Cellular and Molecular Life Sciences (2022) 79:405

https://doi.org/10.1007/500018-022-04427-7 Cellular and Molecular Life Sciences

=

Check for
updates

ORIGINAL ARTICLE

LncRNA CRNDE hinders the progression of osteoarthritis by epigenetic
regulation of DACT1

Ziqgi Zhang'2® . Pei Yang' - Chunsheng Wang' - Run Tian'

Received: 16 August 2021 / Revised: 10 June 2022 / Accepted: 13 June 2022 / Published online: 8 July 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract

Osteoarthritis (OA) is mainly characterized by articular cartilage degeneration, synovial fibrosis, and inflammation. LncRNA
CRNDE (colorectal neoplasia differentially expressed) has been reported to be down-regulated in age-related OA, but its role
in injury-induced OA needs to be further explored. In this study, an OA rat model was established using anterior cruciate
ligament transection, and the adenovirus-mediated CRNDE overexpression (Ad-CRNDE) or DACT1 (dapper antagonist of
catenin-1) interference (sh-DACT1) vectors were administered by intraarticular injection. Moreover, chondrocyte-like ATDCS
cells were treated with IL-1p (10 ng/mL) to simulate OA conditions in vitro. We found that overexpression of CRNDE alle-
viated cartilage damage and synovitis in OA rats, and suppressed IL-1p-induced apoptosis, inflammation, and extracellular
matrix (ECM) degradation in chondrocyte-like ATDCS cells, while silencing DACT1 effectively antagonized the protec-
tive effect of CRNDE both in vivo and in vitro. Mechanism studies revealed that DACT1 could act as a downstream target
of CRNDE. By recruiting p300, CRNDE promoted the enrichment of H3K27ac in the DACT1 promoter, thus promoting
DACT]1 transcription. In addition, CRNDE hindered the activation of the Wnt/pB-catenin pathway in IL-1f-stimulated cells
by inducing DACT1 expression. In conclusion, CRNDE promoted DACT1 expression through epigenetic modification and
restrained the activation of Wnt/p-catenin signaling to impede the progression of OA.
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Introduction

Osteoarthritis (OA) is a degenerative disease involving
joints, and usually characterized by articular cartilage degen-
eration, synovial fibrosis and inflammation, subchondral
bone sclerosis, and osteophyte formation [1]. In the world,
among people older than 60, approximately 10% of men and
18% of women suffer from this disease [2]. The incidence
of OA is high, and currently there are no effective drugs to
prevent or reverse the disease progression [3]. Joint replace-
ment is effective in the treatment of end-stage disease, but its
prognosis is poor [4]. This prompted us to conduct a more
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in-depth study on the pathogenesis of OA, so as to provide
new ideas for the early prevention of OA.

With the continuous advancement of high-throughput
technologies, such as transcriptome and whole-genome
sequencing, people have gradually realized that non-coding
RNAs account for the vast majority (98%) of the human
genome, and protein-coding RNAs account for only a small
portion (2%) [5]. Long non-coding RNAs (IncRNAs) are
RNA molecules with limited protein-coding ability due to
the lack of open reading frames, and their length is greater
than 200 nucleotides [6]. Recently, IncRNAs as novel non-
coding RNAs have received widespread attention. Growing
evidence indicates that some IncRNAs are involved in many
biological and pathological regulation processes through
epigenetic regulation (including acetylation, methylation
and ubiquitination) [7-9].

LncRNA CRNDE (colorectal neoplasia differentially
expressed) has been reported to play a carcinogenic effect
in various human cancers, including colorectal cancer [10],
liver cancer [11], osteosarcoma [12], and cervical cancer
[13]. The mechanisms by which CRNDE works are multiple,
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and a previous research demonstrated that CRNDE can pro-
mote the progression of colorectal cancer through epige-
netic silencing gene expression [14]. In addition, CRNDE
has been identified as a key gene in age-related OA, with
decreased expression in OA [15]. However, the role of
CRNDE in injury-related OA and the mechanisms involved
need to be further studied.

It has been reported that the classic Wnt/fB-catenin sign-
aling pathway is abnormally activated in OA, and effective
inhibitors of the Wnt pathway can alleviate the severity of
OA and reduce cartilage degeneration and synovitis in vivo
[16]. The Dapper Antagonist of Catenin-1 (DACT1) gene
is located at 14q22.3 and has been reported as an effective
inhibitor of the Wnt signaling, playing an important role in
the progression of many human cancers [17-19]. Moreo-
ver, SIRT1 regulates DACT1 expression through deacety-
lation [20]. In addition, a whole genome chip sequencing
data showed that DACT1 was down-regulated in human OA
knee tissues [21], suggesting its possible involvement in the
occurrence of OA.

In this study, we demonstrated that CRNDE was down-
regulated in the OA rat model, and its high expression
impeded the development of OA. CRNDE bound to DACT],
and knockdown of DACT1 functionally antagonized the pro-
tective effect of CRNDE on cartilage injury. In addition,
we found that CRNDE might regulate DACT]1 transcription
through epigenetic modification. Our data may provide evi-
dence for CRNDE as a potential therapeutic target for OA.

Materials and methods
Model establishment

Healthy specific pathogen-free 6-week-old Sprague Daw-
ley (SD) rats (weighing 200 20 g) were purchased from
Vital River Laboratory Animal Technology (Beijing,
China). Rats were fed in a clean animal room (21 +3 C;
relative humidity, 50 + 10%) with free access to food and
drink under a 12 h dark/light cycle. Rats were randomly
assigned into six main groups: (1) OA group (n=38): rats
underwent anterior cruciate ligament transection surgery
as previously described [22] to destabilize the joints and
induce OA; (2) Sham group (n=28): a similar incision was
made in the right joint capsule of the rat without cutting
the ligament; (3) OA + Vector group (n=28): On day 2 after
OA induction, control vector (30 pL) was injected into the
joint; (4) OA + Vector + sh-NC group (n=38): On day 2 after
OA induction, control vector (20 pL) 4+ sh-NC (20 pL) were
injected into the joint; (5) OA + Ad-CRNDE group (n=28):
On day 2 after OA induction, adenovirus-mediated CRNDE
overexpression vector (30 pL) was injected into the joint; (6)
OA + Ad-CRNDE +sh-DACT1 group (n=8): On day 2 after
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OA induction, Ad-CRNDE (20 pL) + adenovirus-mediated
DACT]1 interference vector (Ad-sh-DACTI, 20 pL) were
injected into the joint. All intra-articular injections were
performed within a 1-cm? area around the ligament tran-
section every 2 weeks for 6 weeks. The dosage of adenovi-
rus solution was 2 x 10'” pfu/mL. The rats were euthanized
6 weeks after surgery and the knee joint tissues were sepa-
rated for subsequent experiments. All animal experiments
were approved by the Second Affiliated Hospital of Xi’an
Jiaotong University Animal Ethics Committee and were
performed in accordance with the Committee’s guidelines.

Cell differentiation and culture

ATDCS cell line was purchased from Riken BioResource
Center (Tsukuba, Japan). Undifferentiated ATDCS cells
were cultured in DMEM/F12 medium (Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 5% fetal
bovine serum (Gibco, Rockville, MD) and 1% P/S (penicil-
lin/streptomycinat) at 37 °C in 5% CO,. When the cell con-
fluence reached about 75%, 1% insulin—transferrin—selenite
(ITS) was added to the medium, and then the medium was
changed every two days to induce the cells to differentiate
into chondrocyte-like cells. Cells were used for the subse-
quent experiments after 2 weeks of differentiation in culture.
And cells were kept in monolayer culture in this study.

Isolation and culture of human primary chondrocyte

Normal articular cartilage tissues from 3 patients (aged
55-65 years) undergoing joint replacement surgery were col-
lected for primary chondrocyte extraction. In brief, cartilage
tissues were cut into small pieces, and treated respectively
with 0.2% trypsin for 0.5 h and 0.2% collagenase II for 2 h.
The harvested cells were placed in DMEM/F12 medium
(Thermo) containing 10% fetal bovine serum (Gibco) and
1% penicillin—streptomycin and incubated at 37 °C in 5%
CO,. In this study, primary cells were kept in monolayer cul-
ture. The second passage cells were seeded in 6-well plates
for cell transfection or treatment.

Cell transfection

Adenovirus-mediated CRNDE, DACT1 and p300 over-
expression vectors were constructed using full-length
sequences of CRNDE, DACT1 and p300. The adenovirus
vectors containing small hairpin RNA (shRNA) sequence
targeting CRNDE (sh-CRNDE), DACT1 (sh-DACT1),
p300 (sh-p300) or negative control vector (sh-NC) were
amplified and cloned by GeneChem (Shanghai, China). All
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transfection was performed using Lipofectamine® 3000 rea-
gent (Thermo Fisher Scientific, Waltham, MA, USA).

Cell proliferation

Cells were seeded into 96-well plates and incubated at 37 °C
under 5% CO, for 24 h. After treatment, 10 pL of MTT rea-
gent was added into each well, and then cells were incubated
at 37°C for 4-6 h. After that, the supernatant was discarded
and 100 pL of DMSO was added into each well. The absorb-
ance of each well was measured at a wavelength of 450 nm
after the crystals were sufficiently dissolved.

Cell apoptosis

Apoptosis analysis was carried out using Annexin V-FITC/
propidium iodide (PI) apoptosis detection kit (Multisciences,
Shanghai, China). In brief, the treated cells were washed
with pre-cooled PBS and cell suspension was prepared.
Next, 100 pL of cell suspension was incubated with 5 pL. of
Annexin V-FITC and 5 pL of PI in the dark for 20 min. Fluo-
rescence activated cell sorting (FACS) was used to detect
cell apoptosis.

ELISA

The concentrations of IL-6, IL-8, and TNF-« in cell superna-
tant were measured using ELISA kits (R&D Systems, USA)
according to the manufacturer’s instructions. The absorb-
ance of each well at the wavelength of 450 nm was meas-
ured. The experiment was repeated three times to obtain the
mean value.

Western blotting

Total protein extracted from cells and rat knee carti-
lage tissues was lysed with RIPA lysis buffer. CelLytic™
NuCLEAR™ Extraction Kit (Sigma, St. Louis, MO, USA)
was used to extract nuclear proteins. Protein concentra-
tions were determined using the BCA Assay Kit (Beyotime,
Shanghai, China). Equal amounts of protein were separated
on 10% SDS/PAGE gels and then transferred onto PVDF
membranes (Millipore, Billerica, MA, USA). After blocking
in 5% skim milk at room temperature for 2 h, membranes
were incubated at 4 °‘C overnight with primary antibod-
ies including anti-ADAMTS-5 (ab41037, 1:250, Abcam,
Cambridge, UK), anti-MMP13 (ab51072, 1:1000, Abcam),
anti-Collagen 2 (ab188570, 1:1000, Abcam), anti-Aggre-
can (ab3778, 1:1000, Abcam), anti-p-catenin (ab68183,
1:500, Abcam), anti-DACT1 (ab42547, 1:1000, Abcam),
anti-c-Myc (ab32072, 1:1000, Abcam) and anti-Cyclin D1
(ab16663, 1:200, Abcam). Then, membranes were incubated
with HRP-conjugated specific secondary antibodies for 2 h

at room temperature. Protein band signals were measured
using enhanced chemiluminescence reagents (Beyotime).
Image J software was used to analyze the gray level of bands.

RT-qPCR

Total RNA was extracted from cells and rat knee cartilage
and synovial tissues using TRIzol kit (Invitrogen, Carls-
bad, CA, USA). 1 pg of RNA was reverse-transcribed to
cDNA using a Reverse Transcription Kit (Takara, Dalian,
China). Synthesized cDNAs were used for RT-qPCR using
SYBR Premix Ex Taq Kit (Takara). The thermal cycling
conditions were as follows: 3 min at 95 °C, and 35 cycles
for 15 s at 95 °C, 30 s at 60 °C, and 15 s at 72 °C. The
relative mRNA levels were normalized to GAPDH and
calculated using 2722¢T method. DACT1: 5-GGA AGA
GGA CAG GCT TGG AAA C-3' (S) and 5'-GTC CCA
TTG TTC AGA GAA GGT ATC-3' (R). CRNDE: 5-TGA
AGG AAG GAA GTG GTG CA-3' (S) and 5'-TCC AGT
GGC ATC CTA CAA GA-3' (R).

Chromatin Imnmunoprecipitation (ChIP) assay

ChIP assay was carried out using the EZ ChIP™ Chro-
matin Immunoprecipitation Kit (Millipore, Burlington,
MA) in accordance with the manufacturer’s protocol. In
brief, cells were incubated with formaldehyde for 10 min
to produce DNA—protein crosslinks. Next, the cell lysates
were sonicated into 200—1000 bp chromatin fragments and
immuno-precipitated with anti-IgG (#3900, Cell Signaling
Technology, Boston, MA, USA), anti-H3K27ac (ab4729,
Abcam) and anti-p300 (ab2832, Abcam).

RNA immunoprecipitation (RIP) assay

RIP assay was performed using Magna RIP™ RNA-Bind-
ing Protein Immunoprecipitation Kit (Millipore). In brief,
the treated cells were washed by ice-cold PBS and lysed
in a radioimmu-noprecipitation buffer for 30 min at 4 °C.
Next, the whole cell lysate was incubated with A/G sepha-
rose beads coupled with anti-DACT1 (Abcam) or normal
human IgG (Millipore) antibodies. The precipitated RNA
was analyzed by qPCR.

RNA pull-down assay
The transcribed RNA was biotin-labeled with Biotin
RNA Labeling Mix (Ambio Life), treated with RNase-

free DNase I (Roche, Indianapolis, IN, USA), and purified
with an RNeasy Mini Kit (Qiagen, Valencia, CA). 1 mg
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of whole-cell lysates were incubated with 3 pg of purified
biotinylated transcripts at room temperature for 1 h. And
then the complex was isolated with streptavidin agarose
beads (Invitrogen, San Diego, CA, USA). The eluted pro-
teins were measured by Western blot analysis.

Fluorescence in situ hybridization analysis (FISH)

RNA FISH probe was synthesized by Rochen Pharma
(Shanghai, China). Briefly, ATDCS5 cells were fixed in 4%
formaldehyde for 15 min, washed with PBS, treated with
pepsin, and dehydrated through graded ethanol. After the
cells were air-dried, they were incubated with 40 nM FISH
probe in hybridization buffer for 2 min at 80 °C, followed
by hybridization at 55 °C for 2 h. Subsequently, the slides
were washed with 0.1 X SSC and dehydrated with graded
ethanol. Then, the slides were mounted with Prolong Gold
Antifade Reagent with DAPI, and a fluorescence microscope
(DMI4000B, Leica) was used to observe the images.

Hematoxylin and eosin (H&E) and safranin O-fast
green staining

The knee joints were fixed with 10% formalin for 12 h at
room temperature, decalcified with 0.5 M EDTA at pH 8.0
for 4 weeks, and dehydrated and embedded in paraffin. The
tissue sections were cut into 4—-6 pm thickness along the
sagittal direction, and the intervals of serial sections were
200 pm. Next, H&E and Safranin O-Fast Green staining was
performed. At least five sections for each rat were selected to
assess the degree of cartilage degeneration using the Osteo-
arthritis Research Society International (OARSI) scoring
system on a scale of 0-5 [23]. The sum of the scores in the
medial tibia and medial femur quadrants was averaged as
the final score. Moreover, synovial membrane inflammation
was evaluated using a synovial scoring system on a scale of
0-4 [23].

Terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay

Paraffin sections of knee joint cartilage tissues were stained
using TNUEL (Roche, Basel, Switzerland) method in
accordance with the manufacturer's protocol. After staining,
normal cells showed purple-blue, and apoptotic cells showed
yellow—brown. At least 5 sections were selected from each
rat to evaluate the percentage of TUNEL-positive cells. The
apoptotic cells and total cells were counted using Image J
software, and apoptosis rate = 100% X (apoptotic cells / total
cells).
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Statistical analysis

All data in this study were analyzed using SPSS 22.0 soft-
ware (IBM Corp., Armonk, NY). Data were presented as
mean + standard error of mean (mean + SEM). The Shap-
iro—Wilk test was used to verify the normal distribution of
data. Levene’s test was used for variance homogeneity veri-
fication. The statistical significance of groups was detected
using Student’s t test and analysis of variance (ANOVA).
The level of significance was set at *P <0.05.

Results

Overexpression of CRNDE alleviated cartilage injury
in an OA rat model

To explore the role of CRNDE in OA, we used anterior cru-
ciate ligament transection to establish an OA rat model, and
Ad-CRNDE was administered by intraarticular injection.
Our results showed that CRNDE expression in knee cartilage
and synovial tissues was significantly reduced in OA rats
compared with that in the sham group, and the injection of
Ad-CRNDE observably increased the expression of CRNDE
(Fig. 1A, B). Next, optical microscopy was used to observe
the pathological changes of knee cartilage in each group.
As shown in Fig. 1C-E, in the sham group, the cartilage
surface was smooth, and chondrocytes were orderly arranged
with no cartilage hyperplasia, cartilage sclerosis and syno-
vial hyperplasia, and no significant inflammatory cells and
blood vessels were observed in the synovial tissues. Com-
pared with the sham group, the OA group had higher OARSI
scores and synovial scores, and significant proteoglycan loss,
cartilage wear, synovial hyperplasia, and inflammatory cell
infiltration were observed in the OA group (Fig. 1C-E).
And overexpression of CRNDE markedly improved proteo-
glycan loss, cartilage damage, and synovial inflammation
(Fig. 1C-E). Moreover, immunostaining analysis indicated
that CRNDE overexpression notably increased the expres-
sion of Collagen 2 and Aggrecan in OA rats (Fig. 1F). In
addition, we found that high expression of CRNDE rescued
OA-induced apoptosis of chondrocytes in the knee joint
(Fig. 1G, H).

Overexpression of CRNDE promoted cell
proliferation and suppressed apoptosis,
inflammation and ECM degradation in IL-1B-induced
chondrocyte-like ATDC5 cells

To further explore the role of CRNDE in OA, IL-1p was
used to stimulate chondrocyte-like ATDCS5 cells to simu-
late OA condition. Meanwhile, CRNDE was overexpressed
in IL-1B-induced cells. Firstly, the CRNDE expression was
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Fig. 1 Overexpression of CRNDE hinders the progression of post-
traumatic osteoarthritis in rats. An OA rat model was established
using anterior cruciate ligament transectectomy. Ad-CRNDE (30
pL) or adenovirus empty vector (30 pL) were injected into the knee
of OA rat. Six weeks after the operation. A, B The expression of
CRNDE in knee cartilage tissues and synovial tissues was detected
using qPCR. C H&E staining (Bar=1 cm) and Safranin-O-fast green
staining (Bar=1 cm) were performed to analyze the pathological
changes of the medial tibial and medial femur plateau joints in rats.
And H&E staining (Bar=1 cm) was used to assess inflammation of
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synovial tissues at the margin of articular cartilage. D, E Osteoar-
thritis Research Society International (OARSI) scores and synovitis
scores. F The expression of Collagen 2 and Aggrecan in knee articu-
lar cartilage was detected with immunohistochemistry (Bar=1 cm).
G, H TUNEL staining (Bar=1 cm) of the medial tibial and medial
femur plateau joints was conducted to assess cell apoptosis, and the
apoptotic cells and total cells were counted using Image J software.
The sample size was n=8, and each test was independently repeated
at least three times. One-way ANOVA was used to detect differences
among groups. *P <0.05, **P <0.01
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Fig.2 Protective effects of CRNDE on IL-1B-induced apoptosis,
inflammation and ECM degradation in chondrocyte-like ATDCS
cells. Ad-CRNDE was used to infect chondrocyte-like ATDCS cells
for 24 h, and then IL-1p (10 ng/mL) was used to treat cells for 24 h.
A CRNDE expression was measured with qPCR. B Cell proliferation
was detected using MTT assay. C Fluorescence activated cell sorting
(FACS) was performed to analyze cell apoptosis. D The concentra-

measured, and it was downregulated after IL-1p treatment,
but increased after transfection with Ad-CRNDE (Fig. 2A).
Besides, IL-1f induction led to reduced cell proliferation,
and increased apoptosis and inflammatory factor (includ-
ing IL-6, IL-8 and TNF-a) secretion, which was partially
abolished by CRNDE overexpression (Fig. 2B-D). Moreo-
ver, the expression of ECM degradation-related biomark-
ers was evaluated, and higher expression of MMP13 and
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tions of IL-6, IL-8 and TNF-« in cell supernatant were determined
by ELISA. E The protein levels of MMP13, ADAMTS-5, Collagen
2 and Aggrecan were measured using Western blotting. The sam-
ple size was n=>5, and each test was independently repeated at least
three times. One-way ANOVA was used in A and C-E, and two-way
ANOVA was used in B. *P <0.05, **P <0.01

ADAMTS-5, and lower protein levels of Collagen 2 and
Aggrecan were observed in IL-1p treatment group than
in control group (Fig. 2E). However, overexpression of
CRNDE reversed the promotion effect of IL-1p on ECM
degradation (Fig. 2E).



LncRNA CRNDE hinders the progression of osteoarthritis by epigenetic regulation of DACT1

Page70f17 405

CRNDE targeted DACT1 and modulated its
expression

It is reported that DACT1 is down-regulated in OA
knee tissues, and its low expression may be related to
the progression of OA [21]. So we determined DACT1

expression in OA in vivo and in vitro models, and the data
displayed that the mRNA and protein levels of DACTI
were decreased both in OA rat tissues and IL-1f-treated
chondrocyte-like ATDCS cells compared with that in nor-
mal cartilaginous tissues and un-treated cells (Fig. 3A-D).
Next, to explore whether DACT1 was a downstream tar-
get of CRNDE, RIP and RNA pull-down assays were
performed. The results in RIP assay showed a significant
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Fig.3 DACT]I is a downstream target of CRNDE. A, B The mRNA
and protein levels of DACT1 in the OA rat model were assessed.
C, D The mRNA and protein levels of DACT1 in IL-1p-stimulated
chondrocyte-like ATDCS5 cells were detected. E RIP assay was per-
formed in chondrocyte-like ATDCS cells to confirm the binding of
CRNDE and DACT1. F RNA pull-down was carried out in chondro-
cyte-like ATDCS cells to verify the binding of CRNDE and DACT1

using CRNDE probe. G, H Ad-CRNDE, sh-CRNDE or their respec-
tive controls were transfected into chondrocyte-like ATDCS cells, and
the mRNA and protein levels of DACT1 were analyzed. Ad-CRNDE
was normalized to Vector and sh-CRNDE was normalized to sh-NC.
The sample size was n=5, and each test was independently repeated
at least three times. Student’s t test was used to detect differences
between two groups. *P <0.05
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enrichment of CRNDE using DACT1 antibody compared
with IgG antibody (Fig. 3E). And RNA pull-down assay
showed a prominent enrichment of DACTI protein in
CRNDE-protein complexes (Fig. 3F). Furthermore, we
also found that the mRNA and protein levels of DACT1
were upregulated after overexpressing CRNDE, while
downregulated after silencing CRNDE (Fig. 3G, H).

DACT1 inhibition abolished the protective effects
of CRNDE on IL-1B-stimulated chondrocyte-like
ATDC5 cells

To study whether CRNDE modulated cell functions by
regulating DACT1 expression, Ad-CRNDE was trans-
fected into IL-1f-stimulated cells alone, or together with
sh-DACT1. The results indicated that CRNDE overexpres-
sion upregulated the mRINA and protein levels of DACT1 in
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Fig.4 Silencing DACT1 abolished the protective effect of CRNDE
on IL-1f-induced cell damage. Ad-CRNDE was transfected into
chondrocyte-like ATDCS cells alone or together with sh-DACT]1 for
24 h, and then IL-1p (10 ng/mL) was used to treat cells for 24 h. A,
B The mRNA and protein expression of DACT1 was detected with
qPCR and Western blot analysis. C Cell proliferation was detected
using MTT assay. D FACS was performed to analyze cell apopto-
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sis. E The concentrations of IL-6, IL-8 and TNF-a in cell superna-
tant were determined by ELISA. F The protein levels of MMP13,
ADAMTS-5, Collagen 2 and Aggrecan were measured using Western
blot analysis. The sample size was n=5, and each test was indepen-
dently repeated at least three times. One-way ANOVA was used in A,
B and D, F, and two-way ANOVA was used in C. *P <0.05
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Fig.5 CRNDE promoted DACT1 expression by increasing H3K27
acetylation in chondrocyte-like ATDCS5 cells. A Using UCSC
and ENCODE online databases, H3K27ac was found to be highly
enriched in the DACT1 promoter region. B Cytoplasmic & Nuclear
RNA Purification Kit was used to isolate cytoplasmic and nuclear
RNA. And the expression of CRNDE in the nucleus and cytoplasm
was evaluated using qPCR. U6 and GAPDH were used as nuclear
and cytoplasmic markers, respectively. C FISH analysis (Bar=2 cm)
of the enrichment level of CRNDE in nucleus of chondrocyte-like
ATDCS cells. D ChIP assay performed in chondrocyte-like ATDC5
cells showed the enrichment of H3K27ac in the DACT1 promoter
region. E Chondrocyte-like ATDCS cells were treated by IL-1f for

24 h, and then the the enrichment of H3K27ac in the DACT1 pro-
moter was analyzed using ChIP assay. F, G After overexpression or
interference with CRNDE in chondrocyte-like ATDCS5 cells, the
enrichment of H3K27ac in DACT1 promoter was detected using
ChIP assay. H, I Chondrocyte-like ATDCS5 cells were infected with
Ad-CRNDE for 48 h, and then a histone acetyltransferase inhibitor
(C646, 25 pM) was used to treat cells for 1 h. The mRNA and protein
levels of DACT1 were determined. The sample size was n=35, and
each test was independently repeated at least three times. Student’s
t test was used to detect differences between two groups. *P <0.05,
**P<0.01
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«Fig.6 CRNDE mediated H3K27 acetylation at DACT1 promoter
region by binding to p300. A, B Ad-p300, sh-p300 or their respec-
tive controls were transfected into chondrocyte-like ATDCS cells,
and the mRNA and protein levels of DACT1 were detected. Ad-p300
was normalized to Vector and sh-p300 was normalized to sh-NC.
C ChIP assay showed the enrichment of p300 in the DACTI1 pro-
moter region. D RIP assay was performed to determine the binding
between CRNDE and p300. E After IL-1p treatment, RIP assay was
used to measure the binding of CRNDE and p300 in chondrocyte-like
ATDCS cells. F, G After overexpression or interference with p300
in chondrocyte-like ATDCS cells, the enrichment of H3K27ac in
DACT1 promoter was analyzed using ChIP assay. H, I After over-
expression or interference with CRNDE in chondrocyte-like ATDCS5
cells, the enrichment of p300 in DACT1 promoter was assessed. J, K
The mRNA and protein levels of p300 were determined after overex-
pressing or inhibiting CRNDE in chondrocyte-like ATDCS cells. Ad-
CRNDE was normalized to Vector and sh-CRNDE was normalized
to sh-NC. The sample size was n=35, and each test was independently
repeated at least three times. Student’s t test was used to detect differ-
ences between two groups. *P <0.05, **P <0.01

IL-1p-treated cells, which was observably reduced by trans-
fection with sh-DACT1 (Fig. 4A, B). Moreover, silencing
DACT1 markedly hindered the reversal effect of CRNDE
overexpression on decreased cell proliferation, and increased
apoptosis and inflammatory mediator (including IL-6, IL-8
and TNF-a) release caused by IL-1p (Fig. 4C-E). In addi-
tion, the knockdown of DACT1 also abolished the inhibi-
tory action of CRNDE on IL-1B-induced ECM degradation
by upregulating MMP13 and ADAMTS-5 expression and
downregulating the protein levels of Collagen 2 and Aggre-
can (Fig. 4F).

Additionally, we also explored the roles of CRNDE and
DACT1 in human primary chondrocytes. Our results showed
that the expression of CRNDE and DACT1 was downregu-
lated in chondrocytes after treatment with IL-1p compared
with the control, which was reversed by overexpression of
CRNDE. And treatment with DACT1 shRNA effectively
abolished the increase of DACT1 caused by CRNDE over-
expression (Fig. S1A, B). Moreover, IL-1p stimulation
significantly promoted cell apoptosis and inflammatory
factor secretion, which was suppressed by CRNDE overex-
pression. And compared with Ad-CRNDE infection group,
silencing of DACT1 observably increased cell apoptosis
and the secretion of IL-6, IL-8 and TNF-a (Fig. S1C, D).
Furthermore, treatment with IL-1p promoted ECM degrada-
tion by upregulating MMP13 and ADAMTS-5 expression
and reducing Collagen 2 and Aggrecan expression. Highly
expressed CRNDE inhibited ECM degradation compared
with the IL-1p group. And the knockdown of DACT1 facili-
tated ECM degradation in primary chondrocytes compared
with the CRNDE overexpression group (Fig. S1E). These
results suggested that the roles of CRNDE and DACT1 in

human primary chondrocytes were similar to their roles in
chondrocyte-like ATDCS cells.

Overexpression of CRNDE promoted DACT1
expression by regulating H3K27 acetylation

To deeply investigate the regulatory relationship between
CRNDE and DACT1, we explored the possible regulatory
mechanisms using online databases of UCSC and ENCODE
(Fig. 5A). And we found that H3K27ac was significantly
enriched in the promoter region of DACT1. Next, nuclear
and cytoplasmic RNA isolation assay was used to analyze
the cellular localization of CRNDE. The results showed
that CRNDE was mainly located in nucleus (Fig. 5B).
Consistently, FISH assay showed that CRNDE was mainly
enriched in the nucleus (Fig. 5C). Therefore, we speculated
that CRNDE might regulate the DACT1 expression through
histone modification at the transcriptional level. To test our
hypothesis, ChIP assay was performed in chondrocyte-like
ATDCS cells. The data showed that DACT1 promoter had
a significant enrichment in the H3K27ac antibody-precipi-
tated complex compared to the IgG (Fig. 5D). Additionally,
a notably reduced enrichment of H3K27ac was observed in
IL-1p-treated cells compared to normal cells (Fig. SE). We
also evaluated the effect of CRNDE on the enrichment of
H3K27ac in the DACT1 promoter region, and the results
displayed that overexpression of CRNDE promoted the
enrichment of H3K27ac, while silencing CRNDE hindered
the H3K27ac enrichment (Fig. 5F, G). In addition, a histone
acetyltransferase inhibitor (C646) was used to treat chondro-
cyte-like ATDCS cells, and the data indicated that treatment
with C646 reversed the increase in DACT1 mRNA and pro-
tein levels induced by CRNDE overexpression (Fig. 5SH, I).

CRNDE regulated H3K27 acetylation at the promoter
of DACT1 by binding to p300

Since C646 is an effective inhibitor of p300, the role of p300
in the regulatory effect of CRNDE on DACT1 expression
was investigated. We first detected whether the expression
of DACT]1 responded to changes in p300 expression lev-
els, and the results revealed that the mRNA and protein
levels of DACT1 was prominently upregulated after over-
expressing p300 and downregulated after the knockdown
of p300 (Fig. 6A, B). The ChIP assay showed a prominent
enrichment of DACT1 promoter in the p300 antibody-pre-
cipitated complex compared to the IgG (Fig. 6C). Moreo-
ver, RIP assay was carried out to measure the interaction
between CRNDE and p300. As shown in Fig. 6D and E,
a significant amount of CRNDE was detected using p300
antibody compared to IgG antibody, and treatment with
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Fig.7 CRNDE restrained Wnt/p-catenin pathway activation by up-
regulating  DACT1 expression in IL-Ip-treated chondrocyte-like
ATDCS cells. A, B Ad-DACT1, sh-DACT1 or their respective con-
trols were transfected into chondrocyte-like ATDCS cells, and the
expression of f-catenin in nuclear and the expression of c-Myc and
Cyclin D1 in the whole cell lysate were measured with Western blot
analysis. Ad-DACT1 was normalized to Vector and sh-DACT1 was
normalized to sh-NC. C, D Ad-CRNDE was transfected into cells
alone or together with sh-DACT1 for 24 h, and then IL-Ip was used
to stimulate cells for 24 h. The expression of B-catenin in nuclear and
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the expression of c-Myc and Cyclin D1 in the whole cell lysate were
evaluated using Western blot analysis. E, F Chondrocyte-like ATDC5
cells were treated by IL-Ip alone or together with Ad-CRNDE, and
then cells were treated with HY-122816. The expression of B-catenin
in nuclear and the expression of c-Myc and Cyclin D1 in the whole
cell lysate were analyzed with Western blot analysis. The sample size
was n=>5, and each test was independently repeated at least three
times. Student’s ¢ test was used in A, B, and one-way ANOVA was
used in C-F. *P <0.05
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IL-1p attenuated this interaction between them (Fig. 6D,
E). Additionally, we found that p300 could also regulate
the enrichment of H3K27ac in the DACT1 promoter region.
Because overexpression of p300 increased the enrichment
of H3K27ac in the DACT1 promoter region, while silenc-
ing p300 had an opposite effect (Fig. 6F, G). In addition,
a markedly increased enrichment of p300 in the DACT1
promoter region was observed in response to overexpression
of CRNDE, while silencing of CRNDE showed an opposite
role (Fig. 6H, I). However, the mRNA and protein levels of
p300 were not altered by either high or low expression of
CRNDE (Fig. 6J, K). Our results suggested that CRNDE
might function by recruiting p300 to target downstream
genes.

CRNDE restrained IL-IB-induced activation
of Wnt/B-catenin signaling by regulating DACT1
in chondrocyte-like ATDC5 cells

DACT]1 is reported to be an effective inhibitor of the Wnt
signaling pathway [24]. We overexpressed and interfered
DACT]1 in chondrocyte-like ATDCS cells, and measured
Whnt signaling activity and its downstream gene expression.
The protein levels of $-catenin in nucleus, and c-Myc and
Cyclin D1 in the whole cells were downregulated in DACT1
overexpression group, but increased in DACT] silencing
group (Fig. 7A, B). To explore whether CRNDE regulated
Whnt signaling pathway activity through regulating DACT1,
Ad-CRNDE was transfected into IL-1f-stimulated cells
alone, or together with sh-DACT1. IL-1p treatment resulted
in a significant increase in the expression of p-catenin,
c-Myc and Cyclin D1, which was rescued by overexpression
of CRNDE (Fig. 7C, D). Additionally, silencing of DACT1
abrogated the effect of CRNDE on Wnt/p-catenin pathway
activity (Fig. 7C, D). Next, we replaced the sh-DACT1 with
HY-122816 (a specific activator of the Wnt/p-catenin path-
way). Similar to the knockdown of DACT1, HY-122816
treatment could also hinder the decrease of -catenin, c-Myc
and Cyclin D1 expression caused by CRNDE overexpression
in IL-1p-induced cells (Fig. 7E, F).

Overexpression of CRNDE mitigated cartilage injury
in an OA rat model by modulating DACT1

Ad-CRNDE was administration alone or together with sh-
DACT]1 in the OA rat model to study the effect of DACT]1
in OA progress. The data showed that DACT1 expression
was downregulated in knee cartilage of OA rats. And sh-
DACTTI injection reversed CRNDE-induced increase in
DACT1 expression (Fig. 8A). As shown in Fig. 8B and C,

HE staining and Safranin O staining displayed that overex-
pression of CRNDE alleviated OA-induced cartilage wear
and loss of Safranin O, and increased OARSI score. Silenc-
ing of DACT1 hindered the protective effect of CRNDE
on knee joint damage (Fig. 8B, C). In addition, silencing
DACT]1 could also reverse the inhibitory effect of CRNDE
overexpression on OA-induced apoptosis of chondrocytes in
the knee joint (Fig. 8D, E).

Discussion

As shown in Fig. 9, CRNDE promotes DACT1 transcription
by promoting the enrichment of H3K27ac in the DACT1
promoter. Next, the DACT1 protein hinders the activity of
the Wnt signaling pathway by blocking the entry of B-catenin
into the nucleus, thereby suppressing the transcription of the
Wnt downstream target genes c-Myc and Cyclin D1, thus
inhibiting OA-induced chondrocyte damage.

OA is induced by many factors, including obesity,
mechanical injury, aging, heredity, etc. It usually occurs
in the knee, spine and hip, and patients show swelling and
pain in the joints and decreased ability to walk [25]. Healthy
cartilage consists mainly of chondrocytes [26]. Chondro-
cytes can produce cartilage extracellular matrix rich in col-
lagen (mainly type II collagen) and proteoglycans. Under
pathological conditions, chondrocytes can also activate
mechanisms that lead to the production of metalloprotein-
ases to degrade cartilage matrix [27]. In addition, after the
occurrence of OA, chondrocyte functions including prolif-
eration and secretion have undergone many changes [28].
Interleukin-1p (IL-1p) has been widely reported to be asso-
ciated with several pathological features of OA [29, 30], and
it is commonly used in the in vitro model of OA to simulate
the environment driving cartilage degradation in vivo [31].
Our results showed that treatment with IL-1p significantly
promoted cell apoptosis, inflammation and extracellular
matrix degradation in chondrocyte-like ATDCS cells. Stav
et al. indicated that IL-1f treatment for 24 h can induce
ATDCS cells to exit G1 phase and enter S phase, and facili-
tate cell proliferation [32], which is inconsistent with our
results. Our results showed that the proliferation of ATDC5
cells was not significantly changed at 24 h after treatment
with IL-1p, but was significantly inhibited at 48 or 72 h after
IL-1p treatment. The reason for this difference may be that
Stav et al. only observes changes in cell proliferation within
24 h, and the results are not comprehensive and contingent.

It is reported that IncRNAs regulate various biologi-
cal processes, including proliferation, metastasis, apopto-
sis, cell cycle transformation and cell structural integrity,
through chromatin remodeling, adsorption of miRNAs and
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Fig.8 CRNDE slowed the progression of post-traumatic OA in rats
by modulating DACT1. An OA rat model was established using ante-
rior cruciate ligament transectectomy. Ad-CRNDE was injected into
the knee of OA rats alone or together with sh-DACT1. Six weeks
after the operation, A the protein level of DACT1 in knee carti-
lage tissues was detected using Western blot analysis. B HE stain-
ing (Bar=1 cm) and Safranin-O-fast green staining (Bar=1 cm)
were used to assess the pathological changes of the medial tibial and

epigenetic modification [33, 34]. The potential importance of
IncRNAs in OA has been revealed by Fu et al. [35]. CRNDE
is up-regulated in many solid and hematopoietic cancers, and
its high expression contributes to malignant progression of
cancers [36-38]. But in osteoblasts, CRNDE appeared to be
protective, and it promoted proliferation and differentiation
of osteoblasts and could be used as a novel regulator of bone
metabolism [39]. In addition, in age-induced OA, CRNDE
is low-expressed and may serve as a key regulator for OA
[15]. Our findings indicated that local overexpression of
CRNDE by intra-articular injection of Ad-CRNDE attenu-
ated cartilage damage and synovial inflammation in OA rats.
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medial femur plateau joints in rats. C Osteoarthritis Research Society
International (OARSI) scores. D, E TUNEL staining (Bar=1 cm) of
the medial tibial plateau joint was performed to analyze cell apopto-
sis, and the apoptotic cells and total cells were counted using Image J
software. The sample size was n=8, and each test was independently
repeated at least three times. One-way ANOVA was used to detect
differences among groups. *P <0.05

Moreover, the adenoviral vector does not integrate into the
host cell genome and we intervened the OA individuals (ani-
mals) with Ad-CRNDE strictly locally, so that it is improb-
able that CRNDE is overexpressed in other tissues of the
animals to play a carcinogenic role. Therefore, injection of
CRNDE overexpression vector in knee tissues may be used
as a potential treatment for OA. In vitro, the high expression
of CRNDE hindered IL-1f-induced apoptosis, inflammation
and ECM degradation both in chondrocyte-like ATDCS cells
and human primary chondrocytes. Our data indicated the
protective role of CRNDE in OA.
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Fig.9 A schematic diagram for the effect of CRNDE on OA pro-
gression. By recruiting p300, CRNDE promotes the enrichment of
H3K27ac in the DACT1 promoter, thereby promoting DACT]1 tran-
scription and translation. DACT1 impedes the nuclear transfer of
fB-catenin, and then inhibiting the activity of Wnt signaling pathway
and the transcription of downstream target genes c-Myc and Cyclin
D1, thereby suppressing OA-induced chondrocyte apoptosis, inflam-
mation and ECM degradation

It is generally believed that the Wnt/p-catenin signaling
pathway is a unique signaling pathway that regulates the
occurrence and development of OA. Numerous studies have
shown that Wnt/f-catenin signaling plays an important role
in joint pathology by acting directly on bone, cartilage and
synovial tissues [40, 41]. Consistent with previous reports,
our results showed that the Wnt signaling was activated in
IL-1B-stimulated chondrocyte-like ATDCS cells, and the
expression of its downstream genes c-Myc and Cyclin D1
was also up-regulated. As we all know, DACT]1 is an inhibi-
tor of the Wnt pathway and can also regulate the expression
of Wnt downstream genes [24]. We found that overexpres-
sion of DACT1 suppressed the activity of Wnt signaling
in chondrocyte-like ATDCS cells. Both silencing DACT1
and treatment with a Wnt-specific activator (HY-122816)
effectively reversed the inactivation of the Wnt pathway
caused by CRNDE overexpression. DACT1 plays a dual
role in cancers. It can not only act as a tumor suppressor
in breast and liver cancers [24, 42], but also promotes the
malignant progression of colon and ovarian cancers [17, 43].
In addition, the sequencing data of Chou et al. indicated that
DACTI1 was lower expressed in OA knee tissues than in
normal knee tissues [21]. In in vivo and in vitro OA models,
DACT]1 expression was significantly reduced. And silencing
DACT1 partially abrogated the protective effects of CRNDE
on IL-1p-induced apoptosis, inflammation, and ECM deg-
radation in chondrocyte-like ATDCS cells, demonstrating
that DACT1 acted as a downstream target gene of CRNDE
function.

Increasing evidence shows that IncRNAs can activate
or inhibit target gene expression through epigenetic modi-
fications (including acetylation, methylation, ubiquitina-
tion, phosphorylation) [44]. The mechanism of IncRNAs
is closely related to its cellular localization, and IncRNAs
located in the nucleus are likely to regulate gene expres-
sion through transcriptional regulation and chromatin
modification [45]. The results in this study displayed that
CRNDE was mainly expressed in the nucleus, suggest-
ing that it might affect gene expression through epige-
netic modifications. CRNDE has been reported to promote
EZH2-mediated methylation modification of target genes
by binding to EZH2, thereby silencing gene expression
[14]. We found that CRNDE could bind to DACT1 and
might modulate its expression by mediating histone acety-
lation. Acetylation is the most common histone acyl modi-
fication and a large number of studies have demonstrated
the relationship between increased histone acetylation
levels and transcriptional activation [46]. Histone acety-
lation modification regulated by IncRNA has been widely
reported. IL-7-AS-V1 regulates H3K9ac and H3K14ac at
several inflammatory gene promoters, and promotes gene
expression by recruiting histone acetyltransferase p300
[47]. LncRNA AGAP2-AS1 increases MyD88 expression
by promoting H3K27ac in the MyD88 promoter [48].
Moreover, it is reported that SIRT1 regulates DACT1
expression through deacetylation [20]. The bioinformat-
ics analysis showed that H3K27ac enriched significantly
in the promoter region of DACT1, and CRNDE could pro-
mote the enrichment of H3K27ac in the promoter region
of DACTI. In addition, IL-1p stimulation restrained the
enrichment of H3K27ac in DACT1 promoter in chondro-
cyte-like ATDCS cells.

According to reports, many IncRNAs regulate gene
expression by binding to various histone-modifying enzymes
to affect cell functions [14]. For example, IncRNA Khps1
upregulates gene expression through recruitment of histone
acetyltransferase p300 / CBP [49]. P300 is a global co-acti-
vator of various transcription factors with histone acetyl-
transferase (HAT) activity [50]. Besides, it is reported that
RNA can directly bind to a unique region in the HAT domain
of p300 to stimulate the HAT activity of p300 [51]. Our
data revealed that CRNDE modulated H3K27ac enrichment
in the DACT1 promoter by recruiting p300 to the DACT1
promoter and binding to p300 to form a complex, which
ultimately affected the expression of DACT]I.

In conclusion, our study provided evidence that highly
expressed CRNDE might hinder the progression of OA. And
the mitigation effect of CRNDE on knee articular cartilage
injury in vivo, and chondrocyte damage in vitro might be
achieved by epigenetic promotion of DACT]1 transcription
by binding to p300. CRNDE might be used as a promising
target for OA diagnosis and treatment.
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