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Cloning of the breakpoints of a de novo
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in a patient with Ambras syndrome
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Abstract. Ambras syndrome (AMS) is a unique form of uni-
versal congenital hypertrichosis. In patients with this syn-
drome, the whole body is covered with fine long hair, except for
areas where normally no hair grows. There is accompanying
facial dysmorphism and teeth abnormalities, including re-
tarded first and second dentition and absence of teeth. In 1993,
Baumeister et al. reported an isolated case of Ambras syndrome
in association with a pericentric inversion of chromosome 8.
Subsequently, another patient with congenital hypertrichosis
and rearrangement of chromosome 8 was reported by Balducci
et al. (1998). Both of these patients have a breakpoint in 8q22

in common suggesting that this region of chromosome 8 con-
tains a gene involved in regulation of hair growth. In order to
precisely determine the nature of the rearrangement in the case
of Ambras syndrome, we have used fluorescent in situ hybridi-
zation (FISH) analysis. We have cloned the inversion break-
points in this patient and generated a detailed physical map of
the inversion breakpoint interval. Analysis of the transcripts
that map in the vicinity of the breakpoints revealed that the
inversion does not disrupt a gene, and suggests that the pheno-
type is caused by a position effect.

Copyright © 2004 S. Karger AG, Basel

Ambras syndrome (AMYS) is a unique form of universal con-
genital hypertrichosis (MIM 145701) that has been described in
only eleven cases in the medical literature so far (Baumeister et
al., 1993; Balducci et al., 1998; Torbus and Sliwa, 2002). This
syndrome is characterized by excessive hair growth over the
entire body except for the areas in which no hair normally
grows (palms, soles, mucosae). Hypertrichosis is accentuated
on the shoulders, the face, and the ears (Baumeister et al.,
1993). Minor facial and dental anomalies, such as retarded first
and second dentition and absence of teeth have also been
reported. Familial cases suggest a genetic basis for this form of
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hypertrichosis (Nowakowski and Schloz, 1977; Baumeister et
al., 1993), but the gene(s) involved remain unknown.

The Ambras case reported by Baumeister et al. (1993),
patient ME-1, was reported in association with a de novo peri-
centric inversion of chromosome 8, inv (8)(p11.2g22). Interest-
ingly, in 1998 another patient with congenital hypertrichosis and
rearrangement of chromosome 8 was reported by Balducci et al.
in association with a de novo paracentric inversion of chromo-
some 8, inv (8)(q12g22). Both of these patients have a break-
point in 8q22 in common suggesting that this region of chromo-
some 8 contains a gene involved in regulation of hair growth.

In a search for a gene whose mutations lead to hypertricho-
sis, we have performed cytogenetic and molecular analysis in
both of these two patients. Our analysis of patient SS-1, origi-
nally reported by Balducci et al. (1998), was published pre-
viously (Tadin et al., 2001).

In this work, we report detailed cytogenetic and molecular
analysis in patient ME-1, originally reported by Baumeister et
al. (1993), and cloning of the inversion breakpoints. Our find-
ings are in agreement with the initial cytogenetic diagnosis of
an apparently balanced pericentric inversion of chromosome 8.
We were also able to refine the inversion breakpoints to 8p11.2
and 8q23.1, inv (8)(p11.2g23.1). In order to characterize the
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inversion breakpoint region more precisely, we have generated
a detailed physical map of the 8q22 — 24 region and mapped
all transcripts in the vicinity of the 8q23 breakpoint. We found
that the inversion of chromosome 8 in this patient does not
cause disruption of a gene from this interval, suggesting that the
phenotype most likely results from a position effect caused by
this cytogenetic rearrangement.

Materials and methods

Patient materials

Patient ME-1 was originally reported by Baumeister et al. (1993). The
girl was the product of a normal pregnancy and had no family history of
hypertrichosis. As a newborn, she was completely covered with fine long hair
that was lightly pigmented and 1-2 c¢m in length. In addition to hypertricho-
sis, the patient had bilateral accessory nipples and ulnar rudimentary hexa-
dactyly. No other abnormalities were detected upon ultrasound of the abdo-
men and determination of plasma androgen levels. Cytogenetic analysis
revealed an apparently balanced pericentric inversion of chromosome 8 with
breakpoints in p11.2 and 22, inv (8)(p11.2q22) (Baumeister et al., 1993).

Transformed lymphoblast cell lines were generated for the patient and
her unaffected parents by EBV transformation using standard procedures
(Speck and Strominger, 1987). Genomic DNA was isolated from lympho-
blastoid cell lines using the Blood and Cell Culture DNA Maxi Kit (Qiagen).

Contig assembly

YAC clones were selected from the Whitehead Institute STS-based map
on the basis of STS markers that were mapped to 8q22, 8q23, and 8q24, and
obtained from Research Genetics. DNA was isolated as described by Hoff-
man and Winston (1987), and tested for STS content by the polymerase
chain reaction (PCR) according to Research Genetics’ Genome Services Pro-
tocol (http://www.researchgenetics.com). Sequences for the STS markers are
available from the Genome Database (http://www.gdb.org).

BAC clones from the interval were selected from the NCBI database on
the basis of the available sequence data and obtained from Research Genet-
ics and from Keio University Genomics Research Institute. Clone overlaps
were detected by using BLAST, available at the National Center for Biote-
chology Information, (http://www.ncbi.nlm.nih.gov/BLAST) and were verif-
ied by PCR.

BAC DNA was isolated using Large-Construct Kit (Qiagen) according to
the manufacturer’s instructions. For STS content PCR, 100 ng of BAC DNA
was amplified using Platinum Taq PCR Supermix (Invitrogen) in a cocktail
containing 10 pmol of forward and reverse primer in a total volume of 30 pl.
PCR amplification of BAC DNA was performed under the following condi-
tions: 95 °C for 5 min, followed by 35 cycles of denaturation (94 °C for 30 s),
annealing (55 °C for 30 s), and elongation (72 ° C for 30 s), and a final elonga-
tion step at 72 ° C for 7 min. PCR products were resolved on 1 % agarose gels
and visualized by ethidium bromide staining. In addition to the available
STS markers, additional PCR primers were generated for use in clone over-
lap verification: 680F23 3’ F: 5-ATG GGT GGG CCT GAG TAT TT-3'R:
5-AGG TAA AGC TGC CCA AAC CT-3%; 659A24 5" F: 5-AAC CCT GAG
AGG CAC TCT GT-3'R: 5-ATG GGG TCC CTG TTC TCT CT-3".

FISH analysis

YAC and BAC DNA was DIG-labeled with a DIG-Nick Translation Mix
kit (Roche Molecular Biochemicals) according to the manufacturer’s instruc-
tions. Labeled probe was precipitated with Cot-1 DNA (10 pg of Cot-1 DNA
per 100 ng labeled probe) and resuspended in Hybrisol VII (ONCOR) to a
final concentration of 2 ng/ul.

Metaphase chromosome spreads were prepared from the transformed
lymphoblast cell lines by standard laboratory procedures. FISH analysis was
performed as previously described (Tadin et al., 2001). Definite chromosom-
al assignment was verified by co-hybridization with chromosome 8 centro-
mere-specific probe (D8Z2) (ONCOR). Chromosomes were counterstained
with DAPI (VYSIS) and viewed using a Nikon microscope fitted with a filter
wheel and Cytovision Applied Imaging software.

Southern analysis and restriction mapping

Genomic DNA (10 pg) was digested in a total volume of 60 ul at 37°C
overnight as either a single or double digest with EcoRV, Pstl, Nhel, Xhol,
and HindIIl according to the manufacturer’s instructions (NEBiolabs).
Restriction products were run on a 0.7 % agarose gel at 55 V for 16 h.

Probes used in Southern blot analysis were PCR amplified from human
normal control genomic DNA using primers specific to the BAC clone
KB1153C10 (Acc# AP001331). The probe MT6, that detects the rearranged
allele in the patient sample, recognizes a 490-bp fragment of the clone
KB1153C10(40,807-41,297 bp on sequence Acc# AP001331). PCR primers
used to amplify this fragment are MT6OF 5-GGA GTA CCA CGA GCA ATA
CAG-3" and MT6R 5-AAC TCG GTG AGT ACA GCT AGC-3'. Probes
were labelled with [a-32P]dCTP in a random priming reaction using Prime-It
II Random Primer Labelling Kit (Stratagene). Southern blot analysis was
performed using standard protocols.

Computational sequence analysis

Sequence analysis of the BAC clone KB1152C10 was performed using
BLAST tool against the nt and the dbEST databases at the NCBI (http://
www.ncbi.nlm.nih.gov), and using the Human Genome Browser at UC San-
ta Cruz (http://genome.ucsc.edu).

Breakpoint subcloning

The breakpoint was subcloned using the inverse polymerase chain reac-
tion (IPCR) technique (Wagner et al., 2002), see Fig. 4. Briefly, genomic
DNA from the patient and a control individual was digested with PstI in a
total volume of 20 pl at 37 °C overnight. 20 ul of each digest were then self-
ligated with 5 ul of T4 DNA ligase (NEBiolabs) in a total reaction volume of
100 pl. Ligation reactions were heat-inactivated at 70 °C for 5 min.

1 pl of the ligation reactions was used as a template in a nested PCR
reaction with the following primers: Primer pair 1 forward (primer D): 5’-
TCC TGC TGG AAA CTC CTA GTG C-3, Primer pair 1 reverse (primer
C): 5-GGC AGG CTC TAA CTG ACA CTC A-3’; Primer pair 2 forward
(primer B): 5-TCT TCC AGA GCA TAA CCA TTG C-3’, Primer pair 2
reverse (primer A): 5-GAT TCA GGA TGC AGT GAG AAG C -3'. PCR
was performed with Advantage-2 Kit (Clontech). PCR products were gel-
purified using the Rapid Gel Purification Kit (Invitrogen), subcloned, and
sequenced on an ABI Prism 310 sequencer (P.E. Biosystems).

Once one of the 8p/8q breakpoint junctions was sequenced, additional
PCR primers were designed on the basis of known sequence to test for possi-
ble deletions and/or duplications that might have resulted from the inversion
event. PCR primers 8p””’ 5-AAG TCA AAA TCA CTC CTT GGG C-3’ and
8q” 5’-gac ata ggc atg ggc aaa gac t-3’ were used for “breakpoint-specific”
PCR. A 1.8-kb PCR product, containing the other inversion breakpoint
fusion, was obtained only for the patient but not for the control individuals.
This band was gel purified and sequenced as described above.

Results

In order to physically narrow the region containing the
inversion breakpoint in the long arm of chromosome 8, we used
FISH analysis with large YAC and BAC clones that have been
mapped to 8q23. Since no comprehensive integrated map of
chromosome 8 was available at the outset of this study, we
assembled a contig of YAC and BAC clones across the inver-
sion breakpoint interval on the basis of STS content. First, a
“backbone” of YAC clones was assembled using STS markers
that were mapped to 8q22 — q24. The interval was then further
saturated with BAC clones that have been mapped to this
region on the basis of the available sequence data. Both com-
puter sequence analysis and PCR confirmed overlaps between
BAC clones.

The detailed physical map of the 8q22—q24 region is
shown in Fig. 1. YAC clones are indicated in the top half of the
figure and are oriented relative to one another on the basis of
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Fig. 1. A detailed 14.5-Mb physical map of the 8q23 inversion breakpoint in patient ME-1. YAC and BAC clones are ordered
into a contig on the basis of STS content. The positions of the STS markers on YAC and BAC clones are indicated by thin vertical
lines. Initial FISH analysis mapped the breakpoint between YAC clones 874A3 (proximal to the breakpoint) and 916E10 (distal
to the breakpoint) shown in blue. The interval between these two clones, defined by STS markers D8S383 and WI-11219 (bold),
was then saturated with additional BAC clones in order to narrow the breakpoint interval even further. The position of the
inversion breakpoint is shown with a red triangle. BAC clones indicated in red RP11-381B23, RP11-1105, and KB1153C10
encompass the breakpoint in patient ME-1.

Fig. 2. A schematic representation of YAC and BAC FISH probes used in analysis on metaphase chromosomes obtained from
patient ME-1. FISH probes are indicated as differently colored bars that are positioned relative to the chromosome as they
hybridized to the normal 8 (left) and the rearranged 8 (right). YAC clones indicated in red were found to be distal, and those
indicated in blue proximal to the breakpoint. Like YACs, BAC clones that hybridized distal to the break are shown as smaller red
bars and those that hybridized proximal to the break as smaller light blue bars. Clones shown in light green generated signals on
both arms of the rearranged chromosome indicating that they encompass the breakpoint.

Fig. 3. (A) An example of FISH analysis with BAC clone KB1153C10. Hybridization of the BAC clone is indicated as a red
signal. The green signal corresponds to chromosome 8 centromere-specific probe (D8Z2). On the normal chromosome 8 there is
only one red signal on the q arm (arrow head). On the rearranged 8, the BAC clone hybridizes to both chromosome arms
indicating that it encompasses the breakpoint (arrows). (B) Southern blot analysis with genomic DNA from the lymphoblast cell
line from the patient (P) and a control (N). M denotes molecular size marker. DNA was digested with Nhel and PstI as a single
digest or with PstI/Nhel, Xhol/EcoRV, and HindIll/EcoRV as a double digest. The probe used in this Southern analysis was
MT6. The relative positions of the restriction sites, the MT6 probe, and the breakpoint are shown in the bottom right.
(C) Location of genes and EST clones on the clone KB1153C10. Exons of eukaryotic translation initiation factor 3, subunit 6,
EIF3S6 gene (also known as INT6) are shown as green bars. The 5’ end of the LM.A.G.E. clone 5201681, encoding a novel
thrombospondin-like gene (THBSL1) overlaps with the first 11 kb of the BAC clone KB1153C10, whereas the 3’ end extends to
another BAC clone located more proximally. The CpG island located just slightly upstream of the start codon of THBSLI is
indicated as a blue diamond. The location of the breakpoint on BAC KB1153C10 is indicated by a red arrow.
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STS markers. Initial FISH analysis mapped the breakpoint
between YAC clones 874A3 (proximal to the breakpoint) and
916E10 (distal to the breakpoint). The interval between these
two YAC clones (between STS markers D8S383 and WI-
11219) was then saturated with additional BAC clones in order
to narrow the inversion breakpoint interval even further. The
bottom half of Fig. 1 depicts an expanded view of the interval
between markers D8S383 and WI-11219 with all the BAC
clones that were mapped to this region. FISH analysis with
these clones revealed that clones RP11-381B23, RP11-1105,
and KB1153C10 (shown in red in Fig. 1) encompass the break-
point since all three generated split hybridization signals on
both arms of the rearranged chromosome 8 (Fig. 3A).

Results from our FISH analysis are summarized in Fig. 2.
We used over twenty FISH probes to characterize the cytogen-
etic rearrangement in this patient and to precisely map the 8q
inversion breakpoint. Comparison of the hybridization signals
obtained from the normal and the rearranged chromosomes 8
enabled us to determine which clones were proximal and which
distal to the breakpoint, and to narrow the inversion break-
point interval. We identified three BAC clones that span the 8q
breakpoint, RP11-381B23, RP11-1105, and KBI1153C10
(Fig. 2). This observation mapped the breakpoint to the region
of overlap between the three BAC clones corresponding to a
genomic interval of about 100 kb. Our cytogenetic findings are
in agreement with the original report of patient ME-1 (Bau-
meister et al., 1993), in that this patient has an apparently bal-
anced pericentric inversion of chromosome 8. Using the newly
available information on the physical location of BAC clones
from this interval (available at the UC Santa Cruz website), we
were also able to refine the 8q breakpoint to the band 8q23.1,
slightly more distal than is revealed by G-banding alone.

We took advantage of the fact that the entire sequence of the
split clone KB1153C10 (Acc# AP001331) was known, and uti-
lized this to design probes for Southern analysis. In order to
map the breakpoint region on the BAC KB1153C10, we chose
restriction enzymes with recognition sites approximately every
5-10 kb throughout the BAC clone. We then designed PCR
primers that amplify 500-600 bp segments within each restric-
tion fragment to be used as probes in Southern analysis
(Fig. 3B). In this way, we mapped the breakpoint to an EcoRV
fragment between 34,481 bp and 42,004 bp on clone
KB1153C10. Using additional restriction enzymes, we were
able to generate a detailed restriction map of the breakpoint
interval and narrow this region to about 4-kb (Fig. 3B).

Figure 3C illustrates the location of genes, ESTs and puta-
tive transcripts within clone KB1153C10 with respect to the
breakpoint. The only known gene on this clone is eukaryotic
translation initiation factor 3, subunit 6, EIF3S6 (also known as
INT6). The 3’ end of INT6 is located about 90 kb distal to the
breakpoint (Fig. 3C). The other two transcripts that map to
BAC KB1153C10 are a Ser/Thr aurora-like kinase gene predic-
tion and a novel gene with similarity to thrombospondin that
we named thrombospondin-like 1, THBSL1 (Fig. 3C). The 5’
end of the THBSLI transcript, (I.LM.A.G.E. EST clone
5201681) overlaps with the first 11 kb of clone KB1153C10.
The 3’ end of this gene overlaps with an adjacent BAC clone,
RP11-659A24 (Acc# AC025508), that is proximal to the break-
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point (Fig. 1 and 2). Finally, we also identified a CpG island in
this region that maps just upstream of the putative start site of
transcript of THBSLI1 (Fig. 3C). Genomic sequence analysis of
the Ser/Thr aurora-like kinase prediction revealed that this is
most likely a pseudogene since the putative mRNA moves in
and out of the translational reading frame. We were also unable
to detect expression of this transcript from a panel of different
cDNAs by RT-PCR analysis (data not shown).

In order to clone and characterize the 8p/8q inversion
breakpoints, we used the inverse polymerase chain reaction
(IPCR) and our knowledge of the 8q23 breakpoint restriction
map. For the purpose of clarity, we designated the two inver-
sion breakpoint junctions 1 and 2 (Fig. 4 and 5). Our strategy
for cloning the 8p/8q breakpoint junction 1 is illustrated in
Fig. 4A. Based on Southern analysis with MT6 probe (Materi-
als and methods), we knew that Ps?I generates a 6-kb band from
the wild-type allele and a 4-kb band from the rearranged chro-
mosome 8 (Fig. 3B). Using IPCR, we were able to obtain an
approximately 4-kb PCR product from the inverted chromo-
some containing the unknown sequence from 8p that is cen-
tromeric to the breakpoint 1, the Ps¢I site used for digestion and
ligation, and the sequence within the 8q that is telomeric to the
breakpoint (Fig.4). The expected IPCR product was only
observed from the DNA of the patient, but not when the same
experiment was performed using genomic DNA from a control
individual (data not shown). Sequence analysis of the IPCR
product with the BLAST tool identified a perfect match

Fig. 4. Cloning of the 8p/8q inversion breakpoint junction 1. (A) Sche-
matic representation of the normal and the inverted chromosomes 8 and the
location of the PstI recognition sites in the vicinity of the inversion break-
points (red triangles). Following inversion, the position of the PsI sites rela-
tive to the breakpoints changes. This change can be detected in Southern
analysis since the Ps¢I fragment obtained from the wild type allele differs in
size from that obtained from the inverted chromosome, 6 kb versus 4 kb. For
the inverse polymerase chain reaction (IPCR), genomic DNA from patient
ME 1 was digested with Psz1, self-ligated, and used as a template in a PCR
reaction with either primers C and D or with primers A and B. PCR primers
were generated on the basis of known sequence from 8q23. (B) Sequence
across the inversion breakpoint junction 1. The alignments show from top to
bottom: the 8p11.2 sequence centromeric to the breakpoint that is homolo-
gous to BAC clone AC092818, 8p/8q breakpoint junction 1, and the 8q23.1
sequence telomeric to the breakpoint that is homologous to BAC clone
APO001331. The boxes indicate the homologies between the three sequences.
Note a 5-bp insertion at the breakpoint junction. The orientation of the BAC
clones on the chromosome is indicated.

Fig. 5. Cloning of the 8p/8q inversion breakpoint junction 2. (A) Once
the sequence of one end of the 8p/8q inversion was known, additional PCR
primers were designed to specifically amplify the other end of the inversion.
Primers 8p”” and 8q’” (shown in purple) specifically amplify the breakpoint
junction 2 from the rearranged allele. The location of the primers is shown on
both the wild type and the inverted chromosomes. Primers used for IPCR (A,
B, C, and D) are also shown for comparison. (B) Sequence around the break-
point junction 2. The alignments shown from top to bottom: the 8p11.2
sequence telomeric to the breakpoint that is homologous to BAC clone
AC092818, the 8p/8q breakpoint junction 2, and the 8q23.1 sequence cen-
tromeric to the breakpoint that is homologous to BAC clone AP001331. Note
a 2-bp insertion at the breakpoint junction. The orientation of the BAC
clones on the chromosome is indicated. (C) Results of the “breakpoint-spe-
cific” PCR. The 1.8-kb fragment is obtained only from the patient’s genomic
DNA but not from the two control individuals.



. 1 A
wt ﬁm m ] inv
ol BREAKPOINT g &
g 38 q B 1 ¥ <
& L& & e
T ) P o
it w ] . inv B‘
/ i 8q
by Ky Iy
@ X i PRI DIGEST WITH Pstl l PR
. AND SELF-LIGATE %
wt = 1 inv @ §
D c
8 ) > | ¥«
—P — + y
6 kb 4kb - 8q
B
Qpll. 2 BAC AC092818: 57 |GTGAATCTACAAGTGCTGATGTAGYH AGCCGTAGTGAGTTATCCAGA 37
Cen PECEERERTRE e e e e e e Lot re el Tel
3’ |CACTTAGATGTTCACGACTACATCT TCEECATCACTCAATAGETCT 57
8pll.2 BREAKPOINT: 5’ |6TGAATCTACAAGTGCTGATGCTAGH FTCTT | GTAAACARATTTACA (37
cen PELRLRERLEL R ER Rt e e | TOrnn [ Crnnen it |zel
3’ |CACTTAGATGTTCACGACTACATCT] AAGAA |CATTTGTITAARRTGT | 57
8q23.1 BAC AP0OD1331: 5’ AAAGSACTAATATCCAGAATCTCCAACAMAC | GTAAMCAAATTTACA |3’
Cen POEEEECREr et e e e e e e el |red
3’ TTTCCTGATTATAGGTCTTAGAGGTIGTTTG |CATTTGTTTAAATST | 57
A w EEEG
b L
8y AC DB
2 1
v oo
e oo ﬁ
P,” quu AC DB C n - 3
-
E =
B <<
g B
= EEz&g
- ML Q a
Bpll.2 BAC ACD92818: 5' [TCTGGATAACTCACTACGGCTTCTA |[CATCAGCACTTGTAGATTCAC 37
Tel N
37 |AGACCTATTGAGTGATGCCGALGAT |GTAGTCGTGAACATCTAAGTG 5’ 2-0 kb
Fo23.1 BREAKPOINT: 5 [TCTGGATAACTCACTACGGCTTCTA (AC |TTTGTTGGAGATTCTGGAT |37 15 kb
Tel FRRREERRRRRrnennnnennnnn FERRRRRRRRREnnnttl Cen
3’ AGACCTATTGAGTGATGCCGAAGAT | TG CAACCTCTAAGACCTA |5/
Bg23.1 BAC APOO1331: 5" AGGACTTTTTCTTGTAAATTIGTTTACG |[TTTGTTGGAGATTCTGGAT | 3¢
Tel PROREEERRE et ee e e trnneennnet Cen 6mbp
37 TCCTGAAMAAGAACATTTAAACARATGC (AMACAACCTCTAAGACCTA | g

Cytogenet Genome Res 107:68-76 (2004)

73



between the unknown sequence from 8p and a segment of the
BAC clone RP11-419C23 (Acc# AC092818) that maps to
8pll.2.

In order to clone and characterize the other inversion break-
point junction (junction 2), and to determine whether the
inversion event resulted in insertions/deletions within either
8p11.2 or 8g23.1, we designed additional PCR primers within
8q23.1 and 8pl11.2 (Fig. SA). Using PCR primers 8q”” and
8p’”’, we were able to obtain a 1.8-kb PCR product that con-
tains the sequence from 8p that is telomeric to the breakpoint
junction 2, the 8q/8p breakpoint junction, and the sequence
from 8q23.1 that is centromeric to the breakpoint (Fig. 5B).
This “breakpoint-specific” PCR resulted in a 1.8-kb product
only when DNA from the patient ME-1 was used as a template,
but not when DNA from control individuals was used
(Fig. 5C).

Sequence analysis of the 8p/8q breakpoint junctions re-
vealed a 5-bp “TTCTT” insertion at the breakpoint junction 1
(Fig. 4B) and a 2-bp “AC” insertion at the breakpoint junction
2 (Fig. 5B). Reconstitution of the sequences of the 8p and 8q
breakpoint junctions revealed that the inversion event also
resulted in a deletion of a “C” nucleotide from the q arm just
before the “TTCTT” insertion, and a “TAGA” duplication on
the p arm on both sides of the “AC” insertion (data not shown).
Analysis of the genomic sequence surrounding the inversion
breakpoints revealed that the inversion event did not disrupt
the coding or nearby regulatory sequence of a gene, but rather
that both breakpoints occur within repetitive DNA. On the p
arm, the break disrupts a Tigger 1 repetitive element, whereas
on the q arm, the break occurs within a LINE-1 element. We
were unable to detect any sequence homology in regions sur-
rounding the inversion breakpoints.

Based on the observation of another case of congenital
hypertrichosis and rearrangement of 8q, we focused our molec-
ular analysis on this arm of chromosome 8. However, we
wanted to exclude the possibility that inversion in patient ME-
1 actually disrupts a gene on the p arm. Genomic sequence
analysis of the region on the BAC clone RP11-419C23 sur-
rounding the 8p breakpoint junction revealed the absence of
any known genes in the vicinity of the breakpoint (data not
shown). FKSG2, an apoptosis inhibitor, is the only known gene
in this interval and maps to 8p12 almost 200 kb 5 (telomeric)
to the breakpoint. In the interval 3’ (centromeric) to the 8p
breakpoint the first transcript, FLJ14299, maps almost 600 kb
away from the breakpoint. FLJ14299 is a novel gene of
unknown function.

Discussion

Cytogenetic mapping is a powerful tool for identification of
disease genes. There are many examples of human diseases in
which analysis of chromosomal anomalies have subsequently
led to discovery of disease critical intervals, and eventually lead
to identification of genes involved in the etiology of a disease.
Among these are holoprosencephaly (Belloni et al., 1996),
hand-and-foot syndrome (Crackower et al., 1996), aniridia
(Gessler et al., 1989), and X-linked ectodermal dysplasia (Sri-
vastava et al., 1996), among others.
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In our effort to clone the Ambras hypertrichosis gene, we
have performed extensive cytogenetic and molecular analysis
in a patient with AMS carrying a pericentric inversion of chro-
mosome 8, inv (8)(p11.2g23.1). Since congenital universal
hypertrichosis is a very rare condition, and rearrangement of
8q23 was reported in another patient with congenital hair over-
growth (Balducci et al., 1998; Tadin et al., 2001), we focused
our analysis on the inversion breakpoint within the q arm of the
chromosome. We have assembled a detailed physical map of
the 8q22 — q24 breakpoint interval and mapped all transcripts
in the vicinity of this breakpoint. Cloning of the breakpoints
revealed that the inversion does not disrupt a gene, but rather
occurs in a non-coding DNA. On the q arm, the break occurs
between the INT6 gene, which is distal to the breakpoint and
maps about 90 kb upstream, and a novel thrombospondin-like
gene, THBSL1, which maps about 30 kb proximal to the break-
point. We also analyzed genomic sequences surrounding the 8p
breakpoint to exclude the possibility that the observed pheno-
type is due to a disruption of a gene on this arm of the chromo-
some. Here too the inversion breakpoint occurs within extra-
genic DNA and the nearest transcripts in the vicinity of the
breakpoint map 200 kb telomeric and almost 600 kb centro-
meric to the break.

Several lines of evidence suggest that INT6 acts to prevent
breast tumorigenesis in humans and mice (Rasmussen et al.,
2001; Marchetti et al., 1995). INT6 is expressed ubiquitously
and early in embryogenesis in mice. Studies in yeast suggest
that INT6 may function in chromosome stability (Yen at al.,
2003). Amino acid sequence analysis revealed similarity to
eukaryotic translation initiation factors, but the exact function
of this gene remains largely unknown. Considering the ubiqui-
tous expression of INT6 and its potential role in translation
regulation and chromosome stability, we consider INT6 an
unlikely candidate for Ambras syndrome.

Another transcript identified in the vicinity of the break-
point in patient ME-1 is a novel thrombospondin-like gene,
THBSLI1. Thrombospondins are a family of extracellular mo-
dular glycoproteins (Adams and Tucker, 2000). Interestingly,
thrombospondin 1 (THBS1) has been implicated in the control
of hair follicle involution (Yano et al., 2003). However, the
effects of THBS1 on the hair growth and cycling seem to be
associated with changes in perifollicular vascularization and
vascular proliferation, which, to our knowledge, are not ob-
served in Ambras patients. The 5’ end of the THBSL1 gene was
mapped about 30 kb centromeric to the breakpoint in patient
ME-1. Genomic sequence analysis in this interval revealed the
presence of a CpG island that maps just upstream of the puta-
tive start site of the transcript. However, it remains to be deter-
mined whether the region upstream of the cDNA start site con-
tains enhancer elements that may have been disrupted in the
inversion event.

Little is known about the mechanism of de novo balanced
rearrangements. These are very rare events and are thought to
occur randomly. Our finding that one of the breakpoints occurs
within a Tigger-1 DNA transposon is noteworthy since a trans-
poson-mediated recombination has been proposed as the
mechanism for generating rearrangements in patients with
Charot-Marie-Tooth disease type 1A (CMT1A) and hereditary



neuropathy with liability to pressure palsies (HNPP) (Reiter et
al., 1996). Tigger-1 is a DNA transposon-like element that
closely resembles the Drosophila pogo DNA transposon (Smith
and Riggs, 1996). Among all DNA transposon-like elements
that make up about 1% of the human genome, there are about
3,000 Tigger-1 elements (Smith and Riggs, 1996). Tigger ele-
ments are thought to have originated about 80-90 millions of
years ago in an early primate or primate ancestor (Robertson,
1996). In Drosophila, transposable elements have been shown
to mediate chromosomal inversions (Caceres et al., 1999). An
intriguing hypothesis is that the inversion event in our Ambras
patient is also transposase-mediated.

Observation of the small insertions and deletions at the
breakpoint junctions, is consistent with similar observations
for other translocations (Zhang et al., 2002; Reiter et al., 2003;
Abeysinghe et al., 2003). The lack of sequence similarity
between the sequences surrounding the 8p and 8q breakpoints
suggests that the inversion did not occur by a homologous
recombination event. The lack of a recombination “hotspot” at
the breakpoint junctions might explain why this particular peri-
centric inversion of chromosome 8§ is so rare. We are unaware
of any other cases in the literature that are reported to have this
same rearrangement.

Since the inversion breakpoints in our patient do not dis-
rupt the coding sequence of a gene, we believe that a position
effect might be the cause of the mutant phenotype in this
Ambras syndrome patient. A position effect is a phenomenon
reflecting alterations in gene expression that result from
changes in the gene’s position relative to its normal chromo-
somal context rather than intragenic deletions or mutations
(Kleinjan and van Heyningen, 1998). Position effects have
been implicated as causative events in a number of human dis-
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