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circDCUN1D4 suppresses tumor metastasis
and glycolysis in lung adenocarcinoma
by stabilizing TXNIP expression
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Aberrant expression of circular RNAs (circRNAs) is involved in
cancer progression through interaction with RNA-binding
proteins (RBPs). Herein, we screened circRNA expression of
A549 cells in circBase and the crosslinking immunoprecipita-
tion (CLIP) data of human antigen R (HuR), an extensively
studied RBP, and identified a circRNA, circ-defective in cullin
neddylation 1 domain containing 4 (circDCUN1D4), origi-
nating from the DCUN1D4 gene transcript. circDCUN1D4 is
downregulated in tumor samples under the mediation of
DExH-box helicase 9 (DHX9), which inhibits the formation
of circRNA by binding inverted repeat Alus (IRAlus) in flank-
ing sequences. circDCUN1D4 depletion promoted invasion
in vitro and metastasis in vivo. Importantly, the interaction
between circDCUN1D4 and HuR increased the transportation
of HuR to the cytoplasm. circDCUN1D4 acts as a scaffold to
facilitate the interaction between the HuR protein and
thioredoxin-interacting protein (TXNIP) mRNA, which
enhances the stability of the TXNIP mRNA. Additionally,
circDCUN1D4 directly interacts with TXNIP mRNA through
base complementation, indicating the formation of the
circDCUN1D4/HuR/TXNIP RNA-protein ternary complex.
Furthermore, circDCUN1D4 suppressed metastasis and glycol-
ysis of lung cancer cells in a TXNIP-dependent manner. Clini-
cally, the downregulated expression of circDCUN1D4 was
more prevalent in lymph node metastatic tissues and served
as an independent risk factor for the overall survival of lung
adenocarcinoma (LUAD) patients. These findings demon-
strated that a novel circRNA, circDCUN1D4, is involved in
the metastasis and glycolysis of LUAD.
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INTRODUCTION
Lung cancer is the most common cause of cancer-related death
worldwide, and non-small cell lung cancer (NSCLC) is the most
prevalent form, accounting for 85% of cases, of which lung adenocar-
cinoma (LUAD) is themost common subtype.1 Advances in the treat-
ment of NSCLC patients, such as surgery, radiation, chemotherapy,
targeted therapies, and immune checkpoint inhibitor therapy, have
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been reported; however, the 5-year survival remains less than 15%.2

The poor prognosis is due to the presence of locally advanced or met-
astatic tumors at the time of diagnosis in most patients.3 Elucidation
of the mechanism of tumor metastasis is urgently needed. Recently,
noncoding RNAs (ncRNAs) have been defined as functional regula-
torymolecules instead of “junk” transcriptional products.4 A previous
report showed that microRNA (miR)-224/520c-dependent TUSC3
deficiency enhances the metastatic potential of NSCLC.5 Circular
(circ)TP63 promotes the progression of lung squamous cell carci-
noma (LUSC) by competitively binding to miR-873-3p and upregu-
lating FOXM1.6 However, few studies have explored the mechanism
of circRNAs in the metastasis of LUAD.

circRNAs, with a covalent single-stranded loop configuration, are
produced by direct backsplicing or exon skipping of precursor
mRNA (pre-mRNA).7 circRNAs are stable and resistant to exonu-
cleolytic RNA decay compared with their source mRNAs, and the
structures have neither 50–30 polarity nor a polyadenylated tail;
thus, these molecules have recently attracted increased research inter-
est. Dysregulated expression of circRNAs has been identified in
almost all types of cancers,8 indicating that circRNAs have important
noncoding functions. Many circRNAs have been proposed to act as
microRNA (miRNA) sponges. ciRS-7/CDR1as harbors over 70 con-
ventional miR-7 binding sites in neuronal tissues and is perhaps the
best characterized circRNA.9 However, several studies have shown
that the majority of circRNAs harbor few binding sites for a single
miRNA.10 Recently, crosslinking immunoprecipitation (CLIP) data-
sets have shown the emerging roles of circRNAs in tumor progression
via physical interactions with proteins; they act as protein sponges or
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scaffolds to mediate complex biological functions.11 circNSUN2 in-
teracts with the RNA-binding protein (RBP) IGF2BP2 to stabilize
HMGA2, promoting colorectal liver metastasis.12 circ-CUX1 binds
to Ewing Sarcoma (EWS) RBP1 (EWSR1), resulting in transactivation
of MYC-associated zinc finger protein (MAZ) and inhibiting glycol-
ysis to suppress the progression of neuroblastoma.13

Human antigen R (HuR) is a member of the embryonic lethal
abnormal visual (ELAV) protein family and is an extensively studied
RBP that regulates protein expression patterns by associating with a
wide range of RNAs.14 Phosphorylated uridine diphosphate-glucose
6-dehydrogenase (UGDH) interacts with HuR and mediates the
interaction of HuR with SNAI1 mRNA, which enhances the stability
of SNAI1 mRNA and promotes lung cancer metastasis.15 HuR is
phosphorylated through p38 mitogen-activated protein kinase
(MAPK), which results in cytoplasmic accumulation and enhances
binding to p21Cip1.16 Many circRNAs were reported to bind HuR.17

circ-AGO2 interacts with the HuR protein to facilitate its activation
and enrichment on the 30 untranslated region of target genes in gastric
cancer.18 However, whether circRNAs physically interact with HuR
in LUAD is still unclear.

Glycolysis is one of the hallmarks of cancer and produces glucose-
dependent ATP and glycolytic intermediates for macromolecular
biosynthesis.19 It has been reported that circ-CUX1 binds to
EWSR1 and transactivates MAZ, which contributes to aerobic
glycolysis and the progression of neuroblastoma.13 Further, the
circMAT2B/miR-338-3p/PKM2 axis promoted hepatocellular carci-
noma progression by enhancing glycolysis.20 It is not clear whether
circRNAs participate in glycolysis during the progression of LUAD.

In this study, we identified a circ-DCUN1D4 RNA (circBase ID: hsa_
circ_0007928), derived from the exon region of the DCUN1D4 gene,
which is significantly downregulated in LUAD tissues. circDCU1ND4
interacted with HuR and facilitated HuR translocation to the cyto-
plasm, which suppressed glycolysis and metastasis in LUAD by stabi-
lizing the TXNIPmRNA. Our results indicate that circDCUN1D4may
be a therapeutic target for the progression of LUAD.

RESULTS
Profiling of HuR-associated circRNAs and characterization of

circDCUN1D4 in LUAD

To explore the circRNA interaction with the HuR protein in LUAD,
we first analyzed the CLIP data of HuR17 and identified 250 circRNAs
(Figure 1A) associated with HuR. circRNA expression of A549 cells
(Figure 1A) in the circRNA database circBase was also investigated
to identify 14,970 circRNAs expressed in LUAD. Overlapping
analysis with these circRNAs revealed that 152 circRNAs potentially
interacted with HuR in LUAD (Data S1). According to the fold-
enrichment rank, we identified the top 5 circRNAs expressed in the
A549 cell line through quantitative reverse-transcriptase PCR
(qRT-PCR) and found that hsa_circ_0007928 was highly expressed
in A549 cells (Figure 1B). Furthermore, hsa_circ_0007928 was found
to be downregulated in LUAD tumor tissues compared with matched
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adjacent normal tissues (Figure 1C). By mapping the sequences of
hsa_circ_0007928 to the human reference genome (GRCh37/hg19),
we revealed that hsa_circ_0007928 consists of exons 2, 3, 4, 5, and
6, derived from DCUN1D4; thus, we termed it as circDCUN1D4
(Figure 1D). The full-length sequence of circDCUN1D4 was also vali-
dated, and the sequence of circDCUN1D4 was similar to that in
circBase (Figure S1A). The circDCUN1D4 (human) sequence and
mmu_circDCUN1D4 (mouse) sequence were mapped, and the iden-
tities were 89%, which revealed that circDCUN1D4 is conserved (Fig-
ure S1B). The expression of circDCUN1D4 was measured in LUAD
cell lines and the normal lung cell line HBE, which revealed that
circDCUN1D4 was expressed at lower levels in the cancer cell lines
than the normal cell line, and H1299, H1975, and A549 cells were
chosen for use in the following experiments (Figure S1C). The
cyclization of the 389-nucleotide (nt) circDCUN1D4 was validated
by RT-PCR with Sanger sequencing (Figure 1D), RNase R treatment
(Figures 1E and S1D), actinomycin D treatment (Figures 1F and S1E),
and divergent primers (Figure 1G). Moreover, random hexamer or
oligo (dT)18 was used in RT experiments, and the relative expression
of circDCUN1D4 was significantly decreased when oligo (dT)18
primers were used (Figures 1H and S1F). This finding proved that
circDCUN1D4 had no poly-A tail. Cytosolic/nuclear fractionation,
followed by qRT-PCR analysis, revealed that circDCUN1D4 localized
mainly in the cytosol (Figures 1I and S1G), which was confirmed by
fluorescence in situ hybridization (FISH; Figure 1J). These results
showed that circDCUN1D4 is downregulated and localizes in both
the cytosol and nucleus.

The expression of circDCUN1D4 is regulated by DExH-box

helicase 9 (DHX9) in LUAD

Recent research has shown that circRNA biogenesis is mainly
modulated by both intronic complementary sequences (ICSs) and
RBPs.21,22 Therefore, we analyzed the ICSs of intron 1 and intron 6
by RepeatMasker, and we found five Alu sequences, which belong to
the primate-specific short interspersed element (SINE) family of retro-
transposons and are ~300 nt long. The intron 1 sequences contain two
Alus—Alu and AluJo—whereas the intron 6 sequences contain three
Alus, AluSc, and two AluSxs (Figure 2A). The orientations of these
Alus are different. Based on the research showing that inverted repeat
Alus (IRAlus) could potentially mediate cyclization of circRNA,21,23 we
hypothesized that AluJo in intron 1 and AluSc in intron 6 could play
important roles in the biogenesis of circDCUN1D4. We constructed
the mock, positive control, vector wild type (WT; AluJo + AluSc)
and two deletion plasmids to test whether circDCUN1D4 was pro-
moted by AluJo and AluSc (Figure 2B). After transfection with the
six types of vectors, qRT-PCR showed that the deletion of AluJo or
AluSc did not result in overexpression of circDCUN1D4 compared
with that of the WT vector (Figure 2C), which revealed that AluJo
and AluSc are needed for biogenesis of circDCUN1D4. Since RBPs
recognize intronic sequences to promote circRNA biogenesis, we
screened RBPs that have been reported to regulate the biogenesis of
circRNAs, and we chose DHX9, and adenosine deaminase 1 acting
onRNA (ADAR1) as candidates, which were reported to downregulate
circRNAs. qRT-PCR assays showed that depletion of DHX9



Figure 1. Expression profiles of circRNAs interacting with HuR in A549 cells and characterization of circDCUN1D4

(A) The flowchart delineating the identification of the top 5 circRNAs from CLIP data of HuR and A549 circRNA expression data from circBase. (B) The relative expression of

the top 5 circRNAs in the A549 cell line (mean ± SD, n = 4). (C) qRT-PCR assay showing the relative expression of circDCUN1D4 (normalized to b-actin) in matched normal

tissues and cancerous tissues of LUAD. (D) CircDCUN1D4 was backspliced by exons 2, 3, 4, 5, and 6 of the DCUN1D4 gene and validated by Sanger sequencing. (E) qRT-

PCR for the abundance of circDCUN1D4 and DCUN1D4 in H1299 cells treated with RNase R compared with the mock cells (mean ± SD, n = 4). (F) qRT-PCR for the

abundance of circDCUN1D4 and DCUN1D4 in H1299 cells treated with actinomycin D at the indicated time points (mean ± SD, n = 4). (G) RT-PCR or PCR assays for the

detection of circDCUN1D4 using divergent and convergent primers from cDNA or genomic DNA (gDNA) of the LUAD cell lines H1299 and H1975. (H) Northern blot using a

junction-specific probe indicating the endogenous existence. (I) Random hexamer or oligo (dT)18 primers were used in the reverse transcription experiment. The relative RNA

levels were analyzed by qRT-PCR and normalized to the value using random hexamer primers (mean ± SD, n = 4). (J) qRT-PCR for the distribution of circDCUN1D4, GAPDH,

and U6 in the cytoplasmic and nuclear fractions of cancer cells (mean ± SD, n = 4). (K) RNA-FISH assay showing the cytoplasmic and nuclear location of circDCUN1D4 in

cultured H1299 and H1975 cells using a junction-specific antisense probe (green), with nuclear staining with DAPI (blue). Student’s t test and analysis of variance compared

the differences in (B, E, F, and I). *P<0.05, **P<0.001 vs. mock, mDCUN1D4, random hexamer primers. The Wilcoxon signed-rank test was used in (C).
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significantly increased the expression of circDCUN1D4, whereas the
knockdown of ADAR1 did not result in obvious changes (Figures
2D and S2A). DHX9 is an RNA helicase that unwinds IRAlu pairs.25

Notably, the expression of circDCUN1D4 was negatively correlated
with the expression of DHX9 in LUAD tissues, and DHX9 was obvi-
ously upregulated in LUAD tissues from The Cancer Genome Atlas
(TCGA)26 (Figures 2E and 2F). The RNA immunoprecipitation
(RIP) assay was used to demonstrate the interaction between DHX9
and AluJo/AluSc (Figure 2G). According to the RNA-binding motif
of DHX9 (Figure 2H), we screened two potential binding sites between
DHX9 and AluJo/AluSc, respectively. TheWT andmutation luciferase
report plasmids of AluJo/AluSc were designed to validate the accurate
binding site. The results released that DHX9 interacted with AluJo/
AluSc in these two potential binding sites (Figure 2I). Thus, IRAlus
could partly participate in the biogenesis of circDCUN1D4, which
was mediated by DHX9.
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 357
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Figure 2. The expression of circDCUN1D4 in LUAD can be regulated by DHX9

(A) The location of DCUN1D4 in the genome and RepeatMasker analysis of the intron sequences of DCUN1D4. (B) A schematic drawing of six types of circDCUN1D4-

overexpressing vectors. (C) qRT-PCR assay detected the expression of circDCUN1D4 after transfection with the six types of circDCUN1D4-overexpressing vectors (mean ±

SD, n = 4). (D) qRT-PCR detection of circDCUN1D4 and mDCUN1D4 after DHX9 knockdown using RNAi in H1299 cells (mean ± SD, n = 4). (E) The correlation between the

relative expression of DHX9 and circDCUN1D4 in 34 LUAD tissues. (F) The relative mRNA levels of DHX9 in LUAD in TCGA database. (G) The RIP assay results demonstrated

that the DHX9 interacts with the AluJo/AluSc region (mean ± SD, n = 4). (H) The motif of DHX9. (I) The luciferase report assay results demonstrated that the DHX9 interacts

with the Alu region of circDCUN1D4-intron1/intron6 (mean ± SD, n = 4).
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circDCUN1D4 suppresses LUAD cell metastasis in vitro and

in vivo

To evaluate the biological functions of circDCUN1D4 in LUAD, we
first established circDCUN1D4-overexpressing and circDCUN1D4-
knockdown LUAD cell lines by using a positive control vector (above-
mentioned) or small hairpin RNAs (shRNAs) targeting the junction
of circDCUN1D4 to transfect A549 cell lines and H1299 cell lines,
respectively (Figures S2B and S2C). The expression of circDCUN1D4
changed significantly; however, the mDCUN1D4 and DCUN1D4
protein levels did not show obvious changes after overexpression or
silencing of circDCUN1D4. Transwell assays, Matrigel assays, real-
time cell analysis (RTCA), and wound-healing assays revealed that
overexpressing circDCUN1D4 significantly suppressed the migration
358 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
of LUAD cells (Figures 3A–3D), whereas knocking down circD-
CUN1D4 promoted the invasion of LUAD cells (Figures S2D–
S2G). Immunofluorescence assays and western blotting also
consistently showed that circDCUN1D4 overexpression increased
the abundance of an epithelial marker (E-cadherin) and decreased
the level of mesenchymal markers (N-cadherin and vimentin; Figures
3E, 3F, and S2H). Conversely, circDCUN1D4 silencing resulted in the
opposite alterations.

To explore the effects of circDCUN1D4 in vivo, we injected athymic
nude mice with circDCUN1D4-overexpressing A549 cells or
negative control (NC) cells (mock) via the tail vein. Eight weeks later,
circDCUN1D4-overexpressing cells resulted in fewer lung metastatic



Figure 3. circDCUN1D4 suppresses the invasion and metastasis of cancer cells in vitro and in vivo

(A and B) Representative images (upper panel) and quantification (lower panel) of Transwell and Matrigel assays, respectively, showing the invasion of A549 cells stably

transfected with empty vector (mock) and circDCUN1D4 (mean ± SD, n = 4). Scale bars, 100 mm. (C) Cell migration in real time was analyzed by the xCELLigence RTCA

(mean ± SD, n = 4). (D) Representative images of the wound-healing assay showing the metastasis of A549 cells stably transfected with empty vector (mock) and

circDCUN1D4 (mean ± SD, n = 4). Scale bar, 100 mm. (E) Representative images (left panel) and quantification (right panel) of the immunofluorescence staining assay

showing the expression of E-cadherin (E-cad) in A549 and H1299 cells stably transfected with mock, circDCUN1D4, scramble shRNA (sh-scb), or sh-circDCUN1D4 vectors

(mean ± SD, n = 4). (F) Western blot indicating the expression of N-cadherin (N-cad), E-cad, vimentin, and GAPDH in total lysates of A549 and H1299 cells stably transfected

with mock, circDCUN1D4, sh-scb, or sh-circDCUN1D4 vectors. (G) Images of dissected mouse lungs after tail-vein injection of A549 cells stably transfected with mock and

circDCUN1D4 vectors (n = 4 for each group). (H) H&E staining of pathological sections (left panel) and the quantification of metastasis count (right panel). Student’s t test and

analysis of variance compared the differences in (A–D) and (H). *p < 0.05 versus mock or sh-scb.
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colonies than control cells (mock), and hematoxylin and eosin (H&E)
staining of the dissected lungs confirmed that overexpression of
circDCUN1D4 significantly suppressed lung metastasis (Figures 3G
and 3H).

circDCUN1D4 promotes the cytoplasmic export of the HuR

protein and activates HuR in cancer cells

To explore the interaction between circDCUN1D4 and the HuR pro-
tein, we first evaluated whether circDCUN1D4 interacted with HuR.
Mfold27 was utilized to identify optimal folding of the circDCUN1D4
secondary structure and then submitted to RNA Composer28 to
generate the 3D structure of circDCUN1D4. The 3D structure of
the HuR protein was derived from Protein Data Bank (PDB:
4FXV). NPDock was then used to calculate the in silico molecular
docking between circDCUN1D4 and HuR, which indicated that
circDUCN1D4 could perfectly dock HuR (Figure 4A). RIP assays
demonstrated the enrichment of circDCUN1D4 in complexes precip-
itated with antibody against HuR compared to those with control
immunoglobulin G (IgG; Figure 4B). Further biotin-labeled circular
or linear RNA pull-down and western blot assays demonstrated
that circDCUN1D4 could physically interact with HuR (Figure 4C).
Next, we studied which domain of HuR contributes to the interaction
with circDCUN1D4. We constructed HuR mutants with truncation
of individual protein domains, and RIP assays revealed that RNA
recognition motif 1 (RRM1), not RRM2, RRM3, or the hinge domain,
of HuR specifically bound to circDCUN1D3 (Figure 4D). Further-
more, we identified the critical motif of circDCUN1D4 for the inter-
action with HuR. We applied the Browser Extensible Data (BED) files
belonging to HuR RBP-circRNA CLIP data downloaded from
starBase and used an interactive graphical viewer (IGV) to visualize
the peaks, which revealed that the motif contains AU-rich sequences
located in exon 4 of circDCUN1D4 as a recognition element for HuR
(Figures 4E and S3A).

We further investigated the interaction between circDCUN1D4
and HuR in regulating HuR expression. The mRNA and protein
levels of HuR were not affected by overexpression or knockdown
of circDCUN1D4, and the mRNA levels of circDCUN1D4 also
were not affected by overexpression or knockdown of HuR (Fig-
ures S3B–S3D). However, cytosolic/nuclear fractionation, followed
by western blot analysis and immunofluorescence assays,
showed that overexpression of circDCUN1D4 facilitated HuR
export from the nucleus to the cytoplasm, but knockdown of
circDCUN1D4 also returned HuR back to the nucleus (Figures
4F, 4G, and S3E).

To evaluate the activity of HuR, we constructed dual-luciferase re-
porter minigenes that contain three canonical HuR binding sites
located downstream of the Renilla luciferase. Overexpression or
knockdown of circDCUN1D4 improved or suppressed the activity
of HuR, respectively (Figure 4H). Taken together, these results
demonstrated that circDCUN1D4 interacted with the HuR protein
and facilitated the translocation of HuR to the cytoplasm, which pro-
moted HuR activity.
360 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
circDCUN1D4 stabilizes TXNIP mRNA and suppresses

glycolysis of LUAD through TXNIP

As HuR is essential for mRNA stability,29 we explored the down-
stream targets stabilized by the circDCUN1D4/HuR complex using
a mRNA microarray of A549 cells. There were 661 genes (Data S2)
with 321 upregulated and 340 downregulated genes that were signif-
icantly differentially expressed (fold change > 2, adjusted p value
[adj.p] < 0.05) upon circDCUN1D4 overexpression (Figure 5A).
Among the 661 differentially expressed genes, 113 mRNAs bound
by HuR were identified through the overlapping HuR CLIP
sequence (CLIP-seq) dataset derived from starBase. Given that
circDCUN1D4 suppresses the invasion of lung cancer, we screened
113 mRNAs that have been reported to be associated with cancer
progression, and 19 genes were identified as candidate targets of
circDCUN1D4 (Table S4). qRT-PCR assays revealed that the
expression of TXNIP, cytochrome P450 family 2 subfamily J mem-
ber 2 (CYP2J2), and glypican 3 (GPC3) changed significantly,
both with overexpression of circDCUN1D4 and knockdown of
circDCIN1D4 (Figures 5B and S3F). However, only the expression
of TXNIP, not CYP2J2 or GPC3, was positively correlated
with the expression of circDCUN1D4 in LUAD tumor tissues
(Figures 5C and S3G), confirming that TXNIP is the target of
circDCUN1D4. Kaplan-Meier Plotter was utilized to reveal that
higher expression of TXNIP was associated with longer overall sur-
vival (OS) in the LUAD cohort (Figures 5D and S3H). We explored
NCBI and found that the TXNIP gene has two transcripts:
GenBank: NM_006472.6 and NM_001313972.2. We designed
different primers to amplify different transcripts; TXNIP-1 was
for the transcript GenBank: NM_006472.6, TXNIP-2 was for the
transcript GenBank: NM_001313972.2, pre-TXNIP was for the
pre-mRNA of TXNIP, and 30 UTR was for the total transcripts of
TXNIP (Figure 5E). qRT-PCR assays revealed that overexpression
or knockdown of circDCUN1D4 increased or decreased the expres-
sion of both transcripts but not the pre-mRNA of TXNIP, which re-
vealed that circDCUN1D4 regulated the expression of TXNIP at the
post-transcriptional level (Figure 5F). Western blot analysis also
confirmed the change in TXNIP associated with circDCUN1D4.
We further found that overexpression of circDCUN1D4 maintained
the mRNA stability of TXNIP (Figure 5G). Moreover, overexpres-
sion or knockdown of circDCUN1D4 increased or decreased the
enrichment of HuR in the 30 UTR of TXNIP (Figure 5H).

We further explored the interaction between circDCUN1D4 and
TXNIP. BLAST analysis of the sequences showed that circDCUN1D4
directly targeted the 30 UTR of TXNIP (Figure 5I). Further, the
interaction between circDCUN1D4 and the 30 UTR of TXNIP
was confirmed by a pull-down assay (Figure 5I). The region of
circDCUN1D4 that interacted with TXNIP was also located in
exon 4. Based on the interaction motif, we constructed dual-luciferase
reporter minigenes containing WT TXNIP-30 UTR (TXNIP-WT) or
mutant 30 UTR (TXNIP-Mut), respectively. The results revealed that
overexpression or knockdown of circDCUN1D4 dramatically
increased or inhibited the luciferase activity of TXNIP-WT but not
that of TXNIP-Mut (Figure 5I). Further, we investigated whether



Figure 4. circDCUN1D4 interacts with and activates HuR protein in cancer cells

(A) Graphical representation of three-dimensional structures of circDCUN1D4 and HuR dockingmodels with a zoom-in image of the binding interface generated by NPDock.

(B) RIP assay showing that the RNA binding protein HuR interacts with circDCUN1D4. (C) RNA pull-down assay showing the HuR protein pulled down by circRNA probes or

scramble probes from lysates of H1299 cells. (D) RIP assay depicting the recovered circDCUN1D4 levels fromH1299 cells detected by RT-PCR (lower panel) after incubation

with full-length or truncated forms of Flag-tagged recombinant HuR protein validated by western blot (upper panel). (E) IGV showing the peaks localized in exon 4 of

circDCUN1D4, which interacts with the HuR protein. (F) Western blot indicating the expression of HuR in total lysates or subcellular fractions of H1299 cells stably transfected

with mock, circDCUN1D4, sh-scb, or sh-circDCUN1D4 vectors. (G) Dual RNA-FISH and immunofluorescence staining assay showing the colocalization of circDCUN1D4

(red) and HuR (green) and the translocation of HuR (green) from the nucleus to the cytoplasm with DAPI (blue). Scale bar, 5 mm. (H) Dual-luciferase assay (middle and lower

panels) indicating the activity of the HuR reporter (upper panel) in H1299 cells stably transfected with mock, HuR, circDCUN1D4, sh-scb, sh-HuR, or sh-circDCUN1D4

vectors (mean ± SD, n = 4). Student’s t test compared the difference in (H). *p < 0.05 versus mock or sh-scb.
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Figure 5. circDCUN1D4 allows HuR to stabilize TXNIP mRNA

(A) Microarray assay (left panel) showing the differentially expressed genes after stable transfection with mock and circDCUN1D4 vectors and a Venn diagram (right panel)

showing the overlapping analysis of microarray results and HuR targets in the CLIPdb database. (B) qRT-PCR detection of TXNIP mRNA in A549 and H1299 cells stably

transfected with mock, circDCUN1D4, sh-scb, or sh-circDCUN1D4 vectors (mean ± SD, n = 4). (C) The correlation between the relative expression of TXNIP and

circDCUN1D4 in 34 LUAD tissues. (D) Kaplan-Meier curves indicating the overall survival (OS) of TXNIP in lung cancer cases derived from Kaplan-Meier Plotter. (E) The

location of TXNIP in the genome (upper panel) and the designed primers determined by BLAST for TXNIP-1, TXNIP-2, pre-TXNIP, and 30 UTR (lower panel). (F) qRT-PCR

assay (left panel) detected the expression of pre-TXNIP, TXNIP-1, TXNIP-2, and 30 UTR (mean ± SD, n = 4) and western blot assays (right panel), indicating the protein TXNIP

(legend continued on next page)
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the suppression of circDCUN1D4 in metastasis is dependent on
TXNIP. We designed TXNIP-overexpressed plasmid and short inter-
fering RNAs (siRNAs; si-TXNIP-1, si-TXNIP-2, and si-TXNIP-3).
We found that the plasmid can successfully overexpress TXNIP in
A549 cells and that si-TXNIP-3 was the most efficient one to knock
down TXNIP (Figure S4A). IGV also showed that the 30 UTR of
TXNIP contained many peaks that interacted with HuR, which
were AU-rich elements (Figure S4B). Two potential binding sites be-
tween the 30 UTR region of TXNIP and HuR were selected in starBase
and were detected in more than three CLIP-seq datasets. Two WT
luciferase reporter plasmids (WT-1 andWT-2) and relative mutation
luciferase reporter plasmids (mutation-1 and mutation-2) were con-
structed to explore the binding site between the 30 UTR region of
TXNIP and HuR by the luciferase assay. The results released that
the binding site was in Chr1: 145992937–145992958 (hg19) (Fig-
ure S4C). The expression level of TXNIP was significantly positive
relative to the expression level of HuR in TCGA (Figure S4D). These
results revealed that circDCUN1D4/HuR/TXNIP may form an RNA-
protein ternary complex.

The degradation of TXNIP was reported to increase glycolysis to
promote tumor cell migration.30 We then explored whether the
expression of circDCUN1D4 affected glycolytic activity in LUAD
cells. The XF24 Extracellular Flux Analyzer (Seahorse) was utilized
to analyze glycolysis and extracellular acidification rates (ECARs).
The results revealed that overexpression of circDCUN1D4 inhibited
glycolysis in A549 cells (Figure 5J). Further, we investigated whether
the suppression of circDCUN1D4 in metastasis is dependent on
TXNIP. Transwell, Matrigel, and nude mice tail-vein injection
model assays demonstrated that the knockdown of TXNIP func-
tionally rescued the decreased cell invasion and migration upon
circDCUN1D4 overexpression (Figure 5K). In addition, knockdown
of TXNIP and circDCUN1D4 reduced the cancer cell migration
induced by circDCUN1D4 silencing (Figure S4E). These data indi-
cated that circDCUN1D4 interacted with HuR to stabilize TXNIP
and that circDCUN1D4 suppressed glycolysis and metastasis via
TXNIP.

To explore whether circDCUN1D4 could act as a miRNA sponge, we
performed an Ago2 reciprocal immunoprecipitation assay (Fig-
ure S4F). The results revealed that circDCUN1D4 barely adsorbed
Ago2 protein compared to the NC (IgG) and CDR1as, which is
believed to be exceptionally abundant in the brain and harbors
more than 70 miR-7 binding sites.9 Thus, circDCUN1D4 could not
act as a miRNA sponge.
expression of A549 and H1299 cells stably transfected with mock, circDCUN1D4, sh-

TXNIP in A549 cells stably transfected with mock or circDCUN1D4 vectors and treated w

TXNIP levels from H1299 cells detected by qRT-PCR after stable transfection with moc

panel) BLAST analysis showing that circDCUN1D4 directly targets the 30 UTR of TXNIP

reporter assay showing the interaction between circDCUN1D4 and the 30 UTR of TXNIP

transfected with mock or circDCUN1D4. (K) Representative images (left panel) and quan

of A549 cells stably transfected with mock, circDCUN1D4, or circDCUN1D4 plus shTXN

compared the differences in (B), (F), (H), and (K). *p < 0.05 versus mock, sh-scb, IgG,
Downregulated circDCUN1D4 expression is associated with

lymph node metastasis and predicts poor prognosis in LUAD

patients

With the utilization of an LUAD tissue microarray (TMA) con-
taining 92 paired LUAD tissues and matched normal tissues, we
then assessed the correlation of circDCUN1D4 expression with
clinicopathological characteristics by in situ hybridization (ISH).
The results indicated that the level of circDCUN1D4 was signifi-
cantly higher in the normal lung tissues than in the matched
LUAD tissues (Figure 6A). Further analysis showed that the
expression of circDCUN1D4 was significantly lower in the tissues
from patients with lymph node-positive and TNM stage II–III
LUAD than in those from patients with lymph node-negative
and TNM stage I LUAD (Figure 6B; Table S5). Univariate analysis
showed that age, lymph node metastasis, pathological grading, tu-
mor size, epidermal growth factor receptor (EGFR) mutations, and
circDCUN1D4 expression level were significantly correlated with
OS (Table S6). Subsequently, multivariate analyses indicated that
the expression level of circDCUN1D4 was an independent risk fac-
tor for OS (Figure 6C). Furthermore, Kaplan-Meier analysis
showed that LUAD patients with low circDCUN1D4 expression
had a shorter OS than those with high expression (p = 0.0087; Fig-
ure 6D). However, Kaplan-Meier Plotter revealed that the expres-
sion of mDCUN1D4 was not associated with patient outcomes
(p = 0.097; Figure S4G). Taken together, these data indicated
that the circDCUN1D4 expression level was negatively associated
with metastasis and could be used as an independent prognostic
factor for LUAD patients.

DISCUSSION
With the development of high-throughput sequencing technology
and circRNA-specific computational tools,31 circRNAs can be
systematically detected.32 Compared to their linear counterparts,
circRNAs are stable due to their the covalently closed structure, and
these molecules can be found in exosomes, urine, and plasma.33,34

Further, the expression and diversity of circRNAs are tissue specific.35

Recent studies have revealed that the biological functions of circRNAs
are variable and are involved in microRNA inhibition, protein
sponging, and the translation of some circRNAs.36 In this study, we
identified a novel circRNA, termed circDCUN1D4, which was down-
regulated in LUAD tissues compared with adjacent normal tissues.
circDCUN1D4 may act as a scaffold to interact with the RBP HuR
and TXNIP mRNA. The circDCUN1D4/HuR complex facilitated
the transportation of HuR from the nucleus to the cytoplasm, which
enhanced the stability of TXNIP mRNA.
scb, or sh-circDCUN1D4 vectors. (G) qRT-PCR assays detected the expression of

ith actinomycin D at the indicated time points. (H) RIP assay depicting the recovered

k, circDCUN1D4, sh-scb, or sh-DCUN1D4 vectors (mean ± SD, n = 4). (I, left upper

with high AU content; (left lower panel) pull-down assay and (right panel) luciferase

mRNA. (J) ECAR assay showing restoration of metabolic activity in A549 cells stably

tification (right panel) of Transwell, Matrigel, and in vivo assays showing the invasion

IP (mean ± SD, n = 4). Scale bar, 100 mm. Student’s t test and analysis of variance

WT, and circDCUN1D4.
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Figure 6. circDCUN1D4 is expressed at low levels and negatively associated with poor outcome in LUAD

(A) Representative images (left panel) and quantification of relative circDCUN1D4 expression between tumor and paired normal tissues detected by in situ hybridization (ISH)

assay in LUAD tissue microarray (TMA). (B) Representative images (left panel) and quantification of relative circDCUN1D4 expression between N0 and N1–2 tumor tissues

detected by ISH assays in LUAD TMA. (C) Multivariate analyses of hazard ratios for OS in LUAD TMA. (D) Kaplan-Meier analyses of correlations between circDCUN1D4

expression levels and OS among LUAD TMAs. Log-rank test for survival comparison in (D). Student’s t test and analysis of variance compared the differences in (A) and (B).

*p < 0.05 versus tumor and N0.

Molecular Therapy: Nucleic Acids
The biogenesis of circRNAs is a compelling research area; however,
the mechanisms of circRNA biogenesis are still fairly elusive. circRNA
formation can involve backsplicing and lariat formation; the former is
the primary mechanism. Backsplicing often requires base pairing be-
tween inverted repeat elements (such as Alu elements), which are
located in the intron sequences flanking the downstream splice donor
site and the upstream splice acceptor site. Additionally, introns flank-
ing the exons consisting of circRNAs tend to be long.37 In this study,
we analyzed flanking introns and identified two IRAlus located in the
upstream and downstream introns: AluJo and AluSc. The deletion
364 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
assay revealed that these two regions were critical for the formation
of circDCUN1D4. The RBPs that bind to specific motifs or recognize
double-strand RNA (dsRNA) can also facilitate circRNA production
by binding to the molecule and stabilizing backsplicing. It has been
reported that ADAR1 and DHX9 may suppress the biogenesis of
circRNAs;38 however, NF90 and NF110 can promote the production
of circRNA by stabilizing intronic RNA pairs.39 In this study, we
showed that the lower expression of circDCUN1D4 was caused by
upregulation of DHX9 in LUAD. DHX9, a nuclear RNA helicase,
was shown to bind to IRAlus and unwound RNA pairs flanking
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circularized exons, which inhibited circRNA expression.25 However,
the function of DHX9 in LUAD is unclear. Therefore, the biogenesis
of circDCUN1D4 in LUAD also requires further exploration.

circRNAs can be classified into three categories based on their biogen-
esis: exonic circRNAs, intronic circRNAs, and exon-intron circRNAs.
In the traditional view, the distribution of exonic circRNAs is mainly
in the cytoplasm. Here, we found that circDCUN1D4, an exonic
circRNA, was expressed in both the nucleus and cytoplasm. In the nu-
cleus, circDCUN1D4 interacted with the RBP HuR. A recent study
demonstrated that multiple RBPs not only were implicated in
transcription control but also directly acted on chromatin acting as
transcription factors (TFs).40 It has been reported that HuR binds
the CD133 promoter region and suppresses epithelial-mesenchymal
transition in breast cancer.41 The function of the circDCUN1D4/
HuR complex in interacting with the DNA region to regulate tran-
scription should be explored. In the cytoplasm, circDCUN1D4 can
enhance the stability of TXNIP mRNA through dependence on the
interaction between circDCUN1D4 and HuR. It is hypothesized that
the ability of HuR to promote mRNA stabilization requires its
translocation to the cytoplasm. In this study, we demonstrated that
circDCU1N4 facilitated HuR cytoplasmic aggregation, which partly
explained the shuttling of HuR between the nucleus and the cyto-
plasm. The function of HuR cytoplasmic accumulation of HuR is
controversial. In resected pancreatic cancer, patients with HuR cyto-
plasmic accumulation may benefit from 5-fluorouracil (5-FU)-based
adjuvant therapy and have good disease-free survival.42 The tumor
suppressor p161NK4a controls p21WAF1 induction by enabling the
relocalization of HuR from the nucleus to the cytoplasm.43

However, in glioblastoma cells, accumulation of HuR in the cytosol
stabilizes the inflammatory cytokine interleukin-6, which contributes
to promoting tumor progression and invasion.44 In our study, we
demonstrated that circDCUN1D4 promoted HuR translocation to
the cytoplasm, which inhibited themetastasis and glycolysis in LUAD.

We also demonstrated that circDCUN1D4 could directly interact
with the TXNIP mRNA through complementary bases, which
implied that circDCUN1D4/HuR/TXNIP may form an RNA-protein
ternary complex; this hypothesis requires further investigation.
TXNIP, an important regulator of glucose and lipid metabolism,
has attracted considerable attention based on its diverse functions
on energy metabolism.45,46 There are many factors that regulate the
transcription of TXNIP. MYC stably represses TXNIP transcrip-
tion;47 in contrast, the MLX Interacting Protein/MAX-Like Protein
X (MLXIP/MLX) complex upregulates the transcription of TXNIP
by binding to the carbohydrate response element in the TXNIP pro-
moter.48 Additionally, the mRNA decay factor ZFP36 could directly
target the TXNIP transcript to decrease its stability.30 However, the
regulation of TXNIP transcript stability has not been described in
LUAD. Here, we provide evidence for acute regulation of TXNIP
by circDCUN1D4 at the post-transcriptional level. Gain- and loss-
of-function assays revealed that circDCUN1D4 inhibits metastasis,
and ECAR assays showed that circDCUN1D4 decreases glycolysis,
both of which depend on the TXNIP pathway.
In summary, our results suggest a protective role of circDCUN1D4 in
LUAD by stabilizing TXNIP expression. Therefore, circDCUN1D4
may potentially be used in future treatment against LUAD, especially
in patients with metastatic LUAD.

MATERIALS AND METHODS
Patient samples

Tumor tissues and paired normal lung tissues from LUAC patients
who underwent surgery at the Department of Thoracic Surgery,
Jiangsu Cancer Hospital (Nanjing, China), were collected and sub-
jected to qRT-PCR analyses. All tumors and paired normal tissues
were confirmed by pathologists. This study was approved by the
Ethics Committee of Jiangsu Cancer Hospital in accordance with
the ethical standards. All participants provided written, informed
consent.

Cell culture

The human LUAC cell lines HBE, A549, H1299, H1975, PC-9, and
SPCA-1 were purchased from ATCC and maintained in RPMI-1640
(KeyGen), except for SPCA-1, which was maintained in DMEM
(KeyGen), and both media were supplemented with 10% fetal bovine
serum (FBS; Life Technologies) at 37�C in a humidified atmosphere
with 5% CO2.

Bioinformatics analysis

Photoactivatable ribonucleoside (PAR) CLIP data from a previous
article were downloaded,17 and the circRNA expression profile of
A549 was downloaded from circBase (http://www.circbase.org/).
The Kaplan-Meier analysis was partly performed via Kaplan-
Meier Plotter (http://www.kmplot.com/lung/). Interactions among
circDCUN1D4, HuR, and TXNIP were analyzed via starBase version
(v.)3.0 (http://starbase.sysu.edu.cn/index.php).

qPCR analysis

Total RNAwas isolated using TRIzol reagent (Invitrogen). Quantifica-
tion of circRNAandmRNAwas carried out using PrimeScript RTMas-
terMix (TaKaRa). Before calculation using theDDCtmethod, the levels
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or b-actin
were used to normalize the relative expression levels of circRNAs and
mRNAs, and the levels of small nuclear U6 were used to normalize
the circRNA level in nuclear. The primers are provided in Table S1.

Western blotting analysis

Total protein was extracted from cells with radioimmunoprecipita-
tion assay (RIPA) lysis buffer (Thermo Scientific) and PMSF (Beyo-
time), according to the manufacturer’s instructions. The protein
concentration was determined using a bicinchoninic acid (BCA) kit
(KeyGEN). Comparable amounts of extracts were loaded on SDS-
PAGE gels and subjected to electrophoresis. After separation on the
gel, the proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane. Membranes were blocked in 2% BSA in Tris-
buffered saline-Tween 20 (TBS-T) for 1 h and subsequently incubated
overnight at 4�C, with antibodies against HuR (ab200342), TXNIP
(ab188865), and H3 (ab1791), purchased from Abcam (Cambridge,
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UK). Anti-Flag (#14793), anti-E-cadherin (#14472), anti-N-cadherin
(#13116), anti-vimentin (#5741), anti-GAPDH (#5174), and anti-
b-actin (#3700) were purchased from Cell Signaling Technology
(Danvers, MA, USA) .

Overexpression or knockdown of genes

shRNAs targeting the junction region of the circDCUN1D4 sequence,
circDCUN1D4-overexpressing plasmids, HuR-overexpressing plas-
mids, and TXNIP-overexpressing plasmids were synthesized by
Hanbio (Shanghai, China). The primers are provided in Table S2.
The siRNAs targeting TXNIP, DHX9, and ADAR1 were provided
by RiboBio (Guangzhou, China). The target sequences are supplied
in Table S3. The sequences of AluJo + AluSc, AluJo, AluSc, and vector
were constructed by sequencing synthesis and subcloned into
pcDNA3.1(+) (Public Protein/Plasmid Library, Nanjing, China).
Transient transfection of the shRNA or the overexpressing plasmids
was performed using the Lipofectamine 3000 kit (Invitrogen), accord-
ing to the manufacturer’s instructions, and transient transfection of
siRNA was performed using the Lipofectamine iMax kit (Invitrogen),
according to the manufacturer’s instructions.

In vivo animal model and growth and metastasis assays

For in vivometastasis assays, ten female BALB/c nude mice weighing
18–22 g were randomly assigned to two groups. A549 cells were pre-
pared as a suspension of 0.4 � 106 cells in 200 mL of saline and inoc-
ulated into nude mice (5 mice per group) through the tail vein after
transfection with sh-NC or sh-circDCUN1D4. After 8 weeks, the
mice were killed, necropsies were carried out, and the lung metastatic
nodules were counted. Staining with H&E confirmed that the nodules
were metastatic tumors. The protocol used for these studies was
approved by the Institutional Animal Care and Use Committee of
the Affiliated Cancer Hospital of NanjingMedical University. The an-
imal study was carried out according to the State Food and Drug
Administration of China’s regulations on animal care. Animals
were sorted only by treatment, and there was no exclusion or inclu-
sion of an animal that was predetermined.

Biotin-labeled RNA pull-down

The biotin-labeled RNA probe of circDCUN1D4 was synthesized
by GenePharma (Suzhou, China), and the sequence is provided in
Table S2. In brief, lysates of 2 � 107 cancer cells were incubated
with 3 mg of biotin-labeled linear or circRNA probe for 2 h and treated
with 35 mL of Streptavidin C1 magnetic beads (Invitrogen) for 1 h.
After three stringent washes, the retrieved protein was detected by
western blots or qRT-PCR.

RNA immunoprecipitation assay

RNA immunoprecipitation experiments were performed using a Ma-
gna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore,
USA), according to the manufacturer’s instructions.

Statistics

All statistical analyses were performed with SPSS 25.0 software. Qual-
itative variables were analyzed by chi-square test or Fisher’s exact test.
366 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
For continuous variables that obey a normal distribution, Student’s
t test was used to compare the differences. Otherwise, variables
were compared using a nonparametric test for which there was an
abnormal distribution. Differences between groups were compared
using analysis of variance (ANOVA) when applicable or a nonpara-
metric test. Correlation analysis was performed using the Pearson
correlation coefficient method. Receiver operating characteristic
(ROC) curve analysis was performed to estimate the diagnostic
sensitivity and specificity. Unless otherwise specified, the results are
presented as the mean ± standard deviation (SD). All statistical tests
were two-sided, and p < 0.05 was considered statistically significant.

SUPPLEMENTAL INFORMATION
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