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Dual role of p21 in regulating apoptosis and mitotic integrity in
response to doxorubicin in colon cancer cells
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This study explores the multifaceted role of p21 in mediating cellular responses to DNA-damaging agents, with a focus on
doxorubicin treatment in HCT116 colon carcinoma cells. We investigated how different doses of doxorubicin affect cells with varied
p21 and p53 statuses, revealing distinct roles for p21 depending on the drug dosage. At high doses (HD), p21 is more critical than
p53 in mediating apoptosis, whereas at low doses (LD), p21 is essential for preventing mitotic defects and multinucleation. Notably,
reintroducing p21 or pharmacologically inhibiting CDK1 reduced multinucleation. The absence of p21 upon LD doxorubicin
exposure led to aberrant chromosome segregation, persistent DNA damage response (DDR) activation, and increased non-
homologous end-joining (NHEJ) activity, resulting in unrepaired DNA accumulation and multinucleation. Additionally, mitotic
defects in p21-deficient cells were associated with mislocalization of key mitotic regulators, Aurora B and mitotic kinesin-like protein
1 (MKLP1), exacerbating defective mitosis. In summary, p21 functions as a dual regulator in response to DNA damage, promoting
apoptosis at HD and preventing mitotic failure at LD. These insights have significant implications for cancer therapy, highlighting

the potential of targeting the p21 to enhance treatment efficacy.
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INTRODUCTION
Cellular responses to DNA damage are crucial for maintaining
genomic stability and preventing tumorigenesis. Cells rely on key
regulatory proteins, including p53 and p21, to direct responses to
DNA damage, deciding whether to halt cell division, undergo
repair, or initiate apoptosis based on the severity of the damage
[1]. p53, often referred to as the “guardian of the genome”, and
p21, a downstream effector of p53, are central to these processes,
as they modulate both cell cycle arrest and apoptosis pathways
[2, 3]. Doxorubicin, a chemotherapeutic agent known to induce
DNA damage, has been widely utilized to study the roles of these
proteins across diverse cellular contexts and varying levels of DNA
damage [4]. In prior work, we demonstrated that doxorubicin
induces two distinct modes of cell death in hepatocellular
carcinoma cells with mutant p53, depending on the dose: high
doses lead to apoptosis, whereas low doses result in cell death
through mitotic catastrophe with a senescence-like phenotype [5].
However, the specific effects of doxorubicin dosage on p53- and
p21-mediated cellular outcomes, especially in terms of cell cycle
progression and apoptosis, remains inadequately understood.
p21, a cyclin-dependent kinase (CDK) inhibitor, primarily
regulates the cell cycle by enforcing G1 and G2/M phase arrests
in response to DNA damage [6]. Recent evidence suggests that
p21's functions extend beyond cell cycle regulation, potentially
contributing to mitotic integrity and DNA repair [7-9]. However,
delineating the specific contributions of p21 to genomic stability
during sublethal DNA damage and its role in apoptosis at higher

DNA damage levels remain challenging due to the complexity of
its interactions with various molecular pathways. This study aims
to clarify the dose-dependent roles of p21 and p53 in DNA
damage response, focusing on how variations in their expression
influence cellular outcomes, such as multinucleation, apoptosis,
and the activation of specific repair pathways.

In this work, we used human colon carcinoma HCT116 cells with
defined p53 and p21 statuses to investigate the cellular
consequences of low and high doses of doxorubicin. Our findings
reveal a distinct bifunctional role of p21: at low doses of
doxorubicin, p21 is pivotal in maintaining mitotic progression
and preventing multinucleation, while at high doses, it is essential
for apoptosis induction. Additionally, we found that p21-deficient
cells exhibit altered DNA damage responses and an increased
reliance on error-prone repair pathways under mild DNA damage,
leading to genomic instability. These results underscore p21's
importance in modulating dose-dependent cellular outcomes and
highlight its potential as a therapeutic target for enhancing the
efficacy of DNA-damaging agents in cancer treatment.

RESULTS

Differential doses of doxorubicin elicit distinct cellular
outcomes in HCT116 cells with varying 53 and p21 statuses
Both p53 and p21 are central regulators of the DNA damage
response, particularly for cell cycle arrest and apoptosis [10-13].
To understand their contributions in cellular responses to
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Effects of varying doxorubicin doses on cellular outcomes in HCT116 cells with different p53 and p21 statuses.

A Immunofluorescence images of HCT116 WT, p53—/—, and p21—/— cells treated with 100 nM or 2 uM doxorubicin for 36 h, showing
nuclear morphology (DAPI, cyan) and actin cytoskeleton (phalloidin, red). Scale bar = 20 pm. B Quantification of multinucleated (left) and
apoptotic cells (right) in WT, p53—/—, and p21—/— cells treated with 100 nM or 2 uM doxorubicin (n = 30 cells per line). Data are presented as
mean = SD, **p < 0.01, ****p < 0.0001. C Flow cytometry of cell cycle distribution (sub G1, G1, S, G2/M and > 4 N) over time (0, 24, 48, and 72 h)
in WT, p53—/—, and p21—/— cells treated with 100 nM doxorubicin, with quantification of cells with > 4 N DNA content. Histograms (left) and
quantitation (right) are shown. D, E Western blot analysis of p53, p21, and cleaved caspase-3 expression in WT, p53—/—, and p21—/— cells
treated with 100 nM (D) or 2 uM (E) doxorubicin. p-actin was used as a loading control.

DNA-damaging anticancer drugs, we treated isogenic human
colon carcinoma HCT 116 cells with varying doses of doxorubicin,
analyzing wild-type (WT), p53—/—, and p21—/— cell lines.

At low doses (LD, 0.1 puM), doxorubicin induced differential
effects based on cellular p53 and p21 status. Fluorescence
microscopy revealed minimal changes in nuclear morphology in
WT cells, while p53—/— cells showed moderate nuclear enlarge-
ment. In contrast, p21—/— cells displayed pronounced mutinu-
cleation (Fig. 1A). Quantitative analysis indicated that
multinucleated cells accounted for approximately 80% of the
p21—/— cell population under LD doxorubicin treatment, under-
scoring p21's role in maintaining genomic stability (Fig. 1B).
Further investigation with flow cytometric analysis showed that at
24 h post-treatment with LD doxorubicin, all cell lines accumu-
lated in the G2/M phase (Fig. 1C). By 48-72 h, WT and p53—/—
cells transitioned to G1 arrest, while many p21—/— cells remained
in the G2/M phase and displayed a progressive increase the
population with DNA content > 4 N, indicative of mitotic failure.
The subG1 population was minimal in all cells treated with LD
doxorubicin (Fig. 1C). Consistent with these results, caspase-3
activation, a hallmark of apoptosis, was not observed in WT,
p53—/—, or p21—/— cells, despite severe multinucleation in
p21—/— cells (Fig. 1D). These results suggest that p21 is necessary
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for G1 arrest and for protecting mitotic defects under LD
doxorubicin treatment.

At high doses (HD, 2 pM) doxorubicin treatment induced
apoptosis in WT cells, characterized by chromatin condensation
and fragmentation. However, p53—/— cells exhibited only mild
nuclear enlargement, and p21—/— cells showed no apoptotic
features, underscoring p21’s essential role in HD doxorubicin-
induced apoptosis (Fig. 1A, B). Caspase-3 activation was robust in
WT cells but minimal in p53—/— cells and absent in p21—/— cells,
reinforcing p21’s critical role in facilitating apoptosis under HD
DNA damage (Fig. 1E).

p21’s role in regulating cellular responses to other DNA-
damaging agents

To assess whether p21’s role is conserved across DNA-
damaging agents, we treated cells with low-dose (5 puM) and
high-dose (50 pM) etoposide. Low-dose etoposide induced
multinucleation in p21—/— cells, whereas high-dose etoposide
triggered apoptosis predominantly in WT cells, similar to LD
and HD doxorubicin’s effects (Fig. S1A, B). These findings
confirm p21’s role in preventing multinucleation at low doses
and promoting apoptosis at high doses across DNA-damaging
agents.
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Fig. 2 Role of p21 in high-dose doxorubicin-induced apoptosis. A Flow cytometry of cell cycle in HCT116 cells transduced with NT or
p21 shRNA, treated with 2 yM doxorubicin for 48 h, showing subG1 cell population percentages. B Western blot analysis of Noxa and Mcl-1
expression in WT, p53—/—, and p21—/— cells treated with 2 pM doxorubicin. $-actin was used as a loading control.
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Fig.3 p21 is essential for maintaining genomic stability and normal mitotic progression. A Western blot analysis of p21 in HCT116 WT and
p53—/— cells transduced with non-targeting (NT) or p21 shRNAs. f-actin was used as a loading control. B, C Fluorescence microscopy of
nuclear morphology in HCT116 WT (B) and p53—/— (C) cells transduced with NT or p21-targeting shRNAs, treated with vehicle or 100 nM
doxorubicin for 48 h. Nuclei and actin were stained with DAPI (cyan) and phalloidin (red), respectively. Scale bar = 20 ym. Quantitation of
multinucleated cells is shown on the right (n =50 cells per group). Data are mean + SD, ***p < 0.001, ****p < 0.0001. D, E Flow cytometry
analysis of cell cycle phases (Sub G1, G1, S, G2/M and > 4N) in WT (D) and p53—/— (E) cells transduced with NT or p21 shRNA, treated with
vehicle or 100 nM doxorubicin for 48 h, including quantification of cells with > 4 N DNA content. F Western blot showing p21 levels in HCT116
p21—/— cells transfected with empty vector (EV) or p21, with p-actin as a loading control. G Fluorescence microscopy of nuclear morphology
(cyan) and actin (red) in HCT116 p21—/— cells transfected with EV or p21 after treatment with vehicle or 100 nM doxorubicin for 48 h. Scale
bar = 10 pm. Quantitation of multinucleated cells (%) following 24 and 48 h of treatment is shown on the right (n =50 cells per group). Data
are mean * SD, **p <0.01.

Cell Death Discovery (2025)11:133 SPRINGER NATURE



H. Kim et al.

€
|8
‘;_ o
&
3
]
Elz
T|8
°
£
3
(=]
Nuclei  a-Tubulin  AuroraB  Merge
Wi [ HCT116 WT
= HCT116 p53*-
B HCT116 p217-
~
p53-/-
" ...
shANA  Nuclei  o-Tubulin  Aurora B Merge
.
Z

p21

NT

P53

g

Nuclei a-Tubulin MKLP1 Merge

[ HCT116 WT
1 HCT116 p53+
N HCT116 p21+

@

MKLP1 mislocalization (%)
o N

Fig. 4 Mitotic defects in p21-deficient cells following low-dose doxorubicin treatment. A Live-cell imaging of HCT116 p21—/— cells
expressing GFP-H2B, treated with 100 nM doxorubicin for 48 h. Images were captured every 15min over 9h. Scale bar = 5pm.
B, C Immunofluorescence showing the localization of Aurora B (B) and MKLP1 (C) in WT, p53—/—, and p21—/— cells synchronized to early
anaphase by a thymidine-RO-3306 block. Hoechst 33342 (blue), a-tubulin (red), and Aurora B or MKLP1 (green) are shown. Quantification of
cells with weak Aurora B (B) and MKLP1 (C) signals in early anaphase (n=25 cells per group, repeated 4 times). Data are mean * SD,
**¥¥p < 0.0001. D, E Immunofluorescence showing Aurora B (D) and MKLP1 (E) localization in WT and p53—/— cells transduced with NT or

p21 shRNA.

p21 may enhance apoptosis by modulating the Noxa/Mcl-1
balance

To validate p21's involvement in HD doxorubicin-induced apoptosis,
we used shRNA to knock down of p21, resulting in a reduced sub-G1
population upon HD doxorubicin treatment (Fig. 2A). HD doxorubicin
treatment upregulated the pro-apoptotic protein Noxa and down-
regulated the anti-apoptotic protein Mcl-1 in WT cells, but not in
p53—/— and p21—/— cells (Fig. 2B). These results suggest that p21
may enhance HD doxorubicin-induced apoptosis by modulating the
Noxa/Mcl-1 balance.

p21 prevents LD doxorubicin-mediated multinucleation

To explore p21’s role in LD doxorubicin-induced multinucleation,
we knocked down p21 using shRNA in both WT and p53—/— cells,
which led to increased multinucleation and a higher population
with DNA content > 4 N (Fig. 3A-E). Reintroducing p21 in p21—/—
cells reduced multinucleation under LD doxorubicin treatment
(Fig. 3F, G), confirming p21's essential function in mitotic fidelity
under LD conditions.

p21 is required for proper mitotic progression in response to
low-dose doxorubicin

To further investigate the mechanisms underlying multinucleation
in p21—/— cells treated with LD doxorubicin, we performed time-
lapse imaging. The results revealed several mitotic defects,
including chromosome misalignment, lagging chromosomes,
unequal chromosome segregation, and eventual cell fusion—all
leading to failed cytokinesis and multinucleation (Fig. 4A).
Additionally, we observed delayed mitotic entry and prolonged

SPRINGER NATURE

cytokinesis in these cells, indicating mitotic dysfunction. We
examined key mitotic regulators, Aurora B [14-16] and MKLP1
[17-19], essential for chromosome segregation and cytokinesis,
respectively. In p21—/— cells, both Aurora B and MKLP1 showed
weak and diffuse expression, lacking proper central spindle
localization, which is critical for successful cytokinesis (Fig.
4B, C). This mislocalization was also observed in WT and p53—/—
cells following p21 knockdown (Fig. 4D, E). These findings indicate
that the absence of p21 disrupts the Aurora B- and MKLP1-
mediated mitotic checkpoint, leading to mitotic defects that
contribute to multinucleation. Thus, p21 deficiency in LD
doxorubicin-treated cells compromises both mitotic integrity and
cytokinesis, resulting in a profound disruption of genomic stability.

Persistent DNA damage response in p21-deficient cells treated
with low-dose doxorubicin

We next investigated whether the distinct cellular outcomes in
p53- and p21-deficient cells treated with LD doxorubicin were
linked to differences in the DNA damage response (DDR). In
p21—/— cells, ATM and Chk2 activation was significantly
stronger compared to WT or p53—/— cells after LD doxorubicin
treatment (Fig. 5A). The DNA damage marker y-H2AX was
dramatically elevated in p21—/— cells treated for 48 h, while WT
and p53—/— cells showed minimal expression (Fig. 5B). This
amplified DDR in p21—/— cells, characterized by persistent
y-H2AX signals even 7 h after doxorubicin washed out, but not in
WT and p53—/— cells (Fig. 5C), suggests sustained DNA damage
in these cells, indicating p21’s role in facilitating DNA repair. In
contrast, efficiently resolved y-H2AX signals, indicating more

Cell Death Discovery (2025)11:133
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Fig. 5 Impaired DNA damage repair in p21-deficient cells after low-dose doxorubicin treatment. A Western blot analysis of

phosphorylated ATM (p-ATM), p-Chk1, Chk1, p-Chk2, and Chk2 in WT, p53—/—, and p21—/— cells treated with 100 nM doxorubicin for
various time points. p-actin was used as a loading control. B Fluorescence microscopy of Lamin B1 (red) and y-H2AX foci (green) in WT,
p53—/—, and p21—/— cells treated with 100 nM doxorubicin for 48 h. Scale Bar = 20 pm. C Fluorescence microscopy showing nuclei (blue) and
y-H2AX foci (green) in HCT116 WT, p53—/—, and p21—/— cells treated with 100 nM doxorubicin for 24 h and then released into fresh media for
various time points. Scale bar = 20 pm. Quantification of nuclei with >10 y-H2AX foci (n =20 cells per group, repeated 4 times). Data are

mean £ SD ****p < 0.0001.

efficient DNA repair during LD doxorubicin-induced cell cycle
arrest.

Activation of error-prone DNA repair pathways in p21-
deficient cells treated with low-dose doxorubicin

Given the lack of apoptosis in p21-deficient cells treated with LD
doxorubicin, despite persistent DNA damage response (DDR) and
nuclear aberrations (Figs. 1 and 4), we assessed error-prone DNA
repair pathways. Elevated levels of phosphorylated DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) at serine 2056 (pS2056), a
marker of non-homologous end-joining (NHEJ) [20, 21], were
detected in untreated p21—/— cells. These levels were further
increased following LD doxorubicin (Fig. 6A, B). Additionally, meiotic
recombination 11 (Mre11), a key component of the MRN complex
involved in DNA end processing for NHEJ [22], showed increased foci
formation and protein levels in p21—/— cells treated with LD
doxorubicin (Fig. 6C, D). Pretreatment with the Mre11 inhibitor mirin
significantly reduced multinucleation in both p21—/— and p53—/—
cells (Fig. 6E, F), suggesting that error-prone NHEJ activation in the
absence of p21 leads to genomic instability under mild DNA damage
conditions.

DISCUSSION

Our study provides new insights into p21’s dual, dose-dependent
role in cellular responses to DNA damage, especially in
doxorubicin treatment contexts. We demonstrate that p21
governs apoptosis at high doses while preserving mitotic integrity

Cell Death Discovery (2025)11:133

at low doses, highlighting its essential function in genomic
stability and cell death regulation.

At high doses (HD) of doxorubicin, p21 facilitates apoptosis
independent of p53, as evidenced by caspase activation failure in
p21-deficient cells. These findings suggest that targeting the p21
pathway could enhance apoptotic responses to DNA-damaging
agents in cancer therapy. At low doses (LD) of doxorubicin, p21 is
crucial for preventing mitotic defects and multinucleation. The
mitotic abnormalities we observed in p21-deficient cells—chromo-
some misalignment, lagging chromosomes, and failed cytokinesis—
corroborate previous findings on p21’s role in protecting against
genomic instability by preventing premature mitotic entry [7]. p21
may prevent multinucleation, particularly through CDK1 inhibition,
which is crucial at the G2/M transition. Supporting this idea,
pretreatment with the selective CDC inhibitor RO-3306 significantly
reduced LD doxorubicin-induced multinucleation in p21—/— cells
(Fig. S2). This dysregulation, coupled with Aurora B and MKLP1
mislocalization compromises chromosome segregation, resulting in
mitotic defects and genomic instability.

Previous studies by Mauro et al. showed that p21-deficient cells
rely more on NHEJ to repair DNA double-strand breaks [23]. Our
findings extend this by demonstrating that persistent activation of
NHEJ in p21-deficient cells, combined with a sustained DDR, leads
to increased multinucleation and genomic instability.

In summary, our study clarifies p21 dual role in DNA damage
responses, showing that it prevents mitotic defects and maintains
genomic integrity at low doses of doxorubicin, while promoting
apoptosis at high doses. These findings underscore the therapeutic

SPRINGER NATURE
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potential of targeting p21 pathways to enhance the efficacy of DNA-
damaging agents in cancer therapy. Further studies should aim to
further delineate the molecular mechanisms by which p21
coordinates these distinct roles in DNA damage response.

MATERIALS AND METHODS

Chemicals and antibodies

Doxorubicin and etoposide were purchased from Selleckchem (Houston, TX,
USA). Mirin, RO-3306, thymidine, and nocodazole were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Texas red-X Phalloidin and Hoechst 33342 were
sourced from Thermo Fisher Scientific (Waltham, MA, USA). The following
antibodies were used: B-actin (sc-69879), p53 (sc-126), Lamin B1(sc-365214), a-
tubulin (sc-5286), Noxa (sc-515840, and MKLP1 (sc-136473) (Santa Cruz
Biotechnologies, Dallas, TX, USA); p21 (ab109520), phospho-ATM (51981)
(ab81292), and phospho-DNA PKcs (S2056) (ab18192)(Abcam, Cambridge,
MA, USA); phospho-Chk1 (Ser345)# 2348), Chk1 (#2360), phospho-Chk2
(Thre8)(# 2197), Chk2 (#6334), cleaved caspase-3 (#9664), phospho-Histone
H2AX (Ser139)(# 9718), Mcl-1 (#39224), and Aurora B (#3094) (Cell signaling
technology, Danvers, MA, USA); Mre11(GTX70212) and a-tubulin (GTX112141)
(Genetex, San Antonio, Texas, USA); DNA-PKcs (19983-1-AP) (Proteintech,
Rosemont, IL, USA); HRP-conjugated rabbit IgG and mouse IgG (Jackson
Immunoresearch, West Grove, PA, USA).

Cell culture

HCT116 human colon cancer cell lines (WT, p53—/—, p21—/—) were
generously provided by Dr. Bert Vogelstein (Johns Hopkins University).
Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Hyclone Laboratories, Logan, UT, USA) supplemented with 10% v/v fetal
bovine serum (FBS) (Hyclone Laboratories, Logan, UT, USA) and 1% v/v
penicillin-streptomycin (10,000 units penicillin and 10,000 pg streptomy-
cin) (Gibco-BRL). Cells were maintained at 37 °C in a 5% CO, atmosphere.

Small hairpin RNA-mediated knockdown of p21

To knock down p21, HEK 293T cells were transfected with the plasmids
containing non-targeting shRNA (SHC002V, Sigma Aldrich), p21-targeting
shRNA (TR305469, Origene), pVSV-G, and psPAX2.0, using the CalPhos
Mammalian Transfection Kit (Takara Bio, Kusatsu, Japan) following the
manufacturer’s instructions. After 48 h of lentiviral production, filtered viral
supernatants from HEK293T cultures were used to infect HCT116 WT and
p53—/— cells. Western blotting was performed to confirm successful p21
knockdown.

Plasmid transfection

The pcDNA3-HA-p21 plasmid (Addgene plasmid #78782; RRID) [24] was
used for transfection. HCT116 p21—/— cells were seeded in a 24-well plate
and transiently transfected with the plasmid using X-tremeGENE™ HP
DNA Transfection Reagent (Roche, Indianapolis, IN) according to the
manufacturer’s instructions. After 48 h of transfection, cells were used for
subsequent experiments.

Western blotting

Total cell lysates were prepared using Pierce IP lysis buffer (87787, Thermo
Fisher Scientific) supplemented with 1X Halt™ Protease and Phosphatase
Inhibitor Cocktail (Cat# 78441, Thermo Fisher Scientific) following the
manufacturer’s protocol. Protein concentrations were measured using the
Bradford assay and absorbance was read at 595 nm using a microplate
reader. Equal amounts of protein were denatured in SDS sample buffer at
95°C for 5min, resolved by SDS-PAGE, and transferred to Immobilon
membranes (Bio-Rad Laboratories, Hercules, CA, USA). Membranes were
blocked with 5% w/v skim milk for 1 h, incubated overnight with specific
primary antibodies, and subsequently washed with Tris-Buffered Saline
with 0.05% v/v Tween-20 (TBST). Horseradish peroxidase (HRP)-conjugated
antibodies (anti-rabbit or anti-mouse) were applied for 1 h. Protein bands
were visualized using ECL (GE Healthcare, Chicago, IL, USA), and f-actin
was used as the loading control. Unprocessed scans of immunoblots are
provided as supplementary material.

Immunocytochemistry
Following treatments, cells were fixed with 4% v/v paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA, USA) for 10 min in PBS at room temperature
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and blocked in 5% v/v normal goat serum (Thermo Fisher) for 30 min. Cells
were incubated overnight at 4°C with primary antibodies (anti-phospho-
Histone H2AX, cleaved caspase-3, Aurora B (Cell signaling Technology),
phospho-DNA PKcs(S2056) (Abcam), Mre11 and a-tubulin (Genetex), Lamin B1,
a-tubulin, and MKLP1 (Santa Cruze Biotechnologies) diluted in 5% v/v goat
serum with 0.2% v/v TritonX-100 in PBS. Cells were washed and incubated
with Alexa-conjugated secondary antibodies (488, 594, or 647; Thermo Fisher)
for 1 h at room temperature. Cells were counterstained with 4/,6-diamidino-2-
phenylindole (DAPI) (0.1 pg/ml) or Hoechst 33342 (0.1 pg/ml) for 10 min,
mounted using ProLong Diamond Antifade Mountant (Thermo Fisher), and
visualized using fluorescence microscopy (Carl Zeiss AxioObserver 7,
Oberkochen, Germany) or confocal microscopy (Olympus, FV1000, Japan).

Cell cycle analysis

After treatment, cells were harvested and fixed in 70% v/v cold ethanol for
30 min at 4 °C. Fixed cells were washed twice with 0.1% FACS buffer (0.1%
w/v BSA in PBS) and stained with DAPI (10 pg/ml) for 15-30 min. Flow
cytometry was performed using an LSRFortessa (BD Biosciences), and data
were analyzed with FlowJo software (Ashland, OR, USA).

Assessment of aneuploidy

Multinucleated cells were visualized using Hoechst 33342 and Texas red-X
Phalloidin staining. Cells with more than one nucleus were considered
multinucleated. Five frames per sample were counted, and data were
averaged. Three independent experiments were conducted.

Assessment of apoptosis

Apoptotic cells were identified based on nuclear morphological changes
such as chromatin condensation and fragmentation, visualized using
Hoechst 33342 and Texas red-X Phalloidin staining. Five frames per sample
were counted, and data were averaged. Three independent experiments
were performed.

Cell synchronization

HCT116 WT, p53—/—, and p21—/— cells were synchronized at the G1/S
boundary using a thymidine block (2 mM thymidine for 18 h). After being
released into a fresh medium for 3h, cells were arrested in G2 by
treatment with (10 pM) RO-3306 for 7 h, followed by release for 95 min to
reach anaphase.

Time-lapse imaging

Time-lapse imaging of HCT116 WT, p53—/— and p21—/— cells expressing
GFP-H2B was conducted 48 h after treatment with 100 nM doxorubicin.
Imaging was performed using fluorescence microscopy (Carl Zeiss
AxioObserver 7) at 37°C in a 5% CO, atmosphere for 9 h, with DIC and
fluorescence images taken every 15 min.

Statistical analysis

All experiments were repeated at least three times. All results are
presented as the mean * standard deviation (SD) unless otherwise stated.
Statistical analysis was performed using GraphPad Prism 9 (GraphPad
Software Inc, San Diego, CA, USA). The normality of data distribution was
assessed using the Kolmogorov-Smirnov test, and homogeneity of
variances was evaluated using Bartlett's test. For data meeting the
assumptions of normality and equal variance, statistical differences
between groups were analyzed using one-way or multi-way analysis of
variance (ANOVA), followed by Bonferroni’s multiple comparison test for
post hoc analysis. For all tests, p<0.05 was considered significant
(*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

DATA AVAILABILITY

All data and information concerning this study will be provided upon request.
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