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Colorectal cancer (CRC) is one of the leading causes of can-
cer-related deaths. Antisense RNAs (asRNAs) are closely asso-
ciated with cancer malignancy. This study aimed to identify
the action mechanism of asRNAs in controlling CRC malig-
nancy. Analysis of the RNA sequencing data revealed that
AFAP1-AS1 and MLK7-AS1 were upregulated in CRC pa-
tients and cell lines. High levels of both asRNAs were associ-
ated with poor prognosis in patients with CRC. Both in vitro
and in vivo experiments revealed that the knockdown of the
two asRNAs decreased the proliferative and metastatic abili-
ties of CRC cells. Mechanistically, AFAP1-AS1 and MLK7-
AS1 decreased the levels of miR-149-5p and miR-485-5p by
functioning as ceRNAs. Overexpression of miRNAs by intro-
ducing miRNA mimics suppressed the expression of SHMT2
and IGFBP5 by directly binding to the 30 UTR of their
mRNA. Knockdown of both asRNAs decreased the expression
of SHMT2 and IGFBP5, which was reversed by inhibition of
both miRNAs by miRNA inhibitors. In vivo pharmacological
targeting of both asRNAs by small interfering RNA-loaded
nanoparticles showed that knockdown of asRNAs signifi-
cantly reduced tumor growth and metastasis. Our findings
demonstrate that AFAP1-AS1 and MLK7-AS1 promote CRC
progression by sponging the tumor-suppressing miRNAs
miR-149-5p and miR-485-5p, thus upregulating SHMT2
and IGFBP5.

INTRODUCTION
Colorectal cancer (CRC) is a commonly diagnosed cancer worldwide
and one of the leading causes of cancer-related deaths.1,2 Despite the
high mortality, no effective treatment has yet been developed.3 The
poor prognosis in patients with CRC is due to the occurrence of
metastasis.4 The 5-year survival rate for CRC is approximately 64%,
whereas the survival rate for metastatic CRC has decreased to 12%.4

Although various treatments for CRC including combination chemo-
therapy with 5-fluorouracil, irinotecan, oxaliplatin, and antiangioge-
netic or epidermal growth factor receptor-directed drugs have been
developed, the therapeutic effect on metastatic colon cancer is very
limited. Accordingly, our research goal was to develop an effective
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treatment for CRC based on a network of non-coding RNAs
(ncRNAs).

Approximately 90% of the human genome is transcribed into RNA.
However, only 2% of the genome comprises protein-coding genes.5

Moreover, ncRNAs are known to regulate essential biological pro-
cesses and are closely associated with many human diseases, particu-
larly cancer.6,7 Recently, ncRNAs were reported to act as competing
endogenous RNAs (ceRNAs) by directly binding to microRNAs
(miRNAs) through shared miRNA response elements (MREs).8

Thus, antisense RNAs (asRNAs) mitigate the inhibitory function of
miRNAs and upregulate the target genes of decoying miRNAs.9

Recently, the functional role of ceRNAs in cancer malignancy has at-
tracted considerable attention for the development of new cancer
treatments.10 Several studies showed that asRNAs promote CRC pro-
gression by sponging tumor-suppressing miRNAs in CRC.11–13

NNT-AS1 regulates proliferation, migration, and invasion via the
miR-496/RAP2C axis in CRC.11 CERS6-AS1 promotes the prolifera-
tion, migration, invasion, epithelial-mesenchymal transition (EMT),
and stemness of CRC cells by binding to miR-15b-5p to upregulate
SPTBN2.12 Furthermore, OIP5-AS1 regulates drug resistance by
abolishing the miR-137-mediated suppression of DYRK1A in CRC.13

We discovered two oncogenic asRNAs—AFAP1-AS1 and MLK7-
AS1—whose expression levels were higher in CRC than in normal
tissues and showed promise as candidates for CRC treatment. Knock-
down of each or both asRNAs represses malignant phenotypes such
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as proliferation, colony formation, migration, and invasion. Mecha-
nistically, we revealed that both asRNAs functioned as ceRNAs of tu-
mor-suppressing miR-149-5p and miR-485-5p and mitigated their
inhibitory function, which increased the expression of their common
targets, SHMT2 and IGFBP5. In addition, the therapeutic potential of
AFAP1-AS1 and MLK7-AS1 was identified by examining the tumor-
suppressing effects, such as tumor growth andmetastasis, of nanopar-
ticles loaded with asRNA-targeting small interfering RNAs (siRNAs)
on CRC.

RESULTS
AFAP1-AS1 and MLK7-AS1 are highly expressed in CRC tissues

than in normal tissues

To identify differentially expressed asRNAs in CRC, we performed
RNA sequencing using 43 samples isolated from tumors andmatched
normal tissues of patients with CRC. Overall, two asRNAs were
selected according to the workflow shown in Figure 1A. By analyzing
the RNA sequencing data, nine upregulated asRNAs were identified
(fold change >2, p < 0.05) (Figure 1A). To investigate the clinical out-
comes of the nine asRNAs in patients with CRC, survival analysis was
conducted in our cohort. Among the nine upregulated asRNAs, only
AFAP1-AS1 and MLK7-AS1 were validated and showed association
with poor prognosis. MCM3AP-AS1 was associated with poor prog-
nosis, but MCM3AP-AS1 was not selected because inhibition of met-
astatic potential including migratory and invasive abilities was not
observed in MCM3AP-AS1-silenced DLD1 cells (Figure S1). No sta-
tistically significant correlation existed between any of the asRNAs
and prognosis of CRC patients, except when the expression of both
asRNAs was high. CRC patients with high levels of both AFAP1-
AS1 and MLK7-AS1 showed poor prognosis compared with those
with lower expression levels. Therefore, we decided to investigate
the role of AFAP1-AS1 and MLK7-AS1 in the acquisition of malig-
nant phenotypes in CRC.

RNA sequencing data analysis indicated that the expression levels of
AFAP1-AS1 and MLK7-AS1 were higher in primary CRC tissues
than in the adjacent normal tissues (Figure 1B, left). Similarly, the
qRT-PCR assay in the validation cohort showed that the two asR-
NAs were upregulated in primary CRC tissues compared with their
expression in the matched normal samples (n = 14; Figure 1B,
right). Collectively, we hypothesized that AFAP1-AS1 and MLK7-
AS1 are upregulated in CRC and are closely associated with CRC
progression. As a result of determining the expression levels of asR-
NAs in CRC cell lines, we found that both AFAP1-AS1 and MLK7-
AS1 expression was higher in DLD1 and HT29 cells than in the
Figure 1. AFAP1-AS1 and MLK7-AS1 were upregulated and required for malign

(A) Schematic workflow for screening differentially expressed antisense RNAs (asRNAs) a

CRC. More than 2-fold high expression was classified as “High,” and all others were clas

and validation (right, n = 14) by qRT-PCR proving the higher levels of AFAP1-AS1 and

expression levels of AFAP1-AS1 and MLK7-AS1 in normal colonic epithelial cells (CCD8

DLD1 and HT29 cells were transfected with small interfering RNAs (siRNAs) targeting

forming assay (E). Invasive and migratory abilities were determined by transwell (F) and

Data are expressed as mean ± standard deviation. Statistical significance was set at p
normal epithelial cell line CCD841 (Figure 1C). Therefore, we
used both CRC cell lines, DLD1 and HT29, to evaluate the function
of AFAP1-AS1 and MLK7-AS1.

Knockdown of AFAP1-AS1 and MLK7-AS1 suppressed

proliferative ability

To investigate the role of AFAP1-AS1 and MLK7-AS1 in the prolif-
eration of CRC cells, DLD1 and HT29 cells were transfected with
three different siRNAs targeting AFAP1-AS1 and MLK7-AS1 (desig-
nated si-AFAP1-AS1#1–3 and si-MLK7-AS1#1–3). All the siRNAs
efficiently decreased the asRNA levels (Figure S2A for AFAP1-AS1
siRNA and Figure S2B for MLK7-AS1 siRNA) and none of siRNAs
affect the expression of the other asRNA (Figure S2C). The WST-1
cell proliferation assay indicated that the knockdown of either
AFAP1-AS1 or MLK7-AS1 reduced the proliferation of DLD1 and
HT29 cells (Figure S3A). Moreover, when the expression of both
AFAP1-AS1 and MLK7-AS1 was reduced by the siRNA mixture,
the proliferation of DLD1 and HT29 cells was significantly sup-
pressed (Figure 1D).

The colony-forming assay also revealed that knockdown of AFAP1-
AS1 or MLK7-AS1 by all the tested siRNAs decreased the number
of colonies (Figure 1E for both siRNAs, Figure S3B for AFAP1-
AS1, and Figure S3C for MLK7-AS1). These results demonstrated
that the two selected asRNAs, AFAP1-AS1 and MLK7-AS1, are
closely associated with CRC proliferation.

Knockdown of AFAP1-AS1 and MLK7-AS1 inhibited metastatic

potential

To further determine whether an association existed between AFAP1-
AS1 and MLK7-AS1 and the metastatic potential in CRC, we exam-
ined whether knockdown of AFAP1-AS1 and MLK7-AS1 suppressed
the invasion and migration of DLD1 and HT29 cells. The transwell
assay indicated that the number of invading cells was decreased
among the AFAP1-AS1- and MLK7-AS1-silenced DLD1 and HT29
cells (Figure S4A for AFAP1-AS1 and Figure S4B for MLK7-AS1).
In addition, the invasive abilities of both cells were significantly
reduced by the simultaneous knockdown of AFAP1-AS1 and
MLK7-AS1 (Figure 1F). The wound healing assay showed that knock-
down of AFAP1-AS1 or MLK7-AS1 inhibited the mobility of DLD1
and HT29 cells (Figure S4C for AFAP1-AS1 and Figure S4D for
MLK7-AS1), implying reduced invasiveness. As expected, simulta-
neous knockdown of AFAP1-AS1 and MLK7-AS1 significantly in-
hibited cell migration compared with the knockdown of each asRNA
individually (Figure 1G).
ant phenotypes of CRC

nd the association of AFAP1-AS1 andMLK7-AS1with the prognosis of patients with

sified as “Others” to analyze the prognosis. (B) Analysis of RNA sequencing data (left)

MLK7-AS1 in CRC tissues compared with that in adjacent normal tissues. (C) The

41) and two CRC cells (DLD1 and HT29) were determined by qRT-PCR. (D–G) After

AFAP1-AS1/MLK7-AS1, cell proliferation was assessed by WST-1 (D) and colony-

wound healing assay (G).

< 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001).
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Figure 2. AFAP1-AS1 and MLK7-AS1 function as a ceRNA for miR-149-5p and miR-485-5p

(A) Schematic workflow for selecting AFAP1-AS1/MLK7-AS1-associated miRNAs: miR-149-5p and miR-485-5p. Detailed information on the criteria has been described in

main text. (B) Kaplan-Meier overall survival curves of patients with CRCwith both low and high levels of miR-149-5p and/or miR-485-5p. Less than 2-fold low expression was

classified as “Low,” and all others were classified as “Others” to analyze the prognosis. (C) RNA sequencing data representing lower expression of miR-149-5p and/or miR-

485-5p in CRC compared with that in adjacent normal tissues. (D) The enrichment of AFAP1-AS1 and MLK7-AS1 was examined by performing AGO2 ribonucleoprotein

immunoprecipitation (AGO2 RIP) experiment. The levels of AFAP1-AS1 and MLK7-AS1 in AGO2 IP were determined by qRT-PCR. (E) After overexpression of miR-149-5p

(legend continued on next page)
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Given the correlation between CRC patient prognosis and the inhib-
itory effects on cell proliferation and metastatic potential, a more def-
inite tumor-suppressing effect was observed when both asRNAs were
silenced simultaneously than when the levels of each asRNA were
decreased separately (Figure S5). Accordingly, further studies were
conducted with focus on the regulatory mechanisms coregulated by
AFAP1-AS1 and MLK7-AS1.

AFAP1-AS1 and MLK7-AS1 sponge miRNA-149-5p and miRNA-

485-5p

Accumulating evidence has revealed that long non-coding
(lncRNAs), including asRNAs, directly interact with miRNAs and
weaken their inhibitory effects on the expression of their target genes.
Therefore, a prediction software was used to predict the potential
miRNA candidates associated with AFAP1-AS1 and MLK7-AS1.
More reliable miRNA candidates that bound to both asRNAs were
selected by applying three criteria: (1) more than two MREs in the
sequence of asRNAs, (2) more than seven nucleotides in seed match,
and (3) less than �10 binding score. From among 285 overlapping
miRNAs, 25 miRNAs that satisfied the above criteria were selected.
By validating the levels of miRNAs and performing a survival analysis
using our sequencing data, two miRNAs—miR-149-5p and miR-485-
5p—were identified as decoying miRNAs of AFAP1-AS1 and MLK7-
AS1 (Figures 2A and S6). Patients with CRC having low miR-149-5p
or miR-485-5p expression levels showed poor prognosis (Figure 2B).

The predicted binding sites of miR-149-5p and miR-485-5p in the
AFAP1-AS1 and MLK7-AS1 sequences are illustrated in Figure S7.
In the sequencing and validation cohort, AFAP1-AS1 and MLK7-
AS1 were highly expressed in CRC tissues than in normal tissues,
whereas the expression levels of miR-149-5p and miR-485-5p were
lower in the same tumor specimens (Figure 2C). Moreover, except
MLK7-AS1 vs. miR-149-5p, Spearman’s correlation analysis showed
a negative relationship between the expression of two asRNAs and
two miRNAs (Figures S8A–S8D).

To determine whether asRNAs directly bind to miRNAs, we assessed
their levels in miR-149-5p- and miR-485-5p-loaded miRNA-induced
silencing complex (miRISC). AGO2 ribonucleoprotein immunopre-
cipitation (RIP) revealed that AFAP1-AS1 and MLK7-AS1 were
more enriched in AGO2 IP than in IgG (Figure 2D), indicating that
the two asRNAs are associated with AGO2-miRNA RISC. To
examine whether miR-149-5p and miR-485-5p were involved in the
association of asRNAs with miRISC, we performed AGO2 RIP fol-
lowed by the overexpression of miRNA-145-5p and miRNA-485-
5p. When miR-149-5p and miR-485-5p were upregulated by intro-
ducing miRNA mimics, AFAP1-AS1 and MLK7-AS1 were more
abundant in the AGO2 IP than in the negative control miRNAmimic
and/or miR-485-5p, the enrichment of AFAP1-AS1 andMLK7-AS1 in AGO2 IP was asse

ASO pull-down (F) (AFAP1-AS1) and (G) (MLK7-AS1) was conducted. The levels of asRN

verify the direct interaction of miR-149-5p and miR-485-5p with AFAP1-AS1 (H) and ML

Detailed information on miRNA response elements (MREs) and reporter vectors (wild-t

Data are expressed as mean ± standard deviation. Statistical significance was set at p
(mimic-NC) (Figure 2E; overall results of AGO2 RIP are shown in
Figure S9). To verify the interaction between asRNAs and miRNAs,
antisense oligonucleotide (ASO) pull-down experiments were per-
formed using biotin-labeled RNA targeting each asRNA. Overall,
two ASOs for each asRNA efficiently captured the corresponding
asRNA, and miR-149-5p and miR-485-5p were more enriched in
asRNA ASO pull-down than in LacZ ASO pull-down (Figure 2F
for AFAP1-AS1 and 2G for MLK7-AS1).

Direct interactions between asRNAs and miRNAs were validated us-
ing a luciferase-based assay. We constructed two luciferase reporter
plasmids containing (1) a wild-type (WT) sequence of AFAP1-AS1
and MLK7-AS1 and (2) a mutant (MT) that harbors the inverted
sequence of the WT seed sequence to abolish miRNA binding.
AFAP1-AS1 has two potential binding sites for miR-149-5p and six
binding sites for miR-485-5p (Figure S7A). The luciferase reporter
assay showed that overexpression of miR-149-5p or miR-485-5p sup-
pressed luciferase expression in WT. However, luciferase expression
was not affected by miRNA overexpression in MT (Figure 2H). A to-
tal of two potential binding sites for miR-149-5p and miR-485-5p
were located on MLK7-AS1. Similarly, with regard to MLK7-AS1
(miRNA binding sites were shown in Figure S7B), overexpression
of miR-149-5p or miR-485-5p inhibited luciferase activity in WT,
whereas none of the miRNAs affected the activity in MT (Figure 2I).
These results revealed that AFAP1-AS1 and MLK7-AS1 hinder the
inhibitory function of miR-149-5p and miR-485-5p by functioning
as ceRNAs. Therefore, we investigated the role of miR-149-5p and
miR-485-5p in CRC progression and identified their common target
genes.

miR-149-5p and miR-485-5p inhibit proliferation and metastasis

To examine the roles of miR-149-5p and miR-485-5p in CRC pro-
gression, we transfected DLD1 and HT29 cells with miR-149-5p or
miR-485-5p mimics. The WST-1 cell proliferation assay indicated
that the overexpression of miR-149-5p or miR-485-5p reduced the
proliferation of DLD1 and HT29 cells (Figure S10A). Furthermore,
cell proliferation decreased after the overexpression of both miRNAs
(Figure 3A). In addition, colony-forming assays showed that overex-
pression of miR-149-5p andmiR-485-5p, individually or together, in-
hibited the clonogenic ability of DLD1 and HT29 cells (Figures 3B
and S10B).

To further examine whether miR-149-5p and miR-485-5p are
involved in the metastatic potential of CRC, we examined the effect
of miRNA overexpression on the invasive and migratory abilities of
DLD1 and HT29 cells by transwell and wound healing assays. Trans-
well assays indicated that invasiveness was decreased by overexpres-
sion of either miR-149-5p or miR-485-5p or both miRNAs
ssed by qRT-PCR. (F and G) To verify the interaction between asRNAs andmiRNAs,

A andmiRNA in ASO pull-downmaterials were determined by qRT-PCR. (H and I) To

K7-AS1 (I), reporter vectors were constructed, and luciferase activity was examined.

ype [WT] and mutant [MT] sequence) is shown in Figure S4.

< 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001).
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Figure 3. miR-149-5p and miR-485-5p lowered cell proliferation and inhibited the metastatic potential of DLD1 and HT29 cells

DLD1 andHT29 cells were transfected simultaneously withmiR-149-5p andmiR-485-5pmimics, and cell proliferation andmetastatic potential were assessed. (A and B) Cell

proliferation was examined by WST-1 (A) and colony-forming assay (B). (C and D) Metastatic potential including invasive and migratory abilities were determined by transwell

(C) and wound healing assays (D).

Data are expressed as mean ± standard deviation. Statistical significance was set at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001).
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(Figures 3C and S10C). In addition, the wound healing assay showed
that overexpression of either or both miRNA inhibited cell mobility
compared with that of the mimic-NC (Figures 3D and S10D).

Thus, the inhibition of cell growth and metastatic potential by over-
expression of miRNA produced the same effects observed in asRNA-
silenced cells, demonstrating that AFAP1-AS1 and MLK7-AS1
enhanced the metastatic potential of CRC cells by sponging the tu-
mor-suppressing miRNAs miR-149-5p and miR-485-5p.
310 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
miR-149-5p and miR-485-5p suppress SHMT2 and IGFBP5

The common target genes for miRNA-149-5p and miRNA-485-5p
were predicted using TargetScan 7.1. Among the computationally
predicted 30 merged targets, 17 mRNAs were selected by comparing
the lists of predicted common targets and upregulated miRNAs (fold
change >2.0, p < 0.05) obtained from the small RNA sequencing data.
To select more reliable target genes, the following three criteria were
applied: (1) downregulated by miR-149-5p and miR-485-5p mimics,
(2) downregulated by knockdown of AFAP1-AS1 and MLK7-AS1,
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and (3) enriched in AGO2 RIP. Finally, two target mRNAs, SHMT2
and IGFBP5, were selected for further analysis (Figures 4A and S11).
Survival analysis of SHMT2 and IGFBP5 indicated that the high-level
group showed poor prognosis compared with the low-level group
(Figure 4B). Although the levels of miR-149-5p and miR-485-5p
were lower in CRC tissues, SHMT2 and IGFBP5mRNAs were highly
expressed (Figure 4C). Accordingly, a negative relationship was
observed between the two miRNAs and two target genes based on
Spearman’s correlation analysis (Figure 4D).

To test whether miR-149-5p and miR-485-5p directly bind to target
mRNAs, AGO2 RIP experiments were conducted after overexpres-
sion of miR-149-5p and miR-485-5p, individually and together.
SHMT2 mRNA and IGFBP5 mRNA were enriched in AGO2 IP
upon overexpression of both miRNAs (Figure 4E; overall results of
AGO2 RIP are shown in Figure S12). To determine whether miR-
149-5p and miR-485-5p suppress SHMT2 and IGFBP5 by directly
binding to the 30 UTR of their mRNAs, we constructed luciferase re-
porter vectors containing WT and MT sequences of both miRNA
MRE (Figure S13). Each reporter was transduced into DLD1 cells
with mimic-NC, miR-149-5p, or miRNA-485-5p mimics, and lucif-
erase activity was determined. A luciferase assay using the SHMT2
reporter vector revealed that overexpression of miR-149-5p or miR-
485-5p suppressed luciferase expression in the WT vector. However,
MT luciferase expression was not affected (Figure 4F). Similarly, in
the case of the IGFBP5 reporter, miR-149-5p and miR-485-5p in-
hibited luciferase activity in WT, but not in MT (Figure 4G). In addi-
tion, western blotting results showed that the expression levels of
SHMT2 and IGFBP5 decreased after overexpression of either miR-
149-5p or miR-485-5p and both (Figure 4H). These results indicate
that miR-149-5p and miR-485-5p suppressed SHMT2 and IGFBP5
by directly binding to the 30 UTR of their mRNAs.

We also examined the oncogenic function of SHMT2 and IGFBP5 by
performingWST-1, colony-forming, and transwell assays. Knockdown
of SHMT2 and IGFBP5 using two individual siRNAs inhibited cell pro-
liferation, colony formation, and invasion (Figure S14), indicating that
SHMT2 and IGFBP5 are involved in the tumor-suppressive effects
of miR-149-5p and miR-485-5p. We also examined the effects of
AFAP1-AS1/MLK7-AS1, miR-149-5p/miR-485-5p, and SHMT2/
IGFBP5 regulatory axes on cellular signaling inDLD1 cells (Figure S15).
Phospho-kinase proteome array revealed that downregulation of
AFAP1-AS1 and MLK7-AS1, upregulation of miR-149-5p and miR-
Figure 4. SHMT2 and IGFBP5 were common targets of the AFAP1-AS1/MLK7-

(A) Venn diagram and schematic workflow for selecting SHMT2 and IGFBP5 as common

and high level of SHMT2 and/or IGFBP5. More than 2-fold high expression was classifie

RNA sequencing data representing higher expression of SHMT2 and IGFBP5 in CRC

expression levels of miRNAs (miR-149-5p andmiR-485-5p) and target genes (SHMT2 an

of SHMT2 and IGFBP5mRNA in AGO2 IP was examined using PEB cell lysates of DLD1

direct interaction of miR-149-5p and miR-485-5p with the 30 UTR of SHMT2 (F) and

examined. Detailed information on MREs and reporter vectors (WT and MT) is shown in F

5p mimics and both, the protein expression levels of SHMT2 and IGFBP5 were assess

Data are expressed as mean ± standard deviation. Statistical significance was set at p
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485-5p, and downregulation of SHMT2 and IGFBP5 resulted in
decreased levels of phosphorylated AKT and ERK (Figure S16).

miR-149-5p and miR-485-5p are required for the suppression of

SHMT2and IGFBP5by the knockdownof AFAP1-AS1 andMLK7-

AS1

To verify whether AFAP1-AS1 and MLK7-AS1 regulate the expres-
sion of SHMT2 and IGFBP5 by sponging miR-149-5p and miR-
485-5p, we conducted rescue experiments using miRNA inhibitors.
Knockdown of both AFAP1-AS1 and MLK7-AS1 increased the
expression levels of both miR-149-5p and miR-485-5p and, thus,
decreased the expression levels of SHMT2 and IGFBP5 in DLD1
and HT29 cells. However, when the levels of miR-149-5p and miR-
485-5p were decreased by the miRNA inhibitors, the suppression of
SHMT2 and IGFBP5 was reversed (Figure 5A). We also conducted
AGO2 RIP following the knockdown of AFAP1-AS1 and MLK7-
AS1. SHMT2 and IGFBP5 mRNAs were enriched in AGO2 IP mate-
rials upon knockdown of AFAP1-AS1- and MLK7-AS1 (Figures 5B
and 5C; overall results of AGO2 RIP are shown in Figure S17). This
was a result of the increase in the levels of miR-149-5p and miR-
485-5p. Western blotting results also showed that the expression of
SHMT2 and IGFBP5 decreased after knockdown of either AFAP1-
AS1 or MLK7-AS1 and both (Figure 5D).

AFAP1-AS1 and MLK7-AS1 regulate cell growth and metastasis

by sponging miR-149-5p and miR-485-5p in vivo

Based on these results, we confirmed that AFAP1-AS1 and MLK7-
AS1 are closely associated with CRC progression in vitro. To investi-
gate whether AFAP1-AS1 and MLK7-AS1 were related to CRC
progression in vivo, we developed mouse models through the subcu-
taneous and splenic injection of DLD1 cells. We found that both
AFAP1-AS1 andMLK7-AS1 were downregulated by the introduction
of both siRNAs. The subcutaneous mouse model presented lower tu-
mor volume and significantly decreased weight in the AFAP1-AS1/
MLK7-AS1-silenced group compared with those in the negative con-
trol group (Figures 6A and 6B, respectively). AFAP1-AS1 andMLK7-
AS1 were verified to be downregulated, and the expression levels of
miR-149-5p and miR-485-5p were increased (Figures 6C–6F). In
the splenic injection mouse model, fewer metastases were observed
in the AFAP1-AS1/MLK7-AS1-silenced group (28.6%, two out of
seven mice) than in the negative control group (85.7%, six out of
seven mice) (Figure 6G). The degree of liver metastasis was deter-
mined by visual counting and magnetic resonance imaging (MRI).
AS1-miR-149-5p/miR-485-5p regulatory axis

target genes. (B) Kaplan-Meier overall survival curves of patients with CRC with low

d as “High,” and all others were classified as “Others” to analyze the prognosis. (C)

compared with that in adjacent normal tissues. (D) The correlation between the

d/or IGFBP5) was examined by analyzing RNA sequencing data. (E) The enrichment

cells transfected with miR-149-5p and/or miR-485-5pmimics. (F and G) To verify the

IGFBP5 (G) mRNA, reporter vectors were constructed, and luciferase activity was

igure S7. (H) After DLD1 cells were transfected with either miR-149-5p or miR-485-

ed by western blotting analysis.

< 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001).



Figure 5. miR-149-5p and miR-485-5p were required for the downregulation of SHMT2 and IGFBP5 by knockdown of AFAP1-AS1 and MLK7-AS1

(A) DLD1 and HT29 cells were transfected with indicated siRNA or miRNA and the levels of asRNA (AFAP1-AS1 and MLK7-AS1), miRNAs (miR-149-5p and miR-485-5p),

and common targets (SHMT2 and IGFBP5), were assessed by qRT-PCR. (B and C) DLD1 cells were transfected with siRNA targeting AFAP1-AS1 (B) or MLK7-AS1 (C), and

the enrichment of SHMT2 and IGFBP5 mRNA was examined using AGO2 IP. (D) The protein expression of SHMT2 and IGFBP5 in AFAP1-AS1- and MLK7-AS1-silenced

DLD1 cells was determined by Western blot analysis. b-Actin was used as a loading control.

Data are expressed as mean ± standard deviation. Statistical significance was set at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001).

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 33 September 2023 313

http://www.moleculartherapy.org


Figure 6. Knockdown of AFAP1-AS1 andMLK7-AS1

inhibited tumor formation and liver metastasis of

CRC in vivo

(A–F) DLD1 cells were transfected with siRNA mixture

targeting AFAP1-AS1 and MLK7-AS1. The cells were

subcutaneously injected into the flanks of mice. Tumor

volume was calculated as described in materials and

methods (A). Tumor weight was measured after the

mice were sacrificed (B). The levels of AFAP1-AS1 (C),

MLK7-AS1 (D), miR-149-5p (E), and miR-485-5p (F) in

the enucleated tumor were assessed by qRT-PCR. (G)

Degree of liver metastasis was determined by visually

counting the number of nodules and MRI.

Data are expressed as mean ± standard deviation.

Statistical significance was set at p < 0.05 (*p < 0.05,

**p < 0.01, ***p < 0.001, or ****p < 0.0001).
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Figure 7. Nanoparticles loaded with siRNA mixture targeting

AFAP1-AS1 and MLK7-AS1 exhibited inhibitory effects on tumor

formation and liver metastasis in vivo

(A) Injection schedule of nanoparticles in the subcutaneous xenograft CRC

model. (B) Tumor volume was calculated as described in materials and

methods at intervals of 3 days for 4 weeks after injection of nanoparticles.

(C) Tumor weight was measured after the mice were sacrificed. (D and E)

The levels of asRNA (D) (AFAP1-AS1 and MLK7-AS1) and miRNAs (E)

(miR-149-5p and miR-485-5p) in the enucleated tumor were examined

by qRT-PCR. (F) The mRNA and protein levels of SHMT2 and IGFBP5

were determined by qRT-PCR and western blotting analyses,

respectively. (G) Injection schedule of nanoparticles in the intrasplenic

liver metastasis CRC model. (H) The degree of liver metastasis was

assessed by counting the number of nodules. (I and J) The levels of

asRNA (I) (AFAP1-AS1 and MLK7-AS1) and miRNAs (J) (miR-149-5p

and miR-485-5p) in the enucleated tumor were examined by qRT-PCR.

Data are expressed as mean ± standard deviation. Statistical significance

was set at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001).
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These results indicate that knockdown of AFAP1-AS1 and MLK7-
AS1 inhibits tumor formation and liver metastasis of CRC.

Therapeutic application of AFAP1-AS1 and MLK7-AS1 siRNA

using nanoparticles

We used siRNA-loaded nanoparticles as a delivery system to apply
our in vitro findings to the bedside. For this experiment, DLD1 cells
were injected subcutaneously (n = 5 per group) or into the spleen (n =
5 per group) to examine tumor formation and liver metastasis,
respectively. After a period of 11 days post subcutaneous injection,
siRNA-loaded nanoparticles were introduced twice a week for 4 weeks
(Figure 7A). The body weights of mice administered asRNAs and
siRNA-loaded nanoparticles (SAMi-asRNAs siRNA) were the same
as those of mice in the negative control group (SAMi-NC siRNA)
(Figure S18). Regarding tumor growth parameters, we observed a sig-
nificant decrease in tumor volume (Figure 7B) and tumor weight at
the end of the experiment (Figure 7C). Decreased levels of AFAP1-
AS1 and MLK7-AS1 in enucleated tumors were verified by qRT-PCR
(Figure 7D). The expression levels of miR-149-5p and miR-485-5p
were also assessed. As expected, both miRNAs were highly expressed
in the enucleated tumors of the asRNA siRNA group (Figure 7E).
qRT-PCR and western blotting analyses showed that SHMT2 and
IGFBP5 were effectively downregulated in the siRNA group
(Figure 7F).

Liver metastasis was induced via intrasplenic injection, following
which we administered asRNA siRNA-loaded nanoparticles twice a
week for approximately 5 weeks (Figure 7G). We observed that the
siRNA group showed a decreased number of metastatic nodules
compared with the control group (Figure 7H). The levels of
AFAP1-AS1, MLK7-AS1, miR-148-5p, and miR-485-5p in the
enucleated tumors were examined by qRT-PCR (Figures 7I and 7J).
Both asRNAs were efficiently downregulated, whereas the levels of
both miRNAs were upregulated. Taken together, the administration
of siRNA-loaded asRNA nanoparticles reduced tumor growth and
abolished liver metastasis of CRC.

Our findings suggest a novel regulatory mechanism through which
asRNAs control CRC progression by functioning as ceRNAs. In brief,
we identified two oncogenic asRNAs—AFAP1-AS1 and MLK7-
AS1—that were significantly upregulated in primary CRC tissues
than in the adjacent normal tissues. Both AFAP1-AS1 and MLK7-
AS1 directly bind to miRNA-149-5p and miRNA-485-5p to mitigate
their inhibitory effects on the expression of common targets. Collec-
tively, AFAP1-AS1 and MLK7-AS1 promoted the malignant pro-
cesses of CRC by upregulating SHMT2 and IGFBP5. In vitro and
in vivo experiments revealed that the decrease in AFAP1-AS1 and
MLK7-AS1 expression showed tumor-suppressing and anti-metasta-
tic effects. Moreover, the administration of nanoparticles loaded with
asRNA-targeting siRNAs reduced tumor formation and inhibited
liver metastasis of CRC. Based on our results, we demonstrate that
AFAP1-AS1 and MLK7-AS1 have the potential to evolve as prom-
ising treatments for CRC patients.
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DISCUSSION
AsRNAs have attracted the attention of many scientists as biomarkers
for the diagnosis and treatment of cancer.14,15Many asRNAs have been
identified to be closely associated with CRC progression.16 However,
asRNAs showing clinical applicability have not been discovered yet.
The purpose of this study was to identify oncogenic asRNAs, define
their mechanism of action, and to use them to develop a promising
treatment for CRC patients. By analyzing the RNA sequencing data,
nine asRNAswere found to be highly expressed in CRC tissues. Among
them, the expression levels of AFAP1-AS1 and MLK7-AS1 showed
correlation with the overall survival (OS) rate of patients with CRC.
Importantly, patients with high levels of both AFAP1-AS1 and
MLK7-AS1 (approximately 51% of all patients) showed significantly
lower survival rates than those with low levels of these asRNAs,
implying that the expression levels of both these asRNAs are signifi-
cantly associated with the prognosis of CRC patients. Hence, we
decided to further study the mechanism underlying the action of the
two asRNAs when acting simultaneously rather than individually.

AFAP1-AS1 and MLK7-AS1 have been reported to regulate the pro-
liferation and metastatic potential of various cancers by functioning
as oncogenes as well as ceRNAs. AFAP1-AS1 is aberrantly overex-
pressed and closely associated with poor prognosis in patients with
CRC.17 Knockdown of AFAP1-AS1 inhibited cell proliferation,
colony formation, migration, and invasion. A decrease in AFAP1-
AS1 expression increases E-cadherin expression and decreases
vimentin expression.17 By functioning as a ceRNA, AFAP1-AS1 influ-
ences miRNA-mRNA interaction, such as miR-195-5p/WISP1,18

miR-2110/Sp1,19 miR-27b-3p/VEGFC,20 miR-653/RAI14,21 and
smiR-107/PDK4.22 Similarly, the knockdown of MLK7-AS1, which
is upregulated in CRC, reduces CRC cell proliferation through the
downregulation of p21.23 MLK7-AS1 functions as a ceRNA of miR-
375 and mitigates the inhibitory effects of miR-375 on YWHAZ24

and YAP1.25,26 In addition to AFAP1-AS1 and MLK7-AS1, several
other asRNAs are known to regulate CRC progression by sponging
miRNAs. For example, DSCAM-AS1/miR-204/SOX4,27 FLVCR1-
AS1/miR-381/RAP2A,28 ZEB1-AS1/miR-205/YAP1,29 ZFPM2-AS1/
miR-137/TRIM24,30 and ZNF561-AS1/miR-26a-3p/miR-128-5p31

are a few regulatory axes that are closely involved in proliferation
and metastatic potential of CRC. SP100-AS1 stabilizes ATG3 and
confers radioresistance to CRC cells by absorbing miR-622.32 In
this study, miR-149-5p and miR-485-5p, which are reported to be tu-
mor-suppressing miRNAs in CRC,33–35 were identified as sponging
miRNAs of AFAP1-AS1 and MLK7-AS1. The lncRNAs PCAT-1
and DLGAP1-AS1 function as ceRNAs of miR-149-5p and contribute
to CRC progression.36,37 Along with lncRNAs, circRNAs, circ5615,38

and circCTNNA1,39 have also been found to regulate the inhibitory
function of miR-149-5p. LINC01224 hinders miR-485-5p-mediated
suppression of MCL1 and MYO6.40,41

SHMT2 promotes tumorigenesis and metastasis42 and is closely asso-
ciated with cancer progression43 and stemness.44 In CRC, cytoplasmic
SHMT2 blocks b-catenin degradation, which promotes progression
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and metastasis.45 Furthermore, SHMT2 induces chemoresistance to
5-fluorouracil by stimulating nucleotide biosynthesis.46 In a wide
range of cancers, IGFBP5 influences cell proliferation and metastasis
via cell-type- and tissue-type-specific routes.47 Moreover, it is a prom-
ising biomarker for predicting responsiveness to therapy and the clin-
ical outcomes of cancer patients. We discovered that SHMT2 and
IGFBP5 are novel common targets of miR-149-5p and miR-485-5p
and are required for the oncogenic functions of AFAP1-AS1 and
MLK7-AS1. Cellular signaling (AKT and ERK) and EMT process
were affected by the levels of AFAP1-AS1/MLK7-AS1, miR-149-5p/
miR-485-5p, and SHMT2 and IGFBP5.

Recent evidence has shown that ncRNAs have the potential to emerge
as treatments for CRC. However, the intricate regulatory mechanism
of ncRNA-involved gene regulation complicates the development of
ncRNA-based cancer treatments. One of the barriers to the clinical
application of ncRNAs, including miRNAs, is their delivery. To over-
come this hurdle, many studies have explored the use of nanoparticles
as carriers for cancer treatment.48–50 For example, the in vivo admin-
istration of nanoparticles loaded with FLANC-targeting siRNA
significantly inhibited metastasis without toxicity and inflamma-
tion.51 In this study, we identified the mechanism underlying the ac-
tion of asRNAs and verified that the efficacy of CRC treatment
increased effectively by using two asRNAs rather than one as a treat-
ment strategy. Our findings revealed that AFAP1-AS1 and MLK7-
AS1 are highly expressed and are closely associated with poor
prognosis in CRC patients. Mechanistically, AFAP1-AS1 and
MLK7-AS1 upregulated SHMT3 and IGFBP5 by sponging the tu-
mor-suppressing miRNAs miR-149-5p and miR-485-5p. In vivo ex-
periments indicated that the knockdown of AFAP1-AS1 and
MLK7-AS1 inhibited tumor formation and liver metastasis in a xeno-
graft mouse model. Furthermore, the decrease in AFAP1-AS1 and
MLK7-AS1 by administration of the nanoparticle-loaded siRNAs
diminished tumor formation and liver metastasis in the subcutaneous
and intrasplenic mouse models. Collectively, we demonstrated that
AFAP1-AS1 and MLK7-AS1 have potential for clinical use as prom-
ising candidates for CRC treatment.

MATERIALS AND METHODS
Sample collection

This study was approved by the institutional review board (IRB) of
Samsung Medical Center (IRB approval no. SMC 2013-11-007-
001). Written informed consent was obtained from all the patients.
The study included 43 patients diagnosed with CRC at the Samsung
Medical Center (Seoul, Republic of Korea). Tumors and matched
adjacent normal tissues were obtained from surgical specimens.

RNA sequencing and survival analysis

Reads from the FASTQ files were mapped to the human reference
genome using STAR aligner version 2.5.0a and read counts for each
gene were normalized as transcripts per million using the RSEM pro-
gram. Differentially expressed genes were identified using the DESeq
R package with a cutoff (|log2 fold change| > 2 and p < 0.05). OS was
calculated using the Kaplan-Meier method. In the OS analyses of
asRNA and target genes, more than 2-fold high expression was
defined as “High,” and all others were indicated as “Others.”. In
case of miRNA, less than 0.5-fold low expression was classified as
“Low,” and all others were represented as “Others.”

Cell culture and transfection

CRC cell lines (HT29 and DLD1) were purchased from the American
Type Culture Collection and cultured in RPMI 1640 (Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS) (Gibco)
and 1% penicillin-streptomycin (Gibco) at 37�C in an incubator with
5% CO2. All CRC cells were recently authenticated through short tan-
dem repeat profiling and were regularly tested for mycoplasma
contamination.

A transient transfection of HT29 and DLD1 cells with siRNA or
miRNA was performed using Lipofectamine RNAiMAX (Invitro-
gen), according to the manufacturer’s instructions. Knockdown of
asRNA was performed using three siRNAs that were specifically
designed for each asRNA (Table S1). All siRNAs sufficiently
decreased the expression of asRNA, and si-AFAP1-AS1 (no. 2) and
si-MLK7-AS1 (no. 2) were used to simultaneously silence both asR-
NAs. To increase or decrease miRNA levels, miRNA mimics or
inhibitors, respectively, were used: miR-149-5p mimic (4464066,
MC12788, Applied Biosystems, Waltham, MA), miR-485-5p mimic
(4464066, MC10837, Applied Biosystems), miR-149-5p inhibitor
(4464084, MH12788, Applied Biosystems), and miR-485-5p
(4464084, MH10837, Applied Biosystems). The effects of the target
genes SHMT2 and IGFBP5 on malignant phenotypes were confirmed
using two siRNAs, one for each gene. The sequences of the siRNAs
used in this study are shown in Table S1.

Western blotting analysis

To prepare whole-cell extracts, the cells were lysed using Pro-Prep
buffer (Intron Biotechnology, Seoul, South Korea) containing phos-
phatase and protease inhibitors. Equal amounts of lysate were sepa-
rated using sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to polyvinylidene fluoride membranes. After
blocking with 5% skim milk, the membranes were incubated
with the indicated primary antibodies, washed, and incubated with
the appropriate secondary antibodies. The following antibodies
were used: SHMT2 (Cell Signaling Technology, Danvers, MA,
no. 12762), IGFBP5 (Santa Cruz Biotechnology, sc-515116),
vimentin (Thermo Fisher Scientific, Waltham, MA, no. MA5-
11883), E-cadherin (24E10) (Cell Signaling Technology, no. 3195),
and b-actin (Cell Signaling Technology, no. 3700). b-Actin was
used as the loading control for western blotting. Protein bands were
detected using an enhanced chemiluminescence reagent.

Reverse transcriptase quantitative polymerase chain

reaction (RT-qPCR)

Total RNA was isolated using TRIzol reagent (Invitrogen), according
to the manufacturer’s instructions. Total RNA was used to synthesize
cDNA using AccuPower CycleScript RT premix dT20 (Bioneer,
Daejeon, South Korea, no. K-2044-B) according to themanufacturer’s
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instructions. The mRNA levels were quantified by real-time quantita-
tive polymerase chain reaction (qPCR) (ABI Prism 7900) using the
Power SYBR Green PCR Master Mix (Applied Biosystems). Primer
sequences used in this study are shown in Table S2. miRNA-specific
TaqMan primer (Applied Biosystems, no. 4427975) was used for real-
time qPCR.

Cell proliferation assay

CRC cells were seeded onto 96-well plates at a density of 3–5 � 103

cells/well. Cell proliferation was measured using a WST-1 assay
(Roche, Basel, Switzerland). CRC cell viability was assessed at various
time points, and assays were performed by adding WST-1 directly to
the culture wells and incubating for 60 min at 37�C with 5% CO2.
Absorbance was measured at a wavelength of 450 nm. The experi-
ments were repeated more than three times under each experimental
condition.

A colony-forming assay was performed to determine clonogenicity.
In brief, equal numbers of transfected cells were seeded in triplicate
onto six-well plates and cultured for 2 weeks. The cells were fixed
with 4% paraformaldehyde and stained with 0.2% crystal violet.
The clonogenic ability was determined by counting the number of
colonies.

Determination of metastatic potential

The migratory ability was measured using a wound healing assay.
CRC cells were seeded onto six-well plates. When cell confluence
reached approximately 85%, scratch wounds were made by scraping
the cell layer on each culture plate using a tip. After wounding, the
debris was removed by washing the cells with serum-free medium.
Wounded cultures were incubated in serum-free medium for 48 h,
and their migratory ability was determined by measuring the migra-
tion distance. The experiments were performed in triplicate.

Cell invasion assays were performed using a Matrigel invasion cham-
ber (Corning, Corning, NY). After hydration of the Matrigel, equal
numbers of transfected cells (5–8 � 104 cells) in serum-free medium
were added to the upper chamber. Invasion was triggered by the addi-
tion of the same medium containing 10% FBS as a chemoattractant to
the bottom chambers. After incubation for 24 or 48 h, the invading
cells were fixed with 95% MeOH for 5 min and stained with 0.1% he-
matoxylin and eosin. Invasiveness was determined by counting the
number of invading cells in at least ten randomly selected fields.

AGO2 RIP

For RIP, Dynabeads Protein G (Thermo Fisher Scientific) were coated
with control IgG (Santa Cruz Biotechnology) or AGO2 antibodies
(Sigma-Aldrich, St. Louis,MO). Cytoplasmic lysates were prepared us-
ing a protein extraction buffer (PEB) containing protease/phosphatase
inhibitors and RNaseOUT inhibitor (Invitrogen). Equal amounts of
lysates were incubated with antibody-coated Dynabeads at 4�C for 4
h. After washing several times with PEB buffer, the AGO2-IPmaterials
were treated with DNase I (Ambion, Austin, TX) and Protease K (Bio-
neer). Proteins were denatured with acid phenol (Ambion), and RNA
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was precipitated with absolute ethanol overnight at�20�C. The target
mRNA level in the miRISC was determined by qRT-PCR.

ASO pull-down assay

To identify asRNA-associated miRNAs, an ASO pull-down assay was
performed using non-overlapping biotinylated ASOs that recognize
LacZ and asRNAs. Incubation of whole-cell lysates with biotinylated
ASO was followed by coupling with streptavidin-coupled Dynabeads
(Invitrogen). RNA was isolated from the pull-down materials, and
miRNA levels were determined by qRT-PCR.

Luciferase assay

To check whether the miRNA directly recognizes the 30 UTR of the
target mRNA, pmirGLO dual-luciferase vectors (E133A, Promega,
Madison, WI) containing WT or MT MRE sequences were con-
structed. After 24 h post-transfection, luciferase activity was
measured using the Dual-Glo luciferase activity assay system (Prom-
ega) according to the manufacturer’s instructions.

Subcutaneous injection mouse model

Approximately 1 � 106 DLD1 cells were mixed with 50 mL of Hanks’
balanced salt solution (HBSS) and 50 mL of Matrigel and subcutane-
ously injected into the flanks of 6- to 7-week-old female BALB/c nude
mice (Orient Bio Group, Seoul, Republic of Korea). Tumor size was
measured using a caliper, and tumor volume was calculated using
the following formula: (short length � long length � width)/2. The
mice were euthanized 6–8 weeks after inoculation or as soon as a
reduction in vitality was observed.

Intrasplenic injection mouse model

In this model, 6- to 7-week-old female BALB/c nude mice (Orient Bio)
were anesthetized with a mixture of catamin (30 mg/kg; Yuhan, Seoul,
Republic of Korea, no. 7001) and Rompun (10 mg/kg; Bayer, Leverku-
sen, Germany) via intraperitoneal injection (0.01 mL/mg). A small left
abdominal flank incision was made, and the spleen was exteriorized for
intrasplenic injection. Approximately 1 � 106 DLD1 cells were sus-
pended in 50 mL HBSS (Gibco) and injected into the mouse spleen
with a 30-gauge needle. A cotton swab was applied to the injection
site for 1 min to prevent tumor cell leakage and bleeding. The injected
spleen was returned to the abdomen, and the wound was sutured with
6-0 black silk. The mice were euthanized by placing them in a chamber
with 100% CO2. The mice were monitored for faded eye color and lack
of respiration, and CO2 flow was maintained for a minimum of 1 min
after respiration ceased. An intrasplenic injection was administered to
female BALB/c nudemice that were 6–7 weeks old. After 6 weeks, MRI
was performed, and the mice were sacrificed to obtain tissues. All an-
imal experiments were conducted at a specific pathogen-free animal
experiment center at the SamsungMedical Center. The SamsungMed-
ical Center on Laboratory Animals Committee approved the experi-
ments (approval no. 20210319001).

Injection of nanoparticle

All mice were aged 6 weeks at the time of cell injection. The asRNA
siRNA dose was 3 mpk for all therapeutic experiments with
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nanoparticles. Nanoparticles were used as delivery systems for the
asRNA-targeting siRNAs (#SAMi-RNA; Bioneer). Eleven days after
subcutaneous injection of the mouse model, asRNA siRNA-loaded
nanoparticles were administered intraperitoneally twice a week for
approximately 4 weeks. Seven days post-intrasplenic injection, a liver
metastatic mouse model was generated by the intraperitoneal adminis-
tration of asRNA siRNA-loaded nanoparticles twice a week for approx-
imately 5 weeks.

Statistical analysis

Statistical comparisons were performed using GraphPad Prism soft-
ware. Data are expressed as mean ± standard deviation. Statistical sig-
nificance was set at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, or
****p < 0.0001).
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