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Abstract
Background  Liver metastasis is the leading cause of death in patients with colorectal cancer (CRC). Emerge evidence 
suggests that circular RNA (circRNA) is a pivotal player in cancer progression. However, its role in CRC liver metastasis 
remains largely unknown.

Methods  Circ-YAP expression was detected by qRT-PCR and in situ hybridization. The function of circ-YAP was tested 
by wound healing, transwell and CCK-8 assays. RNA immunoprecipitation, pull-down, luciferase reporter, chromatin 
immunoprecipitation assays were used to investigate the mechanism underlying circ-YAP promoting CRC liver 
metastasis. CRC liver metastasis animal model was established to assess the effect of circ-YAP in vivo.

Results  Circ-YAP was notably upregulated in CRC with liver metastasis, which was associated with dismal prognosis. 
Circ-YAP promoted CRC cell migration and invasion in vitro, and facilitated liver metastasis in patient-derived 
xenografts (PDX) models in vivo. Mechanistically, circ-YAP encoded a novel truncated protein containing 220 amino 
acids, termed as YAP-220aa, which competitively bound to LATS1, resulting in YAP dephosphorylation and nuclear 
translocation, thereby activating a cohort of metastasis-promoting genes. Importantly, N6-methyladenosine (m6A) 
modification orchestrated efficient initiation of circ-YAP translation, requiring m6A reader YTHDF3 and eIF4G2 
translation initiation complex. Intriguingly, circ-YAP was transcriptionally enhanced by YAP/TEAD complex, thus 
forming a positive regulatory feed-forward loop.

Conclusions  Our findings reveal a previously uncharacterized oncoprotein encoded by circ-YAP, implying a 
promising biomarker and therapeutic target for CRC patients with liver metastasis.
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Background
Colorectal cancer (CRC) is one of the most common 
malignant tumors of the digestive tract, with the inci-
dence and mortality ranking the third and second among 
all malignant tumors, respectively [1]. Tumor metastasis 
is the main cause of death of CRC patients. Clinically, 
about 45–60% of CRC patients have liver metastasis, 
and more than 90% of liver metastases cannot be initially 
resected [2]. The median survival time of CRC patients 
with liver metastases without surgical treatment is only 
6.9 months, and the 5-year survival rate is less than 5% 
[3]. Therefore, it is of great clinical significance to deci-
pher the mechanism underlying CRC liver metastasis 
and discover new therapeutic targets for the prevention 
and intervention of metastasis to improve the survival 
rate of patients.

Circular RNA (circRNA) is a special class of endoge-
nous RNA molecules, with a covalently closed loop struc-
ture, without the traditional 5’-end “cap structure” and 
3’-end poly A tail [4]. It is generated by a spliceosome-
catalyzed back-splicing event, and one genetic locus can 
produce one or more circRNAs [5]. High-throughput 
sequencing and in silico approaches have identified that 
circRNA is highly conserved and widely expressed in a 
disease-, tissue- or cell-specific pattern [6]. Increasingly, 
circRNA is being implicated in the development and pro-
gression of various human diseases, and some circRNAs 
are identified as available biomarkers for predicting dis-
ease progression and prognosis [7, 8]. The potential 
mechanism by which circRNA functions is complicated 
[9], the most of which is proposed to act as “miRNA 
sponge”, with CDR1as having more than 70 miR-7 bind-
ing sites as the typical representative [10, 11]. Moreover, 
several circRNAs have been identified to directly bind to 
functional proteins, acting as scaffolds or decoys involved 
in gene regulation [12]. Interestingly, some recent evi-
dence indicates that circRNA is able to be translated into 
the functional peptides [13, 14]. For instance, Nlgn-173aa 
encoded by circ-Nlgn was proposed as a novel tran-
scription factor that promoted myocardial fibrosis [15]. 
In addition, the circRNA-encoded truncated proteins 
such as E-Cad-254aa and ARHGAP35-1289aa have been 
reported as pivotal players in glioma [16]and hepatocel-
lular carcinoma [17], respectively. Due to the head-to-tail 
shape, circRNA encodes protein in a cap-independent 
manner, which is driven by internal ribosome entry 
site (IRES) or N6-methyladenosine (m6A) modifica-
tion [18]. m6A is the most abundant internal modifica-
tion of eukaryotic RNA, which is dynamically reversible 
and catalyzed by m6A writer (METTL3/14 and WTAP), 
removed by m6A eraser (FTO and ALKBH5) and rec-
ognized by m6A reader (YTHDF1/2/3 and YTHDC1/2) 
[19]. To date, only a few of these small endogenous pro-
teins hidden in circRNAs have been characterized, the 

functional relevance of the vast majority is yet to be 
found.

In this study, we identified a circRNA, circ-YAP, as 
a driver of CRC liver metastasis. Circ-YAP contains a 
220-aa open reading frame (ORF) and encodes a novel 
YAP protein isoform, termed as YAP-220aa, in an 
m6A-dependent manner. Further, we found that YAP-
220aa activated YAP signaling via preventing LATS1-
mediated YAP phosphorylation and cytoplasmic 
retention.

Materials and methods
CRC tissues and cell lines
All CRC tissues included in this study were collected 
from Sun Yat-sen University Cancer Center, includ-
ing fresh frozen (30 normal cases, 23 CRC cases, 17 
CRC with liver metastasis, 9 cases with lung metastasis 
and 7 cases with brain metastasis) and paraffin embed-
ded (25 normal cases, 211 CRC cases and 56 CRC with 
liver metastasis) tissues. Written informed consent was 
obtained from each subject. This study was approved 
by the Institutional Ethical Review Boards of Sun Yat-
sen University Cancer Center (SL-B2022-276-02). The 
normal FHC cells (CRL-1831) and CRC cells including 
HT-29 (HTB-38), SW480 (CCL-228), DLD1 (CCL-221), 
HCT116 (CCL-247), SW620 (CCL-227) and LoVo (CCL-
229) were obtained from ATCC. The above cells were 
cultured in DMEM medium with 10% fetal bovine serum 
(FBS). Besides, TC71 PDX cells were obtained from 
XENTECH (No. XTM-233_CXT-399/R5700), and cul-
tured in advanced DMEM/F12 medium supplemented 
with 8% FBS, 1% antibiotics and 1% glutamin. All cells 
were periodically tested for mycoplasma contamination.

Quantitative real-time polymerase chain reaction (qRT-
PCR)
Total RNA was isolated using Trizol reagent (Invitro-
gen, CA, USA), then, 1 μg RNA was reverse transcribed 
into cDNA using PrimeScript RT Enzyme (Takara Bio, 
Dalian, China). RNA amplification and quantification 
were carried out with TB Green Premix Ex Taq II Kit 
(Takara Bio). The specificity of all primers was verified by 
the melt curve and the sequences are listed in Table S1.

Fluorescence in situ hybridization (FISH), ISH and 
immunohistochemisty (IHC)
The FAM-labeled probe targeting the junction site of 
circ-YAP was designed and synthesized by GenePharma 
(Shanghai, China), followed by hybridization using the 
FISH Kit according to the manufacturer’s instructions 
(GenePharma). For ISH assay, the paraffin-embedded 
tissues were digested with proteinase K, and incubated 
with 5’-digoxin-labeled probe against circ-YAP junction 
site at 55 °C overnight. After incubation with anti-digoxin 
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antibody (Roche, Basel, Switzerland) at 4  °C overnight, 
the slides were stained with NBT/BCIP reagent. For IHC 
staining, the anti-YAP-220aa (produced by GenScript) 
and anti-YAP (#14,074, CST) antibodies were used with 
the dilution ratio of 1:50 and 1:400, respectively. The pro-
tein signals were visualized by DAB solution. The semi-
quantitative analysis of ISH/IHC staining was conducted 
using H-score method as previously described [20].

Vectors, oligonucleotides and transfection
To silence circ-YAP, the CRISPR/Cas13d system was 
used [21]. In brief, three sgRNAs targeting the junction 
site of circ-YAP were designed and synthesized (gRNA#1: 
TCCTTTCCTTAACAGGCCAGTACTGATGCA; 
gRNA#2: TCAGATCCTTTCCTTAACAGGCCAG-
TACTG; gRNA#3: TCCTTAACAGGCCAGTACT-
GATGCAGGCAC), followed by insertion into pLKO.1 
vector containing direct repeats of RfxCas13d. Len-
tivirus production was conducted using psPAX2 and 
pMD2.G vector, followed by infection into CRC cells 
with 5  mg/mL polybrene and screening with 1.5  μg/
mL puromycin. To construct circ-YAP expression vec-
tor, the full-length of circ-YAP was synthesized and 
inserted into pLV-circ-Puro vector containing reverse 
complementary sequences on both sides. To knock-
out of YTHDF3, three sgRNAs targeting YTHDF3 
(gRNA#1: CTAAGCGAATATGCCGTAAT; gRNA#2: 
GTGGACTATAATGCGTATGC; gRNA#3: AAAGTT-
GACTCTTCTCGTAA) were inserted into CRISPR/
Cas9 All-in-One lentiviral vector, followed by infection 
into cells and selection of single clone. For construct-
ing shRNA expression vector (sh-YAP targeting YAP 
3`-UTR: CCCAGTTAAATGTTCACCAAT), the pLKO.1 
lentiviral vector was used, followed by infection and 
puromycin selection. Besides, siRNAs targeting eIF4G2 
and TEADs were commercially purchased from Ribo-
bio (Guangzhou, China). YAP-5SA and YAP-5SA/S94A 
were obtained from Addgene. Mutation of m6A motif 
was conducted using Q5 Site-directed Mutagenesis Kit 
(New England Biolabs, CA, USA) according to the manu-
facturer’s instructions. All constructs were confirmed 
by Sanger sequencing. Cell transfection was carried out 
using Lipofectamine 3000 (Invitrogen) and the transfec-
tion efficiency was tested by qRT-PCR or western blot 
assays.

Wound healing, transwell and CCK-8 assays
Cell migration was tested by wound healing assay. 
Briefly, CRC cells were plated into 6-well plates, and 
the scratches were generated using a sterile pipette tip. 
Then, cells were cultured in DMEM medium without 
FBS. After 24  h, the migration distance was recorded. 
For detection of cell invasion, the upper chamber with an 
8 mm pore size filter (BD Falcon, CA, USA) was used and 

the bottom chamber was filled with 600μL DMEM com-
plete medium. After 24 h, the invaded cells were stained 
by crystal violet. For CCK-8 assay, CRC cells were plated 
into 96-well plates, followed by incubation with 10μL 
CCK-8 reagent (Dojindo, Kumamoto, Japan) at 37 °C for 
2 h. The absorbance at 450 nm of each well was recorded 
with a microplate reader.

Establishment of CRC liver metastasis model
For the spontaneous liver metastasis model, TC71 PDX 
cells with or without circ-YAP knockdown were har-
vested by trypsinization and washed three times with 
cold PBS, followed by orthotopically injection of 50μL 
3 × 106 cell suspension into the colonic subserosa of 
NOD/SCID mice. After 10 weeks, mice were euthanized, 
and liver tissues were carefully dissected out to detect 
for metastatic lesions. For the experimental liver metas-
tasis model, 20μL 1 × 106 TC71 PDX cells suspended in 
PBS were slowly injected into spleen, after 4 weeks, the 
number of liver metastatic nodule in each group was 
counted. Liver metastasis burden was defined as the 
number of metastatic nodules multiplied by the diam-
eter of the metastatic lesions. All procedures for animal 
experiments were approved by the Institutional Ani-
mal Care and Use Committee of Sun Yat-sen University 
(SYSU-IACUC-2021-000653).

Western blot and co-immunoprecipitation (Co-IP)
Cells were washed by cold PBS and lysed by RIPA buf-
fer supplemented with 1×protease inhibitor cocktail 
(Roche). The concentration of protein was detected by 
Pierce™ BCA Protein Quantification Kit (Invitrogen). 
Equal amount of protein was loaded onto 8-10% SDS-
PAGE gel and transferred onto PVDF membrane. Then, 
the membrane was incubated with appropriate primary 
and secondary antibodies, and visualized using Pierce™ 
ECL Western solution (Invitrogen). For Co-IP assay, cell 
lysates were pre-cleared by incubating with 20μL protein 
A/G agarose (Gibco, CA, USA). After that, the super-
natant was incubated with appropriate primary anti-
body at 4  °C for 3  h, followed by incubation with 40μL 
protein A/G agarose at 4  °C for 30  min. The enriched 
proteins were separated by SDS-PAGE gel and analyzed 
by western blot. The primary antibodies used in this 
study were as follows: anti-Flag (#80010-1-RR, Protein-
tech), anti-YAP-220aa (provided by Genescript), anti-
METTL3 (#15073-1-AP, Proteintech), anti-YTHDF1 
(#ab220162, Abcam), anti-YTHDF2 (#ab220163, Abcam), 
anti-YTHDF3 (#25537-1-AP, Proteintech), anti-eIF4G2 
(#5169, CST), anti-eIF4A (#2013, CST), anti-eIF4B 
(#13,088, CST), anti-LATS1 (#3477, CST), anti-YAP 
(#14,074, CST), anti-14-3-3 (#9640, CST), p-YAP (S127) 
(#13,008, CST), anti-TEAD1 (#12,292, CST), anti-Tubu-
lin (#11224-1-AP, Proteintech), anti-CDX2 (##ab76541, 
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Abcam), anti-GAPDH (#60004-1-Ig, Proteintech) and 
anti-Histone H3 (#ab1791, Abcam).

Immunofluorescence (IF)
CRC cells were fixed with 4% paraformaldehyde, per-
meabilized with 0.1% Triton X-100 and blocked using 
5% BSA solution for 30  min at room temperature.Then, 
cells were incubated with anti-Flag, anti-YAP-220aa and 
anti-YAP antibodies overnight at 4  °C. After incubating 
with fluorescein-conjugated secondary antibody for 1 h, 
the fluorescence signal was observed using a fluorescence 
microscope. Cell nucleus was stained with DAPI solution.

RNA immunoprecipitation (RIP) and methylated 
immunoprecipitation (meRIP)
RIP assay was conducted using the Magna RIP Kit (#17–
700, Millipore, MA, USA) as per the manufacturer’s 
protocols. In short, the magnetic beads pre-coated with 
anti-YTHDF3 or anti-IgG (Millipore) were incubated 
with CRC cell lysates at 4 °C for 12 h. After protein diges-
tion by proteinase K, the enriched RNA was extracted 
by Trizol reagent, followed by qRT-PCR analysis of circ-
YAP level. For meRIP assay, the Magna MeRIP™ m6A Kit 
(17 − 10,499, Millipore) was used. Total RNA was frag-
mented into 100nt or less for 5 min at 70 °C, followed by 
incubation with anti-m6A antibody (#MABE1006, Milli-
pore) and Magna Protein A/G Magnetic Beads overnight 
at 4 °C. The enriched RNA was eluted by m6A 5′-mono-
phosphate sodium salt, followed by RNA extraction and 
qRT-PCR analysis.

RNA pull-down assay
For in vivo pull-down assay, the biotin-labeled probe tar-
geting circ-YAP junction site was synthesized and incu-
bated with CRC cell lysates at 4  °C for 5  h, followed by 
incubation with the Streptavidin Magnetic Beads (Invit-
rogen) at 4  °C for 1 h. Then, the enriched proteins were 
eluted for western blot analysis. For in vitro pull-down 
assay, the linear circ-YAP was in vitro transcribed using 
the T7 Transcription Kit (Invitrogen) and labeled with 
biotin using Biotin RNA Labeling Mix (Roche), followed 
by circularization using T4 RNA ligase I. The above 
synthesized circ-YAP was incubated with recombinant 
human YTHDF3 protein (#ab166020, Abcam) in binding 
buffer (20mM Tris, 150mM NaCl, 1% Triton X-100, 2mM 
DTT, 1mM EDTA) at 4 °C for 1 h, followed by incubation 
with the Streptavidin Magnetic Beads (Invitrogen) and 
western blot analysis.

Detection of nascent circ-YAP
Cells were incubated with 5,6-dichlor-obenzimidazole 
1-β-D-ribofuranoside (DRB; Sigma-Aldrich, MO, USA) 
to block transcription. After DRB release, the newly 
transcribed RNA was labeled with 4-thiouridine (4sU; 

Sigma). Total RNA was extracted using Trizol reagent, 
followed by biotinylation and pull-down with the Strep-
tavidin Magnetic Beads (Invitrogen). The nascent RNA 
was serially washed and subjected for qRT-PCR analysis 
of circ-YAP level.

Luciferase reporter assay
For detecting YAP transcription activity, cells with circ-
YAP silencing or overexpression were transfected with 
YAP luciferase reporter (8xGTIIC-luciferase, #34,615, 
Promega) using Lipofectamine 3000 (Invitrogen). After 
48  h of transfection, the relative luciferase activity was 
detected by the dual-luciferase reporter system (Pro-
mega) according to the manufacturer’s instructions. For 
analysis of circ-YAP promoter activity, the full-length or 
truncated circ-YAP promoter was inserted into pGL3-
basic vector (Promega), followed by co-transfection with 
pRL-TK and YAP-5SA vectors into cells using Lipo-
fectamine 3000 (Invitrogen). The relative luciferase activ-
ity was tested as mentioned above. Each group was run in 
triplicate in 48-well plates.

Chromatin immunoprecipitation (ChIP) and re-ChIP
ChIP assay was carried out using the commercial-
ized SimpleChIP® Plus Sonication Chromatin IP Kit 
(#56,383, CST) based on the manufacturer’s protocols. 
The used ChIP-grade antibodies are as following: anti-
YAP (#14,074, CST), anti-PoI II (#N-20, Santa Cruz bio-
technology) and anti-p-PoI II (S5) (#ab5408, Abcam). 
For re-ChIP assay, the DNA complexes were immuno-
precipitated and eluted in the first-step ChIP using anti-
YAP (#14,074, CST) antibody, followed by addition into 
10mM DTT and incubation for 30  min at 37  °C. After 
centrifugation, the supernatant was diluted and immu-
noprecipitated using anti-TEAD1 antibody (#610,922, 
BD Biosciences). The resulting precipitated DNA samples 
were subjected for qPCR analysis.

DNA pull-down assay
The biotinylated probe targeting circ-YAP promoter was 
designed and synthesized, followed by incubation with 
the sonicated nuclear extracts at 4  °C overnight with 
agitation. The Streptavidin Magnetic Beads (Invitro-
gen) was added and incubated for 1 h at 4 °C. The beads 
were washed three times and the enriched proteins were 
eluted by 1×loading buffer, followed by western blot anal-
ysis of YAP and TEAD1 levels.

Statistical analysis
Data are shown as mean ± standard deviation (SD). Two-
tailed Student’s t-test was used to compare the results for 
any two preselected groups accounting for variance. The 
ROC curve was used to estimate the predictive accuracy. 
The survival curve of CRC patients was generated using 
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Kaplan-Meier plotter, which was analyzed by Log-rank 
test. All statistical charts were generated by Graph Prism 
7 software (La Jolla, CA, USA). A probability value less 
than 0.05 was considered statistically significant.

Results
Circ-YAP is linked to CRC liver metastasis
To identify the key circRNAs with translational activity 
in CRC liver metastasis, we analyzed circRNA microar-
ray and ribosome nascent-chain complex-bound RNA 
sequencing data. The overlapped results showed that 
circ-YAP was upregulated in CRC liver metastasis and 
might have translation potential (Figure S1A, B). More-
over, circ-YAP was closely related to liver specific gene 
set, as demonstrated by GSEA enrichment analysis (Fig-
ure S1C). Next, we tested circ-YAP expression in fresh 
frozen tissues, the results showed that as compared to 
normal tissues, circ-YAP was slightly increased in CRC 
tissues, while markedly overexpressed in cases with liver 
metastasis (Fig. 1A). However, no significant differences 
were observed between circ-YAP expression and CRC 
lung or brain metastasis (Figure S1D). Likewise, high circ-
YAP was observed in CRC cell lines with high metastatic 
potential (Fig.  1B). The sequence analysis revealed that 
circ-YAP was originated from the back-splicing of exon 
2 and 7 of YAP pre-mRNA, the mature full-length was 
842 bp (Fig. 1C). Circ-YAP, but not its linear isoform, was 
resistant to RNase R digestion in both normal and CRC 
cells (Fig. 1D, Figure S1E, F). Furthermore, the half-life of 
circ-YAP exceeded 24 h (Fig. 1E, Figure S1G). The results 
of qRT-PCR and FISH assays showed that circ-YAP was 
mainly located in the cytoplasm (Fig.  1F, Figure S1I, J). 
To further explore the clinical relevance of circ-YAP, we 
collected paraffin embedded tissues and detected circ-
YAP expression using ISH assay. As expected, circ-YAP 
was significantly upregulated in CRC tissues with liver 
metastasis (Fig. 1G, H), with an area under curve (AUC) 
value of 0.8433 (95% CI: 0.7645–0.9220) (Fig.  1I). More 
importantly, patients with high circ-YAP had shorter sur-
vival time than those with low circ-YAP (Fig. 1J). In addi-
tion, the expression of circ-YAP was almost unaffected by 
acid-base conditions and repeated freeze-thawing (Fig-
ure S1K-M). In sum, these data suggest that circ-YAP is a 
bona fide circRNA that may be used as a promising indi-
cator and prognostic marker of CRC liver metastasis.

Knockdown of circ-YAP alleviates CRC liver metastasis 
burden
To investigate the biological functions of circ-YAP, we 
used CRISPR/Cas13d technology to silence circ-YAP 
(Figure S2A). As shown in Fig.  2A, all three designed 
gRNAs could effectively knock down circ-YAP, but did 
not affect YAP mRNA expression. The wound healing 
and transwell assays showed that silencing of circ-YAP 

significantly inhibited LoVo cell migration (Fig.  2B, C) 
and invasion (Fig. 2D, E), respectively. And depletion of 
circ-YAP resulted in same effects in SW620 cells (Figure 
S2B). Next, we overexpressed circ-YAP in CRC cells with 
low circ-YAP expression (Fig.  2F), the results displayed 
that the ability of cell migration and invasion was signifi-
cantly enhanced after circ-YAP overexpression (Fig.  2G, 
H). However, manipulation of circ-YAP did not affect 
cell viability, as shown by CCK-8 assay (Figure S2C). The 
spontaneous CRC liver metastasis PDX model was estab-
lished via injection of TC71 PDX cells into the colon wall 
of NOD/SCID mice (Fig. 2I). Ten weeks later, 50% mice 
in control group, but only 6.7% mice in circ-YAP-silenced 
group developed liver metastases (Fig.  2J, K). In addi-
tion, we also established the experimental liver metasta-
sis model via injection of TC71 cells into spleen (Figure 
S2D), the results showed that circ-YAP knockdown atten-
uated liver metastasis burden (Figure S2E). Further, we 
performed IHC staining of CDX2, an intestine-specific 
nuclear transcription factor, the results showed that the 
metastasized cells were indeed CRC cells but not hepa-
tocytes or immune cells (Figure S2E). Collectively, these 
data indicate that circ-YAP plays a crucial role in CRC 
cell aggressiveness and liver metastasis.

Circ-YAP encodes YAP protein isoform YAP-220aa
By sequence alignment, we found that circ-YAP con-
tained a potential ORF spanning junction site that 
encoded a 220-aa protein (Fig. 3A, B). To verify that circ-
YAP was translatable, we added Flag tag into circ-YAP-
overexpressing vector; specifically, the junction site of 
circ-YAP was moved to the stop codon of the ORF, and 
the Flag sequence was divided into two by one, locating 
on both sides of circ-YAP (Fig.  3C). After transfection 
into HEK293T cells, an approximately 26 kDa band was 
detected by anti-Flag tag antibody (Fig.  3D). Moreover, 
this band was more obvious after circ-YAP overexpres-
sion, as shown by coomassie blue staining, subsequently, 
the unique amino acid sequence of YAP-220aa was veri-
fied by mass spectrometry analysis (Fig.  3E). Next, we 
generated a rabbit polyclonal antibody specifically target-
ing YAP-220aa, and confirmed that it could effectively 
detect the endogenous YAP-220aa protein (Fig.  3F). 
Given that circRNA translation is driven by IRES or m6A 
modification, we first evaluated the translational activ-
ity of IRES on circ-YAP. Two putative IRES sequences 
were inserted into dual luciferase vector system (Figure 
S3A), the result showed that the Luc/Rluc activity was 
unaltered in IRES vector as compared to empty vec-
tor (Figure S3B), indicating that IRES-driven transla-
tion is not responsible for YAP-220aa generation. Of 
note, a highly conserved m6A site “GGACA” was found 
proximal to the translation initiation site (Fig. 3B). After 
mutation of adenine into cytosine (Fig.  3C), YAP-220aa 
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Fig. 1  Identification of circ-YAP in CRC liver metastasis tissues. A, B. qRT-PCR analysis of circ-YAP expression in CRC tissues and cell lines. C. Sanger se-
quencing verifying the junction site of circ-YAP. D, E. Cells were treated with 3U/μg of RNase R or 5 μg/ml Actinomycin D, followed by qRT-PCR analysis 
of circ-YAP and YAP mRNA levels. F. FISH assay detecting the location of circ-YAP, DAPI was used to stain cell nucleus. Scale bar, 25 μm. G-I. ISH staining 
detecting circ-YAP expression in paraffin embedded tissues (G, H), followed by ROC curve analysis of the predictive accuracy (I). The dark purple denotes 
positive staining of circ-YAP. Scale bar, 50 μm. J. The survival curve of CRC patients with low and high circ-YAP levels. ***P < 0.001. Data (B, D, E) are the 
mean ± SD of three independent experiments carried out in triplicate
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protein was almost undetected by anti-Flag antibody 
(Fig.  3D), implying that m6A is essential for circ-YAP 
translation. YAP-220aa was dominantly localized in 
the cytoplasm (Fig.  3G, Figure S3C), and was overex-
pressed in highly metastatic CRC cells (Fig. 3H). Consis-
tently, silencing of METTL3, an m6A writer, significantly 
reduced endogenous YAP-220aa expression (Fig.  3I), 
and more m6A enrichment on circ-YAP was observed 
in highly metastatic CRC cells compared to lowly meta-
static cells (Fig. 3J). Functionally, overexpression of circ-
YAP enhanced the migration and invasion of HT29 and 
SW480 cells, where these effects were blocked by m6A 
mutation (Fig.  3K, L). Moreover, the experimental liver 
metastasis model showed that wild-type circ-YAP, but 

not m6A-mutated one, increased liver metastasis of CRC 
cells in vivo (Fig. 3M). Altogether, these findings demon-
strate that circ-YAP functions through translating into a 
novel YAP protein isoform, which is mediated by m6A 
modification.

m6A reader YTHDF3 is required for circ-YAP translation
We wondered which m6A reader proteins participated in 
the process of circ-YAP translation. As shown in Fig. 4A, 
knockdown of YTHDF3, not YTHDF1/2, significantly 
blocked the increased YAP-220aa levels caused by circ-
YAP overexpression (Fig. 4A). However, the expression of 
circ-YAP was not affected by YTHDF1/2/3 (Figure S4A-
C). To further verify the effect of YTHDF3 on circ-YAP 

Fig. 2  Silencing of circ-YAP alleviates CRC liver metastasis burden. A. qRT-PCR verifying the knockdown efficiency of the designed sgRNAs. B, C. Wound 
healing assay testing cell migration in circ-YAP-silenced LoVo cells. D, E. Transwell assay testing cell invasion in circ-YAP-silenced CRC cells. Scale bar, 
100 μm. F. qRT-PCR verifying the overexpression efficiency of circ-YAP. G, H. Cell migration and invasion were tested in DLD1 and SW480 cells after circ-YAP 
overexpression. I. The sketch showing the establishment of the spontaneous liver metastasis model. J. The representative images of CRC liver metastasis 
in the indicated groups. Scale bar, 100 μm. K. The incidence of CRC liver metastasis in each group. ***P < 0.001. Data (A, C, E, F, G, H) are the mean ± SD of 
three independent experiments carried out in triplicate
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Fig. 3  Circ-YAP encodes YAP-220aa mediated by m6A. A, B. The sketch and full-length sequence of circ-YAP. C. The sketch showing the construction of 
the indicated vectors. D. Western blot analysis of Flag and YAP-220aa protein levels in 293T cells transfected with the above vectors. E. Coomassie blue 
staining of protein samples from control and circ-YAP-overexpressing cells, followed by mass spectrometry of the indicated gels. F. Western blot analysis 
of YAP-220aa protein levels in circ-YAP-overexpressing cells. G. IF staining of Flag and YAP-220aa in 293T cells. Scale bar, 25 μm. H. Western blot analysis 
of YAP-220aa protein levels in CRC cell lines. I. Western blot testing the effect of METTL3 knockdown on YAP-220aa expression. J. meRIP assay testing the 
m6A levels on circ-YAP in CRC cells. K, L. Cell migration and invasion in HT29 and SW480 cells transfected with the indicated vectors. M. The experimental 
liver metastasis model testing the effect of circ-YAP or circ-YAP-m6A-mutation on CRC liver metastasis (n = 5 per group). ***P < 0.001. Data (J, K, L) are the 
mean ± SD of three independent experiments carried out in triplicate. The uncropped western blot data are provided as a Original Blot Image file
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Fig. 4  YTHDF3 recruits eIF4G2 complex to driver circ-YAP translation. A. Western blot testing the levels of the indicated proteins in circ-YAP-overexpress-
ing 293T cells after knockdown of YTHDF1/2/3. B, C. Western blot testing the effect of YTHDF3 knockout on YAP-220 level. D. The indicated vectors were 
transfected into LoVo and SW620 cells, followed by western blot analysis of YAP-220 level. E. RIP assay using anti-YTHDF3 antibody, followed by qRT-PCR 
analysis of circ-YAP enrichment. F, G. The in vivo and in vitro pull-down assays using biotin-labeled circ-YAP probes, followed by western blot analysis 
of YTHDF3 level. H. Co-IP assay testing the interaction between YTHDF3 and eIF4G2 proteins. I. Western blot testing the effect of eIF4G2 silencing on 
YAP-220aa expression. J, K. RNA pull-down assays using biotin-labeled circ-YAP probes in YTHDF3−/− SW620 and LoVo cells, followed by western blot 
analysis of the indicated protein levels. L, M. Transwell assay testing cell invasion in circ-YAP-overexpressing SW480 and HT29 cells after YTHDF3 knockout 
or eIF4G2 silencing. *P < 0.05, ***P < 0.001. Data (E, L, M) are the mean ± SD of three independent experiments carried out in triplicate. The uncropped 
western blot data are provided as a Original Blot Image file
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translation, we constructed YTHDF3 knockout CRC 
cell lines using CRISPR/Cas9 technology. The results 
showed that the translation product of p-circ-YAP-Flag 
was undetectable in YTHDF3−/− LoVo and SW620 cells 
(Fig. 4B, C). Conversely, YAP-220aa expression was nota-
bly increased in YTHDF3-overexpressing cells, but this 
effect was disappeared after deletion of the active YTH 
domain (Fig. 4D). The results of RIP and RNA pull-down 
assays revealed the interaction between circ-YAP and 
YTHDF3 (Fig.  4E, F). Moreover, circ-YAP was in vitro 
synthesized and incubated with GST-tag YTHDF3 pro-
tein, the results displayed that circ-YAP directly binds to 
YTHDF3 (Fig. 4G). Given that the non-canonical eIF4G2 
is required for YTHDF3-mediated translational regula-
tion [22], we conducted Co-IP assay and confirmed that 
YTHDF3 and eIF4G2 form an endogenous complex 
in both SW620 and LoVo cells (Fig.  4H). As expected, 
silencing of eIF4G2 dramatically decreased YAP-220aa 
protein levels (Fig.  4I). The results of RNA pull-down 
assay showed that eIF4G2 and eIF4A/B were enriched 
by circ-YAP, whereas these interactions were abolished 
by YTHDF3 knockout (Fig.  4J, K), indicating that circ-
YAP recruits eIF4G2 translation initiation complex via 
YTHDF3. Functionally, the enhanced cell invasion caused 
by circ-YAP was evidently counteracted after knockout of 
YTHDF3 or silencing of eIF4G2 (Fig. 4L, M).

YAP-220aa interacts with LATS1 and increases YAP nuclear 
translocation
Through analyzing the YAP-220aa protein sequence 
(Figure S5A), we found that YAP-220aa contains the 
WW1/2 domain of YAP, which is required for interact-
ing with LATS1, followed by YAP phosphorylation and 
subsequent cytoplasmic retention by 14-3-3 [23]. Thus, 
we inferred that YAP-220aa might competitively bind to 
LATS1, blocking YAP phosphorylation. As anticipated, 
LATS1 was abundantly immunoprecipitated by Flag-tag 
antibody in HEK293T cells transfecting with p-circ-YAP-
Flag vector, however, when WW1/2 domain was deleted, 
the above phenomenon disappeared (Fig.  5A). Further, 
the endogenous binding between YAP-220aa and LATS1 
was found in LoVo and SW620 cells (Fig. 5B, C). Knock-
down of circ-YAP markedly increased the interaction 
between YAP and LATS1, 14-3-3 (Fig. 5D, E). Moreover, 
YAP-220aa was decreased, while YAP phosphorylation 
was increased, in circ-YAP-silenced CRC cells, how-
ever, these effects were abrogated by wild-type circ-YAP 
overexpression, but not by circ-YAP overexpression with 
m6A mutation (Fig. 5F, G). Consistently, enforced expres-
sion of circ-YAP resulted in more YAP entering into the 
nucleus from the cytoplasm, and this phenomenon dis-
appeared after m6A mutation (Fig. 5H, I). YAP luciferase 
reporter activity and its downstream pro-metastasis gene 
levels were significantly reduced in circ-YAP-silenced 

CRC cells (Fig.  5J, K), whereas overexpression of wild-
type circ-YAP, but not overexpression of m6A-mutated 
one, exerted the opposite trend (Figure S5B, C). Pheno-
typically, the increased cell migration, invasion and liver 
metastasis nodules induced by circ-YAP were signifi-
cantly abolished by YAP knockdown or treatment with 
verteporfin, a pharmacological inhibitor of YAP (Fig. 5L-
N). Overall, these data suggest that circ-YAP-encoded 
YAP-220aa promotes CRC aggressiveness and liver 
metastasis through activating YAP via interacting with 
LATS1.

YAP/TEAD complex transactivates circ-YAP
YAP is a transcriptional co-activator that modulates gene 
transcription via binding to some transcription factors 
such as TEAD1-4 [24]. Intriguingly, YAP knockdown or 
verteporfin treatment dramatically reduced circ-YAP 
expression in both HEK293T and CRC cells (Fig.  6A). 
Overexpression of constitutively active YAP (YAP-5SA), 
but not YAP-5SA/△C (a YAP mutant lacking transacti-
vation domain) or YAP-5SA-S94A (a YAP mutant with-
out TEAD-binding capacity), notably increased circ-YAP 
levels (Figure S6A, B). Of note, the nascent circ-YAP was 
also affected by YAP and verteporfin (Fig.  6B, Figure 
S6C), indicating that YAP regulates circ-YAP expression 
at the transcriptional level. Emerging evidence shows 
that some circRNAs have their own promoters indepen-
dent of their linear parents. Through analyzing ChIP-Seq 
data, we found that TEAD was abundantly occupied on 
intron 1 of YAP pre-mRNA, a potential circYAP pro-
moter region (Figure S6D). The promoter of circYAP 
was fragmented and inserted into pGL3-basic vector, the 
luciferase results showed that YAP increased circ-YAP 
transcription activity at -974 ~ -374 upstream of the circ-
YAP start site (Fig. 6C). Through sequence analysis using 
JASPAR tool, two TEAD binding motifs were found 
at the above region (TB1, -886 ~ -877, TAAATACTAT; 
TB2, -406 ~ -397, CATATTCTTT) (Fig. 6D). As shown in 
Fig. 6E, F, mutation of TB1 or TB2 significantly decreased 
the promoter activity of circ-YAP, but when mutated 
simultaneously, the enhanced promoter activity caused 
by YAP-5SA was completely counteracted. In addition, 
YAP-5SA increased circ-YAP expression in TEAD2-
silenced cells, but not in TEAD1/3/4-silenced cells (Fig-
ure S6E, F, Fig.  6G, H), indicating that TEAD1/3/4 is 
responsible for YAP-mediated regulation of circ-YAP. 
Further, the results of ChIP assay showed that YAP 
bound to TB1 and TB2 (Fig.  6I), concurrently with the 
recruitment of Pol II and subsequent phosphorylation 
(Fig.  6J, K), a modification requiring for releasing Pol 
II from the initiation complex and starting elongation. 
Moreover, the ChIP-re-ChIP data showed that the YAP/
TEAD1 complex was enriched at TB1 and TB2 on circ-
YAP promoter (Fig. 6L, M, Figure S6G-I), which was also 
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verified by DNA pull-down assay using biotin-labeled 
probes (Fig.  6N). These above results indicate that circ-
YAP was transcriptionally activated by YAP, thus forming 
a positive feedback loop promoting CRC liver metastasis.

Clinical verification of the circ-YAP/YAP-220aa/YAP 
regulatory axis
Lastly, we tested the expression of YAP target genes 
in CRC tissues. The qRT-PCR results showed that circ-
YAP expression was positively correlated with the pro-
metastasis genes including CYR61, CTGF, TWIST1 
and FOXM1 (Fig.  7A-D). Moreover, the immunostain-
ing results showed that 92.5% of CRC cases showed the 

Fig. 5  YAP-220aa increases YAP activity. A-C. Co-IP assay testing the binding of YAP-220aa to LATS1. D, E. Co-IP assay testing the interaction between YAP 
and LATS1/14-3-3 after circ-YAP knockdown. F, G. Western blot analysis of the indicated protein levels in circ-YAP-silenced LoVo and SW620 cells transfect-
ed with circ-YAP or circ-YAP-m6A-mutation. H, I. IF staining and western blot testing the location of YAP in circ-YAP-overexpressing cells. Scale bar, 25 μm. J. 
Luciferase reporter assay testing the effect of circ-YAP knockdown on YAP transcription activity in CRC cells. K. qRT-PCR analysis of the pro-metastasis gene 
expression downstream of YAP after circ-YAP knockdown. L, M. Cell migration and invasion in HT29 and DLD1 cells after YAP knockdown or verteporfin 
treatment. N. The representative images and burden of spontaneous CRC liver metastases (n = 5 per group). Scale bar, 100 μm. ***P < 0.001. Data (J, L, M) 
are the mean ± SD of three independent experiments carried out in triplicate. The uncropped western blot data are provided as a Original Blot Image file
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same expression trend of circ-YAP and YAP-220aa, only 
7.5% showed inconsistency (Fig.  7E, F). And high circ-
YAP was strongly positively correlated with nuclear 
accumulation of YAP (Fig.  7E, G). Further, the western 
blot results showed that YAP-220aa and nuclear YAP 
were remarkably increased, while YAP phosphoryla-
tion was decreased, in CRC tissues with high circ-YAP 
expression (Figure S7). High YAP-220aa expression was 
observed in CRC with liver metastasis compared to those 
without liver metastasis (Fig. 7H), with an AUC value of 
0.8597 (95%CI: 0.7616 ~ 0.9125) (Fig.  7I), implying that 
YAP-220aa may be used as an indicator to predict CRC 
liver metastasis. Importantly, patients with high circ-
YAP&YAP-220aa displayed shorter survival time than 

those with low circ-YAP&YAP-220aa (Fig. 7J), indicating 
that combining the two parameters exerts better prog-
nostic value than circ-YAP alone (Fig. 1J).

Discussion
CircRNA is emerging as important regulator in can-
cer biology, although a small number of circRNAs have 
been functionally characterized, many members in this 
class remain unexplored. Recent evidence suggests that 
circRNA is translatable [25], however, the roles of the 
circRNA-encoded proteins in human cancer remain 
poorly understood, let alone in CRC liver metastasis. In 
the present study, we for the first time identified a novel 
endogenous protein YAP-220aa, encoded by circ-YAP, 

Fig. 6  Circ-YAP is transcriptionally activated by YAP. A, B. qRT-PCR analysis of total and nascent circ-YAP levels in YAP-silenced or verteporfin-treated 
cells. C. Luciferase reporter assay testing the effect of YAP activation on circ-YAP promoter activity. D. Two putative YAP/TEAD binding motifs on circ-YAP 
promoter. E, F. The promoter activity of circ-YAP was tested in HT29 and SW480 cells co-transfected with p-YAP-5SA and wild-type or mutant luciferase re-
porter vectors. G, H. qRT-PCR analysis of circ-YAP expression in YAP-activated cells transfected with the indicated siRNAs. I-K. ChIP assay using the indicated 
antibodies, followed by qPCR analysis of the enrichment of YAP, PoI II and p-PoI II on circ-YAP promoter. L, M. ChIP-re-ChIP assay using anti-YAP/TEAD1 
antibody, followed by qPCR analysis of the enrichment of YAP and TEAD1 on circ-YAP promoter. N. DNA pull-down assay using the wild-type or mutant 
biotinylated circ-YAP promoter probe, followed by western blot analysis of YAP and TEAD1 protein levels in CRC cells. *P < 0.05, **P < 0.01, ***P < 0.001. Data 
are the mean ± SD of three independent experiments carried out in triplicate. The uncropped western blot data are provided as a Original Blot Image file
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that promoted CRC liver metastasis via blocking LATS1-
mediated YAP phosphorylation and enhancing YAP 
activity. Stepwise investigations revealed that m6A 
reader YTHDF3 recognized m6A-modified circ-YAP, and 
recruited eIF4G2 translation initiation complex to drive 
circ-YAP translation. Moreover, YAP/TEAD complex 
was able to bind to circ-YAP promoter and activate circ-
YAP transcription, thus a positive feedback circuit was 
formed between circ-YAP and YAP (Fig. 8). Pre-clinically, 
we found that circ-YAP and its translation product YAP-
220aa could commendably predict CRC liver metastasis 
and survival time, implying a promising clinical appli-
cation prospect. In aggregate, our findings provide new 
evidence for the important biological functions of cir-
cRNA-translated peptides, as well as new prognostic bio-
marker and therapeutic target for patients with CRC liver 
metastasis.

CircRNA regulates a wide range of biological processes 
in a context-dependent manner [26]. The subcellular 
localization is proven to be essential for circRNA func-
tion, concretely, the cytoplasmic circRNA is capable of 
sponging miRNAs, binding to diverse proteins and even 
translating into functional peptides; while the nuclear 
circRNA can directly interact with DNA or some tran-
scription factors to modulate gene transcription [27]. Of 
note, the spatiotemporal localization of circRNA is not 
static, but variable, which plays the fundamental role in 
disease occurrence and development [28]. For instance, 
under stress stimuli, circ-C9ORF72 was exported from 
the nucleus into the cytoplasm, the nuclear export of 
circ-C9ORF72 accounted for neurological or neuromus-
cular diseases via yielding dipeptide repeat proteins [29]. 
In this study, we found that circ-YAP was mainly located 
in the cytoplasm of both normal and CRC cell lines and 
tissues, suggesting that the spatiotemporal localization of 

Fig. 7  Verification of the circ-YAP/YAP-220aa/YAP regulatory axis in clinical samples. A-D. The correlations between circ-YAP expression and CYR61, CTGF, 
TWIST1 or FOXM1 in 100 CRC tissues. E-G. The representative ISH and IHC images of circ-YAP, YAP-220aa and YAP in CRC tissues (E), followed by statistical 
analysis (F, G). Scale bar, 100 μm. H. The protein expression of YAP-220aa analyzed by IHC staining in CRC tissues with liver metastasis, followed by ROC 
curve analysis. J. The survival curve of CRC patients with low and high circ-YAP&YAP-220aa expression
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circ-YAP is not involved in CRC tumorigenesis. Further, 
circ-YAP was identified to be translated into a novel pro-
tein, YAP-220aa, and this process required m6A modifi-
cation. As is well established, m6A is highly enriched in 
eukaryotic transcriptomes, some certain methylases, 
demethylases, and methylation recognition enzymes have 
been characterized [30]. Once theses enzymes are abnor-
mal, a series of diseases will be driven, including tumors, 
neurological diseases, embryonic development retarda-
tion and so forth [31, 32]. m6A preferably occurs in the 
consensus motif “RRm6ACH” (R = G or A; H = A, C or U), 
affecting RNA stability, precursor splicing, polyadenyl-
ation, transport and translation initiation [33]. Herein, we 
found a highly conversed m6A motif “GGACA” proximal 
to the translation initiation site of circ-YAP, its mutation 
resulted in almost undetectable protein produced by circ-
YAP, indicating that a single m6A is sufficient to drive 
circRNA translation, which is consistent with the previ-
ous evidence [22]. Moreover, the wild-type circ-YAP, but 
not the m6A-mutant one, promoted CRC liver metasta-
sis, implying that circ-YAP functions in CRC depending 
on its translation potential. Interestingly, the expression 
trend of circ-YAP and YAP-220aa was not consistent in 
7.5% CRC cases, this may be caused by the dysregulation 
of some m6A enzymes, or by the abnormal modification 
of the translation initiation complexs, etc. Additionally, 

although cytoplasmic localization is a prerequisite for 
RNA translation, 20% of circ-YAP was found in the 
nucleus, suggesting that circ-YAP has other roles besides 
coding proteins, and further investigations are needed.

The Hippo-YAP pathway is initially considered as 
an evolutionarily and functionally conserved modu-
lator of organ size and growth with key roles in cell 
proliferation and differentiation [23]. Recently, a 
large body of evidence has shown that YAP is crucial 
for various steps of tumor metastasis, YAP binds to 
TEAD transcription factors to driver the formation of 
invasive pseudopodia, degrade extracellular matrix, 
induce epithelial-mesenchymal transition and main-
tain distant metastatic foci by regulating the target 
genes related to tumor metastasis and invasion [34, 
35]. The Hippo core complex negatively controls the 
nuclear translocation of YAP, resulting in inactivation 
of YAP signaling, such as LATS1-mediated YAP S127 
phosphorylation and subsequent cytoplasmic reten-
tion mediated by 14-3-3 protein [36]. Aberrant YAP 
activation has frequently been observed in metastatic 
cancer [37, 38], however, the underlying mechanisms 
are elusive and largely undetermined. In the pres-
ent study, we identified a novel YAP activator, YAP-
220aa, a YAP protein isoform produced by circ-YAP 
translation. Although YAP-220aa has a unique amino 

Fig. 8  The cartoon showing the promoting effect of circ-YAP on CRC liver metastasis through translating into a novel YAP isoform, YAP-220aa, in an 
m6A-dependent manner; subsequently, YAP-220aa directly binds to LATS1 and blocks the interaction between LATS1 and YAP, resulting in YAP nuclear 
translocation and transcription activation of pro-metastasis genes and circ-YAP, thus forming a positive regulatory loop
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acid sequence spanning the junction site of circ-YAP, 
“RPVLMQALQEP”, it also contains the intact WW1/2 
domain of YAP, a key domain for the interaction with 
LATS1, thus we inferred that YAP-220aa functioned 
through regulating YAP activity via competitively 
binding to LATS1. As expected, the endogenous bind-
ing of YAP-220aa and LATS1 was observed in CRC 
cells, and YAP-220aa reduced YAP phosphorylation, 
in conjunction with the increase of YAP nuclear trans-
location. Moreover, knockdown of YAP or treatment 
with verteporfin significantly blocked the enhanced 
CRC liver metastasis caused by YAP-220aa, indicat-
ing that YAP activity is crucial for the function of 
YAP-220aa. The expression and role of YAP-220aa 
in other diseases are worthy of further exploration, 
and whether its unique amino acid sequence forms a 
specific domain with function needs structural biol-
ogy evidence to support. Strikingly, two YAP/TEAD 
binding motifs were found on the intron 1 of YAP 
pre-mRNA upstream of circ-YAP, mutation of them 
entirely abolished the increase of circ-YAP transcrip-
tion caused by the YAP/TEAD complex. These suggest 
that circ-YAP is a novel target of YAP, the previously 
unrecognized positive feedback circuit amplifies the 
pro-CRC liver metastasis effect of circ-YAP, which also 
partly explains the sustained activation of YAP. Given 
that YAP has long been considered an “undruggable” 
transcription co-factor, the factors post-translationally 
regulating YAP may be its “Achilles’ heel“ [39]. Here, 
our data characterize an endogenous truncated YAP 
protein isoform that controls the activity of Hippo-
YAP signaling, thus providing the potential therapeu-
tic intervention for YAP-based cancer therapy.

There are several limitations in this work, with the 
major drawback being that the in vitro and in vivo stud-
ies were performed using human 2D cell line lines and 
do not truly reflect clinical tumor heterogeneity, clon-
ing, growth and progression, the use of state-of-the-art 
3D organoid systems will be helpful. In addition, our 
study included only retrospectively collected samples and 
information, the retrospective nature of the collection is 
associated with potential bias from variable treatments.

Conclusions
Taken together, our study uncovers a hitherto unrecog-
nized coupling between circ-RNA-encoded protein and 
Hippo/YAP signaling, with implications for the treatment 
of CRC liver metastasis.
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