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Supplemental Methods 

Growth rates in stress 

2×105 cells were plated 24 hours before starting the experiment. Cells were counted using a haemocytometer, 

twice per sample, and in biological triplicates at the start and end of the experiment, and every 2 hours over a 

course of at least 6 hours, twice during the experiment. Average growth rates were obtained as the gradient of 

the linear regression of the data points. 

Cell viability in stress 

1×106 cells were plated 1 day before starting the experiment. Cell viability were calculated  using Countess 

automated cell counter (Invitrogen, Thermo Fisher Scientific) using 0.4% trypan blue stain (NanoEnTek, South 

Korea), thrice per sample, and in biological triplicates immediately at the end of the stress regimens. 

qPCR 

Cells were harvested immediately at the end of the experiment by trypsinization. Cells were washed once in 

phosphate-buffered saline (PBS), centrifuged and frozen at -80 °C. RNA was prepared from the cells using 

RNeasy Mini Kit (Qiagen, Hilden, Germany) and cDNA was synthesized using SuperScript III (Thermo Fisher 

Scientific) following the manufacturer’s protocols. Quantitation of gene transcripts was performed on a 7900HT 

Fast Real Time PCR system (Applied Biosystems, Foster City, CA) using Perfecta SYBR Green FastMix, ROX 

(Quantabio, Beverly, MA). Actin was used as housekeeping gene. 

Primers used are listed below: 

HSP70 F CTGGAAGATACTGAAAATTGGTTG

R GGTCGTTCTTCAGATTCCTG 

Ki67 F ACTTTGGAGAGCAAATCTGTG 

R TCACTGTCCCTATGACTTCTG 

Actin F CAAGCAGGAGTATGACGAG 

R GGGTGTAACGCAACTAAGTC 
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RBM3 F GAGGGCTCAACTTTAACACCG

R GACCACCTCAGAGATAGGTCC

BNIP3 F TTGGATATGGGATTGGTCAAGTC

R ACGCTCGTGTTCCTCATGCT 

CA IX F GGAAGGCTCAGAGACTCA 

R CTTAGCACTCAGCATCAC 

 

Co-immunoprecipitation 

Cells were treated with hyperthermia at 42 °C for 4 hours while controls were kept at 37 °C. Immediately following 

treatment, cells were harvested through trypsinization and washed 1X with cold PBS. Cell pellets were then 

lysed with cold lysis buffer (50 mM HEPES pH 7.5 (1st Base, Axil Scientific, Singapore), 150 mM NaCl (1st 

Base), 1 mM EDTA (1st Base), 1.5 mM MgCl2 (Kanto Chemical), 1 % glycerol (Sigma-Aldrich), 0.5 % IGEPAL 

CA-630 (Sigma-Aldrich)) supplemented with cOmplete protease inhibitors (Roche, Basel, Switzerland) and 

phosphatase inhibitors (Nacalai Tesque, Kyoto, Japan) and incubated for 15 min at 4 °C. Cells were centrifuged 

at 4,000 rpm for 30 min at 4 °C and the supernatant was collected. Total protein was measured with Quick Start 

Bradford assay (Biorad, Hercules, CA). 700 µg of protein per sample was incubated with either Mad1 (MABE867, 

Merck Millipore, Burlington, MA) or FLAG (F3165, Sigma-Aldrich) antibody overnight at 4 °C. Dynabeads Protein 

G (Thermo Fisher Scientific) was pre-washed with lysis buffer 2X prior to addition of the sample. The beads-

antibody-lysate mixture was incubated for 2.5 hours at 4 °C on a roller machine, washed with lysis buffer 3X and 

eluted with 0.1 M sodium citrate, pH 2.5. NuPAGE LDS Sample Buffer (Invitrogen) was added to the sample and 

boiled for 5 min at 95 °C before performing western blot with primary antibodies Mad1 (MABE867, Merck 

Millipore) and Mad2 (PA5-21594, Thermo Fisher Scientific). 

Fluorescence-activated cell sorting (FACS) 

Cells were harvested by trypsinization, washed with PBS and fixed in 70% ice-cold ethanol. Cells were then 

washed with PBS and incubated with FxCycle Propidium Iodide/RNase staining solution (Thermo Fisher 

Scientific) to measure DNA content. Flow cytometry analysis was performed using MACSQuant VYB cytometer 
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(Miltenyi Biotec, Bergisch Gladbach, Germany) where at least 30,000 events were collected for each sample, 

the acquired data was analyzed using FlowJo 10 software. 
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Supplemental Figures 

 

Supplemental Figure S1. Specific responses of HCT116 cells to different stresses. (A) Table detailing the mean 

± SEM (N = 5 for control and N = 3 for stress regimens) of cell doublings per hour or during the entire duration 

of the indicated stress regimens shown in Figure 1. (B) Viability of HCT116 cells measured as trypan blue 
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incorporation at the end of the indicted regimens is reported as mean ± SEM (N = 3). P-values (paired t-test, 2-

tailed): * < 0.05; ** < 0.01. (C) Representative images of HCT116 cells at the end of the indicated regimens. 

Scale bar: 0.1 mm. (D) Relative fold change of target genes represented as mean ± SEM (3 < N < 5). P-values 

(paired t-test, 2-tailed): * < 0.05; ** < 0.01. For (A-D), refer to Supplemental Methods.  
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Supplemental Figure S2. Distributions of chromosome number per cells in control and after the indicated stress 

regimens in HCT116. (A) Gray bars: chromosome counts of untreated cells; color bars: chromosome counts of 
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treated cells. Stress regimen are indicated at the top of each graph. 50 metaphase spreads were quantified for 

each biological replicate, N = 4 biological replicates. (B) Graph displaying non-modal chromosome counts and 

number of distinct chromosome in HCT116 cell line after the indicated stress regimen. P-values (paired t-test, 2-

tailed): * < 0.05; ** < 0.01, *** < 0.001.   
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Supplemental Figure S3. Heat treatment causes DNA damage. (A) Representative images of co-localized 

53BP1 and γH2AX foci. DNA is stained with DAPI. Scale bar: 5 μm. (B) DNA damage was quantified as co-

localized 53BP1 and γH2AX foci after the indicated stress regimens. Doxorubicin (DOX) treatment was used as 

a positive control. N = 3 biological replicates, p-values (paired t-test, 2-tailed): * < 0.05.   
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Supplemental Figure S4. Genome changes in response to stress in DLD1 and HCT15. Cells were exposed to 

stress regimens described in Figure 1A and ploidy changes were quantified as chromosome counts as explained 

in Material and Methods. (A and C) Gray bars: chromosome counts of untreated cells; color bars: chromosome 

counts of treated cells. Each bar represent a biological replicate. Stress regimen and tested cell line are indicated 

at the top of each graph. 50 metaphase spreads were quantified for each biological replicate, N = 3 biological 

replicates; (A) reports data for DLD1 cell line; (C) reports data for DLD1 cell line. (B and D) Graph displaying 

non-modal chromosome counts and number of distinct chromosome in DLD1 (B) and HCT15 (D) cell lines after 

the indicated stress regimen. P-values (paired t-test, 2-tailed): * < 0.05; ** < 0.01. (E) Graphs display average 
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ploidy changes reported as mean ± SEM (N = 3). Analyzed cell lines are listed at the top while stress regimens 

are indicated at the bottom. Ploidy classification was based on chromosome counting on metaphase spreads. 

Euploid = 46; aneuploid ≤ 65; tetraploid > 65. P-values (paired t-test, 2-tailed): * < 0.05; ** < 0.01.  
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Supplemental Figure S5. FACS profiles of cell-cycle arrested HCT116 cells before and after hyperthermia. 

DNA content of either a logarithmically growing cell population or cells arrested in the indicated cell cycle stages 

before or after treatment. Experimental details in Supplementary Methods. 
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Supplemental Figure S6. Nocodazole-arrested cells are sensitive to hyperthermia-induced polyploidization. (A) 

Diagram describing a single pulse of heat treatment on nococazole-arrested prometaphase cells. Red box with 

arrow: 4-hour 42 °C pulse. (B) Graph represents the mean ± SEM (N = 3) of the percentage of tetraploid HCT116 

cells after nocodazole arrest (25 ng/ml) and heat treatment. Tetraploid cells was determined by chromosome 

counting after the indicated drug regimen and performed as presented in Material and Methods. Top diagram 

color-codes presence or absence of drug-mediated cell cycle arrest and heat in the analyzed samples. n > 110 

cells per condition per replicate. P-values (paired t-test, 2-tailed): * < 0.05.  
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Supplemental Figure S7. Representative montages of mitotic progression in control or heat-treated cells. (A) 

Mitotic progression of a control cell. (B-D) Representative images of prolonged and successful mitosis (B), 

mitotic exit without chromosome segregation (C) and cytokinesis failure (D). In (A-D), nuclear envelope 

breakdown (NEB, t = 0) was determined as point when cells physically rounded up and transitioned from diffuse 

into condensed H2B-GFP staining. Metaphase-to-anaphase transition was set as sister chromatid separation. 

Time relative to NEB is reported as hour:minute. Yellow arrowheads indicate cells after M exit and chromosome 

decondensation. Scale bar: 10 μm. In (C), for cells experiencing mitotic exit without chromosome segregation, 

anaphase onset was set at the time of chromosome decondensation. Supplemental Videos S1 and S2 report a 

successful mitosis and M exit without chromosome segregation in control and heat treated cells, respectively. 

(E) Quantification of the occurrence of various mitotic defects observed during live cell imaging reported in Figure 

4B. P-values (unpaired t-test, 2-tailed): *** < 0.001.  
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Supplemental Figure S8. Prolonged imaging does not perturb mitotic progression and temperature control 

during and after hyperthermia treatment. (A) Scatter plots of mitotic length from NEB to anaphase at different 

time points after recording was started. A Kruskal-Wallis test comes up significant for the entire dataset, but the 

following Dunn’s multiple comparison test showed that the 0-4 hr time point was not significantly different from 

any of the other time points. (B) Representative plot of the sample temperature during a heat stress regimen.
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Supplemental Figure S9. Cyclin B1 degradation is comparable between control, serum-starved and hypoxic 

cells. (A and B) Western blot analysis of cyclin B1 on cells harvested at the indicated time points after nocodazole 

treatment and serum starvation (A) or hypoxia (B). Actin: loading control.   
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Supplemental Figure S10. Mislocalization of CENP-E and BubR1 at kinetochores of naturally occurring mitotic 

cells. (A and B) Top panels: Representative IF images of kinetochore bound CENP-E (A) or BubR1 (B) and 

phospho-H3 in control or heated mitotic cells (4 hr at 42 °C). Scale bars: 5 μm. Bottom panels: Left y-axis: 



20 
 

quantification of CENP-E (A) or BubR1 (B) foci as sum intensity of detectable spots; and right y-axis: percentage 

of cell with undetectable centromeric CENP-E (A) or BubR1 (B) foci. P-values at the bottom of bar graphs refer 

to the absence of the indicated protein in respect to control samples (Fisher’s exact t-test, 2-tailed): *** < 0.001. 

n ≥ 20 mitotic cells per condition. For the scatter plots, only cells with a detectable staining are reported and p-

values on top of plots (Mann-Whitney t-test, 2-tailed): * < 0.05. To enrich for mitotic events, cells were pre-

synchronized in S-phase using thymidine and released for 4 hours prior to the treatment.  
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Supplemental Figure S11. Stability and protein-protein interaction of mitotic proteins in response to heat 

treatment. (A) Western blot analysis of CENP-E, BubR1, γ-tubulin, dynamitin, Eg5 and β-tubulin from lysates of 

nocodazole-treated (100 ng/ml) cells in presence or absence of heat. (B) Western blot analysis of Mad1 and 

Mad2 from cycling cells after heat treatment; (A and B) Actin: loading control. (C) Western blot analysis of Mad1 

and Mad2 in control or 4-hour heat treated cells after Mad1 immunoprecipitation using anti-Mad1 mouse 

antibody. Lysates were incubated also with anti-FLAG mouse antibody to test for aspecific Mad2 binding to the 

dynabeads. Experimental details in Supplemental Methods.  
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Supplemental Figure S12. Interphase microtubules of heat treated cells did not show visible structural defects. 

α-tubulin/DAPI staining of control (left panels) and heat-treated mitotic (right panels) cells.  
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Supplemental Figure S13. Mitotic heat-treated cells fail to form bipolar spindles. α-tubulin/DAPI staining of 

control (top panels) and heat-treated mitotic (bottom panels) cells. Mitotic cells were identified as phosphor H3 

positive cells (data not shown).   
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Supplemental Figure S14. Recovery of γ-tubulin localization in interphase HCT116 cells after release from 

hyperthermia. (A) Representative immunofluorescence images of interphase γ-tubulin (green) and dynamitin 

(red) at the indicated time after the release from 4 hours hyperthermia treatment. “Control” cells were not 

subjected to hyperthermia; “0 hr” cells were harvested immediately after the hyperthermia treatment. Scale bar: 
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5 μm. (B) Left y-axis: quantification of γ-tubulin foci as sum intensity of detectable spots at the centromeres 

during interphase; and right y-axis: percentage of interphase cells with undetectable centrosomal γ-tubulin foci 

from (A). n ≥ 100 cells per time interval. P-values at the bottom of bar graphs refer to the absence of the indicated 

protein with respect to 0 hr (Fisher’s exact t-test, 2-tailed): *** < 0.001. The median with interquartile range is 

shown. Scatter plots: the median with interquartile range is shown and p-values on top of plots (Mann-Whitney 

t-test, 2-tailed): ** < 0.01, *** < 0.001. Only cells with a detectable staining are reported in the scatter plot.



26 
 

 

Supplemental Figure S15. DNA content of tetraploid and diploid clones used in the clonogenic assays. FACS 

analysis of heat-induced tetraploid (t1-3) and diploid (d1-3) clones before each biological replicate of the 

clonogenic assays reported in Figure 7. Experimental details in Supplemental Methods.  
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Supplemental Figure S16. Raw IC50 values of heat-induced tetraploid (t1-3) and diploid (d1-3) control clones 

reported in Figure 7B. P-values (unpaired t-test, 2-tailed): * < 0.05; ** < 0.01.   
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Supplemental Figure S17. Naturally occurring tetraploid HCT116 cells show increased resistance to DOX. (A) 

Representative image of multicolor fluorescence in situ hybridization of the naturally occurring tetraploid 
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HCT116. Arrows indicate loss of Y chromosome, and the translocations on chromosome 10, 16 and 18 which 

are all in agreement with the previously established karyotype of diploid HCT116 (Abdel-Rahman et al., 2001). 

Scale bar: 10 μm. (B) Representative metaphase spread image (left) and distribution of chromosome counts for 

the naturally occurring tetraploid cell line (right). Scale bar: 15 μm. (C) Representative plates following DOX 

treatment. The number of colonies present in each condition is indicated in the bottom left of each panel. Scale 

bar: 2 cm. (D) Graph of the mean ± SEM surviving colonies for each naturally occurring cell type at the indicated 

DOX concentration normalized to control (DMSO treated) cells. N = 3 biological replicates. P-values (unpaired 

t-test, 2-tailed): ** < 0.01.   
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Supplemental Videos 

Supplemental Video S1. Cell division of control cells. H2B-GFP imaging of control cells undergoing cell division. 

White arrowhead: beginning of mitosis and chromosome condensation; yellow arrowheads: mitotic exit and 

chromosome decondensation. 

Supplemental Video S2. Mitotic exit without chromosome segregation. H2B-GFP imaging of heat-treated cell 

exiting from mitosis without chromosome segregation. White arrowhead: beginning of mitosis and chromosome 

condensation; yellow arrowhead: mitotic exit and chromosome decondensation in the absence of cell division.  
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