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Abstract
Background Long noncoding RNA DiGeorge syndrome critical region gene 5 (DGCR5) has been shown to
be highly associated with cancer development. However, the biological role and molecular mechanism of
DGCR5 in pancreatic cancer (PC) remains largely unknown.

Methods qRT-PCR and �uorescence in situ hybridization (FISH) was performed to investigate the
correlation between DGCR5 expression and prognosis and clinicopathologic characteristics of PC
patients. The effects of DGCR5 on PC were studied by gain-of-function and loss-of-function experiments
in vitro and in vivo. RNA sequencing, bioinformatics analyses, dual-luciferase assays, chromatin
immunoprecipitation (ChIP) assay and rescue experiments provided insights into the underlying
competing endogenous RNA (ceRNA) mechanism network of DGCR5 in promoting PC progression.

Results DGCR5 was highly expressed in PC tissues compared with adjacent normal tissues and its high
expression was associated with poor prognosis in PC patients. Furthermore, DGCR5 depletion inhibited
the proliferation, migration and invasion by increasing apoptosis and inducing G0/G1 cell cycle arrest in
vitro. Moreover, xenograft assay validated that DGCR5 promotes PC tumor growth in vivo.
Mechanistically, DGCR5 was found to act as a ceRNA by sponging miR-3163 to regulate TOP2A and
inhibit Wnt/β-catenin pathway. In addition, we found that DGCR5 downregulation could enhance the
sensitivity of PC cells to gemcitabine, and ChIP assay showed that the transcription factor PAX5 could
bind to the DGCR5 promoter and increase its transcription.

Conclusions Our study demonstrates that DGCR5 is activated by PAX5 and promotes PC progression by
sponging miR-3163 to regulate TOP2A and activating wnt/β-catenin pathway, suggesting that DGCR5
may be a potential diagnostic biomarker and therapeutic target for PC.

Background
Pancreatic cancer (PC), one of the most rapidly lethal tumors, is the fourth most common cause of
cancer mortality worldwide with the least patient survival rate of any cancer [1, 2]. The primary reason for
this low survival rate is the late stage at which most patients are diagnosed [1, 3]. Furthermore, surgery,
chemotherapy and radiation only slightly increase survival and/or relieve symptoms, but rarely cure. The
5-year survival rate is only 20% even for patients who undergo complete resection, chemotherapy and
radiation [4]. Therefore, novel biomarkers and therapeutic targets for PC are of extreme importance.

Data from the human whole genome and transcriptome studies revealed that more than 90% of the
genome is transcribed into RNA, but less than 2% of them encodes proteins, whereas the majority of the
malignant genome encodes a large number of noncoding RNAs (ncRNAs) [5–8]. Long noncoding RNAs
(lncRNAs), with more than 200 nucleotides in length, are a class of regulatory RNAs incapable of coding
proteins[9]. LncRNAs were once considered transcriptional “noise”, however, accumulating studies
indicated the multi-functional role of lncRNAs in various pathological processes, in particular in the
tumorigenesis [10–13]. A vast number of intronic lncRNAs were found to be differentially expressed in
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primary and metastatic pancreatic cancer by cDNA microarrays using probes for lncRNAs [14]. Various
lnRNAs have been reported in PC, for example, LINC01111 was found to suppress PC aggressiveness by
regulating DUSP1 expression via miR-3924[15]. Lei et al. reported that linc00976 is overexpressed in PC
and promotes cancer progression via linc00976/miR-137/OTUD7B/EGFR axis [16]. LncRNA DiGeorge
syndrome critical region gene 5 (DGCR5) was �rst identi�ed in Huntington’s disease [17]. A growing body
of evidence shows that DGCR5 is highly associated with cancer development [18–20]. However, the
biological role of DGCR5 in PC remains largely unknown.

In the present study, we found that DGCR5 was overexpressed in PC tissues compared with adjacent
normal tissues and its high expression was associated with poor prognosis in PC patients. Knockdown of
DGCR5 inhibited the proliferation, migration and invasion by inducing cell apoptosis and G0/G1 cell cycle
arrest of PC cells in vitro, and suppressed PC tumor growth in vivo. Mechanistically, DGCR5 functions as
a competing endogenous RNA (ceRNA) by sponging miR-3163 to regulate TOP2A and inhibit Wnt/β-
catenin pathway. Moreover, we found that DGCR5 downregulation enhanced the sensitivity of PC cells to
gemcitabine, and DGCR5 was activated by the transcription factor PAX5. All these �ndings demonstrated
for the �rst time that DGCR5 may serve as a potential diagnostic biomarker and therapeutic target for PC.

Methods
Patients and specimens

Specimens were obtained from 38 patients with a pathological diagnosis of PC who had neither
chemotherapy nor radiotherapy before surgical resection, between 2015 and 2017 at the Department of
General Surgery, Xinhua hospital, School of Medicine, Shanghai Jiaotong University, China. This study
was approved by the Ehics Committee of Xinhua Hospital of Shanghai Jiaotong University School of
Medicine. 

Cell culture

Human PC cell lines (Mia PaCa-2, PaTu8988 and PANC1), and immortalized human non-cancer
pancreatic cell line (HPNE) were obtained from the Cell Bank of the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). Cells were maintained at 37℃ in a 5% CO2 humidi�ed
incubator, and cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco). 

Cell transfection

DGCR5 small interfering RNAs (siRNAs), hsa-miR-3163 mimics and inhibitor, and their parental negative
control (NC) were synthesized by Genomeditech (Shanghai, China) and transfected into cells using RFect
reagent (Baidai, China) according to the manufacturer’s protocol. The siRNA sequences are: si-DGCR5-1:
5’-GCAAUUAGCUUCAGCUCUA-3’, si-DGCR5-2: 5’-GCGAGAUGUUAUUUCUGAA-3’, si-DGCR5-3: 5’-
GGUGGUGCACGAGAGUCUA-3’; si-TOP2A: 5′-CUAUUCAUCUUUCCCGAGA-3′; si-PAX5-1: 5’-
GAGGAUAGUGGAACUUGCUCAUCAA-3’, si-PAX5-2: 5’-GGTAATTGGAGGATCCAAA-3’. Lentiviruses
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expressing full-length of DGCR5, sh-DGCR5 (5’-GCAAUUAGCUUCAGCUCUAdTdT-3’) and NC were
constructed by Genomeditech (Shanghai, China). Cells were infected at a multiplicity of infection (MOI) of
90 in complete culture medium for 48 hours, and then subjected to selection with 1μg/ml puromycin for 1
week to construct stable-transfected cells. Transfection e�ciency was veri�ed by quantitative real-time
PCR (qRT-PCR). 

Quantitative real-time PCR

Total RNA was isolated by TRIzol reagent according to the manufacturer’s instructions. The Mir-X miRNA
qRT-PCR TB Green Kit (Takara) was used for converting miR-3163, other cDNAs were generated by
PrimScript Reverse Transcriptase (Takara) according to the manufacturer’s instruction. QRT-PCR was
performed using SYBR Premix Ex Taq II (Takara) on StepOnePlusTM Real-time PCR system (Applied
Biosystems, USA). 2-ΔΔCT method was used for the quanti�cation of gene expression. The primer
sequences were synthesized by HuaGene Biotech (Shanghai, China) and listed as followed: DGCR5
forward: 5 -ATTTTCCCAGTCTGGCGGAG-3 , reverse: 5 -AGGGCCCCATTATGACTCCT‐3 ; TOP2A forward:
5 -ACCATTGCAGCCTGTAAATGA-3 , reverse: 5 -GGGCGGAGCAAAATATGTTCC‐3 ; GAPDH forward: 5′-
CAACAGCCTCAAGATCATCAGC-3′, reverse: 5′-TTCTAGACGGCAGGTCAGGTC-3′; PAX5 forward: 5’-
ACTTGCTCATCAAGGTGTCAG-3’; reverse: 5’-TCCTCCAATTACCCCAGGCTT-3’; U6 forward: 5’-
AAAGCAAATCATCGGACGACC-3’, reverse: 5’- GTACAACACATTGTTTCCTCGGA-3’. 

Fluorescence in Situ Hybridization (FISH) assay

Cellular fractionation of DGCR5 was measured using DGCR5 FISH probes and kit designed and
synthesized by GenePharma (Shanghai, China) following the manufacturer's instructions. 

CCK-8 assay

Cells were plated into a 96-well plates overnight at the density of 2000 cells/well with complete culture
medium DMEM. Each well was replaced with 10 μl CCK-8 and 90 μl complete medium. After incubating
for 2 hours at 37℃ away from light, optical density (OD) value at 450nm was detected through a
microplate reader (Bio-Tek). 

Colony formation assay

500 treated cells were plated in each well of a 6-well plate for 7 to 10 days. The cells were �xed with 4%
paraformaldehyde and stained with 0.1% crystal violet. After washing and drying the plate, cell colonies
were counted and analyzed. 

5‐Ethynyl‐2′‐deoxyuridine (EdU)-488 proliferation assay

BeyoClickTM EdU-488 proliferation assay (Beyotime, Shanghai, China) was used to examine the effect of
DGCR5 on cell proliferation according to the manufacturer's protocol. Cells were incubated with 10μM
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EdU for 2 hours, stained with Azide488 and Hoechst 33342 then visualized under a �uorescence
microscope (Leica).

Transwell assay

Cell migration and invasion capabilities were measured using Transwell chamber inserts (Corning, NY,
USA) and Corning BioCoat Growth Factor Reduced Matrigel Invasion Chambers (Corning, NY, USA),
respectively. 750 μl DMEM with 10% FBS was added into the lower chamber, 3 × 104 cells with 200 μl
serum-free medium were plated in the upper chamber. After incubation for 24 hours, cells were �xed with
4% paraformaldehyde and stained with 0.1% crystal violet. Cells remaining on the upper membrane were
gently washed with PBS and scraped by cotton swabs. Stained cells on the bottom of the chamber were
counted under a microscope on 5 random �elds. 

Analysis of cell apoptosis and cell cycle by �ow cytometry

Cells in apoptosis were detected using an Annexin V/PI apoptosis assay kit (Beyotime, Shanghai, China).
In brief, the transfected cells were collected and re-suspended with PBS, stained with 5 μl Annexin V-FITC
and/or 5 μl PI for 30 minutes at room temperature shielded from light. Cell apoptosis was immediately
determined by �ow cytometry.

For cell cycle analysis, transfected cells were harvested and �xed with 75% ethanol at 4℃ overnight.
After �xation, cells were washed and re-suspended with PBS and incubated with 10mg/ml RNase and
1mg/ml PI at 37 ℃ for 30 minutes in the dark. The cell cycle was analyzed by �ow cytometry. 

Western blot analysis

Protein was extracted from transfected cells with RIPA lysis buffer. Equal amounts of protein samples
were loaded and separated by SDS-PAGE and transferred onto PVDF membranes. The membranes were
blocked with 5% skim milk in TBST for 1 hour at room temperature. Then, membranes were incubated
with diluted primary antibodies at 4℃ overnight. The antibody against PAX5 was obtained from Abcam,
other antibodies were acquired from Cell Signaling Technology. Next, membranes were rinsed with TBST
3 times, followed by incubating with secondary antibody for 1 hour, rinsed again with TBST and �nally
determined by a Gel Doc 2000 (Bio-Rad). 

Xenograft model

Nude mice (female, 4 weeks of age) with 18-22g were obtained from the Shanghai Laboratory Animal
Center of the Chinese Academy of Sciences (Shanghai, China). In this assay, nude mice were randomly
divided into 4 groups (n = 5 per group). PaTu8988 cells (1 × 107 in 200 μL PBS) transfected with LV-NC (2
groups), LV-shDGCR5 or LV-DGCR5 were injected hypodermically into the left axilla of the mice. Starting
from Day 7, tumor volumes were estimated every 7 days by measuring the tumor length and width by
caliper. Tumor volume was calculated as π/6 × width2 × length. All mice were sacri�ced by dislocation
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after 4 weeks, tumors were collected for further assays. The study was approved by the Ethics Committee
of Xinhua Hospital A�liated to Shanghai Jiaotong University School of Medicine. 

Immunohistochemistry

Immunohistochemistry was performed according to the standard procedure. The antibodies against Ki-
67, PCNA, N-cadherin, TOP2A and β-Catenin were obtained from Cell Signaling Technology. Each slice
was observed with 5 random �elds under a microscope (Leica), and the level of expression was assessed
by Image J software. 

RNA sequencing

Total RNA from NC or DGCR5-knockdown Mia PaCa-2 and PaTu8988 cells was extracted and subjected
to mRNA sequencing on the BGISEQ-500 platform at the Beijing Genomics Institute (BGI, Shenzhen,
China). The differentially expressed genes in both cell lines were selected that met the criteria of a fold
change ≤ -1.0 or ≥ 0.85 and P ≤ 0.05 after DGCR5 knockdown. The Protein-protein interaction (PPI)
networks and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway classi�cation and enrichment
analysis were performed using the BGI online analysis system. 

Bioinformatics analysis

The DIANA-LncBase (http://carolina.imis.athena-innovation.gr) and TargetScan
(http://www.targetscan.org) databases were used to search the potential miRNA that interacts between
DGCR5 and TOP2A. The transcription factor PAX and its binding sites in the promoter region of DGCR5
was identi�ed by PROMO (http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?
dirDB=TF_8.3), GeneCards (http://genecards.org) and JASPAR (http://jaspar.genereg.net/). 

Dual-luciferase reporter assays

293T cells were plated at 2 × 104 cells/well in 24-well plates overnight. Then the cells were cotransfected
with WT-DGCR5, MUT-DGCR5, WT-TOP2A, MUT-TOP2A reporter plasmids (Genomeditech, Shanghai), miR-
3163 mimics, NC mimics, miR-3163 inhibitor or NC inhibitor. After 48 hours of incubation, the relative
luciferase activities were determined by Dual-Luciferase Reporter Assay System (Promega) according to
the manufacturer’s protocol. 

ChIP assay

ChIP assays were performed with Mia PaCa-2 and PaTu8988 cells via ChIP Assay Kit (Beyotime,
Shanghai, China) following the manufacturer’s instruction. Anti-PAX5 antibody and IgG antibody were
obtained from Abcam. The ChIP samples were analyzed via qRT-PCR and the PCR products were veri�ed
by 2% agarose gel electrophoresis. The primer sequences of PAX5-DGCR5 are as follow: forward: 5’-
TGCTTGTTTAGGGGTCAGGC-3’; reverse: 5’-CTGAGGTGGCTCAACAGGTC-3’. 
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Statistical analysis

Statistical analyses were performed using GraphPad Prism 7 and the results were presented as mean ±
standard deviations (SD). The student’s t tests were performed for comparisons between 2 groups and
one-way ANOVA was used for multiple group comparisons. The Chi-square test was conducted to
compare clinicopathological features of the patients with DGCR5 expression. The Kaplan-Meier plots and
log-rank tests were used for the overall survival analysis. The correlation between DGCR5 and TOP2A
was analyzed by Spearman’s correlation test. Data were presented as mean ± SD of at least three
independent experiments. Results with P < 0.05 were considered statistical signi�cant.

Results
DGCR5 is upregulated in PC tissues and cell lines.

To determine the biological role of DGCR5 in PC, we measured its expression in 38 pairs of PC tissues
and adjacent non-cancer tissues by qRT-PCR. The results indicated that DGCR5 expression was notably
incresed in PC tissues compare with non-tumor tissues (Fig. 1A and B). Using the median expression level
of DGCR5 as a cutoff, patients with high DGCR5 expression had obviously poorer overall survival (OS)
than those with low DGCR5 expression (P = 0.0159, Fig. 1C). Moreover, we investigated the association
between DGCR5 expression and clinicopathologic parameters in those PC patients. As shown in Table 1,
DGCR5 expression was positively associated with histological grade (P < 0.0001), TNM stage (P = 
0.0436), lymphatic invasion (P = 0.001) and distant metastasis (P = 0.0164). However, there was no
signi�cant correlation between DGCR5 expression and gender, age, tumor size or vascular in�ltration. As
expected, DGCR5 was overexpressed in PC cell lines (Mia PaCa-2, PuTu8988 and PANC1) compared with
normal human pancreatic cell (HPNE). Mia PaCa-2 and PuTu8988 cell lines were selected to further
explore the effect of speci�c depletion of DGCR5, while PANC1 cell line was selected to investigate the
effect of overexpression of DGCR5 in PC. RNA Fluorescence in situ hybridization (FISH) analysis in PC
tumor tissues and cell lines displayed that DGCR5 was primarily located in the cytoplasm (Fig. 1D and H).
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Table 1
DGCR5 expression and clinicopathologic characteristics in pancreatic cancer

(PC).

    DGCR5 expression    

Variables Cases Low High χ2 value P value

Gender          

Male 30 14 16 0.6333 0.4261

Female 8 5 3    

Age (years)          

< 60 16 6 10 1.727 0.1888

≥ 60 22 13 9    

Tumor Size (cm)          

< 2 12 8 4 1.949 0.1627

≥ 2 26 11 15    

Histological grade          

High/ Moderate 18 15 3 15.2 < 0.0001***

Low 20 4 16    

TNM Stage          

I–II 24 15 9 4.071 0.0436*

III–IV 14 4 10    

Lymphatic invasion          

Positive 22 6 16 10.8 0.001**

Negative 16 13 3    

Vascular in�ltration          

Positive 10 4 6 0.5429 0.4613

Negative 28 15 13    

Distant metastasis          

Positive 5 0 5 5.758 0.0164*

Negative 33 19 14    

DGCR5 promotes PC cell proliferation in vitro
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To explore the effects of DGCR5 on PC cell proliferation, CCK-8, colony formation and EdU assays were
carried out in our study. As shown in Fig. 2A, the cell growth of Mia PaCa-2 and PaTu8988 cells was
downregulated after DGCR5 knockdown, while DGCR5 overexpression had the opposite effects in PANC1
cells. In addition, the effect of DGCR5 on HPNE was milder compared with that on PC cell lines, though
the results had the same change trend. Consistent with the CCK-8 results, the colony formation and EdU
assays demonstrated that downregulation of DGCR5 signi�cantly suppressed the ability of colony
formation and proliferation in PC cells, in contrast, overexpression of DGCR5 enhanced those abilities
(Fig. 2B and C).

Knockdown of DGCR5 induces apoptosis and G0/G1 cell cycle arrest in PC cells.

We examined the effects of DGCR5 on cell apoptosis through �ow cytometry. The results showed that
both the early and late stages of apoptosis after DGCR5 knockdown was remarkably higher than that in
NC group (Fig. 3A). Moreover, downregulation of DGCR5 led to a signi�cant increase in G0/G1 phase
population (Fig. 3C). To further characterize the mechanism of apoptosis and cell cycle arrest by DGCR5
knockdown, we examined the expression levels of the key cell apoptosis and cell cycle regulators by
western blot. As shown in Fig. 3B and D, DGCR5 knockdown markedly increased the protein levels of
cleaved-PARP, cleaved-caspase 3, bad, bax, p27 Kip1and reduced the levels of Bcl-2, CDK1, CDK2, CDK3,
cyclin A1&A2, B1, D1,E1,E2. Collectively, these data revealed that DGCR5 plays a critical role in the
regulation of PC cell apoptosis and cell cycle.

DGCR5 enhances metastasis and EMT process in PC cells.

Given that DGCR5 expression was positively related to the distant metastasis in PC patients, we reasoned
that DGCR5 may control the migration and invasion of PC cells. To investigate this, we performed
transwell migration and invasion assays. As shown in Fig. 4A-D, cell migration and invasion ability was
remarkably reduced after DGCR5 knockdown, conversely, enhanced after DGCR5 overexpression. It is well
established that epithelial-mesenchymal transition (EMT) is a vital step for the promotion of tumor
metastasis[21], thus we examined pivotal EMT markers by western blot. It was found that DGCR5
knockdown increased the expression of ZO-1, E-cadherin while decreased the expression of N-cadherin
and vimentin (Fig. 4E). All these results suggested that DGCR5 stimulated PC cells to undergo EMT and
metastasis.

DGCR5 promotes PC tumor growth in vivo.

To further demonstrate the role of DGCR5 in PC, animal study was carried out. Compared with the NC
group, the tumor volume and weight was signi�cantly decreased in LV-shDGCR5 group while increased in
LV-DGCR5 group (Fig. 5A and B). The western blot results showed that DGCR5 knockdown increased the
expression of cleaved-PARP, cleaved-caspase 3, p27 Kip1, E-cadherin while decreased the expression of
cyclin D1 and N-cadherin (Fig. 5C). In addition, IHC staining showed that ki-67, PCNA and N-cadherin
expression was upregulated in LV-shDGCR5 group and downregulated in LV-DGCR5 group (Fig. 5D). RNA
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FISH assay using xenograft tumor tissues further demonstrated that DGCR5 mainly located in the
cytoplasm (Fig. 5E). The above results revealed the tumor-promoting role of DGCR5 in PC.

DGCR5 promotes PC progression via miR-3163/TOP2A/Wnt/β-catenin pathway

We performed RNA sequencing to further explore the underlying mechanism of DGCR5 in PC progression.
The 61 most signi�cantly differentially expressed genes (DEGs) in Mia PaCa-2 and PaTu8988 cells after
DGCR5 knockdown were selected, including 49 downregulated genes and 12 upregulated genes (Fig. 6A).
Based on the PPI network and pathways analysis of DEGs, TOP2A was identi�ed for being the core of the
PPI network and top-ranked pathways (Fig. 6B and C). Then we investigate the association between the
expression of TOP2A and PC. As shown in Fig. 6D-F, increased expression of TOP2A was found in PC
tissues and was associated with shorter overall survival in PC patients. and positively correlated with the
expression of DGCR5. Moreover, there was a positive association between the expression of TOP2A and
DGCR5 in PC tissues (Fig. 6G). We detected the expression level of TOP2A in PC cell lines (Mia PaCa-2,
PaTu8988 and PANC1) and HPNE by qRT-PCR and western blot. The results showed that TOP2A was
signi�cantly overexpressed in PC cells than normal pancreatic cell (Fig. 6H). In addition, we found that
DGCR5 overexpression increased the expression of TOP2A, and TOP2A knockdown inhibited the cell
proliferation that promoted by DGCR5 upregulation (Fig. 6I).

It is widely known that lncRNAs can act as ceRNAs to regulate mRNA in the cytoplasm[22, 23], and we
have previously demonstrated that DGCR5 primarily located in the cytoplasm of PC cell. Thus, we used
DIANA-LncBase and TargetScan databases to search for miRNAs that might be the bridge between
DGCR5 and TOP2A. MiR-3163 was screened out from the predicted targets for it had the most potential
to interact with both DGCR5 and TOP2A, and has been reported involved in the cross-talk between lncrna
and cancer[24, 25]. As shown in Fig. 7A-D, miR-3163 expression was inversely related to the expression of
DGCR5 and TOP2A. What’s more, the expression of TOP2A increased by DGCR5 knockdown was further
increased by miR-3163 overexpression while abolished by miR-3163 inhibition (Fig. 7E and F). Then we
investigated whether miR-3163 directly bind to DGCR5 and TOP2A. The results of dual-luciferase reporter
assay indicated that luciferase activity of WT-DGCR5 and WT-TOP2A reporter was signi�cantly reduced
by miR-3163 mimics while increased by miR-3163 inhibitor, moreover, these changes were not occurred in
the MUT-DGCR5 and MUT-TOP2A reporter (Fig. 7G). Next, we conducted CCK-8 assays to explore whether
DGCR5 promotes the PC cell proliferation via miR-3163. As shown in Fig. 7H, miR-3163 inhibitor and
mimics signi�cantly reduced the proliferation effects of DGCR5 knockdown and overexpression,
respectively. To sum up, the above results demonstrated that DGCR5 promotes PC proliferation as a
ceRNA to target TOP2A by sponging miR-3163.

As we know, the Wnt/β-catenin signaling pathway is particularly relevant in PC and it has been reported
that TOP2A promoted malignant progression of PC through activating this pathway[26, 27]. Hence, we
explored whether DGCR5 promotes PC via regulating TOP2A and wnt/β-catenin pathway. IHC results
showed that the expression of TOP2A and β-catenin was reduced by DGCR5 knockdown while increased
by DGCR5 overexpression in vivo (Fig. 7I). As shown in Fig. 7J, DGCR5 downregulation signi�cantly
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suppressed the expression of wnt/β-catenin pathway-related proteins. Conversely, DGCR5 upregulation
resulted in an increase in the expression of these proteins, while these changes were reversed by TOP2A
downregulation.

In summary, the above data veri�ed that DGCR5 regulates the PC progression by sponging miR-3163 to
target TOP2A and activating wnt/β-catenin pathway.

DGCR5 induces gemcitabine resistance of PC cells.

Our previous data has proved TOP2A as a downstream gene of DGCR5, which was found associated with
gemcitabine resistance in PC patients by gene expression analysis[28]. CCK-8 assays showed that
gemcitabine repressed PC cell viability in a dose-dependent manner, and as expected, the expression
levels of DGCR5 was negatively associated with gemcitabine sensitivity in PC cells (Fig. 7K), suggesting
that inhibition of DGCR5 may be a novel strategy for anti-gemcitabine resistance in PC.

PAX5 directly promotes transcription of DGCR5 in PC cells.

To further investigate the transcriptional regulatory mechanism of DGCR5 in PC, we search for the
transcription factors that may regulate DGCR5 by performing bioinformatics analysis using PROMO,
GeneCards and JASPAR databases. PAX5 was identi�ed from the candidate transcription factors for its
high predicted scores in all databases, and the predicted binding sites of PAX5 in the promoter sequence
of DGCR5 are shown in Fig. 8A. To con�rm this hypothesis, we �rst performed qRT-PCR and western blot
assays, and found that PAX5 knockdown resulted in a decrease in DGCR5 expression in PC cells
(Fig. 8B). Next, we conducted ChIP assays in Mia PaCa-2 and PaTu8988 cells, followed by qRT-PCR and
agarose gel electrophoresis. The results showed that the presence of the DGCR5 gene promoter region
was speci�cally enriched by PAX5 antibody but not IgG antibody (Fig. 8D and E). These data suggest that
PAX5 acts as a transcriptional activator of DGCR5.

Discussion
Growing evidences show lncRNAs exert important roles and to act through a variety of molecular
mechanisms, such as ceRNAs, in the development and progression of various cancers, including PC [15,
16, 29]. LncRNA DGCR5 has not been extensively reported in cancers since it was found, and the role of
DGCR5 in carcinogenesis remains controversial, many studies have reported DGCR5 as an oncogene or
tumor suppressor [18, 20, 30]. Moreover, no prior study exists on the role of DGCR5 in PC. In the current
study, we investigated the speci�c role of DGCR5 in PC with the underlying regulatory mechanism
discovered for the �rst time. We found that DGCR5 expression was higher in PC than adjacent benign
tissues and was related to the increase of histological grade, advanced TNM stage, positive lymphatic
invasion and distant metastasis, and poorer patient survival. Thus, DGCR5 may be a potential diagnostic
and therapeutic biomarker for PC.
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We applied loss-of-function and gain-of-function approaches and demonstrated that DGCR5 performed
signi�cant effects on the biological processes of PC. Here, we validated DGCR5 was notably upregulated
in PC tissues and cell lines, and DGCR5 knockdown markedly suppressed PC proliferation, DNA
replication, migration, invasion, EMT process, and induced cell apoptosis and G0/G1 cell cycle arrest in
vitro. Similarly, the tumor xenograft model assays displayed that DGCR5 enhanced the tumorigenicity of
PC in vivo.

In general, the function of lncRNAs are mainly determined by its subcellular localization, and lncRNAs
located in the cytoplasm always exert effects through the regulatory mechanism of ceRNA by sponging
speci�c miRNAs to restore target gene expression [16, 22, 23]. DGCR5 was con�rmed primarily situated in
cytoplasm of PC cell by FISH assays, so we supposed that DGCR5 could act as ceRNA to impact PC
progression. Then we conducted RNA-seq to further identify the ceRNA network of DGCR5 in PC. Among
the selected potential targets, TOP2A aroused our attention since it was the center of the PPI network and
pathways analysis, in addition, TOP2A was associated with tumorigenesis and gemcitabine resistance in
PC [27, 28]. We observed that TOP2A expression was increased and positively associated with DGCR5
expression, but was negatively correlated with overall survival in PC. And the CCK-8 results showed that
silence of TOP2A dramatically inhibited PC cell proliferation and the proliferative effects induced by
DGCR5 overexpression.

To complete the ceRNA network of DGCR5, we performed bioinformatics analysis and miR-3163 was
predicted to be the link between DGCR5 and TOP2A. We �rst examined the relation of the expression of
DGCR5, miR-3163 and TOP2A, then conducted dual-luciferase assays and proved that miR-3163 could
directly bind to DGCR5 and TOP2A. These results suggest the DGCR5/miR-3163/TOP2A axis as a
regulatory mechanism in PC.

Wnt/β-catenin pathway has been demonstrated to play an important role in PC progression, therefore, we
focused on this signaling pathway to characterize the molecular mechanisms of DGCR5 in mediating PC
progression. We determined the expression of several key regulators by IHC staining and western blot,
and found that DGCR5 activated the pathway, whereas TOP2A knockdown suppressed the activation
induced by DGCR5. Our data suggest that DGCR5/miR-3163/TOP2A axis mediates pancreatic
carcinogenesis by modulating wnt/β-catenin pathway.

Gemcitabine-based treatment is the most widely used chemotherapy for PC patients, however,
chemoresistance remains a major obstacle to its clinical success [28, 31]. Therefore, it is of particular
importance to enhance the chemosensitivity of gemcitabine in PC cells to improve the prognosis for
patients with PC. In the present study, we observed that DGCR5 knockdown increased the gemcitabine
sensitivity of PC cell lines, and DGCR5 overexpression had exactly the opposite effect. To the best of our
knowledge, we provide the �rst evidence for the function of DGCR5 on the gemcitabine sensitivity of PC,
suggesting DGCR5 as a promising therapeutic target to improve the effect of chemotherapy of PC.

Recent studies manifested that the transcription factor PAX5 is highly involved the regulatory network of
human malignancy as an oncogene via its transactivation function[31, 32]. However, the effects of PAX5
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in PC haven’t yet been studied. In our study, we found that PAX5 can directly bind to the promoter region
of DGCR5 and performed similar transactivation function. As revealed by these results, PAX5 acts as an
upstream regulator in the ceRNA network of DGCR5. However, more in vitro and in vivo assays need to be
performed to further clarify the interactions between PAX and DGCR5.

Conclusions
In summary, we characterized the role of DGCR5 in PC for the �rst time, that DGCR5 is activated by PAX5
and promotes PC progression by sponging miR-3163 to regulate TOP2A and activating wnt/β-catenin
pathway. Consequently, DGCR5 may be a potential diagnostic biomarker and therapeutic target for PC.
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of infection; qRT-PCR, quantitative real-time PCR; FISH, �uorescence in situ hybridization; IHC,
immunohistochemistry; PPI, Protein-protein interaction; KEGG, Kyoto Encyclopedia of Genes and
Genomes; OS, overall survival; EMT, epithelial-mesenchymal transition; DEG, differentially expressed gene.

Declarations
Ethics approval and consent to participate

This study was approved by the Ethics Committee of Xinhua Hospital A�liated to Shanghai Jiaotong
University School of Medicine.

Consent for publication

Not applicable. 

Availability of data and materials

The data of the current study are available from the corresponding author upon reasonable request. 

Competing interests

The authors declare that they have no competing interests. 

Funding

This work was funded by the National Natural Science Foundation of China (No. 81672404 and No.
81974371) 

Author’s contributions



Page 15/27

SL, XS, WG and XW conceived and designed the research. SL and XS performed the experiments. CC, ZY,
FL, WY, ZW and PD partially participated in the experiments. SL, XS, CC, ZY, FL and PD analyzed the data
and interpreted the data. SL, XS, WG and WX drafted, reviewed, and revised the manuscript. 

Acknowledgements

Not applicable.

References
1. LD TK. W, T I, K T: Pancreatic cancer. Lancet. 2016;388(10039):73–85.

2. K DL, JL XRW. A: Pancreatic cancer. Lancet. 2004;363(9414):1049–57.

3. Limani P, Samaras P, Lesurtel M, Graf R, Deoliveira ML, Petrowsky H, Clavien PA. [Pancreatic cancer-
a curable disease]. 2015, 104(9):453–460.

4. S M, G VB, WE F: Pancreatic cancer: advances in treatment. World journal of gastroenterology 2014,
20(28):9354–9360.

5. CA SD, A DAMADTLAM. T, J L, W L, F S et al: Landscape of transcription in human cells. Nature.
2012;489(7414):101–8.

�. Y T, PP JR. P: The multilayered complexity of ceRNA crosstalk and competition. Nature.
2014;505(7483):344–52.

7. Altshuler R, Ernst J, Kellis M, Kheradpour P, Ward L, Eaton M, Hendrix D, Jungreis I, Lin M, Washietl S.
An integrated encyclopedia of DNA elements in the human genome. Nature. 2012;489(7414):57–74.

�. M M: RNA: Genome-wide views of long non-coding RNAs. Nature reviews Genetics 2011, 12(11):742.

9. X Y ZH, SD YFXHJY. Z, Y Z, L Y, W S, Q H et al: Comprehensive Genomic Characterization of Long
Non-coding RNAs across Human Cancers. Cancer cell. 2015;28(4):529–40.

10. X Y. T M: Long Noncoding RNA in Preeclampsia: Transcriptional Noise or Innovative Indicators?
BioMed research international. 2019;2019:5437621.

11. TR M, ME D, JS M. Long non-coding RNAs: insights into functions. Nature reviews Genetics.
2009;10(3):155–9.

12. VA M, RJ P, AM K. Emerging functional and mechanistic paradigms of mammalian long non-coding
RNAs. Nucleic acids research. 2012;40(14):6391–400.

13. XY PQ. Z, X D: Circulating long non-coding RNAs in cancer: current status and future perspectives.
Mol Cancer. 2016;15(1):39.

14. AC T, MS K, MF F, RS BD, V M-C F, V-A S, MC M, EM R. Long noncoding intronic RNAs are differentially
expressed in primary and metastatic pancreatic cancer. Mol Cancer. 2011;10:141.

15. T SPMSMZXSRH. Y, M W, X G, R Q: Long noncoding RNA LINC01111 suppresses pancreatic cancer
aggressiveness by regulating DUSP1 expression via microRNA-3924. Cell death disease.
2019;10(12):883.



Page 16/27

1�. Z SL, Z Z HTCXG. Y S, J J: Long noncoding RNA 00976 promotes pancreatic cancer progression
through OTUD7B by sponging miR-137 involving EGFR/MAPK pathway. Journal of experimental
clinical cancer research: CR. 2019;38(1):470.

17. HF S, R W, JM M, C T, U A, KA J, UJ SH. K, J G, A B et al: Identi�cation of a novel transcript disrupted
by a balanced translocation associated with DiGeorge syndrome. Am J Hum Genet. 1996;59(1):23–
31.

1�. YY YLYCSL. X: Downregulation of long noncoding RNA DGCR5 contributes to the proliferation,
migration, and invasion of cervical cancer by activating Wnt signaling pathway. Journal of cellular
physiology. 2019;234(7):11662–9.

19. Z BL. G, Q L, H Z, Y L, S H, Z L: lncRNA DGCR5 Up-Regulates TGF-β1, Increases Cancer Cell Stemness
and Predicts Survival of Prostate Cancer Patients. Cancer management research. 2019;11:10657–
63.

20. C F, W H, L TXJD. X, F S: Upregulation of lncRNA DGCR5 correlates with better prognosis and inhibits
bladder cancer progression via transcriptionally facilitating P21 expression. Journal of cellular
physiology. 2019;234(5):6254–62.

21. Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesenchymal transition. Nat Rev
Mol Cell Biol. 2014;15(3):178–96.

22. W Z WF. Y J, Y C, Y K, X S, S J, H C, X W, M C et al: LncRNA CTC-497E21.4 promotes the progression
of gastric cancer via modulating miR-22/NET1 axis through RhoA signaling pathway. Gastric cancer:
o�cial journal of the International Gastric Cancer Association and the Japanese Gastric Cancer
Association 2019.

23. Y Z ZC. Y L, A H, S H, Y G, X L, L Z: Long non-coding RNA DANCR promotes malignant phenotypes of
bladder cancer cells by modulating the miR-149/MSI2 axis as a ceRNA. Journal of experimental
clinical cancer research: CR. 2018;37(1):273.

24. L S, D H, J W, X H: Skp2 regulates non-small cell lung cancer cell growth by Meg3 and miR-3163.
Tumour biology: the journal of the International Society for Oncodevelopmental Biology and
Medicine 2016, 37(3):3925–3931.

25. Z HR, Z L. T, J L, X L: Long noncoding MAGI2-AS3 promotes colorectal cancer progression through
regulating miR-3163/TMEM106B axis. Journal of cellular physiology 2019.

2�. Rentler-Courdier M. Wnt Signaling in Pancreas Development and Cancer. 2010.

27. YF P, XM Y. XQ L: TOP2A induces malignant character of pancreatic cancer through activating β-
catenin signaling pathway. Biochimica et biophysica acta Molecular basis of disease.
2018;1864(1):197–207.

2�. BAI J, SATA N, NAGAI H. Gene expression analysis for predicting gemcitabine sensitivity in
pancreatic cancer patients. 2007, 9(2):150–155.

29. ZH K. Y T: Long noncoding RNAs: lincs between human health and disease. Biochemical Society
transactions. 2017;45(3):805–12.



Page 17/27

30. YG W, FX JLMS. C: LncRNA DGCR5 represses the development of hepatocellular carcinoma by
targeting the miR-346/KLF14 axis. Journal of cellular physiology. 2018;234(1):572–80.

31. C L, Z JSQL, C L, Q L Z, Y Z, F Z, J L, B W et al: STAT1-mediated inhibition of FOXM1 enhances
gemcitabine sensitivity in pancreatic cancer. Clinical science (London, England: 1979) 2019,
133(5):645–663.

32. BW D, WB Z, SM Q, CY Y. J G: Transactivation of PTGS2 by PAX5 signaling potentiates cisplatin
resistance in muscle-invasive bladder cancer cells. Biochem Biophys Res Commun.
2018;503(4):2293–300.

Figures



Page 18/27

Figure 1

High expression of DGCR5 is observed in PC tissues and cell lines. (A) DGCR5 expression was
investigated in PC tissue compared with its adjacent normal tissues. (B) The relative DGCR5 expression
in PC tissues and adjacent normal tissues. (C) The correlation of DGCR5 expression with overall survival
rate of PC patients. (D) FISH assays were performed to detect the subcellular location of DGCR5 in
patient samples. (E) The relative DGCR5 expression was measured in cell lines by qRT-PCR. (F) DGCR5
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expression level was examined using qRT-PCR in cell lines after transfected with siRNAs. (G) The DGCR5
expression level in cell lines after viral infection. (H) Analysis of the intracellular distribution of DGCR5 in
cell lines by FISH. s* P < 0.05, ** P < 0.01, *** P < 0.001.

Figure 2

DGCR5 promotes PC cell proliferation in vitro. (A) Cell viability was detected by CCK-8 assays in cell lines
after DGCR5 knockdown or overexpression. (B) Colony formation was applied to measure the
proliferation of cell lines after treatment with siRNAs or lentivirus. (C) Proliferation of cells after DGCR5
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silencing or enhancing was determined by detecting DNA synthesis through EdU assay. * P < 0.05, ** P <
0.01, *** P < 0.001.

Figure 3

Knockdown of DGCR5 induces cell apoptosis and G0/G1 phase arrest in PC cells. (A) Cell apoptosis
analysis of Mia PaCa-2, PaTu8988 and PANC1 cells was measured by �ow cytometry. (B) The expression
of cell apoptosis-related proteins in DGCR5-knowckdown PC cells was detected by western blot. (C)
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Phase of cell cycle analysis based on �ow cytometry showed that PC cells were blocked in G0/G1 phase
after DGCR5 silencing. (D) The protein level of key cell cycle regulators in DGCR5-knockdown PC cells
was examined with western blot method. * P < 0.05, ** P < 0.01, *** P < 0.001.

Figure 4

DGCR5 promotes PC cell metastasis and EMT process. (A) - (D) Migration assays (A and C) and invasion
assays (B and D) were performed in DGCR5-silencing Mia PaCa-2 and PaTu8988 cells and DGCR5-
overexpressing PANC1 cells. (E) Western blot analysis of ZO-1, N-cadherin, E-cadherin and vimentin. * P <
0.05, ** P < 0.01, *** P < 0.001.
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Figure 5

DGCR5 enhances the growth of PC cell in vivo. (A) and (B) PC cells after DGCR5 knockdown (A) or
DGCR5 expression (B) suppressed or promoted the growth of PC cells in vivo, respectively. (C) Western
blot analysis of cleaved-PARP, -caspase 3, p27 Kip1, cyclin D1, N-cadherin and E-cadherin. (D) The
expression of Ki-67, PCNA and N-cadherin by IHC staining. (E) FISH assay for DGCR5 expression in
xenograft model tissues. * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 6

DGCR5 increases PC cell proliferation by regulating TOP2A. (A) Heatmap of 61 most signi�cantly
differentially expressed genes (DEGs) expression in Mia PaCa-2 and PaTu8988 cells after DGCR5
knockdown by RNA-sequencing assay. (B) Protein-protein interaction (PPI) networks of the DEGs. (C)
KEGG pathway enrichment and classi�cation analysis of the DEGs. (D) Relative expression of TOP2A in
38 paired PC samples. (E) Kaplan-Meier survival curves of 38 PC patients based on TOP2A expression.
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(F) TOP2A expression detected by IHC assay in PC and adjacent non-tumor tissue. (G) Pearson
correlation analysis showed that TOP2A was positively correlated with DGCR5. (H) TOP2A was
overexpressed in PC cell lines. (I) PANC1 cell proliferation curve using CCK-8 assay after DGCR5
overexpression and/or TOP2A knockdown. * P < 0.05, ** P < 0.01, *** P < 0.001.

Figure 7
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DGCR5 promotes PC by sponging miR-3163 to target TOP2A and activating Wnt/β-catenin pathway. (A)
MiR-3163 expression was decreased in PC cell lines. (B) DGCR5 knockdown enhanced the expression of
miR-3163. (C and D) Expression of DGCR5 and TOP2A in Mia PaCa-2 and PaTu8988 cells after miR-3163
mimics or inhibitor transfection. (E and F) The mRNA and protein expression level of TOP2A in DGCR5-
silencing PC cells with inhibition or overexpression of miR-3163. (G) The direct binding between DGCR5
or TOP2A and miR-3163 was veri�ed by dual-luciferase reporter assay. (H) Cell proliferation assays for
Mia PaCa-2 and PaTu8988 cells co-transfected with si-DGCR5 and/or miR-3163 inhibitor, and DGCR5-
overexpressing PANC1 cells transfected with miR-3163 mimics. (I) The expression of TOP2A and β-
catenin in xenograft model tissues was measured by IHC assay. (J) Expression of Wnt1, WIF1, C-Myc,
Cyclin D1 in Mia PaCa-2 and PaTu8988 cells after DGCR5 knockdown or overexpression and/or TOP2A
knockdown. (K) The viability of DGCR5-depleted and enhanced PC cells after 48 hours gemcitabine
treatment was determined by CCK-8 assay. * P < 0.05, ** P < 0.01, *** P < 0.001.



Page 26/27

Figure 8

PAX5 activates DGCR5 in PC cells. (A) Binding motif of PAX5 and the predicted binding sites of PAX5
within the DGCR5 promoter region provided by JASPAR. (B) qRT-PCR and western blot were used to
determine the knockdown e�ciency of PAX5 in Mia PaCa-2 and PaTu8988 cells. (C) PAX5 knockdown
decreased the DGCR5 expression in PC cells. (D) and (E) qRT-PCR and agarose gel electrophoresis of the
ChIP products con�rmed the direct binding between PAX5 and DGCR5 promoter. (F) The mechanism of
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DGCR5 regulatory network in PC. DGCR5 was enhanced by PAX5 and acted as a ceRNA for miR-3163 to
regulate TOP2A and activate Wnt/β-catenin pathway, thus resulting in promoted cell proliferation,
metastasis and drug resistance in PC. * P < 0.05, ** P < 0.01, *** P < 0.001.


