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Genomic imprinting is a term used in reference to situations where

there is differential genetic expression depending on which parent

contributed the genetic material. The proximal area of the long arm of

chromosome 15 is an excellent model system for imprinting studies since

aberrations of this area are associated with two distinct conditions,

Prader-Willi Syndrome (PWS) and Angelman Syndrome (AS), based on

whether the mutations are of maternal or paternal origin.

In this study, nineteen cases of suspected or clinically diagnosed

PWS were tested for molecular deletions by in situ hybridization with two

DNA probes, IR4-3R and GABRB3. Both probes are specific for sequences

within the chromosome region 15q]11-13, with IR4-3R located within the

putative PWS region and GABRB3 in the distal area associated with AS.

Eleven cases were determined to have deletions at both probe sites,

seven were not deleted at either probe site, and one case was deleted

at the IR4-3R site but not at the GAGRB3 site.

As virtually all previously reported cases of deletion PWS have

been deleted at both IR4-3R and GABRB3 sites, the single deletion case



found in this study is strong evidence for the existence of separate areas

within 15q1 1-13 for PWS and AS. Since the distal portion of 15q1 1-13 is

apparently not involved in producing PWS, as the PWS phenotype is the

same whether the area is deleted or not, but, if deleted causes AS when

maternally inherited, the single deletion PWS case also is most supportive

of the concept of genomic imprinting.
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INTRODUCTION

The term genomic imprinting refers to situations where there is

differential genetic expression depending on which parent contributed

the material (Hall,1990). The proximal area of the long arm of

chromosome 15 is an excellent model system for imprinting studies since

aberrations of this area are associated with two distinct conditions,

Prader-Willi Syndrome (PWS) and Angelman Syndrome (AS) (Kuwano et

al.1992). The clinical features of PWS include infantile hypotonia, small

hands and feet, hypopigmentation, retardation, and early childhood

onset of hyperphagia (over eating) with resultant severe obesity. PWS

occurs at a population frequency of about 1/25,000 (Butler,1990). AS

patients present with lack of speech, seizures, severe mental retardation,

ataxic gait, puppet-like movements of the upper limbs, and

microcephaly. The population frequency of AS is unknown, although it is

thought to be less than for PWS (Williams et al.1990; Magenis et al.1990).

Genomic imprinting may be another form of gene regulation,

which may explain why mutations in some chromosomes, like

chromosome 15, have distinct phenotypic impacts based on whether

the mutations are of maternal or paternal origin. (See Fig.1) In the family

whose pedigree is illustrated, the maternal grandfather of the affected

1
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children has a deletion in the 15qi1-13 region, but is unaffected. His

daughter has the identical deletion and is also unaffected. However, all

the offspring of the daughter inherited the same deletion and are severly

affected. The loss of maternal gene expression for the q 1-13 area of

chromosome 15 resulted in all the children having Angelman syndrome

(AS). Imprinting must involve modification of the nuclear DNA since

passage through a parental "host" can alter the phenotypic expression

of the genetic material (Hall,1990). Also, this modification must be

reversible, as the same genetic material can show a different phenotype

in the next generation upon passage through a parent of the opposite

sex of the previous "host" parent. Classical genetics has assumed that

parental origin had no effect on the function of the genetic material.

However, there are now several lines of evidence that associate

parental origin with differential gene expression.

One such study involves construction of zygotes in which all the

chromosomal material is derived entirely from either the maternal or

paternal cell line. The technique used to construct these zygotes is

known as pronuclear transplantation, and it can be performed in a

variety of ways. The basic procedure involves the physical removal of

either the paternal or maternal pronucleus from a newly fertilized egg

and replacing it with another pronucleus of the same parental origin.

This technique can be accomplished because the paternal and
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maternal pronuclei have different locations in the fertilized egg, as well

as different appearances. Each can therefore be distinguished and

removed before the pronuclear membranes disappear. The zygotes

reconstituted in this fashion are then allowed to develop. Pronuclear

transplantation of mouse oocytes with a paternal genome results in

relatively normal development of the placenta and membranes but

quite poor development of the embryonic structures. The opposite

situation occurs when the zygote is of entirely maternal origin; the

membranes and placenta develop poorly and there is fairly normal early

embryonic development (Surani,1986). These findings indicate that both

maternal and paternal chromosomes are necessary for proper, and

complete, embryonic development and that both sets make unique but

complementary contributions (Reik,1989). Similar observations have

been made in humans through studies of hydatidiform moles and

teratomas. The hydatidiform moles, which are found in pregnancies, are

structures composed primarily of placental tissue, lack embryonic

elements and contain two sets of paternally derived chromosomes

(Lawler et al.1982;Sulzman and Surti,1984). Teratomas are tumors

composed of embryonic tissue but lack any placental tissue, and

contain two sets of maternally derived chromosomes (Linder et al.1975).

In early studies, the parental origin of the tissue was determined by

comparing chromosome polymorphisms, such as centromere variants,



5

e.g., larger or smaller than normal, satellite variants, e.g., double

satellites, or a structural rearrangement found in one parent. In the

absence of such chromosome variations, the parental origin could not

be determined. The advent of molecular analysis of restriction fragment

length polymorphisms (RFLP's) has allowed the unequivocal

determination of parental origin of chromosomes in genetic studies. The

study of human triploid fetal material also indicates differential effects

depending upon parental origin. In these cases the fetus has three

copies of the genome, with twice the normal contribution from one

parent. In cases where there are two paternal copies and one maternal

copy, the tissue has the appearance of a cystic placenta, one with

numerous fluid-filled pockets throughout the membrane (Lawler, 1984).

In early abortus material containing two maternal copies and one

paternal copy, there is marked placental underdevelopment with

accompanying fetal growth retardation (Kalousek, 1988). Again, the

origin of the genetic material has significant phenotypic effects.

Further evidence for genomic imprinting has been obtained in

studies of mice in which both homologues of a chromosome are from

one parent. This condition is known as uniparental disomy (UPD). This

mechanism of human disease was first theorized by Eric Engel in 1980 as

a possible result of the observed high incidence of germ cell aneuploidy

in humans (Engel, 1980). UPD has been demonstrated in humans
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through molecular analyses of several families. The occurence of UPD is

most probably the result of the chance union of two gametes aneuploid

for the same chromosome, e.g., one gamete is nullosomic and the other

is disomic for chromosome 15. UPD could also result as a consequence

of postzygotic loss in a trisomic conceptus. A chromosome complement

of this type has a deficiency in material from one parent and a

duplication of material from the other parent. Several chromosome

segments in the mouse have been found that have differential effects

on growth, behavior, and survival, depending upon the parental origin

of the duplicated or deficient genetic material. For example, some

segments of murine chromosomes 2 and 11 have quite opposite effects

if the UPD is paternal instead of maternal, e.g., large vs. small body size

or hyperactive vs. hypoactive behavior (Cattanach,1988).

There have been cases of growth retardation in humans that are

analogous to the findings in mice (Spence et al. 1988 and Voss et al.

1989). Cystic fibrosis (CF) is the most common autosomal recessive

disorder in the Caucasian population, with a frequency of about 1/2500.

CF is caused by a mutation on chromosome 7. The disease is

characterized by sticky viscous secretions of the pancreas and lungs.

Diagnosis is initially made by demonstration of elevated chloride in the

sweat of patients. The most obvious pathogenic effects of the disorder

are chronic pulmonary infections, which result in an average survival of
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only 27-28 years. In patients afflicted with cystic fibrosis where both

chromosome 7's are of maternal origin, not only are the classic clinical

features found, but also severe growth retardation. Using RFLP's for 6

DNA probes that localize to chromosome 15ql1-13, UPD in humans has

also been verified in many cases of Prader-Willi Syndrome(PWS) (Nicholls

et al.1989). RFLP analysis has also shown that in all confirmed

nondeletion PWS patients there is maternal UPD of chromosome 15

(Robinson et al., 1991). In over 82% of these cases, the extra maternal

chromosome 15 is due to a meiotic I nondisjunction event (Robinson et

al. 1993). Several types of phenotypic effects may result from UPD: (1) if

the maternal and paternal genes are functionally equivalent, there will

be no effect; (2) there can be a lethal effect, as in maternal disomy of

chromosome 6 in the mouse; (3) the phenotype may involve the same

or similar abnormalities regardless of the parental origin of the UPD; (4)

different phenotypic abnormalities may occur depending upon the

parent of origin (Engel and Delozier-Blanchet, 1991).

The study of transgenic mice has resulted in additional evidence

for genomic imprinting. A transgenic mouse has had genes from

another source, such as human, inserted into its genome. In about 25%

of the transgenes studied, the expression of the gene in successive

generations depends upon the sex of the transmitting parent

(Hadochowel et al.1987;Reik et al.1987). For example, a transgene might
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be expressed in all of the offspring of a male, but his daughter would

pass on a non-expressing transgene. The differential expression, or

imprinting, of these transgenes did not appear to be related to the site

of insertion, size of the transgene, or the number of copies incorporated

(Surani et al.1988). Expression appears to be related to patterns of

methylation which reverse as the gene is passed from opposite sex

parents, e.g., a paternally inherited gene may have heavily methylated

sites, whereas the same sites will not be methylated if the gene was

maternally inherited (Hall,1990). Gene activity is associated with

demethylation, i.e., removal of methyl groups from specific regions, such

as the promoter of a gene, allows that gene to be transcribed. The

methyl groups are not involved in the act of transcription but affect the

ability of a gene to be transcribed. The characteristic information

derived by the passage of these genes through male and female

parents may allow them to act in concert in the developing embryo

(Swain et al. 1987).

Another area where imprinting may have significant clinical

impact is in tumorigenesis. Studies in mice have indicated that genomic

imprinting may have an important function in sustaining the balance

between proliferation and differentiation of embryonic cells (Reik,1989). It

may be that an error in this imprinting control could lead to tumor

formation, and studies of recessive tumor syndromes support this idea.
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Recessive tumors require that both alleles of a tumor suppressor gene be

lost. Usually the first is lost by some mutation event and the second by

recombination, nondisjunction, or possibly an environmental insult

(Reik,1989). This scenario is found in human familial retinoblastoma. The

child inherits a deleted chromosome 13 from a normal parent; then, if

the second allele is lost in a retinal cell through one of the mechanisms

listed above, a retinoblastoma may form (Ponder, 1 988;Dryja, 1989). DNA

studies have shown that the initial deleted chromosome 13 is usually of

paternal origin (Ponder,1989). The same area of chromosome 13 has

been implicated in osteosarcomas; DNA analyses of these tumors have

shown that the deleted chromosome 13 is of maternal, not paternal,

origin (Toguchida et al.1989). These observations indicate that the

effects of imprinting of the retinoblastoma gene, or the imprinting

modification itself, may be different in bone cells than in retinal cells.

These data also support the idea that the resultant gene expression of

an imprinted region may depend on the cell type involved (Hall,1990).

Another tumor that involves a chromosome deletion and has an

apparent imprinting component is Wilms tumor. The Wilms tumor is a

malignant tumor of the kidney and usually occurs in early childhood

and, occasionally, prenatally. In this tumor, the deleted chromosome 11

is nearly always of maternal origin (Schroeder et al.1987). This finding

suggests that the maternal chromosome 11 may have an expressed
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region involved in tumor suppression that is not active on the paternal

chromosome 11. An interesting finding in Wilms tumors is that the

predisposition to develop the tumors is primarily transmitted through the

father, indicating that there is some other factor related to tumor

formation that is not found on the short (p) arm of chromosome 11

(Hall,1990). Thus, tumor formation may require not only the absence of a

maternal tumor suppressor gene, but the presence of a paternal tumor

promoter gene. Paternal UPD of the 11 p-arm has been reported in three

patients with Beckwith-Wiedemann syndrome (BWS), an overgrowth

syndrome, two of whom also developed a Wilms tumor (Henry et al.

1991), as well as in a patient with Wilms tumor who did not have BWS.

These findings suggest that tumor suppression may involve differential

imprinting of various segments of homologous and non-homologous

chromosomes and that loss or modification of one of the parentally

imprinted regions may result in tumorigenesis.

Why did the mechanism of imprinting evolve? How does

imprinting occur? When does it occur? And, most importantly from a

clinical view, what are the effects and implications of genomic

imprinting in the study of genetic disease?

It is apparent from the studies of pronuclear transplantation in

mice that there are different roles for portions of the maternal and

paternal genome. It has been suggested that the evolution of
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placenta-based sexual reproduction may have involved

imprinting(Hall,1990). During implantation the female must

accommodate the presence of tissue which is half "alien" and also

control the growth of that tissue so that she is not injured or destroyed.

In order for the genetic control that must be required for this process to

occur, there would need to be some type of recognition signal to

identify the parental origin of genetic material. The imprinting process

that causes the paternal material to code for the extra-embryonic

membranes and the maternal contribution to code for embryonic

structures is likely responsible for this recognition.

Genomic imprinting may also have evolved to promote the

maintance of sexual reproduction in mammals. In order to avoid the

adverse effects of parthenogenesis (development without a male

genetic contribution), such as an increased incidence of expressed

lethal recessive alleles, complementary imprinting of the maternal and

paternal genomes would lead to a requirement for sexual reproduction.

Flexible gene control is another possible function of genomic

imprinting. There may be certain periods, such as during cell division,

when various levels of specific gene products are required; imprinting of

those particular genes would allow an alternate method of dosage

compensation. Also, certain critical genes may be imprinted to be

inactive except during specific cellular functions, such as DNA replication
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or times of rapid cell growth. Some genes may be in reserve to be used

only in the event of a mutation or dysfunction of the other allele. It has

also been suggested that many imprinted genes are those that influence

placental growth, suckling behavior, appetite, nutrient metabolism and

postnatal growth (Moore and Haig, 1991). Obviously, any error in the

imprinting of these loci, or a duplication or deletion of these critical

imprinted areas, would cause significant phenotypic effects. The suckling

abnormalities and eating dysfunction observed in PWS seem to support

this concept.

In studies of pronuclear transplantation in mice, it has been

observed that the phenotypes of the androgenetic and gynogenetic

mice are differentiated at a very early stage(Reik, 1989). Also, early

intrauterine death of uniparental disomic mice has been reported

(Cattanach, 1988). These observations suggest that the effects of

genomic imprinting occur at very early stages of development. The

effects of imprinting have also been seen at later stages in the life cycle

of mice, with pronounced impacts on growth and behavior. However,

no gross malformations have been reported as being associated with

imprinting.

In order for certain genes to show differential expression

dependent upon parental orign, the imprinting process would have to

be a temporary alteration in the function of a portion of the genome.
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Thus, imprinting is not a permanent change or mutation of the DNA, but

a mechanism that allows the loss of the previous imprinting pattern from

generation to generation. Imprinting appears to occur both before and

after fertilization. In the analysis of transgenic mice, it has been shown

that the transgenes are differentially methylated during spermatogenesis

and oogenesis (Hall, 1990). These methylation patterns are futher

modified in the cytoplasm of the egg after fertilization. It has been

recently demonstrated that there are different methylation patterns

between parental chromosomes at a specific gene sequence in the

human chromsome 15q 1-13, and these differences distinguish

Angelman syndrome and Prader-Willi syndrome patients with either

deletions or uniparental disomy (Driscoll et al. 1992). Although

methylation appears to be an important factor in imprinting, there may

be other epigenetic modifications involved. The role of DNA methylation

might be the maintainance of the genetic imprinting rather than the

actual effector of the genetic state. The actual mechanism of genomic

imprinting is still poorly understood.

Although Prader-Willi and Angelman syndromes often share a

common microscopic deletion of 15q1 1-13, the parental origin of the

deleted chromosome differs (Magenis et al.1990; Knoll et al.1989). In

PWS, the paternal 15 is deleted (Nicholls et al.1989; Robinson et al.1991),

while in AS, the deletion is maternal (Hamabe et al.1991). Cases of each



14

syndrome have been reported which do not have a chromosome

deletion but appear to result from uniparental disomy, the inheritance of

both copies of the same chromosome from one parent. In PWS both

chromosome 15's are maternal, resulting in an effective paternal deletion

(Robinson et al.1991). The observation that PWS can arise due to the

inheritance of two copies of the maternal chromosome 15 supports the

idea that PWS is caused by the absence of one or more paternally

expressed genes and that the corresponding maternal copies have

been inactivated by genomic imprinting. The converse occurs in AS with

both 15 chromosomes being paternal, yielding a maternal deletion with

the paternal genes inactivated (Malcolm et al.1990). Support for an

imprinting effect in these two syndromes can be found in the study of

multiple generations of family with a chromosomal translocation

between chromosome 15 and chromosome 22. Offspring with

identically unbalanced karyotypes with deletions in the 15qi 1-13 region

expressed either PWS or AS depending on the sex of the transmitting

parent (Hulten et al. 1991). Differential expression of the locus

dependent on parental origin suggests that genomic imprinting has

occurred (Nicholls et al.1989). Imprinting may also be a factor even

when a deletion is present, as indicated in the family whose pedigree is

shown in figure 1. In this case, the area of chromosome 15 that is

deleted is believed to be expressed only when it is maternally imprinted.
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In the grandfather, the chromosome 15 with the deletion must have

been paternally derived and, since he had a normal materally derived

chromosome 15, he was not affected. Likewise, his daughter inherited

the deleted chromosome 15 from him, paternally derived, and she also

had a normal maternally derived chromosome 15 and thus was not

affected. However, the daughters' offspring inherited the deleted

chromosome 15 from their mother and therefore did not have a

maternally imprinted copy of that chromosome region. The same study

also defines critical loci for PWS and AS which may be distinct sub-

regions of 15q1 1-13, with the AS area being more distal (See Fig. 2)

(Hamabe et al.1991). Thus, identifying DNA probes for the proximal

region of 15q which establish the critical imprinted region for PWS and AS

is crucial in describing the action of imprinting in this area. Such specific

nucleic acid sequences in chromosomes can be localized utilizing

fluorescence in situ DNA hybridization (FISH) (Trask 1991). If an individual

with PWS with the entire 15q11-13 area deleted had the same clinical

features as one with a partial 15q1 1-13 deletion, the additional material

deleted in the first case is either not functional in the partial deletion

case or is not involved in producing the PWS phenotype. Perhaps the

non-functional segment was differently imprinted and therefore had no

effect on the phenotype of the individual.
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A model has been proposed by Bartolomei and Tilghman (1992) to

explain the differential expression of two separate, but closely linked

genes, like the PWS and AS genes. In this model the maternally and

paternally imprinted genes compete for a common set of regulatory

elements with the end result being that only one of the genes is active

on each of the pairs of affected chromosomes. Thus, on the paternally

inherited chromosome 15, since the AS site would be methylated

(nonexpressed), the common regulatory elements would function to

allow expression of the PWS site. The opposite situation would occur on

the maternally inherited chromosome 15.

Addtional support for imprinting in humans comes from studies of

the mouse Snrpn gene. Small nuclear ribonucleoprotein particles

(snRNP) have been shown to have essential functions in mRNA splicing.

The Snrpn gene has been mapped to mouse chromosome 7 (Leff et al.

1992). By utilizing mouse DNA probes hybridized to human

chromosomes, and vice versa, in has been established that this region of

mouse chromosome 7 is homologous to the human chromosome 15q11-

13 area which has been implicated in PWS (Cattanach et al. 1992).

DNA analysis has demonstrated that the mouse Snrpn gene is expressed

only by the paternal allele and therefore the human homolog in 15q11-

13, SNRPN, has been identified as a possible gene involved in PWS. These
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data suggest that at least some of the clinical effects of PWS may be

the result of defects in mRNA processing (Ozcelik et al. 1992).

Studies of Robertsonian and reciprocal translocations in the mouse

genome have shown that paternal/maternal chromosome duplications

with the corresponding maternal/paternal deficiences in chromosomally

balanced zygotes result in various phenotypic effects. These effects

include neonatal and prenatal death as well as multiple congenital

anomalies. Several chromosomes were found to have one or two

imprinted sites, suggesting that only a limited number of genes may be

imprinted in mammals (Cattanach et al. 1990).

The expression of specific genes depending upon parent of origin

has not been extensively evaluated in humans. However, there are

numerous examples of human disorders where variations in phenotype,

such as age of onset and severity, appear to be related to the sex of

the parent transmitting the gene. In 10-20% of familial cases of myotonic

dystrophy, a severe, congenital form occurs when the gene is

transmitted through the mother. In 5-10% of familial cases of Huntington

disease there occurs a severe, rigid, juvenile form when the gene is

paternally transmitted (Reik 1988; Ridley et al. 1988). Other disorders

where parental origin is thought to effect the phenotype include:

seizures (Ottman et al. 1988), spinocerebellar ataxia (Zoghbi et al. 1988),

neurofibromatosis I and II (Miller and Hall 1978; Eldridge 1981), familial
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glomus tumors (van der Mey et al. 1989) and Fragile X syndrome (Laird

1987).

Implications of imprinting in PWS and AS studies have given rise to

questions regarding effects of imprinting in other chromosome

anomalies. Of particular clinical interest is the significance of small

supernumerary, or extra, chromosomes, often referred to as markers.

These additional chromosomes, often of unknown origin, have been

reported on many occasions in the human genome (Steinbach et at.

1983; Mohandas et at. 1985). These marker chromosomes occur in

humans with an approximate frequency of 15 per 1000, of which 40%

are familial (Sachs et at. 1987). Detection of these accessory marker

chromosomes during prenatal analysis presents difficult genetic

counseling problems, as the fetal phenotype cannot be accurately

ascertained (Buckton et al. 1985). The risk for phenotypic anomalies

caused by markers is not well defined (Warburton 1991). Markers have

been associated with mental retardation, developmental delay and

sterility, but have also been found in phenotypically normal individuals

(Wisniewski and Doherty, 1985). The occurrence and severity of these

anomalies may be related to the size, level of mosaicism and familial

presence of the markers (Buckton et at. 1985). Supernumerary markers

that arise de novo, i.e., are not familial, are associated with an 11-15%

risk of abnormalities (Warburton,1991). Those that are transmitted in a
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familial fashion are considered to be genetically inert. Is it possible that

the marker has a different genetic expression determined by the parent

who transmits it?

One half of all reported supernumerary marker chromosomes

contain a portion of the 15 p-arm, and about 80% of these are inv

dup(15)s (Kirkilionis and Sergovich, 1987). These bisatellited markers are

composed of a euchromatic segment with 15 p-arm material on both

sides. The ability to determine which portion of the 15q 11-13 region was

present in a marker chromosome, as well as parent of orgin, could be

beneficial in cases where such a marker was detected prenatally. For

example, if a marker chromosome contained only the putative PWS

region and was maternally derived, one would feel more confident in

predicting that it would have no phenotypic effect. However, if the

marker was paternally derived, or contained additional material beyond

the PWS region, then the possibility that it would be clinically significant

would be increased. The most consistent clinical findings associated with

these markers are mental and developmental retardation, abnormal

speech development, behavioral disturbances, seizures, hypotonia, and

strabismus. In one study of nonfamilial inv dup (15), of 25 cases reported

only 2 were associated with a normal phenotype (Mohandas et al.

1985). The variability in phenotype may result from differences in the

amount of proximal 15 q-arm present on the marker chromosome.
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Marker chromosomes originating from chromosome 15 are readily

identified by distamycin A/DAPI staining. The heterochromatic region of

the chromosome 15 exhibits a specific, intense fluorescence when

treated with the distamycin A/DAPI stain (Schmid et al. 1986). However,

this technique only identifies the heterochromatic region and gives no

information concerning the presence of proximal 15 q-arm euchromatic

material. The detection of these euchromatic sequences can be

accomplished by using FISH with the DNA probes specific for this region.

The objectives of this project are to gather additional evidence to

support the concept of genomic imprinting, to further define the critical

Prader-Willi syndrome (PWS) region sequences on chromosome 15q11-13,

and to determine if these sequences are present in chromosome 15

derived marker chromosomes.

In this study I will compare the clinical data from the commonly

reported full deletion PWS patients and the rare partial deletion PWS

individuals to help define the PWS critical region and the effects of

genomic imprinting of this syndrome. By using DNA probes which have

been shown to be specific for sequences in the proximal area of the 15

q-arm associated with PWS, I will establish the presence/absence of

these sequences in marker chromosomes derived from chromosome 15.

The ability to define the 15qi1-13 sequences present in a marker

chromosome will facilitate the diagnosis and counseling problems these
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cause when detected prenatally. The findings will be valuable in both

post and prenatal genetic diagnosis and genetic counseling.

As the concept of genomic imprinting becomes more acceptable

in the medical genetics community, testing to determine parental origin

of chromosomal abnormalities such as deletions and translocations, as

well as to detect the presence of uniparental disomy, will increase.

Evidence in support of genomic imprinting will help speed the adoption

and utilization of such testing in clinical genetic diagnosis.



MATERIALS AND METHODS

Peripheral blood samples, provided by Dr. Sharon Wenger, were

obtained from 19 patients who have a clinical diagnosis of PWS (see

Case Reports and Table 2). These samples were cultured according to

standard cytogenetic techniques to obtain the metaphase chromo-

somes that were used in this study. The protocols utilized are described

below.

Metaphase chromosomes in peripheral blood arise from

lymphocytes. These are differentiated cells which do not normally

undergo cell division. However, if these cells are cultured in the

presence of a mitotic stimulant, such as phytohemagglutinin, they will

replicate their DNA and enter into mitosis. The cells are grown for 72

hours in the appropriate media and then a mitotic inhibitor, colcemid, is

added to the culture. Colecimid acts on dividing cells by inhibiting

spindle fiber formation and thus stops mitosis during metaphase. At this

point the chromosomes are condensed enough to be useful for

cytogenetic analysis. After exposing the cultured cells to a hypotonic

solution followed by a fixative solution, the chromosomes qan be used

for a variety of applications, including DNA probe hybridization analysis.

23
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Media and Reagents for Blood Culturing and Harvesting Protocols

RPMI 1640 Complete with Fetal Bovine Serum

500m1 RPMI 1640 (Irvine)

10ml 3% L-Glutamine (Gibco)

75m1 FBS (Gibco)

5m1 Pen/Strep(Gibco)

7.5ml PHA (Burroughs-Wellcome)

0.5ml 1000 USP units/ml sodium heparin (Elkins-Sinn)

Colcemid (Gibco)

1Oml of 1Omcg/mil stock solution diluted with 1Oml of sterile

distilled water to give final concentration of 5mcg/ml. Store at 4C.

Hypotonic solution (0.075M)

14.0g potassium chloride in 250ml distilled water. Store at

room temperature.

Fixative solution

3 parts absolute methanol to 1 part glacial acetic acid.

Prepare fresh for each harvest.

Phytohemagglutinin

Reconstitute with 5ml sterlile saline. Store at 4*C.

Peripheral Blood Culturing Procedure

Place 9.5ml of complete media in a 25m1 tissue culture flask.
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Inoculate with 0.5ml of whole blood and incubate for 72hr in 37C

incubator, then harvest.

Peripheral Blood Harvest Procedure

Add 0.1 ml colcemid to each 25m1 flask for 30 min, then transfer

flask contents to a 15m1 centrifuge tube and spin down for 5 min at 1200

rpm. Pour off supernatant gently and resuspend pellet in 10ml of

hypotonic solution. Mix completely and let stand at room temperature

for 15 min. Add 0.5ml of fixative solution and gently mix. Centrifuge at

1200 rpm for 5 min and draw off supernatant. Add 10 ml of fix and mix

thoroughly. Let stand at room temperature for 10 min. Repeat 2 times.

After last fix, resuspend the pellet and place 3-4 drops of the cell suspen-

sion on a wet or frozen slide with a Pasteur pipet. If slides are not to be

used immediately, they may be stored at 40C. Slides stored in this

manner can be used up to 1 year later.

DNA Probe Analysis

A DNA probe that is complementary to the particular chromosom-

al target sequence is labeled with the reporter molecule such as biotin.

After the probe and target DNA have been denatured, they are placed

together and allowed to anneal. After washing to remove unhybridized

probe molecules, the DNA is then detected with a fluorochrome-avidin

complex. The avidin will bind to the biotin in the hybridized probe, thus

attaching a fluorochrome, such as fluorescein isothiocyanate (FITC) to



26

the target DNA sequence. The labeled sequences can be viewed

through a microscope utilizing a fluorescent light source (Trask, 1991).

The DNA probes and reagents used in this protocol were provided

by Dr. Akira Kuwano and Dr. David H. Ledbetter. The same probes and

reagents are now available from Oncor,lnc. These probes, IR43-R and

GABR, span almost 2000 kb in the 15q11-13 region. The size of the IR43-R

probe is 220 kb and the GABR probe is 258 kb.

FISH Hybridization Protocol

Denature sample slide by placing slide in a coplin jar containing

70% formamide at 68 C for 2 min. Next, wash the slide for 2 min in each

of three cold ethanol washes, beginning with 70%, then 85% and finally,

100%. Air dry slide. For each slide to be probed, use l0ul of DNA probe

solution with a final probe concentration of 0.5ng/ul. The PWS/AS probes

from Oncor come diluted in Hybrisol VII (50%formamide/2XSSC). Incubate

the probe for 30 min at 370C to preanneal, then apply to the slide.

Cover with a 25X25mm coverslip, seal with rubber cement and hybridize

overnight at 37 C in humid chamber. Carefully remove the coverslip

sealant with forceps. Do not remove the coverslip as this will fall off

during the washing steps. Wash slides in 50% Formamide/2XSSC at 43*C

for 15 min. Wash slides in 2XSSC at 43 C for 5 min. Repeat. Wash slides in

0.1 XSSC at 43*C for 5 min. Repeat. Wash slides in 1 XPhosphate Buffer

Detergent (PBD) (available from Oncor) at room temperature for 5 min.
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Slides can be stored in PBD at 4C for up to 2 weeks if required. If slides

are to be analysed immediately, remove from PBD buffer and shake off

excess. Do not allow slide to dry. Apply 60ul of Oncor blocking reagent

to slide and cover with plastic coverslip. Incubate 5 min at room

temperature. Remove coverslip and shake off excess reagent. Apply

60u1 of fluorescein isothiocyanate-labeled avidin to slide and cover with

plastic coverslip. Incubate 20 min in humid chamber at 37C. Wash slide

3 times in 40 ml of PBD buffer at room temperature for 2 min each wash.

Stain chromosomes by adding 18u1 of propidium iodide/antifade, with a

final concentration of propodium iodide of 0.3ug/ml, to each slide.

Cover with glass coverslip and seal with clear fingernail polish. The

antifade solution is available from Oncor. Slides are viewed with a Zeiss

Axiophot fluorescent microscope with filter combination 487709 (excita-

tion at 450-490nm). All photographs were taken with Kodak Ektachrome

400 film.

For each sample, a total of 40 metaphase spreads were scored

(20 for the PWS probe and 20 for the AS probe). If a metaphase spread

contained 2 signals for a particular probe target, it was considered to be

normal (not deleted) at that probe site. If a metaphase spread

contained only one signal for a probe target, this indicated that one of

the 15 chromosomes was deleted at that probe site.
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A sample was considered normal for a probe site if 5 of the 20

metaphase spreads scored showed 2 signals at the target site. For a

sample to be considered abnormal, all 20 metaphase spreads scored

had to show only 1 signal at the probe target site.
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CASE REPORTS

Patient 1: 46,XX Age: 21 yr Height: 55in Weight: 150lb /Q: Mentally

retarded Pregnancy was full term with decreased fetal movement and

birth weight of 6 lb, 4 oz. Developmental milestones included sitting at 9

months and walking at 2 years. Hypogonadism and delayed menses

were noted.

Patient 2: 46,XY Age: 15 yr Height: 65in Weight: 170/b IQ: Mentally

retarded Pregnancy was full term with few fetal movements and birth

weight of 9 lb, 3oz. Milestones include sitting at 19 months, walking at 21

months, and talking at 2 years. Patient has hypogonadism and delayed

puberty.

Patient 3: 46,XX Age: 12 yr Height: 53in Weight: 125 lb /Q. 50

Pregnancy was full term. Milestones included walking at 13 months and

talking at 2 years. This patient was considered to be atypical for PWS.

Patient 4: 46,XY Age: 21 yr Height: 61in Weight: 171lb /Q. 40

Pregnancy was full term with a birth weight of 6 lb, 7 oz. Milestones

included walking at 3 years and talking at 4 years. This patient was

considered to be atypical for PWS.

Patient 5: 46,XX Age: 19 yr Height: 52in Weight: 330 /b /Q: Mentally

retarded No pregnancy or milestone data. Patient has normal genitalia

after hormone therapy, severe pulmonary dysfunction and had seizures

until age 5 years.
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Patient 6: 46,XX Age: 31 yr Height: 57in Weight: 177lb IQ: 70

Pregnancy was 43 weeks with decreased fetal movements. Milestones

include sitting at 12 months and walking at 19 months. Patient has

hypogonadism.

Patient 7: 46,XX Age: 14 yr Height: 58in Weight: 210 /b IQ: Information

unavailable Pregnancy was full term. Milestones include sitting at 5

months and walking at 9 months. The patient has diabetes mellitus and

hypothyroidism and is considered to be atypical for PWS.

Patient 8: 46,XX,de/(15)(q12) Age: 10 yr Height: 51in Weight: 121 /b IQ:

85 Pregnancy was full term with decreased fetal movements and birth

weight of 5 lb, 8 oz. Milestones include walking at 2 years and delayed

speech.

Patient 9: 46,XY,del(15)(q 12) Age: 5 yr Height: 46in Weight: 50 /b /Q:

Mild menta/ retardation Pregnancy was 42 weeks with few fetal

movements and birth weight of 9 lb, 2 oz. Milestones include sitting at 9

months and walking at 2.5 years. Patient has hypogonadism, pulmonary

hypertension and profound alveolar hypoventilation or shortness of

breath.

Patient 10: 46,XY,del(15)(q12) Age: 21 yr Height: 63in Weight: 156 lb

/Q: 60 No pregnancy or milestone data. Patient has small genitalia.

Patient 11: 46,XY,del(15)(q 12) Age: 20 yr Height: 60in Weight: 272 /b

/Q: 65 Pregnancy was full term. Milestones include sitting at 1.5 years,
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walking at 3 years and talking at 3 years. Patient has shortness of breath,

hypogonadism and delayed puberty.

Patient 12: 46,XY,de/(15)(q 12) Age: 19 yr Height: 55in Weight: 253 /b

IQ: Mild mental retardation Premature delivery with a birth weight of 4

lb, 8 oz. Milestones include sitting at 3 years and walking at 5 years.

Patient has hypogonadism with delayed puberty. Had congestive heart

disorder at 18 years.

Patient 13: 46,XY Age: 30 yr Height: 68in Weight: 282lb IQ: Borderline

menta/retardation No pregnancy data. Milestones include walking at 2

years and talking at 3 years. Patient has hypogonadism, hypertension,

and suffered congestive heart disorder at 27 years.

Patient 14: 46,XX,del(15)(q 12) Age: 13 yr Height: 52 in Weight: 188 lb

IQ: 91 Pregnancy was 41 weeks. Milestones include sitting at 11 months,

walking at 18 months and talking at 3 years. Patient has small genitalia

and delayed puberty.

Patient 15: 46,XX Age: 60 yr Height: 55 in Weight: Unknown Other data

not available.

Patient 16: 46,XY, del(15)(q 12) Age: 22 yr Height: 65 in Weight: 357 /b

IQ: Unknown Pregnancy was a breech birth at 44 weeks gestation. Mile-

stones include sitting at 3.5 years, walking at 6 years and talking at 3

years. Patient has hypogonadism.
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Patient 17: 46,XY Age: 17 yr Height: 60in Weight: 181 /b /Q: Unknown

Pregnancy resulted in a breech birth at 42 weeks gestation, with

decreased fetal movements. Milestones include sitting at 9 months,

walking at 2.5 years and talking at 4 years. Patient has hypogonadism.

Patient 18: 46,XX Age: .27 yr Height: 56in Weight: 310lb IQ: Unknown

Pregnancy was 42 weeks with decreased fetal movements. Milestones

include sitting at 9 months, walking at 2 years and talking at 3 years.

Patient has hypogonadism.

Patient 19: 46,XY Age: 7 yr Height: 48in Weight: 172lb /Q. Mild mental

retardation Pregnancy was full term with birth weight of 5 Ib, 6 oz.

Milestones include sitting at 18 months and walking at 2.5 years. Patient

has hypogonadism, and shortness of breath.



RESULTS

Nineteen cases of suspected, or clinically diagnosed, PWS were

tested for molecular deletions by in situ hybridization with two probes,

IR4-3R and GABRB3. Both probes are specific for sequences within

chromosome 15q11-13, with IR4-3R located proximally within the putative

PWS region and GABRB3 in the distal area associated with AS. All

nineteen cases had been previously analysed with conventional

cytogenetic techniques to determine if a microscopically visible

chromosome deletion was present. Twelve did not appear to be

deleted, six had a definite cytogenetic deletion, and one case was

inconclusive. Upon hybridization analysis with DNA probes, five of the

twelve with no apparent cytogenetic deletion were found to be deleted

for both molecular probes, and one case was found to be deleted only

at the IR4-3R site. The other six were not deleted at either probe site.

Figures 3 and 4 represent a normal case with both chromosome 15

homologues showing hybridization signals for the PWS and AS probes.

Figures 5 and 6 represent an abnormal case with only one chromosome

15 homologue showing a signal for the PWS and AS probes, indicating

that the other homologue is deleted for both probe target sites. Figures

7 and 8 represent the single case (patient 13) that was not deleted at

34
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the AS probe site but was deleted at the PWS probe site. The six cases

with visible chromosomal deletions were deleted at both probe

locations. The case with inconclusive cytogenetic results was not

deleted in either probe site. It was later established that this patient had

a familial centromeric variant that was initially misinterpreted as a 15q1 1-

13 deletion. See Table 1 for patient list and Table 2 for cytogenetic and

probe results. Clinical features of all patients are listed in Materials and

Methods. There appear to be no consistent or obvious correlation

between visible deletions, FISH detected deletions and severity of

syndrome in this patient population.

Three bisatellited inverted duplicated 15p supernumerary markers

detected prenatally were also examined using the same DNA probes.

(Hybridization courtesy of Molecular Cytogenetics Dept., Vivigen, Inc.)

All three of the markers hybridized with the Oncor 15 satellite III probe,

confirming that they were derived from chromosome 15. The amount of

15q proximal chromatin varied from marker to marker. The marker

shown in figures 9 and 10 did not hybridize with either the PWS or AS

probes, indicating that neither site was present. The marker shown in

figures 11 and 12 hybridized with the PWS probe but not the AS probe

and is therefore deleted at the AS probe site. The marker shown in

figures 13, 14 and 15 hybridized with both the PWS and AS probes

revealing the presence of both probe sites.
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Fig. 3 Metaphase spread hybridized with PWS probe showing

signal at both PWS sites. No deletion occurs at the

PWS site.
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Fig. 4 Metaphase spread hybridized with AS probe showing
signal at both AS sites. No deletion occurs at the AS
site.
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Fig. 5 Metaphase spread hybridized with PWS probe showing
signal at only one PWS site. One PWS site is deleted.
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Fig. 6 Metaphase spread hybridized with AS probe showing
signal at only one AS site. One AS site is deleted.
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Metaphase spread from case #13 hybridized with PWS

Fig. probe showpg only signal at one PWS site. One PWS

site is deleted.
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Fig. 8 Metaphase spread from case #13 hybridized with ASprobe showing signal at both AS sites. No deletion
occurs at the AS site.
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Fig. 10 Metaphase spread hybridized with 15 satellite probe
showing marker chromosome that lacks signals at
both PWS and AS probe sites.
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Fig. 12 Metaphase spread hybridized with PWS probe showing
marker that has a signal only at the PWS probe site.
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Fig. 14 Metaphase spread hybridized with PWS probe showing
marker that has a signal at both the PWS and AS
probe sites.
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Fig. 15 Metaphase spread hybridized with AS probe showing marker
that has a signal at both PWS and AS probe sites



DISCUSSION

The primary goal of this research was to gather data concerning

the concept of genomic imprinting. Of the 19 PWS patients studied, the

results obtained from analysis of patient 13 are the most supportive of

genomic imprinting. Virtually all previously reported cases of deletion

PWS have been deleted for the entire 15q1 1-13 region. In this patient

with classical PWS phenotype, the usually deleted distal portion of 15q11-

13 is present but apparently not involved in expression of the PWS

phenotype. If this chromosome area is present, but not expressed in this

PWS patient, it may be imprinted in such a manner that it is not function-

al in the paternal chromsome. This hypothesis is supported by the AS

family reported by Hamabe et al in which deletion of the distal portion

of 15q11-13 had no effect in the grandfather and his daughter, but

resulted in AS in all three of the daughter's offspring (Fig. 1). The same

area that has no apparent expression in patient 13, if deleted causes AS

when inherited from the maternal genome in that family. These two

cases are strong evidence for the existence of separate areas within

1 5q 11-13 for PWS and AS and the apparent differential expression of

those regions as determined by parental imprinting. Finding additional

50
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cases with only a partial deletion of 15q1 1-13 is necessary to confirm this

theory.

Current information supports the theory that the lack of a paternal

chromosome region 15q11-13 leads to PWS and lack of a maternal copy

of the same area results in AS. This correlation suggests that the genes in

the 1 5q11-13 region can have different expression based upon parent of

origin and that the epigenetic mechanism involved is genomic

imprinting. However, lack of the 15q 11-13 region, by either chromosome

deletion or uniparental disomy, is not the only mechanism where

genomic imprinting may play a role in the etiology of PWS. There is

evidence that specific gene mutations within the critical 15q11-13 region

result in a functional deletion of that area (Kennerknecht, 1992). Thus, if a

paternal 15 chromosome manifested such a mutation in the putative

PWS area of 15ql 1-13, then PWS phenotype would be observed. If the

same mutation occurred in a maternally derived 15, there would be no

phenotypic result. This concept would help explain the 5-10% of PWS

patients that have neither a chromosome deletion nor uniparental

disomy, as well as the sporadic appearance of PWS in some family

pedigrees.

Support for the idea of separate critical regions for PWS and AS,

combined with the evidence for genomic imprinting, has made the

accurate identification of de novo supernumerary marker chromosomes
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even more relevant. As demonstrated by the three chromosome 15

derived markers shown in figures 9-11, the amount of euchromatic

material present in such markers can vary greatly. Knowing the precise

genetic identity, as well as the parental origin, of these markers, could

be extremely valuable in determining the possible clinical effects of such

markers. For example, if this type of marker was detected prenatally

and was found to be of paternal origin and contained the PWS region

genetic material, one would feel more confident in predicting that the

marker would have a deleterious phenotypic effect. However, if the

same type of marker was of maternal origin, and thus probably had a

non-expressing PWS site, one would be inclined to minimize its potential

phenotypic effects. If the marker contained the entire 15q 11-13 region,

then one would expect phenotypic effects regardless of the parental

orgin of the marker chromosome. Support for this view was reported by

Dr. David Ledbetter at the 1993 American Society of Human Genetics

(ASHG) meeting. His group studied several individuals with

supernumerary inverted duplicated chromosome 15 markers of various

sizes. While the phenotypic effects of the small markers containing only a

portion of 15q11-13 varied from normal to affected, the large markers

containing all of 15q11-13 were always associated with phenotypic

abnormalities. Therefore, refining the location of the PWS critical regions
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may have important implications in prenatal genetic counseling

involving de novo markers.

Another facet of marker chromosomes that may indicate an

effect of genomic imprinting is the fact that familial markers are general-

ly considered to have no phenotypic effect. Even those markers that

are chromosome 15 derived apparently have no effect when they are

inherited in a familial fashion. If the expression of these markers was

determined strictly by genomic imprinting and parent of origin, it would

be expected that at some point in a family pedigree the marker would

be genetically active and produce a phenotypic effect. There are

several possible explainations for the apparent lack of effect from

familial markers: 1) they may contain only genetically inert heterochro-

matin; 2) the area associated with PWS may be one in which even an

undetectable deletion, or mutation, anywhere within the region would

render the entire area inactive; 3) there may be an imprinting control

site within the 15q1 1-13 region and if this area is deleted, or mutated, the

region would always be imprinted in the non-expressed, or inactive,

mode. Another rather disturbing possibility is, that these familial markers

have phenotypic effects that are hard to identify, such as learning

difficulties, behavior problems, or predisposition to certain cancers. It has

been suggested that loss of imprinting could be another mechanism in

carcinogenesis (Rainier et al., 1993).
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The same type of counseling difficulties encountered with supernu-

merary marker chromosomes can be envisioned with deletions of chro-

mosome 15q1-13. As demonstated by the AS family shown in figure 1,

there are instances where a deletion in the proximal q-arm of chromo-

some 15 will have no clinical effect. Currently, if such a deletion were

found upon prenatal analysis, the diagnosis would either be that there

was a strong possiblility of deleterious effects or that the outcome was

not possible to predict. Given such information, many parents would

elect to terminate the pregnancy. However, if the PWS/AS critical regions

were known, then the next step would be to determine the parental

origin of the deleted chromosome. If it was established that the deleted

area was not expressed in the parental chromosome due to imprinting,

then the diagnosis would be quite different, i.e., that the probability of

serious clinical effects due to the deletion would be small. Therefore,

defining the PWS/AS critical regions will be extremely valuable in

diagnosis and counseling when these deletions are detected prenatally.

It also is important to realize that just knowing the PWS/AS locations

would not necessarily alter the clinical diagnosis in these instances

because the clinician would need to be convinced of the validity of

genomic imprinting. Thus, proof of genomic imprinting is essential before

the medical genetics community can, or will, alter their current diagnos-

tic and counseling procedures.
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Along with DNA probe analysis of other partial deletion PWS

patients, another line of research that could lead to additional informa-

tion concerning the mechanism and control of genomic imprinting is the

study of individuals with duplications of the 15qi1-13 area. Two patients

with cytogenetically visable duplications of this region were reported by

Dr. Apiwat Mutirangura at the 1993 ASHG meeting. One patient had

atypical PWS and the other atypical AS. Both were studied with DNA

probes for the 15q11-13 area and were found to duplicated for all

markers within this region. Upon determining the parental origin of the

duplicated chromosome, it was found that the PWS patient had a

paternally derived duplicated chomosome 15 and the AS patient

carried a duplicated chromosome 15 of maternal origin. This study seems

to suggest that there is a gene dosage effect involved and that duplica-

tion or deletion of the 15q1 1-13 region can cause similar phenotypes. It is

possible that increased expression in this area alters the imprinting control

mechanism, thus allowing the imprinting action to proceed into the PWS

area in the paternal chromosome and into the AS area in the maternal

chromosome, yielding effective deletions of these regions. This may be a

example of gene regulation via imprinting that proceeded abnormally in

these two cases. Finding unaffected individuals with duplications of this

chromosome region would support such a concept. Another explanation

for the effects of the duplications may be that the during the duplication
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process, an imprinting "stop" signal was moved and therefore imprinting

continued throughout the entire 15qi1-13 area. Accurate mapping of

the PWS and AS critical regions will aid in identifying the location of such

imprinting control sequences and thus increase our understanding of the

mechanism of genomic imprinting.

The increasing evidence to support the clinical effect of genomic

imprinting in humans underscores the need to investigate the role of

imprinting in human pathologies without apparent genetic determinants.

The majority of phenotypically affected patients that receive genetic

analysis have no detectable chromosomal abnormality. It is quite proba-

ble that some of these individuals have an imprinting error that is

responsible for their clinical condition. Also, families with increased

cancer risk may have mutations in imprinted regions involved in tumor

suppression that cause those areas to be inactive and thus allow tumor

growth. The ability to identify those areas of the human genome that

are susceptible to genomic imprinting will improve our capability to

determine the cause of many phenotypic abnormalities as well as

increase our understanding of gene control and expression.
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