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ABSTRACT Although aneuploidy is poorly tolerated during embryogenesis, aneuploidy and
whole chromosomal instability (CIN) are common hallmarks of cancer, raising the question of
how cancer cells can thrive in spite of chromosome aberrations. Here we present a compre-
hensive and quantitative proteomics analysis of isogenic DLD-1 colorectal adenocarcinoma
cells lines, aimed at identifying cellular responses to changes in ploidy and/or CIN. Specifi-
cally, we compared diploid (2N) and tetraploid (4N) cells with posttetraploid aneuploid (PTA)
clones and engineered trisomic clones. Our study provides a comparative data set on the
proteomes and phosphoproteomes of the above cell lines, comprising several thousand pro-
teins and phosphopeptides. In comparison to the parental 2N line, we observed changes in
proteins associated with stress responses and with interferon signaling. Although we did not
detect a conspicuous protein signature associated with CIN, we observed many changes in
phosphopeptides that relate to fundamental cellular processes, including mitotic progression
and spindle function. Most importantly, we found that most changes detectable in PTA cells
were already present in the 4N progenitor line. This suggests that activation of mitotic
pathways through hyper-phosphorylation likely constitutes an important response to chro-
mosomal burden. In line with this conclusion, cells with extensive chromosome gains showed
differential sensitivity toward a number of inhibitors targeting cell cycle kinases, suggesting
that the efficacy of anti-mitotic drugs may depend on the karyotype of cancer cells.
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INTRODUCTION

Aneuploidy is a genomic state in which chromosome number is not
a multiple of the haploid number. Constitutional aneuploidy
originates during meiosis and is therefore present in all cells of an
organism. In humans, most cases of constitutional aneuploidy cause
embryonic lethality, with the exception of a few viable constellations
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such as trisomies 21, 13, or 18, which lead to Down, Patau, or Ed-
wards syndrome, respectively. In contrast, most acquired somatic
aneuploidies, as seen in a vast majority of all malignant human tu-
mors, are nonclonal and generally reflect errors in chromosome seg-
regation during mitosis (Santaguida and Amon, 2015a). Moreover,
many human tumors display not just aneuploidy but also a constant
chromosome missegregation phenotype known as chromosomal
instability (CIN) (Lengauer et al., 1997; van Jaarsveld and Kops,
2016). This leads to states of aneuploidy that change in time and
space, thereby generating extensive genome heterogeneity within
tumor tissues. Therefore, CIN is thought to have important implica-
tions for both cancer development and therapy. Prominent causes
of CIN include defects in DNA replication, chromatid cohesion
or mitotic spindle function, particularly aberrant microtubule dy-
namics, erroneous microtubule—kinetochore attachments, spindle
checkpoint dysfunctions, and/or deregulation of the centrosome
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duplication cycle (Holland and Cleveland, 2009; Thompson and
Compton, 2010).

Studies carried out primarily in yeast and mammalian cell lines
have shown that aneuploidy comes with a fitness cost. Aneuploid
cells typically grow slower (McCoy et al., 1974; Torres et al., 2007,
Williams et al., 2008; Tang et al., 2011; Siegel and Amon, 2012;
Stingele et al., 2012) and suffer from replication stress that leads to
DNA damage and gene mutation (Janssen et al., 2011; Crasta et al.,
2012; Santaguida and Amon, 2015a; Passerini et al., 2016; Ly and
Cleveland, 2017). Also, both in vitro engineered aneuploid cells and
chromosomally unstable cancer cells display gene expression pat-
terns (Sheltzer, 2013) reminiscent of stress responses first described
in yeast (Gasch, 2007). Accordingly, aneuploid cells were found to
show increased sensitivity toward compounds inducing energy
stress and proteotoxic stress (Tang et al., 2011). In nontransformed
cells, chromosome missegregation generally leads to p53-depen-
dent cell cycle arrest and, ultimately, cell death (Li et al., 2010;
Thompson and Compton, 2010; Uetake and Sluder, 2010; Janssen
et al., 2011; Lambrus et al., 2016). Yet, despite this fitness cost, se-
vere aneuploidy and CIN are hallmarks of human cancers (Hanahan
and Weinberg, 2011; Holland and Cleveland, 2012; Funk et al.,
2016; De Braekeleer et al., 2017). They contribute to increased
transformative potential (Paulsson and Johansson, 2007; Weaver
et al., 2007) and correlate with poor prognosis (McGranahan et al.,
2012). To resolve this apparent conundrum, it is generally argued
that aneuploidy and CIN result in deregulated gene expression,
which then confers a selective advantage during the evolution of a
tumor in a changing microenvironment (Baek et al., 2009; Pavelka
et al., 2010; Kwon-Chung and Chang, 2012; Yona et al., 2012). As
one example supporting this notion, DLD-1 cells engineered to
carry single-chromosome aneuploidies were found to have a selec-
tive advantage over diploid control cells when cultured under non-
standard conditions, such as serum starvation, drug treatment, or
hypoxia (Rutledge et al., 2016). Such observations, as well as data
obtained in tumor models, strongly support the hypothesis that an-
euploidy is not a by-product of cell transformation but, when pres-
ent at appropriate levels, contributes to tumor development (Hanks
et al., 2004; Holland and Cleveland, 2012; Davoli et al., 2013).

Aneuploidy in cancer cells may arise when diploid progenitors
gain or lose individual chromosomes. However, chromosome loss is
not well tolerated in diploid cells (Alvaro et al., 2006; Anders et al.,
2009). Moreover, cancer cells often carry near-tetraploid chromo-
some numbers, indicative of whole genome duplication events
(Zack et al., 2013). This suggests that aneuploid cancer cells often
derive from tetraploid intermediates (Cowell and Wigley, 1980;
Mayer and Aguilera, 1990; Storchova and Pellman, 2004; Storchova
and Kuffer, 2008; Holland and Cleveland, 2012). Considering that
tetraploidization creates redundancy in chromosome content, it is
expected to protect descendant aneuploid cells from the negative
effects of haploinsufficiency (Shackney et al., 1989; Storchova and
Pellman, 2004; Ganem and Pellman, 2007; Thompson and Comp-
ton, 2010; Dewhurst et al., 2014).

Aneuploidy has traditionally been ascribed to defects in mitotic
spindle organization and/or dysfunction of the spindle assembly
checkpoint (Wang et al., 2007; Kops et al., 2005). However, although
mutations in spindle checkpoint genes can indeed cause aneu-
ploidy (Hanks et al., 2004; Yost et al., 2017), such mutations have not
been commonly observed in cancers (Cahill et al., 1999; Haruki
etal., 2001). Deregulated expression of essential regulators of chro-
mosome segregation and cell division has been observed in cancers
with high degrees of aneuploidy and, accordingly, a CIN marker
signature (CIN70) was proposed (Carter et al., 2006). However,
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subsequent studies argued that this CIN signature reflects altered
proliferation rate rather than chromosome missegregation (Venet
et al., 2011; Sheltzer, 2013; Buccitelli et al., 2017). Thus, a specific
cellular response to CIN has not yet been identified.

Here we established a set of transformed cancer cell lines of
isogenic origin but differing in chromosome content and propen-
sity to chromosome missegregation. To determine the effects of
gains in chromosome mass versus CIN on protein expression and
phosphorylation, we subjected the different cell lines to extensive
proteomic and phosphoproteomic analyses. We found that pro-
teomic changes in response to CIN are similar to those observed in
response to tetraploidy and are more readily detectable at the level
of protein phosphorylation than at the level of protein expression.
Furthermore, our results indicate that large gains in chromosome
number, as caused by tetraploidization, trigger widespread re-
sponses in protein expression and phosphorylation patterns, lend-
ing support to the notion that an initial genome doubling event can
set the stage for survival and propagation of descendent aneuploid
tumor cells.

RESULTS

Establishment of DLD-1-derived cell lines differing in ploidy
and aneuploidy

Chromosome gains or losses result in massive changes in gene ex-
pression (Lyle et al., 2004; Upender et al., 2004; Stingele et al.,
2012), and protein expression patterns in cancer cell lines are known
to reflect tissue origin, a priori making it difficult to identify a pro-
teomic signature attributable to CIN. This notwithstanding, we sub-
jected a panel of human cell lines to a proteomic quantification
based on multiplexed tandem mass tag (TMT) labeling, a method of
choice for achieving high proteome coverage in multiple samples
and within a reasonable time frame (Thompson et al., 2003; Ahrné
etal., 2016) (Supplemental Figure S1A and Supplemental Table S1).
This panel included seven karyotypically stable (nonCIN) and un-
stable (CIN) cancer cell lines originating from different tumor tissues
(Gascoigne and Taylor, 2008) and the immortalized retinal cell line
hTERT. In line with previous data (Gascoigne and Taylor, 2008),
we found that differences in global protein expression patterns were
too profound to allow a distinction between CIN and karyotypically
stable (nonCIN) cell lines through hierarchical cluster analysis
(Supplemental Figure S1B). Nevertheless, this pilot study showed
that our proteomics approach allowed for reliable quantification of
thousands of proteins in each cell line.

To reduce interline variation due to tissue origin, we next used
the diploid colon cancer cell line DLD-1 to generate descendant
lines differing in karyotype. DLD-1 cells show microsatellite insta-
bility (MIN) but proliferate in a near-diploid state (Lengauer et al.,
1997). As DLD-1 cells are deficient in p53, tetraploid derivatives
can readily be established through inhibition of cytokinesis (Droso-
poulos et al., 2014). This afforded a syngeneic pair of stable diploid
and tetraploid cells (Figure 1A). Starting with a culture of tetraploid
DLD-1 cells, we then used single cell fluorescence-activated sort-
ing (FACS) to isolate spontaneously arising aneuploid descen-
dants. This provided us with four different PTA clones, specifically
three near-triploid lines and one near-tetraploid line (Figure 1B).
Finally, we applied microcell-mediated chromosome transfer
(Stingele et al., 2012) to the parental diploid DLD-1 culture and
obtained two viable trisomic clones carrying three copies of chro-
mosome 7 (Tr 7) (Figure 1B). For all cell lines, DNA content was
confirmed by chromosome counting (Figure 1C) and chromosome
painting (Supplemental Figure S2A). This collection of isogeneic
cell lines set the stage for analyzing chromosomally stable diploid,
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Establishment of DLD-1-derived lines differing in ploidy. (A) Sc

hematic summarizing the generation,

properties, and analysis of DLD-1 colon cancer cell lines. Starting from a diploid (2N) parental culture, tetraploid (4N)
cells were obtained by inhibition of cytokinesis. The 4N cells were then used for clonal isolation of posttetraploid
aneuploid (PTA) descendants. Clones harboring trisomies of chromosome 7 (Tr7) were generated from the diploid
parental culture by microcell-mediated chromosome transfer. (B) Histograms document the DNA profiles of the cell lines

used in this study. Cells were stained with propidium iodine and subjected

to analysis by flow cytometry. Dotted lines

indicate the G1 and G2/M peaks expected for the diploid culture. (C) Top panel: micrographs depict mitotic spreads of
the indicated cell lines; chromosomes were stained with DAPI. Bottom panel: histograms show chromosome numbers
for each cell line, with bars and numbers indicating mean values; at least 40 cells were counted for each line. Data

represent results from three biological replicates. Scale bar denotes 10 pm

tetraploid, and trisomic cells as well as chromosomally unstable
cells with complex aneuploidy (Figure 1A). We reasoned that this
experimental approach might offer the possibility to dissect the
effects of sheer gains in chromosome mass (represented by the
tetraploid line) from those triggered by CIN (the PTA lines) or low-
complexity aneuploidy (the trisomic lines).
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Phenotypic characterization of DLD-1-derived cell lines

To further characterize the DLD-1 cell lines described above, we
used microscopy to analyze chromosome segregation fidelity and
mitotic duration. Compared to the diploid parental line, the fre-
quencies of chromosome missegregation and micronuclei forma-
tion were significantly elevated in most PTA clones (Figure 2A) but
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FIGURE 2: Mitotic properties of DLD-1-derived cells. (A) Analysis of chromosome segregation fidelity. Top panel:

representative images illustrate chromosome missegregation events and micronucleation. Scale bar represents 5 pm.
Right panel: histograms show the frequency of the above phenotypes in the indicated cell lines. (B) Left panel:
micrographs show mitotic spreads of the indicated cell lines, with arrows pointing at structural chromosome aberrations
(enlarged in insets). Scale bar represents 10 pm. Right panel: histogram shows the frequency of chromosome structural
aberrations observed in the indicated cell lines. (C) Mitotic duration and cell fate in DLD-1-derived cells. Left panel:
schematic summarizes cell fate analysis by time-lapse microscopy, using asynchronously growing cultures stably
expressing GFP-tagged histone H2B. Dashed lines indicate mean mitotic duration. Frequencies of cell fates are shown
to the right of each histogram. All fixed cells were stained with DAPI. Error bars in A and B show SD, and numbers of
counted cells are indicated. Data represented in A and B result from three biological replicates; data in C from two
biological replicates. Two-tailed t test: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

not in the tetraploid line (Figure 2A). In agreement with previous
work (Nicholson et al., 2015), the trisomic clones showed similar
aberrations, albeit to a lesser extent (Supplemental Figure S2B). Fur-
thermore, we observed an increase of structural aberrations in PTA
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lines and, consistent with earlier work (Kuznetsova et al., 2015;
Passerini et al., 2016), also in trisomic clones (Figure 2B). In contrast,
the frequencies of such aberrations were low in diploid and tetra-
ploid cultures (Figure 2B). Mitotic spindle angle, which was
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determined as an indicator of proper spindle geometry, was not
significantly altered in any of the cell lines (Supplemental Figure
S2C), and a large majority of mitotic spindle poles in all cell lines
contained the diploid equivalent of centrosomes and centrioles
(Supplemental Figure S2D). Together, these findings support the
notion that the unbalanced gain of chromosomes leads to an in-
crease in chromosome segregation errors and genetic instability but
that cells harboring these chromosomal aberrations are able to form
largely normal mitotic spindles (Dodgson et al., 2016; Passerini
etal., 2016).

Since supernumerary chromosomes are likely to prolong the
time required for proper chromosome alignment on the mitotic
spindle, and since chromosome missegregation can severely impair
cell survival, we performed live cell imaging on cells transiently
transfected with histone H2B-GFP. Specifically, we scored cells for
the time spent in mitosis. Moreover, we focused on cell divisions
displaying a spontaneous chromosome missegregation event and
then analyzed the frequency of different fates after the completion
of such a division. These fates included continued division with or
without chromosome missegregation, premature mitotic exit/check-
point slippage, or death in interphase or mitosis (Figure 2C).
Interestingly, in the diploid culture, an occasional chromosome
missegregation was often followed by an error-free division in the
ensuing cell cycle, but in all PTA clones we observed an elevated
rate of chromosome missegregation in the subsequent division, and
we also measured a significant prolongation of mitotic duration
(Figure 2C). In the tetraploid culture, mitotic length was also in-
creased significantly, but this was not accompanied by an elevated
rate of missegregation (Figure 2C). Trisomic clones responded to an
initial chromosome missegregation event with a marginal (not
statistically significant) prolongation of mitosis and continued chro-
mosome missegregation; importantly, however, chromosome
missegregation in these lines commonly triggered mitotic slippage
and cell death (Figure 2C). Collectively, these data indicate that an
increase in chromosome number provokes increased mitotic dura-
tion but not necessarily an increase of chromosome missegregation
(as suggested by the different behaviors of PTA clones and tetra-
ploid cells). Furthermore, in cells carrying an unbalanced genome
(the PTAs and the trisomic clones), any spontaneous chromosome
missegregation event is commonly followed by continued misseg-
regation. However, while cells displaying complex aneuploidies
(PTA) tolerate chromosome segregation errors, cells with low com-
plexity aneuploidy (Tr7) often respond to such errors by cell death,
thereby preserving the karyotype of the culture. On the basis of
these findings, we classify the trisomic cultures as “chromosomally
stable.”

Having characterized the different cell lines, we compared the
karyotypically stable (diploid, trisomic, and tetraploid) clones with
the karyotypically unstable (PTA) clones to investigate the effects of
altered chromosome mass versus altered chromosome stability
(CIN) on protein expression and protein phosphorylation (see also
Figure 1A). Comparison of the doubling times or cell cycle profiles
of the cell lines analyzed here revealed no significant differences.
Moreover, we emphasize that all cells were synchronized in mitosis
prior to analysis (see Materials and Methods).

Comparison of chromosome copy number and
corresponding protein expression

To test the impact of changes in chromosome copy numbers on
protein levels, we submitted all cell lines to array comparative
genomic hybridization (@CGH) and, in parallel, to quantitative
proteome analysis using TMT labeling. Array hybridization assays
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showed that most small structural aberrations present in the paren-
tal DLD-1 line were propagated to the cells harboring tetraploid,
PTA, and trisomic karyotypes (Figure 3A), and these minor aberra-
tions were also detected in a DLD-1 line originating from a different
laboratory (unpublished data; Upender et al., 2004). Second, promi-
nent whole-chromosome copy number reductions were detected in
two PTA clones, affecting chromosome 3 in PTA1 and chromosomes
4 and 9 in PTA3 (Figure 3A and Supplemental Figure S2A). We
surmise that these chromosomes were lost early during the isolation
of PTA1 and PTA3, while PTA2 and PTA4 apparently acquired
near-triploid and near-tetraploid karyotypes through progressive
chromosome missegregation, resulting in extensive chromosomal
heterogeneity. Finally, the expected single chromosome gain could
readily be observed in the trisomy 7 clones (Figure 3A and Supple-
mental Figure S2A).

A comparison of aCGH data with proteomic data revealed that
chromosome copy number aberrations in PTA and trisomic clones
showed a positive correlation with the average relative expression
levels of the proteins encoded by the genes on the respective chro-
mosomes, as compared with the 2N parental cell line (Figure 3B).
These data confirm that alterations in gene dosage generally lead
to corresponding changes in protein expression levels (Upender
et al., 2004). Proteome analyses did not reveal significant chromo-
some-specific deregulations of protein expression in either the 4N
culture or PTA2, likely reflecting the balanced karyotype (in case of
4N) or mild and clonally heterogeneous aneuploidy (in case of
PTA2). Finally, in PTA3 and PTA4, as well as in both trisomic clones,
we identified small but statistically significant reductions in protein
expression patterns, even though the corresponding chromosomes
that did not show obvious copy number deviations in the aCGH
analysis (Figure 3B), illustrating the high sensitivity of the proteomic
analysis.

Comparative proteomic analysis of DLD-1-derived cells
To provide information about relative protein expression at higher
resolution, comparative proteomics studies were performed, in
three biological replicates, using the 6- and 10-plex TMT labeling
approach (Ahrné et al., 2016). This yielded information about ex-
pression levels for some 6000-7500 proteins across all DLD-1 cell
lines described above (Supplemental Table S2). Compared to the
2N parental culture, the 4N clone showed a similar frequency of up-
and down-regulations, while the PTA and trisomic clones showed a
slight predominance of down-regulations. Previous studies had sug-
gested that aneuploidy commonly induces the activation of stress
response pathways, resulting in deregulated expression of genes
associated with proteolysis, protein folding, autophagy, DNA dam-
age, and oxidative stress (Sheltzer et al., 2012; Sheltzer, 2013;
Stingele et al., 2012; Dephoure et al., 2014; Durrbaum et al., 2014;
Ohashi et al., 2015; Santaguida and Amon, 2015a,b). Confirming
and extending these observations, we found that proteins associ-
ated with aneuploidy-induced stress responses showed a trend to-
ward up-regulation in all cell lines that had undergone major chro-
mosome gains, notably the 4N clone and the PTA clones
(Supplemental Figure S3A). Prominent examples of proteins up-
regulated by >1.5 fold are summarized in Supplemental Table S3.
Next we asked whether deregulated expression of any particular
set of proteins could be correlated with either chromosome mass
gains per se (in 4N, PTA, and trisomic clones) and/or the genetic
instability present in CIN cells (in PTA clones). To this end, we first
examined our proteome data sets by comparing the 300 most
significantly deregulated proteins in the 4N line and the two triso-
mic clones, standardized against the 2N parental line (Figure 4A).
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three biological replicates.

Although this led to the identification of 18 commonly deregulated
proteins (Supplemental Table S2), these showed no obvious func-
tional relationship by search tool for the retrieval of interacting
genes/proteins (STRING) analysis (unpublished data). A similar anal-
ysis was then carried out comparing the 4N line and each of the PTA
samples (Figure 4B). Surprisingly, only 12 proteins were consistently
deregulated in all four PTA lines, and 11 of these (except for CGN;
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(2N) DLD-1 culture for the indicated lines.
e level of significance. Data in B are from

Figure 4D) were deregulated also in response to a doubling of chro-
mosome mass in the 4N line (Figure 4B and Supplemental Table S2).
This suggests that deregulation of these proteins reflected a
response to extra chromosomes mass rather than CIN. These 11
deregulated proteins comprised five gene products (IFIT2, IFIT3,
OASL, STAT1, and DDX58) whose annotation suggests an involve-
ment in the regulation of interferon signaling (Figure 4C and
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FIGURE 4: Comparative proteomic analysis of DLD-1-derived cells. (A, B) Left panels: Venn diagrams represent the
numbers of shared protein deregulated across the indicated cell lines. Results were obtained by selecting the 300 most
deregulated proteins per cell line (based on a false discovery rate [FDR] of <10%). Right panels: tables listing the FDR
for each cell line. (C) Listing of the 11 proteins commonly deregulated across tetraploid and PTA clones, as shown in B.
Asterisk demarks the single protein found to be deregulated specifically to PTA clones only, as shown in B. Shaded area
highlights proteins involved in type | interferon signaling. (D) STRING functional network analysis of the 11 proteins
commonly deregulated in 4N and PTA clones, as shown in B and C. Nodal connections are based on a confidence value
of 0.9, using experimental and database evidence. (E) Box-whisker plots show the relative abundance of proteins
involved in type | interferon signaling across microsatellite instable (MIN) and chromosomally instable (CIN) cell lines.
The graph is based on experimental data shown in Supplemental Figure S1, A and B, and Supplemental Table S1. Data

in E are from a single biological replicate (pilot experiment).

Supplemental Figure S3B), and these five proteins could also be
functionally linked through STRING analysis (Figure 4D). This obser-
vation is reminiscent of several recent studies demonstrating a link
between aneuploidy and activation of the innate immune response,
which in turn has been related to the presence of cytoplasmic DNA
(Weichselbaum et al., 2008; Stingele et al., 2012; Durrbaum et al.,
2014; Shen et al., 2015; Ho et al., 2016; Erdal et al., 2017). In line
with this argumentation, BrdU staining revealed cytoplasmic signals
consistent with the presence of cytoplasmic DNA in cells harboring
excess chromosomes (Supplemental Figure S3C).

To corroborate the conclusion that complex aneuploidy corre-
lates with deregulation of interferon signaling, we reexamined the
data set from our pilot study, comparing MIN and CIN cell lines
(Supplemental Figure S1 and Supplemental Table S1). While none
of the diploid MIN cell lines (HCT116, RKO, DLD-1) showed up-
regulated expression of IFIT2, IFIT3, OASL, STAT1, or DDX58, three
of four tested CIN cell lines (HelLa, HT29, SW837) showed elevated
levels of these proteins (Figure 4E).

Targeted analysis of protein expression in

DLD-1-derived cells

To determine whether increases in chromosome mass and/or misseg-
regation rate lead to deregulation of proteins previously implicated
in malignant transformation, cell-cycle progression, or mitotic
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functions, we designed protein lists for targeted data analysis. A first
inclusion list featured 550 tumor suppressor genes (TSG) and onco-
genes (OG) (Davoli etal., 2017), encompassing 14 signaling pathways
commonly deregulated in cancer (TSG/OG inclusion list; Supple-
mental Table S4). A second list, comprising 737 proteins, was
compiled by combining gene products alleged to represent a CIN
signature (Carter et al., 2006), gene products associated with cell di-
vision through the MitoCheck project (Neumann et al., 2010), and
products of genes with assigned gene ontology (GO) terms referring
to kinetochore-, centrosome-, microtubule-, cell-cycle checkpoint-,
cell division—, and chromosome segregation-related processes (CIN/
cell division inclusion list; Supplemental Table S4). Third, we gener-
ated several smaller inclusion lists covering pathways and protein
complexes previously linked to chromosome missegregation and
genetic instability (Babu et al., 2003; Weaver and Cleveland, 2006;
Kabeche and Compton, 2012), including key proteins with functions
in the spindle assembly checkpoint, the anaphase-promoting com-
plex/cyclosome (APC/C), the kinetochore-microtubule interface, as
well as DNA replication, notably minichromosome maintenance
(MCM) and origin recognition complex (ORC) proteins.

Analysis of the 300 most deregulated proteins in each cell line
with help of the TSG/OG inclusion list did not identify any significant
enrichments in 4N, PTA, or trisomic samples (Supplemental Figure
S4A), possibly reflecting the fact that all these cells were descendant
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from a diploid colon cancer cell line that had already been trans-
formed. Similarly, none of the most deregulated proteins showed a
significant enrichment of CIN- or cell division-related gene products
(Supplemental Figure S4B), and no consistent correlation could be
detected between gains in chromosome mass, or the presence of
CIN, and proteins implicated in the spindle assembly checkpoint,
the APC/C complex, or the kinetochore-microtubule interface
(Supplemental Figure S4C). Regarding proteins implicated in DNA
replication, we examined the levels of DNA replication-licensing
MCM proteins, for which low expression levels had previously been
correlated with genetic instability in p53-proficient cells displaying
low-complexity aneuploidy (Passerini et al., 2016). In our data sets,
obtained with p53-deficient cells, we observed down-regulation of
MCM subunits in only one PTA clone but not in any of the other
clones (Supplemental Figure S4D, top panel). Similarly, we could not
detect consistent deregulation of any origin of replication complex
(ORC) subunits (Supplemental Figure S4D, bottom panel).

Our inability to detect consistent patterns of deregulation of cell-
cycle proteins in response to increased chromosome mass and/or
CIN suggests that cells can react to chromosome aberrations in dif-
ferent ways, perhaps by optimizing combinatorial interactions be-
tween many components. Moreover, any minor changes in protein
expression may have been masked by clonal heterogeneity within
the aneuploid cultures. Alternatively, it is possible that the bulk of
cellular adaptation to chromosome aberrations relies on posttransla-
tional modifications rather than changes in protein expression. To in-
vestigate the latter possibility, we subjected all cell lines to quantitative
phosphoproteome analyses, with the aim of correlating deregulated
phosphorylation with a gain of chromosome mass and/or CIN.

Comparative phosphoproteomic analysis of

DLD-1-derived cells

Biological triplicates of all cell lines were subjected to phosphopep-
tide enrichment through TiO,, followed by high-performance liquid
chromatography mass spectometry (HPLC-MS/MS). This resulted in
the reproducible identification and quantification of 15-300 phos-
pho-peptides from 3 to 192 different proteins of the 2N and 4N
lines and three of the PTA lines (Supplemental Table S5); data for
PTA2 were not considered for further analysis, due to an unexpect-
edly large variance of phosphopeptide abundances across replicate
measurements. In parallel, the same approach was applied to the
trisomic cell lines, resulting in identification of 8-960 phospho-pep-
tides from 2-553 different proteins (Supplemental Table S5). To
identify changes in protein phosphorylation that might correlate
with gains in chromosome mass, we compared the 500 most de-
regulated phosphopeptides (based on a false discovery rate (FDR)
of <10%, comprising up- as well as down-regulations) in 4N, PTA,
and trisomic clones (Figure 5, A and B). We identified 63 proteins
showing significantly deregulated phosphorylation across 4N and
PTA clones (Figure 5A and Supplemental Table S6) and 75 proteins
across 4N and trisomic clones (Figure 5B and Supplemental Table
S6). This demonstrates that changes in chromosome number affect
not only protein expression but also protein phosphorylation. How-
ever, only few proteins showed deregulated phosphorylation exclu-
sively in all PTA clones, which might have suggested a correlation
with CIN (Figure 5A and Supplemental Table Sé). Instead, most of
these phosphopeptides were deregulated also in 4N clones, sug-
gesting that a major gain in chromosome mass is a more important
determinant of deregulated protein phosphorylation than frequent
chromosome missegregation. Finally, we emphasize that proteins
encoded on chromosome 7 were not only expressed at higher lev-
els in the two trisomy 7 clones (Figure 3B) but also phosphorylated
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at higher levels, with virtually indistinguishable results obtained for
both clones (Figures 5, C and D).

To detect regulation patterns that might reveal a common re-
sponse to aberrant karyotypes, we grouped the phosphopeptide
data using fuzzy C-means clustering (Futschik and Carlisle, 2005). In
cells harboring large increases in chromosome numbers (the 4N and
PTA clones), we predominantly observed patterns of phosphopep-
tide up-regulation (Figure 5E and Supplemental Table S6), while
the gain of a single chromosome in the trisomic clones revealed
phosphopeptide up- as well as down-regulations (Figure 5F and
Supplemental Table S7). Next we submitted the phosphopeptide
lists obtained for each cluster to GO-term enrichment analysis. The
20 most significantly enriched GO terms per cluster included refer-
ences to cell-cycle—, cytoskeleton-, as well as RNA-related processes
(Supplemental Figure S5, A and B). Remarkably, this observation
held true for all cell lines that had undergone any kind of chromo-
some gain, the 4N and PTA clones (Supplemental Figure S5A), as
well as the trisomic clones (Supplemental Figure S5B). Additionally,
the clones that had acquired major chromosome gains (4N and PTA)
revealed enrichments of GO terms related to nuclear pore organiza-
tion (Supplemental Figure S5A). Only few processes, including pro-
tein sumoylation and G-protein coupled receptor signaling, showed
highly significant GO-term enrichments in clones displaying CIN
(Supplemental Figure S5A).

Similar results were obtained when clusters of phosphopeptide
up-regulations were examined by STRING functional network analy-
sis. First, we observed a greater number of functional clusters in cells
that had undergone major chromosome gains (4N and PTA clones)
(Supplemental Figure S6, A and B) than in the trisomic clones (Sup-
plemental Figure S6, C and D). Second, the majority of the networks
identified in clones harboring both major and minor chromosome
gains were related to similar processes: replication, transcription,
and translation; transport through nuclear pores; DNA damage
response; chromatin organization; as well as microtubule and cen-
trosome regulation (Supplemental Figure S6, A-D). However, while
networks for DNA- and/or RNA-related processes were identified in
all clones, networks of proteins implicated in the mitotic apparatus
and DNA damage responses were enriched primarily in cells carry-
ing a strongly increased chromosome mass (4N and PTA clones)
(Supplemental Figure S6, A and B). These observations are reminis-
cent of a genomic analysis of polyploidy in yeast (Storchova et al.,
2006).

Collectively, the above observations suggest that the most
prominent changes in protein phosphorylation correlate with a gain
in chromosome number rather than the presence of CIN. Further-
more, we conclude that all chromosome aberrations trigger re-
sponses related to cell-cycle, cytoskeleton, and RNA metabolism.
Additionally, a strong increase in chromosome mass imposes a
stress on mitotic spindle organization and provokes a DNA damage
response, while a gain of a single chromosome appears to predomi-
nantly elicit adaptations of DNA- and RNA-related transactions.

Targeted analysis of protein phosphorylation in
DLD-1-derived cells

As done above for protein abundance analyses, we complemented
the unbiased analysis of the phospho-proteome data set by tar-
geted enrichment analysis, using the CIN/cell division inclusion list
(Supplemental Table S4). This allowed us to identify enrichments for
phospho-peptides that were significantly up-regulated in 4N and
PTA clones, as well as in one trisomic clone, but only few enrich-
ments for significantly down-regulated phosphopeptides could be
seen in any clones (Supplemental Figure S7A). For closer inspection,
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FIGURE 5: Comparative phosphoproteomic analysis of DLD-1-derived cells. (A, B) Left panel: Venn diagrams represent
the number of shared protein deregulations across the indicated cell lines (with each protein showing at least one
deregulated phosphopeptide). Results were obtained by selecting the 500 most deregulated phosphopeptides per cell
line (FDR of <10%, yielding a total of 1410 phosphopeptides from 807 proteins). Right panel: table listing the FDR for
analyzed cell lines. (C, D) The box-whisker plots show the distribution of phosphopeptide abundances of the two
trisomy 7 clones relative to the parental diploid (2N) DLD-1, per chromosome. Each box spans the interquartile range.
The notches extend to the most extreme data point, which is no more than 1.5 times the interquartile range from the
box. The thick horizontal line in each box show the median. The color coding indicates two-sided Student’s t test p
value significance, testing the probability of observing a mean log2 ratio at least large as the one observed by chance
alone. Data are from three biological replicates (Supplemental Table S4, gray columns). (E, F) Cluster analysis of the data

presented in A and B using the fuzzy C-means algorithm “MFuzz.”

Depicted clusters show phosphopeptide up-

regulations common to PTA (left graph) or 4N and PTA (right graph) clones. Log2 ratios were normalized to yield a SD
of 1 and a mean of 0 (z-score). Black lines indicate the optimal membership of 1; color-coding represents cluster
membership values. Note that clusters were formed based on peptides that showed significant deregulation in at least
one condition; statistical significance for all peptides is given in Supplemental Table Sé.

all phosphopeptides deregulated by at least twofold were filtered
using the CIN/cell division inclusion list (Supplemental Table S5), but
this revealed no proteins showing consistently altered phosphoryla-
tion across all PTA clones (unpublished data). In contrast, several
proteins related to mitotic spindle function and chromosome segre-
gation were identified whose phosphorylation was commonly al-
tered in both 4N and PTA clones (Figure 6A) and, to a lesser extent,
in trisomic clones (Figure 6B). These hits included regulators of
microtubule dynamics, kinetochore-microtubule interactions, cen-
trosome function as well as spindle assembly checkpoint signaling
(Figure 6, A and B). STRING network analysis of commonly deregu-
lated phosphopeptides also identified mitotic spindle- and chroma-
tin-related processes and processes related to DNA replication and
transcription (Figure 6, C-F).
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We conclude that a strong increase in chromosome number
leads to changes in the phosphoproteome related to spindle func-
tion and mitotic regulatory pathways, possibly reflecting stress
conditions triggered by the need to segregate large numbers of
chromosomes. In agreement with this conclusion, changes were
observed predominantly in both 4N and PTA clones and only to a
lesser extent in trisomic cells.

Drug sensitivity assays in cultures of DLD-1-derived cells

The above observations prompted us to ask whether adaptations of
mitotic functions to large gains of chromosomes might translate into
differential sensitivities to pharmacological inhibitors of spindle and
cell-cycle regulatory kinases. A collection of 38 well-annotated anti-
cancer agents, mostly targeting cell division-related protein kinases,
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FIGURE 6: Targeted analysis of protein phosphorylation in DLD-1-derived cells. (A, C, E, G) Dot plots showing the
phosphopeptide ratios (versus parental 2N cells) of detected proteins belonging to the CIN/cell division inclusion list
and showing at least twofold deregulation. Dots represent significant (p < 0.05) phosphopeptide log2 ratios. Proteins
related to mitotic spindle regulation and chromosome segregation are shown in bold. (B, D, F, H) STRING functional
network analysis of the data shown in A, C, E, and G. Nodal connections are based on a confidence value of 0.9 using
experimental and database evidence. Solid lines indicate intranetwork and dashed lines internetwork connections.

content was measured as an indirect readout for cell survival
(Kuznetsova et al., 2015). Most observed changes in drug sensitivity
were common to cells harboring large gains in chromosome mass

was used to perform drug sensitivity assays on all DLD-1-derived
cell lines (Figure 7A and Supplemental Table S8). Compounds were
tested in a concentration range of 0.32-32 uM, and intracellular ATP
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FIGURE 7: Drug sensitivity assays in cultures of DLD-1-derived cells. (A) Table shows the small molecule inhibitors and
their kinase targets, used in B and C. (B) Dot plots show the sensitivities (significance determined by unpaired two-tailed
t test) on the y-axes and the ICs differences (log ratios relative to the parental 2N DLD-1 cell line) on the x-axes, as
observed after adding compounds to the indicated cell cultures. Dashed lines demark the quadrants of significant
increases in sensitivity (top left), significant decreases in sensitivity (top right), and insignificant changes of ICs values
(bottom quadrants). Data in B are from three biological replicates. (C) Graphs show dose-response curves using the

Plk1 inhibitor Volasertib on the indicated cell cultures. Dashed lines indicate ICsq values. Table lists ICsq averages

from three biological replicates (see Supplemental Table S7) and p values for the indicated cell lines (unpaired two-tailed
t test).
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(Figure 7B and Supplemental Table S8). Specifically, both 4N and
PTA cultures showed increased resistance toward inhibitors of the
mitotic spindle kinase Aurora A (GSK-1070916) (Adams et al., 2010)
and the DNA-damage checkpoint kinase Chk1 (CHIR-124 and SCH-
900776) (Tse et al., 2007; Karp et al., 2012); additionally, the PTA
cultures were resistant to Roscovitine, an inhibitor of cyclin-depen-
dent kinases (Meijer and Raymond, 2003) (Figure 7B and Supple-
mental Table S8). This trend is reminiscent of previous reports on
multidrug resistance in response to aneuploidy (Lee et al.,, 2011;
Kuznetsova et al., 2015). However, we emphasize that both 4N and
PTA cultures showed increased sensitivity for two distinct com-
pounds targeting Plk1 (GSK-461364 and volasertib) (Shin et al.,
2015) (Figure 7B and C, Supplemental Table S8), arguing that multi-
drug resistance is unlikely to fully explain the resistance to Aurora A,
Chk1, and Cdk1 inhibitors. Likewise, we note that the phosphopro-
teome analyses of 4N and PTA cells revealed a tendency for in-
creased phosphorylation at both the Aurora A T-loop site (Eyers
et al., 2003) (Supplemental Figure S7 and Supplemental Table S5)
and the Plk1 T-loop site (T210) (Jang et al., 2002; Macirek et al.,
2008) (Supplemental Figure S7), while no alterations at Chk1 or
Cdk1 regulatory sites were observed (Smits and Gillespie, 2015;
Malumbres, 2014). This argues that major chromosome aberrations
trigger changes in the activities of Aurora A and Plk1 that, through
mechanisms not yet understood, confer altered sensitivities for the
corresponding inhibitors.

DISCUSSION

In this study, we have used proteomics approaches to analyze the
effects of chromosome gains and/or CIN on protein levels and
protein phosphorylation. To this end, we have generated and char-
acterized a syngeneic set of cell lines derived from DLD-1, a well-
established MIN colon cancer line. Specifically, our set of cells
comprised the parental diploid DLD-1 line (2N) and descendant tri-
somic (for chromosome 7; Tr 7), 4N, as well as four distinct PTA lines.
As shown by both genomic and proteomic analyses, as well as ex-
tensive cell biological characterizations, the 4N line exhibited a low
level of chromosome missegregation, comparable to the 2N line,
while all four PTA clones displayed elevated rates of missegregation
and hence a CIN phenotype. The two trisomic clones also showed
elevated levels of chromosome missegregation, but because these
errors frequently resulted in cell death, the trisomic cultures main-
tained an essentially stable karyotype.

Broadly speaking, we found that changes in chromosome copy
number exerted proportional effects on the expression of the
proteins encoded by the respective chromosomes, confirming that
human cells lack a global dosage compensation system for autoso-
mal aneuploidy. Furthermore, we found that the presence of extra
chromosomes in the 4N and PTA clones led to a deregulation of
proteins involved in protein degradation and folding, autophagy,
DNA damage, and oxidative stress response. So far, none of the
analysis tools applied to our data sets revealed a unifying protein or
phosphoprotein signature that could be considered specific for
CIN. This does not exclude the existence of such signatures, but it
suggests that their detection is difficult. One complicating factor is
that changes in proteins and phosphoproteins may exert combina-
torial effects. Thus, a given phenotype, that is, resistance to CIN,
may a priori be brought about by deregulation of different sets of
(phospho-)proteins in different PTA clones, provided that these
achieve a similar physiological outcome. Another problem relates to
the clonal heterogeneity of CIN cultures, which makes detection of
quantitatively minor changes in protein expression and/or phos-
phorylation patterns difficult.
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Importantly, our inclusion of a tetraploid line in all comparative
analyses led us to discover that both the proteomic and the phos-
phoproteomic signatures of 4N cells closely resembled those seen
in the four PTA lines. This key observation suggests that major
changes in ploidy already trigger a general proteomic and phos-
phoproteomic response, regardless of the degree of CIN. We
emphasize that these data on the effects of genome doubling and
aneuploidy fall in line with a recent comprehensive genomic study
on non-small cell lung cancer patients (Jamal-Hanjani et al., 2017),
strongly suggesting that genome doubling is an early clonal event
associated with frequent subclonal mutations and copy number al-
terations in a clinically relevant context. While we propose that the
(phospho-)proteome changes observed in our study reflect primar-
ily a response to mitotic stresses imposed by increased chromo-
some burden (see also Storchova et al., 2006), it is conceivable that
they also set the stage for increased tolerance toward chromosome
missegregation (Dewhurst et al., 2014; Kuznetsova et al., 2015). In
particular, initial changes triggered by increased chromosome num-
bers may confer increased robustness to the spindle, which may
then confer tolerance to CIN and facilitate the survival of emerging
clones. Because CIN might conceivably be triggered by a myriad of
distinct mechanisms, the identification of proteomic CIN signatures
remains a daunting task.

Most intriguingly, we observed changes in the protein levels of
type | interferon-signaling components in both 4N and PTA cells
(Figure 4, C and D, and Supplemental Figure S3B). To some extent,
this could be correlated with an increased presence of cytoplasmic
DNA (Supplemental Figure S3C) and increased phosphorylation of
DNA damage response proteins (Supplemental Figure S6, A and B).
These observations lend support to several recent studies that es-
tablish a link between aneuploidy-related chromosome lesions and
increased abundance of cytoplasmic DNA fragments, which then
trigger a DNA damage response and induction of type | interferon
signaling (Shen et al.,, 2015; Ho et al., 2016; Erdal et al., 2017).
Moreover, resistance to DNA-damaging cancer therapy has been
linked to an interferon-related DNA damage response (Weichsel-
baum et al., 2008). However, although we observed a general up-
regulation of interferon levels in 4N and PTA cells, STAT1 expression
was mostly down-regulated (Supplemental Figure S3B). Regardless
of the exact mechanisms underlying these changes, our data
suggest that elevated chromosome numbers will influence the im-
mune response to transformed cancer cells, regardless of the pres-
ence of CINT. This conclusion falls in line with a recent gene
expression analysis showing that hTERT-RPE1-derived cells with
complex karyotypes produce pro-inflammatory cytokines, which
was proposed to stimulate their clearance by the immune system
(Santaguida et al., 2017).

Regarding the changes in protein phosphorylation that could
be observed in 4N and PTA cells, these affected primarily the reg-
ulation of the mitotic spindle, transcription, translation, nuclear
pore-dependent transport, and DNA damage responses. A single
chromosome gain in trisomic cells (chromosome 7) showed similar,
albeit less pronounced responses. Of particular interest, we ob-
served altered phosphorylation of several proteins associated with
cell division (Figure 6 and Supplemental Figure S7A). For instance,
we observed strongly increased phosphorylation of the mitotic
proteins KIF20B and TPX2 (Figure 6, A and B) as well as the T-loops
of the mitotic kinases Aurora A (AURKA) and Plk1 (Supplemental
Figure S7B). KIF20B is a kinesin-related motor important for cyto-
kinesis and was previously found to be highly phosphorylated in M
phase (Abaza et al., 2003). TPX2, an activator of Aurora A, is fre-
quently deregulated in aneuploid cancer cells (Perez de Castro
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and Malumbres, 2013), and its overexpression was reported to
correlate with CIN (Carter et al., 2006). Aurora-A, in turn, is re-
quired for the activation of Plk1 (Jang et al., 2002; Macdrek et al.,
2008). Together, these data are consistent with the notion that in-
creased numbers of chromosomes require increased activity of
mitotic kinases to bring about chromosome segregation during
mitosis. This in turn may explain why 4N and PTA clones showed
distinct sensitivities for inhibitors of these kinases when compared
with the parental 2N clone (Figure 7). Although further research is
needed, these data raise the intriguing possibility that polyploid
and extensively hyperdiploid aneuploid cells might preferentially
be targeted by inhibitors that interfere with spindle regulatory en-
zymes. From a more general perspective, it seems legitimate to
hope that continued study of the phosphorylation dynamics of the
mitotic spindle phosphoproteome might eventually translate into
better clinical use of anti-cancer drugs.

MATERIALS AND METHODS

Cell culture

Colon carcinoma lines HCT116, RKO, HT29, SW480, and SW837 (a
gift from Stephen Taylor, University of Manchester, UK) were cultured
as previously described (Gascoigne and Taylor, 2008). Hela S3 cells
were grown in DMEM-Glutamax (Invitrogen, CA) supplemented
with 10% heat-inactivated fetal calf serum (FCS) (PAN Biotech, Aid-
enbach, Germany) and penicillin-streptomycin (Pen-Strep; 100 1U/
ml and 100 mg/ml; Life Technologies, Zug, Switzerland). hTERT-
RPE1 cells were cultured in F12 DMEM (Sigma Aldrich, MO) supple-
mented with 10% heat-inactivated FCS, L-glutamine (2 mM; PAN
Biotech, Aidenbach, Germany), sodium bicarbonate (0.35%; Sigma-
Aldrich, MO), and Pen-Strep. DLD-1 cells (2N and 4N) were kindly
provided by Spiros Linardopoulos (ICR, London, UK) and main-
tained as described (Drosopoulos et al., 2014). H2B-GFP cultures
were generated by retrovirus transduction, using a pLPCX- based
plasmid (Gascoigne and Taylor, 2008), selected in the presence of
2 pg/ml puromycin for 72 h and subsequently maintained in the
presence of 0.5 pg/ml puromycin. All lines were grown at 37°C in a
humidified 5% CO, incubator. DLD-1-derived PTA and trisomic
clones were generated as described below.

Generation of trisomic and PTA clones

To generate DLD-1 cells containing an additional chromosome 7,
microcell fusion was performed by microcell-mediated chromo-
some transfer, as previously described (Stingele et al., 2012). Clonal
populations arising from single cells after chromosome transfer were
isolated and further expanded in presence of 2 pg/ml puromycin
and G418 0.2 mg/ml.

Spontaneously arising posttetraploid aneuploidy (PTA) clones
were derived from a tetraploid DLD-1 parental culture (Drosopoulos
et al., 2014) by sorting according to DNA content, using a BD FACS
Avria cell sorter. 4N cells were harvested in trypsin, washed in phos-
phate-buffered saline (PBS), and resuspended for 30 min at 37° in
50 mg/ml RNase A and 1 mg/ml propidium iodine. After sorting,
single cells were placed into three 96-well plates and cultured in
medium without antibiotics. After visual inspection to ensure the
presence of single cells and 1 mo of clonal expansion, multiple
clones were obtained and four could be validated, by FACS, aCGH,
and chromosome spreads, as PTA clones.

Chromosome spreads

Cells were treated with 50 ng/ml colchicine (Sigma-Aldrich) for 5 h
and submitted to hypotonic swelling in 75 mM KCI at 37°C for
15 min. They were fixed by dropwise addition of ice-cold Carnoy
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solution (75% methanol and 25% acetic acid) and spread on a glass
slide. Slides were dried at 42°C and stained with 4/, 6-diamidino-
2-phenylindole (DAPI) (Life Technologies) or prepared for whole
chromosome fluorescence in situ hybridization (FISH).

Whole chromosome FISH

Multicolor FISH was performed using a DNA probe mixture, accord-
ing to manufacturer’s instructions (Chromosome specific painting
probe kit; ChromBios GmbH, Nussdorf, Germany). We used probes
directly labeled with red fluorochrome for chromosomes 3 and 5
and probes labeled with digoxin for chromosomes 4 and 7. In brief,
chromosome spreads were incubated with probe mixture (1 pl of
each probe, adjusted to 10 pl with HybMix buffer). After denatur-
ation at 72° for 6 min, slides were kept at 37° in a humid chamber
overnight. Slides were washed for 5 min in 2X saline sodium citrate
(SSC) solution and then for 1 min in prewarmed 70° 0.4X SSC, 0.1%
Tween solution, and, finally, in 4X SSC, 0.1% Tween solution for 5
min at room temperature. Then slides were incubated for 30 min at
37° with 100 pl fluorescein isothiocyanate (FITC) mouse anti-digoxin
(Jackson ImmunoResearch) solution (1:300 in 4X SSC/0.1% Tween)
and washed twice in 45° prewarmed 4X SSC/0.1% Tween solution
for 5-10 min. Finally, DAPI staining was performed and microscopic
analysis was carried out using Fiji for visual inspection of the images,
using a Deltavision instrument (see below).

Fluorescence microscopy and image processing

Cells were grown on coverslips and fixed in PTEMF buffer (20 mM
PIPES, pH 6.8, 0.2% Triton X-100, 10 mM egtazic acid [EGTA], 1 mM
MgCly, 4% formaldehyde). Z-stacks of randomly selected cells were
acquired using a DeltaVision microscope (GE Healthcare) on an
Olympus IX71 base (Applied Precision, WA), equipped with a Plan
Apochromat N 60x/NA1.42 oil immersion objective (Olympus) and
a CoolSNAP HQ2 camera (Photometrics). Deconvolution and
projection were done using SoftWorx software (GE Healthcare). Sta-
tistical analysis was performed on two to three independent experi-
ments and GraphPad Prism software was used for parametric
two-tailed t tests.

For time-lapse imaging, cells were monitored using a Nikon
ECLIPSE Ti microscope equipped with a CoolLED pE-1 illumination
system and a 20x/NAO0.75 air Plan Apochromat objective (Nikon) in a
climate-controlled environment. Images were acquired every 9 min
for 72 h. MetaMorph 7.7 software (MDS Analytical Technologies,
Sunnyvale, CA) was used for acquisition and processing of data.

Array-comparative genomic hybridization

aCGH was performed on DLD-1 cell lines (2N, 4N, PTA, and trisomic
clones) as previously described (Ruiz et al., 2011; Juskevicius et al.,
2016), with minor modifications. PTA clones were analyzed two pas-
sages after establishing the lines. In brief, 1 pg of sample DNA and
equal amounts of female reference genomic DNA (Promega 46/XX,
Madison, WI) were digested with DNasel to a size range of 200-500
base pairs. Subsequent labeling of sample and reference DNA with
Cy3-dUTP and Cy5-dUTP, respectively, was performed with the
BioPrime Array CGH Genomic Labeling System (Invitrogen, Carls-
bad, CA). Labeling efficiency was quantified by measuring the spe-
cific activity of the incorporated dyes with a Nanodrop (Thermo
Fischer Scientific, Waltham, MA). Reference and sample DNA were
mixed and hybridized to 180k CGH arrays (Agilent Technologies,
Santa Clara, CA) for 24 h in a rotating oven at 67°C. Microarray
slides were scanned with the Agilent 2565C DNA scanner and im-
ages were analyzed with Agilent’s Feature Extraction using default
settings. Feature extracted array CGH data were evaluated using
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Agilent’s CytoGenomics software v3.0.1.1. Aberrations were called
with the aberration detection algorithm ADM2 set to a threshold of
12.0, with Fuzzy Zero and GC-content (window size: 2kb) correction.
A minimum of three probes was necessary to call an aberration.

Cell proliferation assay

Cells were dispensed in 384-well plates at optimal density and cul-
tured for 24 h. Compound dilution series (log10) were performed in
duplicate, using a Biomek FX Lab Automation Workstation. Com-
pounds were diluted from stock solutions (100% dimethyl sulfoxide
[DMSO]) into 20 mM HEPES, such that 5 pl of compound dilution
could be added to 45 pl of cell suspension (resulting in final DMSO
concentrations of 0.4%). After 72 h, 24 pl of ATPlite 1Step (Perki-
nElmer, Groningen, The Netherlands) solution was added to each
well before plates were shaken for 2 min and incubated for 5 min in
the dark. Luminescence read out was performed on an Envision mul-
timode reader (PerkinElmer, Waltham, MA). For each cell line, the
maximum luminescence was recorded without compound (in
the presence of 0.4% DMSO) after incubation until t=72h or 120 h
(see Supplemental Table S8). Half-maximal inhibitory concentrations
(ICsps) were fitted by nonlinear regression using XLfit5 (four-parame-
ter method). A two-tailed Student's t test was performed to deter-
mine whether differences in sensitivity (AplCsg) were statistically sig-
nificant (p value < 0.1). Monitoring the influence of drugs on doubling
times revealed effects falling between 0.5 and 2 times the doubling
times measured in untreated cells.

Sample preparation and tandem mass tag labeling

Cells were cultured as described above and synchronized in G2/M
phase by incubating them for 24 h with 2 mM thymidine and, subse-
quently, for 12 h with STLC 10 pM. From each culture, 10° cells were
collected by mitotic shake off and centrifuged, and pellets were
washed twice with PBS. Cells were lysed in 200 pl lysis buffer (2%
sodium deoxycholate [DOC]), 0.1 M ammoniumbicarbonate) using
strong ultrasonication (two cycles of sonication S3 for 10's, Hielscher
Ultrasonicator). Protein concentration was determined by bicincho-
ninic acid (BCA) assay (Thermo Fisher Scientific) using a small sample
aliquot. Proteins (50 pg) were digested as described previously
(Ahrné et al., 2016), reduced with 5 mM Tris 2-carboxyethylphos-
phine (TCEP) for 15 min at 95°C, and alkylated with 10 mM iodo-
acetamide for 30 min in the dark at 25°C. After diluting samples with
100 mM ammonium bicarbonate buffer to a final DOC concentra-
tion of 1%, proteins were digested by incubation with sequencing-
grade modified trypsin (1/50, wt/wt; Promega, Madison, WI) over-
night at 37°C. Then, the samples were acidified with 2 M HCl to a
final concentration of 50 mM and incubated for 15 min at 37°C, and
the precipitated detergent removed by centrifugation at 10,000 x g
for 15 min. Subsequently, peptides were desalted on C18 reversed-
phase spin columns according to the manufacturer’s instructions (Mi-
crospin; Harvard Apparatus) and dried under vacuum. The dried
peptide samples were subsequently labeled with isobaric tags (TMT
10-plex, Thermo Fisher Scientific) according to the manufacturer’s
instructions. Owing to cofragmentation of coeluting peptide species
TMT quantification tends to underestimate the magnitude of pro-
tein abundance changes, but, as shown previously (Ahmé et al.,
2016), this does not compromise identification of deregulated pro-
teins. After pooling the TMT labeled peptide samples, peptides
were again desalted on C18 reversed-phase spin columns according
to the manufacturer’s instructions (Macrospin; Harvard Apparatus)
and dried under vacuum. TMT-labeled peptides were fractionated
by high-pH reversed-phase separation using a XBridge Peptide BEH
C18 column (3.5 pm, 130 A, 1 mm x 150 mm; Waters) on an Agilent
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1260 Infinity HPLC system. Peptides were loaded onto the column
in buffer A (ammonium formate [20 mM, pH 10] in water) and eluted
using a two-step linear gradient starting from 2%—10% in 5 min and
then to 50% (vol/vol) buffer B (90% acetonitrile/10% ammonium for-
mate [20 mM, pH 10]) over 55 min at a flow rate of 42 pl/min. Elution
of peptides was monitored with a UV detector (215 nm, 254 nm). A
total of 36 fractions were collected, pooled into 12 fractions using a
postconcatenation strategy as previously described (Wang et al.,
2011), dried under vacuum and subjected to liquid chromatography
(LC)-MS/MS analysis.

Mass-spectrometric analysis

The setup of the p reversed-phase liquid chromatography-MS system
was as described previously (Ahmé et al., 2016). Chromatographic
separation of peptides was carried out using an EASY nano-LC 1000
system (Thermo Fisher Scientific), equipped with a heated reversed-
phase-HPLC column (75 pm x 37 cm) packed in-house with 1.9 ym
C18 resin (Reprosil-AQ Pur, Dr. Maisch). Aliquots of 1 ug total pep-
tides were analyzed per LC-MS/MS run, using a linear gradient rang-
ing from 95% solvent A (0.15% formic acid, 2% acetonitrile) and 5%
solvent B (98% acetonitrile, 2% water, 0.15% formic acid) to 30%
solvent B over 90 min at a flow rate of 200 nl/min. Mass spectrometry
analysis was performed on a Q-Exactive HF mass spectrometer
equipped with a nanoelectrospray ion source (both Thermo Fisher
Scientific). Each MS1 scan was followed by high-collision dissociation
of the 10 most abundant precursor ions with dynamic exclusion for
20 s. Total cycle time was ~1 s. For MS1, 3eé ions were accumulated
in the Orbitrap cell over a maximum time of 100 ms and scanned at
a resolution of 120,000 full width at half maximum (FWHM) (at
200 m/z). MS2 scans were acquired at a target setting of 1e5 ions,
accumulation time of 100 ms, and a resolution of 30,000 FWHM (at
200 m/z). Singly charged ions and ions with unassigned charge state
were excluded from triggering MS2 events. The normalized collision
energy was set to 35%, the mass isolation window was set to 1.1 m/z,
and one microscan was acquired for each spectrum.

Database searching and protein quantification

The acquired raw files were converted to the mascot generic file
(mgf) format using the msconvert tool (part of ProteoWizard, version
3.0.4624 [2013-6-3]). Using the MASCOT algorithm (Matrix Science,
Version 2.4.1), the mgf files were searched against a decoy database
containing normal and reverse sequences of the predicted Swis-
sProt entries of Homo sapiens (www.ebi.ac.uk), the six calibration
mix proteins (Ahrné et al., 2016), and commonly observed contami-
nants (in total 84,610 sequences for Homo sapiens) generated using
the SequenceReverser tool from the MaxQuant software (version
1.0.13.13). The precursor ion tolerance was set to 15 ppm, and frag-
ment ion tolerance was set to 0.02 Da. The search criteria were set
as follows: full tryptic specificity was required (cleavage after lysine
or arginine residues unless followed by proline), three missed cleav-
ages were allowed, and carbamidomethylation (C) and TMTéplex (K
and peptide n-terminus) were set as fixed modification and oxida-
tion (M) as a variable modification. Next, the database search results
were imported to the Scaffold Q+ software (version 4.3.2; Proteome
Software, Portland, OR) and the protein false identification rate was
set to 1% based on the number of decoy hits. Specifically, peptide
identifications were accepted if they could be established at greater
than 96.0% probability to achieve an FDR less than 1.0% by the scaf-
fold local FDR algorithm. Protein identifications were accepted if
they could be established at greater than 77.0% probability to
achieve an FDR less than 1.0% and contained at least one identified
peptide. Protein probabilities were assigned by the Protein Prophet
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program (Nesvizhskii et al., 2003). Proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony. Proteins
sharing significant peptide evidence were grouped into clusters. Ac-
quired reporter ion intensities in the experiments were employed
for automated quantification and statically analysis using a modified
version of our in-house developed SafeQuant R script (Ahrné et al.,
2016). In a first step, missing values were replaced by half of the
global minimum among TMT intensities or label free quantification
MS1 intensities (Webb-Robertson et al., 2015). In the TMT experi-
ments the spectrum level quantification matrix included approxi-
mately ~2% missing values per sample. In the phospho label-free
quantification experiments, each run had ~7% missing values. The
subsequent analysis included adjustment of reporter ion intensities,
global data normalization by equalizing the total reporter ion inten-
sity across all channels, summation of reporter ion intensities per
protein and channel, calculation of protein abundance ratios, and
testing for differential abundance using empirical Bayes moderated
tstatistics. Finally, the calculated p values were corrected for multiple
testing using the Benjamini-Hochberg method.

Phosphoproteome analysis

Cells, synchronized as described above, were collected by mitotic
shake off and lysed in 8 M urea (Sigma) and 0.1 M ammonium bicar-
bonate in the presence of phosphatase inhibitors (Sigma P5726 and
P0044). Protein lysate (2 mg) was digested with trypsin, cleaned up
using an C18 column, and enriched for phosphorylated peptides
using titanium dioxide beads as previously described (Schmutz
et al., 2013). After C18 cleanup, peptides (1 pg) were LC-MS ana-
lyzed as described above. The acquired raw files were imported into
the Progenesis Ql software (v2.0; Nonlinear Dynamics Limited),
which was used to extract peptide precursor ion intensities across all
samples applying the default parameters. The generated mgf-files
were searched using MASCOT as described above, using the fol-
lowing search criteria: full tryptic specificity was required (cleavage
after lysine or arginine residues, unless followed by proline); three
missed cleavages were allowed; carbamidomethylation (C) was set
as fixed modification; oxidation (M) and phosphorylation (STY) were
applied as variable modifications; mass tolerance of 10 ppm (pre-
cursor) and 0.02 Da (fragments). The database search results were
filtered using the ion score to set the FDR to 1% on the peptide and
protein level, respectively, based on the number of reverse protein
sequence hits in the data sets. The relative quantitative data ob-
tained were normalized and statistically analyzed using our in-house
script as described above (Ahrné et al., 2016).

Enrichment analysis

For all relative protein quantifications, the DLD-1 2N line was used
as a standard. The quantified proteins were sorted by increasing p
value and the 300 most significantly deregulated proteins, as well as
the 500 most deregulated phosphopeptides for each cell line, were
subjected to functional enrichment analysis. To this end, Biological
Process Gene Ontology (GO) (Ashburner et al., 2000) annotations
were mapped to all identified proteins using the R package GO.db
v.3.4.1. Next, GO-term enrichment was investigated for each set of
300 deregulated proteins with respect to the set of nonderegulated
proteins. Here the R package topGO was used, setting the nodeSize
filter to 10 and calculating enrichment p values for each GO term
using a one-sided Fisher’s exact test (Alexa et al., 2006). Similarly,
enrichment of CIN/cell cycle and OG/TSG inclusion lists among
deregulated proteins, with respect to the set of nonderegulated
proteins, was assessed using a one-sided Fisher's exact test. The
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CIN/cell-cycle inclusion list was created by compiling hits identified
from previous studies. In particular, this list included the identifiers
from CIN70 gene expression data (Carter et al., 2006); 572 validated
mitotic genes from the Mitocheck consortium www.mitocheck.org
(Neumann et al., 2010); and all the identifiers corresponding to
mitotic and cell cycle related GO terms (included GO identi-
fiers: GO:0007094, GO:0007051, GO:0005828, GO:0005813,
G0:0007059, GO:0005813, GO:0007049, and GO:1905115. Anno-
tation source www.uniprot.org). OGs and TSGs list was previously
published in Davoli et al. (2017) (http://science.sciencemag.org/
content/355/6322/eaaf8399. full).
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