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A B S T R A C T

There is currently limited knowledge regarding the involvement of long non-coding RNAs (lncRNAs) in cancer
development. We aimed to identify lncRNAs with important roles in pancreatic cancer progression. We screened
for lncRNAs that were differentially expressed in pancreatic cancer tissues. Among 349 differentially expressed
lncRNAs, Linc01060 showed the lowest expression in pancreatic cancer tissues compared with normal pancreatic
tissues. Lower Linc01060 expression in pancreatic cancer tissues was significantly associated with a poor
prognosis. Linc01060 inhibited pancreatic cancer proliferation and invasion in vitro and in vivo. Vinculin over-
expression inhibited Linc01060KD-mediated increases in FAK and paxillin phosphorylation, whereas vinculin
knockdown reversed the Linc01060-mediated repression of FAK and inactivation of focal adhesion turnover.
Vinculin knockdown also accelerated pancreatic cancer cell proliferation by upregulating ERK activity. In bio-
logical function analyses, vinculin overexpression abrogated Linc01060-mediated repression of pancreatic
cancer cell proliferation and invasion, whereas vinculin counteracted the Linc01060-mediated repression of PC
cell proliferation and invasion. These data demonstrate that Linc01060 plays a key role in suppressing pancreatic
cancer progression by regulating vinculin expression. These findings suggest that the Linc01060-vinculin-focal
adhesion axis is a therapeutic target for pancreatic cancer treatment.

1. Introduction

Pancreatic cancer (PC) is one of the most highly malignant cancers
and has a 5-year survival rate of approximately 7% [1,2]. Despite
substantial progress in our understanding of PC, there are no effective
methods for detecting asymptomatic premalignant or early malignant
tumors [3,4]. Furthermore, PC is often diagnosed at an advanced stage
because of its deep location and atypical symptoms [5]. Consequently,
there is an urgent need to identify novel biomarkers for an early di-
agnosis, an accurate prognosis, and the development of new therapeutic
strategies [6].

Whole-transcriptome analyses have revealed a new class of non-
protein-coding transcripts, designated long non-coding RNAs
(lncRNAs), which are transcribed from a large proportion of the human
genome [7,8]. Through their regulation of gene expression, lncRNAs
have crucial roles in many processes, including development, differ-
entiation, and carcinogenesis [9,10]. Expression of lncRNAs is fre-
quently dysregulated in cancer, and specific lncRNAs correlate with

cancer recurrence, metastasis, and a poor prognosis in various cancer
types [11,12]. As a consequence, several lncRNAs, such as MALAT1,
HOTAIR, PVT1, and lincRNA-p21, have been identified to play sig-
nificant roles in cancer initiation and development [9,13–15].

In this study, we aimed to identify and characterize lncRNAs with
functional impacts on PC. Cytoplasmic Linc01060 was significantly
decreased in PC cell lines compared with HPDE cells. We also found
that Linc01060 expression regulates the invasion and metastasis of PC
cells in vitro and in vivo. In situ hybridization (ISH) and quantitative real-
time polymerase chain reaction (qRT-PCR) analyses revealed that
Linc01060 expression decreased significantly in PC tissues, whereas
Linc01060 expression correlated directly with patient survival.
Linc01060 overexpression suppressed PC cell invasion and metastasis
by inhibiting vinculin and upregulating FAK Y-397 and paxillin Y-118,
thereby promoting focal adhesion turnover and enhancing cell motility.
In conclusion, Linc01060 represses PC invasion and metastasis by in-
hibiting vinculin-mediated focal adhesion turnover. These provide new
insights into the significance of lncRNAs in PC and implicate Linc01060
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in the progression of PC.

2. Material and methods

2.1. Patient cohort and selection of candidate lncRNAs

To identify the differentially expressed lncRNAs in PC, we screened
the lncRNAs in the GEO database. As a result, we obtained expression
data from 51 PC tissues and 37 pancreatic tissues from seven human
microarray datasets: GSE86436 (Liu et al., 2016), GSE101094 (Shao
et al., 2016), GSE57144 (Li et al., 2014), GSE89139 (Zhou et al., 2016),
GSE18490 (Miya et al., 2013), GSE71533 (Sandhu et al., 2017), and
GSE61166 (Chen et al., 2014). The microarray probes were reannotated
to lncRNAs, and the R package limma was used to calculate the levels of
the differentially expressed lncRNAs.

2.2. Cell culture

Human PC cell lines (PANC-1, MIA-PaCa-2, ASPC-1, SW1990,
BXPC-3, CFPAC-1, Panc 03.27) and the normal pancreatic duct epi-
thelial cell line HPDE were purchased from ATCC (Manassas, VA, USA)
and authenticated by STR typing. PANC-1 cells were cultured in
Dulbecco's Modified Eagle's Medium (DMEM), containing fetal bovine
serum (FBS) at a final concentration of 10%. MIA PaCa-2 cells were
cultured in DMEM medium, with FBS concentration of 10% and horse
serum at a concentration of 2.5%. ASPC-1 and BXPC-3 cells were cul-
tured in RPMI-1640 Medium, with FBS concentration of 10%. Panc
03.27 were cultured in RPMI-1640 Medium, with FBS concentration of
10% and 10 units/ml human recombinant insulin. SW1990 cells were
cultured in Leibovitz's L-15 Medium, with FBS concentration of 10%.
CFPAC-1 cells were cultured in Iscove's Modified Dulbecco's Medium,
with FBS concentration of 10%. HPDE cells were cultured in 75%
DMEM without glucose and 25% Medium M3 Base, with FBS con-
centration of 5%, 10 ng/ml human recombinant EGF, 5.5Mm D-glucose
(1 g/L) and 750 ng/ml puromycin. All cell lines were cultured at 37 °C
in a humidified atmosphere containing 5% CO2. For RNA stability as-
says, the cells were treated with 5mg/ml actinomycin D or 10mM
triptolide (Sigma) at specified time points.

2.3. Patients and samples

PC tissues and matching adjacent normal pancreatic tissues were
obtained from 90 patients who underwent surgery at Tongji Hospital
(Wuhan, China) between January 2010 and November 2017. None had
received any preoperative treatment. All samples were processed by
two professional pathologists. The fresh tissue specimens were snap-
frozen in liquid nitrogen and stored at −80 °C until RNA isolation. This
study was approved by the Human Ethics Committee of Tongji Hospital,
Huazhong University of Science and Technology (Wuhan, China) and
carried out in accordance with the Declaration of Helsinki.

2.4. RNA microarrays

Total RNA was extracted from si-Linc01060 and NC samples using
the Agilent RNA 6000 Nano Kit (Waltham, MA USA) and subjected to
microarray analysis with a PrimeView Human GeneChip (Affymetrix,
Waltham, MA USA). RNA labeling and hybridization to the microarray
chip were performed with the GeneChip Hybridization Wash and Stain
Kit (Affymetrix).

2.5. RNA ISH and FISH

RNA ISH experiments were performed with the RNA ISH Kit
(BersinBi, Beijing, China) according to the manufacturer's instructions.
Briefly, PC cells were fixed in 4% paraformaldehyde for 20min, washed
with distilled water, treated with pepsin (1% in 10mM HCl), and

incubated with 20 nM ISH probe in hybridization buffer (100mg/mL
dextran sulfate, 10% formamide in 2X SSC) at 90 °C for 3min.
Hybridization was performed at 37 °C for 18 h, followed by a wash step
and an incubation with digoxin antibodies for 1 h. Finally, DAB was
applied to the samples to detect the signals.

The ISH images were captured using an Aperio ImageScope system.
Each sample was examined by two pathology specialists who were
blinded to the diagnoses and outcomes. Staining intensities and per-
centages of positive cells were recorded. The relative expression of each
sample was calculated as the product of the expression intensity and
percentage of positivity. For FISH, the LNA probe signals were de-
termined using a tyramide signal amplification (PerkinElmer, USA)
system. In brief, the signal was detected by incubation with horseradish
peroxidase (HRP)-conjugated anti-DIG. Then, the signals were ampli-
fied using tetramethylrhodamine (TRITC)-conjugated tyramide. The
images were acquired under a fluorescence microscope.

2.6. RNA immunoprecipitation

PANC-1 cells were co-transfected with pcDNA3.1-MS2, pcDNA3.1-
MS2-Linc01060, pcDNA3.1-MS2-Linc01060-Mut and pMS2-GFP
(Addgene). After 48 h, cells were used to perform RNA im-
munoprecipitation (RIP) experiments using a GFP antibody (Sigma) and
the Imprint®RNA Immunoprecipitation (RIP) Kit (Sigma) according to
the manufacturer's instructions. The RNA in the RIP material was de-
tected by qRT-PCR analysis.

2.7. Animal experiments

All animal experiments were approved by the Committee on Ethics
of Animal Experiments of Huazhong University of Science and
Technology (Permit No. 2016-S014), and all treatments were carried
out according to the US Public Health Service Policy on the Humane
Care and Use of Laboratory Animals. All surgeries were conducted
under anesthesia with sodium pentobarbital. For the tumorigenicity
assays, PANC-1 and MIA PaCa-2 cells (2× 106 cells in 100 μL DMEM
without FBS) were injected subcutaneously into the upper right flank of
nude mice (4–6-week-old female Balb/c/nu mice). Tumor sizes were
measured with a Vernier caliper every 3 days. For the metastasis assays,
PANC-1 and MIA PaCa-2 cells (2× 106 cells in 100 μL DMEM without
FBS) were injected into the spleens of nude mice. All in vivo experiments
were performed under specific pathogen-free conditions. Mice were
euthanized at 8 weeks after inoculation, and their tumor tissues were
harvested, weighed, imaged, embedded in 10% paraffin, and subjected
to IHC staining.

2.8. Statistical analyses

The results for continuous variables are presented as mean ± SD
unless otherwise stated. Treatment groups were compared by in-
dependent-sample t-test. Pairwise multiple comparisons were per-
formed by one-way ANOVA (two-sided). p < 0.05 was considered to
be statistically significant. All analyses were performed using SPSS,
version 21.0 (SPSS Inc., IL, USA).

More detailed materials and methods can be found in the
Supplementary Materials and Methods online.

3. Results

3.1. Dysregulation of Linc01060 in PC tissues is significantly associated
with a poor prognosis

We initially screened for differentially expressed lncRNAs in PC
tissues compared with normal pancreatic tissues. We selected 349
lncRNAs that were differentially expressed, 243 of which were down-
regulated and 106 were upregulated; an overview of the aberrantly
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expressed lncRNAs is provided in Fig. 1A. Among the selected lncRNAs,
Linc01060 showed the lowest expression in PC versus normal pan-
creatic tissues.

Linc01060 does not contain the Kozak consensus sequence, which is
required for efficient translation [16]. Next, we used PhyloCSF from
UCSC to calculate its coding potential [17]. The PhyloCSF score of
Linc01060 was lower than 0, supporting that Linc01060 has no protein-
coding potential. The Coding Potential Calculator was used to confirm
that Linc01060 has no protein-coding potential (score=−1.19299)
[18].

Linc01060 underwent the most extensive downregulation in PC
tissues and PC cell lines (Fig. 1B). Thus, we hypothesized that
Linc01060 plays an important role in PC. According to cytoplasmic/
nuclear RNA fractionation and FISH analysis of PC cells, Linc01060
expression was high in the cytoplasm (Fig. 1C and D). Linc01060 ex-
pression was then measured in 90 pairs of paraffin-embedded PC sur-
gical specimens by ISH at Tongji Hospital.

Linc01060 was significantly downregulated in PC versus adjacent
normal tissues (p < 0.001; Fig. 1E). Notably, patients with higher
tissue Linc01060 levels (n=34; median survival: 21 months) had
slightly longer overall survival (OS) than those with lower levels
(n=56; median survival: 10 months; Fig. 1E). Furthermore, Linc01060
overexpression correlated significantly with tumor size, lymph node
metastasis, and tumor stage (Supplementary Table 1). No significant
link was observed between Linc01060 overexpression and age or sex.

3.2. Linc01060 inhibits PC cell proliferation in vitro and in vivo

To determine the significance of Linc01060 in PC, we performed
gain-of-function and loss-of-function studies in vitro and in vivo. Stable
Linc01060-upregulated (Linc01060U) and Linc01060 knockdown

(Linc01060KD) PC cell lines were established using a lentiviral delivery
system (Fig. 2A). CCK-8 proliferation assay and colony formation assay
showed that Linc01060U PC cells experienced significantly impaired
growth and formed fewer colonies compared with negative control
(NC) cells (Fig. 2B and C). Linc01060KD PC cells grew faster than NC
cells.

For the in vivo studies, we generated a xenograft tumor model by
subcutaneously injecting Linc01060U, Linc01060KD, and NC cells into
the flanks of nude mice. Linc01060 overexpression decreased the tumor
growth rate and mean tumor volume markedly compared with the NC
group, whereas Linc01060 knockdown had the opposite results
(Fig. 2D). The average Linc01060 expression level in xenograft tumors
was higher in the Linc01060U versus NC group but lower in the
Linc01060KD compared with NC group.

IHC staining was performed on paraffin-embedded samples of xe-
nograft tumors from the Linc01060U, Linc01060KD, and NC groups. Ki-
67 and PCNA expression was higher in the xenograft tumors of the
Linc01060KD versus NC group but lower in those of the Linc01060U
compared with NC group (Fig. 2E).

3.3. Linc01060 inhibits PC cell invasion and metastasis in vitro and in vivo

Transwell and scratch wound-healing assays showed that the up-
regulation of Linc01060 reduced PANC-1 and MIA-PaCa-2 cell invasion
compared with control cells, whereas Linc01060 knockdown promoted
PC cell invasion and metastasis (Fig. 3A and B, Supplementary Fig. 1,
Supplementary Fig. 2). For the in vivo studies, we generated a spleen
xenograft tumor model by injecting PC cells into the spleens of nude
mice and counted the number of metastatic tumor nodules in the liver
on stable Linc01060 overexpression or Linc01060 knockdown.
Linc01060U cells showed less live colonization compared with the NC

Fig. 1. Aberrant expression of Linc01060 in PC
tissues. (A) Cluster analysis of lncRNAs in pan-
creatic tissues from PC patients and normal
pancreatic tissues. (B) Expression of Linc01060
in PC tissues and PC cells analyzed by PCR,
**p < 0.01, ***p < 0.001. (C) PCR analysis of
RNA purified from nuclear (red) and cytosolic
(blue) compartments of PANC-1 cells. (D)
Detection of endogenous Linc01060 expression
in PC cells by FISH. (E) HE and ISH of Linc01060
expression in paraffin-embedded PC specimens
and adjacent non-tumor tissues. (F) Patients
were divided into those with Linc01060 ex-
pression above (Linc01060-high) and below
(Linc01060-low) the average value. Kaplan-
Meier analysis of the OS of patients. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)
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Fig. 2. Linc01060 suppresses the proliferation of PC cells in vitro and in vivo. (A) Linc01060 expression in PANC-1 and MIA PaCa-2 cells infected with lentiviruses
carrying Linc01060-knockdown (Linc01060KD), Linc01060-overexpression (Linc01060U), and negative control (NC) shRNAs analyzed by PCR. (B) CCK-8 assay
comparing the proliferation of Linc01060KD, Linc01060U, and NC PANC-1 and MIA-PaCa-2 cells. *p < 0.05. (C) Representative images of colony formation assay
(left panels) and analysis of colony numbers (right panels). All experiments were performed in triplicate, and data are presented as mean ± SD. **p < 0.01. (D)
Representative images of tumors forming in nude mice (n=6, left panel), mouse tumor volume growth curves for subcutaneous xenografts (middle panel), and
Linc01060 expression in xenograft tumors harvested from nude mice analyzed by PCR (right panel). (E) Representative images of IHC staining showing Ki-67 and
PCNA expression in xenograft tumor tissues from the various experimental mouse groups.
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group, whereas Linc01060KD cells underwent greater colonization
(Fig. 3C and D). The Linc01060KD group experienced more rapid
weight loss versus the Linc01060U and NC groups (Fig. 3E).

In the survival analyses, the Linc01060U group had the longest
survival time, and Linc01060KD had the shortest survival (Fig. 3F). Our
studies confirm that Linc01060 inhibits PC cell proliferation and

invasion, suggesting that Linc01060 is critical in suppressing the de-
velopment of PC.

3.4. Linc01060 affects focal adhesion turnover and the cell cycle

To examine the processes that are affected by Linc01060, were

Fig. 3. Linc01060 suppresses the migration and invasion of PC cells in vitro and in vivo. (A) Wound-healing percentages analyzed using Image-pro plus 6.0. All
experiments were performed in triplicate, and data are presented as mean ± SD. *p < 0.05, **p < 0.01. (B) Invasion and migration of the indicated cell lines
evaluated by Transwell assay. All experiments were performed in triplicate, and data are presented as mean ± SD. **p < 0.01. (C) Images from the liver metastasis
model. (D) Changes in mouse weight in the PANC-1 Linc01060U and PANC-1 Linc01060KD groups versus the NC group. (E) Kaplan-Meier survival curves for the
various experimental mouse groups (NC, Linc01060U, and Linc01060KD; n=6 mice per group). (F) Statistical analysis of the average numbers of visible liver
metastases. Data are presented as mean ± SD, with each data point representing a different mouse (n = 6 mice per group). *p < 0.05, **p < 0.01, ***p < 0.001
by student's t-test.
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performed mRNA microarray analyses in PANC-1 cells at 36 h after
transfection with a Linc01060 or negative control siRNA. Using gene
ontology analysis, we observed significant enrichment of genes in-
volved that regulate focal adhesions and the cell cycle (Supplementary
Fig. 3). Focal adhesions are critical signaling and structural hubs in
migrating cells that assemble in response to interactions with extra-
cellular matrix (ECM) ligands.

We confirmed the changes in focal adhesions by western blot ana-
lyses of PC cells. Linc01060 knockdown increased FAK and paxillin
phosphorylation, whereas Linc01060 overexpression inhibited it
(Fig. 4A), suggesting that Linc01060 affects focal adhesion turnover in
PC cells.

To test this hypothesis, we performed a nocodazole-based assay.
Treatment of cells with nocodazole, a microtubule-disrupting agent,
inhibits microtubule targeting and disassembly of the focal adhesion
complex. After nocodazole is washed out, microtubule targeting of focal
complexes occurs and promotes focal complex turnover and cell
spreading. Notably, Linc01060KD cells showed more rapid loss of FAK
and paxillin phosphorylation than control cells (Fig. 4B). According to
flow cytometry, Linc01060 overexpression resulted in a substantial
accumulation of PC cells in G0/G1 phase, which was accompanied by a
significant decrease in PC cells in S phase. In contrast, Linc01060
knockdown effected a severe decrease in PC cells in G0/G1 phase but a
rise in S-phase PC cells (Fig. 4C). In western blot analysis, Linc01060
overexpression downregulated cyclin D1, CDK4, and p-RB—all of
which promote cell cycle progression—whereas Linc01060 knockdown
arrest cell cycle progression (Fig. 4D).

3.5. Vinculin is a key downstream target of Linc01060

Because the microarray analyses indicated that Linc01060 sig-
nificantly affects focal adhesions, we examined genes that are involved
in focal adhesion-related signaling that might be affected by Linc01060
(Supplementary Fig. 4). We verified the results by real-time PCR and
identified genes that were regulated by Linc01060 (Supplementary
Fig. 5). Of the 8 genes, only 4 met the criteria for cis-regulation by
Linc01060 (Fig. 5A). An RNA-RNA interaction site was computationally
predicted to span Linc01060 and vinculin mRNA (Fig. 5B). Linc01060
knockdown lowered vinculin levels (Fig. 5C), and Linc01060

overexpression significantly upregulated vinculin (Fig. 5D).
To identify the region in Linc01060 that stabilizes vinculin mRNA,

we overexpressed a panel of Linc01060 mutants and measured the
stability of vinculin mRNA following treatment with triptolide. As ex-
pected, Linc01060 overexpression promoted vinculin mRNA stability
(Fig. 5E).

To validate the direct binding between vinculin and Linc01060 at
endogenous levels, we performed RNA immunoprecipitation (RIP) to
pull down endogenous mRNAs that associated with Linc01060. qPCR
showed that the immunoprecipitate with Linc01060 in Panc-1 cells was
significantly enriched for vinculin compared with empty vector (MS2),
IgG, and Linc01060 with mutations in the vinculin targeting sites
(Fig. 5F). The specific association between vinculin mRNA and
Linc01060 was validated by affinity pull-down of endogenous vinculin
mRNA using in vitro-transcribed biotin-labeled Linc01060 (Fig. 5F).

3.6. Linc01060 represses the progression of PC by upregulating vinculin to
affect focal adhesion turnover and activating ERK

Unlike FAK, Src, and Cas, vinculin impedes focal adhesion turnover
and impairs cell motility [19]. Thus, we hypothesized that Linc01060
represses PC invasion and metastasis by upregulating vinculin. To test
this hypothesis, we examined the ability of vinculin to overcome the
Linc01060-mediated activation of focal adhesion turnover in PC cells.

Western blot analyses showed that vinculin overexpression in-
hibited the Linc01060-mediated increases in FAK and paxillin phos-
phorylation, whereas vinculin knockdown reversed the Linc01060KD-
mediated repression of this phosphorylation and inactivated focal ad-
hesion turnover (Fig. 6A and B). Biological function analyses showed
that vinculin overexpression abrogated the Linc01060-mediated re-
pression of the progression of PC, whereas vinculin knockdown pro-
moted Linc01060-mediated repression of PC progression (Fig. 6C and
D). In our western blot analyses, vinculin overexpression inhibited the
Linc01060-mediated increases in p-ERK, and vinculin knockdown re-
versed the Linc01060KD-mediated repression of p-ERK and prevented
progression of the cell cycle (Fig. 6E). Our data demonstrate that
Linc01060 has a key role in suppressing PC invasion and metastasis by
regulating vinculin expression, implicating the Linc01060-vinculin-
focal adhesion axis as a therapeutic target for the treatment of PC

Fig. 4. Linc01060 affects focal adhesion
turnover. (A) Western blot analysis showing
focal adhesion protein expression in blank
control (BC), negative control (NC),
Linc01060-overexpression (Linc01060U),
and Linc01060-knockdown (Linc01060KD)
PANC-1 cells. (B) Representative western
blotting of focal adhesion disassembly
assay. PANC-1 cells were incubated with
10mM nocodazole, followed by drug
washout and microtubule regrowth.
Linc01060KD cells showed more rapid re-
covery of pFAK Y-397 and pPaxillin Y-118
compared with control cells. (C) Effects of
Linc01060 overexpression and Linc01060
knockdown on cell cycle progression in
PANC-1 and MIA PaCa-2 cells (left panel),
and western blot analyses of cell cycle pro-
tein expression in Linc01060U,
Linc01060KD, BC, and NC PANC-1 cells
(right panel).
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(Fig. 7). These findings suggest that Linc01060 regulates the dynamics
of focal adhesions.

4. Discussion

PC remains one of the most aggressive human cancers [20,21].
Despite substantial efforts, PC is associated with a short survival period,
which has been steadily declining since the early 1990s [22–24]. There
is an urgent need to increase our understanding of the underlying
mechanism [25–27]. Recent research has advanced our understanding
of the essential role of lncRNAs in PC [28–31]. Although thousands of
lncRNAs have been functionally characterized, most members of this
RNA class have not been thoroughly described.

Using qRT-PCR, we showed that Linc01060 levels were reduced in
PC tissue samples and PC cell lines, suggesting that decreased
Linc01060 expression is a promising marker for PC. In addition, ISH
analyses showed that Linc01060 expression was significantly down-
regulated in 90 paired paraffin-embedded PC specimens and that de-
creased Linc01060 expression correlated with poor survival in PC pa-
tients.

Cancer is fundamentally a genetic disease with numerous altera-
tions in DNA, RNA, and proteins that support tumor growth and de-
velopment [32–34]. The molecular and cellular characteristics of
cancer-associated lncRNAs are under distinct regulatory regimes that
differ from physiological conditions [35–37]. In our study, we per-
formed gain-of-function and loss-of-function studies in vitro and in vivo
to demonstrate that Linc01060 plays a critical role in the inhibition of
cell proliferation, invasion, and metastasis in PC.

Cell migration occurs during embryonic development, wound
healing, immune surveillance, and cancer metastasis and involves
dozens of molecular factors [38–42]. The formation and turnover of
focal adhesions are essential for cell migration. Focal adhesions are
critical signaling and structural hubs in migrating cells that assemble in
response to interactions between ECM ligands and integrin receptors
[43]. Engagement of integrin with the ECM stimulates tyrosine phos-
phorylation of key cytoskeletal proteins, beginning with the autopho-
sphorylation of Y397 in FAK [44].

FAK autophosphorylation recruits Src to focal adhesions, and the

resulting FAK/src complexes phosphorylate two adapter proteins,
paxillin and p130CAS [45]. Phosphorylated paxillin and p130CAS re-
cruit proteins, such as Crk, to focal adhesions through SH2/SH3-
binding domains. Fibroblasts that are deficient in FAK or paxillin ex-
hibit defects in cell migration, suggesting that Src-mediated tyrosine
phosphorylation of FAK and paxillin and the assembly of FAK/paxillin
signaling complexes are key events that regulate focal adhesion dy-
namics and cell motility [46,47]. However, the mechanism by which
lncRNAs regulate focal adhesions in PC remains unknown.

In this study, according to western blot analyses of PC cells,
Linc01060 knockdown upregulated FAK Y-397 and paxillin Y-118,
whereas Linc01060 overexpression inhibited it. Immunofluorescence
analyses also showed that Linc01060 knockdown increased focal ad-
hesion turnover. It remains unknown whether Linc01060 regulates PC
metastasis by affecting focal adhesion turnover.

Vinculin is a ubiquitous, highly conserved cytoskeletal protein that
is localized at cell-cell and cell-ECM junctions [48]. It can form part of a
complex that couples members of the cadherin and integrin families of
cell adhesion molecules to the actin cytoskeleton, although the identi-
fication of growing numbers of binding partners and modes of regula-
tion suggests that vinculin is not merely a simple linker protein. Studies
in vinculin-null cells have established that it is not required for as-
sembly of integrin-containing cell-ECM junctions (focal adhesions) or
cadherin-containing cell-cell junctions in cultured cells, although it is
essential for tight junction assembly [49,50]. Instead, vinculin-null cells
show less spreading, have fewer focal adhesions, and are more motile in
Transwell assays, indicating a role for vinculin in the negative regula-
tion of cell motility.

Our microarray and qRT-PCR analyses indicated that Linc01060
knockdown significantly affects vinculin mRNA levels. Using a bioin-
formatics prediction tool, we identified a potential RNA-RNA interac-
tion site between Linc01060 and vinculin mRNA. Recently, many
lncRNAs have been reported to interact with mRNAs and increase
mRNA stability [51,52]. We therefore assessed the ability of vinculin to
overcome the Linc01060-mediated activation of focal adhesion turn-
over in PC cells. Western blotting analyses showed that vinculin over-
expression inhibited the Linc01060-mediated increases in FAK and
paxillin phosphorylation, whereas vinculin knockdown reversed the

Fig. 5. Vinculin is a key downstream target of
Linc01060. (A) Annotation of focal adhesion-
related genes that could be regulated by
Linc01060, as validated by microarray and PCR
analyses, and cis-regulated by Linc01060. (B)
Interaction site between Linc01060 and vinculin
mRNA predicted by computation. (C) Relative
expression of vinculin mRNA between the si-
Linc01060 and NC groups of PANC-1 and MIA
PaCa-2 cells. (D) PANC-1 cells (2× 105) were
transfected with the indicated plasmids. At 48 h
after transfection, the cells were treated with
triptolide (final concentration: 10mM) for 8 h
and processed for RNA isolation. The percentage
of vinculin mRNA was normalized to the corre-
sponding expression levels in untreated cells. (E)
Linear relationship between Linc01060 and
vinculin expression in PC tissues (p < 0.05). (F)
MS2-RIP followed by vinculin mRNA qRT-PCR
to detect vinculin mRNAs endogenously asso-
ciated with Linc01060. PANC-1 cell lysates were
incubated with biotin-labeled Linc01060; after
pull-down, vinculin mRNA was extracted and
assessed by qRT-PCR.
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Fig. 6. Linc01060 represses PC progression via the Linc01060-vinculin-focal adhesion axis. (A) Western blot analysis of the protein expression levels of key mod-
ulators of the focal adhesion signaling pathway in PANC-1 cells transfected with various plasmids. (B) Immunofluorescent staining of cells for focal adhesion markers
(phospho-FAK-397 and phospho-paxillin-118). Scale bar, 20 nm. (C) Transwell assay showing that vinculin overexpression abrogates the si-Linc01060-mediated
promotion of PC cell invasion. (D) CCK-8 assay comparing the proliferation of PANC-1 and MIA-PaCa-2 cells transfected with Linc01060 siRNA, vinculin vector, and
NC siRNA. (E) Western blot analysis of ERK and P-ERK expression in Linc01060U, Linc01060KD, blank control (BC), and NC PANC-1 cells. The levels of ERK and p-
ERK were analyzed by western blotting in PANC-1 cells transfected with various plasmids. All experiments were performed in triplicate, and data are presented as
mean ± SD. **p < 0.01.
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Linc01060KD-mediated repression of FAK and inactivation of focal
adhesion turnover. Our results further showed that vinculin knockdown
increases cell proliferation through the upregulation of ERK activity.
Biological function analyses showed that vinculin overexpression ab-
rogates the Linc01060-mediated repression of PC cell proliferation and
invasion, whereas vinculin knockdown counteracted the Linc01060-
mediated repression of PC cell proliferation and invasion.

Our data demonstrate that Linc01060 plays a key role in suppres-
sing PC invasion and metastasis by regulating vinculin expression.
These findings suggest that the Linc01060-vinculin-focal adhesion-ERK
axis is a therapeutic target for the treatment of PC. This study is the first
to investigate the critical role of lncRNAs in the regulation of focal
adhesion turnover via vinculin in PC. Thus, targeting Linc01060 is a
promising approach for treating PC by inhibiting vinculin and focal
adhesion turnover.
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