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52  Abstract

53 Introduction: Pituitary adenomas/pituitary neuroendocrine tumors (PitNETS) are common
54 intracrania tumors, clinically affecting 1:1000 individuals and most cases remain genetically
55  unexplained. Emerging research has highlighted the mgjor contribution of germline pathogenic
56  variants to tumorigenesis across many tissue types in young subjects . We investigated whether
57  young-onset (<30 years old) pituitary macroadenomas that were negative for known genetic causes
58  harbor pathogenic or likely pathogenic (P/LP) variants in cancer-risk genes.

59 Methods: We retrospectively analyzed 48 subjects (29 males; 96% GH- or PRL-secreting) with
60  sporadic pituitary macroadenomas that were negative for known germline variants (AIP, MEN1,
61 CDKN1B) or duplications (GPR101). Whole-exome sequencing (WES) was performed on germline
62 DNA. Bioinformatics analysis including variant calling (for small variants and CNVs), annotation and
63  variant prioritization were performed, using secondary analysis pipelines for WES data and AION
64  predictor platform for tertiary analysis. Variants in established cancer-risk genes were prioritized.

65 Results: PILP germline variants in cancer-risk genes were identified in 14.6% of subjects on
66 Clinvar/ACMG criteria. This rose to 31.3% of subject with deleterious variants when additional in
67 slicoand AION predictor criteria were used. Genes included: BAP1, BRCAL, BUBL, ELAC2, FLCN,
68 MCPH1, MSR1, MUTYH, PDE11A, POLE, POLG, PMS2, RAD51C, RECQL4, SDHA, SDHD,
69 SEC23B, TMEM127, WRN.

70  Conclusions. Our findings expand the spectrum of genes potentially associated with young-onset
71  pituitary macroadenomas. The identification of a high rate of deleterious germline variants in cancer-
72  risk genes in pituitary adenomag/PitNETs echoes similar findings in young patients across a wide
73  range of tumors. These results may have relevance for genetic counseling and potentially could

74  expand targeted management strategiesin young patients with large pituitary tumors.
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76  Introduction
77  The anterior pituitary gland is a neuroendocrine organ that plays a crucial role in regulating many of
78  the body's major functions. Pituitary adenomas (termed pituitary neuroendocrine tumors (PitNETS))
79  occur incidentally in about 20% of the population, whereas clinically-relevant pituitary tumors occur
80 inaround 1:1000 of the general population (1-4). Pituitary tumors are also the most frequent primary
81  brain/central nervous system tumors in adolescents and young adults (5,6). Although these tumors
82  very rarely metastasize, some are aggressive and locally invasive, impinging on vital brain structures
83  like cranial nerves and carotid vessels (7). The combination of local tumoral effects and/or hormonal
84  dysregulation leads to classical endocrine diseases like acromegaly-gigantism, prolactinoma,
85  Cushing'sdisease and clinically non-functioning pituitary adenomas (7).
86  The pathophysiology of pituitary adenomas/PitNETSs is only partially understood. At the somatic
87  level, gain of function variants account for up to 40% of cases, such as GNASin acromegaly (8,9) and
88  USP8in Cushing's disease (10,11). Other recurrent somatic variants are relatively uncommon, or are
89  ill emerging (e.g., SF3B1 variants in prolactinomas) (12-14). Comprehensive genomic studies have
90 classified tumor tissue by cell lineage and chromosomal instability, which can predict aspects of
91 clinica behavior (3,15-21). Germline genetic causes are infrequent and explain about 5% of pituitary
92  adenomas overall (22). Among these, the most prevalent are rare loss of function (LOF) variants in
93  AIP that cause young onset and familial isolated pituitary adenomas (FIPA), primarily acro-gigantism
94  and prolactinomas (23-26). Duplications disrupting a conserved topologically associating domain
95 (TAD) at GPR101 cause sporadic and familial X-linked acrogigantism (X-LAG) (27-30). Pituitary
96  adenomasalso form part of well-characterized syndromes like multiple endocrine neoplasia (MEN) 1,
97 MEN4 and Carney complex due to LOF germline variants in MEN1, CDKN1B, and PRKARIA,
98  respectively (31-33). Pituitary adenomas are rare clinical manifestations of other genetic disorders,
99  such as, pheochromocytoma-paraganglioma syndromes (34-37).
100  Recently, genetic research in oncology has shifted focus on to the role of deleterious germline genetic
101  variants in the etiologies of various tumor types. Elevated rates of germline pathogenic/likely
102  pathogenic (P/LP) variants in cancer-risk genes have been reported across a wide spectrum of
103 neoplasias (38—40). Such findings have been reported in sporadic thyroid cancer and pancreatic
104  neuroendocrine tumors (41-45). Some studies using limited gene panels suggest that germline P/LP
105  variantsin cancer-risk genes might also occur in pituitary tumors (46-53). Identifying novel causes
106  has direct clinical implications for family screening, and for personalized molecular therapies (54).
107  To test the hypothesis that cancer-risk genes could be involved in pituitary tumorigenesis in “high-
108  risk” populations, we performed an analysis of germline whole exome sequencing (WES) datausing a
109  comprehensive cancer gene panel in a cohort of subjects with young-onset pituitary macroadenomas

110  inwhom established germline genetic causes of pituitary tumors had been ruled out.
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111  Methods

112 Subjects

113  Subjects belonged to a retrospective, international study on the genetic causes of pituitary adenomas.
114  To beincluded in the current analysis, subjects had to have an isolated pituitary macroadenoma (=10
115 mm maximum diameter) on imaging that was diagnosed before 30 years of age in the absence of
116  FIPA. In addition, using next generation sequencing (NGS) or Sanger sequencing, all subjects had to
117  be negative for pathogenic germline variants in genes associated with early-onset pituitary adenomas
118 or FIPA (AIP, MEN1, and CDKN1B). Copy number variants in those genes were ruled out using
119 MLPA in all patients. Subjects with pediatric-onset gigantism (n=14) had to be negative on array
120  comparative genome hybridization studies (aCGH) for duplications involving GPR101 on
121  chromosome X ¢26.3.

122  Demographic, clinical, and hormonal data were collected. General data on a personal family history
123  of cancer or other medical conditions were not collected systematically.

124  The work was approved by the Ethics Committee of the CHU de Liege-University of Liege under
125 study codes GENOCRINE-2021/213, B70720109577, B707201420418, and B707201111968. All
126  subjectsor their guardians provided written informed consent in their own language.

127

128  Genetic analyses

129  Germline analyses were performed using leukocyte-derived DNA. Samples were pre-checked for
130 DNA amount and concentration using a fluorescence-based method, Qubit dSDNA BR (Thermo
131  Fisher). Libraries were prepared using 50 ng (ultra-low input), 200 ng (low input) and 1 pg (standard
132 input) of DNA and a HiSeq platform with 2x100 bp was used. Seguencing reads were demultiplexed
133  with Illumina bcl2fastq (2.19 or 2.20). Adapters were trimmed with Skewer (version 0.2.2) (55).
134  Reads were mapped to the reference genome hgl9. The qualities of the FASTQ files were analyzed
135 with FastQC (version 0.11.5-cegat). Plots were created using ggplot2 in R (version 4.0.4) (R Core
136  Team) (56,57).

137

138  Bioinformatic pipeline

139 WES data was analyzed by Nostos Genomics for secondary and tertiary analysis. Small Variant
140  detection (SNPs and Indels) was carried out using Sentieon DNAScope 5.0.1. Tertiary analysis for
141  variant annotation and interpretation was performed in the Al-powered platform AION predictor
142  (Nostos Genomics GmbH, Berlin, Germany). The general workflow for this Al-assisted algorithmic
143  platform for genetic variant interpretation is outlined below and in Supplemental Materials.

144 Vcf files obtained from the secondary analysis were submitted to the AION predictor tertiary analysis
145  pipeline that starts with data preprocessing. The primary goal of this step is to read and prepare the
146  input VCF files for subsequent annotation and analysis. Theredfter, the data were annotated to add
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147  genetic, molecular and clinical information (e.g., gene involved, prevalence in the population, known
148  disease associations). These annotated variants were then classified by their potential to cause disease
149  using ClinVar classifications, automated implementation of ACMG guidelines and the proprietary
150  AION predictor that integrates comprehensive data from external databases covering epidemiological,
151 molecular and other software prediction sources. Concurrently, the patient's symptoms and physical
152  findings were cataloged using Human Phenotype Ontology (HPO) terms. A comprehensive soft filter
153  was applied to focus the analysis on genes associated with a hereditary propensity to solid tumors,
154 including both endocrine and non-endocrine tissues (Supplemental materials).

155  Inthe case of missense variants in any of the reported genes, we also applied the AlphaMissense tool
156 to assess the potential pathogenic or benign nature. AlphaMissense is an Al prediction tool that is
157  based on AlphaFold technology (Google Degpmind) that is trained on population frequency data,
158  protein language modeling of amino acid distribution in proteins and protein structure context (58,59).
159  AlphaMissense does not utilize annotations from clinical/human sources. AlphaMissense assigns a
160 score to predict whether a missense variant is classified as likely benign, likely pathogenic, or
161  uncertain (59). For splice-altering variants, we included analyses based on the SpliceAl tool and a
162 new heurisic model for splice altering variant (SAV) interpretation described by Sullivan et al
163  (20,60). The SpliceAl tool is based on a 32-layer deep neural network that predicts splicing from pre-
164 mRNA sequences. For SpliceAl, we included splice variants with a score of >0.8 to assign a
165 deleterious effect. In the heuristic model only variants with a high SAV assessment (>90%) were
166  retained.

167  Finaly, variants were tabulated, presented and discussed under three separate groupings: (1) variants
168 with P/LP classifications from ACMG and/or Clinvar, including supporting pathogenicity
169 classifications on AION predictor and other models; (2) variant with VUS, conflicting or uncertain
170  significance classifications on ACMG/CLinvar, but with P/LP scores on AION predictor and other
171 modes, (3) gene variants with ambiguous classifications on models and/or high population
172  prevalences.

173

174  Copy number variation analysis

175 The ExomeDepth pipeline was used as a computational method to detect copy number variants
176  (CNVs) from exome sequencing data using read depth information (61). The input files needed are
177  BAM files (aligned sequencing reads) BED files, to define the targeted region, and a reference cohort
178  with samples from unrelated, unaffected individuals that were processed using the same capture kit
179  during library preparation and the same sequencing platform. For the sample CNV calling
180 ExomeDepth selects the best-matched reference samples to minimize noise and to help correct for
181  biasesthat might arise due to the inconsistent capture efficiency across exons or targeted regions. For
182 tetiary analysis of the derived data, the following variant criteria were used to filter and report

183  variants from the cancer gene panel lising: pathogenic (P) and likely pathogenic (LP) variants by
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184 ACMG classification; VUS (Variant of Uncertain Significance) variants by ACMG classification
185  associated with a known disease gene; variants with gnomAD frequency < 1%, if gnomAD data were
186 available. The included deletions and duplications were sorted based on ACMG classification,
187  phenotypic score and ACMG score, ensuring the most clinically relevant and evidence-supported
188  variants were prioritized at the top of the relevant lit.

189

190  Pathway analysis

191 We performed an enrichment analysis to interrogate genes identified in this study. Metascape is a
192  validated system that includes inputs from a wide range of databases and incorporates computational
193  analysis pipelines that are regularly updated and synchronized (62,63) . Metascape permits gene
194  annotation, membership analyses, and meta-analyses. For the current study we visualized gene
195  enrichment using Gene Ontogeny/KEGG terms and the DisGeNET database, which were outputted as
196  bar charts. For statistical significance, the cut-off for the expression analysis was taken asp <2 x 10°.
197

198
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199 Reaults

200

201  Sudy population

202  We studied 48 subjects with isolated, sporadic pituitary macroadenomas that were diagnosed before
203 30 yearsof age (60.4% males). Demographic and clinical data are shown in Table 1. The median age
204  at diagnosis overall was 18 years (range: 3-30 years). Among the group, 10 were diagnosed aged
205 <12, 20 were aged from 13-20 years and 18 were 21-30 years of age at diagnosis (52.1%
206  children/adolescents). There were 35 individuals with GH-secreting pituitary tumors of whom 14 met
207  height/growth criteriafor pituitary gigantism (64).

208

209  Genetic analysis and variant identification

210 There were 7/48 (14.6%) subjects with heterozygous P/LP germline variants on ACMG and/or
211 ClinVar criteria (Table 2). Another 11 variants in 10 genes were classified as VUS or conflicting
212  interpretation on ACMG/ClinVar: one was the loss of the start codon, one was an early truncating
213  variant, six were missense variants, and two were splice variants. All missense variants had
214  pathogenic scores on AlphaMissense and the two splice variants were scored as pathogenic by
215  SpliceAl/SAV. Finally, two missense variantsin SDHA and TSC2 and arelatively prevalent PDE11A
216 truncating variant were classed as VUS/conflicting interpretation on ACMG/ClinVar; all three were
217  P/LPon AION predictor but the missense variants were ranked as ambiguous by AlphaMissense and
218  these three variants were not included in the overall calculations. Analysis of the variants using the
219  AION predictor scored 15/48 (31.3%) of subjects as having a deleterious variant.

220 Overdl, the deleterious germline variants involved the following genes: BAP1, BRCA1, BUBLI,
221 ELAC2, FLCN, MCPH1, MSR1, MUTYH, PDE11A, POLE, POLG (n=2), RAD51C, RECQL4, SDHA,
222  SDHD, SEC23B, TMEM127 and WRN (Table 2). All but three subjects had single variants, while two
223  subjectshad two variants each.

224

225  P/LP variants on ACMG and Clinvar

226 A pathogenic BRCAL variant was identified in a male subject with acrogigantism due to a
227  somatotropinoma diagnosed during adolescence. While BRCAL is an edablished risk gene for
228  breagt/ovarian and other cancers, there is only one previous case report on BRCA1 in a subject with a
229  pituitary tumor (65).

230 A sop-gain P/LP variant in the RECQL4 gene was identified in an adolescent male with
231  acrogigantism. This DNA helicase geneisinvolved in DNA double stranded break repair, nucleotide
232  excision repair, and base excision repair. Bialelic variants are associated with autosomal recessive
233 developmental abnormalities and osteosarcoma risk (66). Recent sudies have implicated

234  heterozygous germline RECQLA4 variants with increased risk of ovarian and prostate cancer (67,68).
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235  P/LPvariantsinvolving FLCN (frameshift) and WRN (missense) were noted in male pediatric subject
236  that developed a giant prolactinoma (70 mm diameter at diagnosis). Germline FLCN variants are
237  associated with renal tumors in sporadic populations and in those with the multisystem disease, Birt-
238  Hogg-Dubé syndrome (69). Other potential neoplagtic risks associated with germline FLCN variants
239  include adrenal tumors, and one pituitary adenoma case was reported (70,71). This subject also had a
240  missense germline WRN VUS that was classified as P/LP on AION predictor/Alpha Missense. WRN
241  encodes a DNA helicase/exonuclease involved in DNA replication/repair, and germline variants in
242  this gene lead to Werner syndrome, which is associated with progeria and increased cancer risk (72).
243  WRN variants have also been identified in the setting of familial non-medullary thyroid cancer (73).
244 A young female with a GH-secreting tumor had a variant in the DNA damage repair gene MCPH1
245  and a concomitant VUS in the cancer risk gene RAD51C. A SEC23B variant was identified in a
246  young adult female with acromegaly; this missense variant was judged pathogenic by ClinVar and
247  AION predictor, likely pathogenic by ACMG; and Alpha Missense returned a high pathogenicity
248  score (0.994). Germline heterozygous SEC23B variants have been identified at increased frequency
249  inthyroid cancer and forms of Cowden syndrome (74).

250 A splice site variant in ELAC2, a prostate cancer risk gene, was found in a female subject with early-
251  onset acromegaly; this was rated as PILP by ACMG and AION predictor, and while the SpliceAl
252  score (0.69) was borderline, the heuristic model from Sullivan et al scored it as99.7% SAV. We also
253 identified aP/LP MUTYH splice-site variant in an adolescent subject with acrogigantism due to a GH-
254  secreting pituitary macroadenoma. Biallelic inactivating MUTYH variants lead to MUTYH-associated
255  polyposs (MAP), that is associated with an increased risk of colorectal cancer. Heterozygous
256  MUTYH variants have been linked to moderately-increased cancer risk in some settings (75).

257

258  Deleteriousvariants using AION predictor and other tools

259  Some genes were previously implicated in the etiology of pituitary and other neuroendocrine tumors.
260 One male with acrogigantism had a missense SDHA variant and a concomitant missense variant in
261  POLE affecting the exonuclease domain of polymerase epsilon. Pathogenic variants in SDHA, SDHD
262 and TMEM127 have been identified in the paraganglioma-pheochromocytoma-pituitary adenoma
263  association (3PA) (35,76). Germline POLE variants are associated with a familial risk of colorectal
264  and other tumors (77).

265  Other variants affected genes with well-established tumor risk profiles. These included BRCA-1
266  associated protein 1 (BAP1) (mesothelioma, melanoma, renal cell cancer risk), BUBL (colorectal
267  cancer risk), and RAD51C (ovarian, other cancer risks) (78-80). Two male subjects, one with
268  acrogigantism and another with a macroprolactinoma had variants in POLG. POLG encodes the
269  gamma subunit of mitochondrial DNA polymerase. Rare disorders associated with loss of function of

270  POLG include neuromuscular and metabolic diseases in children and adults (81). Germline variants
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271 in POLG have also been linked to several different cancers, such as, second neoplasms in pediatric
272  cancer patients, and those with mesenchymal tumors or prostate cancer (82,83).

273  One subject with adolescent-onset acrogigantism had a deleterious variant in MSR1 that was predicted
274  to lead to loss of a splice acceptor site. MSR1 encodes for a macrophage scavenger receptor, and
275  pathogenic variants in MSR1 have an egtablished role in several cancer presentations, including
276  hereditary gastric cancer, esophageal adenocarcinomaand prostate cancer (84-86).

277

278  Ambiguousvariants

279 Three subjects with prolactinomas had P/LP scores on AION predictor but VUS/conflicting
280 significance scores on ACMG/ClinVar, ambiguous scores on Alpha Missense, or had a high
281  prevalence in GnomAD. These were not included as potential P/LP variants. One SDHA variant
282  occurred in a female pediatric subject with a macroadenoma; SDHXx variants are associated with rare
283  instances of pituitary tumors. One missense TSC2 variant was identified in a teenage male with a
284  macroprolactinoma. TSC2 variants cause tuberous sclerosis, which has an increased risk of renal
285  tumors and a handful of pituitary adenomas have been reported in tuberous sclerosis patients (87). A
286  female with a macroprolactinoma had a frequently-identified heterozygous truncating variant in the
287 PDE11A gene, which has previously been implicated in adrenal tumors, including adrenocortical
288  carcinomas, and potentially pituitary adenomas (88—90).

289

290  Copy number variations (CNV)

291 Germline DNA was also assessed for duplications and deletions affecting genes related to pituitary,
292  neuro-endocrine and general cancer risk. One subject with acrogigantism due to a 65 mm GH-
293  secreting macroadenoma diagnosed as a teenager had a small deletion on chromosome 7p22.1. This
294  deletion included the DNA mismatch repair gene, PMS2, and was judged as pathogenic by ACMG.
295

296  Pathway analysis

297  The gene ontogeny term enrichment analysis among the genes with P/LP variants is shown in Figure
298 1A. The top ranked significantly enriched heading was for DNA repair pathways-full network
299  (WP4946; logP: -7.9). DisGeNET database assessment identified Hereditary Neoplastic Syndromes
300 (GO term: C0027672; logP: -21.0) as the highest ranked disease term that was associated with the
301  genetic variants identified in the young pituitary adenoma patients in the study.

302
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303 Discusson

304

305  Deleterious germline variants are a rare but established cause of isolated anterior pituitary tumors,
306  mainly redricted to clinical subgroups like pediatric patients. Even accounting for established risk
307  genes like AIP, the etiology of most young-onset pituitary tumors remains obscure. In the current
308  study we addressed this issue by performing WES analysis in a cohort with pituitary macroadenomas
309  occurring before the age of 30, that were negative for known genetic causes. Using a comprehensive
310  cancer genetarget list of >200 genes, we identified deleterious germline sequence variants in 14.6%-
311  31.3% of subjects, depending on the classification methodology. Apart from SDHA and SDHD none
312  of theidentified genes has been reliably implicated in pituitary adenomas. These results suggest that a
313  wider range of inheritable tumorigenic pathways might contribute to pituitary tumorigenesis in
314  children and young adults, particularly those with large somatotropinomas and prolactinomas.

315 Mogt germline genetic studies to date have employed multi-gene panels comprised of known
316  endocrine/neuroendocrine tumor genes. Even in these, deleterious variants in AIP, CDKN1B, MEN1,
317 SDHxand related genes are rarely identified (91-95). More recently, expanded gene sets that include
318 some DNA mismatch repair genes have been deployed in pituitary adenoma populations. Using WES
319 in a Saudi Arabian cohort of 134 non-familial pituitary adenomas, Alzahrani et al found germline
320 P/LP variantsin 6.7% of their cohort, including AlP, CDH23, SDHA, DICER1, USP48, MSH2, and
321 MLH1 (52). A Portuguese study of isolated sporadic macroadenoma subjects aged <40 years recently
322  identified P/LP variants in 16/225 individuas (7.1%), although 6/16 variants affected the established
323  pituitary tumor risk genes AIP/MENL1 (53). As the Saudi cohort, that group used a limited panel of
324  predominantly endocrine tumor-related genes (n=29). The Portuguese cohort was older by a decade
325  than our population, and the Saudi study was performed in an older and milder population (>50% over
326 30 years at diagnosis; microadenomas included) than our study. By focusing on an extensively
327  prescreened population using a comprehensive cancer gene panel, we expand the range of deleterious
328  germline variants that may contribute to previously unexplained pituitary macroadenoma etiology in
329  children and young adults.

330  While other groups have studied germline sequence variants, we also examined CNV affecting the
331  cancer risk genes of interest. One subject had a small PMS2 deletion, which would affect an
332  established DNA mismatch repair gene that causes Lynch syndrome. Senter et al reported two
333  pituitary adenomas in alarge database analysis of pathogenic PMS2 variant Lynch syndrome kindreds
334  (96). In a Swedish national cohort of patients with Lynch syndrome due to mismatch repair gene
335  pathogenic variants, Bengtsson et al reported three subjects with pituitary tumors, one of whom had a
336 PMS22 variant and a non-functioning pituitary adenoma (46). As noted above, the recent Portuguese
337  report also identified subjects with germline PMS2 variants (53). In contrast, we did not identify any
338 sequence or copy number variants in other classical Lynch syndrome-associated genes
339  (46,52,53,97,98).
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340  Pituitary gigantism is arare manifestation of acromegaly that is usually caused by a somatotropinoma
341  during childhood or adolescence. Unlike acromegaly in general, the genetic pathophysiology of
342  pituitary gigantism is known in about 50% of cases (99). In the current cohort that was negative for
343  AIP/CDKNI1B/MENL1 variants/deletions and GPR101 duplications, nine of the 14 gigantism subjects
344  (64.3%) had sequence variants in BRCA1, BUB1, MSR1, MUTYH, POLE/SDHA, RAD51C, RECQLA4,
345 POLG or SDHD. These results further underline the importance of germline genetic factors in
346  pituitary gigantism and suggests that the number of molecular pathways involved might be wider than
347  previously thought.

348  Recent years have seen a re-assessment of the role of P/LP variants in the etiology of various cancers
349  driven by widespread use of clinical exome/genome sequencing. Large studies have shown that
350  universal germline sequencing in cancer patients increases the yield of P/LP variants markedly over
351 that obtained with a dtricter guideline focused sequencing approach (100). For example, Samadder et
352 al found P/LP variants to be present in up to 12.5% with solid tumors treated in the Mayo Clinic
353  group; importantly, only young age at cancer diagnosis was significantly predictive for identification
354  of agenetic variant (101). Findings in common solid tumors have also been extended to the rarer,
355  neuroendocrine tumor space. Perez and colleagues studied small bowel neuroendocrine neoplasms
356  and 9-11% of subjects had a P/LP variant (43). Furthermore, Riechelmann et al reported that P/LP
357  variant were present in nearly 16% of 108 subjects with gut or lung neuroendocrine neoplasms that
358  occurred at a young age (18-50 years) (42). The most frequently implicated genes in that sudy were
359  those related to DNA repair, as found in our cohort. Mohindroo et al had similar findings in a
360 pancreatic NET population derived from two other major reference centers in the United States.
361 Among 132 subjects with high-risk profiles (young age, personal/family history of cancer, and
362  syndromic disease), P/LP variants were found in 33% of cases, most frequently MEN1 or DNA repair
363  pathway genes. In avalidation cohort of 106 unselected pancreatic NET patients, 21% had a P/ILP
364  variant (41).

365 In contrast to the cancer studies mentioned above, pituitary lesions in our cohort were universally
366 benign This raises a question as to whether germline genetic variants driving malignancy in other
367  tissues can be of relevance for benign pituitary neoplasia. The example of syndromic conditions like
368 MENL is ingtructive in this regard. The same MENL1 germline pathogenic variant acting on the
369  regulation of cell behavior across multiple tissue subtypes can lead to benign tumors in certain tissues
370  (anterior pituitary, parathyroid) and malignant tumors (pancreatic NETS) in others (102). Thisisalso
371  seenin endocrine tumor syndromes with lower penetrance than MEN1 (35,103). Following a similar
372  model, it is possible that deleterious variants in DNA repair genes typically associated with hereditary
373  breast/ovarian, or colorectal cancers could also manifest as pathologically benign adenomas in the
374  anterior pituitary. The epidemiology of pituitary adenomas/PitNETs is relevant. Pituitary tumors are
375  often found incidentally as tiny innocuous lesions in imaging and pathology studies (prevalence of

376  about 1:5), whereas very few progress to cause clinically apparent disease (prevalence of 1:1000)
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377  (104). Only asmall minority of pituitary tumors progress to aggressive or locally invasive tumors and
378  vanishingly few become carcinomas. Due to its extreme importance regulating multiple vital
379  pathways, the anterior pituitary may be a molecularly privileged tissue that is relatively protected
380 against malignant transformation. Somatic events play an important role in removing the brakes on
381 neoplastic proliferation, as activating GNAS and USP8 are frequent causes of acromegaly and
382  Cushing's disease, respectively, but do not seem to cause aggressive disease (10,105,106). Although
383  germline factors like AIP can lead to tumors with an unfavorable clinical phenotype, these almost
384 never undergo malignant transformation (25). Aggressive pituitary adenomas and pituitary
385  carcinomas are among the most challenging patients to manage therapeutically (107-110). Somatic
386 DNA studies of resected pituitary adenoma tissue have revealed recurrent pathogenic variants in
387  genes such as ATRX and TP53, in patients with aggressive corticotroph tumors or carcinomas (111—
388 114). Germline studies in these aggressive adenomas and carcinomas have been limited to case
389  reports and small series, although cases involving CHEK2 support a role for “traditional” cancer
390 genesin pituitary adenoma etiology (49,51,115). Taken together we suggest that deleterious germline
391 variants in cancer-risk genes play a more important role that considered to date in the etiology of
392  pituitary adenomag/PitNETs.

393  Guiddlinesfor acromegaly and other pituitary tumor subtypes do not yet include specific management
394  recommendations regarding genetic testing, possibly due to the relative rarity of established germline
395  genetic causes overall (<5% of cases) (22). The 2022 WHO classification of pituitary tumors as
396 PItNETSs focuses by necessity on surgically resected tissues and does not yet extend to outcomes in
397  pre-surgical patients (2,3,116,117). Recently, Ho and colleagues have proposed a nove scoring
398  system that incorporates multiple clinically relevant features of pituitary adenomas at presentation and
399  during treatment (1). This system introduces germline genetic variants in AIP, MEN1 and other genes
400 into predicting disease severity (1). Such a systematic approach to classify pituitary tumor patients
401  could be expanded to include newer genetic factors, once these have been established and validated.
402  Our study has several limitations in terms of scope and interpretation. Idealy, a study would have
403  accessto paired germline and tumor DNA to assess whether a second hit in an affected gene is present
404  and to describe the somatic pattern of chromosomal disturbances that are characteristic of pituitary
405  adenomas (15-18,21). A major challenge in clinical genetics is the interpretation of rare variants
406  (particularly missense and splice variants) that lack definitive functional studies to determine
407  pathogenicity. For thisreason, in silico tools to predict functional effects have proliferated and have
408  become increasingly sophisticated when combined into compendium models or Al-assisted toolsets
409  like we used here. However, no model can reliably replace functional assays, and there remains arisk
410 for the classification of potentially innocuous variants as deleterious, thereby increasing reported
411 rates. Inthis study we purposely separated more traditional classification criteria from novel in silico
412  and Al driven models to acknowledge this uncertainty about classification of cancer gene variants in

413  pituitary tumor patients. Furthermore, the mechanisms by which these putative deleterious variants
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414 could influence pituitary neoplastic transformation remain to be studied and established. Also, the
415  patient population does not reflect the general epidemiological profile of pituitary adenomas in the
416  young, which are more often small prolactinomas, patients with Cushing's disease or those with non-
417  functioning adenomas (104). This skewing comes from the recruitment criteria of our ongoing
418  research sudies into pituitary gigantism and aggressive/large pituitary adenomas, leading to arelative
419  over-representation of somatotropinomas.

420  When taken as a whole, results to date suggest that deleterious germline variants in cancer risk genes
421  play amore important role in pituitary tumor pathogenesis than was previously thought. In line with
422  similar studies in neuroendocrine and other cancers, pituitary adenomas may be a clinical
423  manifestation of underlying germline cancer risk alleles. In the pediatric-adolescent cohort of
424 pituitary gigantism patients, the high prevalence of deleterious germline variants confirms that
425  somatotropinomas in the young appear to be particularly sensitive to germline genetic pathology. In
426  conclusion, the germline genetics of pituitary adenomas in young subjects appears to mirror that of
427  neoplasiain many other tissues. More widespread use of exome/genome sequencing may allow for
428  the identification of deleterious variants that can permit improved family screening or even identify
429  novel druggable pathways for expanded personalized therapy.

430
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L egend
Figure 1. Metascape® representations of (A) enriched ontogeny terms and (B) disease-related

DISGENET associations related to germline pathogenic/likely pathogenic variants in cancer-related
genes identified in subjects with young-onset pituitary macroadenomas.
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Subject Sex Pituitary Ageat Tumor M ax tumor
Number Adenoma Type Onset classification diameter
(range) (mm)
1M GH childhood Macro 20
2| M GH adolescent Macro N/A
(acrogigantism)
3| M GH childhood Macro 33
(acrogigantism)
41 M GH childhood Macro N/A
(acrogigantism)
5|F GH childhood Macro N/A
6| M GH childhood Macro N/A
(acrogigantism)
7 M GH childhood Macro 27
(acrogigantism)
8| M GH adolescent Macro 30
(acrogigantism)
9| M GH adolescent Macro N/A
(acrogigantism)
10| M GH adolescent Macro N/A
(acrogigantism)
11| F GH young adult | Macro 40
12| M PRL childhood Macro 70
13| M GH adolescent Macro 60
(acrogigantism)
14 | F GH childhood Macro N/A
15| M GH adolescent Macro N/A
(acrogigantism)
16| F GH adolescent Macro N/A
(acrogigantism)
17 | F PRL childhood Macro N/A
18| F GH childhood Macro N/A
(acrogigantism)
19| F GH young adult | Macro N/A
20| M GH young adult | Macro 40
21| M GH young adult | Macro N/A
22 | F PRL young adult | Macro N/A
23| F PRL young adult | Macro N/A
241 M PRL young adult | Macro 38
25| M PRL adolescent Macro 59
26 | F GH adolescent Macro 35
27 | F NFPA young adult | Macro 29
28| F GH young adult | Macro 45
29| F GH young adult | Macro 32
30 (M GH adolescent Macro 65
(acrogigantism)
31| M PRL young adult | Macro N/A
32| F GH young adult | Macro 36
33| F GH young adult | Macro 37
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4| F GH young adult | Macro 29
3B (M GH adolescent Macro 20
36| M GH young adult | Macro 26
37| M PRL adolescent Macro N/A
38| F GH adolescent Macro 23
39| M GH young adult | Macro 18
40 | F GH young adult | Macro 37
41| M GH young adult | Macro 40
42| M GH young adult | Macro 33
43 | F GH young adult | Macro N/A
4 | M PRL adolescent Macro 35
45| M PRL young adult | Macro 48
46 | M PRL young adult | Macro N/A
47 | M NFPA adolescent Macro N/A
48 | M GH young adult | Macro N/A
(acrogigantism)

468

469 Tablel. Clinical and demographic details on subjects with young-onset pituitary

470  macroadenomas. Age ranges:. childhood (0-12 years); adolescent (13-18 years); young adult (19-30
471  vyears). F:. female; GH: growth hormone secreting; M: male; Macro: macroadenoma; NFPA: non-
472  functioning pituitary adenoma; PRL: prolactinoma.

473

474
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Subject | Sex | Ageat | PA | Gene Nucleotide change Variant GnomAD | Clin ACMG | AION | AM Class SpliceAl
No. dx Amino acid change type Freq. Var (Score) effect
chromosomal location (site)/ SAV
(hg19) heuristic
(%)
P/LP: ACMG/ClinVar
c.925-2A>G .
8 M iﬁt'es GH | MUTYH | - Z"é'c'cetor 00011 |c | LP p . 85?05“)/
1-45797760-T-C s A7
adoles €.2217 2218insA
9 M cent GH | BRCAL p.Val740SerfsTer3 frameshift | O P P
17-41245330-C-CT
Young ¢.560-2A>G splice ) 0.69 (AL)/
1 Foolaur | CH | BLACZ |17 15015101-T-C acceptor | 000089 | ¢l LP P 99.7%
sildh | PR c.890_893del
12 M| oo | FLON p.GlU297AlafsTer25 frameshift | 0.00001 | P P
17-17122501-GCTTT-G
~doles c.2398C>T <
15 M| St | GH | RECQL4 | p.GIngOOTer ai'?]ed 000001 |P LP P -
8-145738666-G-A 9
. c.1561G>T
18 F gg'o'ldh GH | MCPH1 | p.Glus21Ter St;.f’] o |0 cl P P -
8-6302804-G-T 9
Youn C.325G>A
43 F adultg GH | SEC23B | p.Glu109Lys missense | 0.00022 | P LP P LP (0.994)
20-18496339-G-A
Dedleterious: AION Predictor and Al tools
) C.380G>A
1 M gg'édh GH ;MEMlZ p.Argl27His missense | 0 Us |Vvus |P LP (0.959)
2-96920600-C-T
c.-4-1G>A .
2 M ﬁgt'“ﬁ GH |vMsR1 | - ?;gcetor 000085 |N/A |vus |P - }ég %/")
8-16035502-C-T € A7
adoles c.2T>C
3 M| o | GH | BUBL oMet1? statlost | 0 N/A
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Subject | Sex | Ageat | PA | Gene Nucleotide change Variant GnomAD | Clin | ACMG | AION | AM Class SpliceAl
No. dx Amino acid change type Freq. Var (Score) effect
chromosomal location (site)/ SAV
(hg19) heuristic
(%)
2-111435571-A-G
adoles c.1274A>G
10 M cent GH | POLE p.Lys425Arg missense | 0.00002 us VUS P LP(0.84)
12-133250246-T-C
adoles c.1334C>T
10 M cent GH | SDHA p.Ser445Leu missense | O Cl VUS P LP (0.9669)
5-236616-C-T
childh | PR c2114C>T .
12 M 00d L WRN p.Thr705lle missense | 0.00033 us VUS LP LP (0.9089)
8-30969156-C-T
adoles c.436G>A _
16 F cent GH | SDHD p.Asp146Asn missense | 0 us VUS LP LP (0.777)
11-111965650-G-A
' ¢.1026+6T>A ,
18 Foo i Ten | rapsic | - Plce 1o a |ws LB |- 987 (OLY
17-56809911-T-A '
Young c.572T>C
28 F adult GH | BAP1 p.11e191Thr missense | 0.00004 Cl VUS LP LP (0.948)
3-52441198-A-G
Young PR C.2641C>T
31 M adult L POLG p.Pro881Ser missense | 0.00004 us VUS P LP (0.917)
15-89864449-G-A
Young C.2615G>A
48 M adult | GH | POLG p.Ser872Asn missense | O N/A | VUS P LP (0.981)
15-89864475-C-T
Ambiguous
childh | PR €.1396G>A .
17 F ood L SDHA p.Alad66Thr missense | 0.00086 Cl VUS P A (0.4472)
5-236678-G-A
Young | PR c.919C>T stop
22 F adult L PDE11A 0.Arg307Ter gained 0.00301 Cl Cl P
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Subject | Sex | Ageat | PA | Gene Nucleotide change Variant GnomAD | Clin | ACMG | AION | AM Class SpliceAl

No. dx Amino acid change type Freq. Var (Score) effect
chromosomal location (site)/ SAV
(hg19) heuristic

(%)
2-178879181-G-A
adoles | PR ¢.5413G>C
44 M cent L TSC2 p.Glu1805GIn missense | O us VUS LP A (0.506)

16-2138600-G-C

Table 2. Germline variants of interest in cancer-related genes identified during WES analysis in 48 young subjects with previoudy genetically
negative pituitary adenomas. Age ranges. childhood (0-12 years); adolescent (13-18 years); young adult (19-30 years). AION: AION Predictor; AM: Alpha
Missense; Cl: conflicting interpretations, LB: likely benign; LP: likely pathogenic; P: pathogenic; PA: pituitary adenoma; SAV: Splicing affecting variant;

US: uncertain significance; VUS: variant of unknown significance.

‘uoissiwiad INOYNIM Pamo|[e asnal oN "pPanIasal siybu ||y

‘Aimadiad ul udaid ayy Aejdsip 01 asuadl| e Alxygpaw pajuelb sey oym ‘lapuny/ioyine ayl si (Malnal Jaad AQ paliad Jou Sem Yydiym)
iuudaud siys Joy Japjoy 1yBuAdoo 8yl 'Gz0z ‘9T AeA paisod UoISIaA SIUL 1900/2€52'ST'S0°S202/TOTT 0T/B10 10p//:sdny :1op Jundaid Aixypaw

20


https://doi.org/10.1101/2025.05.15.25327006

medRxiv preprint doi: https://doi.org/10.1101/2025.05.15.25327006; this version posted May 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

484

485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536

All rights reserved. No reuse allowed without permission.

References

1

10.

11.

12.

13.

14.

Ho KKY, Fleseriu M, Wass J, Katznelson L, Raverot G, Little AS, Castafio JP, Reincke M,
Lopes MB, Kaiser UB, Chanson P, GadelhaM, Melmed S. A proposed clinical classification
for pituitary neoplasmsto guide therapy and prognosis. Lancet Diabetes Endocrinol
2024;12(3):209-214.

VillaC, Baussart B, Assié G, Raverot G, Roncaroli F. The World Health Organization
classifications of pituitary neuroendocrine tumours: a clinico-pathological appraisal. Endocr
Relat Cancer 2023;30(8). doi:10.1530/ERC-23-0021.

AsaSL, Mete O, Perry A, Osamura RY . Overview of the 2022 WHO Classification of
Pituitary Tumors. Endocr Pathol 2022;33(1):6—26.

Day AF, Rixhon M, Adam C, Dempegioti A, Tichomirowa MA, Beckers A. High prevalence
of pituitary adenomas: A cross-sectional study in the province of Liége, Belgium. Journal of
Clinical Endocrinology and Metabolism 2006;91(12):4769-4775.

Price M, Ryan K, Shoaf ML, Neff C, lorgulescu JB, Landi DB, Cioffi G, Waite KA, Kruchko
C, Barnholtz-Sloan JS, Ostrom QT. Childhood, adolescent, and adult primary brain and central
nervous system tumor statistics for practicing healthcare providers in neuro-oncology,
CBTRUS 2015-2019. Neurooncol Pract 2023;11(1):5-25.

FeolaT, Pirchio R, Puliani G, Pofi R, Crocco M, Sada V, Sesti F, Verdecchia F, Gianfrilli D,
AppetecchiaM, Di lorgi N, Jaffrain-Rea ML, Pivonello R, Isidori AM, Grossman AB,
ShardellaE, Savage AM, Foresta C, Krausz C, Durante C, De Martino MC, Paoli D, Ferrigno
R, Caiulo S, Minnetti M, Hasenmajer V, Pozza C, Kanakis G, Cangiano B, Tenuta M, Petrozzi
A, Carlomagno F, Di Nisio A, Pallotti F, Tarsitano MG, Spaziani M, Cargnelutti F, Sabovic I,
Grani G, Virili C, Cozzolino A, Stramazzo |, Filardi T, Mazzotta P. Sellar and parasellar
lesionsin the transition age: a retrospective Italian multi-centre study. J Endocrinol Invest
2023;46(1):181-188.

Memed S, Kaiser UB, Lopes MB, Bertherat J, Syro L V., Raverot G, Reincke M, Johannsson
G, Beckers A, Fleseriu M, Giustina A, Wass JAH, Ho KKY. Clinical Biology of the Pituitary
Adenoma. Endocr Rev 2022;43(6):1003-1037.

Landis CA, Harsh G, Lyons J, Davis RL, Mccormick F, Bourne HR. Clinical characteritics of
acromegalic patients whose pituitary tumors contain mutant Gs protein. J Clin Endocrinol
Metab 1990;71(6):1416-1420.

Masters SB, Landis CA, Bourne HR. GTPase-inhibiting mutations in the al pha subunit of Gs.
Adv Second Messenger Phosphoprotein Res 1990;24:70-75.

Reincke M, Sbiera S, Hayakawa A, Theodoropoulou M, Osswald A, Beuschlein F, Meitinger
T, Mizuno-Y amasaki E, Kawaguchi K, Saeki Y, Tanaka K, Wieland T, Graf E, Saeger W,
Ronchi CL, Allolio B, Buchfelder M, Strom TM, Fassnacht M, Komada M. Mutationsin the
deubiquitinase gene USP8 cause Cushing's disease. Nat Genet 2015;47(1):31-38.

MaZ-Y, Song Z-J, Chen JH, Wang Y-F, Li S-Q, Zhou L-F, Mao Y, Li Y-M, Hu R-G, Zhang
Z-Y,YeH-Y, Shen M, Shou X-F, Li Z-Q, Peng H, Wang Q-Z, Zhou D-Z, Qin X-L, Ji J,
Zheng J, Chen H, Wang Y, Geng D-Y, Tang W-J, Fu C-W, Shi Z-F, Zhang Y-C, Ye Z, He W-
Q, Zhang Q-L, Tang Q-S, Xie R, Shen JW, Wen Z-J, Zhou J, Wang T, Huang S, Qiu H-J,
Qiao N-D, Zhang Y, Pan L, Bao W-M, Liu Y-C, Huang C-X, Shi Y-Y, Zhao Y. Recurrent
gain-of-function USP8 mutations in Cushing’s disease. Cell Res 2015;25(3):306—17.
Torres-Moran M, Franco-Alvarez AL, Rebollar-Vega RG, Hernandez-Ramirez LC. Hotspots
of Somatic Genetic Variation in Pituitary Neuroendocrine Tumors. Cancers (Basel)
2023;15(23). doi:10.3390/CANCERS15235685.

Li C, Xie W, Rosenblum JS, Zhou J, Guo J, Miao Y, Shen Y, Wang H, Gong L, Li M, Zhao S,
Cheng S, ZhuH, Jiang T, Ling S, Wang F, Zhang H, Zhang M, Qu Y, Zhang Q, Li G, Wang J,
Ma J, Zhuang Z, Zhang Y . Somatic SF3B1 hotspot mutation in prolactinomas. Nat Commun
2020;11(1). doi:10.1038/s41467-020-16052-8.

Simon J, Perez-Rivas LG, Zhao Y, Chasseloup F, Lasolle H, Cortet C, Descotes F, VillaC,
Baussart B, Burman P, Maiter D, von Selzam V, Rotermund R, Flitsch J, Thorsteinsdottir J,
Jouanneau E, Buchfelder M, Chanson P, Raverot G, Theodoropoulou M. Prevalence and

21


https://doi.org/10.1101/2025.05.15.25327006

medRxiv preprint doi: https://doi.org/10.1101/2025.05.15.25327006; this version posted May 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
S77
578
579
580
581
582
583
584
585
586
587
588
589
590
591

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

All rights reserved. No reuse allowed without permission.

clinical correlations of SF3B1 variants in lactotroph tumours. Eur J Endocrinol
2023;189(3):372-378.

Neou M, VillaC, Armignacco R, Jouinot A, Raffin-Sanson M-L, Septier A, Letourneur F,
Diry S, Diedisheim M, Izac B, Gaspar C, Perlemoine K, VerjusV, Bernier M, Boulin A, Emile
J-F, Bertagna X, Jaffrezic F, Laloe D, Baussart B, Bertherat J, Gaillard S, Assié G.
Pangenomic Classification of Pituitary Neuroendocrine Tumors. Cancer Cell 2020;37(1):123-
134.e5.

Bi WL, Horowitz P, Greenwald NF, Abedalthagafi M, Agarwalla PK, Gibson WJ, Mei Y,
Schumacher SE, Ben-David U, Chevalier A, Carter S, Tiao G, Brastianos PK, Ligon AH,
Ducar M, MacConaill L, Laws ER, Santagata S, Beroukhim R, Dunn IF. Landscape of
Genomic Alterations in Pituitary Adenomas. Clin Cancer Res 2017;23(7):1841-1851.

Lasolle H, Elsensohn MH, Wierinckx A, Alix E, Bonnefille C, Vasiljevic A, Cortet C,
Decoudier B, Sturm N, Gaillard S, Ferriere A, Roy P, Jouanneau E, Bertolino P, Barddl C,
Sanlaville D, Raverot G. Chromosomal instability in the prediction of pituitary neuroendocrine
tumors prognosis. Acta Neuropathol Commun 2020;8(1):190.

Lin AL, Rudneva VA, Richards AL, Zhang Y, Woo HJ, Cohen M, Tisnado J, Majd N,
Wardlaw SL, Page-Wilson G, Sengupta S, Chow F, Goichot B, Ozer BH, Dietrich J,
Nachtigall L, Desai A, Alano T, Ogilive S, Solit DB, Bale TA, Rosenblum M, Donoghue
MTA, Geer EB, Tabar V. Genome-wide loss of heterozygosity predicts aggressive, treatment-
refractory behavior in pituitary neuroendocrine tumors. Acta Neuropathol 2024;147(1).
doi:10.1007/500401-024-02736-8.

Tatsi C, Pankratz N, Lane J, Faucz FR, Herndndez-Ramirez LC, Keil M, Trivellin G,
Chittiboina P, Mills JL, Stratakis CA, Lodish MB. Large Genomic Aberrationsin
Corticotropinomas Are Associated With Greater Aggressiveness. J Clin Endocrinol Metab
2019;104(5):1792-1801.

Sullivan PJ, Quinn IMW, Ajuyah P, Pinese M, Davis RL, Cowley MJ. Data-driven insights to
inform splice-altering variant assessment. Am J Hum Genet 2025;112(4).
doi:10.1016/JAJHG.2025.02.012.

Mohan DR, Paes T, Buelvas Mebarak J, Meredith DM, Soares B, Vaz V, Carroll RS, Kaiser
UB, Smith TR, Bi WL, Lerario AM, Abreu AP. Non-recurrent mutations and copy number
changes predominate pituitary adenoma genomes. Eur J Endocrinol 2025;192(5):590-602.
Vandeva S, Daly AF, Petrossians P, Zacharieva S, Beckers A. Somatic and germline mutations
in the pathogenesis of pituitary adenomas. Eur J Endocrinol 2019;181(6):R235-R254.
Vierimaa O, Georgitsi M, Lehtonen R, Vahteristo P, Kokko A, Raitila A, Tuppurainen K,
Ebeling TM, Salmela PI, Paschke R, Gundogdu S, De Menis E, Makinen MJ, Launonen V,
Karhu A, Aaltonen LA. Pituitary adenoma predisposition caused by germline mutations in the
AIP gene. Science (1979) 2006;312(5777):1228-1230.

Daly AF, Vanbellinghen JF, Sok KK, Jaffrain-ReaML, Naves LA, Guitelman MA, Murat A,
Emy P, Gimenez-Rogueplo AP, Tamburrano G, Raverot G, Barlier A, De Herder W, Penfornis
A, Ciccarelli E, Estour B, Lecomte P, Gatta B, Chabre O, Sabaté M|, Bertagna X, Basavilbaso
NG, Stalldecker G, Colao A, Ferolla P, Wémeau JL, Caron P, Sadoul JL, Oneto A,
Archambeaud F, Calender A, Sinilnikova O, Montafiana CF, Cavagnini F, Hana V, Solano A,
Delettieres D, Luccio-Camelo DC, Basso A, Rohmer V, Brue T, BoursV, Bin TT, Beckers A.
Aryl hydrocarbon receptor-interacting protein gene mutations in familial isolated pituitary
adenomas: Analysisin 73 families. Journal of Clinical Endocrinology and Metabolism
2007;92(5):1891-1896.

Day AF, TichomirowaMA, Petrossians P, Helibvaara E, Jaffrain-ReaM-L, Barlier A, Naves
LA, Ebeling T, Karhu A, Ragppana A, Cazabat L, De Menis E, Montafiana CF, Raverot G,
Weil RJ, Sane T, Maiter D, Neggers S, YanevaM, Tabarin A, VerruaE, Eloranta E, Murat A,
Vierimaa O, Salmela Pl, Emy P, Toledo RA, Sabaté Ml, VillaC, Popelier M, Salvatori R,
Jennings J, Longés AF, Labarta Aizptn JI, Georgitsi M, Paschke R, Ronchi C, Valimaki M,
Saloranta C, De Herder W, Cozzi R, Guitelman M, Magri F, Lagonigro MS, Halaby G,
Corman V, Hagelstein M-T, Vanbellinghen J-F, Barra GB, Gimenez-Roqueplo A-P, Cameron
FJ, Borson-Chazot F, Holdaway |, Toledo SPA, StallaGK, Spada A, Zacharieva S, Bertherat
J, Brue T, BoursV, Chanson P, Aatonen LA, Beckers A. Clinical Characteristics and

22


https://doi.org/10.1101/2025.05.15.25327006

medRxiv preprint doi: https://doi.org/10.1101/2025.05.15.25327006; this version posted May 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

592 Therapeutic Responses in Patients with Germ-Line AIP Mutations and Pituitary Adenomas:
593 An International Collaborative Study. J Clin Endocrinol Metab 2010;95(11):E373-E383.
594 26. Hernandez-Ramirez LC, Gabrovska P, Dénes J, StalsK, Trivellin G, Tilley D, Ferrau F,

595 Evanson J, Ellard S, Grossman AB, Roncaroli F, Gadelha MR, Korbonits M, International
596 FIPA Consortium. Landscape of Familial Isolated and Y oung-Onset Pituitary Adenomas:
597 Prospective Diagnosisin AIP Mutation Carriers. J Clin Endocrinol Metab 2015;100(9):E1242-
598 54,

599 27. Daly AF, Beckers A. The Genetic Pathophysiology and Clinical Management of the

600 TADopathy, X-Linked Acrogigantism. Endocr Rev 2024:bnae014.

601 28. FrankeM, Daly AF, PameiraL, Tirosh A, Stigliano A, Trifan E, Faucz FR, Abboud D,

602 Petrossians P, Tena JJ, Vitali E, Lania AG, Gémez-Skarmeta JL, Beckers A, Stratakis CA,
603 Trivellin G. Duplications disrupt chromatin architecture and rewire GPR101-enhancer

604 communication in X-linked acrogigantism. Am J Hum Genet 2022;109(4):553-570.

605 29. Trivellin G, Daly AF, Faucz FR, Y uan B, Rostomyan L, Larco DO, Schernthaner-Reiter MH,
606 Szarek E, Leal LF, Caberg J-H, Castermans E, VillaC, Dimopoulos A, Chittiboina P, X ekouki
607 P, Shah N, Metzger D, Lysy PA, Ferrante E, StrebkovaN, MazerkinaN, Zatelli MC, Lodish
608 M, Horvath A, de Alexandre RB, Manning AD, Levy I, Keil MF, SierraM delalL, Pameira
609 L, Coppieters W, Georges M, Naves LA, Jamar M, BoursV, Wu TJJ, Choong CS, Bertherat J,
610 Chanson P, Kamenicky P, Farrell WE, Barlier A, Quezado M, Bjelobabal, Stojilkovic SSS,
611 Wess J, Costanzi S, Liu P, Lupski JR, Beckers A, Stratakis CA. Gigantism and Acromegaly
612 Due to X 26 Microduplications and GPR101 Mutation. New England Journal of Medicine
613 2014;371(25):2363-2374.

614 30. BeckersA, Lodish MB, Trivellin G, Rostomyan L, Lee M, Faucz FR, Y uan B, Choong CS,
615 Caberg }H, Verrua E, Naves LA, Cheetham TD, Young J, Lysy PA, Petrossians P, Cotterill
616 A, Shah NS, Metzger D, Castermans E, Ambrosio MR, Villa C, StrebkovaN, Mazerkina N,
617 Gaillard S, Barra GB, Casulari LA, Neggers SJ, Salvatori R, Jaffrain-Rea M-L, Zacharin M,
618 Santamaria BL, Zacharieva S, Lim EM, Mantovani G, Zatelli MC, CollinsMT, Bonneville J
619 F, Quezado M, Chittiboina P, Oldfield EH, BoursV, Liu P, de Herder WW, Pellegata N,

620 Lupski JR, Daly AF, Stratakis CA. X-linked acrogigantism syndrome: clinical profile and
621 therapeutic responses. Endocr Relat Cancer 2015;22(3):353-367.

622 31. Thakker RV., Newey PJ, Walls G V., Bilezikian J, Dralle H, Ebeling PR, Melmed S, Sakurai
623 A, Tonelli F, Brandi ML. Clinical practice guidelinesfor multiple endocrine neoplasiatype 1
624 (MENZ1). J Clin Endocrinol Metab 2012;97(9):2990-3011.

625 32.  Stratakis CA, TichomirowaMA, Boikos S, Azevedo MF, Lodish M, Martari M, VermasS,
626 Day AF, RaygadaM, Keil MF, Papademetriou J, Drori-Herishanu L, Horvath A, Tsang KM,
627 Nesterova M, Franklin S, Vanbellinghen JF, BoursV, Salvatori R, Beckers A. The role of
628 germline AIP, MEN1, PRKAR1A, CDKN1B and CDKN2C mutations in causing pituitary
629 adenomas in alarge cohort of children, adolescents, and patients with genetic syndromes. Clin
630 Genet 2010;78(5):457-463.

631 33. Ruggeri RM, Benevento E, De Cicco F, Grossrubatscher EM, Hashalla |, Tarsitano MG,

632 Centello R, Isidori AM, Colao A, Pellegata NS, Faggiano A. Multiple endocrine neoplasia
633 type 4 (MEN4): athorough update on the latest and least known men syndrome. Endocrine
634 2023;82(3):480-490.

635 34. Daly AF, Castermans E, Oudijk L, Guitelman MA, Beckers P, Potorac |, Neggers SICMM,
636 Sacre N, van der Lely A-J, Bours 'V, de Herder WW, Beckers A. Pheochromocytomas and
637 pituitary adenomas in three patients with MAX exon deletions. Endocr Relat Cancer

638 2018;25(5):L37—L42.

639 35. Xekouki P, Brennand A, Whitelaw B, Pacak K, Stratakis CA. The 3PAs: An Update on the
640 Association of Pheochromocytomas, Paragangliomas, and Pituitary Tumors. Hormone and
641 Metabolic Research 2019;51(7):419-436.

642 36. O'TooleSM, DénesJ, Robledo M, Stratakis CA, Korbonits M. The association of pituitary
643 adenomas and phaeochromocytomas or paragangliomas. Endocr Relat Cancer

644 2015;22(4):T105-T122.

645 37. DénesJ, Swords F, Rattenberry E, Stals K, Owens M, Cranston T, Xekouki P, Moran L,

646 Kumar A, Wassif C, Fersht N, Baldeweg SE, MorrisD, Lightman S, Agha A, Rees A, Grieve

23


https://doi.org/10.1101/2025.05.15.25327006

medRxiv preprint doi: https://doi.org/10.1101/2025.05.15.25327006; this version posted May 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

49,

All rights reserved. No reuse allowed without permission.

J, Powell M, Boguszewski CL, Dutta P, Thakker R V., Srirangalingam U, Thompson CJ,
Druce M, Higham C, Davis J, Eeles R, Stevenson M, O’ Sullivan B, Taniere P, Skordilis K,
Gabrovska P, Barlier A, Webb SM, Aulinas A, Drake WM, Bevan JS, Preda C, Dalantaeva N,
Ribeiro-Oliveira A, Garcial T, Yordanova G, lotova V, Evanson J, Grossman AB, Trouillas J,
Ellard S, Stratakis CA, Maher ER, Roncaroli F, Korbonits M. Heterogeneous genetic
background of the association of pheochromocytoma/paraganglioma and pituitary adenoma:
Results from alarge patient cohort. Journal of Clinical Endocrinology and Metabolism
2015;100(3):E531-E541.

Attardi E, Tiberi L, Mattiuz G, Formicola D, Dirupo E, Raddi MG, Consagra A, Vergani D,
Artuso R, Santini V. Prospective genetic germline evaluation in a consecutive group of adult
patients aged <60 years with myelodysplastic syndromes. Hemasphere 2024;8(7).
doi:10.1002/HEM3.112.

YuZ,Zhang Z, Liu J, Wu X, Fan X, Pang J, Bao H, YinJ,Wu X, Shao Y, Liu Z, Liu F.
Identification of pathogenic germline variants in alarge Chinese lung cancer cohort by clinical
sequencing. Mol Oncol 2024;18(5):1301-1315.

Ceyhan-Birsoy O, Jayakumaran G, Kemel Y, MisyuraM, Aypar U, Jairam S, Yang C, Li Y,
MehtaN, Maio A, Arnold A, Salo-Mullen E, Sheehan M, Syed A, Walsh M, Carlo M, Robson
M, Offit K, Ladanyi M, Reis-Filho JS, Stadler ZK, Zhang L, Latham A, Zehir A, Mandelker
D. Diagnostic yield and clinical relevance of expanded genetic testing for cancer patients.
Genome Med 2022;14(1). doi:10.1186/S13073-022-01101-2.

Mohindroo C, Baydogan S, Agarwal P, Wright RD, Prakash LR, Mork ME, Klein AP, Laheru
DA, Maxwell JE, Katz MHG, Dasari A, Kim MP, He J, McAllister F, De Jesus-Acosta A.
Germline Tegting identifies Pathogenic/Likely Pathogenic Variantsin Patients with Pancreatic
Neuroendocrine Tumors. Cancer Prev Res (Phila) 2024. doi:10.1158/1940-6207.CAPR-23-
0483.

Riechelmann RP, Donadio MDS, de Jesus VHF, de Angelis de Carvalho N, Santiago KM,
Barros MJ, Lopes L, dos Santos GO, Formiga MN, Carraro DM, Torrezan GT. Germline
pathogenic variants in patients with early-onset neuroendocrine neoplasms. Endocr Relat
Cancer 2023;30(6). doi:10.1530/ERC-22-0258.

Perez K, Kulke MH, Chittenden A, Ukaegbu C, Astone K, Alexander H, BraisL, Zhang J,
GarciaJ, Esplin ED, Yang S, Da SilvaA, Nowak JA, Y urgelun MB, Garber J, Syngal S, Chan
J. Clinical Implications of Pathogenic Germline Variantsin Small Intestine Neuroendocrine
Tumors (SI-NETSs). JCO Precis Oncol 2021;5(5):808-816.

Pires C, Marques 1J, Saramago A, Moura MM, Pojo M, Cabrera R, Santos C, Rosario F, Lousa
D, Vicente JB, Bandeiras TM, Teixeira MR, Leite V, Cavaco BM. |dentification of novel
candidate predisposing genesin familial nonmedullary thyroid carcinomaimplicating DNA
damage repair pathways. Int J Cancer 2025;156(1). doi:10.1002/1JC.35159.

ZhaoY,YuT, SunJ, Wang F, Cheng C, He S, Chen L, Xie D, FuL, Guan X, Yan A, Li Y,
Miao G, Zhu X. Germ-line mutations in WDR77 predispose to familial papillary thyroid
cancer. Proc Natl Acad Sci U SA 2021;118(31). doi:10.1073/PNAS.2026327118/-
/IDCSUPPLEMENTAL.

Bengtsson D, Joost P, Aravidis C, Stenmark MA, Backman AS, Melin B, Von Salome J,
Zagoras T, Gebre-Medhin S, Burman P. Corticotroph Pituitary Carcinomain a Patient With
Lynch Syndrome (LS) and Pituitary Tumorsin aNationwide LS Cohort. J Clin Endocrinol
Metab 2017;102(11):3928-3932.

Loughrey PB, Baker G, Herron B, Cooke S, lacovazzo D, Lindsay JR, Korbonits M. Invasive
ACTH-producing pituitary gland neoplasm secondary to MSH2 mutation. Cancer Genet
2021;256-257:36-39.

Uraki S, Ariyasu H, Doi A, Furuta H, Nishi M, Sugano K, InoshitaN, Nakao N, Yamada S,
Akamizu T. Atypical pituitary adenoma with MEN1 somatic mutation associated with
abnormalities of DNA mismatch repair genes; MLH1 germline mutation and M SH6 somatic
mutation. Endocr J 2017;64(9):895-906.

Perosevic M, Martinez-Lage M, Swearingen B, Tritos NA. Recurrent Acromegaly in a Patient
With a CHEK 2 Mutation. AACE Clin Case Rep 2021;8(2):85-88.

24


https://doi.org/10.1101/2025.05.15.25327006

medRxiv preprint doi: https://doi.org/10.1101/2025.05.15.25327006; this version posted May 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755

50.

51

52.

53.

54,

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

All rights reserved. No reuse allowed without permission.

VadleraRD, Ding Y, Hatanpaa KJ, Bishop JA, Mirfakhraee S, Alli AA, Tevosian SG, Tabebi
M, Gimm O, Soderkvist P, Estrada-Zuniga C, Dahia PLM, Ghayee HK. Case report: Two
sisters with a germline CHEK?2 variant and distinct endocrine neoplasias. Front Endocrinol
(Lausanne) 2022;13. doi:10.3389/FEND0.2022.1024108/FULL.

De Sousa SMC, McCormack A, Orsmond A, Shen A, Y ates CJ, Clifton-Bligh R, Santoreneos
S, King J, Feng J, Toubia J, Torpy DJ, Scott HS. Increased Prevalence of Germline Pathogenic
CHEK2 Variantsin Individuals With Pituitary Adenomas. J Clin Endocrinol Metab
2024;109(11):2720-2728.

Alzahrani AS, Nafisah A Bin, Alswailem M, Alghamdi B, Alsaihati B, Aljafar H, Baz B,
Alhindi H, MoriaY, Butt M1, Alkabbani AG, Alshaikh OM, Alnassar A, Afeef A Bin,
AlQuraa R, Alsuhaibani R, Alhadlag O, Abothenain F, Altwaijry YA. Germline Variantsin
Sporadic Pituitary Adenomas. J Endocr Soc 2024;8(6). doi:10.1210/JENDSO/BV AEQ85.
Gaspar LM, Gongalves Cl, Nobre EL, Fonseca F, Amaral C, Duarte JS, Raimundo L, Saraiva
C, Cortez L, Marques O, Lemos MC. Germline genetic variants in young-onset sporadic
pituitary macroadenomas: A multigene panel analysis. J Clin Trand Endocrinol 2025:100389.
Stadler ZK, Maio A, Chakravarty D, Kemel Y, Sheehan M, Salo-Mullen E, Tkachuk K, Fong
CJ, Nguyen B, Erakky A, Cadoo K, Liu Y, Carlo MI, Latham A, Zhang H, Kundra R, Smith S,
Galle J, Aghgjanian C, Abu-Rustum N, Varghese A, O’'Reilly EM, Morris M, Abida W, Walsh
M, Drilon A, Jayakumaran G, Zehir A, Ladanyi M, Ceyhan-Birsoy O, Solit DB, Schultz N,
Berger MF, Mandelker D, Diaz LA, Offit K, Robson ME. Therapeutic Implications of
Germline Tegting in Patients With Advanced Cancers. J Clin Oncol 2021;39(24):2698-27009.
Jiang H, Lel R, Ding SW, Zhu S. Skewer: A fast and accurate adapter trimmer for next-
generation sequencing paired-end reads. BMC Bioinformatics 2014;15(1):1-12.

Wickham H. ggplot2. Cham: Springer International Publishing; 2016. doi:10.1007/978-3-319-
24277-4.

Team RDC. R: A Language and Environment for Statistical Computing. 2011.

Cheng J, Novati G, Pan J, Bycroft C, Zemgulyte A, Applebaum T, Pritzel A, Wong LH,
Zielinski M, Sargeant T, Schneider RG, Senior AW, Jumper J, Hassabis D, Kohli P, Avsec Z.
Accurate proteome-wide missense variant effect prediction with AlphaMissense. Science
(1979) 2023;381(6664).
doi:10.1126/SCIENCE.ADG7492/SUPPL_FILE/SCIENCE.ADG7492 DATA_S1 TO S$9.ZI
P.

Tordal H, Torres O, Csepi M, Padanyi R, Lukécs GL, Hegediis T. Analysis of AlphaMissense
datain different protein groups and structural context. Sci Data 2024;11(1).
doi:10.1038/$41597-024-03327-8.

Jaganathan K, Kyriazopoulou Panagiotopoulou S, McRae JF, Darbandi SF, KnowlesD, Li YI,
Kosmicki JA, Arbelaez J, Cui W, Schwartz GB, Chow ED, KanterakisE, Gao H, KiaA,
Batzoglou S, Sanders SJ, Farh KK-H. Predicting Splicing from Primary Sequence with Deep
Learning. Cell 2019;176(3):535-548.e24.

Plagnol V, Curtis J, Epstein M, Mok KY, Stebbings E, Grigoriadou S, Wood NW, Hambleton
S, Burns SO, Thrasher AJ, Kumararatne D, Doffinger R, Ngjentsev S. A robust model for read
count data in exome sequencing experiments and implications for copy number variant calling.
Bioinformatics 2012;28(21):2747-2754.

Zhou 'Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, Benner C, Chanda
SK. Metascape provides a biologist-oriented resource for the analysis of systems-level
datasets. Nat Commun 2019;10(1). doi:10.1038/S41467-019-09234-6.

Pifiero J, Bravo A, Queralt-Rosinach N, Gutiérrez-Sacristan A, Deu-Pons J, Centeno E,
Garcia-Garcia J, Sanz F, Furlong LI. DisGeNET: a comprehensive platform integrating
information on human disease-associated genes and variants. Nucleic Acids Res
2017;45(D1):D833-D839.

Rostomyan L, Daly AF, Petrossians P, Nachev E, LilaAR, Lecog A-L, Lecumberri B,
Trivellin G, Salvatori R, Moraitis AG, Holdaway |, Kranenburg - van Klaveren DJ, Chiara
Zatelli M, Palacios N, Nozieres C, Zacharin M, Ebeling T, Ojaniemi M, RozhinskayalL,
VerruaE, Jaffrain-ReaM-L, Filipponi S, Gusakova D, Pronin V, Bertherat J, Belaya Z,
llovayskaya |, Sahnoun-Fathallah M, Sievers C, Stalla GK, Castermans E, Caberg J-H,

25


https://doi.org/10.1101/2025.05.15.25327006

medRxiv preprint doi: https://doi.org/10.1101/2025.05.15.25327006; this version posted May 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
e
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

All rights reserved. No reuse allowed without permission.

Sorkina E, Auriemma RS, Mittal S, KarevaM, Lysy PA, Emy P, De Menis E, Choong CS,
Mantovani G, BoursV, De Herder W, Brue T, Barlier A, Neggers SICMM, Zacharieva S,
Chanson P, Shah NS, Stratakis CA, Naves LA, Beckers A. Clinical and genetic
characterization of pituitary gigantism: an international collaborative study in 208 patients.
Endocr Relat Cancer 2015;22(5):745-757.

Bettencourt-Silva R, Queir6s J, Pereira J, Carvalho D. Giant prolactinoma, germline BRCA1
mutation, and depression: a case report. J Med Case Rep 2018;12(1). doi:10.1186/S13256-
018-1890-X.

Lul, JnW, Wang LL. RECQ DNA Helicases and Osteosarcoma. Adv Exp Med Biol
2020;1258:37-54.

Paulo P, Maia S, Pinto C, Pinto P, Monteiro A, Peixoto A, Teixeira MR. Targeted next
generation sequencing identifies functionally deleterious germline mutations in novel genesin
early-onset/familial prostate cancer. PLoS Genet 2018;14(4).
doi:10.1371/JOURNAL.PGEN.1007355.

Fu K, Li Q, Wang J, Zhang M, Yan X, Li K, Song L, Zhong L, MaY, Chen J, Zeng J, Wang
D, Shao D, Zhu S, Yin R. Characteristics of germline DNA damage response gene mutations
in ovarian cancer in Southwest China. Sci Rep 2024;14(1). doi:10.1038/S41598-024-52707-Y .
Board PCGE. Birt-Hogg-Dubé Syndrome (PDQ®). 2021. Available at:
https://www.ncbi.nlm.nih.gov/books/NBK568510/. Accessed February 24, 2025.

Hofgedter R, Sanabria-Salas MC, Di Jang M, Ezzat S, Mete O, Kim RH. FLCN-Driven
Functional Adrenal Cortical Carcinomawith High Mitotic Tumor Grade: Extending the
Endocrine Manifestations of Birt-Hogg-Dubé Syndrome. Endocr Pathol 2023;34(2):257—-264.
van de Beek |, Glykofridis|E, Wagner A, den Toom DT, Bongers EMHF, van Leenders
GJLH, Johannesma PC, Meijers-Heijboer HEJ, Wolthuis RMF, van Steensel MAM, Dubbink
HJ, Houweling AC. Combined germline pathogenic variantsin FLCN and TP53 are associated
with early onset renal cell carcinomaand brain tumors. Mol Genet Genomic Med 2023;11(2).
doi:10.1002/MGG3.2098.

Paccosi E, Guzzon D, Proietti-De-Santis L. Genetic and epigenetic insights into Werner
Syndrome. Cytogenet Genome Res 2025:1-28.

Hurst ZA, Liyanarachchi S, Brock P, He H, Nabhan F, Veloski C, Toland AE, Ringel MD,
Jhiang SM. Presumed Pathogenic Germ Line and Somatic Variants in African American
Thyroid Cancer. Thyroid 2024;34(3):378-387.

Yehial, Niazi F, Ni Y, Ngeow J, Sankunny M, Liu Z, Wei W, Mester JL, Keri RA, Zhang B,
Eng C. Germline heterozygous variants in SEC23B are associated with cowden syndrome and
enriched in apparently sporadic thyroid cancer. Am J Hum Genet 2015;97(5):661-676.

Paller CJ, Tukachinsky H, Maertens A, Decker B, Sampson JR, Cheadle JP, Antonarakis ES.
Pan-Cancer Interrogation of MUTY H Variants Reveals Biallelic I nactivation and Defective
Base Excision Repair Across a Spectrum of Solid Tumors. JCO Precis Oncol
2024;8(8):€2300251.

Stiitz B, Korbonits M, Kothbauer K, Miller W, Fischli S. Identification of a TMEM127
variant in a patient with paraganglioma and acromegaly. Endocrinol Diabetes Metab Case Rep
2020;2020(1):1-5.

Mur P, Garcia-Mulero S, del Valle J, Magraner-Pardo L, Vidal A, Pineda M, Cinnirella G,
Martin-Ramos E, Pons T, Lopez-Doriga A, Belhadj S, Feliubada6 L, Munoz-Torres PM,
Navarro M, Grau E, Darder E, Llort G, Sanz J, Ramény Cgjal T, Balmana J, Brunet J, Moreno
V, Piulats M, Matias-Guiu X, Sanz-Pamplona R, Aligué R, Capella G, Lazaro C, ValleL.
Role of POLE and POLD1 in familial cancer. Geneticsin Medicine 2020;22(12):2089-2100.
Song H, Dicks E, Ramus SJ, Tyrer JP, Intermaggio MP, Hayward J, Edlund CK, Conti D,
Harrington P, Fraser L, Philpott S, Anderson C, Rosenthal A, Gentry-Maharaj A, Bowtell DD,
Alsop K, Cicek MS, Cunningham JM, Fridley BL, Alsop J, Jimenez-Linan M, Hagdall E,
Hagdall CK, Jensen A, Kjaer SK, Lubifiski J, Huzarski T, Jakubowska A, Gronwald J, Poblete
S, Lele S, Sucheston-Campbell L, Moysich KB, Odunsi K, Goode EL, Menon U, Jacobs 1,
Gayther SA, Pharoah PDP. Contribution of Germline Mutationsin the RAD51B, RAD51C,
and RAD51D Genesto Ovarian Cancer in the Population. J Clin Oncol 2015;33(26):2901—
2907.

26


https://doi.org/10.1101/2025.05.15.25327006

medRxiv preprint doi: https://doi.org/10.1101/2025.05.15.25327006; this version posted May 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

All rights reserved. No reuse allowed without permission.

Elsayed AM, Kittaneh M, Cebulla CM, Abdel-Rahman MH. An overview of BAP1 biological
functions and current therapeutics. Biochim Biophys Acta Rev Cancer 2025;1880(2).
doi:10.1016/J.BBCAN.2025.189267.

DeVoer RM, Geurts Van Kessel A, Weren RDA, Ligtenberg MJL, SmeetsD, Fu L, Vreede L,
Kamping EJ, Verwiel ETP, Hahn MM, Ariaans M, Spruijt L, Van Essen T, Houge G,
Schackert HK, Sheng JQ, Venselaar H, Van Ravenswaaij-Arts CMA, Van Krieken JHIM,
Hoogerbrugge N, Kuiper RP. Germline mutations in the spindle assembly checkpoint genes
BUB1 and BUB3 are risk factors for colorectal cancer. Gastroenterology 2013;145(3):544—
547.

Cohen BH, Chinnery PF, Copeland WC. POLG-Related Disorders. Neurology
2024;77(20):1847-1852.

QinN, Wang Z, Liu Q, Song N, Wilson CL, Ehrhardt MJ, Shelton K, Easton J, Mulder H,
Kennetz D, Edmonson MN, Rusch MC, Downing JR, Hudson MM, Nichols KE, Zhang J,
Robison LL, Yasui Y. Pathogenic Germline Mutations in DNA Repair Genes in Combination
With Cancer Treatment Exposures and Risk of Subsequent Neoplasms Among Long-Term
Survivors of Childhood Cancer. J Clin Oncol 2020;38(24):2728-2740.

Ofverholm 1, Lin Y, Mondini J, Hardingz J, Branstrom R, Tsagkozis P, WirtaV, Gellerbring
A, Lindberg J, Chellappa V, Mayrhofer M, Haglund C, Haglund de Flon F, Wallander K.
Prospective Screening of Cancer Syndromes in Patients with Mesenchymal Tumors. Cancers
(Basel) 2024;16(22). doi:10.3390/CANCERS16223816.

Maier C, Vesovic Z, Bachmann N, Herkommer K, Braun AK, Surowy HM, Assum G, Paiss T,
Vogel W. Germline mutations of the MSR1 gene in prostate cancer families from Germany.
Hum Mutat 2006;27(1):98-102.

Orloff M, Peterson C, He X, Ganapathi S, Heald B, Yang YR, Bebek G, Romigh T, Song JH,
Wu W, David S, Cheng Y, Meltzer SJ, Eng C. Germline mutationsin MSR1, ASCC1, and
CTHRCIL in patients with Barrett esophagus and esophageal adenocarcinoma. JAMA
2011;306(4):410-419.

Hansford S, Kaurah P, Li-Chang H, Woo M, Senz J, Pinheiro H, Schrader KA, Schaeffer DF,
Shumansky K, Zogopoulos G, Santos TA, Claro |, Carvalho J, Nielsen C, PadillaS, Lum A,
Talhouk A, Baker-Lange K, Richardson S, Lewis |, Lindor NM, Pennell E, MacMillan A,
Fernandez B, Keller G, Lynch H, Shah SP, Guilford P, Gallinger S, Corso G, Roviello F,
Caldas C, Oliveira C, Pharoah PDP, Huntsman DG. Hereditary diffuse gastric cancer
syndrome: CDH1 mutations and beyond. JAMA Oncol 2015;1(1):23-32.

Dworakowska D, Grossman AB. Are neuroendocrine tumours a feature of tuberous sclerosis?
A systematic review. Endocr Relat Cancer 2009;16(1):45-58.

Scatolini M, Grisanti S, Tomaiuolo P, Grosso E, Basile V, Cosentini D, Puglisi S, Lagana M,
Perotti P, Saba L, Rossini E, Palermo F, Sigala S, Volante M, Berruti A, Terzolo M. Germline
NGS targeted analysis in adult patients with sporadic adrenocortical carcinoma. Eur J Cancer
2024;205:114088.

Peverelli E, Ermetici F, Filopanti M, Elli FM, Ronchi CL, Mantovani G, Ferrero S, Bosari S,
Beck-Peccoz P, Lania A, Spada A. Analysis of genetic variants of phosphodiesterase 11A in
acromegalic patients. Eur J Endocrinol 2009;161(5):687—694.

LibéR, Fratticci A, Coste J, Tissier F, Horvath A, Ragazzon B, Rene-Corail F, Groussin L,
Bertagna X, Raffin-Sanson ML, Stratakis CA, Bertherat J. Phosphodiesterase 11A (PDE11A)
and genetic predisposition to adrenocortica tumors. Clinical Cancer Research
2008;14(12):4016-4024.

De Sousa SMC, McCabe MJ, Wu K, Roscioli T, Gayevskiy V, Brook K, Rawlings L, Scott
HS, Thompson TJ, Earls P, Gill AJ, Cowley MJ, Dinger ME, McCormack Al. Germline
variants in familial pituitary tumour syndrome genes are common in young patients and
families with additional endocrine tumours. Eur J Endocrinol 2017;176(5):635-644.
Chevalier B, Coppin L, Romanet P, Cuny T, Maiza J-C, Abeillon J, Forestier J, Walter T,
Gilly O, Le Bras M, Smati S, NunesML, Gedlot A, Grunenwald S, Mouly C, Arnault G,
Wagner K, Koumakis E, Cortet-Rudelli C, Merlen E, Jannin A, Espiard S, Morange |, Baudin
E, Cavaille M, Tauveron |, Teissier M-P, Borson-Chazot F, Mirebeau-Prunier D, Savagner F,
Pasmant E, Giraud S, Vantyghem M-C, Goudet P, Barlier A, Cardot-Bauters C, Odou MF.

27


https://doi.org/10.1101/2025.05.15.25327006

medRxiv preprint doi: https://doi.org/10.1101/2025.05.15.25327006; this version posted May 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

All rights reserved. No reuse allowed without permission.

Beyond MEN1, when to think about MEN4? Retrospective study on 5600 patientsin the
French population & literature review. J Clin Endocrinol Metab 2024.
doi:10.1210/CLINEM/DGAEOQ55.

Mougel G, Lagarde A, Albarel F, Essamet W, Luigi P, Mouly C, Vialon M, Cuny T, Castinetti
F, Saveanu A, Brue T, Barlier A, Romanet P. Germinal defects of SDHx genesin patients with
isolated pituitary adenoma. Eur J Endocrinol 2020;183(4):369-379.

Martinez de LaPiscinal, Portillo Najera N, Rical, Gaztambide S, Webb SM, Santos A, Moure
MD, Pgja Fano M, Hernandez M|, Chueca-Guindelain MJ, Hernandez-Ramirez LC, Soto A,
ValdésN, Cagario L. Clinical and genetic characteristicsin patients under 30 years with
sporadic pituitary adenomas. Eur J Endocrinol 2021;185(4):485-496.

Boukerrouni A, Cuny T, Anjou T, Raingeard |, Ferriére A, Grunenwald S, Maiiza JC,
Marquant E, Sahakian N, Fodil-Cherif S, Salle L, Niccoli P, Randrianaivo H, Sonnet E,
Chevalier N, Thuillier P, Vezzosi D, Reynaud R, Dufour H, Brue T, Tabarin A, Delemer B,
Kerlan V, Castinetti F, Barlier A, Romanet P. Genetic testing in prolactinomas: a cohort study.
Eur J Endocrinol 2023;189(6):567-574.

Senter L, Clendenning M, Sotamaa K, Hampel H, Green J, Potter JD, Lindblom A, Lagerstedt
K, Thibodeau SN, Lindor NM, Y oung J, Winship |, Dowty JG, White DM, Hopper JL,
Baglietto L, Jenkins MA, de la Chapelle A. The clinical phenotype of Lynch syndrome dueto
germline PM S2 mutations. Gastroenterology 2008;135(2):419.

Uraki S, Ariyasu H, Doi A, Furuta H, Nishi M, Sugano K, InoshitaN, Nakao N, Yamada S,
Akamizu T. Atypical pituitary adenoma with MEN1 somatic mutation associated with
abnormalities of DNA mismatch repair genes; MLH1 germline mutation and M SH6 somatic
mutation. Endocr J 2017;64(9):895-906.

Loughrey PB, Baker G, Herron B, Cooke S, lacovazzo D, Lindsay JR, Korbonits M. Invasive
ACTH-producing pituitary gland neoplasm secondary to M SH2 mutation. Cancer Genet
2021;256-257:36-39.

Beckers A, Petrossians P, Hanson J, Daly AF. The causes and consequences of pituitary
gigantism. Nat Rev Endocrinol 2018;14(12):705-720.

Esplin ED, Nielsen SM, Bristow SL, Garber JE, Hampel H, RanaHQ, Samadder NJ, Shore
ND, Nussbaum RL. Universal Germline Genetic Testing for Hereditary Cancer Syndromesin
Patients With Solid Tumor Cancer. JCO Precis Oncol 2022;(6). doi:10.1200/P0O.21.00516.
Samadder NJ, Riegert-Johnson D, Boardman L, Rhodes D, Wick M, Okuno S, Kunze KL,
Golafshar M, Uson PLS, Mountjoy L, Ertz-Archambault N, Patel N, Rodriguez EA, Lizaola-
Mayo B, Lehrer M, Thorpe CS, Yu NY, Esplin ED, Nussbaum RL, Sharp RR, Azevedo C,
Klint M, Hager M, MacKlin-Mantia S, Bryce AH, Bekaii-Saab TS, Sekulic A, Stewart AK.
Comparison of Universal Genetic Testing vs Guideline-Directed Targeted Testing for Patients
With Hereditary Cancer Syndrome. JAMA Oncol 2021;7(2):230-237.

Newey PJ, Newell-Price J. MEN1 Surveillance Guidelines: Timeto (Re)Think? J Endocr Soc
2022;6:1-5.

Schernthaner-Reiter MH, Trivellin G, Stratakis CA. MEN1, MEN4, and Carney Complex:
Pathology and Molecular Genetics. Neuroendocrinology 2016;103(1).
doi:10.1159/000371819.

Daly AF, Beckers A. The Epidemiology of Pituitary Adenomas. Endocrinol Metab Clin North
Am 2020;49(3):347-355.

Spada A, Vallar L. G-protein oncogenesin acromegaly. Horm Res 1992;38(1-2):90-93.
Spada A, Mantovani G, LaniaAG, Treppiedi D, Mangili F, Catalano R, Carosi G, SaaE,
Peverelli E. Pituitary Tumors: Genetic and Molecular Factors Underlying Pathogenesis and
Clinical Behavior. Neuroendocrinology 2022;112(1):15-33.

McCormack A, Dekkers OM, Petersenn S, Popovic V, Trouillas J, Raverot G, Burman P,
Harrison A, Hubalewska-Dydejezky A, Assie G, Bach L, Batisse-Lignier M, Berinder K,
Bilbao |, Bonnet F, Bresson D, Bruno O, CampderaM, Caron P, Cadtinetti F, Ceccato F,
Chabre O, Chanson P, Christ E, Cloix L, Cortet C, Criniere L, Cuatrecasas G, Debono M,
Delemer B, Desailloud R, Deutschbein T, Dusek T, Engstrom BE, Faustini-Fustini M, Franck
S, Garcia C, Greenman Y, Gil SM, Mantovani G, Gurnell M, Heaney A, Henley D, Higham C,
Hoving EW, Hoybye C, Ichihara A, Jaffrain-Rea ML, Johannsson G, Jorgensen JOL, Jublanc

28


https://doi.org/10.1101/2025.05.15.25327006

medRxiv preprint doi: https://doi.org/10.1101/2025.05.15.25327006; this version posted May 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

All rights reserved. No reuse allowed without permission.

C, Komor J, Korbonits M, Kralievic |, Larrieu-Ciron D, LasolleH, Laws E, LosaM, Maiter D,
Marcocci C, Marques OC, Mazzuco TL, Micko A, Bourcigaux N, Neggers S, Newell-Price J,
Perez-Berida B, Ortiz LD, Ragnarsson O, Ragonese M, Reincke M, Sadoul JL, Shimatsu A,
Syro L V., Taillandier L, Toth M, Usui T, Valkusz Z, Vila G, Whitelaw B, Zatelli MC.
Treatment of aggressive pituitary tumours and carcinomas: Results of a European Society of
Endocrinology (ESE) survey 2016. Eur J Endocrinol 2018;178(3):265-276.

Burman P, Trouillas J, LosaM, McCormack A, Petersenn S, Popovic V, Theodoropoulou M,
Raverot G, Dekkers OM, Guenego A, Micko A, Hubalewska-Dydejezky A, Troendle A,
McCormack A, Rasmussen AK, Whitelaw B, Decoudier B, Ekman B, Engstrém BE, Hoybye
C, Jublanc C, Rudelli CC, Higham C, Garcia C, Bresson D, Henley D, Larrieu-Ciron D,
Maiter D, Laws ER, Christ E, Kuhn E, Ceccato F, Schillo F, Castinetti F, Raverot G,
Mantovani G, VilaG, Lasolle H, Garay IB, Kralievic |, Jorgensen JOL, Berinder K, Ritzel K,
Bach L, Ortiz LD, Criniere L, Syro L, Haissaguerre M, Losa M, Zatelli MC, Batisse-Lignier
M, Jaffrain-Rea ML, Korbonits M, Ragonese M, Reincke M, Toth M, Bourcigaux N,
Chevalier N, Ragnarsson O, Chanson P, Burman P, Pekic S, Petersenn S, Mallea-Gil S, Usui
T, Deutschbein TLMT, Dusek T, Feldt-Rasmussen U, Popovic V, Greenman Y. Aggressive
pituitary tumours and carcinomas, characteristics and management of 171 patients. Eur J
Endocrinol 2022;187(4):593-605.

Trouillas J, Burman P, LosaM, McCormack A, Petersenn S, Popovic V, Theodoropoulou M,
Dekkers OM, Raverot G. Initial pathology in aggressive pituitary tumours and carcinomas: 2b
or not 2b?-that is the question. Eur J Endocrinol 2023;188(4). doi:10.1093/ejendo/lvad042.
Raverot G, Burman P, McCormack A, Heaney A, Petersenn S, Popovic V, Trouillas J,
Dekkers OM. European society of endocrinology clinical practice guidelinesfor the
management of aggressive pituitary tumours and carcinomas. Eur J Endocrinol
2018;178(1):G1-G24.

Casar-Borota O, Boldt H, Engstrom B, Andersen MS, Baussart B, Bengtsson D, Berinder K,
Ekman B, Feldt-Rasmussen U, HOybye C, Jargensen JOL, Kolnes AJ, Korbonits M,
Rasmussen AK, Lindsay JR, Loughrey PB, Maiter D, Manojlovic-Gacic E, Pahnke J, Poliani
PL, Popovic V, Ragnarsson O, Schalin-Jantti C, Scheie D, T6th M, Villa C, Wirenfeldt M,
Kunicki J, Burman P. Corticotroph Aggressive Pituitary Tumors and Carcinomas Frequently
Harbor ATRX Mutations. J Clin Endocrinol Metab 2021;106(4):1183-1194.

Uzilov A V., Taik P, Cheesman KC, Javanmard P, Ying K, Roehnelt A, Wang H, Fink MY,
Lau CY, Moe AS, Villar J, Bederson JB, Stewart AF, Donovan MJ, Mahgjan M, Sebra R, Post
KD, Chen R, Geer EB. USP8 and TP53 Drivers are Associated with CNV in a Corticotroph
Adenoma Cohort Enriched for Aggressive Tumors. Journal of Clinical Endocrinology and
Metabolism 2021;106(3):826—842.

Sumislawski P, Rotermund R, Klose S, Lautenbach A, Wefers AK, Soltwedd C, Mohammadi
B, Jacobsen F, Mawrin C, Flitsch J, Saeger W. ACTH-secreting pituitary carcinoma with
TP53, NF1, ATRX and PTEN mutations Case report and review of the literature. Endocrine
2022;76(1):228-236.

Lasolle H, Vasiljevic A, Jouanneau E, Ilie MD, Raverot G. Aggressive corticotroph tumors
and carcinomas. J Neuroendocrinol 2022;34(8). doi:10.1111/jne.13169.

Raghu ALB, Everson MC, Held A, Kiyofuji S, Clarke MJ, Link MJ. Delayed Craniospina
Metagtasis of Aggressive Nonfunctioning Pituitary Adenomas as Pituitary Carcinomas. J
Neurol Surg B Skull Base 2021;83(Suppl 2):e253.

Mete O, Wenig BM. Update from the 5th Edition of the World Health Organization
Classification of Head and Neck Tumors: Overview of the 2022 WHO Classification of Head
and Neck Neuroendocrine Neoplasms. Head Neck Pathol 2022;16(1):123-142.

Ho K, Fleseriu M, Kaiser U, Salvatori R, Brue T, Lopes MB, Kunz P, Molitch M, Camper SA,
GadelhaM, Syro L V, Laws E, Reincke M, Nishioka H, Grossman A, Barkan A, Casanueva F,
Wass J, Mamelak A, Katznelson L, van der Lely AJ, Radovick S, Bidlingmaier M,
Boguszewski M, Bollerdev J, Hoffman AR, Oyesiku N, Raverot G, Ben-Shlomo A, Fowkes
R, Shimon I, Fukuoka H, Pereira AM, Greenman Y, Heaney AP, Gurnell M, Johannsson G,
Osamura RY, Buchfelder M, Zatelli MC, Korbonits M, Chanson P, Biermasz N, Clemmons
DR, Karavitaki N, Bronstein MD, Trainer P, Melmed S. Pituitary Neoplasm Nomenclature

29


https://doi.org/10.1101/2025.05.15.25327006

medRxiv preprint doi: https://doi.org/10.1101/2025.05.15.25327006; this version posted May 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

976 Workshop: Does Adenoma Stand the Test of Time? J Endocr Soc 2021;5(3).
977 doi:10.1210/JENDSO/BV AA205).
978

30


https://doi.org/10.1101/2025.05.15.25327006

-logl0(P)

WP4946: DNA repair pathways full network
G0:0032007: negative regulation of TOR signaling
GO:0000278: mitotic cell cycle

hsa04714: Thermogenesis

Meoplastic Syndromes, Hereditary
Cafe au lait spots, multiple

hearing impairment

Kidney Neoplasm

Somatic mutation

Hereditary Paraganglioma-Phecchromocytoma Syndrome
Breast Cancer, Familial

Lipoma

hypopigmented skin patch

Weight decreased

Hypogonadism

Multiple Endocrine Neoplasia Type 1
Paraganglioma

Hereditary Malignant Neoplasm
Won Hippel-Lindau Syndrome
Palpitations, CTCAE

Elevated urinary epinephrine
Episodic paroxysmal anxiety
Myelodysplasia, CTCAE

Capillary hemangioma of retina

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
-log1o(P)


https://doi.org/10.1101/2025.05.15.25327006

