FAMILIAL ISOLATED PITUITARY ADENOMA

Ana L. Carreira, MD, Department of Endocrinology, Diabetes and Metabolism, Hospitais da Universidade de Coimbra, ULS Coimbra. 11720@chuc.min-saude.pt
[bookmark: _Hlk41574022]Márta Korbonits, MD, PhD, FRCP, Member of the Hungarian Academy of Sciences, Department of Endocrinology, William Harvey Research Institute, Barts and the London School of Medicine, Queen Mary University of London, London, United Kingdom. m.korbonits@qmul.ac.uk

Updated March 5, 2024
[bookmark: _Toc41469223]
[bookmark: _Hlk41574128]ABSTRACT

Familial Isolated Pituitary Adenoma (FIPA) is a term used to identify a genetic condition with pituitary tumors without other endocrine or other associated abnormalities. FIPA families contribute around 2% to the overall incidence of pituitary tumors. FIPA is a heterogeneous disease both in terms of the clinical phenotype as well as from the genetic background point of view. Some FIPA families have been identified to have germline mutations in the aryl hydrocarbon receptor interacting protein (AIP) gene leading to incomplete penetrance of young-onset, mostly growth hormone, mixed growth hormone/prolactin-secreting, or prolactin-secreting pituitary adenomas. Due to the low penetrance, almost half of the AIP mutation-positive patients do not have a positive family history. Duplication of the orphan G protein coupled receptor GPR101 gene, located on Xq26.3, leads to high penetrance pituitary hyperplasia or adenoma resulting in infant-onset GH excess, usually with concomitant hyperprolactinemia, named X-linked acrogigantism (XLAG). The majority of the FIPA families, however, have no known genetic mutation. Their clinical picture includes various types of pituitary adenomas, either homogeneous (all affected family members have the same adenoma type) or heterogeneous (different adenoma types within the same family), presenting with low penetrance and an age of onset not significantly different from patients with sporadic pituitary adenomas. Here we review the clinical features, genetics and screening aspects of FIPA.

[bookmark: _Toc41469224][bookmark: _Hlk41574456][bookmark: _Hlk160641783]INTRODUCTION

Familial Isolated Pituitary Adenoma (FIPA) is a relatively new term. Introduced by Professor Beckers in 1999, FIPA describes families with pituitary adenoma and no other associated symptoms (1, 2). As opposed to occurring in isolation, familial pituitary adenomas have been recognized in several syndromic diseases, such as the classical MEN1 syndrome or Carney complex or the most recently described, such as hereditary paraganglioma syndromes (3-5), MEN4, and DICER1 syndrome (6) (Figure 1).  For additional information we refer the reader to other chapters within ENDOTEXT on syndromic familial pituitary adenomas.
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Figure 1. Germline or Mosaic Mutations Causing Pituitary Tumors. Details for the syndromic forms can be found, among others, in the following sections https://www.endotext.org/chapter/multiple-endocrine-neoplasia-type-i/, https://www.endotext.org/chapter/carney-complex/, https://www.endotext.org/chapter/pituitary-adenomas-in-childhood/  and in these references (6-10).

Descriptions of familial pituitary adenoma families have been around for several hundreds of years, but only over the last decade has the clinical phenotype and, in some cases, the genetic abnormality been described. Interestingly, some of the patients with germline mutations present as simplex patients without any known family history, either due to low penetrance or due to de novo mutations.

[image: ]Figure 2. Family Trees Demonstrating Examples of the Various Types of FIPA Families. In some AIP mutation-negative FIPA families unaffected obligate carriers can be identified by their position in the family tree, while in other family’s possible carriers of the unidentified gene cannot be identified. AIP mutation-positive kindreds can be ‘families’ or simplex cases. Most XLAG kindreds are simplex cases with females having de novo germline mutations while males have somatic mosaic mutations. 

Previous data suggest that FIPA families contribute around 2% of the overall incidence of pituitary tumors, but this number may increase with increasing recognition of this clinical entity.

[bookmark: _Hlk142486375]Around 10-20% of all FIPA families and 50% of familial isolated GH-producing Tumor families (11, 12) have been identified to have mutations within the aryl hydrocarbon receptor interacting protein (AIP) gene, located at 11q13. Germline mutations in AIP have also been identified in patients with young-onset pituitary adenomas, mostly GH-secreting or prolactin-secreting or silent GH/prolactin-producing adenomas with no apparent family history. These are called ‘simplex’ cases. Until recently, no somatic mutations had been described in the AIP gene in pituitary or other tumors (1). Duplication of the orphan G protein-coupled receptor GPR101 causes X-linked acrogigantism (XLAG) (13). While most of the XLAG cases are due to de novo mutations (germline or somatic mosaicism (14, 15)), to date three families have also been described. The causative gene for the rest and therefore the vast majority (90% only considering kindreds with 2 or more affected subjects) of FIPA families is currently unknown (16). Recently, a microdeletion upstream the GHRH gene, on chromosome 20, has been identified as another possible cause of severe infant-onset gigantism (17). New candidate genes are under active investigation in somatic and familial cases of pituitary adenomas (18), but some need further validation. Representative examples of FIPA family trees are shown in Figure 2. 

[bookmark: _Toc41469226]CLINICAL FEATURES OF FIPA

Families with AIP mutations usually have a characteristic phenotype, which is usually substantially different from that of AIP mutation-negative phenotype. In this section, we compare characteristics of AIP-mutated and non-AIP-mutated FIPA. Germline chromosomal defects leading to gigantism, including XLAG and a recently described microdeletion in chromosome 20 that leads to GHRH overexpression, have a drastically different phenotype and are discussed separately below. 
[bookmark: _Toc41469227]
Tumor Types

FIPA families can be homologous (i.e. all affected family members have the same type of tumor) or heterologous (i.e. family members can have different type of tumor) (Figure 2). Therefore, pure acromegaly, pure prolactinoma, and pure non-functioning pituitary adenoma (NFPA) families have been identified, while also mixed families such as acromegaly-prolactinoma, acromegaly-NFPA, prolactinoma-NFPA, prolactin-corticotrophinoma or even acromegaly-prolactinoma-NFPA families have been described. Somato-mammotrophinomas occur commonly, but are not consistently reported, probably as a result of variations in the reporting of tumor histology type. Figure 3a, b and c demonstrate the distribution of histological tumor types in FIPA families. 
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Figure 3a. Proportion of histological tumor types in the AIP positive FIPA population in the International FIPA Consortium cohort (n=911) (19).
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Figure 3b. Proportion of tumor types in AIP mutation-positive FIPA families (12).
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Figure 3c. Proportion of tumor types in AIP mutation-negative FIPA families (12).

In a study including familial as well as simplex (apparently sporadic) patients with germline AIP mutations, 78% of 96 patients developed GH-secreting adenomas (20) (half of the GH-secreting adenomas were somato-mammotrophinomas), 13.5% of patients developed prolactinomas, 7% developed non-functioning pituitary adenomas (NFPAs), and 1 patient developed a TSH-secreting adenoma. In another study, comprising 171 patients carrying AIP mutations, based on clinical diagnosis 70% had somatotrophinomas, 11% mixed GH/PRLomas, 12% had prolactinomas, and 8% had clinically non-functioning tumors (12). On histological testing some tumors show plurihormonal profile (Figure 3b). It is important to note that some non-functioning tumors are found to be somatotroph/lactotroph upon histological examination (21) – these are therefore ‘silent adenomas’. The distribution of tumors amongst 318 non-AIP mutated FIPA families (1310 patients) is represented in Figure 3c (12). Somatotrophinomas are the most common tumor type in both AIP mutation-positive and negative FIPA families (12, 19).
[bookmark: _Toc41469228]
Gender Distribution

While higher numbers of males are identified with AIP mutations both in familial and simplex setting (12, 20), ascertainment bias due to physiological later puberty of boys and their normally taller stature cannot be ruled out (19), as in a carefully-studied large AIP mutation family equal number of affected males and females are present (22). There is a greater prevalence of females within AIP mutation-negative families, probably due to a higher number of prolactinomas (19). 
[bookmark: _Toc41469229]
Age of Onset

AIP gene mutation-positive FIPA patients have an earlier age of onset of diagnosis compared to those with AIP mutation-negative familial (23) or sporadic (20) pituitary adenomas. The age of onset of pituitary adenoma symptoms is 8 years earlier in the AIP mutation-positive group (mean age 19 years, SD ± 9.5, p<0.001), with diagnosis being made 6 years earlier (mean age of diagnosis 24.3, SD ± 11.9 vs 30, SD ± 13.5, p<0.001) than in the AIP mutation-negative population (12). In our international FIPA cohort, the familial cohort with AIP mutation-positive tumors had a peak age of onset during the 2nd and 3rd decades of life, with 65% of these patients’ developing symptoms aged ≤18 years (28.8% in the AIP mutation-negative group) and 87% by the age of 30 years (12). Previous work has shown that those families with AIP mutation-negative tumors demonstrate a more even spread of occurrence between the ages of 20 and 50, with a peak incidence around the age of 30 years old (19); the latest data suggests that the modal age group (42%) is 20-29 years (12).  

Young (<30 years) onset simplex patients, the AIP mutation-positive group, also developed tumors at a younger age than the mutation-negative group, with median ages of 16 years (IQR 14.8-22.3) and 22 years (IQR 16-26) respectively (19).

In the Bart’s international cohort, over 80% of the families with AIP mutations have at least one affected patient with gigantism or disease onset before the age of 18 years, while only 3 out of 46 AIP mutation-negative families have an onset of pituitary adenoma before the age of 18 years (23). Interestingly, probably due to earlier recognition of symptoms in affected FIPA families, the age of tumor onset appeared to be earlier in the second generation than in the first (mean age 29 ±10.2 years vs. 50.5± 14.2 years p<0.0001) (24).
[bookmark: _Toc41469230]
Disease Penetrance

Disease penetrance in FIPA is incomplete. As there is a clear natural bias of affected patient referral and the clinical and genetic data in the individual families are incomplete, the calculation of disease penetrance is difficult. Additionally, it is important that penetrance always be considered in the context of the subject’s age.

In AIP positive mutation families, current data suggests 12.5-30% penetrance, but ranges between 10-90%, also depending on available data (19, 20, 23). It seems that the nature of the AIP mutation (truncating or non-truncating) does not have any effect on penetrance (19).
In AIP mutation-negative families, penetrance calculations are even more difficult as carrier unaffected family members (other than obligate carriers) cannot be distinguished from non-carrier unaffected subjects. The current calculation based on affected subjects, obligate carriers and 50% of potential carriers suggest 38±16% (23), but this is obviously a very significant overestimate. 

Another way to compare penetrance between AIP positive and negative families is to count the known affected subjects within families. Penetrance in AIP mutation-negative families is probably lower than in AIP mutation-positive families, as the mean number of patients with disease in AIP mutation-positive families is 3.2±1.8 and in AIP mutation-negative families 2.2±0.5, P<0.001 (23).

De novo AIP mutation has been described in two cases so far: in a child with prolactinoma (c.721A>T; p.Lys241*) where the AIP mutation was not found in the parents (paternity confirmed) or his sister (19, 25). A second case was with identical twin girls, where both of them carry a mutation in the leukocyte derived DNA (p.R304*), while their parents (paternity confirmed) were negative (26).

Phenocopies (patients who show manifestations of a disease that are usually associated with mutations of a particular gene but instead are, in this case, due to another etiology) (27) have been described in families with AIP mutations (16, 23) and are probably present in AIP negative families as well, therefore careful and cautious genetic studies and counselling need to be conducted in every family. 

[bookmark: _Toc41469231]Tumor Behavior

[bookmark: _Hlk160641866]SIZE

FIPA patients in general have larger, more aggressive tumors and earlier onset of disease compared to sporadic pituitary adenomas (11, 20, 23, 28).

Macroadenomas predominate amongst AIP mutation-negative and positive FIPA groups. However, when compared to sporadic pituitary adenomas, AIP gene mutation-positive FIPA patients were more likely to have larger tumors (1, 11, 19, 28) and macroadenomas (19), and these tumors were more likely to invade the extrasellar region (19, 20). 

There was no statistical difference between the AIP mutation-positive and negative groups in the occurrence of giant (>40mm) adenomas (19), nor in the incidence of macroadenomas (mutation-positive 83.2% vs 79.2% p=0.259) or cavernous sinus invasion (mutation-positive 36.7% vs 28.3%, p=0.122) (12). Suprasellar extension was more frequent in the pituitary adenomas of AIP mutation-positive FIPA patients (mutation-positive 54.3% vs 42.4%, p=0.043).

No correlation was observed between the presence of truncating and non-truncating AIP mutations and the size of the pituitary adenoma, the incidence of macroadenoma or the propensity to invade extrasellar structures (19).

APOPLEXY PROPENSITY   

Pituitary apoplexy is a relatively rare event; incidence is variously estimated to be as high as 6.8% (in 560 adenoma cases) (29) to as low as 0.6% (in 664 adenoma cases) (30). In a previous study, it was shown that apoplexy occurred more commonly in individuals with AIP mutation-positive tumors than those with mutation-negative tumors (7.6% vs 1.3% of cases respectively) (19). No size difference was observed between tumors that did and those that did not undergo apoplexy in the AIP mutation-positive tumor group (19). Excluding simplex cases from these analyses (i.e. just considering patients with a family history of pituitary adenomas) demonstrated an even bigger disparity in apoplexy incidence with AIP mutation-positive tumors having an apoplexy rate of 10.6% vs 2.3% in mutation-negative families (19). The latest data from the international FIPA consortium has shown similar rates of apoplexy (8.2% vs 3.6% respectively, p=0.009) (12). Familial apoplexy has also been described in AIP mutation-positive families (19, 31). It was previously observed that GH-secreting tumors with AIP mutations were significantly more likely than their mutation-negative counterparts to undergo apoplexy (19) and this has been demonstrated once again (8.3% vs 2.8% p=0.005) (12). The mechanism for this observation is unclear.
[bookmark: _Toc41469232]
Treatment Resistance

Many of the somatotrophinomas described in FIPA families have been described as sparsely granulated adenomas (1), a subtype which has been previously suggested to respond less well to somatostatin analogues and to be more aggressive (32, 33). Sparsely granulated adenomas occur more commonly in AIP mutation-positive GH-secreting adenomas than in their mutation-negative GH secreting counterparts (19). In one study (12), all of the AIP mutation-positive somatotrophinomas were sparsely granulated, compared to 68% in the AIP mutation-negative group (p<0.001).

There is speculation that somatostatin analogues mediate their anti-proliferative effects through AIP up-regulation, which in turn increases the expression of ZAC1, a tumor suppressor gene known to be upregulated by somatostatin analogues  (34, 35), therefore, dysfunction at the AIP step would reduce the expression of ZAC1 and so the usefulness of this class of drug (36).  Another potential mechanism for this treatment resistance involving defective Gαi signaling has been postulated and is discussed in detail below.

It has previously been observed that AIP mutation-positive tumors are more difficult to treat  mutation-positive somatotrophinomas undergo less shrinkage and there is a smaller reduction in GH production with first generation somatostatin analogues than in the mutation-negative sporadic patients (1, 20, 28, 37). This may be accounted for by a relative paucity of expression of SSTR2 in the former (38); however, in human samples rather, a higher level of SSTR2 was found (36), and this is also seen in a pituitary Aip-knockout mouse model (39, 40). A greater need for re-operation after initial surgery and a greater use of multiple therapies and >2 types of therapy, including radiotherapy (12) and the failure of pegvisomant to control IGF-1 (20) have also been described. However, some studies (19) failed to demonstrate any difference in the number of therapeutic interventions between AIP positive and negative mutation tumors. Where primary surgery has failed to control the tumor’s GH production, there is some evidence that pegvisomant (37, 41), or pasireotide in patients whose tumor expresses the type 5 somatostatin receptor (38, 42), may reduce the IGF-1 burden.  In some cases, drastic treatment is necessary: for example, in the youngest known case, who presented at the age of 4 years-old, surgery followed by first generation somatostatin analogue, temozolomide, bevacizumab, radiotherapy, pegvisomant, gamma knife therapy and somatostatin analogue combined with increasing dose of pegvisomant, was necessary (43).

No correlation was observed between the presence of truncating and non-truncating AIP mutation tumors and the number of treatment modalities required by these patients (19).

In addition to sparsely granulated histopathology, other well-known predictive factors of resistance to first generation somatostatin analogues are younger age at diagnosis, hyperintense T2 image on MRI, and low tumor expression of somatostatin receptor subtype 2 (44). Recently, a machine-learning based model accounting for age at diagnosis, sex, pretreatment GH and IGF-1 levels, tumor granulation pattern and expression of somatostatin receptor subtypes 2 and 5 was shown to predict therapeutic response to first generation somatostatin analogues with high negative and positive predictive values (45). 

Currently, some experts already suggest that the first-line medical treatment for patients that show one or more of these features could be pegvisomant or pasireotide; and that pegvisomant could be preferred in patients with diabetes or low somatostatin receptor subtype 5, whilst pasireotide could be preferred in the presence of significant tumor volume (44). Therefore, in select cases, these two drugs could be considered early in postsurgical medical therapy in patients with persistent disease, especially in younger patients with ongoing uncontrolled height gain, as seen in patients with AIP mutations.
[bookmark: _Toc41469233]
Hormone Secretion

When matched with acromegaly mutation-negative controls, AIP mutation-positive somatotrophinomas produce more growth hormone (GH) (20) but there was no difference in the levels of IGF-1 (12, 20). Prolactin co-secretion was more common in AIP mutation-positive GH secreting tumors than their non-AIP mutated counterparts (19).

Gigantism was observed to be more common among AIP mutation-positive patients (55.9% vs 18.2%, p=0.005) and was the most common clinical diagnosis (12) – which is predicted by their earlier onset of disease, with cases in males predominating in both AIP positive and negative patients (19): 60% of FIPA families in one study had at least one case of gigantism and instances of two cases of gigantism within the same family only occurred in AIP mutation-positive families (19).

No correlation was observed between the presence of truncating and non-truncating AIP mutations and the incidence of GH secreting tumors (19); however, there was a significantly greater prevalence of gigantism amongst the GH secreting tumor patients in those with truncating as opposed to non-truncating AIP mutations (54.7% vs 30%). There is also a suggestion that patients with GH-secreting adenomas and the truncating R304* mutation present more commonly at a very young age then rest of the described AIP mutation-positive population with GH secreting adenomas.

A previous case report described the co-existence of pituitary hyperplasia and pituitary adenoma in two AIP mutation-positive adenomas from a family. Loss of heterozygosity was seen in the adenoma tissue but not in the surrounding hyperplastic tissue and loss of AIP protein expression was seen in the adenoma tissue with preservation of AIP expression in the hyperplastic tissue (46). Villa and colleagues hypothesize that this may demonstrate that tumorigenesis is a multi-stage event starting with hyperplasia in haploinsufficient tissue and then the development of further genetic events (including loss of the one remaining wild-type AIP allele) leading to true adenoma formation. They suggest that this could explain the incomplete penetrance seen in pituitary disease in AIP mutation-positive subjects (46).

In GH-secreting non-AIP mutated sporadic pituitary tumors, an association was noted between the levels of AIP staining on histology and the aggressiveness of the adenoma. Low levels of AIP staining were associated with a more aggressive phenotype (higher Ki-67 index and a greater likelihood of suprasellar tumor extension) when compared to tumors with higher levels of AIP staining. In the same tumors, none of those with low AIP staining showed significant shrinkage despite pre-operative treatment with a somatostatin analogue. Tumors treated pre-operatively with somatostatin analogues that did shrink showed a higher level of AIP on immunohistochemistry (47). 

No difference in rates of hypopituitarism was seen between AIP mutation-positive and negative patients with pituitary adenomas at diagnosis (12).
[bookmark: _Toc41469234]
Other Tumors in Individuals with an AIP Mutation

In one study (19) involving 290 AIP mutation-positive individuals (some with pituitary adenomas), there were 10 cases of tumors occurring outside of the pituitary gland in 9 individuals. These included a gastrointestinal stromal tumor, glioma, meningioma, non-Hodgkin’s lymphoma, and spinal ependymoma. Parathyroid adenomas were excluded from this analysis due to the rare finding of AIP mutations in parathyroid adenomas (48), as were colonic polyps and thyroid nodules due to their frequent occurrence in patients with acromegaly (19). Four of the 9 individuals with extra-pituitary tumors had GH-secreting pituitary tumors, the other 5 were AIP mutation carriers without pituitary tumors.

While AIP acts as a tumor suppressor gene in the pituitary gland, and patients with pituitary tumors show heterozygous loss-of-function mutations of AIP, a possible role for AIP as an oncogene has been described in other tumor types. To date, increased expression of AIP was found in association with increased tumorigenic and metastatic properties of colorectal cancer cells (49), with increased survival of primary diffuse large B cell lymphoma (DLBCL) cells (50), and with a bad prognosis in cholangiocarcinoma (51). In colorectal cancer, increased AIP expression was associated with increased cell migration and epithelial-to-mesenchymal transition, possibly by the facilitation of N-cadherin expression and suppression of functional E-cadherin on the cell surface (49). On the other hand, for DLBCL, AIP promoted tumor survival by reducing ubiquitin-mediated proteasomal degradation of BCL6, a protein that reduces the transcription of pro-apoptotic genes such as TP53 and that is frequently overexpressed in DLBCL (50).

Therefore, AIP behaves as a double agent, either as a tumor suppressor or as an oncogene, and further studies on AIP regulation mechanisms will be essential for a better understanding of AIP derived tumorigenesis and for unravelling new possible therapeutic targets (52). 

[bookmark: _Toc41469235]THE GENETICS OF FIPA

[bookmark: _Hlk145250685]The currently known genes causing FIPA are AIP and GPR101 and we will discuss the diseases associated with these genes in detail. Furthermore, there are some pituitary adenoma cases described with other germline mutations, that will be more briefly addressed, as they are still under investigation and require additional validation. 

[bookmark: _Toc41469236]AIP

There are over 100 heterozygous mutations identified in AIP, showing an autosomal dominant inheritance pattern with incomplete penetrance (53). Mutations that affect the AIP gene commonly lead to truncated or missing protein due to nonsense mutations, small deletions or large deletions, insertions, splicing or promoter mutations, while 21% result in full length mutated protein due to missense mutations or in-frame deletions or insertions (Figure 4). Large deletions cannot be identified with Sanger sequencing and other technologies, such as MLPA, or next generation sequencing methods are required to identify them. 
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Figure 4. Distribution of mutation types found within the AIP gene in the International FIPA consortium (12).
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Figure 5. The three-dimensional structure of the AIP protein. Three characteristic tetratricopeptide (TPR) domains, the A and B helices of the first TPR domain, orange, TPR2 blue. TPR3 green and the 7th C-terminal alpha helix with light blue (54, 55).

The AIP protein is a well-conserved molecular chaperone, with multiple binding partners. It has three tetratricopeptide (TPR) repeats, conserved anti-parallel pair of alpha helices and a final 7th alpha helix at its carboxyl terminal end (Figure 5). This C-terminal section is known to be important for interaction with other proteins and therefore, it is postulated, that in the case of FIPA it loses its ability to bind its binding partners, such as the aryl hydrocarbon receptor (AHR) or phosphodiesterase (PDE) subtype 4A5, and therefore loses its activity as a tumor suppressor (56).

There are a few mutational hotspots, the majority affecting CpG sites, where a mutation has been identified in several independent patients or families (Table 1).

	Table 1. A Few Examples of AIP Mutation ‘Hotspots’ 

	Variant
	References (examples)

	c.910C>T; p.R304*


	Cazabat et al. 2007 (57)
Daly et al. 2007 (11)
Georgitsi et al. 2007 (58)
Igreja et al. 2010 (23)
Leontinou et al. 2008 (28)
Variglou et al. 2009 (59)
Vierimaa et al. 2006 (16)
Chahal et al. 2011 (60)
Hernandez-Ramirez et al. 2015 (19)
Ramirez Rentaria et al. 2016 (26)
Marques et al. 2020 (12)

	c.811C>T; p.R271W 
	Daly et al. 2007 (11)
Jennings et al. 2009 (61)
Hernandez-Ramirez et al. 2015 (19)

	c.721A>T; p.R81* 
	Leontiou et al. 2008 (28)
Toledo et al. 2010 (62) 
Hernandez-Ramirez et al. 2015 (19)
Marques et al. 2020 (12)



[bookmark: _Toc41469237]AIP Mouse Models

AIP knockout in mice is lethal in utero and is associated with ventricular septal defects, double outlet right ventricle and pericardial edema (63). The embryonic mice are also unable to undergo a crucial step in initiating adult erythropoiesis at E11-14, a step which is vital for embryonic survival beyond E13.5 (64). This suggests that AIP may have an important role to play in fetal growth signaling in utero.

Heterozygote AIP knockout mice invariably develop mostly GH-secreting pituitary tumors, with 100% penetrance by the age of 18 months, compared to wild-type mice where around 1/3 of mice spontaneously developed prolactin-secreting adenomas, but no GH adenomas are observed (65). AIP expression was lost in these GH-secreting tumors and this corresponded to higher tumor proliferation rates (65), compared to spontaneous pituitary adenomas in the wild-type littermates, with normal AIP expression. These data mirror the increased aggressiveness of tumors seen in mutation-positive FIPA families (11, 20, 23, 28). ARNT expression was also lost in the mouse tumors (65), reflecting a pattern observed in human mutation-positive tumors (66) and therefore suggesting a possible role for loss of ARNT in the development of pituitary tumors (65). Somatotroph-specific AIP deficient mice (sAipKO) have also been created, using Cre/Lox and Flp/Frt technology (67). In keeping with the heterozygote AIP knockout mice described above, >80% of the sAipKO mice developed GH secreting adenomas by 40 weeks of age, by 18 weeks they also displayed elevated IGF-1 and GH levels, increased body and organ size (compared to control animals) and glucose intolerance. Pituitary hyperplasia was consistently observed in the sAipKO mice (on histology and on MRI imaging), suggesting (but not absolutely proving) a progression from hyperplasia to adenoma. The investigators point out that 40 weeks of age for a mouse represents ‘middle adulthood’ and so hypothesize that, in common with other tumors, additional somatic mutations are required on top of the AIP loss of function for somatotroph tumors to occur (67). A pituitary-specific Aip knockout using the Hesx1/Cre model has also developed gigantism with elevated IGF-1 levels (40).

ARNT knockout mice die in utero in early gestation (68, 69): the reasons for this are disputed, in one study it appeared that there was faulty angiogenesis in the yolk sac (69), whilst in another the embryos survived slightly longer and had a normally developed yolk sac vasculature but the placental vasculature failed to develop correctly. The embryos in the latter study also displayed a range or anomalies, including neural tube closure defects, brain hypoplasia and placental hemorrhage (68). It has been hypothesized, therefore, that ARNT plays a role in angiogenesis in response to hypoxia secondary to the increasing tissue mass in embryonic development (69).

Ahr knockout mice are viable, though they too suffer physiologic dysfunction, including cardiac hypertrophy (with cardiac myocyte enlargement but without the molecular signatures that would indicate cardiac overload) and subsequent cardiomyopathy (70). These mice also have hypertension (71), reduced body weight, reduced reproductive capabilities, smaller livers as a result of a patent ductus venosus, persistence of fetal vascular and liver parenchymal structures and aberrant vasculature in the kidneys. This underlines the importance of AhR signaling mechanisms in the development of a normal, mature vasculature (72).  AhR protein-protein interactions were further characterized, with one of the most interesting interactions being with the mitochondrial protein MRPL40 (73), which codes for a mitochondrial ribosomal 39S subunit. Deletions in this gene have been associated with the 22q11.2 deletion syndromes Velo-cardial facial syndrome and Di George syndrome (OMIM #188400), both of which involve congenital cardiac malformations, further suggesting the importance of AhR in normal cardiac development.

It has been suggested that interplay between AhR and ARNT/HIF1α may govern normal vascular development (72). 

[bookmark: _Toc41469238]MECHANISM OF TUMORIGENESIS IN PITUITARY ADENOMAS WITH AIP MUTATIONS 

[bookmark: _Hlk160641926]In the pituitary, AIP is a tumor suppressor, and truncating mutations presumably lead to loss of function mutations. However, for missense mutations change in protein folding or loss of partner protein binding sites could explain the lack of function. Based on data from half-life studies, (74) it seems that a significant proportion of the missense mutations lead to unstable proteins and rapid degradation explaining the loss of function. Furthermore, in vitro measured half-life of missense proteins correlated well with age of onset of disease. (74)
AIP interacts with numerous other molecules (see Table 2), full details of each of these interactions has recently been summarized (56).

	Table 2. A List of Factors that Have Been Demonstrated to Interact with the AIP Protein (56)

	Viral Proteins
	Hepatitis B Virus X protein (HBV X)

	
	Epstein Barr Virus Nuclear Antigen 3 (EBNA3)

	AIP-AHR-Hsp90 Complex
	Aryl Hydrocarbon Receptor (AHR)

	
	Heat Shock Protein 90 (Hsp90)

	
	Heat Shock Cognate 70 (Hsc70)

	
	Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT)

	
	p23

	
	AIP self-association

	Cytoskeletal Proteins
	Possible interaction with actin

	
	Tubulin (75)

	Phosphodiesterases
	PDE4A5

	
	PDE2A3

	Nuclear Receptors
	Estrogen Receptor α (ERα)

	
	Glucocorticoid Receptor (GR)

	
	Peroxisome Proliferator-Activated Receptor α (PPARα)

	
	Thyroid Hormone Receptor β1 (TRβ1)

	Transmembrane Receptors
	RET

	
	EGFR

	G Proteins

	Translocase of the Outer Membrane of Mitochondria (TOMM20) Proteins (64)

	Survivin (64)

	Cardiac Troponin Interacting Kinase 3 (TNNI3K)

	Protein Kinase A (76)



The exact mechanism by which AIP mutations lead to pituitary tumor formation is unclear; however, several theories have been put forward. AHR is widely expressed in the body and binds numerous compounds, both endogenous and exogenous (77, 78). It is a nuclear transcription factor and prior to ligand binding it is found in the cellular cytoplasm, bound to AIP (77, 78). It is known that AHR is a receptor for environmental pollutants, such as dioxin – a known carcinogen. The binding of dioxin leads to increased AHR nuclear translocation, with activation of detoxification mechanisms (79), including increased expression of the enzyme CYP1A1, which has also been shown to bio-activate polycyclic aromatic hydrocarbon carcinogens (80, 81). Interestingly, an increase of acromegaly incidence (82) has been described in a heavily polluted industrial area. Pituitary adenoma incidence was also studied in an area heavily polluted with dioxin after a chemical factory accident, but data were not sufficient to draw appropriate conclusions (83). A recent follow-up study (84) examined links between the characteristics of patients with GH-secreting pituitary adenomas, residing in an area of high pollution and AHR/AIP variants. It was found that pituitary tumors were significantly larger and IGF-1 burden significantly greater in patients with AHR/AIP gene variants who lived in polluted areas compared to either those who had no gene variants and lived in the same highly polluted areas or those who had gene variants but lived in cleaner areas. Further, the use of somatostatin analogues in patients with GH-secreting pituitary adenomas, who also had AHR/AIP gene variants and lived in highly polluted areas, seemed to be less effective (IGF-1 only normalized in 14%). Overall, the reduction in GH/IGF-1 levels did not reach statistical significance. GH secreting pituitary patients with no AHR/AIP variants had a statistically significant reduction in GH/IGF-1, as did those without gene variants living in polluted areas (IGF-1 normalized in 54-56% of cases).  These data need confirmation.

Fibroblasts with heterozygous AIP mutations taken from patients have lower AIP protein levels (probably through nonsense-mediated decay of truncated proteins (74)) compared to wild-type fibroblast controls, but AHR expression is unaffected. However, AIP mutation did result in altered regulation of the AHR transcriptional target CYP1B1, both with and without AHR ligand stimulation (85). The mechanism by which this happens and therefore the role of AHR in signaling in pituitary tumorigenesis is still to be elucidated. 

It has been noted that the loss of function of the AIP gene allows dysregulated ERα mediated gene transcription by its disinhibition (86). Cumulatively, high levels of estrogen and therefore estrogen mediated gene transcription products have been associated with an increased risk of developing various tumors, including pituitary tumors (86, 87) and so this work provides a novel avenue for investigation into pituitary tumorigenesis.

In the previous years, the role of cAMP elevation in pituitary tumors has been further investigated - It had previously been noted that cAMP levels were elevated in a subset of pituitary tumors (88). cAMP is a mitogenic factor in somatotroph cells, this therefore suggests a link between its dysregulation and tumor growth (89, 90). AIP is known to be a binding partner of some of the phosphodiesterases. AIP binding to PDE4A appears to inhibit its phosphodiesterase activity; however, this did not appear to prevent the cell’s in vitro ability to reduce forskolin-induced cAMP driven transcription. Therefore, it was felt unlikely that AIP-phosphodiesterase was the mechanism for cAMP elevation in pituitary tumors (91).  The same study also hypothesized that  AIP’s interactions with other binding partners is vital in its role of reducing cAMP, as R304* mutant AIP transfected cells (which produces a truncated AIP protein, losing its protein-interacting C-terminal) were not able to reduce  cAMP signaling in the same way that  wild-type AIP transfected cells could (91).  This correlated with reduced GH secretion after forskolin stimulation in the wild-type AIP cells, but not in the AIP mutant cells (91).

Disordered cAMP regulation is also seen in McCune Albright syndrome – where there is a mutation of the GNAS1 gene which results in a constitutionally active Gαs and raised cAMP (92), and Carney complex (93) – where there is an inactivating mutation in the PRKAR1A gene, a subunit of Protein Kinase A (PKA), a cAMP dependent kinase (94).There is evidence that AIP interacts with some of the subfamily protein of Gα (95), providing a possible way through which AIP can influence intracellular cAMP levels. To investigate this further, Tuominen et al. (96) developed an immortalized fibroblast cell line from the embryos of an AIP knockout mouse. AIP knockout in the mouse embryonic fibroblasts (MEFs) cell line resulted in higher cAMP level with a 2-3 times increase the AIP knockout cells. This result was concordant with AIP knockdown in a rat pituitary tumor cell line, with an observed 20-30% rise in cAMP levels.
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[bookmark: _Ref420675431][bookmark: _Toc447487404]Figure 6. Role of G alpha Inhibitory Protein. (A) - cells with normally functioning G alpha inhibitory protein (Gai-2) respond to stimulation of the somatostatin receptor (SSTR) by somatostatin (SST) by inhibiting the action of adenylyl cyclase, reducing the cell's secretory and proliferative capabilities. The role of AIP in this process is unknown, but cells with defective/absent AIP (B) also have a reduction in Gai-2 and so a lack of response from SST binding to SSTR with resulting disinhibition of adenylyl cyclase and increased GH secretion and cell proliferation.

Sequential knockdown of the Ga subfamily of proteins (Ga12, Ga13, Ga11, Gaq, Ga14, Ga15, and Gas,) produced only a significant reduction in cAMP levels in AIP knockout mouse cells when Gas and Ga13 were knocked down, although this effect was not sufficient to explain the observed difference in cAMP levels between AIP knockout and wild-type cells (96). Sequential knockdowns of the Ga inhibitory subfamilies (Gai-1, Gai-2, and Gai-3) was also performed. Gai-2 and Gai-3 knockdown caused a rise in cAMP levels by 77% and 115% respectively in wild-type MEFs, but minimal changes in the cAMP levels in AIP knockout cells. This was interpreted as evidence of a pre-existing defect in the Gai system of the AIP knockout cells (96) (Figure 6).

Immunohistochemical staining was subsequently performed on human somatotrophinomas which showed a reduction in the Gai-2 expression in AIP mutation-positive tumors compared to mutation-negative tumors (96, 97). No difference was observed in the expression of Gai-3 between the two types of tumors (96).

These findings may also explain the observed phenomenon whereby AIP mutation-positive tumors appear to respond poorly to somatostatin analogue treatment, as somatostatin receptors mediate reduction in cAMP levels through the Gai system (98), particularly through Gai-2 and therefore defective Gai signaling in AIP mutation-positive tumors maybe abrogate the effect of these drugs (96).

There is also in vitro evidence that AIP may play a role in reducing PKA activity through binding to its subunits (catalytic Cα and regulatory R1α). It was shown that AIP is able to interact with these two subunits, either as part of the PKA complex or separately. Cα stabilizes AIP and also R1α.  Overexpression of AIP lowered PKA activity, perhaps through inhibition of Cα or through the stabilization of the inactivating Cα-R1α complex. AIP overexpression also led to lower levels of Cα in the nucleus. Conversely, AIP silencing led to an increase in PKA activity. AIP’s interaction with these subunits is partly mediated by its c-terminal and so this may explain why common AIP truncation mutations (such as R304*), which affect this region, have a shorter protein half-life. It is hypothesized that this would then lead to lower intracellular AIP levels and may contribute to tumorigenesis through increased PKA activity (76). 

The most recent and plausible mechanism relates to an interaction between AIP and the tyrosine kinase receptor RET. Although the first report on this interaction was over a decade ago (59), only recently there has been new insight about how this interaction affects tumorigenesis in the pituitary gland (99).  RET is a dependent receptor in somatotroph cells: in the absence of its ligand GDNF, the monomeric RET receptor is processed intracellularly by caspase-3, leading to PIT1 accumulation and upregulation of the RET/PIT1/ARF/p53-apoptotic pathway (99).  AIP was shown to be a key factor in the initial steps of this pathway, by forming a complex with RET/caspase-3/PKCδ, that allows for the intracellular processing of RET. In the absence of AIP or in the presence of pathological mutations in AIP, there is an inhibition of RET-induced apoptosis, that may be a key feature in somatotroph hyperplasia and adenoma formation (99).  However, PIT1 is a transcription factor that is present in somatotroph, lactotroph and thyrotroph cells; therefore, despite previous studies focusing mostly in somatotroph tumors, the same pathway is probably involved in other tumor types, such as prolactinomas (99), and this seems to be the explanation for the tissue specificity of AIP mutations. In line with this finding, the reported pituitary tumors in patients with AIP mutations are mostly GH and/or prolactin secreting tumors, but also clinically non-functioning adenomas with positive GH and/or prolactin immunostaining and, in one case, thyrotropinoma (12, 20, 100). There have been no unequivocal cases of corticotrophinomas or gonadotroph adenomas in patients with pathological AIP mutations. This extraordinary finding may pave the way for new therapeutic options in sporadic and familial cases of pituitary tumors with AIP mutations.

The increased tendency of AIP mutation-positive tumors to invade locally may be a result of an altered tumor microenvironment. One study (40) observed markedly more infiltration of tumors by macrophages in human AIP mutation-positive adenomas compared to sporadic somatotroph tumors. There was also an upregulation in the tumor-derived cytokine, CCL5, which is chemotactic for leukocytes. The macrophages themselves may play an important role in breaching local structures with their secretion of matrix metalloproteinases (MMP2 & 9) (101). Gene expression profiling experiments comparing AIP mutation-positive human pituitary adenomas to sporadic human pituitary adenomas showed a partial epithelial to mesenchymal transition pattern in keeping with a tumor that invades locally but exceedingly rarely metastasizes (40). In recent years, intensive research on pituitary tumor microenvironment has expanded our knowledge on pituitary tumor behavior and tumorigenesis mechanisms and raised the possibility for immunotherapy in aggressive and refractory pituitary tumors (102).

In contrast, few studies have focused on the mechanisms of AIP regulation. miR-34, a microRNA that binds to the 3-UTR region of AIP, was shown to be overexpressed and to downregulate AIP at the protein level in sporadic somatotrophinomas with low AIP expression (103) and in somatotrophinomas due to germline AIP mutations (104). Additionally, the high expression of miR-34 is one of the mechanisms driving the increased intracellular cAMP levels seen in AIP mutation-positive tumors (104). Thus, overexpression of miR-34 promotes cell proliferation and migration and may be responsible for the invasive phenotype and typical resistance to first generation somatostatin analogues seen in these tumors (103, 104). Recently, a regulation of AIP at the transcription level was also proposed. GTF2B, a transcription factor that binds the 5-UTR region of AIP, was shown to promote AIP expression and inhibit somatotroph cell proliferation and invasion (105).

[bookmark: _Toc41469239]AIP Mutations and Associations with Other Tumors

[bookmark: _Hlk160641982]Germline AIP variants (R304Q, this variant is controversial, likely to be benign) were noted in sporadic parathyroid adenomas in 2 (unrelated) out of 136 patients in one study. One of these patients had a co-existent MEN1 mutation; both had reduced AIP staining in their tumors at histology (48). Concomitant AIP and MEN1 deletions through chromosomal translocations with a variety of partners are also associated with hibernomas (benign brown fat tumors). AIP transcription is down-regulated in these tumors (106) and its loss results in the upregulation of the brown fat marker UCP1 (107). Two patients from different FIPA kindreds, carriers of germline pathogenic mutations in AIP (Leu115Trpfs*41 and p.Q285*) with unaffected pituitary, were described to have follicular thyroid carcinomas showing loss of heterozygosity in the AIP locus in the tumor tissue (42, 108), raising the possibility for a role of AIP mutation as an initiating event in both pituitary and thyroid. However, differentiated thyroid carcinoma (DTC) is rare in acromegaly, and the most frequent tumor mutations found in patients with known pathogenic AIP mutations are very similar to the ones found in sporadic cases, mostly comprising mutations of BRAF and NRAS (108). Therefore, the potential role of AIP mutations as a possible rare initiating event on the pathogenesis of DTC, although unlikely, requires further investigation.

OTHER POSSIBLE CANDIDATE GENES

Currently, only two well-characterized genes have been implicated in the pathogenesis of FIPA: AIP, the most common one, and GPR101. However, they only account for a minority of patients with FIPA, while other genes remain largely unknown. 

At present, the genetics of familial and apparently sporadic pituitary tumors is under active investigation and some new candidate genes have been identified, but additional data is required to convincingly support them as a possible cause of FIPA. 

Recently, germline loss of function mutations in the peptidylglycine α-amidating monooxygenase (PAM) gene were described in one family with pituitary gigantism and in multiple sporadic cases of several types of pituitary adenomas (18). PAM plays an important role in post-translational processing and secretion of hormones and is highly expressed in all pituitary cells, but the mechanisms linking its altered function with hormone hypersecretion still require clarification. Also, the fact that some of the identified PAM variants were relatively common, and that no deleterious variants were identified in other familial cases from 17 FIPA kindreds in the validation cohort raises some reasonable doubts. Therefore, additional studies in FIPA kindreds are required to further explore and validate this new candidate gene. 

Another gene, described in sporadic corticotrophinomas, is CABLES1. Heterozygous germline mutations in CABLES1 appear to decrease the negative feedback response from glucocorticoids, resulting in increased corticotroph cell growth. They were identified in two young adults, two children with Cushing’s Disease, and in one unaffected parent (109); but, to date, there have been no reports of possible familial cases with this mutation. Cushing disease is only rarely described in FIPA families, mostly in kindreds with heterogeneous tumor types (19). In homogenous corticotroph adenoma families no CABLES1 mutation has been identified (Korbonits unpublished observation). Corticotrophinomas have not been reported in kindreds with AIP mutation (19), and this is also in line with the recently described RET-derived AIP tissue specificity for PIT1 expressing cells (99).

A gain of function mutation in PRLR has been described in association with sporadic and familial prolactinomas (110), but additional data is needed to convincingly reinforce that association. Other germline mutations have also been associated with familial pituitary tumors (RXRG, TH, CDH23)(53, 111, 112), but lack functional validation studies as well as independent confirmation to support them as possible candidates involved in the pathogenesis of FIPA (113). 

Additional conditions with excess GH in the absence of pituitary tumors have been described, and include germline mutations in genes such as IGSF1 and NF1.

IGSF1 is a transmembrane glycoprotein that is highly expressed in the anterior pituitary and hypothalamus, and that is considered essential for normal hormone production (114-116). Loss-of-function mutations in IGSF1 have been associated with an X-linked syndrome of central hypothyroidism and a variable prevalence of other endocrinopathies, including disharmonious pubertal development with delayed testosterone rise but normal or advanced testicular growth and postpubertal macroorchidism, hyperprolactinemia and GH dysregulation (114, 117). A minority of male children with such mutations show partial and transient GH deficiency, while adults more often show high IGF-1 levels, a 2- to 3-fold increase in GH pulsatile and basal secretion and mild acromegaloid features (117, 118). Similar features of GH excess were observed in mice (117). A potentially pathogenic variant in IGSF1 was described in three individuals from the same family showing somato-mammotroph hyperplasia or tumor and gigantism (115), but, to date, most case series of patients with IGSF1 mutations have consistently showed normal height and no evidence of pituitary tumors (116, 117, 119). It has been proposed that IGSF1 acts as a regulator of pituitary hormone synthesis, but the mechanism behind this is still poorly understood (114, 117).

Pathogenic mutations in the NF1 gene lead to neurofibromin deficiency and neurofibromatosis type 1 (NF-1). NF-1 is an autosomal dominant condition with increased risk of several benign and malignant tumors, including optic pathway gliomas (OPG), that are frequently diagnosed at a young age. An association between NF-1 and increased growth velocity or tall stature due to GH excess has been described in several case series, with a prevalence ranging from 4.5% (120) to 46% (in large deletions of NF1) (121). Excess GH is diagnosed in children with NF-1 and OPG, with a prevalence of 10.9% in this patient group according to the largest series published (122). The most plausible and widely accepted mechanism to explain this association is an induced hypothalamic dysfunction from infiltrative OPG, with reduced somatostatinergic inhibition of GH secretion, corresponding to the fact that there is absence of other pituitary abnormalities in the majority of cases (123). Another suggestion is that GPR101 dysregulation may occur. However, there are some case reports of NF-1 with concomitant pituitary hyperplasia or tumor, with or without OPG, which leads to the hypothesis that GHRH overexpression may be another possible mechanism leading to excess GH (123). Nevertheless, the pathophysiology of GH excess in NF-1 remains to be clarified.

[bookmark: _Toc41469240][bookmark: _Hlk142488378]GERMLINE CHROMOSOMAL DEFECTS PRESENTING WITH PITUITARY HYPERSECRETION/GIGANTISM- XLAG 

This is a unique condition described in 2014 caused by a microduplication at Xq26.3 area containing the GPR101 gene, resulting in the overexpression of the orphan G protein coupled receptor GPR101 (13). It may be familial or sporadic, and can be due to a germline or a mosaic somatic mutation (14, 15). It shows an X-linked dominant inheritance with complete penetrance. Most cases are de novo germline (female) or mosaic (males) cases, with, to date, only three kindreds described where affected mothers passed on the mutation to male offspring (124-126). It constitutes 8-10% of the cases with gigantism (125, 127), and practically all the non-syndromic infant-onset gigantism.
[bookmark: _Toc41469241]
[bookmark: _Hlk142490191]XLAG Characteristics 

In addition to the most prominent symptom of very early-onset gigantism with significantly elevated growth velocity, acral enlargement and coarse facial features are also observed (37). Fasting hyperinsulinemia was noted in 1/3 of patients and around 20% had acanthosis nigricans (125). Elevated BMI is often observed, and up to 1/3 of patient with XLAG have increased appetite, something not noted previously in gigantism. Hyperprolactinemia accompanies the GH excess in over 80% of the cases. Three quarters of the patients are females. GHRH levels can be normal or slightly elevated, and in some patients a paradoxical response was seen to the TRH test (127).
[bookmark: _Toc41469242]
Tumor Types

All GPR101 duplication-related pituitary tumors described so far are GH producing, with the majority also secreting prolactin. There are a few cases of pure GH excess patients, some of these with hyperplasia rather than tumor (128). A rare GPR101 germline variant (p.E308D) does not play a role in somatotrophinoma tumorigenesis based on human (127, 129, 130) and in vitro data (131). 
[bookmark: _Toc41469243]
Age of Onset

Accelerated growth has been reported as early as 2-3 months of age (125), and abnormal hormone levels started to develop soon after birth in a prenatally diagnosed case (126). The median age of onset of rapid growth is at 1 year (range 0.5-2) with a median age at diagnosis being 3 years old (range 1-22) (13, 132). 
[bookmark: _Toc41469244]
Somatic Mosaicism

It seems that male patients, except the few familial cases, in which a germline duplication is inherited from an affected mother (124-126), have mosaic GPR101 duplication with pituitary tissue (and other tissues) showing the microduplication, while blood-derived DNA is negative or has a low level of mutation burden (14, 15, 127). The phenotype of somatic and germline GPR101 duplication patients is the same (132).
[bookmark: _Toc41469245]
Tumor Behavior

SIZE

The size of the pituitary is variable in XLAG cases ranges from large tumors (133) to pituitary hyperplasia (13, 14, 127). It is currently unclear why some patients develop tumors while others have hyperplasia, both have been described in males and females. While Ki-67 is low in the tumor samples in most cases and such tumors do not show any tendency to invasion or apoplexy (127), invasive growth and a high Ki-67 has also been described (126, 133).

HORMONE SECRETION 

Xq26.3 microduplication tumors invariably secrete GH and frequently also prolactin (13, 125). Random levels of GH were markedly raised in one study of 18 XLAG patients with a median of 52.5 times the upper limit of normal (range 6-300 times upper limit of normal) (125).

TREATMENT 

Treatment of XLAG is complex and the tumors may grow rapidly, producing not only local effects due to their size but also causing worsening systemic manifestations of gigantism through their hormone production if not treated promptly (133). Despite widespread expression of type 2 somatostatin receptors, it has proved difficult to control GH levels in XLAG with somatostatin analogues or prolactin with dopamine agonists, even at relatively high doses. Extensive neurosurgery is often needed and effective, but the rates of post-operative hypopituitarism are high (125). In contrast, radiation therapy typically does not lead to disease control (125, 133). First generation somatostatin analogues are also usually ineffective in controlling GH hypersecretion, even in the presence of high tumor expression of somatostatin receptor 2 (125). In patients not controlled by surgery, the GH antagonist pegvisomant has proven effective in controlling IGF-1 levels (14, 41, 125, 128), but radiotherapy may be used as an alternative for tumor control if radical surgery is not possible. Patients with pituitary hyperplasia have previously been treated with hypophysectomy (134), while now combined treatment with somatostatin analogue, cabergoline and pegvisomant provides appropriate control (14). If lesion control and prolactin is not an issue, then patients can be treated just with pegvisomant (135). 
[bookmark: _Toc41469246]
Mechanism of Tumorigenesis in XLAG 

[bookmark: _Hlk160642051]It is unclear what role the hypothalamus plays and what is the role of the pituitary tissue in this disease. As some patients do not have a tumor, but produce very high level of GH, abnormal hypothalamic regulation could play a key role. Indeed, some patients have elevated circulating GHRH levels and mutated cells respond strongly to GHRH (136). GPR101 is strongly expressed in the normal pituitary during fetal development, from 19 weeks of gestation onwards, with levels declining through to ‘very low’ in adult life, suggesting a role in pituitary maturation (137). It is strongly over-expressed (both mRNA and protein) in the pituitary lesions of XLAG patients (131, 138). A recent paper has identified the mechanism for this. The duplication disrupts the regulatory region borders around the GPR101 gene (the so-called topologically associated domain or TAD) and this leads to overexpression of GPR101 by regulatory elements that normally do not regulate the expression of this gene (139). Therefore, XLAG is the first endocrine TADopathy. GPR101 has been shown to strongly activate the cAMP pathway. This therefore suggests a mechanism by which its overexpression may lead to tumorigenesis. The transient overexpression of GPR101 in GH3 rat pituitary tumor cells produced increased cellular proliferation and an increase in GH secretion, supporting this hypothesis (13).

MICRODELETION CAUSING GHRH OVEREXPRESSION 

This novel condition, described for the first time in 2023 (17), is another genetic cause of severe non-syndromic infant-onset gigantism. It is caused by a heterozygous microdeletion upstream of the GHRH gene, in chromosome 20, that leads to aberrant splicing and produces a chimeric mRNA consisting of exon 1 of the TTI1 gene followed by all the coding exons of the GHRH gene. Since TTI1 is ubiquitously expressed and exon 1 has features of an active promotor, this fusion gene leads to constitutive GHRH overexpression and ectopic production of GHRH. There is only one case described so far, in a Japanese woman, that unfortunately already passed away. Her clinical phenotype was very similar to X-LAG, with significant weight gain starting a few months after birth and rapid growth diagnosed in the first years of life. She had marked GH elevation, prolactin elevation and no evidence of pituitary tumor in the MRI. She had no familial history of tall stature. Treatment with radiotherapy and bromocriptine did not ensure a complete biochemical response and the patient reached an adult height of 197.4 cm. Genome-edited mice with this mutation exhibited the same phenotype of prominent growth starting in the first weeks of life, pituitary hyperplasia and GHRH expression in several tissues besides the hypothalamus, validating the hypothesis that pituitary gigantism was driven by constitutive GHRH overexpression due to an acquired promoter.

[bookmark: _Toc41469247]CLINICAL MANAGEMENT IN FIPA

Pituitary adenoma patients with family members also with pituitary adenoma need to be studied for signs and symptoms of MEN1 and Carney complex (Figure 7). If MEN1 and Carney complex are ruled out by the family history and biochemical and clinical assessment of the index patient and family members, the diagnosis of FIPA needs to be considered. These patients would benefit from referral to genetic counselling. Currently, patients can be offered screening for AIP mutations. Childhood-onset pituitary adenoma cases, even without family history, should also been offered genetic counselling and screening for AIP mutation, as a high percentage of young-onset GH-secreting adenomas show mutations in the AIP gene (20, 60, 140, 141). Around 12% of patients diagnosed with a pituitary tumor before the age of 30 years (and 20% of pediatric patients) were found to have a germline AIP mutation in one study (142) and so it has been recommended that AIP mutation screening be conducted in anyone diagnosed with a somatotroph or lactotroph adenoma or a macroadenoma (diameter >10mm) before the age of 30 years (143), and also in any cases of gigantism. One study which examined the incidence in apparently sporadic young-onset pituitary adenoma patients found 6.8% to have an AIP mutation, with a slightly lower incidence of 10.5% in those sporadic patients with somatotrophinomas. Reassuringly, the incidence of mutation in sporadic prolactinoma was only 1.5% (12).

Those diagnosed with a pituitary tumor after the age of 40 years are unlikely to have a germline mutation (none were found in a sample of 443 patient with pituitary adenomas of all histiotypes) (57) and so screening in this latter population is likely to be unrewarding. 
The phenomenon of phenocopy needs to be kept in mind both in AIP mutation-positive and AIP mutation-negative families (16, 23). 
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Figure 7. Proposed strategy for evaluating the patient with pituitary adenoma with (A) – negative family history and (B) – positive family history (*rare case report).

It is suggested that family members of an AIP mutation-positive proband should undergo genetic testing (Figure 8 suggests a strategy for this process), though this testing may involve significant numbers of people from the affected family and is probably best carried out in genetic centers that are able to arrange testing and counselling of many people, have experience of discussing results of screening, and can maintain family registers (22). Salivary DNA testing is available for those that are needle-phobic.
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Figure 8. A proposed strategy for family screening in a family with an AIP mutation-positive proband. *Family member are first degree relatives of those with AIP mutations, or of obligate carriers. Further screening targets are then identified through genetic testing. 

AIP mutation carriers should be referred to an endocrine service (pediatric or adult) for baseline assessment (clinical examination, biochemical testing, and MRI) (141). MRI can be delayed for young children if clinical and biochemical results are normal (143).  Children aged 4 years and older should be evaluated annually, with height and weight measurements, height velocity, and pituitary function testing (143). The frequency of imaging surveillance if biochemical and clinical findings are normal is difficult to judge with the available data: every 5 years was suggested until the age of 30 (143), with annual clinical assessment and basal hormone profiling (19). More recently, the emergence of an inverted-U shape pattern to the age of onset has led to the suggestion that if there is no evidence of disease at the age of 20 years, then surveillance protocols can be relaxed slightly (12).

The youngest case identified of AIP mutation-positive patient with a large macroadenoma with apoplexy was 4 years old with significant symptoms and rapid growth velocity already from age 3 years (43). Although only 15% of the AIP cases present symptoms before the age of 10 years (19), and the above mentioned patient is the single case known presenting before the age of 5 years, these data need to be taken into account when counselling AIP mutation-positive families for the timing of genetic screening and starting clinical follow-up (141, 143).

If AIP screening, which includes exons, exon-intron junction and promoter area sequencing as well as MLPA is negative, then currently no further genetic screening is possible. In AIP mutation-negative family’s potential carriers with a 50% chance inheriting the disease-causing mutation should be offered clinical assessment. The age of first clinical assessment of family members in AIP-negative families should be around early teenage years as the current youngest case was found at the age of 12 years (143).

We have already prospectively diagnosed several pituitary adenomas (both functioning macroadenomas and non-functioning microadenomas) in our cohort in both AIP-positive and AIP mutation-negative families (12, 60).  Screening allows the early detection and treatment of those with adenomas, perhaps before the endocrine effects become apparent or before the local effects of tumor bulk are problematic. It is important to draw the attention of the family to the possible symptoms of pituitary disease, as awareness of symptoms results in earlier diagnosis of the disease in subsequent generations (1, 11). Data on long-term follow-up of asymptomatic carriers is currently being collected. In our clinic, we see asymptomatic young (<30 years old) carriers once a year and after a normal baseline MRI we will consider a repeat MRI in 5 years. We consider relaxing follow-up at 30 years and stopping follow-up at 50 years for AIP mutation-positive family members if no tumor has been detected by this time. 

The relatively high frequency of pituitary incidentalomas in the general population (144) also needs to be carefully considered both in AIP positive and negative cases. One paper (22) has suggested repeating an MRI pituitary and hormone testing at 6 months after the discovery of a pituitary incidentaloma in AIP mutation-positive individual with normal biochemistry, with annual hormone testing thereafter if the MRI was unchanged.

Those with apparently cured AIP mutation-positive tumors (but without external beam radiotherapy) should be followed up carefully as any residual pituitary tissue will be heterozygous for the AIP mutation and so there is a risk of the occurrence of further pituitary adenomas (22).

SUMMARY 

FIPA is a condition where there is an inherited propensity to the development of pituitary adenomas. The causative gene for the vast majority (76%) of kindreds is unknown: 21% of these have a mutation in the AIP gene, 3% have a duplication on the X chromosome (X-linked acrogigantism, XLAG).

There are significant phenotypic differences between these groups, with XLAG presenting with infant-onset gigantism (range 0.5-2 years) most often with prolactin co-secretion, AIP cases presenting with childhood-onset GH or prolactin-secreting tumors, while the spectrum of AIP-negative FIPA kindred represent the full spectrum of pituitary adenoma subtypes with age of onset between the ages of 20 and 50 years with a peak incidence around the age of 30 years.

FIPA patients are more likely to have larger (macroadenomas), more aggressive tumors, and an earlier onset of disease compared to sporadic pituitary adenomas. AIP mutation-positive tumors are more likely to be larger and invade the extrasellar region than sporadic adenomas. It has also been observed that the AIP mutated adenomas are more prone to undergoing apoplexy than AIP mutation-negative adenomas. All XLAG tumors described so far are GH producing, with a majority also secreting prolactin. XLAG can result in a spectrum of pituitary gland appearances, ranging from large adenomas to pituitary hyperplasia. The tumors tend not to invade or undergo apoplexy.

AIP mutated adenomas are more difficult to treat than their non-mutated counterparts, they are more likely to be resistant to somatostatin analogue therapy, more likely to require radiotherapy, and have higher rates of failure to gain control of IGF-1 with pegvisomant treatment.

Treatment of XLAG is also challenging. Tumors can grow rapidly and are difficult to control even with high doses of somatostatin analogue or dopamine agonists. Pegvisomant is effective in normalizing IGF-1, while tumor control may need radical surgery or radiotherapy. 

FIPA Diagnosis and Screening

The first step in trying to establish a diagnosis in patients with pituitary adenomas and with a family history of pituitary adenoma should be to exclude MEN1 and Carney complex. This can be achieved through the taking of a thorough family history and through the clinical and biochemical assessment of the index patient, and if possible other affected family members. If these conditions are excluded then the diagnosis of FIPA should be considered, and these patients should be referred for genetic counselling. Additionally, any childhood onset pituitary adenoma case (irrespective of family history), any somatotroph or lactotroph adenoma, or any macroadenoma diagnosed before the age of 30 and any cases of gigantism should all be referred for genetic counselling. No cases of AIP germline mutation were found in a large study of patients diagnosed with a pituitary tumor after the age of 40 years – and for this reason, genetic screening in this population is unlikely to be rewarding.

AIP mutation carriers should be referred to an endocrine service (pediatric or adult) for baseline assessment (clinical examination, biochemical testing, and MRI). MRI can be delayed for young children if clinical and biochemical results are normal. Children aged 4 years and older should be evaluated annually, with height and weight measurements, height velocity, and pituitary function testing. If biochemical and clinical findings are normal then 5-yearly MRIs until the age of 30, with annual clinical assessment and basal hormone profiling, is the suggested follow-up protocol.

For AIP positive families we suggest starting genetic screening as soon as the family agrees as the youngest case identified was at the age of 4 years with 1-year history of symptoms, presenting with a large macroadenoma. 

If AIP screening, which includes exons, exon-intron junction and promoter area sequencing as well as multiple ligation probe amplification (MLPA), is negative, then currently no further genetic screening is possible. In AIP mutation-negative families, potential carriers with a 50% chance of inheriting the disease-causing mutation should be offered clinical assessment. The age of first clinical assessment of family members in AIP negative families should be around early teenage years as the current youngest case was found at the age of 12 years.

Prospectively-diagnosed pituitary adenomas have been shown to have a better outcome. Screening allows the early detection and treatment of those with adenomas, perhaps before the endocrine effects become apparent or before the local effects of tumor bulk become problematic. It is important to draw the attention of the family to the possible symptoms of pituitary disease, as awareness of symptoms results in earlier diagnosis of the disease in subsequent generations. In unaffected AIP mutation carriers, follow-up can be relaxed at the age of 30 years if no tumor has been detected by this time, and follow-up can cease at 50 years, based on the available data. The relatively high frequency of pituitary incidentalomas in the general population also needs to be carefully considered both in AIP positive and negative family members. One strategy involves repeating an MRI pituitary and hormone testing at 6-12 months after the discovery of a pituitary incidentaloma in AIP mutation-positive individuals with normal biochemistry, with annual hormone testing thereafter if the MRI is unchanged.
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