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Abstract: The recently discovered interleukin (IL)- 32 isoform IL-32θ exerts anti-metastatic effects
in the breast tumor microenvironment. However, the involvement of IL-32θ in breast cancer cell
proliferation is not yet fully understood; therefore, the current study aimed to determine how IL-32θ
affects cancer cell growth and evaluated the responses of IL-32θ-expressing cells to other cancer
therapy. We compared the functions of IL-32θ in triple-negative breast cancer MDA-MB-231 cells
that stably express IL-32θ, with MDA-MB-231 cells transfected with a mock vector. Slower growth
was observed in cells expressing IL-32θ than in control cells, and changes were noted in nuclear
morphology, mitotic division, and nucleolar size between the two groups of cells. Interleukin-32θ
significantly reduced the colony-forming ability of MDA-MB-231 cells and induced permanent
cell cycle arrest at the G1 phase. Long-term IL-32θ accumulation triggered permanent senescence
and chromosomal instability in MDA-MB-231 cells. Genotoxic drug doxorubicin (DR) reduced the
viability of MDA-MB-231 cells not expressing IL-32θ more than in cells expressing IL-32θ. Overall,
these findings suggest that IL-32θ exerts antiproliferative effects in breast cancer cells and initiates
senescence, which may cause DR resistance. Therefore, targeting IL-32θ in combination with DR
treatment may not be suitable for treating metastatic breast cancer.
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1. Introduction

Breast cancer is the leading cause of cancer-related deaths among women world-
wide [1]. Triple-negative breast cancer (TNBC) is the most dangerous subtype of breast
cancer and is associated with a significant risk of metastasis and poor overall survival [2].
Conventional genotoxic and cytotoxic chemotherapies induce death of rapidly dividing
cancer cells and comprise the main strategies for treating TBNC [3]. However, due to their
non-specific nature, cytotoxic strategies are also toxic to normal cells, resulting in serious
side effects in various organ systems [4]. The responses of TNBC to chemotherapy are
characterized by an initially high rate of complete responses and a higher relapse rate
of post-chemotherapy residual tumors, unlike other types of breast cancer. Cancers are
aggressive in nature and can adapt to new signaling pathways and mechanisms to escape
therapeutics, especially monotherapy. Therefore, combined therapeutic modalities can be
effective when responses are appropriately evaluated to eliminate drug resistance.

Cytostatic therapies are not directly cytotoxic to tumor cells, but they can reduce or
prevent the growth of tumor cells by inhibiting their ability to divide [5]. Therapy-induced
senescence (TIS) is a promising approach to inducing cancer cytostasis [5,6]. Senescent cells
are characterized by permanent and irreversible growth arrest, changes in cell morphology,
metabolism, and chromatin structure [7]. However, they also resist apoptosis and secrete
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various cytokines, chemokines, and growth factors (senescence-associated secretory phe-
notype; SASP) [8]. In addition to cytotoxic activities, some conventional therapies exhibit
cytostatic activity at low doses, and promote TIS in human cancer tissues [5]. Doxorubicin
(DR) is a genotoxic anthracycline drug that is commonly used to treat breast cancer; at low
doses, it triggers cellular senescence in various cancer cells, including TNBC. However,
drug resistance and cytotoxicity limit its effectiveness [8]. Long-term senescence may
support alternative conclusions, since tumor cells can escape from TIS and facilitate drug
resistance [9]. Although TIS as a strategy for treating cancer remains controversial, its
primary tumor-suppressive role remains beneficial. Thus, the TIS phenomenon should be
evaluated further when assessing combination therapies to help establish more effective
cancer treatment strategies and prevent adverse consequences.

Interleukin (IL)- 32 has nine isoforms caused by alternative splicing [10]. Three
isoforms, IL-32β, IL-32γ, and IL-32θ, have been detected in breast cancer tumors with
protumor or antitumor effects [11,12]. The recently identified IL-32θ acts as an intracellular
module during cancer development [12,13], and may be a potential therapeutic target.
Interleukin-32θ reduces macrophage-induced breast cancer metastasis [12] and is, thus,
supposed to exert antiproliferative effects on breast cancer cells. We observed that IL-32θ
decreased breast cancer cell growth by inducing cellular senescence, and investigated
whether this effect could help to increase cancer cell sensitivity to DR.

2. Results
2.1. IL-32θ Reduced MDA-MB 231 Cell Proliferation

The results of MTS assays revealed that, after 72 h, MDA-MB 231 cells expressing IL-
32θ had a slower growth rate than cells not expressing IL-32θ (Figure 1A). Moreover, DNA
synthesis measured via BrdU incorporation reduced noticeably after 72 h, indicating that IL-
32θ inhibited cell proliferation (Figure 1B). The results of clonogenic assays determining the
colony-forming ability of single cancerous cells showed that cells expressing IL-32θ formed
fewer colonies after 10 days than cells without IL-32θ expression (control) (Figure 1C).
Taken together, these data suggest that IL-32θ exerted antiproliferative effects on MDA-
MB-231 cells.

Figure 1. Antiproliferative effects of IL-32θ on MDA-MB-231 breast cancer cells. (A) Cells were
seeded and incubated overnight for attachment, then cell viability was assessed using MTS assays at
indicated time points. (B) Incorporation of BrdU after 72 h, indicating proliferative cells. (C) Colony
forming ability was analyzed 10 days after seeding 1 × 103 cells in 6-well plates. * p < 0.05 (Student
t-tests). Results are representative of three independent experiments.
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2.2. IL-32θ Induced Cellular Senescence but Not Senescence-Associated Secretory Phenotype (SASP)

We investigated whether IL-32θ exerted antiproliferative effects on MDA-MB-231
cells by damaging DNA. The number of fluorescent cells expressing p-γH2Ax, a marker
of DNA damage response, increased by ~10% compared with the total number of cells
in IL-32θ-expressing cells (Figure 2A), suggesting DNA damage in some cells expressing
IL-32θ. The DNA damage and reduced cell proliferation may be ascribed to cellular
senescence [14]. Therefore, we detected senescence by SA-β-gal and lipofuscin staining.
The ratio of stained cells was significantly higher in cells expressing IL-32θ than those
without IL-32θ expression (Figure 2B). Nucleolar size is a biomarker of aging [15]. Although
the proportions of nucleoli per cell did not change significantly (Figure 2C,D), the total
nucleolar area per cell was larger in cells expressing IL-32θ than those without IL-32θ
expression (Figure 2E). We quantified SASP that often occurs in DNA-damaged senescent
cells by measuring the secretion of inflammatory IL-1β, IL-6, and IL-8 by performing the
respective ELISAs (Figure 2F). The results revealed no differences between the cells with
or without IL-32θ expression, indicating that SASP was not a feature of senescent cells
expressing IL-32θ. Interestingly, long-term accumulation of IL-32θ in cultured breast cancer
cells (>30 passages) resulted in cellular senescence, whereas short-term IL-32θ expression
cells did not obviously induce senescence (Figure S1).

Figure 2. Interleukin-32θ induces senescence in breast cancer cells. (A) Immunofluorescence assay to detect p-γH2Ax
positive cells (green). Nuclei were stained with DAPI (blue). Scale bar, 20 µm. (B) Ratios of cells stained with SA-β-gal or
lipofuscin assessed by microscopy. Scale bar, 20 µm. (C) Immunofluorescence assays of nucleoli (green) with boundaries
in individual nuclei determined using anti-nucleolin antibody. Scale bar, 10 µm. (D) Ratios (%) of total nucleoli per cell
(E) Total area (µm2) of nucleoli per cell. (F) Secreted IL-1β, IL-6, and IL-8 measured by ELISA. * p < 0.05 (Student t-tests).
Nucleoli were counted using Fiji software. Results are representative of three independent experiments. NS, not significant.

2.3. Interleukin-32θ Induced Genome Instability, Abnormal Nuclear Morphology, and Aberrant
Cell Division

We compared ratios of abnormal nuclei and mitotic morphology in dividing cells
between the two cell lines to determine how the cells expressing IL-32θ become senescent.
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Abnormal nuclei are characterized by nuclear budding, blebbing, or being smaller or larger
than normal size [16]. Abnormal cell division includes aberrant centromeres, missing
bridges between spindle poles, and asymmetric separation [16,17]. These changes lead
to unequal chromosome numbers in daughter cells, leading to aneuploidy. We noted
more obvious abnormal nuclear morphology and cell division in cells expressing IL-32θ
than in those without IL-32θ expression (Figure 3A,B). The results of chromosome spread
assays also showed fewer chromosomes in metaphase in cells expressing IL-32θ than those
without IL-32θ expression (Figure 3C). This may be ascribed to the abnormal inheritance of
chromosomes from cells with micronuclei or polyploid cells during division.

Figure 3. Abnormal nuclear morphology, abnormal mitosis, and genomic instability in cells with
and without (control) IL-32θ expression. (A) Morphology of nuclei stained with DAPI assessed
by fluorescence imaging. Color image was converted to grayscale to count abnormal nuclei. Scale
bar, 10 µm. (B) Immunofluorescence assay to assess abnormal mitotic division. Cells and nuclei
are stained with α-tubulin-FITC (green) and with DAPI (blue), respectively. Scale bar, 10 µm.
(C) Chromosome spread and ratios (%) of metaphase spread (<47, 44–47, >47) in each group. Scale
bar, 20 µm. * p < 0.05 (Student t-tests). Results are representative of three independent experiments.

2.4. Interleukin-32θ Induced G1 Arrest, but Not Apoptosis or Autophagy

Direct consequences of genomic instability include cell cycle stress and changes in
gene expression and regulation. Flow cytometry findings showed that IL-32θ induced cell
cycle arrest at the G1 phase (Figure 4A). E2F transcription factors are involved in regulating
G1/S transition by modulating the expression of several genes that are important for
cell proliferation. Interleukin-32θ downregulated mRNA expression of the E2F factors
E2F1, E2F2, and E2F3 (Figure 4B). Cyclins are core factors involved in cell cycle regulation,
and we verified their expression by Western blotting. The D- and E-type cyclins mediate
the G1/S phase of cell cycle progression via activating specific cyclin-dependent kinases
and repressing E2F-mediated transactivation of S-phase genes [18]. Cyclin D1 is overex-
pressed in various types of cancer and is associated with tumorigenesis and metastasis [18].
Loss of cyclin D causes G1 arrest, but cyclin E can replace cyclin D to facilitate G1/S
progression in a different cellular context. G1/S transition is regulated by a restriction
point (R point), and the postmitotic G1 cells that do not reach the R point do not exhibit
cyclin E accumulation [19]. We found that the expression of cyclin D1 was significantly
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increased, whereas that of cyclin E1 was reduced in cells expressing IL-32θ (Figure 4C).
Thus, IL-32θ-expressing cells were probably permanently arrested in the late G1 phase,
irrespective of p21 expression status, because p21 protein expression did not differ between
the two cell lines (Figure 4C). To identify whether IL-32θ could induce other types of cell
death, along with senescence, we examined protein expression of the apoptosis markers
caspase 3, poly (ADP-ribose) polymerase (PARP), and Bcl-2 family proteins that regulate
cell death via modulating mitochondrial outer membrane permeabilization (MOMP), as
well as the expression of autophagy markers (p62 and LC3). As shown in Figure 4D,E,
expressions of Bcl-2 and caspase 3 protein were downregulated, suggesting apoptosis cell
death through mitochondrial outer membrane permeabilization (MOMP). However, the
activation of PARP as a downstream factor of caspase 3 and the protein expression levels
of pro-apoptotic Bax and anti-apoptotic Bcl-xL were not altered in IL-32θ-expressing cells
(Figure 4D,E). Moreover, the cleavage of LC3 and upregulated expression of p62 were not
detected (Figure 4F). Therefore, the results revealed that the apoptotic and autophagic
pathways were not related with IL-32θ-inhibited cell proliferation, although mild MOMP
was observed in IL-32θ-expressing cells.

Figure 4. Effects of IL-32θ on cell cycle progression, apoptosis, and autophagy. (A) Cell cycle profiles analyzed by staining
cells with PI and flow cytometry. (B) Messenger RNA expression of E2F1, E2F2, and E2F3, measured by qPCR. (C–F) Western
blots of cell cycle-regulated proteins (Cyclin D, Cyclin E, and p21), apoptosis markers (Caspase 3 and PARP), Bcl-2 family
proteins (Bcl-2, Bcl-xL, and Bax), and autophagy markers (p62 and LC3B). Proteins were quantified using Fiji software.
Intensity of proteins was normalized to that of GAPDH. * p < 0.05 (Student t-tests). Results are representative of three
independent experiments.

2.5. IL-32θ Maintained Senescence and Resisted against DR-Induced Cell Death

Doxorubicin treatment significantly reduces the viability of breast cancer cells after
48 h [20–22]. We assessed the effects of DR on the viability of MDA-MB-231 cells with
and without IL-32θ expression for 24 h and determined whether IL-32θ contributes to DR
toxicity in these cells. The results showed that the viability of MDA-MB-231 cells decreased
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depending on the DR dose. The IC50 values of the control and IL-32θ-expressing cells were
6.92 and 8.85 µM, respectively (Figure 5A), suggesting that IL-32θ reduces DR toxicity
on breast cancer cells. Doxorubicin induces senescence at a low dose and induces cell
death at high doses, respectively [5]; thus, we compared both cell lines under treatment
at low (0.1 µM) and high (3 µM) doses of DR. We found senescent cells clearly among
the control cells incubated with a low but not a high dose of DR, and in cells expressing
IL-32θ incubated with both DR doses (Figure 5B). The numbers of dead cells verified by
annexin-V FITC/PI staining gradually and dose-dependently increased in the controls,
but did not alter significantly between 0.1 and 3 µM DR treatment in cells expressing
IL-32θ (Figure 5C). Moreover, the ratio of cell death was higher, regardless of the DR dose
in control, than in IL-32θ-expressing cells. These results suggested that senescent cells
expressing IL-32θ were stable and resisted DR-induced cell death.

Figure 5. Effects of IL-32θ on doxorubicin-treated breast cancer cells. (A) Cell viability quantified by MTS assays and IC50

of different doses of DR. (B) Cells positive for SA-β-gal and count ratios (%). Scale bar, 20 µm. (C) Ratios (%) of cell death
measured by Annexin-V/PI staining, followed by flow cytometry. * p < 0.05 (Student t-tests). Results are representative of
three independent experiments.

2.6. Interleukin-32θ Supports Ploidy Formation and G2/M Arrest in Cells Incubated with
0.1 µM DR

Low doses of DNA damaging drugs such as DR can induce mitotic catastrophe,
genomic instability, and senescence, during which cells become giant, polyploid, and
multinucleated [23,24]. Polyploidy is a common feature of aggressive cancer cells with
genomic instability, and it is characterized by the presence of more than two basic sets
of chromosomes in cells [25]. Incubation with 0.1 µM DR resulted in a sharp increase in
the number of multinucleated cells expressing IL-32θ (Figure 6A,B), and a higher ratio
of cells with large metaphase spreads with >46 chromosomes compared with the control
(Figure 6C). Doxorubicin arrests MDA-MB-231 cells only at the G2/M checkpoint [26]. We
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also found that the ratio of G2/M arrest was significantly higher in cells expressing IL-32θ
than in control cells (Figure 6D,E). A high dose (3 µM) of DR released G2/M arrest and
cells expressing IL-32θ appeared to re-enter the cell cycle, whereas control cells started
to undergo apoptosis due to the high ratio of the cells at the sub-G1 phase (Figure 6D,E).
Collectively, our data suggested that IL-32θ expression promoted endoreplication in MDA-
MB-231 cells because of the high ratio of G2/M arrest and ploidy formation at a low dose
of DR, and endomitosis by re-entering the cell cycle at a high dose of DR.

Figure 6. Effects of IL-32θ on morphology, genome stability, and cell cycle progression in cells incubated with doxorubicin
(DR). (A) Morphology of cells stained with hematoxylin and eosin. Scale bar, 10 µm. (B) Cells with more than one nucleus
are counted as multinucleated. (C) Ratios (%) of metaphase spreads with >46 chromosomes. Scale bar, 20 µm. (D,E) Cell
cycle phases determined by PI staining and flow cytometry. * p < 0.05 (Student t-tests). Results are representative of three
independent experiments.

3. Discussion

Cellular senescence is related to irreversible growth arrest and can arise due to ac-
tivated oncogenes, or be prematurely induced by stress [27]. Common features of these
senescence types are cell cycle arrest at the G1 phase, DNA damage, enhanced SA-β-gal
activity, increased size, and granulated cells [8]. Senescent cells become aging, grow slowly,
and can be cleared by immune cells [28]. Cancer cells attempt to survive by avoiding
senescence. Senescent cancer cells become giant, polyploid, and poorly recognized [24].
Ploidy formation is the result of compromised aberrant checkpoints or abnormal mitosis
and endoreplication. Giant senescent cells cannot propagate and mostly stop prolifer-
ating [24]. However, polyploid giant cancer cells (PGCCs) exit mitosis and divide into
aneuploid cancer cells that can grow and form a new generation of cells with abnormal
characteristics [25]. Therefore, cells undergoing senescence, which can occur at an early
stage of cancer, can still support tumorigenesis. We found that IL-32θ induced senescence
via inducing permanent cell cycle arrest at the G1 phase, thus significantly reducing the
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growth rate of MDA-MB-231 cells. Senescent cells expressing IL-32θ also showed increased
genomic instability, nuclear instability, and aberrant mitosis, although polyploid cells were
not distinguishable. These abnormalities accumulating over a long term could be the main
cause of aneuploid cell formation. Cells expressing IL-32θ may have dual and opposing
actions, including antiproliferative effects and the promotion of aneuploid cells.

Senescent cells can adversely affect the tissue microenvironment [29–31]. The most
important of these effects is the acquisition of a senescence-associated secretory phenotype
(SASP), which converts senescent cells into proinflammatory cells that secrete various
growth factors, cytokines, and chemokines to promote tumor progression [31]. Inhibiting
the production of specific SASP factors suppresses tumorigenesis and the immunosuppres-
sive environment promoted by senescent cancer cells [31]. Moreover, SASP inhibition may
reduce the risk of some senescent cancer cells escaping growth arrest and resuming abnor-
mal progression. Our data revealed no significant changes in the SASP secretory factors
IL-1β, IL-6, and IL-8 in cells expressing IL-32θ compared with controls. Studies targeting
macrophage-secreted chemokines have shown that IL-32θ exerts anti-inflammatory effects
on macrophages and anti-metastatic effects on breast cancer [12,32,33]. Although senescent
cells without SASP characteristics may show less pro-tumorigenic phenotype, these tena-
cious cells can escape immune clearance and turn resistant to anti-cancer agents. Senescent
growth arrest without SASP depends on either the p21- or the p16INK4a-mediated path-
way [31]. We found no relationship between IL-32θ and p21 expression, and p16INK4a
expression could not be verified due to a deletion of the INK4/ARF locus in the MDA-MB-
231 chromosome [34].

Doxorubicin is not always effective, and drug resistance can occur due to polyploidiza-
tion [23,24]. Low doses of DR lead to mitotic catastrophe, followed by endoreduplication
and polyploidy formation [23,24]. Tumor cells escape DR-induced senescence and can
become more malignant [5]. Doxorubicin induces senescence and the expression of the
SASP factors that mediate cancer relapse by stimulating the malignant transformation of
surrounding non-senescent breast cancer cells in MMTV-Wnt1 mouse models of breast
carcinoma [35]. Genetic and pharmacological clearance of DR-induced senescent cells
from an orthotopic model of breast carcinoma reduces cancer growth and limits cancer
relapse [35]. We found that a low dose of DR caused cells expressing IL-32θ to exhibit
multinucleation and become polyploid compared with controls. This could explain why
cells expressing IL-32θ resisted DR and had delayed cell death.

To design new agents targeting specific pathways associated with tumor growth
or metastasis, preclinical and clinical information is needed to understand the factors
determining drug sensitivity or resistance. Demand is increasing for experimental data
that could guide the administration of current cytotoxic agents combined with novel
targeting drugs. For example, DR can synergize with the Src inhibitor (dasatinib) or the
Hsp90 inhibitor (gamitrinib) to block breast cancer cell growth [36,37]. The effects of DR
combined with other therapeutic drugs, at the level of cell cycle regulation, apoptosis,
and transcriptome, are not completely understood and should be further investigated to
gain insights into the mechanisms of combinatorial strategies for treating breast cancer.
We previously revealed the anti-metastatic effects of IL-32θ on breast cancer cells under
macrophage stimulation [12]. Here, we aimed to determine whether IL-32θ could synergize
with genotoxic DR. Our findings showed that IL-32θ could not synergize with genotoxic
DR, indicating that this combination cannot prevent breast cancer. The limitation of our
study is the use of single metastatic breast cancer cell line. Moreover, we could not generate
any model cells overexpressing IL-32θ using p53 wild-type cancer cells because the cells
could not proliferate or expressed no detectable IL-32θ protein (data not shown). We
speculate that wild-type p53 may negatively contribute to the IL-32θ regulated mechanism,
which should be further investigated. Further in vivo models would be ideally designed
and assessed to support the in vitro results in the study of combination therapies.
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4. Materials and Methods
4.1. Cell Culture

Breast cancer MDA-MB-231 (ATCC® HTB-26™, Manassas, VA, USA) cells with and
without stable expression of IL-32θ [12] were cultured in DMEM (Hyclone Laboratories,
Logan, UT, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, NY,
USA), 100 units/mL of penicillin, and 100 µg/mL of streptomycin, and maintained at
37 ◦C under a 5% CO2 atmosphere until they reached confluence. Cultures were regularly
tested for mycoplasma contamination. Doxorubicin hydrochloride (PubChem Substance
ID 57650234) was purchased from MilliporeSigma, Burlington, MA, USA.

4.2. Clonogenic Assay

Cells (1 × 103) were seeded in 6-well plates and incubated for 10 days to form viable
colonies, which were then fixed in 4% paraformaldehyde for 15 min, washed with phos-
phate buffered saline (PBS), and stained with hematoxylin for 3 min and eosin for 1 min.
The plates were washed with distilled water and dried at room temperature (RT). Colonies
were counted using Fiji, an ImageJ open source software [38].

4.3. Cell Viability Assay

Cell viability was assessed using CellTiter 96 ®AQueous One Solution Cell Prolifera-
tion Assays (Promega Corp., Madison, WI, USA). The MDA-MB-231 cells (104/100 µL) were
seeded in 96-well plates and incubated for 20 min with 20 µL of 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), with the electron
coupling reagent phenazine methosulfate (PMS). Optical density (OD) was measured at
490 nm. Relative viability was quantified by normalization to the control OD.

4.4. Reverse Transcription Quantitative PCR (RT-qPCR)

We measured mRNA expression in MDA-MB-231 cells using RT-qPCR. Total RNA
from cells was extracted using the Easy-BLUE reagent (iNtRON Biotechnology, SungNam,
Korea), then RT-PCR was performed using SensiFAST™ SYBR NO-ROX Kit (Bioline,
London, UK) and results were analyzed using Rotor-Gene 6000 series software 1.7 (Qiagen,
Hilden, Germany). The sequences of primer sets for E2F1, E2F2, E2F3 were referred
from [39]. mRNA expression levels were calculated using the ∆∆Ct method [40].

4.5. Western Blotting

Cells were harvested and lysed using radioimmunoprecipitation assay (RIPA) buffer
(DyneBio, Seoul, Korea) containing 1 × protease and phosphatase inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany). Samples were separated by 10% SDS-PAGE, trans-
ferred to polyvinylidene difluoride (PVDF) membranes (GE Healthcare, Buckinghamshire,
UK), and incubated with primary antibodies at 4 ◦C overnight. After that, membranes were
washed by Tris-buffered saline containing 0.05% Tween-20 (TBST), then incubated with
secondary antibodies for 1 h. Blots were visualized using chemiluminescence detection kits
(Advanstar, Cleveland, OH, USA) and detected using an EZ-capture MG protein imaging
system (ATTO, Tokyo, Japan). Proteins in the blots were quantified using Fiji software
and normalized to GAPDH. Primary antibodies include antibodies against p21, caspase-3,
PARP, Bcl-2, Bcl-XL, Bax (Cell Signaling Technology, Danvers, MA, USA); cyclin D, cyclin
E, GAPDH (Santa Cruz Biotechnology, Dallas, TX, USA); p62, LC3B (MilliporeSigma).
Secondary antibodies include anti-rabbit IgG antibody (Bethyl Laboratories Inc., Mont-
gomery, TX, USA) or anti-mouse IgG antibody (Santa Cruz Biotechnology) conjugated to
horseradish peroxidase (HRP).

4.6. Cell Cycle Analysis and Apoptosis Detection by Flow Cytometry

For cell cycle analysis, MDA-MB-231 cells were washed with PBS, and suspended
in hypotonic buffer containing propidium iodide, as described in [41]. For detection
of apoptosis, cells were stained using FITC-Annexin V Apoptosis Detection Kits (BD
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Biosciences, San Jose, CA, USA), as per manufacturer’s protocol. Fluorescence emission
was measured using a FACSCalibur flow cytometer (BD Biosciences) and analyzed using
FlowJo software (Tree Star Inc., Ashland, OR, USA).

4.7. Cell Proliferation Assay (BrdU)

Cell proliferation was determined based on 5′-bromo-2′-deoxyuridine (BrdU) incorpo-
ration into DNA using Cell Proliferation Assay Kits (Cell Signaling Technology, Danvers,
MA, USA), following the manufacturer’s protocol. Cells (104 cells/mL) were seeded in
96-well plates, cultured for 3 days, and labeled with BrdU. The cells were fixed, then bound
antibody was detected using an HRP-linked antibody. Color was developed using the HRP
substrate, 3,3′,5,5′-tetramethylbenzidine (TMB), and the OD was assessed at 450 nm. The
OD reflects the amount of BrdU incorporated into the cells, which is a direct indication of
cell proliferation.

4.8. Enzyme-Linked Immunosorbent Assay (ELISA)

Amounts of cytokines and chemokines were analyzed in cell culture supernatants us-
ing human IL-1β, IL-6, IL-8 ELISA kits (R&D Systems, Minneapolis, MN, USA), according
to the manufacturer’s protocol.

4.9. Immunofluorescence Assay

Cells (105 cells/mL) were seeded on glass chamber slides (SPL, Pocheon, Korea)
overnight. Attached cells were fixed in 4% paraformaldehyde, permeabilized with cold
methanol, and nonspecific protein binding was blocked for 1 h at RT with 0.1% bovine
serum albumin in PBS. Primary antibodies (1:200) were added to the chamber slides and
incubated at 4 ◦C overnight. After washing with PBS, the chamber slides were incubated
with goat anti-mouse IgG (H + L) FITC conjugated (1:400 dilution) (Millipore, Temecula,
CA, USA). Nuclei were stained with 1 µg/mL of 4, 6-diamidino-2-phenylindole (DAPI)
(MilliporeSigma) for 30s, then the cells were visualized using the EVOS M7000 Imaging
System (Thermo Fisher Scientific Inc., Waltham, MA, USA). The area of each nucleolus was
quantified by measuring a cross-sectional area corresponding to nucleolin stain using Fiji
software, as described in [15]. Primary antibodies include nucleolin, phosphor S319-γH2Ax
(Cell Signaling Technology), and α-tubulin (Santa Cruz Biotechnology).

4.10. Senescence-Associated β-Galactosidase (SA-β-gal) Assay

We seeded MDA-MB-231 cells (105 cells/mL) in chamber slides to attach overnight.
The cells were stained using a senescence β-galactosidase staining kit (Cell Signaling
Technology). Senescent cells were visualized under an inverted microscope (Zeiss Primo
Vert, Göttingen, Germany) and counted in three random areas. Senescent cells were also
detected based on lipofuscin staining using Alfa Aesar™ Sudan Black B (Thermo Fisher
Scientific Inc.), as described earlier [42].

4.11. Chromosome Spread Assay

Cells were incubated at 37 ◦C for 45 min with KaryoMAX™ Colcemid™ (Thermo
Fisher Scientific Inc.) at a final concentration of 0.1 µg/ mL. The cells were trypsinized,
suspended in hypotonic 0.075 M KCl at 37 ◦C for 10 min, and fixed in methanol–acetic
acid buffer (3:1). The fixed cells were dropped onto slides, dried for 1 h, and stained with
Giemsa (MilliporeSigma). Metaphase spread was captured under a Zeiss Primo Vert optical
microscope. At least 20 metaphases per sample were used for statistical analysis.

4.12. Statistical Analysis

Data are presented as means ± standard deviation (SD). Two groups were compared
using Student t-test. Data were statistically analyzed using Prism version 5.0. (GraphPad
Software Inc., San Diego, CA, USA) All p-values were two-sided, and results with p < 0.05
were considered statistically significant.
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5. Conclusions

We showed that IL-32θ exerted antiproliferative effects on breast cancer cells by
inducing senescence and permanent cell cycle arrest. The genomes of cells expressing IL-
32θ became unstable, with a higher ratio of abnormalities than control cells. The prevalence
of polyploidy increased significantly among cells expressing IL-32θ that were incubated
with low-dose DR, while cell death was delayed at a high dose of DR. Therefore, IL-
32θ overexpression combined with DR may not be beneficial for treating patients with
breast cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/ijms22094974/s1. Figure S1: IL-32θ induce cellular senescence at late stage (>30 passages) but not
early stage (<30 passages).

Author Contributions: Conceptualization, data curation, and writing the original draft, T.-H.P. and
H.-M.P.; methodology, T.-H.P., H.-M.P. and J.K.; reviewing and editing the manuscript, D.-Y.Y.;
supervision, J.-T.H. and D.-Y.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by a National Research Foundation of Korea (NRF) grant funded
by the Korean Government (2021R1A2C 3014577).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and supplementary material.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

DR Doxorubicin
EV Empty vector
MOMP Mitochondrial outer membrane permeabilization
PGCCs Polyploid giant cancer cells
SASP Senescence-associated secretory phenotype
TIS Therapy-induced senescence
TNBC Triple-negative breast cancer

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2020, 70, 313.
2. Yin, L.; Duan, J.J.; Bian, X.W.; Yu, S.C. Triple-negative breast cancer molecular subtyping and treatment progress. Breast Cancer

Res. 2020, 22, 1–13. [CrossRef] [PubMed]
3. Isakoff, S.J. Triple-negative breast cancer: Role of specific chemotherapy agents. Cancer J. 2010, 16, 53–61. [CrossRef]
4. Demaria, M.; O’Leary, M.N.; Chang, J.; Shao, L.; Liu, S.; Alimirah, F.; Koenig, K.; Le, C.; Mitin, N.; Deal, A.M.; et al. Cellular

Senescence Promotes Adverse Effects of Chemotherapy and Cancer Relapse. Cancer Discov. 2017, 7, 165–176. [CrossRef] [PubMed]
5. Ewald, J.A.; Desotelle, J.A.; Wilding, G.; Jarrard, D.F. Therapy-induced senescence in cancer. J. Natl. Cancer Inst.

2010, 102, 1536–1546. [CrossRef]
6. Nardella, C.; Clohessy, J.G.; Alimonti, A.; Pandolfi, P.P. Pro-senescence therapy for cancer treatment. Nat. Rev. Cancer

2011, 11, 503–511. [CrossRef]
7. Kuilman, T.; Michaloglou, C.; Mooi, W.J.; Peeper, D.S. The essence of senescence. Genes Dev. 2010, 24, 2463–2479. [CrossRef]
8. Wang, B.; Kohli, J.; Demaria, M. Senescent Cells in Cancer Therapy: Friends or Foes? Trends Cancer 2020, 6, 838–857. [CrossRef]
9. Saleh, T.; Bloukh, S.; Carpenter, V.J.; Alwohoush, E.; Bakeer, J.; Darwish, S.; Azab, B.; Gewirtz, D.A. Therapy-Induced Senescence:

An “Old” Friend Becomes the Enemy. Cancers 2020, 12, 822. [CrossRef]
10. Kang, J.W.; Park, Y.S.; Lee, D.H.; Kim, M.S.; Bak, Y.; Ham, S.Y.; Park, S.H.; Kim, H.; Ahn, J.H.; Hong, J.T.; et al. Interaction network

mapping among IL-32 isoforms. Biochimie 2014, 101, 248–251. [CrossRef]
11. Park, J.S.; Choi, S.Y.; Lee, J.H.; Lee, M.; Nam, E.S.; Jeong, A.L.; Lee, S.; Han, S.; Lee, M.S.; Lim, J.S.; et al. Interleukin-32 beta

stimulates migration of MDA-MB-231 and MCF-7cells via the VEGF-STAT3 signaling pathway. Cell Oncol. 2013, 36, 493–503.
[CrossRef]

https://www.mdpi.com/article/10.3390/ijms22094974/s1
https://www.mdpi.com/article/10.3390/ijms22094974/s1
http://doi.org/10.1186/s13058-020-01296-5
http://www.ncbi.nlm.nih.gov/pubmed/32517735
http://doi.org/10.1097/PPO.0b013e3181d24ff7
http://doi.org/10.1158/2159-8290.CD-16-0241
http://www.ncbi.nlm.nih.gov/pubmed/27979832
http://doi.org/10.1093/jnci/djq364
http://doi.org/10.1038/nrc3057
http://doi.org/10.1101/gad.1971610
http://doi.org/10.1016/j.trecan.2020.05.004
http://doi.org/10.3390/cancers12040822
http://doi.org/10.1016/j.biochi.2014.01.013
http://doi.org/10.1007/s13402-013-0154-4


Int. J. Mol. Sci. 2021, 22, 4974 12 of 13

12. Pham, T.H.; Bak, Y.; Kwon, T.; Kwon, S.B.; Oh, J.W.; Park, J.H.; Choi, Y.K.; Hong, J.T.; Yoon, D.Y. Interleukin-32theta inhibits
tumor-promoting effects of macrophage-secreted CCL18 in breast cancer. Cell Commun. Signal. 2019, 17, 1–14. [CrossRef]

13. Bak, Y.; Kwon, T.; Bak, I.S.; Hong, J.; Yu, D.Y.; Yoon, D.Y. IL-32theta inhibits stemness and epithelial-mesenchymal transition of
cancer stem cells via the STAT3 pathway in colon cancer. Oncotarget 2016, 7, 7307–7317. [CrossRef]

14. Park, C.W.; Bak, Y.; Kim, M.J.; Srinivasrao, G.; Hwang, J.; Sung, N.K.; Kim, B.Y.; Yu, J.H.; Hong, J.T.; Yoon, D.Y. The Novel Small
Molecule STK899704 Promotes Senescence of the Human A549 NSCLC Cells by Inducing DNA Damage Responses and Cell
Cycle Arrest. Front. Pharm. 2018, 9, 163. [CrossRef]

15. Buchwalter, A.; Hetzer, M.W. Nucleolar expansion and elevated protein translation in premature aging. Nat. Commun. 2017, 8, 328.
[CrossRef]

16. Gisselsson, D.; Bjork, J.; Hoglund, M.; Mertens, F.; Dal Cin, P.; Akerman, M.; Mandahl, N. Abnormal nuclear shape in solid
tumors reflects mitotic instability. Am. J. Pathol. 2001, 158, 199–206. [CrossRef]

17. Neumuller, R.A.; Knoblich, J.A. Dividing cellular asymmetry: Asymmetric cell division and its implications for stem cells and
cancer. Genes Dev. 2009, 23, 2675–2699. [CrossRef]

18. Masamha, C.P.; Benbrook, D.M. Cyclin D1 degradation is sufficient to induce G1 cell cycle arrest despite constitutive expression
of cyclin E2 in ovarian cancer cells. Cancer Res. 2009, 69, 6565–6572. [CrossRef]

19. Mazumder, S.; DuPree, E.L.; Almasan, A. A dual role of cyclin E in cell proliferation and apoptosis may provide a target for
cancer therapy. Curr. Cancer Drug Targets 2004, 4, 65–75. [CrossRef]

20. Pilco-Ferreto, N.; Calaf, G.M. Influence of doxorubicin on apoptosis and oxidative stress in breast cancer cell lines. Int. J. Oncol.
2016, 49, 753–762. [CrossRef]

21. Aydinlik, S.; Erkisa, M.; Cevatemre, B.; Sarimahmut, M.; Dere, E.; Ari, F.; Ulukaya, E. Enhanced cytotoxic activity of doxorubicin
through the inhibition of autophagy in triple negative breast cancer cell line. Biochim. Biophys. Acta Gen. Subj. 2017, 1861, 49–57.
[CrossRef] [PubMed]

22. Tormo, E.; Ballester, S.; Adam-Artigues, A.; Burgues, O.; Alonso, E.; Bermejo, B.; Menendez, S.; Zazo, S.; Madoz-Gurpide, J.;
Rovira, A.; et al. The miRNA-449 family mediates doxorubicin resistance in triple-negative breast cancer by regulating cell cycle
factors. Sci. Rep. 2019, 9, 5316. [CrossRef] [PubMed]

23. Sliwinska, M.A.; Mosieniak, G.; Wolanin, K.; Babik, A.; Piwocka, K.; Magalska, A.; Szczepanowska, J.; Fronk, J.; Sikora, E. Induc-
tion of senescence with doxorubicin leads to increased genomic instability of HCT116 cells. Mech. Ageing Dev. 2009, 130, 24–32.
[CrossRef] [PubMed]

24. Mosieniak, G.; Sliwinska, M.A.; Alster, O.; Strzeszewska, A.; Sunderland, P.; Piechota, M.; Was, H.; Sikora, E. Polyploidy
Formation in Doxorubicin-Treated Cancer Cells Can Favor Escape from Senescence. Neoplasia 2015, 17, 882–893. [CrossRef]

25. Shu, Z.; Row, S.; Deng, W.M. Endoreplication: The Good, the Bad, and the Ugly. Trends Cell Biol. 2018, 28, 465–474. [CrossRef]
26. Bar-On, O.; Shapira, M.; Hershko, D.D. Differential effects of doxorubicin treatment on cell cycle arrest and Skp2 expression in

breast cancer cells. Anticancer Drugs 2007, 18, 1113–1121. [CrossRef]
27. Demirci, D.; Dayanc, B.; Mazi, F.A.; Senturk, S. The Jekyll and Hyde of Cellular Senescence in Cancer. Cells 2021, 10, 208.

[CrossRef]
28. Childs, B.G.; Durik, M.; Baker, D.J.; van Deursen, J.M. Cellular senescence in aging and age-related disease: From mechanisms to

therapy. Nat. Med. 2015, 21, 1424–1435. [CrossRef]
29. Puig, P.E.; Guilly, M.N.; Bouchot, A.; Droin, N.; Cathelin, D.; Bouyer, F.; Favier, L.; Ghiringhelli, F.; Kroemer, G.; Solary, E.; et al.

Tumor cells can escape DNA-damaging cisplatin through DNA endoreduplication and reversible polyploidy. Cell Biol. Int.
2008, 32, 1031–1043. [CrossRef]

30. He, Q.; Au, B.; Kulkarni, M.; Shen, Y.; Lim, K.J.; Maimaiti, J.; Wong, C.K.; Luijten, M.N.H.; Chong, H.C.; Lim, E.H.; et al.
Chromosomal instability-induced senescence potentiates cell non-autonomous tumourigenic effects. Oncogenesis 2018, 7, 62.
[CrossRef]

31. Coppe, J.P.; Desprez, P.Y.; Krtolica, A.; Campisi, J. The senescence-associated secretory phenotype: The dark side of tumor
suppression. Annu. Rev. Pathol. 2010, 5, 99–118. [CrossRef]

32. Kim, M.S.; Kang, J.W.; Jeon, J.S.; Kim, J.K.; Kim, J.W.; Hong, J.; Yoon, D.Y. IL-32theta gene expression in acute myeloid leukemia
suppresses TNF-alpha production. Oncotarget 2015, 6, 40747–40761. [CrossRef]

33. Kim, M.S.; Kang, J.W.; Lee, D.H.; Bak, Y.; Park, Y.S.; Song, Y.S.; Ham, S.Y.; Oh, D.K.; Hong, J.; Yoon, D.Y. IL-32theta negatively
regulates IL-1beta production through its interaction with PKCdelta and the inhibition of PU.1 phosphorylation. FEBS Lett.
2014, 588, 2822–2829. [CrossRef]

34. Stott, F.J.; Bates, S.; James, M.C.; McConnell, B.B.; Starborg, M.; Brookes, S.; Palmero, I.; Ryan, K.; Hara, E.; Vousden, K.H.; et al.
The alternative product from the human CDKN2A locus, p14(ARF), participates in a regulatory feedback loop with p53 and
MDM2. EMBO J. 1998, 17, 5001–5014. [CrossRef]

35. Jackson, J.G.; Pant, V.; Li, Q.; Chang, L.L.; Quintas-Cardama, A.; Garza, D.; Tavana, O.; Yang, P.; Manshouri, T.; Li, Y.; et al.
p53-mediated senescence impairs the apoptotic response to chemotherapy and clinical outcome in breast cancer. Cancer Cell
2012, 21, 793–806. [CrossRef]

36. Chen, T.; Wang, C.; Liu, Q.; Meng, Q.; Sun, H.; Huo, X.; Sun, P.; Peng, J.; Liu, Z.; Yang, X.; et al. Dasatinib reverses the multidrug
resistance of breast cancer MCF-7 cells to doxorubicin by downregulating P-gp expression via inhibiting the activation of ERK
signaling pathway. Cancer Biol. Ther. 2015, 16, 106–114. [CrossRef]

http://doi.org/10.1186/s12964-019-0374-y
http://doi.org/10.18632/oncotarget.7007
http://doi.org/10.3389/fphar.2018.00163
http://doi.org/10.1038/s41467-017-00322-z
http://doi.org/10.1016/S0002-9440(10)63958-2
http://doi.org/10.1101/gad.1850809
http://doi.org/10.1158/0008-5472.CAN-09-0913
http://doi.org/10.2174/1568009043481669
http://doi.org/10.3892/ijo.2016.3558
http://doi.org/10.1016/j.bbagen.2016.11.013
http://www.ncbi.nlm.nih.gov/pubmed/27842219
http://doi.org/10.1038/s41598-019-41472-y
http://www.ncbi.nlm.nih.gov/pubmed/30926829
http://doi.org/10.1016/j.mad.2008.04.011
http://www.ncbi.nlm.nih.gov/pubmed/18538372
http://doi.org/10.1016/j.neo.2015.11.008
http://doi.org/10.1016/j.tcb.2018.02.006
http://doi.org/10.1097/CAD.0b013e3282ef4571
http://doi.org/10.3390/cells10020208
http://doi.org/10.1038/nm.4000
http://doi.org/10.1016/j.cellbi.2008.04.021
http://doi.org/10.1038/s41389-018-0072-4
http://doi.org/10.1146/annurev-pathol-121808-102144
http://doi.org/10.18632/oncotarget.5688
http://doi.org/10.1016/j.febslet.2014.06.029
http://doi.org/10.1093/emboj/17.17.5001
http://doi.org/10.1016/j.ccr.2012.04.027
http://doi.org/10.4161/15384047.2014.987062


Int. J. Mol. Sci. 2021, 22, 4974 13 of 13

37. Park, H.K.; Lee, J.E.; Lim, J.; Jo, D.E.; Park, S.A.; Suh, P.G.; Kang, B.H. Combination treatment with doxorubicin and gamitrinib
synergistically augments anticancer activity through enhanced activation of Bim. BMC Cancer 2014, 14, 431. [CrossRef]

38. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

39. Teissier, S.; Pang, C.L.; Thierry, F. The E2F5 repressor is an activator of E6/E7 transcription and of the S-phase entry in HPV18-
associated cells. Oncogene 2010, 29, 5061–5070. [CrossRef]

40. Nolan, T.; Hands, R.E.; Bustin, S.A. Quantification of mRNA using real-time RT-PCR. Nat. Protoc 2006, 1, 1559–1582. [CrossRef]
41. Shen, Y.; Vignali, P.; Wang, R. Rapid Profiling Cell Cycle by Flow Cytometry Using Concurrent Staining of DNA and Mitotic

Markers. Bio Protoc. 2017, 7, e2517. [CrossRef]
42. Georgakopoulou, E.A.; Tsimaratou, K.; Evangelou, K.; Fernandez Marcos, P.J.; Zoumpourlis, V.; Trougakos, I.P.; Kletsas, D.;

Bartek, J.; Serrano, M.; Gorgoulis, V.G. Specific lipofuscin staining as a novel biomarker to detect replicative and stress-induced
senescence. A method applicable in cryo-preserved and archival tissues. Aging (Albany NY) 2013, 5, 37–50. [CrossRef]

http://doi.org/10.1186/1471-2407-14-431
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1038/onc.2010.246
http://doi.org/10.1038/nprot.2006.236
http://doi.org/10.21769/BioProtoc.2517
http://doi.org/10.18632/aging.100527

	Introduction 
	Results 
	IL-32 Reduced MDA-MB 231 Cell Proliferation 
	IL-32 Induced Cellular Senescence but Not Senescence-Associated Secretory Phenotype (SASP) 
	Interleukin-32 Induced Genome Instability, Abnormal Nuclear Morphology, and Aberrant Cell Division 
	Interleukin-32 Induced G1 Arrest, but Not Apoptosis or Autophagy 
	IL-32 Maintained Senescence and Resisted against DR-Induced Cell Death 
	Interleukin-32 Supports Ploidy Formation and G2/M Arrest in Cells Incubated with 0.1 M DR 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Clonogenic Assay 
	Cell Viability Assay 
	Reverse Transcription Quantitative PCR (RT-qPCR) 
	Western Blotting 
	Cell Cycle Analysis and Apoptosis Detection by Flow Cytometry 
	Cell Proliferation Assay (BrdU) 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Immunofluorescence Assay 
	Senescence-Associated -Galactosidase (SA–gal) Assay 
	Chromosome Spread Assay 
	Statistical Analysis 

	Conclusions 
	References

