distance requirement for in situ PLA. Once a

circular ligation product is formed, it can be amplified by

rolling circle amplification (RCA). The signal amplification

provided by RCA facilitates detection of single ligation

events and also enumeration and analysis by a specific

digital image processing tool. PLA probes, anti-goat PLUS,

anti-mouse MINUS and detection reagent Duolink II red

were obtained from Olink Bioscience.

Human osteoblastic cells were serum-deprived in med-

ium containing 0.1 % FBS for 24 h and exposed to

mechanical stretch for 1 h. The cells were cultured either

on coverslips (unstretched) or on the flexible, hydrophilic

growth surface plates (stretched). After reaching *75 %

confluency in culture, cells were starved overnight and the

next day subjected to mechanical stretch. Immediately

afterwards, the cells were fixed with 4 % paraformalde-

hyde (PFA) in PBS for 10 min at room temperature.

Following permeabilization for 10 min at room tempera-

ture, PLA was performed according to the Duolink II

protocol using different sets of primary antibodies (CT/

JAK2 and CT/pJAK2). For controls, one of the primary

antibodies of each set was omitted and the protocol was

carried out without any further changes. Coverslips and

membranes were mounted with DII mounting medium

containing DAPI (Olink Bioscience). Cells were then

incubated with the PLA probes diluted 1:5 in antibody

diluent (Olink Bioscience) in a humidified chamber for 1 h

at 37 �C. Subsequent hybridization, ligation, amplification

and detection were performed according to manufacturer’s

instructions, as detailed before [37].

Fluorescence images were acquired using a Zeiss

Axiovert microscope (Carl Zeiss Microscopy, Thornwood,

NY, USA). For each coverslip, images were taken from at

least ten randomly selected fields of view. Data analysis

was performed using Duolink ImageTool Software that had

been developed for quantification of PLA signals. For

statistical analysis, the resulting ‘PLA signals per cell’ in

all groups were normalized to the mean value of the control

group. Representative images for each condition were

prepared for figure presentation by applying brightness and

contrast adjustments uniformly using Adobe Photoshop

CS5 software.

Fluorescence-activated cell sorting (FACS) analysis

Human osteoblastic cells were treated as described in

previous sections and exposed to mechanical stretch. After

the set time points, cells were harvested and fixed with 1 %

PFA for 15 min at room temperature. Cells were perme-

abilized with 0.01 % glycine in PBST (PBS with 0.01 %

Triton X-100) for 20 min and blocked for 20 min with 5 %

BSA in PBS with 0.01 % Tween-20. Following washing

with PBS, samples were further incubated with the sec-

ondary antibody (1:250) for another hour at room

temperature. Finally, cells were washed twice, resuspended

in PBS and subjected to analysis. A total of 10,000 events

were analyzed per sample. All antibody incubations were

performed at room temperature. Flow cytometry analyses

were performed in a FACSCalibur flow cytometer using

Cell Quest software (BD Biosciences). The antibodies used

were: PC1 at 1:500 dilution; JAK2, pJAK2, STAT3 and

pSTAT3 at 1:200 dilution.

TransAM DNA-binding assay

Nuclear protein extraction from cells was performed as

described previously [36]. Five micrograms of nuclear

extract were tested for STAT3 DNA-binding activity by

employing STAT3-TransAM kit, using the STAT con-

sensus binding site (50-TTCCCGGAA-30) and a specific

pSTAT3 antibody, according to manufacturer’s instruc-

tions (Active Motif). The results (optical density

measured at 450 nm) were expressed as percentage

increase over basal (untreated cells). All samples were run

in triplicates.

RNA isolation

Human osteoblastic cells were serum-deprived in medium

containing 0.1 % FBS for 24 h and exposed to mechanical

stretch for various time points (cells were pre-treated with

924 G. Dalagiorgou et al.

123

http://www.sigmaaldrich.com/life-science/molecular-biology/molecular-biology-products.html%3fTablePage%3d112232138
http://www.sigmaaldrich.com/life-science/molecular-biology/molecular-biology-products.html%3fTablePage%3d112232138
http://www.sigmaaldrich.com/life-science/molecular-biology/molecular-biology-products.html%3fTablePage%3d112232138


specific inhibitors in certain experiments). Total RNA was

isolated using the RNeasy Mini Kit (Qiagen, CA, USA)

according to manufacturer’s instructions and cDNA was

synthesized using the Fermentas Reverse Transcriptase

(Maxima RT, EP0741, Fermentas, Ontario, Canada).

Semi-quantitative PCR analysis

End-point PCR analysis was performed for the human

Runx2 gene using the Maxima Hot Start Green PCR Master

Mix (K1069, Fermentas) according to manufacturer’s

instructions. The human Runx2 promoter (-621 to -587)

specific primers containing an OSE2 motif (ACCACA) and

an adjacent putative STAT-binding site (TGccaGGAA)

have been previously described [26] and were used for end-

point PCR of chromatin preparations (see below). The

semi-quantitative PCR approach was performed in parallel

by assaying human actin mRNA levels as a reference gene,

as described previously [38].

End-point PCR for each gene was performed as follows:

for Runx2, 32 cycles and 59 �C annealing; for actin, 28

cycles and 57 �C annealing. Reaction products were veri-

fied on a 2 % agarose gel with size markers (New England

Biolabs, MA, USA) and stained with ethidium bromide.

The intensity of density area was analyzed using the

Quantity-One Program (Bio-Rad Laboratories, CA, USA).

The final PCR product was expressed as the ratio to actin

used for scanning analysis.

Real time RT-PCR analysis

Expression of Runx2 and gapdh genes was determined by

real time RT-PCR using the iCycler MyiQ detection sys-

tem (Bio-Rad Laboratories), SYBRGreen (Qiagen) and

specific primers for Runx2 (Hs_RUNX2_1_SG QuantiTect

Primer Assay (200) QT00020517 (NM_004348,

NM_001015051, NM_001024630) (https://www.qiagen.

com/fi/shop/pcr/real-time-pcr-enzymes-and-kits/two-step-

qrt-pcr/quantitect-primer-assays/?catno=QT00020517&auto

Suggest=true#geneglobe) and for gapdh (Hs_GAPDH_

2_SG QuantiTect Primer Assay QT01192646 (NM_002046,

NM_001289745) (https://www.qiagen.com/fi/shop/pcr/real-

time-pcr-enzymes-and-kits/two-step-qrt-pcr/quantitect-primer-

assays/?catno=QT01192646#geneglobe) as described previ-

ously [39, 40]. One microliter of cDNA was amplified as a

template in a 25-ll reaction mixture containing 12.5 ll
2 9 QuantiFast SYBRGreen PCR Master Mix (Qiagen),

2.5 ll of primers and 9 ll deionized water. The mixture was

heated initially at 95 �C for 5 min and then followed by 40

cycles with denaturation at 95 �C for 10 s and combined

annealing/extension at 60 �C for 30 s. Data were analyzed by

the comparative threshold cycle method.

Chromatin immunoprecipitation (ChIP) and real

time PCR

For the ChIP experiments, the ChIP-IT High Sensitivity Kit

that enables identification of transcription factor-binding to

specific DNA loci was used according to manufacturer’s

instructions (Active Motif). Osteoblastic cells chromatin

was prepared according to the manual using between

10,000 and 100,000 cells per chromatin preparation. The

immunoprecipitation reaction was performed using previ-

ously tested high quality antibodies against: Runx2 (rabbit

monoclonal, 5 ll per sample; Cell Signaling Technology),

pSTAT3 (rabbit monoclonal, 5 ll per sample; Abcam), or

normal rabbit IgG as negative control (2 ll per sample;

Cell Signaling Technology).

The enriched DNA was initially quantified by real time

PCR using the SimpleChIP Human Runx2 Promoter Pri-

mers (Cell Signaling Technology) according to

manufacturer’s instructions. Real time PCR was run using

the iCycler MyiQ detection system (Bio-Rad Laborato-

ries), SsoAdvancedTM Universal SYBR� Green

Supermix (Bio-Rad Laboratories) and specific primers

(Cell Signaling Technology). Five microliters of cDNA

was amplified as a template in a 25-ll reaction mixture

containing 12 ll 2 9 qPCR mix (dNTPs, Sso7d fusion

polymerase, MgCl2, SYBR
� Green I, ROX normalization

dyes; Bio-Rad Laboratories), 2 ll of primers and 6 ll
deionized water. The mixture was heated initially at

95 �C for 3 min and then followed by 40 cycles with

denaturation at 95 �C for 15 s and combined annealing/

extension at 65 �C for 60 s.

Furthermore, the same enriched DNA was quantified

by end-point PCR employing specific primers for a pre-

viously described human Runx2 promoter sequence [26].

The forward oligonucleotide sequence used is: OSE2–

STAT, 50-CCTTCTGGATGCCAGGAAAGGCCTTAC-
CACAAGCC-30 (derived from the human Runx2

promoter (-621 to -587) and containing an OSE2 motif

(ACCACA) and an adjacent putative STAT-binding site

(TGccaGGAA) [26]. Cycle information for Runx2: 32

cycles and 59 �C annealing. As negative control, a

commercially available set of primers were used to

amplify a non-coding region of the promoter (Active

Motif). Reaction products were verified on a 3 % agarose

gel with size markers (New England Biolabs) and stained

with ethidium bromide. The intensity of density area was

analyzed using the Quantity-One Program (Bio-Rad

Laboratories). For data analysis subtraction of the irrel-

evant IgG background was performed and the results

were plotted as ‘Fold enrichment or enrichment relative

to the input’ where input refers to untreated cells without

any antibody.
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Image and data analysis

For densitometry quantification analysis, three independent

Western blot and end-point PCR results were analyzed

using the Quantity-One Program (Bio-Rad Laboratories).

RT-PCR data were analyzed by the comparative threshold

cycle method.

Statistical analysis was performed using the SPSS V16.0

program. Differences between two groups were assessed

using analysis of variances followed by a Student’s t test

and one-way ANOVA (*P\ 0.05, n.s. = not significant).

Results

Mechanical stretching activates JAK2 in human

osteoblastic cells via PC1

To explore the effect of mechanical stress on JAK2 acti-

vation in human osteoblastic cells, we mechanically

stimulated (stretched) primary osteoblast-like cells (pre-

osteoblasts) for 1/2, 1 and 6 h as previously described

[3, 21]. Western immunoblot analysis was performed in

whole-cell extracts obtained from unstretched and

mechanically stretched cells at all time points. Phospho-

rylated(p)/active JAK2 (pJAK2) protein levels increased at

1 h of mechanical stretching compared to unstretched

controls (P\ 0.001). Total JAK2 levels remained

unchanged throughout these time points (Fig. 1a, b).

To verify the specificity of JAK2 activation upon

mechanical stimulation and the involvement of PC1 in this

process, we treated osteoblastic cells with a potent JAK2

inhibitor (AG490) or/and an antibody that blocks the

mechanosensing extracellular N-terminal part of PC1 (anti-

IgPKD1) prior to mechanical strain application for the

aforementioned time points. PC1, pJAK2 and total JAK2

levels were further evaluated by fluorescence-activated cell

sorting (FACS) analysis of whole-cell suspensions

(Fig. 1c–g). PC1 levels were not significantly altered after

exposure of cells to mechanical load with or without pre-

treatment with the inhibitors for the indicated time points,

as previously observed [21] (data not shown). However,

after 1/2 h of mechanical stretching there was a notable rise

of pJAK2 that continued to increase significantly up to 6 h

(P\ 0.05, Fig. 1c, d). By contrast, the total JAK2 species

did not show any considerable changes throughout the

experimental time period (Fig. 1c, d). Pre-treatment of

osteoblastic cells with the above inhibitors, either alone or

in combination, effectively reversed the activation of JAK2

upon mechanical stimulation (Fig. 1c–g). Specifically,

treatment of cells with both anti-IgPKD1 and AG490 prior

to mechanical stimulation led to complete loss of the

observed increase in pJAK2 levels (Fig. 1e). Treatment of

cells with either anti-IgPKD1 (Fig. 1f) or AG490 alone

(Fig. 1g) prior to mechanical strain application resulted in

marked reduction of pJAK2 levels, suggesting that JAK2

activation in osteoblastic cells after mechanical stretching

is PC1-dependent.

Mechanical stretching induces a strong interaction

of PC1-CT and pJAK2 in human osteoblastic cells

To detect possible protein–protein interaction (complex

formation) between PC1-CT and pJAK2 or JAK2 in human

osteoblastic cells upon mechanical stretching, we

employed the Duolink antibody-based proximity ligation

assay (PLA) as previously described [41]. Using specific

antibodies directed against the PC1-CT and either JAK2 or

pJAK2, a specific interaction was observed between PC1-

CT/JAK2 and PC1-CT/pJAK2 in osteoblastic cells

(Fig. 2a, b). Specifically, a PC1-CT/JAK2 complex was

observed in unstretched cells (Fig. 2a, top left) that was

significantly reduced after 1 h of stretching (P\ 0.05,

Fig. 2a, top middle). This finding suggests that the CT of

PC1 is in close proximity to and interacts physically with

JAK2 in quiescent osteoblastic cells, whereas mechanical

stimulation significantly lessens this interaction. Further-

more, strong complexes (dimers) were observed between

PC1-CT and pJAK2 upon mechanical stretching of cells for

1 h (Fig. 2a, bottom middle). The ratio of interactions

(complex formation) of PC1-CT/JAK2 and PC1-CT/

pJAK2 in unstretched cells is increased by three-fold in

mechanically stimulated cells (0.53 vs. 1.74, respectively,

Fig. 2b). Control experiments performed with rabbit pre-

immune serum or AG490 or without primary antibody

against PC1-CT, JAK2 or pJAK2 prior to stretching yiel-

ded no fluorescent signal, verifying the specificity of the

detected PC1-CT/JAK2 and PC1-CT/pJAK2 protein–pro-

tein interactions (Fig. 2a). These results indicate the

specific interaction of PC1-CT with pJAK2 upon

mechanical stimulation of osteoblastic cells.

Mechanical stretching augments pSTAT3

translocation to the nucleus by activating JAK2/

STAT3 signaling pathway in human osteoblastic

cells

Since STAT3 is the substrate of JAK2, we proceeded to

investigate the effect of mechanical stimulation on phos-

phorylated(p)/active STAT3 (pSTAT3) levels in human

osteoblastic cells. To this end, we first examined the

nuclear translocation of pSTAT3 after mechanical

stretching by western immunoblotting (Fig. 3a). At 1/2 h

of stretch application, the cytoplasmic pSTAT3 species

decreases while its nuclear counterpart increases with a

nuclear to cytoplasmic ratio of 2.1 compared to unstretched
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cells. This ratio is markedly decreased at 1 and 6 h of

stretching (Fig. 3b), indicating that mechanical load indu-

ces activation of the JAK2/STAT3 signaling pathway.

Mechanical stretching enhances the DNA-binding

potential of STAT3 in human osteoblastic cells

To assess the DNA-binding activity of STAT3 in

mechanostimulated human osteoblastic cells, we employed

the TransAM STAT3 cell-based assay which allows sensi-

tive, non-radioactive determination of specific transcription

factor activation in mammalian tissues and cell extracts, as

previously described [21]. For the TransAM STAT3 assay,

the STAT3 consensus binding site oligonucleotide sequence

is being used as a template for the isolated nuclear extracts.

Cells untreated or pre-treated with the STAT3 inhibitor

VII or anti-IgPKD1 alone, as well as with their combina-

tion were subjected to mechanical stretch for 0–6 h.

STAT3 inhibitor VII is a cell-permeable dihydroquinoline

compound that potently and specifically blocks cellular

JAK1/JAK2/TYK2/STAT3 activation as well as the tran-

scription of STAT3 target genes [42]. Following

mechanical stimulation, nuclear extracts were isolated for

assaying STAT3 binding potential. A significant increase

of STAT3 DNA-binding activity after 1/2 h of mechanical

stimulation was observed that was gradually decreased at 1

and 6 h time points (Fig. 3c). Pre-treatment of cells with

the two inhibitors either alone (P\ 0.05) or in combina-

tion reduced drastically this effect (P\ 0.01, Fig. 3c).

Upregulation of Runx2 mRNA via PC1–JAK2/

STAT3 signaling axis in mechanically-stimulated

human osteoblastic cells

Previous work in our laboratory has shown that exposure of

osteoblastic cells to short-term mechanical stretch affects

osteoblastic gene transcription and specifically Runx2

mRNA and protein expression levels [7, 27]. In this vein,

untreated human osteoblastic cells or cells pre-treated with

anti-IgPKD1, AG490, their combination or STAT3 VII

inhibitor were subjected to mechanical stretching for

0–24 h and total RNA was isolated and assayed. As

depicted in Fig. 4a, unstretched cells displayed low levels

of Runx2 mRNA in end-point PCR analysis. However,

Runx2 mRNA levels were increased by more than two-fold

after 6 h of continuously applied mechanical load and

remained elevated until 24 h. This upregulation of Runx2

mRNA was reduced drastically upon pre-treatment of cells

with anti-IgPKD1, AG490 or STAT3 VII inhibitors alone,

whilst a statistically significant drop of Runx2 mRNA

levels was observed upon cell pre-treatment with the

combination of anti-IgPKD1 and AG490 compared to

untreated cells (P\ 0.05).

The above result was further supported by Real time-

PCR, a more sensitive and precise method to measure

changes in mRNA levels compared to end-point PCR. Data

analysis from the Real time-PCR experiments confirmed

the previously observed induction of Runx2 mRNA levels

upon mechanical stimulation which, however, were mark-

edly reduced when cells were pre-treated with the

combination of anti-IgPKD1 and AG490 inhibitors

(P\ 0.05, Fig. 4b).

Taking all the above data into account, PC1-mediated

mechanostimulation of osteoblastic cells was shown to

raise Runx2 mRNA expression levels through potentiation

of the JAK2/STAT3 signaling cascade.

PC1-dependent STAT3 and Runx2 interaction

with Runx2 promoter in mechanically stimulated

human osteoblastic cells

Based on computational transcription factor-binding anal-

ysis and previous work from our group [26, 27], we

identified functional STAT3- and Runx2-binding sites on

the promoter sequence of the human Runx2 gene (Fig. 5a).

In light of our previous data showing that Runx2 gene

expression levels can be modulated by the PC1–JAK2/

STAT3 axis, we run chromatin immunoprecipitation

(ChIP) experiments to investigate the direct involvement of

activated STAT3 (pSTAT3) and Runx2 transcription fac-

tors in the upregulation of Runx2 promoter activity in

mechanically stretched human osteoblastic cells.

Chromatin preparations from cells either untreated or

treated with both anti-IgPKD1 and AG490 (a combination

of inhibitors that had most robustly reversed the effects

seen in our previous experiments) and then subjected to 6 h

of mechanical stretching, were immunoprecipitated with a

highly specific pSTAT3 antibody (Y705). The previously

observed increase of STAT3-binding activity to Runx2

bFig. 1 Mechanical stretching activates JAK2 in human osteoblastic

cells. a Western immunoblotting showing pJAK2 and total JAK2

protein levels in osteoblastic cells following mechanical stimulation

for 0–6 h and b corresponding densitometric analysis (***P\ 0.001

vs. unstretched cells). Whole-cell protein extracts were isolated and

JAK2, pJAK2 protein detection (*130 kDa) was performed using

specific primary anti-JAK2, anti-pJAK2 antibodies and distinct

secondary antibodies (anti rabbit and anti-mouse antibodies, accord-

ingly). c–g Cells were grown to over-confluency followed by

overnight starvation, treatment with specific inhibitors (anti-IgPKD1,

AG490 or their combination) where indicated, application of

mechanical stretch and collection for FACS analysis. FACS analysis

data of JAK2 and pJAK2 levels after mechanical stretching of

d untreated cells, e cells pre-treated with a combination of anti-

IgPKD1 and AG490, f cells pre-treated with anti-IgPKD1 only and

g cells pre-treated with AG490 only. Ten thousand events were

analyzed per sample. The graphs depict quantitative estimation of

JAK2 (red line) and pJAK2 (blue line) levels. Data show average

values of at least three independent experiments and * P\ 0.05 vs.

unstretched cells
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promoter at 6 h of stretching was reduced when cells were

treated with both inhibitors (anti-IgPKD1 and AG490) and

pSTAT3 antibody prior to mechanical stretch application

compared to untreated controls (input, Fig. 5b). These

results demonstrate the direct participation of PC1 in

STAT3-mediated upregulation of Runx2 promoter activity.

Similar results were obtained when the same chromatin

preparations where immunoprecipitated with a highly

specific Runx2 antibody. Again, the elevated Runx2-

binding activity to Runx2 promoter after 6 h of stretching

was reduced after pre-treatment of cells with anti-IgPKD1,

AG490 and Runx2 antibody compared to input (Fig. 5b). A

normal rabbit IgG antibody was employed as negative

control in all ChIP-qPCR experiments (data not shown).

The above data demonstrate the PC1-dependent direct

regulation of Runx2 promoter activity by pSTAT3 and

Runx2 transcription factors in mechanostimulated

osteoblastic cells.

PC1-dependent direct binding of STAT3 and Runx2

transcription factors to Runx2 promoter

in mechanically stretched human osteoblastic cells

Given that pSTAT3 and Runx2 can associate with

Runx2 promoter, we went on to identify the exact

promoter sequences engaged in this interaction. Chro-

matin preparations were used to run end-point PCR

experiments with a set of primers that contain the

Fig. 2 Mechanical stretching

induces a strong interaction of

PC1-CT with pJAK2 in human

osteoblastic cells. a Duolink

in situ PLA

immunofluorescence images

showing protein–protein

interaction and specific signal

generation of PC1-CT and

JAK2 in unstretched cells (top

left) and cells stretched for 1 h

(top middle) as well as of PC1-

CT and pJAK2 in unstretched

cells (bottom left) and cells

stretched for 1 h (bottom

middle). Antibodies against

PC1-CT, JAK2, pJAK2 and

DAPI stain were employed in

the Duolink assay according to

manufacturer’s instructions

(scale bar 20 lm). b The graph

depicts data analyses for PLA

signal quantification using the

Duolink ImageTool Software.

For statistical analysis, the

resulting ‘PLA signals per cell’

in all groups were normalized to

the mean value of the control

group (dark blue PC1-CT and

JAK2 in unstretched cells, light

blue PC1-CT and JAK2 in cells

stretched for 1 h, red PC1-CT

and pJAK2 in unstretched cells,

and pink PC1-CT and pJAK2 in

cells stretched for 1 h). Data

show average values of at least

three independent experiments

and *P\ 0.05 of PC1-CT/

JAK2 complex formation

between unstretched and 1 h-

stretched cells
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specific sequence of Runx2 promoter from 30 -587 to

-621 50 encompassing binding motifs for both STAT3

and Runx2 (Fig. 6a). In accordance with the Real time-

PCR results, the increased binding of STAT3 to Runx2

promoter at 6 h of stretching was reduced upon pre-

treatment of cells with both inhibitors (anti-IgPKD1

and AG490) and pSTAT3 antibody compared to

untreated controls (input, Fig. 6b). In a similar manner,

when the same chromatin preparations where

immunoprecipitated with Runx2 antibody from cells

treated with both inhibitors (anti-IgPKD1 and AG490) a

marked decrease of Runx2 binding to Runx2 promoter

was also observed at 6 h of stretch application com-

pared to input (Fig. 6b).

These data provide strong evidence that in mechanically

stimulated osteoblastic cells PC1 mediates direct binding

of pSTAT3 and Runx2 transcription factors to adjacent

sites within Runx2 promoter, thus upregulating its activity

towards osteoblast differentiation.

Discussion

This study identifies PC1–JAK2/STAT3 signaling axis as a

sensitive intracellular pathway that ‘funnels’ osteoblastic

cell response to mechanical loading. Runx2 was uncovered

as a direct target gene of PC1–JAK2/STAT3 mechan-

otransduction cascade coupling extracellular mechanical

forces to differentiation process in human osteoblast-like

cells (pre-osteoblasts).

Mechanical loading presents an effective stimulus cap-

able to alter gene expression and induce bone remodeling,

comprising an essential component of regenerative medi-

cine with clinical applications in skeletal bone defects,

degenerative bone diseases and bone-tissue engineering.

Elucidation of mechanotransduction pathways and molec-

ular targets that regulate bone remodeling and bone repair

in human osteoblastic cells constitutes an ongoing research

interest of our laboratory [3–7, 21, 26, 27].

In the present study, mechanical stress (stretching)

sensed by PC1-expressing osteoblastic cells was shown to

trigger a tight interaction between PC1-CT and JAK2

proteins. Human osteoblastic cells exhibited an increase in

the phosphorylated/active form of JAK2 (pJAK2) at 1 h of

mechanical stretching (immediate-early response), which

remained elevated up to 6 h of mechanical stimulation.

Pre-treatment of cells with an antibody against the

mechanosensing extracellular N-terminal part of PC1 (anti-

IgPKD1) and/or a specific JAK2 inhibitor (AG490) abro-

gated this effect, demonstrating the requirement of PC1 for

JAK2 activation as well as the specificity of this interac-

tion. Furthermore, fluorescence confocal microscopy

Fig. 3 Mechanical stretching increases pSTAT3 translocation to the

nucleus and enhances its DNA-binding capacity by activating JAK2/

STAT3 signaling pathway in human osteoblastic cells. a Western

immunoblotting showing cytoplasmic and nuclear protein levels of

pSTAT3, actin and SP-1 in osteoblastic cells after mechanical

stimulation for 0–6 h and b corresponding densitometric analysis.

Cytoplasmic and nuclear protein extracts were isolated and pSTAT3

protein detection (*86–91 kDa) was performed using specific anti-

pSTAT3 antibodies. Actin (*42 kDa) was probed with an anti-actin

antibody as loading control. SP-1 (*106 kDa)was probedwith an anti-

SP-1 antibody as loading control of nuclear extracts. Data show the

average values of at least three independent experiments. cQuantitative
results from the TransAM cell-based assay used for detection of

STAT3-binding activity in mechanostimulated osteoblastic cells. Cells

were grown to over-confluency, treated with anti-IgPKD1 or STAT3

VII inhibitors or their combination where indicated, subjected to

mechanical stress for various time points (0–6 h) and nuclear protein

extracts were isolated. The graph depicts quantified colorimetric

measurements of STAT3-binding activity in unstretched cells or cells

stretched for the indicated time-points following pre-treatment with the

indicated inhibitors (blue untreated cells, red cells pre-treated with anti-

IgPKD1 only, green cells pre-treated with STAT3 VII only, and purple

cells pre-treatedwith anti-IgPKD1 and STAT3VII). Data show average

values of at least three independent experiments. *P\ 0.05 of anti-

IgPKD1- or STAT3 VII-treated vs. untreated cells. **P\ 0.05 of anti-

IgPKD1 ? STAT3 VII-treated vs. untreated cells
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experiments verified the physical interaction of PC1 and

JAK/pJAK2 proteins. Complex formation was detected

between PC1-CT and JAK2 in unstretched osteoblastic

cells that was reduced upon mechanical stimulation for 1 h.

Moreover, PC1-CT interacted with pJAK2 after 1 h of

mechanical stretching while the ratio of interactions

(complex formation) of PC-CT/JAK2 and PC-CT-pJAK2

in unstretched cells was increased by three-fold in 1 h-

stretched cells.

This is the first time that a direct interaction of PC1

with JAK2 is demonstrated in osteoblastic cells subjected

to mechanical strain. It is likely that mechanical forces

induce a conformational change to PC1 that stabilizes

JAK2 in an active state, possibly by protecting tyrosine

phosphorylated groups from the action of protein

phosphatases.

Previous studies in renal epithelium and ADPKD kid-

neys have shown that PC1–PC2 heterodimer is essential for

the interaction and activation of JAK2 by PC1 [30, 43]. In

agreement with that, PC1 was recently shown to constitu-

tively bind to JAK2 in HEK293 cells upon proteolytic

cleavage of PC1-CT by calpains as a response to changes

in intracellular calcium [44]. In the same cells, PC1-CT

was found to activate STAT3 in a JAK2-dependent manner

leading to tyrosine phosphorylation and ensuing tran-

scriptional activity [22]. Notably, this study identifies

JAK2 as the principal kinase involved in STAT3 potenti-

ation by PC1.

The physiological role of JAK2 in osteoblasts and bone

development is poorly understood mainly because global

JAK2 knock-out mice die of anemia at E12.5 before bone

formation starts [45]. Nonetheless, studies of mouse

Fig. 4 Mechanical stretching upregulates Runx2 mRNA via PC1-

JAK2/STAT3 signaling axis in human osteoblastic cells. a Effect of

mechanical stimulation on Runx2 gene expression levels as monitored

by end-point PCR. Quiescent cells were subjected to mechanical

stretch for 0–24 h following pre-treatment with specific inhibitors (or

their combination) where indicated. cDNA was synthesized from total

RNA and Runx2 expression levels were assessed by end-point PCR

(grey untreated cells, blue cells pre-treated with anti-IgPKD1 only,

purple cells pre-treated with AG490 only, light violet cells pre-treated

with anti-IgPKD1 and AG490, and green cells pre-treated with

STAT3 VII). Human actin was used as the reference gene for

normalization. Data show average values of at least three independent

experiments and *P\ 0.05 of anti-IgPKD1 ? AG490-treated vs.

untreated cells. b Effect of mechanical stimulation on Runx2 gene

expression levels as monitored by Real time-PCR. Quiescent cells

were subjected to mechanical stretch for 0–24 h following pre-

treatment with specific inhibitors (or their combination) where

indicated. cDNA was synthesized from total RNA and Runx2

expression levels were assessed by Real time-PCR (grey untreated

cells, and light violet cells pre-treated with anti-IgPKD1 and AG490).

Human gapdh was used as the reference gene for normalization. Data

(fold change) show average values of at least three independent

experiments and *P\ 0.05 of anti-IgPKD1 ? AG490-treated vs.

untreated cells
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embryonic fibroblasts derived from JAK2 null embryos

demonstrate that JAK2 deficiency decouples GH receptor

signaling from its downstream effectors, implying that

JAK2 may be involved in bone development due to the

important role of GH in bone formation [46].

On the other hand, the substrate of activated JAK2,

STAT3 has been attributed a critical role in skeletal growth

by mediating anabolic signals in osteoblasts and regulating

bone formation [47, 48]. Selective inactivation of STAT3

in osteoblasts reduced body and bone mass as well as bone

strength and load-driven bone formation in mice [48].

Furthermore, severe spinal deformation owing to delayed

endochondral ossification and abnormal growth plate

morphology was also detected in about 10 % of those mice

[25, 48].

STAT3 is a key signal transduction protein that inte-

grates signaling by numerous growth factors, cytokines and

oncoproteins [49]. Upon stimulation, activated JAK phos-

phorylates the tyrosine residue of YXXQ motif, leading to

recruitment through binding to the Src homology 2 (SH2)

domain and tyrosine phosphorylation at the cytoplasmic

tail of STAT3. Activated STAT3 dimerizes and

translocates to the nucleus where it binds to target-gene

promoter sequences and induces gene expression [49, 50].

In our study, PC1-expressing osteoblastic cells subjected to

mechanical stretching revealed that phosphorylated/DNA-

binding competent STAT3 (pSTAT3) increased at 1/2–1 h

and returned to normal at 6 h. In accordance with the

activation mechanism of STAT3, stretching of cultured

cells pre-treated with STAT3 VII inhibitor or anti-IgPKD1

antibody attenuated the observed decrease in the abun-

dance of the cytoplasmic (unphosphorylated/inactive)

STAT3 species (data not shown). The specific activation of

the STAT3 transcription factor was further explored under

conditions of mechanical loading in osteoblastic cells.

Indeed, TransAM DNA-binding experiments revealed a

statistically significant elevation of pSTAT3 DNA-binding

activity in nuclear extracts from osteoblastic cells after

1/2 h of mechanical stimulation that was gradually

decreased after 1 h to 6 h. Furthermore, incubation of cells

with STAT3 VII and anti-IgPKD1 inhibitors hampered the

obtained effect, corroborating that mechanically stimulated

PC1 triggers nuclear translocation of STAT3 and augments

its DNA-binding activity in osteoblastic cells.

Fig. 5 PC1-dependent pSTAT3 and Runx2 interaction with Runx2

promoter in mechanically-stretched human osteoblastic cells. a The

human Runx2 promoter proximal to the transcription start site with

designated STAT3- and Runx2-binding sites. b Real time-qPCR

results (fold enrichment relative to the input) using the SimpleChIP

Human Runx2 Promoter Primers after immunoprecipitation of

chromatin preparations derived from unstretched cells and cells

stretched for 6 h with pSTAT3 antibody or Runx2 antibody, or an IgG

negative control (data not shown). Input refers to no treatment without

any antibody. Pre-treatment with a combination of specific inhibitors

was performed where indicated. Purple chromatin preparations from

unstretched or 6 h-stretched cells pre-treated with anti-IgPKD1 and

AG490, orange chromatin preparations from unstretched or 6 h-

stretched cells pre-treated with anti-IgPKD1 and AG490 and

immunoprecipitated with pSTAT3 antibody, and light orange chro-

matin preparations from unstretched or 6 h-stretched cells pre-treated

with anti-IgPKD1 and AG490 and immunoprecipitated with Runx2

antibody. Data are presented as fold enrichment of specific promoter

region sequence relative to the input (untreated cells) of at least three

independent experiments
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The effect of mechanical stretching on STAT3 expres-

sion levels has been previously investigated in murine

osteoblast-like MG-63 cells. Upon cell exposure to cyclic

tension force, STAT3 expression was upregulated along

with the levels of the cytoskeletal (actin-binding) protein,

Girdin affecting both cell proliferation and migration [47].

Moreover, mechanically triggered bone formation was

found suppressed in STAT3 knock-out mice indicating that

STAT3 deficiency hinders osteoblast recruitment and

activity [48]. The novelty of our study relies on the fact that

mechanical induction of STAT3 activation in osteoblastic

cells is mediated through the transmembrane

mechanosensor PC1 as blocking of the mechanosensing

extracellular N-terminal part of the protein prior to

mechanical stimulation abrogated STAT3 translocation to

the nucleus. This finding is of importance for bone

mechanobiology since it unveils PC1–JAK2/STAT3 as a

novel mechanotransduction cascade in osteoblastic cells

with potential regulatory role over bone-cell function.

Remarkably, among various developmental pathways, the

JAK/STAT3 pathway has a prominent role in osteoblastic

differentiation, proliferation and survival [25, 48].

Importantly, mechanoresponse in Pkd1-deficient mice

has been suggested to engage stimulation of the tran-

scription factor Runx2, a critical regulator of osteoblastic

differentiation [51–53]. Additionally, previous studies from

our group have shown that mechanical loading (strain/

stretching) can modulate both Runx2 expression levels and

activity [7, 27]. We, therefore, examined the likelihood that

Runx2 can be also a target of PC1–JAK2/STAT3 pathway

upon mechanical stimulation of osteoblastic cells. Com-

putational analysis revealed the presence of functional

STAT3- and Runx2-binding sites in Runx2 promoter whilst

earlier work in our laboratory have demonstrated that

STAT3 can physically interact with Runx2 in the human

osteoblastic cell line Saos-226. These data prompted us to

investigate whether PC1-mediated mechanostimulation can

influence the expression of Runx2 mRNA levels by direct

control of Runx2 promoter activity through pSTAT3 and

Runx2 transcription factors. Indeed, mechanical stretching

of osteoblastic cells led to elevation of Runx2 mRNA at 6 h

while pre-treatment with anti-IgPKD1 or AG490 inhibitors

plus pSTAT3/Runx2 antibodies abrogated this effect.

Reduction of Runx2 mRNA expression upon single anti-

Fig. 6 PC1-dependent direct binding of pSTAT3 and Runx2 to

Runx2 promoter in mechanically-stretched human osteoblastic cells.

a The human Runx2 promoter from 30 -587 to -621 50 with

designated functional STAT3- (-607 to -604, GGAA) and Runx2-

(-596 to -591, ACCACA) binding sites. b The graphs depict end-

point PCR results (enrichment relative to input) using the relevant

oligonucleotide sequence (see ‘‘Materials and methods’’) after

immunoprecipitation with pSTAT3 antibody or Runx2 antibody upon

mechanical stimulation (6 h) following pre-treatment with a combi-

nation of specific inhibitors where indicated. Purple chromatin

preparations from unstretched or 6 h-stretched cells pre-treated with

anti-IgPKD1 and AG490, orange chromatin preparations from

unstretched or 6 h-stretched cells pre-treated with anti-IgPKD1 and

AG490 and immunoprecipitated with pSTAT3 antibody, and light

orange chromatin preparations from unstretched or 6 h-stretched cells

pre-treated with anti-IgPKD1 and AG490 and immunoprecipitated

with Runx2 antibody. Data are presented as enrichment of specific

promoter region sequence relative to the input (untreated cells) from

at least three independent experiments
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IgPKD1 treatment was also observed, however, without

reaching statistical significance. This may be attributed to

the nature of anti-IgPKD1 being a ‘masking’ antibody

(rather than a targeted chemical compound) that partially

blocks the extracellular N-terminal part of PC1, possibly

allowing cellular recovery/compensatory mechanisms to

take place.

In addition, ChIP experiments corroborated the previous

result by further demonstrating PC1-mediated direct bind-

ing of pSTAT3 and Runx2 to neighboring sites within

Runx2 promoter in mechanically stretched osteoblastic

cells.

All the above can be incorporated into a model where

the N-terminal part of PC1 functions as an ‘antenna’

domain in human osteoblastic cells sensing extracellular

mechanical cues and eliciting a mechanoresponse through

cleavage of its CT. PC1-CT in turn associates specifically

with JAK2 triggering its activation and consequent STAT3

phosphorylation. The active form of STAT3 then translo-

cates to the nucleus where it binds to Runx2 promoter and

in concert with Runx2 (and perhaps released CT) augments

Runx2 transcription (Fig. 7). Runx2 gene expression levels

play a crucial and multifaceted role during bone develop-

ment by triggering osteoblastic differentiation (i.e.

progression of immature osteoblasts to the mature osteo-

blast phenotype) hence the rate of bone formation.

It is, therefore, posed that PC1–JAK2/STAT3 is a new

anabolic pathway in osteoblastic cells that functions to

couple external mechanical signals to modulation of Runx2

gene expression and control of bone remodeling. Since

bone remodeling is an important constituent of regenera-

tive medicine affecting bone growth and repair, PC1–

Fig. 7 Schematic model of the

proposed crosstalk between PC1

and JAK2/STAT3 signaling in

human osteoblastic cells under

mechanical stimulation. The

extracellular N-terminal part of

PC1 acts as a mechanosensing

domain responding to

mechanical stimuli and

triggering a

mechanotransduction cascade

through cleavage of its

C-terminal cytoplasmic tail

(CT). PC1-CT interacts

physically with JAK2 protein

inducing its phosphorylation/

activation (pJAK2) and, in turn,

STAT3 phosphorylation (P).

The phosphorylated hence

potentiated form of STAT3

translocates to the nucleus

where it binds to cognate

sequence on Runx2 promoter

and in cooperation with

adjacently bound Runx2

(autoregulatory loop) and

possibly diffusible CT

upregulates Runx2 gene

transcription (green vertical

arrow), a gene that dictates

entry to and progression of

osteoblastic differentiation
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JAK2/STAT3 signaling axis can be regarded as a promis-

ing molecular approach to deliver in vivo mechanical

stimuli to osteoblasts for bone-tissue engineering and

therapeutic manipulation of skeletal bone deformities.
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