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Abstract

:

I previously reported that F-box/leucine-rich repeat protein 14 (FBXL14) expressed in periosteum-derived cells, and F-box and WD-40 domain-containing protein 2 (FBXW2) in the periosteum form a fiber-like structure. Here, two culture medium conditions, that is, media with and without ascorbic acid, were compared during explant culture. In the absence of ascorbic acid, the expression patterns of osteocalcin, FBXW2, and elastin were compared using fluorescent immunostaining during weeks 3–5. By observing the periosteum, cambium layer and bone, I demonstrated FBXL14 expression in micro-vessels and bone lacuna. Fluorescent immunostaining revealed that, without ascorbic acid, the FBXL14 layer was thin. Conversely, in the presence of ascorbic acid, FBXL14 formed a thick membrane-like structure inside the periosteum, and the multilayer of periosteum-derived cells (PDCs) was strong. The expression patterns of osteocalcin and FBXW2 were similar. Elastin retained its fiber structure for up to five weeks. Although osteocalcin and FBXW2 were expressed in regions similar to elastin, they could not retain their fiber structures. In conclusion, FBXL14 appears to play a role in preparing a native scaffold for forming a multilayered sheet of PDCs inside the periosteum. FBXW2 and osteocalcin appear to separate from elastic fibers during calcification.
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1. Introduction


F-box/leucine-rich repeat protein 14 (FBXL14) contains the E3 ubiquitin ligase Skp, Cullin and F-box (SCF) complex for proteolysis [1,2,3,4]. Recently, it was reported that FBXL14 is associated with lung cancer [5], breast cancer [6] and distraction osteogenesis [7]. FBXL14 is reportedly a regulator of epithelial–mesenchymal transition pathway [8]. Mason and Laman [9] reviewed three-dimensional structures of the FBXL family members, but they described only structure prediction of FBXL14. In 2006, Akiyama et al. [10] investigated bovine periosteum-derived cells (PDCs) for bone regeneration and reported that FBXL14 is expressed in periosteum-derived cells [11]. In 2009, Akiyama and Nakamura [12] compared two Culture Medium 199 conditions, that is, media with and without ascorbic acid [12]. They found that PDCs without ascorbic acid could not form a multilayered cell sheet and that bone regeneration failed. To form a three-dimensional sheet of PDCs in vitro, supportive proteins as a natural scaffold are needed. In the presence of ascorbic acid, collagen fibers support PDCs [12]. In the present study, I sought for non-collagenous supportive proteins that function only with ascorbic acid. Unlike FBXL14, F-box and WD-40 domain-containing protein 2 (FBXW2) is reportedly expressed in the periosteum but not in PDCs [11]. FBXW2 regulates cancer stemness and is important for cancer therapy [13]. In the periosteum, FBXW2 and osteocalcin have been found to localize to the same fiber structures [14], but the relationship between FBXW2 and osteocalcin calcification remains unknown. The aim of this study was to examine the role of the two F-box proteins, FBXL14 and FBXW2. Formation of a multilayered cell sheet of PDCs resulted in the scaffold-free bone regeneration [10], and FBXL14 may be related to this mechanism. Additionally, the osteogenic differentiation of PDCs induced by FBXW2 and osteocalcin was investigated.




2. Materials and Methods


2.1. Cell Culture and Sample Preparation


Periosteum for explant culture and bones with periosteum from four hind and front legs of 30-month-old Japanese Black Cattle (Kobe Chuo Chikusan, Kobe, Japan) were randomly sampled from a slaughterhouse. This study was performed within 24 h of slaughtering the cattle. All protocols adhered to the Osaka Dental University Regulations on Animal Care and Use (Approval No. 22-01002). No live animals were used in this study. Periosteum from eight cattle was used in explant culture for up to five weeks in Medium 199 (12340-030; Gibco, Grand Island, NY, USA) with 10% fetal bovine serum and penicillin/streptomycin (168-23191; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), as previously described [15]. Periosteum from four cattle was cultured with ascorbic acid, and that of the other four cattle was cultured without ascorbic acid. To prepare paraffin-embedded tissue blocks and sections, the periosteum after explant culture and bone with periosteum were fixed in 4% paraformaldehyde.




2.2. Fluorescent Immunostaining


Fluorescent immunostaining for FBXL14, von Willebrand factor, elastin, osteocalcin and FBXW2 in bovine periosteum-derived cells cultured with or without ascorbic acid was performed.



Table 1 shows the conditions for antigen retrieval, primary and secondary antibodies, manufacturers and culture medium for each target protein. Proteinase K (Dako Cytomation, Glostrup, Denmark) was used for antigen retrieval. The primary antibodies used were as follows: anti-FBXL14, anti-von Willebrand factor, anti-elastin, anti-osteocalcin and anti-FBXW2. The secondary antibodies used were as follows: Alexa Fluor 594 anti-rabbit IgG (H+L), Alexa Fluor™ 488 anti-mouse IgG (H+L) and anti-goat IgG-CFL 594. Additionally, 4′,6-diamidino-2-phenylindole (DAPI) was used for counterstaining. The microscope (BZ-9000; Keyence Japan, Osaka, Japan), BZ-II Viewer software (Version 1.1, Keyence Japan) and BZ-II Analyzer software (Version 1.1; Keyence Japan) were used for visualization and photography.





3. Results


Figure 1 shows the fluorescent immunostaining of the bone with periosteum. von Willebrand factor, which indicates the presence of endothelial cells, and FBXL14 were expressed around micro-vessels (Figure 1a,b). FBXL14 was also expressed in bone lacunae (Figure 1, arrow).



The developed multilayered sheet of PDCs outgrew from the original periosteum and periosteal cells during explant culture in vitro with only ascorbic acid. To seek necessary proteins for multilayered cell sheet formation and the subsequent bone regeneration, two conditions, that is, with and without ascorbic acid, were examined. Figure 2a–c shows the fluorescent immunostaining of FBXL14 in the periosteum following explant culture at weeks three, four and five under both culture medium conditions (with and without ascorbic acid). Without ascorbic acid, FBXL14 and PDCs formed a thin monolayer structure during weeks 3–5. However, with ascorbic acid, FBXL14 and PDCs formed thick multilayered cell sheets for up to five weeks. FBXL14 formed a strong membrane-like structure inside the periosteum (Figure 2, arrow), and periosteal cells inside moved and extended till outside the periosteum and PDCs were formed during week 5. Figure S1 shows the formation of a multilayer structure by FBXL14 and PDCs. Figure S1a–c are images of samples from different cows from Figure 2. PDCs became apparent mostly after three weeks (Figure S1a–c). Figure S1d is the negative control of Figure 2c (right). Elastica van Gieson staining (Figure S1e) revealed the formation of PDCs towards the outer side of the periosteum. Inside the periosteum, bundles of periosteal cells were supported by elastic fibers (arrow) from both sides, and PDCs were released outside. FBXL14 supported cells from inside to outside the periosteum (Figure 2 and Figure S1).



Figure 3a–c and Figure 4a–c show the periosteum in the absence of ascorbic acid. A previous study reported that osteocalcin and FBXW2 were expressed inside the periosteum in the presence of ascorbic acid [15]. To detect major proteins in bone regeneration, the condition without ascorbic acid was tested. Contrary to expectations, both osteocalcin and FBXW2 were expressed in the absence of ascorbic acid. Although osteocalcin expression was weaker than FBXW2 expression, their expression patterns were the same (Figure 3a–c). In the presence of ascorbic acid, not only osteocalcin and FBXW2 [15] but also FBXW2 and elastin were expressed in the same region [16] then osteocalcin and elastin expression was compared in the absence of ascorbic acid. However, the osteocalcin and elastin expression patterns were not the same, even though both proteins were localized in similar regions (Figure 4a–c). Elastin retained its fiber structure, whereas osteocalcin was separated from elastic fibers and showed a pattern spread over a wide area. Figure S2a–c shows the expression pattern of osteocalcin, FBXW2 and elastin at five weeks in the absence of ascorbic acid, using samples of different cows from Figure 3c and Figure 4c. Figure S2 reveals that the expression pattern of osteocalcin and FBXW2 was the same and the structure of fiber became obscure, while the insoluble elastin maintained the fiber structure as shown in Figure 3 and Figure 4.




4. Discussion


This study revealed that von Willebrand factor and FBXL14 are associated with blood vessels, but only FBXL14 is associated with bone lacuna (Figure 1a). Zhang et al. [7] reported that FBXL14 mRNA in bone marrow mesenchymal stem cells may play a key role in distraction osteogenesis. Cui et al. [5,6] evaluated the role of FBXL14 in ubiquitination. However, the relationship between the FBXL14 and bone remains unclear. In this study, FBXL14 formed a fine line around the periosteum during weeks 3–5 in the absence of ascorbic acid and a thick membrane inside the periosteum for up to 5 weeks in the presence of ascorbic acid (Figure 2a–c). For the clinical use of PDCs, many culture systems use spinner flasks [17], orbital shakers [18], passaged cells [19] or mechanical stretch [20]. Meanwhile, only primary PDCs were cultured in still dishes in this study. The process from periosteal cell to PDC formation with an extracellular matrix is of interest [21]. The results of this study suggest that FBXL14 may play a role in the scaffold preparation for forming the multilayered sheet of PDCs inside the periosteum.



I previously reported that osteocalcin localizes to the same region as FBXW2 in the presence of ascorbic acid [14]. Moreover, during explant culture, osteocalcin is deposited onto fibers from FBXW2 [15]. In this study, I compared the expression patterns of osteocalcin, FBXW2 and elastin in the absence of ascorbic acid. The results indicate that the expression patterns of osteocalcin and FBXW2 were similar, whereas those of osteocalcin and elastin were different (Figure 3 and Figure 4). In another study [16], I found that FBXW2 was associated with the elastic fibers. In the presence of ascorbic acid, FBXW2 and osteocalcin form fibrous structures [14,15]. It was inferred that FBXW2 and osteocalcin separated from the elastic fibers in the absence of ascorbic acid and could not retain their fiber shapes. A comparison of osteocalcin and FBXW2 and a comparison of osteocalcin and elastin were performed using single immunostaining; hence, no double-immunostaining was required. Two reasons for this are as follows: (1) preliminary experiments revealed that elastin was not clear with double-immunostaining and (2) in a previous study, regions of osteocalcin and FBXW2 spread and covered the fibers of elastin (Figure 4 and Figure S2).



Several studies have investigated elastin degradation and elastic fiber calcification [22,23,24,25,26,27,28,29,30]. Peranskunas et al. [31] reported the PDC secretome and found that, under osteogenic differentiation conditions, fibrillin-1 (not insoluble elastin), a major component of elastic fibers, was detected. The relationship between elastin degradation and osteocalcin remains unknown. However, the results of this study indicate that elastin is insoluble and shows low degradation, whereas FBXW2 is more flexible. As two conditions, that is, with and without ascorbic acid, modulated collagen deposition [12], osteocalcin was expressed in the absence of ascorbic acid (Figure 3 and Figure 4) and showed a pattern that spread over a wide area from elastic fibers. However, a mass of osteocalcin [15] was not observed, unlike that in the presence of ascorbic acid (Figure 3 and Figure 4). In the absence of ascorbic acid, osteocalcin was expressed. Osteocalcin expression does not always mean bone regeneration for the following reasons. First, before transplantation in vivo, the periosteum was cut off, and only PDCs were applied; calcification of the periosteum itself resulted in an insufficient supply of osteocalcin for osteogenic differentiation of PDCs. Second, the amount of FBXL14 is low. FBXL14 plays a role of bundling periosteal cells inside the periosteum. FBXL14 expression decreases in the absence of ascorbic acid as collagen synthesis decreases [12]; however, the relationship between FBXL14 and collagen is not clear. Two F-box proteins, FBXL14 and FBXW2, were contrastive. Here, FBXL14 levels increased around the periosteum during explant culture, while FBXW2 was originally present in the cambium layer of the periosteum.



Gene knockdown using siRNA was not performed in this study. Only collagen synthesis was affected in the absence of ascorbic acid, and its effect on FBXL14 is unknown. Similar sections were used for immunostaining instead of double immunostaining. However, single immunostaining revealed differences between osteocalcin and elastin, and FBXW2 and elastin, whereas double immunostaining made elastin unclear. Here, FBXL14 appeared naturally; however, in future studies, a combination of FBXL14 and other biomaterials, such as collagen gel and decellular matrix, needs to be investigated as new scaffolds. A binding or departure system among FBXW2, elastin and osteocalcin is required for clarification. Osteocalcin deposition was not related to the formation of multilayered PDCs. FBXL14 in periosteum-derived cells appears to play a role in preparing a native scaffold for the multilayered cell sheet formation inside the periosteum (Figure 5a).



FBXW2 and osteocalcin spread from the elastin, and calcification occurred around elastin in the absence of ascorbic acid. These results indicate that the separation of FBXW2 from elastic fibers may result in bone regeneration failure instead of osteocalcin expression (Figure 5b). Clarifying the roles of FBXL14 and FBXW2 is important for the scaffold-free bone regeneration in clinical practice.
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Figure 1. Expression of FBXL14 in blood vessels and bone lacunae. Staining of FBXL14 and von Willebrand factor in the bone with periosteum. FBXL14 was expressed in the periosteum and bone lacuna blood vessels. (a) FBXL14: red; 4′,6-diamidino-2-phenylindole (DAPI): blue; arrow: bone lacuna. (b) Von Willebrand factor: red; DAPI: blue; B: bone. Scale bar: 100 μm. 
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Figure 2. Role of FBXL14 in the periosteum. Fluorescent immunostaining of FBXL14. (left) Without ascorbic acid. (right) With ascorbic acid. FBXL14: red; 4′,6-diamidino-2-phenylindole (DAPI): blue. (a): At week 3; (b): at week 4; (c): at week 5. PDCs: periosteum-derived cells; arrow: a strong membrane-like structure. Scale bar: 100 μm. 
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Figure 3. Expression patterns of osteocalcin and FBXW2. A comparison of osteocalcin (left) and FBXW2 (right) in the absence of ascorbic acid. Expression patterns of osteocalcin and FBXW2 were similar. Osteocalcin: green; FBXW2: red; 4′,6-diamidino-2-phenylindole (DAPI): blue. (a) At week 3; (b) at week 4; (c) at week 5. Scale bar: 100 μm. 
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Figure 4. Expression patterns of osteocalcin and elastin. A comparison of osteocalcin (left) and elastin (right) in the absence of ascorbic acid. Their expression patterns are different. Osteocalcin: green (left); elastin: green (right); 4′,6-diamidino-2-phenylindole (DAPI): blue. (a) At week 3; (b) at week 4; (c) at week 5. Scale bar: 100 μm. 
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Figure 5. Summary of this study. (a) Role of FBXL14 for PDCs: inside the periosteum, FBXL14 prepares a native scaffold for the multilayered cell sheet formation. (b) Role of FBXW2 in the calcification process: FBXW2 and osteocalcin separate from the elastic fiber in the absence of ascorbic acid. 
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Table 1. Conditions for antigen retrieval, primary and secondary antibodies, and culture medium for each target protein.
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Protein

	
Antigen Retrieval

	
Primary Antibody

	
Secondary Antibody






	
FBXL14

(with and without ascorbic acid)

	
Proteinase K

(Room Temperature, 10 min)

	
#SAB2103691

1:500 4 h

(Sigma-Aldrich, Saint Louis, MO, USA)

	
Alexa FluorTM 594 goat anti-rabbit IgG (H+L) #A11037

1:200 1 h

(Invitrogen, Eugene, OR, USA)




	
Von Willebrand factor

	
Proteinase K

(Room Temperature, 10 min)

	
#ab6994

1:300 4 h

(Abcam, Cambridge, UK)




	
Elastin

(without ascorbic acid)

	
Proteinase K

(Room Temperature, 10 min)

	
Elastin (BA-4)

#sc-58756

1:200 4 h

(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA)

	
Alexa FluorTM 488 goat anti-mouse IgG (H+L) #A32731

1:200 1 h

(Invitrogen)




	
Osteocalcin

(without ascorbic acid)

	
Proteinase K

(Room Temperature, 10 min)

	
Monoclonal antibody to osteocalcin #M042

1:500 4 h

(Takara Bio Inc., Shiga, Japan)




	
FBXW2

(without ascorbic acid)

	
Proteinase K

(Room Temperature, 10 min)

	
#PA5-18189

1:200 4 h

(Invitrogen)

	
Mouse anti-goat IgG-CFL 594

#sc516243

1:200 1 h

(Santa Cruz Biotechnology, Inc.)
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