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Abstract

Craniopharyngiomas are rare benign pathologies but clinically challenging tumours because of their intimate rela-
tionship with critical brain structures, leading to severe endocrine-deficiencies/comorbidities. Therefore, identifying
alternative prognostic/therapeutic tools is crucial. Although dysregulated splicing is a molecular feature that charac-
terizes almost all tumour/cancer types, the dysregulation of the components belonging to the molecular machinery
controlling the splicing-process (spliceosome) remains unknown in craniopharyngiomas. Here, we uncover a pro-
found dysregulation in the expression of relevant spliceosome-components and splicing-factors in craniopharyngio-
mas versus control non-tumour tissues, identifying PRPF8 and RAVER1 as key tumour suppressor factors associated
with relevant oncogenic processes. Moreover, we demonstrate that the spliceosome activity inhibition using pladi-
enolide-B in primary patient’s derived cell-cultures might serve as a potential therapeutic tool worth to be explored
in humans. Altogether, our results demonstrate a drastic and clinically relevant spliceosome-associated molecular dys-
regulation in craniopharyngiomas, which could serve as a potential source of novel diagnostic/prognostic biomarkers
and therapeutic targets.
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Introduction

Craniopharyngiomas (CPs) are slow-growing (WHO
grade I), rare tumours of the Central Nervous System
(CNS) that constitute approximately 1.2-4.6% of all
intracranial tumours, with an estimated incidence of
0.5-2 cases per million people and year [1]. Despite their
common origin in the Rathke’s pouch/craniopharyngeal
duct, the last WHO classification of CNS tumours has
recently recognized two separate types of CPs: adaman-
tinomatous (ACPs; representing a 90% of the CPs, and
5-11% of intracranial tumours in children) and papillary
(PCPs; representing a 10% of CPs, and present almost
exclusively in adults) [2-5]. These two tumour groups,
show differences in demographic, age distribution, radi-
ological, molecular, and histological features. CTNNBI
mutations (mostly located in exon 3) are mainly found
in ACPs, while BRAF mutations (mainly V600E) are
detected in PCP [3, 6-8]. ACPs usually show cords, lob-
ules, and cystic cavities, as well as irregular trabeculae
bordered by palisaded columnar epithelium, whilst PCPs
exhibit non-keratinizing mature squamous epithelium
covering fibrovascular cores [3]. Both ACP and PCPs
can be clinically aggressive by compression or invasion of
normal pituitary tissue, optic chiasm, optic nerves, and
hypothalamus, leading to visual impairment, endocrine
deficiencies, and hypothalamic syndrome, which signifi-
cantly reduce the quality of life of patients and resulting
in premature death [2].

Diagnosis, prediction of pharmacological response, and
treatment strategies for CPs are severely limited, with
surgery being the first line of treatment [2]. Furthermore,
given the invasive nature of these tumours, very aggres-
sive treatments (radiotherapy and/or proton beam ther-
apy) are also often required, impacting patients’ quality
of life and shortening life expectancy [2, 9]. Therefore, the
identification of new molecular diagnostic and/or prog-
nostic markers, to better define their tumour behaviour,
and especially novel therapeutic molecular targets is nec-
essary and urgently needed to combat this devastating
tumour pathologies.

Several tumour pathologies, including those of the
CNS, are known to share atypical presence, alteration or
loss of relevant components of key molecular machinery
regulating cell pathophysiology. Among these dysregu-
lations, the splicing process has been recently reported
as a recurrent hallmark in neoplasias [10-14]. Splicing
consists of the intricate nuclear processing of precursor
mRNA (pre-mRNA) transcripts into a mature mRNA
after the removal of introns and the junction of exons
[15, 16]. This process is carried out by the spliceosome,
a macromolecular machinery formed by several RNA-
protein subunits which constitute the core component,
differentiating between major or minor spliceosome
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(U2-dependent and Ul2-dependent, respectively) [16—
19]. This core is tightly coordinated with a wide variety
of proteins, the splicing factors (SFs), which specifically
regulate the processing of>90% of total coding genes in
humans [16]. Therefore, since splicing is a physiological
process that contributes to increasing genomic versatility,
it is also a critical biological event in pathological condi-
tions [20]. Indeed, alterations in the splicing process have
been reported as a crucial tumour characteristic, lead-
ing to the appearance of dysregulated spliceosome com-
ponents (SCs), SFs, and, consequently, aberrant splicing
variants (SVs) generated by alternative splicing. These
variants are associated with the initiation, development,
progression, and aggressiveness in various types of can-
cer including bladder [21], pancreas [22], breast [23, 24],
prostate [25-27], hepatocarcinoma [28-30], oral [31],
pituitary [32], and brain (e.g., glioblastoma [33, 34]).

Consequently, a better understanding of the regula-
tion of splicing in normal versus tumour tissues may help
identify novel diagnostic and prognostic biomarkers and
therapeutic tools to target tumour pathologies. An SV
of TP63 gene (ANp63), previously associated with other
tumour pathologies [35, 36], is the only SV reported so
far in CPs [37], but authors did not deepen into the rel-
evance of this SV in the physiopathology of CPs. In a
proteomic study, comparing ACPs with PCPs has shown
the overrepresentation of RNA splicing process in ACPs,
including the upregulation of several SFs such as CSTF]1,
SNRPF, RTRAF, and HNRNPU [38]. However, no studies
have reported to date a comprehensive analysis to ascer-
tain whether the splicing machinery (major or minor
spliceosome components, and their auxiliary SFs) is
altered in CPs. Moreover, the functional role associated
with this potential dysregulation of the spliceosome has
not yet been characterized in CPs, nor its potential thera-
peutic value.

In this study, we have analysed the expression profile
of a representative set of key spliceosome components
and SFs and their relationship with critical clinical and
molecular features of CP patients using well-character-
ized cohorts of human CPs. In addition, we have investi-
gated the functional role and therapeutic potential of the
most critical components identified within the spliceo-
some machinery in CPs.

Results

Splicing machinery is dysregulated in ACP and PCPs

The expression levels of the components of the splicing
machinery (SCs and SFs) were initially and simultane-
ously analysed using a dynamic qPCR microfluidic cus-
tom-made array in 27 ACPs, 4 PCPs and control tissues
[11 normal pituitaries (NPs) and 4 brain samples (NBs)]
(Table 1).
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Table 1 Demographic and clinical parameters of cohort-1 of patients with craniopharyngiomas [ACPs (n=27) and PCPs (n=4)]

included in this study

Parameters Control donors ACP patients PCP patients
Internal Cohort NP NB

Patients (n) 1 4 27 4

Gender (M/F) 6 (54.55%)/5 (45.45%) 13 (48.14%)/14 (51.86%) 1 (25.00%)/3 (75.00%)
Mean age at surgical inter- 61 (44-85) 51.3 (45-58) 31.15 (3-63) 43.25 (10-68)
vention

(range)

Recurrence - - 13 (48.15%) 2 (50%)

%Kl67 - - 9.5+13.01 140

(mean = desvest)

Non-pathologic pituitary (n=11) and brain control-samples (n=4) from donors were also obtained from autopsy and craniotomy

We first analysed the results obtained in ACP. An ini-
tial non-supervised hierarchical analysis based on the
expression levels of all the splicing-machinery compo-
nents showed a perfect separation between ACPs and
control-tissues into two independent clusters (Supple-
mental Fig. 1A). In fact, this analysis revealed that NPs
and NBs do not separate (i.e., have similar expression
profiles in the splicing-machinery components), which
was also corroborated by principal component analysis
(PCA; Supplemental Fig. 1B). In fact, although some but
limited differences were observed in the expression lev-
els of specific SCs/SFs when comparing pituitary versus
brain normal tissues, the hierarchical heatmap and PCA
analyses further confirmed an overall similar expression
profile across these two normal tissue types (Supplemen-
tal Fig. 1C, D, respectively). Importantly, expression lev-
els of PRPF40A, PRPF8, RAVERI, and RBM22 (key SCs/
SF identified in this study and further discussed below)
were not altered when comparing pituitary versus brain
normal tissues (Supplemental Fig. 1E). Therefore, further
analyses were conducted comparing ACPs to NPs, as
previously done [39].

(See figure on next page.)

We found a marked dysregulation in the expression
levels of multiple components of the splicing machinery
(SCs and SFs) in ACPs relative to control-NPs (42 out of
45 elements altered; Fig. 1A). Specifically, there was a sig-
nificant downregulation of 15 SCs; 3 out of 4 minor SCs
(RNU6ATAC, RUN4ATAC, and RNU11), and 12 out of 13
major SCs (RBM22, PRPF8, PRPF40A, TCERG]1, SF3B1,
SF3B1 TVI, U2AF2, U2AF1, RNU6, RNU4, RNU2, and
RNUI). Additionally, this analysis revealed that 27 out of
28 SFs were also downregulated in ACP (TIAI, TRA2A,
TRA2B, SNWI1, SRSF2-6, SRSF9-10, SRRMI, SNDI,
KHDRBSI1, RBM45, RBM3, RBM17, RAVERI, PTBPI,
SFPQ, SRRM4, NOVAI, MAGOH, ESRP2, ESRPI,
CELF1, and CELF4) (Fig. 1A). Non-supervised hierar-
chical analysis based on the expression levels of all the
splicing-machinery components was also able to per-
fectly distinguish between ACPs and control-NPs into
two independent clusters (Fig. 1B), which was also cor-
roborated by PCA (Fig. 1C).

To explore further which factors were more relevant
in differentiating between ACP and NPs, we used par-
tial least squares-discriminant analysis (PLS-DA),

Fig. 1 Splicing machinery is drastically dysregulated in adamantinomatous craniopharyngiomas (ACPs). A Individual fold-change of each
splicing-machinery component expression level in ACPs compared to normal pituitary glands (NPs). B Hierarchical heatmap showing

expression levels of all the spliccosome components (major and/or minor) and splicing factors determined in NPs [Controls (green group);

n=11] and ACPs samples [red group; n=27] from our internal cohort. C Principal Components Analysis (PCA) of the mRNA expression levels

of the splicing-regulatory elements in the same set of samples. D Variable Importance in Projection (VIP) scores were obtained from Partial Least
Squares Discriminant Analysis (PLS-DA) of top-selected splicing machinery components. E Individual mRNA expression levels from selected
splicing machinery components (PRPF40A, RAVERT, PRPF8, and RBM22) in NPs and ACP tissues. F Receiver Operating Characteristic (ROC) curves
analysis confirming the ability of PRPF40A, RAVER1, PRPF8, and RBM22 to discriminate between ACPs and NPs. G Hierarchical heatmap showing
the expression levels of the top 4 most discriminating factors. H Hierarchical heatmap also showing the expression levels of the top 4 most
discriminating splicing-regulatory components (PRPF40A, RAVERT, PRPF8, and RBM22) in an independent cohort of in ACP and NP tissues (validation
cohort: GSE94349), as well as their PCA (I) and PLS-DA (J) analyses. Individual mRNA expression levels of PRPF8 (K), RAVER1, PRPF40A, and RBM22 (L)
in the ACPs and NPs of the validation cohort, and the ROC curve of PRPF8 showing the accuracy to discriminate between both groups of samples
(K). Individual mRNA expression levels of PRPF8, RAVERT, PRPF40A, and RBM22 in the ACPs and NPs of the validation cohort, and the ROC curve

of PRPF8 showing the accuracy to discriminate between both groups of samples. Data represent the median (interquartile range). **P < 0.01;

**P < 0.001, significantly different from the control (NPs) condition
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which revealed that 3 major SCs (PRPF8, PRPF40A,
RBM22) and one SF (RAVERI) showed the highest
variable importance in projection (VIP) (Fig. 1D). Spe-
cifically, expression of these four components was dras-
tically reduced in ACPs versus control-NPs (Fig. 1E),
and receiver operating characteristic (ROC)-curve
analyses corroborated the capacity of these SCs/SF
to finely distinguish between ACPs and controls-NPs
(Area Under the Curve (AUC) of 1 (p<0.0001; Fig. 1F).
Moreover, as depicted in Fig. 1G, the heatmap gener-
ated with only these four SCs/SF perfectly separated
ACPs from control-NPs, segregating them into two
clusters.

To further validate these findings, we analysed the
alterations in the expression levels of these splicing
machinery components in ACPs using a second cohort of
ACP samples (validation cohort) from Apps et al., 2018
[39]. Although the heatmap generated with the expres-
sion levels of PRPF40A, RAVERI, PRPF8, and RBM22
did not completely segregate ACPs and control-tissues
(Fig. 1H), PCA (Fig. 1I) and PLS-DA (Fig. 1J) analyses
showed a separation of these tissues. Analyses of these
4 splicing machinery elements individually revealed no
alterations in PRPF40A and RBM22 expression levels
between ACPs and NP controls (Fig. 1K-L). In contrast,
PRPF8 expression levels were significantly reduced in
ACPs versus control-NPs (Fig. 1K). In fact, ROC-curve
analysis corroborated again the capacity of PRPFS8 lev-
els to finely separate ACPs from NP controls (AUC of 1
(p<0.0067; Fig. 1K). Similarly, a trend for a statistically
significant reduction in RAVERI levels was also observed
(p=0.08; Fig. 1L).

Finally, the expression levels of the components of the
splicing machinery were also analysed and compared in
a set of available PCPs versus control-NPs (Table 1). A
marked reduction in the expression levels of SCs/SFs was
observed in PCPs. Non-supervised hierarchical analysis
based on the expression levels of all the splicing-machin-
ery components (Fig. 2A), as well as only on the expres-
sion levels of PRPF40A, RAVERI, PRPF8, and RBM22
(Fig. 2B), was also able to perfectly separate PCPs and
control-NPs into two independent clusters. Corroborat-
ing this finding, other computational analyses including
PCA (Fig. 2C) and PLS-DA (Fig. 2D) could also distin-
guish between these two sample groups. Similar to that
found in ACPs, expression of PRPF40A, RAVERI, PRPFS,
and RBM?22 was drastically reduced in PCPs versus con-
trol-NPs (Fig. 2E). Moreover, ROC-curve analyses cor-
roborated the capacity of these SCs/SF to distinguish
between PCPs and controls-NPs (AUC of 1; Fig. 2F).

Together, these data demonstrate a marked reduction
in the expression levels of SCs and SFs in ACP and PCP
tumours.
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Protein levels of PRPF40A, RAVER1, PRPF8, and RBM22 are
low expressed in human ACPs

Consistent with the results of mRNA, immunohis-
tochemical (IHC) analyses of ACP tumours (n=20)
revealed low nuclear protein staining for PRPF40A,
RAVER]1, PRPFS8, and RBM22 (representative images are
shown in Fig. 3A). Specifically, the detection of these SCs
and SFs exhibited heterogeneity across various compart-
ments, encompassing cluster cells, palisading epithelium,
and glial tissue, without demonstrating a discernible
expression pattern across them. Specifically, IHC analy-
ses revealed negative (score 0) or low (score 1) nuclear
protein staining for PRPF40A, RAVERI1, PRPFS8, and
RBM22 in 88%, 100%, 72%, and 27% of the ACP samples,
respectively (Fig. 3B), which is in general consistent with
the mRNA results previously observed.

The dysregulation of the splicing machinery is associated
with relevant clinical and pathological parameters

First, we analysed whether the expression levels of
PRPF40A, RAVERI, PRPFS, and RBM22 were linked
with patients’ survival and tumour recurrence. No asso-
ciation was observed between survival status and the
expression levels of these SCs/SF (Fig. 4A). In contrast,
we found that PRPF8 and RAVERI mRNA levels were
significantly upregulated in recurrent (n=13) relative
to primary ACP (n=10) tumours and PRPF40A showed
a trend towards increased expression that did not reach
statistical significance (Fig. 4B). Non-supervised hier-
archical analysis based on the expression levels of these
4 spliceosome elements was able to segregate most of
the primary and recurrent tumours into two clusters
(Fig. 4B). Furthermore, ROC curve analyses showed a
high, and statistically significant, separation capacity for
tumour recurrence for all the selected splicing machin-
ery elements (PRPF40A, RAVERI, PRPF8, and RBM22;
Fig. 4C), suggesting a putative prognostic value of these
elements for tumour recurrence pending further analy-
ses. Interestingly, PRPFS8, but not RAVERI, RBM22, or
PRPF40A, mRNA levels were also significantly and posi-
tively correlated with the %KI67 (Fig. 4D). Moreover,
PRPF40A, PRPFS, and RBM22 mRNA levels were also
correlated with the frequency of CTNNBI mutations
(Fig. 4E). Based on all these data (in particular those
shown in Fig. 4B), we selected PRPF8 and RAVERI for
further analyses.

Modulated/altered expression levels of PRPF8 and RAVER1
are linked with critical cancer processes, signalling
pathways and survival rate in ACP cells

We next performed a GeneSet Enrichment Analysis
(GSEA) using two human cohorts of patients with ACPs
[validation cohort (GSE94349) and external cohort
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Fig. 2 Splicing machinery is also dysregulated in papillary craniopharyngiomas (PCPs). A Hierarchical heatmap showing expression levels of all
the spliceosome components (major and/or minor) and splicing factors determined in NPs [Controls (green group); n=11] and PCPs samples [red
group; n=4] from our internal cohort. B Hierarchical heatmap showing the expression levels of the top 4 most discriminating factors (PRPF40A,
RAVERT, PRPF8, and RBM22). C Principal Components Analysis (PCA) and D Partial Least Squares Discriminant Analysis (PLS-DA) of the mRNA
expression levels of the splicing-regulatory elements in the same set of samples. E Individual mRNA expression levels from selected splicing
machinery components (PRPF40A, RAVERT, PRPF8, and RBM22) in NPs and PCP tissues. F Receiver Operating Characteristic (ROC) curves analysis
confirming the ability of PRPF40A, RAVERT, PRPF8, and RBM22 to discriminate between PCPs and NPs. Data represent the median (interquartile

range). *P<0.05, significantly different from control tissues

(GSE68015)] and different gene databases (Hallmarks,
REACTOME, and KEGGQG) to interrogate the molecu-
lar and pathophysiological implication of the presence
of low or high expression levels of PRPF8 and RAVERI
in ACPs. Interestingly, we found that low expression

levels of PRPF8 and RAVERI were significantly linked
with: (i) several key cancer-related processes [e.g., angio-
genesis, epithelial-mesenchymal transition (EMT)], (ii)
immunomodulatory activity (e.g., interferon signalling,
interleukins signalling, inflammasomes), and (iii) the



Fuentes-Fayos et al. Acta Neuropathologica Communications (2025) 13:142 Page 7 of 21

PRPF40A RAVER1 PRPF8 RBM22

Score 2 Score 1 Score 0

Score 3

B
10 | Il Score 0
80 [] score 1
[ Score 2
1 [ score 3

40

20+

IHC (Frequency Score)

0=

PRPF40A RAVER1 PRPF8 RBM22

Fig. 3 Protein expression levels of PRPF40A, RAVER1, PRPF8, and RBM22 in human ACP tissues. A Representative images of PRPF40A, RAVERT1,
PRPF8, and RBM22 immunohistochemical categories in formalin-fixed paraffin-embedded (FFPE) ACP tissues (Scale bar, 100 um). B Percentage

of ACP samples with different Immunoreactivity Scores [IRS; Score 0 (negative, IRS 0-1); Score 1 (low, IRS 2-3); Score 2 (medium, IRS 4-8); and Score
3 (high, IRS 9-12)]



Fuentes-Fayos et al. Acta Neuropathologica Communications

A PRPF40A
4x104 1.5x10%
L 3x104
2 1%105
33
% § 2x104
E= 5%10+
& 1x104 E
0 0
NO  YES
EXITUS
RAVER1
2.5%x104 5%104
= 2x104 4x104
5 Z
B & 1.5%104 3x104
o
2
é @ 1x104 2x104
E5
< sx100 1x104
0 0
NO  YES
EXITUS

PRPF40A

*p value=0.0346
AUC=0.7727

25 50 5 100
180% - Spacificity%h

RAVER1

*p value=0.0075
AUC=0.8455

180% - spacificiyss” '

PRPF40A mRNA expression level
(log2 FC)

% freq. CTNNB1 mutation

g
S

RAVER1 mRNA expression level
(log2 FC)
= Y

S

% freq. CTNNB1 mutation

PRPF8

=3
YES
EXITUS

NO

RBM22

X

NO  YES
EXITUS

2
)
=
3
2
5
&

PRPF8 mRNA expression level
(Iog2 FC)

mRNA level
(adjusted by NF)

I Primary ACP
I Recurrent ACP

PRPF8

(2025) 13:142

1x105+

8x104

EN =3
3 X
=) =)
o r

9{\“\6‘\]

“p value=0.0039
AUC=08727

180% - Spacificity?”

RBM22

100

*p value=0.0242
AUC=0.7909

50 75
158% - Specificity%

S

(log2 FC)
B

10.8:

RBM22 mRNA expression level

% freq. CTNNB1 mutation

% freq. CTNNB1 mutation

PRPF40A

0.0889

2x10%
0-

*
@®
oo
@e

4x10%

3x104:

2x104:

1%104

(adjusted by NF)

1x1054

8x104+

6x104

4x104+

2x10%4

PRPF8

0

3

T

e

v e
N o
e

4x10%4

3x104

2x10%+

1x104

RAVER1

Page 8 of 21

RBM22
4x104-

3x104
2x10%

1x104

PRPF40A mRNA level

- x10‘J

1.5%104

1x104

RAVERT mRNA level
(adjusted by NF)
@
g
2

r0.59 |

- . .
T T
5 10
KIB7 (%)

r:0.19

KIB7 (%)

PRPF8 mRNA level

'RBM22 mRNA level

(adjusted by NF)

(adjusted by NF)

8x104

6x104-

4x104

2x104+

class

PRPF40A

'z
1

0

RBM22

RAVER1

1
PRPF8
2
2

-2x104-

5%104
4x104+
3x104+
2x104
1x104+

“x104-

r: 0.66*

. T T
5 10
KIB7 (%)

r:0.58

+ T T
5 10
KIB7 (%)

Fig. 4 The dysregulation of key splicing-regulatory elements in human CP tissues is associated with relevant clinical and pathological parameters.
A Individual mRNA expression levels from PRPF40A, RAVERT, PRPFS, and RBM22 in relation to: A survival status, and B primary versus recurrent
tumours. A hierarchical heatmap and ROC curves analysis are also shown comparing primary and recurrent tumours (B [bottom panel; 10 primary
(red group) and 13 recurrent (green group) tumours] and C, respectively]. Data represent median (interquartile range), and Spearman was used

as a correlation test. D) Correlation of PRPF40A, RAVERT, PRPF8, and RBM22 expression levels and %KI67 positive cells. Spearman test was performed.
E Correlation of PRPF40A, RAVER1, PRPF8, and RBM22 expression levels with the frequency of CTNNBT mutations in patients with CPs. Spearman test
was performed. *P <0.05, ***P < 0.001; ****P < 0.0001, indicate significant differences between groups or in the analysis performed
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modulation of relevant signalling pathways (e.g., hypoxia,
JAK/STAT pathway, K-ras signalling) (data from valida-
tion cohort showed in Fig. 5A, and from external showed
in Supplemental Fig. 2A; details in Table S2), while high
PRPF8/RAVERI expression levels were connected with
enrichment of different relevant processes (e.g., MYC tar-
gets, WNT/B-catenin and Hedgehog signalling) (Fig. 5A;
Supplemental Fig. 2A; Table S2).

Notably, we demonstrated that in vitro overexpression
of RAVERI and PRPF8 (validation showed in Supple-
mental Fig. 2B) significantly reduced the survival rate in
primary ACP-derived cell cultures (Table 2) compared to
mock-control ACP cells at 24-, 48- and/or 72 h (Fig. 5B).
In line with this, alterations in the expression levels of
some key molecular factors associated with oncogenic
processes relevant in CP physiopathology seem to occur
in response to PRPF8-overexpressing and RAVERI-
overexpressing in primary ACP cell cultures [i.e., upreg-
ulation of CDH1 (a negative epithelial/mesenchymal
transition-EMT marker [40]) and SOCS2 (inhibitor of
JAK/STAT signalling [41]), and downregulation of VIM
(positive EMT marker [42]), C-MYC (proliferative onco-
genic marker [43]), and EPAS1 (hypoxia marker [44])]
(Fig. 5C).

In support of the previous data, phosphorylation
analyses of proteins belonging to relevant oncogenic
pathways of ACP cells revealed the potential involve-
ment of different molecular pathways in the observed
actions of PRPF8 and RAVERI in primary ACP cell
cultures (Fig. 5D, and Supplemental Fig. 2C). Specifi-
cally, we observed clear hyperphosphorylation of pro-
teins belonging to the MAPK pathway [especially in
RAVERI-overexpressing condition (CREB, ERK1-ERK2,
HSP27, NK, MEK, MKK3, MMk6, MSK2, MAPK14,
TP53, RPS6KA1, and RPS6KA3), and in a lesser extend

(See figure on next page.)
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in PRPF8-overexpressing cells (i.e., CREB, JNK, MEK,
MMk6, and RPS6KA1)], as well as proteins belonging to
the AKT pathways (i.e.,, AKT, AMPK, BAD, EIF4EBPI,
GSK3A, GSK3B, MTOR, CDKNBI, P70S6K, PDKI,
PRAS40, PTEN, RAF1 and RPS6 in both RAVERI-over-
expressing and PRPF8-overexpressing cells) (Fig. 5D;
Supplemental Fig. 2C-D). Moreover, a slight overall
decrease of phosphorylation levels in key players of the
JAK/STAT (i.e., SHP1 and JAK2 in RAVERI-overexpress-
ing cells; and, SHP1, JAK2, EGFR, STAT3 in PRPFS8-
overexpressing cells), NF-kB (i.e., ATM and HDAC2
in RAVERI-overexpressing cells; and, ATM, HDAC2,
TBK1, and ZAP70 in PRPF8-overexpressing cells), and
TGEB (i.e., ATF2, SMAD1 and SMAD4 in RAVERI-
overexpressing cells; and, FOS and JUN in PRPF8-over-
expressing cells) pathways was also observed (Fig. 5D;
Supplemental Fig. 2C).

The splicing pattern is different in ACPs compared

to non-tumour samples

Through bioinformatic tools, splicing events were com-
pared in ACP samples versus non-tumour control-sam-
ples (Fig. 6). Specifically, Alternative First Exon (AF) and
Skipping Exon (SE) were the events more differentially
produced, followed by Alternative 3° splice site (A3),
Alternative 5 splice site (A5), and Retention Intron (RI),
and in the lowest proportions Alternative Last Exon (AL)
and Mutually Exclusive Exons (MXE) (Fig. 6A). Enrich-
ment analysis from alternatively spliced genes compar-
ing ACPs versus non-tumour control-samples revealed
different biological processes, highlighting endocytic
pathways (Clathrin-mediated Endocytosis Signalling,
SNARE Signalling Pathway), regulation of EMT, and
immunomodulation (Natural Killer Cells, Granulocyte
Adhesion, etc.) (Fig. 6B). Additionally, two different

Fig. 5 Alteration in RAVER1 and PRPF8 expression levels could be patho-physiologically relevant in CPs. A GSEA analysis was carried

out in Hallmarks, REACTOME, and KEGG gene set databases clustering into high and low RAVERT (top panel) and PRPF8 (bottom panel) expression
levels and the most relevant altered pathways are shown using ACP samples from the validation cohort (GSE94349). Statistical threshold FDR < 0.25.
B Cell survival of primary ACP-derived cells in response to RAVER1-overexpression or PRPF8-overexpression compared to mock-transfected

cells (control; indicated as a dotted line at 100%) [24, 48, and 72 h]. Data represent means + SEM. *P < 0.05; **P < 0.01, significantly different

from control (mock-transfected cells) condition. C Individual expression levels of key oncogenic markers in ACP-derived cells (n=3; CDH1, SOCS2,
VIM, C-MYC, EPAST, and VEGFA) in response to RAVERT-overexpression or PRPF8-overexpression compared to mock-transfected cells (control;
indicated as a dotted line at 100%). Data represent means + SEM. *P < 0.05; **P < 0.01, significantly different from control (mock-transfected cells)
condition. D Left panel: Membranes of the phosphoprotein array showing the circle spots (phosphorylation levels) quantified of 5 oncogenic
signalling pathways (MAPK, AKT, JAK/STAT, NF-kB, and TGF[ pathways; 55 phosphorylated proteins) in response to RAVER1-overexpressing

or PRPF8-overexpressing primary ACP-derived cells and mock-transfected ACP cells (control) [ACP-derived patient cells lysates (1/3 dilution)

from 3 pooled-patients per condition per group]; Top right panel: Log2 (Fold Change) of individual phosphorylation protein levels in response

to RAVER1-overexpressing or PRPF8-overexpressing primary ACP-derived cells compared with mock-transfected ACP cells (control) [threshold:
log,(FC)=0.2, as previously reported[103]]; Bottom right panel: Heatmap showing the fold-change mean corresponding to each pathway

in response to RAVER1-overexpressing or PRPF8-overexpressing primary ACP-derived cells and mock-transfected ACP cells (control) Membranes
were incubated with blocking buffer at 25 °C for 30 min and then incubated overnight at 4 °C with 1 mL of primary ACP-derived patient cells lysates
(1/3 dilution) from 3 pooled-patients per condition [Mock (Negative Control), PRPF8 and RAVER1 overexpressed cells]
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Table 2 Demographic parameters of the craniopharyngiomas
samples (all ACPs) used to obtain primary ACP-derived cell
cultures

Parameters Experiments
PRPF8/RAVER1 Pladienolide B treatment
overexpression

Patients (n) 3 5

Gender (M/F) 2 (66.66%)/1 (33.33%) 2 (40.0%)/3 (60.0%)

Mean age 57.3 (34-70) 534 (34-70)

at surgical

intervention

(range)

Histological 3 (100%)/0 (0%) 5 (100%)/0 (0%)

type (Adaman-
tinomatous/
Papilar)

bioinformatic algorithms (SUPPA2 and EdgeR—see
methods) were used to identify splicing processes alter-
natively produced between ACPs and non-tumour con-
trol-samples which revealed 93 differentially spliced
genes with the SUPPA2 and 267 spliced genes with EdgeR
tools (Fig. 6C; details in Table-S3). Remarkably, 22 spliced
genes resulted to be common across both bioinformatic
algorithms (Fig. 6C; Table S3; Supplemental Fig. 3A),
wherein an enrichment in clathrin/reelin/immune sys-
tem processes was found (Fig. 6D). Interestingly, specific
markers relevant in CP pathophysiology (i.e, AXIN2,
BMP4, SHH, etc. [39, 45, 46]) showed also dysregulations
in delta Percent Spliced In (dPSI) comparing splicing
events in ACPs and non-tumour control samples (Sup-
plemental Fig. 3B).

Pharmacological inhibition of the splicing machinery
reduces survival rate of ACP cells

As a proof of concept of the previously observed data
indicating that the alteration of the splicing machinery
could be pathophysiological relevant in CPs, we evalu-
ated the effect of the pharmacological inhibition of the
splicing machinery using pladienolide B [10~ M; an
inhibitor of the activity of the splicing-factor-3B-sub-
unit-1 (SF3B1), a core spliceosome component] in the
survival rate of primary ACP cell cultures [Fig. 7; dose
selected by dose-response experiments (Supplemental
Fig. 4)] which revealed a significant decrease in the sur-
vival rate at 48 and 72 h.

Discussion

CPs are slow-growing and rare tumours of the CNS
(WHO grade I) that constitute approximately 1.2-
4.6% of all intracranial tumours (incidence of 0.5-2
cases per million people per year) [1], which have
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been recently classified as ACPs and PCPs tumour
types, differentiated based on distinct demographic,
radiological, and histopathological features, as well
as genetic alterations (i.e., CTNNBI vs. BRAFV600E
mutations, respectively) and profiles of methylation [3,
47]. Although histologically benign, both types of CPs
exhibit aggressive clinical behaviour, including com-
pression of normal pituitary tissue, optic chiasm, and
optic nerves, which can lead to severe endocrine defi-
ciencies and comorbidities and/or visual impairment
which drastically worsen notably the quality of life of
patients [3, 6, 47]. Moreover, diagnosis based on MRI,
prognostic factors, and, especially, therapeutic options
for CPs are very limited and typically involve surgery
as the first line of treatment, where resection cannot
be frequently completed causing high recurrence rates
[2]. Furthermore, given the invasive nature of some of
these tumours, very aggressive treatments (radiother-
apy and/or proton beam therapy) are often required,
which again can significantly impact patients’ quality
of life and reduce life expectancy [9]. Thus, the iden-
tification of new molecular diagnostic, prognostic,
and therapeutic tools enables us to refine their detec-
tion, define tumour behaviour (from tumourigenesis to
progression behaviours), and develop new treatments
deemed crucial to combat these devastating tumours.
In this context, accurate pre-mRNA splicing is essen-
tial for proper protein translation; however, dysregulated
RNA splicing is a molecular feature that characterizes
almost all tumour/cancer types, in which cancer-asso-
ciated splicing alterations can arise from both recurrent
mutations and altered expression of factors governing
splicing catalysis and regulation [13]. Thus, the splicing
process is regulated and carried out by the spliceosome, a
macromolecular machinery comprised of a combination
of multiple spliceosome components and splicing factors,
wherein defects in this molecular machinery have been
related to the initiation, progression, and/or aggressive-
ness of different tumours/cancer types, including several
intracranial tumours (glioblastoma [33], meningiomas
[48], pituitary tumours [32], etc.), and other tumour
pathologies [21, 23, 24, 30, 49-54]. Here, we demonstrate
for the first time a drastic dysregulation in the expres-
sion profile of the components belonging to the splicing
machinery (SCs and SFs) in a well-characterized cohort
of ACPs and PCPs as compared to control non-tumour
tissues (NPs and/or NBs), wherein most of the SCs and
SFs were markedly downregulated. Indeed, numer-
ous alterations in the expression of SCs/SFs were found
in CPs versus control samples compared with the more
limited tissue-specific alterations found in non-tumour
samples (brain versus pituitary comparison) suggest-
ing that a global spliceosome dysregulation might be a
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an expression-based molecular fingerprint of these SCs/
SFs able to perfectly discriminate between ACPs or PCPs
versus control tissues, which further reinforces the idea

molecular hallmark commonly observed across differ-
ent cancer types when compared with their associated
control-tissues. In fact, bioinformatics analyses defined
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Fig. 7 Inhibition of the activity of the splicing machinery reduces
survival rate of primary ACP cell cultures. Cell survival in response
to pladienolide Bat 107 M in primary ACP-derived cells (n=5),
measured by resazurin reduction. Data represent means +SEM.
**P<0.01;***P<0.001, significantly different from controls
(vehicle-treated cells)

that CPs curse with a global splicing dysregulation, as we
have previously reported in other tumour pathologies
[22, 23, 29, 30, 33, 53-55].

Substantiating this idea by evidence, we demon-
strated that differential splicing events were found in
ACPs as compared with non-tumour samples. Specifi-
cally, alternative First Exon, Skipping Exon, and alterna-
tive 3" acceptor site were the most differential splicing
events found in ACPs, being these events previously
associated with the malignancy of specific tumours
[56—58]. These altered splicing events, possibly pro-
duced (at least in part) by the drastic dysregulation in
multiple molecular elements of the splicing machinery
controlling the splicing process, could potentially drive
the generation of splicing events/variants of 22 alter-
natively spliced genes identified in the present study
in ACPs. Notably, these 22 alternatively spliced genes
were associated with endocytosis, inflammatory events,
reelin signalling (associated with EMT and inflamma-
tion processes in brain tissue [59]), etc., and some of
them (i.e., CLTA [60], SRRM3 [61], NDRG3 [62], VSIG
[63], PLXDC2 [64], MARCHFS [65], DGKZ [66], and
GIT1 [67]) have been widely reported as relevant fac-
tors in several tumour types (hepatocarcinoma [60],
neuroendocrine prostate cancer [61], gastric cancer
[62], head and neck tumours [64, 65], breast cancer [66,
67]), remarking the potential clinical value and patho-
physiological relevance of the results reported herein
in CPs. Additionally, mean dPSI of specific splicing
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event types also revealed a clear splicing alteration in
key markers associated with CP pathophysiology when
comparing CP versus non-tumour samples, highlight-
ing the sonic hedgehog (SHH), a signalling pathway
whose pathogenic role has been previously reported in
medulloblastoma [68].

Interestingly, further clustering analysis performed
in our internal cohort of ACP samples revealed that
PRPF40A, PRPF8, RAVERI, and RBM22 were the splic-
ing elements with higher capacity to discriminate
between ACP samples and control samples. Specifically,
the expression levels of these elements were drastically
reduced in ACPs versus NPs, and importantly, this altera-
tion and discriminatory capacity of these elements were
also observed in PCPs compared to NPs and similarly
confirmed for RAVERI, and especially for PRPFS8, in an
independent validation cohort of ACPs. However, results
with PCP samples should be interpreted with caution
given the limited number of patients available for these
studies (i.e., PCPs accounted for only 10% of cases of all
CPs) [5]. Notably, we also evidenced an overall low pro-
tein level of PRPF40A, PRPF8, and RAVERI1, whereas
RBM22 protein levels displayed a more homogeneous
proportion in ACP tissues. Unfortunately, IHC analyses
could not be performed in PCPs given the limited avail-
ability of samples to perform this analysis.

Then, we analysed the potential implication of the
alteration of PRPF40A, PRPF8, RAVERI, and RBM22 in
the pathophysiology of ACPs. Specifically, our data may
highlight a putative prognostic value of tumour recur-
rence (a critical clinical problem in CPs [69]) for PRPF8
and RAVERI since their levels were upregulated in recur-
rent versus primary tumours. In this context, we might
hypothesise that this upregulation in the expression lev-
els of PRPF8 and RAVERI observed in recurrent tumours
(closer to non-tumour samples) might be associated with
radiotherapy treatment received by these patients as it
has been reported to influence changes in transcription
and splicing process of multiple genes [70, 71]. Interest-
ingly, PRPFS, but not RAVERI, mRNA levels were also
significantly and positively correlated with the %KI67 (a
well-known tumour prognosis marker [72]), and with
the frequency of CTNNBI mutations, which further sup-
ports the prognostic value of PRPFS8. In fact, the asso-
ciation between PRPF8 and the frequency of CTNNBI
mutations could be clinically relevant since ACPs are
driven by somatic mutations in CTNNBI (encoding
[-catenin) that affect f-catenin stability wherein mutated
B-catenin cannot be efficiently degraded, leading to its
nuclear accumulation and the activation of Wnt signal-
ling pathway, which is critical for ACP development [3,
6-8]. Based on these and the previous results, PRPF8 and
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RAVERI were selected to perform further functional and
molecular studies.

Actually, we found that PRPF8 and RAVERI directly
associate with ACP cells aggressiveness. Specifically, the
overexpression of both elements in primary ACP cell
cultures decreased their survival rate and also altered
the expression of genes involved in relevant tumour
processes such as the EMT (i.e., CDHI and VIM) [40,
42], proliferation (i.e., MYC, which is also a target gene
from p-catenin/WNT pathway) [43, 73, 74], and hypoxia
(i.e., EPASI) [44]. This result could contradict our pre-
vious findings on the correlations between PRPF8 and
RAVERI with %KI67, suggesting that the role of %KI67
in the tumour may extend beyond proliferation [75-77].
In addition, PRPF8 and RAVERI have been associated
with certain tumour pathologies (breast, liver, lung, ovar-
ian and pancreatic cancers, myeloid neoplasms, and glio-
blastoma) [29, 54, 78-81], to the best of our knowledge,
this is the first report identifying a relevant functional
role of these splicing machinery elements in human CPs.
In support of these findings, GSEA analysis revealed an
enrichment of JAK/STAT signalling pathway in ACP
samples with low mRNA levels of PRPF8 and RAVERI,
a signalling pathway that has been previously reported
as constitutively hyperactivated in brain tumours [82—
85]. Additionally, low expression levels of PRPF8 and/or
RAVERI were also associated with general hallmarks of
cancer, such as hypoxia (related to the increased levels
of HIF-1a in ACPs [86]), angiogenesis (even considered
as a prognostic factor in CP [87, 88]), EMT (relevant in
CP progression through VIM, cadherin, and B-catenin
markers [89, 90]). Even more, the previous analyses of
differential splicing events also suggested a potential
link between low levels of PRPF8 and/or RAVER1 and
the previously reported increase in immune infiltra-
tion observed in both ACPs and PCPs [91, 92], since low
levels of these splicing elements were associated with
inflammatory response, cytokine interaction, and inflam-
masome events. In this sense, it has been reported that
interleukin-6 (enriched in low PRPFS8 expression level
samples) is capable of inducing an EMT phenotype in
ACP cells and promotes tumour aggressiveness [93]
and also could act as a tumour inductor associated with
inflammation in CPs [94].

Next, to interrogate the signalling mechanisms under-
lying the pathophysiological role of PRPF8 and RAVERI
in CPs, we explored an ample range of cancer-related sig-
nalling pathways in response to PRPF8 and RAVERI over-
expression in primary ACP cell cultures. In accordance
with the previously observed enrichment of JAK/STAT
signalling pathway in ACP samples with low mRNA lev-
els of PRPF8 and RAVERI (GSEA analysis), a striking
downregulation of JAK/STAT phosphorylation levels
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was observed in cells overexpressing PRPF8 (through the
decrease of SHP1, JAK2, STAT3, and EGFR) as well as in
cells overexpressing RAVERI (through SHP1 and JAK2).
Additionally, PRPF8-overexpressed cells also exhibited
a decrease in phosphorylation levels of NF-«kB (through
the reduction of HDAC2, ATM), and the increase of
NFKBIA (inhibitor of NF-kB pathway), being both path-
ways related to the progression of cancer including brain
tumours [83, 84, 95]. Similarly, a downregulation in the
phosphorylation levels of the TGF-p pathway (through
ATF2, SMADI1, SMAD4) was also observed in RAVERI-
overexpressed cells which have been associated with the
development of certain tumour types [39, 83]. Overall,
these data provide original, compelling evidence indicat-
ing that the molecular elements of the splicing machin-
ery PRPF8 and RAVERI are functionally linked to these
well-known pathophysiologically relevant pro-oncogenic
pathways in CPs [JAK/STAT, NF-kB and NFKBIA signal-
ling in PRPF8-overexpressed cells; JAK/STAT, and TGF-p
signalling in RAVERI-overexpressed cells], which further
support the potential clinical-pathophysiological impor-
tance of the dysregulation of the splicing machinery in
ACPs. In contrast, two reported pro-oncogenic pathways
in CPs, the AKT and MAPK signalling routes [96, 97],
were found to be hyperphosphorylated in response to
PRPF8- and RAVERI1-overexpression, which might sug-
gest that PRPF8/RAVERI] overexpression could be forc-
ing to CP cells to be more dependent on these critical
pathways. Although further analyses would be necessary
to clarify these unforeseen findings, we might speculate
that a combined therapy between AKT/MAPK inhibi-
tors (already purposed as a therapeutic strategy to com-
bat CPs [39, 96]) and modulators of splicecosome PRPF8/
RAVERI actions may perhaps be a therapeutic option
worth to be tested in the future.

As a matter of fact, our study provides an initial,
unprecedented proof-of-concept on the suitability of
splicing dysregulation as a novel potential target for CP
treatment by demonstrating that the pharmacological
impact of inhibiting the splicing process has significant
beneficial consequences in ACP cells. Specifically, we
tested the direct effects of pladienolide-B in primary ACP
cell cultures which demonstrate, for the first time, that
the inhibition of the spliceosome activity significantly
inhibited cell survival in primary ACP cell cultures,
which compares well with recent data from our group
showing that pladienolide-B reduced proliferation rates
in the pituitary, brain, prostate, liver, pancreas, and oral
tumours [26, 31, 32, 34, 98, 99].

Taken together, our results unveiled new conceptual
and functional avenues in CPs, with potential therapeutic
implications, by demonstrating for the first time a dras-
tic dysregulation of the splicing machinery in CPs. This
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is likely relevant clinically, because the dysregulation of
some of these spliceosome elements, especially PRPF8
and RAVER], directly associates with tumour recurrence
and the frequency of CTNNBI mutations, supporting not
only their diagnostic value but also a prognostic capac-
ity. Moreover, we unveil the role of PRPF8 and RAVER1
in crucial pathophysiological processes of CPs, including
cell survival and key oncogenic processes such as EMT,
and likely mediated through the modulation of critical
oncogenic signalling pathways (i.e., JAK/STAT). Finally,
our data highlight the inhibition of the activity of the
splicing machinery as a putative pharmacological target
in CPs, offering a clinically relevant opportunity worth
exploring in humans. Therefore, our study provides solid,
convincing evidence demonstrating the potential of the
splicing machinery and the splicing process as a novel
molecular mechanism to better understand CP biology
and identify candidate biomarkers and actionable targets
to tackle this devastating pathology.

Appendix

Star methods

Reagents

Unless otherwise indicated, reagents and products were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Pladienolide B was obtained from Santa-Cruz Biotech-
nology (CAS 445493-23-2).

Patient cohort and samples

A total of 31 tumour samples were obtained by intrac-
ranial surgery from patients previously diagnosed
with CPs [adamantinomatous craniopharyngioma
(ACPs; n=27) or papillary craniopharyngioma (PCPs;
n=4)] from the Reina Sofia University Hospital (Cor-
doba, Spain) and Virgen del Rocio University Hospital
(Seville, Spain) (Cohort-1; Table 1). The Andalusian
Public Health System Biobank Biobank coordinated the
collection, processing, management, and assignment of
the biological samples used in this study, according to
the standard procedures established for this purpose.
Control (non-tumour) pituitary tissues (n=11; Table 1)
and brain tissues (n=4; Table 1) were obtained from
autopsy and craniotomy, as previously described [32].
Non-tumour brain samples were resected from Broca
region, an area nearest to suprasellar region wherein
craniopharyngiomas (CPs) are usually located [6]. All
samples were histologically evaluated by expert pathol-
ogists to verify their diagnosis (CPs and/or normal
pituitary/brain tissues) and to ensure the presence of
tumours in the CP specimens. Available demographic
and clinical characteristics of all patients/donors
from cohort-1 were collected to carry out clinical
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correlations (Table 1). Recurrence was determined by
the identification of a new lesion following gross total
removal or regrowth of a tumour remnant during fol-
low-up MRI neuroimaging. This study was conducted
in accordance with the ethical standards of the Helsinki
Declaration, of the World Medical Association, and
with the approval of the Hospital Ethics Committee.
Written informed consent was obtained from all indi-
viduals included in the study. Additionally, data from
two different additional cohorts were also used to per-
form GeneSet Enrichment Analyses: One previously
reported by our team [validation cohort (GSE94349);
RNA-Seq data (n=18 ACPs, and n=3 non-tumour
samples)] [39]; 2) microarray data from an external
cohort (HG-U133plus2; n=27 ACPs) from GSE68015
[92] (see more details below in “Bioinformatic and sta-
tistical analysis” section).

RNA isolation, retrotranscription, real-time quantitative-PCR
(qPCR), and customized qPCR dynamic array based
on microfluidic technology
Total RNA from Formalin-Fixed Paraffin-Embedded
(FFPE) normal and tumour samples was isolated, and
DNase-treated using the Maxwell 16 LEVRNA FFPE Kit
(Promega, Madison, WI, USA) according to manufac-
turer instructions in the Maxwell MDx 16 Instrument
(Promega). Total RNA from transfected primary ACP-
derived cell cultures was extracted with TRIzol® Rea-
gent (Thermo Fisher, Waltham, MA, USA). In all cases,
total RNA concentration and purity were assessed by
Nanodrop One Microvolume UV-Vis Spectrophotom-
eter (Thermo Fisher). For qPCR and microarray analyses,
total RNA was retrotranscribed using random hexamer
primers and the RevertAid RT Reverse Transcription
Kit (#K1691, Thermo Fisher). Thermal profile and qPCR
analysis to obtain absolute mRNA copy number/50 ng of
sample of selected genes are reported elsewhere [32, 33].
As previously reported by our group [28, 32, 33, 55],
a customized qPCR dynamic array based on microflu-
idic technology (#BMK-M-48.48, Fluidigm, San Fran-
cisco, CA, USA) was validated and implemented to
determine and compare the simultaneous expression of
48 transcripts in 31 CPs, and in 11 and 4 non-tumour
pituitary and brain samples, respectively, using the Bio-
mark System and the Fluidigm® Real-Time PCR Analy-
sis Software v.3.0.2 and Data Collection Software v.3.1.2
(Fluidigm). The samples were pre-amplified and treated
with exonuclease I (New England Biolabs, Ipswich, MA,
USA). Specific primers for human transcripts includ-
ing components of the major spliceosome (n=13),
minor spliceosome (n=4), associated splicing factors
(n=28), and three housekeeping genes [B-actin (ACTB),
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hypoxanthine—guanine phosphoribosyl-transferase
(HPRTI1), and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) in order to calculate a normalization
factor with GeNorm v.3.3 software] were specifically
designed with the Primer3 software (Supplementary
Table S1), as previously reported [32, 33].

Tissue microarrays (TMAs) preparation

and immunohistochemical analyses

Tissue microarrays (TMAs) were prepared using FFPE
tissues of CPs (n=20) obtained from archival sources
of Cohort-1. Tumour regions of the paraffin blocks
were identified by an experienced pathologist based
on hematoxylin/eosin-stained sections, and cylindrical
tissue cores were relocated for inclusion in the TMAs.
Duplicate samples of each tissue were also included in
the TMAs. Immunohistochemical analysis was per-
formed as previously described [100]. Briefly, 5 pm
TMA sections were prepared and processed by depar-
affinization, rehydration, and permeabilization in 0.2%
Triton X-100 in PBS using the PT Link system (Agi-
lent, Santa Clara, CA, USA). When required, epitope
retrieval was performed using Tris—EDTA buffer (pH 9)
or Sodium citrate buffer (pH 6) according to the type
of primary antibody. Then, the sections were blocked
using 3% normal donkey serum in PBS for 45 min at
room temperature. Primary antibodies were used at the
following dilutions: rabbit anti-PRPF8 (1:200, ab79237;
Abcam, Cambridge, UK), anti-RBM22 (1:200, ab59157;
Abcam), anti-RAVER1 (1:100, PA5-60,424; Thermo
Fisher), and anti-PRPF40A (1:200, ab204371; Abcam).
Moreover, proliferating cells were stained by a mono-
clonal rabbit anti-KI67 (clone 30-9, VENTANA, Roche,
790-4286) using an automated immunostainer instru-
ment (VENTANA, Roche, Basel, Switzerland) follow-
ing the manufacturer’s instructions. Negative controls
were performed by replacing the primary antibody with
PBS. Additionally, haematoxylin counterstaining was
applied. The Ki-67 index was determined by calculating
the proportion of positively stained tumour cell nuclei
among the total number of malignant cells scored. For
each sample, four high-power fields were randomly
selected and counted (at least 500 tumour cells per
sample were evaluated).

Semi-quantitative measurement of immunoreactivity
for PRPF8, RAVER1, RBM22, and PRPF40A was also
performed following methods previously described [25,
29]. Specifically, we used the Immunoreactivity Score
(IRS) method, a widely accepted scoring system used
in biomedical research combining staining intensity
(0=no staining; 1 =weak; 2 =moderate; and 3 =strong)
and proportion of cell nuclei-positively stained (0=0%;
1=1-10%; 2=11-50%; 3=51-79%; and 4= >80%). A
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final classification was determined by categorizing the
IRS values into four categories based on the multipli-
cation of intensity and proportion values: 0 (negative,
IRS, 0-1); 1 (low, IRS, 2-3); 2 (medium, IRS, 4-8); and
3 (high, IRS, 9-12). Bright-field images were captured
using a BX-61 microscope (Olympus, Madrid, Spain).

Primary patient-derived ACP cell cultures

ACP samples were collected after intracranial surgery
and immediately transported to the cell culture room in
sterile cold Spinner’s modified Eagle medium (S-MEM;
#11,380-037, Gibco, Barcelona, Spain) complemented
with 0.1% bovine serum albumin (BSA; #A2153), 0.01%
l-glutamine (#G7513), 1% antibiotic—antimycotic solu-
tion (#R01510, Gibco) and 2.5% HEPES (#H3537). Then,
ACP samples were dissociated into single cells following
methods previously validated and described [101], using
a mechanic/enzymatic protocol with 2% Collagenase IV
(#17,104,019, Thermo Fisher) and 0.15% trypsin lyophi-
lized powder (#215,240, BD Biosciences, Madrid, Spain).
Cell viability was always determined by the trypan-blue
dye method, excluding those with a low proportion of
cells or a high presence of calcifications. The single cells
were cultured onto poly-l-lysine (#P1524-25MGQG) tissue
culture plates in a 10% foetal bovine serum (FBS; #F6765)
containing Dulbecco’s modified Eagle medium (DMEM)
supplemented with D-valine (#06-1055-09-1A, Sartorius,
Gotinga, Germany), complemented as S-MEM medium
to perform functional/molecular assays. Demographic
characterization of the ACP-samples used to obtain
primary human sample-derived cell cultures (n=5) is
depicted in Table 2.

Overexpression of PRPF8 and RAVER1 by specific plasmids
Pre-designed overexpression plasmids for upregula-
tion of endogenous PRPF8 and RAVERI expression lev-
els (OHu19527C and OHu05974, GenScript, NJ, USA;
respectively; 1,000 ng/mL) were individually transfected
in primary patient-derived ACP cell cultures seeded in
a 6-well plate (500,000 cells/well) using Lipofectamine
2000 reagent (#11,668,019, Thermo Fisher), according to
the manufacturer’s instructions and following methods
previously described [25, 102]. Empty plasmid pcDNA3.1
was used as a negative-overexpressed control. After 48 h
of transfection, cells were collected for: 1) validation of
the transfection; 2) to extract proteins in order to analyse
protein phosphorylation levels; or 3) seeded for measure-
ment of survival and gene expression modulation (see all
below).
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Measurement of protein phosphorylation levels using
pathway profiling array

A phosphorylation pathway profiling array was used
[Human Phosphorylation Pathway Profiling Array C55
kit (#AAH-PPP-1-8, Raybiotech, GA, USA); Supplemen-
tal Fig. 2D], following the manufacturer’s protocols and
as recently reported [103, 104]. Briefly, membranes were
incubated with blocking buffer at 25 °C for 30 min and
then incubated overnight at 4 °C with 1 mL of primary
ACP-derived patient cells lysates (1/3 dilution) from 3
pooled-patients per condition [Mock (Negative Con-
trol), PRPF8 and RAVERI overexpressed cells]. Then,
membranes were first incubated with Detection Anti-
body Cocktail at room temperature for 2 h and then with
horseradish peroxidase (HRP)-labelled anti-rabbit sec-
ondary antibody at room temperature for 2 h. The signals
were collected after adding ECL-reagent by ImageQuant
LAS 4000 (GE Healthcare). Densitometric analysis of the
array spots was carried out with Image]J software (Protein
Array Analyzer, an extension of Gilles Carpentier’s Dot-
Blot-Analyzer) using positive control spots as a normal-
izing factor.

Measurement of cell survival rate in response to PRPF8

and RAVER1 overexpression and to the inhibition

of spliceosome activity

Cell survival in response to PRPF8 and RAVERI overex-
pression as well as in response to pladienolide B treat-
ment (an inhibitor of the spliceosome activity) was
determined using Resazurin reagent (#R7017, Thermo
Fisher) after seeding 10,000 primary ACP cells/well, fol-
lowing protocols previously validated and described [32—
34]. Briefly, cells were seeded in 96-well culture plates,
and serum-starved for 12—-16 h in order to achieve cell
cycle synchronization. Then, cell survival was measured
at 0, 24, 48, and 72 h using Flex Station III (Molecular
Devices, Madrid, Spain).

Bioinformatic and statistical analysis

Internal cohort data were evaluated for heterogeneity of
variance using the Kolmogorov—Smirnov test. Statisti-
cal differences were assessed by t-test, Mann—Whitney
U-test, or by one-way ANOVA followed by Fisher’s cor-
rection exact test. qPCR microarray results were ana-
lysed by several tests, models, and hierarchical cluster
algorithms, which allowed us to make an accurate assess-
ment. Correlations were studied using the Spearman
correlation test. All statistical analyses were performed
using Prism software v.8.0 (GraphPad Software, La Jolla,
CA, USA) except the clustering analyses which were
performed with MetaboAnalyst Software v.5.0 (McGill
University, Quebec, Canada). Additionally, two avail-
able cohorts were used to perform GeneSet Enrichment
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Analysis [GSEA, v.4.3.2: GSE94349 [39] (n=18 ACPs,
and #=3 non-tumour samples); GSE68015 [92] (n=27
ACPs)]. These enrichment analyses were carried out
identifying differentially expressed genes for Hallmarks
(h.all.v2023.1), Reactome (c2.cp. Reactome.v2023.1), and
KEGG (c2.cp.kegg.v2023.1) Gene Set Databases. A sta-
tistically significant cutoft for GSEA analyses was set at
FDR<0.25, a proposed cutoff by GSEA tool. For differ-
ential splicing analyses sequencing reads were mapped to
the hg38 reference sequence using STARv2.5.3 [105] and
kallisto v0.46.1 [106]. Alignments were processed using
samtools version1.8 [107] and Picard tools version 2.21.8
(http://picard.sourceforge.net/). Aligned reads were fil-
tered (uniquely mapping reads, and putative PCR dupli-
cates were removed. Read summarization was done using
featureCounts [108]. Expression analysis was carried out
using R version 4.0.2 (R Core Team, 2020). Differential
splicing was analyzed using the R packages edgeR [109]
and SUPPA v2.3 [110]. delta Percent Spliced In (dPSI)
was calculated as a difference between mean of PSI
events in ACP samples and control non-tumour samples.
In the Human Phosphorylation Pathway Profiling Array,
a fold change (log2) of 0.2 was considered a significant
threshold. Circle plots were implemented in R language
(v.3.5) using the following packages: tidyverse, Viridis,
and ggplot2. Values of P<0.05 were considered statisti-
cally significant. A trend for significance was indicated
when p values ranged between >0.05 and <0.1. Data rep-
resent the median (interquartile range) or means * stand-
ard error of the mean (SEM). *P, 0.05; **P, 0.01; ***P,
0.001, significantly different from control conditions.
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