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Although nearly ubiquitous in cancer, aneuploidy exerts detrimental effects on human cells. We recently
demonstrated that aneuploid human cells exhibit impaired heat shock factor protein 1 (HSF1) and HSP90 function,
suggesting a functional link between two recurring features of cancer cells: aneuploidy and proteotoxic stress. Further,
our findings implicate HSF1 as a key factor in mitigating the effects of aneuploidy.

Although the spectrum of mutations
and alterations in cancer cells is extremely
complex, all cancers exhibit common
characteristics or hallmarks, as first pro-
posed by Hanahan and Weinberg.1 In a
paper published in 2009, Elledge and col-
leagues made a compelling case that, in
addition to the classic hallmarks of cancer,
diverse forms of cellular stress such as pro-
teotoxic stress and high levels of DNA
damage represent unifying characteristics
of established malignant cells.2 This novel
paradigm for understanding tumorigene-
sis and cancer treatment posits that the
stress phenotypes of tumors lead to the
addiction of cancer cells to pathways and
molecules that ameliorate cell stress. How-
ever, how these stress phenotypes arise in
cancer is not yet fully understood.

Proteotoxic stress and constitutive
activation of the heat shock factor pro-
tein 1 (HSF1)-regulated heat shock
response (HSR) pathway are among the
recurring features of malignant cells,
and inhibition of molecular chaperones
represents a promising therapeutic strat-
egy for cancer treatment.3 It has been
proposed that the heavy reliance of can-
cer cells on protein-folding factors
stems from the role of chaperones in
mitigating the stress associated with
tumor development and from the large
number of chaperones required to stabi-
lize critical mutated oncogenes,

although there may be additional
explanations for these characteristics of
cancer cells.

Aneuploidy, or an imbalanced karyo-
type, is nearly ubiquitous among cancer
cells and has previously been proposed
to be responsible for the proteotoxic
stress of tumors.2 Analysis of model
yeast aneuploids has provided compel-
ling evidence that aneuploidy elicits pro-
teotoxic stress and impairs cellular
protein folding.4 However, until recently
it has been difficult to directly study the
effects of aneuploidy in metazoans and
thus mechanistic evidence supporting
this hypothesis in human cells has been
lacking. We previously established and
characterized model human aneuploid
cells that differ from their cognate dip-
loids only by the presence of additional
chromosomes.5 Using luciferase-based
protein folding sensors that are exqui-
sitely sensitive to cellular protein folding
capacity in general, and to heat shock
protein 90 (HSP90) function in particu-
lar, we observed striking impairments in
these model aneuploids compared to
diploid controls that were independent
of the cell line and the extra chromo-
some(s) introduced6 (Fig. 1). Consistent
with a defect in HSP90, aneuploid
human cells were significantly more sen-
sitive to HSP90 inhibition than cognate
diploids. Treatment of aneuploid cells

with inhibitors of other protein folding
factors or inducers of protein misfolding
did not reveal any general sensitivity,
indicating that the protein folding defect
caused by aneuploidy may indeed be
specific for HSP90.

Analysis of the transcriptome and pro-
teome showed consistent downregulation
of HSP90 in a panel of aneuploid cells
and a more variable reduction in the levels
of other molecular chaperones. This
prompted us to test whether the levels and
activity of HSF1, the master regulator of
inducible chaperone expression, were also
affected by aneuploidy. Strikingly, we
observed consistently lower protein, but
not mRNA, levels of HSF1 in aneuploid
cells as well as a profound defect in the
ability to trigger the HSF1-dependent
HSR (Fig. 1).

Is the defective HSF1 function in aneu-
ploid cells responsible for their impaired
HSP90 activity? To address this question,
we constructed cells carrying a third copy
of chromosome 8, which carries the HSF1
gene. We reasoned that the resulting cells,
which are aneuploid and have increased
expression of HSF1, might be protected
against the defect in protein folding
engendered by aneuploidy. Indeed, these
cells displayed no reduction in HSP90
expression and no apparent defect in
HSP90 function as measured using fold-
ing sensors and resistance to HSP90
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inhibition. However, one cell line behaved
markedly differently; in this clone, which
had lost the extra copy of HSF1, we
observed reduced HSP90 expression and
sensitivity to HSP90 inhibition. In further
support of a role for HSF1, exogenous
overexpression of a constitutively active
HSF1 protein rescued the protein-folding
defect of aneuploid cells and improved
survival in the presence of a HSP90 inhib-
itor (Fig. 1).

Human aneuploid cells exhibit pro-
found genome-wide alterations in both

protein and mRNA expression5,7,8

Intriguingly, the mechanisms underlying
these phenomena are not understood. We
observed a striking similarity between the
transcriptional response to HSF1 knock-
down and the transcriptome changes of
aneuploid cells. Moreover, the levels of
protein clients that strongly interact with
HSP90 were lower in aneuploids com-
pared to diploids. Further, we discovered
a significant overlap between pathways
targeted by HSP90 inhibition and those
that are downregulated in aneuploid cells.

Taken together, these findings suggest
that the altered gene expression observed
in aneuploid cells is partly determined by
impaired protein folding capacity (Fig. 1).

These findings may have two impor-
tant implications for understanding
tumorigenesis. First, by directly linking
aneuploidy with impaired protein folding
our observations lend strong support to
the idea that the proteotoxic stress experi-
enced by tumor cells is at least partly due
to aneuploidy. Second, our experiments
suggest that the critical requirement for
HSF1 in malignant transformation stems
partially from its role in protecting against
the adverse effects of aneuploidy on pro-
tein folding.

Aneuploidy has also been associated
with additional stress phenotypes of can-
cer cells such as metabolic and oxidative
stress.9 Based on these observations, we
anticipate that future research may place
aneuploidy at the heart of the stress phe-
notypes of cancer cells. Further, our
results suggest that impaired protein fold-
ing and its consequences may represent a
key pathological feature of diseases such as
trisomy syndromes.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were
disclosed.

Funding

This work was supported by the Max
Planck Society, the Center for Integrated
Protein Science, Munich and by a grant
from Deutsche Forschungsgemeinschaft
to Z.S.

References

1. Hanahan D, Weinberg RA. The hallmarks of cancer.
Cell 2000; 100:57-70; PMID:10647931

2. Luo J, Solimini NL, Elledge SJ. Principles of cancer ther-
apy: oncogene and non-oncogene addiction. Cell 2009;
136:823-37; PMID:19269363; http://dx.doi.org/
10.1016/j.cell.2009.02.024

3. Whitesell L, Lindquist SL. HSP90 and the chaperoning
of cancer. Nat Rev Cancer 2005; 5:761-72;
PMID:16175177

4. Oromendia AB, Dodgson SE, Amon A. Aneuploidy
causes proteotoxic stress in yeast. Genes Dev 2012;

26:2696-708; PMID:23222101; http://dx.doi.org/
10.1101/gad.207407.112

5. Stingele S, Stoehr G, Peplowska K, Cox J, Mann M,
Storchova Z. Global analysis of genome, transcrip-
tome and proteome reveals the response to aneu-
ploidy in human cells. Mol Syst Biol 2012; 8:608;
PMID:22968442; http://dx.doi.org/10.1038/msb.
2012.40

6. Donnelly N, Passerini V, DurrbaumM, Stingele S, Storch-
ova Z. HSF1 deficiency and impaired HSP90-dependent
protein folding are hallmarks of aneuploid human cells.
EMBO J 2014; 33:2374-87; PMID:25205676; http://dx.
doi.org/10.15252/embj.201488648

7. Durrbaum M, Kuznetsova AY, Passerini V, Stingele S,
Stoehr G, Storchova Z. Unique features of the transcrip-
tional response to model aneuploidy in human cells.
BMC Genomics 2014; 15:139; PMID:24548329;
http://dx.doi.org/10.1186/1471-2164-15-139

8. Sheltzer JM, Torres EM, Dunham MJ, Amon A. Tran-
scriptional consequences of aneuploidy. Proc Nat Acad
Sci U S A 2012; 109:12644-9; PMID:22802626; http://
dx.doi.org/10.1073/pnas.1209227109

9. Pfau SJ, Amon A. Chromosomal instability and aneu-
ploidy in cancer: from yeast to man. EMBO Rep 2012;
13:515-27; PMID:22614003; http://dx.doi.org/
10.1038/embor.2012.65

Figure 1. The effects of aneuploidy on protein folding. Aneuploidy impairs the activity of heat
shock factor 1 (HSF1) by an as yet undefined mechanism. The reduced function of HSF1 partly
determines the transcriptional changes in aneuploid cells and leads to lower expression and activity
of HSP90. This in turn leads to lower expression and activity of HSP90-dependent proteins and
pathways and sensitivity to HSP90 inhibitors. These effects can be suppressed by increased HSF1
activity.
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