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ABSTRACT

therapy. How therapy resistance arises is currently not fully understood
with tumors surviving via multiple alternative routes. Here, we demon-

strate that a subset of cancer cells survives therapeutic stress by entering

the polyploidization program, we identified an upregulation of key tran-
scriptional regulators, including the early stress-response protein AP-1 and
normoxic stabilization of HIF2a. We found altered chromatin accessibility,
ablated expression of retinoblastoma protein (RB1), and enrichment of AP-1
motif accessibility. We demonstrate that AP-1 and HIF2a regulate a ther-

apy resilient and survivor phenotype in cancer cells. Consistent with this,

Introduction

Metastatic cancer is a major threat to human health because of its frequent re-
sistance to systemic cytotoxic therapy (I, 2). Resistance is generally attributed
to genetic tumor cell heterogeneity and random chance by which at least
one cancer cell can survive a particular therapy and give rise to a subse-
quent treatment-resistant clone (3-5). However, the mechanisms underlying

the emergence of therapy resistance remain largely undefined. On one hand, the
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Therapeutic resistance and recurrence remain core challenges in cancer

a transient state characterized by whole-genome doubling. At the onset of

genetic or pharmacologic targeting of AP-1and HIF2a reduced the number
of surviving cells following chemotherapy treatment. The role of AP-1and
HIF2a in stress response by polyploidy suggests a novel avenue for tackling

chemotherapy-induced resistance in cancer.

Significance: In response to cisplatin treatment, some surviving cancer
cells undergo whole-genome duplications without mitosis, which repre-
sents a mechanism of drug resistance. This study presents mechanistic data
to implicate AP-1 and HIF2a signaling in the formation of this surviving
cell phenotype. The results open a new avenue for targeting drug-resistant

cells.

appearance of mutations can be fueled by genetic instability or aneuploidy (6-
10). On the other hand, the increase of genomic content allows for added genetic
diversity, plasticity, and adaptability (6, 9). A particularly dramatic change in ge-
nomic content occurs when cells undergo whole-genome doubling and become
polyploid. Importantly, this polyploidy is seen transiently in organisms across
the Tree of Life as a stress-response mechanism (11): Environmental stress has
been observed to induce increased cellular size in plants, invertebrates, and ver-

tebrates (12-14). Similarly, an increase in cell size has been found in a subset of
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cancer cells in response to stressors like chemotherapy, radiation, hypoxia, mi-
totic inhibitors, hyperthermia, or acidosis (15-21). However, how this transient
state of polyploidy leads to cell survival remains unclear (22). We hypothesized
that cancer cells might survive cytotoxic therapy via conserved pathways that
converge on perturbing cell cycle control. Such a survival mechanism would

represent yet another path to cancer cell resistance.

Previous investigations have shown that Burkitt lymphoma cells exposed to
radiation underwent four endoreplications before depolyploidization and re-
covery of resistant offspring. Irradiated p53 mutant cells but not p53 wild-type
cells exhibit these endocycles and RNA sequencing (RNA-seq) data showed
stem cell markers were upregulated in polyploid cells (23). This reprogramming
was partially preventable via Notch inhibition indicating multiple pathways
are responsible (24). The prolonged time before emergence of proliferating
progeny after polyploidy has led to hypotheses that the polyploid cells acquire
a senescence phenotype that is required for polyploidy (25).

Here, we investigated the structural, genomic, transcriptional, and epigenetic
mechanisms that facilitate survival in cancer cells treated with cytotoxic drugs.
Using microscopy and single-cell whole-genome sequencing (scWGS), we
found that a small fraction of cells survived cytotoxic therapy and that these
demonstrated plasticity, having enlarged nuclei and cell size. This phenotype
was accompanied by genome polyploidization and a pause in proliferation.
By applying RNA-seq, we identified AP-1 members JUN, FOS, and FOSLI and
EPASI as important mediators of survival and examined their functional role
using CRISPR/Cas9-mediated knockout (KO) or pharmacologic inhibition.
Assay for Transposase-Accessible Chromatin Using Sequencing (ATAC-seq)
of surviving cells demonstrated substantial changes in chromatin accessibility,
particularly around the HIF2a locus, and around proteins regulating the cell
cycle, including the retinoblastoma protein (RB1). In the progeny of surviving
polyploid cells, these changes were reverted as they transitioned back into a
proliferative state. We further showed that inhibition of AP-1 and HIF2a led to
a reduction in cancer cell survival under drug treatment. These results suggest

a novel avenue to manage chemotherapy-induced resistance in cancer.

Materials and Methods
Cell Culture

HCC-1806 (breast), MDA-MB-231 (breast), MCF?7 (breast), and PC3 (prostate)
cells were purchased from ATCC and CAL-51 (breast), LS174T (colon) from
Creative Bioarray. U690 (lung), 786-0 (kidney) were supplied by Dr. Sofie
Mohlin, Lund University (Lund, Sweden). All cell lines were maintained in
DMEM GlutaMAX (Thermo Fisher Scientific, #11594446), supplemented with
10% FBS (Thermo Fisher Scientific, #11550356) without penicillin/streptomycin
and were Mycoplasma tested (MycoAlert, Lonza, #LT07-318) at regular inter-
vals. Cells were maintained in a humidified incubator at 5% CO, and 37°C.
All cell lines were authenticated in 2023, using short tandem repeat profiling
(Eurofins).

Chemicals

Cells were treated with cisplatin (Sigma-Aldrich, #232120); the list of LDs for
each cell line is presented in Supplementary Table S1. For inhibition studies,
the c-Fos/AP-1 inhibitor T-5224 (MedChemExpress, #HY-12270), the HIF2a
inhibitor Belzutifan (PT2977; MedChemExpress, #HY-125840), and the Notch
inhibitor PF-03084014 (MedChemExpress, #HY-15185) were used at the ICsg

(10 nmol/L) for 72 hours in conjunction with cisplatin (26). Cisplatin was
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solubilized in PBS with 140 mmol/L NaCl at a stock concentration of 3 mmol/L.

The inhibitors were solubilized in DMSO at a concentration of 10 mmol/L.

Treatment

Cells were seeded in 10 mm dishes (5 x 10° cells per dish) overnight and dosed
with cisplatin at their respective LDs for 72 hours. Cells were then trypsinized,
size filtered (using 40 pm mesh filter; Nordic Diagnostica, PS-43-50040-03),
and reseeded or analyzed (Supplementary Data S1). The reseeding timepoint at
72 hours was set as the day 0 timepoint (Fig. 1A). Reseeded cells were main-
tained in culture until colonies started to form. The LD5y was estimated at the
72 hours timepoint. When monitored for 10 more days, 1%-10% of the reseeded
cells consistently survived. At the day 10 timepoint, all surviving cells displayed

a large phenotype (>3-fold larger than untreated cells) and were nondividing.

Generation of CRISPR/Cas9 KO Cell Lines

Cells were transduced with a doxycycline-inducible Cas9 lentiviral plasmid
(Horizon Bioscience, #VCAS11227). Cas9 was induced by treatment with
1 pg/mL doxycycline for 24 hours before electroporation using Amaxa HT
nucleofector following the manufacturer’s instructions (4 x 10% cells, Amaxa
SF Cell Line 4D-Nucleofector Kit S, #V4SC-2096, program EN-130-AA) for
single-guide RNA uptake. Post-electroporation viable cells were expanded and
electroporation (Lonza, #V4XC-9064) was repeated on pools of cells for a total
of three times. KOs were validated via DNA sequencing and Western blotting.

For guide sequences, see Supplementary Table S2.

Giemsa Staining

Atotal of 1 x 10° cells were seeded in 6-well plates with a coverslip at the bottom
of each well. Cells were left to attach overnight and then treated with cisplatin at
the respective LDsy concentration. After 72 hours, surviving cells were collected
at 0, 5, and 10 days. Wells were washed with PBS and 1 mL of methanol:acetone
(1:1), after which the plates were frozen overnight at —20°C. A total of 1 mL/well
Giemsa (Merck, #48900) was added and for a following 1-hour incubation, the
wells were washed three times with PBS. Coverslips were then mounted and

imaged using slide scanner (Olympus).

Transmission Electron Microscopy

Cells were trypsinized, washed, and fixed in 4% paraformaldehyde and 4% glu-
taraldehyde in 0.1 mol/L Sorensen phosphate buffer for 2 hours. The cells were
then post-fixed in 1% osmium tetroxide and embedded in low melting agarose.
Dehydration was carried out with increasing concentrations of acetone and the
cells were then embedded in Polybed 812. Samples were sectioned with Ultra-
tome Leica EM UC7 with a Diatom diamond knife at 60 nm thickness onto
Pioloform-coated Maxtaform H5 copper grids. Samples were analyzed using a

Tecnai 120 kV microscope (at 100 kV) and imaged with a Veleta camera.

Quantification of Surviving Cell Numbers,
Size, and Weight

Surviving cells were generated as described above, trypsinized and suspended
in 50 mL of DMEM. Cell sizes of HCT1806, HCT116, and 786-0 were quantified
after treatment at the 0 DPT, 5 DPT, and 10 DPT and when untreated control
(CTL) by imaging 10,000 cells using a high throughput particle analyzer (“Flow-
Cam”: Yokogawa Fluid Imaging Technologies, Inc.). Measures of cell sizes were
acquired from the FlowCam output. A Gaussian mixture model was used to
identify and quantify distinct cell populations classified by diameter (Supple-

mentary Data S1). For most timepoints, two populations were identified, with
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FIGURE 1 Drug-resilient cells triple in size and mass for up to 10 days posttreatment. A, Our treatment protocol entailed that seeded cells were

treated with cisplatin (T = —3 days) for 72 hours (T = 0 days posttreatment; DPT) and, following filtration, studied for 10 DPT. After a subsequent time
interval (between 2-12 weeks depending on cell line), surviving cells gave rise to progeny. B, Cells from four cancer cell lines stained with Giemsa when

untreated (CTL) and treated at timepoint O DPT, 5 DPT, and 10 DPT, and progeny from these cells at 28 DPT (HCC1806, 786-0, and HCT116 cells), and
49 DPT (U1890 cells; n = 3 biological replicates). Scale bar, 20 um. C, Detailed view of nuclei of untreated HCC1806 cells and when surviving 5 DPT,
using TEM. Scale bar, 2 um. D, Size of untreated (CTL) cells, surviving cells at O DPT, 5 DPT, 10 DPT, and progeny at 28 DTP (HCC1806, 786-0), 21 DTP

(HCTM6), and 49 DTP (U1890). Sizes acquired by imaging of adherent cells and analyzed in ImageJ. Cell size average from biological triplicates (n = 3)

and P-value (**, P < 0.01; *, P < 0.05; NS, not significant) by ANOVA test as indicated. E, Mass of untreated (CTL) cells, surviving cells at 10 DPT, and
progeny at 28 DTP (HCC1806, 786-0), 21 DTP (HCT116), and 49 DTP (U1890). Cell mass average from biological (Continued on the following page.)
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(Continued) triplicates (n = 3) and P-value (**, P < 0.01; *, P < 0.05; NS, not significant) by ANOVA test as indicated. F, Cell diameter distributions and
frequency of 10,000 sorted HCC1806 cells in control (CTL) and treated cells at O DPT, 5 DPT, and 10 DPT (biological replicates n = 3). G, Representative
image of proliferating clones of progeny 28 DTP (HCC1806, 786-0, HCT116, and U1890). Cells are stained with 0.5% crystal violet solution. H,
Distribution of surviving cells that died or regained proliferative capacity 2 months after treatment of HCC1806, 786-0, HCT116, and U1890 cells. Treated
and filtered cells (n = 96) at O DPT were transferred to individual wells. Average of the number of wells with dead cells, large cells, and proliferating
progeny cells from biological replicates (n = 3) and P value (**, P < 0.01; *, P < 0.05, significant relative to vehicle) by ANOVA test as indicated.

one population having a substantially larger diameter than the other. In most
cases, the population with the smaller diameter was the most frequent. In some
instances, three populations were identified, as the two populations’ model was
not enough to recover the observed size distribution. The code identifying the
cell population using the Gaussian mixture model was written in MATLAB

(Supplementary Data SI).

The Kolmogorov-Smirnoff test was used to compare the experimental distribu-
tion against the normal hypothesis. To explore whether the sample could come
from a truncated normal distribution, we used the “mle” function of MATLAB
with the option “TruncationBounds”. The “mle” function was also used for the
fit to a Gaussian mixture model, with the option “pdf” to fit to a custom dis-
tribution. This custom distribution was defined as a convex combination of
a normal distribution, with either two terms for the two components model
or three terms for three components model. The Kolmogorov-Smirnoff test
was then used to depict whether the sample could be generated by the fitted
theoretical distributions.

To quantify the mass of the cells, tin cups (IVA analysentechnik GMBH) were
weighed individually prior to experimentation and kept in a 96-well plate. Cells
were trypsinized, counted, and resuspended into 1 mL of PBS (roughly 20 mil-
lion control cells, and 2 million surviving cells). Cells were centrifuged and
resuspended into 100 pL PBS and transferred into a tin cup. Tin cups were kept
open (under a lid in the 96-well plate) and frozen at —80°C. The samples were
subsequently freeze dried (Lyph-Lock 12 freeze dryer, Labconco). Afterward,
each tin cup was weighed and differences in weights were calculated for each

condition in biological triplicates.

Immunoblotting

Cells were washed with PBS and lysed in 8 mol/L urea lysis buffer (8 mol/L urea,
20% SDS, 100 uL/mL glycerol, 1.5 mol/L TRIS pH 6.8) with protease (Merck,
#P8340) and phosphatase inhibitor cocktails (Merck, #P5726). Cell lysates
separated by 10% SDS-PAGE at 300 V for 15 minutes (Bio-Rad, #4561094)
were transferred to nitrocellulose membranes (Bio-Rad, #1704270). The mem-
branes were blocked for 5 minutes using EveryBlot Blocking Buffer (Bio-Rad,
#12010020), incubated with primary antibodies for 1 hour, washed for 30 min-
utes with Tris-buffered saline Tween 20 (TBST) and incubated with fluorescent
secondary antibodies to probe for multiple targets on each membrane for
1 hour, washed for 30 minutes and imaged using Bio-Rad Chemidoc (Bio-Rad).
Antibodies are denoted in Supplementary Table S3.

scWGS

For scWGS, surviving cells were size filtered and individual nuclei were man-
ually placed into wells and control cells sorted by a BD FacsJAZZ cell sorter
(BD Biosciences). For single-nuclei isolation, cell pellets were resuspended in
lysis buffer [1 mol/L tris-HCI pH 7.4, 5 mol/L NaCl, 1 mol/L CaCl,, 1 mol/L
MgCly, 7.5% BSA, 10% NP-40, ultra-pure water, 10 mg/mL Hoechst 33358,
2 mg/mL propidium iodide (PI)] and kept on ice in the dark for 15 minutes to

Cancer Res Commun; 4(3) March 2024

facilitate lysis. Single nuclei, as assessed by PT and Hoechst staining were sorted
into 96-well plates and stored at —80°C until further analysis. For library prepa-
ration, single nuclei were lysed and DNA was barcoded, followed by automated
library preparation (Bravo Automated Liquid Handling Platform, Agilent Tech-
nologies) as described previously (27). Single-cell libraries were pooled and
analyzed on an Illumina Hiseq2500 sequencer (Illumina). Sequencing was per-
formed using NextSeq 500 machine (Illumina; up to 77 cycles; single end) Full
analysis methods can be found in Supplementary Data SI. The bioinformatics
analysis to calculate the read-depth ratio used the software BWA (0.7.17) for
alignment of sequence reads to the reference genome (hgl9); Samtools (1.17;
ref. 28) was used for filtering and sorting the aligned reads; GATK (4.0.8.1),
Bcftools (1.17; ref. 28), and Eagle (2.4.1; ref. 29) were used for variant calling,
filtering, and variant phasing, respectively; and finally Chisel (1.1.4; ref. 30) was
used for read-depth calculations and plotting. Analysis of copy-number change
was performed using AneuFinder (3.17; ref. 31). Full analysis methods can be

found in Supplementary Data S1.

RNA-seq

RNA was extracted using TRIzol and was subsequently DNAse digested us-
ing DNase I from RNAqueous Micro Kit (Invitrogen, #AM1931) with RNase
inhibitors (Invitrogen, #10777-019) with merged protocol of (#10777-019).
Quantification of mRNA levels was undertaken using Qubit and RNA integrity
number (RIN) values generated using BioAnalyser. Library preparation, bulk
sequencing, and data analysis were performed by Novogene (full methods in
Supplementary Data S1). In brief, 1 ug RNA per sample was used as input mate-
rial for RNA preparations. Sequencing libraries were generated using NEBNext
Ultra RNA Library Prep Kit for Illumina (NEB) following the manufacturer’s
recommendations. Library preparations were sequenced on an Illumina plat-
form and paired-end reads were generated. Transcription factor analysis was

done as described previously (32).

ATAC-seq

Cells were washed twice with media prior to DNase I (Stem cell Technolo-
gies, #07900) treatment. 100x DNase solution (20,000 UN/mL) and 100x buffer
(250 mmol/L MgCl, and 50 mmol/L CaCl, in dH,O) were added to tissue cul-
ture media and the cells were incubated at 37°C for 30 minutes. Cells were
subsequently washed, trypsinized, and counted. A total of 100,000 cells per
replicate were cryopreserved in a solution with 50% FBS, 40% growth media,
and 10% DMSO at —80°C degrees. Library preparation, sequencing, and bioin-
formatics analysis were performed by Activemotif. Full methods and analysis
pipeline can be found in Supplementary Data S1.

FISH

FISH was carried out according to standard methods using centromere-
specific or locus-specific probes (Vysis CEP X (DXZ1) SpectrumGreen Probe,
Vysis CEP 1 SpectrumOrange Probe, Vysis CEP 2 (D2Z1) SpectrumOrange
Probe, Vysis LSI 19q13 SpectrumOrange/19p13 SpectrumGreen Probes, Abbott
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Scandinavia). For interphase FISH, a minimum of 200 nuclei were analyzed for

each probe.

Statistical Analysis

Data were compared with the normal distribution using the Shapiro-Wilk test
in the GraphPad prism software (version 9.5.1). One-way ANOVA was used
to determine statistical significance for Western blot samples. For cell mass
and inhibition studies, the Kruskal-Wallis test was used to determine signif-
icance. Cell size data were acquired from acquired from >2,500 cells obtained
using FlowCam images of >2,500 cells (Yokogawa Fluid Imaging Technologies,
Inc.). The cell size populations were separated and quantified with the Gaussian
mixture model with two components that was able to fit all the experimental

distributions statistically analyzed.

Data Availability

Raw data are available at Gene Expression Omnibus under accession number
GSE235909 and at SRA under accession number PRJNA990979. All scripts
containing the exact commands used for the analysis of scWGS are pub-
licly available on GitHub (https://github.com/aboffelli/pacc- copy-number). All
other data are available from the corresponding author upon reasonable

request.

Results

Cancer Cells Survive in Response to Cytotoxic Drugs by
Increasing in Size

To investigate the phenotype of therapy-resilient cancer cells, we treated differ-
ent cancer cells with cisplatin. Cancer cell lines derived from breast (HCC1806),
colon (HCT116), lung (U1690), and kidney (786-0) carcinomas were treated
with cisplatin at different concentrations (2-10 um). The respective LD5o was
calculated after 72 hours following treatment (Supplementary Fig. S1; Supple-
mentary Table S1). After treatment, we allowed the cells to recuperate (Fig. 1A).
The surviving cells in all four cell lines at 10 DPT demonstrated a significant
increase in nuclear and cell size (Fig. 1B). This phenotype was also noted in six
additional cancer cell lines (Supplementary Fig. S2). An increase in nuclear size
in surviving HCCI806 cells at 5 DPT was identified using transmission electron
microscopy (TEM; Fig. 1C). In Supplementary Fig. S3, there is a representative
image showing the increase in nuclear size and an increase in structures likely
to be peroxisomes or lipid droplets to perform oxidative reactions (33). Average
cellular sizes (untreated, treated, and subsequent daughter cells of the treated
cells, i.e., progeny) were measured with two-dimensional imaging of adherent
cells, which identified an increase in cell size of all cancer cell lines as compared
with 0 DPT (3- to 5-fold) that continued to 10 DPT (9- to 11-fold, Fig. 1D). This
quantification demonstrated that progeny cells were of similar size to untreated
control cells (Fig. 1D). Cellular mass increased on average 2.8 times between
0 and 10 DPT (Fig. 1E). Cell size measured with the FlowCam showed an av-
erage increase in three cell lines of 1.4 times at 0 DPT, 2.0 times at 5 DPT, and
2.3 times at 10 DPT (Fig. 1F; Supplementary Figs. $4-S7).

Surviving Large Cells have the Capability to
Produce Progeny

The surviving treated cells remained large and nonproliferative for a period of
2 to 8 weeks before returning to a proliferative state. The characterization of
this nonproliferative period is beyond the scope of this work but shares aspects

with senescence-like cell state. Their resulting progeny had a cell size and mass
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like those of untreated control cells (Fig. ID-F). To determine the efficiency
at which progeny were produced, clonogenic assays were performed and cells
were stained 4 weeks after the seeding of surviving cells. We observed that all
four cell lines had produced colonies 4 weeks posttreatment (Fig. 1G). To deter-
mine the rate at which treated and surviving cells could generate progeny, we
transferred treated single cells that had been size filtered using a 40 pm filter to
individual wells in a 96-well plate. The number of nonproliferative cells (larger
size), proliferative cells (smaller size, i.e., colonies of progeny), and dead cells
were measured. Cells were dead in 41%-78% of the wells, while large singular
nonproliferative surviving cells remained in 7%-41% of the wells, and prolif-
erating colonies were observed in 6%-35% (one plate per cell line, Fig. 1H;
Supplementary Table S4). These data suggest that large cells can eventually

divide and produce viable progeny which continue to proliferate.

Large Surviving Cancer Cells Undergo
Whole-genome Duplication

To determine therapy-induced genetic changes, we performed scWGS of the
breast cancer cells (HCC1806), untreated control cells and surviving cells
(Fig. 2A). To this end, untreated single control cells were sorted into 96-well
plates using flow cytometry. Because the size of nuclei in the surviving cells
hampered FACS, individual cells at 5 DPT were manually transferred to 96-well
plates. Control cells were selected for sequencing from the main peak based on
Hoechst/PI staining and FACS. We found that in most control cells, chromo-
somes were disomic (2, 5, 6, 12, 13, 14, 21), trisomic (1, 3, 4,7, 8, 9, 16, 17, 20, 22),
or monosomic (10, 13, 15, 18, X). In surviving cells, most chromosomes were
duplicated several times (with the cells containing multiple copies of each chro-
mosome) and showed a higher copy-number compared with the control cells
(Fig. 2A). After duplication, the proportion of DNA in each chromosome con-
tinued to be the same, as demonstrated by a calculated read-depth ratio for the
HCCI806 cells (Fig. 2B). The same trend is visible for the 786-0 cells (Supple-
mentary Fig. $8). That the proportion of DNA remained intact indicated that
the whole genome was doubled, keeping the fidelity of the original rearrange-
ments in the control cells. The high-fidelity duplication event would suggest
that the surviving cells were independent on any exact chromosomal karyotype
bias. Moreover, we quantified the karyotype heterogeneity between individual
cells on each chromosome in each condition to describe overall heterogeneity
score. It revealed a lower heterogeneity between the surviving HCCI1806 cells
compared with the heterogeneity within the untreated control cells (Supple-
mentary Table S5, with the reverse trend for the 786-0 cells). We validated the
scWGS ploidy assessment of surviving cells during the transient polyploid state
using interphase FISH (iFISH) with centromere probes for chromosomes 1, 2,
and X, and a locus specific chromosome 19 probe (Supplementary Table S6).
Centromere probes confirmed an increased copy number of chromosome X (as
avalidation of the fold changes observed in the WGS) in the surviving HCC1806
cells with the CTL cells containing two copies due to the cells being in G, state
(Fig. 2C). The same trend is visible for the 786-0 cells (Supplementary Fig. S8).
Therefore, the surviving cells had undergone at least one high fidelity whole
genome duplication by 5 DPT while not having divided.

Chromatin Regulation Emerges in Large Surviving Cells

To investigate changes in the transcriptome, we performed RNA-seq. In
HCCI806 cells, changes in transcriptional expression were noticed immedi-
ately after exposure to cytotoxic treatment, and during the transiently large
state. There were clusters of transcriptional expression changes that were dis-

tinct between untreated cells and surviving cells (e.g., 10 DPT), between the

Cancer Res Commun; 4(3) March 2024
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HCC1806 cells 5 DPT, as visualized with AneuFinder (reads per 10 Mb over total amount of reads) from scWGS each row representing a single nucleus.
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10 Mb bins over total amount of reads in the cell) of sScWGS, where blue areas show a lower number of reads, and red areas show a higher number of
reads. The blocks R1, R2, and R3 in the left represent replicates 1, 2, and 3, respectively. C, Copy number of chromosome X in untreated (CTL), surviving
HCC1806 cells at 5 DPT and their progeny, as visualized with chromosomal FISH of cells in interphase.

surviving cells of different ages (0 to 10 DPT), between the surviving cells at 10
DPT and progeny cells, and between untreated cells and progeny cells (Fig. 3A).
Principal component analysis (PCA) demonstrated the following differences in
comparison with untreated cells: large surviving cells at 0 DPT were the most
different along PC2 (representing 22% of the differentially expressed genes in
the dataset), large surviving cells at 10 DPT were the most different along PCl1

Cancer Res Commun; 4(3) March 2024

(representing 29% of differentially expressed genes in the dataset), and progeny
cells were the most different along PC1 (Fig. 3B). A total of 2,907 genes were up-
regulated in HCC1806 cells at 10 DPT compared with untreated control cells,
including EPASI, FOSLI, and the histone genes H2BE and H4BE (Fig. 3C). A
total of 3,214 genes were downregulated in HCC1806 cells at 10 DPT, includ-
ing BPIFBI, PAX7, and CDH5 (Fig. 3C). Many upregulated pathways between
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FIGURE 3 Cisplatin treatment of HCC1806 cells induced an altered transcriptome. A, Visualization of clusters of genetically similar cell populations
(HCC1806) when untreated (red), and when resilient to treatment and large at O DPT (yellow), 5 DPT (green), (Continued on the following page.)
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(Continued) and 10 DPT (blue). The PCA based on differentially expressed genes from the RNA-seq data. B, Visualization of gene expression of
HCC1806 cells when untreated, surviving treatment at O DPT, 5 DPT, 10 DPT, and as progeny. Heat maps of the differentially expressed gene data.

C, Visualization of downregulated and upregulated genes (fold change vs. adjusted P-value) in drug-resilient and transiently large HCC1806 cells

at 10 DPT, compared with untreated control cells. D, Pathways upregulated in HCC1806 cells surviving at 10 DPT, as quantified with RNA-seq and
Reactome analysis. E, Transcription factors regulating upregulated genes in HCC1806 cells surviving 10 DPT as quantified using RNA-seq and CHEA3

analysis.

untreated and treated large surviving cells at 10 DPT related to, for ex-
ample, chromatin regulation (Fig. 3D). Downregulated pathways between
untreated and treated, large, surviving cells at 10 DPT relate to, for example,
glycosylation, retinoic acid signaling, and non-integrin membrane-ECM in-
teractions (Supplementary Fig. S9). Analysis of transcription factors involved
in the regulation of the differentially upregulated genes in surviving cells at
10 DPT were members of the JUN, FOS, FOXMI, E2F4, CBX2, and GATA fam-
ilies (Fig. 3E). Transcription factors involved in the downregulated genes were
FOXALI, ESRI, and RFX5 (Supplementary Fig. S10). Therefore, large transcrip-
tional rewiring appears necessary for posttreatment cell survival, with many
of these changes affecting histones and stress response. We then moved on to
explore to what effect this would have on protein expression.

Proteins of the Minichromosome Maintenance Complex
is Reduced in Surviving Cells

Epigenetically regulated gene expression and maintenance of chromosomal sta-
bility requires the interaction of many proteins in a regulated manner through
the cell cycle. For example, the expression of the minichromosome mainte-
nance complex (MCM) proteins regulates the initiation of genome replication
via its formation of the prereplication complex. Expression of MCM?7, which
was highly upregulated in the RNA-seq data, was reduced in surviving cells in a
time-dependent manner, indicating a slowing of genome replication as cellular
size increased to the maximum (Fig. 4A). In contrast, the chromosomal stabi-
lizing HICI protein that interacts with cyclin D1 was relatively unaffected in the
surviving cell state. Moreover, NUR77, a hypoxia-inducible protein which can
bind to AP-1 promoters and mediates both cell cycle progression and apoptosis,
was upregulated in surviving cells. The expression of these proteins indicates
that, rather than the cell cycle checkpoint blockade, the replication of DNA may
be limiting growth of surviving cells. However, as the cell cycle was clearly al-
tered with surviving cells not dividing, we decided to further investigate cell

cycle perturbations via the RB1 protein.

RB1 Expression is Downregulated in Surviving Cells

The growth and whole-genome doubling of surviving cells suggest that cells
undergo repeated S-phases without mitosis, which requires that checkpoints
are skipped. A major cell cycle (G;-S and S) checkpoint regulator is the RB1
(34), which also has chromatin remodeling functions (34). Expression of total
RBI was reduced in a time-dependent manner but returned to baseline levels in
proliferative progeny (Fig. 4B). Phosphorylation of RB1 results in cell cycle pro-
gression by preventing RBI to bind to E2F transcription factors that alters the
transcription of genes that facilitate G; progression (35). In surviving treated
cells, the phosphorylation of Ser790 and Ser807 followed the same pattern as
total RBI expression, whereas phosphorylation of Ser780 was absent in surviv-
ing treated cells (Fig. 4B). In combination with the data demonstrating cell cycle
progression, the reduction in RBI thus indicates that surviving cells transition
through the G;-S checkpoint.

Cancer Res Commun; 4(3) March 2024

Inhibition of HIF2« Reduce the Number of
Surviving Cells

EPASI (encoding HIF2a) was upregulated in surviving cells across different
timepoints, cell types, and treatments (Supplementary Fig. S11). Stabilization of
HIF2a is described to canonically occur under hypoxic conditions. However,
similar to what was observed here, increasing evidence suggest that HIF2o can
be stabilized under physiologic oxygen conditions (5%-7% O,) in a tissue and
time-specific manner (36-38). Stabilization of HIF2a and activation of down-
stream signaling is known to result in significant transcriptional changes in cells
including an altered cell cycle (39). After chemotherapy treatment, we found
that HIF2a was stabilized at the protein level in both cell lines (Fig. 4C) Thus,

we focused on its downstream targets.

Expression of the HIF2a target SERPINBY increased in surviving cells as well
as in progeny populations, while DECI was expressed only at timepoints 5 DPT
and 10 DPT (Fig. 4C). The VEGFa was undetected in control cells but was
expressed in the polyploid surviving cells and their progeny (the expression
peaked at 5 DPT; Fig. 4C). We then asked whether HIF2a stabilization in sur-
viving cells is coupled to the Von Hippel Lindau protein (VHL) and Prolyl
hydroxylase (PHD) activity. We measured HIFla activity as a proxy because
this protein is stabilized in the absence of VHL. We did not detect HIFla or
the canonical downstream target CAIX in survivor cells, and PHD3 expres-
sion was unchanged (Fig. 4D). While PHD1 was downregulated in HCC1806
and upregulated in HCT116 cells, the reverse occurred for PHD2. Expression of
VHL was increased following treatment (Fig. 4D). These observations suggest
that VHL and PHD activities are uncoupled to HIF2a stabilization in surviving
HCT116 cells and that other noncanonical mechanisms are involved in facil-
itating HIF2a signaling. In the case that HIF2a stabilization independently
contributes to cell survival, we asked whether inhibition of HIF2a (via inhibit-
ing the formation of the HIF2a-HIFI heterodimer required for transcription
activation) reduced cell survival, which indeed was the case (Fig. 4E). More-
over, we tested the effect of Notch inhibition with a reduction in survival by at
least 20% by 10 DPT (Supplementary Fig. S12). Examining the effect of HIF2a
on cell survival using previously validated EPASI CRISPR/Cas9-KO cell lines
(HCT116 HIF2-KO and LS174T HIF2-KO cells, because we were unsuccessful
in generating EPASI KOs in HCC1806 cells), we found that survival was reduced
by >50% in EPASI KO cells at timepoint 10 DPT (Fig. 4F). In conclusion, sig-
naling via AP-1and HIF2o are at least in part important for survival of cisplatin

therapy via the transient formation of a large cell state.

The Chromatin Landscape is Remodeled in
Surviving Cells

Because epigenetic-modifying proteins consistently displayed increased ex-
pression in surviving cells across cell types and timepoints, we investigated the
chromatin landscape using ATAC-seq in the breast and colon cancer cell lines.
Surviving HCC1806 cells had a higher proportion of open distal intergenic re-

gions and of intron regions, but a smaller fraction of open proximal promoters
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FIGURE 4 Protein changes validate the role of HIF2a and RB1 for cell survival. A, Protein level changes of HIF2a-interacting proteins, MCM7, HIC7,
and NUR77 in HCC1806 and HCT116 cells when untreated (CTL), when surviving at O DPT, 5 DPT, and 10 DPT and as progeny; demonstrated by Western
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only or cisplatin together with the HIF2a inhibitor Belzutifan. F, Number of LS174T and HCT116 colon cancer cells surviving cisplatin at 0 DPT and
10 DPT as “normal” and with k HIF2a KO from biological replicates (n = 3) and P-value (**, P < 0.01; *, P < 0.05; significant relative to vehicle) by

ANOVA test as indicated.

and 5'-UTR (untranslated regions; Fig. 5A). Differential region analysis showed
that chromatin, in general, was less accessible in surviving cells compared with
untreated cells at 0 DPT. However, by 10 DPT chromatin was more accessible
compared with untreated control cells (Fig. 5B). Enrichment analysis of pro-
moters that were more open in the surviving cells identified a high frequency
of AP-1 binding sites, in particular the promoter regions downstream of the
target genes FOSLI, FOSL2, and JUN (Fig. 5C). However, other downstream
genes with AP-1 motifs were among downregulated hits (e.g., JunB), suggesting

AACRJournals.org

that other co-regulating factors besides AP-1 are involved for cells to survive
through a transient state of polyploidy. We did not note any changes in the
chromatin landscape around API gene members themselves. The chromatin
landscape surrounding the EPASI gene was more open in surviving treated cells
than in untreated cells (Fig. 5D). This suggests that increased transcription is
a possible mechanism by which EPASI expression is increased as opposed to
posttranslational mechanisms alone and that HIF2a is important in mediating

survival.

Cancer Res Commun; 4(3) March 2024
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FIGURE 5 Surviving polyploid cells demonstrate an overall reduction of chromatin openness while AP-1 motifs were enriched. A, Visualization of
accessible regions in surviving HCC1806 cells at O DPT; as quantified by ATAC-seq. B, Visualization of more (green) or less (red) accessible regions in
surviving HCC1806 cells at O DPT; as quantified by ATAC-seq. C, Visualization of DNA motifs for AP-1 family members in HCC1806 surviving at O DPT,
as quantified by ATAC-seq. D, Openness of region for EPAST in HCC1806 cells surviving at O DPT, as visualized with genome browser tracks. E, Protein
level changes in HCC1806 and HCT116 cells of the AP-1 members FOS, FOSLT, JUN, and ATF-3 in untreated (CTL), surviving cells at O DPT, 5 DPT, and
10 DPT, and as progeny. F, Number of HCC1806 and HCT116 cells surviving at O DPT and 10 DPT when treated with cisplatin alone and cisplatin
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ANOVA test as indicated.

Targeting AP-1 Subunits in Surviving Cells
Decrease Survival

To assess whether AP-1subunits were also translated into protein at higher level
rather than just transcribed in surviving cells, we determined the expression of
AP-1-regulated proteins (FOS, JUN, and FOSLI1) in HCC1806 and HCT116 cells,
because these lines produced the highest fraction of proliferating cells after cis-
platin treatment (Fig. 1H). Expression of FOS was decreased in HCC1806 but
increased in HCT116 cells following treatment cessation (Fig. 5E). In HCC1806

Cancer Res Commun; 4(3) March 2024

cells, FOSLI was only expressed immediately following treatment cessation and
in surviving cells 10 DPT. In contrast, FOSLI was increased in HCT116 cells fol-
lowing treatment and returned to baseline levels in progeny. Expression of JUN
was increased in surviving cells in both cell lines suggesting a possible targetable

subunit across cancers (Fig. 5E).

To determine the relevance of the findings that AP-1 signaling is important for
survival, we combined cisplatin treatment with AP-1 inhibition using T2445
(which specifically inhibits the FOS/JUN heterodimer). We saw no effect on
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cellular proliferation of T2445 on its own (Supplementary Fig. S13). We quan-
tified the number of surviving cells at timepoints 0 DPT and 10 DPT after the
combined treatment with cisplatin for 72 hours. Our data showed that inhi-
bition of AP-1 reduced survival by >50%, at both timepoints (Fig. 5F) thus
showing that AP-1 signaling via cFOS/cJUN heterodimer activity plays a role

in the formation of surviving cells.

Discussion

Resistance to systemic therapies is commonly thought to be due to tumor
heterogeneity and acquired mutations that are further fueled by aneuploidy,
genetic instability, or both. However, cells can also survive stress through
transient and phenotypic changes, including cell size. In other organisms
(e.g., protists, plants, and prokaryotes), these transient changes in cell size
via cell-autonomous whole-genome doubling are an adaptive response to en-
vironmental stress (11). In this study, we found that cancer cells circumvent
therapy-induced death through a state of repeated whole-genome doubling
resulting in transient polyaneuploidy. These data indicate that reversible alter-
ations to the cell cycle allow cells to survive cytotoxic treatment. We further
demonstrated that the entry into the transiently morphologically large and

drug-resilient state induced cellular stress responses.

Alterations to the canonical mitotic cell cycle were found in a recent study
of drug-resilient, large, and primarily mononucleated prostate carcinoma cells
(40). In that study, Kim and colleagues (2023) demonstrated that upon exposure
to cytotoxic drugs, cells continue to replicate DNA by exiting the proliferative
mitotic cycle and entering an endocycle (40). In another study of p53-mutated
lymphoma cells, the cells after treatment failed to arrest in G; but instead at G,
before entering an endocycle, while functional p53 stopped this (22). In the al-
ternative cell endocycle, cells skip mitosis and progress through multiple rounds
of G- and S-phases that result in cellular hypertrophy and repeated whole-
genome doublings. The repeated DNA synthesis (S-phase) without cell division
in the surviving cells of this study would also be consistent with an endocycle
proceeding through multiple cell cycle checkpoints and avoids checkpoint-
mediated apoptosis. Cancer cells undergoing polyploidy appear to limited to 32
copies of a chromosome (32C or 4 endocycles), which aligned with our results
by interphase-FISH (22). By tracking the changes in transcriptional expression
of the large cells that survive cytotoxic chemotherapy, we showed that cell cy-
cle regulators AP-1 and RBI, as well as stress-responsive HIF2a were altered
in the entry into the adaptive prosurvival state. We hypothesized that these
altered pathways represent a stress-induced response leading to an active cell
cycle across checkpoints that confers protection from cytotoxic agents acting

on proliferative cells.

Our RNA-seq data indicated that the AP-1 pathway is altered in breast and colon
cancer cells that survive chemotherapy treatment and adopt a large cell size. The
AP-1 transcription factors are activated in response to stress, regulate processes
such as proliferation and apoptosis (41), and play a key role at the G;-S transi-
tion point (42). In addition to direct phosphorylation and dephosphorylation of
AP-1 subunits, AP-1 activation is influenced by transcriptional regulation of its
dimer members ATFE, FOS, or JUN. We found that the ATF-3 protein accumu-
lates as transiently large cells form in HCC1806 and HCT116 cell lines following
treatment. Depending on baseline expression levels, ATF-3 has been implicated
in both the promotion and inhibition of proliferation (43, 44). Dysregulation of
the FOS and JUN family is associated with cancer therapy resistance and poor

patient survival (45-47). For example, loss of FOS indicates worse overall sur-
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vival in patients with breast cancer (45) while increased expression of FOSL1
and JUN family members promotes drug resistance and growth in breast and
colorectal cancer cells (46, 47). Although our findings are consistent with AP-1
being involved in stress responses and cell cycle alterations that mediate drug
resilience, inhibition of AP-1 did not entirely abrogate cell survival by the state
of polyploidy. While it is possible that this is due to suboptimal specificity of
the inhibitor itself, it may also indicate that other mechanisms conjoin to allow

the altered cell cycle.

Cell cycle progression into S-phase can be mediated by the inactivation of
RBI, which occurs either by phosphorylation, genetic deletion or mutation,
chromatin-modifying enzymes or by binding to viral oncoproteins (34). We
found that the total RB1 expression was reduced in cells that survived for sev-
eral days following treatment. This reduction was consistent with progression
through the S-phase by surviving cells. Phosphorylation of RBI was also re-
duced during the 10 days posttreatment (Fig. 4B), which suggests that cell
cycle progression at G;-S is not facilitated by the effects of the canonical RBI-
phosphorylation cascade (releasing E2F transcription factors; refs. 35, 48). The
loss of the negative control that RB1 normally exerts on the cell cycle could
contribute to skipping of G;-S and S checkpoints in surviving cells. As surviv-
ing cells resume proliferation, the expression of total RBI returns to baseline.
These observations are in line with data on polyploid giant cancer cells (PGCC)
demonstrating that genes regulating cell cycle checkpoints are altered (49). Al-
though a full explanation as to why total RB1is decreased in drug-resilient cells
remains opaque, we note that the HIF2a transcription factor has been shown to
promote both RBI (via the pro-S-phase RBI-E2F cascade) and AP-1 (e.g., com-
plex members JUN) expression (50-52). Further elucidation of this mechanism

is an avenue for future studies.

We show that the transcription factor HIF2a was highly upregulated in tran-
siently polyploid and drug-resilient cancer cells, and that its downstream target
genes and associated pathways are activated. HIF2 signaling appears to be ap-
plicable to many cell lines as hypoxic signaling was an upregulated pathway in
ovarian PGCCs (49). Chromatin accessibility of EPASI was increased in sur-
viving breast cancer cells (HCC1806) at 10 DPT. HIF2a is typically degraded in
the presence of oxygen. Our data show that cells surviving cisplatin treatment
stabilized HIF2a in a hypoxia-independent manner, supported by the absence

of hypoxia-responsive HIFla expression in the same cell states.

HIF2a interacts with many regulators of the cell cycle and its stabilization in
surviving cells posttreatment suggests that it may be critical for maintaining
the cancer endocycle. AP-1 transcriptionally regulates cyclinDI that, in a com-
plex with CDK4/6, phosphorylates RBI1, which initiates the cascade to release
E2F that drives progression through the G,-S checkpoint. HIF2a interacts with
AP-1, and both cyclinD1 and the AP-1 complex member JUN are downstream
transcriptional targets of HIF2a (50-52). HIF2a has also been shown to pro-
mote entry into the S-phase in a RBl-independent manner by stabilizing the
MYC/MAX complex, a G;-S promoting mechanism that parallels RBI/E2F
(53-56). Thus, HIF2a can enable progression through G;-S to S- phase in-
dependently of RB1l. MCM7 binds to HIF2a and promotes polyubiquitination
and degradation, resulting in decreased levels of HIF2a (57). HIF2a signal-
ing regulates embryonic development where the cell cycle oscillates between
M and S, without gap phases; and embryonic gene sets have been seen in large
cells (58, 59). We found that MCM?7 expression was decreased in the transient
polyploid drug-resilient cells, with the expression decreasing in 10 DPT cells,

while surviving cells undergo whole-genome duplication. The loss of MCM7
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FIGURE 6 A model for surviving therapy. Cisplatin treatment induced whole-genome doubling without cell division resulting in large cells.

Expression of HIF2a and AP-1 increased and appeared to help mediate cell survival. Eventually the cells ceased to increase in size and remained

dormant for a period before undertaking cell division.

concomitant with HIF2a stabilization in endocycling cells suggests that HIF2a
stabilization may also be associated with the waning of genome duplication.
The observation that HIF2a KO did not completely ablate cell survival high-
lights the need to explore whether combinations of inhibitors together, or AP-1
inhibition in combination with HIF2a KO, would abrogate the entry or exit into
the survival phenotype.

An alternative possibility is that these cells are entering a senescent-like state
or somehow rewire their physiology toward another cell fate. Senescence was
originally considered to be an irreversible cell cycle state, yet various studies
have shown that it might well be reversible (60). Reversing senescence might
be induced via manipulating critical regulators of senescence such as p53 or by
altering the senescence-associated transcriptional program. HCC1806 cells are
p53 null, while HCT116 cells are p53 proficient. Therefore, it would be expected
that HCCI806 cell restart the cell cycle faster. Because this is not the case, this re-
sponse is independent of p53. AP-1 opens the chromatin landscape to enhancers
and is critical for the expression of the senescence associated transcriptional
program. It has been shown to be important in early large-scale genome regu-
lation; and AP-1 member expression was altered in all cell lines tested (61, 62). In
addition, cells express DEC1 at 5 DPT and 10 DPT (Fig. 4C) which is a canoni-
cal marker of senescence (63). So, while the cell cycle RBI checkpoint may have
been ablated, AP-1is still functioning to stop entry into mitosis. If surviving
cells follow a similar pathway to reenter the cell cycle beyond 10 days posttreat-
ment, depletion of AP-1 members could override the senescence transcriptional

program.

In summary, we suggest a conceptual model of therapy resistance that involves
entry into a transient survival state characterized by an exit from the mitotic

cycle and repeated whole-genome duplication in the absence of mitosis. Our

Cancer Res Commun; 4(3) March 2024

data indicate that the upregulation of prosurvival pathways mediated by AP-1
and HIF2a supports a mechanism of whole-genome doubling via endocycling
that could be therapeutically targeted (Fig. 6). This resistance model may rep-
resent an underappreciated mechanism of therapeutic resistance based on an
evolutionary conserved stress response. Together, these results deepen our un-
derstanding of the formation of a survival phenotype and may contribute to
developing novel approaches to overcome chemotherapy-induced resistance in

cancer.
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