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Abstract: Glioblastoma (GBM) is the most malignant and lethal brain tumor. Current standard treat-
ment consists of surgery followed by radiotherapy/chemotherapy; however, this is only a palliative
approach with a mean post-operative survival of scarcely ~12-15 months. Thus, the identification
of novel therapeutic targets to treat this devastating pathology is urgently needed. In this context,
the truncated splicing variant of the somatostatin receptor subtype 5 (sst5TMD4), which is produced
by aberrant alternative splicing, has been demonstrated to be overexpressed and associated with
increased aggressiveness features in several tumors. However, the presence, functional role, and
associated molecular mechanisms of sst5TMD4 in GBM have not been yet explored. Therefore, we
performed a comprehensive analysis to characterize the expression and pathophysiological role of
sst5TMD4 in human GBM. sst5TMD4 was significantly overexpressed (at mRNA and protein lev-
els) in human GBM tissue compared to non-tumor (control) brain tissue. Remarkably, sst5TMD4
expression was significantly associated with poor overall survival and recurrent tumors in GBM
patients. Moreover, in vitro sst5TMD4 overexpression (by specific plasmid) increased, whereas
sstosTMD4 silencing (by specific siRNA) decreased, key malignant features (i.e., proliferation and
migration capacity) of GBM cells (U-87 MG/U-118 MG models). Furthermore, sst;’TMD4 overex-
pression in GBM cells altered the activity of multiple key signaling pathways associated with tumor
aggressiveness/progression (AKT/JAK-STAT/NF-kB/TGF-3), and its silencing sensitized GBM cells
to the antitumor effect of pasireotide (a somatostatin analog). Altogether, these results demonstrate
that sst5TMD4 is overexpressed and associated with enhanced malignancy features in human
GBMs and reveal its potential utility as a novel diagnostic/prognostic biomarker and putative ther-
apeutic target in GBMs.
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1. Introduction

Glioblastoma (GBM) is the most prevalent and malignant brain tumor in adults, with
the highest mortality among the Central Nervous System (CNS) tumors [1,2]. Current
standard treatment consists of surgery as first line approach followed by or combined
with radiotherapy and/or chemotherapy depending on various clinical factors (patient’s
age and sex, type and degree of tumor, location and size, etc.) [3-5]. However, this is only
a palliative approach with a mean post-operative survival of ~12-15 months from diagno-
sis, and a 5-year survival rate lower than 6% [3,4,6]. Therefore, a more profound
knowledge of GBM biology is urgently required to discover and identify novel and effec-
tive diagnosis/prognosis biomarkers and therapeutic targets.

We have recently demonstrated that the dysregulation of the alternative splicing pro-
cess could represent a valuable source for the identification of novel diagnostic, prognos-
tic, and therapeutic targets in different tumor pathologies including GBM [7-10]. In this
context, somatostatin receptors belong to a complex family of different G-protein coupled
receptors with seven transmembrane domains (SSTR1-5), which show a similar structure
and share common signaling mechanisms [11]. Interestingly, we have demonstrated that
the complexity of the somatostatin system in humans is increased by the existence of two
variants of SSTR5 with four and five transmembrane domains (sst5TMD4 and sst5TMD5,
respectively) generated by alternative splicing [12,13]. Specifically, sst5TMD4 has been
shown to be overexpressed in several hormone-related tumors compared with non-tumor
tissues, where it enhanced aggressiveness features [14-22]. Moreover, sst5TMD4 has been
shown to reduce the response to somatostatin analogs (SSAs; e.g., octreotide)
[14,17,18,22,23], which are used as valuable drugs to treat different tumor pathologies,
including pituitary and neuroendocrine tumors [24,25]. Unfortunately, attempts to use
SSAs as medical therapy in brain tumors have rendered controversial results since some
of the available studies have not reported a clear therapeutic value for SSAs; however, the
mechanistic reasons underlying those experimental failures remain unknown [26-30].

For all the reasons mentioned above, this study was aimed at investigating, for the
first time, the presence, functional role, and mechanisms of actions of the sst5TMD4 splice
variant and its truncated protein in GBM. To that end, we applied different experimental
approaches in GBM tissues/cells including the analysis of sst5TMD4 in human samples
(GBM and control brain tissues) and its potential association with relevant clinical data
(survival, recurrence, mutations, etc.), as well as the consequences of the modulation of
sst5TMD4 levels (overexpression and silencing) in different key functional parameters of
aggressiveness (proliferation and migration), signaling pathways associated with tumor
aggressiveness/progression, and in the response to SSAs (octreotide, lanreotide, and pasir-
eotide).

2. Results

2.1. sst5TMD4 Levels Are Significantly Overexpressed in GBM Samples and Associated with
Poor Prognosis and Survival Rate in Patients with GBM

Key demographic and clinical characteristics of the patients included in this study
are summarized in Table 1. Expression levels of sst5TMD4 (Figure 1A) were found to be
significantly higher in samples from GBM patients (1 = 47; grade IV astrocytoma) com-
pared to anaplastic astrocytoma samples (1 = 9; grade III anaplastic astrocytoma; a brain
tumor subtype that is notably less aggressive than GBM [31]) (Figure 1B), and to non-
tumor brain samples [n = 20; 16 samples from autopsies (4 donor individuals/4 different
brain areas: Brocca, Wernicke, cingulate, and medial) and 4 samples from surgery of epi-
leptic patients, which showed similar levels of expression of sst5TMD4 (Supplemental
Figure S1A)] (Figure 1B). Moreover, this differential expression was corroborated by Re-
ceiver Operative Characteristic (ROC) analyses since sst5TMD4 mRNA levels was able to
significantly discriminate between GBM vs. non-tumor samples (Figure 1C), and between
GBM vs. grade Il astrocytoma samples (Figure 1D), with an Area Under the Curve (AUC)
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of 0.7187 and 0.7667, respectively. Furthermore, an immunohistochemistry (IHC) analysis
in a representative cohort of available Formalin-Fixed Paraffin-Embedded (FFPE) samples
[GBM (n = 5) and non-tumor (n = 4) samples] using a specific antibody previously de-
signed and validated by our group [12,22] confirmed the overexpression at protein level
of sst5TMD4 in GBM tissues (cytoplasmic and nuclear staining) compared with non-tu-
mor tissues (Figure 1E).

To further investigate the pathophysiological implication of sst5TMD4 in GBM, we
next studied its potential association with relevant clinical parameters. We found that the
presence of the mutation in isocitrate dehydrogenase 1 (IDHImut, which is classically
linked with better prognosis, survival, and low-level necrosis in gliomas [32]), tends to be
associated with low sst5TMD4 expression (p = 0.10; Figure 1F). Similarly, recurrent tumors
tend to express higher levels of sst5TMD4 compared to non-recurrent tumors (p = 0.06;
Figure 1G). Most notably, we demonstrated a significant clinical association between a
better survival rate in GBM patients with low expression levels of sst5TMD4 compared
with patients with higher sst5TMD4 expression (Figure 1H). No correlation was found
between sst5TMD4 mRNA levels and other available clinical data (TP53 mutations, pre-
vious pathologies, brain impairments, etc.; Supplemental Figure S1B).

Table 1. Demographic and clinical parameters of patients with glioblastoma (GBM; n = 47) and an-
aplastic astrocytoma (1 = 9) included in this study. Non-pathologic brain control samples from do-
nors (n = 8) were obtained from autopsies [4 patients; 4 different brain areas (Brocca, Wernicke,
cingulate, and medial)/patient; total of 16 samples] or epileptic patients (from lobectomy surgery; n
=4).

Parameters Cor,ltml Anaplastic Glioblastoma
Patients Astrocytoma
Patients (1) 8 9 47
Gender (M/F) 2(25%)/6(75%) 3(33.3%)/6(66.7%) 19(40.4%)/28(59.6%)
Age at surgical intervention ) 15, 4 5 51.9£13.0 56.9 £13.2
(mean * desvest)
% Ki67 (mean + desvest) - 15.2+3.2% 28 +14.6%
% of TP53 positive - 87.5% 81.8%
% of IDH1 positive - 33% 11.6%

% of recurrent tumors - 0% 18%
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Figure 1. Characterization and clinical relevance of sst5TMD4 in glioblastoma samples. (A) Sche-
matic comparison of transmembrane domains (TMDs) and structure between SSTR5 and sst5TMD4
(dot lines delimit the homologous region between both aminoacidic sequences). (B) sst5TMD4
mRNA expression level in an internal cohort of patients [GBM (n = 47) grade III anaplastic astrocy-
toma (1 = 9); non-tumor/control brain tissues (1 = 20)]. (C) ROC-curve analysis comparing mRNA
expression of sst5TMD4 in GBM vs. non-tumor tissues (associated AUC is also indicated). (D) ROC-
curve analysis comparing mRNA expression of sst5TMD4 in GBM vs. grade III anaplastic astrocy-
tomas (associated AUC is also indicated). (E) sst5TMD4-immunohistochemistry staining in non-tu-
mor (n=4) and grade IV/GBM (n = 5) samples. Representative images are included. (F) Comparative
of sst5TMD4 mRNA expression levels between IDH-wildtype (n = 38) and IDH-mutant (n = 5) GBMs,
and (G) between recurrent (n = 41) and non-recurrent (n = 9) GBMs. (H) Kaplan-Meier survival
curve discerning between GBM patients with high and low expression levels of sst5TMD4 from our
cohort of patients. Data represent means + SEM. (¥) p < 0.05 significantly differs from control sam-
ples; (+) existence of a statistic tendency (p < 0.10).
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2.2. Overexpression of sst5TMD#4 Increases Aggressiveness Parameters in GBM Cells

To examine the functional role of sst5TMD4 in the proliferation and migration of
GBM cells, we generated stably-transfected cells from two metabolically different GBM
cell lines: U-87 MG and U-118 MG (Figure 2A) [33]. These studies indicated that sst5TM D4
stable overexpression (Supplemental Figure S2A) significantly increased the proliferation
rate of U-87 MG cells at 24, 48 and 72 h (Figure 2B) compared to cells transfected with a
mock plasmid (used as control), while it numerically (albeit not significantly) increased
proliferation of U-118 MG cells, especially at 48 and 72 h (Figure 2C). Cell migration was
also evaluated in U-118 MG but not in U-87 MG cells [due to the inability of U-87 MG cells
to migrate in these conditions (i.e., growth in clusters when the confluence is >75% [8])]
and found that sst5TMD4 overexpression also significantly increased migration rate of U-
118 MG cells, at 6 and 24 h after the wound was performed (Figure 2D).
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Figure 2. Stable sst5TMD4 overexpression increases oncogenic parameters in vitro in glioblastoma
cells. (A) Schematic workflow to obtain stable overexpressed sst5TMD4 U-87 MG and U-118 MG
cell lines. Proliferation rate of sst5TMD4-overexpressed cells compared to control (mock-transfected
cells; pointed line) in U-87 MG (B) and in U-118 MG (C) (n = 3). (D) Migration rate of sst5TMD4-
overexpressed U-118 MG cells compared to control (mock-transfected cells; pointed line; n = 3). Rep-
resentative images of the migration capacity are also included. Data represent means + SEM. (*) p <
0.05, (**) p <0.01, (***) p <0.001 significantly differ from control samples.
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2.3. Overexpression of sst5TMD4 Modulated the Phosphorylation Levels of Different Proteins
Associated with Key Oncogenic Pathways in GBM cells

Phosphoprotein analysis in both GBM cell models (U-87 MG and U-118 MG) uncov-
ered different molecular pathways that could be involved in the observed oncogenic ac-
tions of sst5TMD4 in GBM cells. Specifically, overexpression of sst5TMD4 in U-87 MG and
U-118 MG cells induced an overall inactivation of the MAPK pathway and an overall ac-
tivation of the AKT, JAK/STAT and TGF-3 pathways compared with control (mock-trans-
fected) cells (Figure 3A), although some precise changes in the phosphorylation pattern
of proteins belonging to these and other signaling pathways were found to differ depend-
ing on the particular cell model analyzed (i.e., activation of NF-«kB in U-87 MG but not in
U-118 MG cells; Figure 3A-C).

In more detail, sst5TMD4 overexpression produced a clear reduction in the phos-
phorylation levels of multiple proteins of the MAPK pathway, which seemed to be more
pronounced in U-118 MG compared with U-87 MG cells (Figure 3A). Specifically, an in-
hibition of JNK, MEK, MMK3, MMKS®6, TP53, RPS6KA1, and RPS6KA3 levels was ob-
served in both cell models, while ERK1/2, MSK2, and MAPK14 levels were reduced only
in U-118 MG cells (statistically significant changes [Log2 (Fold Change) is > 0.2/ < 0.2];
Figure 3B-D). In addition, sst5TMD4 overexpression induced an increase in the phosphor-
ylation levels of several proteins belonging to the AKT pathway in both GBM cell models
(Figure 3A), including AKT1, BAD, EIF4EBP1, P70S6K, and PDK1, as well as an increase
in GSK3A, CDKN1B, and PRASA40 only in U-87 MG (Figure 3B,C,E). Interestingly, a sig-
nificant reduction in the phosphorylation levels of RPS6 in U-87 MG was also observed,
while the levels of AMPK were oppositely regulated in these two GBM cell models (i.e.,
decreased in U-87 MG and increased in U-118 MG cells) (Figure 3B,C,E). Regarding
JAK/STAT pathway, a significant increase in the phosphorylation levels of upstream pro-
teins (i.e., EGFR, JAK1, and JAK2) was specifically found only in U-118 MG (Figure 3C,F).
Furthermore, we also observed that the phosphorylation ratio of SRC, STAT1, STAT2 and
STAT3 was increased by ~two-fold in U-118 MG vs. U-87 MG in response to sst5TMD4
overexpression (Figure 3B,C,F). Moreover, a reduction in the phosphorylation levels of
SHP-1, SHP-2 and TYK2 was found only in U-87 MG (Figure 3B,F). Notably, sst5TMD4
overexpression significantly altered the phosphorylation levels of several proteins of the
NF-«B pathway in U-87 MG but not in U-118 MG cells (Figure 3A) (i.e., robust activation
of ATM, EIF2A, HDAC2, TAK1, TBK1, and ZAP70, and inactivation of MSK1; Figure
3B,C,G). In fact, only a slight activation of ZAP70 and inactivation of HDAC4 was found
in U-118 MG cells (Figure 3C,G). Finally, sst5TMD4 overexpression resulted in a higher
activation of the TGF-f3 pathway in U-118 MG compared to U-87 MG cells (Figure 3A).
Specifically, a significant hyperphosphorylation in ATF2, FOS, JUN, SMAD1 levels and
an inactivation in SMAD4 were observed in U-118 MG cells (Figure 3C,H), while a less
significant activation in FOS and JUN levels together with a specific increase in SMAD4
and SMADS?5 levels was observed in U-87 MG cells (Figure 3B,H).



Int. J. Mol. Sci. 2022, 23, 1143 7 of 18

A
U-87 MG U-118 MG US7MG UB7MG U-118MG  U-118 MG
pSSTsTMD4 pSST;TMD4 PMOCK pSSTsTMD4 pMOCK  pSSTsTMD4
0.2 .e .. e .
MAPK Pathway MAPK - < . :*
0 Pathway : i: H :
AKT Pathway -0.2 AKT :g h:. RS
Pathway . - g:! :
JAK/STAT Pathway-| ¥ 0.161 IRIIETAT s B8 e
Pathway 3 HEEE
N Pathway- s »
Pathway H H
TGF-8 Pathway-| 0.155 TGF-8 B RE
Pathway H . .'
B D MAPK Path = verme
B MAPK PATHWAY —_— wey = U-118MG
71 AKT PATHWAY
[T JAKISTAT PATHWAY
0 NF-xB PATHWAY
[[] TGF-B PATHWAY
.
Q % 2
9, )
& F©
sopes SRR,
_ 2,
b *
Lray
NFKB1
wesin— U-87 MG 5
HDA EIF4)
W, - b g&""
e §4iros”
o '&‘\ ‘49”)0&’
«?&%h i //.e ‘g;?/
o, ?Aogiq_ m %“‘,
< > °
0555255
Cc
g
() DEN
‘%"fé\ Bsce
R , ﬁg "
y TS
0
7

AKy
NFKB1 pKT
. u11BMG 4
S

HDACH"

\“D";)c} S
3\ K3g
xa“ A/,’,vb,h 1.0 TGF-B Pathway
08,78 |
o, Py
& —eﬁf,"’ os
ORI, -
Qég og—q_ m 9% 0.0
ob5555%
PuRED ERE
BE =R
«
1.0 T T T T T T T
N N N N S
& o A Sa Sa N Fa
r\ﬁ@ 0,95” )Q\\Q e;‘:;n"" e‘;:(.f? e"‘:“‘« 5‘;;'&%
& < ¢ o ¢

Figure 3. sst5TMD4 overexpression induces phosphorylation of key oncogenic pathway compo-
nents in a cell line dependent manner. (A) Heatmap showing the logarithm of fold-change mean
corresponding to each signaling pathway comparing sst5TMD4-transfected (overexpression) vs.
mock-transfected cells (Left panel); Membranes showing the spots quantified in order to study the
phosphorylation level of 55 proteins under different experimental conditions (sst5TMD4-trans-
fected vs. mock-transfected cells; Right panel). (B,C) Circle plot with Log?2 (Fold Change; FC) of each
measured protein in the phosphoarray comparing sst5TMD4-transfected (overexpression) vs. mock-
transfected cells [U-87 MG (B) and U-118 MG (C)]. (D-H) Individual phosphorylation protein level
after sstsTMD4 overexpression vs. the control condition in both GBM cell lines [threshold: log2 (FC)
=+ 0.2; pointed line].
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2.4. Silencing of sst5TMD4 Reduces Aggressiveness Parameters in GBM Cells

In order to examine whether a reduction in the expression of sst5TMD4 in GBM cells
could be of interest from a therapeutic point of view, we next determined the proliferation
and migration rate of GBM cells in response to the specific silencing of sst5TMD4 levels
by a validated siRNA (Figure 4A and Supplemental Figure S2B). These results indicated
that sst5TMD4 silencing significantly decreased the proliferation rate of U-87 MG, but not
U-118 MG, comparing cells transfected with a scramble control siRNA (Figure 4B,C).
Moreover, sst5TMD#4 silencing significantly decreased cell migration capacity of U-118
MG at 6 and 24 h after the wound was performed (Figure 4D).

A Lipofectamine B c
RNAiMax (4.5 pLiwell) U-87 MG U-118 MG
Sy ~ 150 p—
Scramble t5TMD4 = = 150
SIRNA 25 nM ™™ {[RNA 25 nM % %
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Figure 4. sst5TMD4 silencing promotes the reduction of oncogenic features in vitro in glioblastoma
cells. (A) Schematic diagram followed to obtain silenced sst5TMD4 GBM cells (U-87 MG and U-118
MG). (B,C) Proliferation rate of sst5TMD4-silenced cells compared to control (scramble-transfected
cells; pointed line) in U-87 MG (B) and U-118 MG (C) (n = 3). (D) Migration rate of sst5TMD4-over-
expressed U-118 MG cells compared to control (mock-transfected cells; pointed line; n = 3). Repre-
sentative images of the migration capacity are also included. Data represent means = SEM. (*) p <
0.05, (***) p < 0.001 significantly differ from control samples.

2.5. Overexpression of sstSTMD4 Alters the Basal Expression of SSTR2 in GBM Cells and Sensi-
tized the Response of GBM Cells to Pasireotide Treatment

A differential expression level was found for each of the SSTR subtypes in the GBM
cell models (Figure 5A). Specifically, the present work revealed that SSTR? is the predom-
inant SSTR subtype expressed in GBM cells [absolute mRNA copy number (normalized
mean = SEM): 3.2 x 105 £ 9.6 x 106and 4.2 x 105 + 3.9 x 105 in U-87 MG and U-118 MG,
respectively], followed by sst5TMD4 > SSTR5 2 SSTR4 2 SSTR1 >SSTR3 in U-87 MG
(1.6 x 105+ 8.3 x 106 6.7 x 106 £ 4.2 x 106; 5.3 x 106+ 5.2 x 106, 3.3 x 106 + 2.4 x 106; 5.7 x
107 £ 4.2 x 107; respectively) and by sstsTMD4 2 SSTR5 2 SSTR1in U-118 MG (2.6 x 10-¢
+1.7x10%,1.3 x 100+ 7.1 x 107; 6.0 x 107 + 1.4 x 107, respectively) (Figure 5A). Based on
the present results indicating that SSTR2 is the dominant receptor (followed by sst5TMD4
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and SSTR5 in both cell models), together with previous results demonstrating that
sst5TMD4 can physically interact with SSTR2 and SSTR5 and alter their signaling [15], we
next interrogated whether the overexpression of sst5TMD4 in GBM cells could be capable
of modulating the expression levels of SSTR2 and SSTR5. Interestingly, we found that the
expression levels of SSTR2, but not SSTR5, were significantly decreased when sst5TMD4
was overexpressed in both GBM cell models (Figure 5B).

Finally, we demonstrated that proliferation rate of GBM cells was not altered in re-
sponse to the treatment of any of the available SSAs [i.e., first generation (octreotide or
lanreotide) and second generation (pasireotide)] under normal-basal conditions (Figure
5C). In contrast, when sst5TMD4 expression was silenced, pasireotide treatment was able
to significantly decrease the proliferation rate in both GBM cell models at 24 h (Figure 5C),
suggesting that a reduction in the levels of sst5TMD4 could serve to sensitize GBM cells
to pasireotide treatment.
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Figure 5. Overexpression of sst5TMD4 alters the basal expression of SSTR2 in GBM cells and sensi-
tized the response of GBM cells to pasireotide treatment. (A) Basal expression profile (nRNA levels)
of somatostatin receptor subtypes (SSTR1-5) in U-87 MG and U-118 MG cell lines (1 = 3). (B) mRNA
levels of SSTR2 and SSTR5 after sst5TMD#4 overexpression (vs. control; pointed line) in U-87 MG
and U-118 MG cell lines (1 = 4). (C) Comparison of the proliferation rate of U-87 MG and U-118 MG
in response to the treatment with different somatostatin analogs (octreotide, lanreotide or pasire-
otide) under basal-normal conditions (scramble control cells; pointed line) vs. sst5TMD4-silenced
cells (n = 3). Data represent means = SEM. (*) p < 0.05, (**) p < 0.01 significantly differ from control
samples.
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3. Discussion

GBM is the most common CNS malignant tumor type, which represents a critical and
relevant problem worldwide. GBM is associated with a high recurrence rate, a devastating
prognosis (with a survival generally less than 5% in 5 years from diagnosis), and an ele-
vated cost for the health systems [1,34,35]. Important progress in GBM medical manage-
ment has been possible in recent years [34,36]; however, the existing strategies are still
very limited, highlighting the critical need to identify novel avenues for GBM patients, to
improve diagnose, to predict their tumor behavior and prognosis, but specially to provide
useful tools to develop novel therapeutic approaches.

In this context, the development of SSAs as therapeutic opportunities has revolution-
ized the clinical management of patients with certain endocrine pathologies, and nowa-
days are considered the mainstay in the medical management of some pituitary and neu-
roendocrine tumors [24,25,37]. However, SSAs are frequently ineffective in a subset of
patients, suggesting that key molecular determinants could be essential for the response
to this pharmacological treatment [38]. In fact, SSTRs are expressed in brain tumors [1,2],
but attempts to apply SSAs have rendered inconclusive results, since the limited studies
available did not report a clear therapeutic value but the mechanistic reasons of those ex-
perimental failures are still unknown [26-28,30,39]. Given that aberrant alternative splic-
ing is one of the hallmarks of cancer (including GBM) [8,40,41], and our group has demon-
strated the overexpression and relevant pathological function of the splicing variant
sst5TMD4 in different tumor pathologies [14-22], we hypothesized that sst5TMD4 could
be expressed and might play an oncogenic role in GBM pathophysiology and/or in the
poor response to SSAs observed in GBM.

Our results demonstrated, for the first time, that sst5TMD4 is overexpressed (at
mRNA and protein levels) in GBM samples compared with non-tumor brain samples
and/or anaplastic (grade III) astrocytoma samples. Indeed, ROC-curve analysis revealed
that sst5TMD4 expression could clearly discriminate between GBM samples and control
or anaplastic astrocytoma samples, suggesting that sst5TMD4 might be useful as a new
diagnostic biomarker of GBM. Consistent with this idea, we found that lower sst5TMD4
expression in GBM patients tended to be associated with IDHImut (which is classically
linked with better prognosis, survival, and a low-level necrosis in gliomas [32]) and non-
recurrent tumors, but most importantly, we found that it was significantly associated with
a better survival rate. Therefore, these results also suggest that sst5TMD4 might represent
a new prognostic biomarker of progression and survival, and that it might also exert an
oncogenic role in GBM biology. These observations compare favorably with previous re-
ports indicating that the expression of this splicing variant is consistently increased in
several endocrine-related tumors compared with control tissues, and sst5TMD4 expres-
sion associates with poor prognosis and/or aggressiveness features in these tumor pathol-
ogies, including pituitary [14,17], neuroendocrine [19], breast [15,20], prostate [22] and
thyroid [16,18] tumors. Based on these observations, it is not unreasonable to suggest that
sst5TMD4 overexpression might be a common cellular/molecular hallmark associated to
an aberrant splicing process of the SSTR5 receptor gene across various tumor pathologies.
In line with this, we have recently demonstrated that the splicing machinery is drastically
dysregulated in GBM which could represent a new source for the identification of novel
diagnostic, prognostic, and therapeutic targets in GBM [8]. In fact, ours and other groups
have previously demonstrated that GBM is characterized by the presence of several aber-
rant splicing variants (e.g., of TP73, GLI1, MAPKs, growth factor receptors, matricellular
proteins, etc. [8,42,43]), reinforcing the idea that an aberrant alternative splicing could be
also one of the hallmarks of GBM as happens in other cancer types.

Therefore, based on these data, we next explored the direct functional role of
sst5TMD4 in GBM cells. We found that overexpression of sst5TMD#4 increased prolifera-
tion and/or migration in GBM cells, whereas, in contrast, sst5TMD4 silencing decreased
these two functional parameters. However, it should be mentioned that the proliferative
actions seemed to be cell line dependent (i.e., proliferation was altered in U-87 MG but
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not in U-118 MG cells), which might be due to specific phenotypic differences between
the two GBM cell lines used (i.e.,, mutation profile, aggressiveness, metabolic rate, etc.
[33]). As discussed below, these dissimilarities could be also explained by the signaling
pathways and mediators found in the present study to be differentially linked to
sstoTMD4 overexpression in both GBM cells (e.g., overall activation of NF-kB-pathway
[44,45], as well as the specific activation of CDKN1B [44] in U-87 MG cells). In fact, this
observation could also suggest a differential role of sst5TMD4 in different stages of ag-
gressiveness, being its oncogenic role (at least proliferative role) possibly more pro-
nounced in more aggressive and metabolically active cells (i.e., U-87 MG). In this sense,
similar divergences in response to sstfTMD4-system modulation have been found in
other tumor cell models [i.e., neuroendocrine (BON-1 vs. QGP-1 cells), breast (MDA-MB-
231 vs. MCEF-7 cells), and prostate (PC-3 vs. 22Rv1 cells) [19,21], which have been also
attributed to the distinct nature of the cell models. Nonetheless, our data clearly demon-
strate that sst5TMD4 splicing variant is functionally active in GBM cells and that its pres-
ence is directly associated with their progression and aggressiveness features.

To investigate the putative molecular mechanisms involved in the oncogenic actions
of sst5TMD4 in GBM, we used U-87 MG and U-118 MG cells overexpressing sst5TMD4.
We found that sst5TMD4 could exert its function through the activation of multiple critical
mediators of various cancer-relevant signaling pathways closely associated with malig-
nancy progression in different tumor pathologies [8,44-49], such as an activation of AKT
(i.e., AKT1, BAD, EIF4EBP1, P70S6K, PDK1, GSK3A, CDKNI1B, and PRASA40),
JAK/STAT (i.e., SRC, STAT1, STAT2, and STAT3), NF-«xB (i.e, ATM, EIF2A, HDAC?2,
TAKT1, TBK1, and ZAP70), and TGF-f (i.e., FOS, JUN, ATE2, FOS, JUN, SMAD1, SMAD4,
and SMADDS5) pathways. Moreover, we also found an overall inactivation of multiple me-
diators of the MAPK pathway (ie, JNK, MEK, MMK3, MMK6, TP53, RPS6KA1,
RPS6KA3, ERK1/2, MSK2, and MAPK14) in sst5TMD4-overexpressed GBM cells, which
might be also associated with the oncogenic actions of this splicing variant in GBM cells
since MAPK inactivation (including the well-known tumor suppressor TP53) has been
linked to an inhibition of apoptosis in order to enhance cell survival [50-53].

Finally, the results of this study open a new research avenue in the study of GBM in
that attempts to apply SSAs in GBM patients have rendered inconclusive results, wherein
a poor response to SSAs has been shown to be associated with the presence of sst5TMD4
in some tumor pathologies [14,17,18,22,23]. In this sense, to the best of our knowledge,
this is the first report demonstrating that under basal conditions U-87 MG and U-118 MG
GBM cells, although expressing significant levels of SSTR2 and SSTR5 (the primary targets
for the available SSAs), are not responsive, in terms of cell proliferation, to SSAs treatment
[first generation (octreotide and lanreotide, which preferentially bind to SSTR2 and, to a
lesser extent, to SSTR5) and second generation (pasireotide, that preferentially binds to
SSTR5 and, to a lesser extent, to SSTR2) [52]]; however, the mechanisms of this SSA-re-
sistance had not been yet explored in GBM cells. Interestingly, we found that overexpres-
sion of sst5TMD4 significantly reduced SSTR2 expression in both U-87 MG and U-118 MG
cells, which might explain why GBM cells respond poorly to SSAs. Indeed, we have pre-
viously demonstrated that sst5TMD4 can physically interact with SSTR2 and disrupt the
function of other SSTRs (mainly SSTR2 and SSTR5) by inhibiting the ability of the cells to
respond to SSAs [12,14,15,17,22]. Therefore, based on all these data, it is tempting to spec-
ulate that a potential functional association between SSTR2, SSTR5 and sst5TMD4 could
also exist in GBM, and that the high sst5TMD4 expression levels found in tissues/cells
from GBM patients could help, in part, to explain the inefficacy of SSA therapy in the
scarce and limited GBM trials implemented hitherto [29,39,54-56]. Obviously, further
work will be required to evaluate if the presence of sst5TMD4 might interfere with the
effect of SSAs in GBM cells but, in support of this idea is the fact that we found in the
present study that sst5TMD4-silencing was able to significantly sensitize GBM cells to the
antiproliferative effect of pasireotide in both U-87 MG and U-118 MG cells.
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4. Materials and Methods
4.1. Reagents

Unless otherwise indicated, reagents and products were purchased from Sigma-Al-
drich (St. Louis, MO, USA). siRNA and plasmid of sst5TMD4 were precisely designed as
previously reported [12,22].

4.2. Patients and Samples

A total of 56 tumor samples were obtained by intracranial surgery from patients pre-
viously diagnosed with anaplastic astrocytoma (1 = 9) or GBM (n = 47) from the Reina
Sofia University Hospital (Table 1). This study was conducted in accordance with the eth-
ical standards of the Helsinki Declaration, of the World Medical Association and with the
approval of the Hospital Ethic Committee. Written informed consent was obtained from
all individuals included in the study. Control (non-tumor) brain tissue samples (n = 20;
Table 1) were obtained from four healthy donors [autopsy; four different brain areas
(Brocca, Wernicke, cingulate, and medial) of 4 patients; n = 16], and from four epilepsy
patients (from lobectomy surgery), as previously described [8]. All samples were histo-
logically studied by an expert pathologist to confirm the GBM, anaplastic astrocytoma,
and the non-tumor samples. Demographic and clinical characteristics of all patients/do-
nors were collected to carry out clinical correlations (Table 1).

4.3. Immunohistochemical Analysis

sst5TMD4 ITHC analysis was performed using a custom-made and previously vali-
dated polyclonal rabbit anti-human sst5TMD4 antibody (clone name: 66498; 1:100) [12,22],
which was specifically designed to target the differential region between sst5TMD4 and
SSTR5 proteins (CRERLSGHKSWQEKG). In particular, sst5TMD4 protein expression was
analyzed on FFPE tissue samples from controls (non-tumor brain samples, n =4) and from
GBM (n = 5). Briefly, as previously described [12,15,17,22], samples were incubated with
the specific antibody in deparaffinized sections overnight at 4 °C, followed by incubation
with the appropriate horseradish peroxidase-conjugated secondary antibody (Envision
system; Dako, Barcelona, Spain). Finally, sections were developed with 3,39-diaminoben-
zidine (Envision system 2-Kit Solution DAB), contrasted with hematoxylin, and mounted
in an automatic mounter (Tissue-Tek Film; Sakura, Japan). Finally, a specialist pathologist
performed a histopathologic analysis of the tumors following a blinded protocol. In the
analysis, +, ++, +++ mean low, moderate, and high intensities of tumor region staining
compared with the normal-adjacent region, respectively.

4.4. Cell Cultures

GBM cell lines (U-87 MG and U-118 MG) were obtained from the American Type
Culture Collection (ATCC: #HTB-14/#HTB-15, respectively) and cultured (passages < 20)
according to the supplier’s recommendations. These cell lines were previously checked
for mycoplasma contamination by PCR every month, as previously reported [57].

4.5. Modulation of the Levels of sst5TMD4 Expression (Overexpression and Silencing) in GBM
Cells

As previously reported [15,22], U-87 MG and U-118 MG cells (200,000 cells/well)
were stably transfected with pCDNA3.1 vector (ThermoFisher Scientific, Waltham, MA,
USA) that contained the empty vector (control) or the sst5TMD#4 transcript using Lipofec-
tamine 3000 (ThermoFisher Scientific, Waltham, MA, USA), according to the manufac-
turer’s instructions. After 24 h, medium was refreshed and next day, selection antibiotic
geneticin at 0.01% was added with a confluence of 80-90%. Then, 24-48 h later, non-stable
transfected cells started to die due to the geneticin action and sst5TMD4-stable cells were
selected and maintained for an additional 5-6 weeks, refreshing medium with geneticin.
Stable transfection of sst5TMD4 was confirmed (Supplemental Figure S2A) by
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quantitative-PCR (qPCR). Then, cells were seeded for different functional assays in re-
sponse to sst5TMD4 overexpression [proliferation and migration at different time points
(e.g., 6,24, 48 and 72 h after an initial start point (0 h, moment when the same numbers of
starved mock and sst5TM D4-stable transfected cells were seeded in each well); see below].

Moreover, a pre-designed and previously validated specific small interfering RNA
oligo (siRNA; 5-CACAAAUCCUGGCAGGAGATT-3"; [22]) for knockdown of endoge-
nous levels of sst5TMD4 was used, along with the SilencerVR Select Negative Control
siRNA (#4390843, ThermoFisher Scientific, Waltham, MA, USA) as a scramble control.
Specifically, U-87 MG and U-118 cells (150,000 cells/well) were transfected with 107 M of
each siRNA individually using Lipofectamine RNAiMaxVR (#13778-075, ThermoFisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. After 24 h,
cells were collected for validation of the specific silencing of sst5TMD4 [by qPCR; Supple-
mental Figure S2B; without altering SSTR5 expression (Supplemental Figure S2C)], and
seeded for different functional assays (proliferation and migration; see below) in response
to sst5TMD4 silencing.

4.6. Measurements of Cell Proliferation

As previously described [22], cell proliferation in response to the modulation of
sst5TMD4 expression (overexpression and silencing) was estimated using Resazurin rea-
gent (#R7017, ThermoFisher Scientific, Waltham, MA, USA), after seeding 5,000 cells per
well (both U-87 MG and U-118 MG cells) in a 96-well plate. Additionally, proliferation
rate was also studied (U-87 MG and U-118 MG cells) in response to the treatment with
different SSAs (octreotide, lanreotide, and pasireotide, 107 M) under basal conditions or
in response to sst5TMD#4 silencing. 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 prolif-
eration was measured at 0, 24, 48, and 72 h using Flex Station III (Molecular Devices, Ma-
drid, Spain).

4.7. Measurement of Cell Migration Capacity

For the migration assay, 150,000 cells/well (U-118 MG) were cultured under conflu-
ence and serum-starved for 24 h to achieve cell synchronization, and then, the wound was
made using a 200 uL sterile pipette tip. Wells were rinsed and cells incubated for 6 and 24
h with supplemented medium without FBS. Wound healing was normalized with the area
just after the wound was performed. Three pictures were randomly acquired along the
wound per well to calculate the area by Image] software v.1.49 [58].

4.8. RNA Extraction, Retrotranscription, and Gene Expression Measurement by gPCR

Total RNA from human samples was extracted followed by DNase treatment using
the AllPrep DNA/RNA/Protein Mini Kit and the RNase-free DNase set (#80004/4#79254,
Qiagen, Hilden, Germany), respectively. Total RNA from GBM cell lines was extracted
with TRIzolVR Reagent (#15596026, ThermoFisher Scientific, Waltham, MA, USA). In both
cases, total RNA concentration and purity were assessed by Nanodrop One Microvolume
UV-Vis Spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). Total RNA
was retrotranscribed by using random hexamer primers and the RevertAid RT Reverse
Transcription Kit (#K1691, ThermoFisher Scientific, Waltham, MA, USA). Thermal profile
and qPCR analysis to obtain absolute mRNA copy number/50 ng of sample of selected
genes (sst5TMD4, SSTR1, SSTR2, SSTR3, SSTR4, and SSTR5) are reported elsewhere
[12,18]. Human primers of the target genes used in the study were specifically designed
with the Primer3 software v.0.4.0 (Supplementary Table S1). To control for variations in
the efficiency of the retrotranscription reaction, mRNA copy numbers of the different tran-
scripts analyzed were adjusted by the expression level of a housekeeping gene [b-actin
(ACTB; in the case of human samples) or GAPDH (in the case of cell lines)], where mRNA
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levels of these housekeeping genes did not significantly vary between experimental
groups (data not shown).

4.9. Human Phosphorylation Pathway Profiling Array

The phosphorylation pathway profiling array was performed using the Human
Phosphorylation Pathway Profiling Array C55 kit (Raybiotech, Inc. #AAH-PPP-1-4) to an-
alyze the differential phosphorylation levels of 55 proteins belonging to 5 key oncogenic
pathways (MAPK, AKT, JAK/STAT, NF-kB, and TGF-{3) in response to sst5TMD4 overex-
pression, following the manufacturer’s instructions and protocols. Cells were collected to
obtain the whole protein with a specific lysis buffer with phosphatase inhibitors from a
phosphoarray kit ($AAH-PPP-1-4, Raybiotech, Inc., Norcross, Georgia). Transient trans-
fection was confirmed by qPCR (Supplemental Figure S2D). Briefly, membranes were in-
cubated with blocking buffer at 25 °C for 30 min and then incubated overnight at 4 °C
with 1 mL of U-87 MG and U-118 MG cell lysates [2.5 fold dilution; 100,000 cells/well; n =
3 of mock-transfected controls (pCDNA3.1+ plasmid) and sst5TMD4-overexpressing
cells]. Then, the membranes were incubated with Detection Antibody Cocktail at room
temperature for 2 h and, next with horseradish peroxidase (HRP)-labeled anti-rabbit sec-
ondary antibody at room temperature for 2 h. The signals were collected after adding ECL
reagent by a chemiluminescence detection system (GE Healthcare). A densitometric anal-
ysis of the array spots was carried out with Image] software v.1.49 using positive control
spots as a normalizing factor.

4.10. Bioinformatic and Statistical Analysis

Data were evaluated for heterogeneity of variance by using the Kolmogorov—
Smirnov test. Statistical differences were assessed by Mann—-Whitney U-test, T-test, or
One-Way ANOVA. In survival analysis, groups were selected based on the cut-off points
determined by survminer R package (R language v.4.1), and Log-Rank and Gehan-Wil-
coxon tests were performed. Correlations were studied using the Pearson and Spearman
correlation tests. All statistical analyses were performed using Prism software v.8.0
(GraphPad Software, San Diego, CA, USA). Values of p <0.05 were considered statistically
significant. A trend was considered when p < 0.10. Data represent means + SEM. (+) p <
0.10, (*) p < 0.05, (**) p < 0.01, (***) p < 0.001, compared to control conditions (scram-
ble/mock). Log2 (Fold Change) of + 0.2 was considered as a threshold in Human Phos-
phorylation Pathway Profiling Array. Circle plots were implemented in R language v.4.1
using the following packages: tidyverse, Viridis and ggplot2.

5. Conclusions

Taken together, our results unveiled new conceptual and functional avenues in GBM
with potential clinical implications, by demonstrating that sst5TMD4 is overexpressed in
GBM and associated with GBM survival/progression and key pathophysiological pro-
cesses in GBM biology (i.e., proliferation and migration capacity), likely by modulating
different oncogenic signaling pathways (AKT/JAK-STAT/NF-«B/TGEF-3). Moreover, our
study demonstrated that the modulation of sst5TMD4 expression levels could be putative
therapeutic avenue that should be explored in the future in GBM since its silencing de-
creased proliferation and migration rates in GBM cells and sensitized these cells to the
antitumor effect of pasireotide; however, further investigations will be required to firmly
test the value of sst5TMD4 as a therapeutic target. Therefore, these results point out
sst5TMD4 as a useful diagnostic and prognostic biomarker, and as a potential target in
the future development of therapeutic approaches in GBM patients, offering a clinically
relevant opportunity that should be tested for use in humans.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/ijms23031143/s1.
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