[bookmark: _GoBack]Supplementary Material 1 –non-disjunction phenomenon
The non-disjunction phenomenon and its effect upon sex-linked inheritance was identified and characterised by Bridges in 1913.1-3 Non-disjunction is defined as “an improper segregation of chromosomes after meiosis, due to a failure to separate sister chromatids in meiosis 1”. In Drosophila melanogaster the non-disjunction phenomenon takes place mainly in females. It has been established that if inter-chromosomal genetic material exchange (genetic recombination) is absent, as in cases of balancer chromosomes (used in our setup), normal meiotic chromosome segregation is perturbed and the frequency of non-disjunction is increased.4 In our case, non-disjunction occurs between the mutated X chromosome CG1847exon1_3 and the balancer X chromosome FM6 (primary non-disjunction). Furthermore, non-disjunction is even more frequent in XXY females (note: unlike in humans, in Drosophila XXY results in fertile females) than it is in normal XX females. The XXY segregation event is called ‘‘secondary non-disjunction”.2 4 In XXY females, the association of the two X chromosomes with the Y chromosome is maintained at a significantly higher rate when the cross-over is suppressed by the presence of a balancer chromosome. This was demonstrated in females harbouring an FM7 balancer X chromosome (genotype FM7/X/Y). A twenty-fold higher frequency of X non-disjunction was reported in FM7/X/Y females (70.8%) compared with the frequencies of non-disjunction in XXY females (around 3%).5
In our CG1847 deletion model the FM6 balancer X chromosome was introduced to the mutant stock. Consequently, the rate of non-disjunction was inevitably significantly increased. During normal gamete formation, the alleles for each gene segregate during meiosis and will later combine following the Mendelian laws of inheritance (Supplementary Figure 1).
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[bookmark: _Toc445326070]Supplementary Figure 1: Overview of normal meiosis in the CG1847exon1_3 mutant stock.
 In bold: The segregation of maternal and paternal alleles during normal meiosis results in four haploid gametes, each containing one set of chromosomes. Normal segregation of a nonrecombinant chromosome pair results in normal disjunction.

Out of the four possible chromosome combinations depicted in Supplementary Figure 1 the non-disjunction phenotype occurs at highest rate in FM6 /X females. 
In the primary type of non-disjunction normal CG1847exon1_3 and FM6 female chromosomes fail to segregate from each other during meiosis and consequently both will be found in the egg. The combination of such CG1847exon1_3/ FM6 and zero eggs with the X and the Y male chromosomes will result in four new types of zygotes, as shown in Supplementary Figure 2.
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[bookmark: _Toc426239450][bookmark: _Toc427606887][bookmark: _Toc445326071]Supplementary Figure 2: Primary non-disjunction in CG1847exon1_3 mutant stock. 
A Punnett square for segregation and recombination of CG1847exon1_3 and FM6 chromosomes through primary non-disjunction, and the possible resulting progeny.


The CG1847exon1_3/FM6/Y females (note: these animals are fertile females despite carrying a Y chromosome) are the result of the primary non-disjunction. These females remain in the stock as they are not phenotypically different than original stock CG1847exon1_3/FM6.
In addition, Bridges noticed that almost all cases of X non-disjunction in XXY females is due to XXY segregation.2 This particular type of non-disjunction is well described in Drosophila2 4 6 7; such non-disjunctional events might result in females who inherit both X chromosomes from their mothers, while no sex chromosome comes from their fathers.



	CG1847exon1_3 /FM6/Y

	
	
	CG1847exon1_3 / FM6 
	Y

	X/Y
	Y
	CG1847exon1_3 / FM6 /
Y
	Y/Y
Not viable

	
	X
	CG1847exon1_3 / FM6 /
X(not viable)
	X/Y
Fertile males mimicking the rescue phenotype  (they inherited an intact normal X chromosome from the male parent, while the Y chromosome is inherited from the female parent having undergone primary non-disjunction) 


[bookmark: _Toc426239451][bookmark: _Toc427606888][bookmark: _Toc445326072]Supplementary Figure 3: Secondary non-disjunction in the female. 
A Punnett square for segregation and recombination of CG1847exon1_3 and FM6 chromosomes through secondary non-disjunction, and the possible resulting progeny.

In our in vivo assay non-disjunction was demonstrated by developing a PCR-based genotyping system and by using statistical analysis to determine the significance of the results.
To calculate rescue efficiency of males and to confirm the genotypes of the F1 offspring (whether the viable males are rescued or XO), genomic DNA was extracted from a proportion of the rescued males from each rescue cross. For each male, three different PCR reactions were performed to determine their genotype: (1) detection of the mutant CG1847exon1_3 allele; (2) detection of the hAIP transgene; and (3) amplification of the PPr-Y gene located on the Y chromosome, to detect the presence of the Y chromosome in animals that were phenotypically males. This is necessary because a wild type male phenotype can also be produced by offspring with an X0 genotype, which can occur by primary non-disjunction of the X chromosome pair in the mother (as presented above).
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[bookmark: _Toc445326065][bookmark: _Toc426239442][bookmark: _Toc427606879]Supplementary Figure 4: Validation of rescue experiments by PCR genotyping. 
[bookmark: _Toc445326068][bookmark: _Toc426239448][bookmark: _Toc427606885]A) Representative male progeny obtained in rescue crosses. i), iii) and v) correspond to Figure 3A). Image i) shows a rescued male of the expected genotype and phenotype. Images iii) and v) are the result of non-disjunction - males that are phenotypically similar to genotypes CG1847exon1_3 /Y; UAS-hAIP/CyO (genotype “iii)” in and CG1847exon1_3 /Y; actin-Gal4/CyO (genotype “v)” in Figure 3A). They do not carry the FM6 balancer chromosome (see the normal round shape of the eyes as they are missing the Bar allele). As these males have the CyO balancer chromosome inherited on the chromosome 2; consequently they are missing one component of the UAS-GAL4 system: either UAS-hAIP (iii) or the actin-GAL4 (v), therefore could not express hAIP. B) Genotyping males potentially rescued with the hAIP-wt construct. The resulting males (Figure 3A panel i) were genotyped by PCR. Eight out of 12 males had the expected rescue genotype as they carried the CG1847exon1_3 allele (1000 bp amplicon) and hAIP cDNA on chromosome 2. Males 5, 6, and 12 did not carry the mutant CG1847 allele (top panel, 2500 bp amplicon), and resulted from maternal chromosome X non-disjunction. Although phenotypically males, flies 6 and 12 do not carry the Y chromosome. Note that for sample m9 the CG1847 amplicon could not be amplified, possibly due to a technical issue. C) Genotyping males resulting from primary and secondary non-disjunction: The males presented in A) panel iii) and panel v) were also genotyped using PCR. All 5 males carried the wt CG1847 allele (top panel, 2500 bp amplicon). In the first two males (expected genotype CG1847exon1_3 /Y; UAS-hAIP/CyO) a copy of hAIP cDNA was detected (inherited from the father). As expected, the hAIP copy was not detected in the other three males for which the expected genotype, based on their phenotype, is CG1847exon1_3 /Y; actin-Gal4/CyO. In addition, in some of these phenotypical males the Y chromosome was not detected (XO males). D) Image of non-disjunction males (non-FM6 non-CyO males) resulting from crosses with the hAIPtrunc construct. When the truncated version of hAIP construct was used in the rescue experiments a limited number of males with the expected phenotype (non-FM6 non-CyO) were found in the F1 generation. E) Genotyping of non-FM6 non-CyO males resulting from crosses with the hAIP-trunc construct. All 8 males carried the normal CG1847 allele (top panel, 2500 bp amplicon) and therefore are the product of non-disjunction. This proofs that the truncated version of hAIP is not able to rescue and can therefore be used as positive control.

In the rescue experiment with hAIP wt construct we noticed 2 types of adult males in the F1 progeny that were phenotypically similar to genotypes CG1847exon1_3 /Y; UAS-hAIP/CyO and CG1847exon1_3 /Y; actin-Gal4/CyO (Supplementary Figure 4A panels iii) and v)). These males were not expected to be viable, since they do not have the proper combination of both GAL4 driver and UAS-hAIP transgene on chromosome 2. However, although these males are missing either the GAL4 driver or the UAS-hAIP, as revealed by the PCR (Supplemental Figure 4C) they are viable because they actually inherited the wild-type CG1847 through the non-disjunction phenomenon described above. Consequently they have aberrant genotypes. Some of these flies were also negative for the Y chromosome, which supports that they result from primary non-disjunction. These phenotypes were found in low numbers (in average 4% of viable male offspring).
Together, these results suggest that the non-FM6 males are due to chromosome non-disjunction in parent females (as described above). These particular phenotypes, observed in low numbers in subsequent experiments, were considered aberrant genotypes and, therefore, were excluded from statistical analysis.
Regarding the individuals that are phenotypically identical to the rescued males found in the F1 generation of the rescue crosses for hAIPtrunc construct: these males were also the result of the non-disjunction phenomenon. The aberrant males in the rescue experiments with hAIPtrunc and hAIP C238Y constructs were used in the statistical analysis as “non-rescue” to evaluate the “rescued or not rescued result” based on a significant difference.




[bookmark: _Toc425858568]Supplementary Material 2– clinical and bioinformatics analysis of the missense AIP variants
 
AIP p.I13N: (rs376913545, c.38T>A, chr11: 67250667) 
This variant was described in a patient with early onset gigantism.8 The patient experienced first symptoms at the age of 16, including sudden increase in height, visual problems, widening of his feet, bone and articular knees pain, excessive sweating, and the expansion of interdental spaces. MRI scan revealed an invasive macroadenoma. Tumour tissue analysis showed loss of normal allele and low intensity of AIP staining, in according with previous published data. Family history was negative and this is the only published case with this change. As no functional assay was available for determining whether this amino-acid change is a mutation or a rare polymorphism the authors classified this variant as pathogenic based on clinical data and in silico predictions using PolyPhen-2, which designated this amino-acid change as ‘probably damaging’ (0.999 score with 0.14 sensitivity and 0.99 specificity). This variant has a low MAF (minor allele frequency) in ExAC9 10 of 0.000008. Our in vivo experiments support the pathogenicity as this genetic variant was unable to rescue the lethality of GC1847 deficient males. 
AIP p.R16H (rs145047094, c.47G>A, chr11: 67250676) 
Several reports have suggested the p.R16H variant is not pathogenic. It was first reported in two cousins with acromegaly,11 but its pathogenicity was later questioned12 13 and subsequent reports suggest it represents a rare SNP.14 A recent article reported a 3 generation Italian FIPA family with the R16H AIP mutation identified in 8 different individuals. However, as only 2 individuals were diagnosed with pituitary adenomas, this variant should be regarded as a rare polymorphism.14 Guaraldi et al.12 have suggested this variant does not segregate with the disease. Moreover, it does not affect the AIP-RET interaction.15 In support of a non-pathogenic role, the LOH status was investigated in pituitary tumorous tissues of two patients and the wild-type allele was present.13 16 Furthermore, this variant it degrades at similar speed as the wild-type protein.17 It has an ExAc database allele frequency of 0.0019, with one homozygote being identified. The recently-released gnomAD database10 reports a similar frequency with 2 homozygotes.   Importantly, our in vivo analysis supports the current model that suggests p.R16H does not represent a pathogenic allele of AIP.

AIP p.W73R (c.217T>C, chr11:672545594)
This AIP germline variant was identified in a sporadic patient diagnosed with gigantism (1.98 m) and an invasive pituitary adenoma (20 mm)18 resistant to somatostatin analogue therapy. As the patient did not undergo surgery, there is no data regarding AIP staining or LOH analysis in tumour tissues. The substitution affects a conserved amino-acid in N-terminus. Although the majority of the functional studies have focused on the TPR domains of AIP, data regarding the structure of the N-terminus and its binding to HSP90 has provided possible pathophysiological pathways for N-terminal AIP mutations.19 20 In silico prediction using PolyPhen-2 characterised p.W73R as probably damaging (1.000 score with 0.00 sensitivity and 1.00 specificity). No data on in vitro testing available. This mutation is not present in the ExAC database. In our in vivo experiments this genetic variant did not resulted in rescue of lethality so our study support the fact that this is a pathogenic variant. 
AIP p.Q164R (c.491A>G, chr11: 67257531)
This unpublished variant was identified by a Romanian group in a young acromegalic female which, when diagnosed at 34 years old, presented the following symptoms: enlarged extremities, headaches and amenorrhea. MRI scans revealed a large invasive sellar mass on the left cavernous sinus with suprasellar extension. Patient had an unsuccessful transsphenoidal surgery followed by octreotide treatment to which the adenoma was resistant. Currently the disease is controlled with pasireotide. Other family members were not affected. To date, there is no data regarding LOH or AIP immunostaining in tumour samples or in vitro functional analysis. In silico prediction using PolyPhen-2 suggested this is a benign variant (0.001 score with 0.99 sensitivity and 0.15 specificity). This mutation is not present in the ExAC database. In our in vivo model, AIP p.Q164R was able to compensate for loss of CG1847, which suggests this variant is non-pathogenic. 
AIP p.C238Y (rs267606569, c.713G>A, chr11:67257854)
The p.C238Y variant was described in a Mexican family with 3 members diagnosed with acromegaly.21 22 All available data indicate that C238Y is a true disease-associated mutation. Functional studies have revealed that it has a reduced ability to block cellular proliferation and no interaction with PDE4A5 was detected.21 The LOH status was investigated in pituitary tumours of three Mexican patients and the wild-type allele could not be detected in any of the samples. Based on the crystal structure of AIP, this amino-acid is predicted to be involved in protein folding. In agreement with this, Morgan et al. 23 suggested that the C238Y mutation causes destabilisation of the packaging of α and β helices of the second TPR motif and induces protein misfolding and aggregation. This protein is very unstable, being rapidly degraded and having a very short half-life compared to the wild-type AIP.24 A single allele has been identified in a Latin population in the ExAC database. The gnomAD database reports an allele frequency of 0.000004. In our present study the p.C238Y missense variant was used as positive control and was unable to compensate for loss of CG1847, which also supports the pathogenic role.
AIP p.G272D: (c.815G>A, chr11:67258268)
This variant has been recently detected in a 50 year old female patient diagnosed with acromegaly at the age of 21.25 MRI scans identified a 3.5 cm invasive pituitary adenoma which proved to be very resistant to treatment as the patient underwent three surgical interventions, received conventional and gamma-knife radiotherapies and had SSA and dopamine agonist combination therapy. However, the hormonal control was achieved only after the use of pegvisomant. No other cases of pituitary adenoma were identified in her family, but the patient’s daughter was found to be a carrier of this genetic variant. The p.G272D mutation is not reported in dbSNP, EVS, ExAC or gnomAD databases and, consequently, there is no information regarding its allelic frequency. A similar G-to-D mutation at amino-acid 272 was first observed to be pathogenic in the TPR-containing CDC23 protein from S. cerevisiae26 and was shown to inhibit the progression through the G2/M transition of the cell cycle. Later, in 2009, this change was investigated in the AIP protein by Meyer et al.27 Their results revealed that this mutation disrupts interaction with known interacting partners as hsp90 and AhR, further confirming its pathogenic role. PolyPhen2 reports this variant as probably damaging (0.977 score with 0.76 sensitivity and 0.96 specificity). Our study suggests that this mutation is pathogenic and, therefore, carriers should be periodically screened for possible development of pituitary adenoma.
AIP p.E293V: (c.878A>T, chr11:67258349) and AIP p.R314W (rs375740557, c.940C>T, chr11:67258367)
The p.E293V is an unpublished AIP variant identified in Romania in a 51 year old female diagnosed with acromegaly. The patient had an extensive skull base mass, with bilateral invasion into cavernous sinuses and suprasellar region, and compression of the optic chiasm. Owing to tumor growth and visual field impairment, the patient underwent transsphenoidal surgery. The postoperative investigations showed a large remnant tumor and a second, transcranial, surgery was performed, followed by radiotherapy. The disease is currently controlled, both biochemically and regarding the tumour size, with somatostatin analogues. Interestingly, AIP mutation screening of blood DNA revealed a second heterozygous AIP variant in this patient, c.940C>T, p.R314W, also investigated in this study (see below). The tumour tissue was not investigated for LOH of intensity of AIP staining. This patient did not have any relatives with acromegaly or pituitary adenoma. In silico PolyPhen-2 prediction suggests that E293V is probably benign (0.004 score with 0.97 sensitivity and 0.59 specificity). This variant is not reported in the public databases.
The p.R314W variant was initially identified in a 30 year old giant patient18 and also in the patient mentioned above. The onset of disease for the first patient was during adolescence, with symptoms manifested at around the age of 18: enlarged extremities, headaches and visual field defect. MRI scan revealed an extensive 58mm macroadenoma invasive into the left cavernous sinus and suprasellar extension. Due to tumor size and significant optic chiasm syndrome the patient had transsphenoidal surgery as first therapeutic option. He remained symptomatic and underwent a second surgery which was a transcranial operation, followed by radiotherapy. His remnant adenoma was still secreting excess GH, and demonstrated resistance to dopamine agonists. Disease control was achieved only after treatment with pegvisomant. Tumour tissue analysis was not performed for normal allele loss or for the intensity of AIP staining. This patient had no family history of pituitary adenoma. No functional assay was performed to determine the pathogenicity of p.R314W. The gnomAd reports an allele frequency of 2.069e-5.
As two unrelated cases carrying the same genetic variant were reported, the authors classified this missense mutation as a disease causing one. This was supported by PolyPhen-2 in silico predictions, which suggest this amino-acid change is probably damaging to the protein structure (0.999 score with 0.14 sensitivity and 0.99 specificity). However, based on the fact that one patient carried both of the mutations and both were able to rescue CG1847 loss in our in vivo Drosophila analysis, we propose that the two variants are not pathogenic.
AIP p.A299V (rs148986773, c.896C>T, chr11:67258367)
The A299V variant was first described in a Dutch patient with a GH-secreting pituitary adenoma.13 This variant was identified in a family where the pathogenic p.R304* mutation was also detected. Two unaffected patients were reported to carry both changes on separate alleles. As complete homozygote knockout mice are not viable, based on these human data, the A299V variant is unlikely to have a functional impact. There were two unaffected patients with A299V only, while another young female carried only A299V and was diagnosed with a microprolactinoma at the age of 30, most likely representing a phenocopy. There is no LOH data available. Functional studies for the A299V AIP variant have shown that this amino-acid change does not affect the AIP-RET interaction15 and in vitro causes a non-significant reduction in PDE4A5 binding.28 A299V variant is localised between the second and the third TPR domains, in a pocket essential for the interaction of AIP with HSP90. This AIP region is among the most conserved ones23 and it is important for proper protein folding. Misfolded structures could be unstable and result in rapid degradation of the protein.29 While previously attempts to purify A299V resulted in protein aggregation23, more recently data have shown that the A299V mutation has only a slightly shorter half-life compared to wt. The MAF is 0.0004 in ExAc and 0.0005567 in gnomAD. All the A299V clinical and in vitro data are in favour of a non-pathogenic role, suggesting it may be a rare polymorphism.28 30 This is also in accordance with our in vivo results, showing that p.A299V AIP variant does not have a pathogenic role.
AIP p.R304Q (rs104894190, c.911G>A, chr11:67258382)
R304Q is categorised as pathogenic mainly based on clinical data. Multiple groups have identified this change in patients with pituitary adenomas.13 15 16 21 28 31-35 23 patients have been reported, with some coming from familial cases.36 The mutation is located in the C-terminal α-7 helix of the AIP protein, which is a CpG island hotspot. However, functional data do not support the pathogenicity as interaction with both PDE4A528 and RET15 are not disrupted. Moreover, this variant degrades at similar speed as the wild-type protein.17 Interestingly, the ExAC database reports a MAF of 0.001458 and the presence of this variant in homozygosity in two Europeans. The gnomAD reports a MAF of 0.001532.  We decided to test the p.R304Q variant in our in vivo studies based on the increasing discrepancy between the numerous clinical cases and functional studies. Although the clinical data is very convincing, our results do not support a pathogenic role for R304Q, as this AIP variant was able to rescue Drosophila lethality. Our data, in concert with the 2 homozygous cases reported in the ExAC and gnomAD databases, made us conclude that p.R304Q alone is not responsible for causing of pituitary adenomas. One possible explanation of the fact that this variant was identified in so many case is that p.R304Q may change the AIP activity in addition to a different gene (oligogenic model), which would explain the retention of the wild-type allele and no LOH in the pituitary adenoma tissue. One other possibility is that p.R304Q might be just a surrogate marker for another causative mutation with which it is associated by linkage of disequilibrium. 
AIP p.R325Q: (rs754619109, c.974G>A, chr11:67258445)
This AIP missense mutation was identified in an 18 year old diagnosed with a PRL secreting adenoma. As it affects the last α-helix of AIP it was suggested to be a pathogenic variant. This was further supported by the identification of the same genetic variant in two members of the same family diagnosed with pituitary adenomas. Moreover, loss of the normal AIP allele was detected in LOH analysis of one of the patients. However, in silico analysis predicts this mutation is benign (0.001 score with 0.99 sensitivity and 0.15 specificity). In addition, no difference in protein stability was observed between the mutated and the wt versions of AIP.17 The ExAc/gnomAD MAF score is 0.000058. Our results are in agreement with a non-pathogenic role as the mutant AIP fully rescued the lethality of CG1847 flies and the AIP protein was strongly expressed in the rescued males.
Supplementary Material 3 – the anti-AIP antibody is specific for human protein 
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[bookmark: _Toc443451469]Supplementary Figure 5: The anti-AIP mouse antibody from NOVUS is specific for human protein.
The used antibody anti-AIP mouse (35-2) are specific for human protein as cannot detect the Drosophila protein. hAIP expression was not detected neither in wild-type flies (wiso) or in males carrying the UAS-hAIP transgenes in the absence of the actin-Gal4 driver (P - Paternal generation). hAIP expression was only detected when actin-Gal4 was combined with individual transgenic stocks (written in bold), suggesting that there is no residual expression of pUAS constructs.  Surviving males marked as I13N*, W73R* and G272D* are viable as they have endogenous CG1487 but no hAIP due to non-disjunction.Immunoblot assays were performed with total protein extracts from adult male heads. β-tubulin was used as loading control.  
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