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Circular RNA circPHLPP2 promotes 
tumor growth and anti-PD-1 resistance 
through binding ILF3 to regulate IL36γ 
transcription in colorectal cancer
Yan Hu1†, Ze‑Rong Cai1†, Ren‑Ze Huang1†, De‑Shen Wang1, Huai‑Qiang Ju1 and Dong‑Liang  Chen1* 

Abstract 

Background Most Colorectal Cancer (CRC) patients exhibit limited responsiveness to anti‑programmed cell death 
protein 1 (PD‑1) therapy, with the underlying mechanisms remaining elusive. Circular RNAs (circRNAs) play a signifi‑
cant role in tumorigenesis and development, with potential applications in tumor screening and predicting treatment 
efficacy. However, there are few studies exploring the role of circRNAs in CRC immune evasion.

Methods circRNA microarrays were used to identify circPHLPP2. RT‑qPCR was used to examine the associations 
between the expression level of circPHLPP2 and the clinical characteristics of CRC patients. MTS assay, clone forma‑
tion experiment, subcutaneous tumor implantation and multicolor flow cytometry were used to confirm the biologi‑
cal function of circPHLPP2. RAN‑seq, RT‑qPCR, and WB experiments were performed to investigate the downstream 
signaling pathways involved in circPHLPP2. RNA pull‑down, RNA immunoprecipitation (RIP) and immunofluorescence 
staining were performed to identify the proteins associated with circPHLPP2.

Results circPHLPP2 is up‑regulated in CRC patients who exhibit resistance to anti‑PD‑1 based therapy. circPHLPP2 
significantly promotes the proliferation and tumor growth of CRC cells. Knockdown of circPhlpp2 enhances the effi‑
cacy of anti‑PD‑1 in vivo. Mechanistically, the specific interaction between circPHLPP2 and ILF3 facilitates the nuclear 
accumulation of ILF3, which subsequently enhances the transcription of IL36γ. This process reduces NK cell infiltration 
and impairs NK cells’ granzyme B and IFN‑γ production, thereby promoting tumor progression.

Conclusions Overall, our findings reveal a novel mechanism by which circRNA regulates CRC immune evasion. 
circPHLPP2 may serve as a prognostic biomarker and potential therapeutic target for CRC patients.
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Background
Colorectal cancer (CRC) is the third most common 
malignant tumor and the second-leading cause of can-
cer-associated mortality worldwide [1]. The absence of 
effective treatments greatly affects the quality of life and 
survival rates of patients with advanced CRC [2]. Fortu-
nately, the emergence of immune checkpoint inhibitors 
(ICIs), including programmed cell death protein 1(PD-
1) inhibitors, has brought new hope for the treatment 
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of advanced CRC. As reported in the clinical studies, 
pembrolizumab monotherapy, a humanized monoclo-
nal anti-PD1 antibody, significantly improved survival 
in advanced CRC patients with microsatellite instability-
high/ deficient mismatch repair (MSI-H/ dMMR) [3]. 
However, CRC patients with microsatellite stable/ profi-
cient mismatch repair (MSS/ pMMR) could not benefit 
from ICI monotherapy [4], and this group represents the 
majority, comprising 95% of individuals diagnosed with 
CRC [5]. Encouragingly, the REGONIVO clinical trial 
showed promising results with the combination of anti-
PD-1 monoclonal antibody and tyrosine kinase inhibi-
tors (TKIs) in treating metastatic CRC with MSS/pMMR 
[6]. Currently, there is still a lack of biomarkers to predict 
the efficacy of anti-PD-1 antibodies in advanced CRC 
patients with MSS/pMMR. Thus, it is urgent to further 
explore the molecular mechanism of immunotherapy 
resistance, aiming at finding new predictive indicators 
and therapeutic targets. These efforts could be beneficial 
to more rational clinical management and improve the 
survival of patients with advanced CRC.

Circular RNAs (circRNAs) are covalently closed, sin-
gle-stranded RNA molecules that are ubiquitous and 
tissue-specific in humans [7]. Many pivotal circRNAs 
have been confirmed to be significantly dysregulated 
in tissues, cells, blood and exosomes of CRC, and are 
widely involved in the occurrence, metastasis or chemo-
therapy resistance of CRC [8, 9]. Notably, recent studies 
showed that circRNAs are involved in the regulation of 
tumor microenvironment and immune escape of tumor 
cells [10, 11]. For instance, CircCCAR1 deriving from 
exosomes promotes CD8 + T-cell dysfunction by stabiliz-
ing the PD-1 protein, thus leading to anti-PD1 resistance 
in hepatocellular carcinoma [12]. CircDLG1 promotes 
progression and resistance to anti-PD-1-based therapy 
of gastric cancer by increasing the expression of CXCL12 
[13]. Nevertheless, the relationship between circRNAs 
and immunotherapy resistance of CRC has not yet been 
thoroughly explored. Besides, since the stabilization and 
the capacity to be detected in body fluids, circRNAs have 
the potential to be used as biomarkers for predicting the 
efficacy of anti-PD-1 therapy. In general, identification of 
circRNAs that function as key molecules driving immune 
evasion and immunotherapy resistance in CRC deserves 
investigation.

Acting as innate immune cells, natural killer (NK) cells 
can recognize tumor cells without sensitization [14]. 
NK cells could not only directly kill tumor cells through 
perforin or antibody-dependent cell-mediated cytotox-
icity (ADCC), but also recruit and activate T cells by 
secreting cytokines and chemokines, thus participating 
in adaptive immunity [15, 16]. However, tumors could 
avoid being recognized and attacked by NK cells through 

several strategies [17], such as upregulating inhibitory 
receptors on the surface of NK cells, including PD-1. 
The blockade of PD-1 and PD-L1 elicited a strong NK 
cell response, indicating that NK cells were indispensa-
ble for the full therapeutic effect of immunotherapy [18]. 
Additionally, studies showed that numerous NK cells in 
the circulation or tumor tissues are negatively associ-
ated with tumor metastasis and poor prognosis in many 
cancers, including CRC [17, 19]. Although NK cells are 
recognized as crucial elements of multipronged immu-
notherapeutic strategies for cancer treatment [20], the 
underlying mechanisms contributing to anti-PD-1 resist-
ance in CRC, particularly concerning NK cells, remain 
elusive.

Here, we identified that the highly expressed 
circPHLPP2 in CRC tissues is associated with anti-PD-1 
resistance and poor survival in CRC. Mechanistically, 
circPHLPP2 up-regulates the transcription of IL36γ by 
binding ILF3, resulting in decreased infiltration of NK 
cells in tumor tissues and diminished production of gran-
zyme B and interferon-γ (IFN-γ) of NK cells. This process 
ultimately facilitates the progression of CRC. Impor-
tantly, we demonstrated the enhanced efficacy of anti-
PD-1 treatment in combination with the interference 
of circPhlpp2, highlighting circPHLPP2 as a promising 
biomarker and potential target for anti-PD-1 based CRC 
therapy.

Methods
Human tissues
For RNA microarray and real-time PCR analysis, fresh-
frozen tissues and paraffin-embedded tissues were 
obtained from metastatic MSS/pMMR CRC patients 
who underwent colonoscopy with biopsies or pallia-
tive operation and received PD-1 inhibitor treatment at 
Sun Yat-sen University Cancer Center between August 
2019 and October 2022. Response rates were determined 
based on the RECIST 1.1 guideline. Overall survival 
(OS) was assessed from the start of anti-PD-1 antibody 
treatment to the date of death from any cause or last 
contact. For immunohistochemical (IHC) staining, 381 
cases of formalin-fixed paraffin-embedded CRC tissues 
along with the available clinicopathological informa-
tion were obtained from Sun Yat-sen University Cancer 
Center between January 2007 and December 2012 with 
informed consent and agreement. OS was assessed from 
the date of surgery to the date of death from any cause or 
last contact.

CircRNA microarray assays
In order to identify circRNAs that may play a role in the 
resistance to anti-PD-1 therapy in MSS/pMMR CRC 
patients, a cohort of 8 patients who exhibited a positive 
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response to anti-PD-1 based treatment manifesting par-
tial response (PR), and 10 patients who did not respond 
to anti-PD-1 based therapy manifesting progressive dis-
ease (PD) were chosen for circRNA microarray analysis, 
encompassing primary tissues as well as adjacent normal 
tissues.

All sample preparation and microarray hybridization 
were performed according to the protocols of Arraystar 
(Rockville, MD, USA). Briefly, circRNAs were enriched 
by removing linear RNAs with Rnase R. The enriched 
circRNAs were then amplified and transcribed into flu-
orescent cRNA with a random priming method (Array-
star Super RNA Labeling Kit). The labeled cRNAs were 
hybridized onto Human circRNA Array V2 (8 × 15 k, 
Arraystar). Finally, the arrays were scanned by the Agi-
lent Scanner G2505C and analyzed with Agilent Feature 
Extraction software (version 11.0.1.1). Quantile nor-
malization and subsequent data analysis were conducted 
using R software.

Plasmid and cell transfection
Hsa_circ_0003681 (human circPHLPP2) overexpres-
sion vector (using pLC5-ciR vector) was constructed by 
GeneSeed (Guangzhou, China), EIF4A3 overexpression 
vector (using pLVXvector) was constructed by Tsingke 
Biotech (Beijing, China). Small interfering RNAs (siR-
NAs) for EIF4A3, HNRNPC, U2AF2 and their negative 
controls were synthesized by Genecefe (Jiangsu, China), 
si-ILF3 and si-NC were synthesized by Public Protein/
Plasmid Library (Nanjing, China). Short hairpin RNAs 
(shRNAs) for hsa_circ_0003681, mmu_circ_0014549 
(mouse circPhlpp2), mouse IL36γ and their negative con-
trols were synthesized by GeneChem (Shanghai, China). 
The mmu_circ_0014549 lentivirus and control lentivirus 
were constructed by GenePharma (Shanghai, China). The 
sequences are listed in Table  S1. Cell transfections and 
lentiviral transductions were conducted according to the 
manufacturer’s instructions and the reference [21].

Immunohistochemistry (IHC) assays
IHC assays were performed using standard methods 
as previously reported [22]. Paraffin-embedded tissue 
sections underwent deparaffinization and rehydration, 
followed by inhibition of endogenous peroxidase activ-
ity using 3%  H2O2 for 10  min. Antigen retrieval was 
achieved by subjecting the sections to a pressure cooker 
with either sodium citrate buffer or EDTA at a sub-boil-
ing temperature for 10 min. Subsequently, samples were 
blocked with 10% FBS for 1  h at room temperature to 
minimize nonspecific binding, incubated with primary 
antibody overnight at 4 °C, and then exposed to a bioti-
nylated secondary antibody for 1 h at room temperature. 
The following antibodies were used: anti-IL36γ (1:200, 

Abclonal), anti-NKp46 (3  µg/mL, R&D). Nuclear coun-
terstain was done using hematoxylin. The stained sec-
tions were assessed and graded individually according 
to their intensity levels: 0 (absent), 1 (low), 2 (moderate), 
and 3 (high). The cumulative score was calculated by 
multiplying the intensity grades of staining with the pro-
portion of cells exhibiting positive staining.

Flow cytometry
Lysates were prepared with serum-free RPIM 1640, col-
lagenase IV (0.2  mg/ml, Sigma-Aldrich) and DNase I 
(0.05 mg/ml, Roche), and then added to the tissue sam-
ples. Gentle ACS Octo Dissociator (Mitenyi G8H, Ger-
many) was used to prepare single cell suspensions from 
tissues. Immune cells were isolated by Percoll gradient, 
and then stained with zombie (1:500, Biolegend) and 
surface markers (1:200). For intracellular protein stain-
ing, cells were stimulated with Cell Stimulation Cocktail 
(eBioscience) for 4  h prior and stained by intracellular 
markers (1:100). The antibodies utilized were listed in 
Table S3. Flow cytometry was performed on the CytoFlex 
(BD Biosciences, America) and analyzed using FlowJo 
V10 (FlowJo LLC).

RNA immunoprecipitation (RIP) assays
Magna RNA-binding protein immunoprecipitation kits 
(Millipore) were applied for RIP assays. Magnetic beads 
and antibodies were incubated at room temperature for 
30 min in advance for conjunction. Anti-ILF3 (5 µg, Pro-
teintech) and anti-EIF4A3 antibody (5  µg, Proteintech) 
were utilized in this study. IgG was used as a negative 
control. The cells were centrifuged and then lysed in an 
RIP buffer supplemented with a protease inhibitor cock-
tail and RNase inhibitor. The cell lysates were incubated 
with magnetic beads and rotated at 4 °C overnight. RNA 
was extracted from immobilized magnetic bead-bound 
complexes and subjected to RT-qPCR. RNA levels were 
normalized to the input.

GST pull‑down assays
The RNA-binding proteins (RBPs) associated with 
circPHLPP2 were determined by using a circRNA 
pull-down assay with MS2-capturing protein [23]. The 
co-transfection of MS2-circPHLPP2 plasmid or MS2 
plasmid and MS2-MCP-GST plasmid were conducted 
using lipo3000. The plasmid utilized in this experimental 
system was synthesized by GeneChem (Shanghai, China). 
Forty-eight hours after transfection, cells were lysed in 
RIPA buffer. Then the circPHLPP2-MS2-MCP-GST com-
plex was purified by incubating crude lysates with glu-
tathione Sepharose 4B (ThermoFisher). Subsequently, the 
captured products could be used for RT-qPCR, western 
blotting or mass spectrometry analyses as needed.
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Fluorescence in situ hybridization (FISH) assay 
and immunofluorescence staining
FISH assays were performed using FISH probe reac-
tion buffer (SA-Biotin system, GenePharma, Shanghai, 
China). Cy3-labeled circPHLPP2 probes were designed 
by GenePharma (Shanghai, China). HCT116 cells were 
fixed, permeabilized, and prehybridized. Subsequently, 
cells were then incubated with Cy3- labeled circPHLPP2 
probes in hybridization mix overnight at 37  °C. After 
six washes using Buffer C, the cells were incubated with 
the blocking buffer (PBS containing 1%BSA and 0.05% 
TritonX-100) for 30  min at room temperature. Subse-
quently, the cells were incubated with primary antibody 
(1:100 dilution) for 1  h at room temperature, followed 
by incubation with Alexa Fluor 488 conjugated second-
ary antibodies (1:500, Invitrogen) for 45 min at 37 °C and 
DAPI (1:1000, GenePharma) for 15  min at room tem-
perature. Confocal images were obtained with LSM880 
(ZEISS, Germany).

In vivo tumorigenesis assays
NSG, BALB/c Nude, C57BL/6J and BALB/c mice were 
purchased from Vital River (Beijing, China). To gener-
ate subcutaneous tumor models, CRC cells (1.5 ×  106 
MC38; 5 ×  105 CT26; 5 ×  106 HCT116 or RKO) were 
injected subcutaneously into the right flanks of 6-week-
old mice. Tumor volumes (V =  width2 ×length/2) were 
measured every 3 days after 1 week of transplantation. 
Subcutaneous tumor tissues and blood were collected 
for flow cytometry analysis when the tumor volumes 
reached approximately 200  mm3. For drug treatment, 
when the tumor volumes reached 100  mm3, each mouse 
received 50 µg anti-PD-1 (BioXcell) or an equal volume 
of PBS every 3 days via i.p. injection. For NK cell deple-
tion, 100µL anti-asialo-GM1 (Cell Biolabs) was injected 
i.p. into BALB/c mice once a week. 75  µg anti-NK1.1 
(BioXcell) was injected into C57BL/6J mice through the 
tail vein one time every 3 days. All depletion treatments 

were initiated one day before tumor inoculation. Mice 
were euthanized when ethically defined endpoints had 
been reached. Subcutaneous tumor tissues were weighed 
and photographed, followed by being embedded in paraf-
fin and sliced.

Statistical analysis
GraphPad Prism 9.0 software and SPSS 25.0 software 
were used for statistical analysis. Student’s t-tests and 
chi-square tests were used for the comparison between 
two groups and multiple groups, respectively. Survival 
curves were plotted using the Kaplan-Meier method and 
the significance was assessed using the log-rank test. In 
this article, * represents P < 0.05; ** represents P < 0.01; 
*** represents P < 0.001; **** represents P < 0.0001. All of 
them represent significant differences.

Results
High‑level circPHLPP2 is associated with poor outcomes 
in anti‑PD‑1 resistant CRC patients
To identify circular RNAs correlated with the effective-
ness of anti-PD-1 therapy in CRC patients with MSS/
pMMR status, we performed a circRNA microarray anal-
ysis on 18 paired tissues (primary tissues and adjacent 
normal tissues) from MSS/pMMR CRC patients who 
were treated with anti-PD-1 based therapy. Among these 
patients, 10 participants exhibited PD by RECIST 1.1 [24] 
and were defined as patients resistant to anti-PD-1 ther-
apy, while 8 participants showed PR and were defined as 
patients responsive to anti-PD-1 therapy. The heatmap 
showed that 94 circRNAs were significantly up-regu-
lated in anti-PD-1 resistant tissues (Fig.  1a, Additional 
file  4), and 65 circRNAs were significantly up-regulated 
in tumor tissues as compared to normal tissues (Fig. 1b, 
Additional file 5). From the overlap of these two groups, 
we obtained a circRNA, namely hsa_circ_0003681, 
which is derived from PHLPP2, thus we designated it 
as circPHLPP2, whose biological function has not yet 

Fig. 1 circRNA expression profiles in MSS/pMMR CRC and characterization of circPHLPP2. a Heatmap of circRNA expression in MSS/pMMR 
CRC tumor tissues resistant (n = 10) or responsive (n = 8) to anti‑PD‑1 therapy. b Heatmap of circRNA expression in MSS/pMMR CRC tumor 
tissues (n = 18) and paired adjacent normal tissues (n = 18), cut off is Log2 (Fold change) > 1 or < − 1, P value < 0.05. c A Venn diagram illustrating 
the overlapping circRNAs that are up‑regulated in tissues resistant to anti‑PD‑1 therapy and in colorectal cancer tissues. d Relative expression 
of circPHLPP2 in tissues resistant (n = 20) and responsive to anti‑PD‑1 therapy (n = 47) detected by RT‑qPCR. e Relative expression of circPHLPP2 
in primary CRC tissues and paired adjacent normal tissues measured by RT‑qPCR (n = 67). f Kaplan–Meier analysis of overall survival in CRC patients 
with different circPHLPP2 expression levels (n = 67, log‑rank test). g Schematic illustration of circPHLPP2 formation. h The backsplice junction site 
of circPHLPP2 was identified by Sanger sequencing. i The existence of circPHLPP2 was validated in HCT116 and MC38 cell lines by RT‑qPCR and gel 
electrophoresis. j The relative RNA levels of circPHLPP2 and mPHLPP2 in reverse transcription experiments using Random hexamers or oligo 
(dT)18 primers. k Resistance of circPHLPP2 and mPHLPP2 to digestion with RNase R was detected by RT‑qPCR. l RNA abundance of circPHLPP2 
and mPHLPP2 treated with Actinomycin D (2 µg/ml) was detected by RT‑qPCR. m The intracellular localization of circPHLPP2 was detected 
by RNA cytoplasm/ nucleus fractionation assay. n The intracellular localization of circPHLPP2 was detected by FISH in HCT116 cells. Nuclei were 
stained with DAPI. Data in d, e, j and k were calculated by Student’s t test. Data in l were calculated by two‑way ANOVA test. **P < 0.01, ***P < 0.001, 
****P < 0.0001

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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been reported (Fig.  1c). We next analyzed the relation-
ship between circPHLPP2 and the clinical features and 
prognosis in 67 CRC patients who received anti-PD-1 
based treatment by RT-qPCR. The results showed that 
circPHLPP2 was significantly up-regulated in anti-PD-1 
resistant patients (Fig.  1d) as well as in CRC tissues 
compared to normal tissues (Fig. 1e), and the difference 
was statistically significant, indicating that the sequenc-
ing results were accurate and reliable. The patients were 
divided into two groups according to the median expres-
sion of circPHLPP2. Kaplan-Meier analysis showed that 
CRC patients with higher expression of circPHLPP2 had 
shorter overall survival and a worse prognosis (Fig. 1f ). In 
conclusion, these results demonstrated that circPHLPP2 
might play an important role in CRC progression and 
immune evasion.

Characteristics of circPHLPP2 in CRC cells
According to the circBase database (http:// www. circb ase. 
org/), circPHLPP2 is generated from the second and third 
exons of PHLPP2 gene located on chr16 (71736500–
71748704) with a length of 424 nt (Fig.  1g). The back-
splice junction site of circPHLPP2 was amplified using 
divergent primers and confirmed by Sanger sequencing 
(Fig. 1h). Moreover, PCR analysis indicated that divergent 
primers could amplify circPHLPP2 from complementary 
DNA (cDNA) but not from genomic DNA (gDNA), while 
convergent primers could amplify the linear isoform of 
PHLPP2 from both cDNA and gDNA in HCT116 cells 
and MC38 cells (Fig. 1i). In addition, circPHLPP2 could 
be amplified by random primers, but not oligo(dT)18 
primers (Fig. 1j), indicating that circPHLPP2 lacks a poly-
A tail. RNase R digestion assays showed that circPHLPP2 
was more resistant to RNase R digestion (a degrader of 
the linear RNA) than PHLPP2 mRNA (Fig. 1k). Actino-
mycin D (an inhibitor of transcription) treatment further 
showed that circPHLPP2 was more stable in compari-
son to PHLPP2 mRNA (Fig.  1l), which confirmed that 
circPHLPP2 harbors a stable closed-loop structure. 
Results of RNA cytosolic/nuclear fraction assay and FISH 
showed that circPHLPP2 was predominantly expressed 
and localized in the nucleus (Fig.  1m-n). Collectively, 

these results indicate that circPHLPP2 is a bona fide 
circRNA.

CircPHLPP2 promotes CRC progression in vivo
To study the role of circPHLPP2 in CRC progression, we 
constructed circPHLPP2 overexpression plasmid and siR-
NAs targeting the backsplice region of circPHLPP2 and 
confirmed circPHLPP2 was overexpressed or knocked 
down efficiently in CRC cells (Fig. S1a-b). In vitro MTS 
and colony formation assays indicated that overexpres-
sion or knockdown of circPHLPP2 did not influence the 
proliferation and colony formation ability of human CRC 
cells (Fig.  2a-f ). To investigate the role of circPHLPP2 
in vivo, human CRC cells stably overexpressing or knock-
ing down circPHLPP2 (Fig.  S1c-d) were inoculated into 
NSG mice subcutaneously. NSG mice are highly immu-
nodeficient, lacking mature T, B, and NK cells and unable 
to produce immunoglobulins [25]. The results showed 
that circPHLPP2 did not appear to impair xenograft 
growth of CRC cells in NSG (Fig.  2g and Fig.  S2a, c). 
Then we generated xenograft models using BALB/c Nude 
mice. Interestingly, up-regulation of circPHLPP2 signifi-
cantly enhanced the proliferation of CRC cells (Fig.  2h 
and Fig.  S2b), whereas down-regulation of circPHLPP2 
resulted in the opposite effect (Fig.  S2d). Nude mice 
exhibit a mutation in the Foxn1 gene located on chro-
mosome 11, leading to congenital thymic dysplasia and 
impairment of T cell functionality while B cells and a 
robust NK cell response are retained [26]. Therefore, 
circPHLPP2 demonstrated a potential role in promot-
ing tumorigenesis that could be associated with immune 
cells, specifically NK or B cells. Additionally, we subcuta-
neously inoculated MC38 (MSI-H CRC) with or without 
stable circPhlpp2 overexpression (Fig. S1e) into immuno-
competent C57 mice. The phenotypic outcomes were in 
alignment with the results exhibited in nude mice (Fig. 2i, 
Fig. S2e), suggesting that circPHLPP2 notably promoted 
the proliferation of CRC cells in  vivo. We next per-
formed the experiment in CT26 (MSS CRC) [27], while 
circPhlpp2 overexpression did not exhibit a statistically 
significant impact on the tumor growth curve, it did dem-
onstrate statistical significance in tumor weight (Fig.  2j 
and Fig. S2f ). Then, we constructed MC38 or CT26 cells 

(See figure on next page.)
Fig. 2 circPHLPP2 promotes proliferation of CRC cells in vivo. a‑d The proliferation of CRC cells with circPHLPP2 overexpression or knockdown 
measured by MTS assay. e‑f Colony formation assays for CRC cells with circPHLPP2 overexpression. g The volume and weight of tumor xenografts 
in NSG mice after subcutaneous inoculation with HCT116 cells stably overexpressing circPHLPP2 (n = 8). h The volume and weight of tumor 
xenografts in BALB/c Nude mice after subcutaneous inoculation with HCT116 cells stably overexpressing circPHLPP2 (n = 6). i The volume 
and weight of tumor allografts in C57 mice after subcutaneous inoculation with MC38 cells stably overexpressing circPhlpp2 (n = 7). j The volume 
and weight of tumor allografts in BALB/c mice after subcutaneous inoculation with CT26 cells stably overexpressing circPhlpp2 (n = 7). k‑l Kaplan–
Meier analysis of overall survival in MC38 tumor‑bearing mice (n = 8) and CT26 tumor‐bearing mice (n = 7) (log‑rank test). Data in a‑d and g‑j left 
were calculated by two‑way ANOVA test. Data in e‑f and g‑j right were calculated by Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

http://www.circbase.org/
http://www.circbase.org/
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Fig. 2 (See legend on previous page.)



Page 8 of 18Hu et al. Molecular Cancer          (2024) 23:272 

with circPhlpp2 stably knockdown (Fig.  S1f ) and found 
that circPhlpp2 knockdown drastically inhibited tumor 
proliferation (Fig. S2g-h) and significantly prolonged the 
survival of tumor-bearing mice (Fig.  2k-l). The above 
results indicated that circPHLPP2 promotes CRC cell 
proliferation by influencing immune microenvironment.

CircPHLPP2 promotes tumor progression by reducing 
NK cell infiltration and NK cells’ granzyme B and IFN‑γ 
production
To further elucidate the impact of circPHLPP2 on tumor-
infiltrating immune cells, tumors were gathered for 
multicolor flow analysis, the results revealed that knock-
down of circPhlpp2 in both MC38 and CT26 cell lines 
led to a significant increase in the proportion of NK cells 
(Fig. 3a-b). The knockdown of circPhlpp2 in MC38 cells 
influenced B cell proportion either, whereas this effect 
was not evident in CT26 cells (Fig. 3c). Besides, no sig-
nificant differences were observed in other immune cell 
populations (Fig.  S4a-b), which indicated a potential 
role of circPhlpp2 in modulating NK cell infiltration. NK 
cells play a crucial role in the innate immune response, 
serving as the initial defense mechanism in the body’s 
anti-cancer defense. Further flow analysis showed that 
knockdown of circPhlpp2 resulted in an elevated per-
centage of NK cells not only in tumor tissues but also 
in peripheral blood (Fig.  3d). This suggests a systemic 
regulatory role of circPhlpp2, which means circPhlpp2 
impacts the infiltration of NK cells in tumor immune 
microenvironment (TME) by reducing the proportion of 
NK cells in peripheral blood. IHC assay showed that the 
infiltration of NK cells in tissues increased after knock-
ing down circPhlpp2, which also validated our find-
ings (Fig.  3e). Besides, the knockdown of circPhlpp2 
increased the expression levels of cytotoxic cytokines 
including granzyme B and IFN-γ in tumor-infiltrating 
NK cells (Fig.  3f-g), indicating that circPhlpp2 impairs 
the cytotoxic cytokine production capability of NK cells. 
To test whether circPhlpp2’s role in promoting CRC cell 
growth relied on NK cells, we depleted NK cells using 
pre-treatment with an anti-Asialo-GM1 antibody or anti-
NK1.1 antibody before tumor cell inoculation (Fig. S4c). 

Depletion of NK cells significantly reversed the tumor 
suppressive phenotype induced by the knockdown of 
circPhlpp2. (Fig.  3h, Fig.  S4d). The incomplete reversal 
effects by NK cell depletion observed in MC38 tumor 
models suggested that there might be other mechanisms 
beyond NK cells that contribute to tumor proliferation 
induced by circPhlpp2 (Fig.  3h). In summary, whatever 
in MSI-H or MSS tumors, circPhlpp2 plays a crucial 
role in immune evasion by modulating NK cell infiltra-
tion and cytotoxic cytokines expression, consequently 
facilitating tumor growth. Conversely, down-regulation 
of circPhlpp2 expression leads to increased infiltration 
of NK cells and elevated expression levels of granzyme 
B and IFN-γ, thereby augmenting anti-tumor immune 
response.

IL36γ is a functional downstream mediator for circPHLPP2
To investigate the downstream molecular mechanisms 
regulated by circPHLPP2, we performed RNA-seq-based 
mRNA expression profiling on HCT116 cells infected 
with circPHLPP2 overexpression or vector lentivirus 
(Additional file  6). KEGG pathways enrichment analy-
sis indicated that circPHLPP2 was significantly involved 
in regulation of the cytokine-cytokine receptor interac-
tion pathway (Fig. 4a), and differentially expressed genes 
(DEGs) including IL36γ, CCL5, IFNE and GDF7 were 
enriched in this pathway (Fig.  4b). Then we evaluated 
the correlation between these cytokines and immune 
infiltrates using the TCGA-COAD and TCGA-READ 
datasets. The results showed a significant negative cor-
relation between IL36γ and NK cells (Fig. S5a), suggest-
ing that IL36γ may serve as a downstream effector of 
circPHLPP2. Considering that circPHLPP2 may regu-
late TME via cytokines, we performed RT-qPCR for a 
variety of cytokines including IL36γ, CCL5, IFNE, and 
GDF7 in HCT116 and SW480 cells stably overexpress-
ing circPHLPP2 and the control cells. The results indi-
cated that circPHLPP2 overexpression changed the 
mRNA levels of multiple cytokines, but only IL36γ was 
up-regulated in both HCT116 and SW480 cells (Fig. 4c). 
Moreover, western blot analysis demonstrated that over-
expression of circPHLPP2 increased the protein level of 

Fig. 3 circPHLPP2 reduces NK cell proportion and granzyme B and IFN‑γ expression. a‑b Representative plots (left) and summary data (right) 
of NK cells in the primary tumors with or without circPhlpp2 knockdown from C57 mice (a) or BALB/c mice (b) as determined by flow cytometry 
(n = 6). c Frequency of B cells in tumors with or without circPhlpp2 knockdown from C57 mice (left) or BALB/c mice (right) as determined by flow 
cytometry (n = 6). d Representative plots (left) and summary data (right) of NK cells in blood of C57 mice bearing tumors with or without circPhlpp2 
knockdown as determined by flow cytometry (n = 5). e Representative IHC images for NK cells (NKp46+) in tumors with or without circPhlpp2 
knockdown from C57 mice, scale bar = 400 μm. f‑g Expression levels of granzyme B (f ) and IFN‑γ (g) of NK cells in tumors with or without circPhlpp2 
knockdown from C57 mice (n = 6). i The volume, weight and images of tumor allografts in NK cell‑depleted C57 mice versus control C57 mice 
(n = 5) (left, two‑way ANOVA test; middle, one‑way ANOVA test). Data in a‑d and f‑g were calculated by Student’s t test. **P < 0.01, ***P < 0.001, 
****P < 0.0001

(See figure on next page.)
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IL36γ while knockdown of circPHLPP2 decreased the 
protein level of IL36γ in CRC cells (Fig.  4d-e). Similar 
results were also found in mouse CRC cells (Fig.  S5b). 
Thus, it can be inferred that circPHLPP2 plays a role in 
enhancing IL36γ transcription.

It has been reported that IL36γ is highly expressed in 
CRC tissues and is associated with worse patient prog-
nosis. Furthermore, IL36γ has been shown to induce the 
up-regulation of various inflammatory mediators that 
play a critical role in modulating the immune microen-
vironment [28]. Our results showed that higher expres-
sion of IL36γ was associated with shorter overall survival 
of CRC patients (Fig.  S5c-d). Besides, overexpression of 
IL36γ promoted MC38 proliferation (Fig.  S5e) in  vivo 
and reduced the proportion of NK cells in tumor micro-
environment (Fig.  S5f ). In brief, IL36γ and circPHLPP2 
exhibit similar phenotypes in promoting CRC progres-
sion. Next, we explored whether IL36γ functions as a 
downstream effector of circPHLPP2, as predicted, we 
found that IL36γ knockdown significantly rescued cell 
proliferation phenotype mediated by circPhlpp2 overex-
pression (Fig. 4f and Fig. S6c), the suppressed cell prolif-
eration ability, increased NK proportion and granzyme 
B and IFN-γ expression levels caused by circPHLPP2 
knockdown could be restored by IL36γ ectopic expres-
sion in MC38 cells as well (Fig. 4g-i and Fig. S6d-f ). Col-
lectively, these data indicated that circPHLPP2 exerts its 
effect by regulating IL36γ transcription.

CircPHLPP2 facilitates IL36γ transcription by binding 
to ILF3
Then we attempted to explore how circPHLPP2 modu-
lates IL36γ transcription. The Circinteractome database 
(https:// circi ntera ctome. nia. nih. gov/) indicates that 
circPHLPP2 contains multiple miRNA binding sites, yet 
does not exhibit binding to AGO2, a protein binding and 
guiding miRNAs to their target mRNA seed regions [29]. 
Therefore, we hypothesized that circPHLPP2 may func-
tion via binding proteins. We utilized MS2 tag-based 

RNA pull-down assays for the analysis of proteins bound 
to circPHLPP2. The circRNA pull-down products were 
enriched with the capture protein MCP-GST (Fig. S7a), 
and circPHLPP2 was highly abundant in the capture 
(Fig.  S7b), both experiments indicated the successful 
specificity of the circRNA pull-down assay. According to 
mass spectrometry analysis in Additional file 7, the top-
ranked protein, HNRNPC, has been reported to bind to a 
wide range of circRNAs and mainly facilitates the modu-
lation of circRNA splicing to contribute to their forma-
tion, therefore, HNRNPC may not bind circPHLPP2 
specifically. We performed FISH experiments on the 
second-ranked protein ILF3 and the third-ranked pro-
tein PABPC1 to verify whether they bind to circPHLPP2. 
The results revealed that ILF3 exhibited co-localization 
with circPHLPP2, and overexpression of circPHLPP2 
increased the nuclear ILF3 (Fig.  5a). Co-expression of 
the circPHLPP2-MS2 and MCP-GST plasmids led to 
obvious enrichment of ILF3 compared with expression 
of the negative control (Fig. 5b), and a RIP assay verified 
that circPHLPP2 was specifically precipitated with anti-
ILF3 antibody in CRC cells (Fig. 5c). These experiments 
indicated that circPHLPP2 interacts with ILF3. The spec-
trum of ILF3 by mass spectrometry analysis is shown in 
Fig. 5d. Nuclear-cytoplasmic separation assay further val-
idated ILF3 expression was up-regulated in the nucleus 
after overexpression of circPHLPP2 (Fig. 5e).

ILF3, also known as NF90/NF110, encodes a double-
stranded RNA (dsRNA)-binding protein that com-
plexes with other proteins, mRNAs, small noncoding 
RNAs, and dsRNAs to regulate gene expression and 
stabilize mRNAs [30], and intracellular localization 
of ILF3 appears to be associated with its functions 
[31]. As a shuttling protein between the nucleus and 
the cytoplasm, nuclear export of ILF3 is dependent on 
exportin-5, and exportin-5 cannot export RNA-bound 
ILF3 [32]. Furthermore, one study indicated that the 
formation of ILF3/circRNA complex may influence 
the subcellular localization of ILF3 and host immune 

(See figure on next page.)
Fig. 4 IL36γ is functional downstream mediator for circPHLPP2. a KEGG enrichment analysis of differentially expressed mRNAs. DEGs were 
identified using the limma package in R software and the threshold was |log2 (foldchange) | > 1, p value < 0.05. b Volcano plot for upregulated 
and downregulated genes, the genes involved in cytokine‑cytokine receptor interaction pathway were indicated. c Heatmap depicting 
relative expression of multiple cytokines in the HCT116 and SW480 cells infected with circPHLPP2 overexpression or vector lentivirus measured 
by RT‑qPCR, data were normalized to vector group. d‑e Western blots showing IL36γ protein expression levels upon circPHLPP2 overexpression (d) 
and knockdown (e) in human CRC cells. f The volume (left) and weight (right) of allografts in C57 mice after subcutaneous inoculation with MC38 
cells with circPhlpp2 overexpression or IL36γ knockdown (n = 5). g The volume (left) and weight (right) of allografts in C57 mice after subcutaneous 
inoculation with MC38 cells with circPhlpp2 knockdown or IL36γ overexpression (n = 5). h Representative plots (left) and summary data (right) 
of NK cells in the primary tumors with circPhlpp2 knockdown or IL36γ overexpression from C57 mice as determined by flow cytometry (n = 5). i 
Expression levels of granzyme B of NK cells in tumors with circPhlpp2 knockdown or IL36γ overexpression as determined by flow cytometry (n = 5). 
Data in f‑g left were calculated by two‑way ANOVA test. Data in f‑i right were calculated by one‑way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001

https://circinteractome.nia.nih.gov/
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response [33]. Thus, we proposed that circPHLPP2 
competitively interacts with ILF3, consequently influ-
encing ILF3 to interact with exportin-5 and causing 
the accumulation of ILF3 in the nucleus. The CO-IP 
assay proved that overexpression of circPHLPP2 
inhibited exportin-5 binding to ILF3, thereby validat-
ing our hypothesis (Fig. 5f ). ILF3 comprises a nuclear 
localization domain, two double-stranded RNA bind-
ing motifs (dsRBDs), an RGG RNA binding motif, and 
a C-terminal domain that is enriched with arginine 
and glycine residues [34]. One study has proved that 
exportin-5 mediates the export of ILF3 by binding to 
dsRBDs of ILF3, and dsRNA binding to this region 
inhibits exportin-5 binding [32]. We proposed that 
circPHLPP2 interacts with the dsRBDs region of ILF3, 
consequently disrupting the interaction between ILF3 
and exportin-5. The GST pull-down assays showed 
that circPHLPP2 could no longer interact with ILF3 
after deleting the ILF3 dsRBDs fragment (ILF3 △d), 
thereby confirming our hypothesis (Fig.  S7c). Given 
the co-localization of circPHLPP2 and ILF3 in the 
nucleus, we hypothesized that ILF3 might regulate 
IL36γ transcription and designed two independ-
ent siRNAs targeting ILF3 to verify our hypothesis. 
Compared with the scramble control, siILF3#1 and 
siILF3#2 could effectively knock down ILF3 at the 
transcription level (Fig. S7d) and subsequently reduced 
IL36γ mRNA level in CRC cells (Fig. 5g). The analysis 
using IL36γ promoter-containing luciferase reporter 
plasmid further showed that overexpression of ILF3 
increased luciferase activity compared to the control 
group (Fig. 5h). These results suggested that ILF3 reg-
ulates IL36γ transcription in CRC cells. Furthermore, 
ILF3 knockdown strikingly reversed the elevated IL36γ 
mRNA level caused by up-regulated circPHLPP2 
(Fig. 5i-j), indicating that the transcriptional regulation 
of IL36γ by circPHLPP2 is dependent on the presence 
of ILF3. The above results revealed that circPHLPP2 
regulates IL36γ transcription by combining with ILF3.

Knockdown of circPhlpp2 enhanced the efficacy 
of anti‑PD‑1 treatment in vivo
Our results demonstrated that circPhlpp2 could pro-
mote CRC cell proliferation in  vivo and knockdown of 
circPHLPP2 could reverse its suppression of NK cells 
and enhance body’s anti-tumor immune response. Next, 
we sought to determine whether inhibiting circPHLPP2 
could be used to potentiate the efficacy of anti-PD-1 
therapy. We evaluated the effects of circPhlpp2 knock-
down, anti-PD-1 therapy, and their combined application 
on tumor growth in immunocompetent murine models. 
In MC38 model, which represents the MSI-H form of 
CRC and is particularly responsive to immunotherapy 
[35], we found that anti-PD-1 treatment inhibited tumor 
progression, and circPhlpp2 knockdown could inhibit 
tumor progression even better than anti-PD-1 treatment 
(Fig.  6a-c). In CT26 model characterized by MSS and 
inherent resistance to immunotherapy [36], anti-PD-1 
treatment was ineffective as expected, while circPhlpp2 
knockdown exhibited a certain trend in inhibiting tumor 
proliferation (Fig.  6d-f ). Additionally, anti-PD-1 treat-
ment in mice bearing sh-circPhlpp2 tumors was more 
effective than sh-NC groups in both models, especially 
in tumor volume (Fig. 6a, d), suggesting that knockdown 
of circPhlpp2 significantly augments the efficacy of anti-
PD-1 treatment.

Discussion
Cancer immunotherapy has recently shown promising 
antitumor effects in various types of tumors including 
CRC. However, resistance to immune therapy remains to 
be solved, particularly among CRC patients with MSS/
pMMR status [37]. Increasing evidence has indicated 
that circRNAs are involved in tumor progression [38], 
and a subset of circular RNAs has been demonstrated to 
exhibit a correlation with the effectiveness of anti-PD-1 
therapy [39]. The exploration of circRNAs that modu-
late the immune microenvironment has the potential to 
yield valuable insights into predictive markers for immu-
notherapy efficacy and identify therapeutic targets for 
cancer patients. In this study, we identified circPHLPP2 

Fig. 5 CircPHLPP2 facilitates IL36γ transcription by binding to ILF3. a The co‑localization assay of circPHLPP2 with ILF3 or PABPC1 in HCT116 cells 
was identified by RNA‑FISH and immunofluorescence, scale bar = 10 μm. b Binding of circPHLPP2 with ILF3 was identified by RNA pull‑down 
analysis using the MS2‑tagging system. c RIP assay with an anti‑ILF3 antibody or control IgG was performed in HCT116 and SW480 cells, followed 
by RT‑qPCR to assess the enrichment of circPHLPP2. d Mass spectrometry analysis identified ILF3. e Western blotting analysis of cytoplasmic 
and nuclear ILF3 protein in HCT116 and SW480 cells with or without circPHLPP2 overexpression. f Coimmunoprecipitation (Co‑IP) and western 
blot analysis of the interaction between ILF3 and exportin‑5 in circPHLPP2 overexpression and control HCT116 cells. g Relative expression 
of IL36γ was measured by RT‑qPCR in HCT116 and SW480 cells transfected with si‑ILF3#1, si‑ILF3#2 or si‑NC. h Relative luciferase activity (FL/RL) 
was measured in HCT116 and SW480 cells after co‑transfection of the IL36γ luciferase construct with ILF3 overexpression or control vector. i‑j 
Relative expression of IL36γ was measured by RT‑qPCR in HCT116 (i) and SW480 (j) cells with circPHLPP2 overexpression or ILF3 knockdown. Data 
in c and h were calculated by Student’s t test. Data in g and i‑j were calculated by one‑way ANOVA test. ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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is associated with anti-PD-1 efficacy in MSS/pMMR-type 
advanced CRC patients and we first reported the func-
tional mechanism of circPHLPP2 involved in immune 
evasion. Moreover, we proposed a rationale for enhanc-
ing the efficacy of anti-PD-1 therapy in CRC.

By detecting the expression level of circPHLPP2 in 
a cohort of CRC patients undergoing anti-PD-1 based 
therapy, we found that compared with paraneoplastic 
normal tissues, circPHLPP2 was significantly increased 
in CRC tissues, and circPHLPP2 was notably up-regu-
lated in anti-PD1-resistant CRC patients. In addition, the 
overall survival rate of patients with higher expression of 
circPHLPP2 was worse, indicating that circPHLPP2 may 
function as a potential tumor progression factor. Further 
biological experiments demonstrated that circPHLPP2 
did not impact CRC cell proliferation in  vitro, but did 
enhance tumor growth in nude mice and immunocompe-
tent mice, suggesting that circPHLPP2 may play a role in 
interactions between tumor cells and immune cells. Here, 
we exhibited that circPhlpp2 diminished the presence of 
NK cells in the peripheral blood and their infiltration into 
tumor tissues as well as the expression levels of granzyme 
B and IFN-γ of NK cells, thereby facilitating immune eva-
sion. Considering that NK cells possess the capability to 
kill tumor cells through ADCC and other mechanisms, 
further investigation is warranted to explore the potential 
impact of circPhlpp2 on NK cell functions beyond cyto-
toxic cytokine production. Even if T cells are considered 
the key mediators of the impressive efficacy of checkpoint 
inhibitors, blockade of the CTLA-4 or PD-1 pathway 
might also enhance the anti-tumor responses of NK cells 
[40]. Previous studies have also reported that circUHRF1 
drives resistance to anti-PD1 immunotherapy by induc-
ing NK cell dysfunction in HCC [41]. Thus, circPHLPP2 
plays a significant role in inducing resistance to anti-PD1 
therapy in MSS/pMMR-type advanced CRC patients by 
modulating NK cells. Our study demonstrated that inhi-
bition of circPhlpp2 enhanced the efficacy of anti-PD-1 
therapy in CRC and circPHLPP2 may serve as a promis-
ing therapeutic target.

Previous studies have shown that circRNAs may 
induce either immune activation or tolerance through 
the regulation of molecules such as cytokines and 

chemokines. For example, circCYP24A1 could affect 
tumor microenvironment by promoting the parac-
rine and distal secretion of CCL5 [42]. In this study, 
we demonstrated that circPHLPP2 was involved in the 
regulation of the cytokine-cytokine receptor interaction 
pathway, and IL36γ served as a downstream functional 
molecule of circPHLPP2. Indeed, IL36γ has been proven 
to be involved in the progression and metastasis of vari-
ous cancers. For instance, IL-36γ promotes non-small 
cell lung cancer progression by enhancing GSH biogen-
esis and inhibiting oxidative stress-induced cell death 
[43]. It has also been proved that IL-36γ promotes colon 
inflammation and tumorigenesis by directly modulating 
the cell-matrix adhesion network to regulate Wnt signal-
ing [28]. Additionally, it has been shown that high levels 
of IL-36α and IL-36β or high IL-36α with low IL-36γ are 
associated with longer survival in CRC patients, indicat-
ing their potential as biomarkers for prognosis. These 
researches suggested that IL36γ promotes CRC devel-
opment, which is consistent with our findings. However, 
the effects of IL- 36γ in regulating immune responses are 
complex. A study demonstrated that IL-36γ promotes 
antitumor immune responses in melanoma by enhanc-
ing IFN-γ production by CD8 + T cells and NK cells [44], 
while another study showed that IL-36γ exerts a patho-
genic role in colitis by inhibiting regulatory T cell (Treg) 
differentiation and promoting Th9 polarization [45]. Our 
study confirmed that akin to the phenotype induced by 
circPhlpp2, IL36γ facilitates CRC cell proliferation and 
diminishes NK cell infiltration and granzyme B and 
IFN-γ expression levels. The effect induced by knock-
down of circPhlpp2 can be reversed by overexpression of 
IL36γ. Thus, we supposed that circPhlpp2 participates in 
the progression of CRC partly by secretion of IL36γ, and 
the impact of IL36γ on tumor progression seems to be 
dependent on the specificity of the tissues and diseases.

Previous studies indicated that circRNAs can act as 
miRNA sponges, interact with RBPs, and potentially 
translate peptides. The function of circRNAs likely 
depends on their specific subcellular localization [46], 
and circRNAs in the nucleus are involved in the regu-
lation of transcription, alternative splicing and chro-
matin looping [38]. In our study, FISH revealed that 

(See figure on next page.)
Fig. 6 Knockdown of circPHLPP2 enhances the efficacy of anti‑PD‑1 treatment in vivo. a‑c The volume (a) and weight (b) of tumor allografts in C57 
mice after subcutaneous inoculation with MC38 cells with or without circPhlpp2 knockdown. After the treatment with anti‑PD‑1 antibody, tumors 
were extracted and photographed (c) (n = 7). d‑f The volume (d) and weight (e) of tumor allografts in BALB/c mice after subcutaneous inoculation 
with CT26 cells with or without circPhlpp2 knockdown. After the treatment with anti‑PD‑1 antibody, tumors were extracted and photographed (f ) 
(n = 6). g Schematic diagram illustrating that circPHLPP2 facilitates CRC cell progression by enhancing the expression of IL36γ through its interaction 
with ILF3, ultimately reducing NK cell infiltration as well as granzyme B and IFN‑γ expression levels of NK cells. Targeting circPHLPP2 may enhance 
the efficacy of anti‑PD‑1 therapy in CRC patients (By Figdraw). Data in a and d were calculated by two‑way ANOVA test. Data in b and e were 
calculated by one‑way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001



Page 15 of 18Hu et al. Molecular Cancer          (2024) 23:272  

Fig. 6 (See legend on previous page.)



Page 16 of 18Hu et al. Molecular Cancer          (2024) 23:272 

circPHLPP2 was predominantly localized in the nucleus. 
Additionally, circPHLPP2 could diretly bind to ILF3, 
causing its nuclear accumulation. A study has demon-
strated that the export of ILF3 necessitates its binding 
to exportin-5, a process that may be impeded by the 
interaction of RNA with ILF3 [32]. We showed that the 
combination of circPHLPP2 and ILF3 decreased ILF3’s 
interaction with exportin-5, consequently leading to an 
increased accumulation of ILF3 within the nucleus. In 
fact, ILF3 was tightly correlated with pathogenesis, pro-
gression, drug resistance, and prognosis in various can-
cers [30, 47, 48]. Through the ability to bind both DNA 
and RNA, ILF3 can regulate transcription, translation, 
mRNA stability and primary microRNA processing [49, 
50]. Within the nucleus, ILF3 has the capacity to regulate 
the transcriptional expression of specific genes, such as 
TGF-β2 and uPA [47, 51]. Our data demonstrated that 
ILF3 can enhance IL36 transcription in the nucleus, and 
the interaction between circPHLPP2 and ILF3 facilitates 
the aggregation of ILF3 in the nucleus, leading to the up-
regulation of IL36γ expression.

Our study has several limitations. First, since the sam-
ple size is small, our results need to be validated in a 
larger cohort of patients. Second, the specific mechanism 
by which IL36γ regulates the infiltration and function of 
NK cells has not been fully elucidated and requires fur-
ther investigation. Third, the mouse model could not 
fully reflect the tumor immune microenvironment of the 
patients, and further study using humanized mouse mod-
els is needed to confirm our results.

Conclusion
In conclusion, circPHLPP2 promotes CRC progression 
via modulating TME. Specifically, circPHLPP2 facili-
tates CRC cell progression by enhancing the expression 
of IL36γ through its interaction with ILF3, ultimately 
reducing NK cell infiltration as well as granzyme B and 
IFN-γ expression levels of NK cells (Fig.  6g). Targeting 
circPHLPP2 may enhance the efficacy of anti-PD-1 ther-
apy in CRC patients.
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