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Abstract

Intron retention plays an important role in cancer progression and chemotherapy resistance

and seems to be essential for the maintenance of genome stability in cancer. Here, our goal

was to analyze the role of receptor expressed in lymphoid tissue (Relt)-like 2 (RELL2) intron

4 retention in promoting pancreatic ductal adenocarcinoma (PDAC) progression. Our results

showed that intron retention (IR) occurs at the fourth intron of RELL2 transcript in gemcita-

bine resistant PDAC cells, however, the regulatory mechanism and the clinical implications

of IR of RELL2 are unclear. Firstly, we found that RELL2 plays an anti-oncogenic role in

PDAC by performing in vitro functional assays including cell proliferation, GEM cytotoxicity

assay and apoptosis. Subsequently, we identified the upstream gene of RELL2, DEAH-

Box Helicase 38 (DHX38), and demonstrated the direct interaction between DHX38 and

RELL2 by RIP-qPCR. We also found that altered expression of DHX38 resulted in corre-

sponding changes in intron 4 retention of RELL2. Importantly, we unveiled that overexpres-

sion of DHX38 on the basis of knocking down of the fourth intron of RELL2 resulted in an

impaired intron 4 intention. Overall, our study identified a new IR site in PDAC, which could

be a possible target for PDAC therapy.

Author summary

Intron retention is a form of alternative splicing which has attracted much attention in

recent years. More and more studies have shown that intron retention exists widely and

affects 80% of the encoded genes, thus regulating gene expression and physiological and

pathological processes. Here, we described the role of alternative splicing gene RELL2 and

its upstream splicer DHX38 in pancreatic ductal adenocarcinoma. We found that the

expression of DHX38 in pancreatic ductal adenocarcinoma was reduced, which led to the

retention of the fourth intron of RELL2 and the occurrence of nonsense-mediated mRNA

decay, and ultimately inhibit the apoptosis of pancreatic cancer cells, and promote the
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occurrence of drug resistance in pancreatic cancer. Our work found a new intron reten-

tion gene in pancreatic ductal adenocarcinoma, which provide a probable therapeutic tar-

get of pancreatic ductal adenocarcinoma.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is currently the fourth leading cause of cancer

related death in the USA, with an increasing incidence and poor outcome and constitutes one

of the most lethal of the common malignancies with a poor five-year survival rate below 11%

[1]. Despite advances in treatment strategies (including surgery, chemotherapy, radiotherapy

and targeted therapies) in recent years, the survival rate of PDAC patients still remains a Gor-

dian knot. It is widely known that these four genes are frequently mutated in PDACs: KRAS

(94% of tumors), TP53 (64%), SMAD4 (21%) and CDKN2A (17%). Despite these common

oncogenic drivers, PDACs still exhibit a high degree of inter-tumor heterogeneity at genomic,

metabolic, transcriptomic and histopathological levels. Therefore, it is urgent to explore the

underlying mechanisms of PDAC progression.

In addition to somatic DNA mutations, aberrant RNA transcripts can be a major source of

genomic disruption in tumors. Intron retention (IR) is a form of alternative splicing (AS) that

has been very much studied in non-mammalian species such as plants, fungi, insects and

viruses, but has long been neglected in mammalian systems. IR introduces premature stop

codons, leading to nonsense-mediated decay and disruption of protein expression. It is com-

monly believed that mis-splicing leading to the retention of introns has no physiological conse-

quences other than a reduction in gene expression through nonsense-mediated decay. Recent

landmark discoveries highlight the critical role of IR in normal and disease-related human

biology including cancer. Analyses of exon-specific microarray data from 28 PDAC and 6 nor-

mal pancreas tissues, exon skipping (14.3%), alternative first exon use (14%), and intron reten-

tion (8.4%) were found as the three most prevalent categories of AS events in PDAC samples

[2]. Hilary A. Coller and colleagues unsupervised clustered 76 PDAC patients based on IR

events and found two clusters of tumors with significantly different clinical outcomes. How-

ever, they draw a different conclusion with previous research, patients with higher levels of

intron removal were most likely to have aggressive disease [3,4].

Given that drug resistance in PDAC is a bottleneck in clinical management, we performed

RNA-seq in PDAC drug-resistant cell lines and parental cell lines. The presence of IR in recep-

tor expressed in lymphoid tissue (Relt)-like 2 (RELL2) in resistant cell lines was clarified. Pre-

vious studies have shown that RELL2 inhibits tumor progression by promoting apoptosis. In

our study, firstly, we demonstrated the tumor suppressive effect of RELL2 in PDAC through in

vitro assays including cell proliferation, cytotoxicity assays and apoptosis. Subsequently, we

confirmed the presence of RELL2 intron 4 retention in PDAC cells and found that IR on

RELL2 is directly regulated by (DEAH-Box Helicase 38) DHX38. Based on above consider-

ation, we hope modulating RELL2 splicing will be an potential choice to improve the therapeu-

tic strategies of PDAC patients.

2. Results

2.1 Identification and Detection of RELL2 Intron Retention in PDAC

Based on the RNA-seq data, we compared the alternative splicing events occurring in PDAC

resistant cells and parental cells. A significant elevation in IR was observed in drug-resistant
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cells (Fig 1A). Considering that most IRs go through nonsense-mediated decay (NMD), we

then analyzed the genes that were lowly expressed in gemcitabine (GEM)-resistant cells and

IR-related genes, and obtained 57 IR-related genes that were lowly expressed in GEM-resistant

cells (Fig 1B) [5]. TCGA prognostic analysis of these 57 genes revealed that RELL2 was associ-

ated with poor prognosis in PDAC, which is consistent with the anti-oncogenic function of

RELL2 reported in previous studies (Fig 1C–1E) [6]. Based on above analysis, we screened the

regions in AsPC-1 and GEM-resistant AsPC-1 where RELL2 undergoes IR, and found that

RELL2 undergoes fourth intron retention in GEM-resistant AsPC-1 cells (Fig 1F–1H). In

order to demonstrate that RELL2 mRNA was down-regulated by nonsense mediated decay

(NMD) after intron retention occurred, we added NMDI14, a commonly used NMD inhibitor.

The results shown that inhibition of NMD led to up-regulation of RELL2 exon3/exon5, and

down-regulation of the exon3/intron4/exon5 region (S2 Fig).

2.2 RELL2 suppresses proliferation, chemoresistance and promotes

apoptosis in PDAC

Next, we performed functional experiments to verify the effects of RELL2 on the malignant bio-

logical behavior of PDAC cells. Using qRT-PCR, we obtained the expression profile of RELL2 in

7 commonly used PDAC cell lines at the RNA level and found that RELL2 was relatively high in

AsPC-1 expression, relatively low expression in MIA PaCa-2 (S1 Fig). Overexpression plasmid

and siRNAs targeting RELL2 were transfected into these two PDAC cell lines and the transfection

efficiency was confirmed by qRT-PCR and western blot assays (Fig 2A–2D). Subsequently, we

performed in vitro functional tests. The results of proliferation experiments showed that knock-

down of RELL2 could significantly promote the in vitro proliferation of AsPC-1 (Fig 2E), overex-

pression of RELL2 can inhibit the in vitro proliferation ability of MIA PaCa-2 (Fig 2F). GEM

cytotoxicity assay showed that knockdown of RELL2 could inhibit the sensitivity of AsPC-1 to

GEM, while overexpression of RELL2 could induce the sensitivity of PDAC cells to GEM (Fig 2G

and 2H). Apoptosis experiments showed that knockdown of RELL2 could significantly inhibit

the apoptosis rate of PDAC cells (Fig 2I and 2J), and overexpression of RELL2 could significantly

promote the apoptosis ability of PDAC cells (Fig 2K and 2L). Together, our data revealed that

RELL2 could suppress the PDAC cells proliferation and disturbed drug resistance.

2.3 DHX38 directly regulates RELL2 in PDAC cells

After the preliminary exploration of the key role of RELL2 was completed, we turned to further

explore the upstream gene that regulate the expression and IR progress of RELL2. We analyzed

the differentially expressed genes (DEGs) between parental AsPC-1 and GEM-resistant AsPC-

1 and found that five of these genes were closely associated with IR event (Fig 3A and 3B). Fur-

ther analysis of the correlation of the above five genes with RELL2 in PDAC cell lines revealed

that DHX38 was positively correlated with RELL2 (Fig 3C). The relationship between DHX38

and RELL2 was verified by western-blot. The results showed that knockdown of DHX38

would decrease the expression of RELL2, while overexpression of DHX38 leads to RELL2

induced (Fig 3D and 3E). Further, we performed RNA co-immunoprecipitation-qPCR (RIP-

qPCR) to verify that DHX38 can bind to the fourth intron region of the RELL2 mRNA, and

found that compared with IgG, the DHX38 antibody group could significantly bind to the

fourth intron region of RELL2 pre-mRNA (Fig 3F). After clarifying the regulatory role of

DHX38 on RELL2, we further verified the effect of DHX38 on IR event of RELL2. Knocking

down of DHX38 increased RELL2 intron 4 retention, and conversely overexpression of

DHX38 decreased RELL2 intron 4 retention (Fig 3G–3J). Overall, the above observation sug-

gested that DHX38 directly controlled the expression level and intron 4 retention of RELL2.
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Fig 1. Identification and Detection of RELL2 Intron Retention in PDAC. (a) AS events in parental AsPC-1 and GEM-resistant

AsPC-1. *, p< 0.05. (b) Screening for 57 IR-related genes that are lowly expressed in GEM-resistant cells. (c) Genes of clinical

significance in TCGA analysis. (d) RELL2 was associated with poor prognosis in PDAC. (e) RELL2 was lowly expressed in GEM-

resistant AsPC-1. ***, p< 0.001. (f) The IR region of RELL2. (g, h) RELL2 undergoes fourth intron retention in GEM-resistant AsPC-1

cells. **, p< 0.01.

https://doi.org/10.1371/journal.pgen.1010847.g001
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Fig 2. RELL2 suppresses proliferation, chemoresistance and promotes apoptosis in PDAC. (a) Transfection

efficiency of siRNAs targeting RELL2 in AsPC-1 cells was verified by western blot. (b) Transfection efficiency of plasmid

targeting RELL2 in MIA PaCa-2 cells was verified by western blot. (c) Transfection efficiency of siRNAs targeting RELL2

in AsPC-1 cells was verified by qRT-PCR. **, p< 0.01. (d) Transfection efficiency of plasmid targeting RELL2 in MIA

PaCa-2 cells was verified by qRT-PCR. ****, p< 0.0001. (e, f) Proliferation curves of AsPC-1 and MIA Paca-2
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2.4 DHX38 inhibits PDAC progression by regulating RELL2 pre-mRNA

In previous studies, DHX38 was found to promote apoptosis and play an inhibitory role in

tumors [7]. We therefore hypothesize that DHX38 inhibits PDAC progression via RELL2.

After knocking down DHX38 in AsPC-1 and MIA PaCa-2 cells, cell proliferation was

increased, followed by overexpression of RELL2, and cell proliferation was partially reduced

(Fig 4A and 4B). GEM cytotoxicity assay revealed that knockdown of DHX38 could suppress

the sensitivity of these two cell lines to GEM, while overexpression of RELL2 could partly

induce the sensitivity of PDAC cells to GEM (Fig 4C and 4D). The relevant role of DHX38 and

RELL2 in PDAC was also verified by flow cytometry. The cell apoptosis rate was decreased

after knocking down DHX38, and this phenomenon would be rescued by overexpression of

RELL2 (Fig 4E and 4F). Together, these findings supported the notion that DHX38 suppresses

PDAC progression via regulating RELL2.

2.5 DHX38 promotes RELL2 intron 4 retention in PDAC cells

In the above study, we demonstrated the function of RELL2 intron 4 retention in PDAC cells

and the regulation of DHX38 on RELL2 expression and function. Next, we focused on the rela-

tionship between DHX38 and the fourth intron of RELL2. Firstly, we designed siRNAs target-

ing the fourth intron of RELL2 and verified by western-blot and qPCR that knocking down

the fourth intron of RELL2 decreased the expression level of RELL2 (Fig 5A and 5B). Secondly,

in vitro functional assays showed that knockdown of the fourth intron of RELL2 increased the

proliferation level and decreased the inhibition rate of gemcitabine of PDAC cells (Fig 5C and

5D). We then overexpressed DHX38 on the basis of knocking down the fourth intron of

RELL2 to restrict intron 4 retention event. The results showed that overexpression of DHX38

would rescue the expression of RELL2 on both protein level and mRNA level (Fig 5E and 5F)

Proliferation assays showed that overexpression of DHX38 on the basis of knocking down the

fourth intron of RELL2 led to a decrease in cell proliferation, meanwhile, cytotoxicity assays

showed that overexpression of DHX38 on the basis of knocking down the fourth intron of

RELL2 made PDAC cells more sensitive to GEM (Fig 5G and 5H).

To provide more direct evidence for the role of RELL2 intron retention on cellular pheno-

type, we selected the cell line with the lowest RELL2 expression, PANC-1, and overexpressed

the CDS+intron 4 region of RELL2. On this basis, we knocked down DHX38, and observed

that the expression of RELL2 was decreased due to the deletion of splicing effect of DHX38.

Subsequently, we overexpressed the CDS region of RELL2, the expression of RELL2 was res-

cues obviously (Fig 6A). In addition, we performed cellular phenotypes including prolifera-

tion, cytotoxicity assay and cell apoptosis, the results were consistent (Fig 6B–6E).

Altogether, we demonstrate that RELL2 undergoes intron 4 retention in PDAC GEM-resis-

tant cells, a process that is directly regulated by DHX38.

3. Discussion

The concept of alternative splicing has progressively become one of the hot spots in human

gene regulation research since the discovery of mRNA splicing by Nobel Prize winners over 40

years ago [8,9]. High-throughput sequencing technologies have shown that 92%-95% of multi-

exon genes in human genome undergo AS, resulting in multiple heterodimers. AS is often

transfected with siRELL2 or plasmid for 96 hours using SRB assay. *, p< 0.05, **, p< 0.01, ****, p< 0.0001. (g, h) GEM

inhibiting rate of AsPC-1 and MIA Paca-2 transfected with siRELL2 or plasmid. *, p< 0.05, ****, p< 0.0001. (i-l) Cell

apoptosis rate of AsPC-1 and MIA Paca-2 transfected with siRELL2 or plasmid. **, p< 0.01, ***, p< 0.001.

https://doi.org/10.1371/journal.pgen.1010847.g002
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Fig 3. DHX38 directly regulates RELL2 in PDAC cells. (a) Screening for DHX38 in DEGs (AsPC-1 and Gem-resistant AsPC-1) and IR

protein panel. (b) Expression level of DHX38, SF3B4, PRPF6, HNRNPD, SNRPB2 in parental AsPC-1 and GEM-resistant AsPC-1. *,
p< 0.05, **, p< 0.01, ***, p< 0.001. (c) The correlation of the five genes with RELL2 in PDAC cells. (d) Transfection efficiency of

siRNAs targeting DHX38 in AsPC-1 cells and expression of RELL2 were verified by western blot. (e) Transfection efficiency of plasmid

targeting DHX38 in MIA PaCa-2 cells and expression of RELL2 were verified by western blot. (f) The direct correlation of RELL2 and

DHX38 was verified by RIP assay. (g-j) The regulation of DHX38 on RELL2 intron 4 retention. ***, p< 0.001.

https://doi.org/10.1371/journal.pgen.1010847.g003
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abnormally altered in disease states, especially tumors [10,11]. Tumor cells exhibit significant

splicing alterations, including IR. For a long time, intron retention in tumors was thought to

be merely an artefact of dysfunctional spliceosomes. Technological advances over the last

Fig 4. DHX38 inhibits PDAC progression by regulating RELL2 pre-mRNA. (a, b) The effects of RELL2 overexpression on cell proliferation in

AsPC-1 and MIA PaCa-2 cells with siRNA targeting DHX38 transfected. ***, p< 0.001, ****, p< 0.0001. (c, d) The effects of RELL2

overexpression on GEM inhibitory rate in AsPC-1 and MIA PaCa-2 cells with siRNA targeting DHX38 transfected. *, p< 0.05, ***, p< 0.001,

****, p< 0.0001. (e, f) The effects of RELL2 overexpression on cell apoptosis rate in AsPC-1 cells with siRNA targeting DHX38 transfected. *,
p< 0.05.

https://doi.org/10.1371/journal.pgen.1010847.g004
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Fig 5. DHX38 promotes RELL2 intron 4 retention in PDAC cells. (a) The effect of siRNAs targeting RELL2 intron 4 on mRNA

level of RELL2. ***, p< 0.001. (b) The effect of siRNAs targeting RELL2 intron 4 on protein level of RELL2. (c) Proliferation curves

of AsPC-1 transfected with siRELL2-intron 4 for 96 hours using SRB assay. ****, p< 0.0001. (d) GEM inhibitory rate of AsPC-1

transfected with siRELL2-intron 4. *, p< 0.05, ***, p< 0.001. (e) The effects of DHX38 overexpression on mRNA level of RELL2 in

AsPC-1 with siRNA targeting RELL2 intron 4 transfected. ***, p< 0.001. (f) The effects of DHX38 overexpression on protein level
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decade have provided the opportunity to explore the role of IR in tumor cells [3,12]. Numerous

studies have revealed dysregulated cellular mechanisms leading to paradoxical and pathologi-

cal IR, which is not just a mechanism of gene regulation but can mediate the pathogenesis of

cancer and therapeutic resistance in a variety of human diseases. IR means a mature mRNA

transcript that retains at least one intron-in a sense holding on to its ‘junk bond (s)’, because

introns once been referred to as ‘junk DNA’. It has been shown that IR affect approximately

80% of human protein coding genes [13]. For example, IR is tissue and cell-type specific. It

occurs frequently in neural and immune cell types, but is less observed in embryonic stem cells

and muscle [14]. In recent years, the role of IR has also been highlighted in cancer research.

Zinc finger CCCH-type, RNA binding motif and serine/arginine rich 2 (ZRSR2) loss leads to

impaired minor intron excision of leucine zipper-like transcription regulator 1 (LZTR1), and

enhances hematopoietic stem cell self-renewal [15,16]. One of the mechanisms of solid tumors

react to hypoxia is impede energy-consuming processes including alternative splicing and

translation. In head and neck cancer, reduction of core splicing factor expression caused by

hypoxia (i.e., SF1, SRSF1, SRSF3, and SRSF7) results in nearly 90% of IR-affected genes dis-

playing high retention of introns in hypoxic compared with normal cells [17]. Targeted thera-

peutic options for intron retention sites have been partially investigated in previous studies.

Promoter DNA methylation silences exon inclusion-regulator CUGBP Elav-like family mem-

ber 2 (CELF2) expression in pancreatic, gastric and breast cancer cells, and epigenetic silencing

of CELF2 is associated with poor patient prognosis. 5’-aza-2’ deoxycytidine restores the IR

caused by CELF2 and inhibits tumor cell growth [18]. Non-POU domain-containing octamer-

binding protein (NONO), a Drosophila behavior human splicing (DBHS) protein, was found

highly expressed in glioblastoma (GBM). The loss of NONO altered the splicing of GPX1 and

led to inhibition of proliferation and invasion of GBM. The small molecule inhibitor Aurano-

fin blocked NONO activity and inhibited GBM tumor growth in an in vivo orthotopic xeno-

graft model [19].

RELL2 is originally identified as a homologue of RELT, a member of tumor necrosis factor

receptor superfamily that is selectively expressed in hematological tissue. RELL2 is localized in

the plasma membrane and the expression of RELL2 in human tissues such as brain, testis,

spleen, thymus, leukocytes and placenta has been demonstrated [20]. It has been found that

targeted regulation of RELL2 by microRNA-18a is implicated in the anti-metastatic effect of

polyphyllin VI in breast cancer cells [6]. However, very little is known about the function of

RELL2 in PDAC.

In our study, we demonstrated that intron retention events were significantly higher in

drug resistant PDAC cells than in parental cells, and RELL2 associates with good prognosis of

PDAC patients. We analyzed the six intron regions of RELL2 and ultimately found that intron

retention events of RELL2 in PDAC occurred at the fourth intron region. Through in vitro

functional assays, we found that RELL2 plays an anti-oncogenic role in PDAC. Further, we

identified the upstream gene of RELL2, DHX38, by analyzing the DEGs between GEM-resis-

tant cells and parental cells and intron retention protein panel. Subsequently, we demonstrated

the direct interaction between DHX38 and RELL2 by RIP-PCR, and found that altered expres-

sion of DHX38 resulted in corresponding changes in intron 4 retention of RELL2. Impor-

tantly, we found that overexpression of DHX38 promoting normal splicing of RELL2 pre-

mRNA and RELL2 protein synthesis.

of RELL2 in AsPC-1 with siRNA targeting RELL2 intron 4 transfected. (g) The effects of DHX38 overexpression on cell proliferation

in AsPC-1 siRNA targeting RELL2 intron 4 transfected. ****, p< 0.0001. (h) The effects of DHX38 overexpression on GEM-

inhibitory rate in AsPC-1 siRNA targeting RELL2 intron 4 transfected. **, p< 0.01, ****, p< 0.0001.

https://doi.org/10.1371/journal.pgen.1010847.g005
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Fig 6. RELL2 intron retention effects cellular phenotypes directly. (a) The effect of siDHX38, overexpression of CDS region or CDS

+intron4 region on protein level of RELL2. (b) Proliferation curves of PANC-1 after knocking down DHX38, overexpression of CDS

region or CDS+intron4 region for 96 hours using SRB assay. **, p< 0.01,***, p< 0.001. (c) GEM inhibitory rate of PANC-1 after

knocking down DHX38, overexpression of CDS region or CDS+intron4 region. **, p< 0.01, ***, p< 0.001. ****, p< 0.0001. (d, e) Cell

apoptosis rate of PANC-1 after knocking down DHX38, overexpression of CDS region or CDS+intron4 region. **, p< 0.01.

https://doi.org/10.1371/journal.pgen.1010847.g006
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Previous studies have also demonstrated the anti-tumor role of RELL2 and we got a consis-

tent conclusion through our series of exploration [21]. The novelty of our study is the first

exploration of the occurrence of intron retention events of RELL2 in PDAC, and the demon-

stration of a direct interaction between RELL2 and the protein splicing molecule DHX38,

which has not been previously reported. Overall, our study has identified a new intron reten-

tion site in PDAC, which could be a possible target for PDAC therapy.

4. Materials and methods

4.1 Cell lines and cell culture

Seven common PDAC cell lines and a pancreatic ductal epithelial cell line were used in this

article. All the cell lines were purchased from American Type Culture Collection (ATCC).

SW1990 was cultured in RPMI-1640 medium (Hyclone, Utah, Logan, USA). MIA PaCa-2,

AsPC-1, HPNE, PANC-1, and T3M4 were cultured in DMEM/high glucose (Hyclone, Utah,

Logan, USA). Capan-1 and CFPAC were cultured in IMDM (Hyclone, Utah, Logan, USA).

The culture medium of Capan-1 was added with 20% fetal bovine serum and others were sup-

plemented with 10% fetal bovine serum.

4.2 siRNA and plasmid transfection

Gene-specific siRNAs and nonsense control were provided by Tsingke (Beijing, China).

PDAC cells were transfected with siRNA using Lipofectamine 8000 (Invitrogen, California,

USA). After the knockdown efficiency was confirmed by quantitative RT-PCR (qRT-PCR)

and western blot, the cells were used for subsequent experiment. The overexpression plasmids

were provided by RiboBio (Guangzhou, China). The plasmids were transfected into the cells

with Lipofectamine 8000 as recommended by the manufacturer. The sequences of primers and

siRNAs used were listed in S1 Table.

4.3 In vitro cell proliferation assay

Cells after treatments were seeded in 96-well plates and assessed using sulforhodamine B

(SRB) (Sigma, St. Louis, USA) assay under the time gradient [22]. The cultured cells were fixed

with 10% trichloroacetic acid for 20min and stained with 0.4% SRB for 30min at room temper-

ature. Cells were then repeatedly washed with 1% acetic acid and the dye was dissolved in

10mM Tris. OD value at 564 nm was measured at last.

4.4 In vitro cell cytotoxicity assay

Cells were seeded into 96-well plates for 8 hours before adding GEM. The concentration gradi-

ent of GEM were 0, 1nM, 10nM, 100nM, 1μM, 10μM, 100μM and 1M. After treating for 48

hours, drug-containing culture medium was replaced by fresh medium which contained 10%

CCK-8 (Dojindo, Japan). Place the plates in incubator under 37˚C for 2 hours and determine

its light absorption value at 450nm and 630nm using an enzyme-linked immunosorbent detec-

tor (Invitrogen, Thermo Fisher Scientific, USA). The difference between absorbance values at

450nm and 630nm indirectly reflects the number of living cells.

4.5 Apoptosis analysis

Cell apoptosis was tested by using Annexin-V/PE Apoptosis Kit (YISHAN Biotechnology Co.,

LTD, Shanghai, China). Briefly, cells were plated into a 6-well plate for 24h. After treated with

siRNA or plasmid for 48h, cells were collected and washed with PBS for 3 times, and then

resuspended by annexin V-binding buffer and 1mg/ml PI and Annexin-V. After incubation
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for 10 min in the dark, the cells were analyzed by flow cytometry (Attune Nxt 2L-BR, Thermo,

USA) with 1h.

4.6 Quantitative real-time polymerase chain assay

Total RNA was extracted by TRIzol regent (Invitrogen, CA, USA) and processed for reverse

transcription and quantitative PCR using a Reverse Transcription System (Promega, Madison,

WI, USA) and a One Step PrimeScripttm RT-PCR Kit (Vazyme, Nanjing, China) according to

the manufacturer’s instructions. The 2-ΔCt method was used to quantify fold changes with nor-

malization to ACTB. Detailed information on the primer sequences is shown in S2 Table.

4.7 Western blot assay

Whole cell lysates were obtained with RIPA lysis buffer (Applygen, Beijing, China) containing

1% protease and phosphatase inhibitors (Sigma-Aldrich, St. Louis, USA) on ice. The cell

lysates were centrifuged at 12, 000 rpm for 15 min at 4˚C to remove undissolved impurities

and collect the supernatants. The protein concentration was quantified using a BCA protein

assay kit (Beyotime, Shanghai, China). Then, proteins were separated by 10% SDS-PAGE and

transferred to 0.22μm polyvinylidene fluoride (PVDF) membranes. The non-specific binding

sites on the membrane were blocked with 5% milk for 1h. After blocking, the membrane was

first incubated with the primary antibodies (S3 Table) overnight at 4˚C and then with the sec-

ondary antibody at room temperature for 1h. Finally, super-sensitive ECL assay kit (Beyotime,

Shanghai, China) was used to show the immune response.

4.8 cDNA amplification

Endogenous cDNA of RELL2 was amplified by 2xTaq Plus Master Mix II (Vazyme, Jiangsu,

China) with primers targeting intron 4 of RELL2. The following PCR conditions were used:

Initial denaturation at 95˚C for 5 min, followed by 25 cycles consisting of denaturation (95˚C

for 40 s), annealing (2 min) and extension (72˚C for 1 min) and a final extension step at 72˚C

for 7 min.

4.9 DNA agarose gel electrophoresis

The conventional agarose gel electrophoresis analyses were performed essentially as reported

[23]. 1% gels were made using agarose (Sigma-Aldrich, St. Louis, USA) and run for 40min-1h

at a 120V constant voltage in 1xTBE buffer (Beyotime, Shanghai, China). The gels were stained

with Ultra GelRed (Vazyme, Jiangsu, China) and scanned. Images were developed and edited

using ImageJ.

4.10 RNA immunoprecipitation (RIP)

RNA immunoprecipitation (RIP) experiment was performed using Magna RIP RNA-Binding

Protein Immunoprecipitation Kit (Millipore, USA) according to the manufacturer’s instruc-

tions. Briefly, PDAC cells were lysed by RIP lysis buffer and then cell lysates were immunopre-

cipitated with protein A/G magnetic beads conjugated to anti-DHX38 antibody or normal

rabbit IgG at 4˚C overnight. After RNA purification, fold enrichment of the target region was

determined after normalization to the input and compared with the IgG control.

4.11 Statistical analysis

The GraphPad Prism version 9.0 (Graphpad, Inc., Chicago, IL) was used for data analysis and

graphical representation. Data are presented as the means ± standard deviation. Student’s t

PLOS GENETICS RELL2 intron retention in PDAC

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010847 July 28, 2023 13 / 16

https://doi.org/10.1371/journal.pgen.1010847


test and ANOVA were used for comparisons of significant differences between groups. Sur-

vival analyses were performed using the Kaplan-Meier method and assessed using the log-

rank test with R version 4.1.2. All P values less than 0.05 were considered statistically signifi-

cant (*, P<0.05).

5. Conclusions

In summary, our work identified that RELL2 undergoes intron 4 retention in PDAC cells and

that the occurrence of this event is regulated by the upstream gene DHX38, and leads to dysre-

gulation of the anti-oncogenic function of RELL2, promoting PDAC progression (Fig 7).

Supporting information

S1 Fig. The mRNA expression profile of RELL2 in PDAC cell lines.

(TIFF)

S2 Fig. The effect of nonsense-decay inhibitor NMDI14 on RELL2 intron retention.

(TIFF)

Fig 7. RELL2 undergoes intron 4 retention in PDAC cells and that the occurrence of this event is regulated by the upstream gene DHX38, and leads to

dysregulation of the anti-oncogenic function of RELL2, promoting PDAC progression.

https://doi.org/10.1371/journal.pgen.1010847.g007
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