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Abstract 

Background It has been demonstrated that circularRNA (circRNAs) plays a critical role in various cancers. While 
the potential molecular mechanism of circRNAs in the progression of colorectal cancer (CRC) remains uncertain.

Methods Differentially expressed circRNAs were identified by RNA sequencing. RT-qPCR detected the expression 
of circ_0009092, miR-665, and NLK in CRC tissues and cells. Functions of circ_0009092 on tumor cell proliferation, 
migration, and invasion were investigated by a series of in vitro assays. The underlying mechanism of circ_0009092 
was explored by bioinformatics analysis, RNA immunoprecipitation (RIP) and luciferase assays. A co-culture assay 
in vitro was performed to detect the affection of circ_0009092 on macrophage recruitment in the tumor microenvi-
ronment (TME). A xenograft mouse model was used to explore the effect of circ_0009092 on tumor growth.

Results Circ_0009092 was downregulated in CRCand predicted a good prognosis. Overexpression of circ_0009092 
reduced tumor cell EMT, proliferation, migration, and invasion in vitro and in vivo. Mechanistically, circ_0009092 
elevated the NLK expression via sponging miR-665 and suppressed the Wnt/β-catenin signaling pathway. EIF4EA3 
induced circ_0009092 expression in CRC cells. In addition, NLK regulates phosphorylation and O-GlcNAcylation 
of STAT3 by binding to STAT3, thereby inhibiting CCL2 expression, in which it inhibits macrophage recruitment 
in the tumor microenvironment (TME).

Conclusion EIF4A3 suppressed circ_0009092 biogenesis, whichinhibits CRC progression by sponging miR-665 
to downregulate NLK. Circ_0009092/miR-665/NLK suppressed tumor EMT, proliferation, migration, and invasion 
by acting on the Wnt/β-catenin signaling pathway. NLK directly interacted with STAT3 and decreased the CCL2 
expression, inhibiting the recruitment of tumor-associated macrophages (TAMs) in the TME. Our study provided novel 
insights into the roles of circ_0009092 as a novel promising prognostic and therapeutic target in CRC.

Keywords Colorectal cancer, circ_0009092, miR-665, NLK, CCL2, TAMs

Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of Experimental &
Clinical Cancer Research

†Jialin Song, Qing Liu, Lei Han and Tiantian Song contributed equally to this 
work.

*Correspondence:
Shuai Zhu
zhushuai@csu.edu.cn
Bin Xiong
binxiong1961@whu.edu.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13046-023-02887-8&domain=pdf


Page 2 of 20Song et al. J Exp Clin Cancer Res          (2023) 42:319 

Introduction
Colorectal cancer (CRC) is one of the most prevalent-
cancers worldwide . Despite the improvement of diagno-
sis and therapy, the prognosis of CRC patients remains 
poor [1]. Metastasis is the overwhelming cause of death 
in CRC patients. CRC patients with advanced stage are 
typically accompanied by tumor metastasis, and the five-
year survival rate is very low [2, 3]. Therefore, it is urgent 
to explore the pathogenesis of CRC and the unknown 
molecular mechanism involved in tumor metastasis.

In recent years, increasing evidence have demonstrated 
that the tumor microenvironment (TME) plays a cru-
cial role in tumor metastasis, which contains a variety of 
components, including fibroblasts, blood vessels, extra-
cellular matrix (ECM) and immune cells [4]. Tumor‐
associated macrophages (TAMs) are the dominant cell 
population of the TME and have a key role in tumor 
metastasis [5]. TAMs derive from circulating monocytes 
and are directed into the tumor by chemokines such as 
CCL5, CCL2, and CCL17 [6, 7]. Increased TAMs infil-
tration is markedly associated with tumor metastasis in 
various cancers [8, 9]. TAMs are mainly categorized into 
classically activated macrophages (M1 phenotype) and 
alternatively activated macrophages (M2 phenotype) [10]. 
M1-like TAMs activate anti-tumor immune response, 
resulting in tumor suppression. Whereas M2-like TAMs 
exert anti-inflammatory activities and play a crucial role 
in promoting tumor progression and metastasis [11, 12]. 
As TAMs play a central role in tumor metastasis, explo-
ration of the unknown molecular mechanisms under-
lying TAMs and cancer cell interaction is essential for 
understanding the metastatic process in CRC.

Noncoding RNAs play critical roles in the development 
of malignant tumors [13, 14]. Circular RNAs (circRNAs) 
are important members of the noncoding RNA molecules 
along with the miRNAs and LncRNAs, which are charac-
terized by the covalently closed loop structures and the 
absence of 3′ and 5′ ends [13, 15]. Numerous studies have 
demonstrated that dysregulated expression of circRNAs 
is associated with the pathogeneses of distinct cancer [16, 
17]. An increasing number studies reported that circR-
NAs play key roles in tumor progression and metastasis 
through diverse mechanisms, including miRNA sponges, 
RNA-binding protein (RBP) interactions, gene transcrip-
tion and translation regulators [13, 18], and the growing 
number of studies suggest that circRNAs may be novel 
potential biomarkers and therapeutic targets in CRC [19, 
20]. Moreover, compelling experimental evidence shows 
that circRNAs regulate various cells and factors of the 
TME [21–23]. However, the identities of pivotal circR-
NAs and their functions, as well as the underlying mech-
anisms of the crosstalk between CRC cells and TAMs are 
still largely enigmatic.

In the current study, we conducted circRNA sequenc-
ing in the CRC tissue samples and identified a novel cir-
cRNA named hsa_circ_0009092, as a suppressor of CRC 
progression. We found that circ_0009092 is significantly 
downregulated in CRC tissue samples and cell lines, 
and its expression is positively correlated with progno-
sis of CRC. Then, function experiments were conducted 
to reveal the biological roles of circ_0009092 in tumor 
proliferation and metastasis. In addition, we found that 
circ_0009092 acts as a sponge of miR-665, thereby releas-
ing the inhibition of NLK by miR-665 and suppressing 
the Wnt/β-catenin signaling pathway to inhibit epithelial 
mesenchymal transformation (EMT) of CRC cells. More-
over, NLK bound to the STAT3 to suppress transcrip-
tional activation of downstream gene CCL2, leading to 
inhibit the recruitment of macrophage and suppress pro-
gression of CRC. Our findings illustrate the new mecha-
nism of tumor progression and metastasis, and show new 
insights for the crosstalk between tumor cells and TME, 
provide promising therapeutic targets for CRC.

Result
CircRNA_0009092 was decreased in CRC tissues and cell 
lines
In order to identify the circRNA expression profile in 
CRC, the circRNA microarray analysis was performed 
to identify the aberrant circRNA expression in three 
paired CRC tissues and adjacent normal tissues (ANT). 
The results demonstrated that 20 circRNAs were dif-
ferentially expressed, including 10 upregulated and 10 
downregulated circRNAs. The heatmap displayed the 
most upregulated and downregulated circRNAs (Fig.1A). 
In the present study, we selected circ_0009092 as our 
protagonist. Firstly, the expression level of circ_0009092 
in 80 paired CRC tissues and ANT was determined. As 
shown in Fig.1B, the expression level of circ_0009092 
was significantly downregulated in CRC tissues. Notably, 
circ_0009092 expression was correlated with TNM stage, 
lymph node involvement and metastasis (Table S1). Next, 
we investigated the correlation between circ_0009092 
expression and the prognosis of CRC patients. Kaplan–
Meier survival analysis showed that a lower level of 
circ_0009092 expression was associated with poor over-
all survival (OS) and recurrence-freesurvival (RFS) 
(Fig.1C-D). Based on the above results, we postulated 
that circ_0009092 is a key circRNA involved in CRC 
progression.

CircRNAs are characterized by a covalently closed-
loop structure that is generated by back-splicing, 
eventually leading to increased structural stability. To 
investigate these properties of circ_0009092, we first 
determined the circ_0009092 expression in CRC cells 
and normal cells. Results showed that circ_0009092 was 
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Fig. 1 CircRNA_0009092 was decreased in CRC tissues and was a stable circRNA in CRC cells.AHeatmap of differentially expressed circRNA 
based on RNA-seq analysis in 3paired CRC tissues. The red and blue strips represent high and low expression, respectively.BqRT-PCR assay 
showing the expression level of circ_0009092 in the tumor tissue and normal tissues of CRC (n= 80).CKaplan-Meier analysis of correlations 
between circ_0009092 expression levels and recurrence free survival (RFS) of 80 CRC patients.DKaplan-Meier analysis of correlations 
between circ_0009092 expression levels and overall survival (OS) of 80 CRC patients.ESchematic illustration showing the OGDH exon 19-20 
circularization forming circ_0009092.FThe back-splice junction sequences of circ_0009092 were confirmed by Sanger sequencing.GStability 
of circ_0009092 and OGDH mRNA was assessed by RNase R treatment followed by qRT-PCR in HCT116 and Lovo cells.HThe expression levels 
of circ_0009092 in the nuclear and cytoplasmic fractions of HCT-116 and Lovo cells were assessed qRT-PCR.IFISH detection of circ_0009092 
in HCT-116 and Lovo cells. Nuclei were stained with DAPI. Scale bar, 50 μm. Statistical analysis between two groups was performed using two-tailed 
t-test. One-way ANOVA statistical tests were adopted for more than two groups. Data are the means ± SD of three experiments. *P<0.05
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highly expressed in Lovo cells and expressed at low lev-
els in HCT-116 cells, then we chose Lovo and HCT-116 
cell lines for subsequent experiments (Fig. S1A). Sanger 
sequencing and RNase R treatment were used in HCT-
116 and Lovo cells. According to circbase, circ_0009092 
was derived from exons 19 and 20 of OGDH gene with a 
length of 202 nucleotides (Fig.1E). The presence of head-
to-tail back-splicing junction in the circ_0009092 was 
confirmed by Sanger sequencing in the qPCR product of 
circ_0009092 (Fig.1F). We then treated tumor cells with 
RNase R (a degrader of the linear RNA) and observed 
that circ_0009092 was resistant to RNase R digestion 
compared with the linear OGDH mRNA, suggesting that 
circ_0009092 was more stable than liner OGDH mRNA 
(Fig.1G, Fig. S1B). In order to certify circ_0009092 was 
a circRNA, we designed two sets of primers in qPCR: 
divergent primers, amplifying circular form, and conver-
gent primers, amplifying linear form. Results showed that 
circ_0009092 could be amplified by divergent primers 
in complementary DNA (cDNA) but not genomic DNA 
(gDNA) (Fig. S1C). We further investigated the subcel-
lular location of circ_0009092 by nuclear/cytoplasmic 
fractionation and FISH assay. The results revealed that 
circ_0009092 was predominately expressed in the cyto-
plasm of CRC cells (Fig.1H-I). Taken together, these data 
demonstrated that circ_0009092 expression was strik-
ingly downregulated in CRC tissues and was a stable cir-
cRNA in CRC cells.

Circ_0009092 inhibited proliferation, migration, 
and invasion of CRC cells
Given the results that circ_0009092 expression 
is decreased in CRC tissues, we speculated that 
circ_0009092 may function as a tumor suppressor in 
CRC. The cell proliferation assay, the wound healing 
assay, and the Transwell assay with or without Matrigel 
were conducted to assess the effect of circ_0009092 on 
cell proliferation, migration, and invasion. Edu assay 
showed that overexpression of circ_0009092 signifi-
cantly inhibited the cell proliferation of CRC cells, while 
knockdown of circ_0009092 markedly promoted cell 
proliferation (Fig.2A-B). In a clonogenic assay, over-
expression of circ_0009092 lowered both the number 
of clones, and knockdown of circ_0009092 enhanced 
clonal proliferative capacity of CRC cells (Fig.2C). Cir-
cRNAs play important roles in enhancing cancer migra-
tion and invasion through regulating EMT. Therefore, 
the effect of circ_0009092 on the expression of EMT-
related protein was determined by performing West-
ern blot (WB) assay. WB results showed that decreased 
circ_0009092 significantly increased the Vimentin pro-
tein level and suppressed the expression of E-cadherin. 
On the contrary, there was a decreased Vimentin protein 

level and an increased E-cadherin expression level in 
the circ_0009092 overexpressed group (Fig.2D). Next, 
the wound healing assay showed that overexpression of 
circ_0009092 significantly impaired the migration of CRC 
cells. In the circ_0009092 knockdown group, the wound 
healing assay showed the contrary tendency (Fig.2E). In 
addition, we explored the effects of circ_0009092 on cell 
migration and invasion by Transwell migration and Tran-
swell invasion assays. Results showed overexpression of 
circ_0009092 inhibited cell migration and invasion, while 
knockdown of circ_0009092 enhanced cell migration and 
invasion (Fig.2F). Collectively, these data demonstrated 
that circ_0009092 inhibited proliferation, migration, and 
invasion of CRC cells.

Circ_0009092 functioned as a sponge for miR‑665
CircRNA exerted diverse biological functions by acting 
as microRNA “sponges”. Therefore, we assessed whether 
circ_0009092 could sponge miRNA to suppress CRC 
progression. Five potential miRNAs (miR-330, miR-
549, miR-665, miR-671, miR-885) were predicted by the 
Circinteractome and starBase database. We analyzed 
the expression levels of these five miRNAs in CRC cells 
and found that miR-665 was markedly correlated with 
circ_0009092 (Fig.3A). QPCR results indicated that the 
expression of miR-665 was remarkably increased by 
circ_0009092 knockdown, while circ_0009092 overex-
pression resulted in downregulation of miR-665 in CRC 
cells (Fig.3A). In addition, miR-665 expression levels 
were markedly overexpressed (Fig.3B) and negatively 
correlated with circ_0009092 expression in CRC tissues 
(Fig.3C,R=-0.6111,P< 0.001). Kaplan-Meier survival 
analysis showed that high expression of miR-665 was cor-
related with worse RFS (Fig.3D) and OS (Fig.3E) in CRC 
patient. In addition, the FISH assay was applied to assess 
the subcellular co-location of circ_0009092 and miR-665. 
The results demonstrated that circ_0009092 and miR-665 
were colocalized in the cytoplasm of HCT-116 and Lovo 
cells, suggesting that circ_0009092 could interact with 
miR-665 and function in the cytoplasm (Fig.3F). FISH 
analysis of CRC samples and ANT confirmed the down-
regulation of circ_0009092 and upregulation of miR-665 
in CRC samples compared to ANT (Fig. S2A).

We further explored whether circ_0009092 exerts its 
regulatory effects by sponging miR-665. Bioinformatic 
analysis was used to predict the potential binding sites 
of miR-665 on circ_0009092 (Fig.3G). We performed 
RNA immunoprecipitation (RIP) for argonaute 2 
(AGO2) in tumor cells and investigated the expression of 
circ_0009092 and miR-665 by qPCR to verify the binding 
effect between circ_0009092 and miR-665. MiRNA trans-
fer into AGO2 protein to form a AGO2/RNA-induced 
silencing complex (RISC). In RIP assay, compared with 
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control IgG, circ_0009092 was preferentially enriched 
in miRNA ribonucleoprotein complexes containing 
AGO2, and miR-665 was highly expressed in the AGO2 
pellet compared with that in the IgG control. Moreover, 

circ_0009092 was highly enriched in the miR-665-over-
expressed (miR-665 mimic) group compared with that 
in the negative control (mirR-665 mimic NC) group 
(Fig.3H). In addition, dual-luciferase activity analysis was 

Fig. 2 Circ_0009092 inhibited proliferation, migration, and invasion of CRC cells.A-BEdU assay was performed to detect the proliferation of Lovo 
and HCT-116 cells.CThe colony formation activity of circ_0009092-depleted Lovo and circ_0009092-increased HCT-116 cells was evaluated 
by colony formation assay.DThe E-cadherin and vimentin proteins in circ_0009092 transfected CRC cells as determined by Western blot.E-FWound 
healing assay was used to detect the migration of circ_0009092-depleted Lovo and circ_0009092-increased HCT-116 cells.G-HThe migration 
and invasion ability of circ_0009092-depleted Lovo and circ_0009092-increased HCT-116 cells as detected by transwell assays. Statistical analysis 
between two groups was performed using two-tailed t-test. One-way ANOVA statistical tests were adopted for more than two groups. Data are 
the means ± SD of three experiments. *P< 0.05, **P< 0.01, ***P< 0.001



Page 6 of 20Song et al. J Exp Clin Cancer Res          (2023) 42:319 

Fig. 3 Circ_0009092 acted as the sponge of miR-665 in CRC cells.AqRT-PCR assay showing the expression levels of potential miRNA 
in the transfected CRC cells.BqRT-PCR analysis was performed to show the expression levels of miR-665 in 80 paired CRC tissues. (C) Spearman’s 
correlation analysis revealed a negative association between miR-665 expression and circ_0009092 expression in 80 CRC tissues.DKaplan–Meier 
plotter of the association of circ_0009092 with RFS in 80 CRC patients.EKaplan–Meier plotter of the association of circ_0009092 with OS in 80 
CRC patients.FFISH analysis of the cellular colocalization of miR-665 and circ_0009092 in HCT-116 and Lovo cells. Scale bar, 20 μm.GSchematic 
representation of binding sequences between miR-665 and circ_0009092.HRIP assay was conducted for detecting the binding of circ_0009092 
and miR-665 by using the Ago2 antibody.IThe luciferase activity of the WT luc-circ_0009092 or Mut luc-circ_0009092 after transfection with miR-665 
mimic in CRC cells. Statistical analysis between two groups was performed using two-tailed t-test. One-way ANOVA statistical tests were adopted 
for more than two groups. Data are the means ± SD of three experiments. *P< 0.05, **P< 0.01
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performed to verify that miR-665 binds to circ_0009092 
in CRC cells. The sequences of circ_0009092 containing 
wild or mutant miR-665 binding site were cloned into 
the luciferase reporter vector pLG3. The results dem-
onstrated that miR-665 mimic significantly reduces the 
luciferase activity of the WT circ_0009092, but had no 
effect on that of the MUT circ_0009092 compared with 
the NC group (Fig.3I). Taken together, these results indi-
cated that the interaction of circ_0009092 and miR-665 
lead to the down expression of miR-665 in CRC cells.

Circ_0009092 inhibited CRC cell progression by targeting 
miR‑665
To explore that circ_0009092 regulates tumor progression 
by sponging miR-665, miR-665 knockdown and overex-
pression cell lines were constructed. EdU (Fig.4A), colony 
formation (Fig.4B), wound healing (Fig.4C) and transwell 
assays (Fig.4D) showed that miR-665 overexpression 
significantly promoted cell proliferation and migration 
capacities of CRC cells. To further investigate the roles 
of circ_0009092/miR-665 in CRC progression, we per-
formed rescue assay. EdU (Fig.4A) and colony formation 
assay (Fig.4B) revealed that miR-665 mimic efficiently 
restored the proliferative capacity of circ_0009092-over-
expressed cells. The tumor-promoting effect induced by 
circ_0009092 knockdown was abrogated by inhibition of 
miR-665 (Fig. S3A-B). Similarly, wound healing (Fig.4C, 
Fig. S3C) and Transwell assays (Fig.4D-E, Fig. S3D-E) 
showed that the promotive effects on migratory and inva-
sive abilities induced by circ_0009092 knockdown were 
restored by miR-665 overexpression. Together, these data 
indicated that circ_0009092 regulates CRC progression 
via sponging miR-665.

NLK was the target of miR‑665 in CRC cells
Based on TargetScan, miRWalk, and Starbase databases, 
NLK, PRDM15, PRSS18, and PPP2R2A were identi-
fied as the potential targets of miR-665. Overexpres-
sion of circ_0009092 induced the expression of NLK 
mRNA in HCT-116 and Lovo cells, while knockdown 
of circ_0009092 exerted the opposite effects. However, 
exogenous expression or knockdown of circ_0009092 
had no effect on the expression of PRDM15, PRSS18, and 
PPP2R2A (Fig.5A, Fig. S4A). In addition, miR-665 mimic 
significantly suppressed the expression of NLK mRNA 
and miR-665 inhibitor markedly increased NLK mRNA 
expression in HCT-116 and Lovo cells (Fig.5B). Similarly, 
the WB results validated that NLK expression was regu-
lated by circ_0009092 and miR-665 in CRC cells (Fig.5C-
D). We further examined the expression of NLK in tumor 
tissues of CRC. The NLK mRNA levels were significantly 
lower in 80 tumor samples than that in ANT (Fig.5E). 
Furthermore, the expression level of NLK in CRC tissues 

was positively correlated with circ_0009092 expres-
sion and negatively correlated with miR-665 expression 
(circ_0009092p< 0.001, miR-665p< 0.001, Fig.5F, Fig. 
S4B). Then, the binding ability of miR-665 to NLK mRNA 
was detected by RIP assay using the antibody against 
AGO2. NLK was highly expressed in the AGO2 pellet 
compared with that in the IgG control. In addition, over-
expression of miR-665 significantly enriched the associa-
tion of NLK mRNA with the AGO2-containing complex, 
suggesting the interaction between miR-665 and NLK 
(Fig.5H). We further found that miR-665 mimics could 
reduce the luciferase activity of the WT NLK- 3’ -UTR, 
but had no effect on that of the Mut NLK-3’-UTR com-
pared with the NC group in HCT-116 and Lovo cells 
(Fig.5I, Fig. S4C).

It has been reported that NLK is an effector of the 
Wnt/β-catenin signaling pathway, we speculated that 
circ_0009092/miR-665/NLK regulates the Wnt/β-catenin 
signaling pathway. Western blot showed that overexpres-
sion of circ_0009092 markedly attenuated the expres-
sion of EMT-related proteins (Fig.5J), β-catenin, c-myc 
(target of Wnt/β-catenin) and p-GSK-3β (Fig.5K), while 
circ_0009092 knockdown achieved an opposite result 
(Fig.5L-M). We also determined the expression of EMT-
related proteins, β-catenin, c-myc and p-GSK-3β inhib-
ited by overexpressed circ_0009092 was significantly 
increased after transfected with miR-665 mimic (Fig.5J-
K). NLK knockdown reversed the miR-665 inhibitor-
mediated Wnt/β-catenin signaling pathway (Fig.5L-M). 
Overall, these data indicated that circ_0009092 could 
impair the suppression of miR-665 to NLK, which further 
regulated the Wnt/β-catenin signaling pathway. In CRC, 
the down expression of circ_0009092 led to the inhibition 
of NLK, then the Wnt/β-catenin signaling pathway was 
suppressed.

Circ_0009092/miR‑665/NLK inhibited TAMs recruitment 
by suppressing CCL2 secretion in CRC 
Since the infiltration of immune cells in the TME is 
highly relevant to the CRC progression, we analyzed the 
distribution of different immune cells in CRC tissues 
and normal tissues though the Bioinformatics algorithm. 
We integrated six latest algorithms, including TIMER, 
xCell, MCP-counter, CIBERSORT, EPIC and quanTIseq. 
Results showed that The CRC tumors displayed massive 
macrophage infiltration, especially M2 macrophage infil-
tration (Fig. S5A-B). In addition, circ_0009092 was found 
to be inversely correlated with the density of TAMs 
marker CD68 in CRC (Fig.6A). These observations led us 
to speculate that circ_0009092 was correlated with TAMs 
infiltration. An in vitro model of TAMs was then applied. 
THP-1 was treated with Phorbol 12-myristate 13-ace-
tate (PMA) and co-cultured with tumor cells for 48h. 
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We observed that THP-1 macrophages were recruited 
by circ_0009092 knockdown, and overexpression of 
circ_0009092 inhibited the recruitment of macrophages 

(Fig.6B). In addition, miR-665 mimic markedly pro-
moted the recruitment of macrophages, and the miR-665 
inhibitor could restrain the recruitment of macrophages 

Fig. 4 Circ_0009092 inhibited CRC cell progression by targeting miR-665.AEdU assays were utilized to detect the viability and proliferation 
of control, OE-circ_0009092, miR-665 mimic, and OE-circ_0009092+miR-665 mimic -treated HCT-116 cells.BThe colony formation activities 
of control, OE-circ_0009092, miR-665 mimic, and OE-circ_0009092+miR-665 mimic -treated HCT-116 cells were evaluated.CWound healing assay 
were used to detect the migration of control, OE-circ_0009092, miR-665 mimic, and OE-circ_0009092+miR-665 mimic -treated HCT-116 cells.DThe 
migration and invasion ability of control, OE-circ_0009092, miR-665 mimic, and OE-circ_0009092+miR-665 mimic -treated HCT-116 cells were 
detected by transwell assays. Statistical analysis between two groups was performed using two-tailed t-test. One-way ANOVA statistical tests were 
adopted for more than two groups. Data are the means ± SD of three experiments. *P< 0.05, **P< 0.01, ***P< 0.001
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induced by circ_0009092 knockdown (Fig.6C-D). In 
addition, overexpression of NLK (oe-NLK) failed to 
recruit macrophages and knock down of NLK (si-NLK) 
showed the opposite effect. MiR-665 inhibitor substan-
tially inhibited si-NLK-induced the recruitment of mac-
rophages. While miR-665 mimic recovered the effect of 
oe-NLK (Fig. S6A-B). Thus, our results substantiated that 
circ_0009092/miR-665/NLK inhibits TAMs recruitment 
in the TME of CRC.

We then analyzed the potential chemokines associ-
ated with TAMs recruitment. RT-PCR results showed 
that mRNA expression of CCL2 emerged as the most 
prominently chemokine in circ_0009092 transfected 
tumor cells (Fig.6E). ELISA analysis showed that CCL2 
protein levels were significantly increased in the media 
from miR-665 mimic, sh- circ_0009092, or si-NLK group 
compared to NC group (Fig.6F-G). Rescue experiments 
suggested that miR-665 mimic-induced CCL2 could 
be reversed by circ_0009092 overexpression (Fig.6F, 
Fig. S6C). In addition, CCL2 neutralizing antibody sup-
pressed the circ_0009092 knockdown-enhanced the 
recruitment of macrophages (Fig.6H). Collectively, these 
data suggest that circ_0009092/miR-665/NLK inhibits 
the recruitment of TAMs via CCL2.

NLK bound to STAT3 protein and regulated its activity 
to suppress CCL2 expression
To explore the molecular mechanism by which 
circ_0009092/miR-665/NLK regulated CCL2, we 
searched for ERK1/2, STAT3 and p53 signaling path-
ways, of which all had been reported to be the major 
molecule involved in the regulation of CCL2. WB results 
showed that p-STAT3 (Tyr705) significantly increased 
after circ_0009092/miR-665/NLK treatment, whereas 
there was no significant change in the phosphorylation 
level of ERK1/2 (Fig.7A). Rescue experiments showed 
that miR-665 inhibitor could not significantly change the 

expression of p-STAT3 after circ_0009092 knockdown 
(Fig.7B). Furthermore, si-NLK markedly alter miR-665 
inhibitor-inhibited p-STAT3 expression (Fig.7C). These 
results suggested that the circ_0009092/miR-665/NLK 
signal can regulate the p-STAT3 expression. It has been 
reported that NLK could bind to a wide range of tran-
scription factors and regulated the transcriptional activ-
ity. We assessed whether NLK was capable of binding to 
STAT3, thus affecting CCL2 expression. We carried out 
a co-immunoprecipitation (CoIP) assay in tumor cells 
using the antibody against STAT3 or NLK. The CoIP 
results demonstrated the binding of NLK with STAT3 
(Fig.7D). In addition, IF results showed the co-localiza-
tion of NLK and STAT3 in HCT-116 and Lovo cells (Fig. 
S7A). Besides of phosphorylation, STAT3 protein can 
also be modified by O-GlcNAcylation. O-GlcNAcylation 
is a key posttranslational modification, a single mono-
saccharide, β-O-GlcNAc is added onto serine or threo-
nine residues of proteins. The O-GlcNAcylation occurs 
in an analogous fashion to protein phosphorylation, and 
there is an extensive crosstalk between O-GlcNAcylation 
and phosphorylation [24]. Previous studies showed that 
O-GlcNAcylation of STAT3 could promote STAT3 phos-
phorylation [25], so we wondered whether circ_0009092/
miR-665/NLK could affect O-GlcNAcylation of STAT3. 
CoIP assay was performed and revealed that knock-
down of circ_0009092 dramatically increased the O-Glc-
NAcylation modification level of STAT3, and increased 
binding between O-linked N-acetylglucosamine trans-
ferase (OGT) and STAT3. Meanwhile, overexpression of 
circ_0009092 reduced STAT3 O-GlcNAcylation modifi-
cation and conjunction with OGT (Fig.7E). In addition, 
miR-665 inhibitor inhibited the STAT3 O-GlcNAcylation 
modification and conjunction with OGT (Fig. S7B), while 
miR-665 mimic increased the STAT3 O-GlcNAcylation 
modification and conjunction with OGT (Fig. S7C). 
These results demonstrated that circ_0009092/miR-665/

(See figure on next page.)
Fig. 5 NLK functioned as the target of miR-665 in CRC cells.AExpression of potential target genes in CRC cells transfected with OE-circ_0009092, 
SH- circ_0009092. (B) qRT-PCR analysis of potential target genes in CRC cells transfected with miR-665 mimic, mimic NC, miR-665 inhibitor, inhibitor 
NC.CNLK protein expression was determined by Western blot in HCT116 and Lovo cells transfected with OE-circ_0009092, SH- circ_0009092.DNLK 
protein expression was determined by Western blot in HCT116 and Lovo cells transfected with miR-665 mimic, mimic NC, miR-665 inhibitor, 
inhibitor NC.EThe expression of NLK in 80 paired CRC tissues was detected by qRT-PCR.FThe correlation between NLK and miR-665 expression 
in 80 paired CRC tissues.GSchematic representation of potential binding sites between miR-665 and NLK.HRIP assay was conducted for detecting 
the binding of miR-665 and NLK by using the Ago2 antibody in CRC cells transfected with miR-665 mimic, mimic NC.IRelative luciferase activities 
were determined in CRC cells transfected with NLK 3′-UTR WT or MUT luciferase reporter vectors and miR-665 mimic or mimic NC.JWestern blot 
showed the protein changes of E-cadherin, Vimentin, and NLK in control, OE-circ_0009092, miR-665 mimic, and OE-circ_0009092+miR-665 mimic 
-treated HCT-116 cells.KWestern blot showed the protein changes of Wnt/β-catenin signaling pathway related proteins in control, OE-circ_0009092, 
miR-665 mimic, and OE-circ_0009092+miR-665 mimic-treated HCT-116 cells.LWestern blot showed the expression changes of E-cadherin, Vimentin, 
and NLK in Lovo cells by treatment of SH-circ_0009092, miR-665 inhibitor, and SH-circ_0009092+miR-665 inhibitor.MWestern blot showed 
the protein changes of Wnt/β-catenin signaling pathway related proteins in SH-circ_0009092, miR-665 inhibitor, and SH-circ_0009092+miR-665 
inhibitor-treated Lovo cells. Statistical analysis between two groups was performed using two-tailed t-test. One-way ANOVA statistical tests were 
adopted for more than two groups. Data are the means ± SD of three experiments. *P< 0.05, **P< 0.01, ***P< 0.001
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NLK regulate STAT3 by binding with STAT3 and regu-
lating its phosphorylation and O-GlcNAcylation. Then 
we determined STAT3 transcriptional activity by a 
promoter reporter assay in which luciferase reporter 
was driven by a CCL2 promoter. The results showed 
that STAT3 induced the promoter activity of CCL2 in 
tumor cells transfected with the promoter region of 
CCL2. Luciferase activity of CCL2 promoter was sig-
nificantly decreased in transfected with knockdown 

of STAT3 (Fig.7F). Meanwhile, si-NLK significantly 
increased the STAT3-mediated transcription activ-
ity, and oe-NLK inhibited STAT3-mediated transcrip-
tion activity of CCL2 promoter. MiR-665 mimic could 
increase the luciferase activity of CCL2 promoter that 
was restrained by oe-NLK, and miR-665 inhibitor could 
not reverse the luciferase activity of CCL2 promoter that 
was increased by si-NLK (Fig.7G). Moreover, overexpres-
sion of circ_0009092 reversed the luciferase activity of 

Fig. 5 (See legend on previous page.)
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Fig. 6 Circ_0009092 regulated the recruitment of macrophages in CRC cells.ARepresentative immunofluorescence photographs 
for circ_0009092, CD68, DAPI in CRC samples. Bar = 50μm.BChemotaxis analysis of THP-1 macrophages toward supernatant from OE-circ_0009092, 
SH-circ_0009092-treated CRC cells.CChemotaxis analysis of THP-1 macrophages toward supernatant from OE-circ_0009092, SH-circ_0009092, 
miR-665 mimic and miR-665 inhibitor.DQuantification analysis of chemotactic cells in five fields was counted manually.EThe potential chemokines 
which promoted macrophage infiltration were identified by qRT-PCR in OE-circ_0009092, SH-circ_0009092-treated CRC cells.FELISA assay detected 
the CCL2 secretion level in OE-circ_0009092 or miR-665 mimic-treated CRC cells.GELISA assay detected the CCL2 secretion level in OE-NLK 
or SI-NLK-treated CRC cells.HChemotaxis analysis of THP-1 macrophages toward SH-circ_0009092 CRC cell supernatant with or without CCL2 
Ab, miR-665 mimic CRC supernatant with or without CCL2 Ab.IQuantification analysis of chemotactic cells in five fields was counted manually. 
Statistical analysis between two groups was performed using two-tailed t-test. One-way ANOVA statistical tests were adopted for more than two 
groups. Data are the means ± SD of three experiments. *P< 0.05, **P< 0.01, ***P< 0.001
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Fig. 7 NLK regulated the STAT3 and EIF4A3 accelerated the biogenesis of circ_0009092 in CRC cells.AWestern blot analysis of p53, STAT3, 
ERK1/2 signaling pathway in CRC cells transfected with OE-circ_0009092 or SH-circ_0009092.BWestern blot analysis of CRC cells transfected 
with SH-circ_0009092, miR-665 inhibitor, and SH-circ_0009092+miR-665 inhibitor.CWestern blot analysis of CRC cells transfected with SI-NLK, 
miR-665 inhibitor, and SI-NLK+miR-665 inhibitor.DCoIP experiment of endogenous NLK and STAT3 in Lovo and HCT-116 cells.EInteraction 
between STAT3 and OGT/O-GlcNAcylation modification was evaluated by coIP assay in CRC cells transfected with OE-circ_0009092 
or SH-circ_0009092, WCL indicates whole cell lysates.F-GThe relative CCL2 promoter transcriptional activity was detected in NLK, STAT3, miR-665 
transfected CRC cells by dual luciferase assay and normalized to Renilla luciferase activity.HThe putative binding sites of EIF4A3 in the upstream 
region of the circ_0009092 predicted with circinteractome database.IqRT-PCR analysis of circ_0009092 expression in EIF4A3-overexpressed 
and EIF4A3-knockdown CRC cells.JGEPIA database was used to evaluate the expression of EIF4A3 in 275 tumor tissues and 349 normal tissues 
of CRC.KqRT-PCR analysis of EIF4A3 in 20 paired CRC tissues.LThe correlation between EIF4A3 and circ_0009092 expression in 20 paired CRC 
tissues.MRIP assay analysis of interaction of EIF4A3 with circ_0009092 in CRC cells. IgG was used as negative control. Statistical analysis between two 
groups was performed using two-tailed t-test. One-way ANOVA statistical tests were adopted for more than two groups. Data are the means ± SD 
of three experiments. *P< 0.05, **P< 0.01, ***P< 0.001
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CCL2 promoter that was increased by miR-665 mimic 
(Fig. S7D), and knockdown of circ_0009092 increased the 
luciferase activity of CCL2 promoter that was reduced 
by miR-665 inhibitor (Fig. S7E). Taken together, these 
results demonstrate that NLK bound to STAT3 and 
increases its transcriptional activity of CCL2.

EIF4A3 suppressed circ_0009092 expression in CRC cells
RNA-binding proteins (RBPs), such as QKI, ESRP1, and 
EIFEA3, can drive cyclization of RNA to regulate the 
biogenesis of circRNAs. Therefore, CircInteractome was 
used to predict the RNA binding proteins that match the 
flanking regions of the circ_0009092, of which EIF4A3 
has the most binding sites (Fig.7H). PCR results showed 
that the expression of circ_0009092 was significantly 
decreased after the overexpression of EIF4A3. Knock-
down of EIF4A3 markedly increased the expression of 
circ_0009092 in CRC cells (Fig.7I). GEPIA was used to 
examine the expression of EIF4A3 in CRC samples, and 
results showed that EIF4A3 expression was increased in 
CRC tissues than in the ANT (Fig.7J). In addition, qPCR 
results also revealed that the expression of EIF4A3 was 
elevated in CRC tissues than in the ANT (Fig.7K). And 
the expression level of EIF4A3 mRNA was negatively 
correlated with circ_0009092 expression level, suggest-
ing that EIF4A3 is related to circ_0009092 expression 
(Fig.7L). In addition, the RIP assay using anti-EIF4A3 
antibody showed that EIF4A3 bound with circ_0009092 
through two upstream binding sites a and b but not 
circ_0009092 (region c) in the RNA-protein complex 
(Fig.7M). Taken together, these data demonstrated that 
circ_0009092 is regulated by EIF4A3 and EIF4A3 sup-
presses circ_0009092 expression by binding to flanking 
sequences.

Circ_0009092 hampered the progression of colorectal 
cancer in vivo
To evaluate the function of circ_0009092 in vivo, HCT-
116 cells with stably expressing either negative control 
(OE-NC) or OE-circ_0009092 were subcutaneously 
injected into the BALB/c nude mice, and THP-1 cells 
were injected into the caudal vein of mice. It was found 
that the circ_0009092 overexpression group showed sig-
nificantly lower tumor weights and volumes compared to 
the NC group (Fig.8A-C). Circ_0009092 overexpression 
group showed a lower expression of miR-665 and higher 
expression of NLK compared with the OE-NC group 
(Fig.8D-F). WB results showed that circ_0009092 affects 
the expression of NLK, CCL2, p-STAT3, OGT, and Wnt/
β-catenin singaling pathway related protein (Fig.8G). 
FISH analysis showed the same trend as the PCR and 
WB results (Fig.8H). Additionally, decreased CCL2 level 
and CD68 (the macrophage marker) expression level 

were detected in immunohistochemistry (IHC) stain-
ing in the circ_0009092 overexpression group (Fig.8I), 
which indicated that the circ_0009092 overexpression 
group presented less macrophage infiltration compared 
to OE-NC group. Tumors of OE-circ_0009092 group 
exhibited markedly reduced recruitment of macrophages 
as compared with OE-NC group (Fig.8J). Furthermore, 
the number of M2 macrophages (CD163, CD206) was 
decreased in the OE-circ_0009092 group compared with 
OE-NC group, while the number of M1 macrophages 
(CD86) showed no significant difference between two 
groups (Fig.8J). Therefore, these results corroborated 
that circ_0009092/miR-665/NLK inhibits CRC growth 
and macrophage recruitment in  vivo. Taken together, 
our data demonstrated that circ_0009092/miR-665/NLK 
suppresses tumor progression and TAMs recruitment 
by inhibiting the Wnt/β-catenin signaling pathway in the 
CRC (Fig.9).

Discussion
CircRNAs, as non-coding RNA molecules, are highly 
stable molecules which generated in a spliceosome-
dependent process known as back-splicing. Recently, 
there is growing evidence that circRNAs have key roles 
in cancer development and progression. In the present 
study, we first identified that circ_0009092 was observ-
ably decreased in CRC tissues. The correlative analyses 
between the clinical pathological characteristics and 
circ_0009092 expression showed that circ_0009092 was 
significantly correlated with CRC differentiation, The uni-
variate and multivariate analysis demonstrated in CRC, 
circ_0009092 was an independent prognostic factor for 
survival. The CRC is classified into different pathologi-
cal molecular subtypes. Further investigation of the asso-
ciation between circ_0009092 and CRC grade, molecular 
subtype, and degree of malignancy is required to deeply 
understand the potential biomarker role of circ_0009092 
in CRC. Functionally, we found that the circ_0009092 
significantly suppressed cell proliferation, migration, and 
invasion, as well as inhibited CRC oncogenesis in  vivo. 
Moreover, circ_0009092 inhibited the recruitment of 
TAMs in the vitro and in vivo. Mechanistically, we found 
that circ_0009092 functions as a sponge for miR-665 
to regulate NLK expression, which bound to STAT3 to 
restrain the CCL2 expression, thereby leading to inhibit 
the EMT, the recruitment of TAMs, invasion, and metas-
tasis of CRC. Our study indicates that circ_0009092 plays 
a vital role in tumorigenesis and metastasis of CRC, and 
it may serve as a novel diagnostic and prognostic marker 
for CRC.

Accumulating evidence showed that circRNAs in 
the cytoplasm can act as miRNA sponges to induce the 
dysregulated function of miRNAs and target genes. For 
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Fig. 8 Circ_0009092 inhibited the CRC tumor growth in vivo.AImages of xenograft tumors formed by HCT-116 cells stably expressing 
OE-circ_0009092, OE-NC and THP1 cells.BThe tumor weights of xenografts were evaluated.CThe tumor growth curves of the OE-circ_0009092 
and the OE-NC group was shown.DqRT-PCR analysis of circ_0009092 expression in the OE-circ_0009092 and the OE-NC group.EqRT-PCR analysis 
of miR-665 expression in the OE-circ_0009092 and the OE-NC group.FqRT-PCR analysis of NLK expression in the OE-circ_0009092 and the OE-NC 
group.GWB analysis of E-cadherin, Vimentin, NLK, STAT3, p- STAT3, β-catenin, GSK3β, p-GSK3β, c-myc, and CCL2 in the OE-circ_0009092 
and the OE-NC group.HFISH analysis of the cellular colocalization of miR-665 and circ_0009092 in the OE-circ_0009092 and the OE-NC group. Scale 
bar, 50 μm.Iimmunohistochemistry staining (IHC) and H&E staining of xenograft tumors.JFlow cytometry for analyzing the expression of M2 marker 
(CD163, CD206) and M1 marker (CD86) on macrophages in the tumor.n= 6/group. Statistical analysis between two groups was performed using 
two-tailed t-test. One-way ANOVA statistical tests were adopted for more than two groups. Data are the means ± SD of three experiments. *P< 0.05, 
**P< 0.01, ***P< 0.001. ns: no significance
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instance, Xu et.al found that circRNA_0000392 promotes 
CRC progression through the miR-193a-5p/PIK3-AKT 
signaling pathway [26]; circPACRGL promotes progres-
sion of CRC via miR-142-3p/miR-506-3p [27]; CircALG1 
promotes the progression and metastasis of CRC by 
binding to miR-342-5p [28]; CircHERC4 promotes tumor 
metastasis through absorbing miR-556-5p in CRC [29]. 
Here, we reported the role of circ_0009092 as miRNA 
sponge. Through bioinformatic analyses, we found that 
miR-665 is potentially regulated by circ_0009092, and the 
combination of circ_0009092 and miR-665 was verified 
by RIP assay and luciferase reporter experiment. Further-
more, rescue experiments showed that the suppression 
induced by circ_0009092 on the cell proliferation, migra-
tion and invasion can be reversed by miR-665. Collec-
tively, our results demonstrated that circ_0009092 acts as 
the sponge of miR-665 to participate in the proliferation 
and metastasis of CRC.

MicroRNAs, as non-coding RNAs, play vital roles in 
tumor progression and metastasis through modulating 
EMT. In various cancer, miRNAs were found to be the 
crucial approach in EMT, so the circRNAs could regulate 

EMT by targeting EMT-related miRNAs. Recent studies 
have shown conflicting results that miR-665 was involved 
in tumor EMT as oncogene or tumor suppressor. MiR-
665 has been identified as an oncogene in breast cancer 
[30], gastric cancer [31], and hepatocellular cancer [32], 
whereas acted as tumor suppressor gene in bladder can-
cer [33], cervical cancer [34], and pancreatic cancer [35]. 
While the effects of miR-665 in CRC progression is less 
clear. In the present study, we found that miR-665 could 
promote CRC invasion and metastasis by promoting the 
EMT process. As noncoding RNAs, miRNAs exert bio-
logical effects by modulating their target genes. Based on 
bioinformatic analysis and experimental validation, we 
identified that NLK was the target of miR-665. We fur-
ther confirmed that circ_0009092 could bind to miR-665, 
leading to diminish the repression of miR-665 on NLK 
3′-UTR and eventually suppressed CRC progression.

The Wnt/β-catenin signaling pathway comprises a 
family of proteins that play critical roles in embryonic 
development and adult tissue homeostasis [36, 37]. The 
aberrant activation of Wnt/β-catenin signaling often 
leads to tumor EMT in various cancers including CRC 

Fig. 9 Schematic illustration indicates the mechanism by which circ_0009092/miR-665/NLK axis aggravates CRC progression and affects 
the recruitment of macrophages in the TME
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[38, 39]. NLK is a member of the mitogen-activated 
protein kinase family that regulates a wide range of 
transcription factors [40], and it is considered a tumor 
suppressor targeting Wnt/β-catenin signaling path-
way in diverse cancers, such as ovarian cancer [41], 
glioma [42], and hepatocellular cancer [43]. Consist-
ently, our results showed that the expression level of 
NLK was decreased in CRC tissues than that in ANT, 
and the low NLK expression was significantly corre-
lated with shorter survival in CRC. We then explored 
whether circ_0009092/miR-665/NLK affected Wnt/β-
catenin signaling pathway. Our results showed the 
related genes of Wnt/β-catenin signaling pathway, such 
as β-catenin, GSK-3β, c-myc, and EMT-related pro-
teins were affected by circ_0009092/miR-665/NLK, 
indicating circ_0009092/miR-665/NLK inhibits Wnt/β-
catenin signaling pathway and suppresses EMT pro-
gression in CRC.

TAMs are the most abundant type of infiltrating 
immune cells in the TME. Recent studies suggest that 
noncoding RNAs, such as miRNA and lncRNA, are 
involved in the recruitment of TAMs via exosomes, 
chemokines, and cytokines. While little is known about 
the regulatory mechanism of circRNA and TAMs in 
CRC. Our findings offer a novel angle that circ_0009092 
regulates CCL2 to affect TAMs recruitments. STAT3 is a 
DNA-binding factor that regulates CCL2 via its binding 
activity [44]. It is well known that STAT3 exerts its bio-
logical function largely depending on its phosphorylation 
at Ser727 and Tyr705 [45]. Recent studies have identi-
fied additional posttranslational modifications on STAT3 
other than phosphorylation, including O-GlcNAcylated 
STAT3, and the relationship has been reported previ-
ously between O-GlcNAcylation and phosphorylation of 
STAT3 [25, 46]. As an important posttranslational modi-
fication, O-GlcNAcylation subtly modulates its target 
proteins’ function [47]. It was reported Myeloid-derived 
cullin 3 enhanced STAT3 phosphorylation and tran-
scriptional activity by inhibiting O-GlcNAcylation dur-
ing intestinal inflammation [46]. While OGT-mediated 
O-GlcNAcylation promoted STAT3 phosphorylation and 
transcriptional activity in lung cancer [25]. The protein 
O-GlcNAcylation and phosphorylation modifications 
are dynamically regulated to coordinate the pathologi-
cal environment. Based on the cross-regulation between 
O-GlcNAcylation and phosphorylation. Our data dem-
onstrate for the first time that NLK can bind to STAT3 
and regulate its O-GlcNAcylation and phosphorylation, 
thereby affecting its translational activity, which is critical 
for the secretion of CCL2. Moreover, there is extensive 
evidence that TAMs enhance tumor development and 
metastasis by promoting the progression of tumor cells. 
Therefore, the inhibited effects of circ_0009092 on CRC 

growth in vivo are might mediated in part by the lessened 
TAMs recruitment.

Conclusion
In conclusion, these findings provide robust evidence 
that the novel circular RNA circ_0009092, which could 
be regulated by EIF4A3, acts as a tumor suppressor in 
CRC progression. Circ_0009092 inhibits tumor cell pro-
liferation, migration, invasion, and TAMs recruitment 
in CRC. At the molecular level, circ_0009092 interacts 
with miR-665 to regulate NLK, thus exerting its biologi-
cal functions in CRC. NLK regulates the phosphorylation 
and O-GlcNAcylation of STAT3 by binding to STAT3 
and inhibits the translational expression of CCL2, thereby 
suppressing the TAMs infiltration in the TME. Our data 
suggest that circ_0009092 could be a potential biomarker 
and a novel therapeutic target for colorectal cancer.

Materials and methods
Patients and samples
Eighty paired CRC samples were obtained from patients 
diagnosed as CRC by pathology and received tumor 
radical surgery at the Zhongnan Hospital of Wuhan 
University. None of patients had received radiotherapy 
or chemotherapy before surgery. The Ethics Committee 
of Zhongnan Hospital of Wuhan University approved 
the study and informed consents were obtained from all 
patients.

RNase R treatment
RNAs extracted from CRC cells were divided into two 
fractions. 1 µg of RNA was treated with 2 U of RNase R 
(Epicentre Technologies, Madison, WI, USA) or RNase-
free water. The expression of circRNA_0009092 and 
OGDH mRNA were detected by qRT–PCR.

Nuclear and cytoplasmic extraction
Nuclear and cytoplasm of cells were separated by Nuclear 
and Cytoplasmic Protein Extraction Kit (Beyotime, 
China, P0027) Following the manufacturer’s instructions. 
The RNAs of two fractions were extracted and detected 
by qRT–PCR. β-actin was used as cytoplasmic control, 
and U6 was used as nuclear control.

Immunofluorescence (IF)
CRC cells were seeded in 6 well plate with cell-climbing 
slices and fixed with 4% paraformaldehyde for 30 min. 
Then cells were permeabilized with 0.1% TritonX-100 
and incubated with 5% bovine serum albumin (BSA) for 
30 min. The primary antibodies were added: anti-NLK 
(Cell Signaling Technology, CST, 94350, 1:100), anti-
STAT3 (proteintech, 10253-2-AP, 1:200) at 4 °C overnight. 
Cells were incubated with anti-rabbit FITC-conjugated 
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secondary antibody (FITC, Invitrogen, CA), Alexa-con-
jugated anti-goat secondary antibody (Alexa647, Invitro-
gen, CA), and DAPI. The cells were photographed under 
a fluorescence microscope.

Immunohistochemistry (IHC)
The sections from xenograft tumor tissues and CRC 
patient samples were incubated with specific primary 
antibodies including: anti-NLK (CST, 94350,1:200), anti-
CCL2 (Abcam, ab200343,1:200) at 4 °C overnight, then 
incubated with secondary antibodies.

Fluorescence in situ hybridization (FISH)
Probes with 3′-Cy3 modification for circRNA_0009092 
(AAG TTG GCT TCT TTA AGG TCC TGG AAG CAT CTC 
ATC AAAGC-CY5) and FAM-labeled probes specific 
to miR-665 (aGGG GCC TCA GCC TCC TGG t-FAM) 
were synthesized (Bersinbio, China), and were used for 
detecting the location of circRNA_0009092 and miR-
665 in cells or samples according to the manufacturer’s 
protocols (Bersinbio, China). DAPI was used for nuclear 
staining.

Luciferase gene reporter assay
The Dual-Luciferase Reporter Assay kit (Promega, 
USA) was used to detect the combination between cir-
cRNA_0009092 and miR-665 following the manufac-
turer’s instructions. Wild-type (WT) or mutant (MUT) 
of circRNA_0009092 were cloned into the firefly-tagged 
pGL3 promoter luciferase vector (Genechem, shang-
hai, China). CRC cells were co-transfected with cir-
cRNA_0009092 vectors or miR-665 mimic or mimic NC 
by Lipofectamine 2000 (Invitrogen). Luciferase activities 
were detected by a dual luciferase assay system (Pro-
mega, USA) after 48 h. To assess the binding between 
miR-665 and NLK 3’UTR, CRC cells were transfected 
with NLK-WT or NLK MUT vectors, and miR‐665 
mimic or mimic NC by Lipofectamine 2000 (Invitrogen). 
To assess the STAT3 transcriptional activity, CRC cells 
were transfected with a CCL2 promoter luciferase vector 
and STAT3 vector..

RNA immunoprecipitation (RIP) assay
The Magna RIP RNA-Binding Protein Immunoprecipi-
tation Kit (Millipore, MA, USA) was used following the 
manufacturer’s protocol. 4 ×  107cells were lysed and then 
incubated with human antibody to AGO2 with protein 
A/G magnetic beads. Normal Mouse IgG (CST, USA) 
was used as negative control. The immunoprecipitation 
was set aside for qRT-PCR analysis.

CoIP assay
IP/CoIP Kit (abs955, Shanghai, China) was used to per-
form CoIP assay. Cells were lysed and centrifuged at 4 °C, 
then supernatants were collected and incubated with pri-
mary antibodies overnight. Protein A and Protein G were 
added to the supernatants. The supernatants were then 
subjected to western blotting analysis. Anti-NLK (CST, 
USA), normal rabbit IgG (CST, USA) were used.

Flow cytometry
Tumors of mice were cut into small pieces and digested 
in 1 mg/ml collagenase type IV (BioFroxx, #2091MG100, 
CAS 9001-12-1) and incubated at 37℃ for 1 h to 
obtain single-cell suspension (0.5-1×106cells/ml PBS). 
PE-CD163, FITC-CD206, APC-CD86 (Biolegend, USA) 
were added in the cell and incubated for 45 min. Cells 
were detected on the flow cytometer. The antibodies 
were listed in Table S3.

Animal models
BALB/c nude mice (female, 4‐week‐old) were purchased 
from Hubei Research Center of Laboratory Animals 
(Wuhan, China,). Animal experiment was conducted in 
line with the Guide for the Care and Use of Laboratory 
Animals of Wuhan University. The HCT-116 cells stably 
expressing oe-circ_0009092 or oe-NC were established. 
5 ×  106HCT-116 cells were injected subcutaneously 
in BALB/c nude mice. After 8 days, THP-1 cells  (106) 
in 50μL PBS were injected into the caudal vein of mice 
every 3 days for seven times [39]. Tumor volumes were 
measured with caliper every 5 days and calculated by the 
formula (width2 × length)/2. The mice were euthanized 
after 30 days. The tumor tissues were collected for fur-
ther analysis.

Statistics analysis
Data are presented as mean ± SD of at least three inde-
pendent triplicate experiments. Student’s t-test was 
employed to determine statistical significance between 
two groups. One-way ANOVA was performed for mul-
tiple comparison. The association between circ_0009092 
and clinical pathology parameters were analyzed by χ2 
test or Fisher exact test. Spearman correlation was used 
to evaluate the correlation between groups. Kaplan‐–
Meier analysis was used for evaluating survival curves. 
Statistical analysis was performed by SPSS software ver-
sion 17.0.Pvalue of <0.05 was considered to be statisti-
cally significant.

Abbreviations
TME  Tumor microenvironment
CRC   Coloectal cancer



Page 18 of 20Song et al. J Exp Clin Cancer Res          (2023) 42:319 

EMT  Epithelial-mesenchymal transition
ANT  Adjacent noncancerous tissues
IHC  Immunohistochemistry
ChIP  Chromatin immunoprecipitation
Co-IP  Co-Immunoprecipitation
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Additional file 1:Figure S1.Circ_0009092 was a single-stranded 
covalently closed RNA molecules. (A) The expression of circ_0009092 
was detected by qRT-PCR in RNA extracts from several CRC cell lines 
as well as normal cell line. GAPDH was used for qRT-PCR normaliza-
tion. (B) qRT-PCR analysis of the expression of circ_0009092 and OGDH 
mRNA after treatment with RNase R in Lovo cells. (C) The presence of 
circ_0009092 was validated in CRC cell lines by qRT-PCR. Divergent prim-
ers amplified circ_0009092 in cDNA but not in genomic DNA. GAPDH was 
used for negative control. (D) ROC curves showing predictability using 
circ_0009092 (AUC=0.7944). Statistical analysis between two groups was 
conducted using two-tailed t-test. Error bars, SD.Figure S2.Identification 
analysis of miR-665 in CRC samples. (A) FISH detection of circ_0009092 
and miR-665 in CRC tumor and ANT. Nuclei were stained with DAPI. Scale 
bar, 50μm.Figure S3.Circ_0009092 inhibited CRC cell progression by 
targeting miR-665. (A) EdU assays were utilized to detect the viability and 
proliferation of Lovo and HCT-116 cells. (B) The colony formation activity 
of HCT116 and Lovo cells evaluated. (C) Wound healing assay were used 
to detect the migration of Lovo and HCT-116 cells. The migration (D) 
and invasion (E) ability of CRC cells were detected by transwell assays. 
Statistical analysis between two groups was performed using two-tailed 
t-test. One-way ANOVA statistical tests were adopted for more than two 
groups. Data are the means ± SD of three experiments. *P< 0.05, **P< 0.01, 
***P< 0.001.Figure S4.Circ_0009092/miR-665 regulated NLK expression 
in CRC cells. (A) qRT-PCR analysis of the predicted target gene expres-
sion in CRC cells. GAPDH was used for qRT-PCR normalization. (B) The 
correlation between NLK and circ_0009092 (n= 80). (C) Dual-luciferase 
reporter assays of HCT-116 cells transfected with miR-665 mimic, NLK-WT, 
and NLK-MUT. Data are pooled from three independent experiments. 
Statistical analysis between two groups was conducted using two-tailed 
t-test. *P< 0.05, **P< 0.01, ***P< 0.001. ns: no significance. Error bars, 
SD.Figure S5.The expression distribution of immune score in tumor 
tissues and normal tissues. The abscissa represents immune cell types, 
and the ordinate represents the expression distribution of immune score 
in different groups. (A) Immune cell score heatmap, different colors 
represent different expression distribution in different samples. (B) The 
percentage abundance of tumor infiltrating immune cells in each sample. 
Different colors represent different types of immune cells. The abscissa 
represents the sample, and the ordinate represents the percentage of 
immune cell content in a single sample. The statistical difference of two 
groups was compared through the Wilcox test, significance difference of 
three groups was tested with Kruskal-Wallis test. *P< 0.05, **P< 0.01, ***P< 
0.001.Figure S6.Circ_0009092/miR-665/NLK regulated CCL2 expression to 
affect the recruitment of macrophages. (A) Chemotaxis analysis of THP-1 
macrophages with different supernatant. (B) Quantification analysis of 
chemotactic cells in five fields was counted manually. Statistical analysis 
between two groups was conducted using two‐tailed t‐test. One‐way 
ANOVA statistical tests were used for more than two groups. *P< 0.05, 
**P< 0.01, ***P< 0.001.Figure S7.NLK regulated the phosphorylation and 
O-GlcNAcylation of STAT3 by binding to STAT3. (A) Results of immunofluo-
rescence staining showing that NLK colocalizes with STAT3 in CRC cells. (B) 
Interaction between STAT3 and OGT/O-GlcNAcylation modification was 
evaluated by coIP assays in CRC cells transfected with miR-665 mimic. (C) 
Interaction between STAT3 and OGT/O-GlcNAcylation modification was 
evaluated by coIP assays in CRC cells transfected with miR-665 inhibi-
tor. (D) The relative CCL2 promoter transcriptional activity was detected 
by dual luciferase assay and normalized to Renilla luciferase activity in 
CRC cells transfected with oe- circ_0009092 or miR-665 mimic. (E) The 
relative STAT3 transcriptional activity was detected by dual luciferase 
assay and normalized to Renilla luciferase activity in CRC cells transfected 

with sh- circ_0009092 or miR-665 inhibitor. Statistical analysis between 
two groups was conducted using two‐tailed t‐test. One‐way ANOVA 
statistical tests were used for more than two groups. *P< 0.05, **P< 
0.01, ***P< 0.001.Table S1.Clinicopathologic parameters of colorectal 
cancer patients (n= 30).Table S2.The sequences of the primers for qRT-
PCR.Table S3.Antibodies used in this study.
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