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As a result of the increasing use of genome wide telomere screening, it has become evident that a sig-
nificant proportion of people with idiopathic mental retardation have subtle abnormalities involving the
telomeres of human chromosomes. However, during the course of these studies, there have also been
telomeric imbalances identified in normal people that are not associated with any apparent phenotype.
We have begun to scrutinise cases from both of these groups by determining the extent of the duplica-
tion or deletion associated with the imbalance. Five cases were examined where the telomere
rearrangement resulted in trisomy for the 16p telomere. The size of the trisomic segment ranged from
47 Mb and the phenotype included mental and growth retardation, brain malformations, heart
defects, cleft palate, pancreatic insufficiency, genitourinary abnormalities, and dysmorphic features.
Three cases with telomeric deletions without apparent phenotypic effects were also examined, one from
10q and two from 17p. All three deletions were inherited from a phenotypically normal parent carrying
the same deletion, thus without apparent phenotypic effect. The largest deletion among these cases was
0600 kb on 17p. Similar studies are necessary for all telomeric regions to differentiate between those
telomeric rearrangements that are pathogenic and those that are benign variants. Towards this goal,
we are developing “molecular rulers” that incorporate multiple clones at each telomere that span the
most distal 5 Mb region. While telomere screening has enabled the identification of telomere
rearrangements, the use of molecular rulers will allow better phenotype prediction and prognosis

related to these findings.

a significant cause of idiopathic mental retardation with

or without congenital malformations, accounting for
approximately 5% of these cases.”” With the development of a
second generation set of telomere specific clones,® telomere
screening is now readily available in many laboratories and is
being used extensively in the evaluation of children with
mental retardation and congenital anomalies. The results of
these investigations are not only providing explanations for
previously unexplained cases of mental retardation, but are
also further defining the frequency of telomeric rearrange-
ments in various clinical populations and clarifying the
phenotype associated with these rearrangements. Further-
more, during the course of these studies, telomeric imbalances
have also been identified in normal subjects without any
apparent phenotype.’’ °” These observations suggest that not
all telomere imbalances result in a phenotype and that the
lack of phenotypic effect may be related to the size of the rear-
rangement or the involvement of regions of the genome that
are tolerant to dosage imbalances.

Despite these advances, there is a paucity of information
regarding the genotype/phenotype correlations of many of the
telomere imbalances discovered, complicating the diagnostic
and prognostic implications. Therefore, further studies are
needed for all telomeric regions to define how much
monosomy or trisomy can be tolerated without phenotypic
effect and, conversely, how much monosomy or trisomy will
have a phenotypic effect. These studies will aid in the
differentiation between telomere rearrangements that are
pathogenic versus those that are benign variants.

The current format for routine telomere screening does not
give any information as to the size of the imbalance, making
interpretation of the significance of the finding and comparison
to other reported cases difficult. In addition, many telomere
rearrangements are the result of unbalanced segregation of a

l | nbalanced submicroscopic telomere rearrangements are
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balanced translocation resulting in both monosomy and
trisomy for a telomeric segment and the relative contribution of
these rearrangements to the phenotype is difficult to decipher.

There are several reported polymorphisms involving the
telomeric regions of human chromosomes, including 2q,"
16p,'" and the pseudoautosomal region of the short arm of the
X and Y chromosomes.’ In addition, there have been multiple
benign familial variants identified and the number of these
suspected imbalances continues to increase.” "> The pheno-
typic consequences of such findings will depend on the size of
the imbalance and the gene content of the region.

To define telomeric rearrangements as pathogenic or benign
variants, we are developing “molecular rulers” to measure the
size of imbalances identified in telomeric regions. Multiple
clones throughout the telomere region are being used in a
fluorescence in situ hybridisation (FISH) assay to delineate
the size of any imbalances identified. The use of a panel of
genomic probes for each telomere will be beneficial in defining
the size of the trisomy or monosomy, which would allow a
more substantial comparison of similar cases. The collection of
data from all telomere regions will be beneficial in clarifying
and defining genotype/phenotype correlations and will assist
investigators in narrowing the search for genes causing
specific phenotypic effects. Here, we report the use of molecu-
lar rulers in defining genotype/phenotype correlations for telo-
mere imbalances involving 10q, 16p, and 17p. Clinical findings
in five cases of trisomy 16p are reported, all of which were
sized using the molecular ruler strategy. In addition, three
cases of monosomy, one from 10q and two from 17p, all with-
out apparent phenotypic effect, are described.

SUBJECTS AND METHODS

Case 1

Patient 1 was born after a pregnancy complicated by
polyhydramnios and intrauterine growth retardation. Her
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Table 1

Clinical features of patients with partial trisomy 16p

Features Case 1

Case 2 Case 3 Case 4 Case 5

Mental retardation
Seizures

Hearing loss

Delayed growth
Microcephaly

Cleft palate

Pancreatic insufficiency
Brain anomalies
Pachygyria

Abnormal corpus callosum
Optic nerve hypoplasia
Heart defect

Vascular ring

Atrial septal defect
Genitourinary abnormalities -
Vesicoureteral reflux

Cystic kidney

Hydronephrosis

Dysmorphic features

Ear abnormalities

Thin, fragile hair

Cutis aplasia

Small palpebral fissures
Downward slanting palpebral fissures
Upward slanting palpebral fissures
Ptosis

Hypertelorism

Broad nasal root

Bifid nasal tip

Short philtrum

High arched palate

Micrognathia

Anteriorly placed anus
Hypoplastic distal phalanges

2-3 toe syndactyly

L+ + 1+ + 1+ + + + +

ZZ++Z2Z2Z2Z2+2Z2ZZZZ+ + + +

I+ 1 ++C+ 1 1 cCl +

I+ | +C cCC+ + + + + +

L+ 1+ + 4+ 4+ +++ | +C+ | ++ + + + + | +
cCcH+ |+ + |+

L+ ++ 1 + 4+ 1 +++++++ 1 ++ C

+Z2Z+2Z22Z2Z2Z2Z2ZZZZZ+ + + 1 + +
Z+ZZ++Z++ 72+ 72+ 727272+
L+ 1+ o+

+, present; —, absent; U, unknown; N, not reported in clinical description.

birth weight was 1930 g (<5th centile) and head
circumference was 32 cm (2nd centile). The medical history
was significant for feeding problems with severe gastro-
oesophageal reflux, which required gastrostomy tube place-
ment, pancreatic insufficiency with fatty replacement of the
pancreas, bilateral optic nerve and foveal hypoplasia with nys-
tagmus, sensorineural hearing loss, seizures, vesicoureteral
reflux with hydronephrosis, and recurrent pneumonias.
Cranial MRI at 4 months showed severe classical lissencephaly
with mild hypogenesis of the rostrum and splenium of the
corpus callosum, moderate enlargement of the lateral ventri-
cles, and cavum septi pellucidi.

Physical examination at 8 months of age showed her weight
was 3960 g (<5th centile), length was 57.1 cm (<5th centile),
and OFC was 40.25 cm (<5th centile). Dysmorphic features
are listed in table 1 and include prominent forehead, bitempo-
ral narrowing, short nose with upturned nares, right
epicanthic fold, syndactyly of the left third and fourth fingers,
transverse palmar crease, and bilateral clinodactyly of the fifth
digits. Neurological examination showed weak cry, poorly
coordinated suck, truncal hypotonia, bilateral hand fisting
with adducted thumbs, and hypoactive tendon reflexes. She
died at 17 months of age from complications of infection.

The family history was positive for two maternal relatives
with isolated preaxial polydactyly. Cytogenetic analysis of the
proband and her mother were normal.

Case 2

The prenatal history was complicated by ultrasound findings
of shortened long bones and hydronephrosis. She was born at
38 weeks’ gestation with a birth weight of 2970 g (10th
centile), length of 51 cm (50th centile), and OFC of 34 cm
(50th centile). Findings in the newborn period included

pachygyria, mild optic atrophy, cleft of the soft palate,
eventration of the left diaphragm, and bilateral vesicoureteral
reflux with hydronephrosis. Dysmorphic features are listed in
table 1. Neurological examination showed a weak cry and dif-
fuse hypotonia. The family history indicated that a paternal
aunt had mental retardation and many similar features to the
proband. A karyotype on peripheral blood lymphocytes was
reported as normal. In addition, FISH deletion studies for
DiGeorge and Miller-Dieker syndromes, chromosomal break-
age studies, and 7-dehydrocholesterol levels were all normal.

Case 3

The prenatal history was positive for non-immune hydrops
and a cystic hygroma. She was born at 36 weeks of gestation
and was noted to be small for gestational age. Her medical
complications and dysmorphic features are shown in table 1.
Her development at the age of 6 years indicated global devel-
opmental delays. She walked at 3 years and requires extensive
help with feeding and dressing herself. She does not talk or
follow commands and has behavioural problems with head
banging, self-injurious behaviour, and tantrums. Physical
examination at the age of 6 showed her weight was 16 kg
(<5th centile), height was 97 cm (<5th centile), and OFC was
49 cm (10th centile).

The family history was positive for multiple maternal rela-
tives with similar medical problems to the proband. A mater-
nal half uncle had two children, a son who died and was
reported to have hypertelorism, small phallus, cryptorchidism,
multicystic kidneys, seizures, and hydrops and a 21 year old
daughter with severe mental retardation, cleft palate, hyperte-
lorism, ventricular septal defect, seizures, and a limb anomaly.
In addition, a maternal great aunt and a maternal second
cousin had similar birth defects and medical complications.
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Routine cytogenetic analysis and FISH for a 22q11.2 deletion
were reported as normal.

Case 4

Prenatal history was complicated by oligohydramnios, and she
was born at 37 weeks’ gestation with a birth weight of 2750 g
(25th centile). Her medical complications are listed in table 1
and included sagittal craniosynostosis. In addition, she had
feeding intolerance requiring gastrostomy tube placement,
growth failure, multiple episodes of pneumonia, pancreatic
insufficiency treated with enzyme supplementation, skin
abnormalities, mild to moderate bilateral sensorineural hear-
ing loss requiring hearing aids, and decreased vision. Her
neurological history was notable for a hypoplastic corpus cal-
losum and arachnoid cyst, seizure disorder, developmental
delays with mental retardation, and a behaviour disorder with
head banging.

Laboratory data included a positive sweat chloride test,
although molecular testing for 70 cystic fibrosis mutations
was negative. She carried a diagnosis of cystic fibrosis, but her
skin condition made it difficult to confirm the positive sweat
chloride test. Her development at the age of 6 was markedly
delayed. She could pull to a stand, cruise, and sit alone but
could not crawl or walk and was not toilet trained. She had a
normal pincer grasp but did not transfer and could make
sounds and noises but did not talk.

Her physical examination at the age of 6 showed her weight
was 12.6 kg (<5th centile), length was 96 cm (<5th centile),
and head circumference was 47 cm (<5th centile). Her head
was microcephalic with thin, sparse hair and mild scaling of
the scalp. Dysmorphic features included bilateral ptosis, short
palpebral fissures, upturned, bifid nasal tip, bilateral cupped
ears, clubbing of all nails, and thin tapered fingers with bilat-
eral fifth finger clinodactyly. Her neurological examination
showed increased tone in the upper and lower extremities
with normal reflexes and proximal hypotonia. Her skin exam-
ination was remarkable for keratotic follicular papules with
underlying erythema.

The family history showed four maternal miscarriages, one
with a different partner, and one healthy full sib. The maternal
grandmother had one miscarriage and a maternal aunt had a
history of three miscarriages. The paternal grandmother had
one miscarriage and a paternal aunt had two miscarriages.
Routine cytogenetic analysis on lymphocytes was normal.

Case 5

Prenatal history was remarkable for exposure to Serzone until
approximately three months and then Paxil throughout the
pregnancy. Neither of these medications has a proven
teratogenic effect. A prenatal ultrasound at 18 weeks
identified a cystic right kidney. He was born at 40 weeks with
a birth weight of 2802 g (20th centile). The medical history,
listed in table 1, was significant for ptosis, blocked tear ducts,
avascular ring with an aberrant right subclavian artery, patent
ductus arteriosus, hypospadias, and bilateral inguinal hernias
and undescended testes. In addition, he had gastro-
oesophageal reflux and poor weight gain which required gas-
trostomy tube placement, a mild conductive hearing loss,
reactive airway disease, and a cystic kidney with grade IV
reflux. Development at the age of 15 months was delayed. He
could not walk, pull to stand, or crawl. He sat without support
at 1 year, and began rolling front to back at 11 months. His
language skills tested at 7 months for receptive skills and 4-5
months for expressive language. Physical examination at the
age of 15 months showed his weight was 9.34 kg (10th
centile), length was 73.5 cm (<50th centile), and head
circumference was 48.5 cm (50th centile). His head had an
occipital bulge with mild posterior flattening. Dysmorphic
features are listed in table 1 and include sparse eyebrows, pto-
sis, hypertelorism (IPD 5.6 cm, >97th centile), low set, asym-
metrical, simple ears, a depressed nasal bridge, a long, thin
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philtrum, cleft of the upper gum, downturned corners of the
mouth, a hypoplastic scrotum, and brachydactyly of the fifth
finger with clinodactyly bilaterally. Neurological examination
was significant for hypotonia.

The family history was remarkable for a maternal
grandmother with a single kidney and two maternal cousins
with genitourinary reflux. Routine cytogenetic analysis, FISH
analysis  for deletions of 22qll.2 and 4pl6.3,
7-dehydrocholesterol levels, and MID1 sequence analysis were
reported as normal.

Case 6

Paternal chromosome analysis was done secondary to a
history of recurrent miscarriages and showed satellites on the
short arm of one chromosome 17, referred to as a satellited
17p chromosome. The father was phenotypically normal.
Amniocentesis on a subsequent pregnancy showed a similar
satellited 17p chromosome in the fetus.”

Case 7

Parental chromosomes were studied secondary to the finding
of a satellited 17p chromosome in their fetus who died in
utero. The normal father was found to carry the same
satellited 17p chromosome.

Case 8

This 22 month old child had a neurological history of seizures,
pachygyria, large ventricles, cerebellar hypoplasia, and an
absent corpus callosum. His medical history was also
significant for ichthyosis, mild arthrogryposis, and develop-
mental delay. Dysmorphic features included sparse scalp hair,
absent eyebrows, and short upper limbs.

The family history was significant for four maternal
miscarriages and a single miscarriage in the maternal grand-
mother and two maternal aunts. All investigations as to an
underlying aetiology, including metabolic studies, were nega-
tive.

Genomic clone selection

The BAC and PAC clones included in the molecular ruler assay
were selected based on published physical maps' and publicly
available genome resources, such as the University of Califor-
nia Santa Cruz Human Genome Browser (http:/
genome.ucsc.edu) and the integrated STS/radiation hybrid
maps (Whitehead Institute, http://www-genome.wi.mit.edu/
cgi-bin/contig/phys map and NCBI Map Viewer, http:/
www.ncbi.nlm.nih.gov). Genomic clones were selected at
[500 kb intervals to cover the most distal 5 Mb of each chro-
mosome of interest. For the most distal 1 Mb, a complete con-
tig of overlapping clones covering the region was developed to
analyse any smaller imbalances. The clones used in this study
to examine the imbalances identified in the telomeric region
of 10q are cosmid 2136¢3"” and BAC 261B16.° For 16p, the tel-
omere clone BAC 191K2° was used with the following RPCI-11
BAC clones: 243K18, 522P1, 270H24, 361119, 95J11, 295D4,
545E8, 445119, and 65J21. A panel of cosmids was used for 17p
including 2111a5, 144D6, C106B5, c1027, ABR, and 43c4'
(unpublished data). The estimated genomic distances of these
clones to the Miller-Dieker/lissencephaly region, shown in fig
1, are from physical mapping studies of the 17p telomere
region (C Cardoso, manuscript in preparation).

Before inclusion in the molecular ruler, all clones were
PCR-verified using STS primers. In addition, FISH was used to
verify each clone’s cytogenetic position and unique localisa-
tion (that is, no cross hybridisation signals to other
chromosomes). For the chromosome ends that showed a con-
flicting order by physical mapping data, interphase or
metaphase FISH was used to determine the order of the
genomic clones.


http://jmg.bmj.com

Calibrating telomere imbalance

737

Case 1 Il Three copies

] Two copies

Case 2

—
— Core 4
—
Time (min) o <
o o N © —
= = 8 =2 3 = 2 X oz £ g 2
o 5 o b @ = = Intrachrom = & S ) A
3 < < 5 o 3 o o N [ < =
© ~ > P & S ) dup & © N N O
| | | | | | | | | | | | | J
= = = = = = = = = = = = > =
Q o 0 o ‘0 <o ‘0 o ‘9 Q bt} - S
~N o N Ce) ~< ~< ™ ™ o~ o~ — ‘1?
- - o
'e)
N

- N N

) |

Figure 1

Results from FISH analysis using a molecular ruler for the telomeric region of the short arm of chromosome 16 on metaphase cells

from five patients. The trisomic region for each case is shown at the top of the figure by the black bar; the grey bar is proximal to the
breakpoint and represents a region of normal copy number. Unique genomic clones spaced at 500 kb intervals are depicted above the
ideogram for chromosome 16. For the region spanning [2.5-3 Mb from the telomere, a unique clone could not be identified; this region
contains an intrachromosomal duplication. Case 1 had the smallest region of trisomy. The largest trisomic region identified was observed in
cases 3, 4, and 5, whose breakpoints were all contained within BAC clone 445119.

FISH analysis
All of the trisomy 16p cases and the 10q deletion case were
previously reported to have normal routine chromosome
analysis, completed elsewhere, before telomere analysis was
pursued. Genome wide telomere screening was carried out on
peripheral blood samples using the ToTelVysion™ assay (Vysis
Inc, Downers Grove, IL), which consists of 41 telomere
probes,* combined in 15 mixtures of two to four probes each.
The manufacturer’s instructions were followed and five
metaphase cells were analysed for each hybridisation area. The
rearrangements in the two remaining cases, which were both
17p satellited chromosome cases, were half-cryptic rearrange-
ments identified by cytogenetic analysis. Targeted telomere
analyses, with probes specific to the 17p telomere region,® ”
were used to uncover the underlying genomic imbalance.
After a telomere imbalance was identified, further FISH
analysis was pursued using the molecular ruler assay. DNA
was isolated using an automated DNA isolation system
(AutoGen 740, Integrated Separation Systems, Natick, MA)
and directly labelled with either Spectrum Orange-dUTP
(Vysis Inc), Spectrum Green-dUTP (Vysis Inc), or
Diethylaminocoumarin-5-dUTP (DEAC/aqua, PerkinElmer
Life Sciences Inc, Boston, MA) using a standard nick transla-
tion reaction. Slide preparation, probe preparation, and
hybridisation were completed using previously described
methods." Slides were washed in 0.4 x SSC/0.3% NP-40 for
two minutes at 73°C then transferred into 2 x SSC/0.1% NP-40
at room temperature for two minutes. Slides were briefly
rinsed in 4 X SSC/0.1% Tween-20 at room temperature and
then mounted in antifade solution (Vector) containing DAPI.
At least 10 cells were analysed using direct microscopic visu-
alisation and digital imaging analysis (ViewPoint software,
Vysis, Inc). Chromosome identification was achieved by
inverted DAPI staining.

RESULTS

Trisomy 16p cases

A deletion of the telomeric region of 17p was identified in case
1 as a result of FISH analysis with cosmid probes from distal

17p13 (c71, L132, and 8-1)" (unpublished data). Subsequent
FISH analysis of the proband’s mother showed that she is a
carrier of an apparently balanced reciprocal translocation
between the short arms of chromosomes 16 and 17. Further
FISH analysis on the proband, with cosmid cPKDCOS5
(D16S2505), which lies near the PKD gene on chromosome
16p, showed trisomy for the 16p telomere region. Therefore,
the proband inherited the derivative 17, but not the derivative
16, from her mother resulting in monosomy for 17p and
trisomy for 16p.

The remaining four 16p trisomy cases were identified
during the course of genome wide telomere screening of
patients with unexplained mental retardation and normal
karyotypes. Case 2 involved an unbalanced translocation
between the telomeres of chromosome 7p and 16p, cases 3 and
4 had unbalanced translocations involving the 10q and 16p
telomeres and case 5 had an unbalanced translocation involv-
ing the short arm of chromosome 14. In all four cases, only 16p
trisomy was observed. In cases 2, 3, and 4 the breakpoint on
the second chromosome occurred distal to the chromosome
specific telomere probe and did not result in any detectable
corresponding monosomy. The monosomy in case 5 corre-
sponded to the short arm of an acrocentric chromosome, any
deletion of which is not expected to be associated with a phe-
notype. Overall, three cases were shown to be inherited from a
parent carrying the balanced form of the translocation; cases
1 and 3 were maternally inherited while case 2 was paternally
inherited. The family history for case 4 suggested possible
maternal inheritance of the balanced form of the transloca-
tion; however, the family chose not to pursue further testing.
Case 5 was a de novo rearrangement.

To measure the extent of trisomy for 16p in these cases, a
molecular ruler was used, using the set of clones shown in fig
1 as FISH probes. Additional clones had to be identified for
16p since some of the cases showed trisomy for all clones
tested in the initial probe set. Results of the molecular ruler
analysis are shown in fig 1. Case 1 had the smallest trisomic
region ([B.5-4 Mb) while cases 3, 4, and 5 had the largest tri-
somic regions (10 Mb); the breakpoint for these three
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Figure 2 Representative image of FISH analysis on case 5 with an
unbalanced rearrangement involving the telomeric regions of the
short arm of chromosome 14 and the short arm of chromosome 16.
BAC clone 545E8, labelled in Diethylaminocoumarin (abbreviated
DEAC and shown in aqua), is distal to the breakpoint and shows
three signals marked with the aqua arrows. BAC 65)21, labelled in
Spectrum Orange, lies proximal to the breakpoint and shows two
signals, as indicated by the red arrows. The two normal
chromosomes 16 contain hybridisation signals for both probes. The
derivative chromosome 14 only has a hybridisation signal for
545E8, indicating trisomy for this region.

rearrangements resided within the same clone, BAC 445119.
Fig 2 shows a representative FISH image from case 5 with two
clones, one on each side of the breakpoint.

The fact that the largest rearrangements involve approxi-
mately 10 Mb implies that they should have been visible by
routine cytogenetic analysis. However, all were reported as
normal. Upon re-examination, the two rearrangements
involving 10q were visible by G banding. Initial failure to
detect these imbalances underlines the fact that many telo-
meric rearrangements are subtle because of the G negative
staining pattern of these regions.

17p deletion cases

Two unrelated couples were referred for cytogenetic studies
because of recurrent fetal losses; G banding analysis showed
17p satellited chromosomes in both phenotypically normal
males. Using FISH with a unique 17p telomere probe, cosmid
211a5, deletions of the 17p telomere region were identified for
both 17p satellited chromosomes. To calibrate the size of the
deletion, proximal cosmid clones were used as FISH probes.
Unique DNA sequences were deleted in both cases; the larger
deletion of approximately 600 kb includes the ABR gene and as
many as 13 other more distal genes (C Cardoso, manuscript in
preparation). Fig 2 depicts the extent of monosomy associated
with each 17p satellited chromosome case.

10q deletion case

By genome wide telomere screening, a deletion of the 10q telo-
mere was identified in case 8 using cosmid 2136c¢3, derived
from a half YAC clone from the 10q telomere, yRM2136."
Parental analysis with the same 10q telomere probe showed
that the phenotypically normal mother carries the same
telomere deletion. BAC clone 261B16,° which was identified
using an STS derived from yRM2136 and extends proximal
from it, was subsequently tested on the proband and his
mother. Two signals were observed in both subjects; however,
the signal intensity was noted to be consistently weaker on
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one chromosome 10 homologue than the other, suggesting
that the breakpoint for the deletion is contained in this clone.

DISCUSSION

Genome wide telomere screening has provided great strides in
determining the aetiology of unexplained mental retardation
with or without congenital abnormalities. These advances,
however, have shown the need for more detailed studies of
telomere imbalances to define correlations between genotype
and phenotype further. Telomere imbalances that are patho-
genic need to be differentiated from those that are benign
familial variants or polymorphisms. To accomplish this goal, it
is necessary to organise coordinated efforts to study multiple
cases involving the same telomere imbalance. In this study, we
used “molecular rulers” for the telomeric regions of 10q, 16p,
and 17p to define the extent of imbalance in subjects with telo-
mere rearrangements. By carrying out FISH with probes
extending proximal from each telomere probe, the size of the
imbalance was delineated, adding to the description of such
telomere phenotypes.

Complete trisomy 16 is the most frequent autosomal
anomaly resulting in spontaneous miscarriage.” Partial
trisomy 16p is rare, but can result in a live born child. More
than 30 cases of partial trisomy 16p have now been described
and the pattern of malformations and anomalies in the
patients is strikingly similar."*' This syndrome is associated
with developmental delay, recurrent respiratory infections,
seizures, congenital heart defects, renal and genitourinary
anomalies, and cleft palate. Characteristic facial features
include scant hair, micrognathia, hypertelorism, upward
slanting palpebral fissures, low set ears, a long philtrum and
thin upper lip, overlapping fingers, and an abnormally placed
thumb. The majority of cases are secondary to a familial
balanced translocation.” However, inverted and direct dupli-
cations and insertional translocations have also been
described.”

Based on previous cytogenetic findings, the critical region
appears to be within 16p13.1-p13.3. Interestingly, the severity
of clinical findings is irrespective of the amount of 16p trisomy
present with several cases of trisomy for the entire short arm
being described. In several cases, the identification of the 16p
trisomic segment was only possible after the recognition of the
parental balanced translocation or with further molecular
cytogenetic studies.”

The cases reported here have similar clinical features to the
previously reported cases. In table 1, the cases are shown in
order from the smallest trisomic region (case 1) to the largest
(cases 3, 4, and 5), with case 2 having the smallest pure
trisomy. Based on the size of the trisomy, there is no specific
phenotypic pattern distinguishing these cases. When com-
pared to the described trisomy 16 phenotype, case 2 is notable
for a lack of hearing loss and heart defects. However, most of
the clinical information that was available for this subject was
from the newborn period, which may explain the lack of noted
hearing loss and heart defects are only present in approxi-
mately 55% of all trisomy 16p cases. Thus, it is difficult to
interpret whether the lack of these features in case 2 is the
result of the smaller trisomic segment. Of interest is the lack of
cleft palate in case 1, which has the smallest amount of
trisomy 16. Cleft palate is described in 80-90% of reported tri-
somy 16 cases and is not a common feature of monosomy 17p.
This observation suggests that a region causative for cleft pal-
ate may be more proximal on chromosome 16p than the
trisomic segment in this patient. Overall, there are no specific
patterns or specific features that differentiate the cases
reported here from those published; however, the smaller size
of the trisomic region involved in these five patients further
narrows the critical region for this disorder.

Case 1 has an additional finding of monosomy for chromo-
some 17p explaining the overlapping features with the Miller-
Dieker syndrome. Additional clinical features in case 1 include
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Figure 3 Results from FISH analysis on two unrelated cases with satellited 17p chromosomes. The deleted region for each case is shown by
the black bar; the normal region of the chromosome is shown by the grey bar. The clones used to size the deletions are listed above the
ideogram of chromosome 17. The largest deletion without phenotype, spanning 3400 kb, was observed in case 6.

cutis aplasia and pancreatic insufficiency and, therefore, a
diagnosis of Johanson-Blizzard syndrome was previously con-
sidered. However, after defining the unbalanced chromosome
rearrangement in this patient, most of the patient’s phenotype
is consistent with the features of monosomy 17p and trisomy
16p, making the diagnosis of Johanson-Blizzard syndrome
seem less likely. Pedigree analysis suggests that Johanson-
Blizzard syndrome is autosomal recessive, but its gene has not
been mapped and the pathogenesis remains unknown. How-
ever, since the features of this patient overlap with those of
Johanson-Blizzard syndrome, telomere analysis to rule out
trisomy 16p should be considered in any patient with this
diagnosis.

Case 4 also has pancreatic insufficiency and carries a diag-
nosis of cystic fibrosis. However, molecular testing did not
confirm the diagnosis and the sweat test results remain ques-
tionable because of her underlying skin condition. When
compared with the trisomy 16p phenotype, all of her features
are consistent with partial trisomy 16p. Pancreatic insuffi-
ciency has not been previously reported in cases of trisomy
16p, although many of these patients die at an early age and
this feature may not have developed or been recognised. The
findings of pancreatic insufficiency in two of the patients
reported here may represent a new feature of the trisomy 16p
phenotype.

The five cases reported here not only contribute to the
growing phenotypic description of partial trisomy 16p, but the
molecular ruler data also help to narrow the critical region and
to dissect the genotype/phenotype correlation. There is a sur-
prising lack of differences between the cases reported here and
published cases. One possible difference is survival, as many of
the previously reported cases were lethal at an early age. Four
out of five of the cases reported here are alive and doing rela-
tively well; the one case who is dead had monosomy 17p and
lissencephaly as a complicating factor. Telomere analysis will
allow the identification of cryptic rearrangements like those
reported here and may show that abnormalities like partial
16p trisomy are not as rare as once thought, but may have
been unrecognised because of the lower resolution of previous
testing methodologies.

Another interesting result shown by using the molecular
ruler strategy to examine these five 16p trisomy cases is that
the breakpoint of three of these rearrangements appears to lie
within the same clone, BAC 445119. This finding suggests that
there may be a common mechanism for some rearrangements
involving 16p. It will be interesting to determine if shared
subtelomeric sequence homologies mediate these and other
telomeric rearrangements.

The two 17p deletion cases reported here show compelling
evidence for a lack of phenotypic effect from this rearrange-
ment since a normal father carries the rearrangement in both
cases. Unique DNA sequences were deleted in both cases; the
larger deletion was greater than 600 kb and includes ABR and
as many as 13 other more distal genes (C Cardoso, manuscript
in preparation), highlighting the fact that large deletions are
not necessarily associated with a phenotype.

The deletion involving the 10q telomere was identified in
both the proband and his phenotypically normal mother
making it unlikely that the deletion was associated with the
clinical features in the child. Terminal deletions of 10q are rare,
but have been reported with typical breakpoints at 10g25 or
10q26. The typical features associated with these deletions
include a prominent, beaked nose, malformed ears, mental
retardation, cardiac defects, and anogenital malformations.”
The features of the patient reported here do not overlap with
this reported phenotype, giving more credence to the
likelihood that his deletion is not related to his phenotype.

Several of the benign variants reported so far, including the
three reported here, are deletions leading to monosomy for a
telomeric segment. The most likely explanation for the lack of
phenotypic effect is that decreased dosage of these genes does
not have an effect on normal development or function. This
phenomenon has been shown for chromosome 16p where
small telomere deletions lead only to a thalassaemia without
other significant effects despite the deletion of many highly
conserved genes."” Larger deletions of these same chromo-
somes, however, would have a more significant impact on the
phenotype. For example, as shown in fig 3 for the cases of 17p
monosomy, if the deletion extended proximally [I-2 Mb, there
would be dramatically different results, including Miller-
Dieker syndrome and lissencephaly. The use of a “molecular
ruler” to define the critical breakpoint of these regions will be
critically important in delineating benign variants from
pathogenic deletions.

Telomere screening has enabled the identification of
telomere rearrangements and shown that these rearrange-
ments are a significant cause of mental retardation. Use of
molecular rulers will now allow more accurate phenotype pre-
diction and genetic counselling, as well as assist in mapping
genes for specific clinical features.

As a part of the human genome project, BAC clones are
being identified throughout the genome at approximately a 1
Mb resolution.* These clones have been used in a comparative
genomic hybridisation (CGH) array format to assess genome
wide copy number.”” CGH arrays targeting specific genomic
regions are also being developed. Veltman ef al** recently
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described the successful use of a CGH array, containing clones
corresponding to each human telomere region, in high
throughput screening for telomeric imbalances. In clinically
important regions, such as telomeres, having a higher resolu-
tion on such an array would allow increased detection of more
frequent chromosomal rearrangements. Molecular rulers for
ecach telomere that span the most distal 5 Mb of every
chromosome with one clone every 500 kb would be a valuable
addition to genome wide copy number measurements. In
addition, to identify those telomeric rearrangements less than
1 Mb in size, a contig of the most distal telomere region could
be developed and implemented in the same assay. The use of
this expanded CGH array format would allow not only for the
identification of telomere rearrangements, but also for the
delineation of their size in a single hybridisation, thus provid-
ing a more efficient and comprehensive mechanism for testing
for telomeric imbalances.
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