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Altered CELF4 splicing factor enhances pancreatic
neuroendocrine tumors aggressiveness influencing
mTOR and everolimus response
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Pancreatic neuroendocrine tumors (PanNETs) comprise a het-
erogeneous group of tumors with growing incidence. Recent
molecular analyses provided a precise picture of their genomic
and epigenomic landscape. Splicing dysregulation is increas-
ingly regarded as a novel cancer hallmark influencing key tu-
mor features. We have previously demonstrated that splicing
machinery is markedly dysregulated in PanNETs. Here, we
aimed to elucidate the molecular and functional implications
of CUGBP ELAV-like family member 4 (CELF4), one of the
most altered splicing factors in PanNETs. CELF4 expression
was determined in 20 PanNETs, comparing tumor and non-tu-
moral adjacent tissue. An RNA sequencing (RNA-seq) dataset
was analyzed to explore CELF4-linked interrelations among
clinical features, gene expression, and splicing events. Two
PanNET cell lines were employed to assess CELF4 function
in vitro and in vivo. PanNETs display markedly upregulated
CELF4 expression, which is closely associated with malignancy
features, altered expression of key tumor players, and distinct
splicing event profiles. Modulation of CELF4 influenced prolif-
eration in vitro and reduced in vivo xenograft tumor growth.
Interestingly, functional assays and RNA-seq analysis revealed
that CELF4 silencing altered mTOR signaling pathway,
enhancing the effect of everolimus. We demonstrate that
CELF4 is dysregulated in PanNETs, where it influences tumor
development and aggressiveness, likely by modulating the
mTOR pathway, suggesting its potential as therapeutic target.

INTRODUCTION
Neuroendocrine tumors (NETs) comprise a diverse and heteroge-
neous group of neoplasms arising from neuroendocrine cells
throughout the body, with gastroenteropancreatic NETs (GEP-
NETs) being their most prominent subtype. Pancreatic NETs
(PanNETs) represent 62% of all diagnosed GEP-NETs,1 with an
Molecular
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increasing incidence over the past few years reaching 1.00 new cases
per 100,000 person/year (adjusted by age),2 and have a 90% of 5-year
relative survival rate.3 PanNETs are often detected in an advanced
stage, as the lack of precise markers and specific clinical symptoms
complicate early diagnosis, leading to diagnostic times between 5
and 7 years, which hinders the prompt application of effective and
specific therapies.4

Despite their intrinsic heterogeneity,1 PanNETs share some distinc-
tive characteristics, such as high expression of somatostatin receptors
(particularly SST2 and SST5), high vascularization, and alteration in
different signaling pathways (as mTOR or PI3K/AKT). In fact, these
features represent the main targets for medical treatment when the
primary (the only curative) approach, surgery, cannot be applied or
is not effective. Even though the treatments directed to SSTs (e.g.,
SST analogs), mTOR pathway (e.g., everolimus), or angiogenesis
(e.g., sunitinib) can effectively decrease hormone hypersecretion
and reduce tumor size or vascularization, in a high number of cases,
tumors reduce or lose their response, often leading to greater aggres-
siveness, hypervascularization, or even an increase in tumor
Therapy: Nucleic Acids Vol. 35 March 2024 ª 2023 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2023.102090
mailto:b92pears@uco.es
mailto:b12ibcoa@uco.es
mailto:justo@uco.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2023.102090&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy: Nucleic Acids
metastasis.5–7 This underscores the necessity of further exploring the
molecular basis of PanNETs in order to find new biomarkers and
therapeutic avenues.5 In this sense, the dysregulation of alternative
splicing is increasingly regarded as a novel cancer hallmark influ-
encing all key tumor features,8 where an inappropriate functioning
of the splicing machinery (spliceosome and splicing factors) generates
aberrant splicing variants that can play oncogenic roles. In fact, dys-
regulation of alternative splicing is being increasingly regarded as a
new epigenetic cancer hallmark associated with multiple dysfunctions
in tumor cells.9,10 Earlier evidence from our group uncovered the
overexpression of aberrant splicing variants in PanNETs, SST recep-
tor 5 (SST5TMD4) and ghrelin (In1-ghrelin), that alter signaling
pathways and basic cellular processes, thereby enhancing tumor
aggressiveness,11,12 similar to that found in various cancers.13–19 In
this context, we have previously demonstrated the status of the
splicing machinery and its potential role in tumorigenesis in these tu-
mors. Initial results revealed a broad alteration of the splicing ma-
chinery and disclosed a plausible role of NOVA1 in PanNETs.20

In this scenario, in the course of pilot studies, the splicing factor CELF4
(CUGBP ELAV-like family member 4) stood out due to its notable
dysregulation. CELF4 is one of the 6 members of the CELF family of
RNA-binding proteins associated with regulation of pre-RNA alterna-
tive splicing.21 Earlier studies on CELF4 expression were conflicting,
suggesting either a broad tissue expression or more restricted to ner-
vous tissue,22 while reports on genemutations and variants in humans
and experimental studies on rodents associated this gene to neurolog-
ical, neurodevelopmental, and behavioral defects.23–26 To date, only a
limited number of studies have linkedCELF4 to cancer (colorectal and
endometrial cancer and glioma),22,27–29 but no reports have studied
CELF4 in NETs. Accordingly, this study aimed to evaluate the dysre-
gulation and functional role of the splicing factor CELF4 in PanNETs
as well as to assess its potential role as a novel diagnostic marker and
treatment target in this pathology.

RESULTS
CELF4 is dysregulated in PanNETs and is associated with

clinical parameters

CELF4 expression levels were measured in a cohort of 20 primary tu-
mors from patients with PanNETs,20 comparing tumor with non-tu-
moral adjacent tissue, used as reference. This showed that CELF4 was
drastically upregulated in tumor tissues compared to their non-tumor
adjacent matching ones (Figure 1A). Specificity and sensitivity com-
parisons using receiver operating characteristic (ROC) curve analysis
of risk score showed a high predictive accuracy of the classifying
CELF4 diagnostic, with an area under the curve of 0.892 (p =
0.001) (Figure 1B). Higher levels of CELF4 in tumoral than non-tu-
moral adjacent tissue were also observed at the protein level by immu-
nohistochemistry (IHC), including not only exocrine tissue but also
islets of Langerhans, which would be the neuroendocrine non-tu-
moral tissue of reference (Figure 1C). Analysis of clinical parameters
revealed that CELF4 expression was associated with lower abdominal
pain and lower metastasis, two relevant malignancy features in
PanNETs (Figures 1D and 1E).
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CELF4 modulation suggests its role in aggressiveness of

PanNETs

Having found associations between CELF4 expression levels and rele-
vant clinical data linked to tumoral features, we next aimed to explore
the role of CELF4 in PanNET aggressiveness and its potential as ther-
apeutic target. To this end, two widely PanNET cell models (QGP-1
and BON-1) were employed. First, CELF4 expression levels were as-
sessed in the two cell lines (Figure S1A), which showed that both cell
lines have appreciable mRNA levels amenable to manipulation
through genetic alterations. After 72 h CELF4 silencing by specific
small interfering RNAs (siRNAs), its expression levels decreased by
40% and 20% in QGP-1 and BON-1 cells, respectively, as compared
to scramble siRNA (used as control) (Figure S1B). On the other
hand, CELF4 was overexpressed in both cell lines with a specific
plasmid, obtaining substantial increases of mRNA levels after 72 h
(Figure S1C). Interestingly, CELF4 silencing with the specific siRNA
significantly reduced the proliferation rate in both cell lines (Figure 2).
In QGP-1 cells, the effect was long lasting (48 and 72 h) and appeared
quantitatively more prominent (at 24 h, cells had not grown enough
after starving), whereas in BON-1 cells, a significant reduction was
observable at 24 and 48 h (Figure 2A). Consistent with these results,
CELF4 overexpression resulted in the opposite effect, an increase in
proliferation in both cell lines, being most prominent in BON-1 after
48 h (Figure 2B). Surprisingly, CELF4 silencing increased QGP-1
apoptosis at 48 h but did not affect BON-1 in this regard, suggesting
a complex intervention in molecular mechanisms that depends on
cellular context (Figure 2C). Furthermore, the antitumoral effects ex-
erted byCELF4 silencing in vitrowere closely reproduced in an in vivo
xenograft mice model. Specifically, xenograft tumors generated by
inoculated BON-1 cells followed for 2 weeks drastically slowed
down their growth after an intratumoral injection with CELF4-
silencing siRNA but not when scrambled siRNA was injected (Fig-
ure 2D); validation of CELF4 reduction is shown in Figure S1D. In
addition, as a validation of these results based on CELF4 silencing,
we tested two additional siRNAs in both cell lines, which exerted
the same results for CELF4 expression reduction and similar results
in cell proliferation, suggesting that such an effect is not caused by
off-target genes (Figures S1E and S1F). On the other hand, no appre-
ciable changes were observed in tumor growth when CELF4was over-
expressed in BON-1 xenografted tumors (data not shown).

Cancer therapy’s effectiveness can be triggered by modulation

of CELF4

We next asked whether CELF4 expression levels could influence the
response of PanNET cells to the currently available pharmacological
treatment for these tumors: mTOR inhibitors (e.g., everolimus), SST
analogs (e.g., lanreotide), and antiangiogenic drugs (e.g., sunitinib).
To answer this question, we tested the in vitro effects of everolimus,
lanreotide, and sunitinib in QGP-1 and BON-1 cells wherein
CELF4 was either overexpressed or silenced (Figures 3A–3C). Results
from this experimental approach revealed amarkedly distinct respon-
siveness of both cell lines to the three drugs and an intriguingly dif-
ferential interaction of CELF4 with each of the drugs. Specifically,
in both cell types, silencing of CELF4 expression seemed to enhance



Figure 1. CELF4 dysregulation in PanNETs

(A)CELF4 expression levels in FFPE cohort of 20 patients with PanNETs; tumor tissue is compared with controls (non-tumor adjacent tissue). Data are represented by relative

mRNA levels normalized byHPRT expression levels. (B)CELF4ROC curve in FFPE cohort of PanNET tissue compared with non-tumor adjacent tissue (used as control). Data

are represented by relativemRNA levels normalized byHPRT expression levels. (C) Representative IHC 20� images of CELF4 IHC analysis in PanNET FFPE samples vs. non-

tumoral adjacent tissue. Orange color represents CELF4 staining, and blue color represents hematoxylin counterstaining of nuclei. (D and E)CELF4 expression levels in tumor

tissue FFPE cohort association with clinical parameters (metastasis and abdominal pain). Data are represented by relative mRNA levels normalized by HPRT expression

levels. Values represent the median and interquartile range. Unpaired t test was performed to assess statistical analysis between groups. Asterisks indicate values that

significantly differ from control (*p < 0.05, ***p < 0.001).
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the antiproliferative action of everolimus, whereas, in contrast, CELF4
overexpression did not interfere with the response to everolimus,
which clearly overrode the enhanced proliferation caused by overex-
pression of the gene (Figure 3A). In clear contrast, cells were poorly
responsive to lanreotide treatment, which reduced proliferation
only in BON-1 cells (and not consistently) and, paradoxically,
increased it long term (72 h) in QGP-1 cells, while these marginal
effects did not seem to be influenced by CELF4 silencing or overex-
pression (Figure 3B). Interestingly, QGP-1 and BON-1 cells were
unresponsive to sunitinib treatment under in vitro basal culture con-
ditions, whereas this kinase inhibitor significantly decreased the
enhanced proliferation rate in BON-1 cells overexpressing CELF4
(Figure 3C). Thus, the PanNET cell models tested showed a limited,
barely informative response to lanreotide or sunitinib but displayed a
robust responsiveness to everolimus, which appeared to be clearly
influenced by CELF4 expression levels.

Signaling pathways associated with CELF4 genetic alteration

The functional interplay between CELF4 expression in PanNET cells
and their response to everolimus prompted us to further investigate
the relationship of this splicing factor to the mTOR pathway, the pri-
mary target of everolimus. To this end, we evaluated changes in phos-
phorylation in QGP-1 and BON-1 cell lines after CELF4 silencing (or
scramble transfection, as a control), assaying an ample panel of proteins
that provide a complete collection of the molecular components of the
mTOR pathway by means of a phospho-antibody array. Results from
this assay enabled the identification of a total of 17 proteins significantly
phosphorylated differently after CELF4 silencing (showed in Tables S1
and S2). Of those, 8 proteins (47%)were altered inQGP-1 cells, while 14
(82%) were selectively altered in BON-1 (Figures 4A and 4B). This fact
indicates a clear dysregulation of this pathway in relation to CELF4
expression. Among these changes, important mTOR regulators can
be found altered in both cell lines, like AKT or TSC2, a key activator
and inhibitor of the pathway, respectively. Moreover, BAD, related to
apoptosis regulation, was also similarly altered after CELF4 silencing
in both cells, although the specific phosphosites affected were different,
being apparently more tightly regulated in BON-1.

In addition, to further delineate and understand these findings, we de-
signed a signaling network model with altered phosphoproteins,
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 3
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Figure 2. Functional effects of CELF4 modulation in QGP-1 and BON-1 cell lines

(A and B) Changes in cell proliferation at 24, 48, and/or 72 h of QGP-1 and BON-1 cell lines in response to (A)CELF4 silencing or (B)CELF4 overexpression. Control (scramble

or mock plasmid, respectively) was set at 100%. Four independent experiments were included. (C) Apoptosis assay in both cell lines at 48 h after silencing CELF4. Four

independent experiments were included. (D) Left: relative tumor volume of BON-1 xenografted mice inCELF4 siRNA-injected mice compared with scramble-injected mice at

time of euthanasia (15 days after silencing); tumor volume is expressed as mm3. Middle: volume growth in BON-1 xenografted mice after CELF4 siRNA injection; tumor

volume is expressed as mm3 and was measured in all the mice every 3–4 days using a caliper. Right: representative picture of paired xenografted tumors with CELF4

downregulation (right) compared with scramble (left). Five mice were included in the study. Values represent the mean ± SD or median and interquartile range. Unpaired t test

was performed to assess statistical analysis between groups. Asterisks indicate values that significantly differ from control (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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which enables the prediction of interactions and the detection of
possible intermediates altered in the pathway. Despite the differences
observed in the phospho-assay, both cell lines shared some insights in
the subsequent functional network. In QGP-1 cells, the model yielded
26 nodes and 46 edges (Figure 4C), whereas in BON-1 cells, the
signaling network model comprised 24 nodes and 42 edges (Fig-
ure 4D). In both models, an expected alteration of downstream
phosphorylation of mTOR canonical pathway was observed, with
CDK5 and ERN1 mostly altered, followed by MAP3K5. Finally, the
main phosphorylation changes (AKT and TSC2) were validated by
western blot in both cell lines (Figures 4E and 4F) to confirm the re-
sults. Taken together, these results support the contention that
changes in the expression of a relevant splicing factor, CELF4, sub-
stantially and similarly influences key elements in a signaling cascade
that is both a core route and therapeutic target in PanNETs.

Transcriptomic alterations associated with CELF4 expression

levels

To explore the putative significance of CELF4 alteration in PanNETs,
we first analyzed a previously published RNA sequencing (RNA-seq)
dataset corresponding to 11 patients with PanNETs (mean age of pa-
tients: 52.7 years old; 54% males; 90.9% low-grade tumors; GEO:
GSE118014), who were divided into two groups based on CELF4
expression levels: high (n = 5) and low levels (n = 6), selected under
4 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
quartile 1 and over quartile 3 of CELF4 expression, respectively.
Unsupervised analysis revealed that low- and high-CELF4-expressing
tumors were clearly segregated according to gene expression (Fig-
ure S2A). A total of 357 genes (1.15%) were differentially expressed
according to the expression of CELF4, suggesting that CELF4 may
act as a global transcriptional regulator in PanNETs. From these,
46.78% were upregulated and 53.22% downregulated (Figure S2B;
Table S3). Specifically, we observed an inverse correlation with the tu-
mor suppressors TP53 and CDKN2B and a direct correlation with
TSC1 and BAD (Figure S2C). To get further insights into the biolog-
ical functions affected by differentially expressed genes, we used
DAVID software and gene set enrichment analysis (GSEA) to
perform KEGG analysis. Among the top significant KEGG-enriched
hits in the low-expression group of CELF4, relevant relationships
were found with interleukin-6 (IL-6), ERK1 and ERK2, JNK, or
MAPK activity (underlined) (Figure S2D). In contrast, high CELF4
expression was closely associated with TORC1 signaling and regula-
tion of mRNA, aside from neural-related pathways (Figures S2E
and S3).

To study gene expression changes driven by CELF4 alteration, we
silenced its expression in QGP-1 and BON-1 cell lines and then per-
formed RNA-seq. In QGP-1 cells, we found 1,214 upregulated genes
and 505 downregulated genes after CELF4 silencing. In contrast, in



Figure 3. CELF4 modulation alters the effect of classical PanNETs treatments in cell models

Changes in proliferation rate of BON-1 and QGP-1 cell lines, at 24, 48, and/or 72 h, in response to CELF4 silencing (left) or overexpression (right) and after treatment with

(A) everolimus, (B) lanreotide, or (C) sunitinib. Control (untreated scramble- or mock-plasmid-transfected cells, respectively) was set at 100%. Four independent experiments

were included. One-way ANOVA test was performed to assess statistical differences between groups. Values represent the mean ± SD. Asterisks indicate values that

significantly differ from control (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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BON-1, we found 1121 genes upregulated and 1,337 downregulated
(Figure 5A; Tables S4 and S5). Hallmark enrichment analysis un-
veiled that differentially expressed genes belong to important can-
cer-related processes, and specifically, we found cell-cycle-related
genes (G2M checkpoint and E2F targets) that were commonly down-
regulated after CELF4 silencing in both cell lines (Figure 5B). Howev-
er, the rest of the pathways altered were heterogeneous between both
cell lines.

A specific examination of mTOR-related genes revealed common al-
terations in gene expression in both QGP-1 and BON-1 cell lines.
Some genes directly taking part in the main mTOR signaling pathway
were altered, including an overexpression of mTOR activatorAKT1S1
and downregulation of several effectors/targets, like BCAT1,
CDC25A, and SKP2. Additionally, components of cell metabolic
routes strongly linked to mTOR were also downregulated, including
MTHFD2, RRM2, SLC1A4, and SLC37A4. Interestingly, QGP-1 and
BON-1 showed different alterations in the expression of the apoptotic
markers FOXO1A and BBC3 (Figure 5C).

Splicing dysregulation associated with CELF4 expression levels

Further exploratory analysis of the human PanNET RNA-seq dataset
revealed that 62 changes in spliceosomic events were associated with
CELF4 expression (Figure S4A; Table S6). These splicing pattern dif-
ferences were mainly attributable to exon skipping, alternative 50

splice sites, and alternative first exon splicing events, which were
the most altered as compared to normal-overall event pattern
(considering CELF4 expression) (Figure S4B).

To gain additional insight into and experimental support for the role
of CELF4 in PanNETs, we performed an RNA-seq analysis after
silencing CELF4 in QGP-1 and BON-1 cell lines. This approach re-
vealed 291 and 358 differentially spliced events in QGP-1 and
BON-1 cell lines, respectively (Figure 6A; Tables S7 and S8).
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 5
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Figure 4. Influence of CELF4 expression on the functional profile of phosphoprotein of the mTOR pathway

(A and B) Unsupervised clustering analysis of phosphorylated protein levels of mTOR pathway components in CELF4-silenced QGP-1 (A) and BON-1 (B) cells (1; green)

compared to scramble control (0; red). (C and D) PHONEMeS solution model of signaling for mTOR phospho-antibody array after CELF4 silencing in QGP-1 (C) and BON-1

(D). Target proteins (purple circles) correspond to the highly regulated proteins, which were connected to its target phosphorylation sites (red circles) through intermediary

kinases (blue circles). Central kinases, which were also identified by kinase activation prediction, are shown as intermediary kinases with small yellow circles. (E and F)

Validation by Western blot assay of TSC2 and AKT phosphorylation in QGP-1 (E) and BON-1 (F) with representative images, normalized by TUBB.
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Alternative splicing patterns affected were mainly exon skipping and
alternative first exon (Figure 6B). Only slight differences were found
in the length on skipped/alternative spliced exons and flanking in-
trons (Figures S5A and S5B), suggesting that this parameter is not
relevant for CELF4 action. In addition, frameshifting changes derived
from alternatively spliced exons were similar between included and
excluded events in both cell lines (Figure S5C). Parallelly, specific
alternative splicing events were explored, showing increased inclusion
6 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
of exons leading to isoform switching of BCL2, CCDC50, and
PTPMT1, involved, respectively, in apoptosis, cell-cycle regulation,
and mTOR signaling (Figure 6C).

DISCUSSION
Splicing dysregulation is increasingly considered a novel cancer hall-
mark influencing all key tumor features.8 In PanNETs, our earlier
work unveiled the overexpression of aberrant splicing variants



Figure 5. Molecular signature associated with CELF4 silencing from RNA-seq analysis

(A) Hierarchical heatmaps generated with the expression levels of the top genes that contribute most to the discrimination between scramble (gray) and CELF4-silenced

(colored) QGP-1 (left) and BON-1 (right) cell lines. (B) GSEA Hallmark pathway analysis with altered genes after CELF4 silencing in QGP-1 (left) and BON-1 (right) cells. A

positive Z score value indicates enrichment in CELF4-silenced cells, while a negative value indicates an enrichment in scramble-transfected cells. (C) RNA expression of

altered genes from mTOR signaling, cellular metabolism, and apoptosis pathways after CELF4 silencing in QGP-1 (left) and BON-1 (right) cell lines. Values are expressed as

log2 of the fold change (FC). Four different experiments were performed for each cell line. Asterisks indicate significant differences (*p < 0.05, **p < 0.01, ***p < 0.001) from

DESeq2 Wald test.
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that impart oncogenic properties,11,12 similar to that found in
numerous cancers.13–19 More recently, we discovered that the
splicing machinery, which involves multiple splicing factors and
may underlie tumorigenesis, is altered in PanNETs.20 These findings
are in agreement with the idea derived from biocomputational anal-
ysis of large datasets that alteration of the splicing machinery can
result in dysregulated splicing in sets of functionally related genes,
which may lead to an imbalance in relevant processes in tumors.30,31
However, the status and dysregulation of the splicing machinery
largely varies for each type of tumor, and therefore, the detailed
role and putative oncogenic contribution of individual altered com-
ponents have to be assessed in their appropriate context. In this
study, we describe that the splicing factor CELF4 is altered in
PanNETs, where its dysregulation may enhance tumor aggressive-
ness by acting through the mTOR pathway, which may, in turn, in-
fluence PanNET cell response to everolimus.
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 7
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Figure 6. CELF4 silencing modifies alternative splicing profile in PanNET cells

(A) Volcano plot showing delta percent spliced in (dPSI) of significantly altered splicing events (colored dots) in QGP-1 (left) and BON-1 (right) cell lines after silencing CELF4

compared to scramble control. Significance was calculated by Fisher’s exact test. (B) Alternative splicing event characterization of RNA-seq data after CELF4 silencing.

Percentage of splicing events detected (gray) and significantly different events after CELF4 silencing (colored) are classified depending on their type, showing different

frequencies in QGP-1 (left) and BON-1 (right) cell lines. (C) Alternative splicing modifications under CELF4 silencing of key genes, BCL2, CCDC50, and PTPMT1, in QGP-1

(left) and BON-1 (right) cells. Four different experiments were performed for each cell line. Asterisks indicate significant differences (*p < 0.05, **p < 0.01).
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Our initial discovery derived from the observation that this splicing
factor is overexpressed in tumor tissue compared to non-tumoral
adjacent tissue in paired samples, which was well in line with our pre-
vious study, where the vast majority of splicing machinery compo-
nents studied were upregulated in PanNET tissue.20 The use of sur-
rounding non-tumoral tissue as a reference poses obvious
limitations but is commonly accepted as a means for biomarker dis-
8 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
covery in NETs, where the access to fully normal tissue of origin is
very difficult if not practically impossible. Nevertheless, the relevance
of the discovery of this altered marker is reinforced by the confirma-
tory immunocytochemical data and by its quantitative inverse associ-
ation with the rate of metastasis and abdominal pain, which jointly
support the notion that high levels of CELF4 expression could be
explored as a potential tumor biomarker in patients with less
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metastasis and pain and hence where tumor initiation might be more
difficult to identify. These results could seem counterintuitive since a
lower chance of metastasis is obviously a good prognosis factor; how-
ever, we have shown, through the RNA-seq analysis, that CELF4
might participate in a wide range of cellular processes and that not
all of them are potentially malignant. This is the case of increased
epithelial mesenchymal transition or hypoxia and decreased p53
pathway in BON-1 cells after CELF4 silencing, while, in QGP-1, hyp-
oxia decreases, and coagulation, which has been related to adaptive
response in cancer,32 seems to increase. All these results show a com-
plex behavior of CELF4 that is strongly affected by the cellular context
and invite the development of a further and deeper examination.

The present findings onCELF4 are completely original since, although
the role of CELF4 in alternative splicing and neurological pathophys-
iology is well established,21,23–26 its precise implication in cancer is still
poorly understood. In colorectal cancer, bioinformatic analysis of
open databases suggested a prognostic role involving an intronic
variant,27 reviewed inDasgupta and Ladd,22 while in endometrial can-
cer,CELF4 expression seems to be downregulated due to hypermethy-
lation and may also provide prognostic information.29 Very recently,
CELF4 has been linked to oncogenic splicing alterations in high-grade
diffuse glioma, not necessarily through mutational but via transcrip-
tional or epigenetic regulation.33 Thus, altogether, these emerging
data emphasize that the expression of CELF4 in PanNETs and its re-
ported epigenetic control25 warrants additional, detailed study.

Accordingly, we next studied the functional consequences of CELF4
expression modulation (silencing and overexpression) using two
PanNET model cell lines. This revealed that high CELF4 expression
levels directly increased proliferation of BON-1 and QGP-1 cells,
whereas its silencing exerted the opposite effect, decreasing cell pro-
liferation. These results compare favorably with our recent findings
in PanNETs studying a related splicing factor, NOVA1,20 but also
in the most aggressive pancreatic adenocarcinoma cell models, where
manipulation of SF3B1 caused these same effects.34 These parallel ob-
servations are in line with recent findings from our group and other
labs35–37 and collectively argue in favor of the idea that not only mu-
tations but also transcriptional (and epigenetic) alterations of specific
components of the splicing machinery can entail functionally relevant
consequences for key cell processes. Remarkably, in vivo data with
xenograft mice provide proof of concept that CELF4 silencing in
PanNET BON-1 cell-derived tumors can counteract cell proliferation
and blunt tumor growth, paving the way to further explore the ther-
apeutic potential of CELF4 in these rare tumors. Nevertheless, xeno-
graft tumors overexpressing CELF4 did not show significant changes
in growth compared to their empty vector control, probably due to
the intrinsic high levels of CELF4 expression in these cells, which
may impair further activation of the effects of this gene.

To further understand the possible role of CELF4 in PanNETs and its
relation to splicing regulation, we performed a biocomputational
analysis of a publicly accessible RNA-seq dataset (GEO:
GSE118014). This showed that high or low CELF4 expression levels
are distinctly associated with the expression of a discrete percentage
of genes (1.15%), which includes a high representation of relevant
cancer-related genes. In particular, we observed an inverse correlation
with two tumor suppressors: one that is widely known to hold strong
links with NETs, TP53,38 and a related one, CDKN2B, that has also
been linked to PanNETs and advanced neuroendocrine neo-
plasms.39,40 In contrast, CELF4 expression levels were directly corre-
lated with TSC1 and BAD, two pivotal intermediaries of PI3K/Akt
and EGFR/MAPK pathways,6,41 whose expression appeared to be en-
riched in relation to CELF4 expression in the GSE/DAVID analysis.
Moreover, when the analysis of CELF4 was focused on splicing, we
observed that high/low CELF4 expression was associated with a
distinct pattern of splicing events, mostly due to a higher usage of
exon skipping and alternative first exon, differences that have been
shown to be linked to alterations in the resulting transcript profile
and proteome diversity and function.11,12,14,19,42 These interesting re-
sults led us to perform an RNA-seq analysis in our cell models, QGP-1
and BON-1, after CELF4 silencing, to better understand the func-
tional relevance and molecular meaning of its loss. This experiment
showed a clear dysregulation in key pathways (mTOR, MYC, p53,
etc.) and cancer hallmarks, including cell-cycle control, epithelial-
mesenchymal transition, and hypoxia. In the same direction, a
remarkable change in alternative splicing was observed, indicating
that CELF4 could play a highly relevant role in RNA regulation of
PanNETs. In fact, there was a great increase in the oncogenic
CCDC50L isoform43 after CELF4 silencing, directly linking its pri-
mary function—splicing—to aggressive features. Nevertheless, these
changes do not completely parallel those described in the public data-
set. However, as the results from the two cell lines also differ in some
relevant molecules and pathways, this suggests that the specific
cellular—and tissue—context is critical and, thus, that it is expectable
that highly heterogeneous tumors, such as PanNETs, show differ-
ences from the in vitro models. Notwithstanding this, we consider
that our present results provide convincing evidence to suggest that
CELF4 can exert a relevant function in PanNETs through regulation
of the expression and splicing profiles of functionally and pathologi-
cally relevant genes, thereby inviting us to explore in more detail their
potential relationships.

From a mechanistic perspective, the suggestive biocomputational ev-
idence pointing toward a CELF4-dependent alteration in the PI3K/
Akt/mTOR pathway was confirmed by functional in vitro assays,
where modulation of CELF4 expression in PanNET cells influenced
their response to everolimus, a paradigmatic mTOR pathway inhibi-
tor and first-line drug for the treatment of these tumors.44 Thus,
whereas CELF4 silencing enhanced the antiproliferative effect of ever-
olimus, its overexpression did not interfere with the inhibitory capac-
ity of the drug. Furthermore, detailed inspection of this signaling
cascade with a dedicated phosphoarray illuminated the discrete set
of specific components that are particularly influenced by CELF4
expression in each cell line. Interestingly, those precise targets mostly
differed between BON-1 and QGP-1 cells, which is not surprising
given the known fundamental differences of these cell models at mul-
tiple levels, from genetic to phenotypic and also functional,45,46 which
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nevertheless also reflect the remarkable multilayered heterogeneity of
PanNETs.1,47–49 Despite these differences, the main inhibitor of
mTOR, TSC2, was increasingly phosphorylated in both cell lines,
while one of the main activators, AKT1, was significantly inhibited,
showing a general decrease of mTOR signaling. Actually, to confirm
this fact, gene expression analysis from RNA-seq data after CELF4
silencing showed that some of mTOR effectors/targets, including
BCAT1,50 CDC25A,51 and SKP2,52 were downregulated, while
AKT1S1,53 an inhibitor of mTOR, was upregulated.

In addition, other related pathways involved in cell metabolism are
also downregulated, showing a significant decrease after CELF4
silencing. Specifically, MTHFD2 is involved in purine synthesis,
and it has been shown to be activated by mTOR action,54 while being
shown to increase mTOR activation through purine accumulation;55

RRM2, a ribonucleotide reductase, is activated by this pathway,56 and
it has been also shown that its high expression is linked to poor prog-
nosis in pancreatic cancer, possibly due to the activation of PI3K/
AKT/mTOR;57 SLC1A4 is an amino acid transporter, and its expres-
sion has also been linked to mTOR activation;58 finally, SLC27A4, a
fatty acid transporter, has been related to stearic acid transport via
PI3K-mTOR regulation in other mammals.59 On the other hand,
since CELF4 acts mainly as splicing factor, we observed that these
alterations in the mTOR pathway could be due, at least in part, to
alternative splicing of PTPMT1A,60 a phosphatase whose shorter iso-
form (increased under CELF4 silencing) has been linked to a mTOR
inhibition. Thus, these results reinforce the idea that the presence of
high CELF4 levels in PanNETs can influence, likely through mecha-
nisms involving splicing and gene expression regulation, the mTOR
pathway, a master signal that impacts cell survival, proliferation,
growth, and metabolism, and that it can also affect angiogenesis
and metastasis.61,62 Indeed, the comprehensive molecular landscape
of PanNETs revealed that a notable proportion of genes related to
this pathway are mutated or altered in these tumors, including
from TSC1 and TSC2 to PTEN or PIK3CA.6,41,63–65

Interestingly, as mentioned above, this analysis reinforced the notion
that these two cell models are different in the sense that CELF4 acts
distinctly therein, in a cellular context. In fact, CELF4 silencing
induced different alterations in the phosphorylation of relevant pro-
teins, such as BAD, an apoptosis-related protein that is more phos-
phorylated in the S91, in both cell lines, while BON-1 shows another
2 phosphorylation sites altered under CELF4 silencing. This protein
in supposed to be inactivated, and then unable to promote apoptosis,
when phosphorylated, which is partially controlled by the PI3K-
AKT-mTOR pathway.66 In line with this difference, two proapoptotic
genes, FOXO1A67 and BBC3,68 are increased and decreased by CELF4
silencing in QGP-1 and BON-1, respectively. This observation fits
nicely with apoptosis results, where we observed that QGP-1
increased its apoptotic response to CELF4 silencing while BON-1
stayed unaltered. Although further experiments are needed to
confirm and better understand the molecular causes of this effect,
we have observed a differential splicing of BCL269 in these cell lines
where CELF4 silencing decreased its antiapoptotic isoform in
10 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
QGP-1 but increased it in BON-1, which could play a relevant role
in mediating their distinct functional response.

In summary, our results revealed that the splicing factor CELF4 is dys-
regulated in human PanNETs. Inhibition of CELF4 levels reduces
multiples cancer features in PanNET cell lines, and its alteration
can contribute to tumor development and a more aggressive pheno-
type, impacting the mTOR signaling pathway. Future studies should
be aimed at further exploring the role of CELF4 and the detailed
contribution of individual mTOR pathway components altered after
its silencing, which will help to elucidate the oncogenic role of these
novel molecules in the PanNET field as well as to define their potential
as actionable therapeutic targets.

MATERIALS AND METHODS
Patients and samples

Formalin-fixed, paraffin-embedded (FFPE) samples from 20 primary
PanNETs were collected, and tumor tissue and non-tumor adjacent
tissue (used as reference-control) from the same piece were separated
by expert pathologists and extracted. Clinical parameters from the pa-
tients have been detailed elsewhere previously20 and are summarized
in Table S9. The mean age of PanNETs patients was 55 years old. This
study was approved by the Ethics Committee of the Reina Sofia Uni-
versity Hospital (Cordoba, Spain) and was carried out according to
the Declaration of Helsinki. Patients were treated following national
and international clinical practice guidelines, and a written informed
consent was signed before sample inclusion. FFPE samples were ob-
tained from the Andalusian Biobank (S1900499).

Immunohistochemical analysis

IHCwas performed to study the protein expression levels of CELF4 in
FFPE PanNET samples, using standard procedures, as previously re-
ported,15 with a commercial antibody (ab171740, 1:100 dilution,
ABCAM, Cambridge, UK).

Gene expression profiling and splicing variants analysis

We analyzed 33 transcriptomes of human non-functional PanNETs
deposited in NCBI (GEO: GSE118014).70 Raw paired-end FASTQ files
were downloaded (approximately 180 million paired-end reads per
sample) andwere aligned to the human genome (hg19) using Tophat.71

Differentially expressed genes (DEGs) were identified using high-
throughput sequence (HTSeq) and DESeq tools.72,73 Differential
expression of RNA transcript levels was performed with R packages,
and a minimum of 3 counts per gene in more than two independent
samples was required. To perform a clustering for CELF4 expression,
we generated four groups in terms of Q1 (high) or Q4 (low) expression
using mclust.74 A fold change of >1.5 with a q value <0.05 were used to
call DEGs. Signaling pathway enrichment was analyzed using the
GSEA tool75 and DAVID Resources.76

To detect splicing variants, we quantified transcripts using Salmon77

with the v.34 release of human GENCODE transcriptome.78 To calcu-
late the relative abundances of splicing events, the same high- and
low-expression groups of CELF4 expression used above were applied
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to detect a differential splicing (p < 0.05) of the percent spliced in in-
dex (PSI or J) using SUPPA2 software.79 Classification of splicing
events profiling was established into 7 types of events according to
their splicing pattern: skipped exon, mutually exclusive exons, alter-
native 50 splice site, alternative 30 splice site, retained intron, alterna-
tive first exon, and alternative last exon.

To explore direct transcriptomic effects of CELF4 depletion, we per-
formed RNA-seq (2� 150 paired-end and 50 M reads; AZENTA Life
Sciences, Leipzig, Germany) of QGP-1 and BON-1 cell lines after
silencing CELF4 (n = 4). Gene expression and alternative splicing
were analyzed using the same methods explained above.

Cell lines

To explore the functional relevance of the selected molecule under
study, two human cell lines were employed as PanNET models, the
carcinoid-like BON-1, kindly provided by Dr. M.C. Zatelli (Univer-
sity of Ferrara, Ferrara, Italy), and the somatostatinoma-derived
QGP-1 cell line, kindly provided by Dr. K. Öberg (University of Up-
psala, Uppsala, Sweden), as previously reported.11,12

Specific silencer siRNA (SR311214,Origene, Rockville,MD,USA)was
employed to decrease CELF4 expression at final concentration of
100 nM using Lipofectamine RNAiMAX (Invitrogen, Thermo Scien-
tific). Simultaneously, specific plasmid (SC111360, Origene) was used
to overexpress CELF4 expression levels at final concentration of 1 mg
using Lipofectamine 2000 (Invitrogen, Thermo Scientific). Scrambled
siRNA and mock plasmid were used as controls, respectively.

Cell proliferation and drug response assays

Cell proliferation in response toCELF4modulationand/ordrug admin-
istrations was evaluated using Alamar-Blue fluorescent assays as previ-
ously reported.15 Briefly, cells were seeded in 96-well plates at a density
of 5,000 cells/well, and reduction of Alamar-Blue Reagent (Bio-Source
International, Camarillo, CA, USA) was measured at 0, 24, 48, and
72 h with 10% Alamar-Blue after 24 h starvation with 0% fetal bovine
serum completemedium bymeasurement of fluorescent signal exciting
at 560 nm and reading at 590 nm (Flex Station 3, Molecular Devices,
Sunnyvale, CA, USA). Cells were treated with everolimus (S1120, Sell-
eck Chemicals, Houston, TX, USA), lanreotide (generously provided by
IPSEN), and sunitinib (PZ0012, Sigma-Aldrich).

Cell apoptosis assay

After CELF4 silencing, cells were seeded at a density of 6,000/well in
96-well plates. After 48 h, caspase-3/7 enzymatic activity was measured
usingApo-ONEHomogeneousCaspase-3/7Assay (Promega,Madison,
WI, USA) following manufacturer instructions. Briefly, caspase 3/7
substrate was diluted in 1:100 in its commercial buffer and added to
the cells. After 3 h incubation, fluorescence was read at 499/521 nm
wavelength with the FlexStation 3 Multi-Mode Microplate reader.

RNA isolation, reverse-transcription, and quantitative PCR

Details of RNA quantification, isolation, reverse-transcription, and
real-time qPCR have been reported previously.34 Specific sets of
primers for transcripts studied are shown in Table S10. The expres-
sion level was adjusted by a normalization factor (NF) obtained
from the expression levels of 3 different housekeeping genes
(ACTB, GAPDH, HPRT1) using Genorm 3.3.

mTOR phospho-antibody array

To study the potential changes in the mTOR pathway after CELF4
silencing, we carried out an antibody phosphoarray based on fluores-
cent detection. Two slides were employed to measure mTOR activity
under siCELF4 or scramble (used as control) conditions. All proced-
ures required to perform protein extraction, biotinylation of proteins,
its conjugation to antibody array, and detection by Dye-Streptavidin
were performed following the manufacturer’s instructions with the
reagents provided by the assay kit. A total of 5 � 106 QGP-1 and
BON-1 cells were seeded in 25 cm2

flasks, and after 24 h transfection,
the culture was washed with 1� PBS 5 times, and cells were collected
using a scraper and 200 mL extraction buffer to prevent protein degra-
dation and dephosphorylation. After cell silencing, cells were lysed
with a non-denaturing extraction buffer provided in the Antibody
Array Assay Kit. Lysate samples protein concentration was measured
by UV absorbance A280 using the NanoDrop 2000 (Thermo Scienti-
fic). Biotinylation of protein samples was performed with biotin/DMF
solution and was detected by Cy3-streptavidin. The conjugation was
scanned at the Laboratory of Genetics at Core Research Support Ser-
vice (University of Cordoba, Cordoba, Spain) using Axon GenePix
4000B. The information regarding specificity, detectability, and
reproducibility for the assay can be accessed at the company website.

mTOR phospho-antibody array analysis

Results from the measurement of the mTOR phospho-antibody array
were provided by the Laboratory of Genetics at Core Research Sup-
port Service (University of Cordoba) as a matrix data array, and its
analysis was performed with R packages in our lab. Differential
expression between samples with CELF4 silencing and its scramble
was analyzed using an empirical Bayesian method (limma R pack-
age).80 A fold change of <1.5 and a p <0.05 were used to detect phos-
phosites. Statistical modeling/machine learning techniques provided
a way to classify phosphosites and identify relevant underlying bio-
markers. In that context, the R package PHONEMeS,81 which em-
ploys boolean logic models of signaling networks downstream of a
perturbed kinase to detect signaling mechanisms and drug modes
of action, was used. This package needs CPLEX as a network opti-
miser to improve the output. Molecular signaling classification was
profiled by Cytoscape.82

Western blot

Cell lines transfected with siRNAs were lysed to analyze protein
expression and phosphorylation by western blot, using standard pro-
cedures13 and specific antibodies for phospho-AKT (#4060S, Cell
Signaling, Beverly, MA, USA); phospho-TSC2 (BS-3444R, Bioss, Wo-
burn, MA, USA); and TUBB (#2128, Cell Signaling), as well as with
the secondary antibody HRP-conjugated goat-anti-rabbit (#7074s;
Cell Signaling) immunoglobulin G (IgG). Primary antibodies were
used in a 1:1,000 dilution and secondary in 1:2,000. A densitometry
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analysis of the bands obtained was carried out with ImageJ software
(v.1.5, developed by NIH, Bethesda, MD, USA).

Xenograft model

Two million BON-1 cells were injected in each flank of 7-week-old
male athymic BALB/cAnNRj-Foxn1nu mice (Janvier Labs, Le
Genest-Saint-Isle, France; n = 5 mice), resuspended in 100 mL base-
ment membrane extract. CELF4 or scramble (used as control) siRNA
was injected into each xenografted tumor by using AteloGene reagent
(KOKEN, #KKN1394) to transfect the siRNA molecules into cells by
local administrations, according to the manufacturer’s instructions,
when tumors were measurable. Tumor growth was monitored twice
per week for 4 weeks by using a digital caliper, and mice were sacri-
ficed after 15 days of silencing. All experimental procedures were car-
ried out following the European Regulations for Animal Care, in
accordance with guidelines and regulations, and under the approval
of the University of Córdoba Research Ethics Committee.

Statistical analysis

Samples from all groups were processed at the same time. Statistical
differences between two variables were calculated according to
normality, assessed by Kolmogorov-Smirnov test, using parametric t
test or non-parametric Mann Whitney U test. For groups with three
or more variables, one-way ANOVA analysis or Kruskal-Wallis test
were performed. To normalize values within treatment and control
and minimize intragroup variations in the different experiments, the
values obtained were compared with controls (set at 100%). The ROC
curves were used to evaluate the suitability of genes to distinguish
different groups of samples.Heatmapswere performed throughMetab-
oanalyst software (https://www.metaboanalyst.ca; McGill University,
Montreal, QC, Canada). Results from in vitro studies were obtained
from at least 3 separate independent experiments carried out on
different days with different cell preparations. Data were expressed as
mean± SEM, p < 0.05was considered statistically significant, and aster-
isks indicate significant differences (*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001). Analyses were performed with SPSS v.22 (IBM SPSS
Statistics, Chicago, IL, USA) and GraphPad Prism 7 (GraphPad Soft-
ware, La Jolla, CA, USA).
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All datasets used and/or analyzed during the current study are avail-
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inal raw high-throughput sequencing data have been deposited in
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PRJNA1037144.
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