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Heim, 1990). The t(12;14)(q15;q23– q24) balanced reciprocal translocation is seen in ;20% of chromosomally abnormal UL tumors (Meloni et al., 1992), sometimes as the only visible chromosomal abnormality
(Nilbert and Heim, 1990; Pandis et al., 1990), suggesting that genes interrupted by this translocation may
play a primary role in the development of UL.
It is very likely that the affected gene on chromosome 12 codes for a high-mobility-group protein
(HMGI-C). Evidence for its role in leiomyoma consists
of the identification of translocation breakpoints and
deletions that affect HMGI-C expression (Schoenmakers et al., 1995). Fusion transcripts of HMGI-C with
other expressed sequences have also been reported in
UL and other mesenchymal tumors (Schoenmakers et
al., 1995; Ashar et al., 1995; Kazmierczak et al., 1995).
Studies of UL with chromosomal abnormalities involving 14q23– q24 and various other chromosomes
with no apparent cytogenetic alterations in chromosome 12 suggest that genes located in this region of
chromosome 14 may play a role in leiomyoma formation independent of HMGI-C (Hu and Surti, 1991;
Mugneret et al., 1988). This possibility is further
strengthened by studies of pulmonary hamartomas
in which exchange of genomic material between 6p21
and 14q24 was observed in four tumors with no alterations detected in chromosome 12 (M. Johansson et al.,
1993). Although rearrangements in 6p21 implicate the
involvement of the HMGI(Y) gene (Williams et al.,
1997), the common 14q24 breakpoint between uterine
leiomyomas and pulmonary hamartomas may indicate
genes or regulatory sequences important in the genesis
of both tumor types.
We have characterized the chromosome 14 side of a
t(12;14) translocation breakpoint from a leiomyoma
primary culture, GM10964. The derivative 14 [der(14)]
chromosome breakpoint region was cloned, and its sequence is reported. In addition, the breakpoints of
GM10964 and two other UL t(12;14) tumors were localized to a breakpoint cluster region (BCR) on chro-

A translocation involving chromosomes 12 and 14
[t(12;14)(q15;24.1)] is commonly seen in benign smooth
muscle tumor as uterine leiomyoma (UL). A contig of
P1-derived artificial chromosome and bacterial artificial chromosome clones on chromosome 14, encompassing a t(12;14) breakpoint cluster region (BCR) in
UL, was generated principally using the recently developed HAPPY map of chromosome 14 as a framework (P. H. Dear et al., 1998, Genomics 48: 232–241).
Three UL t(12;14) breakpoints have been localized
within this contig, showing that a BCR of at least 400
kb exists on chromosome 14. Other studies of tumors
with t(12;14) rearrangements similarly show breakpoints within a 475-kb multiple aberration region on
chromosome 12. Thus t(12;14) is an example of a translocation in which the breakpoints are located within a
BCR on both chromosome 12 and chromosome 14, justifying the identification of expressed sequences that
are altered in these BCR regions. A total of four expressed sequences were identified in the BCR on
chromosome 14. Two of these were novel cDNAs
(D14S1460E and D14S1461E). The chromosome 14 cDNAs were expressed in multiple adult tissues. The
identification of a large breakpoint cluster region on
chromosome 14 suggests that translocations in this
region mediate their effects at a distance and also that
elements that predispose this region to recurrent
chromosomal translocation may be widely distributed. © 1998 Academic Press

INTRODUCTION

Leiomyomas are tumors of smooth muscle, most
commonly seen in the uterus. Approximately 50% of all
uterine leiomyomas (UL) show abnormal karyotypes
(Heim et al., 1988; Turc-Carel et al., 1988; Nilbert and
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mosome 14 spanned by PAC and BAC clones. Expressed sequences from chromosome 14 were also
identified in the vicinity of the GM10964 breakpoint.
Finally, we report a complete and a partial sequence of
two novel cDNAs from chromosome 14 BCR along with
their expression patterns in a variety of human tissues.
MATERIALS AND METHODS
PCR analysis (using STS and EST markers). PCR was performed using one of the following protocols (as indicated with appropriate primer sets): (A) One hundred nanograms of template DNA,
0.25 mM primers, 200 mM dNTPs, 15 mM (NH4)SO4, 5% DMSO, 60
mM Tris–HCl (pH 9.5), 2.0 mM MgCl2 and 2.5 U of Taq polymerase
(Gibco BRL, Gaithersburg, MD) in a total reaction volume of 25 ml.
The reaction was denatured at 94°C for 1 min, followed by 35 cycles
of amplification (94°C for 1 min, 56°C for 1 min, 72°C for 1 min). All
PCR amplifications were performed using a PTC-100 thermal cycler
(MJ Research, Watertown, MA). An aliquot (20 ml) of the reaction
mixture was then analyzed by gel electrophoresis on a 1% agarose
gel. (B) One microliter of 108 pfu/ml lgt10 cDNA, 0.25 mM primers,
200 mM dNTPs, 15 mM (NH4)SO4, 5% DMSO, 60 mM Tris–HCl (pH
9.5), 2.0 mM MgCl2, 0.5 ml of Taq Extender additive (Stratagene, La
Jolla, CA), and 2.5 U of Taq polymerase (Gibco BRL) in a final
reaction volume of 50 ml. The reaction was denatured at 94°C for 2
min followed by 40 cycles of amplification: (94°C for 1 min, 58°C for
1 min, 68°C for 2 min). All PCR amplifications were performed using
a PTC-100 thermal cycler (MJ Research). An aliquot (20 ml) of the
reaction mixture was then analyzed by gel electrophoresis on a 1%
low-melting-point agarose gel. The PCR products were excised from
the gel and DNA was purified using Gelase enzyme and the manufacturer’s protocol (Epicentre Technologies, Madison, WI) and subcloned into pCR2.1 vector (Invitrogen, Carlsbad, CA).
STS and EST markers. Information for previously reported STS
and EST DNA markers was obtained from the CEPH–Généthon
(Chumakov et al.,1995) or the MIT Center for Genome Research
database (Dib et al., 1996). Novel inter-Alu-derived sequences and
respective STS primer sequences have been deposited with the National Center for Biotechnology Institute (NCBI) STS database
(NCBI, Bethesda, MD) and may be accessed using the h14a names
listed in Fig. 3. PCR protocols were described previously (Dear et al.,
1998).
Rapid amplification of cDNA ends (RACE). The 59 end of the
cDNA for EST WI-8432 was obtained using a gene-specific 59 RACE
primer, 59-CCAGGACTTCACCAATCCCAG-39, designed from the sequence of a partial cDNA IMAGE clone (yb49g11, clone 74564; Research Genetics, Huntsville, AL) and a lgt10 forward vector primer,
59-GGTGGCGACGACTCCTGGAGCCCG-39. The 59 end of the cDNA
for EST WI-8506 was obtained using a gene-specific 59 RACE primer,
59-GTTCCTCTGGGCCATTGCTATG-39, designed from the sequence
of a partial cDNA IMAGE clone (yc03a06, clone 79570; Research
Genetics) and the lgt10 forward primer described above. Gene-specific 59 RACE primers were designed to include an overlap with
known sequences for RACE clone verification. Composite sequences
were renamed D14S1460E (GenBank Accession No. af044773) and
DS1461E (GenBank Accession No. af044774), respectively. A lgt10
human skeletal muscle cDNA library (Clontech, Palo Alto, CA) was
used as template. PCR program B was used.
PCR amplification of cytoskeletal a-actinin. PCR primers were
designed from the coding sequence of cytoskeletal a-actinin
(GenBank Accession No. M95178): Forward primer (nt 103–124)
59-CGCACCATCATGGACCATTATG-39 and reverse primer (nt
2859 –2880) 59-CATGGTGGGCTGATTAGGCTTC-39 were used to
amplify a lgt10 human skeletal muscle cDNA library (Clontech).
PCR program B was used.
hREC2 cDNA probe. The hREC2 cDNA from human lung has
been previously cloned by our laboratory and is reported elsewhere
(Ingraham et al., manuscript in preparation). The coding region is

completely homologous to the reported human REC2 sequence (Rice
et al., 1997).
Inverse PCR of der(14) breakpoint. Inverse PCR primers were
designed from wildtype chromosome 14 sequence (GenBank Accession No. af044776) determined not to be interrupted by the GM10964
t(12;14) breakpoint; reverse primer (nt 454 – 475) was 59-CACGCAGCAAGTGCTCCATATC-39, and forward primer (nt 956 –977) was
59-GCTGATAATCTGCCAAGCTGGT-39. The template DNA was a
2-ml aliquot of the following ligation reaction: 10 ng of PstI-digested
DNA from the der(14) somatic cell hybrid MT2C (Bhugra et al., 1998)
was self-ligated in a final reaction volume of 25 ml using commercial
T4 DNA ligase and the manufacturer’s protocol (Gibco BRL). This
dilute ligation reaction resulted in the formation of circular PstI
fragments that could be amplified using the inverse PCR primers
described above. Conditions for PCR amplification were identical to
the PCR program B described previously. Composite sequence for
the der(14) chromosome was named BCRder14 (GenBank Accession
No. af044775).
Cosmid/BAC/PAC clones. The cosmid 90C5 was obtained by
screening a human chromosome 14 cosmid library with a purified
DNA fragment from the WI-9383 PCR product as previously described (Bhugra et al., 1998). The BAC clones were obtained by PCR
screening of human BAC library pool DNA (Research Genetics) using
the STS and EST markers described here and elsewhere (Bhugra et
al., 1998). Genomic clones were obtained by screening the UK HGMP
Resource Centre (Cambridge, England) PAC library (Iaonnou et al.,
1996) and YAC library (Annand et al., 1990) with markers from the
appropriate region of the chromosome 14 HAPPY map (Dear et al.,
1998). Cosmid, BAC, PAC, and plasmid clones were grown on appropriate selective media, and DNA was isolated using standard alkaline lysis procedures (Sambrook et al., 1989).
Northern and Southern hybridizations. Multiple-tissue (2 mg
poly(A)1 RNA) Northern filters were commercially prepared and
analysis was performed using the manufacturer’s protocol (Clontech). Total RNA from UL tumors was isolated using Tri-Reagent
and the manufacturer’s protocol (MRC, Inc., Cincinnati, OH). Northern filters of UL tumors (15 mg total RNA) were prepared by the
standard formaldehyde gel procedure, and Southern filters were
prepared by the standard capillary transfer procedure described
elsewhere (Sambrook et al., 1989). For hybridizations, genomic and
cDNA probes were labeled using the Prime-It labeling system and
purified using the manufacturer’s recommendations (Stratagene).
Hybridization buffer for Southern blot analysis consisted of 7% SDS,
0.5 M NaHPO4, 1 mM EDTA, and prehybridizations were carried out
for 16 h at 65°C. The probe (25 ng) was boiled in the presence of
human placental DNA (150 ml of 20 mg/ml stock; Sigma, St. Louis,
MO) and Cot-I DNA (5 ml of 1 mg/ml stock; Gibco BRL) for 10 min,
allowed to preanneal for 45 min at 65°C, and then added to the
prehybridized blots. Hybridization was performed for 16 h at 65°C.
The filters were washed at least twice at 65°C in 13 SSC/0.1% SDS
for 30 min each. Northern blot hybridization buffer was commercially prepared, and blots were hybridized and washed according to
the manufacturer’s recommendations (ExpressHyb; Clontech)
DNA sequencing and database search. DNA sequencing of both
strands was performed using an automated ABI sequencer at the
DNA Core Facility at the University of Cincinnati. The nonredundant NCBI nucleic acid and protein databases and the dbEST database were searched using the appropriate programs of BLAST-N and
BLAST-X.

RESULTS

Cloning and Sequencing of a t(12;14) Breakpoint
To identify possible coding sequences in the UL t(12;
14) breakpoint region, efforts were focused on the cloning and sequencing of a UL breakpoint. The breakpoint
region from one t(12;14) UL tumor, GM10964, was
previously spanned by a chromosome 14 cosmid, 90c5
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FIG. 1. Identification of a chromosome 14 fragment that spans the GM10964 t(12;14) breakpoint. (A) Southern blot analysis was
performed on DNA isolated from normal uterine tissue (wt genomic), a mouse control cell line (LMTK), a murine somatic cell hybrid
containing the der(14) chromosome from GM10964 (MT2C), and the parental UL tumor GM10964 (GM10964) digested with either KpnI or
PstI restriction enzyme as indicated. Genomic fragments of the der(12), der(14), and wildtype 14 [wt (14)] chromosomes that hybridized to
a 1.2-kb KpnI chromosome 14 fragment probe are indicated on the right side of each autoradiogram. Marker sizes are shown in kilobases to
the left of each autoradiogram. (B) Restriction map of the GM10964 t(12;14) breakpoint region. Restriction sites for BamHI (B), PstI (P),
HindIII (H), and KpnI (K) were determined for the wt (14), der(12), and der(14) regions that cover the GM10964 t(12;14) breakpoint. Bracket
indicates the wildtype chromosome 14 PstI–HindIII fragment (from cosmid 90c5) that was sequenced and used to design inverse PCR primers
(indicated by inverted arrows). Dashed vertical lines and solid bar indicate the position of the 1-kb KpnI chromosome 14 fragment probe that
spans the breakpoint. The BamHI fragment of der(14) was determined to be larger than 18 kb.

(Bhugra et al., 1998). Subsequent analysis using restriction fragments from the 90c5 cosmid insert resulted in the precise mapping of this breakpoint on

chromosome 14 within a 1.2-kb KpnI genomic fragment (Fig.1A). The KpnI fragment was used to probe
Southern blots containing restriction-digested wild-
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FIG. 2. Sequence of the GM10964 der(14) translocation breakpoint (GenBank Accession No. af044775). DNA sequence from chromosome
14 is highlighted by a box; chromosome 12 DNA sequence is not highlighted. DNA sequences corresponding to chromosome 12 primer sites
on chromosome 12 are underlined.

type genomic DNA (wt genomic), mouse cell line control DNA (LMTK), a murine somatic cell hybrid DNA
containing the human derivative 14 chromosome from
GM10964 (MT2C; Hug et al., 1994), and the GM10964
UL tumor DNA (GM10964). In the Southern blot containing KpnI-digested DNA (Fig. 1A; KpnI digest), the
hybridized wildtype 1.2-kb band was observed in
the wt genomic and GM10964 lanes [wt(14)]. The
GM10964 lane showed additional hybridizing fragments of 2.4 and 4 kb, corresponding to the derivative
12 [der(12)] and der(14) chromosomes, respectively. As
expected, the 4-kb der(14) fragment in MT2C also hybridized to the probe. Another Southern blot analysis
was performed using PstI-digested DNA (Fig. 1A; PstI
digest). A wildtype 6-kb PstI fragment [wt(14)] hybridized to the 1.2-kb KpnI probe in both the wt genomic
and the GM10964 lanes. Also, the GM10964 lane
showed additional hybridizing fragments of 7.2 and 1.8
kb, corresponding to the der(12) and der(14) chromosomes, respectively. As expected, the 1.8-kb der(14)
fragment in MT2C also hybridized to the probe.
Additional Southern blot analyses were performed
with the same DNAs listed above using BamHI and
HindIII restriction enzymes (data not shown). The
combined results of the Southern blot analyses allowed
for the construction of a detailed restriction map for the
GM10964 t(12;14) breakpoint region involving wt (14),
der(12), and der(14) chromosomes (Fig. 1B). In Fig. 1B,
restriction patterns for regions containing chromosome
14 and chromosome 12 sequences are illustrated. The
location of the 1.2-kb KpnI fragment (which spans the
GM10964 breakpoint) is indicated by vertical, dashed
lines. From this restriction map, it can be observed
that a 1.8-kb PstI fragment contains the GM10964
breakpoint region on the der(14) chromosome. Wildtype chromosome 14 sequence was derived from the
90c5 cosmid (GenBank Accession No. af044776), which
contains the PstI to HindIII site (Fig. 1B; bracket)
flanking the 1.2-kb KpnI fragment (Fig. 1B; probe).
Flanking sequence, determined to be unaffected by the
breakpoint, was used to design PCR primers for inverse PCR rescue of the der(14) breakpoint region (Fig.
1B; inverted arrows). The resulting 1.4-kb PCR frag-

ment was subcloned and its sequence determined (Fig.
2). The 1.4-kb PCR product sequence showed an overlapping region of complete homology to previously determined chromosome 14 sequence as well as a region
of nonoverlapping, novel sequence. To determine if the
novel sequence was derived from chromosome 12, PCR
analysis was performed (data not shown) using PCR
primers designed from this sequence (Fig. 2, underlined regions). The results confirmed that the novel
sequence is derived from chromosome 12.
Sequence analysis of the breakpoint region using the
NCBI databases showed no significant homology with
known sequences. Therefore, efforts were concentrated
on obtaining a more complete genomic map of the BCR
and identifying expressed sequences that map to this
vicinity.
Establishment of a YAC/PAC/BAC Contig
Previously established STS (open triangles) and EST
(shaded triangles) markers on chromosome 14 in the
t(12;14) BCR (Bhugra et al., 1998) were used as reference points to identify individual PAC clones in the
BCR and construct a contiguous, PAC/BAC genomic
map (Fig. 3). The map was further expanded using
novel inter-Alu markers from the chromosome 14
HAPPY map (Dear et al., 1998). The inter-Alu STS
markers were used to identify overlapping genomic
clones in the BCR and to confirm the relative order of
these markers in the genome. Observed deletions of
YAC clone inserts are indicated by dashed lines (Fig.
3). Areas of shared deletions between YAC clones were
also observed (Fig. 3; STS marker h14a823 was not
present in YAC clones 927a12 and 20c f4; STS markers
h14a267 and h14a463 were not present in YAC clones
958c2, 21f f12, and 25c f5). The observation that five
inter-Alu STS markers were mapped to a 110-kb region
(Fig. 3; STS markers h14a1195 through h14a1571
were all present in the PAC clone 273d23) suggests
that this area has an abundance of Alu repeat sequences.
Three t(12;14) translocation breakpoints have been
localized to the contig map. The precise mapping of a
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FIG. 3. 1.5-Mb PAC/YAC contig and transcript map of the uterine leiomyoma t(12;14) BCR on chromosome 14. Horizontal lines indicate
overlapping YAC (927a12, 958c2,38f d1, 20c f4, 21f f12, and 25c f5), PAC (92d20, 67a24, 305f3, 252h23, 273d23, 29n2, 247b11, and 307o16),
and BAC (BAC 52f18) clones assembled on the basis of known STS (open triangles), EST (filled triangles), and inter-Alu STS (h14a322
through h14a1271) markers. The EST markers WI-8869 and hREC2 correspond to cytoskeletal a-actinin and hREC2, respectively. Insert
sizes for each clone, in kilobases, are shown in brackets above or beside the respective horizontal line (21f f12 insert size was not determined).
The position of the cloned GM10964 t(12;14) breakpoint (vertical, filled arrow), as well as the relative positions of two other t(12;14) UL
tumors as determined by FISH analysis (ST90 and ST91; horizontal, double-headed arrow), is indicated at the top. The telomeric (TEL) and
centromeric (CEN) orientation of the contig map is also indicated. cDNA MAP indicates a detailed transcript map of the BCR region. The
directions of transcription for each cloned expressed sequence [D14S1460E, D14S1461E, cytoskeletal a-actinin (Cyt aa), and hREC2] are
indicated by bold, horizontal arrows. The dashed lines of the Cyt aa bold arrow indicate that the 59 end the cytoskeletal a-actinin gene was
located in a gap between PAC clones 29n2 and 247b11.

cloned breakpoint (GM10964; this report) is indicated
by a shaded, vertical arrow (top left, Fig. 3). Approximate localization of breakpoints for two other UL tumors (ST90 and ST91; horizontal double-headed arrow, top of Fig. 3) was accomplished by previous
fluorescence in situ hybridization (FISH) results
(Bhugra et al., 1998). The region between the three
mapped breakpoints (spanning at least 400 kb) was
further investigated for the presence of expressed sequences.
Identification of Chromosome 14 Expressed Sequences
in BCR
Of the four expressed sequences mapped to the chromosome 14 BCR by this report (Fig. 3; bottom), only
two have been previously characterized. hREC2, a
novel recombinase sharing significant homology to
Rad51 homologues, is currently being investigated for
its role in double-strand DNA repair and recombination (Rice et al., 1997; Ingraham et al., manuscript
submitted for publication). The other known expressed
sequence, cytoskeletal a-actinin, corresponds to the

EST marker, WI-8869 (Fig. 3). Our results confirm the
previous mapping of this gene to 14q24.1– q24.2 by
FISH (Youssoufian et al., 1990) and refine its location
to 14q24.1.
The two novel expressed sequences mapped to the
chromosome 14 BCR correspond to the previously established EST markers, WI-8432 and WI-8506. These
sequences have been extended by 59 RACE (Materials
and Methods), resulting in the determination of a complete coding region for WI-8432 (renamed D14S1460E)
and a partial coding region for WI-8506 (renamed
D14S1461E). The DNA and inferred amino acid sequences for D14S1460E and D14S1461E are given in
Figs. 4A and 4B, respectively.
Sequence Analysis of D14S1460E and D14S1461E
D14S1460E and D14S1461E sequences were analyzed using nonredundant DNA and protein databases
available from NCBI. The inferred amino acid sequence of D14S1460E only showed a significant stretch
of homology (identities 60%, positives 73%) to an 88kDa predicted protein from the nematode Caenorhab-
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FIG. 4. Sequence analysis of two novel cDNA clones located within the BCR. (A) Nucleic acid and deduced amino acid sequence of
D14S1460E cDNA. Region of complete homology of the EST marker WI-8432 is underlined. (B) Nucleic acid and deduced amino acid sequence
of D14S1461E partial cDNA. Region of complete homology of the EST marker WI-8506 is underlined.
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FIG. 5. Expression patterns of D14S1460E and D14S1461E in 16 human tissues. (A) Northern blot analysis of poly(A)1 RNA (Clontech)
using the D14S1460E cDNA probe. RNA molecular weight markers are indicated to the left of the autoradiograms. (B) Northern blot analysis
of total RNA from normal uterus and UL tumor tissue using the D14S1460E cDNA probe. Three UL tumors are known to have the t(12;14)
translocation (GM10964, ST91, and UL66) and five are cytogenetically uncharacterized UL tumors (UL 1–5). RNA marker size is indicated.
Arrowhead indicates a partially denatured RNA band and not a fusion transcript. (C) Northern blot analysis of poly(A)1 RNA using the
D14S1461E cDNA probe. RNA molecular weight markers are indicated to the left of the autoradiograms.

ditis elegans. Analysis of the C. elegans protein sequence (GenBank Accession No. 465711), using the
NCBI database, identified a weak similarity to acetyl
hydrolases (;30%; data not shown). The inferred
amino acid sequence of the D14S1461E partial cDNA
showed significant homology (identities 53%, positives
74%) to another C. elegans predicted protein sequence,
R11D1.1 (GenBank Accession No. 1418582). Analysis
of the R11D1.1 protein sequences, using the NCBI
database, showed no significant homologies with
known protein sequences.
Tissue Distribution of Chromosome 14 Expressed
Sequences in the BCR
The ubiquitous muscle and nonmuscle tissue distribution of cytoskeletal a-actinin has been described previously (Burridge and Feramisco, 1981; Endo and
Masaki, 1982). We have confirmed this a-actinin to be
expressed in skeletal muscle, uterus, colon, small intestine, bladder, heart, stomach, and prostate by
Northern blot analysis (data not shown). The ubiquitous expression of hREC2 is also described elsewhere

and has been shown in the same tissues tested below
for D14S1460E and D14S1461E (Rice et al., 1997).
Northern blot analysis of poly(A)1 RNA from various tissues was used to determine the tissue distribution of the BCR novel genes, D14S1460E and
D14S1461E. An approximate 1-kb transcript band was
detected in all tissue RNAs when probed with
D14S1460E cDNA (Fig. 5A). Moderately high levels of
expression were detected in heart, skeletal muscle,
spleen, thymus, prostate, testis, ovary, and small intestine. Low to moderate expression of D14S1460E was
detected in brain, placenta, lung, liver, kidney, pancreas, colon, and peripheral blood lymphocytes. Preliminary Northern blot analysis of total RNA from three
t(12;14) UL tumors and five cytogenetically unclassified UL tumors did not demonstrate an altered pattern
of expression for D14S1460E between UL tumors and
normal uterus nor was there evidence for fusion transcripts of D14S1460E in UL tumors (Fig. 5B).
Three transcripts, approximately 3, 5, and 6 kb, were
identified in all tissues tested by Northern blot analysis with the D14S1461E incomplete cDNA as a probe
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(Fig. 5C). Although expression levels of those transcripts were generally low, some tissues showed increased expression of certain transcript sizes. Low expression levels of the 5- and 6-kb transcripts were
observed in RNA from testis, although moderately high
levels of the 3-kb transcript were seen in this tissue. In
comparison, skeletal muscle showed low expression
levels of the 3- and 5-kb transcripts, while elevated
expression levels can be detected for the 6-kb transcript.
Due to the relatively low levels of expression for
cytoskeletal a-actinin, D14S1460E, and D14S1461E,
Northern blot analysis of UL tumor total RNAs was
inconclusive (data not shown). More sensitive detection
methods, including quantitative PCR and nuclease
protection assays, will be required to determine expression levels for these genes in UL tumors.
Southern Blot Analyses of PAC DNA
Southern blot analyses of PAC DNA was performed
using cDNA probes (data not shown) to determine the
direction of transcription and verify complete genomic
coverage for each cDNA in the PAC map (Fig. 3B).
Complete cDNA probes were used for hREC2, cytoskeletal a-actinin, and D14S1460E, and a partial cDNA
probe was used for D14S1461E (refer to Materials and
Methods). The only gene that was not completely represented by PAC clones was cytoskeletal a-actinin
(dashed lines; Fig. 3B), because it is located near a gap
in the PAC contig between 29n2 and 247b11. Efforts
are under way to bridge this gap, but the possible lack
of Alu repeats may affect the density of STS markers in
this region.
Southern Blot Analysis of UL Tumors
Full-length cDNA clones for cytoskeletal a-actinin,
hREC2, and D14S1460E and the partial cDNA clone
for D14S1461E were used as probes for Southern blot
analysis of UL tumor DNAs. No difference in BamHI
and HindIII restriction patterns between normal
uterus and five t(12;14) UL tumor DNAs could be detected for any of the cDNA probes, suggesting the lack
of genomic rearrangement for these genes (data not
shown).
DISCUSSION

We have generated a genomic and expressed sequence map on chromosome 14 encompassing the t(12;
14) uterine leiomyoma breakpoint cluster region. The
chromosome 14 BCR contains at least four identified
expressed sequences: cytoskeletal a-actinin, a novel
recombinase hREC2, and two previously undescribed
genes named D14S1460E and D14S1461E. Preliminary studies could not determine any evidence of aberrant expression and/or fusion transcript products in
Northern blots of total RNA from UL tumors, although
more subtle alterations in RNA or protein expression
have not been excluded.

Analysis of homology with known protein and nucleotide sequences in the NCBI databases indicated that
D14S1460E has amino acid homology over a 40-aminoacid stretch to a putative C. elegans 88-kDa protein.
The 88-kDa protein has ;30% similarity to members of
the family of acetyl hydrolases, suggesting that
D14S1460E may also have a hydrolase-like function.
Further, the observation that D14S1460E is ubiquitously expressed at the RNA level in all muscle tissues
tested and highly expressed in the heart and skeletal
muscle (Fig. 5A) points to a role for D14S1460E in
these tissues.
Unlike D14S1460E, which appears to be strongly
expressed in smooth, skeletal, or cardiac muscle tissues, D14S1461E is seen in all tissues tested and does
not appear to be strongly expressed in any particular
cell type, suggesting a “housekeeping” role for this gene
(Fig. 5C). D14S1461E cDNA probe detected three transcripts of 3, 5, and 6 kb, and these isoforms appear to
be differentially expressed in testis and skeletal muscle. Analysis of sequence from D14S1461E showed homology over a 39-amino-acid stretch to another C. elegans protein of unknown function, R11D1.1., but in
the absence of stronger sequence matches, a possible
function for the D14S1461E protein has not yet been
determined.
We observed that certain regions of the BCR are rich in
Alu repeat sequences, resulting in dense regions of Aluderived STS markers (i.e., Fig. 3; h14a1195 through
h14a1571). The breakpoint cluster region involving the
t(9;22) translocation of the bcr and c-abl genes in chronic
myelogenous leukemia has also been shown to be rich in
Alu sequences, suggesting that the presence of repeat
sequence clusters may predispose the genomic regions of
the bcr and c-abl genes to translocations and deletions (de
Klein et al., 1986). The observation that the 14q24 region
is not only altered by translocations but by deletions in at
least 5% of patients with non-Hodgkin’s lymphoma (B.
Johansson et al., 1993) and in rare cases of non-Burkitt
lymphoma (Fukuhara and Rowley, 1978), chronic myelogenous leukemia (Ohyashiki et al., 1986), and malignant lymphoma (Ohyashiki et al., 1985) suggests that
this genomic region may have similar predisposing sequences present. Analysis of current databases have
failed to show other known DNA motifs that may predispose this region to chromosomal rearrangement or recombination. Future studies using the PAC clones that
span the t(12;14) breakpoints may allow the detection of
potential recombination “hot spots” within the BCR.
At present, it is most commonly thought that translocations normally occur in a fixed locus, resulting in
the aberrant expression of one or two defined genes.
Often, the aberrant expression is a result of a deregulation by juxtaposition of two genes as seen with the
IgH promoter and c-myc in Burkitt lymphoma (Care et
al., 1986) or the detectable fusion transcripts between
two genes as seen with bcr–abl in the chronic myeloid
leukemia (Shtivelman et al., 1985). The 445-kb multiple aberration region (MAR) reported on chromosome
12 for uterine leiomyoma and other mesenchymal tu-
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mors (Schoenmakers et al., 1995) contains the HMGI-C
gene in a 175-kb interior segment. Although aberrant
expression of HMGI-C is often seen in these tumors,
translocation breakpoints are often detected 10 to
.100 kb upstream of HMGI-C (Schoenberg et al., 1996,
GM10964; unpublished observation). In addition, a
study by Berlingieri and co-workers (1995) showed
that transfection and overexpression of HMGI-C alone
failed to transform rat thyroid cells. The transfected
cells could neither form colonies in soft agarose nor
form tumors when subcutaneously injected into athymic mice without the cotransfection of viral oncogenes
v-mos or v-ras-Ki. This suggests that while HMGI-C
may be a necessary component of certain transformation pathways, its overexpression is not sufficient for
neoplasia in these cells. Additional studies will be necessary to determine the effect of HMGI-C overexpression in other cell types, including cells of mesenchymal
origin.
We have also used exon trapping (Buckler et al.,
1991) to identify the presence of putative chromosome
12 expressed sequences within a 100-kb region of the
HMGI-C gene (unpublished results). The presence of
putative trapped exons from the 12q15 region suggests
that other genes that are affected by the t(12;14) translocation may exist in the MAR. These trapped sequences will be examined further and may lead to the
identification of additional genes that cooperate in formation of mesenchymal tumors containing 12q15 aberrations. Similarly, the 4501 kb BCR region on chromosome 14 described in this report may also contain
important gene(s) affecting cell proliferation.
Alternatively, another possible role of 14q24.1
BCR sequences could be hypothesized. Northern blot
analysis data presented here and elsewhere showed
a wide tissue distribution of expressed sequences
located in the BCR: cytoskeletal a-actinin (Burridge
and Feramisco, 1981; Endo and Masaki, 1982; this
report), hREC2 (Rice et al., 1997; Ingraham et al.,
manuscript in preparation), and D14S1460E and
D14S1461E (this report). It is possible that tumors
involving a translocation between 14q24 and other
chromosome partners may use a variety of active
promoters in the 14q24 region to drive the aberrant
expression of genes on the partner chromosome. One
study, which supports this hypothesis, involved
three pulmonary chondroid hamartomas (PCH) with
a der(14) t(12;14) as the sole cytogenetic abnormality
(Wanschura et al., 1996). In all three PCHs, the
der(12) chromosome was not detected and the breakpoint was located 59 of the architectural transcription factor, HMGI-C. The authors suggest that this
translocation resulted in the aberrant transcriptional activation of HMGI-C and initiated tumor
growth. Finally, another possible effect of the t(12;
14) translocation could be hypothesized. A translocation involving sequences upstream or downstream
of HMGI-C may affect the regulation of HMGI-C
expression by removing cis regulatory elements. Although this is a reasonable hypothesis, regulatory

sequences have yet to be identified for the HMGI-C
gene.
Regardless of the outcome of future studies, the
genomic and functional map of the 14q24.1 BCR in
uterine leiomyoma should facilitate the identification of affected genes or predisposing genetic motifs
involved in the neoplasia of various tumors containing genetic rearrangements in this region. Expression studies of the genes in this region may provide a
better understanding of the pathogenesis of these
tumors.
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