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A growing number of studies have focused on the involvement
of non-coding RNAs (ncRNAs) in the internal ribosome entry
site (IRES)-mediated translation in tumorigenesis; however,
the underlying mechanisms in colorectal cancer (CRC) remain
elusive. In this study, we show that LINC00473 (LNC473) ex-
erted its functions as a tumor suppressor in promoting
apoptotic protease-activating factor 1 (APAF1) IRES activity
through competitively sponging miR574-5p and miR15b-5p
in CRC initiation and pathogenesis. Specifically, LNC473
and its downstream targetAPAF1were significantly downregu-
lated accompanied by upregulated miR574-5p and miR15b-5p
in CRC cells and tissues, which had a significant prognostic
impact on clinical outcomes in our CRC cohort (n = 157).
Furthermore, ectopic LNC473 significantly sponged endoge-
nous miR574-5p or miR15b-5p and thereby inhibited cell
proliferation and colony formation capacity, and it accelerated
cell apoptosis through activating the APAF1-CASP9-CASP3
pathway. Notably, LNC473 overexpression resulted in dra-
matic promotion of APAF1 IRES activity and translation,
whereas rescue experiments confirmed the recovery by the
existence of LNC473 and miR574/15b-5p. Mechanistically,
LNC473 overexpression promoted IRES binding domain expo-
sure and removed the constraints controlling from miR574-5p
and miR15b-5p, and subsequently enhanced IRES-mediated
APAF1 expression in vitro and in vivo. Therefore, our results
uncover a novel LNC473-miR574/miR15b-APAF1 signaling
axis, which provides new targets and crosstalk regulationmech-
anism for CRC prevention and treatment.
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INTRODUCTION
Colorectal cancer (CRC) is one of the most common digestive system
malignancies in the world, causing more than 53,200 cancer-related
deaths with approximately 147,950 new cases diagnosed each year.1

Deficiencies in screening biomarkers hinder the effective evaluation
of the severity and prognosis of CRCs. Approximately 40% of the
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CRC patients were diagnosed at the early clinical stage, which, how-
ever, resulted in large variations of clinical outcomes, such as the over-
all 5-year survival times.2 Mounting evidence exists on the important
participation of non-coding RNAs (ncRNAs), especially long
ncRNAs (lncRNAs) and microRNAs (miRNAs), in the initiation
and progression in the variety of tumors.3–6 Efficient biomarkers
among them have been identified for cancer diagnosis and prognosis
evaluation. Thus, insight into molecular biomarkers for CRC could
considerably facilitate clinical diagnosis and treatment and promote
the survival time of cancer patients.

LINC00473 (LNC473), located at the 6q27 locus, encodes an inter-
genic 1,832-bp ncRNA, which consists of three exons and three in-
trons, forming two annotated transcript isoforms. Recent studies
found that dysregulation of LNC473 occurred in several types of can-
cers, including hepatic cellular cancer (HCC), non-small-cell lung
cancer (NSCLC), cervical cancer, and Wilms’ tumor.7–10. In HCC,
LNC473 acts as an essential modulator by recruiting deubiquitinase
USP9X to prompt cell proliferation and invasion and induce the
epithelial-mesenchymal transition (EMT) process.7 In NSCLC,
LNC473 expression was significantly increased, and such overexpres-
sion predicted a poor prognosis. Furthermore, LNC473 overexpres-
sion was necessary for the growth and survival of LKB1-inactivated
NSCLC cells by direct regulation of the NONO protein and CREB-
mediated transcription. Recently, the classical “competing endoge-
nous RNA (ceRNA)” mechanism suggested the regulatory crosstalk
The Authors.
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dialogs between lncRNAs and miRNAs.11 As expected, LNC473 also
exerted its functions by sponging endogenous miRNAs and regulated
its target genes by the ceRNA hypothesis.8 In Wilms’ tumor, LNC473
knockdown effectively promoted the regression of miR195/IKKa--
mediated cell growth inhibition in vitro and in vivo.9 In cervical can-
cer, miR34a reduced the stability of LNC473 by specifically recog-
nizing miRNA response elements (MREs), leading to the
degradation of oncogenic ILF2 and subsequent tumor inhibition.10

However, note that the involvement of LNC473 in CRC tumorigen-
esis concerning its underlying molecular mechanism and the cross-
talk regulation pattern has not yet been reported and needs further
investigation.

Previous studies supported that degradation of genes was aroused by
miRNAs based on the complementary base pairing of the 30 untrans-
lated region (UTR) in the target mRNAs and subsequently acceler-
ated the degradation of the downstream genes at the post-transcrip-
tional regulation level.12 In recent years, the internal ribosome entry
site (IRES)-mediated translation mechanism aroused increasing
attention due to its emerging roles under pathological stress condi-
tions in cells (e.g., cellular hypoxic stress and DNA damage), espe-
cially during tumorigenesis.13–17 The miRNAs exert the functions
by an alternative novel regulation pattern, which acted on the IRES
region within the 50 UTR of target genes (not the classical 30 UTR)
and then mediated IRES-dependent translation and expression.18

An earlier study revealed the IRES involved in the translation of
several critical tumor suppressor mRNAs (e.g., cat-1, N-myc,
apoptotic protease-activating factor 1 [APAF1], and s-Src).19 Interest-
ingly, the 50 UTR of APAF1 was found to contain a stable hairpin, to
be rich in G-C, and to form an active IRES, and the translation of
IRES-dependent initiation was dominant through its enhanced activ-
ity caused by the alteration of secondary structure, which differed
from findings that identified c-myc mRNAs.20 Thus, a pivotal role
was suggested in IRES-mediated translation and thereby in the con-
trol of cell-fate decisions, especially in tumorigenesis. A recent study
established that in human neuroblastoma, MYCN mRNA is sup-
pressed by miR375 through the MYCN IRES-dependent translation
regulation pattern as investigated in vitro and in vivo.21 Such findings
prompted us to explore whether the APAF1 IRES-mediated transla-
tion is involved in tumorigenesis by specifically binding with the
domain of these existing miRNAs, which might provide novel targets
or function mechanisms for altering the development and progres-
sion of CRC.

In the present study, we discovered a novel mechanism regulated by
the LNC473-miR574/miR15b-APAF1 signaling axis in CRC tumori-
genesis and pathogenesis. In human CRC, LNC473 exerts its func-
tions as a tumor suppressor by sponging miR574-5p and miR15b-
5p based on the ceRNA mechanism and promotes the expression
of its critical target APAF1 through IRES-mediated post-transcrip-
tional regulation. Our findings disclose a novel regulation manner
and shed new light on the understanding of the relationship between
lncRNAs and IRES-mediated translation in CRC diagnosis and prog-
nosis evaluation and treatment.
RESULTS
Correlations of LNC473 and miR574 and miR15b Expression in

CRC Cells and Tissues

To explore the dysregulated lncRNAs-miRNAs and their potential
functions in CRC tumorigenesis, we analyzed the differential expres-
sion profiling between CRC tissues andmatched tumor-adjacent con-
trols based on an Affymetrix GeneChip microarray dataset obtained
from Gene Expression Omnibus (GEO): GSE137511 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137511). The statistical
differences were set at p < 0.05, as illustrated in Figure 1A and Tables
S1 and S2. Specifically, we established significantly downregulated
LNC473 expression (log2 fold change [FC] = 3.48) accompanied by
the upregulation of miR574-5p and miR15b-5p (log2 FC = 2.22 and
1.96, respectively). Consistently, a dramatically decreased expression
of LNC473 was observed in CRC samples based on The Cancer
Genome Atlas (TCGA) dataset (Figure S1A). More importantly,
our further examination identified that LNC473 expression was
significantly decreased, whereas the levels of miR574-5p and
miR15b-5p were remarkably increased in the six CRC cells lines,
including HT29, RKO, LOVO, Caco-2, HCT116, and SW480,
compared with the normal control HIEC cells as detected by RT-
PCR and qPCR assays (Figures 1B and 1C). Similar results were
demonstrated based on the paired CRC tissues and matched controls
(n = 20), which showed a reduced LNC473 expression accompanied
with elevated expression of miR574-5p and miR15b-5p in CRC tis-
sues (Figure 1D; Figures S1B and S1C), indicating the potential nega-
tive relationship of LNC473 with miR574-5p or miR15b-5p in CRC
cells and tissues.

Thereafter, we detected the expression of LNC473, miR574-5p, and
miR15b-5p in a relatively large cohort including 157 CRC tissues
andmatched tumor-adjacent controls from CRC patients using tissue
microarray (TMA) and in situ hybridization (ISH) assays with some
modification.22 Based on the statistics of the expression scores, we
first determined the cutoff score of low/high expression for each indi-
cator calculated by the receiver operating characteristic (ROC) curve
method (Figure S1D). Moreover, these indicators mainly expressed in
the cytoplasm of the CRC tissues (Figure 1E), and the dysregulation of
LNC473, miR574-5p, and miR15b-5p expression reappeared (Fig-
ure 1F). Of note, we confirmed a negative linear correlation pattern
of expression between LNC473 and miR574-5p or miR15b-5p in
this cohort (Figure S1E). Collectively, our results suggest that
LNC473 is downregulated and negatively correlated with miR574-
5p or miR15b-5p expression in human CRC cells and tissues, indi-
cating the possible interaction and negative regulation manner be-
tween LNC473 and the miRNAs in CRC tumorigenesis and
progression.
Impact of LNC473, miR574, and miR15b Expression on

Prognosis of CRC Patients

To explore the independent prognostic values of these indicators, we
investigated the association of LNC473, miR574-5p, and miR15b-5p
expression with clinical outcomes and clinicopathological variables in
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Figure 1. Screening of the Differentially Expressed lncRNAs and miRNAs in CRC Tissues and Cells

(A) The hierarchical cluster heatmap illustrating themost differentially expressed lncRNAs andmiRNAs in CRC tissues andmatched tumor-adjacent controls (n = 3, p < 0.05).

Red in the heatmap denotes upregulation; blue denotes downregulation. (B and C) The levels of LNC473, miR574-5p, andmiR15b-5p in normal intestinal epithelial HIEC and

CRC cells detected by RT-PCR (B) and qPCR (C) assays. n = 3 independent experiments. Data are expressed as mean ± SD. ns (not significant), p > 0.05; *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001. (D) Representative data of LNC473, miR574-5p, and miR15b-5p expression in CRC tissues and matched tumor-adjacent controls

detected by RT-PCR assay (5 representative data are shown). (E) ISH assay determining the cellular localization of LNC473, miR574-5p, and miR15b-5p in CRC tissues and

matched adjacent-tumor controls (n = 157). Scale bars, 100 mm. (F) Violin charts displaying the differences in expression scores of the indicators in our included cohort (n =

157). Median (interquartile range) is shown.
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our cohort. First, Kaplan-Meier curves and log-rank tests revealed
that LNC473 high expression had a better overall survival (OS, p =
0.020; high/low expression: mean survival time [MST] = 70/
51 months) and disease-free survival (DFS, p = 0.015, high/low
expression: MST = 66/48 months), as outlined in Figures 2A and
2B and Table S4. In contrast, miR574-5p high expression was signif-
icantly correlated with shortened OS (p = 0.025; high/low expression:
MST = 49/65 months) and DFS (p = 0.010; high/low expression:
MST = 46/62 months). Similarly, miR15b-5p high expression had a
poor impact on OS (p = 0.006; high/low expression: MST = 46/
65 months) and DFS (p = 0.006; high/low expression: MST = 44/
61 months), as shown in Figures 2A and 2B and Table S4. Further
adjusted multivariate Cox regression analysis also confirmed the
766 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
prognostic values of these indicators in our included CRC cohort,
illustrated in Table S5. More importantly, stratification analysis
confirmed the synergistic prognostic values of LNC473 low/high
expression based on the subgroup of low expression of miR574-5p
(n = 87) or miR15b-5p (n = 93). Specifically, in the subgroup of
miR574-5p low expression (n = 87), the LNC473 high expression
cohort showed a strengthened better clinical prognosis, including
OS (p = 0.009; high/low expression: MST = 81/54 months) and
DFS (p = 0.005; high/low expression: MST = 78/51 months) (Fig-
ure 2C). Consistent results of the miR15b-5p low expression cohort
(n = 93) manifested that LNC473 high expression carriers had pro-
longed OS (p = 0.036; high/low expression: MST = 80/56 months)
and DFS (p = 0.005; high/low expression: MST = 79/51 months)



Figure 2. Correlations of LNC473, miR574, and miR15b Expression with the Clinical Variables in CRC patients

(A and B) Kaplan-Meier curves and log-rank tests showing the association of LNC473, miR574-5p, andmiR15b-5p with the OS (A) and DFS (B) in the included CRC patients.

(C and D) Stratified Kaplan-Meier curves and log-rank tests illustrating the impact of LNC473 on prognosis (OS and DFS) in the subgroup of patients with miR574-5p low

expression (C) or miR15b-5p low expression (D). (E) Correlation between high/low expression of the indicators and clinicopathological parameters analyzed by chi-square or

Fisher’s exact tests and unconditioned logistic regression.

www.moleculartherapy.org
(Figure 2D). Moreover, stratified analysis of adjusted multivariate
COX regression also proved the identical results (Table S5).

In addition, we performed the Chi-square tests and unconditional lo-
gistic regression analysis adjusted by diagnosis ages and pathological
pattern to determine the interaction of these indicators with the clin-
ical variables, as outlined in Figure 2E and Table S6. As a result, we
found that LNC473 low expression was distributed frequently in
the tissues of patients with age %64 years, colon cancer, intestinal
tract occupation (>1/2), or tumor size (>6 cm). Nevertheless,
miR574-5p high expression was associated with the samples with in-
testinal tract occupation (>1/2) and colon cancer; meanwhile,
miR15b-5p high expression was easier to be found in samples with co-
lon cancer and tumor size (>6 cm) (Figure 2E; Table S6). These data
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 767

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Nucleic Acids

768 Molecular Therapy: Nucleic Acids Vol. 21 September 2020



www.moleculartherapy.org
indicate the independent prognostic values of LNC473, miR574-5p,
and miR15b-5p in clinical outcome evaluation of CRC patients.

Effect of LNC473 onBiological Characters by RegulatingmiR574

and miR15b in CRC Cells

Next, we demonstrated the biological activities and regulation pattern
of LNC473 interacting with miR574-5p and miR15b-5p in CRC cells
identified by loss- and gain-of-function experiments. RT-PCR and
qPCR assays identified that LNC473 overexpression caused substan-
tial inhibition of miR574-5p and miR15b-5p expression in both
HCT116 and SW480 CRC cells (Figures 3A–3C). Conversely,
LNC473 knockdown enhanced the expression of miR574-5p and
miR15b-5p in the two types of CRC cells (Figures 3A–3C). Further-
more, Cell Counting Kit-8 (CCK8) assays and colony formation as-
says (CFAs) revealed that LNC473 depletion significantly promoted
cell viability and colony formation capacity, whereas LNC473 overex-
pression suppressed the cell proliferative and colonic abilities in
HCT116 and SW480 cells (p < 0.05, Figures 3D and 3E). Moreover,
the rescue experiments, where miR574-5p andmiR15b-5p were upre-
gulated after LNC473 overexpression in CRC cells, confirmed the re-
covery of cell proliferation and colony formation capacity in compar-
ison to the negative control (NC) transfection, as shown in Figures
S2A and S2B. Thereafter, the cell cycle and apoptosis analysis indi-
cated that ectopic LNC473 expression led to phase G0/G1 of the cell
cycle blockade, as well as induction of cellular apoptosis in the CRC
cells. In contrast, LNC473 knockdown substantially promoted the
proliferation index (PI) and inhibited the cellular apoptosis in both
HCT116 and SW480 cells as detected by flow cytometry, outlined
in Figures 3F, 3G, and S2C. Similarly, the rescue experiments demon-
strated that the cell-cycle profiles and cell apoptosis rates were recov-
ered in HCT116 and SW480 cells co-transfected with the pcDH-
LNC473 vector and miR574-5p or miR15b-5p mimic (Figures S2D
and S2E).

APAF1 Is a Novel Target of LNC473 Interacting with miR574 and

miR15b

To identify the downstream targets of LNC473 sponging miR574-5p
and miR15b-5p in CRC tumorigenesis, we conducted Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis to enrich co-expressed
mRNAs in the top 10 cellular functional components and signaling
pathways including “apoptosis” and “CRC” based on Affymetrix
GeneChip microarray (Figure 4A). The heatmap cluster identified
the significantly downregulated APAF1 among the mRNAs related
to the two pivotal pathways (Figure 4B; Table S3). Consistently, the
analysis based on datasets confirmed the reduced APAF1 expression
in CRC samples compared with controls from TCGA database upon
Oncomine https://www.oncomine.org/index.jsp), outlined in Figures
Figure 3. Effect of LNC473 on Biological Characters by Regulating miR574 and

(A–C) The levels of LNC473 (A), miR574-5p, and miR15b-5p (B) after LNC473 overexpr

qPCR assay (C). (D and E) Cell proliferation (D) and colony formation ability (E) were de

assay. Representative images of cells in six-well plates (E, left) and the histograms (E, righ

of cell apoptosis (G) were detected upon interfering LNC473 expression by flow cytome

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
S3A and S3B. Importantly, our examination results demonstrated
that APAF1 was significantly decreased in both HCT116 and
SW480 cells compared with HIEC control cells as detected by RT-
PCR, qPCR, western blot (WB), and immunofluorescence (IF) assays,
as illustrated in Figures 4C, 4D, and S3C. Similarly, decreased APAF1
expression was confirmed in CRC tissues compared with that of the
matched tumor-adjacent controls (n = 20) using a qPCR assay (repre-
sentative data shown in Figure 4E), and subsequently resulting in a
positive linear correlation between LNC473 and APAF1 expression
(R2 = 0.863, p < 0.0001), as shown in Figure 4F.

Subsequently, we detected the APAF1 expression by TMA and immu-
nohistochemistry (IHC) assays and assessed the low/high expression
of APAF1 based on the cutoff score using the ROC curve method in
our included CRC cohort (n = 157) (Figures 4G and 4H; Figure S3D).
As expected, obviously decreased APAF1 expression was determined
in the CRC patient tissues, which exhibited the characteristics that a
tumor suppressor possessed (Figures 4G and 4H). Furthermore, we
confirmed the positive linear correlation between APAF1 and
LNC473 expression, whereas a negative relationship was identified
between APAF1 and miR15b-5p or miR574-5p expression in the
cohort, as shown in Figure 4I. Notably, Kaplan-Meier analysis and
log-rank tests showed that APAF1 low expression was significantly
associated with shortened OS (p = 0.012; high/low expression:
MST = 69/50 months) and DFS (p = 0.012; high/low expression:
MST = 65/48 months), as shown in Figure 4J and Table S4. Consis-
tently, the adjusted multivariate Cox regression analysis also estab-
lished APAF1 as the independent prognostic indicator in this cohort
(Table S5). In the stratified subgroup of APAF1 low expression pa-
tients (n = 98), synergistic prognosis results indicated that carrying
LNC473 low expression showed worse clinical outcomes, including
OS (p = 0.025; MST of high/low expression: 65/45 months) and
DFS (p = 0.011; MST of high/low expression: 63/42 months), as
shown in Figures 4K and S3E. Nevertheless, in the subgroups of
APAF1 high expression (n = 59), miR574-5p low expression showed
a more significant improvement in OS (p = 0.002; MST of high/low
expression: 47/81 months) and DFS (p < 0.001; MST of high/low
expression: 43/79 months) (Figure 4L). Meanwhile, patients with
miR15b-5p low expression showed a prolonged DFS (p = 0.026;
MST of high/low expression: 49/73 months) (Figure 4M). Addition-
ally, inverted stratification analysis revealed a more obvious correla-
tion between APAF1 expression and prognosis of CRC patients in
the subgroups with low LNC473 (n = 104), miR574-5p (n = 87),
and miR-15b expression (n = 93) (Figure S3F). Similarly, based on
the stratification above, adjusted multivariate Cox regression analysis
was used to perform an in-depth validation (Table S5). Thus, our re-
sults indicate that APAF1 might be an independent prognostic
miR15b in HCT116 and SW480 Cells

ession or knockdown in HCT116 and SW480 cells detected by RT-PCR assay and

tected after interfering LNC473 expression by a CCK8 assay and colony formation

t) are shown. (F and G) The proliferation index (PI) of cell cycle (F) and percentage (%)

try. All tests were performed at least three times. Data are expressed as mean ± SD.
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biomarker and a potential target of LNC473 spongingmiR15b-5p and
miR574-5p. However, its underlying molecular mechanism is still un-
clear in CRC tumorigenesis and pathogenesis.

LNC473Acts as a SpongeofmiR574/15bRegulatingAPAF1 IRES

Activity in CRC Cells

APAF1 IRES, within the 50 UTR of APAF1 mRNA, displayed an
enhanced activity and mediated APAF1 translation in tumorigen-
esis.20 Thus, based on the confirmation that the 30 UTR region of
APAF1 was not a target of miR574-5p and miR15b-5p, we hypoth-
esized that the levels of APAF1 mediated by IRES-dependent
translation were regulated by LNC473 via sponging miR574-5p
and miR15b-5p. As shown in Figure 5A, the IRESite database
provided an experimentally verified sequence of APAF1 IRES
(http://www.iresite.org/). Of note, the complementary domain
and binding sites presented in Figure 5A were between APAF1
IRES and miR574-5p (+239 to +255)/miR15b-5p (+258 to +278);
meanwhile, the minimum free energy (MFE) between them
was evaluated by RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi) (Figure 5B). Since a relatively higher
affinity was predicted among the indicators, we subsequently eval-
uated the APAF1 IRES activities after co-transfecting with IRES-
wild-type (WT) or IRES-mutant (Mut)1/2/3 luciferase reporter
and miR574-5p and/or miR15b-5p mimics in HCT116 and
HEK293T cells (Figure 5C). As expected, the dual-luciferase re-
porter assay showed the suppression of APAF1 IRES activities after
co-transfecting miR574-5p and/or miR15b-5p mimics with an
IRES-WT luciferase vector. However, no significant alteration
was observed with IRES-Mut1/2/3 luciferase vectors, suggesting
that miR574-5p and miR15b-5p could directly bind to APAF1
IRES by identifying specific sequences (Figure 5D).

Next, to demonstrate LNC473 acting as an endogenous miRNA
sponge, we predicted that the MREs, existing in LNC473,
stably bound to miR574 or miR15b based on the RNAhybrid
database (Figure S4A). After that, we designed and synthesized
the biotin-labeled LNC473 probes harboring sequences of the
MREs (LNC473-MRE-WT1/2) or corresponding mutant MREs
(LNC473-MRE-Mut1/2), as presented in Figure 5E. As expected,
an RNA immunoprecipitation (RIP) assay confirmed that
LNC473-MRE-WT probes dramatically pulled down the endoge-
nous miR574-5p or miR15b-5p, but not in the presence of
LNC473-MRE-Mut1/2 probes detected in both HCT116 (Fig-
Figure 4. Identify Downstream Targets of LNC473 Interacting with miR574 and

(A) KEGG analysis enriched the co-expressed target mRNAs in the top 10 functions a

hierarchical clustering heatmap shows the related target mRNAs in CRC patient tissue

detected by RT-PCR (C, left), APAF1 protein levels detected by western blot (C, right)

dependent experiments. (E) APAF1mRNA expression in CRC tissues andmatched cont

SD. *p < 0.05, **p < 0.01, ****p < 0.0001). (F) Linear regression analysis of LNC473 and

and violin charts comparing differences in expression scores (H) of APAF1 protein in 1

relationship of APAF1 expression with included ncRNAs in CRC samples. (J) Kaplan-Me

of patients. (K–M) Stratified Kaplan-Meier curves illustrating the impact of LNC473 (K),

APAF1 low expression.
ure 5F) and HEK293T cells (Figure S4B). Additionally, LNC473
overexpression resulted in a significant depletion of the dissocia-
tive miR574-5p and miR15b-5p (Figure 5F; Figures S4B and
S4C). Conversely, we further altered the expression of the two
miRNAs, and the results of RT-PCR and qPCR assays identified
that miR574-5p and miR15b-5p mimics inhibited LNC473 expres-
sion in both HCT116 and SW480 cells. In contrast, miR574-5p
and miR15b-5p inhibitors improved the levels of LNC473 in the
two CRC cells (Figures S4D and S4E). These findings indicate a
direct ceRNA regulation mechanism between LNC473 and
miR574-5p or miR15b-5p in CRC cells.

LNC473-miR574/miR15b-APAF1 Signaling Axis in CRC Cells

To elucidate the functions of the critical regulating axis in the
context of LNC473 involved in CRC tumorigenesis, we for the first
time conducted the co-localization of these indicators using the ISH
and IF combination assay. Of note, cellular co-localization results
indicated that APAF1 distributed consistently with LNC473,
miR574-5p, and miR15b-5p each in the cytoplasm of HCT116 cells
(Figure 6A). Furthermore, we identified the positive regulation
pattern between LNC473 and APAF1 expression. Specifically,
LNC473 overexpression significantly enhanced APAF1 mRNA
levels in HCT116 and SW480 cells. Nevertheless, LNC473 knock-
down resulted in the inhibition of APAF1 levels established by
qPCR and RT-PCR assays (Figure 6B; Figure S5A). Consistently,
IF and WB assays confirmed the same manner of APAF1 protein
expression in HCT116 and SW480 cells, as shown in Figures 6C,
6D, and S5B. Meanwhile, the loss- and gain-of-function experi-
ments demonstrated that mRNA and protein levels of APAF1
substantially recovered in HCT116 and SW480 cells treated with
pcDH-LNC473 vector and miR574-5p or miR15b-5p mimic by
qPCR, WB, and RT-PCR assays, as illustrated in Figures 6E, 6F,
and S5C. Then, we explored the expression of APAF1 downstream
modulators and revealed that LNC473 overexpression facilitated the
cleaved active form of CASP9 and CASP3, subsequently led to an
increased expression ratio of Bax/Bcl-2 and thereby inducing
apoptosis of CRC cells. Conversely, LNC473 depletion resulted in
suppressing the protein cleavage of CASP9 and CASP3 and reducing
the expression ratio of Bax/Bcl-2 in both HCT116 and SW480 cells,
as shown in Figure 6D. Thus, our results suggested that the APAF1
protein, involved in CASP9-CASP3/Bax/Bcl-2 apoptotic signaling
pathway, was regulated by LNC473 via competitive sponging of
miR574/15b-5p in CRC cells.
miR15b

nd signaling pathways affected by LNC473, miR574-5p, and miR574-5p. (B) The

s and the matched adjacent-tumor controls (n = 3). (C and D) APAF1 mRNA levels

, and IF (D) among HIEC, HCT116, and SW480 cells. Scale bars, 20 mm. n = 3 in-

rols assayed by RT-PCR. n = 3 independent experiments. Data are shown asmean ±

APAF1 relative copy numbers. (G and H) IHC assay detecting cellular localization (G)

57 pairs of tissues. Scale bars, 100 mm. (I) Linear correlation pattern showing the

ier curves showing the association of APAF1 high/low expression with the prognosis

miR574-5p (L), and miR574-5p (M) on prognosis in the subgroup of patients with
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To further investigate the roles of LNC473 in APAF1 IRES-mediated
translation in CRC cells, we first successfully constructed APAF1-
IRES-CDS (with IRES sequence) and APAF1-CDS (without IRES
sequence) vectors for subsequent transfection into HCT116 and
SW480 cells, as shown in Figure 6G. As expected, the WB assay veri-
fied that the presence of the IRES element significantly increased
APAF1 protein expression by comparing cells transfected with the
two vectors, respectively, exactly suggesting the role of IRES in
enhancing APAF1 translation activities. Deeply, pcDH-LNC473, co-
transfected with APAF1-IRES-CDS, led to a more dramatically
enhanced APAF1 expression than did only APAF1-IRES-CDS;
instead, no significant alteration with APAF1-CDS was detected by
WB (Figure 6H) and IF assays (Figure 6I; Figure S5D). Similarly,
the cell apoptosis rates appeared to be significantly promoted relying
on the LNC473-overexpressing and APAF1-IRES exposure (Fig-
ure 6J), suggesting a novelAPAF1 IRES-dependent function regulated
by LNC473 in CRC cells.

LNC473 Inhibits Cell Proliferation by Exposing APAF1 IRES

In Vivo

We further evaluated the biological effects of LNC473 on the CRC
cells in vivo. Xenografts in BALB/c nude mice were established by
inoculating HCT116 cells treated with empty vector (NC), APAF1-
CDS vector, APAF1-IRES-CDS vector, pcDH-LNC473 + APAF1-
CDS vectors, and pcDH-LNC473 + APAF1-IRES-CDS vectors at
the right armpits, respectively (Figure 7A). We sacrificed six mice
of each group and removed the xenograft tumors at day 40 post-im-
plantation, and meanwhile followed up the other six mice until death
or at day 60 for each group. As a result, the weight and volume of
xenograft tumors developed from the inoculated HCT116 cells
treated with APAF1-IRES-CDS appeared to have more noticeable
decrease than that with APAF1-CDS (without IRES element) or
NC. Furthermore, the tumor appeared to have the most remarkable
growth inhibition in the group where the HCT116 cells were co-
transfected with the pcDH-LNC473 and APAF1-IRES-CDS,
compared with the group treated only by APAF1-IRES-CDS and
other intervention groups (Figures 7B–7D). The findings above indi-
cate that the impaired tumorigenic potential of CRC cells is due to the
specific targeting of APAF1 IRES by LNC473 overexpression in the
xenograft mice model. To further confirm the view, we compared
the survival times of xenograft mice and found a remarkably pro-
longed survival time in the group treated by pcDH-LNC473 and
APAF1-IRES-CDS co-transfection (Figure 7E), suggesting that the
interaction of LNC473 with APAF1 IRES played a synergistic role
on improving the prognosis in CRC. Afterward, to verify whether
LNC473 promoted IRES-mediated APAF1 expression by sponging
miR574-5p and miR15b-5p, RT-PCR and qPCR assays were per-
Figure 5. The Molecular Mechanism of LNC473 Regulating APAF1 IRES by Spo

(A and B) Predicting the secondary structure of the APAF1 IRES (A) and evaluating the lo

(C) Pattern diagram of luciferase vectors of APAF1 IRES with wild-type or mutated sequ

APAF1 IRES with miR574-5p/miR15b-5p in HCT116 cells. (E) Pattern diagram of the bio

RIP assay detecting the specific binding activities of LNC473 with miR574-5p/miR15b-5

as mean ± SD. ns, p > 0.05; ****p < 0.0001.
formed to detect miR574-5p andmiR15b-5p levels in vivo. The results
confirmed the significant suppression of miR574-5p and miR15b-5p
expression in the presence of pcDH-LNC473 and APAF1-IRES-CDS
(Figures 7F and 7G), suggesting an IRES-independent function regu-
lated by LNC473 restraining miR574-5p and miR15b-5p. Collec-
tively, the results demonstrate that LNC473, as an endogenous sponge
of miR574-5p and miR15b-5p, inhibits the cell proliferation and
shortens the survival time in vivo by targeting the APAF1 IRES-medi-
ated translation in CRC tumorigenesis.

DISCUSSION
Herein, we demonstrated that LNC473 is critically involved in the
tumorigenesis, progression, and prognosis in CRC by competitively
sponging miR574-5p and miR15b-5p, yet regulates APAF1 IRES-
mediated translation initiation. APAF1, a critical apoptotic regulator
of cell cycle arrest and apoptosis in normal enterocytes and CRC
cells,23,24 is essential for determining the CRC tumor formation and
cell fate decisions.25–27 In contrast, miR574-5p, which is upregulated
in a variety of cancers28–31 during carcinogenesis, was considered to
be a master oncogene and even act as a serum biomarker for early-
stage NSCLC.32 Similar to miR574-5p, the oncogenic functions of
miR15b-5p in tumor development and progression were increasingly
investigated.33–36 Thus, our findings placed LNC473 and its direct
target APAF1 (IRES-dependent translation) in the center of the mas-
ter MRE networks that govern cell fates. Briefly, in normal entero-
cytes, LNC473, as well as APAF1 (IRES-dependent translation), is
highly expressed, whereas the abundance of miR574-5p and
miR15b-5p (interacting with MREs of LNC473) is at a lower level.
In CRC cells and tissues, the abnormal downregulation of LNC473 at-
tenuates its competing endogenous sponge effect on miR574-5p and
miR15b-5p, causing them to be released and upregulated, which in
turn leads to the inactivation of APAF1 IRES and blockage of
APAF1 protein translation. Such blockage could be recovered and
even reversed by exposure on synergistic overexpression of LNC473
and APAF1-IRES-CDS (with an IRES sequence) in vitro and in vivo,
subsequently reversing the expression patterns of the above genes.

Although IRES-mediated translation was investigated in a variety of
viral models, it has not been extensively studied in human cellular
transcripts until recently.37 Cellular IRES-mediated translation can
be substantially increased by multiple diverse physiological, patho-
physiological, and stress conditions (e.g., endoplasmic reticulum
stress, hypoxia, nutrient limitation, mitosis), with an inhibition of
the cap-dependent translation.37 Note that IRES elements can be
found in a vast majority of cellular mRNAs (e.g., c-myc, APAF1,
FGF, XIAP, p53, VEGF), whose encoded proteins are master regula-
tors of cell survival, proliferation, or apoptosis, and they tend to
nging miR574 and miR15b

cation and MFE of miR574-5p/miR15b-5p binding to APAF1 IRES (B) by RNAhybrid.

ences. (D) Dual-luciferase reporter assay identifying the specific binding activities of

tin-labeled probes of LNC473 harboring wild-type or mutant sequences of MREs. (F)

p in HCT116 cells. All tests were performed at least three times. Data are expressed
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protect cells from stress, alternatively, and induce programmed cell
death.37 APAF1 interacts with procaspase-9, leading to cleavage
and activation of this initiator caspase, which exerts a central role
in the induction of cell apoptosis. Importantly, the 50 UTR of
APAF1 mRNA is relatively long, G-C rich, and has the potential to
fold into IRES, which is effectively active in a range of human cancer
cells, including HEK293T, HeLa, human hepatic carcinoma cell
HepG2, and breast cancer MCF7 cells.38 The IRES-mediated transla-
tion was maintained at a constant cellular level of APAF1 protein,
even under conditions where cap-independent translation was
compromised.20

Currently, in contrast to an improved perception of the mechanism of
viral IRES element action, exceedingly little is known about the un-
derlying mechanism and the importance of cellular IRES-mediated
translation.21 In this study, we focused on a novel mechanism
regarding the structure and function of cellular APAF1 IRES and re-
vealed a regulation pattern negatively controlled by miR574-5p or
miR15b-5p. The relatively higher affinity between the APAF1 50

UTR and miR574-5p and/or miR15b-5p was evaluated by calculating
MFE. Furthermore, remarkably decreased APAF1 IRES luciferase ac-
tivities were observed after co-transfection of the APAF1 IRES-WT
vector and miR574-5p and/or miR15b-5p mimics, which were abro-
gated when the IRES wasmutated, demonstrating an IRES-dependent
pattern of miR574-5p and miR15b-5p specifically modulating
APAF1. It is striking that in CRC cells, a dramatically enhanced
APAF1 expression was observed in the co-existence of pcDH-
LNC473 and APAF1-IRES-CDS vectors. However, rescue experi-
ments confirmed the substantial recovery of APAF1mRNA and pro-
tein levels after exposure to the pcDH-LNC473 vector andmiR574-5p
or miR15b-5p mimic, which revealed the critical role of LNC473 in
directly restraining miR574-5p and miR15b-5p, causing the targeted
facilitation of APAF1 IRES-dependent translation.

All previous studies on miR574-5p or miR15b-5p modulation of
gene expression investigated binding to the 30 UTR of target
mRNA and promotion of mRNA degradation, followed by inhibi-
tion of the process of translation.31,39–41 Interestingly, our results es-
tablished that the IRES activity of human APAF1 can be suppressed
by existing miRNAs (miR574-5p, miR15b-5p), and the process
could be inhibited by LNC473, an endogenous miRNA sponge.
This novel mechanism might provide a useful strategy for interven-
tion seeking to alter the development and progression of CRC.
Increasing numbers of studies have provided evidence that lncRNAs
Figure 6. LNC473-miR574/miR15b-APAF1 Signaling Axis in HCT116 and SW48

(A) IF and ISH combination assay revealing the co-localization of APAF1 protein with in

mRNA (B) and protein (C) were determined after interfering LNC473 expression in HCT11

apoptosis-related proteins including APAF1 was detected after interfering LNC473 exp

periments showing the APAF1 levels in HCT116 and SW480 cells with exposure to the

qPCR (E) and western blot (F) assays. (G) Pattern diagram ofAPAF1-CDS and APAF1-IR

SW480 cells treated with APAF1-IRES-CDS vector, or pcDH-LNC473 and APAF1-IRES

percentage (%) of cell apoptosis in cells upon co-overexpressing APAF1-CDS or APAF

least three times. Data were expressed as mean ± SD. ns (nonsignificant), p > 0.05; *p
act as crucial molecules in the initiation and progression of the tu-
mor by their involvement in transcriptional and post-transcrip-
tional regulation processing.42 Several lncRNAs (e.g., LNC473, HO-
TAIR, and MALAT1) were reported to dysregulate and exert their
functions as a tumor promoter or suppressor to regulate cell prolif-
eration, apoptosis, migration, and invasion.10,43,44. Notably, in
contrast to the results of recent studies showing the oncogenic ef-
fects of LNC473 in NSCLC and HCC,7,8 our findings demonstrated
that LNC473 functions as a suppressor in CRC cells and tissues,
whose expression and function are critical for both the tumor pro-
gression and the prognosis of patients. It is noteworthy that LNC473
overexpression in our study inhibited cell proliferation and colony
formation capacity. Furthermore, it blocked the G1/G0 phase of
the cell cycle and promoted cell apoptosis through the CASP9-
CASP3/Bax/Bcl-2 pathway accompanied by the suppression of
miR574-5p or miR15b-5p expression, and vice versa in CRC cells.
Meanwhile, the expression patterns explicitly showed a significant
impact on the prognostic survival times in CRC patients. The
elevated LNC473 expression was associated with better OS and
DFS in our cohort. However, the higher expression levels of
miR574-5p and miR15b-5p were significantly associated with
poor clinical outcomes. Even stratified prognostic analysis
confirmed the synergistic impact on survival times of these indica-
tors in CRC patients, suggesting a negative correlation or specifically
direct binding among them. Zhu et al.9 reported that LNC473 served
as a sponge of miR195, and, through regulating the miR195/IKKa
axis, it promoted the initiation and progression of Hodgkin’s lym-
phoma. Our results further revealed that the LNC473 probes with
MREs specifically sponged the endogenous miR574-5p and
miR15b-5p through particular sequences. Nevertheless, it is note-
worthy that such a pattern was entirely abrogated by mutations of
the binding sequences in CRC cells, showing competitive behaviors
to endogenous RNAs (ceRNAs) through direct binding regulation.

In summary, our research provides insights into a novel molecular
mechanism for the involvement of LNC473 in regulating the initia-
tion and pathogenesis in CRC. By sponging miR574-5p and
miR15b-5p in CRC cells and tissues, LNC473 functions as a tumor
suppressor mediating CRC cell proliferation inhibition and apoptosis
promotion by modifying the translation initiation activity of APAF1
IRES in vitro and in vivo. Our study is the first report on the involve-
ment of the signaling axis LNC473-miR574/miR15b-APAF1 IRES in
CRC development or progression. Therefore, our work is beneficial to
better understanding the potential applications of lncRNAs, miRNAs,
0 Cells

cluded ncRNAs in HCT116 cells. Scale bars, 5 mm. (B and C) The levels of APAF1

6 and SW480 cells by qPCR and IF assays. Scale bars, 20 mm. (D) The expression of

ression in HCT116 and SW480 cells by western blot assay. (E and F) Rescue ex-

co-transfection of pcDH-LNC473 vector and miR574-5p or miR15b-5p mimic by

ES-CDS vectors. (H and I) APAF1 protein expression was determined in HCT116 and

-CD co-transfection by western blot (H) and IF assays (I). Scale bars, 5 mm. (J) The

1-IRE-CDS and LNC473 as assayed by flow cytometry. All tests were performed at

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7. LNC473-miR574/miR15b-APAF1 Signaling

Axis in Vivo

(A) Schematic diagram of xenografts in BALB/c nudemice

by inoculating HCT116 cells. (B and C) Weights (B) and

volumes (C) of tumors in xenografts from different groups.

(D) Representative images of excised tumors are shown.

Scale bar, 10 mm. (E) Kaplan-Meier curves showing the

overall survival of nude mice from different groups. (F and

G) RT-PCR (F) and qPCR (G) assays detecting miR574-5p

and miR15b-5p levels upon improving LNC473 or APAF1

IRES expression in vivo. All tests were performed at least

three times. Data are shown as mean ± SD. n = 6 for each

group. ns, p > 0.05; *p < 0.01, ***p < 0.001, ****p <

0.0001.
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and cellular IRE-dependent translation networks in CRC prevention
and clinical therapy.

MATERIALS AND METHODS
Collection of CRC Patient Specimens

In our study, we obtained 157 paired CRC tissues and matched adja-
cent-tumor control tissues from the First Hospital of China Medical
University and Cancer Hospital of China Medical University from
September 2014 to September 2015. All enrolled patients were diag-
nosed histopathologically with clear CRC.We excluded those patients
with a history of other malignant tumors, or without receiving
chemotherapy or radiation before surgery. All patients signed a writ-
ten informed consent form before being enrolled in this study. The
Medical Ethics Committee of China Medical University approved
this study. The collected specimens were stored at �80�C before us-
ing. The clinicopathological characteristics of included CRC patients
are presented in Table S7.

lncRNA Microarray Assays

The GeneChip Human Transcriptome Array 2.0 (HTA 2.0, Affyme-
trix, USA) contains probes covering coding and non-coding tran-
scripts, with more than 6 million distinct human genomes detected
by Shanghai OE Biotech Technology (Shanghai, China). We obtained
the accession no. GEO: GSE137511 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE137511) from the GEO website for raw
776 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
data deposition. We selected databases,
including Ensembl, UCSC, NONCODE, RefSeq,
and lncRNAdb, to annotate the detected
transcripts.

Gene Expression Analysis

The raw data were normalized based on a robust
multichip analysis (RMA) algorithm as explored
with GeneSpring software (version 13.1; Agilent
Technologies). Differentially expressed genes
(DEGs) were screened through log2 fold change
as well as a p value obtained from a t test. The
threshold of upregulated and downregulated
DEGs was set at p %0.05. KEGG analysis was applied to determine
the critical roles of these DEGs played in relative pathways. Hierarchi-
cal clustering was performed to reveal the relationships of these differ-
entially expressed lncRNAs, miRNAs, and mRNA in these included
samples.

Cell Culture

The human normal intestinal epithelial cell line HIEC and CRC cells,
including HCT116, SW480, RKO, Caco-2, LOVO, and HT29 cells,
were purchased from Peking Union Medical College Cell Resource
Center (PUMCCRC, Beijing, China). HCT116 and SW480 cells
were cultured in RPMI 1640 medium (BI, Jerusalem, Israel), and
HT29 cells were grown in L15 medium (HyClone, Logan, UT,
USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco,
NY, USA). RKO, LOVO, HIEC, and HEK293T cells (from
PUMCCRC) were maintained in DMEM (Invitrogen, NY, USA) con-
taining 10% (v/v) FBS. Caco-2 cells were grown in DMEM containing
20% (v/v) FBS. All of the cells were maintained at 37�C with 100 U/
mL penicillin/streptomycin (Invitrogen, CA, USA) in a humidified at-
mosphere with 5% CO2. In this study, an absence of mycoplasma or
bacterial contamination of the cells was detected.

Cell Transfection

The LNC473 (NR_026860.1) knockdown vector (short hairpin RNA
[shRNA]473#1, shRNA473#2), the LNC473 overexpression vector

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137511
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(pcDH-LNC473), and their corresponding NC vectors were pur-
chased from GenePharma (Shanghai, China). The mimics of hsa-
miR574-5p (miRBase: MIMAT0004795) and hsa-miR15b-5p (miR-
Base: MIMAT0000417) were obtained from Ribobio (Guangzhou,
China). The APAF1-IRES-WT or APAF1-IRES-Mut1/2/3 luciferase
reporters and the APAF1-CDS (without IRES sequence) or APAF1-
IRES-CDS vector (with IRES sequence) were constructed by Genewiz
(GenBank: NM_181861.2, Suzhou, China). The shRNA sequences of
LNC473 and luciferase reporter sequence for IRES activity detection
are summarized in Tables S8 and S9. Cells were cultured on six-well
plates with a density of 60%–70%, and then transiently transfected us-
ing Lipofectamine 2000 (Invitrogen, USA) or stably transfected by
lentiviral transduction particles (MOI of 10:1) with 5 mg/mL Poly-
brene. Cells were collected after transfection at 24 or 48 h for further
experiments.
RT-PCR and qPCR Assays

Briefly, the total RNAs and miRNAs were extracted with TRIzol re-
agent (Invitrogen, CA, USA) and a miRNA extraction kit (ComWin
Biotech, Beijing, China), respectively. The reaction of RT-PCR of total
RNAs (Toyobo, Osaka, Japan) and miRNAs (Takara, Dalian, China)
was examined using reverse transcription kits, and the detailed reac-
tion conditions for each indicator are illustrated in Table S10. For
quantitative real-time PCR assay we conducted the reverse transcrip-
tion with an RT kit QuantStudio 3 (Thermo Fisher Scientific, MA,
USA). Thereafter, qPCR was determined (in triplicate) using SYBR
Green mix (Toyobo, Japan). The normalized relative expression of
the indicator was analyzed with the 2�DDCt method with the reference
genes GAPDH and/or U6. The primers used for RT-PCR and qPCR
amplification are listed in Table S11.
WB Assay

In brief, an equal amount of protein was separated with 10%–12%
SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to
0.22-mm polyvinylidene fluoride (PVDF) membranes (Millipore,
Bedford, MA, USA). Thereafter, the membranes were blocked with
5%milk and immunoblotted with primary antibodies. The antibodies
included APAF1 (1:500; Proteintech, Chicago, IL, USA), GAPDH
(1:2,000; Zsbio, Beijing, China), and apoptotic-associated proteins
such as pro- or cleaved-CASP9, cleaved-CASP3, Bcl2, and Bax
(1:1,000; Affinity, OH, USA).
Cell Co-localization and IF Assay

Briefly, cells were cultured in 24-well plates with glass coverslips,
fixed, and stained with indicated antibodies as previously described.45

An RNA ISH assay was performed according to the kit instructions,
except for the counterstaining with 0.1% hematoxylin. Thereafter, the
cells were stained with the indicated APAF1 antibody, Alexa Fluor
anti-rabbit immunoglobulin G (IgG), and DAPI. The antibodies
used for IF detection included APAF1 (#21710-1-AP, 1:100, Protein-
tech, USA) and Alexa Fluor anti-rabbit IgG (#SA00007-2, 1:200,
Proteintech, USA). The cell nuclei were counterstained with DAPI
(Beyotime, Shanghai, China). Finally, a Nikon C2 plus confocal mi-
croscope was used to obtain images under�40magnification (Nikon,
Tokyo, Japan).

Cell Proliferation and Colony Formation Assays

For the cell viability assay, transfected HCT116 and SW480 cells were
seeded in 96-well plates (100 mL/well) at a density of 5� 103 cells/well
for 24 h. Then, CCK8 assay (BestBio, Shanghai, China) results were
determined at 24, 48, 72, and 96 h. The optical density 450 (OD450)
absorbance values were obtained in triplicate and replicated six times.
For the colony formation assay, transfected cells were seeded into six-
well plates (2 � 103 cells/well) for 2 weeks of culturing. Visible col-
onies were washed with 1� PBS, fixed with 4% paraformaldehyde
for 30 min, and stained with 0.1% hematoxylin for 10 min. Finally,
the number of colonies with more than 50 cells was calculated in
this study.

Flow Cytometry Assays

The transfected cells (1� 106) were harvested and washed twice with
cold 1� PBS. For the cell cycle assay, collected cells were fixed with
70% ethanol and treated with 20 mL of RNase A (2 mg/mL) and incu-
bated at 37�C for 30 min. Then cells were stained with propidium io-
dide (PI; 50 mg/mL, BD Biosciences, San Jose, CA, USA) for 1 h at
4�C. For cell apoptosis analysis, cells were resuspended with 400 mL
of annexin V binding buffer and incubated with 5 mL of annexin
V-phycoerythrin (PE) for 10 min and 5 mL of 7-aminoactinomycin
D (7-AAD) for 1 min in the darkroom at 4�C. Finally, cells were de-
tected using a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA, USA).

IHC and ISH Assays

TMAs and IHC assays were performed according to a previous pub-
lication with some modification.46 Briefly, each 4-mm TMA section
was deparaffinized and rehydrated in a graded ethanol series. After
washing with PBS, the section was incubated with a monoclonal anti-
body against APAF1 (dilution 1:200, Proteintech, Chicago, IL, USA)
overnight at 4�C. Thereafter, the section was incubated in the second-
ary antibody for 30 min at 37�C, and then horseradish peroxidase-
coupled streptavidin (Dako, Glostrup, Denmark) was added and
the section was stained with DAB (3,30-diaminobenzidine). For the
RNA ISH assay, we determined the indicators according to the man-
ufacturer’s protocol (Boster, Wuhan, China). Briefly, a TMA section
was incubated with digoxin-labeled probes solutions overnight at
37�C. Then, it was exposed in the streptavidin-peroxidase reaction
system and stained with DAB. Finally, the expression of these indica-
tors, including LNC473, miR574-5p, miR15b-5p, and APAF1, were
counted under a microscope (Nikon, Tokyo, Japan) for subsequent
analysis. The specific sequences of the probe of these indicators are
listed in Table S12.

Luciferase Reporter Assay

HEK293T and HCT116 cells were seeded into 96-well plates over-
night before transfection. Then, cells were co-transfected with lucif-
erase reporter vectors (APAF1-IRES-WT, APAF1-IRES-Mut1
[miR574-5p], APAF1-IRES-Mut2 [miR15b-5p], APAF1-IRES-Mut3
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[miR574-5p and miR15b-5p]) (100 ng/well) and hsa-miR-574-5p
and/or hsa-miR-15b-5p mimics (50 nM/well) by Lipofectamine
2000 (Invitrogen, CA, USA). At 48 h post-transfection, the cells
were collected and lysed in passive lysis buffer (Promega, WI,
USA). The luciferase activities of the cell lysates were determined in
a Nano-Glo reporter assay system.
RIP Assay

3,000 ng of each RNA extract was incubated with 200 mM of the
biotin-labeled probe (Sangon, Shanghai, China) of LNC473-MRE
(containing the MRE sequence) with miR-574 (473-WT1 and 473-
Mut1) or miR-15b (473-WT2 and 473-Mut2). Then, the total volume
was adjusted to 1 mL with binding buffer and the mixture was incu-
bated at 30�C for 60 min. 20 mL of agarose beads was added and
rotated slowly overnight at 4�C. After washing five times, the mixture
was heated with 95�C for 15 min. Purified RNA was obtained for
further RT-PCR and qPCR assays.47,48 Additionally, the specific
sequence of probes used in this study is shown in Table S13.
Tumor Formation Assay In Vivo

Sixty male BALB/c-nu mice (5 weeks old) obtained from Hua Fukang
Biological Technologies (Beijing, China) were acclimatized to the new
environment for 1 week. HCT116 cells (3 � 106) were implanted in
the right armpit region. The mice’s weight and tumor growth were
examined every 5 days. The tumor volume was calculated by the
equation V = 0.5 � D � d 2, where V is equal to the tumor volume,
andD and d represent the longitudinal diameter and latitudinal diam-
eter, respectively. Forty days post-implantation, six mice of each
group were sacrificed and the xenograft tumors were removed and
measured. The rest of the mice in each group were followed up until
death or at the 60th day of observation. The protocols were approved
by the Committee on the Ethics of Animal Experiments of China
Medical University. This study complied with the Regulations of
Experimental Animal Administration issued by the Ministry of Sci-
ence and Technology of China.
Statistical Analysis

In the present study, all of the data analyses were performed using
SPSS 19.0 software package (SPSS, Chicago, IL, USA). The Student’s
t test (two-tailed) and Wilcoxon t test were used to compare the sig-
nificant differences of the paired and unpaired continuous variables
between groups. A Pearson’s c2 or Fisher’s exact test was conducted
to analyze the expression or distribution frequency differences of the
variables. The Kaplan-Meier method and multivariate Cox propor-
tional hazard regression analysis were selected to estimate the poten-
tial prognosis of associated indicators. The data are presented as
mean ± standard deviation (SD) or median (quartile). Statistical sig-
nificance was established when p < 0.05 in all tests.
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