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Transcriptome analysis of tetraploid cells
identifies cyclin D2 as a facilitator of adaptation
to genome doubling in the presence of p53
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ABSTRACT Tetraploidization, or genome doubling, is a prominent event in tumorigenesis,
primarily because cell division in polyploid cells is error-prone and produces aneuploid cells.
This study investigates changes in gene expression evoked in acute and adapted tetraploid
cells and their effect on cell-cycle progression. Acute polyploidy was generated by knock-
down of the essential regulator of cytokinesis anillin, which resulted in cytokinesis failure and
formation of binucleate cells, or by chemical inhibition of Aurora kinases, causing abnormal
mitotic exit with formation of single cells with aberrant nuclear morphology. Transcriptome
analysis of these acute tetraploid cells revealed common signatures of activation of the tu-
mor-suppressor protein p53. Suppression of proliferation in these cells was dependent on
p53 and its transcriptional target, CDK inhibitor p21. Rare proliferating tetraploid cells can
emerge from acute polyploid populations. Gene expression analysis of single cell-derived,
adapted tetraploid clones showed up-regulation of several p53 target genes and cyclin D2,
the activator of CDK4/6/2. Overexpression of cyclin D2 in diploid cells strongly potentiated
the ability to proliferate with increased DNA content despite the presence of functional p53.
These results indicate that p53-mediated suppression of proliferation of polyploid cells can
be averted by increased levels of oncogenes such as cyclin D2, elucidating a possible route
for tetraploidy-mediated genomic instability in carcinogenesis.
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INTRODUCTION

Polyploidy refers to the exact multiplication of the haploid chromo-
somal number to a DNA content higher than the diploid (2N). Tetra-
ploidy (4N) usually results from a doubling of the diploid chromo-
some number. Ordinarily, DNA and centrosome replication is limited
to once per cell cycle. In events of failed mitosis, cytokinesis, or cell
fusion, genome doublings are accompanied by acquisition of super-
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numerary centrosomes. Cell divisions in polyploid cells with extra
centrosomes are error-prone and lead to the formation of aneuploid
cells that are often genetically unstable and acquire further numeri-
cal and structural chromosomal aberrations (Nigg, 2006; Ganem
et al., 2007, 2009; Godinho et al., 2009; Gisselsson et al., 2010).
Proliferation of these cells can thus produce rapid and massive ge-
nome and proteome changes in populations of cells (Potapova
et al., 2013; Giam and Rancati, 2015). Recurrent erroneous mitoses
facilitate production of variable karyotypes, leading to genetic di-
versity within progeny (Holland and Cleveland, 2009; Gordon et al.,
2012). Studies in eukaryotic microbes have shown that altered chro-
mosome copy number can compensate for detrimental mutations
or lead to resistance to environmental stress, promoting the survival
of aneuploid cells (Selmecki et al., 2006, 2009; Thompson et al.,
2006; Chen et al., 2012, 2015; Kaya et al., 2015; Liu et al., 2015).
Genome and centrosome doublings are recognized as promi-
nent events in tumorigenesis. Cancer is an ever-evolving system
whose adaptability is the main reason for failure in anticancer ther-
apy and emergence of drug resistance. Cancer genome sequencing
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studies revealed that genome-doubling events are common
throughout oncogenic progression in many cancers and are associ-
ated with elevated aggressiveness and risk of recurrence (Carter
etal., 2012; Zack et al., 2013; de Bruin et al., 2014; Dewhurst et al.,
2014). Tetraploidy has been detected in early stages of many can-
cers (Ornitz et al., 1987; Galipeau et al., 1996; Giannoudis et al.,
2000; Olaharski et al., 2006). Experimental evidence also suggests
that tetraploidy may be directly connected with tumor initiation
(Fujiwara et al., 2005; Castillo et al., 2007; Davoli and de Lange,
2012). Moreover, in vitro studies have demonstrated that tetraploid
cells can be more resistant to certain chemotherapeutic drugs than
their diploid counterparts (Puig et al., 2008; Balsas et al., 2012;
Sharma et al., 2013; Zhang et al., 2014; Kuznetsova et al., 2015).
Overall tetraploidization can be viewed as an important culprit in
oncogenesis.

To maintain genetic uniformity and functional coherence within a
multicellular organism, mechanisms must exist to prevent deviant
polyploid cells from dividing further. Indeed, many studies have
shown that many types of nontransformed cells stop proliferation
after the induction of polyploidy by various methods, such as failed
mitotic cell division after pharmacological disruption of the actin or
microtubule cytoskeleton, treatment with DNA-damaging agents,
and viral-induced cell fusion. In all cases, the cessation of prolifera-
tion was found to depend on the tumor suppressor transcription fac-
tor p53 (Hirano and Kurimura, 1974; Minn et al., 1996; Khan and
Wahl, 1998; Lanni and Jacks, 1998; Casenghi et al., 1999; Andreassen
et al., 2001; Margolis et al., 2003; Yang et al., 2004; Duelli et al.,
2005; Fujiwara et al., 2005; Incassati et al., 2006; Davoli et al., 2010;
Vitale et al., 2010). Conversely, other studies postulated that non-
transformed cells cannot arrest the cell cycle efficiently in response
to tetraploidy per se, but instead the suppression of proliferation
observed in some cases might have been a p53-dependent stress
response unrelated to the increased DNA content (Guidotti et al.,
2003; Uetake and Sluder, 2004; Wong and Stearns, 2005). Discern-
ing the mechanism of p53 pathway activation in polyploid cells has
been challenging because p53 can be activated by a wide variety of
external and internal stressors (Vogelstein et al., 2000; Horn and
Vousden, 2007; Vousden and lane, 2007). Certain instances of tetra-
ploidization involving exposure to microtubule and actin polymeriza-
tion inhibitors as well as DNA synthesis inhibitors may be accompa-
nied by DNA damage and oxidative and other types of stress, all of
which are potent p53 inducers. In binucleate cells with multiple cen-
trosomes obtained by transient treatments with cytochalasin B, acti-
vation of the Hippo pathway kinase LATS2 was the key mechanism
that triggered activation of p53 (Ganem et al., 2014). Another study
of tetraploid arrest in cytochalasin B-treated cells concluded that
p53 activation and cessation of proliferation depend on the function
of the CDK inhibitor p16INK4a (Panopoulos et al., 2014). Piecing
together the molecular circuitry of stress signals in different instances
of polyploidization and the links to the cell cycle and activation of
p53 is an ongoing effort.

This work presents the first systematic exploration of gene ex-
pression changes incited by polyploidization through different
routes. We asked two main questions. 1) What changes in gene
expression are evoked by acute (recent) tetraploidy? 2) What ge-
netic changes underlie the ability of tetraploid cells to proliferate
continuously? Transcriptome analysis by next-generation RNA se-
quencing (RNAseq) in Aurora kinase—inhibited and cytokinesis-
failed cells indicated that despite morphological differences, gene
expression changes in these cells had similar signatures, especially
in the context of the p53 pathway activation. To address the mecha-
nisms of adaptation to tetraploidy, we generated clonal proliferat-
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ing tetraploid cells and analyzed their transcriptome by RNAseq.
This analysis shows a large number of differentially expressed
genes, indicating alterations in multiple signaling and metabolic
pathways. Among the handful of commonly up-regulated tran-
scripts, several genes were also up-regulated in acute p53-activated
cells, indicating some degree of p53 activation in proliferating tet-
raploid cells. One of the commonly up-regulated genes unrelated
to p53 activation was the G1 CDK-activating protein cyclin D2. We
show that overexpression of cyclin D2 can potentiate adaptation to
tetraploidy even in the presence of a functional p53.

RESULTS

Acute polyploidization activates p53-dependent
transcriptional program

To explore changes in gene expression induced by acute tetra-
ploidy, we investigated the transcriptional program activated in dif-
ferentially induced, tetraploid hTERT-immortalized RPE1 cells. An
important aspect of design of our study was that acute tetraploid
cells were derived from the same diploid RPE1 cell line using two
different methods: cytokinesis failure and aberrant mitotic exit (Sup-
plemental Figure S1A). Cytokinesis failure in this study was induced
by small interfering RNA (siRNA)-mediated knockdown of the scaf-
fold protein anillin, an essential regulator of the contractile ring for-
mation during cytokinesis (Piekny and Glotzer, 2008; Tse et al.,
2011). Anillin knockdown results in the formation of binucleate tet-
raploid cells without global perturbation of the actin cytoskeleton.
The fact that this protein is known for only its cytokinetic function
makes the possibility of its knockdown inducing some non-tetra-
ploidy-related stress less likely. Chemical inhibition of mitotic Aurora
kinases was used to induce aberrant mitotic exit without chromo-
some segregation and cytokinesis, producing tetraploid cells with a
single nucleus that is misshapen and/or fragmented. Aurora kinases
are serine/threonine kinases that regulate several critical steps of
mitotic progression, particularly stable attachment of kinetochores
to microtubules, signaling of the mitotic spindle checkpoint, and
cytokinesis (Taylor and Peters, 2008). A potent, well-characterized
inhibitor called ZM447439, which is more specific toward Aurora B
(Gadea and Ruderman, 2005), was used in most experiments. Inhibi-
tion of Aurora B activity in mitosis manifests in premature mitotic
exit, chromosome missegregation, and cytokinesis failure, generat-
ing daughter cells with single tetraploid nuclei (Kallio et al., 2002;
Wang et al., 2006). Of importance, inhibition of this kinase does not
cause mitotic delay, which by itself can trigger G1 arrest in daughter
cells (Uetake and Sluder, 2010; Orth et al., 2012). To study the tran-
scriptional response to acute polyploidization, we designed a com-
prehensive RNAseq analysis of acute tetraploid cells (Figure 1A).
Cells treated with Aurora kinase inhibitor and anillin siRNA for 24 h
were labeled with Hoechst 33342 and sorted into 2N and 4N popu-
lations by fluorescence-activated cell sorting (FACS; Supplemental
Figure S1, B and C). The 24-h treatment period, equal to the ap-
proximate duration of one cell cycle, was chosen because we were
interested in early tetraploidy response genes.

Three rounds of FACS sorting from different populations of cells
were performed to generate three biological replicates. The 2N and
4N populations from the same rounds of FACS sorting were used for
RNAseq to determine the ratio of transcripts in 4N over 2N cells.
However, FACS sorting of 4N populations based on DNA content
cannot distinguish tetraploid G1/GO from diploid G2/M cells. For
this reason, each experiment included vehicle and mock siRNA-
treated controls that were also FACS sorted into 2N (G1/G0) and 4N
(G2/M) populations. This allowed filtering out of differentially ex-
pressed genes commonly enriched in 2N or 4N populations in both
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FIGURE 1: Transcriptome analysis of acute tetraploid cells and diploid p53-accumulated cells by RNAseq. (A) RNAseq

experimental setup and analysis. Tetraploid Aurora-inhibited RPE1 cells were obtained by treatment with Aurora kinase

inhibitor ZM447439 for 24 h, tetraploid binucleate RPE1 cells were obtained by siRNA-mediated knockdown of the

essential cytokinesis regulator anillin for 24 h, and p53- activated cells were obtained by treatment of RPE1 cells with

2.5 pM nutlin-3 for 24 h. (B) Total number of differentially expressed genes. Red, positive fold change; blue, negative fold

change. Only genes with log; average reads per kilobase per million reads (RPKM) expression values >0 are included.

Size of pie charts is proportional to total number of differentially expressed genes. (C) Venn diagram depicting genes

up-regulated in tetraploid cells treated with Aurora inhibitor (orange) or anillin siRNA (maroon) and diploid cells treated

with nutlin-3 (blue). Only genes with log, average RPKM expression values >0 are included. (D) Hierarchical clustering of

all genes up-regulated in tetraploid ZM447439-treated cells and all genes up-regulated in tetraploid anillin siRNA-

treated binucleate cells based on 4N/2N fold change (log, FC > 0.5, p adjusted 0.001). Only genes with log, average

RPKM expression values >0 are included. For cells exposed to nutlin-3, FC is ratio of nutlin-3 over DMSO-treated cells.

White, no change; red, up-regulated genes; blue, down-regulated genes. Two clusters of commonly up-regulated genes

are expanded. Bold indicates genes chosen for subsequent validation. (E) Enriched biological process GO terms of

selected clusters determined using the Gene Ontology Enrichment Analysis and Visualization tool (www.biomedcentral

.com/1471-2105/10/48) and ranked by false discovery rate q value. Nonredundant GO terms were identified using

REVIGO (journals.plos.org/plosone/article?id=10.1371/journal.pone.0021800). Top 20 nonredundant GO terms.
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FIGURE 2: Validation of up-regulation of selected genes and cell cycle arrest in polyploid cells. (A, B) Real-time gPCR
analysis of selected genes after 72-h treatment of RPE1 cells with Aurora inhibitor ZM447439 (A) and anillin siRNA (B).
All values were normalized to vehicle (DMSO)- treated control (A) or mock-transfected control (B). Bar heights represent
mean relative fold change (n = 3); error bars represent SEM. (C) Western blot analysis of p53 and p21 protein levels in
cells treated with ZM447439 and anillin siRNA for 24, 48, and 72 h. In the last lane of the blot of Aurora inhibitor—
treated cells, the drug was washed out after 48-h treatment and the sample was collected 24 h after washout.

(D) Time-course treatment of RPE1 cells with Aurora inhibitor ZM447439 for 24, 48, and 72 h. The same cell cultures
were split equally for indicated treatments, followed by EdU incorporation for 6 h. EdU was detected after fixation and
counterstaining with Hoechst 33342, and percentage of EdU-positive cells was quantified by imaging. Error bars
represent SD. (E) EdU incorporation in RPE1 cells treated with anillin siRNA for 48 h. EdU was allowed to incorporate
for 24 h, followed by fixation and counterstaining with Hoechst 33342. EdU incorporation was quantified by imaging.
Percentages of EdU-positive cells were normalized to the p53 siRNA. Error bars represent SD. (F) Flow cytometric
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treatment and controls, revealing transcripts selectively enriched or
depleted in tetraploid G1/GO populations. Finally, because previous
studies showed that polyploidization activates the p53 signaling
pathway (Coward and Harding, 2014), we also compared gene ex-
pression between acute tetraploid cells and cells in which p53 acti-
vation was induced without polyploidization, DNA damage, or
other stresses using nutlin-3, which causes p53 accumulation by in-
hibition of the p53 E3 ubiquitin ligase MDM2 (Vassilev et al., 2004).

The total number of differentially expressed genes was lowest in
anillin-knockdown binucleate tetraploid cells compared with diploid
cells and highest in nutlin-treated cells compared with untreated
cells (Figure 1B). In cells treated with anillin siRNA, nearly four times
more transcripts were enriched in 4N than in 2N after removing
genes differentially expressed in a mock-transfected 4N (G2/M)
population. Imposing a stringent cutoff of adjusted p < 0.001, we
found that most of the gene transcripts selectively up-regulated in
anillin-knockdown tetraploid cells overlapped with genes up-regu-
lated in Aurora kinase inhibitor—induced tetraploid cells, in nutlin-3—
treated cells, or both (Figure 1C). There was almost no overlap
among genes enriched in anillin siRNA or Aurora inhibitor-treated
2N population (Supplemental Figure S2A), possibly because these
2N populations were distinct: in anillin-knockdown cells, the 2N
population may have comprised untransfected cells, whereas in
Aurora inhibitor—treated cells, the 2N population may represent
naturally existing quiescent cells.

Cluster analysis of all transcripts up-regulated in anillin-knock-
down or Aurora kinase inhibitor—induced tetraploid cells showed
high similarity among these two groups, with some clusters of genes
also up-regulated in nutlin-3-treated cells (Figure 1D). Enriched
gene ontology (GO) terms for selected clusters of genes commonly
up-regulated in all populations are shown in Figure 1E. The top GO
category for these clusters was the p53 signaling pathway. For a
separate cluster containing transcripts that overall behave more
similarly in acute tetraploidy situations than in nutlin-3—-treated cells,
the GO term analysis pointed out enrichment of amino acid and
nucleotide metabolic processes and response to stimulus (Supple-
mental Figure S2B). Supplemental Table S1 lists the transcripts en-
riched and depleted in acute tetraploid cells and in cells treated
with nutlin-3.

Acute tetraploidization suppresses the cell cycle by
activating the p53 signaling pathway

A group of genes commonly up-regulated in acute polyploid cells
was chosen for validation by quantitative real-time PCR. Most of the
genes examined showed increased expression in tetraploid cells in-
duced by Aurora inhibition and anillin knockdown (Figure 2, A and
B) but also in nutlin-3-treated cells (Supplemental Figure S3). These
genes included the CDK inhibitor CDKN1A (p21), a well-studied di-
rect transcriptional target of p53 (el-Deiry et al., 1993, 1995; Abbas
and Dutta, 2009). Consistently, P53 and p21 protein levels accumu-
lated overtime in both types of tetraploid cells (Figure 2C).
ZM447439 is a reversible Aurora kinase inhibitor. Of importance,
washing it out 48 h after induction of polyploidization did not re-
duce the amount of p21 and p53 accumulated in these cells, indi-
cating that the activation of p53 in Aurora kinase inhibitor-treated
cells was not a direct effect of the chemical on the p53 pathway.

The issue of whether tetraploidy itself arrests the cell cycle or
whether the arrest is caused by some stress due to the treatment
and unrelated to genome doubling has been controversial. Using
two distinct methods of inducing tetraploidy allowed us to interpret
phenotypic commonalities as outcomes of the unifying change in
these cells—the increased DNA content. To assay DNA synthesis
and proliferation rate quantitatively, we used the 5-ethynyl-2’-
deoxyuridine (EdU) incorporation assay (Salic and Mitchison, 2008).
In Aurora-inhibited tetraploid cells, EJU incorporation decreased
over time and ceased 48 h after drug addition (Figure 2D). In binu-
cleate cells resulting from anillin knockdown, the fraction of EJU-
positive cells decrease by ~80% 48 h after siRNA transfection (Figure
2E). Therefore, in both instances of acute polyploidization, suppres-
sion of proliferation was observed. Analysis of ploidy increase over
time after polyploidization revealed that in a substantial fraction of
cells, ploidy continued to increase after reaching tetraploid DNA
content but stopped after reaching octoploid DNA content. In both
methods of polyploidy induction, ploidy increase stopped concur-
rently with cessation of EAU incorporation (Figure 2, F and G).

During the course of this work, a number of nonmalignant hTERT-
immortalized and primary cell lines were tested for their ability to
arrest the cell cycle in response to polyploidization by Aurora inhibi-
tion and cytokinesis failure. All nonmalignant cells examined ar-
rested the cell cycle at 4N and 8N DNA content, with variable pro-
portion of 4N and 8N populations (unpublished data). This finding
may reconcile some of the debate over the existence of the cell cy-
cle arrest after tetraploidization: the cell cycle was not arrested in all
cells after becoming tetraploid, but it was arrested after becoming
octoploid.

To verify that the cell cycle in acute polyploid cells stopped at the
G1/GO phase of the cell cycle, we labeled polyploid cells with anti-
body against the retinoblastoma tumor suppressor protein Rb phos-
phorylated on Ser-807/811. Rb prevents the cell cycle progression
from GO to G1 and into S phase by inhibiting transcriptional activity
of E2F family of transcription factors involved in transcription of
proliferation-associated genes (Giacinti and Giordano, 2006). Phos-
phorylation of human Rb on Ser-807/811 releases E2F transcription
factors and allows cell cycle progression (Zarkowska and Mittnacht,
1997; Macdonald and Dick, 2012). Immunofluorescence for Rb
phosphorylated on Ser-807/811 showed that after 48 h of Aurora
kinase inhibitor treatment or transfection of anillin siRNA, most cells
were phospho-Rb negative (Figure 2, H and I). This confirms that the
majority of acute induced polyploid cells arrest the cell cycle in G1/
GO stage with dephosphorylated Rb.

A previous study proposed that the cellular response to poly-
ploidy might be linked to DNA damage (Hayashi and Karlseder,
2013). In support of this view, certain protocols used to induce poly-
ploidy are accompanied by DNA damage, such as telomere depro-
tection during mitotic delay or arrest (Davoli et al., 2010; Davoli and
de Lange, 2012) and tetraploidy induced with DNA-damaging
agents (Puig et al., 2008; Ichijima et al., 2010; Shen et al., 2013). We
therefore investigated the presence of DNA damage in our experi-
mental systems by using immunofluorescent labeling of phospho—
histone H2AX, an early DNA damage marker. Binucleate cells that
resulted from anillin knockdown did not show accumulation of DNA
damage foci, in contrast to positive control cells exposed to

profiles of time-course treatments with ZM447439 or anillin siRNA for 24, 48, and 72 h. Cells were fixed and stained with
propidium iodide. (G) Quantification of ploidy distributions in F. (H, I) Immunofluorescence of proliferation marker
phospho-Rb Ser-807/811 (red) after 48-h treatment with anillin siRNA (binucleate) or ZM447439 (aberrant multilobed
nuclei) polyploid cells. Bleomycin (3 pg/ml) was used as a control for cell cycle arrest. Nuclei were counterstained with
Hoechst 33342 (blue). Bar, 40 pm. (1) Quantification of cells positive for p-Rb based on the imaging; error bars denote SD.
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siRNA-mediated knockdown of p53 and p21 overrides cell cycle arrest in polyploid cells. (A) Quantification of
ploidy distributions in RPE1 cells exposed to two different Aurora kinase inhibitors—ZM447439 and AMG 900—and
treated with siRNAs for indicated genes for 72 h. Only p53 and p21 siRNA-treated cells demonstrated shifts toward
increased ploidy content, consistent with continuous cell cycle progression. (B) Flow cytometric profiles of cells treated
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transfection and stained with propidium iodide. (C) EAU incorporation in RPE1 cells exposed to ZM447439 and AMG 900
and treated with siRNAs for indicated genes for 72 h. Cells were allowed to incorporate EdU for 24 h, followed by
fixation and counterstaining with Hoechst 33342. Percentages of EdU-positive cells were normalized to the p53 siRNA
(the average number of EdU-positive cells in p53 siRNA-treated samples was assigned 100% value). Bar heights
represent the mean (n = 4); error bars represent SD. (D) Western blot analysis of p53- and p21-knockdown cells treated
with ZM447439 and anillin siRNA for 72 h. Note increased levels of phospho-Rb (Ser-807/811) in p53 and p21 siRNAs,
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Y-irradiation. In Aurora kinase—inhibited tetraploid cells, pH2AX was
localized almost exclusively to micronuclei (Supplemental Figure
S4A). Studies have shown that DNA damage in micronuclei accumu-
lates due to compromised nuclear envelope structure and aberrant
DNA replication. Although micronuclei do accumulate DNA dam-
age, they are unable to elicit an efficient downstream signaling cas-
cade that leads to cell cycle arrest (Crasta et al., 2012; Hatch et al.,
2013). Knocking down DNA-damage kinases ATM, ATR, and both in
Aurora-inhibited cells had no effect on DNA content or EdU incor-
poration (Supplemental Figure S4, B and C). These observations
suggest that it is unlikely that G1 arrest in tetraploid cells in our ex-
periments was due primarily to DNA damage.

Next we used siRNA-mediated knockdown to test the functional
role of genes that were validated by quantitative PCR (qPCR) as up-
regulated in acute polyploidy. In addition to ZM447439, we used a
structurally distinct pan-Aurora inhibitor, AMG?00 (Payton et al.,
2010; Geuns-Meyer et al., 2015), a chemotherapeutic agent that
demonstrated promising antitumor activity in preclinical testing
(Linardopoulos and Blagg, 2015). For these experiments, we col-
lected samples 72 h after siRNA transfection, when control cells fully
arrested the cell cycle, and the siRNA knockdown was maximal.
siRNA-mediated knockdown of 13 genes that were up-regulated in
tetraploid cells showed that only CDKN 1A (p21) knockdown caused
an increase in ploidy to the level comparable to that with knock-
down of p53 (Figure 3, A and B). Consistent with ploidy increase,
proliferation assay by EdU incorporation demonstrated an increase
in proliferation only in p21- and p53-knockdown cells treated with
ZM447439 or AMG900 (Figure 3C). Next we analyzed p53 and p21
protein levels in Aurora-inhibited and anillin-knockdown tetraploid
cells. siRNA against CDKN1A (p21) causes a major decrease in pro-
tein level, and p53 siRNA causes a strong decrease of both p53 and
p21 proteins. Phosphorylation of Rb on Ser-807/811 in both p53
and p21 siRNA-treated cells indicated an active cell cycle (Figure
3D). Cell cycle progression in p53 and p21 knockdowns in Aurora-
inhibited or anillin-knockdown tetraploid cells was confirmed by
EdU incorporation (Figure 3, E and F).

Together these data support the notion that the cell cycle arrest
in acute polyploid cells depends on p53 and its transcriptional tar-
get CDK inhibitor p21 and that this genome surveillance mechanism
is distinct from the DNA damage response.

RNAseq analysis of proliferating tetraploid clones adapted
after acute polyploidy induction

The p53 pathway is dysfunctional in most cancers, and many can-
cers undergo genome doubling(s) during their evolution. Whereas
acute polyploid cells arrest the cell cycle in a p53-dependent man-
ner, there are many reports of proliferating cells with tetraploid ge-
nomic content (Puig et al., 2008; Balsas et al., 2012; Ohshima and
Seyama, 2013; Sharma et al., 2013; Ganem et al., 2014; Zhang
et al., 2014; Kuznetsova et al., 2015). It is unclear whether suppres-
sion of the p53 pathway is required for cancer cells to escape tetra-
ploid arrest or proliferating tetraploid cells can emerge without the
concurrent loss of functional p53. To explore mechanisms of adapta-
tion to tetraploidy, we performed an evolution experiment in which

a large population of acute polyploid cells obtained by inhibition of
Aurora B was allowed to survive for several weeks until proliferating
cells emerged (Materials and Methods). During the adaptation pe-
riod, most of the polyploid cells appeared quiescent. After several
weeks, proliferating zones of varying densities appeared among
quiescent cells. At that point, cells were lifted off the tissue culture
flask and subcloned using a flow cytometer at a density of one cell
per well, yielding single-cell clones. The DNA content of these sin-
gle-cell-derived cell lines was analyzed by flow cytometry and chro-
mosome counting. Of 169 single-cell clones obtained by this
method, most had a FACS profile consistent with diploid DNA con-
tent, but many had shifted profiles, indicating possible aneuploidy,
and only 3, designated 4N number 1 (4N-1), 4N number 2 (4N-2),
and 4N number 1 (4N-3), were tetraploid (Figure 4, A and B). For
each of these tetraploid single cell clones, we picked an isogenic
diploid clone generated in parallel from the same plate. In one of
the single-cell subcloning experiment, we labeled cells with Hoechst
33342 in the hope of enriching the number of tetraploid cells by
flow cytometry. The tetraploid clone 4N-2 and corresponding dip-
loid 2N-2 were produced from this experiment.

We examined karyotypes of these cells using the spectral karyo-
typing technology recently developed in our lab (Potapova et al.,
2015). The 4N-1 and 4N-3 tetraploid clones had a tetraploid karyo-
type with two extra copies of chromosomes 12, and the clone 4N-2
in addition lost a copy of chromosome 1. One extra copy of chromo-
some 12 was also found in all isogenic diploid clones (Supplemental
Figure S5A). The RPE1 cell line has 46 chromosomes according to
the American Type Culture Collection (ATCC), but we found that it
tends to acquire an extra copy of chromosome 12 with passages
(Supplemental Figure S5B). Nonetheless, although gaining an extra
copy of chromosome 12 may provide some selective advantage for
the RPE1 cell line in long-term culture, it cannot be considered a
selective advantage specific for tetraploidy because diploid RPE1
cells also gain it.

Analysis of the transcriptome of the three tetraploid single cell
clones by RNAseq revealed that they had more unique differen-
tially expressed transcripts than they had common (Figure 4, C and
E). This suggests that these tetraploid single-cell clones, although
subjected to the same treatment (with the exception of Hoechst
33342 staining in the isolation of clone 4N-2), undertook distinct
evolutionary routes. Clone 4N-2 had much more differentially ex-
pressed genes than did clones that were never exposed to
Hoechst. These cells also became trisomic for chromosome 1.
Hoechst is a widely used DNA intercalating dye, and our results
indicate that even though Hoechst did not impede cell prolifera-
tion, it had an effect on transcriptome and karyotype evolution.
Nevertheless, there was a group of commonly up- or down-regu-
lated transcripts in all three tetraploid clones. Of 23 significantly
up-regulated protein-encoding transcripts, 4, including CDKN1A
(p21), were previously found to be up-regulated in acute tetra-
ploid cells and p53-activated cells (Figure 4D, purple), and 6 tran-
scripts were identified in p53-activated cells only (Figure 4D, blue).
This indicated that the only common gene expression signature in
proliferating tetraploid cells was activation of the p53 pathway.

indicating active cell cycle. (E) EdU incorporation in Aurora kinase-inhibited and anillin-knockdown RPE1 cells treated with
siRNAs to p53 and p21. Percentages of the EdU-positive cells were normalized to the p53 siRNA as in C. Bar heights
represent the mean (n = 4); error bars represent SD. (F) Nuclear morphology and EdU incorporation in Aurora-inhibited
and anillin siRNA polyploid cells treated with siRNAs to p21 and p53. Note aberrant multilobed nuclei in Aurora inhibitor
ZM447439-treated cells and binucleate cells in anillin siRNA. EJU was detected with fluorescent azide (red); DNA is
counterstained with Hoechst 33342 (cyan). Note the increase in EdU incorporation in p21- and p53-knockdown cells.
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FIGURE 4: Generation of proliferating tetraploid single-cell clones from acute polyploid Aurora-inhibited cells and analysis
of their transcriptome by RNAseq. (A) Generation of proliferating tetraploid RPE1 single cell clones (4N 1-3) from euploid
RPE1 cell culture treated with Aurora inhibitor ZM447439. Asynchronously growing cells were treated with ZM447439 for
72 h and allowed to survive for several weeks, until proliferating populations emerged. Proliferating cells were plated in
96-well plates at a density of one cell per well. The ploidy content of each single-cell clone was analyzed by FACS. Isogenic
diploid single-cell clones (2N 1-3) were picked from the same 96-well plates as the corresponding tetraploid clones.
Single-cell clones 4N-2 and 2N-2 underwent Hoechst 33342 labeling (H) before subcloning. (B) Ploidy analysis of generated
tetraploid and isogenic diploid single-cell clones. Cells were fixed and stained with propidium iodide. FACS profiles
indicate doubling of the DNA content. (C) Venn diagram of genes up-regulated in stable tetraploid single-cell clones in
comparison to isogenic diploid single-cell clones. Only genes with log, FC > 1, p adjusted < 0.001, and expression values
log, average RPKM > 0 are included. (D) Expanded list of genes from C, showing names of overlapping genes up-
regulated in all three clones (protein-coding transcripts only). Genes that were previously found to be up-regulated in
acute polyploid cells (Aurora inhibited and anillin knockdown) are highlighted in dark blue. Genes that were previously
found to be up-regulated only in p53-accumulated cells treated with nutlin-3 are highlighted in light blue. (E) Venn diagram
of genes down-regulated in stable tetraploid single-cell clones in comparison to isogenic diploid single-cell clones. Includes
genes with log, FC <1, p adjusted < 0.001, log, average RPKM > 0. (F) Expanded list of overlapping genes found in E,
showing names of genes down-regulated in all three tetraploid single-cell clones (protein-coding transcripts only).
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mutated. Consistent with RNAseq results,
transcript levels of CDKN1A (p21) were in-
creased threefold to fourfold, which was
lower than in acute tetraploidy (sixfold to
eightfold increase; Figure 2, A and B) but
considerably higher than in corresponding
diploid cells. Evidently, this dampened p53
activity had some effect on the proliferation
rate—EdU incorporation in tetraploid cells
was slightly slower than in diploid cells, which
was effectively compensated by knocking
down the p53 (Figure 5B). To test whether
the proliferating tetraploid clones were ca-
pable of mounting the p53 response to
ploidy increase, we induced acute polyploidy
with Aurora kinase inhibitor ZM447439 in
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DNA content increase in these cells was simi-
lar to that of isogenic euploid clones (Figure
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5C), and p53 and p21 proteins accumulated
to high levels (Figure 5D). These results indi-
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ZM447439

B-actin w

cated that, paradoxically, the adapted tetra-
ploid clones were able to proliferate continu-
ously despite their ongoing weak p53

FIGURE 5: p53-dependent transcriptional and cell cycle effects in proliferating tetraploid cells.
(A) Real-time qPCR analysis of p21 and p53 genes in parental RPE1 cells and proliferating
tetraploid and isogenic diploid single-cell clones. p21 mRNA levels were increased threefold to
fourfold in tetraploid cell lines, whereas p53 mRNA levels were unchanged. All values were

signaling and were capable of triggering full-
scale p53 activation upon further increase in
ploidy content. This suggests that the adap-
tation process essentially resets the tolerance
of the p53 network to the doubled-genome
content.

normalized to the parental RPE1. Bar heights represent average relative fold change (n = 3);

error bars represent SEM. (B) Effect of p53 knockdown on proliferation of tetraploid single-cell
clones. Cells were treated with siRNA for 72 h and allowed to incorporate EdU for 8 h.
Percentages of EdU-positive cells were normalized to parental cell line not transfected with p53
siRNA (the number of EdU-positive cells in the parental untransfected sample was assigned
100% value). Bar heights represent the mean (n = 4); error bars represent SD. (C) Flow
cytometric profiles of diploid and tetraploid isogenic cell lines treated with ZM447439 for 72 h.
Like the diploid cell lines, tetraploid cells showed doubled or quadrupled DNA content. Cells
were fixed and stained with propidium iodide. (D) Western blot analysis of p53 and p21 protein
levels in proliferating tetraploid and isogenic diploid single-cell clones treated with Aurora

inhibitor ZM447439 for 72 h.

However, in proliferating tetraploid cells, the p53-mediated down-
stream response is slighter and different from that in acute tetra-
ploidy situations. Outside of the p53-dependent group of genes,
there were 13 commonly up-regulated protein-coding genes
(Figure 4D) and 13 commonly down-regulated protein-coding
genes (Figure 4F). GO term and pathway analysis found no par-
ticular pathway enrichment among these genes. One of the most
up-regulated protein-coding genes in all three tetraploid single
cell clones that was not part of the p53 signaling network was cy-
clin D2 (CCND2). Supplemental Table S2 lists the transcripts dif-
ferentially expressed in proliferating tetraploid cells.

Adapted tetraploid single-cell clones retain the ability

to activate p53 upon further polyploidization

The foregoing RNAseq result suggested that in all three tetraploid
single-cell clones, p53 signaling is activated but perhaps not fully.
This prompted us to measure the mRNA levels of p53 transcriptional
target CDKN1A (p21; Figure 5A). Aligned RNAseq reads were
checked for variants in TP53 transcript using SAMtools, and no vari-
ants segregating specifically to the 4N group were found (unpub-
lished data), indicating that the p53 in these cells was likely not
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Adapted tetraploid cells regain
diploid-like nucleus—cell volume

ratio and centrosome number
Proliferating tetraploid cells maintained the
original fibroblast-like morphology with a
single round nucleus. The cellular volume in
proliferating tetraploid cells, as measured
using the Coulter counter, approximately
doubled compared with isogenic diploid
cells, with some variability among the three
clones (Supplemental Figure S6A). Therefore the cell volume in tet-
raploid RPE1 cells scaled roughly proportionally with the ploidy.
Estimating the nuclear size by measuring the area of fluorescence
DNA signal showed increased nuclear area in tetraploid compared
with isogenic diploid cells (Supplemental Figure S6, B and C). An
unexpected feature of these tetraploid clones was the normal num-
ber of centrioles, identical to that of diploid RPE1 cells (Figure 6A).
Al three tetraploid clones had two centrioles in the G1 phase of the
cell cycle and four centrioles in mitosis. This is different from G1-ar-
rested acute polyploid cells, which can have four to eight centrioles
(Figure 6A, top right) and build multipolar mitotic spindles if dividing
(Nigg, 2002; Holland and Cleveland, 2009). We confirmed this ob-
servation in two other proliferating tetraploid clonal cell lines gener-
ated from the hTERT-immortalized human diploid fibroblast cell line
CHON-002 by repeated nocodazole washout. Like RPE1-derived
tetraploid clones, tetraploid cells generated from CHON-002 by a
different method have two centrioles in interphase and build bipolar
mitotic spindles (Figure 6B). The normal number of centrioles allows
tetraploid cells to build a bipolar mitotic spindle and segregate
chromosomes equally between the two daughter cells during mito-
sis. Losing extra centrioles during evolution appears to be a very
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A Diploid and tetraploid single cell clones derived from RPE1

ZMA447439 72h

B Tetraploid single cell cloned derived from CHON-002

Established proliferating tetraploid cells have normal number of centrioles.
(A) Immunofluorescence of a centriole component centrin-1 (red). Top left, diploid and
established tetraploid cells in interphase. Note two centrin-1 dots in both cells. Top right, acute
polyploid cell in interphase. This cell was treated with Aurora kinase inhibitor ZM447439. It
displays characteristic nuclear morphology and has multiple centrioles. Bottom, diploid and
proliferating tetraploid cells have equal centrosome number and form bipolar mitotic spindles in
metaphase. DNA was counterstained with DAPI (blue); o-tubulin was labeled by immunostaining
(green). At least 30 cells were examined for every image. Maximum projections of
representative confocal stacks. (B) Centrin-1 labeling of proliferating tetraploid CHON-002
single-cell clones. Immunofluorescence labeling of centrin-1 (red) and a-tubulin (green) of
proliferating tetraploid single-cell clones designated 93T (metaphase cell) and 234T (telophase
cell). Nuclei were counterstained with DAPI (blue). Maximum projections of confocal stacks. Like
proliferating tetraploid RPE1, established tetraploid cells derived from CHON-002 have
centrosome number equal to diploid and form bipolar mitotic spindles. Bar, 10 pm.
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essential nongenetic adaptation that allows
tetraploid cells to maintain a relatively sta-
ble genomic content.

The role of cyclin D2 in potentiation of
adaptation to the tetraploid genome
Cyclin D2 was one of the highest commonly
up-regulated protein encoding genes out-
side of the network of p53 target genes in
adapted tetraploid clones. This D-type cy-
clin is normally expressed during embryonic
development (Sicinski et al., 1996) and
forms complexes mainly with CDK 4, 6, and
2 and CDK inhibitor proteins. Cyclin D2-
CDK 4/6 complexes are capable of phos-
phorylation and inhibition of the Rb protein
and are known for promoting G1-S transi-
tion (Giacinti and Giordano, 2006). Analysis
of cyclin D2 mRNA and protein levels con-
firmed that it was expressed at very low lev-
els in diploid cells but became greatly
up-regulated in adapted tetraploid cells
(Figure 7, A and B). We also found increased
expression of cyclin D2 in one of the two
tetraploid single cell clones derived from
CHON-002 fibroblasts  (Supplemental
Figure S7, A and B), demonstrating that in-
creased endogenous expression of this
gene in tetraploid cells is not limited to just
one cell type. To examine the functional im-
portance of cyclin D2 in proliferating tetra-
ploid RPE1 cells, we studied the effect of
gradual reduction of cyclin D2 levels on pro-
liferation. We used two different siRNAs
against cyclin D2 at increasing concentra-
tions and measured EdU incorporation
(Figure 7, C and D). Knockdown efficiency of
the highest siRNA concentration is shown in
Figure 7E. Both siRNAs resulted in dosage-
dependent reduction of EdU incorporation,
and the dosage response was significantly
sharper in tetraploid clones 4N-1 and 4N-3
than in their isogenic diploid 2N-1 and 2N-3
sister clones. This difference was not as
pronounced as in clone 4N-2, which was
exposed to Hoechst 33342 during its evolu-
tion and had the greatest gene expression
changes overall. This clone also had highest
levels of cyclin D2, and because cyclin D2
knockdown also caused some reduction of
EdU incorporation in diploid cells, there
may have been enough residual protein left
to support proliferation. However, since ex-
posure to DNA intercalating agents is muta-
genic, we cannot exclude the possibility that
this cell line may have carried additional
proliferation drivers.

We next tested whether increased ex-
pression of cyclin D2 can potentiate long-
term adaptation to the doubling of the

Molecular Biology of the Cell



A
O
i
(]
=
=
[}
=
s
«
[}
S
<
P
o
€
C
°
9]
N
©
£
=
<]
c
0
©
o
+
-]
o
[11]
x
D
-
o)
N
©
£
9]
c
k%]
©
5]
+
2
o
L
X
E

qPCR analysis of cyclin D2 mRNA levels in proliferating tetraploid and isogenic diploid single-cell
clones. Two different primer pairs yield similar results. All values were normalized to the parental

™

[ 4 el

FIGURE 7: Dependence of tetraploid RPE1 cells on cyclin D2 for proliferation. (A) Real-time

B
350 -
B Cyclin D2 pair A
3001 [ Cyclin D2 pair B
250 § _2N 4N
1231 2 3
100 4
50 4
0 : . ———
Parental 2N-1 2N-2 2N-3 4N-1 4N-2 4N-3
Cyclin D2 siRNA #1
——2N-1 ——2N-2 ——2N-3
100%- ~=—-4N-1 100%- —u-4N-2 100%- ~8-4N-3
80%+ 80%+ 80%+
60% 60%+ 60%
40% 40%+ 40%-
20%- 20%- 20%-
0% 0% T d 0% T T T T v
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
siRNA, nM siRNA, nM siRNA, nM
Cyclin D2 siRNA #2
—o—2N-1 ——2N-2 ——2N-3
100%-] —m— 4N-1 100%-] —a— 4N-2 100% —a—4N-3
80%+ 80%+ 80%-
60%- 60%- 60%-
40%- 40% 40%
20%- 20%+ 20%-
0% 0% T T T T 1 0%
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
siRNA, nM siRNA, nM siRNA, nM
4N-1 4N-2 4N-3
Cyclin D2 siRNA, 20nM - #1 #2 - #1 #2 - #1 #2
Cyclin D2 '- - -

RPE1. Bar heights represent the mean relative fold change (n = 3); error bars represent SEM.
(B) Western blot analysis of endogenous cyclin D2 protein levels in in proliferating tetraploid
and isogenic diploid single-cell clones. (C, D) Concentration-dependent effect on proliferation
of two different cyclin D2 siRNAs in established tetraploid and isogenic diploid cell lines. The
proliferation was assessed by EdU incorporation. Cells were treated with indicated siRNAs at 5,
10, 15, and 20 nM concentration for 72 h and allowed to incorporate EdU for 8 h. Percentages
of the EdU-positive cells were normalized to the parental cell line not transfected with cyclin D2
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data point represents an average of four images. Error bars represent SD. (E) Western blot
analysis of the cyclin D2 knockdown efficiency by two cyclin D2 siRNAs used in C and D. Cells
were treated with 20 nM siRNA for 72 h.
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genome. For this, we cloned human cyclin
D2 into a green fluorescent protein (GFP)-
tagging mammalian expression vector and
generated a stable RPE1 cell line overex-
pressing cyclin D2-GFP (Figure 8A). For a
negative control, we generated a cell line
expressing empty GFP vector in parallel. For
a positive control that can sustain prolifera-
tion after tetraploidization, we generated a
stable cell line in which expression of p53
was silenced by a short hairpin RNA (shRNA).
To ensure that the ability of cyclin D2 to po-
tentiate adaptation to increased DNA con-
tent was not limited to instances in which
tetraploidy was induced by Aurora kinase
inhibitors, we used a different method of
tetraploidy induction. Instead of using the
Aurora inhibitor, we induced tetraploidy in
these cell lines by mitotic exit in the pres-
ence of microtubule poison Colcemid, simi-
lar to the protocol used in Ohshima and
Seyama (2013). Specifically, we collected
mitotic cells after Colcemid treatment and
induced mitotic exit with the CDK1 inhibitor
RO-3306 (Vassilev et al., 2006). G1-arrested
tetraploid cells were cultured until proliferat-
ing, adapted populations emerged, typi-
cally for 2-3 wk (Figure 8B). We observed
that proliferating cells emerged first in cyclin
D2-overexpressing cells and last in GFP-ex-
pressing and parental RPE1 cells. Among
adapted cells that were generally slow
growing, cyclin D2—overexpressing cells ex-
hibited the greatest EdU incorporation rate
(Figure 8C), indicating high proliferation.
Ploidy analysis of adapted cyclin D2-GFP-
overexpressing cells showed peaks at 4N
and 8N DNA content (Figure 8D). Cyclin
D2-overexpressing adapted cells had
ploidy profile similar to that of p53-knock-
down cells, with the note that cells express-
ing p53 shRNA also showed a small peak at
16N. By contrast, adapted parental and
GFP-expressing cells showed nearly equiva-
lent peaks of 2N and 4N populations. These
data indicated that adapted cyclin D2-over-
expressing cells can proliferate with in-
creased ploidy similarly to cells lacking p53.

To assess ploidy content in individual
adapted cells, we counted chromosomes in
mitotic spreads from these cells (Figure 8, E
and F). In cells expressing the empty GFP
vector, chromosome counts peaked around
46-48, with a small proportion of spreads in
the near-tetraploid (86-94) range. Of note,
only few cells were perfectly tetraploid, con-
firming that proliferating tetraploid cells ex-
hibit chromosome losses and genomic in-
stability. Chromosome counts from cyclin
D2-overexpressing cells peaked in the
range 80-96, specifying that most of these
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FIGURE 8: Experimental adaptation to tetraploidy after forced mitotic exit. (A) Western blot (top) and phase contrast/
fluorescence image (bottom) of RPE1 cells overexpressing cyclin D2-GFP. Bar, 10 pm. (B) Design of experimental
adaptation to tetraploidy after forced mitotic exit. Adaptation experiments included cells overexpressing cyclin D2-GFP,
GFP empty vector, p53 shRNA, and parental RPE1 cell lines of early passage. Mitotic cells were collected after incubation
in Colcemid for 6 h and treated with 10 uM CDK1 inhibitor RO-3306 to induce mitotic exit. After drug washout, cells were
left to survive until proliferating populations emerged. Each experiment was performed in triplicate. (C) EAU incorporation
assay of adapted cells overexpressing cyclin D2-GFP, cells expressing GFP empty vector, parental cells, and cells expressing
p53 shRNA. Cells were allowed to incorporate EdU for 24 h. Bar heights represent the mean (n = 4); error bars denote SD.
(D) Ploidy distributions of adapted cells overexpressing cyclin D2-GFP, cells expressing GFP empty vector, parental cells,
and cells expressing p53 shRNA. Cells were fixed and stained with propidium iodide. Histograms indicate doubling of the
DNA content predominantly in cells overexpressing cyclin D2-GFP and cells expressing p53 shRNA. (E) Chromosome
counts from adapted populations of cells overexpressing cyclin D2-GFP or GFP alone and expressing p53 shRNA. Fifty
spreads were counted from each group. (F) Representative mitotic chromosome spreads from every adapted population;
n, chromosome number. Bar, 10 um. (G) Western blot analysis of p53 and p21 protein levels in cells expressing GFP, cyclin
D2-GFP, and p53 shRNA before adaptation (untreated), after adaptation, and treated with 2.5 pM nutlin-3 for 24 h.
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cells were near-tetraploid aneuploid. Most cells expressing p53
shRNA also showed near-tetraploid aneuploid chromosomal con-
tent, but in addition some spreads had >140 chromosomes, some-
times 2180, indicating that lack of p53 in some cases can permit
even near-octoploid chromosome number.

Finally, we confirmed that the cyclin D2-GFP-overexpressing
cells, which have the propensity to adapt to increased ploidy con-
tent, can activate p53. Examining protein levels of p53 and its tran-
scription target p21 in cells before adaptation, after adaptation, and
after treatment with nutlin-3 showed that when treated with nutlin,
cyclin D2-GFP-overexpressing cells can accumulate p53 as robustly
as cells that express GFP only (Figure 8G). Accumulation of p21 in-
dicated that p53 is functional in these cells. P53 shRNA-expressing
cells did not show accumulation of p53 or p21. Adapted tetraploid
cells do not show a significant accumulation of p53, suggesting
again that in proliferating cells already adapted to increased ploidy,
p53 signaling is somehow abolished. Together these data indicate
that cyclin D2 potentiates long-term adaptation to increased ploidy
content in the presence of the functional p53 protein.

DISCUSSION
Polyploidy can lead to formation of aneuploid cells and catalyze vast
genomic instability if polyploid cells have the capacity to proliferate.
This work investigated consequences of acute (recent) tetraploidy
and potential mechanisms of adaptation to the suppression of pro-
liferation associated with it. Acute tetraploidy can result from many
mitotic defects. Particularly common causes are cytokinesis failure
and impaired mitotic exit. Morphologically, these tetraploid cells are
distinct, and the first aim of our study was to compare physiological
responses elicited in distinct instances of tetraploidization. We used
two ways to induce acute tetraploidy. Inhibition of Aurora kinases
induced formation of cells with aberrant multilobed nuclei—a con-
sequence of defective mitotic exit—and knockdown of the cytokine-
sis regulator anillin resulted in formation of binucleate cells. Many
previous studies obtained tetraploid binucleate cells by transient
treatment with actin polymerization inhibitor cytochalasin B or D.
Previous work (Uetake and Sluder, 2004) showed that treatment with
high concentrations of cytochalasins (€10 uM) causes enough stress
to trigger cell cycle arrest, but lower concentrations (<5 pM) do not.
We decided to avoid using cytochalasins in this study after finding
that cytochalasin D treatment even at 2.5 pM causes some transcrip-
tional activation of p53 regardless of ploidy (unpublished data).
The gene expression analysis of differentially induced tetraploid
RPE1 cells showed a high degree of similarity among up-regulated
genes, although overall Aurora kinase-inhibited cells had more dif-
ferentially expressed transcripts than did anillin-knockdown cells
(Figure 1D). Moreover, there was considerable overlap between
genes enriched in tetraploid populations with genes induced in dip-
loid cells by MDM2 inhibitor nutlin-3. Because nutlin-3 causes p53
accumulation in the absence of stresses such as DNA damage, this
result indicated a close connection between acute tetraploidization
and induction of p53. Genes up-regulated in tetraploid cells but not
in diploid nutlin-3-treated cells were mostly metabolic (Supplemen-
tal Figure S2) and did not reveal an obvious linkage to the cell cycle
arrest. RNAseq study detected only 12 genes that were significantly
up-regulated in both Aurora-inhibited and binucleate tetraploid
cells but did not show up in nutlin-3—-treated cells (Figure 1C): ANKT,
C180RF56, CTSL2, FBXO22, KLLN, NAPRT1, PDE2A, RRAD, SCRIB,
SRGAP3, TCEA3, and XPC. Nine of these genes (ANK1, C180RF56,
FBXO22, KLLN, PDE2A, RRAD, SCRIB, TCEA3, XPC) also tended to
be up-regulated in nutlin-3-treated cells but did not meet our strin-
gent fold-change and/or p-value criteria. Some of these genes
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(ANK1, KLLN, PDE2A, XPC) were confirmed to be up-regulated in
nutlin-3—treated cells by the qPCR (Supplemental Figure S3), indi-
cating that they may also be p53 targets. Together these data can
imply that the category of genes we were looking for—up-regulated
only in tetraploid cells but not in p53-activated diploid cells—may
not exist. We can further speculate that the mechanism(s) triggering
p53 activation in tetraploid cells may not rely on an upstream ge-
netic network in our experimental paradigm.

A long-standing debate with regard to ploidy regulation con-
cerned whether tetraploid cells with functional p53 arrest the cell
cycle, because many tetraploid cells can divide again (Guidotti
etal., 2003; Uetake and Sluder, 2004; Wong and Stearns, 2005). Our
time-course analysis of ploidy increase showed that in both binucle-
ate and Aurora kinase—-inhibited populations, a considerable portion
of cells stopped proliferating with tetraploid DNA content, whereas
the rest of the cells arrested after reaching octoploid DNA content
(Figure 2, F and G). Our finding that in some cells, the cell cycle
blockage occurs at 4N DNA content and in others at 8N might rec-
oncile this controversy. We also confirmed that the suppression of
proliferation in these polyploid cells is principally mediated by the
p53 pathway and relies on p21, a direct target of p53-dependent
transcription.

Why do some cells arrest at 4N DNA content and others at 8N?
The p53 protein levels vary and oscillate at different rates even in
unperturbed cells (Loewer et al., 2010). It is possible that due to this
endogenous variation, the level of p53 transcriptional activity re-
quired to trigger the G1/G0 arrest can be reached after becoming
tetraploid, or after one more cell cycle. The amounts of G1/S cyclin/
CDK complexes subject to inhibition by p21 may also vary from cell
to cell. In rare events of cellular adaptation to tetraploidy, p21/CDK
balance may shift toward CDK activation, leading to cell cycle pro-
gression. This is consistent with the finding that all adapted tetra-
ploid single-cell clones overexpressed cyclin D2, which can activate
CDKs 4, 6, and 2.

A recent study searching for genes involved in cessation of prolif-
eration of binucleate tetraploid cells induced by transient incubation
with cytochalasin B postulated that p53 in this experimental system
may be activated via the Hippo tumor suppressor pathway (Ganem
et al., 2014). Our RNAseq data did not show evidence of Hippo
pathway activation in acute tetraploid cells. For instance, the expres-
sion of YAP/TAZ target genes such as INHBA, EDN1, and FSTL1 was
not significantly decreased (unpublished data). These genes would
be expected to show down-regulation if their transcriptional regula-
tors YAP/TAZ were inactivated by the Hippo pathway kinases LATS1
and/or LATS2 (Mo et al., 2012; Yu et al., 2012; Lv et al., 2015). The
aforementioned study also reported down-regulation of LATSZ2 tran-
script in evolved tetraploids generated from cytochalasin B-treated
cells. In proliferating tetraploid single-cell clones generated in this
study, the amount of transcripts of Hippo pathway kinases LATS1
and LATS2 was not reduced. Another recent study suggested that
the tetraploid arrest was elicited by the CDK inhibitor p16INK4
(Panopoulos et al., 2014). Our experimental system, however, did
not detect accumulation of the p16/INK4. The use of different
experimental models and approaches may account for these differ-
ences, the reconciliation of which requires further exploration.

Cyclin D2 is recognized as an oncogene in many cancers. Copy-
number gains of cyclin D2 are frequently detected in intracranial
germ cell tumors (Terashima et al., 2014). Cyclin D2 was shown to be
essential for proliferation of glioblastoma stem cells (Koyama-Nasu
et al., 2013). Overexpression of cyclin D2 was reported in chronic
lymphocytic leukemia, small lymphocytic lymphoma (Decker et al.,
2002; lgawa et al., 2011), and T-cell acute lymphoblastic leukemia
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(Karrman et al., 2006). Increased expression of cyclin D2 was also
associated with cancer invasiveness, specifically in human squa-
mous carcinoma (Liu et al., 2002) and colorectal cancer (Sarkar et al.,
2010). Search for genetic alterations of cyclin D2 using The Cancer
Genome Atlas via the cBioPortal for Cancer Genomics (Cerami
et al., 2012; Gao et al., 2013) revealed increased copy number of
this gene in testicular, breast, and ovarian cancer (Supplemental
Figure S8). To the best of our knowledge, there are no studies ex-
ploring cyclin D2 expression in the context of ploidy doubling and
karyotype changes during tumor evolution.

In our study, the >100-fold increase in cyclin D2 mRNA and pro-
tein levels in proliferating tetraploid cells is not likely to result from
gene copy-number gain. Cyclin D2 was expressed in diploid cells at
a very low level, indicating that its transcription was suppressed
(Figure 7, A and B). The expression of cyclin D2 may be regulated by
various mechanisms. For instance, a subset of breast cancers si-
lenced cyclin D2 by promoter methylation (Evron et al., 2001),
whereas a study of gastric carcinoma showed that overexpression of
cyclin D2 was correlated with undermethylation at its promoter
(Oshimo et al., 2003). Cyclin D2 promoter was reported to be under
control of various transcription factors in different experimental sys-
tems: Stat5 in T-cells (Moon et al., 2004), MYCN in developing neu-
rons (Knoepfler et al., 2002; Alvarez-Rodriguez and Pons, 2009) and
cardiomyocytes (Zhong et al., 2006), GATA4 in cardiomyocytes
(Rojas et al., 2008; Yamak et al., 2012, 2014), and Gli in developing
hair follicles (Mill et al., 2003). However, other mechanisms of con-
trolling cyclin D2 gene expression may exist. For instance, a study
exploring a superenhancer mechanism of regulating oncogenes de-
tected formation of superenhancers associated with cyclin D2 in
multiple myeloma and colorectal cancer samples (Hnisz et al., 2013).
More research is needed to understand the molecular mechanism of
activating cyclin D2 transcription during tetraploid adaptation.

Activation of the p53 tumor suppressor pathway is a powerful
safeguard against the massive chromosome instability that would
arise if polyploid cells—a frequent product of failure of several indi-
vidual steps of mitotic cell division—did not halt further prolifera-
tion. The importance of this genome surveillance mechanism in pre-
vention of tumorigenesis was highlighted by the finding that in a
xenograft tumor model, tetraploid cells were tumorigenic only if
derived from p53’/’ cells (Fujiwara et al., 2005). Indeed, the p53
pathway is inactivated in most human cancers (Brown et al., 2009;
Olivier et al., 2010). Acute polyploidization selects for mutations
that have compromised p53 pathway because, as we and others
have shown, p53-deficient tetraploid cells can continue to prolifer-
ate and give rise to karyotypically heterogeneous aneuploid popu-
lation. Here, we also demonstrated that p53-dependent suppres-
sion of proliferation can be circumvented more easily by increasing
levels of oncogenic drivers such as cyclin D2. This raises the possibil-
ity that abnormal increase in cyclin D2 expression due to promoter
hyperactivation or copy-number gain might be an early driver of
cancer development.

MATERIALS AND METHODS

Cell culture, plasmid, and siRNA transfection

hTERT RPE1 and hTERT CHON-002 (ATCC, Manassas, VA) were
grown at 37°C in 5% CO, in DMEM supplemented with 10% fetal
bovine serum (FBS).

Plasmid encoding wild-type human cyclin D2 was obtained from
Addgene (plasmid 8958). The cyclin D2 gene was inserted into
pAcGFP1-N1 vector (Clontech, Mountain View, CA) using a Gibson
assembly strategy and Gibson Assembly Master Mix (E2611S; NEB,
lpswich, MA) to generate cyclin D2-GFP.
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To generate stable cell lines overexpressing human cyclin D2—
GFP or expressing GFP only, RPE1 cells were transfected using
X-tremeGENE 9 DNA Transfection Reagent (Roche, Basel, Switzer-
land) according to the manufacturer’s directions. Transfected cells
were selected with 1 mg/ml G418 (A.G. Scientific, San Diego, CA).
Emerged drug-resistant cells were FACS sorted for GFP expression.
To generate RPET cells stably expressing p53 shRNA, cells were
transduced with lentiviral particles (V3LHS_333920; GE Dharmacon,
Lafayette, CO) in the presence of 10 pg/ml Polybrene (EMD Milli-
pore, Darmstadt, Germany).

For siRNA-mediated knockdowns, RPE1 cells were transfected
with siRNA using Lipofectamine RNAIMAX (Thermo Fisher Scien-
tific, Waltham, MA) according to the manufacturer's directions.
siRNAs targeting indicated genes were obtained from GE Dharma-
con. Table 1 lists siRNA sequences used. Knockdown of each mRNA
is shown in Supplemental Figure S9.

Quantitative real-time PCR

RNA isolation was performed using a Maxwell 16 LEV simplyRNA
Tissue kit on a Maxwell 16 Research Instrument (Promega, Madison,
WI). Reverse transcription reactions were carried out using 2000 ng
of each RNA template in 20 pl of total volume reactions using Su-
perScript VILO Master Mix (Thermo Fisher Scientific). Reactions con-
taining cDNA were diluted for gPCR 10-15 times in 1x PerfeCTa
SYBR Green FastMix (Quanta Biosciences, Beverly, MA) and cycled
on the ABI 7900HT fast real-time PCR system (Applied Biosystems,
Foster City, CA) according to ABI's standard protocol. Each sample
was measured in triplicate. Analysis of the fluorescence curves was
done using ABI's SDS2.4 software. All curves that showed errors as
determined by the SDS2.4 software were excluded. The remaining
Ct values were exported and analyzed using Biogazelle gBase plus,
version 2.4, software to generate normalized relative quantities.
Each primer pair was confirmed for linearity of amplification by ana-
lyzing standard curves. Primers used in this study are listed later.
Hypoxanthine phosphoribosyltransferase (HPRT), ATP5B, ACTB,
TBL1, B2M, glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
and ELF1 were used as endogenous controls. Each measurement
was performed in triplicate. Table 2 lists primer sequences used for
qgPCR.

Flow cytometry and cell volume measurements

For DNA content analysis, cells were trypsinized, fixed in 70% etha-
nol, and stained with FxCycle PI/RNase Staining Solution (Thermo
Fisher Scientific) according to manufacturer's directions. Data from
labeled cells were collected on the MACSQuant flow cytometer
(Miltenyi Biotec, Bergisch Gladbach, Germany) with 488-nm laser
and analyzed using Flowjo software.

Cell size measurements were conducted on a Sony EC800 cy-
tometer (Sony Biotechnology, San Jose, CA) equipped with a Coul-
ter volume detector. A standard curve was generated using National
Institute of Standards and Technology—certified size standard cali-
bration particles, and cell samples were run using the same instru-
ment settings as size standards. Forward scatter (FCS) files from the
instrument were analyzed in FlowJo, and mean electronic volume
(Coulter volume) data for the cell and bead populations was ex-
ported for analysis and plotting in Excel. Events were gated on light
scatter (FSC and side scatter) to exclude small debris and large ag-
gregates from analysis before exporting size data.

FACS sorting live cells for RNAseq

Cell sorting for diploid and tetraploid DNA content was performed
on a BD (Franklin Lakes, NJ) Influx sorter running Sortware v1.0.1.6.
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Gene SiRNA sequence Gene SiRNA sequence
ANK1 GAGUAGGGCUAGUGAAUGU SESN1 GAACUUGGCAUUAGAAUUC
GUUAGGGACUUAAGAAUCU GCUCAAUGGUUUAGAGAAU
GAGUGAACUUGGUGCUCUA CAGCAGAGAUUCAACUACU
UAUCAUAGUCCGUGUUCAA UUAGUGAACCUGCAUGUAA
BBC3 CGGACGACCUCAACGCACA SPATA18 GCAGCUACGACUCGGAUUU
CCGAGAUGGAGCCCAAUUA GGAGCUUGGAGGAGCGGAA
CCUGGAGGGUCCUGUACAA GUUUGCAGAUGGAUCGUAA
GUAGAUACCGGAAUGAAUU AUAAGAAACAGCUCCGAAA
BTG2 GAACCGACAUGCUCCCGGA XPC GCAAAUGGCUUCUAUCGAA
GCAUUCGCAUCAACCACAA UGAAAUAUGAGGCCAUCUA
GGUCAUAGAGCUACCGUAU GAGAAGUACCCUACAAGAU
AGACAAAGGUUACUAAUUG GGAGGGCGAUGAAACGUUU
CYFIP2 GCUGUUGGGUAGAUCAAUU ATM GCAAAGCCCUAGUAACAUA
GACUUGAACAGACUCAUUA GGUGUGAUCUUCAGUAUAU
AGAUAGAGCUGGCCAGAUA GAGAGGAGACAGCUUGUUA
GAGCUGAGUGUAAGAAUUA GAUGGGAGGCCUAGGAUUU
EDAZR CAAUGUGCCUUCCAGUUGA ATR GAGAAAGGAUUGUAGACUA
UUUCAGACCCAGCCACUUA GCAACUCGCCUAACAGAUA
GCCCUUAACUCUAAUGAGG CCACGAAUGUUAACUCUAU
GCAGUUUGAGGCUGAUAAA CCGCUAAUCUUCUAACAUU
FDXR UCAGCAGCAUUGGGUAUAA ANLN GCAAACAACUAGAAACCAA
UCACUAGACUGGAGGGUGU GGCGAUGCCUCUUUGAAUA
CAAGUGGCCUUCACCAUUA GAUCAAGCAUUAGCAGAAA
GAACGGACAUCACGAAGGC ACGCAACACUUUUGAAUUA
KLLN CAAGAGACCUAGCGCAGAA CCND2 GAUCGCAACUGGAAGUGUG
CCAAAAUAAUGUCGAAAGA UGACUGAGCUGCUGGCUAA
UGAGAGAGCUGAUUCGGAA GCUCAGACCUUCAUUGCUC
UGGAAAGUACGGAACGGUA UCUCAAAGCUUGCCAGGAG
MDM2 GCCAGUAUAUUAUGACUAA CDKN1A CGACUGUGAUGCGCUAAUG
GAACAAGAGACCCUGGUUA CCUAAUCCGCCCACAGGAA
GAAUUUAGACAACCUGAAA CGUCAGAACCCAUGCGGCA
GAUGAGAAGCAACAACAUA AGACCAGCAUGACAGAUUU
PDE2A GGAAAGUCCGGGAGGCUAU TP53 GAAAUUUGCGUGUGGAGUA
CGACGGCCUUCUCCAUCUA GUGCAGCUGUGGGUUGAUU
CCCAUUCUCUCCUAUACAA GCAGUCAGAUCCUAGCGUC
GGCCAUGGUUCAGCAAGUU GGAGAAUAUUUCACCCUUC

TABLE 1: siRNA sequences used in this study.

Fluidics was set up at 20 psi with a 100-um nozzle tip and 1x Leinco
clear-sort sheath fluid (S632). Hoechst 33342 (Sigma-Aldrich, St.
Louis, MO) was excited using 100-mW laser power at 351 nm and
detected on detector using a 450/20 emission filter. Cells were
gated first on FSC pulse width versus FSC pulse height to exclude
debris, doubles, and aggregates before gating on DNA content by
plotting 450/20 detector intensity histograms. Trypsinized cells were
stained for 60 min at 37°C with 2 pg/ml Hoechst 33342 before sort-
ing and then kept cold for the duration of sorting. Cells were sorted
on doublet discriminator (FSC pulse width vs. FSC pulse height) and
Hoechst intensity (pulse height) gates. Sorted cells were spun down
and flash-frozen in liquid nitrogen to be used for RNA isolation.
Each experiment was performed in triplicate—that is, three different
populations of cells were FACS sorted on different days to generate
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biological replicates for RNAseq experiments. To access the quality
of sorting, we plated a small number of sorted cells on glass-bottom
dishes (MatTek), allowed them to attach for several hours, and im-
aged them live on a Nikon (Tokyo, Japan) TE2000 wide-field micro-
scope equipped with an environmental chamber using the 20x air
objective.

RNAseq library preparation, sequencing, and analysis

RNA isolation was performed using a Maxwell 16 LEV simplyRNA
Tissue kit on a Maxwell 16 Research Instrument (Promega). The
quality of RNA was analyzed by an Agilent 2100 Bioanalyzer. Total
RNA was normalized to 100, 250, or 500 ng, and libraries were
prepared according to manufacturer’s protocol using TruSeq RNA
Sample Prep Kit v2 or TruSeq Stranded mRNA LT Kit (RS-122-2101
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Gene Forward primer

Reverse primer

Housekeeping genes

HPRT TGCTGAGGATTTGGAAAGGG
ATP5B GATCCTCTAGACTCCACCTCTC
ACTB ACCTTCTACAATGAGCTGCG
TBL1 AATAGACCTCATGCCAGTTACG
B2M GGCATTCCTGAAGCTGACAG
GAPDH ACATCGCTCAGACACCATG

ELF1 CCTCAATATGGATTCCCCTGG
Genes of interest

ANKT CAATTCACGGATGAGCAGGG
ATM TGCTGACAATCATCACCAAGTTC
ATR AACTGGGTAGCTCGACTAGAAATGA
BBC3 CTCTCGGTGCTCCTTCACTC
BTG2 GAGGCACTCACAGAGCACTA
CDKN1A TGTCACTGTCTTGTACCCTTG
CCND2 (1) AACCTGCTCACCATCGAGGA
CCND2 (2) GCTGGGGAAGTTGAAGTGGA
EDAZR AGCTTACCGTGAAAGGAGGG
FDXR TCCTACTGACCCCACCTG

KLLN GTTACACAAGCACCCACATC
MDM2 TGCCAAGCTTCTCTGTGAAAG
PDEZ2A ACCACAGACTTCTCCTCTGC
SESN1 AGATGAGGCAGTTACAGGAATG
SPATA18 ACGAACGTTGCAGGAAAAGC
TP53 TGTGACTTGCACGTACTCCC
XPC AGAACCACCCTCTGTATGCC

ACAGAGGGCTACAATGTGATG
AGAAAGTTCATCCATACCCAGG
CCTGGATAGCAACGTACATGG
GCAACAGCCTTTACATTGGG
TGGATGACGTGAGTAAACCTG
TGTAGTTGAGGTCAATGAAGGG
CTCTTAGGCTGTTCTGGTGATG

CCTCTACAGTCACCTCCTCG
TCTCCCTTCGTGTCCTGGAA
TTCATTGTAATCTGGTCTTTTGTTGAGA
GTGGTCACGTTTGGCTCATT
ATGGGGTCCATCTTGTGGTT
GCGTTTGGAGTGGTAGAAATC
CTGCGCATGTAGGGTTGGAT
TGCTTGCGGATCAGAGACAG
AATCCATGGTGGGAAGGAGTA
CACTAGCCACACTGTCTTCAC
TTTGGCTTGCTCTTAGGGTAG
TCCTTTTGATCACTCCCACC
TTGTAGATCAGCTCCGCGAT
ATGACGAGATACAGCTCTTGC
TTACGTCCTCCTTCTTGGGC
ACCATCGCTATCTGAGCAGC
TGCACACAATCCCTGGAGTA

TABLE 2: Primers used for gPCR.

and RS-122-2001, Illumina). Resulting short-fragment libraries
were checked for quality and quantity using an Agilent 2100 Bio-
analyzer or LabChip GX (PerkinElmer, Waltham, MA) and the Qubit
Fluorometer (Life Technologies, Carlsbad, CA). Libraries were
pooled, requantified, and sequenced as 50-base pair single read
on the lllumina (San Diego, CA) HiSeq 2500 instrument using
HiSeq Control Software. After sequencing, lllumina Primary Analy-
sis and Secondary Analysis were run to demultiplex reads for all
libraries and generate FASTQ files. Sequencing data analysis was
carried out by mapping sequence reads to version hg19 of the hu-
man genome (hgdownload.cse.ucsc.edu/downloads.html) using
TopHat, version 2. Three biological replicates were assessed for
gene expression differences. Data were analyzed in the R environ-
ment using the edgeR library (Robinson et al., 2010) for normaliza-
tion and calculation of p values between treatments. The p values
were adjusted for multiple hypothesis testing by the method of
Benjamini and Hochberg (1995). Differentially expressed tran-
scripts in anillin siRNA- and ZM447439-treated samples were
specified by applying log, 4N/2N fold change (FC) > 0.5 for en-
riched in 4N and log, FC < -0.5 for enriched in 2N; p adjusted <
0.001. For 4N/2N sorted cells, analysis was performed by taking
pairing information into account; that is, 4N and 2N samples from
each round of sorting were treated as pairs. To select transcripts
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changed only in tetraploid G1 cells and not in diploid G2/M cells,
we excluded transcripts with log, FC >0.5 and log, FC <-0.5, p
adjusted < 0.001, which were also found in untreated controls. To
find genes differentially expressed in nutlin-3-treated samples, we
applied logy[treated/dimethyl sulfoxide (DMSO; vehicle)] 21 and
< -1, p adjusted <0.001, criteria. To find transcripts differentially
expressed in proliferating tetraploid cells, we applied log,(4N
clone/2N isogenic clone) 21 and < -1, p adjusted < 0.001, criteria
and examined each isolate independently.

Data access

The raw data from this study have been submitted to the National
Center for Biotechnology Information Gene Expression Omnibus
(GSE86105; www.ncbi.nlm.nih.gov/geo/).

Generation of proliferating tetraploid cells

Proliferating tetraploid single-cell clones from acute polyploid
Aurora-inhibited cells. Asynchronously growing euploid RPE1 cells
were seeded in a T75 flask and treated with 2.5 pM ZM447439 for
72 h. After the treatment, drug was washed out, and cells were cul-
tured in the same vessel for several weeks. Growth medium was re-
freshed regularly, and cells were examined under the microscope
every few days. Once proliferating populations in the vessel became
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apparent, cells were trypsinized and plated in 96-well plates at one
cell per well density using a MoFlo flow cytometer. After single-cell
plating, cells were cultured in regular growth medium until they
reached confluency, generating proliferating cultures from single
cells. Each well that contained proliferating cells was treated with
trypsin to lift cells off the well. Part of the cell culture from each well
was fixed for ploidy analysis and another part was cryopreserved.
DNA content of each single-cell clone was determined by FACS.
Tetraploid and isogenic diploid single-cell clones were expanded
and subjected to further analysis.

Tetraploidy after forced mitotic exit and adaptation. RPE1 cells
expressing cyclin D2-GFP, GFP empty vector, p53 shRNA, and pa-
rental cells were incubated in Karyomax Colcemid solution (1:100;
Life Technologies) for 6 h. Mitotic cells were collected by shake-off,
seeded on plates, and treated with 10 uM CDK1 inhibitor RO-3306
overnight to induce mitotic exit. After drug washout, cells remained
in culture and were examined under the microscope regularly until
adapted, proliferating cell populations emerged. Adapted cells
were trypsinized, expanded for one or two passages and subjected
to experimental protocols.

Proliferating tetraploid CHON-002 single-cell clones. Asynchro-
nously growing hTERT CHON-002 cells were synchronized by
double thymidine (2 mM) block, followed by three cycles of 12-h
incubation with 0.1 pg/ml of nocodazole. Mitotic shake-off was per-
formed at the last nocodazole treatment to enrich for mitotic cells.
At 22 h after the last nocodazole treatment, single cells were sorted
into 96-well plates and allowed to grow for 3-4 wk. DNA content
analysis by FACS was performed to assess ploidy. Tetraploidy was
confirmed by analyzing chromosome spreads.

Chromosome spreads, counting, and karyotyping
Chromosome spreads were obtained by arresting cells in mitosis in
Karyomax Colcemid solution (1:100; Life Technologies) for 4-8 h,
followed by harvesting using trypsin. Trypsinized cells were col-
lected by centrifugation for 5 min at 300 x g and gently resuspended
in a small amount of medium (~1 ml). Resuspended cells were al-
lowed to swell for 7-10 min in 0.4% KClI solution at room tempera-
ture and prefixed by addition of freshly prepared methanol: acetic
acid (3:1) fixative solution (~100 pl per 10 ml of total volume). Pre-
fixed cells were collected by centrifugation and fixed in
methanol:acetic acid (3:1) fixative solution. Spreads were dropped
on a glass slide and incubated at 65°C for at least 2 h.

For counting, spreads were mounted in Vectashield containing
4’ ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlin-
game, CA), imaged on a Nikon TE-2000 wide-field fluorescence mi-
croscope (60x oil immersion objective) equipped with a CoolSNAP
HQ2 charge-coupled device (CCD) camera (Photometrics, Tucson,
AZ), and counted using the Cell Counter plug-in in ImageJ (National
Institutes of Health, Bethesda, MD). Spectral karyotyping was per-
formed using in-house—generated chromosome paints and the open
source Karyotype Identification via Spectral Separation analysis
package for ImageJ. For a detailed description of probe generation,
hybridization, and analysis procedures, see Potapova et al. (2015).

EdU labeling

For EdU incorporation assays, cells were typically seeded in multi-
well black, optically clear bottom, tissue culture-treated plates
(PerkinElmer) and treated with 10 uM EdU (Thermo Fisher Scientific)
for the indicated times. Cells were fixed in 4% paraformaldehyde
(PFA)/phosphate-buffered saline (PBS) for 15 min and then permea-
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bilized with 0.5% Triton X-100. Fixed cells were washed with PBS
and stained with 1 pM Alexa Fluor 488 or Alexa Fluor 555—conju-
gated azide diluted in PBS containing 2 mM CuSO4 and 50 mM
ascorbic acid. To counterstain the DNA, Hoechst 33342 was added
to 2 pg/ml. Cells were incubated for several hours or overnight at
room temperature protected from light and evaporation and then
washed three times with PBS.

High-throughput imaging, analysis, and quantification
Multiwell plates with labeled cells were imaged on a Celigo Imaging
Cytometer (Nexcelom) or Nikon TE-2000 wide-field fluorescence
microscope equipped with 10x air objective. Images were quanti-
fied with Celigo or MetaMorph software. Each image typically con-
tained several hundred cells; three or four images were analyzed to
determine the mean number of positive cells and SD.

Immunofluorescence and nuclear size measurement

For p-Rb and pH2AX immunofluorescence, cells were fixed in 4%
PFA/PBS for 15 min and permeabilized with 0.5% Triton X-100. For
centrin labeling, cells were grown on glass coverslips and fixed with
ice-cold methanol for 10 min. Blocking was done with 5% boiled
normal goat serum in PBS/0.5% Triton X-100. Primary and secondary
antibodies were diluted in 2.5% (wt/vol) bovine serum albumin (BSA)/
PBS/0.5% Triton X-100. Specimens were incubated with primary an-
tibodies overnight, washed three times for 5-10 min, and incubated
with fluorescently conjugated secondary antibodies for 2-4 h. All
washes were performed with PBS/0.5% Triton X-100. DNA was coun-
terstained with DAPI or Hoechst 33342 (Thermo Fisher Scientific).
Vectashield (Vector Laboratories) was used for mounting. p-Rb and
pH2AX images were acquired with the Nikon TE-2000 wide-field
fluorescence microscope (20x air and 60x oil immersion objectives)
equipped with a CoolSNAP HQ2 CCD camera. For p-Rb immuno-
fluorescence, three or four tiled images containing hundreds of cells
were analyzed to determine the mean number of positive cells and
the SD. Centrin and tubulin images were acquired using an LSM710
confocal microscope (Zeiss, Oberkochen, Germany) using the
63x/1.40 numerical aperture oil objective. At least 30 cells were im-
aged for each condition. Data were visualized and analyzed using
ImageJ. To measure nuclear size, fixed cells stained with DAPI and
imaged on a Nikon TE-2000 microscope equipped with a 20x ex-
tralong-working distance air objective. After background subtrac-
tion, images were thresholded and the area of each object quanti-
fied using MetaMorph software.

Western blotting

Cells were collected by spinning down trypsinized cultures at
~200 x g for 5 min at 4°C; trypsin was neutralized by addition of fetal
bovine serum before centrifugation. Cell pellets were washed with
ice-cold PBS and lysed in ice-cold RIPA buffer supplemented with
Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific) for 30 min. Lysates were cleared by centrifugation at 16,
000 x g for 10 min. at 4°C and boiled in NuPAGE protein sample
buffer (Thermo Fisher Scientific) containing 5% 2-mercaptoethanol
(Sigma-Aldrich). Protein samples were separated by SDS-PAGE in
4-12% Bis-Tris gels (Thermo Fisher Scientific), transferred to polyvi-
nylidene fluoride membrane, blocked in SuperBlock (TBS) Blocking
Buffer (Thermo Fisher Scientific). and washed with Tris-buffered sa-
line/Tween-20. Primary antibodies were detected using horseradish
peroxidase (HRP)-conjugated secondary antibodies and developed
using the ECL 2 (Thermo Fisher Scientific) or WesternBright
(Advansta, Menlo Park, CA) detection kit. Chemiluminescence was
detected using G:Box Chemi XT4 (Syngene, Cambridge, UK).
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Antibodies used in this study
We used the following antibodies:

p53 (7F5) rabbit monoclonal antibody (mAb), 2527 (1:500; Cell
Signaling Technology, Danvers, MA)

p21 Waf1/Cip1 (12D1) rabbit mAb, 2947 (1:1000; Cell Signaling
Technology)

Phospho-Rb (Ser-807/811; D20B12) rabbit mAb, 8516 (1:500;
Cell Signaling Technology)

GAPDH (D16H11) rabbit mAb, 5174 (1:1000; Cell Signaling
Technology)

Cyclin D2 (D52F9) rabbit mAb, 3741 (1:500; Cell Signaling
Technology)

Anti-centrin, clone 20H5, 04-1624 (1:500; EMD Millipore)

Anti-a-tubulin antibody, ab15246 (1:500; Abcam, Cambridge,
UK)

Phospho-histone H2AX (Ser-139; 20E3) rabbit mAb, 9718
(1:500; Cell Signaling Technology)

Anti—B-actin antibody, ab8227 (1:5000; Abcam)

Secondary antibodies for immunofluorescence (Alexa 488 and
Alexa 594 conjugates) were obtained from Life Technologies and
used at 1:500 dilution. Secondary HRP-conjugated antibodies for
Western blotting were from Cell Signaling Technology and typically
used at 1:5000 dilution.

Chemical inhibitors used in this study

We used the following chemical inhibitors: ZM447439 (Selleckchem,
Houston, TX) at 2.5 pM, AMG 900 (Selleckchem) at 2 uM, Nutlin-3
(Sigma-Aldrich) at 2.5 pM, Bleomycin (BLEOCIN, EMD Millipore) at
3 pg/ml, and RO-3306 (Tocris, Bristol, UK) at 10 uM.
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