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Simple Summary: Acromegaly treatment consists of surgical, medical, and radiation therapy. First-
generation somatostatin receptor ligands are the mainstay of medical therapy, with approximately
40% disease control rate. Several parameters have been evaluated as predictors of response to these
drugs, including mutations in the stimulatory G-protein « subunit (gsp mutation), which is still
controversial. In this study, we aimed to evaluate in a large series of patients whether gsp mutation
predicts long-term response to medical treatment and to characterize the gsp mutated population.
The ability to predict response to medical therapy would help to choose a therapy that presents
higher odds of controlling the disease, which ultimately would reduce treatment costs and disease
morbi-mortality.

Abstract: Background: It is still controversial if activating mutations in the stimulatory G-protein o
subunit (gsp mutation) are a biomarker of response to first generation somatostatin receptor ligands
(fg-SRL) treatment in acromegaly. Thus, we aimed to evaluate whether gsp mutation predicts long-
term response to fg-SRL treatment and to characterize the phenotype of patients harboring gsp
mutations. Methods: GNAST sequencing was performed by Sanger. SST2 and SST5 were analyzed
by immunohistochemistry (IHC) and real-time RT-PCR. The cytokeratin granulation pattern was
evaluated by IHC. Biochemical control was defined as GH < 1.0 ng/mL and normal age-adjusted
IGF-I levels. Results: gsp mutation was found in 54 out of 136 patients evaluated. Biochemical
control with fg-SRL treatment was similar in gsp+ and gsp- patients (37% vs. 25%, p = 0.219). Tumors
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harboring gsp mutation were smaller (p = 0.035) and had a lower chance of invading cavernous
sinuses (p = 0.001). SST5 protein (p = 0.047) and mRNA (p = 0.013) expression levels were higher
in wild-type tumors. Conclusions: In this largest series available in the literature, we concluded
that gsp is not a molecular biomarker of response to fg-SRL treatment in acromegaly. However, the
importance of its negative association with cavernous sinus invasion and SST5 expression needs to

be further investigated.

Keywords: somatostatin receptor ligands; gsp mutation; acromegaly; somatotropinoma

1. Introduction

Acromegaly is a disease caused by growth hormone (GH) hypersecretion, leading
to increased production and secretion of insulin-like growth factor type I (IGF-I) due, in
most cases, to a GH secreting pituitary adenoma (somatotropinoma). First-line treatment is
surgical resection, generally transsphenoidal surgery (TSS) [1]. However, surgical remission
rates vary from 42 to 57%, depending on the experience of the institution [2,3]. The
remaining patients ought to be submitted to a diverse treatment, which may include a
second surgery, medical treatment, or radiotherapy [1]. First-generation somatostatin
receptor ligands (fg-SRLs), namely, octreotide, and lanreotide, are the standard first-line
medical treatment options for the majority of patients, with biochemical control rates
varying from 19 to 60% [4].

The stimulatory G-protein « subunit, encoded by the GNASI gene, is associated with
growth hormone releasing hormone receptor signaling by the cAMP pathway, which is
an important target of SRLs [5]. GNAST activating mutations (gsp mutations) are found in
approximately 40% of sporadic somatotropinomas [6], commonly found in codons 201 and
227, and are thought to be associated with smaller, densely granulated somatotropinomas
that present higher GH secretion and higher somatostatin receptor subtype 2 (SST2) expres-
sion; however, this phenotype has not been clearly defined [7-11]. Another characteristic
of patients harboring gsp+ tumors is a putative better response to fg-SRLs [11]. This issue
has been studied for a long time but is still a matter of debate, since there is no consensus
on whether it can predict response to fg-SRL or not [11-13]. A recent meta-analysis showed
that gsp+ patients present a higher GH reduction during the octreotide suppression test
(OST) [6]. However, studies concerning long-term response to fg-SRL treatment have
presented conflicting results [11].

Based on data reported to date, the present study aims to evaluate whether gsp
mutation predicts long-term response to fg-SRLs and to better characterize the phenotype
of patients harboring gsp mutation.

2. Patients and Methods
2.1. Study Design

This is a retrospective longitudinal multicenter study, including seven Brazilian pitu-
itary disease reference centers.

2.2. Patients

Patients with a confirmed diagnosis of sporadic acromegaly who underwent surgical
treatment and had either fresh frozen or formalin-fixed paraffin embedded (FFPE) tissue
available for analysis were included. SST2 and SST5 were evaluated exclusively in patients
not medically treated prior to surgery.

2.3. Data Collection

Demographic, laboratory (GH and IGF-I levels), and imaging data at diagnosis (maxi-
mum tumor diameter and cavernous sinus invasion) and pre- and post-fg-SRLs treatment
(at least six months on the highest approved fg-SRL dose) laboratory data were collected.
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Biochemical control was defined as the achievement of GH levels < 1.0 ng/mL and normal
age adjusted IGF-I levels [1]. GH and IGF-I reduction after treatment was also evaluated.
IGF-I was expressed as times the upper limit of normal (xXULN). Cavernous sinus invasion
was evaluated according to the modified Knosp-Steiner criteria [14]. Tumors classified
as Knosp 3 or higher were considered invasive, whereas tumors classified as Knosp 2 or
lower were considered noninvasive.

2.4. DNA and RNA Extraction

DNA and RNA were extracted from frozen tumor fragments and DNA from FFPE
tissues using the AllPrep™ DNA/RNA/miRNA Kit (Qiagen, Hilden, Germany, Cat. No.
80224) and ReliaPrep™ FFPE gDNA Miniprep (Promega, Wisconsin, USA, Cat. No. A2352),
according to the manufacturers’ protocols. At the end of the process, DNA and RNA were
eluted in the provided buffer and stored at —80 °C until use.

For DNA extraction from FFPE tissues, six sections with 5-um height and 1 cm? were
obtained, and effective deparaffinization with molecular biology-grade mineral oil was
performed before DNA extraction. Incubation conditions to reverse crosslinking without
the need for overnight digestion, xylene, or other hazardous or volatile solvents followed
the manufacturer’s instructions.

2.5. DNA Sequencing

Fragments of GNASI gene containing codons 201 and 227 were amplified by poly-
merase chain reaction (PCR) in a 25-puL reaction mixture with 2.5 uLL of 10 x PCR buffer,
0.3 pg of DNA sample, 50 mM MgCl,, 10 mM dNTP mix, 10 pM of each primer and
Platinum™ Taq DNA Polymerase (Invitrogen™, Waltham, MA USA) and nuclease-free
water. Reactions were amplified at an initial denaturation temperature of 94 °C for 5 min,
followed by 35 cycles of 94 °C for 45 s, 57.5 °C for 45 s, and 72 °C for 30 s. A final extension
at 72 °C for 7 min was carried out to allow complete extension of amplified fragments. The
amplified products were then visualized on a 2% agarose gel stained with SYBR™ Safe
DNA Gel Stain (Invitrogen™, Waltham, MA USA).

PCR products were purified from unincorporated nucleotides and primers using
ExoSAP-IT™ PCR Product Cleanup Reagent (Affymetrix™, Sant Clara, CA, USA). Di-
rect sequencing of PCR products was performed in a 3130XL Genetic Analyzer auto-
matic sequencer (Applied Biosystems, Life Technologies™, Waltham, MA, USA) and
analyzed using Benchiling software (https://benchling.com/, accessed on 9 February
2021), CLUSTAL W (www.ebi.ac.uk/clustalw, accessed on 9 February 2021) and BioEdit
7.2.5 (http:/ /www.mbio.ncsu.edu/BioEdit/bioedit.html, accessed on 9 February 2021)

2.6. gPCR

Quantitative real-time PCR was performed using the same primers and method as
previously described to analyze the number of copies of SST2 and SST5 mRNA [15].

2.7. Immunohistochemistry

Immunohistochemistry was performed as previously described [16]. Rabbit mono-
clonal antibodies directed against SST2 (UMB-1, 1:5000, Abcam, Cambridge, UK, Cat. No.
ab134152), SST5 (UMB-4, 1:2000, Abcam, Cambridge, UK, Cat. No. ab109495) and cytoker-
atin (CAMS.2) (1:10,000, Cell Marque, Rocklin, CA, USA, Cat. No. 452M-95) were used.

SST2 and SST5 were evaluated using the immunoreactive score (IRS), as previously
described, and high expression was defined as an IRS > 5 [15]. For the cytokeratin pattern,
tumors were classified as sparsely granulated (SG), densely granulated (DG), or intermedi-
ate (which were grouped with DG tumors) as previously described [17]. The samples were
analyzed by two observers, and discordant results were submitted to an evaluation by a
third observer.
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2.8. Statistical Analysis

Results are expressed as median (min-max). Categorical variables were compared
with Fisher’s exact test or a chi-squared test, as appropriate. Numerical variables were
compared with a Mann-Whitney test. A p-value < 0.05 was considered significant.

3. Results
3.1. Patient and Sample Characteristics

One hundred thirty-six patients were included in this study; 63 (46%) of them were
men, and median age at diagnosis was 43 years old (17-69). Median GH and IGF-I
levels at diagnosis were 44.1 ng/mL (1.1-611) and 3.9 xULN (1.3-11.4), respectively. Out
of 111 patients, 5 (5%) had microadenomas. Of these, data with respect to diameter
were available in 69 patients, and the median maximum diameter was 20 mm (5-54). A
cavernous sinus invasion was evaluated in 54 patients, including 23 (43%) invasive and
31 (57%) noninvasive tumors. Eighty-one (60%) patients were treated with fg-SRLs, and
24 (30%) of them were biochemically controlled.

Cytokeratin granulation pattern was evaluated in 101 tumors. Forty (40%) were
sparsely granulated, and 61 (60%) were densely granulated. SST2 and SST5 protein and
mRNA expression were evaluated in 106 and 59 tumors, respectively. High SST2 expression
was found in 79 (75%) tumors, and low expression was found in 27 (25%) tumors. Median
S5ST2 mRNA expression was 597 copies (12-3690), and it was significantly associated with
protein expression (p < 0.001). High SST5 expression was demonstrated in 59 (56%) patients,
whereas the remaining 47 (44%) had low expression. Median SST5 mRNA expression
was 83 copies (0.3-1318), and it was also associated with protein expression (p = 0.002).
Examples of SST2, SST5, and granulation patterns are presented in Figure 1.

3.2. gsp Mutation

Among the 136 tumors analyzed, 54 (40%) harbored a gsp mutation. Forty-nine (91%)
mutations were located at codon 201, and five (9%) mutations were located at codon 227.
There was no correlation of tumor gsp status with sex (p = 0.858), age (p = 0.413), GH
(p = 0.868), or IGF-I (p = 0.736) levels at diagnosis or with granulation pattern (p = 0.148).
Frequency of macroadenomas was similar between gsp- and gsp+ tumors, but these tumors
were smaller (18 mm vs. 22 mm; p = 0.035) and had a lower chance of cavernous sinus
invasion (17% vs. 60%, p = 0.001) (Figure 2). No association was found between tumor gsp
status and either SST2 protein or mRNA expression (p = 0.257 and 0.305, respectively). On
the other hand, high SST5 protein expression was less frequent in gsp+ tumors than in gsp-
tumors (43% vs. 64%, p = 0.047), and SST5 mRNA expression was lower in gsp+ tumors (40
vs. 102, p = 0.013) (Figure 3). Table 1 summarizes these findings.
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Figure 1. Representative images of immunohistochemical expression patterns of somatostatin receptors subtype 2 and
5 and cytokeratin. (A) micrograph showing membrane SST2 immunostaining in 100% of cells with high intensity (IRS
score 12-high); (B) SST2 immunostaining in approximately 20% of cells with moderate intentisty (IRS 4-low); (C) SST5
immunostaining in 100% of cells with high intensity (IRS score 12-high); (D) SST5 immunostaining in less than 10% of cells
with low intensity (IRS 1-low); (E) densely granulated tumor—inset shows a magnified view of the perinuclear staining;
and (F) sparsely granulated tumor—inset shows a magnified view of the dot-like staining.
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Figure 3. gsp mutation and SST5 protein (A) and mRNA (B) expression. Three outliers from the gsp- group (666, 1075, and
1318 copies) and one from the gsp+ group (214 copies were excluded from the graph for better visualization).

Table 1. Comparison of demographic, laboratory, imaging, molecular, histopathological, and treatment response to
first-generation somatostatin receptor ligands data between gsp+ and gsp- tumors.

gsp+ gsp- p-Value
Frequency-n (%) 54 (40%) 82 (60%) NA
Sex (Male)-n (%) 24 (45%) 38 (46%) 0.858
Age (years) 45 (23-68) 43 (17-69) 0.413
GH at diagnosis (ng/mL) 46 (7-611) 42 (1.1-491) 0.868
IGF-I at diagnosis (xULN) 3.8 (1.3-10.2) 39 (1.3-11.4) 0.736
Diameter (mm) 18 (5-42) 22 (8-54) 0.035
Macroadenoma-# (%) 44 (96%) 62 (95%) 0.660
Cavernous sinus invasion-# (%) 4 (17%) 19 (60%) 0.001
SST2 mRNA (copy number) 657 (69-1597) 415 (17-3690) 0.305
S5T5 mRNA (copy number) 40 (0.3-239) 102 (4.7-1318) 0.013
High SST2 IRS-n (%) 35 (85%) 44 (70%) 0.257
High SST5 IRS-n (%) 18 (43%) 41 (64%) 0.047
Sparsely granulated—n (%) 28 (70%) 33 (55%) 0.148
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Table 1. Cont.

gsp+ gsp- p-Value
Biochemical control (%)-n = 81 11 (37%) 13 (25%) 0.219
GH reduction * (%)-n= 81 52 (—19-93) 44 (—41-88) 0.382
IGF-I reduction * (%)-n=81 47 (—4-83) 35 (—8-90) 0.682

n: number of individuals; NA: not applicable; GH: growth hormone; IGF-I: insulin-like growth factor type I; xULN: times the upper limit of
normal; SST2: somatostatin receptor subtype 2; SST5: somatostatin receptor subtype 5; IRS: immunoreactivity score. * percentage of GH or
IGF-I reduction with treatment.

3.3. Predictors of Response to fg-SRL Treatment

Overall, biochemical control was found in 24 (30%) of patients. It was found in 11/30
(37%) patients with gsp+ tumors and in 13/51 (25%) patients with gsp- tumors (p = 0.219).
Additionally, GH and IGF-I reduction after fg-SRL treatment were similar between patients
with gsp+ and gsp- tumors (p = 0.382 and 0.682, respectively).

On the other hand, SST2 protein and mRNA expressions were positively associated
with biochemical control (p = 0.021 and 0.031, respectively). Association was also found
with a granulation pattern (p = 0.037), but not with SST5 protein or mRNA expression
(p = 0.894 and 0.399, respectively).

4. Discussion

Precision medicine has been increasingly used for disease management in different
medical specialties, particularly oncology [18]. In acromegaly, prediction of response to SRL
treatment has been the focus of several studies [19-22]. Numerous clinical, biochemical,
immuno-histopathological, molecular, and imaging parameters have been studied with this
purpose, including gsp mutation [23]. The present study is the largest series evaluating gsp
status with respect to long-term biochemical response to SRLs published so far, including
136 patients, in which gsp mutation was found in 40% of cases. This high prevalence
underscores the need to establish its significance in relation to the management of disease
following surgical failure. Therefore, we evaluated its association with biochemical control
in 81 patients, which was not found.

Attempts to correlate gsp mutation with clinical response to SRLs date from the 1990s,
when Yang et al. [12] first described this association. They found that none of the five poor
responders in an octreotide suppression test (OST) were gsp+, while three out of five good
responders were gsp+. Since then, several studies have evaluated gsp mutations and their
correlation with both acute and long-term responses to SRLs [6-10,13,24-28]. Recently, a
meta-analysis encompassing 310 patients found 40% gsp+ tumors, similar to our results [6].
In this meta-analysis, patients harboring gsp+ tumors showed a greater GH level reduction
during OST. It is important to emphasize that significant acute GH suppression does not
necessarily correspond to a sustained long-term response [29]. If we take into consideration
only studies evaluating long-term biochemical control, earlier reports showed a correlation
with gsp mutation status [13,26], but these findings have not been confirmed in more
recent studies [7,9,24,28]. Our data reinforce these later studies, particularly the study of
Fougner et al. [24], who evaluated 38 patients and found no correlation of gsp mutation
and GH or IGF-I reduction during OST or long-term fg-SRL treatment. There may be a
concern that population heterogeneity could play a role in the differences found among
studies. However, our study included patients from all over country, which presents a
mixed population. Therefore, we consider that it is unlikely that these results may have
been influenced by differences in the population, although it cannot be excluded that some
genetic background has been underrepresented.

The phenotype of patients harboring gsp mutations is still controversial in the literature.
We did not find any difference between patients with wild-type and gsp mutated tumors
with respect to sex, age, GH, and IGF-I levels at diagnosis. However, tumors harboring
gsp mutations are thought to be smaller, more frequently densely granulated, and more
secretory [30]. Indeed, we found gsp mutated tumors to be smaller and less frequently
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invade cavernous sinuses, even when only macroadenomas were considered (data not
shown). Of note, such invasion, characterized by the Knosp criteria, had never been
evaluated in comparison to gsp mutation. Freda et al. [28] evaluated dura mater or bone
invasion and found no difference between wild-type or gsp-mutated tumors, despite the
latter being slightly smaller. Kim et al. [31] also did not find a difference in invasiveness
between wild-type and gsp-mutated tumors classified according to the Hardy and Vezina
grading system. Again, gsp-mutated tumors were significantly smaller.

With respect to granulation pattern, similar to Fougner et al. [24], we did not find a
difference in the frequency of sparsely or densely granulated tumors between gsp+ and
gsp- tumors. It is important to note that ours and Fougner’s series are the largest described
series of somatotropinomas.

A hypothesis that could favor a better response of gsp+ tumors to SRLs is the demon-
stration that SST may be differentially expressed between gsp- and gsp+ tumors, in partic-
ular, with a higher expression of SST2 mRNA levels in the latter tumors [7-9]. However,
these data have not been confirmed by other authors [13,32,33]. In our study, we did not
find a significant correlation between gsp+ tumors and SST2 protein or mRNA levels.

In contrast, we did find that wild-type tumors express higher SST5 levels, both at the
protein and mRNA levels. A previous finding of higher SST5 mRNA levels in gsp- tumors
had been described with borderline significance (p = 0.06) by our group [9]. The present
series, aggregating a large number of patients from many Brazilian centers, allowed us
to confirm the higher SST5 protein and gene expression, by two different very sensitive
methods. In addition, we also confirmed a high correlation between SST5 mRNA and
protein, as previously demonstrated [34]. The clinical importance of the different SST2 and
SST5 expression in the presence or absence of gsp mutation has not yet been investigated.
Since SST5 expression has been shown to predict response to pasireotide in patients who are
resistant to fg-SRLs [35], studies evaluating gsp mutations and the response to pasireotide
treatment should be further examined in acromegaly.

We confirmed previous findings that showed association between SST2 expression
and granulation pattern with response to fg-SRL [11,15,36,37]. Several other biomarkers
have been shown to be associated with medical or surgical therapy response, but none
with optimal predictive power [16,38—41]. Thus, there is still a need for better biomarkers
or a combination of them. We recently developed a machine learning based prediction
model, including clinical (age and sex), biochemical (GH and IGF-I levels), and immuno-
histochemical (SST2 and SST5 expression and cytokeratin granulation pattern) features,
that predicted response to fg-SRL with an accuracy of 86.3%, positive predictive value of
83.3% and negative predictive value of 87.5% [42]. Another recent study evaluated clinical,
biochemical, and imaging parameters, and found that age was negatively correlated with
IGF-I reduction, whereas IGF-I levels at diagnosis and tumor T2 hypointensity at MRI were
positively correlated [43].

5. Conclusions

The present study confirmed the frequency of gsp+ mutations in approximately 40% of
sporadic somatotropinomas. It also reinforced that, whereas gsp+ tumors were significantly
smaller than gsp- tumors, the phenotype did not differ with respect to sex, age, GH, and
IGF-I levels at diagnosis or the association with biochemical control. This is the largest
series evaluating gsp mutation status with respect to long-term medical treatment with
fg-SRLs, and we concluded that the gsp+ mutation cannot be used as a molecular biomarker
of long-term response to fg-SRLs. However, the higher expression of SST5 in gsp+ tumors
raises an important question regarding gsp mutation and the response to pasireotide
treatment in acromegaly.

Author Contributions: L.E.W. was responsible for study design, data collection and analysis, and
manuscript writing; D.H. contributed with molecular experiments and manuscript writing; P.C.L.E.
contributed with data collection and manuscript revision; C.H.d.A.L. was responsible for molecular
experiments and manuscript revision; N.R.d.C.M. contributed with data collection and manuscript



Cancers 2021, 13, 4857 9of 11

revision; A.H.S.C. was responsible for immunohistochemical analysis and manuscript revision; O.F.
contributed with data collection and manuscript writing; D.N. contributed with data collection and
manuscript revision; J.A. contributed with data collection and manuscript revision; L.V. contributed
with data collection and manuscript revision; J.L.M. contributed with data collection and manuscript
revision; M.K.P.H. contributed with data collection and manuscript revision; L.C. contributed with
immunohistochemical analysis and manuscript revision; M.d.C. contributed with data collection and
manuscript revision; L.K. contributed with study design, data collection, and manuscript revision;
M.R.G. was responsible for study design and manuscript revision. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was funded by Fundacao de Amparo a Pesquisa do Estado do Rio de
Janeiro (26/203.064/2017) and Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico
(308488/2019-9).

Institutional Review Board Statement: The study was registered at Plataforma Brasil (protocol code
67507417.7.1001.5257), approved by an individual Institutional Review Boards/Ethics Committee at
each center and conducted in accordance with the Declaration of Helsinki.

Informed Consent Statement: Patients signed an informed consent prior to study entry.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy limitations.

Conflicts of Interest: L.E.W. received speaker fees from Novartis and participated on advisory board
for Crinetics; L.V. has received speaker fees from Novartis and Ipsen; L.K. has received speaker fees
from Novartis and Ipsen; M.R.G. has received speaker fees from Novartis, Ipsen, and Crinetics and a
member of the advisory board for Novartis, Chiasma, and Crinetics.

References

1.

10.

11.

12.

Katznelson, L.; Laws, E.R.; Melmed, S.; Molitch, M.E.; Murad, M.H.; Utz, A.; Wass, J.A.; Society, E. Acromegaly: An endocrine
society clinical practice guideline. . Clin. Endocrinol. Metab. 2014, 99, 3933-3951. [CrossRef]

Antunes, X.; Ventura, N.; Camilo, G.B.; Wildemberg, L.E.; Guasti, A.; Pereira, P.J.M.; Camacho, A.H.S.; Chimelli, L.; Niemeyer, P;
Gadelha, M.R.; et al. Predictors of surgical outcome and early criteria of remission in acromegaly. Endocrine 2018, 60, 415-422.
[CrossRef]

Shen, M.; Tang, Y.; Shou, X.; Wang, M.; Zhang, Q.; Qiao, N.; Ma, Z.; Ye, Z.; He, W.; Zhang, Y.; et al. Surgical Results and Predictors
of Initial and Delayed Remission for Growth Hormone-Secreting Pituitary Adenomas Using the 2010 Consensus Criteria in 162
Patients from a Single Center. World Neurosurg. 2018, 124, e39-e50. [CrossRef]

Colao, A.; Auriemma, R.S.; Pivonello, R.; Kasuki, L.; Gadelha, M.R. Interpreting biochemical control response rates with
first-generation somatostatin analogues in acromegaly. Pituitary 2016, 19, 235-247. [CrossRef]

Lania, A.; Mantovani, G.; Spada, A. Genetics of pituitary tumors: Focus on G-protein mutations. Exp. Biol. Med. 2003, 228,
1004-1017. [CrossRef]

Efstathiadou, Z.A.; Bargiota, A.; Chrisoulidou, A.; Kanakis, G.; Papanastasiou, L.; Theodoropoulou, A.; Tigas, S.K.; Vassiliadi,
D.A.; Alevizaki, M.; Tsagarakis, S. Impact of gsp mutations in somatotroph pituitary adenomas on growth hormone response to
somatostatin analogs: A meta-analysis. Pituitary 2015, 18, 861-867. [CrossRef] [PubMed]

Fougner, S.L.; Borota, O.C.; Berg, ].P; Hald, ] K.; Ramm-Pettersen, J.; Bollerslev, J. The clinical response to somatostatin analogues
in acromegaly correlates to the somatostatin receptor subtype 2a protein expression of the adenoma. Clin. Endocrinol. 2008, 68,
458-465. [CrossRef] [PubMed]

Kim, E.; Sohn, S.; Lee, M.; Park, C.; Jung, J.; Park, S. Effect of gsp oncogene on somatostatin receptor subtype 1 and 2 mRNA
levels in GHRH-responsive GH3 cells. Pituitary 2005, 8, 155-162. [CrossRef] [PubMed]

Taboada, G.F; Neto, L.V.; Luque, R.M.; Cérdoba-Chacoén, J.; de Oliveira Machado, E.; de Carvalho, D.P;; Kineman, R.D.; Gadelha,
M.R. Impact of gsp oncogene on the mRNA content for somatostatin and dopamine receptors in human somatotropinomas.
Neuroendocrinology 2011, 93, 40-47. [CrossRef]

Larkin, S.; Reddy, R.; Karavitaki, N.; Cudlip, S.; Wass, ]J.; Ansorge, O. Granulation pattern, but not GSP or GHR mutation, is
associated with clinical characteristics in somatostatin-naive patients with somatotroph adenomas. Eur. |. Endocrinol. 2013, 168,
491-499. [CrossRef] [PubMed]

Gadelha, M.R.; Kasuki, L.; Korbonits, M. Novel pathway for somatostatin analogs in patients with acromegaly. Trends Endocrinol.
Metab. 2013, 24, 238-246. [CrossRef] [PubMed]

Yang, I.M.; Woo, ].T.; Kim, S.W.; Kim, J.W,; Kim, Y.S.; Choi, Y.K. Characteristics of acromegalic patients with a good response to
octreotide, a somatostatin analogue. Clin. Endocrinol. 1995, 42, 295-301. [CrossRef] [PubMed]


http://doi.org/10.1210/jc.2014-2700
http://doi.org/10.1007/s12020-018-1590-8
http://doi.org/10.1016/j.wneu.2018.11.179
http://doi.org/10.1007/s11102-015-0684-z
http://doi.org/10.1177/153537020322800904
http://doi.org/10.1007/s11102-015-0662-5
http://www.ncbi.nlm.nih.gov/pubmed/26115707
http://doi.org/10.1111/j.1365-2265.2007.03065.x
http://www.ncbi.nlm.nih.gov/pubmed/17941904
http://doi.org/10.1007/s11102-005-5245-4
http://www.ncbi.nlm.nih.gov/pubmed/16379030
http://doi.org/10.1159/000322040
http://doi.org/10.1530/EJE-12-0864
http://www.ncbi.nlm.nih.gov/pubmed/23288882
http://doi.org/10.1016/j.tem.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23270713
http://doi.org/10.1111/j.1365-2265.1995.tb01878.x
http://www.ncbi.nlm.nih.gov/pubmed/7758235

Cancers 2021, 13, 4857 10 of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Barlier, A.; Gunz, G.; Zamora, A.J.; Morange-Ramos, I.; Figarella-Branger, D.; Dufour, H.; Enjalbert, A.; Jaquet, P. Pronostic
and therapeutic consequences of Gs alpha mutations in somatotroph adenomas. J. Clin. Endocrinol. Metab. 1998, 83, 1604-1610.
[CrossRef]

Micko, A.S.; Wohrer, A.; Wolfsberger, S.; Knosp, E. Invasion of the cavernous sinus space in pituitary adenomas: Endoscopic
verification and its correlation with an MRI-based classification. J. Neurosurg. 2015, 122, 803-811. [CrossRef] [PubMed]

Gatto, F; Feelders, R.A.; van der Pas, R.; Kros, ].M.; Waaijers, M.; Sprij-Mooij, D.; Neggers, S.]J.; van der Lelij, A.].; Minuto, F.;
Lamberts, S.W.; et al. Immunoreactivity score using an anti-sst2A receptor monoclonal antibody strongly predicts the biochemical
response to adjuvant treatment with somatostatin analogs in acromegaly. J. Clin. Endocrinol. Metab. 2013, 98, E66—E71. [CrossRef]
[PubMed]

Coelho, M.C.A ; Vasquez, M.L.; Wildemberg, L.E.; Vazquez-Borrego, M.C.; Bitana, L.; Camacho, A.H.d.S.; Silva, D.; Ogino, L.L.;
Ventura, N.; Chimelli, L.; et al. Molecular evidence and clinical importance of 3-arrestins expression in patients with acromegaly.
J. Cell Mol. Med. 2018, 22, 2110-2116. [CrossRef]

Obari, A.; Sano, T.; Ohyama, K.; Kudo, E.; Qian, Z.R.; Yoneda, A.; Rayhan, N.; Mustafizur Rahman, M.; Yamada, S. Clinico-
pathological features of growth hormone-producing pituitary adenomas: Difference among various types defined by cytokeratin
distribution pattern including a transitional form. Endocr. Pathol. 2008, 19, 82-91. [CrossRef]

Gadelha, M.R. A paradigm shift in the medical treatment of acromegaly: From a ‘trial and error’ to a personalized therapeutic
decision-making process. Clin. Endocrinol. 2015, 83, 1-2. [CrossRef]

Kasuki, L.; Wildemberg, L.E.; Gadelha, M.R. MANAGEMENT OF ENDOCRINE DISEASE: Personalized medicine in the treatment
of acromegaly. Eur. ]. Endocrinol. 2018, 178, R89-R100. [CrossRef]

Puig-Domingo, M.; Marazuela, M. Precision medicine in the treatment of acromegaly. Minerva Endocrinol. 2019, 44, 169-175.
[CrossRef]

Yuen, K.C.J. Medical therapy for acromegaly: Towards the practice of a personalized medicine approach. Endocr. Pract. 2019, 25,
396-398. [CrossRef]

Ezzat, S.; Caspar-Bell, G.M.; Chik, C.L.; Denis, M.C.; Domingue, M.; Imran, S.A.; Johnson, M.D.; Lochnan, H.A.; Grégoire
Nyomba, B.L.; Prebtani, A.; et al. Predictive markers for postsurgical medical management of acromegaly: A systematic review
and consensus treatment guideline. Endocr. Pract. 2019, 25, 379-393. [CrossRef] [PubMed]

Corica, G.; Ceraudo, M.; Campana, C.; Nista, F.; Cocchiara, F.; Boschetti, M.; Zona, G.; Criminelli, D.; Ferone, D.; Gatto, F.
Octreotide-Resistant Acromegaly: Challenges and Solutions. Ther. Clin. Risk Manag. 2020, 16, 379-391. [CrossRef] [PubMed]
Fougner, S.L.; Casar-Borota, O.; Heck, A.; Berg, ].P; Bollerslev, ]. Adenoma granulation pattern correlates with clinical variables
and effect of somatostatin analogue treatment in a large series of patients with acromegaly. Clin. Endocrinol. 2012, 76, 96-102.
[CrossRef] [PubMed]

Vieira Neto, L.; Taboada, G.F.; Gadelha, M.R. Somatostatin receptors subtypes 2 and 5, dopamine receptor type 2 expression
and gsp status as predictors of octreotide LAR responsiveness in acromegaly. Arq. Bras. Endocrinol. Metabol. 2008, 52, 1288-1295.
[CrossRef] [PubMed]

Faglia, G.; Arosio, M.; Spada, A. GS protein mutations and pituitary tumors: Functional correlates and possible therapeutic
implications. Metabolism 1996, 45, 117-119. [CrossRef]

Spada, A.; Arosio, M.; Bochicchio, D.; Bazzoni, N.; Vallar, L.; Bassetti, M.; Faglia, G. Clinical, biochemical, and morphological
correlates in patients bearing growth hormone-secreting pituitary tumors with or without constitutively active adenylyl cyclase.
J. Clin. Endocrinol. Metab. 1990, 71, 1421-1426. [CrossRef] [PubMed]

Freda, P.U.; Chung, WK.; Matsuoka, N.; Walsh, J.E.; Kanibir, M.N.; Kleinman, G.; Wang, Y.; Bruce, ].N.; Post, K.D. Analysis of
GNAS mutations in 60 growth hormone secreting pituitary tumors: Correlation with clinical and pathological characteristics and
surgical outcome based on highly sensitive GH and IGF-I criteria for remission. Pituitary 2007, 10, 275-282. [CrossRef] [PubMed]
Pokrajac, A.; Claridge, A.G.; Shakoor, S.K.; Trainer, P.J. The octreotide test dose is not a reliable predictor of the subsequent
response to somatostatin analogue therapy in patients with acromegaly. Eur. ]. Endocrinol. 2006, 154, 267-274. [CrossRef]
Gadelha, M.R.; Kasuki, L.; Korbonits, M. The genetic background of acromegaly. Pituitary 2017, 20, 10-21. [CrossRef]

Kim, H.J.; Kim, M.S; Park, Y.J.; Kim, S.W.; Park, D.]J.; Park, K.S.; Kim, S.Y; Cho, B.Y.; Lee, H.K,; Jung, H.W.; et al. Prevalence of Gs
alpha mutations in Korean patients with pituitary adenomas. J. Endocrinol. 2001, 168, 221-226. [CrossRef]

Park, C.; Yang, I.; Woo, J.; Kim, S.; Kim, J.; Kim, Y,; Sohn, S.; Kim, E.; Lee, M.; Park, H.; et al. Somatostatin (SRIF) receptor subtype
2 and 5 gene expression in growth hormone-secreting pituitary adenomas: The relationship with endogenous srif activity and
response to octreotide. Endocr. J. 2004, 51, 227-236. [CrossRef]

Corbetta, S.; Ballaré, E.; Mantovani, G.; Lania, A.; Losa, M.; Di Blasio, A.M.; Spada, A. Somatostatin receptor subtype 2 and 5
in human GH-secreting pituitary adenomas: Analysis of gene sequence and mRNA expression. Eur. J. Clin. Investig. 2001, 31,
208-214. [CrossRef]

Wildemberg, L.E.; Vieira Neto, L.; Costa, D.E,; Nasciutti, L.E.; Takiya, C.M.; Alves, L.M.; Gadelha, M.R. Validation of immunohis-
tochemistry for somatostatin receptor subtype 2A in human somatotropinomas: Comparison between quantitative real time
RT-PCR and immunohistochemistry. J. Endocrinol. Investig. 2012, 35, 580-584. [CrossRef]

lIacovazzo, D.; Carlsen, E.; Lugli, F.; Chiloiro, S.; Piacentini, S.; Bianchi, A.; Giampietro, A.; Mormando, M.; Clear, A.J.; Doglietto, F.;
et al. Factors predicting pasireotide responsiveness in somatotroph pituitary adenomas resistant to first-generation somatostatin
analogues: An immunohistochemical study. Eur. J. Endocrinol. 2016, 174, 241-250. [CrossRef]


http://doi.org/10.1210/jcem.83.5.4797
http://doi.org/10.3171/2014.12.JNS141083
http://www.ncbi.nlm.nih.gov/pubmed/25658782
http://doi.org/10.1210/jc.2012-2609
http://www.ncbi.nlm.nih.gov/pubmed/23118420
http://doi.org/10.1111/jcmm.13427
http://doi.org/10.1007/s12022-008-9029-z
http://doi.org/10.1111/cen.12797
http://doi.org/10.1530/EJE-17-1006
http://doi.org/10.23736/S0391-1977.18.02937-1
http://doi.org/10.4158/EP-2019-0027
http://doi.org/10.4158/EP-2018-0500
http://www.ncbi.nlm.nih.gov/pubmed/30657362
http://doi.org/10.2147/TCRM.S183360
http://www.ncbi.nlm.nih.gov/pubmed/32440136
http://doi.org/10.1111/j.1365-2265.2011.04163.x
http://www.ncbi.nlm.nih.gov/pubmed/21722151
http://doi.org/10.1590/S0004-27302008000800014
http://www.ncbi.nlm.nih.gov/pubmed/19169483
http://doi.org/10.1016/S0026-0495(96)90103-1
http://doi.org/10.1210/jcem-71-6-1421
http://www.ncbi.nlm.nih.gov/pubmed/1977758
http://doi.org/10.1007/s11102-007-0058-2
http://www.ncbi.nlm.nih.gov/pubmed/17594522
http://doi.org/10.1530/eje.1.02073
http://doi.org/10.1007/s11102-017-0789-7
http://doi.org/10.1677/joe.0.1680221
http://doi.org/10.1507/endocrj.51.227
http://doi.org/10.1046/j.1365-2362.2001.00786.x
http://doi.org/10.3275/7906
http://doi.org/10.1530/EJE-15-0832

Cancers 2021, 13, 4857 11 of 11

36.

37.

38.

39.

40.

41.

42.

43.

Wildemberg, L.E.; Neto, L.V.,; Costa, D.F.,; Nasciuti, L.E.; Takiya, C.M.; Alves, L.M.; Rebora, A.; Minuto, F.; Ferone, D.; Gadelha,
M.R. Low somatostatin receptor subtype 2, but not dopamine receptor subtype 2 expression predicts the lack of biochemical
response of somatotropinomas to treatment with somatostatin analogs. . Endocrinol. Investig. 2013, 36, 38—43. [CrossRef]
Kiseljak-Vassiliades, K.; Carlson, N.E.; Borges, M.T.; Kleinschmidt-DeMasters, B.K.; Lillehei, K.O.; Kerr, ].M.; Wierman, M.E.
Growth hormone tumor histological subtypes predict response to surgical and medical therapy. Endocrine 2015, 49, 231-241.
[CrossRef] [PubMed]

Gatto, F; Biermasz, N.R,; Feelders, R.A ; Kros, ].M.; Dogan, E; van der Lely, A.].; Neggers, S.J.; Lamberts, S.W.; Pereira, A.M.;
Ferone, D.; et al. Low beta-arrestin expression correlates with the responsiveness to long-term somatostatin analog treatment in
acromegaly. Eur. ]. Endocrinol. 2016, 174, 651-662. [CrossRef]

Selek, A.; Cetinarslan, B.; Gurbuz, Y.; Tarkun, I.; Canturk, Z.; Cabuk, B. Aromatase enzyme expression in acromegaly and its
possible relationship with disease prognosis. Endocrine 2015, 49, 250-257. [CrossRef] [PubMed]

Coelho, M.C.A.; Vasquez, M.L.; Wildemberg, L.E.; Vazquez-Borrego, M.C.; Bitana, L.; Camacho, A.H.D.S,; Silva, D.; Ogino, L.L,;
Ventura, N.; Sdnchez-Sanchez, R.; et al. Clinical significance of filamin A in patients with acromegaly and its association with
somatostatin and dopamine receptor profiles. Sci. Rep. 2019, 9, 1122. [CrossRef] [PubMed]

Peverelli, E.; Treppiedi, D.; Giardino, E.; Vitali, E.; Lania, A.G.; Mantovani, G. Dopamine and Somatostatin Analogues Resistance
of Pituitary Tumors: Focus on Cytoskeleton Involvement. Front. Endocrinol. 2015, 6, 187. [CrossRef] [PubMed]

Wildemberg, L.E.; da Silva Camacho, A.H.; Miranda, R.L.; Elias, P.C.L.; de Castro Musolino, N.R.; Nazato, D.; Jallad, R.; Huayllas,
M.K.P; Mota, ].I; Almeida, T.; et al. Machine learning-based prediction model for treatment of acromegaly with first-generation
somatostatin receptor ligands. . Clin. Endocrinol. Metab. 2021. [CrossRef] [PubMed]

Nista, F,; Corica, G.; Castelletti, L.; Khorrami, K.; Campana, C.; Cocchiara, F.; Zoppoli, G.; Prior, A.; Rossi, D.C.; Zona, G.; et al.
Clinical and Radiological Predictors of Biochemical Response to First-Line Treatment With Somatostatin Receptor Ligands in
Acromegaly: A Real-Life Perspective. Front. Endocrinol. 2021, 12, 677919. [CrossRef] [PubMed]


http://doi.org/10.3275/8305
http://doi.org/10.1007/s12020-014-0383-y
http://www.ncbi.nlm.nih.gov/pubmed/25129651
http://doi.org/10.1530/EJE-15-0391
http://doi.org/10.1007/s12020-014-0445-1
http://www.ncbi.nlm.nih.gov/pubmed/25300784
http://doi.org/10.1038/s41598-018-37692-3
http://www.ncbi.nlm.nih.gov/pubmed/30718563
http://doi.org/10.3389/fendo.2015.00187
http://www.ncbi.nlm.nih.gov/pubmed/26733942
http://doi.org/10.1210/clinem/dgab125
http://www.ncbi.nlm.nih.gov/pubmed/33686418
http://doi.org/10.3389/fendo.2021.677919
http://www.ncbi.nlm.nih.gov/pubmed/34025586

	Introduction 
	Patients and Methods 
	Study Design 
	Patients 
	Data Collection 
	DNA and RNA Extraction 
	DNA Sequencing 
	qPCR 
	Immunohistochemistry 
	Statistical Analysis 

	Results 
	Patient and Sample Characteristics 
	gsp Mutation 
	Predictors of Response to fg-SRL Treatment 

	Discussion 
	Conclusions 
	References

