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A major challenge for human genetics is to identify new causes of mental retardation, 

which, although present in about 3% of individuals, is unexplained in more than half of 

all cases. We have developed a strategy to screen for the abnormal inheritance of 

subtelomeric DNA polymorphisms in individuals with mental retardation and have 

detected three abnormalities in 99 patients with normal routine karyotypes. Pulsed-field 
gel electrophoresis and reverse chromosome painting showed that one case arose from 
an interstitial or terminal deletion and two from the de novo inheritance of derivative 

translocation chromosomes. At least 6% of unexplained mental retardation is accounted 
for by these relatively small chromosomal abnormalities, which will be an important 

resource in the characterization of the genetic basis of neurodevelopment. 

Mental retardation is a common and distressing disorder 
whose origins are poorly understood. About three percent 
of the population have an intelligence quotient (IQ) less 
than 70 (refs 1,2) yet a cause for mental retardation is 
established in less than half of all cases3-15. Despite recent 
advances in understanding the molecular basis of some 
known causes of mental retardation, progress in 
unravelling idiopathic mental retardation has been slow, 
partly because of the aetiological heterogeneity of the 
condition. The large number of known conditions that 
result in mental retardation is probably matched by an 
equally large number of unknown conditions. 

Routine cytogenetic analysis indicates that 
chromosomal anomalies constitute 40o/o of severe (IQ < 
55) and 10-20% of mild mental retardation (IQ 55-70); 
however, rearrangements involving less than 1 or 2 
megabases (Mb) are undetectable even at the highest 
resolution and could account for a substantial number of 
idiopathic cases. Hypervariable DNA polymorphisms 
(HVPs) detected by probes for variable number of tandem 
repeats (VNTR) can be used to find such cryptic 
chromosomal abnormalities by the observation of 
abnormal inheritance of alleles from the parents16. By the 
use of this method, deletions, duplications and uniparental 
disomy (UPD) can be detected, although a prohibitively 
large number ofloci would need to be screened to cover 
the whole genome (for example, 3,000 at 1-Mb intervals). 
Consequently a search for cryptic chromosomal 
abnormalities needs to be more focused. 

There are indications that the terminal regions of 
chromosomes may be enriched for cryptic chromosomal 
abnormalities. Cytogenetically invisible unbalanced 
translocations of chromosome ends have recendy been 

shown to be the cause of mental retardation in the 
a-thalassaemia mental retardation syndrome (ATR-
16)17·18, Wolf-Hirschhorn syndrome19·20, Miller-Dieker 

syndrome21 and cri-du-chat syndrome22. In a second type 
of terminal rearrangement, a chromosome is truncated 
and stabilized by the addition of telomeric repetitive 
DNA.OnecaseoftheATR-16syndromeduetoatelomeric 
truncation has been characterized at a molecular level by 
DNA sequence analysis23, and the process probably 
accounts for many other terminal deletions. 

HVP analysis will also detect UPD, which has been 
implicated as a cause of retardation in Prader-Willi, 
Angelman, and Beckwith-Wiedemann syndromes24·25. A 
few highly polymorphic markers from any part of the 

chromosome will suffice to identify UPD affecting the 
whole chromosome, but the use of telomeric markers 
gives a higher chance of picking up segmental UPD: 
mitotic recombination due to a single crossover giving 
rise to segmental UPD will always involve the telomere. 

In this study, the subtelomeric regions of 28 
chromosome ends were analysed in 99 mentally retarded 
individuals with highly polymorphic probes. Three cases 
of monosomy were identified (two involving 22q and one 
13q), and confirmed by fluorescence in situ hybridization 
(FISH), or densitometric analysis. Reverse chromosome 
painting demonstrated that two cases were the unbalanced 
products of translocation; pulsed-field gel electrophoresis 
(PFGE) showed that the third case arose from a de novo 
interstitial or terminal deletion. We found no 
abnormalities at either the 22q or 13q locus in control 
populations2

6-
28. This study is the first demonstration that 

cryptic chromosomal abnormalities make a significant 
contribution to idiopathic mental retardation. 
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The cases described here, and others that can be identified 

using a similar screening strategy, provide a starting point 
for the isolation and characterization of dosage-sensitive 
genes involved in neurodevelopment. 

from the second. The abnormalities were then confirmed 

by FISH or densitometric analysis. 

Case 1 

Detection of cryptic chromosomal rearrangements 
A sample of 99 individuals (58 males and 41 females) 

with idiopathic mental retardation ranging from mildly 

to severely affected were identified. In all cases 
chromosome abnormalities were excluded by routine 

cytogenetic analysis ( 400-500 band level). Affected 
individuals could be divided, on clinical grounds, into 
two groups: 68 with physical stigmata suggestive of an 

underlying chromosomal disorder, and 31 with no 
such stigmata. Clinical signs of a chromosomal disorder 

were one or more congenital anomalies (including 
dysmorphic features) in the absence of a recognizable 

syndrome. 

PatientAH is a 3-year-old boy with developmental delay, 
mild facial dysmorphism and microcephaly. Family history 

is negative for mental retardation. Early motor milestones 
were within normal limits, but by age 26 months he was 

functioning at the 18 month level. 

A total of 28 chromosome tips were surveyed covering 
23 different chromosomes (Table 1 ). Only chromosome 
1 was not surveyed at either telomere. HVP analysis 

suggested a chromosomal abnormality in two cases from 

the first group of affected individuals, and in one case 

SouthernblotanalysisofD13Sl07(probeCEB5localized 
to the terminal band of 13q (ref. 27) showed failure to 
inherit a paternal allele (Fig. 1). The same result was 
obtained using three different endonucleases, thus 

excluding a size difference due to a mutation in an 
endonuclease recognition site. Information from at least 

20 probes confirmed inheritence of alleles from both 

parents at other loci. A second VNTR from terminal13q, 
Dl3S103 (probe MS626 (ref. 29) also detected an 

abnormality. 
High resolution prometaphase karyotype analysis was 

normal, but FISH confirmed the deletion. A cosmid 

containing the Dl3S107locus hybridized to one 13q 

homologue only in 50 meta phases examined (Fig. 2a), 

Table 1 VNTR probes used to screen for subtelomeric rearrangements 

Telomere Locus Probe 

2q 02590 CEB1 
3q 0351036 cC13-939 
4p 045125 pYNZ32 

045111 p157.9 
5p 055110 M5621 
5q 05543 MS8 
6q 06586 MS605 
7p 07521 MS31 
7q 07522 piG3 
8q 085139 CEB6 
9q 09511 pMHZ10 
10p 010533 cTB14.16 

010592 MS614 
10q 010590 MS622 
11p HRA5 pUC EJ 6.6 
12q 012511 MS43 
13q 0135107 CEB5 

0135103 MS626 
14q 014523 cKKA39 

014520 pMCOC12 
014544 MS627 

15q 015586 MS620 
16p 016585 3'HVR 
16q 01657 p79-2-23 
17p 017534 p144D6 

0175134 MS228 
17q 0175765 pCMI327 
18q 018517 CAl p159.2 

018531 MS440 
19p 019520 pJCZ3.1 
20q 020526 MS617 
21q 0215112 CAl L427 
22q 0225163 MS607 
Xp/Yp OXY578 MS600 
Xq OX552 St14 

Enzyme 

Hinf1 
Mspl 
Pstl 
Pstl 
Mbol 
Hinf1 
Mbol 
Hinf1 
Hinf1 
Haelll 
Rsal 
Rsal 
Mbol 
Mbol 
Hinf1 
Hinf1 
Haelll 
Mbol 
Pstl 
Mspl 
Mbol 
Mbol 
Hinf1 
Rsal 
Rsal 
Mbol 
Haelll 
Pstl 
Mbol 
Hinfl 
Mbol 
Rsal 
Mbol 
Hinf1 
Taql 

Source 

G Vergnaud 
JCRRB 
ATCC 
G Bates 
HGMP 
A Jeffreys 
HGMP 
A Jeffreys 
A Jeffreys 
G Vergnaud 
ATCC 
ATCC 
HGMP 
HGMP 
ATCC 
A Jeffreys 
G Vergnaud 
J Armour 
ATCC 
ATCC 
J Armour 
HGMP 
D Higgs 
ATCC 
ATCC 
HGMP 
ATCC 
ATCC 
HGMP 
ATCC 
HGMP 
ATCC 
HGMP 
HGMP 
ATCC 

Reference 

27 
42 
ATCC57548 
48 
26 
49 
26 
49 
49 
27 
ATCC59674 
ATCC59982 
26 
26 
ATCC41028 
49 
27 
29 
ATCC59678 
ATCC59992 
50 
26 
51 
ATCC59866 
ATCC59868 
52 
ATCC59680 
ATCC 61800 
26 
ATCC 57656 
26 
ATCC 61680 
26 
26 
ATCC 61372 

HGMP, United Kingdom Human Genome Mapping Project DNA probe bank; 
ATCC, American Type Culture Collection; JCRRB, Japanese Cancer Research 
Resources Bank 
Affiliations of collaborators who gave probes are stated in the Methodology. 
Pertinent ATCC catalogue numbers are stated. 
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although no such abnormality was 

found in the child's parents. FISH 

using the plasmid MS626 showed 
that this locus too was deleted inAH 
but not in his parents (not 

illustrated). Thus AH has a de novo 
deletion in the subtelomeric region 

of chromosome 13q. 

Case2 

PatientLMisa22-year-oldfemalewith 
severe mental retardation (IQ less than 

20) and marked facial dysmorphism. 

Family history is negative for mental 
retardation. She has no language, but is 

fully mobile. Her facial appearance is 

markedly abnormal with micrognathia, 
simple ears, prominent nose and a gap 

between her upper two incisors. In 
addition she has long thin fingers, 2/3 
syndactyly of the feet (also present in 

other unaffected family members), a 

right talipes equinovarus with a pes 
cavus and a left calcaneovalgus 

deformity. 

Southern blot analysis showed lack 

ofamaternalalleleatD22Sl63(probe 
MS607 on chromosome 22q) (Fig. 
1 ), a result found with three different 

endonucleases. FISH analysis of 
D22Sl63 was carried out with four 
cosmids, isolated from a chromosome 

22 library by screening with MS607 
(Jan Dumanski, unpublished results). 

All detected a deletion of 22q in the 
case of LM (Fig. 2b), although her 
parents were normal. Thus she has a 

de novo deletion in the subtelomeric 

region of chromosome 22q. 

Restriction fragment length 
polymorphism (RFLP) and densito

metric analysis were performed to 
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Fig. 1 Molecular detection of subtelomeric rearrangements 
in three patients with mental retardation. Three Southern 
blots are illustrated with samples from the affected child 
(C) flanked by mother (M) and father (F). The sizes of bands 
in kilobases are shown on the right. In the AH family, the 
Southern blot demonstrates the failure to inherit an allele 
from the father at 0138107 (CEB5 probe) on chromosome 

9
_
69 

13q. In the LM family, autoradiography with probe MS607 
(022$163) from chromosome 22q shows failure to inherit a 

7
·
74 maternal allele, and in the NT family the same probe shows 

s.22 failure to inherit a paternal allele. 

4.25 

analyses was that a breakpoint occurred within the region 
3

.
47 

detected by the cosmids. Accordingly a probe (HE 7.0) 

2
_
69 

free of highly repetitive DNA was isolated from one 

2_39 cosmid and used to map the locus in more detail. Digested 
genomic DNA from the parents and child was separated 

1.66 by PFGE and probed with HE 7.0. Five enzymes (Notl, 
Mlul, Nrui, Sfil and Sstii) gave a similar pattern: a single 

band in the parents, and two in the child (Fig. 4}, 

demonstrating that a de novo rearrangement is present in 
the child. With all five enzymes the breakpoint fragment 
in NT was shorter than the normal by about 60 kilobases 
(kb }, making it very likely that NT has a 60 kb interstitial 

or terminal deletion rather than a translocation. 

examine the extent of the deletion in LM (Fig. 3). These 
investigations showed that the breakpoint occurs between 
D22S97 and D22S22/D22S94 and encompasses 

approximately 25 centimorgans of the most telomeric 
region of22q. 

Although routine karyotyping had been reported 
normal, repeat analysis at high resolution suggested that 

there was an anomalous chromosome 22. The banding 

pattern was not distinctive enough to allow definitive 
characterization: it was consistent with a de novo derivative 
translocation, a paracentric inversion or a more complex 

rearrangement. 

Case3 
Patient NT is a 12-year-old boy with mild mental 
retardation (I Q 64), normal physical features and a family 
history negative for mental retardation. The neonatal 
period and early motor milestones were within normal 

limits. He presented aged 2.5 years with no speech and 
made his first definable words aged four years. At 12.5 
years his particular speech difficulties persist, and he has 

a 25-point discrepancy between verbal IQ (SO) and 

performance IQ (75). He has no abnormal physical 

findings or dysmorphic features apart from bilateral 
accessory nipples. 

Like the previously described patient, NT had an 

abnormality initially detected by analysing D22S 163 (using 
probe MS607) (Fig. 1 ). The HVP analysis showed absence 

of a paternally inherited allele, and again non-mendelian 

inheritence at other loci and mutation in the endonuclease 

recognition site were excluded. Densitometric analysis 

was used to compare NT to a normal control and a known 

22q deletion in five replicate samples. The signals from 
NT were significantly less than those from the normal 
individual and not significantly different from the known 

22q deletion, demonstrating that one copy of MS607 is 
deleted in NT (data not shown}. The same technique 

showed that probes mapping proximal to MS607 were 
not deleted (Fig. 3). 

His high-resolution karyotype was normal, but, 
surprisingly, FISH analysis with the same four 22q cosmids 
used in the previous case revealed a signal on both copies 

of chromosome 22 (not shown). A possible explanation 
for the discrepancy between the densitometric and FISH 

Reverse chromosome painting 

We used reverse chromosome painting to investigate 

further the nature of these rearrangements. By labelling 
the abnormal chromosomes and hybridizing them to 
normal metaphases, any translocated material can be 

detected as an additional signal on a second pair of 
chromosome homologues. All flow karyotypes were 
normal and, as in no case could the abnormal 

chromosomes be distinguished from their normal 

homologues, both chromosomes were labelled together. 

The sorted and labelled chromosome 13s from patient 
AH detected a signal on Xp and Yp that was not seen in a 
control experiment using a normal chromosome 13 (Fig. 
5). We confirmed this fincling by using a biotinylated 

cosmid from the pseudoautosomal region of Xp ( CY29 
(ref. 30)). When hybridized to AH's chromosomes, the 

cosmid detected a signal on the end of one 13q homologue 

in addition to signals from the pseudoautosomal region 
on Xp and Yp (Fig. 6}. Thus AH is trisomic for the 

terminal region of Xp/Yp and deleted for the terminal 
region of 13q. 

Reverse paints prepared from the sorted chromosome 

22s of patient LM consistently revealed an extra signal on 

9q (Fig. 7}. This signal was observed on all metaphases 

from three different normal males, and no similar signal 

was seen with a control experiment. Because of a lack of 
suitable subtelomeric 9q probes, we have not been able to 

characterize this trisomy further, but the results indicate 
that the patient has a de novo unbalanced chromosome 
derived from a translocation involving the terminal regions 
of 22q and 9q, which has resulted in a deletion of 

subtelomeric 22q and a trisomy of subtelomeric 9q. 

In the case of NT, hybridization to male metaphase 
chromosome preparations revealed no additional 

chromosomal material to that observed in a control 

experiment using sorted and labelled normal chromosome 
22 (not illustrated). This experiment supports the inference 
from PFGE that NT has a true deletion rather than a 

translocation of 22q. 

Nature Genetics volume 9 february 1995 
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Fig. 2 In situ hybridization and fluorescent detection. a, Metaphase chromosomes of patient AH. Arrows indicate the 
telomeres on the long arm of the chromosome 13 pair, which have been identified by an a-satellite repeat probe (yellow 
signal at the centromere). Signal from biotinylated cosmid CEB5 is absent from one chromosome 13q telomere, 
demonstrating a deletion. The satellite repeat also identifies the chromosome 21 pair because of cross-hybridization 
between the centromeric sequences. b, Metaphase chromosomes of patient LM. Arrows indicate the telomeres on the 
long arm of the chromosome 22 pair, this time identified by a-satellite repeats that cross-hybridize to chromosome 14. 
The single hybridization signal of a cosmid containing MS607 demonstrates the deletion of one 22q subtelomeric locus. 

No rearrangements at 22q and 13q in controls 

In order to exclude the possibility that terminal deletions 

of chromosomes 13q and 22q are relatively common 

rearrangements with little or no associated phenotype, we 
examined 240 nuclear families by Southern analysis using 

the probes MS607 and CEBS. The sample included 117 
European, three Filipino and 60 Asian families. No family 

included members with mental retardation. In the 
samples, 186 families were informative for the presence of 
deletions in the case of probe MS607 and 160 families for 

probe CEBS. No deletions were detected. The 95% 

confidence limits for deletions at MS607 and CEBS in a 

population without mental retardation are 0-1.6% and 

0-1.9%, respectively. 
If 22q and 13q translocations were relatively common, 

we might expect to discover the reciprocal products (that 
is trisomies for 22q and 13q). As part of a larger study to 

investigate the distribution of VNTR alleles in different 

world populations we have examined 3,000 unrelated 

9 LOCUS 

individuals with the probes MS607 and MS626 (the other 

13q probe deleted in patient AH). In no case were three 
alleles seen in over 2,000 informative analyses for each 

locus. This suggests that trisomies at these loci are rare. 

Taken together with the published data for these loci 

(700 meioses in CEPH pedigrees with the 13q probe and 
80 meioses with the 22q probe2

6-
28

), we conclude that our 

data are inconsistent (at a 0.05 significance level) with a 
prevalence of 22q deletions as great as 1 o/o and with a 
prevalence of 13q deletions as great as 0.5%. 

Informativeness of VNTRs 

In addition to detecting three cryptic chromosomal 

abnormalities, this survey provided an opportunity to 
assess the effectiveness of the screening strategy and the 
sensitivity of the test. The latter information can then be 

used to estimate the prevalence of cryptic chromosomal 

abnormalities in the population surveyed. Direct measures 

of informativeness for the detection of monosomy, 

0 04 -I- 022897 
. <!"022594 

Patient LM Patient NT 

Fig. 3 Restriction fragment and 
densitometric analysis of two patients 
with 22q deletions. On the left is a 
diagram of the terminal region of 22q 
showing the recombination fractions 
(9) between the loci examined. The 
location of 0225163 near ARSA is 
based on PFGE data (unpublished). 
ND, not done. 
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D22845 Maternal deletion FftP RFLP uninformative 
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flfiSA Maternal deletion FftP Not deleted densitometric 
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Fig. 4 Southern blot of a pulsed-field gel probed with 
fragment HE 7.0. Two different digests (Notl and M/ul) 
are shown of samples from the NT family: M, mother, 
C, child and F, father. A size marker in kilobases is 
shown on the right. 

460 

370 
290 
245 

trisomy, hetero- and isodisomy derived from the 

distribution of parental mating types are shown in Table 
2. In the majority of cases the interpretation of results was 

straightforward. Small alleles not readily detected by 
blotting made analysis difficult in a few instances. VNTR 

mutations were detected in 31 cases (Table 2), mostly at 

D2S90, which has a mutation rate of approximately 15% 
(ref. 27). 

Prevalence of cryptic subtelomeric abnormalities 
Of 99 children with idiopathic mental retardation, three 

were found to have cryptic chromosomal abnormalities. 
The observed frequency is therefore 3%, but this estimate 

must be corrected for the fact that only 28 telomeres were 

surveyed and that in many cases the mating types were not 
informative. Once this is taken into account, the chance of 

detecting a random abnormality is 52% for subtelomeric 

monosomy and 69% for uniparental disomy16
• Assuming 

that every telomere has the same probability of undergoing 
rearrangement (and therefore that the 28 chromosome 
tips surveyed are representative) the best estimate of the 

frequency of cryptic subtelomeric monosomy in 

unexplained mental retardation is 5.8% (95% confidence 
limits are 1.2-17.6% ). No instances ofUPD were detected 

in this survey, and the 95% confidence limits for the 
frequency ofUPD are 0-4.4%. 

Discussion 

The results presented here show for the first time how a 

combination of HVP analysis, FISH, PFGE and reverse 
chromosome painting can be used to screen for and 

characterize cryptic chromosomal rearrangements. These 

rearrangements are very likely to cause mental retardation 
in individuals in which they occur: all of the probes used 
in this study have been employed in linkage mapping in 

normal individuals28
, and no cases of de novo deletion or 

UPD have been described in more than 11,000 informative 

meioses (since 35 probes were examined, this figure is 
approximately equivalent to investigating 300 nuclear 

families). In all instances where abnormal inheritance 

patterns have been found, they have been due to mutations 
at the VNTR loci or to the occurrence of small VNTR 
alleles undetectable by Southern blotting27

.J
1
•
32

• In addition, 
investigation of240 nuclear families and of3,000 unrelated 

individuals with the 13q and 22q probes that detected 

deletions in our patient sample revealed no rearrangements 
(either deletions or trisomies). However, characterization 

of the rearrangements' effects on gene expression is needed 

to prove that they cause mental retardation. 
Cryptic chromosomal abnormalities have often been 

suspected to contribute to the pathogenesis of idiopathic 

retardation, but there have been no attempts to assess the 
magnitude of that contribution. The data presented here 

allow a preliminary assessment: three de novo deletions 
were found in 99 individuals surveyed using a test which 

would detect 52% of such abnormalities. This gives a best 
estimate of about 6o/o for the frequency of cryptic 
subtelomeric rearrangements. However, this figure must 
be conservative as many of the probes used in this study 

may be several megabases from their cognate telomere; in 
these cases analysis will have failed to detect small terminal 

rearrangements. 
No cases of UPD were discovered. Because the test was 

informative for 69% of such cases, the result excludes 

UPD as contributing to more than 5o/o of idiopathic 
mental retardation with 95% confidence, suggesting that 
UPD is a relatively rare occurrence33

• There was no 

difference in frequency of monosomy between the clinical 
groups with (2/68), or without ( 1/31), physical stigmata 

of a chromosomal abnormality. A more complete survey 
is needed to determine the correlation of subtelomeric 

Fig. 5 Reverse chromosome paint of chromosome 13 from 
patient AH onto a normal male metaphase. Outlined arrows 
mark the painted chromosome 13s. Signal is seen on 
acrocentric short arms (as found in a controO. but there is 
also a signal on the short arm of the X and Y 
chromosomes. A centromere marker identifies the X 
chromosome, and filled arrows indicate the signal on Xp 
and Yp. 
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abnormalities with physical stigmata and the frequency of of routine cytogenetic screening), but may have failed to 

UPD in mental retardation. detect those affecting only the last megabase of the 

Our results support the view that chromosomal chromosome (assuming that most of the probes used will 
rearrangements affect subtelomeric regions more often be more than a megabase from the telomere). Thus in 

than other parts of the genome. Twenty-eight telomeres assaying 99 children we have surveyed approximately 

were examined, and in 76% of cases the analysis was 8,300 Mb and found three deletions, or about one deletion 

informative for monosomy, so the equivalent of 21 every 3,000 Mb. Since the haploid genome is only 3,000 

telomeres were fully analysed. We can expect to have Mb, this suggests either that all the remaining cases of 

excluded deletions up to 5Mb (the maximum resolution idiopathic mental retardation in this survey have deletions 

Table 2 Informativeness of VNTR probes for the detection of cryptic chromosomal abnormalities 

Telomere Locus Probe Heterozygosity Deletion/ Trisomy Heterodisomy Mutants No. of 
Pub. Obs. isodisomy families 

2q 02590 (1) CEB1 93 90 99 90 98 10 98 
02590(2) 96 99 95 98 

3q 0351036 cC13-939 83 93 93 88 88 3 99 
4p 045125 pYNZ32 52 34 37 13 26 0 76 

045111 p157.9 69 55 35 16 17 0 98 
Combined 57 23 39 99 

5p 055110 MS621 92 91 89 82 81 0 95 
5q 05543 M58 88 97 94 91 90 1 98 
6q 06586 M5605 87 89 89 79 81 3 97 
7p 07521 MS31 75 95 93 89 86 1 97 
7q 07522 pA.G3 75 88 93 82 89 1 99 
8q 085139 CEB6 38 50 44 26 28 0 98 
9q 09511 pMHZ10 70 45 33 10 20 0 99 
10p 010533 cTB14.16 73 65 48 28 26 0 99 

010592 MS614 77 77 65 47 46 0 99 
Combined 74 55 56 99 

10q 010590 M5622 83 74 58 41 41 0 99 

11 p HRA5 pUCEJ 57 59 44 26 22 0 98 

6.6 
12q 012511 MS43 75 91 90 82 83 0 99 
13q 0135107 CEB5 80 79 65 50 48 0 98 

0135103 MS626 77 79 63 46 42 0 96 
Combined 82 67 68 99 

14q 014523 cKKA39 80 81 80 66 67 0 97 

014520 pMCOC12 67 30 24 11 14 0 83 
014544 MS627 96 95 88 83 77 0 56 

Combined 88 82 78 99 
15q 015586 MS620 86 88 80 70 66 0 98 
16p 016585 3'HVR 93 94 90 86 84 3 99 

16q 01657 p79-2-23 82 78 70 56 53 1 99 

17p 017534 p144D6 76 92 73 67 53 1 99 

017530 MS228 95 97 94 91 88 1 58 

Combined 94 89 85 99 

17q 0175765 pCMI327 71 70 45 26 20 0 98 

18q 018517 CRI 74 54 44 26 17 0 98 
p159.2 

018531 MS440 72 79 76 60 65 0 91 

Combined 80 65 69 .99 
19p 019520 pJCZ3.1 79 86 75 65 59 0 99 

20q 020526 MS617 79 86 77 66 62 0 98 

21q 0215112 CRI L427 95 75 76 58 63 0 98 
22q 0225163 MS607 90 85 76 68 67 0 99 
XpNp OXY578 MS600 91 94 94 88 88 6 99 
Xq OX552 St14 77 74 0 99 

Male 100 74 
Female Deletion 69 65 69 99 

lsodisomy 77 

The published heterozygosity (Pub.) is compared with the observed (Obs.). Observed heterozygosity was calculated from 
the parental genotypes. In the case of 02590 two figures are given, because null alleles may occur. In the first (02590 (1)), 
all parents with a single band on autoradiography are called homozygotes. In the second (02590 (2)), another VNTR in the 
cosmid CEB1 is used to to infer the presence at 02590 of an allele undetectable by Southern blotting. Note that the 
distribution of mating types determines the informativeness of each probe16

• Heterozygosity only provides an Indirect 
estimate of informativeness. Moreover, sex-linked probes (such as St14) differ in informativeness between males and 
females. In males, deletions are always detectable and UPD cannot occur; in females, UPD can only arise from the 
mother and this gives differing detection rates for deletions and isodisomy. 
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Fig. 6 FISH of pseudoautosomal cosmid CY29 onto AH 
metaphase preparations. Centromere markers identify 
chromosomes X, 13 and 21. Telomeric signal on the sex 
chromosomes is indicated by outlined arrows, and filled 
arrows indicate the 13q telomeres, one of which carries a 
signal attributable to CY29 hybridization. 

somewhere in their genomes, or that the frequency of 

deletions is relatively increased near the ends of 

chromosomes. Currently, the latter conclusion is the 

more reasonable. 

This study demonstrates that HVP analysis is a useful 

investigation into the cause of developmental delay and 

mental retardation. Characterization oftelomeric regions 

has already begun to yield microsatellites physically linked 

to telomeres34
• These HVPs can be screened quickly, and 

by using two or three micro satellites close to each telomere 
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Fig. 7 Reverse chromosome paint of chromosome 22 from 
patient LM onto a normal male metaphase. Outlined 
arrows mark the chromosome 22 pair. Signal is seen on 
the short arms of the acrocentric chromosomes (as found 
in controls), but in addition a signal is present on the long 
arm of chromosome 9 (marked by filled arrows). The 
chromosome 9 pair is identified by a centromere-specific 
marker. 

the test could become virtually 100% informative. 

Although other methods of genomic scanning are available, 

such as prometaphase banding and FISW5
, only HVP 

analysis can attain high sensitivity and specificity for the 

detection of both UPD and structural chromosomal 

rearrangements. Moreover, it is the technique with the 

greatest potential for automation36
• 

Finally, it is important to consider the implications that 

the discovery of small chromosomal aberrations may 

have for understanding the relationship between genetic 

lesion and impaired cognitive function. Small 

rearrangements with specific effects have proved invaluable 

in the past in the isolation of disease loci. The case of NT 

is the most interesting in this respect. The PFGE experiment 

suggests that the deletion may be as small as 60 kb. If so, 

then its effects could indeed be very specific, and 

characterization of the affected region will be relatively 

straightforward. It may provide an opportunity to access 

dosage-sensitive genes involved in central nervous system 

development and function. 

Methodology 
Patient selection. Asampleof58 males and 41 females with idiopathic 

mental retardation was identified by examining the case records of 

a tertiary referral clinical genetics unit and of two community 

learning disability teams in south London. Patients were selected on 

the basis of (i) an IQ less than 70 or, if too young for psychological 

assessment, the presence of significant developmental delay; (ii) no 

recognizable syndrome whether chromosomal, Mendelian, or 

environmental; (iii) both parents available and willing to provide a 

blood sample. Consanguinity was not an exclusion criterion, but 

only one child was the offspring of a consanguineous mating (first 
cousin marriage). 

Cytogenetic reports of all cases were reviewed. Where no recent 

analysis had been performed, the patient's chromosomes were 

examined at the 400-500 band level. Fragile X syndrome was excluded 

both by culturing cells in folate-deficient medium and by molecular 

analysis. In the latter case DNA was digested with BgDI endonuclease, 

blotted onto a nylon membrane and probed with a FRAXA clone 
Oxl.9 (ref. 37). 

Control samples were made available to us from ongoing 

investigations into families with ~-thalassaemia or with 

hypertension and families and individuals collected during 

surveys of genetic diversity in different world populations. 

Probe collection. Three requirements governed the choiceofprobes: 

high heterozygosity, subtelomeric location and the production of a 

pattern on autoradiography from which the inheritance of all alleles 

could be determined unambiguously. Theoretical analysis shows 

that the informativeness of probes drops sharply with decrease in 

heterozygosity. Probes with a heterozygosity of80o/o will detect only 

50o/o of cases of trisomy and uniparental heterodisomy (see section 

below on calculation of informativeness) 16
• Thirty-five VNTRs with 

high heterozygosity and localization to the terminal band of a 

chromosome were selected for this study (Table 1). Only four probes 

are physically localized with respect to their cognate telomere: a
globin 3'HVR which is 170 kb from the 16p telomere38

; p157.9 and 

p YNZ32, 1.6Mb and 2.2 Mb, respectively, from the end of 4p39
•
40

; and 

MS600, 70-80 kb from the pseudoautosomal (Xp/Yp) telomere41
• 

Probes were acquired from the American Type Culture Collection, 

the UK Human Genome Mapping Project probe bank (originators 

John A.L. Armour, Ray White, Yusuke Nakamura), the Japanese 

Cancer Research Resources Bank (originator Y. Nakamura) 42
, and 

gifts from Jan Dumanski (Karolinska Hospital, Stockholm, Sweden), 

Alec J. Jeffreys and John A.L. Armour (Leicester University, Leicester, 

UK)'6, Gillian Bates (Guy's Hospital, London, UK), Douglas R. 

Higgs (Oxford, UK), William R.A. Brown (University of Oxford, 

UK)30 and Gilles Vergnaud (Institut de Biologie, Nantes, France). 

Probes used for characterization of the 22q deletions are as described". 

DNA analysis. Venous blood samples were taken from affected 

individuals and both parents, and Epstein-Barr virus-transformed 
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lymphoblast cultures established. DNA was extracted from cell lines 

and peripheral blood, by standard procedures ... Samples from both 

parents and the affected offspring were digested with an appropriate 

restriction endonuclease, separated by electrophoresis through 0.8% 

agarose gels, transferred to nylon membranes and hybridized to 

radioactively labelled probes ... In most cases digests were appropriate 

for more than one probe, and so filters could be rehybridized. 

PFGE was carried out using a BioRad CHEF apparatus. DNA 

digested in 0. 7% agarose blocks was analysed in 1% agarose gels run 

in 0.5 x Tris-borate EDT A buffer for 60 hours at 110 V with an initial 

pulse time of 15 sand a final pulse time of 50s. 

Characterization of the 22q deletions was by dosage and RFLP 

analysis". 

Fluorescence in situ hybridization. FISH was performed on 

lymphoblastoid cells. Cosmids were labelled with biotin-11-dUTP 

by nick translation, and hybridized according to standard protocols45
• 

Conjugated probe ( 100 ng) and competitor DNA ( 1 Jlg) were used 

for each slide. Probes were detected by fluorescein isothiocyanate

conjugated avidin. Chromosome-specific biotinylated a-satellite 

was purchased from Oncor and used to confirm the identity of 

chromosomes. 

Reverse chromosome painting. Metaphase chromosomes were 

sorted on a Becton Dickinson FACStar Plus as described46
• In none 

of the three cases studied could the deleted chromosome be separated 

from its normal homologue, so both were labelled. Five hundred 

chromosomes were amplified with degenerate primers (DOP-PCR), 

and 5 J.11 of the product was amplified again in the presence ofbiotin-

11-dUTP (refs 46,47). Lowest background signal was achieved by 

using 0.025 U of Taq polymerase in a 100 Jll amplificatiort reaction 

and by including 10% glycerol in the reaction mixture. Labelled 

chromosomes (500 ng) with 10 Jlg of competitor DNA were 
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hybridized to normal male chromosomes, following the protocol 

described above for FISH. 

Calculationofinformativeness. The informativeness for each probe 

is derived from the seven possible parental mating types16 (note that 

this is not directly related to the heterozygosity). Mating types are 

classified according to the distribution of alleles and have different 

probabilities of detecting UPD, rrtonosomy and trisomy'•. The 

calculation of overall informativeness of the test for UPD includes 

the figures for both isodisomy and heterodisomy. The probability 

that a locus can detect each chromosomal abnormality is calculated 

by summing the informativeness for every mating type scored. In 

those cases where more than one locus per telomere was analysed, 

the most informative mating type for monosomy among those 

scored was used when summing the probabilities of detection. 

Informativeness for analysis of ill chromosomes was derived16 with 

a value of 'I' = 1/3 applied for the calculation of the probability of 

detection ofUPD. 
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