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Abstract

:

Osteosarcoma is the most common primary malignancy of bone in children and adolescents. Others and our previous studies have shown that Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ) as core components of the Hippo pathway are crucial regulators of osteosarcoma formation and progression. Recent studies demonstrated that verteporfin (VP) is an inhibitor of YAP/TAZ signaling in xenograft osteosarcoma. However, whether VP can inhibit primary osteosarcoma in mice is unknown. Mutations of Trp53 and Rb1 occur in approximately 50~70% of human osteosarcoma. In this study, we successfully generated the Ctsk-Cre;Trp53f/f/Rb1f/f mice in which Trp53/Rb1 was ablated in Ctsk-expressing cells and found that Ctsk-Cre;Trp53f/f/Rb1f/f mice spontaneously developed osteosarcoma with increased expansive osteoid lesions in the cortical bone with aging. Loss of Trp53/Rb1 in Ctsk-expressing cells significantly promoted the expression and nuclear translocation of YAP/TAZ. Micro-CT results showed that inhibition of YAP/TAZ by VP delays osteosarcoma progression and protected against bone erosion in Ctsk-Cre;Trp53f/f/Rb1f/f mice. Importantly, the Kaplan–Meier survival curves displayed a significantly longer survival rate after VP treatment in Ctsk-Cre;Trp53f/f/Rb1f/f mice compared to non-injected groups. In vitro studies further showed that VP inhibited the proliferation, migration and invasion in Trp53/Rb1-mutant Ctsk-expressing cells. Moreover, the results from promoter luciferase activity analysis showed that the transcriptional activity of YAP/TAZ was significantly increased in osteosarcoma tissue from Ctsk-Cre;Trp53f/f/Rb1f/f mice, which was attenuated by VP treatment. Overall, these findings suggest that targeting Hippo pathway by VP may be a potential therapeutic strategy for osteosarcoma.
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1. Introduction


Osteosarcoma is the most common primary bone malignancy in children and adolescents [1]. The Hippo pathway is crucial for skeletal development and tumorigenesis through regulation of the two core downstream effectors, YAP and TAZ [2,3,4,5]. Our previous findings showed that YAP governs the osteosarcoma progression and lung metastasis [1]. The elevated expression and nuclear translocation and decreased phosphorylation of YAP/TAZ are frequently observed in many types of tumors. Particularly, YAP/TAZ is considered a novel prognostic marker and therapeutic target in osteosarcoma [6,7,8]. VP is a specific YAP/TAZ inhibitor, which can block the interaction between transcriptional coactivator YAP/TAZ and the TEA domain transcription factors (TEADs) to repress the nuclear localization of YAP/TAZ [9,10,11], thereby inhibiting their function. VP is also a well-known medication for eye disease and cancer, and can be used for either short-term or long-term treatment [12,13,14]. One of clinical applications of VP is through photodynamic therapy (PDT), a Food and Drug Administration (FDA)-approved intervention, to treat discrete sub foveal choroidal neovascular membranes secondary to age-related macular degeneration [11,13,14,15]. Those studies have proved that VP is a safe and effective drug for treatment of human diseases. Several studies reported that VP can restrain cancer cell growth in many types of tumors, including lung cancer and ovarian cancer [9,16,17]. In osteosarcoma, some studies report that VP could inhibit osteosarcoma cell growth and invasion using osteosarcoma cell lines such as SaOS2 [9]. However, whether VP can inhibit primary osteosarcoma development and progression remain unclear.



It is known that the mutation rates of the tumor suppressor genes Trp53 and Rb1 are approximately 50~70% in human osteosarcoma, [18,19,20]. In mice, deletions of Trp53 and Rb1 in osteoblast precursors by using OSX-Cre can cause osteosarcoma formation with 100% occurrence [18,21,22]. Cathepsin K (CtsK) is a cysteine protease that plays critical roles in bone resorption, intramembranous bone formation and cortical bone repair [23,24,25]. Emerging evidence shows that Ctsk is expressed in mesenchymal cells and chondroprogenitor cells besides mature osteoclasts [23,24,26,27]. Notably, previous findings demonstrated that deletion of liver kinase b1 (Lkb1) in Ctsk-expressing cells using Ctsk-Cre could result in osteosarcoma formation with increased expansive osteoid lesions in the cortical bone [26]. Given previous findings and that mutations of Trp53 and Rb1 often occur in osteosarcoma patients, in this study we examined whether deletions of Trp53 and Rb1 in Ctsk-expressing cells can cause osteosarcoma formation and progression and affect Hippo pathway by generating and analyzing Ctsk-Cre;Trp53f/f/Rb1f/f mice. Our results showed that Ctsk-Cre;Trp53f/f/Rb1f/f mice spontaneously developed osteosarcoma through activation of YAP/TAZ signaling. Inhibition of YAP/TAZ by VP significantly inhibited the osteosarcoma progression in this new Ctsk-Cre;Trp53f/f/Rb1f/f osteosarcoma mouse model. Thus, this study provides a new transgenic osteosarcoma model and a proof of principle that the inhibition of YAP/TAZ signaling may be a potential therapeutic strategy for osteosarcoma.




2. Materials and Methods


2.1. Animals


Ctsk-Cre and Trp53f/f/Rb1f/f mice were kindly as gifts from Dr. Rachel Davey’s lab at University of Melbourne (Australia) and Dr. David M. Feldser’s lab at University of Pennsylvania (USA), respectively.




2.2. Antibodies and Reagents


YAP (D8H1X), TAZ (E8E9G), YAP/TAZ (E9M8G) and Trp53 (2524S) antibodies were purchased from Cell Signaling Technology. The Rb1 (sc-73598) antibody was from Santa Cruz Biotechnology. The secondary fluorescent antibodies and hematoxylin and eosin stain (H&E) staining kit were obtained from Abcam. VP and crystal violet were ordered from Sigma-Aldrich. The transfection reagent FuGENE® HD was ordered from Promega (Wisconsin, WI, USA).




2.3. Cell Culture


The isolation and culture of positive osteosarcoma cells and controls were carried out as previously reported [26]. Briefly, the osteosarcoma cells and controls were isolated from the osteosarcoma tissue or normal cortical bones in the fresh femurs of 4-month-old Ctsk-Cre;Trp53f/f/Rb1f/f and Ctsk-Cre mice, respectively. All the soft tissues around the femurs were removed and we flushed the bone marrows thoroughly with phosphate buffered saline (PBS) 3 times, and then the diaphysis with osteosarcoma from the femurs were cut into pieces and digested by 2 mg/mL dispase II (Invitrogen, Waltham, MA, USA) and 2 mg/mL collagenase (Sigma, St. Louis, MO, USA) at 37 °C for 30 min. After digestion, these cells were harvested and cultured in α-MEM (Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Waltham, MA, USA) and 1% Pen-Strep solution (Gibco, Waltham, MA, USA) at 37 °C with 5% CO2 under humid conditions. The fresh medium was replaced every other day.




2.4. Plasmids and Transfection


8xGTIIC-luciferase reporter plasmid was purchased from Addgene. Primary osteosarcoma cells were seeded and co-transfected with 8xGTIIC-luciferase reporter and the indicated plasmids in a 12-well plate. After culturing for 48 h, the luciferase activity levels were measured with a Dual-Luciferase assay kit as we previously reported [1].




2.5. Cell Proliferation


Primary osteosarcoma cells from 4-month-old Ctsk-Cre;Trp53f/f/Rb1f/f mice were trypsinized and seeded in 96-well plates at a final concentration of 5 × 103 cells/well with 0, 0.1, 1 and 2 μM VP. Cell proliferative rate was identified by the WST-1 Cell Proliferation Kit (Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer’s instructions as we previously reported [1,28].




2.6. Soft Agar


Briefly, the primary osteosarcoma cells from 4-month-old Ctsk-Cre;Trp53f/f/Rb1f/f mice were seeded in 2 mL of 0.2% low melt agarose with 0 or 2 μM VP and layered onto the bottom layer with 1% agarose in 6-well plates. After treatment with VP of 3 weeks, the cell colonies were stained with 0.05% crystal violet and counted.




2.7. Cell Migration and Invasion


The migration assay was performed using the Transwell plates according to the manufacturer’s instructions. Briefly, 5 × 103 cells/mL primary osteosarcoma cells from 4-month-old Ctsk-Cre;Trp53f/f/Rb1f/f mice were suspended in 0.2 mL serum-free medium and added in the top chambers of Transwell plates. The bottom chambers of Transwell plates received 0.25 mL α-MEM supplemented with 10% FBS and 1 × Pen-Strep solution. After culture of 24 h at 37 °C CO2 incubator, the migrated cells were fixed by 4% paraformaldehyde (PFA) for 10 min at room temperature and stained by 0.05% crystal violet solution. The migrated cells were counted under the microscope. The cell invasion assay was carried out using an EZCellTM Cell Invasion Assay Kit (BioVision, Inc., Milpitas, CA, USA) according to the manufacturer’s instructions.




2.8. Immunofluorescence


The primary osteosarcoma cells and normal cortical bone cells from 4-month-old Ctsk-Cre;Trp53f/f/Rb1f/f mice and Ctsk-Cre control mice were isolated and seeded on coverslips. After culturing 24 h, the cells were fixed in 4% PFA for 5 min at room temperature, and then permeabilized with 0.1% Triton X-100 in PBS (PBST) for 15 min. Next, the cells were blocked by 1% bovine serum albumin (BSA) for 1 h at room temperature and probed with the primary antibody against rabbit anti-YAP/TAZ (1:100 dilution) overnight at 4 °C. After washing 3 times with PBST, the cells were incubated with Alexa Fluor® 594-conjugated second anti-rabbit antibody (1:1000 dilution) for 1 h in the dark. Then, counter stain of nuclei was performed with 4′,6-diamidino-2-phenylindole (DAPI), we performed washing 3 times with PBST, and then the cells were visualized under a fluorescence microscope.




2.9. qRT-PCR


Briefly, the total RNA was extracted from primary osteosarcoma cells and normal cortical bone cells using TRIzol reagent (Invitrogen, Waltham, MA, USA), and then the total RNA was reverse-transcribed into cDNA by the PrimeScript™ RT Kit (Invitrogen, Waltham, MA, USA). qRT-PCR was carried out with SYBR Green under the CFX96 qRT-PCR System. The sequences of qRT-PCR primers used in this study are as follows: GAPDH, CCTGGTCACCAGGGCTGCCATTT (forward) and CGTTGAATTTGCCGTGAGTGGAG (reverse); CYR61, TGTCGCCGTCACCCTTCTCCACTT (forward) and TTAGCGCAGACCTTACAGCAGCCG (reverse); CTGF, TGCTATGGGCCAGGACTGCA (forward) and AGTTCTCCCAGCTGCTTGGC (reverse).




2.10. Western Blot


The primary osteosarcoma cells and normal cortical bone cells were lysed with RIPA lysis buffer for 5 min on ice. Then, the protein lyses above were harvested, subjected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to the polyvinylidene difluoride (PVDF) membrane. After incubation with YAP, TAZ or GAPDH antibody overnight at 4 °C, the PVDF membranes were washed 3 times with 0.1% TBST (Tween-20 in tris-buffered saline), and then HRP-conjugated anti-rabbit antibody (1:100 dilution) was added and incubated for 1 h at room temperature. Then, the PVDF membranes were washed and analyzed by ECL solution as we previously reported [1,28,29,30].




2.11. Histology


Femurs with osteosarcoma or control femurs were harvested and fixed in 4% PFA overnight at 4 °C. After fixation, the samples were washed 3 times with PBS and decalcified with 14% ethylene-diamine-tetraacetic acid (EDTA) in PBS (pH 7.4) for 6 weeks, embedded in paraffin and then sectioned to 6 μm slices. These femur slices were used by H&E staining as we previously reported [1,28,31].




2.12. VP Injection, Micro-CT Analysis and Kaplan–Meier Survival Analysis


VP treatment was conducted in 2-month-old CTSK-Cre;Trp53f/f/Rb1f/f mice. The mice were assigned into three groups (N = 5): the groups of 50 mg/kg VP, 100 mg/kg VP or control group. Briefly, VP was first dissolved in DMSO and diluted in 0.9% saline, and then injected intraperitoneally at a dose of 50 mg/kg or 100 mg/kg three times per week for 12 weeks beginning at 2 months of age. Subsequently, the femurs in these groups were collected and analyzed by micro-CT and H&E staining as we previously reported [1,28].



For Kaplan–Meier survival analysis, VP treatment was conducted as above. Briefly, the survival rates of CTSK-Cre;Trp53f/f/Rb1f/f mice (N = 10) after treatment with 100 mg/kg VP and controls (N = 15) were estimated using the Kaplan–Meier method and compared between groups using log-rank tests.




2.13. Statistical Analysis


The data of this study were analyzed by Student’s t-test and reported as mean ± SEM. The statistical significance of multiple groups was determined by 2-way ANOVA. p values < 0.05 were considered significant.





3. Results


3.1. Loss of Trp53 and Rb1 in Ctsk-Expressing Cells Causes Spontaneous Osteosarcoma Development


Emerging evidence has demonstrated that Ctsk is a critical marker of mesenchymal cells [23,24,26,27]. To investigate the function of Trp53 and Rb1 in Ctsk-expressing cells, we generated a conditional mouse knockout line (hereafter named Ctsk-Cre;Trp53f/f/Rb1f/f) in which both Trp53 and Rb1 were deleted in Ctsk-expressing cells by crossing Trp53f/f/Rb1f/f mice with a transgenic Cre line driven by a Ctsk promoter (Ctsk-Cre). Western blot data demonstrated that Trp53 and Rb1 expressions were significantly abrogated in Ctsk-expressing cells (Figure 1A). Interestingly, the results from X-ray analysis showed apparent osteosarcoma formation at the femurs and tibiae at 3.5 months (Figure 1B). Recent findings demonstrated that Ctsk-expressing cells could serve as progenitors of osteogenic tumor, and the lineage tracing of Ctsk-Cre positive cells showed that these cells mainly expanded and filled in the cortical bone of long bone [26]. Consistent with these findings, we did not find tumor formation at other parts except the long bone (Figure 1B). Consistently, our H&E staining data showed that the femurs obtained from 1.5-, 3.5- and 7-month-old Ctsk-Cre;Trp53f/f/Rb1f/f mice exhibited more expansive osteosarcoma osteoid lesions in the cortical bone with increasing age (Figure 1C). We also observed that cortical bone tended to extend into the bone cavity at 1.5 months, indicating that deletions of Trp53 and Rb1 in Ctsk-expressing cells may cause osteosarcoma formation starting approximately at age 1.5 months. Moreover, we also found the average volume of osteosarcoma was increased and the Ctsk-Cre;Trp53f/f/Rb1f/f mice gradually lost walking ability with age (Figure 1B,C).




3.2. Loss of Trp53 and Rb1 in Ctsk-Expressing Activates YAP/TAZ Signaling


The Hippo pathway is a crucial regulator of skeletal development and tumorigenesis through modulating the activity of its core downregulated effectors YAP/TAZ [2,3,28]. Moreover, our previous findings also showed that YAP regulates the osteosarcoma progression and lung metastasis in a xenograft mouse model [1]. To explore whether the Hippo pathway plays a role in this primary osteosarcoma mouse model, we first isolated the primary osteosarcoma cells and normal cortical bone cells from Ctsk-Cre;Trp53f/f/Rb1f/f mice and age-matched controls, respectively (Figure 2A), and analyzed YAP/TAZ expression. As expected, loss of Trp53 and Rb1 in Ctsk-expressing cells significantly promoted the expression of YAP and TAZ (Figure 2B). Of note, the immunofluorescent staining data also demonstrated that the nuclear translocation of YAP/TAZ is pronouncedly enhanced (Figure 2C). To further test whether the transcriptional activity of YAP/TAZ was increased in Trp53 and Rb1 ablated osteosarcoma cells, we directly measured the transcriptional activity of YAP/TAZ transfecting normal cortical bone cells or primary osteosarcoma cells with the 8xGTIIC-luciferase reporter, which carries eight copies of the minimal TEAD-binding sequences [32]. The results showed that the relative luciferase activity in the primary osteosarcoma cells is 6.95-fold of that in the normal cortical bone cells (Figure 2D). Studies have shown that VP prohibits YAP/TAZ activity by disrupting the formation of the YAP/TAZ-TEAD complex [9,33]. Therefore, we further tested whether VP can inhibit osteosarcoma formation through blocking YAP/TAZ transcriptional activity. To this end, we first identified the effect of VP on the transcriptional activity and expression of YAP/TAZ in primary osteosarcoma cells from Ctsk-Cre;Trp53f/f/Rb1f/f mice by performing luciferase assay and Western blot. As expected, we found that VP inhibited YAP/TAZ transcriptional activity as well as their expression (Figure 2D,E), as evidenced by its marker genes’ expression (CYR61 and CTGF) (Figure 2F), indicating that inhibition of Hippo pathway by VP may be a potential strategy for treatment of osteosarcoma.




3.3. VP Inhibits Proliferation, Migration, and Invasion in Trp53/Rb1-Deficient Ctsk-Expressing Cells


To further examine whether the inhibition of YAP/TAZ signaling by VP can inhibit osteosarcoma proliferation, migration, and invasion in vitro, we first treated the primary osteosarcoma cells from Ctsk-Cre;Trp53f/f/Rb1f/f mice with 0, 0.1, 1 and 2 μM VP for 0, 1 and 2 days. As shown in Figure 3A, VP significantly inhibited the proliferation of the osteosarcoma cells at day 2 following the treatment and decreased approximately 65% of the proliferation rate at a concentration of 2 μM compared to the non-treated cells. Consistent with that, the results from soft agar assay showed that the amount of cell colony formation was significantly decreased in the cells treated with 2 μM VP compared to controls (Figure 3B,C). To further characterize the effects of VP on osteosarcoma progression, we performed migration and invasion assays. As expected, we found the activities of migration and invasion of primary osteosarcoma cells were significantly inhibited after treatment with VP compared with the control groups (Figure 3D–G).




3.4. VP Inhibits Osteosarcoma Progression in Ctsk-Cre;Trp53f/f/Rb1f/f Mice


To further confirm the function of VP in osteosarcoma progression in Ctsk-Cre;Trp53f/f/Rb1f/f mice, different doses of VP or corresponding vehicle (control) were administered intraperitoneally to 2-month-old Ctsk-Cre;Trp53f/f/Rb1f/f mice for 12 weeks as indicated in Materials and Methods section (Figure 4A), when the osteosarcoma expanded in the cortical bone and invaded the medullary cavity in Ctsk-Cre;Trp53f/f/Rb1f/f mice. Micro-CT data showed that VP protected against bone erosion in Ctsk-Cre;Trp53f/f/Rb1f/f mice (Figure 4B). Moreover, after treatment by VP for 12 weeks, bone volume per total volume (BV/TV), trabecular thickness (Tb.Th) and the trabecular number (Tb.N) in the osteosarcoma femurs of Ctsk-Cre;Trp53f/f/Rb1f/f mice respectively reduced 51%, 39%, and 54%, and trabecular separation (Tb.Sp) showed a 1.58-fold increase compared to those in the controls (Figure 4C,D), suggesting that VP inhibits osteosarcoma formation in Ctsk-Cre;Trp53f/f/Rb1f/f mice. Consistently, the results from H&E staining analysis also showed that VP treatment significantly inhibited tumor growth of Ctsk-Cre;Trp53f/f/Rb1f/f mice compared to the control with DMSO treatment (Figure 4G). Moreover, we did not find the undesirable effect of VP on mice growth (Figure 4G), which was supported by previous findings that VP, as a well-known FDA-approved medication for eye disease and cancer, can be used for either short-term or long-term treatment in humans [12,13,14]. Additionally, the Kaplan–Meier survival curves plotted for the mice displayed a significantly longer mean survival rate in VP-treated group compared to that in the control group (Figure 4H). Overall, these data demonstrated that VP can effectively inhibit osteosarcoma progression caused by loss of Trp53 and Rb1 in Ctsk-expressing cells.





4. Discussion


Osteosarcoma is the most common malignant bone tumor in young people [1]. Unfortunately, emerging evidence shows that osteosarcoma can form at any age along with a certain rate of lung metastasis [34,35]. Although the 5-year survival rate is approximately ~70% in non-metastatic osteosarcoma patients, when osteosarcoma metastasizes to other organs from bone, the survival rate drops down to only ~15% [1,36,37]. In clinical settings, surgery and chemotherapy are considered as the traditional strategies for osteosarcoma treatment [1]. Despite remarkable progresses in the treatment of osteosarcoma, limited understanding of the mechanism of osteosarcoma formation and poor discovery of effective drugs has largely restricted effective treatment of osteosarcoma. Here, we generated a new spontaneous osteosarcoma mouse model by deletions of Trp53 and Rb1 in Ctsk-Cre-expressing cells and found that VP can effectively inhibit osteosarcoma through impairing YAP/TAZ signaling.



Numerous studies reported that Trp53 and Rb1 play critical roles in bone development, remodeling, and tumorigenesis [22,38,39,40]. For instance, deletions of Trp53 and Rb1 in Prx1-positive mesenchymal lineage cells promote osteogenesis and osteosarcoma formation [21,41]. In addition, other studies have also demonstrated that loss of Trp53 and Rb1 in osteoblast precursors and osteocytes causes osteosarcoma [21,22], indicating that mesenchymal lineage cells may be the principal sources for osteosarcoma formation. Recently, accumulating evidence indicated that Ctsk-expressing cells are mesenchymal cells that govern intramembranous bone formation and cortical bone repair [23,24,26,27]. Additionally, Ctsk-expressing cells were observed to be served as progenitors of osteogenic tumor to regulate the onset and progression of osteosarcoma [26]. However, the function of Trp53/Rb1 in Ctsk-expressing cells remains undefined. In our study, we first demonstrated that deletions of Trp53 and Rb1 in Ctsk-expressing cells drove osteosarcoma formation, which occurs in femurs at young age and mimics human osteosarcoma. The finding was further supported by a previous study that deletion of Lkb1 in Ctsk-expressing cells resulted in osteosarcoma formation through activation of mTORC1 signaling [26]. Interestingly, we found the osteosarcoma from the Ctsk-Cre;Trp53f/f/Rb1f/f mice occurred in the long bones instead of other parts. However, previous evidence showed that loss of Trp53 and Rb1 in osteoblast lineages led to osteosarcoma formation in skull, jaw, ribs and vertebra except long bones [21,22]. It is possible that Ctsk-positive cells mainly expanded and filled in the cortical bone of long bone [26]. Moreover, we found that the level of cortical bone destruction from Ctsk-Cre;Trp53f/f/Rb1f/f mice was gradually aggravated in parallel with the progression rate of osteosarcoma.



The Hippo pathway plays crucial roles in tumorigenesis and bone development through regulating stemness and lineage commitment of stem cells [1,2,5,28]. Previous studies have highlighted the fact that YAP/TAZ as core components of Hippo pathway are linked to the onset and development of various tumors including osteosarcoma [6,7,8]. Of note, hyperactivation of YAP/TAZ has been considered as a prognostic marker and therapeutic target in various tumors [6,7,8]. Our previous study demonstrated that YAP regulates osteosarcoma progression and lung metastasis [1]. Additionally, the growing literature shows that YAP/TAZ have an increased expression in osteosarcoma, and inhibition of YAP/TAZ signaling inhibits the proliferation and growth of osteosarcoma cells [7,9]. Consistent with that, our data showed loss of Trp53 and Rb1 in Ctsk-expressing cells significantly increased the expression of YAP/TAZ and their nuclear translocation, indicating an enhanced hyperactivation of YAP/TAZ in osteosarcoma caused by loss of Trp53 and Rb1 in Ctsk-expressing cells, as evidenced by our luciferase data showing that the transcriptional activity of YAP/TAZ increased 6.95-fold in the primary osteosarcoma cells compared to the normal cortical bone cells.



VP is an FDA-approved drug for macular degeneration treatment [11,13,14,15]. Moreover, VP can inhibit YAP/TAZ signaling by disruption of the formation of YAP/TAZ-TEAD complex in several types of tumors [10,42]. The expression of YAP/TAZ displayed a remarkable reduction after treatment of VP in gastric cancer cells in a dose-dependent manner [42]. In human osteosarcoma cell line SaOS2, VP prohibits osteosarcoma progression by inhibiting the Hippo pathway [9]. By using primary osteosarcoma cell culture from the Ctsk-Cre;Trp53f/f/Rb1f/f osteosarcoma model, our in vitro data showed that VP significantly inhibited proliferation, migration, and invasion. Moreover, VP inhibited the expression and transcriptional activity of YAP and TAZ, as evidenced by the expression of their markers CYR61 and CTGF. Moreover, our in vivo results from micro-CT and H&E analysis showed inhibition of YAP/TAZ signaling by VP significantly inhibited osteosarcoma formation in Ctsk-Cre;Trp53f/f/Rb1f/f mice, and the inhibited activity of VP on osteosarcoma was in a dose-dependent manner. Additionally, we did not find the undesirable effect of VP on mice growth (Figure 4G), which was supported by previous findings that VP is a well-known FDA-approved medication for eye disease and cancer and can be used for either short-term or long-term treatment [11,13,14,15]. Furthermore, the Kaplan–Meier survival curves plotted for the mice showed a significantly longer mean survival rate in the VP-treated group compared to that in control group, suggesting that VP could inhibit osteosarcoma progression through inhibition of the Hippo pathway. Overall, our new findings provide proof of principle that inhibition of YAP/TAZ signaling and treatment with VP may be potential strategies for treatment of osteosarcoma.







Author Contributions


S.Y. (Shuying Yang) and Y.L. conceived this study and designed the experiments. Y.L. performed the experiments and analyzed data. Y.L. and S.Y. (Shuting Yang) generated and maintained the mice. Y.L. and S.Y. (Shuying Yang) wrote, reviewed and edited the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the National Institute on Aging (NIA, AG048388), and the National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS, AR061052) awarded to Shuying Yang, and NIAMS (P30-AR069619) awarded to Penn Center for Musculoskeletal Disorders (PCMD).




Institutional Review Board Statement


All mice experiments (protocol code: 806004; date of approval: 30 April 2019) were carried out with the guidelines of the Institutional Animal Care & Use Committee at the University of Pennsylvania.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank the animal facility core and micro-CT core of University of Pennsylvania for mice maintenance and micro-CT analysis, respectively. We thank Rachel Davey and David M. Feldser who kindly provided the Ctsk-Cre and Trp53f/f/Rb1f/f mice, respectively.




Conflicts of Interest


The authors in this study declare no competing interest.




References


	



Li, Y.; Liu, M.; Yang, S.; Fuller, A.M.; Karin Eisinger-Mathason, T.S.; Yang, S. RGS12 is a novel tumor suppressor in osteosarcoma that inhibits YAP-TEAD1-Ezrin signaling. Oncogene 2021, 40, 2553–2566. [Google Scholar] [CrossRef] [PubMed]

	



Pan, D.J. The Hippo Signaling Pathway in Development and Cancer. Dev. Cell 2010, 19, 491–505. [Google Scholar] [CrossRef] [PubMed]

	



Kegelman, C.D.; Mason, D.E.; Dawahare, J.H.; Horan, D.J.; Vigil, G.D.; Howard, S.S.; Robling, A.G.; Bellido, T.M.; Boerckel, J.D. Skeletal cell YAP and TAZ combinatorially promote bone development. Faseb J. 2018, 32, 2706–2721. [Google Scholar] [CrossRef] [PubMed]

	



Harvey, K.F.; Zhang, X.; Thomas, D.M. The Hippo pathway and human cancer. Nat. Rev. Cancer 2013, 13, 246–257. [Google Scholar] [CrossRef]

	



Zheng, Y.; Pan, D. The Hippo Signaling Pathway in Development and Disease. Dev. Cell 2019, 50, 264–282. [Google Scholar] [CrossRef]

	



Lamar, J.M.; Xiao, Y.; Norton, E.; Jiang, Z.G.; Gerhard, G.M.; Kooner, S.; Warren, J.S.A.; Hynes, R.O. SRC tyrosine kinase activates the YAP/TAZ axis and thereby drives tumor growth and metastasis. J. Biol. Chem. 2019, 294, 2302–2317. [Google Scholar] [CrossRef]

	



Kovar, H.; Bierbaumer, L.; Radic-Sarikas, B. The YAP/TAZ Pathway in Osteogenesis and Bone Sarcoma Pathogenesis. Cells 2020, 9, 972. [Google Scholar] [CrossRef]

	



Cunningham, R.; Hansen, C.G. The Hippo pathway in cancer: YAP/TAZ and TEAD as therapeutic targets in cancer. Clin. Sci. 2022, 136, 197–222. [Google Scholar] [CrossRef]

	



Yang, X.; Xu, Y.; Jiang, C.; Ma, Z.; Jin, L. Verteporfin suppresses osteosarcoma progression by targeting the Hippo signaling pathway. Oncol. Lett. 2021, 22, 724. [Google Scholar] [CrossRef]

	



Bierbaumer, L.; Katschnig, A.M.; Radic-Sarikas, B.; Kauer, M.O.; Petro, J.A.; Hogler, S.; Gurnhofer, E.; Pedot, G.; Schäfer, B.W.; Schwentner, R.; et al. YAP/TAZ inhibition reduces metastatic potential of Ewing sarcoma cells. Oncogenesis 2021, 10, 2. [Google Scholar] [CrossRef]

	



Fusco, P.; Mattiuzzo, E.; Frasson, C.; Viola, G.; Cimetta, E.; Esposito, M.R.; Tonini, G.P. Verteporfin induces apoptosis and reduces the stem cell-like properties in Neuroblastoma tumour-initiating cells through inhibition of the YAP/TAZ pathway. Eur. J. Pharmacol. 2021, 893, 173829. [Google Scholar] [CrossRef] [PubMed]

	



Wei, C.R.; Li, X.Q. The Role of Photoactivated and Non-Photoactivated Verteporfin on Tumor. Front. Pharmacol. 2020, 11, 557429. [Google Scholar] [CrossRef] [PubMed]

	



Lai, T.Y.Y.; Chan, W.M.; Li, H.; Lai, R.Y.K.; Liu, D.T.L.; Lam, D.S.C. Safety enhanced photodynamic therapy with half dose verteporfin for chronic central serous chorioretinopathy: A short term pilot study. Br. J. Ophthalmol. 2006, 90, 869–874. [Google Scholar] [CrossRef] [PubMed]

	



Al-Moujahed, A.; Brodowska, K.; Stryjewski, T.P.; Efstathiou, N.E.; Vasilikos, I.; Cichy, J.; Miller, J.W.; Gragoudas, E.; Vavvas, D.G. Verteporfin inhibits growth of human glioma in vitro without light activation. Sci. Rep. 2017, 7, 7602. [Google Scholar] [CrossRef] [PubMed]

	



van Dijk, E.H.C.; van Rijssen, T.J.; Subhi, Y.; Boon, C.J.F. Photodynamic Therapy for Chorioretinal Diseases: A Practical Approach. Ophthalmol. Ther. 2020, 9, 329–342. [Google Scholar] [CrossRef]

	



Liang, J.Y.; Wang, L.L.; Wang, C.; Shen, J.F.; Su, B.J.; Marisetty, A.L.; Fang, D.; Kassab, C.; Jeong, K.J.; Zhao, W.; et al. Verteporfin Inhibits PD-L1 through Autophagy and the STAT1-IRF1-TRIM28 Signaling Axis, Exerting Antitumor Efficacy. Cancer Immunol. Res. 2020, 8, 952–965. [Google Scholar] [CrossRef]

	



Dasari, V.R.; Carey, D.J.; Gogoi, R. Synergistic enhancement of efficacy of platinum drugs with verteporfin in ovarian cancer cells. BMC Cancer 2020, 20, 273. [Google Scholar] [CrossRef]

	



Berman, S.D.; Calo, E.; Landman, A.S.; Danielian, P.S.; Miller, E.S.; West, J.C.; Fonhoue, B.D.; Caron, A.; Bronson, R.; Bouxsein, M.L.; et al. Metastatic osteosarcoma induced by inactivation of Rb and p53 in the osteoblast lineage. Proc. Natl. Acad. Sci. USA 2008, 105, 11851–11856. [Google Scholar] [CrossRef]

	



Calo, E.; Quintero-Estades, J.A.; Danielian, P.S.; Nedelcu, S.; Berman, S.D.; Lees, J.A. Rb regulates fate choice and lineage commitment in vivo. Nature 2010, 466, 1110–1114. [Google Scholar] [CrossRef]

	



Rickel, K.; Fang, F.; Tao, J. Molecular genetics of osteosarcoma. Bone 2017, 102, 69–79. [Google Scholar] [CrossRef]

	



Quist, T.; Jin, H.; Zhu, J.F.; Smith-Fry, K.; Capecchi, M.R.; Jones, K.B. The impact of osteoblastic differentiation on osteosarcomagenesis in the mouse. Oncogene 2015, 34, 4278–4284. [Google Scholar] [CrossRef] [PubMed]

	



Walkley, C.R.; Qudsi, R.; Sankaran, V.G.; Perry, J.A.; Gostissa, M.; Roth, S.I.; Rodda, S.J.; Snay, E.; Dunning, P.; Fahey, F.H.; et al. Conditional mouse osteosarcoma, dependent on p53 loss and potentiated by loss of Rb, mimics the human disease. Genes Dev. 2008, 22, 1662–1676. [Google Scholar] [CrossRef] [PubMed]

	



de Lageneste, O.D.; Julien, A.; Abou-Khalil, R.; Frangi, G.; Carvalho, C.; Cagnard, N.; Cordier, C.; Conway, S.J.; Colnot, C. Periosteum contains skeletal stem cells with high bone regenerative potential controlled by Periostin. Nat. Commun. 2018, 9, 773. [Google Scholar] [CrossRef] [PubMed]

	



Debnath, S.; Yallowitz, A.R.; McCormick, J.; Lalani, S.; Zhang, T.; Xu, R.; Li, N.; Liu, Y.; Yang, Y.S.; Eiseman, M.; et al. Discovery of a periosteal stem cell mediating intramembranous bone formation. Nature 2018, 562, 133–139. [Google Scholar] [CrossRef] [PubMed]

	



Lotinun, S.; Kiviranta, R.; Matsubara, T.; Alzate, J.A.; Neff, L.; Luth, A.; Koskivirta, I.; Kleuser, B.; Vacher, J.; Vuorio, E.; et al. Osteoclast-specific cathepsin K deletion stimulates S1P-dependent bone formation. J. Clin. Investig. 2013, 123, 666–681. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.; Feng, H.; Sun, J.; Liang, X.; Wang, Z.; Xing, W.; Dai, Q.; Yang, Y.; Han, A.; Wei, Z.; et al. Lkb1 deletion in periosteal mesenchymal progenitors induces osteogenic tumors through mTORC1 activation. J. Clin. Investig. 2019, 129, 1895–1909. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Wang, J.; Moore, D.C.; Liang, H.; Dooner, M.; Wu, Q.; Terek, R.; Chen, Q.; Ehrlich, M.G.; Quesenberry, P.J.; et al. Ptpn11 deletion in a novel progenitor causes metachondromatosis by inducing hedgehog signalling. Nature 2013, 499, 491–495. [Google Scholar] [CrossRef]

	



Li, Y.; Yang, S.; Qin, L.; Yang, S. TAZ is required for chondrogenesis and skeletal development. Cell Discov. 2021, 7, 26. [Google Scholar] [CrossRef]

	



Li, Y.; Hu, N.; Yang, D.; Oxenkrug, G.; Yang, Q. Regulating the balance between the kynurenine and serotonin pathways of tryptophan metabolism. Febs J. 2017, 284, 948–966. [Google Scholar] [CrossRef]

	



Li, J.; Li, Y.; Yang, D.; Hu, N.; Guo, Z.; Kuang, C.; Yang, Q. Establishment of a human indoleamine 2, 3-dioxygenase 2 (hIDO2) bioassay system and discovery of tryptanthrin derivatives as potent hIDO2 inhibitors. Eur. J. Med. Chem. 2016, 123, 171–179. [Google Scholar] [CrossRef]

	



Li, Y.; Yang, S.; Liu, Y.; Qin, L.; Yang, S. IFT20 governs mesenchymal stem cell fate through positively regulating TGF-β-Smad2/3-Glut1 signaling mediated glucose metabolism. bioRxiv 2022. [Google Scholar] [CrossRef]

	



Azzolin, L.; Panciera, T.; Soligo, S.; Enzo, E.; Bicciato, S.; Dupont, S.; Bresolin, S.; Frasson, C.; Basso, G.; Guzzardo, V.; et al. YAP/TAZ incorporation in the beta-catenin destruction complex orchestrates the Wnt response. Cell 2014, 158, 157–170. [Google Scholar] [CrossRef] [PubMed]

	



Lui, J.W.; Xiao, S.X.; Ogomori, K.; Hammarstedt, J.; Little, E.C.; Lang, D. The Efficiency of Verteporfin as a Therapeutic Option in Pre-Clinical Models of Melanoma. J. Cancer 2019, 10, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.S.; Duan, M.Y.; Zhong, Y.S.; Li, X.D.; Du, S.X.; Xie, P.; Zheng, G.; Han, J. Investigating age-induced differentially expressed genes and potential molecular mechanisms in osteosarcoma based on integrated bioinformatics analysis. Mol. Med. Rep. 2019, 19, 2729–2739. [Google Scholar] [CrossRef]

	



Carsi, B.; Rock, M.G. Primary osteosarcoma in adults older than 40 years. Clin. Orthop. Relat. R 2002, 397, 53–61. [Google Scholar] [CrossRef]

	



Kansara, M.; Teng, M.W.; Smyth, M.J.; Thomas, D.M. Translational biology of osteosarcoma. Nat. Rev. Cancer 2014, 14, 722–735. [Google Scholar] [CrossRef]

	



Tang, Q.L.; Lu, J.C.; Zou, C.Y.; Shao, Y.; Chen, Y.; Narala, S.; Fang, H.; Xu, H.; Wang, J.; Shen, J.; et al. CDH4 is a novel determinant of osteosarcoma tumorigenesis and metastasis. Oncogene 2018, 37, 3617–3630. [Google Scholar] [CrossRef]

	



Gutierrez, G.M.; Kong, E.; Sabbagh, Y.; Brown, N.E.; Lee, J.S.; Demay, M.B.; Thomas, D.M.; Hinds, P.W. Impaired bone development and increased mesenchymal progenitor cells in calvaria of RB1-/- mice. Proc. Natl. Acad. Sci. USA 2008, 105, 18402–18407. [Google Scholar] [CrossRef]

	



Rubio, R.; Gutierrez-Aranda, I.; Saez-Castillo, A.I.; Labarga, A.; Rosu-Myles, M.; Gonzalez-Garcia, S.; Toribio, M.L.; Menendez, P.; Rodriguez, R. The differentiation stage of p53-Rb-deficient bone marrow mesenchymal stem cells imposes the phenotype of in vivo sarcoma development. Oncogene 2013, 32, 4970–4980. [Google Scholar] [CrossRef]

	



Wang, X.Y.; Kua, H.Y.; Hu, Y.Y.; Guo, K.; Zeng, Q.; Wu, Q.; Ng, H.H.; Karsenty, G.; De Crombrugghe, B.; Yeh, J.; et al. p53 functions as a negative regulator of osteoblastogenesis, osteoblast-dependent osteoclastogenesis, and bone remodeling. J. Cell Biol. 2006, 172, 115–125. [Google Scholar] [CrossRef]

	



Lin, P.P.; Pandey, M.K.; Jin, F.H.; Raymond, A.K.; Akiyama, H.; Lozano, G. Targeted mutation of p53 and Rb in mesenchymal cells of the limb bud produces sarcomas in mice. Carcinogenesis 2009, 30, 1789–1795. [Google Scholar] [CrossRef] [PubMed]

	



Hasegawa, T.; Sugihara, T.; Hoshino, Y.; Tarumoto, R.; Matsuki, Y.; Kanda, T.; Takata, T.; Nagahara, T.; Matono, T.; Isomoto, H. Photosensitizer verteporfin inhibits the growth of YAP- and TAZ-dominant gastric cancer cells by suppressing the anti-apoptotic protein Survivin in a light-independent manner. Oncol. Lett. 2021, 22, 703. [Google Scholar] [PubMed]








[image: Cells 11 01361 g001 550] 





Figure 1. Loss of Trp53 and Rb1 in Ctsk-expressing cells causes osteosarcoma formation. (A) Western blot analysis of Trp53 and Rb1 expressions in Ctsk-expressing cells and normal cortical bone cells (control) as indicated. (B) Representative X-ray images of Ctsk-Cre;Trp53f/f/Rb1f/f mice and controls as indicated timepoint. The red arrows indicate the tumor in the bone. N = 5 mice per group. (C) Representative H&E staining images of femurs from the Ctsk-Cre;Trp53f/f/Rb1f/f mice as indicated timepoints. Scale bar, 1 mm. N = 5 mice per group. 
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Figure 2. Loss of Trp53 and Rb1 in Ctsk-expression activates YAP/TAZ signaling. (A) Schematic presentation of primary osteosarcoma cells from Ctsk-Cre;Trp53f/f/Rb1f/f mice. (B) Western blot analysis of YAP and TAZ expression in primary osteosarcoma cells and normal cortical bone cells. (C) Representative images of immunofluorescent staining of YAP/TAZ in the primary osteosarcoma cells and normal cortical bone cells as indicated. Scale bars, 10 μm. (D) The normal cortical bone cells or primary osteosarcoma cells with/without 2 μmol VP were co-transfected with 8xGTIIC and pRL-TK plasmids (internal control) as indicated, respectively. After transfection of 48 h, the luciferase activities were identified by the Dual-Luciferase Assay Kit. (E) The primary osteosarcoma cells were treated by 2 μmol VP or DMSO (control) for 48 h, the protein levels of YAP and TAZ were identified as indicated. (F) qRT-PCR analysis of YAP/TAZ target genes CYR61 and CTGF in the normal cortical bone cells or primary osteosarcoma cells cultured with/without 2 μmol VP for 48 h as indicated. Error bars were the means ± SEM from three independent experiments. * p < 0.05. ** p < 0.01, *** p < 0.001. 
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Figure 3. VP inhibits proliferation, migration, and invasion in Trp53/Rb1-mutant Ctsk-expressing osteosarcoma cells. (A) The primary osteosarcoma cells from Ctsk-Cre;Trp53f/f/Rb1f/f mice were collected and seeded in a 96-well plate. After being cultured for the indicated time, the cell proliferation was determined by WST-1 Cell Proliferation Assay Kit. (B,C) Soft agar assay (B). The primary osteosarcoma cells from Ctsk-Cre;Trp53f/f/Rb1f/f mice were incubated with 0 or 2 μM VP for 3 weeks, and then the colony numbers were counted (C). (D,E) The primary osteosarcoma cells were isolated from Ctsk-Cre;Trp53f/f/Rb1f/f mice, and treated with indicated doses of VP in transwell plates. After incubation for 48 h, the migrated cells were stained by crystal violet and viewed under microscope (D). Scale bars, 100 μm. The corresponding quantification was identified (E). (F,G) Cell invasion and quantification as indicated. Scale bars, 100 μm. Error bars were the means ± SEM from three independent experiments. ** p < 0.01, *** p < 0.001. 
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Figure 4. Inhibition of Hippo pathway by VP inhibits osteosarcoma progression in Ctsk-Cre;Trp53f/f/Rb1f/f mice. (A) Schematic diagram of the time courses of VP injection and mice harvested for data analysis. (B) Representative X-ray images of femurs showing that treatment of Ctsk-Cre;Trp53f/f/Rb1f/f mice with VP 3 times per week for 12 weeks starting from 2 months. Scale bars, 1 mm. The red arrows indicate the destruction in the cortical bone. (C–F) Histomorphometric analysis of bone parameters in the femurs of Ctsk-Cre;Trp53f/f/Rb1f/f mice after treatment with 0 (control) or 100 mg/kg VP as indicated. N = 5 mice/group. (G) Representative H&E-stained images of femurs from Ctsk-Cre;Trp53f/f/Rb1f/f mice treated with 0 (control) or 100 mg/kg VP for 12 weeks. Scale bar, 1 mm. (H) Kaplan–Meier survival analysis indicating overall survival of treated with 0 (control) or 100 mg/kg VP for 12 weeks. Error bars were the means ± SEM from three independent experiments. ** p < 0.01. 
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