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studies (e.g., 7q35, 14q32.33). For example, the
most common variant in the Iafrate et al.
study, located at 1p21.1 (AMY1A–AMY2A)
and present in >49% of the individuals studied
(Fig. 1), was not detected by Sebat et al. Again,
does this discrepancy reflect a technical differ-
ence between the two studies or the very differ-
ent ethnic mix of the two study groups? We will
need to study many more individuals from a
range of ancestral backgrounds to arrive at an
accurate picture of the frequency of the more
common LCVs.

LCVs, duplications and disease
Analysis of the reference sequence shows that
∼5% of the human genome is duplicated2.
These segmental duplications, defined as
multiple regions sharing at least 1 kb of 90%
identical sequence, are thought to have had a
key role in human genome evolution11 and
may be responsible, through nonallelic
homologous recombination (NAHR), for
many chromosome rearrangements leading
to disease12. Both Iafrate et al. and Sebat et al.
report a higher than expected association of
LCVs with known segmental duplications
and with regions associated with human
genetic disease or cancer. This suggests that
LCVs and other genomic rearrangements
might have a common mechanistic basis.

It also has been suggested that large segmen-
tal duplications could complicate sequence
assembly and lead to gaps in the sequence13.

Iafrate et al. note that 12.7% of LCVs are
located in the 100 kb of gaps in the current
sequence assembly. Similarly, LCVs with high
sequence homology might be assembled out of
the reference sequence. Furthermore, the refer-
ence sequence was produced from clone
libraries generated from a small number of
individuals, and so most LCVs would not be
represented in the libraries. This raises the
question, “What is the sequence of the normal
human genome?” Much more detailed
sequence analysis of LCVs in a large number of
individuals will be needed to address this issue.

In both studies, a high proportion of LCVs
overlapped with known genes. Further studies
of these genes in individuals with different
copy numbers will be interesting, as copy-
number differences will probably be found to
influence gene expression14. Alternatively, reg-
ulatory mechanisms could compensate for dif-
ferences in copy number between individuals.
While LCVs have been identified in phenotyp-
ically normal individuals, we cannot deter-
mine the phenotypic consequences of such
large polymorphisms. Some of these LCVs
may be associated with age-related susceptibil-
ities to disease, and deletion polymorphisms
may reveal recessive mutations with pheno-
typic consequences. A recent study of 50 indi-
viduals with learning disability and
dysmorphology identified five LCVs that were
inherited from normal parents and so did not
segregate with the disease phenotype15. These

observations underscore the importance of
identifying LCVs in the normal population so
that we can gauge the importance of copy-
number changes in individuals with diseases.

Both Iafrate et al. and Sebat et al. report that
LCVs are frequently located in regions of the
genome that are susceptible to rearrangement,
particularly by NAHR. The copy-number vari-
ation found in LCVs could certainly be gener-
ated by NAHR, suggesting that there may be a
common mechanism for disease-associated
and normal copy-number variation. If this
turns out to be true, the LCVs themselves may
point to unstable regions of the genome at
which new disease-associated rearrangements
may be found in the future.
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Cancer chromosomes in crisis
Ronald A. DePinho & Kornelia Polyak

The benign-to-malignant transition in human breast cancer is associated with a marked increase in chromosomal
aberrations. A new study suggests that telomere dysfunction and its associated bridge-fusion-breakage cycles may
drive this episodic instability, thereby providing aspiring cancer cells with the multiple genetic aberrations needed to
achieve a fully malignant state.
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Chromosomal aberrations such as amplifi-
cations, deletions and complex transloca-
tions are pervasive in human epithelial
cancers. These are the main cancers affect-
ing the aged, which has motivated efforts to
elucidate the mechanisms leading to chro-
mosomal instability1. Several mechanisms
of genetic instability have been proposed,
including mutations in mitotic checkpoint
genes that control chromosome segregation,
and loss of telomere capping function
resulting in dysfunctional telomeres2. The
latter model is supported by mouse knock-

out studies that have established a link
between telomere dysfunction, increased
epithelial cancers and radically altered cyto-
genetic profiles typical of those found in
human epithelial cancers3. Studies of
human primary tumors and epithelial cul-
tures have also supported the idea that
telomere dysfunction and its associated
bridge-fusion-breakage (BFB) cycles are
important in shaping the cancer genome4–6.
But it is not yet known at which stage of
tumorigenesis telomere-induced chromoso-
mal instability unfolds.
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Burst of instability
On page 984 of this issue, Chin et al.7 report
that telomere-based BFB events coincide with
a burst of chromosomal instability associated
with the transition from benign to malignant
growth in human breast cancers (Fig. 1).
Human breast cancer evolves through a well-
defined series of histological stages from nor-
mal luminal epithelium to usual ductal
hyperplasia (UDH), atypical ductal hyperpla-
sia (ADH), ductal carcinoma in situ (DCIS)
and, ultimately, invasive and metastatic can-
cer. Using fluorescence in situ hybridization,
Joe Gray and colleagues observed genome
integrity during these early stages of breast
cancer development. They identified
‘episodic instability’ during the transition
from ductal hyperplasia to DCIS and,
notably, only a limited increase in chromoso-
mal alterations in more advanced disease tis-
sues (invasive cancers). The documentation
of telomere erosion and anaphase bridging at
this transition, coupled with the known acti-
vation of telomerase activity in DCIS and
invasive cancers, bolsters the idea that telom-
ere-based crisis is a crucial event in breast
tumorigenesis that drives genomic instability.
Although only a limited number of tissue
samples were analyzed, the data are convinc-
ing and reinforced by recent studies describ-
ing substantial differences between normal
mammary epithelial cells and DCIS, but not
between DCIS and invasive tumors8,9.

To obtain additional proof that telomere-
based crisis fuels genomic instability in breast
cancer, Chin et al. analyzed at different pas-
sages human mammary epithelial cells
immortalized with ZNF217, a putative onco-
gene on 20q13. As expected, early-passage
human mammary epithelial cells were devoid
of genetic changes and had normal telomere
lengths. But telomeres progressively short-
ened with passaging and reached a critical
length, leading to crisis and telomerase reacti-
vation, around passage 22. Coincidentally, at
this same passage, the frequency of cells with
anaphase bridging increased significantly,
and numerous genetic changes, similar to the
ones detected in primary tumors, became
detectable by comparative genomic
hybridization, a platform designed to audit
regional amplifications and deletions in can-
cer genomes. Although the cells might have
acquired mutations in other genes leading to
this change in phenotype, the results suggest
that telomere function and genomic instabil-
ity are linked.

Consistent with the results of Chin et al.,
previous studies analyzing UDH, DCIS and
invasive ductal carcinomas using comparative
genomic hybridization detected extensive

recurrent chromosomal changes in both
DCIS and invasive lesions, but no such
changes in UDH10. Based on these results, the
authors of these previous reports speculated
that UDH and DCIS are not clonally related,
but rather UDH and similar benign tumors
might represent a pathologic ‘dead end’ of
tumor evolution. This view is at odds with the
model proposed by Chin et al. Although epi-
demiologic data from individuals with breast
cancer support the hypothesis that UDH is
not the direct precursor of DCIS, definitive
resolution of this point will require further
molecular studies in human tumors and
model systems.

Paths to aneuploidy
The model of telomere-linked genomic insta-
bility is supported by data from both human
tumors and animal models. But crisis is not
the sole force driving aneuploidy in epithelial
cancers2. For example, genes known to have a
role in aneuploidy include mitotic spindle
checkpoint genes (encoding Bub1, BubR1
and MAD2) and genes involved in recombi-
nation and repair (encoding MRE11) and cell
cycle control (encoding CDC4 and cyclin E).
As each of these genes is mutated in only a
small fraction of cases, it seems unlikely that
mutations in these genes could provide a
rational and unifying explanation for the age-
associated increase in epithelial cancers. In
this regard, the role of telomere erosion in
driving the age-associated increase in breast
cancer incidence becomes important, given
the correlation between the number of life-
time menstrual cycles (i.e., amount of epithe-
lial turnover and, hence, telomere attrition)
and breast cancer risk.

Even though chromosomal instability and
aneuploidy are common features of most
cancer types, it is unclear whether genomic
instability must be continuously present as
tumors progress or whether, after a tran-
sient period of crisis resulting in aberrant
karyotypes, the cancer genome remains sta-
ble unless cells are placed under selective
pressure. This latter hypothesis is supported
by the finding that DCIS tumors and their
invasive local recurrences, or primary
tumors and their metachronous metastases,
are molecularly similar. Transitory erosion
of the telomeres due to sudden clonal
expansion may explain the varying degree of
genomic instability during tumor progres-
sion. At the time of crisis, unprotected chro-
mosome ends can engage in illegitimate
recombination, resulting in end-to-end
fusion cycles and unstable dicentric chro-
mosomes. In premalignant cells, this would
initiate a checkpoint control and lead to
elimination by apoptosis. But rare cells
could emerge from crisis through activation
of telomere maintenance mechanisms or
mutations in genes encoding proteins
involved in checkpoint control or apoptosis
(such as p53; ref. 11). Correspondingly, dur-
ing breast tumor progression, a sharp
increase in apoptosis is observed in DCIS
tumors, which declines as they progress to
invasive lesions. Thus, telomere dysfunction
may have multiple roles in tumorigenesis,
contributing in several different ways to the
development of the increasingly aggressive
tumor phenotype.

The importance of understanding the
molecular mechanism of genomic instability
goes far beyond solving a crucial and inter-
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Figure 1 Schematic model of breast tumor progression. Clonal selection drives the accumulation of
genetic changes that lead to the development of progressively more aggressive tumor phenotypes. The
most notable transition is from ductal hyperplasia (UDH or ADH) to in situ carcinoma (DCIS), with a
marked increase in genomic instability, genetic changes and cell death due to shortened
telomere–induced crisis (adapted from ref. 7).
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esting problem in tumor biology, as instabil-
ity is one of the main reasons for current
therapeutic failures and acquired resistance
in cancer therapy. Thus, molecular targeting
of pathways responsible for genomic insta-
bility or selective killing of cells carrying
chromosomal imbalances would have a

tremendous impact in the clinical manage-
ment of individuals with cancer.
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TIMP3 checks inflammation
Roy A Black

Mice deficient in the metalloprotease inhibitor TIMP3, which inhibits the tumor-necrosis factor alpha (TNF-α)-
converting enzyme (TACE, also called ADAM17), have elevated levels of TNF and severe inflammation in the liver.
This result confirms the physiological importance of the soluble form of TNF and identifies TIMP3 as a crucial
regulator of this inflammatory cytokine.

TIMP3 was first identified, inauspiciously,
as a chicken protein similar to two well-
studied mammalian inhibitors of matrix-
degrading metalloproteases1, but its
biological importance has become increas-
ingly apparent. It induces apoptosis2,
inhibits angiogenesis3 and impedes cell
migration4, at least in tissue culture or
when overexpressed in vivo. Whether these
effects occur physiologically is not known.
In a new study on page 969, Fazilat
Mohammed and colleagues5 show that
TIMP3 is a physiological regulator of
inflammation. The authors found that mice
lacking TIMP3 develop inflamed livers, and
that the cause of this inflammation is an
increase in TNF-α activity.

All four known TIMPs6,7 control the
matrix-degrading metalloproteases, which
have roles in many normal and pathologi-
cal processes involving extracellular matrix
turnover and cell migration8. TIMP3,
uniquely, also inhibits TACE, a protease
that generates soluble TNF from the cell-
surface form of the cytokine9–11.
Consistent with this in vitro activity,
TIMP3 blocks the release of TNF from cells
in tissue culture12. TNF is a key inflamma-
tory mediator that causes severe liver dam-
age by a variety of mechanisms13 (Fig. 1).
The demonstration by Mohammed et al.5

that TIMP3 controls TNF levels in vivo,
and that this check prevents spontaneous
inflammation, is a landmark in the TIMP,
TNF and inflammation fields.

The TIMP3 cascade
Mohammed et al. readily detected TNF in liver
homogenates from Timp3–/– mice, but not in
those from wild-type mice or in any other tis-
sues from Timp3–/– mice that they tested.
TACE activity was greater in liver homogenates
from Timp3–/– mice than in those from wild-
type mice. They observed predicted conse-
quences of TNF signaling, such as NFκB
activation and IL-6 production, in livers of
Timp3–/– mice. By 22 months of age, livers of
these mice showed lymphocytic infiltrates and

necrosis. Timp3–/– mice that also lacked the
type I TNF receptor (the primary transducer of
the inflammatory effects of TNF) showed none
of these signs of inflammation. This finding
confirmed that the inflammatory damage was
due to TNF activity. Livers of Timp3–/– mice
that had undergone a partial hepatectomy had
even higher levels of TNF, which persisted well
beyond the transient rise seen in livers of wild-
type mice that had undergone a partial hepate-
ctomy. Livers of Timp3–/– mice showed severe
necrosis after initially normal regeneration,
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Figure 1 The simplest explanation for the results reported by Mohammed et al.5 is that TIMP3 normally
inhibits the generation of soluble TNF by TACE, and that the increase in soluble TNF found in Timp3–/–

mice leads to inflammation of the liver. The observed increases in the amounts of mature TACE and
cell-associated TNF, as well as processed TNF, require further explanation. Soluble TNF might increase
the expression of these proteins, either directly or as a result of the inflammation it induces (blue
lines). Alternatively, TIMP3 might normally inhibit their expression (pink lines). The effects of TIMP3
on cell migration, angiogenesis and apoptosis (green bubbles) have been observed in tissue culture and
upon overexpression in vivo.
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