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Muscleblind-like 1 destabilizes Snail mRNA and suppresses the
metastasis of colorectal cancer cells via the Snail/E-cadherin axis
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Abstract. RNA-binding proteins (RBPs) play a fundamental
role in the recurrence and metastasis of colorectal cancer (CRC).
Inthis study, we identified muscleblind-like 1 (MBNLI),anRBP
implicated in developmental control, as a robust suppressor of
CRC cell metastasis in vitro. By using a scratch assay coupled
with time-lapse live cell imaging, our findings revealed that the
knockdown of MBNLI induced epithelial-to-mesenchymal
transition (EMT)-like morphological changes in the HCT-116
cells, accompanied by an enhanced cell motility, and by
the downregulation of E-cadherin and the upregulation of
Snail expression. By contrast, the ectopic overexpression of
MBNLI suppressed EMT, characterized by the upregulation
of E-cadherin and the downregulation of Snail expression.
Mechanistically, Snail rather than E-cadherin, was identified
as a direct downstream target gene of MBNLI1. The ectopic the
overexpression of MBNLI markedly enhanced the recruitment
of Snail transcripts to processing bodies (P-bodies), leading
to the increased degradation of Snail mRNA and consequent
translational silencing. Furthermore, the effect of MBNLI on
CRC cell migration was confirmed in additional CRC cell
lines. SW480 and HT-29 cells exhibited similar changes in
migratory capacity and the expression of Snail/E-cadherin
to those observed in HCT-116 cells. On the whole, this study
demonstrates that MBNLI1 destabilizes Snail transcripts
and, in turn, suppresses the EMT of CRC cells through the
Snail/E-cadherin axis in vitro. Therefore, this EMT-related
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MBNLI1/Snail/E-cadherin axis may prove to be a novel
therapeutic target for CRC metastasis.

Introduction

Colorectal cancer (CRC) is one of the most common
gastrointestinal malignancies, and remains the 4th leading
cause of cancer related mortality worldwide according to
Global Cancer Statistics, responsible for >600,000 fatalities
annually (1). The major therapeutic approaches to CRC include
surgical resection, radiotherapy and chemotherapy; however,
the majority of CRC-related deaths result from metastases,
which are refractory to conventional therapies. It is estimated
that ~20-30% of patients with CRC are already metastatic at
diagnosis and are no longer considered eligible for surgical
resection; in addition, ~30-50% of patients develop recurrence
and metastasis, mostly in the first 5 years following surgery (2,3).
In general, the presence of metastasis at diagnosis or metastatic
recurrence limits the efficacy of chemotherapy and radiotherapy.
Approximately 50% of patients succumb to tumor recurrence
or metastasis by the second post-operative year (4), and the
5-year survival rate in patients with distant tumor spread is
just over 10% (5). Based on the above-mentioned evidence, it is
suggested that metastasis, in addition to tumorigenesis, appears
to be a ‘key’ factor responsible for the poor outcome of patients
with CRC; however, the underlying molecular mechanisms are
complex and remain elusive.

Muscleblind-like 1 (MBNL1), a gene implicated in myotonic
dystrophy, has recently been identified as a robust suppressor of
breast cancer metastasis (6). This gene encodes an RNA-binding
protein (RBP) that plays a fundamental role in the regulation of
developmental processes. Numerous studies have reported that
the loss of MBNLI results in a variety of developmental defects,
including erythroid terminal differentiation (7), endocardial cell
invasion during cardiac development (8), normal development
of photoreceptor cells (9), and normal muscle cell differentiation
and attachment (10). As an RBP, MBNLI contains two pairs
of conserved RNA-binding CCCH zinc finger domains and
plays a pivotal role in the regulation of RNA maturation and
expression (11); it has also been demonstrated to affect mRNA
localization and translation in mouse myoblasts (12), as well as
mRNA turnover in this same system (13), whereas it also
affects alternative polyadenylation in mice (14) and regulates
the processing of pre-miR-1 (15). Notably, despite these studies
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highlighting the wide range of tissue-specific developmental
processing steps mediated by MBNLLI, its effects on cancer cells
have not yet been extensively investigated. Given the impact of
MBNLI on gene expression and its regulatory role in the metas-
tasis of breast cancer cells, we thus hypothesized that MBNLI1
may represent a novel therapeutic target for the metastasis of
CRC cells.

Emergingevidence suggests thatepithelial-to-mesenchymal
transition (EMT) is the first step in the metastatic dissemination
of cancer cells (16). EMT is characterized by the loss of cell-cell
adhesion, and the gain of migratory and invasive traits. In
general, the downregulation of E-cadherin and upregulation
of Vimentin are considered as the hallmarks of EMT (17),
along with a number of key transcription factors, such as Snail,
Slug and ZEB, which have been shown to potentiate EMT
progression (18). These transcription factors can bind to the
promoter of E-cadherin and inhibit its transcriptional activity,
leading to the loss or decrease of E-cadherin expression, which
is considered to be the primary and most important step in the
process of EMT. The aim of the present study was to elucidate
the regulatory effects of MBNL1 on EMT progression by
using CRC cell models in vitro in order to improve our current
understanding of CRC metastasis and identify novel potential
targets for CRC therapy.

Materials and methods

Cells, cell culture and reagents. The HCT-116, SW480 and
HT-29 cells (Cell Bank of the Chinese Academy of Sciences,
Shanghai, China) were maintained at 37°C in the presence of
5% CQO,. Cell culture reagents were obtained from Thermo
Fisher Scientific (Tianjin, China). The HCT-116 and HT-29
cells were cultured in DMEM, and SW480 cells were cultured
in RPMI-1640 medium. All media were supplemented with
10% fetal bovine serum. Mouse anti-MBNLI (cat. no. sc-47740)
RCK (cat. no. sc-376433), Argonaute 2 (Ago2; cat. no. sc-53521)
and GAPDH (cat. no. sc-47724) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Eukaryotic trans-
lation initiation factor 3 subunit B (eIF3B; cat. no. ab40799)
was purchased from Abcam (Cambridge, MA, USA). The
EMT antibody sampler kit (including E-cadherin, Vimentin,
N-cadherin, Snail, ZEB1 and Slug) was purchased from Cell
Signaling Technology (cat. no. 9782T, Danvers, MA, USA).
All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA)

Cell transfections. Transient transfections were performed
using Lipofectamine 3000 (Thermo Fisher Scientific). Small
interfering RNAs, including si-Snail (cat. no. sc-38398),
si-RCK (cat. no. sc-72246), si-Ago2 (cat. no. sc-44409),
si-MBNLI1/a (cat. no. sc-60988) and control (scramble) siRNA
(cat. no. sc-37007) were commercially available from Santa
Cruz Biotechnology. To avoid ‘off-target’ effects, an alterna-
tive si-MBNLI1/b was also used, which is a pool of 3 siRNAs
synthesized by RiboBio (Guangzhou, China) with the following
sequences: GCACAATGATTGACACCAA; GGAGATAAA
TGGACGCAAT; and GACGAGTAATCGCCTGCTT. The
MBNLI1 expression vector (cat. no. SC113012) and the control
vector (cat. no. PCMV6XL4) were purchased from OriGene
(Rockville, MD, USA).
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Cell viability assay. Cell viability was evaluated using the Cell
Counting Kit-8 (CCK-8) assay according to the manufacturer's
instructions (Dojindo, Molecular Technologies, Inc.,
Kumamoto, Japan). Briefly, the cells were cultured in 96-well
culture plates at a density of ~5x10° cells per well. Following
transfection for 0, 12, 24, 36 or 48 h, the cells were incubated
with 10% CCK-8 in DMEM at 37°C for 30 min. The absorbance
of each well was measured using Multiskan Spectrum (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) at 450 nm.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from the cells using the TRIzol isolation
method (Thermo Fisher Scientific, Inc.), and cDNA was
synthesized with an RNA isolation plus kit (Takara Shuzo,
Kyoto, Japan) according to the manufacturer's instructions.
The amplification program of qPCR consisted of activation at
95°C for 5 min, followed by 35 amplification cycles, each
consisting of 95°C for 15 sec then 60°C for 1 min. The
sequences of the primers used in this study were as follows:
Human E-cadherin, 5'-ACCATTCAGTACAACGACCCAA-3'
(forward) and 5'-CAGTAAGGGCTCTTTGACCAC-3'
(reverse); human f-actin, 5'"TCCTGTGGCATCCACGAA
ACT-3' (forward) and 5'-GAAGCATTTGCGGTGGACGAT-3'
(reverse); human Snail, 5'-CCGGAGATCCTCAACCCCAC-3'
(forward) and 5'-CCTTTCGAGCCTGGAGATCCTT-3'
(reverse). qPCR was performed using a 7900HT Fast real-time
instrument (Applied Biosystems/Thermo Fisher Scientific).
Data were analyzed using the AACq method (19) as described
previously elsewhere. $-actin served as a normalizing control.

Western blot analysis. The cells were harvested and lysed in
RIPA lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate)
containing 5 mM EDTA and a protease inhibitor cocktail
(Thermo Fisher Scientific, Inc.). The lysate was kept on ice for
30 min, followed by 10 min centrifugation at 9,600 x g at 4°C.
The supernatant was collected as the total lysate, and the protein
concentration was determined using a BCA protein assay kit
(Thermo Fisher Scientific, Inc.). Aliquots of the lysates (30
pg protein) were loaded onto a NuPAGE Bis/Tris gel (Novex,
Thermo Fisher Scientific, Inc.), followed by transferring onto
PVDF membranes using an iBlot2® Dry Blotting System
(Thermo Fisher Scientific, Inc.). After blocking in 5% BSA for
1 h at room temperature, the membrane was incubated with
the indicated primary antibodies at 4°C overnight: MBNLI
(1:1,000, cat. no. sc-47740), RCK (1:1,000, cat. no. sc-376433),
Ago2 (1:1,000, cat. no. sc-53521), GAPDH (1:10.000,
cat. no. sc-47724) (all from Santa Cruz Biotechnology),
E-cadherin (1:5,000, cat. no. 3195), Vimentin (1:2,000, cat.
no. 5741), N-cadherin (1:2,000, cat. no. 13116), Snail (1:1,000,
cat. no. 3879), ZEBI (1:1,000, cat. no. 3396) and Slug (1:1,000,
cat. no. 9585) (all from Cell Signaling Technology). Following
3 washes with PBS-T, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies
(cat. nos. 7074 and 7076, 1:2,000-1:10,000; Cell Signaling
Technology) at room temperature for 1 h, and the immunoblots
were detected using ECL (Pierce, cat. no. 32106; Thermo
Fisher Scientific, Inc.) with a ChemiDoc XRS+ system
(Bio-Rad Laboratories, Hercules, CA, USA). GAPDH served
as a loading control. Densitometry and quantification of the
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blots was performed using ImageLab (version 3.0, build 11,
Bio-Rad Laboratories).

Immunofluorescence staining. At 24 h post-transfection,
the HCT-116 cells were fixed in 3.7% formaldehyde at
room temperature for 15 min and then permeabilized with
0.2% Triton X-100 in PBS for 15 min. After blocking with
5% BSA at room temperature for 1 h, the cells were incubated
with antibodies against Ago2 (1:200, cat. no. sc-53521, Santa
Cruz Biotechnology), RCK (1:200, cat. no. sc-376433, Santa
Cruz Biotechnology) and eIF3B (1:200, cat. no. ab40799,
Abcam) at 4°C overnight, followed by incubation with Alexa
Fluor 594-conjugated secondary antibodies (ab150116 and
ab150080, 1:400; Abcam) for 1 h at room temperature. The
nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich). In some experiments, the cells were treated
with 500 #M Na arsenite (Sigma-Aldrich) for 1 h to induce the
formation of stress granules. All images were visualized and
processed using a Leica application suite (LAS AF Lite; Leica
Microsystems GmbH, Wetzlar, Germany).

Ribonucleoprotein-immunoprecipitation (RNP-IP) assays.
RNP-IP assays were performed as previously described (21).
Briefly, 2x107 cells per sample were collected, and the lysates
were used for IP at 4°C overnight in the presence of excess
(30 ug) IP antibodies against MBNLI1 (1:50, cat. no. sc-47740,
Santa Cruz Biotechnology), RCK (1:50, cat. no. sc-376433,
Santa Cruz Biotechnology) or Ago2 (1:50, cat. no. sc-53521,
Santa Cruz Biotechnology). IgG served as a negative control.
Following 5 washes with NT2 buffer [SO mM Tris-HCI
(pH 7.5), 150 mM NaCl, 1 mM MgCl,, 0.05% NP-40], RNA in
the IP materials was extracted from the beads using TRIzol
and subjected to reverse transcription with an RNA isolation
plus kit (Takara Shuzo) followed by qPCR analysis. The
normalization of RNP-IP results was carried out by quantifying
in parallel the relative levels of (-actin mRNA in each IP
sample. The amplification program consisted of activation at
95°C for 5 min, followed by 40 amplification cycles, each
consisting of 95°C for 15 sec then 60°C for 1 min. The
sequences of primers used in this study were as follows:
Human E-cadherin, 5'-"ACCATTCAGTACAACGACCCAA-3'
(forward) and 5-CAGTAAGGGCTCTTTGACCAC-3'
(reverse); human p-actin, 5'"TCCTGTGGCATCCACGAA
ACT-3' (forward) and 5'-GAAGCATTTGCGGTGGACGAT-3'
(reverse); human Snail, 5'-CCGGAGATCCTCAACCCCAC-3'
(forward) and 5'-CCTTTCGAGCCTGGAGATCCTT-3'
(reverse).

mRNA stability assay. The cells were treated with
actinomycin D (Act D, at 5 pg/ml) for 0, 4, 8 and 12 h. Total
RNA was extracted using the TRIzol isolation method
(Thermo Fisher Scientific, Inc.), and the expression of
Snail mRNA was analyzed using the AACq method (19)
with B-actin serving as the internal control. The amount of
Snail mRNA at the O h time point was set as 100%, and the
percentage of normalized Snail mRNA levels vs. time was
then plotted to calculate the half-time of Snail mRNA. The
amplification program consisted of activation at 95°C for
5 min, followed by 35 amplification cycles, each consisting
of 95°C for 15 sec then 60°C for 1 min. The sequences of
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primers used in this study were as follows: Human E-cadherin,
5'-ACCATTCAGTACAACGACCCAA-3' (forward) and
5'-CAGTAAGGGCTCTTTGACCAC-3' (reverse); human
B-actin, 5'"TCCTGTGGCATCCACGAAACT-3' (forward)
and 5'-GAAGCATTTGCGGTGGACGAT-3' (reverse). 3-actin
served as a normalizing control.

Scratch assay and time-lapse live cell imaging. The scratch
assay for the evaluation of cell migration was performed as
described previously elsewhere (22). Briefly, the cells were
cultured in a 6-well plate, and the scratch assay was performed
at 24 h post-transfection. A ‘scratch’ wound was created using
a 200 ul pipette tip, and the detached cells were removed
with culture medium. The dynamic monitoring of the wound
healing process was performed using time-lapse live cell
imaging. Immediately after creating the ‘scratch’, the culture
plate was transferred to an automated stage equipped with a
cell incubator that maintains a constant humid environment
(37°C, 5% CO,). The cells were examined under an inverted
microscope (Leica DMI6000B; Leica Microsystems GmbH)
and the images were acquired hourly for 24 h. Wound closure
(%) was defined as (1-T,, scratch area/T scratch area) x100%.
The scratch area was measured by using LAS AF LITE image
processing software (Leica Microsystems GmbH).

Continuous monitoring of cell migration by xCELLigence
electrical impedance-based real-time cell assay (RTCA). Cell
migration was monitored by using the “xCELLigence’ system
on Cell Invasion-and-Migration (CIM)-plates, as described
previously elsewhere (23). Briefly, the SW480 and HT-29
cells were seeded at a density of 20,000 cells per well in the
upper chambers of the CIM-plates in serum-free medium. The
bottom chambers were filled with serum-containing medium
to promote migration across the membranes towards the serum
gradient. Long-term monitoring of cell index was performed
for 60-96 h after seeding, which was recorded only from the
cells that were capable of migrating through the membranes.
Three independent experiments were performed. Data were
analyzed using the RTCA 1.2 software.

Statistical analysis. Data are presented as either
means * standard deviation (SD) for triplicates in one
representative experiment, or means * standard error (SE)
of at least 3 independent experiments each performed in
triplicate. Statistical analyses were performed using GraphPad
Prism 5 (version 5.01, La Jolla, CA, USA). For the comparisons
of multiple groups, data were evaluated by one-way analysis
of variance, followed by the Newman-Keuls post hoc test.
Comparisons between 2 groups were assessed using a Student's
two-tailed t-test. Values of P<0.05 was considered to indicate
statistically significant differences.

Results

Knockdown of MBNLI induces EMT in HCT-116 cells.
Western blot analysis revealed that the knockdown of
MBNLI by either si-MBNLI1/a or si-MBNLI1/b significantly
increased the expression of the mesenchymal markers,
Vimentin (increased by 2.8-fold vs. scramble, P<0.01), and
decreased the expression of the epithelial marker, E-cadherin
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(decreased by 55% vs. scramble, P<0.01). Conversely, the
ectopic overexpression of MBNLI significantly increased the
expression of E-cadherin (increased by 2.2-fold vs. vector,
P<0.01); however, no significant differences were observed
in Vimentin expression. Additionally, the expression of
N-cadherin was not affected by either MBNLI silencing
or overexpression (Fig. 1A and B). Consistently, EMT-like
morphological changes were observed in the cells in which
MBNLI1 was knocked down (Fig. 1C, indicated by yellow
arrowheads). Taken together, these results suggest that
MBNLI plays a pivotal role in the regulation of EMT in CRC
cells by affecting E-cadherin expression in vitro.

Knockdown of MBNLI enhances the motility of HCT-116 cells
without altering their viability. As shown in Fig. 2A and B,
the scratch assay indicated that the knockdown of MBNLI1
significantly enhanced the motility of the HCT-116 cells.
‘Wound closure (%) in the scramble and cells in which MBNLI1
was knocked down was 18+3 and 32+5%, respectively
(P<0.01). Conversely, the overexpression of MBNLI
significantly suppressed the motility of the HCT-116 cells.
Wound closure (%) in the vector and MBNLI-overexpressing
cells was 19+2 and 9+3%, respectively (P<0.01). Moreover, the
results of CCK-8 assay revealed that there were no significant
differences in cell viability by either MBNLI1 silencing or
overexpression (Fig. 2C and D). Collectively, these results
suggest that MBNLI contributes to the modulation of CRC
motility without altering cell viability in vitro.

MBNLI indirectly regulates the expression of E-cadherin
through Snail. As shown by the RNP-IP assay, the association
of E-cadherin transcripts with MBNLI was not affected by
MBNLI1 overexpression compared with vector, suggesting
that changes in E-cadherin expression may be attributed
to an indirect regulation by MBNLI, other than a direct
regulation through physical binding (Fig. 3A). Furthermore,
gPCR analysis revealed that the E-cadherin mRNA
levels were time-dependently upregulated by MBNLI1
overexpression, and downregulated by MBNLI silencing
(Fig. 3B). These results suggest that the effect of MBNLI1
on E-cadherin may rely on an indirect regulation via a
transcriptional ‘mediator’, rather than a post-transcriptional
regulation mediated by MBNLI per se. As shown in
Fig. 3C, among the zinc finger proteins that transcriptionally
regulate E-cadherin through direct binding with its E-box,
a significant negative association was observed between the
MBNLI levels and Snail, whereas no significant changes
were observed in Slug and ZEBI1. More importantly, the
results of a rescue experiment revealed that the depletion
of Snail markedly abolished the effects of si-MBNLI on
E-cadherin expression, indicating that Snail is the key
‘mediator’ (Fig. 3D). Furthermore, a scratch assay by using
si-Snail as rescue experiment demonstrated that changes
in cell motility induced by MBNLI1 knockdown were also
significantly abolished by Snail silencing. Wound closure
(%) in the si-Snail/si-MBNL1 group was significantly
decreased compared with the si-MBNLI1 alone group
(P<0.01; Fig. 3E). Taken together, these results confirm
that Snail is the key mediator responsible for the effects of
MBNLI on E-cadherin expression.
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Effect of MBNLI on the localization of Ago2, RCK and elF3B.
As shown in Fig. 4, both Ago2 (A and B) and RCK (C and D)
were predominately condensed in particles, with no signifi-
cant changes caused by MBNLI overexpression. By contrast,
elF3B was ubiquitously expressed in the cytoplasm, and was
unaffected by MBNLI1 (Fig. 4E and F). Of note, condensed
elF3B was evident in the arsenite-treated cells, which served
as a positive control of stress granule formation (Fig. 4G).
Collectively, these results indicated that MBNLI did not alter
the formation of stress granules; Ago2 and RCK may function
as key components of processing bodies (P-bodies) instead of
stress granules upon MBNLI1 overexpression.

MBNLI suppresses Snail expression by recruiting Snail
transcripts to P-bodies and inducing mRNA decay. As shown
in the RNP-IP assay, the association of Snail transcripts with
MBNLI was increased 7-fold in the MBNLI-overexpressing
cells compared with the vector group (P<0.001), suggesting
that Snail is one of the direct downstream target genes of
MBNLI1 (Fig. 5A). Western blot analysis revealed that the
protein levels of Snail were time-dependently downregulated
by MBNLI overexpression (Fig. 5B), consistent with the
changes observed in the mRNA levels (Fig. 5C). Given that the
halftime of Snail transcripts in the MBNLI-overexpressing
cells was notably shorter compared with that in the vector
cells (P<0.01; Fig. 5D), we hypothesized that mRNA decay
may be involved in the regulation of Snail by MBNLI. To this
end, RNP-IP was performed, and the results revealed that the
association of Snail mRNA with P-bodies was significantly
enhanced by MBNLI, as an obvious elevation was observed
in the Snail mRNA levels in the RCK group (increased by
4.1-fold, P<0.01) and in the Ago2 group (increased by 4.3-fold,
P<0.01) compared with vector cells (Fig. 5E). Furthermore, the
rescue experiment carried out by using si-RCK and si-Ago2
demonstrated that the downregulation of Snail expression was
markedly abolished by the depletion of either RCK or Ago2,
suggesting that the MBNLI-induced suppression of Snail is in
part attributed to mRNA decay in P-bodies (Fig. 5F).

Knockdown of MBNLI enhances the migration of SW480 and
HT-29 cells through the Snail/E-cadherin axis. Given the fact
that cancer cells usually carry a high number of mutations, data
based on only one cell line are not reliable. Thus, we further
examined the role of the MBNL1/Snail/E-cadherin axis in
additional CRC cell lines. RTCA analysis revealed that the
knockdown of MBNLI significantly enhanced the migratory
capacity of the SW480 and HT-29 cells, which was abolished
by Snail silencing (Fig. 6A and B). Consistently, western
blot analysis revealed that the expression of E-cadherin was
markedly increased by MBNLI1 knockdown, which was
reversed by Snail silencing (Fig. 6C and D). Collectively, these
results indicated that the role of the MBNLI1/Snail/E-cadherin
axis in the metastasis of CRC was confirmed by multiple
cell lines in vitro. Taken together with the results shown in
Figs. 1-6, a schematic representation indicating the role of
MBNLI1/Snail/E-cadherin axis in the metastasis of CRC cells
is shown in Fig. 72 MBNLI induces Snail mRNA decay by
recruiting Snail transcripts to P-bodies, thereby suppressing its
protein translation. As a result, the transcription of E-cadherin
is indirectly enhanced.
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Figure 2. Knockdown of muscleblind-like 1 (MBNLI) enhances the motility of HCT-116 cells without altering cell viability. (A and B) Representative images
of the scratch assay. Cells were transfected with either (A) MBNLI siRNA or (B) MBNLI plasmids. At 5 h following transfection, the scratch assay was
performed as described in the Materials and methods. The dynamic process of wound healing was recorded by live cell imaging for 24 h. Wound closure
(%) was quantified by the scratch area, and the values are expressed as the means + SD of data from 6-9 fields in one representative experiment. “P<0.01.
Three experiments were performed that yielded similar results. (C and D) Cell viability. HCT-116 cells were transfected with either (C) MBNLI plasmids or
(D) MBNLI siRNA, and the cell viability was determined by CCK-8 assay at the indicated periods of time. Data are presented as the means + SE of data from
3 independent experiments.

Discussion with CRC develop metastatic disease (25), in particular hepatic

and pulmonary metastases (26). A prerequisite for metastasis
It is estimated that metastasis accounts for 90% of deaths to occur is that cancer cells must acquire a phenotype that
among cancer patients worldwide (24), and 40-50% of patients ~ enables migration to distant organs; therefore, EMT, driven by



960 TANG et al: MBNL1 SUPPRESSES CRC METASTASIS VIA Snail in vitro
o 4 150
%' Em Vector B -§ :
& 3 MBNL1 : , 5 _
£ 7 = 3 10
< -
é E § 2 lE E -
E & ; =] o
£ 3% £E %
£ ¥ 8
E w w
- o 0 AL LI L
w ) » 5 12 24 26 48 L 12 24 36 48
" & B = MBNLA (h
& £ mBNL1(h) § s )
@
> N D S
# N I
& & §F O S N &
RS A S NN
[ @6\ ﬁ‘s’ R @Q’
MBNLL | == e o e | 42 kDa & &
Slug | SU% SS S a 30KDa -
T Snail [-—h : dz‘-‘koa
Snail .

e — A — | 29 kDa

[ E-cadherin e s o -,

' | GAPDH | e v s === | 37 kDa
GAPDH | o— e - o e 37 kD2 |

E Scramble
=

si-MBNL 1/si-Snaiil

L]
1 —
9 |
0h \ < 30 ‘
k 5
: 8
[*]
°
| =
3
24h =
N
@9& \ﬁ‘@
O N
L
Q‘V
¥

@

Figure 3. Muscleblind-like 1 (MBNL1) indirectly regulated the expression of E-cadherin through Snail. (A) RNP-IP assay. The association of E-cadherin
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Slug and ZEBI). Cells were transfected with either MBNLI1 plasmids or MBNLI siRNAs for 24 h. Snail was inversely regulated by MBNLI. No significant
differences were observed in the expression of Slug or ZEBI. (D) Rescue experiment of Snail silencing. The indicated proteins were analyzed at 24 h after
transfection. Of note, changes in E-cadherin expression were markedly abolished by Snail silencing. (E) Scratch assay. Cells were treated as described in (D).
The dynamic process of wound healing was recorded by live cell imaging for 24 h. Values are presented as the means + SD of data from 6-9 fields in one

representative experiment. “P<0.01. Three experiments were performed that yielded similar results.

the coordinated expression of specific gene sets, has become a
focus of research. In general, the regulation of gene expression
occurs at both the transcriptional and post-transcriptional
levels. Notably, however, a growing body of evidence has
indicated that post-transcriptional regulation plays a key
role in the progression of EMT in a variety of cancer types,
including nasopharyngeal carcinoma (27), hepatocellular
carcinoma (28), esophageal squamous cell carcinoma (29) and
lung adenocarcinoma (30). Two important classes that act as
post-transcriptional regulators are microRNAs (miRNAs or
miRs) and RBPs. Despite emerging evidence indicating that
the dysfunction of miRNAs plays a key role in the development
and progression of CRC, the role of RBPs remains poorly
understood.

In this study, by using HCT-116 cells as a CRC model,
we found that MBNLI can regulate the migratory capacity
of CRC cells through an EMT-related mechanism in vitro.
MBNLL is one of the well-documented RBPs that contribute

to the post-transcriptional regulation of specific sets of
transcripts, including pre-RNA splicing, degradation,
modification and translation. Notably, however, while
MBNLI has not been implicated as a regulator in cancer
metastasis, it was originally found to be clinically important
in the pathogenesis of myotonic dystrophy, a genetic disease
characterized by a disease-specific CUG repeat expansion in
the 3' UTR of DMPK in type 1, or a CCUG repeat expansion
in the first intron of CNBP in type 2 (31,32). The following
studies directed our interest towards the potential effect of
MBNLI1 on CRC metastasis: i) Andres et al reported that
the aberrant expression of MBNL2 (an isoform of MBNLI)
has been implicated in switching the form of insulin receptor
(IR) B to A along the crypt axis, leading to intestinal and
colonic adenoma formation (33); ii) Fish et al (6) identified
MBNLI as a robust suppressor of breast cancer metastasis: It
binds two gene transcripts that are considered as metastasis
suppressors, drebrin-like protein (DBNL) and transforming
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Figure 4. Effect of muscleblind-like 1 (MBNLI1) on the localization of Ago2, RCK and eIF3B. At 24 h post-transfection, the localization of Ago2, RCK
and eIF3B in the HCT-116 cells was examined by immunofluorescence. Both (A and B) Ago2 and (C and D) RCK were condensed in particles (P-bodies).
(E and F) Cytoplasmic expression of eIF3B was unaffected by MBNLI. (G) Cells treated with arsenite (500 uM, 1 h) served as positive control. Scale bar,
10 pm.
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Figure 5. Muscleblind-like 1 (MBNLI) induces Snail mRNA decay by recruiting Snail transcripts to P-bodies. (A) RNP-IP assay. The association of Snail
transcripts with MBNLLI was significantly enhanced by MBNLI overexpression compared with vector. Data are presented as the means + SD from triplicates
in one representative experiment. ““P<0.001. Three experiments were performed that yielded similar results. (B) Snail protein levels. The protein levels of
Snail were time-dependently downregulated by MBNLI overexpression. (C) Snail mRNA levels. Data are presented as the means + SE from 3 independent
experiments. “P<0.01 vs. vector group. (D) mRNA turnover assay and half-time of Snail transcripts. Data are presented as the means + SD from triplicates in
one representative experiment. “"P<0.01. Three experiments were performed that showed similar results. (E) RNP-IP assay. The association of Snail transcripts
with Ago2 and RCK was significantly enhanced by MBNLI overexpression compared with vector. Data are presented as the means + SD from triplicates in
one representative experiment. “P<0.01. (F) Rescue experiment. The indicated proteins were analyzed at 24 h following transfection. Notably, changes in Snail
expression were significantly abolished by the depletion of Ago2 and RCK.

acidic coiled-coil containing protein 1 (TACCI1), and these genes. Currently, the role of MBNLI in the pathological
suppresses cell invasiveness by enhancing the stability of  development of CRC remains largely unknown; however,
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of SW480 and HT-29 cells. Cells were transfected with either MBNLI siRNA or Snail siRNA. Cell migration was monitored by RTCA, as described in the
Materials and methods. Data were collected every 15 min, and are presented as the means + SD in one representative experiment (n=3-4 in each group).
Three independent experiments were performed that yielded similar results. (C and D) Changes in the expression of Snail and E-cadherin following MBNLI1
silencing. SW480 and HT-29 cells were treated as described above, and the indicated proteins were analyzed at 24 h following transfection. Notably, the expres-
sion of E-cadherin was significantly suppressed by MBNLI knockdown, which was abolished by Snail silencing. Both the SW480 and HT-29 cells yielded

similar results as those observed in HCT-116 cells.
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Figure 7. Schematic representation of the muscleblind-like 1 (MBNL1)/Snail/E-cadherin axis. MBNLI induces Snail mRNA decay by recruiting Snail
transcripts to P-bodies, thereby suppressing its protein translation. Consequently, the transcription of E-cadherin is indirectly stimulated by MBNLI.

emerging evidence has revealed that the survival probability
among patients with CRC with different levels of MBNLI1

is statistically significant, according to The Human Protein
Atlas [https://www.proteinatlas.org. This database reviewed
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the expression levels of MBNLI in the tissue samples from
CRC patients, showing that the expression of MBNLI in
tumor tissues is significantly upregulated compared with that
in normal tissues. Moreover, patients with higher expression
of MBNLI1 had a higher survival probability, suggesting
that MBNL1 may serve as a positive predictive factor for
the survival of CRC patients (34). Therefore, the underlying
mechanisms warrant further investigation.

In this study, we hypothesized that MBNLI1 may serve
as a suppressor of CRC metastasis, contributing to the
control of EMT through the Snail/E-cadherin axis. First, we
evaluated changes in the expression pattern of EMT markers
by either MBNLI overexpression or silencing. In order to
avoid the ‘off-target’ effect of small interfering RNA, an
alternative siRNA pool (si-MBNL1/b) was used in addition
to si-MBNL1/a. As shown, both specifically knocked down
MBNLI expression that affected the expression of the
EMT markers, Vimentin and E-cadherin, as a result. Since
si-MBNL1/a is a commercially available product of Santa Cruz
Biotechnology, this siRNA was used in further experiments
of the present study. Consistent with the expression of EMT
markers, the knockdown of MBNLI using si-MBNLI1/a was
associated with typical EMT-like morphological changes in
the HCT-116 cells. Notably, however, MBNLI overexpression
only induced E-cadherin expression, whereas no significant
differences were observed in Vimentin expression. Therefore,
changes in the expression of E-cadherin were considered key
to further investigations (Fig. 1).

The scratch assay coupled with time-lapse live cell
imaging clearly demonstrated that the migratory capacity was
significantly affected by MBNLI. Taken together with the fact
that no significant changes were observed in cell viability (Fig. 2),
these findings suggest that MBNLI may represent a therapeutic
target for CRC metastasis rather than tumorigenesis. However,
given the fact that studies on the association between MBNLI1
and cancer are quite limited currently (6,33), and the effect of
MBNLI on the viability of colorectal cancer cells in vitro has
not been reported yet, at least to the best of our knowledge, the
role of MBNLI in CRC metastasis warrants further validation
in future studies. One of the more intriguing findings in this
study was the role of Snail in linking MBNLI1 and E-cadherin. It
appears that E-cadherin mRNA per se is not a direct target gene
of MBNLL, since RNP-IP revealed no physical binding between
MBNLI and E-cadherin transcripts. Instead, the expression of
the transcription co-factor Snail along with Slug and ZEBI1 was
examined. While the expression of Slug and ZEBI remained
unaltered by MBNLI, a negative association between Snail and
MBNLI levels was observed (Fig. 3); however, the question
remains as to whether Snail acts as a direct downstream target
gene of MBNLI1, and through which mechanism MBNLI1
regulates Snail.

Given the studies (6,35) that recently implicated MBNLI1
in the regulation of RNA stability, we hypothesized that
changes in the expression of Snail may also be associated
with the stability of mRNA transcripts. As is known, P-bodies
are distinct cytoplasmic granules within eukaryotic cells
that consist of various enzymes involved in mRNA turnover.
These granules accumulate a fraction of translationally silent
mRNAs, and have been demonstrated to play fundamental
roles in general mRNA decay, adenylate-uridylate-rich
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element mediated mRNA decay, and microRNA induced
mRNA silencing (36-38). Recent studies (39,40) have
revealed that >100 proteins are significantly associated with
P-bodies, among which RCK and Ago2 are two of the critical
resident proteins that localize to P-bodies, dedicated to the
decapping and degradation of mRNA transcripts. However,
one aspect requires comment here. Given that Ago2 and
RCK can also be found in stress granules and cytoplasm
in addition to P-bodies, we firstly asked whether P-body is
only one possibility among several for the degradation of
Snail transcripts. To this end, we examined the localization
of Ago2 and RCK by immunofluorescence (Fig. 4). The
results indicated that both Ago2 and RCK were condensed
in cytoplasmic particles, and neither of them was affected
by ectopic over-expression of MBNLI1. Moreover, eIF3B,
which is a marker of stress granule formation, could be
ubiquitously found in cytoplasm instead of in condensed
particles, showing no significant effect of MBNLI1 on the
assembly of stress granules. Therefore, P-bodies may play a
central role in the degradation of Snail transcripts responding
to MBNLI1. Following the RNP-IP assay that revealed a
physical association between MBNLI and Snail mRNA,
we found that the halftime of Snail transcripts in MBNLI1
overexpression cells was obviously shorter compared
with that in vector cells, suggesting that degradation
of Snail mRNA transcripts was markedly promoted by
MBNLI. Moreover, the association of Ago2/Snail mRNA
as well as RCK/Snail mRNA was significantly increased
by MBNLI overexpression, suggesting that recruitment
of Snail transcripts to P-bodies was affected by MBNLI.
Furthermore, the depletion of Ago2 and RCK using specific
siRNAs significantly abolished the impact of MBNLI on
Snail expression, which established the fundamental role of
P-bodies in mediating Snail mRNA decay (Fig. 5).

Finally, in addition to the HCT-116 cells, we also used
alternative CRC cell lines, namely, SW480 and HT-29, to
further consolidate the effect of MBNLI on CRC metastasis
in vitro by using XCELLigence RTCA analysis. Owing to its
high throughput capability with rapid data acquisition relative
to traditional endpoint experiments, the XxCELLigence RTCA
system was introduced in this study instead of Transwell assays
as it could provide continuous monitoring with quantitative
data for the comparisons among multiple cell groups. As
expected, our results validated that the effect of MBNLI on the
motility of HCT-116 cells could be reproduced in SW480 and
HT-29 cells, suggesting that, in vitro at least, MBNL1/Snail/
E-cadherin axis may play a pivotal role in the CRC metastasis
(Fig. 6). Nevertheless, one of the limitations of the present
study is that the effect of MBNLI1 on CRC metastasis has yet to
be confirmed in vivo, and thus it remains unclear to what extent
MBNLI may contribute to the CRC metastasis. Therefore,
investigations using animal models with MBNLI deficiency
are crucial for further consolidating the role of MBNLI in CRC
metastasis in future studies.

In conclusion, this study revealed a potential role of the
MBNLI1/Snail/E-cadherin axis in the metastasis of CRC cells
in vitro. MBNLI induces Snail mRNA decay by recruiting Snail
transcripts to P-bodies, thereby suppressing its protein translation.
As aresult, the transcription of E-cadherin is indirectly enhanced
(schematic representation is shown in Fig. 7). Our findings may



964

provide valuable insight into the clinical significance of MBNLI1
as a novel therapeutic target for CRC metastasis.
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