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ABSTRACT 
 

The genomics of childhood obesity is an important topic to investigate and gain a 

better understanding of the role of genes and abnormalities which account for about 50% 

of obesity. Genotyping, chromosomal microarrays, genome-wide association studies 

(GWAS) and next generation sequencing are methods used to identify genes and defects 

in obesity-related syndromes and obesity. Our current understanding of genetic factors 

contributing to childhood obesity will be addressed along with the latest developments in 

diet and gene interaction, structural chromosomal anomalies, mutations and 

polymorphisms, epigenetics and discussion of obesity-related syndromes.  

Obesity is a global health problem which is on the rise due to sedentary lifestyles, 

over-nutrition and to a great extent genetic factors and susceptibility. The prevalence of 

childhood overweight and obesity has doubled over the past 30 years. At least, nine 

genetic loci have been identified to directly cause non-syndromic obesity while 58 loci 

are known to contribute. More than 150 loss-of-function coding mutations have been 

associated with monogenic obesity (e.g., MC4R, the most commonly recognized single 

gene causing childhood obesity and found in about 4% of cases). Rare and common DNA 

variants are also associated with obesity but yet most obesity genes are yet to be 

discovered. Studies have shown that the childhood obesity epidemic is due to multi-

factorial causes including the interaction of genes and the environment such as diet with 

GWAS showing an interaction of individual nutritional components with increased 

weight. High heritability estimates for obesity also indicate the presence of causative 

genes and genomic regions including structural chromosomal abnormalities (e.g., 3p25 

duplications, 10q22.3-23.2 and 16p11.2 deletions). Genetic changes are not solely 
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responsible for the increased prevalence as mutations are not accumulating at the rate 

required to account for such an increase. Thus, an obesogenic environment is most likely 

due to complex and undefined gene-diet and gene-physical activity interactions.  

One of the most classical genetic obesity disorders is Prader-Willi syndrome (PWS), 

a complex genomic imprinting neurodevelopmental disorder with loss of paternally 

expressed genes from the chromosome 15q11-q13 region. PWS is characterized by 

hypotonia, a poor suck, hypogonadism/hypogenitalism, growth hormone deficiency with 

short stature, small hands and feet, learning/behavioral problems and hyperphagia leading 

to early childhood obesity. A second genetic condition with obesity as a major feature is 

the fragile X syndrome, the most common cause of familial intellectual disability. 

Physical features include an elongated face, prominent ears, and post-pubertal 

macroorchidism. Severe obesity is often associated with a Prader-Willi phenotype 

including hyperphagia, lack of satiation and hypogonadism with delayed puberty. A third 

obesity-related genetic disorder is Alström syndrome, a rare autosomal recessive 

condition with characteristic vision and hearing deficits,  truncal obesity with insulin 

resistance, type 2 diabetes, hypertriglyceridemia, short stature and cardiovascular, 

hepatic, and renal dysfunction. This syndrome is caused by a ciliary protein abnormality 

which is in common with Bardet-Biedl syndrome, another single gene condition with 

obesity as a major manifestation. Alström syndrome provides an example into the 

pathogenic mechanisms underlying obesity and diabetes leading to potentially important 

insights into ciliopathies as causes of obesity and diabetes, conditions common in the 

general population.  

 

 

INTRODUCTION 
 

Obesity is one of the most pressing global health problems affecting each continent 

worldwide and leading to several co-morbidities including diabetes, mellitus, heart disease 

and fatty liver, sleep apnea, musculo-skeletal disorders, hypertension and also cancer [1-3]. 

Although the prevalence of obesity and diabetes are heritable traits, the susceptibility to 

obesity by genetic factors alone cannot account for the increased prevalence during the past 

two to three decades. An obesity-promoting environment and major societal changes such as 

a sedentary lifestyle and over-nutrition do exist in both children and adults and impose a 

substantial economic burden. Since the 1980s, the mean body mass index (BMI) in humans 

has increased throughout the world by 0.4-0.5 kg/m2 per decade in adults [3]. Over 10% of all 

adults worldwide are classified as having obesity (BMI ≥ 30 kg/m2) while childhood 

overweight and obesity prevalence worldwide has increased from 4.2% in 1990 to 6.7% in 

2010 and is expected to continue to increase [3-4]. Increased weight gain during infancy does 

correlate with the findings of obesity in adulthood leading to obesity-associated disorders and 

a shortened life expectancy. Behind this epidemic is the role of genetic factors including 

major single genes and minor genomic variants and polymorphisms impacting on gene 

function [1,5,6]. This chapter will focus on genetics and gene mechanisms along with rare or 

uncommon known genetic syndromes having obesity as a key feature with emphasis on the 

genomics of childhood obesity.  

With the advent of new and varied genetic techniques including high resolution 

chromosome analysis, fluorescence in situ hybridization (FISH) with single DNA probes, 

structural DNA microarray hybridization with copy number variant and single nucleotide 

polymorphism (SNP) probes and next generation sequencing, structural chromosomal and 
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DNA abnormalities have been identified involving genomic regions where genes causing 

obesity are located or linked to obesity traits. The genetic obesity-based research has led to a 

review in 2006 of 176 gene mutations in 11 different single genes, 50 loci related to known 

single gene conditions with obesity, 244 adiposity related genes (in mice), 408 animal model-

based obesity traits and 253 quantitative obesity traits in humans [7-9] and increased numbers 

since that time. The following includes a list of reported chromosome abnormalities 

(deletions and/or duplications) in humans with syndromic obesity excluding Prader-Willi 

syndrome, the most common known cause of morbid obesity in children and will be 

discussed later: chromosome 1p36 deletion; chromosome 2q37.3 deletion; chromosome 3p23 

duplication; 3p25.3 duplication (contains the GHRL gene); chromosome 4q32.1 duplication; 

4q35.1 duplication; chromosome 5p13.1 duplication; chromosome 6q16.2 deletion (SIM1 

gene); 6q22.2 deletion; 6q24.3 duplication; 6q15-q21 deletion (SIM1 gene); 6q16-q21 

deletion (SIM1 gene); 6q16.1-q16.3 deletion (SIM1 gene); chromosome 7q36 deletion; 

chromosome 9p23 deletion; 9q34 deletion; 9q34.3 deletion; 9q33.3q34 duplication; 

chromosome 10q22.3q23.2 duplication; chromosome 11p12-p14 deletion; 11p13-p14.2 

deletion (BDNF gene); 11p11.2 deletion; chromosome 12p13.1 duplication; 12qter deletion; 

chromosome 14q32.2 hypomethylation status (maternal disomy 14); chromosome 16q13 

duplication, 16p11.2 deletion (SH2B1 gene); 16q11.2-q13 duplication (FTO gene); 

chromosome 18q12.2-q21.1 deletion; chromosome 19q12-q13.2 duplication; 19q13.2 

deletion; chromosome 20q13.13-q13.32 deletion; chromosome 22q11.2 deletion; 

chromosome Xq26.3-q27.3 deletion (FMR1 gene); Xq23q25 duplication; Xp11.3p21.1 

duplication; Xp11.4q11.2 inversion; and Xq27.1-q28 deletion (FMR1 gene) [9]. Genomic 

scanning methods have also led to the discovery of genetic differences as important findings 

among humans with obesity and referred to as copy number or structural variants (CNVs). 

For example, small deletions of chromosome 16p11.2 band have been reported in about 0.5-

0.7% of individuals with severe obesity including the SH2B1 gene which modulates leptin 

sensitivity in humans and involved with caloric intake and regulation [10-12]. Studies have 

also shown that rare CNVs greater than 2 Mb in size were present in 1.3% of obese humans 

and absent in lean controls with the CNVs disrupting candidate genes for obesity such as the 

UCP1 gene. With reported structural chromosomal abnormities and candidate obesity genes 

located in the abnormal cytogenetic regions, the search for additional genes and genomic 

variants have continued including heritability studies to determine the influence of genetic 

factors for obesity in monozygotic and dizygotic twins. At least, 58 gene loci have been 

reported to contribute to obesity due to multiple genes (polygenic) causes [2].  

Strong genetic influences do impact on the percentage of body fat in humans, as well as, 

waist circumference, degree of physical activity, energy expenditure and eating behavior with 

heritability for body mass index in adults estimated at 40-70% [13,14]. Genetic factors also 

account for a high BMI in children estimated at about 80% of cases with mutations in specific 

genes found for 5-10% of childhood obesity [14-17]. The definition of heritability is the 

proportion of the variation seen in the phenotype due to genetic causes among individuals 

studied [18]. Adoption studies show that when monozygotic twins are reared apart or 

together, they have a very similar correlation value at about 0.7 for their BMI status. For 

dizygotic twins reared apart the correlations average to about 0.2 and for dizygotic twins 

reared together the correlations average to about 0.3 [19-21]. Therefore, genetic influences on 

BMI are supported by these studies but increased physical activity and exercise can lower the 
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influence of genes on BMI and the level of obesity. Ethnicity may also impact on the genetic 

predisposition for obesity. 

Single gene disorders such as monogenic forms of obesity have been found for loss of 

function mutations in at least five recessive genes including LEP, LEPR, POMC, PCSK1 and 

MC4R and nine separate loci. When these five recessive genes are inactivated then severe 

hyperphagia and early-onset of extreme obesity results in humans. Additional features are 

also seen in those having recessive forms of obesity including congenital leptin deficiency 

and alterations in the immune system with frequent childhood infections and delayed puberty 

due to underdevelopment of the sex organs  

[15,22-24]. Those individuals with POMC gene deficiency can present with 

hypoadrenalism secondary to low ACTH levels and hypoglycemia, jaundice and even 

neonatal death. They also may have pale skin and red hair color in Caucasians due to 

impairment in pigment production. Those with PCSK1 gene deficiencies are prone to having 

hypoglycemia and other endocrine-related problems. Individuals with complete MC4R 

deficiency can also have increased lean mass and bone mineral density with tall stature. 

MC4R deficiency is the most common cause of single gene or monogenic obesity in humans 

and heterozygotes can also be affected indicating some degree of dominance, a prevalence of 

1-2.5% in people with a BMI greater than 30 [25,26]. There are over 150 loss-of-function 

coding mutations of the MC4R gene associated with obesity while two gain-of-function 

polymorphisms are associated with protection from obesity. Thus, the vast majority of 

variants of the MC4R gene impact on obesity with a single recognized variant (SNP 

re17782313) associated with increased hunger, snacking and caloric intake and decreased 

satiety [15].  

Advanced genome-wide association studies (GWAS) have found strong associations with 

the Fat mass and obesity associated (FTO) gene locus and BMI with an additional 35 SNPs in 

33 loci [27,28]. Intron 1 of the FTO gene is thought to be the major genetic contributor to 

polygenic obesity in populations from European ancestry. About 1 in 5 adults of European 

ancestry are homozygous for the risk allele of the FTO gene and they weigh about 3 

kilograms more with a 1.7-fold increased odds of developing obesity when compared with 

those individuals not inheriting a risk allele for this gene [28]. Complete absence of FTO gene 

expression in humans is lethal and thus essential for normal central nervous and 

cardiovascular system development.  

Of the nine loci associated with extreme obesity identified so far at the genome-wide 

level, five (i.e., FTO, MC4R, TMEM18, MSRA, NPC1) are known to influence a high BMI 

and a large waist circumference [25,29-32]. Four other loci (i.e., MAF, PTER, PRL, 

SDCCAG8) are more specific for increasing measures of extreme obesity with overlapping 

evidence in both children and adults [32]. Several obesity-related genes (i.e., FTO, MC4R, 

POMC, SH2B1, BDNF, NPC1, NRXN3 and NEGR1) identified through GWAS studies have 

been found to be highly expressed in the central nervous system  indicating a key for 

regulation of food intake and monogenic causes of human obesity [33-35]. There may also be 

differences in association with obesity depending on sex specifically for Chinese children and 

variants in some of these genes [35]. GWAS analyses also investigated other obesity 

measures including body fat distribution, waist circumference or waist to hip ratio and their 

relationship to each gene loci. Five loci (i.e., FTO, MC4R, NRXN3, TFAP2B, MSRA) which 

have found to be only associated with BMI as a measure of obesity [36]. Studies have also 
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shown a CNV and SNP-based whole-genome identified a 45-kb deletion near the NEGR1 and 

GPRC5BT genes and associated with variation in BMI.  

A recent genome-wide association meta-analysis has identified new extreme childhood 

obesity loci for OLFM4 at 13q14 and HOXB5 at 17q21 [37]. Two ethnic specific 

polymorphisms in the AGRP gene has also been examined in relationship to nutrient and 

energy parameters. In whites, a smaller proportion of total energy was derived from fat for the 

Ala67Thr heterozygotes with a lower intake of fats and increased level of carbohydrate 

consumption. In blacks, protein intake was associated with the -38C > T promoter 

polymorphism [38]. Additionally, the LY86 gene was associated with waist to hip ratio and a 

common CNV found on chromosome 10p11.22 was associated with BMI in a Chinese 

population study covering four genes; one of the genes (PPYR1) may be an obesity candidate 

gene [34]. There are now at least 61 common gene variants reported in at least 58 loci that 

have been associated with an obesity phenotype using genome-wide studies and meeting 

statistical significance but yet these results show only a small percentage of the many genes to 

be discovered that play a role in the causation of obesity [15] (Table 1).  

 

Table 1. List of obesity gene regions or loci and their description with obesity phenotype 

 

Regions/description Gene or chromosome location 

 

Loci identified by genome-wide studies 

(GWAS, linkage, CNV/SNP microarrays) 

associated with child and/or adult BMI and 

including extreme obesity 

FTO; TMEM18; GNPDA2; INSIG2; MC4R; 

NEGR1; BDNF; KCTD15; PCSK; CTNNBL1; 

MTCH2; NPC1; MAF; PTER; PRL; FAIM2; 

TFAP2B; SEC16B; ETV5; AIF1; GPRL5BB; 

MAP2K5; GIPR; FANCL; SDCCAG8; TNKS-

MSRA; TNN13K; LRRN6C; NRXN3 

FLJ35779; SLC39A8; TMEM160; CADM2; 

LRP1B; PRKD1; MTIF3; ZNF608; PTBP2; 

TUB; HMGA1 

Associated with childhood obesity – novel 

loci 

 

SH2B1; EDIL3; S1PR5; FOXP2; TBCA; 

ABCB5; ZPLD1; KIF2B; ARL15; EPHA6-

UNQ6114 

Associated with childhood and/or adult 

waist to hip ratio 

LYPLAL1; C12orf51 

  

Chromosome location and gene for 

phenotype gene relationships 

Gene or chromosome location 

 

Obesity, early onset 1p36.11 (NROB2); 2p23.3 (POMC) 

 

Obesity, severe 3p25.2 (PPARG); 6q16.3 (SIM1); 11q13.4 

(ULP3) 

Obesity 1p35.2 (SDC3); 3p25.3 (GHRL); 4q31.1 

(UCP1); 5q13.2 (CART); 5q32 (ADRB2; 

PPARGC1B); 6q23.2 (ENPP1); 8p11.23 

(ADRB3); 13q14 (OLFM4); 16q22.1 (AGRP); 

17q21 (HOXB5); 17q21.31 (PYY); 18q21.32 

(MC4R) 
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Historically, three approaches to treat obesity have been tried with some level of success 

at least in the short term. These include lifestyle changes with diets, pharmacological agents 

and bariatric surgery procedures. Predisposing genetic factors for weight gain and 

development of obesity in humans also can impact on the response to intervention in terms of 

weight loss. For example, individuals with MC4R or POMC mutations appear to respond to a 

reduced caloric diet and exercise program but those with MC4R mutations fail to maintain 

weight lost after intervention [2]. Access to a multidisciplinary team may be helpful in 

achieving weigh loss including genetic evaluations and screening for obesity-related disorders 

or monogenic causes, dietary consultation and behavior/pharmaceutical therapy and, if 

indicated, bariatric surgery as a final option for exogenous obesity.  

Progress in genetic evaluations and testing will help to identify DNA factors contributing 

to obesity specific for each individual at risk in an “obesogenic” environment which is 

common in our modern society including environmental chemicals and heavy metals [39]. 

Next generation DNA sequencing and established whole-genome approaches have the 

potential to generate a comprehensive genetic map of predisposing causative factors for 

obesity and a more detailed picture of the biological mechanisms involved in the development 

of childhood obesity and eating behavior. 

 

 

GENE-DIET INTERACTION 
 

Childhood overweight and obesity have reached epidemic proportions worldwide and 

research studies indicate that the cause of the childhood obesity epidemic which has been 

emerging over the past 30 years is complex and results from an interaction of susceptibility 

genes with an environment which is conducive for the development of obesity [40]. For much 

of this time, the primary causes of childhood obesity remained unknown but early studies 

suggested psychology was responsible for overconsumption of food but more recent studies 

using data from twins fed different diets and/or raised independently further confirms that 

genetics play a role [41]. However, it is unlikely that genetic mutations alone could account 

for the recent obesity epidemic in our society as the genetics would not have changed so 

rapidly but existing genetic factors could interact with the current environment with increased 

availability of calorie-dense food and a more sedentary lifestyle requiring fewer calories. The 

obesogenic environment also takes into consideration gene-diet and gene-physical activity of 

each at-risk individual [42].  

A previously proposed group of genes have been suggested to play a prominent role in 

the onset of obesity, i.e., the “thirty genes”, which may permit efficient conversion of calories 

into stored fat particularly during time when food supplies are plentiful [43]. It is thought that 

the stored fat would then be readily available as an energy source when food sources became 

scarce. Hence, when exposed to a high-fat diet and sedentary lifestyle as components of our 

current obesogenic environment then excessive fat would be stored which could serve as an 

energy source if a famine did occur in the future. The existence of the so called “thrifty 

genes” could then become selected for certain groups of people due to natural evolution 

including the Pima Indians of Arizona who appear to be at greater risk for excessive weight 

gain, obesity and associated type 2 diabetes mellitus [44]. 
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A number of genes are thought to be associated with either weight gain or obesity with a 

few showing an interaction with diet and thus contribute to childhood obesity [45]. One of 

these potential genes that contributes to the common (non-dysmorphic) forms of obesity is the 

FTO gene and was the first gene characterized in playing this role [28,46]. The FTO gene is 

located on chromosome 16q12.2 and expressed in most tissues with the highest amounts 

found in the arcuate hypothalamus of the brain [28]. It appears to be regulated by the fasting 

and feeding cycles in humans, although there are several single nucleotide polymorphisms 

(SNPs) in humans including for the FTO gene which contains variants associated with 

promoting weight gain in the SNP variant (rs9939609) found to influence satiety, appetite 

control and maintaining energy balance in several studies [47]. Further studies with 

subcutaneous adipose tissue biopsies obtained from healthy subjects suggested that the FTO 

protein coded by the FTO gene had a role in regulating the hydrolysis of triacylglycerols or 

triglycerides within the adipocytes and fat metabolism [48]. Interestingly, individuals who 

possess specific FTO gene variants appear to have an increased preference for calorie-dense 

foods such as fat and exhibiting decreased satiety. These specific genetic factors are 

responsible for promoting weight gain including childhood obesity and continued 

investigation of gene-diet interactions will be important to identify the interaction of specific 

genetic variations and candidate genes.  

 

 

EXAMPLES OF OBESITY-RELATED GENETIC DISORDERS 
 

Prader-Willi syndrome (PWS) was first reported in 1956 and is a neurodevelopmental 

disorder due to errors in genomic imprinting with loss of paternally expressed genes from 

chromosome 15, usually from a de novo 15q11-q13 deletion 

[49-53]. PWS is characterized by a range of mild learning problems, characteristic 

behavior including self-injury, outbursts, obsessive-compulsions, temper tantrums and 

hyperphagia and particular clinical findings such as short stature, small hands and feet, 

hypogonadism, hypotonia and feeding difficulties during infancy. Obesity which can be life-

threatening occurs in early childhood if not controlled [51-54]. PWS is found in about 1 in 

10,000 to 30,000 individuals and affects about 400,000 people worldwide [50,55]. Although 

most cases are sporadic, PWS is considered one of the most common known genetic causes of 

marked obesity. It affects all races and ethnic groups [50,53,54].  

Fragile X syndrome (FXS) is the most common cause of familial intellectual disability in 

humans due to a triplet repeat mutation found in the FMR1 gene located at chromosome 

Xq27.3 and associated with obesity. It generally affects males. FXS was first reported in 1969 

[56] and is found in about 1 in 4,000 males in the general population [57,58]. Prominent 

features besides intellectual disability include prominent large ears, a narrow head and flat 

mid-face and prognathism, joint laxity and macro-orchidism. Autism can also be a common 

finding [59]. In addition, a subset of males with this gene mutation also presents with features 

similarly seen in Prader-Willi syndrome including hypotonia, developmental delay, 

behavioral problems, excessive eating and marked obesity [60,61].  

Alström syndrome (AS) is a separate obesity related disorder due to a single gene 

(ALMS1) defect located on chromosome 2p13 and occurs in about 1 in 1,000,000 individuals 

[62]. The condition is characterized by multi-organ involvement, progressive vision and  



 

Table 2. Clinical, Learning, Behavior and Genetic Findings seen in Prader-Willi syndrome, the Prader-Willi Phenotype in Fragile X 

Syndrome and Alström Syndrome 

 

 Facial Features Physical Features Learning/Behavior Features Genetics 

Prader-Willi 

Syndrome 

Narrow forehead, 

almond shaped eyes, 

strabismus, short 

nose with thin upper 

lip, downturned 

corners of mouth, 

dry sticky saliva, 

enamel hypoplasia 

Severe hypotonia, short stature, 

obesity, osteoporosis, small 

hands and feet, scoliosis, 

hypopigmentation, head tilt 

forward, hypogenitalism 

Mild learning impairment, 

hyperphagia, skin and rectal picking, 

difficulty with transitions, 

stubbornness, temper tantrums, 

perseverative speech, autism, 

obsessive-compulsions, 

unusual skill with jigsaw puzzles, high 

pain tolerance  

Paternally derived 

15q11-q13 deletion 

(70% of cases), 

maternal disomy 15 

(about 25% of 

cases), imprinting 

defects (5% of 

cases) 

Prader-Willi 

Phenotype (in 

Fragile X 

Syndrome) 

Round face, almond 

shaped eyes, 

prominent ears 

Obesity, delayed puberty, small 

penis, hypotonia 

Developmental delay, food seeding 

behavior and hyperphagia, difficulty 

with transitions, perseverative speech, 

hand flapping, poor eye contact, 

autism, obsessive-compulsions 

FMR1 gene triplet 

repeat mutations (at 

chromosome 

Xq27.3) 

Alström 

Syndrome 

Round face, deep-set 

eyes, thickened 

skull, thick ears, 

frontal hair loss 

Wide, flat feet with 

brachydactyly, scoliosis, dental 

anomalies, truncal obesity, short 

suture, hypogonadism, 

cardiomyopathy, vision (cone-

rod dystrophy) and hearing loss, 

type 2 diabetes, progressive 

pulmonary, renal and hepatic 

problems with fibrosis 

Developmental delay, balance 

disturbances and neurosensory deficits, 

depression, autism, obsessive-

compulsions 

ALMS1 gene 

mutations (at 

chromosome 2p13) 
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hearing loss, obesity in childhood with insulin resistance and type 2 diabetes mellitus and 

high lipid levels, hypogonadism, short stature and cardiac, liver, lung and kidney problems 

complicated by fibrotic changes  

[63]. The protein encoded by the ALMS1 gene is related to ciliary function as seen in 

another genetic obesity disorder, Bardet-Biedl syndrome [64]. The clinical and genetic 

findings seen in the three obesity-related genetic disorders are shown in Table 2. 

 

 

Prader-Willi Syndrome 
 

Prader-Willi syndrome (PWS) occurs from paternal lack of expression of genes known to 

be imprinted in the 15q11-q13 region whereby the phenotype is modified depending on which 

parent contributes the genetic information to the offspring [52,65,66]. PWS is recognized as 

the most common known cause of morbid obesity in childhood [50]. Epigenetic changes 

controlling gene expression is reversible in gametogenesis without changing the DNA 

sequence usually through DNA methylation [67]. Imprinted genes impacted by the sex of the 

parent are mono-allelically expressed and errors in imprinting due to mutations or deletions 

can lead to different phenotypic outcomes or syndromes (i.e., PWS with loss of paternal 

expression of genes in the 15q11-q13 region and Angelman syndrome, an entirely different 

clinical disorder due to loss of maternal expression of genes in the same chromosome region) 

[68]. Errors in genomic imprinting were first reported in humans involving this chromosome 

region in PWS and Angelman syndrome and have led to the discovery of causation in other 

human disorders and diseases [69,70].  

Classical features of PWS include hypotonia and feeding difficulties with a poor suck 

during infancy, a particular facial appearance, developmental delay and hypogonadism with 

hypogenitalism in both males and females. Later, hyperphagia and onset of obesity occurs in 

early childhood along with short stature, small hands and feet due to growth hormone 

deficiency, mild learning deficits and behavioral problems (e.g., skin picking, obsessive 

compulsions, temper tantrums, stubbornness). The characteristic facial features include a 

small upturned nose, dolichocephaly with a narrow forehead and almond-shaped eyes, a thin 

upper lip, down-turned corners of the mouth and decreased sticky saliva. The skin, hair and 

eye color is usually lighter than seen in other family members which correlates with those 

having the 15q11-q13 deletion [50, 53, 54, 71] (Figure 1).  
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Figure 1. Frontal and profile views of a 4 year old male with Prader-Willi syndrome due to maternal 

disomy 15 and treated with growth hormone since early infancy. Note the facial appearance, 

gastrostomy and central obesity which are characteristic of children with this rare obesity-related 

genetic disorder. 

 

Clinical Stages and Natural History 

Obesity is the most significant health problem in PWS but initially failure-to-thrive and 

feeding problems are seen. Historically, the clinical course for this disorder has been divided 

into two distinct stages characterized by failure-to-thrive in infancy during the first stage and 

later, hyperphagia and early childhood obesity (second stage). Recently, the natural history of 

PWS has been further divided into seven nutritional phases characterized by five main phases 

and two sub-phases: Phase 0 is seen in the fetus with decreased activity and often with breech 

presentation; Phase 1 in infancy with hypotonia and feeding problems; Phase 2 with weight 

gain without a significant change in appetite beginning at about 2 years of age and an 

increased interest in food at about 4 years of age; Phase 3 with hyperphagia, food seeking and 

lack of satiety with a median age of onset at about 8 years of age; and Phase 4 in some adults 

and characterized by a lessening of the insatiable appetite [72]. With an earlier diagnosis due 

to better recognition and improved genetic testing and use of growth hormone to treat the 

growth failure in children with PWS, changes are seen in the clinical course development and 

additional studies are underway to further characterize the natural history.  

Generally, the second stage in clinical course development in non-growth hormone 

treated PWS begins around 2 years of age [71]. This stage is characterized by continued 
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developmental delay and onset of hyperphagia which leads to obesity if not controlled, but 

infants with PWS are often born in breech presentation with severe central hypotonia, 

temperature instability, a poor suck and hypogonadism/hypogenitalism. Due to 

developmental delay, they sit independently by 1 year of age, crawl at 16 months and walk at 

about 2 years and talk (10 words) at 39 months [50,71]. The clinical features seen in PWS do 

show marked variability throughout the life span with the phenotype evolving from birth to 

adulthood. Because of generalized hypotonia and decreased muscle mass, respiratory distress, 

swallowing problems and possible asphyxia may occur during illnesses if present. Central 

adrenal insufficiency has also been reported in about 10% of infants with PWS and should be 

monitored [73].  

PWS infants generally have a weak or absent cry with little spontaneous activity due to 

decreased muscle tone and strength, excessive sleepiness with diminished swallowing and 

sucking reflexes [52-54]. Often necessitated, gavage feedings and use of special nipples or 

gastrostomy tube placement are required to address the feeding problems and to supply 

adequate nutrition for growth and development in the PWS infant. Growth parameters should 

be assessed regularly (weekly) using standardized growth charts developed for infants with 

PWS [74] during the first 6 months of life and then monthly. Calories are adjusted 

accordingly, but fats should not be restricted even though the non-growth hormone treated 

infant with PWS usually requires less than the recommended allowance to avoid rapid weight 

gain due to decreased metabolism and caloric requirement. Vitamin and mineral intake (e.g., 

calcium) as well as caloric intake should be monitored closely by a dietition. With 

progression through the descriptive nutritional phases recorded in the non-growth hormone 

treated individuals with PWS and with increased interest in food along with decreased caloric 

requirement (about 60% of normal), obesity can develop rapidly in early childhood. 

Hyperphagia becomes a major behavioral problem in PWS but, to date, no known 

pharmacological agent has been effective. Developmental assessments and early stimulation 

programs along with occupational and physical therapy services are recommended [51,54].  

Endocrine disturbances in the production of thyroid, growth and sex hormones and 

adrenal problems are usually recognized early. Myopia and impaired stereoscopic vision 

maybe diagnosed in early childhood. Hypopigmentation is more pronounced at this time and 

correlates with those having the parental 15q11-q13 deletion [75]. Academic achievement is 

usually impaired during the first 6 years of life with the majority of individuals functioning in 

the mild-to-moderate range with the average IQ of 65. There are reported differences in 

behavior, academic achievement, and cognition between those with different genetic subtypes 

[76]. Many children begin school in mainstream settings, but special education and support 

services are often required. Children with PWS have relatively strong reading, visual and 

long-term memory skills, but have weaker math, sequential processing, and short-term 

memory skills. Verbal skills may be relative strengths as well as an unusual skill of working 

with jigsaw puzzles [54,77].  

During adolescence, hypogonadism and hypogenitalism becomes more pronounced in the 

vast majority of individuals with PWS due to hypothalamic hypogonadism leading to low 

testosterone and estrogen levels. Cryptorchidism is present in about 90% of males 

accompanied with a small penis and underdeveloped scrotum. Hypoplastic labia majora and 

minora and a small clitoris are seen in most PWS females. Puberty is absent or delayed in 

both males and females with PWS and infertility is nearly always present. Menarche in 

females with PWS may occur but delayed until 30 years of age. Little data are available about 
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sexual activity in PWS, but an interest is shown by establishing relationships and 

demonstrating affection. In rare cases, pregnancies in females with PWS have been reported 

[54, 78]. 

Approximately 90% of non-growth hormone treated individuals with PWS will develop 

short stature by adulthood with the average adult male being 155 cm tall and the adult female 

at 147 cm [79]. Small hands and feet or acromicria are more pronounced during adolescence 

and adulthood accompanied by scoliosis and kyphosis which may require treatment (bracing 

or surgery). Without intervention, adolescents with PWS may weigh more than 300 pounds 

impacting on morbidity and mortality. Eating related fatalities do occur including choking on 

gorged food and gastric necrosis and rupture [80]. Therefore to avoid these complications, 

locking the refrigerator and food cabinets to prevent excessive eating are often undertaken 

with close supervision. Because of the abnormal eating behavior and complications related to 

obesity, adult independent living arrangements are prescribed. Therefore, weight and 

behavior problems need to be adequately addressed which are characteristic of PWS and 

requires involvement of not only the patient but family members and care providers. 

Although psychotropic agents can be helpful in controlling abnormal behavior seen in PWS, 

no specific medication has been consistently effective in controlling food-seeking behavior 

[51, 54, 81]. 

To address the multiple health related problem seen in PWS, management requires a 

multidisciplinary approach with goals to control weight gain and monitoring or treating 

associated comorbid conditions, controlling behavioral problems and for replacement of 

deficient growth and sex hormones. Rigorous control of the food environment and adequate 

regular exercise programs are essential strategies to manage the hyperphagia and obesity, 

complications of which represent the major causes of morbidity and mortality in PWS [51, 

54]. 

Mild mental deficiency for the family background and other behavioral problems seen in 

PWS and often include obsessive- compulsions, sudden outbursts which may be triggered by 

withholding food, lying, stealing, tantrums, and self-injury beginning in childhood. Children 

with PWS are often affectionate but less agreeable and more rigid than other children. In 

addition, speech problems, food foraging, daytime sleepiness and decreased physical activity 

are commonly seen. Other features include increased pain threshold with skin and rectal 

picking, temperature instability, strabismus, hypopigmentation (particularly in those with the 

15q11-q13 deletion), scoliosis which can worsen with growth hormone therapy, sleep apnea, 

and oral pathology with dental problems [51, 53, 82]. Behavioral problems may begin by age 

3 years of age, and later, poor peer relationships, immaturity, and inappropriate social 

behavior are often noted. The craniofacial findings seen in PWS such as dolichocephaly, a 

narrow minimal frontal diameter, strabismus, almond-shaped eyes, short upturned nose with a 

thin upper lip and downturned corners of the mouth and dry, sticky salvia with enamel 

hypoplasia are also more pronounced during this time in early childhood [50]. 

 

Genetics 

Prader-Willi syndrome is due to errors in genomic imprinting with loss of parentally 

expressed genes from the 15q11-q13 region. Genomic imprinting is an epigenetic 

phenomenon with the phenotype dependent on the sex of the parent contributing the gene 

allele to the offspring. Epigenetic effects are heritable changes in gene expression which can 

be reversed and influenced by the environment such as nutrition (e.g., folate). The changes 
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are not associated with DNA sequence alterations. The effects are reversible and occur during 

gametogenesis mediated by several molecular processes, including DNA methylation, histone 

modification and/or RNA silencing. Nearly all imprinted genes have a CpG-rich differentially 

methylated region or key regulatory areas which control gene activity, and when methylated, 

inactivates the expression of the gene. The epigenetic phenomenon evolved about 150 million 

years ago with about 1% of mammalian genes thought to be imprinted. Imprinted genes are 

known to affect viability, growth and development which impact on other obesity-related and 

overgrowth disorders such as Albright hereditary osteodystrophy and Beckwith-Weidemann 

syndrome [66,68].  

Most of the genes or transcripts from the chromosome 15q11-q13 region are subject to 

genomic imprinting and disturbances lead to human disease such as PWS with loss of alleles 

only active on the paternal chromosome 15. These same alleles found on the maternal 

chromosome 15 are silenced by epigenetic factors (primarily through methylation). 

Conversely, loss of expression of one of the two preferentially maternally expressed genes in 

the 15q11-q13 region (i.e., the UBE3A gene) usually by the same chromosome 15 deletion 

but of maternal origin leads to Angelman syndrome (AS), the second genomic imprinting 

disorder identified in humans [70]. 

The chromosome 15q11-q13 region contains about 8 million DNA base pairs and dozens 

of genes/transcripts including a cluster of imprinted genes under the control of two imprinting 

controlling centers (one for PWS and one for AS) and a non-imprinted domain of genes 

which are expressed equally from either the maternal or paternal chromosome 15 [83]. Novel 

low copy DNA repeat sequences are located in this chromosome region at designated sites 

[52]. These areas contain the functional HERC2 gene located distally at breakpoint BP3 and 

two HERC2 pseudogenes located at two proximal breakpoint sites (BP1 and BP2) in the 

15q11-q13 region [84,85]. These chromosome 15 breakpoints contain similar DNA 

sequences, which contribute to non-homologous pairing and aberrant recombination or 

crossing-over events during meiosis. This mis-pairing leads to deletions in the offspring 

causing PWS when present on the father’s chromosome 15 (or AS if present on the mother’s 

chromosome 15).  

About 70% of PWS individuals will show a typical de novo paternal deletion of the 

15q11-q13 region consisting of two types, type I and type II [52,53,65]. The type I deletion is 

larger and involves chromosome breakpoints BP1 and BP3 while the type II deletion is 

smaller in size and involves breakpoints BP2 and BP3. Four genes (TUBGCP5, CYFIP1, 

NIPA1, NIPA2) are located between BP1 and BP2 (Figure 2). These four genes are not 

imprinted but have biallelic or normal expression from both the maternal and paternal 

chromosome 15s. Individuals with speech delay and autistic findings having recently been 

reported having deletions and/or duplications of only the four genes between BP1 and BP2. In 

about 5% of individuals with PWS, an unusual or atypical deletion can be seen which is 

greater or smaller in size than the typical type I or type II deletion [52,53,86]. 

The second most common genetic cause of PWS is maternal disomy 15 where both 

chromosome 15s come from the mother and found in about 25% of individuals with PWS 

[65]. There are three recognized forms of maternal disomy 15. These include maternal 

heterodisomy 15 with two different chromosome 15s from the mother due to errors in the first 

stage of meiosis (meiosis I) from non-disjunction and without cross-over events or shuffling 

of genes from the two maternal chromosome 15s. A second form is maternal isodisomy 15 

with two identical chromosome 15s from the mother due to errors in the second division of 
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meiosis (meiosis II) or the equational phase due to non-disjunction. The third form is 

segmental maternal isodisomy 15 with two partially different chromosome 15s received in the 

offspring from the mother due to errors in meiosis I from non-disjunction with cross-over 

events leading to segments of isodisomy or DNA sequence regions with identical gene alleles. 

An abnormal genetic result can occur if the mother is a carrier of an autosomal recessive gene 

mutation for a disorder on chromosome 15 and located in the isodisomic region. This leads to 

identical DNA sequences and the same gene alleles. The PWS child would then have a 

second genetic condition besides PWS [52].  

 

Figure 2. Chromosome 15 ideogram showing the location of genes in the 15q11-q13 region. BP1, BP2 

and BP3 are the three common chromosome 15 breakpoints in the region at the site of breakage leading 

to the larger typical type I deletion between BP1 and BP3 and the smaller type II deletion between BP2 

and BP3. The blue colored symbols represent paternally expressed genes which when disturbed leads to 

Prader-Willi syndrome. The red colored symbols represent maternally expressed genes and UBA3E 
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when disturbed causes Angelman syndrome. The green colored symbols represent genes expressed on 

both the maternal and paternal chromosome 15s. 

Maternal disomy 15 is thought to arise from an error in gametogenesis in the female with 

the egg containing two chromosome 15s from the mother and if fertilized by a normal sperm 

with a single chromosome 15 then a trisomy 15 zygote results [87]. Trisomy 15 is lethal and a 

relatively common cause of spontaneous abortions. In an event of trisomy 15 rescue, the extra 

chromosome 15 is not passed in the next cell division in the developing embryo. Thus, a 

normal 46 chromosome number is now established in the embryo from an abnormal 47 

chromosome count  and leads to viability of the fetus. If the father’s chromosome 15 is lost 

then the two remaining chromosome 15s from the mother will lead to maternal disomy 15 and 

the fetus is born with Prader-Willi syndrome due to his genetic subtype.  

Another genetic phenomenon can occur in females with PWS due to maternal disomy 15 

which involves the X chromosome. Females have two X chromosomes (one from the father 

and one from the mother) while males have only one X chromosome; however, the number of 

active X-linked genes remains constant in both sexes due to gene dosage compensation in 

females with or without PWS. Females generally inactivate one of their X chromosomes at 

random which then equals the number of X-linked genes found in the male. This process of X 

chromosome inactivation occurs very early in pregnancy. Occasionally, this process is not 

random and skewness occurs which can allow for expression of X-linked conditions in 

females. Hence, the trisomy 15 rescue event in the early pregnancy of a developing female 

with PWS and maternal disomy 15 may allow for a small number of cells to survive and to 

populate embryo development. These small number of cells rescued by the trisomy event may 

have the same X chromosome active leading to X chromosome inactivation skewness. This 

allows for the presence of an X-linked condition if the mother is a carrier of an X-linked gene 

and PWS due to maternal disomy 15 [88]. 

The third major category of genetic subtypes in PWS is an imprinting defect. These 

defects may be due to microdeletions of the imprinting center or due to epimutations through 

DNA methylation errors in gametogenesis. If the father carries an imprinting defect 

(microdeletion) that he inherits from his mother’s chromosome 15, he is unaffected due to the 

presence of his father’s normal chromosome 15. However, when he passes the imprinting 

defect in his chromosome 15 onto his offspring that offspring will then have PWS. The risk 

for him to pass the defect to his offspring would be 50% [52].  

Limited information is available regarding genotype-phenotype correlations in PWS with 

those having the typical chromosome 15 deletion are hypopigmented and more homogeneous 

[50,75,89] while those with maternal disomy have fewer typical facial features and less likely 

to have skin picking, unusual skill with jigsaw puzzles, a high pain threshold or articulation 

problems. Based on clinical presentation, PWS individuals with maternal disomy are usually 

diagnosed later in life reflecting a milder phenotype. Those with the 15q11-q13 deletion have 

a greater number of compulsive symptoms than those with maternal disomy 15 and lower 

verbal IQ scores [90,91] but PWS children with the deletion possess relative strengths in 

visual-spatial tasks and object assembly [92].  

Those subjects with PWS with the larger type I deletion are reported with more 

behavioral problems than those with the smaller type II deletion or maternal disomy 15, 

including skin picking, obsessive-compulsive traits and maladaptive behavior [91]. However, 

those individuals with PWS due to maternal disomy 15 show neuroanatomical differences in 
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brain imaging with lower gray and white matter volume than those with the 15q11-q13 

deletion. This could impact on speech, memory and concentration as the gray cerebral matter 

is related to general intelligence. 

Molecular testing for PWS should begin with DNA methylation analysis of blood or 

other biological specimens. This testing is 99% accurate for the diagnosis of PWS [54] but 

does not distinguish among genetic subtypes (deletion, maternal disomy or imprinting defect). 

If the DNA methylation test is normal (not PWS), then other clinical disorders should be 

considered to account for the clinical presentation. A chromosome analysis with FISH to 

identify the 15q11-q13 deletion is often ordered to rule out a chromosome 15 translocation or 

to identify another rearrangement such as an inversion. DNA or chromosomal microarrays 

using both copy number or polymorphic probes are now used to identify the 15q11-q13 

deletion and to identify the presence of maternal disomy 15 in selected  individuals. 

Genotyping with polymorphic DNA markers from PWS family members (affected child, 

father and mother) can be helpful in identifying the imprinting defect in the presence of an 

abnormal (PWS) methylation pattern. The use of polymorphic DNA markers can distinguish 

if the PWS child has biparental (normal) inheritance of the chromosome 15 or if both 

chromosome 15s are from the mother.  

Dozens of genes/transcripts are located in the 15q11-q13 region including four normally 

expressed genes (NIPA1, NIPA2, CYFIP1, GCP5); five protein coding genes that are 

imprinted and paternally expressed (MKRN3, MAGEL2, NDN, and the bicistronic SNURF-

SNRPN), a cluster of five snoRNA genes (SNORD109, SNORD64, SNORD109A, SNORD116 

and SNORD115) and several antisense transcripts including for the UBE3A gene; two 

maternally expressed and imprinted genes (UBE3A and ATP10A) and three non-imprinted 

gamma aminobutyric acid (GABA) receptor subunit genes (GABRB3, GABRA5, GABRG3), P 

(pigment) and HERC2 [52,53,65] (See Figure 2). 

An important gene, the SNRPN (small nuclear ribonucleoprotein N) and a second protein 

coding sequence (SNURF, or SNRPN upstream reading frame) and copies of the C/D box 

small nucleolar RNAs (snoRNAs) or SNORDs are involved in RNA processing which is key 

in causing the PWS phenotype with brain development and function [93]. Necdin (NDN) is 

also paternally expressed and involved with axonal growth with over expression in the 

hypothalamus, thalamus and pons and implicated in neonatal lethality and respiratory 

problems in mice [94]. The MAGEL2 gene is paternally expressed in the brain 

(hypothalamus) and may play a role in circadian rhythm, brain development and fertility in 

humans. The MKRN3 gene encodes specific proteins (makorins) that are abundantly 

expressed in the brain [52,66].  

Mutations of the UBE3A gene are known to cause Angelman syndrome while other genes 

are located in the distal area of the 15q11-q13 region including GABRB3, GABRA5 and 

GABRG3. GABA is a major inhibitory neurotransmitter. Alterations in GABA function are 

associated with hunger, obsessive-compulsions and abnormal vision and memory. The P gene 

which is involved with pigment production is also located in this region and deleted in both 

PWS and AS individuals but it is not imprinted and expressed on both the mother’s and 

father’s chromosome 15. Therefore, several of the genes (imprinted or not imprinted) found 

in the 15q11-q13 region deleted in most individuals with PWS appear to contribute to the 

PWS phenotype as PWS is not due to a single gene [52] (See Figure 2). 

Limited information is available regarding genotype-phenotype correlations in PWS and 

those having the typical chromosome 15 deletion with either the longer type I or smaller type 
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II or maternal disomy 15 but a few differences have been reported. For example, those with 

the typical 15q11-q13 deletion present with hypopigmentation and more homogeneous 

clinical findings than seen in the other genetic subtypes including a more typical facial 

appearance, more self-injurious behavior (skin picking), higher pain threshold and greater 

jigsaw puzzle skills. There are two typical 15q11-q13 deletions seen in PWS subjects and 

those with the longer type I deletions have increased maladaptive and compulsive behaviors 

or poorer academic performance relative to the smaller type II deletions or maternal disomy 

15. Those with type II deletions show better adaptive behavior and social skills relative to 

those with type I or maternal disomy 15. Those with maternal disomy 15 have higher verbal 

IQ scores, greater numeric calculation skills, superior visual memory, poorer object assembly 

and visual perceptual skills and increased psychosis relative to those PWS subjects with the 

typical 15q11-q13 deletion (either type I or type II) [91,95]. 

Molecular testing for PWS to confirm the diagnosis should begin with DNA methylation 

analysis which is 99% accurate for the diagnosis but it does not identify the genetic subtype. 

Fluorescence in situ hybridization (FISH) to identify the 15q11-q13 deletion and chromosome 

analysis can be used to rule out a chromosome 15 translocation or other rearrangement. 

Presently, DNA or chromosomal microarrays are commonly used with both CNV and SNP 

probes to identify the 15q11-q13 deletion and to identify the presence of the maternal disomy 

15 status in selected individuals. Genotyping with polymorphic DNA markers from PWS 

family members (child and parents) are helpful in identifying the imprinting defect in the 

presence of a PWS methylation pattern and by having normal inheritance of the chromosome 

15.  

 

 

Fragile X Syndrome and Prader-Willi Phenotype 
 

As obesity is a cardinal feature of Prader-Willi syndrome (PWS), it is also common in a 

subset of individuals with the fragile X syndrome (FXS). A recent survey of body mass index 

(BMI) data collected from 718 children with FXS showed a prevalence rate of obesity (31%) 

which was higher than that found in age matched control children (18%) [96]. FXS is 

considered the most common cause of familial intellectual disability and due to a CGG triplet 

repeat expansion greater than 200 in size in the 5’ untranslated region of  the fragile X mental 

retardation 1 (FMR1) gene [57,58]. This expanded mutation usually leads to methylation and 

little to no mRNA is transcribed; thus, a lack of production of the fragile X mental retardation 

protein (FMRP) encoded by the FMR1 gene [57,58]. Lack of this protein is correlated with an 

increased childhood growth rate in FXS patients and supported by evidence from the FXS 

knockout mouse model showing enhanced growth rate for the mice and with obesity. 

Interestingly, about 10% of individuals with FXS will have severe obesity, hyperphagia, 

hypogonadism or delayed puberty as similarly seen in PWS. This subset of FXS patients, 

termed the Prader-Willi phenotype (PWP), do not have chromosome 15q11-q13 gene 

deletions or abnormalities [58].  

The FMR1 gene is located at the chromosome Xq27.3 band consisting of 17 coding 

exons that span 38kb in size [97]. FMRP is transported back and forth between the nucleus 

and the cytoplasm with binding and transportation of mRNAs in the neurons at the synapse 

level in the brain. FMRP stabilizes mRNA or can enhance degradation of mRNA. It appears 

to shape the pattern of mRNA regulation throughout human fetal development [98]. 



Merlin G. Butler 18 

Interestingly, a lower expression of a gene located in the 15q11-q13 region involved with 

PWS which encodes the cytoplasmic FMR1– interacting protein 1 (CYFIP1) also works in 

concert with FMRP and is associated with PWP [61].  

The classic features seen in FXS patients include an elongated face with a prominent 

forehead and ears, flat feet, hyperextensible joints and macro-orchidism. Characteristic 

behavioral findings include anxiety, attention deficit hyperactivity disorder, autistic 

tendencies such as hyperarousal to sensory stimuli including food texture and often obsessive-

compulsive disorder [99]. These obsessions when focused on food can lead to overeating, 

food seeking at night and obesity which can be severe and, thus, the PWP status. PWP 

individuals are described as having a lack of satiation leading to hyperphagia by 5 years of 

age and truncal obesity involving the torso and abdomen as similarly seen in PWS by 10 

years of age. Other PWP features in common with PWS include a round face, hypotonia, 

short stature, delayed puberty and hypogenitalism with a ravenous appetite including the 

consumption of inedible food such as raw meat and lack of satiety requiring locking 

refrigerators [58].  

 

 

Alström Syndrome 
 

Clinical 

Alström syndrome is another rare obesity-related disorder due to a single gene defect 

with an inheritance pattern of autosomal recessive. It has a prevalence of less than 1 per 

1,000,000 [62]. Due to multi-organ involvement, individuals with Alström syndrome have a 

reduced life expectancy of less than 50 years. This obesity syndrome is caused by mutations 

in the ALMS1 gene located on chromosome 2p13 with symptoms occurring during infancy. 

Affected individuals have visual impairment, cone-rod dystrophy and hearing loss, childhood 

truncal obesity, insulin resistance and type 2 diabetes mellitus, hypertriglyceridemia, short 

stature, dilated cardiomyopathy, and progressive pulmonary, hepatic, and renal dysfunction 

with developing fibrosis in multiple organs [63,100].  

The protein coded for by the ALMS1 gene when disturbed involves organs throughout the 

body but its normal function is unclear. A role in ciliary function, intracellular trafficking and 

adipocyte differentiation has been reported [64,101] as observed in a second obesity-related 

genetic disorder with similar findings, Bardet-Biedl syndrome. The diagnosis of Alström 

syndrome is usually made based on clinical features and confirmed by molecular genetic 

testing of disease causing mutations in the ALMS1 gene. 

Obesity is a consistent health issue observed in most children with Alström syndrome 

[100] with significant and rapid weight gain beginning in the first year of life and 

predominantly distributed in both subcutaneous and visceral compartments. Severe insulin 

resistance with high insulin levels and impaired glucose tolerance are often observed in very 

early childhood in this syndrome. It is frequently accompanied by acanthosis nigricans, a 

cutaneous marker of insulin resistance at an early age. The mean age of onset of diabetes 

mellitus is about 16 years [63]. Metformin has been helpful but insulin may also be required 

for treatment. Dyslipiedemia or high lipid levels are seen at an early age with 

hypertriglyceridemia being sufficiently severe to cause pancreatitis [102] and also an 

increased risk for cardiovascular disease [62]. 
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Other complex health issues include cardiomyopathy and congestive heart failure (CHF) 

in about 70% of individuals with this syndrome. This accounts for major causes of morbidity 

and mortality. The onset of CHF can occur as early as infancy or may develop later in 

adolescents or adults leading to fibrosis and myocardial hypertrophy with dilation and 

restrictive impairment of both ventricles [62,103]. Hepatic changes are also seen including 

cirrhosis, steatosis and hepatosplenomegaly followed by gastrointestinal bleeding, 

inflammation and fibrosis. End-stage liver disease is the cause of death in about 10% of 

individuals with Alström syndrome [63]. Renal disease is characterized by progressive renal 

impairment and varying degrees of glomerular disease, albuminuria and interstitial fibrosis. 

End-stage renal disease can occur as early as the teenage years and is also a major cause of 

morbidity. Hypogonadism is seen in both males and females with Alstrom syndrome, 

particularly with low-normal levels of testosterone and elevated gonadotropins in males 

having small penile length and testicular atrophy. Secondary sex characteristics are generally 

normal in males but are delayed. Hypogonadism in females may not become evident until 

pubertal age but with delay in secondary sex characteristics and menarche. Infertility is a 

consistent finding in Alström syndrome. Several endocrine disturbances are known to occur 

in Alström syndrome as well, including decreased growth velocity with advancing age. Most 

adolescents and adults are reported with short stature. Insulin-like growth factors and growth 

hormone levels are low. Hypothyroidism has also been reported. Chronic respiratory tract 

infections are common beginning in early childhood with some becoming severe leading to 

chronic bronchitis, asthma and obstructive pulmonary disease. Pulmonary hypertension is 

common with severe interstitial obliterating fibrosis reported, consistent with the fibrotic 

changes occurring in other major organs [62]. 

Most individuals with Alström syndrome are reported with a normal intelligence, 

although mild to moderate delay in reaching major milestones are sometimes noted including 

speech. Major depression, obsessive-compulsions and psychotic disturbances may occur 

particularly during adulthood. Balance disturbances are common [104] but without ataxia or 

impaired coordination. Cerebellar anomalies have been reported [105]. A particular facial 

appearance is recognized in Alström syndrome including deep-set eyes with a round face, a 

thickened skull, thick appearing ears and thin hair with premature frontal hair loss. Flat feet, 

brachydactyly, scoliosis and kyphosis are frequently observed. Dental anomalies including 

mal-aligned, missing, discolored or extra teeth may be present. Nystagmus and extreme 

photophobia are often noted along with visual dysfunction due to cone dystrophy and 

subnormal rod activity. Bilateral cataracts and complete blindness usually occurs by the 

second decade of life with the majority of individuals having slow progressive bilateral 

sensorineural hearing loss usually during the first decade. The age of onset and severity of 

these findings are variable [62,106].  
 

Genetics 

The ALMS1 gene contains 23 exons with several alternatively spliced transcripts 

(isoforms) reported with the longest transcript producing a 461 kDa protein size consisting of 

4169 amino acids [101,107]. Alström syndrome is due to mutations of this protein coding 

gene and is inherited in an autosomal recessive pattern. As with other recessive disorders, 

heterozygous carriers of mutations are generally asymptomatic. A large tandem repeat 

domain is found in exon 8 which encodes 34 imperfect repeats of about 50 amino acids in 

size which constitutes about 40% of the protein [101].  
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A conserved motif at the end of the protein which has been conserved in evolution shares 

sequences similarly seen in centrosomal proteins. This supports a role for the Alström 

syndrome gene and protein in cilia function in development of early onset childhood obesity. 

Centrosomes are cell organelles involved with microtubules which orchestrate aspects of 

chromosome movement during cell division and for development of signaling pathways 

impacting on primary cilium. Interestingly, the expression of the ALMS1 gene is found in 

most tissues affected in individuals with Alström syndrome including the organ of Corti with 

associated hearing loss, retinal photoreceptors impacting on vision and in the kidney and liver 

[62,107-109].  

There are over 100 different mutations reported in the ALMS1 gene found in individuals 

with Alström syndrome [62]. The majority are of the nonsense or frameshift (insertion or 

deletion) type and most often involve the coding regions of exons 8, 10 and 16. Population 

studies in this gene have suggested founder effects in certain ethnic backgrounds with lack of 

disease causing mutations in the 5’ half of the coding region of ALMS1 (including exons 1-7). 

These observations prompt speculation that mutations in this specific gene region are lethal to 

the developing embryo [110]. 

Over 200 unique single nucleotide polymorphisms (SNPs) have been identified in the 

ALMS1 gene with a trend for higher SNP density found in the 3’ and of the coding region of 

the ALMS1 gene suggesting an evolutionary impact with strong positive selection [62]. The 

prevalence of specific haplogroups for this gene may have occurred by selection about 15,000 

years ago in Eurasian populations. One of the SNPs (rs7598660) was found to be weakly 

associated with several insulin and glucose related traits and linked to higher insulin levels 

with an ancestral allele also in Eurasian populations [62,111]. The selective pressure acting 

on ALMS1 is unclear but other regions of selection in the human genome have been 

associated with carbohydrate metabolism. A possible variation in the ALMS1 gene could have 

contributed to insulin resistance carried on a selected genetic haplotype. Hence, severe insulin 

resistance and impaired glucose intolerance are common in early childhood in individuals 

with Alström syndrome.  

Genetic association studies have examined whether phenotypic variation seen in 

individuals with Alström syndrome could be attributed to specific mutations within the 

ALMS1 gene and a suggestive correlation was found for mutations in exon 8 and normal renal 

function. Common SNP variations in loci tightly linked to the  ALMS1 gene have also been 

found to be associated with kidney disease  including the SNP (rs13538) for renal filtration 

rate and a second SNP (rs10206899) which lies in close proximity to the gene for serum 

creatinine levels [112]. Several mouse models that recapitulate the features seen in Alström 

syndrome are under investigation to further examine mechanisms that cause the pathologic 

findings seen in this rare obesity-related genetic disorder.  

In summary, as common or exogenous obesity represents an interaction of complex 

multi-factorial agents including susceptibility genes with an obesogenic environment 

characterized by increased consumption of high caloric foods and a sedentary lifestyle, 

genetic mutations and variants are becoming more recognized as playing a role in response to 

our emerging environment. Research with known dietary components (high-fat food or high 

saturated-fat food) and population-based studies are needed to identify and develop targeted 

treatment protocols for personalized nutritional or pharmaceutical therapy for individuals at 

an increased risk for genetic factors and developing childhood obesity. In addition, the 

growing evidence learned about the role of genes from single gene obesity-related disorders 
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such as Alström, Prader-Willi and fragile X syndromes and mutations or gene variants present 

in the general population need to be better characterized and information applied in the 

clinical setting beginning in early childhood to avoid obesity and its manifestations. 
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