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Up to 80% of human cancers, in particular solid tumors, contain cells with abnormal chromosomal numbers, or
aneuploidy, which is often linked with marked chromosomal instability. Whereas in some tumors the aneuploidy occurs
by missegregation of one or a few chromosomes, aneuploidy can also arise during proliferation of inherently unstable
tetraploid cells generated by whole genome doubling from diploid cells. Recent findings from cancer genome
sequencing projects suggest that nearly 40% of tumors underwent whole genome doubling at some point of
tumorigenesis, yet its contribution to cancer phenotypes and benefits for malignant growth remain unclear. Here, we
investigated the consequences of a whole genome doubling in both cancerous and non-transformed p53 positive
human cells. SNP array analysis and multicolor karyotyping revealed that induced whole-genome doubling led to
variable aneuploidy. We found that chromosomal instability (CIN) is a frequent, but not a default outcome of whole
genome doubling. The CIN phenotypes were accompanied by increased tolerance to mitotic errors that was mediated
by suppression of the p53 signaling. Additionally, the expression of pro-apoptotic factors, such as iASPP and clAP2, was
downregulated. Furthermore, we found that whole genome doubling promotes resistance to a broad spectrum of
chemotherapeutic drugs and stimulates anchorage-independent growth even in non-transformed p53-positive human
cells. Taken together, whole genome doubling provides multifaceted benefits for malignant growth. Our findings

provide new insight why genome-doubling promotes tumorigenesis and correlates with poor survival in cancer.

Introduction

Many malignant tumors contain cells with aberrant chromo-
some numbers. These changes vary from aneuploidy (imbalanced
chromosome numbers) of one or multiple chromosomes, to
numbers approaching triploidy or tetraploidy.! Aneuploidy is
often accompanied by chromosomal instability (CIN), which
manifests as ongoing gains and losses of chromosomes during
mitosis> CIN contributes to tumor heterogeneity and is associ-
ated with increased resistance to drug treatment and poor patient
prognosis.” Studies revealed that CIN might be triggered by
mutations in genes that control chromosome segregation.*®
Whole-genome doubling that leads to tetraploidy provides
another route by which aneuploidy can arise in tumors indepen-
dently of mutations in mitotic genes.”® In this model, tetraploid
cells formed by cytokinesis failure, endoreduplication or cell-cell
fusion divide in a highly unstable manner due to supernumerary
centrosomes and increased chromosome numbers. The compro-
mised maintenance of genomic stability of tetraploids facilitates
CIN and tumorigenesis. Indeed, injection of p53-deficient
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‘tetrapl.oid .cells. into nude mice triggergs tumor formation, .where.as
isogenic diploid cells show no effect.” Similarly, tetraploids aris-
ing from mouse ovarian surface embryonic cells develop aneu-
ploidy, CIN and promote tumorigenesis when injected into
mice."’

Remarkably, tetraploid cells were found in early stages of sev-
eral tumors and in total tetraploidy was documented in 37% of
cancers.'' This frequent occurrence suggests that passage through
tetraploidy provides advantages that facilitate tumor growth.
However, experimentally generated tetraploid cells often fail to
propagate, as these cells arrest in a p53-dependent manner imme-
diately after whole genome doubling or after the first tetraploid
mitosis, which is often severely erroneous.”'*"> This further
impairs the proliferation after tetraploidization, as chromosome
missegregation of even a single chromosome triggers a p53-
dependent arrest.'*'®!7 Also, aneuploid cells arising due to chro-
mosome missegregation suffer from proliferation delays and
other physiological defects.'®'” So far, only little is known how
human cells survive tetraploidy and what the long-term effects of
whole genome doubling are. Previous data suggest that
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tetraploidy increases CIN to generate karyotypic heterogeneity,
while also providing tolerance to potentially deleterious genetic
changes.”>*" However, little experimental data is available to
document the long-term effects of whole genome doubling in
human cells.

Results

‘Whole genome doubling triggers aneuploidy and
chromosome instability

To determine the long-term consequences of tetraploidiza-
tion in human cells, we analyzed the fate of tetraploids gener-
ated from 2 p53-positive cell lines, HCT116 and hTERT-
RPE1. HCT116 is a near-diploid cell line derived from
human hereditary non-polyposis colon cancer and is chro-
mosomally stable with characteristic microsatellite instabil-
ity.z’22 hTERT-RPE1 (hereafter RPE1) is a chromosomally
stable diploid retinal pigment epithelium cell line immortal-
ized by constitutive expression of human telomerase. Both cell
lines stably express H2B-GFP for visualization of chromatin
by fluorescence microscopy. Tetraploid cells were generated by
inhibition of the actomyosin ring with the actin depolymeriz-
ing drug cytochalasin D (DCD), which lead to cytokinesis
failure in approximately 60% of cells.”'* 600 DCD-treated
cells were plated by limiting dilution into 96-well plates and
allowed to expand for 6 weeks (Fig. 1A). All surviving cell
populations were analyzed by flow cytometry. This analysis
revealed near-tetraploid DNA content in 8 out of the 64 sur-
viving HCT116-derived cell lines and in 7 out of 58 RPEIL-
derived cell lines (Fig. S1A), hereafter referred to as PostTetra-
ploid (PT) cell lines (HPT — derived from HCT116, RPT -
derived from RPE1). To minimize the effect of further evolu-
tion, all PTs underwent minimal passages before the analysis
and were compared at the same “early” passage, unless other-
wise stated. The posttetraploid cell lines showed only a mild
proliferation delay and the duration of mitosis as well as the
robustness of mitotic checkpoint activation were comparable
to that of controls (Fig. S1B-G).

To determine the copy number changes after tetraploidiza-
tion, we performed SNP array analysis in 6 HPTs, 3 RPTs cell
lines and the respective parental cells. Recurrent chromosome
copy number changes were observed in 3 out of 9 analyzed PTs
(HPT1, HPT6 and RPT3; Fig. 1B, C, and Fig. S2A, B). SNP
arrays analyze a pool of cells, which only allows detection of com-
mon changes that are shared by a majority of cells. To detect
chromosomal changes in individual cells, we used multicolor
fluorescence in situ hybridization (mFISH) karyotyping of
HCT116, HPT1 and HPT?2 cell lines. This analysis revealed het-
erogeneity within the PT populations, but not in parental
HCT116: all 12 clonal cell lines originating from individual
HCT116 cells remained chromosomally stable even after 80 gen-
erations, thus excluding that the emergence of karyotypic diver-
sity is a consequence of clonal outgrowth of cells with preexisting
karyotypic heterogeneity or an intrinsic characteristic of the
parental line (Fig. 1D, and Fig. S2C, S3A-E). Moreover, the PTs
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also contained more chromosomal rearrangements than the dip-
loids, although the difference was not statistically significant
(Fig. S3A-E).

Since all PT's arose from a single cell, we hypothesized that the
karyotypic heterogeneity indicates chromosomal instability aris-
ing after tetraploidization. We used fluorescence 77 situ hybrid-
ization (FISH) utilizing the chromosome enumeration probes to
compare “carly” karyotypes with karyotypes after additional 36
passages. The distribution of the chromosome copy numbers
remained nearly identical in early and late HCT116 cells,
whereas in HPT1 and HPT?2 the numbers of chromosomes dif-
fered markedly (Fig. 2A and Fig. S$4A). Chromosomal instability
was also identified in RPT3 after 12 passages; in contrast, RPT1
cell line did not show significant changes in the FISH signal
(Fig. $4B). Additionally, FISH analysis revealed a loss of the sig-
nal of chromosome 7 in 2 out of 4 analyzed posttetraploid cell
lines (HPT1 and RPT3) that was present in both early and late
passages. Changes in the number or structure of chromosome 7
are common in human cancers: trisomy of chromosome 7 is
among the most frequently observed aberrations in cancers of the
large intestine, while a loss of part or all of one copy of chromo-
some 7 is common in leukemia and lymphoma.”®> Taken
together, transient tetraploidization can generate aneuploid and
chromosomally unstable progeny even in non-transformed p53-
proficient parental cell lines.

Mitotic errors frequently occur in posttetraploid cell lines

To further characterize the chromosomal instability in the
posttetraploid progeny, we imaged fixed cells and found that
15.8%, 15.0% and 13.8% of anaphases displayed segregation
aberrancies in HPT1, HPT2 and HPTH4, respectively, whereas
only 3.7% of HCT116 underwent erroneous anaphase (Fig. 2B).
The frequency of both anaphase bridges as well as the presence of
lagging or unattached chromosomes was increased, suggesting
that the frequency of both pre-mitotic and mitotic errors was ele-
vated. Among the 3 RPT cell lines, only one displayed increased
frequency of abnormal mitoses: 11.6% in RPT3 in comparison
to 3.0% in RPE1, 3.1% in RPT1 and 1.4% in RPT4 (Fig. 2C).
The multipolar mitoses were rare in PTs; the vast majority of
cells segregated their chromosomes in a bipolar manner
(Fig. S5A, B). In addition, a detailed analysis by imaging fixed
cells stained with centrosome- and centriole-recognizing antibod-
ies revealed no significant increase in the numbers of centrosomes
and centrioles in PTs compared to the respective parental cell
lines (Fig. S5C-G). This indicates that multipolarity alone can-
not explain the high frequency of chromosome segregation errors
in PTs.

The frequency of chromosome segregation errors could be ele-
vated simply as a consequence of the increased chromosome
numbers under the assumption that the error frequency correlates
to chromosome number. However, normalization of the fre-
quency of mitotic errors to the median chromosome number of
each cell line revealed that the frequency of abnormal mitoses
increases more than expected according to chromosome number
in CIN™ PTs (Fig. S4C). Specifically, the mitotic error frequency
increased 3.7-4.3 fold (from 3.7% to 13.8-15.8%), whereas
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Figure 1. Posttetraploid progenies (PTs) are chromosomally unstable. (A) Schematic depiction of the experimental strategy. (B, C) SNP array profiles of
HCT116, RPE1 and their posttetraploid derivatives. Copy numbers are indicated by colors. The log R represents the copy number; B-allele frequency
(BAF) indicates the allele composition: BAF of 0 or 1 represents genotype of AA / A- / BB / B-, respectively; BAF of 0.5 represents AB. (D) Multicolor FISH
karyotyping of 2 cells from the HPT2 cell line (number of chromosomes was 72 and 79, respectively). Note the difference in copy number of chromo-

somes 1,3,4,6,7,8,9,10, 11,12, 13,15, 16, 17, 18 and 20.

modal chromosome numbers increased 1.7—1.8 fold (from 44 to
75-78) in HPTs. Similarly, the increase in chromosome numbers
was 1.7 fold in RPT3, whereas the increase in mitotic errors
reached 3.9 fold. Thus, the high frequency of mitotic errors in
CINT PTs does not result from a simple linear increase of
mitotic errors due to the higher numbers of chromosomes. Taken
together, whole genome doubling supports the emergence of a
CIN™ phenotype even in p53-positive non-cancerous cells, but it
is not a default consequence.
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Posttetraploid cells show increased tolerance to mitotic
errors

The efficient proliferation of PT cell lines despite their aneu-
ploidy and CIN suggests that the cells became more tolerant to
mitotic errors. We analyzed the fate of parental diploid and tetra-
ploid cells, as well as PTs after abnormal mitosis by long-term
live cell imaging. The analysis revealed that 34.2% of diploid and
54.1% of newly formed tetraploid HCT116 cells that missegre-
gated chromosomes arrested for at least 48 h or died in the
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Figure 2. Posttetraploid cells display chromosomal instability and an increased frequency of abnormal mitosis. (A) Fluorescence in situ hybridization
(FISH) against centromeric regions of HCT116 and HCT116-derived PTs. Comparison of chromosome number distribution for chromosome 7 in early pas-
sages and 36 passages later; mean and SEM of 2 independent FISH experiments. Chromosome 7 - red, chromosome 1- green, DNA was counterstained
with DAPI (objective 63x, bar: 10 wm). Percentage of abnormal mitoses evaluated in fixed images of HCT116 (B) and RPE1 (C) and their respective postte-
traploid derivatives; mean and SD of 3 independent experiments. AnaphBridge - cells that contain an anaphase bridge; LaggingChr - cells containing a
lagging chromosome; AnaphBridge-LaggingChr - cells containing both an anaphase bridge and a lagging chromosome; Multipolar - cells that under-
went multipolar anaphase.

subsequent interphase (Fig. 3A). In contrast, only 11.0% of
HPT1 and 9.8% of HPT?2 cells arrested after chromosome misse-
gregation (Fig. 3A, for fate analysis of individual cells see
Fig. §6). Thus, whole genome doubling increases cell tolerance
to errors in chromosome segregation.

visualization of missegregated lagging chromosome as a micronu-
cleus in the daughter cells, combined with immunostaining with
an antibody against p53. Whereas nearly 42.0% of HCT116 cells
with micronuclei accumulated nuclear p53, only 25.0% of
HPT1 and 26.9% of HPT2 cells showed nuclear p53 accumula-

tion when a micronucleus was present in the cell (Fig. 3B, C). A
similar experiment in RPE1 and its posttetraploid derivatives
revealed that 66.4% and 50.7% of RPT1 and RPT4 cells that
underwent missegregation accumulated nuclear p53, which is
similar to parental RPE1 (66.8%). In contrast, we observed that

The p53 pathway is deregulated in posttetraploid cells

We hypothesized that the tolerance to abnormal mitosis in
PTs is due to changes in activation of the p53 pathway. To test
this, we performed a micronucleation assay which allows
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Figure 3. Posttetraploid cells are tolerant to mitotic errors. (A) Frequency of cell cycle arrest/cell death after bipolar mitosis with no apparent defects
(normal mitosis) and with visible chromosome segregation defects (abnormal mitosis). Mean of 4 independent experiments and SD is plotted. Unpaired
Student t-test was used to test for statistical significance. (B) Examples of p53 accumulation in the nuclei and micronuclei of the micronucleated cells. Yel-
low and white arrowheads indicate the micronuclei with and without p53 enrichment, respectively. p53-red, DNA was counterstained with DAPI, bar:
10 wm. (C and D) Accumulation of p53 in the nuclei of cells forming micronuclei (MN™) in HCT116, RPE1 and their respective posttetraploid derivatives
(panels C, D, respectively). Mean of 4 independent experiments and SEM are plotted.
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only 25.9% of RPT3 cells with a micronucleus accumulated p53
in the nucleus (Fig. 3C, D). Thus, whereas chromosomally stable
PTs accumulated nuclear p53 as the parental cell line, the p53
signaling upon chromosome missegregation is attenuated in the
CIN™ posttetraploids (compare Figs. 2C and 3B-D).

The activation of the p53 pathway upon chromosome misse-
gregation occurs possibly via phosphorylation of p53 on serine
15 or by activation of the p38/MAPK pathway.'*'®'” Analysis
of the p53 and p38 protein levels revealed no significant changes
in parental and PT cell lines during unperturbed growth
(Fig. S7A, B). Next, we induced chromosome missegregation by
treatment with 20 wM VS83, an inhibitor of the kinesin Eg5
that results in the formation of mitotic cells with monopolar
spindles. Subsequent wash out of VS83 ensures bipolar spindle
formation and progress through mitosis; however, the mitosis is
highly erroneous.'® The frequency and type of errors upon treat-
ment with VS83 was similar in both posttetraploid and parental
cell lines (Fig. S7C, D). Markedly, we observed that p53 was not
stabilized in HPTs and in RPT3 upon VS83 treatment, whereas
the levels of p53 increased in HCT116 and RPEL, RPT1 and
RPT4 (Fig. 4A, C). This finding is in agreement with the dimin-
ished nuclear accumulation of p53 that we identified in the
CIN™ clones (Fig. 3C, D).

Next, we analyzed transcriptome changes in 2 HPTs (HPT1
and HPT2) and 3 RPTs (RPT1, 3 and 4). We focused on 388
previously identified upstream and downstream interactors of
p53 (see Material and Methods). Markedly, 23% of the analyzed
genes were significantly deregulated with respect to the parental
lines with a fold change of 1.5 in at least one of the HPTs or
RPTs, but only 6 factors were upregulated in all PTs: LDHA
(lactate dehydrogenese A), DGKA (diacylglycerol kinase),
HIF1A (hypoxia induced factor 1), 2 inhibitors of apoptosis
iASPP (inhibitory member of the ASPP family, encoded by
PPP1R13L) and BIRC3 (Baculoviral IAP Repeat Containing 3),
transcriptional factor ETS1 and transforming growth factor
TGFA (Fig. 4E, and Table S1). Two genes were downregulated
in all PTs: DUSP5, an inhibitor that negatively regulates mem-
bers of the mitogen-activated protein (MAP) kinase superfamily
(MAPK/ERK, SAPK/JNK, p38) and MST1 (macrophage signal-
ing growth factor), a member of the MSP-RON signaling that
plays a role in malignant invasive growth. We found 2 genes that
were upregulated specifically in CINT cells: FOXO1 and
NDRGTI that are both involved in response to oxidative and met-
abolic stress. Taken together, whole genome doubling promotes
upregulation of factors promoting cell survival upon stress
(HIF1, FOXOL1) and alters expression of factors that inhibit apo-
ptosis and MAP kinases (1IASPP, BIRC3, DUSP5).

Posttetraploid cell lines acquire multidrug resistance and
transform in vitro

To test whether whole genome doubling promotes increased
resistance to cancer treatments, we compared the sensitivity of
PTs with their respective parental cell lines to a broad range of
anti-cancer agents. Effects of compounds on cell proliferation
were determined using measurement of intracellular ATP con-
tent as an indirect readout of cell number.?* We profiled 17
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different anti-cancer agents at a wide concentration range over 9
points from 32 pM to 0.32 nm on the 2 parental cell lines and
in HPT1 and 2, RPT1, 3 and 4 in 3 independent experiments.
The inhibitory potency of the compounds was expressed as
pICso (-'°logICs) values. Comparison of the relative drug sen-
sitivity of the parental cells with that of the PTs revealed a gen-
eral multidrug resistant phenotype in all analyzed posttetraploid
lines derived from the non-transformed hTERT-RPE1 cell line
(Table S2, Fig. 5A) as well as in the 3 posttetraploid lines
derived from the colon cancer line HCT116 (Table S2,
Fig. 5B). All PTs showed significant resistance to the topoisom-
erase II inhibitors daunorubicin, doxorubicin and etoposide
(Tables S2 and S3; Fig. 5A, B). In addition, RPT's were signifi-
canty resistant to the pyrimidine antagonist 5-fluoracil, the
inhibitor of the p53-MDM?2 interaction nutlin3a and the growth
factor receptor kinase inhibitor pelitinib. HPT cell lines showed
significant resistance to the DNA crosslinker cisplatin, the micro-
tubule-targeting agents docetaxel and paclitaxel, and the inhibitor
of histone deacytelases vorinostat (Tables S2 and S3). Interest-
ingly, HPTs showed increased sensitivity to the purine antagonist
6-mercaptopurine (Fig. 5A). Thus, whole genome doubling pro-
vides a general protection against drug treatment in both non-
transformed and cancer cells. This marked feature might explain
why whole genome doubling correlates with a poor prognosis
and resistance to therapy in some cancer types.

Finally, we determined the impact of tetraploidization on
transformation capacity by assaying the anchorage independent
growth of the posttetraploid progeny in soft agar (Fig. 5C). Since
HCT116 is a cell line derived from colorectal cancer and there-
fore proficient in anchorage independent growth, we tested
RPEL, a primary p53—positive immortalized cell line and its
derivatives. The diploid RPE1 showed no anchorage-indepen-
dent growth even after initiation/promotion treatment, where
cells were exposed to the mutagen 7,12-dimethylbenz[#]anthra-
cene (DMBA) alone or followed by exposure to the tumor pro-
moter 12-O-tetradecanoylphorbol-13-acetate (TPA). In contrast,
RPT cell lines efficiently formed colonies in soft agar even in
absence of any treatment, indicating that the selected surviving
populations became transformed in vitro (Fig. 5C). This result
was observed in 2 independent experiments in all 3 posttetraploid
cells lines derived from RPEL. Thus, whole genome doubling
promotes 77 vitro transformation even in p53-positive non-
cancerous cell lines.

Discussion

Whole genome doubling (WGD) is considered to contribute
to eukaryotic evolution by facilitating adaptation while simulta-
neously buffering the possible effects of deleterious mutations.>
Recent findings support a similar role for WGD in fostering
tumor genome evolution in mammalian cells, however, it
remains unclear how exactly tetraploidy benefits malignant
growth. The cellular fates of tetraploids were previously analyzed
in populations isolated by serial FACS sorting.”>*° These cells
were found to be chromosomally stable likely because the serial
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Figure 4. The p53 pathway is deregulated in posttetraploids. (A, B) Changes in abundance in p53, p38 and p21 and phosphorylation of p53 on Ser15
(p53-p) and phosphorylation of p38-p on Threonine180 and Tyrosine 182 (p38-p) in HCT116, RPET and respective posttetraploid cell lines with and with-
out VS83 treatment. Four independent experiments were performed, an example of immunoblotting is shown; a Ponceau S stain was used as a loading
control. (C, D) Quantification of the response to the missegregation triggered by release from VS83 treatment. The relative signal levels are presented as
fold change of treated-to-untreated cells. Mean of at least 3 independent experiments with SD is shown, * marks statistically significant difference (P <
0.05). (E) Heat map of transcriptional fold changes of 91 significantly altered p53 interactors in posttetraploid cell lines (normalized to the respective

sorting to cellular DNA content eliminated aneuploid cells that
arise from tetraploids.”® In another study, spontaneously arising
tetraploid cells were isolated from the cancer cell line
HCT116.*" This approach can only be used in cancer cell lines
as spontaneous tetraploidization is rare in non-transformed
human cells; an additional drawback is that the mechanism of
spontaneous tetraploidization and possible underlying mutations
remain enigmatic. Here, we isolated clonal cell lines from both
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cancerous and non-transformed cells that arose from survivors of
induced cytokinesis failure. We found that all PTs harbored
aneuploid karyotypes, but showed marked differences in the
degree of CIN (Figs. 1, 2). Our findings demonstrate that tetra-
ploidy leads to aneuploidy and chromosomal instability even in
p53-positive non-cancerous cell lines, but also establish that a
bona fide CIN™ phenotype is not a default outcome of whole
genome doubling.
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Figure 5. Posttetraploid cell lines are resistant to a broad spectrum of chemotherapeutic drugs and transform in vitro. (A) Dose-response curves of
compounds showing different sensitivities in proliferation assays with the hTERT-RPE1 cell line and the posttetraploid cell lines RPT1, RPT3 and RPT4.
(B) Dose-response curves of compounds showing different sensitivities in proliferation assays with the HCT116 cell line and the posttetraploid cell lines
HPT1, HPT2 and HPT4. The posttetraploids lines are resistant to a broad spectrum of anti-cancerous drugs; except HPT1, 2 and 4 that are relatively more
sensitive to 6-mercaptopurine. Fitted curve for 2 replicates from one or 2 independent experiments is plotted. Note that no fitted curve was determined
for HPT1 upon etoposide treatment. See Material and Methods for details. (C) Phase contrast images of anchorage-independent colony growth in soft

agar.

What causes the chromosomal instability in posttetraploid cell
lines? CIN after whole genome doubling is often explained by a
doubling of the centrosome number, however, the centrosome
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numbers in HPT and RPT cell lines were nearly normal
(Fig. S5), in line with recent finding that multipolar mitoses are
highly detrimental in human cells and thus an early loss of extra
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centrosomes is necessary to ensure survival.”’*?” The fact the cen-
trosome numbers and multipolarity are not responsible for the
CIN phenotype in PTs is best illustrated by the comparison of
the RPT cell lines. Although both RPT1 and RPT3 show similar
distribution of centrosome numbers, RPT1 is chromosomally
stable, while RPT3 is chromosomally unstable and highly aneu-
ploid (Fig. S5E and Fig. 2C). This implies that the chromosome
composition of the cells may determine whether they are CIN™
or not. For example, imbalanced gene copy numbers due to
aneuploidy might affect the functionality of protein complexes
required for spindle functions or for the spindle assembly check-
point.”® Alternatively, microtubule dynamics might be altered
due to changes in expression of microtubule associate proteins
and motors, thus interfering with the stability of microtubule-
kinetochore attachments. This hypothesis is in line with the pre-
vious findings that microtubule dynamics are often altered in
CIN™ cancer cell lines and affect the frequency of errors during
mitosis. >

Tetraploidy as well as chromosome segregation errors activate
p53 pathway, thereby driving cells into irreversible arrest.'*'®!”
Accordingly, TP53 mutations and p53 pathway alterations are
frequently found in CIN tumors.”’ Importantly, we found that
the CIN™ posttetraploids were able to overcome the p53 activa-
tion as the levels of p53 and its nuclear accumulation were dimin-
ished upon chromosome missegregation (Figs. 3 and 4A).
Additionally, analysis of transcriptome changes of the p53 inter-
actors found 11 factors to be similarly deregulated in all PTs
(Fig. 4D); all of the identified factors positively affect cell sur-
vival. Two genes were downregulated in all PTs: DUSP5, a direct
target of p53 and an inhibitor of the mitogen-activated protein
(MAP) kinases®?> and MST1 (macrophage signaling growth fac-
tor), a member of the MSP-RON signaling; expression of MST1
is repressed in many types of human cancer.” Notably, expres-
sion of apoptotic inhibitors iASPP and BIRC3 (cIAP2) was upre-
gulated in all PTs. Both iASPP and cIAP2 are upregulated in
many cancers and facilitates their survival.***® TGFa, a growth
factor, which activates signaling pathways for proliferation, dif-
ferentiation and development and has been associated with many
types of cancers,””
another pro-proliferative factor Etsl that controls the expression

is upregulated in all posttetraploids, similar to

of cytokines and chemokines.”® Another upregulated transcrip-
tion factor, Hif-1a, is required for the response to hypoxia as
well as for regulation of apoptosis.”® PTs also upregulate expres-
sion of a downstream target of Hif-1a, the lactate dehydrogenase
A (LDHA) that catalyzes the conversion of pyruvate to lactate.
LDHA is a key factor of anacrobic glycolysis and instrumental
for the switch from oxidative phosphorylation to increased gly-
colysis, so called Warburg effect that is typical for malignant
cells.*

Two p53 interactors were overexpressed only in CINT
cells: FOXOI1, the main target of insulin signaling and a
transcription factor that regulates metabolic homeostasis in
response to oxidative stress,"’ and NDRG1 that has a poorly
characterized function in stress response.*? The upregulation
of stress-response factors in CIN' PTs suggests that chromo-
somal instability imposes an ongoing metabolic and oxidative
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stress on human cells that might arise in response to the dis-
ruption of the protein homeostasis due to ongoing changes
in chromosome content.*?

Aneuploidy and CIN in tumors are often associated with
increased resistance to drug treatment and therefore poor prog-
nosis for cancer patients.***> We found that the posttetraploid
cell lines gained resistance to a broad spectrum of small inhibitors
that are used in chemotherapy. This multidrug resistance profile
was found in both cells derived from a cancer cell line HCT116
as well as in posttetraploids originating from RPEI, a non-trans-
formed and p53-positive cell line (Fig. 5). Several lines of evi-
dence have been advanced recently demonstrating that aneuploid
and tetraploid cancer cells confer resistance to some drugs.?**4”
Why whole genome doubling provides increased multidrug resis-
tance remains enigmatic and should be analyzed in future.
Finally, we found that whole genome doubling promotes anchor-
age-independent growth, and hence 7z vitro transformation even
in p53-positive cells. This ability was independent of the CIN™
phenotype. We propose that the expression changes that allow
efficient proliferation despite abnormal karyotype by inhibiting
apoptosis and stimulating pro-proliferative pathways contribute
to the multidrug resistance and to 7 vitro transformation of
human cells.

Taken

growth in both cancerous and non-cancerous cells. The molecu-

together, tetraploidization benefits uncontrolled
lar mechanisms underlying these effects remain to be addressed
in the future. Identification of pathways that promote tetraploidy
and its survival will be essential not only to understand the mech-
anisms leading to tumor formation but also for the development
of novel strategies to prevent acquired multidrug resistance dur-

ing cancer treatment.

Materials and Methods

Generation and culturing of posttetraploid cell lines

HCT116 H2B-GFP and RPE1 H2B-GFP (a gift from Dr.
Steven Taylor, The University of Manchester, UK) were treated
with 0.75 pM of the actomyosin inhibitor dihydrocytochalasin
D (DCD, Sigma) for 18 h. The cells were then washed, placed
into a drug-free medium and subcloned by limiting dilution in
96-well plates (0.5 cell per well). Tetraploid RPE1 H2B-GFP
cells were grown on plates coated with gelatin (Merck). After
clone expansion, cells were harvested for flow cytometry to mea-
sure the DNA content. All cell lines were cultured in Dulbecco’s
modified medium (Gibco), supplemented with 10% fetal calf
serum (Gibco), 50 IU/ml penicillin, and 50 pg/ml streptomycin
(Gibco) at 37°C with 5% CO,.

Immunoblotting

Total cell lysate was separated by SDS-PAGE and transferred
to a polyvinylidene fluoride membrane (Roche) or nitrocellulose
membrane (Whatman) as previously described. Following
antibodies were used: anti-p53 antibody (1:100,Santa Cruz Bio-
technology, Inc.), anti-pSer15-p53 antibody (1:500, Santa Cruz
Biotechnology, Inc.), anti- p21 antibody (1:1000, Cell
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Signaling), anti-p38 antibody (1:1000, Cell signaling), anti-
pThr180/Tyr182-p38 antibody (1:200, Cell signaling). Immu-
noblot quantification was performed using Image J software.

Live cell microscopy

Long term live cell data were recorded on an inverted Zeiss
Observer.Z1 microscope (Visitron Systems) equipped with a
humidified chamber (EMBLEM) at 37°C, 40% humidity and in
the atmosphere of 5% CO, using CoolSNAP HQ2 camera (Pho-
tometrics), Plan Neofluar 20x or 10x air objective NA 1.0, epi-
fluorescent X-Cite 120 Series lamp (EXFO), using GFP filter
and differential interference contrast (DIC) in DMEM. Imaging
of fixed cells was carried out on Marianas SDC™ system
(inverted Zeiss Observer.Z1 microscope, Plan Apochromat 63x
magnification oil objective or 20x magnification air objective,
equipped with spinning disc head (Yokogawa) and a CoolSNAP-
HQ2 and CoolSNAP-EZ CCD Photometrics cameras (Intelli-

gent Imaging Innovations, Inc.).

Chromosome spreads

The cells were treated with 50 ng/ml microtubule-depolyme-
rizing drug colchicine (Serva) for 4.5 h, collected and pelleted
using table-top centrifuge, swollen in 75 mM KCl in a 37°C
water bath for 15 minutes, fixed with Carnoy solution (75%
methanol and 25% acetic acid) and spread on a wet glass slide
with a glass Pasteur pipette. The slides were dried at 42°C and
stained with Giemsa dye (Fluka).

Fluorescence #n situ hybridization (FISH)

FISH was carried out using satellite enumeration probes
against centromeric regions of specific chromosomes (1, 3, 7, and
12) conjugated either to a red or a green fluorophore according
to manufacturer’s protocol (Cytocell, UK). DNA was counter-
stained with DAPI, and the cover slips were mounted on slides
using antifade solution (Cytocell, UK).

‘Whole chromosome multicolor FISH (mFISH karyotyping)

Multicolor FISH was performed as previously described with
a DNA probe mixture (24XCyte Human Multicolor FISH Probe
Kit, MetaSystems, Altlussheim, Germany). The analysis was car-
ried out using Adobe Photoshop (Adobe Systems, San Jose,
USA) for visual inspection of the images; statistical analysis was
performed using MS Excel (Microsoft) and Prism. Aberration
ratio was calculated as number of derivative chromosomes nor-
malized to a total number of chromosomes identified in analyzed

cell spread.

SNP array profiling

Human CytoSNP-12 bead chip arrays (Illumina) were used
for detection of copy number aberrations (CNAs) in clonal aneu-
ploid and diploid cell lines. Array hybridization was performed
according to the manufacturer’s recommendations. CNAs were
identified using Nexus software (version 7.5.1) with standard set-
tings. To identify unique CNAs in clonal cell lines, we used the
Nexus call coordinates and removed all calls of the same type
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with a reciprocal overlap of at least 60%. All profiles were manu-

ally checked.

Analysis of mitotic abnormalities

The cells were grown in the glass-bottom 96-black well plates
and fixed with 100% methanol for 10 min at -20°C. DNA was
stained with SYTOX Green Nucleic Acid dye (Molecular Probes,
Invitrogen) with added RNAse. The imaging was carried out on
Visitron Systems microscope.

Micronucleation test followed by anti-p53 immunostaining

The cells were seeded in the glass-bottomed 96-black well
plates 48 h prior the experiment and then treated with DCD for
18 h. Only cells that became binucleated were scored. Cells were
fixed with 100% MeOH and stained with DAPI (Carl Roth).
Anti-p53 antibody (1:500, Cell Signaling) was used. The acquisi-
tion and analysis were performed using Slidebook 5 software
with 31 microscope, 20x magnification objective. p53 status in
the nuclei was determined by automated measurement of median
intensities of p53 in the nucleus normalized by median intensity
of p53 in cytoplasm.

Transcriptome data processing and analysis

Total RNA was extracted using RNeasy Mini Kit (QIAGEN).
For the HPT cell lines microarray data preprocessing, normaliza-
tion and analysis was conducted as described previously.*® For
next generation RNA sequencing of the RPTs, TruSeq RNA
library preparation and Illumina HiSeq2500 sequencing with
25 million 100bp single reads per library were performed by the
Max Planck-Genome-Center Cologne, Germany (http://mpgc.
mpipz.mpg.de/home/). Subsequently to adapter removal with
cutadapt, reads were mapped to the human genome (hgl19) using
TopHat (v2.0.10) with the following parameters: “tophat2 -gl
-G”. RefSeq information in the GTF file was downloaded from
the UCSC genome browser. featureCounts (v1.4.3) was used to
generate the count matrix with the same GTF file as for the align-
ment and the following parameters: “-t exon -g gene_id”. Nor-
malization and differential expression analysis of the count
matrix data was performed using the R/Bioconductor package
DESeq2. For differential expression analysis, PTs were compared
to the parental diploid cell line. Processed and normalized RNA
sequencing data (RPE1 derived cell lines) or microarray data
(HCT116 derived cell lines) were analyzed by QIAGEN’s Ingen-
uity® Pathway Analysis and visualized with R. p53 physical and
genetic interactors were identified in the IPA knowledge base.

Cell proliferation assay

The compounds were obtained from commercial suppliers and
dissolved in 100% DMSO. Cells were dispensed in a 384-well
plate at 400 cells per well. After 24 h, 5 pl of compound dilution
was added and plates were further incubated for another 72 h,
after which 25 pl of ATPlite IStepTM (PerkinElmer, Groningen,
The Netherlands) solution was added to each well. Luminescence
was recorded on an Envision™ multimode reader (PerkinElmer,

Waltham, MA, USA). ICs4s were fitted by non-linear regression
using XLAC™S5. A two-tailed Student’s t-test was performed
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to determine whether differences in sensitivity (ApIC50) were
statistically significant (i.e., P < 0.05).

or 4 pM) for 3 days. Subsequently cells were either seeded on
soft agar or treated with 100 ng/ml TPA or with DMSO as a
vehicle control for next 10 days before seeding on soft agar.

—_

Anchorage independent growth assay
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