Whole chromosome gain does not in itself confer
cancer-like chromosomal instability
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Constitutional aneuploidy is typically caused by a single-event
meiotic or early mitotic error. In contrast, somatic aneuploidy,
found mainly in neoplastic tissue, is attributed to continuous
chromosomal instability. More debated as a cause of aneuploidy
is aneuploidy itself; that is, whether aneuploidy per se causes
chromosomal instability, for example, in patients with inborn
aneuploidy. We have addressed this issue by quantifying the level
of somatic mosaicism, a proxy marker of chromosomal instability,
in patients with constitutional aneuploidy by precise background-
filtered dual-color FISH. In contrast to previous studies that used
less precise methods, we find that constitutional trisomy, even
for large chromosomes that are often trisomic in cancer, does
not confer a significantly elevated rate of somatic chromosomal
mosaicism in individual cases. Constitutional triploidy was associ-
ated with an increased level of somatic mosaicism, but this consisted
mostly of reversion from trisomy to disomy and did not correspond
to a proportionally elevated level of chromosome mis-segregation
in triploids, indicating that the observed mosaicism resulted from
a specific accumulation of cells with a hypotriploid chromosome
number. In no case did the rate of somatic mosaicism in constitu-
tional aneuploidy exceed that of “chromosomally stable” cancer
cells. Our findings show that even though constitutional aneu-
ploidy was in some cases associated with low-level somatic mosa-
icism, it was insufficient to generate the cancer-like levels expected
if aneuploidy single-handedly triggered cancer-like chromosomal
instability.
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Somatic aneuploidy is almost ubiquitous in solid tumors and is
very common in hematological malignancies (1). It is also
found in various normal healthy tissues, such as the liver (2) and
the central nervous system (3). A number of mechanisms have
been described as causative in the generation of aneuploid so-
matic cells. For instance, it is well known that merotelic kinet-
ochore attachments can lead to anaphase lagging, which in turn
may lead to aneuploidy (4). Multiple processes that predispose
to merotelic attachments have been described; for example, su-
pernumerary centrosomes that cause merotely through a tran-
sient multipolar phase in cell division (5, 6). Another process
that can lead to aneuploidy is defective sister chromatid cohesion
(1, 7). In hepatocytes, the primary generative mechanism of an-
euploidy is termed the ploidy conveyor, referring to a process by
which polyploidization is followed by multipolar mitosis and
aneuploidy (2). In addition, aneuploidy has in itself been sug-
gested to cause chromosomal instability (8-10). Studies in lower
eukaryotes have shown that certain karyotypes indeed predispose
cells to genomic instability (11), although whether this holds true
in humans is still debated.

Human in vitro systems in which extra copies of chromosomes
have been introduced into cell lines have been shown to have
dramatic effects on overall transcription patterns (12, 13). How-
ever, this type of study has produced conflicting results with re-
spect to chromosomal instability, implying that the effects seen
might be dependent on the cell line chosen to study (14, 15).
Another approach to studying the connection between aneuploidy
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and chromosomal instability in humans is using constitutional
aneuploidy syndromes as a model. Cells from patients with these
syndromes provide a good experimental system for studying the
effects of aneuploidy on overall genome stability on representative
human material. Such cells typically only have a single or a limited
set of stem-line chromosome aberrations compared with tumor
cell lines, which typically harbor a multitude of genetic lesions, as
well as a cancer phenotype. The few earlier studies performed on
patients with constitutional aneuploidy have shown high fre-
quencies of additional somatic aneuploidy (somatic mosaicism) in
peripheral blood lymphocytes (16, 17), which may be interpreted
as support for an immediate causal connection between aneu-
ploidy and chromosomal instability. However, these studies are
inconsistent, as healthy controls in one study showed a higher
frequency of aneusomy than aneuploid cases in the other. In ad-
dition, both studies showed a prevalence of aneusomic cells in
normal control cases that was remarkably high and, thus, was in-
compatible with earlier reports using golden standard cytogenetic
techniques (18). An explanation for the very high frequencies
previously reported might be the noise inherent in the single-
probe FISH methodology on which these studies were based. To
clarify the potential association between constitutional and so-
matic aneuploidy, and thereby address whether aneuploidy in
itself by necessity triggers chromosomal instability, we here used
a dual-color FISH approach, allowing a highly precise estimate
of aneuploidy even when present at a low prevalence level.

Results

The prevalence of somatic copy number alterations (somatic mo-
saicism) affecting whole chromosomes was assessed in fibroblasts
from nine patients with a constitutionally abnormal chromosome

Significance

Aneuploidy, denoting cells with an abnormal number of chro-
mosomes, is a common phenomenon in cancer. Another com-
mon finding in cancer cells is chromosomal instability, a condition
in which cells change their chromosomal content at a high rate. It
is clear that chromosomal instability can lead to aneuploidy, but
whether the opposite is true has been much debated in the field
of cancer biology. The concept that aneuploidy automatically
triggers chromosomal instability has been propagated in the
scientific literature in recent years. Here, we show that aneu-
ploidy does not, on its own, lead to chromosomal instability,
even when cells acquire chromosome alterations typical of can-
cer. This has important implications for understanding the role of
aneuploidy in cancer development.
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number and two diploid control cases, as well as in two colorectal
cancer cell lines (Table 1). The cancer cell lines were chosen to
include one bona fide “chromosomally stable” (DLD1) and one
“chromosomally unstable” (SW480) line (14, 19). As a measure of
somatic aneuploidy, the aneusomy index (AI) was used, defined as
the ratio of aneusomic cells to the total cell count for a certain
chromosome and sample (14). In our dual-color approach, each
chromosome was detected by two probes, and a cell was only in-
cluded in the calculation of Al if its FISH signal configuration
was completely concordant with either normal disomy or a whole
chromosome aberration (monosomy, disomy, trisomy, etc.),
thereby reducing confounding factors such as background sig-
nals and structural chromosome rearrangements. We chose
chromosomes 2 and 17 as index chromosomes because they
represent one large [chromosome 2; 10,004 transcript alignments,
Genome Reference Consortium Human Build 37 (GRCh37)] and
one relatively small (chromosome 17; 5,900 transcript alignments,
GRCh37) chromosome. To validate the dual-color system, dual-
and single-color FISH data for diploid control fibroblasts (F1 and
F2, respectively) were compared with traditional chromosome
banding estimates of low-level somatic variation. For this purpose,
published data for peripheral lymphocytes and amniocytes (18)
were retrieved and analyzed together with cytogenetic data from
14 karyotypically normal skin fibroblast cultures. Dual-color FISH
and chromosome banding both estimated Al in normal cells to be
~0.1%, with little variation between cases and chromosomes
(Tables S1 and S2). In comparison, estimates by single-color FISH
were, on average, ninefold higher and ranged from 0.5% to
2.4%. Thus, dual-color FISH provided an estimate more similar
to standard cytogenetic techniques by substantially reducing false-
positive scoring, and there was no evidence of underestimation.
Dual-color FISH was then used to estimate Al levels in cells
from constitutionally aneuploid patients (Figs. 1 and 2 A-C). A
significantly higher Al than in normal fibroblasts was found in
both triploid cases T1 and T2, even when their scores were ad-
justed for chromosome number (P < 0.01 Bonferroni adjusted
after Fisher’s exact test in comparison with F1 and F2, with each
chromosome tested separately; Table S3). The Al levels in
triploids approached that of the well-known “chromosomally sta-
ble” colorectal cancer cell line DLD1 (14) but were far from the
levels in the “chromosomally unstable” SW480 line. Using the
same stringent statistical approach, none of the trisomic cases
showed a significantly elevated Al compared with normal cells,

although there was a trend toward elevated Al when all trisomic
cases were collectively compared with Al in fibroblasts (P = 0.007;
Mann-Whitney-Wilkinson test). This finding included cases with
cancer-like karyotypes such as trisomy 8 (patient W1) and con-
current trisomy 2 and 21 (patient DT1). Loss of a single chro-
mosome was the predominant pattern of aneusomy in cases of
constitutional aneusomy, ranging from 0.06% to 1.67% in preva-
lence and making up 16-93% of all aneusomy (Table S4).

In the triploid cases, the majority (60-93%) of aneusomies
consisted of reversion from trisomy to disomy. To assess whether
the high frequency of disomics in the triploid cases could be
explained by increased frequency of chromosomal mis-segrega-
tion at mitosis, the frequency of lagging chromosomes at ana-
telophase cells was scored in T1 and T2 (Fig. 2D). In both these
cases, lagging of whole chromosomes was observed at a higher
rate than in diploid control cells (5 of 212 in T1 and 5 of 208 in
T2 compared with 1 of 200 in F2). However, after normalization
for the 1.5x increased chromosomal content in triploid com-
pared with diploid cells, there was no significant difference in
mis-segregation rate between T1 or T2 compared with fibroblasts
(P = 0.62; Fisher’s exact test). Furthermore, the increase in mis-
segregation was not proportional to the approximately tenfold
increase in frequency of cells carrying single-chromosome losses
in the triploid cases compared with diploid fibroblasts. Taken
together with the finding that the majority of cells with a chro-
mosome number deviating from three in the triploids were di-
somic, this indicated that the increased somatic mosaicism in T1
and T2 was predominantly caused by a specific accumulation of
cells with loss of whole chromosomes over time and was not pri-
marily an effect of an elevated chromosomal mis-segregation rate.

Discussion

Whether alteration in chromosome number of a diploid human
cell by itself causes further aneuploidy through the induction of
chromosomal instability has been much debated, in part because
of conflicting experimental data (14, 20, 21). The ambiguities
from previous experiments could to some extent be explained by
the fact that these were almost exclusively performed on neo-
plastic cells, which are expected to be highly diverse in genotype
and phenotype, making it difficult to form groups for compari-
son. In addition, the multiple epigenetic and DNA sequence
changes contributing to the cancer phenotype may further con-
found the situation by having a direct effect on chromosome

Table 1. Summary of cytogenetic findings and aneuploidy indices (Al) obtained by dual color FISH
Case number Phenotype Stem line karyotype Chromosome 2 Al, % Chromosome 17 Al, %
F1 Normal 46,XY 0.09 0.17
F2 Normal 46,XY 0.15 0.18
D1 Down syndrome 47, XY,+21 0.20 0.20
D2 Down syndrome 48, XXX, +21 0.40 0.20
D3 Down syndrome 47 XX, +21 0.40 0.34
P1 Patau syndrome 47,XY,+13 0.20 0.48
E1 Edwards syndrome 47 XX,+18 0.20 0.70
W1 Fetal death 47,XY,+8 0.15 0.34
DT1 Fetal death 48,XY,+2,+21 0.43 0.31
T1 Triploidy 69, XXX 0.66 0.99
T2 Triploidy 69, XXX 1.25 1.8
DLD1 Colorectal cancer 46,XY,dup (2)(p13p23) 1.2 1.7
SW480 Colorectal cancer ~ 52-59 < 2n>,X,+X,-Y,t (1, 9)(q12;q11),4+2,dic (2, 12)(q24;p13), 4.7 2.4%

+del (3)(q10),+der(3)t (3, 3)(p21;921),der(5)t (5, 20)(q15;p11),

+der(7)t (7, 14)(q22;922),+i (7)(q10),del (8)(p11),
der (8, 9)(q10;q10),der(10)t (10, 12)(p13;912)t (3, 12)(921;915),
+11,del (12)(q14),+13,+i (17)(q10),del (18)(q12),add (19)(q13),
+der(20)t (5, 20)(q15;p11)x2-3,4+21[cp40]

*Data for chromosome 16.
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Aneusomy index for chromosomes 2 and 17 for all samples. P values are from Fisher’s exact test comparing each chromosome 2 and 17 in each

aneuploid case with pooled data for the normal fibroblasts (F1 and F2). The Bonferroni correction was used to correct for multiple testing. *P < 0.001 after

correction. See Table S3 for exact P values.

segregation (7, 14, 22). Furthermore, a positive correlation be-
tween the degree of aneuploidy on the one hand, and the level of
chromosomal instability on the other hand, that has been found
in some studies of cancer cells (21) is not sufficient to discrimi-
nate cause from effect, even though such data have been inter-
preted as a sign that aneuploidy per se triggers more aneuploidy
in an autocatalytic fashion (8, 10, 23). In addition, the few pre-
vious studies in which the issue has been addressed in nonneo-
plastic aneuploid cells, typically constitutional trisomy syndromes,
have been confusing, even though constitutional aneuploidy ought to
provide a cleaner system for studying the connection between
chromosomal instability and aneuploidy than cancer cells. These
studies also have shown very high frequencies (in excess of 20%
when extrapolated to all chromosomes) of somatic aneuploidy in
normal (control) blood lymphocytes, comparable with levels in
cancerous cells (16, 17).

We hypothesized that these high estimates were at least partly
caused by the high risk of finding cells falsely positive for an-
euploidy when assessing minority cell populations in single-probe
FISH experiments. The more stringent dual-color approach used
here indeed found that the average prevalence of aneusomic
cells in a diploid fibroblast population was as low as 1.5 x 10~
per chromosome pair, corresponding to a prevalence of aneu-
ploid cells of about 2-3% when extrapolated to all chromosomes
(=23 chromosome pairs). It is also noteworthy that the Al levels
measured in the control cases in the present study (DLD1 and
SW480) were significantly lower than earlier reports (14), further
reinforcing that single-color FISH can give different results than
the stricter dual-color approach. The difference in Al for chro-
mosomes 2 and 16 in SW480 found in the present study was,
however, consistent with a previous study on colorectal cancer
cell lines using single-color FISH, where it was shown that dif-
ferent degrees of telomere-dependent chromosomal instability
among chromosomes may cause widely different rates of aneus-
omy (19). This illustrates that single-color FISH is probably a
sufficient method for comparing degrees of aneusomy between
chromosomes in the same cell population (i.e., relative quantifi-
cations), as well as for showing whether aneusomy is present at
a high level. However, it is a less suitable method for quantifying
low Al levels. On this basis, we believe our study could be unique
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in showing that a specific type of constitutional chromosome
number alteration (i.e., triploidy) is coupled to significant sec-
ondary somatic aneuploidization, using solid methodology on an-
euploid nonneoplastic cells, even though care is warranted when
translating our in vitro results to an in vivo context.

On the basis of a correlation between degrees of chromosomal
instability and aneuploidy in transformed cells, it has been
claimed that “maximal instability is observed with triploidy and
decreases towards tetraploidy” (24). However, most of the so-
matic aneuploidy in constitutionally triploid cells in the current
study was a result of reversion from trisomy to disomy, and the
increase in somatic aneuploidy in triploids was larger than their
increase in chromosomal mis-segregation compared with normal
cells, indicating that the somatic aneuploidy observed was a re-
sult of accumulation of disomic cells over time, rather than in-
creased chromosomal instability. Compared with the range of
whole chromosome lagging (1.8-66%) in colon cancer cell lines
(25, 26), the rate of lagging chromosomes found in triploid cells
indeed overlapped with the lower, “chromosomally stable” end
of the spectrum. This agrees well with our finding that the so-
matic mosaicism observed in the triploids was comparable to, but
not higher than, that found in the “chromosomally stable” DLD1
cancer line, and far lower than in the “chromosomally unstable”
SW480 line. It is tempting to frame the very high percentage of
disomy seen in the triploid cases in the context of the diploid/
triploid mixoploidy syndrome, a very rare variant of triploidy
syndrome that has far better life expectancy than pure triploidy
(27). This type of mixoploidy is very rare, but case reports of in
vitro culture of amniocytes from such patients have described
a reduction in frequency of triploid cells compared with un-
cultured samples (28), which is indicative of a growth advantage
of diploid cells versus triploid cells. In line with this, the most
likely explanation for the relatively high prevalence of somatic
mosaicism in T1 and T2 is a growth advantage of cells having
undergone reversion to disomy for one or several chromosomes,
either during short-term in vitro culture or already in vivo. We
found no evidence for mixoploidy in either of T1 or T2 by
cytogenetic analyses.

In contrast to triploids, we did not find a significantly increased
level of somatic chromosome number variation in any of the
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Fig. 2.

Examples of aneusomy and chromosomal mis-segregation. (A) Nucleus from case W1 with two signals from both chromosome 17 probes, corre-

sponding to disomy. (B) Trisomy 17 in a cell from case D3, using the same probe combination as in A. (C) Monosomy 2 in a cell from case P1, using the
chromosome 2 probe pair. (D) Lagging chromosome at telophase in triploidy case T1.

trisomic cases, even though there was a trend for this group as
a whole to have higher Al than normal cells. It is possible that
trisomy is nevertheless associated with somatic mosaicism, but
the level of variation is too small for detection by our approach.
However, few, if any, methods exist for application on primary
human cells that could provide higher sensitivity for small cell
populations than interphase FISH. Also, it is possible that in-
dividual differences in karyotype stability may confound data on
a low, but still elevated, level of chromosome number variation
present in viable trisomy syndromes. It should be noted that our
data pertain only to whole chromosomes and do not exclude that
aneuploidy induces instability in chromosome structure, as in-
deed indicated by some studies of cancer cell lines (15). Fur-
thermore, it does not exclude that certain specific combinations
of aneusomy induce chromosomal instability. Still, not even the
cases with double trisomies in the current study showed Al levels
approaching those of even the “chromosomally stable” DLD1
cancer cell line, strongly arguing against a cancer-like level of
chromosomal instability. In line with this, triploidy, which includes
an extra whole haploid set, was not sufficient to generate chro-
mosomal instability at a level comparable to cancer cells with a
similar chromosome number.

To summarize, we present evidence using a stringent method
that constitutional aneuploidy is in some cases associated with
increased somatic mosaicism with regard to chromosome copy

21122 | www.pnas.org/cgi/doi/10.1073/pnas.1311163110

number, but at a very low level at most comparable to “chro-
mosomally stable” cancer cells, and that in its most pronounced
form, constitutional aneuploidy primarily results from accumulation
of cells with reversion to disomy, and not from a significantly in-
creased level of chromosomal instability. Our data strongly argue
against the hypothesis that aneuploidy per se is bound to cause
chromosomal instability.

Materials and Methods

The study was approved by the Lund University Ethics Committee. Low-
passage fibroblast cultures from patients with constitutional aneuploidy (D1,
D2, D3 from Down syndrome; P1 from Patau syndrome; E1 from Edwards
syndrome; W1 from complete trisomy 8/Warkany syndrome; and DT1 from
double trisomy 2 and 21) and from similar-age diploid controls (F1 and F2)
were obtained from National Institute of General Medical Sciences (NIGMS)
Human Genetic Cell Repository/Corriell Institute for Medical Research and
American Type Culture Collection, through LGC Standards. P1, E1, F1, F2,
W1, and DT1 were from NIGMS, corresponding to GM00526, GMO00143,
GMO05399, GM00500B, GM00425, and GMO03576, respectively. D1, D2, and D3
were from the ATCC, corresponding to CCL-54, CCL-66, and CCL-84, re-
spectively. The triploid cases T1 (fetal fibroblasts) and T2 (placental fibro-
blasts), as well as an additional 14 samples of karyotypically normal fibroblasts
(Tables S1 and S2), were obtained from the biobank at the Department of
Clinical Genetics, Lund University. To assess potential maternal contamination
in T2, we performed quantitative flow cytometry, which gave no indications of
a diploid population, showing only peaks corresponding to a triploid clone’s
G1/0 and G2/M populations. Flow cytometry was carried out as described (29).

Valind et al.
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For comparison with neoplastic cells, we used the colon cancer cell lines DLD1
and SW480 (ATCC). DLD1 is a chromosomally stable, microsatellite unstable
cell line that has a pseudodiploid karyotype, whereas SW480 is a chromosomally
unstable, microsatellite stable cell line with a complex karyotype of 52-55 chro-
mosomes. All cell cultures obtained from an external biobank were rekaryotyped
using standard G-banding obtained by Wright's stain. For all samples, our in-
house karyotype was identical to the one provided by the biobank.

Cell culture, harvest, chromosome preparation, and FISH were performed
according to standard methods (30). In brief, cells were cultured through one
to two subcultures in DMEM F-12 with antibiotics and 10% FBS and harvested
and fixed in methanol:acetic acid (3:1), after which slides were pepsinized,
dehydrated, formalin-fixed, and used for FISH. For the diploid control samples,
at least 3,000 nuclei per chromosome per sample were scored. For samples
from cases with constitutional aneuploidy, at least 1,000 nuclei per chromo-
some per sample were scored, and in DLD1 and SW480, 500 nuclei were
scored. Scoring was done through manual epifluorescence microscopy. Images
were acquired using a video camera coupled to an Axioplan 2 fluorescence
microscope (Carl Zeiss). Image analysis was done using the CytoVision system
(Applied Imaging). For the assessment of ana-telophase lagging, cells were
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grown on chamber slides in standard medium, fixed with methanol:acetic acid
(3:1), and then harvested and stained with DAPI.

To increase the precision of the copy number analysis, each chromosome
was detected with two probes with different spectral signatures: one tar-
geting centromeric repeats and one targeting a single-copy region located to
a chromosome arm. Chromosome 2 was detected by the probes LSI NMYC SG/
CEP 2 SO and chromosome 17 by the probes LSI 17q SO/CEP 17 SA (Abbott
Molecular Inc). In SW480, showing a structurally aberrant chromosome 17,
we instead analyzed the copy number of chromosome 16 using CEP 16 SB/IGH-
MAF SG SO. (Abbot Molecular Inc). We defined true aneusomy as a non-
disomic signal pattern consisting of the same number of signals for both
probes. For instance, one green and one red signal (1G1R) corresponded to
true monosomy 2, whereas patterns consisting of an uneven number of signals
(e.g., 1G2R) were eliminated from calculation of Al. Statistical analyses were
performed using the R statistical software package (31).
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