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Colorectal cancer (CRC) frequently metastasizes to the liver, which is the main driver of patient mortality. While circular RNAs 

(circRNAs) have emerged as critical regulators in cancer, their role in promoting CRC liver metastasis is still poorly understood. 

We examined circ-YAP expression using qRT-PCR and in situ hybridization, and assessed its impact on CRC cell proliferation, 

migration, and invasion through CCK-8, wound healing, and transwell assays. Mechanistic studies were performed using RNA 

immunoprecipitation, pull-down, luciferase reporter, and chromatin immunoprecipitation assays. The functional relevance of 

circ-YAP in liver metastasis was evaluated in a patient-derived xenograft (PDX) mouse model. Circ-YAP was markedly 

elevated in CRC tissues with liver metastasis and predicted worse clinical outcomes. Functionally, circ-YAP enhanced CRC 

cell motility in vitro and promoted hepatic colonization in vivo. Mechanistically, circ-YAP encodes a truncated 220-amino acid 

protein, YAP-220aa, which competes with LATS1, leading to YAP activation via dephosphorylation and nuclear translocation, 

thereby upregulating metastasis-related genes. Translation of circ-YAP is facilitated by m6A modification, mediated by 

YTHDF3 and the eIF4G2 initiation complex. Remarkably, circ-YAP transcription is reinforced by the YAP/TEAD complex, 

forming a self-amplifying positive feedback loop. Our study uncovers a novel circRNA-encoded oncoprotein that drives CRC 

liver metastasis and highlights circ-YAP as a potential prognostic biomarker and therapeutic target. 
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Introduction 

Colorectal cancer (CRC) ranks among the most prevalent 

malignancies of the digestive tract, with its incidence and 

mortality standing third and second, respectively, among 

all cancers [1]. Tumor metastasis is the primary cause of 

CRC-related deaths. Clinically, 45–60% of CRC patients 

develop liver metastases, and over 90% of these lesions 

are initially unresectable [2]. Without surgical 

intervention, the median survival of patients with liver 

metastases is only 6.9 months, with a 5-year survival rate 

below 5% [3]. Therefore, elucidating the mechanisms 

driving CRC liver metastasis and identifying new 

therapeutic targets are critical for improving patient 

outcomes. 

Circular RNAs (circRNAs) are a distinct class of 

endogenous RNAs characterized by covalently closed 

loop structures, lacking the conventional 5′ cap and 3′ 

polyadenylated tail [4]. They are generated through 

spliceosome-mediated back-splicing, allowing a single 

genetic locus to produce multiple circRNA isoforms [5]. 

High-throughput sequencing and computational analyses 

have revealed that circRNAs are highly conserved and 

exhibit tissue-, cell-, or disease-specific expression 

patterns [6]. Increasing evidence implicates circRNAs in 

various human diseases, with some serving as potential 

biomarkers for disease progression and prognosis [7, 8]. 

Functionally, circRNAs exert diverse regulatory roles. 

Many act as “miRNA sponges,” exemplified by CDR1as, 

which harbors over 70 miR-7 binding sites [9, 10]. Others 

directly interact with proteins, serving as scaffolds or 
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decoys to modulate gene expression [11]. Notably, recent 

studies indicate that some circRNAs can be translated 

into functional peptides. For instance, circ-Nlgn encodes 

Nlgn-173aa, a novel transcription factor implicated in 

myocardial fibrosis [12], while circRNA-derived 

truncated proteins such as E-Cad-254aa and 

ARHGAP35-1289aa play critical roles in glioma [13] 

and hepatocellular carcinoma [14], respectively. Due to 

their covalently closed structure, circRNAs enable cap-

independent translation, which can be mediated by 

internal ribosome entry sites (IRES) or N6-

methyladenosine (m6A) modification [15]. 

m6A is the most abundant internal RNA modification in 

eukaryotes, dynamically regulated by “writers” 

(METTL3/14, WTAP), “erasers” (FTO, ALKBH5), and 

“readers” (YTHDF1/2/3, YTHDC1/2) [16]. Despite 

these insights, only a small fraction of circRNA-encoded 

proteins has been functionally characterized, leaving the 

majority unexplored. 

In this study, we identified circ-YAP as a key driver of 

CRC liver metastasis. Circ-YAP harbors a 220-amino 

acid open reading frame (ORF) and encodes a novel YAP 

isoform, YAP-220aa, in an m6A-dependent manner. 

Mechanistically, YAP-220aa activates YAP signaling by 

inhibiting LATS1-mediated YAP phosphorylation and 

cytoplasmic sequestration. 

Materials and Methods  

Clinical specimens and cell culture 

CRC tissue specimens were collected from Sun Yat-sen 

University Cancer Center, encompassing both fresh-

frozen samples (30 normal, 23 CRC, 17 CRC with liver 

metastasis, 9 CRC with lung metastasis, and 7 CRC with 

brain metastasis) and paraffin-embedded samples (25 

normal, 211 CRC, and 56 CRC with liver metastasis). All 

participants provided written informed consent, and the 

study protocol was approved by the Institutional Review 

Board of Sun Yat-sen University Cancer Center (SL-

B2022-276-02). 

Normal colonic epithelial FHC cells (CRL-1831) and 

CRC cell lines—HT-29 (HTB-38), SW480 (CCL-228), 

DLD1 (CCL-221), HCT116 (CCL-247), SW620 (CCL-

227), and LoVo (CCL-229)—were obtained from ATCC 

and cultured in DMEM supplemented with 10% fetal 

bovine serum (FBS). Patient-derived xenograft (PDX) 

TC71 cells (XENTECH, No. XTM-233_CXT-

399/R5700) were maintained in advanced DMEM/F12 

medium with 8% FBS, 1% glutamine, and 1% 

antibiotics. All cell cultures were routinely screened for 

mycoplasma contamination. 

RNA extraction and quantitative real-time PCR 

Total RNA was extracted using Trizol reagent 

(Invitrogen) and reverse-transcribed into cDNA (1 μg 

RNA per reaction) using PrimeScript RT Enzyme 

(Takara Bio). Quantification was carried out using TB 

Green Premix Ex Taq II (Takara Bio), with primer 

specificity validated via melt-curve analysis. 

 

FISH, ISH, and IHC assays 

For FISH, a FAM-labeled probe targeting the circ-YAP 

back-splice junction was designed by GenePharma 

(Shanghai, China) and hybridized following the 

manufacturer’s protocol. ISH on paraffin-embedded 

tissues was performed by proteinase K digestion, 

overnight hybridization with a 5’-digoxin-labeled circ-

YAP probe at 55 °C, followed by incubation with anti-

digoxin antibody (Roche) at 4 °C. Signal detection was 

performed using NBT/BCIP substrate. 

For IHC, tissue sections were probed with antibodies 

against YAP-220aa (GenScript) at 1:50 and YAP 

(#14,074, CST) at 1:400, followed by visualization using 

DAB. Staining intensity and distribution were evaluated 

using the H-score method as previously described [17]. 

 

Vectors, oligonucleotides, and transfection 

To silence circ-YAP, the CRISPR/Cas13d system was 

employed [18]. Three single-guide RNAs (sgRNAs) 

targeting the circ-YAP back-splice junction (gRNA#1: 

TCCTTTCCTTAACAGGCCAGTACTGATGCA; 

gRNA#2: 

TCAGATCCTTTCCTTAACAGGCCAGTACTG; 

gRNA#3: 

TCCTTAACAGGCCAGTACTGATGCAGGCAC) 

were designed, synthesized, and cloned into the pLKO.1 

vector carrying RfxCas13d direct repeats. Lentiviral 

particles were generated using psPAX2 and pMD2.G 

plasmids and used to infect CRC cells in the presence of 

5 μg/mL polybrene, followed by puromycin selection 

(1.5 μg/mL). 

For circ-YAP overexpression, the full-length circRNA 

was synthesized and inserted into the pLV-circ-Puro 

vector containing flanking reverse complementary 

sequences. YTHDF3 knockout was achieved by inserting 

three sgRNAs targeting YTHDF3 (gRNA#1: 

CTAAGCGAATATGCCGTAAT; gRNA#2: 

GTGGACTATAATGCGTATGC; gRNA#3: 
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AAAGTTGACTCTTCTCGTAA) into a CRISPR/Cas9 

All-in-One lentiviral vector, followed by single-clone 

selection. shRNA-mediated YAP knockdown (sh-YAP 

targeting 3′-UTR: CCCAGTTAAATGTTCACCAAT) 

was conducted using the pLKO.1 vector. Additionally, 

siRNAs targeting eIF4G2 and TEAD transcription 

factors were purchased from Ribobio (Guangzhou, 

China). Plasmids encoding YAP-5SA and YAP-

5SA/S94A were obtained from Addgene. m6A motif 

mutations were generated using the Q5 Site-Directed 

Mutagenesis Kit (New England Biolabs) according to 

manufacturer instructions. All constructs were validated 

by Sanger sequencing. Transfections were performed 

using Lipofectamine 3000 (Invitrogen), and efficiency 

was confirmed via qRT-PCR or western blotting. 

 

Wound healing, transwell migration, and proliferation 

assays 

Cell migratory capacity was assessed using wound 

healing assays. CRC cells were cultured in 6-well plates, 

and a linear scratch was made using a sterile pipette tip. 

Cells were then maintained in serum-free DMEM for 24 

h, and migration distance was measured. For invasion 

assays, cells were seeded in the upper chamber of 8 μm 

pore-size transwell inserts (BD Falcon, CA, USA), while 

the lower chamber contained 600 μL complete medium. 

After 24 h, invaded cells were fixed and stained with 

crystal violet. Cell proliferation was determined using the 

CCK-8 assay (Dojindo, Kumamoto, Japan); 10 μL of 

reagent was added per well in 96-well plates, incubated 

at 37 °C for 2 h, and absorbance at 450 nm was recorded. 

 

CRC liver metastasis models 

For the spontaneous liver metastasis model, TC71 PDX 

cells with or without circ-YAP knockdown were 

trypsinized, washed in cold PBS, and 3 × 10^6 cells in 50 

μL were orthotopically injected into the colonic 

subserosa of NOD/SCID mice. After 10 weeks, mice 

were euthanized and livers were examined for metastatic 

lesions. In the experimental metastasis model, 1 × 10^6 

TC71 PDX cells in 20 μL PBS were injected into the 

spleen, and liver metastases were quantified after 4 

weeks. Metastatic burden was calculated as the product 

of nodule number and diameter. All animal procedures 

were approved by the Institutional Animal Care and Use 

Committee of Sun Yat-sen University (SYSU-IACUC-

2021-000653). 

 

Western blotting and co-immunoprecipitation (Co-IP) 

Cells were washed with ice-cold PBS and lysed in RIPA 

buffer supplemented with a protease inhibitor cocktail 

(Roche). Protein concentrations were determined using 

the Pierce™ BCA Protein Assay Kit (Invitrogen). Equal 

amounts of protein were resolved on 8–10% SDS-PAGE 

gels and transferred onto PVDF membranes. Membranes 

were incubated with appropriate primary and secondary 

antibodies, and protein bands were visualized using 

Pierce™ ECL Western Blotting Substrate (Invitrogen). 

For Co-IP assays, lysates were pre-cleared with 20 μL 

protein A/G agarose beads (Gibco) and then incubated 

with the indicated primary antibodies at 4 °C for 3 h. 

Protein complexes were captured by incubation with 40 

μL protein A/G agarose for 30 min at 4 °C, eluted, and 

analyzed by SDS-PAGE followed by western blotting. 

Primary antibodies included: anti-Flag, anti-YAP-220aa, 

anti-METTL3, anti-YTHDF1/2/3, anti-eIF4G2, anti-

eIF4A/B, anti-LATS1, anti-YAP, anti-14-3-3, p-YAP 

(S127), anti-TEAD1, anti-Tubulin, anti-CDX2, anti-

GAPDH, and anti-Histone H3  

 

Immunofluorescence (IF) 

CRC cells were fixed with 4% paraformaldehyde, 

permeabilized using 0.1% Triton X-100, and blocked 

with 5% BSA for 30 min at room temperature. Cells were 

incubated overnight at 4 °C with antibodies against Flag, 

YAP-220aa, or YAP, followed by 1 h incubation with 

fluorescently labeled secondary antibodies. Nuclei were 

counterstained with DAPI, and fluorescence signals were 

captured using a fluorescence microscope. 

 

RNA immunoprecipitation (RIP) and methylated RNA 

immunoprecipitation (meRIP) 

RIP was performed using the Magna RIP Kit (Millipore) 

following the manufacturer’s protocol. Briefly, CRC cell 

lysates were incubated with magnetic beads pre-coated 

with anti-YTHDF3 or control IgG at 4 °C for 12 h. RNA-

protein complexes were digested with proteinase K, and 

the enriched RNA was extracted with Trizol and 

analyzed by qRT-PCR. 

For meRIP, total RNA was fragmented to ≤100 nt at 

70 °C for 5 min and incubated with anti-m6A antibody 

(Millipore) and Protein A/G magnetic beads overnight at 

4 °C. m6A-enriched RNA was eluted with 5′-

monophosphate sodium salt, purified, and quantified by 

qRT-PCR. 

 

RNA pull-down assays 
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For in vivo pull-down, a biotin-labeled circ-YAP 

junction probe was incubated with CRC cell lysates for 5 

h at 4 °C, followed by capture with streptavidin magnetic 

beads for 1 h. Bound proteins were eluted and analyzed 

by western blot. 

For in vitro assays, linear circ-YAP was transcribed using 

the T7 Transcription Kit (Invitrogen), biotin-labeled 

(Roche), and circularized using T4 RNA ligase I. 

Biotinylated circ-YAP was incubated with recombinant 

human YTHDF3 protein (Abcam) in binding buffer (20 

mM Tris, 150 mM NaCl, 1% Triton X-100, 2 mM DTT, 

1 mM EDTA) at 4 °C for 1 h. Complexes were captured 

with streptavidin beads and analyzed by western blot. 

 

Detection of nascent circ-YAP transcripts 

Transcription was blocked using 5,6-

dichlorobenzimidazole 1-β-D-ribofuranoside (DRB; 

Sigma). Following DRB release, newly synthesized 

RNA was labeled with 4-thiouridine (4sU; Sigma). Total 

RNA was extracted, biotinylated, and pulled down using 

streptavidin beads. Enriched nascent RNA was washed 

and quantified by qRT-PCR to assess circ-YAP 

transcriptional dynamics. 

 

Luciferase reporter assays 

To assess YAP transcriptional activity, CRC cells with 

circ-YAP knockdown or overexpression were transfected 

with the 8xGTIIC-luciferase reporter plasmid (#34,615, 

Promega) using Lipofectamine 3000 (Invitrogen). After 

48 h, luciferase activity was measured using the Dual-

Luciferase Reporter Assay System (Promega) according 

to the manufacturer’s instructions. For evaluation of circ-

YAP promoter activity, full-length or truncated promoter 

fragments were cloned into the pGL3-basic vector 

(Promega) and co-transfected with pRL-TK and YAP-

5SA plasmids. Relative luciferase signals were 

quantified as described above. All experiments were 

performed in triplicate using 48-well plates. 

 

Chromatin immunoprecipitation (ChIP) and re-ChIP 

ChIP assays were performed using the SimpleChIP® 

Plus Sonication Chromatin IP Kit (#56,383, CST). 

Antibodies used included anti-YAP (#14,074, CST), 

anti-RNA polymerase II (Pol II, N-20, Santa Cruz), and 

anti-phospho-Pol II (S5, ab5408, Abcam). For sequential 

ChIP (re-ChIP), DNA-protein complexes 

immunoprecipitated with anti-YAP were eluted, treated 

with 10 mM DTT at 37 °C for 30 min, and then re-

immunoprecipitated using anti-TEAD1 (#610,922, BD 

Biosciences). The final DNA was analyzed by qPCR. 

DNA pull-down assay 

Biotinylated probes targeting the circ-YAP promoter 

were incubated with sonicated nuclear extracts overnight 

at 4 °C. Streptavidin magnetic beads (Invitrogen) were 

added and incubated for 1 h at 4 °C. After three washes, 

bound proteins were eluted with 1× loading buffer and 

analyzed by western blot for YAP and TEAD1 

enrichment. 

 

Statistical analysis 

Data are presented as mean ± standard deviation (SD). 

Comparisons between two groups were performed using 

two-tailed Student’s t-test. Receiver operating 

characteristic (ROC) curves were used to evaluate 

predictive performance. Kaplan–Meier survival curves 

were generated and analyzed using the log-rank test. 

Statistical analyses and graphs were performed using 

GraphPad Prism 7 (La Jolla, CA, USA). P-values <0.05 

were considered statistically significant. 

Results and Discussion 

Circ-YAP is associated with CRC liver metastasis 

To identify circRNAs with potential translational activity 

in CRC liver metastasis, circRNA microarray and 

ribosome-associated RNA sequencing data were 

analyzed. Circ-YAP was among the circRNAs 

upregulated in liver metastatic CRC and predicted to 

have translation potential. Gene set enrichment analysis 

(GSEA) revealed that circ-YAP expression correlated 

with a liver-specific gene signature. 

Expression analysis in fresh-frozen tissues showed that 

circ-YAP was modestly elevated in primary CRC 

compared with normal tissue, but significantly 

overexpressed in CRC with liver metastases (Figure 1a). 

No significant differences were observed in lung or brain 

metastases. Similarly, high circ-YAP levels were 

observed in CRC cell lines with strong metastatic 

potential (Figure 1b). 

Sequence analysis indicated that circ-YAP originates 

from back-splicing between exons 2 and 7 of YAP pre-

mRNA, resulting in an 842-bp circular transcript (Figure 

1c). Circ-YAP, unlike its linear counterpart, was resistant 

to RNase R treatment (Figure 1d) and displayed a half-

life exceeding 24 h (Figure 1e). qRT-PCR and FISH 

assays demonstrated predominant cytoplasmic 

localization of circ-YAP (Figure 1f). 
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In paraffin-embedded tissues, ISH analysis confirmed 

significant upregulation of circ-YAP in CRC with liver 

metastasis (Figures 1g–1h), achieving an area under the 

curve (AUC) of 0.8433 (95% CI: 0.7645–0.9220); 

(Figure 1i). Clinically, higher circ-YAP expression was 

associated with shorter overall survival (Figure 1j). Circ-

YAP levels remained stable under varying pH and 

repeated freeze-thaw cycles. 

Collectively, these data confirm that circ-YAP is a bona 

fide circRNA and suggest its potential as a prognostic 

biomarker for CRC liver metastasis. 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 
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i) 

 

j) 

Figure 1. Identification of circ-YAP in CRC liver 

metastasis tissues. 

(a, b) qRT-PCR analysis of circ-YAP expression in 

CRC patient tissues and various CRC cell lines. (c) 

Sanger sequencing confirming the back-splice junction 

of circ-YAP. (d, e) Resistance of circ-YAP to 3 U/μg 

RNase R treatment and stability under 5 μg/mL 

Actinomycin D treatment, analyzed by qRT-PCR, 

compared with linear YAP mRNA. (f) FISH assay 

showing subcellular localization of circ-YAP; nuclei 

were stained with DAPI. Scale bar: 25 μm. (g, h) ISH 

staining of circ-YAP in paraffin-embedded CRC tissues; 

dark purple signals indicate positive staining. Scale bar: 

50 μm. (i) ROC curve analysis assessing the predictive 

value of circ-YAP expression for CRC liver metastasis. 

(j) Kaplan–Meier survival analysis comparing patients 

with high versus low circ-YAP expression. 

***P < 0.001. Data in panels B, D, and E represent 

mean ± SD of three independent experiments performed 

in triplicate. 

 

Knockdown of circ-YAP reduces CRC liver metastasis 

To determine the functional role of circ-YAP, 

CRISPR/Cas13d-mediated knockdown was performed. 

All three designed sgRNAs effectively reduced circ-YAP 

levels without altering linear YAP mRNA expression 

(Figure 2a). Functional assays demonstrated that circ-

YAP silencing significantly impaired LoVo cell 

migration, as shown by wound healing and transwell 

assays (Figures 2b–2e). Similar inhibitory effects were 

observed in SW620 cells. 

Conversely, overexpression of circ-YAP in CRC cell 

lines with low endogenous levels enhanced both 

migratory and invasive capacities (Figures 2f–2h). 

Notably, circ-YAP manipulation did not impact cell 

proliferation, as measured by CCK-8 assay. 

In vivo, a spontaneous CRC liver metastasis model was 

established by orthotopic injection of TC71 PDX cells 

into the colon wall of NOD/SCID mice (Figure 2i). After 

10 weeks, 50% of control mice developed liver 

metastases, whereas only 6.7% of mice with circ-YAP 

knockdown showed metastatic lesions (Figures 2j and 

2k). In an experimental liver metastasis model via 

intrasplenic injection of TC71 cells, circ-YAP depletion 

significantly reduced metastatic burden. IHC staining for 

CDX2 confirmed that the metastatic lesions were derived 

from CRC cells rather than hepatocytes or immune cells. 

These findings collectively demonstrate that circ-YAP is 

a key regulator of CRC cell invasiveness and liver 

metastasis. 

 

 

a) 

 

b) 
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c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 

i) 

 

j) 

 

k) 

Figure 2. Silencing circ-YAP reduces CRC liver 

metastasis burden. 

(a) qRT-PCR analysis confirming the efficiency of circ-

YAP knockdown using three different sgRNAs. (b, c) 

Wound healing assays assessing migratory capacity of 

LoVo cells after circ-YAP silencing. (d, e) Transwell 

invasion assays of CRC cells with circ-YAP 

knockdown. Scale bar: 100 μm. (f) qRT-PCR 

confirming circ-YAP overexpression. (g, h) Migration 

and invasion assays in DLD1 and SW480 cells 

following circ-YAP overexpression. (i) Schematic 

illustration of the spontaneous CRC liver metastasis 

model. (j) Representative images of liver metastases in 

control and circ-YAP-silenced groups. Scale bar: 100 

μm. (k) Incidence of liver metastasis in each group. 

***P < 0.001. Data in panels a, c, e, f, g, and h represent 

mean ± SD from three independent experiments 

performed in triplicate. 

 

Circ-YAP encodes a novel YAP protein isoform, YAP-

220aa 

Sequence analysis revealed that circ-YAP contains an 

open reading frame (ORF) spanning the back-splice 

junction, encoding a putative 220-amino acid protein 
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(Figures 3a and 3b). To test its translational potential, a 

Flag tag was incorporated into the circ-YAP 

overexpression construct by splitting the tag sequence 

across the junction site adjacent to the stop codon 

(Figure 3c). Transfection into HEK293T cells produced 

a ~26 kDa protein detected by anti-Flag antibody (Figure 

3d). Enhanced protein expression was confirmed by 

Coomassie staining, and mass spectrometry verified the 

unique amino acid sequence of YAP-220aa (Figure 3e). 

A rabbit polyclonal antibody against YAP-220aa was 

generated and validated for detection of the endogenous 

protein (Figure 3f). Because circRNA translation can be 

driven by internal ribosome entry sites (IRES) or N6-

methyladenosine (m6A) modification, two candidate 

IRES sequences were tested using a dual-luciferase 

system (Figure S3A), but no significant activity was 

observed compared to control, indicating IRES-

independent translation. Notably, a conserved m6A motif 

(“GGACA”) near the start codon was identified (Figure 

3b). Mutation of adenine to cytosine abolished YAP-

220aa expression (Figure 3d), confirming the essential 

role of m6A in circ-YAP translation. 

Subcellular localization analysis showed predominant 

cytoplasmic distribution of YAP-220aa (Figure 3g), with 

higher expression in highly metastatic CRC cell lines 

(Figure 3h). Silencing METTL3, the m6A 

methyltransferase, significantly reduced endogenous 

YAP-220aa levels (Figure 3i), and circ-YAP was more 

heavily m6A-modified in highly metastatic cells (Figure 

3j). Functionally, overexpression of wild-type circ-YAP 

enhanced migration and invasion of HT29 and SW480 

cells, whereas the m6A-mutant construct failed to do so 

(Figures 3k and 3l). 

These results demonstrate that circ-YAP exerts its pro-

metastatic function by translating into a novel YAP 

protein isoform, YAP-220aa, in an m6A-dependent 

manner. 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 
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h) 

 

i) 

 

j) 

 

k) 

 

i) 

 

l) 

 

m) 

Figure 3. Circ-YAP encodes YAP-220aa in an m6A-

dependent manner. 

(a, b) Schematic representation and full-length sequence 

of circ-YAP. (c) Diagram illustrating the construction of 

circ-YAP and Flag-tagged vectors. (d) Western blot 

showing Flag and YAP-220aa protein expression in 

HEK293T cells transfected with the indicated 

constructs. (e) Coomassie blue staining of proteins from 

control and circ-YAP-overexpressing cells, with 

subsequent mass spectrometry analysis confirming 

YAP-220aa sequence. (f) Western blot detecting 

endogenous YAP-220aa in circ-YAP-overexpressing 

cells. (g) Immunofluorescence staining for Flag and 

YAP-220aa in HEK293T cells. Scale bar: 25 μm. (h) 

Western blot analysis of YAP-220aa across CRC cell 

lines. (i) Effect of METTL3 knockdown on YAP-220aa 

protein levels. (j) meRIP assay showing m6A 

modification on circ-YAP in CRC cells. (k, l) Migration 

and invasion assays in HT29 and SW480 cells following 

transfection with wild-type or m6A-mutant circ-YAP 

constructs. (m) Experimental liver metastasis model 

testing the effect of wild-type or m6A-mutant circ-YAP 

on metastatic burden (n = 5 per group). ***P < 0.001. 

Data in panels j–l represent mean ± SD of three 

independent experiments performed in triplicate. 

Uncropped western blots are provided in the Original 

Blot Image file. 

 

m6A reader YTHDF3 is essential for circ-YAP 

translation 

To identify which m6A reader facilitates circ-YAP 

translation, we examined YTHDF1, YTHDF2, and 

YTHDF3. Knockdown of YTHDF3, but not YTHDF1 or 

YTHDF2, markedly inhibited the increase in YAP-220aa 

protein induced by circ-YAP overexpression (Figure 

4a). Circ-YAP transcript levels remained unaffected by 

depletion of any YTHDF protein. 

To further validate this, YTHDF3 knockout CRC cell 

lines were generated using CRISPR/Cas9. In these 

YTHDF3−/− LoVo and SW620 cells, Flag-tagged circ-
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YAP translation was abolished (Figures 4b and 5c). 

Conversely, overexpression of wild-type YTHDF3 

enhanced YAP-220aa levels, an effect lost upon deletion 

of the functional YTH domain (Figure 4d). RIP and 

RNA pull-down assays confirmed the physical 

interaction between circ-YAP and YTHDF3 (Figures 4e 

and 4f). Moreover, in vitro synthesized circ-YAP 

directly bound to recombinant GST-YTHDF3 protein 

(Figure 4g). 

Since the non-canonical translation initiation factor 

eIF4G2 is required for YTHDF3-mediated translation 

[19], Co-IP assays demonstrated that YTHDF3 forms an 

endogenous complex with eIF4G2 in both SW620 and 

LoVo cells (Figure 4h). Silencing eIF4G2 significantly 

reduced YAP-220aa protein expression (Figure 4i). 

RNA pull-down experiments revealed enrichment of 

eIF4G2 and eIF4A/B by circ-YAP, which was abolished 

in YTHDF3 knockout cells (Figures 4j and 4k), 

indicating that circ-YAP recruits the eIF4G2 translation 

initiation complex via YTHDF3. 

Functionally, circ-YAP-induced enhancement of CRC 

cell invasion was significantly attenuated upon YTHDF3 

knockout or eIF4G2 silencing (Figures 4l and 4m). 

These findings demonstrate that YTHDF3 acts as a 

critical m6A reader, mediating circ-YAP translation and 

promoting its pro-metastatic effects through recruitment 

of the eIF4G2 translational machinery. 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 
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g) 

 

h) 

 

i) 

 

j) 

 

k) 

 

l) 

 

m) 

Figure 4. YTHDF3 facilitates circ-YAP translation by 

recruiting the eIF4G2 initiation complex. 
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(a) Western blot showing the effect of depleting 

YTHDF1, YTHDF2, or YTHDF3 on YAP-220aa 

expression in 293T cells overexpressing circ-YAP. (b, 

c) Loss of YTHDF3 prevents production of YAP-220aa 

in LoVo and SW620 cells. (d) Overexpression of 

YTHDF3 enhances YAP-220aa, whereas deletion of its 

active YTH domain abrogates this effect. (e) RIP assays 

confirm that circ-YAP associates with YTHDF3. (f, g) 

Biotin-labeled circ-YAP pull-down experiments 

demonstrate YTHDF3 binding both in vitro and in cell 

lysates. (h) Co-immunoprecipitation shows YTHDF3 

physically interacts with eIF4G2. (I) Knockdown of 

eIF4G2 reduces YAP-220aa protein levels. (J, K) RNA 

pull-down assays reveal circ-YAP recruits eIF4G2 and 

eIF4A/B in a YTHDF3-dependent manner. (l, m) Loss 

of YTHDF3 or eIF4G2 impairs circ-YAP-driven cell 

invasion in SW480 and HT29 cells. Data represent 

mean ± SD from three independent experiments. *P < 

0.05; ***P < 0.001. 

 

YAP-220aa binds LATS1 and facilitates YAP nuclear 

accumulation 

Analysis of the YAP-220aa amino acid sequence  

revealed that it contains the WW1/2 domain of YAP, a 

motif essential for LATS1 interaction and subsequent 

YAP phosphorylation, which leads to 14-3-3–mediated 

cytoplasmic sequestration [20]. Based on this 

observation, we hypothesized that YAP-220aa could 

competitively associate with LATS1, thereby preventing 

YAP phosphorylation. Consistent with this hypothesis, 

LATS1 was efficiently pulled down by a Flag antibody 

in HEK293T cells expressing the p-circ-YAP-Flag 

construct; notably, this interaction was lost upon deletion 

of the WW1/2 domain (Figure 5a). In addition, 

endogenous interactions between YAP-220aa and 

LATS1 were detected in LoVo and SW620 cells 

(Figures 5b and 5c). Silencing circ-YAP significantly 

enhanced the binding of YAP to LATS1 and 14-3-3 

(Figures 5d and 5e). 

Furthermore, circ-YAP depletion led to reduced YAP-

220aa levels and elevated YAP phosphorylation in CRC 

cells, effects that were reversed by overexpression of 

wild-type circ-YAP but not by an m6A-mutant form 

(Figures 5f and 5g). In line with these findings, ectopic 

expression of circ-YAP promoted YAP translocation 

from the cytoplasm to the nucleus, whereas this effect 

was abolished following m6A mutation (Figures 5h and 

5i). Correspondingly, YAP reporter activity and the 

expression of downstream metastasis-associated genes 

were markedly decreased upon circ-YAP knockdown 

(Figures 5j and 5k), while overexpression of wild-type 

circ-YAP, but not the m6A-deficient variant, produced 

the opposite effects. 

Functionally, circ-YAP-induced enhancement of cell 

migration, invasion, and liver metastatic burden was 

significantly suppressed by YAP silencing or treatment 

with verteporfin, a YAP inhibitor (Figures 5l–5n). 

Collectively, these results demonstrate that circ-YAP-

derived YAP-220aa drives CRC progression and liver 

metastasis by activating YAP signaling through direct 

interaction with LATS1. 

 

 

a) 

 

b) 

 

c) 

 

d) 
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e) 

 

f) 

 

g) 

 

h) 

 

i) 

 

j) 

 

k) 

 

l) 

 

m) 

 

n) 

Figure 5. YAP-220aa enhances YAP signaling activity. 

(a–c) Co-immunoprecipitation (Co-IP) assays 

demonstrating the interaction between YAP-220aa and 

LATS1. 

(d, e) Co-IP analyses showing YAP association with 

LATS1 and 14-3-3 following circ-YAP depletion. 

(f, g) Western blot analysis of the indicated proteins in 

circ-YAP–silenced LoVo and SW620 cells transfected 

with wild-type circ-YAP or m6A-mutant circ-YAP. 

(h, i) Immunofluorescence staining and western blotting 

assessing YAP subcellular localization in circ-YAP–

overexpressing cells. Scale bar, 25 μm. 

(j) Luciferase reporter assay evaluating YAP 

transcriptional activity after circ-YAP knockdown in 

CRC cells. 

(K) qRT-PCR analysis of YAP downstream metastasis-

related gene expression following circ-YAP silencing. 
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(L, M) Migration and invasion assays in HT29 and 

DLD1 cells after YAP knockdown or verteporfin 

treatment. 

(N) Representative images and quantification of 

spontaneous liver metastases in CRC models (n = 5 per 

group). Scale bar, 100 μm. 

***P < 0.001. Data in (j, l, m) are presented as mean ± 

SD from three independent experiments performed in 

triplicate. Uncropped western blot images are provided 

in the Original Blot Image file. 

 

YAP/TEAD complex transcriptionally activates circ-

YAP 

YAP functions as a transcriptional co-activator by 

interacting with transcription factors such as TEAD1–4 

[21]. Notably, depletion of YAP or treatment with 

verteporfin markedly suppressed circ-YAP expression in 

both HEK293T and CRC cells (Figure 6a). In contrast, 

expression of constitutively active YAP (YAP-5SA), but 

not YAP-5SA/ΔC (lacking the transactivation domain) or 

YAP-5SA-S94A (deficient in TEAD binding), 

significantly elevated circ-YAP levels. Newly 

synthesized circ-YAP was similarly regulated by YAP 

and verteporfin (Figure 6b), suggesting transcriptional 

control. 

Given that some circRNAs are transcribed from 

independent promoters, ChIP-seq analysis was 

performed and revealed strong TEAD occupancy within 

intron 1 of YAP pre-mRNA, a putative circ-YAP 

promoter region. Serial fragments of this region were 

cloned into a pGL3-basic reporter, and luciferase assays 

showed that YAP enhanced circ-YAP promoter activity 

within the −974 to −374 region upstream of the circ-YAP 

start site (Figure 6c). JASPAR analysis identified two 

putative TEAD binding sites in this region: TB1 (−886 to 

−877) and TB2 (−406 to −397) (Figure 6d). Mutation of 

either site significantly reduced promoter activity, while 

simultaneous mutation of both sites completely abolished 

YAP-5SA–induced transcriptional activation (Figures 

6e and 6f). 

Moreover, YAP-5SA increased circ-YAP expression in 

TEAD2-depleted cells but failed to do so upon silencing 

TEAD1, TEAD3, or TEAD4; (Figures 6g and 6h), 

indicating that TEAD1/3/4 mediate YAP-dependent circ-

YAP regulation. ChIP assays further confirmed YAP 

binding to TB1 and TB2 (Figure 6i), accompanied by 

recruitment and phosphorylation of RNA polymerase II 

(Figures 6j and 6k), a key step for transcriptional 

elongation. ChIP-re-ChIP analyses demonstrated 

enrichment of the YAP/TEAD1 complex at both binding 

sites (Figures 6l and 6m), which was further validated 

by DNA pull-down assays using biotin-labeled probes 

(Figure 6n). 

Collectively, these findings establish circ-YAP as a direct 

transcriptional target of the YAP/TEAD complex, 

forming a positive feedback loop that facilitates CRC 

progression and liver metastasis. 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 
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f) 

 

g) 

 

h) 

 

i) 

 

j) 

 

k) 

 

l) 

 

m) 

 

n) 

Figure 6. circ-YAP is transcriptionally induced by YAP 

signaling. 

(a, b) qRT-PCR quantification of total and nascent circ-

YAP in cells subjected to YAP knockdown or 

verteporfin treatment. 

(c) Luciferase reporter assays evaluating circ-YAP 

promoter activity in response to YAP activation. 

(d) Schematic representation of two predicted 

YAP/TEAD binding elements within the circ-YAP 

promoter region. 

(e, f) circ-YAP promoter activity in HT29 and SW480 

cells co-transfected with constitutively active YAP 

(YAP-5SA) and wild-type or mutant promoter reporter 

constructs. 

(g, h) qRT-PCR analysis of circ-YAP expression in 

YAP-activated cells following transfection with the 

indicated siRNAs. 

(i–k) Chromatin immunoprecipitation (ChIP) assays 

using the specified antibodies, followed by qPCR to 

assess enrichment of YAP, RNA polymerase II (Pol II), 

and phosphorylated Pol II at the circ-YAP promoter. 

(l, m) ChIP–re-ChIP assays with anti-YAP or anti-

TEAD1 antibodies to determine co-occupancy of YAP 

and TEAD1 on the circ-YAP promoter. 

(n) DNA pull-down assays using wild-type or mutant 

biotin-labeled circ-YAP promoter probes, followed by 
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western blot detection of YAP and TEAD1 in CRC 

cells. 

*P < 0.05, **P < 0.01, ***P < 0.001. Data are presented 

as mean ± SD from three independent experiments 

performed in triplicate. Uncropped western blot images 

are provided in the Original Blot Image file 

 

Clinical validation of the circ-YAP/YAP-220aa/YAP 

regulatory axis 

To validate the clinical relevance of the circ-YAP/YAP-

220aa/YAP signaling axis, the expression of YAP 

downstream target genes was examined in CRC 

specimens. qRT-PCR analyses revealed a positive 

correlation between circ-YAP levels and the expression 

of pro-metastatic genes, including CYR61, CTGF, 

TWIST1, and FOXM1 (Figures 7a–7d). 

Immunohistochemical analyses further demonstrated 

concordant expression patterns of circ-YAP and YAP-

220aa in 92.5% of CRC samples, with discordance 

observed in only 7.5% of cases (Figures 7e and 7f). 

Elevated circ-YAP expression was also strongly 

associated with increased nuclear accumulation of YAP 

(Figures 7e and 7g). 

Consistently, western blot analyses showed that CRC 

tissues with high circ-YAP expression exhibited 

increased levels of YAP-220aa and nuclear YAP, 

accompanied by reduced YAP phosphorylation. Notably, 

YAP-220aa expression was significantly higher in CRC 

patients with liver metastases than in those without 

metastatic disease (Figure 7h). Receiver operating 

characteristic (ROC) analysis yielded an AUC of 0.8597 

(95% CI: 0.7616–0.9125) (Figure 7i), suggesting that 

YAP-220aa may serve as a potential biomarker for 

predicting CRC liver metastasis. 

Importantly, patients with concurrent high expression of 

circ-YAP and YAP-220aa had significantly shorter 

overall survival compared with those exhibiting low 

expression of both markers (Figure 7j), indicating that 

the combined assessment of circ-YAP and YAP-220aa 

provides superior prognostic value relative to circ-YAP 

alone (Figure 1j). 

 

 

a) 

 

b) 

 

c) 

 

d) 
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e) 

 

f) 

 

g) 

 

h) 

 

i) 

 

j) 

Figure 7. Clinical validation of the circ-YAP/YAP-

220aa/YAP signaling axis. 

(a–d) Correlation analyses between circ-YAP 

expression and the levels of CYR61, CTGF, TWIST1, 

and FOXM1 in 100 colorectal cancer (CRC) specimens. 

(e–g) Representative in situ hybridization (ISH) and 

immunohistochemistry (IHC) images showing circ-

YAP, YAP-220aa, and YAP expression in CRC tissues 

(e), together with quantitative analyses (F, G). Scale bar, 

100 μm. 

(h) IHC assessment of YAP-220aa protein expression in 

CRC tissues with liver metastasis, followed by receiver 

operating characteristic (ROC) curve analysis. 

(j) Kaplan–Meier survival analysis of CRC patients 

stratified by combined circ-YAP and YAP-220aa 

expression levels. 

 

circ-YAP is translated in an m6A-dependent manner into 

a novel YAP isoform, YAP-220aa. The resulting YAP-

220aa directly interacts with LATS1, thereby disrupting 

the association between LATS1 and full-length YAP. 

This interference reduces YAP phosphorylation, 

promotes its nuclear translocation, and enhances 

transcriptional activation of pro-metastatic genes as well 

as circ-YAP itself, ultimately establishing a positive 

feedback loop that drives CRC liver metastasis. 

Circular RNAs (circRNAs) have been increasingly 

recognized as versatile regulators of cellular processes, 

acting in a context-dependent manner [22]. Their 

subcellular localization plays a decisive role in their 

function: cytoplasmic circRNAs can act as microRNA 

sponges, interact with diverse proteins, or serve as 

templates for translation into functional peptides, 

whereas nuclear circRNAs can influence gene 

transcription through interactions with DNA or 

transcription factors [23]. Importantly, the localization of 

circRNAs is dynamic and can change in response to 

cellular conditions, influencing disease progression [24]. 

For instance, circ-C9ORF72 translocates from the 
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nucleus to the cytoplasm under stress, contributing to 

neurological disorders via translation into dipeptide 

repeat proteins [25]. 

In this study, we observed that circ-YAP is 

predominantly cytoplasmic in both normal and CRC 

cells, indicating that its localization does not directly 

contribute to tumor initiation. Instead, circ-YAP exerts 

its function by being translated into a novel protein, 

YAP-220aa, in an m6A-dependent manner. N6-

methyladenosine (m6A) is a widespread RNA 

modification that influences RNA metabolism, including 

stability, splicing, transport, and translation [26–29]. We 

identified a conserved “GGACA” m6A motif near the 

circ-YAP translation initiation site, and its mutation 

nearly abolished YAP-220aa production, demonstrating 

that a single m6A site is sufficient to drive translation. 

Functionally, wild-type circ-YAP, but not its m6A 

mutant, promoted CRC liver metastasis, underscoring the 

critical role of translation in circ-YAP-mediated effects. 

Interestingly, 7.5% of CRC samples displayed discordant 

levels of circ-YAP and YAP-220aa, which may reflect 

dysregulation of m6A machinery or translation initiation 

factors. Although translation requires cytoplasmic 

localization, a subset of circ-YAP (~20%) resides in the 

nucleus, suggesting additional, non-coding functions that 

warrant further investigation. 

The Hippo-YAP pathway is a conserved regulator of 

organ size, cell proliferation, and differentiation, and it 

has emerged as a central player in tumor metastasis [20, 

30, 31]. YAP activity is tightly controlled by the Hippo 

core kinase cascade, with LATS1-mediated 

phosphorylation at S127 promoting cytoplasmic 

retention through 14-3-3 proteins [32]. Aberrant YAP 

activation is commonly observed in metastatic cancers, 

but the mechanisms driving its dysregulation remain 

incompletely understood [33, 34]. Here, we identified 

YAP-220aa, a novel circ-YAP-encoded isoform, as a 

potent activator of YAP. YAP-220aa retains the WW1/2 

domain essential for LATS1 binding while harboring a 

unique junction-spanning sequence, allowing it to 

competitively inhibit LATS1-mediated phosphorylation 

and enhance YAP nuclear translocation. Functional 

studies confirmed that the pro-metastatic effects of YAP-

220aa require YAP activity, as knockdown of YAP or 

treatment with verteporfin abrogated these effects. 

Mechanistically, we discovered two YAP/TEAD binding 

motifs upstream of circ-YAP, and mutation of these sites 

completely abolished YAP-mediated transcriptional 

activation of circ-YAP, revealing a previously 

unrecognized positive feedback loop that amplifies circ-

YAP-driven CRC liver metastasis. Given the challenges 

of directly targeting YAP as a transcriptional co-

activator, modulating regulators such as YAP-220aa may 

represent a more feasible therapeutic strategy [35]. 

Collectively, our findings establish circ-YAP and its 

translation product YAP-220aa as key drivers of Hippo-

YAP pathway activation in CRC and highlight their 

potential as prognostic biomarkers and targets for 

intervention. 

 

Limitations 

This study has several limitations. The primary concern 

is that our in vitro and in vivo experiments relied on 

conventional 2D human cell lines, which do not fully 

capture the heterogeneity, clonal diversity, and complex 

growth patterns of clinical tumors. Incorporating 

advanced 3D organoid models could provide a more 

physiologically relevant platform to validate our 

findings. Additionally, our analyses were based on 

retrospectively collected patient samples, which may 

introduce biases due to differences in prior treatments 

and clinical management. 

Conclusion 

In summary, our work reveals a previously unrecognized 

link between a circRNA-encoded protein and 

Hippo/YAP signaling, highlighting a novel mechanism 

that drives CRC liver metastasis. These findings provide 

valuable insights for the development of prognostic 

biomarkers and potential therapeutic strategies targeting 

this pathway. 
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