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SUMMARY

Although elevated levels of reactive oxygen species have been observed in cancer cells and cancer
cells aberrantly proliferate, it is not known whether the level of reactive oxygen species and the
accumulation of oxidative damage to macromolecules vary across the cell cycle. Here, we measure
the prevalence of reactive oxygen species and of biomolecule oxidation across the cell cycle in
freely-cycling cancer cells. We report that reactive oxygen species vary during the cell cycle, and
peak in mitosis resulting in mitotic accumulation of oxidized protein cysteine residues. Prolonged
mitotic arrest further increased the levels of ROS and the abundance of oxidatively damaged
biomolecules, including cysteine sulfenic acid-containing proteins and 8-oxoguanine. These
finding suggest that mitotic arrest agents may enhance the effects of ROS-dependent anticancer
therapies.
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eTOC Blurb

We studied connections between ROS and the cell cycle in unsynchronized cancer cells and using
multiple independent assays found that ROS and oxidative damage to biomolecules is highest in
mitosis and can be further enhanced by mitotic arrest.

INTRODUCTION

Due to the increased metabolic demands of sustained proliferation (Hanahan and Weinberg,
2011; Vander Heiden and DeBerardinis, 2017), cancer cells have elevated production of
reactive oxygen species (ROS) relative to non-cancer cells (Szatrowski and Nathan, 1991)
and are more reliant on the processes that neutralize ROS and prevent an accumulation of
oxidatively damaged biomolecules (DeNicola et al., 2011; Gorrini et al., 2013; Sullivan and
Chandel, 2014). Modest increases in levels of ROS appear to accelerate the proliferation rate
of cancer cells (Irani et al., 1997), activate growth factor signaling pathways through
inhibition of phosphatases by oxidation of catalytic cysteine residues (Finkel, 2012; Meng et
al., 2002; Rhee, 2006) and activate stress response pathways that provide resistance to
chemotherapy. Due to its highly reactive and damaging nature, however, high concentrations
of ROS result in oxidative damage to proteins (proteotoxic stress, (Dickinson and Chang,
2011)) and nucleic acids (Cooke et al., 2003) resulting in apoptosis and cancer cell death.
Manipulating the balance between ROS and antioxidants is therefore particularly important
in cancer cells, and might represent a potential therapeutic target (Watson, 2013).

ROS, oxidative stress, and the redox state in general, may play an important role in
controlling certain stages of the cell cycle. Indeed, the concept that redox state, ROS
production, and progression into mitosis might be intertwined is an old one (Kawamura,
1960; Mazia, 1958), but the connection remains poorly understood, paradoxical, and
sometimes conflicting. For example, Cdc25B and C, two canonical regulators of CyclinB/
Cdk1 that drive mitotic entry from G2, are inactivated by oxidation (Buhrman et al., 2005;
Savitsky and Finkel, 2002) while, conversely, Cyclin B/Cdk1 itself seems to enhance
mitochondrial oxidative metabolism (Wang et al., 2014) and concomitant ROS leakage at the
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G2/M transition. ROS levels have been observed to be elevated in mitotic cells in some
studies (Havens et al., 2006; Lim et al., 2015), while others have reported that mitotic cells
are in a more reduced state (Conour et al., 2004). Similarly, drugs that result in mitotic arrest
(antimitotics) have been reported to increase oxidative stress (Alexandre et al., 2007;
Ramanathan et al., 2005), while oxidative stress itself has been reported both to either
induce mitotic arrest (Wang et al., 2017), or instead to override the mitotic spindle
checkpoint resulting in mitotic exit and aneuploidy (D’Angiolella et al., 2007). Clearly, a
better understanding of ROS and redox state during specific stages of the cell cycle is
needed to address these controversies. The small number of previously published studies in
this area have largely relied on drug treatments, analyzed cells only following
synchronization, or did not distinguish among all four stages of the cell cycle (Goswami et
al., 2000; Havens et al., 2006; Lim et al., 2015). To overcome these limitations, here we used
multiple independent assays in freely cycling cancer cells of various origins to assess ROS
levels and protein and nucleotide oxidation as a function of cell cycle stage, and in response
to a treatment with a variety of antimitotic agents.

ROS levels are elevated in freely cycling mitotic cells and enhanced by mitotic arrest.

To examine the link between the cell cycle and oxidative stress in non-synchronized cells,
we utilized the dye CM-H,DCFDA as an intracellular probe for ROS (Oparka et al., 2016).
Upon reaction with oxidants, the molecule displays green fluorescence and can be used to
quantitatively measure ROS. Since ROS reporting by CM-H,DCFDA requires live cells,
while accurate assessment of cell cycle stage requires fixation, we developed a two-step
approach. First, a freely cycling culture of cells was labeled with CM-H,DCFDA, and living
cells were then flow-sorted into populations with a high, medium, or low degree of CM-
H,DCFDA fluorescence relative to their cell size as judged by forward scatter (FSC) (Figs.
1A and S1A, top panels). These populations were then immediately fixed, stained for DNA
content using DAPI, and an antibody against the mitotic marker phospho-histone H3
(pHH3), and analyzed by flow cytometry (Figs. 1A and S1A, lower three panels). We
performed this analysis using the suspension-phase hematopoietic cell lines Ramos and
U937 (B-cell lymphoma and acute myeloid leukemia, respectively) to avoid any potential
confounding effects on ROS/oxidation resulting from trypsinization of adherent cells
(Halliwell and Whiteman, 2004). As quantified in Figure 1B, the population that had a high
CM-H,DCFDA relative to their FSC was clearly enriched for cells in the G2 and M phases
of the cell cycle. Conversely, the population of cells with low CM-H,DCFDA relative to
FSC was highly enriched for G1 cells. These findings are consistent with increased oxidative
stress as cells progress through the cell cycle. Furthermore, treatment with a variety of
antimitotic drugs, including the microtubule stabilizer docetaxel, the microtubule
depolymerizer nocodazole, the PIk1 inhibitor BI2536 (Steegmaier et al., 2007) and the
Aurora A kinase inhibitor alisertib (Manfredi et al., 2011) at concentrations that cause strong
mitotic arrest (or G2/M arrest in the case of alisertib) in these cell lines (Figure S1B)
increased the level of FSC-normalized CM-H,DCFDA fluorescence in the entire arrested
cell population (Fig. 1C).
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Oxidative damage of proteins and nucleotides peaks in mitosis and after mitotic arrest.

The increase in ROS during G2 and M phases might be compensated for by various
antioxidant systems in cancer cells. To determine if elevated levels of ROS in mitotic cancer
cells resulted in increased oxidative damage to biomolecules, we measured total levels of
protein cysteine oxidation during the distinct phases of the cell cycle. This was performed
using dimedone labeling, a robust chemical method that takes advantage of dimedone’s
irreversible reactivity with oxidized cysteine (cysteine sulfenic acid) in live cells, to generate
a dimedone thioether-modified cysteine adduct. Following washing, fixation and
permeabilization, this covalently modified cysteine can be recognized by a specific antibody
(Seo and Carroll, 2009). By combining dimedone labeling with flow cytometric analysis
using DAPI and pHH3, we simultaneously measured, both total cysteine oxidation and cell
cycle stage in individual cells from otherwise unperturbed asynchronous cultures of the
Ramos and U937 cells used above, as well as in adherent C4-2 castration-resistant prostate
cancer (CRPC) cells, HeLa cervical cancer cells, and U20S osteosarcoma cells.

As shown in Figures 2A, B, and C and Figure S2A, dimedone labeling was consistently
elevated in mitotic cells relative to all other stages of the cell cycle in both suspension and
adherent cells, even after normalizing for cell size. This elevation of cysteine oxidation in
mitotic cells was statistically significant in all of the cell lines examined (Fig. 2C).
Furthermore, the addition of antimitotic drugs, including docetaxel, nocodazole, BI2536 and
alisertib all resulted in a further elevation of oxidized cysteines relative to non-arrested
mitotic cells (Figs. 2D and S2B). Finally, mitotic arrest also resulted in enhanced cell
staining of C4-2 cells with an antibody against the oxidized nucleotide 8-oxoguanine (Fig.
2E), consistent with similar findings reported by others (Crea et al., 2011). These
independent measures of oxidative stress lend additional support to the notion that the
elevated levels of endogenous ROS in mitotic cancer cells result in biomolecule oxidation,
and that mitotic arrest further increases the degree of oxidative damage.

DISCUSSION

We have made three observations that support the notion of a progressive increase in
endogenous oxidants and consequent oxidative stress as cells transit though the cell cycle.
First, cell populations that exhibited elevated fluorescence of an oxidative stress-dependent
dye were highly enriched in mitotic cells. Second, in freely cycling cells the levels of
cysteine oxidation was significantly enhanced in mitotic compared to interphase cells, and
could be further elevated by the addition of antimitotic drugs. Third, we observed elevated
levels of 8-0x0-G in cells following mitotic arrest, similar to Crea et al. (2011). Consistent
with these findings, elevated ROS levels have been observed in mitotic cells (Goswami et
al., 2000; Havens et al., 2006), and in cancer cells in general (DeNicola et al., 2011;
Szatrowski and Nathan, 1991).

It is interesting to note that while we observed high ROS levels in both G2-phase and
mitosis, we only saw the consequences of oxidative damage to proteins and nucleotides in
mitosis. This may simply reflect the time necessary to induce measurable damage, but could
alternatively indicate cell cycle-dependent regulation of cellular mechanisms for detecting,
detoxifying, or otherwise mitigating oxidative damage. In either case, the dependence of
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biomolecule oxidation on cell cycle stage suggests the possibility that it may serve as an
important signal during mitotic progression, an idea concordant with the finding that
pericentrosomal hydrogen peroxide enhances mitotic entry by inactivating the phosphatase
Cdc14B (Lim et al., 2015) .

The elevated levels of ROS that we observe in mitotic cells may allow development of new
treatments that kill cancer cells through ROS- or oxidative stress-dependent toxicities
(Watson, 2013; Yun et al., 2015). Specifically our observations of increased biomolecule
oxidation following mitotic arrest suggest that antimitotic drugs could sensitize cancer cells
to drugs that potentiate the toxicity of oxidative DNA or protein damage.

STAR METHODS
CONTACTS FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Michael Yaffe (myaffe@mit.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines were purchased from ATCC (Ramos, HeLa, U937, and U20S) or the
Characterized Cell Line Core Facility at MD Anderson (C4-2). Ramos, U937, and C4-2 are
male cell lines. HeLa and U20S cells are female. All cell lines were incubated at 37°C in a
humidified incubator supplied with 5% CO», maintained in subconfluent culture, and used
for < 20 passages. All media was supplemented with 10% fetal bovine serum (FBS) and 2
mM glutamine. U-2 OS and HeLa cells were grown in DMEM medium. Ramos, U937, and
C4-2 cells were grown in RPMI-1640 medium.

METHOD DETAILS

Flow cytometry measurement of CM-H,DCFDA oxidation and cell cycle stage
—TFor all CM-H,;DCFDA experiments, cells were collected by centrifugation, washed with
PBS, incubated with 5 pM CM-H,DCFDA in PBS for 30 minutes in the dark at 37°C,
collected by centrifugation, washed with PBS and then analyzed within 15 minutes. To
determine the cell cycle distribution of cells in populations with high, medium or low CM-
H,DCFDA fluorescence relative to forward scatter (FSC), exponentially growing cells were
treated as above, immediately sorted using the BD™ FACSAvria Illu (Becton Dickson) and
collected into tubes containing prechilled 100% ethanol. Sorted cells were then collected by
centrifugation and stored at —20°C in 70% ethanol 30% PBS. Fixed cells were then washed
with cold PBS containing 1% bovine serum albumin (PBS-BSA), permeabilized by a 15
minute incubation in PBS 0.25% Triton X-100 on ice and washed with PBS-BSA. Cells
were then incubated overnight with anti-phospho S10 histone H3 diluted 1:100 in PBS-BSA,
washed twice with PBS-BSA, incubated for 1 hour with fluorescent dye-conjugated
secondary antibody diluted 1:200 (Alexa Fluor®, Molecular Probes), washed twice with
PBS-BSA and resuspended in PBS containing 1 pg/ml 4,6-diamidino-2-phenylindole (DAPI,
Molecular Probes). Flow cytometry was performed using a BD™ LSRII flow cytometer
(Becton Dickson) and analyzed using the FlowJo® software package (FlowJo, LLC). To
examine CM-H,DCFDA oxidation during mitotic arrest Ramos cells were treated with 200
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nM nocodazole, 20 nM docetaxel, 400 nM alisertib, or 40 nM B12536. U937 cells were
treated with the same B12536 and alisertib concentrations, but 800 nM nocodazole or 40 nM
docetaxel. These doses were chosen as those beyond which further increase had no
appreciable effect on mitotic arrest after a 24-hour treatment (Figure S1B). These cells were
then CM-H,DCFDA treated as above and immediately analyzed by flow cytometry using a
BD™ LSRII flow cytometer (Becton Dickson). During the analysis with the FlowJo®
software package, CM-H,DCFDA/FSC ratios in each experiment were multiplied by 100 to
produce numbers in a more easily interpretable range.

Dimedone labeling based measurement of cysteine sulfenic acid—Freely
cycling cells were treated with 2.5 mM dimedone for 30 minutes and then washed twice to
remove all remaining dimedone prior to trypsinization. For experiments involving treatment
with antimitotic drugs, cells were treated with drug for 24 hours, labeled with dimedone for
30 min, washed as above. The media and wash solutions were combined with the trypsinized
cell pellet to retain any detached cells. Cells were fixed for 15 minutes with 4%
formaldehyde in PBS containing freshly-prepared 30 mM iodoacetamide to prevent further
oxidation/dimedone labeling during fixation (Kaplan et al., 2011). Fixed cells were then
washed with PBS-BSA, resuspended in —20°C methanol, washed twice with PBS-BSA
containing 0.1% Tween-20, and incubated with primary antibodies overnight at 4°C. Cells
were then washed with PBS-BSA 0.1% Tween-20 prior to a 1 hour room temperature
incubation with fluorescent dye-conjugated secondary antibodies diluted 1:200 (Alexa
Fluor®, Molecular Probes). Finally, cells were washed twice with PBS-BSA 0.1% Tween-20
and resuspended in PBS containing 1 ug/ml DAPI, and analyzed by flow cytometry as
above. The dimedone-labeling values were derived by dividing the signal intensity from the
dimedone channel by the FSC on an individual event basis, and multiplying by 10,000 to
obtain a reasonable scale.

In-cell western assays of 8-oxoguanine—In-cell western assays were used to measure
8-oxoguanine in C4-2 cells following the published method of (Crea et al., 2011). After the
indicated treatment, cells were fixed with methanol at —20°C for 20 minutes, washed, and
blocked for 60 minutes. Blocking, washes, and antibody incubations were performed using
Odyssey™ blocking buffer at room temperature. Primary antibodies including anti-8-
oxoguanine and anti-B-actin (diluted 1:200 and 1:1000, respectively) were incubated
overnight. Appropriate infrared-dye conjugated secondary antibodies (diluted 1:500) for 2
hours. Finally, cells were washed, wells were filled with PBS, and signal intensity assessed
using an Odyssey ™CLx scanner.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise indicated, data is presented as the mean of triplicate experiments, and bars
represent standard error of the mean.

DATA AND SOFTWARE AVAILABILITY

None.
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Highlights
ROS varies with the cell cycle in freely-cycling cancer cells
ROS levels peak in G2 and mitosis
Oxidation of biomolecules is maximal in mitosis

Muitotic arrest further enhances ROS and oxidative damage to proteins and
nucleotides
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Figure 1. ROS increases in mitotic cancer cells.
A, Ramos B-cell lymphoma cells were loaded with the ROS-responsive dye CM-H,DCFDA,

then physically separated into populations with a low, medium, or high CM-H,DCFDA
fluorescence relative to forward scatter (FSC), comprising approximately 15%, 70% and
15% of the total population respectively, using fluorescence-activated cell sorting (top
panel). These cell populations were immediately fixed, stained for pHH3 and DNA content
(DAPI) and analyzed by flow cytometry to determine the relative proportion of cells in
various stages of the cell cycle (bottom three panels).
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B, Quantification of cell cycle stage in cells sorted according to CM-H,DCFDA/FSC-low,
medium, and high populations for both Ramos and U937 cells. Mean + SEM of three
independent experiments are shown. Dotted lines indicate the frequency of each cell cycle
stage in the unsorted cell population.

C, Ramos and U937 cells were treated with the indicated antimitotic drugs for 16 hours,
then immediately stained with CM-H,DCFDA and analyzed by flow cytometry as in panel
A above. Shown are representative histograms of FSC-normalized CM-H,DCFDA staining
with black lines indicating the median of each population. Dashed vertical lines indicate the
median CM-H,DCFDA/FSC value seen in the DMSO control population. The mean CM-
H,DCFDA/FSC ratio measurements from triplicate independent experiments were used in a
two-tailed Students t-test versus DMSO control (* p < 0.05, ** p < 0.01).
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Figure 2. Oxidative damage of biomolecules increases in mitotic cancer cells.
A, Live asynchronous Ramos and U937 hematopoietic cells were labeled on oxidized

protein cysteine residues with dimedone, then washed, fixed, stained for pHH3 and DNA
content (DAPI) and analyzed by flow cytometry to determine cell cycle stage. “Mean
dimedone labeling” was defined as the mean dimedone channel signal normalized to FSC on
an individual cell basis. Mean + SEM of three independent experiments are shown.

B, C4-2 CRPC cells were labeled and analyzed as in panel A. Shown is an example scatter
plot with cell cycle distribution (left panel) and quantification of dimedone labeling (right
panel) in each stage of the cell cycle.

C, Flow cytometry and dimedone labeling analysis was performed as in panel B on the
indicated adherent cell lines. Gating was performed to separate interphase (G1, S and G2)
cells from mitotic cells, and the data analyzed and plotted as above. Mean + SEM of three
independent experiments are shown. (* p < 0.05 ** p < 0.01 by two-tailed paired Student’s
t-test).

D, Dimedone labeling analysis was performed in C4-2 CRPC cells treated with the indicated
antimitotic drugs (B12536, 10 nM; docetaxel, 2.5 nM) or DMSO vehicle for 24 hours. These
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cells were then analyzed for cell cycle distribution and cysteine oxidation levels, and plotted
as in panel B. Mean + SEM of three independent experiments are shown. (* p < 0.05 ** p <
0.01 using a two-tailed Student’s t-test).

E, Levels of 8-oxoguanine were assessed in C4-2 cells after a 16-hour treatment with
nocodazole or DMSO control followed by drug washout and 24-hour recovery. Cells were
fixed, stained with antibodies raised against 8-oxoguanine and normalized to actin. Mean +
SEM of three independent experiments are shown. (* p = 0.0195 using a two-tailed
Student’s t-test).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Phospho S10 histone H3 [3H10] EMD Millipore Cat#05-806
Cysteine sulfenic acid (dimedone) EMD Millipore Cat#07-2139
8-oxoguanine clone 483.15 EMD Millipore Cat#MAB3560
B-actin (rabbit) Cell Signaling Technologies | Cat#4967

Bacterial and Virus Strains

None

Biological Samples

None

Chemicals, Peptides, and Recombinant Proteins

DMEM Corning CellGro™ Cat#10-017-CV
RPMI-1640 Gibco™ Cat#11875-093
Fetal Bovine Serum (FBS) Seradigm Cat#1500-500
chloromethyl 2,7’ -dichlorodihydrofluorescein diacetate (CM-H,DCFDA) | Invitrogen Cat#C6827
BI2536 Selleck Chemicals Cat#S1109
Alisertib Selleck Chemicals Cat#S1133
Nocodazole Sigma Aldrich Cat#M1404
5,5-dimethyl-1,3-cyclohexanedione (dimedone) Sigma Aldrich Cat#38490
iodoacetamide Sigma Aldrich Cat#l-1149
Docetaxel LC Laboratories Cat#D-1000
4,6-diamidino-2-phenylindole (DAPI) Molecular Probes Cat#D1306

Critical Commercial Assays

None

Deposited Data

None

Experimental Models: Cell Lines

Ramos ATCC CRL-1569
U937 ATCC CRL-1593.2
C4-2 MD Anderson N/A

U-2 0S ATCC HTB-96
Hela ATCC CCL-2

Experimental Models: Organisms/Strains

None

Oligonucleotides

None

Recombinant DNA

None
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and Algorithms
FlowJo version 7.6.5 FlowJo, LLC

Seaborn statistical data visualization version 0.7.1

http://seaborn.pydata.org

Other

None
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