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1 | INTRODUCTION

The 3 classical mammalian ras genes, K-ras, N-ras and H-ras, encode
21-Kd proteins that are members of the guanine nucleotide-binding

protein superfamily.’? The canonical properties of Ras are those of a

Despite considerable research on K-Ras inhibitors, none had been established until
now. We synthesized nuclease-resistant synthetic miR-143 (miR-143#12), which
strongly silenced K-Ras, its effector signal molecules AKT and ERK, and the K-Ras
activator Sos1l. We examined the anti-proliferative effect of miR-143#12 and the
mechanism in human colon cancer DLD-1 cell (G13D) and other cell types harboring
K-Ras mutations. Cell growth was markedly suppressed in a concentration-depen-
dent manner by miR-143#12 (IC50: 1.32 nmol L) with a decrease in the K-Ras
mRNA level. Interestingly, this mRNA level was also downregulated by either a
PI3K/AKT or MEK inhibitor, which indicates a positive circuit of K-Ras mRNA
expression. MiR-143#12 silenced cytoplasmic K-Ras mRNA expression and impaired
the positive circuit by directly targeting AKT and ERK mRNA. Combination treat-
ment with miR-143#12 and a low-dose EGFR inhibitor induced a synergistic inhibi-
tion of growth with a marked inactivation of both PI3K/AKT and MAPK/ERK
signaling pathways. However, silencing K-Ras by siR-KRas instead of miR-143#12
did not induce this synergism through the combined treatment with the EGFR inhi-
bitor. Thus, miR-143#12 perturbed the K-Ras expression system and K-Ras activa-
tion by silencing Sos1 and, resultantly, restored the efficacy of the EGFR inhibitors.
The in vivo results also supported those of the in vitro experiments. The extremely
potent miR-143#12 enabled us to understand K-Ras signaling networks and shut
them down by combination treatment with this miRNA and EGFR inhibitor in K-

Ras-driven colon cancer cell lines.
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small GTPase that normally cycles between a GTP-bound active and
a GDP-bound inactive state.>* This cycle is negatively regulated by
GTPase-activating proteins that stimulate the intrinsic GTPase activ-
ity and are positively regulated by guanine nucleotide exchange fac-

tors (GEF).> Ras is normally present in the GDP-bound inactive state,
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which can be changed to the activated state by extracellular stimuli
such as the presence of mitogens, cytokines and growth factors.®
On activation, Ras exerts its functions through protein-protein inter-
actions with effectors, such as Raf kinase and PI3K, to promote cell
growth and survival.”®

In 1982, mutant Ras genes were detected in human cancers,
marking the first discovery of mutated genes in cancer patients.’
Indeed, Ras mutations are genetic events that have been detected
in 30% of all human cancers, with the specific Ras isoform gener-
ally differing according to the cancer type.® Mutations in K-Ras
account for approximately 85% of all Ras mutations, those in N-Ras
for approximately 15% and those in H-Ras for less than 1%; these
are single base missense mutations, mainly in codons 12, 13 or 61
of exons 2 and 3.>'°11 |n colon and rectal carcinomas, K-Ras is
also the predominantly mutated isoform, whereas N-Ras mutations
are infrequent, and H-Ras mutations have not been detected.'?
Cancer-causing mutations impair the GTPase activity of Ras, caus-
ing Ras to accumulate in the GTP-bound active state, which trans-
mits strong downstream signals.® The epidermal growth factor
receptor (EGFR) is an important molecule involved in cancer biology
and therapy.'® K-Ras, which is an essential component of the EGFR
signaling cascade, can activate downstream growth-related signaling
pathways Raf-MAPK and PI3K/AKT.** Both increased EGFR
expression and elevated gene copy numbers are seen in colorectal
cancers.'® For metastatic colorectal cancer patients that have not
responded to chemotherapy, cetuximab, which is an 1gG1 chimeric
monoclonal antibody against EGFR, improves overall and progres-
sion-free survival.'® Unfortunately, the effectiveness of cetuximab
is currently limited to patients with wild-type K-Ras tumors.*® In
patients with mutated K-Ras tumors, there is no significant differ-
ence between those who were treated with cetuximab and those
who received supportive care alone with respect to overall survival
or progression-free survival.'® So far, extensive efforts have been
made to develop one or more small chemical compounds that could
directly target and inhibit constitutively active K-Ras.>!” However,
direct pharmacological targeting of activated K-Ras has been so
unsuccessful for clinical use that Ras oncoproteins are considered
to be “undruggable” cancer targets. Therefore, there is a need for
the development of new strategies and technologies to attack
mutated K-Ras.

Recently, microRNA (miRNA), which is a small nucleic acid mole-
cule, has begun to revolutionize the world of drug discovery.®1?
Impairment of the intracellular levels of certain miRNA triggers the
transmission of genetic information conductive to the development
of disease.?%?' We previously reported that tumor suppressor miR-
143 is downregulated in approximately 80% of human colorectal
tumor samples from cancer and adenoma patients compared with its
level in normal tissues.??> The basic concept of miRNA therapy is
restoration of the normal condition by replacing downregulated
miRNA in tumor cells.?®>2?* For instance, MRX34, which is an miR-34,
was demonstrated to be somewhat effective in clinical trials on liver
cancer patients.?> However, for clinical application, the problem of
degradation by RNA nuclease must be solved; and more efficient

modification of miRNA and their drug delivery system must be
devised.?

In this present study, we synthesized mature miR-143 (syn-miR-
143) targeting K-Ras mRNA?” and others such as AKT and ERK
mRNA.28%0 Among them, a chemically-modified miR-143 (miR-
143#12) induced growth inhibition of K-Ras mutant colon cancer cell
lines when tested at an extremely low concentration. In addition,
miR-143#12 effectively restored the anti-cancer activity of cetux-
imab (anti-EGFR antibody) against cancer cells by impairing of K-Ras
signaling networks. Presently, we found that miR-143#12 inhibited
the activation of K-Ras by silencing Sos1, a Ras-specific GEF, thus
establishing a “positive circuit” for enhancement of K-Ras mRNA
expression by K-Ras effector signaling, as disclosed by using this
potent miR-143#12. Our data indicated that the potent silencing of
plural genes by RNase-resistant miR-143#12 is a reasonable strategy

against mutant K-Ras networks in K-Ras-driven cancers.

2 | MATERIALS AND METHODS

2.1 | Cell culture and cell viability

DLD-1, SW48, HT29 and SW480 cells were purchased from the
Japanese Collection Research Bioresources Cell Bank (Osaka, Japan).
Cell line authentication was done by short tandem repeat (STR) anal-
ysis, which was performed by using primers of THO1, TPOX, VWA,
amelogenin, CSF1PO, D16S539, D75820, D13S317, D5S818 and
D21S11 (GenePrint 10 System; Promega, Madison WI, USA). In addi-
tion, sequencing of the K-Ras mutation in the hot regions was per-
formed. These cell lines were used within 6 months of purchase and
tested for mycoplasma contamination by using a MycoAlert Myco-
plasma Detection Kit (LTO7-118, Lonza, Rockland, ME, USA\). Cells of
the human colon cancer cell lines were grown in RPMI-1640 med-
jum supplemented with 5% (v/v) heat-inactivated FBS and
2 mmol L™! L-glutamine under an atmosphere of 95% air and 5%
CO, at 37°C. The number of viable cells was determined by per-
forming the trypan blue dye-exclusion test. The AKT inhibitor (AKT
inhibitor 1V) and MEK inhibitor (PD98059) were obtained from
Merck Milipore (Darmstadt, Germany). In some experiments the cells
were co-incubated with DMSO or PBS alone as a control.

2.2 | Assay for stability of miRNA in vitro

Am, #1 or #12 were incubated in FBS (Hyclone Laboratories, Logan,
UT, USA) at 37°C for O, 5, 10, 20, 30, 40 or 60 minutes. Then, total
RNA was isolated; and real-time reverse transcriptase PCR using
TagMan microRNA assay was performed to quantify the expression
level of miR-143, which was calculated using the AACt method.

2.3 | Western blotting

Cells were homogenized in chilled lysis buffer comprising
10 mmol L™ Tris-HCI (pH 7.4), containing 1% NP-40, 0.1% deoxy-
cholic acid, 0.1% SDS, 150 mmol L~* NaCl, 1 mmol L~* EDTA and
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1% Protease Inhibitor Cocktail (Sigma, Tokyo, Japan), and stood for
20 minutes on ice. After centrifugation at 11 300 g for 20 minutes
at 4°C, the supernatants were collected as protein samples. Protein
contents were measured with a DC Protein Assay Kit (Biorad, Her-
cules, CA, USA). Ten micrograms of lysate protein for western blot-
ting was separated by SDS-PAGE using a 7.5% or 10%
polyacrylamide gel and electroblotted onto a PVDF membrane
(Amersham Biosciences, Piscataway, NJ, USA). After blockage of
nonspecific binding sites for 1 hour with 5% nonfat milk in PBS con-
taining 0.1% Tween 20, the membrane was incubated overnight at
4°C with various primary antibodies raised against human proteins.
The following antibodies were used in this study: anti-Ras antibody,
purchased from Abcam (Cambridge, MA, USA); anti-Sos1, anti-ERK5,
anti-phospho-ERK1/2, anti-ERK1/2, anti-phospho-AKT (Ser473),
anti-AKT, anti-PARP-1, anti-EGFR and
obtained from Cell Signaling Technology (Santa Cruz, CA, USA); and

anti-H-Ras antibodies,

anti-B-actin antibody, purchased from Sigma. The membranes were
then washed 3 times with PBS containing 0.1% Tween 20, incu-
bated further with HRP-conjugated sheep anti-mouse or donkey
anti-rabbit 1gG antibody (Cell Signaling Technology) at room temper-
ature, and then washed 3 times with PBS containing 0.1% Tween
20. The immunoblots were visualized by use of an Enhanced Chemi-
luminescence Detection Kit (PerkinElmer, Waltham, MA, USA).

2.4 | Cell transfection with miRNA or siRNA

DLD-1, SW48, HT29 and SW480 cells were seeded into 6-well
plates at a concentration of 0.5 x 10°/1 mL/well on the day before
the transfection. We used Pre-miR-143 (Applied Biosystems, Foster
City, CA, USA), which has the same sequences as wild-type miR-143
(#1) and is generally available as a representative miR-143 mimic.
Transfection was achieved by using cationic liposomes, Lipofec-
tamine RNAIMAX (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s lipofection protocol. The sequences of the syn-miR-
143 used in this study are shown in Figure 1A. The siRNA for K-Ras
(siR-KRas: 2, 5nmol LY and siRNA for Sosl (siR-Sosl: 2,
5 nmol L™1) was used for the transfection of the cells, which was
achieved by using Lipofectamine RNAIMAX. The sequence of siRNA
for K-Ras was 5-UAUUGUCGGAUCUCCCUCACCAAUG-3" (siR-
KRas:ORF) and 5-AAUGCAUGACAACACUGGAUGACCG-3
(siR-KRas:3'UTR), and that for Sos1 was 5-UAAACAGGCCUGUA-
GUACAGUGCCG-3' (siR-Sos1:3'UTR). We used non-specific control
(NC) Duplex VII (57% GC content; Dharmacon Research, Lafayette,
CO, USA) as a control. The effects manifested by the introduction of
the mature miRNA or siRNA into the cells were assayed at 48 or
72 hours, respectively, after the transfection.

2.5 | Quantitative RT-PCR

Total RNA extracted from cells by TRIzol containing phenol/guanid-
ium isothiocyanate (Invitrogen) was reverse-transcribed to cDNA by
using Super-Script lll Reverse Transcriptase (Invitrogen) according to

the manufacturer's protocol. To examine the expression level of
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mature miR-143 in detail, we performed TagMan MicroRNA Assays
(Applied Biosystems) using real-time PCR.2? The threshold cycle (Ct)
is defined as the fractional cycle number at which the fluorescence
passes a fixed threshold. The expression level of the miRNA in each
sample was measured and was normalized to RNU6B expression,
which was used as an internal control. Calculation of the Ct value
was done by using a second derivative maximum method, and rela-
tive quantification was done by the comparative Ct method. All reac-
tions were run in triplicate. The PCR primer pairs for miR-143 and
U6 were obtained commercially from Applied Biosystems. For the
detection of K-Ras and Sos1 mRNA, semi-quantitative RT-PCR was
performed by using the primer set of 5-CCTGCTCCATGCA-
GACTGTTA-3 (forward) and 5-TGGGGAGAGTGACCATGACT-3
(reverse) for K-Ras and that of 5-CATTGGACCCCCTTCAG-
TATGTCTT-3' (forward) and 5-GGACACTCCTCCTATTTTGCTGA-3

(reverse) for Sos1.

2.6 | K-Ras-GTP assay

DLD-1 cells were seeded into 6-well plates at a concentration of
0.5 x 10°/1 mL/well the day before transfection. The control-miR,
Am, #1, #12 or siR-Sos1 were used for transfection of the cells by
using Lipofectamine RNAIMAX (Invitrogen). After the transfection,
K-Ras-GTP was measured by using a K-Ras Activation Assay Kit
(CELL BIOLABS). The supernatants were analyzed by immunoblot-
ting with Anti-K-Ras Antibody (Proteintech).

2.7 | Assay for luciferase activity

We constructed sensor vectors by joining the region with or without a
possible binding site from the 3'UTR of human Sos1 (No.7182-7538)
with a luciferase reporter pMIR-control vector (Ambion, Foster City,
CA, USA) to examine the target sequence of miR-143. To generate
sensor vectors with 3 mutations in the binding site of the 3’UTR of
human Sos1 (No. 7481-7487) for miR-143, we mutated seed regions
from CATCTCA to CAGACCA (mt-Sos1, PrimeSTAR Mutagenesis
Basal Kit, TaKaRa). The sensor vector with these mutations was sub-
mitted to the Life Science Research Center, Gifu University for DNA
sequencing. The cells were seeded in 96-well plates at a concentration
of 0.5 x 10°/100 pL/well the day before the transfection. The sensor
vector (concentration: 0.5 pg/well) and #12 or nonspecific control-
miRNA (Dharmacon) were used for the co-transfection of the cells by
using Lipofectamine RNAIMAX (Invitrogen). Forty-eight hours after
the co-transfection, luciferase activities were measured using a Dual-
Glo Luciferase Assay System (Promega, Madison, WI, USA) according
to the manufacturer’s protocol. Firefly luciferase activity was normal-

ized to Renilla luciferase activity.

2.8 | In vivo tumor model and administration of the
syn-miR-143

BALB/cSlc-nu/nu (nude) mice were obtained from Japan SLC (Hama-
matsu, Japan). DLD-1 (K-Ras®*®P) cells were concentrated to
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FIGURE 1 Synthetic miR-143 showed a marked growth inhibition in colon cancer DLD-1 cells. A, Sequences of synthetic miR-143 used in
this study. F RNA, Fluoro-RNA; Ome RNA, O-Methyl RNA; PS, phosphorothioate. B, Remaining percentage of each miR-143, Am, #1 and #12,
remaining in the presence of FBS evaluated by performing RT-qPCR. The O-min value of each miR-143 is indicated as 100%. The mean value
was taken for each time. C, DLD-1 cells were transfected with control-miR, Am, #1 or #12 for 72 h. The cell viability was estimated at 72 h
after the transfection. The cell viability of the control is indicated as 100%. The ICsq values are indicated in the figure. D, Western blot
analysis was performed to determine the levels of the ERKS5, total Ras, ERK1/2 and AKT after transfection with each miR-143 at 10 nmol L
B-actin was used as an internal control. E, Expression levels of K-Ras mRNA as relative ratios with respect to the GAPDH expression level. The
expression level of mMRNA was calculated using the AACt method. F, DLD-1 cells were transfected with control-miR, Am, #1 or #12 at

10 nmol L™ for 72 h. The level of K-Ras-GTP was estimated by performing western blot analysis at 72 h after the transfection. The levels of
GTP-bound K-Ras were quantified by densitometry scanning and normalized to the total levels of K-Ras. *P < .05 vs control (Student’s t test)
in the figures

0.8 x 10%/100 pL and injected s.c. into the back of each mouse. (Ornithine) (a gift from Professor Kataoka) to obtain miRNA-loaded
The tumor volume was calculated using the following formula: polyionic copolymers (PIC) to deliver miRNA to the tumors.®? Tissue
0.5236 L (Lp)% where L4 is the long axis and L, is the short axis of sections from the tumors were used for pathological evaluation, total
the tumor. The evaluation of the tumors was performed after killing protein extraction and total RNA extraction. Animal experimental
the mice at 19 days following transplantation of the tumor cells. For protocols were approved by the Committee for Animal Research and

animal injection, miRNA were mixed with poly(ethylene glycol)-poly Welfare of Gifu University.
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29 | Statistics

Differences were statistically evaluated by 1-way ANOVA followed
by the t test. A P-value of less than .05 was considered to be statis-

tically significant.

3 | RESULTS

3.1 | Growth inhibition by syn-miR-143 of K-Ras
mutant human colon cancer DLD-1 (K-Ras®*3P) cell
line

To explore the use of miR-143 as a possible K-Ras inhibitor for K-
Ras mutant colon cancer cells, we designed and synthesized some
miR-143 having different structures of the double strand for acquir-
ing nuclease resistance. The structures of 2 of these compounds are
shown in Figure 1A. The miR-143#1 (#1) has the same double-
strand RNA sequences as found in the wild-type mature miR-143. In
contrast to #1, miR-143#12 (#12) was chemically modified in its
antisense strand. First, we examined the RNase resistance of syn-
miR-143 compared with that of commercially available miR-143 from
Ambion (Am), which was used as a standard miR-143 mimic in this
study. As shown in Figure 1B, #12 was significantly stable, with
almost 60% remaining after a 60-minute exposure to FBS compared
with the stability for Am and #1. This result indicated that #12 had
acquired high resistance against RNA nuclease.

Next, we examined the growth inhibitory activity of syn-miR-
143 at various concentrations against human colon cancer DLD-1
cell line, as judged by use of the trypan blue dye-exclusion test. The
growth was significantly suppressed in a dose-dependent manner by
treatment with these syn-miR-143 (Figure 1C). The ICso value of
Am was over 60 nmol L1, which was almost 50 times higher than
that of #12 (ICso; 1.32 nmol L™%). Because the previous studies
reported by us and other groups indicated that miR-143 targets
ERK5, K-Ras, ERK1/2 and AKT mRNA,?7%° we evaluated the effects
of miR-143 on these target genes by performing western blot analy-
ses. As to Ras isoforms, DLD-1 cells express K-Ras as the major iso-
form and H-Ras, moderately, at both mRNA and protein levels
(Figure S1). #12 downregulated the expression of both K-Ras and
H-Ras. Based on this finding, we consistently evaluated the total
Ras protein level on the silenced K-Ras and H-Ras by miR-143. The
ectopic expression of syn-miR-143 decreased the protein expression
levels of its target genes, as was the case with Am, in DLD-1 cells
(Figure 1D). MiR-143 silenced not only total Ras, but also its effec-
tor signal molecules ERK1/2 and AKT. Importantly, syn-miR-143
extremely downregulated the level of K-Ras mRNA at 10 nmol L™
(Figure 1E). Furthermore, as demonstrated in Figure 1F, #1 and #12,
but not Am, significantly decreased the level of active K-Ras-GTP at
72 hours. These results indicated that syn-miR-143 are potent
growth suppressors at extremely low concentrations and possibly
suppressed the expression and activation systems of K-Ras in K-
Ras-driven DLD-1 colon cancer cells, which was not observed with
Am.

Cancer Science RUIs =

3.2 | K-Ras effector signaling pathways enhanced
the transcription of K-Ras itself

It has been reported that silencing Ras by miR-143 inhibits the
growth of Ras mutant human cancer cell lines both in vitro and
in vivo.3>®® When we compared the effects of syn-miR-143 and
siR-KRas, the latter being considered to be equal to Ras inhibitors
on the cell growth of K-Ras mutant cells, we found, as shown in Fig-
ure 2A, that the expression level of K-Ras was decreased by either
of 2 different siRNA for K-Ras, which bind to the ORF and 3'UTR
regions of K-Ras, respectively, at 5 nmol L. The growth was sup-
pressed in a dose-dependent manner by either siRNA (Figure 2B).
Their ICsq values are shown in the figure. Based on these results, we
used the siR-KRas for the 3’'UTR in subsequent experiments. To fur-
ther disclose the mechanism of the downregulation of K-Ras by syn-
miR-143, we evaluated the effect of syn-miR-143 or siR-KRas on
the level of K-Ras mRNA. We focused on the AKT and ERK1/2,
which are effector signaling proteins of K-Ras, because syn-miR-143
significantly decreased their expression levels. We examined the
time-dependent protein expression levels of total Ras, AKT and
ERK1/2. The cells transfected with syn-miR-143 tended to show a
decrease in the expression levels of Ras, AKT and ERK1/2 up to
72 hours, after which the levels were maintained at those reduced
levels up to 96 hours (Figure 2C); however, this finding was not
observed in the cells transfected with siR-KRas at the same concen-
tration (5 nmol L’l). In the case of siR-KRas, the levels of Ras and
its effector signaling proteins AKT and ERK were reversed from 48
to 96 hours (Figure S2). These results indicated that syn-miR-143
strongly inactivated the K-Ras and its effector signaling pathways for
a longer time compared with siR-KRas. Therefore, we examined
whether PI3K/AKT and/or MAPK/ERK1/2 signaling pathways
induced the transcription of K-Ras as a target gene by using AKT or
MEK inhibitor. Both inhibitors showed growth suppression of DLD-1
cells after a 24-hour treatment (data not shown). The ICs values of
these inhibitors were 0.27 and 2.33 pmol L2, respectively. When
the cells were incubated for 24 hours with these inhibitors at nearly
their ICso values, the K-Ras mRNA (Figure 2D,F) and protein (Fig-
ure 2E,G) expression levels were significantly decreased in a dose-
dependent manner. These findings were also observed in the case of
SWA480 cells (Figure S3). These results indicated that K-Ras effector
PISK/AKT and MAPK/ERK1/2 signaling pathways also promoted the
transcription of K-Ras itself, thus indicating the establishment of a

positive circuit directed for K-Ras expression.

3.3 | Syn-miR-143 silenced Sos1 by RNAi

In Figure 1F, we show that the ectopic expression of syn-miR-143
decreased the level of K-Ras-GTP. Among the Ras-GEF families
identified in mammals, the Sos proteins are the most widely
expressed and functionally relevant for Ras activation by upstream
cellular signals.®#> According to in silico prediction tools in Tar-
getScan, Sos1 has an miR-143 binding site in its 3'UTR. To validate
Sosl as a target gene of miR-143, we performed a luciferase
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reporter assay. Co-transfection with miR-143#12 and the pMIR
sensor vector that included the candidate target region bound by
miR-143#12 resulted in significant inhibition of the luciferase activ-
ity compared with the co-transfection with control miRNA, but no
inhibition was found in the case of the pMIR sensor vector that
included the region without the binding site. Furthermore, muta-
tions of the Sos1 3’UTR binding site significantly abolished the abil-

results of this assay indicated that miR-143#12 targets Sosl. Next,
we evaluated the intracellular level of Sosl at 48 and 72 hours
after the transfection with Am or syn-miR-143 at 10 nmol L% We
found that syn-miR-143, but not Am, significantly suppressed both
mRNA and protein levels of Sosl (Figure 3B,C). Although Am
decreased the level of Sos1 mRNA, the protein level was almost

unchanged compared with the cells transfected with control-miRNA

ity of miR-143 to decrease the luciferase activity (Figure 3A). These (Figure 3B,C). Furthermore, we examined the cancelling effect of
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FIGURE 2 Contribution of K-Ras to growth and its signaling networks. A, DLD-1 cells were transfected with control-miR or siR-KRas (ORF
or 3'UTR) for 48 h. Western blot analysis was performed to determine the level of total Ras. B-actin was used as an internal control. B, DLD-1
cells were transfected with control-miR or siR-KRas for 48 h. The cell viability was estimated at 48 h after the transfection. The cell viability of
the control is indicated as 100%. C, DLD-1 cells were transfected with control-miR, siR-KRas, #1 or #12 for 24, 48, 72 or 96 h. Western blot
analysis was performed to determine the levels of Ras, p-AKT, AKT, p-ERK1/2 and ERK1/2. B-actin was used as an internal control. The
relative ratios of band density of Ras with respect to those of B-actin were quantified by densitometry. Then, the comparative ratios of the
controls as “1” are indicated in the Figure. D and F, DLD-1 cells were treated with an AKT inhibitor (AKT inhibitor 1V) or MEK inhibitor
(PD98059) for 24 h. The K-Ras mRNA level was estimated at 24 h after the treatment. The mRNA level of the control (O; DMSO alone) is
indicated as 100%. E and G, Western blot analysis was performed to determine the levels of Ras at 24 h after the treatment. -actin was used
as an internal control. *P < .05 vs control (Student’s t test) in the figures
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FIGURE 3 Sos-1is a target of the miR-143. A, Vector with the binding site for miR-143 is indicated as Wild; and that without it as
Mutant. DLD-1 cells were transfected with Wild/control-miR, Wild/#12, Mutant/control-miR or Mutant/#12 for 48 h. The luciferase activities
were estimated at 48 h after the transfection. The luciferase activity of the control (Cont; control-miR) is indicated as 100%. B, DLD-1 cells
were transfected with control-miR, A, #1 or #12 at 10 nmol L~ for 48 h or 72 h. The expression level of Sos1 mRNA, given as relative ratios
with respect to the GAPDH expression level, was evaluated by RT-qPCR. The expression level of control (Cont; control-miR alone) is indicated
as “1.” C, Western blot analysis was performed to determine the level of Sosl. B-actin was used as an internal control. D, DLD-1 cells were
co-transfected with anti-miR-143 inhibitor and/or each miR for 72 h. The cell viability was estimated at 72 h after the transfection. The cell
viability control (Control: control-miR alone) is indicated as 100%. E, Western blot analysis was performed to determine the levels of ERK5 and
Sosl. B-actin was used as an internal control. The relative ratios of the band density of ERK5 and Sos1 with respect to those of B-actin were
quantified by densitometry. Then, the comparative ratios of the controls as “1” are indicated in the Figure. F, DLD-1 cells were transfected
with siR-Sos1 (2, 5 nmol L™1) for 48 h. The cell viability was estimated at 48 h after the transfection. The cell viability control (0; control-miR
alone) is indicated as 100%. G, Western blot analysis was performed to determine the levels of Sos1, Ras, p-AKT, AKT, p-ERK1/2 and ERK1/2
proteins. B-actin was used as an internal control. H, DLD-1 cells were transfected with siR-Sos1 (2, 5 nmol L~Y) for 48 h. The expression level
of K-Ras mRNA as relative ratios with respect to the GAPDH expression level was evaluated by RT-gPCR. The expression level of control (O;
control-miR alone) is indicated as “1.” |, DLD-1 cells were transfected with control or siR-Sos1 for 48 h. The level of K-Ras-GTP was estimated
by performing western blot analysis at 48 h after the transfection. The levels of GTP-bound K-Ras were quantified by densitometry scanning
and normalized to the total levels of K-Ras. *P < .05 vs control (Student’s t test) in the figures

miR-143 inhibitor on the growth suppression after the transfection with antagomirs at 10 nmol L™! (Figure 3D). As shown in Fig-
with syn-miR-143. The effect of growth suppression induced by ure 3E, the inhibitor at 10 nmol L™* partially reversed the downreg-
syn-miR-143 was considerably cancelled in the cells co-transfected ulation of ERK5 and Sosl induced by syn-miR-143. These results
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altogether indicated that syn-miR-143 targeted Sosl. Next, we
examined the effect of Sos1 on growth and the expression of total
Ras. The cell viability at 48 hours was significantly suppressed by
silencing of Sos1 using siRNA for Sos1 (siR-Sos1; Figure 3F). How-
ever, the effector signaling of K-Ras (ie PI3K/AKT and MAPK/
ERK1/2) remained unchanged at 48 hours after the transfection
(Figure 3G). The expression level of Ras was slightly decreased at
both protein and mRNA levels (Figure 3G,H). The K-Ras-GTP levels
were markedly suppressed at 10 nmol L~ (Figure 3I). These results
indicated that the knockdown of Sos1 induced growth suppression,
but barely caused a decrease in the expression level of K-Ras.
Therefore, the knockdown of Sosl did not affect the K-Ras effec-
tor signaling directly (Figure 3G). It is possible that the EGF/EGFR/
K-Ras signaling may have functioned for residual K-Ras activation.
These results altogether indicated that syn-miR-143 decreased the
expression level of K-Ras through inactivating both PI3K/AKT and
MAPK/ERK1/2 signal pathways, and also by silencing Sos1 (Fig-

ure 4).

3.4 | Growth inhibition by combined treatment
with syn-miR-143 and cetuximab

The effectiveness of cetuximab is now limited to patients with K-
Ras wild-type tumors.’® Above we showed that the ectopic
expression of syn-miR-143 significantly decreased the levels of K-
Ras mRNA and K-Ras-GTP through perturbation of the positive
circuit and activation of K-Ras-GDP. However, the upstream sig-
naling via EGFR was still functional even though the miR-143
downregulated EGFR somewhat (Figure 4 and Figure S4). There-

fore, we evaluated whether syn-miR-143 could restore the effect
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of EGFR inhibitors such as anti-EGFR antibody (cetuximab) or the
low-molecular-weight lapatinib on the DLD-1 cell line. First, we
examined the growth inhibitory effect of cetuximab or lapatinib on
DLD-1 cells. The ICso value for cetuximab is indicated in Fig-
ure 5A. For the combination treatment with syn-miR-143 and
cetuximab, the concentration of cetuximab was fixed at 20 and
40 nmol L%, which did not inhibit the growth of the cells and did
not affect the expression levels of total Ras (Figure S5). The com-
bination treatment with syn-miR-143 and low-dose cetuximab
resulted in synergistic growth suppression of DLD-1 cells (Fig-
ure 5B). At the same time, we evaluated the downstream signaling
of K-Ras by performing western blot analysis. The expression
levels of Ras, ERK1/2 and AKT proteins were markedly decreased
(Figure 5C). In addition, we evaluated the restoration effect of
cetuximab by using siR-KRas alone in the same experiment. The
combined treatment with siR-KRas and cetuximab showed approxi-
mately 40% growth suppression; however, the synergistic effect
was not significant (Figure 5D). The levels of p-AKT and p-ERK1/2
were clearly decreased by the combination treatment with siR-
KRas and cetuximab (Figure 5E). In contrast to syn-miR-143, the
expression levels of AKT and ERK1/2 were unchanged, and also
the downregulated K-Ras by siR-KRas alone was recovered even
in combination treatment with cetuximab. It is likely that the
increased expression levels of ERK1/2 and AKT may have stimu-
lated the K-Ras positive circuit, which would have been resistant
to the EGFR inhibitor. Some compensatory pathways leading to a
positive circuit could be at work when K-Ras alone is silenced.
Next, we evaluated the effect of syn-miR-143 on lapatinib, the
first dual inhibitor of EGFR. The ICso value of lapatinib is indi-

cated in Figure 5F. The combination treatment with syn-miR-143

K-Ras positive circuit

Cell membrane

Target gene of
mir1as L

FIGURE 4 Schematic diagram
indicating the “positive circuit” of K-Ras
mRNA expression and the target genes of
miR-143#12
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FIGURE 5 Ectopic expression of Syn-miR-143 recovered the efficacy of EGFR inhibitors. A, DLD-1 cells were treated with cetuximab for 24 h.
The cell viability was estimated at 24 h after the treatment. The cell viability of the control (O; PBS alone) is indicated as 100%. B, DLD-1 cells
were transfected with control-miR, #1 or #12 for 48 h and then treated with cetuximab for 24 h. The cell viability was estimated at 72 h after the
transfection. The cell viability of the control (Control; control-miR and PBS) is indicated as 100%. C, Western blot analysis was performed to
determine the levels of ERK5, Ras, p-ERK1/2, ERK1/2, p-AKT, AKT and PARP-1 proteins. B-actin was used as an internal control. D, DLD-1 cells
were transfected with siR-KRas (3'UTR) for 48 h and then treated with cetuximab for 24 h. The cell viability was estimated at 72 h after the
transfection. The cell viability of the control (Control; control-miR and PBS) is indicated as 100%. E, Western blot analysis was performed to
determine the levels of ERK5, Ras, p-ERK1/2, ERK1/2, p-AKT, AKT and PARP-1 proteins. $-actin was used as an internal control. F, DLD-1 cells
were treated with lapatinib for 24 h. The cell viability was estimated at 24 h after the treatment. The cell viability was estimated at 72 h after the
transfection. The cell viability of the control (O; PBS alone) is indicated as 100%. G, DLD-1 cells were transfected with control-miR, #1 or #12 for
48 h and then treated with lapatinib for 24 h. The cell viability was estimated at 72 h after the transfection. The cell viability of the control
(Control; control-miR and PBS) is indicated as 100%. *P < .05 vs control (Student’s t test) in the figures

and lapatinib also exhibited a significant growth suppression of the . .
P & & PP 3.5 | Tumor suppressive effect of syn-miR-143 on

cells (Figure 5G). These results indicated that syn-miR-143 restored . . .
in vivo experiment

the effect of anti-EGFR antibody (cetuximab) and EGFR inhibitor
(lapatinib) on K-Ras mutant human colon cancer cell line through To further validate the growth inhibitory effect of syn-miR-143, we

marked downregulation of K-Ras networks. performed an in vivo study in which control-miR or syn-miR-143
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were administrated systemically every 72 hours (750 pg/kg/admin-
istration) 4 times to nude mice that had been subcutaneously inoc-
ulated with DLD-1 (K-Ras®3P) cells. At day 10 (before the 2nd
administration), obvious suppression of tumor growth was already
observed in the group injected with syn-miR-143 compared with
the growth in the control miR-injected group (Figure 6A). We eval-
uated the benefit of high-dose (1125 ng/kg) #12 (#12 x 1.5 times).
As a result, the group injected with it showed a more potent tumor
suppressive effect than the low-dose group; and this effect was
prolonged up to the final day 19 (Figure 6A). The loss of body
weight was not observed in any of the groups (Figure 6B). The
expression levels of Ras and K-Ras effector signaling molecules
were extremely decreased in the samples from syn-miR-143-treated
tumors, estimated as protein expression by western blot analysis
(Figure 6C).

Next, we re-evaluated whether syn-miR-143 restored the effect
of anti-EGFR antibody (cetuximab) as seen in the in vitro study.
The concentration of cetuximab was fixed at 10 mg/kg, which was
equal to that used clinically.*® Importantly, the combination treat-
ment with #12 and cetuximab resulted in a significant anti-tumor
effect compared with the administration of #12 alone, even after
the final injection (Figure 6A). The expression levels of Ras and K-
Ras effector signaling molecules were also decreased in #12 +
cetuximab-treated tumors to a greater extent than those in the
control-miR-treated tumors (Figure 6C). These results indicated that
syn-miR-143 induced potent suppression of tumor growth and

Control, #1 and #12

Intravenous injection with PIC: 750 ug/kg, every 3 days, 4 times

restored the effect of anti-EGFR antibody (cetuximab) through the
impairment of K-Ras networks including the positive circuit, in vivo
as well as in vitro.

3.6 | Effects of syn-miR-143 in other K-Ras
mutation harboring colon cancer cell lines

To further validate the effects of syn-miR-143 on other K-Ras wild
and mutant human colon cancer cell lines, we performed the same
experiments by using SW48 (K-Ras"'/B-RafVild), HT29 (K-Ras"Vi/
B-Raf V¢°%E) and SW480 (K-Ras®2V/B-Raf"!9) cells. The growth of
the colon cancer cell lines was significantly suppressed in a concen-
tration-dependent manner by treatment with syn-miR-143 (Fig-
ure 7A-C). The ICsq values of syn-miR-143 are shown in each figure.
#12 exhibited the lowest concentrations of ICso among syn-miR-143
in all cell lines tested. Importantly, #12 was more effective (ie lower
ICsp) against the K-Ras mutant cells (SW480) than against the wild-
type SW48 cells. Next, we evaluated whether syn-miR-143 could
restore the effect of EGFR inhibitors such as cetuximab or low-mole-
cular lapatinib in these cell lines. The ICso values of cetuximab and
lapatinib for SW48 cells (K-Ras"4/B-Raf"¥) were approximately
0.17 and 4.34 pumol L2, respectively (Figure 7D,H). The sensitivity
of SW48 cells to cetuximab was 10 times higher than that of HT29
cells (K-Ras"d/B-Raf'®%%F). The degrees of growth suppression
effects were similar to those in clinical trials. Furthermore, the com-

bination treatment with syn-miR-143 and cetuximab resulted in
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FIGURE 6 Tumor suppressive effect of the miR-143 on DLD-1 cell xenografted mice. A, DLD-1 cells were injected subcutaneously into
BALB/c nude mice. When the tumor volume had reached 100 mm?, 8 mice were sorted into each group. Then, control-miR, #1 or #12 was
intravenously injected every 72 h. At the second administration of #12, cetuximab was intraperitoneally injected every 72 h. The tumor
volume was calculated as 0.5236 L; (L,)?, where L; is the long axis and L, is the short axis of the tumor. C vs #1; P = .03 (day 16), C vs #12;
P = .02 (day 13), C vs #12 + E; P = .05 (day 10), #12 vs #12 + E; P = .04 (day 19). The dose of 750 ng/kg/injection was given intravenously
to each treated mouse every 3 d. The protocol is shown in the figure. B, The body weight was measured at every administration time. C,
Western blot analysis was performed to determine the levels of K-Ras, p-AKT, AKT, p-ERK1/2, ERK1/2 and ERK5 proteins in the xenografted
tumor samples. B-actin was used as an internal control. *P < .05 vs control (Student’s t test)
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synergistic growth suppression (Figure 7E-G). Similar results were
also observed for the cells treated with syn-miR-143 and lapatinib
(Figure 7I-K). As a result, the synergistic effect was remarkably
induced in K-Ras and/or B-Raf mutant colon cancer cell lines. These
results indicated that the additional block of upstream stimulation
mediated-EGFR receptors by using EGFR inhibitors was necessary to
shut down the K-Ras networks completely in K-Ras mutant colon

cancer cells.

4 | DISCUSSION

We demonstrated that chemically-modified miR-143#12 exhibited a
potent suppressive effect on K-Ras networks and that K-Ras-mutant
colon cancer DLD-1 cells established a positive circuit through the
constitutive K-Ras activation-stimulation of effector signaling path-
ways, resulting in enhanced nuclear K-Ras transcription, which was
clearly disclosed by using the potent chemically-modified miR-
143#12 (Figures 1 and 4). This positive circuit was also true in the
case of another K-Ras mutant, one in SW480 cells (Figure S3). The
miR-143#12 impaired K-Ras networks including the positive circuit

(A) swas (K-Ras"/B-Raf**) (B) HT29 (K-Ras"*/B-Rafveo0€)

Cancer Science RUIs= e

by silencing the key molecules of the networks. The miR-143#12
was chosen in view of its having the greatest growth inhibitory
activity and RNase resistance among more than 20 chemically-modi-
fied miR-143. In the current study, we newly identified the K-Ras
activator Sosl as a target gene of miR-143#12. Mir-143#12 also
impaired the K-Ras/Sosl relationship. In addition, our results sug-
gested that inhibitors of K-Ras may not suppress the positive circuit
completely, because the compensatory networks to activate K-Ras
effector pathways could be induced when K-Ras alone was silenced.

Furthermore, our data indicated that the upstream signaling
pathway to K-Ras via EGFR was still functional for K-Ras expression,
because of the synergistic effects on growth suppression and protein
expression profiles by the combination treatment with miR-143#12
and EGFR inhibitor in vitro and in vivo. In this case, the concentra-
tions of EGFR inhibitor were extremely low, because miR-143#12
impaired the K-Ras signaling networks efficiently and moderately
silenced the EGFR (Figure S4). Both in vivo and in vitro data
revealed that the higher dose of miR-143#12 exerted the higher
anti-tumor activity. These findings indicated that all signaling path-
ways into K-Ras, which increase the K-Ras mRNA level and K-Ras
activation by Sos1, should be suppressed and that the effect of
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FIGURE 7 Effects of the miR-143 on other types of K-Ras mutant cells. A, B and C, SW48, HT29 and SW480 cells, respectively, were
transfected with control-miR, #1 or #12 for 72 h. The cell viability was estimated at 72 h after the transfection. The cell viability of the control
is indicated as 100%. D and H, SW48, HT29 and SW480 cells were treated with cetuximab or lapatinib for 24 h. The cell viability was
estimated at 24 h after the treatment. The cell viability of the control (O; PBS alone) is indicated as 100%. E, F and G, SW48, HT29 and
SW480 cells, respectively, were transfected with #1 or #12 for 48 h and then treated with cetuximab for 24 h. The cell viability was
estimated at 72 h after the transfection. The cell viability of the control (Control; control-miR and PBS) is indicated as 100%. I, J and K, SW48,
HT29 and SW480 cells, respectively, were transfected with #1 or #12 for 48 h and then treated with lapatinib for 24 h. The cell viability was
estimated at 72 h after the transfection. The cell viability of the control (Control; control-miR and PBS) is indicated as 100%. *P < .05 vs

control (Student’s t test)
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EGFR inhibitors could be recovered only by the combination treat-
ment with miR-143#12, not siR-KRas. Thus, the potent miR-143#12
could perturb the K-Ras expression networks by silencing EGFR,
AKT, ERK and Sos1, as well as K-Ras, for which silencing could be
accomplished only by miR-143#12. MiR-143#12 enabled us to bet-
ter understand the K-Ras signaling networks and to show the possi-
bility of development of an RNA medicine for K-Ras-driven cancers.
We also showed that miR-143#12 exhibited a potent anti-prolifera-
tive activity toward other K-Ras mutant colon cancer cells. K-Ras
mutant cells were more sensitive to miR-143#12 than the cancer
cells with wild-type miR-143, indicating the dependency on K-Ras
mutations as a driver gene. Even though the mutations of PI3K and
Raf, which are upstream signaling molecules of Akt and ERK, respec-
tively, exist, miR-143#12 can affect the Ras networks. An earlier
study of ours showed that miR-143 downregulates c-myc through
directly silencing ERK and AKT,23° whose signaling pathways
increase the levels of c-myc mRNA.3” C-myc is downregulated by
the ectopic expression of the synthetic miR-143. C-myc is positively
associated with maintenance of the Warburg effect through overex-
pression of PKM splicer PTBP1,%%3 which enables the PKM gene to
promote the expression of PKM2 rather than that of PKM1. This
axis is crucial to glycolysis-dominant energy metabolism, referred to
as the “Warburg effect.” In addition, miR-143#12 targets the mRNA
of hexokinase-2 (HK2),*® a glycolysis-associated gene and that of
the Bcl-2 gene.! It is suggested that miR-143#12 may impair the
Warburg effect to block the escape from apoptosis. Thus, the data
suggest that the ectopic expression of miR-143#12 induces apopto-
sis through the decreased expression of bcl-2 and c-myc, which
partly controls cell death and cancer-specific energy metabolism.
MiR-143 is also known to silence the upstream activator of metasta-
sis-related genes such as MMP, CD44 and PKC.*? So far, many
medicines targeting molecules associated with Ras networks have
been developed; however, the outcomes have not been favorable,
especially in Ras-driven cancer cells. Our data may account for the
reason.

MiRNA is a fine-tuner for modulating gene expression at the trans-
lational step. However, our data clearly indicated that the fully chemi-
cally-modified miR-143 could systematically attack the plural
important genes of the K-Ras functional networks to induce profound
growth inhibition. MiR-143#12 silenced the expressions of such genes
as Sos1, AKT and ERK, as well as K-Ras, whose silencing was not
accomplished by the standard Ambion miR-143 or by conventional
molecule-targeted agents. It will be necessary to clarify in more detail
the machinery of K-Ras networks in future experiments. MiR-143#12
will be useful for such clarification. Furthermore, a well-modified drug
delivery system will be required to distribute miR-143#12 into tumors

as an RNA medicine against Ras-driven cancers.
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