TRIB3 Promotes Osteogenic Differentiation of Human
Adipose-derived Mesenchymal Stem Cells Levelled by Post-
transcriptional Regulation of miR-24-3p
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Objective: To explore the effect of TRIB3 on the osteogenic differentiation of human adipose-
derived mesenchymal stem cells (hASCs) and reveal the potential role of TRIB3 in bone re-
generation.

Methods: TRIB3-knockdown and TRIB3-overexpression hASCs were used to explore the effect
of TRIB3 on osteogenic differentiation by alkaline phosphatase (ALP) staining, alizarin red S
(ARS) staining, quantitative real-time polymerase chain reaction (qRT-PCR) and heterotopic
bone formation. The regulation of miR-24-3p on TRIB3 was detected by gRT-PCR and west-
ern blot. Ribonucleic acid (RNA) sequencing was performed to investigate the downstream
regulatory network of TRIB3.

Results: TRIB3 promoted the osteogenic differentiation of hASCs both in vitro and in vivo.
This process was regulated epigenetically by the post-transcriptional regulation of miR-24-3p,
which could bind directly to the three prime untranslated region (3’UTR) of TRIB3 and inhibit
TRIB3 expression. The downstream regulatory network of TRIB3-mediated osteogenic differ-
entiation was related to calcium ion binding and cell metabolism, extracellular signal-regu-
lated protein kinases 1 and 2 (ERK1/2) and nuclear factor-kB (NF-kB) signalling pathways.
Conclusion: TRIB3 is a promising therapeutic target for hASC-based bone tissue engineering
and the epigenetic regulation of TRIB3 through miR-24-3p permits regulatory controllability,
thus promoting osteogenesis through an important metabolic target while obtaining a safe and
controllable effect via post-transcriptional epigenetic regulation.
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Bone tissue engineering has been considered a promis-
ing method for the treatment of oral and maxillofacial
bone defects, and human adipose-derived mesenchymal
stem cells (hASCs) have been regarded as one of the
most promising seed cells in the clinical transformation
of bone tissue engineering due to their easy accessibil-
ity, abundance, lower donor site morbidity and multilin-
eage differentiation capability!-?; however, promoting
the osteogenic differentiation of hASCs efficiently while
protecting these candidate seed cells from overdifferen-
tiation remains a problem?®-*. Thus, further exploration of
the key influencing factors of the osteogenic differenti-
ation and balancing regulatory networks is paramount to
the clinical transformation of bone tissue engineering, a
promising therapeutic method for bone defects that have
been considered a common clinical problem and placed
a considerable burden on patients as well as the health
care system*”.

235



BAl et al

Pseudokinases, lacking one or more of the conserved
amino acids in the kinase domain, are a group of
pseudoenzymes that are unable to phosphorylate protein
substrates, but still perform pivotal nonenzymatic roles
in regulating diverse physiological and pathological
processes®. The tribbles pseudokinases (TRIB) repre-
sent a subbranch of the CAMK subfamily and contain
three domains including an N-terminal PEST region,
a pseudokinase domain and a C-terminal COP-1 bind-
ing peptide region’. The three related TRIB family
members (TRIB1-3) are classified as serine/threonine
pseudokinases that either lack (TRIBI) or have low
(TRIB2 and TRIB3) vestigial ATP affinity and phos-
photransferase capacity. Among these, tribbles pseudo-
kinase 3 (TRIB3) governs multiple aspects of important
metabolic and biological processes® including insulin
resistance’ 13, lipid metabolism!4 and autophagy!’,
which renders TRIB3 a promising therapeutic target
for metabolic and ageing-related diseases such as type
I diabetes!'®, hyperlipidemia!®, atherosclerosis!” and
Alzheimer’s disease'®. Although bone metabolism and
regeneration are closely related to the general metabolic
state!?, little is known about the function and regulatory
mechanisms of TRIB3, a key factor in metabolic regula-
tion, in the osteogenesis of hASCs.

Micro ribonucleic acids (microRNAs), noncoding
single-stranded RNAs composed of approximately 20
to 24 nucleotides, have been recognised to form the
complex post-transcriptional regulatory networks in
epigenetic regulation’’. MicroRNAs negatively regu-
late gene expression by binding with the three prime
untranslated region (3° UTR) of target messenger RNAs
in a partial or fully complementary manner, and play
key roles in the maintenance and lineage commitment
of mesenchymal stem cells?!-*2. The microRNA regu-
latory network is crucial in bone homeostasis?3-2> and
helps to protect targeted genes from overexpression by
post-transcriptional regulation, an epigenetic regula-
tory pattern that does not alter the DNA sequences20.
Meanwhile, microRNAs are endogenous biomolecules
in eukaryotes and their expressions and regulating pat-
terns vary in different tissues or cells?’; however, as
an important metabolic target, the post-transcriptional
regulation of TRIB3 by microRNAs, especially in
hASCs, has not been reported.

Thus, the present study explored the novel role of
TRIB3 in the osteogenic differentiation of hASCs and
confirmed that miR-24-3p was a negative regulator
that protected hASCs from overdifferentiation by tar-
geting TRIB3 through post-transcriptional regulation.
Moreover, RNA sequencing and bioinformatic ana-
lyses revealed the downstream regulatory networks of
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TRIB3-mediated osteogenic differentiation of hASCs,
in which calcium ion binding and cell metabolism,
extracellular signal-related protein kinases 1 and 2
(ERK1/2) and nuclear factor-«B (NF-kB) signalling
pathways played important roles after TRIB3 over-
expression. As such, TRIB3 is a promising therapeutic
target for hASC-based bone tissue engineering and
the epigenetic regulation of TRIB3 through miR-24-
3p permits regulatory controllability, thus promoting
osteogenesis through an important metabolic target
while obtaining a safe and controllable effect via post-
transcriptional regulation.

Materials and methods

Cell culture

hASCs were purchased from ScienCell (San Diego,
CA, USA), and cultured in proliferation medium (PM)
comprised of Dulbecco’s modified Eagle medium
(DMEM; Gibco, Grand Island, NY, USA), 10% (v/v)
foetal bovine serum (FBS; ScienCell), 100 U/ml peni-
cillin G and 100 mg/ml streptomycin (Gibco) at 37°C
in an incubator with 5% CO2 atmosphere and 100%
relative humidity. Cells at the fourth passage were used
for the experiments. The osteogenic medium (OM)
consisted of fresh DMEM containing 10% (v/v) FBS,
100 U/ml penicillin G and 100 mg/ml streptomycin,
10 nM dexamethasone (Sigma-Aldrich, St. Louis, MO,
USA), 10 mM B-glycerophosphate (Sigma-Aldrich) and
50 pug/ml L-ascorbic acid (Sigma-Aldrich)?®. All cell-
based in vitro experiments were repeated three times.

Lentivirus transfection

Lentivirus transfection was performed as described pre-
viously?®. All recombinant lentiviruses were purchased
from GenePharma (Shanghai, China) and used for hASC
transfection at a multiplicity of infection (MOI) of 100.
The packaged lentiviruses used were antisense TRIB3
(shTRIB3#1 & shTRIB3#2), antisense negative con-
trol (sh-NC), TRIB3 overexpression (TRIB3-over), NC
overexpression (NC-over), pre-miR-24-3p (miR-24-3p
mimics) and antisense miR-24-3p (anti-miR-24-3p).
The sequences are listed in Table S1 (not published, pro-
vided on request). hASCs were transfected in the fresh
medium containing the dilutions of the viral supernatant
and polybrene (5 pg/ml) for 24 hours, followed by selec-
tion with puromycin (Sigma-Aldrich) at 1 pg/ml. After 3
days of selection by puromycin, transduction efficiency
was evaluated by the percentage of green fluorescent
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Table 1 Primers for gRT-PCR.

GAPDH

AGCCACATCGCTCAGACACC

CGGACCAATACGACCAAATCCG
TRIB3 GGGTCTGTTTTGCATGCGAGC AGCTCGTTTCTGGACGGGAC
RUNX2 TCTTAGAACAAATTCTGCCCTTT TGCTTTGGTCTTGAAATCACA
ALP GACCTCCTCGGAAGACACTC TGAAGGGCTTCTTGTCTGTG
0OSX CCTCCTCAGCTCACCTTCTC GTTGGGAGCCCAAATAGAAA
OCN AGCAAAGGTGCAGCCTTTGT GCGCCTGGGTCTCTTCACT
VLDLR CAGTGCCATATGAGAACATGCCG AGTAGAATGGGCGCCACAGC
GRIN1 GCCTACAAGCGGCACAAGGA TCAGTGGGATGGTACTGCTGC

ALP, alkaline phosphatase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GRIN1, glutamate ionotropic receptor NMDA
type subunit 1, OCN, osteocalcin; OSX, osterix, RUNX2, runt-related transcription factor 2; TRIB3, tribbles pseudokinase 3; VLDLR,

very low density lipoprotein receptor.

protein (GFP)—positive cells observed under an invert-
ed fluorescence microscope (TE2000-U, Nikon, Tokyo,
Japan), as well as quantitative real-time polymerase
chain reaction (QRT-PCR) for RNA expression analysis
and western blot for protein analysis.

RNA extraction and gRT-PCR

hASCs were seeded in 6-well plates at a density of
2 x 10° cells per well. The total RNAs were extracted
with TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and reverse-transcribed into cDNA using the Reverse
Transcription System (Takara, Tokyo, Japan). Briefly,
500 ng cellular RNAs were reverse transcribed to cDNAs
according to the following settings: 37°C for 15 min-
utes, 85°C for 5 seconds and stored at 4°C. qRT-PCR
was conducted using a 7500 Real-Time PCR Detection
System (Applied Biosystems, Foster City, CA, USA)
with a Power SYBR Green Master Mix (Roche, Basel,
Swiss) according to the following settings: 95°C for
10 minutes, 40 cycles of 95°C for 15 seconds and 60°C
for 1 minute on the ABI PRISM 7500 sequence detection
system (Applied Biosystems). The internal controls for
mRNAs were GAPDH. The primers (GAPDH, TRIB3,
RUNX2, ALP, OSX, OCN, VLDLR and GRIN1) used
for amplification were synthesised by Sangon Biotech
(Shanghai, China) and are listed in Table 1.

As for miRNA, total RNAs of cells were extracted
with TRIzol reagent and 1000 ng cellular RNAs were
reverse-transcribed to cDNAs using Bulge-Loop miR-
NA gRT-PCR Starter Kit (RiboBio, Guangzhou, China)
according to the following settings: 42°C for 60 min-
utes, 70°C for 10 minutes and stored at 4°C. The real-
time PCR assay after stem-loop reverse transcription
was performed under the following conditions: 95°C
for 10 minutes, 40 cycles of 95°C for 2 seconds, 60°C
for 20 seconds and 70°C for 10 seconds. The internal
standard for miRNA was U6. The sequence of hsa-miR-
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24-3p was UGGCUCAGUUCAGCAGGAACAG. The
miRNA gqRT-PCR primer was synthesised by RiboBio.
The cycle threshold values (Ct values) were used to
calculate the fold differences using the 2-AACt relative
expression method?’.

Western blot

Total protein extraction and western blot were performed
as described previously?®. Briefly, cells were harvested,
washed with phosphate-buffered saline (PBS) and lysed
in radioimmunoprecipitation assay (RIPA) buffer. Pro-
tein concentrations were determined by the BCA Protein
Assay Kit (Thermo Pierce, Waltham, MA, USA). Pro-
teins were separated by 10% sodium dodecyl sulphate
polyacrylamide gel electrophoresis and transferred to
poly(vinylidene fluoride) (PVDF) membranes. The pri-
mary antibodies, anti-TRIB3 (sc-271572, Santa Cruz
Biotechnology, Dallas, TX, USA) and anti-GAPDH
(5174, Cell Signaling Technology, Danvers, MA, USA),
were diluted 1:1000 and incubated with the membranes
at 4°C overnight, respectively. Horseradish peroxidase
(HRP)-conjugated anti-mouse or anti-rabbit secondary
antibodies (Cell Signaling Technology) were diluted
1:10,000 respectively and incubated with the membranes
at room temperature for 1 hour. The immunoreactive
protein bands were visualised using an ECL kit (CEBIO,
Beijing, China). Band intensities were quantified using
Imagel] software (https://imagej.nih.gov/ij/). The back-
ground was subtracted and the signal of each target band
was normalised to that of the GAPDH band?!.

Alkaline phosphatase assays

hASCs were seeded in 6-well plates. Alkaline phos-
phatase (ALP) activity was detected after 7 and 14 days
of osteoinduction. Cells were washed three times with
PBS and fixed with 95% ethanol for 30 minutes. The
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NBT/BCIP staining kit (CoWin Biotech, Beijing, China)
was used for ALP staining32.

Mineralisation assays

Mineralizsation was examined using alizarin red S
(ARS) staining after 14 and 21 days of osteoinduction.
Cells were washed three times with PBS and fixed with
95% ethanol for 30 minutes, then stained with 1% ARS
staining solution (pH 4.2, Sigma-Aldrich) at room tem-
perature. To quantify matrix calcification, ARS was
dissolved with 100 mM cetylpyridinium chloride for
1 hour. Mineral accumulation was quantified by measur-
ing the absorbance at 562 nm after completely dissolv-
ing the staining32.

Heterotopic bone formation assay in vivo

The hASCs, stably infected with sh-NC, shTRIB3#1,
shTRIB3#2, NC-over and TRIB3-over, were cultured
in PM for 1 week. 1 x 10° cells from each group were
trypsinised and resuspended respectively, and subse-
quently inoculated into cryotubes containing 40 mg
beta-tricalcium phosphate (B-TCP; Bicon, Boston,
MA, USA) particles at 37°C for 1 hour in a shaker,
then centrifuged at 150 g for 5 minutes and implant-
ed into the dorsal subcutaneous spaces of 6-week-old
BALB/c homozygous nude (nu/nu) mice (six mice in
each group; Vital River Laboratory Animal Technol-
ogy, Beijing, China), as described previously?®. This
study was approved by the Institutional Animal Care
and Use Committee of Peking University Health Sci-
ence Centre (LA2014233). All the animal experiments
were performed in accordance with the institutional ani-
mal guidelines. Specimens were harvested at 4 weeks
and 8 weeks after surgery, fixed in 4% paraformalde-
hyde, decalcified in 10% ethylene diamine tetraacetic
acid (EDTA, pH 7.4) for 14 days, then dehydrated and
embedded in paraffin. Haematoxylin and eosin (H&E),
Masson’s trichrome and immunohistochemical stain-
ing with a primary antibody against osteocalcin (OCN;
Abcam, ab13418) were used for slice staining. Tissue
slices were visualised under a light microscope (Olym-
pus, Tokyo, Japan). For quantification of osteoid tissue,
two images of each sample (12 images per group) were
taken randomly. ImageJ software was used to measure
the percentage of new bone or collagen formation area
[(bone or collagen area/total tissue area) * 100%], and
mean density of OCN staining (integrated optical dens-
ity of positive staining/cell containing tissue area) was
measured for immunohistochemical staining2?-3.
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Dual-luciferase reporter assay

Luciferase reporter assays were performed as described
in a previous study by the present authors>*. In brief, the
TRIB3 ¢cDNA fragments containing the predicted poten-
tial miR-24-3p-binding sites were amplified by PCR
method and cloned to pEZX-MTO06 vector (GeneCo-
poeia, Rockville, MD, USA) to form a wildtype TRIB3
(TRIB3-WT) luciferase reporter plasmid. The muta-
tion of miR-24-3p target sites in the TRIB3 3’UTR was
achieved by using a site-directed mutagenesis kit (SBS
Genetech, Beijing, China) and a mutant type TRIB3
(TRIB3-MT) luciferase reporter plasmid was obtained.
293T cells were grown in a 24-well plate and cotrans-
fected with 400 ng of either control plasmid or plas-
mid-expressing targeting gene, 40 ng firefly luciferase
reporter plasmid and 4 ng pRL-TK, a plasmid-expressing
Renilla luciferase (FulenGen, Guangzhou, China). Renil-
la and firefly luciferase activities were measured 24 hours
after transfection using Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, USA). All luciferase
values were normalised to those of Renilla luciferase and
expressed as fold induction relative to the basal activity.

RNA sequencing and bioinformatic analyses

Total RNAs of TRIB3-over and NC-over hASCs cul-
tured in PM or OM for 7 days were harvested. One
microgram of RNA was used for cDNA library con-
struction and mRNA sequencing by Beijing Genomics
Institute using the BGISEQ-500 platform. High-quality
reads were mapped to the human reference genome
[GRCh38.p11(hg38)] using Bowtie 2. The levels of
expression for each gene were normalised to fragments
per kilobase of exon model per million mapped reads
(FPKM) using RNA sequencing by Expectation Maxi-
mization (RSEM). The sequencing data were deposited
in the Sequence Read Archive (SRA), and the access
number for the sequencing data in the present study is
PRINA633723. Identification of differentially expressed
genes (DEGs) was conducted with the Limma package
in the R platform (R Core Team, Vienna, Austria). Dif-
ferential gene expression presenting a log2 fold change
(Iog2FC) > |1}, e.g., expression changes > 2 or < 0.5, and
Q < 0.05 was identified as a DEG. The mean expres-
sion levels (standardised mean FPKM) of representa-
tive DEGs were illustrated in heatmap in the pheatmap
package in R. DAVID Bioinformatics Resources 6.8
(https://david.nciferf.gov/, Laboratory of Immunopatho-
genesis and Bioinformatics) and the Ingenuity Pathways
Analysis (IPA, Ingenuity Systems, Redwood City, CA,
USA) platform (www.ingenuity.com) were used for
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Gene Ontology (GO) and pathway analyses. GO enrich-
ment analyses, including biological processes (BP), cel-
lular components (CC) and molecular functions (MF),
were conducted using DAVID online software. For GO
analyses, P < 0.05 was considered significant, and the
results were shown as log10 (P value). Additionally, we
identified the enriched networks and pathways in the IPA
platform via a license from Ingenuity Systems.
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Statistical analyses

Data were analysed using SPSS 25.0 software (IBM,
Armonk, NY, USA). Comparisons between two groups
were analysed using independent two-tailed Student
t tests and comparisons between more than two groups
were analysed using a one-way analysis of variance
(ANOVA) followed by a Tukey post hoc test. The final
results were expressed as mean + standard deviation
(SD). For all tests, the level of statistical significance
was set at P <0.05.
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Results

Knockdown of TRIB3 inhibited the osteogenic differen-
tiation of hASCs in vitro

To explore the role of TRIB3 in the osteogenic differenti-
ation of hASCs, we established stable TRIB3-knockdown
hASCs using lentivirus-expressing TRIB3 shRNA. To
avoid an off-target effect, two independent TRIB3 shR-
NA fragments were designed (Table S1, not published,
provided on request). The knockdown efficiency of
shTRIB3#1 and shTRIB3#2 was around 72% and 85%,
respectively, as determined by fluorescence, qRT-PCR
and western blot (Figs 1a to c). After osteoinduction for
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7 and 14 days, the ALP activity decreased noticeably in
TRIB3-knockdown hASCs, as observed by ALP stain-
ing (Fig 1d). ARS staining after osteoinduction for 14
and 21 days showed that extracellular matrix mineral-
isation was suppressed in TRIB3-knockdown hASCs
(Fig le). The knockdown efficiency of shTRIB3#2 was
better than shTRIB3#1, therefore mRNA expression of
osteogenic genes, including RUNX2, OSX ALP and
OCN, in shTRIB3#2 and sh-NC hASCs was examined
after osteoinduction for 7 and 14 days. qRT-PCR results
revealed that TRIB3 knockdown significantly inhibited
the expression of RUNX2, OSX, ALP and OCN (Fig 1f).
These results suggested that TRIB3 knockdown inhib-
ited the osteogenic differentiation of hASCs in vitro.
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TRIB3 knockdown inhibited the osteogenic differenti-
ation of hASCs in vivo

TRIB3-knockdown-hASC-loaded B-TCP complexes
were implanted into the dorsal subcutaneous spaces
of nude mice (six mice per group at each time point).
Transplants were harvested and subjected to histologic-
al analysis 4 and 8 weeks after surgery. H&E staining
revealed obvious osteoid formation in the sh-NC group
after 4 weeks of implantation (Fig 2a), while little osteoid
could be observed in both shTRIB3#1 and shTRIB3#2
groups. After 8§ weeks of implantation, there was more
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acidophilic neobone formation with fewer cells in the
sh-NC group, but little osteoid could be observed in
shTRIB3#1 and shTRIB3#2 groups (Fig 2a). Mean-
while, blue-stained collagen in Masson’s trichrome
staining was significantly higher in the sh-NC group
compared with TRIB3 knockdown (shTRIB3#1 and
shTRIB3#2) groups (Fig 2b). Furthermore, immuno-
histochemical staining for OCN indicated a larger range
and higher intensity of positive-stained granules in the
newly formed osteoid in the sh-NC group, especially
after 8 weeks of implantation (Fig 2c¢).
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Overexpression of TRIB3 promoted osteogenic differ-
entiation of hASCs in vitro

hASCs overexpressing TRIB3 (TRIB3-over) and its
corresponding control group NC-over hASCs were
established by lentivirus infection. The overexpression
efficiency of TRIB3-over hASCs was more than four
times greater than with NC-over hASCs, as determined
by fluorescence observance, qRT-PCR and western
blot (Figs 3a to c¢). After osteoinduction for 7 and 14
days, the ALP activity of hASCs increased noticeably in
TRIB3-over hASCs, as determined from ALP staining
(Fig 3d). ARS and quantification after osteoinduction
for 14 and 21 days showed that extracellular matrix min-
eralisation was promoted significantly in TRIB3-over
hASCs (Fig 3e). qRT-PCR results revealed that TRIB3
overexpression promoted the expression of osteogenic
genes, including RUNX2 and ALP after osteoinduction
at both days 7 and 14 (Fig 3f). OCN was upregulated
at day 7 after osteoinduction, whereas at day 14 there
was a significant increase in OCN mRNA expression
without osteoinduction (Fig 3f). These results suggested
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that overexpression of TRIB3 promoted the osteogenic
differentiation of hASCs in vitro.

Overexpression of TRIB3 promoted the osteogenic dif-
ferentiation of hASCs in vivo

TRIB3-over hASCs and NC-over hASCs were incu-
bated with B-TCP respectively and implanted into the
dorsal subcutaneous spaces of nude mice. Transplants
were also harvested at 4 and 8 weeks after surgery. H&E
staining showed obvious acidophilic neobone formation
in the TRIB3-over group compared with NC-over group
even at 4 weeks after implantation (Fig 4a). Meanwhile,
a large amount of blue-stained collagen was observed in
the TRIB3-over group by Masson’s trichrome staining
at both 4 and 8 weeks after implantation (Fig 4b). More-
over, immunohistochemical staining for OCN showed
more positive-stained granules in the newly formed
bone tissue in the TRIB3-over group compared with
the NC-over group after 4 and 8 weeks of implantation
(Fig 4c¢).
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Fig5 miR-24-3p inhibited TRIB3
expression and downregulated the
osteogenic differentiation ability of
hASCs. (a) The miR-24-3p potential
target sites in TRIB3 transcripts pre-
dicted by RNA22 software. (b) Luci-
ferase assay of miR-24-3p binding
directly to TRIB3. (c) Microscopic
images of GFP-positive hASCs after
lentivirus (sh-NC, anti-miR-24-3p
and miR-24-3p mimics) transfec-
tion under light and fluorescence
microscopes. (d) Overexpression
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(g) Knockdown of miR-24-3p upreg-
ulated ALP activity, whereas overex-
pression of miR-24-3p inhibited ALP
activity in hASCs. (h) Knockdown
of miR-24-3p upregulated mineral-
isation, whereas overexpression of
miR-24-3p inhibited mineralisation
in hASCs. "P < 0.05.
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miR-24-3p inhibited TRIB3 by targeting its 3’'UTR and
downregulated the osteogenic differentiation ability of
hASCs

To further investigate the upstream regulating mechan-
ism of TRIB3 expression, potential microRNAs target-
ing TRIB3 were predicted by miRbase, miRanda and
RNA22, and finally miR-24-3p was selected according
to preliminary experiments. The putative binding site
of miR-24-3p in TRIB3 transcripts was predicted by
RNA22 software (Thomas Jefferson University, Phila-
delphia, PA, USA) (Fig 5a). Dual-luciferase reporter
assay showed that miR-24-3p suppressed the luciferase
expression of vectors containing the 3’UTR of wild type
TRIB3 (TRIB3-WT), but had no significant effect on the
mutant-type TRIB3 (TRIB3-MT) (Fig 5b). To further
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investigate the effect of miR-24-3p on TRIB3 expres-
sion in hASCs, miR-24-3p knockdown (anti-miR-24-
3p) and overexpression (miR-24-3p mimics) hASCs
were established by lentivirus infection. The knock-
down efficiency of anti-miR-24-3p was around 50%
compared with sh-NC, as determined by fluorescence
observance and qRT-PCR (Figs 5c and d). The overex-
pression efficiency of miR-24-3p mimics was approxi-
mately five times greater compared to sh-NC (Figs 5c
and d). TRIB3 mRNA expression increased significantly
in anti-miR-24-3p hASCs but decreased in miR-24-3p
mimics hASCs (Fig 5e), whereas TRIB3 protein expres-
sion decreased in miR-24-3p mimics hASCs but did
not change significantly in anti-miR-24-3p hASCs, as
shown in western blot (Fig 5f).
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Furthermore, the role of miR-24-3p in the osteogenic
differentiation of hASCs was examined. After osteo-
induction for 7 and 14 days, the ALP activity increased
in anti-miR-24-3p hASCs but decreased in miR-24-3p-
mimics hASCs, as observed by ALP staining (Fig 5g).
ARS staining after 14 and 21 days of osteoinduction
showed that extracellular matrix mineralisation was
promoted in the anti-miR-24-3p group and suppressed
in the miR-24-3p mimics group (Fig 5h). Thus, miR-
24-3p inhibited TRIB3 by targeting its 3’UTR and
downregulated the osteogenic differentiation ability of
hASCs.

Bioinformatic analyses of the downstream signalling of
TRIB3-mediated osteogenic differentiation of hASCs

To investigate the downstream signalling and molecular
mechanisms of TRIB3-mediated osteogenic differenti-
ation, total RNA of TRIB3-over and NC-over hASCs in
PM or OM after 7 days were harvested. RNA sequen-
cing and bioinformatic analyses were conducted. RNA
sequencing data were deposited in RSA under the access
code PRINA633723. There were 148 DEGs when com-
paring TRIB3-over PM and NC-over PM (Table S2, not
published, provided on request), and 245 when compar-
ing TRIB3-over OM and NC-over OM (Table S3, not
published, provided on request; Fig 6a). The expression
level, log2FC and Q value of all DEGs are shown in
Tables S2 to 5 (not published, provided on request),
and the expression levels of representative DEGs are
shown in the heatmap (Fig 6b). GO analysis revealed
that TRIB3 was mainly involved in the processes of
calcium ion binding and cell metabolism (Figs 6¢ and
d). Very low-density lipoprotein receptor (VLDLR) and
glutamate ionotropic receptor NMDA type subunit 1
(GRINT) were downregulated (Figs 6b and e). On the
other hand, protocadherin beta 12 (PCDHB12), an im-
portant factor related to calcium binding, was upregu-
lated in TRIB3-over hASCs. Protocadherin beta 7
(PCDHB7) was upregulated in TRIB3-over hASCs, es-
pecially under osteoinductive conditions (Fig 6b).

IPA network analysis between TRIB3-over PM and
NC-over PM revealed that ERK1/2 played an essen-
tial role in the process (Fig 7a), and analysis between
TRIB3-over OM and NC-over OM revealed that the
NF-xB signalling pathway was at the centre of the
regulatory network (Fig 7b).

Discussion

In the present study, we revealed the important func-
tion of TRIB3 during the osteogenic differentiation of
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hASCs. TRIB3 promoted the osteogenic differentiation
of hASCs both in vitro and in vivo. Moreover, miR-24-
3p was identified as an inhibiting molecule of TRIB3
in hASCs and balanced the expression level of TRIB3
by post-transcriptional regulation. Furthermore, RNA
sequencing and bioinformatic analyses showed that
calcium ion binding, cellular metabolism, ERK1/2 and
NF-«B pathways were likely to play crucial roles in the
downstream regulations of TRIB3 in hASCs.

hASCs are capable of multilineage differentiation.
Metabolic homeostasis controls the balance between
osteoblast and adipocyte formation, and adipogen-
esis and osteogenesis have been considered to have
an antagonistic relationship®. In our previous study,
we found that TRIB3 inhibited the adipogenic differ-
entiation of hASCs by inhibiting PPARy expression®>.
Meanwhile, it was reported that TRIB3 blocked the
adipogenesis of 3T3-L1 preadipocytes by disrupting the
C/EBPB transcriptional activity3®. On the other hand,
in the present study we revealed that TRIB3 promoted
the osteogenic differentiation of hASCs, verifying the
antagonism between osteogenic and adipogenic dif-
ferentiation in hASCs. This result was consistent with
the findings in human bone marrow-derived mesen-
chymal stem cells (hBMMSCs)3’. Moreover, in this
study we found that TRIB3 promoted the osteogenic
differentiation of hASCs during the whole process of
osteogenesis, as observed by qRT-PCR via early osteo-
genic marker RUNX2 mRNA expression, middle-stage
markers OSX and ALP mRNA expression and ALP
activity, and finally late-stage markers of mineralisa-
tion assay in vitro and OCN protein expression by
immunohistochemical staining after 4 and 8 weeks of in
vivo experiments. Furthermore, a small molecular drug,
phenamil, was reported to work synergistically with
BMP2 to promote osteogenic differentiation via stimu-
lation of BMP signalling, and this combined medication
could also enhance the expression of TRIB3 to facilitate
osteogenesis for bone repair’8>?. These findings would
benefit the clinical transformation of TRIB3-mediated
osteogenic differentiation of hASCs in bone tissue
engineering by using small molecular drugs, a more
convenient and safer method to enhance TRIB3 expres-
sion®2, but further efforts should be made regarding
the efficiency and specificity of the candidate drugs or
new investigations into more specified small molecular
drugs to enhance TRIB3 expression in hASCs for future
clinical application.

Although TRIB3 promotes the osteogenic differenti-
ation of hASCs as revealed in this research both in vitro
and in vivo, it also exerts multiple metabolic effects
on other cells or tissues. Each important regulatory

Volume 24, Number 4, 2021



BAl et al

Fig 6 Bioinformatic analyses of
TRIB3-overexpressing hASCs.
(a) Distribution of DEGs compar-
ing TRIB3-over PM and NC-over
PM, TRIB3-over OM and NC-over
OM, NC-over OM and NC-over PM,
TRIB3-over OM and TRIB3-over
PM. (b) Expression heatmap of rep-
resentative DEGs. (c) GO analysis
between TRIB3-over PM and NC-
over PM. (d) GO analysis between
TRIB3-over OM and NC-over OM.
(e) Validation of representative
DEGs. *P < 0.05.

factor commonly proves to be a double-edged sword®;
thus, the controllability and balance of TRIB3 regula-
tion is paramount to its further applications. Excessive
expression of TRIB3 may lead to metabolic disorders.
For example, TRIB3 inhibited insulin signalling by
binding directly to Akt, thus blocking Akt activation
in the liver’. Meanwhile, TRIB3 interacted with the
transcription factor ATF4 to form the complex that acts
as a competitive inhibitor of cAMP response element-
binding (CREB) transcription factor in the regulation
of key exocytosis genes in pancreatic B cells*’. TRIB3
missense Q84R polymorphism, gain-of-function poly-
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morphism of TRIB3 with the R84 variant, led to insulin
resistance and endothelial dysfunction with increased
risk of type II diabetes and cardiovascular diseases*!*3.
It is therefore essential to gain further insight into the
upstream regulation molecules that could balance the
expression of TRIB3 and the downstream regulatory
network of TRIB3.

Epigenetic regulation, including DNA methylation,
histone modification and RNA interference, has been
found to play important roles in the regulation of stem
cell fate. For example, various regulatory enzymes of
histone modification, such as histone H3K4 demethy-
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lase RBP22844 and LSD13%%, H3K9 acetyltransferase
PCAF*¢ and histone deacetylases HDAC2*7, have been
reported to regulate the osteogenic differentiation of
mesenchymal stem cells. Meanwhile, the microRNA
network comprises one of the most important forms of
epigenetic regulation. By binding partially or fully com-
plementary with the 3’UTR of targeted mRNAs, micro-
RNAs negatively regulate the mRNA or protein expres-
sion of the targeted genes through post-transcriptional
regulation. In previous studies, we reported that several
microRNAs, such as miR-34a*, miR-137%, miR-140-
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5p°%, miR-375%4°! and miR-3648°2, could target dif-
ferent molecules or signalling pathways to regulate the
osteogenic differentiation of mesenchymal stem cells,
thus revealing the important regulatory functions of
the microRNA network3?. Thus, in the present study,
we predicted the potential microRNAs that could target
TRIB3 using miRbase, miRanda and RNA22 software.
After comprehensive analyses of microRNA sequences,
complementary conditions of binding sites and binding
energy with the 3’UTR of TRIB3, we finally focused
on miR-24-3p after preliminary experiments. Based
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on dual luciferase reporter assay, we proved that miR-
24-3p could directly bind to the predicted binding sites
on the 3’UTR of TRIB3 and inhibited the expression
of TRIB3. Meanwhile, miR-24-3p was reported to be
highly expressed in the trabecular bone of osteopor-
otic patients®34, indicating that miR-24-3p might be
a negative regulator of osteogenesis. In this study, we
confirmed the role of miR-24-3p in the osteogenic
differentiation of hASCs and that miR-24-3p indeed
inhibited the osteogenesis of hASCs by inhibiting
TRIB3. Therefore, the expression of TRIB3 could be
levelled by miR-24-3p, which permitted regulatory
controllability and promoted osteogenesis through an
important metabolic target while obtaining a safe and
controllable effect via post-transcriptional epigenetic
regulation.

With regard to the downstream regulatory network of
TRIB3, we utilised RNA sequencing and bioinformatic
analyses to obtain an overall map of gene expressions
after TRIB3-overexpression in hASCs. According to
GO analyses, TRIB3 played an important role in cal-
cium ion binding and cellular metabolism. Calcium ions
(Ca?") have been regarded as important endogenous
divalent ions that regulate bone hemostasis mainly
through the calcium signalling pathways>>-%. In this
research, we found that calcium binding-related genes,
including protocadherin a7 (PCDHA?7), protocadherin
B12 (PCDHB12) andsynaptotagmin 15 (SYT15), were
upregulated after TRIB3 overexpression, while very
low density lipoprotein receptor (VLDLR), glutamate
ionotropic receptor NMDA type subunit 1 (GRIN1) and
aggrecan (ACAN) were downregulated. Meanwhile, it
has been reported that ERK1/2 and NF-kB pathways
are closely related to calcium regulation®®, which
is in accordance with the IPA pathway analyses in
this research. When comparing TRIB3-over PM and
NC-over PM, ERK1/2 was at the regulatory centre
of important differentiated genes, and the activation
of ERK1/2 was recognised to promote the osteogenic
differentiation of mesenchymal stem cells’’”. When
comparing TRIB3-over OM and NC-over OM, NF-xB
played an important role at the core of the regulatory
network, and the inhibition of NF-kB and inflammatory
response was considered to promote osteogenesis®’.

Collectively, TRIB3 promoted the osteogenic dif-
ferentiation of hASCs levelled by miR-24-3p through
post-transcriptional epigenetic regulation. For the
downstream regulatory network, TRIB3 regulated cal-
cium ion binding, cellular metabolism and the ERK1/2
and NF-kB pathways to promote osteogenic differenti-
ation hASCs; however, further studies on the validation
and specific roles of other differentially-expressed
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genes and the regulatory mechanisms through the
ERK1/2 and NF-«xB pathways are required.

Conclusion

TRIB3 is a promising therapeutic target for hASC-based
bone tissue engineering, and the epigenetic regula-
tion of TRIB3 through miR-24-3p permits regulatory
controllability, thus promoting osteogenesis through an
important metabolic target while obtaining a safe and
controllable effect via post-transcriptional epigenetic
regulation.
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