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Letter

AT-rich repeats associated with chromosome 22qll.2
rearrangement disorders shape human genome

architecture on Yql2

Melanie Babcock," Svetlana Yatsenko,? Pawel Stankiewicz,? James R. Lupski,?

and Bernice E. Morrow'-3

"Department of Molecular Genetics, Albert Einstein College of Medicine, Bronx, New York 10461, USA; “Molecular and Human

Genetics, Baylor College of Medicine, Houston, Texas 77030, USA

Low copy repeats (LCRs; segmental duplications) constitute ~5% of the sequenced human genome. Nonallelic
homologous recombination events between LCRs during meiosis can lead to chromosomal rearrangements
responsible for many genomic disorders. The 22qll.2 region is susceptible to recurrent and nonrecurrent deletions,
duplications as well as translocations that are mediated by LCRs termed LCR22s. One particular DNA structural
element, a palindromic AT-rich repeat (PATRR) present within LCR22-3a, is responsible for translocations. Similar
AT-rich repeats are present within the two largest LCR22s, LCR22-2 and LCR22-4. We provide direct sequence
evidence that the AT-rich repeats have altered LCR22 organization during primate evolution. The AT-rich repeats
are surrounded by a subtype of human satellite I (HSAT 1), and an AluSc element, forming a 2.4-kb tripartite
structure. Besides 22ql1.2, FISH and PCR mapping localized the tripartite repeat within heterochromatic, unsequenced
regions of the genome, including the pericentromeric regions of the acrocentric chromosomes and the
heterochromatic portion of Yql2 in humans. The repeat is also present on autosomes but not on chromosome Y in
other hominoid species, suggesting that it has duplicated on Yql2 after speciation of humans from its common
ancestor. This demonstrates that AT-rich repeats have shaped or altered the structure of the genome during
evolution.

[Supplemental material is available online at www.genome.org.]

The human 22q11.2 region is susceptible to chromosome rear-
rangements leading to multiple congenital malformation disor-
ders (for review, see McDermid and Morrow 2002). The most well
recognized is velo-cardio-facial syndrome/DiGeorge syndrome
(22q11.2 deletion syndrome, 22q11DS; MIM 192430; MIM
601,362) associated with a recurrent 3-Mb hemizygous deletion
(Morrow et al. 1995; Carlson et al. 1997; Shaikh et al. 2000). A
newly described developmental disorder occurs in individuals
with a duplication of the same region that is deleted (Edelmann
et al. 1999; Ensenauer et al. 2003). The deletion and duplication
result from nonallelic homologous recombination events be-
tween two 240-kb low copy repeats (LCRs) termed LCR22-2 and
LCR22-4 (Fig. 1; Babcock et al. 2003). Approximately 7% of
22q11DS patients have a nested distal deletion endpoint in a
third LCR22, LCR22-3a, lying equidistant between LCR22-2 and
LCR22-4 (Fig. 1). In addition to deletions and duplications, trans-
locations also occur in 22q11.2, some within LCR22s. The con-
stitutional t(11;22) translocation is the most common non-
Robertsonian recurrent translocation in humans and the break-
point on 22q11.2 is in LCR22-3a (Fraccaro et al. 1980; Zackai and
Emanuel 1980; Funke et al. 1999). Another, more rare recurrent
translocation, the t(17;22) translocation occurs in the same re-
gion as well (Kehrer-Sawatzki et al. 1997; Edelmann et al. 2001).
In addition, other de novo translocations also occur on 22q11.2,
several in the vicinity of LCR22s (Spiteri et al. 2003). The chro-
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mosome breakpoints on 22q11.2 for the recurrent translocations
are in the center of an AT-rich palindrome, hypothesized to form
unstable cruciform structures (Kehrer-Sawatzki et al. 1997; Kura-
hashi et al. 2000; Edelmann et al. 2001). Analysis of the AT-rich
palindromes mediating 22q11.2 translocations revealed that the
frequency of the translocation is higher when the AT-rich palin-
drome is nearly perfect or symmetrical, underscoring the impor-
tance in the structure of these elements in chromosome rear-
rangements (Inagaki et al. 2005; Kato et al. 2006).

The eight LCR22s are composed of genes and partial pseu-
dogene copies forming a complex mosaic, comprising 11% of the
22q11.2 region (Bailey et al. 2002; Babcock et al. 2003). Since the
LCR22s are responsible for several human genomic disorders, ef-
forts have been initiated to determine how their complex struc-
ture has formed during evolution. As a first step, we examined
the DNA sequence of the full-length genes present in the LCR22s,
specifically, USP18, BCR, GGTLA1, and GGTI and compared
them with the sequence at the endpoints of the partial pseudo-
gene copies. We found that Alu SINE (short interspersed repeti-
tive element) elements were present at the borders of the pseu-
dogene copies. This implicated Alu elements in mediating recom-
bination events, thereby shaping the architecture of the LCR22s
(Babcock et al. 2003). This was found to be consistent with a
whole-genome analysis of the LCR endpoints (Bailey et al. 2003).
The Alu recombination events do not explain all the rearrange-
ments because they are not all the endpoints of chromosome
breakage within the LCR22s.

AT-rich repeats are present within clusters in the LCR22s
associated with human genomic disorders, LCR22-2, -3a, and -4.
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Figure 1. LCR22s mediate deletions/duplications and translocations.
The line spanning left to right, represents the q11 region of chromosome
22 (cen indicates centromere). The LCR22s mediate the 22q11.2 deletion
syndrome (velo-cardio-facial/DiGeorge syndrome), the reciprocal dupli-
cation syndrome, as well as the known recurrent t(11;22) translocation
and t(17;22) translocation. LCR22-2 and -4 are >99% identical and
through homologous recombination mediate the deletion syndromes, as
well as, the duplication disorders. LCR22-3a is involved in the deletion
syndromes as well but is predominately involved in translocations.

They are part of a tripartite 2.4-kb repeat containing two other
elements: a subclass of human satellite I DNA (566 bp; HSAT I)
and an AluSc SINE. Examination of these LCR sequences revealed
that chromosome breakpoints occurred within the AT-rich re-
peat, thereby shaping or altering LCR22 architecture during evo-
lution. To determine if the tripartite repeat mapped to other ge-
nomic regions that could be susceptible to chromosome rear-
rangements, we performed fluorescence in situ hybridization
(FISH) and polymerase chain reaction (PCR) mapping studies. In
addition to chromosome 22q11.2, the tripartite repeat was found
in the pericentromeric regions of the acrocentric chromosomes
by PCR analysis and examination of the reference human ge-
nome sequence. It was also found on the Yq12 as determined by
FISH mapping. The HSAT I sequence is absent on chromosome Y
in primate species but present in autosomes, suggesting that
these are recent additions on chromosome Y. Thus, the AT-rich
repeats, responsible for translocations disrupting the 22q11.2 re-
gion, are in regions of the genome that have become rearranged
during primate evolution. Our findings further illustrate the dy-
namic nature of the structure of the human genome.

Results

AT-rich repeats shape LCR22 structure

Examination of the sequence of LCR22-2 and LCR22-4, associ-
ated with chromosome rearrangement disorders, revealed a series
of AT-rich blocks present within some of them (Fig. 2; Babcock et
al. 2003). To determine the number of copies and the sequence
context of the AT-rich repeat in the LCR22s, we examined its
organization in the annotated human genome sequence (March
2006 assembly; UCSC Browser) (Kent et al. 2002). The AT-rich
sequence is present within a tripartite repeat consisting of a sub-
family of the human satellite I element, termed HSAT I, and an
AluSc. The HSAT I has a complex organization. It is composed of
two parts, a simple classical satellite consisting of an A-B-A-B-A
array where A is 17 bp and B is 25 bp, and a complex repetitive
sequence termed DYZ2, which has been considered the male
specific HSAT I (Frommer et al. 1982, 1984; Prosser et al. 1986).
There were varying numbers of the tripartite repeat clusters
within the LCR22s (Fig. 2, USP18 block, pink; Babcock et al. 2003).
BLAT analysis was performed to determine the percentage of
identity among them. All the copies of HSAT I were compared to
the most centromeric HSAT I element, and therefore, it is the
percentage of identity to this template that is shown in Figure 2.
The HSAT I elements were between 93.8% and 99.2% identical to

each other. The percentage of identity was similar between each
AluSc element located immediately adjacent to each HSAT I ele-
ment (data not shown). HSAT I’s in the largest cluster of repeats
(repeats 6-9) showed the greatest divergence with the other
HSAT I copies and with each other (Fig. 2; Supplemental Fig. 1).
This suggests that the individual HSAT I elements within this
cluster of four HSAT I elements may have been the oldest; al-
though based upon the high level of homology, all have evolved
recently during primate evolution.

Examination of the tripartite repeat and the endpoints of
the LCR22s revealed a breakpoint between LCR22-2 and adjacent
non-LCR22 sequences within the AT-rich repeat (Fig. 3). This
region is the distal end of LCR22-2, upstream of the DGCR6 gene.
These data suggest that the AT-rich repeat might have mediated
gross LCR22 duplications during evolution. The same region was
present within LCR22-4, but not at its end. Based upon these
findings, we can hypothesize that LCR22-4 served as the progeni-
tor. The centromeric breakpoint is not shown in the figure, as it
doesn’t contain the repeat. Likely, the duplication was created by
double crossover via nonhomologous recombination.

To determine if this tripartite repeat was present elsewhere
in the genome, BLAT and BLAST analyses were performed. As
expected, this repeat was found in the three LCR22s, and in ad-
dition, one copy of the element was found on the pericentro-
meric chromosome 21p11.1 region, in an island of overlapping
genomic clones, containing at one end, centromeric a-satellite
repeats.

HSAT | elements are present on acrocentric chromosomes

The annotated sequence from a 490,232-bp contig on chromo-
some 21p11.1 containing the only other mapped tripartite repeat
in the reference genome sequence, was examined more closely to
delineate annotated sequence features (Fig. 4A, left). Examina-
tion of the FISH mapping track (cytogenetic track) in the UCSC
Browser (March 2006 assembly) revealed that two BACs (RP11-
91110, RP11-89C20) that are located near the tripartite repeat,
hybridized to the pericentromeric regions, p11.1-p11.2, of all the
acrocentric chromosomes. The two BACs contained predomi-
nantly human HSAT II sequences, consisting largely of
(GAATG)n. The HSAT II repeat is present in the same sequenced
BAC clones (AC084096, AF245982) as a-satellite sequences. a-sat-
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Figure 2. Organization of HSAT I/Alu/AT-rich sequence in the LCR22s.
The LCR22s are made of blocks or modules shown here in the block
structures (LCR22-2 is 241,823 bp; LCR22-3 size is not determined;
LCR22-4 is 245,258 bp; Babcock et al. 2003). The different colors repre-
sent the different gene portions the LCR contains and its organization:
USP18, pink; BCR, blue; GGT2 (found in LCR22-2 and LCR22-4, while
GGT1 is found in LCR22-8) and GGTLAT, yellow; IGSF3 (pseudogene; real
gene found on chromosome 1p13.1), orange. The blocks found under
the LCR blocks represent the known HSAT | elements. These HSAT |
elements are found in both orientations and are associated with Alus and
AT-rich sequence. The orientation is centromere to telomere of 22q11.2
from left to right. The numbers represent the percent identity between
the HSAT I's, using the most centromeric element as reference.
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ellites comprise human centromeres, thereby forming a direct
physical linkage between the contig in Figure 4A (left) and cen-
tromeric regions, in this case, of acrocentric chromosomes.

The annotated sequence of the island of genomic clones in
the 21p11.1 region was examined to search for genes. There are
three genes/pseudogenes present, TPTE, BAGE3, and a homolog
of a mouse gene, VIrc3 (Fig. 4A, left). These genes comprise a
segmental duplication and are present in the acrocentric chro-
mosomes, among other regions, confirmed by FISH mapping
(RP11-139021, RP11-149122) (Fig. 4A, left; Chen et al. 1999;
Ruault et al. 2003). The genomic clones shown in the map from
the UCSC Browser were linked by significant depth (clone cov-
erage and BAC end pairs) and thus suggest that the tripartite
repeat maps to the centromeric regions of acrocentric chromo-
somes, regions that as of yet are unmapped (Fig. 4B, right, arrows).

To validate the presence of the HSAT I element on the ac-
rocentric chromosomes, we performed PCR analysis using prim-
ers specific to the portion of the HSAT I element that was con-
served among primate species on DNA from a hamster-human
somatic hybrid panel (Fig. 4B). A PCR product was detected in the
lanes containing the acrocentric chromosomes (Fig. 4B).

To gain insight into the relative percentage of sequence di-
vergence and thus evolutionary history of the HSAT I sequence in
the different acrocentric chromosomes, we sequenced the PCR
products obtained from the chromosome panel (Fig. 4A; Supple-
mental Fig. 1). The 400-bp HSAT I PCR products from different
chromosomes were 96%-99% identical with each other. We re-
alize that there may be multiple copies of this element on each
individual chromosome; thus, the sequence obtained may be
representative of each chromosome. This suggests that they have
formed recently during evolution or that gene conversion has
served to homogenize the sequences. To validate precisely where
the HSAT I elements mapped on the acrocentric chromosomes,

we performed low- and high-stringency FISH mapping with a
400-bp HSAT I probe and separately with the 2.4-kb tripartite
repeat probe, but we could not detect a signal, likely due to the
small number of copies of the repeat in the acrocentric chromo-
somes.

HSAT | elements are similar in size

The AT-rich sequence within the tripartite element varied in
length on genomic clones that have been sequenced (largely
from chromosome 22q11.2). This could be due to actual differ-
ences in size in the human genome or artifactual differences in
annotated sequence from genomic clones. To determine whether
the HSAT I/Alu/AT-rich repeat showed variability in size in the
unmapped regions of the genome, we performed a genomic
Southern blot hybridization experiment using the restriction en-
donuclease, Spel, which digests once per tripartite repeat (Fig.
5A). A faintly detectable 2.4-kb DNA Spel fragment was present
in female human genomic DNA (three unrelated females) (Fig.
5B), and a strongly detectable, similar sized fragment was present
in male DNA (Fig. 5B). This suggests that there is one predomi-
nant repeat length and that perhaps the AT-rich sequence is re-
arranged in BAC clones. There were more copies (~20-fold) of this
element in male DNA than female DNA, consistent with previous
reports that it is amplified on chromosome Y (Cooke et al. 1982).
To verify the sequence composition, we resequenced seven inde-
pendent copies of the tripartite repeat, including the AT-rich re-
peat.

AT-rich repeats are on Yql2

We noted that another copy of the TPTE gene, mapping to the
segmental duplication in the acrocentric chromosomes was
found at the most telomeric part of the Yq11.23 region, juxta-
posed to the unmapped Yq12 band (Fig.
4A, right). Of interest, the BACs, RP11-

) 91110 and RP11-89C20, containing

.J LCR22-2 ( DGCR6 HSAT II sequences found in acrocentric
I chromosomes, mapped to this region as

: ACDOBI0S—vanes T, ' well. PCR analysis of somatic hybrid cell
SINE - — lines containing chromosome Y, indi-

e I e cated that the HSAT I mapped to chro-

Chr22:17,255,622-17,263,383

GGAAATAGGGCACCCCC

TATAGCCAATAGTGAGAGTTTC
1

mosome Y (Fig. 4B). There were no
HSATI/Alu/AT-rich repeats detected in
the currently available, human genome
assembly (UCSC Browser, March 2006
[build 36.1]) of Yq12, since it is hetero-

chromatic and thus unmapped. Based

upon the similarities of the map of

Chr22:20,003,183-20,006,923

GGAAATAGGGCACCCCdlAAATATATATATATAATTACAT

Figure 3.

Breakpoint at end of LCR22-2 is in AT-rich sequence. The image above shows the distal end
of LCR22-2 (boxed) on chromosome 22q11.2 present in the genomic clone, AC008103. The DGCR6
gene is adjacent to the LCR22. The repetitive element track, showing LINEs, SINEs, AT-rich repeats, and
HSAT | elements, adapted from the UCSC Browser genome assembly (http://genome.ucsc.edu/) is
shown. The precise end of LCR22-2 is located within an AT-rich repeat. The sequences at the break-
point are shown, with the unique sequence to the right of the AT-rich repeat. The position of the
breakpoint is boxed. The chromosomal region containing LCR22-4 is shown below the respective
region of LCR22-2. The genomic clone, AP000552 spans the interval. Similarly, the repetitive se-
quences are shown below the clone, with the position of the breakpoint, as boxed. Data are consistent
with a breakpoint in the AT-rich repeat, within LCR22-4, resulting in the formation of LCR22-2.

21p11.1-cen and Yql1.23-q12, we hy-
pothesize that the tripartite repeat must
lie in the vicinity of the Yq11.23-q12 re-
gion, in the unmapped portion. Consis-
tent with this hypothesis, previous pub-
lications described HSAT I elements as
being present in the heterochromatic re-
gion(s) on chromosome Y (DYZ2 com-
ponent, or known as the male HSAT)
(Gosden et al. 1975a, 1977; Prosser et al.
1981). Their precise structure or map po-
sition has remained elusive. For ex-
ample, there are some differences in the
literature regarding other chromosomal
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Figure 4. HSAT I/AT-rich repeat is found on the acrocentric chromosomes and Y. (A, left) A chromosome 21p11 pericentromeric island of overlapping
clones contains the tripartite repeat element (listed as HSAT | in the satellite track). The genomic clones used for physical (Clone coverage track) and
FISH mapping (Cytogenetic track) are indicated below the boxes representing the acrocentric pericentromeric interval on chromosome 21p11.2 and
21p11.1 as adapted from the UCSC Browser, March 2006 assembly. Three genes were identified as shown, with their exon-intron structure (Gene track).
The segmental duplication tract was incorporated into the diagram, with satellite type shown. There are three classes of satellites in this region,
a-satellites, present at the very 5’ end of the chromosome 21p11.1 region; HSAT Il [(GAATG)n]; and HSAT | satellites. (Right) The chromosome
Yq11.23-12 junction contains similar features as the 21p11 region. There is striking similarity between the clones mapping to 21p11 and the
Yq11.23-q12 interval. The Yq11.23-q12 junction is shown depicting the genomic clones used for physical and FISH mapping as adapted from the UCSC
Browser. The 3’ ends of BAC clones AC019099, AC084868, and AC073889 contain HSAT Il simple satellite sequence. The contigs are connected to the
Yq12 interval based upon FISH mapping with clones RP11-91110 and RP11-89C20. Additional validation as to the presence of HSAT Il is shown in Figure
7. The TPTE gene maps to the 21p11 and Yq11.23 regions as shown. The tripartite repeat is missing from the reference human sequence for this interval
and it is now shown in A. (B) The HSAT | element maps to the acrocentric chromosomes. PCR was performed using DNA template from the
hamster-human somatic cell hybrid panel (Coriell repositories) using HSAT | F/R primers. The first lane represents a 100-bp ladder, each number
represents the individual human chromosome, including X and Y. Ha is hamster DNA, Hu is human DNA, S is GM06317 (chromosome Y hamster—
human somatic cell hybrid), and — is the negative control. The PCR product from different chromosomes were 400 bp in size. The acrocentric
chromosomes 13, 14, 15, 21, 22, and Y were amplified. An idiogram of the acrocentric chromosomes and chromosome Y, with arrows in the putative
position where the HSAT | elements are present, is shown.

locations of HSAT 1 (Gosden et al. 1975b, 1977; Prosser et al.
1981). The Y HSAT I sequence was 97.97% identical to those on
the acrocentric chromosomes.

To determine the map position of the HSAT I repeat on
chromosome Y, we performed FISH mapping on male metaphase
chromosomes from lymphocytes. The tripartite repeat probe
(data not shown) as well as the HSAT I specific repeat probe
(400-bp PCR product) painted the unmapped, heterochromatic
long arm of chromosome Y, the Yq12 band (Fig. 6). The FISH data
using HSAT I probe confirms the presence of HSAT I on chromo-
some Y, but not necessarily of the tripartite repeat. The evidence
for the presence of this repeat on chromosome Y is provided from
the performed Southern and PCR/sequence analysis of subclones
from chromosome Y. The tripartite repeat thus maps to Yq12. In
fact, many copies are present. Based upon the similarities be-
tween the contig on 21p11.1-cen and the contig on Yq11.23-12,

illustrated in Figure 4A, it can be hypothesized that the tripartite
repeat could have originated in one of these two regions, became
transposed onto the other region, and, once seeded, was able to
duplicate and expand in copy number.

Usually heterochromatic or nontranscribed regions lie near
the nuclear periphery of interphase cells (Scheuermann et al.
2004). As expected, the Yq12 region that contains that HSAT 1
repeat was located at the periphery of the nucleus in 60%-70% of
interphase cells (Fig. 6A), perhaps providing some structural or
functional significance.

It has been known that the long arm of chromosome Y
contains satellite sequences. However, their organization has re-
mained elusive (McKay et al. 1978; Schmidtke and Schmid 1980;
Schmid et al. 1990; Ludena et al. 1993). To accurately define the
location of HSAT I on chromosome Y, FISH mapping was per-
formed on human male lymphocytes using BAC probes with
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A Spel restriction digest B Southern analysis
Males Females
Spel Spel
Spel fragment in tripartite repeat 2,400 bp |[MEE——_—

Figure 5. Genomic Southern blot hybridization shows a specific hy-
bridization in males as compared to females. (A) Spel restriction digestion
of genomic DNA. Spel cuts once per tripartite repeat (HSAT |, open box;
AluSc, light gray box; AT-rich sequence, dark gray box). The line below
the genomic interval depicts the 2.4 kb fragment. (B) Genomic DNA was
isolated from human blood lymphocytes and digested with Spel, sepa-
rated on 0.8% agarose gel and hybridized with a «-32P-dCTP-labeled
HSAT | probe. The HSAT | probe detects the 2.4 kb tripartite repeat,
which is present in greater copy number in male DNA as compared to
female DNA.

precisely known locations on chromosome Y (UCSC Browser,
May 2004 [build 35]) and the 400-bp HSAT I probe (Fig. 6B-E).
Two BACs, RP11-10205 and RP11-497C14, mapping to Yq11.23,

HSAT I with HSAT I, fiber-FISH was performed on chromosome
Y (Fig. 7B). To make a suitable probe for fiber-FISH, a 1.7-kb
region was amplified from the BAC clone RP11-242E13 contain-
ing HSAT II and then was subcloned. While both satellites’ se-
quences appear to be randomly interspersed within each other;
HSAT II is more prevalent (Fig. 7B,C). The centromeric regions of
the acrocentric chromosomes also contain heterochromatic re-
gions with an abundance of satellite sequences, including al-
phoid and subfamilies of HSAT III (Jorgensen et al. 1987, 1988;
Earle et al. 1992; Kalitsis et al. 1993; Trowell et al. 1993; Bandy-
opadhyay et al. 2001). To determine if there were any HSAT III
sequences present, we performed FISH mapping analysis with
one of the subfamilies of HSAT III. A weak signal was observed on
pericentromeric Yq but not on Yq12 (data not shown). Signals
were detected on p arms of acrocentric chromosomes as well
(data not shown). Neither subfamily of HSAT II nor HSAT III was
interspersed with HSAT I in the LCR22s, nor was this pattern
present on the available sequence of chromosome 21p11.1. Thus,
the organization of the satellites is not similar in the other chro-
mosomes, suggesting that this organization is chromosome Yq12
specific or perhaps also specific for the centromeric regions of
acrocentric chromosomes.

which were used to generate probes for
FISH mapping, were located centromeric
to HSAT I on chromosome Y (Fig. 6B,C).
In contrast, two BACs, RP11-722P3 and
RP11-479B17, mapping to the telomeric
end of chromosome Y, were distal to
HSAT I on chromosome Y (Fig. 6D,E),
indicating that HSAT I is precisely lo-
cated in the unmapped region Yql2.
Due to the high level of LCR content,
RP11-10205 and RP11-497C14 showed
additional fluorescence signals on chro-
mosome 15q (Fig. 6B,C). The BAC clones
RP11-722P3 and RP11-479B17 also
showed a signal on Xqter (pseudoauto-
somal region 2) (Fig. 6D,E). Overall,
these elements span the entire q12 re-
gion.

HSAT I is interspersed with HSAT Il

We validated that HSAT 1/Alu/AT-rich
repeat maps to the heterochromatic re-
gion on chromosome Yq12 (Fig. 6). This
is a region where human satellite II re-
peats are also found (Gosden et al.
1975b; Prosser et al. 1981). The HSAT II
repeats are comprised of an irregular
pentameric (GAATG)n, repeat, as men-
tioned above. To determine whether the
two elements were interspersed or
mapped to separate locations, we per-
formed FISH mapping analysis using a
BAC RP11-242E13 containing HSAT II
(green) and the 400-bp HSAT I (red)
probe. FISH mapping on metaphase cells
of human male lymphocytes showed
that HSAT I and HSAT II repeats overlap
on chromosome Yq12 (Fig. 7A). To de-
termine a more precise positioning of

Centromere

Cen

RP11-10205 RP11-497C14

RP11-722P3 RP11-479B17

Figure 6. Painting of chromosome Yq12. (A) FISH mapping on DAPI-stained metaphase and inter-
phase human male peripheral blood lymphocytes with the 400-bp cloned PCR product of HSAT |,
shown here in red. A signal was detected on chromosome Y. In the interphase cell, the hybridization
of the HSAT | probe occurs near the periphery of the nucleus. We had two-dimensional images. Thus,
we could not be sure of the position in all the nuclei. We saw the peripheral location in >60%-70% of
100 nuclei examined in separate experiments. (B) Positioning of HSAT | on chromosome Y. FISH
mapping on DAPI-stained metaphase human male peripheral lymphocytes showing the position of
HSAT | on the Y chromosome. (B,C) The BACs RP11-10205 and RP11-497C14 (green) map more
centromeric on chromosome Y than HSAT | (red). (D,E) The BACs RP11-722P3 and RP11-479B17
(green) map more telomeric on chromosome Y than the HSAT | probe. On the left of the FISH mapping
pictures are the ideograms orientating the probes on the chromosome. HSAT | is localized on chro-
mosome Y in the q12 band.

HSAT |
Tel

Telomere
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B HSATI
B HSATI

Figure 7. HSAT | and HSAT Il FISH mapping. (A) FISH mapping on metaphase human male peripheral lymphocytes stained with DAPI with HSAT Il
probe (green) and HSAT I (red) have an overlapping signal producing a yellow color. (B) Fiber-FISH on chromosome Y with HSAT | probe (red) and HSAT
Il (green), show more hybridization of HSAT Il on the Yq12 region compared with HSAT I. There is no distinct pattern of hybridization of HSAT | and
HSAT II; however, HSAT Il hybridizes to a larger region of the Yq12 region. (C) An enlarged region of one of the DNA fiber strands from B.

Organization of individual HSAT I/Alu/ AT-rich elements
onY

The 2.4-kb DNA tripartite Spel fragment is similar on Yq12 as in
the LCR22s was determined by subcloning and resequencing
analysis. The 5’ part of the AT-rich array is composed of two
~300-bp-long and 76% identical inverted repeats from a central
point (Supplemental Fig. 2). It is possible that the sequence could
form a cruciform. If a cruciform is formed, this could result in an
unstable sequence creating single- or double-strand breaks, re-
sulting in chromosome rearrangements and further duplication
of the element.

HSAT | elements are not present on chromosome Y in other
hominoid species

The structure of chromosome Y is divergent among the homi-
noid species (Wimmer et al. 2002). To determine if the HSAT I
repeats are also found on chromosome Y in other hominoid spe-
cies, metaphase FISH mapping using the 400-bp HSAT I probe
was performed on DNA from male orangutan, gorilla, and pygmy
chimpanzee lymphoblastoid cell lines (LCLs). In contrast to the
strong hybridization signal found on the human chromosome Y,
there was no hybridization of HSAT I to chromosome Y in these
species using high- and low-stringency conditions (data not
shown). HSAT I is present on the autosomes of other hominoid
species such as gorilla and chimpanzee (Cooke et al. 1982), but
not on chromosome Y. Examination of GenBank revealed HSAT
I sequences present in chimpanzee (AC099533) and baboon
(AC129096, AC0909635). Semi-quantitative PCR using conserved
HSAT I primers showed that the gorilla contains more HSAT I
repeats than chimpanzee, pygmy, bonobo, and orangutan (Fig.
8). This suggests that copy number may be variable among homi-
noid species and may further demonstrate their instability in the

genome. Since there may be more copies of HSAT I in gorilla
compared with other hominoid species, expansion of HSAT I
occurred after the divergence of gorillas to their common ances-
tor. The gorilla HSAT I was 94.72% identical to the human HSAT
I consensus sequence found in the database.

Discussion

In this report, we showed that a subclass of human satellite se-
quences, a 2.4-kb HSAT I/Alu/AT-rich tripartite repeat, is present
in regions associated with human chromosome 22q11.2 rear-
rangement disorders as well as in heterochromatic regions, in-
cluding the acrocentric chromosomes and Yq12. The AT-rich re-
peat is associated with constitutional translocations in humans
and has shaped the LCR22 structure. Their recent duplication on
Yq12 suggests that these elements may not only have a role in
mediating chromosome rearrangements during meiosis, but they
may also have contributed to the evolution of chromosome
structure as well as disease-associated genomic rearrangements.

Formation and duplication of LCR22s

The LCR22s are a complex mosaic of blocks with >95% identical
sequence that have formed during primate evolution. We de-
scribed Alu-mediated recombination events as being responsible
for rearrangements involving genes that comprise them (Babcock
et al. 2003). However, we do not know how the LCR22s have
become duplicated in their entirety, which appears to have been
the case at least for LCR22-2 and LCR22-4. This is because they
have almost identical block structure. In an attempt to infer
mechanisms from evaluating the products of recombination, we
examined the breakpoint at the ends of the two LCR22s. We
found that the distal end of LCR22-2 occurs in the AT-rich repeat.
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20 cycles 20 cycles 25 cycles

25 cycles

30 cycles

Figure 8. HSAT | semi-quantitative PCR on hominoid DNA. HSAT |, beta-catenin (CTNNBT), and
SMARCBT (viral integrase 1; two control primer sets) were used to amplify human, chimpanzee,
pygmy, bonobo, gorilla, and orangutan DNA and then were electrophoresed in a 1.5% agarose gel.
The PCR was done with increasing cycles 20, 25, and 30. (Lanes 7-7) HSAT | PCR, (lanes 8-14)
CTNNBT, (lanes 15-21) SMARCBI. The lanes are human—chimpanzee-pygmy-bonobo-gorilla—
orangutan-negative control for each PCR primer and each cycling condition. The control primers do
not amplify at the low cycles very well. In the HSAT | PCR, human (7) and gorilla (5) have an increased

trast, unequal recombination between
sister chromatids is a likely mechanism
responsible for the dramatic expansion
of these repeats in humans. Thirty years
ago, Smith (1976) proposed a mecha-
nism of how DNA blocks can became
amplified, thereby giving rise to large
tandem arrays. In this mechanism, sister
chromatid misalignment could result in
an unequal random crossover between
repeats of identical or near identical se-
quences, resulting in repeat block ex-
pansion or deletion. One point of inter-
est is that the repeat in humans appears
to be largely the same size and composi-
tion. Smith (1976) also explained how
deletions and duplications can occur
without changing the repeat pattern, as
was observed by our Southern blot
analysis of male DNA. Mutations arising
within the array will likely be eliminated
by deletion via unequal crossovers, fol-
lowed by the addition of tandem dupli-
cation. Although all types of recombina-
tion are suppressed on chromosome Y, it
must occur at sufficiently high levels to
be detected in humans. Evidence for de-
letions and duplications in the hetero-
chromatin on Yq12 have been recently
described (Repping et al. 2006). The in-
vestigators measured the length of the

amplification compared to the other species.

This particular breakpoint is embedded within LCR22-4. Based
upon analyzing the sequences at the ends and tracing the posi-
tion of the breakpoints, we believe that the AT-rich repeat pro-
vided instability, perhaps via formation of double-stranded
breaks in cruciform structures resulting in a duplication event.
Thus, it is not surprising that we identified these elements in
other unstable genomic regions, where other satellite sequences
nucleate, in particular the pericentromeric regions of acrocentric
chromosomes and the heterochromatic Yq12 interval. Alterna-
tively, the fact that the AT-rich repeat is found at the LCR22-2
border only suggests that this repeat could have a special role in
the formation and duplication of LCR22s; however, in fact it
simply shows direct sequence evidence that a double-strand
break has occurred in this sequence, as it was also the case for the
sequence at the centromeric LCR22-2 border. Examination of
LCR22 borders in primate species, in the future, will help clarify
the role of the AT-rich repeat in mediating these rearrangements.

The tripartite element
on chromosome Y

The expansion of the HSAT I/Alu/AT-rich tripartite repeat on hu-
man Yql2 is dramatic because, on the one hand, it comprises a
large interval in humans; in contrast, it is absent on chromosome
Y in other hominoid species (Gosden et al. 1977; Cooke et al.
1982; Kunkel and Smith 1982; Smith et al. 1987). Since there is
no pairing partner for chromosome Y, the heterochromatic re-
gion Yq12 is supposed to escape meiotic recombination. In con-

Yq12 heterochromatin by using quina-
crine staining in 47 men belonging to
the major branches of genealogy and in-
cluding worldwide diversity. It was found that the length of the
Yq12 heterochromatic region varied in length from 29%-54% on
the metaphase Y chromosome. Interestingly, the Yq12 region has
also been involved in a few reported translocations (Nielsen and
Rasmussen 1976; Curtis 1977). Since there are occasional trans-
locations on the Yq12 region, it can be inferred that they might
contain sequences that might induce recombination events.
How did the original HSATI/Alu/AT-rich repeat find its way
to chromosome Yq12 to begin with? The acrocentric p11-q11
regions have not been completely cloned and sequenced. What is
available, is a contig of genomic clones, which contains genes
also validated by other methods to be present in the acrocentric
centromeric regions, including TPTE (transmembrane phospha-
tase with tensin homology). TPTE is exclusively and highly ex-
pressed in the testes and is believed to be involved in signal
transduction. The TPTE gene is distributed in a handful of loca-
tions in the genome, including the acrocentric chromosomes as
determined by PCR analysis of somatic hybrid cell lines (Chen et
al. 1999). Adjacent to the TPTE gene is one copy of an HSATI/
Alu/AT-rich repeat. There is no sequence available for the region
immediately distal to the tripartite repeat. Of interest, a copy of
the TPTE gene is present in the very distal end of the Yq11.23
region, juxtaposed to the uncloned Yq12 region. We hypothesize
that meiotic unequal crossover between sister chromatids led to
the tandem duplication of the repeat. The HSAT I/Alu/AT-rich
repeat is present in a more complex arrangement on chromo-
some Yq12 as clusters that are interspersed by pentameric HSAT
II elements, also present on 21pll. The organization of the
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Yq11.23-q12 junction might have formed initially via addition of
sequences from 21p11, or another acrocentric chromosome, via
perhaps a gene conversion event followed by a series of unequal
Crossovers.

Structural roles for HSAT repeats on Yql2.

As for most heterochromatin, the Yq12 region containing HSAT
1/Alu/AT-rich repeats is located in the nuclear periphery during
interphase. The specific location of chromosomes in the nucleus
is still a debated issue. The position of the chromosome within
the nucleus might be determined on the cell type, size of the
chromosome, and/or the gene content (Cremer et al. 2001). In
the same report using lymphoblast cells, which have spherical
nuclei, it was shown that the long arm of the Y chromosome was
associated with the nuclear periphery (Cremer et al. 2001). Con-
sistent with this location, nontranscribed regions consistently lie
at the nuclear periphery, while gene sequences lie more toward
the interior region of the nucleus (Croft et al. 1999; Boyle et al.
2001). One report investigating the location of individual chro-
mosomes within the nucleus, comparing the centromeric hetero-
chromatin domains, revealed that for the chromosomes with
larger heterochromatic blocks as assessed by enhanced staining
using G-banding, the centromere is located closer to the nuclear
periphery compared with chromosomes with a lighter G-banding
near the centromere (Carvalho et al. 2001). Beyond these physi-
cal attributes of satellite repeats, condensed heterochromatin and
peripheral location within the nucleus, its potential function is
not known. Perhaps this location in the nuclear periphery, away
from most other chromosomes, prevents recombination or trans-
locations between highly unstable satellite repeats between other
chromosomes, thereby increasing meiotic stability.

In conclusion, HSAT I/Alu/AT-rich regions are more pre-
dominant then previously believed. They likely have a role in
mediating balanced translocations during meiosis and possibly
have structural roles. These elements may also have had a poten-
tial role in altering the genomic architecture both on chromo-
some Y and the acrocentric autosomes.

Methods

Isolation of total human genomic DNA

Genomic DNA were prepared from peripheral blood and isolated
using the Puregene system (Gentra Corp.). Chromosome Y ham-
ster-human somatic cell hybrid, cell line GM06317, was pur-
chased through the Coriell Cell Repository (NIGMS). The cell line
was maintained under the conditions provided by Coriell, and
DNA was extracted using the Puregene system (Gentra).

Selection and isolation of BAC DNA for FISH mapping

The BAC clones for FISH mapping were chosen based upon their
position in the human genome sequence (UCSC Browser, May
2004 [build 35]) and were purchased from the Children’s Hospi-
tal Oakland—-BACPAC Resources. Two Yq11.23 BAC clones map-
ping ~26 Mb from Ypter and centromeric to the Yq12 hetero-
chromatin, RP11-10205 (AC006328) and RP11-497C14
(AC007562), were used to determine the position of HSAT I. Two
Yql2 pseudoautosomal region 2-specific BAC clones, RP11-
722P3 (AQ513745, AQ494321) and RP11-479B17 (AQ629319,
AQ629322), that map 0.2 Mb from Yqter and telomeric to the
Yq12 heterochromatin were also used to validate map positions
along Yq12. All four BACs were cohybridized separately with the
HSAT I-specific probes. BAC clone RP11-242E13 that maps to the

Yq12 region and contains a satellite sequence, HSAT II, was used
to determine the relative location of HSAT I as compared to HSAT
II. The DNA was prepared from each BAC using the Nucleobond
kit (BD Biosciences) according to the manufacturer’s instructions.

Generation of HSAT I and HSAT II probes as well as
utilization of HSAT Il probes

Male total genomic DNA from Epstein-Barr virus transformed
LCLs was digested with Spel, yielding a 2.4-kb restriction frag-
ment, which was then isolated and cloned into a Spel-digested
pBluescript plasmid (Stratagene). Colony hybridization was per-
formed by transferring the colonies to nylon transfer membranes
(Amersham). The colonies were screened using the «*?P-dCTP-
labeled 400-bp HSAT I PCR product (HSAT IF-TAATGT
GTGGGCTTGGGATT; HSAT IR-TGCATATGGAAAATACAGAG
GCTA) probe, and positive colonies were isolated. The selected
clones were termed clone 1, clone 2 (T6), and clone 3 (T17). The
purified clone DNA was used as a probe for genomic Southern
blot hybridization and FISH mapping. A 1.7-kb HSAT II sequence
was generated by PCR amplification using HSAT IIF-
TTCGATCCCATTCCTTTCAA and HSAT IIR-CGACTGGTACG
GACTCCAAT using BAC RP11-242E13 as a template. The 1.7-kb
fragment was subcloned and used as a probe for FISH mapping.
HSAT III probes, pR-1 and pR-4 (Group 2 sequences), were as
described in Bandyopadhyay et al. (2001). The PCR primer pairs
for each of these probes amplify primarily GGAAT motifs.

Genomic Southern hybridization

Human genomic DNA digested with Spel was electrophoresed on
0.8% agarose TAE gel overnight at 40 V and then transferred to a
nylon membrane (Hybond-N; Amersham). The Southern hybrid-
ization blot was prehybridized for 1 h at 65°C in CG buffer (7%
SDS/1% BSA/0.5 M phosphate) and then hybridized with the
radiolabeled probe overnight at 65°C in the same solution. The
probes were labeled with «*?P-dCTP through random priming
using Rediprime II (Amersham) and purified with the G-50 col-
umns (Amersham). The filters were washed three times in 2 X
SSC/0.1% SDS for 20 min at 62°C. The filters were exposed to
Kodak Ultrasensitive film X_OMAT AR for varying times either at
room temperature or —80°C. The film was quantitated using the
Kodak Image Station 1000 with the Kodak 1D 3.6 software.

Sequencing of the 2.4-kb HSAT I subclones

The following primers were used for sequencing HSAT I sub-
clones (5'-3"): HSAT I F-TAATGTGTGGGCTTGGGATT, HSAT I
R-TGCATATGGAAAATACAGAGGCTA, HSAT II F-TTCGAT
CCCATTCCTTTCAA, HSAT INT R2-ATAATATTGTTTTACATC
CTGCG, HSAT INT R1-ATAATATTGTTTTACATCCTGCG,
HSAT INT R2-GCATTATATTTATACAATATGAC, HSAT AT 1F-
GTTATATGTAATTTTATTACTTAC, HSAT AT 2F-ATCA
CATAATATATGTTACCTAC, HSAT AT 3R-CGTATATACTATAT
CATATGTG, HSAT I R-TGCATATGGAAAATACAGAGGCTA,
HSAT I (LCR2NUM1) F-GCCTCTGTATTTTCCATATGCAGT, T3-
ATTAACCCTCACTAAAGGGA, and T7-TAATACGACTCAC
TATAGGGAGA. The HSAT I subclones clone 1, clone 2 (T6), and
clone 3 (T17) were sequenced and analyzed using the Sequencher
4.1 Program. Sequences were also aligned using MAFFT (Katoh et
al. 2005). RepeatMasker (A.F.A. Smit and P. Green, unpubl.,
http://www.repeatmasker.org/), Repbase Update libraries (Jurka
et al. 2005), and TandemRepeatFinder (Benson 1999) were used
to identify repetitive elements. We used the einverted program
from the EMBOSS package (Rice et al. 2000) to detect potential
palindromes. Phylogeny was determined as described (Galtier et
al. 1996).
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FISH mapping

LCLs from humans and nonhuman primate species were grown
and harvested using standard methods. The male pygmy chimp
(Pan paniscus) lymphoblast sample was kindly provided by Dr. D.
Nelson from Baylor College of Medicine, and the male lowland
gorilla (Gorilla gorilla, CRL 1854) and orangutan (Pongo pygmaeus)
cells were purchased from the American Type Culture Collection
(ATCC; http://www.atcc.org/). FISH mapping was performed on
metaphase and interphase cells as described (Shaffer et al. 1997).
Fiber-FISH experiments with PCR products and BAC clones as
probes were performed according to Heiskanen et al. (1994).
Briefly, nick-translated flurophore-labeled isolated BAC clones
(200 ng) or PCR products DNA (100 ng) were used as probes.
Chromosomes were counterstained with DAPI diluted in
Vectashield antifade (Vector Labs). Cells and chromatin fibers
were viewed under a Zeiss Axioskop fluorescence microscope
equipped with an appropriate filter combination and CCD cam-
era. Monochromatic images were captured and pseudocolored
using MacProbe 4.2.2 (Perceptive Scientific Instruments) on a
Power Macintosh G4 system.

Semi-quantitative PCR

PCR was performed on the hominoid DNA samples, P. paniscus
(bonobo, male-NG05253), G. gorilla (Western lowland gorilla, fe-
male-NG05251), P. pygmaeus abelii (Sumatran orangutan, female-
NG12256), and Pan troglodytes (chimpanzee, male-NG06939),
that were purchased from Coriell Cell Repositories (NIGMS). Hu-
man placenta DNA (Sigma) was also used in the semi-
quantitative PCR. The HSAT I F/R primers were used for 10 min
at 94°C, followed by (30 sec at 94°C, 30 sec at 58°C, and 30 sec at
72°C), and 10 min at 72°C. The cycles varied from 20, 25, 30, and
35. The PCR conditions were at 2.5 mM Mg, 0.2 mM dNTPs, 0.2
M of each primer, and 0.04 units of Fast Start High Fidelity Taq
(Roche). Two sets of control primers were also used, beta-catenin
and SMARCBI1 (Inil): beta-catenin ex2 F- TCACTGGCAGCAA
CAGTCTT; beta-catenin ex2R-CAGGACTTGGGAGGTATCCA;
INI1 ex4F-AGAGGAACAGCCAGTGGGTA; INI1 ex4R- GGGG
GAAGGTTCTCTTCTTG.

PCR analysis of DNA from the hamster-human somatic
hybrid panel

The hamster-human somatic hybrid panel of DNA each contain-
ing one different human chromosome per cell line was pur-
chased from Coriell Cell Repositories (NIGMS Human/Rodent
Somatic Cell Hybrid Mapping Panel 2). A total of 40 ng of DNA
was amplified using HSAT I F/R with the above conditions.
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