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ZBTB20-mediated titanium particle-induced peri-
implant osteolysis by promoting macrophage
inflammatory responses+

Junxiong Qiu,*® Peng Peng,$? Min Xin,1¢ Zhenkang Wen,? Zhong Chen,?
Sipeng Lin,? Manyuan Kuang,? Yuan Fu,? Guibin Fang,® Shixun Li,* Changchuan Li,°
Jiaji Mao,? Ling Qin*® and Yue Ding & *2

Aseptic loosening (AL) caused by wear particles released from implant surfaces is one of the main causes
for the failure of artificial joints, which is initiated by macrophage inflammatory responses. Emerging evi-
dence suggests that the member of a broad-complex, tramtrack, bric-a-brac/poxvirus and zinc finger
(BTB/POZ) family as well as zinc finger and BTB domain-containing protein 20 (ZBTB20) can inhibit IxBa
gene transcription, promote NF-kB activation, and initiate innate immune responses. The molecular
mechanism(s) by which ZBTB20 contributes to titanium particle (TiP)-induced macrophage inflammatory
responses and osteolysis has not been fully elucidated. Here, we showed that ZBTB20 increased either in
the AL group’s synovial membranes or in TiP-stimulated bone-marrow-derived macrophages (BMDMs) as
compared to that in the control groups. Moreover, the knockdown of ZBTB20 led to the inhibition of
proinflammatory factors induced by TiPs in BMDMs, such as tumor necrosis factor-a (TNF-a), interleukin-
6 (IL-6), and interferon-f (IFN-B). Here, we also reported that the knockdown of ZBTB20 suppressed TiP-
induced NF-kB activation and M1 polarization as well as stabilized the trans Golgi network (TGN) in
BMDMs. The dual-luciferase reporter assay identified the binding between the IkBa promoter and
ZBTB20, and IkBa knockdown could rescue the antiinfammatory effects induced by the ZBTB20 knock-
down in BMDMs. Finally, we found that sh-ZBTB20 lentivirus injection could reduce TiP-induced osteoly-
sis in mouse calvaria, inhibiting TiP-induced proinflammatory factors and loss of bone volume/total
volume (BV/TV) as well as bone mineral density (BMD). These results suggest that ZBTB20 positively regu-
lated NF-xB activation and M1 polarization as well as the production of TGN-derived tubular carriers in
BMDMs, playing a positive role in macrophage activation and mouse cranial osteolysis induced by TiPs. It
may be a potential therapeutic target for the prevention of aseptic loosening of prostheses.

1. Introduction

A higher rate of age-related joint diseases has been documen-
ted in the aging population, and arthroplasty has become the
most effective treatment methodology for such severe joint dis-
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eases. Although considerable efforts have been made toward
improving the efficacy of prosthesis,' revision surgeries still
persist in almost 7% patients within 10 years after undergoing
primary arthroplasty, and particle-induced periprosthetic
osteolysis and subsequent aseptic loosening (AL) are some of
the main causes for performing revision surgeries.> A number
of studies have shown that the wear particles released from the
surfaces of implants, which can be phagocytized by macro-
phages and incite an adverse immunoreaction, play a critical
role in osteolysis.” Macrophages secrete proinflammatory cyto-
kines, such as tumor necrosis factor alpha (TNF-a) and inter-
leukin-6 (IL-6),* which increase osteoclastic bone resorption
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and reduce osteoblastic bone formation. Consequently, it is
highly desirable to find a method to suppress macrophages’
proinflammatory functions to prolong the lifespan of
prosthesis.

Emerging evidence suggests that ZBTB20 plays an impor-
tant role in multiple systems, and it has been reported that
mice lacking ZBTB20 exhibit severe phenotypes such as growth
retardation, premature lethality, infertility, and hypoglycemia.’
ZBTB20, also known as dendritic cell-derived broad-complex,
tramtrack, bric-a-brac/poxvirus and zinc finger (BTB/POZ) zinc
finger (DPZF), belongs to a subfamily of zinc finger proteins
containing Cys2-His2 (C2H2) Kriippel-like zinc fingers and
BTB/POZ domains; furthermore, it primarily functions as a
transcriptional repressor.® Moreover, ZBTB20 contains five
C2H2 zinc fingers at the C terminal and a BTB domain at the
N terminal; further, C2H2 zinc fingers can bind to promoters,
while the BTB domain functions in protein-protein inter-
actions.” In a recent study, ZBTB20 was demonstrated to
inhibit IkBa gene transcription, promoting NF-kB activation;
further, the knockout of ZBTB20 in myeloid cells protected
mice from endotoxin shock and Escherichia coli-caused
sepsis.®

Some studies, including ours, have proven that the NF-kB
pathway plays a key role in titanium particles (TiPs)-induced
macrophage activation, which partly contributes toward peri-
prosthetic osteolysis and AL.>'® Moreover, studies have
suggested that ZBTB20 could play a key role in the NF-xB
pathway, as well as the activation and polarization of
macrophages.®'! However, the molecular mechanism(s) by
which ZBTB20 contributes toward TiPs-induced macrophage
activation, resulting in periprosthetic osteolysis and AL, is not
fully understood. In this study, we demonstrated that the
knockdown of ZBTB20 reduced the TiPs-induced proinflam-
matory factors produced by macrophages, potentially by the
downregulation of the NF-«xB pathway and stabilizing the trans
Golgi network (TGN), resulting in decreased M1 polarization
and increased M2 polarization. Most interestingly, we found
that TiPs-induced osteolysis in mouse calvaria could be attenu-
ated by sh-ZBTB20 lentivirus injection.

2. Materials and methods

2.1 Clinical specimen collection, immunohistochemistry
(IHC) assay, and histological analysis

The clinical specimens of the synovial membranes were
acquired from 7 patients at the Department of Orthopaedic
Surgery, Sun Yat-sen Memorial Hospital, Sun Yat-sen
University (3 males and 4 females; average age: 59.4 + 4.0
years; average duration after primary total hip arthroplasty
(THA): 16.35 + 2.8 years), who underwent prosthesis revision
surgery on account of AL, as well as that from 8 patients
(3 males and 5 females; average age: 66.6 + 14.6 years) who
had primary THA on account of femoral head necrosis (FHN).
In the AL group, the specimens had synovial membranes
around the prosthesis; in the FHN group, the specimens had

3148 | Biomater. Sci,, 2020, 8, 3147-3163

View Article Online

Biomaterials Science

hip synovial membranes. All the experiments were performed
in accordance with the established guidelines for human care,
and experiments were approved by the ethics committee at the
Sun Yat-sen University, Sun Yat-sen Memorial Hospital (2017
ethic record no.: 26). Informed consents were obtained from
the human participants of this study.

Clinical specimens were put in 4% paraformaldehyde (PFA)
for 12 h and then transparentized by xylene for 20 min and
embedded in 54 °C paraffin for sectioning. Here, C57BL/6]
male mouse calvaria were decalcified in an ethylenediamine-
tetraacetic acid (EDTA) decalcifying solution (E1171, Solarbio)
for 21 days. Thereafter, the samples were fixed in 4% PFA for
12 h and then embedded in 54 °C paraffin blocks for
sectioning.

For the IHC assay, the sections were heated at 60 °C for 2 h
and then put in xylene for 20 min and sequentially dehydrated
with 100% ethanol, 95% ethanol, and 75% ethanol for 5 min,
followed by washing in phosphate-buffered saline (PBS)
(GNM20012, Genom) 3 times. Then, 0.1% Triton X-100 (9002-
93-1, Sigma-Aldrich) was dropped on the sections at 20 °C for
20 min, followed by washing with PBS 3 times. Antigen retrie-
val was performed with pepsin (ZLI-9013, ZSGB-BIO) at 37 °C
for 20 min, followed by washing with PBS 3 times. Five percent
bovine serum albumin (BSA) (CCS30014.01, Molecular
Research Center, Inc.) was used as a blocking buffer at 37 °C
for 30 min; then, diluted primary antibodies were added on
the sections at 37 °C for 2 h followed by washing with PBS 3
times. TNF-a antibody (rabbit, A11543, Abclonal), IL-6 anti-
body (rabbit, 21865-1-AP, Proteintech), and ZBTB20 antibody
(rabbit, NBP2-20936, Novus Biologicals) were used as the
primary antibodies. Secondary antibodies labelled with horse-
radish peroxidase (HRP) (goat anti-rabbit, ab6721, Abcam)
were used at 37 °C for 30 min followed by washing with PBS 3
times. A DAB HRP color development kit (P0203, Beyotime
Biotechnology) was used for detection for 5 min, followed by
washing with flowing water for 5 min. Hematoxylin was used
for nuclear staining for 20 s, followed by washing under
flowing tap water for 10 min and drying. Neutral balsam was
used for mount preparation, and a biomicroscope (DM2000,
Leica) was used for observation. Ten views of each immuno-
stained section were independently evaluated by two expert
pathologists in a blind fashion. Bresalier’s semiquantitative
scoring system was used, which determined both staining
intensity (0 for no stain; 1 for weak stain; 2 for moderate stain;
3 for strong stain) and the percentage of stained cells. The
scores of staining intensity and percentage positivity of the
cells, as determined by the two pathologists, were then aver-
aged and multiplied to generate the immunoreactivity score
(IS) for each case as follows: (0 x FO + 1 x F1 + 2 x F2 + 3 X
F3).

For the histological analysis, the sections of mouse calvaria
were heated at 60 °C for 2 h and then put in xylene for 20 min
and successively dehydrated with 100% ethanol, 95% ethanol,
and 75% ethanol for 5 min followed by washing with PBS 3
times. Hematoxylin and eosin (H&E) staining was performed
using a H&E staining kit (C0105, Beyotime Biotechnology),
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according to the manufacturer’s instructions. Tartrate-resistant
acid phosphatase (TRAP) staining was performed using a
TRAP  staining kit (D023-1-1, Nanjing Jiancheng
Bioengineering Institute), according to the manufacturer’s
instructions. Neutral balsam was used for mount preparation,
and a biomicroscope (DM2000, Leica) was used for obser-
vation. The erosion area was determined by tracing the area of
soft tissue between the parietal bones, including resorption
pits on the superior surface of the calvaria. The presence of
dark-purple-stained granules in the TRAP-stained section—
located on the bone perimeter within a resorption lacuna—
indicated osteoclasts.

2.2 TiPs and lipopolysaccharide (LPS)

TiPs (<20 pm, WO08A030, Alfa Aesar) were diluted with pure
water and then filtered by Isopore membrane filters (pore size:
10/1.2/0.2 pm, TCTP04700/RTTP04700/GTTP04700, Millipore)
in filter holders, and TiPs (average diameter: 15.47 + 5.18, 3.75
+1.08, and 0.82 + 0.12 pm), respectively, which were labeled as
Ti10, Ti1.2, and Ti0.2, respectively, in this study. TiPs were
dried and steeped in 75% ethanol for 48 h and then washed 4
times with sterile ultrapure water, followed by firing at 180 °C
for 6 h. TiPs were suspended in PBS, adjusting to a concen-
tration of 9 x 107> g mL ™", for in vitro experiments. The endo-
toxin level of TiPs was determined (<0.25 EU ml™" with a
Limulus assay—EC80545, Bioendo).

LPS was obtained from Sigma-Aldrich (L2880), and it was
dissolved in PBS, adjusting to a concentration of 1 pg ml™", for
in vitro experiments.

2.3 Cell culture

Bone-marrow-derived macrophages (BMDMs) were obtained by
differentiating bone marrow progenitors from the tibia and
femur of 8-week-old C57BL/6] male mice in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) (C11995500BT,
Thermo Fisher Scientific) containing 10% fetal bovine serum
(FBS) (10099141, Thermo Fisher Scientific), 10 ng ml™" recom-
binant M-CSF (51112-MNAH, Sino Biological Inc), penicillin,
and streptomycin (SV30010, Thermo Fisher Scientific) for 7 d.
RAW264.7 macrophages and HEK293T cells were obtained
from Procell Life Science & Technology Co., Ltd, and they were
grown in high-glucose DMEM containing 10% FBS. All the
cells were cultured at 37 °C and 5% CO,. Both BMDMs and
RAW264.7 macrophages were seeded 1 d before the experi-
ments using high-glucose DMEM containing 10% FBS, penicil-
lin, and streptomycin. Cell counters (Countstar BioTech) were
used with 98% viability in all the trials.

2.4 Total RNA extraction and real-time PCR

Total RNA was extracted from the cells using RNAiso Plus
(9109, TaKaRa Biotechnology), and the RNA concentration was
measured by a NanoDrop instrument (ND-2000, Thermo
Fisher Scientific). PrimeScript RT Master Mix (RR036D,
TaKaRa Biotechnology) was used to reverse-transcribe RNA to
cDNA. Real-time PCR was performed using UNICONTM qPCR
SYBR Green Master Mix (11198ES08, Yeasen) and a LightCycler
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Table 1 Primers used in this study
ZBTB20 Forward GTGGACCGAATCTACTCCGC
Reverse CATGAATGCGTGTGATCCAGC
iNOS Forward GGAGTGACGGCAAACATGACT
Reverse TCGATGCACAACTGGGTGAAC
COX-2 Forward TGCACTATGGTTACAAAAGCTGG
Reverse TCAGGAAGCTCCTTATTTCCCTT
IL-6 Forward CTGCAAGAGACTTCCATCCAG
Reverse AGTGGTATAGACAGGTCTGTTGG
TNF-o Forward CCTGTAGCCCACGTCGTAG
Reverse GGGAGTAGACAAGGTACAACCC
GAPDH Forward TGTGTCCGTCGTGGATCTGA
Reverse TTGCTGTTGAAGTCGCAGGAG

96 real-time PCR system (Roche Molecular Systems, Inc.).
GAPDH was used as the housekeeping gene. All the reactions
were run in triplicate. The primers of the target genes are
listed in Table 1.

2.5 TNF-a, IL-6, and interferon-f§ (IFN-p) measurements by
using instant ELISA

At the described time points after stimulation, cell super-
natants were harvested and centrifuged to remove the cellular
debris. Then, the excreted TNF-a, IL-6, and IFN-f} were detected
using an instant enzyme-linked immunosorbent assay (ELISA)

kit  (EMC102a.96/EMC004.96/EMC016.96,  Neobioscience
Technology Co., Ltd), according to the manufacturer’s
instructions.

2.6 Western blot

BMDMs were seeded in 6-well plates at a density of 2 x 10°
cells per well. After 24 h, BMDMs were stimulated with TiPs or
LPS and then BMDMs were lysed by a RIPA buffer (9806S, Cell
Signaling Technology) with PMSF (P0100-1, Solarbio) and
phosphatase inhibitor cocktail (CW2383, CW Biotech).

Lysates were centrifuged at 12 000g for 15 min, and the
supernatants were collected. A bicinchoninic acid (BCA)
protein assay (23225, Thermo Fisher Scientific) was used to
determine the protein concentrations. The protein samples
were separated by SDS-PAGE using 10% polyacrylamide gel
and transferred to polyvinylidene fluoride (PVDF) membranes
(3010040001, Sigma-Aldrich). Five percent BSA in TBS-Tween
(CW0043S, CW Biotech) was used to block the PVDF mem-
branes at 20 °C for 1 h. The membranes were cut into small
pieces according to different protein molecular masses and
then probed with the relevant antibodies overnight at 4 °C.
The antibodies used were p-IKKf (rabbit, 2697, Cell Signaling
Technology), IKKf (rabbit, 8943, Cell Signaling Technology),
p-p65 (rabbit, 3033, Cell Signaling Technology), p65 (rabbit,
8242, Cell Signaling Technology), p-IkBa (rabbit, 2859, Cell
Signaling Technology), IkBa (mouse, 4814, Cell Signaling
Technology), GAPDH (rabbit, 5174, Cell Signaling Technology),
p-IRF3 (rabbit, 29047, Cell Signaling Technology), IRF3 (rabbit,
ab68481, Abcam), ZBTB20 (rabbit, NBP2-20936, Novus
Biologicals), p-JNK (rabbit, 4668, Cell Signaling Technology),
p-ERK (rabbit, 4370, Cell Signaling Technology), p-p38 (rabbit,
4511, Cell Signaling Technology), and histone H3 (rabbit,
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4499, Cell Signaling Technology). The membranes were
detected with HRP-linked secondary antibodies (goat anti-
rabbit, 7074; horse anti-mouse, 7076; Cell Signaling
Technology), super ECL detection reagent (36208ES60,
Yeasen), and a digital imaging system (Gel Logic 2200 Pro,
Kodak).

2.7 Immunofluorescence (IF) staining

BMDMs were seeded at a density of 1 x 10> cells per confocal
dish (BDD011035, Jet Bio-Filtration Co., Ltd); 24 h later, TiPs
were added. At the described time points after stimulation,
BMDMs were immersed in 4% PFA at 20 °C for 15 min. Then,
the BMDMs were treated with 0.1% Triton X-100 in PBS and
gently shaken at 20 °C for 15 min. Thereafter, BMDMs were
blocked in 1% BSA and gently shaken at 20 °C for 30 min, fol-
lowed by incubation with TNF-a antibody (rabbit, 11948, Cell
Signaling Technology), IL-6 antibody (rabbit, 21865-1-AP,
Proteintech), p65 antibody (rabbit, 8242, Cell Signaling
Technology), IRF3 antibody (rabbit, ab68481, Abcam), TGN38
antibody (mouse, MA3-063, Thermo Fisher Scientific), and
p230 antibody (rabbit, sc-102565, Santa Cruz Biotechnology)
overnight at 4 °C. Then, the BMDMs were washed with PBS 3
times, followed by incubation with secondary IF antibodies
(goat anti-rabbit, A32740; goat anti-mouse, A32723, Thermo
Fisher Scientific) at 20 °C for 1 h. After washing three times
with PBS, the BMDMs were treated with antifade fluorescence
mounting medium with DAPI (HNFD-02, HelixGen Co., Ltd)
and covered with microscope cover glasses (T_7011254580,
Thermo Fisher Scientific). Finally, the BMDMs were imaged by
confocal microscopy (LSM 710, Carl Zeiss).

The sections of C57BL/6] male mouse calvaria were heated
at 37 °C for 1 h and at 60 °C for 1 h and then put in xylene for
20 min and sequentially dehydrated with 100% ethanol, 95%
ethanol, and 75% ethanol for 5 min, followed by washing with
PBS 3 times. Antigen retrieval was performed with pepsin at
37 °C for 30 min, followed by washing with PBS 3 times. Five
percent BSA was used as a blocking buffer at 20 °C for 2 h;
then, the sections were incubated with the relevant antibodies
overnight at 4 °C. The antibodies included TNF-a (rabbit,
A11543, Abclonal), CD206 (rabbit, 18704-1-AP, Proteintech),
and iNOS (rabbit, 13120, Cell Signaling Technology). Then, the
sections were washed 3 times with PBS followed by incubation
with secondary IF antibodies (goat anti-rabbit, A32740/35552,
Thermo Fisher Scientific) at 20 °C for 1 h. After washing three
times with PBS, the BMDMs were treated with antifade fluo-
rescence mounting medium with DAPI and covered with
microscope cover glasses. Finally, the sections were imaged by
fluorescence microscopy (BX63, Olympus).

2.8 Flow cytometry

The BMDMs were seeded in 6-well plates at a concentration of
5 x 10° cells per well. Twenty-four hours after seeding, the
BMDMs were stimulated by TiPs for 24 h and then treated
with TrypLE Express Enzyme (12604021, Thermo Fisher
Scientific) to remove them from the plates. Then, the BMDMs
were centrifuged at 1000 rpm for 5 min. Following our recent
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study protocol,'* after washing in PBS, the BMDMs were incu-
bated with APC-conjugated CD206 antibody (17-2061-82,
Thermo Fisher Scientific) at 20 °C for 20 min in the dark.
Then, the BMDMs were washed with PBS and incubated with a
fixation buffer (00-8222-49, Thermo Fisher Scientific) at 20 °C
for 20 min in the dark. After washing with Perm/Wash buffer
(554723, BD Biosciences), the BMDMs were incubated with PE-
cyanine7-conjugated iNOS antibody (25-5920-82, Thermo
Fisher Scientific) at 20 °C for 20 min in the dark. The isotype
controls used were APC-conjugated rat IgG2b,k (17-4031-82,
Thermo Fisher Scientific) and PE-cyanine7-conjugated rat
IgG2a,k (25-4321-82, Thermo Fisher Scientific). After washing
with the Perm/Wash buffer, the BMDMs were suspended in
PBS and analyzed using flow cytometry (BD FACSVerse, BD
Biosciences).

2.9 Plasmids, siRNAs, viruses, and stable cell lines

The plasmid-expressing mouse Zbth20 (Gene ID: 56490)
(zBTB20-expressing plasmid), as well as the siRNA-sequences-
targeting mouse Zbth20 (ZBTB-siRNA) and mouse IkBa (Gene
ID: 18305) (IkBa-siRNA), were designed and synthesized by
GenePharma. The mock vehicle and negative control siRNA
(NC-siRNA) were considered to be the controls. The siRNA
sequences are listed in Table 2.

The recombinant lentiviruses for mouse Zbtb20 expressing
(zBTB20-expressing lentivirus) and mouse Zbth20 interfering
(sh-ZBTB20 lentivirus) with mock lentivirus and NC lentivirus,
respectively, as the controls were synthesized by GenePharma.
The lentivirus expressing firefly luciferase (fluc-lentivirus) was
obtained from OBiO Technology.

To fabricate a promoter luciferase reporter plasmid, the
genomic DNA was isolated from RAW264.7 macrophages using
a genomic DNA isolation kit (ab65358, Abcam). The 2.1 kb
mouse IkBa promoter (—2000/+121 IkBa-Luc) was amplified by
PCR and then subcloned into the pGL3-basic luciferase vector

Table 2 Sequences of ZBTB20-siRNAs and IkBa-siRNAs

Sequence Gene sequence (5’ to 3')

ZBTB20-537 CUAGAACGGAAGAAACCCATT
UGGGUUUCUUCCGUUCUAGTT

ZBTB20-721 GGUCAUCUGAUUGUGACAUTT

AUGUCACAAUCAGAUGACCTT
CUGGAUCACACGCAUUCAUTT
AUGAAUGCGUGUGAUCCAGTT
CAGCUCUAUUUACGCCAGATT
UCUGGCGUAAAUAGAGCUGTT

ZBTB20-1391

ZBTB20-1953

IxBa-233 GGACGAGGAGUACGAGCAAAU
UUGCUCGUACUCCUCGUCCUU
IxBa-2296 GAGGGAUUUCAGUUGUUUAAC
UAAACAACUGAAAUCCCUCUG
IxBa-2885 GGCUGUUGUCUUUGUGAAAUC
UUUCACAAAGACAACAGCCGA
IxkBa-3193 GGUACUUCUAAGAUGUAUAUU

UAUACAUCUUAGAAGUACCAA
UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT
CACUCAAGAUUGUCAGCAATT
UUGCUGACAAUCUUGAGUGAG

Negative control

GAPDH

This journal is © The Royal Society of Chemistry 2020
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(Promega) to yield a promoter luciferase reporter plasmid
(IkBa-promoter-luciferase plasmid). Further, the
PRL-TK-Renilla-luciferase plasmid was obtained from Promega.
All the constructs were confirmed by DNA sequencing.

The BMDMs were seeded in 6-well plates at a concentration
of 5 x 10° cells per well; 24 h later, the BMDMs were cultured
in Opti-MEM I reduced-serum medium (31985070, Thermo
Fisher Scientific) for 12 h. Thereafter, the BMDMs were trans-
fected with 200 pmol siRNA using 7.5 pl Lipofectamine
RNAIMAX transfection reagent (13778075, Thermo Fisher
Scientific) in each well. The medium was replaced with high-
glucose DMEM containing 10% FBS 8 h after transfection.
Then, the BMDMs were cultured for another 48 h before sub-
sequent experiments.

RAW264.7 macrophages were seeded in 6-well plates at a
concentration of 5 x 10° cells per well. Twenty-four hours later,
RAW264.7 macrophages were incubated in 1 x 107 transducing
unit (TU) per mL lentivirus for 12 h, including ZBTB20-expres-
sing lentivirus, mock lentivirus, sh-ZBTB20 lentivirus, NC len-
tivirus, and fluc-lentivirus. Subsequently, these
RAW264.7 macrophages were cultured in high-glucose DMEM
containing 10% FBS for 72 h before further experiments, and
ZBTB20-expressing-RAW264.7, mock-RAW264.7, sh-ZBTB20-
RAW264.7, and NC-RAW264.7 were respectively obtained. The
RAW264.7 macrophages transfected with fluc-lentivirus were
used as the bioluminescent reporter cells.

2.10 RNA-seq

The RAW264.7 macrophages were stimulated by TiPs for 4 h
and the total RNA was isolated using RNAiso Plus. For strand-
specific library construction and sequencing, the rRNAs were
removed to retain mRNAs and ncRNAs, which were then frag-
mented and reverse-transcribed into ¢DNA with random
primers. Second-strand cDNA were synthesized using dUTP
and purified with a QIAquick PCR purification kit (28104,
Qiagen). Then, the second-strand cDNA were end-repaired,
poly (A) was added, and then they were ligated to Illumina
sequencing adapters. Uracil-N-glycosylase (UNG) was sub-
sequently used to digest the second-strand cDNA. The digested
products were size-selected by agarose gel electrophoresis and
amplified by PCR. The sequencing was carried out on an
Ilumina HiSeq 4000 instrument. For bioinformatics analysis,
raw reads containing the adapter or having low quality
(Q-value <20) were removed and then mapped to the mouse
reference genome (GRCm38) by using HISAT2 (version 2.1.0).
The resulting files were sorted using SAMtools and analyzed
via HTSeq (version 0.9.0) to determine the counts of each
gene. For differential expression analysis, the gene abundances
were quantified by the R package edgeR. Here, FDR < 0.05 and
log 2 (fold change) >1 were used as the thresholds to define
significant differentially expressed genes (DEGs). Gene set
enrichment analysis (GSEA) was performed using the software
obtained from http:/software.broadinstitute.org/gsea. Gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses of DEGs were performed using the R
package clusterProfiler.
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2.11 Dual-luciferase reporter assay

HEK293T cells were cotransfected with IkBa-promoter-luci-
ferase plasmid, pRL-TK-Renilla-luciferase plasmid, and
ZBTB20-expressing plasmid. The total amounts of the plas-
mids were equalized with the mock vehicle. After 48 h, the
Dual-Luciferase Reporter Assay System (E1910, Promega) was
used to measure the Firefly and Renilla luciferase activities
according to the manufacturer’s instructions. To normalize
with respect to transfection efficiency, firefly luciferase activity
was divided with the Renilla luciferase activity. All the analyses
were performed in triplicate.

2.12  Animal surgery

Male C57BL/6] mice aged 8 weeks and male nude mice aged 8
weeks were purchased from the Animal Laboratory of Sun Yat-
sen University and then raised in specific pathogen-free con-
ditions in Sun Yat-sen University. All the mice were aged 10
weeks at the time of surgery. All the animal procedures were
performed in accordance with the guidelines for the care and
use of laboratory animals of Sun Yat-sen University and
approved by the Animal Ethical and Welfare Committee of Sun
Yat-sen University.

For the in vivo experiments on C57BL/6] mice, the mice
were randomly divided into six groups: (i) control (Control)
group, (ii) TiPs (Ti) group, (iii) NC lentivirus + TiPs (NC + Ti)
group, (iv) sh-ZBTB20 lentivirus + TiPs (sh-ZBTB20 + Ti) group,
(v) mock lentivirus + TiPs (Mock + Ti) group, and (vi) ZBTB20-
expressing lentivirus + TiPs (ZBTB20" + Ti) group; there were
eight C57BL/6] mice in each group. The male C57BL/6] mice
were anesthetized by using 10% chloral hydrate (0.1 milliliter
per kilogram of body weight) via intraperitoneal injection.
Then, 15 mm midline sagittal incisions on the heads of the
C57BL/6 mice were made to expose the calvaria. A 0.5 x 0.5 X
0.5 cm® gelatin sponge was placed over the calvaria. In the
Control group, 100 pl PBS was locally injected at the sagittal
midline of the calvaria before suturing. In the Ti group, 100 pl
PBS containing 3 mg Ti0.2 was locally injected at the sagittal
midline of the calvaria before suturing. In the NC + Ti, sh-
ZBTB20 + Ti, Mock + Ti, and ZBTB20" + Ti groups, 30 pl PBS
containing 3 mg Ti0.2 and corresponding 70 pl shRNA lenti-
virus (titer: 1 x 10° TU mL™") were locally injected at the sagit-
tal midline of the calvaria before suturing. No death or compli-
cations were observed during the 7 days of observation after
the operation. Then, the C57BL/6 mice were euthanized, and
their calvaria were harvested with all the soft tissues removed
for micro-CT imaging, IHC assay, and histological analysis.

For the in vivo experiments on nude mice, the male nude
mice were randomly divided into seven groups: (i) bio-
luminescence (BLI) group, (ii) control (Control) group, (iii)
TiPs (Ti) group, (iv) NC-RAW264.7 + TiPs (NC + Ti) group, (v)
sh-ZBTB20-RAW264.7 + TiPs (sh-ZBTB20 + Ti) group, (vi)
mock-RAW264.7 + TiPs (Mock + Ti) group, and (vii) ZBTB20-
expressing-RAW264.7 + TiPs (ZBTB20" + Ti) group; there were
eight nude mice in each group. The male nude mice were
anesthetized by using 10% chloral hydrate (0.1 milliliter per
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kilogram of body weight) via intraperitoneal injection. Then,
15 mm midline sagittal incisions on the heads of the nude
mice were made to expose the calvaria. A 0.5 x 0.5 x 0.5 cm®
gelatin sponge was placed over the calvaria. In the BLI group,
100 pl PBS containing 0.5 x 10° bioluminescent reporter cells
were locally injected at the sagittal midline of the calvaria
before suturing. In the Control group, 100 pl PBS was locally
injected at the sagittal midline of the calvaria before suturing.
In the Ti group, 100 pl PBS containing 3 mg Ti0.2 was locally
injected at the sagittal midline of the calvaria before suturing.
In the NC + Ti, sh-ZBTB20 + Ti, Mock + Ti, and ZBTB20" + Ti
groups, 100 pl PBS containing 3 mg Ti0.2 and corresponding
0.5 x 10° stably transfected RAW264.7 macrophages were
locally injected at the sagittal midline of the calvaria before
suturing. No death or complications were observed during the
7 days of observation after the operation. Then, the nude mice
were euthanized, and their calvaria were harvested with all the
soft tissues removed for micro-CT imaging.

2.13 Bioluminescence imaging

As mentioned above, bioluminescent reporter cells were locally
injected at the sagittal midline of the calvaria of nude mice.
Luciferase substrate p-luciferin (40901ES03, Yeasen) was intra-
peritoneally injected (3 mg per nude mouse); 10 min later, the
bioluminescence images were taken. The nude mice were
immediately imaged after the operation (day 0) and then
imaged every day for a week (day 7) using a bioluminescence
imaging system (IVIS Lumina LT Series III, PerkinElmer). After
imaging at day 7, these nude mice were euthanized.

2.14 Micro-CT

After the calvaria were harvested, micro-CT scans were per-
formed using a high-resolution in vivo micro-CT imaging
system (ZKKS-MCT-Sharp, Zhongke Kaisheng Medical
Technology) and associated software (ZZKS-Micro-CT4.1). The
radiographic projections were acquired at 60 kV and 667 pA
within 240 ms. All the projection frames were recorded five
times and then averaged. The 3D images were reconstructed
using the bundled manufacturer’s reconstruction software.
Bone mineral density (BMD), bone volume (BV), total volume
(TV), and BV/TV were measured from a 1 x 3 x 3 mm?® region of
interest in the cross-section slices around the sagittal suture
according to our earlier studies."?

2.15 Statistics

All the results were from at least three independent experi-
ments. The data are expressed as mean + standard deviation
(SD). All the values were first assessed using the Kolmogorov-
Smirnov test to verify data normality. Two-sided Student’s
t-test was utilized between two groups. One-way analysis of var-
iance (ANOVA) was utilized among three or more than three
groups, and Fisher’s least significant difference (LSD) test was
used for post hoc comparisons. Statistical analyses were per-
formed with the SPSS 20.0 software, and p < 0.05 was con-
sidered to be statistically significant.
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3. Results

3.1 TNF-a and IL-6 were upregulated in synovial membranes
around aseptic loosening prostheses

To investigate the relationship between AL and inflammation,
we performed H&E staining and IHC on synovial membranes.
As shown in the H&E-stained sections (Fig. 1A), wear particles
could be observed in the H&E staining in the AL group rather
than the Control group. Meanwhile, the brown color rep-
resented the staining intensities of TNF-o and IL-6 expressed
in cytoplasm, and the expression levels of TNF-a and IL-6 in
the AL group were higher than those in the Control group.
With regard to the IS for each group, the average IS values of
TNF-a and IL-6 in the AL group were 1.90 + 0.17 and 2.41 +
0.26, respectively, which were significantly higher than the
corresponding values in the Control group (0.11 + 0.10 and
0.10 + 0.09; p < 0.05) (Fig. S1A¥).

Macrophages are widely recognized as important mediators
of TLR-triggered inflammatory responses. Therefore, we stimu-
lated BMDMs with Ti0.2 for various time periods (1, 2, 4, 6, 12,
or 24 h for real-time PCR; 1, 2, or 4 h for ELISA; 4 h for IF
staining). As shown in Fig. 1B, TNF-o and IL-6 mRNA levels
were upregulated following the addition of Ti0.2 in a time-
dependent manner. In addition, the degrees of TNF-a and
IL-6 mRNA upregulation were also dependent on the particle
diameters, and Ti0.2 caused the highest elevation among the
three TiP diameters (Fig. S1BT). Moreover, ELISA revealed that
TNF-a and IL-6 secretions were significantly increased at 1, 2,
and 4 h after Ti0.2 stimulation (p < 0.05) (Fig. 1C). To further
confirm the upregulation of cellular TNF-a and IL-6, we exam-
ined the expressions of TNF-a and IL-6 in BMDMs in vitro by
means of IF staining. Confocal microscopy revealed that TiPs
could induce the protein production of TNF-o and IL-6
(Fig. 1D). Taken together, these data indicated that TNF-a and
IL-6 were upregulated in the synovial membranes around AL
prostheses, and TiPs induced the upregulation of TNF-a and
IL-6 expressions in BMDMs.

3.2 TiPs induce the activation of NF-kB signaling pathway
and phosphorylation of IRF3 in BMDMs

In order to verify the activation mechanism of TiPs, we stimu-
lated BMDMs with Ti0.2 or LPS for different time periods (1 h
for NF-kB pathway western blot; 30, 60, or 90 min for nuclear
protein p65 western blot; 1 h for p65 translocation IF staining;
4 or 8 h for p-IRF3 and IRF3 western blot; 8 h for IRF3 translo-
cation IF staining; 4 or 8 h for IFN-p ELISA). Both Ti0.2 and
LPS significantly increased the protein expressions of p-IKKp,
p-p65, and p-IkBa (p < 0.05), with no obvious changes in the
total protein expressions of IKKP, p65, and IkBa (Fig. 2A).
Further, the nuclear protein of p65 increased after the indi-
cated stimulation durations of Ti0.2, with the largest increase
for the duration of 30 min (Fig. 2B) (p < 0.05). IF staining
showed that the protein of p65 (red) translocated from the
cytoplasm into the nucleus (blue) after Ti0.2 stimulation in
BMDMs (Fig. 2C). Cytokines of type I interferon (e.g., IFN-p),
which are triggered by the transcription factor IRF3, are impor-

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 TNF-a and IL-6 increased in synovial membranes from the AL group and in BMDMs after TiPs stimulation. (A) H&E staining and IHC staining
of TNF-a and IL-6 in specimens from AL and FHN patients. (B) mRNA expression of TNF-a and IL-6 in BMDMs were significantly upregulated after
stimulation by Ti0.2 at every time point (p < 0.05). (C) Cytokines of TNF-a and IL-6 secreted by BMDMs significantly increased after stimulation with
Ti0.2 for the indicated time durations (TNF-a: 1 h, 2.56 + 0.28 ngml™; 2 h, 3.73 + 0.27 ng ml™%; 4 h, 417 + 0.19 ng ml™* vs. 0 h, 0.31 + 0.06 ng ml~?,
p<0.05.1L-6:1h,0.37 + 0.03ngml™%; 2 h, 211 + 0.26 ng ml™%; 4 h, 3.91 + 0.32 ng ml™* vs. 0 h, 0.03 + 0.01 ng ml™%, p < 0.05). (D) TiPs induced the
production of TNF-a and IL-6 in BMDMs (red: TNF-a; green: IL-6; blue: nucleus). *p < 0.05. Statistical significance was determined by one-way
ANOVA with Fisher’s LSD test. All the data are shown as mean + SD. The assays were performed at least three times for each sample.

tant to induce the M1 macrophage phenotype. To investigate
whether TiPs induced the activation of IRF3, western blot was
performed; we observed increased levels of p-IRF3, but not the
total IRF3 levels, after TiPs stimulation in BMDMs (p < 0.05)
(Fig. 2D). To further confirm the IRF3 activation mechanism
by TiPs, we examined the location of IRF3 in BMDMs by IF
staining. Confocal microscopy revealed that TiPs induced IRF3
(yellow) translocation from the cytoplasm to the nucleus (blue)
(Fig. 2E). Moreover, ELISA yielded a similar result: the secreted
IFN-p was significantly increased at 4 or 8 h after Ti0.2 stimu-
lation (p < 0.05) (Fig. 2F). Quantitative analyses of the western
blot results are shown in Fig. S2.1 Collectively, these results

This journal is © The Royal Society of Chemistry 2020

indicated that TiPs activated the NF-kB signaling pathway and
IRF3, leading to the production of proinflammatory factors,

such as IFN-f cytokines.

3.3 RNA-seq analysis revealed that ZBTB20 correlates with
TiPs-induced inflammation in macrophages via IxBo

We generated the mRNA profiles of RAW264.7 macrophages
pretreated with Ti0.2 for 4 h by RNA-seq using Illumina HiSeq
4000. We performed a heat map and cluster analysis (Fig. 3A
and B). A total of 194 upregulated mRNAs and 72 downregu-
lated mRNAs were profiled (log2 FC > 1, FDR < 0.05). To verify
the relations and connections between these DEGs, GO and
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Fig. 2 TiPs induce the activation of NF-kB signaling pathway and phosphorylation of IRF-3 in BMDMs. (A) Protein concentrations of p-IKKp, p-p65,
and p-IxBa increased in the BMDMs after Ti0.2 or LPS (1 pg ml™) stimulation for 1 h (p < 0.05). (B) Nuclear protein p65 of BMDMs increased after
Ti0.2 stimulation for 30, 60, or 90 min (p < 0.05). (C) p65 protein (red) translocated from the cytoplasm into the nucleus (blue) after Ti0.2 stimulation
for 1 h in BMDMs. (D) Ti0.2 induced the phosphorylation of IRF-3 at the indicated time points (p < 0.05). (E) After pretreatment with Ti0.2 for 8 h,
IRF3 (yellow) aggregated into the nucleus (blue) in BMDMs. (F) Secreted IFN-B was significantly increased after Ti0.2 stimulation for 4 or 8 h (p <
0.05). *p < 0.05. Statistical significance was determined by one-way ANOVA with Fisher’s LSD test. All the data are shown as mean + SD. The assays

were performed at least three times for each sample.

KEGG pathway analyses were performed. The 266 DEGs were
annotated using GO categories and the KEGG database: the
top 15 significant GO terms and pathways are shown
(Fig. S3At). Moreover, GSEA revealed four important KEGG
pathways: cytokine-cytokine receptor interaction, nod-like
receptor signaling pathway, toll-like receptor signaling
pathway, and hematopoietic cell lineage enriched in TiPs-
stimulated RAW264.7 macrophages (Fig. S3Bf). Each of the
four pathways contained specific core enrichment genes, and
the Venn diagram of the four pathways’ core enrichment genes
showed that TNF-a, IL-6, and IL-1p intersected (Fig. 3C). The
protein-protein interaction network (PPIN) from the STRING
database showed that IkBa was a potential upstream target of
TNF-a, IL-6, and IL-1f, which indicated that IkBa was crucial
in TiPs-induced inflammation (Fig. 3D). Importantly, we found
that transcription factor ZBTB20 was bound to a specific pro-
moter site according to the Animal Transcription Factor
Database (http:/bioinfo.life.hust.edu.cn) (Fig. S3Ct), and
ZBTB20 has an activity of gene transcription suppression, such
as Afp, Sox9, and IkBa (Fig. 3E). In brief, our RNA-seq analysis
results suggested that ZBTB20 correlates with TiPs-induced
inflammation in macrophages via IxBa.

3.4 ZBTB20 positively regulates TiPs-induced inflammatory
response in BMDMs

To investigate the relationship between ZBTB20 and synovial
membrane inflammation, we performed IHC on synovial

3154 | Biomater. Sci,, 2020, 8, 3147-3163

membranes. The IHC assessment of synovial membranes
showed that the cytoplasm protein expression of ZBTB20
increased in the AL group when compared with that in the
FHN group (Fig. 4A). The average IS value of ZBTB20 in the AL
group was 1.93 + 0.33, which was significantly higher than that
in the FHN group (0.09 + 0.05, p < 0.05) (Fig. S4Af).

To determine the connection between ZBTB20 and TiPs-
induced macrophage activation, we stimulated BMDMs with
TiPs for different time periods (4, 8, 12, or 24 h for ZBTB20
real-time PCR; 12, 24, or 36 h for ZBTB20 western blot; 6 h for
TNF-a and IL-6 ELISA; 4 h for TNF-a and IL-6 real-time PCR;
4 h for TNF-a and IL-6 IF staining). The mRNA and protein
expressions of ZBTB20 in BMDMSs was upregulated after stimu-
lation by Ti0.2 at every time point (p < 0.05) (Fig. 4B and C). To
further investigate the effect of ZBTB20 knockdown/over-
expression on proinflammatory cytokines production by TiPs-
activated BMDMs, we synthesized four siRNA-sequences-tar-
geting mouse Zbth20 and plasmid-expressing mouse Zbth20.
The endogenous mRNA and protein expressions of ZBTB20 in
BMDMs were markedly diminished by ZBTB20-siRNA (Fig. S4B
and Ct), but obviously increased by ZBTB20-expressing plas-
mids (Fig. $4D and Ef). ZBTB20 knockdown resulted in signifi-
cantly lower cytokines production of TNF-a and IL-6 induced
by Ti0.2 in BMDMs (p < 0.05) (Fig. 4D). Correspondingly,
ZBTB20 overexpression promoted the cytokines production of
TNF-o and IL-6 induced by Ti0.2 in BMDMs (p < 0.05)
(Fig. 4E). Similar trends were observed in the mRNA expression

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 RNA-seq analysis revealed that ZBTB20 correlates with TiPs-
induced inflammation in macrophages via IkBa. (A) Volcano plot reveals
194 upregulated genes and 72 downregulated genes in RAW264.7 after
Ti0.2 stimulation for 4 h. (B) Heat map and cluster analysis. (C) Venn
diagram of the four crucial KEGG pathways obtained from the GSEA
analysis revealed that TNF-a, IL-6, and IL-1p played important roles in
TiPs-induced inflammation in RAW264.7. (D) PPIN showed that IkBa was
a key upstream target for TNF-a, IL-6, and IL-1f. (E) ZBTB20 exhibits the
activity of gene transcription suppression toward Afp, Sox9, and IkBa.

of TNF-o and IL-6 in BMDMs (Fig. S4F and Gf). Next, to
further confirm the effect of ZBTB20 knockdown on cellular
TNF-a, we examined the protein expression of TNF-a in
BMDMs by IF staining. Confocal microscopy revealed that
ZBTB20-siRNA resulted in remarkably lower cellular TNF-o
(red) and IL-6 (green) concentrations in BMDMs stimulated
with Ti0.2 (Fig. 4F). Therefore, these data suggest that ZBTB20
positively regulates TiPs-induced inflammatory responses in
BMDMs.

3.5 ZBTB20 positively regulates TiPs-induced NF-kB
activation in BMDMs by repressing IkBo gene transcription

To further investigate the effect of ZBTB20 knockdown on
TiPs-induced macrophage activation, we stimulated BMDMs
for different time periods (Ti0.2 or LPS for 1 h for NF-xB
pathway western blot; Ti0.2 for 1 h for IF staining of p65; Ti0.2
for 1 h for nuclear protein p65 western blot; Ti0.2 for 0.5, 1, 2,
4, or 6 h for the real-time PCR of IkBa; Ti0.2 for 6 h for the
ELISA of TNF-a and IL-6; Ti0.2 for 4 h for the IF staining of
TNF-a and IL-6; Ti0.2 for 30 or 60 min for MAPK pathway

This journal is © The Royal Society of Chemistry 2020
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western blot). western blot analyses revealed that the TiPs-
induced phosphorylation of IKKpP (p-IKKB) and p65 (p-p65)
decreased in ZBTB20-knockdown BMDMs, while the protein
level of IxBa increased in ZBTB20-knockdown BMDMs when
compared with those in the NC-siRNA group (p < 0.05); no sub-
stantial differences were found in the IKK, p65, and phos-
phorylated IxBa (p-IxBa) levels induced by TiPs between the
ZBTB20-siRNA and NC-siRNA groups (Fig. 5A); a quantitative
analysis of the western blot results is shown in Fig. S5A.7 It is
generally accepted that a high level of IxBa leads to the
reduced translocation of p65 into the nucleus; therefore, we
performed IF staining of p65. As shown in Fig. 5B, the TiPs-
induced nuclear translocation of p65 was suppressed in the
ZBTB20-siRNA group when compared with that in the NC-
siRNA group. Similarly, the nuclear protein of p65 induced by
TiPs was reduced in the ZBTB20-siRNA group of BMDMs
(Fig. S5B and Cf¥). There were no statistical differences among
the phosphorylation of JNK (p-JNK), ERK (p-ERK), and p38
(p-p38) induced by TiPs between the two groups (Fig. S5D¥).

To further test the relationship of IxkBa with ZBTB20, we
performed real-time PCR: the obtained data showed that the
mRNA expression of IkBa in the ZBTB20-siRNA group was sig-
nificantly higher than that in the NC-siRNA group at each time
point (p < 0.05) (Fig. 5C). Considering that ZBTB20 was a tran-
scriptional repressor and it could repress IkBa gene transcrip-
tion, dual-luciferase reporter assay was used to identify
whether ZBTB20 could bind to the IkBa promoter. We cotrans-
fected HEK293T cells with the IkBa-promoter-luciferase
plasmid, pRL-TK-Renilla-luciferase plasmid, and ZBTB20-
expressing plasmid; 48 h later, we observed that the ZBTB20-
expressing plasmid repressed the relative luciferase activity of
IkBa-promoter-luciferase plasmid in a dose-dependent
manner (p < 0.05) (Fig. 5D). To assess whether the antiinflam-
matory effects caused by ZBTB20 knockdown could be rescued
by IkBa knockdown, we constructed stably transfected BMDMSs
using sh-ZBTB20 lentivirus or NC lentivirus and then transi-
ently transfected these BMDMs with IkBa-siRNA or NC-siRNA;
48 h later, we stimulated the BMDMSs with TiPs. ELISA showed
that the transient transfection of IkBa-siRNA could rescue the
impaired production of TNF and IL-6 caused by ZBTB20
knockdown (p < 0.05) (Fig. 5E). Similar trends were observed
in the IF staining of TNF-a and IL-6 (Fig. 5F). In short, these
data indicated that ZBTB20 positively regulates TiPs-induced
NF-kB activation by repressing IkBa transcription.

3.6 ZBTB20 positively regulates TiPs-induced M1 polarization
and stabilizes the localization of p230 on the TGN in BMDMs

The modulation of macrophage polarization may also be
pivotal to the inflammatory response induced by wear par-
ticles, and the activation of NF-kB pathway is responsible for
the M1 polarization of macrophages. Since ZBTB20 positively
regulates TiPs-induced NF-xB activation, it is interesting to
hypothesize that TiPs-induced BMDM polarization could be
regulated by ZBTB20. Therefore, we stimulated BMDMs with
Ti0.2 for 24 h and confirmed macrophage polarization by flow
cytometry using the M1 marker, iNOS, and the M2 marker,
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Fig. 4 ZBTB20 positively regulates the TiPs-induced inflammatory response in BMDMs. (A) IHC staining of ZBTB20 in specimens from AL and FHN
patients. (B and C) mRNA and protein expressions of ZBTB20 increased in BMDMs after Ti0.2 stimulation at every time point (p < 0.05). (D) ZBTB20
knockdown reduced the cytokines production of TNF-a and IL-6 induced by Ti0.2 in BMDMs. (E) ZBTB20 overexpression increased the cytokines
production of TNF-a and IL-6 induced by Ti0.2 in BMDMs. (F) ZBTB20 knockdown resulted in remarkably lower cellular TNF-«a (red) and IL-6 (green)
in BMDMs stimulated with Ti0.2. *p < 0.05. Two-sided Student’s t-test was utilized in (D) and (E). One-way ANOVA with Fisher’s LSD test was utilized
in (B). All the data are shown as mean + SD. The assays were performed at least three times for each sample.

CD206. The isotype control is shown in Fig. S6A.t The BMDMs
stimulated by PBS functioned as the negative controls, with
low percentages of iNOS-positive BMDMs and CD206-positive
BMDMs (1.30 + 0.23% iNOS-positive and 2.89 + 0.25% CD206-
positive in the NC-siRNA + PBS group; 0.99 + 0.24% iNOS-posi-
tive and 2.39 + 0.42% CD206-positive in the ZBTB20-siRNA +
PBS group); there were no significant differences in the iNOS-
positive percentages and CD206-positive percentages between
the NC-siRNA + PBS and ZBTB20-siRNA + PBS groups. After
exposure to TiPs, 26.67 + 1.57% BMDMs were iNOS-positive in
the NC-siRNA + Ti group, while 21.35 + 1.15% BMDMs were
iNOS-positive in the ZBTB20-siRNA + Ti group; meanwhile,
8.38 + 0.93% BMDMs were CD206-positive in the NC-siRNA +

3156 | Biomater. Sci., 2020, 8, 3147-3163

Ti group, while 11.95 + 0.99% BMDMs were CD206-positive in
the ZBTB20-siRNA + Ti group. These flow cytometry data indi-
cate that ZBTB20 knockdown resulted in a decrease in the M1
polarization induced by TiPs by 5.31 + 0.94% (p < 0.05), as well
as an increase in the M2 polarization induced by TiPs by 3.57
+ 0.63% (p < 0.05) (Fig. 6A and S6Bf). Then, we stimulated
BMDMs with Ti0.2 for 24 h and used iNOS as the M1 marker
and COX-2 as the M2 marker in real-time PCR: similar trends
were observed (p < 0.05) (Fig. S6BT).

IRF3 is regarded as another critical transcription factor in
M1 polarization. To further determine the relationship
between ZBTB20 and IRF3, we administered Ti0.2 to BMDMs
for 4 or 8 h; further, western blot analyses revealed that the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 ZBTB20 positively regulates TiPs-induced NF-xB activation by repressing IkBa transcription. (A) TiPs- or LPS-induced p-IKKp and p-p65
decreased in ZBTB20-knockdown BMDMs, and the level of IkBa increased in ZBTB20-knockdown BMDMs (p < 0.05). (B) TiPs-induced nuclear trans-
location of p65 was suppressed in the ZBTB20-siRNA group when compared with the NC-siRNA group. (C) mRNA level of IkBa in the ZBTB20-siRNA
group was significantly higher than that in the NC-siRNA group at each time point. (D) ZBTB20-expressing plasmid repressed the relative luciferase
activity of IkBa-promoter-luciferase plasmid in a dose-dependent manner. (E) IkBa-siRNA rescued the impaired cytokines production of TNF and
IL-6 caused by ZBTB20 knockdown. (F) IkBa-siRNA rescued the impaired TiPs-induced cellular TNF (red) and IL-6 (green) caused by ZBTB20 knock-
down. *p < 0.05. Two-sided Student's t-test was utilized in (C). One-way ANOVA with Fisher’s LSD test was utilized in (D) and (E). Statistical signifi-
cance was determined by a two-sided Student's t-test. All the data are shown as mean + SD. The assays were performed at least three times for each

sample.

level of IRF3 phosphorylation (p-IRF3) induced by TiPs
decreased in the ZBTB20-siRNA group when compared with
that in the NC-siRNA group (p < 0.05) (Fig. 6B). A quantitative
analysis of the western blot results is shown in Fig. S6C.T Next,
we stimulated BMDMSs with Ti0.2 for 8 h and examined the
location of IRF3 by IF staining. Confocal microscopy revealed
that the TiPs-induced nuclear translocation of IRF3 was sup-
pressed in the ZBTB20-siRNA group as compared to that in the
NC-siRNA group (Fig. 6C). Type I interferon (e.g., IFN-B), which
is triggered by IRF3, is important to promote M1 polarization.
Therefore, we administered Ti0.2 to BMDMs for 4 or 8 h;

This journal is © The Royal Society of Chemistry 2020

ELISA revealed that ZBTB20-siRNA resulted in lower cytokines
production of IFN-B induced by TiPs (p < 0.05) (Fig. 6D).

Some researchers have found that p230 is a crucial marker
of TGN-derived tubular carriers, which transfer cytokines like
TNF-a and IFN-f. Our results suggested that ZBTB20 knock-
down resulted in lower cytokines production (TNF-a, IL-6, and
IFN-B) induced by TiPs in BMDMs; therefore, we attempted to
determine the relationship between ZBTB20 and p230.
BMDMs were administered with Ti0.2 for 4 h. Confocal
microscopy revealed that the binding of p230 (red) to TGN
(green) was diminished in the ZBTB20-siRNA + Ti group when
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Fig. 6 ZBTB20 positively regulated TiPs-induced M1 polarization and
stabilized p230 on the TGN. (A) ZBTB20 positively regulated TiPs-
induced M1 polarization, but negatively regulated TiPs-induced M2
polarization (26.67 + 1.57% iNOS-positive and 8.38 + 0.93% CD206-
positive in the NC-siRNA + Ti group; 21.35 + 1.15% iNOS-positive and
11.95 + 0.99% CD206-positive in the ZBTB20-siRNA + Ti group). (B)
ZBTB20-siRNA reduced the TiPs-induced phosphorylation of IRF3 in
BMDMs (p < 0.05). (C) ZBTB20-siRNA suppressed the TiPs-induced
nuclear translocation of IRF3 (yellow) in BMDMs. (D) ZBTB20-siRNA
resulted in lower cytokines production of IFN-p induced by TiPs (p <
0.05). (E) Binding of p230 (red) to TGN (green) was diminished in the
ZBTB20-siRNA + Ti group when compared with that in the NC-siRNA +
Ti group. *p < 0.05. Statistical significance was determined by means of
a two-sided Student'’s t-test. All the data are shown as mean + SD. The
assays were performed at least three times for each sample.

compared with that in the NC-siRNA + Ti group (Fig. 6E). In
brief, these data indicated that ZBTB20 positively regulated
TiPs-induced M1 polarization and stabilized the localization of
p230 on the TGN in BMDMs, which contributed toward cyto-
kines secretion.

3.7 sh-ZBTB20 lentivirus injection reduced TiPs-induced
osteolysis in C57BL/6] mouse calvaria

To investigate the role of ZBTB20 in vivo, we formulated a
cranial osteolysis model with male C57BL/6] mice, as men-
tioned above, which were divided into six groups: (i) control
(Control) group, (ii) TiPs (Ti) group, (iii) NC lentivirus + TiPs
(NC + Ti) group, (iv) sh-ZBTB20 lentivirus + TiPs (sh-ZBTB20 +
Ti) group, (v) mock lentivirus + TiPs (Mock + Ti) group, and
(vi) ZBTB20-expressing lentivirus + TiPs (ZBTB20' + Ti) group;
there were eight C57BL/6] mice in each group. Micro-CT data
along with 3D reconstruction revealed that osteolysis was
induced in the Ti group when compared with that in the
Control group; TiPs-induced osteolysis was suppressed in the
sh-ZBTB20 + Ti group when compared with the NC + Ti group,
while TiPs-induced osteolysis was more exacerbated in the
ZBTB20" + Ti group than that in the Mock + Ti group (Fig. 7A).
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Fig. 7 sh-ZBTB20 lentivirus injection reduces TiPs-induced osteolysis
and inflammation in C57BL/6J mouse calvaria. (A) Micro-CT showed
that TiPs-induced osteolysis was suppressed in the sh-ZBTB20 + Ti
group as compared to that in the NC + Ti group, and TiPs-induced
osteolysis was exacerbated in the ZBTB20" + Ti group as compared to
that in the Mock + Ti group. (B, C) Qualitative analysis of BV/TV and
BMD data for Micro-CT-based 3D reconstructed images. (D) H&E stain-
ing, TRAP staining, and IF staining of C57BL/6J mouse calvaria. (E)
Erosion area increased by 59.16 + 12.7% (p < 0.05) in the Ti group as
compared to that in the Control group, and it decreased by 17.38 +
4.86% (p < 0.05) in the sh-ZBTB20 + Ti group when compared with that
in the NC + Ti group. (F) Osteoclast numbers increased by 61.33 + 11.17
(p < 0.05) in the Ti group when compared with that in the Control
group, and they decreased by 19.17 + 9.50 (p < 0.05) in the sh-ZBTB20
+ Ti group when compared with those in the NC + Ti group. n = 8 for
each group. *p < 0.05. Statistical significance was determined by one-
way ANOVA with Fisher’s LSD test. All the data are shown as mean + SD.
The assays were performed at least three times for each sample.
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Moreover, we performed a qualitative analysis: the obtained
BV/TV and BMD data are shown in Fig. 7B and C. We observed
a decrease of 21.49 + 3.35% (p < 0.05) in BV/TV and a decrease
of 26.70 + 5.58% (p < 0.05) in BMD in the Ti group when com-
pared with those in the Control group; an increase of 19.19 =+
6.17% (p < 0.05) in BV/TV and an increase of 16.63 + 11.53%
(p < 0.05) in BMD in the sh-ZBTB20 + Ti group were observed
when compared with those in the NC + Ti group; a decrease of
19.14 + 4.58% (p < 0.05) in BV/TV and a decrease of 12.07 +
9.09% (p < 0.05) in BMD were observed in the ZBTB20" + Ti
group when compared with those in the Mock + Ti group.
There were no statistical differences in the BV/TV and BMD
data among the Ti, NC + Ti, and Mock + Ti groups.

To further assess the osteolysis and inflammation in the
calvaria of C57BL/6] mice, H&E staining, TRAP staining, and
IF staining were performed, as mentioned above. As shown in
Fig. 7D-F, the erosion area increased by 59.16 + 12.7% (p <
0.05) in the Ti group as compared to that in the Control group,
decreased by 17.38 + 4.86% (p < 0.05) in the sh-ZBTB20 + Ti
group as compared to that in the NC + Ti group, and increased
by 10.98 + 8.43% (p < 0.05) in the ZBTB20" + Ti group as com-
pared to that in the Mock + Ti group. With regard to TRAP
staining, TRAP-positive osteoclast numbers increased by 61.33
+ 11.17 (p < 0.05) in the Ti group as compared to that in the
Control group, decreased by 19.17 + 9.50 (p < 0.05) in the sh-
ZBTB20 + Ti group as compared to that in the NC + Ti group,
and increased by 12.87 + 10.35 (p < 0.05) in the ZBTB20" + Ti
group as compared to that in the Mock + Ti group. There were
no statistical differences in the erosion area and osteoclast
numbers among the Ti, NC + Ti, and Mock + Ti groups.
Consistently, the IF staining of TNF-a revealed that inflam-
mation exacerbated in the Ti group when compared with that
in the Control group, alleviated in the sh-ZBTB20 + Ti group as
compared to that in the NC + Ti group, and exacerbated in the
ZBTB20" + Ti group as compared to that in the Mock + Ti
group. Similar trends were observed in the IHC staining of
TNF-a and IL-6 (Fig. S7At). Since CD206 is an M2 marker, we
observed that due to the IF staining of CD206, the inflam-
mation was exacerbated in the Ti group as compared to that in
the Control group, was exacerbated in the sh-ZBTB20 + Ti
group as compared to that in the NC + Ti group, and was alle-
viated in the ZBTB20" + Ti group as compared to that in the
Mock + Ti group (Fig. S7Bt). Due to the low expression of iNOS
in the calvaria of C57BL/6]J mice, we observed no differences
with regard to the IF staining of iNOS among the six groups
(Fig. S7Ct). These findings suggested that TiPs-induced osteo-
lysis and inflammation in the calvaria of C57BL/6] mouse was
reduced by shZBTB20 lentivirus injection.

3.8 Effects of stably transfected RAW264.7 injection on TiPs-
induced osteolysis in nude mice

In addition to the lentivirus injection on the calvaria of
C57BL/6] mice, we built another cranial osteolysis model with
RAW264.7 macrophage that was locally injected in nude mice,
which were divided into seven groups: (i) bioluminescence
(BLI) group, (ii) control (Control) group, (iii) TiPs (Ti) group,
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(iv) NC-RAW264.7 + TiPs (NC + Ti) group, (v) sh-ZBTB20-
RAW264.7 + TiPs (sh-ZBTB20 + Ti) group, (vi) mock-RAW264.7
+ TiPs (Mock + Ti) group, and (vii) ZBTB20-expressing-
RAW264.7 + TiPs (ZBTB20" + Ti) group; there were eight nude
mice in each group. The stably transfected
RAW264.7 macrophages were locally injected as mentioned
above. From day 0 to 7, the bioluminescence signals originat-
ing from the calvaria region could be clearly detected in the
BLI group (Fig. 8A). Micro-CT-based 3D reconstructed images
showed that osteolysis was induced in the Ti and BLI groups
when compared with that in the Control group; TiPs-induced
osteolysis was aggravated in the NC + Ti and Mock + Ti groups
when compared with that in the Ti group. Meanwhile, TiPs-
induced osteolysis was suppressed in the sh-ZBTB20 + Ti
group when compared with that in the NC + Ti group, and
TiPs-induced osteolysis was more exacerbated in the ZBTB20"
+ Ti group when compared with that in the Mock + Ti group
(Fig. 8B). Qualitative analysis revealed that BV/TV decreased by
9.86 + 8.68% (p < 0.05) and 12.07 + 9.40% (p < 0.05) in the NC
+ Ti and Mock + Ti groups as compared to that in the Ti
group, respectively, while the BMD values decreased by 15.13 +
9.09% (p < 0.05) and 12.54 + 10.91% (p < 0.05) in the NC + Ti
and Mock + Ti groups as compared to that in the Ti group,
respectively. Meanwhile, there was an increase of 14.33 =+
10.26% (p < 0.05) in BV/TV and an increase of 20.59 + 7.70%
(p <0.05) in BMD in the sh-ZBTB20 + Ti group when compared
with those in the NC + Ti group, as well as a decrease of 15.59
+10.90% (p < 0.05) in BV/TV and a decrease of 16.78 + 4.01%
(p < 0.05) in BMD in the ZBTB20" + Ti group when compared
with those in the Mock + Ti group (Fig. 8C and D). In short,
these data indicated that additional injections of local macro-
phages could aggravate TiPs-induced osteolysis, and ZBTB20-
knockdown macrophages exerted a weakened osteolysis-pro-
moting effect as compared to that by NC macrophages.

4. Discussion

In this study, we focused on elucidating that ZBTB20 positively
regulated TiPs-induced macrophage-based inflammatory
response and osteolysis, as well as investigating whether
ZBTB20 could be utilized as a potential target to prevent AL.
Emerging evidence suggests that AL is inseparable from the
inflammatory reaction of macrophages.'* Wear particles from
prostheses, such as titanium and polymethylmethacrylate par-
ticles, can stimulate the macrophages to secrete proinflamma-
tory cytokines.'> These cytokines have been associated with
the differentiation of macrophages into osteoclasts, activation
of osteoclasts, and periprosthetic osteolysis.'® In our recent
study, we found that the targeted inhibition of TNF-a in macro-
phages could reduce osteolysis induced by TiPs,"” which is
consistent with the studies that have indicated the importance
of proinflammatory cytokines in the bone microenvi-
ronment.'® In our earlier report, we showed that PRRs (e.g.,
TLR4 and NOD2) played important roles in the activation of
macrophages by TiPs.'®'?* Another study showed that NF-xB
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Fig. 8 Effects of RAW264.7 injection on TiPs-induced osteolysis in nude mice. (A) BLI signals could be observed in the calvaria region of nude mice.
(B) Micro-CT-based 3D reconstructed images reveal that osteolysis was induced in the Ti and BLI groups when compared with that in the Control
group; TiPs-induced osteolysis was aggravated in the NC + Ti and Mock + Ti groups when compared with that in the Ti group; TiPs-induced osteoly-
sis was suppressed in the sh-ZBTB20 + Ti group when compared with that in the NC + Ti group; and TiPs-induced osteolysis was more exacerbated
in the ZBTB20* + Ti group when compared with that in the Mock + Ti group. (C and D) Qualitative analyses of BV/TV and BMD. n = 8 for each
group. *p < 0.05. Statistical significance was determined by one-way ANOVA along with Fisher’s LSD test. All the data are shown as mean + SD. The

assays were performed at least three times for each sample.

and MAPK are two pivotal signaling pathways using which
proinflammatory responses are upregulated.'® These results
suggest that TiPs activated the BMDMs and induced the pro-
duction of proinflammatory cytokines via the NF-kB signaling
pathway and IRF3 phosphorylation.

The mechanism by which wear particles activate macro-
phages is not fully understood. Some high-throughput sequen-
cing work on AL is necessary, which is still lacking in various
databases. Therefore, we generated the mRNA profiles of
RAW264.7 macrophages pretreated with TiPs. Our current

3160 | Biomater. Sci., 2020, 8, 3147-3163

study indicated that targeting ZBTB20 could inhibit the
inflammatory reaction of macrophages, which would benefit
the prevention and treatment of AL.>° ZBTB20 is currently
recognized as a regulator of gene expression; consequently, it
plays critical roles in a wide array of biological processes, such
as inflammation, metabolism, proliferation, and cell
differentiation.>** In the current study, we have demonstrated
that the protein expression of ZBTB20 in the AL group was sig-
nificantly higher than that in the FHN group. Based on the
knockdown/overexpression of ZBTB20, we further clarified that

This journal is © The Royal Society of Chemistry 2020
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ZBTB20 positively regulates TiPs-induced inflammatory
responses in BMDMs, which suggests that ZBTB20 could par-
ticipate in the occurrence and development of AL.

Some recent reports have suggested that ZBTB20 can regu-
late the NF-kB signaling pathway as a regulator of IxBa.®?* The
expression of ZBTB20 in BMDMs was found to be upregulated
after the stimulation of LPS, and the promoter sequence of the
IkBa gene was found to bind to the ZBTB20 protein, which
repressed IkBa gene transcription.® Another study showed that
the expression of IkBa protein increased by knocking down the
Zbtb20 gene, thereby inhibiting NF-kB activation as well as cell
migration and invasion of gastric cancer.?® Our earlier reports
have shown that the forced overexpression of SHP reduced the
TiPs-induced osteolysis effect by downregulating the
expression of IKKy and inhibiting NF-kB activation."® We also
investigated triptolide, an active compound of the medicinal
herb Tripterygium wilfordii Hook F, which could suppress
RANKL-mediated NF-kB activation and TiPs-induced osteoly-
sis.”* In the current study, we confirmed that the knockdown
of ZBTB20 reduced NF-xB activation induced by TiPs by
binding the promoter of the IxBa gene and repressing IkBa
gene transcription; interestingly enough, the knockdown of
IxBa rescued the antiinflammatory effect caused by ZBTB20
knockdown in BMDMs, which suggested that the downregula-
tion of ZBTB20 by novel approaches could be a therapeutic
approach for the treatment of AL with better outcomes.

Emerging evidence suggests that the processes of AL are
linked with macrophage polarization, as reviewed recently,'"*
which is also consistent with our recent studies on NOD2
receptors.”” Some proinflammatory cytokines, such as TNF-q,
lead to the activation of M1-related genes.*® Since ZBTB20
functioned as a positive regulator of TNF-a in the current
study, the knockdown of ZBTB20 may reduce the differen-
tiation of M1 macrophages and promote the differentiation of
M2 macrophages, which was validated by our flow cytometry
analysis. Moreover, in contrast to other studies,® we showed
that the knockdown of ZBTB20 attenuated the activation of
IRF3 and the production of IFN-f cytokines. This discrepancy
might be due to the different types of stimuli, as well as the
duration and concentration of stimuli. A number of studies
have shown that the final secretion of proinflammatory factors
depends on the TGN-derived tubular carriers, which transfer
cytokines to the cell surface for release; further, p230 was
identified as a crucial marker of TGN-derived tubular
carriers.”””*® In the current study, we reported that the knock-
down of ZBTB20 stabilized the localization of p230 on TGN
and inhibited the production of tubular carriers in BMDMs.
Therefore, targeting the ZBTB20 of macrophages is expected to
provide a novel approach for the treatment of AL via reducing
M1 differentiation as well as producing and secreting pro-
inflammatory factors.

To this end, we reported earlier that a local injection of
NOD2-knockdown lentivirus exacerbated TiPs-induced osteoly-
sis in mouse crania,'? suggesting that a local lentivirus injec-
tion may be a novel method for the treatment of AL by target-
ing multiple regulatory genes. This is also consistent with

This journal is © The Royal Society of Chemistry 2020
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reports documenting that a local injection of adeno-associated
virus (AAV) could improve the treatment of some debilitating
diseases, such as rheumatoid arthritis and amyotrophic lateral
sclerosis.>>*° In this work, we locally injected ZBTB20-knock-
down lentivirus and ZBTB20-expressing lentivirus on mouse
crania: the obtained results suggest that ZBTB20-knockdown
lentivirus reduced TiPs-induced osteolysis. Moreover, the dis-
tribution of lentivirus could not be observed and quantified
after the injection. Therefore, according to our earlier work
and other studies,®" we formulated another cranial osteolysis
model with a local injection of RAW264.7 macrophage in nude
mouse crania; consequently, the bioluminescence signals orig-
inating from the calvaria region could be clearly detected.
From these results, we conclude that the knockdown of
ZBTB20 leads to the upregulation of IkBa and inhibition of
TiPs-induced NF-kB activation in BMDMs; these are consistent
with the decreased expressions of proinflammatory factors,
inhibited cytokine secretions, and reduced M1 differentiation.
Most interestingly, TiPs-induced osteolysis on mouse crania
could be attenuated by ZBTB20-knockdown lentivirus injec-
tion, further suggesting that ZBTB20 may mediate wear-par-
ticle-induced peri-implant osteolysis; therefore, ZBTB20 could
be a potential therapeutic target for AL with better treatment
outcomes in the future.

5. Conclusion

In conclusion, our results highlight the importance of ZBTB20
as a positive regulator of TiPs-induced osteolysis. We performed
RNA-Seq transcriptome analysis of RAW264.7 macrophages; the
obtained results showed that ZBTB20 could be a vital target in
macrophage activation and TiPs-induced osteolysis. By con-
structing shRNA and overexpression lentivirus, we observed that
ZBTB20 regulated the TiPs-induced inflammatory reaction of
macrophages by adjusting the NF-kB pathway and polarization.
Then, we performed in vivo studies using local lentivirus injec-
tion, local macrophage injection, and bioluminescence to reveal
the effects of ZBTB20 on TiPs-induced cranial osteolysis. Taken
together, the results of this study may provide a new strategy for
AL therapy. We are currently expanding this concept to other
potential target genes. On other research fronts, a comprehen-
sive study of biological pathways and mechanisms are necessary
to establish a clear functional relationship between the local
lentivirus injection and alleviated TiPs-induced cranial osteolysis.
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