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CircTBC1D22A inhibits the progression
of colorectal cancer through autophagy
regulated via miR-1825/ATG14 axis

Jingbo Sun,’?34 Hongmei Wu,"#* Junjie Luo,>* Yue Qiu,"?* Yanyan Li,"? Yangwei Xu,” Lixin Liu,>*
Xiaolong Liu,** and Qingling Zhang'-#>*

SUMMARY

Distant metastasis is the main cause of death in patients with colorectal cancer (CRC). A better understand-
ing of the mechanisms of metastasis can greatly improve the outcome of patients with CRC. Accumulating
evidence suggests that circRNA plays pivotal roles in cancer progression and metastasis, especially acting
as amiRNA sponge to regulate the expression of the target gene. A public database bioinformatics analysis
found that miR-1825 was highly expressed in CRC tissues. In this study, miR-1825 was highly expressed in
CRC tissues, which was positively correlated with lymph node metastasis and distant metastasis. In vitro
and in vivo experiments confirmed that miR-1825 was positively correlated with the proliferation and
migration of CRC cells. This event can be inhibited by circTBC1D22A. CircTBC1D22A can directly interact
with miR-1825 and subsequently act as a miRNA sponge to regulate the expression of the target gene
ATG14, which collectively advances the autophagy-mediated progression and metastasis of CRC.

INTRODUCTION

Colorectal cancer (CRC) is a highly prevalent malignancy worldwide, ranking third and fifth in cancer incidence and mortality in China, respec-
tively. Despite an increased awareness of the pathogenic risk of CRC and advances in treatment strategies, there has been no substantial
breakthrough in the clinical treatment of tumor metastasis, and liver metastasis is one of the major causes of death in CRC."? Therefore, it
is urgent to identify therapeutic targets by further exploring the underlying mechanisms of CRC metastasis.

Non-coding RNAs (ncRNAs) consist of microRNAs (miRNAs), long non-coding RNAs (IncRNAs), and circular RNAs (circRNAs), which play
crucial roles in tumor progression.® Most of the circRNAs are a large class of primarily ncRNAs that mainly derive from the back-splicing of pre-
mRNA transcripts and are characterized as covalently closed loop structures.” circRNAs have key roles in cancer development and progres-
sion through diverse mechanisms.” The tissue-restricted and cancer-specific expression characteristics make circRNAs have strong potential
as diagnostic, prognostic, and predictive biomarkers.”’ And circRNAs function as competitive endogenous RNAs (ceRNAs) to sponge miR-
NAs and inhibit their function.®” miRNAs regulate gene expression by directly interacting with the 3’ untranslated region (UTR) of target
mRNAs and play a central role in the ceRNA hypothesis.'” However, the interactions and functions of circRNAs and miRNAs in CRC metastasis
have not been fully discussed; Thus, itis of great value to analyze specific circRNAs and elucidate their functions and mechanisms in mediating
CRC progression.

Autophagy was defined in mammalian cells as an intracellular degradation system that delivers cytoplasmic materials to lysosomes. Auto-
phagy is an essential mechanism for maintaining cellular integrity and genomic stability, and deletion of autophagy-related (ATG) proteins
can affect this homeostasis and thus may initiate cellular tumor development.'’ Disruption of autophagy can drive dormant breast cancer
stem cell activation into metastatic tumors.'” The autophagy of breast cancer cells restricts local and metastatic recurrence after primary
tumor excision.® DDX5 promoted autophagy and reduced liver cancer cell proliferation and tumorigenesis by binding to pé2 and interfering
with the p62/TRAF6 interaction." ATG14 (Autophagy Related 14, ATG14) interacts directly with Beclin-1 in the class Ill phosphatidylinositol
3-kinase complex, causing an increase in the number and size of autophagic vesicles and thus activating autophagy. Moreover, the binding of
ATG14 and Beclin-1 is necessary for autophagosome formation.'>'® Accumulating evidence has revealed that ATG14 promotes chemore-
sistance in pancreatic cancer,'” ovarian cancer,'® and CRC'? through activating autophagy. However, there is no complete and systematic
study on the correlation between the circRNA-miRNA-ATG14 axis and tumor metastasis in CRC.
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Figure 1. miR-1825 is upregulated in CRC and associated with CRC progression

(A) Relative RNA level of miR-1825in 51 CRC tissues and paired adjacent normal tissues, as determined by RT-PCR. Relative expression levels were normalized to
Ub. **p < 0.01, paired t-test.

(B) Relative RNA level of miR-1825 in CRC tissues and paired adjacent normal tissues in GSE108153 dataset, **p < 0.01, two-tailed Student's t test.

(C) Representative micrographs images of miR-1825 ISH staining in normal colorectal mucosa and CRC tissues. Scale bars, 20 um.
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Figure 1. Continued

(D) Percentage of miR-1825 ISH in CRC and matched adjacent normal colorectal mucosa tissues. n = 61. ***p < 0.001, Chi-square test.

(E) ISH staining analysis of miR-1825 expression in CRC tissues with or without lymph node metastasis. n = 61. **p < 0.01, Chi-square test.

(F) ISH staining analysis of miR-1825 expression in CRC tissues with or without distant metastasis. n = 61. *p < 0.05, Chi-square test.

(G) RT-PCR analyzes the basic expression of miR-1825 in CRC cell lines.

(H and I) RT-PCR analyzes the relative expression of miR-1825 in indicated cell lines. *p < 0.05, ***p < 0.001, means + SD, two-tailed Student's t test.

In this study, based on bioinformatics analysis and a series of in vitro and in vivo experiments, we first determined that miR-1825 was posi-
tively correlated with the proliferation and migration of CRC cells, while the upstream regulator circTBC1D22A showed the opposite effect.
Further mechanistic investigations indicated that circTBC1D22A functioned as a sponge of miR-1825 to upregulate ATG14, thereby medi-
ating autophagy and inhibiting the proliferation and migration of CRC. These results deepen our understanding of CRC progression and
may provide feasible therapeutic strategies for patients with CRC.

RESULTS

miR-1825 is upregulated in colorectal cancer and associated with colorectal cancer progression

Previous work has found that miR-1825 and miR-1246 are upregulated in both tissue and serum samples of CRC.?° The role of miR-1246 in CRC
and the related molecular mechanisms have been relatively well studied, including its effects on the proliferation and metastatic capacity of
CRC cells and its role in the metastatic microenvironment.”' > However, the biological function of miR-1825 in CRC and its molecular mech-
anisms related to the progression of CRC are still unknown. To investigate the role and molecular mechanism of miR-1825in CRC, we analyzed
the expression of miR-1825 in CRC tissues. RT-PCR results confirmed that miR-1825 expression was higher in 51 CRC tissues than that in the
paired colorectal mucosa (p < 0.01, Figure 1A). Consistently, we also found that miR-1825 was significantly more highly expressed in CRC
compared with normal colorectal tissues in the GEO (GSE108153) database (Figure 1B). We performed ISH staining of miR-1825 using 61
cases of CRC tissue samples (Figure 1C) and the level of miR-1825 expression was significantly higher in CRC than in paired colorectal mucosa
(Figure 1D). In addition, statistical analysis of clinical characteristics showed that high miR-1825 expression was highly correlated with lymph
node metastasis and distant metastasis in patients with CRC (Figures 1E and 1F; Table 1). There is a tendency for the expression level of miR-
1825 to be higher in T4 tumors than in T1-3 tumors, but the difference was not big enough to reach statistical significance (Table 1). Taken
together, these results suggest that miR-1825 may play a crucial role in promoting CRC progression and metastasis.

miR-1825 promotes colorectal cancer proliferation and migration

To further investigate the function of miR-1825 in CRC progression, the endogenous expression of miR-1825 was analyzed in eight CRC cell
lines (HCT116, LOVO, SW620, CACO2, SW480, HCT15, RKO, and HT29) (Figure 1G). Two stable miR-1825 overexpressing cell lines RKO
(RKO.miR-1825m), HT29 (HT29.miR-1825m) (Figure TH), and two miR-1825 knockdown cell lines HCT116 (HCT116.miR-1825i) and LOVO

Table 1. Clinical characteristics of patients with CRC with low miR-1825 expression and high miR-1825 expression

miR-1825 expression

Cases Low High p value
Age (years)
<60 36 15 21 p = 0.4257
>60 25 13 12
Gender
Male 42 21 21 p = 0.3396
Female 19 7 12
T stage
T1-T3 25 15 10 p = 0.0656
T4 36 13 23
Lymph node metastasis
- 32 20 12 p = 0.0063
+ 29 8 21
Distant metastasis
= 49 26 23 p = 0.0234
+ 12 2 10
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Figure 2. miR-1825 promotes CRC proliferation and migration in vitro and in vivo
(A) CCK8 assay analysis of the indicated cell lines.
(B and C) Transwell analyzes the migration of the indicated cell lines. Scale bars, 100 um.

(D and E) Wound healing assay analyzes the migration of the indicated cell lines. Scale bars, 100 pm.

(F and G) Images of gross CRC subcutaneous xenograft tumor models formed by the indicated cell lines.
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Figure 2. Continued

(H and I) Tumor volume and weight analyses for the CRC subcutaneous xenograft tumor. Means + SD are provided (n = 5).

(J) The percentage of positively stained Ki-67 cells in subcutaneous xenograft tumor models. Scale bars, 20 pm.

(K) Gross and H&E staining observe the liver metastasis in indicated cell lines. Each arrow pointed a liver metastasis nodule. Means + SD are provided (n = 9). The
scale bar at 40x magnification represents 200 um. The scale bar at 400x magnification represents 20 pm. *p < 0.05, **p < 0.01, ***p < 0.001, means + SD, two-
tailed Student's t test.

(LOVO.miR-1825i) (Figure 11) were established for the following experiments. The CCK8 assay results showed that the proliferation abilities
were significantly increased compared with control cells (RKO.NCm and HT29.NCm) after miR-1825 overexpression (RKO.miR-1825m and
HT29.miR-1825m), while these abilities were significantly inhibited in HCT116.miR-1825i and LOVO.miR-1825i cells (Figures 2A, S1A, and
S1B). Transwell and wound healing assay results showed that the migration abilities of the miR-1825 overexpression cells were significantly
enhanced compared to control cells. In contrast, these abilities were inhibited in the miR-1825 knockdown cells (Figures 2B-2E and S1C-S1F).
These results suggest that miR-1825 significantly promotes the proliferation and migration abilities of CRC cells.

To further investigate the functions of miR-1825 in vivo, subcutaneous xenograft tumor models were established to assess the effect of
miR-1825 on tumor growth. It revealed that miR-1825 can positively regulate CRC tumor growth (Figures 2F-2l). The Ki-67 index was higher
in the RKO.miR-1825m group and lower in the HCT116.miR-1825i group than that observed in the controls (Figures 2J, S1G, and STH). In addi-
tion, the hepatic metastasis model observation showed fewer liver metastatic nodules occurred in the HCT116.miR-1825i group (Figure 2K).
Taken together, these results demonstrate that miR-1825 could dramatically promote CRC growth and metastasis.

circTBC1D22A functions as an efficient miR-1825 sponge in colorectal cancer

Current studies have revealed that circRNAs most often function as ceRNAs to regulate downstream mRNAs by sponging miRNAs. To identify
potential ceRNAs for miR-1825 in CRC, circRNA-seq was performed using six CRC tissues that were divided into high miR-1825 expression
and low miR-1825 expression. Of these, 100 circRNAs were elevated, and 78 circRNAs were reduced (Figures 3A-3C). We selected the 78
down-regulated circRNAs in CRC for further analysis and then selected 28 circRNAs that potential sponge miR-1825 predicted by targetscan,
RNAhybrid, or circinteractome (Figure S2A). What is more, among the circRNAs detected, circTBC1D22A appeared to be the most significant
miRNA pulled down by the miR-1825 probe (Figure 3D). To confirm this prediction, the predicted miR-1825 binding site in the 3" UTR of
circTBC1D22A (wild type) or the mutated sequence (mutant type) were cloned into luciferase reporter plasmids (Figure S2B) and assessed
for their response to miR-1825. Notably, the luciferase activity of the 3'UTR of circTBC1D22A was suppressed by miR-1825 in the
circTBC1D22A-WT group, whereas it had no change in the circTBC1D22A-MUT group (Figure 3E). In addition, resistance to digestion
with RNase R treatment confirmed that this RNA species is circular (Figure 3F). These results suggest that circTBC1D22A is directly bound
to and sponged miR-1825, and might participate in the function of miR-1825 in CRC.

CircTBC1D22A (hsa_circ_0001251), a novel circRNA, is located in chromosome 22 and consists of exons 2-4 (575 bp) from the TBC1D22A
gene as reported in circBase (Figure S3A). However, the role of circTBC1D22A in CRC has not been reported. To explore the biological func-
tions of circTBC1D22A, we transfected lentivirus vectors expressing circTBC1D22A and siRNAs of circTBC1D22A into CRC cells (Figures S3B
and S3C). The CCK8 assay results showed that the proliferation abilities were significantly decreased compared with control cells after
circTBC1D22A overexpression, while these abilities were significantly increased after silencing circTBC1D22A (Figures 3G, S4A, and S4B).
Transwell and wound healing assay results showed that the migration abilities of the circTBC1D22A overexpression cells were significantly
inhibited compared to control cells. In contrast, these abilities were enhanced in the silencing circTBC1D22A cells (Figures 3H, 3l, and
SAC-S4F). These results suggest that circTBC1D22A could suppress the proliferation and migration abilities of CRC cells.

Moreover, rescue experiments were performed by co-transfecting miR-1825 and circTBC1D22A overexpression vectors in RKO. Remark-
ably, we found that miR-1825 promoted the proliferation and migration of CRC cells, which could be rescued by the overexpression of
circTBC1D22A (Figures 3J-3L). Taken together, these results demonstrate that circTBC1D22A could affect the proliferation and migration
abilities of CRC cells via miR-1825.

ATG14 is a functional target of miR-1825 in colorectal cancer cells

To explore how miR-1825 could regulate CRC progression, three mRNAtarget-predicting algorithms (Targetscan, miRWalk, and miRDIP)
were utilized to identify the potential downstream targets of miR-1825 (Figure S5A). Among these candidates, ATG14 was overlapped among
all databases, and ATG14-mediated regulation of autophagy has been reported to be involved in tumor progression. Furthermore, we intro-
duced the mCherry-EGFP-LC3B reporter to determine the role of miR-1825 in autophagic flux. The green and red dots represent phago-
somes and autolysosomes, respectively, and the yellow dots represent autophagosomes. The autophagic activity indicated by the formation
of autophagosomes is determined by quantifying the yellow dots. Overexpression of miR-1825 reduced the number of red spots, and
conversely, knockdown of miR-1825 increased the number of red spots (Figures 4A and 4B). To confirm this prediction, the predicted miR-
1825 binding site in the 3" UTR of ATG14 (wild type) or the mutated sequence (mutant type) were cloned into luciferase reporter plasmids
(Figure S5B) and assessed for their response to miR-1825 in RKO. Notably, the luciferase activity of the 3'UTR of ATG14 was suppressed
by miR-1825 in the ATG14-WT group, whereas it had no change in the ATG14-MUT group (Figure 4C). Moreover, ectopic expression of
miR-1825 in CRC cells suppressed the expression of ATG14. Conversely, knocking down of miR-1825 resulted in the upregulation of
ATG14 (Figures 4D and S5C). Previous studies have demonstrated that ATG14 is a key regulatory protein associated with cellular autophagy
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Figure 3. circTBC1D22A functions as an efficient miR-1825 sponge in CRC
(A) Differentially expressed RNAs of circRNAs expression profile analysis in circos.

(B) The volcano map of circRNA differential expression profiles between three miR-1825 low expression samples and three miR-1825 high expression samples.

(C) A heatmap of deferentially expressed circRNAs.
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Figure 3. Continued

(D) Fold-enrichment of 22 circRNAs that were pulled down by biotin-miR-1825 in RKO cell line and circTBC1D22A was the most enriched ceRNA.

(E) Luciferase activities of 3'UTR circTBC1D22A-luc constructs in RKO cell line after the overexpression of miR-1825. Means + SD are provided (n = 3). *p < 0.05,
means + SD, two-tailed Student's t test.

(F) The abundance of circTBC1D22A and linear TBC1D22A mRNA in CRC cells treated with RNase R was determined by RT-PCR (normalized to mock treatment).
*p < 0.05, **p < 0.01, ***p < 0.001, means + SD, two-tailed Student's t test.

G) CCK8 assay analysis of the indicated cell lines.

H) Transwell analyzes the migration of the indicated cell lines. Scale bars, 100 pm.

J) Effects of circTBC1D22A and miR-1825/circTBC1D22A on the proliferation ability of RKO cell line by CCK8 assay.
Kand L) Effects of circTBC1D22A and miR-1825/circTBC1D22A on the migration ability of RKO cell line by transwell assay and wound healing. Scale bars, 100 um
*p < 0.05, **p < 0.01, ***p < 0.001, means + SD, two-tailed Student's t test.

(
(
(I) Wound healing assay analyzes the migration of the indicated cell lines. Scale bars, 100 pm.
(
(

and that ATG14 upregulates the expression of PIK3C3 and Beclin-1to mediate autophagy.”**> Overexpression of miR-1825 in RKO and HT29
decreased the levels of ATG14, PIK3C3, Beclin-1, and LC3-Il, while knockdown of miR-1825 increased those in HCT116 and LOVO (Figure 4E).
In addition, we explored whether Beclin-1 and PIK3C3 are downstream targets of miR-1825. Based on bioinformatics analysis, the miTG scores
of ATG14, Beclin-1, and PIK3C3in DIANA TOOLS were 0.935, 0.752, and none. In addition, the total context++ scores of ATG14, Beclin-1, and
PIK3C3in TargetScan were —0.29, —0.15, and none (Figure S5D). The predicted miR-1825 binding site in the 3 UTR of Beclin-1 (wild type) or
the mutated sequence (mutant type) were cloned into luciferase reporter plasmids and assessed for their response to miR-1825 in RKO. How-
ever, the luciferase activity of the 3 UTR of Beclin-1 did not change in the Beclin-1-WT and MUT groups (Figure S5E). These results indicate
that miR-1825 could suppress autophagy by directly binding to the 3' UTR region of ATG14, but not Beclin-1 and PIK3C3.

ATG14 rescues the oncogenic function of miR-1825

In the GEPIA dataset and GSE8671 cohort, we found that ATG 14 was significantly lower in CRC than in normal tissues (Figures S6A-S6C). To
further investigate the function of ATG14 in CRC progression, we selected the most efficient siRNA of ATG 14 to experiment with (Figure S6D).
Meanwhile, we detected the efficiency of ATG14 overexpression (Figure S4E). The CCK8 assay results showed that the proliferation abilities
were significantly inhibited after ATG14 overexpression in HCT116, while these abilities were significantly increased in RKO.si2-ATG14 cells
(Figure S6F). Transwell assay results showed that the migration abilities of the ATG14 overexpression cells were significantly inhibited
compared to control cells. In contrast, these abilities were enhanced in RKO.si2-ATG14 cells (Figure S6G). These results suggest that
ATG14 might act as a tumor suppressor in CRC. Rescue experiments were conducted to investigate whether miR-1825 promoted CRC pro-
gression by mediating autophagy. The western blot and autophagic flux assay results showed that the overexpression of ATG14 abolished the
inhibitory effect of miR-1825 on autophagy (Figures 5A-5C). Furthermore, the CCK8 assay, transwell assay, and wound healing assay results
showed that ATG14 dramatically reversed the promoting effects of miR-1825 on the proliferation and migration of CRC cells (Figures 5D-5I).
Additionally, we analyzed the expression relations of miR-1825 with ATG14 in vivo. ISH and IHC staining results demonstrated that miR-1825
could inhibit the expression of ATG14, Beclin-1, and LC3 (Figure 5J). Collectively, these results demonstrate that miR-1825 promotes CRC
progression via suppressing ATG14 expression.

CircTBC1D22A-miR-1825-ATG14 axis regulated autophagy

To investigate the relationship of circTBC1D22A with miR-1825 and ATG14, RT-PCR was performed and confirmed our hypothesis that
circTBC1D22A could effectively inhibit miR-1825 to restore ATG14 expression (Figures 6A and 6B). Overexpression of circTBC1D22A in
RKO and HT29 increased the levels of ATG14, PIK3C3, Beclin-1, and LC3-II, while silencing circTBC1D22A decreased that in HCT116 and
LOVO (Figure 6C). The western blot and autophagic flux assay results further revealed that the overexpression of circTBC1D22A abolished
the inhibitory effect of miR-1825 on autophagy in the rescue experiments, indicating that circTBC1D22A could regulate autophagy via miR-
1825/ATG14 (Figures 6D-6F). Furthermore, we also detected the expression of the circTBC1D22A-miR-1825-ATG14 axis. In the cohort of 51
samples, RNA extracted from 6 samples failed to generate enough materials for detection. RT-PCR results confirmed that the expression of
ATG14 and circTBC1D22A was lower in 45 CRC tissues than in the paired colorectal mucosa (Figures 6G and 6H). There was a negative cor-
relation between miR-1825 and circTBC1D22A and ATG14, while there was a positive correlation between circTBC1D22A and ATG14 in 45
CRC samples (Figures 61-6K). Also, the AKT-mTOR pathway is known to inhibit autophagy.”® And we found that miR-1825 could activate the
AKT-mTOR pathway in CRC cell lines, while circTBC1D22A could inhibit the activation of the AKT-mTOR pathway (Figures S7A and S7B). The
block experiments were conducted to investigate the relationship between tumor biology and the circTBC1D22A/miR-1825/ATG 14 axis. The
CCK8 assay and Transwell assay results showed that the autophagy inhibitor chloroquine (CQ) significantly reversed the inhibitory effects of
circTBC1D22A on the proliferation and migration of CRC cells (Figures S8A and S8B). Therefore, these results further confirm the vital role of
the circTBC1D22A-miR-1825 axis in autophagy-mediated CRC progression.

DISCUSSION

Recently, increasing evidence has shown that ncRNAs participate in regulating malignant phenotypes and act as critical clinical biomarkers for
diagnosis and prognosis in diverse cancers.>?’ Recently, miR-1825 has been reported to be aberrantly expressed in different tumors such as
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Figure 4. ATG14 is functional target of miR-1825 in CRC cells

(A and B) The distributions of mCherry-EGFP-LC3B in RKO and HCT116 cell lines were analyzed by confocal microscopy after overexpression or knockdown of
miR-1825 (n = 5) and three representative images are presented. Scale bars, 5 pm.

(C) Luciferase activities of 3UTR ATG14-luc constructs in RKO cell line after the overexpression of miR-1825. Means + SD are provided (n = 3). **p < 0.01,
means + SD, two-tailed Student's t test.

(D) RT-PCR analyzes the relative expression of ATG14 in RKO and HCT116 cell lines after transfection. ***p < 0.001, means + SD, two-tailed Student's t test.

(E) ATG14, PIK3C3, Beclin-1, and LC3B expression in the indicated cell lines were analyzed by western blot after overexpression or knockdown of miR-1825.

prostate cancer,”® hepatocellular carcinoma,”” and CRC.?° However, the biological function of miR-1825 in CRC has not been reported. In this
study, we first identified miR-1825 as a key miRNA involved in CRC progression. miR-1825 was markedly upregulated in CRC specimens, and
miR-1825 expression positively correlated with lymph node metastasis and distant metastasis in human patients with CRC. Functional exper-
iments indicated that miR-1825 significantly facilitated the proliferation and migration of CRC cells. Then circRNA-seq was performed to
identify potential ceRNAs for miR-1825 in CRC. The results revealed that circTBC1D22A significantly reduced the activity of miR-1825 and
suppressed its functions by sponging it. Therefore, a mechanism was proposed that circTBC1D22A functioned as a sponge of miR-1825
to upregulate ATG14, thereby mediating autophagy and inhibiting the proliferation and migration of CRC.
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Figure 5. ATG14 rescues the oncogenic function of miR-1825

(A and B) The distributions of mCherry-EGFP-LC3B in miR-1825 overexpressing or miR-1825/ATG14 co-expressing RKO cell lines were analyzed by confocal
microscopy (n = 5) and three representative images are presented. Scale bars, 5 pm.

(C) ATG14, PIK3C3, Beclin-1, LC3B expression in miR-1825 overexpressing or miR-1825/ATG14 co-expressing RKO cell lines were analyzed by western blot.
(D) Effects of miR-1825 and miR-1825/ATG14 on the proliferation ability of RKO cell line by CCK8 assay.
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Figure 5. Continued

(E) Effects of miR-1825i and miR-1825i/si-2-ATG14 on the proliferation ability of HCT116 cell line by CCK8 assay.

(F, H, and I) Effects of miR-1825 and miR-1825/ATG14 on the migration ability of RKO cell line by transwell assay and wound healing.

(G) Effects of miR-1825i and miR-1825i/si-2-ATG14 on the migration ability of HCT116 cell line by transwell assay. Scale bars, 100 pm. **p < 0.01, ***p < 0.001,
means + SD, two-tailed Student's t test.

(J) ISH staining of miR-1825 and IHC staining of ATG14, Beclin-1 and LC3 in subcutaneous xenograft tumor models. Scale bars, 20 pm.

021 cardiac

Previous studies have found that miR-1825 participates in various pathological conditions such as amyotrophic lateral sclerosis,”
regeneration,®” and cancer. Indeed, the function of miR-1825 in tumor progression is still controversial. In glioblastoma, miR-1825 suppressed
tumor progression by targeting CDK14 through the Wnt/B-catenin pathway.* However, miR-1825 was upregulated and predicted poor prog-
nosis in prostate cancer,”® hepatocellular carcinoma,”” and CRC.?° The molecular mechanism through which miR-1825 regulates CRC metas-
tasis has not been elucidated. In this study, we found that miR-1825 was aberrantly expressed in CRC and enhanced CRC cell proliferation and
metastasis. Currently, accumulating evidence indicates that circRNAs are involved in the development and progression of various cancers by
sponging specific miRNAs as a ceRNA. For instance, circ_0001666 could suppress the tumorigenesis and metastasis of CRC via sponging miR-
576-5p and regulating the expression of PCDH10.%* Circ_0030167 inhibits invasion, migration, proliferation, and stemness of pancreatic can-
cer cells via sponging miR-338-5p and targeting the Wif1/Wnt8/B-catenin axis.”> Unlike common screening circRNA-Seq in which CRC tissues
are selected randomly, we selected 3 CRC tissues with high miR-1825 expression and 3 CRC tissues with low miR-1825 expression. Through
the circRNA-Seq and bioinformatics analysis, we predicted that multiple circRNA candidates were capable of binding miR-1825. Next, by us-
ing the dual-luciferase reporter assay and RNA pull-down assay, the direct binding between miR-1825 and circTBC1D22A was confirmed. It
was found that circRNAs can function as “miRNA sponges” and then inhibit their functions. Consistently, rescue experiments confirmed that
circTBC1D22A could partially reverse the effect of miR-1825 suggesting that circTBC1D22A acts as a tumor suppressor by inhibiting miR-1825
in CRC.

Autophagy is critical for tumor progression, and ncRNAs have been reported to be involved in cancer-associated autophagy.®**” For instance,
circST3GALG regulates autophagy-mediated tumor progression through the FOXP2/MET/mTOR axis in gastric cancer.” CircPARD3 promotes
the malignant progression of laryngeal squamous cell carcinoma by inhibiting autophagy.” We found that circTBC1D22A could regulate
autophagy-mediated proliferation and migration by sponging miR-1825. Cytoplasmic circRNAs usually act as sponges for miRNAs to regulate
the expression of downstream target genes. Further studies revealed miR-1825 directly targeted ATG 14 to inhibit autophagy in CRC cells. Impor-
tantly, we found the involvement of circTBC1D22A in the regulatory role of miR-1825 in ATG14 expression. CircTBC1D22A increased ATG14
expression level via sponging miR-1825, which subsequently activated autophagy and its downstream pathway.

ATG14 (also called Barkor or ATG14L) is considered to be an essential beclin-1-associated autophagy regulator,'®*® but its role in CRC
progression has not been elucidated. Previous studies have revealed that ATG14 promotes chemoresistance in a variety of tumors through
activating autophagy.'”™'” ATG14 acts as a direct downstream effector of the SNHG14/miR-186 axis to promote tumor CRC progression.'” In
contrast to previous studies, our results showed that the level of ATG14 expression was significantly lower in CRC than that in normal tissues.
Furthermore, ATG14 inhibits the ability of proliferation and migration in CRC cells. These results suggest that ATG14 might act as a tumor
suppressor in CRC. Similarly, a recent study has shown that the overexpression of ATG14 inhibited cell viability in Hela cells.”’ Through
our rescue experiment, ATG14 was able to eliminate the miR-1825 upregulation-causing promotion of the proliferation and migration of
CRC cells via the activation of autophagy. Consistent with it, our results verified that circTBC1D22A further regulated autophagy through
the miR-1825/ATG14 axis in CRC. Finally, we also found a negative correlation between miR-1825 and circTBC1D22A and ATG14, while a
positive correlation between circTBC1D22A and ATG14, which was analyzed and confirmed in patients with CRC. However, more work re-
mains to be done for further exploration to validate the effects of ATG14 on circTBC1D22A-mediated autophagy in CRC. Interestingly, we
found that miR-1825 could activate the AKT-mTOR pathway in CRC cell lines, while circTBC1D22A could inhibit the activation of the AKT-
mTOR pathway. And the AKT-mTOR pathway is known to inhibit autophagy and is a classical signaling pathway that promotes cancer
progression.26

In summary, this is the first report on the aberrant expression of circTBC1D22A/miR-1825/ATG14 in CRC. More importantly, we found that
circTBC1D22A could regulate autophagy-mediated proliferation and migration through the miR-1825/ATG14 pathway. The above results
proved that circTBC1D22A/miR-1825/ATG14 axis might become a potential therapeutic target for CRC in the future.

Limitations of the study

There exist various shortcomings and constraints in our present investigation. It is imperative for our forthcoming research to delve deeper
into the inquiry of whether miR-1825 governs the mechanisms of autophagy, CRC cell migration, and proliferation, specifically via ATG14 or
the AKT-mTOR pathway, or possibly through both pathways.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY

10 iScience 27, 109168, March 15, 2024



¢? CellPress

OPEN ACCESS

iScience

A RKO B HCT116
3 Vector 5 SiNC
5 c
] CircTBC1D22A s, §i-3-circTBC1D22A
g §
5?2 g
g — 8
o | e
2 > 2
kK |_| k|
] T 4
© | I 54
0
miR-1825 ATG14 miR-1825 ATG14
c si3 i3 GircTBCAD22A
Vector circTBC1D22A  Vector circTBC1D22A 5| NC cwcTBmDZZA s NC c|rcTBC1D22A Vector GIrcTEC1D22A +miR-1525m
0.61 0.97 0.39 1.21 0.37 1.01 0.73
Aras [:::!llﬂIIIIIE:]IIIIIIIwwa mroa s00a

0.89 0.27
0.78 1. 02 Ov

060 072 0 2 031 045 070 020 019 053 045 084

074 098 025 084 092 045 1.07 035 066 081 088
LCII| e s || | —— L [16kDa o3[ e e -0
Loa | w— | - -_— 1KD2 | ool s — - 12100

| [ e e

RKO

HT29

HCT116

LOVO

RKO
E EGFP mCherry Merge F G 5 159 n=s5
Vector 2 104
circTBC1D22A g 5 /
circTBC1D22A 3 10 —
Vector +miR-1825m < 038
1
RKO 5 044
o 2 059
150 e Normal Tumor
H
§
ircTBC1D22A g
circTBC %100 ¢ 159 n=45 -
[§) 3 104
2 5
8 8 % /é
50 310
5 o8]
circTBC1D22A 5 0.6
+miR-1825m 2 041
50
EGFP mCherry € Normal Tumor
| J K
= 15 r=-0.6202
r=-0.5725 < <
157 P <0.001 Q P <0.001 8
S 1040 o S
T Q s n=45 Q 2
05 58 5 g
2.9 ° 8 ° 3
5 é Sa S5
£g 26 238
o 2 ]
N k] k|
¢ , 8 ]
40 60 0 20 40 60

Relative miR-1825
expression

Relative miR-1825
expression

Relative ATG14
expression

Figure 6. CircTBC1D22A regulates autophagy via miR-1825/ATG14

(A and B) RT-PCR analyzes the relative expression of miR-1825 and ATG14 in RKO and HCT116 cell lines after transfection. *p < 0.05, **p < 0.01, ***p < 0.001,
means + SD, two-tailed Student's t test.

(C) ATG14, PIK3C3, Beclin-1, and LC3B expression in the indicated cell lines were analyzed by western blot after overexpression or knockdown of circTBC1D22 A.
(D) ATG14, PIK3C3, Beclin-1, LC3B expression in circTBC1D22A overexpressing or miR-1825/circTBC1D22A co-expressing RKO cell lines were analyzed by
western blot.

(E and F) The distributions of mCherry-EGFP-LC3B in circTBC1D22A overexpressing or miR-1825/circTBC1D22A co-expressing RKO cell lines were analyzed by
confocal microscopy (n = 5) and three representative images are presented. Scale bars, 5 pm.

(G and H) Relative RNA level of ATG14 and circTBC1D22A in 45 CRC tissues and paired adjacent normal tissues, as determined by RT-PCR. Relative expression
levels were normalized to GAPDH. ***p < 0.001, paired t-test.

(I-K) Pearson correlation analysis was conducted to analyze the relation between circTBC1D22A, miR-1825 and ATG14 in 45 CRC tissues. *p < 0.05, **p < 0.01,
***p < 0.001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ATG14 ABclonal Cat#A7526; RRID: AB_2768053
Ki67 ZSGB Bio Cat#TA500265; RRID: AB_2266274
Beclin-1 Cell Signaling Technology Cat#D40C5; RRID: AB_1903911
LC3B ABclonal Cat#A19665; RRID: AB_2862723
PIK3C3 ABclonal Cat#A12295; RRID: AB_2861649

Phospho-AKT
Phospho-mTOR
GAPDH

Cell Signaling Technology
Cell Signaling Technology

Proteintech

Cat#4060; RRID: AB_2315049
Cat#5536; RRID: AB_10691552
Cat#10494-1-AP; RRID: AB_2263076

Bacterial and virus strains

Lentivirus Genechem (Shanghai, China) N/A
mCherry-EGFP-labeled LC3B lentivirus GeneCopoeia Inc N/A
(LPP-CS-mcherry-EGFP-LC3B-Lv105-100)

Biological samples

Colorectal cancer tissues and normal The Third Affiliated Hospital of N/A
colorectal tissues Southern Medical University

Chemicals, peptides, and recombinant proteins

cell counting kit-8 DOJINDO Cat#CK04
Lipofectamine 2000 Reagent Invitrogen Cat#11668
Trizol Invitrogen Cat#15596026
Critical commercial assays

ISH kit Boster Co Cat#MK1030
RNase R GENESEED Cat#R0301
Streptavidin magnetic beads Beaver Cat#22307-1

Luc-pairTM Duo-Luciferase HS assay kit

GeneCopoeia

Cat#FR201-02

Deposited data

GSE108153 GEO https://www.ncbi.nlm.nih.gov/geo/

GSE8671 GEO https://www.ncbi.nlm.nih.gov/geo/

GEPIA dataset GEPIA http://gepia2.cancer-pku.cn/#index

GSE252689 (circRNA-seq) This paper https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE252689

Experimental models: Cell lines

HCT116 ATCC Cat#CCL-247

LOVO ATCC Cat#CCL-229

SWé620 ATCC Cat#CCL-227

CACO2 ATCC Cat#HTB-37

SW480 ATCC Cat#CCL-228

HCT15 ATCC Cat#CCL-225

RKO ATCC Cat#CRL-2577

HT29 ATCC Cat#HTB-38
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

BALB/c nude mice (nu/nu) Guangdong Medical Laboratory N/A
Animal Center

Oligonucleotides

See Tables S1 and S2 for oligonucleotide information This paper N/A

Recombinant DNA

pEZ-M14 ATG14 GeneCopoeia Inc N/A

Software and algorithms

GraphPad Prism GraphPad Software https://www.graphpad.com
Image J National Institutes of Health (NIH) https://imagej.nih.gov/ij/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Qingling Zhang
(zgllc8@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e The datasets used and/or analyzed during the current study are available within the manuscript and its supplemental information files.
Two CRC datasets and circRNA-seq data were downloaded from GEO datasets (GSE8671, GSE108153 and GSE252689).
e The dataset GSE252689 was generated in this study.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical samples

61 Paraffin-embedded CRC samples and 51 fresh CRC tissues were collected from patients undergoing surgical treatment without prior
radiotherapy and chemotherapy at the Department of General Surgery in the Third Affiliated Hospital of Southern Medical University. The
clinical and demographicinformation of the patient has been provided in Table S3. Both study protocol and informed consent were approved
by the Ethical Committee of the Third Affiliated Hospital of Southern Medical University (ID number 2021-038).

Cell culture

The human CRC cell lines HCT116, LOVO, SW620, CACO2, SW480, HCT15, RKO and HT29 were obtained from the American Type Culture
Collection (ATCC), generated, in the Department of Pathology, Nanfang Hospital. These cells were cultured in PPMI-1640 medium containing
10% fetal bovine serum (Thermo Scientific, Waltham, MA, United States) and incubated at 37°C under a humidified atmosphere with 5% CO,.
All cell lines were routinely tested for mycoplasma and the results were negative.

Animal experiments
Four-to-six-week-old male BALB/c nude mice (nu/nu) were purchased from Guangdong Medical Laboratory Animal Center (Guangdong,
China) and treated according to the Animal Research Reporting of In vivo Experiments (ARRIVE) guidelines. All animal studies were approved
by the Animal Care and Use Committee of Guangdong Provincial People’s Hospital , Southern Medical University (Study approval number:
KY2023-204-01). For the subcutaneous tumor model, 2 x 10° CRC cells were suspended in 100 pL of PBS and injected subcutaneously into the
left and right inguinal region of each nude mouse. The tumor volumes were measured every 5 days starting 10 days after injection. After
25 days, mice were sacrificed, and the tumors were collected for further analysis and weighed. The tumor volume was calculated using
the following formula: tumor volume (mm®) = (width®x length)/2.

For the hepatic metastasis model, mice were anesthetized and exposed the spleen by the laparotomy. 1.5 x 10° CRC cells were sus-
pended in 100 pL of PBS and injected into the distal part of the spleen with an insulin syringe. Four weeks after injection, the mice were
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sacrificed, and the livers were collected for pathologic analysis. The livers were sectioned and stained with hematoxylin and eosin (H&E). Met-
astatic nodules were counted manually using a microscope.

METHOD DETAILS

Cell transfection

miR-1825 mimics and inhibitor lentivirus (LV-1825m-puro and LV-1825i-puro), lentivirus vectors expressing circTBC1D22A, siRNAs of
circTBC1D22A and ATG14 were constructed and generated by Genechem (Shanghai, China). The sequences of miR-1825 mimics and inhib-
itor lentivirus and siRNAs of circTBC1D22A and ATG14 referred to above were listed in Table S2. In the rescue experiments, cells that stably
expressed miR-1825 were transfected with the ATG14 expressing plasmids (pEZ-M14-Vector) (GeneCopoeia Inc). Lipofectamine 2000 Re-
agent (Invitrogen) was then used to transfect ATG14 expressing plasmids, siRNAs of circTBC1D22A and ATG14 according to the manufac-
turer’ s protocol. After being transfected for 48 h, CRC cells were harvested and assessed by RT-PCR analysis. For the stable cell lines, the
efficiency of lentiviral infection could be assessed through RT-PCR after puromycin-selected cells for 1-2 weeks.

Cell proliferation, migration, and wound healing assays

Cell proliferation was assessed using the cell counting kit-8 (CCK8) assay. CRC cells (1000 cells per well) were seeded into 96-well plates in
triplicate, and 10 plL of CCK8 (DOJINDO, Japan) solution was added into each well, followed by incubation at 37°C for 2 h. Then, the absor-
bance was measured at 450 nm using a Microplate Autoreader (Bio-Rad, Hercules, CA, USA).

For cell migration assay, cell suspensions (1x10° cells) were diluted into 200 pl of serum-free medium and added to the upper transwell
chambers (BD Biosciences, CA, USA) and incubated for 48 h. Cells that had migrated through the filter were stained with crystal violet and
counted in five fields per insert for further statistical analysis.

For wound healing assays, cells were seeded into 12-well plates and scratched with a pipette tip after 24 h. Images were observed at the
indicated times, and wound width at 48-72 h relative to 0 h was evaluated to assess wound healing. Experiments were repeated three times.

Immunohistochemistry (IHC) and in situ hybridization (ISH)

Paraffin-embedded sections of CRC and matched adjacent normal tissue samples were dewaxed from xylene, rehydrated in a graded ethanol
series to water. Then, sections were immersed in 3% hydrogen peroxide for 10 min and incubated with primary antibodies overnight at 4°C.
Subsequently, corresponding secondary antibodies were applied and incubated for 1 h at RT. Targeted molecules were visualized by using
DAB and counterstained with hematoxylin. The following primary antibodies were used: ATG14 (1:100 dilution, ABclonal), Kié7 (1:100 dilution,
ZSGB Bio), Beclin-1 (1:200 dilution, Cell Signaling Technology) and LC3B (1:50 dilution, ABclonal).

ISH was performed in tissue sections using ISH kit (Boster Co, Wuhan, China) and the miR-1825 detection probe (Kidan Biosciences co,
Guangzhou, China) by following the manufacturer’s protocol. ISH assay was performed under RNase-free conditions. Briefly, the intensity
of staining ranged from O to 3 and the percentage of positively stained cells was scored from 0 to 4. The final staining scores (0-12) were calcu-
lated by multiplying the intensity of staining and the percentage scores as follows: 0-1(-), 2-3 (+), 4-8 (+ + +), and 9-12 (+ + + +). The ISH score
of <6 was categorized as a low expression group, and an ISH score of >6 was categorized as a high expression group. ISH staining and
scoring were performed blindly.

RNA preparation, treatment with RNase R, and quantitative reverse transcription PCR (RT-PCR)

Total RNA was extracted from tissues and cells lines by using Trizol (Invitrogen) according to the manufacturer’s instructions. The RNA ex-
tracted from CRC cells was divided into two groups: one for RNase R (Geneseed, Guangzhou, China) treatment and the other for control.
The treated group was incubated with 3 U/pg of RNase R for 10 min at 37°C. For analysis, RT-PCR was used to detect the expression of
TBC1D22A and circTBC1D22A. RT-PCR was conducted using SYBR Green PCR Master Mix (Applied TaKaRa, Otsu, Shiga, Japan) and per-
formed on Applied Biosystems 7500 Sequence Detection system (Applied Biosystems, Foster City, CA, USA). The sequences of all indicated
primers were listed in Table ST.

Western blotting

Cells were lysed in RIPA buffer and quantified using Bradford Protein Assay (KeyGEN BioTECH, China). Subsequently, the lysates were sub-
jected to SDS-PAGE, transferred onto the PVDF membranes (Millipore). Then membranes were blocked with 5% BSA in PBST buffer and
incubated with primary antibodies overnight at 4°C. The following primary antibodies were used: ATG14 (1:1000 dilution, ABclonal),
PIK3C3 (1:1000 dilution, ABclonal), Beclin-1 (1:1000 dilution, Cell Signaling Technology), LC3B (1:1000 dilution, ABclonal), p-AKT (1:1000 dilu-
tion, Cell Signaling Technology), p-mTOR (1:1000 dilution, Cell Signaling Technology), and GAPDH (1:3000, Proteintech). Finally, the mem-
branes were incubated with secondary antibody and developed with ECL substrate and imaged using the enhanced chemiluminescence
detection system (Tennon5200, China).

Expression profile analysis of circRNAs

Total RNA of CRC tissues was extracted by using TRIzol and RNA purity was assessed by ND-1000 Nanodrop. Briefly, rRNAs were removed
from Total RNA using Epicentre Ribo-Zero rRNA Removal Kit (lllumina, USA), then RNA was treated with RNase R (Epicentre, USA) and

16 iScience 27, 109168, March 15, 2024



iScience ¢? CellPress
OPEN ACCESS

fragmented to approximately 200bp. Subsequently, the RNA library preparation for circRNA-seq was performed by using NEBNext® Ultra™
RNA Library Prep Kit for lllumina (NEB, USA) and then sequenced on HiSeq 3000 with 2 x 150 bp mode. For circRNA-seq analysis, CIRI2 and
CIRCexplorer2 were used to detect circRNAs. sequencing reads were mapped to GRCh37/ hg19 by BWA-MEM or Tophat, respectively. If a
circRNA can be detected by both methods, it will be considered as an identified circRNA. Back-spliced junction reads identified in CIRI2 were
combined and scaled to RPM to quantify every circRNAs.

Biotinylated miRNA pull-down assay

The capture of miR-1825-bound ceRNAs in pull-down assays with biotinylated miR-1825 was performed as described previously.”*"? In brief,
about 1%10” CRC cells were transfected with biotinylated miR-1825 mimics or controls (50 nM) and harvested at 48 h after transfection. The
biotin-coupled RNA complex was incubated with streptavidin magnetic beads (Beaver, Suzhou, China) and then purified with Trizol for
analysis.

Dual-luciferase reporter system analysis

The wild-type or mutated 3'-UTR of ATG 14 gene, Beclin-1 gene or circTBC1D22A fragments were inserted into the luciferase vector. RKO cells
were cotransfected with the vectors and miR-1825, which were subsequently harvested and analyzed for luciferase activity by the Luc-pair™
Duo-Luciferase HS assay kit (GeneCopoeia, China). Three independent experiments were performed.

mCherry-EGFP-LC3B fluorescence lentivirus

Autophagic flux was monitored with mCherry-EGFP-labeled LC3B lentivirus (LPP-CS-mcherry-EGFP-LC3B-Lv105-100) according to the man-
ufacturer’s introductions. LPP-CS-mcherry-EGFP-LC3B-Lv105-100 were constructed and generated by GeneCopoeia Inc. CRC cells were
infected with it and the distribution of mCherry-EGFP-LC3B in cells was analyzed by confocal microscopy. After infection with mCherry-
EGFP-LC3B lentivirus, in the case of autophagy, mCherry-EGFP-LC3B under fluorescence microscopy then aggregates on the autophagoso-
mal membrane and appears as a yellow spot. The green and red dots represent phagosomes and autolysosomes, respectively, and the yellow
dots represent autophagosomes. The autophagic activity is determined by quantifying the yellow dots. All experiments were repeated three
times.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each experiment was performed at least three times. Statistical analyses were performed using Prism 8.0 (La Jolla, CA, USA). Student's t-test
and one-way analysis of variance (ANOVA) were used to evaluate the significance of the differences among different groups. The correlation
analysis was detected by Pearson’s correlation coefficient. All data were presented as the means + standard deviation (SD).
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