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Abstract. Here we report on a male patient with sacral dys-
genesis (SD) and constitutional pericentric inversion of chro-
mosome 6 (p11.2;q23.3). SD is a heterogeneous group of con-
genital anomalies with complex genetic etiology. Previously, a
patient with sacral abnormalities and an interstitial deletion of
6q23—q25 region has been described. We speculated that a
susceptibility gene for SD lies in 6g23.3 region (disrupted in
both patients), and therefore, cloning of the breakpoint in our
patient would lead to the identification of the disrupted gene.
We performed FISH analysis followed by Southern blot analy-
sis and inverse PCR to clone the breakpoint. The 6p11.2 break-
point mapped very close to the centromere, and the 6g23.3

breakpoint localized in the ninth intron of the MAP7 gene. We
then evaluated the involvement of MAP7 in SD by further
screening of the gene in several patients with a similar pheno-
type. Two nucleotide changes causing Ile257Asn and
Glu571Ala substitutions in the protein, both affecting amino
acid residues conserved in the mouse homolog, were identified
in two patients. Both changes are either very rare polymor-
phisms or true mutations, since they were not detected in 167
normal individuals nor found in the SNP database. Therefore,
our study suggests MAP7 as a candidate gene for SD. However,
we were unable to detect any sacral defects in the MAP7 knock-
out mice.
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Sacral dysgenesis (SD), also known as sacral agenesis or cau-
dal regression syndrome, is characterized by the congenital
absence of all or part of the sacrum with contiguous caudal
defects and associated anomalies (Welch and Aterman, 1984;
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Pang, 1993). It can occur as an isolated anomaly or with other
malformations, such as Currarino syndrome (O’Riordain et al.,
1991; Lynch et al., 2000). Embryologically caudal regression or
dysgenesis has been ascribed to defective blastogenesis, and
there has been overlap between caudal dysgenesis and other
conditions believed to be due to errors in blastogenesis such as
the VACTERL association (Cuschieri, 2002). The degree of
neurologic involvement usually depends on the amount of
sacrum present, most often presenting as a neurogenic bladder
due to the absence of the corresponding sacral motor nerves
(Lotan et al., 1981). Skeletal defects often go undetected unless
X-rays are performed due to other symptoms, such as bowel
and urine incontinency (Kaneoya et al., 1990; Unluer and
Bulut, 1991). Most cases of SD are sporadic, although familial
cases have also been reported (Sarica et al., 1998). Sporadic
cases of SD are often associated with maternal diabetes (White
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and Klauber, 1976; Dunn et al., 1981; Sonek et al., 1990).
Familial cases display autosomal dominant inheritance with
incomplete penetrance (Borrelli et al., 1985; O’Riordain et al.,
1991). Cytogenetic studies (Morichon-Delvallez et al., 1993;
Savage et al., 1997) and linkage analysis (Lynch et al., 1995)
followed by positional cloning efforts has led to the identifica-
tion of a gene, HLXB9 at 7q36 with mutations in several fami-
lies with sacral agenesis (Ross et al., 1998). HLXB9 is a homeo-
box gene that codes for the nuclear protein HB9. The exact
mechanism by which mutations in HLXB9 cause defects in
caudal development is currently unknown, although most mu-
tations have been observed in the homeobox domain (Belloni
et al., 2000; Hagan et al., 2000; Kochling et al., 2001). Mice
homozygous for a null mutation in HLXB9 gene do not display
any detectable sacral defects (Harrison et al., 1999; Li et al.,
1999). Mutations in HLXB9 have been detected in most cases
of hereditary sacral agenesis but not in sporadic cases with a
similar phenotype (Lynch et al., 2000).

A lack of mutations in HLXB9 in sporadic cases and other
reports of non-7q cytogenetic abnormalities and linkage analy-
sis suggest genetic heterogeneity. McLeod and colleagues
(McLeod et al., 1990) reported a patient with an interstitial
deletion of 6q23 to g25 region and sacral agenesis. Involvement
of the T-locus (Brachyury) was also suggested based on the sim-
ilarities in defects caused by T-locus mutations in the mouse to
spina bifida and sacral agenesis in human (Fellous et al., 1982).
However, any major role of the T-locus in the etiology of SD
was excluded by mutation screening in 28 patients (Papapetrou
et al., 1999). These studies indicate complex genetic etiology
for SD. In an effort to identify additional candidate genes for
sacral dysgenesis, we performed molecular delineation of a con-
stitutional chromosomal aberration involving chromosome 6,
inv (6) (p11.2;g23.3) in a patient with clinical symptoms of SD.
The rearrangement appeared to be a balanced inversion with
no detectable loss of chromosomal material based on cytogenet-
ic analysis using FISH. Here we report the molecular cloning
and characterization of the 6q23.3 breakpoint in this patient.

Materials and methods

Case report

This study is based on a newborn male twin diagnosed with sacral dys-
genesis by X-ray and MRI examination. The patient exhibited typical symp-
toms of SD, including absent sacrum, closed lipomeningocele, and anal atre-
sia. The patient also exhibited multiple anomalies of the thoracolumbar ver-
tebrae, tracheoesophageal fistula, and esophagal atresia indicating a wide
spectrum of midline defects occasionally seen in SD. Mildly low set ears,
arthrogryposis and hypoplasia of the lower extremities and clubfoot were also
present. There was no family history of diabetes or teratogen exposure. Cyto-
genetic studies revealed a pericentric inversion: inv(6)(pl1.2;q23.3), also
present in the father, an apparently normal male fraternal twin, and the
paternal grandfather who suffered from hairy cell leukemia. The father had a
congenital neurogenic bladder, indicating a mild form of sacral dysgenesis. A
lymphoblastoid cell line established from patient’s blood was used in this
study after institutional review board approval.

YAC, BAC and PAC clones

YAC clones mapping to 6q23.3 band region were identified from the
Whitehead Institute’s human physical mapping database (http://www-
genome.wi.mit.edu/). Human BAC and PAC libraries (Genome Systems)
were screened with STS primers from available genetic markers within the
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interval. DNA from YAC clones was isolated by spheroplasting as described
by Carpten et al. (1994). DNA from BAC and PAC clones was purified using
the Autogen 850 automated DNA isolation system using the manufacturer’s
recommended protocol (Autogen).

Polymerase chain reaction (PCR) and mutation analysis

PCR reactions were performed using 10 ng of template DNA with
2.25 mM Mg**, 250 nM dNTPs, 333 nM each forward and reverse primer,
PCR buffer II (Perkin-Elmer), and 0.6 units of AmpliTaq Gold Polymerase
(Perkin-Elmer) in a 15-pl total PCR reaction volume. All of the PCR reac-
tions were carried out in a model 9700 Thermocycler (Perkin-Elmer) using
the following cycling conditions: initial denaturation of 94°C for 12 min;
94°Cfor 15s,55°C for 15, 72°C for 15 s for 35 cycles; followed by a final
extension at 72 °C for 10 min. Mutations in HLXB9 were analyzed by single-
strand conformation polymorphism (SSCP) using nine overlapping primer
pairs that covered the entire coding sequence. The PCR template was cDNA
synthesized from patient RNA using reverse transcriptase AMV and oligo-
(dT)15 primer in the presence of RNase-inhibitor (Boehringer Mannheim).
Radiolabeled PCR products were electrophoresed in 0.5x MDE™ (FMC Bio
Products) gels with and without glycerol at room temperature with 0.6x TBE
at 5 W for 16 h. Mutation analysis of MAP7 was performed on genomic DNA
from patients using SSCP, denaturing high performance liquid chromatogra-
phy (dHPLC, Varian), and bidirectional sequencing technologies. Primers
were designed to cover all 16 coding exons of the gene and primer sequences
are available upon request. Most of the samples were analyzed by dHPLC for
12 exons and sequencing for four exons numbered 10, 13, 15, and 16. A small
subset of patients was screened by SSCP for all exons. PCR products repre-
senting heteroduplex samples from dHPLC analysis, conformers from SSCP
gels, and direct sequencing exons were sequenced using an Applied Biosys-
tems 377 XL automated DNA sequencer (Perkin-Elmer). Sequences were
analyzed using Sequencher v4.1 (Gene Codes) to identify nucleotide substi-
tutions.

Fluorescence in situ hybridization (FISH)

Slides with metaphase chromosome spreads were prepared from the
patient’s lymphoblastoid cell line. All probes were labeled with Spectrum-
Orange conjugated dUTP by degenerate oligonucleotide primed-PCR. The
slides were treated with RNase for 2 h at 37°C and were denatured in 70 %
formamide/2x SSC at 72°C for 2 min. Hybridization was performed in a
humidity chamber at 37°C overnight followed by washing and counter-
staining with DAPI in antifade.

Southern blot analysis

Southern blots were prepared in the laboratory using standard methods.
Briefly, 5 ug of DNA from patient and controls was digested with selected
restriction enzymes, electrophoresed on 0.8 % agarose gels, and transferred to
GeneScreen plus nylon membranes (Dupont). Probes were labeled using 32P-
dCTP using a Prime-it II kit (Stratagene). Hybridization was performed
overnight at 65 ° C in RapidHyb buffer (Amersham). Blots were washed in 2x
SSC, 0.1% SDS twice at room temperature for 10 min each, followed by a
20-min wash in 0.1x SSC, 0.1 % SDS at 65°C.

Inverse PCR, cloning and sequencing

Following the localization of breakpoints by Southern blots, the inverse
PCR approach was used to amplify junction fragments. Briefly, DNA from
patient and a normal control was digested with EcoR]I, purified using a Qia-
quick PCR purification kit (Qiagen), and self-ligated using T4 DNA ligase
(Stratagene). Three sets of primers were designed from the 1,430 bp EcoRI
fragment containing the breakpoint. Each set consisted of a pair of primers
facing in opposite directions, 12—18 bp apart. Self-ligated EcoRI DNA was
purified using the Qiaquick PCR purification kit and was used as template
for PCR using each of the three sets of primers. The products were sub-
cloned using a TOPO TA cloning kit (Invitrogen), and sequenced with vector
primers followed by walking primers to identify the junction sequences.
Sequence analysis was performed using Sequencher.

Mice genotyping and phenotyping

DNA was extracted from mice tails using a standard protocol and was
analyzed by PCR for the presence of gene-trap vector. Wild type animals
were identified by lack of amplification with vector primers. Further analysis
using Southern blots as described by Komada et al. (2000) was used to identi-
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Fig. 1. Breakpoint localization by physical mapping and FISH analysis in the patient’s lymphoblastoid cell line. (A) Physical
map of the 6q23.3 region. YAC and BAC clones used in FISH analysis are shown in red, BAC clones sequenced by the Sanger
Center are shown in green and transcripts are shown in blue color. Vertical lines show known STSs representing genetic markers
and new STSs derived from BAC end sequences. (B) FISH analysis using YAC 848A9. (C) FISH analysis using YAC 956B10.
(D) FISH analysis using BAC 206B13. In B, C, and D arrows point to normal and inversion 6 chromosomes. In all cases, two signals
are seen on inv(6) chromosome, indicating that these clones span the breakpoint.

fy homozygous null mice from heterozygote animals. Newborn mice were
phenotyped for sacral dysgenesis using radiographs and skeletal staining
(Wallin et al., 1994). Radiographs were performed on anesthetized animals
using a Faxitron X-ray machine and Kodak X-OMAT TL diagnostic film.
Different exposure times and magnifications were used to maximize our
chances of detecting abnormalities.

Results

First, we ruled out that the patient’s phenotype was due to a
mutation in HLXB9 by SSCP analysis of patient’s cDNA using
nine overlapping primer pairs designed from the coding se-
quence of HLXBY. Based on the previous report of possible
involvement of 6q in SD, and the close proximity of the p arm
breakpoint to the centromere (a region often devoid of genes),
we hypothesized that the breakpoint at 6q23.3 in this patient’s
inv(6)(p11.2;q23.3) might have disrupted a gene involved in
SD. A physical map of the region was assembled using the
Whitehead YAC contig WC-574 and BAC/PAC clones identi-
fied by screening genomic libraries with STS markers from the
region (Fig. 1A). Two overlapping CEPH-megaYAC clones,

y848A9 and y956B10, were found to span the inversion break-
point by FISH (Fig. 1B, C). BAC and PAC clones from the
overlapping region of YACs allowed further refinement of the
breakpoint to a single BAC clone, b206B13 (Fig. 1D).

A database search of the end sequences of BAC clone
b206B13 identified a 165 kb sequenced BAC clone dJ406A7
(Genbank accession # AL023284). Since this sequence was not
annotated, we performed further analysis using GeneMachine
(Makalowska et al., 2001) and localized the MAP7 gene (locus-
ID: 9053), previously called E-MAP115 or Ensconsin to this
region (Masson and Kreis, 1993). By aligning end sequences of
our FISH clone b206B13 with the dJ406A7 sequence, we local-
ized the breakpoint to a genomic interval of 89,955 bp most of
which was occupied by the MAP7 gene (exon 1 begins at 8,083
bp and exon 17 ends at 85,644 bp). To delineate how the MAP7
gene was disrupted by the breakpoint, we performed a series of
genomic Southern blot hybridizations to identify novel junc-
tion fragments. We generated nine PCR-derived probes (P1-
P9) from repeat-free regions and roughly spaced at 10-kb inter-
vals (Fig. 2A). Using probe 6 (a 938 bp fragment containing
exon 7) we identified two additional fragments in the patient’s
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Fig. 2. Breakpoint localization using Southern blot analysis. (A) Genomic organization of MAP7. The horizontal line repre-
sents the sequence of b206B13. Vertical lines depict exons 1 through 17. Boxes underneath the horizontal line show probes one
through nine. (B) EcoRI and Sacl Southern blots using probe 6. Lane P: patient DNA, lanes C1 and C2: DNA from control
individuals. The patient DNA shows two additional bands following Sacl digest. (C) Restriction map of the 10-kb Sacl fragment
showing probes 10-14 and restriction sites marked as B for BamHI, E for EcoRI and S for Sacl sites. (D) BamHI and EcoRI
Southern blots using probe 14. In both BamHI and EcoRI digested DNA, the patient DNA shows two extra bands representing the

junction fragments.

DNA digested with the restriction enzyme Sacl (as compared
to normal controls) (Fig. 2B). These results allowed us to nar-
row the breakpoint region to a 10,419 bp Sacl fragment con-
taining our probe. Five new probes (P10-P14) were then
designed from this region allowing us to narrow the breakpoint
further to a small EcoRI fragment (Fig. 2C). Probe 14 identi-
fied rearrangements in both BamHI and EcoRI digested pro-
band’s DNA (Fig. 2D). This unequivocally localized the break-
point to a 1,430 bp EcoRI fragment. We then used an inverse
PCR strategy to clone the junction fragments (Fig. 3A). Analy-
sis of the cloned products identified two junction fragments of
1,331 bp and 1,535 bp corresponding to the two extra bands
seen on the Southern blot. Their alignment with the original
1,430 bp sequence localized the breakpoint at position 246 of
this EcoR1 fragment (Fig. 3B).

As expected, the sequences on either side of the breakpoint
mapped to 6pl1.1 by using the BLAT search feature of UCSC
against the April 2003 assembly of the human genomic se-
quence. This data maps the 6p11.1 breakpoint very close to the
centromere (approximately 58 Mb position on the chromo-
some). There are no genes, ESTs or predicted transcripts map-
ping in the vicinity of the p-arm breakpoint, suggesting disrup-
tion of MAP7 as the most likely cause of our patient’s SD phe-
notype. The breakpoint in MAP7 lies in the intron between
exons 9 and 10, thereby placing the first nine exons of the gene
at the centromeric side of the rearrangement.

To further evaluate the role of MAP7 in the etiology of SD,
we screened 117 patients with caudal developmental defects for
mutations using primers derived from 16 coding exons. In
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addition to a few common polymorphisms, we detected two
rare variants: a T770A change causing Ile257Asn (detected in a
patient with lipomyelomeningocele) and an A1712C change
leading to Glu571Ala (detected in a patient with lumbar lipo-
meningocoele). Both nucleotide changes were not detected in
any other patient or 167 normal individuals. Unfortunately, no
family history or other clinical information was available to
track the changes in these cases. However, both changes occur
at residues conserved in the mouse. Furthermore, both changes
were not found in the SNP database.

During the course of our study, Komada et al. (2000)
created a MAP7 knockout mouse using gene-trapping technolo-
gy and demonstrated the role of this gene in spermatogenesis.
Male mice homozygous for the mutation were sterile due to
deformation of spermatid nuclei. They also detected a strong
expression of MAP7 in the floor plate of the neural tube. The
floor plate is important for the development of the spinal cord.
Therefore, to analyze these mice for sacral defects, we obtained
heterozygous mice from the Fred Hutchison Cancer Research
Center and bred them to homozygosity after re-derivation into
the NHGRI animal facility. We analyzed newborn mice for
sacral dysgenesis using X-rays and skeletal staining. We were
not able to identify any phenotypic differences in the sacral
region of homozygous mice when compared to wild type and
heterozygous animals.
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Fig. 3. Breakpoint cloning. (A) Flowchart of inverse PCR strategy used in cloning. Junction fragments depicted as horizontal
lines are shown in comparison with the expected EcoRI fragment. The red portion of the junction fragments shows the part derived
from the centromeric side of the breakpoint. (B) Sequence of junction fragments around the breakpoint in comparison with the
6q23.3 sequence showing the exact location of the breakpoint.

Discussion

We report here the disruption of MAP7 as a result of a peri-
centric inversion in a patient with clinical symptoms of SD and
associated anomalies. The patient’s father has the same chro-
mosomal rearrangement and a mild form of SD, whereas the
patient’s fraternal twin brother with the same rearrangement
appeared normal at the time of initial examination. A paternal
grandfather with the same chromosome rearrangement was not
available for evaluation, but was known to have hairy cell leu-

kemia. The immediate question that comes to mind is whether
disruption of MAP7 plays a causal role in this patient’s pheno-
type or is a mere coincidence. In order to answer this question
we performed mutation screening of MAP7 in additional
patients as well as a phenotypic analysis of the knockout mice.

Chromosomal rearrangements have been successfully used
in defining molecular defects for several diseases. However, in
most cases the rearrangements are recurrent or are verified by
the molecular defects at the same locus in other patients. The
coexistence of a cytogenetic abnormality in this region and
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sacral defects has been demonstrated in at least one additional
patient (McLeod et al., 1990). In addition, we have identified
missense mutations affecting conserved amino acids in two
patients. Taken together, these findings suggest MAP7 as a
strong candidate for SD. The patient’s twin might not have
manifested the phenotype yet due to incomplete penetrance,
epigenetic factors, or late manifestations of the milder disease.
Since he appeared asymptomatic at the time of examination,
X-rays were not taken and he was not followed-up further.

MAP7 belongs to the family of microtubule-associated pro-
teins, a heterogeneous group of proteins involved in cytoskele-
tal organization that help maintain cellular shape and polarity
(Maccioni and Cambiazo, 1995; Vanier et al., 2003). Expres-
sion studies at the mRNA and protein levels have shown a high
level of MAP7 expression in epithelial cells and moderate
expression in neuronal cells (Fabre-Jonca et al., 1998). Burgess
and Schroeder (1979) have speculated that several develop-
mental defects, such as spina bifida, might be related to mal-
functioning of the cytoskeleton. Not much is known about
MAP7 protein structure or the motifs it contains. Therefore, it
is difficult to infer the mechanism of action of the mutations we
observed. We did not detect any obvious sacral defect in the
MAP7 knockout mice. It is worth noting that the knockout
mice for HLXBY, the other gene involved in SD, also show nor-
mal caudal development (Harrison et al., 1999; Li et al., 1999).
Instead these mice show defective pancreas and aberrant speci-
fication of motor neurons (Arber et al., 1999; Thaler et al.,
1999).

Our breakpoint cloning approach utilized the available hu-
man genomic sequence resources to design probes for Southern
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