
Impact of genetic background and molecular
mechanisms on Prader-Willi syndrome phenotype

Galvano, Patrick Michael

Master's thesis / Diplomski rad

2020

Degree Grantor / Ustanova koja je dodijelila akademski / stručni stupanj: University of 
Zagreb, School of Medicine / Sveučilište u Zagrebu, Medicinski fakultet

Permanent link / Trajna poveznica: https://urn.nsk.hr/urn:nbn:hr:105:512794

Rights / Prava: In copyright / Zaštićeno autorskim pravom.

Download date / Datum preuzimanja: 2024-04-18

Repository / Repozitorij:

Dr Med - University of Zagreb School of Medicine 
Digital Repository

https://urn.nsk.hr/urn:nbn:hr:105:512794
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.mef.unizg.hr
https://repozitorij.mef.unizg.hr
https://zir.nsk.hr/islandora/object/mef:3728
https://repozitorij.unizg.hr/islandora/object/mef:3728
https://dabar.srce.hr/islandora/object/mef:3728


	
	
	

	

 

UNIVERSITY OF ZAGREB  

SCHOOL OF MEDICINE 

 

 

Patrick M. Galvano 

 

 

 

Impact of Genetic Background and Molecular 
Mechanisms on Prader-Willi Syndrome 

Phenotype 

 

 

 

Graduate thesis 

 
Zagreb, 2020. 



	
	
	

	

 

 

 This graduate thesis was made at the Department of Paediatrics,  

Rebro, University Hospital Centre, Zagreb, Croatia, 

mentored by Doc. dr. sc. Mario Ćuk, and was submitted for evaluation in the academic year 

2019/2020. 

Mentor: Doc. dr. sc. Mario Ćuk 



	
	
	

	

Abbreviation 

ASD   Autism Spectrum Disorder 

DMR   Differentially Methylated Regions 

FISH   Fluorescence in situ hybridization  

GH   Growth Hormone 

lncRNA  Long Non-Coding RNA  

MS-HRM  Methylation-Sensitive High-Resolution Melting 

MS-MLPA Methylation Specific Multiplex Ligation-Dependent Probe 

Amplification 

MS-PCR  Methylation Specific Polymerase Chain Reaction 

mUPD   Maternal Uniparental Disomy 

PWS   Prader-Willi Syndrome 

SNP   Small Nucleotide Polymorphisms 

snoRNA  Small Nucleolar RNAs  
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1.0 Abstract 

Title: Impact of Genetic Background and Molecular Mechanisms on Prader-Willi Syndrome 

Phenotype. 

Author: Patrick M. Galvano 

Prader-Willi syndrome (PWS) is a complex disorder with a vast variable clinical 

presentation, resulting from the loss of paternally inherited genes on chromosome 15q11-q13. 

The loss of expression of one or more genes located within the PWS critical region results in 

the various phenotypes. PWS can occur via three different distinct genetic mechanisms 

including paternal deletion of the 15q11-q13, maternal uniparental disomy (mUPD), or 

imprinting defects. Although there are some clinical symptoms that are shared among PWS 

patients, the overall complexity of the syndrome results in unique clinical presentations, 

emphasizing the importance of genetic diagnosis and counseling, where individual based 

therapy can be implemented. DNA methylation status was first confirmed, followed by the 

identification of one of the three molecular mechanisms. Individuals who suffered from 

paternal deletions shared common symptoms like low birth weight, lower IQ, 

hypopigmentation and maladaptive behaviours. The type of PWS deletion (type I or II) also 

impacts the clinical presentation, with type I patients having a more severe presentation and 

acquiring speech later than those with type II. Individuals with mUPD tend to present with 

lower birth length, various sleep disorders, psychosis and Autism Spectrum Disorder (ASD). 

In addition, the average maternal age in the mUDP patients was higher than those with 

deletions. No single gene mutation has been shown to contribute to PWS or related to any 

exclusive symptoms. Although some genes like MKRN3, MAGEL2, NDN do not address the 

full spectrum of symptoms, others have noted that SNORD116 located within the SNURF-

SNRPN complex has become a critical candidate for PWS due to its role in growth 

retardation and neuroendocrine disturbances leading to hyperphagia and obesity. The broad 

spectrum of PWS observed in patients and the absence of a clear genotype-phenotype 

relationship, implies that various genes involved, have an intensified effect on the various 

phenotypes when lost.      

Keywords: Prader-Willi syndrome, Genotype, Phenotype, Maternal uniparental disomy 

 



	
	
	

	

2.0 Sažetak 

Naslov: Utjecaj Genotipa I Molekularnih Mehanizama Na Fenotip Prader-Willijevog 

Sindroma 

Autor: Patrick M. Galvano 

Prader-Willijev sindrom (PWS) je složen poremećaj s promjenjivom kliničkom slikom, koji 

nastaje kao posljedica gubitka funkcije očevih gena na kromosomu 15q11-q13. Gubitak 

ekspresije jednog ili više gena smještenih unutar PWS kritične regije rezultira rpojavom 

različitih fenotipova. PWS se može pojaviti putem tri različita genetska mehanizma, 

uključujući deleciju očevih gena u određenoj regiji kromosoma 15q11-q13, majčinsku 

uniparentalnu disomiju (mUPD) ili defekt genomskog upisa. Iako postoje neki klinički 

simptomi koji su jednaki među pacijentima sa PWS-om ukupna složenost sindroma rezultira 

jedinstvenom kliničkom slikom naglašavajući važnost genetske dijagnoze i savjetovanja, 

nakon kojih se može provesti individualna terapija. Prvo se potvrđuje status metilacije DNA, 

a zatim slijedi identifikacija jednog od tri molekularna mehanizma. Pojedinci koji pate od 

delecije DNA oca dijele uobičajene simptome poput niske tjelesne težine, nižeg IQ-a, 

hipopigmentacije i neprilagođenog ponašanja. Tip delecije (tip I ili II) također utječe na 

kliničku prezentaciju, gdje pacijenti s tipom I imaju jače izraženu kliničku sliku i kasnije 

usvajaju govor od onih s tipom II. Pojedinci s mUPD-om pretežito imaju manju porođajnu 

dužinu, razne poremećaje spavanja, psihozu i poremećaje iz spektra autizma (ASD). 

Prosječna dob majke u mUDP bolesnika je viša od one s deletacijama. Dokazano je da 

nijedna specifična mutacija ne uzrokuje PWS ili je povezana s bilo kojim isključivim 

simptomima. Iako se neki geni poput MKRN3, MAGEL2, NDN ne bave čitavim spektrom 

simptoma, primjećeno da je SNORD116 smješten u kompleksu SNURF-SNRPN postao 

kritični kandidat za PWS zbog njegove uloge u usporavanju rasta i poremećaja 

neuroendokrinog poremećaja koji dovode do hiperfagije i pretilosti. Široki spektar simptoma 

koji se nalazi u PWS-u i odsutnost jasnog odnosa genotip-fenotip podrazumijeva da različiti 

geni, kada nisu izraženi, imaju akumulativni učinak na različite fenotipove. 

 

Ključne riječi: Prader-Willijev sindrom, Genotip, Fenotip, Majčinska uniparentalna disomija    
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3.0 Introduction 
 

Prader-Willi Syndrome (PWS) is a relatively rare (~1/10 000-30 000) complex 

genetic condition which has the potential to involve a variety of different systems within the 

human body.1 The PWS critical region, 15q11-q13, located on chromosome 15 is 

monoallelically expressed exclusively through paternally inherited genes. The loss of 

expression of one or more of these genes contributes to the variety of phenotypes one can 

expect in a patient with PWS.2 The absence of gene expression occurs through a variety of 

different mechanisms, further increasing the variability of the phenotypic outcome. Due to 

the complexity and variability of the inheritance patterns and the variety of genes that may be 

affected, the outcome of the disorder needs to be examined on an individual basis.  

Clinical manifestations vary from patient to patient and become apparent at different 

stages of life.3 Prenatally, the growth parameters of the fetus are usually within the normal 

range. However, compared to unaffected siblings, the birth weight and BMI is 15% lower on 

average. Hypotonia may also occur during this time, presenting as decreased fetal movements 

and abnormal fetal position.4,5  

During infancy, severe hypotonia is a clinical hallmark of PWS, leading to failure to 

thrive as a result of lethargy and poor sucking.6 By 9 months of age, these eating behaviours 

begin to normalize, and the hypotonic status starts to improve. However, some hypotonia 

persists throughout life and thus results in reduced muscle mass and tone. Also, during this 

period, characteristic behavioural problems are common, such as stubbornness, 

compulsiveness, and self-injurious behaviour.7  

 

Social and physical milestones such as reading, first words, sitting and walking are 

delayed by up to double the normal age. Many children have mild learning difficulties, 

intellectual disability and display poor academic performance.8 Another common feature in 
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this syndrome is sleep apnea which results in impaired quality of sleep. Sleep disturbances 

such as this are frequently associated with daytime sleepiness and sedentary behaviour.9 

During childhood, individuals suffer from severe obesity, unless food intake is strictly 

controlled by the family. Hyperphagia and obsessive food seeking is due to hypothalamic 

dysfunction, resulting in a lack of satiety.10 Individuals with an uncontrolled condition 

usually suffer from cardiovascular problems, respiratory insufficiency, metabolic syndrome, 

sleep apnea and diabetes mellitus type 2.11 These complications are the major causes of 

morbidity and mortality among these individuals, ranging from 1.25-3% per year.12 

The most affected system in PWS is the endocrine system, likely due to hypothalamic 

dysfunction. The presence of growth hormone (GH) deficiency (74%) is associated with short 

stature and small hands and feet.13 Other endocrine manifestations include hypogonadism 

among both sexes and is expressed as hypogenitalism, incomplete pubertal development and 

infertility in most individuals.14 Other endocrine disturbances include hypothyroidism (20-

30%), central adrenal insufficiency (5%) and type 2 diabetes mellitus (25%) due to obesity 

complications.15,16  

Due to the vast variety of clinical symptoms an individual with PWS can expect, it is 

important to identify the mechanism of inheritance and the specific gene(s) affected in order 

to help anticipate and target the expected clinical presentation as early as possible. 
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Figure 1. Chromosome 15 ideogram and locations of breakpoints (BP1, BP2 and BP3) and 

imprinted and nonimprinted genes between the breakpoints in the 15q11.2-q13.1 region.17  

 

4.0 Molecular mechanisms and diagnostics related to Prader-Willi 

Syndrome  

There are three distinct genetic mechanisms in which PWS may develop in an 

individual. Each mechanism is due to a common genetic discrepancy that eliminates the 
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expression of the imprinted paternal genes.18 Majority of PWS patients (65-75%) present 

with a 5- 6 Mb paternal deletion within the 15q11-q13 region. In 95% of patients with a 

paternal deletion, two major types have been defined.19,20 Type 1 patients are described to 

have breakpoints BP1 (proximal) and BP3 (distal), while those of type II patients have a 

different proximal breakpoint (BP2) while sharing the same distal breakpoint, BP3, as type 1 

patients. (Figure 1) In the remaining 5%, different distal breakpoints have been identified, 

however, not much is known. For approximately 20-30% of cases, maternal uniparental 

disomy (mUPD) occurs.17 This transpires when both copies of chromosome 15 are inherited 

from the mother, resulting in the absence of paternal genes. Imprinting defects account for 1-

3% of PWS cases and are caused by epimutations or microdeletions in the PWS imprinting 

center.21  

The complexity of the molecular and clinical aspects of PWS emphasizes the 

importance of genetic diagnosis and counseling, in order to provide effective and efficient 

individual-based therapy. DNA methylation analysis can correctly diagnosis PWS 

consistently in all three assays and differentiate it from Angelman syndrome in 99% of 

cases.2 Currently there are three different assays with this detection capacity: the gold 

standard is methylation-specific PCR (MS-PCR), methylation specific multiplex ligation-

dependent probe amplification (MS-MLPA) and methylation-sensitive high-resolution 

melting (MS-HRM).22,23 This targets the 5' CpG island of the SNURF-SNRPN locus, central 

to the PWS imprinting center, and results in the detection of the unmethylated paternal allele 

being expressed and the methylated maternal allele being repressed.24  

Once the methylation status is confirmed, distinguishing between the molecular  

mechanisms are important for genetic counseling. Risk of recurrence for sporadic deletions is 

very low (<1%), however, cases involving structural abnormalities (for example translocation 

or inversion) involving chromosome 15 can be as high as 25-50%. Fluorescence in situ 
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hybridization (FISH) is used in order to detect the source of the deletion.25,26 mUPD is 

generally de novo with a recurrence rate of <1%. However, the patient and parents should 

undergo investigations by small nucleotide polymorphisms (SNP) microarray for appropriate 

genetic counseling.27 Most imprinting defects are caused by epimutations without alterations 

in the DNA sequence and have <1% recurrence risk. Unfortunately, 15% of individuals with 

imprinting defects express paternally inherited microdeletions within the PWS imprinting 

center, resulting in a significant 50% recurrence risk. These individuals should undergo 

imprinting center analysis by MS-MLPA or DNA sequencing in order to locate the origin of 

the defect.28 

 

5.0 Genotype-phenotype relationships in Prader-Willi Syndrome 

5.1 Comparison of clinical presentation among PWS deletion patients 

with different major subtypes 

The genetic changes found in patients with PWS are not associated with exclusive 

symptoms. Nevertheless, there has been great effort to show the differences in frequency and 

severity in the clinical presentation across the various mechanisms of inheritance (deletion, 

mUPD, imprinting errors). All individuals who suffered from paternal deletions experienced 

a classical phenotypic presentation including hypotonia, feeding disorders, developmental 

delay and learning disorders.18 However, as shown by Butler et al., the type of deletion (type 

I or II), also impacts the clinical presentation. It was found that individuals with a type 1 

deletions had a more severe presentation when compared to type II individuals. These 

patients demonstrate greater self-injurious behaviour, deficit in adaptive skills, obsessive 

compulsive behaviour and learning difficulties. It is also worth mentioning that, patients with 
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type I deletions, tend to acquire speech later than those with type II (4.3years old vs 3.4 years 

old).29 

When comparing the two major types of deletions (I vs II), four genes (NIPA1, 

NIPA2, CYF1P1 and GCP5) have been identified between the proximal breakpoints BP1 and 

BP2.30 Although all four genes appeared to contribute to some degree, NIPA2 seemed to 

have the most significant impact.31 Bittle et al. demonstrated that NIPA1, NIPA2 and 

CYF1P1 may influence the behavioural and cognitive parameters, as well as, play an 

important role in central nervous system development and function.32  

 

5.2 Comparison of clinical presentation among various mechanisms of 

inheritance  

For comparison, patients were classified as either deleted or non-deleted. Individuals 

with deletions were more likely to experience low birth weight, feeding difficulties, sleeping 

disturbances, hypogonadism and speech and language deficits when compared to non-deleted 

individuals.33 Spritz et al. illustrated that deleted patients are more likely to experience 

hypopigmentation due to the loss of P gene, which is associated with OCA2, the most 

frequent form of tyrosinase-positive oculocutaneous albinism.34 Individuals with UPD were 

31.6 times more likely to have a higher verbal IQ than their performance IQ when compared 

with those with UPD.35 

 Controlling for the higher IQ in non-deleted patients, Dykens et al. verified that 

deleted patients showed significantly higher cases of maladaptive behaviour in the form of 

obsessive-compulsive behaviour, skin picking, nail biting, sulking and withdrawing.36 

Individuals with deletions presented at a higher frequency with seizures than those non-

deleted patients.18 It has been proposed that the increased prevalence of seizures in deleted 

individuals is due to the loss of seizure related genes (such as GABRB3) in the region. 
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Deleted patients were also more prone to febrile seizures, suggesting defects in the 

thermoregulatory centre.37 

Numerous other characteristics are more prevalent in mUPD patients, a group of 

individuals associated with advanced maternal age. These individuals are more likely to 

experience a lower birth length, sleeping disorders, psychosis and autism spectrum 

disorder.29,36,38 Williams et al. reported that all mUPD patients in the study had some form of 

sleep disordered breathing (SDB), however, the type and severity of SDB was not predicable 

based on the underlying genetic defect. Sleep disorders observed varied from obstructive 

sleep apnea, abnormal arousal, insomnia, abnormal circadian rhythm during REM sleep and 

excessive daytime sleepiness.39 Boer et al. hypothesized that psychosis and autism spectrum 

disorder may be related to the inheritance of two maternal copies. Novel differentially 

methylated regions (DMR) have been identified within the PWS critical region, involving an 

increased expression of maternally imprinted genes. These genes have receptors for the 

brains primary inhibitory neurotransmitter which may be involved in the development of 

psychosis in mUPD individuals.40 Varela et al. reported a higher verbal IQ, milder 

behavioural disturbances, earlier age of walking, less likely to develop characteristic facial 

features and hypopigmentation when compared to deleted patients. 

 

Table 1. Prevalent clinical symptoms in PWS patients with deletions and mUPD.  

Individuals with deletions Individuals with mUPD 
Low birth weight Lower birth length 
Feeding difficulties Sleep disorders 
Speech and language deficit – Lower IQ Psychosis 
Hypogonadism Autism Spectrum Disorder (ASD) 
Hypopigmentation  
Maladaptive behaviours   
Seizures  
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5.3 Comparison of clinical presentation among various gene 

disturbances within the PWS critical region 

No single gene mutation has been shown to contribute to PWS. Each gene within the 

PWS critical region is independently examined in order to demonstrate the clinical phenotype 

related to the syndrome. The Makorin Ring Finger Protein 3 (MKRN3) gene is paternally 

expressed throughout adult human tissue with highest concentration in the testis. MKRN3 is 

associated with the hindrance of the initiation of puberty, and loss of function mutations of 

the gene have been reported as the main cause of central precocious puberty.41 Several 

authors demonstrated the association between the MKRN3 gene and puberty dysfunction 

through the use of experimental mice models. This signified a possible role in the 

hypothalamic-pituitary-gonadal axis potentially leading to the clinical presentation of 

hypogonadism and infertility in PWS.42,43 

The clinical presentation one can expect from the loss of expression of MAGEL2 

gene has been shown to cause endocrine dysfunction, similar to individuals with PWS. 

Bischof et al. displayed this presentation as neonatal growth retardation, weight gain, increase 

adiposity, impaired hypothalamic regulation and changes to the circadian rhythm.44 

Commonly observed among children with PWS is hyperphagia, a condition connected with a 

defect in the hypothalamic-arcuate nucleus. This is the major action site for many interactions 

between neuropeptide Y (NPY), agouti-related peptide (AgRP), proopiomelanocortin 

(POMC) and leptin, in response to regulating food intake and managing body weight.45 A 

loss of MAGEL2 expression disrupts leptin-mediated depolarization of POMC neurons, 

resulting in minimal repression of food intake and uncontrolled fat storage. Varela et al. 

reported loss of MAGEL2 gene also impairs reproductive function in mice, through 

prolonged and irregular estrous cycles in females and decreased testosterone levels in males 
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suggesting some contribution to the reproductive deficiencies observed in some patients with 

PWS.46 

The Necdin (NDN) gene is highly expressed in mature hypothalamic neurons and has 

been proposed to be a key regulator of GnRH levels, modifying essential intracellular 

processes.47 Loss of NDN expression, results in a decrease number of GnRH neurons leading 

to complications in hypothalamus during development, which may contribute to the 

hypogonadism and infertility seen in PWS.48 Through experimental studies, it was observed 

that NDN paternal-deficient mice were associated with changes in serotonin and respiratory 

systems, presenting as irregular breathing and sleep apnea, which are features displayed in 

PWS. Zanella et al. demonstrated the importance of the NDN gene, when compared to NDN-

KO mice, where they suffered sudden death, due to respiratory disorders, proposing that 

NDN may be a genetic factor contributing to respiratory dysfunctions and apneas in PWS.49  

Kanber et al. discovered a few patients with abnormal deletions related to PWS. The 

first patient has a deletion of MKRN3, MAGEL2 and NDN however, experienced no major 

criteria for PWS except for obesity, developmental delay and high pain threshold. Patient 2 

and 3 had a deletion accompanying several other genes (NPAP1, SNRUF-SNRPN and 

SNORD genes) but not reaching MKRN3, MAGEL2 and NDN and presented with major 

clinical signs.50 The study suggested that the paternal deficiency of these three genes alone 

was not sufficient to cause PWS presentation and proposed NPAP1, SNURF-SNRPN and the 

SNORD genes are located within the critical region of PWS.   

 The critical region of PWS contains a series of long non-coding RNAs (lncRNAs), 

which can potentially to be involved in epigenetic modifications of DNA and the regulation 

of gene expression.51 Prader-Willi Region Non-Protein Coding RNA 1 (PWRN1) is the first 

lncRNA in the PWS critical region and was found to be an alternative 5’ part of the SNURF-

SNRPN.52 The Nuclear Pore Associated Protein 1 (NPAP1) is an intronless gene that is 
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monoallelically expressed in the fetal brain, including the hypothalamus, possibly explaining 

for various endocrine disturbances individuals with PWS experience.53  NPAP1 is associated 

with the Nuclear Pore Complex (NPC), where the main function is to regulate the transport of 

macromolecules between the nucleus and cytoplasm. There are also some nuclear processes 

in which the NPC is involved with, including gene regulation, cell cycle control and the 

generation mRNA.54 However, due to the lack of gene orthology in mice, the exact role of 

PWRN1 and NPAP1 in the development of PWS is still unclear. 

 The Small Nuclear Ribocleoprotien Polypeptide N (SNRPN) gene is located within 

the critical region of PWS and is essential for its regulatory role over the imprinted gene 

within chromosome 15.55 The SNRPN Upsteam Reading Frame (SNURF) gene is encoded 

by an evolutionarily conserved upstream open reading frame and found within the nucleus. 

Together SNURF-SNRPN is a complex bicistronic gene, encoding for two different proteins 

while containing the PWS imprinting centre at its 5’ end. SNURF produces a small nuclear 

protein of unknown function while the SNRPN segment encodes for SmN, involved in 

mRNA splicing. It also holds six Small Nucleolar RNA (snoRNA) genes located 

telomerically and will be discussed individually.56  

 The series of snoRNAs located within the SNURF-SNRPN complex are thought to 

participate in DNA methylation, alternative splicing and post-transcriptional regulation.57 

There are five single copy genes (SNORD64, SNORD107, SNORD108, SNORD109A and 

SNORD109B) located within the PWS region and two gene clusters (SNORD115 and 

SNORD116). The present understanding of the single copy snoRNAs is limited however, 

some advancements in the understanding of the snoRNA gene clusters have been made. 

These sequences are conserved across placental mammals, suggesting having an evolutionary 

role58. Ding et al. demonstrated the importance of the SNORD116 cluster and PWS 

phenotype through an experimental study on mice. They reported the snord116 knockout 
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mice displayed typical PWS features such growth retardation, and hyperphagia due to the 

important role of controlling NYP neuronal functions and ultimately food consumption.59 

Burnett et al. also discovered that mice deficient in SNORD116, also had decreased activity 

of the prohormone convertase, impairing the prohormone processing of proinsulin, pro-GH-

releasing hormone and proghrelin contributing to the main neuroendocrine features in PWS.60 

Currently, SNORD116 has emerged as a critical candidate for PWS not only because it is 

located within the PWS critical region, but also because paternal deletions of the previously 

discussed genes, do not address the full clinical presentation of PWS.  

The imprinted in Prader-Willi Syndrome (IPW) gene is expressed among both fetal 

and adult tissues, exclusively from the paternal allele. It was proposed that the lack of IPW 

gene causes abnormal upregulation of maternally expressed genes, which was supported by 

clinical reports of mUPD patients presenting with a typical clinical presentation including: 

neonatal hypotonia, small hands and feet, hyperphagia and intellectual disability.61 

SNORD115 gene presents a complementary sequence with the mRNA encoding the 

serotonin receptor 5-HT2C.57 Ding et al. demonstrated that large deletions including 

SNORD115 developed normally to adulthood, implying that the lack of SNORD115 alone, is 

not sufficient to cause PWS.62 Nonogaki et al. preformed an experimental study which 

described serotonin knockout mice to have developed hyperphagia and late onset obesity, two 

major PWS phenotypes. This shows that when absent along with other genes in the PWS 

critical region, the patient cannot be excluded for PWS.63  

 
6.0 Conclusion 

 
Imprinting disorders like PWS, are complex processes produced through the lack of 

expression of paternally inherited genes on chromosome 15. PWS varies on an individual 

basis due to the numerous clinical presentations and various systems involved, including 
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neurological, endocrine and metabolic. These variants are possible due to multiple methods 

of inheriting the syndrome and numerous genes involved. The mechanisms of inheritance 

(deletion, mUPD and imprinting defects) were compared and the prevalence of symptoms 

were determined for each. Also, the PWS critical region contains many genes involved in the 

disorder, however, no single gene mutation has been shown to produce PWS. For these 

reasons, it is important to identify the method of inheritance and genes involved with each 

patient, in order to identify the potential clinical presentation, one may expect and develop a 

therapeutic plan and/or genetic counselling for the different levels of severity.       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
	
	

13	

7.0 Acknowledgments 

I would like to express my deepest sense of gratitude to Dr. Mario Ćuk for 

continuously encouraging me and providing me with the opportunity to complete this project. 

He has been nothing short of what a physician, mentor and colleague should be. Over the last 

couple years, I have been lucky enough to be able to observe and work alongside such a 

diligent and compassionate hard worker, which I can only aspire to be like in the future. 

 I would like to illustrate my deepest appreciation and love to my family. To my 

parents Bernadette and Pat Galvano, without your constant love and support, none of this 

would not have been possible. Words cannot express the thanks I would love to show you 

two. I have been fortunate enough to be blessed with two loving parents who would literally 

give the shirt off their backs for their children. I would like to believe that your strength, 

work ethic, support and unconditional love has molded me into the person and doctor that 

stands here today.    

 

 

 

 

 

 

 

 



	
	
	

14	

8.0 References 
 
1 Driscoll DJ, Miller JL, Schwartz S, Cassidy SB (1998 [Updated 2017]) Prader-Willi 

Syndrome. In: Adam MP, Ardinger HH, Pagon RA, et al., editors. GeneReviews  

2 Costa RA, Ferreira IR, Cintra HA, Gomes LHF, Guida LDC (2019) Genotype-Phenotype 

Relationships and Endocrine Findings in Prader-Willi Syndrome. Front 

3 Gunay-Aygun M, Schwartz S, Heeger S, O'Riordan MA, Cassidy SB (2001) The changing 

purpose of Prader-Willi syndrome clinical diagnostic criteria and proposed revised 

criteria. Pediatrics 108(5):E92. 

4 Miller JL, Lynn CH, Driscoll DC, Goldstone AP, Gold JA, Kimonis V, Dykens E, Butler 

MG, Shuster JJ, Driscoll DJ (2011) Nutritional phases in Prader-Willi syndrome. Am J Med 

Genet A 155A(5):1040‐1049. 

5 Butler MG, Sturich J, Myers SE, Gold JA, Kimonis V, Driscoll DJ (2009) Is gestation in 

Prader-Willi syndrome affected by the genetic subtype? J Assist Reprod Genet 26(8):461‐

466.  

6 Cassidy SB, Driscoll DJ (2009) Prader-Willi syndrome. Eur J Hum Genet 17(1):3‐13. 

7 Richer LP, Shevell MI, Miller SP (2001) Diagnostic profile of neonatal hypotonia: an 11-

year study. Pediatr Neurol 25(1):32‐37. 

8 Whittington J, Holland A, Webb T, Butler J, Clarke D, Boer H (2004) Academic 

underachievement by people with Prader-Willi syndrome. Journal of intellectual disability 

research: JIDR 48:188-200.  

9 Gillett ES, Perez IA (2016) Disorders of Sleep and Ventilatory Control in Prader-Willi 

Syndrome. Diseases 4(3):23.  



	
	
	

15	

10 Crinò A, Fintini D, Bocchini S, Grugni G (2018) Obesity management in Prader-Willi 

syndrome: current perspectives. Diabetes Metab Syndr Obes 11:579‐593. 

11 Butler JV, Whittington JE, Holland AJ, Boer H, Clarke D, Webb T (2002) Prevalence of, 

and risk factors for, physical ill-health in people with Prader-Willi syndrome: a population-

based study. Dev Med Child Neurol 44(4):248‐255.  

12 Whittington JE, Holland AJ, Webb T (2015) Ageing in people with Prader-Willi syndrome: 

mortality in the UK population cohort and morbidity in an older sample of adults. Psychol 

Med 45(3):615‐621.  

13 Tauber M, Diene G, Molinas C (2018) Growth Hormone Treatment for Prader-Willi 

Syndrome. Pediatr Endocrinol Rev 16(Suppl 1):91‐99.  

14 Crinò A, Schiaffini R, Ciampalini P, Spera S, Beccaria L, Benzi F, Bosio L, Corrias A, 

Gargantini L, Salvatoni A, Tonini G, Trifirò G, Livieri C (2003) Hypogonadism and pubertal 

development in Prader-Willi syndrome. Eur J Pediatr 162(5):327‐333.  

15 Beauloye V, Dhondt K, Buysse W, Nyakasane A, Zech F, De Schepper J, Van Aken S, De 

Waele K, Craen M, Gies I, Francois I, Beckers D, Desloovere A, Francois G, Cools M 

(2015) Evaluation of the hypothalamic-pituitary-adrenal axis and its relationship with central 

respiratory dysfunction in children with Prader-Willi syndrome. Orphanet J Rare Dis 10:106.  

16 Grugni G, Beccaria L, Corrias A, Crinò A, Cappa M, De Medici C, Di Candia S, 

Gargantini L, Ragusa L, Salvatoni A, Sartorio A, Spera S, Andrulli S, Chiumello G, Mussa A 

(2013) Central adrenal insufficiency in young adults with Prader-Willi syndrome. Clin 

Endocrinol (Oxf) 79(3):371‐378.  

17 Angulo MA, Butler MG, Cataletto ME (2015) Prader-Willi syndrome: a review of clinical, 

genetic, and endocrine findings. J Endocrinol Invest 38(12):1249‐1263.  



	
	
	

16	

18 Varela MC, Kok F, Setian N, Kim CA, Koiffmann CP (2005) Impact of molecular 

mechanisms, including deletion size, on Prader-Willi syndrome phenotype: study of 75 

patients. Clin Genet 67(1):47‐52. 

19 Christian SL, Robinson WP, Huang B, Mutirangura A, Line MR, Nakao M, Surti U, 

Chakravarti A, Ledbetter DH (1995) Molecular characterization of two proximal deletion 

breakpoint regions in both Prader-Willi and Angelman syndrome patients. Am J Hum Genet 

57(1):40‐48. 

20 Amos-Landgraf JM, Ji Y, Gottlieb W, Depinet T, Wandstrat AE, Cassidy SB, Driscoll DJ, 

Rogan PK, Schwartz S, Nicholls RD (1999) Chromosome breakage in the Prader-Willi and 

Angelman syndromes involves recombination between large, transcribed repeats at proximal 

and distal breakpoints. Am J Hum Genet 65(2):370‐386.  

21 Buiting K (2010) Prader-Willi syndrome and Angelman syndrome. Am J Med Genet C 

Semin Med Genet 154C(3):365‐376. 

22 Kosaki K, McGinniss MJ, Veraksa AN, McGinnis WJ, Jones KL (1997) Prader‐Willi and 

Angelman syndromes: Diagnosis with a bisulfite‐treated methylation‐specific PCR method. 

Am J Med Genet 73: 308-313.  

23 Botezatu A, Puiu M, Cucu N, Diaconu CC, Badiu C, Arsene C, Lancu LV, Plesa A, Anton 

G (2016) Comparative molecular approaches in Prader-Willi syndrome diagnosis. Gene 

575(2 Pt 1):353‐358.  

24 Ferreira IR, Darleans Dos Santos Cunha W, Gomes LHF, Cintra HA, Fronseca LLCG, 

Bastos EF, Llerena JC, Meira de Vasconcelos ZF (2019) A rapid and accurate methylation-

sensitive high-resolution melting analysis assay for the diagnosis of Prader Willi and 

Angelman patients. Mol Genet Genomic Med 7(6):e637. 



	
	
	

17	

25 Hawkey CJ, Smithies A (1976) The Prader-Willi syndrome with a 15/15 translocation. 

Case report and review of the literature. J Med Genet 13(2):152‐157.  

26 Robinson WP, Dutly F, Nicholls RD, Bernasconi F, Penaherrera M, Michaelis RC, 

Abeliovich D, Schinzel AA (1998) The mechanisms involved in formation of deletions and 

duplications of 15q11-q13. J Med Genet 35(2):130‐136.  

27 Santoro SL, Hashimoto S, McKinney A, Mosher TM, Pyatt R, Reshmi SC, Astbury C, 

Hickey SE (2017) Assessing the Clinical Utility of SNP Microarray for Prader-Willi 

Syndrome due to Uniparental Disomy. Cytogenet Genome Res 152(2):105‐109.  

28 Ohta T, Gray TA, Rogan PK, Buiting K, Gabriel JM, Saitoh S, Muralidhar B, Bilienska B, 

Krajewska-Walasek M, Driscoll DJ, Horsthemke B, Butler MG, Nicholls RD (1999) 

Imprinting-mutation mechanisms in Prader-Willi syndrome. Am J Hum Genet 64(2):397‐413. 

29 Hartley SL, Maclean WE Jr, Butler MG, Zarcone J, Thompson T (2005) Maladaptive 

behaviors and risk factors among the genetic subtypes of Prader-Willi syndrome. Am J Med 

Genet A 136(2):140‐145. 

30 Chai JH, Locke DP, Greally JM, Knoll JHM, Ohta T, Dunai J, Yavor A, Eichler EE, 

Nicholls RD (2003) Identification of four highly conserved genes between breakpoint 

hotspots BP1 and BP2 of the Prader-Willi/Angelman syndromes deletion region that have 

undergone evolutionary transposition mediated by flanking duplicons. Am J Hum Genet 

73(4):898‐925. 

31 Rainier S, Chai JH, Tokarz D, Nicholls RD, Fink JK (2003) NIPA1 gene mutations cause 

autosomal dominant hereditary spastic paraplegia (SPG6). Am J Hum Genet 73(4):967‐971. 

32 Bittel DC, Butler MG (2005) Prader-Willi syndrome: clinical genetics, cytogenetics and 

molecular biology. Expert Rev Mol Med 7(14):1‐20.  



	
	
	

18	

33 Torrado M, Araoz V, Baialardo E, Abraldes K, Mazza C, Krochik G, Ozuna B, Leske V, 

Caino S, Fano V, Chertkoff L (2007) Clinical-etiologic correlation in children with Prader-

Willi syndrome (PWS): an interdisciplinary study. Am J Med Genet A 143A(5):460‐468.  

34 Spritz RA, Bailin T, Nicholls RD, Lee ST, Park SK, Mascari MJ, Butler MG (1997) 

Hypopigmentation in the Prader-Willi syndrome correlates with P gene deletion but not with 

haplotype of the hemizygous P allele. Am J Med Genet 71(1):57‐62. 

35 Roof E, Stone W, MacLean W, Feurer ID, Thompson T, Butler MG (2000) Intellectual 

characteristics of Prader-Willi syndrome: comparison of genetic subtypes. J Intellect Disabil 

Res 44 ( Pt 1)(Pt 1):25-30. 

36 Dykens E (2002) Are jigsaw puzzle skills ‘spared’ in persons with Prader-Willi syndrome? 

J Child Psychol Psychiatry 43:343-52.  

37 Vendrame M, Maski KP, Chatterjee M, Heshmati A, Krishnamoorthy K, Tan WH, Kothare 

SV (2010) Epilepsy in Prader-Willi syndrome: clinical characteristics and correlation to 

genotype. Epilepsy Behav 19(3):306‐310.  

38 Lin HY, Lin SP, Chuang CK, Chen MR, Yen JL, Lee YJ, Huang CY, Tsai LP, Niu DM, 

Chao MC, Kuo PL (2007) Genotype and phenotype in patients with Prader-Willi Syndrome 

in Taiwan. Acta paediatrica 96:902-5.  

39 Williams K, Scheimann A, Sutton V, Hayslett E, Glaze DG (2008) Sleepiness and sleep 

disordered breathing in Prader-Willi syndrome: relationship to genotype, growth hormone 

therapy, and body composition. J Clin Sleep Med 4(2):111‐118. 

40 Boer H, Holland A, Whittington J, Butler J, Webb T, Clarke D (2002) Psychotic illness in 

people with Prader Willi syndrome due to chromosome 15 maternal uniparental 

disomy. Lancet 359(9301):135‐136. 



	
	
	

19	

41 Abreu AP, Dauber A, Macedo D, Noel S, Brito V, Gill J, Cukier P, Thompson I, Navarro 

V, Gagliardi P, Rodrigues T, Kochi C, Longui C, Beckers D, Zegher F, Montenegro L, 

Mendonca B, Carroll R, Hirschhorn J, Kaiser U (2013) Central Precocious Puberty Caused 

by Mutations in the Imprinted Gene MKRN3. N Engl J Med 368(26):2467-75. 

42 Valadares LP, Meireles CG, De Toledo IP, Santarem de Oliveira R, Goncalves de Castro 

LC, Abreu AP, Carroll RS, Latronico AC, Kaiser UB, Guerra ENS, Lofrano-Porto A 

(2019) MKRN3 Mutations in Central Precocious Puberty: A Systematic Review and Meta-

Analysis. J Endocr Soc 3(5):979‐995.  

43 Abreu AP, Macedo DB, Brito VN, Kaiser UB, Latronico AC (2015) A new pathway in the 

control of the initiation of puberty: the MKRN3 gene. J Mol Endocrinol 54(3):R131‐R139. 

44 Bischof JM, Stewart CL, Wevrick R (2007) Inactivation of the mouse Magel2 gene results 

in growth abnormalities similar to Prader-Willi syndrome. Hum Mol Genet 16(22):2713‐

2719.  

45 Mercer RE, Michaelson SD, Chee MJ, Atallah TA, Wevrick R, Colmers WF (2013) 

Magel2 is required for leptin-mediated depolarization of POMC neurons in the hypothalamic 

arcuate nucleus in mice. PLoS Genet 9(1):e1003207.  

46 Varela L, Horvath TL (2012) Leptin and insulin pathways in POMC and AgRP neurons 

that modulate energy balance and glucose homeostasis. EMBO Rep 13(12):1079‐1086. 

47 Lee S, Walker CL, Karten B, Kuny SL, Tennese AA, O’Neill MA, Wevrick R (2005) 

Essential role for the Prader-Willi syndrome protein necdin in axonal outgrowth. Hum Mol 

Genet 14(5):627‐637.  

48 Jay P, Rougeulle C, Massacrier A, Moncla A, Mattei MG, Roeckel N, Taviaux S, Lefranc 

JL, Cau P, Berta P, Lalande M, Muscatelli F (1997) The human necdin gene, NDN, is 



	
	
	

20	

maternally imprinted and located in the Prader-Willi syndrome chromosomal region. Nat 

Genet 17(3):357‐361. 

49 Zanella S, Barthelemy M, Muscatelli F, Hilaire G (2008) Necdin gene, respiratory 

disturbances and Prader-Willi syndrome. Adv Exp Med Biol 605:159‐164.  

50 Kanber D, Giltay J, Wieczorek D, Zogel C, Hochstenbach R, Caliebe A, Kuechler A, 

Horsthemke B, Buiting K (2009) A paternal deletion of MKRN3, MAGEL2 and NDN does 

not result in Prader-Willi syndrome. Eur J Hum Genet 17(5):582‐590.  

51 Fernandes JCR, Acuña SM, Aoki JI, Floeter-Winter LM, Muxel SM (2019) Long Non-

Coding RNAs in the Regulation of Gene Expression: Physiology and Disease. Noncoding 

RNA 5(1):17. 

52 Buiting K, Nazlican H, Galetzka D, Wawrzik M, Gross S, Horsthemke B. (2007) C15orf2 

and a novel noncoding transcript from the Prader-Willi/Angelman syndrome region show 

monoallelic expression in fetal brain. Genomics 89(5):588‐595.  

53 Stoeger C, Gross S, Neesen J, Buiting K, Horsthemke B (2000) Identification of a Testis-

Specific Gene (C15orf2) in the Prader–Willi Syndrome Region on Chromosome 15. 

Genomics 65:174-83.  

54 Neumann LC, Feiner N, Meyer A, Buiting K, Horsthemke B (2014) The imprinted NPAP1 

gene in the Prader-Willi syndrome region belongs to a POM121-related family of 

retrogenes. Genome Biol Evol 6(2):344‐351.  

55 Gray TA, Saitoh S, Nicholls RD (1999) An imprinted, mammalian bicistronic transcript 

encodes two independent proteins. Proc Natl Acad Sci U S A 96(10):5616‐5621. 



	
	
	

21	

56 Rodriguez-Jato S, Nicholls RD, Driscoll DJ, Yang TP (2005) Characterization of cis- and 

trans-acting elements in the imprinted human SNURF-SNRPN locus. Nucleic Acids Res 

33(15):4740‐4753.  

57 Cavaillé J, Buiting K, Kiefmann M, Lalande M, Brannan CI, Horsthemke B, Bachellerie 

JP, Brosius J, Huttenhofer A (2000) Identification of brain-specific and imprinted small 

nucleolar RNA genes exhibiting an unusual genomic organization. Proc Natl Acad Sci U S A 

97(26):14311‐14316.  

58 Cavaillé J (2017) Box C/D small nucleolar RNA genes and the Prader-Willi syndrome: a 

complex interplay. Wiley Interdiscip Rev RNA 8(4):10.1002/wrna.1417. 

59 Ding F, Li HH, Zhang S, Solomon NM, Camper SA, Cohen P, Francke U (2008) SnoRNA 

Snord116 (Pwcr1/MBII-85) deletion causes growth deficiency and hyperphagia in 

mice. PLoS One 3(3):e1709.  

60 Burnett LC, LeDuc CA, Sulsona CR, Paull D, Rausch R, Eddiry S, Martin Carli JF, 

Morabito MV, Skowronski AA, Hubner G, Zimmer M, Wang L, Day R, Levy B, Fennoy I, 

Dubern B, Poitou C, Clement K, Butler MG, Rosenbaum M, Salles JP, Tauber M, Driscoll 

DJ, Egli D, Leibel RL (2017) Deficiency in prohormone convertase PC1 impairs prohormone 

processing in Prader-Willi syndrome. J Clin Invest 127(1):293‐305. 

61 Stelzer Y, Sagi I, Yanuka O, Eiges R, Benvenisty N (2014) The noncoding RNA IPW 

regulates the imprinted DLK1-DIO3 locus in an induced pluripotent stem cell model of 

Prader-Willi syndrome. Nat Genet 46(6):551‐557.  

62 Ding F, Prints Y, Dhar MS, Johnson DK, Garnacho-Montero C, Nicholls RD, Francke U 

(2005) Lack of Pwcr1/MBII-85 snoRNA is critical for neonatal lethality in Prader-Willi 

syndrome mouse models. Mamm Genome 16(6):424‐431. 



	
	
	

22	

63 Nonogaki K, Strack AM, Dallman MF, Tecott LH (1998) Leptin-independent hyperphagia 

and type 2 diabetes in mice with a mutated serotonin 5-HT2C receptor gene. Nat Med 

4(10):1152‐1156. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
	
	

23	

9.0 Biography 

Patrick Michael Galvano was born on May 25th, 1990 in Windsor Ontario Canada. 

After completing high school in 2008, Patrick was accepted in the biological science 

programme at the University of Windsor, where he completed a four-year undergraduate 

degree, focusing on environmental studies. In the final year of his undergraduate degree, he 

successfully completed and defended his undergraduate thesis, which was soon accepted into 

the journal of reproductive biology in 2013. Upon graduating, he was employed by Dr Jan 

Ciborowski at the University of Windsor as a research assistant where he was a part of 

several projects including the coastal wetland monitoring project and great lakes 

environmental indicator project. In September of 2013, Patrick embarked on his medical 

journey in Zagreb, Croatia at the University of Zagreb, School of Medicine. Over the course 

of his studies, he has developed a passion for paediatrics and primary care. 

 

 


