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Abstract: Pituitary neuroendocrine tumors (PitNETs) constitute approximately 15% of all brain
tumors, and most have a sporadic origin. Recent studies suggest that altered alternative splicing
and, consequently, appearance of aberrant splicing variants, is a common feature of most tumor
pathologies. Moreover, spliceosome is considered an attractive therapeutic target in tumor pathologies,
and the inhibition of SF3B1 (e.g., using pladienolide-B) has been shown to exert antitumor effects.
Therefore, we aimed to analyze the expression levels of selected splicing-machinery components in
261 PitNETs (somatotropinomas/non-functioning PitNETS/corticotropinomas/prolactinomas) and
evaluated the direct effects of pladienolide-B in cell proliferation/viability/hormone secretion in
human PitNETs cell cultures and pituitary cell lines (AtT-20/GH3). Results revealed a severe
dysregulation of splicing-machinery components in all the PitNET subtypes compared to normal
pituitaries and a unique fingerprint of splicing-machinery components that accurately discriminate
between normal and tumor tissue in each PitNET subtype. Moreover, expression of specific
components was associated with key clinical parameters. Interestingly, certain components were
commonly dysregulated throughout all PitNET subtypes. Finally, pladienolide-B reduced cell
proliferation/viability/hormone secretion in PitNET cell cultures and cell lines. Altogether, our data
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demonstrate a drastic dysregulation of the splicing-machinery in PitNETs that might be associated to
their tumorigenesis, paving the way to explore the use of specific splicing-machinery components as
novel diagnostic/prognostic and therapeutic targets in PitNETs.

Keywords: splicing; spliceosome; pituitary neuroendocrine tumors; pladienolide-B

1. Introduction

Pituitary neuroendocrine tumors (PitNETs), formerly referred to as pituitary adenomas, are more
abundant than often thought, as they represent approximately 15% of all brain tumors and have
an estimated prevalence that ranges from 1 in 865–2688 people [1,2]. Likewise, PitNETs have been
classically considered as a benign pathology because they rarely metastasize, thus they were termed
adenomas. However, the great variety of clinical behaviors accompanying these pathologies, coupled
to their diverse and severe associated comorbidities and increased mortality, led the “International
Pituitary Pathology Club” to propose, in a recent consensus, a reclassification of pituitary tumors and
to establish the nomenclature of “pituitary neuroendocrine tumors (PitNETs)” instead of “pituitary
adenomas” [3].

Interestingly, the vast majority of PitNETs have a sporadic origin, whereas only a small percentage
(5%) is due to familial tumor syndromes [4,5]. Moreover, recent studies exploring the genomic landscape
of PitNETs confirmed and extended earlier studies by reporting that all major tumor subtypes studied
present a relatively low number of somatic mutations per tumor and that there are scarce recurrent
mutations, none of which is commonly found across PitNET subtypes [6,7]. Overall, these genomic
analyses, albeit highly informative and valuable, support the contention that mutations and purely
genetic alterations alone would not fully explain PitNET tumorigenesis and, therefore, that alternative
oncogenic events, including epigenetic alterations [8] or miRNAs [9,10], should be explored further to
understand their actual contribution in this regard. Indeed, the primary initiating cause of PitNETs
development and the possible existence of general and distinctive signatures and molecular elements
in this heterogeneous pathology is still under debate [4,5,11–14].

In this scenario, an emerging body of evidence indicates that altered alternative splicing and its
consequent outcome (i.e., the appearance of abnormal patterns of splicing and therefore, the generation
of aberrant splicing variants), represents a common feature across most tumor pathologies, including
PitNETs [15–22]. Alternative RNA splicing is a common post-transcriptional mechanism that provides
a valuable source of biological versatility under physiological circumstances for most eukaryotic genes
(>95%) [23]. The intracellular machinery that catalyzes and thereby controls the process of alternative
splicing is the spliceosome, a ribonucleoproteic complex that recognizes specific sequences that
determine the precise localization of the exon-intron junctions [24]. This complex machinery, organized
into two systems (the major and the minor spliceosome), is comprised by structural/functional
ribonucleoproteins that cooperate with splicing factors (SFs), RNA-dependent ATPase/helicases,
and other regulatory proteins [25,26] in a highly dynamic fashion to finely regulate the splicing process
according to positional principles demarcated by an RNA binding map to enhance or silence the exon
inclusion in the mature RNA [27,28].

Functional alterations of this splicing-regulatory machinery can compromise the normal splicing
process of an ample range of genes, thus originating the appearance of multiple, often aberrant,
splicing variants, which could be directly associated with the development/progression of tumor
pathologies [17,18,21,22,29]. Indeed, results from our group have demonstrated that oncogenic splicing
variants from somatostatin and ghrelin systems (SST5TMD4/5 and In1-ghrelin) are poorly expressed in
normal tissue but highly expressed in neuroendocrine tumors (NETs), including PitNETs [17–20,30,31],
where they increase aggressiveness features. Based on the above, the splicing-regulatory machinery is
becoming an attractive therapeutic target for tumor pathologies [32]. This is the case for pladienolide-B,
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a natural compound that directly targets and binds a key player in the spliceosome, SF3B1, and thereby
inhibits spliceosome functions, which in turn appear to mediate the antitumor properties of this
promising drug [32–34].

To date, the expression pattern and putative role of spliceosome components and SFs in the
development and progression of PitNETs, as well as the potential therapeutic effects of pladienolide-B
in PitNET cells, has not been reported. Accordingly, we aimed to comprehensively determine and
analyze the expression levels of the spliceosome core components and a selected set of relevant SFs
in the main PitNETs subtypes, i.e., non-functioning pituitary tumors (NFPTs), somatotropinomas
(GHomas), corticotropinomas (ACTHomas), and prolactinomas (PRLomas), as compared to normal
human pituitary gland samples (NPs). Additionally, we evaluated the potential antitumor actions of
pladienolide-B in PitNET cells by evaluating key functional parameters (i.e., cell proliferation/viability
and hormone secretion) in human primary PitNETs cell cultures and two models of pituitary cell lines
(AtT-20 and GH3).

2. Results

In the present study, we analyzed simultaneously the expression levels of 42 components of the
splicing machinery (12 components of major spliceosome, four components of the minor spliceosome,
and 26 SFs) in different PitNETs subtypes using a dynamic quantitative real-time PCR (qPCR)
microfluidic array. Specifically, we evaluated the dysregulations of these spliceosome components and
SFs in an ample range of human PitNETs samples in comparison with NP-glands. Thus, we analyze
88 NFPTs, 48 GHomas, 22 ACTHomas, 7 PRLomas, and 11 NPs (cohort from Spain). Additionally,
we had the opportunity to evaluate the dysregulation of the splicing machinery in a second cohort of
83 GHomas from Brazil.

2.1. Dysregulation of Splicing Machinery in NFPTs

Results from the dynamic qPCR microfluidic custom-made array revealed a marked dysregulation
of the expression levels of several components of the splicing machinery in NFPTs compared to NPs,
wherein nearly half of the elements examined were clearly downregulated (18 out of 42) or exhibited a
trend to be downregulated in NFPTs (Figure 1A; Figure S1). Specifically, NFPTs showed a significant
downregulation of four major spliceosome components (RNU4, RNU6, U2AF1 and U2AF2), two minor
spliceosome components (RNU11 and RNU6ATAC), and 12 splicing factors (SFs) (ESRP1, PTBP1,
RBM17, RBM45, SND1, SRSF1, SRSF10, SRSF3, SRSF5, SRSF9, TRA2A, and TRA2B), while only the
SFs MAGOH and SRRM4 were significantly overexpressed (Figure 1A and Figure S1). Interestingly,
whereas non-supervised hierarchical analysis based on the expression pattern of all spliceosome
components and SFs analyzed was not able to appropriately separate NFPTs from NPs (Figure 1B),
Partial Least Squares-Discriminant Analysis (PLS-DA) suggested the possibility of discriminating
between NFPTs and NPs using the expression pattern of certain spliceosome components and SFs
(Figure 1C). In line with this, Variable Importance in Projection (VIP) score of PLS-DA analysis
indicated that SRSF9, SND1, U2AF1, SRRM4, and U2AF2 were the components with a higher capacity
to discriminate between both populations (Figure 1D).
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Figure 1. Non-functioning pituitary tumors (NFPTs). (A) Individual Fold-Change of each splicing-
regulatory element expression levels in NFPTs compared to normal pituitary glands (NPs). (B) Heatmap
of the mRNA expression levels of all splicing-regulatory elements measured in the qPCR array in
NFPTs (n = 88; green color) compared to NPs (n = 11; red color). (C) Principal Components Analysis
(PCA) of the mRNA expression levels of the splicing-regulatory elements analyzed in the same set
of samples. (D) Variable Importance in Projection (VIP) Scores top-feature of Partial Least Squares
Discriminant Analysis (PLS-DA). (E) Heatmap of the splicing-regulatory elements with higher VIP score
in the same set of samples. (F) mRNA expression levels of splicing-regulatory elements with higher
VIP score in NFPTs compared to NPs and Receiver Operating Characteristic (ROC) curves analyses
showing the accuracy of the selected splicing-regulatory elements to discriminate between NFPTs and
NPs. (G) Correlations between SRRM4 and chiasmatic compression in NFPTs. Data represent median
± interquartile range of absolute expression levels (copy number) of each transcript adjusted by a
normalization factor. Asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001) indicate statistically significant
differences between groups.
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Indeed, the expression of SRSF9, SND1, U2AF1, and U2AF2 was decreased while SRRM4
expression was increased in NFPT samples, and Receiver Operating Characteristic (ROC) curve
analyses of these five components corroborated their capacity to significantly discriminate between
NFPTs and NPs showing an AUC of 0.94, 0.93, 0.93, 0.80, and 0.87, respectively (Figure 1F). Although the
heatmap generated with the expression of these five components did not completely segregate NFPTs
and NPs, it separately grouped them by clustering together all NP samples and differentiating two
subpopulations of NFPTs (P1 and P2) (Figure 1E). Of note, analysis of clinical parameters of all NFPTs
included in the study revealed that the overexpression of SRRM4 was significantly associated with
higher chiasmatic compression (Figure 1G). Intriguingly, when the two NFPT subpopulations (P1 and
P2) were analyzed separately, the five splicing-regulatory elements mentioned above showed higher
expression levels in P2 compared to P1 NFPTs (Figure S2A). In addition, we compared these two
subpopulations for their expression of pituitary hormones, classical receptors related with pituitary
pathophysiology and clinical parameters. This revealed that mRNA levels of somatostatin receptor
subtypes 1 and 5 (SST1 and SST5) were lower in NFPTs P2 compared to P1, and those of SST3 were
higher in P2, while SST2 and dopamine receptor subtype 2 (D2: D2T and D2L) levels did not differ
between P1 and P2. Finally, gene expression measurement of glycoprotein hormone alpha-subunit
(CGA) and follicle-stimulating hormone (FSH) and luteinizing hormone (LH) beta subunits did not
reveal any difference between P2 and P1 (Figure S2B). Likewise, no differences were found regarding
clinical parameters between both populations of NFPTs (Table S1).

On the other hand, an exhaustive analysis of the first heatmap generated (Figure 1B) showed
the existence of four different subpopulations of NFPTs (P1–P4; Figure 1B). However, the analysis
of relevant clinical parameters did not show in this case any significant difference between these
populations (Table S2). Variable Importance in Projection (VIP) score of PLS-DA analysis unveiled
certain spliceosome components and SFs with higher capacity to discriminate between the different
subpopulations of NFPTs and NPs, and the heatmaps generated were able to perfectly discriminate
between the different subpopulations (P1, P2, P3, or P4) and NPs, segregating them into two perfect
clusters (Figure S3A–D). Specifically, SND1 and SRSF9 were the components with higher capacity
to discriminate between NFPTs P1 and NPs; U2AF1, ESRP1, KHDRBS1, and SRRM4 discriminated
between NFPTs P2 and NPs; RBM17, U2AF1, SND1, and PTBP1 discriminated between NFPTs P3
and NPs, and; SRSF1 and SND1 discriminate between NFPTs P4 y NPs (Figure S3A–D). In addition,
we compared the expression of pituitary hormones and classical receptors in these subpopulations,
and the results revealed a differential mRNA expression pattern of somatostatin receptors (SSTs) and
D2L but not of pituitary hormones or D2T, between the different subpopulations (Figure S3E). At this
point, it should be mentioned that a limitation of our study is the low number of NPs samples included
in the analysis. However, it is important to take into account the difficulty to obtain this type of sample.

2.2. Dysregulation of Splicing Machinery in GHomas

In somatotropinomas, a clear dysregulation of splicing-regulatory components was also found
compared to NPs (25 out of 42 elements altered; Figure 2A and Figure S4). Specifically, analysis of the
first cohort of GHomas (C1; tumors from Spain) showed an overexpression of 6 major spliceosome
components (SNRNP200, U2AF1, U2AF2, TCERG1, PRPF8, and RBM22), a downregulation of one
component of the minor spliceosome (RNU11), and 18 SFs significantly overexpressed (CELF1,
MAGOH, SRRM4, SPFQ, PTBP1, RAVER1, RBM17, RBM3, KHDRBS1, SRSF2, SND1, SRRM1, SRSF3,
SRSF5, SRSF6, SRSF9, TIA1, and TRA2B) (Figure 2A and Figure S4). A non-supervised hierarchical
analysis using the expression levels of all the splicing-machinery components was able to cluster
together most NP-samples, although it did not generate a complete, perfect separation of GHomas
and NPs (Figure 2B), probably due to the low number of NPs in comparison to GHomas. In contrast,
PLS-DA analysis unveiled a clear segregation between GHomas and NPs based on the expression
pattern of certain spliceosome components and SFs (Figure 2C). In fact, VIP score of PLS-DA analysis
indicated that ribonucleoprotein PTB-binding 1 (RAVER1), RNA binding motif protein 3 (RBM3),
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and serine/arginine-rich splicing factor 6 (SRSF6) were the components with higher capacity to
discriminate between GHomas and NPs (Figure 2D). Moreover, the heatmap generated with these
three SFs was able to perfectly discriminate between GHomas and NPs, segregating them into two
perfect clusters (Figure 2E).

Figure 2. Somatotropinomas (GHomas). (A) Individual Fold-Change of each splicing-regulatory
element expression levels in GHomas compared to normal pituitary glands (NPs). (B) Heatmap of the
mRNA expression levels of all splicing-regulatory elements measured in the qPCR array in GHomas
(n=48; green color) compared to NPs (n = 11; red color). (C) Principal Components Analysis (PCA) of
the mRNA expression levels of the splicing-regulatory elements analyzed in the same set of samples.
(D) Variable Importance in Projection (VIP) Scores top-feature of Partial Least Squares Discriminant
Analysis (PLS-DA). (E) Heatmap of the splicing-regulatory elements with higher VIP score in the same
set of samples. (F) mRNA expression levels of splicing-regulatory elements with higher VIP score
in GHomas from cohorts 1 (C1; n = 48) and 2 (C2; n = 83) compared to NPs (n = 11) and Receiver
Operating Characteristic (ROC) curves analyses showing the accuracy of the selected splicing-regulatory
elements to discriminate between both cohorts of GHomas and NPs. (G) Correlations between SRSF6
and RAVER1 expression and clinical parameters. Data represent median ± interquartile range of absolute
expression levels (copy number) of each transcript adjusted by a normalization factor. Asterisks (* p < 0.05,
** p < 0.01, *** p < 0.001) indicate statistically significant differences between groups.
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Indeed, these three SFs (RAVER1, RBM3, and SRSF6) were significantly overexpressed in this
population of GHoma samples (C1 cohort) and showed ROC curves with an AUC of 0.99, 1, and 0.98,
respectively (Figure 2F). Additionally, we had the opportunity to corroborate these results in another,
independent, cohort of GHomas from Brazil (cohort-2; C2). In this case, we could confirm the
overexpression of RAVER1 and RBM3, but not SRSF6, in this cohort of GHomas compared to NPs
(Figure 2F). Similarly, ROC curves analyses of RAVER1 and RBM3, but not of SRSF6, confirmed their
capacity to discriminate between NPs with an AUC of 0.77, 0.93, and 0.59, respectively (Figure 2F).
Finally, the analysis of clinically relevant parameters revealed a clear association between pre-treatment
with somatostatin analogues (SSAs) and higher SRSF6 mRNA expression levels in cohort C1 (Figure 2G).
Interestingly, we also found that these high levels of SRSF6 were markedly linked to a lower rate of
cavernous sinus invasion (Figure 2G). In the same line, high levels of RAVER1 were also associated
with less cavernous sinus invasion and also with less extrasellar growth (Figure 2G). It is also worth
noting that RAVER1 expression levels were also directly correlated with the expression of the aberrant
splicing variant In1-ghrelin (r: 0.398; p = 0.024) but not with native ghrelin (r: 0.133; p = 0.535).

2.3. Dysregulation of Splicing Machinery in ACTHomas

In corticotropinomas, qPCR array revealed a significantly dysregulation of 12 splicing machinery
components, three components of major spliceosome (upregulation of RNU2 and SNRNP200, and
downregulation of U2AF2), one component of the minor spliceosome (upregulation of RNU12),
and eight SFs (upregulation of MAGOH, NOVA1, SPFQ, KHDRBS1, SRSF2, SNW1, TRA2B, and
downregulation of ESRP1) (Figure 3A and Figure S5). Non-supervised hierarchical analysis of all
splicing machinery components analyzed did not generate a clustering capable to discriminate between
ACTHomas and NPs (Figure 3B), also probably due to the low number of NPs in comparison to
ACTHomas. Conversely, PLS-DA analysis showed a clear separation between ACTHomas and NPs
(Figure 3C), and the VIP score of PLS-DA analysis revealed that the pattern of two SFs with the
highest score (MAGOH and KHDRBS1) was able to discriminate between ACTHomas and NPs
(Figure 3D). In line with this, the heatmap generated with these two SFs was able to discriminate
between ACTHomas and NPs, segregating them into two perfect clusters (Figure 3E). Indeed, these
two SFs (MAGOH and KHDRBS1) were markedly overexpressed in ACTHomas, and ROC curves of
these SFs corroborated their capacity to discriminate between ACTHomas and NPs with an AUC of 1
and 0.97, respectively (p < 0.0001; Figure 3F).

Additionally, we evaluated the association of clinically relevant parameters with the expression of
these two key SFs in this cohort of ACTHomas (Figure 3G). Specifically, we found that expression of
MAGOH was higher in women than in men, and that MAGOH overexpression was associated with less
chiasmatic compression. In fact, tumor samples showing chiasmatic compression were all men with low
MAGOH expression levels (with the exception of one woman) (Figure 3F). Furthermore, ACTHomas
with higher MAGOH expression levels presented higher curation rate (Figure 3G). Interestingly,
MAGOH mRNA levels were directly correlated with those for the aberrant splicing variant SST5TMD4
(truncated somatostatin receptor type 5 with 4 transmembrane domains) (r: 0.491; p = 0.033) but not
with the canonical receptor SST5 (r: 0.146; p = 0.552).
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Figure 3. Corticotropinomas (ACTHomas). (A) Individual Fold-Change of each splicing-regulatory
element expression levels in ACTHomas compared to normal pituitary glands (NPs). (B) Heatmap
of the mRNA expression levels of all splicing-regulatory elements measured in the qPCR array in
ACTHomas (n = 22; green color) compared to NPs (n = 10; red color). (C) Principal Components
Analysis (PCA) of the mRNA expression levels of the splicing-regulatory elements analyzed in the
same set of samples. (D) Variable Importance in Projection (VIP) Scores top-feature of Partial Least
Squares Discriminant Analysis (PLS-DA). (E) Heatmap of the splicing-regulatory elements with higher
VIP score in the same set of samples. (F) mRNA expression levels of splicing-regulatory elements with
higher VIP score in ACTHomas compared to NPs and Receiver Operation Characteristic (ROC) curves
analyses showing the accuracy of the selected splicing-regulatory elements to discriminate between
ACTHomas and NPs. (G) Correlations between MAGOH and clinical parameters. Data represent
median ± interquartile range of absolute expression levels (copy number) of each transcript adjusted
by a normalization factor. Asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001) indicate statistically significant
differences between groups.
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2.4. Dysregulation of Splicing Machinery in PRLomas

PRLomas also exhibited a clearly dysregulated expression pattern of spliceosomal components
(12 out of 42) compared to NPs (Figure 4A and Figure S6), with a clear overexpression of three major
spliceosome components (PRPF40A, PRPF8, and RBM22), a downregulation of one minor spliceosome
component (RNU11), and an overexpression of eight SFs (MAGOH, SRRM4, PTBP1, RAVER1, RBM3,
KHDRSB1, SRSF2, and SRSF6) (Figure 4A and Figure S6). Non-supervised hierarchical analysis did
not generate a perfect clustering between PRLomas and NPs (Figure 4B). However, PLS-DA analysis
neatly revealed a different expression pattern between PRLomas and NPs (Figure 4C), and VIP score
analysis identified three components with high capacity to discriminate between both populations
(RAVER1, MAGOH, and RNU11) (Figure 4D). Indeed, the heatmap generated with the expression of
these three components produced an almost complete clustering of PRLomas and NPs (all except for
one NP sample) (Figure 4E). Thus, RNU11 was found to be significantly downregulated, and RAVER1
and MAGOH were overexpressed in PRLoma samples compared to NPs, showing ROC curves with
an AUC of 0.97, 1, and 0.93, respectively (Figure 4F). In this tumor type, no relevant association were
found with clinical parameters or splice variants.

2.5. Similar Dysregulation of Specific Splicing Machinery Components in all PitNET Subtypes

A fold-change representation of the splicing machinery alterations in all PitNETs subtypes
analyzed revealed a common fingerprint between all of them (Figure S7A). Specifically, we found
a common downregulation of two minor spliceosome components (RNU11 and RNU6ATAC) and
one SF (SRSF1) and also a common overexpression of one SF (SRRM4). However, these changes did
not reach statistical significance in all subtypes (Figure S7B). Interestingly, SRSF1 mRNA levels were
directly correlated with the aberrant splicing variant SST5TMD4 in NFPTs (r: 0.425; p = 0.049), GHomas
(r: 0.532; p = 0.002), and ACTHomas (r: 0.509; p = 0.026). In contrast, this SF did not correlate with the
canonical receptor SST5 in GHomas (r: −0.037; p = 0.862) or ACTHomas (r: 0.140; p = 0.567) but directly
correlated with SST5 in NFPTs (r: 0.329; p = 0.004). Additionally, expression levels of SST5TMD4,
but not SST5, were also directly associated with those of RNU11 (r: 0.392; p = 0.026), RNU4ATAC
(r: 0.422; p = 0.016), and RNU6ATAC (r: 0.450; p = 0.010) in GHomas.

2.6. Effect of Pladienolide-B Treatment in PitNETs Cells

Dose-response experiments using pladienolide-B in two representative pituitary cell lines, AtT-20
corticotrophs and GH3 somatotrophs, at different times of incubation showed that lower doses of
pladienolide-B (10−9 and 10−11 M) did not alter cell proliferation at any of the times tested (Figure 5A).
In contrast, the 10−7 M dose of pladienolide-B markedly decreased cell proliferation at 24, 48 and
72 h in both cell lines (Figure 5A). We also evaluated the mRNA and protein expression levels of
SF3B1 (the target of pladienolide-B) in both cell lines and the results showed that SF3B1 was highly
expressed in AtT-20 than in GH3 cells (Figure 5B). Interestingly, although both cell lines showed
different expression levels of SF3B1, the effect of pladienolide-B in cell proliferation was very similar
in both cell lines. In the same line, treatment with pladienolide-B at 10-9 and 10-11 M did not modify
cell viability in primary pituitary cell cultures of GHomas, ACTHomas, and NFPTs, but treatment
with 10−7 M clearly reduced cell viability after 48 and 72 h of incubation in GHomas and after 72 h
in ACTHomas and NFPTs (Figure 5C). Based on these results, the 10-7 M dose was used to evaluate
the direct effect of this compound on hormone secretion. The results revealed that treatment with
pladienolide-B reduced GH, but not chromogranin-A, secretion after the 24 h incubation in GHomas
and NFPTs, respectively (Figure 5D).
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Figure 4. Prolactinomas (PRLomas). (A) Individual Fold-Change of each splicing-regulatory element
expression levels in PRLomas compared to normal pituitary glands (NPs). (B) Heatmap of the mRNA
expression levels of all splicing-regulatory elements measured in the qPCR array in PRLomas (n = 7;
green color) compared to NPs (n = 11; red color). (C) Principal Components Analysis (PCA) of the
mRNA expression levels of the splicing-regulatory elements analyzed in the same set of samples.
(D) Variable Importance in Projection (VIP) Scores top-feature of Partial Least Squares Discriminant
Analysis (PLS-DA). (E) Heatmap of the splicing-regulatory elements with higher VIP score in the
same set of samples. (F) mRNA expression levels of splicing-regulatory elements with higher VIP
score in PRLomas compared to NPs and Receiver Operating Characteristic (ROC) curves analyses
showing the accuracy of the selected splicing-regulatory elements to discriminate between PRLomas
and NPs. Data represent median ± interquartile range of absolute expression levels (copy number)
of each transcript adjusted by a normalization factor. Asterisks (* p < 0.05; ** p < 0.01, *** p < 0.001)
indicate statistically significant differences between groups.
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Figure 5. Functional assays in response to pladienolide-B in pituitary cell lines and pituitary
neuroendocrine tumors (PitNETs) primary cell cultures. (A) Dose-response experiments of cell
proliferation in response to pladienolide-B at 10−7, 10−9, and 10−11 M in GH3 and AtT20 cells (n = 4),
measured by Alamar-blue reduction. (B) mRNA and protein levels of SF3B1 in GH3 and AtT-20 cells
(n = 4), measured by qPCR and western blotting. (C) Dose-response experiments of cell viability in
response to pladienolide-B in non-functioning PitNETs (NFPTs; n = 5), somatotropinomas (GHomas;
n = 3), and corticotropinomas (ACTHomas; n = 3), measured by Alamar-blue reduction. (D) Effect of
pladienolide-B in growth hormone (GH) and chromogranin-A secretion from GHomas and NFPTs,
respectively, determined by commercial ELISA (Enzyme-Linked ImmunoSorbent Assay) kit (n = 2).
Data are expressed as percent of vehicle-treated controls (set at 100%) within experiment. Values
represent the mean ± standard error of the mean (SEM). Asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001)
indicate statistically significant differences. In cases where less than three experiments were performed,
no significance tests were performed.
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3. Discussion

Evidence gathered over the last years indicates that tumor pathologies, including neuroendocrine
tumors (NETs) share as a common feature the altered expression of functionally and pathologically
relevant splicing variants of diverse molecules, from membrane receptors to key signaling enzymes
(DLK1, GHRHR, IGF1R, EGFR, CSH2, or PTEN) [35–38]. Actually, results from our group led to the
identification of previously unrecognized aberrant splicing variants from somatostatin and ghrelin
systems (SST5TMD4/5 and In1-ghrelin) and demonstrated that these variants are overexpressed in
tumors and can contribute to their oncogenesis, increasing aggressiveness and malignant features
in different tumor types, including PitNETs [17–22,31,39,40]. To ascertain the potential mechanisms
underlying the genesis of these tumor-related abnormal splicing events, we hypothesized that they
could be linked to alterations in the machinery responsible for this process, i.e., the spliceosome and its
associated SFs. In line with this notion, mutations and other functional defects in certain spliceosome
components have been reported to cause diverse pathologies, including cancer [41]. Accordingly,
the present study was devised to determine the pattern of expression of the splicing machinery in
the main types of PitNETs and to assess the potential existence of specific alterations in spliceosome
components and SFs associated to each pituitary tumor type, which may serve as future tools to guide
the diagnostic/prognostic of these tumors and could provide novel actionable therapeutic targets.
Indeed, results from this study demonstrate, for first time, that the splicing machinery (spliceosome
and SFs) seems to be distinctly dysregulated in all PitNETs subtypes compared to NP glands, and that
its modulation with a specific drug targeting SF3B1, a key player in the spliceosome function, decreases
aggressiveness features in PitNET cells.

One of the main findings of this study is the discovery that the spliceosome machinery is dysregulated
in a tumor subtype-dependent manner, where NFPTs, GHomas, ACTHomas, and PRLomas exhibit
a differentially altered pattern of expression. Of particular interest are the results found in NFPTs,
which displayed a profound downregulation of most of the components analyzed, in striking
contrast with the alterations observed in functioning PitNETs (GHomas, ACTHomas, and PRLomas),
wherein many components are overexpressed. In line with this, previous results have demonstrated
that NFPTs typically display a distinct behavior and different expression pattern of relevant components
involved in pituitary cell function, such as somatostatin receptors, in comparison with functioning
PitNETs and normal tissue [42–45]. Interestingly, our results showed that the expression levels of SRSF9,
SND1, U2AF1, U2AF2 and SRRM4 were able to discriminate, although not perfectly, between NFPTs
and NP tissues. The absence of a perfect discrimination between both populations could be, in
part, due to the well-known intrinsic heterogeneous nature of NFPTs [46], which was also evident
in our bioinformatic analyses showing a clear differentiation between the four subpopulations of
NFPTs (P1–P4) represented in the first heatmap generated (Figure 1B) and also between the two
subpopulations of NFPTs (P1 and P2) represented in the second heatmap (Figure 1E), in terms of
expression of splicing machinery components and some pathophysiologically relevant receptors (SST1–5

and D2). Nonetheless, the clear alteration of these spliceosome components found in our global cohort
of NFPTs has also been observed in other tumor pathologies. Specifically, SRSF9 and SND1 have been
found overexpressed in several tumor pathologies, such as breast cancer, bladder cancer, glioblastoma,
melanoma, or hepatocellular carcinoma, where they have been associated with an increase in cell
proliferation, invasion and poor prognosis [47–51]. The fact that these SFs were downregulated in
NFPTs, in contrast with the overexpression observed in other pathologies, may be likely reflect the
complexity, heterogeneity, and limited functional deployment of these tumors. In addition, U2AF1 is an
important component of the major spliceosome that has been found frequently mutated and associated
to the generation of particular splicing patterns in several pathologies, including the production of
oncogenic splicing variants in cancer [52,53]. In this sense, our data unveiled a clear downregulation of
U2AF1 in NFPTs compared to NPs, which might suggest that not only the mutational profile but also
the expression pattern could be involved in the malignant behavior of tumor pathologies including
NFPTs. Consistently, we found in NFPTs a downregulation of U2AF2, an SF that heterodimerizes with
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U2AF1. Although the relationship of U2AF2 with tumorigenesis is poorly studied, certain reports have
demonstrated cancer-associated mutations in this SF [54], and it has also been found upregulated in
lung cancer and highly metastatic hepatocellular carcinoma [55]. Remarkably, we found that SRRM4
was the only SF significantly upregulated in NFPTs, which was also associated with higher chiasmatic
compression. These results compare nicely with the overexpression of SRRM4 reported in small cell
lung cancers and in neuroendocrine prostate cancers, where SRRM4 was also correlated with poor
patient survival [56,57].

On the other hand, in GHomas, a profound overexpression of three SFs—ribonucleoprotein
PTB-binding 1 (RAVER1), RNA binding motif protein 3 (RBM3), and serine/arginine-rich splicing
factor 6 (SRSF6)—was observed, which provided an expression pattern able to discriminate neatly
between GHomas and NPs. Importantly, the altered expression pattern of RAVER1 and RBM3 was
corroborated in a second, independent cohort of GHomas from Brazil. Previous results from our
group have revealed that the alteration of these spliceosome components could be associated to the
development of different pathological conditions. Indeed, dysregulation of RAVER1 and RBM3 has
been recently related with the development of non-alcoholic fatty liver disease [58], while RAVER1 has
been found to be dysregulated in patients with cardiovascular disease at higher risk of type-2 diabetes
development [59]. Most importantly, additional evidence suggests that alterations in the expression
level of RBM3 could be associated with advanced pathological tumor stages in lung carcinoma or
with aggressive features in esophageal, colorectal or breast cancer [60–63], which reinforces the crucial
role of this factor in tumor pathologies. In the case of SRSF6, the results of the first cohort analyzed
demonstrated that the overexpression of this SF was associated with lower cavernous sinus invasion
and with SSAs pre-treatment. Interestingly, and in line with the previous observation, the difference
observed in the expression levels of SRSF6 between both cohorts of GHomas (i.e., upregulated in the
Spanish cohort and no change in the Brazilian cohort) could be due to the fact that the patients from
Spain, but not from Brazil, were pre-treated with somatostatin analogues before surgery, which has
been shown to alter the expression pattern of key receptors in pituitary tumor samples [64]. Indeed,
we also found a significant association between the pre-treatment with SSAs and higher SRSF6 mRNA
expression levels in C1. Therefore, although with all required caution, these results invite us to
speculate that perhaps there is a link between pre-treatment with somatostatin analogues and some
beneficial effects for patient harboring GHomas in regard to some clinical symptoms such as cavernous
sinus invasion, which could involve the modulation of splicing-machinery elements (i.e., upregulation
of SRSF6).

In ACTHomas, our results demonstrated that the altered expression of only two SFs, MAGOH
and KHDRBS1, was sufficient to fully discriminate ACTHomas from NPs. These SFs were markedly
upregulated in ACTHomas, which is in accordance with the increased expression of KHDRBS1 found
in gastric cancer, epithelial ovarian cancer or sacral chordomas, wherein its presence was associated
with poor prognosis and aggressive characteristics [65,66]. Likewise, MAGOH has been shown to
be differentially expressed in breast cancer, where it served, together with other RNA processing
factors, to develop a robust stratification of breast cancer subtypes [67]. However, the presence and
potential role of KHDRBS1 and MAGOH in PitNETs or NPs has not hitherto been reported. In this
sense, in our cohort of ACTHomas, lower levels of MAGOH were found in men, who showed more
chiasmatic compression, while higher MAGOH expression levels were associated with higher curation
rate. Although these results might appear contradictory, and their potential biological significance is
still far from being elucidated, our findings, together with the previous observations, prompt us to
suggest that a dysbalance in some elements of the splicing machinery could be functionally related
to specific pathophysiologic features of PitNETs, as it is emergently clear in other types of tumors
and cancers.

Our data in PRLomas also revealed a clear dysregulation of the splicing-machinery components.
Moreover, the altered expression of several splicing-regulatory elements was able to distinguish,
although not in a perfect manner, between PRLomas and NPs. The lower refinement of these models as
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compared to the results with other PitNET subtypes might probably be associated to the low number
of PRLomas analyzed in this study, owing to the difficulty to have access to this type of samples,
since dopamine agonist treatment is often highly successful in patients with PRLomas.

Together with the identification of clearly distinct, tumor type–dependent dysregulations of
the components of the splicing machinery, it is worth noting that we also pinpointed a common
pattern of dysregulation of two minor spliceosome components (RNU11 and RNU6ATAC) and two
SFs (SRSF1 and SRRM4) in most PitNETs, irrespective of their subtype, an observation that might be
patho-physiologically relevant and thus bear future clinical potential. In particular, SRSF1 has been
described to interact with many different proteins to regulate several cellular functions, including
splicing, and has been found overexpressed in several types of cancer (breast and lung cancer), where it
is considered a proto-oncogene [68]. Indeed, our results demonstrated that SRSF1 positively correlated
with the oncogenic splicing variant SST5TMD4 in NFPTs, GHomas, and ACTHomas, and also that
RNU11, and RNU6ATAC correlated with SST5TMD4 in GHomas. The fact that these spliceosome
components are similarly dysregulated in all PitNETs and that these components also correlated with
aberrant splicing variants, despite the high heterogeneity of these tumors, invite us to speculate about
the possible existence of previously unrecognized common driver alterations in pituitary tumorigenesis,
which would pave the way toward the identification of novel, common therapeutic targets based
on the dysregulations of these key elements. However, further studies should be conducted to test
this hypothesis.

Finally, and in line with to the previous results, our study also provides an initial, unprecedented
proof-of-concept on the suitability of splicing dysregulation as a novel potential target for PitNET
treatment by demonstrating that the pharmacological disruption of the splicing process with specific
drugs may have antitumor effects in these neoplasms. In particular, we tested the direct in vitro
effect of pladienolide-B in different PitNETs subtypes and pituitary cell lines. This compound is
able to directly target a key component involved in the assembly of the spliceosome SF3B1 [69],
leading to the reduction of its activity [70]. Several reports have associated pladienolide-B with
antitumor properties in different cancer types [33,71–73], but its role in PitNETs was still unknown.
For these reasons, we used this compound due to its capacity to naturally disrupt the splicing process
targeting SF3B1. Thus, our results demonstrate for the first time that treatment with pladienolide-B
inhibits cell viability/proliferation in all PitNETs subtypes tested and in AtT-20 and GH3 cell lines,
which compares well with the reduction on cell viability and colony formation observed in HeLa
cells [33] and with recent data from our group demonstrating that pladienolide-B reduced proliferation,
migration and tumorspheres-formation in prostate cancer cells [33]. Interestingly, NFPTs were less
sensitive to the effect of pladienolide-B compared to GHomas or ACTHomas, which is in line with
previous observations in response to other pharmacological treatments in NFPTs [42,43,74]. Notably,
pladienolide-B was also able to reduce GH secretion after 24 h of incubation, a relevant result since
tumor hypersecretion is linked to most of the symptoms caused by GHomas.

4. Materials and Methods

4.1. Drugs and Reagents

All reagents and drugs used in this study were purchased from Sigma-Aldrich (Madrid, Spain)
or Fluidigm (San Francisco, CA, USA) unless otherwise specified. Pladienolide-B was obtained from
Santa Cruz Biotechnology (Heidelberg, Germany).

4.2. Patients, Samples, and Primary Cell Cultures

Human PitNETs samples were collected during transsphenoidal surgery from 171 patients
from Spain (88 NFPTs (mean age: 58 (20–83); 40% women), 48 GHomas (mean age: 43 (21–64);
59% women; Cohort 1; C1), 22 ACTHomas (mean age: 40 (18–61); 82% women), and seven
PRLomas (mean age: 43 (28–74); 29% women). Moreover, a second cohort of 83 GHomas from Brazil
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(Cohort 2; C2) was obtained. Additionally, 11 normal pituitary glands (NP) (mean age: 61 (44–85);
50% women) were obtained during autopsies. Each pituitary sample subtype was confirmed by expert
anatomo-pathologists and by the molecular screening using qPCR, as previously described [17,42,75,76].
In all cases, samples were immediately placed in sterile cold medium (S-MEM, Gibco, Madrid, Spain;
supplemented with 0.1% bovine serum albumin (BSA), 0.01% L-glutamine, 1% antibiotic-antimycotic
solution, and 2.5% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) after surgery and
rapidly frozen and stored at −80 ◦C until extraction for total RNA. In a second set of experiments,
PitNETs samples placed in sterile cold medium after surgery were dispersed into single cells following
the methods and reagents previously described [42,76]. This study was carried out within a project
approved on 27th November 2013 by our Hospital Research Ethics Committee (reference 1992), was
conducted in accordance with ethical standards of the Helsinki Declaration of the World Medical
Association, and written informed consent was obtained from each patient.

4.3. Cell Lines and Culturing

The mouse corticotrope pituitary derived cell line AtT-20/D16v-F2 (ATCC®CRL-1795™) and the
rat somatotrope pituitary derived cell line GH3 (ATCC®CCL-82.1™) were used in the present
study. Both cell lines were checked for mycoplasma contamination by PCR [77], cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) complemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin/streptomycin, 0.024 M of HEPES, and maintained at 37 ◦C and 5% CO2,
under sterile conditions.

4.4. RNA Extraction, Quantification and Reverse Transcription

Total RNA from fresh tissue samples was isolated using AllPrep DNA/RNA/Protein Mini Kit
followed by DNase treatment using RNase-Free DNase Set (Qiagen, Limburg, Netherlands). Total RNA
concentration and purity was assessed using Nanodrop 2000 spectrophotometer (Thermo Fisher,
Waltham, MA, USA), and retro-transcribed using random hexamer primers with the First Strand
Synthesis Kit (Thermo Fisher).

4.5. Analysis of Splicing Machinery Components by a Customized qPCR Dynamic Array

As previously described [58,59], a 48.48 Dynamic Array based on microfluidic technology
(Fluidigim) was used to determine the expression levels of 48 transcripts in 48 PitNETs samples,
simultaneously. The specific set of primers used in this study has been previously reported by our
group [58,59], and include components of the major (n = 12) and minor (n = 4) spliceosome, associated
SFs (n = 26), and three reference genes (beta-actin (ACTB), hypoxanthine phosphoribosyltransferase 1
(HPRT1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)), used for the normalization of
gene expression levels). To control for variations in the amount of RNA used and the efficiency of the
reverse-transcription reaction, the expression level of each transcript was adjusted by a normalization
factor (NF) calculated with the mRNA expression levels of ACTB, HPRT1, and GAPDH using Genorm
3.3 method [78].

We performed a preamplification, exonuclease treatment, and the qPCR dynamic array following
the manufacturer’s instructions. Thus, 12.5 ng of cDNA of each sample were pre-amplified using 1 µL
of PreAmp Master Mix (Fluidigm) and 0.5 µL of all primers mix (500 nM) in a T100 Thermal-cycler
(BioRad, Hercules, CA, USA) using the following program: 1) 2 min at 95 ◦C; 2) 15 s at 94 ◦C, and 4 min
at 60 ◦C (14 cycles). Then, samples were treated with 2 µL of 4U/ µL Exonuclease I solution (New
England BioLabs, Ipswich, MA, USA) following manufacturer’s instructions. Samples were diluted
with 18 µL of TE Buffer (Thermo Scientific), and 2.7 µL were mixed with 3 µL of EvaGreen Supermix
(Bio-Rad) and 0.3 µL of DNA Binding Dye Sample Loading Reagent (Fluidigm). Primers were diluted
to 5 µM with 2X Assay Loading Reagent (Fluidigm). Control line fluid was charged in the chip and
Prime script program was run into the IFC controller MX (Fluidigm). Finally, 5 µL of each primer and
5 µL of each sample were pipetted into their respective inlets on the chip, and the Load Mix script in
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the IFC controller software was run. After this program, the qPCR was run using Biomark System
(Fluidigm) with the following thermal profile: 1) 1 min at 95 ◦C; 2) 35 cycles of denaturing (5 s at
95 ◦C) and annealing/extension (20 s at 60 ◦C); and 3) a last cycle where final products were subjected
to graded temperature–dependent dissociation (60 ◦C to 95 ◦C, increasing 1 ◦C/3 s). Results were
processed with Real-Time PCR Analysis Software 3.0 (Fluidigm).

4.6. RNA Isolation, Reverse Transcription, and Analysis of Gene Expression Levels by qPCR

Details of RNA extraction, quantification, reverse-transcription (RT) and qPCR using specific
primers included in this study (splicing factor 3b subunit 1 (SF3B1), glycoprotein hormone alpha
polypeptide (CGA), follicle stimulating hormone (FSH), luteinizing hormone (LH), somatostatin
receptors (SSTs), and D2) have been previously reported elsewhere by our group [34,78]. It should
be noted that, as previously reported and based on the stringent criteria to maximize specificity and
efficiency, the qPCR technique, as applied, can be used to accurately quantify copy numbers for all
human transcripts included in this study [79]. The expression level of SF3B1 in PitNETs cell lines
(AtT-20 and GH3) was adjusted by a normalization factor calculated with the mRNA expression
levels of ACTB, HPRT1, and GAPDH using Genorm 3.3 method [78]. However, due to the limited
amount of sample available, we were only able to analyze by conventional qPCR one reference gene in
the case of primary PitNETs cell cultures. In this sense, we evaluated the stability of the expression
of three reference genes ACTB, HPRT1, and GAPDH in all samples using Genorm 3.3 method [80],
a comprehensive tool that integrates the currently available major computational programs and found
ACTB to be the most stable. Taking this into account, the expression values of CGA, FSH, LH, SSTs,
and D2 transcripts were normalized to ACTB mRNA levels.

4.7. Measurement of Cell Proliferation/Viability

As previously reported [17,42,75], 10,000 cells per well (for PitNET cells) and 6000 cells per well
(for cell lines) were plated in 96-well plates to measure cell proliferation/viability every 24 h until 72 h
using Alamar-blue reagent (Invitrogen, Madrid, Spain). Pladienolide-B was daily refreshed after each
measurement, and cell proliferation/viability was evaluated using Flex-Station III System (Molecular
Devices, Sunnyvale, CA, USA).

4.8. Measurement of Hormone Secretion

We plated 150,000–200,000 cells per well in 24-well plates in serum-containing media. GH-secreting
PitNETs cells were used to analyze the effect of pladienolide-B on GH secretion after 24 h of incubation
in serum-free media. GH and chromogranin-A were measured using human commercial ELISA kit
(reference numbers: EIA-3552 and EIA-4937, respectively; DRG, Mountainside, NJ), according to the
manufacturer’s instructions.

4.9. Measurement of SF3B1 by Western Blotting

Briefly, 500,000 cells/well were cultured in 6-well plates and incubated during 48 h. After this time,
proteins were extracted, separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to nitrocellulose membranes (Millipore, Darmstadt, Germany), as previously
reported [17]. Then, blocked membranes were incubated with the primary antibody to detect SF3B1
(Abcam, Cambridge, UK; ab172634) and with appropriate secondary antibody (anti-rabbit antibody
from Cell Signaling, Danvers, MA, USA), and developed using an enhanced chemiluminescence
detection system (GE Healthcare, Barcelona, Spain) with dyed molecular weight markers. A densitometric
analysis of the bands was carried out with ImageJ software. Proteins were normalized using total
protein loading (ponceau staining).
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4.10. Statistical Analysis

All data were evaluated for heterogeneity of variance using the Kolmogorov-Smirnov test. Statistical
differences from qPCR dynamic array results were evaluated by unpaired nonparametric Mann-Whitney
test and data were expressed as mean ± interquartile range. As previously reported [18,31], ROC curves
were used as a tool to measure how well the expression of splicing machinery components could
discriminate between different diagnostic groups. Statistical analysis of ROC curves was performed
by calculating the Area Under the Curve (AUC) of each component and comparing them with the
AUC of the reference line using Student’s t-test. Heatmaps and clustering analysis were performed
using MetaboAnalyst 3.0 [81]. In this sense, the splicing machinery components that discriminate
between PitNETs and NPs were selected following two main criteria in all cases. First, the VIP score
must be higher or equal than 1.5, this value being considered as a significant value in this type of
analysis. Second, and in order to perform a screening of the selected splicing machinery components
by the first criteria, we chose only those that are enough to get the best hierarchical clustering in
the heatmaps. Moreover, PLS-DA analysis is a statistical method close to principal components
analysis (PCA) that changes the maximum variance finding by a linear regression model in a different
dimension showing the best elements to discriminate between different experimental groups, in this
case, normal pituitary glands and PitNETs. The splicing statistical analyses from functional assays were
assessed by paired parametric t-test or one-way ANOVA test followed by Dunnett’s test for multiple
comparisons, and data were expressed as mean ± SEM. Clinical correlations were assessed by unpaired
nonparametric Mann-Whitney test or the Spearman test. As previously reported, to normalize values
within each treatment and minimize intragroup variations in the different in vitro experiments (i.e.,
different age of the tissue donor or metabolic environment), the values obtained were compared
with vehicle-treated controls (set at 100%). All experiments were performed in a minimum of three
different primary pituitary cultures from different patients (three or four replicates per treatment
per experiment), unless otherwise specified. P values ≤ 0.05 were considered statistically significant.
A trend for significance was indicated when p-values ranged between >0.05 and <0.1. All statistical
analyses were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA) or SPSS
version 24.0 (SPSS, Inc., Chicago, IL, USA).

5. Conclusions

In summary, the present results provide novel, compelling evidence to propose that the splicing
machinery is severely and distinctly dysregulated in the main subtypes of PitNETs compared to NPs and
identified unique fingerprints of spliceosome components in each PitNETs subtype that can accurately
discriminate between normal and tumor pituitary tissues. Furthermore, we also found several
components, including SFs (SRSF1 and SRRM4) and specially two minor spliceosome components
(RNU11 and RNU6ATAC), commonly dysregulated in all PitNET subtypes, which positively correlated
with oncogenic splicing variants and could represent novel, more general therapeutic targets in these
pathologies. These discoveries open a new window to investigate the plausible contribution of splicing
dysregulation and its subsequent outcomes to pituitary tumorigenesis, and to assess the potential value
of specific splicing machinery components as novel diagnostic/prognostic tools in these pathologies.
Furthermore, our study unveils splicing, particularly SF3B1, as a novel actionable therapeutic point
that can be targeted by Pladienolide-B to combat PitNETs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1439/s1,
Figure S1: mRNA expression levels of all spliceosome components and splicing factors measured in NFPTs
compared to NPs using the qPCR array, Figure S2: Non-functioning pituitary tumors (NFPTs). (A) mRNA
expression levels of SRSF9, SND1, U2AF1, SRRM4 and U2AF2 in the two population of NFPTs (P1 and P2)
observed in the heatmap. (B) mRNA expression levels of classical hormones (CGA, FSH and LH) and somatostatin
and dopamine receptors (SST1–5 and D2) in the two population of NFPTs observed in the heatmap, Figure S3:
Non-functioning pituitary tumors (NFPTs). (A–D) Heatmaps of the splicing-regulatory elements with higher
VIP score in the different populations of NFPTs (P1–P4) analyzed. (E) mRNA expression levels of classical
hormones (CGA, FSH and LH) and somatostatin and dopamine receptors (SST1–5 and D2) in the four populations
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of NFPTs observed in the first heatmap; Figure S4: Somatotropinomas (GHomas). mRNA expression levels of
all spliceosome components and splicing factors measured in GHomas compared to NPs using the qPCR array;
Figure S5: Corticotropinomas (ACTHomas). mRNA expression levels of all spliceosome components and splicing
factors measured in ACTHomas compared to NPs using the qPCR array; Figure S6: Prolactinomas (PRLomas).
mRNA expression levels of all spliceosome components and splicing factors measured in PRLomas compared to
NPs using the qPCR array; Figure S7: (A) Individual Fold-Change of spliceosome machinery expression levels
showing the common dysregulated components (blue and yellow colors) in all PitNETs subtypes compared to
NPs. (B) mRNA expression levels of spliceosome components and the splicing factor commonly dysregulated
in NFPTs, GHomas, ACTHomas, and PRLomas, respectively; Table S1: Results from Chi-square test of clinical
parameters between P1 and P2 of NFPTs derived from the second heatmap; Table S2: Results from Chi-square test
of clinical parameters between P1, P2, P3 and P4 of NFPTs derived from the first heatmap (cutting the dendogram
at second highest height).

Author Contributions: Conceptualization, M.C.V.-B., J.P.C., and R.M.L.; methodology, M.C.V.-B., A.C.F.-F.,
P.M.-M., A.M.-A., L.E.W., L.K., J.M.L.-F., J.P.C., and R.M.L.; formal analysis, M.C.V.-B., A.C.F.-F., E.R.-C., L.E.W.,
J.P.C., and R.M.L.; investigation, M.C.V.-B., J.P.C., and R.M.L.; data curation, M.C.V.-B., A.C.F.-F., J.P.C., and R.M.L.;
writing—original draft preparation, M.C.V-B., M.D.G., J.P.C., and R.M.L.; writing—review and editing, M.C.V.-B.,
A.C.F.-F., E.V.-M., E.R.-C., E.D., P.M.-M., A.M.-A., P.R., J.S., L.E.W., L.K., J.M.L.-F., M.R.G., M.A.G.-M., A.S.-M.,
M.D.G., J.P.C., and R.M.L.; visualization, M.C.V.-B., A.C.F.-F., E.V.-M., E.R.-C., E.D., P.M.-M., A.M.-A., P.R., J.S.,
L.E.W., L.K., J.M.L.-F., M.R.G., M.A.G.-M., A.S.-M., M.D.G., J.P.C., and R.M.L.; supervision, M.C.V.-B., M.D.G.,
J.P.C., and R.M.L.; funding acquisition, M.D.G., J.P.C., and R.M.L.

Funding: This research was funded by the following grants: Junta de Andalucía (CTS-1406, BIO-0139); Ministerio
de Ciencia, Innovación y Universidades (BFU2016-80360-R); Instituto de Salud Carlos III, co-funded by European
Union (ERDF/ESF, “Investing in your future”: PI16/00264 and CIBERobn; CIBER is an initiative of Instituto de
Salud Carlos III); and Sociedad Andaluza de Endocrinología, Diabetes y Nutrición (SAEDYN).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mete, O.; Lopes, M.B. Overview of the 2017 WHO Classification of Pituitary Tumors. Endocr. Pathol.
2017, 28, 228–243. [CrossRef]

2. Molitch, M.E. Diagnosis and Treatment of Pituitary Adenomas: A Review. JAMA 2017, 317, 516–524.
[CrossRef] [PubMed]

3. Asa, S.L.; Casar-Borota, O.; Chanson, P.; Delgrange, E.; Earls, P.; Ezzat, S.; Grossman, A.; Ikeda, H.; Inoshita, N.;
Karavitaki, N.; et al. From pituitary adenoma to pituitary neuroendocrine tumor (PitNET): an International
Pituitary Pathology Club proposal. Endocr. Relat. Cancer 2017, 24, C5–C8. [CrossRef] [PubMed]

4. Melmed, S. Pathogenesis of pituitary tumors. Nat. Rev. Endocrinol. 2011, 7, 257–266. [CrossRef]
5. Caimari, F.; Korbonits, M. Novel Genetic Causes of Pituitary Adenomas. Clin. Cancer Res. 2016, 22, 5030–5042.

[CrossRef] [PubMed]
6. Song, Z.J.; Reitman, Z.J.; Ma, Z.Y.; Chen, J.H.; Zhang, Q.L.; Shou, X.F.; Huang, C.X.; Wang, Y.F.; Li, S.Q.;

Mao, Y.; et al. The genome-wide mutational landscape of pituitary adenomas. Cell Res. 2016, 26, 1255–1259.
[CrossRef]

7. Bi, W.L.; Horowitz, P.; Greenwald, N.F.; Abedalthagafi, M.; Agarwalla, P.K.; Gibson, W.J.; Mei, Y.;
Schumacher, S.E.; Ben-David, U.; Chevalier, A.; et al. Landscape of Genomic Alterations in Pituitary
Adenomas. Clin. Cancer Res. 2017, 23, 1841–1851. [CrossRef] [PubMed]

8. Salomon, M.P.; Wang, X.; Marzese, D.M.; Hsu, S.C.; Nelson, N.; Zhang, X.; Matsuba, C.; Takasumi, Y.;
Ballesteros-Merino, C.; Fox, B.A.; et al. The Epigenomic Landscape of Pituitary Adenomas Reveals Specific
Alterations and Differentiates Among Acromegaly, Cushing’s Disease and Endocrine-Inactive Subtypes.
Clin. Cancer Res. 2018, 24, 4126–4136. [CrossRef]

9. Zatelli, M.C. Pathogenesis of non-functioning pituitary adenomas. Pituitary 2018, 21, 130–137. [CrossRef]
10. Beckers, A.; Lodish, M.B.; Trivellin, G.; Rostomyan, L.; Lee, M.; Faucz, F.R.; Yuan, B.; Choong, C.S.;

Caberg, J.H.; Verrua, E.; et al. X-linked acrogigantism syndrome: Clinical profile and therapeutic responses.
Endocr. Relat. Cancer 2015, 22, 353–367. [CrossRef] [PubMed]

11. Barry, S.; Carlsen, E.; Marques, P.; Stiles, C.E.; Gadaleta, E.; Berney, D.M.; Roncaroli, F.; Chelala, C.; Solomou, A.;
Herincs, M.; et al. Tumor microenvironment defines the invasive phenotype of AIP-mutation-positive
pituitary tumors. Oncogene 2019, 38, 5381–5395. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12022-017-9498-z
http://dx.doi.org/10.1001/jama.2016.19699
http://www.ncbi.nlm.nih.gov/pubmed/28170483
http://dx.doi.org/10.1530/ERC-17-0004
http://www.ncbi.nlm.nih.gov/pubmed/28264912
http://dx.doi.org/10.1038/nrendo.2011.40
http://dx.doi.org/10.1158/1078-0432.CCR-16-0452
http://www.ncbi.nlm.nih.gov/pubmed/27742789
http://dx.doi.org/10.1038/cr.2016.114
http://dx.doi.org/10.1158/1078-0432.CCR-16-0790
http://www.ncbi.nlm.nih.gov/pubmed/27707790
http://dx.doi.org/10.1158/1078-0432.CCR-17-2206
http://dx.doi.org/10.1007/s11102-018-0874-6
http://dx.doi.org/10.1530/ERC-15-0038
http://www.ncbi.nlm.nih.gov/pubmed/25712922
http://dx.doi.org/10.1038/s41388-019-0779-5
http://www.ncbi.nlm.nih.gov/pubmed/30867568


Cancers 2019, 11, 1439 19 of 23

12. Jacks, T.; Fazeli, A.; Schmitt, E.M.; Bronson, R.T.; Goodell, M.A.; Weinberg, R.A. Effects of an Rb mutation in
the mouse. Nature 1992, 359, 295–300. [CrossRef] [PubMed]

13. Kiyokawa, H.; Kineman, R.D.; Manova-Todorova, K.O.; Soares, V.C.; Hoffman, E.S.; Ono, M.; Khanam, D.;
Hayday, A.C.; Frohman, L.A.; Koff, A. Enhanced growth of mice lacking the cyclin-dependent kinase inhibitor
function of p27(Kip1). Cell 1996, 85, 721–732. [CrossRef]

14. Ewing, I.; Pedder-Smith, S.; Franchi, G.; Ruscica, M.; Emery, M.; Vax, V.; Garcia, E.; Czirjak, S.; Hanzely, Z.;
Kola, B.; et al. A mutation and expression analysis of the oncogene BRAF in pituitary adenomas. Clin. Endocrinol.
2007, 66, 348–352. [CrossRef] [PubMed]

15. Sveen, A.; Kilpinen, S.; Ruusulehto, A.; Lothe, R.A.; Skotheim, R.I. Aberrant RNA splicing in cancer;
expression changes and driver mutations of splicing factor genes. Oncogene 2016, 35, 2413–2427. [CrossRef]
[PubMed]

16. Daguenet, E.; Dujardin, G.; Valcarcel, J. The pathogenicity of splicing defects: Mechanistic insights into
pre-mRNA processing inform novel therapeutic approaches. EMBO Rep. 2015, 16, 1640–1655. [CrossRef]
[PubMed]

17. Ibáñez-Costa, A.; Gahete, M.D.; Rivero-Cortes, E.; Rincon-Fernandez, D.; Nelson, R.; Beltran, M.; de la
Riva, A.; Japon, M.A.; Venegas-Moreno, E.; Galvez, M.A.; et al. In1-ghrelin splicing variant is overexpressed
in pituitary adenomas and increases their aggressive features. Sci. Rep. 2015, 5, 8714. [CrossRef] [PubMed]

18. Luque, R.M.; Ibáñez-Costa, A.; Neto, L.V.; Taboada, G.F.; Hormaechea-Agulla, D.; Kasuki, L.;
Venegas-Moreno, E.; Moreno-Carazo, A.; Gálvez, M.A.; Soto-Moreno, A.; et al. Truncated somatostatin
receptor variant sst5TMD4 confers aggressive features (proliferation, invasion and reduced octreotide
response) to somatotropinomas. Cancer Lett. 2015, 359, 299–306. [CrossRef]

19. Luque, R.M.; Sampedro-Nunez, M.; Gahete, M.D.; Ramos-Levi, A.; Ibanez-Costa, A.; Rivero-Cortes, E.;
Serrano-Somavilla, A.; Adrados, M.; Culler, M.D.; Castano, J.P.; et al. In1-ghrelin, a splice variant of ghrelin
gene, is associated with the evolution and aggressiveness of human neuroendocrine tumors: Evidence from
clinical, cellular and molecular parameters. Oncotarget 2015, 6, 19619–19633. [CrossRef]

20. Sampedro-Nunez, M.; Luque, R.M.; Ramos-Levi, A.M.; Gahete, M.D.; Serrano-Somavilla, A.; Villa-Osaba, A.;
Adrados, M.; Ibanez-Costa, A.; Martin-Perez, E.; Culler, M.D.; et al. Presence of sst5TMD4, a truncated
splice variant of the somatostatin receptor subtype 5, is associated to features of increased aggressiveness in
pancreatic neuroendocrine tumors. Oncotarget 2016, 7, 6593–6608. [CrossRef]

21. Hormaechea-Agulla, D.; Gahete, M.D.; Jimenez-Vacas, J.M.; Gomez-Gomez, E.; Ibanez-Costa, A.; Fernando, L.;
Rivero-Cortes, E.; Sarmento-Cabral, A.; Valero-Rosa, J.; Carrasco-Valiente, J.; et al. The oncogenic role of
the In1-ghrelin splicing variant in prostate cancer aggressiveness. Mol. Cancer 2017, 16, 146. [CrossRef]
[PubMed]

22. Hormaechea-Agulla, D.; Jimenez-Vacas, J.M.; Gomez-Gomez, E.; Fernando, L.; Carrasco-Valiente, J.;
Valero-Rosa, J.; Moreno, M.M.; Sanchez-Sanchez, R.; Ortega-Salas, R.; Gracia-Navarro, F.; et al. The oncogenic
role of the spliced somatostatin receptor sst5TMD4 variant in prostate cancer. FASEB J. 2017, 31, 4682–4696.
[CrossRef] [PubMed]

23. Pelechano, V.; Wei, W.; Steinmetz, L.M. Extensive transcriptional heterogeneity revealed by isoform profiling.
Nature 2013, 497, 127–131. [CrossRef] [PubMed]

24. Hoskins, A.A.; Moore, M.J. The spliceosome: A flexible, reversible macromolecular machine. Trends Biochem.
Sci. 2012, 37, 179–188. [CrossRef] [PubMed]

25. Chen, M.; Manley, J.L. Mechanisms of alternative splicing regulation: Insights from molecular and genomics
approaches. Nat. Rev. Mol. Cell Biol. 2009, 10, 741–754. [CrossRef] [PubMed]

26. Yan, C.; Wan, R.; Shi, Y. Molecular Mechanisms of pre-mRNA Splicing through Structural Biology of the
Spliceosome. Cold Spring Harb. Perspect. Biol. 2019, 11. [CrossRef]

27. Kornblihtt, A.R.; Schor, I.E.; Allo, M.; Dujardin, G.; Petrillo, E.; Munoz, M.J. Alternative splicing: A pivotal
step between eukaryotic transcription and translation. Nat. Rev. Mol. Cell Biol. 2013, 14, 153–165. [CrossRef]
[PubMed]

28. Cereda, M.; Pozzoli, U.; Rot, G.; Juvan, P.; Schweitzer, A.; Clark, T.; Ule, J. RNAmotifs: prediction of
multivalent RNA motifs that control alternative splicing. Genome Biol. 2014, 15, R20. [CrossRef]

http://dx.doi.org/10.1038/359295a0
http://www.ncbi.nlm.nih.gov/pubmed/1406933
http://dx.doi.org/10.1016/S0092-8674(00)81238-6
http://dx.doi.org/10.1111/j.1365-2265.2006.02735.x
http://www.ncbi.nlm.nih.gov/pubmed/17302867
http://dx.doi.org/10.1038/onc.2015.318
http://www.ncbi.nlm.nih.gov/pubmed/26300000
http://dx.doi.org/10.15252/embr.201541116
http://www.ncbi.nlm.nih.gov/pubmed/26566663
http://dx.doi.org/10.1038/srep08714
http://www.ncbi.nlm.nih.gov/pubmed/25737012
http://dx.doi.org/10.1016/j.canlet.2015.01.037
http://dx.doi.org/10.18632/oncotarget.4316
http://dx.doi.org/10.18632/oncotarget.6565
http://dx.doi.org/10.1186/s12943-017-0713-9
http://www.ncbi.nlm.nih.gov/pubmed/28851363
http://dx.doi.org/10.1096/fj.201601264RRR
http://www.ncbi.nlm.nih.gov/pubmed/28705809
http://dx.doi.org/10.1038/nature12121
http://www.ncbi.nlm.nih.gov/pubmed/23615609
http://dx.doi.org/10.1016/j.tibs.2012.02.009
http://www.ncbi.nlm.nih.gov/pubmed/22480731
http://dx.doi.org/10.1038/nrm2777
http://www.ncbi.nlm.nih.gov/pubmed/19773805
http://dx.doi.org/10.1101/cshperspect.a032409
http://dx.doi.org/10.1038/nrm3525
http://www.ncbi.nlm.nih.gov/pubmed/23385723
http://dx.doi.org/10.1186/gb-2014-15-1-r20


Cancers 2019, 11, 1439 20 of 23

29. Duran-Prado, M.; Gahete, M.D.; Hergueta-Redondo, M.; Martinez-Fuentes, A.J.; Cordoba-Chacon, J.;
Palacios, J.; Gracia-Navarro, F.; Moreno-Bueno, G.; Malagon, M.M.; Luque, R.M.; et al. The new truncated
somatostatin receptor variant sst5TMD4 is associated to poor prognosis in breast cancer and increases
malignancy in MCF-7 cells. Oncogene 2012, 31, 2049–2061. [CrossRef] [PubMed]

30. Molè, D.; Gentilin, E.; Ibáñez-Costa, A.; Gagliano, T.; Gahete, M.D.; Tagliati, F.; Rossi, R.; Pelizzo, M.R.;
Pansini, G.; Luque, R.M.; et al. The expression of the truncated isoform of somatostatin receptor subtype 5
associates with aggressiveness in medullary thyroid carcinoma cells. Endocrine 2015, 50, 442–452. [CrossRef]

31. Puig-Domingo, M.; Luque, R.M.; Reverter, J.L.; Lopez-Sanchez, L.M.; Gahete, M.D.; Culler, M.D.; Diaz-Soto, G.;
Lomena, F.; Squarcia, M.; Mate, J.L.; et al. The truncated isoform of somatostatin receptor5 (sst5TMD4) is
associated with poorly differentiated thyroid cancer. PLoS ONE 2014, 9, e85527. [CrossRef] [PubMed]

32. Van Alphen, R.J.; Wiemer, E.A.; Burger, H.; Eskens, F.A. The spliceosome as target for anticancer treatment.
Br. J. Cancer 2009, 100, 228–232. [CrossRef] [PubMed]

33. Zhang, Q.; Di, C.; Yan, J.; Wang, F.; Qu, T.; Wang, Y.; Chen, Y.; Zhang, X.; Liu, Y.; Yang, H.; et al. Inhibition
of SF3b1 by pladienolide B evokes cycle arrest, apoptosis induction and p73 splicing in human cervical
carcinoma cells. Artif. Cells Nanomed. Biotechnol. 2019, 47, 1273–1280. [CrossRef] [PubMed]

34. Jimenez-Vacas, J.M.; Herrero-Aguayo, V.; Gómez-Gómez, E.; León-González, A.J.; Sáez-Martínez, P.;
Alors-Perez, E.; Fuentes-Fayos, A.C.; Martínez-López, A.; Sánchez-Sánchez, R.; González-Serrano, T.;
et al. Spliceosome Component SF3B1 as Novel Prognostic Biomarker and Therapeutic Target for Prostate
Cancer. Transl. Res. J. Lab. Clin. Med. 2019, in press. [CrossRef] [PubMed]

35. Altenberger, T.; Bilban, M.; Auer, M.; Knosp, E.; Wolfsberger, S.; Gartner, W.; Mineva, I.; Zielinski, C.;
Wagner, L.; Luger, A. Identification of DLK1 variants in pituitary- and neuroendocrine tumors.
Biochem. Biophys. Res. Commun. 2006, 340, 995–1005. [CrossRef] [PubMed]

36. Barabutis, N.; Siejka, A.; Schally, A.V.; Block, N.L.; Cai, R.; Varga, J.L. Activation of mitogen-activated protein
kinases by a splice variant of GHRH receptor. J. Mol. Endocrinol. 2010, 44, 127–134. [CrossRef] [PubMed]

37. Vitale, L.; Lenzi, L.; Huntsman, S.A.; Canaider, S.; Frabetti, F.; Casadei, R.; Facchin, F.; Carinci, P.; Zannotti, M.;
Coppola, D.; et al. Differential expression of alternatively spliced mRNA forms of the insulin-like growth
factor 1 receptor in human neuroendocrine tumors. Oncol. Rep. 2006, 15, 1249–1256. [CrossRef] [PubMed]

38. Lekva, T.; Berg, J.P.; Lyle, R.; Heck, A.; Bollerslev, J.; Ueland, T. Alternative splicing of placental lactogen
(CSH2) in somatotroph pituitary adenomas. Neuro Endocrinol. Lett. 2015, 36, 136–142.

39. Gahete, M.D.; Rincón-Fernández, D.; Durán-Prado, M.; Hergueta-Redondo, M.; Ibáñez-Costa, A.;
Rojo-Sebastián, A.; Gracia-Navarro, F.; Culler, M.D.; Casanovas, O.; Moreno-Bueno, G.; et al. The truncated
somatostatin receptor sst5TMD4 stimulates the angiogenic process and is associated to lymphatic metastasis
and disease-free survival in breast cancer patients. Oncotarget 2016, 7, 60110–60122. [CrossRef]

40. Durán-Prado, M.; Gahete, M.D.; Martinez-Fuentes, A.J.; Luque, R.M.; Quintero, A.; Webb, S.M.;
Benito-Lopez, P.; Leal, A.; Schulz, S.; Gracia-Navarro, F.; et al. Identification and characterization of
two novel truncated but functional isoforms of the somatostatin receptor subtype 5 differentially present in
pituitary tumors. J. Clin. Endocrinol. Metab. 2009, 94, 2634–2643. [CrossRef]

41. Lee, S.C.; Abdel-Wahab, O. Therapeutic targeting of splicing in cancer. Nat. Med. 2016, 22, 976–986.
[CrossRef] [PubMed]

42. Ibanez-Costa, A.; Rivero-Cortes, E.; Vazquez-Borrego, M.C.; Gahete, M.D.; Jimenez-Reina, L.;
Venegas-Moreno, E.; de la Riva, A.; Arraez, M.A.; Gonzalez-Molero, I.; Schmid, H.A.; et al. Octreotide and
pasireotide (dis)similarly inhibit pituitary tumor cells in vitro. J. Endocrinol. 2016, 231, 135–145. [CrossRef]
[PubMed]

43. Zawada, N.B.; Kunert-Radek, J.; Pawlikowski, M.; Pisarek, H.; Radek, M. An evaluation of the effects
of somatostatin analogue therapy in non-functioning pituitary adenomas in comparison to acromegaly.
Endokrynol. Pol. 2016, 67, 292–298. [CrossRef] [PubMed]

44. Taboada, G.F.; Luque, R.M.; Bastos, W.; Guimaraes, R.F.; Marcondes, J.B.; Chimelli, L.M.; Fontes, R.;
Mata, P.J.; Filho, P.N.; Carvalho, D.P.; et al. Quantitative analysis of somatostatin receptor subtype (SSTR1-5)
gene expression levels in somatotropinomas and non-functioning pituitary adenomas. Eur. J. Endocrinol.
2007, 156, 65–74. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/onc.2011.389
http://www.ncbi.nlm.nih.gov/pubmed/21927030
http://dx.doi.org/10.1007/s12020-015-0594-x
http://dx.doi.org/10.1371/journal.pone.0085527
http://www.ncbi.nlm.nih.gov/pubmed/24465589
http://dx.doi.org/10.1038/sj.bjc.6604801
http://www.ncbi.nlm.nih.gov/pubmed/19034274
http://dx.doi.org/10.1080/21691401.2019.1596922
http://www.ncbi.nlm.nih.gov/pubmed/30963795
http://dx.doi.org/10.1016/j.trsl.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31344348
http://dx.doi.org/10.1016/j.bbrc.2005.12.094
http://www.ncbi.nlm.nih.gov/pubmed/16403460
http://dx.doi.org/10.1677/JME-09-0121
http://www.ncbi.nlm.nih.gov/pubmed/19897610
http://dx.doi.org/10.3892/or.15.5.1249
http://www.ncbi.nlm.nih.gov/pubmed/16596194
http://dx.doi.org/10.18632/oncotarget.11076
http://dx.doi.org/10.1210/jc.2008-2564
http://dx.doi.org/10.1038/nm.4165
http://www.ncbi.nlm.nih.gov/pubmed/27603132
http://dx.doi.org/10.1530/JOE-16-0332
http://www.ncbi.nlm.nih.gov/pubmed/27587848
http://dx.doi.org/10.5603/EP.a2016.0043
http://www.ncbi.nlm.nih.gov/pubmed/27345147
http://dx.doi.org/10.1530/eje.1.02313
http://www.ncbi.nlm.nih.gov/pubmed/17218727


Cancers 2019, 11, 1439 21 of 23

45. Lee, M.; Lupp, A.; Mendoza, N.; Martin, N.; Beschorner, R.; Honegger, J.; Schlegel, J.; Shively, T.; Pulz, E.;
Schulz, S.; et al. SSTR3 is a putative target for the medical treatment of gonadotroph adenomas of the
pituitary. Endocr. Relat. Cancer 2015, 22, 111–119. [CrossRef] [PubMed]

46. Zhan, X.; Wang, X.; Long, Y.; Desiderio, D.M. Heterogeneity analysis of the proteomes in clinically
nonfunctional pituitary adenomas. BMC Med. Genom. 2014, 7, 69. [CrossRef]

47. Fu, Y.; Huang, B.; Shi, Z.; Han, J.; Wang, Y.; Huangfu, J.; Wu, W. SRSF1 and SRSF9 RNA binding proteins
promote Wnt signalling-mediated tumorigenesis by enhancing beta-catenin biosynthesis. EMBO Mol. Med.
2013, 5, 737–750. [CrossRef]

48. Yoshino, H.; Enokida, H.; Chiyomaru, T.; Tatarano, S.; Hidaka, H.; Yamasaki, T.; Gotannda, T.; Tachiwada, T.;
Nohata, N.; Yamane, T.; et al. Tumor suppressive microRNA-1 mediated novel apoptosis pathways through
direct inhibition of splicing factor serine/arginine-rich 9 (SRSF9/SRp30c) in bladder cancer. Biochem. Biophys.
Res. Commun. 2012, 417, 588–593. [CrossRef]

49. Yu, L.; Xu, J.; Liu, J.; Zhang, H.; Sun, C.; Wang, Q.; Shi, C.; Zhou, X.; Hua, D.; Luo, W.; et al. The novel
chromatin architectural regulator SND1 promotes glioma proliferation and invasion and predicts the
prognosis of patients. Neuro Oncol. 2019, 21, 742–754. [CrossRef]

50. Gu, X.; Xue, J.; Ai, L.; Sun, L.; Zhu, X.; Wang, Y.; Liu, C. SND1 expression in breast cancer tumors is associated
with poor prognosis. Ann. N. Y. Acad. Sci. 2018, 1433, 53–60. [CrossRef]

51. Cui, X.; Zhao, C.; Yao, X.; Qian, B.; Su, C.; Ren, Y.; Yao, Z.; Gao, X.; Yang, J. SND1 acts as an anti-apoptotic factor
via regulating the expression of lncRNA UCA1 in hepatocellular carcinoma. RNA Biol. 2018, 15, 1364–1375.
[CrossRef] [PubMed]

52. Kim, S.; Park, C.; Jun, Y.; Lee, S.; Jung, Y.; Kim, J. Integrative Profiling of Alternative Splicing Induced by
U2AF1 S34F Mutation in Lung Adenocarcinoma Reveals a Mechanistic Link to Mitotic Stress. Mol. Cells
2018, 41, 733–741. [CrossRef] [PubMed]

53. Smith, M.A.; Choudhary, G.S.; Pellagatti, A.; Choi, K.; Bolanos, L.C.; Bhagat, T.D.; Gordon-Mitchell, S.; Von
Ahrens, D.; Pradhan, K.; Steeples, V.; et al. U2AF1 mutations induce oncogenic IRAK4 isoforms and activate
innate immune pathways in myeloid malignancies. Nat. Cell Biol. 2019, 21, 640–650. [CrossRef] [PubMed]

54. Glasser, E.; Agrawal, A.A.; Jenkins, J.L.; Kielkopf, C.L. Cancer-Associated Mutations Mapped on
High-Resolution Structures of the U2AF2 RNA Recognition Motifs. Biochemistry 2017, 56, 4757–4761.
[CrossRef] [PubMed]

55. Li, J.; Cheng, D.; Zhu, M.; Yu, H.; Pan, Z.; Liu, L.; Geng, Q.; Pan, H.; Yan, M.; Yao, M. OTUB2 stabilizes U2AF2
to promote the Warburg effect and tumorigenesis via the AKT/mTOR signaling pathway in non-small cell
lung cancer. Theranostics 2019, 9, 179–195. [CrossRef] [PubMed]

56. Shimojo, M.; Kasahara, Y.; Inoue, M.; Tsunoda, S.I.; Shudo, Y.; Kurata, T.; Obika, S. A gapmer antisense
oligonucleotide targeting SRRM4 is a novel therapeutic medicine for lung cancer. Sci. Rep. 2019, 9, 7618.
[CrossRef]

57. Li, Y.; Zhang, Q.; Lovnicki, J.; Chen, R.; Fazli, L.; Wang, Y.; Gleave, M.; Huang, J.; Dong, X. SRRM4 gene
expression correlates with neuroendocrine prostate cancer. Prostate 2019, 79, 96–104. [CrossRef] [PubMed]

58. Del Rio-Moreno, M.; Alors-Perez, E.; Gonzalez-Rubio, S.; Ferrin, G.; Reyes, O.; Rodriguez-Peralvarez, M.;
Sanchez-Frias, M.E.; Sanchez-Sanchez, R.; Ventura, S.; Lopez-Miranda, J.; et al. Dysregulation of the splicing
machinery is associated to the development of non-alcoholic fatty liver disease. J. Clin. Endocrinol. Metab.
2019, 104, 3389–3402. [CrossRef]

59. Gahete, M.D.; Del Rio-Moreno, M.; Camargo, A.; Alcala-Diaz, J.F.; Alors-Perez, E.; Delgado-Lista, J.; Reyes, O.;
Ventura, S.; Perez-Martinez, P.; Castano, J.P.; et al. Changes in Splicing Machinery Components Influence,
Precede, and Early Predict the Development of Type 2 Diabetes: From the CORDIOPREV Study. EBioMedicine
2018, 37, 356–365. [CrossRef]

60. Melling, N.; Bachmann, K.; Hofmann, B.; El Gammal, A.T.; Reeh, M.; Mann, O.; Moebius, C.; Blessmann, M.;
Izbicki, J.R.; Grupp, K. Prevalence and clinical significance of RBM3 immunostaining in non-small cell lung
cancers. J. Cancer Res. Clin. Oncol. 2019, 145, 873–879. [CrossRef]

61. Kang, S.H.; Cho, J.; Jeong, H.; Kwon, S.Y. High RNA-binding Motif Protein 3 Expression Is Associated
with Improved Clinical Outcomes in Invasive Breast Cancer. J. Breast Cancer 2018, 21, 288–296. [CrossRef]
[PubMed]

http://dx.doi.org/10.1530/ERC-14-0472
http://www.ncbi.nlm.nih.gov/pubmed/25515731
http://dx.doi.org/10.1186/s12920-014-0069-6
http://dx.doi.org/10.1002/emmm.201202218
http://dx.doi.org/10.1016/j.bbrc.2011.12.011
http://dx.doi.org/10.1093/neuonc/noz038
http://dx.doi.org/10.1111/nyas.13970
http://dx.doi.org/10.1080/15476286.2018.1534525
http://www.ncbi.nlm.nih.gov/pubmed/30321081
http://dx.doi.org/10.14348/molcells.2018.0176
http://www.ncbi.nlm.nih.gov/pubmed/29991672
http://dx.doi.org/10.1038/s41556-019-0314-5
http://www.ncbi.nlm.nih.gov/pubmed/31011167
http://dx.doi.org/10.1021/acs.biochem.7b00551
http://www.ncbi.nlm.nih.gov/pubmed/28850223
http://dx.doi.org/10.7150/thno.29545
http://www.ncbi.nlm.nih.gov/pubmed/30662561
http://dx.doi.org/10.1038/s41598-019-43100-1
http://dx.doi.org/10.1002/pros.23715
http://www.ncbi.nlm.nih.gov/pubmed/30155992
http://dx.doi.org/10.1210/jc.2019-00021
http://dx.doi.org/10.1016/j.ebiom.2018.10.056
http://dx.doi.org/10.1007/s00432-019-02850-1
http://dx.doi.org/10.4048/jbc.2018.21.e34
http://www.ncbi.nlm.nih.gov/pubmed/30275857


Cancers 2019, 11, 1439 22 of 23

62. Grupp, K.; Hofmann, B.; Kutup, A.; Bachmann, K.; Bogoevski, D.; Melling, N.; Uzunoglu, F.G.; El
Gammal, A.T.; Koop, C.; Simon, R.; et al. Reduced RBM3 expression is associated with aggressive tumor
features in esophageal cancer but not significantly linked to patient outcome. BMC Cancer 2018, 18, 1106.
[CrossRef] [PubMed]

63. Siesing, C.; Sorbye, H.; Dragomir, A.; Pfeiffer, P.; Qvortrup, C.; Ponten, F.; Jirstrom, K.; Glimelius, B.;
Eberhard, J. High RBM3 expression is associated with an improved survival and oxaliplatin response in
patients with metastatic colorectal cancer. PLoS ONE 2017, 12, e0182512. [CrossRef] [PubMed]

64. Casar-Borota, O.; Heck, A.; Schulz, S.; Nesland, J.M.; Ramm-Pettersen, J.; Lekva, T.; Alafuzoff, I.; Bollerslev, J.
Expression of SSTR2a, but not of SSTRs 1, 3, or 5 in somatotroph adenomas assessed by monoclonal
antibodies was reduced by octreotide and correlated with the acute and long-term effects of octreotide.
J. Clin. Endocrinol. Metab. 2013, 98, E1730–E1739. [CrossRef] [PubMed]

65. Xiao, J.; Wang, Q.; Yang, Q.; Wang, H.; Qiang, F.; He, S.; Cai, J.; Yang, L.; Wang, Y. Clinical significance and
effect of Sam68 expression in gastric cancer. Oncol. Lett. 2018, 15, 4745–4752. [CrossRef] [PubMed]

66. Dong, L.; Che, H.; Li, M.; Li, X. Sam68 is Overexpressed in Epithelial Ovarian Cancer and Promotes Tumor
Cell Proliferation. Med. Sci. Monit. 2016, 22, 3248–3256. [CrossRef] [PubMed]

67. Stricker, T.P.; Brown, C.D.; Bandlamudi, C.; McNerney, M.; Kittler, R.; Montoya, V.; Peterson, A.; Grossman, R.;
White, K.P. Robust stratification of breast cancer subtypes using differential patterns of transcript isoform
expression. PLoS Genet. 2017, 13, e1006589. [CrossRef] [PubMed]

68. Das, S.; Krainer, A.R. Emerging functions of SRSF1, splicing factor and oncoprotein, in RNA metabolism and
cancer. Mol. Cancer Res. 2014, 12, 1195–1204. [CrossRef]

69. Kramer, A.; Gruter, P.; Groning, K.; Kastner, B. Combined biochemical and electron microscopic analyses
reveal the architecture of the mammalian U2 snRNP. J. Cell Biol. 1999, 145, 1355–1368. [CrossRef]

70. Yokoi, A.; Kotake, Y.; Takahashi, K.; Kadowaki, T.; Matsumoto, Y.; Minoshima, Y.; Sugi, N.H.; Sagane, K.;
Hamaguchi, M.; Iwata, M.; et al. Biological validation that SF3b is a target of the antitumor macrolide
pladienolide. FEBS J. 2011, 278, 4870–4880. [CrossRef]

71. Sato, M.; Muguruma, N.; Nakagawa, T.; Okamoto, K.; Kimura, T.; Kitamura, S.; Yano, H.; Sannomiya, K.;
Goji, T.; Miyamoto, H.; et al. High antitumor activity of pladienolide B and its derivative in gastric cancer.
Cancer Sci. 2014, 105, 110–116. [CrossRef] [PubMed]

72. Kashyap, M.K.; Kumar, D.; Villa, R.; La Clair, J.J.; Benner, C.; Sasik, R.; Jones, H.; Ghia, E.M.; Rassenti, L.Z.;
Kipps, T.J.; et al. Targeting the spliceosome in chronic lymphocytic leukemia with the macrolides FD-895
and pladienolide-B. Haematologica 2015, 100, 945–954. [CrossRef] [PubMed]

73. Suda, K.; Rozeboom, L.; Yu, H.; Ellison, K.; Rivard, C.J.; Mitsudomi, T.; Hirsch, F.R. Potential effect of
spliceosome inhibition in small cell lung cancer irrespective of the MYC status. PLoS ONE 2017, 12, e0172209.
[CrossRef] [PubMed]

74. Vázquez-Borrego, M.C.; Fuentes-Fayos, A.C.; Herrera-Martinez, A.D.; L-López, F.; Ibáñez-Costa, A.;
Moreno-Moreno, P.; Alhambra-Exposito, M.R.; Barrera-Martín, A.; Blanco-Acevedo, C.; Dios, E.; et al.
Biguanides exert antitumoral actions in pituitary tumor cells through AMPK-dependent and -independent
mechanisms. J. Clin. Endocrinol. Metab. 2019, 104, 3501–3513. [CrossRef] [PubMed]

75. Ibanez-Costa, A.; Lopez-Sanchez, L.M.; Gahete, M.D.; Rivero-Cortes, E.; Vazquez-Borrego, M.C.; Galvez, M.A.;
de la Riva, A.; Venegas-Moreno, E.; Jimenez-Reina, L.; Moreno-Carazo, A.; et al. BIM-23A760 influences key
functional endpoints in pituitary adenomas and normal pituitaries: molecular mechanisms underlying the
differential response in adenomas. Sci. Rep. 2017, 7, 42002. [CrossRef] [PubMed]

76. Luque, R.M.; Ibáñez-Costa, A.; López-Sánchez, L.M.; Jimenez-Reina, L.; Venegas-Moreno, E.; Galvez, M.A.;
Villa-Osaba, A.; Madrazo-Atutxa, A.M.; Japon, M.A.; de la Riva, A.; et al. A cellular and molecular basis for
the selective desmopressin-induced ACTH release in Cushing disease patients: key role of AVPR1b receptor
and potential therapeutic implications. J. Clin. Endocrinol. Metab. 2013, 98, 4160–4169. [CrossRef] [PubMed]

77. Uphoff, C.C.; Drexler, H.G. Detection of mycoplasma contaminations. Methods Mol. Biol. 2013, 946, 1–13.
[CrossRef]

78. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate
normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control
genes. Genome Biol. 2002, 3. [CrossRef]

http://dx.doi.org/10.1186/s12885-018-5032-z
http://www.ncbi.nlm.nih.gov/pubmed/30419865
http://dx.doi.org/10.1371/journal.pone.0182512
http://www.ncbi.nlm.nih.gov/pubmed/28800641
http://dx.doi.org/10.1210/jc.2013-2145
http://www.ncbi.nlm.nih.gov/pubmed/24092823
http://dx.doi.org/10.3892/ol.2018.7930
http://www.ncbi.nlm.nih.gov/pubmed/29552114
http://dx.doi.org/10.12659/MSM.899980
http://www.ncbi.nlm.nih.gov/pubmed/27623016
http://dx.doi.org/10.1371/journal.pgen.1006589
http://www.ncbi.nlm.nih.gov/pubmed/28263985
http://dx.doi.org/10.1158/1541-7786.MCR-14-0131
http://dx.doi.org/10.1083/jcb.145.7.1355
http://dx.doi.org/10.1111/j.1742-4658.2011.08387.x
http://dx.doi.org/10.1111/cas.12317
http://www.ncbi.nlm.nih.gov/pubmed/24635824
http://dx.doi.org/10.3324/haematol.2014.122069
http://www.ncbi.nlm.nih.gov/pubmed/25862704
http://dx.doi.org/10.1371/journal.pone.0172209
http://www.ncbi.nlm.nih.gov/pubmed/28192473
http://dx.doi.org/10.1210/jc.2019-00056
http://www.ncbi.nlm.nih.gov/pubmed/30860580
http://dx.doi.org/10.1038/srep42002
http://www.ncbi.nlm.nih.gov/pubmed/28181484
http://dx.doi.org/10.1210/jc.2013-1992
http://www.ncbi.nlm.nih.gov/pubmed/23884782
http://dx.doi.org/10.1007/978-1-62703-128-8_1
http://dx.doi.org/10.1186/gb-2002-3-7-research0034


Cancers 2019, 11, 1439 23 of 23

79. Neto, L.V.; Machado Ede, O.; Luque, R.M.; Taboada, G.F.; Marcondes, J.B.; Chimelli, L.M.; Quintella, L.P.;
Niemeyer, P., Jr.; de Carvalho, D.P.; Kineman, R.D.; et al. Expression analysis of dopamine receptor subtypes
in normal human pituitaries, nonfunctioning pituitary adenomas and somatotropinomas, and the association
between dopamine and somatostatin receptors with clinical response to octreotide-LAR in acromegaly.
J. Clin. Endocrinol. Metab. 2009, 94, 1931–1937. [CrossRef]

80. Xie, F.; Xiao, P.; Chen, D.; Xu, L.; Zhang, B. miRDeepFinder: A miRNA analysis tool for deep sequencing of
plant small RNAs. Plant Mol. Biol. 2012, 80, 75–84. [CrossRef]

81. Xia, J.; Wishart, D.S. Using MetaboAnalyst 3.0 for Comprehensive Metabolomics Data Analysis. Curr. Protoc.
Bioinform. 2016, 55, 14.10.1–141091. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1210/jc.2008-1826
http://dx.doi.org/10.1007/s11103-012-9885-2
http://dx.doi.org/10.1002/cpbi.11
http://www.ncbi.nlm.nih.gov/pubmed/27603023
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Dysregulation of Splicing Machinery in NFPTs 
	Dysregulation of Splicing Machinery in GHomas 
	Dysregulation of Splicing Machinery in ACTHomas 
	Dysregulation of Splicing Machinery in PRLomas 
	Similar Dysregulation of Specific Splicing Machinery Components in all PitNET Subtypes 
	Effect of Pladienolide-B Treatment in PitNETs Cells 

	Discussion 
	Materials and Methods 
	Drugs and Reagents 
	Patients, Samples, and Primary Cell Cultures 
	Cell Lines and Culturing 
	RNA Extraction, Quantification and Reverse Transcription 
	Analysis of Splicing Machinery Components by a Customized qPCR Dynamic Array 
	RNA Isolation, Reverse Transcription, and Analysis of Gene Expression Levels by qPCR 
	Measurement of Cell Proliferation/Viability 
	Measurement of Hormone Secretion 
	Measurement of SF3B1 by Western Blotting 
	Statistical Analysis 

	Conclusions 
	References

