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LRRC4 mediates the formation
of circular RNA CD44 to inhibit
GBM cell proliferation
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(circRNAs) is involved in the development of glioblastoma.
Leucine-rich repeat-containing 4 (LRRC4) has been shown to
suppress tumors in glioblastoma. However, whether LRRC4
can regulate the formation of circRNA is not yet understood.
In this study, LRRC4 was found to interact with SAM68.
LRRC4 promoted the generation of circCD44 by inhibiting
the binding between SAM68 and CD44 pre-mRNA. Moreover,
downregulated expression of circCD44 was found in
glioblastomamultiforme (GBM) tissues andGBMprimary cells.
Re-expression of circCD44 significantly suppressed the prolifer-
ation, colony formation, and invasion of GBM cells and in-
hibited tumor growth in vivo. Mechanistically, circCD44 could
regulate the expression of SMAD6 via sponging miR-326 and
miR-330-5p involved in the progression of GBM. Thus, the
LRRC4/SAM68/circCD44/miR-326/miR-330-5p/SMAD6
signaling axis could be a potential target for GBM treatment.

INTRODUCTION
Incidences and mortality rates of brain tumors rank in the top 10
among all malignant tumors in China, according to a 2019 national
cancer epidemic report.1 The refractory malignant tumor seriously
threatens individuals’ lives and health. Glioblastoma multiforme
(GBM) is the most common malignant primary brain tumor, consti-
tuting 45% of all malignant central nervous system (CNS) tumors and
80% of all primary malignant CNS tumors.2 Current research shows
that the main factors affecting the prognosis of patients with glioblas-
toma include the degree of surgical resection of tumor tissue and the
molecular classification of tumors.3,4 With the improvement of surgi-
cal accuracy and the advancement of tumor imaging, it is easier to
distinguish between glioblastoma tissue and normal brain tissue
and to maximize the removal of tumor tissue.5 However, intensive
invasive growth of tumor cells into surrounding normal brain tissue
is a universal phenomenon of malignant glioma and is also the main
reason for the recurrence of glioblastoma even whenmaximal surgical
resection is performed.6 Thus, valid preventive and curative measures
for this lethal disease are urgently needed.

Circular RNAs (circRNAs) are a class of isoformRNAmolecules with a
single-stranded, covalently closed loop structure. They largely feature
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and developmental-stage-specific expression patterns,7,8 indicating
that circRNAs have an important role in regulating gene expression
and determining cell fate.9,10 CircRNAs are frequently implicated in
different biological functions in carcinogenesis, including regulation
of cell proliferation, invasion, metastasis, and autophagy.11–14 In addi-
tion, mounting evidence reveals that dysregulation of circRNAs is
involved in the development of glioma. For example, circCPA4 pro-
motes the progression of glioblastoma via the let7/CPA4 axis,15 while
CircMTO1 inhibits proliferation of glioblastoma cells via the miR-92/
WWOX signaling pathway.16 Furthermore, on account of their stable
accumulation in body fluids or exosomes, circRNAs also present favor-
able biomarkers and targets for the diagnosis and prognosis of cancers.7

Leucine-rich repeat-containing 4 (LRRC4), a member of the leucine-
rich repeat (LRR) superfamily,17 is a relatively brain-enriched gene
that was first cloned by our laboratory in 2000 (GenBank
AF196976).18 Our team has investigated the role of LRRC4 in glioma-
genesis over 15 years, since we first revealed the function of LRRC4 as
a tumor suppressor for glioma in 2006.19 Over the past 5 years, we
have reported that LRRC4 directly interacts with ERK1/2 through the
D domain of LRRC4 and the CD domain of ERK1/2. Overexpression
of LRRC4 anchors ERK1/2 in the cytoplasm and prevents the activation
induced by MEK.20 Moreover, LRRC4 also takes part in regulating the
GBM immune microenvironment. LRRC4 promotes nuclear factor kB
(NF-kB)nuclear translocation andcytokineproduction inGBMcells by
forming a triple-protein complex includingPDPK1 andHSP90, then by
modulating the infiltration of regulatory T (Treg) cells in the GBM
microenvironment.21 In addition, we identified LRRC4 as a novel auto-
phagy inhibitor that restores the sensitivity of GBMs to temozolomide
(TMZ).Mechanistically, LRRC4binds toDEPTOR, and this interaction
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results in autophagy inhibition, thus increasing the TMZ treatment
response of GBM.22 Another report also found that LRRC4 binds to
PIK3R1 and inhibits PIK3R1 activity, thereby suppressing epithelial
ovarian cancermetastasis by targeting E-cadherin-dependent collective
cell invasion and does so by inhibiting the PIK3R1-mediated AKT/
GSK3b/b-catenin signaling pathway.23 However, whether LRRC4 can
regulate the formation of circRNA is still not yet understood.

Here, we first identified that LRRC4 upregulated the expression of
circRNA circCD44 by interacting with Sam68. Mechanistically,
LRRC4 interacted with Sam68 and decreased the protein level of
Sam68, then promoted the enrichment of eIF4A3 in conservative
binding sites on pre-mRNA of CD44, thereby increasing the forma-
tion of circCD44. Furthermore, we also confirmed that circCD44
inhibits progression of glioblastoma via the miR-330-5p/miR-326/
SMAD6 signaling pathway in vitro and in vivo. Our study provides
novel insight into a mechanism by which LRRC4mediates the forma-
tion and upregulation of tumor-suppressive circRNA circCD44,
thereby inhibiting proliferation of glioblastoma cells.

RESULTS
LRRC4 interacts with SAM68 and promotes expression of

Circ_0021726

In our previous research, we generated a LRRC4 interactome based on
mass spectrometry-based immunoprecipitation (IP) proteomics in or-
der to identify LRRC4-binding proteins. Themass spectrometry results
showed that multiple RNA binding proteins, including FUS, EWS,
NONO, SAM68, and EWRS, were co-immunoprecipitated by LRRC4
antibody. The co-immunoprecipitation (coIP) assay was then used to
explore the candidate proteins that interacted with LRRC4, and we
confirmed that endogenous SAM68 was co-immunoprecipitated with
LRRC4 from the cell extract in 1124C cells (Figure 1A). Consistently,
LRRC4 was also co-immunoprecipitated with SAM68 antibody in
1124C cell extract (Figure 1A). We subsequently performed a gluta-
thione S-transferase (GST) pull-down assay with LRRC4 and GST-
fused SAM68. The results revealed that LRRC4 was pulled down by
GST-fused SAM68 (Figure S1A). Next, we wanted to determine
whether the interaction between LRRC4 and SAM68 could alter the
expression of SAM68.We found that SAM68 expression was decreased
in 1124C and 1216 primary glioma cells that were transfected with an
LRRC4 plasmid (Figures 1B and 1C). We next examined whether
LRRC4 affected the ubiquitin modification of SAM68, and we found
that the ubiquitin modifications of SAM68 were also increased after
LRRC4 transfection (Figure S1B). We further found that the inhibition
effect of LRRC4 on SAM68 was blocked when LRRC4 overexpression
cells were treated with MG132 (Figure S1C), indicating that LRRC4
induced the degradation of SAM68 by directly interacting with
SAM68. Additionally, we examined LRRC4 and SAM68 protein
expression in the total protein extraction of GBM specimens. As ex-
pected, LRRC4 expression was downregulated and SAM68 expression
was upregulated in GBM tissues compared with normal brain tissue
(Figure 1D). The expression of SAM68 was also investigated in The
Cancer Genome Atlas (TCGA) and the Chinese Glioma Genome Atlas
(CGGA) dataset. The results showed that the mRNA level of SAM68
474 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
was upregulated in both GBM and the low-grade glioma (LGG) group
(Figures 1, S1D, and S1E). Moreover, the Kaplan-Meier assay showed
that patients with a high SAM68 expression level had aworse prognosis
than patients with a low SAM68 expression level (Figures 1, S1F, and
S1G). This suggests that SAM68 acts as a pro-oncogene in GBM pro-
gression. We also used confocal fluorescence to examine the potential
effects of LRRC4 on SAM68 localization or expression and revealed
that SAM68 remained predominantly in the cytoplasm, but the
SAM68 staining signal remarkably decreased in LRRC4 expression cells
(Figures 1E and 1F). SAM68 belongs to the signal-transduction-acti-
vated RNA protein family. Previous research revealed that SAM68 reg-
ulates the variable splicing by directly binding to the pre-mRNA of
CD44, mTOR, and cyclin D1 (Figure 1G),24–26 indicating that
SAM68 plays an important role in the maturation of RNA. Recent
studies also have shown that RNA binding proteins may directly bind
to the flanking sequence of the precursor mRNA and then promote
the formation of circRNA.27 These findings prompted us to speculate
on whether LRRC4 can regulate the formation of circRNA by interact-
ing with SAM68. First, we searched the candidate circRNA containing
exon V5 of CD44 pre-mRNA, intron 5 of mTOR pre-mRNA, and
intron 4 of cyclin D1 pre-mRNA in the circBase database. Then, we de-
tected their expression in 1216, 1104, and 1124C primary glioma cells
that were transfected with an LRRC4 plasmid or control plasmid by
designing specific primers. The results revealed that hsa_circ_0021726
was upregulated in 1216, 1104, and 1124C cells that were transfected
with an LRRC4 plasmid compared to those transfected with control
plasmid (NC) (Figures 1H, 1I, and S1H).

LRRC4 promotes the generation of circCD44 by inhibiting

binding between SAM68 and CD44 pre-mRNA

To further reveal the mechanism by which LRRC4 regulates the
expression of circ_0021726 in GBM, we explored hsa_circ_0021726
formation by using a bioinformatics method (circBase). We found
that hsa_circ_0021726, with a molecular weight of 810 bp, was
formed from exons 7 to 13 of CD44 (Figure 2A). Then, we named
hsa_circ_0021726 as circCD44. By using another database (Circular
RNA Interactome), we found that nine binding sites for eIF4A3
were present near the exon 7 region of the CD44 mRNA (Figure 2A).
A previous study reported that eIF4A3 promotes circMMP9 expres-
sion by binding with circMMP9 mRNA.28 Our results also implied
that eIF4A3 maybe regulate circCD44 formation by directly binding
with binding sites in CD44 mRNA. We then conducted a RIP (RNA
binding protein immunoprecipitation) assay to investigate the bind-
ing between eIF4A3 and binding sites in CD44 mRNA in 1124C cells.
The results showed that eIF4A3 can bind with CD44 mRNA through
the five putative binding sites, which we named A1, A2, A3, A4, and
A5, but not A6 to A7 in the corresponding RNA-protein complex
(Figure 2B). Furthermore, when compared to the control, overexpres-
sion of LRRC4 increased the binding between eIF4A3 and five puta-
tive binding sites (A1, A2, A3, A4, and A5) in GBM cells (Figure 2C).
We next investigated whether LRRC4 regulates the expression of
circCD44 by affecting eIF4A3. However, IP and western blotting
assays showed that LRRC4 did not interact with eIF4A3 and expres-
sion of LRRC4 had no effect on protein-level alteration of eIF4A3



Figure 1. LRRC4 interacts with SAM68 and promotes expression of Circ_0021726

(A) 1124C cells were transfected with FLAG-LRRC4 plasmid. Co-immunoprecipitation with Flag antibody showed the interaction between LRRC4 and endogenous SAM68

in 1124C cells (left). 1124C cells were transfected with pCDNA3.1-LRRC4 plasmid, then co-immunoprecipitation with SAM68 antibody showed the interaction between

SAM68 and LRRC4 in 1124C cells (right). (B) Representative western blot analysis of LRRC4, SAM68, and GAPDH in 1124C and 1216 cells, with or without transfection with

LRRC4 plasmid. (C) Quantification of SAM68 protein expression in 1124C and 1216 cells, with or without transfection with LRRC4 plasmid. (D) Representative western blot

analysis of LRRC4, SAM68, and GAPDH proteins in primary GBM tissues. (E) 1124C cells were transfected with green fluorescent protein (GFP)-LRRC4 plasmid. Cells were

stained with anti-SAM68 antibody (red) as indicated. The nuclei were stained with DAPI (blue). Scale bar, 20 mm. (F) Quantitation of red fluorescence intensity between GFP-

positive and GFP-negative cells. (G) The diagrams show how SAM68 regulated variable splicing by directly binding to the pre-mRNA of CD44, mTOR, and cyclin D1. (H) RT-

qPCR analyses showed that LRRC4 increases the expression of hsa_circ_0021726 in 1124C cells. (I) RT-qPCR analyses showed that LRRC4 increases the expression of

hsa_circ_0021726 in 1216 cells. *p<0.05; **p<0.01:***p<0.001.
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(Figure 2D), indicating that LRRC4 does not directly affect eIF4A3. In
order to understand the molecular mechanism of LRRC4 promoting
the generation of circCD44, we further analyzed the sequence of
CD44 pre-mRNA through the UCSC database. The results showed
that there were potential SAM68 binding sites near the eIF4A3 bind-
ing sites on CD44 pre-mRNA (Figure 2A, red box), which suggested
that SAM68 and eIF4A3 bind competitively to the five putative bind-
ing sites. Data from an RIP assay using anti-SAM68 antibody
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 475
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Figure 2. LRRC4 promotes the generation of

circCD44 by inhibiting the binding between SAM68

and CD44 pre-mRNA

(A) Schematic sequence diagram of hsa_circ_0021726 in

CD44 pre-mRNA. Black boxes represent eIF4A3 binding

sites, and red boxes represent SAM68 binding sites. (B)

The RIP assay in 1124C cells showed that eIF4A3 can

bind with CD44 mRNA through five putative binding sites,

which we named A1, A2, A3, A4, and A5, but not A6 to A7.

(C) The RIP assay in 1124C cells showed that over-

expression of LRRC4 enhanced eIF4A3 binding to the five

putative binding sites in CD44 pre-mRNA. (D) Co-immu-

noprecipitation with LRRC4 antibody showed that LRRC4

does not interact with eIF4A3 (top). Immunoblotting

showed that overexpression of LRRC4 does not alter the

expression of eIF4A3 (bottom). (E) The RIP assay in 1124C

cells showed that overexpression of LRRC4 decreased

SAM68 binding to the five putative binding sites in CD44

pre-mRNA. (F) RT-qPCR analyses showed that the

expression of hsa_circ_0021726 was regulated under the

respective treatment condition in 1124C cells.
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indicated that SAM68 can bind with CD44 pre-mRNA through po-
tential Sam68 binding sites. Overexpression of LRRC4 inhibited the
binding between SAM68 and CD44 pre-mRNA (Figure 2E). These re-
sults revealed SAM68 binding with CD44 pre-mRNA, while expres-
sion of LRRC4 restrained the binding between SAM68 and CD44
pre-mRNA. We then knocked down the expression of eIF4A3 or
overexpression of SAM68 and found a reduction in circCD44 expres-
sion, while overexpression of eIF4A3 and knocked-down expression
of SAM68 increased circCD44 expression (Figure 2F). Furthermore,
overexpression of LRRC4 and eIF4A3 significantly increased
circCD44 expression, while overexpression of LRRC4 and SAM68
partially decreased circCD44 expression (Figure 2F).

circCD44 is downregulated inGBM tissue andprimaryGBMcells

First, we aimed to verify that circCD44 is a circRNA. PCR analysis
indicated that divergent primers could produce the circular isoform
476 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
of CD44 with cDNA but not with genomic
DNA (gDNA), while convergent primers could
amplify the linear isoform of CD44 from both
cDNA and gDNA in the primary GBM cells
(Figure 3A). Furthermore, RT-PCR and qPCR
showed that circCD44 cannot be reverse-tran-
scripted using Olig(dt) primer, while it can be
reverse-transcribed using random primers
(Figures 3B and 3C). Also, circCD44 resists
degradation of RNase R, while b-actin and
gapdh mRNA can be degraded by RNase R (Fig-
ures 3B and 3C). These results indicated that
circCD44 is a circRNA.

We next explored the circCD44 expression level
in GBM by using a qRT-PCR assay. A total of 14
patients with pathologically confirmed GBMwere recruited and eight
normal brain tissues were obtained for this assay. The results revealed
that the circCD44 expression level was significantly decreased in
GBM tissues compared with that in normal brain tissues (Figure 3D).
We also tested circCD44 expression in a human normal glial cell line
(HEB) and primary glioma cells (1104, 1216, 1124C, 1124B) using the
qRT-PCR assay. The results showed that circCD44 was highly ex-
pressed in HEB cells but was lacking in 1104, 1216, 1124C, and
1124B primary glioma cells (Figure 3E). In addition, we investigated
the location of circCD44 in 1124C cells with the fluorescence in situ
hybridization (FISH) assay. Confocal results demonstrated that
circCD44 was primarily expressed in the cytoplasm compared with
the positive control (intranuclear RNA U6) (Figures 3F and 3G).
Together, these data provided direct evidence showing that circCD44
is downregulated in GBM tissue and primary cells and suggested that
circCD44 may act as a tumor suppressor in GBM.



Figure 3. circCD44 is a circular RNA and is

downregulated in GBM

(A) Schematic representation of circCD44 formation (top).

The RNAs were detected by PCR. Divergent primers

could produce circRNAs in cDNA but not in genomic DNA

(gDNA); convergent primers could produce cDNA and

gDNA (bottom). (B) PCR and RT-qPCR showed that

circCD44 cannot be reverse-transcribed using Olig(dt)

primer, while it can be reverse-transcribed using random

primers. (C) RT-qPCR showed that circCD44 resists

degradation of RNase R, while gapdh mRNA can be

degraded by RNase R. (D) The expression level of

circCD44 was detected by RT-qPCR in GBM tissues (n =

14) and normal brain tissues (n = 8). (E) The expression

level of circCD44 was detected by RT-qPCR in a

human normal glial cell line (HEB) and primary glioma

cells (1104, 1216, 1124C, 1124B). (F) Confocal FISH

was performed to determine the location of circCD44

in 1124C cells. Scale bars, 20 mm. (G) Fluorescence sig-

nals were measured with ImageJ software. *p<0.05;

**p<0.01:***p<0.001.
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circCD44 is a tumor-suppressive circRNA in GBM

To explore the molecular mechanism by which circCD44 is associated
with GBM progression, we conducted cell biology experiments to
investigate the role of circCD44 in GBM cell proliferation, invasion,
and clone-formation abilities. First, circCD44 and mock expression
vectors were constructed and the successfully overexpressed circCD44
in 1104, 1124C, and 1216 cells was verified with RT-qPCR (Figures 4A,
4E, and 4I). Ectopic expression of circCD44 in 1104, 1124C, and 1216
cells suppressed GBM cell proliferation and invasion (Figures 4B–4L).
To further test the tumor-suppressive function of circCD44, we
analyzed the growth characteristics in GBM cells. The colony-forma-
tion assay showed that overexpression of circCD44 decreased the col-
ony numbers compared to the control (Figures 4M and 4N). We next
investigated the role of circCD44 in GBM development by means of a
Molecular Therap
xenograft nude mouse model. In 1216 cells with
stable expression of circCD44 or vector controls
that were constructed and injected subcutane-
ously into mice, expression of circCD44 also
significantly inhibited the growth of xenograft tu-
mors (Figures 4O–4R). Overall, these data re-
vealed that circCD44 is a tumor-suppressive
circRNA in GBM and inhibited the tumorigen-
esis of GBM cells both in vitro and in vivo.

The identification of SMAD6 as a circCD44-

regulated gene in GBM cells

To determine the mechanisms that circCD44
inhibited the proliferation, invasion, and
clone formation of GBM cells, we performed
RNA sequencing analysis in paired 1124c and
circCD44-overexpressed 1124c cell lines. DESeq2
was then used to analyze the differentially ex-
pressed genes. Compared to control cells, 20
geneswere significantly upregulated and 116 geneswere downregulated
in circCD44-expressed 1124c cells (Figures 5A and 5C, cohort 1). Kyoto
Encyclopedia ofGenes andGenomes (KEGG)pathway analysis showed
that upregulated genes were mainly involved in the transforming
growth factor (TGF)-b signaling pathway and downregulated genes
were mainly enriched in the cytokine-cytokine receptor interaction
pathway (Figure 5B). How does circCD44 regulate these genes? An
enormous body of evidence suggests that circRNAs play an important
role in carcinogenesis by competitively binding to microRNAs (miR-
NAs), thereby regulating the expression level of tumor-related genes.
Based on our finding that circCD44 is predominantly located in the
cytoplasm in GBM cells (Figure 3F), we assumed that circCD44 func-
tions as a competing endogenous RNA (ceRNA) by competitively bind-
ing to some miRNAs. First, by using the Circular RNA Interactome
y: Nucleic Acids Vol. 26 December 2021 477
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online database, a total of 41 miRNAs were found to potentially bind
circCD44 (Table S1, cohort 4). Next, the target genes of these miRNAs
were predicted and obtained by using FunRich software (named cohort
2). Subsequently, we analyzed differentially expressed genes between
LRRC4-expressing cells and control cells (named cohort 3). Interest-
ingly, only SMAD6 existed in all of the cohorts (Figure 5C). Thus,
SMAD6 was chosen for further study. Furthermore, we also predicted
andobtainedmiRNAs that potentially regulated differentially expressed
genes between 1124c cells and circCD44-overexpressed 1124c cells
(named cohort 5). Compared with 41 miRNAs that were found to
potentially bind circCD44 in the Circular RNA Interactome online
database, we found that bothmiR-330-5p andmiR-326 exist in two co-
horts (Figure 5D). To our surprise, the TargetScan database shows that
SMAD6 is a common target gene of miR-330-5p and miR-326. Taken
together, these results suggest that circCD44 may act as a glioma sup-
pressor through the miR-330-5p/miR-326/SMAD6 signaling axis.

circCD44 acts as a sponge and directly binds to miR-330-5p/

miR-326

Next, RT-qPCR assays were conducted to investigate the impact of
circCD44 on the expression of miRNAs that potentially bind to
circCD44. The results showed that overexpression of ccircCD44 resulted
in downregulation of miR-330-5p and miR-326 in GBM cells (Fig-
ure 6A). Does circCD44 directly bind to miR-330-5p/miR-326? Using
bioinformatics analysis, we found that circCD44 had a putative binding
site withmiR-330-5p andmiR-326 (Figure 6B). Subsequently, luciferase
reporter assays were executed to verify the binding between circCD44
and miR-330-5p/miR-326. The results indicated that both miR-330-5p
or miR-326 mimics obviously attenuated the luciferase activity of the
circCD44-wild-type (WT) luciferase reporter comparedwith the scram-
bled control (Figure 6C), which suggests that circCD44 might directly
combine with miR-330-5p or miR-326. In order to further confirm
the binding of circCD44 with miR-330-5p/miR-326, RNA pull-down
was conducted. Pull-down assay results also indicated that circCD44
was enriched in the biotin-labeled miR-330-5p-WT and miR-326-WT
(Figure 6D) but not that of mutants (Figure 6E). In addition, Pearson
correlation analysis revealed that the expression of circCD44 was
reversely correlated with the level of miR-330-5p and miR-326 in
collected clinical GBM samples (Figures 6F and 6G). All together, these
results suggested that circCD44 could directly combine with miR-330-
5p and miR-326 and act as a sponge of miR-330-5p and miR-326.

miR-330-5p/miR-326 reverses the tumor-suppressive effects of

circCD44 in GBM cells

To further investigate the roles of miR-330-5p/miR-326 and
circCD44 in GBM progression, we performed rescue assays to eval-
Figure 4. circCD44 inhibits GBM cell proliferation in vitro and in vivo

(A, E, and I) Successful overexpression of circCD44 in 1104 (A), 1124C (E), and 1216

expression on 1104 (B), 1124C (F), and 1216 (J) cell proliferation was assessed with the C

1104 (C), 1124C (G), and 1216 (K) cell invasion was assessed with the transwell assay. (D

and L) Quantification of the invading cells number from invasion assay of 1104 (D), 1

formation. (N) Quantification of the clone numbers of (M). (O) The representative tumor im

growth curves were drawn. (Q) Tumor weight was analyzed. (R) Ki67 expression in eac
uate the effects of the circCD44/miR-330-5p/miR-326 axis on the
proliferation, invasion, and clone-formation abilities of GBM cells.
The results revealed that ectopic expression of miR-330-5p or miR-
326 significantly attenuated the proliferation, invasion, and clone-for-
mation-suppressing effects induced by upregulation of circCD44 in
GBM cells (Figures 7A–7F). Furthermore, we also evaluated the effect
of circCD44 andmiR-330-5p/miR-326 in tumor growth in vivo by es-
tablishing orthotopic transplantation tumor models of glioma. The
results showed that the section areas of tumors in the circCD44-ex-
pressing group were strikingly lower than those in the control group,
while ectopic expression of miR-330-5p or miR-326 partly reversed
the inhibitory roles of circCD44 in gliomagenesis (Figures 7G and
7H). Kaplan-Meier survival curves showed that nude mice injected
with circCD44-overexpressing GBM cells had higher overall survival
(OS) compared to the control group, while re-expression of miR-330-
5p or miR-326 partly shortened OS relative to the circCD44-overex-
pressing group (Figure 7I). Immunohistochemical staining of excised
tumors with Ki67 antibodies was also consistent with that mentioned
earlier (Figure 7J). In summary, these results demonstrated that
circCD44 could function as a sponge of miR-330-5p and miR-326
to inhibit glioma progression.

SMAD6 is a direct target of miR-330-5p and miR-326 and is

regulated by the LRRC4/circCD44/miR-330-5p/miR-326 axis in

GBM cells

Based on TargetScan results showing that SMAD6 is common target
gene of miR-330-5p and miR-326, we then determined whether
SMAD6 is a direct target of miR-330-5p and miR-326. The qRT-
PCR and western blotting experiments revealed that the expression
of SMAD6 was decreased at both mRNA and protein levels in
GBM cells transfected with miR-330-5p and miR-326 mimics, while
SMAD6 expression was increased in GBM cells transfected with miR-
330-5p and miR-326 inhibitors (Figures 8A and 8B). Furthermore,
wild and mutant luciferase reporter plasmids containing SMAD6 30

UTRs were constructed (Figure 8C). By measuring luciferase activity,
we found that cells transfected with miR-330-5p andmiR-326mimics
could significantly decrease the activity of the luciferase reporter car-
rying theWT 30 UTR of SMAD6 but not that of the mutant 30 UTR of
SMAD6 (Figure 8C). Next, Pearson correlation analysis was used to
show the relationship between SMAD6 and miR-330-5p/miR-326,
and we found that SMAD6 was negatively correlated with the level
of miR-330-5p and miR-326 in the CGGA database (Figures 8D
and 8E). In addition, clinical GBM samples were collected and
analyzed with correlation analysis, and the results also revealed that
SMAD6 was negatively correlated with the expression level of
miR-330-5p and miR-326 (Figures 8F and 8G). Interestingly, we
(I) cells was detected by RT-qPCR. (B, F, and J) The effect of ectopic circCD44

CK-8 cell growth assay. (C, G, and K) The effect of ectopic circCD44 expression on

, H, and L) Quantification of the number of invading cells from (C), (G), and (K). (D, H,

124C (H), and 1216 cells (L). (M) Cell proliferation ability was evaluated by colony

ages in each group are displayed (n = 5). (P) Tumor volumes were measured and the

h group was detected via IHC. Scale bar, 20 mm. *p<0.05; **p<0.01:***p<0.001.
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Figure 5. Identification of SMAD6 as a circCD44-

regulated gene in GBM cells

(A) Volcano plot and clustered heatmap showing that 20

genes were significantly upregulated and 116 genes were

downregulated in circCD44-expressed 1124c cells. (B)

KEGG pathways enriched among differentially expressed

genes between circCD44-expressed 1124c cells and

control cells. (C) Comparison of differentially expressed

genes in three cohorts. Cohort 1 comprised differentially

expressed genes between circCD44-expressed 1124c

cells and control cells. Cohort 2 comprised the predicted

target genes of miRNAs that were found to potentially bind

circCD44. Cohort 3 comprised differentially expressed

genes between LRRC4-expressing cells and control cells.

(D) Comparison of differentially expressed miRNAs in two

cohorts. Cohort 4 comprised miRNAs found to potentially

bind circCD44 in the Circular RNA Interactome online

database. Cohort 5 comprised miRNAs that potentially

regulate differentially expressed genes between 1124c

cells and circCD44-overexpressed 1124c cells.
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also found that miR-326 was positively correlated with the expression
of miR-330-5p (Figure 8H). Subsequently, we then measured whether
SMAD6 is regulated by LRRC4 or circCD44. Overexpression of
LRRC4 or circCD44 increased both mRNA and protein levels of
SMAD6 (Figure 8I), and transfection with miR-330-5p or miR-326
mimics decreased both mRNA and protein levels of SMAD6 in
LRRC4- or circCD44-expressing GBM cells (Figures 8J and 8K). Clin-
ically, miR-330-5p and miR-326 were upregulated in high-grade gli-
omas compared with LGGs (Figures S2A and S2C), and patients with
a high expression of miR-330-5p had a poorer prognosis relative to
patients with gliomas that had a low expression level of miR-330-
5p (Figure S2B). However, miR-326 was not a prognostic marker in
glioma (Figure S2D). Furthermore, LRRC4 expression was positively
correlated with SMAD6 in the CGGA GBM dataset (Figure S2E).
Next, clinical GBM samples were collected and analyzed with qRT-
PCR, and the results also revealed that circCD44 was negatively corre-
lated with the expression level of SMAD6 (Figure S2F).We also exam-
ined the SMAD6 protein expression in total protein extraction of
GBM specimens. As shown in Figure 8L, the expression of SMAD6
protein was significantly decreased in GBM samples compared with
normal brain tissues, which also indicated that SMAD6 may be a tu-
mor-suppressive gene in GBM. In addition, overexpression of
SMAD6 impaired GBM cell growth and invasion in vitro (Figures
S3A–S3C). Knockdown of SMAD6 partially reversed the tumor-sup-
pressive effects of LRRC4 in GBM cells (Figures S3D–S3F). Taken
together, these results indicate that SMAD6 is a direct target of
miR-330-5p and miR-326 and is regulated via the LRRC4/Sam68/
circCD44/miR-330-5p/miR-326 axis in GBM cells.
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DISCUSSION
LRRC4 belongs to the LRR superfamily of syn-
aptic adhesion proteins. LRRC4 is composed
of a C-terminal PDZ-binding domain, through
which it can bind to PDZ domain-containing
proteins, the N-terminal LRR domain, and the immunoglobulin
(Ig)-like domain. Functionally, LRRC4 is a synaptic adhesion protein
that plays an important role in regulating synaptic transmission as
well as glioma tumorigenesis.29,30 Xu et al.31 revealed that LRRC4 is
a polarity regulator that localizes asymmetrically in rat hippocampal
neurons and is required for differentiation of the future axon. Mean-
while, an extensive study reported by our group has been devoted to
the capacity of the Lrrc4 gene to inhibit glioma cell proliferation and
invasion and increase the TMZ treatment response of glioblastoma
through different signaling pathways.18–23 Here, we explore novel
tumor-suppressive roles and molecular mechanisms of LRRC4 in
gliomagenesis. This study not only increases our knowledge of the tu-
mor-suppressive function of LRRC4, but it also offers a number of
significant findings.

First, we identified SAM68 as a new interactive partner for LRRC4.
Our group reported previously that LRRC4 could bind with some
proteins, including Erk1/2 (altering the cellular location of Erk1/
2),20 PDPK1 (enhancing the interaction between PDPK1 and
IKKb),21 and DEPTOR (promoting the degradation of DEPTOR),
in glioma cells.22 In this study, by conducting coIP combined with
mass spectrometry experiments, we identified SAM68 as a new inter-
active partner for LRRC4. SAM68 belongs to the STAR (signal trans-
duction and activation of RNA metabolism) family of RNA binding
proteins. It is widely expressed in all kinds of cells but performs
different functions under different environments.32 In general, the
main functions of SAM68 are as follows. First, in gene transcription
regulation, SAM68 could interact with transcription factors such as
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CBP and appears to regulate CBP-dependent gene expression.33 In
addition, studies have shown that SAM68 interacts with androgen re-
ceptors to enhance its transcriptional activity.34 Second, in the regu-
lation of alternative splicing, SAM68 interacts with alternative
splicing factor U2AF65 and the expression of SAM68 results in
enhanced binding of the U2AF65 subunit to an alternatively spliced
pre-mRNA sequence, including the pre-mRNA of the cell-surface
molecule CD44.35,36 Paronetto et al.37 found that SAM68 can bind
with the AU sequence on intron 4 of the cyclin D1 pre-mRNA, pro-
mote the inclusion of intron 4 in the D1b mRNA, and thereby
enhance splicing of cyclin D1b. In addition, Paronetto et al.38 found
that SAM68 binds the mRNA for Bcl-x and affects its alternative
splicing. Beyond its known functions, we first discovered a novel
function of SAM68 in gliomagenesis; that is, SAM68 also plays an
important role in the generation and formation of RNA circCD44.
Mechanistically, SAM68 shares the same binding sites with eIF4A3
on CD44 pre-mRNA. A previous study reported that eIF4A3 pro-
motes circMMP9 expression by binding with circMMP9 mRNA,
indicating that eIF4A3 is a key regulator in the generation of circRNA.
In this study, we found that the enrichment of eIF4A3 on pre-mRNA
of CD44 was repressed when SAM68 was present in the mRNA for
CD44, and the depletion of SAM68 promoted eIF4A3 binding of
the mRNA for CD44 and increased the formation of circCD44.
SAM68 is upregulated in GBM tissues and high expression of
SAM68 is strongly associated with poor survival (Figures 1 and S1),
indicating that SAM68 plays a protumorigenic role in glioma progres-
sion. Our findings revealed that LRRC4 decreased the protein level of
Sam68. In a previous report, we confirmed that LRRC4 induces the
degradation of DEPTOR by directly interacting with DEPTOR and
promoting the binding between DEPTOR and CUL3.22 The explana-
tion of why LRRC4 could reduce the protein level of SAM68 is that
LRRC4 may also act as a bridge of SAM68 and E3 ubiquitin ligase
CUL3. Additionally, we also confirmed that LRRC4 promoted the
formation of circCD44 in glioma cells by interacting with SAM68
and reducing its protein expression. This suggests that LRRC4 hin-
ders glioma cell growth partly through both decreasing the protein
level of SAM68 and increasing the formation of circCD44.

Second, our studies identify hsa_circ_0021726 as circCD44, which is
a novel GBM-suppressive circRNA. circCD44, with a molecular
weight of 810 bp, was formed from exons 7 to 13 of CD44 pre-
mRNA. To our knowledge, before this study, there were no published
articles about the function of circCD44. We found that circCD44
expression was significantly decreased in GBM. The overexpression
of circCD44 inhibits glioma cell growth in vitro and in vivo. To
date, circRNAs have mainly been attributed to active roles in the
Figure 6. circCD44 acts as a sponge and directly binds to miR-330-5p/miR-326

(A) RT-qPCR assays were conducted to investigate the impact of circCD44 on the expr

miR-326 andmiR-330-5p on the circCD44 wild-type (WT) or mutated sequence are show

in 1124C cells cotransfected with miR-326, miR-330-5p, or scramble and circCD44 WT

binding of circCD44 and miR-326 or miR-330-5p. (E) RNA pull-down was performed to

330-5p (MU). (F) Correlation between the expression of miR-326 and circCD44 in coll

between the expression of miR-330-5p and circCD44 in collected GBM samples was
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cytosol, where they can be translated into peptides39,40 or act as
ceRNA to regulate the expression of oncogenes or tumor-suppressor
genes via sponging miRNAs.41 In this study, we found that circCD44
has predicted binding sites for miR-326 and miR-330-5p, and we
confirmed the direct binding between circCD44 and miR-326 and
miR-330-5p. miR-326 and miR-330-5p may act as oncogenes in
tumorigenesis. Kim et al.42 confirmed that miR-326 enhanced the in-
vasion and migration potential of cancer cells. Xiao et al.43 reported
that miR-330-5p expression is upregulated in HCC tissues and cell
lines, and miR-330-5p knockdown inhibits proliferation and growth
of HCC cells in vitro and in vivo. Feng et al.44 reported that miR-330-
5p suppresses glioblastoma cell proliferation and invasiveness, and
this finding was based on only the U251 cell line. However, we did
confirm that miR-330-5p acts as an oncogene in primary glioma
cell lines 1104, 1124c, and 1216.We thought that tumor heterogeneity
may play an important role in different glioma cells. Furthermore,
based on the ceRNA hypothesis, we also found that circCD44 regu-
lated the expression of SMAD6, which is the target gene of both
miR-326 and miR-330-5p. SMAD6, one of the inhibitory Smads,
plays an important role in TGF-b1-mediated negative regulation of
proinflammatory signaling.45 Jiao et al.46 found that ectopic
SMAD6 is predominately expressed in the cytoplasm and can act as
a tumor suppressor in inhibiting migration, invasion, and metastasis.
Our study also confirmed that overexpression of SMAD6 inhibited
glioma cell growth and invasion, indicating that SMAD6 can act as
a glioma suppressor in vitro. Subsequently, the tumor-suppressive ef-
fects might be reversed by SMAD6 knockdown. These results further
confirm our hypothesis that circCD44 serves as a ceRNA for miR-326
and miR-330-5p to enhance SMAD6 expression and regulate the
TGF-b signaling pathway in GBM progression. However, detailed
mechanisms in the regulatory process need further elucidation.

In conclusion, our study revealed that LRRC4, which has been proven
to be a tumor-suppressor gene, directly interacts with SAM68 and de-
creases the protein level of SAM68, thus promoting eIF4A3 binding of
the mRNA for CD44 and increasing the formation of circCD44.
Moreover, circCD44 serves as a ceRNA for miR-326 and miR-330-
5p to enhance SMAD6 expression and regulate the TGF-b signaling
pathway in GBM progression. Thus, the LRRC4/Sam68/circCD44/
miR-326/miR-330-5p/SMAD6 signaling axis could be a potential
target for GBM treatment.

MATERIALS AND METHODS
Tissue samples and primary cell culture

GBM tissues were collected from the Department of Neurosurgery at
Xiangya Hospital Central South University (Hunan, China). All of the
ession of miRNAs that potentially bind to circCD44. (B) The putative binding sites of

n. (C) The luciferase reporter assay was performed to detect the activity of circCD44

or circCD44 mutated (MU) vector. (D) RNA pull-down was performed to detect the

detect the binding of circCD44 and biotinylated miR-326 (MU) or biotinylated miR-

ected GBM samples was evaluated with Pearson’s correlation test. (G) Correlation

evaluated with Pearson’s correlation test.



Figure 7. miR-330-5p/miR-326 reverses the tumor-

suppressive effects of circCD44 in GBM cells

(A and B) 1104 (A) and 1216 (B) cells were transfected with

the indicated vectors and miRNAs, and CCK-8 assays

were performed to assess the proliferation ability of the

transfected cells. (C and D) 1104 (C) and 1216 (D) cells

were transfected with the indicated vectors and miRNAs,

and transwell assays were performed to assess the in-

vasion ability of the transfected cells. (E and F) 1104 (E)

and 1216 (F) cells were transfected with indicated vectors

and miRNAs, and colony-formation assays were per-

formed to assess the proliferation ability of the transfected

cells. (G) H&E staining of the brain and tumors. Tumor

areas are indicated by a dotted line. (H) Tumor areas (in

mm3) were assessed with ImageJ software. (I) Kaplan-

Meier survival curves of mice injected with transfected

with indicated vectors and miRNAs. (J) Ki67 expression in

each group was detected via IHC. Scale bar, 20 mm.

*p<0.05; **p<0.01:***p<0.001.
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experimental schemes were approved by the Ethics Committee of
Xiangya Medical College of Central South University and were per-
formed following national guidelines. Primary cell (1104, 1124c,
and 1216) culture protocols were described in our previous report.47

Briefly, primary glioma tissues were minced with a GentleMACS Dis-
sociator (Miltenyi Biotec, Gladbach, Germany) and digested with
0.25% trypsin at 37�C for 30 min. Digestion was stopped by adding
trypsin inhibitor, and cells were passed through a 40-mm nylon cell
strainer (352340; Corning) to obtain single-cell suspensions.

Cell lines and culture conditions

Primary cell lines 1104, 1124c, and 1216 as well as normal glial cell
line HEB were conserved in our laboratory. Cells were cultured in
Molecular Therap
DMEM (GIBCO, Carlsbad, CA) supplemented
with 10% fetal bovine serum and antibiotics.
Cells were maintained in a humidified incubator
at 37�C with 5% CO2.

Antibodies and reagents

Antibodies against SAM68 (10222-1-AP, WB,
1:1,500; IP, 1:200; RIP, 1:200), GAPDH (60004-
1-Ig, WB, 1:2,000), HA (66006-2-Ig, WB,
1:2,000), GST (66001-2-Ig, WB, 1:5,000; IP,
1:500), and eIF4A3 (17504-1-AP, WB, 1:1,500;
IP, 1:150; RIP, 1:200) were purchased from Pro-
teintech (Wuhan, Hubei, China). Antibodies
against Flag (F3165, IP, 1:200) was purchased
from Sigma-Aldrich (St. Louis, MO). Antibodies
against LRRC4 (bs-1974R, WB, 1:1,000) and
SMAD6 (bs-23329R, WB, 1:1,000) was pur-
chased from Boaosen Biotechnology (Beijing,
China). Anti-Ki67 antibody (PB9026, immuno-
histochemistry [IHC], 1:1,500) was purchased
from Boster Biological Technology (Pleasanton,
CA). Cy3-labeled circCD44 and U6 were used
to observe the localization of circCD44. FISH analysis was performed
using a FISH kit (RiboBio, Guangzhou, China) according to the man-
ufacturer’s instructions.

Cell proliferation and invasion assays

CCK-8, EDU, colony formation, and transwell invasion assays were
performed according to our previous report.47

RNA isolation and qRT-PCR

Total RNA was extracted from tissues or harvested cells with TRIzol
reagent (Invitrogen, Carlsbad, CA) and then used for first-strand
cDNA synthesis using RevertAid RT Reverse Transcription Kit
(Thermo Fisher). Real-time PCR reactions were performed with TB
y: Nucleic Acids Vol. 26 December 2021 483
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Green Premix Ex Taq II (Takara, Dalian, China) in a CFX-96 real-
time PCR system (Bio-Rad, Hercules, CA), and the relative expression
of genes was normalized using GAPDH as a housekeeping gene.
RNA pull-down assay

To pull down the circRNA by miRNA, biotinylated miR-326 and
miR-330-5p mimics or their mutants were synthesized by Ribo-
Bio. 1124c cells that transfected with biotinylated miR-326 and
miR-330-5p mimics or their mutants were lysed in IP buffer.
Next, the biotin-coupled RNA complex was pull downed by strep-
tavidin-coated magnetic bead adsorption. The immunoprecipi-
tated RNA complex was collected by using TRIzol and ethanol
precipitation. The enrichment of circCD44 was measured with
qRT-PCR.
RIP assay

After crosslinking with 0.4% formaldehyde for 15 min at room tem-
perature, cells were lysed in IP buffer (25 mMof Tris, pH 7.5, 150 mM
of NaCl, 1% Triton X-100, and 1 mM of EDTA) with RNasin inhib-
itor and cocktail. Cell lysates were incubated with the indicated anti-
bodies at 4�C overnight. Protein A/G magnetic beads were washed
twice with IP buffer and were then added to the reaction mixtures
and incubated for 2 h at 4�C. Then the immunoprecipitated RNAs
were collected by using TRIzol and ethanol precipitation and sub-
jected to qRT-PCR analysis.
IP and immunoblotting

Our previous report provides a detailed description of this protocol.22

For the IP assay, GBM cells were washed with cold PBS and lysed in
coIP buffer. Cell lysates containing 500 mg of total protein were incu-
bated with Flag or antibodies at 4�C overnight. Protein A/G magnetic
beads were moderately washed twice with coIP buffer and were then
added to the reaction mixtures and subjected to incubation for 2 h at
4�C. After magnetic separation, the magnetic beads were washed four
times with coIP buffer and boiled for 10 min after the addition of 2�
SDS loading buffer. The immunoprecipitated proteins were analyzed
by SDS-polyacrylamide gel electrophoresis (PAGE) and 50 mg of total
protein was used as the input control. For immunoblotting, cells were
lysed in RIPA buffer. Protein lysates were fractionated by SDS-PAGE,
transferred onto polyvinylidene fluoride (PVDF) membranes (Merck
Millipore, Germany), and then incubated with the indicated primary
Figure 8. SMAD6 is a direct target of miR-330-5p and miR-326 and is regulated

(A) RT-qPCR detected the relative expression of SMAD6 after transfection with miR-3

detected the relative expression of SMAD6 after transfection with miR-326, miR-326 inh

performed to detect the activity of the SMAD6 30 UTR in 1124C cells cotransfected with

UTRmutated (MU) vector. (D) Correlation between the expression of miR-326 and SMAD

between the expression ofmiR-330-5p and SMAD6 in the CGGA dataset was evaluated

326 (F) or miR-330-5p (G) and SMAD6 in collected GBM samples was evaluated with Pe

miR-326 in the CGGA dataset was evaluated with Pearson’s correlation test. (I) The relat

by qRT-PCR and western blotting. (J) The relative expression of SMAD6 was detected

blotting. (K) The relative expression of SMAD6 was detected after transfection with the i

western blot analysis of SMAD6 protein expression in primary GBM tissues. (M) A mode

by directly interacting with SAM68 in GBM.
antibodies, washed, and probed with HRP (horseradish peroxidase)-
conjugated secondary antibodies.

Xenograft tumor model

Animal experiments were approved by the Animal Care and Use
Committee of Central South University. Briefly, for subcutaneous tu-
mor formation, 2� 106 cells with 200 mL of serum-free medium were
injected subcutaneously in the left flank of nude mice. Tumor volume
was calculated in accordance with the formula (length � width2/2)
and measured weekly, and tumor weight was determined. For the
intracranial implantation mouse model, 4 � 105 cells in 4 mL of
serum-free medium were stereotactically injected into the striatum
(1.0 mm anterior and 1.0 mm lateral from the Bregma suture and
3.0 mm below the pial surface) of nude mice.

Immunohistochemistry

Tumor xenograft paraffin sections were deparaffinized and then rehy-
drated through an alcohol series, followed by antigen retrieval with
sodium citrate buffer. Sections were blocked with 3% hydrogen
peroxide for 10 min and with normal goat serum for 30 min at
room temperature. Then, the sections were incubated with Ki67 an-
tibodies (1:1,500) overnight at 4�C and were incubated with bio-
tinylated secondary antibody (Maxim Biotechnologies) for 30 min
at room temperature, then detected by HRP-conjugated DAB.

Statistical analysis

Data are presented as the mean ± SD from at least three separate ex-
periments, and the data were analyzed with GraphPad Prism 8 soft-
ware. Differences between variables of two groups were examined
with the Student’s t test, and one-way ANOVA was used to evaluate
the differences among variables of multiple groups. OS curves for
xenograft tumor model mice were calculated with the Kaplan-Meier
method. p < 0.05 was considered statistically significant.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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