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Abstract 
Actual pharmacologic treatment in acromegaly is currently based upon assay-error strategy. The 

prompt biochemical control of the disease is essential to reduces comorbidities and mortality. 

Fortunately, several drugs have been developed over the years to treat acromegaly being first 

generation somatostatin receptor ligands (SRLs), the first-line treatment. However, up to 50% 

of patients do not respond adequately to SRLs, which delays biochemical control for months or 

even a year. The main objective of this thesis was to evaluate the potential usefulness of 

different molecular markers as predictors of response to SRLs and elaborate a new treatment 

algorithm accordingly. We taught advantage of the REMAH cohort of several nodes in Spain to 

collect 100 acromegaly samples and performed molecular analysis. We measured molecular 

expression by RT-qPCR, measured protein by IHC and; quantified CpG methylation and 

evaluated mutations by sanger sequencing. Furthermore, we were able to stratify the SRLs 

respond in the majority of the cases and collected clinical associated data too. Taking all that 

into account, we have been able to validate reported biomarkers (SSTR2, Ki-67, E-cadherin and 

RORC) associated to SRLs response, describe the association of the epithelial-mesenchymal 

transition and SRLs in somatotropinomas, molecularly characterize the SRLs improvement after 

tumor debulking in large GH-producing tumors and define treatment algorithm based on 

molecular expression through data mining approaches. We conclude presenting treatment 

algorithms for new diagnosed acromegaly patients that will benefit from personalized medicine 

using IHC or more complex RNA quantification approaches to overcome the assay-error strategy 

in acromegaly treatment. 
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Resum 
El tractament farmacològic actual de l’acromegàlia està basat en el mètode de prova i error. En 

aquesta malaltia, un control bioquímic ràpid és decisiu per evitar comorbiditats i reduir la 

mortalitat. Afortunadament, avui en dia tenim diversos tractaments farmacològics amb els 

lligands del receptor de la somatostatina (LRS) de primera generació com a primera línia 

farmacològica. Tanmateix més del 50% dels pacients no aconsegueixen controlar els nivells 

hormonals amb els LRS la qual cosa pot arribar a endarrerir el control bioquímic de la malaltia 

durant mesos o fins i tot més d’un any. El principal objectiu d’aquesta tesis és l’avaluació de la 

potencial utilitat dels diferents marcadors de resposta a LRS i la conseqüent elaboració d’un nou 

algoritme de tractament amb aquests marcadors. Fent ús de diversos nodes de la cohort REMAH 

arreu d’Espanya, vam obtenir 100 mostres tumorals d’acromegàlia en les quals vam realitzar 

anàlisis moleculars. A més a més, vam caracteritzar la resposta a LRS en la majoria dels casos i 

les dades clíniques associades a aquests pacients. Amb tot això vam ser capaços de validar 

biomarcadors prèviament reportats  (SSTR2, Ki-67, E-cadherin i RORC), descriure l’associació 

entre el fenomen de transició epiteli-mesènquima i la resposta a LRS en aquests tumors 

productors d’hormona del creixement, caracteritzar molecularment la millora de l’efecte dels 

LRS després de cirurgia parcial en tumors grans i invasius, i finalment, definir algoritmes de 

tractament personalitzats en funció de l’expressió de diversos gens i situacions clíniques. 

Concloem aquest estudi doncs proposant nous algoritmes de tractament basats en la medicina 

predictiva i personalitzada per a nous casos d’acromegàlia utilitzant tècniques de quantificació 

del RNA o immunohistoquímica per tal superar l’estratègia de tractament de prova i error. 
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1. Introduction 

1.1 The pituitary gland 

1.1.1 Anatomy and histology 

The pituitary gland, also called hypophysis, can be considered a master regulator of the 

endocrine system due the central role in many physiological and essential functions such as 

growth, blood pressure, metabolism, stress respond and all function of sex organs (1). The 

pituitary gland possesses a bean-shaped and lies within the sella turcica, a saddle-shaped 

depression in the sphenoid bone, close to the optic chiasm (Figure 1).The gland is connected to 

the hypothalamus through the pituitary stalk, a portal system. The pituitary weighs 0.5 gram 

approximately and consists of three lobes that are functionally and anatomically distinct (2). The 

posterior lobe or neurohypophysis contains a large collection of hypothalamic axonal 

projections and secreted oxytocin and vasopressin directly to the blood (3). The intermediate 

lobe or pars intermedia is the border between the anterior and posterior lobes of the pituitary 

and produces melanocyte stimulating hormone (MSH). However, the pars intermedia regresses 

at the 15th week of gestation and is either very small or absent in adults (4). Finally, the anterior 

lobe or adenohypophysis contains five types of endocrine cells which produce and secrete the 

following hormones: the gonadotrophs secrete the gonadotrophins luteinizing hormone (LH) 

and follicle-stimulating hormone (FSH); the corticotrophs, adrenocorticotrophin (ACTH); the 

lactotrophs,prolactin (PRL); the thyrotrophs, thyroid-stimulating hormone (TSH); and the 

somatotrophs produce growth hormone (GH) and eventually prolactin (PRL) as well (1). 

Figure 1. 

 

 
 

 

 

 

 

 

 

 

Anatomical localization of the pituitary gland. Henry Gray (1918) Anatomy of the Human Body 
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The different cell lineages of the adenohypophysis may give rise to different types of adenomas, 

often associated with distinct hypersecretory syndromes (5): ACTH-secreting corticotroph 

adenomas result in Cushing’s disease, GH–secreting somatotroph adenomas result in 

acromegaly, PRL-secreting lactotroph adenomas result in hyperprolactinemia, and TSH-

secreting thyrotroph adenomasresult in hyperthyroidism. Gonadotroph adenomas, most of 

them hormonally silent, lead to hypogonadism in most of the cases. 

As the studies described in this thesis focus on acromegaly which is mostly caused by a GH-

secreting somatotroph adenoma (also known as somatotropinoma), I will firstly introduce 

somatotroph cells and GH.  

1.1.2 Somatotroph cells and growth hormone 

Somatotroph cells constitute the predominant cell type in the anterior pituitary (about 45% of 

cell population) and synthetizing, storing and secreting GH are the defining functions of these 

cells. Somatotroph cells, together with lactotrophs and thyrotrophs, require Pituitary-specific 

positive transcription factor 1 (Pit1), also known as POU1F1, for final differentiation and the 

maintenance of Pit1 expression in those cells through adulthood. Pit1 is necessary for 

transcription of GH and growth hormone releasing hormone receptor (GHRHR) (6) and its 

expression is positively autoregulated by a distal enhancer (7). GH and GHRHR are also regulated 

indirectly by Pit1 through NeuroD4 expression (8).  

The human GH gene is located in a locus containing five homologous genes, the so-called human 

growth hormone locus, on the long arm of chromosome 17. The genes in the cluster are growth 

hormone 1 (GH1), corresponding to the pituitary growth hormone or simply as GH, chorionic 

somatomammotropin hormone like 1 (CSHL1), chorionic somatomammotropin hormone 1 

(CSH1), growth hormone 2 (GH2) and chorionic somatomammotropin hormone 2 (CSH2), from 

3’ to 5’, respectively. The structure of these genes comprises five exons and four introns (Miller 

and Eberhardt, 1983). GH is transcribed in the adenohypophysis while the others are expressed 

during the gestation (10). GH circulates mainly as a 22-kDa protein consisting of 191 amino acids; 

however, some other spliced-variants can be found (11). 

1.1.3 GH regulation 

The regulation of GH is a very complex issue with several players acting at different levels. The 

most convoluted and unknown network of GH regulators is the neuroendocrine layer of 

regulation that comprises: ghrelin, kisspeptin neuropeptidases, leptin, dopamine, orexin, 

gastrointestinal neuropeptides, among others (12). 
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Ghrelin is mainly secreted to the blood by neuroendocrine cells of the gastrointestinal tract, and 

it has been called the "hunger hormone" because it stimulates appetite (13). It is also expressed 

in the arcuate nucleus of the hypothalamus and the pituitary (14).  It is an endogenous ligand of 

the GH secretagogue receptor type 1a (GHSR1a) and stimulates pituitary GH secretion. Inversely, 

GH inhibits ghrelin secretion (15,16).  

At the hypothalamic level, GH secretion is positively regulated through the GH releasing 

hormone (GHRH) and negatively through somatostatin (SST), also known as somatotropin 

release-inhibiting factor (SRIF) (12). GHRH is released from neurosecretory axons of the 

hypothalamic arcuate nucleus, and arrives to the anterior pituitary gland through the portal 

system. This molecule shows a structural homology with neuroendocrine gut peptides like 

glucagon, secretin or vasoactive intestinal peptide (VIP) that also stimulates GH secretion but 

with lower potency (12,17). GHRH binds to the GHRHR, activating a Gs protein that causes a 

cascade of cAMP via Adenylate cyclase (18). GHRH stimulates GH secretion and acts also at gene 

transcription level, activating new GH synthesis (19). 

Somatostatin is synthesized in the hypothalamic periventricular nuclei, the pancreatic islets, 

gastrointestinal, neural and epithelial cells. The plasma half-life of somatostatin is about 2 

minutes and it inhibits GH, ACTH and TSH release at the pituitary, and insulin and glucagon at 

the pancreatic islet (20,21). Somatostatin receptors 1 to 5 (SSTR1-5) are specific membrane high-

affinity receptors for somatostatin (22). Somatostatin suppresses GH release but not GH 

biosynthesis (19). GHRH and somatostatin interact to regulate GH secretion to generate pulsatile 

GH release (23). 

The GH also has an autoregulation loop, promoting somatostatin secretion and desensitizing 

from GHRH effects. Somatostatin and GHRH also regulate its own secretion (Bilezikjian et al., 

1986; Peterfreund and Vale, 1984; Rosenthal et al., 1986; Ross et al., 1987; Sheppard et al., 1978) 

(Figure 2).  Moreover, a wide range of physiological factors modify GH secretion like age, gender, 

sleep, exercise, stress, and nutritional and metabolic factors (12,29). 
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Figure 2. 

 

1.1.4 Peripheral GH actions 

The GH binds to the GH receptor (GHR) inducing its dimerization and transducing the signal 

through the JAK/STAT pathway, mainly involving JAK2, STAT1 and STAT5 (30,31). Other GH 

actions are mediated by MAPK pathway, IRS-1 and c-fos; and promote insulin synthesis, 

cytoskeleton changes and cell proliferation (12). The GHRs are located mainly in the liver and 

some peripheral tissues like muscle or fat, which present less amount of the receptor (30). GH 

also induces differentiation and growth factor IGF-1 secretion that also regulates GH through a 

negative feedback loop (32). (Figure 3). 

Figure 3. 

 

 

 

 

 

 

 

 

The IGF-1 gene is GH-independently expressed in mesenchymal cells and fetal connective tissue 

whereas in adult liver, lung, pancreas and heart, the major regulator of IGF-1 is GH (33). IGF-1 

ubiquity favors its endocrine function as well as a paracrine/autocrine function (34). Other 

stimulators of IGF-1 paracrine function are ACTH, TSH and LH in their respective target tissues 

Central and peripheral GH regulation. SST: 

Somatostatin. GHRH: Growth Hormone 

Realising Hormone. GH: Growth Hormone. 

FFA: Free Fatty Acids. R. Coutant, 

N. Bouhours-Nouet. Endocrine Control and 

Regulation of Growth Hormone: An 

Overview. 

GH binds a dimerized GHR 
resulting in JAK2 
phosporilation. GH targets 
include IGF-1, c-fos, cell 
proliferation genes, glucose 
metabolism, and cytoskeletal 
proteins. The dotted lines 
referred to GHR 
internalization 
and translocation that 
induces pro-proliferation 
genes in the nucleus via 
importin α/β. IGF-1  could 
inhibit this last process. 
Melmed S. Acromegaly 
pathogenesis and treatment. 
J Clin Invest 2009 
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(35,36). The nutritional status is also an important regulator of IGF-1 (37). The majority of IGF-1 

biological actions are mediated by the IGF-1 receptor, a cell surface tyrosine kinase, very similar 

to the insulin receptor (Jones and Clemmons, 1995). IGF-1 is secreted associated with high-

affinity circulating IGF-binding proteins (IGFBPs), which determine the availability of free IGF-1. 

These binding proteins are cysteine enriched proteins with a high affinity to IGF-1 and are also 

hormonally regulated (39). 

Due to the GH involvement in the regulation of many physiological processes, such as glucose, 

lipid and bone metabolism, growth, reproduction, osmoregulation and the immune system 

regulation, it is considered a pleiotropic hormone (12). It possesses both anabolic and catabolic 

actions. GH is a catabolic hormone with low  IGF-1 levels during fasting but becomes anabolic in 

the presence of IGF-1 after food intake as IGF-1 mediates GH anabolic functions (40,41). The 

most important anabolic action is the stimulation of cellular differentiation and growth, while 

catabolic actions of GH come from its lipolytic effects and the inhibition on lipogenesis which 

results in elevated free fatty acids (FFAs) (42–44). Interestingly, GH and IGF-1 display opposing 

roles on insulin homeostasis. Whereas GH counter-regulates the effects on insulin, IGF-1 

promotes insulin sensitivity (45). 

 

1.2 Acromegaly 

1.2.1 History of acromegaly 

Acromegaly is a stunning disease of disordered somatic growth and has intrigued clinician for 

centuries. Nonetheless, it was in 1886 when the neurosurgeon Pierre Marie published the first 

clinical description of the disease and his recognition of five other cases previously described 

(46). The term “acromegaly” is from Greek meaning “large extremities” and was forged by Pierre 

Marie himself. However, there are clinical reports of this disease from many centuries ago 

(47,48). In 1900, Carl Benda discovered that pituitary adenomas comprised of mainly 

adenohypophyseal eosinophilic cells are the cause of acromegaly (49). Harvey Cushing and 

colleagues introduced the terminologies “hyperpituitarism” and “hypopituitarism” and 

demonstrated clinical remission of signs of acromegaly after surgical resection of pituitary 

tumors (Cushing, 1909, 1912; Davidoff, 1926), helping to establish the link between a 

hyperfunctioning adenoma, in particular the hypersecretion of GH and the disease. 

1.2.2 Epidemiology 

According to a recent meta-study, the annual incidence rate of acromegaly ranges between 0.2 

and 1.1 cases/100,000 people and the total prevalence ranges between 2.8 - 13.7 cases per 

100,000 people. Many cases go unreported for years due to the insidious presentation and the 
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lack of awareness of acromegaly among physicians. The median age at diagnosis is in the fifth 

decade of life with a median diagnostic delay of 4.5–5 years (53). In Spain, the diagnostic delay 

is even bigger, 50% of patients refers more than 9 years of delay since the beginning of 

symptoms (54).  

1.2.3 Pathogenesis 

The cause of acromegaly is mainly a pituitary tumor (>95%) (55). But, the disorder is caused by 

elevated levels of GH and IGF-1 regardless of the etiology (56). Histologically, these tumors 

contain either densely (slow growing) or sparsely (rapidly growing) staining cytoplasmic GH 

granules (57). There are also mixed GH-PRL cell adenomas that can be composed by two 

different cell types or by single mature cell expressing both GH and PRL (58). The tumors 

composed by the two cells types are usually invasive and rapidly growing, and 

hyperprolactinemia may be the predominant feature. Little correlation has been proved 

between blood hormone levels and hormone staining (Akirov et al., 2019).  

Although, there are locally invasive somatotropinomas that could be aggressive, without a proof 

of distant metastases these tumors are considered benign adenomas (60). Nonetheless, the 

occurrence of such metastases is extremely rare (61). Invasive pituitary macroadenomas 

represent an intermediate form between well-circumscribed adenomas and carcinomas.  

Pituitary adenomas can be classified according to their invasive growth in the sella turcica. The 

current classification using magnetic resonance imaging is the Knosp classification (62,63). This 

classification is based in four grades, Grade 0 representing a healthy pituitary, and Grade 4 

corresponding to the total encasement of the intracavernous carotid artery (Figure 4). According 

to this classification, surgically proven invasion of the cavernous sinus space is present in all 

Grade 4 and Grade 3 cases and in some of the Grade 2 cases; no invasion is present in Grade 0 

and Grade 1 cases. Therefore, the critical area where invasion of the cavernous sinus space 

becomes very likely and can be proven surgically is located between the intercarotid line and 

the lateral tangent, which is represented by Grade 2. 
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Figure 4.  

 

 

 

 

 

 

 

 

 

 

 

Somatotropinomas, as all neuroendocrine tumors, show an intrinsic heterogeneity (64), ranging 

from small localized microadenomas with limited biochemical activity to large invasive highly 

active macroadenomas. Interestingly, applying cluster analysis of clinical, histopathological, and 

radiological characteristics to 242 acromegaly patients Cuevas-Ramos et al. were able to classify 

acromegaly patients into three groups associated with different clinical outcomes (65): 

- Type 1: the most common, old patients, densely granulated small tumor with abundant 

somatostatin receptor 2 (SSTR2).  

- Type 2: the rarest, noninvasive, densely or sparsely granulated macroadenomas.   

- Type 3: young patients, sparsely granulated, larger and invasive microadenomas with 

low SSTR2. 

1.2.4 Diagnosis 

To proper diagnose acromegaly, a demonstration of autonomous hypersecretion of GH and high 

levels of IGF-1 must be done. Due to short half-life of GH and its pulsatility, a single random GH 

measure is not recommended (66). On the other hand, serum IGF-1 levels are stable (15 hours 

half-life), regardless of food intake or time of the day and, show a logarithmic correlation with 

GH (67). Normal IGF-1 levels adjusted by age exclude acromegaly diagnosis. In some cases, the 

lack of suppression of GH (< 1 μg/l) following an oral glucose tolerance test (OGTT) is necessary 

to confirm the diagnosis of acromegaly (68).  

 

 

Knosp grading system for showing 

invasion of cavernous sinus by 

pituitary macroadenomas. The 

much laterally an adenoma grows 

and encircles the internal carotid 

artery (ICA), the more invasive the 

tumor is and, therefore a higher 

grade level is assigned. Source: 

https://radiopaedia.org/cases/kn

osp-classification-diagrams 
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Figure 5. 

 

 

 

 

Advanced acromegaly patients tend to develop diabetes mellitus that can make unreliable the 

serum IGF-1 measures that should only be assessed when a good glycemic control has been 

achieved. Other processes such as hepatic or renal failures, malnutrition, systemic illnesses or 

the use of oral oestrogens could induce to false negative interpretation of IGF-1 levels (69,70). 

Furthermore, there is a remarkable variability between different IGF-1 immunoassays that has 

to be considered (71,72). 

Finally, a contrast magnetic resonance imaging (MRI) of the pituitary to localize the tumor and 

asses the size, invasiveness and exact localization is mandatory. Clinicians usually distinguish 

between microadenomas (≤1 cm) and macrodenomas (≥1 cm) as a measure of the possible 

severity of the disease (73). 

1.2.5 Clinical manifestations 

Acromegaly manifestations are due to the local pressure effects of the pituitary tumor or 

peripheral actions of chronic excess of GH and IGF-1 (74).The local effects of the expanding 

tumor are common to all pituitary adenomas and include headache, visual dysfunction due to 

chiasmal compression cranial nerve palsy due to impingement of cranial nerves III, IV, and VI 

Diagnosis of acromegaly. Modified from: Melmed S. Medical progress: acromegaly. N Engl J Med 

2006;355(24):255873. 
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causing diplopia, or nerve V leading to trigeminal facial pain. The local signs present an obvious 

higher preponderance in macroadenomas (> 65%) (75).  

The effects of hypersomatotrophism on soft tissue growth and the extremities, as well as 

metabolic function, occur insidiously over lustrums (76). The more strickings manifestations are 

altered facial appearance large fleshy nose, spade-like hands, frontal bossing or enlargement of 

the extremities (Nabarro, 1987). The growth of soft tissue cause a generalized visceromegaly 

with enlargement of bones, heart, thyroid, spleen, liver, tongue and salivary glands (78). IGF-1 

causes new bone formation leading to teeth separation, frontal bossing, maxillary widening, 

mandibular overgrowth with prognathism, jaw malocclusion and overbite, and nasal bone 

hypertrophy (79). Arthropathy with painful signs of joint symptoms severe enough to impair 

daily activities are also very common, specially carpal tunnel syndrome (80). Oily skin and 

hyperhidrosis are common early signs in more than 70% of patients (81). Regarding 

cardiovascular manifestations, hypertension, arrhythmias, valvular disease, and sodium and 

fluid retention leading to expanded extracellular fluid volume are common manifestations (Berg 

et al., 2010; Sharma et al., 2017). These cardiovascular comorbidities are the major cause of 

morbidity and mortality in acromegaly (84). The tissue growing also impairs the respiratory 

function that contribute to sleep apnea and even narcolepsy (85,86). All these changes damage 

the psychological status of the patient and severely affect the quality of life (87). 

Prolonged exposure to excess GH leads to the development of gastrointestinal malignancies 

(88). Moreover, GH and IGF-1 have complex effects on glucose metabolism. Their chronic 

exposure leads to diabetes mellitus through hyperinsulinaemia, insulin resistance and increased 

gluconeogenesis (89). 

1.3 Treatment of Acromegaly 
The general aim of therapy in acromegaly is to suppress hypersecretion of GH and IGF-1, 

consequently eliminating morbidity and reducing mortality rates (90). 

1.3.1 Surgery 

Transsphenoidal surgery is the primary treatment for patients with well-circumscribed 

somatotropinomas or for large tumors causing important local effects (91). Surgical outcome 

can usually be correlated with the preoperative GH and IGF-1 levels, tumor invasiveness and 

surgical skills of the neurosurgeon. In the cases of microadenomas or non-invasive 

macroadenomas, remission rates achieve about 80%. Unfortunately, for invasive tumor this rate 

drops to 20-30% (92,93). The success of neurosurgery is followed by a normalization of GH and 
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IGF-1 with a low cost compared to life-long medical therapy. However, surgery has side effects, 

mainly due to some sort of hypopituitarism (around 30% of cases) (94). 

1.3.2 Radiation treatment 

During the early 1900s radiotherapy played a central role in the management of acromegaly 

(95). However, nowadays is considered as the last option for acromegaly treatment in most 

centers. The recommendation for radiotherapy is for residual tumors if all the other therapeutic 

options are unsuccessful or unavailable (90). Usually, conventional radiotherapy is administered 

in 20-30 fractions with a total dose of 40-45 Gray and obtains a 50% remission rate at 10 year 

follow-up (96). Unfortunately, radiotherapy has main side-effects, such as, hypopituitarism (50 

– 80%), increased mortality risk (due to cerebrovascular disease) and joint problems (97–99). 

Nowadays, modern stereotactic radiotherapy has strongly decreased these latter comorbidities. 

1.3.3 Dopamine agonists 

In 1974, it was discovered that dopaminergic stimulation, contrary to what happens in 

physiological condition, reduced GH secretion in acromegaly (100,101). Dopamine receptor D2 

(DRD2) is the predominant receptor found on these adenomas (102,103)and until the 80s 

dopamine agonists (DA) were the only pharmacological agents for acromegaly treatment. The 

first DA was bromocriptine but it was replaced by cabergoline due to its higher efficacy and 

better tolerability (104). It presents a very safety profile with mild side-effects, is cheap and can 

be taken orally (105). However, the efficacy is relatively low on IGF-1 levels (around 30% 

reduction only) (90).  

1.3.4 Somatostatin receptor ligands (SLRs) 

Somatostatin, as explained before, is a physiological inhibitor of GH secretion. As remnant of its 

somatroph origin, somatotropinomas express somatostatin receptors (SSTRs), specially SSTR2 

and SSTR5 (106). The first generation short acting SRLs, octreotide and lanreotide, were the first 

developed (107,108). Both show a high affinity for SSTR2 receptor. However, the two hour half-

life of these compounds made necessary several daily injections (109). Luckily, to date long 

acting formulations of both octeotride (octreotide Long Acting Release-LAR) and lanreotide 

(lanreotide autogel-ATG) allow for weekly injections. They are equivalent in terms of safety and 

efficacy (110).There is also a small tumor reduction effect that makes them interesting for 

pituitary acromegaly (111,112). Furthermore, lanreotide ATG and octreotide LAR have a IGF-1-

independent mild effect in reducing insulin secretion which makes the drugs relevant in patients 

with insulin resistance and diabetes (113). 
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SRLs are considered the first line medical acromegaly treatment (114). They present a better 

performance in normalizing GH and IGF-1 levels that cabergoline reaching about 50% of patients 

with normalized biochemistry (115,116), although large differences in biochemical response 

rates of SRLs have been reported (ranging between 25% - 70%), probably due in part to the 

heterogeneity in the definition of biochemical response (117).The criteria to define a full 

response to SRLs are generally similar across all studies, although with some variations in GH 

threshold levels, but some studies consider both parameters, IGF-1 and GH levels, as separate 

efficacy endpoints while others report a composite efficacy endpoint. On the other hand, some 

authors combine the biochemical effects with the antitumoral effects in the definition of 

response to SRLs, but the majority of articles lack a clear cut-off when using this 

criteria((116,118).  

Importantly, some authors define a partial response to SRLs. This definition tries to reflex a 

clinical reality in which the majority of clinicians use SRLs in combination with other drugs if they 

consider that SRLs’ effect is significant but not enough to normalize GH and IGF-1 levels. 

One of the most used classifications is the one proposed by Colao et al.  which defines full 

response to SRLs as control of GH and IGF-1 levels and 20% tumor shrinkage in patients treated 

first-line, or control of GH and IGF-1 levels and 20% tumor shrinkage or stabilization of tumor 

remnant in patients treated second-line, or no tumor on magnetic resonance imaging at 

baseline. They consider as partial responders those patients showing a significant decrease 

(50%) of GH and/or IGF-1 levels with no achievement of control levels and/or 20% tumor 

shrinkage in patients treated first-line or second-line. And finally, poor response or resistance to 

SRLs is defined as non-significant decrease of GH and IGF-1  levels with no achievement of 

control and no tumor shrinkage in patients treated first-line or increase in tumor size in any 

patient (119). 

To avoid the variability over time of IGF-1 measurement, other authors use IGF-1 SD score (SDS). 

In this case,  controlled disease or full response is considered when IGF-1 values are below 2 

SDS, partial response if between 2 and 3 SDS, and non-response when greater than 3 SDS (120). 

SRLs have been recommended as first-line therapy in non-resectable GH-producing tumors, 

even if they provide biochemical control in less than 50%of cases. Therefore, enhancing SRLs 

response could be very useful. Several studies have proven that surgical debulking of these 

tumors improves SRLs response (121–125). Consequently, the current general consensus is to 

perform surgical debulking even if surgical cure is unlikely, both to alleviate mass effect and to 

improve SRLs treatment response (126–128). Improvement of SRLs response after surgical 
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debulking seems to be mostly related to the reduction in tumor size, but not all tumors show 

the same response to SRLs after this procedure, even with a similar residual tumor mass. No 

biological studies have been performed so far in this matter. 

SRLs are also used as preoperative treatment for ameliorating comorbidities and reducing tumor 

volume to improve surgical outcome (56). However, a recent metanalysis demonstrates better 

short-term cure rates in acromegaly patients after presurgical SRLs treatment, but its impact on 

the long-term results is unclear (129).This is another factor to take into account when comparing 

response rates to SRLs after surgery. 

Pasireotide-LAR was developed as a multireceptor-targeted SRL with a superior clinical efficacy 

over octreotide-LAR and it is considered a second-generation SRLs (130,131). However, after 

several studies an expert group recently recommended a more reluctant use of pasireotide LAR. 

They recommended its use as a second-line therapy in young patients who show tumor growth 

while receiving medical therapy, monotherapy in patients with headache not responsive or 

intolerant to the other medical treatment, and as third-line treatment or even in combination if 

the other combination therapies do not control biochemical parameters or disease symptoms 

(132). 

Pasireotide-LAR shows a great tolerability profile of intramuscular injections similar to first SRLs. 

However, hyperglycaemica-related adverse event is a common effect and should be carefully 

monitored. It is of some concern for the use of the drug, especially in patients categorized as 

diabetic or prediabetic at baseline (133,134). 

1.3.5 Pegvisomant 

Pegvisomant was discovered by John Kopchick and Wen Chen at Ohio University in 1987 and 

approved for the treatment of acromegaly in 2003 (135). The substitution of glycine at position 

120 of the third alpha helix in binding site 2 of GH glycine by lysine blocks intracellular signaling, 

converting the modified GH molecule into a GHR antagonist (136). The GHR antagonist was 

PEGylated with polyethylene glycol (PEG) molecules, extending the half-life to about 70 hours. 

Currently, it is used as second line treatment for patients not controlled with first generation 

SRLs (90).  

The first initial trials demonstrated over a 90% of IGF-1 normalization in patients resistant to first 

generation SRLs (137,138). Virtually all patients with acromegaly can be controlled with 

pegvisomant but, recent registries of clinical routine practice showed lower IGF-1 remission 

rates (60-70%) (138–141). Pegvisomant rapidly decrease IGF-1 levels in serum and rise GH levels 
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due to the hypothalamic feedback loop (142). Therefore, the only biochemical marker of 

pegvisomant performance is IGF-1. 

 

1.3.6 Choice of therapy 

With all these available therapeutic options, choosing the best of them for each patient can be 

difficult. The current guidelines recommend medical therapy in those cases with persistent 

disease after surgical resection or for patients in whom surgery is not appropriate. They 

recommend first generation SRLs or cabergoline as monotherapy as first line medical therapy. 

After that, the second line therapy would be to increase SRLs dosage or frequency of injections 

or add cabergoline to SRLs. In case of minimal or no response, the clinician could choose 

between pasireotide and pegvisomant in monotherapy; or pegvisomant in combination with 

SRLs. That decision depends mostly on the tumor concern and the impaired glucose metabolism 

(Figure 6). Finally, the last considered option is radiotherapy, surgical reintervention or, in rare 

aggressive tumors, temozolomide (an alkylating agent used as a treatment of some brain 

cancers) (90,143).  

Figure 6. 

 

 

Current proposed algorithm of acromegaly treatment by experts (2019). Colao, A., Grasso, L.F.S., Giustina, A. et al. 

Acromegaly. Nat Rev Dis Primers 2019 



23 
 

This "trial and error" approach together with additional treatment options plus the high rate 

failure of first generation SRLs and the primary surgery make the treatment of acromegaly 

patients really challenging. The delay in controlling the disease in patients that do not respond 

to first line treatment could be measured in years since every change in the medical treatment 

needs some months to be fully evaluated. Taking all this into account, it is easily understandable 

why many authors propose that acromegaly patients should benefit enormously of personalized 

medicine by using molecular analysis (144–147). In many other pathologies, there has been a 

shift towards individualized treatments that best match a specific patient. However, 

personalized medicine has not yet been established in the management of patients with 

acromegaly. 

  

1.4 Clinical and molecular predictors to medical therapy response 

During the last years, many studies have tried to explain why some patients do not respond to 

first generation SRLs. Epidemiological studies have proven that men are more resistant to first 

generation SRLs (65,148), especially young men (149). Clinicians also have looked for 

characteristics that could define non-responsive patients to SRLs. Tumor size is a determinant 

of response to SRLs, with a higher adjusted IGF-1  normalization Colao et al., 2006b). Knosp 

classification also inversely correlates with SRLs response  (151) 

From a pathological point of view, the evaluation of somatotropinomas by electron microscopy 

defines two main subtypes: densely granulated and sparsely granulated, the former being 

associated with a good response to SRLs. On the contrary, sparsely granulated tumors are 

related to no response to SRLs (59,152,153). Nowadays, the immunostaining for Cam 5.2 keratin 

is the most used method to identify the two subtypes. It identifies perinuclear keratin in all of 

the densely granulated adenomas (57). 

The T2 MRI signal also helps to identify those somatotropinomas harboring histological densely 

granulated pattern (120,154). Most, if not all, densely granulated tumors show a hypointense 

T2 signal while the majority of sparsely granulated tumors are either isointense or hyperintense 

in relation to the cerebral cortex signal. The MRI signal as a predictor of response to SRLs is also 

useful after surgical failure and should always be considered, as surgery does not modify MRI 

tumor signal. A hypointense T2-weighted MRI signal was associated with a better response to 

SRLs specifically. 
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Another feature that was associated with no response to SRLs is a high Ki-67 index, a marker of 

proliferation (155). However, it is unknown whether tumors with higher intrinsic proliferative 

activity are more resistant depicting Ki-67 (156). From a biochemical point of view, high levels 

of GH and IGF-1 at diagnosis have also been associated with lack of response to SRLs (157). 

It has also been demonstrated that the different SSTRs as well as the downstream signaling 

molecules can explain the different degrees of response to SRLs (158). The expression of SSTR2 

has been extensively associated with good sensitivity to SRLs (159–161).However, some authors 

argue that what is important is the ratio between SSTR2 and SSTR5 (162). In addition to the five 

main somatostatin receptors, two truncated variants of SSTR5 have been recently described, 

with four and five transmembrane domains, sst5TMD4 and sst5TMD5, respectively (163), being 

the expression of sst5TMD4 the one with the highest correlation with a poor response to SRLs 

(164). 

Dopamine receptors can influence SRLs response in acromegaly due to an heterodimerization 

of SSTRs and dopamine receptors (165–167). A property that it is really interesting taking into 

account that dopamine agonists can be used in combination with SRLs (56). In a study including 

39 patients treated with octeotride LAR, DRD1 was inversely correlated with GH reduction, and 

DRD5, positively with IGF-1  decrease in a short 3 months treatment (168). 

Different molecules downstream the signaling cascade of somatostatin receptor, such as 

Arrestin-beta 1 (ARRB1) and Arrestin-beta 2 (ARRB2) (169,170), Raf kinase inhibitory protein 

(RKIP or PEBP1) (171), PLAG like zinc finger 1 (PLAGL1, also known as ZAC1) (172), Aryl 

hydrocarbon receptor interacting protein (AIP) (172–174) or Alpha stimulating activity 

polypeptide 1 (GNAS) (175), have also been associated with response to SRLs (Figure 7). 
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Figure 7. 

 

 

 

 

 

 

 

 

 

 

In one particular study, ARRB1 and ARRB2 were significantly lower in adenoma tissues from 

complete responders to SRLs (170). They are members of beta-arrestin family, being their main 

role the desensitization of G protein coupled receptors causing the dampening of cellular 

responses to diverse stimuli such as hormones or neurotransmiters (176). 

The Ras-Raf-MEK-ERK1/2-p27 pathway is activated downstream from SSTRs and regulates 

hormone release, cell proliferation and cell death. Raf kinase inhibitory protein PEBPB1 or RKIP 

inhibits RAF1 kinase phosphorylation attenuating mitogen-activated protein kinase MAPK 

signaling. PEBP1 protein levels correlate with octreotide responses, specifically low levels of 

PEBP1 and the consequent lack of RAF kinase inhibition are associated with lack of response to 

SRLs (171). 

GNAS is a very well-known tumor growth promoter. Tumors usually harbor mutations that 

induced its constitutive activation. Almost half of somatotropinomas harvest a mutation on the 

GNAS gene, an upstream regulator of cyclic AMP responsive genes. Futhermore, this mutation 

has been linked to SRLs resistance (175). 

Pathways involved in SRLs the mechanism of action of SRLs. The mechanism of action includes several 
transmembrane ion channels, very classical pathways such as MAPK pathway, PI3K-Akt axis, NF-kB and cAMP-
PKA. Another important pathway that is not well-understood involves the connection of AIP and PLAGL1 (Zac1). 
All converge in the main roles of SRLs, inhibiting hormone release and proliferation; and enhancing apoptosis. Red 
boxes represent inhibition by SSAs and blue boxes stimulation. Source: Gadelha MR, Kasuki L, Korbonits M. Novel 
pathway for somatostatin analogs in patients with acromegaly. Trends Endocrinol Metab. 2013 
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Acromegaly patients harbouring AIP mutations in the context of familial isolated pituitary 

adenoma (FIPA) tend to be diagnosed at a younger age with larger, more aggressive, and SRLs 

resitance tumors (172). As its name indicate, it is a receptor for aryl hydrocarbons and a ligand-

activated transcription factor. The protein can be found bound to a protein complex in the 

cytoplasm, but it is translocated to the nucleus as it is bind by its ligand (177). These mutations 

are also rarely detected in young patients with sporadic adenoma (178). Some studies have 

shown that AIP is an important mediator of SRLs response (174), and AIP expression has been 

found to be a SRLs response predictor (172). In this regard, AIP seems to play its role in SRLs 

response through the activation of PLAGL1, a zinc-finger protein that functions as a suppressor 

of cell growth (179).  

The expression of the hormone ghrelin at the pituitary adenoma has been also linked to SRLs 

resistance (180). Furthermore, errors in splicing have been associated with somatotropinomas 

with no sensitivity to SRLs such as In1-GHRL (a GHRL transcript that contains the first intron) 

(180) and SSTR5MD4-5 (truncated variants of SSTR5) (164). 

Other authors propose that the Epithelial-Mesenchymal transition (EMT) phenomena is involved 

in the loss of sensitivity to SLRs and propose E-cadherin as a marker (181–183). E-cadherin is the 

most well-known member of the cadherin family and a calcium-dependent cell-cell adhesion 

molecule with fundamental roles in epithelial cell behavior and cytoskeleton organization (184). 

E-cadherin loss is known to be associated with poor prognosis and high grade tumors in almost 

all solid neoplasias derived from epithelial cells (185). The loss of E-cadherin is a key 

characteristic of EMT, the transdifferentiation of epithelial cells into mesenchymal cells (186). 

During EMT, well polarized epithelial cells lose their junctions and apical–basal polarity, 

reorganize their cytoskeleton, and reprogram gene expression. All these changes allow epithelial 

cells to acquire invasion and motility properties. EMT is a developmental cell program; however, 

it is often activated in cancer cells and associated with tumor progression and metastasis. 

Pituitary tumors, although typically benign, can be locally invasive. Different studies have shown 

the association of EMT (182,187) and the loss of E-cadherin (183,188) with increased tumor size 

and invasion as well as a poor response to SRLs treatment in GH-producing adenomas. It has 

been proposed that Epithelial Splicing Regulator 1 (ESRP1) may be a master regulator of EMT 

in these tumors by altering splicing programs (182,187). Interestingly, the alteration by SRLs 

treatment of the expression of some genes, such as RAR-related orphan receptor C (RORC) also 

involved in EMT, may be influenced by E-cadherin levels, and thus by the progression of EMT 

(181). The relation between SRLs resistance and EMT can also be found in AIP-mutated tumors. 
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The transcriptome of these tumors, which are more aggressive and often present SRLs resistance 

(174), shows an enrichment for EMT pathway genes (173).  

A better understanding of the mechanisms involved in the resistance to SRLs would help to 

predict which patients will respond to different medical therapies based on biomarkers.  

 

1.5 Personalized medicine in acromegaly 

Personalized or precision medicine is the medical model that try to overcome the different 

individual responses of patients customizing the medical decisions and therapies to subgroups 

of patients (189). New technologies allow the definition of subgroups of patients based on 

molecular and functional assays. The information provided by this assays and systems biology 

characterize an individual patient's disease at molecular level and, finally, this characterization 

is used to address a targeted treatment. The possibility to use precision medicine as routine in 

clinical practice depends on the availability of molecular profiling tests (190). 

Personalized health care uses predictive tools to design personalized health algorithms. On this 

behalf, data mining has been proposed as the best combination of methodology to develop 

these predictive tools based on systems biology. Very briefly, data mining use an intersection of 

statistics, machine learning and database management systems to discover patterns in huge 

datasets. This allows the definition of the different subgroups based in the clinical parameter of 

interest by some measurements provided in the datasets, usually gene expression (191). The 

success of personalized medicine depends on having accurate biomarkers and tools that identify 

patients who can benefit from targeted therapies. 

So, the appliance of personalized medicine in acromegaly would fit perfectly since there are 

many treatment valid and available options, furthermore some biomarkers of response to these 

options have been already published. Theoretically, it will reduce the time that the clinicians 

need to adequate the treatment to the patient. Thus, there is an urgent need of identifying 

accurate predictive markers of response to SRLs in acromegaly patients to improve the current 

treatment algorithms addressing the biochemical control of the disease and its associated 

comorbidities. 

The main limitation is that this strategy feeds from really huge and standardized datasets. The 

actual published data is compartmented in studies with a relatively small number of patients, 

especially in molecular studies, and measuring RNA or protein with different methodologies. 

Despite of that, some authors venture to propose treatment algorithms based on the already 
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published studies using published biomarkers (Kasuki et al., 2018; Picó, 2019; Puig Domingo, 

2015; Puig-Domingo and Marazuela, 2019). However, another obstacle quickly appears, which 

is the cut-off values for decision-making. For example, there is a general consensus that high 

levels of SSTR2 are considered to define good responders to SRLs; but, how can be scientifically 

defined what is high from what is not without a cut-off? For that reason a non-subjective 

homogenous quantification should be used. Summarizing, with a standardized huge dataset and 

data mining technique, personalized medicine would not be difficult to achieve.  
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2. Hypotheses 
Pharmacologic treatment of acromegaly is currently based upon assay-error strategy, changing 

or adding another drug in case of insufficient response, which can lead to an important delay in 

finding the correct treatment for a given acromegaly patient. This is especially worrying for those 

non-responder cases to SRLs as the delay can be at least of more than a year. This delay can 

cause important comorbidities in the patient that has an active disease with a hormonal 

imbalance. Here, we try to propose a modification of the current acromegaly therapeutic 

guidelines and treatment algorithms using information that can help to personalize the 

treatment for minimizing the time that the patients remains with active disease. The goal is 

shifting from the “treat-fail-change treatment” philosophy to “identifying the right treatment 

for a given patient”. The main hypothesis of this thesis is that SRLs response of acromegaly 

patients can be predicted by the addition of molecular data to clinical information; therefore, the 

inclusion of this information in the current therapeutic algorithm will prevent unsuccessful 

treatment with SRLs in non-responsive patients. 

For decades, biomarkers have been discovered to explain the lack of response in some patients 

to SRLs, thus in results parts 1, 2 and 3 we specifically hypothesize that the addition of these 

markers to the pharmacological treatment algorithm of acromegaly will benefit finding the 

correct treatment. In addition, further understanding of molecular bases of SRLs resistance will 

provide more markers to predict SRLs response. 

Virtually all published studies, including ours, that focus on the discovery and quantification of 

biomarkers in acromegaly use classical statistics. However, it is difficult to account for many 

biological, clinical and molecular variables with small but added effects in the response to SRLs. 

Data mining is a modality of mathematical analysis that allows efficient subclassification of 

heterogeneous populations. Thus, in Study 4 we hypothesize that advanced model techniques 

will allow better fitting of the pharmacological treatment algorithm of acromegaly to the reality 

of clinical practice. 
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3. Objectives 
Based on these hypotheses, this project has as main objective to develop an algorithm with 

relevant molecular and clinical data to help clinicians to provide the best available medical 

treatment to each acromegaly patient. To achieve this objective, we proposed the following 

specific objectives: 

 To validate previously reported biomarkers of SRLs response to ponder its inclusion in 

the pharmacological treatment algorithm of acromegaly (Study 1). 

 To evaluate the EMT process in acromegaly as a source of SRLs resistance (Study 2). 

 To identify molecular markers of response to SRLs after surgical debulking in GH-

secreting adenomas (Study 3). 

 To apply data mining to further evaluate valuable data and find the best mathematical 

strategies to develop therapeutically statistical models (Study 4). 
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4. Material and Methods 

4.1 Patients 

A transnational cohort consisting of 100 acromegaly patients from 26 tertiary centers from all 

over Spain who had undergone pituitary surgery and had tissue availability (RNA later preserved 

tumor sample) were included in the present thesis. In those patients in which more than one 

surgery was performed, only one sample tumor per patient was analyzed. This cohort of patient 

tumors was collected under the REMAH initiative (192) and it is the effort of 4 REMAH nodes: 

Santiago de Compostela, Alacant, Madrid and Catalonia. The description of the phenotypic 

characteristics of the cohort is presented in Table 1. The heterogeneity of the included patients 

reflects the daily practice of acromegaly management.  

Table 1.  

PATIENTS CHARACTERISTICS 

Cohort (N) 100 
Male / Female 44 / 56 
Age 45.5 ± 13.28 
Medical Treatment 
DA treated 12 
SRLs presurgery 67 
Comorbidities (%)  
Diabetes 27 
HBP 29 
Dyslipidemia 27 

Cancer 6 
Cerebrovascular Accident 3 
Cardiovascular Incident 13 
Visual Alterations 18 
Tumor Characteristics (%) 

 

Macroadenoma 79 
Extrasellar Growth 77 
Sinus invasion 61 

 

 

The 100 patients were not included in all studies of the present thesis but we used different 

subsets of patients in each study as indicated in Figure 8. Additionally, every Study of the Results 

section is headed by a summary and a description of the characteristics of the patients used.  

Briefly, the whole cohort of 100 patients was used in Studies 1 and 4. Of these 100 patients, 67 

had received SRLs treatment (octreotide or lanreotide) before surgery and 33 had not received 

treatment before surgery. All patients in which clinical information was available at follow-up 

and were treated after surgery for at least 6 months under maximal effective therapeutic 

(octreotide or lanreotide) doses according to IGF-1 values were included in the analysis; this was 

possible in 71, including 51 out of 67 cases (51% females, mean age 45.3 +/- 13y) who had 

Cohort description. HBP: high blood pressure. 
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received SRLs treatment before surgery and 20 out of 33 patients who had not (51% females, 

mean age 44.6 +/- 13 y). In the 29 remaining patients, 22 were cured after surgery and 7 were 

lost to follow-up. Based on sample availability, 57 out of the 100 patients were used in Study 2 

to analyze EMT markers (Figure 8). 

Figure 8. 

 

 
 

 

 

4.2 Biochemical and hormonal assays 

After an overnight fast, blood samples were collected from patients at baseline and at different 

follow-up times. Serum IGF-1 was measured by two different methods and normalized for 

comparisons by expressing SDS values. Method 1, a two-site immunoradiometric assay 

(Immunotech IGF-1 kit; Immunotech-Beckman, Marseille, France). Expected values depending 

on age were: 20–30 yr, 220–550 ng/ml; 30–40 yr, 140–380 ng/ml; 40–50 yr, 54–330 ng/ml; and 

50–60 yr, 94–285 ng/ml. Intra-assay CV was less than 6.3%; inter-assay CV, 6.8%; and sensitivity, 

30 ng/ml. Method 2 was a non-extraction immunoradiometric assay (Diagnostic Systems 

Laboratories, Webster, Texas, USA). The theoretical sensitivity, or minimum detection limit, 

calculated by interpolation of the mean plus two SD values of 20 replicates of the 0 ng/ml IGF-1 

standard was 2 ng/ml. The inter-assay CV was 7.4 and 4.2, respectively, for the concentration 

32.5 and 383.8 ng/ml. The inter-assay CV was 7 and 3.9, respectively, for the mean concentration 

values 34.03 and 373.86 ng/ml. 

Scheme showing the cohort of patients and molecular analyses performed in every study. 



33 
 

SRLs IGF-1 Results regarding IGF-1 levels are expressed as SDS according to sex and age (Studies 

1 and 4) and percentage of decrease over basal value (Studies 2 and 3). Therefore, IGF-1  greater 

than 3 SDS was considered not responsive to SRLs treatment, between 2 and 3 SDS was 

considered a partial response to SRLs, and less than 2 SDS was considered a complete response 

to SRLs treatment (120). In Study 3-4, on the other hand, patients were categorized according 

to the therapeutic response to SRLs before and after surgical treatment as complete responders 

(CR) if IGF-I was normal, partial responders (PR) if IGF-I was reduced by more than 30% from 

diagnosis levels but without achieving hormonal control, or non-responders (NR) when IGF-I 

reduction observed during SRLs treatment was less than 30% at 6 months follow-up and at full 

SRLs dose. 

4.3 Bioethical statement 

All the studies were conducted in accordance with the ethical principles of the Declaration of 

Helsinki and implemented and reported in accordance with the International Conference on 

Harmonised Tripartite Guideline for Good Clinical Practice. The studies were approved by the 

Germans Trias i Pujol Hospital Ethical Committee for Clinical Research. The protocol and 

informed consent forms were approved by the institutional review board of the participating 

centers, independent ethics committee, and/or research ethics board of each study site. All 

patients provided written informed consent to participate in the trial. 

4.4 DNA and RNA isolation 

Total RNA was isolated from pituitary adenomas using AllPrep DNA/RNA/miRNA Universal Kit 

(Qiagen). The quantity and purity of extracted DNA and RNA was quantified by measuring optical 

density at 260 and 280 nm using NanoDrop™ 1000 Spectrophotometer (RRID:SCR_016517, 

Thermo Fisher Scientific, Waltham, Massachusetts, USA).Integrity of the RNA was checked by 

agarose gel electrophoresis. 

4.5 Retrotranscription 

Five hundred nanograms of total RNA were reverse transcribed using SuperScript IV reverse 

transcriptase (Invitrogen, Carlsbad, California, USA,) and random hexamers in a final volume of 

20 uL according to the manufacturer’s protocol.  

4.6 Quantitative polymerase chain reaction 

Gene expression was quantified using Taqman assays (Applied Biosystems, Fosters City, 

California, USA) (Table 2).We selected TBP, MRPL19 and PGK1 reference genes based on their 
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stability in our samples according to Chainy software (available on: 

http://maplab.imppc.org/chainy/) (193). 

Table 2. 

Target genes 

Name Symbol Taqman probe 

Somatostatin Receptor 2 SSTR2 Hs00990356_m1 

Somatostatin Receptor 3 SSTR3 Hs00265633_s1 

Somatostatin Receptor 5 SSTR5 Hs00990408_s1 

short  dopamine receptor 2 
isoform 

sh DRD2 Hs01014210_m1 

long  dopamine receptor 2 
isoform 

lo DRD2 Hs01024460_m1 

Arrestin Beta 1 ARRB1 Hs00930516_m1 

Pleiomorphic Adenoma 
Gene-Like 1 

PLAGL1 Hs00414677_m1 

Phosphatidylethanolamine 
Binding Protein 1 / Raf Kinase 
Inhibitory Protein 

PEBP1 / RKIP Hs01110783_g1 

E-cadherin CDH1 Hs01023894_m1 

Ki-67 MKI67 Hs01032443_m1 

Ghrelin And Obestatin 
Prepropeptide 

GHRL Hs01074053_m1 

Aryl Hydrocarbon Receptor 
Interacting Protein 

AIP Hs00610222_m1 

Snail Family Transcriptional 
Repressor 1 

SNAI1 Hs00195591_m1 

Snail Family Transcriptional 
Repressor 2 

SNAI2 Hs00950344_m1 

Epithelial splicing regulatory 
protein 1 

ESRP1 Hs00214472_m1 

RAR related orphan receptor 
C 

RORC Hs01076112_m1 

N-cadherin CDH2 Hs00983056_m1 

Twist family bHLH 
transcription factor 1 

TWIST1 Hs00361186_m1 

Vimentin VIM Hs00958111_m1 

Intron 1 Ghrelin In1-GHRL AJ89KWC 

Reference genes 

Name Symbol Taqman probe 

Hypoxanthine 
Phosphoribosyl transferase 1 

HPRT1 Hs99999909_m1 

Proteasome 26S Subunit 
ATPase 4 

PSMC4 Hs00197826_m1 

Glucuronidase Beta GUSB Hs00939627_m1 

TATA-Box Binding Protein TBP Hs00427621_m1 

http://maplab.imppc.org/chainy/
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Mitochondrial Ribosomal 
Protein L19 

MRPL19 Hs01040217_m1 

Phosphoglycerate Kinase 1 PGK1 Hs00943178_g1 

 

Quantitative polymerase chain reactions (qPCR) were carried out in a 7900HT Fast Real-Time 

PCR System (Applied Biosystems, Fosters City, California, USA). We used TaqMan Gene 

Expression Master Mix (Applied Biosystems, Fosters City, California, USA), and the amplification 

reactions were performed in triplicate for each sample in a final volume of 10 L in 384-well 

plates. To minimize the inter-assay variation, all genes, including the reference genes, for each 

sample were analyzed in the same plate. To quantify relative gene expression we calculated a 

normalization factor for each sample based on the geometric mean of the selected reference 

genes, according to geNorm (RRID:SCR_006763, https://genorm.cmgg.be/) algorithms 

(Vandesompele et al., 2002).  

4.6 GNAS sequencing 

Mutations in Guanine nucleotide binding protein (G protein), alpha stimulating activity 

polypeptide 1 (GNAS, also known as GSP oncogene) were screened by Sanger sequencing 

(Eurofins, Luxembourg). Samples were analyzed for mutations at codons 201 and 227 in exons 

8 and 9, respectively, using cDNA and the primers 5’-CAAGCAGGCTGACTATGTGCCGA-3’ 

(forward) and 5’-CCACCACGAAGATGATGGCAGTC-3’ (reverse). 

4.7 E-cadherin promoter methylation assessment 

There are different methods to analyze DNA methylation at specific genomic loci (195), sodium 

bisulfite modification followed by sequencing being the gold standard. Sodium bisulfite 

treatment deaminates unmethylated cytosines (C) to uracils which will be recognized as 

thymines (T) in subsequent PCR and sequencing; instead, methylated cytosines (mC) will remain 

unaltered allowing them to be distinguished from unmenthylated C (Figure 9). 

 

 

 

 

 

 

Taqman assays used in qPCRs experiments 

https://genorm.cmgg.be/
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Figure 9. 

 

 

Bisulfite treatment was performed on 300 ng DNA using the EZ DNA Methylation-Gold Kit (Zymo 

Research, Irvine, California, USA) according to the manufacturer's instructions. Bisulfite 

converted DNA was used as a template for a nested-PCR to analyze the promoter of E-cadherin. 

The sequence of primers was: 5’-GATTTTAGGTTTTAGTGAGTT-3’ (sense) and 5’-

CCTACAACAACAACAACA-3’ (antisense) for the external PCR (annealing temperature: 50ºC, 447 

bp product); and 5’- GTAATTTTAGGTTAGAGGG-3’ (sense) and 5’-CTCCAAAAACCCATAACT-3’ 

(antisense) for the internal PCR (annealing temperature: 50ºC, 321 bp product). For the PCR 

amplification, we used the IMMOLASE DNA Polymerase (Bioline USA Inc., Tennessee, USA) 

following the manufacturer’s protocol and processed samples in duplicate to ensure a 

representative methylation profile. The PCR program was as follows: 10 min at 95ºC (initial 

polymerase activation); 30s at 94ºC, 30s at 50ºC and 30s at 72ºC for 25 cycles in the external 

PCR and for 35 cycles in the internal PCR; and 8 min at 72ºC (final elongation). The duplicates 

were pooled, purified (Exonuclease I [Exo I] and FastAP Thermosensitive Alkaline Phosphatase, 

Thermo Fisher Scientific, Waltham, Massachusetts, USA) and analyzed by Sanger sequencing 

(GATC Biotech, Cologne, Germany).  

By comparing the sequence of the bisulfited DNA with the original sequence, the methylation 

state of the original DNA can be inferred (figure 10). The degree of methylation was calculated 

by comparing the peak height of the cytosine residues with the peak of the thymine residues 

[C/(C+T)*100] in the sequencing chromatogram. We considered ranges of DNA methylation, 

specifically 0-10%, 11-25%, 27-50%, 51-75%, 76-100%, for each CpG. Results were represented 

using the Methylation Plotter, a web tool for dynamic visualization of DNA methylation data 

(available on: http://maplab.cat/methylation_plotter) (196).  

 

 

 

Bisulfite conversion scheme. 

http://maplab.cat/methylation_plotter
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Figure 10. 

 

 

 

 

 

 

 

 

 

Immunohistochemistry 

Those markers that performed better in the gene expression analysis were subsequently 

evaluated at protein level by immunohistochemistry. Thus, forty-six somatotropinoma tissues 

samples were available for immunostaining of E-cadherin, SSTR2a, Ki-67 and cytokeratin CAM 

5.2. CAM 5.2 has previously demonstrated to identify accurately densely granulated and 

sparsely granulated somatotropinomas with good identification power of responsiveness and 

non-responsiveness to SRLs, respectively (57,197). 

Formalin-fixed paraffin-embedded tumor samples were cut into sequential 4-µm-thick sections 

and stained using a fully automated Ventana BenchMark ULTRA stainer (Ventana, Tucson, Ariz., 

USA) according to the manufacturer’s instructions. Binding of peroxidase-coupled antibodies 

was detected using diaminobenzidine as a substrate, and the sections were counterstained with 

hematoxylin.  

The mouse monoclonal anti-cytokeratin antibody and the mouse monoclonal anti-E-cadherin 

antibody (Ventana, Tucson, Ariz., USA) were purchased as prediluted antibodies, with a 

concentration of 11µg/dL and 0.314µg/dL, respectively. The rabbit monoclonal anti-SSTR2a 

antibody (clone UMB-1, Abcam, Cambridge, UK) was used at a dilution of 1:100. To analyze Ki-

67 we used the rabbit monoclonal anti–Ki67 antibody 30-9 (ready-to-use formulation; Ventana, 

Tucson, Ariz., USA). Normal appendix tissue served as the positive control for CAM 5.2 staining 

and mammary invasive ductal carcinoma for E-cadherin staining.  

Bisulphite Sanger sequencing example. In the upper figure the four consecutively CpGs are partially 

methylated (indicated by arrows), the lower figure shows one fully methylated and three unmethylated 

CpGs. 

 



38 
 

Immunostaining for E-cadherin was scored in three intensities (0: negative, 1+: weak positivity, 

2+: strong positivity) and for each intensity, the percentage of cells was determined. For the 

classification of the intensities, we considered 0 (negative) when there was no positivity; 1+ 

(weak positivity) when the adenoma cells seemed negative at low magnification (x40) but were 

truly positive at high magnification (x200); and we considered 2+ when the adenoma cells were 

clearly positive at low magnification (x40). We calculated an IHC score multiplying the 

percentage of cells of each intensity by the score intensity (0-200). Loss of E-cadherin was 

considered for IHC scores equal to 0. Partial loss of E-cadherin was considered for IHC scores 

below 100. 

Immunostaining for SSTR2 was scored using a H-score as performed in Franck et al. 2017 (198). 

. First, membrane and cytoplasmic staining intensity (0: no staining, 1+: weak positivity, 2+: 

moderate positivity, 3+: strong positivity) was determined for each field and then, the 

percentage of cells at each staining intensity level was calculated. An H-score was assigned using 

the following formula: [1x(%cells 1+) + 2 x (% cells 2+) + 3 x (%cells 3+)]. 

Ki-67 score was expressed as the percentage of the number of immunostained nuclei among the 

total number of nuclei of tumor cells regardless of the immunostaining intensity. The counting 

was performed in three randomly selected fields of the adenoma tissue section at x400 

magnification. 

For the CAM 5.2 staining, the adenomas were classified in two groups: dot-type (when the 

pattern was exclusively dot-type which identifies accurately sparsely granulated 

somatotropinomas) and not-only-dot-type (when there were other patterns in addition or not 

to the dot-type pattern which identifies accurately densely granulated somatotropinomas).  

4.8 Standard Statistical Analysis 

Descriptive results were expressed as mean ± standard deviation or median and 25th to 75th 

percentiles, as appropriate. Samples from all groups within an experiment were processed at 

the same time. 

Spearman or Pearson bivariate correlations were performed for all quantitative variables (age, 

BMI, basal GH levels, GH after oral glucose overload, IGF-1 diagnostic values, tumor maximum 

diameter (mm), and time under SRLs therapy). Furthermore, for quantitative variables a 

Kolmogorov‐Smirnov test was applied to assess the normality of the samples. The differential 

behaviour of the variables studied according to SRLs response groups was analysed applying a 

t‐student test, or a Wilcoxon‐rank test. Multi‐test correction was performed according to 
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Benjamini‐Hochberg method under the false discovery rate parameter (FDR).  Also, a Pearson’s 

Chi-squared test independence analysis was performed between categorical variables 

(verification of lack of biases between clinical centres, GNAS mutation status, sex, extrasellar 

growth, sinus invasion, T1 and T2 categorical intensity, presurgical visual alterations, presurgical 

hypopituitarism, history of diabetes, high blood pressure, dyslipidaemia, cancer, 

cerebrovascular disease and cardiovascular disease) and SRLs response. 

A multinomial logistic regression model was used to determine the differences in each 

normalized gene expression between complete response and resistant patients. The model was 

adjusted by age, gender and SRLs presurgical treatment. Receiver operating characteristic (ROC) 

curve analyses were performed to assess the classification power of each logistic regression 

model. The ROC curves were plotted using pROC package (Display and Analyze ROC Curves, 

https://CRAN.R-project.org/package=pROC). 

The P values were two-sided, and statistical significance was considered when P < 0.05. All 

statistical analyses were performed using STATA (StataCorp LLC, College Station, Texas, USA, 

RRID:SCR_012763) and R version 3.3.2 (R Project for Statistical Computing, RRID:SCR_001905). 

The graphical representation was done using package ggplot 2 (RRID:SCR_014601, Whickham 

https://CRAN.R-project.org/package=ggplot2) and the P values were added using ggpubr 

package ('ggplot2' Based Publication Ready Plots, https://CRAN.R-project.org/package=ggpubr). 

Alluvial plots were plotted using the ggalluvial package (ggalluvial: Alluvial Plots in 'ggplot2', 

https://cran.r-project.org/package=ggalluvial). 

Unsupervised hierarchical clustering was used to investigate the potential identification of 

patient’s response subgroups based on their molecular expression profile. Unsupervised 

hierarchical clustering was performed using the R package pheatmap (Pretty Heatmaps, 

https://CRAN.R-project.org/package=pheatmap). 

 

4.9 Data mining analyses 

Data mining is an interdisciplinary subfield of computer science and statistics and was used in 

Study 4. It allows discovering hidden patterns in large data sets (databases) and involves 

methods at the intersection of machine learning, statistics and database systems. Among other 

applications, the identification of patterns in the data set can be used to define classifiers, which 

are mathematical functions, implemented by a classification algorithm that maps input data to 

a category (e.g. a mathematical function that assigns a patient to the responders or non-

https://cran.r-project.org/package=pROC
https://cran.r-project.org/package=ggplot2
https://cran.r-project.org/package=ggalluvial
https://cran.r-project.org/package=pheatmap
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responders group based on the numerical values obtained for a set of biochemical variables). 

Since no single form of classification is appropriate for all data sets, a large toolkit of 

classification algorithms have been developed through the years (linear regression, logistic 

regression and naïve Bayes, among others) (12,13). 

Data Mining strategy was applied by Anaxomics S.L. (http://www.anaxomics.com) to identify 

the best classifiers (Figure 11) (199).  

Figure 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biomarker data mining analyses procedure. First, a Data Cleaning process was performed to eliminate outliers, 
uninformative variables, missing values, and duplicate variables. Next, this new cleaned data set was used to train 
the model of the Data Mining process which is subdivided in different mathematical sub-processes: Feature 
Normalization to guarantee that the values of all variables are in the same range; Feature Selection to select the 
input variables that show the strongest relationship with the outcome; Feature Transformation consisting in 
mathematical transformations of the input data required for the Base Classifiers; Feature Extraction to reduce the 
number of random variables (it was not necessary); Base Classifier (different algorithms generated different Base 
Classifiers with a good performance); Ensemble Classifiers were able to improve the performance of the Base 
Classifiers. Finally, the Validation process to estimate the accuracy of the predictive model was performed using 
the original database by several methods: 10-K fold and Leave-one-out. 

 

http://www.anaxomics.com/
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First, a Data Cleaning process was performed to eliminate outliers (values >3 times the standard 

deviation of the rest of values), uninformative variables (not considered because the values for 

all the samples are the same or variables with 100% coincidence with the outcome of the 

analysis), missing values, and duplicate variables (variables containing the same information). 

Next, this new cleaned data set was used to train the model of the Data Mining process. All the 

variables of the data set were individually evaluated for their capability as classifiers. When the 

classifier contains only one variable, the discriminant function is a constant that is determined 

as the threshold value that separates samples from different groups with the best accuracy 

(Supplementary Fig. S1A). The threshold value is determined iteratively and a cross‐validation 

protocol is performed. In contrast, when the classifier contains two or more independent 

variables, the discriminant function is generated by applying Data Science approaches that 

identify the best classifiers (Supplementary Fig. S1B-C). This process was subdivided in different 

mathematical sub-processes: Feature Normalization, Feature Selection, Feature 

Transformation, Feature Extraction, Ensemble Classifier, Base Classifier, Backward Feature 

Removal and Validation (Figure 11). By means of artificial intelligence, different mathematical 

algorithm approaches previously published were explored for each sub-process, allowing an 

exhaustive exploitation of the data (Table 2). The Feature Normalization determined that the 

values of all the variables were in the adequate range for the analysis, thus no further method 

of normalization was required. It was not necessary to apply a Feature Extraction to reduce the 

number of random variables. Finally, a Validation process to estimate the accuracy of the 

predictive model was performed using the original database. 

Table 3.  

 

Sub-Process Algorithm Reference 

Backward removal features Backward elimination (200) 

Base classifier Elastic net (201) 

K-nearest neighbors (K-NN) (202) 

Boosted Generalized Additive 
Models (B-GAM) 

(203) 

Tree (204) 

Support vector machine (SVM) (205) 

Multilayer perceptron (MLP) (206) 

MLP ensemble (206) 

Linear search (207) 

Linear regression (207) 

Quadratic (207) 

Random linear (207) 

Generalized linear model binomial (208) 

Ridge regression (209) 

Naïve bayes (210) 

Lasso regression (211) 
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Radial basis function (RBF) (212) 

Cost function Accuracy (213) 

Balanced accuracy (213) 

Balanced cost matrix (213) 

Cost matrix (213) 

F1 score (213) 

Matthews correlation coefficient 
(MCC) 

(214) 

Area Under Curve (AUC) (215) 

Dimensionality reduction Principal component analysis (PCA) (216) 

T-distributed Stochastic Neighbor 
Embedding (t-SNE) 

(217) 

Multidimensional scaling (MDS) (218) 

Hessian locally linear embedding 
(HLLE) 

(219) 

Isomap (220) 

Latent Dirichlet allocation (LDA) (221) 

Locally linear embedding (LLE) (222) 

Sammon projection (223) 

LandMark ISOMAP (L-ISOMAP) (224) 

Laplacian (225) 

Gaussian process latent variable 
model (GPLVM) 

(226) 

Kernel PCA (227) 

Independent component analysis 
(ICA) 

(228) 

Non-negative matrix factorization 
(NMF) 

(229) 

Factor analysis (230) 

Probabilistic principal component 
analysis (PPCA) 

(231) 

Local tangent space alignment 
(LTSA) 

(232) 

Ensemble classifier Bootstrap (233) 

Bootstrap respecting prevalence (233) 

Balanced bootstrap (233) 

Ensemble method Bootstrap (234) 

Bootstrap respecting prevalence (234) 

Balanced bootstrap (234) 

Feature selection K-nearest neighbors (K-NN) (202) 

Receiver operating characteristic 
(ROC) 

(235) 

Bhattacharyya  (236) 

Ridge regression (236) 

Wilcoxon (237) 

Wilcoxon + correlation (237) 

minimum Redundancy Maximum 
Relevance (mRMR) Mean 
discretized 

(238) 

Boolean balanced three-valued logic 
rules 

(239) 

Sequential floating forward 
selection (SFFS) 

(240) 

Support vector machines recursive 
feature elimination (SVM-RFE) 

(241) 
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Random forest (242) 

Chow-Liu  (243) 

Simple regression (207) 

Relieff (244) 

Random generalized linear model (208) 

One variable brute force (245) 

Bhattacharyya + Correlation (246) 

Entropy (246) 

Entropy + Correlation (246) 

Mattest (246) 

T-test (246) 

T-test + Correlation (246) 

minimum Redundancy Maximum 
Relevance (mRMR) 

(247) 

Lasso (211) 

Elastic net (248) 

Double Cross-Validation regression (249) 

Feature transformation Sigmoid (246) 

Gaussian; the value used is the value 
obtained after being submitted to a 
Gaussian function 

 

No value transformation  

The value used is the original value 
multiplied by itself 

 

The value used is the square root of 
the original value 

 

Multiclass classifier Generalized coding (246) 

One versus all (OVA) binary 
classified applied 

 

One versus one (OVO) binary 
classifiers applied 

 

Normalization Sigmoidal mean variance (246) 

Trimmed mean variance (246) 

Mean variance  

Median dispersion  

Min Max: each value is divided by 
the difference between the 
maximum and the minimum value 

 

Winsorizing mean variance  

Validation Bootstrap (250) 

K-Fold (251) 

LeaveOneOut (LOO) (246) 

 

 

 

Since our goal is the prediction of SRLs response for an individual case, we want to estimate how 

accurately a predictive model will perform in clinical practice. In order to flag selection bias or 

overfitting in our models, we used cross-validation techniques for assessing how the model will 

generalize to an independent data set. We confronted the model obtained with a subset of 

training data with the test data using two iterative strategies: 10-K fold (where the original 

Mathematical methods explored during the different processes included in the Data Mining strategy. 
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sample is randomly partitioned into 10 equal sized subsamples, a single subsample is retained 

as the validation data for testing the model while the remaining 9 subsamples are used as 

training data; this cross-validation process is repeated 10 times with each of the 10 subsamples 

used once as the validation data), and Leave-one-out (where we use a single sample as the 

validation data and the remaining samples as the training data, and this is applied once for each 

sample). Therefore, we obtain a more exact estimation of the accuracy of the model taking the 

average of all the accuracy estimations obtained after each iteration. We used the accuracy 

(ACC) as the simplest parameter for evaluating the model, being the proportion of correct 

predictions (both true positives and true negatives) among the total number of samples. 

Accuracy levels are referred in these terms: accuracy 100-95%, excellent; 95%-80%, very good; 

80%-70%, good; below 70%, to be improved. 

In order to add the information of the categorical data to the models, we divided the samples 

according to a categorical variable in what it is called “fragmented population”, for example, 

biological sex, and applied all the data mining strategies to the obtained subsets. This procedure 

was applied to different categorical variables. The fragmentation of population deconstructs the 

heterogeneity to overcome molecular differences and reduce statistical noise that is not due to 

SRLs response.   
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5. Results 
 

Results are divided in four studies: 

Study 1: Molecular profiling for acromegaly treatment: a validation study 

This study was conceived as a validation study of previously reported biomarkers of response to 

SRLs. We aimed to evaluate all these markers in a large series of Spanish acromegaly patients 

treated with SRLs to identify those markers with the highest predictive capacity. 

 

Study 2: Association of Epithelial-mensenchymal transition (EMT) markers with response to 

somatostatin receptor ligands in GH secreting tumors  

In this work, our aim was to study the relationship between EMT and SRLs response. By 

evaluating the expression of EMT-related genes in a well-characterized acromegaly cohort, we 

wanted to identify new predictors of SRLs response that may provide a more personalized 

approach in acromegaly treatment. 

 

Study 3: Molecular determinants of enhanced response to somatostatin receptor ligands after 

debulking in large GH producing adenomas 

The main objective of this study was to analyze the relationship between the biomarkers 

reported in the two first studies and debulking in large and invasive GH producing tumors 

regarding SRLs response. This may allow to clearly determine if SRLs response biomarkers could 

be useful in the worst clinical scenario. 

 

Study 4: Data mining analysis in acromegaly 

In this study we applied data mining techniques to molecular and clinical data to enhance the 

predictive power obtained in the previous study described in Study 1. Data mining is an 

interdisciplinary subfield of computer science and statistics. It allows discovering hidden 

patterns in large data sets (databases) and involves methods at the intersection of machine 

learning, statistics and database systems. Here we provide a proof-of-concept study by applying 

data mining strategies to identify high accuracy classifiers of SRLs response categories. 
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5.1 Study 1: Molecular profiling for acromegaly treatment: a validation study 
 

Pharmacologic treatment of acromegaly is currently based upon assay-error strategy, the first-

generation somatostatin receptor ligands (SRLs) being the first-line treatment. However, about 

50% of patients do not respond adequately to SRLs. Our objective was to evaluate the potential 

usefulness of different molecular markers as predictors of response to SRLs. We used 

somatotropinoma tissue obtained after surgery from a national cohort of 100 acromegalic 

patients. Seventy-one patients were treated with SRLs during at least 6 months under maximal 

therapeutic doses according to IGF-1 values. We analyzed the expression of SSTR2, SSTR5, AIP, 

CDH1 (E-cadherin), MKI67 (Ki-67), KLK10, DRD2, ARRB1, GHRL, In1-Ghrelin, PLAGL1 and RKIP 

(PEBP1) by RT-qPCR and mutations in GNAS gene by Sanger sequencing. SRLs IGF-1. From the 71 

patients treated, there were 27 CR (38%), 18 PR (25%) and 26 NR (37%). SSTR2, Ki-67 and E-

cadherin were associated with SRLs response (P < 0.03, P < 0.01 and P < 0.003, respectively). E-

cadherin was the best discriminator for response prediction (AUC = 0.74, P < 0.02, PPV of 83.7%, 

NPV of 72.6%), which was validated at protein level. SSTR5 expression was higher in patients 

pre-treated with SRLs before surgery. We conclude that somatotropinomas showed 

heterogeneity in the expression of genes associated with SRLs response. E-cadherin was the best 

molecular predictor of response to SRLs. Thus, the inclusion of E-cadherin in subsequent 

treatment-decision after surgical failure may be useful in acromegaly. 

 

This study has been published: 

Manel Puig-Domingo*, Joan Gil*, Miguel Sampedro-Nuñez, Mireia Jordà, Susan M Webb, 

Guillermo Serra, Laura Pons, Isabel Salinas, Alberto Blanco, Montserrat Marques-Pamies, Elena 

Valassi, Antonio Picó, Araceli García-Martínez, Cristina Carrato, Raquel Buj, Carlos Del Pozo, 

Gabriel Obiols, Carles Villabona, Rosa Cámara, Carmen Fajardo-Montañana, Clara V Alvarez, 

Ignacio Bernabéu, Mónica Marazuela. Molecular profiling for acromegaly treatment: a 

validation study. Endocr Relat Cancer. 2020 Jun;27(6):375-389. doi: 10.1530/ERC-18-0565. 

PMID: 32302973.  
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Patients  

In this study, we used the whole cohort of 100 patients described in Material and Methods 

section. The 71 patients with evaluable SRLs response were categorized according to therapeutic 

response to SRLs as complete response (CR = 27), partial (PR = 18) or non-responders (NR = 26) 

if IGF-1 was normal, between >2<3 SDS or >3 SDS IGF-1 at 6 months follow-up, respectively. 

 

Clinical variables according to biomarkers expression 

In the whole cohort (n=100) we analyzed the expression of 12 genes previously reported to be 

involved in SRLs response, including SSTR2, SSTR5, AIP, E-cadherin, Ki-67, KLK10, DRD2, ARRB1, 

GHRL, In1-Ghrelin, PLAGL1 and RKIP. Tumor size was related to SSTR2 (Pearson's r=0.25, p=0.01) 

and showed a negative association with DRD2 (short DR2D isoform Pearson's r=-0.29, p<0.01, 

and long DRD2 isoform Pearson's r=-0.37, p<0.001) and E-cadherin (Pearson's r=-0.28, p<0.01). 

Extrasellar extension was also related to long DRD2 isoform (p=0.01) and Ki-67 (p=0.04). 

Moreover, visual alteration was negatively related to DRD2 (p=0.01 for both isoforms) and E-

cadherin (p=0.02) (Figure 12).  

Figure 12. 

 

 
Boxplot showing gene expression according to tumor characteristics. Relative expression in tumors smaller and larger 

than 2 cm (an arbitrary threshold that separates our cohort in two equivalents subsets) (A, B and C), in tumors causing 

visual alterations before the surgery (D, E and F) and in tumors with or without extrasellar extension (G and H). 
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We also found a negative correlation between IGF-1 levels at diagnosis and expression of ARRB1 

(Pearson's r =-0.31, p=0.002), KLK10 (Pearson's r=-0.23, p=0.02) and E-cadherin (Pearson's r =-

0.29, p=0.003). Furthermore, we analyzed the correlation of the expression of each marker with 

IGF-1  index at diagnosis and IGF-1  % decrease after SRLs treatment, E-cadherin was the only 

marker that showed significant correlations with the three IGF-1 -related measurements (Table 

4), while Ki-67 has the strongest correlation with IGF-1  % decrease (Pearson’s r=-0.357, 

p=0.002). 

Table 4. 

 

 

 

 

 

According to SRLs biochemical categorized response analyzed in 71 patients, 27 patients (38%) 

were CR, 18 (25%) PR and 26 (37%) were considered NR. In 20 of these 71 cases, treatment with 

SRLs was only given after surgical procedure, while the rest received SRLs therapy before and 

after surgery. When an unsupervised hierarchical clustering analysis of the expression of the 

studied genes was performed in all 71 cases, we found that clustering was not related to or 

influenced by either the overall SRLs response or the SRLs treatment given before or after 

surgery (Figure 13). This indicates that as a group, acromegaly patients treated with SRLs do not 

present a specific pattern of expression in relation to a given response to SRLs, and thus, 

confirming the heterogeneous nature of somatotropinomas. 

 

 

Statistical measures of correlations betweeen each molecular marker and SRLs response. Data is presented as 

Pearson’s correlation’s and p-values for continuous variables, and Kruskal-Wallis or Wilcoxon test p-values for 

categorical variables. Significant p-values are shown in bold. CR: complete responder, PR: partial responder, NR: non-

responder, n.s.: non-significant 
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GNAS mutation analysis 

GNAS mutations were studied in a subset of 50 patients and we found mutations in 33%, 

c.601C>T being the most frequent (Figure 14). SRLs response was not significantly different in 

those patients presenting GNAS mutations; mutated cases were found in 29% of CR group, 38% 

of PR and 36% of NR. No clinical variables were related to mutational status regarding 

comorbidities, tumor size and age among the patients in which the analysis was performed. 

Neither do we found any association with the expression of the different analyzed markers with 

GNAS mutations (Figure 13).  

Figure 13. 

 

 

 

 

 

 

 

 

 

 

Dendrogram and unsupervised hierarchical clustering heat map of the expression of analyzed SRLs response 

biomarkers using Ward’s minimum variance method and Minkowski distance. For every patient, GNAS 

mutation, SRLs treatment before surgery and SRLs response category are shown if available (n = 71). 
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Figure 14.  

 

 

 

 

 

 

Influence of SRLs treatment given before or after surgery in the expression of molecular 

markers 

Molecular markers expression was compared between patients who had received SRLs 

treatment before surgery (n= 67) and not receiving treatment before surgery (n= 33).  We found 

that those in which presurgical treatment was performed showed higher expression levels of 

RKIP and SSTR5 (p=0.006 and 0.017, respectively) than those not pre-treated (Figure 10). 

Interestingly, the expression of the SSTR5 in the pre-treated patients was not different according 

to the SRLs response (0.46 +/- 0.61, 1.41 +/- 2.39 and 0.51 +/- 0.39, SSTR5 expression for CR, PR 

and NR, respectively, p = 0.087), suggesting that the mechanism regulating SSTR5 expression 

upon SRLs treatment is different from that reducing GH secretion. By contrast, SSTR2 expression 

was not affected by presurgical treatment (p=0.46) at mRNA level. We validated this result by 

SSTR2a immunohistochemistry (IHC) (p=0.28). 

Figure 15. 

 

 

Results from mutational analysis of GNAS gene (n = 50). (A) Percentage of the different mutations found in our 

cohort. (B) Proportion of patients carrying GNAS mutations grouped according to therapeutic response to SRLs in 

complete responders (CR), partial responders (PR) and non-responders (NR). 

Relative expression of SSTR2 (A), RKIP (B) and SSTR5 (C) in tumors receiving SRLs or not receiving SRLs before 

surgery (n = 100). 
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Predictive response to SRLs according to molecular markers expression 

Neither SSTR5, nor SSTR5/SSTR2 ratio, ARRB1, PLAGL1, GHRL, In-1-Ghrelin, nor RKIP showed any 

statistical different expression among the three therapeutic response categories when the 71 

cases were analyzed as a whole. AIP showed a trend towards significance when extreme 

phenotypes were compared (CR vs NR) with a p=0.054 (Table 3). 

However, E-cadherin, SSTR2 and Ki-67 expression were associated with response to SRLs 

(p=0.006, p=0.068 –near significance- and p=0.03, respectively) (Figure 11). Higher expression 

of E-cadherin and SSTR2 was observed in CR group when compared to NR (p<0.003 and p<0.03, 

respectively). The opposite pattern was observed for Ki-67, as NR showed higher levels 

(p<0.001). Interestingly, E-cadherin and Ki-67 showed expression differences in a stepwise 

manner. E-cadherin was the marker that presented more differences between the three 

different categories of therapeutic response, showing a tendency between PR and NR (p<0.1). 

E-cadherin presented 2.41-fold change between CR and NR, and 1.52 when PR were compared 

to NR.  

In addition, categorical analyses for each normalized gene expression in quintiles were 

performed to evaluate any nonlinearity in estimated effects. Interestingly, SSTR2 did not show 

any further risk increase over the second quintile. Similarly, E-cadherin expression levels did not 

increase the risk above the third quintile. This finding indicates the non-linearity of gene 

expression for these two variables, suggesting that SRLs response is related to a specific 

expression level conferring a permissive effect regarding therapeutic response closer to a 

categorical behaviour of these biomarkers rather to a dose-response effect. 
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Figure 16. 

 

 

 

 

When multinomial logistic regression was constructed for extreme phenotypes (NR and CR), 

SSTR2 showed an AUC-ROC curve of 0.68, for a cut-off of 0.3, with a sensitivity of 61.5%, 

specificity of 69.2%, positive predictive value of 66.0% and negative predictive value of 62.6%; 

the OR for sensitivity towards response to SRLs treatment was 3.729 (IC 97.5:1.242 – 21.619; 

p=0.06, non-significant). In contrast, ROC curve for E-cadherin showed an AUC of 0.74 and a 

sensitivity of 65.4%, specificity of 88%, positive predictive value of 83.7% and a negative 

predictive value of 72.6%. The effect sensitivity to SRLs expressed as OR was 1.9319 (IC 97.25: 

1.207 – 3.52; p<0.02). When Ki-67 was analyzed by the multinomial logistic model no significant 

results were obtained (p=0.14). When ROCs were constructed combining both the expression of 

SSTR2 and E-cadherin together no additional predictive power was obtained from the one 

observed for E-cadherin alone (p=0.824) (Figure 17). 

 

 

Relative expression of SSTR2 (A), Ki-67 (B) and E-cadherin (C) in complete responders (CR), partial 

responders (PR) and non-responders (NR) (n = 71). 
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Figure 17. 

 

 

In addition, gene expression correlations were explored to assess their possible relationships 

(Figure 18). Interestingly, E-Cadherin and SSTR2 had a moderate-strong positive correlation r= 

0.539 (p<0.00001). Other correlations -either positive or negative- were also found between 

different biomarkers indicating a multiplicity of functional relationship between them. 

 

 

 

 

 

ROC curves calculated with extreme phenotypes, 

complete responders (CR) (n = 27) and non-

responders (NR) (n = 26) to SRLs for E-cadherin (A) 

and SSTR2 (B). Comparison of the ROC curve 

obtained with E-cadherin expression alone or in 

combination with SSTR2 expression (C). 



54 
 

Figure 18. 

 

 

 

 

 

Validation of E-cadherin expression by immunohistochemistry 

We analyzed the protein amount of E-cadherin, SSTR2a and Ki-67 in 47 samples by IHC. E-

cadherin H-score correlated with E-cadherin mRNA expression (Pearson's r =0.4, p<0.003), and 

likewise E-cadherin H-score showed significant differences in SRLs response stratification 

between CR and NR (p=0.019) (Figure 19 A). Interestingly, E-cadherin loss by IHC defined as non-

staining was found in PR and NR but not in CR (Figure 19 B). This behaviour did not occur with 

partial loss which was found in both CR and NR. When multinomial logistic regression was 

constructed for extreme phenotypes (NR and CR), E-cadherin H-score showed an AUC-ROC curve 

of 0.79, for a cut-off of 30, with a sensitivity of 53.8%, specificity of 100%, positive predictive 

value of 100% and negative predictive value of 81.3% (Figure 19 C). These findings suggest that 

a completely negative IHC for E-cadherin may discard a complete biochemical control of IGF-1 

levels using only first generation SRL. 

 

Spearman’s correlation matrix among the genes studied (n = 100). Genes are ordered according to hierarchical 

clustering using complete linkage method. Spearman’s correlation coefficients are shown in the matrix; the 

intensity of color reflects the correlation magnitude. 
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Figure 19. 

 

 

 

 

 

SSTR2 H-score also showed a correlation with SSTR2 mRNA (Pearson’s r=0.46, p<0.01). However 

the highest SSTR2 H-scores were found in the PR instead of the CR patients (Figure 20 A). 

Furthermore, when multinomial logistic regression was constructed for CR vs NR and PR vs NR 

comparisons, SSTR2 showed an AUC-ROC curve of 0.62 (sensitivity of 50% and specificity of 

77.8%) and an AUC-ROC curve of 0.70 (sensitivity of 60.2% and specificity of 76.2%) respectively, 

but neither of them were significant (p=0.41 and p=0.19, respectively). 

Ki-67 IHC did not show any significant difference between the groups (Figure 20 B). Moreover, 

the correlation between mRNA and protein was not significant (Pearson’s r=0.21, p=0.144). We 

think that the superior performing of the qPCR in comparison to IHC could be explained by the 

low levels of Ki-67 on these adenomas that make the levels difficult to quantify. 

Representative images of E-cadherin immunohistochemical scores in somatotropinomas (200×) (A). E-cadherin 

IHC score in complete responders (CR), partial responders (PR) and non-responders (NR) (n = 47) (B). E-cadherin 

IHC categorized in loss, partial loss and conserved in CR, PR and NR (C). ROC curve calculated with extreme 

phenotypes, complete responders (CR) (n = 13) and non-responders (NR) (n = 14), to SRLs for E-cadherin IHC (D). 
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 Figure 20. 

 

 

 

 

Influence of histological pattern on SRLs response and E-cadherin expression 

Finally, we analyzed the cytokeratin CAM 5.2 by IHC as SRLs response has been linked to 

histological subtypes (152) and, particularly CAM 5.2 immunostaining (197). Only 15 (32%) out 

of 47 samples presented a dot-type pattern. However, we observed that CR patients did not 

present dot-type tumors. Moreover, dot-type immunostaining for CAM 5.2 was negatively 

related to E-cadherin expression (Figure 21). Altogether, these results suggest a link between 

the histological pattern, E-cadherin expression and SRLs response in somatotropinomas. 

 

 

 

 

 

 

 

 

 

 

H-score of SSTR2 (a) and % positive Ki-67 cells (b) in complete responders (CR), partial responders (PR) and non-

responders (NR) (N = 47).  
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Figure 21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images of cytokeratin CAM 5.2 immunohistochemical patterns in 

somatotropinomas (200×) (A). Proportion of tumors with dot-type pattern and not-only-dot-type 

pattern according to therapeutic response to SRLs (B). Relative expression of E-cadherin (C) and E-

cadherin IHC score (D) in dot-type CAM 5.2 pattern and not-only-dot-type. 
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5.2 Study 2: Association of Epithelial-mensenchymal transition (EMT) markers with 

response to somatostatin receptor ligands in GH secreting tumors  

 
First generation somatostatin receptor ligands (SRLs) are the first-line treatment in acromegaly. 

Several studies have linked E-cadherin loss and Epithelial-mesenchymal transition (EMT) with 

resistance to SRLs in this disease. Our aim was to study the relationship between EMT and SRLs 

to further understand resistance to treatment in acromegaly. We analyzed the expression of E-

cadherin, SNAI1, SNAI2, ESRP1, RORC, N-cadherin (CDH2), TWIST1, VIM, SSTR2, and Ki-67 in 57 

patients bearing GH-producing macroadenomas. E-cadherin loss was not explained by promoter 

hypermethylation but could be related to an underlying EMT process occurring in GH-secreting 

tumors, although we did not find a clear mesenchymal phenotype. Instead, we found that the 

majority of tumors showed a hybrid epithelial/mesenchymal expression phenotype. 

Interestingly, high SNAI1 expression levels were related to invasive and SRLs non-responsive 

tumors. Furthermore, we observed that RORC was overexpressed in tumors that had been 

treated with SRLs before the surgery and this increase was higher in tumors that normalized IGF-

1 levels upon SRLs treatment. Thus, RORC expression may be used to predict which tumors will 

normalize postsurgical IGF-1 levels (AUC=81%, p=0.02) in patients presurgically treated with SRL. 

In conclusion, the analysis of EMT process in acromegaly may be helpful to personalize the 

treatment of the disease but this factor alone cannot account for the heterogeneous response 

to SRLs. We propose the inclusion of RORC analysis to predict SRLs response and avoid 

ineffective treatment for months in non-responders. 

 

Manuscript in preparation 
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Patients 

Fifty-seven acromegaly patients from the cohort of 100 patients described in the Materials and 

Methods section were used in this study. The description of the phenotypic characteristics of 

the cohort is presented in Table 8. All tumors were macroadenomas. The cohort was formed by 

44% of males with a mean age of 46. Of the 57 patients, 45 received SRLs treatment (octreotride 

or lanreotide) before surgery while 12 did not. SRLs response categorization was done during 

postsurgical follow-up. Thus, patients were categorized as complete responders (CR = 18) if IGF-

1 was normalized, partial responders if IGF-1 decreased >30% from basal status without 

normalization (PR = 14), or non-responders (NR = 13) if IGF-1 decreased <30%. Evaluation of SRLs 

response was possible in 45 patients, 40 of which received pre-surgically SRLs treatment. All 

patients categorized for SRLs response were treated for at least 6 months under maximal 

effective therapeutic (octreotide or lanreotide) doses according to IGF-1 decrease after the 

surgical procedure.  

 

Table 5.  

PATIENTS CHARACTERISTICS 
Cohort (N) 57 
Male / Female 25 / 32 
Age, mean ± SD 45.74 ± 12.35 
Medical Treatment 
SRLs presurgery 45 
SRLs response  

Non-Responders 13  
Partial Responders 14 
Complete Responders 18 
NA 12 

Tumor Characteristics (%) 
Macroadenoma 47 (82%) 
Extrasellar Growth 39 (68%) 
Sinus invasion 27 (48%) 
Hipopituitarism 19 (33%) 
Maximum tumor diameter (mm), mean ± SD 19.49 ± 10.03 

 

 

 

E-cadherin expression does not correlate with promoter methylation in acromegaly 

In the previous study we validated the potential of E-cadherin as predictor of response to SRLs, 

so that low levels of E-cadherin were associated with a worse response; however, we did not 

study the mechanisms underlying E-cadherin repression. The epigenetic silencing of E-cadherin 

by the hypermethylation of its promoter has been reported in a wide variety of tumor types 

General and clinical characteristics of the patients and tumors included in the study. 
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(252); thus, to investigate if the loss of E-cadherin expression in GH-producing adenomas is 

epigenetically regulated, we analyzed the DNA methylation of the promoter. Specifically, we 

used 10 tumors with extreme levels of E-cadherin expression, 5 with low expression and 5 with 

high expression, from our previous work (253). Results showed that the promoter of E-cadherin 

was unmethylated in all the samples with no correlation with expression (Figure 22). 

Figure 22. 

 

 

 

 

 

 

SRLs treatment before surgery affects the expression of RORC and N-cadherin  

To study the relationship between EMT and response to SRLs we analysed the expression of 8 

genes involved in EMT, including the epithelial markers E-cadherin (data obtained in the 

previous study) and ESRP1, the mesenchymal markers vimentin, N-cadherin, SNAI1, SNAI2 and 

TWIST1 (the last three being transcription factors), and RORC, which has been recently related 

to EMT in acromegaly (181).  Additionally, we included the expression of SSTR2, involved in the 

response to SRL, and Ki-67, a marker of proliferation, in the analysis (data obtained in the 

previous study). As 80% patients were pre-surgically treated with SRLs, we compared the 

expression of the different genes between patients who did or did not receive SRLs treatment 

DNA methylation of E-cadherin promoter. Lollipop plot displaying the methylation levels of the CpG sites 

(circles) within the E-cadherin promoter assessed by bisulfite sequencing in 10 pituitary tumors from 

acromegalic patients. Levels of DNA methylation are plotted using a grayscale (methylation ranges are 

indicated) and levels of mRNA E-cadherin expression are shown on the right using a grayscale. The 

methylation plot was generated using Methylation Plotter (http://maplab.cat/methylation_plotter).  

 

http://maplab.cat/methylation_plotter
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before surgery (n=46 and n=11, respectively). We found that RORC and N-cadherin showed 

higher expression levels in tumors pre-surgically treated with SRLs (p=0.004 and p=0.017, 

respectively) (Figure 23 A-B). The other genes did not show any alteration by pre-surgical SRLs 

treatment. As the effect of the pre-surgical SRLs treatment on RORC expression had been 

reported to be dependent on E-cadherin levels (181), we divided the E-cadherin mRNA levels of 

the non-pre-treated and the pre-treated patients into tertiles. RORC expression was high and 

similar in the three tertiles, and differences between non-pre-treated and pre-treated patients 

were found in the first and second tertiles (FC=4.49, p=0.008, and FC=2.53, p=0.029, 

respectively), but not in the third tertile (FC=1.83, p=0.070) due to increased RORC levels in non-

pre-treated patients (Figure 23C). 

Figure 23. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of SRLs pre-surgical treatment in RORC and N-cadherin expression. Boxplots showing 
relative expression of RORC (A) and N-cadherin (CDH2) (B) in patients treated or not pre-
surgically with SRL. (C) RORC relative expression of patients that were treated or not with SRLs 
before according to tertiles of E-cadherin relative expression.  
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Association of EMT markers with clinical variables 

We analyzed the correlation of EMT molecular markers with the different clinical variables. We 

confirmed our previous results  (253) regarding the higher levels of E-cadherin in smaller tumors 

(p=0.0041) (Figure 24 A) and the higher levels of Ki-67 in tumors with extrasellar growth (p = 

0.006) (Figure 24 B). Interestingly, tumors with extrasellar extension also showed higher levels 

of SNAI1 (p=0.005) (Figure 24 C). In addition, we found a significant correlation between RORC 

and the percentage decrease of IGF-1 in patients pre-surgically treated with SRLs treatment 

(Pearson's r=0.40, p=0.007). In patients without pre-treatment the correlation was very good 

(Pearson's r=0.81) but IGF-1 reduction data was only available for 5 cases. We did not find any 

association between the other genes and clinical variables. 

Figure 24. 

 

 

 

 

 

 

 

Boxplots showing relative expression of E-cadherin according to tumor size (A); Ki-67 (B) and SNAI1 (C) according 

to tumor extrasellar growth. 
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Somatotropinomas show different EMT states with no association with SRLs response 

Unsupervised hierarchical clustering based on the expression of the analyzed genes separated 

patients in several clusters with different expression patterns (Figure 25 A) that may correspond 

to different EMT transition states (186,254). Only 3 out of 57 tumors (5.3%) presented a 

distinctive mesenchymal phenotype indicating a full EMT, while most of the tumors showed a 

hybrid epithelial/mesenchymal phenotype. This indicates that as a group, acromegaly tumors 

present different EMT states, adding more heterogeneity to somatotropinomas. Interestingly, 

mesenchymal genes and Ki-67 clustered together while epithelial genes and SSTR2 formed 

another independent cluster, which suggests a coordinated gene program behind the EMT 

process in acromegaly, as occurs in many other tumors (255). In this line, the analysis of gene 

expression correlations showed a cluster of positive correlations between epithelial markers and 

SSTR2, and, another cluster between mesenchymal markers and Ki-67 (Figure 25 B). As 

expected, these two clusters presented negative correlation between them. 

Figure 25. 

 

 

 

 

 

According to SRLs biochemical response available for 45 patients, 18 patients (40%) were 

complete responders (CR), 14 (31%) partial responders (PR) and 13 (29%) were considered non-

responders (NR). In 5 of these 45 cases, treatment with SRLs was only given after surgical 

procedure, while the rest received SRLs therapy pre- and post-surgically. Unsupervised 

hierarchical clustering showed a subcluster of CR with remarkably high levels of RORC. However, 

(A) Dendrogram and unsupervised hierarchical clustering heatmap of the expression of the analyzed markers using 
Minkowski distance and Ward’s minimum variance method. For every patient SRLs treatment before surgery and SRLs 
response category are shown if available. (B) Spearman’s correlation matrix among the genes studied (n = 57). Genes are 
ordered according to hierarchical clustering using complete linkage method. Spearman’s correlation coefficients are 
shown in the matrix; the intensity of color reflects the correlation magnitude. 
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EMT signature was not able to clearly distinguish the different SRLs response categories. 

Clustering was not related to pre-surgical SRLs treatment either (Figure 25 A). 

 

Association of SNAI1 and RORC expression with SRLs response  

From all EMT markers, SNAI1 and RORC expression were associated with SRLs response 

categories. SNAI1 expression presented an increasing trend from CR patients through PR to NR 

(p=0.075) (Figure 26), NR patients having significant higher levels of SNAI1 than CR (p=0.025). 

The opposite pattern was found for RORC in the SRLs pre-treated group (p=0.003) (Figure 27 A). 

Specifically, RORC expression was higher in CR compared to PR and NR (p=0.051, and p<0.001, 

respectively), while PR and NR, showed differences in RORC levels between them but they were 

not significant (p=0.082). The analysis was not performed in the non-pre-treated group because 

of the low number of cases and the lack of NR. However, we observed higher levels of RORC in 

CR and PR (p<0.001 and p=0.03, respectively) but not in the NR group (p=0.42). 

Figure 26. 

 

 

 

  

 

 

Boxplots showing relative expression of SNAI1 according to SRLs response categories. 

  

Figure 22. Boxplots showing relative expression ofSNAI1 according to SRLs response 

categories

  

Figure 22. Boxplots showing relative expression ofSNAI1 according to SRLs response 

categories 
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In addition, categorical analyses for each normalized gene expression in quartiles were 

performed to evaluate any nonlinearity in estimated effects. Interestingly, RORC did not show 

any further risk increase over the third quartile. This finding indicates the non-linearity of gene 

expression for RORC, suggesting that SRLs response is related to a specific expression level 

conferring an effect regarding therapeutic response closer to a categorical behaviour of RORC 

rather than to a dose-response effect. When binomial logistic regression was constructed for 

phenotypes that normalize and do not normalize IGF-1 (CR vs. PR and NR), RORC showed an 

AUC-ROC curve of 0.81, for a cut-off of 1.2, with a sensitivity of 85.7%, specificity of 76.9%, 

positive predictive value of 75.3% and negative predictive value of 89.5%; the OR for sensitivity 

towards resistance to SRLs treatment was 0.889 (CI 95: 0.812 - 0.957; p=0.016) (Figure 27 B). 

Figure 27. 

 

 (A) Boxplots showing relative expression of RORC according to SRLs response categories. (B) ROC curve for 
RORC calculated with patients that normalized IGF-1 levels (CR) and patients that did not (PR and NR).  
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Study 3: Molecular determinants of enhanced response to somatostatin receptor 

ligands after debulking in large GH producing adenomas 
 

Large somatotrophic adenomas depict poor response to somatostatin receptor ligands (SRLs). 

Debulking has shown to enhance SRLs effect in some but not all cases and tumor volume 

reduction has been proposed as the main predictor of response. No biological studies have been 

performed so far in this matter. We aimed to identify molecular markers of response to SRLs 

after surgical debulking in GH‐secreting adenomas.  

We performed a multicenter retrospective study for 24 patients bearing large GH producing 

tumors. Clinical data and SRLs response both before and after surgical debulking were collected 

and 21 molecular biomarkers of SRLs response were studied in tumor samples by gene 

expression. From the 21 molecular markers studied, only two of them predicted enhanced SRLs 

response after surgery. Tumors with improved response to SRLs after surgical debulking showed 

lower levels of Ki‐67 (MKI67, FC=0.17 and p=0.008) and higher levels of RAR related orphan 

receptor C (RORC) (FC=3.1 and p˂0.001). When a cut‐off of no detectable expression was used 

for Ki‐67, the model provided a sensitivity of 100% and a specificity of 52.6% with an area under 

the curve of 65.8%. Using a cut‐off of 2 units of relative expression of RORC, the prediction 

model showed 100% of sensitivity and specificity. Thus, high levels of RORC and low levels of Ki‐

67 identify improved SRLs response after surgical debulking in large somatotropic adenomas. To 

determine their expression would facilitate medical treatment decision making after surgery. 

 

This study has been published: 

Joan Gil, Montserrat Marqués‐Pamies, Mireia Jordà, Carmen Fajardo‐Montañana, Araceli 

García‐Martínez,Miguel Sampedro, Guillermo Serra, Isabel Salinas, Alberto Blanco, Elena 

Valassi, Gemma Sesmilo, Cristina Carrato, Rosa Cámara, Cristina Lamas, Paula Casano‐Sancho, 

Clara V Alvarez, Ignacio Bernabéu, Susan M Webb, Antonio Picó, Mónica Marazuela, Manel Puig‐

Domingo. Molecular determinants of enhanced response to somatostatin receptor ligands after 

debulking in large GH producing adenomas. Clin Endocrinol (Oxf). 2020 Sep 26. doi: 

10.1111/cen.14339.. PMID: 32978826.  
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Patients 

In this study we included 24 patients from the cohort of 100 patients described in the Materials 

and Methods section who had GH-secreting tumors that received multiple surgical treatments 

as well as SRLs before and after surgery. The main inclusion criterion was that all patients had 

received SRLs treatment (octreotide or lanreotide long acting formulations) before the first 

surgery for at least 6 months under maximal effective therapeutic doses according to IGF-1 

values but none of them were cured after surgery, thus SRLs treatment was restarted 3 months 

after surgery and maintained thereafter for at least 6 months under maximal effective 

therapeutic doses. None of these patients had received radiotherapy at the time of the study. 

As it might be expected, this subsample was enriched in tumors more invasive (Knosp grade >2) 

and larger than the overall REMAH cohort, all tumors being macroadenomas with a mean largest 

diameter of 30.7 ± 11.1 mm at diagnosis. Surgical debulking achieved > 50% reduction of the 

original tumor mass in 70% the cases. The mean largest diameter after surgery was 19.07 ± 9.05 

mm; 58.3% of the patients were males with an average age of 42.7 ± 15.2 years. In those cases 

in which multiple surgeries were performed, the tumor sample obtained from the first surgery 

was the sample analyzed.  

Patients were categorized according to the therapeutic response to SRLs before and after 

surgical treatment as complete responders (CR) if IGF-1 was normal, partial responders (PR) if 

IGF-1 was reduced by more than 30% from diagnosis levels but without achieving hormonal 

control, or non-responders (NR) when IGF-1 reduction observed during SRLs treatment was less 

than 30% at 6 months follow-up and at full SRLs dose. We used these different response 

categories to define subsequent medical treatment modalities, in which CR was kept on SRLs as 

monotherapy, PR in combination therapy either with dopamine agonists or pegvisomant, and 

NR were assigned to monotherapy with pegvisomant. 

 

Effects of surgical debulking on SRLs response 

During the preoperative period SRLs treatment accounted for a normalization of IGF-1 in 2 

patients (complete responder category -CR-); in 8 patients, the therapeutic response was partial 

(PR), and in 14 patients it was insufficient (NR). An enhanced IGF-1 reduction in comparison to 

a preoperative diminution was observed in the majority of patients when SRLs treatment was 

reinstituted after surgical treatment. Thus, the decrease of IGF-1 levels from baseline was lower 

in the presurgical than in the postsurgical treatment phase (15.6% ± 23.7% versus 33.51% ± 

24.4%). Baseline was considered IGF-1 at diagnosis for the presurgical stage and IGF-1 value at 
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3 months after surgery and not receiving any medical therapy for the postsurgical phase (Fig. 28 

A). Moreover, in 18 out of 24 patients the percentage value of IGF-1 reduction after surgery 

increased, while in 5 of them the final IGF-1 levels after the second SRLs course did not change. 

One patient showed a decrease of IGF-1 reduction after surgery, although this patient presented 

a normalized IGF-1 before and after the surgery with SRLs treatment. 

SRLs response category changes after debulking  

Patients were classified as complete responders (CR), partial responders (PR) or non-responders 

(NR) if IGF-1  was normal, showed a reduction of more than 30% from diagnosis levels but 

without achieving hormonal control, or was reduced by less than 30% at 6 months of follow-up, 

respectively (119,120). After surgical debulking, 4 out of 24 patients (16.6%) changed from one 

category to another, all improving. Two patients changed from NR to CR, one from PR to CR and 

another patient from NR to PR (Fig. 28 B). 

Figure 28. 

 

 

 

 

Molecular determinants associated to SRLs enhanced response after surgical debulking 

When comparing the characteristics of the 4 patients that improved, most after SRLs by 

changing their response category against those that did not (Table 6), no differences were found 

regarding clinical phenotype, radiological parameters and tumor behavior, nor residual tumor 

left.  

 

Evaluation of SRLs response before and after debulking. Percentage of IGF-1 decrease upon SRLs 

treatment before and after the surgery (A). Alluvial plot that represent the change between SRLs 

response categories before and after partial tumor removal (B). 
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Table 6.  

 Improved (n=4) Not improved (n=20) p.value 

Sex (Men %) 75% 55% 0.61 

Age 46.32±6.42 41.97±16.47 0.39 

BMI 27.44±4.22 27.97±2.02 0.75 
Biochemical characteristics at diagnosis  
  
Basal GH 97.6±124.96 30.93±27.72 0.44 

IGF-1 levels 1131.25±315.14 929.69±472.61 0.34 

Tumor characteristics   
GNAS mutation 50% 15% 0.18 
Max diameter at 
diagnosis 30.25±5.25 31.05±11.89 0.83 

Extrasellar growth 75% 90% 0.44 

Sinus invasion 75% 85% 0.54 

Hypointense T2 signal 25% 40% 1 

Visual alterations 0% 50% 0.11 

Hypopituitarism 25% 55% 0.59 

Dot-like CAM 5.2 IHC 50% 55% 1 

Postsurgical characteristics   
Max diameter of surgical 
remnant 19.67 ± 9.24 16.11 ± 7.44 0.59 

IGF-1 levels after surgery 696.75 ± 393.25 711.69 ± 318.96 0.95 

    
 

 

 

 

 

 

 

Furthermore, we searched for molecular differences in 20 previously described SRLs response 

biomarkers and epithelial–mesenchymal transition (EMT) markers (Table 7).  

 

 

 

 

 

General and clinical characteristics of the patients that improve or not the SRLs category upon postsurgical SRLs 

treatment. Statistical test revealed no significant differences between clinical characteristics before and after surgery. 

The numerical variables were presented using the mean ± Standard Deviation. BMI: body mass index. IHC: 

Immunohistochemistry. 
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Table 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We found that the tumors that improved SRLs response category after surgical debulking 

showed lower levels of Ki-67 mRNA expression (FC=0.17 and p=0.008) and higher levels of RORC 

(FC=3.1 and p˂0.001) (Fig. 29).  

 

 

 

 

 

 

 

 

 

 Improved (n=4) Not improved (n=20) p.value 

SSTR2 0.450±0.126 0.498±0.149 0.811 

SSTR3 0.099±0.077 0.466±0.316 0.275 

SSTR5 0.870±0.512 1.127±0.743 0.779 

DRD2 short isoform 2.364±1.136 0.680±0.182 0.235 

DRD2 long isoform 2.238±1.011 0.760±0.185 0.241 

ARRB1 0.214±0.039 0.198±0.028 0.743 

PLAGL1 2.817±0.732 4.261±0.745 0.195 

PEBP1 32.068±9.625 19.082±1.568 0.271 

E-cadherin (CDH1) 0.893±0.268 0.711±0.487 0.756 

Ki-67 0.005±0.002 0.031±0.008 0.008* 

GHRL 0.038±0.021 0.020±0.005 0.449 

AIP 2.138±0.442 1.689±0.172 0.398 

In1-GHRL 0.038±0.026 0.095±0.068 0.437 

KLK10 0.001±0.000 0.003±0.002 0.343 

SNAI1 0.040±0.014 0.027 ±0.009 0.483 

SNAI2 0.036±0.017 0.039±0.023 0.917 

ESRP1 0.375±0.349 0.854 ± 0.360 0.301 

RORC 2.472±0.143 0.854 ±0.280 0.000* 

CDH2 0.079±0.032 0.142 ±0.047 0.488 

VIM 1.142±0.337 1.157  ±0.352 0.987 

TWIST 0.008±0.004 0.005±0.001 0.542 

Molecular results in patients that improved SRLs response categories upon surgery debulking and patients that did 

not. The gene expression is presented by the mean of the relative expression ± standard error. 
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Figure 29. 

 

 

 

We also did find the same difference in Ki-67 levels by IHC, the mean value of Ki-67 positive cells 

being 1% for patients that improved SRLs category response and 3.1% for patients that did not; 

however, the difference was not significant (p = 0.074). Furthermore, when a cut-off of no 

detectable expression was used for Ki-67, the model provided a sensitivity of 100% and a 

specificity of 52.6% with an area under the curve (AUC) of 65.8% (Fig 27A). But, notably, using a 

cut-off of 2 units of relative expression of RORC, a model with 100% of specificity, sensitivity and 

AUC was obtained (Fig 27B). 

Figure 30. 

 

 

Boxplots showing relative expression of Ki-67 (A) and RORC (B) in patients that improved after debulking (n=4) 

and patients that did not (n=20). 

 

ROC curve calculated with patients that did not improved after debulking (n=20) and patients that did it 

(n=20) for Ki-67 (A) and RORC (B). 

 



72 
 

5.4 Study 4: Data mining analyses for precision medicine in acromegaly 

Predicting which acromegaly patients could benefit from somatostatin receptor ligands (SRLs) is 

crucial to avoid months of ineffective treatment for non-responding cases. Although many 

biomarkers linked to SRLs response have been identified, there is no consensus criterion on how 

to assign pharmacologic treatment according to biomarker levels. We used advanced 

mathematical modelling and artificial intelligence to provide better predictive tools for a more 

accurate acromegaly patient stratification regarding the ability to respond to SRL. Different 

models of patient stratification were obtained regarding SRLs response, with a much higher 

accuracy when the studied cohort is fragmented according to relevant clinical characteristics. 

Considering all the models, a patient stratification based on the extrasellar growth of the tumor, 

sex, age and the expression of E-cadherin, GHRL, IN1-GHRL, DRD2, SSTR5 and PEBP1 is proposed, 

with accuracies that stand between 71 to 95%. Furthermore, we show an association between 

extrasellar growth and high BMI for SRLs non-responding patients. The use of data mining is 

necessary for implementation of personalized medicine in acromegaly and requires an 

interdisciplinary effort between computer science, mathematics, biology and medicine. This 

new methodology opens a door to more precise personalized medicine for acromegaly patients. 

 

Manuscript in preparation 
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Patients 

In this study, we used the whole cohort of 100 patients described in Material and Methods 

section. The 71 patients with evaluable SRLs response were categorized according to therapeutic 

response to SRLs as complete response (CR = 27), partial (PR = 18) or non-responders (NR =26) 

if IGF-1 was normal, between >2<3 SDS or >3 SDS IGF-1 at 6 months of follow-up, respectively. 

Phenotypical characterization according to SRLs response 

For the data mining analysis we used the data generated in Study 1. However, before data 

mining analysis, a phenotypical characterization was performed according to SRLs response to 

verify that no dependent association was not reported and taken into account for the final data 

mining analysis. The analysis showed that SRLs resistance was strongly associated with tumor 

extrasellar extension (Pearson χ2 p‐value: 0.004) as shown in Table 8. Furthermore, NR patients 

presented more hypopituitarism and sinus invasion before surgery in contrast to CR or PR 

(Pearson χ2 p‐value: 0.01 and 0.05, respectively).  

Table 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 

Group 
SRLs responsea Pearson χ2 

p-valueb 
 

CR PR NR 

Presurgical 
hypopituitarism 

Yes 42% 15% 55%  
0.01 No 68% 85% 45% 

Presurgical visual 
alterations 

Yes 13% 27% 19%  
0.62 No 87% 73% 81% 

T2 signal intensity Hypointense 31% 22% 36%  
 

0.90 
Isointense 38% 56% 36% 

Hyperintense 31% 22% 28% 

T1 signal intensity Hypointense 61% 40% 53%  
 

0.75 
Isointense 39% 50% 38% 

Hyperintense 0% 10% 8% 

Gender Male 46% 35% 62%  
0.07 Female 54% 65% 38% 

GNAS mutation Mutated 29% 38% 36%  
0.83 WT 71% 62% 64% 

Sinus Invasion Yes 22% 35% 59%  
0.05 No 78% 65% 41% 

Extrasellar growth Yes 48% 60% 95%  
0.004 No 52% 40% 5% 

Clinical categorical variables related to SRLs response. a SRLs response columns indicate the percentage of 
patients with CR, PR, or NR dictated by the presence of absence of the clinical condition.  bPearson χ2 p-values 
are shown. Statistically significant values (p-value <0.05) are reported in bold.  
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Additionally, differences in the value of quantitative clinical variables according to SRLs response 

categories were evaluated for the studied comparisons and the results are displayed in Table 9. 

High BMI and IGF-1 levels at diagnosis were associated with NR patients. 

Table 9.  

 
 
 
 
 
 

Algorithms classifying SRLs response in acromegaly patients  

Several algorithms were identified for the discrimination of patients regarding SRLs response 

(cross‐validated p‐value < 0.05); those displaying the highest accuracy are shown in Table 10. All 

the significant predictive models are presented at Supplementary Table S1. The strongest and 

most accurate single predictive biomarker for SRLs response was E-cadherin, as it was the only 

marker discriminating between 3 of the 4 comparisons categories evaluated: 1) CR vs PR 

accuracy 65.8% at cut-off values of 0.513 and 0.007; 2) CR vs NR accuracy 73.1% at cut-off value 

0.535; 3) CR+PR vs NR accuracy 62.6% at cut-off values of 0.348 and 0.013.  Moreover, E-

cadherin was also found in many of the dual and triad panels obtained by the analysis. After E-

cadherin, the most frequent contributor to enhance classification power was SSTR2. The 

combination of E-cadherin and SSTR2 increased the accuracy by 6-7% more than E-cadherin 

alone. The addition of AIP (172) or In1-GHRL (180) showed a moderate enhancement of the 

classification power, reaching 75% of accuracy. Finally, adding PEBP1 (171) displayed nearly a 

70% accuracy at cut-off 15.56, specifically in the discrimination between CR and PR. 

 

 

Variable CR + PR vs NR CR vs NR PR vs NR CR vs PR 

p-value Log2FC p-value Log2FC p-value Log2FC p-value Log2FC 

IGF-1  diagnosis 0.035 -0.33 0.007 -0.47 0.722 -0.16 0.081 -0.31 

IGF-1  index 

diagnosis 
0.051 -0.41 0.086 -0.39 0.063 -0.43 0.838 0.04 

Basal GH 0.590 1.04 0.134 0.94 0.429 1.17 0.134 -0.22 

GH after OGTT 0.622 1.27 0.728 1.29 0.633 1.25 0.941 0.03 

BMI 0.094 -0.13 0.044 -0.17 0.452 -0.07 0.316 -0.10 

Maximum 

diameter 
0.178 -0.27 0.092 -0.35 0.532 -0.16 0.708 -0.19 

Age 0.197 0.14 0.272 0.13 0.802 -0.03 0.276 0.16 

Clinical numerical variables showing differences between the evaluated comparisons. T-test or Wilcoxon-test p-
values are shown. Statistically significant values (p-value <0.05) are reported in bold. Log2FC: Log2 Fold Change  
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Table 10.  

Evaluated comparison Panel of classifiers ACC p-value 

CR+PR vs NR 

E-cadherin 62.61% 0.027 

GHRL 67.26% 0.002 

SSTR2 + E-cadherin 69.95% 0.001 

CR vs NR 

DRD2 long isoform 69.23% 0.006 

E-cadherin 73.08% 0.001 

SSTR2 + E-cadherin + AIP 75.00% 1.95E-04 

SSTR2 + E-cadherin + IN1GHRL 75.00% 2.66E-04 

PR vs NR 

SSTR2 + Ki-67 67.87% 0.02 

SSTR2 + SSTR5 + ARRB1 69.68% 0.004 

CR vs PR 

E-cadherin 65.84% 0.028 

PEBP1 69.68% 0.004 
 

 

 

For those panels including more than one marker, in pairs or triads, cut-off values showed 

dynamic values (the values change with respect the variables of the model as a function because 

the variables are interdependent) as shown in Supplementary Figure S2 B-C. 

Fragmented population analysis achieves higher predictive accuracy 

For analysis purposes, the cohort was subsequently segregated according to different clinical 

and biological variables, such as sex, extrasellar growth of the tumor, radiological sinus invasion, 

the mutational status of GNAS, and pre-surgical SRLs treatment. The fragmented population 

studied is detailed in Supplementary Table 2. 

The first analysis fragmented the cohort according to SRLs pre-treatment or not before surgery.  

In those patients not receiving pre-surgical SRLs therapy, SSTR2 and E-cadherin expression 

together with age achieved 100% accuracy in discriminating the 3 response categories. 

However, the number of patients with no pre-surgical treatment was very low in our cohort; 

thus, this result requires further confirmation with higher number of cases. In pre-surgically 

treated patients, PEBP1 expression was added in some models, with 77% accuracy of 

discrimination between CR vs PR (shown in Table 11 A). 

When fragmenting according to extrasellar growth, GHRL (180)  discriminated between  CR and 

PR vs NR with extrasellar growth (accuracy 72%). Furthermore, 2 panels of classifiers also 

discriminated between CR and PR, both containing SSTR5 expression in combination with PEBP1 

or In1-GHRL and E-cadherin with an overall accuracy ranging from 80-88% (shown in Table 11 

B). 

Best classifiers in the whole cohort. All individual classifiers and those panels with 2 or 3 classifiers that display 

an improvement in accuracy are presented in this table. ACC: Accuracy.  
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Fragmenting the population by tumor sinus invasion identified AIP at a cut-off value of 1.404 as 

an individual marker, for discrimination between CR and PR vs NR patients with an accuracy of 

77% (shown in Table 11 C). 

Analyzing the population according to sex increased the accuracy of SRLs response classification. 

Among females, PEBP1 in different combinations with E-cadherin, GHRL, AIP and SSTR2, at 

different dynamic cut-off values, showed an accuracy of 73-80%. In males, age and E-cadherin 

levels displayed 81-85% discriminating accuracy between CR and PR vs NR patients (shown in 

Table 11 D). 

Finally, when fragmenting according to the GNAS mutational status, the same molecules 

appeared as predictors (E-cadherin, Ki-67 and PEBP1) at accuracy levels ranging 72-90% (shown 

in Table 11 E). 

Table 11. 

Fragmenting 
condition 

Evaluated 

comparison 

Fragmented 

population Na 

Best panel of classifiers ACC p-value 

A. SRLs 

presurgical 

treatement 

CR + PR vs NR No (9 vs 7) PLAGL1 + PEBP1 + E-cadherin 88.89% 0.003 

Yes (33 vs 19) SSTR5 + DRD2 long isoform + E-cadherin 70.65% 0.001 

CR vs NR No (6 vs 7) Age + SSTR2 + E-cadherin 100.00% 5.83E-04 

Yes (20 vs 19) PLAGL1 + IN1GHRL + E-cadherin 76.97% 9.43E-04 

PR vs NR No (3 vs 7) Not found - - 

Yes (13 vs 19) SSTR5 + PEBP1 74.29% 0.003 

CR vs PR No (6 vs 3) SSTR2 + E-cadherin 100% 0.012 

Yes (20 vs 13) PEBP1+ IN1GHRL 76.82% 4.02E-04 

B. 

Extrasellar 

growth 

CR + PR vs NR No (18 vs 1) Not found - - 

Yes (20 vs 19) GHRL 71.32% 0.005 

CR vs NR No (12 vs 1) Not found - - 

Yes (11 vs 19) Not found - - 

PR vs NR No (6 vs 1) Not found - - 

Yes (9 vs 19) Not found - - 

CR vs PR No (12 vs 6) SSTR5 + PEBP1 87.50% 0.004 

Yes (11 vs 9) SSTR5 + IN1GHRL + E-cadherin 79.80% 0.012 

C. Sinus 

Invasion 

CR + PR vs NR No (26 vs 7) Not found - - 

Yes (12 vs 10) AIP 77.50% 0.015 
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CR vs NR No (18 vs 7) SSTR2 + ARRB1 + KLK10 81.75% 0.007 

Yes (5 vs 10) PEBP1 + AIP + IN1GHRL 85.00% 0.017 

PR vs NR No (8 vs 7) Ki-67 + IN1GHRL 85.71% 0.007 

Yes (7 vs 10) Not found - - 

CR vs PR No (18 vs 8) SSTR2 + IN1GHRL + KLK10 86.61% 0.009 

Yes (5 vs 7) Not found -   - 

D. Gender 

CR + PR vs NR Female (25 vs 10) PEBP1+ GHRL 73.78% 0.007 

Male (18 vs 16) Age + E-cadherin 80.83% 0.001 

CR vs NR Female (14 vs 10) PEBP1 + E-cadherin + AIP 79.76% 0.005 

Male (12 vs 16) Age + PLAGL1 + E-cadherin 85.45% 4.91E-04 

PR vs NR Female (11 vs 10) Not found - - 

Male (6 vs 16) SSTR2 + PLAGL1 + GHRL/ARRB1 85.35% 0.003 

CR vs PR Female (14 vs 11) SSTR2 + PEBP1 74.68% 0.016 

Male (12 vs 6) DRD2 short and long isoform + E-

cadherin 

80.00% 0.018 

E.GNAS 

mutational 

status 

CR + PR vs NR WT (19 vs 14) SSTR2 + DRD2 long isoform + ARRB1 77.07% 0.003 

Mutated (10 vs 5) Not found - - 

CR vs NR WT (10 vs 14) Not found - - 

Mutated (5 vs 5) PLAGL1 + E-cadherin + Ki-67 90.00% 0.024 

PR vs NR WT (9 vs 14) SSTR5 + ARRB1 72.22% 0.014 

Mutated (5 vs 5) Not found - - 

CR vs PR WT (10 vs 9) PEBP1 + E-cadherin 84.44% 0.004 

Mutated (5 vs 5) Not found - - 

 

 

 

 

 

Overall, the algorithms generated achieved a much higher cross‐validated accuracy in the 

fragmented rather than in the whole cohort for prediction of SRLs response (shown in 

Supplementary Table S3). 

 

 

Best classifiers in patients with or without SRLs pre-surgical treatment, extrasellar growth, sinus invasion, biological sex and 

GNAS mutational status. For each subgroup, the best panel/s of classifiers (with accuracy higher than the maximal one 

achieved by the classifiers using the whole cohort without fragmentation) in each comparison are shown. aThe third column 

refers to the condition in the first column. ACC: Accuracy. 
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Decision tree therapeutic algorithms based on mathematical modelling   

The present analyses allow the development of decision trees that can be used in clinical 

practice for individual patients. Two trees were formulated. The first one is based on the 

extrasellar tumor growth and different molecular biomarkers (Figure 32 A). A patient without 

extrasellar growth is discarded as NR with an accuracy of 95%, and for distinction between CR 

and PR, the measurement of PEBP1 and SSTR5 is required achieving an accuracy of 87.5%.  When 

tumor extrasellar growth is present the decision tree segregates NR patients from responders 

(CR and PR) using levels of GHRL expression with an accuracy of 71.3%. To differentiate between 

CR and PR, SSTR5, In1-GHRL and E-cadherin should be measured, (accuracy of 79.8%). A second 

tree based on the patient’s sex showed an accuracy of 73.8-80.8% to distinguish between NR, 

CR and PR patients, being higher for men than for women (Figure 32 B). Detailed mathematical 

information regarding these decision trees such as cut-off values can be found in Supplementary 

Figures S2-8. 

Both algorithms show a high accuracy to identify NR patients (accuracy ranging from 71.3% to 

95%) which is particularly important since NR are the patients that suffer the largest delay using 

the current therapeutic decision chart. In all cases, measuring the expression of one or two 

molecules would be enough to define the response markers for this type of patient. The accuracy 

to distinguish between CR and PR patients is lower except for patients without extrasellar 

growth, thus we recommend the use of these algorithms specially to identify NR patients. 
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Figure 32. 
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Best therapeutic tree decision algorithms based on mathematical modelling. (A) Decision tree to determine the 

first line drug for a given acromegaly patient based on the extrasellar tumor growth and molecular information. 

A patient without extrasellar growth is automatically classified as CR/PR without performing any molecular 

analysis (NR category is discarded with an accuracy of 95%). Then, by measuring the gene expression of SSTR5 

and PEBP1 a clinician would be able to assign the right treatment with an accuracy of 87.5%. If the tumor has 

extrasellar growth, the gene expression of GHRL should be measured. If levels are <0.008 or >0.04, the patient 

is classified as NR with an accuracy of 71.3%, while if levels are between 0.008 and 0.04, the patient is classified 

as CR/PR. Then, by measuring the gene expression of SSTR5, IN1GHRL and E-cadherina clinician would be able 

to assign the right treatment with an accuracy of 79.8%. When classifiers are composed of more than one 

variable (e.g. SSTR5 and PEBP1 or SSTR5, IN1GHRL and E-cadherin), the distribution of CR and PR patients is 

defined by a mathematical function (the blue line in the scatterplots) that separates CR from PR patients (blue 

and pink dots in the scatter plots, respectively). The details of the scatter plots and the mathematical models 

can be found in the Supplementary Figures S3-S4. (B) Decision tree exploiting molecular differences according 

to sex to accurately treat an acromegaly patient. If the patient is a male, the expression of E-cadherin should be 

measured and together with age it would be able to classify the patient as NR with an accuracy of 80.8%. If it is 

classified as CR/PR, the expression of the short and long DRD2 isoforms should be analyzed and together with 

E-cadherin it would be able to assign the right treatment with an accuracy of 80.0%. If the patient is a female, 

the expression of PEBP1 and GHRL should be measured and this will allow to classify the patient as NR with an 

accuracy of 73.8%. If it is classified as CR/PR, the expression of the short and long DRD2 isoform should be 

analyzed and together with E-cadherin it would allow to assign the right treatment with an accuracy of 74.7%. 

The details of the scatter plots and the mathematical models can be found in the Supplementary Figures S5-S8. 

ACC: Accuracy; CR: complete responder; PR: partial responder; NR: non-responder. 
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6. Discussion 

 

The need of consistent biomarkers of response to SRLs treatment in acromegaly 

Acromegaly is a rare disease caused mostly by somatotropic tumors located in the pituitary 

gland that requires a prompt diagnosis in order to amend what often happens currently, where 

patients are diagnosed after suspicions are aroused by the visual identification of long-running 

phenotypic anatomical changes. If this was not already an important unresolved challenge, a 

second and equally necessary one is the need for an effective treatment for each patient to be 

delivered in a timely way. 

Nowadays, treatment decision in acromegaly is still made on a trial and error basis, either before 

or after surgery (144), even though about 50% of patients fail to respond adequately to SRLs, 

still being the first line recommended treatment. Different factors, such as age and sex (65,149), 

radiologic such as T2 MRIs signal intensity (120), and histopathologic such as granularity pattern 

(153) are related to therapeutic outcomes. Tumor expression of SSTR2 and other molecules have 

offered additional insights in relation to treatment response (253,256). However, these markers 

have limitations. Thus, the discovery and quantification of biomarkers that identify 

pharmacologic treatment response may be helpful for the clinician and is the basis of 

personalized and predictive medicine also in acromegaly. This is precisely the main objective of 

this thesis, the identification of biomarkers to improve the current therapeutic algorithm of 

acromegaly and individualize the treatment of patients. The experimental design to get this 

objective has been based on two strategies: classical statistics (Study 1, 2 and 3) and data mining 

methods (Study 4), both used to analyze clinical variables and molecular markers measured by 

candidate-gene approaches. 

 

E-cadherin, SSTR2 and Ki-67, but not other SSTRs nor downstream effectors, are consistent 

predictive biomarkers of response to SRLs in somatotropinomas (Study 1) 

In the first study we aimed to evaluate the mRNA expression of a combined panel composed of 

almost all SRLs response biomarkers published in the last decades including SSTRs and 

downstream effectors, for verification of previous results and definition of their predictive 

power; those showing the best predictive performance were validated at protein level. We 

found that among all the biomarkers studied E-cadherin, SSTR2 and Ki-67 showed potential 

usefulness for incorporation into clinical practice and therapeutic personalized guidelines. E-

cadherin expression was the best predictor between the SRLs response categories. None of the 
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other evaluated biomarkers showed statistical differences among the different response 

categories, although some of them showed a trend toward statistical significance, in particular 

AIP (p=0.06). The SSTR2/SSTR5 ratio was not different among response categories and nor was 

PLAGL1 (ZAC1), a molecule which participates in the downstream pathway of SSTR2, in close 

relation to AIP (172). Discrepancies with previous reports could be partially explained because 

of the methodology used and the population studied. We analyzed the gene expression of the 

panels of markers while other studies measured the markers by IHC as in the case of AIP (172) 

and KLK10 (257); or by western blot as in the case of RKIP (171). In the case of SSTR2, the 

concordance between RNA levels and IHC staining has been previously confirmed (161), as we 

also found. Regarding the discordance of SSTR2/SSTR5 ratio in our study with the work by 

Taboada (162), it  could be due to the fact that we used probe-base qPCR (Taqman technology) 

to measure gene expression, while the later designed the primers and used intercalating dye-

based qPCR which is less specific. 

Of particular interest is the fact the ROC curve analyses of E-cadherin and SSTR2 or their 

combination showed similar results, although E-cadherin presented better predictive power 

(either positive (84%) and negative (73%) for gene expression and even better for protein 

expression, positive predictive value of 100% and negative predictive value of 81.3%), and 

moreover, the combination of E-cadherin and SSTR2 was not superior than the one showed by 

E-cadherin alone. This indicates that if one single marker is to be chosen for incorporation into 

a decision-making therapeutic algorithm, E-cadherin might be the first one to be included to 

clinical guidelines.  

Our study clearly exemplifies the biological heterogeneity of somatotropinomas (64), which by 

extension is also reflected in the response to SRL, the first-line pharmacological treatment 

acromegaly recognized nowadays by clinical guidelines. Despite being a benign tumor, we were 

surprised by the huge heterogeneity showed by these tumors. At beginning of this project, we 

expected that the aggregation of the markers previously reported would be enough to clearly 

separate acromegaly patients according to the SRLs response. Unfortunately, the expression of 

all the biomarkers identified so far is so wide and the variability among groups of responders 

and non-responders is so high that it leads to an important degree of overlapping among SRLs 

response categories, which does not allow the definition of specific cut-off values that could be 

currently applied to clinical practice. In this regard, E-cadherin expression is able to partially 

resist this overlapping effect among groups, although in some particular patients it may also fail 

because the overall predictive power -either positive or negative- is around 75% when gene 

expression is considered. The predictive value of E-cadherin levels was validated at protein levels 
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which is of paramount importance from a clinical point of view as IHC is easily implementable in 

the clinical routine.  

Why is E-cadherin a better predictive biomarker than the rest when it would be more expected 

to find better results for the somatostatin receptor family? This issue requires further studies, 

although some remarkable information has already been generated by some studies, mostly 

coming from Bollerslev’s group (181–183). E-cadherin is, among others, a biomarker of EMT, a 

biological process that seems also to be operative for somatotropinomas at least in part, and 

may have implications for SRLs response, as we found in the study of Study 2 and discuss below. 

As a matter of fact, the more advanced is EMT, the less responsive the tumor may be to SRL. 

This may explain in some way the biological heterogeneity shown in our cohort in which no 

specific expression pattern of the different markers evaluated present a strong concordance. 

The progressive loss of response to SRLs seems to involve a concerted loss of E-cadherin and 

SSTR2 expression together with a gain in Ki-67, and thus the tumor losses its classic GH-secreting 

phenotype with a higher sparsely granulated pathologic pattern, according to cytokeratin CAM 

5.2 staining (153). Our results also validated that dot-type CAM 5.2 immunostaining correlate 

with poor response to SRLs and E-cadherin loss in somatotropinomas (197).  

Another interesting finding of our study is that SSTR5 expression was higher in those cases in 

which presurgical treatment with SRLs was performed when compared to non-pre-treated 

patients. These patients were not different in terms of size of the tumor or other clinical 

variables, thus it is intriguing to understand this finding and it  may be even postulated if SRLs 

may have induced changes in the expression of SSTR5, a question that has previously been 

invocated for SSTR2 (198,258). We did not find changes for SSTR2 in our series in cases in which 

pre-surgical treatment with SRLs was performed. The in deep explanation of our finding requires 

additional in vitro and in vivo experiments for its confirmation, but if it would be so, it would 

open new potential therapeutic options, as the combined and sequential treatment with first-

generation SRLs followed by pasireotide may be a new possibility which has never been 

previously tested. 

Finally, what concerns us the most is the lack of reproducibility of previously published results. 

The majority of measured biomarkers, with the exception of E-cadherin, SSTR2, and Ki-67 had 

been described only by a single publication. This lack of reproducibility makes validation by 

independent laboratories a mandatory issue. Absence of reproducible results is a worrying 

matter in actual science and sadly, it is very extended in biomedical research (259), and 

neuroendocrinology field is not an exception. This is especially true in the field of RNA 
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biomarkers where the inappropriate use of molecular techniques, such as RT-qPCR, can lead to 

incorrect results. On this behalf, there are two strategies in relative quantification studies by RT-

qPCR: the gene maximization and the sample maximization. The sample maximization method 

dictates that all samples for a given gene should be analyzed in the same run, which would be 

the easiest way to reduce potential bias. But as we wanted our method to be able to be used in 

prospective studies where not all samples are available at the start of the study or to analyze a 

single sample as a routine technique; thus, we used the gene maximization method. 

Furthermore, the number of samples with the replicates exceeds the number of available wells 

in a run, giving difficulty to the use of sample maximization strategy. Those two strategies are 

well explained in the geNorm manual (https://genorm.cmgg.be/).  

We performed the corrections and normalizations recommended by the geNorm manual and 

we calculated also the efficiency of the amplification in every well using the Chainy software 

(http://maplab.imppc.org/chainy/), as recommended in M Pfaff, 2001 (260). Taking all this into 

account, we are pretty confident that our measures are as accurate as they can be. 

 

The role of EMT in the resistance to SRLs (Study 2) 

Results derived from the Study 1 revealed E-cadherin as the best predictor, among the 

biomarkers we analyzed, of response to SRLs in acromegaly patients; in particular, we found an 

association of E-cadherin loss with a worse response to SRLs (253). Since the loss of E-cadherin 

is a hallmark of EMT, we further investigated the relationship between EMT and response to 

SRL. The Epithelial-Mesenchymal transition (EMT) plays a fundamental role in the development 

of multiple tissues, including the pituitary gland (261,262). This physiological process is 

aberrantly used by tumor cells for invasion and dissemination to distant organs, but the 

underlying molecular mechanisms are not fully understood (263). EMT is associated with 

advanced solid tumors and seems to occur also in pituitary adenomas (264,265), especially in 

GH-producing tumors (181,187) where EMT has been related to the response to SRLs (183,253), 

the primary medical treatment for acromegaly.  

To gain insight into the molecular mechanism regulating the loss of E-cadherin in GH-producing 

tumors, we analyzed the DNA methylation of E-cadherin promoter and found that the promoter 

region was unmethylated in all cases regardless of gene expression levels, which indicates that 

E-cadherin silencing is not caused by hypermethylation. This is in disagreement with other 

previously published results (266–268), which could be explained by the use of a different 
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technique to assess DNA methylation, Methylation-Specific PCR (MSP), which is a non-

quantitative technique prone to false positives (269).  

Loss of E-cadherin is not the only important change in gene expression during EMT since this 

process requires the cooperation of multiple molecular factors including transcription factors 

and constitutive markers of the epithelial and mesenchymal phenotypes, thus we analyzed the 

expression of a panel of EMT-related genes. Interestingly, we found that some of them were 

affected by pre-surgical SRLs treatment. Specifically, N-cadherin and RORC were overexpressed 

upon SRLs treatment. The finding regarding RORC is partly in agreement with previously 

published results (181) that showed RORC to be upregulated by SRLs treatment although only 

in tumors with high E-cadherin expression. In contrast, we did not find differences in RORC 

expression depending on E-cadherin levels in pretreated patients but we found an increased 

RORC expression in tumors with high levels of E-cadherin in non-pretreated patients. Given that 

in the daily clinical practice a high proportion of patients are pre-surgically treated with SRL, this 

finding is especially important. Taken all together, these data seem to indicate that SRLs 

treatment induces changes that tend to reestablish a more differentiated phenotype of GH 

adenoma; in other words, SRLs are anti-EMT drugs.  

The clustering analysis based on the signature of the EMT markers studied in this work (Figure 

25 A) showed a low number of somatotropinomas displaying expression profiles reflecting a 

complete EMT process, which is consistent with the benign nature of these tumors. In contrast, 

most somatotropinomas showed hybrid epithelial/mesenchymal expression profiles which 

could be explained by the activation of alternative EMT programs and the progression of 

individual cells to different states along the EMT spectrum. This knowledge adds another layer 

of information to explain the heterogeneity within GH-producing adenomas (64). However, 

these results should be taken with caution according to the guidelines from the EMT 

International Association (270) which considers that EMT status cannot be assessed only on the 

basis of a small number of molecular markers due to the high complexity of the process, but 

changes in cellular properties should also be analyzed.  

Although the analyzed EMT signature was not able to clearly identify the tumors that respond 

or not to SRLs when analyzing genes individually, we found that some of them correlated with 

clinical variables. This is the case for SNAI1 which was found associated with tumor invasion and 

SRLs response. The association of high levels of SNAI1 and invasiveness was also reported in 

other pituitary tumors (264); however, as far as we know, the relationship between SNAI1 and 

SRLs response is reported here for the first time. SNAI1 is a direct repressor of E-cadherin and a 
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transcription factor with a key role in EMT modulation (271), so it could be directly related to 

the E-cadherin loss reported in acromegaly.  

Another interesting result involves RORC, whose overexpression apparently linked to SRLs 

administration before surgery was found to correlate with a reduction of IGF-1 levels, in 

agreement with previous reports (181). Most importantly, we found that high RORC levels in 

GH-producing tumors from pre-surgically treated patients may predict a complete response to 

SRLs with an AUC of 81%, slightly better than E-cadherin expression (253). In conclusion, RORC 

may be considered a relevant marker useful in personalized medicine for acromegaly patients 

(144). This finding is in agreement with previously published results reporting the association of 

attenuated levels of RORC with a blunted response to SRLs (181). However, the role of RORC is 

not well understood. It is a RAR-related orphan receptor protein with roles in immunological 

processes (272,273), circadian regulation (274) and hormone signaling modulation in the thymus 

(275). RORC has also been found to be a master regulator of the cholesterol-biosynthesis 

program and an attractive target for triple-negative breast cancer (276). Furthermore, RORC has 

been linked to TGF-β-induced EMT in hepatocytes during liver fibrosis (277). 

In summary, our data further support the EMT occurrence in acromegaly and its relationship 

with SRLs response; in particular, RORC overexpression in pre-surgically SRLs treated patients 

and SNAI1 expression regardless of SRLs pretreatment may be used to predict first-generation 

SRLs response of patients not cured by surgery. This information may be of value for medical 

treatment decision-making in acromegaly patients and save unresponsive patients of an 

ineffective treatment for months or even years.  

 

Molecular predictors of response to SRLs after debulking in large GH-secreting adenomas (Study 

3) 

As far as we know, our work is the first study that evaluates molecular predictors of response to 

SRLs after debulking surgery of invasive GH-secreting pituitary tumors. Our data is in the line of 

other studies showing that surgical debulking improve biochemical response to first generation 

SRLs in patients with large GH producing adenomas(121–125). In addition, we have identified 

two molecular markers: Ki-67 and RORC linked to the odds of response to SRLs after debulking 

surgery that could be useful in clinical prediction algorithms. 

In accordance to other studies, we observed a statistical and clinically significant additional IGF-

1  reduction when SRLs were reinstituted after surgical debulking (121–125). In our cohort we 
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noticed that 1 in every 6 patients (17%) bearing large somatotropinomas had a better response 

to SRLs after surgical debulking, according to the IGF-1 SDS (253).  

From a clinical standpoint, tumors with a better response to SRLs after debulking were not 

different from those with no additional improvement, either in terms of presurgical tumor 

volume, postsurgical remnant, age, sex or acromegaly comorbidities. It has been stated that in 

cases in which evaluation of pre versus postsurgical SRLs treatment has been assessed, the 

magnitude of GH and IGF-1 decrease is similar in both situations (124). Although the reduction 

of the tumor volume after debulking seems to be the major factor accounting for the enhanced 

effect upon SRLs after surgery, our data does not support totally this concept. In fact, the extent 

of tumor debulking has been related to the subsequent response to SRLs in most of the studies 

(121–123), although not in all (125). However, somatotropinomas are heterogeneous tumors 

and may not depict a constant biological behavior over time, thus we hypothesize that tumor 

debulking may potentially change the ethological cellular relationship within the tumor in the 

residual lower volume with less intratumoral pressure, as one of the potential playing factors 

among others. This could induce a different biological expression following surgery in some 

cases. 

It is feasible that less tumor mass could facilitate SRLs effectiveness, but such a simple 

explanation does not completely account for what we observed in our series. The molecular 

analysis of our cases indicated that Ki-67 and RORC identify those tumors in which the 

improvement in SRLs response was maximal after debulking. Ki-67 has been linked to SRLs 

resistance and also linked to cellular proliferation (155). Tumors with a low proliferative activity 

may be much closer to a well-differentiated somatotroph phenotype and therefore probably 

more sensitive to the effect of a surgical partial resection in terms of subsequent SRLs response. 

High levels of RORC were observed in those patients that presented an enhancement in the 

postsurgical response to medical therapy. RORC principal function, as well as its relation to SRLs 

action, is not so well known. RORC is a RAR-related orphan receptor protein with roles in 

immunological processes (272,273), circadian regulation (274) and hormone-signaling 

modulation in the thymus (275). Moreover, it has been related to SRLs response in acromegaly 

in an EMT context (181).  We showed that high RORC levels in tumor could predict an enhanced 

response to SRLs after tumor debulking with an AUC of 100% and thus, RORC could be 

considered as a clinically relevant biomarker useful in personalized medicine for acromegaly 

patients (144). 
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A drawback of our study is its retrospective nature and the relatively low sample size, although 

the number of cases studied is similar to those previously published regarding this topic, with 

the exception of the one by Colao et al. in 2006. Thus, in the comparisons between the 4 patients 

that improved and the remaining 20 that did not, we cannot exclude the possibility of an error 

type I and, especially, an error type II due to the low number of patients. For example, the 

difference in the proportion of GNAS mutations between groups could not be significant 

because of the small sample size, although in previous evaluation of our whole cohort of 100 

acromegaly tumors, no relationship was found between GNAS mutations and SRLs response. 

On the other hand, we performed an extensive molecular analysis which has not been previously 

performed. However, some of the analyzed markers, as we previously reported (253), may 

change their expression upon SRLs treatment, so these results cannot be extrapolated to SRLs 

naïve patients. 

In summary, our data further supports that surgical debulking should be considered in 

macroadenomas not just for ameliorating potential mass effect but also because it may help to 

enhance SRLs response after surgery. However, as shown from the molecular data presented in 

this work, it cannot be ruled out that the surgical-mediated volume decrease may also be a 

sensitizing factor for some tumors in which RORC as well as Ki-67, for yet unknown biological 

reasons, are the biomarkers or play an active role in the sensitizing effect to SRLs in these tumors 

after surgery. High levels of RORC in combination of low Ki-67 could identify tumors that would 

present an enhanced SRLs sensitivity after debulking surgery; this information could be of value 

for medical treatment decision-making in acromegaly patients bearing invasive tumors not 

cured by surgery. 

 

The potential of data mining to develop individualized treatment algorithms for acromegaly (Study 

4) 

The discovery and quantification of biomarkers that identify pharmacologic treatment response 

may be helpful for the clinician and it is the basis of personalized and predictive medicine also 

in acromegaly. Currently, the major drawback to transferring this approach to clinical practice is 

the overlapping of values of these markers between response categories which does not allow 

the definition of clear cut-offs. Moreover, it is difficult to account for many biological, clinical 

and molecular variables with small but added effects in the response to SRLs. Applying data 

mining, a modality of mathematical analysis allowing efficient subclassification of 

heterogeneous populations, such as those of GH-secreting tumors (64), to the clinical and 

molecular data generated in the study of Study 1 we have been able to elicit different 
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combinations of molecular markers expressed in somatotropinomas. When certain clinical 

characteristics are added to the model, it is possible to segregate patients in whom complete, 

partial or no valuable response to SRLs can be predicted with reasonable accuracy. 

General findings in our cohort included a robust association between SRLs response and 

extrasellar growth.  BMI and IGF-1 basal levels were also slightly associated with SRLs response.  

Although high BMI use to be associated with acromegaly condition (278), it is the first time that 

this association has been also identified regarding SRLs response. Additionally, sex was also 

associated with different molecular characteristics of the tumor related to pharmacologic 

response. These molecular differences match with the sexual dimorphism of  SRLs response 

(148). In particular, PEBP1 was associated with the prediction of SRLs response in women more 

than in men (171). Moreover, age, which has also been considered as a SRLs response factor 

(157) seems to be more important in men than in women. Most of the molecules that emerged 

from classical candidate gene approach are fairly represented in the algorithms and decision 

trees obtained in our analyses using data mining. Thus, from the more than about dozen 

different molecules previously reported as single markers, E-cadherin, SSTR2, PEBP1, GHRL and 

In-1-GHRL, and AIP are those that contribute -with different combinations at individual level- 

more robustly to the generation of high accuracy decision trees and models in our cohort. Single 

markers are not powerful enough to achieve a highly accurate and discriminative capacity of 

SRLs response categorization in such heterogeneous disease as acromegaly. Thus, a multi-

molecular approach was used in our study and different results were obtained in different 

clinical scenarios. As a consequence, the molecular combination obtained to identify SRLs 

response was not the same when evaluating a patient with a tumor with extrasellar growth, or 

an aged subject, or indeed if the case under consideration is a man or a woman. In this regard, 

one of the conclusions of our study is that in the future, acromegaly patients with specific clinical 

conditions will require specific decision trees with their corresponding panel of molecules for 

prediction of response to pharmacologic treatment. The other very important issue is the 

definition of the cut-off values for application to clinical practice; in the present study we have 

been able to define cut-off values for the different clinical scenarios with reliable ranges of 

accuracy that would ensure clinicians that the therapeutic recommendation will allow their 

patient to benefit from a safe and efficient personalized treatment. Furthermore, this is a 

complex question that is not minor, as different molecules participate in the panels we 

constructed and there are no absolute cut-off values but dynamic values readable calculated 

when the equations are formulated.  
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The present study has some limitations in this regard, being the most important the relatively 

low number of cases; however, our results provide a proof-of-concept for the use of data mining 

strategies in the management of acromegaly patients. Thus, a constraint for implementation of 

personalized medicine at the moment, whether derived from classic or novel methods, is the 

necessity of validation of the proposed algorithms with other cohorts. However, by using data 

mining, the intrinsic nature of the mathematical analysis performs a continuous internal 

validation process, thus conferring reliability and robustness; despite this, an external validation 

by an international consortium, capable of establishing a large cohort of acromegaly patients 

would be welcome. Moreover, the inclusion of other biomarkers not yet identified may improve 

accuracy thus warranting further discovery investigation. Also, only SRLs response has been 

studied in the present study as it is the recommended first line treatment, but additional studies 

including other therapeutic molecules such as pasireotide would be possible if a cohort with 

sufficient treated patients would be available. In spite of the limitations, results provide a proof-

of-concept for the use of data mining strategies in the management of acromegaly patients. 

We are close to having personalized medicine and tailored treatments available for individual 

acromegaly patients. Data mining and modelling is a necessary instrument required to reach the 

goal of personalized medicine for patients and their physicians. 
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Conclusions 

 

1. Among the different biomarkers previously reported related to the mechanism of action 

of SRLs only E-cadherin, SSTR2 and Ki-67 have been validated as markers of response to 

first-generation SRLs of patients not cured by surgery, being E-cadherin the best 

predictor. The measurement of E-cadherin by IHC may be easily implemented in the 

clinical routine in pathology departments, to assist endocrinologists. 

2. EMT is a process that some somatotropinomas suffer and provides a partial answer to 

the SRLs resistance; in particular, RORC expression in pre-surgically SRLs treated patients 

and SNAI1 expression regardless of SRLs pretreatment may be used to predict first-

generation SRLs response of patients not cured by surgery. 

3. Surgical debulking should be considered in macroadenomas not just for ameliorating 

potential mass effect but also because it may help to enhance SRLs response after 

surgery. In addition, high levels of RORC together with low Ki-67 in patients pretreated 

with SRLs may identify patients that would benefit from SRLs therapy after debulking 

surgery.  

4. The use of data mining strategies opens a door to more precise personalized medicine 

for acromegaly patients. As a proof-of-concept we have developed two algorithms using 

based on the extrasellar growth of the tumor, sex, age and the expression of E-cadherin, 

GHRL, IN1-GHRL, DRD2, SSTR5 and PEBP1. 
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8. Future perspectives 

This work provides some answers while new questions arise. First, regarding SRLs response 

biomarkers, we validated some previously reported biomarkers and discarded others; however, 

the lack of enough precision to predict SRLs response with the previously reported biomarkers 

makes us wonder if there are other biomarkers of response to SRLs not yet discovered in 

acromegaly. Since it is a rare disease there are no large genome-wide studies. So, it is necessary 

to perform genome-wide studies to search for new biomarkers and to improve our 

understanding of the process of tumorigenesis of GH-producing cells. 

Regarding personalized medicine in acromegaly, we think that this work opens two scenarios: 

one suitable for the present and another one for the future. Nowadays, it would be already 

possible to begin a personalized treatment in any hospital through the implementation of E-

cadherin IHC, which we found as the best predictor of response to SRLs by using classical 

statistics (Study 1). As our results show, E-cadherin IHC in acromegaly patients is very suitable 

for two main reasons: first, it discriminates patients that will not normalize IGF-1 levels with SRLs 

monotherapy; and second, it is an unambiguous marker that does not require a subjective score 

like an H-score as the no detection of E-cadherin indicates no response to SRLs. As some expert 

pathologists in acromegaly  suggest (279), the pathologist plays a critical role in the era of 

precision medicine in diseases such as acromegaly. It is also worth to mention that, based on 

the results from Study 2 and 3, RORC IHC could be also an interesting biomarker for patients 

pre-surgically treated with SRLs that should be explored. 

The other scenario that this study opens is the future application of precision medicine in 

acromegaly. For the different reasons indicated below, we think that this future should be based 

on highly quantitative and low-input methods, such as those based on RNA instead of IHC (the 

most widely-used technique in pathology departments), which would allow to maximize the 

benefits of the modeling approaches that we performed in this thesis (Study 4): (i) the tumor is 

usually really small allowing a small number of sections for IHC; (ii) RNA, if measured with a 

robust and reproducible technology, provides a numeric quantification that is not based on the 

subjective interpretation of a human-being as occurs in IHC; (iii) this approach will allow the 

creation of molecular panels composed of several markers that can be measured at once; (iv) 

the measurement of the upcoming tumors can be used to redefine and correct the models that 

classify the patients, allowing a continuous validation and modeling process that will provide 

more precise models. 
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Taking all of this into account, we propose two treatment algorithms for acromegaly. The first 

one adding E-cadherin IHC would be easily applicable in every hospital and the second using 

RNA measurements by RT-qPCR. In both algorithms, we recommend the use of preoperative 

SRLs since the latest and more complete metanalyses concluded that they produce a favorable 

impact on surgical cure rate at short-term (129). Furthermore, we only recommend pasiretiode 

as the last treatment option because it showed only a 37% biochemical control ratio in patients 

not responding to first generation SRLs (280) while Pegvisomant shows a better biochemical 

control ratio, higher than 60% (281). 

 

A negative E-cadherin IHC after the first surgery would allow distinguishing a subset of patients 

that would not normalize IGF-1 levels with only SRLs, so we propose to treat these patients with 

pegvisomant and maybe add SRLs if clinicians are concerned about tumor growth (Figure 33).  

Figure 33. 

 

 

Proposed treatment algorithm in acromegaly adding E-cadherin IHC as SRLs respond test. 
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The other algorithm developed, that remains as a proof-of-concept, would include the appliance 

of the algorithm based on mRNA resulting of the data mining. This algorithm would facilitate the 

medical treatment choice for every clinician treating acromegaly patients (Figure 34). 

Figure 34. 

 

 

 
 

 

 

 

 

 

 

 

Proposed treatment algorithm in acromegaly adding the resulting algorithms of the data mining analysis. 
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Supplementary Table S1 

 All the significant predictive models found using the whole cohort for the 
analysis based on 1, 2 or 3 features 
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Supplementary Table S2 

Cohort description: Number of patients for every comparison analyzed. 
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Supplementary Table S3 

 All the significant predictive models found using the fragmented populations for the analysis 
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10.2 Supplementary Figures 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S1 
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Supplementary Figure S2. Representation of different possible models resulting from the 
data mining analysis in the whole cohort. (A) Sampling distribution graph representing the 
distribution of CR and NR patients for E-cadherin expression. When the classifier contains only 
one variable we used a variable brute force technique. The discriminant function is a constant 
that is determined as the threshold value that separates samples from the two groups with 
the best accuracy (marked by dotted red line). (B) Sampling distribution graph in 2D 
representing the distribution of CR and NR patients for the expression of AIP and E-cadherin. 
The blue line is the mathematical function defined by the values of the classifier, a 
mathematical function that separates NR from CR patients. As this classifier is composed of 
two variables, each dimension of the graph stands for one variable. The variables were 
selected by the Lasso method and the model performed according to Multilayer perceptron 
(MLP) methodology. (C) Sampling distribution graph in 2D representing the distribution of CR 
and NR patients for the expression of SSTR2, E-cadherin and AIP. As this classifier is composed 
of more than two variables, each dimension of the grafh stands for the the two main 
components after performing a principal component analysis (PCA). The blue line is the 
mathematical funtion that separates CR from NR patients. The variables were selected by the 
Wilcoxon method and the model performed according to Multilayer perceptron (MLP) 
methodology. 
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