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Abstract
The RNAse III enzyme Dicer plays a major role in the processing of microRNAs from large pre-miRNAs. Dicer1 processed microRNAs are known to play a comprehensive role in osteoblast differentiation, bone remodeling and skeletal disorders. Targeted deletion of Dicer1 in osteo-progenitor cells is deleterious to fetal survival whereas targeted deletion in mature osteoblasts leads to an increase in bone mass. To address the role of Dicer1 in post-natal skeletal homeostasis, we generated a pre-osteoblast specific Dicer1 knockout model employing Tamoxifen controllable Cre allele, enabling us, via tamoxifen administration, to time-controllably ablate Dicer1 gene expression in osterix expressing bone forming cells in post-natal mice.  Inactivation of Dicer1 in osterix positive bone forming cells led to striking dysregulation of cortical bone formation in pre-pubertal as well as adult mice. Cortical bone thickness was found to be significantly decreased in the Cre+ femora of both young and adult mice. Further, biomechanical testing experiments showed increased ductility, reduced stiffness and altered load at upper yield among the Cre+ tibiae. Our results suggest that Dicer1 processed microRNAs might play an important role in the regulation of post-natal cortical bone formation.
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1. Introduction

RNAse III Endo-ribonuclease Dicer (Dicer1) is responsible for cleaving pre-microRNAs into short (approx. 22 nt) single stranded, non-protein coding, microRNAs. MicroRNAs are post-transcriptional modulators of gene expression and they are known regulate many cellular and developmental processes. Dicer1 dependent microRNA biogenesis has been shown to be essential for bone development, post-natal bone homeostasis and osteoblast differentiation. MicroRNAs negatively regulate gene expression at different stages during osteoblast differentiation [1,2]. Moreover, certain microRNAs have also been reported to be involved in the pathogenesis of osteoporosis. Overexpression of miR-34c resulted in increased osteoclastogenesis and promoted age dependent bone loss in mice [3]. In a clinical study, it was found that a homozygous mutation in the pre-miR-2861, which hampers the expression of miR-2861, contributed to primary osteoporosis in two related adolescent human individuals[4]. 
A strategy to study the role of microRNAs during different biological processes is to specifically ablate microRNA biogenesis by disrupting Dicer1 gene function. However, Dicer null mouse embryos do not survive post embryonic day 7.5 [5]. To address the role of Dicer1 in vertebrate development and to circumvent associated embryonic lethality, a Cre-inducible conditional allele (Dicerfl/fl) has been generated previously [6]. Conditional deletion of Dicer1 in osteo-progenitor cells by using a Col1a-Cre strain has been found to be detrimental to fetal survival, whereas its inactivation in differentiated osteoblasts has been shown to lead to a post-natal increase in bone mass [7].  Involvement of osteoblast specific microRNAs during post-natal skeletal development and homeostasis is, however, incompletely understood. A Tamoxifen-dependent Cre-ERT2 recombinase, a fusion protein carrying the Cre recombinase and Tamoxifen-binding mutant version of the ER has been developed  and successfully used to address molecular underpinnings of different biological questions by inactivating specific genes at desired period [8,9]. In order to study the role of osteoblast-specific Dicer1 during post-natal bone accrual and  homeostasis, we generated a mouse line by crossing two earlier known mouse lines Tg(Sp7-cre/ERT2) [10]  and Dicerfl/fl [6]. Within this study, by utilizing this strain, the effect of tamoxifen-dependent deletion of Dicer1 in osterix positive bone forming cells was studied. Tamoxifen controlled deletion of Dicer1 in osterix positive bone forming cells led to a striking dysregulation of cortical bone formation during the rapid bone growth at the age period between 3 and 8 weeks and also dysregulation of cortical bone homeostasis in adult mice at age between 10 to15 weeks. Biomechanical parameters were also found to be altered in the Dicer1 deleted Cre+ animals pointing towards the possibility that post-natal Dicer1 deletion could have compromised the structural quality and integrity of the bones. In this study, we report that osteoblast specific microRNAs might play an important role in the post-natal regulation of cortical bone homeostasis. 
2. Materials and Methods

2.1 Generation of Tg(Sp7-cre/ERT2);Dicerfl/fl  strain

Tamoxifen controllable Dicer1-knockout mice Tg(Sp7-cre/ERT2);Dicerfl/fl was generated by crossing two scientifically established mouse lines Tg(Sp7-cre/ERT2) and Dicerfl/fl [6,10]. From this breeding also Dicerfl/fl mice on the same hybrid (FVB/N x C57BL/6) background used as controls (“hereafter referred to as Cre-/Cre negative”) were obtained. The Tg(Sp7-cre/ERT2) mice were a generous gift from Professor Henry Kronenberg, Harvard University, Boston, USA. The Dicerfl/fl mice were a generous gift from Associate Professor Brian Harfe, University of Florida, Gainesville, USA. The animals were housed as specific pathogen free at University of Turku Central Animal Laboratory and were fed soya-free chow. The mouse breeding, maintenance and experiments, complying international guidelines, were approved by the Finnish Animal Ethics committee and performed under license #2165/04.10.07 provided by the National Animal Experiment Board.  
2.2 Genotyping 

Genomic DNA was isolated from the ear marks of the animals by using the Nucleospin tissue DNA isolation kit (Macherey-Negel, Duren, Germany). Briefly, the tissue was lysed overnight at 560 C in lysis buffer provided in the kit. Post lysis, Proteinase-K digestion and column based purification was employed to isolate genomic DNA according to the manufacturer’s instructions. Genotyping was done for the presence of Tg(Sp7-cre/ERT2) and the Dicerfl/fl synthetic alleles by using specific primers. Tg(Sp7-cre/ERT2);Dicerfl/fl mice have hereafter been referred to as ‘Cre+/Cre positive’ whereas control mice have been referred to as ‘Cre-/Cre negative’.  
2.3 Recombination checking PCR and gel electrophoresis
To verify recombination, Bone marrow stromal cells from Cre+ and Cre- mice were isolated and differentiated into osteogenic lineage for three weeks, as previously described, with or without Tamoxifen (10-4 M) [11]. Genomic DNA was isolated from the cells at time-points d9 and d18 post tamoxifen administration. The purity and quality of the obtained genomic DNA was estimated with nanodrop ND-1000 spectrophotometer device (Thermo Fisher Scientific, Waltham, USA) and constant amount of DNA (200 ng) was subjected for PCR. Recombination at genomic DNA level was verified by using Dicer 23 exon specific primers (Table 1).
2.4 Animal Experiments

Effects of Dicer1 inactivation in Cre+ osteoblast precursors (and the cells differentiating from them after the inactivation) on bone phenotype were analyzed in two age-dependent groups of animals of F2 generation, 3 week old mice (younger group) and 10 week old mice (older group). Both male and female animals were included in the study. Body weights of the animals were recorded at the start of the experiments. Tamoxifen (0.5mg/10g of body weight) was administered by means of intraperitoneal injection for 3 days in both Cre positive (test) and corresponding Cre negative (control groups) of animals respectively. This was done to ensure the inclusion of an appropriate control for any tamoxifen-related effects. Post tamoxifen administration, the animals were followed 5 weeks for normal development under normal housing regulated for temperature, moisture and illumination.  After 5 weeks, the animals were euthanized and bones were harvested for Micro CT and histological analysis. The number of animals analysed per group are stated in the figure legends.
2.5 Micro-CT scanning, reconstruction and analysis
Micro-CT computer tomography scanning of left femorae was carried out with Skyscan 1072 x-ray computer tomography scanner (Bruker, Kontich, Belgium) as described previously [10]. Reconstruction of cross-sectional images was done by NRecon version 1.4 software whereas data analysis was done by CTan version 1.9.32 software, both from Skyscan (Bruker). Following parameters were applied for scanning, x 26.31 magnification (pixel resolution of 11.14 µm), X-ray tube voltage 61 kV, tube current 148µA, X-ray filtration with 0.25mm aluminum filter. Exposure time was 3.9s for each frame and the object was rotated in steps of 0.45o (total rotation angle 182.45o). Parameters for transverse image reconstruction were as follows: dynamic range attenuation 0.006-0.18 arbitrary units, smoothing level 2, beam hardening 80%, ring artefact reduction 7.

For analysis of trabecular bone, volumetric region of interest was defined at metaphysis of the femur starting 11 layers (122µm) below an anatomic marker, showing lower surface of the growth plate and extending 50 layers (557µm). Cortical bone was excluded from the analysis of trabecular bone. For analysis of cortical bone, a slice at the diaphysis of femur starting 295 layers (3286µm) below the growth plate and extending for 25 layers (278µm) was defined.     
2.6 Bone histology and Histomorphometry

Histomorphometry analysis of cortical bone was carried out using Osteomeasure XP 13.1 software (Osteometrics, Decatur, USA). Growth plate was employed as the anatomical marker. 4 independent fields below the growth plate region were analyzed for each individual sample. 
2.7 Bone length and thickness measurements
Femoral lengths and lateral /anterior thicknesses at the mid diaphysis were measured by using a Vernier caliper.
2.8 RNA extraction, cDNA synthesis and quantitative PCR

Femora from 15 week old Cre+ and Cre- males and females were pulverized in a steel mortar-pestle by using liquid nitrogen. RNA was extracted by using Nucleospin RNA kit (Macherey-Negel, Duren, Germany). Briefly, the pulverized samples were subjected to treatment with lysis buffer. DNAse treatment and column-based purification was carried out according to the manufacturer’s instructions and RNA was eluted in RNase free water. 500 ng RNA was used for cDNA synthesis. cDNA synthesis was carried out using the Sensifast cDNA synthesis kit (Bioline, London, UK). Quantitative PCR was performed on a CFX96 thermal cycler (Bio-rad laboratories, Hercules, USA) with Sensifast SYBR green (Bioline, London, UK). The ∆∆Ct method was used for relative quantification. Beta-actin as used as a reference gene. Cre-ve samples were used as the calibrator for the quantification. Primers are provided in table 1. All qPCR experiments consisted of four biological samples in test as well as control groups. Three technical replicates were performed for each sample and the average Ct value was used for the calculations.
2.9 Biomechanical test

Three-point bending tests were performed using a universal testing machine (Lloyd Instruments LR 300 Plus, Ametec Inc., USA) operating under the control software Nexygen Plus (Ametec Inc., USA). Prior to the test, the length of the bone was measured using a caliper. The inner and outer diameters of the bone at the point of application of load were estimated from the cross-sectional micro-CT images. In the three-point bending test, the span between the supports was 9 mm (approximately 50% of the whole bone length); the diameters of the supports and the loading pin were 2 mm. The loading was applied perpendicular to the cranio-caudal axis of the bone with compression on the posterior site and tension on the anterior site. The set-up is shown in supplemental figure 9. The loading speed was 0.2 mm/min. The loading force (N) was measured by a load cell with the capacity of 250N (Lloyd Instruments LC, Ametec Inc., USA) while the displacement was calculated by the software based on the loading speed. 
The following parameters, provided by the software, were considered in the analysis: load at upper yield (kN), maximum bending stress at upper yield (MPa), work to upper yield (Nm), stiffness (N/m) and Young's modulus of bending (GPa). The upper yield was represented by a point on the force-displacement curve at which a sudden drop in load occurred. In our experiment, this point corresponded to the maximum load. Stiffness was determined by the linear fit at the linear section of the force-displacement curve while work to upper yield was the area under the force-displacement curve up to the upper yield point.
2.10 Statistical analysis 
IBM SPSS statistical software (Version 22, IBM Corporation, USA) was used in statistical analysis of data. Normal distribution of the data obtained in the biomechanical test was assessed by Kolmogorov-Smirnov test. Some of the data did not conform to normal distribution. Consequently, Student’s t-test was used to compare the data that was normally distributed. In turn, non-parametric Mann-Whittney test was used to compare the data that was not normally distributed. The level of statistical significance was considered to be 0.05.

For the Micro-CT analysis, measurement of bone thickness and quantitative PCR experiments, unpaired t-test with unequal variance based on F-test was employed. The data is presented as means and standard deviations.
3. Results

3.1 General phenotype, recombination and Dicer1 expression
The Tg(Sp7-cre/ERT2);Dicerfl/fl  mice were normal in appearance, fertile and apparently devoid of any physiological or behavioral aberrations. Routine analysis of an assortment of tissues including liver, kidney, spleen, heart, lung, thymus, uterus, ovaries and brain did not reveal any significant anomalies. Tamoxifen induced Cre mediated recombination was verified by PCR analysis by using specific primers (Figure 1A).  Additionally, Dicer1 mRNA expression was quantified in Tamoxifen administered, Cre positive femora and Cre negative femora from both male and female animals. In tamoxifen administered Cre positive femora from 15 week old female animals, Dicer1 mRNA expression was significantly reduced (Figure 1B females, fold change: 0.78 vs 1, p = 0.01) as compared to Cre negative control femora. Similarly, femora from 15 week old Cre positive males displayed decreased Dicer1 mRNA expression (Figure 1C males, fold change: 0.71 vs 1, p = 0.0002). No expression of Cre mRNA was detected after tamoxifen administration in heart, liver and brain (Supplemental Figure 2).
3.2 Decreased expression of important osteoblast proteins in Dicer1 ablated bones
Femora from tamoxifen administered, 15 week old Cre+ females displayed decreased expression of alkaline phosphatase (Figure 1D, fold change: 0.69 vs 1, p = 0.02), Collagen a1 (Figure 1E, fold change: 0.68 vs 1, p = 0.02) and Runx2 (Figure 1F, fold change: 0.34 vs 1, p = 0.001) proteins as compared to the femora from Tamoxifen administered, Cre negative females. Similarly, femora from 15 week old males displayed reduced expression of alkaline phosphatase (Supplemental Figure 3A, fold change: 0.26 vs 1, p = 0.005) and Runx2 (Supplemental Figure 3B, fold change: 0.63 vs 1, p = 0.02) as compared to the femora from control Cre negative male animals.

3.3 Post-natal Dicer1 ablation leads to deficient cortical bone formation
Femora from Cre+ animals and Cre- controls were analyzed by Micro CT analysis. In Younger Cre+ females, cortical tissue volume (Figure 2A: TV, 0.73 vs 0.90 mm3, p = 0.03) and bone volume (Figure 2A: BV, 0.33 vs 0.43 mm3, p = 0.002, Figure 2A) were significantly reduced as compared to the Cre- females. Corresponding cross sectional tissue area (Figure 2A: Cs.T.Ar, 1.27 vs 1.57 mm2, p = 0.03) and cross-sectional bone area (Figure 2A: Cs.B.Ar, 0.58 vs 0.76 mm2, p = 0.002) were also decreased in the Cre+ animals. Additionally, cortical bone thickness was significantly reduced in the Cre+ animals (Figure 2A: Ct.Th, 0.15 vs 0.18 U, p = 0.003). Cortical bone mineral density was slightly reduced in the Cre+ females as compared to corresponding Cre- controls (Figure 2A: Ct.BMD, 1.35 vs 1.39 U, p = 0.03).  In Younger males, the bone volume to tissue volume ratio was significantly reduced in the Cre+ animals as compared to the Cre- controls (Figure 2B: BV/TV, 47 vs 53 %, p = 0.02). This was owing to decreased cortical tissue volume and bone volume in the Cre+ animals (Figure 2B: TV, 0.95 vs 1.09 mm3, p = 0.01 & BV, 0.45 vs 0.58 mm3, p = 0.004) respectively. Decrease in cortical tissue volume and bone volume was manifested due to corresponding decrease in cross-sectional tissue area and bone area (Figure 2B: Cs.T.Ar, 1.66 vs 1.89 mm2, p = 0.01; Cs.B.Ar, 0.80 vs 1.01 mm2, p = 0.004). Cortical bone mineral density was slightly lowered in Cre+ males as compared to Cre- counterparts (Figure 2B: Ct.BMD, 1.38 vs 1.40, p = 0.03). 
In older females, identical cortical bone phenotype was manifested. Decreased cortical tissue volume and bone volume was observed in the Cre+ animals, as compared to Cre- controls (Figure 3A: TV, 0.89 vs 1.06 mm3, p = 0.01; BV, 0.45 vs 0.60 mm3, p = 0.0002). Ratio of bone volume to tissue volume was correspondingly decreased in the Cre+ animals (Figure 3A: BV/TV, 51.1 vs 57.6 %, p = 0.03). Older Cre+ females exhibited similar reductions in cross-sectional tissue area, cross-sectional bone area and cortical bone thickness (Figure 3A: Cs.T.Ar,1.57 vs 1.83 mm2, p = 0.02; Cs.B.Ar, 0.80 vs 1.06 mm2, p = 0.0004; Ct.Th, 0.19 vs 0.24 U, p = 0.001). Similar to the younger group of Cre+ females, decreased cortical volume in the older Cre+ females was also accompanied by slight decrease in cortical BMD (Figure 3A: Ct BMD,1.30 vs 1.49 U, p = 0.01). In older Cre+ males, significant reductions were seen in cortical tissue volume and cortical bone volume (Figure 4A: TV, 1.17 vs 1.49 mm3, p < 0.0001; BV, 0.53 vs 0.72 mm3, p < 0.0001). Similarly, reductions in cross sectional tissue area, cross sectional bone area and cortical bone thickness were manifested in Cre+ males (Figure 4A: Cs.T.Ar, 2.03 vs 2.58 mm2, p < 0.0001; Cs.B.Ar 0.93 vs 1.27 mm2, p < 0.0001 ; Ct.Th 0.19 vs 0.23 U, p = 0.006) respectively. Additionally, in Cre+ males Bone perimeter and endocortical area were significantly reduced (Figure 4A: B.Pm, 9.8 vs 10.8 U, p = 0.011; Ec.Ar, 1.09 vs 1.31 mm2, p = 0.01). Cortical BMD was lowered in Cre+ males as compared to corresponding Cre- controls. However, this decrease was not significant (p = 0.09). No indication of Cre-expression related pseudophenotype [12] was seen in mice with tg(Sp7-cre/ERT2); DicerWT/WT phenotype (Supplemental Figure 4), which is in line with our previous results from mice with osteoblastic Cre-expression [13].
3.4 Reduced lateral and anterior-posterior thickness of femoral shaft
Measurements of femoral thickness (lateral and anterior-posterior) from Cre+ and Cre- animals of the older group revealed consistent decrease in the Cre+ femurs as compared to the Cre- controls. Cre+ animals, both males and females, showed slight but significantly reduced lateral as well as anterior posterior thickness; Cre+ males (Figure 4B: LT, 1.87 vs 2, p = 0.008; APT, 1.39 vs 1.49, p = 0.03) and Cre+ females (Figure 3B: LT, 1.44 vs 1.59, 0.03; APT, 1.24 vs 1.32, p = 0.03) respectively. In the younger Cre+ females there was a similar significant decrease in the anterior-posterior femoral shaft thickness (Figure 2B: APT, 1.14 vs 1.3, p = 0.03). However, in the younger Cre+ males, this decrease was not significant.
3.5 Cortical bone Histomorphometry
The number of endosteal osteoblasts were decreased in 15 week old Cre+ females as compared to the Cre- counterparts (Figure 3B: N.Ob, 19 vs 33, p = 0.04). However, in Cre+ males there was no significant difference in the number of osteoblasts as related to Cre- controls.
3.6 Biomechanical testing
Results of the biomechanical test are shown in Table 2. There were no statistically significant differences in the dimensions of the bones between the control group and the test group. Statistically significant differences were detected in work to upper yield and stiffness. The stiffness was decreased in the Cre+ bones (Figure 5A: 87 x 103 vs 132 x 103 N/m, p = 0.005) whereas the work to upper yield was found to be elevated in Cre+ bones as compared to their parallel Cre- counterparts (Figure 5B: 4.05 vs 2.40 Nm, p = 0.02). In the group of 8 week old  females, statistically significant difference (Figure 5C: 124.79 vs 183.74 MPa, p= 0.03) was detected in maximum bending stress at upper yield in the Cre positive group as compared to the Cre negative control group. In the group of 15 week old females, statistically significant difference (Figure 5D: 0.18 vs 0.29 Nm, p = 0.02) was detected in work to upper yield, wherein significant decrease was seen in the Cre positive test group as compared to the Cre negative controls. In the group of 8 week old males, statistically significant difference (Figure 5E: 10 vs 20 N, p = 0.03) was detected in load at upper yield, wherein significant reduction was seen in the Cre positive test bones as compared to the Cre negative control bones. All the data was also pooled and assessed by the statistical tests. In the pooled data, statistically significant difference was detected in stiffness (Figure 5F, p = 0.004) and in load at upper yield (Figure 5G, p = 0.02). 
4. Discussion 
Cre-LoxP system incorporated strains in which expression of Cre recombinase is driven by osterix promoter have been previously utilized to study the molecular role of different proteins in bone homeostasis.  However, multiple issues have been reported with Osx-Cre transgene expressing recombinant strains. One particular study showed that Osx-Cre:GFP transgene affected multiple cell types including stromal cells, adipocytes and perivascular cells in the bone marrow as well as olfactory glomerular cells and cells of intestinal epithelium [14]. Osx-Cre transgenic mice also manifested delayed calvarial ossification and craniofacial malformations [15,16]. Similarly, young Osx-Cre:GFP mice exhibited lower body weights as well as delayed periosteal apposition[17].In this study, we generated an inducible Cre-LoxP mouse model Tg(Sp7-cre/ERT2);Dicerfl/fl ) in which it was possible to induce expression of Cre recombinase by the administration of Tamoxifen. The Osx-Cre transgene in our Tg(Sp7-cre/ERT2);Dicerfl/fl  strain was derived from a different background [10], thereby overcoming the associated problems. In the study by Milona et al. [18] low level of osterix mRNA expression has been demonstrated in adult human brain. In the studies by Park et al [19,20], osterix expression has been demonstrated in the olfactory bulb and low levels in the cerebellum and cerebral cortex of developing mouse embryos. However there were no indication of osterix expression in the hypothalamic/pituitary regions relevant for bone homeostasis.
Tamoxifen controlled deletion of Dicer1 function in osterix positive bone forming cells resulted in deficient post-natal cortical bone homeostasis. Two age groups were selected for this experiment, 3 weeks old mice and 10 weeks old mice. The younger group was chosen to study the effect Dicer1 deletion during pre-pubertal period of rapid bone growth. The older group of animals (10 weeks at the beginning of the experiment) were fully developed and fertile. Inactivation of Dicer1 in these older animals would thereby enable to study its role in the regulation and maintenance of post-natal skeletal homeostasis. Micro-CT analysis revealed severe dysregulation of cortical bone formation in the Cre+ animals from both the age groups. In both age groups, several cortical bone parameters (including cortical tissue volume, cortical bone volume, tissue area, bone area, and cross sectional thickness) were significantly reduced in the Cre+ animals, as compared to their Cre- counterparts. However, cortical bone mineral density was slightly lowered in the Cre+ animals. This decrease was significant in the younger males, younger females and older females whereas in the older males it was not significant. Polymorphisms in microRNA binding sites have been reported to be associated with susceptibility to osteoporosis and bone mineral density [21,22]. Recently, in a study involving a Chinese population cohort, the SNP rs1048201 in the 3’UTR region of FGF2 gene was found to be associated with Spine BMD. Interestingly, this SNP variant affected the binding of hsa-miR-196a-3p [23]. The negligible decrease in cortical bone mineral density in the Cre+ animals suggests that Dicer1 dependent microRNAs are not indispensable for the regulation and maintenance of bone mineral density. However, microRNAs might have a smaller ‘fine tuning’ role in the same. In older males, Cre+ animals also showed decreases in bone perimeter and endo-cortical area. However, this was not seen in female mice and also in the younger group of animals. In male mice, cortical bone regulation via the androgen receptor (AR)-mediated signaling is well established [24–26]. It remains for further studies whether the Dicer-associated effects on cortical bone are independent of the AR-mediated effects.
The statistically significant differences detected in some of the biomechanical parameters, work to upper yield and stiffness, were related to the differences seen in the load-displacement curves obtained for the bones in the control group (15 week old Cre negative male tibiae) and the test group (15 week old Cre positive male tibiae). In general, while the strengths of the bones represented by the strength at upper yield were comparable, the bones in the test group had smaller elastic regions and larger plastic religions compared with those in the control group. The elastic region is associated with the stress that can be applied without affecting permanent damage to the specimens. In turn, the plastic region is associated with the irreversible plastic deformation. This implies that the bones in the test groups were more ductile compared with the bones in the control group.  Additional biomechanical tests were carried out using tibiae of male (8 weeks old) and female (8 weeks and 15 weeks old) mice. As seen in Figure 5, these results corroborated the original findings: there was a trend towards the decreased stiffness (Figure 5F) in the Cre+ animals compared with the Cre- animals in all gender and age groups. A similar trend was observed in the in load at upper yield (Figure 5G). However, in stiffness, these differences were not statistically significant in the additional tests. On the other hand, statistically significant differences were detected in load at upper yield as well as, maximum bending stress at upper yield in some of the additional data. When all the data (original and additional) were pooled together, statistically significant differences were detected in stiffness and in load at upper yield, indicating the dissimilarities in the quality of bone in Cre+ and Cre- animals. Results of the biomechanical tests are affected by the variations in the animals. Analysis of trabecular bone parameters was also carried out. In 8 week old Cre+ males the trabecular tissue volume and trabecular bone volume were significantly reduced as compared to their Cre- counterparts (Supplementary information Figure 8a and 8b). We did not find any significant differences in any other trabecular bone parameters between Cre+ and Cre- bones from both the sexes (Supplementary information Figure 7 and Figure 8).  
One limitation of our study was that the strain Tg(Sp7-cre/ERT2);Dicerfl/fl  was of a mixed background (C57BL6/J and FVB/N) with the parent strains known to differ significantly in bone mineral density. This could also have had some influence on the cortical bone phenotype seen in our experiments. Dicer1 dependent microRNAs are known to be involved in the regulation of osteogenesis [1].  Recently, Dicer1 gene expression was shown to be regulated transcriptionally by Runx2 during osteogenic differentiation[27,28]. Prior to our study, there was lack of information about the possible role of Dicer1 processed microRNAs during post-natal skeletal homeostasis. In previous studies, Dicer1 was inactivated in mature osteoblasts by using an osteocalcin-Cre transgene[7]. Deletion of Dicer by employing the osteocalcin-Cre construct resulted in an increase of cortical and trabecular bone mass. Osteocalcin is expressed in mature osteoblasts undergoing mineralization and also in osteocytes. Abrogation of microRNA production in both osteocytes and in mineralizing osteoblasts therefore could have resulted in a combinatorial effect. During osteogenic differentiation in-vivo and in-vitro, osterix expression precedes osteocalcin expression. Osterix positive osteoblasts cells are not terminally differentiated and therefore represent a stage wherein the mineralization has not commenced. Our rationale was to shut down the RNAse III Dicer gene expression in osterix positive osteoblasts which have not undergone terminal maturation, thereby targeting those cells which are undergoing differentiation at a stage prior to matrix deposition and mineralization.  Osterix is also expressed in osteocytes. Osterix null osteocytes are morphologically deformed. Additionally, osterix null osteocytes show reduced expression of osteocyte specific genes Dentin matrix protein 1 (Dmp1), PHEX and sclerostin (SOST) [29]. It is possible that in our study, Dicer1 might also be ablated in osteocytes in addition to bone forming osteoblasts. Osteocytes make up 90-95% the total bone volume in adult mouse skeleton and are the primary cellular population of cortical bone. Therefore, Dicer1 ablation in osteocytes could also contribute to the abnormal cortical bone phenotype that is evident in our study. Furthermore, in our mice, Dicer1 could be deleted in pre-osteoblast cells expressing osterix and their subsequent daughter cell populations. Therefore, it is likely that Dicer1 deletion in pre-osteoblasts and their progeny have contributed to the cortical bone phenotype that we have described in this study, and thus, this possibility cannot be excluded. Our study therefore suggests an important role of osteoblastic Dicer1 dependent microRNAs in the regulation of post-natal cortical bone formation and homeostasis. 
4.1 Conclusions
Our study has uncovered a role for the RNAse III enzyme Dicer1 in the post-natal regulation of cortical bone formation. Our results therefore implicate microRNA mediated gene regulation to be important in the maintenance of post-natal cortical bone homeostasis.
Table 1: Primer sequences

	Target
	primer sequences
	product size
	Ta
	Other remarks

	Dicer1 Exon 23
	Forward:
GCTGGTTAAGTAGCAGCCCA

Reverse:

GCGCCTTCGTGAGGAAAATC
	338 bp
	60
	Recombination testing 

	Alkaline Phosphatase (ALP)
	Forward:

GGGAGATGGTATGGGCGTCT

Reverse:

AGGGCCACAAAGGGGAATTT
	117 bp
	60
	qPCR 

Exon-Exon junction spanned: 417/418 forward primer

	Collagen a1 (Cola1)
	Forward:

CGATGGATTCCCGTTCGAGT

Reverse:

GCTACGCTGTTCTTGCAGTG
	132 bp
	60
	qPCR

Exon-Exon junction spanned: 4071/4072 forward primer

	Runx2
	Forward:

TCGGAGAGGTACCAGATGGG

Reverse:

TGAAACTCTTGCCTCGTCCG
	159 bp
	60
	qPCR

Exon-Exon junction spanned:

1573/1574 forward primer

	Beta Actin
	Forward:

AGATCAAGATCATTGCTCCTCCTG

Reverse:

AGCTCAGTAACAGTCCGCCT


	170 bp
	60
	qPCR
Exon-Exon junction spanned: 

1063/1064 forward primer

	Dicer1 
	Forward primer:

AGAAGAGAACTGTGGCGTC

Reverse primer: 

TGGTTAAGTAGCAGCCCAGC

	125 bp
	60
	qPCR

Exon-Exon junction spanned: 


Figure Legends

Figure 1: a) Cre mediated recombination upon Tamoxifen treatment demonstrated at two timepoints; d9 and d18. b) Dicer1 mRNA expression in 15 week old Cre+ and Cre- females. c) Dicer1 mRNA expression in 15 week old Cre+ and Cre- males. mRNA expression of d) Alkaline phosphatase, e) Collagen a1 and f) Runx2 in  15 week old  tamoxifen Cre+ and Cre- female mice. [p < 0.05(*), p < 0.01(**) and p < 0.001 (***)].
Figure 2: Micro-CT analysis of Tg(Sp7-cre/ERT2);Dicerfl/fl  femora in 8 week old mice. a) Analysis of cortical bone parameters in Younger female mice. (TV-Tissue Volume, BV-Bone volume, BV/TV-ratio of Bone volume to Tissue volume, Cs.T.Ar – cross sectional tissue area, Cs.B.Ar – cross sectional bone area, Ct.Th – cross sectional cortical thickness, Ct.BMD – cortical bone mineral density). [p < 0.05(*) and p < 0.01(**)]. b) Analysis of cortical bone parameters in younger male mice. c) Femoral thickness measurements and representative images of Micro-CT scanned and reconstructed femur samples. Number of animals analysed per group (n): 8 week old males (both Cre+ and Cre-, n=6); 8 week old females (Cre+, n=5; Cre-, n=4).
 Figure 3: Micro-CT analysis of Tg(Sp7-cre/ERT2);Dicerfl/fl  femora of in 15 week old female mice. a) Analysis of cortical bone parameters in older female mice. (TV-Tissue Volume, BV-Bone volume, BV/TV-ratio of Bone volume to Tissue volume, Cs.T.Ar – cross sectional tissue area, Cs.B.Ar – cross sectional bone area, Ct.Th – cross sectional cortical thickness, Ct.BMD – cortical bone mineral density). [p < 0.05(*) and p < 0.01(**)].  b) Femoral thickness measurements, number of osteoblasts (Histomorphometry) and representative images of Micro-CT scanned and reconstructed femur samples. Number of animals analysed per group (n): 15 week old females (Cre+, n=9; Cre-, n=8).
Figure 4: Micro-CT analysis of Tg(Sp7-cre/ERT2);Dicerfl/fl  femorae of 15 week old male mice. a) Analysis of cortical bone parameters in older male mice. TV-Tissue Volume, BV-Bone volume, BV/TV-ratio of Bone volume to Tissue volume, Cs.T.Ar – cross sectional tissue area, Cs.B.Ar – cross sectional bone area, Ct.Th – cross sectional cortical thickness, Ct.BMD – cortical bone mineral density, Ec.Ar – Endocortical area and B.Pm – Bone Perimeter). [p < 0.05(*), p < 0.01(**) and p < 0.00001 (****)]. b) Femoral thickness measurements and representative images of Micro-CT scanned and reconstructed femur samples. Number of animals analysed per group (n): 15 week old males (Cre+, n=9; Cre-, n=7).
Figure 5: Biomechanical testing by standard three-point bending analysis. a) Stiffness and b) work from preload to upper yield in test (15 week old male Cre+) and control (15 week old male Cre-) tibiae. c) Maximum bending stress in test (8 week old female Cre+) and control (8 week old female Cre-) tibiae. d) Work to upper yield in test (15 week old female Cre+) and control (15 week old female Cre-) tibiae. e) Load at upper yield in test (8 week old male Cre+) and control (8 week old male Cre-) tibiae. f) Stiffness (pooled data) in test (8 and 15 week old male and female Cre+) tibiae and control (8 and 15 week old male and female Cre-) tibiae. g) Load at upper yield (pooled data) in test (8 and 15 week old male and female Cre+) tibiae and control (8 and 15 week old male and female Cre-) tibiae.[p < 0.05 (*), p < 0.01 (**)]. Number of animals analysed per group (n): 15 week old males and females (Cre+, n=5; Cre-, n=5). 8 week old males (Cre+, n=5; Cre-, n=5). 8 week old females (Cre+, n=4; Cre-, n=4).
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