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Summary

Aneuploidy, an incorrect chromosome number, is a hallmark of cancer. Compounds that cause
lethality in aneuploid but not euploid cells could therefore provide new cancer therapies. We have
identified the energy stress-inducing agent AICAR, the protein folding inhibitor 17-AAG and the
autophagy inhibitor chloroguine as exhibiting this property. AICAR induces p53-mediated
apoptosis in primary mouse embryonic fibroblasts (MEFs) trisomic for either Chromosome 1, 13,
16 or 19. AICAR and 17-AAG, especially when combined, also show efficacy against aneuploid
human cancer cell lines. Our results suggest that compounds that interfere with pathways essential
for the survival of aneuploid cells could serve as a new treatment strategy against a broad
spectrum of human tumors.
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Aneuploidy, a condition where the chromosome number is not a multiple of the haploid
complement, is associated with death and disease in all organisms where this has been
studied. In budding and fission yeast aneuploidy inhibits proliferation (Niwa et al., 2006;
Torres et al., 2007). In flies and worms most or all whole-chromosome trisomies and
monosomies are lethal, respectively (Hodgkin, 2005; Lindsley et al., 1972). In the mouse all
monosomies and all trisomies, but trisomy 19, result in embryonic lethality. In humans, all
whole-chromosome aneuploidies except trisomy 13, 18, or 21 lead to death during
embryogenesis. The viable trisomies display severe abnormalities (Lin et al., 2006;
Moerman et al., 1988) (Antonarakis et al., 2004).

Aneuploidy is also detrimental at the cellular level. Budding and fission yeast cells carrying
an additional chromosome display cell proliferation defects (Niwa et al., 2006; Pavelka et
al., 2010; Torres et al., 2007). Primary aneuploid mouse embryonic fibroblasts (MEFs)
trisomic for any of four chromosomes, Chromosome 1, 13, 16 or 19; primary foreskin
fibroblast cells derived from Down’s syndrome individuals (trisomy 21); and human cell
lines with decreased chromosome segregation fidelity exhibit cell proliferation defects
(Segal and McCoy, 1974; Thompson and Compton, 2008; Williams et al., 2008). Two
systematic studies in disomic budding yeasts and trisomic MEFs furthermore showed that
the presence of an additional chromosome elicits a set of phenotypes that is shared between
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different aneuploidies in both yeast and mouse. Yeast cells carrying an additional
chromosome display metabolic alterations, and increased sensitivity to compounds that
interfere with protein folding and turnover (Torres et al., 2007). These shared traits are due
to the additional proteins produced from the additional chromosomes (Torres et al., 2007).
Similar phenotypes are seen in trisomic MEFs. Trisomic cells show increased sensitivity to
proteotoxic compounds, higher basal levels of autophagy and elevated amounts of the active
form of the molecular chaperone Hsp72 (see below) and increased uptake of glutamine, a
major carbon source for the TCA cycle (DeBerardinis et al., 2007; Williams et al., 2008).
Based on these findings it was proposed that aneuploidy leads to a cellular response (Torres
etal., 2010; Torres et al., 2007). Cells engage protein degradation and folding pathways in
an attempt to correct protein stoichiometry imbalances caused by aneuploidy. This increases
the load on the cell’s protein quality control pathways and results in heightened sensitivity to
proteotoxic compounds and an increase need for energy. Whether the cell proliferation
defects observed in aneuploid cells are also a part of the response to the aneuploid state, as is
seen in many other stress responses, or caused by the mis-regulation of individual cell cycle
proteins is not yet known.

Although aneuploidy adversely affects cell proliferation, the condition is associated with a
disease characterized by unabated growth, cancer (reviewed in (Luo et al., 2009)). More
than 90 percent of all solid human tumors carry numerical karyotype abnormalities
(Albertson et al., 2003). Studies in mouse models of chromosome instability indicate that
aneuploidy is not simply a byproduct of the disease but directly responsible for tumor
formation. Impairing spindle assembly checkpoint activity or halving the gene dosage of the
motor protein CENP-E causes chromosome mis-segregation. Remarkably, it also causes
increased tumor formation in mice (Li et al., 2010; Sotillo et al., 2007; Weaver et al., 2007).
How aneuploidy promotes tumorigenesis despite its anti-proliferative effects is an important
question that remains to be answered.

Irrespective of how aneuploidy promotes tumorigenesis, the stresses caused by the
aneuploid state could still exist in aneuploid cancer cells, a condition termed “non-oncogene
addiction” (Luo et al., 2009). Compounds that exhibit lethality with the aneuploid state
either by exaggerating the adverse effects of aneuploidy and/or by interfering with pathways
essential for the survival of aneuploid cells could represent new tumor treatments. We have
identified the energy and proteotoxic stress-inducing compounds AICAR, 17-AAG and
chloroquine as exhibiting this selectivity. They induce p53-mediated apoptosis in primary
mouse embryonic fibroblasts trisomic for either Chromosome 1, 13, 16 or 19. AICAR and
17-AAG also show efficacy against aneuploid human cancer cell lines. When combined, the
two compounds are more effective in inhibiting the proliferation of human colorectal cancer
cells that exhibit high grade aneuploidy (chromosome instability lines, CIN) compared to
lines that show low grade aneuploidy (microsatellite instability lines, MIN). Our results raise
the interesting possibility that the aneuploid state of a cancer cell can be exploited in cancer
therapy.

Identification of compounds that preferentially antagonize the proliferation of aneuploid

cells

To identify compounds that exhibit adverse synthetic interactions with the aneuploid state,
we employed MEFs trisomic for either Chromosome 1, 13, 16, or 19. We generated these
cells using mice that carry Robertsonian fusion chromosomes (Williams et al., 2008), and
compared their drug response to that of littermate control cells that carry a Robertsonian
chromosome but are euploid (note that these controls were included in all experiments
described here). Chromosomes 1, 13, 16, and 19 were chosen because they cover a large
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portion of the size and coding spectrum of mouse chromosomes [Chrl, 197 Mbp and 1228
genes; Chrl13, 120 Mbp and 843 genes; Chr16, 98 Mbp and 678 genes; Chr19, 61 Mbp and
734 genes](Williams et al., 2008).

Since aneuploidy leads to cell proliferation defects as well as proteotoxic and energy stress
(Torres et al., 2007; Williams et al., 2008; reviewed in Luo et al., 2009;), we selected
compounds with similar effects, with the rationale that further interference with pathways
that are already impaired in aneuploids or essential for their viability may lead to lethality.
We tested compounds that cause genotoxic stress (aphidocolin, camptothecin, cisplatin,
doxorubicin, hydroxyurea; see Supplemental Information for effects of these compounds),
proteotoxic stress (17-allylamino-17-demethoxy-geldanamycin (17-AAG), cycloheximide,
chloroquine, lactacystin, MG132, puromycin, tunicamycin) and energy stress (5-
aminoimidazole-4-carboxamide riboside (AICAR), compound C, 2-deoxyglucose,
metformin, rapamycin and torin1). Approximately 2x10° MEFs were plated into 6-well
plates and after 24 hours exposed to compound or vehicle alone. The effects on cell number
were determined for three days. Because cell accumulation is impaired in trisomic cells even
in the absence of treatment (Williams et al., 2008) (Figure 1A), cell number is presented as a
percentage of cells observed in the absence of treatment. For a few compounds (e.g.
aphidicolin) this percentage is greater in some trisomic cells than euploid controls (Table
S1). While this indicates that trisomic cells tolerate the compound better than euploid cells,
it is important to note that trisomic cells still grow significantly worse than euploid cells.

The majority of compounds did not exhibit selectivity towards trisomic MEFs or did so for
only a subset of the trisomies tested (Table S1). However three compounds - the energy
stress inducer AICAR, the Hsp90 inhibitor 17-AAG, and the autophagy inhibitor
chloroquine impaired the accumulation of all four trisomic MEFs to a higher degree than
that of euploid control cells (Table S1).

AICAR is a cell-permeable precursor of ZMP (an AMP analog), which allosterically
activates AMP-activated protein kinase (AMPK) thereby mimicking energy stress (Corton et
al., 1995). AMPK is sensitive to the intracellular AMP:ATP ratio and up-regulates catabolic
pathways to produce more ATP and down-regulates anabolic pathways to conserve energy
charge (Hardie, 2007). AICAR significantly inhibited the accumulation of cells trisomic for
the large Chromosomes 1 and 13. Accumulation of cells carrying the gene-poorer
Chromosome 16 was less affected (Figure 1). Proliferation of cells trisomic for the smallest
chromosome, Chromosome 19, was only subtly inhibited by AICAR (Figure 1).
Importantly, whereas euploid cells continued to proliferate in the presence of high
concentration of AICAR (0.5 mM), cell numbers declined in all trisomic cultures (Figure
1A), indicating that AICAR in fact kills trisomic MEFs. Treatment of cells with metformin,
a type 2 diabetes drug that also induces energy stress and activates AMPK (Canto et al.,
2009), also impaired the accumulation of trisomy 13 and 16 cells in culture, although the
effects were not as dramatic (Table S1, Figure S1A). Why AICAR and metformin show
different efficacy in trisomic MEFs, despite both causing AMPK activation, is at present
unclear (see Discussion).

17-AAG inhibits the chaperone Hsp90. This chaperone together with others is needed for
the folding, activation and assembly of a specific set of client proteins (Young et al., 2001).
17-AAG inhibited proliferation of all aneuploid cells at a concentration of 100 nM (Figure
2A; Table S1). Furthermore, cells trisomic for the largest chromosome, Chrl, exhibited
higher sensitivity to the compound than cells harboring an additional copy of the smaller
chromosomes, Chr16 or 19. This finding suggests that aneuploid cells rely on protein quality
control pathways for their survival, which is consistent with the finding that levels of the
chaperone Hsp72 are increased in trisomic MEFs (Figure 5D).

Cell. Author manuscript; available in PMC 2012 December 28.
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Chloroquine also induces proteotoxic stress because it inhibits late stages of autophagy, a
homeostatic mechanism critical for the elimination of damaged proteins and organelles
(Levine and Kroemer, 2008; Mizushima et al., 2008). Chloroquine preferentially inhibited
the proliferation of trisomic MEFs, although the anti-proliferative effects were not as
dramatic as those caused by AICAR or 17-AAG. Similar results were obtained when
autophagy was impaired by the knock down of the autophagy factor Beclin 1 in trisomy 13
cells (Figure S1B). As observed for AICAR and 17-AAG, the increased sensitivity of
trisomic cells correlated with the size of the additional chromosome (Figure 2B; Table S1).
We conclude that interference with autophagy is detrimental in aneuploid MEFs, perhaps
because aneuploid cells rely on autophagy to produce energy and/or reduce proteotoxic
stress. Indeed autophagy is increased in trisomic MEFs (Figure 5A-C).

Interestingly, the combined treatment of trisomic cells with AICAR and 17-AAG
significantly impaired the proliferative abilities of trisomic MEFs but had little effect on
euploid control cultures (Figure 2C). Similar results were obtained when cells were treated
with a combination of AICAR and chloroquine (Figure 2D). We conclude that compounds
exist that selectively inhibit the proliferation of trisomic MEFs. Their combined application,
especially, leads to significant differential effects in euploid and aneuploid cells.

AICAR, 17-AAG and chloroquine induce apoptosis in trisomic MEFs

To examine how AICAR, 17-AAG and chloroquine preferentially antagonize the
proliferation of trisomic MEFs, we asked whether the compounds induce apoptosis in
trisomic but not euploid cells. At high dose, AICAR inhibits the proliferation of wild-type
MEFs by inducing cell cycle arrest and apoptosis ((Jones et al., 2005), Figure 3). Ata
concentration of 0.2mM AICAR did not induce apoptosis in wild-type cells, but 0.5mM
AICAR led to a 66% increase in early apoptotic cells (Figure 3A, B). The effects of AICAR
on trisomic cells were more dramatic. Apoptosis was not increased in untreated trisomic
MEFs, but addition of 0.2mM or 0.5mM AICAR led to a 2-fold increase in early apoptotic
cells (Figure 3A, B). 17-AAG and chloroquine also induced apoptosis in trisomy 13 MEFs
(Figure 3C).

Is apoptosis the only anti-proliferative effect of the identified compounds? We addressed
this question for AICAR. We did not detect substantial cell cycle delays in AICAR-treated
trisomic MEFs (Figure S2A), although subtle cell cycle alterations cannot be excluded when
examining unsynchronized cells. AICAR did not appear to induce premature senescence in
trisomic MEFs either, as judged by the production of senescence-associated p-galactosidase
(Figure S2B). Treatment of cells with necrostatin-1 (Nec-1), an inhibitor for necroptosis
(Degterev et al., 2005), did not suppress the anti-proliferative effects of AICAR either
(Figure S2C). AICAR is known to inhibit the mTOR pathway (Sarbassov et al., 2005).
Inhibition of the mTOR pathway either through treatment of cells with the mTOR kinase
inhibitors rapamycin or torinl or knock-down of mTOR did not inhibit the proliferation of
trisomic MEFs nor enhanced the anti-proliferative effects of AICAR (Figure S3). We
conclude that AICAR treatment inhibits proliferation by increasing apoptosis in trisomic
MEFs. 17-AAG and chloroquine have a similar effect at least in trisomy 13 cells.

The anti-proliferative effects of AICAR are mediated by AMPK and p53

How do AICAR, 17-AAG and chloroquine induce apoptosis in trisomic MEFs? We
addressed this question for AICAR. First we tested whether AICAR antagonizes the
proliferation of trisomic MEFs by affecting AMPK. Knock-down of AMPK using short
hairpins not only effectively lowered AMPK protein levels (Figure 4A), it also ameliorated
the cell accumulation defect brought about by AICAR treatment (Figure 4B, note that the
effects of AICAR treatment were assessed after only 24 hours in this experiment. Thus, its
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effects on control trisomic cells were not as dramatic as after 3 days, as is shown in Figure
1B). Inhibition of AMPK by other means had similar effects.

Compound C is a pyrazolopyrimidine compound that functions as an ATP-competitive
inhibitor of AMPK and other protein kinases (Bain et al., 2007). Treatment with compound
C increased the proliferative abilities of trisomic cells (Figure 4C) and suppressed the
adverse effects of AICAR (Figure 4D). AICAR thus inhibits the accumulation of trisomic
MEFs at least in part by activating AMPK.

The sensitivity of trisomic cells to AICAR could be due to hyperactivation of AMPK in
trisomic but not euploid cells. To test this possibility we measured AMPK activity in euploid
and aneuploid MEFs in the presence or absence of AICAR. The basal activity of AMPK was
not increased in untreated trisomic MEFs as judged by /n vitro AMPK kinase assays and
phosphorylation of Threonine 172 on AMPK, a modification indicative of active AMPK
(Lamia et al., 2009) (Figure 4E, F). AMPK activation occurred faster in aneuploid MEFs
upon AICAR treatment (Figure 4G) but the degree of activation was similar in euploid and
aneuploid MEFs 24 hours after AICAR addition (Figure 4E, F). We conclude that
hyperactivation of AMPK is not responsible for the adverse effects of AICAR on trisomic
MEFs. However, our results suggest that AMPK is activated more readily by AICAR in
trisomic cells.

Having established that the effects of AICAR on trisomic cells are at least in part mediated
by AMPK activation, we next determined how this could lead to apoptosis. AMPK activates
p53 through phosphorylation of Serinel5 (Jones et al., 2005). We find that AICAR
treatment subtly induced S15 phosphorylation and p53 stabilization in both wild-type and
trisomy 13 MEFs (Figure 3D), but both events occurred significantly faster in trisomy 13
cells (Figure 3D). We also examined two p53 targets, the CDK inhibitor p21 and the
proapoptotic protein Bax. p21 protein levels were not increased in response to AICAR
treatment. In contrast, Bax activity was induced by AICAR (Figure 3D, E). Bax integrates
into the outer membrane of mitochondria causing the activation of the apoptotic program
(Vander Heiden and Thompson, 1999). AICAR treatment led to an increase in
mitochondrially associated Bax in both wild-type and trisomy 13 cells, but the amount of
Bax associated with this organelle fraction was higher in trisomy 13 cells (Figure 3E). These
results suggest that p53 induces apoptosis in trisomic MEFs.

Consistent with this idea we find that, p53 knockdown suppressed the anti-proliferative
effects of AICAR in trisomy 13 and 16 MEFs (Figure 3F, G). We conclude that the anti-
proliferative effects of AICAR in trisomic cells are, at least in part, mediated by p53-
mediated apoptosis.

AICAR exaggerates the cellular stresses caused by aneuploidy

AICAR treatment leads to increased p53-dependent apoptosis in trisomic but not euploid
MEFs. However, other compounds that induce p53-mediated apoptosis, /.e. genotoxic
compounds, do not show this selectivity. This indicates that in addition to inducing p53,
AICAR must have other adverse effects on trisomic MEFs. The increased sensitivity of
aneuploid cells to AICAR could be due to aneuploidy and AICAR affecting parallel
pathways and/or due to AICAR exaggerating defects already present in trisomic MEFs. To
test the latter possibility we analyzed proteotoxic stress indicators in trisomic cells in the
presence and absence of AICAR.

In both aneuploid budding yeasts and MEFs, the majority of genes located on an additional
chromosome are expressed (Pavelka et al., 2010; Torres et al., 2010; Torres et al., 2007;
Williams et al., 2008) This observation, together with the finding that aneuploid yeast cells
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are sensitive to conditions that interfere with protein folding and turnover led to the proposal
that in yeast excess proteins produced by the additional chromosomes place stress on the
cell’s protein quality control systems (Torres et al., 2010; Torres et al., 2007). To determine
whether trisomic MEFs are under proteotoxic stress we examined basal levels of autophagy
and the Hsp72 chaperone in trisomic MEFs and their behavior in response to AICAR
treatment. During autophagy, the autophagosomal membrane component LC3 is lipidated
and incorporated into autophagosomal structures (Mizushima et al., 2008). In the absence of
AICAR, trisomy 13 and 16 cells contained increased levels of LC3 mRNA and lipidated
LC3 that was incorporated into autophagosomes (Figure 5A, C). Expression of Bnip3, a
component of the autophagy machinery that is induced by many different stresses
(Mizushima and Klionsky, 2007), was also increased in trisomy 13 and 16 MEFs (Figure
5B). AICAR treatment further induced Bnip3 expression as well as LC3 expression and LC3
incorporation into autophagosomes (Figure 5A-C).

Trisomic MEFs also harbor elevated levels of the inducible form of the chaperone Hsp72
(Figure 5D). AICAR treatment led to a further increase in Hsp72 levels in all but trisomy 16
cells in which Hsp72 levels were already very high (Figure 5D). Our results indicate that the
activities of protein quality control pathways are elevated in aneuploid MEFs. They further
show that AICAR enhances the proteotoxic stress present in aneuploid cells. We propose
that this enhancement of the proteotoxic stress in trisomic cells contributes to the
aneuploidy-selective anti-proliferative effects of AICAR.

AICAR and 17-AAG inhibit the proliferation of primary MEFs with decreased chromosome
segregation fidelity

Having characterized the effects of AICAR, 17-AAG and chloroquine on defined
aneuploidies, the trisomic MEFs, we next wanted to determine whether the compounds also
inhibit proliferation of MEFs in which aneuploidies are spontaneously generated due to
increased chromosome mis-segregation. To this end, we tested the effects of AICAR and 17-
AAG on primary MEFs with a compromised spindle assembly checkpoint (SAC). Partial
inactivation of the SAC by impairing BUBR1 function using the hypomorphic Bub1bH/H
allele or by expressing a checkpoint resistant CDC20 allele (Cdc20AAA) causes chromosome
mis-segregation and the accumulation of aneuploid cells in culture over time (Baker et al.,
2004; Li et al., 2009). Primary MEFs carrying these mutations were sensitive to 17-AAG
and AICAR (Figure 6A, B). The effects were not as dramatic as in the trisomic MEFs,
presumably because only 36% and 52% of the Bub1b™H and Cdc20AAA MEFs are
aneuploid after several passages, respectively (Baker et al., 2004; Li et al., 2009). Our
results indicate that AICAR and 17-AAG also antagonize the proliferation of MEFs with
decreased chromosome segregation fidelity.

AICAR and 17-AAG inhibit proliferation of aneuploid human cancer cells

A key question that arises from our findings is whether AICAR, 17-AAG and chloroquine
also show efficacy against aneuploid cancer cell lines. To address this question, we analyzed
the effects of these compounds on the proliferative abilities of colorectal cancer cell lines
with high-grade aneuploid karyotypes (CIN lines) and of colorectal cell lines with near
euploid karyotypes (MIN lines) (Cunningham et al., 2010). MIN (microsatellite instability)
colorectal cancer lines (HCT-116, HCT-15, DLD-1, SW48 and LoVo) maintain a near-
euploid karyotype ((Bhattacharyya et al., 1994); Figure 6C); CIN (chromosome instability)
colorectal cell lines (Caco2, HT-29, SW403, SW480 and SW620) harbor between 50 and
100 chromosomes ((Rajagopalan et al., 2003), Figure 6C). Chloroquine did not affect CIN
or MIN tumor cell line growth (Figure S4A), which is perhaps not surprising given the
compound’s modest anti-proliferative effects in trisomic MEFs. AICAR and 17-AAG
showed greater growth inhibitory effects in CIN cell lines than in MIN cell lines or in
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euploid cell lines (CCD112 CoN and CCD841 CoN; Figure 6C). Treating cells with both
AICAR and 17-AAG had an even more significant differential effect (Figure 6C).

We also examined the effects of AICAR, 17-AAG and chloroquine on aneuploid lung
cancer cell lines. As in colorectal cancer cell lines, chloroquine did not show a differential
effect in lung cancer cell lines (Figure S4B). The effects of AICAR on lung cancer cell lines
were modest. Of the eight aneuploid lung cancer lines (A549, NCI-H520, NCI-H838, NCI-
H1563, NCI-H1792, NCI-H2122, NCI-H2170 and NCI-H2347) examined, only a subset of
cell lines exhibited sensitivity to AICAR (Figure 6D). However all eight cell lines showed
significant sensitivity towards 17-AAG. Furthermore, a slight additive effect between
AICAR and 17-AAG at high concentrations of compound (0.2 mM AICAR+200 nM 17-
AAG) was observed (Figure 6D; ~£=0.03). Interestingly, all aneuploid cancer cell lines
exhibited increased sensitivity to AICAR and/or 17-AAG irrespective of whether p53 was
functional or not (Figure 6C, D; see Discussion).

AICAR and 17-AAG also inhibited tumor cell growth in xenograft models. Two MIN
(HCT15 and LoVo) and two CIN (HT29 and SW620) cell lines were injected into the flanks
of immuno-compromised mice and were then treated with either AICAR, or 17-AAG, or
both compounds. Consistent with the cell culture analyses, the combination treatment was
more effective in inhibiting CIN tumor growth than in preventing MIN tumor growth
(Figure 7A, B). The reduced ability of CIN lines to form tumors could in part be due to
increased apoptosis. The two CIN lines but not the MIN lines exhibited high levels of
apoptosis when treated with AICAR or AICAR+17-AAG in culture (Figure 7C).
Furthermore as in trisomic MEFs, AICAR treatment induced the transcription of a number
of autophagy genes in the two CIN (HT29 and SW620) cell lines but not the two MIN
(HCT15 and LoVo) cell lines and increased the levels of the lipidated form of LC3 (Figure
S5). Hsp72 levels were also higher in CIN lines but AICAR did not cause a further increase
in Hsp72 levels (Figure S5B). AICAR and 17-AAG most likely inhibit tumor cell growth in
multiple ways. Our results raise the interesting possibility that one reason for their growth
inhibitory effect is the aneuploid state of these cancer cells.

Discussion

A response to the aneuploid state

In yeast, aneuploidy causes cell proliferation defects and increased sensitivity to proteotoxic
stress (Torres et al., 2007). The data presented here together with our previous analyses of
trisomic MEFs (Williams et al., 2008) indicate that the consequences of aneuploidy in
mouse cells are remarkably similar to those in yeast. Cell proliferation is impaired (Williams
et al., 2008) and cells show signs of energy and proteotoxic stress ((Williams et al., 2008);
this study). Cells take up more glutamine and are sensitive to the energy stress-causing
compound AICAR. Autophagy and active Hsp72 are elevated in trisomic MEFs and cells
are sensitive to compounds that induce proteotoxic stress. It thus appears that the effects of
aneuploidy on cell physiology are conserved across species. The findings described here
also lend further support to our previous proposal (Torres et al., 2007; Williams et al., 2008)
that cells respond to the aneuploid state by engaging protein quality control pathways in an
attempt to correct protein stoichiometry imbalances caused by aneuploidy. Two recent
studies showed that p53 is also part of this response (Li et al., 2010; Thompson and
Compton, 2010). We did not detect elevated levels of active p53 in trisomic MEFs. We
speculate that aneuploidy of a single chromosome is not sufficient to induce a p53 response.

Cell. Author manuscript; available in PMC 2012 December 28.
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Single-chromosome gains as a model for aneuploidy in cancer

We have used single chromosome gains to study the effects of aneuploidy on cell
physiology. But can this type of aneuploidy also shed light on the role of aneuploidy in
tumorigenesis? Single chromosomal gains rarely occur in cancer. Instead, severe karyotypic
abnormalities, involving many chromosomes and often multiple copies of individual
chromosomes are the norm. Despite this difference in degree of aneuploidy, we believe that
single chromosome gains can speak to the role of aneuploidy in cancer for the following
reasons: First, important features and traits of the aneuploid state can be deduced from the
analysis of multiple single chromosomal abnormalities because phenotypes shared by cells
carrying different single additional chromosomes will also exist in cells with multiple
chromosomal abnormalities. In fact, the protein stoichiometry imbalances caused by
aneuploidy and the proteotoxic and energy stress these imbalances elicit will, if anything, be
more pronounced in cells with multiple numeric chromosomal abnormalities. Second, in
some cancers, premalignant lesions or low-grade tumors show limited chromosomal gains or
losses. For example, small adenomas and atypical ductal hyperplastic lesions show a low
degree of loss of heterozygosity (Larson et al., 2006; Shih et al., 2001). The study of single
chromosomal abnormalities could therefore provide important insights into the early stages
of tumorigenesis. Finally, the compounds we discovered to inhibit the proliferation of
trisomic MEFs also showed efficacy against aneuploid human cancer cell lines suggesting
that the trisomy system can be employed to reveal features of aneuploid tumor cells.

1X3]-){ewiarems

We also note that the use of stable disomic and trisomic cell lines to study the effects of
aneuploidy has technical advantages. Unlike genome-instability inducing mutations, the
karyotypes of the disomic and trisomic cell lines do not change and all cells harbor the same
karyotype. Thus, population-based assays can be employed to study these cell lines.

Compounds that synergize with the aneuploid state

Among 18 compounds we identified three, AICAR, 17-AAG and chloroquine, that exhibit
synthetic interactions with four different trisomic MEF lines. This specificity indicates that
the interactions observed are not simply a consequence of inflicting further harm on already
severely impaired cells, but that the compounds interact with a specific aspect of aneuploidy.
We observe a correlation between the degree of sensitivity to these compounds and
chromosome size, which is also seen with other traits shared by trisomic MEFs (Williams et
al., 2008). This correlation suggests that the compounds synergize with the more general
effects of aneuploidy, rather than with the effects of gene copy humber imbalances of
individual genes.
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The effects of AICAR on trisomic MEFs were especially significant. The observation that
knock-down of AMPK or treatment of cells with the AMPK antagonist compound C
suppressed the anti-proliferative effects of AICAR indicates that AICAR exerts its function
on trisomic MEFs at least in part through activating AMPK. It is worth noting that other
compounds that activate AMPK did not show the same degree of efficacy as AICAR. The
effects of metformin on trisomic MEFs were subtle and 2-deoxyglucose although causing
AMPK activation did not show selectivity for trisomic cells (Figure S6). In fact, 2-
deoxyglucose was highly toxic even in euploid cells (Figure S6A). The differential effects of
the different AMPK-activating compounds may be explained by the finding that AICAR,
metformin and 2-deoxyglucose activate AMPK via different mechanisms. 2-deoxyglucose
stimulates AMPK through its inhibitory effects on glycolysis. Metformin is thought to
activate AMPK by inhibiting oxidative phosphorylation (Hawley et al., 2010). In contrast to
these indirect ways of activating AMPK, AICAR is metabolized into ZMP in cells, which
then binds AMPK (Hawley et al., 2010). This direct interaction with AMPK may have more
dramatic effects in trisomic than euploid MEFs.
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Mechanisms of proliferation inhibition

Our results indicate that AICAR, 17-AAG and chloroquine induce apoptosis in trisomic
MEFs. The AICAR-induced apoptosis is mediated by p53. Apoptosis caused by 17-AAG
and chloroquine also depends on this transcription factor at least in trisomy 13 cells (Figure
S7). Simply activating p53 is however not sufficient to cause this aneuploidy specific
apoptosis because DNA damaging agents (e.g. doxorubicin), which also activate p53
(Tomasini et al., 2008), do not show selectivity. What then are the origins of the aneuploidy-
selectivity of the three compounds? Our data provide some insights into the synergism
between aneuploidy and AICAR. AICAR induces energy stress. This exaggerates the
already stressed state of aneuploid cells as judged by higher levels of autophagy and active
Hsp72. We propose that this increases the cell’s susceptibility to apoptosis. As AICAR also
activates p53 through AMPK, the combination of these events induces apoptosis. The
mechanisms whereby AICAR induces autophagy are well established (Buzzai et al., 2007)
but how it increases the levels of the stress-induced chaperone Hsp72 is not clear. In
budding yeast, the heat shock response transcription factor Hsf1, which induces the
production of many chaperones, is activated by the AMPK homolog Snfl under glucose
starvation conditions (Tamai et al., 1994). A similar response of the protein folding
pathways to AMPK activation could also exist in mammalian cells.

1X3]-){ewiarems

How aneuploidy-induced stresses sensitize trisomic cells to AICAR-induced apoptosis is not
known. We did not detect elevated levels of p53 in untreated trisomic MEFs nor
hyperactivation of p53 by AICAR. We did find that p53 is more readily activated by AICAR
treatment in aneuploid cells. This could explain the compound’s differential effects on
aneuploid and euploid cells. Alternatively, the increased susceptibility of trisomic MEFs to
apoptosis could be brought about by p53-independent mechanisms. Such independent
mechanisms must, however, also result in increased levels of Bax insertion into
mitochondrial membranes. We speculate that Bnip3 could be such an independent
mechanism. Bnip3, which is induced by a variety of stresses in a p53-dependent and
independent manner and is present at high levels in trisomic MEFs (Figure 5B), has been
shown to induce apoptosis in a variety of cell types including murine fibroblasts (Burton and
Gibson, 2009).
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A synergism analogous to that proposed for aneuploidy and AICAR can be envisioned to
exist between the aneuploid state and the proteotoxic-stress inducing compounds 17-AAG
and chloroquine. The compounds could further exaggerate the proteotoxic stress of
aneuploid cells, pre-disposing them to p53-mediated apoptosis.

Effects of AICAR and 17-AAG on aneuploid cancer cells

The proliferation inhibitory effects of AICAR and 17-AAG in colon cancer cell lines with
multiple chromosomal abnormalities were more pronounced than in cancer cells with only
few numeric karyotypic abnormalities. Their combined use especially had significant effects
on CIN cancer cell lines compared to euploid control lines and MIN cancer cell lines, both
in cell culture and xenograft models. AICAR and 17-AAG most likely inhibit tumor cell
growth in multiple ways, but two observations argue that different degrees of aneuploidy
contribute to the differential effects of the two compounds on MIN and CIN cell lines. (1) A
synergism between AICAR and 17-AAG and the aneuploid state is also seen in two types of
primary aneuploid cells, trisomic MEFs and MEFs with increased chromosome mis-
segregation. (2) The response to AICAR and 17-AAG treatment is similar in CIN cells and
trisomic MEFs. AICAR treatment induces autophagy in both cell type. Hsp72 is induced in
MEFs and already elevated in the CIN cell lines even in the absence of AICAR treatment.
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In contrast to trisomic MEFs, inactivation of p53 does not protect aneuploid CIN colon
cancer and lung cancer cell lines from death by AICAR and/or 17-AAG. We have not yet
identified the mechanisms underlying this p53-independent sensitivity but the two
compounds do appear to induce apoptosis in at least two CIN cancer cell lines. We speculate
that the aneuploidy-associated stresses are high in cells with high-grade aneuploidy, making
conditions that further enhance these stresses a lethal event. In trisomic MEFs, AICAR and/
or 17-AAG also exaggerate the adverse effects of aneuploidy, but in cell lines with low-
grade aneuploidies, such as the trisomic MEFs, this only sensitizes cells to p53-mediated
apoptosis.

Why the four aneuploid cell lines in which p53 is wild-type (Caco2, A549, NCI-H1563,
NCI-H2347) were not more sensitive to AICAR and/or 17-AAG than cell lines in which p53
is mutated, is not yet clear either. It is possible that other components of the p53 pathway are
defective in these cell lines. Alternatively, the p53 wild-type cancer cell lines may have
evolved other mechanisms that help them cope with the adverse effects of aneuploidy.
Clearly, it will be important to determine how AICAR and 17-AAG inhibit tumor cell
proliferation and whether the selectivity for high-grade aneuploidy holds true in other tumor
types. Similarly, understanding why AICAR is more effective in colon cancer cell lines than
in lung cancer cell lines could shed light on how different cancer types develop mechanisms
that allow them to tolerate proteotoxic and energy stress.

The observation that cancer cells lacking p53 are also sensitive to 17-AAG and/or AICAR
has important implications for the potential use of the two compounds as cancer
therapeutics. 17-AAG has been shown to exhibit antitumor activity in multiple myeloma and
anaplastic large cell lymphoma in clinical trials (Georgakis et al., 2006; Taldone et al.,
2008). AICAR is currently not approved for use in humans. Our studies predict that the
combined use of AICAR and 17-AAG may be effective against a broad spectrum of human
tumors. Most cancers not only lack p53 but they are also highly aneuploid and are thus
likely to experience proteotoxic and energy stress. Our data raise the interesting possibility
that compounds that exaggerate these stresses exhibit efficacy against many or perhaps all
aneuploid tumors.

Experimental Procedures

Mouse strains and cell lines

Mouse strains were obtained from the Jackson Laboratory and are described in the
Supplemental Materials; human cell lines were obtained from ATCC. Littermate-derived
euploid and trisomic primary MEFs were described previously (Williams et al., 2008). All
experiments were performed in at least three independent trisomic cell lines and analyzed
together with euploid littermates that carried a single Robertsonian translocation. We used
MEFs at early passages (<p5) to ensure that karyotypic changes had not yet occurred. Two
independent Cdc20AAA MEFs were kindly provided by Dr. P. Zhang; Bub1b™/H mice by
Dr. J. M. van Deursen.

Mice xenografts

Two MIN (HCT15 and LoVo) and two CIN (HT29 and SW620) cells were inoculated s.c.
into flanks of 6-week old female nude mice. Seven days after injection, animals were treated
with daily i.p. injection of AICAR (500 mg/kg body weight), 17-AAG (80 mg/kg body
weight), or an equal volume of vehicle. Number of animals analyzed: vehicle control: n = 4;
AICAR: n =3; 17-AAG n = 3; AICAR+17-AAG: n = 5. Mice had to be sacrificed at day 25
due to tumor size in the vehicle control group.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AICAR inhibits proliferation in trisomic MEFs
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(A) Wild-type (filled symbols) and trisomic primary (open symbols) MEFs were grown for
72 hours either in the absence (circles) or presence (0.2 mM, triangles; 0.5 mM, squares) of
AICAR and cell number was determined at the indicated times.
(B) Cell number of wild-type (filled bars) and trisomic cells (open bars) was determined
after 3 days and is shown as the percentage of the untreated control. The data in this and all
subsequence figures are shown as the mean + standard deviation. */<0.05, **/<0.005, ¢

test.
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Figure 2. The proteotoxic compounds 17-AAG and chloroquine exagger ate the anti-proliferative
effects of AICAR

(A, B) Wild-type (filled bars) and trisomic cells (open bars) were treated with the indicated
concentrations of 17-AAG (A) or chloroquine (B) and cell number was determined after 3
days.

(C, D) Cells were treated with 0.2 mM AICAR and the indicated concentrations of 17-AAG
(C) or chloroquine (D). Cell number was determined after 3 days. */<0.05, **F<0.005, ¢
test.
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Figure 3. AICAR, 17-AAG and chloroquineinduce apoptosisin trisomic MEFs

(A) Wild-type (top) and trisomy 1 cells (bottom) were treated with AICAR for 24 hours and
apoptosis was measured using annexin V-FITC/ PI staining. Early apoptotic cells are found
in the bottom right quadrant.

(B, C) Quantification of the percentage of annexin V-FITC positive, Pl negative cells in
wild-type, trisomy 1 and trisomy 13 cultures 24 hours after AICAR treatment (B) and in
wild-type and trisomy 13 cultures 24 hours after 17-AAG or chloroquine treatment (C).

(D) Wild-type and trisomy 13 cells were treated with 0.2 mM AICAR and p53 Serine 15
phosphorylation, and p53 and p21 protein levels were analyzed. Quantifications of the ratio
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of phosphorylated p53/actin protein are shown underneath the P-p53 blot. The ratios were
normalized to untreated wild-type cells. Asterisk denotes S15 phosphorylated p53.

(E) Wild-type and trisomy 13 cells were treated with 0.2 or 0.5 mM AICAR for 24 hours.
Equal amounts of cytoplasmic or mitochondrial protein extracts were probed for the
presence of Bax by immunoblotting. Mitochondrial Hsp60 served as loading control in
mitochondrial extracts. Quantifications of the ratio of mitochondrial Bax/total Bax protein
normalized to untreated wild-type cells are shown underneath the mitochondrial Bax blot.
(F) p53 knockdown efficiency revealed by immunoblotting using an anti-p53 antibody.
Actin serves as a loading control in Western blots.

(G) Cells were transfected with a p53 knockdown shRNA and treated with AICAR for 24
hours at the indicated doses. */<0.05, **/<0.005, ¢test.
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Figure 4. AICAR antgonizes proliferation of trisomic MEFsin an AM PK -dependent manner
(A) AMPKa knock down efficiency revealed by immunoblotting using an anti-AMPK
antibody.

(B) Cells infected with either empty vector or an AMPKa knockdown construct were
counted 24 hours after AICAR treatment.

(C) Wild-type (filled bars) and trisomic (open bars) cells were treated with the indicated
concentrations of compound C for 3 days. Even though the effects of compound C were less
severe in trisomic cells than euploid controls, it is important to note that the treated trisomic
cells grew poorly compared to euploid control cells.
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(D) Wild-type (filled bars) and trisomic cells (open bars) were treated with 0.5 mM AICAR
and compound C at the indicated doses for 3 days and cell number was counted. (E, F)
AMPK activity was analyzed by determining the extent of threonine172 phosphorylation on
AMPK (E) or by in vitro kinase assays using the substrate peptide, IRS-1 S789 (F) in wild-
type and trisomic cells after 24 hours of AICAR treatment. Quantifications of the ratio of
phosphorylated AMPK/total AMPK protein normalized to untreated wild-type cells are
shown underneath the P-AMPK blot.

(G) AMPK activity was measured by /in vitro kinase assays at the indicated time point
following addition of 0.2 mM AICAR. *£<0.05, **/<0.005, ftest.
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Figure 5. AICAR exagger ates the stressed state of trisomic MEFs

(A) Lipidated LC3-11 was analyzed by immunoblotting in wild-type and trisomy 13 and 16
cells after 24 hours of AICAR treatment. Quantifications of the ratio of lapidated LC311 /
actin protein normalized to untreated wild-type cells are shown underneath the LC3-11 blot.
(B) Quantitative RT-PCR analysis of mRNA abundance of the autophagy genes ATG1,
ATG4, Beclinl, LC3, Bnip3 and GAPRAPL1. mRNA levels were quantified in untreated
wild-type (black bars) and trisomic (white bars) cells as well as wild-type (grey bars) and
trisomic (blue bars) cells treated with 0.5 mM AICAR for 24 hours. RNA levels were
normalized to those of the ribosomal RPL19 gene.

(C) The extent of autophagy was quantified by determining the number of LC3-GFP puncta
in cells. Typical images are shown as examples for LC3-GFP puncta formation in trisomy
13 and 16 and wild-type cells after AICAR treatment (left). Incubation in HBSS induces
acute starvation and served as a positive control. 24 hours after AICAR treatment, the
number of cells that harbor more than 4 LC3-GFP puncta was determined (right). */£<0.05,
**P<0.005, ttest.
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(D) Wild-type and trisomic MEFs were treated with AICAR at the indicated doses and
levels of inducible Hsp72 were determined by immunoblotting. Quantifications of the ratio
of inducible Hsp72/Hsp90 protein normalized to untreated wild-type cells are shown
underneath the Hsp72 blot.
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Figure 6. AICAR and 17-AAG inhibit the proliferation of MEFswith decreased chromosome
segregation fidelity and of aneuploid human cancer cells

(A, B) Wild-type (filled bars) and Bub1b™/H cells (open bars; A), or wild-type (filled bars)
and Cdc20AAA cells (open bars; B) were treated with the indicated concentrations of
AICAR, 17-AAG or both, and cell number was determined after 3 days. */<0.05,
**P<0.005, ftest.

(C) Cells were treated with the indicated concentration of AICAR (top) or 17-AAG (center)
or both compounds (bottom). Cell number was determined 3 days after the addition of
compound and is shown as the percentage of the untreated control. Primary euploid cells
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(black symbol), MIN colon cancer cell lines (blue, green symbols) and aneuploid CIN colon
cancer cells (red, purple symbols) were analyzed.

(D) Cell number of euploid (black symbols) and aneuploid lung cancer cells (red, purple
symbols) was determined after 3 days of treatment with the indicated compounds and is
shown as the percentage of the untreated control. The data presented are the mean and the P
value results of ftest. NS, not significant.
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Figure 7. AICAR and 17-AAG inhibit growth of human colon cancer cellsin xenogr afts

(A) Mice were implanted with 4 x10° MIN cells on the left flank and with the same number
of CIN cells on the right flank. Seven days after injection (indicated by the arrow) mice were
treated with daily i.p. injections of AICAR, 17-AAG, both or PBS. Tumor volume (mm3)
was measured at the indicated time points and shown as mean tumor volumes.

(B) Mice treated with PBS (left) or AICAR+17AAG (right) 25 days after transplantation.
(C) Quantification of the percentage of annexin V-FITC positive, Pl negative cells in wild-
type, MIN and CIN cell cultures 24 hours after AICAR or AICAR+17-AAG treatment.
*pP<0.05, **F<0.005, ttest.
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