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Targeted sequencing of the mouse t-complex has started with a 176-kb, gene-rich BAC localized with six
PCR-based markers in inversion 2/3 of the highly duplicated region. The sequence contains 11 genes recovered
primarily as cDNAs from early embryonic collections, including Igfals (previously placed on chromosome 17),
Nubp2 (a fully characterized gene), Jsap1 (a JNK-binding protein), Rsp29 (the mouse homologue of the rat gene),
Ndk3 (a nucleoside diphosphate kinase), and six additional putative genes of unknown function. With 50% GC
content, 75% of the DNA transcribed, and one gene/16.0 kb (on average), the region may qualify as one of the
most gene-dense segments in the mouse genome and provides candidates for dosage-sensitive phenotypes and
mouse embryonic lethals mapped to the vicinity.

[The sequence data described in this paper have been submitted to the GenBank data library under accession
no. AF220294.]

About 1% of the mouse genome is included in the
t-complex region of chromosome 17, which is known
to encode genes involved in embryonic development,
distortion of male transmission ratio, male sterility,
and genomic imprinting (Bennett 1975; Silver 1993).
Mapping of many mutant loci to the region has fasci-
nated geneticists and developmental biologists for
much of the century (Silver 1993), but very few asso-
ciations between genes and mutant phenotypes have
been made. Examples of associations that have been
made are T (Herrmann et al. 1990), qk (Ebersole et al.
1996), Tme (Barlow et al. 1991), and Tcr (Herrmann et
al. 1999). The situation is particularly unsatisfactory
for the large number of recessive lethal mutations that
have been mapped to the t-complex: They have been
grouped into at least eight complementation groups
(Bennett 1975), but none of the responsible genes have
been found.

One possible reason for the paucity of successful
positional cloning and gene finding in the region is
that genes might be expressed selectively in early
mouse embryogenesis, a stage from which very few
transcripts have yet to be recovered. The study of a
cDNA cohort derived from E7.5 mouse extraembryonic
tissues (Ko et al. 1998) and preimplantation embryos
(Ko et al. 2000) supports such a possibility. When the
cDNAs were sequenced and mapped systematically, a
growing number of ESTs were localized to the t-
complex.

One way to define the full complement of t-
complex genes and to accelerate positional cloning
and expression studies would be to map and sequence
the entire region. However, a further source of diffi-
culty for the analysis of gene content in the t-complex
arises from its unusual structure. Several duplications
and inversions, which affect the copy number of local
genes, are known to exist in the t-complex (Schimenti
et al. 1987; Schweifer and Barlow 1992). Therefore, se-
quencing approaches, such as shotgun sequencing on
a chromosome-wide basis, can be stymied by these
large duplications and inversions. Furthermore, this
type of arrangement, such as the tandem repeats in
centromeres, also tends to disarm standard mapping
techniques based on unique sequences as probes for
BAC clones across a genomic sequence region.

Nevertheless, some regions of the t-complex have
been mapped in yeast artificial chromosomes (Forejt et
al. 1999). Focused analysis that uses large-insert clones
with auxiliary pulsed-field gel data and genetic infor-
mation should permit unequivocal mapping, or at
least the determination, of gene copy number. We
have started such an effort aimed at the sequence
analysis of an STS/BAC-based physical map of the t-
complex. We report here the analysis of the first BAC
sequenced with the genomic structure of five known
and six new genes. These genes add to the list of can-
didates for studies of t-phenotypes and dosage control
of expression in the region.

RESULTS
The combination of computer-aided predictions and
analysis of EST, cDNA, and amino acid sequence ho-
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mology permits the identification of genes and the in-
ference of their intron-exon structures, as well as the
determination of some alternatively spliced isoforms.

Global Analysis
The BAC contains 175,759 nucleotides (GenBank ac-
cess ion number AF220294; see also http://
lgsun.grc.nia.nih.gov), with overall 47.74% GC (about
50% in the first half, 46.7% in the last half). This GC
content places the BAC DNA sequence among the
densest isochores of non-satellite mouse DNA, suggest-
ing a high content of genes in the region (Saccone et al.
1997). This notion is supported by the presence of
eight putative CpG islands as well as by the analysis of
EST/gene content (Fig. 1). Predicted genes that do not
have significant matches to known genes are named
t-complex expressed genes (Tce) with sequential num-
bers.

Figure 1 illustrates the CpG islands (1–8) observ-
able by inspection as peaks in a plot of CpG dinucleo-
tide content across the sequence. Of the eight putative
CpG islands, four fall within a 20-kb segment, another
indication of gene richness. All of the islands are asso-

ciated with coding units (e.g., CpG island 1 with Igfals).
Furthermore, CpG island 2 coincides with the 5� ends
of two genes encoded on opposite strands of DNA:
Nubp2 and Tce1 (see below). Thus, CpG island 2 may be
shared between them. CpG island 3 is located less than
3 kb beyond Tce1 and is transcribed in the same orien-
tation. The other islands are spaced according to the
position of corresponding genes.

Repeat sequences were masked to focus on indi-
vidual tracts of unique sequence and potential genes.
RepeatMasker (Smit and Green 1999) specified 276 re-
petitive elements that collectively constitute 22.6% of
the sequence, including 2.5% LINES, 12.66% SINES,
4.67% LTRs, and 1.13% simple sequence repeats.

Genes, cDNAs, and Isoforms
GRAIL (Uberbacher et al. 1996) analysis predicted a
total 106 exons, all the CpG islands (except for that
associated with Igfals), 25 potential polyadenylation
signals, and 15 putative promoter motifs. Definitive
identification of genes was based on BLAST searches
(Altschul et al. 1997), which revealed five genes ho-
mologous to the published genes: Rsp29, Igfals, Nubp2,

Figure 1 Top and bottom panels illustrate features of BAC 126c8 for the first and second halves of the sequence, respectively. CpG
percentage was calculated with a 50-bp window (clusters of signals 8% CpG or higher are shown to illustrate CpG Islands). GRAIL-
predicted CpG islands are also shown. Known and putative gene structures are demonstrated with arrows indicating expected direction
of transcription. Untranslated sequences are shown as open boxes.
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Ndk3, and Jsap1 (Ji et al. 1997; Boisclair et al. 1996;
Nakashima et al. 1999; Venturelli et al. 1995; Ito et al.
1999). The search also revealed six putative transcripts
identified by homology to ESTs. The total of 11 genes,
or one gene/16.0 kb, confirms the high gene content of
the region. The novel genes are labeled in Figure 1 as
D17Ertd441e and Tce1–Tce5 (Tce stands for t-complex
expressed), where the gene content is represented from
5� to 3� in the reported sequence (AF220294).

Mouse Homolog of Rat Round Spermatid Gene
29 (Rsp29)
The RSP29 protein is secreted by rat round spermatids
and stimulates secretion from Sertoli cells. Its high
abundance in testis is consistent with a role in sper-
matogenesis. Southern analysis indicates a high degree
of conservation in eukaryotes (Ji et al. 1997). An EST
from a mouse embryo cDNA library (W98537) identi-
fied two exons homologous to the 3� end of rat Rsp29.
GRAIL also predicted these same two exons (Uber-
bacher et al. 1996). Homology to the rat 3� end trans-
lation product (U97667; 59/60 amino acids, or 98.3%)
was sufficient to define the exon/intron boundaries.

Acid-labile Subunit of IGF/IGFB Protein
Complex (Igfals)
This known gene, which had been reported to map on
chromosome 17 (Boisclair et al. 1996), now is localized
more precisely. It encodes a protein that stabilizes IGF/
IGF-binding protein complexes and extends their half-
life in circulation (Boisclair et al. 1996). Associated
with CpG island 1, the mRNA includes three exons,
two of which (the first and third exons in Fig. 1) are
predicted by GRAIL and conform to the sequence of an
EST (AI550843).

In addition to providing the exon/intron bound-
aries of the gene as described above, two additional
ESTs predict alternative isoforms. One EST (AI550843)
suggests an exon further upstream, which replaces the
reported first exon, splicing in frame with exon 2 of the
reported Igfals sequence (Boisclair et al. 1996). This EST
shows very strong homology from nt 14987 to 15253
and from nt 17277 to 17644. The open reading frame
in the genomic sequence, however, extends 5� to nt
14959. Therefore, the gene likely begins further up-
stream than the available cDNA homology data sug-
gest. Another EST (AI226065) implies a splicing variant
in which part of the coding sequence at the 5� end of
the published cDNA sequence is missing.

Nucleotide Binding Protein 2 (Nubp2)
This gene originally was identified as an anonymous
cDNA clone (D17Wsu11e) mapped to the region (Ko et
al. 1998) and was used to screen for the BAC clone. Its
5� end is associated with CpG island 2 (Fig. 1). The CpG
island contains the entire coding sequence of the first

exon (including the initiation codon and the first part
of the open reading frame). It is transcribed from the
reverse strand, with the 3� end of the gene very near to
the 3� end of the Igfals gene (between coordinates
19982 and 23657), and has been further characterized
as defining a new subfamily of nucleotide binding pro-
teins (Nakashima et al. 1999). The genomic sequence
and cDNA show a translation start site followed by
seven exons (exons 2 and 3 strongly predicted by
GRAIL) and a stop codon, with a tail of 400 bp of 3�

untranslated sequence containing the polyadenylation
signal (Nakashima et al. 1999).

t-complex Expressed Gene 1 (Tce1)
This novel gene was identified by cDNA clone
L0234D06 (AW553987) derived from a mouse new-
born ovary library (unpublished data) and by three EST
matches in dbEST (W78483, W89288, and AI94458).
The 5� and 3� sequence of L0234D06 identified one of
the splice variants (spanning 5 kb of genomic se-
quence) containing 5� and 3� untranslated regions.
Based on homology to ESTs, at least nine exons (2200
bp), their splice junctions, and translational start/stop
signals are inferred among several isoforms (Fig. 2).
This gene likely contains more internal coding exons
not yet identified because 5� and 3� end cDNA sequenc-
ing of L0234D06 elucidated only 1101 bp of the 1.9-kb
transcript (data not shown).

The reading frame of at least one splice variant
remains open at the 5� end (W78483 and W89288).
Thus, it is likely that additional 5� sequences exist, but
would probably be restricted by the start site of Nubp2,
less than 400 bp upstream on the reverse strand. CpG
island 2 (also transcribed in reverse sense into the first
exon of Nubp2 as shown above) contains the entire
coding sequence of the first exon of Tce1 transcribed in
the forward sense. Thus, both strands of the DNA in
this region are transcribed into mRNAs from a shared
CpG island (see Discussion).

Northern blot analysis (data not shown) shows
this gene to be expressed ubiquitously in fetal and
adult tissues, with a predominant transcript of 1.9 kb
that is consistent with the extent of the coding shown
(Fig. 1 and Fig. 2). Weaker signals also are observed at
5.5 and 2.6 kb, but it is unclear if these are longer
transcripts, or if they arise from cross-hybridizing RNA
species.

t-complex Expressed Gene 2 (Tce2)
The second putative novel gene can be reconstructed
from three GenBank EST entries (AA794791,
AA013636, AA415688). CpG island 3, which is pre-
dicted by GRAIL to extend 669 bp, lies at the 5� end of
this gene and partially overlaps the coding sequence
established by these ESTs. The resultant virtual cDNA
includes 15 bp of 5� untranslated sequence, three ex-
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Figure 2 Gene structures for all known and putative genes. Coordinates are placed according to the forward sense of BAC sequence
(AF220294). All exons identified are shown as boxes. Alternative exon splicing likely occurs with Igfals, Tce1, D17Wsu15e (Jsap1), and
D17Ertd441e. Tce2 has complete connecting EST coverage and is likely a complete gene structure. The remaining unknown genes are
likely to be incomplete gene structures. Splice variants are not distinguished in the above diagram. Exons and distances between exons
are drawn to scale, unless indicated otherwise by dashed or broken lines. An arrow under the gene name indicates the expected direction
of transcription. Additional features are indicated by an asterisk (*), no splice site identified; filled bar, open reading frame; open bar, no
open reading frame; dashed open bar, exon not drawn to scale; dashed line, distance not to scale.
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ons, also strongly identified by GRAIL, and 189 bp of 3�

untranslated sequence. Interestingly, the human
equivalent to Tce2 is present (though not noted) in a
reported sequence tract of human chromosome 16
containing human Ndk3 (U80813). The mouse homo-
log of Ndk3 is similarly adjacent in mouse as described
below.

Mouse Homolog of Human Nucleoside Diphosphate
Kinase 3 (Ndk3)
The mouse cDNA first was identified by homology to
an EST, and the exon/intron structure was recon-
structed with the aid of the human NDK3 protein se-
quence (Q13232). The two genes are 87% homologous
(146/168 identical amino acids). The mouse gene con-
tains five exons. In contrast, human NDK3 is reported
to have six exons (Martinez et al. 1997), but the ge-
nomic sequence entry (U80813) lacks the correct do-
nor-acceptor splice sites between exon 4 and exon 5,
suggesting that there may be five exons in the human
gene (U29656). CpG island 4 (indicated as two separate
but closely adjacent CpG islands by GRAIL) is a candi-
date promoter region for this gene. This CpG island
starts about 500 bp upstream of the translation start
(which may indicate the extent of the 5� untranslated
sequence for this gene), and extends 477 bp into the
open reading frame through exons 1, 2, and part of
exon 3.

Jun N-terminal Protein Kinase (Jsap1)
This large gene is transcribed on the reverse strand and
originally was detected as an anonymous cDNA clone
(D17Wsu15e) mapped to the t-complex region (Ko et
al. 1998) and was used to isolate this BAC clone. This
gene encodes the transcript for the recently identified
JSAP1 protein, a novel JNK (Jun N-Terminal Protein
Kinase) binding protein (Ito et al. 1999). Homology to
the reported mRNA sequence reveals 30 exons. These
30 exons define an mRNA length of 6 kb. Before pub-
lication of Jsap1, 26 exons had been identified by ho-
mology to mouse, rat, and human ESTs as belonging to
this gene. Of these 26 exons, 20 exons matched those
present in published mRNA. The remaining six exons
are also probably true, bringing the total number of
exons for this gene to 36. Three of these exons (defined
by ESTs AV039876, AU051436, AA146208, and
AA198480) likely extend the reported 5� untranslated
region by 850 nucleotides, and three (defined by ESTs
AA414323, AI115545, and AI608397) likely indicate at
least one alternative isoform of this gene (Fig. 2). How-
ever, a portion (20 bp) of the Jsap1 coding sequence
could not be resolved in the genomic sequence. A pu-
tative 12-bp exon (one of the five exons demonstrated
by EST AI608397) is localized in the region of the ex-
pected location of this 20-bp omission (Fig. 2). The 3�

untranslated region is now better defined with the 3�

sequence of D17Wsu15e (AA407329), demonstrating
an additional 1266 nucleotides and a canonical poly-
adenylation signal. ESTs for this gene can be found in
embryo and adult libraries. Based on the amino acid
sequences of the hypothetical translation product, the
putative protein is similar to a 168.6 kDa protein (1139
amino acids) predicted by the complete sequence of C.
elegans chromosome III (P34609), with 45% identity
and 64% positive identity over a stretch of 130 amino
acids that may represent an evolutionarily conserved
domain.

D17Ertd441e
This gene was identified originally as an anonymous
cDNA clone recovered from a fertilized egg cDNA li-
brary (Ko et al. 2000). The existence of a gene in the
region is attested firmly by numerous GenBank EST
entries from mouse libraries (and one from a human
library). Seven exons spanning 21 kb of genomic se-
quence define the putative gene. Based on the matches
to ESTs, exons 3 to 7 can be spliced together. No EST
currently reported links exons 1–2 to exons 3–7. How-
ever, based on the position of CpG island 6 (predicted
by GRAIL to extend across 741 bp at its 5� end) a single
gene is speculatively transcribed from the region.

t-complex Expressed Gene 3 (Tce3)
Putative gene Tce3 is defined by six exons. Exons 1–3
are defined by homology to human EST AA239845,
and exons 4–6 are defined by homology to human EST
W78724. In the absence of expression data for other
exons or interstitial CpG islands, the simplest structure
for the region would combine these exons into the
single putative gene. Neither 5� nor 3� untranslated
regions have been identified for this gene. All exons
have open reading frames, and when spliced together,
they elucidate 816 nucleotides of the open reading
frame in the primary transcript. Once again, EST se-
quences (in this instance, W78724, with the three 3�

exons) are homologous to regions of human chromo-
some 16 (see Discussion).

t-complex Expressed Gene 4 (Tce4)
The putative transcript of Tce4 is defined by three ex-
ons and the 5� end CpG island 7 (662 bp in length
predicted by GRAIL). Mouse ESTs AA302050 and
AI119548 define two exons at the 5� end, where mouse
EST AI119731 demonstrates exon 3. These exons in-
clude 5� and 3� untranslated sequence, canonical splice
sites, and an open reading frame of 461 nucleotides.

t-complex Expressed Gene 5 (Tce5)
Currently, this putative gene is inferred with four ex-
ons starting from CpG island 8 (1696 bp in length ac-
cording to the GRAIL prediction) and transcribed from
the forward strand of the BAC. Matches to two mouse
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ESTs (AI118204 and AI118602) predict the proximal
two exons. The distal two exons, also predicted
strongly by GRAIL, can be assembled from homology
to human EST AA379972 (derived from a tumor cell
line), and they show canonical splice junction se-
quences. The first two exons have no open reading
frame and may be part of a 5� untranslated region. The
subsequent exons are open for translation, though the
predicted translation products show no similarity to
any entries in protein databases.

DISCUSSION

Tight Clustering of Embryonic-related Genes in
the t-complex
Four unique cDNAs that had been mapped to the same
1 cM bin in previous studies [Igfals, Nubp2, D17Wsu15e
(Jsap1), and D17Ertd441e] all fall into the 176-kb BAC
clone analyzed here. Thus, this BAC sequence is in-
ferred to represent one of the unduplicated regions of
the t-complex.

The unambiguous determination of the gene con-
tent in genomic sequence depends on the progressive
enrichment of cDNA and EST collections. In regions
where no cDNAs are as yet recovered, gene prediction
programs provide suggestions that can interact with
hunts for transcripts. The programs remain probabilis-
tic in their identification of genes. However, the rec-
ognition of CpG islands as telltales for the 5� ends of
genes and the scoring of putative exons as excellent by
the GRAIL program have, thus far, been substantiated
by cDNA findings in every case examined.

The overall high GC content of the region is a
general index of high gene content and is confirmed
by the census of one gene/16.0 kb (Saccone et al. 1997).
The extent of transcription provides a more striking
confirmation of the region’s coding capacity. As sche-
matized (Fig. 1), more than 75% transcription is in-
ferred, and part of the remaining sequence is involved
in promoter elements. As one might expect, the large
extent of transcription in the region is correlated with
a relatively low content of repetitive elements (about
20%). In other instances where comparable stretches of
sequence have been annotated, very gene-rich, GC-
rich regions also contain about 20% repetitive ele-
ments, whereas less gene-rich, lower GC-content zones
may be less than 40% transcribed and contain up to
50% repetitive sequence (Chen et al. 1996).

The tight packing of genes leads to several in-
stances in which genes lie very close to one another or
even overlap. For example, the transcripts of Tce2 and
Ndk3, in tandem on the forward strand, are within sev-
eral hundred nucleotides of each other. In a more ex-
treme instance, Ndk3 and Jsap1 end no more than 6 bp
from each other. Even more striking is the case of Tce1
and Nubp2, which are transcribed in opposite direc-

tions from the same CpG island. The same sequence
tract includes exon 1 of both genes from opposite
strands. Such instances of near or direct overlap are
rare, but they are certainly not unique. For example,
TCP1 and ACAT2 are transcribed tail-to-tail with over-
lapping 3� untranslated regions (Shintani et al. 1999).
Furthermore, two genes in the HTF9 locus are tran-
scribed in reverse orientation from a shared CpG island
(Bressan et al. 1991); and divergently transcribed over-
lapping genes have been analyzed in the 11p15.5 im-
printed domain (Cooper et al. 1998). In all such cases,
it is likely that the genes reside in a region that is
closely packed with transcription units.

Coexpression and Possible Coregulation
Notably, all the genes detected here, except Igfals, have
been found as ESTs in placental or embryonic libraries.
Thus, RNA polymerases may be transcribing the entire
region during early tissue development.

Such genes become candidates for the many em-
bryonic lethal mutations mapped to the region. For
example, tw73, which is mapped to this region, is a
mutant that fails to implant because of a defect in tro-
phoblasts (Spiegelman et al. 1976; Schweifer and Bar-
low 1992). One then might speculate that the high
incidence of developmental mutants in the region cor-
relates with two features: the high local density of
genes and their expression in embryonic life. The
placement of many other early transcripts in the same
interval of the t-complex, supports these inferences
strongly (Fig. 1 and work in progress).

Simultaneous expression of many genes from the
region could result if genes were regulated by indepen-
dent mechanisms (e.g., tissue-specific transcription
factors) that have convergent kinetics during develop-
ment. However, coexpression also could result, at least
partly, from a true coregulation by a common mecha-
nism. For example, chromatin remodeling might open
up large subregions of the t-complex early in embry-
onic life.

The concentration in the region of dosage-
sensitive genes also provides a further hint of possible
long-range regulatory features. Two imprinted genes in
the t-complex, Igf2r (Barlow et al. 1991) and Mas1 (Vil-
lar and Pedersen 1994), have been detected earlier, and
we have found recently that one of the genes in the
segment analyzed here, Nubp2, shows hemizygous
methylation patterns at two MspI sites (CCGG) (Y.
Sano et al. work in progress), which suggests monoal-
lelic expression.

The results also hint at features of the content and
regulation of syntenic regions in human. As detailed
previously, fragmentary sequencing of human DNA in-
dicates that this segment of mouse chromosome 17
DNA has its homologous region in 16p. For example,
Ndk3 and Tce2 are juxtaposed in both, and one of the
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ESTs used to infer D17Ertd441e (AA476517) is derived
from human and is found on a PAC clone from chro-
mosome 16. More refined determination of the con-
servation of gene content and possible imprinting cen-
ter(s) will, of course, be possible as genome sequencing
of mouse and human progresses.

METHODS

BAC Selection and Sequencing Strategy
BAC 126c8 was screened from the Caltech mouse BAC library
(129SV mouse strain; Shizuya et al. 1992; purchased from Re-
search Genetics) using STSs and ESTs previously mapped to
the t-complex as probes. ESTs D17Wsu11e (Nubp2) and
D17Wsu15e (Jsap1) recovered six BAC clones (Ko et al. 1998).
The overlap among these clones was verified by generating
additional STSs from the ends of the BAC and from inter-B1
products (Cox et al. 1991; Detter et al. 1998). The random
shotgun sequencing approach was used to obtain the com-
plete sequence without gaps (Chen et al. 1996).

Sequence Analysis
Repetitive elements were found, classified, and masked by the
University of Washington’s Web-based program, RepeatMas-
ker (Smit and Green 1999). The masked genomic sequence
was compared mainly against the GenBank nr, dbEST, Swiss-
prot, and PDB databases using BLAST 2.0 (Altschul et al.
1997). The results were analyzed to ascertain homology and
the structure of known genes and ESTs. Consensus sequences
of ESTs matching the BAC were used to reconstruct unknown
genes. GRAIL (v. 1.3c) exon predictions were studied to verify
the utility of this exon detection method (Uberbacher et al.
1996). GRAIL predicted polyadenylation signals and pro-
moter signatures were considered to give us an initial hint at
the overall gene structure. In cases where the gene was known
in rat or human but not in mouse (e.g., Rsp29 and Ndk3), the
translated sequence was used to reconstruct the gene. Because
many transcripts contain repetitive sequences in their un-
translated regions, and, therefore, would be masked by Re-
peatMasker, the unmasked genomic sequence was compared
against the GenBank dbEST database using BLAST to recover
expression data for such genes (e.g., Ertd441e). CpG islands
were sought as telltales for the 5� end of genes using GRAIL, as
well as an in-house program that calculated the CpG di-
nucleotide content across the region with a 50-bp moving
window (script available upon request). The data was plotted
using Gnuplot (see http://www.geocities.com/SiliconValley/
Foothills/6647/), and obvious peaks were identified by visual
inspection (Fig. 1). DNASIS (Hitachi Software Engineering, v.
2.6) software was used to determine ORFs across reconstructed
genes, which, in turn, aided in determining the putative gene
structure. ABI Prism AutoAssembler (Perkin Elmer, v. 2.0) was
used in an attempt to build consensus sequences from ESTs
collected from serial BLASTs seeded by ESTs showing moder-
ate to high homology to the BAC sequence in localized re-
gions. The resulting consensus sequences were compared to
the BAC sequence to determine whether they could be tran-
scripts. This technique was used to analyze Ndk3. Transcrip-
tion direction and expression data showing untranslated re-
gions flanking long, open reading frames aided in distinguish-
ing neighboring genes, which, in turn, allowed the estimate
of gene content.
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Shintani, S., ÓhUigin, C., Toyosawa, S., Michalova, V., and Klein, J.
1999. Origin of gene overlap: the case of TCP1 and ACAT2.
Genetics 152: 743–754.

Shizuya, H., Birren, B., Kim, U.J., Mancino, V., Slepak, T., Tachiiri,
Y., and Simon, M. 1992. Cloning and stable maintenance of
300-kilobase-pair fragments of human DNA in Escherichia coli
using an F-factor-based vector. Proc. Natl. Acad. Sci. USA
89: 8794–8797.

Silver, L.M. 1993. The peculiar journey of a selfish chromosome:
mouse t haplotypes and meiotic drive. Trends Genet. 9: 250–254.

Smit, A.F.A. and Green, P. 1999. RepeatMasker at:
http:ftp.genome.washington.edu/RM/RepeatMasker.html.

Spiegelman, M., Artzt, K., and Bennett, D. 1976. Embryological
study of a T/t locus mutation (tw73) affecting trophec-
toderm development. J. Embryol. Exp. Morphol. 36:
373–381.

Uberbacher, E.C., Xu, Y., and Mural, R.J. 1996. Discovering and
understanding genes in human DNA sequence using GRAIL.
Methods Enzymol. 266: 259–281.

Venturelli, D., Martinez, R., Melotti, P., Casella, I., Peschle, C.,
Cucco, C., Spampinato, G., Darzynkiewicz, Z., and Calabretta, B.
1995. Overexpression of DR-nm23, a protein encoded by a
member of the nm23 gene family, inhibits granulocyte
differentiation and induces apoptosis in 32Dc13 myeloid cells.
Proc. Natl. Acad. Sci. USA 92: 7435–7439.

Villar, A.J. and Pedersen, R.A. 1994. Parental imprinting of the Mas
protooncogene in mouse. Nat. Genet. 8: 373–379.

Received December 17, 1999; accepted in revised form May 1, 2000.

Mouse t -complex Gene Cluster

Genome Research 923
www.genome.org


