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Extra chromosome copies markedly alter the physiology of eukaryotic cells, but the underlying

reasons are not well understood. We created human trisomic and tetrasomic cell lines and

determined the quantitative changes in their transcriptome and proteome in comparison with their

diploid counterparts. We found that whereas transcription levels reflect the chromosome copy

number changes, the abundance of some proteins, such as subunits of protein complexes and

protein kinases, is reduced toward diploid levels. Furthermore, using the quantitative data we

investigated the changes of cellular pathways in response to aneuploidy. This analysis revealed

specific and uniform alterations in pathway regulation in cells with extra chromosomes. For

example, the DNA and RNA metabolism pathways were downregulated, whereas several pathways

such as energy metabolism, membrane metabolism and lysosomal pathways were upregulated. In

particular, we found that the p62-dependent selective autophagy is activated in the human trisomic

and tetrasomic cells. Our data present the first broad proteomic analysis of human cells with

abnormal karyotypes and suggest a uniform cellular response to the presence of an extra

chromosome.
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Introduction

Aneuploidy is detrimental to eukaryotic cells. Chromosome

number changes are the main cause of spontaneous mis-

carriages and surviving embryos are born with severe

disabilities, but the reasons for the incompatibility of the

karyotype changes with normal development are not well

understood (Hassold et al, 2007). Cells isolated from patients

with Down syndrome (trisomy of chromosome 21) grow

substantially slower (Segal and McCoy, 1974) and addition of

even a single chromosome to mouse cells causes multiple

defects, such as growth delay or increased sensitivity to certain

drugs (Williams et al, 2008; Tang et al, 2011). Abnormal

karyotypes were also shown to affect cell physiology in yeasts

and plants. Addition of chromosomes leads to growth defects

(Torres et al, 2007), phenotypic variability (Selmecki et al,

2006; Pavelka et al, 2010; Chen et al, 2012) and increased

genome instability that likely contributes to evolution (Niwa

et al, 2006; Selmecki et al, 2006; Huettel et al, 2008; Sheltzer

et al, 2011). On the other hand, variable aneuploid karyotypes

can be found in tumors without an obvious adverse effect on

cell proliferation and it has been hypothesized that aneuploidy

facilitates tumorigenesis (Storchova and Pellman, 2004).

Despite the frequent occurrence of aneuploidy and its link to

pathological states, molecular mechanisms underlying the

observed phenotypes remain unclear.

One of the important questions is how the presence of an

extra chromosome affects the mRNA and protein content of a

cell, and what is the physiological response to these changes.

Transcriptome profiling suggests that the mRNA levels from

genes encoded on the extra chromosomes mostly scale up

proportionally with the gene copy numbers in various

organisms such as in vitro generated aneuploid yeast, mouse

and human cells (Upender et al, 2004; Torres et al, 2007;

Williams et al, 2008), pathogenic Candida strains (Selmecki

et al, 2006) and aneuploid plants (Makarevitch et al, 2008).

Other reports suggest a feedback control that buffers the

mRNA levels of amplified or underrepresented chromosomal

regions in naturally occurring aneuploid yeast strains (Kvitek

et al, 2008), plants (Birchler et al, 2005) or in Drosophila

with partial or whole chromosomal aneuploidy (Stenberg et al,

2009). Detailed analysis of Down syndrome patients suggests

that the transcription levels of some of the genes on
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chromosome 21 are compensated as well (Aı̈t Yahya-Graison

et al, 2007). So far, only little is known about the changes in

protein content and pathway regulation in aneuploid cells.

Recent studies in aneuploid budding yeasts yielded partially

contradictory results. On one hand, an artificial introduction of

a single chromosome into haploid cells led to a growth delay,

general stress response and proteotoxic stress (Torres et al,

2007). Moreover, mRNAs and proteins coded on the disomes

were expressed proportionally to the chromosome copy

numbers with exception of the protein levels of subunits of

multimolecular complexes that were partially compensated to

maintain the stoichiometry (Torres et al, 2010). On the other

hand, meiotically generated multi-chromosome aneuploidy

resulted in a proportional scaling of protein expressionwith no

significant compensation of the abundance of subunits of

protein complexes, and no indications of proteotoxic stress or

general stress response were identified (Pavelka et al, 2010).

No similar analysis has been performed in human aneuploid

cells so far.

To uncover the fate of the transcripts and proteins encoded

on the extra chromosome and to investigate the global changes

in human cells in response to supernumerary chromosomes,

we created model tri- and tetrasomic cells derived from two

different human chromosomally stable cell lines, HCT116 and

RPE-1. We quantified the changes of genome, transcriptome

and proteome and determined specific pathways whose

regulation is altered in these cell lines. This analysis suggests

a specific cellular response to the presence of extra chromo-

somes in human cells. In particular, we show that p62-

dependent autophagy is activated in cell lines with extra

chromosomes, where it may contribute to the maintenance of

normal protein levels.

Results

Generation and characterization of human

trisomic and tetrasomic cell lines

A detailed analysis of aneuploidy in human cells is hampered

by the lack of an appropriate model with matching diploid and

aneuploid cells. To circumvent this limitation, chromosome

transfer via micronuclei was used to add an extra chromosome

into HCT116 (Haugen et al, 2008) or HCT116 stably expressing

H2B-GFP (Supplementary Figure S1A). This approach gener-

ated cognate trisomic and tetrasomic derivatives that carry

additional copies of chromosome 3 (labeled HCT116 3/3) or

chromosome 5 (trisomy: HCT116 H2B-GFP 5/3, tetrasomy:

HCT116 5/4 and HCT116 H2B-GFP 5/4). HCT116 is a

transformed cell line with several previously identified

chromosomal changes such as the chromosome Y loss and

amplified regions of chromosomes 8, 10 and 17 (Masramon

et al, 2000). These aberrancies are mostly present in the new

aneuploid cell lines (Supplementary Figure 1B) and thus likely

do not affect the results. Nevertheless, to strengthen our

analysis and to overcome this possible drawback, we

generated cell lines trisomic for chromosomes 5 and 12, and

another cell line trisomic for chromosome 21, both derived

from the diploid primary epithelial cell line RPE-1 that

was immortalized by the expression of hTert and that

lacks substantial chromosomal aberrancies. The successful

chromosome transfer was verified by chromosome paints

(Figure 1A), comparative genomic hybridization (CGH) and

multicolor fluorescence in situ hybridization (Supplementary

Figure S1B and C). The analysis confirmed that original cell

lines and their derivatives differ only by copy number of a

specific chromosome.

All trisomic and tetrasomic cell lines display marked growth

impairment as previously observed (Segal and McCoy, 1974;

Guo and Birchler, 1994; Torres et al, 2007; Williams et al,

2008), with tetrasomic cell lines growing significantly slower

than the trisomic ones (Figure 1B). We found that the

aneuploid cells progress slowly and less synchronously

through G1 and S phase, with a delay of 5 and 4h,

respectively (Figure 1C). On the contrary, the progression

through G2 phase and mitosis is not noticeably affected

(Figure 1C; Supplementary Figure S1D and E) and there

is no marked accumulation of dead and non-proliferating

cells (Supplementary Figure S1F and G). Similar delay in cell-

cycle progression was observed in the RPE-1 5/3 12/3

(Supplementary Figure S1H). Thus, the presence of an extra

chromosome impairs the growth of human cells.

Comparison of genome, transcriptome and

proteome of cells containing extra chromosomes

Using the series of isogenic diploid and aneuploid cell lines we

asked how the mRNA and protein levels changed in response

to the chromosome copy number changes. We examined the

tetrasomic cell line HCT116 5/4, which guaranteed larger

dynamic range of measured changes than in trisomic cells. To

quantify the DNA levels, we used high-resolution CGH

(Supplementary Table S1). To measure the corresponding

mRNA, we determined the medians from microarray analysis

of three independent samples (Supplementary Table S1). To

compare the protein levels, we used stable isotope labeling

with amino acids in cell culture (SILAC) followed by high-

resolution mass spectrometry (Ong et al, 2002) and quantified

the proteome to a depth of B6000 proteins (Supplementary

Table S1). In total, we performed three biological replicates

with six measurements for HCT116 5/4; all other cell lines

were analyzed less extensively (up to three biological

replicates, see Supplementary Table S1). The analysis of

variability in technical and biological replicates demonstrated

high quantification accuracy and reproducible measurements

for all experiments including the reverse labeling, with

Pearson correlation factors between 0.64 and 0.90 (Supple-

mentary Figure S2A). We then determined the medians of

quantitative protein changes. The log2 ratios of aneuploid-

to-diploid abundance changes of DNA, the corresponding

mRNAs and the proteins were matched directly using the

annotated chromosomal positions (Figure 2A; Supplementary

Figure S2B). In the case of equal levels in aneuploid and

diploid cells, we expect the median aneuploid-to-diploid ratio

(log2) to be 0 and this is observed for all DNA, mRNA and

proteins coded on the disomes (DNA: 0.005, median mRNA:

� 0.03; proteins: � 0.06; Figure 2B). The median ratio of

mRNAencoded on the tetrasomic chromosome 5 is 1.09—very

close to the expected value of 1.0—but in contrast, the median

ratio of protein level changes is only 0.69 (Figure 2B). Indeed,
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53 out of 197 proteins (27%) coded on the tetrasomic

chromosome 5 are present at levels expected for disomes

(median of diploid levels±twice the standard deviation). The

calculated median of protein abundance of these 53 proteins is

0.26, whereas themedian of the correspondingmRNAs is 1.16,

further strengthening the idea that their expression is adjusted

at the protein level. Similarly, 25% of proteins coded on

chromosome 3 are present at diploid levels in HCT116 3/3

(Supplementary Table S1). We determined that the proteins

coded on the multisomic chromosome are present at a lower

level than expected in all analyzed cell lines (Supplementary

Figure S3). In conclusion, whereas the mRNA expression

corresponds to the increased chromosome copy numbers,

approximately a quarter of the proteins are present at levels

lower than expected and more similar to the disomic levels.

Specific proteins are maintained at stoichiometric

levels

The fact that most proteins coded on the extra chromosomes

are more abundant than proteins from diploid chromosomes

indicates that there is no general efficient mechanism for ‘gene

dosage compensation’ of the analyzed tri- or tetrasomies.
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Figure 1 Characterization of HCT116 and its tri- and tetrasomic derivatives. (A) Chromosome paints of used tri- and tetrasomic cell lines. Bar—10 mm. (B) Growth
curves of tri- and tetrasomic cell lines in comparison with their diploid counterparts. Each point represents the mean with standard deviation of three independent
experiments. (C) Cell-cycle progression of HCT116 (left panel) and HCT116 5/4 (right panel) after release from thymidine block, analyzed by flow cytometry. The major
delay occurs in the G1 and the S phase. The length of each cell-cycle phase is indicated above the graph. Population was considered to enter a specific phase of cell
cycle if at least 50% of cells showed corresponding DNA content. See also Supplementary Figure S1. Source data is available for this figure in the Supplementary
Information.
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Nevertheless, a remarkable proportion of these proteins are

present at levels lower than expected according to the gene and

mRNAcopy numbers, suggesting that some proteins or protein

categories might be adjusted to normal abundance. A long

standing hypothesis posits that free subunits of multimole-

cular complexes may be degraded in cells (see e.g., Goldberg

and Dice, 1974 and Guialis et al, 1979). Analysis of our

data confirmed that the abundances of subunits of protein

complexes (as annotated in the CORUM database; Ruepp et al,

2010) that are encoded on the tetrasomic chromosome are

lower than expected based on the gene copy number, andmore

similar to the protein abundances observed in the parental cell

line HCT116; the median of proteins of CORUM complexes

coded on chromosome 5 is shifted down to 0.43 (Figure 3A).

A similar shift toward the diploid levels for the CORUM-

annotated proteins can be detected in all analyzed cell lines

(Supplementary Figure S4A). We examined 14 different

macromolecular complexes with at least one subunit coded

on the tetrasomic chromosome and found that 8 of them

(57%) maintain stoichiometry by decreasing the protein

abundance close to the normal, disomic levels, while the

mRNA levels vary (Figure 3B; Supplementary Figure S4B;

Supplementary Table S3).

Moreover, we found that protein kinases coded on the

supernumerary chromosomes shift toward near-diploid

expression levels in HCT116 5/4 as well (Figure 3C).

Interestingly, the abundance distribution shows a bi-modal

pattern. Remarkably, the uncompensated kinases are prefer-

entially associated with pathways that we determined to be

globally upregulated in aneuploid cells (e.g., JNK2, see

below); other kinases coded on chromosome 5 were present

at near-diploid levels. A similar trend was observed in other

cell lines, but the limited number of proteins did not allow

evaluation of the statistical significance of these changes. In

conclusion, trisomic and tetrasomic human cells maintain

normal levels of proteins coded on chromosomes present in

extra copies, but the levels are adjusted only for specific classes

of proteins.

General cellular response to the presence of extra

chromosomes in human cells

Next, we asked how aneuploidy affects global pathway

regulation. To this end, we used a recently developed software

called ‘2-D annotation enrichment analysis’ (see Supple-

mentary Information). For each clone, we identified all

significantly altered pathways (as defined by Gene Ontology

categories, KEGG pathways and CORUMdatabase) and ranked

the relative abundance changes of proteins within the category

compared with the complete measured data set. The resulting

score is on the scale from � 1 to þ 1, where the pathways close
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to � 1 are most downregulated and pathways close to þ 1

are most upregulated (see Supplementary Information for

further details). Plotting these calculated scores revealed

remarkable similarities in pathway regulation among the

analyzed aneuploid cell lines (Figure 4A and B).We found that

pathways involved in DNA and RNA metabolism, such as

replication, DNA repair, transcription and mRNA processing,

were significantly downregulated (Figure 4A, B and D;

Supplementary Figure S5A), which is consistent with the

observed growth delay in the G1 and S phase (Figure 1C;

Supplementary Figure S1D, E and H). Upregulated categories

identified in all analyzed cell lines included pathways required

for lipid and membrane biogenesis, endoplasmic reticulum,

Golgi vesicles and lysosome functions as well as energy

metabolic pathways such as mitochondrial respiratory

metabolism and carbohydrate metabolism (Figure 4A–C;

Supplementary Figure S5A). Remarkably, the 2-D enrichment

analysis of the transcriptome data determined similar changes

in the pathway regulation, suggesting that the pathway

response cannot be caused by a bias in protein detection

(Supplementary Figure S5B and C). The observed alterations

in pathway regulation were not an artifact of the chromosome

number changes, since excluding the proteins coded on

chromosome 5 from the analysis did not affect the identified

pathways (Supplementary Figure S5D). Additionally, we

found a remarkable overlap in pathway alterations between

all RPE-1- and HCT116-derived trisomic and tetrasomic cell

lines (Figure 4B; Supplementary Figure S5A). Taken together,

the uniformity of the response in different human trisomic and

tetrasomic cells demonstrates that the presence of an extra

chromosome itself, and not individual chromosome or cell

types, is an important determinant of the general cellular

response.

Autophagy is activated in aneuploid cells

The analysis of the altered pathways indicates that lysosome

proteins are upregulated in all aneuploid cell lines (Figure 4C;

Supplementary Figure S5). The lysosome is essential for

autophagy, a pathway involved in removal of damaged or

superfluous proteins and organelles (He and Klionsky, 2009).

A detailed analysis of the proteins involved in autophagic

processes suggested that autophagy might be more active in

aneuploid cell lines (Figure 5A). To substantiate this finding,

we performed functional analysis of autophagy in aneuploid

cells in comparison with parental diploid cell lines. By

immunofluorescence, we observed an increased number of

LC3 foci in HCT116 5/4 in comparison with HCT116

(Figure 5B). Similarly, immunoblot analysis of protein lysates

from aneuploid clones showed accumulation of the autophagy

marker LC3-II (Figure 5C), which is the lipidated form of LC3
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that is conjugated to phosphatidylethanolamine (PE) when

integrated into the membrane destined for autophagosomes

(Kabeya et al, 2000). By monitoring the doubly tagged mRFP-

GFP-LC3 (Kimura et al, 2007) we found that the turnover of

LC3 in aneuploid clones is similar to that of the diploid control

(Figure 5D and E) and can be blocked by inhibition of

autophagy with Bafilomycin A1 (Supplementary Figure S6), a

drug inhibiting the acidification of lysosomes and fusion of

autophagosomes to lysosomes (Klionsky et al, 2008). This

confirms that the elevated numbers of autophagosomes are

not due to a defect in autophagosome-to-lysosome fusion, but

indeed due to autophagy activation. In conclusion, our data

suggest that autophagy is activated in trisomic and tetrasomic

human cells.

Markedly, the expression of p62/sequestosome (SQSTM1)

was enhanced in all analyzed trisomic and tetrasomic cells

(Figure 5C). p62 is a cytoplasmic stress response receptor that

is activated by various cellular stresses such as oxidative stress

(for review, see Lamark and Johansen, 2009). Misfolded or

damaged ubiquitylated proteins are sequestered by p62 into

aggregates, and targeted to autophagy via a direct interaction

with LC3 (Pankiv et al, 2007). Immunoblotting (Figure 5C) as
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negative values indicate downregulation, positive values indicate upregulation. See Supplementary Information for further details. (B) Pathway alterations identified in
HCT116 and RPE-1 cells show similar trends. (C, D) Box-plots of all proteins within representative categories identified as significantly altered by the two-dimensional
annotation enrichment analysis. Examples of upregulated (lysosome, carbohydrate catabolic process) and downregulated (spliceosome, chromatin remodeling)
pathways show uniform response among all cell lines with extra chromosomes. All differences between DNA and protein levels are statistically significant (unpaired
T-test with Welch’s correction, Po0.05). For more information, see also Supplementary Figure S4 and Supplementary Table S2.
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well as immunofluorescence staining showed a significant

increase in p62 levels, which could be further enhanced by

treatment with Bafilomycin A1 (Figure 6A). Moreover, indirect

immunofluorescence revealed an increased co-localization of

p62- and ubiquitin-positive foci in both the HCT116- and the

RPE-1-derived cell lines, which is also enhanced by Bafilomy-

cin (Figure 6B; Supplementary Figure S7A and B). Thus, our

results suggest that cells with supernumerary chromosomes

accumulate ubiquitylated proteins in the cytoplasm, likely as a

consequence of the protein imbalance. The increase of p62-

dependent autophagy could provide a new understanding

of the pathways that allow aneuploid cells to maintain

protein homeostasis despite chronic elevated expression of

multiple genes.

Discussion

To investigate the response of human cells to the presence of

extra chromosomes, we generated human tri- and tetrasomic

cell lines derived from diploid chromosomally stable cell lines

HCT116 and RPE-1. The presence of additional chromosomes

resulted in significant growth defect in particular in the G1

and S phase, further confirming the adverse effects of extra
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chromosomes on cellular growth that was observed in cells

derived from Down syndrome patients (Segal and McCoy,

1974) or yeast and mouse cells with extra chromosomes

(Torres et al, 2007; Williams et al, 2008). The cause of the

growth delay remains unclear, but it has been proposed that it

might result from a lack of energy, as these cells produce and

degrade more proteins (Torres et al, 2007). Alternatively, the

progression through the cell cycle might be delayed due to

abnormal levels of cell-cycle regulators. Interestingly, highly

aneuploid cancer cells do not show significant growth defects

that would correlate with the extent of chromosomal altera-

tions. This suggests that cells can adapt to the abnormal

karyotype, and indeed, disomy tolerating mutations were

recently identified in budding yeast (Torres et al, 2010). Our

model tri- and tetrasomy cell lines provide a useful tool to

identify the adaptations to abnormal karyotype in human cells

and compare them with mutations frequently found in highly

aneuploid cancers.

The comparison of DNA, mRNA and protein levels revealed

that whereas mRNA abundance increases accordingly to the

chromosome copy number changes, the abundance of B25%

of the proteins coded on the extra chromosomes is lower than

expected. This adjustment of the protein abundance is found

specifically for protein kinases and subunits of protein

complexes. Our results show that the previous notion that

multimolecular complexes often maintain stoichiometric

levels despite excess of one of the subunits can be generalized

to most protein complexes. This question has been so far

addressed only in budding yeast. On one hand, analysis of

macromolecular complexes in disomic budding yeast revealed

partial compensation of subunits of macromolecular com-

plexes (Torres et al, 2010), whereas another study found no

significant dosage changes in the protein abundance in

budding yeast with complex aneuploid karyotype (Pavelka

et al, 2010). Although some of these differencesmight be due to

the technical issues as the changes in gene expression in

aneuploids are subtle, another possible explanation is that in

cells with multiple aneusomies more than one subunit of a

multimolecular complex may be expressed at increased level.

This would make the stoichiometry maintenance more

complex and difficult to detect. Our results suggest that in

human trisomic and tetrasomic cells the stoichiometry of

protein subunits is often maintained despite the changes in

gene copy numbers. Further analysis will be required to

determine the underlying mechanisms.

Next, we askedwhether there are global changes in pathway

regulation in response to aneuploidy. Several pathways linked

to RNA and DNA metabolism as well as cell-cycle regulators

were strongly downregulated. This is in accordance with the

growth defect of the model aneuploid cell lines. On the other

hand,we observed upregulation of carbohydrate and oxidative

metabolic processes, membranemetabolism, vesicle transport
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and lysosome-related pathways. Neither general stress

response pathways nor heat-shock response was activated,

supporting the idea that chronic protein overexpression does

not trigger the same stress response as an acute proteotoxic

stress (Gidalevitz et al, 2006). Remarkably, the changes in

pathway regulation were very similar in all HCT116- and RPE-

1-derived cell lines. Thus, this first pathway analysis in human

trisomic and tetrasomic cells showed that there is a general

cellular response to abnormal karyotype regardless of the type

of chromosome or origin of the cells. As the trisomy of

chromosome 21 elicits the same signature response, one can

hypothesize that some of these alterations might contribute to

the pathology of the Down syndrome. It should be noted that

some of the observed changes in pathway regulation might

be an indirect consequence of the altered phenotypes of

aneuploid cells, such as the growth defect.We propose that the

effect is rather modest, because the changes in pathway

regulation are not proportional to the growth defects.

Previously, a transcriptional analysis of yeast disomic strains

revealed general environmental stress response (Torres et al,

2007), whereas no aneuploidy-specific signature was identi-

fied in budding yeast strains with complexwhole chromosome

aneuploidies (Pavelka et al, 2010). Thus, it will be important to

compare the identified signature response with pathway

regulation changes in human cells with more complex

aneuploid karyotypes.

The existence of specific response to aneuploidy suggests

that aneuploidy itself might be a useful target in cancer

therapy. Markedly, the pathways identified by our approach

indeed point to the growth requirements of aneuploid cells.We

found upregulation of energy metabolism pathways and

increased activation of autophagy in human trisomic cell

lines, which corresponds with the recent finding that the

energy stress inducer 5-aminoimidazole-4-carboxamide ribo-

side (AICAR) and the autophagy inhibitor chloroquine impair

the growth of trisomic mouse cells (Tang et al, 2011).

Autophagy inhibiting drugs are considered for cancer therapy,

and human tri- and tetrasomic cell lines might provide a useful

model for elucidating the molecular mechanisms underlying

their effect.

What is the function of autophagy activation in human tri-

and tetrasomic cell lines? Autophagy increases in response to

nutrient deprivation, which might exist in human cells with

extra chromosomes since they activate energy metabolism

pathways. However, starvation-induced autophagy usually

results in decreased levels of p62 due to its increased turn-over,

whereas we identified elevated amounts of p62 in all analyzed

tri-and tetrasomic human cell lines. We propose that the

p62-mediated selective autophagy is specifically activated to

maintain protein homeostasis in cells with extra chromo-

somes. Future research should address how autophagy is

activated in aneuploid cells and whether it contributes to the

dosage compensation of proteins that are coded on the extra

chromosomes.

In summary, model human tri- and tetrasomic cell lines

presented in this study provide a novel system to analyze

the cellular response to the presence of an extra chromo-

some. Identification of pathways altered in the cell lines

with supernumerary chromosome may help to elucidate

the pathological changes associated with aneuploidies and

identify possible treatments for related pathologies such as

trisomy syndromes or cancer.

Materials and methods

Cell lines

The cell lines HCT116, HCT116 5/4 and HCT116 3/3 were kindly
provided by Minoru Koi, Baylor University Medical Centre, Dallas, TX,
USA. The cell line RPE-1 hTERT (hereafter RPE-1) and RPE-1 hTERT
H2B-GFP were a kind gift of Stephen Taylor (University of Manchester,
UK). HCT116 H2B-GFPas well as RPE-1-derived cell lines were created
in our laboratory. HCT116 H2B-GFP was generated by lipofection
(FugeneHD, Roche) of HCT116 (ATCC No. CCL-247) with pBOS-H2B-
GFP (BD Pharmingen) according to manufacturer’s protocols. All tri-
and tetrasomic cell lines were generated by microcell fusion as descri-
bed below. The donor mouse cell lines A9(Neo5) were purchased from
the Health Science Research Resources Bank (HSRRB), Japan; the
donormouse cell line for a transfer of chromosome 21was a kind gift of
Professor Oshimura, Tottori University, Japan. All cell lines were
maintained at 371C with 5% CO2 atmosphere in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS),
100U penicillin and 100U streptomycin. The cell lines HCT116 3/3,
HCT116 H2B-GFP 5/3, HCT116 H2B-GFP 5/4, RPE-1 5/3 12/3, RPE-1
3/3, RPE-1 H2B-GFP 21/3 and A9(Neo5) were grown in media
supplemented with 400 mg/ml G418. The cell line HCT116 5/4 as well
as the cell lines stably transfected with H2B-GFP were grown in media
supplemented with 6 mg/ml blasticidin S. Before each experiment, tri-
and tetrasomic cells were grown for two passages in medium lacking
the antibiotics to avoid any effect on protein levels.

Antibodies and reagents

As primary antibody anti-LC3 (115-3) from Medical & Biological
Laboratories, anti-p62 from BD Transduction Laboratories (610832,
for western blot), anti-p62 from Progen (GP62-C, for Immunofluores-
cence), anti-Ubiquitin (P4D1) from Santa Cruz, anti-b-Tubulin
(ab21057) from Abcam, anti-Cyclin B (05-373) from Millipore and
anti-GAPDH (ab9483) from Abcam were used. As secondary anti-
bodies for western blotting, we applied goat anti-mouse IgG HRP
affinity purified PAb (HAF007) and donkey anti-goat IgG HRP affinity
purified PAb (HAF109) from R&D systems, Minneapolis, USA. For
immunofluorescence analysis, we used anti-mouse FITC (Abcam),
anti-guinea pig dylight649 and anti-mouse dylight649 (Jackson
ImmunoResearch). 5mg/ml tunicamycin (Sigma) in dimethylsulfoxide
(DMSO) was used to induce autophagy in HCT116. Bafilomycin
(Sigma) was applied for 16–18 h to a final concentration of 50nM.

Microcell fusion

To generate cell lines containing an additional chromosome, microcell
fusion (Supplementary Figure S1A) was performed as described previ-
ously (Fournier, 1981). In brief, mouse A9(Neo5) donor cells containing
an additional human chromosome with an antibiotic resistance gene
were treated for 48 h with colchicine (final concentration 60ng/ml).
Donor cells were trypsinized and seeded on plastic bullets. After the
cells attached to the surface, bullets were centrifuged at 15 000 r.p.m.
for 30min at 30–341C in DMEM supplemented with 10mg/ml
cytochalasin B. Cell pellets were resuspended in serum-free DMEM
and filtered (Whatman, pore size 8 and 5mm) to clear suspension from
mouse cells. Filtered microcells were mixed with phytohemagglutinin
(PHA-P) and added to the recipient cell line HCT116 H2B-GFP, RPE-1 or
RPE-1 H2B-GFP. Fusion of microcells with the recipient cells was
facilitated by polyethylene glycol 1500 (PEG 1500).

Genomic analysis

Genomic DNA for aCGH analysis was extracted using the Qiagen
Gentra Puregene Kit following manufacturer’s instructions. The aCGH
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analysis was performed by IMGM laboratories, Martinsried, Germany.
Multicolor FISH (mFISH) was performed by the Chrombios GmbH,
Raubling, Germany. For further details on the procedures, see
Supplementary Experimental Procedures.

Microarrays

mRNAwas purified using the Qiagen mRNeasy mini kit. mRNA array
analysis was conducted by IMGM laboratories, Martinsried, Germany;
see Supplementary Experimental Procedures. The data have been
deposited in NCBI’s Gene Expression Omnibus (Edgar et al, 2002) and
are accessible through GEO Series accession number GSE39768
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE39768).

Cell-cycle analysis

Growth of the cells with extra chromosomes, cell-cycle progression
after thymidine block release, cell death and number of senescent cells
were analyzed according to previously established protocols. For
details, see Supplementary Experimental Procedures.

Live-cell imaging

Freshly cultured cell were seeded sparsely in a 6 channel m-slide
(ibidi, Martinsried, Germany) 24 h before the experiment. Time laps
movies were taken by imaging asynchronous cells in a 10min or 4min
interval for 72 or 48 h, respectively. The slidewas placed onto a sample
stage with an incubator chamber (EMBLEM, Heidelberg, Germany)
maintained at a 371C, 40% humidity, in an atmosphere of 5% CO2.
Imaging was performed using a Zeiss Axio Observer Z1 microscope
equipped with a Plan Neofluar 20� air objective. Metamorph 7.1
software (Molecular Devices) was used to control the microscope.
Movies were evaluated using the ImageJ 1.42I software.

Indirect immunofluorescence

Cells were seeded either on glass slides or in an ibidi 8-well slide,
grown to 50–70% confluency. The cells were fixed 2 days after seeding
by 3.7% paraformaldehyde. To inhibit autophagy, cells were treated
18h with bafilomycin at a final concentration of 50 nM and then fixed.
Cells were labeled with anti-LC3, anti-p62 or anti-ubiquitin using the
described antibodies. For p62 immunofluorescence intensity analysis,
the cell cytoplasm was additionally stained by HCS cell mask red
dye (Invitrogen) before fixation to allow automated cell segmentation.
Mean intensity of p62/cell was analyzed using Cell Profiler
software. Details on the quantitative analysis are in Supplementary
Experimental Procedures.

Autophagy flux assay

Cells were seeded 1 day before transfection to achieve 40% confluency
at the day of transfection. The ptfLC3 plasmid (mRFG-GFP-LC3,
Addgene) was transfected using Lipofectamin LTXt and PLUSt
reagent according to manufacturer’s protocol. Images were taken 2
days later. We quantified the number of GFP-positive and mRFP-
positive LC3 foci within a fixed area (2500 voxels) and the co-
localization of GFP- and RFP-positive foci. Details on the quantitative
analysis are in Supplementary Experimental Procedures.

Fluorescence microscopy

The images were taken by a fully automated Zeiss invertedmicroscope
(AxioObserver Z1) equipped with a MS-2000 stage (Applied Scientific
Instrumentation, Eugene, OR), the CSU-X1 spinning disk confocal
head (Yokogawa), LaserStack Launch with selectable laser lines
(Intelligent Imaging Innovations, Denver, CO) and an X-CITE
Fluorescent Illumination System. Images were captured using a
CoolSnap HQ camera (Roper Scientific) under the control of the

Slidebook software (Intelligent Imaging Innovations, Denver, CO).
Signals were imaged with a 100� oil objective by using a 561nm
(mRFP) and 473nm (GFP) laser and a UV light.

SILAC labeling

Cells were cultured in DMEM (high glucose) devoid of arginine
and lysine supplemented with 10% dialyzed FBS (10 kDa cutoff;
Invitrogen), 1� penicillin/streptomycin. Arginine and lysine (Sigma-
Aldrich) were added in either light (Arg0; Lys0) or heavy (Arg10; Lys8)
form to a final concentration of 33.6mg/ml for arginine and 73mg/ml
for lysine. The cells were tested for full incorporation after the labeling.
All experiments were performed with double labeling.

Protein sample preparation and analysis

Samples were prepared following the filter-aided sample preparation
(FASP) protocol. In brief, the cells were lysed with 4% sodium dodecyl
sulfate (SDS), 0.1M dithiothreitol (DTT) in 100mM Tris/HCl pH 7.6
followed by an incubation for 5min at 951C and subsequent sonication
for 15min. Heavy and light samples from one experiment were mixed
with equal protein amounts. In all, 200–300mg protein mix was
alkylated and digested overnight with trypsin onMicrocon YM-30 filter
tubes (Millipore). Peptides were eluted from the membrane using
0.5M NaCl or ddH2O and separated either using the OFFGEL
fractionator (HCT116-derived samples) or a strong anion exchange
fractionation (RPE-1-derived samples). Fractions were desalted
with StageTips (Empore disk, C18 Reversed phase) before liquid-
chromatography mass spectrometry (LC-MS)/MS analysis using CID
fragmentation.

Liquid-chromatography mass spectrometry

Peptide mixtures were analyzed using nanoflow liquid chromatogra-
phy (LC-MS/MS) on an EASY-nLCt system (Proxeon Biosystems,
Odense, Denmark) online connected to the LTQ Orbitrap XL or LTQ
Orbitrap Velos instrument (Thermo Fisher Scientific, Bremen, Ger-
many) through a Proxeon nanoelectrospray ion source. Peptide
samples were directly autosampled onto a 15-cm in-house packed
column (75ml inner diameter; Proxeon Biosystems) with 3 mm
reversed phase beads (ReproSil-Pur C18-AQ, Dr Maisch). Using a
170-min gradient (2–30% ACN), peptides were directly electrosprayed
(2.2 kV) into the mass spectrometer. Mass spectrometer was operated
in data-dependent mode switching automatically between one full
scan MS and 7–15 MS/MS acquisitions. Instrument control was
through Tune 2.6.0 and Xcalibur 2.1.0. Full scan MS spectra (m/z 300–
1650) were acquired in the Orbitrap analyzer after accumulation
to a target value of 106 in the linear ion trap (resolution of 60 000 at
400m/z). Fragmentation was performed in CID mode applying 35%
normalized collision energy after accumulation of the parent ions to a
target value of 5000.

Data analysis

All double labeling SILAC experiments were analyzed together per cell
line using the in-house developed software MaxQuant (version
1.0.14.10 and 1.2.0.25) with standardized workflow. Data were
searched against the human International Protein Index protein
sequence database (ipi.HUMAN.v3.62.dec) supplemented with fre-
quently observed contaminants and concatenated with reversed
copies of all sequences (target-decoy database). False discovery rates
on peptide and protein level were fixed to 1%, including automatic
filtering on peptide length, mass error precision estimates, and peptide
scores of all forward and reversed peptide identifications. Reported
protein groups had to be identified by at least one unique peptide to be
accepted. Quantitation was based on unique and razor peptides only
and a minimum of two ratio counts was required. Complete protein
and peptide lists as well as the underlying *.RAW files are available on
the TRANCHE database (https://proteomecommons.org/tranche/).
For details, see Supplementary Experimental Procedures.
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Statistics

All statistically evaluated experiments were performed in at least three
independent biological replicates. The statistical evaluation was
performed using GraphPad Prism 5 software, or R. All details on
statistical analyses are in Supplementary Experimental Procedures.

Supplementary information

Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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