syduosnuelA Joyiny siapun4 DA @doing ¢

syduasnue|A Joyiny siapund JIAd adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Nature. Author manuscript; available in PMC 2008 December 29.

Published in final edited form as:
Nature. 2006 April 20; 440(7087): 1045-1049. doi:10.1038/nature04689.

DNA sequence of human chromosome 17 and analysis of
rearrangement in the human lineage

Michael C. Zodyl, Manuel Garber?!, David J. Adams?2, Ted Sharpel, Jennifer Harrow?,
James R. Lupski3, Christine Nicholson?, Steven M. Searle?, Laurens Wilming?2, Sarah K.
Youngl, Amr Abouelleill, Nicole R. Allen, Weimin Bi3, Toby Bloom?, Mark L. Borowsky1,
Boris E. Bugalterl, Jonathan Butler!, Jean L. Chang?, Chao-Kung Chen?, April Cookl,
Benjamin Corum?, Christina A. Cuomo?, Pieter J. de Jong?, David DeCapriol, Ken
DewarlT, Michael FitzGerald!, James Gilbert?, Richard Gibson?, Sante Gnerrel, Steven
Goldstein®, Darren V. Grafham?, Russell Grocock?, Nabil Hafez!, Daniel S. Hagopian?,
Elizabeth Hart2, Catherine Hosage Norman?, Sean Humphray?, David B. Jaffel, Matt
Jones?, Michael Kamal?, Varsha K. Khodiyar®, Kurt LaButtil, Gavin Laird?, Jessica
Lehoczkyl, Xiaohong Liul, Tashi Lokyitsang?, Jane Loveland?, Annie Luil, Pendexter
Macdonaldl, John E. MajorlT, Lucy Matthews?, Evan Maucelil, Steven A. McCarroll?,
Atanas H. Mihalev!, Jonathan Mudge?, Cindy Nguyen?, Robert Nicoll, Sinéad B. O'Leary?,
Kazutoyo Osoegawa?, David C. Schwartz®, Charles Shaw-Smith2, Pawel Stankiewicz3,
Charles Steward?, David Swarbreck?, Vijay Venkataraman?, Charles A. Whittaker®:T,
Xiaoping Yang!, Andrew R. Zimmerl, Allan Bradley?, Tim Hubbard?2, Bruce W. Birrenl, Jane
Rogers?, Eric S. Lander!, and Chad Nusbaum?

1Broad Institute of MIT and Harvard, 7 Cambridge Center, Massachusetts 02142, USA.

°The Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge
CB10 1SA, UK.

3Department of Molecular and Human Genetics, Baylor College of Medicine, One Baylor Plaza,
Houston, Texas 77030, USA.

4BACPAC Resources, Children's Hospital Oakland Research Institute, 747 52nd Street, Oakland,
California 94609, USA.

SLaboratory for Molecular and Computational Genomics, University of Wisconsin-Madison, 425
Henry Mall, Madison, Wisconsin 53706, USA.

SHUGO Gene Nomenclature Committee, The Galton Laboratory, Department of Biology,
University College London, Wolfson House, 4 Stephenson Way, London NW1 2HE, UK.

Abstract

© 2006 Nature Publishing Group

?orrespondence and requests for materials should be addressed to M.C.Z. (mczody@broad.mit.edu) or C.N. (chad@broad.mit.edu)..
Present addresses: McGill University and Genome Quebec Innovation Centre, Montreal, Quebec H3A 1A4, Canada (K.D.);
Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, New York, New York 10021, USA (J.E.M.); MIT Center for Cancer
Research, 77 Massachusetts Avenue E18-570, Cambridge, Massachusetts 02139, USA (C.A.W.).

Supplementary Information is linked to the online version of the paper at www.nature.com/nature.

Author Information Accession numbers for all clones contributing to the finished sequence of human chromosome 17 can be found
in Supplementary Table S2, and for mouse chromosome 11 in Supplementary Table S5. The updated human chromosome 17 sequence
can be accessed through GenBank accession number NC_000017. The updated mouse chromosome 11 sequence can be accessed
through the accession numbers listed in Supplementary Table S5.

Reprints and permissions information is available at npg.nature.com/reprintsandpermissions.

The authors declare no competing financial interests.


http://www.nature.com/nature
http://npg.nature.com/reprintsandpermissions

syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Zody et al. Page 2

Chromosome 17 is unusual among the human chromosomes in many respects. It is the largest
human autosome with orthology to only a single mouse chromosomel, mapping entirely to the
distal half of mouse chromosome 11. Chromosome 17 is rich in protein-coding genes, having the
second highest gene density in the genome2,3. It is also enriched in segmental duplications,
ranking third in density among the autosomes4. Here we report a finished sequence for human
chromosome 17, as well as a structural comparison with the finished sequence for mouse
chromosome 11, the first finished mouse chromosome. Comparison of the orthologous regions
reveals striking differences. In contrast to the typical pattern seen in mammalian evolution5,6, the
human sequence has undergone extensive intrachromosomal rearrangement, whereas the mouse
sequence has been remarkably stable. Moreover, although the human sequence has a high density
of segmental duplication, the mouse sequence has a very low density. Notably, these segmental
duplications correspond closely to the sites of structural rearrangement, demonstrating a link
between duplication and rearrangement. Examination of the main classes of duplicated segments
provides insight into the dynamics underlying expansion of chromosome-specific, low-copy
repeats in the human genome.

Human chromosome 17 is implicated in a wide range of human genetic diseases. It is home
to genes involved in early-onset breast cancer (BRCAI), neurofibromatosis (NVFZ) and the
DNA damage response ( 7P53 encoding the p53 protein). The complex rearrangement and
duplication structure of chromsome 17 predisposes it to non-allelic homologous
recombination (NAHR), resulting in DNA rearrangements that cause several well-studied
microdeletion disorders. These include herditary neuropathy with pressure palsies (HNPP)7
at 17p12, and Smith—Magenis syndrome (SMS) deletions at 17p11.2 (refs 8, 9).
Microduplication counterparts for both of these conditions are also known, famously in the
case of Charcot—Marie-Tooth disease type 1A (CMT1A) at 17p12 (refs 10, 11), the most
common inherited peripheral neuropathy (see ref. 12 for a review), and more recently for
SMS13. Further, the complex architecture in this region, consisting of ~50-kb subunits of
direct and inverted repeats able to form cruciform structures, is also responsible for
susceptibility to one of the most common somatic rearrangement events characterized,
isodicentric 17q, which is associated with several cancers and signifies poor prognosis14.
Finally, all cases of Miller-Dieker syndrome12 and many cases of isolated lissencephaly
sequencel? are associated with haploinsufficiency effects of deletions at 17p13.3.

As part of the Human Genome Project2, we generated a finished sequence of human
chromosome 17, which comprises ~2.8% of the euchromatic genome. The finished
sequence contains 78,839,971 bases and is interrupted by nine euchromatic gaps and one
gap containing the centromere region (Fig. 1). The total size of the euchromatic gaps is
estimated at 854 kb (see Methods and Supplementary Table S1). The frequency and size of
gaps is slightly higher than the human genome average2. (It is also significantly higher than
for mouse chromosome 11; see below.) This is largely due to segmentally duplicated or
unclonable regions on human chromosome 17 (see Supplementary Information). A clone list
for the most recent version of the sequence is provided in Supplementary Table S2.

An overview of chromosome 17 is shown in Fig. 1. The chromosome has features
characteristic of gene-rich regions2, including a high average G+C content (45.5%) and a
collection of transposable element fossils (45.3% overall) with a relative excess of short
interspersed elements (SINEs, 22.3%) and a deficit of long interspersed elements (LINEs,
14.4%). It also has a large excess of segmental duplications (defined as having >90%
identity and being >1 kb in length15). Such segmental duplications constitute 8.6% (7 Mb)
of the finished sequence, in contrast to a median of 3.9% for human chromosomes and an
average of 4.3% across autosomal sequences. As with other duplication-rich chromosomes,
chromosome 17 has a large proportion of intrachromosomal duplication: 62.3% of the
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duplicated sequence is strictly intrachromosomal, 17.4% is both intra- and inter-
chromosomal, and 20.3% is solely interchromosomal. We elaborate below on the segmental
duplication content of the chromosome.

We have produced a manually curated catalogue of protein-coding genes on chromosome 17
(see Methods), annotating 1,266 gene loci and 274 pseudogene loci (Supplementary Table
S3). This catalogue includes all of the 1,079 genes on the chromosome in the RefSeq
database (see Methods and Supplementary Information). The gene density (16.2 genes per
Mb) is substantially higher than the genome average2 and ranks only behind chromosome
19 (26.2 genes per Mb; ref. 3). There is evidence of extensive alternative splicing, with gene
loci having an average of five distinct transcripts, and 76.6% having at least two transcripts,
a proportion comparable to recent reports3,16-19. Of the 274 pseudogenes on the
chromosome, 73.0% are processed (intronless) pseudogenes arising from retroposition. In
addition to protein-coding genes, we identified 42 transfer RNA genes on the chromosome
(Supplementary Table S4).

As part of the Mouse Genome Sequencing Consortium (MGSC), a finished sequence of
mouse chromosome 11 has been produced (Supplementary Table S5). The sequence was
derived from the C57BL/6J strain and has a finished euchromatic length of 118,816,080
bases, representing ~4.6% of the mouse genome. The finished sequence is interrupted by
only two euchromatic gaps, with an estimated total size of 97 kb, and one additional gap
containing the acrocentric heterochromatin (Fig. 1, Supplementary Table S1 and Methods).
See Supplementary Table S5 for a clone list of the most up-to-date version of mouse
chromosome 11.

Mouse chromosome 11 can be divided into two parts on the basis of conserved synteny with
human chromosomes (Fig. 1). Although the proximal 59 Mb shows conserved synteny with
five different human chromosomes (1, 2, 5, 7 and 22), the distal ~60 Mb has conserved
synteny exclusively with human chromosome 17 (see Fig. 1 and Supplementary Fig. S1).
The distal portion of mouse chromosome 11 is similar to human chromosome 17 in various
respects, including having a high G+C content (45.5%), high gene density (18.7 genes per
Mb), an excess of SINEs (14.4%), and a deficit of LINEs (8.2%). The ratio of SINEs to
LINEs is similar to that in human, although the absolute density is lower, consistent with the
fraction of detectable transposon sequence in mouse. In contrast, the proximal portion of
mouse chromosome 11 has a lower G+C content (41.9%), low gene density (8.2 genes per
Mb), and an opposite ratio of SINEs and LINEs (7.8% versus 19.1%). Although it is similar
to human chromosome 17 in most other respects, the distal region of mouse chromosome 11
differs sharply with respect to segmental duplications: such sequences constitute only 1.1%
of the distal region. Indeed, mouse chromosome 11 has the lowest rate of segmental
duplication (1.4%) among all mouse chromosomes.

The block of undirected synteny (corresponding regions of orthology between the species, in
which order may be disrupted by internal rearrangements) between human chromosome 17
and mouse chromosome 11 is the second largest such autosomal block between human and
mouse (see Supplementary Information). Within this block, there are 23 segments of
directed (collinear) synteny of >100 kb, indicating frequent inversion. To better understand
this relationship, we reconstructed the chromosomal structure of the primate—rodent ancestor
of human chromosome 17 (Supplementary Fig. S2) on the basis of genome sequences from
human, mouse, dog and opossum (see Supplementary Information). The primate—rodent
ancestor could be resolved except for one small segment, and also represents the state of the
boreoeutherian ancestor except in two regions of conserved directed synteny between human
and mouse that differ from dog and opossum (see Supplementary Information and
Supplementary Fig. S2).
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Comparison of the modern chromosomes with our ancestral reconstruction (Fig. 2a) shows
that the mouse structure is virtually unchanged, whereas significant rearrangements have
occurred in human. There are 20 rearrangement breakpoints in human but only three in
mouse. (The terminal break and one internal break are used for different events in both
species, leading to only 22 observed differences in the map of direct human—mouse
conserved synteny; see Supplementary Fig S1.) This is contrary to the general pattern for the
human and mouse genomes, which typically shows many more rearrangements along the
rodent lineage5,6 (see Supplementary Information). The mouse-specific rearrangements are
confined to a single region orthologous to the Smith—-Magenis region in human, which
shows an even more complex pattern of rearrangements at finer scale (Fig. 2b).

What accounts for the extreme rearrangement of human chromosome 17? The answer seems
to be related to the extensive segmental duplication on the human chromosome. The human-
specific breaks in conserved synteny are highly correlated with regions of intrachromosomal
duplication (Fig. 3). Roughly 74% of the duplicated bases reside in the breakpoint regions
between stretches of conserved synteny, which comprise only 7.3% of the bases in the
chromosome sequence.

To further explore the nature of these duplicated sequences, we clustered the duplicons into
classes on the basis of shared sequence (see Methods). After clustering, most of the
duplicated sequences fall into one of three classes (1-3), which account for 51.6%, 19.9%
and 3.1%, respectively, of the intrachromosomal duplications (Fig. 3 and Table 1). For each
duplication class, we then sought to define a ‘core element’, corresponding to the maximum
length of sequence occurring in the largest number of duplicons (see Methods). These core
elements can serve as useful markers for identifying class members and may provide insight
into the origins of the duplications20.

The class 1 core element (~11 kb in length) contains a TBC1 domain and is found in 12 of
the 19 human-specific breakpoint regions. Several of the class 1 core elements are actively
transcribed, including six very recently duplicated genes from the TBC1D3 family (at 31-33
Mb) and the USP6 oncogene (also known as 7TRE-2), which is a fusion of a TBC1D3 gene
and the USP32gene21. The TBC1D3 family genes encode proteins with TBC1 domains,
and are believed to be GTPase-activating proteins specific to RAB5, a RAS-related gene
involved in vesicle trafficking. The TBC1D3 gene family has no known homologues outside
the primates, and we could find no similar sequence in dog or mouse, making it impossible
to identify an ancestral copy. However, the element certainly pre-dates the primate clade:
human copies show substantial divergence (~34%) (Supplementary Fig. S3) and copies can
be identified in ring-tailed lemur by polymerase chain reaction (PCR) (see Methods). The
element is also duplicated in macaque, and a phylogeny of the elements in human and
macaque (Supplementary Fig. S3) shows that at least some of these duplications pre-date the
divergence of Old World monkeys, as some macaque copies have a human copy as their
nearest neighbour.

The class 2 core element (~4 kb in length) is found in 9 of the 19 human-specific breakpoint
regions (Fig. 3). The ancestral copy is probably the copy immediately upstream of the NSF
gene at 41.95 Mb, as this is the only copy with an orthologous sequence in mouse. The class
2 duplicons occur primarily in three regions of chromosome 17q, at 26-27 Mb, 40-42 Mb
and 60-63 Mb. These regions are all sites of extensive, small local inversion events that
have occurred since the primate—rodent ancestor. A phylogenetic tree of the core elements
(Supplementary Fig. S4) shows two main clusters, one for the copies at 26-27 Mb and
another for those at 40-42 and 60-63 Mb. Notably, the reconstruction of the ancestral
chromosome order (Supplementary Fig. S2) places these latter regions nearly adjacent to
one another, suggesting that the core elements dispersed in a local region that was then
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disrupted by an inversion with breakpoints at 33 and 57 Mb. This ancestral chromosomal
order seems to correspond to the modern karyotype of orangutan22, which has a paracentric
inversion with respect to the human karyotype on 17q, with nearly coincident breakpoints.
This would imply that the inversion in the human lineage is a fairly recent event. Notably,
two class 2 core elements (the ancestral copy and a copy at 40.97 Mb) flank the boundaries
of a 900-kb polymorphic inversion in the human population23 and also the boundaries of a
human rearrangement with respect to the ancestral chromosome (Fig. 2 and Supplementary
Fig. S2), indicating a reuse of these breakpoints within the human lineage (see
Supplementary Information).

The class 3 duplicons all reside in the CMT1A/SMS region (13.8-20.4 Mb), which seems to
be a region of remarkable genomic fragility. The class is too small to define a meaningful
core element, but examination of the longest copy shows that it is a previously identified
low-copy repeat, LCRA110. This element is the result of a fusion of two distinct 3’-UTR
elements from elsewhere in the human genome. Although at least one of the individual sub-
elements comprising the fusion is found in mouse and dog, the fusion product is not seen in
these species, but only in primates. One of the two sub-elements is actively transcribed (see
Supplementary Information).

Previous studies8,10 of the CMT1A/SMS region have identified large, highly similar local
repeat blocks. The blocks are themselves fusions of multiple duplicons (including class 1
core elements) that do not occur together elsewhere in the genome. None of these duplicated
sequences has a mouse orthologue within the region (Fig. 2b), having all come from the q
arm of 17, indicating that this region may be a site of multiple inversion. Indeed, cytogentic
mapping of primate rearrangements22 shows the CMT1A/SMS region to be the site of an
inversion breakpoint in orangutan and of a translocation between chromosomes 17 and 5 in
gorilla24.

Certain common characteristics emerge from the study of segmental duplication on
chromosome 17, as well as from our recent study of segmental duplications on chromosome
15 (ref. 20). First, the vast majority of duplicons in these classes fall in breaks of conserved
synteny. Second, segmentally duplicated sequence seems to spread readily within local
regions. Local clustering is evident for all duplicon classes studied on chromosomes 15 and
17. Third, segmentally duplicated sequence then seems to spread over larger distances by
chromosomal inversions. In two cases (class 2 on chromosome 17 and the main class on
chromosome 15; ref. 20), such dispersal is confirmed on the basis of both sequence
phylogeny and reconstruction of ancestral chromosome structure. With additional
comparative data on lower primates, it should be possible to reconstruct the dispersal of
most of the segmentally duplicated sequences in the human genome. Finally, the core
elements underlying the main classes of segmentally duplicated sequence on chromosomes
15 and 17 all show active transcription from a large number of the duplicons1925.26_ This
observation suggests a link between active transcription, duplication and rearrangement. It is
possible that the nature of transcription, the chromatin structure or the transcripts at these
loci may render the regions more susceptible to breakage, duplication or non-allelic
recombination.

Our comparison of human chromosome 17 and distal mouse chromosome 11 shows that a
genomic region can undergo strikingly different rearrangements in different lineages. There
has been remarkably little interchromosomal rearrangement in the region orthologous to
human chromosome 17 across all mammals, which may perhaps reflect an inherent stability
of the region or a selective constraint on contiguity. In contrast, the region shows extensive
internal rearrangement in the human lineage (20 breakpoints relative to the ancestral
genome) but little rearrangement in mouse (only three rearrangements relative to the
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ancestor). The occurrence of the human breakpoints near segmental duplications supports a
mechanistic link between these two features that may explain the unusual history of this
genomic region in the primate lineage. Together with our recent analysis of chromosome 15,
this analysis sheds light on the forces that shape the large-scale structure of genomes and, in
the process, create both evolutionary variation and the chromosomal fragility underlying
human disease.

METHODS

The finished sequence of human chromosome 17 was generated almost entirely (>99%) at
the Broad Institute of MIT and Harvard (formerly the Whitehead Institute/MIT Center for
Genome Research) (Supplementary Table S6). Chromosomal positions in this paper refer to
NCBI human build 35. The finished sequence of mouse chromosome 11 was generated
almost entirely (>99%) at the Sanger Institute (Supplementary Table S6). Chromosomal
positions in this paper refer to NCBI mouse build 34. Methods for clone mapping,
sequencing and tiling-path validation are described in the Supplementary Information. The
gene catalogue and annotation for human chromosome 17 were produced as previously
published16.

Syntenic maps and segmental duplications

Syntenic maps and segmental duplications were constructed as previously
described15,16,20.

Duplication class clustering

Pairwise duplications were clustered by physical overlap of =150 bp and at least 5% of the
smaller element. We extended this by transitive closure to build maximally linked sets (see
Supplementary Information).

Identification of core elements of duplicons

For each duplicon class, aligned coverage of each base in the duplicated region (the union of
all duplicons) was recorded. Core elements were chosen by visual inspection to identify the
longest contiguous sequence in the most deeply covered region. For each duplicon class, the
longest core element sequence was aligned to the entire genome with PatternHunter27, and
all full-length alignments were identified as core element copies.

Construction of core element phylogeny
Construction of core element phylogeny was performed as previously described20.
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Figure 1. Landscapes of human chromosome 17 and mouse chromosome 11
Approximate alignments of ideograms of the two chromosomes are shown in the centre of
the figure, with red lines showing the relationships between orthologous genes. From top to
bottom for each organism, tracks show gene density (in genes per Mb), G+C content on a
scale from 35-65%, and densities of LINEs (red) and SINEs (blue) (fraction of bases). The
vertical dashed line represents the approximate boundary between the distal region of mouse
chromosome 11, which has shared synteny with human chromosome 17, and the proximal
region, which does not. Chr, chromosome.
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Figure 2. Syntenic relationship between mouse, human and the ancestral chromosome

a, Conserved syntenic blocks of 100 kb or more between human chromosome 17 (Hs17),
mouse chromosome 11 (Mm11), and a most parsimonious primate—rodent ancestor (Anc)
reconstructed using dog and opossum as outgroups. b, An enlargement of the CMT1A/SMS
region and the mouse orthologous sequence (human 14-22 Mb, mouse 59-64 Mb),
including conserved syntenic blocks of 10 kb or more between human and mouse, and
human segmental duplications of 20 kb or more. Segmental duplications are shown above
the human CMT1A/SMS line. Duplications with copies outside the enlarged region connect
to 17q in a. Coloured blocks marked ‘C’ represent CMT1A duplicons, and those marked ‘S’
represent SMS duplicons. In both sections, direct (reference strand to reference strand)
blocks of conserved synteny or segmental duplication are shown in blue; inverted blocks are
shown in green. Chromosome blocks are labelled in megabases. The black circle indicates
the location of the human chromosome 17 centromere.
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Figure 3. Duplication landscape of chromosome 17 and its association with breaksin conserved
synteny
The top line shows genes/breakpoints of interest for rearrangements mentioned in the text.

Black triangles show the locations of the nine remaining gaps in the build. Below that,
coloured triangles show breaks in synteny (blue for human, green for mouse, pink for dog).
Intrachromosomal duplications are shown as an all-versus-all dot plot, coloured by class
(class 1 in red, class 2 in green, class 3 in blue, all other classes in black; see Methods).
Breaks in conserved synteny are represented as vertical bands coloured as above. The
centromere is shown as a vertical dark grey band. Triangles at the bottom show core element
locations (class 1 core elements in red, class 2 core elements in green), with direction
showing orientation (up, forward strand; down, reverse strand). The panel at the bottom
shows a density plot of intrachromosomal (blue) and interchromosomal (red) duplication,
using 50-kb non-overlapping sliding windows.
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