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YTHDF2-mediated circYAP1 drives
immune escape and cancer progression
through activating YAP1/TCF4-PD-L1 axis

Zhuang Chen,1,2,8 Wenkang Wang,3,8 Shengyun Hu,1 Haifeng Sun,1 Chen Chen,2 Zhiyong Zhang,1 Xinzhi Sun,4

Bin Jia,5 Junhong Hu,1 Chengzeng Wang,2,6,* Yang Liu,7,* and Zhenqiang Sun1,2,9,*

SUMMARY

Immune escape is identified as one of the reasons for the poor prognosis of colorectal cancer (CRC) pa-
tients. Circular RNAs are considered to promote tumor progression by mediating tumor immune escape.
Wediscovered that higher expression of circYAP1was associatedwith aworse prognosis of CRCpatients.
Functional experiments in vitro and in vivo showed that circYAP1 upregulation inhibited the cytotoxicity
of CD8+ T cells by upregulating programmed death ligand-1 (PD-L1). Mechanistically, we found that cir-
cYAP1 directly binds to the YAP1 protein to prevent its phosphorylation, enhancing proportion of
YAP1 protein in the nucleus, and that YAP1 interacts with TCF4 to target the PD-L1 promoter and initiate
PD-L1 transcription in CRC cells. Taken together, circYAP1 promotes CRC immune escape and tumor pro-
gression by activating the YAP1/TCF4-PD-L1 axis and may provide a new strategy for combination immu-
notherapy of CRC patients.

INTRODUCTION

Colorectal cancer (CRC) is one of themost commonmalignancies of the gastrointestinal system. Globally, CRC has the third highest incidence

rate, and the mortality rate is only exceeded by lung cancer, with a continuously increasing trend in recent years.1–3 In recent years, immuno-

therapies have been proven to prevent tumor progression and provide long-term clinical benefits in patients with malignancies.4 However,

most patients with solid tumors are not always sensitive to immunotherapy drugs,5 so themolecular mechanisms that regulate tumor immune

escape need to be further explored.

An essential part of the tumor immune escape mechanism is that programmed death ligand-1 (PD-L1) binds programmed death-1

(PD1) to protect cancer cells from cytotoxic T lymphocyte killing.6 CD8+ T cells secrete g-interferon (IFN-g),7 tumor necrosis factor alpha

(TNF-a),8 interleukin-4 (IL-4),9 and Granyzm B10 to kill cancer cells. PD-L1/PD1 inhibits cytokine secretion by CD8+ T cells. PD-L1 on can-

cer cells is regulated by a variety of factors in tumors: posttranslational modifications of the PD-L1 protein (ubiquitination modifica-

tions,11 acetylations,12 etc.) and protein localization (being secreted into the extracellular microenvironment and being translocated

to the nucleus13) play powerful roles in regulating the immunotherapeutic response. In addition, PD-L1 is regulated by transcription

factors in tumor tissues. For example, Yes-associated protein 1 (YAP1) interacts with other transcription factors to enhance the transcrip-

tional activity of the PD-L1 promoter to upregulate PD-L1 expression in cancer cells.14–16 It is known that circular RNAs (circRNAs)

modify PD-L1 mRNA expression by sponging microRNAs (miRNAs),17 but it remains unclear whether circRNAs promote PD-L1 transcrip-

tion in an RNA-binding protein (RBP) manner.

In this study, we first explored the potential of circYAP1 as a prognostic biomarker. Then, we identified its role in promoting colon cancer

cell immune evasion by activating the YAP1/TCF4-PD-L1 axis. Our further analysis revealed that m6A exists on circYAP1. Them6A reader pro-

tein YTHDF2 could accelerate m6A-circYAP1 degradation in colon cancer cells. These results may provide a new therapeutic target for con-

trolling CRC immune escape.
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RESULTS

CircYAP1 was highly expressed in CRC tissues and positively correlated with PD-L1

We reported that circ1662, circ1663 (circYAP1), circ7809, and circ4958, derived from YAP1, were highly expressed in CRC tissues compared to

paracancerous tissues in our previous study.18 Here, we explored the functional mechanism of circYAP1 in more detail. CircYAP1 consists of

backsplicing of 3 exons of the YAP1 gene and has a length of 426 bp (Figure 1A). The backsplice site of circYAP1 was verified by Sanger

sequencing (Figure 1B). CircYAP1 was characterized asmore stable than YAP1mRNA in actinomycin D-treatedHCT116 and SW480 cells (Fig-

ure 1C) and was resistant to RNase R digestion (Figure 1D). Additionally, circYAP1 could be amplified by divergent primers from complemen-

tary DNA (cDNA) rather than genomic DNA (gDNA) of HCT116 and SW480 cells (Figure 1E). Consistent with quantitative reverse-transcription

PCR (RT-qPCR) of nuclear and cytoplasmic fractions, fluorescence in situ hybridization (FISH) also showed that circYAP1 was observed in both

the cytoplasm and nucleus, but mainly in the nucleus (Figures 1F and 1G). These results verified the loop structure of circYAP1.

To further investigate the expression of circYAP1 in CRC, we performed in situ hybridization (ISH) on 28 paired CRC tissues from our hos-

pital. The ISH results demonstrated that circYAP1 was expressed at significantly higher levels in CRC tissues than in normal tissues (Figure 1H).

In addition, we performed RT-qPCR to analyze circYAP1 expression in each pair of patient samples. A higher expression level of circYAP1 was

identified in cancer tissues than in normal tissues (Figure 1I). Next, we verified the negative clinical significance of circYAP1 in CRC patients.

We detected circYAP1 levels in 80 CRC tissues by RT-qPCR. We found that higher circYAP1 expression was associated with lymph node

metastasis and later clinical stage (Table 1). Survival analysis showed that high circYAP1 expression predicted shorter overall survival of

CRC patients (Figure 1J).

Further analysis of the sequencing data revealed that circYAP1 showed a positive association with PD1/PD-L1 and a negative association

with IFN-g in five CRC patients, although the p value was greater than 0.05 (Figure 1K). Considering that the small sample sizes did not yield

any statistically significant results, we performed immunohistochemistry (IHC) for PD-L1, PD1, and IFN-g in a larger number of CRC tissues.

The results confirmed that circYAP1 was positively associated with PD1/PD-L1 and negatively associated with IFN-g in CRC patients (Fig-

ure 1L). Meanwhile, the results showed that PD-L1 had higher expression in CRC tissues than in normal tissues (Figure 1M). Based on this ev-

idence, we speculate that circYAP1 may upregulate PD-L1 expression in cancer cells to suppress the immune function of CD8+ T cells. This

implies that circYAP1 may function as an oncogenic factor and is likely to be involved in immune escape.

CircYAP1 significantly promoted tumor immune escape and affected CRC cell proliferation, migration, and invasion in vitro

PD-L1 on tumor cells mediates immune escape by inhibiting the cytotoxic effects of CD8+ T cells by binding to PD1 on CD8+ T cells.19 To

investigate the potential contribution of circYAP1 to immune escape, we constructed a circYAP1 overexpression plasmid. RT-qPCR analysis

confirmed that circYAP1 expression was elevated in HCT116 and SW480 cells that were transfected with the circYAP1 overexpression plasmid

(Figure 2A). Then, we isolated CD8+ T cells from the peripheral blood of healthy volunteers to coculture tumor cells. After coincubation for 48

h, cytokines (IFN-g, TNF-a, IL-4, and Granyzm B) in CD8+ T cells were measured by RT-qPCR. It was evident that IFN-g, TNF-a, IL-4, and Gra-

nyzmB in CD8+ T cells coculturedwith high circYAP1 tumor cells were inhibited compared to those in negative control (NC) group (Figure 2B).

Next, we performed IHC for CD8 on paraffin-embedded CRC tissues. We found that the level of infiltrating CD8+ T cells in low-circYAP1-CRC

tissues was higher than the level of those in high-circYAP1-CRC tissues. That is, the CD8+ T cell positive density was negatively correlated with

circYAP1 expression (Figures 2C and 2F). Interestingly, the correlation analysis between PD-L1 and CD8 based on IHC and xCELL analysis

performed on GSE106584 and GSE87211 data showed that CD8+ T cell infiltration was negatively correlated with PD-L1 expression in

CRC patients (Figures 2D–2F). The aforementioned results implied that circYAP1 was involved in the CD8+ T cell exhaustion and functional

suppression through the regulation of PD-L1 on tumor cells, ultimately leading to tumor immune escape.

Figure 1. CircYAP1 was highly expressed in CRC tissues and positively correlated with PD-L1

(A) The process of circYAP1 formation and its location in the human genome.

(B) The result of Sanger sequence for circYAP1 using a divergent primer.

(C) The abundance of circYAP1 and YAP1 mRNA in HCT116 and SW480 cells cultured with actinomycin D at 0, 4, 8, 12, and 20 h were analyzed by RT-qPCR (n = 4

each group was made in quadruplicate, unpaired t test).

(D) The expressions of circYAP1 and YAP1 mRNA after Rnase R treatment were analyzed by RT-qPCR.

(E) Verification of the loop structure of circYAP1 through convergent and divergent primers.

(F) Analysis of the expression levels of circYAP1 in the cytoplasm and nucleus by RT-qPCR in HCT116 and SW480 cells (n = 4 each group was made in

quadruplicate, unpaired t test).

(G) FISH was performed to observe the cellular location of circYAP1 (red) and 18S (green) in cells (Scale bar: 20 mm).

(H) Typical ISH images and ISH scores analysis of circYAP1 in CRC tissues and normal tissues (Scale bar: 50 mm n = 28 pairs of tissues, paired t test).

(I) circYAP1 expression in 28 pairs of CRC tissues and normal tissues detected by RT-qPCR (n = 28 pairs of tissues, paired t test).

(J) The overall survival analysis of circYAP1 from 80 CRC patients (Kaplan-Meier’s method and log rank tests, n = 40 patients with circYAP1 low expression and

n = 40 patients with circYAP1 high expression).

(K) Correlation analysis of circYAP1 with PD-L1, PD1, and IFN-g in high-throughput sequencing data (Spearman correlation coefficient analyses, n = 6 CRC tissues

in top and n = 5 CRC tissues in down).

(L) Correlation analysis of circYAP1 with PD-L1, PD1, and IFN-g in 17 CRC tissues (Spearman correlation coefficient analyses, n = 17 CRC tissues).

(M) Typical IHC images and IHC scores analysis of PD-L1 in 17 CRC tissues and normal tissues (Scale bar: 50 mm n = 17 pairs of tissues, paired t test). Data are

shown as means G SD, *p < 0.05, ****p < 0.0001.
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To gain amore adequate understanding of the function of circYAP1 in CRC, we constructed two additional small interfering RNAs (siRNAs)

targeting circYAP1. RT-qPCR analysis confirmed that circYAP1 expression was decreased in siRNA-transfected HCT116 and SW480 cells (Fig-

ure S1A). CCK8, EdU, and Transwell assays showed that circYAP1-overexpressing tumor cells exhibited higher proliferation, migration, and

invasion capacity, while circYAP1 silencing dramatically inhibited HCT116 and SW480 cell proliferation, migration, and invasion capacity

(Figures S2B‒S2F). Simultaneously, upregulation of circYAP1 evidently resulted in higher expression of N-cadherin protein and lower expres-

sion of E-cadherin protein, and downregulation of circYAP1 evidently resulted in lower expression of N-cadherin protein and higher expres-

sion of E-cadherin protein (Figure 3B). These results suggested that circYAP1 enhanced tumor cell proliferation, migration, invasion, and

epithelial-mesenchymal transition.

The oncogenic effect of circYAP1 is dependent on PD-L1

The aforementioned data suggest that circYAP1 might regulate PD-L1 levels in CRC cells. To verify this assumption, we determined whether

PD-L1 was changed in circYAP1-upregulated and circYAP1-downregulated HCT116 and SW480 cells. We observed that PD-L1 was reduced

with circYAP1 knockdown and elevated with circYAP1 overexpression at both the mRNA and protein levels in HCT116 and SW480 cells

(Figures 3A and 3B).

Next, we designed a rescue experiment to explore whether circYAP1 is dependent on PD-L1 to promote immune evasion. RT-qPCR

showed that PD-L1 mRNA expression was enhanced by the circYAP1 overexpression plasmid, which was subsequently inhibited by PD-L1

siRNA (Figure S3A). Surprisingly, RT-qPCR showed that lower IFN-g, TNF-a, IL-4, and Granyzm B levels were produced by CD8+ T cells co-

culturedwith SW480 cells with higher circYAP1 expression. After knockdown of PD-L1 in the circYAP1-overexpressing SW480 cells, cocultured

CD8+ T cells expressed higher levels of IFN-g, TNF-a, IL-4, and Granyzm B (Figure 3C). TheGSE19750 analysis results showed that high PD-L1

expression represented worse overall survival (Figure 3D). Interestingly, we found that patients with high PD-L1 expression responded well to

anti-PD-L1, while CRCpatients with low PD-L1 expression did not respond to anti-PD-L1 in theWolf cohort 2021 Anti-PD-L1 (Figure 3E).More-

over, for CRC patients treated with immune checkpoint inhibitors, high levels of PD-L1 expression predicted longer overall survival in the Cho

cohort 2020 Anti-PD1/PD-L1(Figure 3F).

The nonimmune checkpoint role of PD-L1 has recently been reported.20 To explore the intrinsic effects of PD-L1 in CRC, we downregulated

PD-L1 expression in HCT116 and SW480 cells with siRNA (Figure S4A). CCK8, EdU, and Transwell assays indicated that PD-L1 downregulation

hampered the proliferation, migration, and invasion abilities compared to the small interfering RNA-negative control (si-NC) group

Table 1. Correlation for clinicopathologic parameters about cirYAP1 level in CRC patients

Parameters Number of cases

circYAP1 expression

p valueHigh Low

All cases 80

Gender 0.496

Male 47 25 22

Female 33 15 18

Age 0.104

=<60 29 11 18

>60 51 29 22

Histological grade 0.468

I-II 60 31 29

III-IV 19 8 11

Lymph node metastasis 0.005

No 41 15 26

Yes 35 24 11

Tumor depth 0.571

T2 4 1 3

T3 17 9 8

T4 54 28 26

Clinical stage 0.039

I 4 1 3

II 37 14 23

III 34 23 11

IV 1 1 0
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(Figures S4B‒S4D). In addition, si-PD-L1 was sufficient to counteract the proliferation-, migration-, and invasion-promoting influence of over-

expression (ov)-circYAP1 in HCT116 and SW480 cells (Figures S2A‒S2D). These data suggest that circYAP1 regulates PD-L1 to play an immune

or nonimmune role in promoting CRC progression.

CircYAP1 prevents YAP1 protein phosphorylation to drive PD-L1 upregulation

Given that we have found in previous work that circ1662 binds directly to the YAP1 protein, we hypothesize that circYAP1 shares similar char-

acteristics.18 First, we performed colocalization experiments of circYAP1 and YAP1 proteins by FISH-immunofluorescence (IF). Evidently,

A B

C D

E F

Figure 2. Effects of circYAP1 on CRC cells immune evasion in vitro

(A) RT-qPCR analysis of ov-circYAP1 efficiency in HCT116 and SW480 cells treated with ov-circYAP1 plasmids (n = 4 each group was made in quadruplicate,

unpaired t test).

(B) RT-qPCR analysis of IFN-g, TNF-a, IL-4, and Granyzm B in CD8+ T cells cocultured with circYAP1-overexpressed HCT116 and SW480 cells (n = 4 each group

was made in quadruplicate, unpaired t test).

(C and D) Correlation analysis between CD8+ T cells positive density and circYAP1(C) or PD-L1(CD274) (D) in 17 CRC tissues (Spearman correlation coefficient

analyses, n = 17 CRC tissues).

(E) Correlation analysis between CD8+ T cells positive density and PD-L1(CD274) in GSE106584 and GSE87211 using BEST application (https://rookieutopia.com/)

(F) Typical IHC images for PD-L1 and CD8 in low/high circYAP1 expressed CRC tissues (Scale bar: 50 mm). Data are expressed as mean G standard deviation,

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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circYAP1 and YAP1 proteins have highly overlapping positional distributions in HCT116 and SW480 cells (Figure 4A). Second, RNA immu-

noprecipitation (RIP)-qPCR was used to investigate the interaction between circYAP1 and the YAP1 protein. As expected, the YAP1 antibody

pulled down the circYAP1 in HCT116 and SW480 cells (Figure 4B). Finally, a biotin-based RNA pull-down assay was performed to validate the

target of circYAP1. The CircYAP1 probe was enriched for the YAP1 protein but not the GAPDH protein, while the negative control probe was

not enriched for either protein in HCT116 and SW480 cells (Figure 4C). These data demonstrate that circYAP1 directly binds the YAP1 protein.

The p-YAP1 protein has been reported to be mainly distributed in the cytoplasm. Dephosphorylated YAP1 is the only active form that en-

ters the nucleus to stimulate downstream gene transcription.21 We hypothesized that circYAP1 competitively binds to the YAP1-Ser127 phos-

phorylation site to increase the proportion of YAP1 protein in the nucleus. Nucleoplasmic separation assays of proteins and IF experiments in

HCT116 and SW480 cells were performed. Compared to HCT116 and SW480 cells transfectedwith a negative control plasmid, the proportion

of YAP1 protein was increased in the nucleus of cells transfected with a circYAP1 overexpression plasmid (Figure 4D). At the same time, the

proportion of p(ser127)-YAP1 protein was decreased in the cytoplasm (Figures 4D and 4E). Furthermore, we found that YAP1 mutated at the

Ser 127 site was no longer able to enrich circYAP1(Figure 4F). These data show that circYAP1 binds to and prevents the phosphorylation sites

(Ser 127) of YAP1 increasing the proportion of YAP1 protein in the nucleus.

We then determinedwhether circYAP1 regulates PD-L1 in CRC cells in a YAP1-dependentmanner. The efficiency of the rescue experiment

is shown in Figure S3B RT-qPCR and western blot results showed that YAP1 siRNA can reverse the positive regulation of PD-L1 mRNA and

protein by circYAP1 overexpression plasmids in HCT116 and SW480 cells (Figures 4G and 4H). Furthermore, circYAP1 overexpression pro-

moted the proliferation, migration, and invasion of HCT116 and SW480 cells, which were impaired by si-YAP1 (Figures 4I‒4l). In addition,

circYAP1 overexpression reduced E-cadherin and increased N-cadherin expression, and this effect was reversed by si-YAP1 in HCT116

and SW480 cells (Figure 4G).

Taken together, these data imply that circYAP1 regulates PD-L1 expression and nonimmune checkpoint action by enhancing the propor-

tion of YAP1 protein in the nucleus.

A B

C D E F

Figure 3. The immune evasion effect of circYAP1 is dependent on PD-L1

(A) mRNA expression levels of PD-L1 were determined in HCT116 and SW480 cells after transfected with circYAP1 siRNA and circYAP1 overexpressed plasmids

by RT-qPCR (n = 4 each group was made in quadruplicate, ANOVA test in right and unpaired t test in left).

(B) Protein levels of PD-L1, E-cadherin, and N-cadherin were determined in HCT116 and SW480 cells after transfected with circYAP1 siRNA and circYAP1

overexpressed plasmids by western blot (C) RT-qPCR analysis of IFN-g, TNF-a, IL-4, and Granyzm B in CD8+ T cells cocultured with circYAP1-overexpressed

and si-PD-L1 SW480 cells (n = 4 each group was made in quadruplicate, ANOVA test).

(D) The analysis of CRC patients OS of PD-L1 using the data of GSE39582 by BEST application (https://rookieutopia.com/).

(E) The correlation analysis between anti-PD-L1 treatment response and PD-L1 level by BEST application (https://rookieutopia.com/).

(F) The OS of PD-L1 in CRC patient treated with anti-PD1/PD-L1 by BEST application (https://rookieutopia.com/). Data are expressed as mean G standard

deviation, ns p R 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.
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YAP1 combined with TCF4 regulates PD-L1 expression to inhibit CD8+ T cells function

Consistent with several studies, we predicted that TCF4 is a transcription factor for PD-L1 in CRCby JASPARdatabase: https://jaspar.elixir.no/

about, but whether the role of the coactivating transcription factor YAP1 in regulating PD-L1 expression involves TCF4 remains to be further

investigated. First, our analysis (Gene Expression Profiling Interactive Analysis [GEPIA: http://gepia.cancer-pku.cn]) revealed that the expres-

sion levels of YAP1, TCF4, and PD-L1 were positively correlated with each other in CRC patients. (Figure 5A). Furthermore, CRC patients with

higher YAP1 and TCF4 tended to have a shorter disease-free-survival (DFS) than those with lower expression, although the p value was not

significant (Figure 5B). Second, we validated that YAP1 and TCF4 positively regulated each other as evaluated by RT-qPCR (Figure 5C) and

western blot (Figure 5E). PD-L1was positively regulatedby YAP1 or TCF4 inHCT116 and SW480 cells (Figures 5D, 5E, 5H, and 5I). Interestingly,

RT-qPCR and western blotting showed that PD-L1 was more strongly upregulated by co-overexpression of YAP1 and TCF4 than by YAP1 or

TCF4 overexpression alone in HCT116 and SW480 cells (Figures 5F and 5G). Third, compared to the negative control group, HCT116 and

SW480 cells with upregulated YAP1 or TCF4 inhibited IFN-g, TNF-a, IL-4, and Granyzm B production by CD8+ T cells (Figures 5J and 5K),

and, in turn, HCT116 and SW480 cells with downregulation of YAP1 or TCF4 enhanced IFN-g, TNF-a, IL-4, and Granyzm B production by

CD8+ T cells (Figures 5J and 5K). These results suggest that YAP1 interacts with TCF4 to promote CD8+ T cell dysfunction by regulating

PD-L1 levels in tumor cells.

To validate the direct binding of YAP1 and TCF4, we performed a co-immunoprecipitation (coIP) assay. The results showed that the YAP1

antibody enriched the TCF4 protein and the TCF4 antibody enriched the YAP1 protein (Figure 5L). Next, we predicted that the PD-L1 pro-

moter has six potential TCF4 binding sites (http://jaspar.binf.ku.dk). Based on the binding sites, PD-L1 promoter wild-type plasmids (PD-L1-

WT), mutant plasmids (PD-L1-MUT), and negative control plasmids were constructed (Figure 5M). We performed dual luciferase reporter

gene experiments in 293T cells showing that the TCF4 plasmid enhances PD-L1-WTpromoter activity but not PD-L1-MUT (Figure 5N). In addi-

tion, the chromatin immunoprecipitation (ChIP) assay was performed using an anti-TCF4 antibody. The results of ChIP-qPCR demonstrated

the binding of TCF4 to the PD-L1 promoter (Figure 5O).

CircYAP1 promotes immune escape as well as metastasis in vivo

To investigate the contribution of circYAP1 to immune escape in vivo, we constructed HCT116 cell lines stably transfected with lentivirus-

negative control (LV-NC) and LV-circYAP1 (Figure 6A). First, stably transfected cells were subcutaneously injected into humanised peripheral

blood mononuclear cell (huPBMC)-NOD/Shi-scid-IL2rgnull (NOG)-MHC double knockoff (dKO) mice (Figure 6B). Importantly, the tumor vol-

ume andweight were significantly larger in the LV-circYAP1 group than in the LV-NCgroup (Figures 6C–6F).Moreover, we foundmore nuclear

YAP1 in the LV-circYAP1 group tumors (Figure 6G). IHC of TCF4 and PD-L1 showed that upregulation of circYAP1 significantly increased TCF4

and PD-L1 expression (Figures 6H and 6I). IHC of Ki67 confirmed that overexpression of circYAP1 promoted tumor proliferation (Figure 6J).

IHC of CD8 indicated that LV-circYAP1 significantly suppressed the number of infiltrating CD8+ T cells in tumor tissue (Figure 6K). These re-

sults demonstrate that overexpression of circYAP1 promotes tumor immune escape as well as proliferation in vivo.

In addition, we constructed a nude mouse lung metastasis model by tail vein injection of a stably transfected cells to observe the effect of

circYAP1 on metastasis in vivo (Figure 7A). After 42 days, lung tissue from the nude mice was collected and made into paraffin sections. The

H&E results showed that nude mice in the LV-circYAP1 group had more lung metastatic nodules and larger nodules than those in the LV-NC

group (Figures 7B and 7C). IHC of YAP1, TCF4, and PD-L1 showed that metastatic nodes in the LV-circYAP1 group expressed more YAP1,

TCF4, and PD-L1 than those in the LV-NC group (Figures 7D–7F). Consistent with the in vitro results, overexpression of circYAP1 increased

N-cadherin and decreased E-cadherin in the metastatic lung nodules of nude mice (Figures 7G and 7H). The aforementioned data confirm

that overexpression of circYAP1 promotes tumor metastasis in vivo.

YTHDF2 promotes m6A-modified circYAP1 degradation

N6-methyladenosine methylation has been reported to be involved in aberrant circRNA expression.22 To explore the role of m6A in circYAP1

dysregulation, we predicted that m6Amodifications are present in circYAP1 (http://www.cuilab.cn/sramp) (Figure 8A). Next, methylated RNA

immunoprecipitation (MeRIP)-qPCR results indicated that circYAP1 could be specifically enriched by the anti-m6A antibody in HCT116 cells

(Figure 8B). This shows the presence of m6A modifications in circYAP1.

Figure 4. CircYAP1 prevents YAP1 protein phosphorylation to drive PD-L1 upregulation

(A) FISH-IF assay was performed to detected the colocalization of circYAP1 and YAP1 protein in CRC cells (Scale bar: 10 mm).

(B) YAP1-RIP analysis of the directly binding between circYAP1 and YAP1 protein in CRC cells (n = 4 each group was made in quadruplicate, unpaired t test).

(C) CircRNA pull-down assay was performed by biotin-labeled circYAP1 probes in CRC transfected circYAP1 overexpression plasmids.

(D and E) Western blot and IF assays (Scale bar:10 mm) to verify changes in the proportion of YAP1 and p-YAP1 in the cytoplasm and nucleus of CRC cells after

transfection with the circYAP1 overexpression plasmid.

(F) RIP analysis of the circYAP1 and YAP1(Ser 127 mut) protein in CRC cells (n = 4 each group was made in quadruplicate, unpaired t test) (G and H) mRNA

expression levels of PD-L1 and protein level of PD-L1, E-cadherin, and N-cadherin were determined in CRC cells after transfected with circYAP1 plasmids

and si-YAP1 by RT-qPCR (n = 4 each group was made in quadruplicate, ANOVA test) and western blot.

(I‒L) Proliferation, migration, and invasion abilities of HCT116 and SW480 cells were determined after transfection with circYAP1 plasmids and si-YAP1 by EDU

(Scale bar: 50 mm, n = 3 each group was made in triplicate, ANOVA test), CCK8(n = 5 each group was made in quintuplicate, ANOVA test), and Transwell assays

(Scale bar: 100 mm, n = 3 each group was made in triplicate, ANOVA test). Data are expressed as meanG standard deviation, *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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YTHDF2 is one of the primary components in the biological function of m6Amodifications.23 YTHDF2 recognizes and bindsm6A-modified

mRNAs and exerts tumor suppressive activity by promoting targeted mRNA degradation.24–26 To assess the regulatory value of YTHDF2 on

circYAP1 in HCT116 cells, we synthesized siRNA and overexpression plasmids targeting YTHDF2.We confirmed the high efficacy of the siRNA

and plasmid by RT-qPCR in HCT116 cells (Figure 8C). The results showed that siYTHDF2 increased circYAP1 expression in HCT116 cells, while

the YTHDF2 overexpression plasmid decreased the circYAP1 expression in HCT116 cells (Figure 8D). Moreover, we found that overexpressed

YTHDF2 promoted the degradation of circYAP1 in HCT116 cells by actinomycin D assay (Figure 8E).

To study the regulatory mechanism of YTHDF2 on circYAP1, we used FISH-IF to observe their distribution. FISH-IF showed that the cir-

cYAP1 and YTHDF2 proteins had partially overlapping positions in HCT116 cells (Figure 8F). Next, RIP-qPCR showed that circYAP1 is pulled

downmore in the ov-circYAP1 group than in the overexpression-negative control (ov-nc) group by the YTHDF2 antibody in HCT116 cells (Fig-

ure 8G). Moreover, in circYAP1-overexpressing HCT116 cells, YTHDF2was enriched by the circ YAP1 probe but not theNC probe (Figure 8H).

These results suggest that YTHDF2 can bind circYAP1 to degrade it.

DISCUSSION

In recent years, aberrant circRNAs have been shown to be involved in tumor immune escape.27 In this study, we mainly provided a more

insightful exploration of the function and mechanism of circYAP1 in CRC immune escape. We found that circYAP1 was significantly upregu-

lated in CRC and had the potential to serve as a biomarker for CRC patients prognosis. In vitro and in vivo experiments showed that circYAP1

exerted an effect on CRC cell proliferation, migration, invasion, and especially immune evasion by activating the YAP1/TCF4-PD-L1 axis.

CircRNAs usually function as competing endogenous RNAs and RBPs and encode polypeptides. The role of circRNA in tumor immune

escape and immunotherapeutic response is gradually being explored. CircDLG1 increased infiltration of myeloid-derived suppressor cells

(MDSCs) into gastric cancer tissues, leading to tumor immune evasion.28 In melanoma, circ_0020710 resulted in the exhaustion of cytotoxic

lymphocytes and resistance to anti-PD-1 therapy by upregulatingCXCL12.29 Knockdownof circFAT1 improved the sensitivity of PD1 blockade

therapy by enhancing CD8+ T cell infiltration into head and neck squamous cell carcinoma tissues.10 In our study, we found that circYAP1

inhibited the expression of IFN-g, TNF-a, IL-4, and Granyzm B in CD8+ T cells by upregulating tumor cell PD-L1, leading to CRC immune

evasion.

PD-L1 is one of the best known immune checkpoints.30 Multiple factors regulate PD-L1, which helps cancer cells evade the immune sys-

tem.31 The deubiquitination of PD-L1 inhibited the treatment efficacy of anti-PD-1 therapy in lung cancer.32 Acetylated PD-L1 enters the nu-

cleus to promote the expression of immune response-related genes affecting the efficacy of anti-PD-1 immunotherapy.12 Moreover, multiple

classical signaling pathways regulate PD-L1 expression, such as the nuclear factor kB (NF-kB) pathway,33 janus tyrosine kinase-signal trans-

ducer and activator of transcription (JAK-STAT) pathway,34 and wingless integrated (WNT) pathway.35 In addition, evidence that circRNAs

regulate PD-L1 expression is increasingly being uncovered. Circ_0000052 targeted miR-382-3p and attenuated its inhibition of PD-L1 in

head and neck squamous cell carcinoma.36 In the hypoxic microenvironment of hepatocellular carcinoma, circPRDM4 recruited HIF-1a to

the PD-L1 promoter region and promoted PD-L1 upregulation.37 Similarly, we found that circYAP1 increased PD-L1 expression by promoting

its transcription in CRC. Mechanically, circYAP1 did not phosphorylate the YAP1 protein but rather translocated the active form of YAP1 into

the nucleus. YAP1must bind to other transcription factors (TEAD, TCF4, etc.) to exert transcription factor activity. We found that YAP1 directly

bound to TCF4 to promote PD-L1 promoter transcription. Moreover, YAP1 and TCF4 synergistically control of PD-L1 expression in CRC cells

to inhibit expression of IFN-g, TNF-a, IL-4, and Granyzm B in CD8+ T cells.

In recent years, the nonimmune checkpoint role of PD-L1 has gradually received attention. PD-L1 promoted stem cell proliferation and

survival through changes in glucose metabolism and fatty acid metabolism in leukemia cells.38 In acute myeloid leukemia, PD-L1 activated

the PI3K-AKT signaling pathway to regulate cell proliferation and apoptosis.39 PD-L1 promoted invasion and metastasis in ovarian cancer.40

In our study, we explored both the immune checkpoint and nonimmune checkpoint roles of PD-L1 in CRC. Functional assays have shown that

knockdown of PD-L1 attenuates the proliferation, migration, and invasion of CRC cells. Our rescue results showed that circYAP1 can promote

CRC proliferation, migration, and invasion, especially immune evasion, depending on PD-L1. Interestingly, we found that, although high

expression of PD-L1 predicts poor prognosis, patients with high PD-L1 expression tend to be more sensitive to immunotherapy and survive

Figure 5. YAP1 interactions with TCF4 regulate PD-L1 expression to inhibit CD8+ T cells function

(A) Correlation analysis between YAP1, TCF4, and PD-L1 in CRC tissue was reanalyzed using GEPIA.

(B) The DFS of YAP1 and TCF4 in CRC patients was reanalyzed using GEPIA.

(C‒G) RT-qPCR (n = 4 each group was made in quadruplicate, ANOVA test) and western blot analysis of YAP1, TCF4, and PD-L1 in HCT116 and SW480 cells to

verified three of them mutual regulation.

(H and I) IF identified the expression level of PD-1 protein altered by YAP1 and TCF4 in HCT116 and SW480 cells (Scale bar: 10 mm).

(J and K) RT-qPCR identified the expression level of IFN-g, TNF-a, IL-4, and Granyzm B in CD8+ T cells cocultured with YAP1 or TCF4 expression-altered HCT116

and SW480 cells (n = 4 each group was made in quadruplicate, ANOVA test).

(L) CoIP to analyze the direct binding between YAP1 and TCF4 in HCT116 and SW480 cells.

(M) The schematic diagram depicting the TCF4 binding site on the PD-L1 promoter along with the mutation sequence.

(N) Luciferase activity of 293T transfected with PD-L1 promoter-nc/wt/mut luciferase constructs with TCF4 plasmids or negative control (n = 4 each group was

made in quadruplicate, ANOVA test).

(O) ChIP-qPCR to validate the binding of TCF4 to PD-L1 promoter (n = 4 each group was made in quadruplicate, unpaired t test). Data are expressed as meanG

standard deviation, ns p R 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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longer after immunotherapy than patients with low PD-L1 expression. The reason for this paradoxmay be related to the increase in targets for

immunotherapy. This also suggests that a great deal of exploration is needed from basic research to clinical translation.

Recent reports suggest that YTHDF2 can promotem6A-mRNAdegradation in various diseases.41 ThesemRNAsmay promote or mitigate

tumor progression.42,43 In this study, we found the presence of an m6A modification on circYAP1 and that YTHDF2 overexpression could

target m6A-circYAP1 to promote degradation in HCT116 cells. However, whether YTHDF2 regulates the immune response via m6A-circRNA

requires solid supportive data support, and this is where our future research will be directed.

Conclusion

In brief, we found that circYAP1 was significantly upregulated in the CRC tissues. CircYAP1 promoted CRC cell proliferation, invasion, migra-

tion, and immune escape by upregulating PD-L1 in CRC cells. Mechanistically, we found that circYAP1 directly binds to the YAP1 protein to

prevent its phosphorylation, inducing the transport of YAP1 into the nucleus, and YAP1 initiates PD-L1 transcription by interacting with TCF4.

Moreover, we found that YTHDF2 regulates the degradation of circYAP1 by recognizing the m6A modification of circYAP1. This study pro-

vides an insight into circRNA-induced immune escape mechanisms and can provide a new target for combination immunotherapy.

Limitations of the study

However, no circYAP1 expression data of CRC patients treated with anti-PD1/PD-L1 therapy have been disclosed, so the correlation of ci-

cYAP1 and therapeutic efficacy cannot be performed so far. We will conduct clinical validation in future studies to demonstrate that circYAP1

can predict immunotherapy outcomes in CRC patients. This will enable clinical translation of the significance of circYAP1.
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Figure 6. circYAP1 promotes immune escape in vivo

(A) Overexpression efficiency of circYAP1 in stable cell line of HCT116.

(B) Schematic diagram of the construction of a subcutaneous xenograft tumor in huPBMC-NOG-dKO mice.

(C) Growth curves of xenograft tumors measured every 3 days (n = 5 mice per group, unpaired t test).

(D and E) Images of xenograft tumors of each group and weight of them measured at day 33(n = 5 mice per group, unpaired t test).

(F) HE staining of subcutaneous xenograft tumor (Scale bar: 50 mm) (G, H, I) Relative protein levels of YAP1, TCF4, PD-L1 were detected in lungmetastatic nodules

by ISH (Scale bar: 50 mm).

(J and K) Ki-67-positive tumor cells and CD8-positive T cells infiltrated in the tumor detected by ISH (Scale bar: 50 mm). Data are expressed as meanG standard

deviation, ns p R 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 7. circYAP1 promotes lung metastasis in vivo

(A) Schematic diagram of the construction of a lung metastasis model in nude mice.

(B) The number of lung metastasis nodules in lv-circYAP1 and lv-nc group nude mice (n = 3 mice per group, unpaired t test).

(C) HE staining of lung metastatic nodules (Scale bar: 200 mm) (D, E, F, G, H) Relative protein levels of YAP1, TCF4, PD-L1, E-cadherin, and N-cadherin were

detected in lung metastatic nodules by ISH (Scale bar: 200 mm). Data are expressed as mean G standard deviation, *p < 0.05.
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Figure 8. YTHDF2 promotes m6A-modified circYAP1 to degradation

(A) The m6A modification of circYAP1 is predicted by SRAMP (http://www.cuilab.cn/sramp).

(B) The m6A modification of circYAP1 was confirmed by MeRIP-qPCR (n = 4 each group was made in quadruplicate, unpaired t test).

(C and D) RT-qPCR analysis of YTHDF2 and circYAP1 expression level in HCT116 cells transfected with YTHDF2 plasmids and negative control (n = 4 each group

was made in quadruplicate, unpaired t test).

(E) The abundance of circYAP1 in overexpressed-YTHDF2 HCT116 cells cultured with actinomycin D at 0, 4, 8, 12, and 20 h was analyzed by RT-qPCR (n = 4 each

group was made in quadruplicate, unpaired t test).

(F‒H) Direct binding between circYAP1 and YTHDF2 was confirmed by FISH-IF colocalization (Scale bar: 10 mm), RIP-PCR (n = 4 each group was made in

quadruplicate, unpaired t test), and RNA pull-down experiments in HCT116 cells. Data are expressed as mean G standard deviation, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GAPDH Monoclonal antibody Proteintech Cat# 60004-1-Ig; RRID: AB_2107436

E-cadherin Polyclonal antibody Proteintech Cat# 20874-1-AP;

RRID: AB_10697811

Histone-H3 Polyclonal antibody Proteintech Cat# 17168-1-AP; RRID: AB_2716755

TCF4 Polyclonal antibody Proteintech Cat# 22337-1-AP; RRID: AB_2879076

Recombinant Anti-PD-L1 antibody Abcam Cat# ab213524; RRID: AB_2857903

Recombinant Anti-PD1 antibody Abcam Cat# ab137132; RRID: AB_2894867

Recombinant Anti-Interferon gamma antibody Abcam Cat# ab231036; RRID: AB_2941995

Recombinant Anti-CD8 alpha antibody Abcam Cat# ab245118; RRID: AB_3068617

YAP (D8H1X) XP Rabbit mAb Cell Signaling Technology Cat# 14074;

RRID: AB_2650491

Phospho-YAP (Ser127) (D9W2I) Rabbit mAb Cell Signaling Technology Cat# 13008;

RRID: AB_2650553

YTHDF2 (E2I2H) Rabbit mAb Cell Signaling Technology Cat# NO.71283; RRID: AB_3068618

m6A antibody Synaptic Systems Cat# 202 003;

RRID: AB_2279214

Anti -N Cadherin Rabbit pAb Servicebio Cat# GB111009-100;

RRID: AB_3068619

Bacterial and virus strains

Si-NC RiboBio Cat#

siN0000001-1-5

si-h-circYAP1_001 (50 to 30): AGATGGATACAGCCATGAA RiboBio Cat# siB171025053732

si-h-circYAP1_002 (50 to 30): TGGATACAGCCATGAACCA RiboBio Cat# siB171025053737

si-h-YAP1_020 (50 to 30): TGTGGATGAGATGGATACA RiboBio Cat# siB160602113946

si-h-TCF4_020 (50 to 30): CCATGGAGGTACAGACAAA RiboBio Cat# siG1082132427

Si-h-YTHDF2_ 001 (50 to 30): GATGGATTACGATGATGAT RiboBio Cat# siG141112154420

si-h-CD274_005 (50 to 30): CCACCAATTCCAAGAGAGA RiboBio Cat# siG150520101800

Biological samples

CRC tissue The First Affiliated Hospital

of Zhengzhou University

N/A

Chemicals, peptides, and recombinant proteins

RNAiso Plus Takara Cat# 9108

ueIris RT mix with DNase (All-in-One) US Everbright Cat# R2020

Cell Counting Kit-8 Dojindo Laboratories Cat# CK04

RNase R Lucigen Cat# RNR07250

actinomycin D Merck Cat# SBR00013

protease inhibitors Beyotime Cat# P1005

phosphatase inhibitors Beyotime Cat# P1081

RNase inhibitor ThermoFisher Cat# 87785

Anti-fluorescence quenching sealing solution (with DAPI) Beyotime Cat# P0131-5ml

4% paraformaldehyde Beyotime Cat# P0099-500ml

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Lipofectamine� 3000 Invitrogen Cat# L3000075

crystal violet Solarbio Cat# G1063

Human Recombinant IL-2(CHO-expressed) STEMCELL

Technologies

Cat# 78036.1

ImmunoCultTm Human CD3/CD28/CD2 T Cell Activator STEMCELL

Technologies

Cat# 10970

HieffTrans� Liposome Transfection Reagent Yeasen Biotechnology Cat# 40802ES03

Critical commercial assays

Hieff qPCR SYBR Green Master Mix kit Yeasen Biotechnology Cat# 11201ES08

Cell-Light EdU Apollo567 In Vitro Kit RiboBio Cat# C10310

RNASweAMI� In situ hybridisation DAB test kit Servicebio Cat# GF001-50T

Easy-Sep� Direct Human CD8+ T Cell Isolation Kit STEMCELL

Technologies

Cat# 19663

RNA pulldown kit BersinBio Cat# Bes5102

Chromatin immunoprecipitation kit BersinBio Cat# Bes5001

Magna RIP RNA-Binding Protein Immunoprecipitation Kit Millipore Cat# 17-701

Immunoprecipitation kit Abcam Cat# ab206996

Deposited data

Transcriptome arrays of CRC tissues This paper GEO: GSE106584;

GEO: GSE87211;

GEO: GSE19750

Experimental models: Cell lines

HCT116 Shanghai Cell Bank of

Chinese Academy of Sciences

Cat# TCHu99

SW480 Shanghai Cell Bank of

Chinese Academy of Sciences

Cat# TCHu172

Human embryonic kidney 293 T cells Shanghai Cell Bank of

Chinese Academy of Sciences

Cat# SCSP-502

Human CD8 T cells Isolated from peripheral blood N/A

Experimental models: Organisms/strains

BALB/c nude mice Vital River Laboratory N/A

huPBMC-NOG-dKO mice Vital River Laboratory N/A

Oligonucleotides

Primers used in this study, see Table S1 This paper N/A

CircYAP FISH probe: mTmTCmAmTGGCmTGm

TmAmTCCmAmTCmTCmAmTCCmA

GenePharma N/A

CircYAP ISH probe: GATTCTCTGGTTCATGGCTGTA

TCCATCTCATCC(tttCATCATCATACATCATCAT)

Servicebio N/A

circYAP pulldown negative control probe:

TGGATGAGATGGATACAGCCATGAA

GenePharma N/A

circYAP pulldown probe:

TTCATGGCTGTATCCATCTCATCCA

GenePharma N/A

Recombinant DNA

pcDNA3.1 HANBIO N/A

pcDNA3.1-circRNA1663 HANBIO N/A

psiCHECK2-PD-L1-NC Ji Kai Gene Technology N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Dr. Zhenqiang Sun

(fccsunzq@zzu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical specimens

All clinical samples and follow-up data were collected from the First Affiliated Hospital of Zhengzhou University. Ethical approval was

confirmed by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University (2019-KY-423), and a written informed consent

was signed by every patients.

Cell lines

HCT116 cells, SW480 cells and Human embryonic kidney 293 T cells were obtained from the Shanghai Cell Bank of Chinese Academy of Sci-

ences (Shanghai, China). HCT116 and SW480 cells were cultured in DMEM/high-glucose (Gibco, Carlsbad, CA, USA). Human embryonic kid-

ney 293 T cells were cultured in RPMI 1640 (Gibco, Carlsbad, CA, USA). All cells were cultured supplemented with 10% fetal bovine serum

(Clark Bioscience, Richmond, VA, USA) at 37 �Cand 5% CO2.

Animals

All mouse procedures were approved by the Zhengzhou University Institutional Animal Care and Use Committee. Four-week-old female

BALB/c nude mice purchased from Vital River Laboratory (Beijing, China). HuPBMC-NOG-dKO female mice purchased from Vital River Lab-

oratory (Beijing, China).

Statement of ethics

The present study was approved by the Ethics Committee of The First Afliated Hospital of Zhengzhou University (2019-KY-423).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

psiCHECK2-PD-L1-WT Ji Kai Gene Technology N/A

psiCHECK2-PD-L1-MUT Ji Kai Gene Technology N/A

Renilla-Luciferase plasmid Ji Kai Gene Technology N/A

pcDNA3.1 YAP1 Ji Kai Gene Technology N/A

pcDNA3.1 YAP1(Ser127 mut) Ji Kai Gene Technology N/A

pcDNA3.1 TCF4 Ji Kai Gene Technology N/A

Software and algorithms

GraphPad Prism 8 GraphPad N/A

SPSS 22.0 IBM N/A

Other

RPMI 1640 medium Gibco Cat# 11875119

Dulbecco’s Modified Eagle Medium Gibco Cat# 11995065

fetal bovine serum Clark Bioscience Cat# FB15015
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METHOD DETAILS

Cell transfection of siRNAs and plasmids

siRNAs targeting circYAP1(siB171025053732 and siB171025053737), YAP1(siB160602113946), TCF4(siG1082132427), PD-L1(siG150520101800),

YTHDF2(siG141112154420) and siRNA-NC (siN0000001-1-5) were designed and synthesized by RiboBio (Guangzhou, China). The circYAP1

overexpression plasmids and NC plasmids were purchased from Hanbio Biotechnology (Wuhan, China). The vector of YAP1 and TCF4 over-

expression were constructed by Ji Kai Gene Technology Co.Ltd (Shanghai, China). Following strictly the manufacturer’s instructions, siRNAs

were transfected using Lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA), while plasmids using HieffTrans� Lipo-

some Transfection Reagent (Yeasen Biotechnology, Shanghai, China). Transfection efficiency detected by qRT-PCR.

Total RNA isolation, reverse transcription and qRT-PCR

Total RNA was isolated from cells and tissues using RNAiso Plus (Takara, Dalian, China). After the concentration and purity of the total RNA

were identified byNanoDrop 2000 (Termo Fisher Scientifc, Carlsbad, CA, USA), 1ug total RNAwas reversed transcription to cDNAusing ueIris

RT mix with DNase (All-in-One) (US Everbright� Inc, Suzhou, China). qRT- PCR was performed using the Hieff qPCR SYBR Green Master Mix

kit (Yeasen, Shanghai, China) according to themanufacturer’s instructions. All data were analyzed and normalized toGAPDH. All primers were

shown in Table S1.

RNase R treatment and actinomycin D assay

Total RNAof HCT116 and SW480 cells was digestedwith RNase R (5 U/mg RNA) (Lucigen, America) for 0min, 10min, 20min and 30min at 37�C.
Then, circYAP1 and YAP1 mRNA were detected by quantitative real-time PCR (qRT-PCR).

HCT116 and SW480 cells were cultured with 10ug/ml actinomycin D (Merck, Darmstadt, Germany) for 0h, 4h, 8h, 12h, and 20h. Total RNA

from the cells was collected separately as planned. Then, circYAP1 and YAP1 mRNA were detected by qRT-PCR.

RNA in-situ hybridization (ISH) and fluorescence in-situ hybridization (FISH)

For ISH, digoxin-labeled circYAP1 probe was synthesized by Servicebio (Wuhan, China). Tissue sections were dewaxed, prehybridized, and

hybridized, and subsequently visualized using DAB. The H-score was determined by Servicebio (Wuhan, China).

For FISH, Cy3-circYAP1 probe was synthesized by GenePharma (Shanghai, China). HCT116 and SW480 cells were fixed for 30 min at room

temperature. Then, according to the manufacturer’s Instructions of FISH kit (RiboBio, Guangzhou, China) to complete the subsequent steps.

Images were acquired by confocal laser scanning microscopy (Zeiss, Jena, Germany).

Western blot analysis, immunofuorescence (IF), and immunohistochemistry (IHC)

Protein of HCT116 and SW480 cells was extracted with RIPA buffer containing protease inhibitors(P1005) and phosphatase inhibitors(P1081)

and was quantified by a BCA kit (Beyotime, Shanghai, China). More details follow.18 The following antibodies were used: anti-PD-L1 (Abcam,

ab213524); anti-PD1(Abcam, ab137132); anti-IFN-g(Abcam, ab231036) anti-CD8 alpha (Abcam, ab245118); anti-YAP (CST, No. 14074); anti-

phospho-YAP (Ser127) (CST, No.13008); anti-TCF4 (Proteintech, No. 22337-1-AP); anti-YTHDF2 (CST, NO.71283); anti-Histone-H3 (Protein-

tech, No.17168-1-AP); anti-E-cadherin (Proteintech, No. 20874-1-AP); anti-N-cadherin (Servicebio, GB111009-100); anti-GAPDH (Proteintech,

60004–1-Ig). IF and IHC were performed according to manufacturer’s instructions.

CCK-8, EDU, migration and invasion assays

For CCK8, 48 hours after transfection, 2 3 103 CRC cells were seeded into 96-well culture plate. Cell Counting Kit-8 (Dojindo Laboratories,

Kumamoto, Japan) was added at 0h, 24h, 48h and 72h, and the absorbance at 450nm was measured after 2 hours.

For EDU, 48 hours after transfection, 23 104 CRC cells were seeded into 96-well culture plate. After 24 hours, proliferation of CRC cells was

determined by Cell-Light EdU Apollo567 In Vitro Kit (RiboBio, Guangzhou, China) according to the manufacturer’s instructions.

For migration and invasion, 48 hours after transfection, 13 105 CRC cells seeded in upper chambers with 8-mmporemembranes (Corning,

NY, USA) (withoutMatrigel for migration assay, withMatrigel for invasion assay). 600 mL DMEMmediumwith 20% FBS was added into bottom

chambers. After 36 h, the migrated and invaded cells were fixed in 4% paraformaldehyde (Beyotime, Shanghai, China) and stained by crystal

violet (Solarbio, Beijing, China), then photographed and counted using an optical microscope (Olympus, Tokyo, Japan).

CD8+ T cells isolation and incubation with CRC cells

Human CD8+ T cells were acquired from healthy donors’ peripheral blood by an Easy-Sep� Direct Human CD8+ T Cell Isolation Kit

(STEMCELL Technologies). Human CD8+ T cells were seeded into 24-well plates. Anti-CD3/anti-CD28 antibodies (STEMCELL Technologies)

and Human Recombinant IL-2 were added to active CD8+ T cells.

Modified CRC cells were seeded into 12-well plates. After 24 h, activated CD8+ T cells were cocultured with CRC cells for 48 h at a ratio of

10:1.44 After 48 h, CD8+ T cells were collected to detect cytokine expression.
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RNA pull-down assay, RNA immunoprecipitation (RIP) and co-IP

Biotin-labeled circYAP1 probe and negative control probewere designed and synthesizedbyGenepharm (Shanghai, China). After 48 hours of

transfectionwith the circYAP1 plasmid, CRC cells were collected for RNApull-down assay according to themanufacturer’s instructions of RNA

pull-down kit (BersinBio, Guangzhou, China).

RIP assay was performed with YAP1 antibody, YTHDF2 antibody, anti-m6A antibody (Synaptic Systems, Goettingen, Germany) and anti-

immunoglobulin G (IgG) (Millipore, MA, USA) usingMagna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, MA, USA) according

to the manufacturer’s instructions. Normalized to the input, the abundance of circYAP1 was assessed by qRT-PCR.

Co-IP assay was performed with anti-YAP1, anti-TCF4 and anti-IgG using Immunoprecipitation kit (Abcam, ab206996) according to the

manufacturer’s instructions. Interactions between YAP1 and TCF4 were assessed by western blot.

Dual luciferase reporter assay

The sequence of wild type of PD-L1 promoter (PD-L1-wt), negative control (PD-L1-nc) and its mutant versions (PD-L1-mut) according to TCF4

protein binding sites were inserted into luciferase reporter vector psiCHECK2 (Ji Kai Gene Technology Co.Ltd, Shanghai, China). PD-L1-nc,

PD-L1-wt and PD-L1-mut plasmids were co-transfected with TCF4 overexpression and NC plasmids into 293T cells. All groups were trans-

fected with Renilla luciferase plasmids using HieffTrans� Liposome Transfection Reagent (Yeasen Biotechnology, Shanghai, China). After

48h, luciferase activity was detected by the Dual-Luciferase Reporter Assay kit (Beyotime, Shanghai, China).

Animal models

The lentiviral circYAP1 overexpression vector and NC were constructed using pHBLV-CMV-circ (Hanbio Biotechnology, Wuhan, China). Ac-

cording to the manufacturer’s instructions, HCT116 cells after 72 hours of lentivirus infection were cultured using puromycin (2 mg/mL) to

screen stable circYAP1-overexpression cell lines.

To observe the role of circYAP1 in regulating CRCmetastasis in vivo, the stable cell lines of HCT116-LV-NC and HCT116-LV-CircYAP1 (23

106 in 100 mL of PBS) were injected into the tail vein of four-week-old female BALB/c nudemice purchased from Vital River Laboratory (Beijing,

China). On day 42, mice were sacrifced and lungs were collected for HE staining and IHC.

To observe the role of circYAP1 in regulating CRC proliferation and immune evasion in vivo, HCT116-LV-NC and HCT116-LV-CircYAP1(63

106 in 100 mL of PBS) were inoculated into subcutaneous dorsal flanks of huPBMC-NOG-dKO female mice purchased from Vital River Labo-

ratory (Beijing, China). On day 33, mice were sacrificed and tumor were collected for HE staining and IHC.

All mouse procedures were approved by the Zhengzhou University Institutional Animal Care and Use Committee.

QUANTIFICATION AND STATISTICAL ANALYSIS

All datawere analyzed usingGraphPad Prism 8.0 (GraphPad, SanDiego, CA, USA) and shown asmeanG standard deviation (SD). Continuous

data differences analysis was evaluated by Student’s t-test between two groups. One-way analysis of variance (ANOVA) test was used to

analyze differences among multiple groups. Survival curves were assessed using Kaplan-Meier’s method and log-rank tests. Correlations

were assessed by Spearman correlation coefficient analyses. P<0.05 was considered significant. ns P>= 0.05, *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001. Statistical details for each experiment are included in the figures and figure legends.
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