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Article

Genes in a Refined Smith-Magenis Syndrome
Critical Deletion Interval on Chromosome 17pll.2
and the Syntenic Region of the Mouse

Weimin Bi,' Jiong Yan,'-¢ Pawet Stankiewicz,' Sung-Sup Park,’” Katherina Walz,'
Cornelius F. Boerkoel,! Lorraine Potocki,'? Lisa G. Shaffer,' Koen Devriendt,*
Matgorzata J.M. Nowaczyk,> Ken Inoue,’ and James R. Lupski'-%33

Departments of "Molecular & Human Genetics, ?Pediatrics, Baylor College of Medicine, *Texas Children’s Hospital, Houston,
Texas 77030, USA; “Centre for Human Genetics, University Hospital Gasthuisberg, Catholic University of Leuven, B-3000
Leuven, Belgium; *Department of Pathology and Molecular Medicine, McMaster University,

Hamilton, Ontario L8S 4/9, Canada

Smith-Magenis syndrome (SMS) is a multiple congenital anomaly/mental retardation syndrome associated with
behavioral abnormalities and sleep disturbance. Most patients have the same ~4 Mb interstitial genomic deletion
within chromosome 17pll.2. To investigate the molecular bases of the SMS phenotype, we constructed BAC/PAC
contigs covering the SMS common deletion interval and its syntenic region on mouse chromosome II.
Comparative genome analysis reveals the absence of all three ~200-kb SMS-REP low-copy repeats in the mouse
and indicates that the evolution of SMS-REPs was accompanied by transposition of adjacent genes. Physical and
genetic map comparisons in humans reveal reduced recombination in both sexes. Moreover, by examining the
deleted regions in SMS patients with unusual-sized deletions, we refined the minimal Smith-Magenis critical
region (SMCR) to an ~LI-Mb genomic interval that is syntenic to an ~1.0-Mb region in the mouse. Genes within
the SMCR and its mouse syntenic region were identified by homology searches and by gene prediction
programs, and their gene structures and expression profiles were characterized. In addition to 12 genes
previously mapped, we identified 8 new genes and 10 predicted genes in the SMCR. In the mouse syntenic
region of the human SMCR, 16 genes and 6 predicted genes were identified. The SMCR is highly conserved
between humans and mice, including 19 genes with the same gene order and orientation. Our findings will
facilitate both the identification of gene(s) responsible for the SMS phenotype and the engineering of an SMS

mouse model.

Smith-Magenis syndrome (SMS) is a contiguous gene-deletion
syndrome (Greenberg et al. 1991), in which a distinct and
consistent phenotype is associated with deletion of a portion
of chromosome band 17p11.2 (Smith et al. 1986; Stratton et
al. 1986). The clinical features of SMS patients include mental
retardation, delayed speech and motor development, behav-
ior problems, sleep disturbance, minor craniofacial abnor-
malities, short stature, and brachydactyly (Greenberg et al.
1991). Less common features include otolaryngological ab-
normalities, hearing impairment, opthalmological abnor-
malities, and renal and cardiac abnormalities (Chen et al.
1996; Greenberg et al. 1996). The incidence of SMS is ~1:
25,000 births, which is likely underestimated given the often
subtle clinical features, particularly early in life (Greenberg et
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al. 1991). A heterozygous interstitial deletion of ~4 Mb in
chromosome 17p11.2 was identified in >90% of SMS patients,
whereas the remaining patients have rare smaller- or larger-
sized deletions (Greenberg et al. 1991; Juyal et al. 1996; Chen
et al. 1997).

To narrow the critical interval responsible for the SMS
phenotype, STS content mapping was performed on somatic
cell hybrids refining the deleted chromosome from 62 SMS
patients. A common deletion region was defined between
markers D17558 and cDI17-498 (Juyal et al. 1996). Ten pa-
tients with a deletion distinct from the common deletion re-
gion were identified, and molecular analyses of these patients
delineated an SMS critical interval between D17529 and
cCI17-638 (Elsea et al. 1997). Three copies of a low-copy re-
peat (SMS-REPs) were identified within the common deletion
region, and homologous recombination and unequal crossing
over between the flanking SMS-REPs were shown to comprise
the mechanism responsible for the genomic deletion (Chen et
al. 1997). The predicted reciprocal duplication of the SMS
common deletion region dup(17)(p11.2p11.2), which was
identified recently, causes a subtle clinical syndrome (Potocki
et al. 2000).
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The first gene identified within the SMS common dele- RESULTS
tion region, snU3, encodes a small nuclear RNA U3 (Chevil-
lard et al. 1993). Since then, more than 15 genes have been Construction of the BAC/PAC Contig of the SMS

mapped. In addition, a large number of ESTs with no homology

to known genes were identified (Seranski et al. 1999). However, Common Deletion and Its Syntenic Region

a potential role for any of these genes in the SMS phenotype in the Mouse
through haploinsufficiency effects remains unclear. We constructed a BAC/PAC contig covering the SMS common
The shaker-2 (sh2) mouse represents a mouse model for deletion region with a minimal tilting path of 30 clones (Fig.
human deafness (DFNB3), resulting from mutation of 1). Three low-copy repeat gene clusters were identified previ-
MYO15A (Wang et al. 1998; Liburd et al. 2001). A physical ously inside and flanking the SMS deletion region (Chen et al.
map of the sh2 region revealed that 11 genes mapping within 1997). Clones specific to an individual SMS-REP were identi-
the SMS common deletion region have murine homologs in fied based on cis-morphisms, sequence differences among re-
the sh2 region (Probst et al. 1998). The gene order was not peats on the same chromosome (Park et al. 2002). From the
completely conserved secondary to two independent ge- DNA sequence of these clones, we deduced that the size of the
nomic inversions. However, the order of the seven genes common deletion region including the three SMS-REPs is ~3.7
within the critical region was apparently conserved between Mb and the sizes of the SMS-REPs are between 176 and 256 kb.
humans and mice. The middle SMS-REP is inverted with respect to the direct
To identify potential causative gene(s) of the SMS phe- orientation of the proximal and distal copies (Park et al.
notype and to facilitate the construction of an SMS mouse 2002).
model, we constructed a large insert clone contig of the SMS We also constructed a complete BAC contig covering the
common deletion region and its syntenic region in the syntenic mouse region (Fig. 2). The DNA sequence from these
mouse. Here we report the comparative genomic analysis be- BAC:s indicated that the SMS-REPs are not present, consistent
tween humans and mice, comparison of the human genetic with previous hybridization-based observations (Chen et al.
and physical maps, delineation of the SMS critical region 1997; Probst et al. 1999). The 28 genes that mapped within or
(SMCR), and the identification and characterization of genes around the common deletion region of SMS have homologs
in both human SMCR and the mouse syntenic region. on the syntenic region in mouse chromosome 11. Compari-
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Figure 1 The Smith-Magenis critical region (SMCR) refined by breakpoint studies of patients with deletions in 17p11.2. The SMS common
deletion region falls between D775959 and D1751857, including SMS-REPs. Above are shown genetic markers and the cytogenetic bands on 17p.
TEL represents telomeric orientation, and CEN represents centromeric orientation. The minimum BAC/PAC tiling path of the SMS common
deletion region is shown toward the top of the figure, with STS-content markers represented by dots and BAC/PAC clones represented by
horizontal bars. Clones without a prefix are BACs from RPCI-11; those with prefix P are PAC clones; those with prefix C are CTD clones. BAC end
sequences were used as markers with R representing the BAC end sequence derived from the Sp6 primer, and F representing the sequence from
the T7 primer. Above the BAC contig are listed the individual genes and genetic markers from this region. Below, patients are identified by number.
The deleted region is indicated by dashed lines, whereas bold lines refer to genomic sequences retained. The distal breakpoints of patients 357 and
765 are outside the SMS common deleted region. The refined ~1.1-Mb SMCR (double-edged bold arrow) and the ~210 kb (hatched box) inside
the SMCR, but not deleted in patient 765, are indicated.
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Figure 2 Comparison of the gene order in the human SMS com-
mon deletion region and its mouse syntenic region. Genes within the
human SMS region on 17p11.2 are shown above. Open boxes rep-
resent the SMS-REPs. Below is shown the minimum BAC tiling path of
the mouse syntenic region of the SMS common deletion interval and
its flanking region. Each BAC clone is represented by a horizontal bar
with STS-content markers represented by dots. Blocks of genes that
show linkage conservation (i.e., identical gene order) in humans and
mice are boxed and connected via gray shading.

sons between humans and mice (Fig. 2) confirmed previous
observations that gene order is conserved within the genomic
interval flanked by the distal and middle SMS-REPs (Probst et
al. 1999). In addition, we found that the order of genes ULK2
and AKAP10 is also conserved. The gene order between COPS3
and AKAP10 is conserved with the exception of an inversion
between PRPSAP2 and ALDH3A1. In contrast, the gene TACI is
located centromeric to distal SMS-REP, whereas KCNJ12 is
centromeric to proximal SMS-REP. In the mouse, these genes
are adjacent and located in the middle of the syntenic SMS
region. PMP22, the gene responsible for Charcot-Marie-Tooth
disease type 1A (CMT1A) and hereditary neuropathy with li-
ability to pressure palsies (HNPP; Lupski 1999), mapped telo-
meric to distal SMS-REP, but it is located in an inverted posi-
tion with respect to the syntenic SMS region in mice. Thus,
during evolution disruptions of linkage conservation appar-
ently occurred in the genomic region around the SMS-REP
low-copy repeats.

Comparison between the Physical and Genetic Maps
We previously identified a striking difference in recombina-
tion rates between the sexes in the CMT1A genomic region
(Inoue et al. 2001), with reduced recombination noted for the
male meiotic map. De novo CMT1A duplication occurs 10
times more frequently in male gametogenesis than in female
germ cells (Palau et al. 1993). We hypothesized that reduced
recombination may increase unequal crossing over resulting
in an increased propensity to generate unequal reciprocal re-
combination products (Inoue et al. 2001).

We extended the genetic/physical map correlation over
an ~8.0-Mb region including both the CMT1A and SMS re-
gions (Fig. 3). Reduced recombination is observed in both
genders for most of the SMS region. Interestingly, no parent-
of-origin frequency differences are observed for de novo SMS
deletion (Greenberg et al. 1991; Juyal et al. 1996).

Refining the Smith-Magenis Syndrome Critical

Region (SMCR)

Somatic cell hybrid analysis revealed that the breakpoints in
most patients with SMS were located within the distal and
proximal SMS-REPs (Chen et al. 1997; data not shown). We
used an SMS junction fragment identified by PFGE analysis to
distinguish SMS patients with the common deletion from
those with an unusual-sized deletion. The breakpoints for
these latter SMS patients were analyzed by FISH of patient
lymphoblasts using BAC/PAC DNA probes; the results are
summarized in Figure 1.

Smaller-sized deletions within 17p11.2 were identified in
six patients who have typical behavioral and physical features
consistent with SMS (Table 1). The deleted region for two SMS
patients, 1190 and 1456, was mapped between the distal and
middle SMS-REPs (Fig. 1). Furthermore, the distal deletion
breakpoints for SMS patients 1615, 1774, and 1354 were
mapped proximal to COPS3, a gene located within the ge-
nomic interval between the distal and middle SMS-REPs (Fig.
1). We therefore conclude that the genomic interval between
COPS3 and the middle SMS-REP is the critical region for the
major SMS features of mental retardation, craniofacial and
behavioral abnormalities, and sleep disturbance. We propose
that the dosage-sensitive genes responsible for the SMS phe-
notype are located inside this newly defined SMCR.

Molecular analyses of three patients, 540, 357, and 765,
have been reported (Juyal et al. 1996; Elsea et al. 1997). By our
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Proximal Distal mouse genome sequence is ~1.0 Mb
CMT1A-REP  CMT1A-REP m with interspersed repeats account-
i 5 - ing for only 27.6%. This ~15% de-
£ / crease in repetitive sequences in the
25,0 - F mouse genome as compared to the
human has also been observed in
= Proximal Middle Distal other genomic regions (Amid et al.
L 30.0 SMS-REP SMS-REP SMS-REP o 2001).
g 1 1 8
s S
B o g 4 Transcript Map of Human
2 2 SMCR and Its Syntenic Region
g’ i in the Mouse
0.0 Potential genes inside the SMCR
and the mouse syntenic region
4504 were identified through a combina-
: tion of sequence similarity searches

and sequence analysis using gene

0 20 4.0
Physical distance (Mb)

Figure 3 Comparison between genetic and physical maps. The STR genetic markers from Marshfield
are aligned to the sequence-based physical map. The marker order is as following: D1751871,
D175959, D175805, D1751794, D175620, D175740, D1752196, D1751857, D175953, D1751843,
D175793, D175918, D175921, D1751856, D175947, and D1751803 (markers within the SMS region
are underlined). The three SMS-REPs are indicated by gray bars, the two CMT1A-REPs by hatched bars.
Reduced recombination in both sexes was observed for most of the SMS region.

clinical analysis, patients 765 and 357 do not have SMS be-
cause they do not show self-destructive behavior, sleep disor-
der, or characteristic SMS facies (Table 1). Mapping of the
deletion breakpoints in these patients by PCR analysis of hy-
brid DNA revealed that the deleted region for patient 765 is
located distal to DRG2. Thus, the genomic region responsible
for the SMS phenotype may be only ~210 kb in size (Fig. 1).
However, this conclusion is based on the absence of an SMS
phenotype in one patient (765) only.

Sequences of the SMCR and Its Syntenic Region in
the Mouse

Ten BAC/PAC clones cover the entire SMCR (Fig. 4). The lo-
cation of individual clones was confirmed by FISH on lym-
phoblast chromosomes derived from SMS patients with com-
mon deletions. The genomic sequence assembly using public
(NCBI, http://www.ncbi.nlm.nih.gov) and private (Celera,
http://www.celera.com) genome databases revealed that the
size of entire SMCR from the putative distal end of the middle
SMS-REP to the promoter of COPS3 is ~1.1 Mb.

RepeatMasker identified interspersed repeats that ac-
count for 42.19% of the SMCR. The repetitive elements in-
clude 20.54% Alu sequences and 6.19% LINE1 sequences,
similar to that of chromosome 22, but different from chro-
mosome 21, which contains 9.48% Alu and 15.51% LINE1
sequences, and the CMT1A/HNPP region in 17p12, that con-
tains 9.97% Alu and 13.43% LINE1 elements (Dunham et al.
1999; Hattori et al. 2000; Inoue et al. 2001).

Seven BAC clones cover the mouse region syntenic to
SMCR (Fig. 4; NCBI). Genome sequences from the private
mouse database (Celera) were initially used to assemble some
unordered pieces in the public database. However, subsequent
analysis of the public sequence database revealed more robust
sequence (fewer small gaps) than the Celera database. The

716 Genome Research
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6.0

prediction programs. The potential
8.0 genes were categorized into three
groups: (I) genes, (II) predicted
genes, and (IIT) pseudogenes, using
definitions that we employed previ-
ously (Inoue et al. 2001).

Within the ~1.1-Mb SMCR, 30
genes were identified, including 20
genes (Group I), 10 predicted genes
(Group II), and 3 pseudogenes
(Group III; Fig. 4; Table 2). Thus,
the gene density (1 gene per 37 kb) is much higher than the
average calculated for the complete human genome (1 gene
per 90 kb). The human SMCR genes are unevenly distributed;
23 genes are in the ~730-kb interval between the middle SMS-
REP and SMCR2, and only 7 genes are in the remaining ~400-
kb segment (Fig. 4).

We identified 16 genes (Group I), 6 predicted genes
(Group II), and 3 pseudogenes (Group IlII) in the mouse region
syntenic to SMCR (Fig. 4; Table 3); 8 fewer than in the human.
Similar to the gene distribution in the human SMCR, the gene
density in the region between Shmtl and Rail is higher than
in the remaining portion. Comparison of human and mouse
sequences indicated that 19 genes in the human SMCR have
orthologs in the mouse syntenic region, with conservation of
both the order and the orientation, and the same numbers of
pseudogenes are present (Fig. 5). Homology is higher across
the exons, but extends to some introns and intergenic re-
gions.

Differences in the gene content between the human
SMCR and the mouse syntenic region were also observed.
RPL13 and 10 predicted genes within the human SMCR are
not present within the mouse syntenic region. In the SMCR
no genes were identified in the ~20-kb genomic sequence be-
tween LLGLI and FLJ20308 (Fig. 4); as defined by rRepeat-
Masker, this region consists of 56% repetitive sequences. In
contrast, in the mouse, an ~110-kb genomic region separates
F1j20308 and Liglh, two genes, Ubl and Pabplp, were predicted
within this interval (Fig. 4).

Genes Ubl and Pabplp are homologous to ubiquitin and
poly(A)-binding protein, respectively. The human ubiquitin
gene subfamily consists of primarily processed pseudogenes
(Baker and Board 1992). The poly(A)-binding protein is a con-
served protein that binds to the 3’ poly(A) tail on mRNAs in
eukaryotic cells (Kleene et al. 1994). Both genes are present as
intermixed gene repeating units with seven copies for Ubl and
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Table 1.

Clinical Features of Patients with Atypical Deletions within 17p11.2

SMsP Not SMS

Features® 540 1190

1456

1354 1615 1774 765 357

Craniofacial

Midfacial hypoplasia

Brachycephaly

Broad face

Abnormal ears

Down-turned mouth
Skeletal

Short, broad hands

Short stature
Neuro/behavioral

Mental retardation

Speech delay

Motor delay

Sleep disturbance

Self-destructive

Aggressive/tantrums

Self-hugging or hand clasp
Otolaryngologic

Middle ear

Palatal anomaly/dysfunction
Age at evaluation
Gender
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+
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-

“Found in >70% of patients.
b+, feature present; —, feature absent; NA, not assessed.

four copies for Pabplp (Fig. 4B). Because three copies of each
Ubl and Pabplp could be translated without a premature stop
codon, we placed both genes in Group II. In addition, another
predicted mouse gene, 1700013G23Rik, is also not located
within the human SMCR (Fig. 4).

Genes in the SMCR (Group I)

We identified 20 genes within the human SMCR (Table 2). Of
the 12 genes mapped in 17p11.2, the genomic structures have
been described previously for the following 9: NT5M, PEMT,
SREBF1, RAI1, DRG2, MYO15A, FLII, TOP3A, and SHMT1. Here
we describe the genomic structures of the other 3 genes:
LLGL1, TOM1L2, and ATP12. In addition, two known genes:
RASD1 and RPL13, and six unknown genes: FLJ10193,
DKFZp586M1120, MGC3048, FLJ20308, SMCR7, and SMCRS,
are newly mapped to this region (Fig. 6).

Previously, only seven genes in mice: Pemt, Srebp1, Drg2,
Myo15, Liglh, Fliih, and Top3a, were mapped within the SMS
syntenic region. Of these, the genomic structure of Drg2 is not
known. We describe the gene structure of Rasdl, Rail, and
Drg2, and assemble six unknown mouse genes homologous to
human NT5M, FLJ10193, TOM1L2, DKFZp586M1120,
MGC3048, and FLJ20308 (Fig. 6).

FL]I0193

The human and mouse FLJ10193 have the same two-exon
gene structure (Fig. 6), but the proteins that they encode have
only 64% homology, which is the lowest homology among all
genes identified in the SMCR. FLJ10193 is expressed ubiqui-
tously in human and mouse tissues and has a predicted pro-
line-rich region (Fig. 7; Tables 4 and 5).

RASDI

Mouse Rasd1 is a member of the RAS superfamily, which was

induced rapidly by dexamethasone in AtT-20 cells (Kemp-
painen and Behrend 1998). RASD1 and Rasdl have the same
genomic structure of two exons separated by a <1-kb intron
(Fig. 6).

RAIl

The genomic structure of RAIT was described recently (Seran-
ski et al. 2001). We found that there are two additional tran-
scripts: KIAA1820 (AB058723) and DKFZp434A139
(AL133649) in an ~130-kb region, which share part of their
coding regions with RAIT (AJ271790; Fig. 6A). A polygluta-
mine was observed in RAI1 and KIAA1820 but not in
DKFZp434A139. Mouse Rail contains two exons correspond-
ing to the exons 2 and 3 of transcript KIAA1820 (Fig. 6B).
Mouse transcript AK013909, the homolog of
DKFZp586M1120, was also identified (Fig. 6B).

TOMIL2

We assembled TOM1L2 and Tom1I2, the human and mouse
homologs of chicken Tom1B, respectively, by multiple EST
alignments. Human TOM1L2 shares a similar genomic struc-
ture with its mouse homolog (Fig. 6). VHS and GAT domains,
which are involved in vesicular trafficking (Lohi and Lehto
1998; Puertollano et al. 2001), are present in both the human
and mouse hypothetical proteins. A major 6.0-kb and a minor
2.4-kb transcript were identified in all human tissues exam-
ined, with a significantly higher level in the heart and skeletal
muscle (Fig. 7A). However, when mouse tissues were ana-
lyzed, seven transcripts were observed, and the alternative
splicing patterns displayed tissue-specific variations (Fig. 7B).

ATPI2

ATPI12 is a human homolog of a yeast nuclear gene required
for the assembly of the mitochondrial F,-ATPase (Wang et al.
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Figure 4 Transcript map of the SMCR and its mouse syntenic region. The BAC and PAC clones are identified by name and accession number.
(A) Clones without a prefix are BACs from RPCI-11 (human) or from RPCI-23 (mouse); those with prefix P are PAC clones; those with prefix C are
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are represented by black boxes, predicted genes by blue boxes, and pseudogenes by green boxes. The predicted genes Ubl and Pabplp are located
between Flj20308 and Llglh, and both are present as a gene cluster. To distinguish from Pabplp, gray boxes were used to represent the Ubl. Human
genes transcribed from centromere to telomere are located above the central line, and genes transcribed from telomere to centromere are below
the line. The mouse genes are drawn in the reciprocal manner (i.e., genes transcribed from telomere to centromere are above the central line).
(B) The structure of the ~110-kb gene clusters between Flj20308 and Lighl that is boxed in A. Seven copies of Ubl and four copies of Pabplp are
intermixed. Solid lines connecting exons represent the splicing pattern. All copies are potentially transcribed in the same direction (arrows). The
Ubl gene appears to have four copies with spliced variants.

2001). Alternative splicing is observed for exon 3, exon 6, and
the last exon (Fig. 6A). The 3'-UTR of ATP12 overlaps with
exon 10 of DKFZp586M1120, which encodes the 3'-UTR (Fig.
6A). However, the corresponding mouse genes are not over-

lapping.

DKFZp586MI1120

DKFZp586M1120 encodes a putative 225-amino-acid protein
(Table 2), in which five leucine-rich repeats (LRR) were iden-
tified. LRR-containing proteins often are involved in protein—
protein interactions and cellular adhesion (Rothberg et al.
1990). The putative protein shares 61% homology with
PPP1R7, the human homolog of yeast sds22, a mitotic regu-
lator of protein phosphatase-1. A 1.8-kb transcript was ob-
served predominantly in human kidneys and mouse testes
(Fig. 7).

MGC3048

A putative 217-amino-acid protein encoded by human
MGC3048 has the same size as that encoded by its mouse
homolog. The two proteins share significant homology with
93% identity. PipMaker analysis revealed conservation of se-
quence not only in all exons but also throughout the first
intron, which may potentially contain regulatory elements

718 Genome Research
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for MGC3048 (data not shown). Ubiquitous expression was
observed in both human and mouse tissues (Fig. 7).

FL)20308

FLJ20308 contains 4 exons encoding a putative 378-amino-
acid transmembrane protein (Fig. 6). This gene is well con-
served in the mouse with conservation in all exons, introns,
and the promoter region (data not shown). Northern blotting
identified two transcripts in both human and mouse tissues
(Fig. 7). The expression is observed in all tissues, with rela-
tively higher expression in heart and skeletal muscle.

LLGLI

Lethal(2) giant larvae is a Drosophila tumor-suppressor gene.
Both human and mouse homologs have been described (To-
motsune et al. 1993; Koyama et al. 1996). The overlapping of
the 3’ end of LLGL1 with the 3’ end of FLII is similar to that
observed for ATP12 and DKFZp586M1120, but in contrast the
LLGL1 and FLII overlap is found in both humans and mice
(Campbell et al. 1997, 2000). LLGLI spans 14.5 kb with 22
exons and is transcribed toward the centromere (Fig. 6A).

SMCR7

SMCR?7 was represented by a cluster of more than 20 ESTs, and
two splicing variants with different 5'-UTRs were identified
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not been identified by gene prediction
programs (Fig. 4). RT-PCR showed
that each predicted gene is expressed
in almost all adult and fetal tissues ex-
amined except SMCR2, which was ex-
pressed in the brain, fetal brain, spinal
cord, and trachea (Table 4; data not
shown). SMCR9 contains two putative
PDZ domains, a protein—protein inter-
action domain likely involved in pro-
tein clustering and scaffolding (Sheng
and Sala 2001).

Pseudogenes (Group III)
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g within the SMCR, including EVPL and
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Figure 5 Comparison of the order of the putative genes in the SMCR and the mouse syntenic
region. The open boxes represent the flanking sequences of the SMCR: COPS3 and the middle

| RPL17 and RPL7A. EVPL is located ad-

’“g jacent to the middle SMS-REP and dis-
“ tal to SHMT1, a region with no con-
servation to the mouse syntenic re-
gion as shown by PipMaker. Also,
three pseudogenes, Rps4, Gapd, and
Protein tyrosine phosphatase IF2, were
identified in the mouse syntenic re-
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SMS-REP. Genes are in black, and predicted genes are in blue. Genes in the SMCR are connected  gion.
with their mouse homologs by lines. The region that contains two mouse gene clusters that are not

inside the SMCR is boxed. The location of the SMCR in the common deletion region is indicated at

the top.

(Fig. 6A). The putative 353-amino-acid transmembrane pro-
tein shows no homology to proteins with defined functions.
PipMaker analysis revealed sequence conservation through-
out the coding region, indicating the presence of the mouse
homolog in the syntenic region. We have not obtained the
full-length mouse gene, but several mouse ESTs have been
identified. Two transcripts were detected by Northern blot-
ting on human tissues with a similar expression pattern, a
major 2.8-kb transcript and a minor 3.4-kb transcript, con-
firming alternative splicing for SMCR7 (Fig. 7A). Both tran-
scripts were expressed ubiquitously with a relatively higher
expression level in heart and skeletal muscle.

SMCR8

A novel gene, SMCRS, was identified between SHMTI and
TOP3A, with its putative promoter only 286 bp proximal to
the promoter of TOP3A. SMCRS contains two exons encoding
a putative 787-amino-acid protein that encompasses an N-
terminal domain of the LBP/BPI/CETP family involved in
lipid binding (Fig. 6; Beamer et al. 1997). More than 75%
homology between human and mouse sequences in its cod-
ing region was identified. SMCRS is expressed in all tissues
examined (Tables 4 and 5), and several transcripts were ob-
served in both human and mouse tissues (Fig. 7).

Predicted Genes in the SMCR (Group II)

Ten predicted genes were identified within the human SMCR
(Table 2). The existence of these genes is indicated by the
presence of multiple ESTs, poly(A), or intron structure, as well
as expression in RT-PCR analysis. Each of the predicted genes
has no homologs identified in the syntenic region of the

DISCUSSION

Chromosome 17p11.2 is an unstable

genomic region harboring several
low-copy repeats associated with genomic disorders (Lupski
1998; Stankiewicz and Lupski 2002). Our comparative analy-
sis between the genomic sequence of the SMS region and the
syntenic region on mouse chromosome 11 revealed informa-
tion regarding genomic architecture. Moreover, we refined
the critical region responsible for SMS to a minimum interval.
New genes were identified within this refined SMCR as well as
its mouse syntenic region.

Physical and Genetic Map Comparisons

We previously hypothesized that the reduced male recombi-
nation frequency at the CMTIA locus may increase the un-
equal crossing over. This was proposed to result from an ex-
tended region of allelic chromosomes without synapse forma-
tion to provide an anchor and prevent chromosomal slipping.
Indeed, the SMS region shows reduced recombination in both
sexes, as might be expected because there is no parent-of-
origin preference for the de novo deletion. In the SMS case,
the reduced recombination may also reflect interference ow-
ing to proximity to the centromere. Nevertheless, it will be
interesting to determine if reduced recombination is a general
feature of genomic regions that undergo nonallelic homolo-
gous recombination.

Genomic Architecture Revealed through
Comparative Genomics

The percentage of low-copy repeats (LCRs), also termed seg-
mental duplications, in the human genome is greater than in
other sequenced genomes, such as the fly and worm (Lander
et al. 2001; Venter et al. 2001). Three low-copy repeats SMS-
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Figure 6 Genomic structure of the genes in the SMCR (A) and in the mouse syntenic region (B). Exons of DKFZp586M1120 are represented by
gray boxes; exons of other genes are represented by black boxes. Alternative splicing is observed for RAIT, ATP12, and SMCR7. Dashed lines
connecting exons represent the alternative splicing. Exon 10 of DKFZp586M1120 is located inside exon 6 of the ATP12 splice variant. Arrows
indicate the orientation of transcription. The introns 2 and 3 of KIAA1820 are not to scale.

REPs on human chromosome 17p11.2 mediate DNA rear-
rangements (deletions and duplications) associated with ge-
nomic disorders, by nonallelic homologous recombination
(Chen et al. 1997; Potocki et al. 2000; Park et al. 2002). Se-
quence analyses show that all three SMS-REPs within the SMS
common deletion are not present in the mouse syntenic re-
gion (Fig. 2). Apparently, except for a chromosome inversion
of the region between the middle and proximal SMS-REP syn-
tenic region in mouse, the gene order between SMS-REPs is
conserved (Fig. 2). Interestingly, transposition occurred for
the TACI and KCNJ12 genes adjacent to the SMS-REPs. This
rearrangement of gene order might have occurred during the
evolution of the SMS-REPs, indicating that segmental dupli-
cations might transpose surrounding genes.

Another genome architectural feature revealed by our
human/mouse comparative genome analysis is a region con-
taining two intermixed gene repeat units (Fig. 4B). Four of the
Ubl copies retain a putative intron. The four Pabplp copies are
interspersed among the Ubl copies. How this complex array
evolved is not immediately obvious, but this entire segment is
absent in the human genome.

Gene Density and Evolution
The gene density of the human SMCR is higher than the es-

722 Genome Research
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timated average in the human genome. Within an ~1.1-Mb
interval, 19 genes are also present in the same order and ori-
entation in the mouse chromosome (Fig. 5). Highly conserved
orthologous regions can contain a high gene density. The
number, order, and orientation of all 17 genes in a gene-rich
cluster at human 12p13 are conserved between humans and
mice (Ansari-Lari et al. 1998). Conservation between these
two species was also shown for the distal 700 kb of the Cat eye
syndrome (tetrasomy of 22q11.2) critical region and for hu-
man chromosome 11p15.3, both of which are gene-rich re-
gions (Amid et al. 2001; Footz et al. 2001). According to the
mosaic model of genomic evolution, different portions of the
genome evolve at different rates (Koop 1995). Thus, gene-rich
regions in the genome might have evolved much more slowly
than the gene-poor regions.

None of the 10 predicted genes in the SMCR was found
in mice. Most of these predicted genes match multiple ho-
mologous ESTs. Their existence was further confirmed by
their expression in RT-PCR analysis. These genes might have
important functions for silencing gene expression as an anti-
sense RNA (Nellen and Lichtenstein 1993). However, the fact
that seven predicted genes are located inside introns of other
genes indicates that these predicted genes could represent dif-
ferentially spliced exons or untranslated exons. Therefore, the
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absence of these predicted genes in mice could
be due to less alternative splicing. In humans,
an alternative-spliced last exon of ATP12 over-
laps DKFZp586M1120; however, no alterna-
tive splicing was observed for mouse Atpi2,
and the two corresponding mouse homologs
are separated from each other.

A Newly Defined SMS Critical Interval
Analyses of the deleted intervals of the SMS
patients with smaller-sized deletions enabled
refinement of the SMS critical region (Fig. 1).
Six SMS patients—540, 1190, 1456, 1354,
1615, and 1774—were determined to harbor
unusual deletions in 17p11.2. The same dele-
tions were identified for patients 1190 and
1456; but some SMS features such as brachy-
cephaly; short, broad hands; and self-
destructive and self-hugging behavior are pre-
sent in 1190 but not in 1456. Slightly different
phenotypes were also observed for patients
1615 and 1774 with the same deletions. Thus,
genetic background and/or stochastic factors
may contribute to penetrance of the pheno-
type. However, because the major SMS fea-
tures including craniofacial, skeletal, and
neuro/behavioral phenotypes were present in
two or more patients (Table 1), we determined
that the smallest overlap among these patients
is the SMCR and that the genes that contrib-
ute to the craniofacial, skeletal, and neuro/
behavioral features are likely located within
this genomic region.

Two patients, 357 and 765, with an un-
usual deletion in 17p11.2 have atypical clini-
cal features. The deletions for both 357 and
765 include part of the region between the
distal SMS-REP and the middle SMS-REP, with
the proximal breakpoints located inside the
SMCR. Further study of the breakpoint of pa-
tient 765 using a somatic hybrid cell line in-
dicated that it is located inside RP11-258F1,
~210 kb away from the middle SMS-REP. Be-
cause patient 765 does not manifest SMS, it is
possible that genes responsible for SMS are lo-
cated within this ~210 kb (Fig. 1).

Candidate Genes for the
SMS Phenotype

To delineate genes that contribute to the SMS
features, we identified and characterized genes

Figure 7 Northern blotting of the genes in the
SMCR (A) and the genes in its mouse syntenic re-
gion (B). Tissues are indicated at the top of each
lane, and the size markers in kilobases (kb) are the
numbers beside the blots. (He) heart; (Br) brain; (PI)
placenta; (Lu) lung; (Li) liver; (Sk) skeletal muscle;
(Ki) kidney; (Pa) pancreas; (Te) testis. For mRNA
quantity, B-actin was probed as a control. Ubiqui-
tous expression was observed for FL/T10793,
MGC3048, FLJ20308, and SMCR7. Tissue-specific
various-sized transcripts were observed for TOM1L2
and SMCRS8. DKFZp586M1120 is predominantly ex-
pressed in the kidney, whereas 493044 9E07Rik is in
the testis.
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Table 4. RT-PCR Analysis of the Genes within the SMCR
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Adult or fetal tissues used are indicated on the top line. B, brain; H, heart; K, kidney; Li, liver; Lu, lung; Pa, pancreas; Pl, placenta; Sm, smooth
muscle; C, colon; Le, leukemia; O, ovary; Pr, prostate; Si, small intestine; Sp, spleen; Te, testis; Th, thymus; Sp, spleen; +, positive expression;

w, very weak expression; —, no expression.

within the SMCR. SMS patients manifest abnormalities in
multiple tissues/organs including: neural (100% mental retar-
dation, 100% self-hugging, 75% peripheral neuropathy, and
69% sleep disorder), eyes (68% iris abnormalities), ears (81%
hearing impairment), hearts (29%), kidneys (28%), and skel-
etal (93% midface hypoplasia and 85% brachydactyly) (Chen
et al. 1996). The SMS-causing genes are therefore likely ex-
pressed in multiple tissues. With the exception of PEMT and
MYO15A, all genes mapped within the SMCR are widely ex-
pressed in multiple tissues.

The genes that are responsible for the SMS phenotype are
located within the SMCR and are probably dosage-sensitive.

One way to evaluate whether a gene manifests haploinsuffi-
ciency effects is by the evaluation of animal models, for ex-
ample, mice. Until now, targeted disruption of five mouse
genes: Pemt, Srebp1, Myo15, Top3a, and Fliih, within SMCR has
been reported. The normal heterozygous mutant mice indi-
cated that these genes are not haploinsufficient (Walkey et al.
1996; Shimano et al. 1997; Li and Wang 1998; Probst et al.
1998; H. Campbell, pers. comm.) and therefore are less likely
to contribute to the SMS phenotypes. However, dosage sensi-
tivity for a given gene in humans does not necessarily corre-
late with haploinsufficiency in mice. For example, haploin-
sufficiency of GATA3 is the underlying mechanism for the

Table 5. RT-PCR Analysis of the Genes within the Mouse Syntenic Region of the SMCR
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hypoparathyroidism, sensorineural deafness, and renal
anomalies (HDR) syndrome. Mice heterozygous for the Gata3
mutation appear to be normal (Pandolfi et al. 1995; Van Esch
and Devriendt 2001). We can also exclude MYOI15A because
the heterozygous individual carrying this recessive deafness
gene does not show SMS (Wang et al. 1998; Liburd et al.
2001).

One potential SMS candidate gene is LLGL1, the human
homolog of lethal giant larvae ( Lgl), a tumor-suppressor gene
in Drosophila. LLGL1 is expressed ubiquitously, with the most
abundant expression in the brain and testis (Koyama et al.
1996). Moreover, Lgl in Drosophila is essential for asymmetric
cortical localization of basal determinants in mitotic neuro-
blasts, and is required for neural fate decisions (Ohshiro et al.
2000; Peng et al. 2000). Another SMS candidate is RAII.
Mouse Rail has neuron-specific expression in the brain and is
induced by retinoic acid, which is involved in craniofacial
development (Imai et al. 1995; Helms et al. 1997; Padmanab-
han and Ahmed 1997). Therefore, haploinsufficiency of RAI1
may account for both neuro/behavioral abnormalities and fa-
cial abnormalities in SMS. Two GTP-binding proteins were
identified within the SMCR: DRG2 and RASD1. DRG2 is a
developmentally regulated protein, and is closely related to
DRG1 (Li and Trueb 2000). RASD1 is a brain-enriched G pro-
tein that is strongly and rapidly induced during treatment
with dexamethasone (Kemppainen and Behrend 1998). Both
the LRR in DKFZp586M1120 and the PDZ domain in SMCR9
are associated with protein-protein interaction. Genes in-
volved in signal transduction or protein—protein interactions
have the potential to show haploinsufficiency effects, because
half dosage may affect the balance of protein complexes, and
then interfere with a series of related events required for nor-
mal development. The three genes FLJ20308, SMCR7, and
SMCRS located within the ~210-kb region also remain prom-
ising SMS candidates, although we have no clues as to their
functions. Targeted mutation of these genes will help unravel
their potential roles in SMS.

One or More SMS-Causing Genes?

It is unclear whether haploinsufficiency of either one single
gene or several contiguous genes causes the characteristic fea-
tures of SMS as classically proposed (Schmickel 1986; Shaffer
et al. 2001). The causative genes for several microdeletion
syndromes have been identified. In some syndromes, haplo-
insufficiency of a single gene is responsible for the entire phe-
notype. The Rubinstein-Taybi syndrome (RTS), associated
with microdeletion of 16p13.3, consists of facial abnormali-
ties, broad thumbs, broad big toes, and mental retardation.
Loss of one functional copy of a transcriptional coactivator
cyclic AMP response-element-binding protein, (CREB)-
binding protein (CBP), underlies all the developmental abnor-
malities in RTS (Petrij et al. 1995). This was clearly docu-
mented by identifying patients with CBP null alleles caused
by frameshift or nonsense mutations. Another example of a
monogenic microdeletion syndrome is Alagille syndrome,
sometimes associated with the deletion of 20p12. The caus-
ative gene for all the features of this syndrome is JAG1, which
encodes a ligand for Notch1 (Li et al. 1997; Oda et al. 1997).

Because deletions of genomic regions inside 17p11.2 are
identified in almost all SMS patients, it is possible that hap-
loinsufficiency of more than one gene underlies the SMS phe-
notype. In some contiguous gene-deletion syndromes, muta-
tion in one gene accounts for only a portion of the phenotype

(Shaffer et al. 2001). For example, deletion of the elastin gene,
ELN, leads to vascular stenoses, one of the clinical features of
Williams syndrome (WS), a developmental disorder caused by
a deletion of band 7q11.23 (Ewart et al. 1993). The specific
gene(s) for other features of WS including growth retardation,
hypercalcemia, renal anomalies, and mental retardation are
still unknown (Ewart et al. 1993). Miller-Dieker syndrome
(MDS) is a multiple malformation syndrome characterized by
lissencephaly and facial abnormalities (Dobyns et al. 1984).
LIS1, the gene inside the MDS critical region, encodes a sub-
unit of the brain platelet-activating factor acetylhydrolase
(PAFAH), and is responsible only for brain malformation (Hi-
rotsune et al. 1998; Pilz et al. 1998). The additional features
such as facial abnormalities are thought to be caused by other
unknown genes. Therefore, to identify the genes involved in
manifesting phenotypes of a contiguous gene deletion syn-
drome, an important step is to determine the finished se-
quence of the genomic region corresponding to the deleted
interval, and identify all the genes within that region.

Conclusions

We have refined the critical SMS interval to an ~1.1-Mb ge-
nomic region and performed gene identification and charac-
terization for this newly defined critical region and its syn-
tenic region in the mouse. Our data provide insights into
genome architecture and evolution, and new genomic infor-
mation for comparative analysis between humans and mice,
indicate potential SMS candidate genes, facilitate the identi-
fication of the haploinsufficient genes involved in this syn-
drome, and provide information necessary for engineering a
mouse model of SMS.

METHODS

Construction of BAC/PAC Contig

CTD and PAC clones were selected from the NCBI database
(http://www.ncbi.nlm.nih.gov) based on their sequence ho-
mology with the STS markers mapped inside the SMS com-
mon deletion region. The BAC clones were isolated by radio-
active filter hybridization of human RPCI-11 and mouse
RPCI-23 BAC libraries (BACPAC Resources) using probes to
STS markers. BAC end sequences were determined either from
the database (http://www.tigr.org) or by direct sequencing.
The extent of the genomic clones was determined by STS con-
tent mapping. Gaps were filled by multipoint walking based
on end sequences of several selected BACs.

Up to 20 oligonucleotide overgo probes (Cai et al. 1998)
were included in one hybridization, and positive clones were
identified by PCR using primers derived from the parental
clone ends. The location of each BAC in the SMCR was further
confirmed by FISH on cells from SMS patient lymphoblasts.
Human BACs for the minimum tiling paths were submitted to
the Whitehead Institute for Biomedical Research at the Mas-
sachusetts Institute of Technology. Mouse BACs were submit-
ted to the Human Genome Sequencing Center at Baylor Col-
lege of Medicine or the Sanger Center for sequencing.

Refining the SMCR

The SMCR was refined by FISH on lymphoblast cell lines de-
rived from SMS patients with unusual smaller deletions.
BAC/PAC DNA was prepared using the PSI Clone BAC DNA kit
(Princeton Separations, Inc.) or the Plasmid Midi Kit
(QIAGEN) according to manufacturers’ instructions. The DNA
probe (1 pg) was labeled by nick-translation using biotin (Life
Technologies-GIBCO BRL) or digoxigenin (Boehringer Mann-
heim). Biotin was detected with FITC-avidin DCS (Vector
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labs), and digoxigenin was detected with rhodamine-anti-
digoxigenin antibodies (Sigma). Chromosomes were counter-
stained with DAPI diluted in Vectashield antifade (Vector
Labs). Cells were viewed under a Zeiss Axioskop fluorescence
microscope.

Informatics

Sequencher 3.1 software (Gene Codes) was used for sequence
alignment, DNA translation, and annotation. Human and
mouse interspersed repeat sequences were detected and
masked using RepeatMasker (http://ftp.genome.washington.
edu/cgi-bin/RepeatMasker). DNA sequences were separated
into ~50-kb segments and analyzed using the NIX analysis
(http://www.hgmp.mrc.ac.uk/Registered/Webapp/nix); an
integrated Web-based multiple DNA analysis bioinformatics
tool including GRAIL, Fex, Hexon, MZEF, Genemark, Gen-
eFinder, FGENES, Polyah, RepeatMasker, tRNAscan, and
BLAST, that searches many databases. Potential genes were
further analyzed individually using FGENES (http://
genomic.sanger.ac.uk/gf/gfb.html) for gene structure and ORF
Finder (http://www.ncbi.nlm.nih.gov/gorf) for translation
and ORFs. The putative proteins were analyzed using Pfam 6.6
(http://pfam.wustl.edu), InterpPrRO (http://www.ebi.ac.uk/
interpro) for domains, and TMpred (http://www.ch.
embnet.org/software/TMPRED_form.html) for transmem-
brane regions.

DNA and protein sequence similarity was analyzed with
BLAST (http://www.ncbi.nlm.nih.gov/BLAST) against the nr,
EST, and htgs databases using the default parameters. Human
noncontinuous DNA sequences proximal to COPS3 and distal
to the middle SMS-REP, corresponding to the SMCR, were
repeat-masked and compared with mouse noncontinuous
DNA sequences of five BACs (a gap between RP23-82E8 and
RP23-181C17 was filled using Celera’s genome sequences) us-
ing the PipMaker program (http://bio.cse.psu.edu/pipmaker/).
PipMaker computes alignments of similar regions in two
DNA sequences, and the resulting alignments are summarized
with a percent identity plot (PIP; Schwartz et al. 2000).

RT-PCR Analyses and Northern Blotting

Gene expression profiles in human and mouse tissues were
analyzed by Northern blotting (Fig. 7) and/or RT-PCR (Tables
4 and 5). RT-PCR analyses were performed using the first-
strand cDNA from various adult and fetal tissues (Clontech).
Primers were designed using Primer3 (http://www-
genome.wi.mit.edu/genome_software/other/primer1.html).
Hotstart DNA polymerase (QIAGEN) was used to reduce the
amplification of nonspecific PCR products; PCR conditions
consisted of 95°C for 15 min, 1 cycle; 95°C for 30 sec, 60°C for
30 sec, 72°C for 1 min, 32 cycles; and a final extension cycle
at 72°C. There was no amplification of genomic untranscribed
sequences consistent with the absence of genomic DNA con-
tamination in both human and mouse cDNAs. For Northern
blotting, probes were designed to DNA sequences of the 3’-
UTR of each gene. Radioactive hybridization was performed
on multiple tissue blots following the manufacturer’s instruc-
tions (Clontech).

NOTE ADDED IN PROOF

While our manuscript was under review, a paper regarding
analysis of a human genomic contig and a transcription map
of the SMS critical interval was published (Lucas et al. 2001).
Comparison of the gene lists within our SMCR indicated that
15 genes or ESTs (NT5M, FLJ10193, RASD1, PEMT, RAIl,
SREBF1, TOM1L2, ATP12, MGC3048, DRG2, MYO15A, LLGL1,
FLII, TOP3A, and SHMT1) were identified in both papers, and
5 genes (RPL13, DKFZp586M1120, FLJ20308, SMCR7, and
SMCRS) and 10 predicted genes (SMCR9, FL]23022, SMCR2,
SMCR3, SMCR4, SMCRS, SMCR6, DKFZp586E1520, FL]21501,
and FLJ13773) described in this paper are not mentioned in
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the Lucas paper. One gene (EEF1A3) and 4 ESTs (IB1187,
stSG8339, stSG9692, and T78887) reported in the Lucas paper
are not included in this paper because the information avail-
able was not sufficient to identify them as genes.
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