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Abstract 

Background  Circular RNA (circRNA) plays an important regulatory role in the development of human malignancies, 
but the potential mechanisms of circRNA in non-small cell lung cancer (NSCLC) remain largely unknown.

Methods  Microarray analysis was used to test for circRNAs differing in expression between NSCLC tumors 
and healthy adjacent tissues. Using qRT-PCR, the expression of circZNF707 was determined. Through a number 
of loss-of-function and gain-of-function investigations, the biological behavior of NSCLC cells was evaluated. 
Finally, tests using Western blotting, RIP, qRT-PCR, and luciferase reporter gene detection and rescue assays revealed 
the potential mechanism of circZNF707.

Results  Increased expression of circZNF707 was found in NSCLC tissues. Functionally, circZNF707 enhances prolifera-
tion, migration, invasion, and glycolysis of NSCLC cells. Mechanistically, circZNF707 can upregulate PFKM by acting 
as a sponge for miR-668-3p, thus contributing to the progression of NSCLC.

Conclusions  Through the circZNF707/miR-668-3p/PFKM axis, upregulation of circZNF707 promotes tumor develop-
ment. CircZNF707 may provide new insights into the treatment and diagnosis of NSCLC.
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Introduction
Non-small cell lung cancer (NSCLC) is a highly burden-
some malignant tumor worldwide and has a significant 
impact on human health [1]. I In recent years, new treat-
ment methods including targeted therapy, anti-tumor 
angiogenic drugs, and immune checkpoint inhibitors 
have emerged, yet NSCLC continues to pose a chal-
lenge in tumor treatment [2, 3]. Glycolysis fulfills the 
energy requirements of tumor cells while simultaneously 
affecting the tumor microenvironment via its metabolic 
byproducts, positioning it as a promising therapeutic tar-
get, with PFKM recognized as a key regulatory enzyme in 
the glycolytic pathway. Hence, investigating the molecu-
lar mechanisms underlying the development of NSCLC 
and discovering novel early diagnostic markers and ther-
apeutic targets are of utmost importance.
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Circular RNA (circRNA) is a unique subtype of non-
coding RNA (ncRNA) that has become a prominent 
area of focus in RNA research [4–6]. CircRNA forms a 
specific covalently closed loop structure, lacking polar-
ity from 5’ to 3’, and polyadenylation tails [7]. Moreover, 
circRNA exhibits tissue and cell-specific expression, sug-
gesting a crucial regulatory role in diverse biological and 
pathological processes [8]. Recent studies have revealed 
the involvement of circRNA in the development of vari-
ous cancers, such as gastric cancer, pancreatic cancer, 
lung cancer, breast cancer, and bladder cancer, by modu-
lating different cellular processes [9–12]. As previously 
reported, circTP63 can upregulate the expression of 
forkhead box M1 (FOXM1) by sequestering miR-873-3p, 
thereby promoting cancer cell proliferation [13]. Circ-
SATB2 as a positive regulator of muscle-specific actin-
binding protein 1 (FSCN1) expression through miR-326 
in NSCLC cells [14]. Furthermore, circSATB2 can be 
transported via exosomes, promoting the prolifera-
tion, migration, and invasion of NSCLC cells, as well as 
inducing abnormal proliferation in normal human bron-
chial epithelial cells. Nonetheless, the specific roles of 
most circRNAs in the progression of lung cancer remain 
unclear and necessitate further exploration.

To elucidate the function of circRNA in NSCLC, we 
selected circRNAs from the GEO datasets (GSE101684 
and GSE101586). By selecting circRNAs with large differ-
ential expression from the two databases, it can be found 
that circZNF707 is the only circRNA in the two GSE 
datasets. Therefore, circZNF707 was selected for fur-
ther study. We identified a novel circRNA, circZNF707, 
derived from exons 2 and 3 of the ZNF707 gene, which 
was upregulated in NSCLC tissues and cell lines. Fur-
thermore, functional experiments demonstrated that 
circZNF707 promotes the proliferation, migration, inva-
sion, and glycolysis of NSCLC cells. Mechanistically, we 
found that circZNF707 sequesters miR-668-3p, attenu-
ating its inhibitory effect on PFKM mRNA expression, 
thereby activating glycolysis in NSCLC cells, and pro-
moting NSCLC progression.

Materials and methods
Patient tissue samples
At the First Affiliated Hospital of Ningbo University 
(Ningbo, China), 50 NSCLC patients’ tumour tissue and 
adjacent tissue samples were taken. Multiple attend-
ing physicians made the lung cancer diagnosis for each 
patient. Patients with other cancers or those who have 
received radiation or chemotherapy in the past were not 
eligible. The specimens were obtained from tumor sur-
gical resections, approximately the size of a 45  mg soy-
bean (with a diameter of about 6–8  mm). The adjacent 
normal tissues were collected from areas at least 5  cm 

away from the tumor margins, significantly reducing the 
likelihood of contamination with tumor cells within the 
normal tissue. The samples were immediately placed in 
liquid nitrogen after collecting and kept there until fur-
ther examination. Additionally, general clinical data and 
thorough pathology records were gathered. All patients 
gave their informed consent. The First Affiliated Hospi-
tal of Ningbo University’s Clinical Research Ethics Com-
mittee gave the study protocol approval (Approval No.: 
KS202112011). All experimental methods were carried 
out in compliance with the applicable laws. The clinical 
characteristics of all patients (age, gender, smoking his-
tory, tumor size, histological subtype, differentiation 
grade, TNM stage, lymph node metastasis, and distant 
metastasis) are shown in Table S3.

The detailed methods for the cell culture, cell transfec-
tion, RNase R assays, Nucleocytoplasmic fractionation, 
cell counting Kit-8 assay, wound healing assay, transwell 
assay, dual-Luciferase reporter Gene assay, RNA immu-
noprecipitation assay, western blotting and statistical 
analysis are described in Appendix S1.

Results
Expression and subcellular localization of circZNF707 
in NSCLC tissues and cells
We obtained lung cancer chip data from the GEO data-
base (GSE101586 and GSE101684) and conducted bio-
informatics analysis to generate volcano plots (Fig.  1A, 
B), illustrating the differential expression of circRNA 
in NSCLC tissues compared to adjacent tissues. Upon 
applying the criteria of P < 0.05 and Fold Change > 1.5 
to the two datasets, we identified elevated levels of 
circZNF707 (hsa_circ_0006566) in both chip datasets 
(Fig.  1C). The elevated expression of circZNF707 in 
NSCLC tissues compared to adjacent tissues was vali-
dated in 50 pairs of NSCLC tissues (Fig. 1D, E), consistent 
with the chip results. Subsequent confirmation of circ-
ZNF707 expression in human normal lung epithelial cells 
BEAS-2B, bronchial epithelial cells HBE, and NSCLC 
cells (SPC-A-1, NCI-H69, NCI-H446, NCI-H1299, and 
A549) revealed a significant increase in NSCLC cells 
compared to bronchial epithelial and normal lung epi-
thelial cells (Fig.  1F). Therefore, A549 with relatively 
high expression and NCI-H1299 with low expression 
were chosen as experimental cell lines for further inves-
tigations. The circRNA molecule circZNF707 originates 
from the 2nd and 3rd exons of the zinc finger protein 707 
(ZNF707) gene on human chromosome 8 (Fig. 1G).

Previous research has suggested that due to its stable 
closed-loop structure, circRNA is resistant to degrada-
tion by exonucleases. To confirm the stability of circ-
ZNF707, we conducted experiments using RNase R 
(Fig.  1H) and actinomycin D (Fig.  1I), demonstrating 
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Fig. 1  Expression and characteristics of circZNF707 in NSCLC. A Differentially expressed circRNA in GSE101586 dataset. B Differentially expressed 
circRNA in GSE101684 dataset. C Heatmap of differentially expressed circRNA in GSE101586 and GSE101684 datasets. D, E Expression levels 
of circZNF707 detected by qRT-PCR in NSCLC and adjacent tissues. F Expression levels of circZNF707 detected by qRT-PCR in normal human lung 
epithelial cells, bronchial epithelial cells, and NSCLC cell lines. G circZNF707 formed by reverse splicing of exons 2 and 3 of the ZNF707 gene. H 
Expression of circZNF707 and ZNF707 mRNA detected by qRT-PCR after RNase R treatment in A549 cells. I Expression levels of circZNF707 and ZNF707 
mRNA detected by qRT-PCR after resveratrol D treatment in A549 cells. J Expression levels of circZNF707 detected by qRT-PCR in the cytoplasm 
and nucleus of A549 cells. K FISH staining confirmed the expression of circZNF707 in the cytoplasm. Scale bar, 100 μm. **P < 0.01, ***P < 0.001



Page 4 of 15Chen et al. European Journal of Medical Research          (2025) 30:141 

that the expression level of circZNF707 remained rel-
atively unchanged, while the linear ZNF707 mRNA 
showed a significant decrease. Additionally, FISH and 
cytoplasmic fractionation assays indicated that circ-
ZNF707 is predominantly located in the cytoplasm 
of NSCLC cells, with approximately 75% found in 
the cytoplasm and 25% in the nucleus of A549 cells 
(Fig. 1J). FISH tests further confirmed the cytoplasmic 
abundance of circZNF707 (Fig. 1K).

circZNF707 promotes proliferation, migration, invasion, 
and glycolysis of cells in vitro
The efficiency of circZNF707 overexpression in the NCI-
H1299 cell line and the effectiveness of si-circZNF707 
silencing in the A549 cell line were assessed using 

qRT-PCR analysis (Fig. 2A, B). Subsequent investigations 
revealed that ectopic expression of circZNF707 led to 
increased cell viability in NCI-H1299 cells, while knock-
down of circZNF707 had the opposite effect (Fig. 2C–E). 
Furthermore, overexpression of circZNF707 promoted 
cell migration, invasion, and glycolysis, whereas silenc-
ing of circZNF707 resulted in the opposite effects 
(Fig. 3A–G).

circZNF707 acts as a sponge for miR‑668‑3p in NSCLC
Numerous studies have demonstrated that competitive 
interaction between miRNA and circRNA controls the 
subcellular location of circRNA in the cytoplasm, which 
in turn controls tumor growth by modifying mRNA 
expression [15, 16]. We predicted the potential miRNAs 

Fig. 2  circZNF707 promotes cell proliferation in vitro. A Transfection of siRNA in A549 cells and qRT-PCR detection of circZNF707 expression levels. 
B Transfection of circZNF707 overexpression vector in NCI-H1299 cells and qRT-PCR detection of circZNF707 expression levels. C–E CCK-8 and EDU 
assays to assess the proliferation ability of NSCLC cells after circZNF707 overexpression or knockdown. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 3  circZNF707 enhances cell migration and invasion ability in vitro. A–D Wound healing and Transwell assays to evaluate the migration 
and invasion ability of NSCLC cells after circZNF707 overexpression or knockdown. Scale bar, 100 μm. E, F Measurement of lactate and glucose 
uptake in NSCLC cells after circZNF707 overexpression or knockdown. G Analysis of extracellular acidification rate (ECAR) using a Seahorse analyzer 
after circZNF707 overexpression or knockdown. *P < 0.05, **P < 0.01, ***P < 0.001
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that could bind to circZNF707 using the databases 
miRanda, Circinteractome, and RNAhybrid (Fig.  4A). 
When the information from these three databases was 
combined, the findings suggested that miR-326, miR-330, 
and miR-668-3p might be able to bind to circZNF707 
downstream. After circZNF707 was knocked down in 
A549 cells, qRT-PCR tests were performed to confirm 
the expression levels of miR-326, miR-330, and miR-
668-3p. The findings demonstrated that miR-668-3p’s 
expression level was the only one that had increased. In 
contrast, only the expression level of miR-668-3p was 
downregulated in NCI-H1299 cells following overex-
pression (Fig.  4B, C). To confirm the binding capabil-
ity of circZNF707 and miR-668-3p, we used an AGO2 
antibody for RNA immunoprecipitation. The results 
showed that the AGO2 group had significantly more 
miR-668-3p and circZNF707 binding than the con-
trol group IgG (Fig.  4D–F). In addition, we created a 
luciferase reporter gene plasmid by fusing the vector 
with the linear sequence of miR-668-3p of circZNF707 
or a sequence with a predicted binding site mutation 
(Fig.  4G). The direct binding of circZNF707 and miR-
668-3p was confirmed using dual luciferase reporter gene 
assays (Fig. 4H). Importantly, we used qRT-PCR to iden-
tify the expression of miR-668-3p in NSCLC tissues, and 
the results revealed that the expression of miR-668-3p in 
NSCLC tissues was much lower than in normal adjacent 
tissues (Fig.  4I). Pearson correlation analysis revealed 
a negative relationship between miR-668-3p and circ-
ZNF707 expression in NSCLC tissues (Fig.  4J). These 
findings suggest that in NSCLC, circZNF707 works as a 
molecular sponge for miR-668-3p.

We designed rescue studies to see if circZNF707 is 
regulated by miR-668-3p in the progression of NSCLC. 
Co-transfection of pCD5-circZNF707 and miR-668-3p 
mimics into NCI-H1299 cells (Fig.  5A–D) and si-circ-
ZNF707 and miR-668-3p inhibitors into A549 cells was 
used to assess the biological functions of each group 
of cells (Figure S1A-D). The results shown that miR-
668-3p can reverse the stimulating effect of circZNF707 
on NSCLC cell proliferation, migration, and inva-
sion. In conclusion, circZNF707 can promote tumor 

progression in NSCLC by acting as a molecular sponge 
for miR-668-3p.

PFKM is a downstream target of miR‑668‑3p
MiRNAs inhibit the transcription and translation of tar-
get genes by binding to the 3’UTR of their downstream 
target genes, thereby exerting their biological func-
tions [17–19]. We transfected miR-668-3p mimic and 
miRNA-NC control into NCI-H1299 cells and detected 
the expression changes of downstream genes using RNA 
sequencing. The results showed significant changes in 
the expression of genes such as JAM3, NR1H4, DDX43, 
TSPAN12, AOC1, and PFKM (Fig.  6A). Meanwhile, we 
used PITA, miRmap, microT, and TargetScan databases 
to analyze the downstream target genes of miR-668-3p. 
The results showed that 26 genes with potential binding 
sites for miR-668-3p were predicted by the four data-
bases. Simultaneously, we evaluated the 26 potential 
genes to the RNA sequencing findings and discovered 
that only the expression level of PFKM changed sig-
nificantly (Fig.  6B). Based on these findings, we over-
expressed miR-668-3p and circZNF707 in NCI-H1299 
cells, and the results showed that, as compared to the 
miRNA-NC control group, miR-668-3p overexpression 
dramatically reduced PFKM expression (Fig.  6C). Over-
expression of circZNF707, on the other hand, greatly 
boosted PFKM expression. MiR-668-3p and circZNF707 
knockdown had the opposite effect (Fig. 6D).

In addition, we created a luciferase reporter gene plas-
mid by fusing the vector with the linear sequence of 
PFKM’s binding site for miR-668-3p or the sequence with 
a predicted binding site mutation (Fig.  6E). The direct 
binding of PFKM and miR-668-3p was verified using a 
dual luciferase reporter gene assay (Fig. 6F). Meanwhile, 
qRT-PCR or Western Blot were employed to detect the 
amount of PFKM gene expression in NSCLC tissues 
and cells. The results demonstrated that the expression 
level of the PFKM gene was dramatically upregulated in 
NSCLC tissues and cells when compared to the control 
group (Fig.  6G–I). Pearson correlation analysis revealed 
a positive relationship between PFKM and circZNF707 
expression in NSCLC tissues (Fig. 6J). This suggests that 

(See figure on next page.)
Fig. 4  circZNF707 functions as a sponge for miR-668-3p. A Prediction of potential miRNAs binding to circZNF707 by miRanda, Circinteractome, 
and RNAhybrid databases. B qRT-PCR detection of the expression levels of miR-326, miR-330, and miR-668-3p in NCI-H1299 cells transfected 
with circZNF707 overexpression vector. C qRT-PCR detection of the expression levels of miR-326, miR-330, and miR-668-3p in A549 cells 
transfected with siRNA. D Protein expression levels of AGO2 and ACTIN detected by Western Blot experiment. E, F Co-immunoprecipitation 
of AGO2 group and IgG group, with qRT-PCR detection of the expression levels of miR-668-3p and circZNF707. G Prediction of the binding site 
between miR-668-3p and circZNF707 by Circinteractome database. H Luciferase assay to detect the binding between miR-668-3p and circZNF707. I 
qRT-PCR detection of the expression levels of miR-668-3p in NSCLC and adjacent tissues. J Pearson correlation analysis of the expression correlation 
between miR-668-3p and circZNF707 in NSCLC tissues. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 4  (See legend on previous page.)
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Fig. 5  circZNF707’s oncogenic effect in NSCLC can be reversed by miR-668-3p. After transfection with PCD5 + mimics-NC, 
PCD5 + miR-668-3pmimics, and PCD5-circZNF707 + miR-668-3pmimics in NCI-H1299 cells, A, B CCK-8 and EDU experiments were conducted 
to assess cell proliferation ability. C, D Wound healing and Transwell experiments were performed to evaluate the migration and invasion capability 
of NSCLC cells. Scale bar, 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 6  PFKM is a downstream target gene of miR-668-3p. A The expression levels of downstream genes were measured by transcriptome 
sequencing after transfection of miR-668-3p mimic and miRNA-NC in NCI-H1299 cells. B Target genes potentially binding to miR-668-3p predicted 
by PITA, miRmap, microT, and TargetScan databases. C The expression level of PFKM was detected by qRT-PCR after transfection of miR-668-3p 
mimic and circZNF707 overexpression vector in NCI-H1299 cells. D The expression level of PFKM was detected by qRT-PCR and Western Blot 
after transfection of miR-668-3p inhibitor and circZNF707 siRNA in A549 cells. E Predicted binding sites of miR-668-3p with PFKM according 
to TargetScan database. F Luciferase assay to detect the binding sites between miR-668-3p and PFKM. G Expression levels of PFKM in NSCLC 
and adjacent tissue detected by Western Blot. H Expression levels of PFKM in human bronchial epithelial cells and NSCLC cell lines detected 
by qRT-PCR. I Expression levels of PFKM in NSCLC and adjacent tissue detected by qRT-PCR. J Pearson correlation analysis of the expression 
correlation between PFKM and circZNF707 in NSCLC tissues. *P < 0.05, **P < 0.01, ***P < 0.001
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the circZNF707/miR-668-3p/PFKM pathway plays a key 
role in the occurrence and progression of NSCLC.

Finally, it was validated that circZNF707 regulates the 
expression of PFKM by modulating miR-668-3p, thereby 
promoting the progression of non-small cell lung cancer 
(NSCLC). The findings of co-transfection of A549 cells 
with miR-668-3p inhibitor and by si-PFKM revealed that 
si-PFKM dramatically inhibited miR-668-3p inhibitor’s 
promoter effects on NSCLC cell proliferation, migration, 
invasion, and glycolysis (Fig. 7A–G). Similarly, co-trans-
fecting miR-668-3p mimics and PFKM overexpression 
vector into NCI-H1299 cells demonstrated that the miR-
668-3p overexpression could counteract the stimulating 
effects of PFKM overexpression on NSCLC cell prolifera-
tion, migration, invasion, and glycolysis (Figure S2A-G).

circZNF707/miR‑668‑3p/PFKM axis promotes glycolysis 
in NSCLC cells
We knocked down circZNF707 in A549 cells and 
detected the protein levels of glycolytic enzymes, 
including PFKM, hexokinase 1 (HK1), glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and lactate dehy-
drogenase A (LDHA), which are key enzymes required 
for the Warburg effect of converting pyruvate to lactate. 
Among all detectable proteins, the amount of PFKM pro-
tein reduced considerably, but HK1 and LDHA expres-
sion remained unchanged (Fig.  8A). More notably, we 
found that overexpressing miR-668-3p in NCI-H1299 
cells resulted in a substantial decrease in PFKM protein 
levels. However, simultaneous overexpression of circ-
ZNF707 restored PFKM protein expression (Fig. 8B–D). 
In contrast, knocking down both miR-668-3p and circ-
ZNF707 had the opposite effect (Fig. 8E).

Knockdown of circZNF707 inhibits the progression 
of NSCLC in vivo
In the subcutaneous tissue of BALB/c nude mice, we sta-
bly implanted A549 cell lines expressing sh-circZNF707 
or sh-NC. Tumor size was measured every 3 days, and the 
mice were killed after 33 days. The experimental results 
demonstrated that knocking down circZNF707 resulted 
in a considerable reduction in tumour volume and bulk 
(Fig.  9A–C). Following circZNF707 knockdown in the 
cells, Western blot examination of subcutaneous tumour 
tissue indicated a substantial downregulation of PFKM 
expression (Fig.  9D). After circZNF707 knockdown, 

qRT-PCR findings revealed a significant decrease in 
PFKM expression and an increase in miR-668-3p expres-
sion (Fig. 9E). Immunohistochemical staining revealed a 
substantial decrease in PFKM, CD31, and Ki67 expres-
sion levels in tumour tissues from the sh-circZNF707 
group compared to the sh-NC group (Fig. 9F).

In conclusion, circZNF707 operates as an oncogene in 
NSCLC cells by competitively binding to miR-668-3p, 
increasing PFKM expression, and facilitating glycolysis.

Discussion
The dysregulation of circRNAs in various malignancies 
has been validated by an increasing number of studies 
in recent years, which have also clarified their role in the 
complex control of cellular processes [20, 21]. However, 
little is known about the particular roles played by cir-
cRNAs in NSCLC, necessitating more research. Here, 
we discovered circZNF707, a new circRNA created by 
backsplicing exons 2 and 3 of the parental gene ZNF70 
to create a closed circular RNA molecule. Our findings 
show that circZNF707 is significantly upregulated in 
NSCLC tissues and cells, indicating an oncogenic func-
tion. According to the study, circZNF707 overexpression 
greatly encourages proliferation, migration, invasion, and 
glycolysis. On the other hand, NSCLC cells’ proliferation, 
migration, invasion, and glycolysis are markedly reduced 
when circZNF707 is knocked down. Therefore, we specu-
late that circZNF707 is essential for controlling NSCLC 
cell proliferation, invasion, and glycolysis.

Existing research indicates that the subcellular localisa-
tion of circRNAs plays a significant role in the biological 
actions of these molecules [22]. CircRNAs’ primary bio-
logical role is related to their interaction with miRNAs 
when they are mostly found in the cytoplasm [23, 24]. For 
instance, by circBCAR3 targets the miR-27a-3p/TNPO1 
axis and is predominantly found in the cytoplasm of 
esophageal cancer cells, where it encourages invasion, 
metastasis, and treatment resistance [17]. Contrarily, 
when circRNAs are found in the nucleus, their primary 
role is to attach to RNA-binding proteins and control the 
transcription of genes. For instance, by circMRPS35 can 
localize in the nucleus of gastric cancer cells and specifi-
cally bind to the FOXO1/3a promoter, promoting their 
transcription and translation as well as activating the 
expression of E-cadherin, p21, and p27, preventing the 
growth and metastasis of gastric cancer cells [25].

Therefore, to further investigate the role of circ-
ZNF707 in the progression of NSCLC, we did a 
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Fig. 7  PFKM reverses the anticancer effect of miR-668-3p in NSCLC. In A549 cells, transfection of si-NC + inhibitor NC, si-PFKM + inhibitor NC, 
and si-PFKM + miR-668-3p inhibitor was performed A, B Cell proliferation ability was detected by CCK-8 and EDU assays. C, D Wound healing 
and Transwell assays were conducted to measure cell migration and invasion in NSCLC cells. Scale bar, 100 μm. E, F Measurement of lactate 
and glucose uptake in NSCLC cells. G Analysis of extracellular acidification rate (ECAR) using a Seahorse analyzer. *P < 0.05, **P < 0.01, ***P < 0.001
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subcellular localization study and discovered that circ-
ZNF707 is mostly located in the cytoplasm of NSCLC 
cells, indicating that it may be involved in control-
ling miRNA expression. We discovered a binding 
site between circZNF707 and miR-668-3p by using 
database software (miRanda, Circinteractome, and 
RNAhybrid) to identify probable miRNA binding sites 
of circZNF707. We identified a negative connection in 
their expression in NSCLC tissues and experimentally 
verified the targeting interaction between miR-668-3p 
and circZNF707. The inhibitory effects of miR-668-3p 
overexpression on cell proliferation, migration, and 
invasion may be reversed by overexpression of circ-
ZNF707.This work demonstrates miR-668-3p’s capac-
ity to inhibit the oncogenic effects of circZNF707 and 
offers the first evidence of the tumor-suppressive activ-
ity of miR-668-3p in NSCLC. Therefore, we suggest 
that circZNF707 interacts with miR-668-3p to perform 
its oncogenic effect. Through RNA sequencing and 
website prediction, we discovered that PFKM is a likely 
target of miR-668-3p, which we further verified in our 
tests. MiRNAs work by preventing the translation and 
destruction of target genes.

One of the rate-limiting enzymes regulating gly-
colytic flow is phosphofructokinase (PFK), a vital 
enzyme in the glycolytic energy metabolism pathway 
[26]. Changes in cellular metabolism are intimately 
correlated with its activity. Numerous studies have 
demonstrated that as compared to normal tissues or 
cells, the expression levels of PFK are much higher in 
tumour cells and tumour tissues [27, 28]. The rate of 
aerobic glycolysis in tumour cells likewise increases 
when PFK activity overall rises, meeting the increased 
synthetic metabolic demands of active tumour cells. 
Numerous oncogenes, including Myc, Ras, and HIF-
1A, can also stimulate PFK activity [29]. According to 
our research, NSCLC tissues and cells co-express circ-
ZNF707 and PFKM, which compete with one another 
to bind miR-668-3p and control one another’s expres-
sion. Functional studies show that PFKM has an onco-
genic function, and that the target gene PFKM can 
inhibit miR-668-3p’s ability to reduce tumour growth in 
NSCLC. Furthermore, circZNF707’s oncogenic impact 
can be countered by downregulating PFKM. These 

Fig. 8  circZNF707/miR-668-3p/PFKM axis promotes glycolysis in NSCLC cells. Western blot assay of PFKM, HK1, and LDHA proteins in NSCLC 
cells transfected with si-circZNF707 (A), PCD5-circZNF707 (B), PCD5-circZNF707 + miR-668-3p mimics (C), OE-PFKM + miR-668-3p mimics (D), 
and si-circZNF707 + miR-668-3p inhibitor (E)
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findings imply that the circZNF707/miR-668-3p/PFKM 
axis mediates the pro-tumorigenic effect of circZNF707 
in NSCLC.

In summary, our research shows that the circZNF707-
miR-668-3p-PFKM axis, which controls the proliferation, 
migration, invasion, and glycolysis of NSCLC cells, is part 

of a unique circRNA-miRNA-mRNA regulatory network 
in NSCLC cells. Our findings provide new insights into 
the diagnosis and treatment of NSCLC.

Fig. 9  Knockdown of circZNF707 inhibits the progression of NSCLC in vivo. A Representative images of subcutaneous tumor tissues 
in the sh-circZNF707 group and sh-NC group. B, C Tumor volume and weight of subcutaneous tumor tissues. D Western blot analysis of PFKM 
expression levels in subcutaneous tumor tissues of each group. E qRT-PCR analysis of circZNF707, miR-668-3p, and PFKM expression levels 
in subcutaneous tumor tissues of each group. F Immunohistochemical staining of PFKM, CD31, and Ki67 expression levels in subcutaneous tumor 
tissues of each group. Scale bar, 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001
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si-circZNF707+miR-668-3p inhibitor,CCK-8 and EDU experiments were 
performed to assess cell proliferation capability.Wound healing and Tran-
swell assays were conducted to assess the migration and invasion ability 
of NSCLC cells. Scale bar, 100 μm. *P < 0.05, **P < 0.01.
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