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Background: Between 2017-2021, as a national reference center for rare endocrine diseases, 

and full member of ENDO-ERN (Endocrine Reference Network) and the co-chair of the 

Endocrine Genetic Tumor Syndromes Main Thematic group we collected and maintained the 

Hungarian database of patients presenting with these symptoms. Adrenal gland and tumors 

arising from both adrenal cortex and medulla are part of these syndromes. Their genetic 

background is heterogeneous and multiple genes involved in their development and 

pathogenesis. This grant significantly helped in development, validation and introducing into 

clinical practice next generation sequencing (NGS) based comprehensive mutation screening 

methods. These methods allowed us to perform these genetic analysis cost efficiently and 

resulted in identification of mutation carriers, as well as novel genotype-phenotype 

associations. During the last 4 years we analyzed over 1000 patients with clinical diagnosis of 

one of these syndromes. Of them, approx. 20% carried germline pathogenic or likely pathogenic 

variants which clarified the clinical diagnosis and helped to provide them the most accurate 

therapy. Beside the clinical usefulness, several basic science results were obtained and novel 

prognostic and therapeutical targets came into our vision. Our detailed results are summarized 

by our original objectives.    

Objective 1: Comprehensive mutation screening of genes involved in molecular genetics 

of adrenal adenoma (CYP21A2, TP53, ARMC5, KCNJ5, PRKAR1A, GNAS, PDE11A, GR) 

We developed and successfully validated the ADRENALSEQ panel (covering 25 genes - 

ARMC5, ATP1A1, ATP2B3, CACNA1D, CACNA1H, CYP11A1, CYP11B1, CYP11B2, 

CYP17A1, CYP21A2, NR0B1 (DAX1), GNAS, HSD3B2, KCNJ5, MC2R, MRAP, NR3C1, 

NR3C2, NR5A1, PDE11A, POR, PRKAR1A, SRY, STAR, TP53) implicated in adrenal tumor 

pathogenesis. We tested 396 samples.  

Of these, we identified 14 patients carrying pathogenic TP53 mutations, one with STAR, one 

CACNA1D, one PTEN (Tömböl et al) and one SF1 gene carrier. We identified the first case 

with ARMC5 mutation (Hella et al.). Several novel genotype-phenotype associations were 

revealed. Of these, two unique families were further studied. One patient having bilateral 

periadrenal mass, further confirmed as PEComa (Perivascular epithelioid cell tumors) carried 

two PTCH1 mutations (Igaz P et al). Another case with PEComa carried a novel splice TP53 

mutation. Further functional studies proved the pathogenicity of this variant. We plan two 

manuscripts about the TP53 mutations in hereditary cancer cases and about the novel 

phenotype. The novel findings have been presented at national conferences and one manuscript 

containing the PTCH1 cases is under revision in Journal of Molecular Genetics). Regarding the 

CYP21A2 several methodological developments have been developed in order to achieve the 

most accurate technique. The similarity between the real CYP21A2 gene and its pseudogene, 

CYP21A1 makes that the PCR based methods result in diagnostic inconsistency. Therefore, 

long range PCR with copy number analysis and haplotyping are needed for the diagnostic 

workflow (Doleschall et al.-2017). Our methods have been updated and presented and national 

meeting and one manuscript is under review, Doleschall et al. 2021; Csitary et al.).  



 

Objective 2: Developing a targeted resequencing panel for comprehensive mutation 

screening of genes involved in molecular genetics of 

pheochromocytomas/paragangliomas-Pheo/PGL (RET, VHL, SDHA, SDHB, SDHC, 

SDHD, SDHAF2, TMEM127, MAX, MDH2, MEN1, EGLN1) 

Similarly to genetic study described above, for Pheo/PGL studies we used our ENDOGENE 

panel. version 2. Totally 284 samples were analysed. Important novel findings (unusual 

genotype-phenotype associations ie. carotid paraganglioma with VHL mutation) were revealed. 

A manuscript has been published in Frontiers in Genetics about an ultra rare association of 

BRCA1 and RET mutations (Sarkadi et al. 2017). We collected and reevaluated all cases 

harboring MEN1 gene mutation. The Hungarian MEN1 database revealed novel genotype-

phenotype associations, the most important that neuroendocrine tumors in young individuals 

represent a major genetic risk for this syndrome. Our paper was published in Endocrine 

(Kovesdi et al.). The complex analytical validation of our method and bioinformatical workflow 

was published in Cancers (Sarkadi et al. 2021). This study serves as a starting point for 

accreditation of our method in routine molecular genetic analysis of patients with Pheo/PGL. 

Based our results some neighboring countries (Serbia, Romania) through ERN Network asked 

as to test their patients. Related to this topic we actively participated and participate in several 

international collaborations. Of these collaborations high impact publications were published 

(Larsen et al, 2020; Castinetti et al 2019; Krauss et al. 2019; Neumann et al. 2018, Bausch et 

al. 2017). 

Objective 3. Role of sequence variants of the mitochondrial genome in adrenal 

tumorigenesis 

The sequence variants of mitochondrial genome have been tested with a commercially available 

MitoSeq NGS panel. We used for method development pituitary tumor tissues. Our results were 

included in one manuscript which was published in Journal of Endocrinological Investigations 

(Nemeth et al. 2019.).  

Objective 4a: Functional consequences of genetic alterations on gene expression levels in 

different types of adrenal tumors using transcriptome sequencing of RNA isolated from 

tumor tissues. 

For this specific aim we started to select cases for our MEN1 database. Of these cases several 

had adrenal adenoma along with pancreatic neuroendocrine (PANNET) tumors. The main cause 

od mortality in this clinical entity is linked to PANNET we decided to analyze first these cases. 

MicroRNAs are small noncoding RNA molecules whom expression is tissue specific. 

Therefore, we hypothesized that PANNET may contain microRNAs which are related to 

MEN1. We systematically evaluated the MEN1 targeting microRNAs and their expression 

were studied in PANNET tumors. We successfully identified MEN1-related microRNAs, and, 

in addition we demonstrated their prognostic role in neuroendocrine pancreatic neoplasm. Our 

paper was published in European Journal of Endocrinology (6).  

Based on these results we aimed to further pursue this topic in other cases with various 

neuroendocrine tumors. The serum Chromogranin A is the only widely used serum biomarker 

for diagnosis and for prognosis of these cases. However, its diagnostic accuracy is dependent 

on histology and its sensitivity and specificity are around 60-85%. We hypothesized that 

circulating microRNA together with CgA would serve as a novel biomarker in metastatic 



pancreatic neuroendocrine tumors. We identified a set of microRNAs which along with 

chromogranin Am increased the diagnostic sensitivity of CgA (7). This study was a pilot study 

demonstrating that for other clinical conditions tissue-specific microRNAs may be useful 

markers both is differential diagnosis and for prognosis. 

There are some still ongoing studies. In H295R adrenocortical cells we developed a three 

dimensional modelling condition (see later). We compared the biological properties of 2D, 3D 

and xenographs of H295R cells in basal condition and after mitotane treatment. Total RNA was 

isolated and transcriptome sequencing was performed. Our results demonstrated that the 3D 

model is more relevant for assessment of the biological processes than than the 2D models. 

Based on the transcriptomics data a novel potentially therapeutical target came into our sight. 

To demonstrate that indeed this molecule would be a novel drug for adrenocortical cancer 

several novel experiments have been started. As I expect later this year or early next year we 

will able to submit a new manuscript containing these data. 

 

Objective 4b: In vitro functional studies in PC12 rat pheochromocytoma cell line for 

evaluation the oncometabolite role of succinate 

Subunits of succinate dehydrogenase genes (SDHx) are genetic factors for malignant 

pheo/PGL. As we shown in Objective 2, several patients carry mutations in one of SDH genes. 

Of these, the malignant potential is associated with SDHB mutations. Our aim was to decipher 

the consequences of inhibition of succinate dehydrogenase enzyme in various cell lines (PC12, 

HeLa, H295R) in order to identify the molecular mechanism leading to malignant phenotype 

associated with SDHB mutation. Itaconic acid, atpenin and siRNA against SDHB inhibitions 

were performed, intracellular metabolites were measured by HPLC tandem mass spectrometry. 

We confirmed that itaconic acid inhibits SDH enzyme and resulted in a more viable PC12 cells 

compared to HeLa or H295R cells. Glutamine was identified as the main source for metabolism 

input in this cell line. Based on these in vitro results we performed an immunhistochemistry 

analysis of SDHB and glutaminolysis type 1 in pheochromocytoma/paraganglioma tissues. 

Malignant behavior of these tumours associated with GLS1 immunopositivity. Manuscript, 

containing these data has been published in Cancers (Basel) (Sarkadi et al. 2020).  

In addition, based on our expertise in mitochondrial energetics a strong collaboration with 

Eotvos Lorand University has been established. Together with Vellai-Takacs Krisztina we 

evaluated the biological and biochemical features of C elegans model containing deletion od 

Sdhb genes. Important findings have been identified and even in this worm the pseudohypoxia 

mechanism was demonstrated associating with Sdhb malfunction. Importantly, other  

mechanisms including fertility and developmental issues were also revealed. One important 

manuscript (Saskoi et al) has been published in Dis Mech Models). 

 

Objective 5: Developing a fast, cheap high pressure liquid chromatography (HPLC) 

tandem mass spectrometry assay for analysis of whole genome DNA methylation status 

Several attempts were carried out for parallel determination of the 5-hydroxymethylcytosine 

(5hmC) 5-methylcytosine (5mC), and cytosine from DNA samples isolated either from tumor 

tissues or blood using our HPLC-MSMS system. We used pituitary tumor DNA and it turned 

out that the decreased demethylation was found in samples with higher proliferation index. 



Behind this results we systematically evaluated the expression of DNMT and TET enzymes 

and treatment of pituitary tumor cells with decitabine (demethylase inhibitor) was carried out. 

Our results showed that stabilizing methylation would be beneficial in growth of pituitary 

adenoma cells. Our manuscript was published in the Journal of Clinical Endocrinology and 

Metabolism (Szabo B, JCEM).  

As I mentioned under Objective 4a, we performed transcriptome sequencing of 2D, 3D and 

xenograft models developed from H295R cells. In addition, we evaluated and finally developed 

cell biological methods for 3D growing pituitary and adrenal cells (Krokker et al. POR and 

abstract). We use these models for further studies, including one in pituitary neuroendocrine 

tumors and one in PC12 cells. 

Summary 

This proposal was completed according to the original research plan. Based on results obtained 

during this 4-year period, several other potential new hypothesizes and projects were further 

evaluated leading to important findings and prestigious publications. To date, 26 publications 

(IF: 110,07) were published related to the topics of this grant. Of these, 9 directly linked to this 

particular grant and the Acknowledgement sections of these publications contain the reference 

of this grant. The cumulative impact factor of these publication is: 44,09. Three manuscripts 

(one about CYP21A2 analysis, one about the PTCH1 mutations in PEcoma and one about the 

Wnt signaling in hypercortisolism are already under revision). Of course the main results of 

this grant helped us in initiation of other studies and helped us in maintaining national and 

international collaborations. The most important collaboration is part of the Endocrine Rare 

Disease Network (ENDO ERN). In this network myself is the co-chair of the Endocrine tumor 

syndromes Main Thematic Group. Another important national collaborations has been 

established with Krisztian Takacs-Vellai group in developing C elegans Sdh deficient animal 

model. Our findings have direct clinical relevance, already some of our NGS-based sequencing 

methods have been introduced into every day clinical practice, allowing us to test more patients 

at lower cost. The diagnostic yield in this patient group is above 20% further highlighting the 

importance of molecular genetic testing. We would like again to thank the Office Ministry for 

Innovation and Technology for this support. 

Publications 
 

Objective 1: 

1. Hella Z és mtsai: ACTH independens hypercortisolismust okozó macronodularis mellékvese 

hyperplasia ARMC5 génmutáció következtében Magyar Endokrinológiai és Anyagcsere 

Kongresszus 2021.08.26.-28, Eger) 

2. Tömböl Zs: Cowden-szindróma esete vizsgált Magyar Endokrinológiai és Anyagcsere 

Kongresszus 2021.08.26.-28, Eger) 

3. Igaz P és mtsai: Szomatikus és csírasejtes PTCH1 mutációk a Gorlin-Goltz szindróma egy új 

fenotípusában Magyar Humángenetikai és genomikai társaság XIII. kongresszusa,  Szeged 

2021.09.02-04) 

4. Igaz P et all: Surprising genetic and pathological findings in a patient with giant bilateral 

periadrenal tumors: PEComas and mutations of PTCH1 in Gorlin-Goltz syndrome (under 

review, Journal of Medical Genetics- jmedgenet-2021-108082. 

5. Doleschall M és mtsai. Fejlett genetikai diagnosztika alkalmazása veleszületett mellékvese 

hiperpláziában (Magyar Endokrinológiai és Anyagcsere Kongresszus 2021.08.26.-28, Eger)- 

előadás 



6. Csitári G és mtsai: 21-hioxiláz hiányos mellékvese hyperplásiás betegek fertilitással összefüggő 

klinikai paramétereinek vizsgálata. (Magyar Endokrinológiai és Anyagcsere Kongresszus 

2021.08.26.-28, Eger)- poszter 

7. Doleschall M et al. Quantitative PCR from human genomic DNA: the determination of gene 

copy numbers for CAH and RCCX CNV (under submission 2021) 

 

Objective 2 
8. Sarkadi B, Baghy K, Sápi Z, Nyirő G, Likó I, Patócs A. Germline BRCA1 Mutation Detected 

in a Multiple Endocrine Neoplasia Type 2 Case With RET Codon 634 Mutation. Front Genet. 

2019 Jun 11;10:544. doi: 10.3389/fgene.2019.00544 

9. Kövesdi A, Tóth M, Butz H, Szücs N, Sármán B, Pusztai P, Tőke J, Reismann P, Fáklya M, 

Tóth G, Somogyi A, Borka K, Erdei A, Nagy EV, Deák V, Valkusz Z, Igaz P, Patócs A, 

Grolmusz VK. True MEN1 or phenocopy? Evidence for geno-phenotypic correlations in MEN1 

syndrome. Endocrine. 2019 Aug;65(2):451-459. doi: 10.1007/s12020-019-01932-x. Epub 

2019 May 1. PMID: 31044390 

10. Sarkadi, B. ; Liko, I. ; Nyiro, G. ; Igaz, P. ; Butz, H. ; Patocs, A: Analytical performance of ngs-

based molecular genetic tests used in the diagnostic workflow of 

pheochromocytoma/paraganglioma, CANCERS 13 : 16 Paper: 4219 , 22 p, 2021 

11. Larsen LV, Mirebeau-Prunier D, Imai T, Alvarez-Escola C, Hasse-Lazar K, Censi S, 

Castroneves LA, Sakurai A, Kihara M, Horiuchi K, Barbu VD, Borson-Chazot F, Gimenez-

Roqueplo AP, Pigny P, Pinson S, Wohllk N, Eng C, Aydogan BI, Saranath D, Dvorakova S, 

Castinetti F, Patocs A, Bergant D, Links TP, Peczkowska M, Hoff AO, Mian C, Dwight T, 

Jarzab B, Neumann HPH, Robledo M, Uchino S, Barlier A, Godballe C, Mathiesen JS.: Primary 

hyperparathyroidism as first manifestation in multiple endocrine neoplasia type 2A: an 

international multicenter study, Endocr Connect. 2020 Jun;9(6):489-497. doi: 10.1530/EC-20-

0163., 2021 

12. Castinetti F, Waguespack SG, Machens A, Uchino S, Hasse-Lazar K, Sanso G, Else T, 

Dvorakova S, Qi XP, Elisei R, Maia AL, Glod J, Lourenço DM Jr, Valdes N, Mathiesen J, 

Wohllk N, Bandgar TR, Drui D, Korbonits M, Druce MR, Brain C, Kurzawinski T, Patocs A, 

Bugalho MJ, Lacroix A, Caron P, Fainstein-Day P, Borson Chazot F, Klein M, Links TP, Letizia 

C, Fugazzola L, Chabre O, Canu L, Cohen R, Tabarin A, Spehar Uroic A, Maiter D, Laboureau 

S, Mian C, Peczkowska M, Sebag F, Brue T, Mirebeau-Prunier D, Leclerc L, Bausch B, 

Berdelou A, Sukurai A, Vlcek P, Krajewska J, Barontini M, Vaz Ferreira Vargas C, Valerio L, 

Ceolin L, Akshintala S, Hoff A, Godballe C, Jarzab B, Jimenez C, Eng C, Imai T, Schlumberger 

M, Grubbs E, Dralle H, Neumann HP, Baudin E.: Natural history, treatment, and long-term 

follow up of patients with multiple endocrine neoplasia type 2B: an international, multicentre, 

retrospective study., Lancet Diabetes Endocrinol. 2019 Mar;7(3):213-220. doi: 

10.1016/S2213-8587(18)30336-X, 2019 

13. Neumann HP, Young WF Jr, Krauss T, Bayley JP, Schiavi F, Opocher G, Boedeker CC, Tirosh 

A, Castinetti F, Ruf J, Beltsevich D, Walz M, Groeben HT, von Dobschuetz E, Gimm O, Wohllk 

N, Pfeifer M, Lourenço DM Jr, Peczkowska M, Patocs A, Ngeow J, Makay Ö, Shah NS, 

Tischler A, Leijon H, Pennelli G, Villar Gómez de Las Heras K, Links TP, Bausch B, Eng C: 65 

YEARS OF THE DOUBLE HELIX: Genetics informs precision practice in the diagnosis and 

management of pheochromocytoma., Endocr Relat Cancer. 2018 Aug;25(8):T201-T219. doi: 

10.1530/ERC-18-0085., 2018 

14. Krauss T, Ferrara AM, Links TP, Wellner U, Bancos I, Kvachenyuk A, Villar Gómez de Las 

Heras K, Yukina MY, Petrov R, Bullivant G, von Duecker L, Jadhav S, Ploeckinger U, Welin 

S, Schalin-Jäntti C, Gimm O, Pfeifer M, Ngeow J, Hasse-Lazar K, Sansó G, Qi X, Ugurlu MU, 

Diaz RE, Wohllk N, Peczkowska M, Aberle J, Lourenço DM Jr, Pereira MAA, Fragoso MCBV, 

Hoff AO, Almeida MQ, Violante AHD, Quidute ARP, Zhang Z, Recasens M, Díaz LR, 

Kunavisarut T, Wannachalee T, Sirinvaravong S, Jonasch E, Grozinsky-Glasberg S, Fraenkel 

M, Beltsevich D, Egorov VI, Bausch D, Schott M, Tiling N, Pennelli G, Zschiedrich S, Därr R, 

Ruf J, Denecke T, Link KH, Zovato S, von Dobschuetz E, Yaremchuk S, Amthauer H, Makay 

Ö, Patocs A, Walz MK, Huber TB, Seufert J, Hellman P, Kim RH, Kuchinskaya E, Schiavi F, 

Malinoc A, Reisch N, Jarzab B, Barontini M, Januszewicz A, Shah N, Young WF Jr, Opocher 



G, Eng C, Neumann HPH, Bausch B.: Preventive medicine of von Hippel-Lindau disease-

associated pancreatic neuroendocrine tumors., Endocr Relat Cancer. 2018 Sep;25(9):783-793. 

doi: 10.1530/ERC-18-0100, 2018 

15. Bausch B, Schiavi F, Ni Y, Welander J, Patocs A, Ngeow J, Wellner U, Malinoc A, Taschin E, 

Barbon G, Lanza V, Söderkvist P, Stenman A, Larsson C, Svahn F, Chen JL, Marquard J, 

Fraenkel M, Walter MA, Peczkowska M, Prejbisz A, Jarzab B, Hasse-Lazar K, Petersenn S, 

Moeller LC, Meyer A, Reisch N, Trupka A, Brase C, Galiano M, Preuss SF, Kwok P, Lendvai 

N, Berisha G, Makay Ö, Boedeker CC, Weryha G, Racz K, Januszewicz A, Walz MK, Gimm 

O, Opocher G, Eng C, Neumann HPH; European-American-Asian Pheochromocytoma-

Paraganglioma Registry Study Group.: Clinical Characterization of the Pheochromocytoma and 

Paraganglioma Susceptibility Genes SDHA, TMEM127, MAX, and SDHAF2 for Gene-

Informed Prevention., JAMA Oncol. 2017 Sep 1;3(9):1204-1212. doi: 

10.1001/jamaoncol.2017.0223., 2017 

 

Objective 3: 

16. Németh K, Darvasi O, Likó I, Szücs N, Czirják S, Reiniger L, Szabó B, Kurucz PA, Krokker L, 

Igaz P, Patócs A, Butz H. Next-generation sequencing identifies novel mitochondrial variants 

in pituitary adenomas. J Endocrinol Invest. 2019 Aug; 42(8):931-940. doi: 10.1007/s40618-

019-1005-6. PMID: 3068424 

 

Objective 4a 
17. Grolmusz VK, Kövesdi A, Borka K, Igaz P, Patocs A. Prognostic relevance of proliferation-

related miRNAs in pancreatic neuroendocrine neoplasms. Eur J Endocrinol. 2018 Jul 13. pii: 

EJE-18-0305. doi: 10.1530/EJE-18-0305 PMID: 30006373. eCollection 2019.PMID: 31263477 

18. Kövesdi A, Kurucz PA, Nyírő G, Darvasi O, Patócs A, Butz H. Circulating miRNA Increases 

the Diagnostic Accuracy of Chromogranin A in Metastatic Pancreatic Neuroendocrine Tumors. 

Cancers (Basel). 2020 Sep 2;12(9):E2488. doi: 10.3390/cancers12092488. PMID: 32887459 

 

Objective 4b 

 

19. Sarkadi B, Meszaros K, Krencz I, Canu L, Krokker L, Zakarias S, Barna G, Sebestyen A, Papay 

J, Hujber Z, Butz H, Darvasi O, Igaz P, Doczi J, Luconi M, Chinopoulos C, Patocs A. 

Glutaminases as a Novel Target for SDHB-Associated Pheochromocytomas /Paragangliomas. 

Cancers (Basel). 2020 Mar 5;12(3):599. doi: 10.3390/cancers 12030599. PMID: 32150977 

20. Saskői É, Hujber Z, Nyírő G, Likó I, Mátyási B, Petővári G, Mészáros K, Kovács AL, Patthy L, 
Supekar S, Fan H, Sváb G, Tretter L, Sarkar A, Nazir A, Sebestyén A, Patócs A, Mehta A, Takács-
Vellai K.: The SDHB Arg230His mutation causing familial paraganglioma alters glycolysis in a 
new Caenorhabditis elegans model., Dis Model Mech. 2020 Oct 15;13(10):dmm044925. doi: 
10.1242/dmm.044925, 2020 

 

Objective 5 

21. Szabó B, Németh K, Mészáros K, Szücs N, Czirják S, Reiniger L, Rajnai H, Krencz I, Karászi 

K, Krokker L, Patócs A, Butz H. Demethylation Status of Somatic DNA Extracted From 

Pituitary Neuroendocrine Tumors Indicates Proliferative Behavior. J Clin Endocrinol Metab. 

2020 Jun 1;105(6):dgaa156. doi: 10.1210/clinem/dgaa156. PMID: 32232382 

22. Krokker, L. ; Szabó, B.* ; Németh, K. ; Tóháti, R. ; Sarkadi, B. ; Mészáros, K. ; Patócs, A. ; Butz, 
H: Three Dimensional Cell Culturing for Modeling Adrenal and Pituitary Tumors, PATHOLOGY 
AND ONCOLOGY RESEARCH 27 Paper: 640676 , 10 p, 2021 

23. Krokker L. és mtsai: A neuroendokrin daganatok háromdimenziós in vitro modellezése Magyar 

Endokrinológiai és Anyagcsere Kongresszus 2021.08.26.-28, Eger)- poszter 

24. Decmann Á és mtsai: Tömegspektrometriás szérum szteroidhormon vizsgálatok 

mellékvesekéreg-carcinomás betegekben Magyar Endokrinológiai és Anyagcsere Kongresszus 

2021.08.26.-28, Eger) 


