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ABSTRACT 

Activated by its single ligand, hepatocyte growth factor (HGF), the receptor tyrosine 

kinase MET is pivotal in promoting glioblastoma stem cell (GSC) self-renewal, 25 

invasiveness and tumorigenicity. Nevertheless, HGF/MET-targeted therapy has shown 

limited clinical benefits in glioblastoma patients, suggesting hidden mechanisms of 

MET signalling in glioblastoma. Here, we show that circular MET RNA (circMET) 

encodes a 404 amino acid novel MET variant (MET404) facilitated by the N6-

methyladenosine (m6A) reader YTHDF2. Genetic ablation of circMET inhibited 30 

MET404 expression in mice and attenuated MET signalling. Conversely, MET404 

knock-in plus P53 knock-out in mouse astrocytes initiated glioblastoma tumorigenesis 

and shortened overall survival. MET404 directly interacts with the MET β subunit and 

forms a constitutively activated MET receptor whose activity does not require HGF 

stimulation. High MET404 expression predicts poor prognosis in glioblastoma patients, 35 

indicating its clinical relevance. Targeting MET404 through a neutralizing antibody or 

genetic ablation reduced glioblastoma tumorigenicity in vitro and in vivo, with 

combinatorial benefits when a traditional MET inhibitor was added. Overall, we 

identified a novel MET variant that promotes glioblastoma tumorigenicity, offering a 

potential new therapeutic strategy for glioblastoma. 40 
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INTRODUCTION 45 

Glioblastoma (GBM), the most commonly seen WHO grade IV primary brain cancer, 

is virtually incurable even with multimodal treatments, including surgery, radiotherapy 

and chemotherapy1. In the past decade, the median survival of GBM patients has 

remained approximately 12-15 months despite the utilization of novel approaches, 

including small molecule target therapy and immunotherapy2–4. GBM displays 50 

remarkable intratumoural heterogenicity, bearing multiple genetic or epigenetic 

alterations, such as loss of PTEN and P53; amplification of receptor tyrosine kinases 

(RTKs); inactivation of CDKN2A (p16/INK4A) and CDKN2B; and mutations in 

isocitrate dehydrogenase 1 and 2 (IDH1/2)5. Of note, a high level of MET amplification 

is found in ∼4% of GBM tumours. A considerable proportion of GBM tumours with 55 

amplification of EGFR have aberrant MET expression6, and activated MET signalling 

is more commonly seen in secondary GBM7. Nevertheless, combined 

onartuzumab/bevacizumab targeted therapy displayed no benefit to GBM patients in 

phase II clinical trials8, indicating the necessity of an in-depth study of MET signalling 

in GBM. 60 

Circular RNAs (circRNAs), previously recognized as noncoding RNAs, have been 

shown to generate novel molecular targets in human cancers, including GBM9–12. 

Driven by an internal ribosomal entry site (IRES) or N6-methyladenosine (m6A) 

modification, circRNAs can encode functional peptides or proteins to influence cancer 

stem cells (CSCs) in terms of self-renewal, invasion and therapeutic resistance9,10,13,14. 65 

Of note, the m6A reader YTHDF2 was reported to be highly expressed and maintain the 
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oncogene characteristics of glioma stem cells (GSCs)15, highlighting the potential novel 

therapeutic targets generated from m6A-modified circRNAs. 

Here, we identified circular MET RNA (circMET) as a m6A-modified coding 

circRNA in GBM. Using genetic models, we demonstrated that circMET encoded a 70 

novel protein, MET404, that drives GBM tumorigenesis and revealed that the 

MET404/MET β subunit formed a chimeric MET receptor, which constitutively 

activated downstream effectors independent of HGF stimulation. The combination of 

onartuzumab and MET404 antibody maximally inhibited mouse GBM xenograft 

progression and prolonged mouse overall survival, highlighting the future translational 75 

prospects of targeting MET404 in GBM. 

 

RESULTS 

 

CircMET is a potential coding circRNA subjected to m6A modification 80 

Many protein-coding circRNAs are driven by m6A modification14,16. To discover 

m6A -modified circRNAs, we performed RNA-seq and m6A -seq in 10 surgical resected 

GBM samples (Fig. 1a). A total of 1,425 m6A -modified circRNAs were identified, of 

which 1,005 (70.5%) were found by total RNA-seq (17,733) (Fig. 1b, Supp Table 1). 

Compared with non-m6A-modified circRNAs, m6A-modified circRNAs were more 85 

likely generated from a single exon (18.71% vs. 5.16%) and were more highly 

expressed in cancerous tissues (Fig. 1c and Extended Data Fig. 1a). Notably, the source 

genes of m6A-modified circRNAs were enriched in multiple RTK pathways (Fig. 1d, 



5 

 

Supp Table 2). Recent studies have revealed that m6A modifications can function as 

internal ribosome entry sites (IRESs), which facilitate binding between circRNAs and 90 

ribosomes, thus promoting their coding potential14. Next, we performed ribosome 

nascent chain sequencing (RNC-seq, capable of detecting circRNAs directly binding to 

ribosomes17) in five patient-derived GSCs and two control neural stem cells (NSCs) to 

reveal circRNAs with coding potential. We identified a total of 1,605 differentially 

expressed RNC-circRNAs (log2FC>2, p<0.05), with 349 upregulated and 1,256 95 

downregulated in GSCs (Fig. 1e, Supp Table 3). Among the 1,425 m6A-modified 

circRNAs identified above, 89 were differentially expressed between GSCs and NSCs 

by RNC-seq (Diff_RNC- m6A-circRNA). Binding to ribosomes does not ensure that an 

RNA can be translated18; however, YTHDF m6A readers were reported to facilitate the 

initiation of RNA translation14,19. Specifically, YTHDF2, compared with YTHDF1/3, 100 

showed a stronger correlation with GBM prognosis and GSC maintenance15. To further 

narrow down translatable circRNAs in GSCs, we next performed YTHDF2 RNA 

immunoprecipitation sequencing (RIP-seq) in GSC456 and GSC23 patient-derived 

GSCs and cross-referenced the data with the above m6A-seq and RNC-seq results. We 

detected a total of 255 YTHDF2-associated circRNAs (Fig. 1f, Supp Table 4), of which 105 

five overlapped in the aforementioned 89 Diff_RNC- m6A-circRNAs. To here, we 

identified five candidate circRNAs, namely, circMET, circSPECC1, circXYLT1, 

circCDYL and circRBM33 (Fig. 1g). Given the critical role of MET in GBM 

tumorigenesis6,7,20,21, we focused on circMET (hsa_circ_0082002) for further 

investigation. 110 
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CircMET encodes the novel protein MET404 

CircMET is formed from exon 2 of the hMET gene (Fig. 2a) and is highly conserved 

in mice (exon 3 of mMET, Extended Data Fig. 1b, c). We validated circMET (1214 nt) 

by using junction-specific primers (Fig. 2a) and tested its circRNA characteristics, 

including RNase R digestion (Extended Data Fig. 1d), random/oligo dT primer 115 

amplification (Extended Data Fig. 1e), half-life (Extended Data Fig. 1f), cellular 

localization (Extended Data Fig. 1g), and relative expression in several GBM cells and 

GSCs (Extended Data Fig. 1h). CircMET is a cytoplasm-localized circRNA (Extended 

Data Fig. 1g, i) and is highly expressed in GSCs compared with NSCs and normal 

human astrocytes (NHAs) (Extended Data Fig. 1h). By m6A-IP, we further validated 120 

extensive m6A modification of circMET (Fig. 2b), in accordance with the Transcirc 

database22 (Extended Data Fig. 2a). Ribosome fragment analysis showed that circMET 

was detected in the heavy polysome fraction, which also supported the translational 

potential of circMET (Extended Data Fig. 2b). Furthermore, circMET contains a cross-

species conserved ORF, which encodes a 404 amino acid (a.a.) protein in both humans 125 

and mice (Fig. 2b, left and Extended Data Fig. 2c, d). We termed this novel protein 

MET404, and a MET404 antibody targeting the C-terminus was also synthesized and 

tested (Extended Data Fig. 2c, e). MET404 is a membrane- and cytoplasm-localized 

protein, as determined by immunofluorescence (IF) and cell fractionation IB (Extended 

Data Fig. 2f, g). Using whole-cell lysates and membrane proteins of GSC23 cells, we 130 

validated 100% of the amino acids in MET404, including all four specific C-terminal 

a.a., by LC/MS (Extended Data Fig. 2h). To further confirm that MET404 was 
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generated from circMET instead of MET linear splicing variants, we used the 

CRISPR/Cas9 system to generate circMET knockout (KO) mice23 (Fig. 2c). Deletion 

of the downstream intron sequence of mMET exon 3 did not alter mMET mRNA 135 

expression (Extended Data Fig. 3a). However, CRISPR/Cas9-induced downstream 

intron element deletion repressed circularization efficiency and markedly inhibited 

circMET levels (Fig. 2d). Although circMET could not be completely deleted by this 

strategy, the markedly diminished MET404 expression and the un-affected MET 

expression in multiple organs of circMET KO mice further indicated that circMET 140 

encoded this novel protein (Fig. 2e). 

 

M6A modification and the YTHFD2 m6A reader are essential for circMET translation 

CircMET is a m6A-modified, YTHDF2-associated circRNA, and YTHDF2 is a 

validated glioma prognostic marker15. To investigate whether YTHDF2 is essential for 145 

circMET translation, we knocked down (KD) YTHDF2 in GSC456 and GSC23 cells. 

YTHDF2 KD did not affect circMET expression but reduced MET404 protein levels 

(Fig. 2f and Extended Data Fig. 3b). Meanwhile, the YTHDF2/circMET interaction was 

further investigated by IP (Fig. 2g). Interestingly, YTHDF1/3 KD did not affect 

MET404 protein expression (Extended Data Fig. 3c, d). Overexpression (OE) of the 150 

m6A eraser ALKBH5 also reduced MET404 protein levels, while the ALKBH5 H204A 

mutant24 did not (Extended Data Fig. 3e). The YTHDF2 mutants W432A and W486A25 

could not interact with circMET as YTHDF2 WT did and thus did not alter MET404 

protein expression (Fig. 2h and Extended Data Fig. 3f). Inspection of several clinical 
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GBM samples and paired normal brain (NB) revealed that MET404 tended to be 155 

overexpressed in cancerous tissues (Fig. 2i, j). Notably, circMET and MET404 

expression levels were markedly higher in GSCs than in NSCs or established GBM cell 

lines (Extended Data Fig. 1h and 3g). Accordingly, circMET and MET404 were also 

upregulated in CD133-positive cells compared with CD133-negative cells derived from 

clinical surgical tumour samples (Extended Data Fig. 3h-k). In immunohistochemistry 160 

(IHC) of GBM samples, MET404 expression was spatially correlated with YTHDF2 

expression (Fig. 2k), and high MET404 expression predicted worse overall survival of 

GBM patients (Fig. 2l). 

 

MET404 promoted GBM tumorigenesis by activating MET signalling 165 

MET404 localized mainly on the cell membrane (Extended Data Fig. 2g). To explore 

the unknown function of MET404, we performed RNA-seq on GSC23 cells expressing 

circMET shRNA or scramble shRNA and on GSC28 cells overexpressing circMET 

RNA or empty vector. KEGG enrichment analysis was performed, and 31 pathways 

were significantly enriched in both comparison groups, including several receptor 170 

tyrosine kinase (RTK)-related pathways and tumour-related pathways (Fig. 3a and Supp 

Table 5), implying that MET404 is involved in multiple cancerous signalling pathways. 

In GSC456 and GSC23 circMET stable KD cells, we examined several RTKs, including 

EGFR, PDGFRα, MET, FGFR, and TRKB, and found that only p-MET was markedly 

inhibited (Fig. 3b and Extended Data Fig. 4a-b). In addition, p-MET downstream p-175 

AKT(S473) activation was restrained. The cellular proliferation, limited dilution assays 
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and neurosphere formation ability assays revealed inhibition in both types of circMET 

KD GSCs (Fig. 3c-f and Extended Data Fig. 4c-e). OE of circMET RNA or MET404 

ORF in GSC28 cells increased p-MET and p-AKT levels, as well as the 

abovementioned biological functions (Extended Data Fig. 4f-l). OE of a mutant 180 

circMET RNA (insertion of an A to disrupt the MET404 ORF) did not achieve the same 

effects in GSC28 cells, suggesting that these effects were dependent on MET404 rather 

than circMET RNA (Extended Data Fig. 4f-l). In a mouse in situ tumorigenesis assay, 

KD MET404 inhibited mouse brain tumour xenograft growth and prolonged overall 

survival (Fig. 3g, h and Extended Data Fig. 4m), while OE circMET RNA or MET404 185 

ORF (but not circMET mut) further enhanced GBM progression (Extended Data Fig. 

4n, o). Although homozygous MET KO mice could cause embryonic lethality26, we did 

not observe abnormal phenotypes in circMET KO mice. This was probably because the 

intron KO reduced the circularization efficiency but did not completely abolish 

MET404 expression and had no effect on MET expression. However, when challenging 190 

circMET KO mice with CCl4
27, we found that the liver repair process was inhibited 

compared with that in WT mice (Fig. 3i, j). MET signalling intensity, which is critical 

for liver regeneration28,29, was much lower in circMET KO mice than in WT mice (Fig. 

3k and Extended Data Fig. 4p). Notably, CCl4 treatment induced MET404 expression 

within 6 hours, which suggested that MET404 is fast responded and critical for MET 195 

signalling (Fig. 3k).  

A previous report showed that P53f/f; PTENf/- mice developed spontaneous GBM30. 

Given that MET404-activated p-AKT could mimic PTENf/-, we generated P53f/f; R26-
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MET404-flagLSL/+; GFAP-Cre transgenic mice (MET404 KI mice, Fig. 4a-c). Most 

MET404 KI mice developed brain tumours at 20 weeks (displayed central nervous 200 

system symptoms including paralysis, seizure and/or ataxia), and the tumour 

phenotypes were very similar to those of GBM, with highly activated MET signalling 

(Fig. 4d, e). Compared with that in control mice (P53f/f; R26-MET404-flag+/+; GFAP-

Cre, MST 48.35 weeks, often died due to mouse or subcutaneous tumours), the overall 

survival was remarkably shorter in MET404 KI mice (MST 29.25 weeks, all died of 205 

CNS tumours) (Fig. 4f). The above results suggested that MET404 is critical for GBM 

tumorigenesis by activating MET signalling. 

 

MET404 activates the MET receptor by interacting with the MET β subunit 

We next explored the mechanism by which MET404 activates MET signalling. 210 

Analysis of amino acid sequences strongly suggested that MET404 has a secretion 

signal peptide (Extended Data Fig. 5a, b). Indeed, IB of the supernatant from GSCs 

indicated that MET404 was secreted into the GSC culture medium (Fig. 5a). Purified 

MET404 also activated MET and downstream signalling, and these effects could be 

antagonized by the addition of a MET404 neutralization antibody (Fig. 5b, c and 215 

Extended Data Fig. 5c). When MET receptor was stably KD in GSC28 and GSC387 

cells, the activation of MET and downstream signalling induced by purified MET404 

were inhibited (Fig. 5d). The above results suggested that MET404 exerted its effects 

through the MET receptor. 

We then performed MET404 immunoprecipitation-mass spectrometry (IP-MS) and 220 



11 

 

identified 196 candidate proteins as potential binding partners of MET404 (Supp Table 

6). Enrichment analysis revealed several Gene Ontology (GO) terms related to 

extracellular localization and molecule binding (Fig. 5e), consistent with MET404’s 

role as a secreted protein. Notably, MET was listed in the identified candidates (Fig. 5f 

and Extended Data Fig. 5d). Moreover, Reactome pathway analysis revealed that 225 

MET404-interacting proteins were highly associated with the RTK pathway, especially 

with MET signalling, including the regulation of MET activity, RAF/MAP kinase 

cascade, MAPK family signalling cascades, etc. (Fig. 5g and Supp Table 7). By utilizing 

the STRING database, a protein interaction network was established with MET as the 

hub based on the identified MET404 binding candidates (Fig. 5h), which included 3 230 

direct binding partners of MET (RPS27A, HSP90AA1 and JAK1) and another 42 

indirect interacting proteins. Next, we validated the MET404/MET interaction by 

mutual IP in GSC23 cells (Fig. 5i). Immunofluorescence (IF) also supported the 

conclusion that MET404 and MET colocalized in GSC23 and GSC456 cells, 

particularly on the cell membrane (Fig. 5j). 235 

To elucidate MET404/MET receptor binding sites, we employed molecular docking 

(ClusPro server31) to simulate a complex formed from MET404 and MET ectodomain 

(Fig. 6a). The contact list of the final stable complex revealed that residues 542-650 

(spanning the PSI and IPT1 domains of MET32) on MET were key to mediating its 

interaction with MET404 (Fig. 6b, Supp Table 8). Inspired by the docking analysis, we 240 

synthesized constructs of the full-length MET receptor and several truncated MET 

receptor domains to identify the exact domain on MET that interacts with MET404. 
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Using eukaryotic purified MET404 and different MET truncations, we showed that 

MET404 interacted with the PSI+IPT1 domain of the MET receptor (Fig. 6c). In 

contrast, HGF interacted with the SEMA domain of the MET receptor32. Furthermore, 245 

we mutated several residues on MET404 that were predicted to have a strong interaction 

energy and found that a single mutation of D358 sufficiently abrogated the interaction, 

while a double mutation of Q328 and D358 completely abolished binding (Fig. 6d). 

Moreover, purified MET404 (1 µg/mL) treatment activated p-MET and downstream 

effectors earlier than HGF (100 ng/mL), and combination treatment with MET404/HGF 250 

showed a synergistic effect on p-MET activation (Fig. 6e, f). 

Due to the different interaction region to MET receptor, we hypothesized that 

MET404 could independently activate p-MET without HGF. We generated HGF KO 

GSC23 and GSC456 cells (Extended Data Fig. 6a, b). In both HGF KO cell lines, slight 

p-MET downregulation was observed (Extended Data Fig. 6c), suggesting that HGF is 255 

responsible for part of the p-MET activity. Addition of purified MET404 boosted p-

MET and downstream p-AKT signalling, indicating that MET404 alone could activate 

the MET receptor (Fig. 6g). We next generated MET404 KO GSC23 and GSC456 cells 

by abolishing circMET expression (Extended Data Fig. 6d). MET404 KO dramatically 

reduced p-MET levels in GSCs, indicating that MET404 is a major MET activator in 260 

GSCs (Extended Data Fig. 6c). Adding HGF to MET404 KO cells also increased p-

MET and p-AKT levels, further suggesting that HGF and MET404 independently 

activate the MET receptor (Fig. 6h). Finally, we generated MET exon 2 KO GSCs 

(Extended Data Fig. 6e). Given that the MET receptor is formed by α and β subunits, 
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both of which are generated by cleavage of full-length MET33, MET exon 2 KO 265 

abolished both MET receptor and MET404 expression (Extended Data Fig. 6e, upper 

right). Treatment with HGF or MET404 in MET exon 2 KO GSCs did not activate 

downstream p-AKT (Fig. 6i). We then re-expressed the β subunits in these cells and 

stimulated them with HGF or MET404. HGF stimulation could not activate p-MET and 

p-AKT in these modified cells, supporting the conclusion that the α subunit is required 270 

for the classic MET working model. In contrast, MET404 alone stimulated p-MET and 

p-AKT in these modified cells, indicating that MET404 could form a complex with the 

β subunit and activate the MET receptor without HGF stimulation (Fig. 6i). Given the 

aberrant expression of MET404, our data suggested that MET404 is the key activator 

of hyperactivated MET signalling in GBM. 275 

 

Synergistic effects of targeting MET404 and onartuzumab in restraining GBM 

progression 

In GBM clinical samples, we observed marked MET404 and p-MET colocalization 

and observed that MET404 intensity correlated with p-MET levels (Fig. 7a). 280 

Furthermore, MET404 expression was better correlated with p-MET levels in GBM 

than with MET receptor expression and p-MET levels (Fig. 7b), supporting our 

previous conclusion that MET404 is the major activator of p-MET in GBM. The dose-

dependent addition of MET-404 antibody gradually decreased p-MET in GSC23 and 

GSC456 cells (Fig. 7c), implying the clinical potential of targeting MET404 in GBM. 285 

Notably, the combination of MET404 and onartuzumab, an FDA-approved MET 
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signalling inhibitor which showed a negative effect in GBM clinical trials8, maximally 

inhibited MET signalling and downstream events including AKT activation and cellular 

viability (Fig. 7d). In mouse brain tumour xenografts, onartuzumab and MET404 

antibody treatment achieved partial inhibition of MET phosphorylation and tumour 290 

progression; the combination of these two approaches, however, maximally inhibited 

GBM progression as well as in vivo MET signalling and prolonged the overall survival 

of experimental mice to more than 60 days (MST 56-59 days, Fig. 7e-g). 

 

Discussion 295 

Recent high-throughput m6A-seq data indicated that at least 13% of circRNAs carry 

the m6A modification14. M6A modification is sufficient to initiate circRNA translation 

with the initiation factor eIF4G2 and m6A reader proteins such as YTHDF314. Given 

that YTHFD2 is a more highly expressed m6A reader than YTHFD3 in GBM15 and 

given their similar functions, it is reasonable to assume that YTHDF2 may drive 300 

aberrant circRNA translation in GBM. In this study, we showed that circMET is a highly 

expressed circRNA with intensive m6A modification in GBM and encodes MET404 in 

a YTHFD2-dependent manner. As epigenetic dysregulation is commonly seen in 

GBM24,34, a considerable portion of circRNAs can generate unexpected molecular 

targets with better specificity than the current targets encoded by classic mRNAs. 305 

Large-scale screening for those targets is obviously needed in the future. 

MET is one of the most significantly altered RTKs in GBM in addition to EGFR 

(approximately 4%)5. In addition, MET is detected in cancer-related endothelial cells, 
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which are critical for neoangiogenesis35. To date, MET has been proven to be a 

‘signature gene’ in GBM that specifically contributes to the GBM mesenchymal 310 

subtype36. Although genetic amplification/mutation is relatively rare, the frequency of 

MET expression in primary GBM varies from 30%-100%37. With its single ligand, HGF 

(also frequently overexpressed in GBM), HGF/MET signalling is a rational target for 

GBM treatment. Nevertheless, neither HGF- nor MET-targeted therapy was proven 

effective in current clinical trials8,38,39. Here, we identified MET404 as a constitutive 315 

ligand for the MET receptor. Together with the fact that MET404 is also overexpressed 

in GBM and highly correlated with p-MET status, our results suggested that MET404 

is an ideal target for MET-hyperactivated GBM, especially when used in combination 

with other MET inhibitors (Fig. 7h). Given that MET activation/EGFR amplification is 

usually mutually exclusive6, anti-EGFR therapy in these tumours is not mandatory; thus, 320 

this approach could reduce side effects. 

Overall, our work identified a novel molecular target, MET404, which is generated 

by circMET, in GBM. As a previously unknown MET ligand, MET404 constitutively 

activates the MET receptor and stimulates downstream effectors independent of HGF. 

  325 
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Materials and methods 

Human glioma and paired adjacent normal tissues 

All pathologically diagnosed glioma samples and adjacent normal brain tissues used 

in this study were collected from the Department of Neurosurgery of the 1st Affiliated 

Hospital of Sun Yat-sen University with informed consent. The study was approved by 330 

the Clinical Research Ethics Committee of the 1st Affiliated Hospital of Sun Yat-sen 

University (Application ID: [2020]322). 

Generation of transgenic mice based on CRISPR/Cas9 technology 

C57BL/6 mice were used for the generation of transgenic mice. To generate circMET 

knockout mice, gRNAs targeting the intronic sequence of circMET (gRNA2: 335 

AAGACACGGAAGCTATTCTGTGG; gRNA3: TAGGCTTCTCGCTTAAAAGTTGG) and 

Cas9 mRNA were coinjected into fertilized mouse eggs to generate targeted knockout 

offspring. To generate MET404 knock-in (R26-MET404-flagLSL/+) mice, the MET404-

encoding sequence was cloned into a homologous recombination donor vector and then 

coinjected with gRNA targeting the Rosa26 locus (gRNA: 340 

GGGGACACACTAAGGGAGCTTGG) and Cas9 mRNA into fertilized mouse eggs. 

P53f/f mice were generated using a standard knock-in approach in which P53 exons 5-

7 were flanked by loxP sites. GFAP-Cre mice, P53f/f mice and R26-MET404-flagLSL/+ 

mice were hybridized to generate control (P53f/f; R26-MET404-flag+/+; GFAP-Cre) 

mice and MET404 KI (P53f/f; R26-MET404-flagLSL/+; GFAP-Cre) mice. Gene-targeted 345 

mice were identified by PCR screening and DNA sequencing. All experimental 
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protocols concerning the handling of mice were approved by the Institutional Animal 

Care and Use Committee of Sun Yat-sen University (Application No. [2021]059). All 

mice were housed, bred, and maintained under specific pathogen-free (SPF) conditions. 

Xenograft studies 350 

Four-week-old female BALB/c-nu mice were purchased from the Laboratory Animal 

Centre of Sun Yat-sen University. The mice were housed in a temperature-controlled 

(22 °C) and light-controlled specific pathogen-free animal facility with free access to 

food and water. All experimental protocols concerning the handling of mice were 

approved by the Institutional Animal Care and Use Committee of Sun Yat-sen 355 

University (Application No. [2021]059). 

Each group contained five mice. Mice were injected with 5000 of the indicated cells 

intracranially. For the drug treatment experiments, 10 days after the initial tumour 

implantation, mice were injected intracranially with IgG (3 µg), anti-MET404 

monoclonal antibody (3 µg), onartuzumab (3 µg) or anti-MET404 combined with 360 

onartuzumab (3 µg each) through a screw guide (Protech International) every 3 days. 

When the first mouse showed neurologic symptoms that significantly affected their 

quality of life (such as seizures, ataxia and lethargy, inability to feed), all the mice were 

sacrificed, and their brains were harvested, fixed in 4% formaldehyde, embedded in 

paraffin and then subjected to haematoxylin and eosin staining and IHC staining. For 365 

the survival experiments, all the mice were monitored until they showed severe 

neurologic symptoms and had to be sacrificed humanely. The overall survival curves 

were calculated with the Kaplan−Meier method and compared by the log-rank test. 
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Acute liver injury model 

This model was established closely following methods previously reported29,40. In 370 

brief, 8- to 12-week-old male wild-type and circMET KO mice (C57/BL6J background) 

received one intraperitoneal injection of 1 mL/kg CCl4 (Macklin #56-23-5, diluted in 

mineral oil (Sigma, #M5310) at a ratio of 1 to 4). For uninjured controls, 1 mL/kg 

filtered mineral oil was administered. After 6 and 24 hours, the liver was collected for 

further immunoblot analysis. On days 1, 2, 3, 5 and 7, the liver tissue was collected and 375 

fixed in 4% paraformaldehyde (PFA), embedded in paraffin and stained with 

haematoxylin and eosin. 

Cell culture studies 

GSCs, including 387, 456, 28, and 23, were kindly provided by Dr. Jeremy Rich, 

UPMC. These cells were cultured in DMEM/F12 medium (Gibco) supplemented with 380 

B27 supplement (Life Technologies), bFGF and EGF (20 ng m l-1 each, R&D systems). 

293T (CRL-11268) and U118 (HTB-15) cells were purchased from ATCC. U251 and 

SNB19 cells were kindly provided by Dr. Suyun Huang, VCU. These cell lines were 

cultured in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 10% 

foetal bovine serum (Gibco) according to standard protocols. NHA cells were 385 

purchased from Lonza and cultured using an AGMTM Astrocyte Growth Medium Bullet 

KitTM (Lonza), as recommended by the manufacturer. Primary human NSCs were 

obtained from Thermo Fisher (A15654) and Gibco (TM A15654) , and cultured with 

StemPro NSC SFM (A10509-01) supplemented with 2 mM GlutaMAX-I supplement 

(35050), 6 U ml−1 heparin (Sigma, H3149) and 200 μM ascorbic acid (Sigma, A8960). 390 
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All cells used in this study were cultured in a humidified incubator at 37 °C with 5% 

CO2 and were free of mycoplasma contamination (regularly tested). 

Constructs and reagents 

The pEZ-ALKBH5 WT and pEZ-ALKBH5 mutant (H204A) plasmids were kind 

gifts from Dr. Shirong Cai (First Affiliated Hospital of Sun Yat-sen University, China). 395 

The YTHDF2 WT, W432A mutant and W486A mutant plasmids were kindly provided 

by Prof. Xiuxing Wang (Nanjing Medical University, China). The circMET 

overexpression plasmid, circMET Mut and circMET ORF plasmids, and His-MET404 

plasmid were generated by chemical gene synthesis, and the pCDH-CMV-MCS-EF1-

copGFP-T2A-Puro vector was used as the plasmid backbone (Generay Biotech, China). 400 

Flag-tagged full-length and truncated MET overexpression plasmids were generated by 

chemical gene synthesis and inserted into the pcDNA 3.1(+) construct (Generay 

Biotech, China). All the siRNAs and shRNAs in this paper were generated by 

GenePharma, China. The target sequences are listed in Supp Table 9. Recombinant 

human HGF (Z03229) was purchased from GeneScript, China. Onartuzumab 405 

(ATAD00251) was generated by AtaGenix, China. 

N6-methyladenosine immunoprecipitation (m6A IP) and sequencing 

After total RNA was extracted, the enriched RNA was broken into short fragments 

(approximately 100 nt) by using fragmentation buffer. The RNA was divided into two 

parts, one of which was used as the input (no IP experiment was performed). The other 410 

portion of the RNA was enriched with an m6A-specific antibody. The input and enriched 
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RNA were reverse transcribed into cDNA with random primers. Next, the cDNA 

fragments were end repaired and ligated to Illumina sequencing adapters. The quality-

tested library was sequenced using an Illumina NovaSeqTM 6000 by Gene Denovo 

Biotechnology Co. (Guangzhou, China). 415 

Raw reads obtained from the sequencing machines were processed using fastp41 

(version: 0.20.0) software to obtain high-quality clean reads. The short read alignment 

tool Bowtie242 (version 2.2.8) was used for mapping reads to the ribosome RNA (rRNA) 

database. The rRNA mapped reads were removed. The remaining reads were further 

used in alignment and analysis. The rRNA-removed reads from each sample were then 420 

mapped to the reference genome by HISAT243 (version 2.1.1). After alignment with the 

reference genome, the reads that could be mapped to the genomes were discarded, and 

the unmapped reads were then collected for circRNA identification. Twentymers from 

both ends of the unmapped reads were extracted and aligned to the reference genome 

to find unique anchor positions within the splice site. Anchor reads that aligned in the 425 

reverse orientation (head-to tail) indicated circRNA splicing and were subjected to 

find_circ44 to identify circRNAs. The anchor alignments were then extended such that 

the complete read aligns and the breakpoints were flanked by GU/AG splice sites. A 

candidate circRNA was called if it was supported by at least two unique back-spliced 

reads in at least one sample. CircRNAs were blasted against circBase45 for annotation. 430 

Those that could not be annotated were defined as novel circRNAs. The source gene is 

the origin gene of a circRNA. We performed KEGG46 enrichment analysis of source 

genes to study the main functions of these source genes of circRNAs. 
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Ribosome-nascent chain complex (RNC) sequencing and bioinformatics analysis 

RNC-seq was performed as described previously17. Briefly, cells were pretreated 435 

with 100 μg/ml cycloheximide for 15 min before lysis. Cell lysates were transferred 

onto the surface of 30% sucrose RB buffer and then subjected to ultracentrifugation at 

185,000 × g for 5 h at 4 °C for RNC precipitation. RNA in total cell lysates and RNC-

mRNAs was extracted and subjected to RNA sequencing. RNC-RNA was extracted 

using a TRIzol reagent kit (Invitrogen, Carlsbad, CA, USA) according to the 440 

manufacturer’s protocol. RNA quality was assessed on an Agilent 2100 Bioanalyzer 

(Agilent Technologies, Palo Alto, CA, USA) and checked using RNase-free agarose gel 

electrophoresis. After RNC-RNA was extracted, rRNAs were removed to retain 

mRNAs and ncRNAs. The enriched mRNAs and ncRNAs were broken into short 

fragments by using fragmentation buffer and reverse transcribed into cDNA with 445 

random primers. Second-strand cDNA was synthesized with DNA polymerase I, RNase 

H, dNTPs (dUTP instead of dTTP) and buffer. Next, the cDNA fragments were purified 

with a QiaQuick PCR extraction kit (Qiagen, Venlo, The Netherlands), end repaired, 

poly(A) conjugated, and ligated to Illumina sequencing adapters. Then, uracil-N-

glycosylase (UNG) was used to digest the second-strand cDNA. The digested products 450 

were size selected by agarose gel electrophoresis, PCR amplified, and sequenced using 

an Illumina NovaSeqTM 6000 by Gene Denovo Biotechnology Co. (Guangzhou, 

China). 

The method of circRNA detection for RNC-seq data was the same as that used for 

m6A -seq. To quantify circRNAs, back-spliced junction reads were scaled to RPM 455 
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(reads per million mapped reads). To identify differentially expressed circRNAs across 

samples or groups, the edgeR package47 (version 3.12.1) (http://www.r-project.org/) 

was used. We identified circRNAs with a fold change ≥2 and a P value ≤0.05. 

N6-methyladenosine immunoprecipitation (m6A IP) and RT–qPCR analysis 

M6A IP was conducted using a Methylated RNA Immunoprecipitation Kit (BersinBio, 460 

Bes5203) according to the manufacturer’s instructions. Briefly, 1x107 cells were 

prepared and subjected to RNA extraction using TRIzol Reagent (Invitrogen). 

Immunoprecipitation was performed using an anti-m6A antibody (Synaptic Systems, 

202003) and protein A/G beads. RNAs from the eluate (m6A positive) and supernatant 

(m6A negative) were purified separately and subjected to RT–qPCR analysis. 465 

RNA-Binding Protein Immunoprecipitation Assay (RIP) and sequencing 

The RIP assay was performed as previously described, with minor modifications48. 

Briefly, 5 µg anti-YTHDF2 antibody (Proteintech, 24744-1-AP) was precoated onto 

protein A/G beads at 4 °C overnight. The cell pellet was lysed using ice-cold polysome 

extraction buffer supplemented with RNase inhibitors and protease inhibitors. For each 470 

RIP, 1000 µg lysate was incubated with precoated beads for 1.5 h at 4 °C with rotation. 

After incubation, the beads were washed 5 times and subjected to DNA and protein 

digestion and RNA extraction. The isolated RNA was then subjected to sequencing and 

RT-qPCR analysis. For sequencing analysis, the input and YTHDF2-antibody-enriched 

RNA was broken into short fragments (approximately 250 nt) by using fragmentation 475 

buffer and then reverse-transcribed into cDNA with random primers. Next, the cDNA 
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fragments were end repaired and ligated to Illumina sequencing adapters. The quality-

tested library was sequenced using an Illumina NovaSeqTM 6000 by Gene Denovo 

Biotechnology Co. (Guangzhou, China). The method of circRNA detection used for the 

YTHDF2 RIP-seq data was the same as that used for the m6A-seq data. 480 

RT-qPCR analysis 

PrimeScript™ RT Master Mix (Takara) was used according to the manufacturer’s 

instructions for RNA reverse transcription unless otherwise indicated. Quantitative 

polymerase chain reaction (qPCR) was performed using TB Green® Premix Ex Taq™ 

II (Tli RNaseH Plus) (Takara). The primer sequences are listed in Supp Table 9. The 485 

relative expression levels were calculated according to 2^-ΔΔCT. 

RNase-R treatment 

Total RNA was extracted and then treated with RNase-R (Lucigen) at 37 °C for 15 

min. The RNase-R resistance of circMET was evaluated by RT-qPCR analysis. 

Actinomycin D assay 490 

293T cells were treated with actinomycin D (2 µg/ml, HY-17559, MedChem Express) 

for 0 h, 4 h, 8 h, 12 h and 24 h. Then, the cells were harvested at the indicated timepoints, 

and the relative RNA levels of circMET and linear-MET were analysed by RT-qPCR 

and normalized to the values obtained in the 0 h group. 

RNA fluorescence in situ hybridization (FISH) 495 

Cy3-labelled oligonucleotide probes complementary to the circMET junction region 

were designed using the Clone Manager suite of analysis tools (Sci Ed Central, listed 
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in Supp Table 9). The indicated cells were precoated with poly-L-ornithine and laminin 

(Sigma) on a cover glass-bottom confocal dish and cultured overnight. FISH assays 

were performed using an RNA FISH kit (GenePharma, China) according to the 500 

manufacturer’s instructions. Nuclei were stained with 4,6-diamidino-2-phenylindole 

(DAPI). Images were acquired on a ZEISS LSM 880 with Airyscan. 

RNA subcellular isolation 

Cytoplasmic and nuclear fractions were isolated using the reagents supplied in the 

RNA subcellular isolation kit (Active Motif). Briefly, cells were lysed in complete lysis 505 

buffer and incubated for 10 minutes on ice. After centrifugation, the supernatant was 

transferred for cytoplasmic RNA extraction, and the remaining pellet was collected for 

nuclear RNA purification. RNA products were subjected to RT-qPCR analysis. 

Polysome profiling assay 

The details of the polysome profiling analysis were described previously49. Briefly, 510 

1x107 cells were treated with 100 μg/mL cycloheximide in DMSO for 5 min at 37 °C 

and then harvested for polysome profiling. Cells were lysed in 500 μl polysome lysis 

buffer, followed by centrifugation. The supernatant was then loaded onto a 5-50% (w/v) 

sucrose density gradient, ultracentrifuged at 20,000×g for 2 h at 4 °C in a Beckman 

SW41 rotor and subsequently fractionated using a BioComp PGFip Piston Gradient 515 

Fractionator Model 152. The absorbance at 254 nm was measured using an absorbance 

detector connected to the fraction collector. RNA was extracted from different fractions, 

and RT-qPCR was conducted to evaluate the distribution of targets. 
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Immunoblotting 

Briefly, after extraction with RIPA buffer supplemented with protease inhibitor and 520 

phosphatase inhibitor cocktails (MedChem Express) and quantification with a BCA kit 

(Thermo Fisher), equal amounts of protein from cell lysates or tissue lysates were 

denatured by boiling, resolved by SDS–polyacrylamide gels and transferred to 

polyvinylidene fluoride (PVDF) membranes. After blocking with 5% nonfat milk, the 

membranes were consecutively incubated with the indicated primary antibodies and 525 

HRP-conjugated secondary antibodies (Invitrogen). The chemiluminescence signals 

were detected using Clarity™ Western ECL Substrate (Bio–Rad). The anti-MET404 

mouse monoclonal antibody was generated by GenScript, China. Other primary 

antibodies are listed below: anti-ALKBH5 (Proteintech, 16837-1-AP); anti-YTHDF2 

(Proteintech, 24744-1-AP); anti-YTHDF1 (Proteintech, 17479-1-AP); anti-YTHDF3 530 

(Proteintech, 25537-1-AP); anti-P53 (Proteintech, 60283-2-Ig); anti-MET (Abcam, 

ab51067); anti-MET (Cell Signaling Technology, 8198), anti-phospho-MET 

Tyr1234/1235 (Cell Signaling Technology, 3077); anti-AKT (Cell Signaling 

Technology, 4691); anti-phospho-AKT Ser473 (Cell Signaling Technology, 4060), anti-

6x-His tag (Abcam, ab18184), anti-EGFR (Boster, A0023), anti-phospho EGFR Y1068 535 

(Abcam, ab40815), anti-PDGFRA (Abcam, ab248689), anti-phospho PDGFRA Y720 

(Abcam, ab134068), anti-FGFR1 (Abcam, ab76464), anti-phospho FGFR1 Y654 

(Abcam, ab59194), anti-pan TRK (Abcam, ab76291), anti-phospho TRKB Y705 

(Abcam, ab229908), anti-6x-His tag antibody (Abcam, 18184), anti-flag tag antibody 
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(F1804, Sigma-Aldrich), anti-β-actin (A1978, Sigma-Aldrich), and anti-β-tubulin (Cell 540 

Signaling Technology, 2128). 

Processing of human glioma tissue and CD133+ cell isolation 

Fresh human glioma tissue was minced, digested (collagenase IV (1 mg/ml, Gibco), 

DNase I (20 U/ml, Sigma–Aldrich), hyaluronidase (0.01%, Solarbio) and DMEM/F12 

(Gibco)) for 40 minutes at 37 °C, and sequentially filtered through 70-μm and 40-μm 545 

strainers. Myelin was removed by Debris Removal Solution (130-109-398, Miltenyi 

Biotec) according to the manufacturer’s instructions. Red blood cells were then lysed 

with RBC lysis buffer (C3702, Beyotime). Next, the collected cell pellet was 

resuspended in FACS staining buffer (PBS containing 2% FBS) and stained with anti-

CD133 PE (566593, BD Biosciences). Homologous IgG was used as an isotype control 550 

antibody. Fixable Viability Dye eFluor 520 (65-0867-14, eBioscience) was applied to 

rule out dead cells. Live CD133-positive and CD133-negative cells were sorted on a 

BD FACSAria II Cell Sorter. The collected cells were then subjected to RNA or protein 

extraction before qPCR or immunoblot analysis. 

LC–MS analysis 555 

Proteins were separated via SDS-PAGE and subjected to digestion. Chymotrypsin 

was used to analyse the specific tail of MET404. Otherwise, trypsin was used for 

digestion. The digested peptides were analysed with a QExactive mass spectrometer 

(Thermo Fisher). The fragment spectra were analysed using the National Centre for 

Biotechnology Information nonredundant protein database with Mascot. For LC/MS 560 
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analysis of membrane proteins, a Membrane and Cytosol Protein Extraction Kit 

(Beyotime, P0033) was used to extract membrane proteins from the indicated cells. GO 

enrichment (http://www.geneontology.org/) and Reactome enrichment 

(https://reactome.org/) were conducted for the proteins detected from Met404 Co-IP. 

The protein interaction network was generated using the string database 565 

(https://cn.string-db.org/). The network around MET was plotted using Cytoscape50. 

Immunoprecipitation (IP) 

Cells were lysed in co-IP soft RIPA Lysis Buffer (Beyotime, China) supplemented 

with protease and phosphatase inhibitors. The supernatant was collected and subjected 

to immunoprecipitation using the indicated primary antibodies at 4 °C overnight. Then, 570 

the lysates were incubated with 30 μL protein A/G agarose (Gibco) for 2 h at room 

temperature. The collected agarose-protein complexes were centrifuged and washed 

with cold PBST (PBS containing 0.1% Tween 20) for 5 times and then subjected to 

SDS-PAGE and analysed by LC-MS or immunoblotting. 

Immunofluorescence (IF) staining 575 

Seeded cells on coverslips or frozen glioblastoma sections were fixed with 4% 

paraformaldehyde for 15 min, permeabilized with PBS containing 0.1% Triton X-100 

for 5 min at room temperature, blocked with 5% BSA in PBS, and then incubated with 

an anti-MET404 monoclonal antibody (generated by GeneScript, China), anti-MET 

antibody (Abcam, ab51067) anti-phospho-MET Tyr1234/1235 (Cell Signaling 580 

Technology, 3077) overnight at 4 °C, followed by the appropriate secondary 
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fluorescently labelled antibodies (Invitrogen) for one hour at room temperature. Nuclei 

were counterstained with DAPI. Images were acquired using a ZEISS LSM 880 with 

Airyscan. 

Immunohistochemistry (IHC) 585 

Paraffin-embedded brain tissues were sectioned at a 4-mm thickness. Xylene and 

ethanol at a gradient of concentrations were used for dewaxing and hydration. Antigen 

retrieval was performed using a microwave for 20 minutes in 0.01 M citrate buffer (pH 

6.0). After blocking with 3% H2O2 and then 10% FBS, the samples were incubated with 

primary antibody overnight at 4 °C and secondary antibody for 30 min at room 590 

temperature. Immunodetection was performed using DAB solution. Tissues were 

counterstained with haematoxylin. The primary antibodies used in this paper are listed 

below: anti-MET404 monoclonal antibody (generated by GeneScript, China); anti-

YTHDF2 (Proteintech, 24744-1-AP); anti-GFAP (Abcam, ab7260); anti-Nestin 

(Abcam, ab221660); anti-Ki67 (Abcam, ab15580); and anti-phospho-MET (Cell 595 

Signaling Technology, 3077). 

Molecular docking 

Protein–protein docking in the ClusPro server51 was used for molecular docking 

simulations for complexes MET with MET404. The crystal structure for MET was 

downloaded from the RCSB Protein Data Bank (PDB ID: 2UZY). For protein docking, 600 

the smaller protein (a smaller number of residues) is usually set as the ligand and the 

other as the receptor. The ligand was subjected to 70,000 rotations. For each rotation, 
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the ligand was translated along the x, y, and z axes relative to the receptor on a grid. 

One translation with the best score was chosen from each rotation. Of the 70,000 

rotations, the 1000 rotation/translation combinations with the lowest score were chosen. 605 

Then, greedy clustering of these 1000 ligand positions with a 9 Å C-alpha RMSD radius 

was performed to find the ligand positions with the most “neighbours” at 9 Å, i.e., 

cluster centres. The top ten cluster centres with the most cluster members were then 

retrieved, and the intermolecular contacts from the most likely pose were further 

evaluated. 610 

Proliferation assay 

Cell proliferation experiments were conducted by seeding cells of interest at a density 

of 2000 cells per well into 96-well plates. At the indicated time points, cell viability was 

determined using a Cell Counting Kit-8 (Dojindo). All data were normalized to day 1 

and presented as the mean±SD. All experiments were performed in triplicate. 615 

Neurosphere formation assay 

Briefly, decreasing numbers of cells per well (20, 10, 5, 2 and 1) were plated into 96-

well plates. The presence of neurospheres in each well was recorded seven days after 

plating. Extreme limiting dilution analysis was performed using software available 

online (http://bioinf.wehi.edu.au/software/elda). All experiments were performed in 620 

triplicate. 
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EdU incorporation assay 

The indicated cells were seeded on precoated coverslips, and EdU incorporation rates 

were determined by a BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 594 625 

(Beyotime, China) according to the manufacturer’s instructions. All experiments were 

performed in triplicate. 

Statistical analysis 

Statistical tests were conducted using GraphPad Prism (Version 8; La Jolla) software 

unless otherwise indicated. The data are presented as the mean ± standard deviation 630 

(S.D.) from three independent experiments. For the comparison of parametric data 

between glioma samples and adjacent normal brain tissues, paired two-tailed Student’s 

t tests were used. For other parametric data, unpaired two-tailed Student’s t tests or one-

way ANOVA were used. Overall survival curves were assessed with the Kaplan−Meier 

method and compared by the log-rank test. The correlations were calculated by Pearson 635 

correlation analysis. The data distribution was assumed to be normal, but this was not 

formally tested. A level of P < 0.05 was used as the cut-off for significant differences. 

For each experiment, the data are representative of three replicates, and similar results 

were obtained. 

Data availability 640 

The sequencing data have been deposited in the National Genomics Data Centre 

(GSA database, https://ngdc.cncb.ac.cn/) under the accession code PRJCA005969. 
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Figure 1. CircMET is a potential coding circRNA subjected to m6A modification 

a. Experimental strategy. GSC, glioma stem cell. NSC, neural stem cell. DEcircRNAs, 785 

differentially expressed circRNAs. 

b. The circos plot shows the genome-wide m6A-modified circRNAs in GBM tissues. 

The outer circle represents the karyotype and centromere of chromosomes. The 

height of blue and red ticks represents the number of circRNAs detected (1~10) in 

input RNA-seq or m6A-seq, respectively. The Venn diagram in the centre illustrates 790 

the exact number of circRNAs detected in the m6A -seq and RNA-seq input data. 

c. Comparison of the source regions of m6A circRNAs and non m6A circRNAs. 

d. KEGG enrichment analysis of the source genes of m6A circRNAs. 

e. Volcano plot showing differentially expressed circRNAs between GSCs and NSCs 

in the RNC-seq data. 795 

f. Upset plot illustrating the number of circRNAs detected by m6A -seq, RNC-seq and 

YTHDF2 RIP-seq. 

g. Five candidate circRNAs were screened from the overlap of the m6A -seq, RNC-

seq and YTHDF2 RIP-seq data. The yellow and blue polygons represent the RNC-

seq expression levels of circRNAs in GSCs and NSCs, respectively. 800 
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Figure 2 

 805 
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Figure 2. CircMET encodes a novel protein MET404 driven by the m6A reader 

YTHDF2 

a. Illustration of the annotated genomic region of human circMET, different splicing 810 

forms of MET premRNA, and the validation strategy for the existence of circular 

MET exon 2. Convergent (black) and divergent (purple) primers were designed to 

amplify the linear or backspliced products. PCR analysis followed by Sanger 

sequencing using the indicated divergent primers revealed the “head-to-tail” 

splicing of human MET exon 2. 815 

b. Left, illustration of the ORF and m6A modifications of circMET. Upper right, 

GSC23 cells were subjected to N6-methyladenosine immunoprecipitation (m6A IP) 

using an anti- m6A antibody or IgG control. Immunoprecipitates were analysed by 

RT–qPCR with specific primers for circMET, circHIPK3 (positive control) and 

circSMO (negative control). Lower right, RNAs from the eluate (m6A positive) and 820 

supernatant (m6A negative) after m6A immunoprecipitation were purified and 

subjected to subsequent RT–qPCR analysis using the indicated primers. 

c. Schematic strategy of the circMET knock-out (KO) mouse model using 

CRISPR/Cas9 technology. Guide RNAs (gRNAs) were designed to target 

downstream introns containing orientation-opposite complementary sequences that 825 

facilitate the circulation of exon 3 of mouse MET premRNA. 

d. CircMET RNA levels in the indicated organs of the circMET KO mouse model. 

Note that downstream intron deletion only reduced the circularization efficiency but 

could not completely abolish circMET expression. 

e. Protein levels of MET404 and MET in the indicated organs of the wild-type (WT) 830 

and circMET KO mouse model. 

f. Protein levels of MET404 in YTHDF2-siRNA-transfected GSC456 and GSC23 

cells. 

g. GSC23 cells were subjected to RNA immunoprecipitation using an anti-YTHDF2 

antibody or IgG control and subsequent RT–qPCR analysis with specific primers 835 

for circMET, MYC (positive control) and GAPDH (negative control). 

h. Protein levels of MET404 in GSC456 and GSC23 cells transfected with empty 
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vector (EV), wild-type (WT) YTHDF2 or mutated YTHDF2 (W432A and W486A). 

i. MET404 expression levels were measured in 11 randomly selected paired GBM 

samples using the custom anti-MET404 antibody. 840 

j. Semiquantitative analysis of MET404 expression levels based on immunoblot 

greyscale analysis in a GBM cohort of 71 samples. Paired t test, P=3.3477e-5. 

k. Left, representative immunohistochemical (IHC) images showing the spatial 

correlation of MET404 and YTHDF2 from two GBM samples. The dark purple 

dashed lines indicate the border of the tumour. P, peritumour tissue. T, tumour. Scale 845 

bar, 250 μm. Inside the dashed box is the magnified view. Scale bar, 100 μm. Right, 

correlation analysis of MET404 and YTHDF2 expression levels based on IHC 

scores in a cohort of 83 GBM samples. r=0.5367, P=1.6947e-7. 

l. Survival analysis of the aforementioned GBM cohort of 71 patients stratified by 

MET404 expression (with median expression level as the cut-off value). Log-rank 850 

test, P=0.0014. 

The data in b, d-h are pooled from three independent experiments. The data are 

presented as the mean±SD. Unpaired two-tailed Student’s t test was used to determine 

the significance of differences between the indicated groups where applicable. *P<0.05; 

**P<0.01; ***P<0.001. 855 
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Figure 3 

 

Figure 3. MET404 promoted GBM tumorigenesis by activating MET signalling 860 

a. Bubble plot of KEGG enrichment analysis based on bulk RNA-seq data of GSCs 

with stable knockdown (KD) or overexpression (OE). 

b. Protein levels of phospho-MET and downstream phospho-AKT (S473) signals in 

circMET stable KD cells. 

c. Proliferation of control and circMET stable KD GSC456 and GSC23 cells. 865 

d. Quantification of the EdU incorporation assay of control and circMET stable KD 

GSC456 and GSC23 cells (n=5 randomly selected microscopic fields). 
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e. Limited dilution assay (LDA) analysis of control and circMET stable KD GSC456 

and GSC23 cells. 

f. Stem cell frequencies of LDA analysis of control and circMET stable KD GSC456 870 

and GSC23 cells. 

g. Representative haematoxylin and eosin (H&E)-stained brain slices from mice 

intracranially injected with control and circMET stable KD GSC456 and GSC23 

cells. Scale bar, 1 mm. 

h. Survival analysis of mice intracranially injected with control and circMET stable 875 

KD GSC456 and GSC23 cells (n=5 per group). Log-rank test, **P<0.01. 

i. Representative H&E-stained images of the CCl4-induced acute liver injury model 

using wild-type or circMET KO mice on day 2. Dashed lines indicate the border of 

the necrotic area. Scale bar, 200 μm. 

j. Quantification of the liver necrotic area of the carbon tetrachloride (CCl4)-induced 880 

acute liver injury model using wild-type or circMET KO mice (n=5 per group at 

each time point). 

k. Left, representative immunoblot of phospho-MET and downstream phospho-AKT 

(S473) in liver tissue collected at the indicated time points after intraperitoneal 

injection of CCl4 in wild-type or circMET KO mice. Right, quantitative analysis of 885 

phospho-MET and MET404 protein levels in the left panel by greyscale analysis 

(n=3 per group at each time point). 

The data are pooled from three independent experiments. The data are presented as the 

mean±SD. Unpaired two-tailed Student’s t test was used to determine the significance 

of differences between the indicated groups where applicable. *P<0.05; **P<0.01; 890 

***P<0.001. 
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Figure 4 

 895 
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Figure 4. MET404 conditional knock-in initiated GBM in a genetic mouse model 

a. Schematic illustration of CRISPR/Cas9 system-mediated knock-in (KI) of MET404 

at the mouse Rosa26 locus. 

b. Illustration of the crossing strategy of the GBM spontaneous mouse model with 900 

conditional MET404 knock-in (MET404 KI mouse, P53f/f; R26-MET404-flagLSL/+; 

GFAP-Cre) and control mice (P53f/f; R26-MET404-flag+/+; GFAP-Cre). “+” means 

the wild-type allele, “f” denotes the conditional allele.  

c. Immunoblot of MET404-flag and p53 in brain tissues from the indicated mice. 

Representative of three independent experiments. 905 

d. Upper left, representative photo of a MET404 KI mouse with a middle incision of 

its skull. Upper right, the swollen brain removed from the skull of the mouse on the 

left. Bottom, representative brain slice photo from three MET404 KI mice. Black 

arrow s denote the edge of the tumour mass. 

e. Representative H&E-stained and IHC images of MET404 KI and control mice 910 

using anti-GFAP, anti-Nestin, anti-Ki67 and anti-phospho-MET antibodies. Scale 

bar, 1 mm (for H&E-stained whole brain slices); 50 μm (for enlarged H&E-stained 

brain slices and IHC images). 

f. Survival analysis of conditional MET404 KI and control mice (n=22 per group). 

Log-rank test, P=1.4266e-11. 915 
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Figure 5 
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Figure 5. MET404 is a secreted protein that interacts with MET 

a. Immunoblot of concentrated supernatant from the culture medium of GSC456, 

GSC23 and GSC28 cells with the indicated modifications. EV, empty vector; Circ, 

stable OE of circMET; Mut, stable OE of circMET with insertion mutation; ORF, 

stable OE of linearized MET404 ORF vector. Coomassie blue-stained total proteins 925 

were used as a loading control. 

b. Left, protein levels of phospho-MET and downstream phospho-AKT (S473) in 

GSC387 and GSC28 cells after treatment with purified MET404 at the indicated 

concentrations. Right, proliferation of GSC387 and GSC28 cells with the indicated 

treatments. 930 

c. Left, protein levels of phospho-MET and downstream phospho-AKT (S473) in 

GSC387 and GSC28 cells treated with purified MET404 (1 µg/ml). Specific 

neutralizing MET404 antibody or IgG control was added as indicated. Right, 

proliferation of GSC387 and GSC28 cells with the indicated treatments. 

d. Protein levels of phospho-MET and downstream phospho-AKT (S473) in GSC387 935 

and GSC28 cells with purified MET404 (1 µg/ml), MET stable KD or both. 

e. Gene Ontology analysis of candidate MET404 binding partners. 

f. Identification of MET sequences in GSC23 cells immunoprecipitated by an anti-

MET antibody using mass spectrometry analysis. 

g. Reactome pathway analysis of candidate MET404 binding partners. 940 

h. Protein interaction network with MET as the hub generated by the STRING 

database based on candidate MET404 binding partners. 

i. GSC23 whole cell lysates were subjected to immunoprecipitation using anti-

MET404 and anti-MET antibodies, followed by immunoblotting with anti-MET404 

and anti-MET antibodies. 945 

j. Left, representative immunofluorescence images of the colocalization of MET404 

and MET in GSC456 and GSC23 cells. Scale bar, 5 μm. Right, statistical analysis 

of GSC456 and GSC23 cells with MET404 and MET colocalization (n=30 

randomly selected microscopy fields from three independent experiments). 

The data in a-d, i and j were pooled from three independent experiments. The data are 950 

presented as the mean±SD. Unpaired two-tailed Student’s t test was used to determine 

the significance of differences between the indicated groups where applicable. *P<0.05; 

**P<0.01; ***P<0.001. 
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Figure 6 955 
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Figure 6. MET404 independently activates MET receptor 

a. Molecular docking analysis of MET404 and MET. Orange, MET404. Blue, MET. 

b. The predicted amino acid contact list between MET404 and MET. 960 

c. Top, illustration of several truncations of full-length MET. Bottom, 293T cells were 

transfected with different Flag-tagged MET truncations. Cell lysates were 

immunoprecipitated with an anti-MET404 antibody, followed by immunoblotting 

with an anti-Flag antibody. 

d. 293T cells were transfected with wild-type MET404, point-mutated MET404 (with 965 

a His tag at the C-terminus) or empty vector, along with flag-tagged MET. Whole-

cell lysates were subjected to immunoprecipitation with anti-His or anti-flag 

antibodies, followed by immunoblotting with anti-His or anti-flag antibodies. 

e. Protein levels of phospho-MET and downstream phospho-AKT (S473) detected at 

the indicated timepoints after stimulation with HGF or MET404 in GSC387 and 970 

GSC28 cells. 

f. Protein levels of phospho-MET and downstream phospho-AKT (S473) after one 

hour of stimulation with HGF (100 ng/ml), MET404 (1 µg/ml) or both in GSC387 

and GSC28 cells. 

g. Protein levels of phospho-MET and downstream phospho-AKT (S473) with one-975 

hour gradient stimulation of MET404 in GSC456 and GSC23 HGF KO cells. 

h. Protein levels of phospho-MET and downstream phospho-AKT (S473) in 

GSC456/GSC23 wild-type (WT) or MET404 KO cells with or without one hour of 

HGF stimulation (100 ng/ml). 

i. HGF (100 ng/ml) or MET404 (1 µg/ml) was used to treat METexon2 KO 980 

GSC456/GSC23 cells or those overexpressing the flag-tagged MET β subunit. 

Protein levels of phospho-MET and downstream phospho-AKT (S473) were 

detected in those cells. 

The data in c-i are representative of three independent experiments. 

 985 
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Figure 7 

 

 

Figure 7. Synergistic effects of targeting MET404 and onartuzumab in restraining 990 

GBM progression 

a. Left, representative immunofluorescence images of MET404 and phospho-MET in 

GBM specimens. Scale bar, 30 μm. Right, proportion of phospho-MET positive 

cells among MET404-positive or MET404-negative cells in 20 randomly selected 

microscopy fields of each immunofluorescence image (n = 30 independent GBM 995 

samples). Wilcoxon test, P=1.8627e-09. 

b. Left, representative immunoblot of phospho-MET, MET and MET404 in 12 

randomly selected GBM samples. Right, correlation analysis of MET404 vs. 
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phospho-MET and MET vs. phospho-MET in a cohort of 71 GBM samples. 

r=0.6112, P=1.5013e-8 (MET404 vs. phospho-MET); r=0.3516, P=0.0026 (MET 1000 

vs. phospho-MET). 

c. Protein levels of phospho-MET and downstream phospho-AKT (S473) in GSC456 

and GSC23 cells after treatment with a specific MET404 antibody at the indicated 

concentrations. Representative of three independent experiments. 

d. Left, protein levels of phospho-MET and downstream phospho-AKT (S473) in 1005 

GSC456 and GSC23 cells treated with MET404 antibody, onartuzumab or both. 

Right panel, proliferation of GSC456 and GSC23 cells treated as indicated. 

Representative of three independent experiments. Unpaired two-tailed Student’s t 

test was used to determine the significance of differences between the indicated 

groups. ***P<0.001. 1010 

e. Illustration of the in situ GBM model using nude mice treated with MET404, 

onartuzumab or combination therapy. 

f. Representative H&E-stained brain slices and representative IHC images showing 

phospho-MET levels from mice implanted with GSC456 or GSC23 and treated with 

MET404, onartuzumab or both. Scale bar, 1 mm (H&E-stained brain slices) or 30 1015 

μm (IHC images). 

g. Survival analysis of mice with the indicated therapeutic strategy (n=5 per group). 

Log-rank test, **P<0.01. 

h. Summary diagram of the whole study. 

 1020 
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Extended Data Figure 1 
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Extended Data Figure 1. M6A-seq of human glioma tissue; illustration of murine 1025 

circMET; characteristics of human circMET. 

a. Violin plot illustrating the expression level of m6A circRNAs and non m6A 

circRNAs in the 10 human glioma samples. Unpaired Student’s t test, P=0.019. 

b. Illustration of the annotated genomic region of murine circMET. Exon 3 of murine 

MET pre-mRNA is backspliced into murine circMET (mmu_circ_0013214). 1030 

c. Comparison of circMET sequences among humans, macaca, mice and rats. Green 

frame, start codon; red frame, stop codon. 

d. Relative RNA levels of circMET and MET in GSC23 cells with or without RNase 

R treatment. 

e. Oligo-dT or random primers were used to reverse-transcribe total RNA from 1035 

GSC23 cells. Relative RNA levels of circMET and MET were measured by qPCR. 

f. Half-lives of circMET and MET mRNA after treatment with actinomycin D (2 

μg/ml) in GSC23 cells. 

g. The RNA levels of circMET and MET were measured in cytoplasmic and nuclear 

fractions of GSC23 cells. β-actin and U6 were used as the cytoplasmic and nuclear 1040 

controls, respectively. 

h. Relative RNA levels of circMET in NSC, NHA, GBM cell lines (U251, U118 and 

SNB19) and GSC cell lines. 

i. Left, illustration of shRNAs and FISH probes specific for the junction site of 

circMET. Right, representative images of FISH to detect circMET in GSCs. 1045 

CircMET shRNAs were applied to verify the specificity of FISH probes. Scale bar, 

10 μm. 

The data in c-h were pooled from three independent experiments. The data are presented 

as the mean±SD. 
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Extended Data Figure 2 
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Extended Data Figure 2. Characteristics of MET404 (related to Fig. 2) 1055 

a. Illustration of m6A-modified sites on circMET (hsa_circ_09226) adapted from the 

TransCirc database (https://www.biosino.org/transcirc/search). 

b. Polysome profiling of circMET. CircMET levels were measured by qPCR of the 

indicated fractions. CircPMS1 and MET served as negative and positive controls, 

respectively. N, nonribosome; M, monosome; L, light polysome; H, heavy 1060 

polysome. n=3 independent experiments. 

c. Left, illustration of the circMET ORF with the unique C-terminus consisting of four 

amino acids (INLS). Right, comparison of amino acid sequences between MET404 

and MET. Inside the dashed box is the full peptide sequence of MET404. A custom 

antibody was designed against the indicated unique C-terminus. 1065 

d. Comparison of the MET404 peptide sequence between humans and mice. 

e. Left, Coomassie blue-stained purified MET404 with a C-terminal His tag. Right, 

immunoblot of purified MET404 using the custom anti-MET404 antibody. 

Representative of three independent experiments. 

f. Representative immunofluorescence images of GSC456 and GSC23 stained with 1070 

anti-MET404 antibody. Scale bar, 5 μm. 

g. Immunoblot for MET404, the membrane marker MET and the cytoplasmic marker 

β-actin in membrane/cytoplasmic fractionated GSC456 and GSC23 cells. 

Representative of three independent experiments. W, whole-cell lysate; C, 

cytoplasm; M, membrane. 1075 

h. Coomassie blue stained total protein (left) or membrane protein (right) of GSC23 

cells. Proteins of the indicated molecular weight were collected for LC–MS analysis. 

Sequence coverage and detection of the unique C-terminal amino acids are shown 

to the right of the stained gel. 

 1080 
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Extended Data Figure 3 

 

 

Extended Data Figure 3. CircMET-encoded MET404 is driven by the m6A reader 1085 

YTHDF2 and is highly expressed in GSCs (related to Figure 2) 

a. MET RNA levels in the indicated organs of the circMET KO mouse model. 

b. Relative RNA levels of YTHDF2 and circMET in GSC456/GSC23 cells transfected 

with YTHDF2 siRNAs. 

c. Protein levels of MET404 in GSC456/GSC23 cells transfected with YTHDF1 1090 

siRNAs. 

d. Protein levels of MET404 in GSC456/GSC23 cells transfected with YTHDF3 

siRNAs. 

e. Protein levels of MET404 in GSC456/GSC23 cells transfected with empty vector 

(EV), wild-type (WT) or mutated ALKBH5 (H204A). 1095 
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f. GSCs transfected with empty vector (EV), wild-type YTHDF2 (WT) and mutated 

YTHDF2 (W432A and W486A) were subjected to RNA immunoprecipitation using 

anti-YTHDF2 antibody or IgG control and subsequent RT–qPCR analysis with 

circMET-specific primers. 

g. Protein levels of MET404 in NHA, NSC, GBM cell lines (U251, U118 and SNB19) 1100 

and GSC cell lines. 

h. Illustration of CD133+ and CD133- cell sorting from GBM tumour samples. 

i. Relative circMET RNA levels in CD133+ and CD133- cells sorted from independent 

GBM samples (n=30). Paired t test, P=0.0042. 

j. Immunoblot of MET404 in CD133+ and CD133- cells from 7 randomly chosen 1105 

samples.  

k. Semiquantitative analysis of MET404 expression in CD133+ and CD133- cells 

based on greyscale analysis in the same 30-patient GBM cohort. Paired t test, 

P=1.017e-10. 

The data in a-g were pooled from three independent experiments. The data are presented 1110 

as the mean±SD. Unpaired two-tailed Student’s t test was used to determine the 

significance of differences between the indicated groups where applicable. *P<0.05; 

**P<0.01; ***P<0.001. 
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Extended Data Figure 4 1115 
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Extended Data Figure 4. MET404 boosted GBM tumorigenesis in vitro and in vivo 

(related to Fig. 3) 

a. Relative RNA levels of circMET and MET in GSC456/GSC23 cells with or without 1120 

stable circMET KD. 

b. Protein levels of pEGFR, EGFR, pPDGFRα, PDGFRα, pFGFR, FGFR, pTRKB, 

and pan TRK in GSC456/GSC23 cells with or without stable circMET KD. 

c. Representative images of the EdU incorporation assay in control and circMET 

stably KD GSC456 and GSC23 cells. Scale bar, 50 μm. 1125 

d. Live cell images of GSC456/GSC23 cells with or without stable circMET KD. 

Scale bar, 50 μm. 

e. Quantification of live cell images of GSC456/GSC23 cells with or without stable 

circMET  KD. 

f. Illustration of mutated circMET construct with insertion of an adenine base. 1130 

g. Relative RNA levels of circMET and MET in GSC28 cells with stable OE of empty 

vector (EV), circMET (Circ), mutated circMET (Mut), or MET404 ORF (ORF). 

h. Protein levels of phospho-MET and downstream phospho-AKT (S473) in GSC28 

cells with the indicated modifications. 

i. Proliferation of GSC28 cells with the indicated modifications. 1135 

j. Representative images (top) and quantification (bottom) of the EdU incorporation 

assay in GSC28 cells with the indicated modifications. Scale bar, 50 μm.  

k. Top, limited dilution assay (LDA) analysis of GSC28 cells with the indicated 

modifications. Bottom, stem cell frequencies of LDA analysis of GSC28 cells with 

the indicated modifications. 1140 

l. Live cell images (top) and corresponding (bottom) quantification of GSC28 cells 

with the indicated modifications. Scale bar, 50 μm. 

m. Representative phospho-MET IHC images of brain slices in mice implanted with 

GSC456/GSC23 cells with or without stable circMET KD. Scale bar, 30 μm. 

n. Survival analysis of mice implanted with GSC28 cells with the indicated 1145 

modifications. Log-rank test, compared to EV group, *P<0.05. 
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o. Top, representative H&E-stained brain slices of mice implanted with GSC28 cells 

with the indicated modifications. Scale bar, 1 mm. Bottom, representative phospho-

MET IHC images from the same cohort of mice. Scale bar, 30 μm. 

p. Quantitative analysis of phospho-AKT(S473) and HGF protein levels in the left 1150 

panel of Fig.3k by greyscale analysis (n=3 per group at each time point). 

The data were pooled from three independent experiments. The data are presented as 

the mean±SD. Unpaired two-tailed Student’s t test was used to determine the 

significance of differences between the indicated groups where applicable. *P<0.05; 

**P<0.01; ***P<0.001. 1155 
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Extended Data Figure 5 

 

Extended Data 5. Secreted MET404 activates MET signalling by interacting with 1160 

MET (related to Fig. 5) 

a. MET404 secretion potential predicted by SignalIP-5.0 

(https://services.healthtech.dtu.dk/ 

service.php?SignalP-5.0). 

b. MET404 localization probabilities predicted by TMHMM 1165 

(https://services.healthtech.dtu.dk/ 

service.php?TMHMM-2.0). 

c. Protein levels of phospho-MET and downstream phospho-AKT (S473) in GSC387 

and GSC28 cells treated with gradient concentrations of MET404. HGF was used 

as a positive control. Representative of three independent experiments. 1170 

d. Mascot search results of IP/MS analysis revealed that MET sequences were pulled 

down by an anti-MET404 antibody. 
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Extended Data Figure 6 1175 

 

Extended Data Figure 6. Verification of KO cell lines and phospho-MET levels in 

KO cell lines (related to Fig. 6) 

a. Top, CRISPR/Cas9-mediated HGF KO strategy and primer design for PCR 

validation. Bottom, immunoblot for HGF in wild-type (WT) or HGF KO 1180 

GSC456/GSC23 cells. 

b. Left, DNA gel electrophoresis of PCR for HGF in WT or HGF KO GSC456/GSC23 

cells. Right, Sanger sequencing of PCR products for HGF in the indicated cells. 

c. Protein levels of phospho-MET and downstream phospho-AKT (S473) in WT, HGF 

KO or MET404 KO GSC456/GSC23 cells. 1185 

d. Upper left, CRISPR/Cas9-mediated MET404 KO (circMET ALU KO) strategy and 

primer design for PCR validation. Upper right, immunoblot of MET404 in WT or 

MET404 KO GSC456/GSC23 cells. Lower left, DNA gel electrophoresis of PCR 

for the circMET downstream Alu sequence in WT or MET404 KO GSC456/GSC23 

cells. Lower right, Sanger sequencing of PCR products for circMET downstream of 1190 

the Alu sequence in the indicated cells. 
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e. Upper left, CRISPR/Cas9-mediated MET exon 2 KO strategy and primer design for 

PCR validation. Upper right, immunoblot of MET404 and MET in WT or 

METexon2 KO GSC456/GSC23 cells. Lower left, DNA gel electrophoresis of PCR 

for MET exon 2 in WT or METexon 2 KO GSC456/GSC23 cells. Lower right, 1195 

Sanger sequencing of PCR products for MET exon 2 in the indicated cells. 

The data are representative of three independent experiments. 
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