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Abstract We report clinical Wndings and molecular
cytogenetic analyses for two patients with translocations

[t(14;17)(p12;p12) and t(15;17)(p12;p13.2)], in which the
chromosome 17 breakpoints map at a large low-copy
repeat (LCR) and a breakage-prone TRE-2 (USP6)
oncogene, respectively. In family 1, a 6-year-old girl
and her 5-year-old brother were diagnosed with
mental retardation, short stature, dysmorphic fea-
tures, and Charcot-Marie-Tooth disease type 1A
(CMT1A). G-banding chromosome analysis showed a
der(14)t(14;17)(p12;p12) in both siblings, inherited from
their father, a carrier of the balanced translocation.
Chromosome microarray and FISH analyses revealed
that the PMP22 gene was duplicated. The chromosome
17 breakpoint was mapped within an »383 kb
LCR17pA that is known to also be the site of several
breakpoints of diVerent chromosome aberrations includ-
ing the evolutionary translocation t(4;19) in Gorilla
gorilla. In family two, a patient with developmental
delay, subtle dysmorphic features, ventricular enlarge-
ment with decreased periventricular white matter, mild
Wndings of bilateral perisylvian polymicrogyria and a
very small anterior commissure, a cryptic duplication
including the Miller–Dieker syndrome region was iden-
tiWed by chromosome microarray analysis. The chromo-
some 17 breakpoint was mapped by FISH at the TRE-2
oncogene. Both partner chromosome breakpoints were
mapped on the short arm acrocentric heterochromatin
within or distal to the rRNA cluster, distal to the region
commonly rearranged in Robertsonian translocations.
We propose that TRE-2 together with LCR17pA,
located »10 Mb apart, also generated the evolutionary
gorilla translocation t(4;19). Our results support previ-
ous observations that the USP6 oncogene, LCRs, and
repetitive DNA sequences play a signiWcant role in the
origin of constitutional chromosome aberrations and
primate genome evolution.
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Introduction

The majority of recurrent chromosome microdeletion/
duplication syndromes result from non-allelic homolo-
gous recombination (NAHR) between large (usually
>10 kb), highly identical (>95%) low-copy repeat
(LCR) structures (Stankiewicz and Lupski 2002; Lup-
ski and Stankiewicz 2006). Recently, the two most fre-
quent recurrent non-Robertsonian constitutional
translocations t(11;22)(q23;q11.2) and t(4;8)(p16;p23)
have been found to be mediated by the AT-rich cruci-
form structures in 11q23 and in LCR22-3a in 22q11.2,
and by the olfactory receptor-gene cluster LCRs,
respectively. However, little is known about the role of
genome architecture in the origin of non-recurrent
chromosome rearrangements.

Four genomic disorders are caused by constitutional
deletion or duplication in proximal 17p, an unstable
genomic region that is gene-rich and contains >23%
region-speciWc LCR sequences (Stankiewicz et al.
2003). Charcot-Marie-Tooth type 1A disease
(CMT1A) and hereditary neuropathy with liability to
pressure palsies (HNPP) are caused in >99% of cases
by copy-number change of a dosage sensitive gene
peripheral myelin protein 22 (PMP22) as a result of
reciprocal duplication or deletion of a »1.4 Mb geno-
mic fragment within 17p12, respectively (Chance et al.
1994; Reiter et al. 1996). This genomic segment is
Xanked by two »24 kb and »98.7% identical LCRs,
termed proximal and distal CMT1A-REP, which serve
as substrates for NAHR (Pentao et al. 1992; Reiter
et al. 1997).

The same LCR/NAHR-based mechanism in 17p11.2
results in both an »4 Mb deletion del(17)(p11.2p11.2)
that is found in 70–80% of patients with Smith–Mage-
nis syndrome (SMS) and its reciprocal duplication in
patients with the dup(17)(p11.2p11.2) syndrome (Chen
et al. 1997; Potocki et al. 2000; Bi et al. 2003). The rear-
ranged DNA fragment is Xanked by proximal
(»256 Kb) and distal (»176 Kb) SMS-REP LCRs
(Chen et al. 1997; Potocki et al. 2000; Park et al. 2002).

We have also identiWed a novel LCR17p family, with
one member, a large »383 kb LCR17pA clustering
chromosome breakpoints of several diVerent constitu-
tional and evolutionary rearrangements including the
translocation t(4;19) in Gorilla gorilla (Stankiewicz
et al. 2001a, 2003, 2004, 2005; Shaw et al. 2004a). LCRs
in 17p were shown to catalyze non-recurrent chromo-
somal rearrangements including unusual deletions,
translocations, marker chromosomes and complex
chromosome rearrangements (Stankiewicz et al. 2001b,
2003; Shaw et al. 2004a; Yatsenko et al. 2005; Lupski
and Stankiewicz 2005).

We present the clinical and molecular cytogenetic
data of two unique constitutional translocations
t(14;17) (p12;p12) and t(15;17)(p12;p13.2), resulting in
trisomy 17p12-pter and 17p13.2-pter, respectively. Our
data further document that the TRE-2 (USP6) onco-
gene, LCRs, and repetitive elements in the short
arm of acrocentric heterochromatin may all play a sig-
niWcant role in the formation of non-recurrent chromo-
some translocations.

Material and methods

Patients

We obtained samples from the patients and their fam-
ily members after acquiring informed consent
approved by the Institutional Review Board for
Human Subject Research at Baylor College of Medi-
cine and appropriate institutions.

Family 1

Patient A: The patient is a 6-year-old girl of Mexican–
American descent. She is the second child of non-
consanguineous parents, both 35 years old. Their Wrst
child, a male, was born prematurely at 28 weeks gesta-
tion, was ill throughout his life, and died at age
20 months. He reportedly did not have a chromosomal
abnormality. The proband was born at 40 weeks gesta-
tion by repeat Cesarean section. She has shown develop-
mental delay in Wne and gross motor and cognitive areas.
She sat at 1 year and walked independently at age 3½
years. At the age of 6 years, she speaks a few intelligible
words. On physical examination, her OFC is at 10th cen-
tile, weight at 90th centile, and height at 5th centile. She
has long straight lashes, large eyes with splotchy melan-
ization of the sclera, down slanting palpebral Wssures,
protruding ears, micrognathia, and a short neck. She has
a transverse smile and mild facial weakness. She has
generalized low tone, decreased muscle bulk in bilateral
lower limbs, and absent reXexes. She walks on the lat-
eral surface of the left foot with a steppage gait. Gait was
improved with ankle–foot orthoses (AFOs), and was
even better after reconstructive surgery. An MRI scan
of the brain at age 8 months showed callosal hypogene-
sis, absent anterior commissure, frontal lobe hypoplasia,
and paucity of the white matter. MRI of the spine at age
6 years showed mild thoracolumbar scoliosis, and also
noted were a left sided superior vena cava and absent
right kidney. Nerve conduction velocity testing showed
very slow conduction velocities (10–20 m/s) and is con-
sistent with severe demyelination.
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The proband’s chromosomal abnormality was diag-
nosed at age 1 month. Her father is a carrier of a bal-
anced translocation; the mother had a normal
karyotype.

Patient B: The 5-year-old brother of the proband has
the same unbalanced chromosomal translocation. He
was born at 40 weeks by repeat Cesarean section. He sat
at age 2 years and walked independently at age 3 years.
Presently, he has about Wve to six words in his vocabu-
lary. His is microcephalic (OFC at 2nd centile), his
weight is at 40th centile, and height at 2nd centile. Dys-
morphic features were signiWcant for downslanting palpe-
bral Wssures, mild ptosis bilaterally, splotchy melanization
of sclera, long straight eyelashes, depressed nasal bridge,
protruding ears, chronically open mouth, micrognathia,
facial weakness, short neck, and tapered Wngers. Muscu-
loskeletal exam was remarkable for tapered calves and
bilateral moderate to severe varus foot deformities. His
eye movements are intact and pupils equally react to
light. He has facial weakness, palate is slightly high-
arched, and reXexes are absent. He had a steppage gait
which improved by both AFOs, and foot reconstruction
surgery. Head MRI showed callosal hypogenesis and
microcephaly. An MRI scan of the spine is normal.

Family 2

Patient C is a 4-year-old boy referred because of devel-
opmental delay. The pregnancy was uneventful except
for maternal hypertension. Amniocentesis performed
for advanced maternal age revealed a normal male
karyotype. He was delivered spontaneously at
38 weeks gestation with a weight of 3.2 kg. The Apgar

scores were 9 and 10 at 1 and 5 min, respectively. A
heart murmur was discovered in the neonatal period
and echocardiography revealed pulmonary valvular
stenosis and a ventricular septal defect, which sponta-
neously closed during the Wrst year of life. He showed
global developmental delay. He Wrst walked at
20 months of age. At last evaluation he could form
small sentences but pronunciation was not clear. He
could draw circles and lines but could not draw a face.
He was toilet-trained at 2½ years of age. He did not
show any behavioral abnormality. He had strabismus
and at age 2½ years successfully underwent surgery. At
4 years of age, his weight was 15.7 kg (25th centile), his
height was 101.1 cm (25th centile) and his head circum-
ference was 51.7 cm (50th centile). Physical examina-
tion revealed subtle facial dysmorphic features
including a broad nasal tip, hypoplastic alae nasi and a
small mouth. The hands were characterized by the
presence of bilateral clinodactyly of the Wfth Wnger.
Deep tendon reXexes were present. Head CT per-
formed at 19 months showed a mild ventricular
enlargement involving asymmetrically both lateral ven-
tricles. This enlargement was secondary to a decrease
in periventricular white matter in the parietal lobes.
The subarachnoid spaces were normal. The frontal
horns appeared slightly “squared oV” suggesting some
degree of ventricular dysmorphism. Brain MRI done at
2½ years of age conWrmed the ventricular enlargement
and the decrease of the periventricular white matter
but showed mild Wndings of bilateral perisylvian poly-
microgyria. The corpus callosum appeared thin but
completely formed. The anterior commissure was very
small (Fig. 1). The family history was unremarkable.

Fig. 1 Brain imaging in 
patient C. a Axial T2 MR 
image showing periventricular 
white matter loss and very 
small anterior commissure 
(arrowhead). b Axial T1 MR 
image showing mild enlarge-
ment of lateral ventricles 
secondary to periventricular 
white matter loss and subtle 
signs of bilateral perisylvian 
polymicrogyria (arrowheads)
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FISH analysis

A peripheral blood sample was obtained from the
patients and their parents and whole blood lympho-
cytes were cultured with phytohemagglutinin (PHA)
using standard methods. BAC and PAC probes speciWc
for human chromosome region 17p12-p13 were identi-
Wed from the existing physical maps of this region
(Inoue at al. 2001; Bi et al. 2002; NCBI, http://www.
ncbi.nlm.nih.gov/; UCSC genome browser, http://www.
genome.ucsc.edu) and purchased from the BACPAC
Resource Center (Oakland, CA, USA) (Tables 1, 2). For
mapping the breakpoints in the short arms of chromo-
somes 14 and 15, we used an rDNA-speciWc probe pA
(the 28S rRNA gene) (Sylvester et al. 1986) and pU6.2
(the 18S rRNA gene) (Wilson et al. 1978). FISH was per-
formed as previously described (ShaVer et al. 1997).

Array-CGH

A microarray containing 853 BAC and PAC clones
designed to cover genomic regions of 75 known
genomic disorders, all 41 subtelomeric regions, and 43

Table 1 Summary of the array CGH (patient B) and FISH (father) results in family 1

In bold are clones which harbor the 17p12 breakpoint

NA not analyzed
a RP11-385D13 and RP11-640I15 are speciWc for the LCR17pA/B subunit of LCR17pA and cross-hybridize to LCR17pB copy at the
middle SMS-REP. CTD-3157E16 originates from LCR17pA/C and LCR17pA/D subunits of LCR17pA and cross-hybridizes to
LCR17pC and LCR17pD that Xank the proximal SMS-REP (see also Fig. 5)

Location Clone Distance 
from 17pter 
(Mb)

aCGH combined 
(log2 ratio)

FISH signal 
on der(17)

FISH signal 
on der(14)

17p13.3 RP11-411G7 0.5 0.257 NA NA
17p13.3 RP11-818O24 1.2 0.214 NA NA
17p13.3 RP5-59D14 2.2 0.274 NA NA
17p13.3 RP1-95H6 2.5 0.208 NA NA
17p13.3 RP11-64J4 3.2 0.337 NA NA
17p13.2 RP11-810M2 3.9 0.396 NA NA
17p13.2 RP11-115H24 4.7 0.278 NA NA
17p13.2 RP11-960B9 6 0.249 NA NA
17p13.1 RP11-599B13 7.9 0.317 NA NA
17p13.1 RP11-493I24 8.9 0.31 NA NA
17p13.1 RP11-462C21 10.1 0.284 NA NA
17p12 RP11-601N13 13.8 0.398 NA NA
17p12 RP11-626C5 14.2 0.397 NA NA
17p12 RP11-849N15 15.1 0.375 NA NA
17p12 RP11-726O12 15.3 0.323 ¡ +
17p12 RP11-385D13a 15.4 NA + +
17p12 RP11-640I15a 15.4 NA + +
17p12 CTD-3157E16a 15.7 NA + +
17p12 RP11-692E18 15.8 ¡0.012 + ¡
17p11.2 RP11-209J20 16.4 ¡0.05 NA NA
17p11.2 RP11-416I2 16.8 ¡0.186 NA NA
17p11.2 RP11-525O11 17.6 ¡0.074 NA NA

Table 2 Summary of the array CGH and FISH results in family
2 (KCL 377)

In bold are clones which harbor the 17p13.2 breakpoint
a The clone RP11-333E1 contains »40 Kb of the TRE2 gene that
constitutes a »60 Kb SMS-REP-like LCR (Park et al. 2002)

Location Clone Distance 
from 17pter 
(Mb)

aCGH 
combined 
(log2 ratio)

FISH 
signal 
on der(15)

17p13.3 RP11-411G7 0.5 0.297 NA
17p13.3 RP11-818O24 1.2 0.108 NA
17p13.3 RP5-59D14 2.2 0.432 NA
17p13.3 RP1-95H6 2.5 0.257 NA
17p13.3 RP11-64J4 3.2 0.293 NA
17p13.2 RP11-810M2 3.9 0.354 NA
17p13.2 RP11-115H24 4.7 0.348 +
17p13.2 RP11-333E1a 5.1 NA +
17p13.2 RP11-420A6 5.2 NA ¡
17p13.2 RP11-807C20 5.4 NA ¡
17p13.2 RP11-211L20 5.6 NA ¡
17p13.2 RP11-80K10 5.9 NA ¡
17p13.2 RP11-960B9 6 ¡0.055 NA
17p13.1 RP11-599B13 7.9 0.012 NA
17p13.1 RP11-383G9 8.4 ¡0.016 NA
17p13.1 RP11-493I24 8.9 0.005 NA
17p13.1 RP11-462C21 10.1 0.013 NA
17p12 RP11-601N13 13.9 ¡0.078 NA
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pericentromeric regions were used for chromosomal
microarray analysis (Cheung et al. 2005; Baylor College
of Medicine, Chromosome Microarray Analysis, V.5,
http://www.bcm.edu/cma/assets/abnormalities.pdf).

The DNA from BAC and PAC clones was prepared
using a standard alkaline lysis method and chemically
modiWed for array printing and the procedures for
DNA labeling and hybridization were performed as
previously described in detail (Yu et al. 2003). Genomic
DNA was isolated from peripheral blood lymphocytes
using a PureGene DNA puriWcation kit (Gentra Systems,
Mineapolis, MN, USA) following the manufacturer’s
protocol. DNA was digested with restriction enzyme
DpnII (New England Biolabs, Beverly, MA, USA) and
puriWed using phenol/chloroform extraction.

Genomic DNAs extracted from the patients and from
a gender-matched control sample were diVerentially
labeled with Cyanine-3 (Cy3) and Cyanine-5 (Cy5)
(Perkin Elmer, Boston, MA, USA) using a Bioprime
DNA direct labeling kit (Invitrogen, Carlsbad, CA,
USA) and hybridized onto the arrays at 37°C for 24 h.
The microarray slides were washed at 45°C twice with
50% formamide/2XSSC for 10 and 15 min and once with
0.2XSSC for 5 min. The resulting Xuorescent signals on
the slides were scanned into image Wles using an Axon
microarray scanner and ScanArray software (GenePix
4000B from Axon Instruments, Union City, CA, USA).
For each sample, two experiments were performed with
reversal of the dye labels for the control and test sam-
ples, and the data from both dye-reversed hybridizations
were integrated to determine inferences for each case.

Microarray image Wles were quantiWed using GenePix
Pro 4 software. The quantization data were subjected to
normalization as described (Shaw et al. 2004b).

DNA sequence analysis

Sequences of the analyzed clones were downloaded
from the NCBI and UCSC web sites (http://www.
ncbi.nlm.nih.gov/; http://genome.ucsc.edu/). Searches
for the LCRs in 17p13.2 were performed using NCBI
BLAST against the high-throughput and the non-
redundant sequence databases (http://www.ncbi.nlm.
nih.gov/blast/) and assembled using the Sequencher
software (Gene Codes) and NCBI BLAST 2.

Results

Family 1

GTG-banded chromosome analysis of patients A
and B revealed a derivative chromosome 14,

der(14)t(14;17)(p12;p12) (Fig. 2a), resulting in trisomy
17p12-pter, inherited from the father, who is a carrier
of the balanced translocation. In chromosome micro-
array analysis, an increment in log2 ratio (all around or
above 0.2) was observed for all of the 15 clones in 17p12-
pter, compared to the average log2 of the whole genome
normalized as 0 (Fig. 2b). A dramatic transition was
observed between clone RP11–726O12 (log2 ratio=
0.278) and RP11–692E18 (log2 ratio=0.076), indicating
that a breakpoint of the translocation maps in the geno-
mic fragment between these two clones (Table 1) in a
large »383 kb LCR, LCR17pA, that has been identiWed
previously at this locus (Stankiewicz et al. 2003). Subse-
quent FISH studies using a PMP22 probe conWrmed
duplication of this gene and mapped the breakpoint
within two overlapping BAC clones CTD-3157E16 and
RP11-692E18 (Fig. 2c), at the centromeric edge of
LCR17pA. The 14p breakpoint was mapped within or
distal to the rDNA sequences on 14p12 (Fig. 2d).

Family 2

Initial GTG-banding chromosome analysis on
patient’s peripheral blood lymphocytes performed in
another laboratory showed a normal male karyotype.
Subtelomeric FISH analysis showed an additional sig-
nal of the telomeric region of chromosome 17p in the
distal short arm of one chromosome 15, resulting in
duplication of 17pter. The retrospective karyotype
analysis at the 600-band resolution revealed the pres-
ence of a very small amount of additional material on
15p12 (Fig. 3a). This abnormality was not found in
either parent. Subsequent CMA revealed duplication
with the most distal seven clones from 17p included
on the array, indicating that the breakpoint mapped
between clones RP11–115H24 and RP11–960B9
(Table 2; Fig. 3b). FISH analysis narrowed the break-
point to within the sequence contained in two over-
lapping clones RP11-333E1 and RP11-420A6 at the
TRE-2 (USP6) oncogene (Fig. 3c). By computational
analysis, this genomic segment showed a signiWcant
(»95%) sequence homology to a few LCRs on chro-
mosome 17 including short fragments (»3, 9, and
11 kb) constituting the SMS-REPs (Park et al. 2002)
and a cluster of the CCL3 chemokine ligand genes
(Gonzalez et al. 2005) interspersed with one of two
TRE-2 ancestor genes, TBC1D3. Interestingly, the
BLAST analysis revealed that the middle »25 kb por-
tion of this LCR has a 95% sequence identity only to
a clone 413A16 from the gorilla library CHORI-255,
that we previously found to be spanning the evolu-
tionary translocation t(4;19) (Fig. 4) (Stankiewicz
et al. 2001a, 2004). In addition, a fossil of a Charlie 3
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DNA transposon, previously identiWed at the evolu-
tionary translocation t(4;19) (Stankiewicz et al. 2004),
was found at the edge of the TRE2 (USP6) gene.
Similar to family 1, the 15p breakpoint was mapped
within or distal to the rDNA sequences on 15p12
(Fig. 3d).

BLAST analysis of TRE2 revealed nine segmental
duplications: TBC1D3 (17q12, 93%, RP11-493E8/
AC027821), USP32 (17q23.2, 94%, RP11-3K24/
AC104763), all three SMS-REPs in 17p11.2 (95%),
LCRs on 17q23.3 (94%, RP11-51L5/AC053481),
17q11.2 (NF1-REP, 89%, RP11-271K11/AC005562),
chemokine gene cluster at 17q12 (93%, 91J4/

AC003976), and the gorilla clone CHORI-255-413A16
(95%). Interestingly, an »11 kb portion of TRE-2 has
been found to be a core element in several segmental
duplications in chromosome 17, including SMS-REPs
(Fig. 5) (Park et al. 2002; Zody et al. 2006).

Discussion

Patients with trisomy of the short arm of chromosome
17 are aVected with a psychomotor delay, pre- and
post-natal growth retardation, hypotonia, microceph-
aly, minor craniofacial anomalies, hypertrichosis, mild

Fig. 2 a Partial G-banded karyotype of the patient A in family 1.
b Array based comparative genomic hybridization. This proWle
represents two hybridizations performed simultaneously with dye
reversal using reference DNA. In the column marked “raw” for
raw data, the mean values of the T/R ratio and error bars in a
hybridization are shown in blue and dye reversal is shown in red.
The eVect of normalization is shown by comparing the middle set
of data marked “normalized” with the “raw” data. There are sev-
eral clones from the distal portion of chromosome 17p that show
displacement to the left in blue and to the right in the dye reversal,
both indicating a gain of 17p material in the patient versus the ref-
erence DNA. In the “combined” column, the sign of one of the

two reversed hybridizations is changed and the data are averaged
with gains shown to the right and losses to the left. For the com-
bined data, there is a strong indication of a gain detected with 15
clones corresponding to the 17p region from 17p12 to 17pter. The
library source of the clone, the location and the T/R ratio are list-
ed in Table 1. c Patient A metaphase chromosomes after FISH
with BAC clone CTD-3157E16 speciWc for LCR17pA showed
that this clone Xanks the breakpoint on its distal side [der(14)
shown by arrow]. d FISH with rDNA probe pU6.2 (green) speciWc
for the p arm of acrocentric chromosomes demonstrated the pres-
ence of rDNA on der(14) (white arrow). The clone RP11-820M16
(green) was used as a chromosome 14qter control probe
123
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skeletal anomalies and congenital heart defects (Jinno
et al. 1982; Mascarello et al. 1983; Magenis et al. 1986;
Martsolf et al. 1988; Schrander-Stumpel et al. 1990;
Spinner et al. 1993; Lurie et al. 1995; Kulharya et al.
1998; Morelli et al. 1999; De Pater et al. 2000).

Partial trisomy of the short arm of chromosome 17
involving the sub-band 17p11.2 due to duplication of
the SMS critical region shows mild developmental
delay, neurobehavioral abnormalities and minor cra-
niofacial anomalies (Brown et al. 1996; Balarin et al.
1999; Potocki et al. 2000; Schneider et al. 2000).
Patients with larger proximal 17p duplication including
the PMP22 gene within 17p12 are aVected with
CMT1A (Chance et al. 1992; Lupski et al. 1992;
Upadhyaya et al. 1993; Roa et al. 1996; King et al.
1998; Lupski and Garcia 2001).

Two siblings in family 1 are duplicated for the
PMP22 gene and, as anticipated, demonstrate clinical

Wndings consistent with CMT1A peripheral neuropa-
thy (absent reXexes, foot deformities, distal muscle
wasting and severely slow nerve conduction velocities)
but in addition display a more complex phenotype
(microcephaly, mental retardation, craniofacial anom-
alies, and callosal hypogenesis) likely due to the more
extensive genomic duplication.

A common microdeletion of chromosome 17p13.3
involving two dosage sensitive genes LIS1 and
14-3-3 epsilon results in a well known neuronal
migration disorder Miller–Dieker lissencephaly syn-
drome (MDLS) (Dobyns et al. 1992; Reiner et al. 1993;
Reiner et al. 1995; Chong et al. 1997; Lo Nigro et al. 1997;
Toyo-oka et al. 2003; Cardoso et al. 2003). Isolated dupli-
cations of this genomic region have not been described
yet. Recently, Ensenauer et al. (2004) and Hwang et al.
(2005) reported duplication of the MDLS region due to
unbalanced translocations t(5;17)(p15.31;p13.1) and

Fig. 3 a Partial G-banded karyotype for chromosome 17 in fam-
ily 2 with arrow indicating the der (17) chromosome. b Array
CGH has been performed simultaneously with dye reversal using
reference DNA. Seven most distal clones corresponding to
17p13.2-pter showed log2 ratio >0.2, indicating gain of genetic
material in the patient versus the reference DNA (also see
Table 2 for details). c Metaphase FISH using overlapping BAC

clones RP11-333E1 (red) and RP11-420A6 (green) showed the
Xuorescence signal on der(15) only for RP11-333E1 and nar-
rowed the 17p13.2 breakpoint within these clones. d FISH with
rDNA probes (pA and pU6.2—both red) demonstrated the pres-
ence of rDNA on der(15) (white arrow). The subtelomere clones
RP11-90E5 (green) and RP11-46E14 (red) were used as control
probes for chromosomes 15 and 17, respectively
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t(17;18)(p13.2;q22.3), respectively. The abnormal
phenotypes included developmental delay, growth
retardation, microcephaly, Xat midface, prominent
forehead, down slanting palpebral Wssures, hypertelor-
ism, short nose with upturned nares, bitemporal hol-
lowing, low-set ears, micrognathia, short webbed neck,
congenital heart defect and clinodactyly of Wfth
Wngers.

Patient C manifests with developmental delay,
subtle dysmorphic features including a broad nasal
tip, hypoplastic alae nasi and a small mouth and ven-
tricular enlargement with a decrease of the periven-
tricular white matter, mild Wndings of bilateral
perisylvian polymicrogyria and very small anterior
commissure and thus deWnes trisomy 17p13.2-pter.
We propose that the neurodevelopmental abnor-

Fig. 4 The BLAST analysis of the »65 kb LCR harboring TRE-2
revealed DNA sequence homology to nine genomic loci: two TRE-
2 ancestor genes: TBC1D3 (17q12), USP32 (17q23.2), all three
SMS-REPs in 17p11.2, LCRs on 17q23.3, 17q11.2, chemokine gene
cluster at 17q12, and the gorilla clone CHORI-255-413A16 (see

Results for details). Note that the genomic structure of the gorilla
clone 413A16, that spans the evolutionary translocation t(4;19),
resembles perfectly the sequence of the TRE-2 gene, indicating
that this gene likely has played an important role in the formation
of this translocation t(4;19)

Fig. 5 Schematic representation of genomic architecture in prox-
imal 17p. Depiction of proximal chromosome 17p showing the
position and orientation of LCRs. The LCR17p structures are de-
picted in colors to better represent their position and orientation
with respect to each other; the colored rectangles and horizontal
arrowheads represent the orientation of the LCRs. Black arrows
indicate breakpoints of chromosome translocations, interstitial
deletions, complex duplication and recurrent isodicentric chro-

mosome 17q (Stankiewicz et al. 2003; Barbouti et al. 2004). The
translocation breakpoint in the present case is shown with a red
arrow. The evolutionary gorilla translocation breakpoint is indi-
cated by a vertical arrow between BAC clones RP11-640I15 and
CTD-3157E15 and LCR17pA/B and LCR17pA/D subunits of the
LCR17pA copy (Stankiewicz et al. 2004). The LCRs that are
>20 Kb are depicted
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malities most likely result from increased dosage of
LIS1 and 14-3-3 epsilon. Using chromosome micro-
array analysis, a few patients with isolated submiscro-
scopic duplications involving the MDLS chromosome
region have been identiWed (S.-W. Cheung, personal
communication). Interestingly, the MRI Wndings also
revealed neuronal migration anomalies (Sahoo et al.,
manuscript in preparation).

Recently, we showed that genomic architecture of
proximal 17p also catalyzes non-recurrent chromo-
somal rearrangements (Stankiewicz et al. 2003). To
further investigate the molecular bases of non-recur-
rent aberrations, we analyzed the breakpoint regions
of both translocations.

The chromosome 17 breakpoint of
t(15;17)(p12;p13.2) was mapped at the TRE-2 (USP6)
gene, a hominoid-speciWc chimeric oncogene, product of
fusion between the TBC1D3 (17q12) and USP32
(17q23.2) ancestral genes (Paulding et al. 2003). TRE-2
encodes a ubiquitin-speciWc protease and has been
found frequently fused with other genes: CDH11,
TRAP150, ZNF9, osteomodulin, and COL1A1 in aneu-
rysmal bone cysts (Oliveira et al. 2004a, b, 2005; Althof
et al. 2004). TRE-2 has been identiWed also at the break-
point of a constitutional translocation t(13;17)(q14;p13)
in a patient with Asperger syndrome (Tentler et al.
2003), indicating that it is responsible for genome insta-
bility both in tumors and during gametogenesis.

Since SMS-REPs are absent in the mouse genome
and have arisen during primate speciation, we specu-
late that TRE-2 has played an important role in their
formation. BLAST analysis revealed that »50 kb frag-
ment of TRE-2 has a »95% homology exclusively to
the gorilla clone spanning the evolutionary transloca-
tion t(4;19) breakpoint in LCR17pA (localized
»10 Mb proximal to TRE-2), indicating that it also par-
ticipated in the formation of this rearrangement. More-
over, a remnant of a Charlie 3 DNA transposon,
identiWed at the evolutionary translocation t(4;19), was
found at the edge of the TRE-2 gene. We have sug-
gested previously that this event might have occurred
in a testis of a pre-gorilla individual and was subse-
quently transmitted, implanted, and accumulated as
heterozygous and Wxed to the homozygous state due to
inbreeding in a small “bottleneck population” (Stan-
kiewicz et al. 2001a). Interestingly, in contrast to the
broad expression pattern of its ancestral genes
TBC1D3 and USP32, TRE-2 is transcribed exclusively
in testes, and has been proposed to play a role in speci-
ation (Paulding et al. 2003).

We have mapped previously the breakpoint of an
unbalanced translocation t(10;17)(q26.3;p11.2) just
adjacent to the centromeric end of the distal SMS-

REP, in the direct vicinity of the evolutionarily unsta-
ble portion of the distal SMS-REP, an interstitial
»39 kb deletion of the genomic segment encompassing
TRE-2 pseudogenes (between the KER and CLP)
(Park et al. 2002; Stankiewicz et al. 2003). These data
demonstrate that TRE-2, or surrounding genomic
sequences are a major genome instability factor.

The breakpoint of t(14;17)(p12;p12) has been
mapped at the centromeric edge of the LCR17pA
(Fig. 5). An »383 kb LCR17pA is a breakage-prone
genomic region and has been shown to harbor several
chromosome breakpoints, including six uncommon but
recurrent »5 Mb SMS deletions, two unusual sized
SMS deletions, marker chromosome, two duplications,
complex submicroscopic duplication, and the evolu-
tionary translocation t(4;19) in Gorilla gorilla (Stan-
kiewicz et al. 2001a, b, 2003; Shaw et al. 2004a) (Fig. 5).

Interestingly, in both translocations described herein,
the partner chromosome breakpoints were mapped
within rDNA in the short arm of acrocentric heterochro-
matin, suggesting that, together with LCRs, highly
repetitive elements may also mediate the formation of
chromosome translocations. In conclusion, our results
suggest that together with LCRs, the oncogene TRE2
plays an important role not only in primate genome evo-
lution and cancers, but also in the formation of constitu-
tional chromosome translocations.
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