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Genome rearrangements are important in evolution, cancer, and
other diseases. Precise mapping of the rearrangements is essential
for identification of the involved genes, and many techniques have
been developed for this purpose. We show here that end-sequence
profiling (ESP) is particularly well suited to this purpose. ESP is
accomplished by constructing a bacterial artificial chromosome
(BAC) library from a test genome, measuring BAC end sequences,
and mapping end-sequence pairs onto the normal genome se-
quence. Plots of BAC end-sequences density identify copy number
abnormalities at high resolution. BACs spanning structural aber-
rations have end pairs that map abnormally far apart on the normal
genome sequence. These pairs can then be sequenced to determine
the involved genes and breakpoint sequences. ESP analysis of the
breast cancer cell line MCF-7 demonstrated its utility for analysis of
complex genomes. End sequencing of '8,000 clones (0.37-fold
haploid genome clonal coverage) produced a comprehensive ge-
nome copy number map of the MCF-7 genome at better than
300-kb resolution and identified 381 genome breakpoints, a subset
of which was verified by fluorescence in situ hybridization map-
ping and sequencing.

An increasing number of human disorders are linked to
genomic rearrangements often involving unstable regions

of the genome (see ref. 1 for review). Both structural and
numeral aberrations are important in these diseases. Techniques
like array comparative genomic hybridization (CGH; ref. 2),
restriction landmark genome scanning (3), and high-throughput
analysis of loss of heterozygosity (4) are well suited to detection
of genome copy number changes but reveal little about structural
changes. On the other hand, cytogenetic techniques such as
spectral karyotyping (5) and banding analysis reveal both nu-
merical and structural aberrations but are limited in genomic
resolution to a few megabases. End-sequence profiling (ESP) as
described here complements these techniques by providing
high-resolution copy number and structural aberration maps
on selected disease tissues. ESP is based on the concept of
sequence-tagged connectors developed to facilitate de novo
genome sequencing (6). We chose the MCF-7 breast cancer cell
line as a demonstration system for ESP because the line was
assessed by using both CGH and spectral karyotyping and is
remarkable in its complexity (7).

Methods
Bacterial Artificial Chromosome (BAC) Library Construction. Full pro-
tocol is available as Supporting Text, which is published as
supporting information on the PNAS web site, www.pnas.org.
Briefly, high molecular weight genomic DNA, isolated from
MCF-7 cells, was partially digested with HindIII, size-
fractionated, and cloned into pECBAC1 by Amplicon Express.
Sizing of the inserts of 27 randomly selected clones showed that
the average insert size for this library is 141 kb with SD of 36 kb.

BAC Sequencing. All sequencing was performed by S.Z. Detailed
protocols for BAC end sequencing are available at http:yy
iprotocol.mit.eduyprotocoly231.htm.

ESP Analysis and Visualization. Public domain and custom software
were used to assemble and visualize whole-genome ESP data.
The public domain package WU-BLAST2 (http:yysapiens.wustl.
eduyblast) was used to map each BAC end sequence (BES) onto
the normal genome sequence. A location was assigned if at least
50 bp of the BES align to the reference genome sequence with
at least 97% identity. If the end sequence hit multiple locations
in the genome, the position of the largest hit with highest identity
was assigned and the BES was designated as being ‘‘ambiguously
mapped.’’ Because the overall number of BES per given genomic
interval is proportional to copy number, plotting these data
generated a copy-number profile for the entire tumor genome.
In addition, the software compiled a list of clones that detect
aberrations. These include clones whose sizes deviated .3 SD
from the mean insert size for MCF7o1 or had BES in the wrong
polarity. Results were visualized with custom software. A map of
MCF-7 BES onto the June, 28 2002, human genome sequence
assembly can be viewed in Fig. 1B. The copy number profile
generated by mapping tumor BES (dark-green line) is plotted on
the x axis along the top of Fig. 1B. A red dashed line superim-
posed on the BES density plot shows the number of BES mapped
per genomic interval, averaged across the whole genome, or
averaged along each chromosome in a single-chromosome view.
Clones that detect potential genome rearrangements are color-
coded according to the type of aberration described above.
Clicking on a chromosome name brings up a pop-up of the
chromosome-specific version of the ESP display showing the
same elements at greater resolution (100 kb per pixel instead of
1 Mb per pixel for the whole-genome view). A mouse click on an
amplicon peak, defined as BES number per genomic interval at
least four times higher than the average number of BES per
genomic interval, or on the end of an aberration spanning BAC
clone opens the corresponding region of the University of
California, Santa Cruz assembly.

Fluorescence in Situ Hybridization (FISH). FISH analyses were per-
formed as described (8).

Results
A BAC library was constructed from MCF-7 comprised of
64,896 BAC clones ('3-fold redundancy) arrayed in 384-well
microtiter plates. The average insert size of the library as
determined by NotI digestion and pulsed-field electrophoresis of
a subset of the clones was 141 kb. A total of 8,320 random BAC
clones were end-sequenced, resulting in 15,156 end sequences.
Sequences were obtained from both ends of 4,196 clones and
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from one end of 3,267 clones, resulting in '11 Mb of total
sequence. Ten percent of the clones did not have useable end
sequences, a rate of failure well within accepted parameters for
BAC end sequencing. Fig. 1A illustrates schematically how BES
information is displayed to reveal structural and numerical
abnormalities. Additional information is available in Supporting
Text.

The end-sequence density plots in Fig. 1 B and D show copy
number increases in MCF-7 genome at 1p21, 3p14, 17q23–24,
20q12, and 20q13.2 and resolve the 20q13.2 amplification into at
least five independent peaks (Fig. 1C). These results are remark-
ably concordant with data obtained with array CGH with contigs
of overlapping clones as illustrated in Fig. 2. More importantly,
ESP provides information on structural changes that are not
apparent in the CGH data. A total of 381 genome breakpoints
were identified with 108 being interchromosomal junctions. Of

these, 18 join amplicons on 1p13, 3p14, 17q23–24, and 20q. A
total of 273 BAC clones span intrachromosomal breakpoints
including 211 potential inversions, 24 of which occur in amplicon
peaks. Fig. 1B shows numerous MCF-7 BAC clones with ends
mapping on the reference genome at distances, deviating .3 SD
from the mean size of the MCF-7 BAC clone. This finding
indicates that they contain regions of the MCF-7 genome that
span rearrangement junctions. Because sufficiently detailed
cytogenetic information generally is not available, we designate
these regions with the letter j to note the junction plus the
chromosome locations of the ends from http:yygenome.ucsc.
edu. Cloned junctions identified in MCF-7 by using ESP that join
genome segments on different chromosomes include
j(1p13;20q13), j(8q21;11q21), j(2p13;3p23), and j(15q11;16q22).
Junctions between these chromosomes were previously detected
with spectral karyotyping (7). However, ESP analysis has local-

Fig. 1. Genome analysis of MCF-7 using ESP. (A) Schematic representation of the generated types of data. End-sequence density plotted as a function of distance
along the genome shows regions of copy number increase and decrease. Horizontal lines connecting BES pairs show regions of the genome that are within '141
kb in the test genome. Abnormally long lines indicate regions of the test genome joined by structural changes. Abnormalities that can be detected with this
approach include translocations, inversions, deletions, and complex structures that develop during gene amplification. (B) End-sequence density and
end-sequence pair plots for the MCF-7 genome. A total of 8,320 end-sequence pairs were mapped onto the normal human genome sequence (represented as
a horizontal line along the top). The dark green plot represents the number of end sequences per 1-Mb interval. BAC end pairs with ends mapping to different
chromosomes are shown as horizontal red lines. BAC clones with ends in the wrong orientation (not pointing toward each other) are shown in blue. BAC clones
with ends mapping .3 SDs farther apart than the average BAC insert are shown in green. Ambiguously mapped end sequences are shown in purple. Blue arrows
indicate BAC clones linking inversions and translocations validated by FISH, and red arrows indicate BAC clones detecting complex structural rearrangements
associated with gene amplification that were confirmed by FISH and sequencing (see Figs. 3 and 4). (C) Expanded view of chromosome 20. Plot symbols and
annotation are as described for B. Copy number data are presented in 100-kb windows. (D) Enlarged view of chromosome 11. Plot symbols and annotation are
as described for B.
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ized each breakpoint with much higher resolution than is pos-
sible with spectral karyotyping (typically within '140 kb) and
identified BAC clones containing the junction fragment so that
the exact breakpoints and associated genes could be determined
by sequencing a single BAC. Four of five tested interchromo-
somal rearrangements predicted by ESP were confirmed by
FISH, suggesting that the current genome assembly is sufficiently
accurate. Fig. 3A, for example, shows FISH confirmation of the
j(15q11;16q22) translocation.

ESP also identified junctions that join widely separated re-
gions of the same chromosome, for example j(11p11;11q14) and
j(9q22;9q34) (Fig. 3 B–D). The former may have been caused by
pericentric inversion. FISH analysis confirmed j(11p11;11q14) as
illustrated in Fig. 3 B and C. Interestingly, analysis of the
sequences at the j(11p11;11q14) junction showed that the break-
points were within 99% conserved duplicon sequences at 11p11
and 11q14. This finding suggests that recombination between
paralogous elements mediated this inversion. The j(9q22;9q34)
junction occurred within the first intron of the ABL oncogene
(Fig. 3D). Translocations involving ABL are seen in virtually all
cases of chronic myelogenous leukemia (9). The majority of
these also occur in the first intron. This is an indication of the
possible involvement of ABL in human breast cancer.

Another remarkable finding from ESP was the existence of
numerous BACs with ends mapping to different regions of
amplification. For example, BAC MCF7o1–12O5 has ends that
map to regions of amplification at 1p21 and 20q13.2, whereas
BAC MCF7o1–1A11 has ends that map to regions of amplifica-
tion at 20q13.2 and 17q23. This finding indicates that genome
sequences from these regions of amplification are located within
'140 kb in the MCF-7 genome. Other BACs link these regions

to three other regions of amplification. Colocalization of coam-
plified genes is an established phenomenon (10, 11). However,
it is remarkable that five normally separate regions of the
genome, amplified in MCF-7, appear to be located together in
one or more superstructures. FISH analyses in Fig. 3 confirm the
colocalization of the amplified sequences from 20q13.2 and
17q23 (Fig. 3E) and show that both sequences are amplified at
high level in the MCF-7 genome (Fig. 3F). Availability of a BAC
contig spanning the amplicon superstructure(s) will make pos-
sible studies aimed at determining whether they arose through
extrachomosomal replication and recombination followed by
integration, or alternatively, were created by independent epi-
somes integrating into common receptive sites. Sequencing the
structure(s) will allow identification of novel oncogenes and
perhaps chimeric oncogenes driving tumor evolution and asso-
ciated regulatory elements and origins of replication.

Because the five major regions of amplification appeared to be
‘‘packaged’’ together, we isolated and end-sequenced BAC
clones from the region of amplification at 20q13.2. Clones were
picked by using filter-based hybridization of arrayed MCF-7
BAC library with a probe for the ZNF217 gene, selected because
it mapped to the region of very high end-sequence density (Figs.
1C and 2). Sequence-tagged site content mapping demonstrated
that 16 of 38 independent clones isolated contained both
ZNF217 and BMP7, genes normally separated by '5 Mb.
Subsequent FISH analyses confirmed these results (Fig. 3 G and
H). One of these clones, BAC MCF7o1–3F5, was sequenced and
fully assembled, revealing a remarkably complex and enigmatic
structure. Genomic sequence from four widely separated loci on
20q were packaged together and fused to a region of chromo-
some 3p14. The organization is represented diagrammatically in

Fig. 2. Comparison of measurements of genome copy number along chromosome 20q in MCF-7 cells made by using CGH array and end-sequence density
analysis. CGH array was comprised of minimal tiling path BAC clones along 20q. End-sequence density plots were generated by enumerating the numbers of end
sequences in 1-Mb-wide bins. Blue diamonds linked by solid blue lines indicate CGH measurements. Pink lines show end-sequence densities measured by using
ESP. The concordance between the two assay techniques is remarkable.
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Fig. 4. The 3p14 sequence encoded an anonymous cDNA. The
adjacent 20q13.2 sequence was '3 kb long and comprised of
highly AT-rich intergenic DNA originating just distal to CYP24y
PFDN4. The 20q12 sequence encoded only exon 6 of PTPRT.
The 20q13.3 sequence encoded truncated BMP7 and L39 genes
with only their shared promoter being intact. Finally, ZNF217
was intact, consistent with its selection as a gene important in
tumor progression (12, 13). Genomic sequence was generated
across each of the four junctions (Fig. 4B). Junctions 1, 2, and 4
occurred within repetitive elements, whereas junction 3 occurred
within nonrepetitive DNA (Fig. 4C). These data support the
role of recombination between repetitive sequences in gene
amplification.

Discussion
We have demonstrated the utility of ESP by analysis of structural
and numerical aberrations in the MCF7 genome. ESP takes
advantage of efficient techniques for BAC library construction

(14, 15) and BAC end sequencing (6, 16) developed in support
of the human genome project, and it fully uses the nearly
complete human genome sequence (17, 18). Still, ESP might
seem too expensive and labor intensive to be practical. However,
it has several advantages that are compelling. First, creation of
the BAC library effectively immortalizes the target genome. This
may be particularly important for rare genomes, small samples
for which extensive analyses are planned, or genomes that appear
from other analyses to contain important structural or numerical
aberrations that warrant detailed study. Second, arrayed BAC
libraries can be distributed readily. Several public and private
organizations are already in place for this purpose. Third,
arrayed BAC libraries can be screened for BACs from specific
regions of interest. Thus, it is not necessary to perform large-
scale end sequencing to gain important information. This was
done in the present study to identify BAC clones from regions
of amplification on chromosome 20q13. This may be particularly
appealing to individuals interested in studying sequences and
genes involved in specific genomic rearrangements. Fourth,
individual BACs can be fully sequenced to identify genes in-
volved in rearrangements, as was done for BAC MCF7o1–3F5 in
the present study. Finally, although not pursued in this study, the
BACs carrying rearranged genomic segments are biological
reagents that can be transfected in vitro or in vivo to assess
functional consequences of the genomic aberrations captured in
the BAC.

In principle, chimeric BAC clones could introduce an unac-
ceptably high rate of false positives in this and other ESP studies.
DNA from different loci can become conjoined by three mech-
anisms. Composite BAC clones arise because of genome insta-
bility in the tumor and their subsequent cloning during library
construction. Such clones may cluster if they occur in regions of
increased copy number. Chimeric BAC clones represent either
cloning or sequencing artifacts. In either case, there should be no
clustering because this process is random. It is possible that a
chimeric BAC clone could be highly overrepresented in the
library. However, all such clones should be identical and we have
never observed this. Published estimates of the frequency of
chimeric clones in BAC libraries range from 4% to 11% and we
believe our library is typical. To assess the quality of Amplicon
Express libraries we end-sequenced 200 BAC clones from a
normal human BAC library, detecting no chimerism. Thus,
chimerism is not likely to represent a significant factor in this
study.

The information obtained from ESP is remarkable. End
sequences from only '8,000 BACs demonstrated that regions of
high-level amplification are contiguous in the MCF-7 genome
and that the amplified genomic regions are far more complex
than anticipated. Complete sequence analysis of an involved
BAC suggested that recombination between repetitive elements
and duplicons may play a role in the formation of these
aberrations. These observations raise the intriguing possibility
that amplification-mediated genome rearrangements may alter
gene function andyor regulation of genes important for tumor
progression independent of gene dosage. However, the results
presented in this article represent a fraction of what can be
learned from a more detailed analysis of the available data.
Possibilities include the use of BESs to assess pangenomic
mutation rates, as well as those in different genomic subregions
(i.e., amplified and nonamplified loci), further junction sequenc-
ing to identify specific DNA sequence elements that are involved
in breakpoint formation, and the use of BAC clones as biological
reagents for functional assessment of complex genome rear-
rangements. Accordingly, all ESP data (which are published as
Supporting Text and Fig. 8, which can be found at http:yy
shark.ucsf.eduyseqosearchyMCF7y15KJune.100k.4x.html) and
BAC clones (www.genomex.comyAEXozoneyindex.html) are
available for additional studies.

Fig. 3. FISH-based validation of genome rearrangements identified by ESP.
Complete metaphase images can be viewed as Figs. 6-16, which are published
as supporting information on the PNAS web site. (A) FISH analysis of the
hybridization of BAC clone MCF7o1–5H15 to normal human metaphase chro-
mosomes confirms the ESP analysis indicating that this clone connected chro-
mosomes 15q11.2 and 16q22.2. This clone also hybridized to chromosome 1,
suggesting a more complex rearrangement (data not shown). (B) FISH analysis
of the hybridization of BAC clone MCF7o1–9I10 to normal human metaphase
chromosomes. The FISH analysis confirms the ESP determination that this
clone joins 11p11.2 to 11q14.3. (C) Hybridization of BAC clone MCF7o1–9I10 to
MCF-7 metaphase chromosomes. This clone hybridizes to five chromosomes.
(D) Hybridization of BAC clone MCF7o1–5K16 to normal human metaphase
chromosomes. The FISH analysis confirms the ESP determination that this
clone joins 9q22.3 and 9q34.1. The distal breakpoint is located within the first
intron of the ABL oncogene. (E) FISH analysis of the hybridization of BAC
MCF7o1–1A11 to normal human metaphase chromosomes. This BAC was
determined by ESP to connect amplicons on 20q13.2 and 17q23. Hybridization
to 17q23 and 20q13.2 confirms the ESP analysis. (F) Hybridization of BAC
MCF7o1–1A11 to MCF-7 metaphase chromosomes reveals multiple loci of
amplification. (G) Hybridization of BAC clone MCF7o1–3F5 to MCF-7 meta-
phase chromosomes detects high-level amplification. ESP mapping shows that
this clone has one end sequence at the ZNF217 locus at 20q13.2 and another
at 3p14. FISH with BAC MCF7o1–3F5 on normal metaphase chromosomes
confirmed the ESP analysis (data not shown). (H) Dual-color FISH using normal
BACs spanning BMP7 (red) and ZNF217 (green) to MCF-7 metaphase chromo-
somes. Yellow FISH signals show coamplification and colocalization of these
loci in MCF-7 genome.
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Conclusion
Full functional interpretation of ESP data will require analysis of
additional tumor cell lines and primary tumors to identify recurrent
structural aberrations among the multitude of random and func-
tionally irrelevant aberrations. This will become increasingly trac-
table as technologies for BAC library and BES analysis increase in
efficiency and decrease in cost. However, even with current tech-
nology, ESP analysis of 100–200 tumors at .150-kb resolution can
be accomplished for approximately the cost of sequencing a single
mammalian genome. Being sequence-based, it can be integrated
with expression profile and proteomic data to colocalize aberrantly
expressed genes with genome rearrangements. Such studies will
make possible high throughput and comprehensive identification of
currently elusive genome rearrangements and associated genes that

play important roles in tumor progression. This will enable a
systems view of tumor biology and lead to identification of numer-
ous novel prognostic markers and therapeutic targets with associ-
ated biomarkers. Of course, ESP need not be limited to tumors. It
appears equally useful for assessment of genomic rearrangements
and/or aberrations in any closely related or derivative genomes. In
this regard, it will be interesting to learn whether DNA sequence
elements, associated with structural rearrangements, in cancer are
involved in evolution and nonmalignant disease.
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