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Most patients with colorectal cancer (CRC) show a poor response to anti-programmed cell death protein 1 (PD-1) therapy, and 

the mechanisms behind this resistance are not well understood. Circular RNAs (circRNAs) have been recognized as key 

regulators in tumor development and progression, with potential utility in cancer detection and predicting therapeutic outcomes. 

Despite this, the involvement of circRNAs in immune evasion in CRC remains largely unexplored.CircPHLPP2 was initially 

identified through circRNA microarray analysis. Its expression in colorectal cancer patients and correlation with clinical 

parameters were evaluated by RT-qPCR. To determine its functional role, cell proliferation and colony formation assays, in 

vivo subcutaneous tumor models, and multicolor flow cytometry were conducted. Downstream signaling pathways influenced 

by circPHLPP2 were investigated using RNA sequencing, RT-qPCR, and Western blot analyses. Finally, RNA pull-down, RNA 

immunoprecipitation (RIP), and immunofluorescence assays were employed to uncover proteins interacting with 

circPHLPP2.CircPHLPP2 is upregulated in colorectal cancer patients who display resistance to anti-PD-1 therapy. It markedly 

promotes CRC cell proliferation and tumor growth, whereas silencing circPHLPP2 enhances the therapeutic effect of anti-PD-

1 in vivo. Mechanistically, circPHLPP2 directly interacts with ILF3, promoting its accumulation in the nucleus and subsequently 

increasing IL36γ transcription. This cascade diminishes NK cell infiltration and suppresses their IFN-γ production and 

granzyme B, ultimately facilitating tumor progression.In summary, our study uncovers a previously unrecognized mechanism 

through which a circRNA mediates immune evasion in colorectal cancer. CircPHLPP2 holds potential as both a therapeutic 

target and a prognostic biomarker for CRC patients. 
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Introduction 

Colorectal cancer (CRC) is the third most frequently 

diagnosed malignancy and ranks second among causes of 

cancer-related deaths worldwide [1]. Limited therapeutic 

options severely impact both survival outcomes and 

quality of life for patients with advanced CRC [2]. The 

development of immune checkpoint inhibitors (ICIs), 

including programmed cell death protein 1 (PD-1) 

blockers, has offered new strategies for treating advanced 

disease. Clinical evidence shows that pembrolizumab, a 

humanized monoclonal antibody against PD-1, 

significantly prolongs survival in CRC patients with 

microsatellite instability-high or deficient mismatch 

repair (MSI-H/dMMR) [3]. However, patients with 

microsatellite stable or proficient mismatch repair 

(MSS/pMMR), who make up the vast majority of CRC 

cases (~95%) [4], generally fail to respond to ICI 

monotherapy [5]. Encouragingly, the REGONIVO trial 

reported that combining anti-PD-1 therapy with tyrosine 

kinase inhibitors (TKIs) can yield favorable responses in 

metastatic MSS/pMMR CRC [6]. Despite these 

advances, biomarkers to predict anti-PD-1 efficacy in 

MSS/pMMR CRC are still lacking. Therefore, 

elucidating the molecular basis of immunotherapy 
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resistance is crucial for identifying new predictive 

markers and therapeutic targets, which may ultimately 

improve patient outcomes. 

Circular RNAs (circRNAs) are covalently closed, single-

stranded RNA molecules that are broadly expressed yet 

show tissue-specific patterns in humans [7]. Many 

circRNAs are aberrantly expressed in CRC tissues, cells, 

blood, and exosomes, influencing tumor initiation, 

metastasis, and resistance to chemotherapy [8, 9]. 

Emerging studies suggest that circRNAs also modulate 

the tumor microenvironment and contribute to immune 

evasion [10, 11]. For instance, exosome-derived 

CircCCAR1 induces CD8⁺ T-cell dysfunction by 

stabilizing PD-1, promoting anti-PD-1 resistance in 

hepatocellular carcinoma [12], while CircDLG1 

facilitates gastric cancer progression and anti-PD-1 

therapy resistance by upregulating CXCL12 [13]. 

Nevertheless, the role of circRNAs in driving 

immunotherapy resistance in CRC remains poorly 

characterized. Given their stability and detectability in 

body fluids, circRNAs also present potential as predictive 

biomarkers for anti-PD-1 responsiveness. Identifying 

circRNAs that regulate immune escape in CRC is 

therefore of significant interest. 

NK cells are innate immune effectors capable of 

detecting and eliminating tumor cells without prior 

sensitization [14]. In addition to direct cytotoxicity via 

perforin or antibody-dependent cell-mediated 

cytotoxicity (ADCC), NK cells secrete cytokines and 

chemokines to recruit and activate T cells, bridging 

innate and adaptive immunity [15, 16]. Tumors can evade 

NK cell-mediated immunity through multiple 

mechanisms, such as increasing inhibitory receptors like 

PD-1 on NK cells [17]. Blocking PD-1/PD-L1 

interactions has been shown to enhance NK cell activity, 

highlighting their crucial role in the success of 

immunotherapy [18]. Moreover, higher NK cell 

abundance in circulation or tumor tissues is correlated 

with reduced metastasis and better prognosis across 

various cancers, including CRC [17, 19]. Despite their 

importance, the contribution of NK cells to anti-PD-1 

resistance in CRC remains insufficiently understood. 

In this study, we identified circPHLPP2 as a circRNA 

highly expressed in CRC tissues, associated with poor 

prognosis and resistance to anti-PD-1 therapy. 

Mechanistically, circPHLPP2 binds ILF3 to promote 

IL36γ transcription, resulting in reduced NK cell 

infiltration and impaired granzyme B and interferon-γ 

(IFN-γ) production, thereby facilitating tumor 

progression. Importantly, silencing circPHLPP2 

enhanced the anti-tumor efficacy of PD-1 blockade, 

highlighting circPHLPP2 as a promising prognostic 

biomarker and potential therapeutic target in CRC 

immunotherapy. 

Materials and Methods  

Human tissues 

Tissue specimens, including both fresh-frozen and 

paraffin-embedded samples, were collected from pMMR 

CRC/metastatic MSS patients treated with PD-1 

inhibitors at Sun Yat-sen University Cancer Center 

between August 2019 and October 2022. These patients 

had undergone either colonoscopic biopsies or palliative 

surgery. Treatment response was assessed according to 

RECIST 1.1 criteria. Overall survival (OS) was 

calculated from the initiation of anti-PD-1 therapy to 

either the date of death from any cause or the last follow-

up. For immunohistochemical analyses, 381 formalin-

fixed, paraffin-embedded CRC samples, along with 

corresponding clinicopathological data, were obtained 

from patients treated between January 2007 and 

December 2012, with all patients providing informed 

consent. OS in this cohort was defined as the interval 

from surgery to death or last follow-up. 

 

CircRNA microarray profiling 

To uncover circRNAs associated with resistance to anti-

PD-1 therapy, we performed microarray analyses on 

tumor and matched adjacent normal tissues from 18 

patients: 8 who exhibited partial response (PR) and 10 

who showed progressive disease (PD) following anti-

PD-1 treatment. CircRNA enrichment was achieved by 

digesting linear RNAs with RNase R. The enriched 

circRNAs were then amplified and labeled with 

fluorescent cRNA using the Arraystar Super RNA 

Labeling Kit via random priming. Hybridization was 

performed on the Human circRNA Array V2 (8 × 15 k, 

Arraystar), and arrays were scanned with an Agilent 

G2505C Scanner. Data extraction and initial processing 

were conducted with Agilent Feature Extraction software 

(version 11.0.1.1), followed by quantile normalization 

and statistical analysis using R software. 

 

Cell transfection and plasmid 

The overexpression construct for hsa_circ_0003681 

(human circPHLPP2) was generated using the pLC5-ciR 

backbone by GeneSeed (Guangzhou, China), while the 
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EIF4A3 overexpression plasmid (pLVX vector) was 

produced by Tsingke Biotech (Beijing, China). Custom-

designed small interfering RNAs (siRNAs) targeting 

EIF4A3, HNRNPC, U2AF2, and corresponding negative 

controls were purchased from Genecefe (Jiangsu, China). 

SiRNAs targeting ILF3 (si-ILF3) and non-targeting 

control siRNAs (si-NC) were obtained from Public 

Protein/Plasmid Library (Nanjing, China). Short hairpin 

RNAs (shRNAs) against hsa_circ_0003681, 

mmu_circ_0014549 (mouse circPhlpp2), and mouse 

IL36γ, along with their respective controls, were 

synthesized by GeneChem (Shanghai, China). Lentiviral 

particles carrying mmu_circ_0014549 or control 

sequences were produced by GenePharma (Shanghai, 

China). Transfections and lentiviral infections were 

performed following manufacturer protocols and 

previously reported procedures [20]. 

 

Immunohistochemistry (IHC) 

IHC staining was conducted according to standard 

procedures described previously [21]. Paraffin-

embedded sections were deparaffinized, rehydrated, and 

treated with 3% H₂O₂ for 10 minutes to block endogenous 

peroxidase activity. Antigen retrieval was performed in a 

pressure cooker using either sodium citrate buffer or 

EDTA at sub-boiling temperature for 10 minutes. 

Sections were then blocked with 10% fetal bovine serum 

(FBS) for 1 hour at room temperature, incubated 

overnight at 4 °C with primary antibodies, and 

subsequently treated with biotinylated secondary 

antibodies for 1 hour at room temperature. The primary 

antibodies included anti-IL36γ (1:200, Abclonal) and 

anti-NKp46 (3 µg/mL, R&D). Hematoxylin was used for 

nuclear counterstaining. Staining intensity was graded on 

a scale from 0 (negative) to 3 (strong), and cumulative 

scores were calculated by multiplying intensity scores 

with the proportion of positive cells. 

 

Flow cytometry 

Tissue samples were digested in serum-free RPMI 1640 

containing collagenase IV (0.2 mg/mL, Sigma-Aldrich) 

and DNase I (0.05 mg/mL, Roche), followed by 

mechanical dissociation using a gentle MACS Octo 

Dissociator (Miltenyi Biotec, Germany) to obtain single-

cell suspensions. Immune cells were enriched via Percoll 

gradient centrifugation and stained with Zombie dye 

(1:500, Biolegend) and appropriate surface antibodies 

(1:200). For intracellular protein detection, cells were 

pre-stimulated with Cell Stimulation Cocktail 

(eBioscience) for 4 hours, followed by intracellular 

staining (1:100). Data acquisition was carried out on a 

CytoFlex flow cytometer (BD Biosciences, USA) and 

analyzed using FlowJo V10 (FlowJo LLC). 

 

RNA Immunoprecipitation (RIP) 

RIP assays were performed using the Magna RIP RNA-

Binding Protein Immunoprecipitation Kit (Millipore). 

Antibodies were pre-incubated with magnetic beads at 

room temperature for 30 minutes. Anti-ILF3 (5 µg, 

Proteintech) and anti-EIF4A3 (5 µg, Proteintech) 

antibodies were used for pulldown, with IgG serving as 

the negative control. Cells were lysed in RIP buffer 

containing protease and RNase inhibitors, and lysates 

were incubated with antibody-conjugated beads 

overnight at 4 °C with gentle rotation. RNA associated 

with immunoprecipitated complexes was extracted and 

analyzed by RT-qPCR, normalized to input RNA. 

 

GST pull-down  

Interactions between circPHLPP2 and RNA-binding 

proteins were assessed using an MS2-tagged circRNA 

pull-down strategy [22]. Cells were co-transfected with 

MS2-circPHLPP2 or control MS2 plasmids and MS2-

MCP-GST plasmid using Lipofectamine 3000. All 

plasmids were synthesized by GeneChem (Shanghai, 

China). Forty-eight hours post-transfection, cells were 

lysed in RIPA buffer, and the circPHLPP2-MS2-MCP-

GST complexes were captured using Glutathione 

Sepharose 4B beads (ThermoFisher). Captured 

complexes were subsequently analyzed by RT-qPCR, 

western blotting, or mass spectrometry as needed. 

 

Immunofluorescence and Fluorescence In Situ 

Hybridization (FISH) 

FISH experiments were carried out using the SA-Biotin 

system (GenePharma, Shanghai, China) following the 

manufacturer’s protocol. Cy3-labeled probes specific for 

circPHLPP2 were custom-designed by GenePharma. 

HCT116 cells were first fixed and permeabilized, then 

prehybridized to prepare for probe binding. Cells were 

incubated with the Cy3-labeled probes in hybridization 

solution overnight at 37 °C. After washing six times with 

Buffer C, cells were blocked with PBS containing 1% 

BSA and 0.05% Triton X-100 for 30 minutes at room 

temperature. Subsequently, cells were incubated with 

primary antibodies at 1:100 dilution for 1 hour at room 

temperature, followed by secondary antibodies 

conjugated to Alexa Fluor 488 (1:500, Invitrogen) for 45 
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minutes at 37 °C. Nuclei were stained with DAPI 

(1:1000, GenePharma) for 15 minutes at room 

temperature. Confocal images were acquired using an 

LSM880 microscope (ZEISS, Germany). 

 

In vivo tumor formation 

BALB/c Nude, NSG, BALB/c and C57BL/6J mice were 

sourced from Vital River (Beijing, China). Subcutaneous 

tumor models were established by injecting CRC cells 

into the right flank: 1.5 × 10⁶ MC38, 5 × 10⁵ CT26, or 

5 × 10⁶ HCT116/RKO cells. Tumor growth was 

monitored every three days starting one week after 

injection, and tumor volume was calculated as V = 

(width² × length)/2. When tumors reached ~200 mm³, 

tissues and blood were collected for flow cytometry. For 

treatment experiments, mice with tumors ~100 mm³ were 

administered 50 µg anti-PD-1 (BioXcell) or PBS via 

intraperitoneal injection every three days. NK cells were 

depleted by injecting 100 µL anti-asialo-GM1 (Cell 

Biolabs) intraperitoneally in BALB/c mice once per 

week, or 75 µg anti-NK1.1 (BioXcell) via tail vein in 

C57BL/6J mice every three days, beginning one day 

prior to tumor inoculation. Mice were euthanized when 

predefined ethical endpoints were reached. Excised 

tumors were weighed, photographed, paraffin-

embedded, and sectioned for further analysis. 

 

Statistical analysis 

Statistical evaluations were performed using GraphPad 

Prism 9.0 and SPSS 25.0. Comparisons between two 

groups were conducted with Student’s t-tests, while 

multiple-group comparisons used chi-square tests. 

Survival analyses were generated using Kaplan-Meier 

curves, with significance assessed by the log-rank test. 

Statistical significance was defined as *P < 0.05, 

**P < 0.01, ***P < 0.001, and ****P < 0.0001. 

Results and Discussion 

High circPHLPP2 expression correlates with poor 

prognosis in Anti-PD-1–Resistant CRC patients 

To explore circRNAs associated with the efficacy of anti-

PD-1 therapy in MSS/pMMR CRC patients, we 

conducted a circRNA microarray analysis on 18 paired 

samples, including primary tumor tissues and adjacent 

normal tissues, from patients treated with anti-PD-1–

based regimens. Within this cohort, 10 patients exhibited 

progressive disease (PD) according to RECIST 1.1 

criteria [23] and were classified as resistant to therapy, 

while 8 patients achieved partial response (PR) and were 

considered responsive. Analysis of the microarray data 

revealed 94 circRNAs that were markedly upregulated in 

tissues from anti-PD-1–resistant patients (Figure 1a), 

whereas 65 circRNAs were significantly elevated in 

tumor tissues relative to adjacent normal tissues (Figure 

1b). Intersecting these two sets identified 

hsa_circ_0003681, derived from the PHLPP2 gene, 

which we designated as circPHLPP2. Notably, its 

biological role has not been previously reported (Figure 

1c). 

We further investigated the clinical relevance of 

circPHLPP2 by measuring its expression via RT-qPCR 

in a cohort of 67 CRC patients receiving anti-PD-1 

therapy. The results demonstrated that circPHLPP2 

levels were significantly higher in anti-PD-1–resistant 

patients (Figure 1d) and in CRC tumor tissues compared 

with normal tissues (Figure 1e), confirming the 

reliability of the microarray findings. Patients were 

stratified into high and low circPHLPP2 expression 

groups based on the median expression value. Kaplan-

Meier survival analysis revealed that patients with 

elevated circPHLPP2 expression exhibited shorter 

overall survival and poorer prognosis (Figure 1f). 

Collectively, these data suggest that circPHLPP2 may 

play a critical role in CRC progression and immune 

evasion. 
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a) b) 

  
 

c) d) e) 

  

f) g) 

 

 

h) i) 
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j) k) l) 

  

m) n) 

Figure 1. Patterns of circRNA expression in microsatellite stable/proficient mismatch repair (MSS/pMMR) 

colorectal cancer (CRC) and in-depth validation of circPHLPP2. 

a Cluster analysis heatmap illustrating differential 

circRNA levels in MSS/pMMR CRC tumors from 

patients resistant (n=10) or sensitive (n=8) to anti-PD-1 

treatment. b Cluster analysis heatmap comparing 

circRNA levels in MSS/pMMR CRC tumors (n=18) 

versus matched non-cancerous adjacent tissues (n=18), 

applying thresholds of Log₂(fold change) >1 or <−1 and 

P<0.05. c Venn diagram showing common upregulated 

circRNAs in anti-PD-1-resistant tumors and in CRC 

tumors compared to normal tissues. d RT-qPCR results 

showing higher circPHLPP2 levels in anti-PD-1-resistant 

(n=20) versus sensitive (n=47) tumor specimens. e RT-

qPCR data revealing elevated circPHLPP2 in primary 

CRC tumors relative to paired normal adjacent tissues 

(n=67). f Kaplan–Meier curves demonstrating poorer 

overall survival in CRC patients with high circPHLPP2 

expression (n=67, log-rank test). g Diagram outlining the 

back-splicing mechanism forming circPHLPP2. h 

Sanger sequencing verification of the circPHLPP2 back-

splice junction. i RT-qPCR and gel electrophoresis 

confirming circPHLPP2 detection in HCT116 and MC38 

cells. j Differential amplification of circPHLPP2 versus 

linear PHLPP2 mRNA using random hexamer versus 

oligo(dT)₁₈ primers in reverse transcription. k RT-qPCR 

assessment of circPHLPP2 and linear PHLPP2 resistance 

to RNase R exonuclease treatment. l RT-qPCR 

evaluation of circPHLPP2 and PHLPP2 mRNA stability 

after Actinomycin D (2 µg/ml) exposure. m Subcellular 

distribution of circPHLPP2 determined by 

nuclear/cytoplasmic RNA separation assay. n 

Fluorescence in situ hybridization (FISH) visualizing 

circPHLPP2 primarily in the nucleus of HCT116 cells 

(DAPI nuclear stain). 

Statistics: Student’s t-test applied to panels d, e, j, k; two-

way ANOVA for l. Significance: **P<0.01, ***P<0.001, 

****P<0.0001. 

 

Biological features of circPHLPP2 in CRC cell models 

Per the circBase database, circPHLPP2 arises from back-

splicing of exons 2 and 3 in the PHLPP2 gene on 

chromosome 16 (positions 71736500–71748704), 

yielding a 424-nucleotide transcript (Figure 1g). 

Divergent primer amplification followed by Sanger 

sequencing validated the unique junction (Figure 1h). In 

HCT116 and MC38 cells, divergent primers detected 

circPHLPP2 only in cDNA (not gDNA), while 

convergent primers amplified linear PHLPP2 from both 

(Figure 1i). Random primers enabled circPHLPP2 

detection, unlike poly(A)-targeting oligo(dT)₁₈ primers 

(Figure 1j), confirming no poly-A tail. circPHLPP2 

exhibited marked resistance to RNase R compared to 

linear PHLPP2 (Figure 1k). Transcription inhibition 

with Actinomycin D highlighted superior stability of 

circPHLPP2 (Figure 1l), consistent with its covalent 
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circular architecture. Both fractionation assays and FISH 

confirmed predominant nuclear retention (Figures 1m-

n). These collective data authenticate circPHLPP2 as a 

true circular RNA molecule. 

 

In vivo evidence for circPHLPP2 driving CRC tumor 

advancement 

Overexpression constructs and back-splice-specific 

siRNAs effectively modulated circPHLPP2 levels in 

CRC cells (Figures 1a-b). In vitro assays (MTS 

proliferation and colony formation) showed no effect of 

altered circPHLPP2 on human CRC cell growth or 

clonogenicity (Figures 2a-f). 

For in vivo studies, stable circPHLPP2-modified human 

CRC cells (Figuers 1c-d) were subcutaneously 

implanted into severely immunodeficient NSG mice, 

which lack T, B, and NK cells and antibody production 

[24]. No differences in tumor growth were observed 

(Figures 2g, 2a and 2c). 

In contrast, implantation into BALB/c nude mice (T-cell 

deficient due to Foxn1 mutation but retaining B cells and 

potent NK activity [25]) revealed accelerated tumor 

expansion with circPHLPP2 overexpression (Figures 

2h and 2b) and retardation with knockdown (Figure 2d). 

This implicated immune elements, likely NK or B cells, 

in circPHLPP2-mediated effects. 

Similar pro-tumorigenic effects occurred upon 

overexpressing circPhlpp2 in MC38 (MSI-high CRC) 

cells implanted into immunocompetent C57BL/6 mice 

(Figures 2i and 2e; stable lines in Figure 1e). In the 

CT26 (MSS CRC) model [26], overexpression trended 

toward faster growth, achieving significance in terminal 

tumor mass (Figures 2j and 2f). Knockdown of 

circPhlpp2 in MC38 or CT26 cells (Figure 1f) robustly 

curtailed tumor expansion (Figures 2g-h) and improved 

survival in hosts (Figures 2k-l). 

These findings collectively demonstrate that circPHLPP2 

fosters CRC progression predominantly via alterations in 

the tumor-immune interface. 

 

 

   

a) b) c) 

   

d) e) f) 
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g) h) 

  

i) j) 

  

k) l) 

Figure 2. CircPHLPP2 enhances colorectal cancer (CRC) cell proliferation in vivo. 

a-d In vitro proliferation of CRC cells with circPHLPP2 

overexpression or knockdown, assessed via MTS assay. 

e-f Colony formation capacity of CRC cells following 

circPHLPP2 overexpression. g Tumor volume and 

weight in NSG mice subcutaneously implanted with 

HCT116 cells stably overexpressing circPHLPP2 (n = 8). 

h Tumor volume and weight in BALB/c nude mice 

subcutaneously implanted with HCT116 cells stably 

overexpressing circPHLPP2 (n = 6). i Tumor volume and 

weight in C57BL/6 mice subcutaneously implanted with 

MC38 cells stably overexpressing circPhlpp2 (n = 7). j 

Tumor volume and weight in BALB/c mice 

subcutaneously implanted with CT26 cells stably 

overexpressing circPhlpp2 (n = 7). k-l Kaplan–Meier 

survival curves for mice bearing MC38 tumors (n = 8) or 

CT26 tumors (n = 7) (log-rank test). 

Statistical tests: two-way ANOVA for data in a-d and left 

panels of g-j; Student’s t-test for e-f and right panels of 

g-j. Significance: *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. 

 

CircPHLPP2 facilitates tumor progression through 

suppression of NK cell infiltration and reduction of 

granzyme B and IFN-γ production by NK cells 

To investigate how circPHLPP2 affects immune cell 

composition within tumors, harvested tumors underwent 

multicolor flow cytometry. Results demonstrated that 

circPhlpp2 knockdown in both MC38 and CT26 models 

substantially increased the percentage of tumor-
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infiltrating NK cells (Figures 3a-b). In MC38 tumors, 

circPhlpp2 knockdown also altered B cell proportions, an 

effect absent in CT26 tumors (Figure 3c). No notable 

changes were detected in other immune subsets (Figures 

4a-b), pointing to a specific influence of circPhlpp2 on 

NK cell recruitment. 

As key players in innate anti-tumor immunity, NK cells 

provide early defense against malignancy. Additional 

flow cytometry revealed that circPhlpp2 knockdown 

elevated NK cell frequencies not only within tumors but 

also in peripheral blood (Figure 3d). This indicates a 

broader systemic effect, whereby circPhlpp2 restricts NK 

cell availability in circulation, thereby limiting their 

infiltration into the tumor microenvironment (TME). 

Immunohistochemistry (IHC) further confirmed 

enhanced NK cell presence in tumors following 

circPhlpp2 knockdown (Figure 3e). Moreover, 

knockdown increased production of the cytotoxic 

effectors granzyme B and IFN-γ by tumor-infiltrating 

NK cells (Figures 3f-g), showing that circPhlpp2 

dampens NK cell cytotoxic function. 

To determine whether the pro-tumorigenic effects of 

circPhlpp2 depend on NK cells, NK depletion was 

performed prior to tumor implantation using anti-Asialo-

GM1 or anti-NK1.1 antibodies (Figure 4c). NK cell 

depletion largely abrogated the growth inhibition caused 

by circPhlpp2 knockdown (Figures 3h and 4d). The 

partial rescue observed in MC38 models suggests 

additional NK-independent mechanisms may also 

contribute to circPhlpp2-driven tumor promotion 

(Figure 3h). 

Overall, in both MSI-H and MSS CRC models, 

circPhlpp2 promotes immune escape by limiting NK cell 

infiltration and impairing their production of cytotoxic 

cytokines, thereby supporting tumor expansion. In 

contrast, reducing circPhlpp2 levels boosts NK cell 

tumor infiltration and enhances granzyme B and IFN-γ 

expression, strengthening anti-tumor immunity. 

 

 

  
a) b) 

  

c) d) 
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e) f) g) 

 
h) 

Figure 3. CircPHLPP2 diminishes NK cell frequency and lowers granzyme B plus IFN-γ levels in NK cells. 

a-b Flow cytometry results for NK cells in tumors grown 

in C57BL/6 mice (a) or BALB/c mice (b): example 

gating plots (left) and pooled percentage data (right) for 

control versus circPhlpp2-depleted tumors (n=6). c 

Proportion of B cells detected by flow cytometry in 

tumors from C57BL/6 mice (left) or BALB/c mice (right) 

with or without circPhlpp2 depletion (n=6). d Analysis 

of circulating NK cells in blood from tumor-bearing 

C57BL/6 mice: typical flow plots (left) and compiled 

quantification (right) comparing knockdown and control 

conditions (n=5). e Typical immunohistochemistry 

images showing NKp46-positive NK cells in C57BL/6 

mouse tumors with or without circPhlpp2 knockdown; 

scale bar represents 400 μm. f-g Levels of granzyme B 

(f) and IFN-γ (g) produced by tumor-resident NK cells 

from C57BL/6 mice, with or without circPhlpp2 

knockdown (n=6). i Tumor growth trajectories, endpoint 

masses, and photographic examples of syngeneic grafts 

in C57BL/6 mice with or without NK cell depletion (n=5) 

(left panel: two-way ANOVA; middle panel: one-way 

ANOVA). 

Statistics applied: Student’s t-test for panels a-d and f-g. 

Significance indicated as **P<0.01, ***P<0.001, 

****P<0.0001. 

 

IL36γ serves as an important effector molecule 

downstream of circPHLPP2 

To identify genes regulated by circPHLPP2, 

transcriptome profiling via RNA sequencing was carried 

out in HCT116 cells transduced with either circPHLPP2-

overexpressing or control lentivirus. Enrichment analysis 

using KEGG pathways highlighted significant 

engagement of circPHLPP2 in cytokine–cytokine 

receptor signaling (Figure 4a). Key genes showing 

differential expression—such as IL36γ, CCL5, IFNE, 

and GDF7—mapped predominantly to this pathway 

(Figure 4b). 

Mining of TCGA colorectal cancer cohorts (COAD and 

READ) uncovered a strong inverse relationship between 

IL36γ levels and estimated NK cell abundance (Figure 

5a), positioning IL36γ as a plausible mediator for 

circPHLPP2’s effects. Since cytokines can profoundly 

influence the tumor milieu, expression of candidate 
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cytokines (IL36γ, CCL5, IFNE, GDF7) was assessed by 

RT-qPCR in stable circPHLPP2-overexpressing 

HCT116 and SW480 lines versus controls. Of these, 

IL36γ emerged as the only cytokine reliably induced 

across both cell types (Figure 4c). 

Protein analysis by western blot showed that raising 

circPHLPP2 boosted IL36γ abundance, while lowering it 

had the reverse effect in human colorectal cancer lines 

(Figures 4d-e). Parallel observations of increased IL36γ 

protein upon circPhlpp2 modulation were made in 

mouse-derived CRC cells (Figure 5b). Altogether, these 

data support a model in which circPHLPP2 drives 

upregulation of IL36γ at both mRNA and protein stages. 

 

 

 
 

a) b) 

 

 

c) d) 

 
 

e) f) 
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g) 

 

h) 

 

i) 

Figure 4. IL36γ functions as a key downstream target of circPHLPP2. 

a KEGG pathway enrichment results for differentially 

expressed mRNAs. Differentially expressed genes 

(DEGs) were determined using the limma R package 

with criteria of |log₂(fold change)| > 1 and P < 0.05. b 

Volcano plot displaying up- and down-regulated genes; 

genes belonging to the cytokine–cytokine receptor 

interaction pathway are highlighted. c Heatmap 

illustrating relative mRNA levels of selected cytokines, 

measured by RT-qPCR, in HCT116 and SW480 cells 

transduced with circPHLPP2 overexpression or control 

vector lentivirus (data normalized to vector control). d-e 

Western blot analysis of IL36γ protein in human CRC 

cells following circPHLPP2 overexpression (d) or 

knockdown (e). f Tumor growth curves (left) and final 
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tumor weights (right) of syngeneic allografts in C57BL/6 

mice implanted with MC38 cells modified for circPhlpp2 

overexpression alone or combined with IL36γ 

knockdown (n=5). g Tumor growth curves (left) and final 

tumor weights (right) in C57BL/6 mice implanted with 

MC38 cells modified for circPhlpp2 knockdown alone or 

combined with IL36γ overexpression (n=5). h Flow 

cytometry analysis of NK cell frequency in tumors: 

representative plots (left) and quantification (right) for 

circPhlpp2 knockdown alone or with IL36γ 

overexpression in C57BL/6 mice (n=5). i Granzyme B 

expression in tumor-infiltrating NK cells under 

circPhlpp2 knockdown alone or combined with IL36γ 

overexpression, assessed by flow cytometry (n=5). 

Statistical tests: two-way ANOVA for growth curves in 

f-g (left); one-way ANOVA for endpoint data in f-i 

(right). Significance: *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. 

Previous studies have documented elevated IL36γ 

expression in colorectal cancer tissues and its correlation 

with poorer patient outcomes. IL36γ is also known to 

drive production of multiple inflammatory factors that 

critically shape the tumor immune microenvironment 

[27]. Consistent with these reports, our analysis revealed 

that high IL36γ levels correlated with reduced overall 

survival in CRC patients (Figures 5c-d). Moreover, 

IL36γ overexpression accelerated MC38 tumor growth in 

vivo (Figure 5e) and decreased NK cell infiltration into 

the tumor bed (Figure 5f). Thus, IL36γ mirrors the 

tumor-promoting phenotype observed with circPHLPP2. 

To test whether IL36γ mediates circPHLPP2’s effects, 

rescue experiments were performed. Knocking down 

IL36γ markedly reversed the enhanced tumor growth 

induced by circPhlpp2 overexpression (Figures 4f and 

6c). Conversely, forced IL36γ expression largely restored 

tumor proliferation, reduced NK cell abundance, and 

lowered granzyme B and IFN-γ levels that had been 

altered by circPhlpp2 knockdown in MC38 cells 

(Figures 4g-I and 6d-f). These findings demonstrate that 

circPHLPP2 promotes CRC progression primarily 

through upregulation of IL36γ. 

 

CircPHLPP2 enhances IL36γ transcription via 

interaction with ILF3 

To elucidate the mechanism by which circPHLPP2 

regulates IL36γ expression, potential modes of action 

were examined. The CircInteractome database predicts 

numerous miRNA-binding sites on circPHLPP2 but no 

association with AGO2, the core component that directs 

miRNAs to target mRNAs [28]. This led to the 

hypothesis that circPHLPP2 acts through protein 

interactions. 

MS2-tagged RNA pull-down assays were employed to 

identify circPHLPP2-binding proteins. Successful 

enrichment of the bait protein MCP-GST (Figure 7a) and 

high recovery of circPHLPP2 (Figure 7b) confirmed 

assay specificity. Mass spectrometry ranked HNRNPC 

highest; however, given its known broad role in circRNA 

biogenesis rather than specific functional binding, focus 

shifted to lower-ranked candidates. FISH assays tested 

the second-ranked ILF3 and third-ranked PABPC1. ILF3 

showed clear colocalization with circPHLPP2, and 

circPHLPP2 overexpression increased nuclear ILF3 

signal (Figure 5a). Co-transfection of MS2-tagged 

circPHLPP2 with MCP-GST strongly enriched ILF3 

relative to control (Figure 5b), and RNA 

immunoprecipitation (RIP) with anti-ILF3 antibody 

specifically pulled down circPHLPP2 in CRC cells 

(Figure 5c). These results establish a direct interaction 

between circPHLPP2 and ILF3. The ILF3 peptide 

spectrum from mass spectrometry is presented in Figure 

5d. Subcellular fractionation further confirmed elevated 

nuclear ILF3 protein upon circPHLPP2 overexpression 

(Figure 5e). 
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h) i) 

 
j) 

Figure 5. CircPHLPP2 promotes IL36γ transcription through direct interaction with ILF3. 

a Combined RNA-FISH (for circPHLPP2) and 

immunofluorescence (for ILF3 or PABPC1) showing 

colocalization in HCT116 cells; scale bar = 10 μm. b 

MS2-based RNA pull-down assay demonstrating 

specific binding of ILF3 to circPHLPP2. c RNA 

immunoprecipitation (RIP) using anti-ILF3 antibody or 

IgG control in HCT116 and SW480 cells, followed by 

RT-qPCR to quantify enriched circPHLPP2. d Mass 

spectrometry identification of ILF3 as a circPHLPP2-

interacting protein. e Western blot detection of ILF3 

protein in cytoplasmic and nuclear fractions of HCT116 

and SW480 cells with or without circPHLPP2 

overexpression. f Co-immunoprecipitation (Co-IP) 

followed by western blotting to assess ILF3 interaction 

with exportin-5 in control versus circPHLPP2-

overexpressing HCT116 cells. g RT-qPCR measurement 

of IL36γ mRNA in HCT116 and SW480 cells after 

transfection with two independent ILF3-targeting 

siRNAs (si-ILF3#1, si-ILF3#2) or negative control 

siRNA. h Luciferase reporter assay (firefly/renilla ratio) 

in HCT116 and SW480 cells co-transfected with an 

IL36γ promoter-driven luciferase construct and either 

ILF3 overexpression plasmid or empty vector. i-j RT-

qPCR analysis of IL36γ mRNA levels in HCT116 (i) and 

SW480 (j) cells subjected to circPHLPP2 overexpression 

alone or combined with ILF3 knockdown. 

Statistical tests: Student’s t-test for data in c and h; one-

way ANOVA for g, i, and j. Significance: ***P < 0.001, 

****P < 0.0001. 
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ILF3 (also referred to as NF90/NF110) is a double-

stranded RNA-binding protein that forms complexes 

with various proteins, mRNAs, small non-coding RNAs, 

and dsRNAs to control gene expression and mRNA 

stability [29]. Its functional roles are closely linked to 

subcellular localization [30]. As a nucleocytoplasmic 

shuttling protein, ILF3 export to the cytoplasm relies on 

exportin-5, which fails to transport ILF3 when it is bound 

to RNA [31]. Prior work has shown that circRNA–ILF3 

complexes can alter ILF3 localization and modulate host 

immune responses [32]. We therefore hypothesized that 

circPHLPP2 binds ILF3 competitively, reducing its 

association with exportin-5 and leading to nuclear 

retention of ILF3. Co-IP experiments confirmed that 

circPHLPP2 overexpression disrupted the ILF3–

exportin-5 interaction, supporting this model (Figure 5f). 

ILF3 contains a nuclear localization signal, two dsRNA-

binding domains (dsRBDs), an RGG motif, and a 

glycine/arginine-rich C-terminal region [33]. Exportin-5 

binds the dsRBDs of ILF3, and dsRNA occupancy of this 

region blocks exportin-5 binding [31]. We posited that 

circPHLPP2 engages the dsRBDs, thereby preventing 

exportin-5 interaction. GST pull-down assays 

demonstrated loss of circPHLPP2 binding to a dsRBD-

deleted ILF3 mutant (ILF3 △d), validating this 

mechanism (Figure 7c). 

Given the nuclear colocalization of circPHLPP2 and 

ILF3, we investigated whether ILF3 directly controls 

IL36γ transcription. Two independent siRNAs efficiently 

reduced ILF3 mRNA (Figure 7d) and consequently 

lowered IL36γ expression in CRC cells (Figure 5g). An 

IL36γ promoter luciferase reporter assay revealed that 

ILF3 overexpression significantly enhanced luciferase 

activity (Figure 5h), confirming ILF3 as a positive 

transcriptional regulator of IL36γ. Importantly, ILF3 

depletion largely abolished the IL36γ induction triggered 

by circPHLPP2 overexpression (Figures 5i-j), 

establishing that circPHLPP2-driven IL36γ upregulation 

requires ILF3. These collective findings indicate that 

circPHLPP2 boosts IL36γ transcription via physical 

association with ILF3. 

 

Depletion of circPhlpp2 improves anti-PD-1 therapeutic 

response in vivo 

Our data established that circPhlpp2 drives CRC growth 

in vivo, suppresses NK cell activity, and dampens 

antitumor immunity. We next examined whether 

targeting circPhlpp2 could enhance anti-PD-1 

immunotherapy. Tumor progression was monitored in 

immunocompetent mouse models treated with 

circPhlpp2 knockdown, anti-PD-1 antibody, or both. 

In the MC38 model (MSI-H CRC, highly 

immunotherapy-sensitive [34]), anti-PD-1 monotherapy 

slowed tumor growth, but circPhlpp2 knockdown alone 

achieved stronger inhibition (Figures 6a-c). In the CT26 

model (MSS CRC, typically immunotherapy-resistant 

[35]), anti-PD-1 had minimal effect, whereas circPhlpp2 

knockdown showed a modest suppressive trend (Figures 

6d-f). Notably, combining anti-PD-1 with circPhlpp2 

knockdown yielded superior tumor control compared to 

anti-PD-1 alone in both models, particularly evident in 

tumor volume reduction (Figures 6a and 6d). These 

results demonstrate that circPhlpp2 depletion 

substantially sensitizes tumors to PD-1 blockade, 

augmenting anti-PD-1 efficacy. 

 

 

  
 

a) b) c) 
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d) e) f) 

 
g) 

Figure 6. Silencing of circPHLPP2 improves the effectiveness of anti-PD-1 immunotherapy in animal models. 

a-c Tumor growth curves (volume) (a) and final tumor 

weights (b) from subcutaneous allografts in C57BL/6 

mice implanted with MC38 cells, either control or with 

circPhlpp2 knockdown. Following anti-PD-1 antibody 

administration, excised tumors were imaged (c) (n = 7 per 

group). d-f Tumor growth curves (volume) (d) and final 

tumor weights (e) from subcutaneous allografts in 

BALB/c mice implanted with CT26 cells, either control 

or with circPhlpp2 knockdown. Following anti-PD-1 

antibody administration, excised tumors were imaged (f) 

(n = 6 per group). g Illustrative model showing how 

circPHLPP2 drives colorectal cancer (CRC) progression 

by binding to ILF3, thereby increasing IL36γ expression. 

This leads to decreased natural killer (NK) cell tumor 

infiltration and reduced granzyme B and IFN-γ 

production by NK cells. Inhibiting circPHLPP2 could 

potentially boost the therapeutic impact of anti-PD-1 

treatment in CRC patients (created using Figdraw). 

Statistical analysis: Data in panels a and d were evaluated 

using two-way ANOVA. Data in panels b and e were 

evaluated using one-way ANOVA. Significance levels: 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

Cancer immunotherapy has recently demonstrated 

notable antitumor effects across various tumor types, 

including colorectal cancer (CRC). Nonetheless, immune 

therapy resistance remains a major challenge, 

particularly in CRC patients with MSS/pMMR status 

[36]. Emerging evidence indicates that circular RNAs 

(circRNAs) contribute to tumor progression [37], and 

some circRNAs have been linked to the response to anti-

PD-1 therapy [38]. Investigating circRNAs that modulate 

the immune microenvironment may provide valuable 
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insights into predictive biomarkers for immunotherapy 

and identify potential therapeutic targets. In this study, 

we identified circPHLPP2 as being associated with anti-

PD-1 responsiveness in MSS/pMMR advanced CRC 

patients and, for the first time, elucidated its functional 

mechanism in immune evasion. Furthermore, we 

proposed a strategy to potentially enhance anti-PD-1 

therapy efficacy in CRC. 

By analyzing circPHLPP2 expression in a cohort of CRC 

patients receiving anti-PD-1-based treatment, we found 

that circPHLPP2 levels were significantly higher in CRC 

tissues compared to adjacent normal tissues and were 

particularly elevated in patients resistant to anti-PD-1 

therapy. Patients with high circPHLPP2 expression also 

exhibited poorer overall survival, suggesting that 

circPHLPP2 may act as a tumor-promoting factor. 

Subsequent functional studies revealed that circPHLPP2 

did not affect CRC cell proliferation in vitro but 

promoted tumor growth in both nude and 

immunocompetent mice, indicating its involvement in 

tumor–immune cell interactions. Specifically, 

circPHLPP2 reduced NK cell abundance in peripheral 

blood and tumor infiltration, along with decreased 

granzyme B and IFN-γ expression, facilitating immune 

evasion. Considering NK cells’ cytotoxic activity via 

ADCC and other mechanisms, further research is 

warranted to investigate circPHLPP2’s broader effects on 

NK cell function. Although T cells are the primary 

mediators of checkpoint inhibitor efficacy, CTLA-4 or 

PD-1 blockade can also enhance NK cell-mediated 

antitumor responses [39]. Prior studies have shown that 

circUHRF1 drives anti-PD-1 resistance in HCC by 

impairing NK cell function [40]. Together, these findings 

suggest that circPHLPP2 contributes to anti-PD-1 

resistance in MSS/pMMR advanced CRC by modulating 

NK cells, and its inhibition can improve therapy 

outcomes, making it a promising therapeutic target. 

Previous research has demonstrated that circRNAs can 

regulate immune activation or tolerance by modulating 

cytokines and chemokines. For instance, circCYP24A1 

can influence the tumor microenvironment through 

CCL5 secretion [41]. In this study, we found that 

circPHLPP2 participates in the cytokine–cytokine 

receptor interaction pathway, with IL36γ acting as a 

downstream effector. IL36γ has been implicated in tumor 

progression and metastasis in multiple cancers; for 

example, it promotes non-small cell lung cancer 

progression by enhancing GSH biogenesis and 

mitigating oxidative stress-induced cell death [42]. 

Additionally, IL36γ contributes to colon inflammation 

and tumorigenesis by modulating cell-matrix adhesion 

and Wnt signaling [27]. In CRC, high IL-36α and IL-36β 

levels, or high IL-36α combined with low IL-36γ, 

correlate with better survival, highlighting their 

prognostic potential. These studies support the pro-

tumorigenic role of IL36γ, consistent with our 

observations. Notably, IL36γ’s role in immune regulation 

is context-dependent: it enhances antitumor immunity in 

melanoma by boosting IFN-γ production in CD8+ T cells 

and NK cells [43], while in colitis, it inhibits Treg 

differentiation and promotes Th9 polarization [44]. Our 

data show that, similar to circPHLPP2, IL36γ promotes 

CRC cell proliferation and reduces NK cell infiltration 

and effector molecule expression, and IL36γ 

overexpression can rescue the effects of circPHLPP2 

knockdown. These results suggest that circPHLPP2 

contributes to CRC progression partly through IL36γ 

secretion, with the impact of IL36γ varying according to 

tissue and disease context. 

CircRNAs can function as miRNA sponges, interact with 

RNA-binding proteins (RBPs), or potentially encode 

peptides, with their roles depending on subcellular 

localization [45]. Nuclear circRNAs, for instance, 

regulate transcription, alternative splicing, and chromatin 

looping [37]. In our study, FISH analysis revealed that 

circPHLPP2 is primarily nuclear and directly binds ILF3, 

promoting its nuclear accumulation. ILF3 nuclear export 

requires binding to exportin-5, which can be inhibited by 

RNA interactions [31]. We demonstrated that 

circPHLPP2 binding reduces ILF3–exportin-5 

interaction, increasing nuclear ILF3 levels. ILF3 is 

known to influence cancer pathogenesis, progression, 

drug resistance, and prognosis [29, 46, 47] and can 

regulate transcription, translation, mRNA stability, and 

microRNA processing [48, 49]. Within the nucleus, ILF3 

controls transcription of genes such as TGF-β2 and uPA 

[46, 50]. Our results show that ILF3 enhances IL36 

transcription, and circPHLPP2 facilitates ILF3 nuclear 

accumulation, leading to elevated IL36γ expression. 

This study has several limitations. First, the sample size 

is small, and validation in larger patient cohorts is 

needed. Second, the precise mechanisms by which IL36γ 

modulates NK cell infiltration and function remain 

unclear and require further investigation. Third, mouse 

models cannot fully recapitulate the human tumor 

immune microenvironment; thus, studies using 

humanized mouse models are warranted to confirm these 

findings. 
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Conclusion 

In summary, circPHLPP2 drives CRC progression by 

reshaping the tumor microenvironment. Mechanistically, 

circPHLPP2 promotes CRC cell growth by upregulating 

IL36γ via its interaction with ILF3, which in turn 

diminishes NK cell infiltration and decreases NK cell 

granzyme B and IFN-γ expression (Figure 6g). 

Therefore, targeting circPHLPP2 could improve the 

therapeutic response to anti-PD-1 treatment in CRC 

patients. 
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