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LncAABRO7053481 inhibits bone marrow
mesenchymal stem cell apoptosis and promotes
repair following steroid-induced avascular necrosis

Tao Wang1'2'6, Zhi-Hong Xie2®, Lei Wang 12 Hong Luo?, Jian Zhangu, Wen-Tao Dong1'2, Xiao-Han Zheng1'2,
Chuan Ye1'2, Xiao-Bin Tian1'2, Gang Liu1'2, Xue-Song Zhu3, Yan-Lin Li%, Qing-Lin Kang5, Fei Zhang1'ZM &
Wu-Xun Peng® 2

The osteonecrotic area of steroid-induced avascular necrosis of the femoral head (SANFH) is
a hypoxic microenvironment that leads to apoptosis of transplanted bone marrow
mesenchymal stem cells (BMSCs). However, the underlying mechanism remains unclear.
Here, we explore the mechanism of hypoxic-induced apoptosis of BMSCs, and use the
mechanism to improve the transplantation efficacy of BMSCs. Our results show that the long
non-coding RNA AABR07053481 (LncAABRQO7053481) is downregulated in BMSCs and
closely related to the degree of hypoxia. Overexpression of LncAABRO7053481 could
increase the survival rate of BMSCs. Further exploration of the downstream target gene
indicates that LncAABRO7053481 acts as a molecular “sponge” of miR-664-2-5p to relieve
the silencing effect of miR-664-2-5p on the target gene Notchl. Importantly, the survival rate
of BMSCs overexpressing LncAABRO7053481 is significantly improved after transplantation,
and the repair effect of BMSCs in the osteonecrotic area is also improved. This study reveal
the mechanism by which LncAABRO7053481 inhibits hypoxia-induced apoptosis of BMSCs
by regulating the miR-664-2-5p/Notchl pathway and its therapeutic effect on SANFH.
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(SANFH) is a common orthopedic complication after high-

dose steroid hormone treatments’»2. SANFH ranks first
among all types of non-traumatic femoral head necrosis and is
one of the main diseases endangering human health worldwide3-4.
Furthermore, 80% of untreated patients are prone to collapse of
the femoral head structure and subchondral fractures in the late
stage, and the disability rate is high>~7. Therefore, early preven-
tion and treatment of SANFH are particularly important to
reduce hip disability. Preclinical studies have shown that bone
marrow mesenchymal stem cell (BMSC) transplantation may
become an ideal treatment for early SANFH®-11, However, the
transplanted BMSCs display high levels of apoptosis in the
osteonecrotic area in vivo, which limits the transplantation
efficacy!>13. The apoptosis of transplanted BMSCs is mainly
related to the local hypoxic microenvironment in the necrotic
area of the femoral head!4-17. There is still a lack of effective
intervention methods for hypoxia-induced apoptosis of trans-
planted BMSCs. How to effectively inhibit hypoxia-induced
apoptosis of transplanted BMSCs and improve the efficacy of
BMSC transplantation is a challenge for further research to
overcome.

In the research of diseases related to ischemia-hypoxia, many
non-coding RNAs (ncRNAs) have been found to play key roles in
regulating hypoxia-induced apoptosis!8-20. Long non-coding
RNA (LncRNAs) belongs to a class of ncRNAs with transcripts
that are between 200 nt and 100 kb in length. Many studies have
shown that LncRNAs are widely involved in various biological
processes, such as chromosome silencing, chromatin modifica-
tion, transcriptional activation, transcriptional interference, and
intranuclear transport21-23, LncRNA expression levels are regu-
lated by parameters of the cell growth environment, such as
hypoxic conditions. For example, under hypoxic conditions,
LncEFNA3 can promote the proliferation of breast cancer cells
from blood vessels to surrounding tissues?’. Moreover,
LncHOTTIP promotes epithelial-mesenchymal transformation
under hypoxia?>, and LncMALAT1 enhances arsenic-induced
glycolysis under hypoxiaZ6. Furthermore, the differential expres-
sion of LncRNAs may be closely related to cell function under
hypoxic conditions. However, it is unclear whether there are
differentially expressed LncRNAs that regulate hypoxia-induced
apoptosis of BMSCs transplanted to the necrotic area of the
femoral head. Therefore, searching for LncRNAs related to
hypoxia-induced apoptosis of BMSCs and understanding their
biological functions and regulatory mechanisms will help reveal
new anti-apoptotic targets and provide a novel method to reduce
hypoxia-induced apoptosis of transplanted BMSCs.

In this study, we analyzed the expression profile of LncRNAs in
BMSCs using microarray data and found that LncAABR07053481
was associated with hypoxia-induced apoptosis of BMSCs. The
role and mechanism of LncAABR07053481 as a competing
endogenous RNA (ceRNA) of mir-664-2-5p, and its effect on the
Notchl pathway and the inhibition of hypoxia-induced apoptosis
of BMSCs were determined, and the repair efficacy of inhibiting
hypoxia-induced apoptosis of BMSCs in early SANFH was eval-
uated. Our findings provide a novel idea and method for
improving the efficacy of BMSC transplantation.

Steroid—induced avascular necrosis of the femoral head

Results

LncAABR07053481 is downregulated under hypoxia and
associated with apoptosis of BMSCs. To study the effect of
hypoxia on BMSCs, we successfully isolated rat BMSCs (Supple-
mentary Fig. 1) and constructed an early SANFH rat model
(Supplementary Fig. 2a, b). Consistent with previous studies2”-28,
our data showed that the oxygen concentration in the necrotic area

of the femoral head was <0.1% (Supplementary Fig. 2c). Subse-
quently, BMSCs were cultured under hypoxia (0% O,) for 48 h to
simulate a hypoxic microenvironment, and we found that, in the
hypoxic environment, the content of reactive oxygen species (ROS)
in BMSCs was increased (Supplementary Fig. 2d, e), the mito-
chondrial membrane potential was decreased (Supplementary
Fig. 2f, g), ATP synthesis was decreased (Supplementary Fig. 2h),
the expression of apoptosis-related proteins was increased (Sup-
plementary Fig. 2i-1), and there were a large number of apoptotic
BMSCs (Supplementary Fig. 2m-o). This indicates that hypoxia
can lead to the apoptosis of BMSCs. Studies have found that
LncRNA plays an important role in the regulation of hypoxia-
induced apoptosis?®39, Therefore, to reveal the LncRNAs that
regulate BMSC apoptosis under hypoxic conditions, BMSCs were
cultured under normoxia (20% O,) or hypoxia (0% O,) conditions
for 48 h, and the LncRNA profiles of BMSCs exposed to normoxia
or hypoxia were obtained by microarray analysis. Our results
showed that 106 LncRNAs were upregulated and 173 LncRNAs
were downregulated under hypoxic conditions, with 33 potential
LncRNAs, in particular, being upregulated or downregulated by
>3-fold after hypoxia, as shown in the heatmap (Fig. la). We
focused on a LncRNA transcript that was highly downregulated
during hypoxia (i.e, LncAABR07053481, transcript ID:
ENSRNOT00000078988.1, source: Ensembl; the LncRNA tran-
script also matches LOC120101634, Accession: XR_005502377,
source: RefSeq). LncAABR07053481, located on chromosome 3, is
composed of six exons with a full-length 2112-nt transcript. Of
note, LncAABR07053481 lacks the ability to encode protein
(Fig. 1b). In addition, it does not produce any detectable peptides
according to the prediction made with CPAT and by in vitro
translation assay (Fig. 1c, d). Subsequently, to verify the microarray
data, we detected the expression of LncAABR07053481 in the
BMSC hypoxia model by qPCR, and the results were consistent
with the microarray data. Specifically, we found that the expression
of LncAABR07053481 was significantly downregulated under
hypoxia, and, with the aggravation of hypoxia, the apoptosis rate of
BMSC:s increased, while the expression of LncAABR07053481 was
continuously downregulated (Fig. le-g). In vitro, our results
showed that the expression of LncAABR07053481 in BMSCs was
downregulated under hypoxia, suggesting that LncAABR07053481
may be closely related to hypoxia-induced apoptosis of BMSCs. We
also verified the expression of LncAABR07053481 in vivo and the
relationship between LncAABR07053481 and the apoptosis of
transplanted BMSCs. In vivo, we found that, compared with the
control (Normal) group, the expression of LncAABR07053481 in
the BMSCs transplanted with the model (SANFH) group was
significantly downregulated (Fig. 1h). Moreover, the expression of
LncAABR07053481 in the BMSC transplantation group was con-
tinuously downregulated with the prolongation of transplantation
time in vivo (Fig. 1i). Thus, both in vitro and in vivo data showed
that the differential expression of LncAABR07053481 may be
closely related to hypoxia-induced apoptosis of BMSCs.

LncAABR07053481 can inhibit hypoxia-induced apoptosis of
BMSCs. To further clarify the role of LncAABR07053481 differ-
ential expression in the apoptosis of BMSCs, we transfected
BMSCs with LncAABR07053481-overexpression lentivirus (Lv-
LncAABR07053481) and LncAABR07053481-knockdown lentivirus
(shLV-LncAABR07053481), respectively. The results of gqPCR
showed that LncAABR07053481 was successfully overexpressed or
knocked down in the BMSCs (Fig. 2a). Then, to verify the key role of
LncAABR07053481 in the regulation of apoptosis in BMSCs, we first
knocked down LncAABR07053481 in BMSCs under normoxia, and
the results showed that, under normoxia, the LncAABR07053481-
knockdown group (sh AABR07053481) exhibited increased BMSC
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Fig. 1 LncAABR07053481 is downregulated under hypoxia and associated with apoptosis of BMSCs. a Cluster analysis of LncRNAs (n = 3). b Location
of LncRNA in the genome. ¢ Prediction of LncAABRO7053481 coding capability by the coding-potential assessment tool (CPAT). d The expression of the
Myc-fused protein was analyzed by immunoblotting with an anti-Myc antibody (n = 3). e, f The relationship between the degree of hypoxia and apoptosis
(n=4). g Expression of LncAABRO7053481 under different oxygen concentrations (n = 4). h Detection of LncAABRO7053481 expression in the normal
femoral head and the area of osteonecrosis by gPCR (n=6). i Detection of LncAABRO7053481 expression in BMSCs at different times after
transplantation by gPCR (n = 6). Data were shown as mean = SD. "P < 0.05; In (h), statistical significance was calculated by Student's t-test; in (f, g, i),
statistical significance was calculated by one-way ANOVA with Tukey's post hoc tests.

apoptosis compared with the empty vector group (Vec) (Fig. 2b, c).
We next subjected BMSCs to hypoxia (0% O,) for 48 h. Notably,
compared with the empty vector group, overexpression of
LncAABR07053481 in BMSCs (Oe AABR07053481) significantly
reduced the hypoxia-induced apoptosis of BMSCs (Fig. 2d, e).
Consistently, the protein level of caspase-3 (CASP-3) was also
decreased, while the expression levels of the anti-apoptosis-related
proteins Survivin and B-cell lymphoma 2 (Bcl-2) were increased in
BMSCs overexpressing LncAABR07053481 (Fig. 2f-i). Conversely,
knockdown of LncAABR07053481 in BMSCs (sh AABR07053481)
significantly increased the level of CASP-3 protein, inhibited the
expression of Survivin and Bcl-2, and further aggravated the
hypoxia-induced apoptosis of BMSCs (Fig. 2d-i).

To further determine the anti-apoptosis effect of
LncAABR07053481 in vivo, we overexpressed or knocked down
LncAABR07053481 in BMSCs, then labeled BMSCs with 1,1-
dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR)
fluorescence to track the viable BMSCs in vivo (i.e., positive
DiR-labeled cells were viable). Finally, BMSCs were transplanted
to treat the SANFH model rats, and the survival of BMSCs in vivo
was detected using the Spectrum IVIS. At 48h after BMSC
transplantation, we found that the DiR fluorescence intensity in
the operative area of the overexpression group (LD/Oe
AABR07053481) was significantly higher than that in the empty
vector group (LD/Vec), while that in the knockdown group (LD/
sh AABR07053481) was significantly decreased (Fig. 2j, k).
Furthermore, the results of TUNNEL staining showed that the
LncAABR07053481-overexpression group displayed a signifi-
cantly reduced apoptosis rate of transplanted BMSCs, while
LncAABR07053481 knockdown increased the apoptosis of
transplanted BMSCs in the transplantation area (Fig. 21, m).
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Together, these findings suggest that LncAABR07053481 can
inhibit hypoxia-induced apoptosis of transplanted BMSCs in vitro
and in vivo.

LncAABR07053481 inhibits hypoxia-induced apoptosis of
BMSCs by regulating the Notchl pathway. To establish the
mechanism by which LncAABR07053481 inhibits hypoxia-
induced apoptosis of BMSC, we performed microarray analysis
on BMSCs overexpressing LncAABR07053481. The results
showed that the gene-expression profile differed between the
LncAABR07053481-overexpression group and the empty virus
group (Fig. 3a). KEGG pathway analysis and GSEA demonstrated
that these differentially expressed genes were significantly enri-
ched in the Notchl pathway. Moreover, the Notchl pathway had
the highest enrichment scores, in which Notchl mRNA was sig-
nificantly upregulated after LncAABR07053481 overexpression
(Fig. 3b, ¢). We next verified the microarray data using qPCR and
western blot analysis, and the results showed that the expression
of Notchl and Notchl intracellular domain (NICD1) in BMSCs
overexpressing LncAABR07053481 were significantly upregulated
under hypoxia (Fig. 3d-g). Previous studies have shown that the
activation of the Notchl signaling triggers the cleavage of Notchl
receptors, causing NICD1 (the intracellular active fragment of
Notchl) to release from the cell membrane and into the nucleus,
which can inhibit apoptosis by upregulating the transcription and
expression of Notchl target genes (Survivin and Bcl-2)31-34,
Therefore, these data suggest that LncAABR07053481 promotes
the expression of anti-apoptotic proteins such as Survivin and
Bcl-2 by activating the Notchl pathway and finally inhibits the
hypoxia-induced apoptosis of BMSCs.
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Fig. 2 LncAABR07053481 can inhibit hypoxia-induced apoptosis of BMSCs. a The expression of LncAABR07053481 was detected by gPCR (n=4).
b-e Detection of BMSC apoptosis under different conditions by Annexin V-fluorescein isothiocyanate (FITC, green)/propidium iodide (P, red) (n=4).
f-i The expression levels of CASP-3, Survivin, and Bcl-2 were detected by western blotting (n = 3). j Forty-eight hours after surgery, the fluorescence
intensity of 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR, red) in the transplantation area was detected by live imaging of small
animals (n = 7). k Quantitative analysis of DiR fluorescence intensity in the transplanted area (n = 7). I-m At 48 h after surgery, TdT-mediated dUTP nick-
end labeling (TUNEL, red) /4',6-diamidino-2-phenylindole (DAPI, blue) was used to detect apoptosis in the transplantation area (n = 7). Data were shown

as mean *

S.D. 'P<0.05; in (a, ¢, e, g-i, k, m), statistical significance was calculated by one-way ANOVA with Tukey's post hoc test.
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Fig. 3 LncAABRO7053481 inhibits hypoxia-induced apoptosis of BMSCs by regulating the Notch1 pathway. a mRNA clustering analysis (n = 3). b Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of differentially expressed genes. ¢ Gene set enrichment analysis (GSEA).
d The expression of Notchl was detected by gPCR (n = 3). e-g The expression levels of Notchl and NICD1 were detected by western blotting (n = 3).
h, i Detection of BMSC apoptosis by Annexin V-FITC/PI (n = 3). j-n The expression levels of Notchl, NICD1, Survivin, and Bcl-2 were detected by western

blotting (n = 3). Data were shown as mean *

significance was calculated by one-way ANOVA with Tukey's post hoc test.
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Subsequently, we verified the role of the Notchl pathway in the
regulation of hypoxia-induced apoptosis of BMSCs. The results
showed that under hypoxia, overexpression of LncAABR07053481
in BMSC:s significantly increased the levels of Notchl and NICD1,
upregulated the expression of Survivin and Bcl-2, and reduced the
apoptosis of BMSC:s (Fig. 3h-n). Knockdown of the NotchlI gene in
BMSCs overexpressing LncAABR07053481 blocked the anti-
apoptosis of LncAABR07053481, downregulated the expression
of Survivin and Bcl-2, and increased the apoptosis of BMSC
(Fig. 3h-n). By contrast, in the overexpression of NICD1 on the
basis of LncAABR07053481 knockdown to activate the Notchl
pathway, hypoxia-induced apoptosis of BMSCs was significantly
inhibited, and the expression levels of Survivin and Bcl-2 were
significantly upregulated (Fig. 3h-n). These findings suggest that
LncAABR07053481 can inhibit hypoxia-induced apoptosis of
BMSCs by regulating the Notchl pathway.

LncAABR07053481 functions as a ceRNA and sponges miR-
664-2-5p in BMSCs. To investigate the molecular mechanism by
which LncAABR07053481 regulates the Notchl pathway, we first
confirmed that LncAABR07053481 was mainly located in the
cytoplasm by RNA-FISH (Fig. 4a). Increasing evidence has shown
that classic regulation of LncRNA in the cytoplasm occurs as a
result of ceRNAs; this removes the silencing effect of miRNA on
target genes by adsorbing miRNA and finally promotes the
expression of target genes3>3%. As a result, we considered whether
LncAABR07053481 regulates and activates Notchl through simi-
lar mechanisms. To test this hypothesis, we used bioinformatics
tools, such as Targetscan and RegRNA, to predict the possible

binding miRNAs of the untranslated region at the 3’ end of
Notchl mRNA (Notchl mRNA 3’UTR) and LncAABR07053481.
The results show that miR-664-2-5p is a potential target for the
combination of LncAABR07053481 and Notchl mRNA 3’'UTR
(Fig. 4b). In addition, prediction by bioinformatics tools demon-
strated that LncAABR07053481 and Notchl mRNA 3'UTR share a
consensus binding site on miR-664-2-5p (Fig. 4c). Therefore, we
speculated that LncAABR07053481 acts as the ceRNA of miR-
664-2-5p.

Next, we applied a luciferase assay to detect the specific binding
sites between the LncAABR07053481/Notchl mRNA 3’UTR and
miR-664-2-5p. We mutated miR-664-2-5p putative binding sites
in LncAABR07053481, and then constructed dual-luciferase
reporter vectors that contained the LncAABR07053481 mutant
(LncAABR07053481-Mut) or wild-type (LncAABR07053481-
Wt). Figure 4d shows that the relative luciferase activity of
LncAABR07053481-Wt in BMSCs was obviously reduced after
co-transfection of miR-664-2-5p, but did not change the activity
of the mutant vector, suggesting that miR-664-2-5p is a direct
target of LncAABR07053481. Similarly, we constructed a
luciferase reporter vector that contained wild-type or mutant
miR-664-2-5p putative binding sites in the Notch] mRNA 3'UTR
(Notchl mRNA 3’'UTR-Wt and Notchl mRNA 3’'UTR-Mut). The
alignment of the complementary binding of miR-664-2-5p and
the 3’'UTR of Notchl was confirmed by the luciferase assay
(Fig. 4e). These results confirmed that miR-664-2-5p could
specifically bind to LncAABR(07053481 and the Notchl mRNA 3’
UTR at the predicted binding sites.

To confirm the competitive relationship between
LncAABR07053481 and Notchl mRNA, RIP experiments were
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conducted to detect the enrichment of LncAABR07053481 and
Notchl mRNA to miRNA ribonucleoprotein complexes
(miRNPs) in BMSC extracts using an AGO2 antibody. The
results showed that both LncAABR07053481 and Notchl mRNA
were specifically enriched in AGO2 antibody-associated com-
plexes, but not in control IgG (Fig. 4f, g). Moreover, the
enrichment of LncAABR07053481 and Notchl mRNA to
miRNPs increased after the overexpression of miR-664-2-5p,
while the enrichment of LncAABR07053481 and Notchl mRNA
decreased following the knockdown of miR-664-2-5p (Fig. 4f, g).
We also found that the overexpression of LncAABR07053481
in BMSCs significantly increased the enrichment of
LncAABR07053481 to miRNPs (Fig. 4h), but significantly
decreased the enrichment of Notchl mRNA to miRNPs (Fig. 4i).
By contrast, overexpression of the 3'UTR of Notchl mRNA
increased the enrichment of Notchl mRNA to miRNPs (Fig. 4i),
while the enrichment of LncAABR07053481 to miRNPs was
decreased significantly (Fig. 4h). Taken together, these data show
that LncAABR07053481 functions as a ceRNA for miR-664-2-5p
in the regulation of hypoxia-induced BMSC apoptosis.

The LncAABR07053481/miR-664-2-5p/Notchl axis is involved
in the regulation of hypoxia-induced apoptosis of BMSCs. To
further verify the regulatory role of the LncAABR07053481/miR-
664-2-5p/Notchl axis in hypoxia-induced apoptosis of BMSCs,
we overexpressed LncAABR07053481 in BMSCs (Fig. 5a), then
subjected the cells to hypoxia for 48 h. The results showed that,
compared with the empty vector group, the upregulation of
LncAABR07053481 significantly increased the expression of both
Notchl and NICD1 (Fig. 5d-f) and reduced the hypoxia-induced
apoptosis of BMSCs (Fig. 5g, h). Next, we upregulated the
expression of miR-664-2-5p again in the BMSCs that over-
expressed LncAABR07053481 (Fig. 5b). The results showed that,
under hypoxic conditions, the expression levels of Notchl and
NICD1 in BMSCs were significantly downregulated (Fig. 5d-f),
while the apoptosis of BMSCs was increased (Fig. 5g, h). This
trend may be because the upregulation of miR-664-2-5p
increased the enrichment of LncAABR07053481 and Notchl to
miRNPs, strengthened the silencing of Notchl mRNA by miR-
664-2-5p, and significantly inhibited the anti-hypoxia-induced
apoptosis of LncAABR07053481. Subsequently, we continued to
upregulate the expression of NICD1 in BMSCs that overexpressed
both LncAABR07053481 and miR-664-2-5p to activate the
Notchl pathway (Fig. 5c-f). As a result, we found that the
apoptosis of BMSCs was decreased significantly following the
upregulation of NICD1 (Fig. 5g, h). These results reveal that the
upregulation of NICD1 promotes the survival of BMSCs under
hypoxic conditions. Overall, our data suggest that the
LncAABRO07053481/miR-664-2-5p/Notchl axis regulates the
hypoxia-induced apoptosis of BMSCs.

LncAABR07053481-overexpressed BMSCs promote the repair
of early SANFH. Determining novel anti-apoptotic targets and
inhibiting hypoxia-induced apoptosis of BMSCs will help to
improve the repair effect of transplanted BMSCs in early SANFH.
Our data indicate that LncAABR07053481 inhibits hypoxia-
induced apoptosis of BMSCs in vitro and in vivo. However, it is
unclear whether the inhibition of the hypoxia-induced apoptosis of
BMSCs by LncAABR07053481 can improve the repair effect in
early SANFH. Therefore, we transplanted BMSCs with over-
expression or knockdown of LncAABR07053481 to repair early
SANFH in a rat model, then further evaluated the efficacy of
LncAABR07053481-modified BMSCs on early SANFH. At
12 weeks after BMSC transplantation, we evaluated the repair of the
osteonecrotic area by micro-CT examination. Ultimately, the

results showed that, compared with the Normal group, there were
different degrees of bone defects in the lesion debridement group
(LD), empty vector group (LD/Vec), and knockdown group (LD/sh
AABR07053481), and the defect area had not been completely
repaired. In the LncAABR07053481-overexpression group (LD/Oe
AABR07053481), the bone defect area had been completely filled
with bone tissue, and the defect area had been completely repaired,
with no significant difference compared with the normal group
(Fig. 6a). Similarly, compared with the normal group, the number
of trabeculae, the trabecular thickness, and the new bone volume
fraction in the osteonecrotic area of the LD group, LD/Vec group,
and LD/sh AABR07053481 group were significantly decreased. By
contrast, compared with the LD group, LD/Vec group, and LD/sh
AABR07053481 group, the LncAABR07053481-overexpression
group demonstrated a significantly increased number of trabecu-
lae, trabecular thickness, and new bone volume fraction in the
osteonecrotic area (Fig. 6b—d). In addition, the results of H&E and
Masson’s staining were consistent with those of the micro-CT
examination. In the LncAABR07053481-overexpression group, the
osteonecrotic area was completely repaired, and the bone tissue
tended to mature (Fig. 6e). Immunohistochemical detection of
osteogenic markers showed that, compared with the Normal group,
the levels of runt-related transcription factor 2 (Runx2) and
osteopontin (OPN) were decreased in the LD group, LD/Vec
group, and LD/sh  AABR07053481 group.  The
LncAABR07053481-overexpression group also demonstrated sig-
nificantly increased levels of Runx2 and OPN in the osteonecrotic
area compared with those of the LD group, LD/Vec group, and LD/
sh AABR07053481 group (Fig. 6f-h). These results confirm that
LncAABR07053481 improves the efficacy of transplanted BMSCs
in early SANFH.

Discussion

BMSC transplantation to repair osteonecrosis or bone defect is a
new method in the field of orthopedic research, and it brings new
hope to patients with disabilities such as SANFH37-3. However,
the osteonecrotic area is a hypoxic environment, which brings
many challenges to the survival of BMSCs and is also an
important obstacle to be solved in BMSC transplantation for
osteonecrosis!>27-2840_ It has been found that various LncRNAs
are abnormally expressed in cells in hypoxic conditions, and play
important roles in the regulation of cell function?®30. In this
study, we found that the expression of LncAABR07053481 was
significantly downregulated in BMSCs under hypoxia, which was
closely associated with the hypoxia-induced apoptosis of BMSCs.
Importantly, when we upregulated LncAABR07053481, it was
confirmed that LncAABR07053481 inhibited hypoxia-induced
apoptosis of BMSCs both in vitro and in vivo. Moreover, the
upregulation of LncAABR07053481 led to an elevated expression
of Notchl by competitively binding to miR-664-2-5p. Notchl is
an important signaling pathway, which affects cell fate and plays
important roles in regulating biological processes such as
apoptosis®! 344142 Our findings not only suggest an important
role of LncAABR07053481 acting as an miRNA sponge during
the regulation of hypoxia-induced BMSC apoptosis but also
highlight the therapeutic potential of BMSC transplantation with
overexpression of LncAABR07053481 in the repair of
early SANFH.

The human genome is pervasively transcribed, but >80% of
RNA transcripts are not translated into proteins, and these are
collectively referred to as non-coding genes, of which LncRNAs
are the main constituent element4344, These LncRNAs are not
only diverse but also complex in function, with roles in many
biological processes, including apoptosis, proliferation, differ-
entiation, and metabolism*°-47. For example, LncMT1DP reduces
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Fig. 5 The LncAABR07053481/miR-664-2-5p/Notch1 axis is involved in the regulation of hypoxia-induced apoptosis of BMSCs. a-c The expressions of
LncAABRO7053481, miR-664-2-5p, and NICD1 were detected by gPCR (n = 4). d-f The expression levels of Notchl and NICD1 were detected by western
blotting (n = 3). g, h Detection of BMSC apoptosis under different conditions by TUNEL/DAPI (n = 3). Data were shown as mean *SD. "P<0.05; In
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Nrf2 by stabilizing miR-365, a negative regulator of Nrf2, and
plays a key role in the Cd-induced apoptosis of hepatocytes*s.
Moreover, SNHGI12 acts as a molecular sponge of microRNA to
promote tumor proliferation, metastasis, and epithelial-
mesenchymal transition*. In addition, IncMARI has been
shown to act as a miR-487b sponge to regulate Wnt5a protein,
resulting in muscle differentiation and regeneration®. Similarly,
in this study, we discovered a key LncRNA in the BMSC hypoxia
model, LncAABR07053481, through microarray analysis. Further
study showed that the expression of LncAABR07053481 was
significantly downregulated in hypoxia compared with normal
BMSCs; moreover, its expression was continuously down-
regulated with the aggravation of hypoxia and the concomitantly-
increased apoptotic rate. As such, we hypothesized that
LncAABR07053481 plays a key regulatory role in the hypoxia-
induced apoptosis of BMSCs. Functional studies revealed that
overexpression of LncAABR07053481 significantly improved the
survival rate of BMSCs under hypoxia and inhibited hypoxia-
induced apoptosis of BMSCs both in vitro and in vivo.

We next performed a microarray analysis to further study the
downstream regulation mechanism of LncAABR07053481. The
results showed that the Notchl pathway was significantly

8

activated after LncAABR07053481 overexpression and that
LncAABRO07053481 was positively correlated with the expression
of Notchl and its target genes Survivin and Bcl-2. Furthermore,
through  functional  experiments, —we  verified that
LncAABR07053481 could inhibit hypoxia-induced apoptosis of
BMSCs by regulating the expression of Notchl. As typical non-
coding genes, LncRNAs have complex and diverse biological
functions. An increasing number of studies have argued that the
different biological functions of LncRNAs largely depend on their
distinct subcellular localization®!*2. Accumulated evidence has
also shown that LncRNAs located in the cytoplasm can partici-
pate in gene regulation at the posttranscriptional level, including
by acting as ceRNAs and protecting the target mRNAs from
repression3>3°4, We used RNA-FISH assays to show that
LncAABR07053481 was preferentially localized in the cytoplasm,
indicating its potential function as an miRNA sponge. Bioinfor-
matics analysis indicated that miR-664-2-5p is a target of
LncAABR07053481 and the Notchl mRNA 3'UTR. Expectedly,
the results of the luciferase assay confirmed that miR-664-2-5p
could specifically bind to LncAABR07053481 and the Notchl
mRNA 3'UTR at the predicted binding sites. We further con-
firmed the competitive relationship between LncAABR07053481
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Fig. 6 LncAABR0O7053481-overexpressed BMSCs promote the repair of early SANFH. a At 12 weeks after BMSC transplantation, micro-CT was used to
analyze the repair of the necrotic area of the femoral head (n = 6). b-d Quantitative analysis of the number of trabeculae, the trabecular thickness, and the
volume fraction of new bone tissue (n=6). e At 12 weeks after BMSC transplantation, H&E and Masson staining were used to evaluate the repair of the
necrotic area of the femoral head (n=6). f At 12 weeks after BMSC transplantation, immunohistochemistry was used to detect osteogenic markers of
runt-related transcription factor 2 (Runx2, Cy3 label, red) and osteopontin (OPN, FITC label, green) (n=6). g Quantitative analysis of Runx2 expression
(n=6). h Quantitative analysis of OPN expression (n = 6). Data were shown as mean + SD. "P< 0.05; In (b-d, g, h), statistical significance was calculated

by one-way ANOVA with Tukey's post hoc test.

and Notchl mRNA by RIP assay. Our results also showed that the
overexpression of LncAABR07053481 inhibited hypoxia-induced
apoptosis of BMSCs in vitro by upregulating Notchl as a ceRNA
to sponge miR-664-2-5p. Collectively, our results indicate that a
strategy targeting LncAABR07053481 may serve as a valid ther-
apeutic regimen to inhibit hypoxia-induced apoptosis of BMSCs.

SANFH is a complex pathological process in which various
factors lead to intramedullary microvascular lesions, affecting the
blood and oxygen supply of the femoral head and ultimately

causing hypoxia in the necrotic area!4-17. The hypoxia apoptosis
of transplanted BMSCs in the osteonecrotic area limits the
transplantation efficacy of BMSCs!213. Therefore, exploring the
intervention targets to inhibit the hypoxia-induced apoptosis of
BMSC:s is key to improving transplantation efficacy. In this study,
we confirmed that LncAABR07053481 can effectively inhibit
hypoxia-induced apoptosis of BMSCs and improve the survival
rate of BMSC transplantation both in vitro and in vivo. In view of
this, we further evaluated the effect of BMSCs overexpressing
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pathway and releases NICD1 (the intracellular active fragment of Notch1) fi

rom the cell membrane. NICD1 localizes to the nucleus, where it forms a

transcriptionally active complex with the DNA-binding protein CSL and the coactivator Mastermind (MAM) to upregulate transcription of Notch target

genes (Survivin and Bcl-2). Following which, hypoxia-induced apoptosis of BM
effect of BMSCs on early SANFH.

LncAABR07053481 on early SANFH in rats. The results con-
firmed that LncAABR07053481 overexpression significantly
inhibited the hypoxia-induced apoptosis of BMSCs after trans-
plantation and significantly improved the repair efficacy of
BMSCs on early SANFH. Therefore, our results show that the
LncAABR07053481 intervention strategy may represent a novel
therapeutic target to effectively improve the efficacy of BMSCs in
the repair of early SANFH.

In summary, we found that LncAABR07053481, a significantly
downregulated LncRNA under hypoxia, can inhibit hypoxia-
induced apoptosis of BMSCs. LncAABR07053481 acts as a
sponge for miR-664-2-5p to attenuate its repressive effect on
Notchl and activates the Notchl pathway to inhibit hypoxia-
induced apoptosis of BMSCs by promoting the expression of anti-
apoptotic genes. We also systematically evaluated the therapeutic
effect of LncAABR07053481-overexpressing BMSC transplanta-
tion on early SANFH, which provides an effective molecular
strategy and a novel target for improving the transplantation
efficacy of BMSCs (Fig. 7).

10 COMMUNICATIONS BIOLOGY | (2023)6:365 | https://doi.

SCs in the area of osteonecrosis is inhibited, improving the transplantation

Methods

Animals. All the animals used in this study were provided by the Laboratory
Animal Center of Guizhou Medical University (Grant No.2100733) and approved
by the Experimental Animal Bioethics Committee of Guizhou Medical University,
Guiyang, China. We extracted BMSCs from young Sprague-Dawley (SD) rats

(n = 18; body weight, 20-30 g), regardless of sex, and adult male SD rats (n = 228;
body weight, 500-600 g) were used to construct SANFH models. All procedures
were carried out in strict accordance with the guidelines for the Care and Use of
Experimental Animals issued by the National Institutes of Health (NIH publication
No. 85-23, 1996 revised).

Cell culture. The bilateral tibias and femurs of SD rats (1 = 18; body weight, 20-30 g)
were obtained under anesthesia. The bone marrow cavity was washed with complete
L-glutamine Dulbecco’s Modified Eagle Medium (L-DMEM) (Gibco, USA) contain-
ing 10% fetal bovine serum (Gibco), 100 U/mL of penicillin, and 100 pug/mL of
streptomycin (Hyclone, USA) to obtain the mixture containing bone marrow. The
mixed solution was transferred to a 15-mL tube and centrifuged at 1000 rpm for
5min. The supernatant was discarded to obtain single-cell precipitation, which was
resuspended with 5 mL of complete L-DMEM, and then transferred to a 25-cm? cell
culture bottle. The cells were cultured at 37 °C and 5% CO,. When the cell confluence
reached 90%, the cells were digested with 1 mL of 0.25% trypsin—-0.02% ethylene-
diaminetetraacetic acid (EDTA) (Gibco) at 37 °C and passaged at a ratio of 1:3.

org/10.1038/542003-023-04661-0 | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04661-0

ARTICLE

Differentiation identification of BMSCs. Third-generation BMSCs were inocu-
lated into six-well plates. When the cell fusion degree reached 60,100, and 60%
according to the instructions of the BMSC osteogenesis induction kit (Cyagen
Biosciences, USA), the BMSC adipogenic induction kit (Cyagen Biosciences) and
the BMSC chondrogenic induction kit (Cyagen Biosciences), respectively, BMSC
differentiation was induced, while the control group continued to be cultured with
complete L-DMEM. The BMSCs were identified by staining at 2, 3, and 4 weeks
after differentiation. ALP staining was used to identify osteogenic differentiation,
oil red O staining was used to identify adipogenic differentiation, and Alixin blue
staining was used to identify chondrogenic differentiation.

Surface antigen identification of BMSCs. Third-generation BMSCs were
obtained, and the cell concentration was adjusted to 2.0 x 107 cells/mL. The 50 uL
cell suspension was fed into the flow tube, and 5 uL surface antigen antibodies
(Anti-CD29/AF647, Anti-CD90/PE-CyTM7, Anti-CD73/PE, Anti-CD45/FITC,
and Anti-CD11b/V450) (BD, USA) were added in order. Next, 45 pL buffer
(Hyclon) was added to each tube and incubated at room temperature for 30 min.
Following incubation, the cells were washed twice with phosphate-buffered saline
(PBS) (Hyclon), and 500 pL of buffer was added to each tube for detection by flow
cytometry (Beckman, USA).

Hypoxia cell model. The proportion of mixed gas in the cell incubator (Thermo,
USA) was adjusted to an oxygen concentration of 0%, nitrogen concentration of
95%, and carbon dioxide concentration of 5%. Then, BMSCs were placed in the

mixed gas for continuous treatment for 48 h to induce hypoxia.

GeneChip microarray assay. Total RNA in cell samples from both groups was
extracted with Trizol reagent (Invitrogen, USA). The microarray and data collec-
tion were conducted by KangChen Biotech (Shanghai, China), as mentioned
previously>”. The Agilent Feature Extraction software program (version 11.0.1.1;
Agilent Technologies, USA) was used to analyze acquired array images. Quantile
normalization and subsequent data processing were performed using the Gene-
Spring GX v12.1 software package (Agilent Technologies). After quantile nor-
malization of the raw data, LncRNAs and messenger RNAs (mRNAs), among
which >3 out of nine samples had flags in the normoxia or hypoxia group, were
chosen for further data analysis. A paired t-test was employed to assess the dif-
ferentially expressed LncRNAs and mRNAs between the experimental and control
groups. Differentially expressed LncRNAs and mRNAs between the two groups
were identified through fold change filtering (fold change >2.0). Differentially
expressed LncRNAs and mRNAs with statistical significance between the two
groups were identified through P value filtering (P <0.05). Data visualization of
LncRNA and mRNA expression levels was achieved via a heatmap using the
pheatmap R package.

Bioinformatics analysis. MicroRNA (miRNA) binding sites on LncRNAs or
mRNAs were predicted using the web-based program RNAhydrid (https://bibiserv.
cebitec.uni-bielefeld.de/rnahybrid/). The Gene Set Enrichment Analysis (GSEA)
version 4.1.0 tool (Broad Institute, USA; http://www.gsea-msigdb.org/gsea/index.
jsp) was used for pathway analysis of gene-expression data to find enriched Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways. GSEA signatures were
assessed using the Molecular Signatures Database version 6.2, and all processing
parameters used were the defaults adopted in GSEA version 4.1.0.

LncRNA coding capacity prediction. The Coding-Potential Assessment Tool
(CPAT) (http://lilab.research.bcm.edu/cpat/) was used to assess the coding capacity
of LncAABR07053481. The CPAT conducted a logistic regression model using the
sequence features of open reading frame coverage, open reading frame size, hex-
amer usage bias, and Fickett TESTCODE statistic. The CPAT selected 0.364 as a
cutoff for the coding probability (CP); a CP of <0.364 suggests a non-coding
sequence, whereas that of >0.364 indicates a coding sequence®.

In vitro translation assay. To validate that LncAABR0705348]1 is indeed a non-
coding RNA, we performed in vitro translation experiments. Briefly, the
LncAABR07053481 transcript was cloned into pcDNA4-myc-His-plasmid to
obtain the recombinant, and pcDNA4/LncAABR07053481-myc-His-plasmid was
transfected into BMSCs using eukaryotic transduction kit (Thermo) for 48 h.
Meanwhile, pcDNA4/KLF4-myc-His was used as a coding protein control. The
expression of Myc-fused protein was analyzed by immunoblotting with an anti-
Myc antibody (Abcam ab32072, 1:1000).

Lentiviral (LV) vector production and cell transfection. The LV vector that
knocked down or overexpressed LncAABR07053481 was purchased from Gene-
chem (Shanghai, China). Briefly, the LV (sh AABR07053481 or Oe
AABR07053481) constructs were generated based on different regions of the Rattus
LncAABR07053481 sequence (NCBI accession XR_005502377.1). The same LV
vector containing an insert of nonspecific RNA oligonucleotide (sh-NC or Oe-NC)
was used as a negative control. Lentiviruses containing these plasmids were gen-
erated by transfecting the 293 T packaging cell line with the shRNA vector (GU6-

LncAABR07053481-GFP-puro) and overexpression vector (Ubi-
LncAABR07053481-GFP-puro). Cell transfection: third-generation BMSCs were
divided into groups according to transfection conditions. LV vectors (MOI = 90)
were added into the BMSCs culture medium. After 12 h, the culture medium was
changed to complete L-DMEM. Three days following the infection, the expression
of the green fluorescent protein was observed using an inverted fluorescence
microscope, and the transfection efficiency was calculated. Five days after trans-
fection, the cells were continuously selected with a complete medium containing
2 pg/mL of puromycin (Solarbio, Beijing, China), and the efficiency of target gene
knockdown or overexpression was detected by quantitative real-time polymerase
chain reaction (qQPCR).

Reverse transcription and gqPCR. The total RNA was isolated from bone tissue or
cells with the TRIzol reagent. Tissue samples: bone forceps crush frozen bone tissue
and place it in a mortar, then add liquid nitrogen and grind the pieces into a
powder. RNA was isolated from tissue powder frozen on liquid nitrogen by
homogenization in Trizol Reagent. Cell samples: RNA was isolated by direct lysis of
cells by Trizol Reagent. RNA extraction was performed using an RNAeasy RNA
extraction kit (Sangon Biotech, Shanghai). RNA was quantified using a Nanodrop
instrument. cDNAs were synthesized by PrimeScriptTM RT reagent kit (Sangon
Biotech). qPCR was performed using the SYBR Premix Ex Taq II kit (Sangon
Biotech) and the Applied Biosystems 7500 Fluorescent Quantitative PCR system
(Applied Biosystems Life Technologies, USA). GAPDH was used to normalize the
expression levels of LncAABR07053481, Notchl, and miR-664-2-5p. The transcript
levels were analyzed by the 2—AACt method. Primers (Sangon Biotech) were as
follows: LncAABR07053481-F: CATGGAAGGGCTTGCTCCAT;
LncAABR07053481-R: CCAGCTGAACCACCTCGAAT; Notchl-F: TGAAG-
GAACGAGCCTGGGT; Notchl-R: CATTCAGGCAGGTCCCACTT; miR-664-2-
5p-RT: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCCCAATC;
miR-664-2-5p-F: TCGGCAGGCTGGCTGGGGAAAA; miR-664-2-5p-
R:ICGTGGAGTCGGCAATTCAGTTGA.

Western blot analysis. Cellular protein was extracted with 1 x cell lysis buffer
(Beyotime, China). Equal amounts of proteins obtained from different types of cell
lysates were separated by 10 or 15% SDS-PAGE (Beyotime), transferred to PVDF
membranes, and subjected to western blotting using an ECL chemiluminescence
reagent (Merck Millipore). Antibodies for P53 (Abcam ab131442, 1:1000), Bcl-2
(Abcam ab196495, 1:1000), Bid (Abcam ab272880, 1:2000), Cleaved-CASP-3
(Abcam ab13847, 1:500), Survivin (Abcam ab134170, 1:1000), myc (Abcam
ab32072, 1:1000), B-actin (Abcam ab8227, 1:3000), and IgG (Abcam ab6795,
1:2000) were purchased from Abcam (Cambridge, USA). Antibodies for Notchl
(Cell Signaling Technology 3608, 1:1000) and NICD1 (Cell Signaling Technology
4147, 1:1000) were purchased from Cell Signaling Technology (Boston, USA).

RNA fluorescence in situ hybridization (RNA-FISH). Cells were seeded on
coverslips, fixed with 4% paraformaldehyde (Solarbio) for 10 min at room tem-
perature, and permeabilized in 70% ethyl alcohol (Solarbio) at 4 °C at least 1 h.
Hybridization was performed using the LncRNA Fish Probe Mix (Ribobio, China)
in a moist chamber at 37 °C for 12-16 h. As positive controls, 18S and U6
(Ribobio) were used for the cytoplasm and nucleus, respectively. Image sections
were acquired using laser confocal microscopy (Leica SP5, Heidelberg, Germany).

Luciferase assay. As mentioned previously, after BMSCs were transfected with
lentiviruses containing the luciferase reporter gene and lysed with cell lysate
according to the instructions of the luciferase assay kit (Solarbio), the renilla
luciferase reaction substrate was added. Finally, the luciferase activity was measured
using a Dual-Luciferase reporter assay system (Promega, USA).

RNA immunoprecipitation (RIP) assay. A Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore, USA) was used to determine the relationship
between LncAABR07053481 or Notchl mRNA and miR-664-2-5p. Briefly, the cells
were harvested, lysed, and then reacted with RIP buffer containing magnetic beads
conjugated with anti-Argonaute2 (AGO2) and negative control immunoglobulin G
(IgG) (Millipore). Following the recovery of the antibody using protein A/G beads,
the coprecipitated RNAs were used for complementary DNA synthesis and eval-
uated by qPCR.

ROS determination. Cells grown in confocal Petri dishes were treated according to
the conditions of each group. A DHE (Sigma, USA) probe was then added to the
cells and incubated for an additional 30 min. Finally, the generation of intracellular
ROS was assessed by fluorescence analysis using laser confocal microscopy.

Mitochondrial membrane potential detection. According to the instructions of
the JC-1 mitochondrial membrane potential detection kit (KeyGen Biotech,
China), the treated cells were incubated with the dye mixture at 37 °C for 30 min
and then washed with PBS three times. The cells were observed under a laser
confocal microscopy and recorded by a random typical visual field. The red:green
fluorescence ratio was calculated by Image] software (version 1.4.3.67).
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ATP levels detection. The BMSCs were collected according to the experimental
groups and the instructions of the ATP Assay Kit (Beyotime). An appropriate
lysate was added to the samples of each group, before centrifuging at 12,000xg/min
for 5 min at 4 °C. The supernatant was collected as the sample to be tested. The
standard and test solutions were prepared according to the instructions of the kit.
Then, 20 pL test or standard samples were added successively to each well of a 96-
well plate in triplicate. Next, 100 pL of the detection-working solution was added,
mixed well, and incubated for 25-30 min at 37 °C or room temperature according
to the kit instructions. Finally, the absorbance at 532 nm was detected by an
enzyme-labeling instrument (Biotech, USA). The standard curve was drawn
according to the absorbance value, and the concentration or activity of the sample
was calculated using the standard curve.

Flow cytometry assay. Cells were cultured in a 6-well culture plate, then subjected
for 48 h to hypoxia or normoxia conditions when the cells grew to 85%. The cells
were washed with phosphate-buffered saline, and 5 uL of Annexin V-fluorescein
isothiocyanate (FITC) and 5 pL of propidium iodide (PI) were directly added
according to the instructions of the Annexin V-FITC apoptosis detection kit (BD).
The cells were gently vortexed and incubated at room temperature in the dark for
15 min, then detected by flow cytometry.

TUNNEL/DAPI detection of apoptosis. The treated cells were digested and
centrifuged, and the cell density was adjusted to 2.5 x 10%/mL before their inocu-
lation in a confocal Petri dish. The cells of each group were treated strictly in
accordance with the instructions of the TUNEL (Beyotime) and DAPI (Solarbio)
detection kits. The samples were observed under a confocal microscope, and
images were collected.

SANFH animal model. SANFH models were established as previously described in
ref. 13. Briefly, adult male SD rats (n = 228; body weight, 500-600 g) were used to
induce steroid-associated osteonecrosis with sequential injections of lipopoly-
saccharides and methylprednisolone. The rats were intravenously injected twice
with lipopolysaccharides (2 mg/kg; Sigma) (the injection time was >30 min) once a
day. From day 2, after the second injection of lipopolysaccharides, methylpredni-
solone (60 mg/kg; Pfizer, USA) was injected into the gluteal muscle of rats for 7
continuous days. Rats in the control group were injected with saline. Eight weeks
after modeling, magnetic resonance imaging (MRI) was used to evaluate the
necrosis of the femoral head area, and the successful models were used for in vivo
experiments.

Construction and transplantation of tissue-engineered bone. The xenogeneic
antigen-extracted cancellous bone (XACB) (Yapeng Biological Technology,
Shanghai, China) was made into a small cylinder with a diameter of 2 mm and a
height of 2 mm, before soaking in a complete L-DMEM medium for 24 h. After
that, 500 puL of BMSC suspension (1 x 107 cells/mL) was dripped into XACB and
cultured in a 37 °C and 5% CO, incubator for 3 h. Following incubation, 3-4 mL
of complete L-DMEM was added to Petri dishes containing XACB before pro-
ceeding with the culture and changing the medium once every 2-3 days. On the
fifth day of culture, the growth of BMSCs on the surface of XACB was observed
by scanning electron microscopy (Hitachi, Japan). In the same way, BMSCs
overexpressing or with knockdown of LncAABR07053481 were co-cultured with
XACB to construct tissue-engineered bone. One side of the femoral head of the
anesthetized rat model was exposed under sterile conditions. At the junction of
bone and cartilage, a sterile spherical drill with a diameter of 2 mm was used to
grind from the posterolateral to the anterior medial side at a depth of ~3 mm.
Then, the necrotic bone tissue was scraped off, and the constructed tissue-
engineered bone was implanted into the bone defect area. There were ten rats in
each group; the normal rats (n = 28), rats with simple necrotic bone curettage
(n=40), and rats implanted with tissue-engineered bone with empty vector

(n = 40) were used as controls.

Oxygen concentration detection. The oxygen concentration was measured
using a needle-type oxygen electrode (Hansatech Instruments, Norfolk, UK) and
analyzed with the OxygraphPlus software program (Hansatech Instruments), as
previously described in ref. °7. Briefly, the oxygen electrode was calibrated at
37°C with 0 and 100% air saturation (i.e., 20.9% oxygen of all dissolved gas by
volume). Measurements were performed according to the manufacturer’s
instructions. Oxygen measurements were made by penetrating the bone tissue
with the oxygen electrode tip. Upon introduction into the tissue, the micro-
electrodes responded with a time constant that was estimated to be of the order
of 10's. A stable reading was obtained within 30 s, and upon reaching the current
plateau value, the electrode was extracted from the bone tissue and the tip was
maintained within the suffusing saline solution.

Live imaging of animals. Before BMSC transplantation, we labeled live-BMSCs
with DiR fluorescent dye (YEASEN, Shanghai, China) and co-cultured them with
XACB. At 48 h after BMSC transplantation, the rats were anesthetized by an
intraperitoneal injection of chloral hydrate (10%, 3 mL/kg) (Leagene, Beijing,

China); then, non-invasive in vivo multispectral fluorescence imaging was per-
formed using the Spectrum in vivo imaging system (IVIS) (PerkinElmer, USA)
with the Living Image software (version 4.4).

Hematoxylin and eosin (H&E) and Masson staining. Whole intact femurs were
dissected from rats, fixed in phosphate-buffered paraformaldehyde (Solarbio) for
48 h, then decalcified for 2 weeks in 10% EDTA (Solarbio). Subsequently, the
samples of each group were dehydrated with ethanol (Solarbio) solutions, adopting
gradient concentrations of 50, 70, 80, 90, 95, and 100%. Finally, the femur tissue
samples were embedded in paraffin and cut into 4-um-thick sections using an
ultra-thin microtome (Leica, Germany). The sections were stained according to the
instructions of the H&E staining kit (Solarbio) and the Masson staining kit
(Solarbio). Following staining, the sections were observed under the microscope
and imaged.

Micro-computed tomography (CT) analysis. The femurs were dissected from
rats and fixed with 4% paraformaldehyde for 24 h, before being scanned and
analyzed by high-resolution micro-CT (Skyscan 1172, Germany). We used the
NRecon image reconstruction software version 1.6, CTAn data analysis software
version 1.9, and CTVol 3D model visualization software version 2.0 to analyze the
parameters of the trabecular bone in the transplantation area. The scanner was set
at 50 kVp and 201 pA, with a resolution of 6 um. The region of interest was
analyzed to determine the trabecular number (Tb.N), trabecular thickness (Tb.Th),
new bone volume fraction (BV/TV), trabecular number/trabecular separation, and
thickness per tissue volume.

Immunofluorescence (IF) assay. After treatment, femoral head tissue was fixed in
4% formaldehyde, dehydrated by ethanol gradient (Solarbio), decalcified by dec-
alcified solution (Solarbio), embedded in paraffin, and finally cut into 4-pm-thick
sections. Then, the tissues were incubated with anti-Runx2 or anti-OPN overnight
at 4 °C. The next day, the cells were incubated with secondary antibodies con-
jugated to FITC and Cy3 for 30 min at 37 °C. For nuclear staining, the cells were
incubated with DAPI for 10 min. Fluorescence was visualized using laser confocal
microscopy.

Statistics and reproducibility. All statistical analyses were conducted using SPSS
version 20.0 (IBM Corporation, USA) or GraphPad Prism version 7 (GraphPad
Software, USA). Each experiment was performed at least in triplicate. Parametric or
non-parametric statistical tests were selected by determining first if the data were
normally distributed using the Kolmogorov-Smirnov normality test. If the data
followed a normal distribution and their variance was uniform, then the data were
presented as mean + standard deviation values (SD), and statistical significance was
determined using two-tailed unpaired Student’s t-tests for comparison between two
groups or one-way ANOVA followed by Tukey’s post hoc test for multiple com-
parisons (=3 groups). If the data did not follow a normal distribution pattern, they
were described by M(P25 and P75) values, and the Kruskal-Wallis rank-sum test was
used for comparisons between groups. If the difference between groups was statis-
tically significant, the Dwass-Steel-Critchlow-Fligner method was further used for
multiple comparisons. P < 0.05 was considered to be statistically significant.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw microarray data generated in this study were deposited in NCBI's GEO under the
accession number GSE225572. The numerical source data for graphs are available in
Supplementary Data 1. Uncropped and unedited blots are available in Supplementary
Information (Supplementary Fig. 3). Other data are available from the corresponding
authors on reasonable request.

Code availability
No custom codes/software were generated in this study. All the data analysis in this study
were performed using open-source software tools.

Received: 18 May 2022; Accepted: 3 March 2023;
Published online: 03 April 2023

References
1.  Weinstein, R. S. Glucocorticoid-induced osteonecrosis. Endocrine 41, 183-190
(2012).

12 COMMUNICATIONS BIOLOGY | (2023)6:365 | https://doi.org/10.1038/542003-023-04661-0 | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04661-0

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Xie, X. H.,, Wang, X. L,, Yang, H. L., Zhao, D. W. & Qin, L. Steroid-associated
osteonecrosis: epidemiology, pathophysiology, animal model, prevention, and
potential treatments (an overview). J. Orthop. Transl. 3, 58-70 (2015).
Chang, C., Greenspan, A. & Gershwin, M. E. The pathogenesis, diagnosis and
clinical manifestations of steroid-induced osteonecrosis. J. Autoimmun. 110,
102460 (2020).

Krez, A. et al. Risk factors for multi-joint disease in patients with
glucocorticoid-induced osteonecrosis. Osteoporos. Int. 20, 1-9 (2021).

Wang, A., Ren, M. & Wang, J. The pathogenesis of steroid-induced
osteonecrosis of the femoral head: a systematic review of the literature. Gene
671, 103-109 (2018).

Wang, X. Y. et al. Altered lipidomic profiles in patients with and without
osteonecrosis of the femoral head after 1-month glucocorticoid treatment.
Clin. Transl. Med. 11, €298 (2021).

Sodhi, N. et al. Management of osteonecrosis of the femoral head. Bone Jt. J.
102, 122-128 (2020).

Houdek, M. T., Wyles, C. C., Martin, J. R. & Sierra, R. J. Stem cell treatment
for avascular necrosis of the femoral head: current perspectives. Stem Cells
Cloning 7, 65-70 (2014).

Fang, S., Li, Y. & Chen, P. Osteogenic effect of bone marrow mesenchymal
stem cell-derived exosomes on steroid-induced osteonecrosis of the femoral
head. Drug Des. Devel. Ther. 13, 45-55 (2018).

Li, R. et al. Stem cell therapy for treating osteonecrosis of the femoral head:
From clinical applications to related basic research. Stem Cell Res. Ther. 9, 291
(2018).

Elgaz, S., Bonig, H. & Bader, P. Mesenchymal stromal cells for osteonecrosis. J.
Transl. Med. 18, 399 (2020).

Yellowley, C. E. & Genetos, D. C. Hypoxia signaling in the skeleton:
implications for bone health. Curr. Osteoporos. Rep. 17, 26-35 (2019).
Zhang, F. et al. P53 and Parkin co-regulate mitophagy in bone marrow
mesenchymal stem cells to promote the repair of early steroid-induced
osteonecrosis of the femoral head. Cell Death Dis. 11, 42 (2020).

Fan, L. et al. Transplantation of hypoxia preconditioned bone marrow
mesenchymal stem cells enhances angiogenesis and osteogenesis in rabbit
femoral head osteonecrosis. Bone 81, 544-553 (2015).

Shimasaki, M. et al. Resistance of bone marrow mesenchymal stem cells in a
stressed environment-Comparison with osteocyte cells. Int. J. Med. Sci. 18,
1375-1381 (2021).

Yin, B. H. et al. Effects of hypoxia environment on osteonecrosis of the
femoral head in Sprague-Dawley rats. J. Bone Min. Metab. 38, 780-793 (2020).
Ueda, S. et al. Osteocytic cell necrosis is caused by a combination of
glucocorticoid-induced Dickkopf-1 and hypoxia. Med. Mol. Morphol. 48,
69-75 (2015).

Jiang, L. et al. Long non-coding RNA RP11-468E2.5 curtails colorectal cancer
cell proliferation and stimulates apoptosis via the JAK/STAT signaling
pathway by targeting STATS5 and STATS. J. Exp. Clin. Cancer Res. 38, 465
(2019).

Huang, P. et al. Atorvastatin enhances the therapeutic efficacy of
mesenchymal stem cells-derived exosomes in acute myocardial infarction via
up-regulating long non-coding RNA H19. Cardiovasc. Res. 116, 353-367
(2020).

Carbonell, T. & Gomes, A. V. MicroRNAs in the regulation of cellular redox
status and its implications in myocardial ischemia-reperfusion injury. Redox
Biol. 36, 101607 (2020).

Engreitz, J. M. et al. Local regulation of gene expression by IncRNA
promoters, transcription and splicing. Nature 539, 452-455 (2016).
DeOcesano-Pereira, C. et al. Long non-coding RNA INXS is a critical mediator
of BCL-XS induced apoptosis. Nucleic Acids Res. 42, 8343-8355 (2014).

Ferre, F., Colantoni, A. & Helmer-Citterich, M. Revealing protein-IncRNA
interaction. Brief. Bioinform. 17, 106-116 (2016).

Gomez-Maldonado, L. et al. EFNA3 long noncoding RNAs induced by
hypoxia promote metastatic dissemination. Oncogene 34, 2609-2620 (2015).
Sun, Q. et al. HIF-1a or HOTTIP/CTCF promotes head and neck squamous
cell carcinoma progression and drug resistance by targeting HOXA9. Mol.
Ther. Nucleic Acids 20, 164-175 (2020).

Luo, F. et al. The IncRNA MALAT]I, acting through HIF-1a stabilization,
enhances arsenite-induced glycolysis in human hepatic L-02 cells. Biochim.
Biophys. Acta 1862, 1685-1695 (2016).

Hong, J. M. et al. Genetic association of angiogenesis- and hypoxia-related
gene polymorphisms with osteonecrosis of the femoral head. Exp. Mol. Med.
42, 376-385 (2010).

Wang, C. et al. CaO,/gelatin oxygen slow-releasing microspheres facilitate
tissue engineering efficiency for the osteonecrosis of femoral head by
enhancing the angiogenesis and survival of grafted bone marrow
mesenchymal stem cells. Biomater. Sci. 9, 3005-3018 (2021).

Li, Z. et al. Emerging roles of long non-coding RNAs in osteonecrosis of the
femoral head. Am. J. Transl. Res. 12, 5984-5991 (2020).

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Ghafouri-Fard, S., Abak, A., Mohaqiq, M., Shoorei, H. & Taheri, M.
Interaction between non-coding RNAs and JNK in human disorders. Biomed.
Pharmacother. 138, 111497 (2021).

Arumugam, T. V. et al. Notch signaling and neuronal death in stroke. Prog.
Neurobiol. 165-167, 103-116 (2018).

Wu, L. et al. Circular RNA circCCDC9 alleviates ischaemic stroke ischaemia/
reperfusion injury via the Notch pathway. J. Cell Mol. Med. 24, 14152-14159
(2020).

Fang, H. C. et al. KRT1 gene silencing ameliorates myocardial ischemia-
reperfusion injury via the activation of the Notch signaling pathway in mouse
models. J. Cell Physiol. 234, 3634-3646 (2019).

Dabral, S. et al. Notchl signalling regulates endothelial proliferation and
apoptosis in pulmonary arterial hypertension. Eur. Respir. J. 48, 1137-1149
(2016).

Quinn, J. J. & Chang, H. Y. Unique features of long non-coding RNA
biogenesis and function. Nat. Rev. Genet. 17, 47-62 (2016).

Lennox, K. A. & Behlke, M. A. Cellular localization of long non-coding RNAs
affects silencing by RNAi more than by antisense oligonucleotides. Nucleic
Acids Res. 44, 863-877 (2016).

Ueda, S. et al. Prevention of glucocorticoid-associated osteonecrosis by
intravenous administration of mesenchymal stem cells in a rabbit model. BMC
Musculoskelet. Disord. 18, 480 (2017).

Wang, Z. et al. Core decompression combined with autologous bone
marrow stem cells versus core decompression alone for patients with
osteonecrosis of the femoral head: a meta-analysis. Int. J. Surg. 69, 23-31
(2019).

Li, Q. et al. Combining autologous bone marrow buffy coat and
angioconductive bioceramic rod grafting with advanced core decompression
improves short-term outcomes in early avascular necrosis of the femoral head:
a prospective, randomized, comparative study. Stem Cell Res. Ther. 12, 354
(2021).

Hirata, H. et al. Taurine inhibits glucocorticoid-induced bone mitochondrial
injury, preventing osteonecrosis in rabbits and cultured osteocytes. Int. J. Mol.
Sci. 21, 6892 (2020).

Chen, X. et al. Notchl signalling inhibits apoptosis of human dental follicle
stem cells via both the cytoplasmic mitochondrial pathway and nuclear
transcription regulation. Int. J. Biochem. Cell Biol. 82, 18-27 (2017).

Liang, W. et al. Preactivation of Notchl in remote ischemic preconditioning
reduces cerebral ischemia-reperfusion injury through crosstalk with the NEF-
kB pathway. J. Neuroinflammation 16, 181 (2019).

Wu, X, Sun, W. & Tan, M. Noncoding RNAs in steroid-induced osteonecrosis
of the femoral head. Biomed. Res. Int. 2019, 8140595 (2019).

Hu, Y. P. et al. LncRNA-HGBC stabilized by HuR promotes gallbladder
cancer progression by regulating miR-502-3p/SET/AKT axis. Mol. Cancer 18,
167 (2019).

Schmitt, A. M. & Chang, H. Y. Long noncoding RNAs in cancer pathways.
Cancer Cell 29, 452-463 (2016).

Flynn, R. A. & Chang, H. Y. Long noncoding RNAs in cell-fate programming
and reprogramming. Cell Stem Cell 14, 752-761 (2014).

Kim, D. H. et al. Single-cell transcriptome analysis reveals dynamic changes in
IncRNA expression during reprogramming. Cell Stem Cell 16, 88-101
(2015).

Gao, M. et al. LncRNA MT1DP aggravates cadmium-induced oxidative stress
by repressing the function of Nrf2 and is dependent on interaction with miR-
365. Adv. Sci. 5, 1800087 (2018).

Cheng, G. et al. Long noncoding RNA SNHG12 indicates the prognosis of
prostate cancer and accelerates tumorigenesis via sponging miR-133b. J. Cell
Physiol. 235, 1235-1246 (2020).

Zhang, Z. K. et al. A newly identified IncRNA MARI acts as a miR-487b
sponge to promote skeletal muscle differentiation and regeneration. J.
Cachexia Sarcopenia Muscle 9, 613-626 (2018).

Chen, L. L. Linking long noncoding RNA localization and function. Trends
Biochem. Sci. 41, 761-772 (2016).

Kopp, F. & Mendell, J. T. Functional classification and experimental dissection
of long noncoding RNAs. Cell 172, 393-407 (2018).

Cesana, M. et al. A long noncoding RNA controls muscle differentiation
by functioning as a competing endogenous RNA. Cell 147, 358-369
(2011).

Xu, J. et al. Long noncoding RNA MIR17HG promotes colorectal cancer
progression via miR-17-5p. Cancer Res. 79, 4882-4895 (2019).

Xue, Y. et al. Genome-wide analysis of long noncoding RNA signature in
human colorectal cancer. Gene 556, 227-234 (2015).

Wang, L. et al. CPAT: coding-potential assessment tool using an alignment-
free logistic regression model. Nucleic Acids Res. 41, €74 (2013).
Schmidt-Mende, J., Gogvadze, V., Hellstrom-Lindberg, E. & Zhivotovsky, B.
Early mitochondrial alterations in ATRA-induced cell death. Cell Death Differ.
13, 119-128 (2006).

COMMUNICATIONS BIOLOGY | (2023)6:365 | https://doi.org/10.1038/s42003-023-04661-0 | www.nature.com/commsbio 13


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-04661-0

Acknowledgements

This work was supported by the National Natural Science Foundation of China (Grant
No. 82060397, 82260434, and 82260429); Guizhou Provincial Natural Science Founda-
tion (Grant No. Qiankehejichu[2020]1Y311); Postgraduate Research Fund Project of
Guizhou Provincial Department of Education (Grant No. Qianjiaohe YJSCXJH[2020]
141); and Science and Technology Foundation of Guizhou Provincial Health Committee
(Grant No. gzwkj2021-232, gzwkj2021-234, and gzwjkj2020-1-130). We thank the clin-
ical medicine research center of The Affiliated Hospital of Guizhou Medical University
for providing the experimental site and equipment. Thank the teachers of this center for
their guidance. Additionally, we thank LetPub (www.letpub.com) for its linguistic
assistance during the preparation of this manuscript.

Competing interests

The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/542003-023-04661-0.

Correspondence and requests for materials should be addressed to Fei Zhang or
Wu-Xun Peng.

Peer review information Communications Biology thanks the anonymous reviewers for
their contribution to the peer review of this work. Primary Handling Editors:Martina
Rauner and Karli Montague-Cardoso. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

14 COMMUNICATIONS BIOLOGY | (2023)6:365 | https://doi.org/10.1038/542003-023-04661-0 | www.nature.com/commsbio


http://www.letpub.com
https://doi.org/10.1038/s42003-023-04661-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	LncAABR07053481 inhibits bone marrow mesenchymal stem cell apoptosis and promotes repair following steroid-induced avascular necrosis
	Results
	LncAABR07053481 is downregulated under hypoxia and associated with apoptosis of BMSCs
	LncAABR07053481 can inhibit hypoxia-induced apoptosis of BMSCs
	LncAABR07053481 inhibits hypoxia-induced apoptosis of BMSCs by regulating the Notch1 pathway
	LncAABR07053481 functions as a ceRNA and sponges miR-664-2-5p in BMSCs
	The LncAABR07053481/miR-664-2-5p/Notch1 axis is involved in the regulation of hypoxia-induced apoptosis of BMSCs
	LncAABR07053481-overexpressed BMSCs promote the repair of early SANFH

	Discussion
	Methods
	Animals
	Cell culture
	Differentiation identification of BMSCs
	Surface antigen identification of BMSCs
	Hypoxia cell model
	GeneChip microarray assay
	Bioinformatics analysis
	LncRNA coding capacity prediction
	In vitro translation assay
	Lentiviral (LV) vector production and cell transfection
	Reverse transcription and qPCR
	Western blot analysis
	RNA fluorescence in�situ hybridization (RNA-FISH)
	Luciferase assay
	RNA immunoprecipitation (RIP) assay
	ROS determination
	Mitochondrial membrane potential detection
	ATP levels detection
	Flow cytometry assay
	TUNNEL/DAPI detection of apoptosis
	SANFH animal model
	Construction and transplantation of tissue-engineered bone
	Oxygen concentration detection
	Live imaging of animals
	Hematoxylin and eosin (H&E) and Masson staining
	Micro-computed tomography (CT) analysis
	Immunofluorescence (IF) assay
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Competing interests
	Additional information




