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The circular RNA circSlc7a11 promotes bone cancer pain pathogenesis
in rats by modulating LLC-WRC 256 cell proliferation and apoptosis
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Abstract

Treatment of bone cancer pain (BCP) caused by bone metastasis in advanced cancers remains a challenge in clinical oncology,
and the underlying mechanisms of BCP are poorly understood. This study aimed to investigate the pathogenic roles of circular
RNAs (circRNAs) in regulating cancer cell proliferation and BCP development. Eight differentially expressed circRNAs
in the rat spinal cord were validated by agarose gel electrophoresis and Sanger sequencing. Expression of circRNAs and
mRNAs was detected by quantitative RT-PCR. MTS assay and flow cytometry were performed to analyze cell proliferation
and apoptosis, respectively. Differentially expressed mRNA profiles were characterized by deep RNA sequencing, hierar-
chical clustering, and functional categorization. The interactions among circRNAs, microRNAs (miRNAs), and mRNAs
were predicted using TargetScan. Additionally, western blot was performed to determine the protein levels of Pax8, Isgl35,
and Cxcl10. Multiple circRNAs were differentially expressed in the spinal cords of BCP model rats; of these, circSlc7all
showed the greatest increase in expression. The overexpression of circSlc7all significantly promoted cell proliferation and
repressed apoptosis of LLC-WRC 256 and UMR-106 cells, whereas circSIc7all silencing produced the opposite effects.
Altered expression of circSlc7all also induced substantial changes in the mRNA expression profiles of LLC-WRC 256
cells; these changes were linked to multiple apoptotic processes and signaling pathways, such as the chemokine signaling
pathway, and formed a complex circRNA/miRNA/mRNA network. Additionally, Pax8, Isgl5, and Cxc110 protein level in
LLC-WRC 256 cells was consistent with the mRNA results. The circRNA circSlc7al1 regulates rat BCP development by
modulating LLC-WRC 256 cell proliferation and apoptosis through multiple-signaling mechanisms.
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Introduction research, more than 80% of patients with cancer experience

severe BCP as their disease progresses, particularly those

Bone cancer pain (BCP) refers to the common, signifi-
cant, and life-altering pain caused by metastasis into bones
that occurs in most patients with cancer at metastatic and
advanced stages [1, 2]. As shown by previous clinical
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with lung, breast, prostate, thyroid, and pancreatic cancers,
which usually invade multiple bones, including the spine,
ribs, pelvis, femur, tibia, and other long bones [2, 3]. Upon
metastasis in bone tissues, cancer cells and neighboring stro-
mal cells secrete various algogenic factors, including brady-
kinin, protons, endothelins, tyrosine kinase activators, and
proteases [1]. Moreover, neuropathic pain can also be caused
by damage to the distal ends of nerve fibers because of tumor
growth and abnormal formation of sensory and sympathetic
nerve fibers, which contribute to the peripheral and central
sensitization associated with advance BCP [1, 2]. Although
several therapeutic drugs such as opioids, antidepressants,
and anticonvulsants can be used to treat BCP, their effica-
cies in clinics are limited by their severe side effects [2, 3].
Thus, the elucidation of the molecular mechanisms underly-
ing the generation and maintenance of BCP is important for
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providing new targets for the control and treatment of this
condition.

In recent years, BCP development has been shown to be
driven by various biological processes and signaling path-
ways. For example, the activation of spinal C-X-C motif
chemokine receptor 3 (CXCR3) promotes central sensitiza-
tion and BCP generation and maintenance in rat models; this
process is mediated by the phosphatidylinositol 3-kinase /
protein kinase B pathway as well as the downstream Raf/
mitogen-activated protein kinase kinase and extracellular
regulated protein kinase signaling cascades [4, 5]. Moreover,
many other chemokines, including CXCL12 and its receptor
CXCR4, also mediate BCP development, which suggests
that they are targets for BCP-controlling drug development
[6]. The BCP-promoting role of CXCL12/CXCR4 signaling
has mainly been attributed to the sensitization of neurons
and the activation of microglia and astrocytes via the c-Jun
amino-terminal kinase (JNK) signaling pathway [7]. The
activation of glia and the resultant secretion of proinflamma-
tory cytokines, including tumor necrosis factor a (TNF-a),
during BCP generation have also been shown to be highly
regulated by other signaling pathways, such as the nuclear
factor-kappa B (NF-xB) signaling pathway that controls the
expression of various pain-related genes [8, 9]. Furthermore,
Whnt/p-catenin-signaling pathway is also activated in sensory
neurons and astrocytes, and it plays a critical role in neu-
ropathic pain caused by nerve injury and BCP [10]. These
collective findings demonstrate the complex signaling events
that underlie BCP pathogenesis; however, their regulatory
mechanism remains poorly understood.

Circular RNAs (circRNAs) are a large class of non-cod-
ing, covalently closed loop-shaped RNAs, which are synthe-
sized via the back splicing of pre-mRNA transcripts [11, 12].
Extensive research in recent decades has disclosed the essen-
tial roles played by circRNAs in various biological processes
and diseases, including cancer development and metastasis,
which are owing to their potent regulation of gene expres-
sion through sponging micro RNAs (miRNAs), regulation
of transcription, and association with RNA-binding proteins
[13-15]. For instance, circ-AKT?3, the circular RNA encoded
by the protein kinase B gene, has been shown to repress the
metastasis of clear cell renal cell carcinoma by promoting
E-cadherin expression through sponging miR-296-3p [16].
In breast cancer, circ-DNMT 1, which is formed by the back
splicing of the DNA methyltransferase 1 transcript, contrib-
utes to breast cancer cell proliferation and progression via
the activation of cellular autophagy machinery [17]. Moreo-
ver, the circRNA hsa_circ_0001564 has been reported to
modulate the proliferation and apoptosis of osteosarcoma
cells through sponging miR-29¢c-3p [18]. However, little is
known about the pathogenic roles of circRNAs in BCP gen-
eration and maintenance. Nevertheless, BCP pathogenesis
could be modulated by miR-124 through its regulation of
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synaptopodin (synpo) protein expression [19], which sug-
gests that circRNAs are involved in BCP as miRNA sponges.

In the present study, based on the sequencing analysis
of circRNAs from a previous study, we explored the role of
circRNAs in the spinal cord of rat BCP model. We aimed
to first characterize the circRNAs that showed significant
expressional alterations in rat BCP models and then conduct
functional investigations in LLC-WRC 256 cells and identify
potential target genes using RNA sequencing. Our analy-
ses provide novel insights into the molecular mechanisms
that underlie BCP development, and they might ultimately
facilitate the development of new drugs for pain control in
patients with metastatic cancer.

Material and methods
Cell culture

The rat mammary gland carcinoma cell line LLC-WRC 256
was purchased from the ATCC (American Type Culture
Collection) and cultured in RPMI 1640 medium (Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum
(Gibco) and 1% penicillin—streptomycin (Sigma-Aldrich) at
37 °C in a humidified atmosphere with 5% CO,. The rat oste-
osarcoma cell line UMR-106 was purchased from Guang-
zhou Cellcook Biotech Co., Ltd. (Guangzhou, China) and
maintained in Dulbecco’s-modified Eagle’s medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco) at 37 °C
in a humidified atmosphere with 5% CO,.

Circular RNA characterization

In our previous study, we successfully created BCP rat mod-
els [20]. In this study, the existence of circRNAs in the bone
marrow tissues of rat BCP models was characterized by both
Sanger sequencing and RT-PCR combined with agarose gel
electrophoresis. Briefly, total RNA samples were isolated
from rat spinal cords using Trizol solution (#15596026;
Thermo Fishier Scientific) following the manufacturer’s sug-
gested protocols. Approximately, 2.5 pg of the RNA samples
was used for cDNA synthesis with the Omniscript RT Kit
(#205111; Qiagen) following the manufacturer’s instruc-
tions. Subsequently, the identities of circRNAs were vali-
dated by PCR reactions using the HotStar HiFidelity Poly-
merase Kit (#202602; Qiagen) and pairs of both convergent
and divergent primers amplifying linear RNAs or circRNAs,
respectively. Convergent primers were all designed within
the same exon. Both cDNA and genomic DNA (gDNA) were
applied as the template for PCR analysis. The expression of
GAPDH was also analyzed as the control. Moreover, cDNA
samples were analyzed by Sanger sequencing to confirm cir-
cRNA identities and identify back-splicing junctions.



Molecular and Cellular Biochemistry (2021) 476:1751-1763

1753

Quantitative RT-PCR

Quantitative RT-PCR (qQRT-PCR) was performed to ana-
lyze the relative expression of mRNAs and circRNAs.
Total RNA extraction and cDNA synthesis via reverse
transcription were performed as described in the “Circular
RNA characterization” subsection. Subsequently, the rela-
tive levels of mRNAs or circRNAs were measured using a
gRT-PCR assay in which the SYBR™ Select Master Mix
(#4472903; Thermo Fishier Scientific) was used according
to the manufacturer’s protocol. The expression of GAPDH
was also analyzed as the internal standard. The 2744¢T
method was used for final quantitation based on at least
three biological repeats. Primers used for quantitation are
presented in Table 1.

Cell transfection

The sequences of circSlc7all were ligated with the
pcDNA3.1 vector using Nhel (GCTAGC) and EcoRI (GAA
TTC) as enzymes (Invitrogen). The siRNA sequences tar-
geting circSlc7all, including siSlc7all-1 (5'-CAACCC
TGAAAACCCCGGA-3'), siSlc7al1-2 (5'-GAAAACCCC
GGAGCTACGGCT-3'), and a siRNA negative control
(siRNA-NC; 5'-UUCUCCGAACGUGUCACGUTT-3"),
were synthesized by the GenePharma Biotech Company
(Shanghai, China). Recombinant vectors and siRNAs were
introduced into LLC-WRC 256 and UMR-106 cells using
Lipofectamine TM 3000 transfection reagent (Thermo
Fishier Scientific). Transfection efficacy was evaluated
using the qRT-PCR method 48 h later.

Cell proliferation and apoptosis

Proliferation rates of LLC-WRC 256 and UMR-106
cells were detected using the MTS Cell proliferation kit
(#K300-250; BioVision, USA) following the manufactur-
er’s protocol. Briefly, LLC-WRC 256 and UMR-106 cells
cultured in 96-well plates were incubated with 20 pL of
MTS solution for 50 min at 37 °C; a microplate reader was
then used to detect the OD490 values. The apoptosis of
LLC-WRC 256 and UMR-106 cells was analyzed by flow
cytometry using the Dead Cell Apoptosis Kit (Annexin V/
ADD) (Thermo Fishier Scientific) following the manufac-
turer’s instructions. Briefly, the cultured LLC-WRC 256
and UMR-106 cells were collected by centrifugation at
600xg for 5 min, incubated with Annexin V-FITC and
7-ADD solution for 12 min at room temperature in dark-
ness, and finally measured using flow cytometry.

Deep sequencing

Differentially expressed mRNAs in LLC-WRC 256 cells
were characterized by deep RNA sequencing. Briefly, total
RNA samples were isolated from cultured LLC-WRC 256
cells, as described in the “Circular RNA characterization”
subsection. The quality of RNA samples was first validated
using the Agilent 2100 Bioanalyzer. Subsequently, rRNA
molecules were removed using the Qiagen RiboMinus
Eukaryote Kit according to the manufacturer’s protocol, and
we used poly A enriched RNA. Then, an RNA-seq library
was established using the Ultra™ II RNA Library Prep Kit
(#E7770S; NEB) following the manufacturer’s instructions.
A Hiseq 2000 system (Illumina, USA) was then used to
sequence the RNA samples, and clean reads from sequenc-
ing were aligned with the rat reference genome database
using Bowtie 2 (Version: 2.3.5.1) [21]. The relative expres-
sion of mRNAs between groups was quantitated using TPM
values. A false discovery rate of < 0.01 and a log,Ratio of
> 1 was applied together as the threshold for significantly
differential expression.

Bioinformatics

The hierarchical clustering of differentially expressed
mRNAs in LLC-WRC 256 cells was completed using the
R software package (Version 1.0.8). Functional categori-
zation based on Gene Ontology (GO) biological processes
and signaling pathways was conducted using the Database
for Annotation, Visualization and Integrated Discovery and
the Kyoto Encyclopedia of Genes and Genomes database,
respectively. The interaction network incorporating circR-
NAs, miRNAs, and mRNAs was predicted using TargetScan
[22].

Western blot

Total protein was extracted from LLC-WRC 256 cells,
loaded on SDS-PAGE, and transferred to PVDF membranes.
Nonfat milk in PBS was used to block the membrane at room
temperature for 1 h. The membrane was incubated overnight
at 4 °C with primary antibodies against Pax8 (#ab97477,
Abcam), Isgl5 (#ab227541, Abcam), Cxcl10 (#ab271239,
Abcam) and GAPDH (#ab181602, Abcam). Next, the mem-
brane was washed with TBST three times and incubated with
a corresponding secondary antibody at 37 °C for 45 min.
Target bands were visualized using enhanced chemi-lumi-
nescence (Bio-Rad). GAPDH served as an internal control.

Statistical analysis

SPSS 20.0 was used to compare the quantitative data in the
present study. Differences between groups were analyzed

@ Springer



1754

Molecular and Cellular Biochemistry (2021) 476:1751-1763

Table 1 Primers for quantitative
PCR assay

@ Springer

Primer ID Primer sequences (5'-3") Product
length
(bp)
R-chr11:34495233134500943-CF1 TTACTACTGGCTGCCGAGGT 154
R-chr11:34495233134500943-CR1 TATCCATCTGGAGCCTGTCC
R-chr11:34495233134500943-LF1 CGTCTGCAGAGAACATTCCA 248
R-chr11:34495233134500943-LR 1 AGCACTGTCTTCCAGCAGGT
R-chr17:43258446143290432-CF1 GGTGAAACGGGCCATACTTA 169
R-chr17:43258446143290432-CR1 CACTTTGGTCAGGGAGGTGT
R-chr17:43258446143290432-LF1 TTTTGGGATGCTTCCTTTTC 167
R-chr17:43258446143290432-LFR1 GGAGGTCTTCAGCCTGACAT
R-chr2:1395026241139520450-CF1 GCTGGCTGGTTTTACCTCAA 168
R-chr2:1395026241139520450-CR1 GATGCCCACAGCTGTTACAA
R-chr2:1395026241139520450-LF1 TTGGGGCTTGGTGTAATCTC 152
R-chr2:1395026241139520450-LR1 GGCCAATGTCTACCAGCAGT
R-chr3:1604913081160495240-CF1 TGAGGAAGAGGAAGGAACCA 153
R-chr3:1604913081160495240-CR1 CCATTTCTATGGCCGTGATT
R-chr3:1604913081160495240-LF1 AATGGACTCTGGCACGATGG 172
R-chr3:1604913081160495240-LR1 CCTTCCTCTTCCTCATCCTCC
R-chr11:47165426147169764-CF1 GACAGATGAAGTGCGGAGGT 217
R-chr11:47165426147169764-CR1 GGTGAAGGTCATTCCGAGAG
R-chr11:47165426147169764-LF1 TAACTTGGGCCTTGAGGATG 182
R-chr11:47165426147169764-LR1 TGATCGATGACTTGGGACAA
R-chr12:818980718220963-CF1 CGACTGAGGGACAGATGTGA 249
R-chr12:818980718220963-CR1 GTAAACTCCTGCGTGGTGGT
R-chr12:818980718220963-LF1 TGGATACGGTTCTCGGTTTT 154
R-chr12:818980718220963-LR1 GCGTACGATCACAGACATGG
R-chr8:23048110123048640-CF1 CGTCATGTTCTGGGGTAGGT 187
R-chr8:23048110123048640-CR1 CAACACTCTCAATGGCCTCA
R-chr8:23048110123048640-LF1 CCACCAAGGTCACACTTCCT 157
R-chr8:23048110123048640-LR1 ACCTACCCCAGAACATGACG
R-chr9:144205411485363-CF1 CTTTGCTCGACCACAGGATT 162
R-chr9:144205411485363-CR1 AGGTCGTCCCACTCTCTCAA
R-chr9:144205411485363-LF1 CCATTCCCTTTGCTCGAC 151
R-chr9:144205411485363-LR1 AACCCATATATTTGTGGTGGAA
R-Nptxr-F GGCCAATGAGATCGTGTTGC 124
R-Nptxr-R CCAGGCGATGCAGATATGGT
R-Wnt7b-F CGCGAGAAGCAAGGCTACTA 194
R-Wnt7b-R TCCAGTTTCATGCGGTCCTC
R-Ifit3-F TCGTCTGAGTGCCCACTTTC 106
R-Ifit3-R TTGACCTCACTCATGACGGC
R-Rsad2-F TTCACGCGTCAGTGCAACTA 188
R-Rsad2-R CTCACGAGCTTGCCCAAGTA
R-Cxcl10-F TGCAAGTCTATCCTGTCCGC 192
R-Cxcl10-R CTCTCTGCTGTCCATCGGTC
R-Isgl5-F GAAGGCCCATGGAGGACAAA 128
R-Isg15-R CATTGGCTCTGGATAGGGGC
R-Irgl-F GGAACATTGCAAATGTGTGGGT 151
R-Irgl-R GTGAACGCTTGCAAGGCAATA
R-Pax8-F2 CCCACTGCCCTTACTCAACA 143
R-Pax8-R2 CCTGCTTTATGGCGTAGGGT
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Table 1 (continued) Primer ID Primer sequences (5'-3") Product
length
(bp)
R-Rtp3-F2 TGCACCAACTTTGATTTCTGAAG 143
R-Rtp3-R2 TGTGAAGGTCCATTTGTGCC
R-Oasl-F2 GCAAGGCTACAGGTGGGATA 157
R-Oasl-R2 TAAATCCGGGTGACCCCACT

using Student’s ¢ test and ANOVA. P values of < 0.05 were
considered statistically significant.

Results

Differentially expressed circRNAs in the spinal cord
of BCP model rats

To investigate the potential involvement of circRNAs in
BCP development, eight circRNAs were selected for vali-
dation. Their selection was based on the length of circRNA
(500-2000 bp), differential expression relative to the control
(being in the “top 15” upregulated or downregulated cir-
cRNAs), and their regulation of miRNAs (related to BCP,
breast cancer osteosarcoma, and lung cancer) (Supplemental
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Table 1). Through Sanger DNA sequencing, we also identi-
fied their back-splicing junctions (Fig. 1a). Moreover, the
circular structures of these eight circRNAs were validated
through RT-PCR combined with agarose gel experiment
using divergent primers and a cDNA template, which were
not amplified from gDNA templates (Fig. 1b). Furthermore,
no signals were observed during RT-PCR assays with diver-
gent primers targeting GAPDH, which served as a nega-
tive control (Fig. 1b). Therefore, these analyses verified the
expression of the eight circRNA candidates in the spinal
cords of BCP model rats. Consequently, we detected the
expressional alterations of the circRNAs between the Sham
and BCP model groups using qRT-PCR (Fig. 1¢). We found
that the expression of three circRNAs significantly increased
in the BCP group relative to the Sham group, whereas that
of four circRNAs significantly decreased (Fig. 1c). Among
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these, circSlc7all (chr2:1395026241139520450), which was
formed through back splicing of the pre-mRNA of the cys-
tine—glutamate transporter solute carrier family 7 member 11
cystine—glutamate transporter (Slc7al 1), exhibited the most
significant expressional increase in the BCP group (Fig. 1c¢);
hence, circSlc7all was selected for further analyses.

circSlc7a11 promotes proliferation and represses
apoptosis of LLC-WRC 256 and UMR-106 cells

To analyze the cellular function of circSlc7all, we modu-
lated the expression of circSlc7all in LLC-WRC 256 and
UMR-106 cells. Transfection with overexpression vectors
or siRNAs resulted in the significant elevation or suppres-
sion of circSlc7all in LLC-WRC 256 cells relative to the
control group, indicating that the overexpression vectors and
siRNAs had been successfully transfected into LLC-WRC
256 cells (Fig. 2a). In LLC-WRC 256 cells with overexpres-
sion of circSIc7all, we found that proliferation rates were
remarkably enhanced compared with rates in cells trans-
fected with the empty vectors (Fig. 2b). In contrast, si-circ-
Slc7all transfection greatly repressed the proliferation of
LLC-WRC 256 cells relative to that of the negative control
cells (Fig. 2b). Furthermore, flow cytometry showed that the
apoptosis of LLC-WRC 256 cells was substantially repressed
by overexpression of circSlc7all but markedly promoted
by the silencing of circSlc7all with siRNAs (Fig. 2¢). As

shown in Fig. 3a—c, the expression of circSlc7all in UMR-
106 cells was consistent with that in LLC-WRC 256 cells.
Thus, these results indicate that circSlc7al 1 possesses potent
proliferation-promoting and apoptosis-inhibiting abilities in
carcinoma cells.

Differential gene expression profiles induced
by circSlc7a11 in LLC-WRC 256 cells

To elucidate the molecular mechanisms mediating the regu-
lation of LLC-WRC 256 cells by circSlc7all, we compre-
hensively characterized the differentially expressed mRNAs
in LLC-WRC 256 cells with altered circSlc7al 1 expression
using deep RNA sequencing (Fig. 4). In total, 171 mRNAs
were differentially expressed between LLC-WRC 256 cells
transfected with circSlc7all-overexpressing vectors and
those with empty vectors: 61 genes were upregulated and
110 were downregulated (Fig. 4a; Supplemental Table 2).
Moreover, the expression of 145 and 181 mRNAs was sig-
nificantly altered between LLC-WRC 256 cells transfected
with siRNA-NC and si-circSlc7all-1 (Fig. 4b; Supple-
mental Table 3) and those transfected with siRNA-NC and
si-circSlc7al1-2 (Fig. 4c; Supplemental Table 4), respec-
tively. With further analysis, we found that 18 differentially
expressed genes co-existed in the sequencing analysis shown
in Figs. 3a—c and 4d. For instance, the expression of the
ATP-sensitive potassium channel subunit Kir6.2 (Kenjl1),
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Fig.2 Regulation of LLC-WRC 256 cell proliferation and apoptosis
by circSlc7all. a Alterations of circSlc7all expression in LLC-WRC
256 cells by transfection with overexpressing vectors or siRNAs. The
expression of circSlc7all in cells was detected using quantitative
RT-PCR. b Positive regulation of LLC-WRC 256 cell proliferation
by circSlc7all. The proliferation rates of LLC-WRC 256 cells with
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altered circSlc7all expression were measured using an MTS assay.
¢ Inhibition of LLC-WRC 256 cell apoptosis by circSlc7all. The
percentage of apoptotic LLC-WRC 256 cells was determined by flow
cytometry. Slc7all: solute carrier family 7 member 11 cystine—glu-
tamate transporter; NC: negative control; OD490: absorbance at 490
nm; **P < 0.01; ***P < 0.001; ***P < 0.0001
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Fig.3 Regulation of UMR-106 cell proliferation and apoptosis by
circSlc7all. a Alterations of circSlc7all expression in UMR-106
cells by transfection with overexpressing vectors or siRNAs. The
expression of circSlc7all in cells was detected using quantitative RT-
PCR. b Positive regulation of UMR-106 cell proliferation by circS-
Ic7all. The proliferation rates of UMR-106 cells with altered circS-

neuronal pentraxin receptor-1 (Nptxr), and paired box 8
(Pax8) was reduced by circSlc7all overexpression and
enhanced by circSlc7all silencing in LLC-WRC 256 cells
(Fig. 4d). Conversely, the expression of immune responsive
gene 1 (Irgl), wingless/integrated 7b (Wnt7b), Myxovi-
rus Resistance 2 (Mx2), and 12 other genes in LLC-WRC
256 cells was increased by circSlc7all overexpression and
repressed by circSlc7all silencing (Fig. 4d).

circSlc7a11 regulates various biological processes
and signaling networks in LLC-WRC 256 cells

To further explore the mechanisms underlying circSlc7all-
regulated LLC-WRC 256 cell functions, we performed bio-
informatics analyses of the biological processes and signal-
ing pathways associated with the 18 differentially expressed
mRNAs induced by circSlc7all. Based on GO biological
processes, these differentially expressed mRNAs were sig-
nificantly enriched in multiple apoptotic processes linked to
development, morphogenesis, mesenchymal cells, and pat-
terning of blood vessels (Fig. 5a). These circSlc7al 1-reg-
ulated mRNAs were also involved in many signaling path-
ways, including RIG-I-like receptor signaling, chemokine
signaling, Toll-like receptor signaling, TNF signaling,
GnRH signaling, as well as pathways involved in cancer,
influenza A, and pyrimidine metabolism (Fig. 5b).

U T T T T T T T T
104 10° 108 10° 104 10° 108 10° 104 10° 108

h >
Annexin V

Ic7all expression were measured using MTS assay. ¢ Inhibition of
UMR-106 cell apoptosis by circSlc7all. The percentage of apoptotic
UMR-106 cells was determined by flow cytometry. Slc7all: solute
carrier family 7 member 11 cystine—glutamate transporter; NC: nega-
tive control; OD490: absorbance at 490 nm; *P < 0.05; **P < 0.01;
##%P < 0.001; ***P < 0.0001

Using TargetScan for predictions, we showed that circS-
Ic7all might also regulate the expression of these mRNAs
via complex interactions with a number of miRNAs (Fig. 5c;
Supplemental Table 5). For instance, the expression of
Kcnjll was predicted to be modulated by circSlc7all
through interactions with miR-140-3p, miR-673-5p, miR-
425-3p, and miR-365-5p (Fig. 5c). Finally, the expression
of 10 mRNAs in LLC-WRC 256 cells in which circSlc7all
was overexpressed or silenced was confirmed using qRT-
PCR; these included Pax8, interferon-stimulated gene 15
(Isgl5), Irgl, C-X-C motif chemokine ligand 10 (Cxcl10),
oligoadenylate synthetase-like (Oasl), Nptxr, radical S-aden-
osyl methionine domain containing 2 (Rsad2), Wnt7b, inter-
feron-induced protein with tetratricopeptide repeats 3 (Ifit3),
and receptor transporting protein 3 (Rtp3) (Fig. 6). Among
these, the expression of Pax8, Isgl5, Irgl, Cxcll0, and
Oasl was consistent with that in the RNA-seq results. Next,
we detected the protein levels of Pax8, Isgl5, and Cxcll10
using western blotting. With the overexpression of circS-
Ic7al1, Pax8 protein level was downregulated and Isg15 and
Cxcl10 protein levels were upregulated. With the silencing
of circSlc7all, the Pax8 expression was upregulated and the
Isgl5 and Cxcl10 expressions were downregulated (Fig. 7).
Of these, the protein levels of Pax8, Isgl5, and Cxcl10 in
LLC-WRC 256 cells was consistent with the mRNA results.
Cumulatively, these results indicate that the regulation of
LLC-WRC 256 cell function and BCP by circSlc7all was
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Fig.4 Significant mRNA profile changes induced by circSlc7all in
LLC-WRC 256 cells. Differentially expressed mRNAs in LLC-WRC
256 cells with altered circSlc7all expression were characterized by
deep RNA sequencing. Hierarchical clustering was performed to
analyze differentially expressed genes in circSlc7all-overexpressing
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Fig.7 Western blot was performed to evaluate Pax8, Isgl5, and
Cxcl10 expression levels in LLC-WRC 256 cells. The relative expres-
sion levels of all proteins were calculated based on the gray values in

mediated by various signaling pathways involving multiple
miRNAs and functional genes.

Discussion

Considering the constantly high incidences of cancer
recorded over recent decades, BCP caused by bone metas-
tasis of multiple cancers at advanced stages remains a chal-
lenging medical problem worldwide [2, 3]. Although the
generation and progression of BCP have previously reported
to be mediated by various signaling pathways [4, 5], the
epigenetic mechanisms underlying BCP pathogenesis medi-
ated by non-coding RNAs have not been studied in detail.
Therefore, in the present study, we focused on the expres-
sional alterations and pathogenic roles of circRNAs in a
rat BCP model established through intratibial inoculation
of rat LLC-WRC 256 cells in tibia tissues. The existence
and expressional alteration of multiple circRNA candidates
was validated in this rat BCP model; however, expression
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each group. n = 3; **P < 0.01; ****P < 0.0001. Gray values indicate
relative expression levels of proteins

of the circRNA circSlc7all formed via Slc7all pre-mRNA
back splicing was found to be substantially elevated in BCP
rats. We confirmed that overexpression or silencing of circ-
Slc7all substantially altered the proliferation and apoptosis
of LLC-WRC 256 and UMR-106 cells. The altered mRNA
profiles of LLC-WRC 256 cells with elevated or silenced
circSlc7all expression were also characterized; changes
involved multiple biological processes and signaling path-
ways mediated by a complex circRNA/miRNA/mRNA inter-
action network. Taken together, these observations reveal the
novel epigenetic mechanisms underlying BCP development
mediated by circRNA-regulated gene expression and signal-
ing cascades.

In past decades, the roles of non-coding RNAs in cancer
cells have been extensively studied mainly because of their
potent epigenetic regulation of functional gene expression
and signaling transduction [23-25]. The circRNAs, gener-
ated through back splicing of pre-mRNAs, have also been
characterized as essential regulators of cancer initiation
and progression, as miRNA sponges, and as transcription



Molecular and Cellular Biochemistry (2021) 476:1751-1763

1761

modulators [13, 15]. Although circRNAs have been asso-
ciated with many aspects of cancer pathogenesis, little is
currently known about their involvement in the generation
and maintenance of severe pain caused by bone metastasis.
A previous report showed that the neuropathic pain induced
by nervous system damage in the spared nerve injury model
was accompanied by significant changes in non-coding RNA
expression, including the expression of long non-coding
RNASs (IncRNAs), miRNAs, and circRNAs [26]. Moreo-
ver, the circRNA circAnksla in dorsal horn neurons was
shown to modulate hypersensitivity and neuropathic pain
associated with nerve injury through sponging miR-324-3p
to regulate the expression of the vascular endothelial growth
factor B [27]. In the present study, we observed changes in
the expression of multiple circRNAs, with a focus on circ-
Slc7all, in the rat BCP model, which provides further evi-
dence to support the hypothesis that circRNAs function in
the generation of pain in cancer metastasis and other patho-
genic conditions.

The pathogenesis of BCP has been attributed to the high
proliferation and metastatic capacities of malignant cancer
cells, which cause severe damage to bone structure, includ-
ing fractures [1]. In the present study, we showed that the
overexpression of circSlc7all significantly promotes the
proliferation of LLC-WRC 256 and UMR-106 cells and
inhibits apoptosis, whereas circSlc7all silencing exerts the
opposite effects; these findings indicate that the functions
of circSlc7all in BCP pathogenesis are at least partially
owing to the regulation of cancer cell proliferation and inva-
sion by circRNA. circSlc7all is formed by pre-mRNA back
splicing of the Slc7all, which encodes a cystine—glutamate
transporter protein with various biological and pathogenic
functions, including epileptic seizures and osteoporosis [28,
29]. Moreover, Slc7al I has been reported to regulate several
tumorigenic events, such as breast cancer apoptosis, poor
glioblastoma survival, and cancer glucose metabolism and
dependence [30-32]. Considering our observation that the
proliferation and apoptosis of LLC-WRC 256 and UMR-106
cells were regulated by changes in circSlc7all expression,
we have now revealed another mechanism of Sic7all func-
tioning in carcinogenesis. Another recent study showed that
the antisense IncRNA As-SLC7AI11 also regulates ovarian
cancer cell migration by targeting Slc7all expression [33].
These findings suggest that Slc7all and related non-coding
RNAs have multifaceted roles in cancer development and
BCP pathogenesis; therefore, this research area deserves
further investigation.

Our deep sequencing analysis revealed that differen-
tially expressed genes in LLC-WRC 256 cells with over-
expression or silencing of circSlc7all were enriched in
many apoptotic processes, which is consistent with our
findings of altered apoptosis in treated LLC-WRC 256
cells. More importantly, we also characterized multiple

signaling pathways with significant enrichment of these
differentially expressed genes. For example, the chemokine
signaling pathway has been previously established as a
critical regulator of BCP generation and maintenance,
and it is regarded as a promising target for BCP control
and treatment [5, 6]. Specifically, the chemokine CXCL10
regulates bone pain induced by metastatic breast cancer
in rats by activating microglia [34]. In the present study,
Cxcl10 expression in LLC-WRC 256 cells increased and
decreased with circSlc7all overexpression and repression,
respectively, which provides evidence for the mediating
role of chemokine signaling in circSlc7all-regulated BCP
development. Moreover, we predicted a complex interac-
tion network regulated by circSIc7all and many miRNAs
and mRNAs such as Pax8, Isgl5, Irgl, Cxcll0, and Oasl.
Western blotting showed that Pax8, Isg15, and Cxcl10 pro-
tein levels in LLC-WRC 256 cells were consistent with
the mRNA results. Among these, Pax8 immunostaining
has previously used for the diagnosis of malignant ovarian
carcinoma with chest pain owing to bone metastasis [35],
whereas Isgl5, an ubiquitin-like protein that functions in
autophagy-mediated protein lysosomal degradation, was
recently shown to be involved in inflammatory osteolysis
through regulation of the NF-kB signaling and bone ero-
sion [36].

However, this study has some limitations. Based on the
methods and results we have obtained, this study should
be considered a pilot study. But these results might pro-
vide some assistance for further studies on the molecular
mechanisms underlying BCP. Therefore, we will make fur-
ther experiments, such as creating a model to demonstrate
the effect on biological processes and signaling pathways,
studying how these pathways affect apoptosis, and eluci-
dating the pathogenic roles of these genes and interact-
ing miRNAs in BCP development, to study the molecu-
lar mechanisms underlying BCP and the comprehensive
experiments will be performed and reported in future.

In summary, we have characterized circSlc7all as a
circRNA that is highly expressed in the rat BCP model
and modulates the proliferation and apoptosis of LLC-
WRC 256 cells through multiple biological processes and
signaling pathways, possibly via its widespread interac-
tions with miRNA and mRNA expression. Therefore, our
investigation provides novel insights into the molecular
mechanisms underlying BCP pathogenesis, and our find-
ings could serve as the basis for developing new drugs for
BCP treatment.
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