Bzl SPANDIDOS
7] ,§, PUBLICATIONS

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 52: 99, 2023

UCHL1 alleviates apoptosis in chondrocytes
via upregulation of HIF-1a-mediated mitophagy
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Abstract. Stem cell-based tissue engineering has shown
significant potential for rapid restoration of injured cartilage
tissues. Stem cells frequently undergo apoptosis because of
the prevalence of oxidative stress and inflammation in the
microenvironment at the sites of injury. Our previous study
demonstrated that stabilization of hypoxia-inducible factor la
(HIF-1a) is key to resisting apoptosis in chondrocytes. Recently,
it was reported that Ubiquitin C-terminal hydrolase L1
(UCHLJ1) can stabilize HIF-1a by abrogating the ubiquitina-
tion process. However, the effect of UCHLI on apoptosis
in chondrocytes remains unclear. Herein, adipose-derived
stem cells were differentiated into chondrocytes. Next, the
CRISPR activation (CRISPRa) system, LDN-57444 (LDM,;
a specific inhibitor for UCHL1), KC7F2 (a specific inhibitor
for HIF-1a), and 3-methyladenine (a specific inhibitor for
mitophagy) were used to activate or block UCHLI1, HIF-1a,
and mitophagy. Mitophagy, apoptosis, and mitochondrial
function in chondrocytes were detected using immunofluores-
cence, TUNEL staining, and flow cytometry. Moreover, the
oxygen consumption rate of chondrocytes was measured using
the Seahorse XF 96 Extracellular Flux Analyzer. UCHLI1
expression was increased in hypoxia, which in turn regulated
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mitophagy and apoptosis in the chondrocytes. Further studies
revealed that UCHLI mediated hypoxia-regulated mitophagy
in the chondrocytes. The CRISPRa module was utilized to
activate UCHLI effectively for 7 days; endogenous activa-
tion of UCHLI accelerated mitophagy, inhibited apoptosis,
and maintained mitochondrial function in the chondrocytes,
which was mediated by HIF-1a. Taken together, UCHLI could
block apoptosis in chondrocytes via upregulation of HIF-1a-
mediated mitophagy and maintain mitochondrial function.
These results indicate the potential of UCHLI activation using
the CRISPRa system for the regeneration of cartilage tissue.

Introduction

Cartilage defects caused by trauma, congenital malformations,
or oncological resection are often devastating and cannot be
cured because of the intrinsically low regenerative capacity
of cartilage tissues (1). Autologous cartilage grafting as well
as modified operations, such as cartilage transplantation
combined with flap transfer have been developed to treat
nasal, auricular, and tracheal defects (2-4). However, cartilage
tissue is inevitably wasted during graft carving, and ensuring
an accurate shape of a graft may require extensive engraving
techniques (5). Tissue engineering offers the possibility of
replacing damaged chondral tissue as an alternative to carti-
lage grafting. In this regard, stem cell-based tissue engineering
approaches have recently exhibited significant potential for
rapidly restoring injured cartilage tissues (6). For example,
stem cells that are transplanted successfully can differentiate
into chondrocytes for functional restoration (7). However, stem
cells frequently undergo apoptosis because of the prevalence
of oxidative stress and inflammation in the microenviron-
ment of injured sites (8). Hence, there is an urgent need to
find an effective method to abrogate apoptosis as survival in
hostile conditions is a prerequisite for cells to perform various
physiological functions.

Mitochondria are one of the most complex and important
organelles present in eukaryotes, which convert organic matter
into carbon dioxide and water through redox reactions (9).
Mitochondrial dysfunction leads to the irregular transfer
of electrons generated by redox reactions to oxygen, water,
or their intermediate states, thus forming large quantities
of reactive oxygen species (ROS), eventually leading to cell
death (10,11). Mitophagy, a special form of autophagy, is a
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process of selective removal of excess or damaged mitochon-
dria that plays an important role in maintaining mitochondrial
homeostasis and regulating the number of mitochondria
in cells (12,13). Under various conditions of cellular stress,
including low oxygen conditions, oxidative stress, and high
glucose levels, mitophagy can be activated; the upregulated
mitophagy can promote cell survival by removing damaged
mitochondria (14). Recently, there has been increasing
evidence that induction of mitophagy plays a crucial role in
preventing chondrocyte apoptosis (15-17).

In healthy cartilage, chondrocytes exist in relatively low
oxygen conditions, in which hypoxia-inducible factor la
(HIF-1a) plays a vital role in regulating chondrogenesis by
directing the differentiation of progenitor cells and main-
taining appropriate extracellular matrix production (18). Our
previous study showed that chondrocytes are well adapted to
hypoxia and produce a more functional extracellular matrix
in low-oxygen environments in vitro (19). This effect is
reversed in the presence of high oxygen concentrations, as
HIF-1a is degraded in high oxygen conditions, which in turn
promotes further apoptosis of chondrocytes (20). Therefore,
the stabilization of HIF-la is key to the survival of chon-
drocytes. The prolyl hydroxylase 2 (PHD2)-von Hippel
Lindau (VHL) signaling cascade is central to the regula-
tion of HIF-1a (21). Under physiological conditions, PHD2
hydroxylate residues are present on the oxygen-dependent
degradation domain of HIF-1a; VHL, as a part of the E3
ubiquitin ligase complex, recognizes the motifs of the hydrox-
ylated residues, resulting in rapid degradation of HIF-1a.
However, PHD?2 is less active during hypoxia, which leads to
cytosolic accumulation and nuclear translocation of HIF-1a,
where, together with transcriptional cofactors, it activates
the expression of its target genes in the HIF complex, such
as BNIP3, an essential molecule for mitophagy (22,23). It
has been shown to stimulate chondrogenesis of progenitor or
stem cells by decreasing the oxygen pressure locally within
a biomaterial using various molecules or simply by limiting
oxygen diffusion (24,25).

However, regulating oxygen itself may not be ideal
because hypoxia is also known to cause oxidative stress,
negatively impact cell growth and viability, and boost poten-
tially undesirable effects on cell metabolism (26). Recently,
it was demonstrated that Ubiquitin C-terminal hydrolase-L1
(UCHL1) protects against ischemic heart injury by increasing
the stability of HIF-1a (27). Moreover, UCHLI1 was reported
to abrogate VHL-mediated ubiquitination of HIF-1a (28).
However, the effect of UCHLI, with its function of binding
and stabilizing HIF-la, on apoptosis in chondrocytes is
unclear.

In the present study, adipose-derived stem cells (ADSCs)
were utilized to differentiate into chondrocytes. Next, a series
of in vitro experiments were performed to assess mitophagy,
apoptosis, and mitochondrial function in the chondrocytes.
Moreover, the CRISPR activation (CRISPRa) system was used
to activate endogenous UCHLI in chondrocytes. The results
revealed that activation of UCHLI using CRISPRa inhibited
apoptosis and maintained mitochondrial function, resulting
in the survival of chondrocytes. This provides a theoretical
basis for tissue engineering strategies that can be used for
the treatment of cartilage defects.

Materials and methods

Cell culture and reagents. ADSCs were purchased from Procell
Life Science Technology Co., Ltd. (cat. no. CP-R147) and were
cultured in o-MEM medium (HyClone; Cytiva) supplemented
with 10% (v/v) FBS (HyClone; Cytiva), 100 U/ml penicillin,
and 100 U/ml streptomycin at 37°C with 5% CO, in a humidi-
fied chamber. The cells were passaged 3-5 times and used for
subsequent experiments. To induce hypoxia in cell cultures,
the cells were subjected to a hypoxic environment using a
specialized incubator with an oxygen concentration of 1% for
a duration of 24 h. In contrast, the control group was exposed
to a normoxic environment maintaining a regular oxygen
concentration of 20%.

Insect cells (Sf-9) were purchased from the American
Type Culture Collection Cell Bank for baculovirus genera-
tion and were cultured in TNM-FH medium (HyClone;
Cytiva) supplemented with 10% FBS. Stock solutions of LDN
(MilliporeSigma; cat. no. L4170) and KC7F2 (MilliporeSigma;
cat. no. SML1043) were prepared in DMSO (10 mM and
30 M, respectively) obtained from the Beyotime Institute
of Biotechnology. 3-Methyladenine (3-MA, MilliporeSigma;
cat. no. M9281) was prepared in DMEM solution (5 mM). In
the present study, cells were treated with the corresponding
blocker for 2 h, after which they were subsequently subjected
to relevant tests.

Characterization of ADSCs. To identify the phenotypes
of ADSCs, flow cytometry (FCM, CytoFLEX S; Beckman
Coulter Life Sciences) was used to screen for surface markers
against CD29 (0.2 mg/ml; cat. no. 562153), CD34 (0.2 mg/ml;
cat. no. 560233), CD44 (0.5 mg/ml; cat. no. 550974), CD45
(0.2 mg/ml; cat. no. 561586), CD73 (0.5 mg/ml;
cat. no. 551123), and CD90 (0.2 mg/ml; cat. no. 561409),
which were all purchased from BD Biosciences; Becton,
Dickinson and Company. Briefly, the cells were collected,
washed and then suspended in flow cytometry staining buffer
(cat. no. 554656; BD Biosciences) containing the aforemen-
tioned antibodies at 25°C for 30 min before being subjected
to flow cytometric analysis. Acquired data were analyzed
using FlowJo software (v.10.8.1; FlowJo, LLC). ADSCs were
induced to differentiate into chondrocytes, osteocytes, and
adipocytes using chondrogenic, osteogenic, and adipogenic
media as described in previous studies (29,30). After 21 days
of induction by the chondrogenic medium supplemented with
1x insulin-transferrin-selenium (Corning, Inc.), ADSCs were
fixed at 25°C with 4% (w/v) paraformaldehyde for 15 min
and then stained for 30 min at 4°C with 0.5% alcian blue
dye (MilliporeSigma) in 1 mol/l HCI to detect the extracel-
lular matrix of chondrocytes. For osteogenic differentiation,
the cells were cultured in an induction medium supple-
mented with 10 nM dexamethasone (Beyotime Institute
of Biotechnology), 10 mM p-glycerophosphate (Beyotime
Institute of Biotechnology), and 50 pyg/ml L-ascorbic acid
(Beyotime Institute of Biotechnology) for 7 days and stained
using an alkaline phosphatase (ALP) assay kit according
to the manufacturer's protocol (Beyotime Institute of
Biotechnology; cat. no. P0321S); while after 14 days the
cells were stained using the Alizarin Red S Staining kit
according to the manufacturer's protocol (Beyotime Institute
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of Biotechnology; cat. no. C0148S). For adipogenic induc-
tion, cells were subjected to Oil Red O staining (Beyotime
Institute of Biotechnology; cat. no. C0157S) after 21 days
of induction in the adipogenic medium supplemented with
10 #M dexamethasone (Beyotime Institute of Biotechnology),
25 mM 3-isobutyl-1-methylxanthine (MilliporeSigma),
2 uM rosiglitazone (MilliporeSigma), and 1 pg/ml insulin
(Beyotime Institute of Biotechnology).

Construction and preparation of baculovirus vectors. The
construction of a viral vector (designated as pBac-Sa-con)
was divided into four steps. All primers used for the construc-
tion of the virus are listed in Table SI. First, a DNA fragment
composed of tandem recombination sites (Kpnl-loxP-Nhel-X
hol-NotI-Pacl-EcoRI-BamHI-loxP-HindIII) was chemically
synthesized by Detai Bioscience, Inc. (the full sequence is
listed in Fig. S1) and subcloned into pFastBac Dual (Gibco;
Thermo Fisher Scientific, Inc.) using Kpnl/HindIII (Beyotime
Institute of Biotechnology) digestion to yield the vector,
pL. Second, the CMV enhancer-rEF-1a promoter fragment
was PCR-amplified from pVITROIl-neo-mcs (Invivogen;
cat. no. pvitrol-nmcs) and subcloned into pL between the Xhol
and Notl sites to generate the vector, pLE. Third, the cDNA
of a woodchuck hepatitis virus post-transcriptional regula-
tory element (WPRE), which enhances mRNA stability, was
amplified from pENN.AAV.hSyn.Cre WPRE.hGH (Addgene;
cat. no. 105553) and subcloned into pLE using EcoRI/BamHI
(Beyotime Institute of Biotechnology) to generate the vector,
pLEW. Finally, a Sa-deadCas9-VPR (Sa-dCas9-VPR) frag-
ment was PCR-amplified from SadCas9VPR (Addgene,
cat. no. 188514) and inserted into pLEW between the Pacl and
EcoRlI sites to yield pBac-Sa-con.

Single guide (sg)RNA cassettes of Sa-dCas9 were synthe-
sized using sequences of pGL3-U6-sgRNA-PGK-puromycin
(Addgene; cat. no. 51133), which contains a human U6 (hU6)
promoter, a spacer sequence, and a sgRNA scaffold. Spacer
sequences targeting UCHLI with the highest targeting speci-
ficity scores (5'-"ACCGGTGAGACCACCACCAGATTAGCT
CACCGGCGAGTGGTCTCAGTTTG-3") were designed
using a guide RNA design tool (www.benchling.com). The
resulting sgRNA sequences were subcloned into pBac-Sa-con
to yield pBac-Sa-UCHLI using the Nhel reagent (Beyotime
Institute of Biotechnology). The donor plasmids pBac-Sa-con
and pBac-Sa-UCHLI1 were used to generate baculoviruses
Bac-Sa-con and Bac-Sa-UCHLI, respectively, using the
Bac-To-Bac® system (Invitrogen; Thermo Fisher Scientific,
Inc.). The recombinant BV vectors were amplified by infecting
Sf-9 insect cells and titrated using the end-point dilution
method (31).

Baculovirus transduction. For transduction, cells cultured
overnight were washed twice with PBS before being trans-
duced with Bac-Sa-con and Bac-Sa-UCHLI1. Depending
on the multiplicity of infection (MOI, pfu/cell) and virus
titer, a certain volume of the virus supernatant was mixed
with NaHCO,-free DMEM at a volumetric ratio of 1:4 and
added to the cells. The cells were gently shaken on a rocking
plate at 25°C for 6 h, after which the solution was replaced
with a-MEM medium containing 3 mM sodium butyrate
(MilliporeSigma), and the cells were further cultured. At day 1
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post-transduction (dpt), the medium was replaced with either
fresh a-MEM or chondroinductive medium. The chondroin-
ductive medium was replaced every 2-3 days until performing
in vitro analysis.

RNA extraction and reverse transcription-quantitative (RT-q)
PCR. Total RNA from ADSCs or chondrocytes in different
groups was measured using a Nanodrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, Inc.) and reverse transcribed to
cDNA using a PrimeScript™ RT Master Mix according to the
manufacturer's protocol (Takara Bio, Inc.; cat. no. RR047A).
gPCR was performed using the PrimeScript RT-PCR kit
(Takara Bio, Inc.; cat. no. RR820A), and the primers used are
listed in Table SII. Relative mRNA expression of target genes
was calculated using the 2224 method (32). The thermocy-
cling conditions were: Initial denaturation for 30 sec at 95°C;
followed by 40 cycles of 95°C for 5 sec, 60°C for 30 sec,
and 95°C for 5 sec; melting at 65°C for 60 sec and 97°C for
1 sec; and cooling at 50°C for 30 sec. The experiments were
performed in triplicates and repeated three times.

Immunofluorescence (IF) staining. To detect the expression
of UCHLI in hypoxia and HIF-1a after activation of UCHLI,
chondrocytes were stained with DAPI (Beyotime Institute of
Biotechnology; cat. no. C1005) at 25°C for 5 min and simul-
taneously stained with antibodies against UCHLI (1:200; Cell
Signaling Technology; cat. no. 13179) or HIF-1a (1:100; Cell
Signaling Technology; cat. no. 48085) at a temperature of 37°C
for 1 h. To verify the levels of mitophagy in different groups,
chondrocytes were stained with DAPI at 25°C for 5 min and
simultaneously stained with antibodies against LC3B (1:200,
Cell Signaling Technology, cat. no. 3868) and Tom20 (1:200;
Cell Signaling Technology, cat. no. 42406) at 37°C for 1 h. Next,
the cells were stained with the corresponding secondary anti-
bodies (Alexa Fluor® 488- or 594-conjugated goat anti-rabbit
or anti-mouse IgG, all 1:1,000, Abcam; cat. nos. ab150077,
ab150113, ab150080, and ab150116) at 37°C for 1 h. Images
were obtained using a laser scanning confocal microscope
(magnification, x400; LSCM, Zeiss GmbH, cat. no. LSM780).
In addition, the fluorescence intensity was measured using
Image] version 2.1 (National Institutes of Health).

TUNEL staining. Damaged DNA was detected using a
TUNEL Cell Apoptosis Detection Kit (Beyotime Institute of
Biotechnology; cat. no. C1088). Chondrocytes were fixed and
stained with TUNEL test solution for 30 min at 37°C according
to the manufacturer's instructions, and the nuclei were stained
with DAPI at 25°C for 5 min. A total of three fields of view
were randomly selected and captured to count the number of
TUNEL-positive cells.

Apoptosis. The Annexin V-APC Apoptosis Detection Kit
(BioGems; cat. no. 62700-80) was used to determine the
apoptotic ratio, according to the manufacturer's instructions.
Briefly, chondrocytes were washed twice with Cell Staining
Buffer and resuspended in Annexin V-Binding Buffer at a
concentration of 1x107 cells/ml. A total of 100 pl cell suspen-
sion was transferred to a 5 ml test tube, 5 ul APC Annexin V
and 5 pl 7-AAD Viability Staining Solution were added in
this order, and the cells were gently vortexed and incubated
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for 15 min at 25°C in the dark, and then 400 ul Annexin V
Binding Buffer was added to each tube. The apoptosis ratio of
chondrocytes was analyzed using FCM.

Mitochondrial membrane potential (MMP). A mitochondrial
membrane potential assay kit with JC-1 (Beyotime Institute of
Biotechnology; cat. no. C2003S) was used to assess the MMP.
Chondrocytes were incubated with JC-1 (5 pM) for 30 min and
DAPI for 5 min at 37°C, then washed three times with PBS and
observed using LSCM (magnification, x400).

The MMP was detected using MitoTracker Red CMXRos
(Beyotime Institute of Biotechnology; cat. no. C1035).
Chondrocytes were incubated with 50 nM Mito-tracker probes
for 30 min at 37°C according to the manufacturer's instruc-
tions. After staining with DAPI at 25°C for 5 min, the cells
were washed thrice with PBS, and images were captured using
LSCM (magnification, x400).

Measurement of mitochondrial and intracellular ROS.
Mito-SOX Red dye (Invitrogen; Thermo Fisher Scientific,
Inc.; cat. no. M36008) was used to assess mitochondrial ROS
levels. Chondrocytes from different groups were incubated
with Mito-Sox Red dye (5 M) for 30 min at 37°C and stained
with DAPI. The cells were then washed twice with PBS and
observed using LSCM (magnification, x400).

Intracellular ROS was detected using the ROS Assay kit
(Beyotime Institute of Biotechnology; cat. no. SO033M). After
adding the dichloro-dihydro-fluorescein diacetate (DCFH-DA)
probe at a final concentration of 10 M, chondrocytes were incu-
bated in the dark for 30 min at 37°C and then stained with DAPI.
Images were captured using LSCM (magnification, x400).

Cell proliferation. Chondrocyte growth was analyzed using
a CCK-8 cell viability kit (Dojindo Molecular Technologies,
Inc. Molecular Technologies, Inc.; cat. no. CK04-11). Briefly,
cells were seeded into 96-well plates, and DMEM containing
different concentrations of LDN was added for 1, 3, 5, or
7 days. CCK-8 reagent (10 pl) was added to each well and the
plates were incubated at 37°C for 2 h. The absorbance of the
supernatant was measured at 450 nm using a microplate reader
(Thermo Fisher Scientific, Inc.).

Seahorse metabolic flux analysis. The oxygen consump-
tion rate (OCR) was measured using the Seahorse XF 96
Extracellular Flux Analyzer (Seahorse Bioscience; Agilent
Technologies, Inc.) with the Agilent Seahorse XF Cell Mito
Stress Testkit (Seahorse Bioscience; Agilent Technologies, Inc.;
cat. no. 103015-100). Briefly, chondrocytes (2x10* cells/well)
were seeded in a Seahorse XF 96-well cell culture plate. The
loaded sensor cartridge with the utility plate was placed in the
instrument for calibration, and oligomycin (1.5 yM), fluoro-
methoxy carbonyl cyanide phenylhydrazone (FCCP, 1.5 uM),
rotenone, and antimycin A (1.25 M) were sequentially added
to each well after 20-, 40-, and 60-min. OCR data were
assessed using the Seahorse XF-96 Wave software version 2.6
(Seahorse Bioscience; Agilent Technologies, Inc.).

Statistical analysis. Data are presented as mean + SD of at
least three independent experimental repeats. Following
Shapiro-Wilk tests for assessment of normality and Levene's

test for equality of variance, a paired Student's t-test was used
to assess the differences between the control and test groups.
One- and two-way ANOVA followed by a SNK post hoc
test were used to analyze the differences in CCK-8 assays,
quantitative analysis of LC3B, TUNEL staining, Cell apop-
tosis, and MMP between multiple groups after treatment with
LDN, CRISPRa, KC7F2, or 3-MA. P<0.05 was considered to
indicate a statistically significant difference.

Results

UCHLI expression is increased under hypoxic conditions.
ADSC:s exhibited typical spindle and elongated fibroblast-like
morphology (Fig. 1A). Mesenchymal stem cell markers (such
as CD29, CD44, and CD90) and the pluripotent marker CD73
were highly expressed, whereas CD34 and CD45 (hema-
topoietic cell antigen) were undetectable (Fig. 1B). Alcian
blue staining was used to demonstrate the chondrogenic
differentiation ability of ADSCs, which was also evidenced
by upregulation of chondrogenesis-related markers such as
aggrecan, SOX9,and COL2A1 (Fig. 1C and D). The osteogenic
differentiation ability of ADSCs was confirmed by the strong
ALP and Alizarin Red staining as well as by upregulation
of osteogenesis-related markers, such as RUNX2, ALP, and
COL1 (Fig. 1E-G). Furthermore, Oil red O staining revealed
differentiation of adipocytes (Fig. 1H). These results verified
the potential of ADSCs to differentiate into multiple types of
cells.

To investigate the effects of UCHLI on apoptosis in chon-
drocytes, the chondrocytes differentiated from ADSCs were
used for subsequent experiments. The IF staining results indi-
cated that the levels of UCHL1 were enhanced under hypoxic
conditions (Fig. 11).

Hypoxia regulates mitophagy and apoptosis in chondrocytes.
The results of IF staining indicated that the protein levels of
LC3B increased under hypoxic conditions (Fig. 2A and B). To
detect apoptosis, TUNEL assays and FCM were performed,
and the results demonstrated that hypoxia reduced apoptosis
(Fig. 2C-F). As a fluorescent probe used to detect MMP, the
transformation of fluorescence of JC-1 from red to green
fluorescence is an early indicator of apoptosis. The results of
JC-1 staining also revealed that hypoxia inhibited apoptosis by
increasing MMP levels (Fig. 2G). IF staining with MitoTracker
Red revealed that MMP levels were also increased under
hypoxic conditions (Fig. 2H and I). In addition, mitochondrial
and intracellular ROS levels were significantly increased under
hypoxic conditions (Fig. 2J-M).

UCHLI mediates the mitophagy regulated by hypoxia in
chondrocytes. To further confirm whether UCHLI1 plays a
role in hypoxia-induced mitophagy, chondrocytes were treated
with LDN, a specific UCHLI inhibitor. LDN was not cytotoxic
to chondrocytes at 0, 1, 2, 4, and 8 uM concentrations after
treatment for 1, 3, 5, and 7 days as observed using CCK-8
assays. However, the proliferation of the cells was significantly
inhibited when treated with 16 uM LDN for 5 days (Fig. 3A).
Thus, 8 uM LDN was utilized for 1 day in subsequent
experiments. The increase in LC3B expression under hypoxic
conditions was reversed by LDN treatment (Fig. 3B and C).
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Figure 1. UCHLI1 expression is increased under hypoxic conditions. (A) Images of ADSCs observed under a microscope (magnification, x40). (B) Mesenchymal
stem cell antigens (CD29, CD44, CD73, and CD90) and hematopoietic cell antigens (CD34 and CD45). expressed in ADSCs were detected by flow cytometry.
(C) Alcian blue staining of ADSCs after 21 days of chondrogenic induction (magnification, x40). (D) mRNA expression of chondrogenic markers Aggrecan,
SOX9, and COL2A1 after 14days of chondrogenic induction, as analyzed. (E) ALP staining of ADSCs after 7 days of osteogenic induction (magnifica-
tion, x40). (F) Alizarin red staining of ADSCs after 14 days of osteogenic induction (magnification, x40). (G) mRNA expression of chondrogenic markers
RUNX2, ALP, and COLI after 14 days of osteogenic induction. (H) Oil red O staining of ADSCs after 21 days of adipogenic induction (magnification, x40).
(I) Immunofluorescence staining of UCHL1 (magnification, x400). "P<0.05 vs. Con. NX, normoxia; HX, hypoxia; Con, control group; UCHLI1, Ubiquitin
C-terminal hydrolase-L1; ADSCs, adipose-derived stem cells; ALP, alkaline phosphatase.

The proportion of apoptotic cells, which had decreased under  conditions was also reversed by LDN (Fig. 3H-J). These
hypoxic conditions, increased when UCHLI was inhibited results suggest that UCHL1 mediates mitophagy and apoptosis
(Fig. 3D-G). The increase in MMP observed under hypoxic  regulated by hypoxia in chondrocytes.
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Figure 2. Hypoxia regulates mitophagy and apoptosis in chondrocytes. (A and B) IF images and quantification of LC3B expression (magnification,
x400). (C and D) Representative IF images and quantification of TUNEL staining (magnification, x40). (E and F) Apoptosis was analyzed using the
Annexin-APC/7-AAD kit and measured using FCM. (G) MMP was measured by IF using the JC-1 dye (magnification, x400). CCCP was used as a positive
control. (H and I) Representative IF images and quantitative analysis of MitoTracker Red staining (magnification, x400). (J and K) Representative IF images
and quantification of MitoSOX (magnification, x400). (L and M) Representative IF images and quantitative analysis of DCFH-DA (magnification, x400).
“P<0.05 vs. NX. NX, normoxia; HX, hypoxia; FCM, flow cytometry; CCCP, carbonyl cyanide 3-chlorophenylhydrazone; IF, immunofluorescence.

The CRISPRa system effectively activates UCHLI. Next, the
CRISPRa module was used to activate UCHLI expression. BV
was designed to express the CRISPRa module, which expressed
sgRNA under the human U6 promoter and dCas9-VPR under
the rat EF-la promoter (Fig. 4A). dCas9 is derived from
Staphylococcus aureus (Sa) and has a protospacer-adjacent
motif (PAM, NNGRRT). Bac-Sa-UCHLI expressed the
Sa-dCas9-VPR and its associated sgRNA. As a control,
Bac-Sa-con that expressed Sa-dCas9-VPR but not sgRNA
was constructed (Fig. 4A). Chondrocytes were transduced
with Bac-Sa-con or Bac-Sa-UCHLI (designated as Sa-con
and Sa-UCHLI1 groups, respectively). UCHLI1 expression was
analyzed by RT-qPCR at 3, 5, 7, and 14 dpt. Compared with
the Sa-con group, Sa-UCHLI triggered significant UCHLI1
upregulation for 7 days (Fig. 4B), suggesting that the CRISPRa
system activated UCHLI expression for at least 7 days. The

expression levels of HIF-1a were increased in the Sa-UCHLI1
group (Fig. 4C and D), while the intracellular ROS levels
remained unchanged (Fig. 4E and F), indicating that endog-
enous activation of UCHLI could induce the expression of
HIF-1a without affecting intracellular ROS levels.

UCHLI accelerates mitophagy, maintains mitochondrial
function, and inhibits apoptosis. Next, the effects of
endogenous activation of UCHLI1 on mitophagy, mitochon-
drial function, and apoptosis were studied. The protein
levels of LC3B were increased in the Sp-UCHLI1 group
(Fig. 5A and B), indicating the occurrence of intensive
mitophagy. The proportion of apoptotic cells was reduced
in the Sa-UCHLI group, as measured by the TUNEL assay
and FCM (Fig. 5C-F). IF images of cells stained with
MitoTracker Red and JC-1 dyes revealed that the MMP
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Figure 3. UCHLI mediates the mitophagy regulated by hypoxia in chondrocytes. (A) CCK-8 assays of LDN-treated cells at the indicated concentrations.
(B and C) Representative IF images and quantitative analysis of LC3B (magnification, x400). (D and E) Representative IF images and quantitative analysis of
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measured by IF using a JC-1 dye. CCCP was used as the positive control (magnification, x400). (I and J) Representative IF images and quantitative analysis
of MitoTracker Red staining (magnification, x400). "P<0.05 vs. 0 M. NX, normoxia; HX, hypoxia; UCHLI, Ubiquitin C-terminal hydrolase-L1; FCM, flow
cytometry; CCCP, carbonyl cyanide 3-chlorophenylhydrazone; IF, immunofluorescence; LDN, LDN-57444.
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Figure 5. UCHLI accelerates mitophagy, maintains mitochondrial function, and inhibits apoptosis. (A and B) IF images and quantification of LC3B expression
(magnification, x400). (C and D) Representative IF images and quantification of TUNEL staining (magnification, x40). (E and F) Apoptosis was analyzed
using the Annexin-APC/7-AAD kit and assessed using FCM. (G and H) MMP was measured by IF using JC-1 dye (magnification, x400). CCCP was used as
a positive control. (I and J) Representative IF images and quantitative analysis of MitoTracker Red staining (magnification, x400). (K) OCR of chondrocytes
following activation of UCHLI using the CRISPRa system. (L) Effects of UCHLI1 activated by CRISPRa on basal respiration, ATP production, maximal
respiration, and spare respiratory capacity estimated using the OCR assay are shown. "P<0.05 vs. Sa-con. UCHLI1, Ubiquitin C-terminal hydrolase-L1; Sa,
Staphylococcus aureus; CCCP, carbonyl cyanide 3-chlorophenylhydrazone; IF, immunofluorescence; OCR, oxygen consumption rate; FCCP, fluoromethoxy

carbonyl cyanide phenylhydrazone.

increased in the Sa-UCHLI1 group (Fig. 5G-J). To investi-
gate the mechanism by which endogenous activation of
UCHLI1 orchestrated mitochondrial function, the OCR of
chondrocytes was measured according to the manufacturer's
instructions. The results revealed that the OCR in chondro-
cytes was enhanced by the endogenous activation of UCHLI1
(Fig. 5K). Specifically, UCHLI increased basal respiration,
ATP production, maximal respiration, and spare-respiratory
capacity to maintain mitochondrial functions (Fig. 5SL).

HIF-1a mediates mitochondrial functions modulated by
UCHLI. To determine whether the effect of UCHLI1 on
mitophagy is dependent on HIF-1a, a specific inhibitor of
HIF-10, KC7F2, was used to ascertain the mechanism of action
of UCHLI in mitophagy. As shown in Fig. 6A, the expression
of LC3B was increased by UCHLI in chondrocytes. However,
the augmented LC3B expression was inhibited by treatment

with KC7F2 (Fig. 6A and B). The reduced ratio of apoptosis
in chondrocytes via activation of UCHL1 was augmented by
treatment with KC7F2 (Fig. 6C and D). OCR data indicated
that chondrocytes displayed a higher OCR of cellular metabo-
lism due to the activation of UCHLI1. However, this increase in
OCR was inhibited by treatment with FC7F2 (Fig. 6E). These
results showed that HIF-1a mediated mitochondrial functions
modulated by UCHLI.

Mitophagy mediates the inhibition of apoptosis by UCHLI.
To examine the correlation between autophagy and apoptosis,
cells in both the normoxia and hypoxia groups were subjected
to treatment with 3-MA. The inhibition of mitophagy by
3-MA resulted in the cessation of LC3B accumulation
induced by hypoxia (Fig. 7A and B). Additionally, the inhibi-
tion of mitophagy eliminated the hypoxia-induced increase in
MMP (Fig. 7C-E) and suppressed apoptosis (Fig. 7F-1). These
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observations signify that the inhibition of apoptosis is contin-
gent upon enhanced mitophagy.

Discussion

ADSCs have been widely used to treat diabetic foot
disease (33), knee osteoarthritis (34), and cirrhosis (35) given
their abundance, convenience of access, and low immuno-
genicity (36). A growing body of research has verified that
ADSCs have significant potential in restoring the structure
and functions of damaged tissues and may thus serve as novel
treatment approaches for various refractory diseases such as
cartilage defects (31). In the current study, it was found that
UCHLI1 expression was notably increased under hypoxic
conditions in ADSC-derived chondrocytes. Given that UCHL1
abrogates VHL-mediated ubiquitination of HIF-1a (28) and
that HIF-1a can alleviate apoptosis and senescence in chon-
drocytes through mitophagy (16), it was hypothesized that
UCHLI could alleviate apoptosis in chondrocytes via HIF-1a.
Consistent with this hypothesis, the results of the current study

suggested that UCHLI attenuated apoptosis in chondrocytes
derived from ADSCs via upregulation of HIF-la-mediated
mitophagy.

During mitophagy, cytosolic LC3B is recruited to the
mitochondria, forming LC3B-positive puncta. The presence
of LC3B puncta indicates the initiation of mitophagy (37).
Moreover, efficient mitophagy helps maintain optimal MMP
levels by facilitating the removal of damaged mitochondria,
preventing their accumulation and associated metabolic
defects (38). Therefore, LC3B and MMP were chosen as
markers for mitophagy and detected in this study.

The response of chondrocytes to hypoxia-mediated by
HIF-1a plays a vital role in regulating chondrogenesis by
maintaining appropriate extracellular matrix production (39)
and directing progenitor cell differentiation (21). In the present
study, the in vitro experiments illustrated that hypoxia attenu-
ated apoptosis and induced mitophagy, suggesting that hypoxia
plays a role not only in regulating chondrogenesis, but also in
cell survival. As hypoxia aids in the maintenance of chondral
tissue, controlling the oxygen pressure may be an effective
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strategy for engineering chondral tissues. However, hypoxia
has been reported to cause oxidative stress and promote poten-
tially undesirable effects on cell metabolism which may be
detrimental to the formation of healthy chondral tissues (26).
Consistent with these results, the results of the present study
demonstrated that mitochondrial and intracellular ROS levels
in chondrocytes were significantly increased under hypoxic
conditions. Therefore, stabilization of HIF-1a. under normoxic
conditions has the potential to provide beneficial pro-chondro-
genic effects of hypoxia in a potentially less deleterious and
controlled manner.

Cofactors, such as p300 and the CREB-binding protein
(CBP), are required to be recruited to the HIF transcriptional
complex when HIF-1a binds to the Hypoxia response element
in target gene promoters. The key residue present on HIF-1a
that is involved in its binding with p300/CBP is asparagine-803
(Asn-803), which is also a target of 2-oxoglutarate (2-OG).
As a factor inhibiting HIF-1a, 2-OG hydroxylates Asn-803
on HIF-1a, thereby preventing the binding of p300/CBP
to HIF-la, and in turn, disrupting the function of the HIF
transcriptional complex (40-42). Certain compounds are
reported to stabilize HIF-1a and enhance its binding through
transcriptional cofactors under normoxic conditions. Among
these compounds, dimethyloxalylglycine (DMOG) acts by
competing with 2-OG by engaging the binding pocket of the
prolyl hydroxylase active site (43). Recent research revealed
that DMOG-loaded grafts promote vascular regeneration by

stabilizing HIF-1a (44). Moreover, DMOG-doped zeolitic
imidazolate frameworks-8 significantly promoted vascular-
ized bone regeneration, primarily through the activation of
HIF-1a (45). Nevertheless, although promising, DMOG lacks
a high degree of specificity and may also target similarly
structured enzymes that are essential for the formation of
the collagen triple helix (46). In the present study, to stabilize
HIF-1a under normoxic conditions in a controlled manner,
endogenous UCHLI1 was activated using the CRISPRa
system. The results demonstrated that the intracellular ROS
levels in chondrocytes were not increased following activa-
tion of UCHLI. Furthermore, UCHLI1 accelerated mitophagy,
maintained mitochondrial functions, and inhibited apoptosis
by stabilizing HIF-1a.

In 1981, UCHLI1 was initially described as a soluble nervous
system-specific protein (47). Additional studies extended these
observations by showing that UCHL1 was not only present in
neurons of the central nervous system, but also in the heart (27),
kidney (48), intervertebral disc (49), and periodontium (50). IF
staining demonstrated that subcellular localization of UCHLI
is closely associated with the endoplasmic reticulum and mito-
chondria in neuroblastoma cells (51). Moreover, UCHLI1 was
shown to influence the morphology and respiratory functions
of mitochondria in skeletal muscles, suggesting the existence
of a link between UCHLI and mitochondria of vital organ-
elles (52). Recent reports suggest that UCHLI can stabilize
HIF-1a via abrogating ubiquitination of HIF-1a (27,28). Based
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on these experiments, the role of UCHLI1 on mitochondrial
functions was assessed and it was found that UCHLI induced
mitophagy by abrogating the ubiquitination of HIF-1a in
chondrocytes derived from ADSCs. In addition to regulating
mitophagy, UCHLI plays a role in mitochondrial dynamics
and bioenergetics (53). Downregulation of UCHLI reduces
the levels of the mitochondrial fusion protein Mitofusin-2,
resulting in mitochondrial enlargement and disruption of the
tubular network in various cell lines (51). In addition, the
respiratory function of the mitochondria was enhanced by the
activation of UCHLI in the present study. Thus, the effects of
UCHLI1 on mitochondria are multifaceted and require further
investigation.

The CRISPRasystemis an RNA-guided gene editing system
repurposed from CRISPR-Cas9 and comprises gRNA and
catalytically dead Cas9 (dCas9) (54). The gRNA was composed
of a scaffold sequence responsible for dCas9 binding and a
spacer sequence to recognize the target DNA. dCas9 is derived
from mutated Cas9, the orthologs of which are derived from
different bacteria such as Streptococcus pyogenes (SpCas9),
Staphylococcus aureus (SaCas9), and Neisseria menin-
gitides (NmCas9), among which SpCas9 is the most widely
used (35). As the dCas9-VPR from Staphylococcus aureus
(SadCas9-VPR) is more efficient than that from Streptococcus
pyogenes in ADSCs (31), SadCas9-VPR was used in the
present study. The SpdCas9 protein can be fused with a tran-
scription activator (such as VP64) for CRISPRa of the target
gene. In the present study, for more robust gene activation,
SpdCas9 was fused with a tripartite activator, VPR, consisting
of VP64, p65, and Rta to form SpdCas9-VPR to activate
UCHLI, and the results demonstrated that UCHL1 expression
was activated for at least 7 days. The size of SpdCas9-VPR is
~5.8 kb, which exceeds the packaging capacity of commonly
used adeno-associated virus (55). Baculoviruses can deliver
large amounts of genetic cargo (at least 38 kb) into ADSCs
with an efficiency of >95%. As a non-pathogenic insect virus,
baculoviruses neither replicate nor integrate their genome into
the chromosomes of transduced cells, thereby minimizing
their potential genotoxicity (31). Therefore, a baculovirus was
employed to deliver the CRISPRa system to ADSCs in the
current study.

Improving the safety profile of BV leads to short-term trans-
gene expression, which is insufficient to maintain the long-term
survival of ADSCs. The Cre/loxP-based hybrid BV system
consists of a vector expressing Cre recombinase and another
vector carrying a transgene cassette flanked by loxP sites,
enabling the formation of DNA minicircles that can persist inde-
pendent of chromosomes and prolong transgene expression (29).
This is an area of ongoing research in our laboratory.

The present study investigated the impact of UCHLI on
chondrocytes, and shed light on its ability to prevent cell
apoptosis via upregulation of HIF-lo-mediated mitophagy.
By suppressing apoptosis, UCHLI1 provides innate protec-
tion to chondrocytes and potentially contributes to sustaining
cartilage integrity. This finding highlights novel avenues
for cartilage tissue engineering by identifying UCHLI as
a molecular target for therapeutic interventions aimed at
promoting cartilage repair. Additionally, the observed effects
of UCHLI on HIF-la mediated mitophagy provide valuable
insights into potential mechanisms for maintaining cellular
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homeostasis within cartilage tissues. These results not only
contribute to our understanding of the underlying processes
involved in cartilage health but also suggest a novel method
for future cartilage repair. By harnessing the effect of UCHLI
and its ability to inhibit apoptosis and preserve mitochondrial
function, researchers may develop innovative therapies to
rejuvenate or regenerate damaged cartilage.
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