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A R T I C L E

Advances in Molecular Cytogenetics for the
Evaluation of Mental Retardation
JIE XU* AND ZHONG CHEN

Recent years have witnessed rapid advances in molecular cytogenetics and its impact in studying mental retardation
(MR). We review new molecular cytogenetic methods, including interphase fluorescence in situ hyrbridization (FISH),
comparative genomic hybridization (CGH), multicolor karyotyping, telomere FISH, primed in situ labeling (PRINS),
genotyping , microdissection, and microarray for the evaluation of MR. These new methods are very useful in two
major aspects: further characterization of chromosome abnormalities as detected with routine banding analysis,
including additions, duplications, deletions, translocations, markers, or complex aberrations; and screening for
‘‘hidden’’ chromosome aberrations in patients with an apparently normal karyotype. These new methods have great
diagnostic potential in prenatal, postnatal, and preimplantational settings. Although powerful, at this point, they are
primarily research tools in nature. It is essential that these new methods be used in conjunction with standard methods
in order to maximize obtainable information for better management of patients with MR. � 2003 Wiley-Liss, Inc.
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Mental retardation (MR) is a vari-

able and heterogeneous manifestation of

central nervous system dysfunction. It is

characterized by significantly subaverage

intellectual functioning, existing con-

currently with related limitations in two

or more of the following adaptive skill

areas: community use, self-direction,

health and safety, functional academics,

leisure, and work [Battaglia et al., 1999].

It is generally divided into three cate-

gories: mild MR (IQ of 50–70), mod-

erate MR (IQ of 35–50), and severe

MR (IQ of 20–35) [Battaglia et al.,

1999]. It is estimated that mild MR

occurs with an incidence of 20–30 per

1,000 and is 7–10 times more common

than moderate or severe MR, which

occurs at 3–4 per 1,000 [Schaefer and

Bodensteiner, 1992; Harper, 1998].

CHROMOSOMAL
ABNORMALITIES
ASSOCIATEDWITH MR

The etiology of MR is complex; the

cause remains unknown in about 50% of

cases. Mendelian disorders, chromoso-

mal abnormalities, or environmental

factors can act as a single cause or work

in combination. It is difficult to give an

accurate estimate of the contribution

of cytogenetic abnormalities to MR

because reports vary in parameters such

as clinical criteria of selecting subjects

and detection sensitivity of cytogenetic

methods. Nevertheless, data on 16

worldwide published series show that

chromosomal abnormalities are found in

4–34.1% (averaging 16.1%, 3,906/

24,245) of individuals with MR (see

Table I). Table II lists some well-known

chromosomal anomalies/syndromes

associated with MR.

MOLECULAR
CYTOGENETIC
APPROACHES TO MR

For the past decade, molecular cytoge-

netics has played an increasingly impor-

tant role in the research and diagnosis of

MR. We present a brief review on the

use of advanced molecular cytogenetics

in the evaluation of MR.

Interphase FISH

Interphase fluorescence in situ hybridi-

zation (FISH) has several advantages over

metaphase FISH. It can be used to score a

large number of cells, thus increasing the

likelihood of detecting a chromosomal

aberration when present at a low-level

mosaic state. Interphase FISH is also the

method of choice for detection of a

chromosomal aberration that is prefer-

entially present in uncultured cells.

Isochromosome 12p [i(12p)], for exam-

ple, is the cytogenetic hallmark of

Pallister-Killian syndrome. i(12p) is pre-

ferentially present in fibroblasts and is less

frequently found in peripheral lympho-

cytes [Speleman et al., 1991]. Traditional

metaphase analysis of cultured samples,

especially bloods, can miss this anomaly.

Interphase FISH using a chromosome
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12-specific alpha satellite probe, a whole

chromosome paint, or a microdissection

paint specific to a band on 12p has been

used to detect i(12p) from fibroblast

cells, uncultured lymphocytes, and buc-

cal mucosal cells [Speleman et al., 1991;

Ohashi et al., 1993]. Of particular

interest, Ohashi et al. [1993] found that

direct buccal smear preparations yielded

the highest proportion (53–68%) of

positive cells in comparison to phytohe-

magglutinin-stimulated lymphocytes,

cultured skin fibroblasts, or directly

harvestedTandB cells. Using interphase

FISH, Reddy and Mak [2001] reported

that buccal mucosal cells showed a

higher proportion of cells than lympho-

cytes with each of three de novo mosaic

unbalanced structural aberrations

involving 13q22q33, 14q31qter, and

3p26pter. These observations suggest

that epithelial cells of buccal mucosa

aremore likely to retain certain chromo-

somal abnormalities. Interphase FISH

on direct buccal smear preparations is

particularly attractive because it can pro-

vide a rapid, effective, and noninvasive

confirmation of a chromosomal syn-

drome.

Interphase FISH has great applica-

tions in rapid prenatal detection of

MR-related chromosome aberrations.

Interphase FISH on direct

buccal smear preparations is

particularly attractive because it

can provide a rapid, effective,

and noninvasive confirmation

of a chromosomal syndrome.

Interphase FISH has great

applications in rapid prenatal

detection of MR-related

chromosome aberrations.

A set of five Food and Drug Adminis-

tration (FDA)-approved probes specific

to chromosomes 21, 13, 18, X, and Y is

commercially available. Interphase FISH

on uncultured amniocytes or chorionic

villus sampling cells has made it possible

to shorten the turnaround time from a

routine 7- to 14-day analysis to a 24-hr

test. A rapid prenatal interphase detec-

tion of these common aneuploidies is a

‘‘standard’’ practice in many diagnostic

labs and serves as a shining example of

how molecular cytogenetics can make a

significant difference in prenatal man-

agement and genetic counseling for

high-risk pregnancies. In addition, FISH

on blastomeres biopsied from embryos at

the 7–10 cell stage from in vitro ferti-

lization has been attempted to select

chromosomally normal/balanced em-

bryos for preimplantation in a familial

translocation carrier [Pierce et al., 1998].

Chromatins in interphase nuclei are

less condensed and are ideal materials for

FISH analysis of microdeletions/dupli-

cations of loci that are physically close

together. Gersh et al. [1997] developed

an interphase FISH method for the

differential diagnosis of 5p deletions

that have subtle physical differences but

profound prognostic effects. Distal 5p

TABLE I. Frequency of Chromosomal Abnormalities in Patients With MR*

Reference No. of patients Patient type Country

No. (%) of chromosomal

abnormality

Bourgeois and Benezech [1977] 600 MR (psychiatric hospital) France 54 (9)

Kodama [1982] 197 Severe MR Japan 8 (4)

Opitz et al. [1982] 168 Severe MR United States 42 (25)

Rasmussen et al. [1982] 1,905 MR Denmark 359 (18.8)

Wuu et al. [1984] 470 MR Taiwan 38 (8.1)

Gustavson et al. [1987] 171 Mild MR Sweden 20 (11.9)

Srsen et al. [1989] 324 MR Czechoslovakia 92 (28.4)

Wuu et al. [1991] 1,323 MR Taiwan

IQ 50–75 104 (7.87)

IQ <50 231 (17.5)

Curry et al. [1997] 1,314 MR India 311 (23.7)

Schwartz [1988] 350 MR/DD United States 42 (11.9)

Phelan et al. [1996] 4,485 MR United States 538 (12)

Hou et al. [1998] 11,892 Intellectually disabled children Taiwan 1,889 (15.9)

Felix et al. [1998] 202 MR Brazil 69 (34.1)

Hong et al. [1999] 604 Child psychiatric patients Korea 69 (11.4)

Battaglia et al. [1999] 120 MR/DD Italy 18 (15.0)

Cora et al. [2000] 120 MR Turkey 23 (19)

Total 24,245 3,906 (16.1)

Ranging 4–34.1%

*This is based on Table IVof Curry et al. [1997] with data from 1998 to 2000 added.
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deletion is associated with cri-du-chat

syndrome; however, the phenotype

varies depending on the location of

deletion breakpoints. A deletion invol-

ving a critical region at 5p15.2 is asso-

ciated with distinct facial features as well

as severe MR and developmental delay,

whereas a deletion involving a more

distal portion at 5p15.3 is associatedwith

the characteristic cat-like cry with a

much better prognosis. Cosmid probes

were isolated specific to each of these

two regions and were able to easily

differentiate between deletions related

to the cri-du-chat syndrome phenotype

and deletions associated only with the

isolated cat-like cry. Likewise, inter-

phase FISH has also been successfully

used to detect microduplications, such as

dup(X)(q22q22) (Pelizaeus-Merzbacher

disease) and dup(17)(p12p12) (Charcot-

Marie-Tooth disease type 1A) [Lupski

et al., 1991; Shaffer et al., 1997; Inoue

et al., 1999].

Using microdissection-based mul-

ticolor FISH banding of chromosome 5,

recently Lemke et al. [2002] made an

important discovery that the length of

the axis of the interphase chromosome is

comparable to that of the corresponding

metaphase chromosome at 600-band re-

solutionandthebandingpattern is similar

between the interphase and metaphase

chromosome. This finding opens excit-

ing possibilities of interphase studies of

the MR-causing structure aberrations

(e.g., deletion, duplication, unbalanced

translocation) in nondividing cells.

CGH

Comparative genomic hybridization

(CGH) provides a genome-wide screen-

ing for chromosomal imbalance in a

single hybridization directly from DNA

samples without requiring the sample

material to be mitotically active [Kallio-

niemi et al., 1992]. While used mostly as

a research tool in cancer cytogenetics,

CGH has been applied to constitutional

karyotyping of postnatal [Levy et al.,

1998; Breen et al., 1999], prenatal

[Bryndorf et al., 1995; Lestou et al.,

2000; Tabet et al., 2001], and preim-

plantational [Wilton et al., 2001] cases.

The resolution power of CGH to detect

chromosome imbalances is in the range

of 2–10Mb [Bentz et al., 1998; Ghaffari

et al., 1998; Kirchhoff et al., 1999; Joly

et al., 2001]. CGH has twomajor uses in

analysis of MR:

1. Further characterization of unba-

lanced karyotypes as identified by

G-banding and other methods.

These applications include the deli-

neation of chromosomal additions,

duplications, deletions, unbalanced

translocations, or markers [Ghaffari

et al., 1998; Levy et al., 1998; Breen

et al., 1999]. Breen et al. [1999]

provided an excellent example using

CGH to define breakpoints. They

reported two cases of deletions in the

long arm of chromosome 11, each

having three possible breakpoints that

could not be resolved using G-band-

ing analysis, i.e., del(11)(q13.5q21),

(q14.2q22.2), or (q21q23.1). CGH

identified del(11)(q21q23.1) in one

case and del(11)(q14.2q22.2) in the

other. The ability of CGH to detect a

mosaic marker depends on the pro-

portionof abnormal cells, the size and

makeup of the marker, and the

restrictive threshold of fluorescence

TABLE II. Selected Well-Known Chromosomal Abnormalities/Syndromes

Associated With MR

Trisomy 21/Down syndrome

Fragile X syndrome

Unbalanced translocations

Duplications

Deletions (interstitial, terminal)

Extra structurally abnormal chromosomes (markers)

Diploid/triploid mosaicisma

Submicroscopic aberrations at breakpoints in apparently balanced rearrangements

Subtelomere rearrangements

Cryptic deletions

del(1)(p36.3) Monosomy 1p

del(4)(p16) Wolf-Hirschhorn

del(5)(p15) Cri du chat

del(7)(q11.23q11.23) William syndrome

del(8)(q24.1q24.1) Langer-Giedion syndrome

del(11)(p13p13) WAGRb syndrome

del(15)(q11q13)pat Prader-Willi syndrome

del(15)(q11q13)mat Angelman syndrome

del(16)(p13.3) Rubinstein-Taybi syndrome

del(17)(p11.2p11.2) Smith-Magenis syndrome

del(17)(p13.3) Miller-Dieker syndrome

del(20)(p11.23p11.23) Alagille syndrome

del(22)(q11.2q11.2) VCFb/DiGeorge

Uniparental disomy

UPD(14)mat IUGRb, developmental delay, precocious

puberty, short stature, small hands and feet

UPD(14)pat Polyhydramnios, facial anomalies, severe

neurologic involvement, skeletal anomalies

and growth retardation

UPD(15)mat Prader-Willi syndrome

UPD(15)pat Angelman syndrome

aMost of the reported cases with a normal karyotype in blood but diploid/triploid

mosaicism in the cultured fibroblasts (van de Larr et al., 2002).
bWARG,Wilm’s tumor, aniridia, genitourinarymalformation and retardation of growth

and development; VCF, velocardiofacial; IUGR, intrafnerinc growth rerardation.
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ratio [Ghaffari et al., 1998]. The

minimum proportion of abnormal

cells that can be detected byCGHhas

yet to be determined but has been

reported to be in the range of 15–

50% [Kallioniemi et al., 1994; Ghaf-

fari et al., 1998].

2. Screening for small chromosome

rearrangements. In comparison with

telomere FISH screening, CGH has

its advantage in being able to detect

‘‘hidden’’ duplications/deletions in

not only the telomere region but also

interstitial regions, as well as in the

detection of extra chromosomes in a

mosaic state. The detection rate in

chromosomally normal subjects

ranges from 60% (3/5) [Ghaffari

et al., 1998] to 29% (5/17) [Joly

et al., 2001] in small series, and 11%

(16/144) in a large series [Kirchhoff

et al., 2001]. Kirchhoff et al. [2001]

reported that among 25 dysmorphic

and mentally retarded patients with

apparently balanced de novo translo-

cations, four were detected with

CGH to have deletions at transloca-

tion breakpoints and two deletions

elsewhere in the genome.

The main disadvantages of CGH

include its inability to detect a balanced

rearrangement or regions consisting of

highly repetitive sequences such as

pericentromeric and heterochromatic

regions as well as p-arms of acrocentric

chromosomes. In addition, the overall

rate of detecting very small markers is

quite low because these markers consist

primarily of centromeric repeat se-

quences, and the fluorescence ratio at

centromeric regions shows great fluc-

tuation. It is often difficult to identify the

chromosome origin of a euchromatic

region located on small markers.

Multicolor Karyotyping

Two alternative multicolor karyotyping

technologies, i.e., fluorochrome-speci-

fic optical filter-based multiplex (M-)

FISH [Speicher et al., 1996] and inter-

ferometer-based spectral imaging or

karyotyping (SKY) [Schrock et al.,

1996], can simultaneously visualize all

24 chromosomes in a single experiment

and have proven to be a powerful tool

in clinical cytogenetics [Ried et al.,

1998]. The 24-color karyotyping system

has two general applications in cytoge-

netics: refining cytogenetic anomalies,

including markers, translocations, and

complex rearrangements; and screening

for hidden aberrations in patients with a

normal karyotypewho are, nevertheless,

suspected to have a chromosome syn-

drome [Schrock et al., 1997;Uhrig et al.,

1999; Bayani and Squire, 2001]. Ried

et al. [1998] reported that a patient with

an indication of Wolf-Hirschhorn syn-

drome and a normal karyotype, upon

subsequent SKYand high-resolution G-

banding analysis, was identified as having

a der(4)(4;8). Similarly, a comprehensive

analysis with M-FISH and other meth-

ods by Uhrig et al. [1999] revealed that

among 20 patients with MR and

dysmorphic features who had a normal

karyotype, 2 (10%) had unbalanced

terminal translocations, i.e., a der(18)

t(18;20)(q21;p11.2) and a der(1)t(1;12)

(q43;p13), respectively.

SKY and M-FISH, however, have

some major limitations. They cannot

determine the exact band origin of a

marker nor the breakpoints on intra-

chromosome rearrangements. Detec-

tion sensitivity is estimated to be in the

range of 1–2.6Mb [Schrock et al., 1996;

Fan et al., 2000; Holinski-Feder et al.,

2000]. Fan et al. [2000] assessed the

sensitivity of SKY based on 10 small

translocations as identified with G-

banding analysis at the 550- to 850-band

level. They found that SKY missed 4 of

20 possible segments; therefore, a nor-

mal screening result by multicolor

karyotyping should not be interpreted

as a definite exclusion of a rearrange-

ment. Combining multicolor karyo-

typing with other methods, including

high-resolution G-banding, telomere

FISH, or CGH, is needed in order to

maximize obtainable information.

Another inherent mechanic-based

problem is blending color by fluores-

cence flaring at interface of the translo-

cated segments [Azofeifa et al., 2000; Lu

et al., 2000; Lee et al., 2001]. This

fluorescence flaring effect can obscure

or distort the fluorescence pattern of

adjacent chromatin, leading to misinter-

pretation of observations; for example,

false insertion at the interface of translo-

cated segments or misclassification of

small insertions or translocations [Lee

et al., 2001]. Caution should be exer-

cised in the interpretation of such

findings.

Screening for Subtelomeric

Aberrations in Idiopathic MR

Chromosome ends are characterized by

a lack of distinctive G-bands. Small

rearrangements at these regions can be

missed in routine karyotyping analysis at

the 450- to 500- (even at the 550- to

800-) band level. Recent studies showed

that subtelomere regions are gene rich

[Saccone et al., 1992], and thus rearran-

gements involving these regions are very

likely to have clinical consequences.

Telomere regions have the highest

recombination rate and are prone to

aberrations resulting from illegitimate

pairing and crossover. Molecular cyto-

genetics approaches have revealed that

many cases of unexplained MR have

cryptic subtelomeric aberrations. At

least six methods—FISH with a com-

plete set of subtelomere probes, M-

FISH/SKY, multiple amplifiable probe

hybridization (MAPH), CGH, primed

in situ labeling (PRINS), and genotyp-

ing—have been used to screen for

telomeric abnormalities in patients with

idiopathic MR (Table III).

It is difficult to get an accurate

estimate of the prevalence of subtelo-

mere aberrations in patients with idio-

pathic MR because of the limited

number of reports, the unequal repre-

sentation of reports on different screen-

ingmethods, variations in factors such as

banding levels (450–650) for karyotyp-

ing, clinical criteria for inclusion of the

patients, sample size, and detection sen-

sitivity of the methods utilized. Never-

theless, the overall rate of subtelomeric

anomalies in idiopathic MR, based on

the summarized data of 21 studies

(Table III), averages 4.6% (114/2,490),

ranging from 0.0–29.4%. Of 102 infor-

mative cases, 50 (49.0%) were found to

have deletions, 46 (45.1%) unbalanced

translocations, 4 (3.9%) duplications,
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and 2 (2.0 %) recombinant chromo-

somes. In the cases in which parental

studies were done, 94% (33/35) of dele-

tions were de novo, 84% (37/44) of

those with unbalanced translocations

were derived from familial balanced

translocations, and 75% (3/4) of dupli-

cations were de novo. The largest series

by Knight et al. [1999], based on

telomere FISH screening, showed that

subtelomeric aberrations account for

7.4% (21/284) of children with moder-

ate to severe MR and 0.5% (1/182) of

children with mild MR.

Some subtelomeric rearrangements

are associated with specific phenotypes.

For example, children with a 1p36

deletion have growth and mental retar-

dation; seizures; visual problems; large

anterior fontanelle; asymmetrical, low-

set, dysplastic ears; deep-set eyes; a

depressed nasal bridge; a pointed chin;

and fifth finger clinodactyly [Riegel

et al., 1999; Slavotinek et al., 1999b].

22qter deletion is associated with hypo-

tonia, developmental delay, absence of

speech in the child, and overgrowth

[Doheny et al., 1997; Precht et al., 1998;

de Vries et al., 2000]. In addition,

subtelomeric defects are also found to

be associated with prenatal onset of

growth retardation [de Vries et al.,

2001].

FISH and genotyping are major

methods used in subtelomeric studies.

FISH using a complete set of subtelo-

mere specific probes is most commonly

used for subtelomere screening. The

probe set is commercially available and

consists of YAC, BAC, or P1 clones

that are about 100–200 kb in size and

�300 kb in physical distance from the

chromosome ends [National Institute

of Health and Institute of Molecular

Medicine Collaboration, 1996; Knight

and Flint, 2000; Knight et al., 2000].

This technique has the advantage of

instant detection of deletions and ba-

lanced or unbalanced translocations.

One potential concern is that 11 probes

can cross hybridize with other chromo-

some regions (e.g., 8p with 1p and 3q,

11p with 17 p) and that the 2q probe

shows polymorphism [Knight et al.,

2000]. Thus, this method emphasizes

the necessity of follow-up studies on

parents or other relatives for clinical

interpretation of positive FISH findings

[Shaffer et al., 1999]. Fauth et al. [2001]

recently developed a new telomere

FISH strategy that combines two differ-

ent probe sets, i.e., microdissection sub-

telomeric probes (each with 5–10 Mb

in size) and the second generation of

subtelomeric PAC, P1, and BAC-clones

[Knight et al., 2000]. This new approach

is reportedly able to improve efficiency

for subtelomere screening.

Genotyping analysis uses poly-

morphic markers (e.g., microsatellite)

and requires DNA samples from the

proband and both parents [Wilkie, 1993;

Slavotinek et al., 1999a; Colleaux et al.,

2001]. Markers have to be very infor-

mative for this strategy to be efficient.

This method has the advantage of being

able to detect not only deletions and

duplications, but also parental origin of

aberrations and uniparent disomy. The

cost of genotyping analysis is estimated

to be 3–4 times less than that of FISH

methods. Advances in human genome

sequencing and automation are likely to

make this strategy even more sensitive

TABLE III. Screening for Subtelomere Aberrations Associated With

Idiopathic MR

Reference MR patients

No. (%) of

aberrations

Telomere FISH screening

Viot et al. [1998] (T) 17 4 (23.0%)

Vorsanova et al. [1998] (T) 209 8 (3.8%)

Lamb et al. [1999] (T) 43 1 (2.3%)

Knight et al. [1999] (T) 284 moderate/

severe MR

21 (7.4%)

182 mild MR 1 (0.5%)

Uhrig et al. [1999] (M) 20 2 (10.0%)

Joyce et al. [2001] (T) 200 0 (0.0%)

Rossi et al. [2001] (T) 200 13 (6.5%)

Hersh et al. [2001] (T) 44 3 (6.8%)

Fan et al. [2001] (Tþ S) 150 6 (4.0%)

Riegel et al. [2001] (T) 254 13 (5.1%)

Sismani et al. [2001] (TþMAPH) 70 1 (1.4%)

Anderlid et al. [2002] (T) 111 10 (9.0%)

Baker et al. [2002] (T) 250 9 (3.6%)

Clarkson et al. [2002] (Tþ S) 50 2 (4%)

CGH screening

Joly et al. [2001] 17 5 (29.4%)

Kirchhoff et al. [2001] 144 4 (2.8%)

PRINS screening

Bonifacio et al. [2001] 65 2 (3.0%)

Genotyping screening

Flint et al. [1995] 99 3 (3.0%)

Slavotinek et al. [1999a] 27 2 (7.5%)

Colleaux et al. [2001] 24 2 (8.3%)

Borgione et al. [2001] 30 2 (6.7%)

Total 2490 114 (4.6%),

ranging 0.0–29.4%

T, telomere FISH; TþS, a combination of telomere FISH and SKY; M, M-FISH;

TþMAPH, a combination of telomere FISH and multiplex amplifiable probe

hybridization.
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and affordable. This approach can also

lead to the identification of imprinted

regions.

In contrast to almost all other

studies, Joyce et al. [2001] reported that

the telomere FISH screening, following

high-resolution G-banding analysis,

identified no anomalies in 200 MR

patients, but did find anomalies in 2 of

150normal subjects in the control group.

They concluded that ‘‘true cryptic

telomeric rearrangements were not a

significant cause of idiopathic MR.’’

However, Biesecker [2002] argued that

an ‘‘alternative conclusion is that cyto-

genetics is highly variable in quality, and

if done very well, detects most but

not all rearrangements.’’ Further tech-

nology advancement and accumulation

of more data will help us understand

better the clinical significance of sub-

telomeric aberrations.

PRINS

PRINS is an alternative to, as well as a

complementary approach for, FISH for

chromosome studies. PRINS is featured

by its fast turnaround time (1–4 hr),

ability for high specificity, and cost-

effectiveness. Since the first report on

PRINS by Koch et al. [1989], there have

been many developments in its metho-

dology and uses. Single-, double-, and

multicolor PRINS have been developed

and can be used to study several sequ-

ences simultaneously [Koch et al., 1989;

Wilkens et al., 1997; Yan et al., 2001].

Depending on the primers used, PRINS

is able to detect repetitive sequences,

such as centromere specific alpha satellite

sequences [Koch et al., 1995; Pellestor

et al., 1995a], telomere repeats [Krejci

and Koch, 1998; Bonifacio et al., 2001],

Alu sequences [Coullin et al., 2002], and

single-copy genes [Cinti et al., 1993,

2002; Kadandale et al., 2000, 2002;

Harrer et al., 2001; Tharapel et al.,

2002].

Several lines of evidence demon-

strate that PRINS is a promising ap-

proach toMR studies. Koch et al. [1995]

constructed a panel of PRINS primers

specific to each human chromosome

except 6, 19, and 20. These primers have

Since every gene of known

sequence is a potential priming

target, PRINS could now be

used in the diagnosis of many

single-copy gene diseases.

great potential in the rapid detection of

aneuploidies (e.g., trisomy 21) or mar-

kers in metaphase and interphase cells

from postnatal, prenatal, or preimplanta-

tion samples [Pellestor et al., 1995b; Petit

et al., 2000]. Bonifacio et al. [2001] used

PRINS and telomere specificTTAGGG

repeats as the primer for quick screening

of subtelomeric deletions in children

with idiopathicMR.They found 2 of 65

subjects with telomere deletions.

Recently,Tharapel et al. [2002] reported

the use of disease-specific primers and

PRINS in the diagnosis of microdele-

tions associated with the Prader Willi/

Angelman and DiGeorge/Velocardiofa-

cial syndromes. Their results are remark-

able. Since every gene of known

sequence is a potential priming target,

PRINS could now be used in the

diagnosis of many single-copy gene

diseases. This approach is especially

advantageous when a rapid result is

needed and workable FISH probes are

not readily available.

Microdissection

Chromosome microdissection is fea-

tured by its ability to generate DNA

sequences specific for a chromosome, an

arm, or a region. It has been widely used

for many purposes, including genomic

mapping and gene isolation [Kao and

Yu, 1991; Cannizzaro, 1996], character-

ization of double minutes and homo-

geneous staining regions in cancer

specimens [Guan et al., 1994a; Taguchi

et al., 1997], and generation of chromo-

some, arm, or region specific paints for

FISH analysis and multicolor FISH

banding [Meltzer et al., 1992; Guan

et al., 1994b, 1995; Chudoba et al.,

1999; Lemke et al., 2002]. In molecular

cytogenetic analysis of MR, microdis-

section has been used in the character-

ization of markers, rings, additions,

deletions, and complex rearrangements

[Engelen et al., 1996; Chen et al., 1997,

2001; Xu et al., 2000].

Microdissection is the best way to

delineate markers that are small, mosaic,

and complex, and are thus very dif-

ficult or impossible to identify by

other methods (e.g., CGH). This

method typically requires only 5–10

copies of a target chromosome formarker

identification and is the most sensitive

method for identification of markers

present in a very low proportion of cells.

This method is capable of identifying

markers of any origin, including the

Microdissection is the best way

to delineate markers that are

small, mosaic, and complex,

and are thus very difficult or

impossible to identify

by other methods.

centromeric region [Ostroverkhova

et al., 1999] and the short arms of

acrocentric chromosomes [Coelho

et al., 1996]. The latter contain highly

repetitive sequences, which are usually

suppressed and thus cannot be identified

by using other methods (e.g., SKY/M-

FISH or CGH). Microdissection has

been used in prenatal [Muller-Navia

et al., 1995] and postnatal diagnosis.

Using microdissection in conjunction

with SKY and FISH, an extra ring

chromosome consisting of the entire

10p was identified in a patient with MR

and other multiple congenital anomalies

[Chen et al., 2001]. This case represents

another new cytogenetic mechanism

leading to the formation of pure com-

plete trisomy 10p. Furthermore, micro-

dissection has the potential to make a

diagnosis on long-term stored speci-

mens. Using this technique on several-

years-old Carnoy-fixed preparations,

Chinen et al. [1997] successfully identi-

fied two previously undetected chromo-

some abnormalities.
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Microarray

Microarray is an emerging molecular

cytogenetic approach to genome-wide

analysis of copy number changes of

genomic DNA and gene expression. In

cancer genetics, the combination of

cDNA, tissue, and CGH microarrays

has been used for studies of amplification

and overexpression of genes associated

with tumor initiation and progression

[Pinkel et al., 1998; Pollack et al., 1999;

Monni et al., 2001]. In constitutional

cytogenetics, genomic microarray can

potentially provide accurate diagnosis of

deletions/duplications of a chromosome

(e.g., trisomy 21), a chromosome seg-

ment, or disease-specific sequences (e.g.,

deletion 22q11 in DiGeorge/Velocar-

diofacial syndrome) [Pollack et al., 1999;

Antonarakis, 2000]. Mohammed et al.

[2001] developed a high-resolution

CGH genomic microarray with BAC

clones spaced at �3-Mb intervals on

average throughout the genome. In

addition, a higher density of BAC clones

was arrayed in clinically significant

genomic regions such as in subtelomeres

and in regions associated with well-

known microdeletion syndromes. This

array allowed the correct identification

of cytogenetically detectable gains/

losses of partial chromosome arms, in-

cluding a small deletion of 1p36, cryptic

deletions of 4p16.3, 11p11.2, and

22q11.2, and a double segment imbal-

ance in a case with deletion of 1p36 and

duplication of 9q34. This array is

equivalent tomore than 1,000 individual

FISH tests and has great potential for

rapid screening for genomic imbalances

associated with genetic diseases, includ-

ing MR.

This array is equivalent to more

than 1,000 individual FISH

tests and has great potential for

rapid screening for genomic

imbalances associated with

genetic diseases, including MR.

CONCLUSIONS

The list of new molecular cytogenetic

methods with potential applications in

diagnosis and prognosis of MR is in-

creasing, thanks to rapid advances in the

Human Genome Project and its related

areas. Although powerful, these new

methods are primarily research tools in

nature; it takes time to develop and

validate these techniques. It is essential

that follow-up confirmation on the

majority of cases tested with these tech-

niques be performed with standard

methods. In addition, these advanced

methods are not accessible to all diag-

nostic services and remain relatively

costly. Technical success rates are vari-

able, and interpretation of clinical impli-

cations is not always straightforward.

The clinician’s decision as to what test(s)

to order and the cytogeneticist’s decision

as to what technical algorithm to use are

no longer a simple task. The choices will

depend onmany factors, including clini-

cal indications, medical and family

history, degree of clinical urgency, acces-

sibility to technical approaches, and

tolerance of suboptimal results.

The choices will depend on

many factors, including clinical

indications, medical and family

history, degree of clinical

urgency, accessibility to

technical approaches, and

tolerance of suboptimal results.

In general, a routine chromosome

analysis should be used as a starting point

for any cytogenetics investigation of

MR. Depending on clinical indications,

additional chromosome counts may be

needed to rule out mosaicism, and ap-

propriate band levels should be reached

to detect small aberrations in targeted

regions. Based on family history and

clinical phenotype, subsequent workups

can follow various pathways for a

diagnosis. For example, a patient with

the clinical features of a microdeletion

syndrome should start with a karyotyp-

ing analysis. A normal result should

warrant subsequent FISH analysis with

selected microdeletion probe(s). In the

absence of a positive FISH finding, a

comprehensive analysis combining

screening and other methods may be

further considered. An abnormal kar-

yotype with, for instance, a de novo

marker can be further characterized by

methods such as microdissection, CGH,

or FISH with selected probes to deter-

mine the exact chromosome origin of

the marker.

More effective methods for diag-

nosis and prognosis ofMRwill continue

to emerge in the future. It is always a

challenge to transfer new technology

from a research setting to clinical

applications. We believe that active

communication among physicians,

molecular cytogeneticists, and genetic

counselors is essential for the effective

management of patients with MR.

REFERENCES

Anderlid B-M, Schoumans J, Anneren G, Sahlen
S, Kyllerman M, Vujic M, Hagberg B,
Blennow E, Nordenskojld M. 2002. Sub-
telomeric rearrangements detected in
patients with idiopathic mental retardation.
Am J Med Genet 107:275–284.

Antonarakis AE. 2000. BACking up the promises.
Nat Genet 27:230–232.

Azofeifa J, Fauth C, Kraus J, Maierhofer C, Langer
S, Bolzer A, Reichman J, Schuffenhauer S,
Speicher MR. 2000. An optimized probe set
for the detection of small interchromosomal
aberrations by use of 24-color FISH. Am J
Hum Genet 66:1684–1688.

Baker E, Hinton L, Callen DF, Altree M, Dobbie
A, Eyre HJ, Sutherland GR, Thompson E,
Thompson P, Woolatt E, Haan E. 2002.
Study of 250 children with idiopathic
mental retardation reveals nine cryptic and
diverse subtelomeric cheomosome anoma-
lies. Am J Med Genet 107:285–293.

Battaglia A, Bianchini E, Carey JC. 1999.
Diagnostic yield of the comprehensive
assessment of development delay/mental
retardation in an institute of child neuro-
psychiatry. Am J Med Genet 82:60–66.

Bayani J, Squire JA. 2001. Advances in the
detection of chromosomal aberrations using
spectral karyotyping. Clin Genet 59:65–73.

Bentz M, Plesch A, Stilgenbaur S, Dohner H,
Lichter P. 1998. Minimal sizes of deletions
detected by comparative genomic hybridi-
zation. Genes Chromosomes Cancer
21:172–175.

Biesecker LG. 2002. The end of the beginning of
chromosome ends. Am J Med Genet 107:
263–266.

ARTICLE AMERICAN JOURNAL OF MEDICAL GENETICS (SEMIN. MED. GENET.) 21



Bonifacio S, Centrone C, Da Prato L, Scordo
MR, Estienne M, Torricelli F. 2001. Use of
primed in situ labeling (PRINS) for the
detection of telomeric deletions associated
with mental retardation. Cytogenet Cell
Genet 93:16–18.

Borgione E, Giudice ML, Galesi O, Castiglia L,
Failla P, Romano C, Ragusa A, Fichera M.
2001. How microsatellite analysis can be
exploited for subtelomeric chromosomal
rearrangement analysis in mental retarda-
tion. Am J Med Genet 38:E1.

Bourgeois M, Benezech M. 1977. Cytogenetic
survey of 600 mentally retarded hospitalized
patients. Encephale 3:189–202.

Breen CJ, Barton L, Carey A, Dunlop A, Glancy
M, Hall K, Hegarty AM, Khokhar MT,
Power M, Ryan K, Green AJ, Stallings RL.
1999. Applications of comparative genomic
hybridisation in constitutional chromosome
studies. J Med Genet 36:511–517.

Bryndorf T, Kirchhoff M, Rose H, Maahr J,
Gerdes T, Karhy R, Kallioniemi A, Chris-
tensen B, Lundsteen C, Philip J. 1995.
Comparative genomic hybridization in clin-
ical cytogenetics. Am J Hum Genet 57:
1211–1220.

Cannizzaro LA. 1996. Chromosome microdissec-
tion: a brief overview. Cytogenet Cell Genet
74:157–160.

Chen Z, Grebe TA, Guan XY. 1997. Maternal
balanced translocation leading to partial
duplication of 4q and partial deletion of 1p
in a son: cytogenetics and FISH studies using
band-specific painting probes generated by
chromosome microdissection. Am J Med
Genet 71:160–166.

Chen Z, Meloni-Ehrig A, Palumbos JC, Guan
XY, Carroll KL, Dent KM, Carey JC. 2001.
Pure trisomy 10p resulting from an extra
ring chromosome: characterization by
methods of advanced molecular cytoge-
netics. Am J Med Genet 102:379–
382.

Chinen Y, Tohma T, Izumikawa Y, Naritomi K,
Hirayama K. 1997. Characterization of
marker chromosomes by FISH using micro-
dissected probes from old Carnoy-fixed
cells: report of two cases. Jpn J Hum Genet
42:543–549.

Chudoba I, Plesch A, Lorch T, Lemke J, Claussen
U, Senger G. 1999. High-resolution multi-
color-banding: a new technique for refined
FISH analysis of human chromosomes.
Cytogenet Cell Genet 84:156–160.

Cinti C, Santi S, Maraldi NM. 1993. Localization
of single copy gene by PRINS technique.
Nucleic Acids Res 21:5799–5800.

Cinti C, Sutppia L, Maraldi NM. 2002. Com-
bined use of PRINS and FISH in the study
of the dystrophin gene. Am J Med Genet
107:115–118.

Clarkson B, Pavenski K, Dupuis L, Kennedy S,
Meyn S, Nezarati MM,Nie G,Weksberg R,
Withers S, Quercia N, Teebi AS, Teshima I.
2002. Detecting rearrangements in children
using subtelomeric FISH and SKY. Am J
Med Genet 107:267–274.

Coelho KE, Egashira M, Kato R, Fujimoto M,
Matsumoto N, Rerkamnuaychoke B, Abe
K, Harada N, Ohashi H, Fukushima Y,
Niikawa N. 1996. Diagnosis of four chro-
mosome abnormalities of unknown origin
by chromosme microdissection and subse-

quent reverse and forward painting. Am J
Med Genet 63:468–471.

Colleaux L, Rio M, Heuertz S, Moindrault S,
Turleau C, Ozilou C, Gosset P, Raoult O,
Lyonnet S, Cormier-Daire V, Amiel J, Le
Merrer M, Picq M, de Blois MC, Prieur M,
Romana S, Cornelis F, Vekemans M,
Munnich A. 2001. A novel automated
strategy for screening cryptic telomeric
rearrangements in children with idiopathic
mental retardation. Eur J Hum Genet 9:
319–327.

Cora T, Demirel S, Acar A. 2000. Chromosomal
abnormalities in mentally retarded children
in the Konya region—Turkey. Genet Couns
11:53–55.

Coullin P, Roy L, Pellestor F, Candelier JJ,
Bed-Hom B, Guillier-Gencik Z, Bernheim
A. 2002. PRINS, the other in situ DNA
labeling method useful in cellular biology.
Am J Med Genet 107:127–135.

Curry CJ, Stevenson RE, Aughton D,
Byrne J, Carey JC, Cassidy S, Cunniff D,
Graham JM Jr, Jones MC, Kaback MM,
Moeschler J, Schaefer GB, Schwartz S,
Tarleton J, Optiz J. 1997. Evaluation of
mental retardation: recommendations of a
consensus conference. Am J Med Genet
72:468–477.

De Vries BB, Bitner-Glindzicz M, Knight ST,
Tyson J, MacDermont KD, Flin J, Malcolm
S, Winter RM. 2000. A boy with a
submicroscopic 22qter deletion, general
overgrowth and features suggestive of FG
syndrome. Clin Genet 58:483–487.

De Vries BBA, White SM, Knight SJL, Regan R,
Homfray T, Young ID, Super M, McKeown
C, Splitt M, Quarrell OWJ, Trainer AH,
Niermeijer MF, Malcolm S, Flint J, Hurst
JA, Winter RM. 2001. Clinical studies on
submicroscopic subtelomeric rearrange-
ments: a checklist. J MedGenet 38:145–150.

Doheny KF, McDermid HE, Harum K, Thomas
GH, Raymond GV. 1997. Cryptic terminal
rearrangement of chromosome 22q13.32
detected by FISH in two unrelated patients.
J Med Genet 34:640–644.

Engelen JJ, Loots WJ, Albrechts JC, Motoh PC,
Fryns JP, Hamers AJ, Geraedts JP. 1996.
Disclosure of five breakpoints in a complex
chromosome rearrangement by microdis-
section and FISH. J Med Genet 33:562–
566.

Fan YS, Siu VM, Jung JH, Xu J. 2000. Sensitivity
of multiple color spectral karyotyping in
detecting small interchromosomal rearran-
gements. Genet Test 4:9–14.

Fan YS, Zhang Y, Speevak M, Farrell S, Jung JH,
Siu VM. 2001. Detection of submicroscopic
aberrations in patients with unexplained
mental retardation by fluorescence in situ
hybridization using multiple subtelomeric
probes. Genet Med 3:416–421.

Fauth C, Zhang H, Harabacz S, Brown J,
Saracoglu K, Lederer G, Rittinger O, Rost
I, Eils R, Kearney L, Specicher MR. 2001.
A new strategy for the detection of
subtelomeric rearrangements. Hum Genet
109:576–583.

Felix TM, Leite JC, Maluf SW, Coelho JC. 1998.
A genetic diagnostic survey in a population
of 202 mentally retarded institutionalized
patients in the south of Brazil. Clin Genet
54:219–223.

Flint J, Wilkie AOM, Buckle VJ, Winter RM,
Holland AJ, McDermid HE. 1995. The
detection of subtelomeric chromosomal
rearrangements in idiopathic mental retar-
dation. Nat Genet 9:132–139.

Gersh M, Grady D, Rojas K, Lovett M, Moyzis R,
Overhauser J. 1997. Development of diag-
nostic tools for the analysis of 5p deletions
using interphase FISH. Cytogenet Cell
Genet 77:246–251.

Ghaffari SR, Boyd E, Tolmie JL, Crow YJ,
Trainer AH, Connor JM. 1998. A new
strategy for cryptic telomeric translocation
screening in patients with idiopathic mental
retardation. J Med Genet 35:225–233.

Guan XY, Meltzer PS, Dalton WX, Trent JM.
1994a. Identification of cryptic sites of DNA
sequence amplification in human breast
cancer by chromosome microdissection.
Nat Genet 8:155–161.

Guan XY, Meltzer PS, Trent JM. 1994b. Rapid
generation of whole chromosome painting
probes (WCPs) by chromosome microdis-
section. Genomics 22:101–107.

Guan XY, Meltzer PS, Burgess AC, Trent JM.
1995. Coverage of chromosome 6 by
chromosome microdissection: generation
of 14 subregion-specific probes. Hum
Genet 95:637–640.

Gustavson KH, Holmgren G, Blomquist HK.
1987. Chromosomal aberrations in mildly
mentally retarded children in a northern
Swedish country. Ups J Med Sci 44:154–
168.

Harper PS. 1998. Practical genetic counselling,
5th ed. Oxford: Oxford University Press.
p 183–192.

Harrer T, Schwinger E, Mennicke K. 2001. A
new technique for cyclic in situ amplifica-
tion and a case report about amplification of
a single copy gene sequence in human
metaphase chromosomes through PCR-
PRINS. Hum Mutat 17:131–140.

Hersh JH, Barch MJ, Yen FF, Axelrod JA, Gowans
G, Sears L, Parsian A. 2001. The association
of subtelomeric deletions and severe mental
retardation. Am J Hum Genet 69(Suppl):
330.

Holinski-Feder E, Reyniers E, Uhrig S, Golla A,
Wauters J, Kroisel P, Bossuyt P, Rost I, Jedele
K, Zierler H, Schwab S, Wildenauer D,
Speicher MR, Willems PJ, Meitinger T,
Kooy RF. 2000. Familial mental retardation
syndrome ATR-16 due to an inherited
cryptic subtelomeric translocation, t(3;16)
(q29;p13.3). Am J Hum Genet 66:16–25.

Hong KE, Kim JH, Moon SY, Oh SK. 1999.
Chromosomal abnormalities in child psy-
chiatric patients. J Korean Med Sci 14:377–
385.

Hou JW, Wang TR, Chuang SM. 1998. An
epidemiological and aetiological study
of children with intellectual disability
in Taiwan. J Intellect Disabil Res 42:137–
143.

Inoue K, Osaka H, Imaizumi K, Nezu A,
Tekanashi J, Arii J, Murayama K, Ono J,
Kikawa Y, Mito T, Shaffer LG, Lupski JR.
1999. Proteolipid protein gene duplications
causing Pelizaeus-Merzbacher disease:
molecular mechanism and phenotypic man-
ifestations. Ann Neurol 45:624–632.

Joly G, Lapierre JM, Ozilou C, Gosset P, Aurias A,
de Blois MC, Prieur M, Raoul O, Colleaux

22 AMERICAN JOURNAL OF MEDICAL GENETICS (SEMIN. MED. GENET.) ARTICLE



L, Munnich A, Romana S, Vekemans M,
Turleau C. 2001. Comparative genomic
hybridisation in mentally retarded patients
with dysmorphic features and a normal
karyotype. Clin Genet 60:212–219.

Joyce CA, Dennis NR, Cooper S, Browne CE.
2001. Subtelomeric rearrangements: results
from a study of selected and unselected
probands with idiopathic mental retardation
and control individuals by using high-
resolution G-banding and FISH. Hum
Genet 109:440–451.

Kadandale JS, Wachtel SS, Tunca Y, Martens PR,
Wilroy RS, Tharapel AT. 2000. Localization
of SRY by primed in situ labeling in XX
and XY sex reversal. Am J Med Genet 95:
71–74.

Kadandale JS, Wachtel SS, Tunca Y, Martens PR,
Wilroy RS, Tharapel AT. 2002. Deletion of
RBM and DAZ in Azoospermia: evalua-
tion by PRINS. Am J Med Genet 107:105–
108.

Kallioniemi A, Kallioniemi OP, Sudar D, Ruto-
vitz D, Gray JW,Waldman F, Pinkel D. 1992.
Comparative genomic hybridization for
molecular cytogenetic analysis of solid
tumors. Science 258:818–821.

Kallioniemi OP, Kallioniemi A, Piper J, Isola J,
Waldman FM, Gray JW, Pinkel D. 1994.
Optimizing comparative genomic hybridi-
zation for analysis of DNA sequence copy
number changes in solid tumors. Genes
Chromosomes Cancer 10:231–243.

Kao FT, Yu JW. 1991. Chromosome microdissec-
tion and cloning in human genome and
genetic disease analysis. Proc Natl Acad Sci
USA 88:1844–1848.

Kirchhoff M, Gerdes T, Maahr J, Rose H,
Bentz M, Dohner H, Lundsteen C. 1999.
Deletions below 10 megabasepairs are
detected in comparative genomic hybridiza-
tion by standard reference intervals. Genes
Chromosomes Cancer 25:410–413.

Kirchhoff M, Rose H, Lundsteen C. 2001. High
resolution comparative genome hybridiza-
tion in clinical cytogenetics. J Med Genet
38:740–744.

Knight SJL, Flint J. 2000. Perfect endings: a
review of subtelomeric probes and their use
in clinical diagnosis. J Med Genet 37:401–
409.

Knight SJ, Regan R, Nicod A, Horsley SW,
Kearney L, Homfray T, Winter RM, Bolton
P, Flint J. 1999. Subtle chromosomal re-
arrangements in children with unexplained
mental retardation. Lancet 354:1676–
1681.

Knight SJ, Lese CM, Precht KS, Kuc J, Ning Y,
Lucas S, Regan R, Brenan M, Micod A,
Lawrie NM, Cardy DL, Nguyen H, Hud-
son TJ, Reithman HC, Ledbetter DH, Flint
J. 2000. An optimized set of human
telomere clones for studying telomere
integrity and architecture. Am J Hum Genet
67:320–332.

Koch J, Kolvraa S, Petersen KB, Gregersen N,
Bolund L. 1989. Oligonucleotide-priming
methods for the chromosome-specific label-
ling of alpha satellite DNA in situ. Chro-
mosoma 98:259–265.

Koch J, Hindkjaer J, Kolvraa S, Bolund L. 1995.
Construction of a panel of chromosome-
specific oligonucleotide probes (PRINS-
primers) useful for the identification of

individual human chromosomes in situ.
Cytogenet Cell Genet 71:142–147.

Kodama Y. 1982. Cytogenetic and dermato-
graphic studies on severely handicapped
patients in an institution. Acta Medica
Okayama 36:383–397.

Krejci K, Koch J. 1998. Improved detection and
comparative sizing of human chromosomal
telomeres in situ. Chromosoma 107:198–
203.

Lamb AN, Lytle CH, Aylsworth AS. 1999. Low
proportion of subtelomeric rearrangements
in a population of patients with mental
retardation and dysmorphic features. Am J
Hum Genet 65(Suppl):A169.

Lee C, Gisselsson D, Jin D, Nordgren A, Ferguson
DO, Blennow E, Fletcher JA, Morton CC.
2001. Limitations of chromosome classifica-
tion by multicolor karyotyping. Am J Hum
Genet 68:1043–1047.

Lemke J, Claussen J, Michel S, Chudoba I, Muhlig
P, Westermann M, Sperling K, Rubtsov N,
Grummt UW, Ullmann P, Kromeyer-
Hauschild K, Liehr T, Claussen U. 2002.
The DNA-Based structure of human chro-
mosome 5 in interphase. Am J Hum Genet
71:1051–1059.

Lestou VS, Desilets V, Lomax BL, Barrett IJ,
Wilson RD, Langlois S, Kalousek DK. 2000.
Comparative genomic hybridization: a new
approach to screening for intrauterine
complete or mosaic aneuploidy. Am J Med
Genet 92:281–284.

Levy B, Dunn TM, Kaffe S, Kardon N, Hirsch-
horn K. 1998. Clinical applications of
comparative genomic hybridization. Genet
Med 1:4–12.

Lu YJ, Morris JS, Edward PAW, Shipley J. 2000.
Evaluation of 24-colour multifluor-fluores-
cence in-situ hybridization (M-FISH) kar-
yotyping by comparision with reverse
chromosome painting of the human breast
cancer cell line T-47D. Chromosome Res
8:127–132.

Lupski JR, de Oca-Luna RM, Slaugenhaupt S,
Pentao L, Guzzetta V, Trask BJ, Saucedo-
Cardenas O, Barker DF, Killian JM, Garcia
CA. 1991. DNA duplication associated with
Charcot-Marie-Tooth disease type 1A. Cell
66:219–232.

Meltzer PS, Guan XY, Burgess A, Trent JM. 1992.
Rapid generation of region specific probes
by chromosome microdissection and their
application. Nat Genet 1:24–28.

Mohammed MS, Bejjani BA, Shah S, Lupski JR,
Shaffer LG. 2001. Development and valida-
tion of a high-resolution genomic array for
identifying constitutional chromosome ab-
normalities. Am J Hum Genet 69(Suppl):
176.

Monni O, Hyman E, Mousses S, Barlund M,
Kallioniemi A, Kallioniemi OP. 2001. From
chromosomal alterations to target genes for
therapy: integrating cytogenetic and func-
tional genomic views of the breast cancer
genome. Semin Cancer Biol 11:395–401.

Muller-Navia J, Nebel A, Schleiermacher E.
1995. Complete and precise characteriza-
tion of marker chromosomes by application
of microdissection in prenatal diagnosis.
Hum Genet 96:661–667.

National Institutes of Child Health and Institute
of Molecular Medicine Collaboration.
1996. A complete set of human telomeric

probes and their clinical application. Nat
Genet 14:86–89.

Ohashi H, Ishikiriyama S, Fukushima Y. 1993.
New diagnostic method for Pallister-Killian
syndrome: detection of i(12p) in interphase
nuclei of buccal mucosa by fluorescence in
situ hybridization. Am J Med Genet 45:
123–128.

Opitz JM, Kaveggia EG, Laxova R, Pallister PD.
1982. The diagnosis and prevention of
severe mental retardation, Vol II. In: Pro-
ceedings, International Conference on Pre-
ventable Aspects of Genetic Morbidity,
Cairo. p 117–138.

Ostroverkhova NV, Nazarenko SA, Rubtson NB,
Nazaenko LP, Bunina EN. 1999. Character-
ization of a small supernumerary ring
marker derived from chromosome 2 by
forward and reverse chromosome painting.
Am J Med Genet 87:217–220.

Pellestor F, Girardet A, Lefort G, Andreo B,
Charlieu JP. 1995a. Use of the primed in situ
labelling (PRINS) technique for a rapid
detection of chromosomes 13, 16, 18, 21, X
and Y. Hum Genet 95:12–17.

Pellestor F, Girardet A, Lefort G, Andreo B,
Charlieu JP. 1995b. Rapid in situ detection
of chromosome 21 by PRINS technique.
Am J Med Genet 56:393–397.

Petit C, Martel-Petit V, Fleurentin A, Monnier-
Barbarino P, Jonveaux P, Gerard H. 2000.
Use of PRINS for preconception screening
of polar bodies for common aneuploidies.
Prenat Diag 20:1067–1071.

Phelan MC, Crawford EC, Bealer DM. 1996.
Mental retardation in South Carolina III:
chromosome aberrations. Proc Greenwood
Genet Ctr 15:45–60.

Pierce KF, Fitzgerald LM, Seibel MM, Zilberstein
M. 1998. Preimplantation genetic diagnosis
of chromosome balance in embryos from a
patient with a balanced reciprocal transloca-
tion. Mol Hum Reprod 4:167–172.

Pinkel D, Segraves R, Sudar D, Clark S, Poole I,
Kowbel D, Collins C, Kuo WL, Chen C,
Zhai Y, Dairkee SH, Ljung BM, Gray JW,
Albertson DG. 1998. High resolution ana-
lysis of DNA copy number variation using
comparative genomic hybridization to
microarrays. Nat Genet 20:207–211.

Pollack JR, Perou CM, Alizadeh AA, Eisen MB,
Pergamenschikov A, Williams C, Jeffrey SS,
Botstein D, Brown PO. 1999. Genome-
wide analysis of DNA copy-number
changes using cDNA microarrays. Nat
Genet 23:41–46.

Precht KS, Lese CM, Spiro RP, Huttenlocher PR,
Johnston KM, Baker JC, Christian SL,
Kittikamron K, Ledbetter DH. 1998. Two
22q telomere deletions serendipitously
detected by FISH. J Med Genet 35:939–
942.

Rasmussen K, Nielsen J, Dahl G. 1982. The
prevalence of chromosome abnormalities
among mentally retarded persons in a
geographically delimited area of Denmark.
Clin Genet 22:244–255.

Reddy KS, Mak L. 2001. Mosaic unbalanced
structural abnormalities confirmed using
FISH on buccal mucosal cells. Ann Genet
44:37–40.

Ried T, Schrock E, Ning Y, Wienberg J. 1998.
Chromosome painting: a useful art. Hum
Mol Genet 7:1619–1626.

ARTICLE AMERICAN JOURNAL OF MEDICAL GENETICS (SEMIN. MED. GENET.) 23



Riegel M, Castellan C, Balmer D, Brecevic L,
Schinzel A. 1999. Terminal deletion,
del(1)(p36.3), detected through screening
for terminal deletions in patients with
unclassified malformation syndromes. Am J
Med Genet 82:249–253.

Riegel M, Baumer A, Jamar M, Delbecque K,
Herens C, Verloes A, Schinzel A. 2001.
Submicroscopic terminal deletions and
duplications in retarded patients with
unclassified malformation syndromes. Hum
Genet 109:286–294.

Rossi E, Piccini F, Zollino M, Neri G, Caselli D,
Tenconi R, Castellan C, Carrozzo R,
Danesino C, Zuffardi O, Ragusa A, Castiglia
L, Galesi O, Greco D, Romano C, Pierluigi
M, Perfumo C, DiRocco M, Faravelli F,
Bricarelli FD, Bonaglia MC, Bedeschi MR,
Borgatti R. 2001. Cryptic telomeric rear-
rangements in subjects with mental retarda-
tion associated with dysmorphism and
congenital malformations. J Med Genet
38:417–420.

Saccone S, De Sario A, Della Valle G, Bernardi G.
1992. The highest gene concentrations in
the human genome are in telomeric bands
of metaphase chromosomes. Proc Natl Acad
Sci USA 89:4913–4917.

Schaefer GB, Bodensteiner JB. 1992. Evaluation
of the child with idiopathic mental retarda-
tion [Review]. Pediatr Clin North Am
39:929–943.

Schrock E, du Manoir S, Veldman T, Schoell B,
Wienberg J, Ferguson-Smith MA, Ning Y,
Ledbetter DH, Bar-Am I, Soenksen D,
Garini Y, Reid T. 1996. Multicolor spectral
karyotyping of human chromosomes.
Science 273:494–497.

Schrock E, Veldman T, Padilla-Nash H, Ning Y,
Spurbeck J, Jalal S, Shaffer LG, Papenhausen
P, Kozma C, Phelan MC, Kjeldsen E,
Schonerg SA, O’Brien P, Biesecker L, du
Manoir S, Ried T. 1997. Spectral karyotyp-
ing refines cytogenetic diagnostics of con-
stitutional chromosomal abnormalities.
Hum Genet 101:255–262.

Schwartz CE, Phelan MC, Pulliam LH,Wilkes G,
Vanner LV, Albiez KL, Potts WA, Rogers
RC, Schroer RJ, Saul RA, Prouty LA, Dean
JH, Taylor HA, Stevenson RE. 1988.
Fragile X syndrome: incidence, clinical and
cytogenetic findings in the black and white
populations of South Carolina. Am J Med
Genet 30:641–654.

Shaffer LG, Kennedy GM, Spikes AS, Lupski JR.
1997. Diagnosis of CMT1A duplications
and HNPP deletions by interphase FISH:

implications for testing in the cytogenetics
laboratory. Am J Med Genet 69:325–331.

Shaffer LG, Kashork CD, Bacino CA, Benke PJ.
1999. Caution: telomere crossing. Am J
Med Genet 87:278–280.

Sismani C, Armour JAL, Flint J, Girgalli C, Regan
R, Patsalis PC. 2001. Screening for sub-
telomeric chromosome abnormalities in
children with idiopathic mental retardation
using multiprobe telomeric FISH and the
new MAPH telomeric assay. Eur J Hum
Genet 9:527–532.

Slavotinek A, Rosenberg M, Knight S, Gaunt L,
Fergusson W, Killoran C, Clayton-Smith J,
Kingston H, Campbell RHA, Flint J,
Donnai D, Biesecker L. 1999a. Screening
for submicroscopic chromosome rearrange-
ments in children with idiopathic mental
retardation using microsatellite markers for
the chromosome telomeres. J Med Genet
36:405–411.

Slavotinek A, Shaffer LG, Shapira SK. 1999b.
Monosomy 1p36. J Med Genet 36:657–
663.

Speicher MR, Ballard SG, Ward DC. 1996.
Karyotyping human chromosomes by com-
binatorial multi-fluor FISH. Nat Genet
12:368–375.

Speleman F, Leroy JG, Van Roy N, De Paepe A,
Suijkerbuijk R, Brunner H, Looijenga L,
Verschraegen-Spae MR, Orye E. 1991.
Pallister-Killian syndrome: characterization
of the isochromosome 12p by fluorescent in
situ hybridization. Am J Med Genet 41:
381–387.

Srsen S, Misovicova N, Srsnova K, Volna J. 1989.
Chromosome aberrations in a group of
mentally retarded persons. Cesk Psychiatr
85:9–16.

Tabet AC, Aboura A, Dauge MC, Audibert F,
Coulomb A, Batallan A, Couturier-Turpin
MH, Feldmann G, Tachdjian G. 2001.
Cytogenetic analysis of trophoblasts by
comparative genomic hybridization in
embryo-fetal development anomalies. Pre-
nat Diagn 21:613–618.

Taguchi T, Cheng GZ, Bell DW, Balsara B, Liu Z,
Siegfried JM, Testa JR. 1997. Combined
chromosome microdissection and compara-
tive genomic hybridization detect multiple
sites of amplified DNA in a human lung
carcinoma cell line. Genes Chromosomes
Cancer 20:208–212.

Tharapel AT, Kadandale JS, Martens PR, Wachtel
SS, Wilroy RS Jr. 2002. Prader Willi/
Angelman and DiGeorge/Velocardiofacial
syndrome deletions: diagnosis by primed in

situ labeling (PRINS). Am J Med Genet
107:119–122.

Uhrig S, Schuffenhauer S, Fauth C, Wirtz A,
Daumer-Haas C, Apacik D, Cohen M,
Muller-Navia J, Cremer T, Murken J,
Speicher MR. 1999. Multiplex-FISH for
pre- and postnatal diagnostic applications.
Am J Hum Genet 65:448–462.

van de Larr I, Rabelink G, Hochstenbach R,
Tuerlings J, Hoogeboom J, Giliay J. 2002.
Diploid/triploid mosaicism in dysmorphic
patients. Clin Genet 62:376–382.

Viot G, Gosset P, Fert S. 1998. Cryptic sub-
telomeric rearrangements detected by FISH
in mentally retarded and dysmorphic
patients. Am J Hum Genet 63(Suppl):A10.

Vorsanova SG, Koloti D, Sharonin VO, Soloviev
V, Yurov YB. 1998. FISH analysis of
microaberrations at telomeric and subtelo-
meric regions in chromosomes of children
with mental retardation. Am J Hum Genet
63(Suppl):A154.

Wilkens L, Tchinda J, Komminoth P, Werner M.
1997. Single- and double-color oligonu-
cleotide primed in situ labeling (PRINS):
applications in pathology. Histochem Cell
Biol 198:439–446.

Wilkie AO. 1993. Detection of cryptic chro-
mosomal abnormalities in unexplained
mental retardation: a general strategy using
hypervariable subtelomeric DNA polymor-
phisms. Am J Med Genet 53:688–701.

Wilton L. 2001. Birth of a healthy infant after
preimplantation confirmation of euploidy
by comparative genome hybridization. N
Engl J Med 345:1537–1541.

Wuu KD, Wuu SW, Liu IW. 1984. A cytogenetic
survey of mentally retarded children in
Taiwan: final report on the incidence of
chromosome abnormalities. Proceedings
of the National Science Council, Republic
of China—Part B. Life Sci 8:83–88.

Wuu KD, Chiu PC, Li SY, Chen JY, Chao MC,
Ko FJ, Wang TR, Hsiao KJ. 1991. Chro-
mosomal and biochemical screening on
mentally retarded school children in Taiwan.
Jpn J Hum Genet 36:267–274.

Xu J, Chernos JE, Bernier F, Lowry RB. 2000.
Characterization of an interstitial deletion
del(13)(q22q32) using microdissection and
sequential FISH and G-banding. Genet Test
4:279–282.

Yan J, Bronsard M, Drouin R. 2001. Creating
a new color by omission of 30 end block-
ing step for simultaneous detection of
different chromosomes in multi-PRINS
technique. Chromosoma 109:565–570.

24 AMERICAN JOURNAL OF MEDICAL GENETICS (SEMIN. MED. GENET.) ARTICLE


