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Abstract

Cancer stem cells (CSCs) have been shown to be resistant to current anticancer therapies and the 

induction of oxidative stress is an important mechanism of action for many anticancer agents. 

However, it is still largely unknown how CSCs respond to hydrogen peroxide (H2O2)-induced 

oxidative stress. Here, we show that the levels of reactive oxygen species (ROS) are markedly 

lower in breast CSCs (BCSCs) than that in non-cancer stem cells (NCSCs). A transient exposure 

of breast cancer cells to sublethal doses of H2O2 resulted in a dose-dependent increase of the 

epithelium-specific antigen (ESA)+/CD44+/CD24−subpopulations, a known phenotype for 

BCSCs. Although BCSCs survived sublethal doses of H2O2 treatment, they lost the ability to form 

tumor spheres and failed to generate colonies as demonstrated by mammosphere-formation and 

clonogenic assays, respectively. Mechanistic studies revealed that H2O2 treatment led to a marked 

increase of senescence-associated β-galactosidase activity but only minimal apoptotic cell death in 

BCSCs. Furthermore, H2O2 triggers p53 activation and promotes p21 expression, indicating a role 

for the p53/p21 signaling pathway in oxidative stress-induced senescence in BCSCs. Taken 

together, these results demonstrate that the maintenance of a lower level of ROS is critical for 

CSCs to avoid oxidative stress and H2O2-induced BCSC loss of function is likely attributable to 

oxidative stress-triggered senescence induction, suggesting that ROS-generating drugs may have 

the therapeutic potential to eradicate drug-resistant CSCs via induction of premature senescence.
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1. Introduction

Cancer stem cells (CSCs), also known as tumor-initiating cells (TICs), are a small 

subpopulation of cells within a heterogeneous tumor that have the unique ability to drive 

tumor initiation, progression and metastasis [1, 2]. Emerging evidence has suggested that 

CSCs are resistant to current anticancer therapies, as demonstrated by the fact that they are 

enriched in residual tumors following chemotherapy and/or radiation [3–6]. Induction of 

oxidative stress has been shown to be a crucial mechanism of action for many anticancer 

agents including radiation [7–9]. However, it is largely unknown how drug-resistant CSCs 

respond to oxidative stress. The goal of this study was to delineate the response of breast 

cancer stem cells (BCSCs) to H2O2-induced oxidative stress.

Cellular senescence is a state of irreversible cell cycle arrest that can be triggered by various 

cell-intrinsic and extrinsic stimuli, including DNA damage, oxidative stress, and exposure to 

chemotherapeutic agents and ionizing radiation [10]. Although the induction of apoptotic 

cell death was thought to be a desirable outcome for cancer therapy, we and others have 

shown that senescence induction in tumor cells is a common therapeutic response to many 

anticancer modalities including CDK4/6 small molecule inhibitor-based targeted 

therapeutics and radiation treatment [10–15]. In this study, we demonstrate that H2O2-

mediated oxidative stress induces premature senescence, but not apoptosis in BCSCs. We 

also show that H2O2-induced BCSC senescence is associated with p53 activation as well as 

increased p53 and p21 expression, implying a role of the p53/p21 signaling pathway in 

oxidative stress-induced senescence in BCSCs. These results suggest that BCSCs are 

susceptible to oxidative stress-induced senescence and that certain ROS-generating drugs 

may have the therapeutic potential to functionally disable drug-resistant CSCs via induction 

of premature senescence.

2. Materials and Methods

2.1. Cell lines, reagents and antibodies

The SUM series of human breast cancer cell lines including SUM159 and SUM149 cells 

were developed by Dr. Stephen Ethier at the Medical University of South Carolina (MUSC). 

We received these cell lines directly from Dr. Ethier’s laboratory at MUSC and the cells 

were maintained as previously described [16]. The MCF-7 human breast cancer cell line was 

purchased from American Type Culture Collection (ATCC) and the cells were cultured in 

DMEM medium containing 10% FBS, 2 mM L-glutamine and 100 microgram/mL of 

penicillin-streptomycin (Invitrogen). Dulbecco’s modified Eagle’s medium (DMEM), 

DMEM/F12 medium, recombinant human basic fibroblast growth factor (bFGF) and B27 

supplement were obtained from Invitrogen (Carlsbad, CA). Recombinant human epithelial 

growth factor (rhEGF) was purchased from R&D systems. Heparin and hydrocortisone were 

purchased from Stem Cell Biotechnologies (Vancouver, BC). Rabbit anti-human 
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phosphorylated p53 (p-p53), p53 and p21 antibodies were purchased from Cell Signaling 

(Danvers, MA). Mouse anti-human tubulin monoclonal antibodies were obtained from Santa 

Cruz Biotechnology. 2′−7′-Dichlorodihydrofluorescein diacetate (DCF-DA) and ImaGene 

GreenTM C12FDG lacZ gene expression kit were purchased from Invitrogen. The FITC 

Annexin V Apoptosis Detection kit was obtained from BD Biosciences.

2.2. BCSC flow cytometry analysis and intracellular ROS detection

The ESA+/CD44+/CD24−subpopulations were identified as the CSCs in breast cancer [17]. 

Flow cytometry was employed to quantify ESA+/CD44+/CD24− BCSCs as previously 

described [16, 17]. Briefly, MCF-7 or SUM159 cells were resuspended in 2% FBS/DPBS 

and incubated with PE-conjugated mouse anti-human ESA (ESA), APC-conjugated mouse 

anti-human CD44 and BV421-conjugated mouse anti-human CD24 (both from BD 

Biosciences) for 20 min on ice. After washing with 2% FBS/DPBS, the frequency of ESA+/

CD44+/CD24−BCSCs was analyzed using a BD LSRFortessa™ X-20 Flow Cytometer (BD 

Biosciences).

DCF-DA, a well-characterized ROS probe [18], was utilized to detect and measure ROS in 

different subpopulations of breast cancer cells using flow cytometry as previously reported 

[19]. Briefly, after labeling with the CSC surface markers (ESA, CD24 and CD44) as 

described above, the cells were incubated with DCF-DA (5 μM) at 37°C for 30 min. ROS 

levels in BCSC and NCSC subpopulations were measured using a BD LSRFortessaTM 

X-20 Flow Cytometer (BD Biosciences). Data were processed and analyzed using FlowJo 

software.

2.3. Mammosphere formation assay

Mammosphere formation assay (MFA) was employed to determine the sphere-forming 

activity of CSCs as previously described [16, 20]. Briefly, single-cell suspensions were 

prepared at 24 h after H2O2 exposure and cultured in 24-well ultra-low attachment plates 

(Corning) using serum-free DMEM/F-12 medium supplemented with 20 ng/mL basic FGF, 

20 ng/mL EGF, 4 μg/mL insulin, 4 μg/mL heparin, 0.5 μg/mL hydrocortisone, 0.4% BSA 

and B27 nutrient supplement (Invitrogen). Culture medium was replaced in half every other 

day with 50% fresh medium. Mammospheres were counted and photographed after 7 days 

of culture.

2.4. Clonogenic assay

MCF-7 or SUM159 cells were transiently exposed to a range of sublethal doses (100 to 500 

uM) of H2O2 for 2 h. Then, the cells were washed with PBS to remove H2O2 and re-fed with 

complete medium. At 24 h after exposure, cells were collected and cultured in 60 mm dishes 

at low density for 12 – 14 days to allow the formation of cell colonies. The colonies were 

fixed and stained with 0.5% crystal violet (Sigma) in methanol for 30 min. The number of 

colonies (≥ 50 cells) was scored and photographed as described previously [21].
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2.5. Apoptosis analysis

After staining with CSC surface markers, apoptotic cells were labeled with FITC-conjugated 

Annexin V and 7-AAD using a FITC Annexin V Apoptosis Detection kit (BD Biosciences) 

and analyzed using a BD LSRFortessa™ X-20 Flow Cytometer as previously reported [22].

2.6. Senescence assays

In situ SA-β-gal assays were performed to determine senescent cells in bulk tumor cells 

using a senescence β-galactosidase staining kit (Cell Signaling) as we have reported 

previously [11, 21]. SA-β-gal activity in BCSCs was measured by flow cytometry using an 

ImaGene GreenTM C12FDG lacZ gene expression kit (Invitrogen) according to the 

manufacturer’s instruction and a published protocol [23] with some minor modifications. 

Briefly, after staining with BCSC surface markers, the cells were incubated with 25 µM 

chloroquine at 37°C for 30 to inhibit endogenous β-galactosidase activity. Then, the cells 

were incubated with 20 µM C12FDG at 37°C for 20 minutes. SA-β-gal positive senescent 

cells in the ESA+/CD44+/CD24− subpopulations were measured using a BD LSRFortessa™ 

X-20 Flow Cytometer (BD Biosciences). Data were processed and analyzed using FlowJo 

software.

2.7. Western blot analysis

Western blot analyses were performed as previously described [16]. Briefly, protein samples 

were extracted using cell lysis buffer (Cell Signaling) supplemented with a cocktail of 

proteinase inhibitors (Sigma). The protein concentrations were quantified using a Bio-Rad 

Dc protein assay kit (Bio-Rad Laboratories, Hercules, CA). Fifty microgram protein samples 

were resolved on 4 – 20% Mini-Protean TGX gels (Bio-Rad) and transferred onto 0.2 μM 

PVDF membrane (Millipore). Blots were blocked with 5% non-fat milk for one hour at 

room temperature and then incubated with primary antibodies at 4°C overnight. After 

extensive washing with TBS-T, blots were incubated with appropriate HRP-conjugated 

secondary antibody for 1.5 h at room temperature. Protein bands were detected using an 

ECL Plus Western Blotting Detection System (GE Healthcare Life Science).

2.8. Statistical analysis

Comparisons between groups were carried out using Student’s t-test. Differences were 

considered statistically significant at p < 0.05. The error bars indicate SEM. All analyses 

were carried out with the GraphPad Prism program (GraphPad Software, Inc. San Diego, 

CA).

3. Results

3.1. BCSCs display lower levels of ROS compared with NCSCs

Our previous studies have demonstrated that hematopoietic stem cells (HSCs) are 

susceptible to ionizing radiation-induced oxidative stress [19, 24]. It also has been shown 

that HSCs with lower levels of ROS exhibit greater self-renewal potential and 

hematopoiesis-reconstituting capacity than cells with high levels of ROS [25]. Moreover, 

there is evidence that oxidative stress is harmful to HSCs, impairing HSC self-renewal 
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potential and its long-term blood cellrepopulating capacity [26–28]. However, it remains to 

be determined how CSCs respond to oxidative stress. To gain insight into the redox status in 

BCSCs, we utilized a well-characterized ROS probe, DCF-DA, along with flow cytometry to 

quantify ROS levels in ESA+/CD24−/CD44+ BCSCs (Fig. 1A). Our data showed that ROS 

levels in NCSCs are approximately 5-fold higher than that in BCSCs from SUM159 cells 

(Fig. 1B & C). Similarly, the levels of ROS in BCSCs are markedly lower than that in 

NCSCs from MCF7 cells (Fig. 1D).

3.2. H2O2 treatment has no significant effect on apoptotic cell death in BCSCs

H2O2 has been widely used to induce oxidative stress in various types of cells [29, 30]. To 

examine how BCSCs respond to oxidative stress, we investigated the effects of H2O2 on 

BCSC survival and apoptotic cell death. Surprisingly, we found that sublethal doses of H2O2 

treatment increases the frequency of ESA+/CD24−/CD44+ subpopulations in a dose-

dependent manner (Fig. 2A & B). Furthermore, our subsequent studies revealed that a 

transient treatment with H2O2 failed to induce apoptotic cell death in BCSCs (Fig. 2C & D). 

In contrast, camptothecin (CPT) treatment led to a substantial increase of apoptosis in ESA+/

CD24−/CD44+ BCSCs (Fig. 2C & D). These results suggest that sublethal dose H2O2-

mediated oxidative stress has no significant effect on apoptosis induction in BCSCs.

3.3. Oxidative stress impairs the mammosphere-forming potential of BCSCs

The mammosphere formation assay (MFA) is a very useful technique to measure the sphere-

forming ability of CSCs and the sphere-initiating cells (SICs) have been considered as the 

surrogate of CSCs in culture [16, 20]. To examine the effects of H2O2-induced oxidative 

stress on CSC function, we took advantage of the MFA to measure the sphere-forming 

ability of MCF-7 and SUM159 cells after a transient exposure to H2O2 (Fig. 3A). The 

results showed that H2O2 treatment causes a dose-dependent decrease in the number of 

mammospheres generated from both MCF-7 and SUM159 cells (Fig. 3B & C).

The clonogenic assay (also known as colony formation assay) is a well-characterized in vitro 
experiment that measures the reproductive capacity of a single cell to generate a colony in 

longterm culture, thus defining a cell’s ability to replicate and form a tumor [31]. Using 

clonogenic assays, we demonstrated that H2O2 exposure suppresses the colony-forming 

capacity of both MCF-7 and SUM159 cells in a dose-dependent fashion (Fig. 3D–F). 

Together, these results suggest that although BCSCs can survive sublethal doses of H2O2 

treatment (Fig. 2A–D), they lose the ability to produce mammospheres and to generate 

colonies in culture (Fig. 3A–F).

3.4. Oxidative stress induces premature senescence in BCSCs

Induction of senescence is an important mechanism of tumor prevention by limiting the 

reproductive capacity of cells. We and others have shown that H2O2-mediated oxidative 

stress can readily induce premature senescence in a variety of cells [29, 32]. However, it 

remains to be determined if H2O2-mediated oxidative stress causes premature senescence in 

BCSCs. To gain insights into the role of senescence induction in H2O2-induced loss of 

function in BCSCs, we examined if H2O2 treatment induces senescence in breast cancer 

cells, and more importantly in BCSCs. SA-β-gal analyses revealed that treatment with H2O2 
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causes a dose-dependent increase of senescent cells in both MCF-7 and SUM159 cells (Fig. 

4A–C). Our subsequent flow cytometry assays further indicated that SA-β-gal positive cells 

were markedly increased in the ESA/CD24/CD44 subpopulations in response to H2O2 

treatment (Fig. 4D & E). These results demonstrate for the first time that H2O2-mediated 

oxidative stress induces premature senescence in BCSCs.

Our previous studies have shown that activation of the p53/p21 signaling pathway plays a 

pivotal role in mediating ionizing radiation-induced senescence in lung cancer cells [11]. To 

elucidate the mechanisms by which oxidative stress induces senescence in BCSCs, we 

investigated the effects of H2O2 on p53/p21 signaling. Western blot analyses revealed that 

H2O2 treatment led to a dose-dependent increase in the expression levels of phosphorylated 

p53 (p-p53), suggesting that H2O2-mediated oxidative stress may activate the p53 signaling 

pathway (Fig. 4F). In agreement with this suggestion, we found that both p53 and p21 

expression levels were markedly increased by H2O2 treatment (Fig. 4F). Together, these 

results suggest that H2O2 may induce senescence in BCSCs at least in part by activation of 

the p53/p21 signaling pathway.

4. Discussion

Oxygen metabolism in mitochondria is a crucial process for ATP production to provide 

energy for cell survival and functional activity needs, but it also leads to the generation of 

ROS, because of electron leak during oxidative phosphorylation and reduction of O2 

molecules [33]. Mitochondrial ROS include superoxide anion, hydroxyl radical, H2O2, and 

singlet oxygen [33]. If the accumulation of ROS exceeds the scavenging capacity of the 

antioxidant system, it may disturb the redox balance, resulting in oxidative stress. We and 

others have shown that H2O2-mediated oxidative stress could induce premature senescence 

in various types of cells [29, 32]. However, it was largely unknown how BCSCs respond to 

H2O2-mediated oxidative stress until our present study. Our flow cytometry data revealed 

that ROS levels are markedly lower in BCSCs than that in NCSCs. These results suggest that 

it may be critical for CSCs to keep ROS at a low level to avoid oxidative stress-associated 

toxicity. In agreement with this idea, it has been shown that increasing ROS production by 

L-S,R-buthionine sulfoximine (BSO) treatment could sensitize CSCs to radiation [34]. 

Furthermore, our studies have demonstrated that transient exposure to sublethal doses of 

H2O2 is sufficient to cause marked deficiency in the mammosphere-forming capacity of 

BCSCs. Mechanistically, we found that H2O2 treatment-induced BCSC loss of function is 

attributable to the induction of premature senescence.

In addition, our studies have revealed for the first time that H2O2-mediated oxidative stress 

increases the number of BCSCs. In agreement with our observations, previous studies 

showed that chemotherapy and/or radiation led to the enrichment of the CSCs in residual 

tumors following anticancer treatments [3–6]. The increase of the ESA+/CD24−/CD44+ 

subpopulations by sublethal doses of H2O2 treatment suggests that BCSCs are likely more 

resistant to H2O2 treatment compared to NCSCs. Another possible explanation is that H2O2-

induced oxidative stress may simply reduce CD24 expression, leading to an “artificial” 

increase in the number of ESA+/CD24−/CD44+ cells. Nevertheless, further studies are 
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warranted to better elucidate the precise cellular and molecular mechanisms by which low 

doses of H2O2 treatment increases the ESA+/CD24−/CD44+ subpopulations in breast cancer.

A growing body of evidence has suggested that CSCs play a critical role in drug resistance, 

metastatic progression and tumor relapse, leading to treatment failure [1, 2, 4, 35]. It has 

been shown that CSCs have increased DNA damage repair capacity than NCSCs [35, 36]. 

Oxidative stress can cause DNA damage, resulting in senescence induction. The observation 

that H2O2-treated BCSCs lost the ability to produce mammospheres and exhibited a 

significant increase in SA-β-gal staining suggests that these cells are vulnerable to oxidative 

stress-mediated DNA damage and senescence induction. In agreement with this idea, our 

studies revealed that H2O2-induced BCSC loss of function and senescence phenotype is 

associated with p53 activation and increased p21 expression. Given that activation of the 

p53/p21 signaling pathway is a well-known DNA damage response process, these results 

suggest that oxidative stress-triggered DNA damage response is likely involved in H2O2-

induced premature senescence and loss of function in BCSCs.

In conclusion, this study provides a novel insight into BCSC’s response to H2O2-mediated 

oxidative stress. Even a transient exposure to sublethal doses of H2O2 can induce premature 

senescence in BCSCs, resulting in the loss of function for these cells to generate tumor 

spheres in culture. These results suggest that selective ROS-generating agents may have the 

therapeutic potential for targeting drug-resistant and metastatic CSCs through promoting 

oxidative stress-induced CSC premature senescence.
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Highlights

• ROS levels are markedly lower in BCSCs than that in NCSCs

• Exposure to sublethal doses of H2O2 increases the number of BCSCs

• Oxidative stress causes the loss of function in BCSCs via induction of 

senescence

• H2O2-induced BCSC senescence is associated with activation of the p53/p21 

pathway
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Fig. 1. ROS levels are markedly lower in BCSCs than that in NCSCs.
DCF-DA staining and flow cytometry assays were performed to measure ROS levels in 

BCSCs and NCSCs. (A) Representative flow cytometry graphs are presented, showing the 

gating strategy for detecting ROS levels in BCSCs and NCSCs. (B) ROS levels are presented 

as mean fluorescence intensity (MFI) of DCF-DA staining. Overlaid flow cytometry graphs 

indicate that ROS levels are significantly lower in BCSCs than that in NCSCs. (C, D) ROS 

levels are approximately 3- to 5-fold lower in BCSCs as compared with NCSCs. Data are 

presented as mean ± SEM of three independent experiments. * p < 0.05, ** p < 0.01 vs. 

CSCs.
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Fig. 2. H2O2 treatment increases the number of ESA+/CD24−/CD44+ cells.
Flow cytometry was employed to analyze the number of ESA+/CD24−/CD44+ BCSCs at 24 

h after H2O2 treatment. (A) Representative flow cytometry graphs are presented, showing 

that H2O2 treatment increases the number of ESA+/CD24−/CD44+ cells. (B) Quantification 

of flow cytometry data demonstrates that H2O2 treatment increases the percentage of BCSCs 

in a dose-dependent manner. (C) A representative flow cytometry analysis of apoptosis in 

the ESA+/CD24−/CD44+ subpopulations. (D) Flow cytometry analysis revealed that H2O2 

treatment has no significant effect on apoptotic cell death in BCSCs. Data are presented as 

mean ± SEM of three independent experiments. *** p< 0.001 vs. PBS control.
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Fig. 3. H2O2 treatment impairs the mammosphere-forming potential of BCSCs.
MFA was employed to measure the mammosphere-forming capacity of BCSCs at 24 h after 

H2O2 treatment. (A) Representative images of a MFA showing that H2O2-treated MCF-7 

cells failed to produce mammospheres in culture. (B, C) H2O2 treatment impairs the 

mammosphere-forming potential of BCSCs from both MCF-7 (B) and SUM159 (C) cells. 

(D) Representative images of a clonogenic assay showing that H2O2 inhibits the formation 

of colonies in MCF-7 cells. (E, F) Decreased colony-forming capacity was observed in both 

MCF-7 (E) and SUM159 (F) cells following H2O2 treatment. All data are presented as mean 

± SEM of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. PBS 

control.
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Fig. 4. H2O2 treatment induces premature senescence in BCSCs.
(A) Representative images of SA-β-gal staining of senescent MCF-7 cells at 5 days after 

H2O2 exposure. (B, C) SA-β-gal analysis showed that H2O2 induces premature senescence 

in both MCF-7 (B) and SUM159 (C) cells in a dose-dependent fashion. (D) Representative 

flow cytometry graphs depicting that H2O2 increased SA-β-gal activity in the ESA+/CD24−/

CD44+ subpopulations of MCF-7 cells at 5 days after exposure. (E) Flow cytometry analysis 

revealed that H2O2 treatment induces premature senescence in BCSCs in dose-dependent 

manner. (F) Western blot analysis indicated that H2O2 treatment-induced BCSC senescence 

is associated with p53 activation and increased p53 and p21 expression. ** p < 0.01, *** p < 

0.001 vs. PBS control.
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