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Abstract
Sitosterolaemia (phytosterolaemia) is an autosomal recessive disorder characterised by the presence
of tendon xanthomas in the face of normal or mildly elevated plasma cholesterol levels, premature
atherosclerotic disease and has diagnostically elevated plasma and tissue plant sterol concentrations.
Affected individuals show an increased absorption of both cholesterol and sitosterol from the diet,
decreased bile clearance of these sterols and their metabolites resulting in markedly expanded whole
body cholesterol and sitosterol pools. The defective gene is therefore hypothesised to play a crucial
role in regulating dietary cholesterol absorption, and its elucidation may shed light on these molecular
processes. We have previously localised the defective gene to human chromosome 2p21, between
microsatellite markers D2S1788 and D2S1352, a distance of approximately 15 cM. Recently, the
disease locus interval has been narrowed to lie between D2S2294 and D2S2291/D2S2174. We have
constructed a high-resolution YAC and BAC contigs by using known STSs and generating novel
STSs from the minimal interval. Eight previously identified genes and 60 ESTs were mapped to these
contigs. The BAC contig contains 60 BAC clones and 108 STSs and encompasses a physical distance
of approximately 2.0 cM between microsatellite markers D2S2294 and D2S2291. These results will
not only facilitate cloning of the sitosterolaemia gene, but also other disease genes located in this
region, and accelerate sequencing of the corresponding genomic clones.
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Introduction
Sitosterolaemia (also known as phytosterolaemia, MIM number 210250) is a rare autosomal
recessively inherited metabolic disorder, which was described in 1974 in two affected sisters.
1 Sitosterolaemic patients develop tendon and tuberous xanthomas, haemolytic episodes,
arthralgias and arthritis, and premature coronary and aortic atherosclerosis leading to cardiac
fatalities.1–5 Affected individuals have very high levels of plasma plant sterols (sitosterol,
campesterol, stigmasterol, avenosterol) and their 5α-saturated stanols, particularly sitostanol,
but their blood cholesterol levels may be normal or only moderately increased.1,4 Increased
intestinal absorption and decreased hepatic excretion of sitosterol (the major plant sterol) may
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be responsible for the accumulation of these non-cholesterol sterols in plasma and tissues of
affected patients.4,6–10

In addition to the proposed defects of absorption and excretion of sitosterol, reduced whole
body cholesterol synthesis has also been noted.2,11,12

Linkage analyses of 10 well-characterised pedigrees localised the genetic defect to human
chromosome 2p21, between microsatellite markers D2S1788 and D2S1352.13 Recently, we
have narrowed this interval to lie between microsatellite markers D2S2294 and D2S2291 (Lee
et al, manuscript submitted). To refine the minimal critical region and isolate candidate gene
(s), we have constructed high-resolution YAC and BAC contigs by using known STSs and by
generating novel STSs from this region. We have mapped a number of ESTs to this interval,
building a partial transcript map that should aid identification of the defective gene.
Additionally, this may facilitate the identification of other disease loci mapped to this region,
such as a QTL for serum leptin levels,14 as well as a locus for gingival fibromatosis.15

Materials and methods
Selection and STS contents of YAC clones

YAC clones were identified through the YAC databases developed by CEPH16,17 and the
Whitehead Institute18 using all of the known markers and STSs in sitosterolaemia region
(D2S2291, D2S2174, D2S1830, D2S1485, D2S2298, D2S119, D2S2294, D2S414). The YAC
clones were purchased from Research Genetics, Inc (Birmingham, AL, USA). Single YAC
colonies were grown at 30°C for 48 h in 15 ml of selective YPD medium. Total YAC DNA
was prepared as described previously.19 The STS contents of the YACs were determined by
using PCR amplifications.

Inter-Alu PCR
Inter-Alu PCR was performed using YAC DNA as template and the following primers: CL1,
(5′TCCCAAAGTGCTGGGATTACA), CL2 (5′CTGCACTCCAGCCCTGGG) and used as
CL2 alone or CL1 and CL2 combined primers.20,21 The PCR products were isolated and
cloned into plasmid, pBluescript (Stratagene, La Jolla CA, USA) using TA cloning, as
previously described,22 and sequenced using T3 and T7 primers. The sequences were scanned
against the databases, using BLAST23 (http://www.ncbi.nlm.nih.gov/BLAST/) and the
RepeatMasker program (http://ftp.genome.washington.edu/RM/webRepeatMasker.html).
Unique sequences were used to design primers for further mapping (Table 1). Confirmation
of chromosome 2 specific sequences was verified by PCR, using chromosome 2 specific
humanhamster hybrid somatic cell line DNAs (Corell Cell Repository, Camden, NJ, USA).

BAC clone screening
PCR-based library screening—The CITB-SHP-C Human BAC library,24 (Research
Genetics, Inc., Huntsville, AL, USA) was screened by a PCR-based assay of DNA super-pools
and plates according to the vendor recommended procedures. Positive clones were obtained
from Research Genetics, Inc., plated on agar plates containing 12.5 μg/ml chloramphenicol
and colonies screened by PCR for STS content verification.

Hybridisation-based library screening—High-density gridded filters of BAC libraries
(RPCI-11) were obtained from Roswell Park Cancer Institute (Dr. Peter de Jong's laboratory,
Buffalo NY, USA), and screened with radioactive probes from the IMAGE cDNA clones of
ESTs mapped to the YAC contig. Positive clones were obtained from the Roswell Park Cancer
Institute.
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Selection from database
All known STS, EST and Alu PCR sequences were checked by a Basic BLAST against the
Alu database (http://www.ncbi.nlm.nih.gov/blast/blast.cgi) and masked by RepeatMasker23
and unique sequences thus identified were used as probes. Sequenced BACs in the public
databases were identified by a BLAST 2.0 alignment search of the HTGS database25,26 (http://
www.ncbi.nlm.nih.gov/blast/blast.cgi) and the complete BAC sequences were obtained from
GenBank (http://www.ncbi.nlm.nih.gov/genbank/query_form.html). BACs with known end-
sequence information were determined by searching the BAC End Sequence Database at TIGR
(http://www.tigr.org/tdb/hum-gen/). The overlapped BACs or BAC contigs were obtained by
searching the Washington University Human mapping database (http://genome.wustl.edu/gsc/
cgibin/fpchuman.-single.pl) for likely matches to specified clones.

Sequencing of YAC and BAC ends
Isolation of YAC ends was performed using a modified vectorette method, using primers as
previously described.27 YAC DNA (0.1 μg) was digested with 10 units of RsaI and AluI in 30
μl reaction buffer. Five microlitres of digested YAC DNA was ligated to vectorette adapters
using 10 units of T4 DNA ligase in a total volume of 50 μl by incubation overnight at room
temperature. The YAC end fragments were purified by Qiagen PCR column kit and directly
sequenced using the left or right internal primers.

To obtain BAC end-sequences, BAC plasmid DNA was prepared using alkaline lysis procedure
and tip-500 columns (Qiagen).28 The quality and quantity of DNA samples were tested by
HindIII digestion pattern on agarose gels, as well as by the presence of expected STS markers.
Direct BAC end sequencing was performed using an automated ABI 373 DNA sequencer.
Three micrograms of BAC DNA and 50 pmoles of primer were used in a total volume of 40
μl. The following primers were used: T7 (5′-TAATACGACTCACTATAGGG-3′) and SP6 (5′
ATTTAGGTGACACTATAG-3′). PCR reactions were carried out under the following cycle
conditions: initial denaturation at 96°C for 4 min; 100 cycles of 96°C for 10 s, 50°C for 10 s,
60°C for 4 min. The end sequences of some BAC clones were obtained by searching BAC End
Sequence Database at TIGR.

Transcript map
To identify candidate genes, known genes and ESTs previously mapped to the region between
D2S177 and D2S337 were selected from the Human Transcript Map.29 The selected ESTs
and genes were tested by PCR amplification against our YAC and BAC contigs and positive
clones further characterised, as described above.

Results
Construction of a YAC contig

The initial goal was to construct an extensive YAC contig spanning the sitosterolaemia
candidate region on chromosome 2, between markers D2S2174 and D2S2294. Based on the
publicly available contig maps (contig WC2.4) from Whitehead Institute/MIT Center for
Genome Research (WI/MIT) (http://carbon.wi.mit.edu) and the CEPH-Généthon (CEPH)
(http://www.cephb.fr/infoclone.html), 30 YAC clones were identified, using following
microsatellite and STSs markers (D2S414, D2S2294, D2S119, D2S2298, D2S1484,
D2S1486, D2S1485, D2S1830, D2S2174 and D2S229). Additionally, information from a
published partial YAC contig was also available.30 All YAC clones were screened for the
markers and confirmed by testing three colonies of each clone for their STS contents (Figure
1). Two gaps were identified at the telomeric ends, and no further YACs were identified, despite
additional library screening. However, we subsequently identified a BAC, R-489G24, positive
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for markers D2S2259 and an EST T71978, that linked YACs 888g9 and 899b1, thus closing
one gap (Figure 1). Since the sitosterolaemia locus is located towards the centromeric end, no
further attempts were made to close the more distal gap. Using the YAC contig, new markers
were generated, employing a combination of YAC end-sequence analyses and inter-Alu PCR.
To confirm that the identified STSs were from chromosome 2, all of these markers were
screened for their presence in human chromosome 2-specific somatic cell hybrid cell-lines.
Sixty ESTs from the databases (Unigene and GeneMap98, see Materials and methods) were
screened by PCR against the YAC contig. Six of these were positive for the YAC contig (Figure
1), of which five mapped to within the region of interest. The sixth EST (T71978) was found
to be positive on a linking BAC (see above). By performing inter-Alu PCR using YACs 919c10,
930a1 and 761e1 as templates, we generated 35 additional unique sequences from Alu PCR
clones for obtaining STS markers and eight microsatellite repeat markers that allowed for
further fine-mapping of the sitosterolaemia locus (Lee et al, manuscript submitted). A total of
76 STSs, including 17 new STSs generated from YAC insert-end sequences and inter-Alu PCR
products and nine EST markers, were used to order the clones (Table 1 and Figure 1) and span
an approximate distance of 5 cM. This physical map provided a resource for the construction
of a BAC contig.

Note also that our YAC contig is a telomeric extension of a published adjoining YAC contig,
thus providing a continuous map that spans chromosome 2p15–2p21 (D2S1364–D2S1754,
~14 Mb) and contains several human disease loci.31

Construction of a BAC contig
To construct a BAC map, we used the following strategy; (1) identify BAC clones using both
a PCR-based and filter hybridisation-based BAC library screenings, (2) screen all positive
BACs for STS content by PCR, (3) search BAC-related databases for updated information,
and (4) perform chromosome-walks using selected STSs generated from BAC ends. Initially,
PCR was used to screen the CITB-978SK-B human BAC library using six repeat polymorphic
markers (D2S2294, D2S119, D2S2298, D2S1830, D2S2174, and D2S2291), a YAC end-
sequence (from 888g9L) and an EST marker (T71978). Twelve BAC clones, positive for
D2S2294, D2S119, D2S2291, 888g9L and T71978, were identified. For hybridisation-based
BAC library screening, high-density filters were hybridised with a mixture of five probes
consisting of ESTs T99836, T71978, A007E35, stSG63433, A010A13, previously mapped to
the YAC contig. Eight more positive BAC clones were obtained from RPCI-11 BAC library.
The BAC end sequences of identified clones were determined by direct automated sequencing
or by searching the BAC end sequence database at TIGR. BAC end sequences of the inserts
of BAC clones were used to develop further STS markers. All STS markers were tested by
PCR amplification against all identified BAC clones, to verify true positives. By searching the
databases in an iterative manner, we identified 18 sequenced BACs. In total, we used 118
markers, composed of 29 microsatellite markers, 53 new STSs from BAC/YAC end sequences
and inter-Alu PCR sequences, and 36 EST markers. The constructed BAC contig contains 60
BAC clones, which contains a high density of STS markers, at an average of about 20 kb for
each marker, and covers a physical distance of about 2.0 Mb (Figure 2). A significant number
of these BACs have been sequenced (boxed, Figure 2), but about 500 kb sequence is not
publicly available.

Mapping of known genes and ESTs to the YAC/BAC contigs
We have constructed a transcript map (Table 2) of the BAC contig using two methods. From
GeneMap'99, based upon two radiation hybrid panels,32,33 we selected 80 genes and ESTs
between anchor markers D2S177 and D2S2291. All ESTs were verified by PCR against the
BAC contig. Of the 80 markers, only eight known genes and 30 ESTs mapped unambiguously
to our BAC contig. The eight known genes are KIAA0544 protein,34 ERF2 protein,35 3-
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hydroxyanthranilic acid dioxygenase,36 CGI 60 protein,37 leucinerich protein,38 protein
phosphatase 1B (formerly PP2C),39 Na+-independent neutral and basic amino acid transporter
(solute carrier family 3, SLC3A1),40 and KIAA0436.41 In the second approach, using the
known human genomic sequences from STSs and sequenced BACs between D2S2294 and
D2S2291, we identified a further 30 ESTs by a BLASTN search of the EST databases. All of
these 30 identified ESTs contain unique sequences, >95% matched to genomic sequences, and
have not been previously mapped to a chromosome. A summary of the mapped ESTs to our
BAC contig is shown in Table 2. We computed the expression patterns for many of these ESTs
(Table 3). Additionally, we screened each of the mapped ESTs against the databases, looking
for homologous ESTs/genes identified in other species, on the assumption that highly
conserved expressed sequences may reflect proteins that have highly conserved and critical
functions, such as selective sterol absorption. Only sequences that had >100 bp of sequence
identity and >70% homology are reported (Table 3). Although such analysis is limited by the
lack of depth of the EST databases for the other species, we identified 11 ESTs that appear to
have homologues in non-human sequence databases (Table 3), although none from the
Drosophila database were identified.

Discussion
Positional cloning techniques, combined with computer-assisted data analyses of the sequence
rich databases generated by human genome projects,42,43 has considerably facilitated the
identification of disease genes. The availability of complete and detailed clone contigs of
candidate regions make for efficient positional cloning projects. We first constructed a YAC
contig of this region and used it as a resource for the construction of a deep BAC contig. At
the centromeric end of our YAC contig, there is a YAC, 972c5, which contains markers
D2S2182 and D2S2227, which are also located in a published adjoining YAC contig.31 Thus
combined with this published YAC contig, this provides a continuous map that spans
chromosome 2p15-2p21 (D2S1364–D2S1754, ~14 Mb) and contains several human disease
loci.31

Sixty-seven new STSs were identified by inter-Alu PCR and YAC/BAC end sequencing. The
high-resolution physical map generated in this study spans ~2 Mb with complete coverage of
the minimal region of sitosterolemia. The data presented here have been parsed for multiple
ESTs for single genes represented in the databases and we have attempted to summarise data
that are found scattered in a number of different databases, increasing the utility of this
information. A summary of the results is provided in Figure 3. Based upon the radiation hybrid
mapping databases, our initial YAC contig spans approximately 10 cM. However, this area
appears to span only 5 Mb in physical length, suggesting a lower than expected recombination
frequency (Figure 3). Assuming that all the non-redundant ESTs mapped to the BAC contig
are unique transcripts and taking into account the small number of genes known to map into
the BAC contig, we estimate that the gene density is approximately 1 gene per 50 kb of genomic
DNA (Figure 3, 40 ESTs and genes mapped with the 2 Mb area).

One of our findings is the mis-assignment of BAC R-35M22. This BAC was previously
assigned to chromosome 4 (Genbank accession number AC016338, Birren et al, direct
submission), but is positive to DNA sequences from BACs R-24I5 and R-194L1. Additionally,
it also contains ESTs A004I37, H99661, stSG3387, stSG52154, M95548, and M95548, 9 of 14
exons of KIAA0436 protein and exon 2 of Na+-independent neutral and basic amino acid
transporter, thus placing it firmly on chromosome 2, in the interval D2S119-D2S2291.

Our integrated BAC contig allows for more accurate placement of genes and ESTs than the
corresponding region in Genemap'99. In the D2S119-D2S2291 interval from GeneMap'99, 43
ESTs listed, 39 of which are unique. However, only nine of these 39 ESTs actually map to the
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D2S119-D2S2291 interval into our BAC contig, 30 of 39 map outside of this region. Of the
40 ESTs we have physically mapped to the D2S119-D2S2291 interval of our BAC contig, 31
of these were previously assigned to lie outside of this region. Therefore, the accuracy of
GeneMap'99 for the D2S119-D2S2291 interval is only 25%, which is similar to the 30%
reported by Kirschener et al for the D2S123-D2S2251 interval, but much lower than 75% in
the D2S2291-D2S123 interval reported by the same authors.31

In summary, we have developed 67 new STSs, constructed an integrated YAC and BAC contigs
for sitosterolaemia region and mapped eight known genes and 48 ESTs to the contig. These
results will facilitate the identification of the sitosterolaemia gene and other disease genes
located in this region. Additionally, this information may be useful in ordering some of the
sequenced BAC contigs and accelerate sequencing of the corresponding genomic clones.
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Figure 1.
YAC clone contig encompassing the sitosterolaemia locus. The markers are oriented along the
X-axis from telomeric end at the left to the centromeric end at the right, and the YAC clones
are indicated along the Y-axis. There are two gaps in the contig (boxed areas, see Text). The
distal centromeric gap is closed by a linking BAC, R-489G24, giving a contiguous contig from
D2S1754 to D2S2227. ESTs mapped to the YAC contig are underlined, microsatellite markers
are italicised and STSs are in normal font.
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Figure 2.
BAC clone contig encompassing the sitosterolaemia locus. The markers are oriented along the
X-axis from telomeric end at the left to the centromeric end at the right, and the BAC clones
are indicated along the Y-axis. Prefixes of the BAC clones are as follows, R; from RPCI-11
BAC library; and C; from CITB-SHP-C BAC library. ESTs are underlined, microsatellite
markers are shown in italics and STSs are in normal font. A box indicates BACs, for which
almost complete sequence information is available in the genome databases. Four gaps
(indicates by vertical lines) were identified, but these BACs are indicated, as they contain
markers placed on the YAC contig framework (Figure 1). Of these the more centromeric is
spanned by YAC 888g9. BAC R-436K12 (not shown) is linked to the contig published by
Kirchener et al,31 and links our YAC contig at the centromeric end.
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Figure 3.
Summary of the YAC, BAC and EST mapping data. The figure shows a summary of the data
presented in this study, indicating the genetic distance, physical distance and Genbank
Accession numbers for mapped ESTs and genes located in the region of interest. Note that the
genetic distance, based upon publicly available databases, spans ~10 cM, but spans ~5 Mb.
Although only the Genbank IDs are shown, all identified EST can be obtained by utilising the
Unigene or the GeneMap'99 identifiers shown in Table 2. Accession numbers in bold represent
known genes, the remaining represent putative ESTs. The exact order of the ESTs at any given
map location can not be determined at present and are thus grouped, indicated by the vertical
lines.
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