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Imbalanced chromosomal content, or
aneuploidy, strongly affects the physi-

ology of eukaryotic cells. The consequen-
ces of these effects are frequently
detrimental, in particular in Metazoans.
In humans, aneuploidy has been causa-
tively linked to pathological conditions
such as spontaneous abortions, trisomy
syndromes and cancer. However, only in
recent years have we witnessed an unrav-
eling of the complex phenotypes that are
caused by aneuploidy. Importantly, it has
become apparent that aneuploidy evokes
global and uniform changes that cannot
be explained by the altered expression of
the specific genes located on aneuploid
chromosomes. Recent discoveries show
that aneuploidy negatively affects protein
folding; in particular, the functions of
the molecular chaperone Heat Shock
Protein 90 (HSP90) and the upstream
regulator of heat shock-induced tran-
scription, Heat Shock Factor 1 (HSF1),
are impaired. Here we discuss the possi-
ble causes and consequences of this
impairment and propose that the protein
folding stress instigated by aneuploidy
may be a common feature of conditions
as variable as cancer and trisomy
syndromes.

Equal segregation of chromosomes into
daughter cells during cell division is essen-
tial for the proper proliferation of any
organism. Errors in chromosome segrega-
tion lead to unbalanced chromosome
numbers, so called aneuploidy. Aneu-
ploidy is a deviation from the norm, and
includes the gain and loss of one or a few
chromosomes as well as massively aberrant
karyotypes with chromosomal rearrange-
ments and highly variable chromosome
numbers. The effects of aneuploidy on
physiology are determined by the altered

expression of genes encoded on aneuploid
chromosomes.1-3 Thus, the phenotypes of
aneuploid cells are often variable, yet
almost always detrimental, at least in Met-
azoans. Consequently, aneuploidy is the
main cause of spontaneous abortions in
humans and the rare aneuploid survivors
suffer from multiple developmental
defects. Paradoxically, however, aneu-
ploidy is also a hallmark of cancer and
promotes malignancy. But what exactly
are the consequences of aneuploidy? What
are the molecular mechanisms which
underlie its detrimental phenotypes?

In recent years, the use of techniques
that allow de novo generation of aneuploid
cells of diverse karyotypes, coupled with
systematic ‘omics’ analyses have facilitated
significant advances in our understanding
of the effects of whole chromosomal aneu-
ploidy on cellular physiology (e.g.4-7). It is
clear that imbalanced karytopes lead to
chromosome- and thus gene-specific phe-
notypes.1,8 However, a novel view which
has emerged is that aneuploidy also evokes
specific global and uniform changes,
largely conserved from yeast to man, that
cannot be attributed simply to the expres-
sion changes of the specific genes located
on aneuploid chromosomes. These
changes go to the heart of cellular physiol-
ogy and include detrimental effects on
proliferation and genome stability, global
changes in gene expression, as well as a
rewiring of cellular metabolism.4,5,9,10

Elucidating the molecular basis for these
complex phenomena is critical for a
deeper understanding of trisomy syn-
dromes as well as cancer, with which aneu-
ploidy is tightly linked.

An important feature of the global and
uniform changes elicited by aneuploidy is
the effect that it exerts on protein homeo-
stasis or proteostasis. Aneuploid cells
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accumulate ubiquitin- or Heat Shock Pro-
tein 104 (Hsp104)-positive inclu-
sions,5,11,12 indicative of defective protein
folding or insufficient clearance (or both),
manifest higher levels of protein degrada-
tion,5,11,12 and exhibit sensitivity to
conditions or drugs that impair proteosta-
sis.1,11 Compelling evidence suggests that
the primary reason for these phenomena is
the gene expression from supernumerary
chromosomes,2 but the molecular mecha-
nisms involved are not well understood.
Moreover, it is unknown whether these
disturbances in proteostasis underlie some
of the complex phenotypes observed in
aneuploid cells.

Aneuploid Human Cells Exhibit
Impaired HSF1 and HSP90

Function

To better understand the effects of
aneuploidy on proteostasis in human cells,
we employed luciferase-based constructs
that serve as highly sensitive sensors of
protein folding capacity.13 Tri- and tetra-
somic aneuploid cells exhibited a pro-
nounced impairment in their capacity to
refold these sensors after heat shock and
were also compromised in their ability to
fold the proteins in the presence of a
HSP90 inhibitor. These results indicated
that protein folding stress and impaired
function of the HSP90 molecular chaper-
one may be characteristic features of
human aneuploid cells.12 Consistent with
a specific defect in HSP90 function, aneu-
ploid human cells were more sensitive to
chemical inhibition of HSP90 than cog-
nate diploids but did not display general
sensitivity to other conditions or drugs
that impair protein folding, such as
HSC70/HSP70 inhibition or heat shock.
A similar sensitivity was previously also
observed in yeast1 and murine aneu-
ploids,11 suggesting that diminished
HSP90 capacity represents an evolution-
arily conserved consequence of
aneuploidy.

Interestingly, we observed that the abil-
ity of aneuploid cells to induce the expres-
sion of Heat Shock Proteins (HSPs) as
part of the HSF1-mediated Heat Shock
Response (HSR) is compromised. Thus,
aneuploid cells exhibit consistently lower

mRNA and protein levels of HSP90 and
other HSF1-induced molecular chaper-
ones as well as lower protein levels of
HSF1 itself. This led us to hypothesize
that inadequate activity of HSF1, the mas-
ter regulator of chaperone transcription,
may underlie the protein folding problems
in human aneuploid cells. In fact, aneu-
ploid cell lines with endogenous overex-
pression of HSF1, achieved by transfer of
chromosome 8 which harbors the HSF1
coding sequence, were spared the aneu-
ploidy-induced defects in HSP90 func-
tion, as evidenced by their folding of the
mutant luciferase sensor and lack of sensi-
tivity to chemical inhibition of HSP90.
Likewise, ectopic overexpression of a con-
stitutively active HSF1 allele in other
aneuploids rescued the protein folding
defect and protected against HSP90
inhibition.

A salient, but as yet poorly understood
characteristic of aneuploid cells is a com-
plex, genome-wide and conserved dysre-
gulation of the transcriptome and
proteome.5,6,14 HSF1 and HSP90 play
critical and broad roles in regulating tran-
scription and protein abundance and
function, respectively.15,16 Thus, we
hypothesized that there is a link between
the aneuploidy-induced defects in the
function of these proteins and the patterns
of mRNA and protein abundance
observed in aneuploid cells. In fact, we
observed striking similarities between the
changes in the transcriptome of aneuploid
cells and the transcriptional changes iden-
tified in a cancer cell line in which HSF1
was depleted.17 Moreover, analysis of the
proteome revealed that the abundance of
HSP90 interacting proteins was signifi-
cantly lower in 3 out of 4 aneuploid cell
lines tested. Further, pathway analysis
revealed a pronounced overlap between
proteome changes in aneuploid cells and
proteome changes occurring in response
to HSP90 inhibition.18 In particular, we
observed a marked overlap between down-
regulated pathways, suggesting the possi-
bility that the inhibition of DNA and
RNA metabolism, chromatin remodeling
and cell cycle-related pathways might be
directly or indirectly caused by a defect in
HSP90. Taken together, our analysis sug-
gests that the characteristic changes in
mRNA and protein abundance as well as

pathway activity in aneuploid cells are at
least partially due to impaired protein
folding capacity.

The Causes of the Protein Folding
Defect in Human Aneuploid Cells

The causes of the protein folding defect
in aneuploid cells and how aneuploidy
impairs HSF1 function and specifically
HSP90 remain unclear. What is certain is
that the defects are due to the gene expres-
sion from the aneuploid chromosomes, as
aneuploid yeast harboring transcription-
ally silent Yeast Artificial Chromosomes
(YACs) do not exhibit the impairment.2

How can the imbalanced gene expression
in aneuploid cells lead to defects in pro-
tein folding? The findings made thus far
are consistent with a model in which
aneuploid cells experience low-level but
chronic protein folding stress. Since the
protein folding capacity of eukaryotic cells
is tightly matched to the load of proteins
that must be folded,19 the enhanced and
imbalanced protein production in aneu-
ploid cells is sufficient to trigger a
genome-wide competition for protein
folding factors. This, in turn, leads to the
misfolding and degradation of a signifi-
cant set of proteins. The chronic proteo-
toxic stress which ensues may inhibit the
activation of the heat shock response in a
manner which is reminiscent of observa-
tions in cellular models of neurodegenera-
tive disease,20-22 where it is thought that
the chronic expression of misfolded pro-
teins impairs proteostasis capacity by
titrating away key elements of the net-
work. Thus, we propose that human aneu-
ploid cells are subject to a vicious cycle of
proteotoxic stress, in which impaired pro-
tein folding is constantly exacerbated by
inhibition of HSF1 activity (Fig. 1). A
similar concept has been invoked to
explain the relationship between aneu-
ploidy and chromosomal instability,23

and we therefore suggest that several of
the phenotypes of aneuploid cells may be
self-reinforcing.

We propose that the chronic protein
folding stress experienced by aneuploid
cells may be most clearly discerned in the
expression changes of proteins encoded on
supernumerary chromosomes. While the

496 Volume 14 Issue 4Cell Cycle



majority of gene products encoded on
supernumerary chromosomes are present
in aneuploid cells at levels expected based
on gene copy number (e.g., approximately
1.5-fold elevated compared to diploid for
a gene encoded on a trisomic chromo-
some), the expression of certain classes of
proteins is attenuated or "compensated"
posttranscriptionally.5,7,24,25 The first
class of proteins subject to this compensa-
tion are members of protein com-
plexes.5,24,25 It is noteworthy in this
regard that protein complex members
when present in stoichiometric excess rela-
tive to their binding partners likely rely
upon chaperones to remain soluble and to
be protected from degradation. Addition-
ally, it has been proposed that HSP90 spe-
cifically may play a prominent role in the
assembly of multi-molecular protein com-
plexes.26 Reduced expression of a second
class of proteins, kinases, was described in
human aneuploid cells.5 Intriguingly, a
large number of protein kinases are

dependent on HSP90 function in order to
fold and function properly.27 We previ-
ously proposed28 that the decreased abun-
dance of these protein classes stems from
the insufficient protein folding capacity
triggered by imbalanced gene expression
(Fig. 2). Consistent with such a scenario,
it was recently demonstrated in aneuploid
yeast that the downregulation of compen-
sated proteins occurs posttranslationally
and is mediated by the proteasome and
autophagy.25 Taken together, we propose
that the enhanced protein production due
to the presence of extra chromosomes
might titrate away chaperones, thus lead-
ing to the chronic misfolding and degra-
dation of a subset of the cellular proteome.

Protein Folding Stress and the
Phenotypes of Aneuploid Cells

The prominent and pervasive protein
folding defect in aneuploid cells raises the

tantalizing possibility that other hallmarks
of aneuploidy may be a result of impaired
protein folding capacity. A potential link
between the disturbed proteostasis of
aneuploid cells and their defects in prolif-
eration is particularly intriguing. There is
now a large body of evidence implicating
HSF1 and HSP90 as important facilita-
tors of cellular proliferation, particularly
in cancer cells. It is particularly notewor-
thy that through its chaperone activity
HSP90 regulates either directly or indi-
rectly a large number of proteins with
important roles in promoting G1 to S
transition, such as Cyclin D and Cyclin E
as well as Cyclin-dependent kinase 4
(CDK4), Cyclin-dependent kinase 6
(CDK6) and Cyclin-dependent kinase 2
(CDK2).29 In fact, levels of HSP90 pro-
tein peak at the G1/S boundary in a
HSF1-dependent manner,30 indicating
that both these factors are involved in pro-
moting G1 to S transition and chemical
inhibition of HSP90 most commonly
leads to a cell cycle arrest at G1/S.29 It has
long been recognized that aneuploidy
often impairs proliferation in yeast as well
as Metazoans, and although this has been
linked with defects in progression through
the G1 and S phases of the cell cycle,5,31

the molecular basis for this impairment is
not understood. We anticipate that future
studies will resolve if and how the
impaired protein folding capacity of aneu-
ploid cells is linked with their defective
cell cycle progression.

HSP90 also chaperones a large number
of proteins with crucial roles in maintain-
ing the integrity of the genome.32 For
example, HSP90 is an essential regulator
of DNA polymerase eta activity during
translesion synthesis at stalled replication
forks, promotes stabilization and correct
localization of the repair factors Fanconi
anemia, complementation group A
(FANCA) and breast cancer 2/Fanconi
anemia, complementation group D
(FANCD1/BRCA2),33 and its activity is
required for stabilization of Mis12 com-
plexes at kinetochores, thus contributing
to efficient microtubule-kinetochore
attachments.34 Further, inhibition of
HSP90 itself leads to increased sensitivity
to DNA damaging agents and to aneu-
ploidy in yeast.35 Recently, the first direct
evidence emerged that aneuploidy

Figure 1. Effects of aneuploidy on cellular protein folding. The elevated levels of genes located on
supernumerary chromosomes leads to imbalanced expression, which triggers a competition for
protein folding factors, in particular among HSP90 clients, and leads to persistent protein folding
stress. This sustained protein misfolding may then inhibit the activity of HSF1, resulting in a vicious
cycle in which chronic protein misfolding is continuously aggravated by defective HSF1 activity.
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promotes genomic instability and addi-
tional whole chromosomal aneuploidy by
elevating the levels of chromosome gain
and loss and of mitotic recombina-
tion.9,10,23 However, the mechanisms

behind this have so far remained elusive.
It is tempting to speculate that an underly-
ing reason for the genomic instability of
aneuploid cells is defective protein
folding.

Aneuploidy, Cancer and HSF1

It is now firmly established that HSF1
plays a critical role in promoting many of
the hallmarks of malignant cells.36 High
expression of HSF1 has been reported in a
number of cancers,15 and elevated levels
of nuclear HSF1 are an independent pre-
dictor of poor outcome in breast cancer,37

in hepatocellular carcinoma,38 and in
endometrial carcinoma.39 Additionally,
loss of HSF1 suppresses tumor formation
in several murine models.40 It is likely
that HSF1 exerts its tumor-promoting
functions by stimulating the expression of
molecular chaperones that ameliorate the
cell stress which appears to be an unavoid-
able part of tumorigenesis.41 Through
induction of HSP90 expression, HSF1
promotes the stabilization of numerous
tumor-promoting HSP90 clients such as
macrophage migration inhibitory factor
(MIF), protein kinase B (PKB) and HSF1
itself42 as well as a plethora of factors
involved in promoting cell proliferation
such as cyclin-dependent kinases,43-45 and
unstable oncogenes.46 In fact, several stud-
ies have shown that HSF1 is necessary for
promoting and maintaining cancer cell
proliferation,40,47 as well as supporting
additional critical facets of tumor biology,
such as glucose metabolism and signal
transduction.36,40 Further, the transcrip-
tional program of HSF1 is altered in
tumor samples in comparison to non-
transformed cells and includes many genes
that support critical oncogenic pro-
cesses.15 Finally, HSF1 even facilitates car-
cinogenesis in a non-cell-autonomous
manner by rewiring the transcriptome of
cancer-associated fibroblasts to promote
and support malignant cells.48

How can our finding that HSF1 activ-
ity is impaired in aneuploid cells be recon-
ciled with the fact that both aneuploidy
and heightened activity of HSF1 are fre-
quently observed in cancer? The answer to
this question may be illuminated by the
observation that the parental colorectal
cancer cell line HCT116, used as a paren-
tal cell line for our studies on aneuploidy,
is characterized by pre-existing segmental
aneuploidy of the long arm of chromo-
some 8 where the HSF1 locus is located.
Upon chromosome transfer-induced
aneuploidization protein folding is

Figure 2. Proposed model for protein compensation in aneuploid cells. The elevated levels of
genes located on supernumerary chromosomes leads to imbalanced expression and to competi-
tion for protein folding factors, in particular among HSP90 clients, such as protein kinases, subunits
of multimolecular complexes and probably others. This competition results in chronic protein mis-
folding and degradation of proteins with exaggerated needs for the protein folding machinery.
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impaired in these cells, indicating that de
novo induction of aneuploidy always exerts
a strong negative effect on HSF1 activity,
irrespective of prior levels of HSF1 pro-
tein. This negative effect can only be over-
ridden by additional augmentation of
HSF1 levels. Thus, our results suggest
that, in addition to the already described
functions of HSF1 in tumorigenesis, an
important reason for why HSF1 activity is
elevated in cancer might be to protect
against the deleterious effects of aneu-
ploidy on proteostasis. Indeed, although
almost ubiquitous in cancer, there is
strong evidence that, through its inhibi-
tory effects on proliferation and spontane-
ous immortalization, aneuploidy also acts
as a tumor suppressor.4,49,50 We propose
that one explanation for this is the protein
folding defect instigated by aneuploidy.
As a consequence, proteotoxic stress repre-
sents a hurdle that aneuploid cells must
negotiate on their way to malignancy or in
chromosomally unstable tumors, a
chronic problem that must be efficiently
counteracted. Intriguingly, it has been
shown that loss-of-function of the deubi-
quitinating enzyme Ubp6, a protein pro-
posed to negatively regulate proteasomal
degradation, can suppress the formation
of cytoplasmic protein inclusions in aneu-
ploid yeast.2 Taken together with our
observations, this suggests that cells can
alleviate the detrimental effects of

aneuploidy on proteostasis by either aug-
menting protein folding capacity or
increasing protein degradation (Fig. 3),
and further indicates that adaptation to
aneuploidy might partially explain the
heavy reliance of cancer cells on HSF1
function and on proteasomal degradation.

Aneuploidy and Protein Folding
Stress in Trisomy Syndromes

The observations summarized above
may offer a new way of understanding tri-
somy syndromes, such as Down syndrome
and it will be important to determine
whether chronic proteotoxic stress par-
tially underlies the deleterious phenotypes
seen in these conditions. Further,
although trisomy is always detrimental in
humans, we speculate that one reason that
certain trisomies are not compatible with
life or even prenatal development is due to
a high burden of proteotoxic stress. Con-
versely, embryos that survive and develop
may either be subject to relatively mild
proteotoxic stress or have found a way to
alleviate it. Consistent with such a notion,
chromosome 8, which harbors the HSF1
gene is the largest somatic chromosome
whose trisomy is tolerated in post-natal
development,51,52 and chromosome 21,
trisomy of which represents the most com-
mon viable aneuploid karyotype in

humans, is the smallest and most gene-
poor somatic human chromosome.

Conclusions/Outlook

Recent research on aneuploidy has
facilitated an ever greater understanding
of the effects of imbalanced chromosome
numbers on cellular physiology. It now
appears clear that impaired function of
the proteostasis network and protein fold-
ing stress represent evolutionarily con-
served hallmarks of aneuploid cells. The
two major challenges to be negotiated are
a more intricate dissection of the molecu-
lar basis for the protein folding stress in
aneuploid cells as well as a delineation of
the relationship between defects in protein
folding and other deleterious phenotypes
of aneuploidy. It is to be hoped that prog-
ress on both of these questions may lead
to a clearer grasp of the pathology of tri-
somy syndromes. Indeed, our evolving
understanding of the effects of aneuploidy
on proteostasis make a compelling case for
investigating the status of the proteostasis
network in cells isolated from people with
trisomy syndromes. It has long been
known that aneuploidy is a recurring fea-
ture of cancer cells. However, as the effects
of aneuploidy on cellular physiology have
remained obscure, so too has the role of
aneuploidy in tumorigenesis been enig-
matic. The insights gained thus far
together with a deeper appreciation of the
molecular mechanisms involved should
lead to a fuller understanding of
carcinogenesis.
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