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ABSTRACT
◥

Approximately half of all miRNA reside within intronic regions
and are often cotranscribed with their host genes. However, most
studies of intronic miRNA focus on individual miRNA, while
conversely most studies of protein-coding and noncoding genes
frequently ignore any intron-derived miRNA. We hypothesize that
the individual components of such multigenic loci may play coop-
erative or competing roles in driving disease progression and
that examining the combinatorial effect of these components
would uncover deeper insights into their functional importance.
To address this, we performed systematic analyses of intronic
miRNA:host loci in colon cancer. The FTX locus, comprising of
a long noncoding RNA FTX and multiple intronic miRNA, was
highly upregulated in cancer, and cooperativity within this multi-
component locus promoted cancer growth. FTX interacted with
DHX9 and DICER and regulated A-to-I RNA editing and miRNA

expression. These results show for the first time that a long
noncoding RNA can regulate A-to-I RNA editing, further expand-
ing the functional repertoire of long noncoding RNA. IntronicmiR-
374b and miR-545 inhibited tumor suppressors PTEN and RIG-I to
enhance proto-oncogenic PI3K-AKT signaling. Furthermore, intro-
nic miR-421 may exert an autoregulatory effect on miR-374b and
miR-545. Taken together, our data unveil the intricate interplay
between intronic miRNA and their host transcripts in the modu-
lation of key signaling pathways and disease progression, adding
new perspectives to the functional landscape of multigenic loci.

Significance: This study illustrates the functional relationships
between individual components of multigenic loci in regulating
cancer progression.

See related commentary by Calin, p. 1212

Introduction
The dysregulated expression of critical oncogenes and tumor

suppressors is often one of the driving forces that transforms a normal
cell into a malignant cell. Apart from genomic and epigenomic
changes, posttranscriptional regulatory machineries can also be
usurped by cancer cells to alter gene output, contributing to uncon-
trolled proliferation and tumorigenesis.

miRNAs are short noncoding RNAs that posttranscriptionally
regulate gene expression by binding to sequences known as miRNA
response elements (MRE) on target RNAs, typically resulting in their
degradation or translational inhibition (1). In the human genome,
approximately half of all miRNAs are located in clusters within
intronic regions and are frequently coregulated with their host genes
via genetic, epigenetic, or transcriptional processes (2–6). In fact,
several studies have shown that only one-third of intronic miRNAs
are independently transcribed from their own promoters (7–9). The
coregulation of intronic miRNAs with their host genes can be further
exemplified by their coexpression patterns in a tissue- or disease-

specificmanner. For instance, intronicmiR-483was found to be highly
expressed along with its host, insulin-like growth factor 2 (IGF2), in
hepatocellular carcinoma (HCC) while the expression levels of miR-
335 and its host, mesoderm-specific transcript (MEST), were signif-
icantly reduced in breast cancers (10–12). These context-specific
coexpression signatures allude to a possible functional association
between intronic miRNAs and their host genes. Through target
predictions, several studies have suggested cooperativity or antago-
nism between intronic miRNAs and their host genes (13, 14). By
employing bioinformatic methods, these studies revealed that approx-
imately 20% of intronic miRNAs are predicted to act antagonistically
by suppressing the expression of their host genes (15, 16). On the other
hand, intronic miRNAs may also act in synergy with their host genes
through autoregulation of their expression, targeting of common
transcripts, or modulation of the transcripts associated with the
molecular pathways in which the host genes are involved (14, 17, 18).

Despite the increasing number of predictive studies examining the
relationships between intronic miRNAs and their host genes, detailed
functional characterization of these predicted associations are still
lacking. Moreover, the potential combinatorial effect of multiple
intronic miRNAs on key nodes of competing endogenous RNA:RNA
crosstalk and/or critical signaling pathways remain poorly understood.
Much remains to be discovered about the cooperative and antagonistic
regulatorymechanisms between intronicmiRNAs and their host genes
in specific disease settings that may in turn lead to key insights into
RNAnetworks and disease progression. In the context of cancer, only a
handful of intronic miRNA loci have been characterized in
detail (19–21). Notably, the loci of interest in these studies comprise
of a single intronic miRNA and its host gene. We therefore postulate
that an unbiased, comprehensive examination of intronicmiRNA:host
loci may lead to the identification of functionally relevant loci that are
key multicomponent regulators in colon carcinogenesis.
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In this study, we integrated transcriptomic analysis of multiple
colon cancer datasets to examine global changes of intronic miRNA:
host expression and identified a functional miRNA:host locus com-
prising miR-374, miR-545, miR-421, and the long noncoding RNA
(lncRNA) FTX as the host gene. We observed that this multicompo-
nent FTX locus is overexpressed in patients with colon cancer and
demonstrated the oncogenic properties of FTX, miR-374b, and miR-
545 in vitro and in xenograft mouse models. Mechanistically, we
revealed the novel roles of FTX in regulating important molecular
processes, such as A-to-I RNA editing andmiRNA expression, that are
often deregulated in cancer. We illustrated for the first time that
lncRNAs modulate A-to-I RNA editing, which further adds to the
repertoire of their functionalities. We also confirmed the targeting of
key tumor suppressors PTEN and RIG-I by miR-374b and miR-545,
respectively. As key antagonists of the proto-oncogenic PI3K–Akt
signaling pathway, the inhibition of PTEN and RIG-I suggests a
potential synergistic effect of these intronic miRNAs on enhancing
Akt signaling to promote colon cancer growth. Intriguingly, miR-421
exhibited a strong suppressive effect on cell proliferation and repressed
the expression of its intronic miR-374b and miR-545 counterparts,
suggesting an autoregulatory role for miR-421 within the FTX locus.
Ourfindings demonstrate the cooperativity between host lncRNA FTX
and intronicmiR-374b andmiR-545 in promoting the growth of colon
cancer cells, therefore establishing the FTX locus as a three-hit
oncogenic locus in colon cancer. Importantly, our data illustrate the
need for a comprehensive and unbiased approach to systematically
identify and characterize functional intronic miRNA:host loci in a
cancer-specific manner.

Materials and Methods
Reagents

The immunoblotting antibodies were as follows: PTEN (1:1,000),
phospho-AKT (S473; 1:1,000), total AKT (1:1,000), phospho-p70S6K
(1:1,000), total p70S6K (1:1,000), RIG-I (1:1,000), DICER (1:1,000),
PRMT1 (1:1,000) and FTH1 (1:1,000; Cell Signaling Technology);
PNPT1 (1:3,000), OAS3 (1:3,000), EIF2AK2 (1:20,000), ADAR1
(1 mg/mL), PRKRA (1:5,000), and DHX9 (1:10,000; Abcam); STAU1
(1 mg/mL; Merck); GAPDH (1:10,000; Santa Cruz Biotechnology) and
ADAR2 (1mg/mL; Sigma-Aldrich). DICER (2–3mg per reaction; Santa
Cruz Biotechnology) and DHX9 (2–3 mg/reaction; Santa Cruz Bio-
technology) antibodieswere used forRNA immunoprecipitation (RIP)
and coimmunoprecipitation (co-IP). Anti-rabbit IgG antibody
(1:1,000) and anti-mouse IgG antibody (1:50,00; Cell Signaling
Technology); Rabbit IgG antibody (2–3 mg/reaction; Jackson Immu-
noResearch Laboratories); SMARTpool siRNA reagents for non-
targeting control and FTX (siFTX), miRIDIAN miRNA mimics and
inhibitors for nontargeting control (miNC, antisense NC), hsa-
miR-374b, hsa-miR-545, and hsa-miR-421, DharmaFECT 1 (Dhar-
macon); Taqman miRNA probes for hsa-miR-374b, hsa-miR-545,
and hsa-miR-421 (Thermo Fisher Scientific); TRIzol, Lipofectamine
3000, DMEM, RPMI1640 medium, Opti-MEM reduced serum
media, FBS, Dynabeads MyOne Streptavidin C1 (Thermo Fisher
Scientific); psiCHECK-2 (Promega) and pcDNA4-Puro (Addgene).
Tissue total RNA (5 mg) of 10 matched pairs of human colon cancer
samples were purchased from OriGene.

Animals
Animal studies were approved and conducted in compliance with

the Institutional Animal Care and Use Committee at the National
University of Singapore (Singapore). Female NCr nude mice were

purchased from InVivos. Age-matched mice were used for all
experiments.

Cell culture and transfection
Human colon cancer cell linesHCT116 (parental andDicermutant)

as well as DLD-1 (parental and Dicer mutant) were purchased from
Horizon and cultured in DMEM and RPMI1640 medium (Life
Technologies), respectively, with 10% FBS (Invitrogen), penicillin/
streptomycin (100 U/mL; Invitrogen), and 2 mmol/L L-glutamine
(Invitrogen). All cell lines were free of Mycoplasma and routinely
tested for contamination. For stable isotope labeling with amino acids
in cell culture (SILAC) labeling, HCT116 cells were cultured in
DMEM (�Arg,�Lys)medium containing 10% dialyzed FBS (Thermo
Fisher Scientific) supplemented with 42 mg/L 13C6

15N4 L-arginine and
73 mg/L 13C6

15N2 L-lysine (Cambridge Isotope) or the corresponding
nonlabeled amino acids, respectively. Successful SILAC incorporation
was verified by in-gel trypsin digestion and mass spectrometry (MS)
analysis of heavy input samples in parallel to IP samples to ensure an
incorporation rate of >98% (see below).

Cells were transfected with 50 nmol/L of siRNA using Dharma-
fect 1 as per the manufacturer’s protocol at a seeding density of
150,000 cells per well in 12-well dishes. For plasmid transfection,
cells were seeded in 12-well dishes at a density of 100,000 cells per
well 24 hours prior to transfection. Lipofectamine 3000 was used to
transfect 200 ng of plasmids per well following the manufacturer’s
instructions. For the actinomycin D treatment, cells were treated
with 5 mg of actinomycin D for the respective durations indicated.

Plasmids
The primers used for the amplification of various genes are listed in

Supplementary Table S2. FTXwas cloned by PCR from pMK-RQ-FTX
(Thermo Fisher Scientific), followed by restriction digest of the PCR
product using HindIII and BamHI, and ligation into the digested
pcDNA4-Puro vector. RIG-I 30 untranslated region (UTR) was cloned
by PCR using the complementary DNA (cDNA) of total RNA from
HCT116 cells, followed by restriction digest of the PCR product using
XhoI and NotI, and ligation into the digested psiCHECK-2 vector.
Primers for the cloning of miRNA reverse complements as positive
controls for luciferase reporter assays (Supplementary Table S3) were
annealed by mixing 100 mmol/L of each primer in 5� sequencing and
annealing buffer (1 mol/L Tris HCl pH 7.5, 5 mol/L NaCl, 1 mol/L
MgCl2). The mixture was heated at 95�C for 5 minutes and cooled to
room temperature and ligated into the digested vector psiCHECK-2.

Site-directed mutagenesis
Site-directed mutagenesis (SDM) was performed using the Quik-

Change Lightning Multi Site-Directed Mutagenesis Kit (Agilent
Technologies) following the manufacturer’s protocol. Briefly, PCR
(annealing temperature of 55�C; elongation time of 30 seconds per
kb of plasmid length at 65�C; 30 cycles) was carried out to amplify
the 30UTR fragments of interest. Following which, 1 mL of DpnI was
added to the reaction mixtures and incubated at 37�C for 5 minutes.
Simultaneously, competent cells were thawed, added with 2 mL of
BME (b-mercaptoethanol) and incubated on ice for 10 minutes.
A total of 1.5 mL of the PCR product was then added to the
competent cells and left for incubation on ice for 30 minutes. The
cells were subjected to heatshock at 42�C for 30 seconds prior to
transformation. DNA was extracted from the colonies and the
mutations were validated via sequencing (1st BASE). Oligonucle-
otide sequences used for SDM are provided in Supplementary
Table S4.
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Growth curve
Twenty-four hours posttransfection, cells were tyrpsinized and split

into five individual wells of five separate 12-well plates. Upon adher-
ence, cells were fixed using 10% neutral buffered formalin solution
(Sigma-Aldrich, HT501128-4L) and labeled as day 0. Subsequently,
the remaining plates were fixed daily from day 2 to day 5 (excluding
day 1) prior to staining with crystal violet (Sigma-Aldrich, C0775-
100G) for 3–5 minutes at room temperature. Stained wells were
washed three times with Milli-Q water and left to dry. Crystal violet
stain was solubilized using 10% acetic acid (Sigma-Aldrich, A6283-
2.5L). The plates were left on a shaker at room temperature for at least
20 minutes. The absorbance reading for each well was measured at
595 nm using the Tecan Infinite 2000 PRO plate reader (Tecan).

Soft agar assay
A 0.6% agarose base was prepared bymixing 3.9mL of 2% ultrapure

agarose (Invitrogen) with 9.1 mL of cell culture medium. A total of
2 mL of the mixture was added to individual wells of 6-well plates.
Twenty-four hours posttransfection, cells were trypsinized, counted,
and diluted to a concentration of 15,000 cells per well. A total of 450mL
of the 2% agarose was added to 2.55 mL of cells for a final agarose
concentration of 0.3%, and 1mL of themixture was added to each well
containing the solidified 0.6% agarose base. A total of 1 mL of culture
media was added to the top agar layer upon solidification and the cells
were incubated at 37�C in a humidified incubator. Culture medium
was changed every 2 days. Images of the colonies were taken under 4�
magnification every 4–5 days for a period of up to 14 days and
quantified using ImageJ (RRID: SCR_003070).

Xenograft
Cells were transfected in 6-well plates 24 hours prior to xenograft

injection. After the cells were trypsinized and collected in the appro-
priate growth medium, they were counted and diluted to one million
cells per injection in growth medium and mixed with Matrigel matrix
(Corning) in a 1:1 ratio. The cell suspension was injected into the lower
flank of immune-deficient nude mice. Xenograft tumor growth was
measured every 3 days. Mice were euthanized when the largest tumors
reached 1,000mm3 orwhen themice exhibited distress and the tumors
were excised for volume and weight measurements.

Luciferase reporter assay
Cells were seeded at a density of 50,000 cells per well in 24-well

plates 24 hours prior to transfection. A total of 5–15 ng of psiCHECK-2
plasmids were cotransfected with the miRNA mimics. At 72 hours
posttransfection, cells were washed in PBS, lysed and luminescence
was measured using the Dual-Luciferase Reporter Assay System
following the manufacturer’s instructions (Promega).

Protein extraction and immunoblotting
Cells were trypsinized and harvested in the appropriate growth

medium. Cells were lysed on ice for 10 minutes in protein lysis
buffer (10 mmol/L HEPES pH 7.0, 0.1 mol/L KCl, 5 mmol/L MgCl2,
25 mmol/L EDTA pH 8.0, 0.005% (v/v) NP-40, 2 mmol/L DTT,
Proteinase Inhibitor) and the lysates were centrifuged at 16,000� g for
15 minutes. The supernatants containing proteins were collected and
the concentrations were measured using Bradford Protein Assay (Bio-
Rad). A total of 8–15 mg of protein lysates was separated on 4%–12%
Bis-Tris NuPAGE Precast gels (Thermo Fisher Scientific) and trans-
ferred to polyvinylidene difluoride membranes using the Mini Trans-
Blot Electrophoretic Transfer Cell (Bio-Rad) in transfer buffer [25
mmol/L Tris, 192 mmol/L glycine, and 20% (v/v) methanol]. The

membranes were probed with specific primary antibodies followed by
the appropriate secondary antibodies.

RNA extraction and qRT-PCR
Total RNA was extracted from cells using the TRIzol reagent

(Invitrogen) and purified using the PureLink RNA mini kit according
to the manufacturer’s protocol (Ambion). A total of 1 mg of purified
RNA was used for cDNA synthesis using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. qRT-PCR was performed using the Pow-
erUp SYBR Green Master Mix (Applied Biosystems) on the Quant-
Studio 5 Real-Time PCR system. The primers used for qPCR are listed
in Supplementary Table S5.

Biotinylated miRNA pulldown
Biotinylated miRNA pulldown was performed as described in Lal

and colleagues (22). Cells were transfected with biotinylated miRNA
mimics (Dharmacon), which were pulled down using streptavidin
beads (Thermo Fisher Scientific). RNA eluted from the pulldowns was
purified using phenol:chloroform:isoamyl (25:24:1; Sigma-Aldrich)
and chloroform:isoamyl alcohol (24:1; Sigma-Aldrich).

RNA pulldown
The RNA pull-down procedure was adapted from Butter and

colleagues (23). The DNA template for the RNA of interest was
amplified by PCR (annealing temperature of 63�C; elongation time
of 1 minute per kb of product length at 68�C; 40 cycles) with forward
primers containing a T7-tag at the 50 end. For their respective antisense
controls, the primer design differed by having the reverse primers
carrying the T7-tag (Supplementary Table S6). A total of 1 mg of
purified PCR product was incubated with the transcription mix (10�
transcription buffer, 400 mmol/L NTP mix, 200 U T7 RNA polymer-
ase) at 37�C for 4 hours. A total of 1 mL of 100% ethanol was added to
the transcription product and precipitated overnight at �20�C fol-
lowed by centrifugation at 16,000� g for 1 hour at 4�C. The RNA was
further purified using Microspin G-50 (GE Healthcare) following the
manufacturer’s protocol. Purified RNA was labeled with biotin using
the Pierce RNA 30End Desthiobiotinylation Kit (Thermo Fisher
Scientific). The biotin labeling efficiency was determined using the
Chemiluminescent Nucleic Acid Detection Module Kit (Thermo
Fisher Scientific). The amount of RNA used for pulldown was deter-
mined by normalizing the efficiency of the sense probes to that of the
antisense controls. Pulldown using these labeled RNA probes was
carried out using the Pierce Magnetic RNA-Protein Pull-Down Kit
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. Protein lysates were eluted by adding 25 mL of elution buffer to
the beads and incubated at 37�C for 30 minutes with agitation and
subjected to immunoblotting and MS analysis.

Stable isotope labeling with amino acids in cell culture-MS
Briefly, samples were boiled at 95�C for 5 minutes prior to sepa-

ration on a 12% NuPAGE Bis-Tris precast gel (Thermo Fisher
Scientific) for 10 minutes at 170 V in 1� MOPS buffer, followed
by gel fixation using the Colloidal Blue Staining Kit (Thermo
Fisher Scientific). For in-gel digestion, samples were destained in
destaining buffer (25 mmol/L ammonium bicarbonate; 50% ethanol),
reduced in 10 mmol/L DTT for 1 hour at 56�C followed by alkylation
with 55 mmol/L iodoacetamide (Sigma-Aldrich) for 45 minutes in the
dark. Tryptic digest was performed in 50 mmol/L ammonium bicar-
bonate buffer with 2 mg trypsin (Promega) at 37�C overnight. Peptides
were desalted on StageTips and analyzed by nanoflow liquid
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chromatography on an EASY-nLC 1200 system coupled to a Q
Exactive HF mass spectrometer (Thermo Fisher Scientific). Peptides
were separated on a C18 reversed phase column (25 cm long, 75 mm
inner diameter) packed in-house with ReproSil-Pur C18-AQ 1.9 mm
resin. The column was mounted on an Easy Flex Nano Source and
temperature controlled by a column oven (Sonation) at 40�C. A 105-
minute gradient from 2% to 40% acetonitrile in 0.5% formic acid at a
flow of 225 nl/minute was used. Spray voltage was set to 2.4 kV. The Q
Exactive HF was operated with a TOP20 MS-MS spectra acquisition
method per MS full scan. MS scans were conducted with 60,000 at a
maximum injection time of 20 ms and MS-MS scans with 15,000
resolution at a maximum injection time of 50 ms. The raw files were
processed with MaxQuant (24) version 1.5.2.8 (RRID: SCR_014485)
with preset standard settings for SILAC-labeled samples and the
requantify option was activated. Carbamidomethylation was set as
fixed modification while methionine oxidation and protein N-
acetylation were considered as variable modifications. Search results
were filtered with a FDR of 0.01. Known contaminants, proteins
groups only identified by site, and reverse hits of theMaxQuant results
were removed and only proteins were kept that were quantified by
SILAC ratios in both “forward” and “reverse” samples.

RIP assay
Protein A-Sepharose beads (Sigma-Aldrich) were bound with 3 mg

of DICER and DHX9 (Santa Cruz Biotechnology) or Rabbit IgG
antibody (Jackson ImmunoResearch Laboratories), followed by an
overnight incubation with 2mg of HCT116 total cell lysate. The RNA-
protein-bead complexes were washed once with NT2-crowder (25 mg
Ficoll PM400 (GE Healthcare), 75 mg Ficoll PM70 (GE Healthcare),
2.5 mg Dextran Sulphate (Fluka) in 10 mL of NT2 buffer) and five
times with NT2 buffer [0.05mol/L Tris pH 7.0, 0.15mol/L NaCl, 0.001
mol/L MgCl2, 0.0005% (v/v) NP-40 (Roche) in ultrapure water].
Protein–RNA complexes were collected in 100 mL of NET2 buffer
[0.00118 M DTT (Sigma-Aldrich), 0.0176 M EDTA, 200 U RNase-
OUT (Thermo Fisher Scientific), and 100 U SUPERase In (Ambion)
in 1� NT2-crowder], supplemented with 100 mL of 2� SDS-TE (0.04
mol/LTris pH7.5, 0.004MEDTApH8.0, 10%SDS). RNAwas isolated
using the TRIzol reagent and subsequently purified with phenol:
chloroform:isoamyl alcohol (25:24:1; Sigma-Aldrich) and chloro-
form:isoamyl alcohol (24:1; Sigma-Aldrich). Protocol was adapted
from the RIP–chromatin immunoprecipitation protocol (25, 26).

RNA sequencing
Total RNA was sent for library preparation and high-throughput

sequencing by NOVOgene. Total RNA sequencing (RNA-seq) library
was prepared using Illumina Strand-Specific and Ribo-Zero kit and
sequenced on the Illumina Hiseq4000 platform. Small RNA-seq
library was prepared using the standard Illumina library preparation
kit and sequenced on Hiseq2500 platform. Paired end reads with
length of 150 nt were obtained for total RNA-seq, while single end
reads with length of 50 nt were obtained for small RNA-seq. FastQC
(RRID: SCR_014583; http://www.bioinformatics.babraham.ac.uk/pro
jects/fastqc/) was applied to examine the quality of the sequencing data
and adaptors were removed by cutadapt (26).

Bioinformatic analysis
The annotation for the miRNAs and genes were downloaded from

miRbase (v22; RRID: SCR_017497) and Gencode (v31; RRID:
SCR_014966), respectively (27, 28). By overlapping miRBase and
Gencode with bedtools (29) (RRID: SCR_006646), miRNAs were
classified into six categories based on their relative position to the

nearest gene, including intronic, exonic, antisense, divergent promot-
er, transcription readthrough, and intergenic. The normalized expres-
sion of intronic miRNAs and their host genes were extracted from The
Cancer Genome Atlas (TCGA) firehose by TCGA-Assembler (30), we
performed the Student t test to assess the differential expression
between tumor and normal and used the Benjamini–Hochberg (BH)
approach to adjust P values (31). For the RNA editing analysis,
we used an approach described by Hong and colleagues (32). Total
RNA-seq datawerefirst uploaded to theCancer Science InstituteNext-
Generation Sequencingweb portal (https://csibioinfo.nus.edu.sg/csing
sportal/login/home.php) to obtain raw RNA editing events and then
filtered using the following criteria: RNA editing level > 10% in at least
one sample and the site should be covered by least 20 reads across all
samples. To identify FTX-dependent editing events, these criteria
were used: the events should show the same directional changes
upon FTX knockdown in both replicates compared with the control
and changes in editing levels should be greater than 5%. Editing
events that were inconsistent between the two replicates were
excluded from the final analysis. These data were then overlapped
with the events identified in Hong and colleagues (32). Small RNA-
seq data were aligned to the human reference genome (hg38) by
BWA (RRID: SCR_010910) and reads were further counted for each
miRNA by featurecounts according to miRbase annotations (33, 34).
Read counts of miRNAs were normalized across different samples
by DEseq2 (RRID: SCR_015687) and BH-adjusted P value (FDR) <
0.05 was used to estimate the significance of differential
expression (35).

Statistical analysis for experimental data
Unpaired Student t test was used to analyze all experimental

data that are derived from three or more independent experi-
ments. Values calculated from three or more independent experi-
ments were presented as mean � SEM while data shown from a
representative experiment were presented as mean � SD. Values
of P < 0.05 were considered statistically significant. �, P < 0.05;
��, P < 0.01; ���, P < 0.001.

Data availability
The whole transcriptomic and small RNA-seq data were deposited

in SRA (Sequencing Reads Archive) with accession number
PRJNA602186. The MS data were deposited in the ProteomeXchange
Consortium with identifier number PXD021823 via PRIDE (Pride-
asap, RRID: SCR_012052; ref. 36) upon acceptance of the article.

Results
Integrativemultitranscriptomic analysis identifies the FTX locus
as a highly upregulated miRNA:host locus in colon cancer

We first identified intronic miRNAs based on annotations from
Gencode (v31) and miRbase (v22). Out of 1,910 miRNAs, 1,156 were
found within the introns of 860 protein-coding (PCG) and 199
noncoding genes (Fig. 1A), and most host genes contain only one
to two mature miRNAs (Supplementary Fig. S1A).

We then integrated the expression analysis of these intronic miR-
NAs and their corresponding host genes in colon adenocarcinoma
(COAD) patient samples from TCGA with the expression changes of
the intronic miRNAs in serum exosomes from normal controls and
patients with colon cancer presurgery and postsurgery using publicly
available Gene Expression Omnibus (GEO) colon cancer datasets (37)
to identify significantly dysregulated miRNA:host loci (BH-adjusted
P < 0.001, detailed inMaterials andMethods; Fig. 1B). The FTX locus,
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comprising of host lncRNA FTX and FTX-derived miR-374a, miR-
374b, miR-545, and miR-421, was found to be one of the most
highly upregulated loci (Fig. 1C; Supplementary Fig. S1B), suggest-
ing an oncogenic role for the locus in colon cancer. In addition, all
four of these miRNAs were significantly upregulated in exosomes
from patients with colon cancer (Fig. 1D). Notably, with the
exception of miR-545, expression of these miRNAs decreased
significantly posttumor resection, consistent with the hypothesis
that they may be secreted by colon cancer cells to potentiate
carcinogenesis (Fig. 1D).

As FTX was the only locus encoding multiple miRNAs that were all
significantly and consistently upregulated in colon cancer (Fig. 1C
and D; Supplementary Fig. S1C), it was selected for further experi-
mental validation. Critically, a previous study has linked the FTX
lncRNA and miR-545/miR-374a to hepatitis B virus–driven HCC and
found a sharp decrease in sera miR-545/miR-374a levels postsurgical
resection (38). This finding, taken together with our expression
analyses, suggests the potential of the FTX-derived miRNAs as bio-
markers for multiple cancers.

FTX possesses oncogenic properties in colon cancer
Although the lncRNA FTX has been shown to exhibit elevated

expression and oncogenic effects in several cancers such as HCC,
gliomas and renal cell carcinoma, the underlying mechanisms for its
growth-promoting effects are not well understood (39–41). Previous
studies have demonstrated a correlation between high FTX expression
and poorer prognosis and survival of patients with colon cancer and its
pro-proliferative effects in colon cancer (42, 43). Prior to delineating its
mechanistic roles in colon cancer, we first tested whether the pertur-
bation of FTX expression would affect the oncogenic properties of
colon cancer cells. Overexpression of FTX significantly increased
anchorage-dependent proliferation of colon cancer cells in both
HCT116 and DLD-1 cells while the knockdown of FTX resulted in
the reciprocal effect (Fig. 2A andB; Supplementary Fig. S2A and S2B).
Consistently, similar effects of FTX perturbation on the anchorage-
independent growth of the colon cancer cells were observed (Fig. 2C
and D; Supplementary Fig. S2C and S2D). In agreement with the
in vitro data, the overexpression of FTX led to a significant increase in
xenograft tumor growth (Fig. 2E; Supplementary Fig. S2E) while the

Figure 1.

Integrative multitranscriptomic analysis
identifies the FTX locus as a potential onco-
genic miRNA:host locus in colon cancer. A,
Pie chart showing the distribution and num-
ber of miRNA genomic loci and the propor-
tion of intronic miRNAs within PCGs and
noncoding genes. B, Flowchart outlining the
methodology for the identification and func-
tional characterization of dysregulated
intronic miRNA:host loci in colon cancer.
Analyses were performed using the colon
adenocarcinoma dataset from TCGA COAD
(284 colon cancer vs. 41 normal) and
GSE40247 colon cancer exosomal miRNAs
profiling dataset from GEO repository (112
colon cancer vs. 10 normal). C, Scatter plot
illustrating the fold change in transcript
expression of miRNAs and the correspond-
ing host genes in colon cancer versus normal
colon (data from TCGA). Black and gray
circles represent noncoding and protein-
coding host genes, respectively. Blue and
red dots indicate significant differential
expression of the host gene or the miRNA
between normal controls and patients with
colon cancer, respectively. Purple dots indi-
cate significant differential expression of
both themiRNA and its host gene.D,Expres-
sion of FTX-derived miR-374a, miR-374b,
miR-421, and miR-545 in the serum exo-
somes of patients with colorectal cancer
presurgery and postsurgery compared with
healthy controls (GSE40247). *, P < 0.05;
**, P < 0.01; ***, P < 0.001.
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knockdown resulted in the opposite effect in tumor growth (Fig. 2F;
Supplementary Fig. S2F). Taken together, these data reinforced the
growth-promoting effects of FTX and confirmed its oncogenic role in
colon cancer progression.w

FTX interacts with DHX9 and DICER to regulate RNA editing and
miRNA expression in colon cancer

To gain insights into the molecular functions of FTX in colon
cancer, we performed in vitro reconstitution RNA pulldowns coupled
with SILAC-based quantitative MS to identify RNA-binding proteins
associated with FTX. Here, FTX RNA was incubated with “heavy”
labeledHCT116 extracts while antisense FTXRNAwas incubatedwith
“light” labeled HCT116 extracts (forward) and the reciprocal exper-
iment (reverse) was performed to confirm SILAC ratios indicating
specific enrichment. Nine proteins were identified with SILAC ratios
indicating at least 4-fold enrichment in both forward and reverse
reactions (Fig. 3A; Supplementary Table S1). In addition to these 9
proteins, DICER was also enriched in the pulldowns but not marked
(as red) owing to a low enrichment value in the “reverse” experiment
(Fig. 3A; Supplementary Table S1). As it may provide a direct link to

the regulation of the intronic miRNAs at the FTX locus, we included
DICER for further validation.

The shortlisted proteins are known to be involved in a variety of
molecular processes including A-to-I RNA editing, Staufen-mediated
mRNA decay, translational initiation and miRNA processing, thereby
alluding to the possible implication of FTX in these important post-
transcriptional and translational regulatory processes. We first vali-
dated the association of these proteins with FTX by performing FTX
pulldown. Consistently across the two colon cancer cell lines,
DICER and DHX9 were enriched in the FTX pulldowns (Fig. 3B;
Supplementary Fig. S3A). To reciprocally validate these interactions,
we performed RNA immunoprecipitation for DHX9 and DICER and
observed significant enrichment of the FTX transcript (Fig. 3C). These
data further supported the interactions between theFTX transcript and
both DHX9 and DICER.

Interestingly, DHX9 has been reported to bind directly to DICER to
modulate miRNA processing and RISC loading (44–46). These obser-
vations, together with our data, suggest the possibility of a ternary
complex formation between FTX, DHX9, and DICER. To examine the
association of DHX9 and DICER, we performed reciprocal co-IP

Figure 2.

FTX possesses oncogenic properties in colon
cancer. A and B, Effect of FTX overexpres-
sion (OE; A) and FTX knockdown (B) on
anchorage-dependent growth of HCT116 and
DLD-1 cells. C and D, Effect of FTX OE (C)
and FTX knockdown (D) on anchorage-
independent growth of HCT116 and DLD-1
cells. Quantitation of the average number of
colonies per field upon the respective over-
expression and knockdown of FTX (right).
Representative photos are shown. E and F,
Effect of FTXOE (E) and FTX knockdown (F)
on xenograft tumor formation in HCT116 and
DLD-1 cells. Quantitation of the tumor
weights upon theoverexpression and knock-
down of FTX (right). EV, empty vector con-
trol; si, siRNA; LNC, Lincode nontargeting
control. Mean � SD, n > 3; � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001.
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assays and found that DHX9 interacts with DICER in colon cancer
cells (Fig. 3D), supporting the potential ternary complex formation
between FTX and these two proteins.

As DHX9 and DICER are key modulators of RNA A-to-I editing
and miRNA processing, respectively (32, 47), we postulate that FTX
may possess functional roles in these molecular processes that are
often deregulated in cancers (32, 48, 49). We next proceeded to
examine the effects of FTX on the aforementioned processes by
performing whole transcriptome and small RNA-seq of HCT116
colon cancer cells upon the knockdown of FTX. In total, we
identified 24,447 RNA editing events (editing level > 10% and
supported by at least 20 reads), and further classified them into
three groups: (i) 1,789 events that were upregulated upon FTX
knockdown (FTX up), (ii) 2,652 events that were downregulated
upon FTX knockdown (FTX down) and (iii) 9,304 events that were
unaffected by FTX knockdown (FTX unaffected; Supplementary
Fig. S3B). These events were subsequently overlapped with DHX9-

mediated editing events that were previously identified by Hong
and colleagues (32) to further examine the potential relationship
between FTX and DHX9. We found that the editing events in the
FTX up and FTX down groups overlapped significantly with the
DHX9 up and DHX9 down groups, respectively, but not with those
in the other groups (Fig. 3E). This positive correlation between the
editing events modulated by FTX and DHX9 was further supported
by the overlap of editing events in both the FTX and DHX9
unaffected groups (Fig. 3E). Sanger sequencing was performed to
validate the RNA-seq analysis (Supplementary Fig. S3C). Taken
together, these data suggest that FTX could act as a positive
regulator of DHX9-mediated editing events.

Furthermore, we observed a significant reduction in global miRNA
expression but not PCGs expression upon FTX knockdown (Fig. 3F;
Supplementary Fig. S3D), suggesting a potential role of FTX in the
positive regulation of miRNA expression in colon cancer cells. Col-
lectively, our data revealed DHX9 and DICER proteins as novel

Figure 3.

FTX regulates RNA editing and microRNA
processing in colon cancer.A, SILAC 2Dplot
showing the proteins enriched upon bioti-
nylated FTXpulldown.B,Western blot anal-
ysis of DICER and DHX9 enrichment upon
biotinylated FTX sense (FTX-S) pulldown.
FTX antisense (FTX-AS) was used as a neg-
ative control. C, RT-PCR analysis of FTX
enrichment upon DICER or DHX9 IP. D, Co-
IP of endogenous DICER and DHX9 in
HCT116 cells and DLD-1 cells. IgG and FTH1
were used as negative controls. E, Bar plot
showing the number of overlapping RNA
editing events, which were significantly
altered upon FTX and DHX9 knock-
down (31). The identified RNA editing
events were classified into three groups:
(i) upregulated upon FTX knockdown
(FTX up), (ii) downregulated upon FTX
knockdown (FTX down), and (iii) unaffect-
ed by FTX knockdown (FTX unaffected).
These three groups of events were over-
lapped with that of DHX9 knockdown
(DHX9 up, DHX9 down, and DHX9 unaffect-
ed). P values were obtained using the
hypergeometric test.F,Effect ofFTX knock-
down on the expression of PCGs and
miRNAs. The significance of differential
expression between PCGs and miRNAs
was determined by the Mann–Whitney U
test. BH-adjusted P value (BH-adjusted
P value/FDR < 0.05) was used for multiple
test adjustment. si, siRNA; LNC, Lincode
nontargeting control. Mean � SD, n ≥ 3.
� , P < 0.05.
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interactors of FTX and demonstrated for the first time, the regulatory
role of FTX on A-to-I RNA editing and miRNA expression.

Intronic miR-374b and miR-545 promote proliferation of colon
cancer cells

We then sought to examine the functional relevance of FTX-derived
miR-374, miR-545, andmiR-421 in colon cancer. Of the four miRNAs
encoded in the FTX locus, miR-374a andmiR-374b belong to the same
family and share the same “seed” sequence, a critical component in
target recognition and binding. As miR-374b level in the serum
exosomes of patients with colon cancer wasmore significantly reduced
postsurgery, we selected it as the representative member for experi-
mental analysis. We found that the overexpression of miR-374b or
miR-545 significantly increased anchorage-dependent and -indepen-
dent growth (Fig. 4A–C; Supplementary Fig. S4A and S4B), whereas
inhibition of these miRNAs had the opposite effect (Supplementary
Fig. S4C and S4D).

In contrast, miR-421 overexpression led to a marked reduction in
colon cancer cell growth (Fig. 4A–C; Supplementary Fig. S4A). Inter-
estingly, we further showed that the overexpression of miR-421
resulted in a significant reduction in mature miR-374b and miR-
545 levels (Fig. 4D), suggesting that it may play an autoregulatory role

for these two other miRNAs in the FTX locus. To investigate this
further, we examined the potential effect of miR-421 on the processing
and stability of miRs-374b andmiR-545. First, we performedmiR-421
overexpression in HCT116 and DLD-1 parental and Dicer mutant
(Dicer mut) cells, which are deficient in miRNA processing. We found
a significant abrogation of the inhibitory effect in the Dicer mut cells
(Supplementary Fig. S4E), suggesting that the regulation is at least
partially Dicer-dependent. Second, we overexpressed miR-421 and
blocked nascent transcription with actinomycin D. There was no
significant change in mature miRNA levels, suggesting that miR-
421 did not regulate the transcript stability of mature miR-374b or
miR-545 (Supplementary Fig. S4F). Taken together, these data suggest
thatmiR-421may potentially regulate theDicer-dependent processing
of miR-374b and miR-545.

miR-374b andmiR-545 target PTEN and RIG-I to enhance PI3K-
Akt signaling

To date, little is known about the role of miR-374b and miR-545 in
colon cancer. However, studies in other cancers have suggested that
miR-374b and miR-545 target PTEN and RIG-I, respectively (50–52).
As PTEN and RIG-I are known antagonists of the proto-oncogenic
PI3K–AKT pathway, these findings suggest that these FTX-derived

Figure 4.

Intronic miR-374b and miR-545 promote
proliferation of colon cancer cells.A andB,
Effect of miR-374b, miR-545, andmiR-421
OE on anchorage-dependent growth of
HCT116 (A) and DLD-1 cells (B). C, Effect
of miR-374b, miR-545, and miR-421 OE
on anchorage-independent growth of
HCT116 and DLD-1 cells. Quantitation of
the average number of colonies per
field upon overexpression of the FTX-
derived miRNAs (right). Representative
photos are shown. D, RT-PCR analysis
of precursor and mature miR-374b and
miR-545 levels upon miR-421 overexpres-
sion. miNC, miRNA nontargeting control.
Mean � SD, n ≥ 3. � , P < 0.05; �� , P < 0.01;
��� , P < 0.001.
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miRNAsmay act to deregulate PI3K-Akt signaling andpromote tumor
development. To investigate the functional link between the miRNAs,
PTEN, and RIG-I in the context of colon cancer, we performed
luciferase reporter assays with constructs that contain the full-
length PTEN and RIG-I 30 UTRs as well as those containing mutations
in the seed sequences of miR-374b and miR-545 using colon cancer
cells. The overexpression ofmiR-374b resulted in a significant decrease
in luciferase activity for the reporter containing the full-length PTEN
30UTR but not the PTEN 30UTRmutant in which the miR-374b target
site was altered (Fig. 5A and B; Supplementary Fig. S5A). To further
confirm this association, we performed biotinylated miRNA pull-
down experiments and detected a significant enrichment of the PTEN
transcript in the biotinylated miR-374b pulldown (Supplementary
Fig. S5B). Importantly, the overexpression of miR-374b resulted in a
significant reduction in thePTEN transcript and protein levels (Fig. 5C
andD; Supplementary Fig. S5C) while its inhibition reversed the effect
(Fig. 5E; Supplementary Fig. S5D). The inhibitory effect of miR-374b
on PTEN expression was accompanied by an increase in the phos-
phorylation of AKT and p70S6K in colon cancer cells (Fig. 5D and E;

Supplementary Fig. S5C and S5D), indicating thatmiR-374bmay exert
its oncogenic effects in part by enhancing PI3K-AKT signaling in colon
cancer. Critically, PTEN expression was significantly reduced and
exhibited a negative correlation with that of miR-374b in the TCGA
COAD cohort (Fig. 5F). Moreover, we detected a consistent reduction
in the expression of PTEN in 10 matched pairs of colon cancer patient
samples (Fig. 5G).

Similarly, we confirmed the association of miR-545 and RIG-I by
detecting a significant decrease in luciferase activity of the reporter
containing the full-length RIG-I 30UTR construct (Fig. 6A and B;
Supplementary Fig. S6A). Likewise, mutations in the miR-545 target
site resulted in a complete rescue of luciferase activity (Fig. 6A and B;
Supplementary Fig. S6A). In addition, we detected a significant
enrichment of the RIG-I transcript in the biotinylated miR-545 pull-
downs (Supplementary Fig. S6B), reaffirming the association between
miR-545 and RIG-I in colon cancer. Subsequently, we also determined
the regulatory effect of miR-545 on RIG-I levels by observing consis-
tent alterations in RIG-I transcript and protein levels upon the
perturbation of miR-545 expression (Fig. 6C–E; Supplementary

Figure 5.

miR-374b targets PTEN to enhance proto-
oncogenic PI3K-AKT signaling. A, Seed
sequences of miR-374b MREs on the PTEN
30UTR and the substitutions of residues of the
seed region to generate a mutant version of
the 30UTR. B, Effect of miR-374b overexpres-
sion on the luciferase reporter activity ofwild-
type PTEN 30UTR (PTEN wt) and mutated
PTEN 30UTR (PTENmut) constructs in HCT116
cells. The reverse complement (374b RC) of
miR-374b was used as a positive control. C,
Real-time PCR analysis of PTEN transcript
level upon miR-374b OE in HCT116 and
DLD-1 cells. D and E, Western blot analysis
of PTEN, phosphorylated AKT (P-Akt), total
AKT (T-Akt), phosphorylated p70S6K (P-
p70S6K) and total p70S6K (T-p70S6K) levels
upon miR-374b OE (D) and miR-374b inhi-
bition (E) in HCT116 cells. F, Expression of
PTEN, miR-374b, and their expression cor-
relation in normal and patients with colon
cancer derived from TCGA COAD dataset.
G, RT-PCR analysis of PTEN expression in
clinical matched pairs of colon cancer sam-
ples (N ¼ 10). AS, antisense; miNC, miRNA
nontargeting control; NC, nontargeting
control. Mean � SD, n ≥ 3. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001.
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Fig. S6C and S6D). In accordance with its negative regulation of RIG-I
levels, an increase in the phosphorylation of AKT and p70S6Kwas also
detected (Fig. 6D and E; Supplementary Fig. S6C and S6D). In line
with our findings, RIG-I expression was significantly downregulated
and displayed a negative correlation with miR-545 expression in
patients with colon cancer (Fig. 6F). Furthermore, RIG-I levels were
similarly reduced in the 10 pairs of colon cancer tissues compared with
their adjacent normal (Fig. 6G).

Taken together, these findings reinforced the oncogenic capacity of
miR-374 and miR-545 through their inhibitory effects on tumor
suppressors such as PTEN and RIG-I, and highlighted the clinical
relevance of such regulation. Finally, the concomitant overexpression
of miR-374b, miR-545, and FTX resulted in a substantial increase in
anchorage-independent growth compared with the individual over-
expression of each factor (Fig. 7A; Supplementary Fig. S7), highlight-
ing the synergism between the multiple components within the FTX
locus in promoting the growth of colon cancer cells.

Discussion
To date, only a few intronic miRNA:host loci have been compre-

hensively characterized in various cancers (10, 19). Detailed functional
characterization of candidate miRNA:host loci may lead to important
insights into the various facets of RNAbiology and the identification of
key multicomponent regulators of colon carcinogenesis, which may
represent novel targets for therapeutic applications. In this study, we
identify the multicomponent FTX locus as an oncogenic miRNA:host
locus that is highly upregulated in colon cancer. We further determine
DHX9 andDICER to be the protein interactors ofFTX and elucidate its
role in disrupting critical posttranscriptional processes such as A-to-I
RNA editing and miRNA expression. In addition, we characterize the
oncogenic properties of FTX-derived miR-374b and miR-545 via the
inhibition of key tumor suppressorsPTEN andRIG-I to enhance PI3K-
Akt signaling and colon cancer growth (Fig. 7B). Our findings also
point to the cooperativity among the individual components of the
FTX locus to promote colon cancer development, suggesting a

Figure 6.

miR-545 targets RIG-I to enhance proto-
oncogenic PI3K-AKT signaling. A, Seed
sequences of miR-545 MREs on the RIG-I
30UTR and the substitutions of residues of
the seed region to generate a mutant ver-
sion of the 30UTR. B, Effect of miR-545
overexpression on the luciferase reporter
activity of wild-type RIG-I 30UTR (RIG-I
30UTR wt) and mutated RIG-I 30UTR (RIG-I
30UTR mut) constructs in HCT116 cells. The
reverse complement (545 RC) of miR-545
was used as a positive control. C, RT-PCR
analysis of RIG-I transcript level upon miR-
545 OE in HCT116 and DLD-1 cells. D and E,
Western blot analysis of RIG-I, phosphory-
lated AKT (P-Akt), total AKT (T-Akt), phos-
phorylated p70S6K (P-p70S6K), and total
p70S6K (T-p70S6K) levels upon miR-545
OE (D) and miR-545 inhibition (E) in HCT116
cells. F, Expression of RIG-I, miR-545 and
their expression correlation in normal and
patients with colon cancer derived from the
TCGA COAD dataset. G, RT-PCR analysis of
RIG-I expression in clinical matched pairs of
colon cancer samples (N ¼ 10). AS, anti-
sense; miNC, miRNA nontargeting control;
NC, nontargeting control. Mean� SD, n ≥ 3.
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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collaborative nature of intronic miRNAs and their hosts to influence
disease progression. These findings illustrate the importance of introns
and their transcriptional products in cancer and provide new insights
to the functional landscape of a gene locus.

Increasing evidence has pointed toward the functional modalities of
lncRNAs in epigenetic, transcriptional, and posttranscriptional regu-
lation of gene expression (53–55). lncRNAs have been shown to exert
their effects onmodulating gene expression in specific physiologic and
pathophysiologic settings through direct RNA–RNA interactions, and
by acting as a molecular scaffold for protein complexes and molecular
decoys for miRNA sequestration (56, 57). A previous study on FTX

revealed its sponging capacity to modulate miR-215 expression and in
turn regulate known oncogenic transcription factors including ZEB2
and HOXB9 to promote colorectal cancer development (42). By
elucidating its protein interactors, we demonstrate a novel role for
FTX in modulating RNA A-to-I editing, thus further expanding the
repertoire of its functionalities in cancer.While studies have examined
the consequences of A-to-I editing of lncRNAs in diseases (58–60),
they have yet to identify lncRNAs that may modulate this process. To
the best of our knowledge, we are the first to identify a specific lncRNA
that exerts a functional effect on RNA A-to-I editing in cancer.
Detailed biochemical characterization of the FTX and DHX9

Figure 7.

Cooperativity between FTX, miR-374b, and miR-545 enhances the growth of colon cancer cells.A, Effect of FTX, miR-374b, and miR-545 OE either individually or in
combination onanchorage-independent growthof HCT116 cells. Quantitationof the averagenumber of colonies perfield for each condition (bottom). Representative
photos are shown. AS, antisense; EV, empty vector control; miNC, miRNA nontargeting control. Mean� SD, n ≥ 3. ��� , P < 0.001. B, Proposedmodel of the oncogenic
multicomponent FTX locus in promoting colon cancer cell growth. The multicomponent FTX locus encodes oncogenic FTX lncRNA, intronic miR-374b, and miR-545
as well as tumor-suppressive miR-421. LncRNA FTX promotes colon cancer cell growth by deregulating critical molecular processes such as RNA editing andmiRNA
biogenesis potentially via its interactions with DICER and DHX9 proteins. FTX-derived miR-374b and miR-545 possess oncogenic properties by targeting tumor
suppressors PTEN and RIG-I, respectively, resulting in elevated proto-oncogenic PI3K/AKT signaling to stimulate the proliferation of colon cancer cells. On the other
hand, FTX-derived miR-421 exerts an autoregulatory role to negatively regulate the expression of its miR-374b and miR-545 counterparts to repress colon cancer
progression.
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interaction could provide greater insights into its inherent functions in
these molecular processes.

The disease-specific expression and stability of miRNAs in biofluids
have resulted in an explosion of interest in their potential utility as
noninvasive biomarkers (61–65). However, it is unclear whether most
of these circulating miRNAs play functional roles in driving tumor-
igenesis. A detailed examination of the effects of cancer exosomal
RNAs on tumor biology will facilitate the distinction between RNAs
that are solely biomarkers from those that may represent attractive
diagnostic and therapeutic targets. Here, we demonstrate the onco-
genic properties of FTX-derived miR-374b and 545 in promoting the
growth of colon cancer cells and further elucidate the mechanisms
underlying such effects. In line with our findings, miR-374b and miR-
545 levels were significantly elevated in the serum exosomes of colon
cancer patients and more importantly, serum exosomal expression of
these miRNAs decreased significantly postsurgery. Taken together,
these data confirm the functional relevance of miR-374b and miR-545
in potentiating colon cancer carcinogenesis and critically, suggest their
potential diagnostic and therapeutic values.

In addition, we show an autoregulatory role of miR-421 in suppres-
sing the oncogenic capacity of the FTX locus through its inhibitory
effects on miR-374b and miR-545. Coupled with the synergistic effect
of miR-374b and miR-545 in promoting proliferation, our findings
exemplify the coexistence of functional cooperation and specialization
among these miRNAs in the FTX locus and warrant detailed inves-
tigations of intronic miRNA clusters and their effects in various
diseases. Further examinations of the mechanistic roles of miR-421
in modulating the expression of its intronic counterparts is necessary
to better understand the dynamic interplay between these intronic
miRNAs that could influence colon cancer progression.

Our data revealing the oncogenic effects of the FTX locus highlight
the importance of an unbiased and comprehensive approach for the
systematic identification of functionally important intronic miRNA:
host loci in diseases. Detailed characterization of the individual
components of the FTX locus has provided valuable insights into

their regulatory roles in colon cancer progression. Future studies to
understand the epigenetic and transcriptional control of the FTX locus
would provide insights into its transcriptional regulatory circuits in
colon cancer to facilitate the identification of new targetable genes and
pathways.
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