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Healthy bone homeostasis hinges upon a delicate balance and regulation of multiple processes that contribute to bone development and metabolism. While examining hematopoietic regulation by Tle4, we have uncovered a previously unappreciated role of Tle4 on bone calcification using a novel Tle4 null mouse model. Given the significance of osteoblasts in both hematopoiesis and bone development, this study investigated how loss of Tle4 affects osteoblast function. We used dynamic bone formation parameters and microCT to characterize the adverse effects of Tle4 loss on bone development. We further demonstrated loss of Tle4 impacts expression of several key osteoblastogenic genes, including Runx2, Oc, and Ap, pointing toward a potential novel mechanism for Tle4-dependent regulation of mammalian bone development in collaboration with the RUNX family members.
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INTRODUCTION

Normal bone development is a dynamic process that depends on the balance between bone formation and bone resorption. These two processes are largely mediated by osteoblasts and osteoclasts, respectively. An imbalance of these two forces results in various bone pathologies, including osteopetrosis and osteoporosis (Cohen, 2006; Kaul et al., 2015). Osteoblasts are derived from mesenchymal cells that are triggered by Wnt signaling toward osteoblastic differentiation (Hill et al., 2005; Houschyar et al., 2019). Various factors, including Wnt, BMP signaling, and Runx2, have been found to play roles, not only in normal osteoblast function, but also maturation and viability (Cohen, 2006; Kozhemyakina et al., 2015). Runx2 and Osterix regulate the differentiation of mesenchymal stem cells (MSCs) to osteoblastic lineages (Asada and Katayama, 2014). The loss of Runx2, a known interaction partner of Tle co-repressors, results in the absence of bone formation thought to be secondary to aberrant osteoblast differentiation in mice (Choi et al., 2001). Additionally, previous studies have shown that Runx2 expression induces osteoblastic differentiation of mouse stromal cells (Baniwal et al., 2012). Runx2 augments mesenchymal lineage proliferation while also assisting the commitment to osteoblasts by regulating a series of signaling pathways that include Wnt, FGF and PTH, as well as Dlx5 (Komori, 2019). Moreover, Runx2 enhances the expression of bone matrix protein genes including Col1a1, Spp1, Ibsp, Bglap2 and Fin1 (Komori, 2019). Smad and p38 MAPK signaling pathways regulate Runx2 promoting osteoblast and chondrocyte differentiation (Wu et al., 2016). Other key regulators of osteoblast differentiation include osteoproteregin, osterix, and alkaline phosphatase, and osteopontin. These factors are expressed at different stages of osteoblast differentiation and regulate osteoblast precursor fate decisions, bone metabolism, and osteoclast induction (Cohen, 2006).

The Groucho/TLE family of proteins are intimately involved in the regulation of various signaling pathways critical to cell fate and development, including receptor tyrosine kinase/Ras/MAPK, Notch, and Wnt signaling (Zhang and Dressler, 2013; Chodaparambil et al., 2014). The Groucho/TLE family have been extensively studied as corepressors of various binding partners, including the RUNX/AML family through the C-terminal VWRPY Groucho recruitment motif (Levanon et al., 1998; Chen and Courey, 2000). In leukemia, we have shown t(8;21) leukemic cell viability and growth are sensitive to TLE4 levels and that loss of the TLE homolog in zebrafish, Gro3, cooperates with AML1-ETO to create a myeloid leukemia phenotype (AML) (Dayyani et al., 2008). Having identified the tumor suppressor role of TLE4 in myeloid leukemias, we generated a novel Tle4 knockout mouse model to better understand its role in mammalian development (Sweetser et al., 2005; Dayyani et al., 2008; Wheat et al., 2014). In addition to various hematopoietic abnormalities, we unexpectedly found a severe bone development defect in these mice leading to severe runting and decreased bone mineralization (Wheat et al., 2014). Similar dual functions have been described for other regulators of bone development that also can function as tumor suppressor genes including FoxO members and ARF which drives bone remodeling and osteosarcoma development in mice through both p53 independent and dependent mechanisms (Rauch et al., 2010; Le et al., 2018; Ma et al., 2018; Schmitt-Ney, 2020).

Hematopoiesis and normal bone development are intimately connected (Bianco, 2011; Despars and St-Pierre, 2011). In concert with other resident bone tissue cells, osteoblasts create and protect a hospitable hematopoietic stem cell (HSC) microenvironment (Cohen, 2006; Yin and Li, 2006). Co-cultures of MSCs with various leukemic cell lines increase osteoblastic markers such as Runx2, Osx, Opn (Le et al., 2018). Initial studies of hematopoiesis in the bone marrow found many HSCs in close proximity to the inner bone endosteal area, which has triggered much inquiry into the specific relevance of osteoblasts in HSC maintenance and niche (Yin and Li, 2006; Garcia-Garcia et al., 2015). Osteoblasts communicate with HSCs through direct receptor-ligand interactions (e.g., Ang1/Tie2 and TPO/MPL), to support HSC adhesion and residence in the niche, including interactions between N-cadherin/β-catenin, and osteopontin/β1integrin (Yin and Li, 2006; Le et al., 2018). In addition, osteoblasts secrete factors including G-CSF, hepatocyte growth factor and osteopontin that regulate the pool size of the CD34+ progenitor population (Le et al., 2018). Osteoblasts regulate HSC migration in and outside of the bone marrow through CXCL12/CXCR4 and VCAM-1/VLA-4 (Le et al., 2018). The constitutive activation of β-catenin in osteoblasts and resultant expression of the Notch ligand Jagged-1 activates Notch signaling in HSC leading to the development of AML. This underscores the importance of normal regulation of mediators of osteoblast differentiation on normal hematopoiesis (Kode et al., 2014). Dicer1 or Ptpn11 deficient osteoprogenitor cells in mice display myelodysplastic syndrome and secondary acute myeloid leukemias, as well as juvenile myelomonocytic leukemia-like myeloproliferative neoplasms, respectively (Le et al., 2018). This is further demonstrated by studies that found HSC populations increased in parallel with expansion of osteoblasts due to parathyroid hormone treatment in mice (Calvi et al., 2003), while PTH activation enhances the migration of long-term repopulating HSCs (Even et al., 2021). Moreover, a previous study targeted ablation of osteoblasts in mice found that the loss of osteoblasts significantly reduced HSC and hematopoietic progenitor populations (Visnjic et al., 2004). Furthermore, animals deficient in Sca marker present bone abnormalities (Aguila and Rowe, 2005). Thus, osteoblast function intimately connects bone formation and hematopoiesis. Specifically Car/LepR+ CXCL12 expressing cells create a niche for HSCs cells while simultaneously give rise to osteoblasts (Galan-Diez and Kousteni, 2018). The similarity of Tle4 null mice to Runx2 null mice suggested the loss of Tle4 might either impair the function or the expression of Runx2. To better characterize the nature of the defect in bone development and maintenance in Tle4 null mice we have used Tle4 null and conditional Tle4 knockout mice and performed assays of osteoblast function and development in bone stromal cultures and mesenchymal bone marrow cell lines.



MATERIALS AND METHODS


Generation of Tle4 Null and Conditional Tle4 Knockout Mice

For these experiments we used Tle4 null (T4KO) and Tle4 conditional knockout mice generated in our laboratory as previously described (Wheat et al., 2014). Briefly, conditional mice were constructed by targeting LoxP sites to flank exon 2 of Tle4 via homologous recombination using the 129S6/SvEvTac ES cell line (T4F). To generate T4KO, resultant mice were crossed with β-actin:Cre mice (gift of Dr. Susan Dymecki) to delete exon 2 in all tissues. Heterozygote mice were backcrossed to C57BL/6 background for over six generations and interbred to generate Tle4 null mice. For conditional knockout of Tle4, homozygous T4F mice containing Mx1-Cre (T4F cre) were used. Excision of Tle4 exon 2 was induced with three intraperitoneal injections of 15 mg/kg polyinosinic-polycytidylic acid (pIpC; Sigma) separated by 48 h. pIpC treatment induces interferon-γ signaling with activation of Cre expression and subsequent Cre recombinase excision of exon 2 of Tle4. This is predicted to cause a frameshift resulting in a premature stop codon and non-functional truncated Tle4 protein (Wheat et al., 2014). Demonstration of T4F knockout efficiency by pIpC was performed by PCR using primers mT4WTvFlpR 5′- GGAGACTTGGAAAACGCTGA-3′, mT4PcreF 5′- CAAAGGGCCCCAGAATCTT-3′and mT4PcreR 5′- CGACCGACTTGTAGCCATTT-3′. Mice were housed in a specific pathogen-free environment with a 12-h light/dark cycle, 30–70% relative humidity and approximately 70°F ambient temperature, in groups not surpassing four adult animals. Mice had ad libitum access to tap water and standard rodent chow (Prolab® RMH 3500, Scotts Distributing, Hudson, NH, United States). For analysis mice were euthanized by inhalation of 100% CO2. This study was carried out in strict accordance with recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and approved by the Massachusetts General Hospital Institutional Animal Care and Use Committee.



Cell Culture, shRNA Construction, and Lentiviral Infection

ST2D cells (Generous gift of Dr. Baruch Frenkel) were generated by stably transforming mouse mesenchymal ST2 cells derived from bone marrow with a doxycycline-inducible Runx2 expression vector (Baniwal et al., 2012). ST2D cells were cultured in RPMI-1640 (Lonza, Walkersville, MD, United States) supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO, United States) and 1% penicillin/streptomycin (Invitrogen, United States). Cells were maintained at 37°C and 5% CO2. When indicated, cells were also cultured with 350 ng/mL doxycycline (Sigma-Aldrich, United States) or DMSO (Sigma-Aldrich, United States). Non-targeting control (scr) and Tle4-specific shRNA constructs were developed using the lentiviral vector FUGW and delivered to cells via lentiviral delivery as previously described (Dayyani et al., 2008). The Tle4 shRNA (shTle4) used has the following target sequence: AGTGATGACAACTTGGTGG and a control scrambled shRNA (scr) CAGTCGCCATTAGTTCCAC. Infected cells were identified by GFP fluorescence detected using FACS LSRII or GFP-selected via cell sorting with FACS Aria (BD, United States).



Generation of Stromal Cultures

Stromal cultures were generated from bones of 1-week old T4WT or T4KO littermates as previously described (Mukherjee et al., 2008; Wheat et al., 2014). After harvesting femur and humeri, whole bones were crushed and plated on tissue culture plates with MEMα (Invitrogen, United States) supplemented with 20% FBS and 1% Penicillin/Streptomycin (Invitrogen, United States). After 3 days, non-adherent cells were removed and media was changed to osteogenic media containing 100 μM β-glycerophosphate, 2.84 μM ascorbic acid, and 10 nM dexamethasone. After 1 week in osteogenic media, stromal cultures were either lysed with Trizol (Invitrogen, United States) for RNA or stained for alkaline phosphatase activity (Sigma).

In osteoblast function experiments, ST2D cells were treated with Tle4-specific (T4KD) or scramble control shRNA (SCR) via lentiviral expression. One week after spinoculation, GFP + ST2D cells were selected using FACS Aria (BD, United States) and cultured in 6-well plates. Upon reaching confluence, ST2D cells were cultured in osteogenic media, with or without 350 ng/mL doxycycline. After 2 days, ST2D cultures were lysed with Trizol (Invitrogen, United States) for RNA. In a separate experiment RNA was harvested from ST2D cells cultured after stimulation with 350 ng/mL doxycycline at 24, 48, and 72 h.



Expression Analysis via qRT-PCR

RNA was harvested from whole bone lysate, stromal cultures, or ST2D cell culture using Trizol (Invitrogen, United States). Expression levels of select differentially expressed genes and others of interest were performed via qRT-PCR as previously described (Wheat et al., 2014). Briefly, the RNA was reversed transcribed using the M-MLV Reverse transcriptase kit (Invitrogen, United States), followed by the quantitative analysis using either SYBR Green system (Bio-Rad, United States) or predesigned TaqMan Gene Expression Assay (Applied Biosystems, United States). Primer sequences for SYBR Green assays are listed in Supplementary Table 1. Tle4 expression was assayed using the TaqMan Gene Expression Assay (Tle4: Mm01196934). The expression levels of genes of interest were normalized to the expression levels of the 18S housekeeping gene.



Mineral Apposition Rate Assay

For mineral apposition assay, 2-month old T4F and T4F cre littermates were irradiated with two doses of 450cGy and subsequently transplanted with 1 × 104 Lineage- c-Kit + Sca-1 + (LKS) cells from 2-month old wild-type C57BL/6 mice via tail vein injection. These transplanted wild-type LKS cells were isolated using a FACS Aria (BD, United States). Eight weeks after transplant, Tle4 excision was induced by three pIpC (Sigma) intraperitoneal injections at a dose of 15 mg/kg every 48 h. Four weeks after Tle4 excision, recipient mice were pulsed with 20 mg/kg calcein (Sigma- Aldrich, United States) via intraperitoneal injection. After 1 week, recipients were given 30 mg/kg demeclocycline (Sigma- Aldrich, United States) via intraperitoneal injection. Femurs were harvested 3 days after demeclocycline injection and fixed in 70% ethanol. Femurs were processed for resin embedding for mineral apposition rate analysis and for immunohistochemistry staining of Runx2 (PA5-86506, ThermoFisher Scientific, Waltham, MA, United States), Oc (MBS2003553, MyBiosource, San Diego, CA, United States) and β-catenin (ab6302, Abcam, Cambridge, United Kingdom) (Bouxsein et al., 2010).



MicroCT Bone Analysis

Microcomputed tomographic analysis (microCT) was performed on a subset of lumbar vertebrae. The femora were scanned at a resolution of 6 μm using a Scanco-35 microCT (Scanco United States, Inc., Southeastern, PA, United States). Each scan included a phantom containing air, saline and a bone reference material (1.18 g/cm3) for conversion of Houndsfield units to mineral density in g/cm3. Reconstruction of the individual projections to computed tomography volume data was performed using instrument software. Specimen-specific thresholds were determined by first selecting a volume of interest, generating the attenuation histogram, and determining the threshold that segments mineralized tissue from background. Properties determined included medullary bone mineral density (BMD), cortical bone thickness, AP distance, vertebral pedicle length, and trabecular bone volume fraction (trabecular bone volume to total volume ratio, BV/TV) (Bouxsein et al., 2010).



Statistics

Analyses used student’s unpaired t-test with Graphpad Prism for comparing two genotypes (Graph-pad Software, La Jolla, CA, United States). Data are presented as floating bars showing the minimum to maximum values or scatter plots, and values of p < 0.05 are considered statistically significant.



RESULTS


Loss of Tle4 Leads to Defective Bone Development

To assess bone formation in Tle4 null mice, we performed microCT analysis of lumbar vertebrae of 3-day old T4KO and wild-type (T4WT) littermates. T4KO mice exhibit decreased trabecular bone volume fraction (BV/TV) and AP distance measurements compared to T4WT counterparts, suggesting loss of Tle4 is associated with decreased bone density and vertebral pedicle length (Figures 1A,B). Additionally, femurs of 8 to 9-day-old T4KO and T4WT littermates were harvested for microCT analysis of medullary and cortical bone (Figures 1C,D). This analysis showed T4KO mice have reduced medullary bone density (M.BV/TV) and cortical bone thickness (Ct.Th). Moreover, microCT image reconstructions of trabecular bone in L3 vertebrae of 3 to 4-week old T4KO and T4WT littermates further illustrate decreased bone calcification and increased trabecular space in T4KO vertebrae compared to those of T4WT (Figure 1E). This is consistent with previous findings that loss of Tle4 is associated with deficits in vertebral and long bone formation.
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FIGURE 1. T4KO mice exhibit deficiencies in bone formation. MicroCT measurements of (A) BV/TV and (B) AP distance in L2 and L3 vertebrae of T4KO and T4WT littermates demonstrate decreased bone density and spinal canal diameters (n = 2 biologic duplicates per arm; ∗p < 0.05, ∗∗p < 0.01, Student t-test). Femurs collected from 9-day old T4KO and T4WT littermates were analyzed for (C) medullary bone density and (D) cortical thickness. Both measurements show decreased trend in T4KO vs. T4WT mice (n = 3–4 mice per arm, technical duplicates). (E) MicroCT image reconstructions of trabecular bone in L3 vertebrae of 3-to-4 weeks old T4WT and T4KO mice, illustrating decreased bone density and trabecular bone formation in Tle4 null mice (n = 2 biologic duplicates per arm).




Dynamic Bone Formation and Osteoblast Deficiencies in Conditional Tle4 Knockout Mouse

To further characterize the effects of Tle4 loss on bone development, we pursued a dynamic double-label mineral apposition rate (Calvi et al., 2003) assay using mice that have loxP target sites flanking exon 2 of Tle4 with or without Cre recombinase driven by the Mx1 promoter (T4F cre and T4F, respectively). In order to isolate the effects of Tle4 loss to bone marrow mesenchymal cells we replaced the bone marrow hematopoietic cells with wild type cells by bone marrow transplantation prior to knockout of Tle4 by pIpC in these Mx1-Cre expressing mice. The high degree of knockout efficiency of exon 2 of Tle4 in these conditional T4F-cre mice was demonstrated in harvested bone marrow of similarly pIpC treated T4F-cre compared to T4F mice lacking Mx1-cre (Supplementary Figure 1). The MAR assay revealed T4F cre mice have multiple lower dynamic parameters of bone formation (Figures 2A–F). While ratios of mineralizing to bone surface areas (MS/BS) were similar, MAR and bone formation rates (BFR) were lower in T4F cre mice compared to their control T4F counterparts (Figures 2A–C). Additionally, T4F cre mice had lower numbers of osteoblasts per given bone perimeter area (Figure 2D). Combined with lower osteoid to bone surface area ratios (Figure 2E), these results point toward an association between decreased bone formation and conditional loss of Tle4 in adult mice.
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FIGURE 2. MAR assay and trichrome staining results indicate contrasting effects of Tle4 loss on bone formation and calcification. T4F cre mice of 8-to-9 days old have decreased (A) MAR and (B) BFR rates, measurements of average bone calcification per osteoblast and total bone formation, respectively, while having similar (C) ratio of mineralizing to bone surface ratios. (D) T4F cre mice also had less N.Ob/B.Pm values, an estimate of the number of osteoblasts per area of bone surface. (E) Trichrome staining reveals T4F cre mice have significantly reduced osteoid compared to T4F controls (n = 3 mice per arm; *p < 0.05, Student t-test). (F) Representative image demonstrating decreased bone formation in T4F cre mice vs. T4F mice via MAR double-stain of calcein and demeclocycline.




Bone Defects Due to Tle4 Loss May Be Mediated Through Dysregulation of Canonical Regulators of Bone Development

Given the defective bone and bone marrow phenotype seen in T4KO mice, we hypothesized that loss of Tle4 may affect osteoblast function and development. To assess this, we first harvested RNA from flushed whole bone lysates of 1-week-old T4KO and T4WT littermates. Expression analysis, using qPCR, revealed T4KO bone had significantly lower levels of Ap, Runx2, and Oc expression (Figure 3A). Ap is often used as a proxy for osteoblast function while Runx2 and Oc have previously been connected to osteoblast maturation and bone anabolic regulation (Jang et al., 2012). To minimize bone cell heterogeneity, crushed 1-week-old T4KO and T4WT femurs were cultured in osteogenic media to generate osteoblast stromal cultures. T4KO stromal cultures demonstrated significant decreases in osteoblast genes, including Runx2, Ap, Oc, and Spp1 (Figure 3B). Moreover, alkaline phosphatase staining qualitatively showed a trend toward decreased alkaline phosphatase activity in T4KO stromal cells (Supplementary Figure 2).
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FIGURE 3. Loss of Tle4 affects expression of osteoblast function and differentiation regulators. (A) qRT-PCR using RNA from 1-week old T4WT and T4KO flushed whole bone lysate shows T4KO has decreased expression of Ap, Runx2, and Oc (n = 6 biologic replicates, technical triplicates; *p < 0.05, **p < 0.01, Student t-test). (B) Stromal cultures from T4WT and T4KO were lysed for qRT-PCR analysis, which shows significantly reduced levels of Runx2, Ap, Oc, and Spp1 expression in T4KO compared to T4WT (n = 3 biologic replicates per arm, technical triplicates; *p < 0.05, **p < 0.01, ***p < 0.001, and Student t-test).


Our T4KO results revealed that absence of Tle4 was associated with significant reductions of Runx2, suggesting T4KO-associated bone abnormalities might be due to decreased Runx2 expression. To further elucidate the time course of Tle4-mediated effects on bone development factors through the Runx axis and considering the recent data on the Runx1 involvement in bone development (Tang et al., 2020), we assessed the expression levels of Runx1 in the 1-week-old T4KO and T4WT littermates, and found that the absence of Tle4 does not affect the expression levels of Runx1 (Figure 3A) suggesting the calcification defects in Tle4 KO mice are more likely explained by Runx2 inhibition.

To better understand the mechanisms underlying Tle4 effect on bone development and the interplay with Runx2, we turn to an in vitro system using mouse mesenchymal ST2 cells stably transformed with a doxycycline-inducible Runx2 vector (ST2D) (Dayyani et al., 2008; Baniwal et al., 2012). In these ST2D cells the addition of doxycycline leads to an induction of Runx2 expression (Figure 4A). In this system we evaluated the effects of knocking down Tle4 expression via lentiviral delivery of Tle4-specific shRNA. Expression analysis using qPCR demonstrated over 80% reduction in Tle4 message via shRNA in both doxycycline and DMSO cultures and showed that ectopic expression of Runx2 in the absence of Tle4 shRNA did not significantly affect Tle4 expression levels (Figure 4A). In this system we demonstrated Tle4 knockdown reduced endogenous Runx2 expression levels by approximately 50% in ST2D cells cultured in control DMSO media. This result correlated nicely with that found in vivo. The addition of doxycycline significantly increased Runx2 expression levels. Tle4 knockdown via shRNA was not able to prevent this increase driven from a lentiviral promoter, though the increase was blunted, likely reflecting repression of Runx2 from the endogenous promoter. Induction of Runx2 by doxycycline resulted in a significant increase in the expression of Oc, Ap, and Osx after 48 h, and this increase was significantly decreased in Tle4 knockdown arms (Figure 4B). To further understand the relationship between Tle4 and Runx2, we queried expression levels of Bmp2 and Bmp4, given their previously described roles as regulators of Runx2 and normal skeletal development (Bandyopadhyay et al., 2006; Krishnan et al., 2006). We demonstrated that loss of Tle4 caused a significant reduction of Bmp2 expression at baseline and prevented upregulation in response to Runx2 induction. Interestingly, levels of Bmp4 were increased with Tle4 knockdown, but the upregulation seen with Runx2 expression was blocked (Figure 5).
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FIGURE 4. Tle4 knockdown in ST2D mouse mesenchymal cells demonstrates similarities in aberrant expression of osteoblast regulator genes seen in osteoblast cultures derived from T4KO mice. (A) qRT-PCR using RNA harvested from Tle4 knockdown (shTle4) and control (CTL) ST2D cells using scrambled shRNA confirm effective Tle4 knockdown and Runx2 induction after 48 hr of doxycycline induction which remains decreased compared to the scramble controls. (B) qRT-PCR experiments show expression of Ap and Oc are significantly reduced in Tle4 knockdown ST2D cells compared to control. Doxycycline-induced expression of Runx2 significantly increases expression of these genes compared to DMSO control, remaining however, in lower levels compared to scramble (n = 3 biologic replicates per arm, technical triplicates; *p < 0.05, **p < 0.01, ***p < 0.001, and Student t-test).
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FIGURE 5. Tle4 knockdown in ST2D cells cause aberrant levels of Bmp2 and Bmp4 expression in response to Runx2 expression. (A) Twenty-four hours after Runx2 induction, upregulation of Bmp2 in control (CTL) cells. Knockdown of Tle4 represses Bmp2 expression and blocks upregulation with Runx2 induction. (B) Induction of Runx2 also leads to an upregulation of Bmp4 in control cells. This upregulation is not seen in the presence of Tle4 knockdown (n = 3 biologic replicates per arm, technical triplicates; *p < 0.05, **p < 0.01, ***p < 0.001, and Student t-test).


Extended time-course experiments demonstrate that Tle4 knockdown creates an initial surge of Runx2 expression by 24 h of knockdown compared to control, followed by decreased Runx2 levels at 48 and 72 h; consistent with the above observations (Figure 6). However, we found decreased expression levels of Runx2-mediated regulators of bone, including Alp and Osx at 24 h. This suggests the loss of Tle4 blunted the ability of Runx2 to upregulate Osx and Alp expression at early time points. By 72 h after Tle4 knockdown, the differential expression of these genes is lost, suggesting a time-delay of Alp and Osx induction due to Tle4 knockdown. These experiments support a role of Tle4 in regulating Runx2 and, subsequently, its target genes canonically associated with osteoblast differentiation and function.
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FIGURE 6. Time-course gene expression study demonstrates altered expression of Runx2 and its bone-related targets due to Tle4 knockdown (shTLE4) compared with control cells (CTL) in ST2D cells at 0, 24, 48, and 72 h. (A) ST2D cells that contain a doxycycline inducible Runx2 gene demonstrated maximal Runx2 induction after 24 h. (B) This is associated with an upregulation of alkaline phosphatase that was slightly delayed with Tle4 knockdown. (C) Tle4 knockdown also slows the induction of the osteoblast-specific transcription factor Osterix (Osx). (D) The knockdown of Tle4 achieved with a Tle4 specific shRNA was demonstrated at the different time points in this experiment. (0—knockdown to 37%, 24 h to 22%, 48 h to 69%, 72 h to 53%) (n = 3 biologic replicates per arm, technical triplicates; *p < 0.05, **p < 0.01, ***p < 0.001, and Student t-test).


Immunohistochemistry using femurs from mice used in MAR assay revealed decreased amounts of Runx2 and Osteocalcin in T4F cre mice compared to control (Figure 7). In T4F mice, Runx2 positivity can be seen in numerous osteoid-lining cells, suggestive of Runx2-positive periosteal osteoblasts. The frequency and localization of these Runx2-positive cells dramatically drops in T4F cre mice. Similarly, osteocalcin positivity in cortical bone seen in T4F mice is not evident in the conditional Tle4 knockout mice. In addition to Runx2, β-catenin-mediated Wnt signaling has also been previously described as an important mediator of bone development and osteoblast differentiation (Hill et al., 2005; Cohen, 2006; Rodda and McMahon, 2006; Kook et al., 2015). Given previous reports implicating Tle4 as a negative regulator of Wnt signaling, we queried β-catenin levels via immunohistochemistry in bones of the T4F and T4F cre mice used in the above MAR assay as an exploratory objective. T4F cre femurs showed increased β-catenin signals in the epiphyseal and cortical areas. While T4F cre and T4KO mice display bone calcification and osteoblast function defects, loss of Tle4 in bone leads to increased β-catenin levels, which is consistent with previous reports implicating Tle4 as a repressor of Wnt signaling. However, using the above-described ST2D system, we were not able to find a Tle4 knockdown-dependent change in expression of canonical Wnt target gene expression (data not shown).


[image: image]

FIGURE 7. T4F cre mice have significantly reduced levels of key regulators of bone development and osteoblast function. Immunohistochemistry assay using femurs harvested from T4F cre mice of 8-to-9 days old in MAR assay reveals decrease in Runx2 and Oc levels and increased β-catenin signals in the epiphyseal and cortical areas compared to T4F control counterparts (n = 3 mice per arm, representative images).




DISCUSSION

The Groucho/TLE family of proteins has been extensively studied in Drosophila where it has been termed a master regulatory gene in development via its interaction with a number of important signaling pathways including Notch and Wnt and also can be recruited by transcription factors members of Hex, Runx, Nkx, Lef1/Tcf, Pax, Six and c-myc (Jennings and Ish-Horowicz, 2008; Agarwal et al., 2015). Our understanding of the roles of this protein family in vertebrate development is limited. The novel Tle4 null mouse provides valuable insight into the previously unappreciated roles of Tle4 in mammalian vertebrates regarding bone maturation, medullary hematopoiesis and HSPC maintenance. One of the striking abnormalities in the T4KO mice is a decreased calcification of the skeleton (Wheat et al., 2014). This impaired ossification is apparent in both membranous and endochondral bones by birth. The above phenotypes are more intense and progressive in an age-dependent manner in T4KO mice than in Grg5 null mice lacking a truncated member of the Groucho/TLE family (Wheat et al., 2014). Our earlier characterization of Tle4 KO mice suggested Tle4 also affects osteoclast function as demonstrated by an increase in osteoclasts by tartrate-resistance acid phosphatase (TRAP) staining (Wheat et al., 2014). In the current study microCT and MAR assay measurements indicate loss of Tle4 impaired bone formation, calcification, and osteoid production. The lethality of Tle4 null mice and the effects in hematopoietic cells and observed degradation of the bone marrow niche made it technically challenging to isolate the effect on osteoblasts in germline knockout mice. Conditional Tle4 mice transplanted with normal bone marrow hematopoietic cells served as a proxy for osteoblast-specific effects of Tle4 loss. Mx1-cre system has been demonstrated as one of the most commonly “deleter strain” in experimental hematology (Velasco-Hernandez et al., 2016). Previous work by Park et al. (2012) have demonstrated the contributory role of Mx1-expressing bone mesenchymal cells toward the generation of new osteoblasts responsible for new bone formation, supporting the use of the Mx1-Cre model in our experiments to examine the role of Tle4 loss in osteoblast function (Park et al., 2012). The concordance of observations seen in these models and studies strongly suggest that Tle4 may affect osteoblasts and other periosteal cells that are responsible for bone production and maintenance.

In the context of our previous work identifying hematopoietic defects in Tle4 null mice, we have attempted to determine whether the bone abnormalities due to Tle4 loss can be attributable to dysfunctional osteoblasts. We had shown Tle4 loss significantly impairs LSK differentiation into granulocyte, monocyte, macrophage progenitors and LSK self-renewal and adversely affects the integrity of bone marrow niche and stroma (Wheat et al., 2014). Osteoblasts are known to play a critical role in maintaining the bone marrow niche (Calvi et al., 2003; Asada et al., 2013; Fulzele et al., 2013; Even et al., 2021). In this current work qRT-PCR analysis using T4KO mouse samples from flushed whole bones and cultured stromal cells revealed significantly decreased expression of various transcription factors and regulators responsible for osteoblast function and differentiation, including Ap and Oc—both frequently used proxies for describing osteoblast function. Interestingly, osteocalcin is one of the main components of ground substance that, together with Type 1 collagen, constitute the bone matrix (Hill et al., 2005; Asada et al., 2013; Fulzele et al., 2013). Osx demonstrates a multifunctional role on osteoblast differentiation, growth and homeostasis, since its deletion in several time points postnatally in growing and adult bones causes defects in maturation, morphology and function of osteocytes (Zhou et al., 2010; Liu et al., 2020). Decreased Oc expression may lend insight into a physiologic basis for the Tle4 knockout-induced bone phenotype.

Wnt signaling has been described as a central mediator of bone formation (Hill et al., 2005; Cohen, 2006; Rodda and McMahon, 2006; Kook et al., 2015). Surprisingly, we observed defective bone formation and calcification in T4KO mice, in which Wnt signaling is expected to be activated especially given higher levels of β-catenin signal as determined by immunohistochemistry (Kronenberg, 2003; Chodaparambil et al., 2014). However, previous studies have shown that there is an intimate relationship between the timing of Wnt signaling and normal osteoblast differentiation; and thus, constitutive or increased Wnt signaling at an inappropriate stage of osteoblast development may be detrimental to normal bone growth (Rodda and McMahon, 2006; Janeway and Walkley, 2010). Alternatively, the detrimental effects of Tle4 loss on Runx2 activity might outweigh the effects of Wnt activation on osteoblast differentiation and calcification. Our results do not preclude the possibility that loss of Tle4 is responsible for the bone defects through other mechanisms and the potential effects of paracrine hormonal or Tle4 levels in other non-Mx1-expressing compartments.

The ST2D system provided insight into potential molecular mechanisms that may explain our findings, including not only Wnt signaling but also dysregulation of Bmp signaling and consequently Runx2 expression. Previous studies have demonstrated loss of function of Bmp2 and Bmp4 impair bone condensation and skeletal development (Bandyopadhyay et al., 2006; Krishnan et al., 2006; Wu et al., 2016). There is an interplay between BMP and RUNX2 in regulating osteoblast differentiation (Lowery and Rosen, 2018). BMP signaling is required for transcriptional activity of Runx2 and Runx2 enhances the sensitivity of cells to BMPs (Phimphilai et al., 2006).

Our experiments indicate there is a decrease in Runx2 expression in T4KO bone, T4KO stromal cells, and in ST2D cells with Tle4 knockdown in a time dependent manner. Previous studies have shown that TLE proteins are capable of interacting with Runx2, a critical regulator of bone development and maturation (McLarren et al., 2000; Choi et al., 2001; Kaul et al., 2015). The RUNX protein family is known to form co-repressor complexes with TLE proteins (Javed et al., 2000). Thus, the TLE proteins might affect both Runx2 expression as well as the activity of the Runx2 protein. The TLE effect on Runx2 expression could reflect interference of Runx2 transcriptional autoregulation (Drissi et al., 2000). In our studies, even if the experiments do not distinguish whether the blunting in the expression of these osteoblast genes with Tle4 knockdown is due to decreased Runx2 expression or decreased function of the Runx2 protein in the absence of Tle4, the differential expression levels of Runx2-mediated regulators of bone development are most likely a downstream effect consequent of the decreased endogenous Runx2 expression after Tle4 knockdown. Runx2 null mice demonstrate bone phenotypes similar, but more severe than our T4KO mouse: expiring at birth and completely missing skeletal and bone development, owing to defective osteoblast maturation (Komori et al., 1997; Otto et al., 1997; Okura et al., 2014). Previous studies have shown the importance of Runx2 in normal bone development, as Runx2 null mice lack bone ossification and osteoblast differentiation (Cohen, 2006). The similarity of Tle4 null mice to Runx2 null mice suggested the loss of Tle4 might either impair the function or the expression of Runx2. The less severe effect observed with Tle4 knockout could reflect complementary effects from the expression of other Tle family members along with Runx2 residual expression which thus induce the osteoblastic genes expression later during bone development in the Tle4 loss background, in contrast to the early in time severe effects of Tle4 loss in bone development. Additional studies are required to further characterize the interaction and potential regulatory role of Tle4 on Runx2 expression levels and function as it may relate to the defective bone development in the absence of Tle4. While direct functional interactions between RUNX and TLE have been described (Westendorf, 2006) and a possibility of the requirement of such a direct active interaction in the early osteoblastic development is suggested in our time dependent experiments, additional experiments may reveal further insight into whether TLE exerts a direct regulatory effect on RUNX transcription, stability or targets.
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