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Past studies described interactions between normal megakaryocytes, the platelet precursors, and bone cell precursors in the bone marrow. This relationship has also been studied in context of various mutations associated with increased number of megakaryocytes. The current study is the first to examine the effects of megakaryocytes from transgenic mice carrying the most common mutation that causes primary myelofibrosis (PMF) in humans (JAK2V617F) on bone cell differentiation. Organ level assessments of mice using micro-computed tomography showed decreased bone volume in JAK2V617F males, compared to matching controls. Tissue level histology revealed increased deposition of osteoid (bone matrix prior mineralization) in these mutated mice, suggesting an effect on osteoblast differentiation. Mechanistic studies using a megakaryocyte-osteoblast co-culture system, showed that both wild type or JAK2V617F megakaryocytes derived from male mice inhibited osteoblast differentiation, but JAK2V617F cells exerted a more significant inhibitory effect. A mouse mRNA osteogenesis array showed increased expression of Noggin, Chordin, Alpha-2-HS-glycoprotein, Collagen type IV alpha 1 and Collagen type XIV alpha 1 (mostly known to inhibit bone differentiation), and decreased expression of alkaline phosphatase, Vascular cell adhesion molecule 1, Sclerostin, Distal-less homeobox 5 and Collagen type III alpha 1 (associated with osteogenesis) in JAK2V617F megakaryocytes, compared to controls. This suggested that the mutation re-programs megakaryocytes to express a cluster of genes, which together could orchestrate greater suppression of osteogenesis in male mice. These findings provide mechanistic insight into the effect of JAK2V617F mutation on bone, encouraging future examination of patients with this or other PMF-inducing mutations.
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1 Introduction

Myeloproliferative Neoplasms (MPNs) are a heterogeneous group of chronic hematological diseases that arise from the clonal expansion of abnormal hematopoietic stem cells. Depending on the affected clones, these cells produce excess numbers of red blood cells, white blood cells, and/or platelets, leading to a hypercellular bone marrow (BM). Primary myelofibrosis (PMF), the MPN with the worst prognosis, has an annual incidence of 0.47 per 100,000 and a median survival of 4.4 years (1, 2). It is accompanied by an increase in abnormal megakaryocytes (MKs), myelofibrosis, and splenomegaly due to extramedullary hematopoiesis (3). Although, osteosclerosis -the excess formation of bone within the BM– has been considered a serious complication, the effect of PMF on bone health is not entirely clear, given that few reports did not observe increased bone volume in PMF patients compared to controls (reviewed in (4)). Different methods of bone assessment, difficulty of recruiting the right controls, and different lifestyle/medication of patients that may affect bone could account for possible discrepancies in results reported in different studies (4).

In order for bone to develop, mesenchymal stromal cells (MSCs) must first commit to the osteoblastic lineage by differentiating into immature pre-osteoblasts (pre-OBs) and subsequently into mature osteoblasts (OBs). These cells are responsible for the synthesis and secretion of most proteins of the bone extracellular matrix (ECM). The initial unmineralized organic portion of the bone matrix is called osteoid, which then becomes mineralized (5). The whole procedure is orchestrated by transcription factors and a number of genes that are considered as markers of osteogenesis. Runt-related transcription factor 2 (RUNX2), the master regulator of OB differentiation, is the earliest transcription factor necessary for committing mesenchymal progenitors to the osteoblastic lineage (pre-OBs). Osterix (OSX) acts downstream of RUNX2 and is required for the final commitment of progenitors to pre-osteoblasts and the activation of osteoblast-specific genes. Type 1 collagen (COL1) and alkaline phosphatase (ALP) become highly expressed during subsequent stages of OB differentiation. Finally, when pre-OBs become fully differentiated OBs, there is elevated expression of bone sialoprotein (BSP), osteocalcin (OC) and osteopontin (OPN) (5).

Bone consists of a dense outer shell of cortical bone which forms a shealth around the inner marrow space that is composed of thin spicules of trabecular bone which has extensive contact with the hematopoietic elements and vascular network of the marrow. MKs only occasionally are seen associated with the endosteum surface or cortical bone and show an atypical localization near the paratrabecular areas and endosteal border in myelodysplastic and myeloproliferative conditions (4, 6–8). Kacena et al. were the first to report that mice deficient in GATA-1 and NF-E2 transcription factors, leading to an increased number of abnormal, immature MKs, have a striking increase in bone volume (9). So far, eight mouse models with different gene perturbations and increased number of MKs (TPOhigh; GATA-1low; NF-E2-/-; Mplf/f/PF4cre; Lnk-/-; Mpig6b-/-; Mpig6bf/f/Gp1ba-Cr+/KI; Pt-vWD) were shown to develop osteosclerosis in their long bones. However, the gender of the mice utilized to assess the bone phenotype was not specified (9–12), or only females were used for analyses (13–15), or females presented with a worse bone phenotype compared to males (16, 17). In other studies, results were combined as a whole for the two sexes (18, 19). All these mouse models were kept on a C57BL/6 background, with the exception of NF-E2 deficient mice that were on a 129/Sv background, and GATA-1low mice (10) that were on a mixed C57BL/6-129Sv/CD1 background. Yet, a number of studies reported that normal MKs inhibit OB differentiation in co-culture systems (20–23), whereas other groups reported the opposite (24, 25). Possible explanations to these discrepancies might be differences in species, sex and age of animals used, and source of cells.

The effect of the most common human mutation that causes PMF (JAK2V617F) on  MKs' ability to affect bone differentiation has not been studied. To investigate this property, we used a PMF mouse model, the Vav1-hJAK2V617F (denoted as JAK2V617F mice) transgenic mice that expresses the major driver-mutation of PMF in humans in hematopoietic cells, and recapitulate the most phenotypes seen in patients, including megakaryocytosis (26). In the current study we sought to investigate the direct effect of JAK2V617F mutated MKs on osteoblast differentiation, finding that male MKs have an inhibitory effect on early OB programming. In accordance, male JAK2V617F mice have reduced bone volume.



2 Materials and Methods


2.1 Animals

JAK2V617F mice (26), constitutively expressing the Vav1-hJAK2V617F transgene (generous gift of Dr. Zhizhuang Joe Zhao from University of Oklahoma), were backcrossed with C57BL/6J (Jackson laboratory), brought to homozygosity and used post 10 generations of breeding. Age-matched C57BL/6J wild-type mice served as controls. Male mice were utilized for all experiments. All protocols were approved by the Boston University Medical Campus Institutional Animal Care and Use Committee (IACUC).



2.2 Micro-Computed Tomography

The right femur of 30-week old male JAK2V617F or WT mice was dissected with the femoral head intact, wrapped in in phosphate buffered saline (PBS)-soaked gauze and stored at -20°C until micro-computed tomography (micro-CT) was conducted. A high-resolution desktop micro-tomographic imaging system (μCT40, Scanco Medical AG, Brüttisellen, Switzerland) was used to assess trabecular bone architecture in the distal femoral metaphysis and cortical bone morphology of the femoral mid-diaphysis. Scans were acquired using a 10 μm3 isotropic voxel size, 70 kVP, 114 μA, 200 ms integration time, and were subjected to Gaussian filtration and segmentation. Image acquisition and analysis protocols adhered to the Journal of Bone and Mineral Research (JBMR) guidelines for the assessment of rodent bones using micro-CT. In the femur, trabecular bone microarchitecture was evaluated in a 1.5 mm (150 transverse slices) long region of the distal metaphysis beginning approximately 200 μm superior to the peak of the growth plate and extending proximally. The trabecular bone regions were identified by manually contouring the endocortical region of the bone. A threshold of 400 mgHA/cm3 was used to segment bone from soft tissue. Trabecular microarchitecture was analyzed using the standard trabecular bone morphology script in the Scanco Evaluation Program. Cortical bone was assessed in 50 transverse micro-CT slices (500 μm long region) at the femoral mid-diaphysis and the region included the entire outer most edge of the cortex. Cortical bone was segmented using a fixed threshold of 700 mgHA/cm3. Blood cell profiles and spleen weights of the mice used for analysis are shown in Supplementary Tables 1, 2, depicting a typical profile of PMF (3).



2.3 Three-Point Bending

The same femurs used for micro-CT, were mechanically tested in three-point bending using an electrical force material testing machine (Electroforce 3230, Bose Corporation, Eden Prairie, MN). The bending fixture had a bottom span length of 8 mm. The test was performed with the load point in displacement control moving at a rate of 0.1 mm/sec with force and displacement data collected at 60 Hz. All of the bones were positioned in the same orientation during testing with the cranial surface resting on the supports and being loaded in tension. Bending rigidity (EI, Nmm2), apparent modulus of elasticity (Eapp, GPa), ultimate moment (Mult, Nmm), apparent ultimate stress (σapp, MPa) work to fracture (Wfrac, mJ), and apparent toughness (Uapp, mJ/mm3) were calculated based on the force and displacement data from the tests and the mid-shaft geometry measured with micro-CT. Work to fracture is the energy that was required to cause the femur to fracture, and it was calculated by finding the area under the force-displacement curve using the Riemann Sum method. Bending rigidity was calculated using the linear portion of the force-displacement curve. The minimum moment of inertia (Imin) was used when calculating the apparent material properties.



2.4 Bone Tissue Histology- RGB Staining

The left femur of the mice used for micro-CT and three-point bending was fixed with 4% PFA for two days at 4°C, and then decalcified with 20% EDTA at 4°C for two weeks. EDTA solution was changed three times per week. Bones were then paraffin processed and 5 μm sections were cut. Slides were deparaffinized (3 times Xylene 3 min/each), dehydrated (100% EtOH 5 min, 100% EtOH 2 min, 95% EtOH 2 min, 75% EtOH 2 min) and transferred to dH2O for 5 min. RGB staining (RGB being the acronym for the three primary color used: picrosirius Red, fast Green and alcian Blue) was performed as in (27): 20 min 1% Alcian Blue 8GX (Sigma, #A-3157) in 3% aqueous acetic acid solution pH 2.5 (American Bioanalytical, # 64-19-7), 5 min wash with dH2O, 20 min 0.04% Fast Green FCF in dH2O (Fischerscientific, #BP123-10), 5 min wash with dH2O, 30 min picrosirius red (Polysciences, #24901B-250), 5 min wash with two changes of 1% acetic acid in dH2O. Sections were then dehydrated (2 times 4 dips in 95% EtOH, 4 dips in 100% EtOH, 5 min in 100% EtOH), cleared in Xylene (2 times, 2 min each) and mounted in permount mounting medium (Fischerscientific, #SP15-100). Images were acquired with whole slide scanner Olympus VS120.



2.5 Complete Blood Count, Bone Marrow Histology and Reticulin Staining

Blood from the retro-orbital plexus of mice used for micro-CT,three-point bending, and histology was collected with EDTA-coated capillaries and tubes, and complete blood counts were obtained using HEMAVET (Drew Scientific). Bone marrow tissue sections were prepared and stained with hematoxylin & eosin, and when indicated, modified Gomori’s silver staining was carried out to assess reticulin deposition. These procedures were performed as we described in an earlier study (28).



2.6 In-Vitro Differentiation of MKs From BM

Total BM was flushed from femurs and tibia of mice using Minimum Essential Medium alpha (MEMα) (Gibco, #12571063) with 10% fetal bovine serum (FBS) (Sigma, #F0926), 50 units/ml penicillin, and 50 μg/ml streptomycin (Gibco, #15140-122). Cells were filtered through 100 μm cell strainer and cultured (37°C, 5% CO2) as 107 cells/ml in 6-well plates (Falcon Corning, #353046), in MEMα, with 10% FBS, 50 units/ml penicillin, 50 μg/ml streptomycin and 25 ng/ml pegylated megakaryocyte growth and development factor (PEG-MGDF, gift of Kirin Brewery, Japan). MKs were purified after 4 days of culture, using a two-step bovine serum albumin (BSA) gradient, as described in (29), followed by cell counting.



2.7 In-Vitro Differentiation of OB Progenitors From BM and OB-MK Co-Cultures or OB-MK Conditioned Medium Cultures

BM cells were flushed as previously described. Cells were filtered through 70 μm and then 40 μm cell strainers and cultured (37°C, 5% CO2) as 13.3x106 cells per well of 6-well plate, in MEMα with 10% FBS, 50 units/ml penicillin, and 50 μg/ml streptomycin. After 4 days of culture, half of the media was replaced with fresh media, and on day 6 the whole media was replaced with media containing the following osteo-induction mix: 10 nM dexamethasone (Sigma, #D4902), 50 μM L-ascorbic acid (Sigma, #A7506) and 8 mM B-glycerophosphate (Santa Cruz, #SC-203323) as described in previous studies (30, 31). This later culture is referred to as an OB culture. In parallel cultures, mouse BM derived from JAK2V617F or age-matched control mice were differentiated to MKs, as described above. On day 8 of the OB culture, the whole media was replaced with fresh media containing induction mix, and 2x104 MKs (JAK2V617F or control wild type (WT)) were added in each well containing pre-OBs. After three days of co-culture, MKs were removed and adhering cells were washed three times with warm phosphate buffered saline (PBS) to remove residual MKs. The cells were then scraped in lysis buffer supplied with the RNeasy Plus Micro kit (Qiagen, #74034), and RNA isolation was performed according to manufacturer’s protocol.

In experiments involving OB-MK conditioned medium (CM), mouse BM was cultured under MK promoting conditions (as above), and MKs were purified on day 3 (using a BSA gradient as above), and reseeded as 2x104 MKs in 3ml of media consisted of MEMα, 10% FBS, 50 units/ml penicillin, 50 μg/ml streptomycin and 25 ng/ml PEG-MGDF. After one day, the MKs were removed by centrifugation at 1000 rpm, for 5 min and MK-CM was added to the OB culture, also as described above.



2.8 Quantitative RT-PCR


2.8.1 OB-MK Co-Culture Experiments

500 ng RNA was used for complementary DNA (cDNA) preparation with Quantitect Reverse transcription cDNA kit (Qiagen, #205311). Taqman probes used to access mouse OB differentiation were as follows: Runx2 (Mm00501580_m1), Osterix/Sp7 (Mm00504574_m1), Collagen1a1 (Mm00801666_g1), and Alkaline phosphatase liver/bone/kidney (Mm00475834_m1).



2.8.2 Testing Various mRNAs in MKs

1 μg RNA was used for cDNA preparation (Qiagen, #205311). Taqman probes used: Noggin (Mm01297833_s1), Vcam1 (Mm01320970_m1), Chordin (Mm00438203_m1), Bmp2 (Mm01340178_m1), and Alkaline phosphatase liver/bone/kidney (Mm00475834_m1).

The obtained CT values were normalized to those obtained for the housekeeping 18S ribosomal RNA (rRNA) (Hs99999901_s1), using the ΔΔCT method, and the relative expression was determined by the 2-ΔΔCT equation. All probes were predesigned TaqMan assays, purchased from Applied Biosystems.



2.8.3 Screening of MKs for Bone Related mRNAs

The commercially available Mouse Osteogenesis RT² Profiler PCR Array (Qiagen, #PAMM-026Z) was used for comparing the expression of JAK2V617F vs. control MKs for 84 genes related to the development of the skeletal system as well as bone mineral metabolism. MKs were prepared as previously described. 1 μg RNA was used for cDNA preparation with RT² First Strand Kit (Qiagen, #330401). RT² SYBR Green qPCR Mastermix (Qiagen, #330500) was mixed with cDNA based on manufacturer’s protocol and loaded. Analysis was conducted with an automated template provided by the manufacturer (Qiagen), and all data were normalized to the average of 5 housekeeping genes: β-actin, β-2 microglobulin, glyceraldehyde-3-phosphate dehydrogenase, β-glucuronidase and heat shock protein 90-alpha.

All RT-PCR experiments were conducted on an Applied Biosystems Viia7 life technologies machine.




2.9 Western Blotting

Total BM cells from JAK2V617F and control mice were differentiated to MKs as previously described. On day 3, MKs were purified with a two-step BSA gradient and 7x104 MKs were reseeded in 500 μl media without FBS in 48-well non-tissue culture treated plates (Falcon, #351178) for 24h. MK culture supernatant was concentrated to a final volume of 30 μl using microcon-10 kDa centrifugal filter unit with Ultracel-10 membrane (Millipore, #MRCPRT010) and MKs from each well were lysed with lysis buffer (50 mM Tris HCI pH 7.6, 150 mM NaCl, 1% Triton-X, 0.5% sodium deoxycholate and 1 mM EDTA pH 7.4). The supernatants, the whole volumes of protein samples (that were lysed in same volume of lysis buffer) as well as 0.5 ng recombinant mouse Noggin protein (abcam, # 200277) were subjected to SDS−PAGE on 12% polyacrylamide gel and transferred to polyvinylidene fluoride membrane (PVDF). The membrane was blocked for 1.5 hours at room temperature (RT) with a 5% (w/v) non−fat milk solution in TBS−0.1% Tween−20 (20 mM Tris and 140 mM NaCI, pH 7.6). Subsequently, it was subjected to overnight incubation at 4°C, rocking with primary antibodies against Noggin (used at 2 ug/ml, Abcam, #239520) or β-actin (used at 1:10000 dilution, Sigma, #A5441), followed by incubation for 1.5 hours at RT with horseradish peroxidase (HRP) conjugated anti−mouse secondary antibody (1:1000 for Noggin and 1:4000 for β-actin, Cell-Signaling, #7076S). All primary and secondary antibody solutions were made in 0.5% (w/v) non−fat milk in TBS−0.1% Tween−20. The membrane was incubated with Immobilon Western Chemiluminescent HRP Substrate (Millipore, # WBKLS0100) in a 1:1 mixture for 1 min and bands were visualized using the chemiluminescence detection system ImageQuant LAS4000 (GE Healthcare).



2.10 Flow Cytometry Analysis

BM from femurs and tibia of mice was flushed with cold buffer containing 0.5% BSA and 2 mM EDTA in calcium and magnesium-free PBS. Freshly isolated BM cells were strained with 100 μm cell strainer, and 2x106 cells were used for analysis. For analysis of cell surface expression of Vcam1 in MKs, cells were stained for 15 min with anti-CD106 FITC (eBioscience, #11-1061-81), anti-CD41 PE (eBioscience, #12-0411-83), and Zombie Aqua (Biolegend, #423102), for live/dead discrimination. All antibodies were used at 1:200 dilution, except anti-CD106 which was used at 1:100. Data was acquired on BD LSRII (BD Biosciences) and analyzed on FlowJo, version 10.8.1 from BD Biosciences.



2.11 Statistical Analysis

Statistical analyses were performed by unpaired two-tailed t-test with Excel or Graphpad Prism software (Version 6.01 for Windows, Graphpad Software Inc., CA, USA). All data are shown as mean± standard deviation. P-values<0.05 were considered statistically significant.




3 Results


3.1 JAK2V617F Male Mice Have Decreased Bone Volume

In our earlier publications we showed that the JAK2V617F mouse model used in the current study develops several hallmarks of PMF, including a fibrotic marrow noted already at 15 to 16 weeks of age (32, 33), in accordance with the original publication of this mouse phenotypes (26). Here, we confirmed these properties, as evident by reticulin and hematoxylin & eosin staining of bone marrow sections, cellularity, increased spleen size and blood cell count (Supplementary Figure 1, and Supplementary Tables 1 and 2). This PMF mouse model was used to examine the effect of the JAK2V617F mutation on bone volume. Preliminary micro-CT studies showed a trend towards bone gain in female mice (not shown), but a significant reduction in bone volume in the mutated male mice (Figure 1). Since increased bone volume was studied and reported before for MK-driven myelofibrosis in female mice (such as in mice deficient in GATA-1 or NF-E2), and since our data with male mice presented a unique example of bone loss due to this mutation that was not reported before, we chose to focus on understanding the male phenotype.




Figure 1 | Micro-CT analyses. Femurs of JAK2V617F mice and matching controls were subjected to micro-CT analysis. (A) Representative micro-CT images. The upper panel is showing the distal femoral metaphysis and the lower panel is showing the femoral mid-diaphysis. (B) Quantitative micro-CT analysis of trabecular structure. Measurements include trabecular bone volume fraction (Tb.BV/TV, %), trabecular bone mineral density (Tb. BMD, mgHA/cm3), trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, mm-1), trabecular separation (Tb.Sp,mm), and structural model index (SMI). (C) Quantitative micro-CT analysis of cortical structure. Measurements include cortical bone area (Ct.Ar, mm2), cortical thickness (Ct.Th, mm), and cortical porosity (Ct. Porosity, %). The rest of the cortical measurements can be found in Supplementary Figure 2. Measurements are presented as mean ± SD. Seven JAK2V617F and six WT 30 weeks old male mice were analyzed, at an age where potential effect on bone might be more fully manifested. *Denotes p<0.05; **Denotes p<0.01; ***Denotes p<0.001.



Micro-CT analysis of bones showed that the JAK2V617F mutation is associated with a significant decrease in trabecular bone in males compared to matching controls (Figures 1A, B). Trabecular bone volume fraction (Tb.BV/TV), bone mineral density (Tb.BMD), number (Tb.N) and thickness (Tb.Th) were all decreased in JAK2V617F male mice compared to age-matched controls. At the femur mid-diaphysis, the JAK2V617F mice had lower cortical area (Ct.Ar) and thickness (Ct.Th), and higher cortical porosity (Ct. Porosity) (Figures 1A, C). There was also a trend towards having lower moments of inertias (Supplementary Figure 2), which is one of the main indicators of bending strength. For this reason, we proceeded to mechanical testing (three-point bending) of the same femurs that were used for micro-CT, to determine if there were differences in whole bone mechanical properties. JAK2V617F femurs had slightly lower bending rigidity than WT, but no significant differences were observed between the groups (Supplementary Figure 3). This finding is in agreement with the micro-CT results for the femoral diaphysis for the male mice, which showed that male JAK2V617F mice had slightly lower cortical area and cortical thickness and a trend towards lower minimum moment of inertia (this is the moment of inertia about the axis in which the femurs were bent during the testing). It is possible that bone mechanical properties might be different in the two experimental groups under conditions of extreme demand for tissue regeneration, such as bone  fracture.



3.2 Trabecular Bone of JAK2V617F Male Mice is Hypomineralized

We next assessed the bones at tissue level. This analysis showed that in tissues derived from JAK2V617F males there was more osteoid, which is the unmineralized organic portion of the bone matrix that forms prior to the maturation of bone tissue, compared to WT. Indeed, the ratio of osteoid (red) to mineralized bone (green) for trabecular bone was increased 53% in the JAK2V617F males compared to age-matched controls (Figures 2A, B).




Figure 2 | RGB trichrome staining of femurs. Femurs of JAK2V617F male mice and matching controls were stained with picrosirius Red, fast Green and alcian Blue, providing discrimination between mineralized and unmineralized (osteoid) bone. (A) Representative images of bone sections of WT mice (denoted as i) and JAK2V617F (denoted as ii). Osteoid appears red, mineralized bone appears green and cartilage appears blue. The lower part of Panel A shows a magnification of an inset in the upper part of the panel. (B) Quantitative analysis of the ratio osteoid (red)/mineralized bone (green) for trabecular bone. Measurements are presented as mean ± SD. The analysis of the trabecular bone was conducted 50 μm distant from the edge of the growth plate, extending 300 μm. Four JAK2V617F and four WT 30 weeks old male mice were analyzed. **Denotes p<0.01.





3.3 JAK2V617F MKs Derived From Male Mice Exert an Inhibitory Effect on OB Differentiation

Based on the observations of increased osteoid and less bone, we envisioned a possible effect of the mutated MKs on OB differentiation. To assess this contention, co-culture studies were carried out. WT BM cells were cultured and induced to differentiate to OBs, using an induction cocktail in presence or absence of MKs for three days, followed by measurement of markers of OB differentiation. Longer incubation of MKs under these conditions was avoided, as we found that within 5 days of the co-culture the MKs’ shape and viability appeared compromised. We focused on differentiation markers that are known to peak during the first days of OB programming. It is important to note that the location from which the stromal cells are harvested affects their responsiveness to the MKs (21). Several other studies used murine calvaria cells as source of OB progenitors and murine fetal liver as source of MKs (9, 20, 23, 34). In our study, the source of both OBs and MKs was BM progenitors based on the following reasons: 1) MK-driven osteosclerosis in mouse models is mainly observed in long bones, which means that the mesenchymal progenitors residing in the BM are more likely to differentiate into OBs, 2) the increased number of MKs and MK-progenitors in BM are more likely to interact with the mesenchymal progenitors that are present in this anatomical area, and 3) cells derived from calvaria are already committed to the osteoblast lineage.

As shown in Figure 3A, the presence of JAK2V617F MKs decreased the expression of all four tested markers of OB differentiation, reaching statistical significance. Runx2, Osterix, Col1a1 and Alpl expression decreased by 2.02-, 4.76-, 1.66-, and 3.10- fold, respectively. The effect of WT MKs on OB differentiation was less consistent between the experiments, as also observed in previous studies (35). In our system, WT MKs had a tendency to decrease the expression of OB differentiation markers, however, usually without reaching statistical significance. Runx2, Osterix, Col1a1 and Alpl markers showed a 1.15-, 2.81-, 1.70-, and 1.65- fold decrease, respectively, but only Osterix and Col1a1 had a p-value<0.05. In accordance with data shown in Figure 3A, JAK2V617F MKs derived from male mice inhibited OB differentiation when the BM cells were derived from male JAK2V617F mice. Indeed, JAK2V617F MKs decreased the expression of Runx2, Osterix, Col1a1 and Alpl markers by 1.65-, 2.26-, 2.09-, and 5.28- fold, respectively (Figure 3B). Thus, MKs derived from male JAK2V617F mice exert an inhibitory effect on OB programming.




Figure 3 | Inhibition of the OB differentiation program by JAK2V617F MKs. Bone marrow cells were cultured and differentiated towards OBs with an induction mix in presence or absence of JAK2V617F mutated or control WT MKs for three days, as described under methods. RNA was isolated from differentiating OBs and quantitative RT-PCR was carried out to detect the expression of early differentiation markers of OBs, including Runx2, Osterix, Col1a1 and Alpl. Data were normalized to 18S rRNA and values were compared to time zero, where this point refers to samples that were isolated right before the beginning of induction of OB differentiation. P-values were acquired with an unpaired two-tailed t-test. (A) JAK2V617F MKs (derived from ten 18 weeks old male mice per experiment) inhibit OB differentiation of mesenchymal progenitors (derived from ten 13 weeks old WT mice). Shown is an experiment performed in triplicates, representative of three biological repeats. (B) JAK2V617F MKs (derived from four 13 weeks old male mice) inhibit OB differentiation of mesenchymal progenitors derived from JAK2V617F mice (four 14 weeks old male mice per experiment). *Denotes p<0.05; **Denotes p<0.01; ****Denotes p<0.0001.



We next sought to address whether the MK inhibitory effect was mediated by direct cell to cell contact or by secreted factors. MK-derived conditioned medium (MK-CM), prepared as described under methods, was used instead of MKs in the co-cultures. As shown in Figure 4, WT MK-CM tended to decrease Runx2, Osterix, Col1a1 and Alpl markers by 1.37-, 1.53-, 1.46-, and 1.24- fold, respectively, with only Osterix and Col1a1 having a p-value<0.05. On the other hand, the inhibitory effect of the CM from JAK2V617F MKs was statistically significant for all markers, except Alpl, and the decrease corresponded to 1.58-, 1.66-, 1.82-, 1.32- fold for Runx2, Osterix, Col1a1 and Alpl. This suggested that JAK2V617F MKs exert their effect on OB differentiation, likely owing to secreted factors, although cell contact could contribute as well.




Figure 4 | Effect of MK-conditioned medium (CM) on the OB differentiation program. Bone marrow cells were cultured and differentiated towards OBs with an induction mix in presence or absence of MK culture supernatants derived from JAK2V617F mutated or control WT cultures, as described under methods. RNA was isolated from differentiating OBs and quantitative RT-PCR was carried out to detect expression of OB differentiation markers, Runx2, Osterix, Col1a1 and Alpl. Data were normalized to 18S rRNA and values were compared to time zero, where this point refers to samples that were isolated right before the beginning of induction of OB differentiation. Results shown are averages of 2 biological repeats, each done in triplicates, and for each, several mice were pooled. For the OB culture, a total of twenty five 13 weeks old control male mice were used, and MKs were derived from a total of twenty three or twenty six control or JAK2V617F male mice, respectively, each 18 weeks old. P-values were generated with an unpaired two-tailed t-test. *Denotes p<0.05; **Denotes p<0.01; ***Denotes p<0.001.





3.4 mRNA Expression Screening of JAK2V617F MKs Supports an OB-Inhibitory Profile

In an attempt to understand which genes could be possible candidates responsible for the greater inhibition of OB differentiation seen in the cultures by JAK2V617F MKs, a commercially available mRNA mouse osteogenesis array was selected to test the expression of 84 different genes functioning in the development of the skeletal system and bone mineral metabolism. The array detects transcripts encoding for growth factors and proteins mediating bone cells proliferation and differentiation processes, as well as extracellular matrix molecules and cell adhesion molecules involved in bone development. Differentially expressed transcripts in JAK2V617F MKs vs. matching controls with more than a 2-fold difference are shown in Figure 5A, whereas those with more than a 4-fold difference of expression are listed in Table 1. The whole array panel is listed in Supplementary Table 3. Notably upregulated mRNAs in JAK2V617F MKs compared to control consist of: Alpha-2-HS-glycoprotein (Ahsg) 8.66-fold; Chordin (Chrd) 10.47-fold; Collagen type XIV alpha 1 (Col14a1) 6.50-fold; Collagen type IV alpha 1 (Col4a1) 6.58-fold; and Noggin (Nog) 19.85-fold change. More than 4-fold downregulated mRNA levels in JAK2V617F MKs compared to control MKs consist of: Alkaline phosphatase liver/bone/kidney (Alpl) 22.81-fold; Collagen type III alpha 1 (Col3a1) 4.06-fold; Distal-less homeobox 5 (Dlx5) 4.25-fold; Sclerostin (Sost) 4.30-fold; and Vascular cell adhesion molecule 1 (Vcam1) 7.45-fold. Next, we tested representative mRNAs with Taqman technology to validate the results of the gene expression array, which was based on SYBR Green technology. There was a 13.88-, 2.31-, and 1.91- fold increased expression of Noggin, Chordin and Bmp2, respectively, and a 12.93- and 19.89-fold decreased expression of Alpl and Vcam1 mRNA in JAK2V617F MKs compared to controls (Figure 5B). As referenced in Table 1 and further outlined in the discussion, the cluster of displayed mRNAs point to altered programming of JAK2V617F MKs towards an inhibitory effect on osteogenesis, in accordance with the co-culture data.




Figure 5 | Differential expression of bone development-related genes in MKs of JAK2V617F mice compared to WT mice. (A) Graphical representation of more than 2-fold difference expression between JAK2V617F and WT MKs, using the commercial RT² Profiler™ PCR Array Mouse Osteogenesis PAMM-026Z. Bone marrow cells were differentiated towards MKs as described under methods. After 4 days of culture, MKs were purified with a two-step BSA gradient and RNA-isolation and RT-PCR were performed using 1 ug of RNA. Results were normalized to β-actin, β-2 microglobulin, glyceraldehyde-3-phosphate dehydrogenase, β-glucuronidase and heat shock protein 90-alpha. Four 17 weeks old control male mice and four 17 weeks old JAK2V617F male mice were analyzed. MKs for 2 mice were combined as one sample to obtain sufficient material and increase biological representation, and, thus, 2 samples were tested per category. The whole gene panel and full names of mRNA encoded genes can be found in Supplementary Table 3. (B) Confirmation of mRNA results obtained with the commercial mouse osteogenesis array. Relative expression of highly displayed mRNAs in the experimental groups, including Noggin, Vcam1, Chordin, Bmp2 and Alpl in JAK2V617F MKs, was confirmed using quantitative RT-PCR analysis with Taqman primers and 1 ug of RNA. Data were normalized to 18S rRNA. Four 21 weeks old JAK2V617F mice and five control male mice were individually cultured, representing one sample each. *Denotes p<0.05; ***Denotes p<0.001; ****Denotes p<0.0001.




Table 1 | Fold up (“+”)- or down (“-”)-regulation of bone-regulating mRNA transcripts in JAK2V617F MKs vs. WT MKs. mRNAs with a JAK2V617F/WT ratio ≥4 are included. (Sec) denotes a secreted protein.





3.5 Protein Expression of a Secreted or Cell Surface Protein in JAK2V617F MKs

Considering the effect of MKs or their CM on OB differentiation, and the magnitude of differential mRNA expression of Noggin (a secreted protein) or Vcam1 (a cell surface protein) in JAK2V617F MKs compared to controls, we further tested their expression at protein level. Noggin is a secreted glycoprotein, known to tightly bind a variety of bone morphogenetic proteins (BMPs) and prevent them from binding to their receptors, thus, acting as a BMP-antagonist (58). BMP signaling is highly important for osteogenesis (59). In accordance with the mRNA results, Western blot analysis using MK-derived supernatant (conditioned medium) and MK-cell lysate confirmed that the level of secreted Noggin is higher in JAK2V617F MKs compared to matching controls (Figure 6A). As to Vcam1, this protein on the cell surface is important for the adhesion of cells to α4β1 integrin on other cells, as also reported in (55). Immuno-flow cytometry analysis of CD41+ cells (CD41 being a MK marker) showed downregulation of this protein in JAK2V617F MKs compared to controls (Figures 6B, C). In addition, the expression of integrin subunits α4 and β1 was confirmed in our OB system by flow cytometry (data not shown). Although RT-PCR showed significant downregulation of Alpl mRNA in MKs from JAK2V617F mice compared to controls, using western blot analysis, we observed no difference in Alpl protein level between JAK2V617F and WT MK cell lysates (data not shown).




Figure 6 | Noggin and Vcam1 proteins are differentially expressed in JAK2V617F MKs compared to control. (A) Western blotting confirmed that the level of cellular and secreted Noggin protein is increased in/by the mutated MKs. Bone marrow cells from JAK2V617F and WT mice were differentiated towards MKs and purified as described under methods. MKs were re-plated for another 24h, using the same number of MKs for JAK2V617F and WT samples. Supernatants were concentrated and subjected to SDS-PAGE together with MK lysates, using also recombinant Noggin protein marker as control. Membranes were probed with anti-Noggin or with anti-β-actin (as loading control). Supern. denotes supernatant and recomb. denotes recombinant. Data are representative of five JAK2V617F or five matching control 18 weeks old male mice. (B) Flow cytometry analysis showing that Vcam1 protein is significantly decreased in MKs (CD41+) of JAK2V617F mice compared to controls. Eight JAK2V617F male mice and nine control 14 weeks old mice were used. (C) Representative data of flow cytometric analysis of Vcam1 expression in MKs shown in (B). ****Denotes p<0.0001.






4 Discussion

A growing body of literature has investigated possible effects of WT MKs on OB differentiation and mechanisms involved (reviewed in (35)). Our current study describes for the first time a reducing effect of JAK2V617F mutation on bone volume in male mice, and the influence of JAK2V617F mutated MKs on early markers of OB differentiation, and possible roles of direct contact vs. secreted factors on this effect. In line with an earlier report of bone gain in female mice with MK-driven myelofibrosis (15), we too observed in preliminary studies a trend for bone gain in 30-week old JAK2V617F female mice. Understanding this exact phenotype in mutated females will include exploring the role of estrogen and/or androgen in affecting the level of change in bone volume, followed by mechanistic analysis to begin to sort out the nature of a potentially different female phenotype. Considering this, and since reduced bone volume in JAK2V617F males was not reported before, our study has focused on exploring mechanisms related to this finding.

So far, only Oikonomidou et al. examined bone phenotypes in JAK2V617F mice, however their mouse model differs from ours (60). The authors used a knock-in mouse model generated by Mullally et al. (61) that expresses the murine JAK2V617F mutation, but recapitulates mostly polycythemia vera instead of PMF. Due to decreased survival rate, the authors transplanted BM from JAK2V617F mice into male irradiated WT mice (the gender of BM donors was not specified) and observed loss of trabecular, but not of cortical bone. They also reported a significant decrease in OB numbers and bone formation, but no differences regarding osteoclast (OC) number and function (60). Importantly, a report that JAK inhibitors increased bone formation in both inflammatory and non-inflammatory bone loss mouse models, as well as under normal steady conditions, could implicate that JAK signaling exerts a negative effect on bone (62). The positive effect of JAK inhibitors on bone repair was also confirmed in two rheumatoid arthritis patients that were treated with JAK inhibitors (62).

In context of mechanisms by which MKs affect bone development, previous studies showed that co-culturing of OB progenitors with WT MKs reduced OB differentiation capacity (20, 21, 23). A MK-induced decrease in OB differentiation was seen when utilizing three types of stromal cells that were generated from two species: rabbit BM, rabbit dental pulp and an immortalized line of mouse bone marrow stromal cells (BMSC) (21). Whether the effect was driven by direct cell contact and/or secreted factors needed to be addressed. The use of 30% (v/v) MK CM derived from the human K562 cell line inhibited the differentiation of a murine osteoblastic cell line MC3T3-E1, showing a possible important contribution of MK-secreted factors, however, without pointing to any possible candidates (22). In contrast, Tang et al. reported enhanced OB-differentiation with both direct contact co-culture and MK-CM, when using murine BM MKs and murine calvarial OBs (24). The authors proposed that secreted TGF-β1 by MKs is an important factor, since the use of a neutralizing antibody and the use of CM from MKs with deleted TGF-β1 weakened the MK-induced stimulatory effect. A positive effect of MKs on OB differentiation was also reported by Bord et al. who observed increased COL1A1 (indication of enhanced OB differentiation), as well as increased OPG and decreased RANKL expression levels, when culturing MKs from human cord blood and OBs from human normal donors’ bone samples for a period of one or two days (25). Nevertheless, they did not observe any significant differences with the use of cell-impermeable inserts, suggesting that direct cell contact is required in order to elicit effects. It should be noted that in all the aforementioned studies the ratio of MKs : OBs for co-cultures was ~1:1, which does not reflect the real BM conditions, given the rarity of BM MKs; Only Bord et al. used a ratio of 1 MK:10 OB (25). Moreover, the sex of species used in these experiments was not specified.

In search for possible candidates responsible for the effect of male-derived JAK2V617F mutated MKs on osteogenesis, we used a mouse mRNA osteogenesis array. Several transcripts were identified as differentially expressed between the two groups, of which major displayed ones were also validated by quantitative RT-PCR. TGF-β, a known promoter of bone development, was reported to mediate MK effect on OB differentiation in culture (24). In our analysis we found no statistically significant differences in the levels of TGF-β mRNA between JAK2V617F and WT MKs. In fact, three isoforms were downregulated in JAK2V617F MKs as follows: TGF-β1 was downregulated by 1.29-, TGF-β2 by 1.61-, and TGF-β3 by 1.07-fold, compared to WT MKs. On the other hand, several transcripts significantly inhibited in JAK2V617F MKs derived from male mice are known to target BMP regulatory activity, with expected effects on bone differentiation.

Alpha 2-Heremans-Schmid glycoprotein (AHSG), also known as fetuin-A (Fet-A) plays a direct role as a physiological inhibitor of bone calcification (36) by inhibiting apatite formation during the mineralization process (37). It also plays an indirect role in inhibiting osteogenesis by its ability to bind and antagonize the function of TGF-β and BMPs (38). The increased osteogenesis observed in Ahsg deficient mice, further supports its inhibitory function (39). Therefore, Ahsg upregulation in JAK2V617F MKs could contribute to stronger OB inhibition. The upregulated expression of Chordin and Noggin also could affect osteogenesis since they are well characterized BMP-antagonists. Chordin inhibits OB differentiation and mineralization (42), and an enhanced osteogenic differentiation and bone regeneration were observed, in vitro and in vivo, when Chordin was knocked-down (43). Noggin also inhibits OB differentiation, and its overexpression in mice resulted in significantly reduced bone formation and osteoporosis (52, 53). Sclerostin was initially described as a BMP-antagonist as well, however, its ability to antagonize BMPs has been questioned and it is believed that it acts mainly by inhibiting the canonical Wingless and Int-1 (WNT) pathway (54). One would expect to see an upregulation, instead of the observed downregulation of Sclerostin in JAK2V617F MKs. However, the fact that Sclerostin can bind Noggin with high affinity and form a complex that limits the activity of each other as a BMP-antagonist could be relevant to the OB inhibitory effect of JAK2V617F mutated MKs. Based on the osteogenesis array, Noggin expression was upregulated ~20 fold in the JAK2V617F MKs, and a speculation could be that in order for Noggin to fully exert an inhibitory effect on OB differentiation, Sclerostin was downregulated. In summary it is interesting to note that the multiple number of the observed changes in JAK2V617F MKs would directly target BMP regulatory activity, since in previous studies of marrow stromal cells osteogenesis was shown to be driven by the autologous upregulation of BMP expression, that could be blocked by Noggin, addition of blocking antibodies to BMP2 (31) and the knowdown of BMP2 expression (63).

Our analysis also revealed downregulation of transcripts encoding for promoters of osteogenesis. Tissue-nonspecific isozyme of Alpl, the product of ALPL gene, plays a key role in the calcification of bones, by hydrolyzing inorganic pyrophosphate to produce inorganic phosphate during the mineralization process (40). Knock-out mice of this gene have serious skeletal defects (41). We noted a significant downregulation in ALP mRNA level in JAK2V617F MKs. Vcam1, a transmembrane glycoprotein mostly found in activated endothelium, is a ligand for α4β1 and α4β7 integrins and is significant for cell-cell interactions (55). Integrin α4β1, which among other cells is also expressed by MSCs, has a potential role in upregulating osteoblastogenesis by enhancing OB differentiation (56, 57). Of note, administration of α4β1 peptidomimetic resulted in an increased bone formation, but the mechanism remains unknown (56). A decreased expression of Vcam1 in JAK2V617F MKs would likely result in decreased signaling through α4β1 integrin and thus decreased OB differentiation. Dlx5 is a transcription factor that stimulates the expression of several OB markers, and was described as master regulator of osteogenesis (50). In addition, Dlx5-deficient mice had serious skeletal abnormalities (51). However, it is not clear how the decreased expression of Dlx5 in JAK2V617F MKs might affect OB differentiation.

Collagen constitutes about 90% of the bone matrix and has an important role by acting as a scaffold for bone cells, regulating cell behavior and modulating the availability of growth factors and cytokines (44). Col3-/- mice had a dramatic decrease in trabecular bone mass, and their mesenchymal progenitors showed reduced capacity to differentiate to OBs in vitro (44). In addition, patients with Ehlers-Danlos Syndrome (EDS), an inherited disorder caused by mutations in the COL3 gene, have reduced bone density (45). Therefore, the downregulation of Col3a1 observed in JAK2V617F MKs could contribute to the decreased OB differentiation in our cultures. COL4A1, a major component of basement membranes that influences their interaction with cells, was found to be upregulated in osteoporotic human bone compared to normal bone, and downregulated during early differentiation of MC3T3-E1 cells in culture (46, 47). The precise role of COL4A1 in OB differentiation is not clear, but it has been suggested that a decrease in COL4A1 during OB differentiation may result in increased free osteogenin, which enhances OB differentiation, thus, acting as an inhibitor of matrix mineralization. Further, COL4A1 can strongly bind TGFβ and osteogenin, which is important for OB differentiation (48, 49). In our experiment, JAK2V617F MKs had increased Col4a1 expression, which could contribute to the inhibitory effect on OB differentiation. In view of our findings, we propose that, together, an array of direct cell-contact and secreted factors that are dysregulated in JAK2V617F MKs contribute to the inhibitory effect on OB differentiation.

Given the large fold-difference in Noggin, Vcam1, and Alpl mRNA levels in JAK2V617F MKs compared to WT MKs, and considering their roles in osteogenesis, we examined their altered expression on protein level. Indeed, there is a significant increase in Noggin and decrease in Vcam1 proteins in JAK2V617F MKs, mirroring the mRNA results. However, there was no difference in Alpl protein level between JAK2V617F and WT MKs, using an anti-Alpl antibody that detects the non-tissue specific form of the protein. There are several tissue isoforms of Alp. Past studies suggested that the Alpl content of MKs may be an index of their physiological activity and an immunoenzymatic staining method, known as anti-alkaline phosphatase (APAAP), became a breakthough for immunophenotyping and diagnosing haematological malignancies (64–67). It is possible that although Alpl mRNA (detected using probes targeting mouse ALPL on chromosome 4) is downregulated in JAK2V617F MKs, the PMF overall condition might stabilize the protein isoform expressed in MKs, and/or MK Alpl protein half life is far greater than its mRNA. Although both WT and JAK2V617F MK -derived CM had a tendency to inhibit OB differentiation, no significant difference was observed between them. We speculate that MKs act by both secreted factors and via direct cell contact. Nevertheless, the direct cell contact may enhance the inhibitory effect of JAK2V617F MKs. It was interesting that Noggin, which is a secreted protein, was highly elevated in the JAK2V617F MKs, yet there was no difference regarding the effect of WT- and JAK2V617F-MK derived CM on OB differentiation. In our OB/MK-CM system, we kept the CM for three days in culture. A possible explanation is that Noggin protein has a short lifetime and its continuous production by JAK2V617F MKs is necessary to exert the higher inhibitory effect.

For each gene or protein differentially displayed in JAK2V617F mutated MKs compared to controls, we contemplated cause-and-effect studies to examine their contribution to the inhibitory effect of male MKs on OB differentiation. Yet, it became apparent that the mutated MKs undergo a change in global gene programing involving several pathways linked to inhibition of osteogenesis. Hence, we propose that a cluster of such changes, and not a single one, is promoting the inhibition observed in OB differentiation. The observation that femurs from male JAK2V617F had significantly reduced bone volume compared to age-matched controls corroborates the in vitro data of an inhibitory effect of their MKs on OB differentiation. In addition, the hypomineralized bone in JAK2V617F mice further supports the notion of a compromised OB differentiation, since not fully differentiated OBs cannot complete the mineralization process. Yet, we recognize that the influence of JAK2V617F mutated MKs on OB differentiation, while significant, might be a partial reason for the observed bone phenotype, as other factors and physiological conditions associated with PMF might contribute to it.

While our study points to a significant inhibitory effect of the JAK2V617F mutation on bone volume in male mice, it is important to note that the final outcome of bone homeostasis is a result of both OB and OC regulation. More studies are needed to explore possible effects of JAK2V617F MKs on OC differentiation, if at all. Future studies could also focus on examining the effect of sex on bone manifestations in other forms of MPN.
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