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Heterozygous Submicroscopic Inversions Involving Olfactory
Receptor—Gene Clusters Mediate the Recurrent t(4;8)(p16;p23)
Translocation
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The t(4;8)(p16;p23) translocation, in either the balanced form or the unbalanced form, has been reported several
times. Taking into consideration the fact that this translocation may be undetected in routine cytogenetics, we find
that it may be the most frequent translocation after t(11q;22q), which is the most common reciprocal translocation
in humans. Case subjects with der(4) have the Wolf-Hirschhorn syndrome, whereas case subjects with der(8) show
a milder spectrum of dysmorphic features. Two pairs of the many olfactory receptor (OR)-gene clusters are located
close to each other, on both 4p16 and 8p23. Previously, we demonstrated that an inversion polymorphism of the
OR region at 8p23 plays a crucial role in the generation of chromosomal imbalances through unusual meiotic
exchanges. These findings prompted us to investigate whether OR-related inversion polymorphisms at 4p16 and
8p23 might also be involved in the origin of the t(4;8)(p16;p23) translocation. In seven case subjects (five of whom
both represented de novo cases and were of maternal origin), including individuals with unbalanced and balanced
translocations, we demonstrated that the breakpoints fell within the 4p and 8p OR-gene clusters. FISH experiments
with appropriate bacterial-artificial-chromosome probes detected heterozygous submicroscopic inversions of both
4p and 8p regions in all the five mothers of the de novo case subjects. Heterozygous inversions on 4p16 and 8p23
were detected in 12.5% and 26% of control subjects, respectively, whereas 2.5% of them were scored as doubly
heterozygous. These novel data emphasize the importance of segmental duplications and large-scale genomic poly-
morphisms in the evolution and pathology of the human genome.

Introduction

Recent evidence has shown that the presence of a het-
erozygous submicroscopic parental inversion can me-
diate other chromosomal rearrangements and that these
inversions are relatively common in the population (Job-
ling et al. 1998; Giglio et al. 2001). The meiotic mech-
anisms responsible do not substantially differ from those
observed in classical inversions. In 1998, it was shown
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(by Jobling et al. [1998]) that the Xp/Yp translocation,
accounting for XX male case subjects and XY female
case subjects, occurred preferentially on Y chromosomes
bearing a submicroscopic inversion of Yp. Previously,
this inversion had been considered to be a neutral poly-
morphism, and these data had been considered to be
peculiar to the sex chromosomes in that, owing to their
common origin, they share several homologous regions
and normally pair at pseudoautosomal region 1. How-
ever, the importance of these observations has been un-
derlined by the demonstration (Giglio et al. 2001) that
some recurrent 8p rearrangements Occur as a CONSe-
quence of an inversion polymorphism—mediated by two
olfactory receptor (OR)-gene clusters—that is present
in the parent transmitting the disease-related chromo-
some. Since OR-gene clusters exist at 4p16, as well as
8p23.1 (see the Database of Human Olfactory Receptor
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Genes Web site), we supposed that they might again be
implicated in the genesis of the recurrent t(4;8)(p16;p23)
translocation. This translocation has been reported in
no fewer than 14 single or familial case subjects in either
the balanced form or the unbalanced form (Wieczorek
et al. 2000). Since it involves regions of very similar size
and banding pattern, it may be undetected at the 400-
band resolution that has been used, over the years, for
much routine cytogenetic analysis. Thus, it is possible
that this translocation is the most frequent one after the
t(11q;22q) translocation, which is the most common
reciprocal translocation in humans (Kurahashi et al.
2000). Case subjects with der(4) have the Wolf-Hirsch-
horn syndrome (WHS [MIM 194190]), whereas case
subjects with der(8) have a less severe dysmorphic/men-
tal retardation syndrome (Tranebjaerg et al. 1984). Our
hypothesis that the translocation was mediated by OR-
gene clusters, was reinforced by the finding that, in five
patients with a der(4)t(4;8)(p16;p23), the 4p break-
points were found to be at either ~5 Mb or ~14 Mb
from the telomere of 4p (Wieczoreck et al. 2000). We
reasoned that these two regions were compatible with
the location of the 4p OR-gene clusters. We further hy-
pothesized that heterozygous submicroscopic inversions
of both 4p and 8p could prevent correct synapsis of the
inverted regions at meiosis. As a result, both tetrads
might assume a configuration that could result in an
illegitimate but “homologous” crossover between the
OR-gene clusters present on both 4p and 8p. In other
words, the double heterozygous inversion would make
two nonhomologous chromosomes available to recom-
bine with each other.

Subjects and Methods

Subjects

We analyzed six case subjects (designated as “1”-“6”
in tables 1 and 2) affected by WHS associated with
der(4)t(4;8)(p16;p23) and their parents. We also analyzed
one case subject (designated as “7” in tables 1 and 2)
who had t(4;8)(p16;p23) and was the father of a case
subject with WHS not included in this study. Case subjects
1 and 4 are those who were designated as “2” and “3,”
respectively, by Wieczorek et al. (2000); case subject 5
was designated as “2” by Tonnies et al. (2001). A control
population composed of 40 Ph.D. students was also an-
alyzed (all blood samples were collected after informed
consent was obtained).

General Procedure

The chromosome 8 translocation breakpoint had been
refined by FISH, through use of clones of the 8p contigs
already built in our previous study on inv dup(8p) (Giglio
et al. 2001). Three OR-gene clusters are present on 8p
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(see the Database of Human Olfactory Receptor Genes
Web site), and we previously reported the characterization
of the central and proximal clusters containing 8p central
and proximal repeated sequences (REPs), denoted as “8p
REPD” and “8p REPP,” respectively.

Physical maps around the two OR-gene clusters at 4p
are not well characterized, probably because of diffi-
culties inherent in their duplicon-rich nature (Bailey et
al. 2001). By in silico data mining, BAC-library screen-
ing, and FISH analysis of the resulting clones on the
translocated chromosomes, we constructed a more pre-
cise physical map around the two OR-gene clusters at
4p. We named the distal and proximal REPs “4p REPD”
and “4p REPP,” respectively.

Construction of the 4p16 Contigs and Map
of the Region

FISH with BACs from RP11 library on metaphases
from case subjects 1-7 defined a 12-Mb region that con-
tained the translocation breakpoints. Data from the Na-
tional Center for Biotechnology Information (NCBI) En-
trez Genome View, the Celera Publication Site, and the
Washington University in Saint Louis (WUSTL) Genome
Sequencing Center showed that this region contained
misassembly, misassignment, and/or decreased sequence
coverage. Genome “holes” appeared, with sizes ranging
between 100 and 200 kb. Thus, we estimated that they
could be filled by one or two BACs. To build a unique
contig, we analyzed the single BACs in the NCBI BLAST
database. PCR products generated by primers designed
on the end sequences of nonoverlapping BACs were used
to screen high-density filters of the entire RP11/1 and
RP11/2 libraries (BACPAC Resources). The resulting
BACs were then used to confirm their mapping at 4p16,
and their ends were sequenced and “blasted,” to test if
they were filling the holes between contigs. Combining
the FISH data on case subjects 1-7 with the mapping
data from NCBI Entrez Genome View, Celera Publica-
tion Site, and WUSTL Genome Sequencing Center has
permitted the location and orientation of BACs that have
not yet been anchored.

Clone Isolation

BAC ends were amplified with specific primers. The
software package Primer 3 was used to create primers
from the sequence information. The amplification mix
consisted of a 2-uM concentration of each primer, 200
uM deoxyribonucleotide triphosphates, 1 x Mg** buffer
(PerkinElmer), 1.25 U of Tag DNA polymerase (Perkin-
Elmer), and 50 ng of genomic DNA. PCR conditions
were as follows: 95°C for 5 min; 35 cycles of 95°C for
40 s, 68°C for 40 s, and 72°C for 40 s; and 72°C for
S min.
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FISH Analysis

FISH analysis was performed on both metaphase
and interphase chromosomes from peripheral and/or
lymphoblastoid cell lines from the six case subjects
with der(4) (i.e., case subjects 1-6), the t(4;8)(p16;p23)
translocation—-bearing father of a case subject with
der(4) (i.e., case subject 7), and 40 control subjects.
We also analyzed the parent who transmitted the dis-
ease-related chromosome of the five de novo case sub-
jects. All probes used were from RP11 and Genome-
SystemlInc libraries. Probe and slide preparation, DNA
hybridization, and analysis were performed using con-
ventional methods. At least 20 cells per case subject
were analyzed by direct microscopic visualization and
digital-imaging analysis.

Microsatellite Analysis

The DNA from case subjects 2, 3, and 5§ and their
parents was extracted from blood in EDTA by conven-

-
der{4)

Figure 2
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tional methods. Primers for locus D452935 were from
Applied Biosystems, and the 8p-specific amplimers and
assay conditions have been described elsewhere (Giglio
et al. 2001).

Results

4p OR Contigs

The two 4p OR contigs are shown in figure 1. The
two 8p OR contigs have been illustrated elsewhere (fig.
1 in Giglio et al. 2001). The OR-gene clusters at 4p and
8p are composed of blocks of nearly identical sequences
(>95% identity), each spanning ~400 kb. They contain
genes, pseudogenes, and fragments of the OR and an-
giopoietin genes (fig. 1 of the present paper and fig. 1
in Giglio et al. 2001). Unfortunately, none of the holes
that are present in the different maps (NCBI Entrez Ge-
nome View, Celera Publication Site, and WUSTL Ge-
nome Sequencing Center) could be completely filled, in-

| ® 529¢10

.

|7 7]

der(d)

Metaphase FISH on case subject 7 (with the 46,XY,t(4;8)(p16;p23.1) translocation), showing the der(4) breakpoint. In the

ideograms, the normal 4p is on the left, and the two derivative chromosomes are on the right; the red and orange squares indicate the REPD
and the REPP, respectively. Red signals correspond to the distal 4p-REPD BAC RP11-324i10; these signals are present in several OR-gene cluster
regions. a, Probe RP11-529¢10 (green signals), which maps distal to the 4p REPD. This clone is translocated to the der(8). b, Probe RP11-
323f5 (green signals), which is one of the more distal clones in the region included between the two 4p REPs. This clone remains on the der(4).
These data demonstrate that the 4p breakpoint in case subject 7 is within the REPD (see also fig. 1).
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dicating that these holes were bigger than had been
predicted by the genome databases.

The Translocation Breakpoints

In case subjects 1 and 2, the 4p breakpoints were iden-
tified as falling in the 4p REPP (table 1). In fact, the first
BAC present in the der(4) was RP11-690d17, which is
the most distal clone partially belonging to REPP; all the
more distal ones were absent. BAC RP11-3m2, proximal
to REPP, was present in the der(4). In case subjects 3-7,
the 4p breakpoint coincided with the 4p REPD (table 1
and fig. 2). In fact, all probes distal to REPD—including
BAC RP11-529¢10, the probe most proximal to REPD
—were absent in the der(4) from case subjects 3—6 and
were translocated to the der(8) in case subject 7. The 8p
breakpoint was always detected within the 8p REPD (ta-
ble 2 and fig. 3): BACs GS29g18 and GS143g5, distal but
adjacent to the 8p REPD, were translocated to the der(4),
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whereas G517304, the probe most proximal to 8p REPD,
was still present in the der(8).

Parents Transmitting the Disease-Related Chromosome

In all five de novo case subjects with der(4), the dis-
ease-related chromosome was of maternal origin (for
case subjects 1 and 4, see Wieczoreck et al. 2000; data
not shown for case subjects 2, 3, and 5). To assess the
maternal organization of these regions, we investigated
the maternal chromosomes by FISH with appropriate
4p and 8p BACs. Interestingly, all five mothers were
found to be heterozygous for both 4p and 8p inversions
(fig. 4). Clones RP11-323f5 and RP11-448g135, included
between the two 4p REPs, were inverted in one maternal
chromosome 4, whereas clones GS-17304 and GS-
25703, included between the two 8p REPs (Giglio et al.
2001), showed that one maternal chromosome 8 was
inverted. Clones RP11-529¢10 and RP11-3m2, external

Figure 3

Metaphase FISH in case subject 7 (with the 46,XY,t(4;8)(p16;p23.1) translocation), showing the der(8) breakpoint. In the

ideograms, the normal 8p is on the left, and the two derivative chromosomes are on the right; the red and orange squares indicate the REPD
and the REPP, respectively. Green signals correspond to GS-42i21, which maps within the 8p REPD; these signals are present in several OR-
gene cluster regions. a, Probe GS-143g5 (red signals), which is distal but adjacent to the 8p REPD. This clone is transposed to the der(4). b,
Probe GS-17304 (red signals), which is the most distal clone within the region included between the two 8p REPs. This clone remains on the
der(8). These data demonstrate that the 8p breakpoint is within the REPD (see also fig. 1 in Eichler 2001).
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to the 4p REPs, and clones GS143g5 and 224417
(FBAC-4434 library), external to the 8p REPs, were not
inverted in either maternal chromosomes 4 or 8 (data
not shown). These data demonstrated that the two pairs
of 4p and 8p OR-gene clusters delimited the inversion
boundaries.

Analysis of a Control Population

To better understand the biological significance of our
findings, we investigated normal control subjects. Five
of 40 (12.5%) were found to be heterozygous for the
inversion at 4p, and 13 of 50 (26%) were found to be
heterozygous at 8p. Consistent with Hardy-Weinberg
equilibrium, among 40 control subjects, one doubly het-
erozygous individual (2.5%) was found. These data sug-
gest a highly significant association (P < 107, by Fish-
er’s exact test) between the polymorphic heterozygous
submicroscopic inversion and the translocation event.

Discussion

The extensive segmental duplication of the human ge-
nome has recently become a focus of scientific attention
for its evolutionary implications (Johnson et al. 2001;
Crosier et al. 2002; Samonte and Eichler 2002) and for
its role in the mediation of genomic disorders (Eichler
2001; Emanuel and Shaikh 2001; Stankiewicz and Lup-

inv(4p)

Figure 4
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ski 2002). In fact, an increasing number of human dis-
eases—those now called “genomic disorders”—are rec-
ognized as resulting from recurrent rearrangements that
involve unstable genomic regions (Ji et al. 2000; Eman-
uel and Shaikh 2001; Stankiewich and Lupski 2002). Such
genomic abnormalities have been shown to result from
nonallelic homologous recombination between specific
low-copy repeats (“duplicons” or “segmental duplica-
tions”). Misalignment and recombination between ho-
mologous segmental duplications lying on the same chro-
mosome has been demonstrated to lead to deletions,
duplications, supernumerary chromosomes, and benign
and pathological inversions. Although these events had
been considered as stochastic, we have recently discovered
that some 8p imbalances, previously considered as oc-
curring “de novo,” are, on the contrary, the precise con-
sequence of heterozygous inversion polymorphisms gen-
erated by the OR-gene duplicons at 8p23 through unusual
meiotic configurations (Giglio et al. 2001). Similar find-
ings at the Williams-Beuren 7q11.23 deletion region (Os-
borne et al. 2001) support the idea that heterozygosity
for these inversions plays a role in the causing of suscep-
tibility to unequal recombination. We have now dem-
onstrated, for the first time to our knowledge, that double-
heterozygous inversion polymorphisms that are present
in nonhomologous chromosomes (generated again by
OR-gene clusters) may also mediate interchromosomal

inv{Bp)

FISH in the mother of case subject 3 (with 46,XX). a, Normal and inverted 4p. At left, the ideograms show that clones RP11-

323f5 (red signals) and RP11-448g15 (green signals), included between the two 4p REPs, are inverted in the chromosome 4 (arrowhead). In
the square, a nucleus shows the same inversion; yellow signals refer to the control probe RP11-520mS5, which is distal to the 4p REPD (see
fig. 1), and red and green signals refer to RP11-323f5 and RP11-19016, respectively (these two clones are at a distance of ~2 Mb and thus are
more appropriate for interphase FISH). b, Normal and inverted 8p. At right, the ideograms show that clones GS-17304 (red signals) and GS-
25703 (green signals), included between the two 8p REPs, are inverted in one chromosome 8 (arrowhead). RP11-563019 (yellow signals), at

8p12, was used as a control probe.
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rearrangements. A relatively small number of submicro-
scopic inversions, all flanked by low-copy repeats, have
been reported (Lakich et al. 1993; Bondeson et al. 1995;
Small et al. 1997; Jobling et al. 1998; Saunier et al. 2000;
Giglio et al. 2001; Osborne et al. 2001), and most of
them have been ascertained in clinical cases. Their oc-
currence, however, may be underestimated, since 5%-—
10% of the human genome is now thought to consist of
interspersed, highly homologous duplications that have
arisen over the past 35 million years of human genomic
evolution (Eichler 2001). It is becoming clear that neigh-
boring duplicons can produce, in addition to duplications
and deletions, inversion polymorphisms that, in turn, can
cause predisposition to other chromosomal imbalances.

The concept of “predisposition” to chromosomal
rearrangements implies that inversion heterozygotes
may be at risk of having more than one child with a
de novo chromosomal rearrangement. Although two
siblings with the Williams-Beuren deletion had been
described elsewhere (Kara-Mostefa et al. 1999), a com-
prehensive survey of the numerous cases of inv dup(8p)
andder(4)t(4;8)(p16;p23) showed that all of them rep-
resented isolated cases. In addition, the facts that het-
erozygous 8p polymorphisms occur in ~1 in 4 control
subjects (26 %) and that case subjects with inv dup(8p)
have an estimated frequency of 1 in 20,000 (Floridia et
al. 1996) suggest that the population frequency of these
heterozygous inversions is high, relative to the frequency
of the rearrangements to which they predispose. The
theoretical expectation of recurrence and the empirical
data may, however, be reconciled by taking into account
the fact that cases coming to clinical attention are only
those that are compatible with relatively normal em-
bryonic development. Our studies on 8p imbalances
have indicated that the prerequisite for the inv dup(8p)
formation is the occurrence of a dicentric 8qter-cen-8p:
:8p-cen-8qter chromosome, followed by a breakage at
anaphase I (Giglio et al. 2001). The absence of a break-
age would result in a fetus that bears an almost complete
trisomy 8 and that thus would be unlikely to be viable.
Moreover, we have shown that heterozygous inversion
carriers can generate not only inv dup(8p) chromosomes
but also their reciprocal product (i.e., small acentric
marker chromosomes). It is likely that these markers
are lost, resulting in a fetus with normal chromosomes,
unless a neocentromere is immediately formed. The last
occurrence seems to be a very rare event (Warburton
2001). Thus, the fact that case subjects with de novo
chromosomal rearrangements are usually unique in
their family does not preclude our hypothesis that sub-
microscopic genomic polymorphisms predispose to un-
balanced chromosomal rearrangements.

Am. J. Hum. Genet. 71:276-285, 2002
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