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ABSTRACT 

Altered alternative splicing (AS) events are considered pervasive causes that result in the development of carcinogenesis. Herein, we 
identified reprogrammed expression and splicing profiles of Muscle blind-like protein 1 ( MBNL1 ) transcripts in tumorous tissues 
compared to those of adjacent normal tissues dissected from individual colorectal cancer (CRC) patients using whole-transcriptome 
analyses. MBNL1 transcript 8 ( MBNL1 8 ) containing exons 5 and 7 was majorly generated by cancerous tissues and CRC-derived 

cell lines compared with those of the normal counterparts. Interplay between the exonic CA-rich element and upregulated SRSF3 

facilitated the inclusion of MBNL1 exons 5 and 7, which encode a bipartite nuclear localization signal (NLS) and conformational NLS. 
Moreover, abundant SRSF3 interfered with the autoregulatory mechanism involved in utilization of MBNL1 exons 5 and 7, resulting 
in enrichment of the MBNL1 8 isoform in cultured CRC cell lines. Subsequently, an increase in the MBNL1 8 isoform drove a shift in 

the apoptotic chromatin condensation inducer in nucleus 1-S (Acin1-S) isoform to the Acin1-L isoform, leading to diminished DNA 

fragmentation in cultured CRC cells under oxidative stress. Taken together, SRSF3-MBNL1-Acin1 was demonstrated to constitute 
an emerging axis which is relevant to proapoptotic signatures and post-transcriptional events of CRC cells. 

Neoplasia (2020) 22, 702–713 

Keywords: Acin1, Alternative splicing, Colorectal cancer, MBNL, SRSF3 

 

 

m
d
o
p

Introduction 

Over 95% of human genes have been validated to transcribe more
than one coding or noncoding transcript through alternative splicing (AS)
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echanisms, which specify functions of human cells [1–3] . With the 
evelopment of high-throughput sequencing approaches, a growing body 
f cancer genomics studies have revealed that aberrant AS is a pervasive 
henomenon resulting in carcinogenic signatures, including immortalization 
nd energy consumption [4 , 5] . In addition to a mutant cis -element which
lters the strength of splicing sites, functional dysregulation or altered 
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expression of splicing regulators frequently leads to cancer-associated AS
events, which have been correlated with oncogenesis or loss-of-function in
tumor suppression [6] . 

Colorectal cancer (CRC) is a frequently diagnosed malignancy and the
third leading cause of cancer-mediated lethality worldwide [7] . Variations in
genetic backgrounds were demonstrated to be related to the development
and prognosis of CRC [8 , 9] . Correlations between altered AS events and
progression of CRC have been widely documented in recent studies [10 , 11] .
For instance, an increase in serine/arginine-rich splicing factor 3 (SRSF3) was
recently demonstrated a potential oncogene toward development of CRC
[12 , 13] . Further understanding of correlations between AS events involved
in CRC development and their corresponding pathological signatures can
be applied to develop predictive biomarkers or therapeutic targets in CRC
patients. 

Muscle blind-like 1 (MBNL1) is a well-characterized RNA-binding
protein (RBP) that participates in regulating the development of multiple
tissues [14–16] . MBNL1 was documented to regulate multiple post-
transcriptional regulatory pathways, such as splicing, mRNA export, and
mRNA degradation [17–19] . The functional specificity of MBNL1 was
correlated with the conserved CX 7 CX 4–6 CX 3 H zinc finger which serves
as RNA-binding domains (RBDs) and nuclear localization signals (NLSs)
that determine its binding tendency and subcellular localization [19] . The
interplay between RBDs within the MBNL1 protein and a corresponding
RNA motif consisting of a GC dinucleotide flanked by pyrimidines (YGCY)
was recently identified [20] . Result of a transcriptome-based analysis further
indicated the necessity of single-stranded pyrimidines for MBNL binding
[20] . AS exons 1, 5, and 7 within MBNL1 transcripts constitute an
autoregulatory mechanism for manipulating its expressions, splicing profiles,
and biological functions [19–21] . In addition to the molecular mechanism
involved in regulating MBNL1 and MBNL1-mediated impacts on tissue
development, its influence on carcinogenesis was recently investigated.
MBNL1 exerted potential effect on suppressing the progression of breast
cancer and CRC possibly through AS regulation [22–24] . 

In the present study, discriminative expression and splicing profiles of
MBNL1 transcripts were identified in paired CRC cancerous/adjacent normal
tissues using whole-transcriptome assays. In addition to reduced expressions
of total MBNL1, the SRSF3-mediated increase in the MBNL1 8 isoform
further reduced the suppressive effect of the MBNL1 protein on DNA
fragmentation in CRC cells by programming relative levels of the apoptotic
chromatin condensation inducer in the nucleus (Acin1)-L isoform. 

Materials and methods 

Ethics statement of patient samples and cell culture 

This study was approved by the Joint Institutional Review Board of Taipei
Medical University (TMU; approval no. 201,409,044). Human colorectal
tumor samples ( n = 20) were purchased as anonymous specimens from
the TMU Joint Biobank with informed consent. Experiments with clinical
specimens were conducted in accordance with relevant guidelines. HCT-8,
Colo205, HCT-116, and Caco2 cells were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), 600 mg/mL glutamine,
100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen, Camarillo,
CA, USA). 

Total RNA extraction, RNA sequencing, and bioinformatics analysis 

Total RNAs were extracted from clinical tissues using the PureLink RNA
mini kit (Invitrogen) in accordance with the manufacturer’s protocol. To
minimize contamination by genomic DNA, extracted RNAs were treated
with DNase I (Promega, Madison, WI, USA) prior to the following
experiment. The integrity and quantity of RNAs for the whole-transcriptome
ssay were assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies,
edwood, CA, USA) and Qubit 4 fluorometer (ThermoFisher Scientific, 
arlsbad, CA, USA). Poly(A) mRNAs were enriched from 8 μg of total
NAs with a high integrity number (RIN of > 8.0) using oligo (dT)-
ased affinity matrices, followed by library construction using the NEB Next
ltra RNA Library Prep Kit from Illumina (NEB, Ipswich, MA, USA)

ccording to the manufacturer’s instructions. The prepared libraries were 
equenced on an Illumina NextSeq 500 platform, and ∼150-bp paired-end
eads were generated. Preliminary reads were analyzed as reported in our
revious study [25] .The same batch of sequencing reads were reanalyzed
sing CLC genomics workbench (GWB) software (v.20.0.4; QIAGEN, 
ilden, Germany) in this study. 50 × sequencing depth for human whole

ranscriptome analysis and the qualified Phred score (Q � 30) of mapped reads
as subjected to analytic workflow. 

lasmid construction 

The expression plasmid encoding the FLAG-tagged Acin1-L isoform 

pCAGGS-Acin1-L) was a kind gift provided by Dr. Christian Schwerk
University of Mahhheim). The open reading frame (ORF) of the human
cin1-S isoform was amplified with a polymerase chain reaction (PCR) using
 human fetal cDNA library as the template. The PCR product digested
ith Hind III/ BamH I was inserted into the p3XFLAG-CMV14 vector

Sigma, St. Louis, MO, USA). ORFs of human MBNL1 isoforms 2 and
 were amplified with a PCR using a human fetal cDNA library as the
emplate. The PCR product digested with Kpn I/ BamH I was inserted into the
3XFLAG-CMV14 vector (Sigma). The human genomic element containing 
he cassette exons of MBNL1 was PCR-amplified using human genomic
NA as the template. The PCR product was digested with Kpn I and BamH

 restriction enzymes and inserted into pcDNA 3.1 vector (Invitrogen).
erived mutants of the splicing reporter or expressing vector containing the

ubstituted nucleotide were constructed using the QuikChange site-directed 
utagenesis system (Stratagene, Amsterdam, The Netherlands). Vector-based 

hort hairpin (sh)RNAs targeting the human MBNL1 or Acin1 gene were
urchased from the RNAi core facility at Academia Sinica (Taipei, Taiwan). 

ransient transfection, reverse-transcription (RT)-PCR, and 
uantitative RT-(Q)PCR assays 

CRC cell lines were grown to 60% ∼70% confluence, followed by
lasmid transfection using Lipofectamine 3000 in accordance with the 
anufacturer’s protocol (Invitrogen). Total RNAs were extracted using 

 PureLink RNA mini kit at 24 h post-transfection (Invitrogen). Total
NAs of 1 μg prepared from clinical tissues or cultured cells were reverse-

ranscribed using SuperScriptase III (Invitrogen) in a 10-μL reaction. To
dentify alternatively-spliced transcripts, the reverse-transcribed product was 
ubjected PCR assay using primer as listed in Supplementary Table 3. An
T-qPCR was performed with SYBR green fluorescent dye and gene-specific
rimer sets (Supplementary Table 4) using an ABI One Step PCR machine
Applied Biosystems, Foster City, CA, USA). The relative mRNA level was
uantitated by the ��-Ct method, and normalized with the level of GAPDH
ranscripts. 

mmunoprecipitation coupled RT-PCR assay 

The transiently transfected cells were disrupted in 1% Nonidet P-40-
ontaining RIPA buffer (10 mM sodium phosphate, 150 mM NaCl, 2 mM
DTA, pH 7.2), followed by anti-FLAG immunoprecipitation. The RNAs 
ssociated with FLAG-tagged protein were extracted with phenol-chloroform 

nd precipitated with ethanol. The recovered RNAs were subsequently 
nalyzed by RT-PCR as previously described. 
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Subcellular fractionation and immunoblot assay 

The expressing vector encoding the FLAG-tagged MBNL isoform was
transfected into HCT-116 cells using Lipofectamine 3000 (Invitrogen).
Transient-transfected cells were collected and resuspended in 500 μL of RSB-
100 buffer containing 40 mg/mL digitonin (Calbiochem, San Diego, CA,
USA). After incubation on ice for 5 min, cells were centrifuged at 2000 g
for 8 min. The supernatant was collected as the cytosolic fraction, and the
pellet was resuspended in 500 μL of RSB-100 containing 0.5% Triton X-
100 and incubated on ice. After centrifugation, the supernatant was collected
as the nuclear fraction. The immunoblot analysis was conducted using an
enhanced chemiluminescence (ECL) system (Millipore, Billerica, MA, USA),
and results were monitored using the LAS-4000 imaging system (Fujifilm,
Tokyo, Japan). Primary antibodies used in this study included monoclonal
anti-FLAG M2 (dilution 1:2000; Sigma-Aldrich, St. Louis, MO, USA),
monoclonal antiactin (dilution 1:4000; Chemicon, Millipore), monoclonal
anti-SRSF3 (dilution 1:2000; Abnova, Taipei, Taiwan), polyclonal anti-
GAPDH (dilution 1:2000; MDBio, Taipei, Taiwan), polyclonal anti- α
Tubulin (dilution 1:2000; Abcam, Cambridge, UK), polyclonal anti-Acin1
(dilution 1:1000; Cell Signaling Technology, MA, USA), polyclonal anti-
MBNL1 (dilution 1:1000; Abcam, Cambridge, MA, USA; ab45899), and
polyclonal antinucleolin (dilution 1:2000; Abcam, Cambridge, UK). Signal
intensities were evaluated using TotalLab Quant Software. 

In vitro DNA fragmentation assay 

Transfected cells were grown in the presence of sodium arsenite in 6-
cm dishes for 8 h. Cells were washed twice with phosphate-buffered saline
(PBS) and lysed in 300 μL of lysis buffer (20 mM Tris-HCl at pH 7.4,
5 mM EDTA, 150 mM NaCl, and 0.5% Triton X100). After incubation
on ice for 30 min, cells were centrifuged at 12,000 rpm for 15 min. RNaseA
(200 μg/mL) was poured into the supernatant, and the mixture was incubated
at 37 °C for 1 h. After the addition of proteinase K (200 μg/mL), the mixture
was incubated at 37 °C for another 1 h. Fragmented DNA was extracted with
phenol/chloroform/isoamyl alcohol (25:24:1 v/v/v) and precipitated with
95% ethanol. An equal amount of DNA was resolved in a 1% agarose gel
and then stained with ethidium bromide (EtBr). 

Cellular apoptosis assay 

DeadEnd Fluorometric TUNEL system kit (Promega, Madison, WI,
USA) was used to detect apoptotic cells. In brief, in vitro cultured cells were
washed with cold PBSand then fixed with 4% paraformaldehyde for 30 min.
Fixed cells were permeabilized by using 0.1% Triton X-100 and 0.1% Sodium
citrate and next incubated with TUNEL assay mixture for 60 min. The
TUNEL-stained cells were visualized using the Olympus IX81 microscope
(Olympus, Tokyo, Japan). 

Statistical analyses 

Experimental results were analyzed using a one- or two-way analysis of
variance (ANOVA) followed by Tukey’s multiple-comparison post-hoc test.
Analyzed results are expressed as the mean ± standard error of the mean
(SEM) and considered significant at P values of < 0.05 ( ∗P < 0.05; ∗∗P <

0.01; ∗∗∗P < 0.005). 

Results 

Genome-wide analyses identify reprogrammed expressions and splicing 
profiles of MBNL1 transcripts in CRC tissues 

To identify the CRC-related AS profile, whole-transcriptome analyses
were conducted with total RNA samples prepared from six pairs of cancerous
nd adjacent normal tissues which were dissected from independent CRC 

atients ( n = 6) in our previous study [25] . As shown in Table 1 A, a
.8-fold decrease in total MBNL1 transcripts was identified in cancerous 
issues compared to adjacent normal tissues ( Table 1 A, multiple of 
hange = 2.8144). In addition to expression levels, differential splicing 
rofiles of MBNL1 transcripts were characterized in independent paired 
issues. Relatively low abundance of MBNL1 2 ( Table 1 B, NM_207,292; log 2 
ultiple of change = −3.3683) with a concomitant increase in MBNL1 8 

ranscripts ( Table 1 B, NM_001314057; log 2 multiple of change = 3.2935) 
ere identified in cancerous tissues compared to those of adjacent normal 

issues. Nevertheless, expressions of MBNL1 4 transcripts (NM_207,294) 
nd MBNL1 6 (NM_207,296) were not identified using a high-throughput 
equencing approach. 

As shown in Figure 1 A, 9 AS transcripts transcribed from the human
BNL1 gene were submitted to the National Center for Biotechnology 

nformation (NCBI). To validate results of the whole-transcriptome assays, 
T-PCR assays were subsequently conducted with total RNA samples 
repared from paired cancerous and adjacent normal tissues dissected 
rom independent CRC patients ( n = 11). Exclusion of exon 5 or 7
as characterized in the majority of MBNL1 transcripts ( MBNL1 −ex 5 , 
BNL1 + ex 8 , or MBNL1 −ex 7/8 ) generated by normal colorectal tissues 

 Figure 1 B, Normal; Clontech). Similar splicing profiles regarding the 
tilization of MBNL1 exons 5 and 7 were identified in most adjacent 
ormal tissues ( Figure 1 B, NT), whereas increases in the relative levels of
BNL1 + ex 5 or MBNL1 + ex 7/8 transcripts were observed in paired cancerous 

issues ( Figure 1 B, T). In addition to clinical tissue samples, decreases in
he relative levels of MBNL1 + ex 5 , MBNL1 + ex 8 , or MBNL1 + ex 7/8 transcripts 
ere observed in Caco2 cells ( Figure 1 C, lanes 1 and 4) derived from
ell-differentiated adenocarcinoma tissue [21] . In contrast, the majority of 
BNL1 transcripts generated by HCT-8 ( Figure 1 C, lanes 2 and 5) and
CT-116 ( Figure 1 C, lanes 3 and 6) CRC cancer cells were MBNL1 + ex 5 ,
BNL1 + ex 8 , or MBNL1 + ex 7/8 . Moreover, relatively high levels of total 
BNL1 transcripts were noted in adjacent normal tissues ( Figure 1 D, NT)

nd Caco2 cells ( Figure 1 E, lane 1) compared to those of cancerous tissues
 Figure 1 D, T), HCT-8, or HCT-116 cells ( Figure 1 E, lanes 2 and 3). These
esults demonstrated the reprogrammed expressions or splicing profiles of 

BNL1 transcripts in CRC tissues or derived cell lines compared to those 
n adjacent normal tissue or well-differentiated cells. 

tilization of exons 5 and 7 is relevant to the biological properties of 
BNL1 isoforms 

The property of the respective MBNL1 isoforms in relation to splicing 
ctivity, such as subcellular localization, was first evaluated in this study. 
he nuclear index was applied to present subcellular localization of the 
LAG-tagged MBNL1 isoform in transient transfectants. The majority 
f the overexpressing MBNL1 8 isoform containing the NLS encoded by 
xons 5 and 7 was identified in the nuclear fraction ( Figure 2 A, lane
, nuclear index = 0.7827). In contrast, the absence of exon 5 or 7
ay be relevant to a decrease in the nuclear deposition of FLAG-tagged 
BNL1 2 ( Figure 2 A, lane 3, nuclear index = 0.4221) compared to that

f the MBNL1 8 isoform. The potential impact of the MBNL1 isoform 

ith discriminative subcellular localization on AS events was examined 
sing an in vitro culture system. Using RT-PCR assays, the presence of 
verexpression of the MBNL1 2 isoform was shown to drive the splicing 
rofiles of insulin receptor ( INSR ) and fibroblast growth receptor 2 (FGFR2),
enes to noncarcinogenic INSR-B and FGFR2 - IIIb transcripts ( Figure 2 B,
ane 3) compared to those of empty vector (EV)-transfected HCT-116 cells 
 Figure 2 B, lane 1) [26 , 27] . In contrast, overexpression of MBNL1 8 resulted
n further increases in relative levels of INSR-A and FGFR2 - IIIc transcripts
 Figure 2 B, lane 2) as observed in the HCT-116 CRC cell line ( Figure 2 B,
ane 1). Predominant expressions of INSR-A and FGFR2 - IIIc transcripts were
onsistently evaluated using whole-transcriptome assays with total RNAs 
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Table 1 

Genome-wide analyses reveal reprogrammed muscle blind-like protein 1 ( MBNL1 ) transcript levels in colorectal cancer (CRC) 

tissues and adjacent normal tissues. Total RNAs prepared from six pairs of independent tissues ( n = 6) were subjected to 

whole-transcriptome analyses, the sequencing results of which were analyzed using CLC genomics workbench (GWB) software 

(v.20.0.4). (a) Gene expressions and (b) transcript profiles of MBNL1 were identified in cancerous (T) and paired normal (NT) 

tissues. 
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prepared from cancerous tissue samples compared to those of adjacent normal
tissues as shown in Supplementary Table 1 ( n = 6). Taken together, the
influence of the respective MBNL1 isoform on AS events was manipulated
by utilizing MBNL1 exons 5 and 7 which might be relevant to its subcellular
localization. 

Utilization of MBNL1 exons 5 and 7 is modulated through an 

autoregulatory mechanism 

Autoregulated selection of MBNL1 exon 1, 5, or 7 was previously
uncovered in diverse circumstances [20 , 21 , 28] . Nevertheless, we wondered
whether the AS MBNL1 isoform exhibited a discriminative influence on
the selection of its own exons as occurs with programming of other
CRC-related splicing events. Depletion of endogenous MBNL1 consistently
resulted in further inclusion of MBNL1 exon 5 ( Figure 3 A, lanes 3 and
4; upper) or MBNL1 exon 7 ( Figure 3 A, lanes 3 and 4; lower) in CaCo2
or HCT-116 cells compared to those of empty vector (EV)-transfected
cells ( Figure 3 A, lanes 1 and 2). Overexpression of FLAG-tagged MBNL1 8
exhibited a more-prominent effect ( Figure 3 B, lane 2) than did overexpression
of the MBNL1 2 isoform ( Figure 3 B, lane 3) on enhancing generation of
MBNL1 −ex5 ( Figure 3 B, upper) or MBNL1 −ex7 ( Figure 3 B, lower) compared
to those of empty vector transfectants ( Figure 3 B, lane 1). Supplementation
of FLAG-tagged MBNL1 8 isoform antagonized the impact of MBNL1
depletion on enhancing inclusion of MBNL1 exon 7 ( Figure 3 B, lanes 5
and 6). Accordingly, more exon 5- or 7-skipped transcripts were generated by
the respective in vitro splicing reporter with overexpression of the MBNL1 8
isoform ( Figure 3 C, lane 2) compared to those of EV transfectants ( Figure 3 C,
lane 1). Splicing patterns of splicing minigenes consistently showed an
insubstantial response to the presence of the MBNL1 2 isoform ( Figure 3 C,
lane 3). These results demonstrated that MBNL1 isoforms constituted an
utoregulatory mechanism toward utilization of its own exons 5 and 7 even
n a carcinogenic environment. 

n increase in SRSF3 antagonizes the autoregulatory effect of MBNL1 

n its own splicing profiles 

In addition to autoregulation, MBNL1 splicing was reprogrammed 
ith an increase in SRSF3 which functions as an oncogenic regulator in
steosarcoma cells [29] . Putative motifs of SRSF3, CA(G/C/A)CC(C/A) 
r CCAGC(G)C, were noted in MBNL1 exons 5 and 7 as shown in
igure 4 A [27] . A loss-of-function approach was first applied to evaluate
he regulatory impact of SRSF3 on utilization of MBNL1 exons 5 or
. Introduction of respective targeting vectors led to depletion of the
ndogenous SRSF3 protein with a concomitant increase in relative levels of
BNL1 −ex5 ( Figure 4 B, upper, lanes 2 and 3) or MBNL1 −ex7/8 ( Figure 4 B,

ower, lanes 2 and 3) compared to those of EV transfectants ( Figure 4 B,
ane 1). In contrast, overexpression of FLAG-tagged SRSF3 drove a shift in
he MBNL1 −ex5 or MBNL1 −ex7/8 transcripts to MBNL1 + ex5 or MBNL1 + ex7/8 

ranscripts ( Figure 4 C, lane 2), whereas splicing profiles of the endogenous
BNL1 gene showed no response to the presence of the engineered SRSF3
utant containing a serine–to-alanine (S30A) substitution ( Figure 4 C, lane

) compared to that of EV-transfected cells ( Figure 4 C, lane 1). Since
RSF3 and the MBNL1 8 isoform exerted opposite influences on selection
f MBNL1 exons 5 and 7, we subsequently evaluated whether SRSF3
lleviated autoregulation of MBNL1 splicing. As shown in Figure 4 D, gradual
ncreases in FLAG-tagged SRSF3 reversed MBNL1-induced skipping of 

BNL1 exon 5 or 7 in a dose-dependent manner ( Figure 4 D, lanes 3 to 5)
ompared to that of MBNL1-overexpressing cells ( Figure 4 D, lane 2). This
esult suggested direct inhibition of SRSF3 on autoregulation of MBNL1
plicing. 
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Figure 1. Reprogrammed expressions of total and alternatively-spliced muscle blind-like protein 1 ( MBNL1 ) transcripts in colorectal cancer (CRC) tissues 
and cell lines. (a) The diagram presents the exonic compositions of MBNL1 transcripts. (b) Total RNAs prepared from human colon tissue (Normal), or 
independent pairs of cancerous (T) and adjacent normal tissues (NT; n = 11) were subjected to RT-PCR assays using specific primers as labeled in Figure 1 a 
(black and red lines) and listed in Supplementary Table 3. (c) Total RNAs isolated from CRC-derived cell lines were subjected to RT-PCR assays using specific 
primer sets as described in section (b). (D and E) Expressions of the total MBNL1 transcripts in independent pairs of cancerous (T) and adjacent normal tissues 
(NT; n = 11), or CRC-derived cell lines were monitored using RT-PCR analyses with specific primers as listed in Supplementary Table 3. Signal densities of the 
RT-PCR results were quantified using TotalLab Quant Software. Quantitative results are shown as the mean ± SD. Statistical significance between independent 
samples was determined using a one-way ANOVA with Tukey’s post-hoc analysis ( ∗P < 0.05; ∗∗P < 0.01). 
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SRSF3 and MBNL1 antagonistically modulate the selection of MBNL1 

exons in a sequence-dependent manner 

The binding tendency of MBNL1 to responsive elements, including
CHG (H corresponds to A, C, or U) or YGCY, was previously demonstrated
using diverse approaches [30–33] . To pursue the detailed mechanism
regarding SRSF3- and MBNL1-regulated utilization of MBNL1 exons 5
and 7, a canonical splicing reporter containing cassette exons of MBNL1
and derived mutants were constructed and applied in subsequent assays
( Figure 5 A). Disruption of the SRSF3-responsive motif (CAACC to CATCC)
interfered with the production of MBNL1 + ex5 transcripts generated by the
M1 reporter ( Figure 5 B, upper, lane 2), whereas more MBNL1 + ex5 transcripts
were generated by the M2 reporter ( Figure 5 B, upper, lane 3) which contained
the mutant MBNL1 responsive motif (CCTG to CCAG) compared to that
of the wild-type (WT) MBNL1 ex5 reporter ( Figure 5 B, upper, lane 1).
An adenosine-to-thymine substitution within the CACCC motif led to a
decrease in relative levels of MBNL1 + ex7 transcripts generated by the M3
mutant reporter ( Figure 5 B, lower, lane 2), whereas a cytosine-to-guanine
substitution within the CGCT motif further strengthened the production of
MBNL1 + ex7 transcripts transcribed by the M4 mutant reporter ( Figure 5 B,
lower, lane 3) compared to that of the WT MBNL1 ex7 reporter ( Figure 5 B,
lower, lane 1). 
As shown in Figure 5 C, results of the in vitro splicing assay showed
hat overexpression of the FLAG-tagged SRSF3 and MBNL1 8 protein 
xhibited opposite influence on inclusion of MBNL1 exon 5 ( Figure 5 C,
pper lanes 2 and 3) or exon 7 ( Figure 5 C, lower, lanes 2 and 3)
ompared to those of empty vector-transfected cells ( Figure 5 C, lane 1).
isruption of the SRSF3 -responsive element within MBNL1 exon 5 or 

xon 7 interfered with the impact of overexpressing SRSF3 on enhancing 
nclusion of MBNL1 exon 5 or exon 7 ( Figure 5 C, lane 5) compared to
hose of EV-cotransfected cells ( Figure 5 C, lane 4). In contrast, splicing
rofiles of the M2 or M4 reporter containing the interrupted MBNL1 motif 
xhibited a minor response to the presence of overexpression of the MBNL1 8 
soform ( Figure 5 C, lane 9). The results of immunoprecipitation-coupled 
T-PCR indicated the respective association of FLAG-tagged MBNL1 8 
ith MBNL1 exon 5-skipped transcripts ( Figure 5 D, lane 2) or FLAG-

agged SRSF3 with MBNL1 exon 5-included transcripts ( Figure 5 D, lane 
). Disruption of SRSF3 or MBNL1 8 binding motif interfered with the 
ssociation of SRSF3 or MBNL1 8 with spliced transcripts generated from 

he M1 ( Figure 5 D, lane 6) or M2 reporter ( Figure 5 D, lane 9) as compared
o those of WT reporter ( Figure 5 D, lanes 2 and 3). Taken together, the
nterplay among SRSF3, MBNL1, and the corresponding motif constituted 
n antagonistic mechanism toward the utilization of MBNL1 exon 5 and 
xon 7. 
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Figure 2. Subcellular localization of the muscle blind-like protein 1 (MBNL1) isoform is relevant to its influence on regulation of alternative splicing (AS) 
events. (a) HCT-116 cells were transfected with a vector expressing the MBNL1 isoform. Subcellular fractions were prepared from transfected cells, and analyzed 
with an immunoblot assay using primary antibodies against FLAG tag, nucleolin, α-Tubulin, and actin ( n = 4 ). (b) A vector expressing the MBNL1 isoform 

was transfected into HCT-116 cells. After 24 h, total RNAs were extracted from transient transfectants and subjected to RT-PCR assays using specific primer 
sets as listed in Supplementary Table 3 ( n = 4). Quantitative results of alternatively-spliced transcripts are shown as the mean ± SD. Statistical significance 
between independent samples was determined using a one-way ANOVA with Tukey’s post-hoc analysis. ( ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.005). 
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Abundance of the Acin1 isoform is relevant to expressions of SRSF3 and 
MBNL1 isoforms 

The MBNL1 �ex7 isoform was reported to cause DNA damage, which
diminished carcinogenic signatures, including cell viability [24] . Among
apoptosis-related factors, apoptotic chromatin condensation inducer 1 (also
referred as Acin1; NC_000014) was multifunctionally involved in caspase-3-
induced chromatin condensation and splicing regulation with SAP18 and
RNPS1, which was termed the apoptosis and splicing-associated protein
(ASAP) [34 , 35] . Sustained expressions of total Acin1 transcripts in tumorous
nd adjacent normal colonic tissues were noted from results of RNA
equencing (Supplementary Table 2A; n = 6). Nevertheless, a decrease in
cin1-L transcripts with a concomitant increase in Acin1-S transcripts was

dentified in adjacent normal tissues (Supplementary Table 2B) compared 
o those of CRC tissues. Upregulated levels of Acin1-L transcripts were
urther validated in CRC tissues ( Figure 6 A, white bar; n = 11), whereas
elatively abundant expressions of Acin1-S transcripts were identified in 
djacent normal tissues ( Figure 6 A, black bar) using quantitative (q)RT-PCR
ssays. Relatively high levels of Acin1-S transcripts with concomitant low
xpressions of Acin1-L transcripts were identified in Caco2 cells ( Figure 6 B,



708 MBNL1 isoforms differentially modulate DNA fragmentation Y.-S. Chen et al. Neoplasia Vol. 22, No. xxx 2020 

Figure 3. Overexpression of the muscle blind-like protein 1 (MBNL1) isoform differentially lessens exclusion of alternatively spliced MBNL1 exons. (A) 
Caco2 and HCT-116 cells were transfected with a targeting vector against total MBNL1. After 24 h, total RNAs and cell lysates were extracted and subjected 
to RT-PCR and immunoblot assays using specific primer sets and indicated antibodies. (b) An empty vector, overexpressing vectors of MBNL1 8 or MBNL1 2, 

or targeting vector of MBNL1 were sole- or cotransfected into HCT-116 cells. After 24 h, total RNAs and cell lysates were extracted and subjected to RT-PCR 

assays as previously described. (c) The in vitro MBNL1 splicing reporter was cotransfected with expression vectors encoding MBNL1 8 or MBNL1 2 in HCT- 
116 cells. Total RNA and cell lysates were prepared at 24 h post-transfection and subjected to parallel RT-PCR and immunoblot assays as previously described. 
Quantitative results are shown as the mean ± SD ( n = 4). Statistical significance between independent samples was determined using a one-way ANOVA with 
Tukey’s post-hoc analysis ( ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.005). 
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lane 1) compared to HCT-8 and HCT-116 cells ( Figure 6 B, lanes 2 and 3).
Targeting of endogenous SRSF3 mediated a shift in the Acin1-L to Acin1-S
transcripts ( Figure 6 C, lane 2), whereas depletion of total MBNL1 proteins
resulted in upregulation of Acin1-L transcripts ( Figure 6 C, lane 3) compared
to EV-transfectants ( Figure 6 C, lane 1). Conversely, the presence of FLAG-
tagged SRSF3 drove an increase in relative levels of Acin1-L transcripts with a
concomitant decrease in expressions of Acin1-S transcripts ( Figure 6 D, lane 2)
compared to that of EV-transfectants ( Figure 6 D, lane 1). Overexpression of
the exogenous MBNL1 2 , but not the MBNL1 8 , isoform exhibited opposite
impacts as SRSF3 did on enhancing levels of Acin1-S transcripts ( Figure 6 D,
lanes 3 and 4). The presence of FLAG-tagged MBNL1 2 consistently restored
the relative abundance of Acin1 S transcripts in MBNL1idepleted Caco-2
cells ( Figure 6 D, lanes 6 and 7), which further illustrated the influence of
MBNL1 2 on the expression profile of Acin1 gene. These results suggested that
SRSF3 or MBNL1 exerted distinct influences on expressions of respective
Acin1 transcripts. 

SRSF3-MBNL1-Acin1 constitutes a regulatory circuit involved in DNA
fragmentation 

Acin1 was demonstrated to be cleaved by caspase-3 throughout
an apoptotic process, releasing p17 fragments to mediate chromatin
ondensation and oligonucleosomal DNA fragmentation [34] . Nevertheless, 
he impacts of distinct Acin1 isoforms on the apoptosis-related process are 
s yet uncharacterized. With exposure to sodium arsenite, more oxidative 
tress-mediated DNA fragmentation was only identified in HCT-116 cells 
hat were transfected with the expression plasmid of FLAG-tagged Acin1-S 
 Figure 7 A, lane 3) compared to that of Acin1-L overexpressing HCT-116
ells ( Figure 7 A, lane 2) or empty vector-transfected cells ( Figure 7 A, lane
). DNA fragmentation was absent as well in Acin1-targeting cells with the 
reatment of arsenite ( Figure 7 A, lane 4). Consistently, more apoptotic cells
ere noted with the presence of FLAG-tagged Acin1 S ( Fig 7 A, bar chart,
cin1 S ). Targeting of oncogenic SRSF3 further strengthened the influence 
f arsenite treatment on inducing DNA fragmentation ( Figure 7 B, lane 
), whereas depletion of tumor-suppressive MBNL1 diminished levels of 
ragmented DNA under oxidative stress ( Figure 7 B, lane 3) compared to
hat of EV-transfectants ( Figure 7 B, lane 1). Depletion of SRSF3, but not

BNL1, led to an increase in the number of apoptotic cells ( Fig 7 B, bar chart,
hSRSF3). As expected, overexpression of FLAG-tagged SRSF3 conversely 
nterfered with the effect of arsenite on inducing DNA fragmentation 
 Figure 7 C, lane 2) or apoptosis ( Figure 7 C, bar chart, SRSF3) in HCT-116
ells. The presence of overexpression of the MBNL1 2 , but not the MBNL1 8 ,
soform, exerted an additive effect with arsenite treatment on mediating DNA 

ragmentation ( Figure 7 C, lanes 3 and 4) and apoptosis ( Figure 7 C, bar chart,
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Figure 4. Upregulation of serine/arginine-rich splicing factor 3 (SRSF3) antagonizes the repressive influence of muscle blind-like protein 1 (MBNL1) on its 
own exons 5 and exon 7 in CRC cell lines. (a) The scheme presents the putative corresponding site of SRSF3 (underlined) within MBNL1 exons 5 and 7. (b) 
A empty vector and a vector targeting endogenous SRSF3 were transfected into HCT-116 cells, followed by incubation with growth medium for 24 h. Splicing 
profiles of MBNL1 transcripts were analyzed using an RT-PCR approach ( n = 4 ) with specific primer sets as listed in Supplementary Table 3. (c) An empty 
vector and a vector encoding the wild-type SRSF3 or an engineered mutant were transfected into HCT-116 cells, followed by incubation with growth medium 

for 24 h. Alternative splicing (AS) profiles of MBNL1 transcripts were analyzed using an RT-PCR approach ( n = 4 ) as described in the previous section. (d) An 
empty vector and a vector encoding the exogenous MBNL1 8 isoform were cotransfected with a gradually increasing amount of a vector encoding FLAG-tagged 
SRSF3. After 24 h, parallel RT-PCR analyses were performed to validate splicing profiles of MBNL1 transcripts. Signal densities of the RT-PCR results were 
quantified using TotalLab Quant Software ( n = 4). The bar graph presents relative levels of MBNL1 transcripts. Quantitative results are shown as the mean ±
SD. Statistical significance between independent samples was determined using a one-way (b) or two-way ANOVA (c and d) with Tukey’s post-hoc analysis 
( ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.005). 
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MBNL1 2 ) compared to that of EV-transfected cells ( Figure 7 C, lane 1).
As shown in Figure 7 D, the results of TUNEL assay further demonstrated
that overexpressing MBNL1 2 isoform respectively restored the apoptotic
phenomenon in MBNL1-depleted cells ( Figure 7 D, left, MBNL1 2 ). Altered
expression of SRSF3 and MBNL1 2 isoform exerted opposite influence on
apoptosis of CRC cell with arsenite treatment ( Figure 7 D, middle). Moreover,
an increase in Acin1 L isoform lessened the cellular apoptosis in SRSF3-
depleted or MBNL1 2 -overexpressing cells ( Figure 7 D, right). These results
suggested the influence of an emerging axis on manipulating the apoptotic
activity of CRC cells. 

Discussion 

In mammalian cells, precise synergism of the spliceosome, transregulators,
and corresponding cis- elements specifies spatiotemporal AS events which
determine cellular functions [36] . Altered AS events are therefore considered
a hallmark of carcinogenesis and are relevant to carcinogenic signatures
[37] . In this study, distinct expressions or splicing profiles of MBNL1 and
Acin1 transcripts were disclosed using whole-transcriptome analyses, which
comprised a CRC-associated circuit involved in DNA fragmentation. The
olecular mechanism involved in splicing regulation of MBNL1 was further
ursued. The physiological relevance of the SRSF3-MBNL1-Acin1 cascade 
o apoptotic signatures, such as DNA fragmentation, of CRC-derived cells
as subsequently demonstrated. 

SRSFs constitute a well-characterized group which orchestrate diverse 
S events and consequently coordinate gene expressions involved in 
arious cellular processes [38] . In distinct malignancies, upregulated SRSF3
as identified as an oncogenic factor involved in active proliferation,

ransformation, and immortality by modulating AS profiles [39] . Depletion
f endogenous SRSF3 was shown to facilitate the sensitivity of diverse cancer
ells to apoptotic stress [40] . Altered level of SRSF3 in cancerous tissues or
erived cells was predominantly related to an AS-coupled nonsense-mediated 
ecay (NMD) pathway, which was demonstrated in numerous studies [41] .
he interplay between SRSF3 and the corresponding exonic motif was
reviously demonstrated to enhance the yield of exon 16-included mitogen-
ctivated protein 4 kinase 4 ( MAP4K4 ) transcripts, activating carcinogenesis-
elated signaling pathway [41] . In this study, the interplay between SRSF3
nd the exonic CA motif functioned as a splicing enhancer toward the
nclusion of MBNL1 exon 5 or 7, which further demonstrated the impact
f SRSF3-regulated mechanism involved in AS control. 
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Figure 5. Serine/arginine-rich splicing factor 3 (SRSF3) and muscle blind-like protein 1 (MBNL1) orchestrate an antagonistic mechanism for selecting 
MBNL1 exons 5 and 7 in a sequence-dependent manner. (a) The diagram presents the corresponding motif of SRSF3 and MBNL1 within the MBNL1 
splicing reporter and derived mutants. (b) The wild-type (WT) MBNL1 splicing reporter or derived mutant was respectively transfected into HCT-116 cells. 
After 24 h, the splicing profile of the reporter was validated using RT-PCR assays ( n = 4 ) with specific primer sets as listed in Supplementary Table 3. (c) The 
WT MBNL1 splicing reporter or engineered mutants (M1 to M4) was cotransfected with the vector encoding SRSF3 or MBNL1 8 into HCT-116 cells. The 
splicing profile of the WT or mutant reporter was validated using RT-PCR assays ( n = 4 ) as previously described. (d) The WT MBNL1 exon5 splicing reporter 
or engineered mutants was co-transfected with the vector encoding SRSF3 or MBNL18 into HCT-116 cells. The immunoprecipitated RNAs and proteins or 
extracted and subjected to RT-PCR or immunoblotting assays as previously described. Signal densities of the RT-PCR results were quantified using TotalLab 
Quant Software. Quantitative results are shown as the mean ± SD, and statistical significance between independent samples was determined using a one-way 
(b) or two-way (c) ANOVA with Tukey’s post-hoc analysis ( ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.005). 
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MBNL1 was demonstrated to be a master splicing regulator for shaping
transcriptomic profiles throughout the development of striated muscle and
blood lineages [42 , 43] . Even though the tumor-suppressive influence of
MBNL1 toward cancer cells via AS regulation was recently revealed [23] ,
the MBNL1 isoform was reported to exert an opposite effect on carcinogenic
signatures [24] . The presence of the MBNL1 isoform lacking exon 7 was
shown to cause DNA damage, which in turn interfered with cell viability
and migration [24] . In this study, relatively high levels of exon 5- and
exon 7-included MBNL1 8 transcripts were identified in cancerous tissues
and derived cells using different approaches. Utilization of MBNL1 exons
7 and 8 participates in the coding of the bipartite NLS, whereas inclusion
of MBNL1 exon 5 encoded a conformational NLS within the MBNL1
rotein [21] . Interplay between MBNL1 and the intronic YGCY motif 
r exonic CCTG element exerted a coordinative impact on the skipping 
f MBNL1 exon 5 [44 , 45] . In this study, MBNL1 acted as an exonic
plicing silencer toward its own exon 7 in a YGCY motif-dependent 
anner. Accordingly, the autoregulatory mechanism for selection of MBNL1 

xons 5 and 7 constitute a feedback loop to fine-tune the homeostasis of
BNL1 abundance and biological activities in nuclei. In CRC cell lines, 

bundant SRSF3 disturbed the autoregulation of MBNL1 AS by interacting 
ith the CA motif within MBNL1 exon 5 or 7, consequently leading 

o continuous increases in MBNL1 8 transcripts. The potential impact of 
he SRSF3-MBNL1 axis on CRC-related AS events is worthy of further 
nvestigation. 
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Figure 6. Expression profiles of apoptotic chromatin condensation inducer in the nucleus (Acin1) isoforms are differentially relevant to altered levels of 
serine/arginine-rich splicing factor 3 (SRSF3) and muscle blind-like protein 1 (MBNL1) isoforms in CRC cells. Total RNAs were extracted from (a) paired 
colonic tissues ( n = 11) or (b) CRC-derived cell lines. Expression profiles of endogenous Acin1 transcripts were analyzed using (a) qRT-PCR or (b) RT-PCR 

assays with specific primer sets listed in Supplementary Tables 3 and 4. (c) An empty vector and a vector targeting the endogenous SRSF3 or MBNL1 gene 
were transfected into HCT-116 cells, followed by incubation in growth medium for 24 h. Splicing profiles of Acin1 transcripts were analyzed with RT-PCR 

assays ( n = 4) as described in the last section. (d) An empty vector, overexpressing vectors of SRSF3, MBNL1 8 , MBNL1 2, or targeting vector of MBNL1 were 
sole- or cotransfected into HCT-116 cells, followed by incubation in growth medium for 24 h. Parallel RT-PCR assays as previously described were performed 
to monitor splicing profiles of Acin1 transcripts. Signal densities of the RT-PCR results were quantified using TotalLab Quant Software. Quantitative results 
are shown as the mean ± SD. Statistical significance between independent samples was determined using a one-way ANOVA with Tukey’s post-hoc analysis 
( ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.005). 
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Acin1-L, Acin1-S , and Acin1-S’ transcripts are transcribed from the Acin1
gene through alternative promoter usage or an AS mechanism [46] . All Acin1
isoforms share an RNA recognition motif, RSB domain, and RS-rich region
within its C-terminus, whereas the N-terminal SAP motif within Acin1-L
mediates its interaction with AT-rich DNA regions [47 , 48] . Proteomic assays
indicated the nuclear distribution of the Acin1-S and Acin1-S ’ isoforms,
whereas the nuclear-cytoplasmic localization of the Acin1-L isoform was
relevant to its SAP motif [47] . Even though Acin1 was first characterized
as an RNA-binding protein involved in apoptosis, the influences of
respective Acin1 isoforms on apoptotic signatures are uncharacterized [33] .
Depletion of the endogenous Acin1 protein was reported to strengthen the
sensitivity of cancerous cells toward apoptotic treatment [49] . Akt-mediated
phosphorylation of Acin1-S was highly relevant to the generation of active
p17 fragments involved in chromatin condensation, which is triggered by
caspase 3-induced cleavage [34] . Overexpression of the Acin1-S isoform was
first shown in this study to exhibit more-prominent efficiency than that
of FLAG-tagged Acin1-L of inducing DNA fragmentation, which might
e related to the distinct subcellular localization of the Acin1 isoform. In
ummary, upregulated SRSF3 disturbed autoregulation of MBNL1 splicing, 
eading to a continuous increase in MBNL1 8 transcripts. Increases in SRSF3
nd MBNL1 8 shared a coordinated influence on enhancing relative levels of
cin1-L which exerted a less-efficient impact then did the Acin1-S isoform
n DNA fragmentation and cellular apoptosis. 

RediT authorship contribution statement 

Yi-Su Chen: Validation, Writing - original draft. Chao-Wei Liu: 
alidation, Writing - original draft. Ying-Chin Lin: Validation, Writing - 
riginal draft. Chia-Ying Tsai: Validation. Ching-Hui Yang: Validation. 
ung-Chun Lin: Conceptualization, Methodology, Formal analysis, 
esources, Writing - original draft, Supervision, Project administration, 
unding acquisition. 



712 MBNL1 isoforms differentially modulate DNA fragmentation Y.-S. Chen et al. Neoplasia Vol. 22, No. xxx 2020 

Figure 7. Apoptotic chromatin condensation inducer in the nucleus (Acin1) isoform exhibits differential impacts on apoptotic signature in CRC cells. (a) 
An empty vector, vector encoding the Acin1-L or Acin1-S isoform, or targeting vector of Acin1 were transfected into HCT-116 cells, followed by incubation 
in growth medium supplemented with sodium arsenite (25 μM) for 24 h. Extracted genomic DNA was subsequently digested with an RNase cocktail and 
proteinase K, followed by agarose gel electrophoresis. Parallel transfectants were synchronously subjected to TUNEL analyses. HCT-116 cells were transfected 
with an empty vector and a vector targeting SRSF3 or muscle blind-like protein 1 (MBNL1) (b) or a vector encoding SRSF3 or MBNL1 isoforms (c), 
followed by incubation in growth medium supplemented with sodium arsenite (25 μM) for 24 h. Parallel DNA fragmentation assays and TUNEL analysis 
were conducted as previously described. (d) An empty vector, a vector targeting SRSF3 or MBNL1, or a vector encoding SRSF3, MBNL1 isoforms or Acin1 L 
was sole- or co-transfected into HCT-116 cells, followed by incubation in growth medium supplemented with sodium arsenite (25 μM) for 24 h. Parallel 
TUNEL analysis were conducted as previously described. 
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