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The Exon Junction Complex component EIF4A3 plays a
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Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers, underscoring the urgent need for in-depth biological
research. The phenomenon of alternative RNA splicing dysregulation is a common hallmark in cancer, including PDAC, presenting
new avenues for understanding and developing diagnostic and therapeutic tools. Our research focuses on EIF4A3, a core
component of the Exon Junction Complex intimately linked to RNA splicing, and its role in PDAC. EIF4A3 is overexpressed in PDAC
tissue and associated to clinical parameters of malignancy and poorer patient survival. Mechanistically, exploration of PDAC RNA-
seq data unveiled the link of EIF4A3 to diverse malignancy processes, consistent with its association to key molecular pathways.
EIF4A3 targeting in vitro decreased essential functional tumor features such as proliferation, migration, colony formation and
sphere formation, while its in vivo targeting reduced tumor growth. EIF4A3 silencing in PDAC cell lines severely altered its
transcriptional and spliceosomic landscapes, as shown by RNA-seq analyses, suggesting a role for EIF4A3 in maintaining RNA
homeostasis. Our results indicate that EIF4A3 dysregulation in PDAC has a pleiotropic regulatory role on RNA biology, influencing
key cellular functions. This paves the way to explore its potential as novel biomarker and actionable target candidate for this lethal

cancer.

Cancer Gene Therapy (2024) 31:1646-1657; https://doi.org/10.1038/s41417-024-00814-3

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most
lethal cancers worldwide, mostly due to its late diagnosis—often
with metastasis—and current lack of effective treatments, jointly
leading to poor prognosis [1-3]. Research advances on PDAC
molecular biology have established the primary pathologic
relevance of the most frequently mutated genes: KRAS, TP53,
CDKN2A and SMAD4 [1, 2]. However, the knowledge gathered to
date cannot fully explain the molecular underpinnings of the
disease, and its present translation into clinical benefits for the
patients is still lagging [2, 4-6]. Hence, novel research avenues are
sorely required to find new molecular players that facilitate a better
understanding of PDAC and provide new biomarkers and
therapeutic targets to tackle this pathology. In this vein, studies
from our group and others have shown that dysregulation of RNA
splicing plays a key role in PDAC, which leverages this still limitedly
known mechanism as a source of novel molecular tools [7-12].

Splicing is a process of RNA maturation that occurs co-
transcriptionally, by which introns are removed from pre-RNA
and exons are joined together [13]. This process is finely regulated
to enable the generation of different mature RNA variants, or
isoforms, from the same gene, which can then give rise to
different proteins, or to mature non-translated RNAs [14], thereby
increasing the diversity and versatility of the genome. Alternative
splicing is therefore a capital step within the central dogma of
Biology (DNA -> RNA -> protein) and its dysregulation is linked to
the appearance of many diseases including cancer [15]. Altered
splicing can lead to the generation of oncogenic splice variants
and/or changes in signaling pathways, which contribute to cancer
development, progression, aggressiveness, metastasis and drug
resistance [16, 11].

RNA splicing is intimately intertwined with other processes
involved in RNA biology, whose machineries often share molecular
components and interact to ensure the correct maintenance of
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RNA processing and metabolism [17]. In this context, a paradig-
matic mechanism is the Exon Junction Complex (EJC), a key
interactive player that participates in, regulates, and interrelates
several RNA-related processes such as splicing, RNA export from
the nucleus, translation, m6A RNA methylation, and RNA degrada-
tion [18, 19]. A central protein of the EJC is EIF4A3, which together
with MAGOH and RBM8A forms a trimeric core that interacts with
many other proteins [18]. EIF4A3 is a DEAD box-family RNA
helicase that shares high homology with other two genes from this
family, EIF4A1 and EIF4A2, which participate in translation initiation,
and have been implicated in cancer [18, 20]. EIF4A3 does not
participate in translation initiation, but its main function has long
been related to the EJC [18], while an emerging number of
additional functions, related to RNA biology, are being proposed
for this molecule: from its early link to nonsense mediated decay
(NMD) [21] to its recent bonds to ribosome biogenesis and m6A
regulation [22], along with multiple associations with non-coding
RNA regulation, including long non-coding RNA (IncRNA), circular
RNA (circRNA), and micro RNAs (miRNA; [23], reviewed in [18].
Previous studies on the EIF4A family in PDAC mostly focused on
EIF4A1/EIFAA2 and their role in translation initiation [24-26]. In
contrast, few reports have examined the RNA metabolism-related
functions of EIF4A3 in PDAC, where it was shown to mediate the
actions of a IncRNA, LINC01232 [27] and a circRNA, circRNF13 [28].
Actually, the first identification of EIF4A3 in PDAC was unrelated to
its currently known functions, but derived from a proteomic-based
detection of Dead-box protein 48 (DDX48, an earlier name for
EIF4A3) as an autoantigen in the sera of PDAC patients [29]. While
it was proposed that the detection of autoantibodies to DDX48
could help improve PDAC diagnosis, no further reports confirmed
or extended this idea. In other cancers, EIF4A3 has been found to
be dysregulated and to play an oncogenic role and its underlying
mechanisms have been examined [30-32]. Recently, we and others
reported a profound alteration of key components of the splicing
machinery in PDAC, with pathological implications [7-10, 12]. This
prompted us to devise the present study, aimed at elucidating the
role of EIF4A3 in PDAC pathophysiology, with particular attention
to its involvement as a regulator of alternative splicing.

MATERIAL AND METHODS

Patients and samples

Formalin-fixed paraffin embedded (FFPE) samples from 75 PDAC patients
were used in this study (Discovery Cohort), obtaining tumor and non-
tumor adjacent tissue from each of them. Clinical characterization of these
patients has been recently reported in detail [12]. The use of human
samples for this study was approved by the Ethics Committee of the Reina
Sofia University Hospital of Cérdoba (Spain) and the study has been
conducted following Declaration of Helsinki principles.

Data from a separate cohort of 177 PDAC samples, obtained from the
PanCancer study, were also used as Validation Cohort [33]. Clinical and
gene expression data from these patients were downloaded from
cBioportal [34, 35].

Cell culture

Two different model cell lines of PDAC were used in functional assays for
this study: Capan-2 and MIAPaCa-2 (ATCC, Barcelona, Spain). Capan-2 cells
were cultured in McCoy's 5A Medium (Gibco, Madrid, Spain) supplemented
with 10% fetal bovine serum, 2 mM L-glutamine and 0.2% of antibiotic/
antimycotic. MIAPaCa-2 cells were cultured in Dulbecco’s Modified Eagle’s
Medium 4.5 g/L glucose supplemented with 10% fetal bovine serum, 2.5%
horse serum, 2 mM L-glutamine and 0.2% of antibiotic/antimycotic. Both cell
lines were cultured in a constant humidity 37 °C and 5% CO, atmosphere.
Mycoplasma presence was checked weekly by PCR, as reported in [36].

RNA isolation, reverse transcription, quantitative PCR and
qPCR microfluidic array

Total RNA was isolated from FFPE samples (Discovery Cohort) using
Maxwell 16 LEV RNA FFPE Kit (Promega, Madrid, Spain), following
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manufacturer’s instructions. In the samples of pancreatic human tumor
tissues, expert pathologists delineated the regions that corresponded to
tumor or adjacent non-tumor tissue, from which separate sections were
subsequently obtained, as it has been described in detail in previous
studies [12, 37-39]. RNA from cell lines was isolated using TRIzol reagent
protocol. RNA was DNAse treated with RNAse-free DNAse kit (Qiagen,
Milan, Italy) and it was further quantified using Nanodrop One spectro-
photometer (Thermo Fisher Scientific, Madrid, Spain).

RNA was reverse transcribed using ¢cDNA First Strand Synthesis kit
(Thermo Fisher Scientific) with random hexamer primers. Gene expression
was quantified using the previously published qPCR protocol [40] based on
Brilliant Il SYBR Green-qPCR MasterMix (Stratagene, La Jolla, CA, USA) in
the Stratagene Mx3000p system.

To simultaneously measure the expression of EIF4A3 in the Discovery
Cohort samples, a dynamic microfluidic qPCR array was used, as previously
published by our group [12, 41]. Biomark System and FluidigmVR Real-
Time PCR Analysis Software v.3.0.2 and Data Collection Software v.3.1.2
(Fluidigm, South San Francisco, CA, USA) were used to extract and analyze
the expression data, using ACTB, GAPDH and HPRT as housekeeping genes.

RNA-seq analysis from PDAC samples cohort

An additional Exploration Cohort of 94 samples of tumor tissue from
patients with PDAC, comprising clinical and RNA-seq data (described in
[12]), was used to explore the associations of EIF4A3 expression with that of
other genes and with the features and patterns of alternative splicing. To
this aim, RNA-seq reads were pseudo-aligned and quantified using Salmon
and GENCODE v34 version of the human transcriptome. Salmon
quantification files were imported to R using Tximeta package. Gene
expression was normalized using variance stabilizing transformation (VST)
with DESeq?2. Patient tumors were classified according to EIF4A3 expression
into three groups (high, intermediate and low EIF4A3 expression samples)
using mclust E model by mclust R package.

Alternative splicing events were quantified using SUPPA2 from Salmon
quantification files. Briefly, Percent Spliced In (PSI) indexes were quantified
for each of the events in the transcriptome detected in every sample
(named “detected events”). Delta PSI (APSI) was calculated for each event
by comparing high and low EIF4A3 expression groups, and p value was also
calculated using Wilcoxon test, which compares the mean PSI of each
event between the two groups. Events with p value < 0.05 were considered
statistically significant and were named “EIF4A3 associated events”.
Frequencies of each of the seven types of splice events detected by
SUPPA2 (skipped exon, intron retention, mutually exclusive exons,
alternative last exon, alternative first exon, alternative 5’ splice site and
alternative 3’ splice site) were calculated for detected events and for
EIF4A3 associated events, and then both distributions were compared by
Fisher's exact test.

Gene silencing using specific siRNA

EIF4A3 expression was silenced in the cell lines using specific predesigned
small interference RNAs (siRNA; #138378, Thermo Fisher Scientific). A
Negative Control siRNA was also used (#4390843, Thermo Fisher Scientific).
Specifically, cell lines were transfected using a mix of 30 nM concentration
of siRNA and RNAiMax lipofectamine (Thermo Fisher Scientific), following
manufacturer’s instructions. Cells were detached after 48 h for further
assays.

Proliferation assay

To study proliferation rate in response to EIF4A3 silencing, resazurin assay
was performed as previously reported [42]. Briefly, 3000 transfected cells/
well were seeded in 96-well plates and serum starved for 24 h. After that,
10% resazurin medium was added and incubated for 3 h. Fluorescence
(540 nm excitation/590 nm emission) was measured then, and the process
was repeated after 24, 48 and 72 h at a FlexStation Ill system (Molecular
Devices, Sunnyvale, CA, USA).

Migration assay

Migration capacity in response to EIF4A3 silencing was tested using wound
healing assay. Briefly, cells were seeded in 24-well plates and grown until
total confluence and then a wound was made in the well with a pipette tip.
Wells’ medium was replaced by serum-free medium. Pictures were
obtained at 0 and 24 h after wound was done to calculate the area
recovered by the cells’ migration. Pictures were analyzed with Image)
software v.1.51 [43].
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Colonies formation assay

Clonogenic assay was performed to evaluate the cells’ ability to form
colonies, as previously reported in detail [44]. Five thousand transfected
cells per well were seeded in 6-well plates and were grown for 10 days.
Cells were then fixed and stained with Crystal Violet (0.5%) and 6%
formaldehyde solution. Pictures were obtained from the plates, and they
were analyzed using Image) software v.1.51 [43].

Tumorspheres formation assay

Tumorspheres formation assay was performed as previously described
[12], by seeding transfected cells in Corning Costar ultra-low attachment
plates (#CLS3473, Merck, Madrid, Spain) in DMEM F-12 medium
(#11320033, Gibco) supplemented with EGF (20 ng/ml) (#SRP3027,
Sigma-Aldrich, Madrid, Spain) for 10 days. Pictures were obtained from
the wells after 10 days of culture and analyzed using ImageJ software
v.1.51 [43].

Xenografted mouse model

A basement membrane extract (#3432-010-01, Trevigen, Gaithersburg, MD,
USA) suspension with 1 million MIAPaCa-2 cells was injected subcuta-
neously in each flank of a 7-weeks-old male athymic BALB/cAnNRj-
Foxn1nu mouse (Janvier Labs, Le Genest-Saint-Isle, France). Tumor growth
was measured with a digital caliper twice a week. After 15 days, EIF4A3 and
negative control siRNAs were injected in each of the flank tumors of the
mice using AteloGene Reagent (#KKN1394, KOKEN Co, Tokyo, Japan).
Tumor growth was measured twice a week for 2 weeks from the injection,
when mice were sacrificed. These experiments were performed according
to the European-Regulations for Animal-Care under the approval of the
University of Cordoba research ethics committees.

RNA sequencing of silenced cell line

High quality RNA (RNA Integrity Number checked with Agilent BioAnalyzer)
from MIAPaCa-2 cells was sequenced after transfecting with EIF4A3 and
negative control siRNAs (n = 3). RNA-seq was performed at the Centre for
Genomic Regulation (CRG, Barcelona, Spain). Briefly, ribosomal RNA was
depleted, the remaining RNA was fragmented, and library was prepared
using lllumina kits. Paired-end sequencing was performed on a HiSeq2500
lllumina instrument to a yield of >50 million reads per sample. As
previously described, FASTQ files were pseudoaligned and quantified
using Salmon and gene expression analysis were performed using Tximeta
and DESeq2.

For alternative splicing analysis, equivalent analysis was performed as
described in the “RNA-seq analysis from PDAC samples cohort” section.
Here, detected events were quantified from the MIAPaCa-2 cells, and
EIF4A3 associated events were calculated by comparing EIF4A3 silenced
cells with the controls (n = 3).

Biocomputational and statistical analyses

All statistical analyses from cell lines experiments were performed using
Prism 9 software (GraphPad Software, La Jolla, CA, USA). Normality
distribution of continuous variables was checked using Shapiro-Wilk test.
Mean values were compared using t-test, Mann-Whitney U-tests or one
way ANOVA, depending on the result of data normality check and the
number of groups to be compared. Correlation analyses were performed
using Pearson tests. Protein interactome of EIF4A3 was established using
STRING software, and Exon Junction Complex components were marked in
the analysis according to Gene Ontology: Cellular Component term
(GO:0035145). Gene expression analyses were performed with R version
4.1.0, using different packages for each analysis: survival_3.2-13 and
survminer_0.4.9 for survival analysis, dnet_1.1.7 for gene enrichment
analysis, pheatmap_1.0.12 for heatmap representation and ggplot_3.3.5
for graph visualization. Gene Set Enrichment Analyses (GSEA) were
performed using GSEA_4.2.3 software. Significance was established at
p <0.05.

RESULTS

EIF4A3 is overexpressed in pancreatic ductal adenocarcinoma
and associated with poor prognosis

EIF4A3 expression was measured by RT-gPCR microfluidic array
in tumor and non-tumor adjacent tissues from 75 PDAC patients
of the Discovery Cohort, showing an overexpression of this gene
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in tumor tissue at mRNA level (Fig. 1a). Receiver operating
characteristic (ROC) curve analysis confirmed the capacity of
EIF4A3 expression levels to distinguish between tumor and non-
tumor tissues, with an area under the curve (AUC) of 0.6129
(Supplementary Fig. 1a). Interestingly, comparing EIF4A3 expres-
sion in tumor samples from the PanCancer study (TCGA) and
healthy pancreas tissue from The Genotype-Tissue Expression
(GTEx) confirmed a higher expression of EIF4A3 in PDAC than in
healthy pancreas tissue (Fig. 1b). Further, increased EIF4A3
expression was associated to relevant clinical features, such as
two types of tumor staging (higher in T4 and in stage Ill) and
metastatic disease (Fig. 1c). Nevertheless, despite being
statistically significant, we have to introduce the caveat that
the differences found for grade T4 and stage Ill are more modest
than robust, likely due to the comparatively lower number of
advanced stage samples, as most of the patients in these
advanced stages are less often candidate for surgery. TNM and
stage are related, but not equivalent measures of tumor features
that inform about distinct anatomopathological and clinical
characteristics of the tumor. Most importantly, in the PanCancer
dataset, EIF4A3 expression was clearly associated to poorer
Overall, Progression Free and Disease Specific survival of
patients (Fig. 1d). Interestingly, however, EIF4A3 expression
was even associated to poorer Progression Free Survival when
dividing the tumor samples in low stage (Stage |+ Stage II)
group and low TNM grading (T1 + T2) group separately, and also
in high TNM grading (T3 + T4) group (Supplementary Fig. 1b).
Unfortunately, high stage did not have enough samples to make
the analysis.

EIF4A3 expression in PDAC is associated to distinct molecular
pathways

To explore the molecular mechanisms associated to EIF4A3
expression in PDAC, we explored RNA-seq data from another set
of 94 tumor samples (Exploration Cohort). GSEA using Cancer
Hallmarks Gene set (Fig. 2a) demonstrated that EIF4A3 was
associated to cell stress responses (UV response, Unfolded Protein
response, Apoptosis), metabolic pathways (Glycolysis) and other
signaling pathways that have been previously shown to be
relevantly associated to PDAC pathophysiology (MTORC1, TNF-a
or MYQ). In line with this, enrichment analysis showed a direct
correlation of EIF4A3 mRNA levels in the tumors and the
expression of many glycolysis-related genes (Fig. 2b). Furthermore,
KEGG pathway analysis (Fig. 2c) exposed an association between
EIF4A3 expression and a number of metabolic pathways previously
related to PDAC [45], from pyridine and purine metabolism to
pentose phosphate pathway and to the metabolism of arginine,
proline and other amino acids, as well as cell cycle. Interestingly,
this analysis revealed an association of EIF4A3 expression with the
spliceosome pathway (Fig. 2c). Despite this pathway having the
largest p value among the pathways shown, it was of particular
interest due to its biological significance in the context of our
study. We have previously described spliccosome dysregulation in
PDAC, and EIF4A3 is part of the EJC, which is closely related to the
splicing process [37, 46]. Additionally, we observed a particularly
tight association with other core components of the EJC (as
supported by protein interactome analysis in Supplementary Fig.
2), namely MAGOH, MAGOHB, and RBM8A (Fig. 2d).

Based on these correlations with the expression of multiple
spliccosome components, we posited that the levels of EIF4A3
expression could also be associated to distinctive patterns of
alternative splicing. Interestingly, when comparing differential
alternative splicing events between tumors expressing high and
low EIF4A3 levels, we found that skipping exons occur at a higher
frequency in the EIF4A3 associated events than in the whole set of
detected events (Fisher's exact test p < 0.05). Alternative 5’ and 3’
splicing sites events seem to be also more frequent, although their
differences did not reach statistical significance (Fig. 2e). However,
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Fig. 1 Overexpression of EIF4A3 in PDAC is associated with malignancy features. a £IF4A3 expression in PDAC tumor tissue (n=73)

compared to non-tumor adjacent tissue (n = 65) as measured by qPCR microfluidic array in the Discovery Cohort. b EIF4A3 expression in The
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PanCancer study. Logrank tests indicate statistical significance and p values are represented.

EIF4A3 silencing decreases malignant functional features

in vitro and in vivo

Based on the results described above, we hypothesized that
decreasing EIF4A3 expression could exert antitumor effects on
PDAC. To test this notion, we used two model cell lines, Capan-2

last exons events were less frequent among the EIF4A3 associated
events (Fisher's exact test p<0.05). First exons events also
appeared to be less frequent (Fig. 2e). These results suggest a
link between alteration of EIF4A3 expression and alternative
splicing dysregulation in PDAC.
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and MIAPaCa-2, where EIF4A3 was silenced using either a specific
siRNA (Supplementary Fig. 3) or a negative control siRNA
(scramble). As illustrated in Fig. 3a, EIF4A3 silencing decreased
proliferation in both cell lines, although it was noteworthy that the
effect was more apparent and time-dependent in the more
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aggressive and poorly differentiated MIAPaCa-2 cells, than in the
well differentiated Capan-2 cells, which only reduced their
proliferation at 72 h. Migration capacity of MIAPaCa-2 cells was
also assessed in response to EIF4A3 silencing by wound healing
assay, where a clear decrease in the recovery of the wound at 24 h
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Fig. 2 Analysis of EIF4A3 expression in relation to PDAC molecular landscape in the Exploration Cohort. a Analysis of cancer hallmarks
significantly associated to EIF4A3 expression. Normalized enrichment score (NES) is plotted against hallmarks terms. Hallmarks terms were
grouped in the pie chart according to their belonging to cell cycle, cancer signaling, metabolism or cell stress response (right). b Enrichment
plot showing glycolysis hallmark associated to EIF4A3 expression (left) and non-hierarchical heatmap showing the expression of glycolysis
genes in low, intermediate, and high EIF4A3 expression PDAC samples (right). ¢ Analysis of KEGG pathways significantly associated to EIF4A3
expression. NES is plotted against KEGG pathways, dot size represents the genes hits and dot colors represents p value of that pathway.
d EIF4A3 expression Pearson correlation to the other components of the Exon Junction Complex. e Bar plot showing the frequency from each
alternative splicing event type detected in PDAC tumors (gray) and from those statistically associated to EIF4A3 expression (red). Differences in
the proportion of each splicing event were calculated using Fisher’s exact test. Asterisks indicate significant differences (*p < 0.05).

was observed (Fig. 3b). Capan-2 cells could not be tested by this
method because of their growing pattern at full confluence, which
does not allow to use this assay.

Colony formation was also assessed after EIF4A3 silencing (Fig.
3c), and a profound decrease was observed in both cell lines
compared to scramble controls. Once again, the effect was
stronger in MIAPaCa-2 cells, suggesting a particular link between
this gene and stem cell properties in highly aggressive cells.
Similar to colony formation, when tumorspheres formation
capacity was tested in both cell lines, a decrease in the density
of spheres formation was observed in response to EIF4A3
silencing, when compared to scramble controls (Fig. 3d).

To further evaluate if the effects of EIF4A3 silencing were also
recapitulated in vivo, a xenograft model was generated by
subcutaneous injection of MIAPaCa-2 cells in both flanks of
athymic mice (n=6). In each of the two tumors formed, we
injected EIF4A3 or scramble siRNAs as a negative control. After
siRNAs injection, a decrease in tumor volume was observed only in
tumors that received the EIF4A3 silencing treatment (Fig. 3e). The
difference in tumor volume increased over time and became
statistically significant at 14 days. These results indicate that
EIF4A3 silencing has antitumor capacity not only in vitro but also
in vivo.

EIF4A3 silencing alters gene expression of key molecular
pathways

To explore the mechanistic underpinnings of EIF4A3 silencing,
we carried out an RNA-seq experiment with MIAPaCa-2 cells
transfected with either EIF4A3 or scramble siRNAs (n=3). A
robust (>50%) EIF4A3 silencing was confirmed after the sequen-
cing (Fig. 4a). Overall, 191 genes were upregulated (14 with fold-
change >1.5), and 138 genes were downregulated (16 with fold-
change <1.5) in EIF4A3 silenced cells (Fig. 4b). To identify the
molecular pathways these genes belong to, we performed two
analyses. First, Hallmarks Gene Set Analysis (Fig. 4c) showed that
there was an upregulation of MYC targets and oxidative
phosphorylation genes, whereas other pathways like pancreas
beta cells genes, the relevant KRAS signaling and TNF-a signaling
sets, or immunity related gene sets like allograft rejection and
complement, were downregulated. Further, KEGG pathways
analysis revealed that after EIF4A3 silencing, the main altered
pathways were related to RNA processing and metabolic
pathways (Fig. 4d). Overall, the main pathways associated to
EIF4A3 expression observed previously in the analysis of human
samples (Fig. 2) and those altered after its silencing in MIAPaCa-2
cells substantially overlapped, as the latter related to carbon
metabolism (oxidative phosphorylation) (Fig. 4e) and spliceo-
some (including EJC components MAGOH and MAGOHB) (Fig. 4f),
which were both upregulated after EIF4A3 silencing; and
TNF-alpha signaling (Fig. 4g), which was repressed after EIF4A3
silencing. Additionally, evaluation of a set of genes selected from
the functional pathways found to be altered in Fig. 4e-g were
further tested by gPCR. Notably, results from this assay
confirming the predicted alteration in six out of the eight genes
evaluated (Supplementary Fig. 4), thus lending additional
support to the notion that altered EIF4A3 expression is linked
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to changes in the expression of functionally relevant genes in
pancreatic cancer.

EIF4A3 silencing modifies alternative splicing pattern in
PDAC cells

Analysis of alternative splicing in RNA-seq data from MIAPaCa-2
transfected cells revealed that 280 genes were differentially
spliced when EIF4A3 was silenced, while, in contrast, most of them
did not change in their expression levels (Fig. 5a). Remarkably,
there were 535 alternative splicing events that changed their PSI
(Wilcoxon test p < 0.05) when EIF4A3 was silenced (Fig. 5b). Those
events mainly belong to skipping exon and alternative first exon
types, according to SUPPA2 analysis. Also, the pattern of EIF4A3
associated events (Fig. 5¢) was different from that of the whole set
of alternative splicing events detected, being skipping exon or
alternative 3’ splice site overrepresented among the EIF4A3
associated events (Fisher's exact test p < 0.05), whereas alternative
first and last exons and mutually exclusive exons were less
frequently altered (Fisher's exact test p < 0.05). Additional enrich-
ment analyses were performed to identify which genes were
affected by the changes in alternative splicing pattern. Biological
process Gene Ontology (GO) analysis showed that silencing EIF4A3
mainly affected RNA translation and apoptosis related genes (Fig.
5d). Collectively, these results strongly suggest a relevant role for
EIF4A3 in the selective regulation of alternative splicing events
influencing capital biological functions in PDAC.

DISCUSSION

Pioneer reports showing two decades ago an altered expression of
abnormal CD44 variants and other “spliceoforms” in PDAC [47]
heralded the current bloom of experimental evidence supporting
a major role of splicing dysregulation in this deadly cancer [11].
Subsequent work reinforced this notion by showing that the
splicing machinery itself is dysregulated in PDAC, and can thereby
contribute to trigger some of its typical pathological features, from
its precursor pancreatitis [10], to increased cell proliferation and
metastasis [9, 12], reviewed in [11]. Further, recent evidence is
helping to dissect key molecular players that interact with and
mediate the pathological impact of dysregulated splicing compo-
nents, such as hnRNPK [8], SF3B1 [12], RBFOX2 [9], SRSF1 [10], and
others, including core oncogenic hallmarks of PDAC like KRAS and
TP53 [2]. In this context, there is still a notable dearth of
knowledge on the potential role in PDAC of molecular players and
mechanisms that, like the EJC component EIF4A3, are essential to
maintain RNA homeostasis and splicing itself, and are involved in
cancer [17-19]. In this scenario, our present study provides
original evidence that EIF4A3 is altered in PDAC, where it
associates to clinical and molecular features, and may serve a
pathological role, mechanistically linked to the alteration of
multiple pathways related to both metabolic routes and splicing
and RNA biology.

Our initial interest on EIF4A3 was sparked by its involvement in
splicing and by the growing evidence of its role in several cancers,
which contrasted with the limited information available in PDAC.
In fact, detailed studies have shown a relevant role of two
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members of the EIF4A family, EIF4A1 and EIF4A2, in PDAC, where
they seem to participate in the translational control of pancreatic
tumor metabolism, a dependency potentially exploitable ther-
apeutically [24, 25]. A similar metabolic link was reported for
EIF4A1 and a related family member, EIF4E, in relation to
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phosphoglycerate dehydrogenase and translation initiation in
PDAC [48]. However, few studies have explored EIF4A3 in PDAC
and were focused on its interaction with other molecular players
[27, 28]. In contrast, a growing number of studies are providing
detailed experimental support for a relevant role of EIF4A3 in
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Fig.3 Functional effects of EIF4A3 targeting in PDAC models. a Proliferation rates of Capan-2 and MIAPaCa-2 cell lines in response to EIF4A3
silencing at 24, 48 and 72 h compared to scramble silenced cells (n = 5). Mean differences were assessed using ANOVA, with post hoc Tukey'’s
test to compare between group pairs. b Migration rate of MIAPaCa-2 cells in response to EIF4A3 silencing compared to scramble silenced cells
set at 100% (n = 5). Representative images are shown below. ¢ Colony formation capacity of Capan-2 and MIAPaCa-2 cells in response to
EIF4A3 silencing compared to scramble silenced cells set at 100% (n=1>5). Representative images are shown at the left. d Tumorsphere
formation capacity of Capan-2 and MIAPaCa-2 cells in response to EIF4A3 silencing compared to scramble silenced cells set at 100% (n = 5).
Representative images are shown at the left. e EIF4A3 targeting reduces tumor volume in vivo (n = 6). At top panel, scheme of the xenograft
experiment carried out; at bottom-left panel, volume of the tumors (EIF4A3 and scramble silenced groups) during the full experiment; at
bottom-right panel, a picture of the tumors after the mice sacrifice. Data represent mean + SEM. Mean differences were assessed using t-test

for (b-e). Asterisks indicate significant differences (*p < 0.05; **p < 0.01; ***p < 0.001).
«

various cancers, including hepatocellular carcinoma [30], breast
cancer [31] cervical cancer [32] or glioblastoma [49, 50] (reviewed
in [18]). Although the underlying mechanisms proposed to
mediate EIF4A3 differ for each tumor type investigated, there is
a common trend involving RNA-related molecules and processes
[18]. In PDAC, EIF4A3 has been proposed to participate in the
biogenesis of an oncogenic circRNA (circRNF13) in relation to the
hypoxia-inducible factor-1 (HIF-1), a key player in aerobic
glycolysis [28]. In turn, circRNF13 would promote cell proliferation,
angiogenesis, invasion and glycolysis in PDAC cells and mice
models by acting as a sponge for miR-654-3p and thereby
augmenting the levels of pyruvate dehydrogenase kinase 3 (PDK3)
[28]. On a distinct but related setting, EIF4A3 was recently
proposed to mediate the oncogenic effect on PDAC of the long
non-coding RNA LINC01232, which, after being induced by the
ubiquitous transcription factor SP1, would recruit EIF4A3 to
upregulate expression of the transmembrane 9 superfamily
member 2 (TM9SF2) by enhancing its mRNA stability [27]. These
studies document EIF4A3 as a relevant conduit mediating the
actions of RNA-related actors in PDAC. However, they could not
provide a more general vision of its role in this cancer.

By specifically focusing on the role and implications of EIF4A3
itself, our present work uncovered original evidence suggestive of
an overarching regulatory role of this factor in PDAC, providing
novel insights on its plausible influence at crossroads of metabolic
routes, splicing and RNA biology. Indeed, EIF4A3 expression levels
showed tight links to glycolysis and several of its associated
metabolic pathways, which are well known pivotal actors for PDAC
oncogenesis and progression [2], not only in association studies in
human PDAC samples but also after experimentally-driven
causative modifications in cell lines. These findings are in line
with reports on the ability of EIF4A3 to enhance biogenesis of
glycolysis-inducing circRNAs in PDAC [28] and prostate cancer
[51]. Interestingly, glycolysis activation in PDAC is known to be
related to c-MYC [52], which has been proven to be persistently
and aberrantly activated in this cancer [53, 54]. In turn, MYC
hyperactivation is associated to dysregulation of key components
of the splicing machinery in PDAC like SRSF1 [10]. In this scenario,
our data showing a close correlation of EIF4A3 expression with
that of MYC- and glycolysis-related pathways in PDAC reinforce
the emerging connection of MYC hyperactivation with splicing
and metabolic dysregulation in cancer [10, 51, 55]. In a related
metabolic context, we found that EIF4A3 silencing enhanced
expression of oxidative phosphorylation genes, suggesting a
change in central carbon metabolism, which is known to be
altered in PDAC, where it has been recently proposed as an anti-
mitochondrial respiration therapy in specific patients [56]. Of note,
our data also unveils that EIF4A3 expression in PDAC is closely
associated to several pathways classically linked to stress
response, from apoptosis to UV response or Unfolded Protein
response, which nicely fits a general (not just cancer-related)
stress-linked function recently proposed for this molecule [57].
Nonetheless, the associations of EIF4A3 expression levels were not
circumscribed to metabolic or splicing pathways, but also involved
other pivotal factors in PDAC, such as TNF-a, which has been
proposed as a potential therapy in this pathology [58, 59].
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Specifically, EIF4A3 silencing decreased the expression of TNF-a
signaling pathway genes, including TNF-a itself, thereby implying
putative interactions with PDAC microenvironment and metastasis
[58, 60].

A particular novelty of our study is the discovery of the clear
influence of EIF4A3 expression on the global patterns of splicing in
PDAC and how this translates to selective changes in specific gene
families. Actually, the lack of information in this regard in PDAC
was somewhat surprising, given the known roles of EIF4A3, as EJC
component, in linking splicing with other processes like RNA
export, NMD, and global RNA homeostasis [18, 46]. Interestingly,
our data revealed that the increased expression levels of EIF4A3 in
human PDAC samples is associated to markedly altered patterns
of alternative splicing. Moreover, experimental EIF4A3 silencing in
PDAC cells, rather than simply altering gene expression patterns,
caused profound changes in alternative splicing profiles, which, in
keeping with previous reports on EIF4A3 and the EJC, particularly
involved skipping exons events [61]. Indeed, we observed that
exon skipping and alternative 3’ splice site usage are the type of
splicing events most commonly associated with alteration of
EIF4A3 expression in human samples. Additionally, these types of
events are more affected when EIF4A3 is silenced. In contrast,
alternative first and last exons seem to be less dependent on
EIF4A3 expression. Detailed analysis of the molecular pathways
affected by alternative splicing changes mediated by EIF4A3
downregulation suggested a putative involvement of this factor in
the regulation of cellular processes essential in cancer progression,
such as those affecting apoptosis, NMD and RNA translation
[17, 22]. These observations suggest that EIF4A3 would not only
participate in the regulation of correct RNA metabolism but may
also influence PDAC cell survival, disclosing its potential as an
actionable target. In line with this notion, our in vitro and in vivo
results demonstrated the functional therapeutic benefits of
targeting EIF4A3. Specifically, its silencing in vitro reduced
aggressiveness parameters (proliferation and migration rates) of
PDAC cell lines, and reduced stemness functional parameters
(colony and tumorspheres formation). Likewise, EIF4A3 silencing
blunted tumor growth in a preclinical model (MIAPaCa-2 derived
xenografted mouse). Our results are in close agreement with
recent reports showing that targeting EIF4A3 can reduce tumor
growth or aggressiveness features in other cancer types
[30-32, 49-51], reviewed in [18], thereby leveraging its potential
as an actionable target in cancer.

In conclusion, our results indicate that the EJC component
EIF4A3 is abnormally overexpressed in PDAC, where it associates
to malignant clinical features and poor patient survival. In line
with the increasingly ample and relevant functions reported for
EIF4A3, we found that this factor may play multiple roles in
PDAC, involving from key metabolic pathways (glycolysis,
oxidative phosphorylation) to RNA translation, NMD and,
particularly splicing, thereby suggesting its potential as an
overarching hub for the homeostasis of RNA biology. Finally,
experimental in vitro and in vivo targeting of EIF4A3 decreased
aggressiveness features and tumor growth of PDAC cells,
providing primary evidence of its potential as a candidate
therapeutic target in this dismal cancer.
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Fig. 4 Changes in the transcriptional profile of MIAPaCa-2 cells in response to EIF4A3 silencing. a Normalized EIF4A3 expression—as VST
counts from DESeq2—in scramble vs. EIF4A3 silenced MIAPaCa-2 cells (n = 3). Data represent mean + SEM. Mean differences were assessed
using t-test. Asterisks indicate significant differences (***p < 0.001). b Heatmap showing the differentially expressed genes (DEG) by DESeq2 in
scramble vs. EIF4A3 silenced MIAPaCa-2 cells. ¢ Analysis of Hallmarks altered due to EIF4A3 silencing in MIAPaCa-2 cells. Normalized enrichment
score (NES) is positive for hallmarks enriched in EIF4A3 silenced cells and NES is negative for those enriched in scramble silenced cells. Bars color
represents p value for each pathway. d Analysis of KEGG pathways altered due to EIF4A3 silencing in MIAPaCa-2 cells. NES is positive for
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