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Abstract: MicroRNAs (miRNAs) are short and non-coding RNAs binding to 3’UTR of target mRNAs to downregulate 
their expression. Recent studies have shown that miRNAs indirectly regulated alternative splicing (AS) by targeting 
splicing factors and caused shifts in splicing patterns of target genes. However, the roles of miRNA-regulating splic-
ing factors in pancreatic cancer progression remain unknown. Herein, we reported that miR-193a-5p was markedly 
upregulated in pancreatic cancer tissues and cells and correlated with clinical outcomes of pancreatic cancer 
patients. Overexpression of miR-193a-5p contributed to the metastasis of pancreatic cancer cells both in vitro 
and in vivo. The mechanistic investigation suggested that miR-193a-5p modulated oxoglutarate dehydrogenase-like 
(OGDHL) and extracellular matrix protein 1 (ECM1) AS by targeting serine/arginine-rich splicing factor 6 (SRSF6), 
leading to the activation of the epithelial-to-mesenchymal transition (EMT) process. Together, our findings high-
lighted the role of miR-193a-5p-targeting SRSF6 in pancreatic cancer metastasis, which may serve as a novel target 
for pancreatic cancer diagnosis and therapy.
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Introduction

Pancreatic cancer, mainly pancreatic adeno-
carcinoma (PDAC), is the seventh leading cause 
of cancer death worldwide because of its poor 
prognosis [1]. pancreatic cancer is a highly 
invasive and metastatic disease: 60% of pa- 
tients have distant metastasis within the first 
24 months after surgery [2], and it is consid-
ered as one of the primary causes of mortality 
in these patients [3]. In contrast to the steady 
increase in survival observed for most cancer 
types with improved surgical techniques and 
development of new chemotherapy drugs, ad- 
vances have been slow for pancreatic cancer 
[4]. Although previous research revealed multi-
ple pathophysiological mechanisms underlying 
pancreatic cancer pathogenesis [5-7], the biol-
ogy of pancreatic cancer is still largely unknown.

MicroRNAs (miRNAs) are a class of single-
strand, non-encoding endogenous RNAs, which 

have approximately 19-24 nucleotides [8]. miR-
NAs exert their biological functions by directly 
binding to the 3’-untranslated region (3’UTR) of 
target mRNAs to inhibit translation or promote 
mRNA degradation. Aberrant expression of 
miRNA is frequently observed in cancers includ-
ing pancreatic cancer and their role as promot-
ers or suppressors of the oncogenic process is 
well established [9-11]. 

Alternative splicing (AS) of pre-mRNA produces 
a wide variety of differentially spliced mRNA 
transcripts, which determines the proteomic 
complexity of mammals and contributes to tem-
poral and spatial diversification of biological 
functions. Recent studies have shown that AS 
was involved in multiple oncological processes, 
including proliferation [12], metastasis [13], 
angiogenesis [14], apoptosis [15] and drug 
resistance [16]. The “cancerous” splice variants 
of specific genes have turned into novel molec-
ular biomarkers as well as therapeutic targets 
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to outwit the cancer treatment. Serine/argi-
nine-rich (SR) RNA binding protein family is one 
of the major classes of splicing factors com-
posed of RNA recognition motifs (RRMs) and a 
C-terminal SR domain, which are concentrated 
in nuclear speckles and play critical roles in 
constitutive and alternative splicing [17]. SR 
proteins could recruit spliceosome assembly 
via binding to a specific RNA sequence, regulat-
ing the AS of exons or introns. Aberrant expres-
sion of serine/arginine-rich splicing factors 
(SRSFs) has been reported in multiple types of 
cancers such as leukemia [18], kidney [19], 
breast [20], colon [21], glioma [22] and lung 
[23]. Remarkably, several recent studies have 
demonstrated that miRNAs as indirect regula-
tors of AS could target the expression of splic-
ing factors and cause shifts in splicing patterns 
of target genes [24-26]. However, few studies 
have reported the regulation of SRSFs by miR-
NAs [19, 27], or the functional roles of SRSFs in 
pancreatic cancer.

Our previous study has shown that miR-193a-
5p was upregulated in Panc-1 spheroid cells 
that enriched in pancreatic cancer stem cells 
(pancreatic cancerSCs) [28]. However, the bio-
logical role of miR-193a-5p in pancreatic can-
cer need to be further elucidated. In the pres-
ent study, we showed for the first time that the 
expression of SRSF6 is regulated by miR-193a-
5p, which was upregulated in pancreatic can-
cer cells, pancreatic cancerSCs and tissues. 
We also indicated that miR-193a-5p was 
involved in pancreatic cancer metastasis by 
targeting SRSF6. Further mechanistic investi-
gations suggested that SRSF6 participated in 
pancreatic cancer cell migration and invasion 
by modulating the expression pattern of oxoglu-
tarate dehydrogenase-like (OGDHL) and extra-
cellular matrix protein 1 (ECM1) splice variants, 
then activating the epithelial-to-mesenchymal 
transition (EMT) process. Therefore, our results 
provided the first evidence that miR-193a-5p-
targeting SRSF6 plays a crucial role in pancre-
atic cancer metastasis by modulating AS, which 
may serve as a novel target for pancreatic can-
cer diagnosis and therapy. 

Materials and methods

Patients and clinical specimens

Forty pairs of human pancreatic cancer tissues 
and normal tissue samples (located > 5 cm 

away from the tumor) were collected from 
patients who underwent primary surgical tr- 
eatment at Zhongda Hospital of Southeast 
University (Nanjing, China) with written inform- 
ed consent. All the clinical specimens were 
snapped-frozen and stored in liquid nitrogen. 
The ethical approval was granted from Com- 
mittees for Ethical Review in China Phar- 
maceutical University (Nanjing, China). Patho- 
logical diagnosis was made according to the 
histology of tumor specimens or biopsy and 
examined by experienced pathologists, and the 
clinical features of the patients are listed in 
Table S1. The study is compliant with all rele-
vant ethical regulations for human research 
participants, and all participants provided writ-
ten informed consent.

Pancreatic cancer cell lines and cell culture

The human pancreatic cancer cell lines (Panc-
1, MIApaca-2, SW1990, and BXpc-3), and 
human pancreatic duct epithelial (HPDE) cells 
used in the study were obtained from the Type 
Culture Collection of the Chinese Academy of 
Sciences (Shanghai, China). The HPDE, Panc-1 
and BXpc-3 cells were cultured in RPMI-1640 
(Gibco, USA); the MIApaca-2 cells were cultured 
in DMEM medium (Gibco, USA), and SW1990 
cells were cultured in L-15 medium (Gibco, 
USA). All these mediums were supplement- 
ed with 10% FBS Gibco, USA), 100 U/mL peni-
cillin and 100 ng/mL streptomycin (Beyotime, 
China). The cells were maintained at 37°C in a 
humidified chamber supplemented with 5% 
CO2.

RT-pancreatic cancerR 

Total RNAs from patient tissues or cultured 
cells were isolated using the Trizol (Invitrogen, 
USA). Then reverse transcription-polymerase 
chain reaction (RT-pancreatic cancerR) was 
performed using Takara reagent (RR047A; 
Dalian, China) according to the manufacturer’s 
manual. 

RNA extraction and quantitative real-time pan-
creatic cancerR (qRT-pancreatic cancerR)

For the detection of miR-193a-5p expression 
level, total RNA was reverse-transcribed with a 
miR-193a-5p specific RT primer (GenePharma, 
China) and amplified with pancreatic cancerR 
primers (GenePharma, China) by the Light- 
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Cycler480 Real-time pancreatic cancerR sys-
tem (Roche Molecular Systems, Indianapolis, 
USA). The relative expression level of miR-
193a-5p was normalized with U6. SYBR Green 
pancreatic cancerR kit (Takara) was used to 
quantify the mRNA levels by normalizing to 
GAPDH according to the manufacturer’s proto-
cols. The primers used were listed in Table S2. 
Results were normalized with the expression of 
GAPDH or U6. The relative quantification was 
performed using the 2-ΔΔCt method.

Immunohistochemistry (IHC)

Paraffin-embedded tissues were sliced into 
sections with four μm thickness, followed by 
dewaxing with dimethylbenzene and hydration 
in graded ethanol. Antigens were retrieved by 
microwave heating. Endogenous peroxidase 
was blocked using 3% hydrogen peroxide, and 
tissues were kept in darkness at room temper-
ature for 10 min. Then the primary antibody 
was added dropwise into sections, followed by 
incubation at 4°C overnight. Horseradish per-
oxidase-conjugated secondary antibody (Dako 
North America Inc., Carpinteria, CA, USA) was 
added dropwise into sections, and were then 
incubated at room temperature for 30 min. The 
incubated sections were stained by diamino-
benzidine (DAB), and then counterstained by 
hematoxylin, before being mounted on slides 
with neutral balsam. Primary antibody was 
replaced with phosphate-buffered saline (PBS) 
as negative control, and human GC biopsies 
were selected as the positive control. Five high-
power fields (400×) were randomly selected for 
each section (100 cells were counted in each 
visual field), and positive cells were counted. 
Antibodies used are provided in Table S3.

Cell transfection and virus infection

For transient transfection, miRNA mimics, in- 
hibitors and siRNAs (Genepharma) were trans-
fected by Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s protocol. The 
coding domain sequences of human SRSF6 
and ECM1 mRNA variants were amplified by 
pancreatic cancerR using human cDNA as a 
template, and inserted into the pcDNA 3.0 vec-
tor (Invitrogen, Grand Island, NY, USA). Plasmids 
were also transfected by Lipofectamine 2000. 
Lentivirus encoding miR-193a-5p or miR-193a-
5p sponge (Genepharma) or SRSF6 were im- 
ported into MIApaca-2 cells. The clones with 

the stable miR-193a-5p or SRSF6 expression 
were selected by green fluorescence protein 
(GFP) expression. The related sequences are 
listed in Table S2.

Wound healing assay

Cells were seeded into 6-well plates and incu-
bated for 24 h after transfection. The wounds 
were made with a sterile pipette tip in the con-
fluent cell layer, and were then photographed 
under a phase-contrast microscope immedi-
ately after scratching (0 h) and 24 h. The ability 
of the cells to wound healing was determined 
by comparing the results of 0 h and 24 h.

Transwell migration and invasion assay

After transfection for 48 h, cells were harvest-
ed and suspended in serum-free culture medi-
um. After diluted (1:7) in serum-free medium, 
the Matrigel (Corning, Corning, NY) was added 
into the Transwell upper chamber, and main-
tained in an incubator for 30 min. Then 1 × 105 
cells were seeded into the Transwell upper 
chamber (6.5 mm, Costar, Cambridge, MA). The 
lower chamber was filled with 1640 medium 
supplemented with 10% FBS. After incubation 
for 24 h to 48 h, the cells on the upper mem-
brane surface were removed, and cells that 
had entered the lower surface of the filter mem-
brane were fixed with 4% paraformaldehyde for 
25 min and stained for 15 min with 1% crystal 
violet dye. Then, invasion cells were counted in 
five or six randomly selected fields per chamber 
by a photomicroscope (BX51, Olympus, Japan). 
For cell migration assay, similar procedures 
were performed compared to those in the inva-
sion assay except for the Matrigel coating.

Western blotting 

Total proteins were extracted from cells or tis-
sues with RIPA buffer (10 mM Tris-HCl, pH 7.4, 
1% Triton X-100, 0.1% SDS, 1% NP-40, 1 mM 
MgCl2) containing protease inhibitors. The total 
protein concentration was determined by BCA 
Protein Assay Kit (Beyotime, China). Proteins 
were separated on a 10% SDS-polyacrylamide 
gel and then transferred onto polyvinylidene 
fluoride (PDVF) membranes (Millipore, Billerica, 
MA, USA). Membranes were then blocked with 
5% skimmed milk and probed with primary anti-
bodies against E-cadherin, ZEB1, MMP9, 
MMP2, vimentin, snail, SRSF6, OGDHL, ECM1, 
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and GAPDH at 4°C overnight. On the following 
day, the blots were washed with PBST and incu-
bated with horseradish-peroxidase-conjugated 
secondary antibodies (Abcam, Cambridge, UK) 
for 2 h at room temperature. Protein bands 
were visualized using the ECL-kit (Millipore, MA, 
USA), according to the manufacturer’s instruc-
tions. GAPDH was used as a loading control 
and protein bands were analyzed using 
Bandscan software (Image J). Antibodies used 
are listed in Table S3.

Luciferase reporter assay

SRSF6 was identified as a potential miR-193a-
5p target in TargetScan 7.1 (http://www.tar-
getscan.org/). The wild-type (WT) or mutant 
(MUT) 3’-UTR of SRSF6 containing the miR-
193a-5p binding site was cloned and inserted 
into the pGL3 plasmid (Ambion, Austin, TX, 
USA), named as SRSF6-WT and SRSF6-MUT, 
respectively. For luciferase assays, cells were 
cultured in 24-well plates and co-transfected 
with SRSF6-WT or SRSF6-MUT together with 
miR-193a-5p or control by Lipofectamine 2000 
reagent according to the manufacturer’s in- 
structions. The relative luciferase activity was 
calculated after 48 h by normalizing the Firefly 
luminescence to the Renilla luminescence 
using the Dual-Luciferase Reporter Assay 
(Promega, Madison, WI, USA).

Minigene assay

The OGDHL exon 3 or ECM1 exon 4 (part) 
minigene was constructed by insertion of exons 
and its flanking intron region into pGint 
(Addgene, Cambridge, USA) Vector. pGint has 
an EGFP open reading frame (ORF) which was 
divided into two exons by a constitutively 
spliced intron. OGDHL exon 3 or ECM1 exon 4 
(part) and its flanking intron region were ampli-
fied with OGDHL or ECM1 minigene-F and 
minigene-R from genome DNA and inserted 
into the intron. The EGFP ORF could be disrupt-
ed once the above exons have been inserted; 
thus, green fluorescence signal will be impaired 
or vanished. Exons skipping bring a functional 
EGFP ORF and leads to its expression. pRint 
was co-transfected with the minigene to 
exclude the interfering signals.

In vivo xenograft experiments 

Male BALB/c nude mice (four-weeks-old) were 
purchased from Vital River Laboratory Animal 

Technology Company (Beijing) and maintained 
in SPF level animal room. The procedure of all 
animal experiments complied with Institutional 
Animal Care and Use Committee (IACUC) regu-
lations. 2 × 106 different infected Panc-1 cells 
were injected intravenously into each mouse 
through the tail vein (n=5 per group). Mice were 
anesthetized with 3% isoflurane, and then 
imaged in an IVIS spectrum imaging system 
(Caliper, Newton, USA) every 10 days. After 30 
days, the liver tissues were extracted and fixed 
in 10% buffered formalin, immersed in an as- 
cending series of alcohol washes, and embed-
ded with paraffin. The tissues were then sec-
tioned and stained with hematoxylin and eosin 
(H&E) and immunohistochemical staining. For 
all animal experiments, the operators and 
investigators were blinded to the group alloca-
tion. All animal experiments were approved by 
the Ethics Committee of China Pharmaceutical 
University (Permit No. 2162326).

Statistical analysis

These above experiments were performed in 
triplicate, and each was repeated several 
times. The results are presented as the means 
± SEM of at least three independent experi-
ments. The differences were considered statis-
tically significant at P < 0.05 using the Student’s 
t-test.

Results

miR-193a-5p is upregulated in both pancreatic 
cancer tissues and cells

To assess the relevance of miR-193a-5p in 
human pancreatic cancer, we first compared 
the expression levels of miR-193a-5p in 40 
paired PADC tissues and corresponding adja-
cent normal tissues. As shown in Figure 1A, 
miR-193a-5p expression was significantly 
upregulated in 92.5% (37 of 40 paired) of the 
PADC tissues. We next divided the samples into 
high (above the median, n=20) and low (below 
the median, n=20) miR-193a-5p expression 
groups according to the median value of miR-
193a-5p levels and explored the correlation 
between miR-193a-5p expressions and the 
clinicopathological factors of PADC patients 
(Table S1). As shown in Figure 1B, miR-193a-5p 
level was positively associated with tumor-
node-metastasis (TNM) stage and N classifica-
tion in this study. We further evaluated the cor-
relation between the expression level of miR-
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Figure 1. miR-193a-5p is upregulated in pancreatic cancer tissues and cells. A. miR-193a-5p levels were detected in 
40 paired pancreatic ductal carcinoma tissues by qRT-pancreatic cancerR. B. miR-193a-5p levels in pancreatic duc-
tal carcinoma (PADC) patients with different N classification and TNM stage. C. miR-193a-5p high expression was 
correlated with a poor survival rate of pancreatic cancer patients (n=188, P<0.05). Data was analyzed using Kaplan 
Meier Plotter (www.kmplot.com). D. miR-193a-5p levels were detected in pancreatic cancerSCs by qRT-pancreatic 
cancerR. E. miR-193a-5p levels in MIApaca-2 and Panc-1 cells under stimulation of bFGF and EGF. F. miR-193a-5p 
levels were detected in different pancreatic cancer cells by qRT-pancreatic cancerR. All data are shown as the mean 
± SEM. *P<0.05, **P<0.01, and ***P<0.001 by two-tailed Student’s t-test.

193a-5p and clinical outcomes of pancreatic 
cancer patients from the TCGA database using 
Kaplan-Meier Plotter (www.kmplot.com). As 
shown in Figure 1C, the overall survival time of 
patients with miR-193a-5p high expression is 
significantly shorter (n=178, P < 0.05).

Next, the upregulation of miR-193a-5p was vali-
dated in pancreatic cancerSCs and pancreatic 
cancer cell lines. A novel 3D semi-solid culture 
system [28] was used to culture MIApaca-2 and 
Panc-1 spheroid cells enriched in either 
CD133+ or CD24+CD44+ESA+ pancreatic can-
cerSCs. Analysis of MIApaca-2 and Panc-1 
spheroid cells and pancreatic cancerSCs indi-
cated that the expression of miR-193a-5p in 
spheroid cells and pancreatic cancerSCs were 
significantly higher than that in parental pan-
creatic cancer cells (Figure 1D). Epidermal 
growth factor (EGF) and b-fibroblast growth fac-
tors (b-FGF) were two major components added 

in our sphere-formation pelletizing system, 
which also exist in the tumor microenvironment 
[29]. We therefore exposed MIApaca-2 and 
Panc-1 cells to EGF and bFGF separately and 
found miR-193a-5p expression could be upreg-
ulated by EGF (Figure 1E). Also, we compared 
miR-193a-5p levels in different pancreatic can-
cer cell lines (Bxpc-3, SW1990, MIApaca-2 and 
Panc-1) and normal human pancreatic duct epi-
thelial (HPDE) cells. We found miR-193a-5p lev-
els were not only upregulated in pancreatic 
cancer cells compared with HPDE cells, but 
also showed a positive correlation with the 
malignancy degree [31] in four pancreatic cell 
lines (Bxpc-3, SW1990, MIApaca-2 and Panc-1; 
Figure 1F). Collectively, these results indicated 
that miR-193a-5p expression is upregulated in 
pancreatic cancer and that its high expression 
predicts a poor prognosis in pancreatic cancer 
patients.
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miR-193a-5p contributes to pancreatic cancer 
cell migration and invasion in vitro

To explore the potential role of miR-193a-5p 
played in tumorigenesis and progression of 
pancreatic cancer, we overexpressed or kno- 
cked down miR-193a-5p levels by pre-miR-
193a-5p or anti-miR-193a-5p (Figure S1A), and 
then evaluated the abilities of cell proliferation, 
migration, self-renewal. The wound healing 
assays (Figure 2A-C) and transwell assays 
(Figure 2D-F) showed that the migration and 
invasion capacities of SW1990, MIApaca-2 and 
Panc-1 cells were significantly enhanced by 
overexpression of miR-193a-5p whereas sup-
pressed by depleting miR-193a-5p. However, 
alternation of miR-193a-5p in these cells did 
not have stable and significant effects on their 
proliferation, self-renewal and stemness (Figure 
S2). We further examined EMT-related proteins 
in miR-193a-5p overexpressed or knocked-
down SW1990, MIApaca-2 and Panc-1 cells. As 
shown, miR-193a-5p overexpression activated 
the EMT process in pancreatic cancer cells, 
whereas miR-193a-5p knockdown inhibited the 
process (Figure 2G-I). Taken together, these 
data suggested that miR-193a-5p could con-
tribute to pancreatic cancer metastasis.

SRSF6 is a direct target gene of miR-193a-5p 
in pancreatic cancer cells

To elucidate the molecular mechanisms by 
which miR-193a-5p promotes pancreatic can-
cer cell metastasis, we used bioinformatic pre-
diction software (TargetScan7.1, miRmap and 
starBase) to search for the potential targets of 
miR-193a-5p, and found 93 mRNAs in the 
intersection part (Figure 3A, left panel). SRSF6 
was selected for further verification based on 
the following criteria (Table S4): its function had 
been reported in cancers but not in pancreatic 
cancer, low expressed in pancreatic cancer, 
positively correlated with survival of pancreatic 
cancer patients (Kaplan-Meier Plotter), related 
to cancer migration or invasion, and had not 
been reported as a miR-193a-5p target. The 
predicted interaction between miR-193a-5p 
and the target sites in the SRSF6 3’-UTR was 
illustrated in the right panel of Figure 3A. There 
was a perfect base-pairing between the seed 
region and the cognate target. The free energy 
value of the hybrid was well within the range of 
genuine miRNA-target pairs (-22.6 kcal/mol). 

Subsequently, luciferase reporter assay con-
firmed that miR-193a-5p directly targeted the 
predicted binding sites in the SRSF6 3’-UTR 
(Figure 3B), and RIP assays using antibodies 
against Ago2 demonstrated that miR-193a-5p 
and SRSF6 mRNA were all enriched in Ago2-
immunoprecipitation (Ago2-IP; Figure 3C). 
Moreover, transfection of pre- or anti-miR-
193a-5p significantly down or upregulated the 
expression of SRSF6 mRNA and protein in pan-
creatic cancer cells (Figure 3D and 3E).

In most cases, miRNAs generally have the 
expression patterns that are opposite to that of 
their targets. Therefore, we detected the 
expression level of SRSF6 in pancreatic cancer 
cells and clinical specimens. In contrast with 
miR-193a-5p, we found SRSF6 levels were 
downregulated in pancreatic cancer cells com-
pared with HPDE cells, and showed a negative 
correlation with the malignancy degree in four 
pancreatic cell lines (Figure 3F and 3G). 
Consistently, SRSF6 mRNA levels were found 
downregulated in 95% (38 of 40 paired) PADC 
tissues and SRSF6 protein levels were shown 
to have an inverse correlation with miR-193a-
5p levels using Spearman’s correlation scatter 
plots (Figure 3H and 3I). In addition, SRSF6 low 
expression predicts a poor prognosis in pancre-
atic cancer patients (n=177, P < 0.005, www.
kmplot.com; Figure 3J). IHC analysis of SRSF6 
also showed reduced expression of SRSF6 in 
the PADC tissues compared to the correspond-
ing adjacent normal tissues (Figure 3K). The 
above results demonstrated that SRSF6 can be 
a direct target of miR-193a-5p in pancreatic 
cancer and might be correlated with clinical 
outcomes of pancreatic cancer patients.

miR-193a-5p facilitates pancreatic cancer cell 
migration and invasion via targeting SRSF6

To prove that the pro-migration and invasion 
effects of miR-193a-5p were mediated by 
downregulating SRSF6, we conducted the res-
cue experiments. Firstly, we observed that 
transfection of SRSF6 vector repressed SW- 
1990, MIApaca-2 and Panc-1 cell migration 
and invasion, while transfection SRSF6 siRNAs 
markedly promoted the behavior (Figures S1B, 
S3A, S3B, 4A and 4B). Secondly, transfection 
of SRSF6 vector not only successfully mitigated 
miR-193a-5p overexpression-induced restric-
tion of SRSF6 protein expression (Figure S1C), 



miR-193a-5p targeting SRSF6 promotes pancreatic cancer cell metastasis

44 Am J Cancer Res 2020;10(1):38-59

Figure 2. miR-193a-5p promotes pancreatic cancer cells migration and invasion in vitro. (A-C) Migration of SW1990 
cells (A), MIApaca-2 cells (B) and Panc-1 cells (C) transfected with pre-miR-NC, pre-miR-193a-5p, anti-miR-NC, or 
anti-miR-193a-5p detected by wound healing assay. Scale bar, 100 μm. (D-F) Migration and invasion of SW1990 
cells (D), MIAPACA-2 cells (E), and Panc-1 cells (F) transfected with pre-miR-NC, pre-miR-193a-5p, anti-miR-NC, or 
anti-miR-193a-5p detected by transwell migration and invasion assay. Scale bar, 100 μm. (G-I) The protein levels 
of EMT target genes in SW1990 cells (G), MIAPACA-2 cells (H) and Panc-1 cells (I) transfected with pre-miR-NC, 
pre-miR-193a-5p, anti-miR-NC or anti-miR-193a-5p detected by western blotting. All data are shown as the mean ± 
SEM. ***P<0.001. 
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Figure 3. Identification of SRSF6 as a direct target gene of miR-193a-5p in pancreatic cancer cells. (A) Left: Venn 
diagram analysis of four independent databases reveals 93 possible targets of miR-193a-5p. Right: Schematic de-
scription of the hypothetical duplexes formed by the interactions between the binding sites in the SRSF6 3’-UTR and 
miR-193a-5p. The predicted free energy value of the hybrid is indicated. The seed recognition sites are denoted, 
and all nucleotides in these regions are highly conserved across species, including human, mouse, and rat. (B) Lu-
ciferase activity in Panc-1 cells co-transfected with a luciferase reporter containing either SRSF6-WT or SRSF6-MUT 
(miR-193a-5p-binding sequence mutated), and mimics NC, miR-193a-5p mimics, inhibitor NC or miR-193a-5p in-
hibitor. Data are presented as the relative ratio of renilla luciferase activity and firefly luciferase activity. (C) Relative 
enrichment of SRSF6 mRNA and miR-193a-5p associated with AGO2 in SW1990 cells, MIApaca-2 cells and Panc-1 
cells detected by anti-AGO2 RIP (non-specific IgG as negative control). (D, E) SRSF6 mRNA (D) and protein (E) levels 
in SW1990 cells, MIApaca-2 cells and Panc-1 cells transfected with mimics NC, miR-193a-5p mimics, inhibitor NC, 
or miR-193a-5p inhibitor. (F, G) SRSF6 mRNA (F) and protein levels (G) in different pancreatic cancer cells. (H, I) 
SRSF6 mRNA levels (H) and Pearson’s correlation scatter plot of the fold change of miR-193a-5p and SRSF6 mRNA 
levels (I) in 40 pairs of human PADC tissues and corresponding adjacent normal tissues. (J) SRSF6 low expression 
was correlated with a poor survival rate of pancreatic cancer patients (n = 177, P<0.01). Data was analyzed using 
Kaplan Meier Plotter (www.kmplot.com). (K) In situ hybridization (ISH) analysis of miR-193a-5p expression levels 
in PADC tissues (Tumor) and their adjacent normal tissues (Normal). Representative LNA ISH images from patients 
#1, #2 and #3 are shown. Scale bar, 100 μm. All data are shown as the mean ± SEM. **P<0.01; ***P<0.001.

but also attenuated the enhanced migration 
and invasion abilities induced by miR-193a-5p 
(Figures 4C, 4D, S3C and S3D). These results 
suggested that miR-193a-5p promotes the 
migration and invasion of pancreatic cancer 
cells by directly targeting SRSF6. 

miR-193a-5p promoted pancreatic cancer cell 
metastasis in vivo by targeting SRSF6 

Furthermore, we explored the function of 
SRSF6-targeted miR-193a-5p in regulating pan-
creatic cancer cell metastasis in a mouse 
model. First, the Panc-1 cells were transfected 
with control lentivirus, miR-193a-5p lentivirus, 
SRSF6 lentivirus, miR-193a-5p lentivirus plus 
SRSF6 lentivirus, or miR-193a-5p sponge. 
Then, the five groups of cells were injected into 
nude mice via the tail vein. The metastasis was 
assessed by bioluminescent imaging (BLI) on 
days 10, 20 and 30 after implantation (Figure 
5A-C). The image assay indicated that the GFP-
labeled migrating cells were mainly distributed 
in the livers or lungs of the mice. The fluores-
cent intensities were significantly stronger in 
miR-193a-5p lentivirus group and weaker in 
SRSF6 lentivirus group and miR-193a-5p 
sponge group compared to their control group. 
Moreover, SRSF6 overexpression can attenu- 
ate the pro-metastasis effect caused by miR- 
193a-5p-overexpression (Figure 5D and 5E). 
After 30 days, mice were euthanized and the 
whole liver and lung tissues were extracted and 
subjected to H&E staining for evaluating tumor 
metastasis. We observed that the number of 
metastatic lesions (red arrows) at the of liver 
surface was increased in the miR-193a-5p len-
tivirus group and reduced in the SRSF6 lentivi-

rus group and the miR-193a-5p sponge group 
compared with the control group, while SRSF6 
overexpression recovered the levels to those of 
the control cells (Figure 5F). In addition, the 
H&E staining results showed significant differ-
ences in tumor number and growth in liver tis-
sues (Figure 5F). Although we did not observe 
significant differences in the surface of lungs 
between different groups (data not shown), the 
results of H&E staining in lung tissues displayed 
the similar trend with liver tissues (Figure 5G). 
These results confirmed that miR-193a-5p pro-
motes pancreatic cancer cell metastasis in the 
mouse model by suppressing SRSF6 expre- 
ssion.

SRSF6 inhibits pancreatic cancer cell migra-
tion and invasion by regulating OGDHL AS

To clarify the underlying mechanisms of pan-
creatic cancer cell migration and invasion pro-
moted by SRSF6, we attempted to find the AS 
targets of SRSF6 in these cells. By searching 
the potential AS targets of SRSF6 in colorectal 
cancer [30], we noticed the expression of 
OGDHL exon3 inclusion (OGDHL ex3+) splice 
variants was significantly decreased and part 
of ECM1 exon4 exclusion splice variants was 
significantly increased by SRSF6 shRNA. Since 
OGDHL and ECM1 were both involved cancer 
metastasis [31-34], which might be related to 
the molecular function of SRSF6, we searched 
the SRSF6 binding motif in OGDHL and the 
ECM1 mRNA sequence. Strikingly, we found a 
consensus motif sequence (UGGAG) with a pre-
dicted SRSF6 binding motif in exon3 of OGDHL 
(Figure 6A), and a consensus motif sequence 
(UGGAA) with a predicted SRSF6 binding motif 
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Figure 4. miR-193a-5p promotes pancreatic cancer cell migration and invasion via targeting SRSF6. (A, B) Migration and invasion of MIApaca-2 cells (upper) and 
Panc-1 cells (lower) transfected with control vector, SRSF6 vector, control siRNA or SRSF6 siRNA detected by wound healing assay (A) or migration and invasion 
assay (B). Scale bar, 100 μm. (C, D) Migration and invasion of MIApaca-2 cells and Panc-1 cells transfected with pre-miR-NC plus control vector, pre-miR-193a-5p 
plus control vector, or pre-miR-193a-5p plus SRSF6 vector detected by wound healing assay (C) or migration and invasion assay (D). Scale bar, 100 μm. All data are 
shown as the mean ± SEM. **P<0.01; ***P<0.001.
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Figure 5. Effects of SRSF6-targeted miR-193a-5p on the liver colonization of Panc-1 cells xenografts in mice. (A) 
Experimental design: immunocompromised mice were injected through tail vein with Panc-1 cells transfected with 
either the control lentivirus, miR-193a-5p lentivirus, SRSF6 lentivirus, miR-193a-5p lentivirus plus SRSF6 lentivirus, 
or miR-193a-5p sponge. (B, C) miR-193a-5p levels (B) and SRSF6 protein levels (C) in Panc-1 cells transfected with 
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in exon4 of ECM1 (Figure 7A). We first deter-
mined whether OGDHL is the AS target of 
SRSF6. By RT-pancreatic cancerR, we con-
firmed that the expression of OGDHL exon3 
inclusion splice variants was significantly 
increased by SRSF6 overexpression, whereas 
decreased by SRSF6 knockdown (Figure 6B). 
To address whether SRSF6 could activate the 
splicing of OGDHL exon3, we constructed a 
OGDHL exon3 minigene reporter system [35], 
in which the entire ORF was retained after EGFP 
exon3 skipping (OGDHL ex3-), but the exon23 
inclusion (OGDHL ex3+) disrupted the ORF and 
reduced the expression of EGFP (Figure 6C, 
left). As shown, SRSF6 overexpression caused 
a significant reduction in EGFP signal (Figure 
6C, middle and right), indicating that SRSF6 
overexpression promoted OGDHL exon3 in- 
clusion. 

We next investigated the relationship between 
SRSF6 and OGDHL expression in pancreatic 
cancer tissues. As shown in Figure 6D and 6E, 
OGDHL expression was significantly down regu-
lated in 92.5% (37 of 40 paired) of the PADC 
tissues, and had a positive correlation with 
SRSF6 expression using Spearman’s correla-
tion scatter plots. The positive correlation was 
also supported by using 178 pancreatic tissues 
from the TCGA database (Figure 6F). 

Furthermore, we attempted to clarify that 
OGDHL ex3+ variant has the similar inhibitory 
effect on pancreatic cancer cell migration and 
invasion with SRSF6. By searching the NCBI 
Gene database, we found the isoform 1 (1010 
aa) of OGDHL that contained exon3 was the 
canonical protein isoform of OGDHL (Figure 
6G). Also, we observed that OGDHL low expres-
sion predicts a poor prognosis in pancreatic 
cancer patients (n=177, P < 0.005, www.
kmplot.com; Figure 6H). Moreover, we con-
structed specific siRNAs to specifically knock-
down OGDHL ex3+ variant. As shown in Figure 
6I and 6J, SRSF6 overexpression increased  
the protein levels of OGDHL ex3+ and decrea- 
sed the migrated/invaded MIApaca-2 and 
Panc-1 cells while OGDHL ex3+ knockdown had 
opposite effects, and OGDHL ex3+ knockdown 

attenuated the increased OGDHL ex3+ protein 
levels and decreased migrated/invaded cells 
induced by SRSF6 overexpression. Overall, we 
inferred that SRSF6 could regulate OGDHL AS 
and thus inhibit pancreatic cancer cell migra-
tion and invasion. 

SRSF6 downregulation promotes pancreatic 
cancer cell migration and invasion by regulat-
ing ECM1 AS 

We next determined whether ECM1 is an AS 
target of SRSF6. We confirmed that the expres-
sion of ECM1 exon4 (part) exclusion (ECM1 
ex4-) splice variants was significantly decreased 
by SRSF6 overexpression, whereas increased 
by SRSF6 knockdown using RT-pancreatic can-
cerR (Figure 7B). The results of ECM1 ex4- 
minigene reporter system showed that SRSF6 
overexpression weakened the EGFP signal 
(Figure 7C), indicating that SRSF6 overexpres-
sion inhibited ECM1 exon4 (part) skipping. We 
also investigated the relationship between 
SRSF6 and OGDHL expression in pancreatic 
cancer tissues. ECM1 expression was signifi-
cantly upregulated in 90% (36 of 40 paired) of 
the PADC tissues (Figure 7D), and had a nega-
tive relationship with SRSF6 expression (Figure 
7E). The inverse correlation was also supported 
by using 178 pancreatic tissues from the TCGA 
database (Figure 7F). Moreover, we attempted 
to clarify that ECM1 ex4- variant has the oppo-
site inhibitory effect on pancreatic cancer cell 
migration and invasion with SRSF6. We found 
the isoform 1 (540aa) of ECM1 that excluded 
part of exon4 that could be AS by SRSF6 was 
the canonical protein isoform of ECM1 by 
searching the NCBI Gene database (Figure 7G). 
Moreover, ECM1 high expression was corrected 
with poor outcomes of pancreatic cancer 
patients (n=177, P < 0.005, www.kmplot.com; 
Figure 7H). Also, we observed that the SRSF6 
overexpression could decrease the protein lev-
els of ECM1 ex4- and the migrated/invaded 
MIApaca-2 and Panc-1 cells while ECM1 ex4- 
overexpression had opposite effects, attenuat-
ed the decreased ECM1 ex4- protein levels and 
migrated/invaded cells induced by SRSF6 over-
expression (Figure 7I and 7J). The above results 

different lentiviruses. (D, E) Representative BLI images (D) and quantitative analysis of the fluorescence intensities 
(E) of mice of five groups. The BLI was performed on days 10, 20, and 30 after injection. The intensity of BLI is repre-
sented by the color. (F) Upper: Representative liver tissues isolated from the intravenously injected mice. Red arrows 
indicate metastatic nodules. Lower: Representative H&E staining of liver tissues. (G) Representative H&E staining in 
lung tissues. Scale bar, 100 μm. All data are shown as the mean ± SEM. ***P<0.001.
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suggested that SRSF6 downregulation pro-
motes pancreatic cancer cell migration and 
invasion via upregulating ECM1 ex4-. 

miR-193a-5p activates EMT process by down-
regulating OGDHL (ex3+) and upregulating 
ECM1 (ex4-)

Finally, we evaluated whether miR-193a-5p 
modulated pancreatic cancer cell migration 
and EMT were mediated by the two AS targets 
of SRSF6, OGDHL ex3+ and ECM1 ex4-. Firstly, 
we detected that miR-193a-5p overexpression 
caused the downregulation of OGDHL ex3+ and 
upregulation of ECM1 ex4- protein, whereas 
miR-193a-5p knockdown had reverse effects 
in MIApaca-2 and Panc-1 cells (Figure 8A). 
Next, we measured the protein levels of SRSF6, 
OGDHL ex3+ and ECM1 ex4- in the hepatic 
metastasis focused by IHC staining. As shown 
in Figure 8B, tumors with miR-193a-5p overex-
pression had lower levels of SRSF6 and OGDHL 
ex3+ and higher levels of ECM1 ex4- than the 
control group, while tumors with SRSF6 overex-
pression or miR-193a-5p knockdown displayed 
the reverse results. Tumors with both miR-
193a-5p and SRSF6 overexpression exhibited 
similar levels of SRSF6, OGDHL ex3+ and ECM1 
ex4- compared with the control group.

As OGDHL [31, 32] and ECM1 [33, 34] were 
reported to inhibit and activate EMT process, 
separately, we verified that miR-193a-5p pro-
motes pancreatic cancer cell migration, inva-
sion and EMT by OGDHL ex3+ and ECM1 ex4- 
by using rescue experiments. Firstly, we dem-
onstrated that SRSF6 or OGDHL ex3+ knocking 
down, or ECM1 ex4- overexpression could all 
activate EMT process (Figure 8C). Next, we 

observed that OGDHL ex3+ knocking down, or 
ECM1 ex4- overexpression attenuated the 
inhibitory effects of miR-193a-5p knocking 
down on EMT activation, migration and inva-
sion in MIApaca-2 and Panc-1 cells (Figure 8D 
and 8E). Overall, these results indicated that 
miR-193a-5p, by targeting SRSF6, inhibited 
OGDHL ex3+ expression and promoted ECM1 
ex4- expression, promoting EMT process of 
pancreatic cancer cells which leads to the cell 
migration and invasion.

Feedback regulation of miR-193a-5p and 
SRSF6

It was previously found that splicing factors can 
regulate the expression of its own regulatory 
miRNAs [19, 36, 37]. Therefore, we checked 
the effect of silencing of SRSF6 on the expres-
sion of miR-193a-5p. As shown in Figure 8F, 
the expression of miR-193a-5p was increased 
after depletion of SRSF6 in SW1990, MIApaca-2 
and Panc-1 cells, whereas was downregulated 
after overexpression of SRSF6 in these cell 
lines. This result indicated SRSF6 might influ-
ence the processing of miR-193a-5p.

Discussion

In this study, we elucidated the critical roles of 
miR-193a-5p and SRSF6 in pancreatic cancer 
and the underlying mechanism for the first 
time. The upregulation of miR-193a-5p pro-
motes the metastasis and EMT activation of 
pancreatic cancer by targeting SRSF6, which 
mediated the AS of OGDHL exon3 inclusion and 
ECM1 exon4 (part) exclusion splice variants 
(Figure 8G).

Figure 6. SRSF6 promotes pancreatic cancer cell migration and invasion through regulating OGDHL alternative 
splicing. (A) A consensus motif sequence (UGGAG) with predicted SRSF6 binding motif in exon3 of OGDHL. (B) 
RT-pancreatic cancerR for detecting OGDHL exon3 splicing isoforms expression in MIApaca-2 and Panc-1 cells 
transfected with control vector, SRSF6 vector, control siRNA or SRSF6 siRNA. (C) Minigene reporter system for de-
tecting OGDHL exon3 splicing (left). The fluorescence signal in the GFP channel represents exon3 splicing efficiency 
in control and SRSF6 overexpression MIApaca-2 and Panc-1 cells (middle). Quantification of splicing efficiency by 
measuring the relative expression of intact EGFP transcript (right). (D, E) OGDHL mRNA levels (D) and Pearson’s 
correlation scatter plot of the fold change of OGDHL and SRSF6 mRNA levels (E) in 40 pairs of human PADC tis-
sues and corresponding adjacent normal tissues. (F) Pearson’s correlation analysis of the fold change of OGDHL 
mRNA and SRSF6 mRNA in 178 human pancreatic adenocarcinoma (PAAD) tissues by ENCORI database from the 
TCGA project. (G) Different isoforms of OGDHL from NCBI database. Isoform 1 (1100aa) that contains exon3 is the 
canonical protein isoform. (H) OGDHL low expression was correlated with a poor survival rate of pancreatic cancer 
patients (n=177, P<0.01). Data was analyzed using Kaplan Meier Plotter (www.kmplot.com). (I) OGDHL exon3 in-
cluded (ex3+) protein levels in MIApaca-2 and Panc-1 cells transfected with or without SRSF6 vector and with or 
without OGDHL (ex3+) siRNA detected by western blotting. (J) Migration and invasion of MIApaca-2 cells (upper) and 
Panc-1 cells (lower) transfected with or without SRSF6 vector and with or without OGDHL (ex3+) siRNA detected by 
transwell migration and invasion assay. Scale bar, 100 μm. All data are shown as the mean ± SEM. ***P<0.001.
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Figure 7. SRSF6 promotes pancreatic cancer cell migration and invasion through regulating ECM1 alternative splic-
ing. (A) A consensus motif sequence (UGGAA) with predicted SRSF6 binding motif in exon4 of ECM1. (B) RT-pan-
creatic cancerR for detecting ECM1 exon4 splicing isoforms expression in MIApaca-2 and Panc-1 cells transfected 
with control vector, SRSF6 vector, control siRNA or SRSF6 siRNA. (C) Minigene reporter system for detecting ECM1 
exon4 splicing (left). The fluorescence signal in the GFP channel represents exon4 splicing efficiency in control and 
SRSF6 overexpression MIApaca-2 and Panc-1 cells (middle). Quantification of splicing efficiency by measuring the 
relative expression of intact EGFP transcript (right). (D, E) ECM1 mRNA levels (D) and Pearson’s correlation scatter 
plot of the fold change of ECM1 and SRSF6 mRNA levels (E) in 40 pairs of human PADC tissues and corresponding 
adjacent normal tissues. (F) Pearson’s correlation analysis of the fold change of ECM1 mRNA and SRSF6 mRNA 
in 178 human pancreatic adenocarcinoma (PAAD) tissues by ENCORI database from the TCGA project. (G) Differ-
ent isoforms of ECM1 from NCBI database. Isoform 1 (540aa) that excludes part of exon4 is the canonical protein 
isoform. (H) ECM1 high expression was correlated with a poor survival rate of pancreatic cancer patients (n=177, 
P<0.001). Data was analyzed using Kaplan Meier Plotter (www.kmplot.com). (I) ECM1 exon4 partially excluded 
(ex4-) protein levels in MIApaca-2 and Panc-1 cells transfected with or without SRSF6 or without ECM1 (ex4-) vector 
detected by western blotting. (J) Migration and invasion of MIApaca-2 cells (upper) and Panc-1 cells (lower) trans-
fected with or without SRSF6 or ECM1 (ex4-) vector detected by transwell migration and invasion assay. Scale bar, 
100 μm. All data are shown as the mean ± SEM. ***P<0.001.

An increasing number of evidences have sug-
gested that miR-193a-5p participated in can-
cer development and progression. miR-193a-
5p was found upregulated in prostate cancer 
tissues [38] and hepatocellular carcinoma tis-
sues [39], in which it significantly suppressed 
prostate cancer cell apoptosis induced by oxi-
dative stress, and accelerated the proliferation 
and suppressed the apoptosis of hepatocellu-
lar carcinoma cells. Xu et al. found that miR-
193a-5p expression is negatively correlated 
with the survival of invasive bladder cancer 
patients [40]. However, miR-193a-5p acts as a 
tumor suppressor miRNA in breast cancer [41], 
colon cancer [42], glioblastoma [43], non-
small-cell lung cancer [44], and osteosarcoma 
cells [45]. Specific miRNA has various expres-
sion profiles in different tissues and presents 
biological activity by targeting different pro-
teins, resulting in the inconsistent activity 
observed in different cell types. However, the 
expression and the role of miR-193a-5p, 
instead of miR-193a-3p [46, 47], in pancreatic 
cancer remain largely unknown. In this study, 
we found the upregulation of miR-193a-5p in 
pancreatic cancer cells and tissues, and high 
expression levels of miR-193a-5p were corre-
lated with TNM stage and poor prognosis in 
pancreatic cancer patients. Overexpression of 
miR-193a-5p promotes the migration and inva-
sion of pancreatic cancer cell both in intro and 
in vivo. These findings indicated miR-193a-5p 
acts as an oncogene in pancreatic cancer.

SRSF6 was then identified as the target of miR-
193a-5p in pancreatic cancer. As an main 
member of SRSFs, SRSF6 shuttles between 
the nucleus and the cytoplasm [48] and is 
involved in many RNA-associated processes 

including not only pre-mRNA splicing but also 
mRNA stability, export, and translation [49]. 
Recent studies have considered SRSF6 as a 
proto-oncogene that is frequently overex-
pressed in human skin cancer [50], lung can-
cer [51] and colon cancer [30] that promotes 
aberrant AS. Intriguingly, we found SRSF6 high 
expression predicts good survival rate in pan-
creatic cancer patients, which implied its tumor 
suppressor role in pancreatic cancer. We also 
observed the downregulation of SRSF6 in pan-
creatic cancer tissues and cells, which was 
negatively correlated with the expression of 
miR-193a-5p. Our biological assays in vitro and 
in vivo also confirmed that SRSF6 inhibits pan-
creatic cancer metastasis, and all of the pro-
metastatic effects caused by miR-193a-5p 
could be rescued by SRSF6 restoration. These 
findings suggested the potential value of miR-
193a-5p combining with SRSF6 as prognostic 
biomarkers in pancreatic cancer patients.

Partly due to the context-dependent nature of 
SRSFs target selection, the key SRSFs-
governed AS networks responsible for tumori-
genesis usually differ greatly among different 
tumor types [52], and unfortunately, little is 
known about SRSF6-affected AS in pancreatic 
cancer up to now. Previously, SRSF6-regulated 
AS targets and its binding motif was identified 
by next-generation RNA-sequencing and RNA 
immunoprecipitation sequencing, and was pre-
liminarily validated by gel shift in colon cancer 
cells [30]. Among these AS events, OGDHL 
ex3+ and ECM1 ex4- splicing changes were 
identified. As both OGDHL and ECM1 partici-
pated in regulating metastasis of pancreatic 
cancer and the EMT process in other cancers 
[31-34], which might be related to SRSF6’s 
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Figure 8. miR-193a-5p activates EMT process through down-regulating OGDHL (ex3+) and upregulating ECM1 (ex4-
). (A) Protein levels of OGDHL (ex3+) and ECM1 (ex4-) in MIApaca-2 cells (upper) and Panc-1 cells (lower) transfected 
with pre-miR-NC, pre-miR-193a-5p, anti-miR-NC, or anti-miR-193a-5p. (B) IHC staining for SRSF6, OGDHL (ex3+) and 
ECM1 (ex4-) in the mouse livers. (C) The protein levels of EMT target genes in MIApaca-2 cells (left) and Panc-1 cells 
(right) transfected with control siRNA, SRSF6 siRNA, OGDHL (ex3+) siRNA, or ECM1 (ex4-). (D, E) The protein levels 
of EMT target genes (D), migrated and invaded cells (E) in MIApaca-2 cells transfected with anti-miR-NC plus con-
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molecular function, we confirmed that OGDHL 
ex3+ splice variants were increased, while 
ECM1 ex4- splice variants were decreased by 
SRSF6 in pancreatic cancer cells using the gel 
shift and minigene reporter assay. We also 
noticed that their related protein isoforms are 
both the canonical ones and played a similar 
trend with the mRNA variants in both cells and 
mouse tissues. The downregulation of OGDHL 
and upregulation of ECM1 were both correlated 
with SRSF6, and predicted poorer outcome in 
pancreatic cancer patients. Consistently, we 
observed that downregulation of OGDHL ex3+ 
isoform and upregulation of ECM1 ex4- isoform 
contributed to the effects of miR-193a-5p tar-
geting SRSF6 on pancreatic cancer cell metas-
tasis and EMT activation. These results are 
adequate to demonstrate that OGDHL and 
ECM1 are crucial “bridge” molecules that medi-
ate the oncogenic effects of miR-193a-5p tar-
geting SRSF6 in pancreatic cancer.

Previous studies have demonstrated the impor-
tant roles of miRNA-dependent regulation of AS 
in the cellular development and disease [53-
55]. The examples of miRNAs affecting splicing 
patterns in tumorigenesis including miR-10a/b 
targeting SRSF1 contributing to retinoic acid-
induced differentiation of neuroblastoma cells 
[27], miR-30a/181 forming regulatory feed-
back loop with SRSF7 promoting renal cancer 
cell proliferation [19], miR-200c/375 control-
ling epithelial plasticity-associated AS by re- 
pressing Quaking-5 in breast cancer [56], and 
miR-133b promoting hepatocellular carcinoma 
cell proliferation and metastasis by targeting 
splicing factor 3b subunit 4 [57]. It was also 
found that splicing factors can actively influ-
ence the processing of pre-miRNAs [19, 36, 
37]. For instance, SRSF1 promotes maturation 
of miR-7 that in turn downregulates the expres-
sion of SRSF1 [37], hnRNP A1 binds to the loop 
of pri-miR-18a and promotes its cleavage. 
Together with the results of the present study 
may broaden the network of post-transcription-
al changes orchestrated by miRNAs in human 
cancer. 

In conclusion, we highlighted the functional 
importance of miR-193a-5p targeting SRSF6 in 
pancreatic cancer metastasis. Along with fur-
ther research, miR-193a-5p-SRSF6-OGDHL/
ECM1 axis may become useful prognostic bio-
markers and provide effective targets for anti-
metastasis therapies for pancreatic cancer.
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Table S1. miR-193a-5p expression and clinicopathological fea-
tures in 40 patients with pancreatic ductal carcinoma (PADC)

Characteristics
Expression of miR-193a-5p

p value*
low high

Sex 0.076
    male 17 12
    female 3 8
Age 0.705
    ≤60 15 16
    >60 5 4
Tumor Differentiation 0.569
    Well-differentiated 7 4
    Moderately differentiated 9 11
    Poorly differentiated 4 5
T Classification 0.584
    T1 2 3
    T2 8 5
    T3 10 12
N Classification 0.009*
    N0 12 4
    N1 8 16
TNM stage 0.038*
    I/II 9 3
    III/IV 11 17
Median expression level was used as a cutoff to divide the 40 patients into 
miR-193a-5p low group (n = 20) and miR-193a-5p high group (n = 20). Two-
sided χ2 test. *P < 0.05.

Table S2. Sequences of mimics, inhibitors and siRNAs, and of primers used for qRT-PCR, AS valida-
tion, RT-PCR and plasmid construction
RNA/Primer names Sequences
pre-miR-193a-5p 5’-UGGGUCUUUGCGGGCGAGAUGA-3’ (sense)

5’-AUCUCGCCCGCAAAGACCCAUU-3’ (antisense)

pre-miR-NC 5’-UUCUCCGAACGUGUCACGUTT-3’ (sense)

5’-ACGUGACACGUUCGGAGAATT-3’ (antisense)

anti-miR-193a-3p 5’-UCAUCUCGCCCGCAAAGACCCA-3’

anti-miR-NC 5’-CAGUACUUUUGUGUAGUACAA-3’

SRSF6-siRNA-1 5’-GGAUACAGCAGUCGGAGAATT-3’ (sense)

5’-UUCUCCGACUGCUGUAUCCTT-3’ (antisense)

SRSF6-siRNA-2 5’-GCAGUUGGCAAGAUUUAAATT-3’ (sense)

5’-UUUAAAUCUUGCCAACUGCTT-3’ (antisense)

SRSF6-siRNA-3 5’-GCAGGAAAUCUAGAUCAAATT-3’ (sense)

5’-UUUGAUCUAGAUUUCCUGCTT-3’ (antisense)

OGDHL ex3+ si-1 5’-GGACAGCUUCUUCAGGAATT-3’ (sense)

5’-UUCCCUGAAGAAGCUGUCCTT-3’ (antisense)

OGDHL ex3+ si-2 5’-GGACCAAGACCAGCAAAUUTT-3’ (sense)

5’-AAUUUGCUGGUCUUGGUCCTT-3’ (antisense)

Sequences of primers used for qRT-PCR

    hsa-miR-193a-5p forward 5’-ACGCTGGGTCTTTGCGG-3’

    hsa-miR-193a-5p reverse 5’-TATGGTTGTTCACGACTCCTTCAC-3’

    U6 forward 5’-ATTGGAACGATACAGAGAAGATT-3’

    U6 reverse 5’-GGAACGCTTCACGAATTTG-3’
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    SRSF6 forward 5’-ACATAGGACGCCTGAGCTACA-3’

    SRSF6 reverse 5’-GCCGTACCCATTTTTGAGGTCTA-3’

    GAPDH forward 5’-GAGTCAACGGATTTGGTCGT-3’

    GAPDH reverse 5’-TTGATTTTGGAGGGATCTCG-3’

Sequences of primers used for AS validation

    pGint-OGDHL ex3+ forward 5’-TGGTTGGAAAACCCCCAGAG-3’

    pGint-OGDHL ex3+ reverse 5’-GAGGGCACAAAGGAGTCCAG-3’

    pGint-ECM1 ex4- forward 5’-ACCCTGACTCCTCTCAGCAT-3’

    pGint-ECM1 ex4- reverse 5’-TTGGGCAGGTAGCAGCTTTT-3’

Sequences of primers used for RT-PCR

    OGDHL forward 5’-CATCGACAAATCCAGCGAGAT-3’

    OGDHL reverse 5’-ATCCTCTCATGGTACATGCCC-3’

    ECM1 forward 5’-GACAGAGTCAAGTGCAGCCCC-3’

    ECM1 reverse 5’-CTTCTGTTCATTGGGGTGCTG-3’

Sequences of primers used for plasmid construction

    pcDNA3.1-SRSF6 forward 5’-CTAGCTAGCGCCACCATGCCGCGCGTCTACATAG-3’

    pcDNA3.1-SRSF6 reverse 5’-CCGGAATTCTTAATCTCTGGAACTCGACCTGG-3’

    pcDNA3.1-ECM1 forward 5’-CTAGCTAGCGCCACCATGGGGACCACAGCCAGAGC-3’

    pcDNA3.1-ECM1 reverse 5’-CCGGAATTCTCATTCTTCCTTGGGCTCAG-3’

    SRSF6-WT forward 5’-TCGAGGGCTCTAAGGAAATGGTGGCATGAAGACCCTCTCCCTTCTTTGTAGAATTAAGT-3’

    SRSF6-WT reverse 5’-CTAGACTTAATTCTACAAAGAAGGGAGAGGGTCTTCATGCCACCATTTCCTTAGAGCCC-3’

    SRSF6-MUT forward 5’-TCGAGGGCTCTAAGGAAATGGTGGCATGCCTCAAATCTCCCTTCTTTGTAGAATTAAGT-3’

    SRSF6-MUT reverse 5’-CTAGACTTAATTCTACAAAGAAGGGAGATTTGAGGCATGCCACCATTTCCTTAGAGCCC-3’

Table S3. Antibodies used for western blotting (WB), RNA-binding protein immunoprecipitation (RIP)
Protein Applications Antibody Origin dilution Molecular weight
GAPDH WB D16H11, Cell Signaling Technology Rabbit 1:1000 36 KD
E-cadherin WB 3195, Cell Signaling Technology Rabbit 1:1000 135 KD
ZEB-1 WB 3396, Cell Signaling Technology Rabbit 1:1000 200 KD
MMP-9 WB 3852, Cell Signaling Technology Rabbit 1:1000 92 KD
MMP-2 WB 4022, Cell Signaling Technology Rabbit 1:1000 72 KD
Snail WB 3879, Cell Signaling Technology Rabbit 1:1000 29 KD
Vimentin WB ab92547, Abcam Rabbit 1:1000 57 KD
Ago2 RIP 03-110, Merck Millipore Mouse 1:10 100 KD
IgG RIP ab18413, Abcam Mouse 1:10 150 kD
SRSF6 WB, IHC ab140623, Abcam Rabbit 1:1000, 1:50 40 KD
OGDHL WB, IHC 17110-1-AP, Proteintech Rabbit 1:1000, 1:50 115 KD
ECM1 WB, IHC 11521-1-AP, Proteintech Rabbit 1:1000, 1:50 61 KD

Table S4. Screening of 93 predicted targets of miR-193a-5p

No. Name Cancer 
Related

Reported in 
Pancreatic 

Cancer 

Expression 
in pancre-
atic tumor

Good 
survival 
related

P-Value
Migration 

and invasion 
related

Reported 
miR-193a-5p 

target

ΔG  
(kcal/mol)

1 SRSF6 √ × Lower √ 0.0015 √ × -22.6
2 KIAA0100 √ × Lower √ 0.037 √ × -22.6
3 USP6 √ × Lower √ 0.00078 √ × -23.8
4 CNTFR √ × Lower √ 0.0051 ×
5 KIAA0895L √ × Lower √ 0.00024 ×
6 PIP4K2B √ × Lower √ 0.0038 ×
7 MBD6 √ × Lower √ 0.018 ×
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8 PCDHA13 √ × Lower √ 0.025 ×
9 PRPS1 √ × Lower √ 0.031 ×
10 ZNF70 √ × Lower √ 0.033 ×
11 FADS1 √ × Lower ×
12 BMF √ × Lower ×
13 SMARCD1 √ × Lower ×
14 MLLT10 √ × Lower ×
15 CHERP √ × Lower ×
16 EBF3 √ × Lower ×
17 GATAD2B √ × Lower ×
18 ANKS1A √ × Lower ×
19 RBBP6 √ × Lower ×
20 HECTD3 √ × Lower ×
21 FBXL3 √ × Lower ×
22 FANCD2 √ × Lower ×
23 PHACTR4 √ × Lower ×
24 EEF1A1 √ × Lower ×
25 MYO9B √ × Lower ×
26 TCF3 √ × Lower ×
27 ADAMTS2 √ × Lower ×
28 PCDHA5 √ × Higher
29 PCDHA7 √ × Higher
30 PCDHA8 √ × Higher
31 PCDHA2 √ × Higher
32 PCDHA4 √ × Higher
33 PCDHA1 √ × Higher
34 PCDHAC2 √ × Higher
35 GANAB √ × Higher
36 UBE2D2 √ × Higher
37 CEP57 √ × Higher
38 CRYBG3 √ × Higher
39 TSC22D2 √ × Higher
40 DDA1 √ × Higher
41 GBA2 √ × Higher
42 EIF4EBP2 √ × Higher
43 OTUD7B √ × Higher
44 GPR39 √ × Higher
45 MYO1D √ × Higher
46 CSNK2A1 √ × Higher
47 PCDHA11 √ √
48 ACVR1 √ √
49 BTG1 √ √
50 GNAQ √ √
51 NETO2 √ √
52 RAP2A √ √
53 SPOCK1 √ √
54 PCDH10 √ √
55 COL1A1 √ √
56 CDK14 √ √
57 MMP16 √ √
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58 NUAK1 √ √
59 VCL √ √
60 MEIS1 √ √
61 AJUBA √ √
62 SENP1 √ √
63 PBX1 √ √
64 PCDHA12 ×
65 PCDHA6 ×
66 PCDHA10 ×
67 PCDHA9 ×
68 PCDHA3 ×
69 PCDHAC1 ×
70 NLN ×
71 SLC30A5 ×
72 ITSN1 ×
73 IPPK ×
74 OLA1 ×
75 ZMYM4 ×
76 WIZ ×
77 IFFO2 ×
78 ZNF827 ×
79 XK ×
80 ANGEL1 ×
81 CHST14 ×
82 GOLGA8B ×
83 GOLGA8A ×
84 GDE1 ×
85 C18orf25 ×
86 SYT12 ×
87 TMTC3 ×
88 SEC61A1 ×
89 TAOK1 ×
90 SLC7A1 ×
91 NUP210 ×
92 CLPB ×
93 SLC7A6 ×
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Figure S1. Verification of miR-193a-5p, SRSF6 overexpression or knockdown efficiencies in breast cancer cells. A. 
miR-193a-5p levels in SW1990, MIApaca-2 and Panc-1 cells transfected with pre-miR-NC, pre-miR-193a-5p, anti-
miR-NC, or anti-miR-193a-5p. B. SRSF6 mRNA in SW1990, MIApaca-2 and Panc-1 cells transfected with control vec-
tor, SRSF6 vector, control siRNA or SRSF6 siRNA. C. SRSF6 protein levels in SW1990 and Panc-1 cells transfected 
with pre-miR-NC plus control vector, pre-miR-193a-5p plus control vector, or pre-miR-193a-5p plus SRSF6 vector. All 
data are shown as the mean ± SEM. ***P<0.001.
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Figure S2. miR-193a-5p has no significant effects on pancreatic cancer cell proliferation, self-renewal, or drug re-
sistance ability. (A-C) Proliferative abilities of SW1990 cells (A), MIApaca-2 cells (B) and Panc-1 cells (C) transfected 
with pre-miR-NC or pre-miR-193a-5p detected by CCK-8 assays. (D) The sphere-formation efficiencies (SFEs) of 
MIApaca-2 cells and Panc-1 cells transfected with pre-miR-NC or pre-miR-193a-5p. (E) mRNA levels of pluripotent 
transcription factors in SW1990 cells, MIApaca-2 cells and Panc-1 cells transfected with pre-miR-NC or pre-miR-
193a-5p detected by qRT-pancreatic cancerR. All data are shown as the mean ± SEM. *P<0.05.
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Figure S3. miR-193a-5p promotes pancreatic cancer cell migration and invasion via targeting SRSF6 in SW1990 
cells. (A, B) Migration and invasion of SW1990 cells transfected with control vector, SRSF6 vector, control siRNA or 
SRSF6 siRNA detected by wound healing assay (A) or migration and invasion assay (B). Scale bar, 100 μm. (C, D) Mi-
gration and invasion of SW1990 cells transfected with pre-miR-NC plus control vector, pre-miR-193a-5p plus control 
vector, or pre-miR-193a-5p plus SRSF6 vector detected by wound healing assay (C) or migration and invasion assay 
(D). Scale bar, 100 μm. All data are shown as the mean ± SEM. **P<0.01; ***P<0.001.


