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1 | INTRODUCTION

The serine/threonine protein kinase BRAF plays an important role
in the activation of the RAS-RAF-MEK-ERK signaling pathway.!?
Oncogenic BRAF mutations occur in various malignancies including

Abstract

Patients with BRAF-mutated colorectal cancer (CRC) have a poor prognosis despite
recent therapeutic advances such as combination therapy with BRAF, MEK, and
epidermal growth factor receptor (EGFR) inhibitors. To identify microRNAs (miR-
NAs) that can improve the efficacy of BRAF inhibitor dabrafenib (DAB) and MEK
inhibitor trametinib (TRA), we screened 240 miRNAs in BRAF-mutated CRC cells
and identified five candidate miRNAs. Overexpression of miR-193a-3p, one of the
five screened miRNAs, in CRC cells inhibited cell proliferation by inducing apopto-
sis. Reverse-phase protein array analysis revealed that proteins with altered phos-
phorylation induced by miR-193a-3p were involved in several oncogenic pathways
including MAPK-related pathways. Furthermore, overexpression of miR-193a-3p
in BRAF-mutated cells enhanced the efficacy of DAB and TRA through inhibiting
reactivation of MAPK signaling and inducing inhibition of Mcl1. Inhibition of Mcl1
by siRNA or by Mcl1 inhibitor increased the antiproliferative effect of combination
therapy with DAB, TRA, and anti-EGFR antibody cetuximab. Collectively, our study
demonstrated the possibility that miR-193a-3p acts as a tumor suppressor through
regulating multiple proteins involved in oncogenesis and affects cellular sensitivity
to MAPK-related pathway inhibitors such as BRAF inhibitors, MEK inhibitors, and/
or anti-EGFR antibodies. Addition of miR-193a-3p and/or modulation of proteins in-
volved in the miR-193a-3p-mediated pathway, such as Mcl1, to EGFR/BRAF/MEK
inhibition may be a potential therapeutic strategy against BRAF-mutated CRC.
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malignant melanoma (50%), thyroid cancer (30%-50%), and col-
orectal cancer (CRC, 10%).2* Over 90% of BRAF mutations in CRC
are V60OE BRAFV6°%E mutations, which lead to constitutive RAS-
independent upregulation of BRAF kinase activity and promote

tumorigenesis.3
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Several studies have shown that patients with BRAF-mutated
CRC have a poor prognosis and exhibit poor responsiveness to
chemotherapy compared with those with BRAF wild-type CRC.>®
BRAF inhibitor monotherapy, as a targeted therapy, is effective
against BRAF-mutated advanced melanoma.”'° In contrast, BRAF
inhibitor monotherapy was not found to be effective in advanced
CRC patients with a BRAF mutation.*! Resistance to BRAF inhib-
itors in BRAF-mutated CRC was shown to be mainly due to reac-
tivation of MAPK signaling; addition of epidermal growth factor
receptor (EGFR) inhibition to BRAF inhibitors was found to sup-
press MAPK reactivation and increase antitumor activity in vitro
and in vivo.'?*® The combination of BRAF inhibitors and anti-
EGFR antibodies or MEK inhibitors has shown promising results in
some phase Il studies.’*1¢ More recently, in the phase 11l BEACON
trial, triplet therapy with BRAF inhibitor encorafenib, MEK inhib-
itor binimetinib, and anti-EGFR antibody cetuximab (Cmab) and
doublet therapy with encorafenib and Cmab were found to be su-
perior to standard chemotherapy with a combination of FOLFIRI
or irinotecan with Cmab for BRAF-mutated CRC.!” Despite the
recent therapeutic advances, clinical outcomes of patients with
BRAF-mutated CRC still remain poor.>” Therefore, develop-
ment of more effective therapies for BRAF-mutated CRC is a key
imperative.

MicroRNAs (miRNAs), small noncoding RNAs of 19-25 nucle-
otides, suppress gene expression by binding to complementary
sequences in the 3'-untranslated regions (UTRs) of the target
mRNAs. miRNAs are involved in cancer growth, migration, and
sensitivity to anticancer drugs.'®2° The potential application of
miRNAs as diagnostic and prognostic biomarkers in the context
of cancer is a current research hotspot.lg’19 Some studies have
investigated the alterations of miRNA expressions in BRAF-
mutated CRC.?*23 We earlier identified 22 dysregulated miRNAs
in BRAF-mutated CRC using genome-wide miRNA expression
analysis.23 However, it is not clear whether miRNAs can affect
the chemosensitivity of BRAF-mutated CRC to the combination
therapy of a BRAF inhibitor, a MEK inhibitor, and an anti-EGFR
antibody.

In the present study, we aimed to identify miRNAs that may
potentially improve the therapeutic efficacy of BRAF inhibitor dab-
rafenib (DAB) and MEK inhibitor trametinib (TRA) through screen-
ing of miRNA mimics in RKO cells. Moreover, among the screened
miRNAs, we identified a novel role of miR-193a-3p in oncogenesis
and elucidated the previously unknown molecular mechanisms by
which miR-193a-3p overexpression enhances the therapeutic ef-
ficacy of DAB and TRA (DAB/TRA) and DAB/TRA plus Cmab. We
demonstrate that the enhanced sensitivity to DAB/TRA induced by
miR-193a-3p overexpression is mediated at least in part by Mcl1 in-
hibition and that miR-193a-3p overexpression or addition of Mcll
inhibitor to the DAB/TRA combination or the combination of DAB/
TRA plus Cmab could be a novel therapeutic strategy for BRAF-
mutated CRC.
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2 | MATERIALS AND METHODS
2.1 | Reagents

DAB, TRA, Cmab, and S$63845 were purchased from LC
Laboratories, Cayman Chemical, Merck Serono, and Selleck,
respectively.

2.2 | Celllines and cell culture

The human CRC cell lines SW480, RKO, and SW1417 were pur-
chased from the ATCC. COLO320 and LOVO were purchased from
RIKEN. LIM1215 was purchased from the ECACC. HT-29 was pro-
vided by Dr Mariadason at the Ludwig Institute for Cancer Research
(Heidelberg, Australia). SW480 was cultured in RPMI-1640 (Sigma-
Aldrich) with 10% FBS, whereas the other six cell lines were grown
in DMEM (Sigma-Aldrich) with 10% FBS.

2.3 | Functional screening using miRNA
mimic library

Screening of the 240 miRNAs from miR-1-3p to miR-511-5p
included in the human miRIDIAN microRNA Mimic Library
version 19 (Dharmacon) was performed. RKO cells were sepa-
rately transfected with 25 nM of each miRNA mimic using
DharmaFECT-1 Transfection Reagent (Dharmacon) in 96-well
plates. We included miRIDIAN microRNA Mimic Transfection
Control with Dy547 (Dharmacon) as a negative control of miRNA
mimic (NC-mimic). At 6 hours after transfection, cells were
treated with DAB and TRA or dimethyl sulfoxide (DMSO) vehi-
cle for 48 hours. Cell viability was assessed using Cell Counting
Kit-8 assay (Dojindo).

2.4 | Transfection of miR-193a-3p mimic and siRNAs

MiRVana miRNA-193a-3p mimic (#4464066) and MiRVana miRNA
mimic negative control (#4464058) were purchased from Thermo
Fisher Scientific. sSiRNAs used in this study are listed in Table S1.
Cells were transfected with 33-40 nM of miR-193a-3p mimic and
siRNAs using Lipofectamine 2000 (Thermo Fisher Scientific).

2.5 | Cell viability assay

Cell viability was assessed using the Cell Counting Kit-8 assay ac-
cording to the manufacturer's protocol. Combination indices were
calculated using the CompuSyn software version 1.0 (ComboSyn,

Inc).
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2.6 | Cell cycle analysis

Cells were collected after the treatment, washed in PBS, and fixed
overnight with 70% ethanol at 4°C. Cells were incubated with
RNase and propidium iodide. The samples were analyzed by FC-500
(Beckman Coulter).

2.7 | Apoptosis assay

Cells were collected after the treatment, and apoptosis was detected
using Annexin V-FITC Apoptosis Detection Kit (Nacalai Tesque) ac-
cording to the manufacturer's protocol. The measurement was per-
formed by FC-500.

2.8 | Western blot

Western blot analyses were performed following the standard pro-
tocol.?* Primary antibodies used in this study are listed in Table S2.
The band intensities were quantified by densitometry using ImageJ
version 1.52a.2° The expression levels of each protein were normal-
ized by those of internal proteins such as tubulin or p-actin, as deter-

mined by densitometry.

2.9 | Reverse-phase protein array (RPPA) analysis

The Phospho Explorer Antibody Array (Full Moon Biosystems) con-
tains 1318 antibodies. Cell lysates from LIM1215 cells transfected
with miR-193a-3p mimic and NC-mimic for 48 hours were used as
experimental samples. Experiments were performed by Filgen, Inc.
according to the manufacturer's protocol. Each of the antibodies
had two replicates, and an average of duplicate signals was calcu-
lated as the signal value for each antibody. The signal value for each
antibody was normalized by the median signal value for all antibod-
ies. The phosphorylation rate was calculated by dividing the sig-
nal value for the phospho-specific protein antibodies by the signal
value for the corresponding total protein-specific antibody for each

protein.

2.10 | Pathway analysis

The Database for Annotation, Visualization, and Integrated
Discovery (DAVID) tool was employed for pathway analyses using
altered phosphorylation rates.?®?” The Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways that belong to Environmental
Information Processing and Cellular Processes categories were se-
lected in this pathway analysis. A signaling pathway was regarded as
significantly changed when it met the screening criteria, P < .1, false
discovery rate (FDR) < 0.01, and included at least 10 proteins with
fold change (FC) < 0.75 or FC > 1.33.

2.11 | Luciferase reporter assay

The 3'-UTR sequences containing the potential miR-193a-3p bind-
ing sites of KRAS, ATF2, and MYC genes were cloned into the Xhol
and Notl restriction sites of the psiCHECK-2 vector (Promega). The
primer sequences are listed in Table S3. RKO cells were cotrans-
fected with 40 ng of psiCHECK?2 construct and 33 nM miR-193a-3p
mimic or NC-mimic using Lipofectamine 2000. After 48 hours of
transfection, firefly and Renilla luciferase activities were measured
by the Dual-Luciferase Reporter Assay System (Promega). The rela-
tive luciferase activity is presented as the ratio of firefly to Renilla

luciferase activity and normalized to NC-mimic.

2.12 | Statistical analysis

Statistical analyses were performed with JMP Pro version 14.0. All
data except for screening using miRNA mimic library and RPPA anal-
ysis were obtained from three or more independent experiments.
Results are presented as mean + standard error of the mean (SEM).
Between-group differences were assessed using Student’s t-test; P-

values < 0.05 were considered indicative of statistical significance.

3 | RESULTS

3.1 | Screening of mMiRNA mimics that serve as
sensitizers to BRAF and MEK inhibitors

To screen miRNAs that enhance the sensitivity to DAB/TRA, 240
human miRNA mimics were transfected into the BRAF-mutated CRC
cell line RKO, and the cell viability was assessed using the cell viabil-
ity assay (Figure 1A). The growth of cells transfected with miRNA
mimics or NC-mimic was measured 48 hours after DAB/TRA treat-
ment. Treatment with DAB 100 nM and TRA 10 nM decreased the vi-
ability of RKO cells transfected with NC-mimic by 30%. Each miRNA
was classified as a DAB/TRA sensitizer if its transfection caused a
decrease in cell viability by >50% with DAB/TRA treatment but a
decrease in cell viability by <20% with DMSO treatment. As a re-
sult, five miRNAs were identified as DAB/TRA sensitizers (Figure 1B
and Table S4). Out of these five miRNAs, miR-193a-3p was found to
be downregulated in BRAF-mutated CRCs in our previous study23;
therefore, we focused on miR-193a-3p for the subsequent analyses.

3.2 | miR-193a-3p exerts tumor-suppressive
functions in CRC cell lines

miR-193a-3p has been shown to act as a tumor suppressor in various
cancers including CRC%-33; however, the precise molecular mecha-
nisms of miR-193a-3p in CRC carcinogenesis are not fully elucidated.
To identify the novel roles of miR-193a-3p in CRC, we first ana-
lyzed miR-193a-3p expression level and the effect of miR-193a-3p
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FIGURE 1 Screening of miRNAs that sensitize RKO cells

to dabrafenib and trametinib (DAB/TRA) using miRNA mimic
library. A, A schematic representation of the miRNA screening.

B, Screening data plotted as percentage of cell viability after
transfection of miRNAs or negative control of miRNA mimic
(NC-mimic), in combination with DAB/TRA (y-axis) vs DMSO
(x-axis). RKO cells were transfected with miRNA mimic or NC-
mimic, and cell viability was determined 48 h after treatment with
DAB 100 nM and TRA 10 nM. The percentage of viable cells was
calculated by normalization to cells transfected with NC-mimic and
treated with DMSO. The five miRNAs are identified as DAB/TRA
sensitizers

overexpression on CRC cell lines. The mean miR-193a-3p expression
value tended to be lower in BRAF-mutated CRC cell lines compared
with BRAF wild-type CRC cell lines (Figure S1). Next, for the fur-
ther experiments, we used six of 12 cell lines whose miR-193a-3p
expression level was lower than the mean of the total of 17 cell lines
to determine whether miR-193a-3p overexpression affects cellular
proliferation. miR-193a-3p overexpression significantly inhibited cell
proliferation by 15-60% compared with NC-mimic overexpression
in six CRC cell lines (Figure 2A). Although the inhibition rate in the
various cell lines varied to some extent, cell growth was inhibited
by miR-193a-3p overexpression regardless of the cellular genotype
of KRAS/BRAF (Table S5). LIM1215 showed the most significant
inhibitory effect of miR-193a-3p on cell proliferation by 62% + 7%
(Figure 2A). We therefore considered LIM1215 to be a suitable
model to characterize the functional role of miR-193a-3p in the sub-
sequent analyses. To investigate the mechanism of growth inhibition
by miR-193a-3p, the effect of this miRNA on cell cycle or induction
of apoptosis was analyzed by flow cytometry. miR-193a-3p overex-
pression resulted in a significant increase of subG1 population and
decrease of G2/M population compared with NC-mimic overexpres-
sionin LIM1215 and LOVO cells. The G1 and S fractions were slightly
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decreased by miR-193a-3p overexpression in LOVO cells, whereas
both fractions were not significantly changed in LIM1215 cells
(Figures 2B and S2). In addition, apoptotic cells were significantly
increased by miR-193a-3p overexpression compared with NC-mimic
overexpression (Figure 2C). These results indicate that miR-193a-3p
overexpression inhibited the growth of CRC cell lines mainly due to
induction of apoptosis.

Next, we investigated the protein expression changes to evalu-
ate the molecular mechanisms involved in the induction of apoptosis.
We first examined known direct targets of miR-193a-3p including
KRAS,2%%437 Mcl1,%8%? Cyclin D1, CDK4*® and CDK6,*® and
cleaved PARP,% an indirectly dysregulated protein by miR-193a-3p
expression in various cancers. As shown in Figure 2D, miR-193a-3p
overexpression reduced the protein expressions of KRAS, Mcl1,
Cyclin D1, and CDKé and increased the protein expression of
cleaved PARP, compared with NC-mimic overexpression in LIM1215
and RKO cells.

These results indicate that overexpression of miR-193a-3p inhib-
ited cell proliferation through induction of apoptosis by affecting the
expressions of multiple proteins involved in signaling pathway, cell
cycle, and apoptotic pathway.

3.3 | Characterization of proteins with significant
phosphorylation changes induced by miR-193a-3p
overexpression

To further clarify the molecular mechanisms of miR-193a-3p in colo-
rectal carcinogenesis, we performed RPPA analysis to assess the
overall signaling changes induced by miR-193a-3p overexpression in
LIM1215 cells. The Phospho Explorer Antibody Array facilitates de-
tection of both proteins with phosphorylation changes and potential
candidate miRNA targets.*>*® Antibodies with suppressed phospho-
rylation rates and enhanced phosphorylation rates were identified
using a threshold of FC (miR-193a-3p/NC-mimic): FC < 0.75 and
FC > 1.33, respectively. The results showed 93 upregulated phos-
phorylation sites in 68 proteins and 44 downregulated phosphoryla-
tion sites in 40 proteins in miR-193a-3p overexpression cells relative
to NC-mimic-overexpressing cells (Table S6).

In total, approximately 26% of proteins (106 out of 412) were
found to exhibit significant phosphorylation changes caused by miR-
193a-3p overexpression. To identify the key pathways associated
with miR-193a-3p, we performed pathway analyses using DAVID,
to identify KEGG pathways linked to these differentially expressed
proteins. As shown in Table 1 and Figure 3, 14 KEGG pathways were
enriched with proteins with phosphorylation change.

Our analysis indicated that the proteins with significantly altered
phosphorylation levels were intricately involved in various onco-
genic pathways such as AMPK, VEGF, PI3K-AKT, and ERBB signaling
pathways. For example, approximately one-third of the proteins be-
longed to the PIBK-AKT pathway and showed altered phosphoryla-
tion rates. These results suggest that miR-193a-3p is involved in the

regulation of several oncogenic pathways.
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FIGURE 2 Overexpression of miR-193a-3p inhibits proliferation of colorectal cancer (CRC) cells by induction of apoptosis. A,
Overexpression of miR-193a-3p inhibited cell viability of the CRC cells at 72 h after transfection. B, C, miR-193a-3p overexpression
increased cells in the subG1 phase and apoptotic cells at 48 h after transfection. D, Western blots show that miR-193a-3p overexpression
decreased protein expressions of KRAS, Mcl1, Cyclin D1, and CDKé and increased the expression of cleaved PARP at 48 h after transfection.
Numbers below each band represent the expression levels of each protein relative to that of tubulin or p-actin, as determined by
densitometry. Data of miR-193a-3p were normalized to that of negative control of miRNA mimic (NC-mimic). *P < .05; **P < .01
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3.4 | Identification and validation of novel target
candidates of miR-193a-3p using RPPA

In order to detect novel target candidates of miR-193a-3p, we next
performed RPPA to screen proteins that were downregulated by
miR-193a-3p overexpression. Proteins with the standardized signal
values exceeding the median value of those of all proteins from the
cells transfected with NC-mimic were analyzed. When several total
protein-specific antibodies were present on a single protein, the
median value of the FCs calculated for each antibody was used for
the analysis. Of the 225 proteins that qualified for the aforemen-
tioned criteria, 13 proteins (6%) showed reduced expression using
FC < 0.70 as the threshold.

To validate the protein expression changes, of the 13 downreg-
ulated proteins identified on RPPA, the expression levels of seven
proteins associated with cell growth were assessed by Western blot
analysis. Overexpression of miR-193a-3p in LIM1215 and RKO cells
induced a mild but significant reduction in the expressions of ATF2,
MYC, and FOXOS3A; these results were consistent with the findings
of RPPA (Figure 4A,B). This is the first study to demonstrate the reg-
ulation of ATF2 and FOXO3A by miR-193a-3p.

We next performed luciferase reporter assays to verify whether
downregulation of ATF2 and MYC (whose expressions in LIM1215
were reduced by >20% after overexpression of miR-193a-3p) re-
sulted from direct targeting of miR-193a-3p. We used KRAS, a known
direct target of miR-193a-3p, as a positive control.2*3437 We made
a luciferase reporter plasmid incorporating the 3-UTRs of KRAS,
ATF2, and MYC (Figure 4C). The luciferase activity of 3'-UTR of ATF2
and MYC showed no significant decrease by miR-193a-3p overex-
pression, whereas that of 3'-UTR of KRAS was markedly decreased
(Figure 4D). The results suggested that ATF2 and MYC are indirectly
regulated by miR-193a-3p. Collectively, the tumor-suppressive func-
tion of miR-193a-3p is likely attributable to the regulation of several
oncogenic pathways through indirect modulation of the expressions
of ATF2 and MYC, in addition to that of known direct targets such as
KRAS,?”3437 Mcl1,%83? and Cyclin D1%0** (Figure 4E).

3.5 | Overexpression of miR-193a-3p
potentiates inhibition of cell proliferation by the
combination therapy of DAB/TRA and DAB/TRA
plus Cmab

We next tried to validate the effect of overexpression of miR-
193a-3p, identified as a sensitizer of DAB/TRA, on the efficacy of
DAB/TRA, and to clarify the molecular mechanisms of the enhanced
drug efficacy. Overexpression of miR-193a-3p reduced the growth
of RKO cells treated with DAB alone and the combination of DAB/
TRA compared with NC-mimic overexpression (Figure 5A). Because
miR-193a-3p overexpression remarkably enhanced the inhibitory ef-
fect of DAB/TRA on cell growth, we further analyzed the effect of
miR-193a-3p overexpression on the combination of DAB/TRA.
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The enhanced inhibitory effect of DAB/TRA in RKO cells with
miR-193a-3p overexpression was also confirmed in other BRAF-
mutated CRC cell lines, HT29 and SW1417; however, the extent of
enhancement in HT29 and SW1417 was modest compared with that
in RKO (Figure 5B). Similar results were also obtained with DAB/
TRA plus Cmab (Figure 5B). The greater sensitization to DAB/TRA
induced by miR-193a-3p overexpression in RKO compared with
HT29 and SW1417 may be due in part to the lower sensitivity to
DAB/TRA and the lower inhibitory effect of miR-193a-3p alone
on growth. On Western blot analysis, DAB/TRA treatment of RKO
cells transfected with NC-mimic decreased the expression levels
of Mcl1, phospho-ERK (p-ERK), and MYC, and increased that of
phospho-CRAF (p-CRAF), probably due to MAPK reactivation.'>*?
Notably, DAB/TRA treatment of cells with miR-193a-3p overexpres-
sion resulted in marked increase in cleaved PARP and decrease in
Mcl1, phospho-AKT (p-AKT), and MYC (Figure 5C-E). Reactivation
of p-CRAF induced by DAB/TRA was inhibited by addition of miR-
193a-3p as well as addition of Cmab to DAB/TRA. Moreover, addi-
tion of miR-193a-3p to DAB/TRA increased apoptosis and decreased
Mcl1 and MYC more obviously than addition of Cmab. Furthermore,
miR-193a-3p-transfected cells treated with DAB/TRA plus Cmab
showed increased expression of cleaved PARP and decreased ex-
pressions of Mcl1, p-AKT, and MYC compared with NC-mimic-
transfected RKO (Figure 5C,D) and SW1417 cells treated with DAB/
TRA plus Cmab (Figure S3). These results suggest that the enhanced
efficacy of DAB/TRA induced by miR-193a-3p overexpression is at
least partly attributable to the suppression of MAPK reactivation.

3.6 | Silencing of Mcl1 enhanced the efficacy of
combination therapy with DAB/TRA and DAB/TRA
plus Cmab

We then hypothesized that miR-193a-3p affects the response to
DAB/TRA via directly or indirectly targeting the molecules involved
in oncogenic pathways. To address this issue, we next determined
whether silencing of known direct targets of miR-193a-3p includ-
ing KRAS, Mcll and Cyclin D1, or MYC, an indirectly dysregulated
protein by miR-193a-3p expression, can reproduce the effects of
miR-193a-3p overexpression on the efficacy of DAB/TRA in RKO
cells. Western blot analysis showed reduced protein expressions of
Mcl1, KRAS, MYC, and Cyclin D1 in cells transfected with si-Mcl1,
si-KRAS, si-MYC, and si-Cyclin D1, respectively, at 48 hours after
transfection (Figure 6A). Silencing of Mcl1 and Cyclin D1 enhanced
the inhibitory effect of DAB/TRA on cell growth (Figure 6A). Owing
to obvious augmentation of growth inhibition after si-Mcl1 transfec-
tion, we further evaluated the effects of Mcl1 inhibition. Enhanced
inhibition of cell growth by DAB/TRA in addition to Mcl-1 silenc-
ing was also observed after treatment of SW1417 cells with high
doses of DAB/TRA (Figure 6B). These results were also validated
after treatment with DAB/TRA plus Cmab in RKO and SW1417 cells
(Figure 6B).
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TABLE 1 KEGG pathway analysis of proteins with significant phosphorylation change induced by miR-193a-3p overexpression

KEGG pathway

AMPK signaling pathway

VEGEF signaling pathway

PI3K-AKT signaling
pathway

ERBB signaling pathway

Cell cycle

Focal adhesion

mTOR signaling pathway

HIF-1 signaling pathway

MAPK signaling pathway

TNF signaling pathway

cAMP signaling pathway

Rap1 signaling pathway

Ras signaling pathway

FoxO signaling pathway

Number of
proteins

14

11

34

19

13

22

10

13

24

11

14

15

18

13

Phosphorylation
change rate?® (%)

44

42

39

35

34

34

33

33

32

30

29

27

27

25

P-value

2.18E-08

1.44E-08

5.17E-19

1.70E-16

2.11E-07

1.15E-12

1.30E-07

1.16E-08

9.43E-13

3.20E-06

5.53E-06

1.94E-06

2.29E-08

4.96E-07

FDR
2.70E-05

1.78E-05

6.39E-16

2.78E-13

2.62E-04

1.42E-09

1.61E-04

1.44E-05

1.17E-09

3.96E-03

6.84E-03

2.41E-03

2.83E-05

6.13E-04

Proteins

FKHRL1/FOXO3A, PDK1, CREB, LKB1, PPAR-
gamma, AKT1, mTOR, AMPK betal, AKT1S1,
ACC1, AMPK1, IRS-1, SREBP-1, 4E-BP1

Caspase 9, FAK, PLCG1, c-PLA2, PLCG2, Raf1,
PKC alpha/beta Il, MEK1, VEGFR2, BAD, AKT1

Caspase 9, Rafl, PKC alpha/beta Il, EGFR,
NFkB-p65, GSK3 beta, p27Kip1, LKB1, mTOR,
SYK, ATF2, AMPK1, 4E-BP1, BAD, IL-2RA/
CD25, FAK, SREBP-1, FKHRL1/FOXO3A, CD19,
MEK1, HSP90 co-chaperone Cdc37, VEGFR2,
PDK1, CREB, Integrin beta-4, HSP90B, AKT1,
p53, IRS-1, 14-3-3 beta/zeta, NFkB-p105/p50,
Myc, Sé Ribosomal Protein, Cyclin D3

c-Jun, FAK, HER2, Raf1, PKC alpha/beta Il, Elk1,
EGFR, MEK1, GSK3 beta, p27Kip1, AKT1,
mTOR, MKK4/SEK1, PLCG1, PLCG2, STAT5B,
4E-BP1, BAD, Myc

SMC1, Chk2, GSK3 beta, Chk1, p27Kip1, p53,
CDK1/CDC2, PLK1, 14-3-3 beta/zeta, HDAC2,
Cyclin B1, Myc, Cyclin D3

c-Jun, FAK, HER2, Raf1, PKC alpha/beta I,
Elk1, EGFR, MEK1, Vinculin, GSK3 beta, Ras-
GRF1, VEGFR2, PDK1, p130Cas, XIAP, VASP,
Caveolin-1, Integrin beta-4, AKT1, Catenin beta,
BAD, Cyclin D3

PKC alpha/beta Il, AKT1S1, AMPK1, IRS-1, 4E-
BP1, PDK1, LKB1, AKT1, S6 Ribosomal Protein,
mTOR

HER2, PLCG1, PLCG2, PKC alpha/beta I, EGFR,
MEK1, NFkB-p65, 4E-BP1, NFkB-p105/p50,
p27Kip1, AKT1, S6 Ribosomal Protein, mMTOR

c-Jun, MEF2C, Tau, Raf1, MSK1, c-PLA2, PKC
alpha/beta Il, EGFR, Elk1, NFkB-p65, MEK1,
PKA CAT, Ras-GRF1, AKT1, p53, MKP1, MKP2,
MKK4/SEK1, Arrestin-1, FAS, Stathmin 1, ATF2,
NFkB-p105/p50, Myc

c-Jun, MKK4/SEK1, FAS, MSK1, NFkB-p65,
ATF2, MEK1, NFkB-p105/p50, CREB, AKT1,
JunD

c-Jun, NMDAR1, Raf1, NFkB-p65, MEK1, PKA
CAT, ATPase, CREB, RyR2, AKT1, PLD1, BAD,
NFkB-p105/p50, DARPP-32

NMDAR1, Raf1, PKC alpha/beta Il, EGFR, PLC
beta3, MEK1, VEGFR2, p130Cas, VASP, LAT,
AKT1, Catenin beta, PKD2, PLCG1, PKD1/PKC
mu

NMDAR1, c-PLA2, Raf1, PKC alpha/beta II, EIk1,
EGFR, NFkB-p65, MEK1, PKA CAT, Ras-GRF1,
VEGFR2, LAT, AKT1, PLCG1, PLCG2, PLD1,
BAD, NFkB-p105/p50

Rafl, EGFR, FKHRL1/FOXOS3A, MEK1, PDK1,
LKB1, p27Kipl, AKT1, AMPK betal, PLK1,
AMPK1, IRS-1, CyclinB1

Proteins with altered phosphorylation rate (FC < 0.75 or FC > 1.33) were subjected to KEGG pathway analysis.

Abbreviations: FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Genomes.

#Phosphorylation change rate means percentage of proteins with phosphorylation change, which was calculated by dividing proteins with

phosphorylation change by all analyzed proteins in each pathway.
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We next assessed the effect of Mcll silencing on the expres-
sion of proteins involved in apoptotic or MAPK pathways. RKO cells
transfected with si-Mcl1 showed a significant increase in cleaved
PARP and a significant decrease in Mcl1 after DAB/TRA treatment
compared with RKO cells transfected with si-negative control (si-
NC) (Figure 6C,D). Reactivation of p-CRAF by DAB/TRA was in-
hibited by miR-193a-3p overexpression but not by Mcll silencing
alone (Figures 5C,6C). Moreover, under treatment with DAB/TRA
plus Cmab, Mcl1 silencing also induced a further increase in cleaved
PARP, but along with persistent suppression of p-ERK, compared
with si-NC-transfected RKO cells (Figure 6C,D).

3.7 | Mcll inhibitor S63845 enhanced apoptosis
induced by combination therapy with DAB/TRA and
DAB/TRA plus Cmab

To validate whether the enhancement of DAB/TRA efficacy by
Mcll silencing with siRNA was also achieved by Mcll inhibition
using Mcll inhibitors, we next investigated whether Mcl1 inhibi-
tors promote the inhibitory effect of DAB/TRA. Cell viability assay
revealed that treatment with the selective Mcll inhibitor S63845
1 uM enhanced the inhibitory effect of DAB alone, TRA alone, com-
bination of DAB/TRA, and combination of DAB/TRA plus Cmab on

Number of proteins

0 20 40 60 8 100

AMPK signaling pathway -|
VEGF signaling pathway =
PI3K-AKT signaling pathway -
ERBB signaling pathway -
Cell cycle -

Focal adhesion

mTOR signaling pathway -
HIF-1 signaling pathway -
MAPK signaling pathway =

TNF signaling pathway -
cAMP signaling pathway -
Rap1 signaling pathway -

Ras signaling pathway -
FoxO signaling pathway -|

0 20 40 60

Percentage of proteins with phosphorylation change (%)
proteins with significant phosphorylation change

s proteins without significant phosphorylation change

FIGURE 3 Pathway functional annotations of proteins
with altered phosphorylation levels induced by miR-193a-3p
overexpression. Percentage of proteins with phosphorylation
change divided by all analyzed proteins in each pathway is
represented by line plot

the growth of RKO cells (Figure 7A). The enhanced inhibitory effect
of combination therapy with DAB/TRA or DAB/TRA plus Cmab by

Cancer Science Nulia e

563845 was also observed in SW1417 cells (Figure 7B). The interac-
tion between S63845 and DAB/TRA was synergistic as determined
by calculation of the combination indices that were lower than 1, and
the dose-dependent cytotoxicity of S63845 was observed in RKO
cells (Figure S4A,B and Table S7). In SW1417 cells, a synergistic ef-
fect with S63845 was observed at higher doses of DAB/TRA (DAB
10 nM and TRA 1 nM) (Figure S4C). Cotreatment with DAB/TRA
and S63845 induced a remarkable increase in apoptosis of RKO cells,
compared with treatment with DAB/TRA alone or S63845 alone
(Figure 7C). Furthermore, Mcl1 inhibition by S63845 caused more
significant increase in apoptosis after cotreatment with DAB/TRA
plus Cmab than after cotreatment with DAB/TRA (Figure 7C).
Collectively, we demonstrated that similar to miR-193a-3p over-
expression, suppression of Mcl1 by siRNA or Mcl1 inhibitors further
promoted apoptosis and inhibition of cell growth by the combination
of DAB/TRA or by DAB/TRA plus Cmab. The enhanced effects of
miR-193a-3p on the efficacy of treatment with DAB/TRA and/or
DAB/TRA plus Cmab are likely to be mediated at least partly by in-

hibition of Mcl1, which is a known direct target of miR-193a-3p.>%%?

4 | DISCUSSION

The aims of this study were to identify miRNAs that sensitize BRAF-
mutated CRC cells to BRAF inhibitors and MEK inhibitors and to
clarify the function and potential of the screened miRNAs that could
lead to novel therapeutic strategies against BRAF-mutated CRC.
Herein, we demonstrated the novel role of miR-193a-3p in CRC as
follows. First, we identified five miRNAs including miR-193a-3p,
which sensitized BRAF-mutated CRC cells to DAB/TRA. Second, we
found that miR-193a-3p regulates multiple oncogenic pathways in
CRC and acts as a tumor suppressor by indirectly downregulating the
expressions of ATF2 and MYC, in addition to known direct targets
of miR-193a-3p. Third, we found that miR-193a-3p overexpression
enhanced growth inhibition by BRAF and MEK inhibitors by inhib-
iting the reactivation of MAPK signaling. We examined the effect
of silencing the targets of miR-193a-3p, including Mcl1, KRAS, and
Cyclin D1, or MYC, whose expression is regulated by miR-193a-3p.
The results showed that silencing of Mcl1 can reproduce the effects
of miR-193a-3p overexpression on the efficacy of DAB/TRA, so we
focused on Mcl1. The enhanced effects of miR-193a-3p on the cyto-
toxicity of the combination of DAB/TRA or DAB/TRA plus Cmab are
partially mediated by suppression of Mcl1.

Although some miRNAs exert different functions in different
organs, miR-193a-3p has consistently been shown to have tumor-
suppressive functions in various carcinomas. Several studies suggest
that miR-193a-3p acts as a tumor suppressor in CRC by targeting
KRAS,?82? ERBB4,%%%! and IL17RD.%? In our study, we also observed
reduction of KRAS expression by miR-193a-3p overexpression and
confirmed that miR-193a-3p directly targets the 3'-UTR of KRAS
mRNA, which is consistent with previous reports.?®?? In addition to
KRAS, the following genes have been reported as direct targets of

miR-193a-3p: Mcl1 in ovarian cancer® and glioblastoma®’; Cyclin D1
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FIGURE 4 miR-193a-3p represses the protein expressions of ATF2, MYC, and FOXO3A. A, B, Western blots show that miR-193a-3p
overexpression reduced protein expressions of ATF2, MYC, and FOXO3A. Numbers below each band represent the expression levels of each
protein relative to that of p-actin, as determined by densitometry. Relative protein expression was calculated by normalization to negative
control of miRNA mimic (NC-mimic). C, Sequences of the potential miR-193a-3p binding sites in the 3-UTR of KRAS, ATF2, and MYC. D,

The luciferase activity of luciferase reporter with 3-UTR of ATF2 and MYC shows no significant difference by miR-193a-3p overexpression.
E, Potential model for mechanism of tumor suppression of miR-193a-3p. miR-193a-3p decreases the known targets and decreases ATF2,
FOXO3A, and MYC. Proteins downregulated by miR-193a-3p overexpression in Western blots are shown in blue. *P < .05; **P < .01
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FIGURE 6 Silencing of Mcl1 enhances the efficacy of dabrafenib and trametinib (DAB/TRA) and DAB/TRA plus Cmab. A, Silencing of
Mcl1 and Cyclin D1 promoted growth inhibition by treatment with DAB/TRA for 48 h in RKO cells. B, Inhibition of cell growth by treatment
with DAB/TRA and DAB/TRA plus Cmab for 60 h was potentiated by Mcl1 suppression. C, D, Western blots show that Mcl1 suppression
enhanced apoptosis induced by treatment with DAB/TRA and DAB/TRA plus Cmab for 36 h in RKO cells. Numbers below each band
represent the expression levels of each protein relative to that of tubulin, as determined by densitometry. Relative protein expression was
calculated by normalization to si-negative control (si-NC) with DMSO treatment. *P < .05; **P < .01

in breast,*® prostate,*! gastric,*? thyroid,*® and pancreatic cancers**;

and CDK4 and CDK&6 in breast cancer.*® To the best of our knowl-
edge, this is the first study to show that miR-193a-3p overexpression
also decreases the expressions of Mcl1, Cyclin D1, CDK4, and CDKé6
proteins in CRC, although whether the regulation by miR-193a-3p

is via directly targeting the 3-UTR of mRNAs also in CRC requires
further elucidation.

Two previous studies have investigated the protein expres-
sion changes induced by miR-193a-3p using RPPA in a breast can-

cer cell line. Uhlmann et al induced expression of 810 miRNAs and
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performed RPPA analysis of 26 proteins.*’ They demonstrated that
miR-124, miR-147, and miR-193a-3p regulate the proteins involved
in EGFR-related pathways.*” Seviour et al conducted RPPA analy-
sis of 120 proteins after inducing overexpression of 879 miRNAs
and demonstrated that miR-193a-3p directly targets KRAS.3* In our
study, as many as 412 proteins were analyzed with 1318 antibodies.
The results revealed that miR-193a-3p regulates many oncogenic
pathways including EGFR-related pathways, suggesting that the in-
hibitory effects on several targets and protein interactions in those
signaling pathways altered the expression of multiple proteins.
Recent studies have revealed that miRNAs may serve as prog-
nostic biomarkers of anticancer therapies.ig*19 In our previous study,
low expression of miR-193a-3p in CRC tissues showed an associa-
tion with worse progression-free survival of patients who received
anti-EGFR antibody; this suggested that the miR-193a-3p expression
status affects the sensitivity to anti-EGFR antibody.?® In the present
study, miR-193a-3p was found to regulate the PI3K-AKT and ERBB-
MAPK pathways; in addition, miR-193a-3p overexpression enhanced
the inhibitory effect of BRAF and MEK inhibitors and suppressed
MAPK reactivation in BRAF-mutated CRC cell lines. These findings
seem to support our hypothesis that miR-193a-3p is a key regulator
of these signaling pathways and is involved in mechanisms that de-
termine the sensitivity to therapies targeted against these pathways
(including anti-EGFR therapy and/or BRAF/MEK inhibitor therapy).
The mechanisms underlying the drug sensitivity may involve, at least
partly, the inhibition of known direct target genes by miR-193a-3p,
ie, KRAS 223437 and ERBB4.%%3! We found that miR-193a-3p over-
expression suppressed MAPK pathway reactivation explained by p-
CRAF activation under the combination therapy of a BRAF inhibitor
and a MEK inhibitor, but did not further suppress MAPK pathway
reactivation under the combination therapy of a BRAF inhibitor, a
MEK inhibitor, and an anti-EGFR antibody. This result suggests that
miR-193a-3p mediates the sensitization of cells to BRAF and MEK
inhibitors through inhibiting MAPK pathway reactivation mainly via
inhibition of EGFR; however, the precise underlying mechanism is
not clear. Inhibition of Mcl1 suppressed cell growth induced by the
combination of BRAF inhibitors, MEK inhibitors, and/or anti-EGFR
antibodies, similar to that observed with miR-193a-3p overexpres-
sion. In contrast, Mcl1 inhibition did not suppress MAPK reactivation
by BRAF and MEK inhibitors, which was different from the effect of
miR-193a-3p overexpression. These results suggest that the effects
of miR-193a-3p on the increased toxicity of BRAF inhibitors, MEK
inhibitors and/or anti-EGFR antibodies, are mediated partly through
suppression of Mcl1, but also through other unknown mechanisms.
A small number of in vitro and in vivo studies have demonstrated
the association of Mcl1 with the sensitivity of BRAF V600E-mutated
cancers to BRAF inhibitors or MEK inhibitors. Fofaria et al and Sale
et al reported suppression of Mcl1 enhanced the antitumor effect of
BRAF inhibitor vemurafenib and MEK inhibitor selumetinib against
BRAF-mutated melanoma.*®#’ Kawakami et al showed that the
combination of Mcll suppression and MEK inhibitor cobimetinib
enhanced the antitumor effect in BRAF-mutated CRC.*° These find-

ings together with our findings support that Mcl1 suppression is a

useful strategy to enhance the efficacy of BRAF and MEK inhibi-
tors against BRAF-mutated cancers. Combination therapy of BRAF
inhibitors, MEK inhibitors, and anti-EGFR antibodies has been intro-
duced in clinical practice for patients with BRAF-mutated CRC*”>%;
however, further development of therapies to potentiate the effi-
cacy of the combination therapy is warranted. Of note, the present
study shows for the first time that Mcl1 suppression in combination
with BRAF inhibitors, MEK inhibitors, and anti-EGFR antibodies en-
hance the antitumor effect in CRC. In vivo studies will be required
to evaluate efficacy and safety toward the therapeutic application
of miR-193a-3p mimic and Mcl1 inhibitors. Further research on new
combination therapies such as use of miR-193a-3p mimic or Mcll
inhibitors could lead to the development of novel therapeutic strate-
gies for patients with BRAF-mutated cancers, including CRC.

In conclusion, we have shown the possibility that miR-193a-3p is
a key modulator of multiple proteins involved in CRC oncogenesis; in
addition, miR-193a-3p affects the drug sensitivity to MAPK-related
pathway inhibitors such as BRAF inhibitors, MEK inhibitors, and/or
anti-EGFR antibodies. We propose that the addition of miR-193a-3p
or Mcll1 inhibitors to combination therapy with BRAF inhibitors,
MEK inhibitors, and anti-EGFR antibodies may be a potential novel

treatment strategy for BRAF-mutated cancers.
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