Aneuploidy-induced cellular stresses limit
autophagic degradation
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An unbalanced karyotype, a condition known as aneuploidy, has a profound impact on cellular physiology and is a
hallmark of cancer. Aneuploid cells experience a number of stresses that are caused by aneuploidy-induced prote-
omic changes. How the aneuploidy-associated stresses affect cells and whether cells respond to them are only be-
ginning to be understood. Here we show that autophagosomal cargo such as protein aggregates accumulate within
lysosomes in aneuploid cells. This causes a lysosomal stress response. Aneuploid cells activate the transcription

factor TFEB, a master regulator of autophagic and lysosomal gene expression, thereby increasing the expression of
genes needed for autophagy-mediated protein degradation. Accumulation of autophagic cargo within the lysosome
and activation of TFEB-responsive genes are also observed in cells in which proteasome function is inhibited, sug-

gesting that proteotoxic stress causes TFEB activation. Qur results reveal a TFEB-mediated lysosomal stress re-

sponse as a universal feature of the aneuploid state.
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Chromosome missegregation leads to abnormal karyo-
types, a condition known as aneuploidy (Holland and
Cleveland 2009). Aneuploidy is detrimental in all or-
ganisms analyzed to date (Santaguida and Amon 2015).
Anecuploidy causes proliferation defects in single-celled or-
ganisms and, with few exceptions, embryonic lethality in
metazoans (for review, see Torres et al. 2008). Systematic
studies of aneuploid cell lines have begun to shed light
on the effects of an unbalanced karyotype on cellular phys-
iology (for review, see Gordon et al. 2012). Changes in
chromosome number lead to two types of phenotypes: (1)
gene-specific effects where changes in copy number of spe-
cific genes lead to specific phenotypes and (2) phenotypes
caused by simultaneously changing the copy number of
many genes that, on their own, have little impact on cellu-
lar functions. These mass action effects contribute to a
decrease in the fitness of cells with unbalanced karyotypes
and are responsible for traits shared by different aneuploi-
dies. We call these pan-aneuploidy phenotypes the aneu-
ploidy-associated stresses (Santaguida and Amon 2015).
In previous studies, we described a number of aneuploi-
dy-associated stresses in budding yeast. Aneuploid yeast
cells show proliferation defects, with many aneuploid
strains exhibiting a G1 delay (Torres et al. 2007; Thorburn
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et al. 2013). Yeast cells with an unbalanced karyotype fur-
ther experience proteotoxic stress caused by aneuploidy-
induced proteomic changes (Torres et al. 2010; Oromen-
dia et al. 2012) and show a gene expression profile similar
to the environmental stress response (ESR) gene ex-
pression signature (Gasch et al. 2000; Torres et al. 2007;
Sheltzer and Amon 2011; Sheltzer et al. 2012). Analyses
of aneuploid mammalian cells revealed similar pan-aneu-
ploidy phenotypes. Chromosome missegregation causes
p53 activation (Thompson and Compton 2010). The re-
sulting aneuploid cells exhibit a gene expression signature
reminiscent of the ESR (Sheltzer et al. 2012), metabolic al-
terations (Williams et al. 2008), a proliferation defect (Wil-
liams et al. 2008; Thompson and Compton 2010; Stingele
et al. 2012), and proteotoxic stress (Tang et al. 2011; Stin-
gele et al. 2012, 2013; Donnelly et al. 2014).

The detrimental effects of aneuploidy described in pri-
mary cells are at odds with the observation that aneuploi-
dy is highly prevalent in cancer, a disease characterized by
high proliferative potential (Weaver and Cleveland 2006;
Holland and Cleveland 2009; Schvartzman et al. 2010).
The aneuploid karyotypes in cancer are driven by tumor
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suppressor gene losses and oncogene gains, sculpting the
genome to generate karyotypes that support and drive
the malignant state (Davoli et al. 2013). However, the
selective advantage associated with losses and gains of tu-
mor suppressor genes and oncogenes, respectively, is
dampened by detrimental effects associated with gains/
losses of genes linked to them. Thus, in order to under-
stand the full impact of aneuploidy on tumorigenesis, it
is essential to identify and quantify not only the tumori-
genesis-promoting effects of aneuploidy but also its anti-
tumorigenic properties.

Our previous studies on the origins of proteotoxic stress
in aneuploid cells revealed that this stress is triggered by
an increase in misfolded proteins caused by aneuploidy-
induced proteomic changes (Tang et al. 2011; Oromendia
et al. 2012; Oromendia and Amon 2014). Changes in gene
copy number generally translate into a corresponding
change in gene expression (Torres et al. 2010; Stingele
et al. 2012; Dephoure et al. 2014). Thus, gains or losses
of entire chromosomes have a profound impact on the
cell’s protein composition. Alterations in relative abun-
dance of hundreds if not thousands of proteins in turn re-
sult in proteotoxic stress because proteins lack their
binding partners, causing them to misfold (Oromendia
and Amon 2014). How increased protein misfolding af-
fects protein quality control pathways in aneuploid cells
is poorly understood. In this study, we investigated the ef-
fects of aneuploidy on one protein quality control path-
way, autophagy. Autophagy is a catabolic process by
which cells degrade their own constituents (for review,
see Klionsky 2007). During starvation, the process sup-
plies the cell with nutrients. Autophagy also serves an im-
portant quality control function. It eliminates defective
organelles and protein aggregates (Tyedmers et al. 2010).
During autophagy, a double-membrane structure forms
around the cellular component destined for elimination,
capturing it in an autophagosome. Once autophagosomes
have formed, they fuse with lysosomes, where their con-
tent is degraded (Klionsky 2007; Xie and Klionsky 2007;
Settembre et al. 2013).

Here we describe an unanticipated effect of aneuploidy
on autophagosome-mediated protein degradation: Auto-
phagosomes are not effectively cleared in the lysosomal
compartment. Our data further suggest that misfolded/un-
folded proteins that accumulate in aneuploid cells are the
cause of this lysosomal saturation. Importantly, cells re-
spond to this impasse in lysosomal degradation by activat-
ing a lysosomal stress response in which the transcription
factor TFEB induces the expression of genes specifically re-
quired for autophagic protein degradation. We conclude
that the TFEB-mediated lysosomal stress response repre-
sents another widespread feature of aneuploidies.

Results

A method to examine the immediate consequences
of aneuploidy on autophagy

Autophagosome formation requires that the cytosolic
form of microtubule-associated protein light chain 3
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(MAP1LC3), referred to as LC3-I, is cleaved and con-
jugated to phosphatidylethanolamine to generate the
lipidated LC3-II form that is incorporated into autophago-
some membranes (Kabeya et al. 2000; Mizushima 2004).
Thus, LC3-1I is an ideal reporter of autophagosome forma-
tion. Previous studies showed that mouse embryonic fi-
broblasts (MEFs) and human cells carrying additional
chromosomes harbor an increased number of autophago-
somes, as judged by increased levels of LC3-labeled struc-
tures (Supplemental Fig. 1A-D; Tang et al. 2011; Stingele
et al. 2012). Why LC3-labeled structures accumulate in
aneuploid cells and whether and how cells respond to
this consequence of an unbalanced karyotype were not
understood.

To begin to address these questions, we asked whether
the increase in LC3-containing structures is an immediate
consequence of chromosome missegregation or the result
of a persistent aneuploid karyotype. We induced chromo-
some missegregation in hTERT immortalized, nontrans-
formed human retinal pigment epithelial (RPE-1) cells
by interfering with the function of the spindle assembly
checkpoint (SAC), an evolutionarily conserved surveil-
lance mechanism essential for accurate chromosome
segregation (Musacchio and Salmon 2007). We either de-
pleted the SAC components Mad2 or Bubl or inhibited
the SAC kinase Mps]1 using the small-molecule inhibitor
reversine or AZ3146 (Hewitt et al. 2010; Santaguida et al.
2010). These methods of SAC inactivation led to chromo-
some alignment defects in the vast majority of cells and
missegregation of a small number of chromosomes in a
high percentage of cells (Supplemental Fig. 1E-G; Hewitt
et al. 2010; Santaguida et al. 2010).

Reversine- and AZ3146-induced chromosome mis-
segregation interfered with the proliferation of A TERT im-
mortalized RPE-1 cells especially under conditions of
continuous chromosome missegregation (Supplemental
Fig. 2A,B). However, while cell death is one probable
consequence of chromosome missegregation, we did not
detect high levels of dying cells in cells collected following
chromosome missegregation, as judged by PARP cleavage,
lactate dehydrogenase (LDH) release, and Annexin V stain-
ing (Supplemental Fig. 2C-E). We conclude that transient
inactivation of the SAC causes chromosome missegrega-
tion in the vast majority of cells.

LC3-labeled structures accumulate in cells following
chromosome missegregation

Having established a method to investigate the acute con-
sequences of chromosome missegregation, we examined
its effects on autophagy. To this end, we synchronized
cells at the G1/S transition and induced chromosome mis-
segregation during the first mitosis following release from
the G1/S block. LC3-II levels were analyzed during the
subsequent two to three cell divisions, after 33, 57, and
81 h (corresponding to 24, 48, and 72 h after the first mito-
sis, respectively) (Supplemental Fig. 3A). Chromosome
missegregation had a significant effect on LC3-II protein
levels. LC3-1I protein levels started to increase by 57 h
and reached high levels 81 h after release from the G1/S
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block when the majority of cells had undergone two to
three cell divisions (Fig. 1A,B; Supplemental Fig. 3B). Con-
comitantly, LC3 foci accumulated in cells (Fig. 1C-E).
This rise in LC3-II protein levels was at least in part due
to an increase in LC3 mRNA levels (Fig. 1F). LC3-II levels
also increased following chromosome missegregation in
diploid immortalized foreskin fibroblast BJ-hTERT cells,
diploid lung IMR-90 fibroblasts, and diploid lymphoblas-
toid cells (Supplemental Fig. 3C-E; Fry et al. 2008). Impor-
tantly, LC3 accumulation was a consequence of SAC
inactivation and was not due to reversine and AZ3146
targeting other proteins because siRNA-mediated knock-
down of the SAC component Mad2 or Bubl also led
to an increase in LC3-II levels (Fig. 1A,B; Supplemental
Fig. 3A,B).

To determine whether the increase in LC3-II levels upon
chromosome missegregation was due to the generation of
aneuploid cells or was caused by aspects of SAC inhibition
unrelated to producing aneuploid cells, we analyzed the
effects of inhibiting cytokinesis in cells missegregating
chromosomes. Inhibition of cytokinesis does not affect
chromosome missegregation caused by SAC inhibition
but will prevent the generation of aneuploid cells. To in-
hibit cytokinesis, we treated cells with the Aurora B inhib-
itor ZM447439 (Ditchfield et al. 2003) at the time of
chromosome missegregation. This prevented the accumu-
lation of LC3-II (Fig. 2A,B; Supplemental Fig. 3D). We no-
ticed that prolonged treatment of cells with ZM447439
caused a slight increase in LC3-1I levels (data not shown)
but not within the time frame of the experiment.

LC3-II levels were significantly higher in cells that ex-
perienced chromosome missegregation compared with
cells harboring single-chromosome aneuploidies (cf. Sup-
plemental Fig. 1A and Fig. 1A,B). This difference is at least
in part due to chromosome missegregation causing higher

levels of aneuploidy than is present in trisomic MEFs.
When chromosome missegregation was induced in RPE1
cells stably expressing mCherry-LC3, the resulting aneu-
ploid cells harboring high levels of mCherry-LC3 exhibit-
ed more variable karyotypes than cells with low levels of
mCherry-LC3 (Fig. 2C). Furthermore, LC3-II levels in-
creased with increasing degrees of chromosome missegre-
gation (Fig. 2D-G; Supplemental Fig. 4). We conclude that
chromosome missegregation induces LC3-II accumula-
tion in a manner that correlates with the degree of karyo-
typic abnormalities. Because cells harboring constitutive
aneuploidies (trisomic MEFs) also accumulate LC3-II,
we further conclude that this increase in LC3-1I levels is
caused at least in part by aneuploidy and not other cellular
events accompanying chromosome missegregation.

Chromosome missegregation-induced LC3-I1
accumulation is not caused by cell cycle arrest or p53
activation

Ancuploid cells transiently arrest in G1 and, in general,
proliferate poorly (i.e., Supplemental Fig. 2A,B). We there-
fore considered the possibility that LC3-II accumulation
was the consequence of aneuploid cells arresting in a
cell cycle stage when LC3-II levels are high. To address
this possibility, we measured the accumulation of the
autophagy adaptor sequestosome 1 (SQSTM1/p62; hence-
forth p62) in cells that missegregated chromosomes while
simultaneously assessing cell cycle stage by EAU incorpo-
ration. We found that, following chromosome missegrega-
tion, high levels of p62 were observed in EdU-negative
(G1) and EdU-positive (S-, G2-, and M-phase) cells with
equal likelihood and intensity (Fig. 2H). As previous stud-
ies indicated that the aneuploidy-induced GI1 arrest is
p53-dependent (Thompson and Compton 2010), we also

Figure 1. LC3-labeled structures accumulate in aneu-
ploid cells. (A,B) RPE-1 cells were exposed to a double
round of siRNA-mediated depletion of either Bubl,
Mad?2, or control (Ctrl) oligo followed by a double thymi-
dine arrest. After thymidine washout, control-depleted
cells were treated with 0.5 uM reversine or 2 uM
AZ3146 for 15 h, washed, and grown in fresh medium.
Time points were taken 33, 57, and 81 h after release
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% then washed out, and cells were analyzed 48 h later for
LC3 levels. Quantification of LC3 puncta is shown in
D, and fluorescence intensity is shown in E. Mean +
SEM (standard error of the mean); at least 45 cells per
condition from three independent experiments were an-
alyzed. Bar, 10 pm. (***) P <0.001; (NS) not significant,
Kruskal-Wallis followed by Dunn’s multiple compari-
son post-test. (F) RPE-1 cells were synchronized by thy-
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Hours after thymidine release

81 midine block-release as in A to analyze LC3 mRNA
levels. n=3 independent experiments; mean + SEM.
(**) P<0.01, analysis of variance plus Bonferroni’s test.
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Figure 2. LC3-II accumulation correlates with degree of aneu-
ploidy and is cell cycle-independent. (A,B) RPE-1 cells were treat-
ed with 2 pM reversine and the Aurora B inhibitor ZM447439 for
24 h, washed, and grown for another 48 h to analyze LC3-I. n = 3;
mean + SEM. (**) P<0.01; (*) P <0.05; (NS) not significant, analy-
sis of variance plus Bonferroni’s test. (C) RPE-1 hTERT cells sta-
bly expressing mCherry-GFP-LC3 were treated with either
reversine or AZ3146 for 24 h. Forty-eight hours after drug remov-
al, cells were sorted according to LC3-mCherry levels (high or
low). Cells were then grown for 10 d, and their karyotype was de-
termined. (Note: The fact that cells were grown for 10 d before
analysis is likely to be the reason why monosomies and cells
with high levels of aneuploidy were not observed. However, these
types of aneuploidies were observed 24 h after induction of chro-
mosome missegregation [Supplemental Fig. 1G]). (D-G) RPE-1
cells were treated with the indicated concentrations of reversine
(D,E) or AZ3146 (F,G) for 24 h, and LC3-1I levels were examined
48 h after. n =3; mean = SEM. (H) RPE-1 cells were synchronized
by thymidine block/release. Six hours after thymidine washout,
cells were treated with 0.5 uM reversine or solvent alone for 9
h. EdU was added to the growth medium 10 h after thymidine re-
lease, and EdU incorporation and polyubiquitin-binding protein
sequestosome 1 (SQSTM1/p62; henceforth p62) levels were ana-
lyzed 72 h later. The graph shows p62 fluorescence intensity val-
ues in EdU-positive and EdU-negative cells. (I} Wild-type RPE-1
cells and RPE-1 cells lacking p53 (RPE1 p53 CRISPR) were treated
with reversine or AZ3146 for 24 h. Cells were then washed, and
LC3-1I levels were analyzed 48 h later.
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assessed LC3-II accumulation in RPE-1 hTERT cells lack-
ing p53. Upon chromosome missegregation, LC3-II accu-
mulated (Fig. 2I). We conclude that LC3-II accumulation
is not a consequence of a specific cell cycle arrest.

Autophagosomes are not effectively cleared in lysosomes
in aneuploid cells

What is the fate of the LC3-labeled structures in aneuploid
cells? Our localization studies revealed that while auto-
phagosome-lysosome fusion appears normal, LC3 was
not efficiently eliminated in aneuploid cells but accumu-
lated within lysosomes (Fig. 3A-C). We observed exten-
sive colocalization between LC3 and the lysosome-
associated membrane protein 2 (LAMP-2) in aneuploid
but not euploid cells (Fig. 3A-C; in agreement with Stin-
gele et al. 2012). Three-dimensional structured illumina-
tion microscopy (3D-SIM) showed LAMP-2 forming ring-
like structures around LC3 puncta (Fig. 3D; Supplemental
Movie 1). Electron microsopy studies confirmed these re-
sults. Autophagolysosomes, defined as single-membrane
vesicles, were larger and filled with electron-dense mate-
rial in aneuploid cells, and their number was increased
(Fig. 4A,B; Supplemental Fig. 5A).

To characterize the autophagosome content that accu-
mulates within lysosomes, we examined the localization
of the polyubiquitin-binding protein p62 (Mizushima
2004). p62 functions as an adaptor for ubiquitinylated auto-
phagic cargo, such as misfolded or aggregated proteins
(Mizushima 2004; Bjorkoy 2005; Moscat et al. 2007).
Immunolocalization studies showed that p62 protein lev-
els and the number of p62 foci colocalizing with LC3
were increased in aneuploid cells (Fig. 4C,D, 6C [below]),
indicating that protein aggregate-containing autophago-
somes accumulate in lysosomes.

The accumulation of autophagosomal content within
lysosomes that we observed in aneuploid cells is highly
reminiscent of the consequences of inhibiting lysosome
function. Inactivation of the lysosomal H* ATPase pump
by treating cells with bafilomycin Al (BafAl) also leads
to the accumulation of autophagosomal content in cells
(Fig. 3; Supplemental Fig. 5B). This similarity in pheno-
type suggests that autophagosomal cargo degradation is
slowed in aneuploid cells. To test this hypothesis, we
measured the levels of the autophagy substrate neomycin
phosphotransferase GFP fusion protein (NeoR-GFP)
(Nimmerjahn et al. 2003). NeoR-GFP levels dropped to
50% in euploid control cells over the course of the exper-
iment (Fig. 5A,B). This decline is due to autophagy
because inhibition of autophagy by treating cells with
the type III phosphatidylinositol 3-kinase inhibitor 3-
methyladenine (3-MA) prevented the decline in NeoR-
GFP levels (Fig. 5A). Similarly, NeoR-GFP levels remained
unchanged in cells that had missegregated chromosomes
(Fig. 5A,B). The persistence of NeoR-GFP in aneuploid
cells was not due to transcriptional up-regulation of the
reporter (Fig. 5C). As the NeoR-GFP fusion is not known
to be translationally regulated, these findings indicate
that the NeoR-GFP fusion protein is stabilized in aneu-
ploid cells.
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We also analyzed autophagic flux in aneuploid cells by
comparing LC3-II levels between cells in which lysosomal
degradation was inhibited by treatment with the lysosom-
al H* ATPase pump inhibitor BafAl and untreated cells
(Mizushima 2004; Mizushima and Yoshimori 2007;
Klionsky et al. 2012). If autophagic flux is impaired, the
differential in LC3-II levels between lysosome-inhibited
cells and uninhibited cells will decrease compared with
cells in which flux is normal. We induced chromosome
missegregation by treating RPE-1 cells with reversine or
AZ3146 for 24 h. The drug was then washed out, and cells
were analyzed 48 h later. To inhibit lysosomal degrada-
tion, we treated cells with BafAl 6 h prior to harvesting.
As expected for wild-type cells, the difference in LC3-II
levels between BafAl-treated cells and untreated cells
was significant in euploid RPE-1 cells (Fig. 5D,E). This dif-
ference was decreased in aneuploid cells irrespective of
whether chromosome missegregation was induced by
drug treatment or knockdown of Mad2 or Bubl (Fig. 5D,
E; data not shown). Similar results were obtained when
cells were treated with the lysosome inhibitor chloro-
quine or NH,4CI (Supplemental Fig. 5C). Trisomic MEFs
also exhibited flux defects, although the degree of LC3-II
accumulation was not as dramatic as in aneuploid RPE-
1 cells (Fig. 5F; Supplemental Fig. 5D,E). We conclude
that some autophagosomal content is not effectively de-
graded in aneuploid cells.

To determine why autophagosome components are not
eliminated in aneuploid cells, we analyzed lysosomal
functions. Our analysis of multiple lysosomal activities
did not reveal any lysosomal defects in aneuploid cells.
(1) Lysosomal pH was not affected in aneuploid cells, as
judged by the analysis of the pH-sensitive lysosomal dye
Lysotracker or the ratiometric probe Lysosensor yellow/
blue DND-160 (Fig. 6A,B). (2) Proteolytic maturation of
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Figure 3. Autophagosomal proteins accumulate
within lysosomes. (A-C) RPE-1 cells were grown as

P in Figure 1C to induce chromosome missegregation

or treated with BafA1 for 6 h, and LC3 and LAMP-2 lo-
calization was analyzed. Enlargements of selected ar-
eas in A are shown in B. (Red) LC3; (green) LAMP-2;
(blue) DNA. Quantification of the percentage of
LAMP-2-positive structures colocalizing with LC3
is shownin C. Mean + SEM; n = at least 450 structures
per condition analyzed, pooled from three indepen-
dent experiments; at least 15 structures per cell. Bar,
10 pm. (***) P <0.001, analysis of variance plus Bon-
ferroni’s test. (D) Three-dimensional structured illu-
mination analysis of LAMP-2-positive structures
BafA1 colocalizing with LC3. Bar, 2.5 pm. See also Supple-
mental Movie 1.

cathepsin D and cathepsin B, which requires an acidic ly-
sosomal pH, was normal (Fig. 6C; data not shown). (3) Cat-
alytic activity of cathepsin B and cathepsin L was not
significantly altered in aneuploid cells (Fig. 6D,E). Thus,
autophagosomal components accumulate within lyso-
somes because either they are difficult to degrade or the
lysosomal compartment is overloaded. We suspect that
both factors contribute. The idea that lysosomes become
overloaded with hard to digest cargo in ancuploid cells is
supported by the observation that accumulation of auto-
phagosome content within lysosomes is not an immedi-
ate consequence of chromosome missegregation but
requires two to three cell divisions to establish and then
persists in cells, as it is also observed in cells with consti-
tutive aneuploidies such as trisomic MEFs (Fig. 5F; Sup-
plemental Fig. 1A-D).

Aneuploidy induces a lysosomal stress response

Do aneuploid cells respond to lysosomal overload? Star-
vation or inhibiting lysosomal acidification causes the
translocation of the transcription factor TFEB from the
cytoplasm into the nucleus, where it activates the expres-
sion of genes involved in autophagy such as LC3 and p62
(Settembre et al. 2012). We also observed that inhibition of
lysosome function by chloroquine or BafA1 treatment led
to the translocation of TFEB into the nucleus (Fig. 7A;
Supplemental Fig. 6A). TFEB also accumulated in the
nucleus in cells with high levels of LC3 foci following
chromosome missegregation (Fig. 7A,B). Entry of TFEB
into the nucleus was accompanied by an up-regulation
of TFEB-responsive genes. Gene expression analysis
showed that genes in the categories “regulation of autoph-
agy” and “TFEB-responsive genes” (as defined in Settem-
bre et al. 2011) were up-regulated following chromosome
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Figure 4. Autophagosomal proteins are not cleared
within lysosomes. (A,B) RPE-1 cells were grown as
in Figure 1C and analyzed 48 h after chromosome
missegregation. Arrows identify lysosomes contain-
ing electron-dense material. Mean = SEM; at least 15
cells per condition from two independent experi-
ments were analyzed. Bar, 500 nm. (***) P<0.001,

missegregation (Fig. 7C,D; Supplemental Fig. 6B-D;
categories and gene lists are described in Supplemental
Table 1).

Interestingly, within the genes present in the category
“TFEB-responsive genes,” the transcriptional response
to chromosome missegregation differed from that of cells
in which lysosomal function was blocked by BafA1l treat-
ment but was similar to that caused by treatment of cells
with the proteasome inhibitor MG132 (Fig. 7C,D; Supple-
mental Fig. 6B-D). Consistent with the similarity in tran-
scriptional response between aneuploid cells and MG132-
treated cells, we found that MG132 treatment also led to
accumulation of TFEB in the nucleus and the accumula-
tion of LC3 within lysosomes (Fig. 7A,B; Supplemental
Fig. 6E,F). TFEB depletion prevented induction of the
genes encoding the autophagosome components LC3
and p62 following chromosome missegregation (Fig. 7E,
F), indicating that the up-regulation of autophagosomal
genes upon chromosome missegregation was indeed me-
diated by TFEB. TFEB also appears to promote the survival
of aneuploid cells. Knockdown of TFEB inhibited prolifer-
ation of aneuploid RPE-1 cells to a greater extent than that
of euploid cells (Fig. 7G; Supplemental Fig. 7). Given that
aneuploidy and proteasome inhibition cause the forma-
tion of protein aggregates (for review, see Siegel and
Amon 2012), we propose that hard to degrade protein ag-
gregates accumulate in lysosomes. This elicits a lysosom-
al stress response pathway that triggers the up-regulation
of genes specifically needed for autophagy-mediated clear-
ance of protein aggregates. Protein aggregates themselves
and/or a reduction in free amino acids could activate TFEB
(Lamark and Johansen 2012; Suraweera et al. 2012).

Discussion

In yeast and mammalian cells, changes in gene copy num-
ber largely but not universally lead to a corresponding
change in the amount of proteins that they produce (Tor-
res et al. 2007, 2008, 2010; Pavelka et al. 2010; Stingele
etal. 2012). Thus, the impact on the cell’s proteome is dra-
matic when the copy number of whole chromosomes is al-
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tered. Understanding the consequences of changing the
levels of hundreds if not thousands of proteins simultane-
ously is thus central to understanding how aneuploidy im-
pacts cell physiology. Previous studies have found that
aneuploidy-induced proteomic changes cause LC3-la-
beled structures to accumulate in trisomic and tetrasomic
cells (Tangetal. 2011; Stingele et al. 2012), but we lacked a
molecular understanding of the basis of this phenotype.
We found that autophagosomal content accumulates in
the lysosomal compartment. This lysosomal clearance
defect of autophagic cargo does not manifest itself imme-
diately following chromosome missegregation, indicating
that it is not an immediate consequence of aneuploidy but
requires the continuous presence of an aneuploid karyo-
type to develop.

How does aneuploidy affect lysosomal degradation? De-
spite intense efforts, we were not able to detect lysosomal
defectsin aneuploid cells. pH and lysosomal enzyme activ-
ities appear normal in cells with aneuploid karyotypes. Itis
possible that aneuploidy-caused gene dosage imbalances
in individual lysosomal components cause lysosomal de-
fects that are too subtle to detect by our methods. We con-
sider this possibility unlikely, as all types of aneuploidies
—single-chromosome aneuploidies (trisomy 13 and 16)
as well as chromosome missegregation-induced random
aneuploidies—cause the accumulation of autophagoso-
mal content within lysosomes. Instead, we favor the idea
that lysosomes cannot keep up with the increased degrada-
tive load in aneuploid cells. Consistent with thisideais our
observation that starvation (which, in addition to causing
a decrease in protein synthesis, leads to hyperactivation of
lysosomal degradation) suppresses the lysosomal degrada-
tion defect of aneuploid cells (S Santaguida, unpubl.).
Based on the observations that proteasome inhibition
causes a similar phenotype as aneuploidy and that p62
foci are elevated in aneuploid cells, we propose that hard
to degrade protein aggregates targeted to lysosomes via
autophagy accumulate in lysosomes of aneuploid cells.
Proteasome function could be limiting in aneuploid cells,
leading to the accumulation of ubiquitinylated proteins
that must be eliminated by autophagy. Whether other
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Figure 5. Autophagic degradation is decreased in aneuploid cells. (A-C) RPE-1 cells were treated with reversine or control vehicle for 24
h; the drug was then washed out, and cells were transfected with GFP-NeoR. Time points were taken at the indicated times. Cells treated
with 1 mM 3-MA were exposed to the drug for 5 d. (A,B) GFP-NeoR levels examined at the indicated times. Mean + SEM. (C) GFP mRNA
levels were analyzed 3 d after GFP-NeoR transfection. Mean = SEM. (NS) Not significant, Student’s t-test. (D,E) RPE-1 cells were treated
with reversine or AZ3146 for 24 h, washed, and grown for another 48 h. Six hours prior to harvesting, cells were treated with 100 nM BafA 1
to examine LC3-II levels. n = 5; mean + SEM. (*) P < 0.05, analysis of variance plus Bonferroni’s test. (F) MEFs trisomic for either chromo-
some 13 or chromosome 16 or euploid littermate controls were treated with 100 nM BafA1l, and LC3-1I levels were analyzed. Quantifica-
tions of two independent experiments are shown in Supplemental Figure 5, D and E.

autophagic cargos persist in lysosomes of aneuploid cells
remains to be determined.

Irrespective of which autophagosomal cargo accumu-
lates in lysosomes, the event does not go unnoticed. Cells
activate a TFEB-mediated lysosomal stress response. How-
ever, despite TFEB activation, autophagosomal content is
not cleared from lysosomes in aneuploid or MG132-treat-
ed cells. This is perhaps not surprising, as misfolded and/or
aggregated proteins are continuously generated in aneu-
ploid or MG132-treated cells. It is also possible that the
TFEB response in aneuploid and proteasome-inhibited
cellsis geared toward up-regulation of autophagosome bio-
genesis rather than increasing lysosomal activity. High ly-
sosomal activity may not be critical because, once
encapsulated by autophagosomes, aggregated/misfolded
proteins no longer pose a threat to the cell.

Interestingly, the TFEB response to aneuploidy and
MG132 differs from that observed in response to lysosom-
al H* ATPase pump inhibition. The mechanisms mediat-
ing this differential response remain to be determined. In
response to nutritional signals, TFEB localization is con-
trolled by TORC1 (Zoncu et al. 2011; Settembre et al.
2012). Whether TORCI1 regulates TFEB activity in re-
sponse to protein misfolding and aggregation is an im-
portant question that remains to be elucidated. Our
unpublished observations suggest that this may not be
the case. Previous studies also showed that mTOR is not
the only regulator of TFEB activity (Settembre et al. 2012).

In summary, based on previous studies and the experi-
ments presented here, we propose that the proteomic im-
balances and the ensuing proteotoxic stress present in
aneuploid and proteasome-inhibited cells induce autoph-
agy of protein aggregates. Protein aggregates themselves
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and/or a reduction in free amino acids could be the trigger
(Fig. 7H; Lamark and Johansen 2012; Suraweera et al.
2012). We further propose that, because misfolded and/
or aggregated proteins are continuously generated in aneu-
ploid cells and under conditions of continuous protea-
some inhibition, autophagosomal content accumulates
in the lysosomal compartment. When lysosome capacity
is surpassed, a lysosomal stress response ensues that is
aimed at producing more autophagosomes and increasing
lysosomal capacity (Fig. 7H). Importantly, increased lyso-
somal load contributes to the reduction in fitness of
primary aneuploid cells. MEFs trisomic for either chromo-
some 1, 13, 16, or 19 exhibit a higher degree of sensitivity
to the lysosome inhibitor chloroquine than euploid cells
(Tang et al. 2011). Whether increased lysosomal load af-
fects the fitness of aneuploid cancer cells remains to be de-
termined. Our initial efforts to address this question led
to the remarkable finding that many cancer cell lines do
not experience LC3-1I clearance defects following chro-
mosome missegregation (S Santaguida, unpubl.). This ob-
servation raises the interesting possibility that some
cancer cells have evolved mechanisms to increase lyso-
somal capacity or compensate for this lysosome limita-
tion in other ways. Examples exist for both scenarios.
Ras-driven, Braf-driven, and other cancers up-regulate
autophagy and are dependent on autophagic degradation
for survival and tumorigenesis (White 2012; Guo et al.
2013). Other aneuploid cancer cell lines exhibit an in-
creased reliance on chaperone activity (Bagatell and
Whitesell 2004; Murphy 2013; Santagata et al. 2013). Iden-
tifying and understanding the mechanisms by which pro-
teotoxicity associated with aneuploidy is suppressed in
cancer will provide key insights into tumorigenesis and
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B and cathepsin L enzymatic activities were analyzed using a fluorimetric assay described in the Materials and Methods in cells grown as
in Figure 1C. Mean + SEM; n = 3. Cathepsin B inhibitor (CB inhibitor) was used as control in cathepsin B activity assays. (***) P <0.001; (NS)

not significant, analysis of variance plus Bonferroni’s test.

may represent new avenues for the development of novel
cancer therapeutics.

Materials and methods
Cell culture conditions and drug treatments

Cell lines were cultured in DMEM (Invitrogen) supplemented
with 10% FBS, 2 mM L-glutamine, and 100 U/mL penicillin/
streptomycin. Cells were grown at 37°C with 5% CO, in a humid-
ified environment. For experiments involving drug treatments,
controls represent cells treated with vehicle alone. RPE1-hTERT
cells were kindly provided by Iain Cheeseman. RPE1-hTERT p53
CRISPR cells were kindly provided by Prasad Jallepalli through
David Pellman. The lymphoblastoid cell line used in Supplemen-
tal Figure 3C has been previously characterized (Fry et al. 2008)
and was kindly provided by Leona Samson through Mike
Hemann. The BJ-hTERT and IMR-90 cell lines were obtained
from American Type Culture Collection.

Reversine was obtained from Cayman Chemical, and AZ3146
was obtained from Tocris. BafAl, chloroquine, ammonium chlo-
ride, 3-MA, staurosporine, and thymidine were obtained from
Sigma-Aldrich. MG132 was purchased from EMD Biosciences.

Protein detection by Western blots

For protein analyses, cells were lysed in lysis buffer (50 mM Tris-
HCI at pH 7.4, 150 mM NacCl, 5 mM MgCl,, 1% Triton X-100,
0.5% NP-40, 10% glycerol, protease inhibitor cocktail [Roche],
phosphatase inhibitor cocktail [Roche]) and resolved on 15%
SDS-PAGE gels. The following primary antibodies were used:
anti-LC3 (1:1000; Sigma-Aldrich), anti-Flag (1:1000; Sigma-Al-
drich), anti-actin (1:10,000; Sigma-Aldrich), anti-GAPDH
(1:2000; Cell Signaling), anti-Mad2 (1:1000; Bethyl Laboratories),
anti-Bubl (1:2000; Abcam), anti-vinculin (1:5000; Sigma-Al-
drich), anti-cathepsin D (1:2000; Abcam), anti-GFP (1:5000;
Roche), anti-Histone H3 (1:1000; Cell Signaling), and anti-p62
(1:500; Santa Cruz Biotechnology).

RNAi

siRNA primers to knock down BUB1, MAD?2, and TFEB are de-
scribed in the Supplemental Material and were transfected using

Lipofectamine 2000 or RNAiMAX (Invitrogen). For BUB1 and
MAD?2 depletion, cells were transfected twice with siRNAs (un-
less otherwise stated); for TFEB, cells were transfected only once.

Quantitative RT-PCR

Total RNA was isolated using the RNeasy minikit (Qiagen). RNA
(750 ng) was used to generate cDNAs using the SuperScript III
first strand synthesis system (Life Technologies). Quantitative
PCR was performed by mixing SYBR Green supermix (Bio-Rad)
with the primers described in Supplemental Table 1 and ampli-
fied using a LightCycler 480 II (Roche) with TBP as a normaliza-
tion control.

Cell death assays

Cell death was monitored by LDH release (Roche) following the
manufacturer’s instructions. Briefly, cells were treated for 24 h
with 0.5 uM reversine or 2 uM AZ3146. Cells were then washed
with PBS, and LDH release was measured 48 h later. Staurospor-
ine (1 uM) was used as a positive control. Annexin V (BD Pharmi-
gen) detection was performed as described previously (Tang et al.
2011).

Cell imaging methods

For fluorescence imaging, RPE-1 cells were plated onto coverslips
coated with 10 pug/mL fibronectin (Sigma-Aldrich). Cells were
fixed using a methanol/acetone mix for 5 min at —20°C, treated
with 4% BSA-PBS, and incubated with the appropriate antibodies
diluted in BSA-PBS. The following antibodies were used for im-
munofluorescence: rabbit anti-LC3 (1:50; Sigma-Aldrich), mouse
anti-LAMP-2 (1:200; Abcam), mouse anti-Flag (1:1000; Sigma-Al-
drich), anti-centromeric antibody (1:100; Antibodies), and mouse
anti-tubulin (1:2000; Sigma-Aldrich). Alexa 488- and Alexa
546-labeled secondary antibodies were from Invitrogen.
DyLigth649-conjugated secondary antibody was purchased from
Jackson ImmunoResearch Laboratories. DNA was stained with
Hoechst. The coverslips were mounted using Prolong Gold
anti-fade reagent (Life Technologies).

EdU incorporation into DNA was visualized using the Click-iT
EdU Alexa fluor 647 imaging kit (Invitrogen) following the
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pressing a TFEB-3xFlag fusion were grown
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ues for the custom gene sets “regulation
of autophagy” and “TFEB-responsive
genes.” ssGSEA projects the expression lev-
el of a group of genes in a sample to a single
value. These projection values are then
used to compare the expression level of a
group of genes between multiple samples.
High numbers (red) indicate a generally
higher level of expression for a particular
gene set. The “TFEB-responsive genes”
gene set separates the BafAl and control
groups from the Rev and MG groups (the
difference between two treatments in a giv-
en group [e.g. Ctrl vs. BafAl or Rev vs. MG]
is not statistically significant| (see also Sup-
plemental Fig. 6B-D for statistics). Num-
bers in parenthesis are the number of
genes in each group (see Supplemental Ta-
ble 1 for complete gene lists and raw data).
Three replicates per treatment are shown.
(D) Heat map of genes in the custom gene
list “TFEB-responsive genes.” The values
used in the clustering run are averages of
row-centered log, FPKM (fragments per ki-

. Regulators
=
@

' >
€ -
o5t
*ANs —
s
Mis-folded/Aggregated
Proteins

_—
Protein 4
Synthesis

Autcphagosome

lobase per million mapped fragments) val-
ues for each condition. Individual row-
centered log, FPKM values for control and
reversine-treated samples are presented in
Supplemental Figure 6C. (E,F) RPE-1 cells
stably expressing a TFEB-3xFlag fusion
were TFEB-depleted and then treated with

|
fiFe
( ('FE')
e
G
Lysosome eI
-

—_—

 Autolysosome

reversine for 24 h, and LC3, p62, and TFEB protein (E) and LC3, p62 mRNA (F) levels were determined 48 h later. Mean = SEM. (G) Euploid
and aneuploid RPE-1 cells (generated through a single round of Mad2 depletion) were TFEB-depleted, and cell number was analyzed 72 h
later. Data are shown as ratio of surviving aneuploid/euploid control cells. n = 3; mean =+ SEM. (***) P <0.001, Student’s t-test. (H) A model
for how aneuploidy impacts lysosomal capacity. See the text for details.

manufacturer’s instructions. Briefly, RPE-1 cells were synchro-
nized by thymidine block/release. Six hours after thymidine
washout, cells were treated with 0.5 uM reversine or solvent
alone for 9 h. EQU was added to the growth medium 10 h after thy-
midine release, and cells were fixed using 4% paraformaldehyde
72 h later.

Cells were imaged at 25°C using a DeltaVision Elite imaging
system (Applied Precision), a microscope (model IX-71, Olympus)
controlled by SoftWoRx software (Applied Precision) with a 60x
objective lens, and a CoolSNAP HQ2 camera (Photometrics) or
using a Nikon digital sight DS-Qil MC camera on a Nikon
Eclipse Ti inverted microscope. Images were acquired as Z-sec-
tions at 0.3 pm (DeltaVision) and converted into maximal inten-
sity projections using SoftWoRx (Applied Precision) software.
Deconvolution was performed using a constrained iterative algo-
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rithm in SoftWoRx. Quantification of fluorescence intensity as
well as of LC3, p62, and LAMP-2 staining was conducted using
SoftWoRx (Applied Precision) or the NIS-Element AR 3.0 (Nikon)
software. Images were imported in Photoshop CS5.1 (Adobe Sys-
tems, Inc.), and levels were adjusted. Figures were assembled in
Mlustrator CS5.1 (Adobe Systems, Inc.).

For 3D superresolution microscopy, fixed cells were imaged
with an OMX-3D superresolution microscope, V3 type (Applied
Precision, GE), equipped with 405-, 488-, and 594-nm lasers and
three Photometrics Cascade Il EMCCD cameras. Images were ac-
quired with a 100x, NA 1.4 oil objective at 0.125-um Z steps using
1.512 immersion oil at room temperature. The images were ac-
quired under the same illumination settings (405-nm laser at
10% strength for 150 msec, 488-nm laser at 31.3% strength for
300 msec, and 593-nm laser at 31.3% strength for 200 msec)



and then processed with OMX SoftWoRx software (Applied Preci-
sion, GE). Images were saved in the TIFF format of maximum pro-
jections of 12x0.125-um Z-section stack. Movie files were
generated from the DV files using the SoftWoRx software and
saved as QuickTime movies.

For Lysotracker (Invitrogen) fluorescence imaging, RPE-1 cells
were exposed to the indicated drug treatments in phenol red-free
DMEM. Fluorescence images were acquired using a Nikon digital
sight DS-Qil MC camera on a Nikon Eclipse Ti inverted micro-
scope. Images were acquired and processed using the NIS-Ele-
ment AR 3.0 software.

All electron microscopy reagents were from Ted Pella, Inc. Cell
monolayers were fixed with 2.5% glutaraldehyde and 2.5% form-
aldehyde in 0.1 M sodium cacodylate-HCI (pH 7.2 for 60 min and
post-fixed with 2% osmium tetroxide for 60 min at 4°C followed
by dehydration in graded alcohol up to 70% and en bloc staining
with 0.2% uranyl acetate in 70% alcohol for 60 min at 4°C. Sam-
ples were then processed for epon embedding. Thin epon sections
(~400 nm) were cut with a diamond knife and post-stained
with uranyl acetate and Reynold’s lead citrate and viewed
with a FEI-Tecnai G? Spirit BioTwin operated at 80 kV. Digital
images were taken with an AMT 2k CCD camera (Harvard
Medical School Electron Microscopy Facility). Multiple fields
were imaged at low magnification (2400x and 4800x) and
high magnification (11,000x and 13,000x) for each sample. The
sizes of lysosomes and autophagosomes were measured on low-
magnification fields in control and drug-treated cells using
Image].

Lysosomal pH measurement

Lysosomal pH was determined using Lysosensor yellow/blue
DND-160 (Invitrogen). RPE-1 cells were seeded into a black 96-
well plate and exposed to 10 pM Lysosensor yellow/blue DND-
160 for 10 min. The samples were then washed with PBS, placed
in MES buffer (5 mM NaCl, 115 mM KCI, 1.3 mM MgSO,, 25 mM
MES at pH 7.2), and read in a Tecan Infinite 200Pro fluorometer
(Tecan) with excitation at 340 and 380 nm. Fluorescence emis-
sion intensity was recorded at 530 nm. The ratio of light excited
at 340/380 nm was calculated, and pH values were determined
from a calibration curve obtained by exposing cells to MES buffer
with the pH adjusted to a range from 4.0 to 6.5 in the presence of
10 uM H*/Na* ionophore monensin and 10 uM H*/K* ionophore
nigericin.

Cathepsin B and cathepsin L enzymatic assays

Enzymatic activities of cathepsin B and cathepsin L were deter-
mine using the fluorometric cathepsin B activity kit (Abcam)
and magic red cathepsin L assay kit (Immunochemistry Technol-
ogies), respectively, following the manufacturer’s instructions.
Briefly, RPE-1 cells were treated with 0.5 uM reversine for 24 h
and then washed and assayed 48 h later. Samples were seeded
into a black 96-well plate and read in a Tecan Infinite 200Pro fluo-
rometer (Tecan). Cathepsin B inhibitor (Abcam) was used as pos-
itive control in cathepsin B assays.

RNA sequencing (RNA-seq) data processing
and analysis

For RNA-seq analysis, cells were treated with either 0.5 uM rever-
sine for 24 h and then washed and harvested 48 h later or 0.1 uM
BafAl or 1 uM MG132 for 6 and 24 h, respectively. Total RNA was
isolated using the RNeasy minikit (Qiagen).

Quality control of single-ended reads was performed by
aligning reads to the human genome (hg19) with TopHat 2.0.9.

Aneuploidy limits autophagic degradation

Alignment rates to various genomic features were counted
and summarized using Bedtools 2.17.0 and a series of custom
scripts. The quality control results were all within acceptable
ranges.

To quantify expression, reads were aligned using RSEM 1.2.6
with Bowtie 1.0.0 to a reference transcriptome based on ensemble
hgl9 assembly GRCh37 release 68. The arguments fragment-
length-mean and fragment-length-sd were specified according to
presequencing bioanalyzer data. Differential expression testing
was conducted using pme_expected_count data and R 2.15.3
and DESeq 1.10.1. FPKM (fragments per kilobase per million
mapped fragments) values in log, space were used as input data
for a single-sample gene set enrichment analysis (ssGSEA) (Barbie
et al. 2009) run using default parameters on the Broad Institute
public genePattern server (http://genepattern.broadinstitute.org/
gp/pages/index.jsf) on the custom gene sets “regulation of
autophagy” and “TFEB-responsive genes” (categories and gene
lists are described in Supplemental Table 1). ssGSEA projections
were then normalized by subtracting the average value of all pro-
jections for each gene set from each individual projection value.
Normalized ssGSEA projections were then clustered using
Ward’s method as implemented by Tibco Spotfire 6.5.2. Count,
FPKM, and log, FPKM data as well as differential expression re-
sults are in Supplemental Table 1.

Statistical analysis

The statistical significance of the difference between groups was
determined using the statistical tests indicated in the figure leg-
ends. Differences were considered significant for P <0.05 (noted
in figures as * for P <0.05, ** for P<0.01, and *** for P <0.001).
All statistical tests were performed using GraphPad Prism version
5.0 for Mac OS X (GraphPad Software). Each experiment was re-
peated twice or more. Data are presented as the average of inde-
pendent experiments + SEM (standard error of the mean) unless
otherwise noted.

Deposited data

The RNA-seq data sets generated for this study can be accessed at
Gene Expression Omnibus (GEO) database with the accession
number GSE60570.
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