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Abstract
Background

Periodontal disease is a common disease that compromises the integrity of tooth-supporting tissues. Bone regeneration is the ultimate goal of periodontal
therapies, in which osteogenic differentiation of human periodontal ligament stem cells plays a critical role. The tripartite motif (TRIM)16 is downregulated in
periodontal tissues of patients with periodontitis and involved in osteogenic differentiation of human bone marrow mesenchymal stem
cells(hBMSCs).However, the role of TRIM16 in the osteogenic differentiation of human periodontal ligament stem cells (hPDLSCs) is largely unknown.

Methods

hPDLSCs were isolated and identi�ed by immunophenotype assays using �ow cytometry. Overexpression plasmids and speci�c short-hairpin RNAs (shRNAs)
were constructed to manipulate the expression of target molecules. Alkaline phosphatase (ALP) staining, alizarin red staining (ARS) and enzyme‐linked
immunosorbent assays (ELISA) were used to evaluate osteogenic potential capacity. Reverse transcription quantitative PCR (RT-qPCR) and Western blot
analysis were performed to determine the expression of osteogenic-related markers and activation of relevant signaling pathways. Co-immunoprecipitation
assays were performed to con�rm the interactions between proteins and the ubiquitination of RUNX2. A LC-MS/MS analysis was performed to explore the
different expression proteins in present of TRIM16.

Results

TRIM16 signi�cantly promoted alkaline phosphatase activity and mineralized nodule formation, and positively regulated the osteogenic differentiation of
hPDLSCs by enhancing protein expression of RUNX2, COL1A1 and OCN. Mechanistically, TRIM16 serves as a pivotal factor that stabilizes RUNX2 protein
levels by decreasing CHIP-mediated K48-linked ubiquitination degradation of the RUNX2 protein. Besides, TRIM16 signi�cantly increased expression of
COL1A1 via activation of p38MAPK/RUNX2.

Conclusion

This study identi�ed a novel mechanism of TRIM16 in regulating stability of the RUNX2 protein, which may promote the osteogenic differentiation of
hPDLSCs. TRIM16 may be a potential target of stem cell based-bone regeneration for periodontal therapies.

1. Introduction
Periodontal diseases represent a broad range of progressive in�ammatory conditions characterized by irreversible attachment loss and bone resorption[1].
Stem cell-based approaches coupled with scaffolding and guiding biomaterials have been used to promote bone regeneration, the ultimate goal of periodontal
therapies[2]. Mesenchymal stem cells (MSCs) isolated from the human periodontal ligament (hPDLSCs) may differentiate into osteogenic, chondrogenic,
adipogenic, and neurogenic cell lineages in vitro[3]. Because hPDLSCs have the ability to self-replenish and produce differentiated, multilineage progeny, these
cells tend to regenerate their tissue of origin[4, 5]. Periodontal ligament cells derived from autologous tissue have been implanted into periodontal lesions[6];
however, stem cell therapy still has many safety and regulatory barriers[1]. The tightly regulation of osteogenic differentiation of hPDLSCs is important for
promoting tissue regeneration and maintaining dynamic homeostasis in the periodontaltissue.

Several signaling pathways have been implicated in the osteogenic differentiation of hPDLSCs, including Hedgehog, Fgf, Wnt, Pthlh and MAPK[7-9]. These
pathways may play critical roles in regulating osteogenesis-related factors such as RUNX2, which is essential for bone formation because it induces the
expression of major bone matrix proteins such as COL1A1, SPP1 and BGLAP2 in vitro[10, 11]. The activity and stability of RUNX2 are modulated at the post-
transcription and post-translation levels [12-14]. Increasing evidence has shown that the ubiquitin-proteasome system is also involved in modulating
osteogenesis[15, 16]. The ubiquitin-protein ligases (E3), the most abundant group of ubiquitination enzymes, have been shown to play an important role in
bone formation by controlling protein levels of several receptor tyrosine kinases, signaling molecules and transcription factors. For example, Ubiquitin E3
ligase Itch negatively regulates osteoblast function by promoting proteasome degradation of osteogenic proteins[17]. The carboxy terminus of HSP70
interacting protein (CHIP)/STUB1 enhanced ubiquitination and degradation of SMAD proteins, and negatively regulated RUNX2 protein stability via a
ubiquitination-dependent degradation[18].

TRIM16 belongs to the tripartite motif (TRIM) family of proteins, which include ~75 proteins with E3 ligase activities and diverse functions in cell proliferation,
differentiation, apoptosis, carcinogenesis and autophagy[19, 20]. TRIM16, devoid of a typical RING domain, harbors two B-box domains, a coiled-coil domain
and a C-terminal domain. TRIM16 has been shown to possess auto-polyubiquitination activity and to act as an E3 ubiquitin ligase in vivo and in vitro[20].
TRIM16 is ubiquitously expressed, and is localized predominantly in the cytosol, while it may be translocated to the nucleus in the G1 phase of the cell cycle to
affect cell cycle progression and cellular differentiation in neuroblastoma[21]. TRIM16 is also known as a tumor suppressor by inhibiting the epithelial-to-
mesenchymal transition (EMT) in non-small cell lung cancer and prostate cancer cells[22, 23]. Additionally, TRIM16 has been shown to interact with other
proteins such as NRF2, p62 or galectin-3 by providing a platform for the assembly of core autophagic machineryin response to oxidative or proteotoxic
stress[24, 25].

Previous studies have de�ned the functions of TRIM16 in several biological processes; Recently, signi�cant downregulation of TRIM16 was observed in
periodontal tissue of patients with periodontitis compared with tissues in healthy individuals[26]. We speculated the impaired osteogenic capacity of
hPDLSCsin in�ammatory microenvironment might be associated with lower expression of TRIM16. Thus, the biological roles of TRIM16 in osteogenic
differentiation of hPDLSCsrequires further investigation.
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In this study, we investigated the functions of TRIM16 during the osteogenic differentiation of hPDLSCs. We found that TRIM16 promoted the osteogenic
differentiation of hPDLSCsby decreasing CHIP-mediated degradation of RUNX2 and upregulating the expression of COL1A1 by activation of p38MAPK.
Therefore, targeting TRIM16 may represent a potential therapeutic strategy to promote bone regeneration in patients with periodontal disease.

 

2. Methods
2.1 Cell culture

This study was approved by the Medical Ethics Committee of the School of Stomatology, Shandong University. hPDLSCs were obtained from premolars of
healthy teenagers (aged 14-20) extracted for orthodontic purposes. Tissues from the middle third of the tooth root were collected, minced into small fragments
of approximately 1-2 mm3, then digested in a solution of 3 mg/ml collagenase type I (Sigma-Aldrich, St. Louis, MO, USA) and 4 mg/ml dispase (Sigma-Aldrich)
at 37°C for 1 h. The primary cells were cultured with α-MEM (Biological Industries, Beit Haemek, Israel) containing 20% fetal bovine serum (FBS) (Biological
Industries) at 37°C with 5% carbon dioxide. The medium was replaced with fresh medium every three days until the cell monolayer reached 90% con�uence.
Cells were then passaged at a dilution ratio of 1:2 to expand the culture in 10% FBS medium. Cells from passages 3-7 were used for subsequent experiments.

The stemness of hPDLSCs was characterized by phenotype analysis of hPDLSCs. Cells were trypsinized and washed with PBS and then incubated with CD90-
FITC, CD44-PE and PE-negative cocktail (CD45-PE, HLA-DR-PE). After incubation at 4℃ protected from light for 1h, the cells were washed with PBS and �ow
cytometry was performed with a BD Accuri™ C6 �ow cytometer (BD Biosciences, San Jose, CA, USA).

The HEK293T cell line was obtained from the American Tissue Culture Collection (ATCC) and was cultured in DMEM (Sigma-Aldrich, St Louis, MO, USA) with
10% FBS and 100 µg/ml penicillin-streptoMycin sulfate (Sigma-Aldrich) in a 5% CO2 humidi�ed atmosphere at 37°C.

2.2 In vitro differentiation assays

Osteogenic induced medium contained complete culture medium supplemented with 100 nM dexamethasone (Solarbio, Beijing, China), 10 mM β-
glycerophosphate (Solarbio) and 50 mg/l ascorbic acid (Solarbio). Adipogenic medium contained complete culture medium supplemented with 1 µM
dexamethasone (Solarbio), 0.2 mM indomethacin (Solarbio), 0.01 g/l insulin (Solarbio) and 0.5mM isobutyl-methylxanthine (Solarbio). Cells were cultured in
24-well plates with osteogenic differentiation medium or adipogenic differentiation medium. The medium was replaced every other day. Osteogenic
differentiation was evaluated with Alkaline phosphatase (ALP) and Alizarin red (AR) staining (Sigma-Aldrich). Adipogenic differentiation was evaluated with
Oil Red O staining (Solarbio). All methods followed protocols recommended by the manufacturer.

2.3 Plasmid construction and transfection

To stably express TRIM16, the full-length open reading frame (ORF) of TRIM16 (GenBank NM_001348120) was ampli�ed from a Human Multiple Tissue
cDNA Panel (BD Biosciences) and then cloned into pLVX-puro at the XhoI and EcoRI sites. To knock down TRIM16, siRNA targeting TRIM16 and a scramble
sequence were synthesized by Invitrogen (Beijing, China). The sequence of shRNA against TRIM16 and a negative control were then inserted into the pLKO.1
vector and named sh-TRIM16 and sh-NC, respectively. The transcripts of CHIP (GenBank NM_005861) and RUNX2 (GenBank NM_001024630) were ampli�ed
by PCR and subcloned into the pCMV-3Tag6 (Agilent Technologies, Santa Clara, CA, USA) and pCMV-Myc (Clontech, Mountain View, CA, USA) vectors,
respectively. The constructs were named Flag-CHIP or Myc-RUNX2. All constructs were con�rmed by direct sequencing (Table 1). pRK5-HA-Ubiquitin-WT and
K48, K63 were gifts from Ted Dawson (Addgene, Watertown, MA, USA; plasmid # 17608; 17605, 17606).

2.4 RNA isolation and RT-qPCR assays

Total RNA was extracted from hPDLSCs using TRIzol® reagent (Thermo Fisher Scienti�c, Waltham, MA, USA) according to the manufacturer's protocol. Total
RNA was quantified using a NanoDrop 2000 (Thermo Fisher) and 1000 ng of total RNA was reverse-transcribed using a PrimeScript™ RT reagent kit (Takara
Bio, Shiga, Japan). Gene expression levels were determined by RT-qPCR using an ABI 7500 Real-Time PCR System (Thermo Fisher). RT-qPCR was performed in
a 10 µl reaction volume with a TB Green PCR Core Kit (Takara Bio) according to the manufacturer’s instructions. The expression of β-actin was used for
normalization. Changes in gene expression were calculated by the 2-∆∆Ct method. Primer sequences are listed in Table 2.

2.5 Western blot analysis and co-immunoprecipitation

Protein lysates were extracted from hPDLSCs with RIPA buffer (Solarbio) supplemented with 1% protease inhibitors (Boster Bio, Wuhan, China) and quantified
by a BCA Protein Assay Kit (Thermo Fisher). Equal amounts of total protein for each sample were separated by electrophoresis at 120 V for 90 min on a 10%
sodium dodecyl sulfate polyacrylamide (SDS-PAGE) gel, and then transferred to polyvinylidene �uoride (PVDF) membranes (Merck Millipore, Burlington, MA,
USA) by electroblotting at 200 mA for 2 h. The membranes were blocked with 5% nonfat milk. The primary antibodies of target proteins were incubated at 4°C
overnight, and secondary antibodies were incubated at room temperature for 1 h. Finally, protein expression levels were quantitated by measuring the relative
intensities of the bands using ImageJ software 5.0 (National Institutes of Health, Bethesda, MA, USA).

For co-immunoprecipitation, whole-cell extracts were lysed in IP lysis buffer composed of 25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40 and
5% glycerol and a protease inhibitor ‘cocktail’ (Merck Millipore). Briefly, the supernatant was collected and incubated with protein G-Agarose for 2 h to remove
nonspeci�c binding. The lysate was mixed with antibodies and gently rotated at 4°C for 4 h, then protein G-Agarose was added to the lysate for overnight
incubation. The beads were washed five times with IP buffer. Co-precipitated proteins were eluted with SDS-loading buffer at 95°C for 5 min and then
analyzed using Western blotting as previous described.
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2.6 In vitro ubiquitination assay

HEK293T cells transiently transfected with the indicated plasmids were cultured for 24 h, then collected using IP lysis buffer. Antibodies were added to the
lysate and gently rotated at 4°C for 4 h, then protein G-Agarose was added to the lysate at 4°C. After overnight incubation, the beads were washed five times
with IP buffer and the immunoprecipitated proteins were eluted with SDS-loading buffer at 95°C for 5 min, then analyzed with Western blotting.

2.7 Enzyme‐linked immunosorbent assay (ELISA)

To further evaluate osteogenic capacity, levels of osteocalcin (OCN) were assessed by the Human Osteocalcin ELISA Kit (ab195214, Abcam, Cambridge, MA,
USA) according to the manufacturer’s instructions. The optical density values were read by a microplate reader at 450 nm. Protein levels are calculated by
subtracting values from the medium and standardizing them according to the number of cells.

2.8 LC-MS/MS and data analysis

hPDLSCs were transfected with a pLVX-TRIM16 or pLVX-puro lentiviral vector and collected after a 14-day incubation in osteogenic medium. A �lter aided
sample preparation (FASP) method was used to generate tryptic peptides from crude lysates for LC-MS/MS detection. After a series of optimization
processing, the LC-MS/MS mass spectrometry data were compared with the database for similarity scoring and protein identi�cation using ProteinPilotTM

V4.5. Each protein containing at least one unique peptide segment was considered to be a credible protein, and differentially expressed proteins were de�ned
using the following cut-off criteria: [logFC] >1 and p-value < 0.05.

2.9 Reagents and antibodies

MG132, cycloheximide, and 3-MA were obtained from Sigma-Aldrich (St. Louis, MO, USA); SB203580 was from Selleck Chemicals (Houston, TX, USA); anti-
Myc, anti-Flag, anti-hemagglutinin (HA), anti-GAPDH, protein G agarose used for IP and horseradish peroxidase-conjugated secondary antibodies were from
Santa Cruz Biotechnology (Dallas, TX, USA); anti-RUNX2, anti-p-p38 were obtained from Cell Signaling Technology (Beverly, MA, USA); anti-TRIM16, anti-CHIP
were from Proteintech (Rosemont, IL, USA); anti-COL1A1 was from Servicebio (Wuhan, China).

2.10 Statistical analysis

Each experiment was performed in triplicate. Data were presented as the means ± standard deviations. Statistical analysis was performed by Student’s t-test
or one-way analysis of variance (ANOVA) with GraphPad software (GSL Biotech LLC, San Diego, CA, USA). P-values < 0.05 were considered statistically
signi�cant.

3. Results
3.1 TRIM16 expression in hPDLSCs was enhanced during osteogenic differentiation

hPDLSCs derived from periodontal ligament explants had a long spindle-like morphology and were arranged in whirlpool formations (Fig. 1A). To determine
the multi-differentiation capacity of these hPDLSCs, Alizarin Red–positive mineralized matrix (Fig. 1B) and Oil Red O–positive lipid droplets (Fig. 1C) were
observed after osteogenic and adipogenic induction, respectively. The immunophenotype assay showed that MSC-speci�c surface markers (CD90, CD44)
were positive, while the typical hematopoietic and endothelial cell-speci�c markers (CD45 and HLA-DR) were negative (Fig. 1D), indicating that the primary
hPDLSCs exhibited mesenchymal stem cell characteristics.

In an effort to pro�le TRIM16 expression patterns during osteogenic differentiation of hPDLSCs, we performed RT-qPCR and Western blotting. The results
showed that TRIM16 mRNA and protein expression were enhanced during the commitment to an osteogenic linage (Fig. 1E-G), suggesting that TRIM16 may
play an important role in the osteogenic differentiation of hPDLSCs.

3.2 TRIM16 promoted the osteogenic differentiation of hPDLSCs

To investigate the potential functions of TRIM16 during osteogenic differentiation of hPDLSCs, a TRIM16-overexpressing lentiviral vector was constructed and
transfected into hPDLSCs. Concurrently, a TRIM16 speci�c shRNA was used to knockdown its expression. E�cacy was determined by RT-qPCR and Western
blotting (Fig. 2A and B). To evaluate the capacity of osteogenic differentiation, ALP staining and Alizarin red staining were performed after treating with
osteogenic induction media for 7 days or 14 days. The results showed that overexpression of TRIM16 signi�cantly increased ALP activity and mineralized
nodule formation, which were inhibited by knockdown of TRIM16 (Fig. 2C and D). In an ELISA assay, levels of OCN were signi�cantly higher in the presence of
TRIM16 than in the control (Fig. 2E). In assessment of mRNA and protein levels of several osteogenic-related markers, TRIM16 increased mRNA expression of
SP7 and COL1A1 (Fig. 2G and H) and upregulated protein expression of COL1A1 and RUNX2 (Fig. 2I). Knockdown of TRIM16 signi�cantly reduced mRNA
expression of SP7 and COL1A1 (Fig. 2G and H) and protein levels of COL1A1 and RUNX2 (Fig. 2I). Interestingly, RUNX2 mRNA levels were not upregulated by
TRIM16 and were not downregulated by knockdown of TRIM16 (Fig. 2F), indicating that TRIM16 had no effects on RUNX2 mRNA expression, but signi�cantly
in�uenced RUNX2 protein expression.

3.3 TRIM16 reduced ubiquitination degradation of RUNX2

To determine the mechanism of TRIM16-mediated stability of RUNX2, we used HEK293T cells with various doses of TRIM16 overexpression plasmid to verify
changes in RUNX2 protein levels (Fig. 3A). TRIM16 consistently increased RUNX2 protein expression in a dose-dependent manner. The TRIM family of proteins
has been implicated in the positive regulation of several critical transcription factors by reducing their ubiquitin–proteasome degradation; therefore, we



Page 5/15

inferred that TRIM16 could inhibit protein degradation of RUNX2. HEK293T cells were treated with the protein biosynthesis inhibitor cycloheximide (CHX) and
the proteasome inhibitor MG-132 for various amounts of time. To rule out whether TRIM16 inhibited RUNX2 degradation via autophagy, HEK293T cells were
treated with different concentrations of autophagy inhibitor 3-MA. The results showed that TRIM16 retarded the reduction of RUNX2 protein compared to the
control group (Fig. 3B). TRIM16-induced RUNX2 stability was enhanced by MG-132 (Fig. 3C) but was not affected by 3-MA (Fig. 3D), indicating that TRIM16
inhibited the proteasomal degradation of RUNX2. To determine whether TRIM16 affected RUNX2 ubiquitination, Myc-RUNX2 was co-transfected with HA-
ubiquitin and TRIM16 or empty vector into HEK293T cells. Overexpression of TRIM16 reduced the ubiquitination of RUNX2 (Fig. 3E). Because K48-linked and
k63-linked poly-ubiquitination of proteins are two principal delivery signals in the ubiquitination system, we performed immunoprecipitation assays in the
presence of two variants of ubiquitin. These variants can only be ubiquitinated at the lysine 48 residue (HA-K48-UB) or at the lysine 63 residue (HA-K63-UB).
Overexpression of TRIM16 reduced K48-linked poly-ubiquitination of RUNX2 but increased K63-linked poly-ubiquitination of RUNX2 (Fig. 3F). In addition,
vectors expressing Myc-RUNX2 and TRIM16 were co-transfected into 293T cells in a co-immunoprecipitation assay to demonstrate that TRIM16 physically
interacts with RUNX2(Fig. 3G), and the interaction between TRIM16 and RUNX2 was also observed in hPDLSCs(Fig. 3H).All the results showed that RUNX2
stability was enhanced in the presence of TRIM16.

3.4 TRIM16 decreased CHIP-mediated ubiquitination degradation of RUNX2

CHIP has been identi�ed as a RUNX2-interacting protein. CHIP mRNA and protein levels have been shown to decrease signi�cantly during osteogenic
differentiation in MC3T3-E1 cells. To investigate the roles of CHIP in hPDLSCs, we detected CHIP protein levels during osteogenic differentiation of hPDLSCs.
CHIP levels decreased signi�cantly after osteogenic induction for 7 days (Fig. 4A). CHIP mRNA and protein levels were reduced by TRIM16 (Fig. 4B and 4C).
Then a CHIP-overexpressing lentiviral vector transfected into hPDLSCs, the e�cacy was determined by Western blotting (Fig. 4D). ALP and Alizarin red
staining of hPDLSCs following treatment with osteogenic induction media for 7 days or 21 days showed that CHIP signi�cantly attenuated ALP activity and
delayed mineralized nodule formation, which were promoted by TRIM16 (Fig. 4E and F). To study the in�uence of RUNX2 on ubiquitination in the presence of
CHIP and TRIM16, Myc-RUNX2 was co-transfected with HA-K48-UB, with or without Flag-CHIP and TRIM16 into HEK293T cells. CHIP signi�cantly increased
K48 linked-ubiquitination of RUNX2, which could be decreased by TRIM16, and the induction ofK48 linked-ubiquitination of RUNX2 by TRIM16 was reversed in
present of CHIP (Fig. 4G). We also performed co-immunoprecipitation assays to detect interactions between CHIP and RUNX2 with or without overexpression
of TRIM16, and the interactions bwteen RUNX2 and TRIM16 with or without overexpression of CHIP. The relative quanti�cation analysis con�rmed that
overexpression of TRIM16 could impede the interaction between CHIP and RUNX2, overexpression of CHIP impeded the interaction between TRIM16 and
RUNX2 (Fig. 4H and I), indicating that TRIM16 and CHIPmay co-regulate RUNX2 protein expression, which is critical in the TRIM16-upregulated osteogenic
differentiation capacity of hPDLSCs.

3.5 Enhanced COL1A1 expression via the p38 pathway was involved in TRIM16-associated osteogenic differentiation

To further clarify the role of TRIM16 in late stage of osteogenic differentiation of hPDLSCs, we performed a LC-MS/MS analysis using two groups of hPDLSCs
transfected with a TRIM16 or an empty lentiviral vector after incubation with osteogenic induction medium for 14 days. The principal component analysis
(PCA) showed that the data from MOCK and TRIM16 cells formed two different clusters on the basis of protein expression pro�le (Fig. 5A).The results showed
that the expression of COL1A1, COL1A1 isoform, COL1A2, COL6A1, COL6A3, and COL8A1 were signi�cantly increased in hPDLSCs overexpressing TRIM16.
COL1A1 protein levels were nearly three times greater than COL1A1 levels in the control (Fig. 5B), which was consistent with the resultsin vitro. COL1A1 is a
major bone matrix protein that is primarily controlled by SP7 and RUNX2, which are well-known targets of MAPK signaling. The MAPK signaling pathway
plays a vital role in bone homeostasis through phosphorylation of RUNX2 and SP7 by p38 MAPK. Activation of p38 can be blocked by CHIP. Based on
previous results, we hypothesized that the activation of COL1A1 by TRIM16 during osteogenic differentiation of hPDLSCs may be in�uenced by p38 signaling.
Consequently, we investigated the role of MAPK signaling in the presence of TRIM16. p38-MAPK inhibitors (SB203580) were used to suppress the p38
pathway. ALP,AR staining and the OCN protein expression showed that the osteogenic capacity of TRIM16-upregulated hPDLSCs was restricted by SB203580
treatment. Similarly, SB203580-induced inhibition of osteogenic differentiation were restored in TRIM16-overexpressing hPDLSCs (Fig. 5C-E). In addition,
SB203580 suppressed COL1A1 and attenuated COL1A1 expression in TRIM16-overexpressing hPDLSCs (Fig. 5F). These observations indicate that TRIM16-
induced activation of COL1A1 in hPDLSCs was in�uenced by p38MAPK signaling. Collectively, these �ndings suggest that TRIM16 may facilitate osteogenic
differentiation of hPDLSCs.

4. Discussion
Previous studies have documented the functions of TRIM16 in cancer, innate immune and other physiological and pathophysiological processes[19, 27]. To
date, the role of TRIM16 in osteogenesis is largely unknown. Observations that TRIM16 expression is highly upregulated during the osteogenic media induced
differentiation of hPDLSCsin vitro suggest that TRIM16 may play an important role in the osteogenic differentiation of hPDLSCs.

In this study, we reported a novel role for TRIM16 in osteogenic differentiation of hPDLSCs. TRIM16 increased the stability of RUNX2 by decreasing K48
ubiquitin-mediated proteasomal degradation, which may be attributable to the suppression of interactions between RUNX2 and CHIP. Subsequently, TRIM16
promoted the expression of COL1A1 in part through the p38MAPK/RUNX2 pathway.

RUNX2 is a key transcription factor in osteogenesis and is essential for osteogenic differentiation of suture mesenchymal cells and osteoblast progenitors.
Germline deletion of RUNX2 (RUNX2-/-) or inhibition of its function in mice often results in reduced numbers of osteoblasts and marked inhibition of
mineralized bone formation and chondrocyte maturation[10, 11, 28, 29]. Therefore, stabilization of RUNX2 is important for intramembrane and endochondral
bone formation. In this study, we showed that RUNX2 protein expression was signi�cantly enhanced in the presence of TRIM16 even though RUNX2 mRNA
expression remained unchanged. These observations indicate that posttranscriptional or posttranslational modi�cation may be involved in regulation of
RUNX2. A previous study also reported a signi�cant increase in RUNX2 protein levels with no change in mRNA expression levels during dexamethasone-
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induced osteogenic differentiation[30], which may partially explain the differential effects of TRIM16 on mRNA and protein levels of RUNX2 during osteogenic
differentiation of hPDLSCs.

TRIM16 belongs to the TRIM family of proteins with E3 ligase activity, however, relevant studies have shown that TRIM16 functions prominently as a
regulator–receptor for the assembly of core autophagic machinery to modulate the selective autophagy process[31]. The E3 ubiquitin ligase MARCH7 is
known to mediate degradation of NLRP3 in an autophagy-dependent pathway by K48-linked ubiquitination[32]. Nevertheless, TRIM16-mediated effects on
RUNX2 protein expression were not altered by the autophagy inhibitor 3-MA, ruling out the possibility that TRIM16 regulates RUNX2 via an autophagy
pathway. In fact, TRIM16 inhibited the reduction of RUNX2 protein relative to the control group after treated with the protein biosynthesis inhibitor CHX, and
RUNX2 expression was enhanced by the proteasome inhibitor MG-132.Thus, highly dynamic post-translational modi�cation may participate in TRIM16-
associated regulation of RUNX2 by the ubiquitin-proteasome system, which plays an important role in controlling the stability and activity of many proteins.

Although protein degradation may be the most recognized function of ubiquitination, the effects of ubiquitination may vary considerably depending on the
topological structure of the ubiquitin chains. Seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) and the N-terminal methionine residue (M1) are
capable of acting as receptors for conjugation, producing polyubiquitin chains, which produce different ubiquitination results in different substrates[33]. The
K48-linked chains normally serve as signals for proteasomal degradation. In contrast, K63-linked chains may also mediate the activation and re-localization of
certain protein kinases to function in other proteasome-independent cellular processes[34, 35]. For example, the E3 ligase RSP5 positively regulates the
osteogenic capacity of MSCs by inducing K63-linked polyubiquitination and activating Akt[36]. WWP2 facilitated transactivation of RUNX2 by affecting the
mono-ubiquitination during osteogenic differentiation[15].

In previous studies, TRIM16 has been reported to decrease K48-linked poly-ubiquitination and increase K63-linked poly-ubiquitination of NRF2. TRIM16
facilitated displacement and degradation of KEAP1, which is a negative regulator of NRF2 stability[37]. We investigated the effects of TRIM16 on the
ubiquitination of RUNX2 and inferred that there was a negative regulator of RUNX2. As expected, TRIM16 decreased K48-linked poly-ubiquitination of RUNX2,
which is a known principal delivery signal for proteasomal degradation. Several ubiquitin E3 ligases, including SMURF1, CHIP and WWP1 have been shown to
interact directly with RUNX2 and induce ubiquitin-dependent degradation of RUNX2 during commitment to the osteoblast lineage[38, 39]. However, SMURF1
remains unchanged during osteogenic differentiation, and elevated WWP1 in late stages of osteoblast differentiation appears to enhance RUNX2 degradation.
CHIPprotein levels decrease steadily accompanied by an increase in RUNX2 protein levels and restrict osteogenic differentiation[18].Diminished levels of
RUNX2 and increased K48-linked poly-ubiquitination were observed in hPDLSCs overexpressing CHIP. Of note, both TRIM16 and CHIP bind to RUNX2,
andTRIM16 impeded the interaction between CHIP and RUNX2, which might be a critical component of their interrelationship. Accordingly, TRIM16 promoted
RUNX2 stability by decreasing CHIP-mediated K48-linked poly-ubiquitination of RUNX2.

RUNX2 is required for the induction of several major bone matrix protein genes, including COL1A1, BGLAP2 and FN1 along with other osteogenic transcription
factors such as Sp7 and Dlx5[40-42]. In our study, TRIM16 signi�cantly increased the expression of COL1A1, COL1A1 isoform, COL1A2, COL6A1, COL6A3 and
COL8A1. The LC-MS/MS analysis, which focused on changes in collagen production due to TRIM16, provided a better understanding of the diverse
mechanisms of TRIM16 osteogenesis. COL1A1 and COL1A2 are responsible for encoding collagen I, a heterotrimeric protein comprised of two α1(I) chains
and one α2(I) chain, which is the most abundant protein of the bone extracellular matrix, accounting for 90% of the matrix protein content[43]. It has been well
established that Sp7 and RUNX2 are involved in COL1A1 expression in vitro, which is augmented through phosphorylation by p38 and ERK[41, 44]. Activation
of p38MAPK has been reported to be blocked by CHIP[45, 46]. In this study, we further investigated the role of p38 in modulating COL1A1 in the presence of
TRIM16. We con�rmed that p38MAPK is essential in TRIM16-induced activation of COL1A1 in hPDLSCs. Increased COL1A1 expression in the presence of
TRIM16 further demonstrated a positive role of TRIM16 in osteogenic differentiation of hPDLSCs. Recently, mechanisms of TRIM16 and  coregulation in
osteogenic differentiation of hBMSCs have been reported, which is consistent with our results[47].

In contrast to previous studies which showed that ubiquitin E3 ligase exerts inhibitory effects on osteogenic differentiation in vitro, this study discovered that
TRIM16 promotes osteogenic differentiation of hPDLSCs by stabilizing RUNX2. There is a decrease in CHIP expression in present of TRIM16 to slow the
degradation of its substrate RUNX2, and also a compete between TRIM16 and CHIP for binding directly to RUNX2.The similar mode of regulation was
observed in another study where LMCD1 protected the RUNX2 protein from SMURF1-mediated ubiquitination degradation, thereby regulating BMP
signaling[48]. Recently, the CK2/HAUSP pathway was reported to be a key regulator of RUNX2 stability by a de-ubiquitination pathway[49]; Thus,a protein
known as a de-ubiquitinase may exist, which can be recruited by TRIM16 to cleave K48-linked poly-ubiquitination chains from RUNX2, however, few studies
have reported the de-ubiquitination of RUNX2, which need to be further explored.

Conclusion
In summary, our study provided the positive evidence that TRIM16 plays a critical role in regulating osteogenic differentiation of hPDLSCs by modulating
protein levels of RUNX2 through ubiquitination and protein degradation. Additionally, we found that TRIM16 is important for promoting the expression of
COL1A1 via the p38MAPK/RUNX2 pathway. Therapeutic targeting of TRIM16 may be a promising strategy for bone regeneration in periodontitis.
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Tables
 

Table1 
Primers used in plasmid construction

Genes Forward  (5'→3') Reverse(5'→3')

TRIM16

 

shTRIM16

 

 

CHIP

 

GACTCTCGAGGCCACCATGGC

GAGTTGGATCTAA

CCGGGCAGTGAAGTCCTGTCTAACCCTCGAGGGTTAGACAGGACTTCACTGCTTTTTG

AGTCGGATCCTCAGTAGTCCTCCACCCAGCCATTC

GACTGAATTCCTAGGGAGCAGTCCCCACCAAG

AATTCAAAAAGCAGTGAAGTCCTGTCTAACCCTCGAGG

AGTCGAATTCGCCACCATGGATTACAAGGATGACGACG

 

 

Table2  
Primers used in RT-qPCR

Genes Forward  (5'→3') Reverse(5'→3')

RUNX2

β-actin

SP7

COL1A1

CACTGGCGCTGCAACAAGA

ATGCCAACACAGTGTTGTCTGG

ATGGCGTCCTCCCTGCTTGA

GGCCTAAGGGTGACAGAGGT

CATTCCGGAGCTCAGCAGAATA

TACTCCTGCTTGCTGATCCACAT

AAAGGTCACTGCCCACAGAGT

AGTCAGACCACGGACGCCAT
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Figures

Figure 1

TRIM16 expression is upregulated during osteogenic differentiation of hPDLSCs. (A) hPDLSCs were derived from the periodontal ligament and cultured from
passage 3 to passage 7. (B) Alizarin Red–positive mineralized matrix and (C) Oil Red O–positive lipid droplets were shown to possess multi-differentiation
capacity. (D) MSC-speci�c surface markers were detected by �ow cytometry. (E) mRNA, (F) protein expression of TRIM16 and (G) ALP staining and Alizarin red
staining during osteogenic differentiation of hPDLSCs was examined by Western blotting. *P<0.05by Student’s t-test.
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Figure 2

TRIM16 promoted osteogenic differentiation of hPDLSCs. (A) The e�cacy of a TRIM16-overexpressing lentiviral vector and (B) a TRIM16 speci�c shRNA were
measured by RT-qPCR and Western blotting. (C) ALP staining and (D) Alizarin red staining were performed after treating hPDLSCs with osteogenic induction
media for 7 days or 14 days. (E) OCN levels were measured by an ELISA assay. The expression of osteogenic markers (F) RUNX2, (G) Sp7 and (H) COL1A1
was assessed by RT-qPCR. (I) The protein expression of osteogenic markers RUNX2, COL1A1 was assessed by Western blotting. *P<0.05 by Student’s t-test.
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Figure 3

TRIM16 reduced the ubiquitination degradation of RUNX2. (A) Immunoblot analysis of extracts from HEK293T cells transfected with Myc-RUNX2 and different
doses of a TRIM16 overexpression plasmid. (B) Immunoblot analysis of extracts from HEK293T cells transfected with Myc-RUNX2 and a TRIM16
overexpression plasmid or control vector treated with cycloheximide (CHX) for various times. The expression of RUNX2 and TRIM16 were quantitated by
measuring band intensities using ‘ImageJ’ software. Values were normalized to GADPH. (C) Immunoblot analysis of extracts from HEK293T cells transfected
with Myc-RUNX2 and a TRIM16 overexpression plasmid then treated with MG132 (10 mM) for 4 h. (D) Immunoblot analysis of extracts from HEK293T cells
transfected with Myc-RUNX2 and a TRIM16 overexpression plasmid or control vector treated with the indicated concentration of 3-MA for 4 h. (E, F)
Immunoblot analysis of lysates from HEK293T cells transfected with Myc-RUNX2 and a TRIM16 overexpression plasmid or control vector, HA-tagged ubiquitin
(HA-Ub) or HA-tagged K48-linked polyubiquitination (HA-K48-Ub), HA-tagged K63-linked polyubiquitination (HA-K63-Ub), followed by IP with anti-Myc, and
probed with anti-HA. (G) Coimmunoprecipitation was performed to detect the interaction of TRIM16 and RUNX2, followed by IP with anti-Myc, and probed with
anti-TRIM16 in HEK293T cells and (H) in hPDLSCs. *P<0.05 by Student’s t-test.
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Figure 4

TRIM16 decreased CHIP-mediated ubiquitination degradation of RUNX2 (A) Expression of CHIP during osteogenic differentiation of hPDLSCs was examined
by Western blotting. (B) mRNA and (C)protein levels of CHIP with or without overexpression of TRIM16. (D)The e�cacy of a CHIP-overexpressing lentiviral
vector was measured by Western blotting. (E) ALP staining and (F) Alizarin red staining were performed after treating hPDLSCs with osteogenic induction
media for 7 days or 14 days. (G) Immunoblot analysis of lysates from HEK293T cells transfected with Myc-RUNX2, HA-tagged K48-linked polyubiquitination
(HA-K48-Ub) with or without a TRIM16 overexpression plasmid or Flag-CHIP, followed by IP with anti-Myc, and probed with anti-HA. (H) Coimmunoprecipitation
was performed to detect the interaction of CHIP and RUNX2. HEK293T cells transfected with Myc-RUNX2, Flag-CHIP, a TRIM16 overexpression plasmid or
control vector, followed by IP with anti-Myc, and probed with anti-Flag. (I) Coimmunoprecipitation was performed to detect the interaction of TRIM16 and
RUNX2. HEK293T cells transfected with Myc-RUNX2, a TRIM16 overexpression plasmid with or without Flag-CHIP, followed by IP with anti-Myc, and probed
with anti-TRIM16.*P<0.05 by Student’s t-test.
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Figure 5

Enhanced COL1A1 expression via the p38 pathway was involved in TRIM16 associated osteogenic differentiation. (A) The principal component analysis
(PCA) showed two different clusters on the basis of protein expression pro�le.(B) The relative expression of collagen subfamily proteins according to LC-
MS/MS analysis. (C) OCN levels were measured by an ELISA assay. (D) ALP staining and (E) Alizarin red staining were performed in the presence of TRIM16,
with or without SB203580 treatment. (F) The expression of p38, RUNX2 and COL1A1 was measured by Western blotting in the presence of TRIM16 or a
control vector, with or without SB203580 treatment. *P<0.05 by Student’s t-test.
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Figure 6

A model illustrating that TRIM16 promotes osteogenic differentiation via stability of RUNX2. Overexpression of TRIM16 increases the stability of RUNX2 by
decreasing CHIP-mediated K48-linked polyubiquitination and further promotes osteogenic differentiation of hPDLSCs in part through activation of p38.


