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The leading cause of death in pancreatic cancer (PC) patients is
the progression of cancer metastasis. Recently, long non-cod-
ing RNAs (lncRNAs) have been shown to play an important
role in regulating cancer cell proliferation and metastasis; how-
ever, its molecular basis in PC remains to be explored. In this
study, we observed that LINC01094 was markedly overex-
pressed in PC tissues and was associated with poor patient
prognosis. Downregulation of LINC01094 decreased the prolif-
eration and metastasis of PC cells and inhibited tumorigenesis
and metastasis in mouse xenografts. Mechanically, LINC01094
acted as an endogenous miR-577 sponge to increase the
expression of its target gene, the RNA-binding protein lin-28
homolog B (LIN28B), by decoying the miR-577, thereby acti-
vating the PI3K/AKT pathway. Our findings suggest that
LINC01094 plays critical roles in proliferation and metastasis
of PC, implying that LINC01094 can be regarded as a new
biomarker or therapeutic target for the treatment of PC.

INTRODUCTION
Pancreatic cancer (PC) is one of the most frequently diagnosed can-
cers and the fourth leading cause of cancer-related deaths in the
United States.1 Although the diagnosis and treatment of PC have
made remarkable progress, the majority of PC patients have relapsed
because of local infiltration or extensive metastasis.2–5 Therefore,
understanding the molecular regulation mechanism involved in the
proliferation andmetastasis of PC cells is urgently needed in the treat-
ment of PC.

Long non-coding RNAs (lncRNAs) are a kind of RNA with a
length longer than 200 nucleotides and that has no function in
protein coding.6–9 In recent years, lncRNAs have been found to
play crucial roles in the recurrence, metastasis, and chemotherapy
resistance of tumors.10–13 For example, oncogenes Ras and Myc
can promote tumorigenesis through lncRNA Orilnc1 and differen-
tiation antagonizing noncoding RNA (DANCR), respectively.14,15

Several kinds of lncRNA have been involved in the metastasis of
cancers. In PC, the expression of lncRNAs are often maladjusted;
for example, lncRNA highly upregulated in liver cancer (HULC)
is abnormally increased in PC, and its high expression is signifi-
cantly related to the metastasis and vascular invasion of PC.16 In
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addition, lncRNA plasmacytoma variant translocation1 (PVT1)
upregulates the progression and glycolysis of PC cells by regulating
microRNA-519d-3p (miR-519d-3p) and Hypoxia-inducible factor
1 a (HIF1a), and LINC00657 acts as a miR-433 sponge to enhance
the malignancy of pancreatic ductal adenocarcinoma.17,18

Although lncRNA plays a decisive role in PC, the study of
LINC01094 in PC has not been reported, and the interaction be-
tween LINC01094 and microRNA (miRNA) remains unclear. Pre-
vious studies have shown that LINC01094, as an miR-224-5p
competing endogenous RNA (ceRNA), is an important anti-cancer
miRNA that enhances the pathogenesis of renal cell carcinoma.19

miRNAs have been considered crucial modulators in tumors,
and Zhang et al.20 found miR-577 to be correlated with the forma-
tion and progression in glioblastoma and liver cancers.21

The RNA-binding protein lin-28 homolog B (Lin28B) is a homolog of
Lin28,22 which was first identified in the nematode Caenorhabditis el-
egans, and has an essential function in advanced human malignancies
including PC.23,24 It is found that Lin28B could selectively block the
expression of let-7 miRNAs.25 The upregulation of Lin28B decreased
let-7 levels and activated the phosphatidylinositol 3-kinase/protein
kinase B (PI3K/AKT) pathway in PC then activated the transcription
of target genes including Myc, proliferating cell nuclear antigen
(PCNA), and matrix metalloproteinase 9 (MMP9).26,27 The role of
the PI3K/AKT pathway in malignant diseases has been widely stud-
ied, and altered expression or mutation of many components of
this pathway has been implicated in human cancer.28,29 However, it
remains unclear whether and how lncRNAs are involved in the
metastasis of PC by regulating the PI3K/AKT pathway. Therefore,
in this study, we investigated the clinical significance of LINC01094
expression in PC and obtained insights into the function and mech-
anisms underlying LINC01094 regulation of PC proliferation and
metastasis.
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Figure 1. LINC01094 is upregulated in PC and is associated with poor prognosis

(A) Heatmaps of lncRNAs that were differentially expressed between pancreatic cancer (PC) tissues andmatched adjacent normal samples. The color scale shown illustrates

the relative RNA expression levels; red represents high expression and blue represents low expression. (B) Relative expression of LINC01094 in GEO: GSE15471 dataset. (C)

The mRNA expression of LINC01094 in PC and normal pancreatic tissues from the TCGA database (**p < 0.01). (D) Relative LINC01094 expression in PC tissues with

different TNM stage (p = 0.0191). (E) FISHwas used to determine the expression of LINC01094 in PC tissue and the paired non-tumor sample (scale bar, 100 mm). (F) Kaplan-

Meier analysis of survival time with LINC01094 high and low levels in PC patients from TCGA database (p = 0.00071, log-rank test).
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RESULTS
LINC01094 is upregulated in PC and is associated with poor

prognosis

To identify the abnormally expressed lncRNAs in PC, we used the
basic local alignment search tool (BLAST) program, through
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U133PLUS2.0 technology, to analyze Gene Expression Omnibus
(GEO): GSE15471, which is comprised of lncRNA data for 39 PC tis-
sues and 39 neighboring non-tumor control tissues. Of note, PC tissues
expressed 8 notably differentially expressed lncRNAs as compared
with neighboring non-tumor tissues (Figure 1A). Among them,



Table 1. The correlation between the clinicopathological characteristics

and LINC01094 expression in 91 PC patients

Characteristics
No. of
patients

LINC01094 expression

**p
Low
n = 33

High
n = 58

Age (year)

<60 49 19 30
0.59

R60 42 14 28

Gender

Female 37 15 22
0.482

Male 54 18 36

Tumor size (mm)

<30 57 15 42
0.011*

R30 34 18 16

Location

Head/neck 45 17 28
0.776

Body/tail 46 16 30

Lymphatic metastasis

Positive 53 12 41
0.001**

Negative 38 21 17

Distant metastasis

Positive 41 9 32
0.01*

Negative 50 24 26

TNM stage

I/II 41 20 21
0.025*

III/IV 50 13 37

*p < 0.05, ** p < 0.01.
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LINC01094 was one of the most significantly upregulated lncRNAs in
the datasets. In addition, quantitative real-time PCR analysis showed
that LINC01094 expression was higher in PC tissues than in non-tu-
mor tissues from GEO: GSE15471 and The Cancer Genome Atlas
(TCGA) database (Figures 1B and 1C, **p < 0.01). Moreover, the level
of LINC01094 in advanced PC (stages III and IV) was upregulated
compared with early-stage PC (stages I and II) (Figure 1D, **p <
0.01). A fluorescence in situ hybridization (FISH) assay verified the
overexpression of LINC00194 in PC tissues compared to the non-tu-
mor samples (Figure 1E). Next, we evaluated the relationship between
LINC01094 levels and clinicopathological features of PC (Table 1).
This analysis indicated that the high level of LINC01094 correlated
with tumor size (*p < 0.05), lymph node metastasis (**p < 0.01), and
tumor-node-metastasis (TNM) stages (*p < 0.05). Kaplan-Meier sur-
vival analysis revealed that a high level of LINC01094 was associated
with the poor survival rate of patients with PC from TCGA database
(Figure 1F, p = 0.00071). In addition, univariate analysis indicated
that tumor size, lymphatic metastasis, TNM classification, and
LINC01094 expression were noteworthy predictors of overall survival
in PC patients (Table 2, **p < 0.01). Multivariate analysis showed that
LINC01094 was an independent protective predictor of overall survival
(Table 2, **p < 0.01). In addition, tumor size, lymphatic metastasis,
TNM classification also were independent risk predictors of overall
survival in PC patients (Table 2, *p < 0.05, **p < 0.01). Taken together,
these results indicated that high LINC01094 expression is associated
with poor prognosis, highlighting the potential for LINC01094 as an
independent prognostic marker in PC.

LINC01094 promotes the proliferation of PC cells in vitro

Next, we analyzed LINC01094 expression in a normal pancreatic cell
(HPDE6-C7) and PC cell (CFPAC-1, BXPC-3, ASPC-1, PANC-1,
and SW1990) lines. The results showed that LINC01094 expression
in BXPC-3, ASPC-1, and PANC-1 cells was higher than in
normal cells (Figure 2A, *p < 0.05, **p < 0.01, not significant [ns]
p > 0.05). Then, ASPC-1 and PANC-1 cells with the high level of
LINC01094 were selected to transfect siRNA-LINC01094#1 (siL-
INC01094#1 group), siRNA-LINC01094#2 (siLINC01094#2 group),
and negative control sequence (siNC) (Figure 2B). Downregulation
of LINC01094 decreased the colony formation capacity and cell
growth of PC (Figures 2C and 2D, **p < 0.01). In contrast, overex-
pression of LINC01094 significantly enhanced the proliferation of
CFPAC-1 cells (Figures S2B and S2C, **p < 0.01). Western blot
analysis showed that silencing of LINC01094 in PANC-1 and
ASPC-1 cells inhibited PCNA expression, a factor known to promote
cell proliferation (Figure 2E), while overexpression of LINC01094 did
the opposite (Figure S2F, **p < 0.01). Taken together, these datasets
suggest that LINC01094 may promote PC progression.

LINC01094 promotes PC cell metastasis in vitro

To explore the function of LINC01094 in PC cell metastasis, we
designed wound-healing and transwell experiments in PANC-1
and ASPC-1 cells. The results showed that downregulation of
LINC01094 decreased the migration and invasion ability of PC cells
and suggested that growth and survival of PANC-1 cells were affected
more than that of ASPC-1 cells (Figures 3A and B, **p < 0.01). How-
ever, overexpression of LINC01094 significantly increased the
migration and invasion ability of CFPAC-1 cells (Figures S2D and
S2E, **p < 0.01). Western blot analysis showed that silencing of
LINC01094 in PANC-1 and ASPC-1 cells inhibitedMMP9 expression,
which promotes cell metastasis (Figure 3C), while overexpression of
LINC01094 enhancedMMP9 (Figure S2F, **p < 0.01). Taken together,
these data suggest that LINC01094 may promote PC progression.

LINC01094 acts as miRNA sponge for miR-577

lncRNAs could recruit miRNAs to function as ceRNAs during onco-
genesis.30 To verify whether LINC01094 had a similar function in
PC cells, lncRNA subcellular localization predictor (lncLocator,
http://www.csbio.sjtu.edu.cn/bioinf/lncLocator/) was used to predict
its localization in cells, and subcellular fractionation was performed
for confirmation. Data showed that LINC01094 was mainly localized
to the cytoplasm (Figures 4A, 4B, and S4A). In addition, FISH results
suggested that LINC01094mainly located in the cytoplasm (Figures 4C
and S4B), indicating that LINC01094 might regulate target protein
expression at the posttranscriptional level. Next, we used the bioinfor-
matics databases starBase (http://starbase.sysu.edu.cn/) to predict the
potential miRNAs (Table S2). According to the predicted result, there
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Table 2. Univariate and multivariate analyses of survival in 91 PC patients (Cox proportional hazards regression model)

Variables Univariate analysis Multivariate analysis

HR 95% CI p value HR 95% CI p value

Age (R60 versus <60) 1.304 0.763–2.228 0.331 – – –

Gender (male versus female) 1.127 0.646–1.966 0.673 – – –

Tumor size (cm) (R3 versus <3) 2.622 1.516–4.535 0.001** 2.108 1.147–3.874 0.016*

Location

head/neck versus Body/tail 1.459 0.854–2.492 0.167 – – –

Lymphatic metastasis (positive versus negative) 7.992 3.809–16.77 <0.001** 6.313 2.60–15.327 0.001**

Distant metastasis (positive versus negative) 6.346 2.718–14.816 <0.001** 2.496 1.336–4.664 0.004**

TNM staging (I/II versus III/IV) 6.58 3.604–12.013 <0.001** 3.039 1.501–6.151 0.002**

LINC01094 expression (high versus low) 5.181 2.544–10.552 <0.001** 3.644 1.439–9.223 0.006**

*p < 0.05, ** p < 0.01.
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were three miRNAs (miR-577, miR-330-3p, and miR-545-3p) for
whom LINC01094 contained multiple binding sites. Quantitative
real-time PCR analysis was used to detect the expression of the three
miRNAs in PC cells downregulated by shLINC01094 and upregulated
by LINC01094, and only miR-577 changed (Figures 4D and S4C, **p <
0.01). In addition, LINC01094 expression did not change after knock-
down of miR-577 (Figures 4E and S4D, ns, p > 0.05). Therefore, we
regarded miR-577 as the main candidate for further research. To verify
the direct binding of LINC01094 andmiR-577 at the endogenous level,
a luciferase reporter analysis was conducted, which included
LINC01094 binding sites of wild-type (WT) or mutant (Mut) (Fig-
ure 4F, **p < 0.01). The results indicated that miR-577/mimic
increased the luciferase activity of a WT-LINC01094 reporter vector;
however, the luciferase activity of Mut-LINC01094 reporter vector
did not increase (Figures 4G and S4E, **p < 0.01). It was well known
that miRNAs bound to its target and caused translation inhibition
and RNA degradation in an Ago2 dependent manner.31 To further
validate the potential binding of LINC01094 to miR-577, an RNA
immunoprecipitation (RIP) assay using an anti-Ago2 antibody was
performed. The data exhibited that both LINC01094 and miR-577
were obviously enriched in Ago2 complex (Figures 4H and S4F,
**p < 0.01), which identified that LINC01094 might act as a ceRNA
to regulate miR-577. In addition, we found that the expression of
miR-577 in normal pancreatic cells and adjacent normal tissues were
higher than that in PC cells and PC tissues (Figures 4I and J, *p <
0.05, **p < 0.01) and negatively correlated with LINC01094 (Figure 4K,
r =�0.6024, **p < 0.01). Moreover, low miR-577 expression predicted
a poor prognosis in PC patients (Figure 4L, p = 0.0017).
LIN28B is a downstream target of miR-577

To explore the downstream target ofmiR-577, we analyzed fivemiRNA
datasets and then looked for the potential miR-577 target genes in all of
them (Figure 5A). Also, we analyzed miR-577 expression in a normal
pancreatic cell (HPDE6-C7) and PC cell lines (CFPAC-1, BXPC-3,
ASPC-1, PANC-1, and SW1990). The results showed that miR-577
expression in PANC-1 cells was lower than in other cells and miR-
577 expression in CFPAC-1 cells was higher (Figure 4I, **p < 0.01).
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So, PANC-1 and ASPC-1 cells with the low level of miR-577 were
selected to transfect miR-577/inhibitor, and CFPAC-1 cells with the
high level of miR-577 were selected to transfect miR-577/mimic, fol-
lowed by quantitative real-time PCR analysis of the four targets, where
we found that only LIN28B changed (Figures 5B and S5A). To verify the
direct binding of LIN28B and miR-577 at the endogenous level, a lucif-
erase reporter analysis was designed, which included LIN28B binding
sites of WT or Mut syndrome. The results indicated that miR-577/
mimic decreased the luciferase activity of theWT-LIN28B reporter vec-
tor; however, the luciferase activity of the Mut-LIN28B reporter vector
did not decrease (Figures 5C, 5D, and S5B). To further illustrate the po-
tential interaction between LIN28B and miR-577, miR-577 mimic was
transfected into PANC-1 andASPC-1 cells, followedwith a quantitative
real-time PCR and western blot analysis. The results showed that
LIN28B mRNA and protein levels were significantly downregulated
(Figures 5E, 5F, S5C, and S5D, **p < 0.01).Moreover, western blot anal-
ysis showed that the silencing of miR-577 in CFPAC-1 cells promoted
MMP9, PCNA, and LIN28B expression, factors known to promote cell
proliferation andmetastasis, while overexpression ofmiR-577 inhibited
their expression (Figure 5F, **p < 0.01). Plate-cloning and 5-Ethynyl-20-
deoxyuridine (EdU) assays showed that miR-577 overexpression could
significantly decrease colony formation and growth. In contrast,
silencing of miR-577 promoted colony formation and growth in
CFPAC-1 cells (Figures 5G, 5H, S5E, and S5F, **p < 0.01).Wound-heal-
ing and transwell assays also showed thatmiR-577overexpression could
significantly decrease the ability ofmetastasis in PANC-1 cells, however,
downregulation of miR-577 had the opposite effect in CFPAC-1 cells
(Figures 5I, 5J, S5G, and S5H, **p < 0.01). Additionally, we found
that the expression of LIN28B was highly expressed in PC tissues
compared with non-tumor tissues (Figures 5K and 5L, **p < 0.01)
and negatively correlated with LINC01094 (Figure 5M, r = 0.4918,
**p < 0.01).
LINC01094 acts as a sponge of miR-577 to upregulate LIN28B

expression

Since LINC01094 could inhibit miR-577 expression, we then deter-
mined whether LINC10094 could affect the expression of LIN28B



Figure 2. LINC01094 promotes the proliferation of PC cells in vitro

(A) LINC01094 mRNA expression was analyzed in PC cells and normal pancreatic cells. (B) LINC01094 mRNA expression was analyzed in PANC-1 and ASPC-1 cells stably

transfected with siNC, siLINC01094#1, and siLINC01094#2 (**p < 0.01). (C and D) LINC01094 knockdown decreased cell viability and colony formation capacity in PANC-1

cells (**p < 0.01; scale bar, 100 mm). (E) Western blot to detect proliferation-associated antigen PCNA expression in PANC-1 and ASPC-1 cells stably transfected with siNC,

siLINC01094#1, and siLINC01094#2 (**p < 0.01); data were expressed as mean ± SD and analyzed using unpaired t test. The experiment was repeated three times.
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through competitive binding with miR-577. To this end, rescue
experiments were designed using miR-577 inhibitors and mimics.
As expected, western blot assays demonstrated that knockdown of
LINC01094 decreased the protein levels of LIN28B, PCNA, and
MMP9 in PANC-1 cells, while upregulation of LINC01094 enhanced
the levels of LIN28B, PCNA, andMMP9 in CFPAC-1 cells (Figure 6A,
**p < 0.01). Simultaneously, the effects caused by silencing or overex-
pressing LINC01094 were reversed by miR-577 inhibitors or mimics,
respectively (Figures 6A and S6A, **p < 0.01). Moreover, plate-cloning
and EdU assays showed that the miR-577 inhibitor reversed the prolif-
eration-, migration-, and invasion-suppressing effects induced by
knockdown of LINC01094 in PANC-1 and ASPC-1 cells, whereas
miR-577 mimics counteracted the promoting effects induced by over-
expression of LINC01094 in CFPAC-1 cells by colony formation, EdU,
wound-healing, and transwell assays (Figures 6B–6E and S6B–S6E,
**p < 0.01). To investigate whether LINC01094 exerts tumor-promot-
ing functions in PC by modulating the miR-577/LIN28B axis, we then
checked the effects of LIN28B on LINC01094-induced cell prolifera-
tion and metastasis by colony formation, EdU, wound-healing, and
transwell assays (Figures S3B–S3E, **p < 0.01) and observed that
LIN28B knockdown blocked the LINC00194-induced proliferation,
migration, and invasion of PC cells. Next, western blotting was per-
formed to investigate whether LIN28B affects MMP9 and PCNA levels
in the context of LINC01094-driven cell proliferation and metastasis.
The results showed that the extent of PCNA and MMP9 expression
in the PANC-1 and ASPC-1 cells in the shLIN28B group was signifi-
cantly lower than those levels in the shNCs (Figures S8A and S8B,
**p < 0.01), but it significantly reversed the effects of LINC01094 over-
expression on MMP9 and PCNA expression (Figure S3A, **p < 0.01).
Collectively, these data demonstrated that LINC01094 served as a
ceRNA for miR-577 to regulate LIN28B expression, thus leading to
the progression and development of PC.
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 527
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Figure 3. LINC01094 promotes PC cell metastasis in vitro

(A and B) Metastasis ability was measured using wound-healing (A) and transwell (B) assays in PC cells transfected with siNC, siLINC01094#1, and siLINC01094#2 (**p <

0.01; scale bar, 100 mm). (C) Western blot to detect proliferation-associated antigen MMP9 expression in PANC-1 and ASPC-1 cells stably transfected with siNC, siL-

INC01094#1, and siLINC01094#2 (**p < 0.01); data were expressed as mean ± SD and analyzed using unpaired t test. The experiment was repeated three times.
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Silencing of LINC01094 suppresses the proliferation and

metastasis of PC cells in vivo

In order to verify whether the LINC01094 affected the growth of PC
in vivo, we constructed LINC01094-stable knockdown in PANC-1 cells
using a lentivirus carrying short hairpin RNA (shRNA; shLINC01094)
and LINC01094 stable overexpression in CFPAC-1 cells using a lenti-
virus carrying LINC01094 (LV-LINC01094) into BALB/c-free nude
(male, 6–8 weeks). Compared with the shNC, the tumor growth and
body weight of the shLINC01094 was significantly reduced (Figures
7A–7C and S7A–S7C, **p < 0.01). These subcutaneous tumor tissues
were further utilized for western blot assays, and results of western
blot and IHC assays showed the expression of LIN28B, PCNA, and
MMP9 was downregulated in the shLINC01094 group compared to
the shNC group, and the expression of LIN28B, PCNA, and MMP9
was upregulated in the LV-LINC01094 group compared to the vector
group (Figures 7D, 7F, S7D, and S7F, **p < 0.01). Moreover, quantita-
tive real-time PCR analysis of miR-577 were done in these subcutane-
ous tumor tissues. The result showed that the expression of miR-577
was upregulated in the shLINC01094 group compared to the shNC
group, and the expression of miR-577 was downregulated in the LV-
LINC01094 group compared to the vector group (Figures 7E and
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S7E, **p < 0.01). To investigate whether LINC01094 affected the inva-
sion and migration of PC in vivo, we constructed LINC01094-stable
knockdown in PANC-1 cells using a lentivirus carrying shRNA
(shLINC01094) and LINC01094-stable high expression in CFPAC-1
cells using a lentivirus carrying LINC01094 (LV-LINC01094) into
BALB/c-free male nude mice. Compared to the shNC, the metastatic
nodules decreased in liver and lung, while, on the contrary, compared
to the vector, the metastatic nodules increased in liver and lung (Fig-
ures 7F, 7G, S7F, and S7G, **p < 0.01). Furthermore, mice of the
PANC-1-shLINC01094 group survived longer than controls, while,
on the contrary, mice of the CFPAC-1-LV-LINC01094 group survived
shorter than controls (Figures 7I, p = 0.00126, and S7F, p = 0.0378).
These data demonstrated that LINC01094 can promote PC cell prolif-
eration and metastasis in vivo.

Silencing LINC01094 suppresses the expression of the PI3K/Akt

signaling pathway in PC cells

A previous study showed that the LIN28B can regulate the PI3K/Akt
signaling pathway.24 Moreover, the PI3K/Akt signaling pathway is
involved in the regulation of tumor cell proliferation and metastasis,
and PCNA and MMP-9 were the downstream target gene of the



Figure 4. LINC01094 acts as miRNA sponge for miR-577

(A and B) LINC01094 localization was predicted using the lncRNA subcellular localization predictor lncLocator. (C) Fluorescence in situ hybridization (FISH) assay was

conducted to determine the subcellular localization of LINC01094 in PANC-1 cells. Nuclei are stained blue (DAPI) and LINC01094 is stained green (scale bars, 25 mm). (D)

Three miRNAs were predicted from starBase, and the expression levels of the three miRNAs were detected in cells transfected with LINC01094 expression vector or

shLINC01094 (**p < 0.01; ns, not significant). (E) The expression of LINC01094 was analyzed in cells stably transfected with miR-577/mimic or miR-577/inhibitor (**p < 0.01;

ns). (F) The putative miR-577 binding sites with the LINC01094 sequence 30 untranslated region (30 UTR) are shown. (G) Luciferase activity in PANC-1 cells co-transfected

with miR-NC/mimic and miR-577/mimic containing LINC01094-WT and LINC01094-Mut. (H) RNA-IP with anti-antibodies was performed in PANC-1 cells transfected with

miR-NC/mimic andmiR-577/mimic (**p < 0.01; ns). (I) miR-577mRNA expression was analyzed in the PC cells and a normal pancreatic cell. (J) The expression levels of miR-

577 in 91 pairs of PC and in adjacent non-tumor tissues (**p < 0.01). (K) Scatterplots show a positive correlation between LINC01094 and miR-577 at the mRNA levels in 91

PC tissues (r =�0.6024, *p < 0.05, **p < 0.01). (L) Kaplan-Meier analysis of survival time with miR-577 high and low levels in PC patients from TCGA database (p = 0.0017);

those among multiple groups were analyzed by the one-way ANOVA or repeated-measures ANOVA. Correlation analysis between two groups was conducted using

Pearson’s correlation analysis. The experiment was repeated three times.
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PI3K/Akt signaling pathway.25 To confirm the predicted results, a west-
ern blot was used to detect the PI3K/Akt protein level and phosphory-
lation. The results showed that the extent of LIN28B, PCNA, and
MMP9 expression and PI3K/Akt phosphorylation in the PANC-1
and ASPC-1 cells in the shLINC01094 group was significantly lower
than those levels in the shNC (p < 0.05), but the total protein levels of
Akt and PI3K were not significantly changed in the shLINC01094
group (ns, p > 0.05, Figure 8C), while, on the contrary, the extent of
LIN28B, PCNA, andMMP9expression andPI3K/Akt phosphorylation
in the CFPAC-1 cells in the LV-LINC01094 group was significantly
higher than those levels in the vector (p < 0.05), but the total protein
levels of Akt and PI3K were not significantly changed in the LV-
LINC01094 group (ns, p > 0.05, Figure 8D). These data demonstrated
that LINC01094 can activate PI3K/Akt signaling pathway in PC cells.

DISCUSSION
In recent years, more and more studies report that lncRNAs are asso-
ciated with the progression of cancers.32–34 For example, in PC,
lncRNApancreatic cancer associated transcript 1 (PLACT1) promoted
growth and metastasis of pancreatic ductal carcinoma cells via the
inhibitory kBa (IkBa)/E2F transcription factor 1 (E2F1) axis.35

Another lncRNA, ENSGO0000254041.1, promoted pancreatic ductal
carcinoma cells invasion, which was related to the poor prognosis of
patients.36 LINC01094 was first described in renal cell carcinoma
and promoted the development of clear cell renal carcinoma through
the miR-224-5p/chondroitin sulfate synthase 1 (CHSY1) axis.19 How-
ever, the function of LINC01094 in PC had not been well studied. In
this study, we screened the TGCA database, and bioinformatics anal-
ysis of GEPIA (Gene Expression Profiling Interactive Analysis) data
showed that a new type of lncRNA, LINC01094, was found to have
high expression in PC tissues but to be associated with poor prognosis
and diminished survival time. In addition, knockdown of LINC01094
inhibited PC cell growth and metastasis ability.

Increasing evidence showed that there were extensive interaction
networks involving ceRNA, in which lncRNA could regulate the
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 529
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Figure 5. LIN28B is a downstream target of miR-577

(A) Potential targets of miR-577 predicted with five miRNA target databases. (B) Quantitative real-time PCR analysis for the 4 predicted targets of miR-577 in PANC-1 cells

transfected with miR-577/mimics (**p < 0.01; ns). (C) The putative miR-577 binding sites with the LIN28B sequence 30-UTRwere shown. (D) Luciferase reporter gene activity

of chimeric vectors carrying luciferase gene and LIN28B 30-UTR fragments containingWT-LIN28B orMut-LIN28B binding sites (**p < 0.01; ns). (E) LIN28BmRNA and protein

expression were analyzed in PANC-1 and CFPAC-1 cells transfected with miR-577/mimic and miR-577/inhibitor (**p < 0.01). (F) Western blot to detect proliferation-

associated antigen PCNA, MMP9, and LIN28B expression in PC cells stably transfected with miR-NC/mimic and miR-577/mimic and miR-NC/inhibitor and miR-577/in-

hibitor (**p < 0.01). (G andH) PC cell proliferation wasmeasured using clone formation (G) and EdU (H) assays in PC cells transfected with miR-NC/mimic andmiR-577/mimic

(legend continued on next page)
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target RNA by binding to it and titrating from the binding site on the
protein-coding messenger.37,38 Target molecules regulated mutual
expression by competing to bind miRNA’s response element
(MRE).39 Evidence suggested that the ceRNA regulatory model had
been validated in other cancers. For example, lncRNA miR-31 host
gene (MIR31HG) inhibited the proliferation and metastasis of PC
and caused sponge miR-575 to slightly regulate the expression of sup-
pression of tumorigenicity 7 like (ST7L).40 LINC00473 played a key
role, because ceRNA regulated mitogen-activated protein kinase 1
(MAPK1) expression by turning miR-198 into a sponge.41 Bioinfor-
matics analysis, fluorescence reporter gene detection, and RIP anal-
ysis indicated that miR-577 was the target of LINC01094. Based on
the previous research and functional analysis of LINC01094, we chose
miR-577 for further research. The results showed that knocking down
LINC01094 in PC cells could upregulate the expression of miR-577,
and the LINC01094 expression did not change after knocking
down miR-577. Then, we used bioinformatics analysis to predict
miR-577 targets, and LIN28B was the most significantly downregu-
lated target gene of miR-577. LIN28B, an RNA-binding protein,
functions as an oncogene and is a potential therapeutic target for can-
cer.42,43 Previous reports have proven that LIN28B is target of miR-
30a-5p and that upregulation of LIN28B promotes tumor growth in
breast cancers.44 Moreover, miR-577 acts as a suppressor in many
cancers, including glioblastoma and liver cancers.20,21 In this study,
our findings indicated that miR-577 inhibition increased PC growth
and metastasis. Moreover, a recovery assay showed that LINC01094
affected PC cells growth and metastasis in a partially miR-577 depen-
dent manner in vitro. Furthermore, the mechanism of the involve-
ment of the PI3K/Akt signaling pathway in PC was investigated.
We found that PANC-1 and ASPC-1 cells infected with
LINC01094-shRNA presented decreased levels of p-Akt and p-
PI3K, suggesting that silencing LINC01094 suppressed the PI3K/
Akt signaling pathway.

In summary, we showed for the first time that LINC01094 exhibited
its oncogenic function in PC. LINC01094 promoted PC proliferation
and metastasis by acting as a ceRNA for miR-577 to regulate LIN28B
expression and the PI3K/Akt pathway, providing new insight into the
mechanism of metastatic PC and a novel potential therapeutic target
for PC treatment.

MATERIALS AND METHODS
Bioinformatics analysis

Raw and normalized data files for the RNA-seq analysis were retrieved
from TCGA dataset (http://gepia.cancer-pku.cn/index.html) in the
NCBI Gene Expression Omnibus (GEO) under GEO: GSE15471. The
GEO: GSE15471 dataset comprises data from pancreatic ductal adeno-
andmiR-NC/inhibitor andmiR-577/inhibitor (**p < 0.01; scale bar, 100 mm). (I and J) PC c

assays in PC cells transfected with miR-NC/mimic and miR-577/mimic and miR-NC

expression of LIN28B in tissue levels was detected by IHC test and normalized to the

correlation between LINC01094 and LIN28B at the mRNA levels in 91 PC tissues (r =

ANOVA or repeated-measures ANOVA. Correlation analysis between two groups was c

times (mean ± SEM).
carcinoma (PDAC) patients, and the cancer type of the samples used in
TCGAdatasetwas PDACcancer. Thenearby genes of LINC01094were
searchedusingUCSC(http://genome.ucsc.edu/).ThemiRNAs that had
complementary base-pairing with LINC01094 were predicted by using
starBase database (http://starbase.sysu.edu.cn/).

Samples

The PC tissues and pancreatic carcinomas were from 91 patients
with PC who were diagnosed at the Second Affiliated Hospital of
Nanchang University. The experiments were undertaken with the
understanding and written consent of each subject, and the study
methodologies conformed to the standards set by the Declaration
of Helsinki. This research was approved by the ethics committee of
the Second Affiliated Hospital of Nanchang University.

Cell culture

Five human PC cell lines (PANC-1, ASPC-1, BXPC-3, CFPAC-3, and
SW1990) and one normal immortalized pancreatic cell line (HPDE6-
C7) were purchased from the Shanghai Institute of Cells of the Chinese
Academy of Sciences. Cell Bank, using short tandem repeats, was used
to identify all of these cells. The cells were routinely cultured in DMEM
containing 10% fetal bovine serum (FBS; GIBCO) at 37�C (5% CO2).

Cell transfection

The LINC01094-overexpressing and shLINC01094-expressing plas-
mids, the miR-577 mimic (miR-577), and miR-577 negative control
(miR-NC) were designed and synthesized by GenePharma (Suzhou,
China). Cells transfected with the empty vector were designated or
treated as control (named as vector). The LINC01094-specific small
interfering RNA (siRNA) and small interfering NC (siNC) were pur-
chased from GenePharma (Shanghai, China). Cell transfection was
conducted using Lipofectamine 3000 (Invitrogen, CA, USA). The
plasmids and reagents used are described in the Table S1.

Quantitative real-time PCR

Total RNA was extracted from tissue or cultured cells using RNAiso
Plus (Takara, Japan), then the RNA was inversely transcribed into
cDNA and used for PCR amplification. The results were analyzed
by 2-DDCt method. All the primers are in Table S1.

FISH

The FISH Kit was purchased from RiboBio. LINC01094 probes were
designed by RiboBio. Transfected PC cells were fixed in 4% parafor-
maldehyde for 15 min then were permeabilized in PBS containing
0.5% Triton X-100 and prehybridized in hybridization buffer (8 mL
25% dextran sulfate [DS], 20 mL 20x SSC [175.3 g NaCI, 88.2g sodium
citrate, 1000 mL H2O], and 5 mL deionized formamide). Next, cells
ell invasion andmigration weremeasured throughwound-healing (I) and transwell (J)

/inhibitor and miR-577/inhibitor (**p < 0.01; scale bar, 100 mm). (K) The elevated

PC tissue group (**p < 0.01; scale bar, 100 mm). (L) Scatterplots show a positive

0.4918, **p < 0.01); those among multiple groups were analyzed by the one-way

onducted using Pearson’s correlation analysis. The experiment was repeated three
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Figure 6. LINC01094 acts as a sponge of miR-577 to upregulating LIN28B expression

(A) Western blotting analysis of proliferation-associated antigens in PANC-1 and CFPAC-1 cells stably transfected with shNC, shLINC01094, shLINC01094+miR-577/in-

hibitor and vector, LINC01094, and LINC01094+miR-577/mimic. (B and C) Clone formation (B) and EdU (C) assays were performed to determine the mobility capacity of

PANC-1 and CFPAC-1 cells stably transfected with shNC, shLINC01094, shLINC01094+miR-577/inhibitor and vector, LINC01094, and LINC01094+miR-577/mimic (**p <

0.01; scale bar, 100 mm). (D and E) Wound-healing (D) and transwell (E) assays were performed to determine the mobility capacity of PANC-1 and CFPAC-1 cells stably

transfected with shNC, shLINC01094, shLINC01094+miR-577/inhibitor and vector, LINC01094, and LINC01094+miR-577/mimic (**p < 0.01; scale bar, 100 mm); those

among multiple groups were analyzed by the one-way ANOVA or repeated-measures ANOVA. The experiment was repeated three times (mean ± SEM).
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were further incubated with 50 nM of the probe in hybridization
buffer at 4�C overnight. The next day, cells were washed with PBS
and counterstained with 40, 6-diamidino-2-phenylindole (DAPI).
All images were analyzed on a confocal laser scanning microscope
(Leica Microsystems, Mannheim, Germany). The FISH probe
sequences are shown as follows: LINC01094: 50-TAGATTTAACTGC
CTAACTAACGATGAAGC-30.

Western blotting

As mentioned earlier, western blotting analysis was performed.45 The
antibodies in this study are as follows: rabbit antibody LIN28B
(1:5,00, ab46020, Abcam); rabbit antibody PCNA (1:1,000, ab92552,
Abcam); rabbit antibody MMP9 (1:1,000, ab137867, Abcam); rabbit
antibody Akt (1:1,000, ab8805, Abcam); rabbit antibody p-Akt
(1:1,000, ab38449, Abcam); rabbit antibody PI3K (1:1,000, ab32089,
Abcam); rabbit antibody p-PI3K (1:1,000, ab278545, Abcam); and
mouse antibody GAPDH (1:1,000, ab9484, Abcam).

Immunohistochemistry (IHC) analysis

IHC analysis of LIN28B, PCNA, and MMP9 procedures were per-
formed as described previously.46 Antibodies used were as follows:
rabbit antibody PCNA (1:2,00, ab92552, Abcam), rabbit antibody
LIN28B (1:2,00, ab262858, Abcam), and rabbit antibody MMP9
(1:2,00, ab137867, Abcam).
532 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
Colony formation assay

Transfected PC cells were seeded in 6 well plates with a total of 500
cells per well. After 2 weeks of incubation, they were fixed with 4%
paraformaldehyde then incubated with crystal violet for 15 min and
counted under the microscope.

EdU assay

The cells were incubated with EdU (Ribobio) for 5 h. After three
rinses with PBS, the cells were treated with 300 mL of 1 � Apollo re-
action cocktail for 30 min. The DNA content of the cells in each well
was then stained with 100mL of Hoechst 33342 (5 mg/ml) for 30min.
Subsequently, the cells were visualized under a fluorescence
microscope.

Wound-healing assay

The wound-healing rate was determined by a scratch test to evaluate
the ability of cell migration, which was briefly described as follows:
cells were inoculated in a 6-well plate to form a monolayer and
scratched with a sterile pipette (200 mL). Loose cell fragments
were washed with PBS, and the remaining cells were cultured for
0 h and 48 h. Then, the wound images were taken by microscope,
and the migration distance of the monolayer growth edge at 24 h
after injury was observed, and the wound-healing rate was
calculated.



Figure 7. Silencing of LINC01094 suppresses the proliferation and metastasis of PC cells in vivo

(A) Forty days after injection, the nude mice were killed and the tumors in each group were shown. (B and C) The tumor growth curve was observed after subcutaneous

injection of PNAC-1 cells expressing shNC or shLINC01094, and the tumor volume (B) and weight (C) were measured in mouse xenografts (mean ± SEM; n = 6; **p < 0.01;

scale bar, 100 mm). Data are representative of at least three independent experiments. (D) Relative expression levels of MMP9, PNCA, and LIN28B are observed in sub-

cutaneous tumor tissues by western blot assays. (E) PANC-1 tumor samples from shNC- and shLINC01094-treated mice were analyzed by quantitative real-time PCR (**p <

0.01). (F) PANC-1 tumor samples from shNC- and shLINC01094-treated mice were immunohistochemically stained for LIN28B, MMP9, and PCNA (scale bars, 20 mm). (G

and H) Sections with metastatic nodules in the liver (G) and lung (H) were stained with H&E, and then the number of metastatic nodules was analyzed (**p < 0.01; scale bar,

100 mm). (I) Kaplan-Meier survival curves for mice of the PANC-1-shLINC01094 group and control group (p = 0.00126); data were expressed as mean ± SD and analyzed

using unpaired t test. The experiment was repeated three times.
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Transwell assay

Three groups of cells were inoculated on the transwell chamber with
1� 104 cells per group. After 24 h of culture, formaldehyde was fixed
through the cells under the ependyma, and the staining solution was
0.2% crystal violet solution and enumerated it under the microscope.

Subcellular fractionation assay

PANC-1 and ASPC-1 cell lines were collected in a cell fractionation
buffer using PARIS Kit (Invitrogen, USA). PBS washed the cell frag-
ments. A cell fractionation buffer was used to place the cell lysates and
centrifuged. The isolated RNA was used for PCR amplification. The
cytoplasmic and nuclear fractionation indicators used were GAPDH
and U6, respectively.

Luciferase reporter gene assay

The WT-LINC01094 and the WT-LIN28B with a predicted binding
site of miR-577 and the promoter region of Mut-LINC01094 and
Mut-LIN28B were synthesized and cloned into luciferase reporter
vector pGL3 (Promega, Madison, WI, USA). The PC cells were co-
transfected with corresponding reporter plasmids and miR-577
mimic or NC mimic by Lipofectamine 3000 and were detected by
the double luciferase report method.
RIP

Resulting transfected cells were lysed with radioimmunoprecipitation
assay (RIPA) buffer, centrifuged at 14,000 rpm for 15 min, and then
incubated overnight at 4�C, with shaking prior to addition of 10 mL
beads and 2 mL Ago2 antibody. The mixture was rinsed twice using
a lysis buffer, and Trizol reagent (Invitrogen) was used to extract
RNA from the lysed cells.
In vivo tumor growth and metastasis assay

The 6- to 8-week-old nude male mice were purchased from the Insti-
tute of Model Zoology, Nanjing University. All experiments were per-
formed in accordance with the NIH guidelines for the humane care
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Figure 8. Silencing LINC01094 suppresses the expression of the PI3K/Akt signaling pathway in PC cells

(A) The effects of LINC01094 gene silencing on the expression of PI3K, p-PI3K, p-Akt, and Akt in PANC-1 and ASPC-1 cells were detected by western blot analysis. **p < 0.01

compared with the shNC group. (B) The effects of LINC01094 gene upregulated on the expression of PI3K, p-PI3K, p-Akt, and Akt in CFPAC-1 cells was detected by western

blot analysis. **p < 0.01 compared with the vector group; data were expressed as mean ± SD and analyzed using unpaired t test. The experiment was repeated three times.
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and use of laboratory animals and were approved by the Institutional
Animal Care and Use Committee at Nanchang University. The cell
concentration was adjusted to 1 � 106 cells/mL. After the skin of
the back of nude mice was disinfected with 75% alcohol, 0.2 mL
cell suspension was injected into the back and the intrasplenical re-
gion of nude mice to establish the model of ectopic tumor formation
of PC cells in nude mice. The general health status and tumor growth
of nude mice were observed regularly, and the volume and weight of
the transplanted tumor were recorded.

Statistical analysis

SPSS 22.0 (IBM, SPSS, Chicago, IL, USA) software and GraphPad
Prism 7.0 (GraphPad Software, San Diego, CA, USA) were used to sta-
tistically process the data, and all results were displayed as means ±
standard deviation (SD). Student’s t test was used for comparison be-
tween two groups while more than two groups were analyzed by one-
way analysis of variance (ANOVA) and post hoc test to correct for
multiple comparisons. Spearman correlation analysis was used for cor-
relation, and p < 0.05was set as the threshold for statistical significance.
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