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CircNOLC1 Promotes Colorectal Cancer Liver Metastasis by
Interacting with AZGP1 and Sponging miR-212-5p to
Regulate Reprogramming of the Oxidative Pentose
Phosphate Pathway

Menglang Yuan, Xinsheng Zhang, Fangxia Yue, Feifan Zhang, Sufen Jiang, Xu Zhou,
Jinjuan Lv, Zhenyu Zhang, Yuzhu Sun, Zihao Chen, Han Wu, Xiaoqian Liu, Xiaoqi Yu,
Bowen Wei, Kexin Jiang, Fang Lin, Yunfei Zuo,* and Shuangyi Ren*

Liver metastasis is a common cause of death in progressive colorectal cancer
patients, but the molecular mechanisms remain unclear. Here, it is reported
that a conserved and oxidative pentose phosphate pathway-associated
circular RNA, circNOLC1, plays a crucial role in colorectal cancer liver
metastasis. It is found that circNOLC1 silencing reduces the oxidative
pentose phosphate pathway-related intermediate metabolites and elevates
NADP+/NADPH ratio and intracellular ROS levels, thereby attenuating
colorectal cancer cell proliferation, migration, and liver metastasis. circNOLC1
interacting with AZGP1 to activate mTOR/SREBP1 signaling, or sponging
miR-212-5p to upregulate c-Met expression, both of which can further induce
G6PD to activate oxidative pentose phosphate pathway in colorectal cancer
liver metastasis. Moreover, circNOLC1 is regulated by the transcription factor
YY1 and specifically stabilized HuR induces its parental gene mRNA
expression. The associations between circNOLC1 and these signaling
molecules are validated in primary CRC and corresponding liver metastasis
tissues. These findings reveal that circNOLC1 interacting with AZGP1 and
circNOLC1/miR-212-5p/c-Met axis plays a key role in oxidative pentose
phosphate pathway-mediated colorectal cancer liver metastasis, which may
provide a novel target for precision medicine of colorectal cancer.
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1. Introduction

Metastasis is the leading cause of death in
patients with colorectal cancer (CRC), and
the liver is the most common site for dis-
tant metastasis.[1] Among them, only about
a quarter of patients affected are amenable
to resection, the cause that the 5-year sur-
vival rate is less than 10% after liver metas-
tasis diagnosis.[2,3] Therefore, uncovering
the underlying genetic alterations and reg-
ulatory targets in CRC liver metastases is
urgently necessary for the development of
novel anticancer therapies.

Metabolic reprogramming has emerged
as a key hallmark of cancer.[4] Growing
evidence suggests that metabolic repro-
gramming is required during metastatic
dissemination and colonization in CRC.[5]

Metabolic reprogramming-involved mul-
tiple metabolic pathways including glu-
cose metabolism, lipid homeostasis,
and amino acid metabolism may be
involved in CRC liver metastasis.[6–9]

The pentose phosphate pathway (PPP),
a branch of glucose metabolism, has become the focus of
metabolic reprogramming. The oxidative pentose phosphate
pathway (oxPPP) can provide both nucleotide precursors for
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tumor growth and nicotinamide adenine dinucleotide phosphate
(NADPH) for tumor metastasis.[10,11] Glucose-6-phosphate dehy-
drogenase (G6PD) is the first rate-limiting enzyme in the oxPPP,
and its function is strictly regulated in normal cells but highly
activated in cancer cells. Recent reports have shown that G6PD
activity may be affected by numerous factors, such as tumor sup-
pressor p53, p73, PTEN, transcription factor YY1, protein ki-
nase mTOR, and Plk1.[12–17] However, despite the crucial roles
of G6PD and the oxPPP in CRC, their regulatory mechanisms in
liver metastases still remain unclear.

CircRNAs play an important role in CRC growth and metas-
tasis. By sponging, recruitment, or scaffolding of microR-
NAs or proteins, and translation of specific peptides, circR-
NAs can promote or suppress various hallmarks of cancer.
It has been reported that N6-methyladenosine modification
of circNSUN2 modulates cytoplasmic export and promotes
epithelial-to-mesenchymal transition (EMT) in CRC liver metas-
tasis via forming a circNSUN2/IGF2BP2/HMGA2 RNA-protein
ternary complex.[18] CircPPP1R12A encodes a functional pro-
tein, circPPP1R12A-73aa, that facilities the occurrence and liver
metastasis of colon cancer by activating the Hippo-YAP (Yes-
associated protein) signaling pathway.[19] In addition, circPP-
FIA1s functioned as sponges of oncogenic miR-155-5p and Hu
antigen R (HuR) to inhibit the CRC liver metastasis through
the miR-155-5p/CDX1 and HuR/RAB36 pathways.[20] Recently,
it has become evident that multiple metabolic pathways includ-
ing glycolysis, fatty acid oxidation, and amino acid metabolism in
CRC are tightly regulated by circRNAs.[21–23] Notably, however, lit-
tle is known about circRNA-induced metabolic pathways in CRC
liver metastasis.

RNA binding proteins (RBPs) play key roles in circRNA-
mediated gene regulation, and obtaining the full interaction map
of proteins bound to a circRNA of interest is critical to our
understanding of its function.[24] It is reported that circSTX6
was confirmed to participate in the ubiquitin-dependent degra-
dation of hypoxia-inducible factor 1-alpha (HIF1A) by interact-
ing with CUL2.[25] circMYBL2 was found to enhance the trans-
lational efficiency of the FLT3 kinase by increasing the binding
of polypyrimidine tract-binding protein 1 (PTBP1) to FLT3 mes-
senger RNA.[26] In addition, circACTN4 promotes intrahepatic
cholangiocarcinoma progression by recruiting YBX1 to initiate
FZD7 transcription.[27] However, to date, potent and sensitive cir-
cRNA binding proteins for CRC liver metastasis are mostly un-
known.

c-Met is a hepatocyte growth factor receptor with tyrosine ki-
nase activity that is associated with a variety of oncogene products
and regulatory proteins and is involved in the regulation of cel-
lular signal transduction and cytoskeletal rearrangement. It has
been reported that c-Met is a key factor in promoting liver metas-
tasis of colorectal cancer. Upregulation of c-Met expression in
colon cancer cells with overexpression of MACC1 (metastasis-
associated in colon cancer-1) significantly increased the liver
metastasis rate.[28] Sprouty-2 was found to increase the metastatic
potential by regulating the expression of c-Met in colon cancer
cells.[29] Our previous study found that liver and lymph node si-
nus endothelial cell c-type lectin (LSECtin) promoted liver metas-
tasis by upregulating c-Met expression in colon cancer cells.[30]

Here, we identified the mechanism by which circNOLC1 mod-
ulates oxPPP-mediated metabolic reprogramming in human

CRC liver metastasis. We discovered that circNOLC1 interacted
with AZGP1 to activate mTOR/SREBP1 signaling, or sponged
miR-212-5p to upregulate c-Met expression, both of which could
further induce G6PD to activate oxPPP in CRC liver metasta-
sis. We also found that circNOLC1 was transcriptionally regu-
lated by YY1 and specifically stabilized HuR-induced parental
gene mRNA expression. The identification of the oxPPP regu-
lated by circNOLC1 interacted with AZGP1 and sponged miR-
212-5p will help further our understanding of how metabolic re-
programming elicits CRC liver metastasis.

2. Results

2.1. Identification and Characterization of circNOLC1, a circRNA
that Specifically Showed a Higher Expression Level in Metastatic
CRC

To discover circRNAs specifically functioning in metastatic CRC,
we compared three pairs of metastatic CRC tissues and their
matched nontumor tissues by using a circRNA microarray. The
volcano plot shows the variation in circRNA expression between
the CRC tissues and paired adjacent normal tissues (Figure S1A,
Supporting Information). A total of 498 circRNAs in the microar-
ray exhibited significant differences (P < 0.05 and fold change >

2.0), 53 were upregulated and 445 were downregulated (Figure
1A). Chromosome analysis showed all chromosomes produced
abnormally expressed circRNAs (Figure S1B, Supporting Infor-
mation). Among the 498 differentially expressed circRNAs, 449
(90.16%) were from exons (Figure S1C, Supporting Information),
192 of these circRNAs whose expression was deregulated in the
same direction as their parental genes obtained from The Can-
cer Genome Atlas (TCGA). We cross-referenced the correspond-
ing parental genes against the 192 circRNAs, deriving a priori-
tized list of 27 parental genes with differential expression (Table
S1, Supporting Information). Among them, 9 circRNAs whose
parental genes were previously reported to be associated with
CRC progression (Figure 1B; Table S2, Supporting Information).

Of note, circNOLC1 (circBase ID: hsa_circ_0000257) and its
parental gene NOLC1, respectively, were one of the most abun-
dant differentially expressed transcripts according to their nor-
malized read counts in our microarray and TPM values in the
TCGA-COADREAD cohort (Figure 1C; Figure S1D, Supporting
Information). Moreover, circNOLC1 was the most differential be-
tween CRC with metastasis and without metastasis (Figure 1C).
Consistently, circNOLC1 was highly abundant in both normal
human intestinal epithelial and CRC cell lines (Figure 1D). Fur-
thermore, the back-spliced ratio of circNOLC1 was more highly
expressed than its linear isoforms (Figure 1E). We next mea-
sured circNOLC1 expression in 92 human CRC and correspond-
ing normal tissues by qPCR. As expected, circNOLC1 was signifi-
cantly different between CRC and normal tissues and was higher
in CRCs with metastasis than without metastasis (Figure 1F).
Therefore, we chose circNOLC1 for further study.

According to the human reference genome (GRCh38/hg38),
we identify that circNOLC1 is 487 bp in spliced length and
consists of 4 exons (exons 2–5) from the NOLC1 gene. Back-
splicing in the RT-PCR product of circNOLC1 with the expected
size was confirmed by Sanger sequencing (Figure 1G). To fur-
ther confirm the circular characteristics of circNOLC1, RNA and
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Figure 1. Identification and characterization of circNOLC1, a circRNA that specifically showed a higher expression level in metastatic CRC. A) Clustered
heatmap of the differentially expressed circRNAs in three paired metastatic CRC and adjacent normal tissues. B) Identification of circRNAs having
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genomic DNA were isolated from CRC-derived cells. We am-
plified circNOLC1 and NOLC1 from cDNA and genomic DNA
utilizing divergent and convergent primers and gel electrophore-
sis showed that circNOLC1 only exists in the cDNA (Figure 1H).
Furthermore, we digested total RNA with RNase R exonuclease
and found that circNOLC1, but not linear NOLC1, could be am-
plified after RNase R digestion (Figure 1I). With the oligo(dT)18
primers compared with the random primers, the relative expres-
sion of circNOLC1 was significantly decreased, while NOLC1
mRNA was not (Figure 1J). Moreover, we used actinomycin D to
inhibit transcription and found that circNOLC1 was more stable
than NOLC1 mRNA (Figure 1K). qPCR and fluorescence in situ
hybridization (FISH) for circNOLC1 showed the predominant
cytoplasmic distribution of circNOLC1 (Figure 1L,M). Finally, we
excluded the possibility that circNOLC1 is translated as occurs
with some circRNAs through the open reading frame (ORF)
and internal ribosome entry site (IRES).[32] Using CPC2,[33] we
predicted that circNOLC1 has no protein-coding potential (Table
S3, Supporting Information). Together, these results suggest
that circNOLC1 is an abundant, circular, and stable transcript,
which may potentially contribute to CRC metastasis.

2.2. circNOLC1 Silencing Specifically Impairs the Growth and
Liver Metastasis of CRC Cells

To evaluate the biological roles of circNOLC1 in greater de-
tail, two short hairpin RNAs (shRNAs) spanning the back-
splicing junction of circNOLC1 were designed to silence circ-
NOLC1 expression via lentiviral transduction (Figure 2A; Figure
S2A, Supporting Information). We found that the depletion of
circNOLC1 efficiently decreased its mRNA level in HCT116
and LoVo cells (Figure 2B). The Cell Counting Kit-8 (CCK-8)
and colony formation assays revealed a significant delay in the
growth of CRC cells after the knockdown of circNOLC1 com-
pared with the negative control (Figure S2B,C,E, Supporting In-
formation). Furthermore, wound healing and Transwell migra-
tion assays demonstrated that circNOLC1 silencing markedly de-
creased the migratory potential of CRC cells (Figure 2C,D). A
similar growth and migration inhibitory effect was observed in
LS174T circNOLC1-depleted cells (Figure S2E, Supporting Infor-
mation). CRC patient-derived organoids (PDO) growth assay fur-
ther showed that circNOLC1 had no significant impact on the
aggregation of organoids, but circNOLC1 knockdown inhibited
organoid growth (Figure 2E). A similar cell growth promotive ef-
fect of circNOLC1 overexpression was observed in organoid mod-
els (Figure S2F, Supporting Information). To determine whether

circNOLC1 mediates CRC metastasis to specific organs, we used
a Boyden chamber coculture system and found that culture me-
dia from normal liver cells markedly promoted the metastasis of
CRC cells, whereas culture medium from normal lung cells had
no effect. This liver organotropism was attenuated in circNOLC1-
depleted cells (Figure 2F). HGF and CXCL8 levels in the su-
pernatant were significantly decreased in circNOLC1-depleted
HCT116 cells only when HCT116 cells were co-cultured with
the normal liver cells, while no changes were observed when
co-cultured with normal lung cells (Figure 2G), suggesting that
circNOLC1 was indispensable for CRC liver metastasis. In addi-
tion, stable CRC cells expressing negative control or circNOLC1
shRNA were injected into the distal tip of the spleen of nude
mice. Seven weeks later, the spleens and livers were removed and
embedded in paraffin. We noted that all mice injected with sta-
ble HCT116 and LoVo cells expressing control shRNA formed
tumors in the spleen and liver metastases; in contrast, few of the
mice injected with stable HCT116 and LoVo cells expressing circ-
NOLC1 shRNA formed liver metastases (Figure 2H; Figure S2G,
Supporting Information). Moreover, the number of metastatic
nodules in the livers was significantly reduced in mice inoculated
with CRC cells transduced with circNOLC1 shRNA compared
with control (Figure 2I,J). Survival analysis revealed that the
survival rate of mice was significantly increased in circNOLC1-
depleted cells (Figure 2K; Figure S2G, Supporting Information).
By using the lentiviral overexpression vector, we successfully ob-
tained stable circNOLC1 overexpression in HCT116 and LoVo
cells (Figure S2A, Supporting Information). For functional stud-
ies, we found that exogenous overexpression of circNOLC1 in
CRC cells promoted malignant proliferation and migration in
vitro (Figure 2C,D; Figure S2D, Supporting Information) and in-
creased the formation of liver metastasis of CRC cells in vivo
(Figure 2H–K; Figure S2H, Supporting Information).

To confirm the role of circNOLC1 in CRC liver metastases, we
also established a liver capsule injection model. We noted that all
mice injected with stable cells expressing circNOLC1 shRNA led
to a reduction in the incidence of macroscopic liver metastasis
(Figure 2L; Figure S2I, Supporting Information). Similar to the
intra-splenic injection model, H&E staining and quantification
indicated that the number of metastatic nodules in the liver was
reduced after being inoculated with the circNOLC1-depleted
CRC cells and were increased after circNOLC1 overexpression
(Figure 2M,N). Survival analysis revealed that the survival rate
of mice was significantly increased in circNOLC1-depleted cells
and decreased in circNOLC1-overexpressed cells (Figure 2O;
Figure S2I, Supporting Information), indicating that circNOLC1

significant expression differences in malignant CRC samples compared with normal colon samples. C) Top 9 circRNAs significantly upregulated or
downregulated in three paired CRC and adjacent normal tissues. D) CircNOLC1 expression in CRC cell lines was higher than that in the normal intestinal
epithelial cell line as determined by qPCR. E) Comparison of the ratio of circular to linear product reads between normal and CRC cell lines. F) Differential
expression of circNOLC1 between 92 paired normal colon and primary CRC (left) and primary CRC and liver metastasis samples (right) as determined by
qPCR. G) Structures of the NOLC1 genomic DNA and transcript. circNOLC1 is produced from exons 2–5 of NOLC1 by back-splicing. Sanger sequencing
identified the back-splice junction of circNOLC1. H) Divergent and convergent primers amplify circNOLC1 in cDNA and genomic DNA of HCT116. I)
The resistance of circular and linear NOLC1 to RNase R digestion. J) Random or oligo(dT)18 primers were used for reverse transcription. The relative
RNA levels were determined by qPCR and normalized to the values using random primers. K) circNOLC1 and NOLC1 levels in HCT116 and LS174T
cells were determined by qPCR after actinomycin D treatment for 4, 8, 12, and 24 h. L) Identification of circNOLC1 and NOLC1 mRNA distribution
by qPCR analysis. GAPDH and U6 were used as the cytoplasmic and nuclear markers, respectively. M) RNA FISH for circNOLC1. Cy3 dye and DAPI
stain. *p < 0.05, **p < 0.01, ***p < 0.001. DAPI, 4′,6-diamidino-2-phenylindole; FISH, fluorescence in situ hybridization; CRC, colorectal cancer; qPCR,
quantitative reverse transcription PCR.
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Figure 2. circNOLC1 silencing specifically impairs the growth and liver metastasis of CRC cells. A) Schematic of the shRNAs used for targeting circ-
NOLC1 at the junction sequences. The blue and purple sequences show the corresponding 5′ and 3′ exon sequences forming the junction. B) Efficient
knockdown of circNOLC1 in HCT116 and LS174T cells was detected by qPCR. C,D) The effect of circNOLC1 knockdown or overexpression on the mi-
gration ability of human CRC cells was evaluated by wound healing (C) and Transwell (D) assays. E) Representative images of H&E staining both CRC
patient-derived organoids (PDO) and their matching patient tissue (top). Matrigel-suspended organoids transduced with lentiviral vectors containing
circNOLC1 knockdown cultured for 1, 5, and 10 days (bottom). Organoid diameter on day 10. Scale bar: 500 μm. F) Schematic for the coculture experi-
ment. The effect of circNOLC1 knockdown on migration with liver or lung organotropism of CRC cells was evaluated by the Boyden chamber coculture

Adv. Sci. 2023, 10, 2205229 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205229 (5 of 18)



www.advancedsciencenews.com www.advancedscience.com

silencing limits liver metastasis in the liver orthotopic model.
Together, these results suggest that circNOLC1 knockdown can
significantly impair the growth and liver metastatic ability of
CRC cells in vitro and in vivo.

2.3. circNOLC1 Regulates G6PD Level and Activity to Promote
Pentose Phosphate Pathway in an mTOR-Dependent Manner

circNOLC1 parental gene NOLC1 is reported to have GT-
Pase/ATPase activities and participate in the metabolism of small
nucleolar RNA.[34] Therefore, we assumed that circNOLC1 may
promote CRC liver metastasis by mediating metabolic repro-
gramming. We performed liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS) and RNA-sequencing
to investigate the metabolic alterations induced by circNOLC1
knockdown. LC-MS/MS analysis showed the presence of dis-
tinct metabolite clusters in circNOLC1-depleted HCT116 cells
compared with control (Figure 3A). Similarity matrix analysis of
metabolites suggested that certain metabolites affected by cir-
cNOLC1 knockdown were consistent with those in the GEO:
GSE41568 colon cancer liver metastasis dataset (Figure S3A,
Supporting Information). RNA-sequencing analysis was then
performed to measure the expression levels of the involved
metabolic enzymes. Unsupervised hierarchical clustering re-
vealed a total of 152 upregulated genes and 74 downregulated
genes in circNOLC1-depleted HCT116 cells (Figure S3B, Sup-
porting Information). GO analysis revealed that the metabolic
process was involved in the most leading affected biological pro-
cess in circNOLC1-depleted cells (Figure S3C, Supporting Infor-
mation).

We next combined metabolomics and transcriptomics to iden-
tify metabolic pathways that were likely altered in circNOLC1-
depleted cells compared with control cells. Integrated anal-
ysis showed that circNOLC1 knockdown primarily affected
the carbohydrate and nucleotide metabolite sets, resulting in
remarkable changes in the metabolic pathways of oxidative
pentose phosphate pathway (oxPPP) and purine metabolism
(Figure 3B). Functional enrichment analysis of the genes identi-
fied in both omics demonstrated that commonly downregulated
genes in circNOLC1-depleted cells were involved in the oxPPP
(Figure S3D, Supporting Information). Further metabolomics
analysis showed that the levels of intermediate metabolites
in oxPPP and purine metabolism were significantly decreased
after silencing circNOLC1 (Figure 3C). Some intermediate
metabolites involved in PPP were confirmed by mass spec-
trometry, 6-Phosphogluconic acid (6PG), Erythrose 4-phosphate
(E4P), and Gluconic acid were downregulated in circNOLC1-

depleted cells (Figure S3E, Supporting Information). Consis-
tent with the metabolite levels, our qPCR findings demon-
strated a significant decrease in the expression of key genes
involved in the regulation of the oxPPP after silencing circ-
NOLC1 (Figure 3D). Additionally, circNOLC1 knockdown led
to a strong suppression of glucose consumption (Figure 3E).
Previous studies indicated that PPP plays a critical role in
regulating tumor growth and metastasis by supplying cells
with not only ribose-5-phosphate but also nicotinamide ade-
nine dinucleotide phosphate (NADPH) for detoxification of in-
tracellular reactive oxygen species (ROS), reductive biosynthe-
sis, and ribose biogenesis.[15,35–37] We found that circNOLC1
knockdown in HCT116 and LS174T cells robustly lessened
NADPH level, raised the NADP+/NADPH ratio and the amount
of intracellular ROS (Figure 3F,G). Furthermore, circNOLC1
silencing suppressed de novo DNA synthesis (Figure 3H).
These results reveal that circNOLC1 is critical for regulating
oxPPP.

G6PD is the rate-limiting enzyme in the oxPPP, and its ac-
tivity determines the first committed step of this pathway.[37]

Interestingly, circNOLC1-depleted cells showed a strong reduc-
tion (∼55-65%) in overall G6PD activity compared with con-
trol (Figure 3I). By integrated analysis of the RNA-sequencing
profile and the key genes involved in the regulation of the
oxPPP, we found that the sterol regulatory element-binding tran-
scription factor 1 (SREBF1) level was significantly decreased in
circNOLC1-depleted cells (Figure 3J). SREBP, SREBF1-encoded
protein, is a transcription factor that activates genes encoding
enzymes required for lipid synthesis. Thus, we examined the
effect of circNOLC1 on lipid accumulation and found attenu-
ated lipid levels in circNOLC1-depleted cells compared with con-
trol (Figure 3K). In addition, SREBF1 deficiency led to strong
reductions in the G6PD mRNA and protein levels (Figure
S3F, Supporting Information). Because previous research in-
dicated that mTOR complex 1 causes significant upregulation
of G6PD by elevating the activity of SREBP1,[16,38] we deter-
mined whether circNOLC1 induced the expression of G6PD
by controlling the levels of mTOR/SREBP. By qPCR and west-
ern blot analyses, we found that circNOLC1 knockdown dra-
matically suppressed mTOR, SREBP1, and G6PD expression
(Figure 3L; Figure S3G, Supporting Information). Likewise, these
mRNA and protein levels were significantly decreased in tumors
formed in the livers of mice inoculated with cells expressing
circNOLC1 shRNA compared with control (Figure 3M; Figure
S3H, Supporting Information). Together, these results suggest
that circNOLC1 enhances G6PD activity and, consequently, the
oxPPP reprogramming and liver metastatic potential of CRC
cells.

system (left). Quantitation of the indicated cells counted individually per visual field (right). G) HGF and CXCL8 levels in the supernatant co-cultured
circNOLC1-depleted HCT116 cells with normal hepatocyte L-02 (Liver-CM) or lung epithelial BEAS-2B cells (Lung-CM). H) The spleen and liver were
examined at the gross anatomical level for tumors and metastases after intra-splenic injection with circNOLC1 knockdown or overexpressed HCT116
cells. The red arrows indicate tumor foci. I) Representative H&E staining showing primary (upper) and metastatic (lower) nodules. T, tumor. J) The
number of metastatic nodules in the livers. K) Kaplan–Meier survival curves for mice implanted with circNOLC1 knockdown or overexpressed HCT116
cells. L) The liver was examined at the gross anatomical level for tumors and metastases after liver capsule (Glisson’s capsule) injection with circNOLC1
knockdown or overexpressed HCT116 cells. The red arrows indicate tumor foci. M) Representative H&E staining showing metastatic nodules. T, tumor.
N) The number of metastatic nodules in the livers. O) Kaplan–Meier survival curves for mice implanted with circNOLC1 knockdown or overexpressed
HCT116 cells. p values were calculated using the log-rank (Mantel–Cox) test. **p < 0.01, ***p < 0.001, NS, not significant. H&E, hematoxylin and eosin;
shRNA, short hairpin RNA; CRC, colorectal cancer; qPCR, quantitative reverse transcription PCR.
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Figure 3. circNOLC1 regulates G6PD level and activity to promote the pentose phosphate pathway in an mTOR-dependent manner. A) Heatmap of
metabolite clusters in HCT116 cells expressing control or circNOLC1 shRNA, as measured by LC–MS/MS-based metabolomics. B) Integrated pathway
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2.4. circNOLC1 Affects Glucose Uptake and
mTOR/SREBP/G6PD Signaling by Interacting with AZGP1

We next explored the molecular mechanism underlying
circNOLC1-induced oxPPP metabolism. Previous reports
indicated that circRNAs can interact with proteins to form
specific circRNPs that subsequently influence the function of
associated proteins.[39] Thus, we attempted to identify potential
circNOLC1-interacting proteins. We designed 4 probes against
circNOLC1 and selectively retrieved over 95% of circNOLC1
from the cell by chromatin isolation by RNA purification
(ChIRP). However, housekeeping genes GAPDH and 𝛽-actin
mRNA were no enriched (Figure S4A, Supporting Information).
We then performed ChIRP assays in vitro with biotinylated
circNOLC1 or U1, followed by mass spectrometry (Figure 4A;
Table S4, Supporting Information). U1 snRNAs are ideal for
positive control to validate ChIRP-MS because they are abundant
and the spliceosome composition is well known.[39] In total,
we identified eight proteins that specifically interacted with
circNOLC1 (Table S5, Supporting Information). Among them,
three (AZGP1, DSG1, and KRT16) were confirmed to bind
circNOLC1 by RNA pull-down (Figure 4B,C; Figure S4B,C,
Supporting Information). Since AZGP1 is highly expressed in
CRC and plays an important role in glucose metabolism,[40–42]

we focused on this protein. By RNA immunoprecipitation
(RIP) assay, we found that circNOLC1 was markedly enriched
in pull-downs with antibodies against AZGP1 (Figure 4D).
Moreover, circNOLC1 colocalized with AZGP1 in the cytoplasm
(Figure 4E). In addition, we predicted the interacting regions
between circNOLC1 and AZGP1 by catRAPID algorithm (Figure
S4D, Supporting Information) and generated a series of circ-
NOLC1 deletion mutants to determine the nucleotide sequence
of circNOLC1 that binds AZGP1 (Figure S4E, Supporting
Information). Mutants containing nt 91 to 150 of circNOLC1
exhibited binding with AZGP1 relative to other mutants (Figure
S4F, Supporting Information). Overexpression of nt 91–150
circNOLC1 substitution mutation remarkably reduced CRC cell
proliferation and migration abilities compared with full-length
circNOLC1 (Figure S4G–J, Supporting Information), suggesting
that nt 91 to 150 of circNOLC1 are required for the interaction
of circNOLC1 with AZGP1.

Next, we used siRNA specifically targeting AZGP1 to reduce
its expression level in HCT116 and LS174T cells (Figure S4K,
Supporting Information). We observed a prominent reduction in
AZGP1 protein expression upon circNOLC1 or AZGP1 knock-
down and an increase in the expression of this protein when
circNOLC1 was overexpressed (Figure 4F; Figure S4L, Support-
ing Information), without a corresponding change in AZGP1
mRNA level (Figure S4M, Supporting Information). AZGP1 pro-
tein levels were significantly decreased in tumors formed in
the livers of mice inoculated with cells expressing circNOLC1
shRNA compared with control (Figure 4G). However, no signifi-
cant difference in the circNOLC1 level was observed in AZGP1-
depleted cells (Figure 4H). We next treated HCT116 cells express-
ing control or circNOLC1 shRNA with a proteasome inhibitor
and found that MG132 dramatically increased AZGP1 protein
level (Figure 4I), suggesting that circNOLC1 hinders AZGP1 pro-
tein degradation.

Previous studies have shown that dysregulation of glucose
homeostasis dramatically impacts PPP reprogramming and tu-
mor metastasis.[43] By measuring the amount of glucose, we
found that knockdown of either circNOLC1 or AZGP1 alone in-
hibited glucose uptake and consumption. A further marked glu-
cose reduction was observed after silencing both AZGP1 and
circNOLC1 (Figure 4J,K; Figure S4N, Supporting Information).
Moreover, AZGP1 silencing also enhanced the inhibitory ef-
fects of circNOLC1 knockdown on G6PD activity and expression
(Figure 4L,M), further suggesting that regulation of the oxPPP
by circNOLC1 is partially dependent on AZGP1. We next deter-
mined whether the effect of circNOLC1 on mTOR/SREBP signal-
ing is associated with AZGP1. The combination of circNOLC1
and AZGP1 knockdown led to lower levels of mTOR, SREBP1,
and G6PD than that observed with circNOLC1 or AZGP1
suppression alone in HCT116 and LS174T cells (Figure 4M;
Figure S4O, Supporting Information). Furthermore, AZGP1
knockdown inhibited circNOLC1-induced increases in mTOR,
SREBP1, and G6PD protein levels (Figure 4N). Functional stud-
ies also demonstrated that AZGP1 downregulation abrogated the
changes in the migratory potential of CRC cells induced by circ-
NOLC1 overexpression (Figure 4O). Together, these results sug-
gest that circNOLC1 can activate mTOR/SREBP/G6PD signaling
through AZGP1 to enhance the PPP.

analysis of transcriptomic and metabolomic data. The significantly enriched (q value < 0.05) genes identified by RNA-seq and significantly enriched (VIP
value ≥1) metabolites identified by metabolomics in circNOLC1-depleted HCT116 cells compared with control cells were integrated by combining the
GSEA and KEGG enrichment analysis results based on gene-metabolite pathways. The y-axis shows the number of deregulated metabolites and genes
in the metabolic pathway. The color bar refers to the enrichment analysis results determining the importance of the genes and metabolites on their
position within a metabolic pathway based on the NES and p-value. C) Representation of the downregulated pentose phosphate pathway (upper) and
purine metabolism (lower) and MS peak intensity of the corresponding intermediate metabolites. D) The mRNA expression levels of PPP-related genes
in circNOLC1-silenced CRC cells were analyzed by qPCR. E) Glucose consumption level in circNOLC1-silenced CRC cells. The total cell number was
used for normalization. F) Intracellular NADPH level (left) and NADP+/NADPH ratio (right) in circNOLC1-silenced CRC cells. G) Intracellular ROS level
in circNOLC1-silenced CRC cells. H) De novo DNA synthesis was evaluated using an EdU incorporation assay. Alexa Fluor 555 dye and Hoechst 33342
stain. I) G6PD activity in circNOLC1-silenced CRC cells. J) The mRNA expression levels were detected using qPCR after integrated analysis of RNA-seq
profile and the key genes involved in the regulation of the PPP. K) Lipid accumulation in circNOLC1-silenced CRC cells was stained using Oil red O.
Representative images (upper) and quantitative results (lower) are shown. L) The protein levels of mTOR, SREBP1, and G6PD were detected by western
blot analysis. M) Stable HCT116 cells expressing control or circNOLC1 shRNA were injected into the spleen. Liver tissue lysates were applied to western
blot analysis. *p < 0.05, **p < 0.01, ***p < 0.001. NES, normalized enrichment score; GSEA, gene set enrichment analysis; PPP, pentose phosphate
pathway; ROS, reactive oxygen species; EdU, 5-ethynyl-2′-deoxyuridine; RNA-seq, RNA sequencing; CRC, colorectal cancer; qPCR, quantitative reverse
transcription PCR.
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Figure 4. circNOLC1 affects glucose uptake and mTOR/SREBP/G6PD signaling by interacting with AZGP1. A) Schematic of the ChIRP-MS workflow.
B) Silver staining of proteins bound to the circNOLC1 sense (right lane) or antisense (middle lane) probes. The RNA pull-down assay was performed
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2.5. circNOLC1 Canonically Functions as a Sponge for
miR-212-5p to Promote CRC Liver Metastasis by Upregulating
c-Met

Given that circRNAs canonically function as miRNA sponges
and that circNOLC1 is stable and localized in the cytoplasm,
we investigated whether circNOLC1 can bind to miRNAs dur-
ing CRC progression. We analyzed Argonaute 2 (AGO2) CLIP
data (GSE28865) and found that circNOLC1 could bind to AGO2.
AGO2 immunoprecipitation analysis further supported this ob-
servation (Figure 5A). By bioinformatics analysis, we screened
the miRNA targets of circNOLC1 and found that 7 potential miR-
NAs could bind to circNOLC1 (Figure S5A, Supporting Infor-
mation). Among these miRNAs, miR-212-5p was the only tu-
mor suppressor previously reported to be implicated in CRC
metastasis (Table S6, Supporting Information), and its expres-
sion levels were significantly downregulated in CRC cell lines
(Figure S5B, Supporting Information). By circRNA in vivo im-
munoprecipitation (circRIP) assay, we found specific enrichment
of circNOLC1 and miR-212-5p in the complex compared with
control (Figure 5B; Figure S5C, Supporting Information). More-
over, by miRNA pull-down assay with biotin-coupled miR-212-
5p mimics, circNOLC1 was efficiently enriched by miR-212-5p
(Figure 5C). In addition, we found that both circNOLC1 and c-
Met 3′-UTRs share common miRNA response elements (MREs)
of miR-212-5p, which might suggest an association among circ-
NOLC1, miR-212-5p, and c-Met in CRC. Thus, we performed lu-
ciferase reporter assays and revealed that cotransfection of miR-
212-5p markedly reduced the luciferase activity of circNOLC1
or c-Met 3′-UTR wild-type reporter by at least 40%, whereas
had no effect on the mutant one (Figure 5D). RNA-FISH re-
sults further confirmed that circNOLC1 colocalized and inter-
acted with miR-212-5p (Figure 5E). Moreover, the c-Met level was
decreased in CRC cells after transfection with miR-212-5p mim-
ics but increased following treatment with miR-212-5p inhibitors
(Figure 5F; Figure S5D, Supporting Information).

To further validate the promotive effect of circNOLC1 on c-Met,
we detected the expression of c-Met after silencing circNOLC1
and found that the c-Met mRNA and protein levels were strik-
ingly downregulated (Figure 5G). A similar c-Met decrease was
observed in the livers of mice inoculated with cells expressing cir-
cNOLC1 shRNA, but no differences were observed in the spleens
of these mice (Figure 5H; Figure S5E, Supporting Information).
In addition, miR-212-5p expression significantly increased after

silencing circNOLC1 (Figure 5I), whereas circNOLC1 showed
no significant changes after miR-212-5p overexpression (Figure
S5F, Supporting Information). Therefore, we presumed that cir-
cNOLC1 modulates CRC liver metastasis mainly by protecting
c-Met from downregulation by miR-212-5p. As expected, cir-
cNOLC1 knockdown suppressed c-Met expression, this effect
was reversed after silencing miR-212-5p (Figure 5J). In addi-
tion, we observed a prominent reduction in c-Met expression
upon nt 61–67 circNOLC1 substitution mutation overexpres-
sion (Figure S5G, Supporting Information). Functionally, miR-
212-5p inhibitor could restore circNOLC1 silencing-suppressed
migratory abilities of CRC cells (Figure 5K). In vivo analysis
demonstrated that the number of metastatic nodules in the liver
decreased after being inoculated with the circNOLC1-depleted
HCT116 cells and were largely restored by miR-212-5p inhibitor
(Figure 5L).

Previous research indicated that c-Met inhibition can elicit
metabolic reprogramming, involving disorders of glycolysis and
PPP.[44] By using foretinib or siRNA-specific knockdown of c-
Met, we found that inhibition of c-Met signaling significantly de-
creased G6PD expression level in HCT116 cells (Figure 5M,N).
We next used the CRISPRi dCas9-KRAB system to silence G6PD
expression. However, no significant difference in c-Met mRNA
and protein levels was observed between HCT116 cells express-
ing control and dCas9-KRAB-sgRNA-G6PD (Figure S5H, Sup-
porting Information), implicating that G6PD is a functional
downstream gene of c-Met in CRC cells. Together, these results
suggest that circNOLC1 canonically functions as a sponge for
miR-212-5p to upregulate c-Met, this signaling was indeed re-
sponsible for G6PD-induced oxPPP in CRC liver metastasis.

2.6. YY1 Regulates circNOLC1 Expression, and Upregulated
circNOLC1 Stabilizes Its Parental Gene NOLC1 mRNA Through
HuR

We next evaluated why circNOLC1 was formed and upregulated
in CRC. It was previously reported that the inverted Alu re-
peats on long flanking introns can pair to form RNA duplexes,
which significantly enhances back-splicing, and thus contribute
to circRNA biogenesis.[45] Therefore, we evaluated whether circ-
NOLC1 formation was promoted by this mechanism. Bioinfor-
matics analysis showed that the flanking introns of NOLC1 (ex-
ons 2–5) contained highly complementary Alu repeats with four-
teen short interspersed elements (SINEs) in intron 1 and one

with HCT116 cell lysates. A specific band (arrow) was identified as AZGP1 by mass spectrometry. C) AZGP1, DSG1, and KRT16 bound to circNOLC1
as confirmed by western blot after RNA pull-down. D) CircNOLC1 bound to AZGP1 as shown by RIP followed by qPCR. E) Colocalization of circNOLC1
and AZGP1 was visualized by RNA FISH and IF staining in HCT116 and LS174T cells. Cy3 dye, FITC dye, and DAPI stain. F) Stable CRC cells expressing
control or circNOLC1 shRNA were transfected with scramble or AZGP1 siRNA. Then cell lysates were applied to western blot analysis. G) Stable HCT116
cells expressing control or circNOLC1 shRNA were injected into the spleen. Liver tissue lysates were applied to western blot analysis. H) CRC cells were
transfected as indicated, and the isolated total RNA was applied to qPCR. I) Effects of proteasome inhibitor MG132 on circNOLC1-mediated AZGP1
protein level. HCT116 cells expressing control or circNOLC1 shRNA were treated with MG132 (20 μm) for 24 h. Then cell lysates were applied to western
blot analysis. J) Glucose uptake level determined by Amplex Red assay in culture media from circNOLC1-and/or AZGP1-silenced HCT116 cells. Total
amount of glucose in the media was used for normalization. K) Glucose consumption level in circNOLC1 and/or AZGP1 silenced CRC cells. Total cell
number was used for normalization. L) G6PD activity in circNOLC1 and/or AZGP1 silenced CRC cells. M) The mRNA levels of mTOR, SREBP1, and
G6PD in circNOLC1 and/or AZGP1 silenced CRC cells were determined by qPCR. N) The protein levels of mTOR, SREBP1, and G6PD were determined
by western blot in circNOLC1-overexpressing CRC cells after transfection with AZGP1 siRNA. O) The effect of circNOLC1 overexpression and/or AZGP1
knockdown on the migration ability of CRC cells was evaluated by wound healing (left) and Transwell (right) assays. *p < 0.05, **p < 0.01, ***p < 0.001,
NS, not significant. ChIRP, chromatin isolation by RNA purification; MS, mass spectrometry; RIP, RNA immunoprecipitation; FISH, fluorescence in situ
hybridization; IF, immunofluorescence; siRNA, small interfering RNA; CRC, colorectal cancer; qPCR, quantitative reverse transcription PCR.

Adv. Sci. 2023, 10, 2205229 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205229 (10 of 18)



www.advancedsciencenews.com www.advancedscience.com

Figure 5. circNOLC1 canonically functions as a sponge for miR-212-5p to promote CRC liver metastasis by upregulating c-Met. A) RIP assay using an
antibody against AGO2 in extracts from HCT116 and LS174T cells. B) miR-212-5p was pulled down and enriched with a circNOLC1-specific probe and
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SINE (named AluSq) in intron 5 (Figure S6A, Supporting Infor-
mation). By using NCBI BLAST, we aligned the sequence of in-
tron 1 to that of intron 5 of the NOLC1 gene and found the AluSq4
(in intron 1) and AluSq (in intron 5) elements were highly reverse
complementarity (67% identity over 299 nucleotides, Figure S6B,
Supporting Information), implying that the two inverted com-
plementary sequences may mediate the circularization process
of circNOLC1. To test this possibility, we designed four pairs of
guides RNAs directed at the boundary of the AluSq sequence
(Figure 6A; Figure S6C, Supporting Information), each gRNA
pair was cotransfected with the Cas9 expression vector. By qPCR
analysis, we determined the efficiencies of the guide RNAs and
found that the expression level of circNOLC1 was significantly
decreased in gRNA2+4 (Figure 6B). However, this deletion did
not influence the expression of NOLC1 mRNA, indicating that
the long flanking introns AluSq and AluSq4 are indispensable
for circNOLC1 formation.

As both circRNAs and mRNAs are derived from precursor mR-
NAs (pre-mRNAs),[45–47] and circRNA biogenesis can be regu-
lated by transcription factors (TFs),[48] we assumed that upreg-
ulation of circNOLC1 in CRC may be transcriptionally regulated
by certain TFs. We used three independent databases to predict
TFs that may be involved and found that the promoter of NOLC1
contains some binding motifs of YY1 (Figure 6C; Table S7, Sup-
porting Information). ChIP analysis validated the direct binding
of YY1 to the NOLC1 promoter (Figure 6D). By analyzing TPM
in the TCGA database, we found that both YY1 and NOLC1 were
upregulated in CRC compared with normal samples, and levels
of YY1 and NOLC1 exhibited a strong positive correlation (Figure
S6D, Supporting Information). Moreover, YY1 knockdown with
siRNA in HCT116 and LS174T cells (Figure S6E,F, Supporting
Information) significantly reduced levels of both circNOLC1 and
mature NOLC1 mRNA while inducing variable reductions in the
pre-NOLC1 RNA level (Figure 6E), suggesting that the upregu-
lation of circNOLC1 in CRC cells results at least partially from
elevated YY1 expression.

Cells were transduced with lentiviral vectors containing short
hairpin RNA complementary to the backsplicing junction of cir-
cNOLC1. Endogenous circNOLC1, but not NOLC1, could be suc-
cessfully depleted since the backsplicing junction is the only
unique and targetable feature. Interestingly, circNOLC1 knock-
down led to substantially reduced mRNA and protein levels
of NOLC1 (Figure 6F). We speculated that the downregulation
of NOLC1 expression is not attributed to the transfection of

shRNAs targeting circNOLC1 but may be subject to other post-
transcriptional regulation. By assessing NOLC1 mRNA stabil-
ity, we found that silencing circNOLC1 shortened the half-life
of NOLC1 mRNA by ≈2 h (Figure 6G). RNA binding proteins,
such as HuR and AUF1, have been reported to broadly regulate
RNA stabilization in CRC. We found that after silencing HuR
but not AUF1, NOLC1 expression was obviously downregulated
in both HCT116 and LS174T cells (Figure 6H; Figure S6G, Sup-
porting Information). Silencing HuR could significantly reverse
the NOLC1 mRNA level induced by circNOLC1 overexpression
(Figure 6I). Furthermore, HuR expression was diminished when
circNOLC1 was depleted (Figure 6J). NOLC1 knockdown did not
change the circNOLC1 level (Figure 6K). Silencing NOLC1 can
markedly change circNOLC1 overexpression-induced the prolif-
eration and migration abilities of CRC cells (Figure 6L,M). To-
gether, these results suggest that circNOLC1 partially enhances
the stability of its parental gene NOLC1 mRNA by promoting
HuR expression.

2.7. circNOLC1 Expression is Positively Correlated with G6PD
and c-Met Expression but Negatively Correlated with miR-212-5p
Expression in Human CRC Specimens

To determine the clinical relevance of our observations, we deter-
mined whether there are correlations between circNOLC1, miR-
212-5p, SREBP1, G6PD, and c-Met expression in primary CRC
and liver metastasis (Table S8, Supporting Information). By FISH
and IHC staining, we found that the circNOLC1 signal was in-
creased and the miR-212-5p signal was reduced in liver metas-
tasis compared with their corresponding primary CRC. In these
same samples, there was increased SREBP1, G6PD, and c-Met
staining (Figure 7A,B), consistent with the differential analysis
of the TCGA-COADREAD cohorts (Figure S7A, Supporting In-
formation). Analysis of the unmatched 63 normal, 194 primary
CRC, and 53 liver metastatic samples from GEO: GSE54088 and
GSE68468, respectively, confirmed that SREBP1, G6PD, and c-
Met were upregulated, while miR-212-5p was downregulated in
liver metastasis samples (Figure S7B, Supporting Information).
Analysis of the liver metastasis and normal liver samples in these
GEO datasets suggested that G6PD and c-Met levels were even
higher in liver metastasis than in normal liver samples (Figure
S7C, Supporting Information). In addition, a direct correlation
between SREBP1, G6PD, and c-Met levels and the circNOLC1

was then detected by qPCR. C) The level of circNOLC1 in the streptavidin-captured fractions from HCT116 cell lysates after transfection with biotinylated
miR-212-5p or control RNA followed by qPCR. D) Luciferase activity assay for targeting sequences of the circNOLC1 or c-Met 3′-UTR by miR-212-5p
in HEK-293T cells. E) Colocalization of circNOLC1 and miR-212-5p was visualized by RNA FISH in HCT116 and LS174T cells. Cy3 dye, FAM dye, and
DAPI stain. F) The protein levels of c-Met were determined by western blot in CRC cells after transfection with miR-212-5p mimics or inhibitors. G) The
mRNA and protein levels of c-Met in circNOLC1-silenced HCT116 cells were determined using qPCR and western blot analysis. H) Stable HCT116 cells
expressing control or circNOLC1 shRNA were injected into the spleen. The isolated total RNAs and lysates of spleen and liver tissues were applied to
qPCR (left) and western blot analysis (right). I) The expression levels of miR-212-5p in circNOLC1-silenced CRC cells were determined using qPCR. J)
c-Met expression was measured by western blot analysis in circNOLC1-silenced CRC cells after transfection with miR-212-5p inhibitors. K) The effect of
miR-212-5p knockdown on the migration ability of circNOLC1-silenced CRC cells was evaluated by Transwell assay. Quantitation of the indicated cells
counted individually per visual field. L) The spleen and liver were examined at the gross anatomical level for tumors and metastases after intra-splenic
injection with circNOLC1 knockdown or overexpressed HCT116 cells. The red arrows indicate tumor foci. Representative H&E staining showing primary
(upper) and metastatic (lower) nodules. T, tumor. M) HCT116 cells were transiently transfected scramble or c-Met siRNA, and the isolated total RNAs
and lysates were applied to qPCR and western blot analysis. N) G6PD levels in HCT116 cells were detected by qPCR and western blot after foretinib
treatment for 24 h. *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant. RIP, RNA immunoprecipitation; UTR, untranslated region; FISH, fluorescence
in situ hybridization; siRNA, small interfering RNA; CRC, colorectal cancer; qPCR, quantitative reverse transcription PCR.
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Figure 6. YY1 regulates circNOLC1 expression, and upregulated circNOLC1 stabilizes its parental gene NOLC1 mRNA through HuR. A) Schematics
showing that the genomic region of NOLC1 exons 2–5 contains highly complementary flanking Alu repeats and long introns. AluSq elements and long
introns were deleted using the CRISPR/Cas9 system. Primers flanking gRNA recognition sites were used to detect deletions. B) CRISPR/Cas9-mediated
genomic deletions in CRC cells as determined by qPCR. Four pairs of gRNAs (gRNA 1+3, gRNA 2+4, gRNA 1+4, gRNA 2+3) were used to mediate

Adv. Sci. 2023, 10, 2205229 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205229 (13 of 18)



www.advancedsciencenews.com www.advancedscience.com

level, as well as an inverse correlation between the levels of miR-
212-5p and circNOLC1, were detected (Figure 7C). These clinical
data support our preclinical findings and suggest that upregula-
tion of circNOLC1 occurs in the setting of liver metastasis in CRC
patients, and this upregulation may coincide with dysregulation
of glucose homeostasis associated with the PPP reprogramming.

3. Discussion

Metabolic reprogramming contributes to tumor development
and metastasis. Activation or overexpression of tumor-promoting
genes, continuous activation of related signaling pathways, and
inactivation of tumor suppressor genes are the main mecha-
nisms that lead to tumor cell metabolic reprogramming.[49] Here,
we described circNOLC1 and evaluated its functional role in the
regulation of metabolic reprogramming in colon cancer.

circNOLC1 was first reported to have important regulatory po-
tency with tissue/developmental-stage-specific expression[50] and
later found to be highly expressed in the human colon.[51] In this
study, we found that circNOLC1 was highly abundant in both hu-
man CRC cell lines and clinical samples. The striking upregu-
lation of circNOLC1 particularly occurred in the setting of liver
metastasis. Analysis of the TCGA-COADREAD cohorts also re-
vealed the stage-dependent increase of circNOLC1 expression.
In addition, circNOLC1 silencing specifically impairs the growth
and liver metastasis of CRC cells in vitro and in vivo. These data
support the hypothesis that circNOLC1 may play a critical role
in CRC liver metastasis. It is consistent with previous findings
that upregulation of circNOLC1 expression is associated with a
malignant progression in other types of tumors.[52–54]

CircRNAs, a unique class of noncoding RNAs, are emerging
as key regulators of metabolic reprogramming. It has been re-
ported that the cellular level of circACC1 modulates both fatty
acid 𝛽-oxidation and glycolysis, resulting in profound changes
in cellular lipid storage.[21] The circ-CUX1/EWSR1/MAZ axis
is a therapeutic target for aerobic glycolysis and neuroblastoma
progression.[55] In this study, we found that circNOLC1 regu-
lates metabolic reprogramming in colon cancer cells by promot-
ing oxPPP reprogramming. The mTOR pathway, a key signaling
pathway for initiating metabolic reprogramming,[16] is closely re-
lated to the occurrence and development of colon cancer.[56] It
also promotes the expression of G6PD in an SREBF1-dependent
manner in HEK293 cells. Our results show that the ability of
circNOLC1 to affect the activities of SREBP1 and G6PD, which
in turn affects the PPP, is dependent on mTOR. Nevertheless,

we cannot exclude the possibility that circNOLC1 contributes
to CRC liver metastasis through metabolic pathways other than
PPP. For example, mTOR can regulate glycolysis and lipid syn-
thesis in the cancer progression.[38,57] We found that the knock-
down of circNOLC1 decreased levels of SREBF1 mRNA and
SREBP protein, a transcription factor that regulates lipid synthe-
sis, and attenuated lipid accumulation. However, we observed
no difference in glycolytic and lipid metabolites between con-
trol and circNOLC1-depleted CRC cells. We also have not ex-
cluded an effect of circNOLC1 on pathways other than mTOR
signaling.

CircRNAs can interact with different proteins to form spe-
cific circRNPs that subsequently influence the modes of action of
associated proteins.[58] CircCTIC1 interacts with the nuclear re-
modeling factor complex, recruits the complex to the c-Myc pro-
moter, and finally drives the initiation of c-Myc transcription.[59]

The interaction of circPTK2 and vimentin mediates the regula-
tion of CRC, as demonstrated by knockdown or overexpression
of vimentin.[60] In this study, CHIRP-MS was used to analyze
the possible binding proteins of circNOLC1 and RIP and RNA
pulldown assays were used to further identify AZGP1 as its in-
teracting protein. A previous study reported that AZGP1 regu-
lates CRC cell metastasis by interacting with FLNA and regulat-
ing the focal adhesion pathway.[40] Our results provide biochem-
ical evidence that circNOLC1 interacts with AZGP1 and facili-
tates CRC cell proliferation and migration. In addition, the ex-
act binding site was explored. We found that nt 91–150 regions
of circNOLC1 can recruit AZGP1 and consequently affect glu-
cose uptake and mTOR/SREBP/G6PD signaling. It is consistent
with previous findings that AZGP1 directly stimulates glucose
uptake into skeletal muscle in vitro.[41] Our results indicate that
circNOLC1 interacts with AZGP1 to promote liver metastasis of
colon cancer by reprogramming the oxPPP.

circRNAs can regulate their host genes at the transcriptional
and post-transcriptional levels. It is reported that circFLI1 binds
to the FLI1 promoter and induces DNA demethylation, which
epigenetically activates FLI1, in breast cancer.[61] Circ-ENO1 acts
as a ceRNA to interact with miR-22-3p and upregulate ENO1 ex-
pression in lung adenocarcinoma.[62] In this study, we showed
that circNOLC1 can upregulate the expression of NOLC1 by
maintaining the stability of NOLC1 mRNA through RNA bind-
ing protein HuR. It is consistent with previous findings that
circRNAs regulate gene expression by regulating or interact-
ing with HuR. Circ-CCND1 binds to the HuR protein to up-
regulate CCND1 mRNA expression.[63] CircSHKBP1 sponges

deletion of the AluSq element. C) Three independent TF target databases were used to predict the potential TFs binding to the promoter of NOLC1 (left).
Schematic of the human NOLC1 gene and its promoter region (right). D) qPCR of the ChIP products validated the binding capacity of YY1 to the NOLC1
promoter. E) Schematic of the primers used for distinguishing between circNOLC1, pre-NOLC1, and NOLC1 mRNA (left). HCT116 and LS174T cells
were transiently transfected with scramble or YY1 siRNA, and genomic DNA was isolated and applied to qPCR (right). F) The mRNA and protein levels
of NOLC1 in circNOLC1-silenced CRC cells were determined using qPCR and western blot analysis. G) NOLC1 level in circNOLC1-silenced CRC cells
was determined by qPCR after actinomycin D treatment for 2, 4, and 8 h. H) HCT116 and LS174T cells were transiently transfected with HuR or AUF1
siRNA, and the isolated total RNA was applied to qPCR. I) The mRNA level of NOLC1 in circNOLC1-overexpressing and/or HuR-silenced CRC cells was
determined by qPCR. J) HuR expression was detected by qPCR in circNOLC1-silenced HCT116 and LS174T cells. K) Efficient knockdown of NOLC1 in
HCT116 and LS174T cells was detected by qPCR and western blot (left). The circNOLC1 level in CRC cells was determined by qPCR after transfection with
scramble or NOLC1 siRNA (right). L) The effect of circNOLC1 overexpression and/or NOLC1 knockdown on the proliferation ability of CRC cells was
evaluated by CCK8 assays. M) The effect of circNOLC1 overexpression and/or NOLC1 knockdown on the migration ability of CRC cells was evaluated
by Transwell assays. *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant. CRISPR, clustered regularly interspaced short palindromic repeats; gRNA,
guide RNA; TF, transcription factor; TSS, transcriptional start site; siRNA, small interfering RNA; CRC, colorectal cancer; qPCR, quantitative reverse
transcription PCR.
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Figure 7. circNOLC1 expression is positively correlated with G6PD and c-Met expression but negatively correlated with miR-212-5p expression in human
CRC specimens. A) Representative FISH images of circNOLC1 and miR-212-5p, and the corresponding IHC images of SREBP1, G6PD, and c-Met staining
in representative samples of normal colorectal mucosa, primary CRC, and matched liver metastases from 20 CRC patients. B) Semiquantitative analysis
of the expression levels of circNOLC1, miR-212-5p, SREBP1, G6PD, and c-Met in twenty pairs of matched human normal colorectal mucosa, primary
CRC, and corresponding liver metastasis samples. C) Correlation between circNOLC1 level and the expression of miR-212-5p, SREBP1, G6PD, and c-Met
in CRC samples. The Pearson correlation coefficient (r) with the respective significance is indicated. D) Schematic representation of the putative roles of
the circNOLC1-oriented regulatory network in CRC liver metastases. ***p < 0.001. FISH, fluorescence in situ hybridization; IHC, immunohistochemistry;
CRC, colorectal cancer.
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miR-582-3p to increase HuR expression, enhance VEGF mRNA
stability, and induce angiogenesis.[64]

In summary, we identified a novel pathway underlying CRC
liver metastasis by circNOLC1-mediated oxPPP reprogramming.
This signaling may contribute to an improved understanding of
malignant progress in CRC. These results may also have implica-
tions for the clinical treatment of patients with CRC liver metas-
tasis.

4. Experimental Section
Patients and Samples: Colorectal carcinoma tissues, corresponding

adjacent normal tissues, and matched liver metastatic tissues were ob-
tained from surgical resections of patients without preoperative treatment
at the Second Hospital of Dalian Medical University (Dalian, China) be-
tween 2015 and 2019. With approval and support from the ethics com-
mittee of the Second Hospital of Dalian Medical University, the diagno-
sis of colorectal carcinoma was confirmed by pathologic examination.
Informed consent was obtained from all patients. The samples used in
the circRNA microarray and qPCR analyses were freshly frozen, and the
samples used for FISH and IHC staining were FFPE (formalin-fixed and
paraffin-embedded).

Total RNA Extraction, RNase R Treatment, and circRNA Microarray: To-
tal RNA was extracted from three pairs of colon carcinoma and adjacent
normal tissues using TRIzol (Invitrogen) and treated with RNase R (Epi-
centre). Microarray analysis was performed by KangChen Biotech (Shang-
hai, China). Briefly, the enriched circular RNAs were amplified and tran-
scribed into fluorescent cRNAs utilizing Arraystar Super RNA Labeling Kit
(Arraystar). The labeled cRNAs were purified by RNeasy Mini Kit (Qiagen)
and hybridized to Arraystar Human circRNA Array V2 (8×15K, Arraystar).
Subsequently, the arrays were scanned using an Agilent G2505C Microar-
ray Scanner, and acquired array images were analyzed with Agilent Feature
Extraction software.

In Vivo Metastasis: The animal studies were approved by the Animal
Center of Dalian Medical University in accordance with the national guide-
lines for the care and use of laboratory animals. BALB/c athymic nude mice
that were 4–6 weeks of age were purchased from Charles River Laborato-
ries (Beijing, China). The liver metastasis model was implemented as the
previously described method.[30,31] Briefly, 2 × 106 CRC cells (HCT116,
LoVo, or LS174T) transduced with lentiviral vectors were injected into the
spleens or liver capsule (Glisson’s capsule) of recipient mice. The spleen
or liver was returned to the abdominal cavity and the incision was closed.
Mice were sacrificed at 3–7 weeks post-injection and examined microscop-
ically by H&E staining for the development of liver metastatic foci. The
dissected tumors were collected for RNA and protein isolation.

Mass Spectrometry Metabolomics Analysis: Stable HCT116 cells ex-
pressing control shRNA or circNOLC1 shRNA were seeded in 6 cm
plates, and 2 h before metabolite collection, the culture medium was re-
placed with fresh medium. Widely targeted metabolomics analysis was
performed by MetWare Biotechnology (Wuhan, China). Cells were thawed
on ice and dissolved in a cold 70% methanol aqueous solution. Each sam-
ple was frozen for 3 min in liquid nitrogen and centrifuged for 2 min, re-
peating two times. The mixture was centrifuged under 12 000 r min−1

at 4 °C for 10 min. The supernatant was injected into chromatography
columns for LC–MS/MS analysis. The extracts were analyzed using a
UPLC–ESI–MS/MS system (Shim-pack UFLC SHIMADZU CBM30A sys-
tem; MS, QTRAP 6500+ System). Quantification of metabolites was ac-
complished using multiple reaction monitoring (MRM) analysis of a triple
quadrupole-linear ion trap mass spectrometer (QTRAP 6500+ System).
For statistical analysis, the relative abundances of each metabolite were
log-transformed before analysis to meet normality. Differentially expressed
metabolites were identified using a combination of the fold change val-
ues and the VIP values from the OPLS-DA model. Metabolites with VIP
values ≥1 and fold change ≥ 1.5 or ≤ 0.67 were considered differentially
expressed.

Chromatin Isolation by RNA Purification (ChIRP)-Mass Spectrometry
(MS): For affinity capture of complexes containing circNOLC1 and chro-
matin, four probes covering the sequence of circNOLC1 for use in ChIRP
were designed. U1 snRNA probes were used as the positive control.
ChIRP-MS analysis was performed by KangChen Bio-tech (Shanghai,
China). Briefly, 107 cells were applied to reversible formaldehyde crosslink-
ing in situ, followed by hybridization with biotin-labeled probes. After
washing to remove the nonspecifically bound proteins under strong dena-
turing conditions, the proteins that specifically interacted with circNOLC1
or control were identified and quantitatively analyzed by MS. Proteins with
unique peptides ≥ 2 and fold change ≥ 1 were considered differentially
expressed.

RNA Pull-Down Assays: RNA pull-down assays were performed using
a Magnetic RNA-Protein Pull-Down Kit (Thermo Scientific). circNOLC1
antisense and sense probes were synthesized with BiotinTEG at the 3′

end and purchased from Sangon Biotech. The biotinylated probes were
incubated with nucleic acid-compatible streptavidin magnetic beads at
4 °C for 30 min. These complexes were mixed with proteins extracted
from CRC cells at 4 °C for 1 h with gentle rotation. After that, the beads
were washed three times and eluted with an SDS loading buffer. Pro-
teins were applied to SDS-PAGE followed by silver staining or western blot
analysis.

RNA Immunoprecipitation: RNA immunoprecipitation assays were
performed using an EZ-Magna RIP Assay Kit (Millipore) according to the
manufacturer’s protocol. Briefly, cells were lysed in complete RIP lysis
buffer, and the extracts were incubated with magnetic beads conjugated to
antibodies or nonspecific IgG at 4 °C overnight. The antibody-protein-RNA
complexes were isolated by immunoprecipitation with protein A/G mag-
netic beads. After that, the complexes were washed and incubated with
proteinase K to remove proteins. Finally, RNAs were eluted and purified
for RNA extraction and detection.

Integrated Analysis of RNA-seq and Metabolomics: The significantly dif-
ferentially expressed genes (q value < 0.05) were identified from transcrip-
tomics and integrated with the significantly differentially metabolites (VIP
values ≥ 1) from metabolomics data. The integrated gene-metabolite pro-
file was analyzed with the Joint Pathway Analysis module of MetaboAn-
alyst (http://www.metaboanalyst.ca). Pearson correlation coefficients of
metabolites and genes were calculated using an R package.

Statistical Analysis: All results were presented as mean ± SD. Statisti-
cal analysis was performed by the SPSS 17.0 (SPSS) and GraphPad Prism
7. Student’s t-test, ANOVA, Chi-square test, and Pearson correlation co-
efficients were used according to the type of experiment. p values < 0.05
were considered statistically significant. All patient tissues and clinical in-
formation were collected using protocols approved by the Ethics Commit-
tee of the Second Hospital of Dalian Medical University. Written informed
consent was obtained from each patient. All animal procedures used were
approved by the Animal Ethics Committee of Dalian Medical University
and conducted according to the national guidelines for the care and use
of laboratory animals.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors thank all the creators and curators of the publicly available
datasets used in this study, as well as the developers of the open-source
software packages. This research was supported by grants from the Na-
tional Natural Science Foundation of China (31470800).

Conflict of Interest
The authors declare no conflict of interest.

Adv. Sci. 2023, 10, 2205229 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205229 (16 of 18)



www.advancedsciencenews.com www.advancedscience.com

Author Contributions
M.Y., X.Z., F.Y., and F.Z. contributed equally to this work. S.R. and Y.Z. were
responsible for the study concept and design. M.Y., F.Y., F.Z., S.J., X.Z., J.L.,
Z.Z., Y.S., Z.C., H.W., X.L., X.Y., B.W., K.J., and F.L. were responsible for
performing the experiments, acquisition and analysis of data, and draft-
ing the manuscript. X.Z. provided and collected the clinical data. Y.Z. and
S.R. were responsible for study supervision. S.R., Y.Z., and M.Y. were re-
sponsible for critical revision of the manuscript.

Data Availability Statement
The data that support the findings of this study are available in the sup-
plementary material of this article.

Keywords
AZGP1, circNOLC1, miR-212-5p, oxidative pentose phosphate pathway

Received: September 12, 2022
Revised: August 27, 2023

Published online: October 23, 2023

[1] R. L. Siegel, K. D. Miller, A. G. Sauer, S. A. Fedewa, L. F. Butterly, J. C.
Anderson, A. Cercek, R. A. Smith, A. Jemal, CA Cancer J. Clin. 2020,
70, 145.

[2] E. Van Cutsem, A. Cervantes, R. Adam, A. Sobrero, J. H. Van Krieken,
D. Aderka, E. Aranda Aguilar, A. Bardelli, A. Benson, G. Bodoky, F.
Ciardiello, A. D’hoore, E. Diaz-Rubio, J.-Y. Douillard, M. Ducreux, A.
Falcone, A. Grothey, T. Gruenberger, K. Haustermans, V. Heinemann,
P. Hoff, C.-H. Köhne, R. Labianca, P. Laurent-Puig, B. Ma, T. Maughan,
K. Muro, N. Normanno, P. Österlund, W. J. G. Oyen, et al., Ann. Oncol.
2016, 27, 1386.

[3] C. Hackl, P. Neumann, M. Gerken, M. Loss, M. Klinkhammer-
Schalke, H. J. Schlitt, BMC Cancer 2014, 14, 810.

[4] D. Hanahan, R. A. Weinberg, Cell 2011, 144, 646.
[5] S. La Vecchia, C. Sebastián, Semin. Cell Dev. Biol. 2020, 98, 63.
[6] P. Bu, K.-Y. Chen, K. Xiang, C. Johnson, S. B. Crown, N. Rakhilin, Y. Ai,

L. Wang, R. Xi, I. Astapova, Y. Han, J. Li, B. B. Barth, M. Lu, Z. Gao,
R. Mines, L. Zhang, M. Herman, D. Hsu, G.-F. Zhang, X. Shen, Cell
Metab. 2018, 27, 1249.

[7] J. M. Loo, A. Scherl, A. Nguyen, F. Y. Man, E. Weinberg, Z. Zeng, L.
Saltz, P. B. Paty, S. F. Tavazoie, Cell 2015, 160, 393.

[8] Z. Wu, D. Wei, W. Gao, Y. Xu, Z. Hu, Z. Ma, C. Gao, X. Zhu, Q. Li, Cell
Stem Cell 2015, 17, 47.

[9] Y.-N. Wang, Z.-L. Zeng, J. Lu, Y. Wang, Z.-X. Liu, M.-M. He, Q. Zhao,
Z.-X. Wang, T. Li, Y.-X. Lu, Q.-N. Wu, K. Yu, F. Wang, H.-Y. Pu, B. Li,
W.-H. Jia, M. Shi, D. Xie, T.-B. Kang, P. Huang, H.-Q. Ju, R.-H. Xu,
Oncogene 2018, 37, 6025.

[10] P. Jiang, W. Du, M. Wu, Protein Cell 2014, 5, 592.
[11] H.-Q. Ju, J.-F. Lin, T. Tian, D. Xie, R.-H. Xu, Signal Transduct. Target

Ther. 2020, 5, 231.
[12] P. Jiang, W. Du, X. Wang, A. Mancuso, X. Gao, M. Wu, X. Yang, Nat.

Cell Biol. 2011, 13, 310.
[13] W. Du, P. Jiang, A. Mancuso, A. Stonestrom, M. D. Brewer, A. J. Minn,

T. W. Mak, M. Wu, X. Yang, Nat. Cell Biol. 2013, 15, 991.
[14] X. Hong, R. Song, H. Song, T. Zheng, J. Wang, Y. Liang, S. Qi, Z. Lu,

X. Song, H. Jiang, L. Liu, Z. Zhang, Gut 2014, 63, 1635.
[15] S. Wu, H. Wang, Y. Li, Y. Xie, C. Huang, H. Zhao, M. Miyagishi, V.

Kasim, Cancer Res. 2018, 78, 4549.
[16] K. Düvel, J. L. Yecies, S. Menon, P. Raman, A. I. Lipovsky, A. L. Souza,

E. Triantafellow, Q. Ma, R. Gorski, S. Cleaver, M. G. Vander Heiden, J.

P. Mackeigan, P. M. Finan, C. B. Clish, L. O. Murphy, B. D. Manning,
Mol. Cell 2010, 39, 171.

[17] X. Ma, L. Wang, De Huang, Y. Li, D. Yang, T. Li, F. Li, L. Sun, H. Wei,
K. He, F. Yu, D. Zhao, L. Hu, S. Xing, Z. Liu, K. Li, J. Guo, Z. Yang, X.
Pan, A. Li, Y. Shi, J. Wang, P. Gao, H. Zhang, Nat. Commun. 2017, 8,
1506.

[18] R.-X. Chen, X. Chen, L.-P. Xia, J.-X. Zhang, Z.-Z. Pan, X.-D. Ma, K. Han,
J.-W. Chen, J.-G. Judde, O. Deas, F. Wang, N.-F. Ma, X. Guan, J.-P. Yun,
F.-W. Wang, R.-H. Xu, D. Xie, Nat. Commun. 2019, 10, 4695.

[19] X. Zheng, L. Chen, Y. Zhou, Q. Wang, Z. Zheng, B. Xu, C. Wu, Q.
Zhou, W. Hu, C. Wu, J. Jiang, Mol Cancer 2019, 18, 47.

[20] H. Ji, T. W. Kim, W. J. Lee, S. D. Jeong, Y. B. Cho, H. H. Kim, Mol Cancer
2022, 21, 197.

[21] Q. Li, Y. Wang, S. Wu, Z. Zhou, X. Ding, R. Shi, R. F. Thorne, X. D.
Zhang, W. Hu, M. Wu, Cell Metab. 2019, 30, 157.

[22] X. Liu, Y. Liu, Z. Liu, C. Lin, F. Meng, L. Xu, X. Zhang, C. Zhang, P.
Zhang, S. Gong, N. Wu, Z. Ren, J. Song, Y. Zhang, Mol. Cancer 2021,
20, 114.

[23] X. Wang, H. Zhang, H. Yang, M. Bai, T. Ning, T. Deng, R. Liu, Q. Fan,
K. Zhu, J. Li, Y. Zhan, G. Ying, Y. Ba, Mol. Oncol. 2020, 14, 539.

[24] J. Guarnerio, Y. Zhang, G. Cheloni, R. Panella, J. M. Katon, M.
Simpson, A. Matsumoto, A. Papa, C. Loretelli, A. Petri, S. Kauppinen,
C. Garbutt, G. P. Nielsen, V. Deshpande, M. Castillo-Martin, C.
Cordon-Cardo, S. Dimitrios, J. G. Clohessy, M. Batish, P. P. Pandolfi,
Cell Res. 2019, 29, 628.

[25] L. Meng, Y. Zhang, P. Wu, D. Li, Y. Lu, P. Shen, T. Yang, G. Shi, Q.
Chen, H. Yuan, W. Ge, Y. Miao, M. Tu, K. Jiang, Mol. Cancer 2022, 21,
121.

[26] Y.-M. Sun, W.-T. Wang, Z.-C. Zeng, T.-Q. Chen, C. Han, Q. Pan, W.
Huang, K. Fang, L.-Y. Sun, Y.-F. Zhou, X.-Q. Luo, C. Luo, X. Du, Y.-Q.
Chen, Blood 2019, 134, 1533.

[27] Q. Chen, H. Wang, Z. Li, F. Li, L. Liang, Y. Zou, H. Shen, J. Li, Y. Xia,
Z. Cheng, T. Yang, K. Wang, F. Shen, J. Hepatol. 2022, 76, 135.

[28] U. Stein, W. Walther, F. Arlt, H. Schwabe, J. Smith, I. Fichtner, W.
Birchmeier, P. M. Schlag, Nat. Med. 2009, 15, 59.

[29] C. Holgren, U. Dougherty, F. Edwin, D. Cerasi, I. Taylor, A. Fichera, L.
Joseph, M. Bissonnette, S. Khare, Oncogene 2010, 29, 5241.

[30] Y. Zuo, S. Ren, M. Wang, B. Liu, J. Yang, X. Kuai, C. Lin, D. Zhao, Li
Tang, F. He, Gut 2013, 62, 1169.

[31] M. Yuan, X. Zhang, J. Zhang, K. Wang, Yu Zhang, W. Shang, Y. Zhang,
J. Cui, X. Shi, H. Na, D. Fang, Y. Zuo, S. Ren, Cell Death Differ. 2020,
27, 379.

[32] N. R. Pamudurti, O. Bartok, M. Jens, R. Ashwal-Fluss, C. Stottmeister,
L. Ruhe, M. Hanan, E. Wyler, D. Perez-Hernandez, E. Ramberger, S.
Shenzis, M. Samson, G. Dittmar, M. Landthaler, M. Chekulaeva, N.
Rajewsky, S. Kadener, Mol. Cell 2017, 66, 9.

[33] Y.-J. Kang, D.-C. Yang, L. Kong, M. Hou, Y.-Q. Meng, L. Wei, G. Gao,
Nucleic Acids Res. 2017, 45, W12.

[34] H.-K. Chen, N.-H. Yeh, Biochem. Biophys. Res. Commun. 1997, 230,
370.

[35] S. Dasgupta, K. Rajapakshe, B. Zhu, B. C. Nikolai, P. Yi, N. Putluri, J.
M. Choi, S. Y. Jung, C. Coarfa, T. F. Westbrook, X. H.-F. Zhang, C. E.
Foulds, S. Y. Tsai, M.-J. Tsai, B. W. O’malley, Nature 2018, 556, 249.

[36] S.-M. Jeon, N. S. Chandel, N. Hay, Nature 2012, 485, 661.
[37] K. C. Patra, N. Hay, Trends Biochem. Sci. 2014, 39, 347.
[38] R. V. Pusapati, A. Daemen, C. Wilson, W. Sandoval, M. Gao, B. Haley,

A R. Baudy, G. Hatzivassiliou, M. Evangelista, J. Settleman, Cancer
Cell 2016, 29, 548.

[39] C. Chu, Q. C. Zhang, S. T. Da Rocha, R. A. Flynn, M. Bharadwaj, J. M.
Calabrese, T. Magnuson, E. Heard, H. Y. Chang, Cell 2015, 161, 404.

[40] M. Ji, W. Li, G. He, D. Zhu, S. Lv, W. Tang, Mi Jian, P. Zheng, L. Yang,
Z. Qi, Y. Mao, Li Ren, Y. Zhong, Y. Tu, Ye Wei, J. Xu, J Cancer 2019, 10,
5557.

[41] S. T. Russell, M. J. Tisdale, Biochim. Biophys. Acta 2012, 1821, 590.

Adv. Sci. 2023, 10, 2205229 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205229 (17 of 18)



www.advancedsciencenews.com www.advancedscience.com

[42] V. Ceperuelo-Mallafré, M. Ejarque, X. Duran, G. Pachón, A. Vázquez-
Carballo, K. Roche, C. Núñez-Ez-Roa, L. Garrido-Sánchez, F J.
Tinahones, J. Vendrell, S. Fernández-Veledo, PLoS One 2015, 10,
e0129644.

[43] T. Yamamoto, N. Takano, K. Ishiwata, M. Ohmura, Y. Nagahata, T.
Matsuura, A. Kamata, K. Sakamoto, T. Nakanishi, A. Kubo, T. Hishiki,
M. Suematsu, Nat. Commun. 2014, 5, 3480.

[44] Y. Zhang, T. T. T. Nguyen, E. Shang, A. Mela, N. Humala, A. Mahajan,
J. Zhao, C. Shu, C. Torrini, M. J. Sanchez-Quintero, G. Kleiner, E.
Bianchetti, M.-A. Westhoff, C. M. Quinzii, G. Karpel-Massler, J. N.
Bruce, P. Canoll, M. D. Siegelin, Cancer Res. 2020, 80, 30.

[45] X-Ou Zhang, H.-B. Wang, Y. Zhang, X. Lu, L.-L. Chen, L. Yang, Cell
2014, 159, 134.

[46] D. Liang, J. E. Wilusz, Genes Dev. 2014, 28, 2233.
[47] S. Starke, I. Jost, O. Rossbach, T. Schneider, S. Schreiner, L.-H. Hung,

A. Bindereif, Cell Rep. 2015, 10, 103.
[48] J. Meng, S. Chen, J.-X. Han, B. Qian, X.-R. Wang, W.-L. Zhong, Y. Qin,

H. Zhang, W.-F. Gao, Y.-Y. Lei, W. Yang, L. Yang, C. Zhang, H.-J. Liu,
Y.-R. Liu, H.-G. Zhou, T. Sun, C. Yang, Cancer Res. 2018, 78, 4150.

[49] B. Faubert, A. Solmonson, R. J. Deberardinis, Science 2020, 368,
eaaw5473.

[50] S. Memczak, M. Jens, A. Elefsinioti, F. Torti, J. Krueger, A. Rybak, L.
Maier, S. D. Mackowiak, L. H. Gregersen, M. Munschauer, A. Loewer,
U. Ziebold, M. Landthaler, C. Kocks, F. Le Noble, N. Rajewsky, Nature
2013, 495, 333.

[51] Q. Zheng, C. Bao, W. Guo, S. Li, J. Chen, B. Chen, Y. Luo, D. Lyu, Y.
Li, G. Shi, L. Liang, J. Gu, X. He, S. Huang, Nat. Commun. 2016, 7,
11215.

[52] S. Chen, W. Wu, Q.-H. Li, Bu-M Xie, F. Shen, Y.-P. Du, Z.-H.
Zong, L.-L. Wang, X.-Q. Wei, Y. Zhao, Cell Death Discov. 2021, 7,
22.

[53] W. Chen, S. Cen, X. Zhou, T. Yang, K. Wu, L. Zou, J. Luo, C. Li, D. Lv,
X. Mao, Front. Cell Dev. Biol. 2021, 8, 624764.

[54] Y.-P. Liu, J.-Y. Heng, X.-Y. Zhao, E.-Y. Li, J. Transl. Med. 2021, 19,
467.

[55] H. Li, F. Yang, A. Hu, X. Wang, E. Fang, Y. Chen, D. Li, H. Song, J.
Wang, Y. Guo, Y. Liu, H. Li, K. Huang, L. Zheng, Q. Tong, EMBO Mol.
Med. 2019, 11, 10835.

[56] D. Roulin, Y. Cerantola, A. Dormond-Meuwly, N. Demartines, O.
Dormond, Mol Cancer 2010, 9, 57.

[57] Y. Guri, M. Colombi, E. Dazert, S K. Hindupur, J. Roszik, S. Moes, P.
Jenoe, M. H. Heim, I. Riezman, H. Riezman, M. N. Hall, Cancer Cell
2017, 32, 807.

[58] X. Li, L. Yang, L.-L. Chen, Mol. Cell 2018, 71, 428.
[59] W. Zhan, X. Liao, Y. Wang, L. Li, J. Li, Z. Chen, T. Tian, J. He, Carcino-

genesis 2019, 40, 560.
[60] H. Yang, X. Li, Q. Meng, H. Sun, S. Wu, W. Hu, G. Liu, X. Li, Y. Yang,

R. Chen, Mol Cancer 2020, 19, 13.
[61] N. Chen, G. Zhao, Xu Yan, Z. Lv, H. Yin, S. Zhang, W. Song, X. Li, L.

Li, Z. Du, L. Jia, L. Zhou, W. Li, A R. Hoffman, J.-F. Hu, J. Cui, Genome
Biol. 2018, 19, 218.

[62] J. Zhou, S. Zhang, Z. Chen, Z. He, Y. Xu, Z. Li, Cell Death Dis. 2019,
10, 885.

[63] Y. Zang, J. Li, B. Wan, Y. Tai, J. Cell. Mol. Med. 2020, 24, 2423.
[64] M. Xie, T. Yu, X. Jing, L. Ma, Y. Fan, F. Yang, P. Ma, H. Jiang, X. Wu, Y.

Shu, T. Xu, Mol Cancer 2020, 19, 112.

Adv. Sci. 2023, 10, 2205229 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205229 (18 of 18)


