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Significance

Circular RNAs (circRNAs) play 
important roles in tumor 
metastasis. Our results identified 
circNEIL3 (hsa_circ_0001460) as a 
TGFβ-repressive circRNA and also 
down-regulated in metastatic 
tumor lesions and demonstrated 
that circNEIL3 potently represses 
tumor metastasis in vitro and 
in vivo. circNEIL3 promoted 
Nedd4L-mediated proteasomal 
degradation of YBX1 through 
its direct interaction with YBX1. 
Our study provides a reported 
association of circRNA, protein 
stability, and metastasis and 
sheds lights on the molecular 
mechanism of circRNA in 
metastasis.
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Distant metastasis is a major contributor to cancer-related mortality. However, the role 
of circRNAs in this process remains unclear. Herein, we profiled the circRNA expres-
sion in a cohort of 68 colorectal carcinoma (CRC) primary tumors and their paired 
liver metastatic lesions. By overlapping with the TGFβ-responsive circRNAs, circ-
NEIL3 (hsa_circ_0001460) was identified as a TGFβ-repressive and metastasis-related 
circRNA. Functionally, circNEIL3 effectively inhibited tumor metastasis in both 
and in vivo and in vivo models of various cancer types. Mechanistically, circNEIL3 
exerts its metastasis-repressive function through its direct interaction with onco-
genic protein, Y-box-binding protein 1 (YBX1), which consequently promotes 
the Nedd4L-mediated proteasomal degradation of YBX1. Importantly, circNEIL3 
expression was negatively correlated to YBX1 protein level and metastatic tendency 
in CRC patient samples. Collectively, our findings indicate the YBX1-dependent 
antimetastatic function of circNEIL3 and highlight the potential of circNEIL3 as a 
biomarker and therapeutic option in cancer treatment.

circRNA | metastasis | YBX1 | Nedd4L

Distant metastasis is a major contributor to cancer-related mortality and an insurmount-
able barrier to extend life expectancy (1). As a complex and multistep biological process, 
tumor metastasis consists of sequential steps, including local invasion, intravasation into 
blood, circulatory survival, extravasation, and colonization (2). Cancer cells acquire met-
astatic potential by reprogramming their gene expression spectrums in transcriptional and 
posttranscriptional manners (3). The complexity of this metastatic reprogramming is 
further evidenced by the recently published study where thousands of somatic mutations 
were identified to be correlated with tumor metastasis (4). Still, specific biomarkers and 
efficient therapeutics to handle tumor metastasis are in urgent needs. Therefore, a better 
understanding of tumor metastasis will improve the clinical outcomes of cancer patients.

Y-box-binding protein 1 (YBX1, also known as YB-1) is a pivotal factor to promote 
tumor metastasis (5–7). As an RNA-binding protein, YBX1 is up-regulated in various 
cancer types, including breast cancer (8), hepatocellular carcinoma (9), lung cancer (10), 
and acute myeloid leukemia (11). Moreover, YBX1 is tightly implicated in the metastatic 
reprogramming through regulating the transcription (8, 9), alternative splicing (12), sta-
bility (13), and translation (6, 7) of many oncogenic transcripts. Notably, the elevated 
YBX1 protein level is a more predominant event than the increased YBX1 mRNA level 
in advanced tumors (14), implying that the dysfunction in posttranslational regulation 
of YBX1 may be more common for its upregulation. In accordance, several E3 ligases 
were identified to target YBX1 for proteasomal degradation (15–17), and among which, 
Nedd4L serves as a tumor suppressor and is down-regulated in metastatic lung cancer 
(18). However, the detailed mechanism underlying YBX1 degradation during tumor 
metastasis is still obscure.

The degradation of several RNA-binding proteins was reported to be modulated by 
circular RNAs (circRNAs) (19–21). For example, circPABPC1 represses tumor metastasis 
in hepatocellular carcinoma by targeting proteasomal degradation of ITGB1, a key mem-
ber of the integrin family to weaken cell adhesion and promote cell migration (19). As a 
class of covalently closed loop RNA molecules, circRNAs are generated from the 
back-splicing of primary transcripts to exert their functions at transcriptional and post-
transcriptional levels (22, 23). During tumor metastasis, dysfunction of splicing machinery 
may cause abnormal expression of circRNAs (24). Although few circRNAs were identified 
to be dysregulated in metastatic tumors (25–27), the expression pattern and function of 
circRNAs during cancer progression remain largely unknown.

In this study, we analyzed the differentially expressed circRNAs between colorectal cancer 
(CRC) primary tumors and their paired metastatic lesions in livers, followed by overlapping 
with the TGFβ-responsive circRNAs. As a result, circNEIL3 (hsa_circ_0001460) was 
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identified as a TGFβ-repressive circRNA which is also significantly 
down-regulated in the metastatic tumors. Functionally, circNEIL3 
robustly represses tumor metastasis in various and in vivo and in vivo 
models. Mechanistically, circNEIL3 plays the antimetastatic role 
through its direct association with YBX1 and consequently targeting 
YBX1 for Nedd4L-mediated proteasomal degradation. Importantly, 
circNEIL3 expression was observed to be negatively correlated to 
YBX1 abundance and tumor metastasis in CRC samples. Our find-
ings indicate that circNEIL3 is a crucial metastasis-repressive cir-
cRNA by promoting proteasomal degradation of YBX1.

Results

circNEIL3 Was Significantly Down-Regulated in Metastatic CRC 
Tumors. Distant metastasis is a lethal cause of CRC patients (1). To 
explore the implication of circRNAs in tumor metastasis, we analyzed 
expression profiles of circRNA in 68 paired CRC primary and liver 
metastatic (LIM) tissues. A total of 30,258 circRNAs were identified, 
among which 164 circRNAs demonstrated significantly differential 
expression (log2 |average normalized fold change| (FC) > 0.8 and 
P < 0.001) (Fig. 1A and SI Appendix, Fig. S1 A–D). Considering 
the pivotal role of TGFβ signaling in tumor metastasis and its 
implication in the CRC paired specimens (SI Appendix, Fig. S1E), 
these differentially expressed 164 circRNAs were overlapped with 
19 TGFβ-responsive circRNAs in MCF10A cells with TGFβ 
treatment (GEO accession number: GSE165576). circNEIL3 
(hsa_circ_0001460) was identified as the only metastasis-related and 
TGFβ-responsive circRNA (Fig. 1 A and B and SI Appendix, Tables S1 
and S2), with dramatically decreased expression in metastatic 
samples compared to CRC primary tumors (Fig. 1C). To prove that 
circNEIL3 is regulated by TGFβ, the epithelial MCF10A and A549 
cells were treated with TGFβ. Consistent with previous reports (28), 
TGFβ stimulation conferred on both cells a fibroblast-like shape 
(Fig. 1D), decreased expression of the epithelial marker E-cadherin, 
and increased expression of mesenchymal makers N-cadherin and 
vimentin (Fig. 1E), indicating the effective TGFβ treatment. Indeed, 
TGFβ stimulation significantly decreased circNEIL3 expression 
(Fig. 1F), with a decrease of circNEIL3 more striking in TGFβ-
activated CRC pairs (SI  Appendix, Fig.  S1F). Collectively, these 
results demonstrate that circNEIL3 is significantly down-regulated 
in metastatic tumors and also upon TGFβ stimulation.

Characteristics of circNEIL3. According to the circBase (http://
www.circbase.org), circNEIL3 arises from exons 8 to 9 of the 
NEIL3 gene with a length of 596 nucleotides, and its back-
splicing site was confirmed by Sanger sequencing of RT–PCR 
products using specific divergent primers (Fig. 1G). Moreover, 
circNEIL3 is resistant to the digestion of RNase R exonuclease 
that degrades linear RNAs (Fig. 1H), supporting that circNEIL3 
harbors a closed loop structure. To rule out the possibility that 
the head-to-tail splicing of circNEIL3 was produced by genomic 
rearrangements, RT–PCR was performed using convergent and 
divergent primers (marked in Fig. 1G), respectively. As expected, 
circNEIL3 was only amplified with divergent primers using 
cDNAs, rather than genomic DNA (gDNA), as a template from 
the breast cancer cell MDA-MB-231 and the lung cancer cell 
H1299 (Fig.  1I). Subsequently, the subcellular distribution of 
circNEIL3 was determined by RT–qPCR after cytoplasmic and 
nuclear fractionations. The results indicated that circNEIL3 
mainly localized in the cytoplasm of MDA-MB-231, A549, and 
H1299 cells (Fig. 1J), which was further validated in A549 cells 
by fluorescence in situ hybridization assays (Fig. 1K). Collectively, 
these results demonstrate that circNEIL3 is a bona fide circRNA, 
predominately localizing in the cytoplasm.

circNEIL3 Inhibits Tumor Metastasis In  Vitro and In  Vivo. To 
investigate the role of circNEIL3 in tumor metastasis, we measured 
the endogenous expression of circNEIL3 in various cancer cells 
(SI  Appendix, Fig.  S2A). Based on the endogenous circNEIL3 
expression, we generated circNEIL3 overexpression (OE) cancer 
cells (SW620, MDA-MB-231, BT549, and H1299 cells) and 
circNEIL3 knockdown A549 and SW480 cells, respectively. 
First, we confirmed both the expression efficiency and junction 
site sequence of enforced circNEIL3 in aforementioned cell lines 
(Fig. 2A and SI Appendix, Fig. S2B). Subsequently, Transwell assays 
showed that circNEIL3 overexpression significantly suppressed the 
migration and invasion capability of different cancer cells (Fig. 2 
B and C and SI Appendix, Fig. S2 C–E). In accordance, circNEIL3 
knockdown by two independent shRNAs strengthened cell 
migration in A549 and SW480 cells (Fig. 2 D and E and SI Appendix, 
Fig. S2F) without affecting the expression of its host transcript, 
NEIL3 mRNA (Fig. 2D). Besides, circNEIL3 overexpression or 
knockdown exhibited little impact on cell proliferation, as indicated 
by cell growth curve or colony formation (SI Appendix, Fig. S2 
G and H), supporting the specific antimetastatic function of 
circNEIL3. Considering the well-documented role of Epithelial-
Mesenchymal Transition (EMT) in metastasis (3), we also examine 
the impact of circNEIL3 on EMT markers by immunoblot assays. 
The minimal change of EMT markers upon circNEIL3 expression 
(SI  Appendix, Fig.  S2I) indicated that circNEIL3 may play its 
metastasis-repressive effect independent of the EMT process.

Next, we sought to further evaluate the function of circNEIL3 
with metastasis models in mice. To this end, mice accepting tail vein 
injection of MDA-MB-231 cells were employed to evaluate the 
effect of circNEIL3 on pulmonary metastasis, while mice accepting 
left ventricular injection of A549 cells were used to examine the 
effect of circNEIL3 on metastasis in the bone and brain. As expected, 
circNEIL3 overexpression markedly repressed the formation of lung 
metastasis (Fig. 2F), whereas circNEIL3 knockdown significantly 
promoted tumor metastasis in the brain and bone (Fig. 2G), which 
was further confirmed by hematoxylin and eosin (H&E) staining 
(Fig. 2 H–J). Taken together, our results demonstrated that circ-
NEIL3 can potently inhibit tumor metastasis in vitro and in vivo.

circNEIL3, Rather Than Its Linear Transcript, Represses Tumor 
Metastasis. Although circNEIL3 is the dominant product of wild-
type circNEIL3-overexpressing plasmids, the circNEIL3-OE plasmids 
also introduce some linear transcripts (SI Appendix, Fig. S3A), so the 
observed metastasis-repressive effect of circNEIL3 may be caused 
by the linear transcripts. To exclude this possibility, we constructed 
the circNEIL3 circulation-dead (CD) plasmid by mutating the Alu 
elements flanking circNEIL3 (SI Appendix, Fig. S3B). As shown in 
SI Appendix, Fig. S3C, the circNEIL3-CD plasmids did not form 
circNEIL3 but expressed linear transcripts in both MDA-MB-231 
and BT549 cells. As expected, Transwell experiments indicated that 
circNEIL3-CD failed to exhibit antimigration or anti-invasion effects 
compared to its wild-type (WT) counterparts (SI Appendix, Fig. S3 D 
and E). Moreover, mice vein injected with MDA-MB-231 cells stably 
expressing circNEIL3-CD exhibited comparable metastatic lesions 
in the lungs to those bearing the empty vector, whereas mice bearing 
circNEIL3-WT cells have few lung metastases (SI Appendix, Fig. S3 
F and G). The failure of circNEIL3-CD to inhibit tumor metastasis 
excludes that the antimetastatic role of circNEIL3 is contributed by 
its linear transcripts. Therefore, circNEIL3 represses tumor metastasis 
independent of its linear transcripts.

circNEIL3 Interacts with YBX1 to Repress Tumor Metastasis. 
Accumulating evidence supports that circRNAs exert their 
biological functions commonly through their interaction with 
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proteins to regulate gene expression (29). To identify the circNEIL3-
interacting protein, we performed RNA pull-down assays after 
transfecting into cells with biotin-labeled sense (S) or antisense 
(AS) DNA oligomers crossing the junction site of circNEIL3, and 
the pull-down proteins were subjected to Sodium Dodecyl Sulfate 

PolyAcrylamide Gel Electrophoresis (SDS-PAGE) and Coomassie 
blue staining. As shown in Fig. 3A, two bands at ~130 kDa and 
~45 kDa were pulled down by the AS probe consistently from three 
different cancer cell lines. Mass spectrometry analysis identified the 
~45 kDa of band as the RNA-binding protein YBX1 because it 
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Fig. 1. Characterization of the metastasis-related circNEIL3. (A and B) Flowchart (A) and Venn diagram (B) of profiling circRNAs in CRC tumors and TGFβ-stressed 
cell samples. (C) circNEIL3 expression between CRC primary tumors and their paired liver metastatic lesions. ***P < 0.001 by a paired two-sided Wilcoxon signed-
rank test. (D) Cell morphology under 5 ng/mL TGFβ for 72 h. (E) Immunoblot assays to examine EMT-related makers in A549 and MCF-10A cells stressed by TGFβ. 
(F) Semiquantitative RT–PCR of circNEIL3 expression in cells treated with or without TGFβ (5 ng/mL) for 72 h. (G) Schematic illustration showing the back-splicing of 
circNEIL3 from NEIL3 primary transcript, which was confirmed by RT–PCR and Sanger sequencing. The divergent and convergent primers for PCR are indicated by 
solid and hollow triangles, respectively. (H) RT–PCR assays to detect circNEIL3 and its linear transcript in MDA-MB-231 cells after RNase R digestion. NEIL3 mRNA 
was amplified with convergent primers targeting the coding sequences outside the circularized exon. (I) RT–PCR assays using cDNA or gDNA from MDA-MB-231 
or H1299 cells as the template to detect circNEIL3 and NEIL3 mRNA. (J) Subcellular distribution of circNEIL3 determined in different cancer cells by RT–qPCR 
assays. TUBA1B and U6 transcripts were used as the cytoplasmic and nucleus indicators, respectively. Immunoblot assays with antitubulin and antilamin A/C 
confirmed good cytoplasmic/nucleus fractionation. Cyto, cytoplasmic; Nuc, nuclear. Data represent mean ± SD from three independent experiments. (K) RNA 
in situ hybridization analysis for circNEIL3 in A549 cells. (Scale bar, 10 µm.) 18S rRNA and U6 RNA were used as the cytoplasmic and nuclear markers, respectively. 
Nuclei were stained with 4,6-Diamidino-2-phenylindole dihydrochloride (DAPI).
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Fig.  2. circNEIL3 inhibits cell migration in  vitro and tumor metastasis in  vivo. (A) Agarose gel electrophoresis and Sanger sequencing analysis of RT–PCR 
products to confirm successful expression and correct circularization of exogenously expressed circNEIL3 in MDA-MB-231 and SW620 cells. (B and C) Effects 
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left ventricular injection of A549 cells with or without circNEIL3 knockdown (n = 5/group). (G, Right) Bioluminescence signals were quantified, and significance 
of difference in Fig. 2F was determined by the Student t test, while significance of difference in Fig. 2G was determined by the one-way ANOVA test. Data were 
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exhibited the highest scores (Score Sequest HT = 272.24) and the 
top abundance (unique peptide = 21 and coverage = 62%) (Fig. 3B 
and SI Appendix, Table S3). Moreover, the association of circNEIL3 
with YBX1 was confirmed by immunoblot assays after pull-down 
by the antisense probe (Fig. 3C) or the in vitro transcribed and 
circularized circNEIL3 (Fig.  3D). Notably, circularized RNA 
demonstrates much more striking association with YBX1 than 
its linear transcript (Fig.  3E), supporting the dominant role of 
circNEIL3 as a YBX1-associating factor. Besides, such endogenous 
circNEIL3–YBX1 association within cells was validated by RNA 
immunoprecipitation (RIP) assays using anti-YBX1 antibody 
(Fig.  3F). Notably, the linear transcripts of NEIL3 exhibited 
minimal enrichment in YBX1-precipitated fractions (Fig.  3F), 
indicating that YBX1 selectively associated with circNEIL3 rather 
than its host gene transcript.

Given the reported roles of YBX1 in tumor metastasis (5–7), 
we wonder whether YBX1 acts as an important effector of circ-
NEIL3. To this end, we first explored the correlation between 
YBX1 expression and tumor progression. Our bioinformatics 
analyses showed that higher YBX1 expressions in breast cancer 
and lung adenocarcinoma samples were significantly enriched in 
cell adhesion and tumor metastasis pathways, respectively 
(Fig. 3G). Moreover, the metastasis-promoting role of YBX1 is 
confirmed by Transwell assays as enforced YBX1 expression pro-
moted cell migration and invasion (SI Appendix, Fig. S4 A and B), 
while YBX1 knockdown exhibited opposite effects (SI Appendix, 
Fig. S4 C and D). Importantly, cell migration and invasion assays 
showed that the antimetastatic effects of circNEIL3 were abolished 
by enforced YBX1 expression (Fig. 3 H–J), indicating that the 
function of circNEIL3 depends on YBX1. Therefore, YBX1 may 
be a critical circNEIL3-associating factor to affect cell migration 
and invasion.

Two YBX1 Recognition Consensus Motifs within circNEIL3 
Mediate the Direct Interaction of circNEIL3 with YBX1. Previous 
studies indicated that YBX1 preferentially bound to the “CAUC” 
or “CACC” consensus motifs (30). To dissect the molecular 
basis underlying the association of circNEIL3 with YBX1, we 
identified two potential YBX1-recognized regions (containing 
either “CAUC” or “CAUCACC”) within circNEIL3. First, 
two biotin-labeled RNA probes (#1-WT and #2-WT) and their 
mutant probes (“CUUG” #1-mut and “CUUGUCG” #2-mut) 
were synthesized for RNA pull-down assays (Fig. 4A). As shown 
in Fig. 4B, comparable enrichments of endogenous YBX1 were 
observed in the precipitates of two wild-type probes, whereas such 
YBX1 enrichments were diminished by the replacement of the 
critical nucleotides within the putative YBX1-recognized motifs. 
These findings indicated that both “CAUC” and “CAUCACC” 
consensus motifs are responsible for their association with YBX1. 
Next, recombinant YBX1 proteins were incubated with these 
RNA probes to examine whether their interaction is direct or 
indirect. The results from both RNA pull-down assays (Fig. 4C) 
and RNA-EMSA assays (Fig. 4D) supported direct interaction 
of YBX1 with the probes harboring YBX1-recognized consensus 
motifs. Then, we wondered whether these YBX1-recognized 
consensus motifs mediate circNEIL3–YBX1 interaction. To 
this end, we generated the circNEIL3 mutant (circNEIL3-mut) 
by introducing the aforementioned mutations into wild-type 
circNEIL3 overexpression plasmids. As expected, the interaction 
of YBX1 with wild-type circNEIL3, rather than circNEIL3-mut, 
was validated by both RIP experiments (Fig.  4 E  and  F) and 
pull-down assays (Fig.  4G), thus reinforcing reliance of direct 
circNEIL3–YBX1 interaction on these two YBX1 recognition 
consensus motifs.

To investigate whether direct interaction of YBX1 with circ-
NEIL3 mediate the antimetastatic effect of circNEIL3, cells over-
expressing circNEIL3-WT or circNEIL3-mut variants were used 
to perform in vitro and in vivo experiments. The results showed 
that overexpression of circNEIL3-mut failed to inhibit cell migra-
tion and invasion, whereas circNEIL3-WT exhibited a potent 
antimigration and anti-invasion effect (Fig. 4 H and I). Moreover, 
wild-type circNEIL3, rather than its YBX1 interaction-deficient 
variants, dramatically relieved metastatic tumor burden in the 
mouse tail vein metastasis model (Fig. 4 J and K). Collectively, 
the direct interaction of circNEIL3 with YBX1 contributes to 
repressing tumor metastasis.

circNEIL3 Promotes YBX1 Degradation through Ubiquitination/
Proteasome Pathway. Since circNEIL3 was identified to directly 
interact with YBX1, we sought to elucidate the molecular consequences 
of such interaction. Considering the pivotal role of YBX1 in promoting 
cell metastasis (5–7), we first analyzed YBX1 protein levels in the Clinical 
Proteomic Tumor Analysis Consortium (CPTAC) database (http://
ualcan.path.uab.edu) and found a consistent upregulation of YBX1 in 
various cancer types (Fig. 5A), supporting that dysregulation of YBX1 
protein may act as an important step during cancer progression. Thus, 
we wonder whether circNEIL3 could affect YBX1 expression. To this 
end, YBX1 protein levels were measured in the aforementioned stable 
cells. As expected, enforced circNEIL3 expression robustly decreased 
YBX1 protein level in various cancer cells (Fig. 5B), whereas enforced 
expression of the linear form of circNEIL3 (circNEIL3-CD) showed 
a minimal effect on YBX1 expression (Fig. 5 C, Left), indicating that 
the decrease of YBX1 protein by circNEIL3 depends on the mature 
form of circNEIL3. Consistently, circNEIL3 knockdown increased 
YBX1 expression in both SW480 and A549 cells (Fig. 5 C, Middle 
and Right), thus reinforcing the conclusion that circNEIL3 down-
regulates YBX1 protein levels. Furthermore, YBX1 protein level 
was elevated upon TGFβ stimulation in both A549 and MCF10A 
cells (Fig. 5D) as a consequence of decreased circNEIL3 expression 
(Fig. 1F). Substantially, the effect of circNEIL3 on YBX1 protein 
levels was further confirmed to depend on their direct interaction 
as overexpressing the YBX1-binding-deficient circNEIL3 variant 
failed to affect YBX1 expression in two cancer cell lines (Fig. 5E) and 
pulmonary metastatic tissues (Fig. 5F). Collectively, these findings 
demonstrate that circNEIL3 represses YBX1 protein level through 
their direct interaction.

Given that overexpression of circNEIL3 has little effect on YBX1 
mRNA level (SI Appendix, Fig. S5A), we wonder whether circ-
NEIL3 could affect YBX1 protein stability. To this end, cells were 
treated with the proteasome inhibitor MG132 to effectively block 
protein degradation, as indicated by the increased c-Myc expression 
after treatment (Fig. 5G). Interestingly, circNEIL3-induced YBX1 
decline was fully prevented by MG132 treatment (Fig. 5G), indi-
cating that circNEIL3 promotes proteasomal degradation of YBX1. 
To further confirm this, cells were treated with cycloheximide 
(CHX) to block protein synthesis for indicated times and then 
subjected to immunoblot assays. As expected, circNEIL3 overex-
pression dramatically shortened the half-life of YBX1 proteins in 
different cancer cells, while circNEIL3 depletion exhibited the 
opposite effect (Fig. 5H and SI Appendix, Fig. S5 B and C). 
Considering that polyubiquitination modification plays a central 
role in protein degradation (31), we next examined the effect of 
circNEIL3 on ubiquitination status of YBX1. The results showed 
that circNEIL3 knockdown significantly decreased the polyubiq-
uitination levels of YBX1 (Fig. 5I), while circNEIL3 overexpression 
had the opposite effect (Fig. 5 J and K). Notably, the expression of 
the YBX1-binding-deficient circNEIL3 variant demonstrated less 
upregulation of YBX1 polyubiquitination compared to its wide-type 

http://www.pnas.org/lookup/doi/10.1073/pnas.2215132120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215132120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215132120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215132120#supplementary-materials
http://ualcan.path.uab.edu
http://ualcan.path.uab.edu
http://www.pnas.org/lookup/doi/10.1073/pnas.2215132120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215132120#supplementary-materials
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Fig. 3. Identification of YBX1 as the circNEIL3-associated protein. (A) Pull-down assays and Coomassie blue staining of circNEIL3-interacting proteins after 
transfecting DNA probes into A549, H1299, or MDA-MB-231 cells. S and AS represent the DNA probe identical and complementary to circNEIL3 sequence 
crossing back-splicing junction site, respectively. (B) A representative YBX1 peptide identified by LC-MS/MS mass spectrometry. (C–E) Immunoblot assays 
for YBX1 pulled down from MDA-MB-231 cell lysates by DNA probes (C), in vitro circularized circNEIL3 (D), or its linear transcribed RNA (E). SF3B1 served as 
a negative control. Enrichment efficiency of circNEIL3 by pull-down assay was determined by measuring its abundance in the precipitation (C); enrichment 
efficiency of circularized (D) or linear RNA (E) was detected by electrophoresis. (F) RIP and semiquantitative RT–PCR assays showed the association of YBX1 
with circNEIL3 in MDA-MB-231 cells using anti-YBX1 antibody or the control IgG. TUBA1B served as negative controls. (G) Gene Set Enrichment Analysis 
showing the correlation of YBX1 protein abundance with cellular adhesion and metastatic pathways in breast cancer and lung adenocarcinoma samples. 
(H) Immunoblot analyses of YBX1 in different stable cell lines. (I and J) The decreased cell migration and invasion by circNEIL3 overexpression (OE) are 
attenuated by YBX1 overexpression in MDA-MB-231 (I) and BT549 cells (J). Data are presented as means ± SD. n.s., not significant; ***P < 0.001.
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Fig. 4. The metastasis inhibitory effect of circNEIL3 depends on its direct interaction with YBX1. (A) Schematic illustration showing the location of two predicted 
YBX1-binding motifs within circNEIL3. The 5’-end labeled wild-type (WT) and mutated RNA probes (mut) were synthesized. (B) YBX1 was pulled down by WT 
rather than mut RNA probes from MDA-MB-231 cell extracts. SF3B1 serves as a negative control. (C and D) RNA pull-down assays (C) and RNA-EMSA assays (D) 
showing the direct interaction between YBX1 and wild-type probes. (E) RT–PCR analysis to detect the expression of WT or mutated circNEIL3 in stable cells using 
specific primers complementary to the wild-type or mutant sequence, respectively. (F) RIP assays using anti-YBX1 antibody showing the association of YBX1 
with WT circNEIL3. (G) RNA pull-down using DNA probes to show the association of circNEIL3 with YBX1 in MDA-MB-231 stable cell lines. (H and I) Cell migration 
and invasion assays for different MDA-MB-231 (H) and SW620 stable cell lines (I). Data are presented as means ± SD. n.s., not significant; ***P < 0.001. (J, Left) 
Representative bioluminescence images of mice (n = 8 for vector, n = 6 for WT, and n = 8 for mutant groups) after tail vein injection of different MDA-MB-231 
stable cells. (Right) Bioluminescence signals were quantified, and significance of difference was determined by the one-way ANOVA test. Data are presented as 
means ± SEM. n.s., not significant; *P < 0.05. (K) Representative H&E staining images of the metastatic lesions in the lung. Tumor burdens were reflected by the 
percentages of tumor area in each slide. Data are presented as means ± SEM. n.s., not significant; *P <0.05 and **P < 0.01.
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counterpart (Fig. 5L). Taken together, our results indicate that circ-
NEIL3 promotes YBX1 degradation through the ubiquitination/
proteasome pathway.

circNEIL3 Recruits the E3 Ligase Nedd4L to Promote YBX1 
Degradation. Previous studies reported that Nedd4L is the specific 
E3 ligase to trigger YBX1 degradation (15), which was experimentally 

confirmed in our cell systems after Nedd4L overexpression or 
knockdown (Fig. 6A). So we speculated that circNEIL3 could recruit 
Nedd4L and YBX1 together, thus destabilizing YBX1 protein. 
To test this assumption, the in vitro transcribed and circularized 
circNEIL3 was incubated with cell extracts. The results showed that 
both YBX1 and Nedd4L were captured by circNEIL3 (Fig. 6B), 
indicating the formation of circNEIL3–Nedd4L–YBX1 complex. 
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Fig. 5. circNEIL3 promotes YBX1 degradation through the ubiquitin/proteasome pathway. (A) Bioinformatics analysis of YBX1 protein levels in various cancers 
from the CPTAC database. (B) circNEIL3 overexpression decreased YBX1 expression in different cancer cells. (C) Immunoblot assays to measure YBX1 expression 
in cells stably expressing the empty vector, WT circNEIL3, circularization-dead (CD) mutant, or circNEIL3 shRNAs. (D) Immunoblotting assays for YBX1 expression 
in A549 and MCF10A cells treated with 5ng/mL TGFβ for 72h. (E) Immunoblot assays to measure YBX1 expression in cells stably expressing the empty vector, WT 
circNEIL3, or YBX1-binding-deficient mutants (mut). (F) Representative Immunohistochemistry (IHC) staining images using an anti-YBX1 antibody of the metastatic 
lesions in the lung from mice tail vein injected with MDA-MB-231 stable cells. Histochemistry score (H score) is presented as mean scores ± SEM of three mice in 
each group. n.s., not significant; ***P < 0.001. (G) Effects of MG132 treatment on protein levels of YBX1 and c-myc in MDA-MB-231 cells with or without circNEIL3 
overexpression. (H) Effect of circNEIL3 on YBX1 protein stability. Different cancer cells with circNEIL3 overexpression or knockdown were treated with CHX for 
indicated time and then subjected to immunoblot assays. (I–L) Polyubiquitination status of YBX1 immunoprecipitated from different cancer cells stably expressing 
circNEIL3 shRNA (I), WT circNEIL3 (J), circularized-dead (CD) circNEIL3 (K), or its YBX1-binding-deficient mutants (mut) (L).
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Moreover, circNEIL3 overexpression significantly increased the 
association of Nedd4L with YBX1 (Fig. 6C). Besides, such increased 
Nedd4L–YBX1 association required the direct interaction between 
YBX1 and circNEIL3, as enforced expression of the YBX1-binding-
deficient circNEIL3 variant failed to strengthen Nedd4L–YBX1 
association (Fig.  6D). The circNEIL3-increased Nedd4L–YBX1 
association is resistant to the exonuclease RNase A, pronouncing the 
requirement of mature circNEIL3, rather than its linear transcripts, 
for their association (Fig. 6D). Notably, the circNEIL3-mediated 
YBX1 degradation relied on Nedd4L because the increase of YBX1 
polyubiquitination (Fig.  6E) and the decrease of YBX1 protein 
(Fig. 6F) by circNEIL3 were attenuated after Nedd4L knockdown 
with two independent shRNAs. In accordance to these findings, 
the antimetastatic effects of circNEIL3 were effectively weakened 

by Nedd4L knockdown (Fig. 6G). Collectively, these results support 
that circNEIL3 recruits Nedd4L and YBX1 together, leading to 
polyubiquitination and degradation of YBX1.

circNEIL3 Expression Is Negatively Correlated to YBX1 Abundance 
and Tumor Metastasis in CRC Samples. To further confirm the 
negative correlation between circNEIL3 and YBX1, we stressed 
SW480 cells with hypoxia or oncostatin M (OSM, a JAK2/STAT3 
activator), both of which are implicated in cancer metastasis. 
Both hypoxia and OSM decreased circNEIL3 levels (SI Appendix, 
Fig.  S5D) while increased YBX1 protein levels (SI  Appendix, 
Fig. S5E), thus supporting a wide existence of circNEIL3–YBX1 
axis in cancer metastasis. Besides, circNEIL3 is decreased more 
strikingly in hypoxia-active CRC pairs (SI Appendix, Fig. S5F). 
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Fig. 6. circNEIL3 recruits the E3 ligase Nedd4L to promote YBX1 degradation. (A) Effects of Nedd4L overexpression (WT) or knockdown by two independent shRNAs 
on YBX1 expression. (B) RNA pull-down assays showing the association of the in vitro circularized circNEIL3 with YBX1 and Nedd4L. (C) circNEIL3 overexpression 
in MDA-MB-231 cells increased the association of Nedd4L with YBX1. (D) The increased Nedd4L–YBX1 association by circNEIL3 depends on the direct interaction 
between YBX1 and circNEIL3. (E) Polyubiquitination status of YBX1 immunoprecipitated from MDA-MB-231 cells stably expressing circNEIL3 or Nedd4L shRNA. 
(F) Immunoblot assays to measure the expression of YBX1 and Nedd4L proteins in A549 and MDA-MB-231 stable cell lines expressing circNEIL3 or Nedd4L shRNA. 
(G) Cell migration assays of different stable cells expressing circNEIL3 or Nedd4L shRNA. Data are presented as means ± SD. n.s., not significant; ***P < 0.001.
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Moreover, the strikingly higher YBX1 protein level, not its mRNA 
level, in metastatic SW620 CRC cells than its primary counterpart 
SW480 may be attributed to the distinguished circNEIL3 expression 
in these two cell lines (SI Appendix, Fig. S5 G and H). Next, we 
simultaneously examined circNEIL3 expression by FISH assay and 
YBX1 expression by immunofluorescence assay in the metastatic 
lesions within the lung of mice tail vein injected with MDA-MB-231 

cells stably expressing empty vector or indicated circNEIL3 variants 
(Fig. 4  J  and K). As shown in Fig. 7A, overexpression of wild-
type circNEIL3 significantly decreased YBX1 protein levels, while 
the YBX1-binding-deficient circNEIL3 mutant failed to repress 
YBX1 expression. Thus, circNEIL3 negatively regulates YBX1 
expression in vivo. Although circNEIL3 is up-regulated in primary 
CRC tissues than their adjacent tissues (SI Appendix, Fig. S1B), 
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Fig. 7. circNEIL3 expression is negatively correlated to YBX1 abundance and tumor metastasis in patients with CRC. (A) FISH assays to detect circNEIL3 expression 
and immunofluorescence assays to measure YBX1 expression in the metastatic lesions within the lung of mice tail vein injected with MDA-MB-231 cells stably 
expressing the empty vector or indicated circNEIL3 variants. (B) Comparison of circNEIL3 expression measured by RT–qPCR between nonmetastatic CRC tumors 
and metastatic samples. (C) The Kaplan–Meier curve for the overall survival of CRC patients, who were divided into two groups according to the mean expression of 
circNEIL3 variants. The P value was calculated by the two-sided log-rank test. (D) circNEIL3 expression measured by RT–qPCR and YBX1 expression by IHC staining 
in the tested CRC tumors. (E) Proposed working model for inhibitory effects of circNEIL3 on tumor metastasis. In nonmetastatic tumors, circNEIL3 recruits the E3 
ligase Nedd4L and YBX1 together, leading to polyubiquitination and subsequent proteasomal degradation of YBX1. In metastatic tumors, circNEIL3 expression 
was down-regulated under certain stress such as TGFβ stimulation, causing increased YBX1 protein level to promote tumor metastasis.
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higher YBX1 proteins may be attributed to both the increased 
YBX1 mRNA levels (SI Appendix, Fig. S5I) and the decreased E3 
ligase NEDD4L (SI Appendix, Fig. S5J). Given that circNEIL3 
represses tumor metastasis (Fig. 2 and SI Appendix, Fig. S3) through 
promoting polyubiquitination and degradation of YBX1 (Fig. 5–6), 
we sought to explore their clinical relevance in tumor samples with 
metastasis information. To this end, the cDNA array containing a 
cohort of 80 CRC samples was employed to measure circNEIL3 
abundance by RT–qPCR. After removing 25 samples because of 
inconvincible amplification curves, the remaining 55 samples were 
divided into two groups according to the presence or absence of 
lymph node metastatic status. The results showed that the CRC 
samples with lymph node metastasis exhibited lower circNEIL3 
expression than those without metastasis (Fig. 7B and SI Appendix, 
Table S4), indicating that lower circNEIL3 expression may predict 
a metastatic tendency of CRC. In accordance with this finding, 
CRC patients with lower circNEIL3 expression exhibit shorter life 
spans compared to those with a higher circNEIL3 level (Fig. 7C and 
SI Appendix, Table S5), implying a negative correlation between 
circNEIL3 expression and the survival of CRC patients. Moreover, 
YBX1 protein levels were also examined by immunohistochemistry 
staining in another CRC tissue array. After omitting the invalid 
samples with less than 30% intact tissue area, the remaining 26 
tumors that obtained from the same patients as the aforementioned 
cDNA array were used to analyze the correlation between YBX1 
protein level and the circNEIL3 expression. As shown in Fig. 7D 
and SI Appendix, Fig. S5K, CRC tumors with higher circNEIL3 
expression exhibited a lower YBX1 protein level, thus reinforcing 
a negative correlation between circNEIL3 expression and YBX1 
protein levels. Therefore, circNEIL3 expression is negatively 
correlated to YBX1 abundance and tumor metastasis in CRC.

Discussion

Accumulating evidence supports the implication of circRNA in 
tumor metastasis, but the detailed mechanism underlying this 
biological process remains elusive. In this study, a TGFβ-repressive 
circRNA, circNEIL3 (hsa_circ_0001460), was identified to be 
dramatically down-regulated in the liver metastatic samples of 
CRC patients (Fig. 1). As expected, circNEIL3 potently repressed 
tumor metastasis in various cancer models (Fig. 2 and SI Appendix, 
Fig. S3). Mechanistically, circNEIL3 promotes proteasomal deg-
radation of YBX1, an oncogenic RBP, by recruiting YBX1 and its 
E3 ligase Nedd4L together to enhance its polyubiquitination 
(Figs. 4–6). Notably, decreased circNEIL3 expression is signifi-
cantly correlated to elevated YBX1 protein level, serving as a neg-
ative indicator for metastasis and a predictor for worse CRC 
patient outcome (Fig. 7). In conclusion, circNEIL3 functions as 
a potent antimetastatic factor by directly targeting YBX1 for 
Nedd4L-mediated proteasomal degradation (Fig. 7E).

Although some circRNAs were identified to affect tumor metas-
tasis (25–27), only few circRNAs were proven to be effective 
among different cancers (32). As a dysregulated circRNA identi-
fied in CRC, circNEIL3 demonstrated consistent antimigration 
and anti-invasion effects in colorectal cancer cells, breast cancer 
cells, and lung cancer cells (Fig. 2 A–E and SI Appendix, Fig. S2 
B–F), supporting the pan-cancerous role of circNEIL3. Moreover, 
the antimetastatic effect of circNEIL3 was further validated in 
in vivo mouse models established with breast cancer cells and lung 
cancer cells (Fig. 2 F–J). Notably, such antimetastatic effects were 
proven to be contributed by the circularized form rather than the 
linear transcript of circNEIL3 (SI Appendix, Fig. S3). Importantly, 
the repressive effect of circNEIL3 on tumor metastasis depends 
on its direct interaction with the oncogenic RBP YBX1 as either 

restoration of YBX1 expression (Fig. 3 H–J) or destruction of the 
circNEIL3–YBX1 interaction (Fig. 4 H–K) attenuated the 
antimetastatic effect of circNEIL3. Collectively, these results 
strongly support that circNEIL3 functions as a potent antimeta-
static factor through its direct interaction with YBX1.

Recent studies reported that circNEIL3 (hsa_circ_0001460) is 
up-regulated in glioma (33) and pancreatic ductal adenocarcinoma 
(34), which seems to be inconsistent to our finding that circNEIL3 
is down-regulated in metastatic CRC samples compared to pri-
mary tumors (Fig. 1C). These discordances may be attributed to 
the change of circNEIL3 expression during different stages of 
cancer progression. Indeed, we also found that circNEIL3 demon-
strated a higher expression level in the primary CRC samples than 
their adjacent colon tissues (SI Appendix, Fig. S1 B and C). 
However, circNEIL3 exhibited significantly decreased expression 
in metastatic lesions of liver in patients with CRC (Fig. 1C and 
SI Appendix, Fig. S1D). This may reflect that circNEIL3 plays an 
oncogenic role in tumor initiation and functions as a tumor sup-
pressor for tumor metastasis. Such phenomena are also observed 
in the scenario of TGFβ signaling which represses cancer initiation 
at the early stage of tumorigenesis but promotes distant metastasis 
for advanced tumors (35). Therefore, exploring the function of a 
candidate should be focused on specific condition.

circRNAs were demonstrated as pivotal scaffolds to facilitate the 
assembly of protein complex (19, 36). For example, circACC1 was 
reported to form a ternary complex with the regulatory β and γ 
subunits of AMPK in response to serum deprivation, thus promot-
ing the enzymatic activity of AMPK holoenzyme (36). Herein, we 
found that circNEIL3 strengthened the association between YBX1 
and its E3 ligase Nedd4L to promote polyubiquitination and deg-
radation of YBX1 (Fig. 6 C–E). Interestingly, we also observed that 
circNEIL3 enhanced Nedd4L expression (Fig. 6F), but the under-
lying molecular mechanism has not yet been elucidated. Combining 
the fact that Nedd4L plays a tumor-suppressive role in constraining 
TGFβ signaling by triggering the proteasomal degradation of 
SMAD2, SMAD3, and SMAD7 (37), we speculate that circNEIL3 
mediates the formation of a positive feedback loop between Nedd4L 
and the TGFβ signaling pathway. Activated TGFβ signaling within 
tumor microenvironment (38) leads to the reduction of circNEIL3 
expression, which in turn down-regulates Nedd4L expression to 
increase SMAD protein levels, thereby promoting TGFβ-mediated 
metastasis. This positive feedback loop in cancer cells provides 
insight into the regulatory mechanism in tumor metastasis.

In conclusion, our results demonstrate that the TGFβ-repressed 
circNEIL3 inhibits tumor metastasis by enhancing proteasomal 
degradation of YBX1. Considering that circRNAs possess unique 
features of higher stability and less immunogenicity, circNEIL3-based 
cancer therapy could be a potential therapeutic strategy.

Materials and Methods

Cell Lines and Tissues. BT549 and MDA-MB-231 (human breast cancer cell lines), 
A549 and H1299 (human lung cancer cell lines), and SW480 and SW620 (human 
colorectal cancer cell lines) were cultured at 37 °C in an incubator with 5% CO2. 
MDA-MB-231, BT549, and H1299 were maintained in RPMI-1640 (Gibco) contain-
ing 10% fetal bovine serum (FBS) (PAN-Biotech, #ST30-3302). A549, SW480, and 
SW620 were cultured in DMEM (Gibco) supplemented with 10% FBS. cDNA array 
(# cDNA-HColA095Su02) and CRC tissue array (# HColA160Su02) were purchased 
from ShangHai OUTDO Biotech. In total, 68 CRC primary tumors, their paired 
liver metastatic tumor tissues, and adjacent normal tissues were collected from 
patients who underwent surgery at West China Hospital, Sichuan University. This 
study was approved by the Ethics Committee of West China Hospital, Sichuan 
University (2018(280); 2019(338)), and informed consent was obtained from 
patients or their families, as appropriate. All paired samples were confirmed by two 
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pathologists independently and stored at −80 °C until use. Briefly, the patients’ 
tissues were dissected into small pieces and grounded into powder in the liquid 
nitrogen. Subsequently, cell lysates were obtained by adding RNAiso Plus reagent 
(TaKaRa, #9108). The samples were subjected to Ribo-Zero RNA sequencing.

Animal Experiments. All mouse experiment procedures performed in this 
study were approved by the Institutional Animal Care and Use Committee of West 
China Hospital, Sichuan University. The 4-wk-old female BALB/c nude mice were 
purchased from Beijing Hua Fu Kang (HFK) Bioscience. For the lung metastasis 
model, 1 × 106 luciferase-labeled MDA-MB-231 cells with enforced expression 
of circNEIL3 variants were injected into the tail veins of 4-wk-old nude mice. Nine 
weeks after cell injection, tumor metastasis was analyzed. For the systemic tumor 
metastasis model, 1 × 105 luciferase-labeled A549 cells with circNEIL3 knockdown 
by independent shRNAs were injected into the left cardiac ventricle of 4-wk-old 
nude mice. Five weeks later, mice were used for analysis of the systemic spread of 
tumor. Bioluminescence images of tumor-bearing mice were acquired with IVIS 
Spectrum (PerkinElmer) at 10 min after intraperitoneal injection of D-luciferin 
(15 mg/mL, Promega) and analyzed using Living Image 3.2 software package 
(Caliper Life Sciences). Next, the lungs and brains were obtained and fixed with 
4% formalin, while the bones were fixed with 10% formaldehyde after decalcifi-
cation in 4% hydrochloric acid/formic acid working solution for at least 1 wk. The 
numbers of metastatic nodules in the lungs, bones, and brains were carefully 
examined by H&E staining.

Statistical Analyses. Statistical analyses were performed using SPSS 26.0 sta-
tistical software package International Business Machines Corporation (IBM) or 
GraphPad Prism 8.0. For statistical evaluation, data were analyzed by two-tailed 

Student’s t test for comparisons of two samples and one-way ANOVA for univariate 
comparisons. Significance of differences was determined by the paired two-sided 
Wilcoxon signed-rank test for circNEIL3 expressions in primary CRC sample and its 
corresponding liver metastasis or its adjacent colon tissues. Overall survival was 
assessed with the Kaplan–Meier analysis. Results are presented as mean ± SD 
in cellular experiments and ±SEM in the animal models. P values < 0.05 were 
considered statistically significant (*P < 0.05, **P < 0.01, and ***P < 0.001); 
P > 0.05, not significant (n.s.).

Data and Materials, and Software Availability. All data needed to evaluate 
the conclusions in the paper are present in the paper and/or SI Appendix. RNA-seq 
data of TGFβ-treated MCF-10A cells have been deposited in the Gene Expression 
Omnibus database with accession no. GSE165576. The mass spectrum data have 
been uploaded to Proteomics Identification Database with project accession no. 
PXD039394. The datasets describing 68 CRC patient samples have been sub-
mitted to the Genome Sequence Archive database, China National Center for 
Bioinformation under accession No.HRA003989.
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