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Abstract. Numerous reports have found that long non‑coding 
(lnc) RNAs were associated with pancreatic cancer (PC) 
initiation and development. The lncRNA titin antisense 
RNA 1 (TTN‑AS1) was identified as a tumor promoter in 
certain types of cancer; however, its role and mechanism in 
PC remain unclear. The aim of the present study was to inves‑
tigate the role of TTN‑AS1 in PC and elucidate the underlying 
mechanism. Reverse transcription‑quantitative PCR analysis 
was performed to examine the mRNA expression level of 
TTN‑AS1, microRNA(miR)‑589‑5p and forkhead box protein 
1 (FOXP1). Knockdown experiments were performed to 
examine the effect of TTN‑AS1 on PC cell proliferation, migra‑
tion and invasion. Luciferase reporter assays validated the 
binding of miR‑589‑5p to TTN‑AS1 and FOXP1. Chromatin 
immunoprecipitation and luciferase reporter assays confirmed 
the binding ability of FOXP1 to the TTN‑AS1 promoter. As 
a result, TTN‑AS1 and FOXP1 were found to be upregulated 
in PC cell lines and tissues, while miR‑589‑5p was expressed 
at low levels. Knockdown experiments indicated the suppres‑
sive effect of TTN‑AS1 knockdown on cell proliferation, 
migration and invasion in PC cell lines. Further mechanistic 
research uncovered that TTN‑AS1 functioned as a molecular 
sponge for miR‑589‑5p and its mRNA expression level in 
PC tissues was inversely associated with that of miR‑589‑5p. 
Furthermore, miR‑589‑5p was confirmed to target FOXP1. 
Of note, it was discovered that FOXP1 transcriptionally 
activated TTN‑AS1 mRNA expression level. Taken together, 
the findings of the present study demonstrated that the new 

TTN‑AS1/miR‑589‑5p/FOXP1 feedback loop may play an 
important role in PC.

Introduction

Pancreatic cancer (PC) is an aggressive type of cancer with 
an increasing incidence rate worldwide, with 216,000 new 
cancer cases worldwide every year, causing more than 
200,000  deaths each year  (1,2). In recent years, PC has 
become the fourth main cause of cancer‑associated mortality 
and its long‑time survival rate is ≤5% due to its high degree 
of malignancy (3,4). Furthermore, the intricate mechanisms 
underlying its pathological progression and the complicated 
regulatory mechanisms represent a considerable challenge 
in the early diagnosis of PC (5). Diagnosis and therapy have 
improved the survival times of patients, with the advances 
in imaging and clinical treatment methods (6); however, the 
clinical outcome of patients with PC remains unsatisfactory. 
Thus, it is crucial to further elucidate the possible underlying 
molecular mechanisms and identify new biomarkers for PC.

Long non‑coding (lnc) RNAs are a type of ribose nucleotide 
chain and are >200 nucleotides in length (7). lncRNAs were 
previously considered to lack any biological functions, as they 
do not have protein‑coding ability; however, it was discovered 
that lncRNAs can exert their biological functions via epigenetic 
regulation (8) at the transcriptional level, post‑transcriptional 
level (9) or histone modification (10). Accumulating evidence 
has proved the particular significance of lncRNAs in the 
occurrence and progression of diverse diseases, particularly 
cancer, such as gastric cancer (11), colorectal cancer (12) and 
glioma (13). lncRNAs have been demonstrated to represent 
important elements of the competing endogenous (ce) RNA 
network by combining with microRNAs (miRNAs/miRs) 
to neutralize their inhibitory effects on target genes (14). In 
recent years, a number of lncRNAs have been confirmed to 
indirectly modulate gene expression by acting as ceRNAs 
in PC progression (15‑17). The lncRNA titin antisense RNA 
1 (TTN‑AS1) has been found to play an oncogenic role in 
diverse types of cancer, such as gastric cancer (18), papillary 
thyroid cancer (19), cervical cancer (20) and hepatocellular 
carcinoma (21). Notably, TTN‑AS1 has been shown to act as 
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a ceRNA and plays a regulatory role by sponging different 
miRNAs (22,23). For example, TTN‑AS1 enhanced breast 
cancer cell invasion by regulating the miR‑524‑5p/ribonucleo‑
tide reductase regulatory subunit M2 axis (24). However, to 
the best of our knowledge, its significance in PC has not 
been investigated to date. The aim of the present study was 
to determine whether TTN‑AS1 induced by forkhead box 
protein 1 (FOXP1) may function as an oncogene in PC via the 
miR‑589‑5p/FOXP1 axis, to identify a novel regulatory axis 
underlying PC progression.

Materials and methods

Tissue samples. A total of 78 paired specimens of PC and 
adjacent normal tissues were obtained from patients who 
had received surgical resection at Liyang People's Hospital 
(Liyang, China) between March 2017 and December 2019. 
Prior to surgery, none of the patients had received radiotherapy 
or chemotherapy. Patients that had been treated with chemo‑
therapy or radiotherapy prior to surgery or lack of written 
informed consent were excluded from the study. The protocol 
of the present study was approved by the Ethics Committee of 
Liyang People's Hospital and written informed consent was 
provided by each patient. Immediately after collection, the 
tissues were frozen in liquid nitrogen and preserved at ‑80˚C 
until use.

Cell lines. The PC cell lines (BxPC‑3, AsPC‑1, CaPAN‑2, 
PANC‑1 and SW1990) were purchased from the American 
Type Culture Collection and the human pancreatic duct epithe‑
lial (HPDE) cell line was purchased from The Cell Bank of 
Type Culture Collection of The Chinese Academy of Sciences. 
All the cell lines were cultured in DMEM, supplemented with 
10% FBS (both from Gibco; Thermo Fisher Scientific, Inc.) 
and 1% penicillin‑streptomycin, and incubated at 37˚C in a 
humidified incubator with 5% CO2.

Cell transfection. Short hairpin (sh) RNAs targeting TTN‑AS1 
(sh‑TTN‑AS1#1  and  ‑#2) were designed to downregulate 
TTN‑AS1 and sh‑negative control (NC) served as the control. 
miR‑589‑5p mimics (5'‑UUA​UGG​UUU​GCC​UGG​GAC​UG​
AG‑3') were purchased to increase miR‑589‑5p expression, 
with NC mimics (5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3') 
as the control. To overexpress FOXP1, the pcDNA3.1/FOXP1 
plasmid was generated and empty pcDNA3.1 was the control. 
All the aforementioned plasmids were purchased from 
Shanghai GenePharma Co., Ltd., and Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to trans‑
fect 50 nM sh‑TTN‑AS1#1, 50 nM sh‑TTN‑AS1#2, 50 nM 
sh‑NC, 50 nM miR‑589 mimics, 50 nM NC mimics, 4.0 µg 
pcDNA3.1/FOXP1 and 4.0 µg pcDNA3.1 into the BxPC‑3 and 
AsPC‑1 cell lines at room temperature for ~30 min. Reverse 
transcription‑quantitative (RT‑q) PCR analysis was used to 
confirm transfection efficiency. Subsequent experiments were 
performed 48 h post‑transfection.

RT‑qPCR analysis. Total RNA was extracted from the PC 
tissues or cells using TRIzol® (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
Subsequently, total RNA was reverse transcribed into cDNA 

using the ReverTra Ace qPCR RT kit (Takara Biotechnology 
Co., Ltd.), according to the manufacturer's protocol. The SYBR 
Green real‑time PCR Master Mix (Takara Biotechnology Co., 
Ltd.) was used for qPCR on an ABI 7500 real‑time PCR system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
thermocycling conditions were as follows: Pre‑denaturation 
at 95˚C for 1 min, followed by 40 cycles of 95˚C for 15 sec, 
60˚C for 30 sec and 72˚C for 30 sec. GAPDH (for lncRNA 
and mRNA) or U6 (for miRNA) served as the internal refer‑
ences. Finally, the 2‑ΔΔCq method (25) was used to calculate and 
analyze relative target gene expression. The primer sequences 
were designed as follows: TTN‑AS1 forward, 5'‑CGA​TAC​
CAT​TGA​ACA​CGC​TGC‑3' and reverse, 5'‑GGT​TGA​GGG​
TCC​CAG​TG‑3'; miR‑589‑5p forward, 5'‑CGC​CTT​GAA​TCG​
GTG‑3' and reverse, 5'‑GTG​CAG​GGT​CCG​AGG​T‑3'; FOXP1 
forward, 5'‑AGG​ACT​TGC​ACA​AGC​AGA​AC‑3' and reverse, 
5'‑GTT​GGC​GTA​CAC​GGG​CGG​CT‑3'; GAPDH forward, 
5'‑AGC​CAC​ATC​GCT​CAG​ACA​C‑3' and reverse, 5'‑GCC​
CAA​TAC​GAC​CAA​ATC​C‑3'; and U6 forward, 5'‑GCT​TCG​
GCA​GCA​CAT​ATA​CTA​AAA​T‑3' and reverse, 5'‑CGC​TTC​
ACG​AAT​TTG​CGT​GTC​AT‑3'.

Cell Counting Kit (CCK)‑8 assay. To measure cell viability, 
the BxPC‑3 and AsPC‑1 cell lines were plated into 96‑well 
plates (2x103 cells/well), and incubated for 0, 24, 48 and 72 h. 
Following which, 10 µl CCK‑8 solution (Dojindo Molecular 
Technologies, Inc.) was added per well and the samples were 
incubation for an additional 2 h until the cells adhered. Finally, 
the absorbance at 450 nm was detected.

Colony formation assay. A total of 1,500 BxPC‑3 and AsPC‑1 
cells per well were seeded into 6‑well plates and the trans‑
fected cells were cultured for 2 weeks under normal culture 
conditions. Then, the cells were fixed in 4% paraformaldehyde 
for 10 min and stained using 0.5% crystal violet solution for 
10 min at room temperature, respectively. After washing three 
times with PBS, images of the cell colonies were captured and 
counted under a light microscope (magnification, x20).

Transwell assay. A 24‑well Transwell chamber (Corning, 
Inc.) containing a polycarbonate membrane filter (8‑µm pore 
size) was used for the Transwell assays. To investigate inva‑
sion, the chamber was precoated with 100 µg Matrigel for 1 h 
at room temperature, whereas this step was omitted for the 
migration assay. Briefly, 5x104 cells in serum‑free medium 
were plated in the top chamber and the bottom chamber was 
filled with medium (500 µl), supplemented with 10% FBS. 
After incubating for 24 h at 37˚C, the cells remaining in the 
upper side of the filter were removed using cotton‑tipped 
swabs. The cells that had migrated or invaded into the lower 
side of the filter were fixed with 4% methanol for 20 min 
and stained with 0.1% crystal violet for 20 min, both at room 
temperature, and finally counted under an light microscope 
(magnification, x200).

Bioinformatic analysis. The StarBase 2.0 database 
(http://starbase.sysu.edu.cn/) was used to predict the binding 
sites between miR‑589‑5p and TTN‑AS1 or FOXP1. Santa 
Cruz Genome Browser (http://genome.ucsc.edu) was used to 
predict the potential transcription factor of TTN‑AS1.
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Luci ferase  repor ter  a ssay.  T he cor respond ing 
full‑length sequence of TTN‑AS1 or FOXP1 3'‑untrans‑
lated region (UTR) with wild‑type (WT) or mutated 
(Mut) miR‑589‑5p binding sites was ligated into the 
pmirGLO vector (Promega Corporat ion) to form 
pmirGLO‑TTN‑AS1‑WT/Mut or pmirGLO‑FOXP1‑WT/Mut 
reporter vectors. Then, the constructed reporter vectors were 
co‑transfected with miR‑589‑5p mimics or NC mimics into 
the BxPC‑3 and AsPC‑1 cells, using Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.). After 48 h, the rela‑
tive luciferase activities were measured using a Dual‑Luciferase 
Reporter Assay System (Promega Corporation). Firefly lucif‑
erase activity was normalized to Renilla luciferase activity.

The fragments of the TTN‑AS1 promoter containing 
the FOXP1‑binding site (WT or Mut) were ligated into the 
pGL3‑basic vector (Promega Corporation). Subsequently, 
the recombinant construct was co‑transfected with 
pcDNA3.1/FOXP1 plasmids into the BxPC‑3 and AsPC‑1 cell 
lines, using Lipofectamine 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.). After 48 h, the relative luciferase activity was 
examined using the Dual Luciferase Reporter Gene Assay 
kit (BioTek Instruments, Inc.) to analyze firefly and Renilla 
luciferase activities.

Chromatin immunoprecipitation (ChIP) assay. The BxPC‑3 
and AsPC‑1 cell lines were collected and fixed with 1% formal‑
dehyde for 10 min at 37˚C for cross‑linking DNA and protein. 
Next, ultrasonication was used to generate DNA fragments 
(200‑500 bp). Then, the cell lysates, with the DNA frag‑
ments, were immunoprecipitated with anti‑FOXP1 (1:1,000; 
cat. no. ab93807) or anti‑IgG (1:10,000; cat. no. ab172730) 
(both from Abcam). Subsequently, magnetic beads were used 
to capture the precipitated DNA fragments and the precipi‑
tated DNA was quantified using RT‑qPCR.

Western blot analysis. Total protein was isolated from the 
PC cells using RIPA lysis buffer (Thermo Fisher Scientific, 
Inc.). Protein concentration was detected using a BCA assay 
kit (Sangon Biotech Co., Ltd.). The total protein (20 µg) was 
separated with 10% SDS‑PAGE, then transferred to a PVDF 
membrane. After blocking with 5% skimmed milk for 2 h, 
the membrane was incubated with the primary antibodies 
against E‑cadherin (cat.  no.  ab1416; 1:1,000), N‑cadherin 
(cat.  no.  ab18203; 1: 1,000) and GAPDH (cat.  no.  ab9485; 
1:1,000) overnight at 4˚C. Subsequently, the membrane was 
incubated with goat anti‑rabbit IgG H&L (HRP) secondary 
antibody (1:1,000; cat. no. ab205718; Abcam) and the bands 
were evaluated using an enhanced chemiluminescence kit 
(Pierce; Thermo Fisher Scientific, Inc.).

Statistical analysis. Data from independent triplicate experi‑
ments were analyzed via SPSS 20.0 (IBM Corp.) and are shown 
as the mean ± SD. The comparison between two groups was 
conducted using paired or unpaired Student's t‑test and between 
multiple groups using one‑way ANOVA followed by Tukey's 
post hoc test. The correlation between mRNA expression 
levels was analyzed using Pearson's correlation analysis. The 
χ2 test was used to assess the associations between TTN‑AS1 
expression and the clinicopathological characteristics. P<0.05 
was considered to indicate a statistically significant difference.

Results

TTN‑AS1 silencing inhibits PC cell proliferation. To examine 
the function of TTN‑AS1 in PC, its mRNA expression levels 
were first detected using RT‑qPCR. As shown in Fig. 1A, 
TTN‑AS1 was found to be significantly increased in PC 
tissues. Furthermore, clinical data demonstrated that TTN‑AS1 
expression was associated with TNM stage and lymph node 
metastasis, while there was no significant association between 
TTN‑AS1 mRNA expression level and age or sex (Table I). 
Then, TTN‑AS1 mRNA expression level was analyzed in the 
PC and HPDE cell lines, the latter was used as the NC. The 
results of RT‑qPCR indicated that the PC cell lines exhibited 
higher TTN‑AS1 mRNA expression levels compared with 
that in the HPDE cell line (Fig. 1B). Furthermore, the BxPC‑3 
and AsPC‑1 cell lines exhibited the highest TTN‑AS1 mRNA 
expression level; thus, these two cell lines were selected for 
further experiments. Subsequently, TTN‑AS1 expression 
was knocked down using shRNA in the BxPC‑3 and AsPC‑1 
cell lines, and the transfection efficiency was confirmed 
using RT‑qPCR (Fig. 1C). CCK‑8 assays revealed that knock 
down of TTN‑AS1 significantly suppressed the viability of 
both the BxPC‑3 and AsPC‑1 cell lines (Fig. 1D). In addi‑
tion, colony formation assays further verified the inhibitory 
effect of TTN‑AS1 knockdown on BxPC‑3 and AsPC‑1 cell 
proliferation (Fig. 1E). Lastly, Transwell and Matrigel assays 
demonstrated that TTN‑AS1 knockdown reduced the migra‑
tion and invasion abilities of the BxPC‑3 and AsPC‑1 cell lines 
(Fig. 1F and G, respectively). The aforementioned findings 
indicated that TTN‑AS1 may act as an oncogene in PC.

TTN‑AS1 sponges miR‑589‑5p in PC. A number of studies have 
found that lncRNAs play key roles in cancer by combining with 
miRNAs (26‑28); thus, it was investigated whether potential 

Table I. Association between TTN‑AS1 and the clinicopatho‑
logical characteristics in patients with pancreatic cancer.

	 TTN‑AS1
	 expression level
	--------------------------------
Characteristic	 High	 Low	 P‑value

Age, years			 
  ≥60	 25	 21	 0.621
  <60	 20	 12	
Sex			 
  Male	 23	 17	 0.932
  Female	 22	 16	
TNM stage			 
  I‑II	 14	 20	 0.021
  III‑IV	 31	 13	
Lymph node metastasis			 
  Negative	 13	 27	 <0.001
  Positive	 32	 6	

TTN‑AS1, titin antisense RNA 1.
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Figure 1. Expression level and biological function of TTN‑AS1 in PC tissues and cell lines. The mRNA expression level of TTN‑AS1 in (A) PC tissues and 
(B) cell lines. Adjacent normal tissues and the HPDE cell line were used as the negative control, respectively. (C) TTN‑AS1 mRNA expression level was 
detected using reverse transcription‑quantitative PCR in the BxPC‑3 and AsPC‑1 cell lines transfected with sh‑TTN‑AS1#1 or #2 and sh‑NC was used as the 
negative control. (D) Cell Counting Kit‑8 and (E) colony formation assays were performed to investigate the effect of TTN‑AS1 knockdown on BxPC‑3 and 
AsPC‑1 cell viability and proliferation, respectively. Transwell assays were performed to analyze BxPC‑3 and AsPC‑1 cell (F) migration and (G) invasion 
following knockdown of TTN‑AS1. *P<0.05, **P<0.01, sh‑TTN‑AS1#1 or sh‑TTN‑AS1#1 vs. sh‑NC. PC, pancreatic cancer; sh, short hairpin; NC, negative 
control; TTN‑AS1, titin antisense RNA 1.
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miRNAs could interact with TTN‑AS1. To predict potential 
miRNAs, StarBase database (http://starbase.sysu.edu.cn/) was 
used. As a result, TTN‑AS1 was found to potentially combine 
with miR‑589‑5p under strict screening conditions (Pan‑Cancer, 
10 cancer types), and the binding sequence of TTN‑AS1 on 
miR‑589‑5p is illustrated in Fig. 2A. Subsequently, miR‑589‑5p 
mRNA expression level was determined and found to be low 
in PC tissues and cell lines (Fig. 2B). In further experiments, 
miR‑589‑5p mRNA expression level was increased following 
transfection with miR‑589‑5p mimics (Fig. 2C). Subsequently, 
the plasmids containing the WT (TTN‑AS1‑WT) and Mut 
(TTN‑AS1‑Mut) miR‑589‑5p binding site were generated 
and ligated into dual‑luciferase reporter vectors for luciferase 
activity assay. The results revealed that the luciferase activity 
of TTN‑AS1‑WT was inhibited by miR‑589‑5p overexpression, 
but that of TTN‑AS1‑Mut was unaffected (Fig. 2D), suggesting 
the direct binding of TTN‑AS1 to miR‑589‑5p. Furthermore, 
Pearson's correlation analysis demonstrated the inverse associ‑
ation between TTN‑AS1 and miR‑589‑5p expression levels in 
the PC tissues (Fig. 2E). Collectively, these findings indicated 
that TTN‑AS1 directly interacted with miR‑589‑5p in PC.

FOXP1 is the downstream target of miR‑589‑5p in PC. To further 
verify the ceRNA hypothesis, the downstream target genes of 
miR‑589‑5p were investigated. Using StarBase, 10 potential candi‑
date targets were identified (Fig. 3A) and the mRNA expression 
level of these genes in the miR‑589‑5p mimics‑transfected cells 
was examined using RT‑qPCR. The results revealed that FOXP1 
expression was lower compared with that in the other 9 genes 
when miR‑589‑5p was overexpressed (Fig. 3B). Thus, FOXP1 

was selected for subsequent analyses. As shown in Fig. 3C, PC 
tissues expressed higher expression levels of FOXP1 compared 
with that in adjacent normal tissues. RT‑qPCR and western blot 
analyses also indicated that the mRNA and protein expression 
level of FOXP1 was upregulated in the PC cell lines compared 
with that in the HPDE cell lines (Fig. 3D and E, respectively). 
Furthermore, it was demonstrated that the luciferase activity 
of FOXP1‑WT, but not that of FOXP1‑Mut, was significantly 
reduced in the miR‑589‑5p mimics‑transfected cells (Fig. 3F). 
In addition, FOXP1 expression in the PC tissues was found to be 
negatively correlated with miR‑589‑5p and positively correlated 
with TTN‑AS1 mRNA expression levels using Pearson's correla‑
tion analysis (Fig. 3G). Taken together, these findings indicated 
that miR‑589‑5p directly targeted FOXP1 in PC.

TTN‑AS1 is transcriptionally activated by FOXP1. According 
to previous reports, FOXP1 may act as a transcription factor 
and promote the transcription of lncRNAs (29,30). However, 
to the best of our knowledge, whether FOXP1 can transcrip‑
tionally activate the expression of TTN‑AS1 has not been 
investigated to date. Using the University of California, Santa 
Cruz Genome Browser (http://genome.ucsc.edu/), FOXP1 was 
found to act as a potential transcription factor by binding to the 
TTN‑AS1 promoter, and its DNA motif was obtained from the 
JASPAR database (http://jaspar.genereg.net) (Fig. 4A). Then, the 
pcDNA3.1/FOXP1 plasmid was transfected into the BxPC‑3 and 
AsPC‑1 cell lines to increase FOXP1 expression (Fig. 4B and C). 
Subsequently, TTN‑AS1 mRNA expression level was found to 
be significantly increased by pcDNA3.1/FOXP1 transfection 
(Fig. 4D). ChIP assay revealed the direct interaction between 

Figure 2. TTN‑AS1 interacts with miR‑589‑5p. (A) The binding sequences between TTN‑AS1 and miR‑589‑5p were obtained using StarBase database. 
(B) miR‑589‑5p expression level in PC tissues and cell lines was evaluated using RT‑qPCR analysis. (C) RT‑qPCR analysis was used to confirm the transfec‑
tion efficiency of miR‑589‑5p mimics. (D) The luciferase activity of TTN‑AS1‑WT/Mut in miR‑589‑5p‑overexpressed BxPC‑3 and AsPC‑1 cell lines was 
demonstrated using a luciferase reporter assay. (E) The correlation between TTN‑AS1 and miR‑589‑5p mRNA expression level was analyzed using Pearson 
correlation analysis. *P<0.05, **P<0.01. miR, microRNA; NC, negative control; WT, wild‑type; Mut, mutant; PC, pancreatic cancer; TTN‑AS1, titin antisense 
RNA 1; RTqPCR, reverse transcription‑quantitative PCR.
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FOXP1 and the TTN‑AS1 promoter (Fig. 4E). Subsequently, 
the WT and Mut binding sites between FOXP1 and TTN‑AS1 
promoter were obtained, and a luciferase reporter assay revealed 
that FOXP1 overexpression increased the luciferase activity of 
the WT TTN‑AS1 promoter reporter construct, while no notable 
changes were observed with the Mut TTN‑AS1 promoter 

reporter (Fig. 4F). All these data indicated that FOXP1 directly 
binds to the TTN‑AS1 promoter.

TTN‑AS1 is associated with PC cell line migration and 
invasion by upregulating FOXP1. To verify whether TTN‑AS1 
promoted PC progression via FOXP1, rescue experiments were 

Figure 3. FOXP1 is targeted by miR‑589‑5p. (A) The potential target genes for miR‑589‑5p were predicted using StarBase. (B) The mRNA expression level of 
the predicted targets in the BxPC‑3 and AsPC‑1 cell lines transfected with miR‑589‑5p mimics. (C) Reverse transcription‑quantitative PCR analysis of FOXP1 
expression in PC and adjacent normal tissues. The (D) mRNA and (E) protein expression levels of FOXP1 were measured in the PC cell lines and the human 
pancreatic duct epithelial cell line. (F) The interaction between miR‑589‑5p and FOXP1 was confirmed using a luciferase reporter assay. (G) Pearson correla‑
tion analysis revealed the correlation between FOXP1 and miR‑589‑5p, and with TTN‑AS1. *P<0.05, **P<0.01, PC or experiment groups vs. control group. 
miR, microRNA; NC, negative control; PC, pancreatic cancer; TTN‑AS1, titin antisense RNA 1; WT, wild‑type; Mut, mutant; FOXP1, forkhead box protein 1.
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performed. Based on the results of the CCK‑8 assay, FOXP1 
upregulation counteracted the inhibitory effect of TTN‑AS1 
knockdown in PC cell viability (Fig. 5A). The results of the 
colony formation assay suggested that the suppressed prolif‑
erative ability in TTN‑AS1 knockdown cells was restored 
by increasing the expression level of FOXP1 (Fig.  5B). 
Furthermore, TTN‑AS1 knockdown inhibited the migration 
and invasion of the BxPC‑3 and AsPC‑1 cells, while the over‑
expression of FOXP1 recovered this effect (Fig. 5C and D). 
In addition, the results of western blot analysis demonstrated 
that TTN‑AS1 knockdown notably increased and decreased 
E‑cadherin and N‑cadherin protein expression levels, while 
FOXP1 overexpression partially reversed this effect (Fig. 5E). 
In conclusion, TTN‑AS1 upregulated FOXP1 to facilitate PC 
cell line migration and invasion.

Discussion

PC is an aggressive malignancy, and its development and 
progression are intricate processes involving the accumula‑
tion of epigenetic or genetic variations. Further elucidating 
the mechanisms underlying PC tumorigenesis is crucial for 
decreasing the PC‑associated mortality rate (31,32). Extensive 
evidence has indicated the important role of lncRNAs in 
cancer progression (33‑35). Thus, the regulatory mechanisms 
underlying the roles of lncRNAs in mediating malignant or 
abnormal biological behavior must be further investigated. 
Various lncRNAs have been associated with PC  (36,37); 
however, to the best of our knowledge, the detailed role and 
mechanism of TTN‑AS1 in PC has not been elucidated. 
Previously, TTN‑AS1 was confirmed to facilitate cervical 

Figure 4. TTN‑AS1 is induced by FOXP1. (A) The DNA motif of FOXP1. FOXP1 (B) mRNA and (C) protein expression level in pcDNA3.1/FOXP1‑transfected 
cells was determined using RT‑qPCR and western blot analysis, respectively. (D) RT‑qPCR analysis was used for determining TTN‑AS1 mRNA expression 
level in the BxPC‑3 and AsPC‑1 cell lines following pcDNA3.1/FOXP1 transfection. (E) Chromatin immunoprecipitation assay was utilized to verify the 
binding between FOXP1 and TTN‑AS1 promoter. (F) The binding site (WT/Mut) between FOXP1 and TTN‑AS1 promoter was formed and luciferase activity 
of TTN‑AS1 promoter‑WT/Mut was evaluated using a luciferase reporter assay with FOXP1 overexpression. **P<0.01. WT, wild‑type; Mut, mutant; FOXP1, 
forkhead box protein 1; TTN‑AS1, titin antisense RNA 1.
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Figure 5. FOXP1 rescues the effect of TTN‑AS1 knockdown on PC cellular migration and invasion. The cells were divided into the sh‑NC, sh‑TTN‑AS1#1 and 
sh‑TTN‑AS1#1+pcDNA3.1/FOXP1 groups. (A) Cell Counting Kit‑8 and (B) colony formation assays were performed to evaluate cell viability and proliferation 
in each group, respectively. The (C) migration and (D) invasion of the BxPC‑3 and AsPC‑1 cell lines in each group were analyzed using Transwell assays. 
(E) E‑cadherin and N‑cadherin protein expression levels were detected using western blot analysis. *P<0.05, **P<0.01. FOXP1, forkhead box protein 1; NC, 
negative control; sh, short hairpin; TTN‑AS1, titin antisense RNA 1.
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cancer growth and metastasis via the miR‑573/E2F3 axis (20). 
Furthermore, TTN‑AS1 was found to act as a tumor promoter 
in papillary thyroid cancer by enhancing cell proliferation and 
migration via the miR‑153‑3p/ZNRF2 axis (19). In addition, 
TTN‑AS1 was also reported to upregulate KLF12 and accel‑
erate gastric cancer progression by sponging miR‑376b‑3p (18). 
In the present study, the lncRNA TTN‑AS1 was found to be 
upregulated in PC tissues and cell lines, whereas TTN‑AS1 
knockdown significantly reduced the proliferation, migration 
and invasion abilities of the PC cell lines. Collectively, these 
findings support the oncogenic properties of TTN‑AS1 in PC.

It was previously revealed that the majority of the genome 
is transcribed as non‑coding RNAs, including lncRNAs and 
miRNAs (38). miRNAs, which are 21‑24 nucleotides in length, 
are single‑stranded RNAs that can target mRNA 3'‑UTRs to 
trigger translation inhibition or degradation (39). The functional 
role of miRNAs in cancer has also been widely reported. For 
example, miRNA‑129‑5p was shown to inhibit lymph node 
metastasis and lymphangiogenesis in nasopharyngeal carcinoma 
cell lines (40). miR‑127‑3p and miR‑376a‑3p exerted suppres‑
sive effects on cell proliferation in osteosarcoma cell lines (41). 
Of note, multiple miRNAs were found to be decreased and 
play biologically significant roles in PC, such as miR‑15a (42), 
miR‑3924 (15) and miR‑30a‑3p (43). Interacting with miRNAs 
to indirectly modulate target gene expression is a common 
mechanism of action of lncRNAs (44). miR‑589‑5p was previ‑
ously demonstrated to serve as a tumor inhibitor in endometrial 
carcinoma cell lines (45), and was associated with the ceRNA 
mechanism in hepatocellular carcinoma cell lines (46). In the 
present study, miR‑589‑5p was found to be sponged by TTN‑AS1 
in PC cell lines, and there was an inverse correlation between 
TTN‑AS1 and miR‑589‑5p mRNA expression level.

FOXP1 has been associated with B‑cell survival and 
differentiation (47,48). It was also found to have a positive 
association with the mRNA expression level of BCL2 and 
to prevent cell apoptosis (49,50). Notably, FOXP1 was found 
to act as a transcription factor to activate the transcription of 
lncRNAs, thereby increasing their expression (30,51). Based 
on the results of the present study, FOXP1 was shown to 
combine with miR‑589‑5p, and its mRNA expression level was 
inversely correlated with miR‑589‑5p and directly correlated 
with TTN‑AS1 mRNA expression level. Furthermore, FOXP1 
was confirmed to interact with the TTN‑AS1 promoter and 
upregulate TTN‑AS1 mRNA expression level.

To the best of our knowledge, the present study was the first 
to examine the function of TTN‑AS1 in PC cell lines and inves‑
tigate the underlying mechanism. The results demonstrated 
that FOXP1‑mediated upregulation of TTN‑AS1, promoted PC 
progression by sponging miR‑589‑5p and targeting FOXP1, 
uncovering the presence of a TTN‑AS1/miR‑589‑5p/FOXP1 
feedback loop in PC cell lines. These findings may prove to be 
of value in the research of PC treatment. However, the lack of 
in vivo nude mouse tumor formation experiments constitutes 
a limitation of the present study. Therefore, further in vivo 
experiments will be conducted to verify the regulatory role of 
the TTN‑AS1/miR‑589‑5p/FOXP1 feedback loop in PC.
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