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ABSTRACT

Tumor suppressor genes are frequently inactivated in cancer by large-scale deletion events or epigenetic silencing, and experimental
demonstration of such inactivation has historically been considered as support for assigning tumor suppressive function to a given gene.
However, the discovery of a number of chromosomal domains wherein large deletions naturally occur at frequencies up to 100 times the
average for the genome as a whole leads us to reevaluate the significance of sporadic deletions found within genes associated with these
hotspots. Similarly, our recent demonstration that epigenetic chromatin silencing frequently spreads in cancer cells from gene-poor into
gene-rich regions with apparent indifference to the gene content of the affected domain raises questions about the pertinence of inactivation
as a criterion for ascribing tumor suppressor function to a given gene. We suggest that a number of putative suppressor genes for which
inactivation and/or deletion events have been documented may simply be victims of collateral damage when these events occur, and the
implication that these genes are being selected against during cancer progression should in some cases be reassessed. J. Cell. Biochem. 110:
281-287, 2010. © 2010 Wiley-Liss, Inc.
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E vents reflecting genomic instability, including large dele-
tions and epigenetic silencing, play crucial roles in the
initiation and progression of cancer through functional inactivation
of tumor suppressor genes (TSGs). The logical extension of this,
namely the concept that genes which are frequently inactivated or
deleted in cancer probably have suppressive effects on tumor
development, has become a fundamental tool in the ongoing search
for TSGs. This led to many notable advances beginning with the
cloning of the prototypical TSG, RB1, by exploiting large
cytogenetically detectable deletions in chr13q14 found in indivi-
duals with retinoblastoma. Altered transcriptional activity has also
led to identification of candidate TSGs, as reduced expression
frequently coinciding with methylation of promoter-associated CpG
islands (CGIs) has been documented for many genes in cancer. The
dogma which has emerged is that inactivation/deletion equals
candidate TSG status. But the mere existence of such a change in a
tumor is of course insufficient to support far-reaching conclusions

regarding a central role in cancer for a given gene. It is almost
certain that, just as for point mutation, so-called drivers and
passengers exist within these categories of tumor-associated
changes, the former being those changes contributing significantly
to the cancer phenotype, the latter being chance occurrences with no
important role to play.

A variety of criteria exist to assess whether a given mutation or
inactivating event may be a driver, but that which is usually the first
to be satisfied is its presence in a relatively high proportion of those
cancers or cancer-derived cell lines which were examined. Once a
significant frequency of inactivation has been established, the effort
required for functional studies can be justified.

In this Prospects review, we wish to address two aspects of long-
range chromosomal instability and explore how recent conceptual
advances in our understanding should influence current and future
conclusions with respect to assigning candidate tumor suppressor
status to a given gene.
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The search for candidate TSGs through the mapping of large-scale
deletions (kb to Mb range) has received a boost in recent years
through development of technologies enabling unbiased genome-
wide assessment of these and related events (collectively referred to
as copy number variations, CNVs). Currently available microarrays
from a variety of commercial suppliers allow genome-wide analyses
to be performed within the budgets of many academic laboratories.
We therefore have the tools to explore at a profound level the
molecular lesions responsible for cancer initiation and progression
but the plethora of data generated by these technologies presents us
with new challenges in differentiating between driver and passenger
alterations.

Recent advances in understanding the nature of genetic and
epigenetic changes on a genome-wide scale have pointed to an
unexpected degree of non-uniformity in the distribution of these
events. The initial mapping of CNVs by several groups using high-
throughput array technologies, as curated by databases such as the
DGV and the UCSC Genome Browser, reveals striking clusters of
CNVs at a relatively limited number of sites. The unknown
parameter as of now stems from the uncertainty of CNV boundary
calling; thus, a deletion occurring frequently in a population may be
called as several slightly different events, and the database curators
have in the past handled this uncertainty by assigning clusters of
very similar CNVs to a locus. However, the available high-resolution
data from a variety of sources now point to the existence of
“hotspots” of rearrangement where deletions (and to a lesser extent,
duplications) occur at frequencies 10- to 100-fold higher than in the
neighboring chromosomal domains.

First, in the very long gene DMD, one of the most intensely
studied with respect to CNV occurrence, two hotspots have been
documented since the mid-1990s. The major hotspot (affecting
0.7 Mb encompassing exons 40-54) undergoes de novo deletions in
germ cells at frequencies at least 10 times higher than elsewhere in
the 2.4Mb gene [reviewed in Sironi et al., 2006]. That these are
independent events has been exhaustively documented by genetic
and molecular approaches.

Second, neurexin 1 (NRXN1), another very long gene, has been
implicated in schizophrenia through a highly significant association
of CNVs affecting coding sequences in patients. The distribution of
these CNVs, again mostly deletions, is striking, with 90% falling in
the 5’ half of the 1.1 Mb gene. Although one possible explanation for
the skewed distribution is greater biological relevance of the
sequences at the 5’ end of the gene, the fact that deletions not
affecting any exons at all were similarly distributed (both in patients
and controls) suggests that a relatively high state of chromosomal
instability was the more likely reason for the clustering.

Third, another very long disease-associated gene, PARKIN, is
characterized by clustering of CNVs in Parkinson’s patients in a
domain of about 0.5Mb affecting principally exons 3 and/or 4 in
50% of cases, with less frequent loss of exons 2 and 5, followed by
progressively lower frequency extending away from this hotspot. A
recent publication describes the sequencing of the end-points of 18
deletions found in the exons 2-5 region, and all were different and

did not involve such structures as segmental duplications [Asakawa
et al., 2009], reinforcing the “hotspot” nature of the chromosomal
domain.

Finally, two genome-wide studies of nearly 1,000 individuals
each report clustering of deletions in 10-20 hotspots wherein the
deletion frequency has been calculated as up to 100-fold higher than
the genome as a whole. The report from our laboratory [Bradley
et al., 2010] was specifically designed to search for evidence of
clustering of rare independent deletions in autosomes, using 440
parent-parent-child trios to allow verification of boundaries of
transmitted deletions in both parent and child. This was coupled
with human inspection of each image depicting the distribution of
fluorescence intensities which was identified as a probable deletion
by the software used (PennCNV). This combination yielded a
specificity of 98% and a sensitivity of 94% in calling deletions.
Deletion boundaries for parent and child were assessed separately
and were in perfect agreement for about 99% of the transmitted
deletions. This work identified 13 hotspots in the human genome,
including those in the NRXN1 and PARKIN genes (above),
where deletions, mostly 20-200kb in length, occur at an average
of 50-fold higher frequency than elsewhere. A total of seven de
novo deletions were found, five of which were in the hotspots,
giving an enrichment over non-hotspot regions of about 1,000-fold.
The hotspots were all about 0.5Mb in length, and their existence
was subsequently confirmed in three other population samples for
a total of 2,540 wunrelated individuals. Poisson distribution
analysis projected that up to 30 or more hotspots exist in the
genome.

The earlier study by Blauw et al. [2008] did not specifically
conclude that hotspots exist, but did present results in sufficient
detail that it was possible to perform data-handling similar to that
performed in our study. The concordance was remarkable (Table ),
with clustering to a similar degree in nearly all of the hotspots we
subsequently identified.

The consequences of this discovery from a medical genetics
perspective are significant, as are the implications for the
ongoing search for TSGs. The latter are discussed in this
section.

Several of the hotspots found in both sets of data lie in genes or
regions which have been implicated in cancer (Table I). A
remarkable example is an array CGH study of deletions discovered
in colorectal cancers and lines derived from colorectal cancers
[Davison et al., 2005], where, respectively, 23% and 55% of the
samples had suffered deletions extending over a 2-Mb stretch in
20p12, with the 300kb consensus overlap region coinciding
perfectly with the most unstable of the hotspots we have identified.
The authors of this report noted the presence of two untranslated
mRNA genes in the region and showed some sequence variations
and a reduction in the level of their transcription in cancers. Their
interpretation that the very high incidence of deletion of these genes
reflected involvement in tumor suppression, while reasonable in the
context of knowledge at the time, may be reevaluated in the

282

SEARCH FOR TUMOR SUPPRESSOR GENES

JOURNAL OF CELLULAR BIOCHEMISTRY



TABLE I. Clustering of Large Rare Deletions Detected in Nominally Cancer-Free Individuals in Two Studies; Data Were Handled as Described

in Bradley et al. [2010]

Location of Number Bradley Number Blauw

Chr mid-point (mb) et al. [2010] et al. [2008] Total Fold increase Gene

1 186.3 1 3 4 19 None

1 235.3 4 0 4 19 None

2 50.9 3 2 5 24 NRXN1

3 4.2 1 3 4 19 None

4 28.1 0 3 3 15 None

6 95.5 3 5 8 39 None

6 162.7 9 3 12 58 PARK2

7 110.7 1 4 5 24 IMMP2L + 1

8 46 5 0 5 24 CSMD1

8 5.7 4 3 7 34 None

8 8.4 1 4 5 24 3 Short

8 15.5 3 5 8 39 TUSC3

9 9.7 0 5 5 24 PTPRD

9 11.8 9 6 15 73 None

9 30.5 3 2 5 24 None

10 67.8 7 7 14 68 CTNNA3
13 83.4 8 2 10 49 SLITRK 1
14 26.7 2 3 5 24 None

14 104.2 0 4 4 19 4 Genes, short
16 6.7 4 1 5 24 A2BP1

16 76.8 2 5 7 34 WWOX
20 14.8 11 7 18 87 MACROD2
20 40.7 4 2 6 29 PTPRT
Average 34.6

knowledge of the inherent instability of this domain. The fact that
several of the individuals in our study carried germline hemizygous
deletions of these genes without any evidence of cancer further
argues against a suppressor role for these genes.

The PARKIN gene in band 626, has also been assigned a TSG role
based largely on the frequency of deletions in cancers. Germline
homozygous deletions in this gene cause familial early-onset
Parkinson’s disease (EOPD), a condition which has not been
associated with cancer even in advanced years. As with the deletions
in 20p12, those occurring with highest frequency were mapped
exactly at the hotspot we identified, around exons 2 and 3 in a study
of non-small cell lung cancer [Picchio et al., 2004], and between
exons 3 and 5 in hepatocarcinoma-derived lines [Wang et al., 2004].
In both reports, the authors coupled these observations with
expression results and a limited number of experiments on the effect
of PARKIN on growth or apoptosis, and concluded that the gene was
a TSG. A more plausible interpretation, particularly considering the
cancer-free state of EOPD patients with homozygote knockout
deletions, is that these are passenger mutations occurring in a
particularly unstable domain of the genome.

Several other genes, notably IMMP2L, WWOX, CTNNA3, and
TUSC3 are associated with hotspots and were found to have exon-
disrupting germline deletions in either our study or Blauw et al.
[2008], all of which were in individuals free of declared cancer. Each
of these has been proposed as a TSG based on the observed
frequency of deletions in cancers, and we contend that their status as
candidate TSGs should be revised, since our results indicate that the
deletions are probably passengers.

It is noteworthy however, that some of the hotspots were in genes
wherein no exons were disrupted by any observed deletion. These
may indeed be shown to be TSGs in the future, especially those such
as the members of the phosphotyrosine phosphatase family, which

code for proteins whose function may be consistent with suppressor
activity.

An important consideration in this work is that whereas we have
established the existence of hotspots in the genome, we have not
identified all of them. Of particular note, there may well be hotspots
which will never be found by analyzing genomes of healthy
individuals, since we cannot reject the possibility that hotspot
domains exist for which any deletion of the size we are detecting is
embryonic lethal. How many there may be is in the realm of
speculation, but it is interesting to note that the majority of the
~50% of pregnancies which spontaneously terminate in the first
month of gestation are thought to be due to genetic defects
including lethal deletions. With respect to the arguments presented
here however, the important issue is whether some cancer deletion
patterns may be explained by the presence of a hypothetical hotspot
of deletion which has escaped our notice. These domains would be
expected to be gene-rich (hence a deletion would tend to be
embryonic lethal and non-detectable in the germline), characterized
by high frequencies of deletion in tumors, not necessarily
overlapping, and perhaps without a single candidate TSG which
fits the criteria better than any of the others in the region. It may also
be expected that any search for causative inactivating point
mutations would yield little return, for two reasons: first, deletions
would predominate for the simple reason that they occur at a much
higher frequency than point mutations and secondly, many of the
genes would not be genuine targets of carcinogenic (driver)
mutation.
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One such region may be in band 3p21.3. Since the inception of
cytogenetic techniques, deletions have been described in this band
in many tumors and tumor-derived cell lines at frequencies which
are among the highest described for any recurring chromosomal
anomaly in cancer. High-density array CGH shows that some of the
deletions are non-overlapping [Dehan et al., 2007], and point
mutations are exceedingly rare or non-existent in any of the genes
[Lerman and Minna, 2000, and the Cancer Mutation database, http://
www.sanger.ac.uk/genetics/CGP/cosmic/]. This is in the face of the
remarkable propensity of cancers to accumulate somatic muta-
tions—an average of 80-100 coding sequence alterations per cancer
detected for two tumor types [Wood et al., 2007], and more than
20,000 genome-wide point mutations recently reported in each of
two cancer-derived lines [Pleasance et al., 2010a,b].

Conventional thinking holds that one reason for the high
frequency of deletion is that the region carries several TSGs, and
indeed a thorough evaluation of eight of these genes by Hesson et al.
[2007] concludes that functional suppressor activity may be
ascribed to several of them. However, there is still no consensus
as to which if any of the genes in this band are the critical ones. We
contend that if this domain is indeed a hotspot, deletion heroic
efforts to track down the important TSG may be unjustified, and
investments in clinical trials such as that involving FUS1 gene
therapy should be reevaluated.

A similar region is in 5q32-33 where deletions have been
described in about 15% of cases of myelodysplastic syndrome. The
“critical region” spans about 2 Mb in a gene-rich region and several
of the deletions are non-overlapping. Again, this could be a hotspot
of deletion (perhaps only for cells of the myelogenous lineage) and if
so the lack of data identifying this as a hotspot is understandable
given the probable lethality of such deletions in the germline.

The second general chromosomal event contributing to cancer
progression which we wish to address is epigenetic inactivation.
The documentation of gene inactivation has proven to be a
powerful tool in identification of novel candidate TSGs and its
usefulness has been enhanced by the application of technology
allowing genome-wide searches for such changes. An early advance
was the development of Restriction Landmark Genomic Scanning
(RLGS), which allows identification of CGIs which are methylated in
tumor tissue in a relatively unbiased fashion. Approximately 2,000
CGIs can be screened for methylation changes and several candidate
TSGs have been accordingly identified. More recent technologies
have advanced the study of genome-wide CGI methylation and are
beginning to yield a full picture of the epigenome in normal and
cancerous tissues [reviewed in Suzuki and Bird, 2008]. The issue
which we wish to emphasize here has to do with the spreading effect
of epigenetic inactivation, as this phenomenon has implications for
the interpretation of inactivation data involving candidate TSGs.
The classic situations in which epigenetic inactivation spreads
over a long distance are X-inactivation and genomic imprinting.

These systems have been studied intensively and many excellent
reviews are available on these subjects. Of pertinence for this
discussion, the inactivation events are generally known to be
directed from a defined site (XIC and ICR, respectively), and
although most genes in the affected domain (including most of the
chromosome in the case of X-inactivation) are transcriptionally
silenced, there are many known cases of individual genes escaping
inactivation. An intriguing characteristic of the silencing function
on the Xi is that upon translocation onto an autosome the
inactivation (observable as heterochromatization) can spread into
the normally active domains of the autosome.

Frigola et al. [2006] published an important study showing that
gene inactivation in cancer could extend over a long distance, in this
case the entire 4 Mb chromosome band 2p14.2. This occurred in
colorectal cancer and implicated methylation of several, but
surprisingly not all of the CGIs in the domain; the chromatin
was, however, associated with histone H3K9 dimethylation, a
marker of closed chromatin conformation at every site examined,
including the unmethylated CGIs. The event was named long-range
epigenetic silencing (LRES).

In a commentary on this article, Smith and Costello [2006] raised
the question of whether this long-range effect reflected targeted
inactivation of one important TSG and the other genes were simply
passengers, or whether all genes in the domain may be important in
maintaining normal tissue homeostasis. We will argue that it is quite
possible that none of the genes are of critical importance for cancer.

More recently, evidence of coordinated inactivation of linked
alleles has been reported in breast cancers [Novak et al., 2008]. These
authors showed non-random distribution of differentially methy-
lated CGIs in tumors and interpreted the results as supporting the
concept of LRES.

These reports of spreading inactivation were foreshadowed by
early work on a Chinese hamster ovary-derived fibroblast cell line,
CHO [Bradley, 1983; Grant et al., 1989]. In these studies linked genes
were shown to undergo coordinated inactivation upon selection
against expression at one or the other locus. This event was
monoallelic and could occur at high frequency, 10%- to 10°-fold
higher than point mutation. Inactivation could be incomplete
(especially in those cases where the frequency was very high), but
the degree of inactivation was equal at the two loci. Dobrovic et al.
[1988] showed that this event, dubbed Type II silencing (to
distinguish it from single-locus epigenetic inactivation) was
independent of promoter methylation at at least one affected gene,
but was nevertheless reversed by azacytidine treatment, suggesting
the existence of a controlling CpG-rich element elsewhere. All these
characteristics, with the exception of the monoallelic nature of the
inactivation, are at least partially recapitulated in the LRES event
described by Frigola et al. [2006].

Our approach to the question of the distribution of inactivated
domains in cancer has been to perform genome-wide genotyping
assays on chromatin immunoprecipitated with antiserum against
histone 3 acetylated on lysine 9 (H3Ac) compared with that against
histone 3 trimethylated on lysine 9 (H3M). These histone
modifications are considered to be markers of open chromatin
and pericentric heterochromatin, respectively. Four cell sources
were used: a culture of normal cells from small intestine, which is

284

SEARCH FOR TUMOR SUPPRESSOR GENES

JOURNAL OF CELLULAR BIOCHEMISTRY



non-clonal and non-immortal, and three lines derived from
colorectal cancers.

We used BeadArray microarray platforms (Illumina), which
compare intensity of fluorescence of each allele (A or B) to arrive at a
value for B allele frequency (BAF) at up to 1 million SNP loci per
experiment; these values are then used to call genotypes as AA, AB,
or BB. When the hybridized DNA is prepared from chromatin
enriched for closed versus open conformation we obtain a measure
of both the chromatin conformation at each SNP and the degree to
which this conformation differs between alleles. We calculated 21-
SNP moving window averages of fluorescence intensities (expressed
as LogR values) and plotted these against chromosomal position,
yielding patterns of open versus closed chromatin on a megabase
scale. We interpret low anti-H3Ac ChIP values coupled with high
anti-H3M ChIP as indicating “closed” chromatin.

For the SNPs which were heterozygous in genomic DNA we
calculated BAF differences as the absolute value of the difference
between BAFs of anti-H3Ac and anti-H3M ChIP material. Plotting
21-SNP moving window averages revealed peaks where the two
homologues exhibited long-range differences in chromatin struc-
ture. About 105Mb of one colorectal cancer line was subject to
strong allelic bias in this respect, with the longest stretch comprising
10 Mb (Di Paola et al., in preparation).

To determine whether closed conformation corresponded with
transcriptional inactivation, we selected a number of genes in regions
of this strong allelic bias for which there were heterozygous expressed
SNPs (cSNPs). All were expressed monoallelically from the allele
which was in the open conformation, indicating that, as expected,
chromatin in the closed conformation was transcriptionally silent.

The results of this work led to an important insight into the cancer
genome. We found many megabase-plus regions of relatively
uniform condensed chromatin conformation and examination of the
boundaries of these domains strongly suggested that spreading of
the inactive, closed conformation frequently occurred in the cancer
cell lines; thus, in comparison with the normal cells, a low logR
value for the anti-H3Ac ChIP curve continues into a chromatin
domain which in the normal cells is open, with the mirror-image
pattern being observed in the anti-H3M ChIP curve. It is arguable
that since the intestine-derived cells we used for comparison are an
imperfect substitute for the cancer cell lines” authentic normal cell(s)
of origin the difference in extent of the closed domain did not
reflect spreading but rather was a faithful reflection of the pattern
inherited from the original normal precursor. However, in several
instances a peak in BAF differences in a cancer line coincided with
the boundary between open and closed chromatin. Since allelic
conformation differences on this scale are unknown in any normal
cells, the simplest interpretation is that in the cancer-derived line the
extent of spreading of the closed conformation into the formerly
open domain differs between the two homologues and this is
inconsistent with the scenario that domains were maintained as
inherited from the normal precursor. We conclude that domain
spreading is generally responsible for the observed extension of the
low logR values of the ChIP anti-H3Ac data. The schematic in
Figure 1 illustrates this spreading and how it may affect gene
expression.
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A schematic of a domain of several Mb with four genes, with gene deserts flanking on either side. In this example, one of the genes may be a TSG, but similar events

occur when none of the genes have suppressive function. In the normal cell (top), chromatin conformation is open through most or all of the gene-bearing domain, and closed on
either flank, where trimethylated H3K9 (dark nucleosomes) predominate over acetylated H3K9 (light gray). Results of ChIP experiments described in the text reveal a strong

tendency in colon cancer cells for spreading of closed conformation into the open domains; the spreading can be variable, but when none of the genes in the normally open

domain (top) are essential for the cancer cell's survival and growth, the entire domain usually acquires a closed conformation in cancer, as depicted in the bottom scenario. In

these cases, as discussed in the text, it is difficult to distinguish between a putative TSG and “passengers.”
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A variation on this theme was seen in many stretches of the
genome where a limited number of expressed genes are scattered
over a long domain which is otherwise in a closed conformation in
the normal cells. This results in peaks rising from the “valley floor”
of low logR wvalues in the anti-H3Ac ChIP material, with
complementary troughs in the anti-H3M ChIP curves. In many of
these the entire domain has acquired a closed conformation in the
cancer cell line, illustrated in the bottom example of Figure 1. An
important point is that when a megabase-scale domain was found to
be inactivated in a cancer cell line, those islands of formerly open
chromatin were usually associated with either no known gene
(coding or non-coding) or with genes whose role in tumor
suppression is not obvious. Hundreds of gene-poor regions of
between 0.5 and 3Mb in length are scattered throughout the
genome, and examples of both of the above spreading effects were
seen repeatedly in the cancer genomes we analyzed (Di Paola et al.,
in preparation). It is tempting to speculate that there may be an
economy of some sort realized by the cancer cells if a continuous
domain can be rendered as heterochromatin without the need for
maintaining isolated open islands of euchromatin. If this is shown to
be the case, we propose that the selective advantage enjoyed by the
cancer cell resulting from spreading inactivation may derive at least
partially from this hypothetical economy rather than solely from
silencing the genes involved.

What are the lessons to be learned from these results? It is still
premature to make any conclusive statement, since our results must
be repeated in a variety of systems; however, we contend that the
pattern of spreading of inactivation from long silent (and frequently
gene-poor) domains into regions maintained in an open config-
uration in normal cells will be shown to be a hallmark of cancer. As
such we may expect many instances of gene inactivation simply
through *“collateral damage” —the tumor finds a selective advantage
through closing a given stretch of chromatin, and the gene happens
to be situated there, simply as a passenger.

This may be the case in chromosome 2q14.2, the domain
described by Frigola et al. [2006] as undergoing coordinated
inactivation in colon cancer. This region is flanked on each side by
gene-poor domains and thus is similar to the situation depicted in
Figure 1. There may or may not be a genuine TSG in this domain, but
if the tendency towards complete inactivation of a domain as a
cancer progresses is real, we may observe the long-range silencing
effect in this whole chromosome band, independent of any
suppressive function of genes in the affected region. The driving
force in favor of inactivation may not derive from turning off a TSG
but from the hypothetical economy realized from establishing a
uniform heterochromatic domain as discussed above.
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