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Abstract

We previously demonstrated that miR-29b-3p is a hopeful
miRNA-based therapy against colorectal cancer. In this study, we
aimed to clarify a value of miR-29b-1-5p as a next-generation
treatment, especially for KRAS-mutant colorectal cancer. RT-PCR
assay showed that the expression ofmiR-29b-3p was high, and its
partner strand, miR-29b-1-5p, level was only negligible in clinical
colorectal cancer samples. Mimic-miR-29b-1-5p significantly
inhibited proliferation ofKRAS-mutant colorectal cancer cell lines
DLD1 and SW480 and KRAS wild-type HT29 cells. Proliferative
activity was further examined by eithermiR-29b-1-5p strand or its
opposite complementary sequence because miR-29b-1-5p is a
passenger miRNA and may have no physiologic function. We
found that completely opposite complementary strand to miR-
29b-1-5p, but not miR-29b-1-5p, possessed a potent antitumor

effect and named this byproduct miRNA sequence "MIRTX."
MIRTX directly targeted the 30-UTR of CXCR2 and PIK3R1mRNA
and suppressed the NF-kB signaling pathway in KRAS-mutated
colorectal cancer cells. MIRTX induced apoptosis in DLD1 with
downregulation of antiapoptotic BCL2, BCL-xL, and MCL1 and
upregulation of cleaved caspase-3 and cleaved PARP. In mouse
xenograft models, systemic administration of MIRTX using a
super carbonate apatite as a delivery vehicle significantly inhibited
tumor growth of DLD1 and HT29 cells without any particular
toxicities. In conclusion, these findings indicate that inhibition
of NF-kB signaling by this novel miRNA-based therapeutic
could be a promising treatment against refractory KRAS-
mutant colorectal cancer and KRASwild-type colorectal cancer.
Mol Cancer Ther; 17(5); 977–87. �2018 AACR.

Introduction
Colorectal cancer is the third leading cause of cancer-related

death in the United States, with an estimated 134,490 new cases
and 49,190 deaths in 2016 (1). Although progress has beenmade
by improving treatment approaches, including surgery, chemo-
therapy, and irradiation, patientswithmetastatic colorectal cancer
(mCRC) still have a very poor prognosis (2). Therefore, a better
understanding of the molecular mechanisms of colorectal cancer

and new therapeutic strategies are urgently needed to improve the
prognosis of this disease.

Recent advances in our understanding of the specific signaling
pathways in cancer cells have offered novel targeted therapies for
patients with colorectal cancer. Indeed, previous studies have
demonstrated that EGFR mAbs significantly improve the prog-
nosis of patients with wild-type KRASmetastatic colorectal cancer
(3–5). However, 40% of colorectal cancers harbor KRAS muta-
tions (6), and treating these patients with mutant KRAS mCRC
remains one of the biggest challenges in oncology. One possible
way to overcome this issue is to develop molecular targeted drugs
that could inhibit KRAS downstream effectors, such as MEK1/2.
For example, the MEK1/2 inhibitors PD-0325901, BAY 86-9766,
and AS703026 have been evaluated in clinical trials (7, 8), but
the trials were discontinued, or an effective dose could not be
achieved because of drug toxicity.

Recent evidence indicates that the NF-kB transcription factor is
constitutively activated in KRAS-mutant colorectal cancer (9, 10).
Therefore, targeting NF-kB signaling pathway represents a prom-
ising strategy against KRAS-mutant colorectal cancer, although
this has not been successful so far in colorectal cancer. The NF-kB
signaling pathway is involved in tumor development, such as
tumor cell growth, antiapoptosis, metastasis, angiogenesis, and
resistance against chemotherapeutics (9, 11). Moreover, NF-kB
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seems to play a crucial role in inflammation and oncogenesis
through regulating multiple molecules (9). Several molecules are
involved in NF-kB signaling pathway. It is reported that PIK3R1,
the major downstream signaling molecule of AKT, is an intrinsic
activator ofNF-kB (12, 13) and that expression levels of IL8 and its
receptor CXCR2 are associated with tumor proliferation and
progression through a signaling network involving NF-kB,
besides PI3K/AKT and MAPK (14–17).

Nucleic acid (NA)–based medicine, which includes antisense-,
siRNA-, and miRNA-based therapies, shows potential as a next-
generation treatment. miRNAs are single-stranded, noncoding
RNAs of 20–22 nucleotides, being involved in various biological
processes and act to posttranscriptionally or transcriptionally
regulate the expression of multiple target genes by binding to
complementary sequences, mainly in the 30-untranslated regions
(30-UTR; ref. 18).

In the miR-29 family, we and other investigators have shown
that miR-29b-3p is a tumor suppressor and a prognostic factor in
various human malignancies, including colorectal cancer, lung
cancer, lymphoma, leukemia, and other types of human malig-
nancies, as it regulates cell proliferation, differentiation, apoptosis,
migration, and invasion (19–22). These findings suggest that
miR-29b-3p is a promising next-generation treatment for
cancers. On the other hand, miR-29b-1-5p, the partner strand of
miR-29b-3p in the primarymiRNA duplex was formerly known as
miR-29b-1�, and it is believed to be preferentially degraded (23,
24); however, it was recently recognized that miRNA� species may
also access Argonaute (Ago) complexes and regulate targets in
certain conditions (25, 26). Indeed, it is recently reported that
miR-29b-1-5p exerts a function to suppress the aggressive triple-
negative breast cancer cells and bladder cancer cell line (27, 28).

In this study, we examined miR-29b-1-5p expression in com-
parison with that of miR-29b-3p in colorectal cancer tissues. We
also investigated the antitumor effect in vitro by the nucleic acid
mimics for miR-29b-1-5p, especially in KRAS-mutant colon can-
cer cells. As a result, we found thatmiR-29b-1-5p sequence hadno
tumor-inhibitory effects, whereas its byproduct, a complementary
nucleic acid sequence, exhibited a potent tumor-inhibitory activ-
ity in vitro and in xenograft mouse models with no drug toxicity.
This artificial miRNA sequence may be a hopeful treatment to the
patients with KRAS-mutant refractory colorectal cancer.

Materials and Methods
Cell lines and cell culture

Human colorectal cancer cell lines HT29 and DLD1 were
obtained from the ATCC in 2001. SW480 was obtained from
ATCC in 2010. Stocks were prepared after passage 2 and stored in
liquid nitrogen. All experiments were performed with cells of
passage of <8. These cell lines were authenticated bymorphologic
inspection, short tandem repeat profiling, and mycoplasma test-
ing. Mycoplasma testing was also performed by the authors in
2015. Cells were cultured in DMEM containing 10% FBS at 37�C
in a humidified incubator with 5% CO2.

Clinical tissue samples
Colorectal cancer samples were collected from 40 patients who

had surgery at Osaka University Hospital (Osaka, Japan) and
related hospital between 2012 and 2013. These patients included
3 stage I, 15 stage II, 11 stage III, and 11 stage IV patients according
to the AJCC TNM classification (7th edition; ref. 29). The tumor

samples were stored at �80�C in RNAlater until RNA extraction.
Written informed consent was obtained from all patients, in
accordance with the guidelines approved by the Institutional
Research Board. This study was conducted under the supervision
of the Ethics Board of Osaka University Hospital.

Transient transfection of miRNA
Mature MIRTX sense (50-UCUAAACCACCAUAUGAAACCA-

GC-30) and antisense (50-GCUGGUUUCAUAUGGUGGUU-
UAGA-30), mimic-miR-34a sense (50-UGGCAGUGUCUUAG-
CUGGUUGU-30) and antisense (50-ACAACCAGCUAAGACACU-
GCCA-30), and mimic-miR-negative control sense (50-AUCC-
GCGCGAUAGUACGUA-30) and antisense (50-UACGUACUA-
UCGCGCGGAU-30) were obtained from Gene Design Inc. Mod-
ification of the one-strand sequence to inactivation was per-
formed by Gene Design Inc. or Thermo Fisher Scientific. Cells
were transfected with miRNAs at the concentration of 20 to 40
nmol/L by Lipofectamine RNAiMAX (Invitrogen) according to the
protocol provided by the manufacturer.

RNA isolation
Total RNA, includingmiRNA, was isolated from tissue samples

and cell lines using the miRNeasy Kit (Applied Biosystems)
according to the manufacturer's protocol. Total RNA concentra-
tion and purity were reassessed with a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies).

miRNA expression
WemeasuredmiRNA expression levels in tissues and cells with

the TaqMan miRNA Assays (Applied Biosystems). The reverse
transcription reactionwas performedwith the TaqManMicroRNA
RT Kit (Applied Biosystems). Quantitative real-time PCR was
performedwith the 7900HT SequenceDetection System (Applied
Biosystems). Amplification data were normalized to endogenous
RNU6B expression. Relative expression was quantified with the
2�DDC

t method.

Cell proliferation assay
Cells were seeded at a density of 5–7 � 104 cells per well in

24-well dishes and cultured for 24 to 72 hours to determine
proliferation. Cell counting was performed with an automatic
hematology analyzer (Celltac; Nihon Kohden). Cellular prolifer-
ationwas also evaluated byWST-8 assay usingCell CountingKit-8
(Dojindo Molecular Technologies, Inc.).

Flow cytometry analysis
To examine the apoptosis,flowcytometry analysis of AnnexinV

was performed as described previously (30). Apoptotic cells were
stained by using Alexa Fluor 488 Annexin V/Dead Cell Apoptosis
Kit (Thermo Fisher Scientific) and counted by flow cytometry
using the SH800Z Cell Sorter (Sony Biotechnology Inc.).

TUNEL assay
Cells were fixed with freshly prepared 10% buffered neutral

formalin overnight at room temperature. Apoptotic DNA frag-
mentation within the cells was analyzed with an in situ DeadEnd
Fluorometric TUNEL System Assay Kit (Promega), according to
the manufacturer's instructions. Hoechst was used for nuclear
staining. The green fluorescence of apoptotic cells was observed
with a BZ-X700 fluorescence microscopy (KEYENCE).
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Western blot analysis
The protein samples were subject to SDS-PAGE, transferred

onto PVDF (polyvinylidene difluoride) membranes, and incu-
bated with mAbs. Antibodies against MCL1, BCL2, BCL-xL, BAX,
PIK3R1, phosphorylated AKT, phosphorylated mTOR, NF-kB
(p65), and phosphorylated NF-kB (phosphorylated p65) were
obtained from Cell Signaling Technology. Antibody against
CXCR2 (ab14935) was obtained from Abcam. Antibodies against
b-actin (ACTB) were obtained from Sigma-Aldrich. Antibody
against survivin was obtained from Novus. After incubation with
secondary antibodies, signals were detected with the ECL Detec-
tion System (GE Healthcare).

NF-kB luciferase reporter assay
All cells were seeded onto 96-well plates and transfected with

NF-kB luciferase reporter vector (pGL4.32[luc2P/NF-kB-RE/
Hygro]; Promega) using Lipofectamine 2000 (Invitrogen) in
OptiMEM-reduced serum medium (GIBCO, Invitrogen). The
transfection efficiency was evaluated with a Renilla luciferase
reporter vector (pRL-CMV, Promega). NF-kB transcriptional
activities were determined in dual luciferase reporter assays.
Forty-eight hours after cotransfection with both reporter vectors
and the target miRNA, cells were collected with the reporter
lysis buffer from the Luciferase Assay System (Promega). The
luciferase-mediated luminescence was measured with the Dual-
Luciferase Reporter Assay System (Promega) according to the
manufacturer's protocol. All transfection experiments were
conducted in triplicate.

Prediction of MIRTX target genes
First, to predict MIRTX-dependent repressed gene sets via

complementary base-pairing between the 7-mer seed (MIRTX;
50-CUAAACC-30) and the last exon containing the 30-UTR
sequence, the last exons containing the 30-UTRs of human tran-
scripts were obtained as fasta files from the Ensembl FTP Server
(version hg19). A total of 1,043 ensembl transcripts were found to
have a perfectly MIRTX-targeted sequence (50-GGTTTAG-30), at
least in the 30-UTR, by using standard linux tools such as grep.

pmirGLO reporter plasmid construction and luciferase reporter
assay

The 30-UTR of human PIK3R1 mRNA, including the MIRTX-
binding site, was amplified by RT-PCR. The primer sequences
were forward-GCTCGCTAGCCTCGAAACAGCGCTCACCTTTG-
TTT and reverse-ATGCCTGCAGGTCGACTGAACATACCAGCT-
TTTGCAT. The amplified product (431 bp) was subcloned and
ligated into the Xho I and Sal I sites in the pmirGLO Dual-
Luciferase miRNA Target Expression Vector (Promega) using the
In-Fusion HD Cloning Kit (Clontech). The 30-UTR of human
CXCR2 mRNA, including the MIRTX-binding site, was amplified
by RT-PCR. The primer sequences were forward-GCTCGCTAG-
CCTCGACCCATTGTGGTCACAGGAA and reverse-ATGCCTG-
CAGGTCGACACAATCTCGGCTCACTGC. As before, the ampli-
fied product (431 bp) was subcloned and ligated into the Xho I
and Sal I sites in the pmirGLO Dual-Luciferase miRNA Target
Expression Vector (Promega) using the In-Fusion HDCloning Kit
(Clontech).

Luciferase assays were conducted with 1 � 104 DLD1 and
SW480 cells per well in 96-well plates. Transfections were per-
formed with Lipofectamine 2000 (Invitrogen) in OptiMEM-
reduced serum medium (GIBCO, Invitrogen). Cells were trans-

fected with 100 ng of a pmirGLO construct, which contained
either the 30-UTR of PIK3R1 or CXCR2, 10 ng of Renilla luciferase
reporter vector (pRL-CMV, Promega), and 5 pmol of either miR-
NC or MIRTX. Forty-eight hours after cotransfection, cells were
assayed for both firefly and Renilla luciferase with the Dual-
Luciferase Reporter Assay System (Promega), according to the
manufacturer's protocol. All transfection experiments were con-
ducted in triplicate.

In vivo tumor growth assay
Cells were mixed with Matrigel (BD Biosciences) and medium

at a 1:10 ratio (v:v). Cells (2� 106) in 200 mL ofmedium/Matrigel
solutionwere injected subcutaneously intoboth sides of the lower
back region of female nude mice (NIHON CLEA). Using super
carbonate apatite (sCA) as a vehicle (31, 32), formulated miRNA
(40% conjugation) was administered intravenously (40 mg/injec-
tion); all injections were delivered via the tail vein, after tumor
volumes reached 50 mm3. Mice were treated eight times with
formulatedMIRTX ormiR-NC, three times a week. MatureMIRTX
and miR-negative control for in vivo use grade were obtained
from Gene Design Inc. Tumor volumes were determined as
described earlier (33, 34). All animal experiments were per-
formed in accordance with currently prescribed guidelines, and
experimental protocols (ID; DOUI 25-062) were approved by
an Institutional Animal Care and Use Committee in Osaka
University (Osaka, Japan).

IHC
Formalin-fixed, paraffin-embedded tissues were prepared and

sectioned for 4 mm. These were deparaffinized with xylene, and
then rehydrated in graded alcohols. Immunostaining was per-
formed using antibody with VECTASTAIN Elite ABC Kit (Vector
Laboratories), according to the manufacturer's protocol. Anti-
CXCR2 antibody (ab14935) and anti-PI3 kinase p85a antibody
[M253] (ab86714), and anti-BCL2 antibody [E17] (ab32124)
were obtained from Abcam. Anti–NF-kB (p65) antibody and
antiphosphorylated NF-kB (phosphorylated p65) antibody were
obtained from Cell Signaling Technology.

Statistical analysis
Statistical analyses were performed with the JMP10 program

(SAS Institute) and GraphPad Prism ver. 6.00 for Windows
(GraphPad Software). Each experiment was performed at least
three times. Data are expressed as mean � SD. Mean values were
compared using the Student t test or one-way ANOVA analysis.
Expression levels of miRNAs in colorectal cancer tissue samples
were analyzed with the Wilcoxon signed rank test. Sequential cell
proliferation assays and tumor growth assays were analyzed with
two-way ANOVAs for repeated measures. P values <0.05 were
considered statistically significant.

Results
Effect of mimic-miR-29b-1-5p on cell proliferation

In vitro proliferation assays were performed with the mimic-
miR-29b-1-5p, which was synthesized as the double-strand RNA
with miR-29b-1-5p and its complementary byproduct sequence
(Fig. 1). The results indicated that mimic-miR-29b-1-5p signifi-
cantly suppressed cell proliferation of KRAS-mutated DLD1 and
SW480 cells, andKRASwild-typeHT29 colorectal cancer cell lines
compared with parent or negative control miRNA (Fig. 2A;
Supplementary Fig. S1A and S1B).Notably, the growth-inhibitory
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effect bymimic-miR-29b-1-5pwas equivalent to ormore effective
thanmiRNA-34a (Fig. 2A), which is well known for its antitumor
effects (35).

Expression of miR-29b-1-5p and miR-29-3p in clinical
colorectal cancer samples

Despite the outstanding growth-inhibitory activity,miR-29b-1-
5p, formerly described as miR-29b�, is generally considered as a
degradable passenger miRNA in many cell types (23, 24). There-
fore, we examined miR-29b-1-5p expression in comparison with
that of the guide strand, miR-29-3p. RT-PCR assay showed a

variety of miR-29b-3p expression in clinical colorectal cancer
samples, whereas the expression of miR-29b-1-5p was only neg-
ligible in all samples tested (P < 0.01; Fig. 2B). This finding
indicates that miR-29b-1-5p is unstable in colorectal cancer
tissues, and it is uncertain that the degradable passenger sequence
can inhibit cell growth. To examine whether the miR-29b-1-5p
strand is definitely functional or not, we used a modified miRNA
mimic from Gene Design Inc. in which activity of the comple-
mentary sequence is chemically impaired; thus, the function
derived from single strand of miR-29b-1-5p can be evaluated.
We also prepared another miRNAmimic, in whichmiR-29b-1-5p

miR-29b-1-5p

CGACCAAAGUAUACCACCAAAUCU
Complementary sequence
(MIRTX)

GCUGGUUUCAUAUGGUGGUUUAGA5 -

3 -

- 3

- 5

Mimic-miR-29b-1-5p

miR-29b-1-5p    

h�p://www.mirbase.org/

miR-29b-3p  

5 -

3 -

GCUGGUUUCAUAUGGUGGUUUAGA
UUGUGACUAAAGUUUACCACGAU

- 3
- 5

Pri-miR-29b

Figure 1.

Sequence of hsa-miR-29b. The hsa-
miR-29b precursor is a small RNA
molecule in the shape of a stem loop or
hairpin. Each arm of the hairpin is
processed into mature miR-29b-3p
(guide strand) and miR-29b-1-5p
(passenger strand). MIRTX is a novel
small RNA sequence that is a
completely opposite complementary
sequence to miR-29b-1-5p.

Figure 2.

Effects of mimic-miR-29b-1-5p on cell proliferation and expression level of hsa-miR-29b in clinical colorectal cancer (CRC) samples. A, Overexpression of mimic-
miR-29b-1-5p significantly suppressed cell proliferation inDLD1, SW480, andHT29cells comparedwith parent or negative controlmimic-miR-NCandwasequivalent to
or more effective than mimic-miR-34a, which is well known for its antitumor effects. B, Expression level of miR-29b-3p and miR-29b-1-5p in clinical colorectal
cancer tumor samples (n ¼ 40). C, Inhibitory effects on proliferation of KRAS-mutant colorectal cancer cell lines. A complementary strand, but not miR-29b-1-5p,
significantly inhibited cell proliferation. Modification of the one-strand sequence to inactivation was performed by Gene Design Inc. All data, mean � SD. � , P < 0.01.

Inoue et al.

Mol Cancer Ther; 17(5) May 2018 Molecular Cancer Therapeutics980

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/5/977/1858675/977.pdf by guest on 19 M
ay 2023



sequence is in turn modified to inactivation. As a result, we
found that miR-29b-1-5p sequence had no growth-inhibitory
effect in DLD1 and SW480 and that an opposite complemen-
tary strand to miR-29b-1-5p exhibited an obvious growth
inhibition (Fig. 2C). An alternative system of mirVana miRNA
mimic from Thermo Fisher Scientific further confirmed the
result (Supplementary Fig. S1C). Therefore, we hereafter des-
ignate this antitumor byproduct sequence "MIRTX" meaning a
therapeutic miRNA (Fig. 1) and explored the underlying mech-
anism for its potent antitumor effect.

MIRTX induces apoptosis
A drastic decrease in KRAS-mutated DLD1 cells with treatment

of MIRTX may be attributable to apoptosis. Terminal deoxynu-
cleotidyl transferase–mediated dUTP nick end labeling (TUNEL)
assay showed that a number of TUNEL-positive fluorescence cells
appeared with treatment of MIRTX compared with control cul-
tures (Fig. 3A). Flow cytometry analysis of Annexin V showed that
treatment of MIRTX significantly increased apoptotic fraction at
24 and 48 hours (P < 0.01, Fig. 3B).Western blot analyses showed

that MIRTX suppressed the protein expression of antiapoptotic
proteins MCL1, BCL2, and BCL-xL, whereas MIRTX increased the
expression of cleaved PARP and cleaved caspase-3 compared with
negative control miRNA treatment (Fig. 3C).

The target genes of MIRTX
The seed sequence (2–8 position from 50-end) is thought to

play a pivotal role in regulating gene expression by binding the 30-
UTRof the targetmRNA. In silicowhole-genome sequence analysis
demonstrated that 1,043 genes possessed a binding site to the
MIRTX seed sequence (CCAAAUC, Supplementary Fig. S2A).
cDNA microarray data (GEO accession number; GSE83634)
revealed that 74 of the 1,043 genes were downregulated at
<0.66-fold in MIRTX- transfected KRAS-mutated DLD1 cells
compared with negative control miRNA-transfected cells (Sup-
plementary Fig. S2B; Supplementary Table S1). Of them, we
focused on CXCR2 encoding a G-protein–coupled transmem-
brane chemokine receptor, and PIK3R1 [PI3K, regulatory subunit
1 (alpha)] as the targets ofMIRTX because they regulate apoptosis
and cell survival via NF-kB/survivin and AKT/mTOR signaling
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Figure 3.

Proapoptotic effects of MIRTX in KRAS-mutant colorectal cancer model. A, TUNEL assay showed that the number of apoptotic cells was higher in MIRTX-treated
cells than in parent ormiR-NC–treated cells.B,Flowcytometry analysis ofAnnexinVwasperformed inparentalDLD1 cells,miR-NC–treatedcells, andMIRTX-treated cells.
The number of apoptotic cells was quantified in triplicate. C, Western blot results showed the protein expression of MCL1, BCL2, BCL-xL, BAX, cleaved PARP, and
cleaved caspase-3 in either negative control miR or MIRTX-treated DLD1 cells in 24, 48, and 72 hours. MIRTX significantly suppressed the expression of the
antiapoptotic proteins MCL1, BCL2, and BCL-xL compared with negative control miRNA. b-Actin (ACTB) was the loading control. All data, mean � SD. � , P < 0.01.
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pathway, respectively (Supplementary Fig. S3A). MIRTX overex-
pression inhibited the luciferase reporter activity of a plasmid that
included the 30-UTR region of CXCR2 (Fig. 4A and B) and PIK3R1
(Fig. 4C and D) in KRAS-mutated DLD1 and SW480, indicating
that MIRTX directly binds to the 30-UTR of CXCR2 mRNA and
PIK3R1 mRNA in these KRAS-mutated colorectal cancer cells.

MIRTX inhibits CXCR2/NF-kB/survivin pathway but not PI3K/
AKT/mTOR pathway

MIRTX suppressed CXCR2 protein expression, leading to inhi-
bition of downstreammolecules such as phosphorylation of p65
subunit of NF-kB that is thought to be important for transcrip-
tional activity ofNF-kB (16, 36, 37), and antiapoptotic survivin in
KRAS-mutated DLD1 and SW480 (Fig. 5A). On the other hand,
decrease in expression of the CXCR2 protein and phosphorylated
p65was not evident in KRASwild-type HT29 cells. Concordantly,

the luciferase reporter assays showed MIRTX significantly sup-
pressed NF-kB transcriptional activities in DLD1 and SW480
cells, but not in HT29 cells (Fig. 5B). MIRTX suppressed PIK3R1
protein expression; however, the PI3K downstream signaling
molecule, phosphorylated AKT, was rather upregulated possi-
bly by a compensatory mechanism and phosphorylated mTOR
was not substantially changed (Fig. 5C). In addition, MIRTX
did not suppress SRE or AP1 transcriptional activities, which
increase in response to activation of the MAPK/ERK or MAPK/
JNK signaling pathway in colorectal cancer cell lines (Supple-
mentary Fig. S4).

Systemic administration of formulated MIRTX inhibits tumor
growth in vivo

Because MIRTX is an artificial byproduct sequence and it is
not present in the mouse body, we evaluated the toxicity of

Figure 4.

MIRTX directly binds and targets CXCR2
and PIK3R1 mRNA in KRAS-mutant
colorectal cancer cell lines. A and C,
Schematic illustration shows that CXCR2
and PIK3R1 possess a putative binding
site on the 30-UTR of its mRNA for the
seed sequence of MIRTX. B and D, The
luciferase activity of a plasmid that
included the 30-UTR region of CXCR2
and PIK3R1 in DLD1 and SW480 cells
treated with miR-NC or MIRTX. All data,
mean � SD. � , P < 0.01.
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formulated MIRTX side effects. We observed no differences in
mortality or bodyweight loss between the groups throughout
the experiment (Fig. 6A). Blood chemistry tests showed no
abnormalities except for a modest increase in phosphorus
(Supplementary Fig. S5A), and hematoxylin and eosin
(H&E)–stained sections of each organ tissue (brain, heart,
lung, liver, spleen, kidney, colon) revealed no particular his-
tologic damage in formulated MIRTX-treated mice (Supple-
mentary Fig. S5B). We then investigated the in vivo tumor-
inhibitory effect of MIRTX by systemic administration in a
tumor xenograft mouse model. We used a super carbonate
apatite as the delivery vehicle via tail vein injections. The
results showed that the systemic administration of this for-
mulated MIRTX significantly inhibited tumor growth of DLD1
and HT29 in the mice (Fig. 6B, Supplementary Fig. S5C and
S5D). We then focused on KRAS-mutated DLD1 cells in which
MIRTX downregulated CXCR2 and PIK3R1, resulting in inhi-
bition of NF-kB cascade in vitro. With RT-PCR analyses, we
confirmed that DLD1 tumor xenografts that were administered
systemic formulated MIRTX exhibited a significantly higher
concentration of MIRTX compared with negative control
miRNA (Fig. 6C). Western blot analyses of DLD1 xenografts
demonstrated that expression of CXCR2, PIK3R1, phosphor-
ylated p65, BCL2, and survivin decreased. In contrast, cleaved
caspase-3 increased with treatment of MIRTX (Fig. 6D). IHC
analyses showed concordant results that expression of CXCR2,
PIK3R1, phosphorylated NF-kB (p-p65), and BCL2 decreased
in MIRTX-treated tumors compared with the control tumors,
while intense expression of the whole NF-kB (p65) protein was
maintained (Fig. 6E).

Discussion
In this study, we identified a novel small RNA sequence

that could significantly inhibit KRAS-mutant colorectal cancer
cell growth and designated this potentially therapeutic RNA
sequence "MIRTX." Our results show that MIRTX exhibits a
potent growth-inhibitory and proapoptotic effect in vitro and
in vivo. Moreover, we also showed that MIRTX could directly
target PIK3R1 and CXCR2, suppressing NF-kB signaling path-
ways. These results suggest a potential therapeutic strategy in
KRAS-mutant colorectal cancer. To our knowledge, this report
is the first to describe the antitumor function of this artificial
small RNA sequence.

It is generally thought that hsa-miR-29b precursor (primary
miRNA: pri-miRNA) is a small RNA molecule in the shape of a
stem loop or hairpin. After being captured by RISC, each arm of
the hairpin is processed into the two single RNA strands. One-
strand RNA (guide RNA, mature miRNA) is stable and function-
ally binds to the target mRNA and the other (passenger RNA),
initially discriminated with a star mark, is unstable and destined
to undergo degradation (23, 24, 38, 39). For example,miR-29b-1-
5p is described as miR-29b� on 3D-Gene Human miRNA Oligo
chips (Toray Industries), which means it is degraded and has no
apparent human physiologic function (38). Indeed, a number of
studies >500 on PubMed database focused on miR-29b-3p,
whereas there are only 6 reports on miR-29b-1-5p (27, 28, 40–
43). We also confirmed that expression levels of miR-29b-1-5p
were very low in clinical colorectal cancer tumor samples, which
contrasts to high expression of miR-29b-3p using the same
colorectal cancer samples.

Figure 5.

MIRTX suppresses NF-kB signaling
activity in KRAS-mutant colorectal
cancer cell lines. A, Western blot
analyses of CXCR2, NF-kB (p65),
phosphorylated NF-kB (p-p65), and
survivin in DLD1, SW480, and HT29 cells
treated with miR-NC or MIRTX. b-Actin
(ACTB) was the loading control. B, The
luciferase activities of a plasmid that
contained the pGL4.32[luc2P/NF-kB-
RE/Hygro] in DLD1, SW480, and HT29
cells treated with miR-NC or MIRTX. The
data show that MIRTX significantly
suppressed NF-kB transcriptional
activities in DLD1 and SW480 cells. All
data, mean � SD. � , P < 0.01. C,Western
blot analyses of PIK3R1, phospho-AKT,
and phospho-mTOR in DLD1, SW480,
and HT29 cells treated with miR-NC or
MIRTX. b-Actin (ACTB) was the loading
control.
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Figure 6.

Systemic administration of formulated sCA-MIRTX inhibited tumor growth in vivo. Tumor xenograft mouse models received intravenous administrations
of MIRTX or miR-NC using sCA as a vehicle on days 0, 2, 4, 7, 9, 12, 14, and 16 via a tail vein injection (arrows, days of injections). Each injection
contained 40 mg of formulated oligo with a 40% conjugation rate. A, Body weight loss was evaluated for the parent (n ¼ 8), treated with sCA-control-miR
(n ¼ 8), and treated with sCA-MIRTX (n ¼ 8). B, DLD1 and HT29 tumor xenograft mouse models received intravenous administration of MIRTX or
control-miRNA using sCA. Tumor volumes were evaluated for the parent (n ¼ 8), treated with miR-NC (n ¼ 8), treated with MIRTX (n ¼ 8) on days 0,
2, 4, 7, 9, 12, 14, and 16. Tumors were resected on day 18. All data, mean � SD. (� , P < 0.01, two-way ANOVA). C, RT-PCR analyses showing the high
expression level of MIRTX in tumor xenografts administered formulated sCA-MIRTX, compared with parent or sCA-control-miR–administered tumors.
D, Western blot analyses showing the expression of CXCR2, PIK3R1, NF-kB (p65), phosphorylated NF-kB (p-p65), BCL2, survivin, and cleaved caspase-3
(C-caspase-3) in resected xenograft tumors from parent, control-miRNA, and MIRTX-treated mice. b-Actin (ACTB) was the loading control. All data,
mean � SD. � , P < 0.01. E, The representative images of H&E staining and IHC staining for CXCR2, PI3 kinase p85a, NF-kB (p65), phosphorylated NF-kB
(phosphorylated p65), and BCL2. Each scale bar, 50 mm.
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Asmentioned in the Introduction, a recent report demonstrated
a tumor-suppressive effect by miR-29b-1-5p in triple-negative
breast cancer (28). Therefore, it is of course worth investigating
a role of miR-29b-1-5p in colon cancer; however, the actual
motivation to start this project emerged from our unpublished
data related to a previous study (32), in whichmimic-miR-29b-1-
5p exhibited a considerably potent growth-inhibitory effect com-
pared with other miRNAs tested (Supplementary Fig. S6).

To guarantee the activity of guide miRNA strand alone and
to exclude off-target effect from the opposite complementary
sequence, companies supply optimally conditionedmiRNAmim-
ic. These include mirVana miRNA Mimics (Thermo Fisher Scien-
tific), miRCURY LNA microRNA Mimic (Exiqon), and the one
fromGeneDesign Inc. As anticipated, we found that a completely
opposite complementary strand to miR-29b-1-5p named MIRTX
possessed a potent growth-inhibitory effect, whereas a mature
miR-29b-1-5p strand did not, using the conditioned miRNA
mimics obtained from the two different suppliers.

AlthoughmiR-29b-3p andMIRTX are both the partners ofmiR-
29b-1-5p, their sequences are rather different. This is because each
arm in the pri-miR-29b is processedwith 3 base-shift in RISC (Fig.
1), which caused totally different seed sequences between miR-
29b-3p and MIRTX, ACCACGA and CCAAAUC, respectively.
Although miR-29b-3p is a putative anti-oncomiRNA (19–21),
MIRTX showed much stronger antiproliferative activity in DLD1
(Supplementary Fig. S7). Also as shown in Fig. 2A, MIRTX
exhibited an equivalent to or more effective than the putative
anti-onco miR-34a (35) in colorectal cancer cells. Moreover,
MIRTX displayed a very strong inhibition of growth and invasion
in a series of KRAS-mutated pancreatic cancer cells (H. Yama-
moto; unpublished observations).

On the basis of in silico computational analysis and cDNA
microarray analysis, we focused on PIK3R1 and CXCR2 because
these molecules are involved in NF-kB signaling pathway (Sup-
plementary Fig. S3, refs. 9, 13, 44). As mentioned in Introduction,
NF-kB is activated in KRAS-mutated colorectal cancer (9, 10). We
indeeddemonstrated thatMIRTX could directly bind to the 30-UTR
region ofCXCR2 and PIK3R1mRNAs and suppress protein expres-
sion of both genes in KRAS-mutated colorectal cancer cells, DLD1
and SW480. Earlier studies demonstrated that IL8 and its receptor
CXCR2 are significantly upregulated in the tumor and its micro-
environment in colorectal cancer (16, 45). CXCR2 is known as
a cell receptor that directly regulates NF-kB signaling pathway
(14, 44). On the other hand, PIK3R1 is reportedly shown to be an
intrinsic activator of NF-kB (10, 13). As a result, we found that
targeting the multiple molecules by MIRTX led to effective inhi-
bitionof theNF-kB signalingpathway, exerting anantitumor effect
and triggering apoptosis in KRAS-mutated colon cancer cells.

It is of interest that AKT was unexpectedly activated (phos-
phorylated) or compensatedwhenPIK3R1was downregulated by
MIRTX (Fig. 5C). Studies have reported that these signaling path-
ways are complex and can result in pathway activation by feed-
back loops or cross-talk signal activations (46). These pathway
activations are also considered to be among the causes of drug
resistance, which suggests possible limitations from targeting a
singlemolecule. In this regard, it is assumed thatMIRTXwould be
more effective if it is used in combination with the AKT inhibitor
or miR-4689 that inhibits KRAS and AKT1 simultaneously (32).

We should emphasize thatMIRTX is effective not only toKRAS-
mutated colorectal cancer, but also to KRAS wild-type colorectal
cancer (e.g., HT29, Colo201: see Supplementary Fig. S6), but

when we examined protein expression of PIK3R1 and CXCR2 in
HT29 cells, they were not changed (Fig. 5A–C), suggesting that an
alternative mechanism exists.

The use of siRNA or miRNA as therapeutics or prognostic
biomarkers has shown promise in the treatment of cancer, and
several anticancer small RNA–based drugs have entered clinical
trials (19, 47, 48). However, many obstacles that hinder the
functional efficacy and safety of miRNAs in the clinic remain to
be resolved. Effective delivery is themost challenging hurdle in the
development of miRNAs as a broad therapeutic platform (48). In
this study, we applied an in vivo pH-sensitive delivery system for
nucleic acids using sCA nanoparticles. Our previous studies dem-
onstrated that sCA nanoparticles had high affinity with nucleic
acids and efficiently delivered miRNA and siRNA into various
tumors in mouse models compared with other types of in vivo
systemic delivery vehicles, such as liposome or atelocollagen (12,
31, 33, 49). Accumulating evidence provides a strong rationale for
therapeutically targeting the NF-kB pathway in many types of
cancers (9, 11,44).However, despite the pharmaceutical industry's
aggressive effort to develop specific NF-kB inhibitors for indica-
tions in oncology, no such inhibitor has been clinically approved
because of the toxicities associated with the global suppression of
NF-kB (50). We showed that intravenously administered sCA–
MIRTX conjugates abundantly accumulated in the xenograft
tumors in nude mice. After treatment, xenograft tumors exhibited
significant downregulation of PIK3R1, CXCR2, and phosphory-
lated p65, and antiapoptotic protein expression, as observed in in
vitro experiments. Moreover, systemic administration of sCA–
MIRTX conjugates in colorectal cancer mouse models showed no
specific toxicities. These results suggest that targeting the NF-kB
pathway by MIRTX could offer a potentially great therapeutic
efficacy and less dose-limiting toxicities in colorectal cancer.

In conclusion, we identified a novel small RNA sequence,
MIRTX, that significantly inhibited KRAS-mutant colorectal
cancer cell growth in vitro and in vivo. We also demonstrated
that MIRTX could suppress NF-kB signaling pathways via direct
inhibition of CXCR2 and PIK3R1. These results suggest a novel
RNA-based therapeutic strategy against refractory KRAS-mutant
colorectal cancer in addition to KRASwild-type colorectal cancer.
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