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Abstract

Prader-Willi syndrome (PWS) is characterized by hypotonia, obesity, hypogonadism, short stature,
small hands and feet, mental deficiency, a characteristic face, and an interstitial deletion of the
proximal long arm of chromosome 15 in about one-half of the patients. The incidence is estimated
to be about 1 in 25,000, and PWS is the most common syndromal cause of human obesity. DNA
abnormalities, usually deletions or duplications of chromosome 15, have been identified in
individuals with PWS with or without recognizable chromosome 15 deletions. Paternal origin of
the chromosome 15 deletion by cytogenetic and DNA studies has been found in nearly all PWS
individuals studied. No cytogenetic evidence for chromosome breakage has been identified,
although an environmental cause (e.g., paternal hydrocarbon-exposed occupations) of the
chromosome 15 abnormality has been proposed. PWS patients with the chromosome 15 deletion
are more prone to hypopigmentation compared with PWS individuals with normal chromosomes,
but no other clinical differences are consistently identified between those with and without the
chromosome deletion. Anthropometric, dermatoglyphic, and other clinical findings indicate
homogeneity of PWS patients with the chromosome deletion and heterogeneity of the nondeletion
patients. A review of our current understanding of the major clinical, cytogenetic, and DNA
findings is presented, and clinical manifestations and cytogenetic abnormalities are summarized
from the literature.
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NOTE ADDED IN PROOF

Recent DNA studies with four loci from the proximal 15q region from 12 PWS patients predicted the order to be: centromere-D15S9-
D15S12-D15S1I-D15S10-qter [Gregory CA, Kirkilionis AJ, Greenberg CR, Chudley AE, Hamerton JL (1989): Detection of molecular

rearrangements in Prader-Willi syndrome patients using genomic probes recognizing four loci within PWCR. Am J Med Genet, in

press]. Additionally, cloned DNA markers specific for the 15q11-13 region were used to determine the parental contribution of PWS
and Angelman syndrome individuals, both syndromes associated with indistinguishable deletions of 15q11-13 [Knoll J, Nicholls R,
Magenis R, Graham J Jr. (1989): Angelman and Prader-Willi syndrome share a common chromosome 15 deletion but differ in parental
origin of the deletion. Am J Med Genet 32:285-290]. The chromosome deletions in PWS are paternally inherited while in Angelman

syndrome, a very different clinical disorder characterized by mental retardation, ataxic gait, inappropriate laughter, seizures and a
characteristic face, the deletions are maternally inherited [Knoll et al., 1989]. Apparently, the parental origin of the chromosome 15

deletion plays a significant role in the development of the different phenotypes in these two syndromes possibly through a process of

genetic imprinting of the chromosome 15s. With the use of DNA markers from the 15q11-13 region, maternal heterodisomy was

recently determined from two PWS patients with apparently normal 15q11-13 chromosome regions [Nicholls RD, Knoll JHM, Butler

MG, Karam S, Lalande M (1989): Genetic imprinting suggested by maternal heterodisomy in nondeletion Prader-Willi syndrome.

Nature, in press]. The presence of maternal heterodisomy for two different chromosome 15s demonstrate that such an anomaly can be
associated with a human genetic disorder. Thus, these data indicate that the absence of paternal genetic information from the 15q11-
13 region by maternal heterodisomy or by deletion of this region may result in the PWS phenotype. More research is needed to better

explain the role of molecular genetics in the causation of PWS and Angelman syndrome.
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BACKGROUND

Introduction

The Prader-Willi syndrome (PWS) was first described by Prader et al. [1956]; subsequently,
over 700 cases have been reported. PWS, generally sporadic in occurrence, is characterized
by infantile hypotonia (94%), early onset of childhood obesity (94%), mental deficiency
(average 1Q of 65, range from 20 to 90; 97%), short stature (76%), small hands and feet
(83%), hypogenitalism/hypogonadism (95%), a characteristic face (e.g., narrow bifrontal
diameter, almond-shaped eyes, and triangular mouth) and an interstitial deletion of
chromosome 15 (q11-13) in about one-half of the patients [Laurance, 1967; Dunn, 1968;
Zellweger and Schneider, 1968; Hall and Smith, 1972; Dunn et al., 1981; Ledbetter et al.,
1982; Mattei et al., 1983; Bray et al., 1983; Cassidy et al., 1984; Fukushima et al., 1984;
Niikawa and Ishikiriyama, 1985; Fear et al., 1985; Takano et al., 1986; Butler et al., 1986;
Wenger et al., 1987; Greenswag, 1987]. Figure 1 shows the chromosome 15 deletion
recognized in about one-half of PWS patients. Figure 2 shows typical clinical manifestations
of two individuals with PWS (one with and one without the chromosome 15 deletion). The
incidence of PWS is estimated to be about 1 in 25,000 live births [Zellweger and Soper,
1979], and it is the most common syndromal cause of marked human obesity. A review of
our current understanding of the major clinical, cytogenetic, and molecular manifestations of
this unique syndrome will be presented.

Clinical Stages and Cytogenetic Findings

The course and natural history of PWS can be divided into two distinct clinical stages. The
first stage is characterized by varying degrees of hypotonia during the neonatal period and
early infancy, a weak cry, hypothermia, hypogenitalism and a poor suck reflex [Hall and
Smith, 1972; Zellweger, 1981; Butler et al., 1986; Greenberg et al., 1987]. The hypotonia is
central in origin, nonprogressive, and, on the average, begins to improve between 8 and 11
months of age [Hall and Smith, 1972; Butler et al., 1986]. Electromyograms, motor nerve
conduction velocity, serum creatinine phosphokinase, and results of light microscopy of
muscles are usually normal [Holm, 1981], while specialized histochemistry studies of
muscles demonstrate type II fiber atrophy consistent with disuse [Afifi and Zellweger, 1969].
Sucking and feeding difficulties in PWS infants usually require gavage feeding. As muscle
tone improves and the child becomes more alert, an increased appetite and weight gain
develop, which characterizes the beginning of the second stage of PWS.

The second stage, which usually occurs between ages 1 and 2 years, is characterized by
psychomotor retardation, with an average onset for crawling, walking, and talking (>10
words) at 16, 28, and 39 months, respectively, and early onset of childhood obesity [Hall and
Smith, 1972; Holm, 1981; Butler et al., 1986; Wenger et al., 1987]. Other recognized
findings seen in PWS individuals during the second stage include speech articulation
problems, foraging for food, rumination, unmotivated sleepiness, physical inactivity,
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decreased pain sensitivity, picking at sores and insect bites, prolonged periods of
hyperthermia, hypopigmentation, and skeletal and dental problems. Clinical manifestations
in 538 individuals who were diagnosed with PWS and summarized from the literature are
shown in Table I.

Early in the second stage, infants and toddlers are usually easy going and affectionate, but,
in about one-half of PWS individuals, personality problems develop between ages 3 and 5
years. These problems include temper tantrums, depression, stubbornness, and sudden acts
of violence [Hall and Smith, 1972; Bray et al., 1983; Cassidy, 1984]. These behavioral
changes may be initiated by withholding of food, but may also occur with little provocation,
particularly in the adolescents and young adults. Poor peer interactions, immaturity and
inappropriate social behavior may also occur during this time.

Although 60% of PWS individuals have IQs in the normal or borderline range, cognitive
dysfunction is nearly always present. Specific academic weaknesses in arithmetic and
writing are noted in PWS individuals, but reading and art skills are considered strengths.
Individual educational and remedial programs should be advised after careful intellectual
assessment of PWS children.

The vast majority of PWS cases are sporadic occurrences, but at least 10 putative families
with two or more relatives with characteristics of PWS have been reported, with the most
recent documentation by Burke et al. [1987] and Lubinsky et al. [1987]. In a recent review
of PWS individuals and their families, an empiric risk for recurrence of PWS was estimated
at less than 1/1,000 [Cassidy, 1987]. Normal chromosomes have been reported in suspected
familial cases, suggesting either an autosomal recessive mode of inheritance or a new
autosomal dominant mutation.

Although normal chromosomes have been found in affected patients from families with
more than one probable PWS individual, Hawkey and Smithies [1976] reviewed the
literature and noted that 10 of 61 patients with PWS had a chromosome abnormality
identified with standard banded or unbanded chromosome preparations. Several PWS
patients were reported to have Robertsonian 15q translocations with deletions of the short
arm of chromosome 15, which was thought to be causally related to the phenotype of PWS
individuals. In 1980, Ledbetter et al. reported a chromosome 15 deletion in PWS patients.
Using high-resolution chromosome banding, these investigators found a small interstitial
deletion of the proximal long arm of chromosome 15 in four of five PWS patients. Currently,
over 50% of reported PWS individuals are discovered to have the 15q12 deletion when
studied with high-resolution analysis [Ledbetter et al., 1981, 1982; Wyandt et al., 1981;
Mattei et al., 1983; Cassidy et al., 1984; Fukushima et al., 1984; Niikawa and Ishikiriyama,
1985; Fear et al., 1985; Takano et al., 1986; Butler et al., 1986; Labidi and Cassidy, 1986;
Wenger et al., 1987; Wiesner et al., 1987]. DNA studies are also in progress to gain an
insight into the molecular genetics of PWS and to identify sub-microscopic deletions or
rearrangements of the proximal long arm of chromosome 15 [Donlon et al., 1986; Nicholls
et al., 1987; Tasset et al., 1988; Gregory and Hamerton, 1987; Donlon, 1988; Nicholls et al.,
1989; Tantravahi et al., 1989].
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DISCUSSION

Clinical Manifestations of PWS

Obesity is a cardinal feature in PWS individuals and is considered the most significant
health problem. Therefore, obesity and related anthropometric characteristics in PWS will be
discussed in this review and other clinical findings summarized. About one-third of PWS
patients weigh more than 200% of ideal body weight [Schoeller et al., 1988; Meaney and
Butler, 1989a], and, without intervention, significant morbidity and mortality may occur
from the complications of obesity (e.g., cardiopulmonary compromise, hypertension,
diabetes mellitus). Obesity is thought to result from hyperphagia, persistent hunger,
decreased perception of satiety, and an uncontrollable appetite with impaired emesis [Holm,
1981; Cassidy, 1984]. The role of energy expenditure in the causation of obesity is not clear,
although a combination of excessive caloric intake, decreased energy expenditure, and/or
decreased physical activity leads to the morbid obesity [Holm, 1981; Nardella et al., 1983;
Cassidy, 1984; Schoeller et al., 1988].

Medications to suppress appetite have met with little success in PWS individuals, but more
research is needed. Naloxone, an opiate antagonist, has been used in PWS individuals to
determine if their hyperphagia was related to an abnormality of endorphin activity, but no
consistent weight loss was achieved [Kyriakides et al., 1980]. Also, recent evidence
indicates that endorphin levels are normal in PWS individuals [Hawkins et al., 1989].
Fenfluramine, an appetite-suppressing drug, was used with success in one PWS patient
[Bray et al., 1983]. Tryptophan, a precursor of brain serotonin and associated with a
reduction of food intake in animal studies, was used in the treatment of four PWS
individuals, but no effect on food intake was observed [Bray et al., 1983].

The onset of obesity usually occurs between ages 1 and 6 years, with an average age of onset
of 2 years. This follows the period of failure to thrive and hypotonia seen during the first
stage of PWS. Recent evidence with skinfold measurements of PWS infants indicates that
excessive fat may be present as early as 6 months and before the infant is judged to be obese
by weight/height parameters [Butler et al., 1988]. The fat pattern is characteristic in PWS
individuals and most prominently distributed over the buttocks, trunk, and thighs but spares
the distal extremities [Cassidy, 1984; Schoeller et al., 1988; Meaney and Butler, 1989a,b].
An estimate of 42% body fat, or a two- to threefold increase, compared with the general
population was recently determined on 29 PWS individuals in whom skinfold standards
(triceps, subscapular, and medial calf) were available for determination of percent body fat
[Meaney and Butler, 1989b].

Interestingly, children with PWS who have lost weight must be kept on caloric intakes
averaging about 60% of normal for age to maintain their reduced weight [Holm, 1981;
Cassidy, 1984]. Therefore, 8 to 9 kcal/cm of height usually allows for slow weight loss in
PWS children, whereas 10 to 11 kcal/cm of height is usually sufficient for maintenance of
weight [Pipes and Holm, 1973; Cassidy, 1984]. Energy expenditure is apparently abnormal
in PWS children, although energy expenditure studies in PWS individuals are few and
inconclusive.
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Basal metabolic rates are considered normal in PWS individuals when expressed per unit of
body surface area in some reports, but reduced by 20 to 50% in other reports [Bray et al.,
1983; Schoeller et al, 1988]. Butler et al. [1989b] recently measured resting metabolic rates
using indirect calorimetry, and by comparing body composition values determined by
bioelectrical impedance and skinfold measurements in 15 PWS, 23 nonobese, and 11 obese
(>130% ideal body weight) individuals, they found that PWS patients had lower resting
metabolic rates per given body weight or fat-free mass than the obese or nonobese control
individuals. These data suggest that low resting metabolic rates in PWS individuals are not
due simply to a reduced fat-free mass; additional research is needed.

Surgical procedures such as gastroplasty and intestinal bypass to correct or prevent the
obesity have met with only limited success and should be considered in older adolescents
and adults who are unable to lose weight by dietary and exercise programs [Soper et al.,
1981; Cassidy, 1984]. Calorie-controlled ketogenic diets individualized for each patient have
been effective, but patient compliance is a problem [Nelson et al., 1981]. With early
diagnosis, diet intervention, behavior modification, and increased physical activity, excessive
weight may be eliminated and the life-threatening obesity controlled in PWS individuals.

Metabolic studies to explain the obesity in PWS are few, and sparse information is available
on adipose tissue metabolism. Thyroid hormone, lipid profiles, insulin, glucocorticoid, and
amino acid levels are comparable to those in obese individuals, although reduced glucose
tolerance is reported in one-fifth of PWS patients [Hall and Smith, 1972; Parra et al., 1973;
Holm, 1981; Cassidy, 1984; Butler et al., 1989c, d]. In six PWS patients, no abnormalities in
fat metabolism or transport were identified in response to norepinephrine, insulin, and
glucose [Bier et al., 1977]. While fat cells were found to be larger than in control
individuals, uptake of fat and fatty acid composition in adipose tissue was normal and the fat
cell number not increased [Bier et al., 1977; Ginsberg-Fellner, 1981; Guurr et al., 1982].
Levels of adipose tissue lipoprotein lipase, an enzyme that regulates uptake and storage of
triglycerides, were increased 10-fold in fat biopsy specimens from seven PWS patients
compared with those of control individuals when adjusted for percent ideal body weight and
fat cell size [Schwartz et al., 1981]. Thus this enzyme is apparently elevated in PWS, but
additional research is needed to determine whether the elevation is a primary defect or a
response to other metabolic derangements. Recently, derangements of steroid metabolism
were reported by Chasalow et al. [1987], but these abnormalities and their role, if any, in the
manifestations (e.g., obesity, mental deficiency, hypogonadism) seen in PWS are not
understood.

Serum cholesterol and triglyceride levels are apparently normal in patients with PWS [Butler
et al., 1989c], but fat biopsy specimens from nine PWS patients showed that triglycerides
make up more than 98% of the fat [Nelson et al., 1981]. There was also a demonstrated
threefold increase in long chain polyunsaturated fatty acids, which may suggest a resistance
to lipolysis. Body composition and substrate utilization studies in 11 PWS patients showed a
high percentage of adipose tissue but an apparent normal substrate utilization with a normal
percentage of fat used for basal metabolism when compared with other obese control
individuals [Nelson et al., 1981]. The roles of the elevated long chain fatty acids, increased
levels of adipose tissue lipase suggested from fat biopsy specimens, and the genetic
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alterations seen in chromosome 15(q11-13) in the development of obesity in PWS patients
are not understood.

Short stature is also a recognized finding in PWS individuals and occurs because of linear
growth retardation and lack of a pubertal growth spurt in both sexes. Of those PWS patients
reported in the literature, 76% have short stature while birth length is usually normal; birth
weight is low in 30% of patients (Table I). The average adult height is 150 cm in women and
155 cm in men [Bray et al., 1983]. The bone age may be equivalent to the chronological age
but is delayed in 50% of PWS patients (Table I). Although no specific lesion of the
hypothalamus has been identified in PWS necropsy reports [Holm, 1981; Cassidy, 1984],
thermolability, hyperphagia, hypogonadism, and growth hormone abnormalities producing a
“blunted” response to provocative stimuli suggest a possible hypothalamic dysfunction as an
important factor in the short stature seen in PWS individuals [Bray et al., 1983; Lee et al.,
1987]. The use of oxandrolone, an anabolic steroid, and growth hormone therapy has had
limited success in achieving growth in PWS individuals, but more research is needed [Lee et
al., 1987].

Hypogonadism and hypogenitalism are major findings in PWS and can be identified early in
the male but with more difficulty in the female [Zellweger and Schneider, 1968; Hall and
Smith, 1972; Bray et al., 1983; Butler et al., 1986]. Sertoli cells and variable numbers of
Leydig and germinal cells are usually present in the testicles, although PWS males are
infertile. The tubules are usually small and atrophic. The hypogonadism is thought to be due
to hypothalamic hypogonadotropism since it is often associated with low gonadotropin and
gonadal steroid levels [Hamilton et al., 1972; Morgner et al., 1974].

Cryptorchidism, micropenis, and scrotal hypoplasia are recognized in the neonatal period in
80 to 100% of males, whereas a hypoplastic labia minora and clitoris are seen in most
female patients [Hall and Smith, 1972; Holm, 1981; Bray et al., 1983; Cassidy, 1984; Butler
et al., 1986; Wenger et al., 1987]. Treatment of the small penis with topical or parenteral
testosterone has been effective in achieving penile growth in PWS males [Cassidy, 1984].
Gonadotropin treatment may also be helpful in treating PWS males with cryptorchidism.
Delayed, precocious, or incomplete sexual maturation are also recognized but probably in
less than 5% of PWS patients.

Menarche is often late or does not occur in PWS females. In 98 appropriately aged females
reported in the literature, 38 developed menstruation (Table I). There is one report of fertility
in two females who were thought to have PWS [Laxova et al., 1973].

Because few anthropometric studies in PWS individuals were previously reported, weight,
height, sitting height, and 24 other anthropometric variables were obtained on 38 PWS
individuals, who ranged in age from 2 weeks to 38.5 years [Butler and Meaney, 1987].
Significant differences were not found in the measurements between those PWS individuals
with and without the chromosome 15 deletion. The average percent ideal body weight was
180% for the PWS individuals, and skinfold thicknesses at six sites were found to be higher
in PWS males than in PWS females. This represented an abnormal fatness pattern with sex-
reversal compared with control individuals [Meaney and Butler, 1989b].

Am J Med Genet. Author manuscript; available in PMC 2017 June 30.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Butler

Page 7

Anthropometric measurements confirmed the presence of short stature, small hands and feet
with the feet smaller in relationship to the hands, obesity, and narrow bifrontal diameter in
PWS. Inverse correlations were produced with linear measurements (e.g., height, hand and
foot lengths) and age, which indicated a deceleration of linear growth with increasing age
relative to normal individuals [Butler and Meaney, 1987]. A relative deceleration in growth
of certain craniofacial dimensions (e.g., head circumference, head length) was also
suggested [Meaney and Butler, 1987]. Therefore, dolichocephaly may be considered a early
helpful diagnostic sign of PWS.

To determine the effects of familial background on physical characteristics in PWS
individuals, anthropometric measurements, including weight; height; sitting height;
longitudinal and breadth measurements of the head, hands, and feet; head, arm, and calf
circumferences; and triceps and subscapular skinfolds were obtained on 28 PWS individuals
and their natural parents [Butler et al., 1989a], Intrafamilial and midparental PWS
correlations and heritability estimates were calculated from the anthropometric data.
Midparental-PWS child correlations were significant, and higher heritability estimates were
calculated for height and foot length but not for the other measurements. These data suggest
that taller parents with longer foot length would have a taller than the average PWS
individual with longer feet. Therefore, these physical characteristics in PWS were apparently
influenced by the genetic background while soft tissue variables such as arm and calf
circumferences and triceps skinfold have low heritability estimates.

Clinical Differences Between Deletion and Nondeletion PWS Individuals

Butler et al. [1986] reported on the clinical differences between PWS patients with or
without the chromosome 15 deletion, the former having lighter hair, eye, and skin colors and
higher intelligence scores than PWS patients with apparently normal chromosomes and
compared 39 PWS patients with 124 PWS individuals from the literature. Correlation
studies of metacarpophalangeal pattern profile variables from hand radiographs of PWS
patients standardized for age and sex and palmar and plantar dermatoglyphic findings
indicated apparent homogeneity of the deletion PWS group and apparent heterogeneity of
individuals with PWS and normal chromosomes [Butler et al., 1982; Reed and Butler, 1984,
Butler and Meaney, 1985, 1987].

Wiesner et al. [1987] and Butler [1989] reported that 48% of their PWS patients,
respectively, were hypopigmented and that the decreased pigmentation correlated with the
chromosome 15 deletion. It is postulated that a DNA segment on proximal 15q, which is
deleted in about 50% of PWS patients, may play a role in melanin production and decreased
pigment in PWS patients with the deletion. Wiesner et al. [1987] reported decreased hairbulb
tyrosinase activity, glutathione, and urine cysteinyldopa levels (all components of melanin
synthesis), although (B-melanocyte stimulating hormone and biochemical (phenylalanine,
tyrosine, and catecholamine) levels were found to be normal [Butler, et al., 1987; Butler,
1989]. Wenger et al. [1987] did not identify a difference in hair or eye colors in their PWS
patients with or without the chromosome deletion. Wiesner et al. [1987] also reported
abnormal melanosomes in one PWS patient. Misrouting of optic fibers, a finding consistent
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with oculocutaneous or ocular albinism, was also found in several PWS patients reported by
Creel et al. [1986].

Cytogenetic and DNA Findings

In a literature review by Mattei et al. [1984], 94 anomalies of chromosome 15 from PWS
individuals were found. The 94 anomalies were divided into 19 reciprocal translocations
involving chromosome 15 (2 balanced and 17 unbalanced); 9 small bisatellited additional
chromosomes derived from chromosome 15 (e.g., idic [15][q11]); 12 Robertsonian
translocations with chromosome 15; 52 interstitial deletions of chromosome 15 identified
with high resolution analysis; and 2 pericentric inversions of chromosome 15. In the current
literature, a total of 243 individuals with PWS have been reported with chromosome 15
abnormalities. These include 168 with interstitial deletions of chromosome 15, or 69% of the
total, 6 (2 %) with apparently balanced reciprocal translocations involving chromosome 15,
32 (13%) with unbalanced translocations involving chromosome 15, 14 (6%) with
Robertsonian translocations involving chromosome 15, 17 (7%) with small additional
chromosomes, 2(1%) with pericentric inversions of chromosome 15, and 4 (2%) with
duplications of chromosome 15 (Table II). Thus various chromosome anomalies have been
found in PWS individuals, but it is the proximal region of the long arm of chromosome 15
that is usually involved.

Since 1980 at least 280 PWS patients have been reported to have undergone high-resolution
chromosome analysis, and a chromosome 15 abnormality was identified in 168 individuals
[Ledbetter et al., 1981, 1982; Mattei et al., 1983; Fraccaro et al., 1983; Charrow et al., 1983;
Cassidy et al., 1984; Fukushima et al., 1984; Fear et al., 1985; Niikawa and Ishikiriyama,
1985; Takano et al., 1986; Butler et al., 1986; Labidi and Cassidy, 1986; Pettigrew et al.,
1987; Wenger et al., 1987; Wiesner et al., 1987]. Table III shows the summary data of the
high-resolution chromosome findings in published surveys of PWS patients. Sixty percent of
the PWS patients studied with high-resolution analysis have a chromosome 15 abnormality,
and 94% of the abnormalities are interstitial deletions (15q11-13). In most surveys more
than 50% of PWS patients have an interstitial deletion of chromosome 15, but some
investigators have reported that most, if not all, of their PWS patients had the 15q11-13
deletion [Mattei et al., 1983; Cassidy et al., 1984; Niikawa and Ishikiriyama, 1985].
Investigators of PWS individuals with lower frequencies of normal chromosomes apparently
tend to use stricter diagnostic criteria for inclusion in their studies.

Deletions of proximal 15q have also been reported in non-PWS patients [Schwartz et al.,
1985; Kaplan et al., 1987; Reynolds et al., 1987; Greenberg and Ledbetter, 1987], in
Angelman syndrome [Kaplan et al., 1987; Magenis et al., 1987], in Williams syndrome
[Kaplan et al., 1987], and in hypomelanosis of Ito [Turleau et al., 1986]. Interestingly, these
three syndromes also present with hypopigmentation (e.g., fair hair and skin, lightly
pigmented irides). Williams syndrome individuals may also present with obesity [Morris et
al., 1987]. Therefore, perturbations of this region of chromosome 15 may yield a wide
spectrum of phenotypic manifestations.

Chromosome 15 has specific cytochemical properties in that the constitutive
heterochromatin contains large amounts of 5-methylcytosine—rich DNA in comparison with
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other acrocentric chromosomes. Also, it has been proposed that inverted DNA repeats may
be present in high numbers in the 15q11-13 region and may play a role in producing the
chromosome changes seen in this region [Donlon et al., 1985]. More research is needed to
determine the lability of the proximal long arm of chromosome 15.

Several DNA probes subcloned from an inverted duplicated proximal 15q cell line have been
reported in nine PWS patients, in whom molecular rearrangements were also seen [Donlon
et al., 1986; Nicholls et al., 1987; Gregory and Hamerton, 1987; Donlon, 1988]. Molecular
rearrangements included deletion-duplications in patients with cytogenetically similar
deletions (15q11-q13), a duplication in an apparently chromosomally normal patient, and a
deletion-duplication in a patient with a chromosome 5; 15 translocation. Six probes
(designated D15S9-D15S14) have been found to detect DNA fragments that have been
assigned to 15q11.1 — 15q12, and five other probes (designated D15S15-D15S19) detect
fragments that map within 15q11-15q13 but outside the 15q11.1-15q12 deletion area (see
Fig. 1) [Nicholls et al., 1987; Donlon, 1988]. DNA deletions of PWS patients with
apparently normal chromosomes were found for eight of nine probes tested, including
D15S9 through D15S14, adding the potential for qualitative as well as quantitative studies of
deletions and molecular determination of the parental source of the deleted chromosome
[Donlon et al., 1986 Nicholls et al., 1987, 1989; Donlon, 1988; Tantravahi et al., 1989].

Cytogenetic studies to explain the cause of the chromosome 15 abnormalities in PWS are
limited. To determine if chromosome instability or early chromosome changes exist in PWS,
Hummel et al. [1986] studied sister chromatid exchanges (SCE) in seven PWS patients with
the 15q12 deletion and reported differences compared with controls, while Butler and
Jenkins [1987] found no SCE differences in 18 PWS patients, their parents, and age-
matched controls. Recently, Wenger and Rauch [1988] found a significantly higher number
of SCEs in the proximal long arm of chromosome 15 in nondeletion PWS individuals
compared with deletion PWS and control individuals.

Cytogenetic analysis with mitomycin C, a bifunctional alkylating agent, and folate-deficient
culture conditions was recently undertaken to identify if chromosome instability or fragility
exit in PWS individuals [Butler and Jenkins, 1989]. No increased chromosome breakage was
detected in 18 PWS patients and their parents when compared with age-matched controls,
and no clustering of chromosome/chromatid breaks or SCEs were observed in the proximal
one-third region of the long arm of the D group chromosomes when compared with the
middle or distal one-third regions.

High-resolution parental chromosomes have also been studied in several PWS families and
found to be normal [Ledbetter et al., 1982; Niikawa and Ishikiriyama, 1985; Butler et al.,
1986], although Winsor and Welch [1983] reported a chromosome 15 inversion in a PWS
child and his unaffected father. With the use of chromosome polymorphisms to study the
parental origin of the chromosome 15 deletion in 22 informative PWS families, it was
determined that the chromosome donated by the father was involved in the deletion of the
child in 19 of the 22 families [Butler and Palmer, 1983; Mattei et al., 1983; Niikawa and
Ishikiriyama, 1985; Butler et al., 1986]. Recently, DNA studies with the use of restriction
fragment length polymorphisms with probes on chromosome 15 have confirmed the paternal
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origin of the deleted chromosome in several families [Nicholls et al., 1989]. Therefore,
paternal origin of the chromosome deletion may suggest that an environmental agent is
involved whose effect is greater on paternal than maternal gametogenesis.

To determine if paternal factors could be identified that may affect spermatogenesis and
predispose to chromosomal rearrangements, an epidemiologic study was undertaken of
paternal occupations in PWS and control families [Strakowski and Butler, 1987]. A
significantly higher frequency of 652 PWS fathers (21%) than 334 fathers (12%) of children
with Down or fragile X syndromes were employed in hydrocarbon-related occupations at the
time of conception. In another study, the fathers’ occupations in 81 PWS individuals (53
deletion, 28 nondeletion) were analyzed. Forty-five percent of the fathers of deletion PWS
individuals and 54% of fathers from nondeletion PWS individuals were employed in
hydrocarbon-exposed occupations, which also supports an environmental cause of
chromosome abnormalities in the sperm of these fathers [Cassidy et al., 1989]. Additional
research is needed to determine if a causal relationship exists between hydrocarbon-exposed
occupations and PWS.

FUTURE DIRECTIONS

Although great advances in diagnosis, causation determination, and management of PWS
individuals have been made in the past 30 years, additional clinical, cytogenetic, and
molecular studies are necessary to gain a better understanding of this syndrome. Studies of
environmental factors (e.g., occupations, chemicals, viruses) that may influence male
gametogenesis and DNA analysis to determine the frequency of microscopic and sub-
microscopic deletions or rearrangements should be expanded. Several DNA probes on
chromosome 15 have been isolated, and new probes and restriction fragment length
polymorphisms are under investigation in PWS that should clarify the molecular structure
and stability status of the proximal part of 15q. With the use of DNA technology and
chromosome 15 probes, a better understanding of the molecular genetics of PWS should be
achieved that will have direct application in the understanding of the molecular biology and
predisposition of obesity in individuals from the general population.

New studies are necessary to describe the body composition, energy expenditure status (e.g.,
thermic effects of food; resting and 24 hour metabolic rates), and metabolic derangements
(e.g., amino acid and steroid metabolism; insulin resistance; fat storage and mobilization) in
serum and fat biopsy material from PWS patients. Additional behavior and psychological
studies are needed to characterize further and to determine the frequency of personality,
behavioral, and psychological findings in PWS individuals. Neuroendocrinological studies
should be undertaken with endorphins, serotonin, catecholamines, and other
neurotransmitters to determine if there are other abnormalities that can provide useful
information on brain function, obesity, behavioral problems, and hormone status in PWS
individuals. A better understanding of growth and metabolism may allow for better
treatment of obesity (understanding the causation and treatment of obesity in PWS may have
direct application to obesity in the general population) and allow for hormone therapy for
hypogonadism and growth abnormalities in PWS individuals. Research should be continued
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with nutritional approaches and behavioral modification programs with emphasis on
increased physical activity and pharmacological agents to suppress appetite.

Additional surveys are needed with correlation studies of cytogenetic and DNA findings
with the clinical manifestations (e.g., hypopigmentation). This research should allow for
better delineation of the syndrome and for better determination of the frequency of
uncommon findings (e.g., precocious puberty, thyroid disease). Early diagnosis, particularly
during the early stage of PWS, may be achieved through these studies and will be important
to avoid morbid obesity.

No consistent neuroanatomical lesions have been identified in PWS individuals; additional
detailed necropsy studies of the central nervous system should be undertaken. New
diagnostic procedures such as magnetic resonance imaging and positron emission
tomography should be used to study the brain of PWS patients. New studies will yield useful
information on the neuropathophysiology of PWS individuals and will allow for potential
treatment.
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Fig. 1.
A prometaphase chromosome 15 idiogram (850 band level) and representative prometaphase

chromosomes of a normal control individual and a Prader-Willi syndrome individual with an
interstitial deletion of chromosome 15 are shown. The 15q12 band is indicated by the arrow
in each of the normal chromosomes. Known DNA probes and loci on proximal 15q(11-13)
[Cox and Gedde-Dahl, 1988; Donlon, 1988; Nicholls et al., 1989]. D15S15-18 lie outside of
15q11.1-12 but within 15q11-13. IGHDY?2, immunoglobulin heavy chain diversity region 2.
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Fig. 2.
Frontal and profile views of two males (patient A is 8.5 years of age, with the chromosome

15[q11-13] deletion; patient B is 11 years of age, with apparently normal chromosomes)
with Prader-Willi syndrome. Note the typical facial appearance (e.g., narrow bifrontal
diameter, almond-shaped eyes, triangular mouth), small hands and feet, characteristic
obesity, and hypopigmentation (in patient A).
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Anomalies of Chromosome 15 Associated With Prader-Willi Syndrome Individuals
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Karyotype No. of Patients  References

Interstitial deletion
46,XX.del(15)(q11q13) 4 Ledbetter et al. [1981]
46,XX or XY,del(15)(q12) 7 Wyandt et al. [1981]
46,XY,del(15)(q11q13) 1 Bonuccelli et al. [1982]
46,XX or XY,del(15)(q11q13) 17 Ledbetter et al. [1982]
46,XX or XY,del(15)(q11q11) 2 Ledbetter et al. [1982]
46,XY,7del(15)(q11q12) 1 Fesseler and Bierich [1983]
46,XX.,del(15)(q11q13) 1 Fraccaro et al. [1983]
46,XX or XY,del(15)(q11q12) 8 Mattei et al. [1983]
46,XX or XY,dell5)(ql1q13) 11 Cassidy et al. [1984]
46,XX,del(15)(q11q13) 1 Golden et al. [1984]
46,XX or XY,del(15)(q11q12) 9 Fukushima et al. [1984]
46,XX or XY,del(15)(q12) 9 Fear et al. [1985]
46,X,der(X),t(X;14)(q22;q24.3)mat,del(15)(q11.1q11.3)mat 1 Markovic et al. [1985]
46,XX or XY,del(15)(q11q12) 11 Niikawa and Ishikiriyama [1985]
46,XX or XY,del(15)(q11q13) 21 Butler et al. [1986]
46,XY,del(15)(q11q13) 1 Kadotani et al. [1986]
46,XX or XY,del(15)(q11q13) 9 Labidi and Cassidy [1986]
46,XX or XY,del(15)(q11.2q13) 11 Takano et al. [1986]
46,XX,del(15)(q11.2q12) 1 Takano et al. [1986]
46,XY,del(15)(q11q13) 1 Jaskulsky and Stone [1987]
46,XY,del(15)(q11q13) 1 Reynolds et al. [1987]
46,XX or XY,del(15)(q11q13) 13 Wiesner et al. [1987]
46,XX or XY,del(15)(q12) 25 Wenger et al. [1987]

46,XY,del(15)(q11.2q13)
46,XX.,del(15)(q11.2q13)

Balanced reciprocal translocations
46,XY,t(3;15)(q29;q11)
46,XY,t(5;15)(pter;q12)/46,XY,t(8;15)(qter;q12)/46,XY,t(12;15)(qter;q12)
46,XY,t(15;18)(q11;q22)
46,XX,t(8;15)(p11;p13)
46,X,t(X;15)(q12.2;p12)
46,XY,t(7;15)

Unbalanced reciprocal translocations
45,XY,t(6;15)(q25;q12)
46,XY,t(9;15)(7;q11)

45,XX or XY,t(15;20)(q15;p13)

45,XY,-3,-15, + t(3;15)(p25;q15)
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Miike et al. [1988]
Phelan et al. [1988]

Aurias et al. [1978]
Lejeune et al. [1979]
Fraccaro et al. [1983]
Fraccaro et al. [1983]
Gustavson et al. [1984]
Garau et al. [1986]

Mikkelsen and Dyggve [1973]

Zuffardi et al. [1978]

H. Kawashima (personal
communication as cited by
et al. [1984])

Kucerova et al. [1979]

Mattei
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45,XY,1(14;15)(q32;q12-13)
45,X,-15,-Y,t(Y;15)(pl 1;q11)
45,XY,1(7;15)(q36:q13)

45,XX,-15,~19, + der(19),t(15;19)(q12;q13)
45,XY,t(1;15)(q36;q13)
45,X,-15,4(X;15;16)(p22.2;q12;q11.1)
45,XY,t(9;15) with del(15pter— 15q11)
45,XY,t(15;17)(q13;p13)

t(7q;15q)

45,XY,t(15;19)(q12;pter)

45,XY,t(15;20)(q12;qter)

45.XX,-1,-15, + der(1),t(1;15)(pter;q11)/46, XX -1, —15, + der(1), + idic(15)(q11)
46,XX,t(11;15)(q25;q11-12)

45,XY,-9,-15, + der(9),t(9;15)(q34:q11)

45,XX,— 15, 18, + der(18),t(15;18)(q12;q23)
45,XX,-15,-19, + der(19),t(15;19)(q11 or q13;p13)
45,XY,—11,- 15,t(11;15)(q25;q15)
45,XY,-15,der(7),t(7;15)(q36:;q13)
45,XX,-15,-17, + der(17),t(15,17)(q13;p13.1)
46,XX or XY,— 15, + der(14),t(14;15)(q11.1;q13)
45,XX,— 15,- 17, + der(17),4(15;17)(q13;925)
46,XY,t(15;22)(q13;q11.2)

46,XY,-5,—15,+der(5),t(5;15)(Spter — 5q35::15q13 — 15qter), + idic(15)(pter —
q173:q1?3 — pter)

46,XY,—- 15,+der(22)
46,XY,t(15;22)(q13;q12)pat
45, XX, -7, - 15, + der,t(7;15)(q36;q15)
45.XY, -15, - 20, + der,t(15;20)(q14;p13)
Robertsonian translocations
45,XY,t(15q;15q)
45,XX,t(15;15)(p11;q11)
45,XY,t(15;15) dicentric
45,XY,t(15,15) monocentric
45,XX,t(15q,15q) dicentric
45,XX,t(14;15)(p11;q11)
45, XX,t(13;15)(p11;q11) or (q11;pl1)
45,XX,t(15;15)(p11;q11)
45,XY,t(13q;15q)
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Karyotype No. of Patients  References
46,XY,(9;15)(p24:q11) 1 Guanti [1980]

Kozma et al. [1980]

Berry et al. [1981]

Cassidy et al. [1981]
Moric-Petrovic et al. [1981]
Styles and Popkin [1981]

Temperani and Forabosco [1981]

Wajntal et al. [1981]
Cavalli et al. [1982]

D. Ledbetter (personal
communication as cited in
Kousseff [1982])

D. Ledbetter (personal
communication as cited in
Charrow et al. [1983])

D. Ledbetter (personal
communication as cited in
Charrow et al. [1983])

Wulfsberg et al. [1982]

Charrow et al. [1983]
Fraccaro et al. [1983]
Fraccaro et al. [1983]
Fraccaro et al. [1983]
Pauli et al. [1983]
Cassidy et al. [1984]
Elder et al. [1985]
Hasegawa et al. [1984]
Duckett et al. [1984]
Fear et al. [1985]

Murdock and Wurster-Hill [1986]

Fernandez et al. [1987]

Fernandez et al. [1987]
Pfeiffer et al. [1987]
Pfeiffer et al. [1987]

Hawkey and Smithies [1976]
Emberger et al. [1977]
Fraccaro et al. [1977]
Fraccaro et al. [1977]
Fleischnick et al. [1979]
Smith and Noel [1980]
Berry et al. [1981]

Berry et al. [1981]

Wu et al. [1981]
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Karyotype

No. of Patients

References

1(15:15)(p11;q12)

45,XX,t(15;15)(p11;p11)
45,XX,-15,- 15,t(15;15)(p11;q11)
45,XX,t(15qg;15q)
46,XX,t(15q;15q)

Small additional chromosomes
47,XX, + mar
46,XY/47,XY, + mar
47,XX, +idic(15p)(pter — ql1::ql11 — pter)
47,XY, + inv dup(15)(pter—ql1 or q12::p11 or q11 — pter)
46,XY/47,XY, + del(15)(pter — ql1.3:)
47,XY,+ 15(pter—q21:)

46,XX/47.XX, + idic(15)(pter— ql1::ql1 — pter)

46,XX/47,XX, + mar

45.XX,~ 1,= 15, + der(1).t(1;15)(pteriq1 1)/46,XX,— 1, 15, +der(1), + idic(15)(q1 1)
47,XY, + mar

47.XY, + idic(15)(q11)

46,XX/47,XX, + mar

46,XY,-5,—15, + der(5),t(5;15)(Spter— 5q35::15q13— 15qter), + idic(15)(pter —
ql1?73:q173 — pter)

46,XX or XY/47,XX or XY, + idic(15)(q11)

47,XY,idic(15)(pter — ql1::q11 — pter)
Pericentric inversions

46,XY,inv(15)(p13q13)

48, XXXY,inv(15)(p11.2 q12 or q13)
Duplications

46,XY,dup(15)(q12 or q13 — ql5)

46,XX,dup(15)(q11q13)

46,XY,dup(15)(q11q12)

46,XX,der(15),dup(15)(q12q13)

1

D. Ledbetter (personal
communication as cited in
Kousseff [1982])

Ledbetter et al. [1982]

Tylki et al. [1982]

Winsor and Welch [1983]
Niikawa and Ishikiriyama [1985]

Ridler et al. [1971]
Michaelsen et al. [1979]
Fujita et al. [1980]
Wisniewski et al. [1980]
Kousseff [1982]

M. Lubinsky (personal
communication as cited by
Kousseff [1982])

Ledbetter et al. [1982]
Tajara et al. [1982]
Wulfsberg et al. [1982]

Fraccaro et al. [1983]

Mattei et al. [1983]

Goh et al. [1984]

Murdock and Wurster-Hill [1986]

Wenger et al. [1987]
Zellweger et al. [1987]

Winsor et al. [1982]
Winsor et al. [1982]

de France et al. [1984]
Fuhrmann-Rieger et al. [1984]
Pettigrew et al. [1987]
Pettigrew et al. [1987]

a . . L .
The same case but with a translocation and an isodicentric chromosome.
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