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Abstract
Genetic and genomic aberrations are the primary cause of cancer. Chromosome missegregation
leads to aneuploidy and provides cancer cells with a mechanism to lose tumor suppressor loci and
gain extra copies of oncogenes. Using cytogenetic and array-based comparative genomic
hybridization data, we analyzed numerical chromosome aneuploidy in 43,205 human tumors and
found that 68% of solid tumors are aneuploid. In solid tumors, almost all chromosomes are more
frequently lost than gained with chromosomes 7, 12 and 20 being the only exceptions with more
frequent gains. Strikingly, small chromosomes are lost more readily than large ones, but no such
inverse size correlation is observed with chromosome gains. Due to increasing levels of
proteotoxic stress, chromosome gains have been shown to slow cell proliferation in a manner
proportional to the number of extra gene copies gained. However, we find that the extra
chromosome in trisomic tumors does not preferentially have a low gene copy number, suggesting
that a proteotoxicity-mediated proliferation barrier is not sustained during tumor progression.
Paradoxically, despite a bias towards chromosome loss, gains of chromosomes are a poor
prognostic marker in ovarian adenocarcinomas. In addition, we find that solid and non-solid
cancers have markedly distinct whole-chromosome aneuploidy signatures, which may underlie
their fundamentally different etiologies. Finally, preferential chromosome loss is observed in both
early and late stages of astrocytoma. Our results open up new avenues of enquiry into the role and
nature of whole-chromosome aneuploidy in human tumors and will redirect modeling and genetic
targeting efforts in patients.
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Introduction
Genetic, epigenetic and genomic alterations are the primary cause of cancer. Germ-line
mutations in a number of genes have been shown to predispose to tumorigenesis. Several
well-established examples include Li-Fraumeni syndrome (mutations in the TP53 gene),
Cowden syndrome (PTEN), Von Hippel-Lindau syndrome (VHL), hereditary forms of
increased breast and ovarian cancer susceptibility (BRCA1, BRCA2) and ataxia-
telangiectasia (ATM). More frequently, though, cancer is caused by somatic mutations or
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chromosomal aberrations involving the tumor suppressor genes TP53 (encoding p53),
CDKN2A (p16) and RB1 (pRB) or the oncogenes CCND1 (cyclin D1), CDK4, MYC (c-
Myc) and the RAS genes1. All these mutations affect, directly or indirectly, several critical
checkpoints in the cell that normally protect against genomic damage and unabated cell
proliferation, such as the DNA damage checkpoint, the G1/S checkpoint and the mitotic
checkpoint.

The mitotic checkpoint ensures faithful segregation of the chromosomes to daughter cells
during cell division. The failure to do so is referred to as whole-chromosome instability (W-
CIN) and results in the formation of aneuploid cells. W-CIN provides cancer cells with a
mechanism to lose tumor suppressor loci and gain extra copies of oncogenes. Accordingly,
aneuploidy is a hallmark of most cancers and is associated with increased malignancy,
tumor recurrence and drug-resistance2–4. Recent studies have shown that W-CIN and
aneuploidy also lead to additional forms of genomic aberrations and instability, thus
accelerating further tumor progression5–8.

To date, only one cancer predisposition syndrome has been directly associated with
mutations in mitotic checkpoint genes. Autosomal recessive mosaic variegated aneuploidy
(MVA) is characterized by developmental abnormalities and increased cancer susceptibility,
often leading to childhood cancers9. The patients exhibit chromosomal mosaisism: cells with
various aneuploidies, primarily monosomic and trisomic. MVA is caused by biallelic
missense and truncating mutations in the BUB1B gene, which encodes the mitotic
checkpoint kinase BubR19. Additionally, a monoallelic deletion encompassing BUB1,
encoding another key mitotic checkpoint component, Bub1, has been associated with
elevated aneuploidy and the development of microsatellite-stable colon carcinoma10. These
checkpoint gene mutations are thought to predispose to tumor development through the
acquisition of aneuploidy as a result of premature sister-chromatid separation during mitosis.

Despite the paucity of both germ-line and somatically acquired mutations in mitotic
checkpoint genes11, W-CIN and aneuploidy are hallmarks of most cancers and are strongly
associated with poor prognosis2. This paradox has recently been explained by the fact that
all of the most common mutations in human cancers affect the activities of the Rb
(Retinoblastoma) and p53 pathways12. This, in turn, causes aberrant expression of E2F and
p53 target genes and, with that, an acute stress on multiple mechanisms that are essential for
orchestrating faithful chromosome segregation during mitosis12–15. One example is the E2F
target gene MAD2L1, which encodes the mitotic checkpoint regulator Mad2.
Overexpression of Mad2 occurs as a result of defects in the Rb and p53 pathway16,17 and
causes chromosome missegregation and tumorigenesis in vivo18.

Whole-chromosome instability provides cancer cells with a mechanism that allows them to
acquire additional copies of oncogenes or lose tumor suppressor loci13–15. As such, it
constitutes a powerful driver for tumor progression, anti-cancer drug-resistance and tumor
relapse after initially successful cancer therapies2,4–8,19. The development of strategies that
specifically target aneuploid cells will therefore likely be effective for the treatment of a
wide range of human cancers. However, the significant heterogeneity of aneuploid cancer
cells constitutes a major hurdle for the development of aneuploidy-specific regimens. We set
out to determine whether, and if so which, specific chromosomes are preferentially lost or
gained by human tumor cells to enhance our understanding of the nature of aneuploidy in
human cancer. We find that human solid tumor cells preferentially lose small chromosomes,
whereas gains of chromosomes are a poor prognostic marker for ovarian adenocarcinoma.

Duijf et al. Page 2

Int J Cancer. Author manuscript; available in PMC 2014 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Karyotype analysis

Karyotypes of human tumors from previous studies were collected from the Mitelman
Database of Chromosome Aberrations in Cancer20. A total of 19,003 karyotypes from
human solid tumors and 23,165 karyotypes from human non-solid tumors were analyzed and
the percentages of these that had lost, gained or simultaneously lost and gained whole-
chromosomes were calculated. Similarly, the gain and loss rates were determined for
individual chromosomes. The mean values of gain and loss rates were calculated as follows:

 (blue bars in Figures 1b, 3b, d,
5b and Supporting Information Figure 4; see also Supporting Information Tables 1, 4, 5 and
6). Chromosome sizes were obtained from the Human Genome Browser, University of
California Santa Cruz21. Numbers of genes on each chromosome (Figures 1c, d and
Supporting Information Table 1 and Figures 1 and 2) were obtained from the Nature articles
that reported the sequence analyses of each of the chromosomes (1999–2006) (PubMed ID
numbers: 16710414 [chromosome 1] 15815621 [2, 4], 16641997 [3], 15372022 [5],
14574404 [6], 12853948 [7], 16421571 [8], 15164053 [9], 15164054 [10], 16554811 [11],
16541075 [12], 15057823 [13], 12508121 [14], 16572171 [15], 15616553 [16], 16625196
[17], 16177791 [18], 15057824 [19], 11780052 [20], 10830953 [21], 10591208 [22],
15772651 [X], 12815422 [Y]). Whole-chromosome aneuploidy rates and the separate rates
for loss, gain and concomitant loss and gain were also calculated separately for selected
types of cancer or organ sites at which the tumors developed.

Array-based comparative genomic hybridization data analysis
Array-based comparative genomic hybridization (aCGH) data, including segmented copy
number (Affymetrix SNP6) and patient survival data, were obtained from The Cancer
Genome Atlas (TCGA) from the National Cancer Institute22. For each individual tumor
sample, whole-chromosome aneuploidy rates were extracted from these data by scoring
individual chromosomes as gained or lost if at least 90% of the chromosome was gained or
lost by aCGH (absolute log2 copy-number threshold >= 0.2), respectively. Data from the X
and Y chromosomes were not available. Therefore, all analyses that involved aCGH data
were limited to the 22 autosomes.

Statistical analyses
A two-tailed Chi-square test was used to assess whether chromosomes are more frequently
lost than gained in various tumor types. To determine whether some chromosomes were
significantly more frequently gained or lost than other chromosomes, a two-sided Grubbs’
test for outliers was used. GraphPad Prism software (GraphPad Software, Inc.) was used to
approximate the p value for outliers (p<0.05 or p<0.01, if significant).

For linear regression analysis (Figure 1 and Supporting Information Figures 1 and 2), the
best-fit regression line was determined by minimizing the sum of the squares of the
differences between the actual sizes of the chromosomes or numbers of genes on the
chromosomes and the linear regression line. The goodness-of-fit of the regression lines was
expressed by R2. The p values express the probability that the slope of the linear regression
line is zero.

For survival curves, we performed log-rank (Mantle-Cox) tests to determine whether
differences were statistically significant. All events were considered significant if the p
values were smaller than 0.05. Where exact p values are omitted, they are summarized as
follows: ns, not significant (i.e., p>0.05); *, 0.01<p<0.05; **, 0.001<p<0.01; ***, p<0.001.
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Database information
Data used in this article are publicly available from the National Cancer Institute’s Mitelman
Database of Chromosome Aberrations and Gene Fusions in Cancer (http://cgap.nci.nih.gov/
Chromosomes/Mitelman)20 and The Cancer Genome Atlas (TCGA) (http://
cancergenome.nih.gov/)22. None of the data that we generated required databank
submission.

Results
Human solid tumor cells preferentially lose chromosomes

We analyzed numerical chromosome aberrations in 19,003 human solid tumors using their
karyotypes as previously reported in the literature20. This revealed that approximately two
thirds of all human solid tumors, 67.9%, exhibit numerical chromosome aneuploidy (Figure
1a and Supporting Information Table 1). Importantly, chromosome loss occurs significantly
more frequently than chromosome gain (p<0.0001; two-sided Chi-square test) and almost a
fourth of all solid tumors have simultaneously lost and gained one or multiple chromosomes
(Figure 1a). The latter is consistent with the observation that tumor cells often have complex
karyotypes which, in addition to abnormal chromosome numbers, present with structural
abnormalities such as deletions, amplifications and translocations20,22–24.

We also determined the individual rate at which each chromosome is lost or gained (Figure
1b and Supporting Information Table 1). This revealed that individual chromosomes differ
in their likelihood to be lost or gained. When we determined the mean of the gain and loss
rates for each chromosome (blue bars in Figure 1b), it became apparent that 18 out of the 24
chromosomes are more frequently lost than gained. Three chromosomes are lost and gained
at approximately the same rates (2, 5 and 8) and only three others (7, 12 and 20) show a
clear bias towards gain. At an incidence of about one in seven solid tumors (14.3%), or one
in five solid aneuploid tumors (21.1%), chromosome 7 is significantly more frequently
gained than any of the other chromosomes (p<0.01; two-sided Grubbs’ test). Interestingly,
chromosome 7 is also lost at a lower frequency than any of the other chromosomes, although
that difference is not statistically significant (p>0.05; two-sided Grubbs’ test; Figure 1b and
Supporting Information Table 1). Nonetheless, this indicates that there is selective pressure
for cancer cells to retain both copies of chromosome 7 and perhaps acquire extra copies of it.

Solid tumor cells preferentially lose – but not gain – small chromosomes
Next, we asked whether there is a relationship between the likelihood that a chromosome is
lost or gained and its size. To investigate that, we independently plotted chromosome size
against the rate of loss and gain. Linear regression analysis indicates that small
chromosomes are lost significantly more readily than larger ones (p=0.0208; R2=0.2199;
Figure 1c).

Recent studies have shown that trisomic yeast and mouse cells – i.e., cells that have a 2n+1
chromosome complement – proliferate more slowly than diploid cells and that that effect is
greater as the size of the extra chromosome increases25,26. However, we do not find a
significant inverse linear relationship between chromosome size and the likelihood that it is
gained in human solid tumors (p=0.8238; R2=0.0023; Supporting Information Figure 1a).
The observed phenomenon in yeast and mouse cells has been attributed to a proteotoxic
effect that is caused by increased protein production25–27. Because chromosome size is not
necessarily proportional to the number of genes on the chromosome – and therefore to the
expected degree of a proteotoxic effect, – we also compared the number of genes on each
chromosome to the respective likelihoods that the chromosomes are lost or gained. Again,
we find that there is no correlation between the number of genes on a chromosome and the
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likelihood that it is gained (p=0.8010; R2=0.0030; Supporting Information Figure 1b). On
the other hand, for chromosome loss, there is a significant inverse linear correlation between
these parameters (p=0.0158; R2=0.2370; Figure 1d). Finally, we specifically analyzed
trisomic (2n+1) tumors and compared the size of the extra chromosome and the number of
genes it harbors to the frequency at which the trisomy occurs. We did not find significant
correlations between these parameters (p=0.4052, R2=0.0317 and p=0.9723, R2=0.0001,
respectively; Supporting Information Figure 1c and d). These data indicate that any
proteotoxic effect of gains of large, gene-dense chromosomes is not strongly selected against
during human tumor evolution (see also Discussion). Together, our analyses indicate that
human cancer cells not only preferentially lose chromosomes, but also that they lose small
chromosomes more readily than large ones.

Chromosome loss and gain rates vary between different tumor types and tumor sites
We next assessed whether the aneuploidy rate differs among various human tumor types.
Most solid cancer types show an aneuploidy rate around the average of 67.9% (Figure 2a
and Supporting Information Table 2). Among a number of selected tumor types, mantle cell
lymphomas have the lowest rate of about 55%, whereas more than 86% of astrocytomas,
glioblastomas and gliomas are aneuploid. The latter may be due to an inherent increased
drive towards aneuploidy in these tumors or to the fact that brain tumor samples only
become available at more advanced stages of disease.

To determine whether whole-chromosome aneuploidy also varies between tumors that
develop at different sites, we analyzed the cytogenetic data for different organs. This
revealed a wide range of aneuploidy rates, varying from slightly less than 40% in salivary
gland and cervical tumors to more than 80% in renal and brain cancers (Figure 2b and
Supporting Information Table 3). In addition, 18 out of the 20 tissues that we examined
showed a bias towards chromosome loss. Only colon and liver tumors preferentially gain
chromosomes (Supporting Information Table 3).

Taken together, the vast majority of human solid tumors preferentially lose chromosomes
and aneuploidy rates markedly differ among tumor types and tumor sites. An analysis of
losses and gains of individual chromosomes for each type of cancer – in particular gains of
chromosome 7 in carcinomas – is likely to reveal an additional stratification (see also
below).

Validation of whole-chromosome aneuploidy data by array-based comparative genomic
hybridization

We next set out to validate our above observations using data that were generated by a
second, independent method: array-based comparative genomic hybridization (aCGH). For
this, we selected a tumor type that preferentially loses chromosomes, ovarian cancers, and a
type that preferentially gains chromosomes, colon cancers (Supporting Information Table 3).

aCGH data from 570 ovarian serous cystadenocarcinomas were obtained from The Cancer
Genome Atlas (TCGA)22. We find that the overall whole-chromosome aneuploidy rate in
these tumors is 85% (Figure 3a). This is higher than the 60% of ovarian cancers that we
found to be aneuploid by cytogenetic analysis (Figure 2b). The most likely explanation for
this is that serous cystadenocarcinomas represent the most malignant form of ovarian tumors
and high-grade tumors are known to be significantly more aneuploid than low-grade ones2.
Consistent with our previous observations, our aCGH data analysis shows that ovarian
serous cystadenocarcinomas lose chromosomes significantly more readily than they gain
chromosomes (p<0.0001; two-sided Chi-square test; Figure 3a). The tendency to lose, rather
than gain, chromosomes is in fact more manifest than in our analysis of all solid tumors, as
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only 7.5% of the ovarian tumors had exclusively gained chromosomes without having lost
chromosomes, while 55% of the tumors had lost chromosomes without having gained
chromosomes (Figure 3a). For all solid tumors these fractions were 16% and 28%,
respectively (Figure 1a).

We also analyzed whole-chromosome gain and loss rates for individual chromosomes using
this aCGH-derived data set. The overall trend of gain and loss rates was similar between the
ovarian serous cystadenocarcinomas and our previous analysis of all solid tumors (Figures
1b and 3b and Supporting Information Table 4). The means of the gain and loss rates (blue
bars in Figure 3b) indicate that 11 chromosomes had a clear preference to be lost.
Chromosome 22 was lost significantly more frequently than any of the other chromosomes
(p<0.05; two-sided Grubbs’ test). Six chromosomes showed a clear bias towards gain.
Interestingly, both analyses showed the most explicit bias towards gain for chromosomes 7,
12 and 20. However, the ovarian adenocarcinomas gained chromosome 20 significantly
more frequently than any of the other chromosomes (p<0.01; two-sided Grubbs’ test; Figure
3b). In addition, while chromosomes 1 and 3 are generally preferentially lost, they were not
lost in any of the ovarian tumor samples.

For validation of our whole-chromosome aneuploidy data in colon cancers, we used TCGA
aCGH data from 520 colorectal adenocarcinomas. This confirmed our previous observation
as a significantly larger fraction of this type of cancer had gained (75%) than lost
chromosomes (61%; p<0.0001; two-sided Chi-square test; Figure 3c and Supporting
Information Table 5). More than half of the tumors had in fact concomitantly lost and gained
whole-chromosomes.

An analysis of gain and loss rates of individual chromosomes in the colorectal tumor
samples also showed that chromosomes 7, 12 and 20 contributed substantially to the
chromosome gains (Figure 3d and Supporting Information Table 5). However, chromosome
13 was gained at the highest frequency (p<0.01; two-sided Grubbs’ test), in about half of all
the tumors, while this chromosome is in general, including in ovarian adenocarcinomas,
preferentially lost (Figures 1b, 3b and d). Five chromosomes were lost at high rates. Of
these, chromosome 18 was lost at the highest frequency (p<0.05; two-sided Grubbs’ test).

Finally, the ovarian and colorectal aCGH data also confirmed our previous observation that
solid tumor cells lose small chromosomes, or chromosomes with fewer genes, significantly
more readily than larger chromosomes or chromosomes that encode more genes (p=0.0415,
R2=0.1917 and p=0.0248, R2=0.2274, respectively; Supporting Information Figure 2a and
b). Additionally, neither correlation exists for the gain of chromosomes (p=0.7834,
R2=0.0039 and p=0.5664, R2=0.0167; Supporting Information Figure 2c and d).

The TCGA aCGH data that we used lacked information about copy number variations of the
X and Y chromosomes. However, these chromosomes rank second and third in terms of
most frequently lost chromosomes in solid tumors (Figure 1b). Therefore, our inability to
include information from these chromosomes likely caused an overall underestimation of the
observed effects. Despite that, using data from two independent sources, tumor karyotypes
and TCGA aCGH data, we can conclude that human solid tumors preferentially lose small
chromosomes, but that chromosomes 7, 12 and 20 are preferentially gained.

Clinical implications of whole-chromosome gains and losses
TCGA also documents patient survival data. We used that information to examine possible
clinically relevant correlations between numerical chromosome aneuploidy and patient
prognosis. Using the TCGA aCGH data from ovarian cystadenocarcinomas, we analyzed
patient overall survival rates for different subgroups of tumors. Consistent with previous
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studies2, patients with whole-chromosome aneuploid cancers had a poorer overall survival
than patients whose tumors had not gained or lost whole chromosomes (p=0.0030, log-rank
test; median survival (m.s.) of 42.0 and 64.0 months, respectively; Figure 4). Additionally,
patients whose tumors had lost chromosomes had essentially the same prognosis as patients
from the overall aneuploidy group (p=0.8710, log-rank test; m.s. of 43.3 and 42.0 months,
respectively). However, patients whose tumors had gained chromosomes had a significantly
shorter overall survival than patients from the overall aneuploidy group (p=0.0446, log-rank
test; m.s. of 35.4 and 42.0 months, respectively) or patients whose tumors were aneuploid,
but had not gained any chromosomes (p=0.0339, log-rank test; m.s. of 43.3 months).

We then subdivided the patients from the overall aneuploidy group into cohorts with
exclusive chromosome loss (“losses only”), exclusive chromosome gain (“gains only”) and
simultaneous chromosome loss and gain (“gains and losses”). Patients from the “gains and
losses” group had the poorest prognosis (m.s. of 35.4 months), closely followed by the
“gains only” cohort (35.5 months), and the “aneuploid” (42.0 months), “losses only” (44.9
months) and “euploid” groups (64.0 months), respectively (Supporting Information Figure
3). All differences between each of the groups were statistically significant, except between
the “aneuploid” and “losses only” groups and between the “gains only” and the other whole-
chromosome aneuploidy groups. In part, the latter is likely to be due to the relatively small
size of the “gains only” group (n=43) in comparison to the other groups (127≤n≤484). Due
to the lack of TCGA survival data for a sufficient number of colorectal cancer patients, we
also could not study similar correlations for colorectal tumors. Nonetheless, our analysis
indicates that in ovarian serous cystadenocarcinomas, chromosome gains confer a poorer
prognosis than chromosome losses.

Distinct chromosome gain and loss rates between solid and non-solid cancers may
underlie their fundamentally different etiologies

We also analyzed cytogenetic data of 23,165 non-solid cancers. With 59.9%, non-solid
tumors have a lower whole-chromosome aneuploidy rate than the 67.9% in solid tumors
(Figure 5a and Supporting Information Table 6). These tumors had also more frequently lost
than gained chromosomes (p<0.0001; two-sided Chi-square test). Yet, the fractions of
tumors that had only lost chromosomes or only gained chromosomes differed by only 2.7%,
which is more than 4-fold lower than the 12.0% difference that we observed in solid tumors
(Figures 1b, 5b and c ).

An analysis of the gain and loss rates of individual chromosomes showed that only 9
chromosomes had a clear bias towards loss, compared to 18 in solid tumors (Figures 1a, 5a,
b and c). Eight chromosomes had a clear preference towards gain in these cancers, compared
to only 3 in solid tumors. Overall, the gain and loss rates seemed much more balanced in
non-solid tumors, in contrast to the clear bias towards loss in solid malignancies. This was
confirmed by the average of all gain rates and the negative loss rates for each of the tumor
types: −1.73% (i.e., a bias towards loss) for solid tumors and 0.07% (i.e., a negligible bias
towards gain) for non-solid tumors (“average” in Figure 5c). Most strikingly, as compared to
solid tumors, for half of all chromosomes the preference for loss or gain was reversed to
gain and loss, respectively, in non-solid tumors (Figure 5c). The most outstanding
chromosome in this regard is chromosome 7, which in solid tumors is gained at the highest
frequency and lost at the lowest frequency, whereas it is lost at the highest rate in non-solid
cancers.

Together, these observations reveal the existence of dramatically different biases of
individual chromosome gains and losses in solid and non-solid cancers.
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A comparison between early- and late-stage whole-chromosome aneuploidies in
astrocytoma provides insights into tumor evolution

Finally, we wondered how whole-chromosome aneuploidy signatures may evolve during
tumor progression. For astrocytomas, early- and late-stage were clearly defined as stage I–II
(n=90) and stage III–IV (n=516) tumors, respectively. Using these data, we performed
analyses similar to the ones above. This revealed a number of differences (Supporting
Information Figure 4), of which the most prominent ones are summarized in Figure 6. For
this tumor type, the preference to lose – rather than gain – chromosomes exists both at early
and late stages of disease. Late-stage tumors are more frequently aneuploid and the fraction
of tumors that concurrently sustains gains and losses increases from less than one in six to
nearly half of the tumors. For almost all individual chromosomes both the gain and loss rates
increase during tumor progression. Chromosome 8 is the most notable exception to this, as a
preference towards gain changes to a preference towards loss from early to advanced stages
of disease. Remarkably, loss of the X and Y chromosomes (and to some extend chromosome
22) occurs almost exclusively at early stages during tumor development, because their loss
rates are only marginally increased at advanced stages. In contrast, chromosome 7 gain and
chromosome 10 loss are enriched in stage III–IV cancers. Much like in glioblastomas23,
they each occur in approximately 40% of the astrocytomas. Concurrence of these events
increases from only 1% in the early stage tumors to more than a quarter in late stage
astrocytomas (Figure 6a). Lastly, the number of whole-chromosome aberrations per tumor
increases during cancer progression (Figure 6b). Together, these observations provide novel
insights into the tumor evolution of astrocytomas.

Discussion
Various studies have reported deletions and amplifications of smaller or larger genomic
regions in human cancers1,20,22–24. However, whole-chromosome instability, the
missegregation of whole chromosomes during mitosis, has not been quantitatively examined
in a large tumor data set prior to this study. Using cytogenetic data of 19,003 human solid
tumors we found that solid cancer cells preferentially lose whole chromosomes. A bias
towards loss – rather than gain or random missegregation – of chromosomes during mitosis
and meiosis has also been observed in mouse models of whole-chromosome instability,
fertility and development of the central nervous system28–30. These independent
observations in different biological contexts suggest that the simultaneous gain of many loci
is detrimental for cells, while a concomitant hemizygosity for a large number of genes can
more readily be sustained. However, in these cases, the identity of the gained or lost
chromosome, and hence the genes involved, is likely to be important (see also below).

To our knowledge, the relationship between chromosome size and its rate of loss in human
solid cancers has not previously been studied. However, two groups cultured human
lymphocytes to study chromosome loss rates in relation to age and gender and found that
small chromosomes are lost more frequently than large chromosomes in adult, but not in
newborn-derived cells31,32. Another in vitro study reported a significantly increased rate of
chromosome gain, but not loss, of small chromosomes relative to large ones in patients with
a non-solid form of cancer, chronic myeloid leukemia33. In human gametes, the most
common aneuploidies involve chromosomes 16, 21 and 22 in oocytes and chromosomes 21,
22, X and Y in sperm cells34,35. We find that loss of chromosomes 22, X and Y also occur at
the highest frequencies in solid tumors – including at early stages during
astrocytomagenesis. This raises the possibility that loss of these chromosomes in tumors is
simply due to a high spontaneous loss rate (perhaps due to size or other factors) independent
of any oncogenic advantage per se. Alternatively, there may be a growth advantage that
results from a preferential loss of these chromosomes in both normal and precancerous cells.
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Tumor cells have been shown to exhibit endoreduplication, i.e., genome replication in the
absence of cell division, thus leading to triploidy or tetraploidy36. Our data suggest that this
phenomenon only plays a minor or temporary role, because we do not observe that the vast
majority of chromosomes are gained. Instead, we find that cancer cells significantly more
often lose chromosomes. Alternatively, if endoreduplication does play an important role, our
results indicate that that is accompanied or followed by a massive loss of most
chromosomes. Irrespective of the mechanism (e.g., more frequent gain of chromosome 7 or
less frequent loss of that chromosome following endoreduplication), the observed endpoint
(e.g., frequent gain of chromosome 7) is the most significant from a clinical perspective (see
also our clinical data in Figure 4). Consistent with previous studies2, we find that euploidy
supports better overall patient survival. Additionally, our analyses suggest that, during
tumorigenesis, chromosome gains may generally be selected against. Only about 1 in 6.2
solid tumors exclusively sustain chromosome gains without losses, compared to 1 in 3.6
tumors with exclusive losses, and only three chromosomes are preferentially gained.
Interestingly, trisomy 21, observed in Down syndrome patients, in fact protects, rather than
predisposes to solid cancers37–39. Additionally, trisomies for larger chromosomes cause
embryonic or perinatal lethality, such as in Patau (trisomy 13) and Edwards (trisomy 18)
syndrome40, and trisomies for yet other autosomes are not observed in humans, suggesting
that they may suppress, rather than enhance tumor development. Indeed, the gain of
chromosomes has been shown to slow cell proliferation, which is postulated to be caused by
a proteotoxic effect as a larger number of genes are concomitantly expressed in the cell25–27.
Our data do not support this latter component of the hypothesis as we find that in trisomic
tumors larger chromosomes or chromosomes with higher gene numbers are not
underrepresented relative to their smaller or less gene-dense counterparts. Also, we observed
that chromosome gains are significantly more frequent in more advanced astrocytomas and
are a poorer prognostic marker than chromosome losses in a large cohort of ovarian serous
cystadenocarcinoma patients. The enhanced degree of malignancy of tumors that have
gained chromosomes raises the possibility that at advanced stages of disease, increases in
oncogene copy numbers are more important drivers than the loss of tumor suppressor loci.

We find that chromosomes 7, 12 and 20 are the only three chromosomes that have a
significant bias towards gain in solid tumors. Chromosome 7 is lost at the lowest frequency
and is gained significantly more often than any of the other chromosomes. Gains of
chromosome 7 have been reported in a variety of cancers, including those in skin41, lung42,
breast43, colon44, prostate45, kidney46 and bone47. It has also been suggested to occur in
early stages of brain cancer48 and colon tumorigenesis. In the latter, it is thought to precede
APC loss and mutation of KRAS or TP5349. Chromosome 7 harbors a number of
oncogenes, including EGFR, BRAF and SHH. EGFR overexpression occurs in a variety of
cancers and the EGFR gene is located close to the centromere (at 7p11.2), thus making it
less probable that it is lost by translocations or deletions of the chromosome arm on which it
is located. BRAF-activating mutations and aberrant activation of the hedgehog pathway are
common in various types of carcinoma. Similarly, chromosomes 12 and 20 harbor the
KRAS, CDK4, MDM2, BCL2L1 (encoding Bcl-x), E2F1 and CDC25B genes, all of which
have been shown to possess oncogenic properties. Thus, the acquisition of extra copies of
chromosome 7, 12 or 20 may provide tumor cells with a mechanism to elevate the protein
levels of these genes.

While solid tumors have a clear tendency to lose chromosomes, this bias is much less
obvious in non-solid tumors. In solid cancers, 18 chromosomes have a clear bias towards
loss and only 3 towards gain, whereas for non-solid malignancies these numbers are 10 and
8, respectively. For 12 out of the 24 chromosomes, the bias towards loss or gain is reversed.
For chromosomes 2 and 5, this is only a minor difference, but for the other 10 chromosomes
(4, 6, 7, 10, 11, 14 and 18–21) the reversal is dramatic. In this regard, chromosome 7 stands
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out again; not only is it lost at the lowest frequency and gained at the highest frequency in
solid tumors, it is also lost at the highest frequency in non-solid cancers. This suggests that
the gain of oncogenes located on chromosome 7 plays a far more important role in solid
cancers than in non-solid cancers. Why such dramatic differences in chromosome gain and
loss rates are so different between solid and non-solid tumors is a question of obvious
interest.

We find that chromosome 21 is preferentially lost in solid tumors (Figure 1b), while it is the
most frequently gained chromosome in non-solid cancers (Figure 5b). Interestingly, in
Down syndrome patients, trisomy 21 protects against solid cancers, but predisposes to
hematological malignancies37–39,50. This indicates that the gain or loss of specific whole-
chromosomes can significantly accelerate tumor progression of specific subtypes of cancers.
For instance, gain of chromosome 13, which we find occurs in about half of all colorectal
adenocarcinomas (Figure 3d), may be critical during colorectal tumorigenesis.

Finally, understanding why small chromosomes are preferentially lost and why gains are an
extremely poor prognostic marker in solid tumors may lead to new insights into the nature of
human tumor evolution. We speculate that during early tumorigenesis, the loss of smaller
chromosomes results in a lower probability of losing vital housekeeping functions, while at
the same time specific tumor suppressor loci are lost on these chromosomes. Chromosome
gains, which are generally disfavored for as yet unknown reasons, may be preferentially
acquired following whole-chromosome loss or the acquisition of structural chromosomal
aberrations, at which time increases in oncogene copy numbers may confer enhanced
malignancy. Our observations comparing aneuploidy signatures of early- and late-stage
astrocytoma are consistent with this possibility. In any event, our analysis expands our
knowledge of the nature of whole-chromosome aneuploidy in human tumors, provides some
insights into tumor evolution and may ultimately be used for prognostic or therapeutic
purposes.
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Novelty and impact

Many studies cite the prevalence of aneuploidy in human cancers. However, a systematic
study of whole-chromosome aneuploidy is lacking. We find that nearly all chromosomes,
particularly small ones, are preferentially lost. Only three chromosomes show a
significant preference towards chromosome gain. Despite the strong bias towards
chromosome loss, chromosome gains constitute a poorer prognostic marker in ovarian
carcinoma patients. Our results facilitate more accurate genetic cancer modeling and the
development of more effective treatment strategies.
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Figure 1.
Human solid tumors preferentially lose small chromosomes. (a) Area-proportional Venn
diagram indicating the numbers and fractions of a total of 19,003 human solid tumors that
have lost, gained, concomitantly lost and gained or have neither lost nor gained whole-
chromosomes. (b) Rates at which human solid tumors gain or lose individual whole-
chromosomes. The blue bars indicate the means of the gain and loss rates. Chromosome 7 is
gained significantly more frequently than any of the other chromosomes (p<0.01; two-sided
Grubbs’ test). (c) Scatter plot of chromosome size in megabases (Mb) in relationship to the
rate at which the chromosome is lost in human solid tumors. (d) Scatter plot of the number
of genes on the chromosome in relationship to the rate at which the chromosome is lost in
human solid tumors.

Duijf et al. Page 15

Int J Cancer. Author manuscript; available in PMC 2014 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Whole-chromosome aneuploidy rates in human solid tumors vary among tumor types and
tumor sites. (a) Whole-chromosome aneuploidy rates for selected tumor types. (b) Whole-
chromosome aneuploidy rates for tumors that developed in various different organs.
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Figure 3.
Different types of human solid tumors have distinct whole-chromosome aneuploidy
signatures. (a) Area-proportional Venn diagram as in Figure 1a. However, these data are
derived from The Cancer Genome Atlas (TCGA) array-based comparative genomic
hybridization (aCGH) data of 570 human ovarian serous cystadenocarcinomas. (b) Rates at
which ovarian serous cystadenocarcinomas gain or lose individual whole-chromosomes.
Blue bars indicate the means of the gain and loss rates. Chromosome 20 is gained
significantly more frequently than any of the other chromosomes (p<0.01; two-sided
Grubbs’ test), whereas chromosome 22 is significantly more frequently lost than any of the
other chromosomes (p<0.05; two-sided Grubbs’ test). (c) Area-proportional Venn diagram
of 520 human colorectal adenocarcinomas using aCHG-derived data from TCGA. The areas
between (a) and (c) are not proportional. (d) Individual whole-chromosome gain and loss
rates as in (b) but for colorectal adenocarcinomas. Chromosomes 13 and 18 are more
frequently gained and lost, respectively, than the other chromosomes (p<0.01 and p<0.05,
respectively; two-sided Grubbs’ tests).
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Figure 4.
Whole-chromosome gains are more malignant than whole-chromosome losses in human
ovarian cystadenocarcinoma. The overall survival of 569 ovarian serous
cystadenocarcinoma patients is plotted. All p values are calculated using the log-rank test
and summarized as follows: ns, not significant (i.e., p>0.05); *, 0.01<p<0.05; **,
0.001<p<0.01; ***, p<0.001. See also main text. Censored patients are indicated by vertical
bars on the curves. The terms “euploid” and “aneuploid” exclusively refer to numerical
chromosome abnormalities in this Figure.
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Figure 5.
Human solid and non-solid tumors have markedly different whole-chromosome aneuploidy
signatures. (a) Area-proportional Venn diagram as in Figure 1a but for non-solid tumors. (b)
Whole-chromosome gain and loss rates for individual chromosomes in non-solid cancers.
The blue bars indicate the mean of the gain and loss rates. Chromosome 21 is gained
significantly more frequently than any of the other chromosomes (p<0.01; two-sided
Grubbs’ test). (c) Comparison of the means of the gain and loss rates of each chromosome
for solid (blue) and non-solid tumors (orange). These frequencies represent the respective
blue bars in Figures 1b and 5b. Bars above the x-axis indicate a bias towards gain, those
below the axis a bias towards loss. The average on the far right corresponds to the average
of the plotted gain and negative loss rates of all chromosomes. See also main text for details.
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Figure 6.
A comparison between early- and late-stage whole-chromosome aneuploidies in human
astrocytoma provides insights into tumor evolution. (a) Summary of the most striking
differences in whole-chromosome aneuploidy signatures between stage I–II and stage III–IV
astrocytomas (see also main text and Supporting Information Figure 4). (b) The number of
whole-chromosome aberrations per tumor increases during tumor progression.

Duijf et al. Page 20

Int J Cancer. Author manuscript; available in PMC 2014 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


