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Abstract: Ceramide is a sphingolipid which regulates a variety of signaling pathways in eukaryotic
cells. Exogenous ceramide has been shown to induce cellular apoptosis. In this study, we observed that
exogenous ceramide induced two distinct morphologies of cell fate following C2-ceramide treatment
between the two breast cancer cell lines MCF-7 (wild type p53) and MDA-MB-231 (mutant p53)
cells. The growth assessment showed that C2-ceramide caused significant growth inhibition and
apoptosis in MDA-MB-231 cells through down-regulating the expression of mutant p53 whereas
up-regulating the expression of pro-apoptotic Bad, and the proteolytic activation of caspase-3.
However, senescence-associated (SA)-β-galactosidase (β-gal) was regulated in MCF-7 cells after
C2-ceramide treatment. The results of proliferation and apoptosis assays showed that MCF-7
cells were more resistant to C2-ceramide treatment compared to MDA-MB-231 cells. Furthermore,
C2-ceramide treatment induced a time-responsive increase in Rb protein, a key regulator of senescence
accompanied with the upregulation of both mRNA level and protein level of SA-genes PAI-1 and
TGaseII in MCF-7 but not in MDA-MB-231 cells, suggesting that some cancer cells escape apoptosis
through modulating senescence-like phenotype. The results of our present study depicted the
mechanism of C2-ceramide-resistant breast cancer cells, which might benefit the strategic development
of ceramide-based chemotherapeutics against cancer in the future.
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1. Introduction

Breast cancer is the major cause of female cancer deaths worldwide, with the highest mortality
and poor prognosis. It is expected to accumulate over 30% of 880,000 new cancer cases as reported
by the American Cancer Society (ACS) in 2018 and it causes more than 70,000 deaths than any other
cancer. To date, breast cancer remains a leading cause of public health issues for women and the most
common tumor for the past two decades [1].

Senescent (aging) cells lose their ability to divide because of the limited quota of divisions [2].
Senescent cells exert the arrest of proliferation and acidic β-galactosidase (β-gal) activity (pH 6.0) with
enlarged and flattened morphology [2]. In contrast, senescence-like phenotype is a growth arrest
that could be induced by stresses including hypoxic stress [3], accumulation of endogenous reactive
oxygen species (ROS), and some anti-tumor agents. In comparison with replicative cells, stress-induced
senescence/senescent-like phenotype might occur within weeks without telomere-shortening [4].

Various signaling transductions are found to be associated with cellular senescence. Direct evidence
of limited telomere cell presents a DNA damage-like response and activates the signaling regarding
growth arrest and senescent status [5], with the up-regulation of cell cycle inhibitor p21. p21 deletion
rescued the intestinal progenitor cell proliferation and improved the self-renewal capacity of
hematopoietic stem cells; moreover, the signaling pathway, including ATM and ATR, resulted
in down-stream H2AX phosphorylation, and Chk1 and Chk2 in p53 modification and p21/p16 activation
all participate in the cell cycle-arrest effect of senescence [6]. Furthermore, the oncogene-induced
senescence in response to the oncogene activation or the loss of tumor suppresses regulation to protect
cell integrity and restrain cell growth [7]. Early evidence of over-expressed oncogene RAS resulted
in cell cycle arrest with the rise of p53 and p16 activity, and other reports reveal that the RB pathway
contributes to the senescence-induced tumor cell death [8,9]. Since then, more and more regulators
are reported as being involved in senescence-initiating responses such as BRAF mutation, c-Myc
suppression, ATM pathway-mediated disturbance of cdc6, and Cyclin E activation [3,10,11].

However, another accumulated report reveals the reverse role of senescence for the rare
escape of tumor cells from drug-induced cell death exhibiting unstable multiplication characteristics.
Some evidence suggests that these tumor cells harbor stem cell-like phenotype with CD44+/CD24−

marker features [12]. Most importantly, it is found that there are side population cells showing more
resistance to antitumor agent treatment due to the enrichment of drug efflux transporter protein
expression and the efficient capacity of DNA repair [13,14]. After the drug treatment, the cell
death-resistant cells are identified with an appearance of the senescent population and stem cell-marker
enrichment features.

p53 is a nuclear transcription factor with tumor-suppressing biological function in the cellular
process, showing pro-apoptosis characteristics. Normally, p53 is activated to induce its pro-apoptosis
function regarding cell cycle arrest, DNA repair, and initiation of apoptosis-related signaling [15–17].
However, over 50% of human cancers exhibit the loss of p53 with genomic loci mutation, especially in
solid tumors. Accumulative evidence shows that the mutant p53 acts as a dominant-negative inhibitor
toward the wild-type p53 pathway in various cancers, suggesting that cancer cells harboring mutant
p53 exhibit chemo-resistant potential and become more malignant [18–20].

A future therapeutic target for the approach in tumors with p53 mutations appears to be an
important way to improve drug treatment outcomes. For example, a small compound NSC59984
screened from National Cancer Institute (NCI; Bethesda, MD) induces the degradation of mutant p53
protein in human colon cancer cells SW480 via MDM2 and the ubiquitin-proteasome pathway [21].
Another study also showed that arsenic trioxide degrades mutant p53 in HaCaT colon cancer cells,
SW480 cells, and MIA PaCa-2 cells, with the authors finding that arsenic trioxide caused decreased
stability of the mutant p53 protein through a proteasomal pathway in HaCaT cells [22].

Chemoresistance to cancer therapeutics remains an important problem regarding treatment failure
and needs to be addressed in order to reduce cancer death rate; nevertheless, a clarification of the
key mechanism and biological function related to chemoresistance will always remain important for
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cancer therapeutics. Senescence as an alternative cellular process shows its crucial role of an important
cell self-protection mechanism against internal/external pressures [23] and suggests that cellular
non-autonomous senescence responses may be partially involved in chemoresistance during treatment.

Ceramides are sphingolipids of the cell membrane that serve as a mediator of sphingolipid
metabolism and many fundamental cellular pathways [24]. It has also been reported to serve as a tumor
suppressor lipid against the growth of tumor cells [25–28]. For example, the effects of short carbon
chain C2-ceramide on apoptosis in lung cancer cells have been studied previously [27,28]. Ceramide has
been shown to exert strong potential for regulating cell apoptosis, cell cycle arrest, and autophagic
responses [29,30]. Our previous studies have demonstrated the potential effects of ceramides in
anticancer by regulating various cellular pathways. To investigate the effect of C2-ceramide in inducing
cell senescence and its association with p53 status, two different types of breast cancer cells, harbored
wild-type p53 (MCF-7) and mutant p53 (MDA-MB231), were used in this study to further clarify the
cell response of apoptosis and chemoresistance toward C2-ceramide.

2. Results

2.1. Discrepant Anti-Proliferation Effects of C2-Ceramide on Two Breast Cancer Cells

Samples from two breast cancer cell lines MCF-7 and MDA-MB-231 were treated with indicated
concentrations of C2-ceramide for 24 h respectively, and the rates of cellular proliferation were
determined. The results of cellular proliferation assay showed that the inhibitory effect of C2-ceramide
on the proliferation of the two breast cancer cell lines is discrepant (Figure 1). The IC50 measures of
C2-ceramide in MCF-7 and MDA-MB-231 were 27.13 µM and four µM respectively. This suggests that
MDA-MB-231 was more sensitive to C2-ceramide compared to MCF-7.

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 3 of 14 

 

for cancer therapeutics. Senescence as an alternative cellular process shows its crucial role of an 
important cell self-protection mechanism against internal/external pressures [23] and suggests that 
cellular non-autonomous senescence responses may be partially involved in chemoresistance during 
treatment. 

Ceramides are sphingolipids of the cell membrane that serve as a mediator of sphingolipid 
metabolism and many fundamental cellular pathways [24]. It has also been reported to serve as a 
tumor suppressor lipid against the growth of tumor cells [25–28]. For example, the effects of short 
carbon chain C2-ceramide on apoptosis in lung cancer cells have been studied previously [27,28]. 
Ceramide has been shown to exert strong potential for regulating cell apoptosis, cell cycle arrest, and 
autophagic responses [29,30]. Our previous studies have demonstrated the potential effects of 
ceramides in anticancer by regulating various cellular pathways. To investigate the effect of C2-
ceramide in inducing cell senescence and its association with p53 status, two different types of breast 
cancer cells, harbored wild-type p53 (MCF-7) and mutant p53 (MDA-MB231), were used in this study 
to further clarify the cell response of apoptosis and chemoresistance toward C2-ceramide. 

2. Results 

2.1. Discrepant Anti-Proliferation Effects of C2-Ceramide on Two Breast Cancer Cells 

Samples from two breast cancer cell lines MCF-7 and MDA-MB-231 were treated with indicated 
concentrations of C2-ceramide for 24 h respectively, and the rates of cellular proliferation were 
determined. The results of cellular proliferation assay showed that the inhibitory effect of C2-
ceramide on the proliferation of the two breast cancer cell lines is discrepant (Figure 1). The IC50 
measures of C2-ceramide in MCF-7 and MDA-MB-231 were 27.13 µM and four µM respectively. This 
suggests that MDA-MB-231 was more sensitive to C2-ceramide compared to MCF-7.  

 
Figure 1. The inhibitory effect of C2-ceramide on breast cancer cells. Two breast cancer cell lines MCF-
7 (A) and MDA-MB-231 (B) were treated with the indicated concentrations (from 5 to 50 µM) of C2-
ceramide for 24 h respectively. The cell proliferation was determined using the PreMix WST-1 assay. 
Nought indicates the cells were treated with C2-ceramide-free solvent as vehicle control. Positive 
Control (PC): 0.5 µM 2,9-Bis [2-(pyrrolidin-1-yl) ethoxy]-6-{4-[2-(pyrrolidin-1-yl) ethoxy] phenyl}-
11H-indeno [1,2-c] quinolin-11-one (BPIQ), a camptothecin analog. * p < 0.05 and ** p < 0.001 for C2-
ceramide versus control respectively. 

2.2. C2-ceramide Induced Senescence-Like Phenotype of MCF-7 Cells 

Our preliminary results showed that numerous flattened and enlarged cells were observed in 
C2-ceramide-treated MCF-7, a hallmark of the senescence-like phenotype; accordingly, we sought to 
determine whether C2-ceramide could induce senescence-like phenotype in breast cancer cells. The 
acidic SA-β-gal staining was conducted for detecting the senescence at day six following C2-ceramide 
administration (Figure 2A). As shown in Figure 2A, the acidic SA-β-gal positive cells significantly 
increased in C2-ceramide-treated MCF-7. However, the same concentration (20 µM) of C2-ceramide 

Figure 1. The inhibitory effect of C2-ceramide on breast cancer cells. Two breast cancer cell lines
MCF-7 (A) and MDA-MB-231 (B) were treated with the indicated concentrations (from 5 to 50 µM) of
C2-ceramide for 24 h respectively. The cell proliferation was determined using the PreMix WST-1 assay.
Nought indicates the cells were treated with C2-ceramide-free solvent as vehicle control. Positive Control
(PC): 0.5 µM 2,9-Bis [2-(pyrrolidin-1-yl) ethoxy]-6-{4-[2-(pyrrolidin-1-yl) ethoxy] phenyl}-11H-indeno
[1,2-c] quinolin-11-one (BPIQ), a camptothecin analog. * p < 0.05 and ** p < 0.001 for C2-ceramide
versus control respectively.

2.2. C2-ceramide Induced Senescence-Like Phenotype of MCF-7 Cells

Our preliminary results showed that numerous flattened and enlarged cells were observed in
C2-ceramide-treated MCF-7, a hallmark of the senescence-like phenotype; accordingly, we sought
to determine whether C2-ceramide could induce senescence-like phenotype in breast cancer cells.
The acidic SA-β-gal staining was conducted for detecting the senescence at day six following
C2-ceramide administration (Figure 2A). As shown in Figure 2A, the acidic SA-β-gal positive cells
significantly increased in C2-ceramide-treated MCF-7. However, the same concentration (20 µM) of
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C2-ceramide induced senescence-like phenotype characteristics in MCF-7 rather than in MDA-MD-231
cells (Figure 2B).
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Figure 2. The detection of senescence-like phenotype using SA-β-gal staining. (A) MCF-7 cells were
treated with the indicated doses of C2-ceramide for six days respectively. Afterward, the cells were
glutaraldehyde-fixed and stained with the substrate X-gal (pH 6.0) for 24 h. Nought indicates the cells
were treated with C2-ceramide-free solvent as vehicle control. (B) Breast cancer cells were cultured
with 20 µM C2-ceramide respectively. The stained cells with green around the peri-nuclear regions
were considered to be senescent cells.

2.3. C2-Ceramide Induced Apoptosis of MDA-MB-231 Cells

As shown in Figure 3A, the shrinkage and rounding of MDA-MB-231 cells were observed after
24 h treatments of C2-ceramide, especially at the 20 and 30 µM of C2-ceramide. Furthermore, ceramide
treatments caused significant chromatin condensation, a hallmark of apoptosis in a dose-dependent
manner (Figure 3B). The assay of fluorescence microscope-based Annexin V/Propidium Iodide staining
further confirmed C2-ceramide induced apoptosis in MDA-MB-231. Besides the Annexin V positive
cells, the dramatic decrease of cell number, and massive accumulation of Annexin V/PI-positive
cells, a late stage of apoptosis was also observed by 50 µM of C2-ceramide treatments, indicating the
susceptibility of MDA-MB-231 cells to higher concentrations (50 µM) of C2-ceramide. The results of
Western blotting reveal upregulation of pro-apoptotic Bcl-2 protein Bad and the proteolytic activation
of caspase-3 (cleaved caspase-3) following ceramide treatments (Figure 3D).
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Figure 3. The detection of apoptosis in C2-ceramide-treated breast cancer cells. MDA-MB-231
cells were treated with the indicated concentrations of C2-ceramide (from 5 to 50 µM) for 24 h
respectively. (A) The cells were observed using phase-contrast microscopy. (B) Chromatin condensation
is shown, a hallmark of apoptosis induced by ceramide treatment. The white arrows indicate the
chromatin condensation-positive cells. (C) The fluorescence microscope-based apoptosis assessment
using annexin-V conjugated FITC and Propodium Iodide dual staining. (
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2.4. Expression Modulation of SA-Genes Was Modulated by C2-Ceramide

While senescence occurred, SA factors were activated to promote the senescence process.
Thus, to further investigate the effect of C2-ceramide in inducing SA factor regulation, RT-PCR
was performed to evaluate the gene expression of SA-genes. As shown in Figure 4, it was found that
the mRNA levels of SA-genes of SM22 were not altered by C2-ceramide treatment. However, PAI-I and
TGase II were upregulated 1.46-fold and 5.22-fold respectively following 20 µM C2-ceramide-treated
MCF-7 for 24 h. In contrast, there was no significant alteration of SA-gene found in C2-ceramide-treated
MD-MBA-231 cells. The results suggest that C2-ceramide induced a senescence-related signaling
pathway in MCF-7 cells, rather than in MDA-MB-231 cells.
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Figure 4. C2-ceramide-modulated RNA expression of senescence-associated genes in breast cancer
cells. The two breast cancer MCF-7 and MDA-MB-231 cell lines treated with 20 µM C2-ceramide for
24 h respectively. SA-genes PAI-1 and TGaseII expression levels increased in MCF-7 cells but not in
MDA-MB-231 cells. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control.
All fold changes were normalized by the level of internal control.



Int. J. Mol. Sci. 2019, 20, 4292 6 of 14

2.5. The Regulation of Senescence- and Pro-Apoptotic Factors in C2-Ceramide-Created Breast Cancer Cells

The regulatory effect of C2-ceramide in inducing senescence- and pro-apoptosis factors in MCF-7
and MDA-MB-231 cells was further investigated. We found that C2-ceramide induced a rapid increase
of p53 5.06-fold at the early time point of 6 h and then decreased to basal expression after 24 h in
MCF-7; however, C2-ceramide significantly suppressed the protein expression of mutant p53 from
12 h to 24 h after treatment in MDA-MB-231 cells (Figure 5A, first line), indicating that C2-ceramide
induced MDA-MB-231 cell apoptosis by reducing pro-proliferating mutant p53. In contrast, compared
with a slight increase of p21, C2-ceramide significantly up-regulated Rb protein expression in MCF-7
cells up to 2.47-fold in a time-dependent manner, whereas there was no obvious change compared
with that in MDA-MB-231 cells (Figure 5A). p21 and Rb have been reported as senescence-related
markers [31], indicating that C2-ceramide specifically induced senescence marker p21 and Rb protein
activation to promote the senescence of MCF-7 cells. To further characterize the importance of p53
in C2-ceramide-induced MCF-7 apoptosis, the p53 activator NSC59984 was used. Through single
or co-treatment of NSC59984 and C2-ceramide, we found that NSC59984 significantly enhanced the
cytotoxicity by increasing cell death by 40% to 60% in C2-ceramide-treated MCF-7 cells (Figure 5B),
suggesting that the activation of wild-type p53 resensitizes MCF-7 cells toward C2-ceramide-induced
death, and that the effect of p53 activation was more dominant than Rb-mediated senescence.
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Figure 5. C2-ceramide-induced apoptosis-related and senescence-related signaling pathway.
(A) The expression changes of SA- and pro-apoptotic proteins in C2-ceramide-treated breast cancer
cells. The two breast cancer cell lines were treated with 20 µM of C2-ceramide for 6, 12, and 24 h
respectively. β-actin as an internal control. All fold changes were normalized by the level of internal
control. (B) The investigation of p53 activator NSC59984 (1 µM) co-treated with C2-ceramide (5 and
20 µM respectively) 24 h for cell viability analysis. * p < 0.05.
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3. Discussion

Our previous studies have revealed the role of C2-ceramide as a promising strategy for lung cancer
therapies [26,32–34]. Ceramide has been validated as safe toward normal cells and for its selective
cytotoxicity toward cancer cells. For example, C2-ceramide induced extremely low cytotoxicity in
human dermal neonatal fibroblast (HDNF) cells with 66.5 µM of IC50 (24 h) dosage [35], and it was
even more effective in the normal lung cell lines Beas-2B and MRC-5 cells [36]. In the current study,
we provided evidence regarding how C2-ceramide induced apoptotic cell death in two breast cancer
cell lines. We found that C2-ceramide induced discrepant cytotoxicity in breast cancer cell lines MCF-7
and MDA-MB-231, with the IC50 of 27.13 µM in MCF-7 and 4 µM in MDA-MB-231 respectively
(Figure 1). Interestingly, C2-ceramide induced an extra effect of senescence phenotype in MCF-7 rather
than MDA-MB-231 (Figure 2). Thus, this might be the main reason why MCF-7 was more resistant to
C2-ceramide-induced cytotoxicity than MDA-MB-231. Twenty µM of C2-ceramide induced significant
senescence-like phenotype in MCF-7 with the rise of acid ß-gal positive staining cells, whereas the
same dose of C2-ceramide induced obvious apoptotic features of Annexin-V positive staining in
MDA-MB-231 cells (Figure 3). Moreover, we found that MDA-MB-231 bear mutant p53 was also
involved in C2-ceramide-induced apoptosis, suggesting that the reduction of mutant p53 was involved
in the increased susceptibility of MDA-MB-231 to C2-ceramide treatment.

Senescence plays the role of tumor suppressor against cancer cell proliferation. Under normal
conditions, the induction of senescence is reported as being part of p53-induced apoptosis and acts as a
tumor suppressor-like signaling. The microRNA miR-34a is found to be one of the upstream regulators
of senescence in the p53-related pathway [37,38]. The overexpression of miR-34a causes an increase
of senescence and a reduction of cell proliferation of the human colon cancer HCT116 cell line via
downregulation of E2F-related protein and cell cycle regulators; however, reports increasingly support
a different role of senescence in promoting tumor cell resistance to therapeutic drug-induced cellular
stress and cytotoxicity. An opposite role of senescence is reported as being an oncogenic protector that
prevents the cell from cell death regulation in a cellular process. The senescent cell is found to escape
from therapy drug-induced cell cycle arrest and sustained cell death by over-expressing Cdc2/Cdk1
kinase activity and prolonging cell cycle arrest. Survivin is reported to be an important regulator that is
phosphorylated and cooperates with Cdc2/Cdk1 to inhibit apoptosis signaling, and the reverse results
are shown to induce apoptosis [39].

Besides, PAI-1 (plasminogen activator inhibitor-1) has been considered as a marker and a mediator
of senescence [40], and as an upstream regulator of p53 and down-stream of insulin-like growth factor
binding protein-3, and the inhibition or any functional genetic mutation of PAI-1 would result in
the resistance of senescence [41]. Another senescence marker, Transglutaminase II (TGaseII), is also
reported to be an aging-related senescent cell marker [42]. TGaseII knockout mice present a markedly
attenuated endothelial-dependent vasodilation (EDV) than that of wild-type mice, with regularly
well-arranged elastic laminae of the tunica media [42]. In this case, C2-ceramide may induce similar
signaling transduction to initiate the senescence pathway by increasing the expression of SA-associated
genes PAI-1 and TGaseII (Figure 4). Strong evidence shows that 20 µM of C2-ceramide significantly
induced cell senescence in MCF-7 cells but not MDA-MB-231 cells, and this might provide cell
protection against external stress and cell death, thus possibly explaining why MCF-7 appears more
resistant to C2-ceramide-induced cytotoxicity.

Accumulated evidence supports the existence of at least two different signaling pathways to
trigger cell senescence: the p53-dependent and Rb-dependent pathways [43]. Moreover, Rb-dependent
senescence appears to be potentially reversible after inactivating Rb expression [43]. In our case,
it showed that C2-ceramide activated wild-type p53 of MCF-7 cells rapidly at the early time point of
6 h, whereas the effect decreased from 12 to 24 h dramatically. Instead of p53, Rb protein sustained
increase from 6 to 24 h in MCF-7 cells. We suggest that C2-ceramide induced a reversible Rb-dominant
senescence-like phenotype (SLP) in MCF-7.
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Most importantly, senescent cells are reported to be more inactive and resistant to induction of cell
death, suggesting that cancer cells might escape death through modulating reversible SLP. For example,
senescent cells harbored a low expression of Bcl-2, a marker of the pro-survival protein showing
resistance to H2O2-induced cell death [44]. It seems that the Rb-dependent reversible senescence
activated by C2-ceramide might contribute to the finding as to why MCF-7 is more resistant to certain
therapeutic drug treatments (Figure 6).
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Figure 6. A proposed mechanism whereby breast cancer cells escape C2-ceramide-induced apoptosis
through modulating senesce-like phenotype. Exogenous C2-ceramide inhibits growth arrest and
induces apoptosis in breast cancer MDA-MB-231 cells through down-regulating the expression of
mutant p53 while up-regulating pro-apoptosis pathways, including the expression of Bax and Bad and
the proteolytic activation of caspase-3. In contrast, C2-ceramide treatments that favor the induction
of senescence-like phenotype might occur through the activation of Rb rather than the activation of
p53-signaling of senescence. Rb-mediated senescence-like phenotype (SLP) might be reversible and
confer more resistance of breast cancer MCF-7 cells to C2-ceramide. In contrast, the activation of
wild type p53 using a p53 activator resensitizes MCF-7 cells to C2-ceramide, suggesting the critical
role of wild type p53 in C2-ceramide-induced death in breast cancer cells. Therefore, the proposed
model suggests that some cancer cells escape apoptosis induction through modulating senescence-like
phenotype, whereas the p53 activation can overcome the chemoresistance and should be a promising
strategy for treating cancer cells which favor stress-induced SLP. (↑, increase or upregulation; ↓, decrease
or downregulation; T, attenuation or blockade).

It has been reported that mutant p53 acts in a dominant-negative role in cancer progression and may
provide cell protection. Although p53 plays a tumor-suppressor role against tumorigenesis, over 50%
of breast cancer patients and 80% of triple-negative breast cancer (TNBC) patients bear mutant p53,
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demonstrating that mutant p53 plays a vital role in breast cancer progression [45]. The cumulating data
show that mutant p53 exhibits loss of tumor suppressor activity and gains the function of promoting
cancer survival. In the current study, an opposite type of p53 was present in the two breast cancer
cell lines, MCF-7 cells with wild type p53, and MDA-MB-231 cells with mutant p53. We found that
C2-ceramide induced great inhibition of mutant p53 expression in MDA-MB-231 cells, and a slight
increase of wild type p53 expression in MCF-7 cells. We provided further evidence regarding that when
combined with p53 activator NSC59984, the cytotoxicity of C2-ceramide in MCF-7 cells was significantly
enhanced, indicating that the activation of p53 and its downstream signaling and the anti-cancer effect
induced by C2-ceramide were two individual actions, and so the effect of combined treatment was
evident (Figure 5B). It also suggests that C2-ceramide could induce greater cytotoxicity in MCF-7 once
the p53-related pathway was activated, and cells would no longer escape from Rb-mediated SLP to
recover damage induced by C2-ceramide.

The effect of exogenous C2-ceramide in the endogenous long-chain sphingolipid pathway was
also investigated; accordingly, exogenous ceramide analogs was determined to have great opportunity
to induce or modify the endogenous ceramide species and associated signaling while activating
apoptosis-related signaling. This shows that synthetic C6-ceramide in turn activated the generation of
cellular C16-ceramide concentration as well as the synthetic ceramide analogs HPL-39N and HPL-1R36N
induced in tumor cells. M Blaess et al. suggest that these synthetic ceramides induce a significant
effect on the expression of a gene involved in cell cycle, cell growth and cell death, which contributes
to apoptosis induction [46]. Moreover, evidence is shown that these exogenous ceramides would be
partially incorporated into the newly synthesized long-chain ceramides via the deacylation-reacylation
cycle, and then cause the regulation of growth inhibition, cell cycle arrest, and modulation of telomerase
activity [47]. In this case, we suggest that the exogenous C2-ceramide might act in the same way while
inducing breast cancer cell apoptosis due to the phenomenon of C2-ceramide in inducing cancer cell
growth inhibition, as cycle arrest has been well-proven [48,49].

Although C2-ceramide induced great cytotoxicity in MCF-7 and MDA-MB-231 cells with different
mechanisms, there is some concern about a safety issue. Recently, it has been reported that when
compared with normal breast stem cells, Type I human breast epithelial cell (HBEC), C2-ceramide
induces slight cytotoxicity in Type II HBECs [50], suggesting that the use of C2-ceramide needs
to be optimized to reduce such cytotoxicity in normal breast cells. Our previous study provides
evidence regarding the usage of C2-ceramide in combination with clinical drugs for enhanced treatment
efficacy [36]. Combining sub-lethal C2-ceramide and Chloroquine (CQ) greatly enhances the cytotoxicity
in NSCLC cells but shows extremely low cytotoxicity in normal lung cells, suggesting that it might
exhibit the same alternative use of C2-ceramide in treating breast cancer cells with less burden fornormal
breast tissue or epithelial cells.

Taken together, our data support that C2-ceramide induced apoptosis in two breast cancer cell lines,
including MCF-7 and MDA-MB-231 cells. C2-ceramide induced high cytotoxicity in MDA-MB-231
cells by targeting mutant p53 expression. Conversely, C2-ceramide triggered senescence-signaling
transduction in MCF-7 cells and resulted in MCF-7 cells escaping from C2-ceramide-induced apoptosis.
The senescence phenomenon provides a reliable explanation of why certain breast cancer cells show
strong chemoresistance against therapeutic drugs during the treatment process (Figure 6). The current
study also provided an insight showing that the alternative pharmacotherapy of C2-ceramide should
be provided to patients harboring genetic mutations such as p53 mutation.

4. Materials and Methods

4.1. Preparation of C2-Ceramide

Short carbon-chain C2-ceramide (N-Acetyl-D -sphingosine) was purchased from Sigma (#A7191,
St. Louis, MO, USA) and was dissolved in DMSO (Sigma-Aldrich, Munich, Bavaria, Germany).
C2-ceramide were aliquoted and stocked at −20 ◦C.
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4.2. Reagents

DMEM/F-12 Medium, the antibiotics streptomycin/penicillin G and fetal bovine serum (FBS) were
purchased from Gibco (Gaithersburg, MD, USA). The antibodies against the following proteins Bad
(#sc8044) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Bax (#GTX109683)
was purchased from GeneTex (Irvine, CA, USA). Caspase 3 (#IMG144A) was purchased from IMGENEX
(San Diego, CA, USA). p21 (#2947P) was purchased from Cell Signaling Technology (Beverly, MA,
USA). p53 (#1026-1) was purchased from Epitomics (Epitomics, Burlingame, CA, USA). β-actin
(#BD612656) was purchased from BD Biosciences (Franklin Lakes, NJ, USA). Horseradish peroxidase
(HRP)-conjugated secondary antibodies (#20102 for goat anti-mouse IgG, #20202 for goat anti-rabbit
IgG) was purchased from Leadgene Biomedical Inc. Tainan, Taiwan. The Annexin V-fluorescein
isothiocyanate (FITC) kit was purchased from Strong Biotech Co. (#AVK050, Taipei, Taiwan).

4.3. Cell Cultures

The human breast cancer cell lines MCF-7 (wild type p53) and MDA-MB-231 (mutant p53)
(American Type Culture Collection, Manassas, VA, USA) were maintained in the medium DMEM and
F12 supplemented (1:1 ratio) with 10% fetal bovine serum (FBS; Gibco BRL, Grand Island, NY, USA)
and 0.5% streptomycin/penicillin (Mediatech, Inc., Herndon, VA, USA) at 37 ◦C with 5% CO2.

4.4. Cell Proliferation Assessment

The cellular proliferation was assessed using a WST-1 assay. Briefly, a total of 1 × 103/well and
culture cells in 96-well plates in a final volume of 100 µL/well medium were treated with the indicated
concentrations of C2-ceramide for 24 h respectively. BPIQ, a synthetic analog of camptothecin as a
positive control [51], was used. Ten µL/well WST-1 reagent kit (Takara Biochem., Tokyo, Japan) was
added and incubated for 30 min. The absorbance of the samples against a background control as blank
was measured by a microplate reader (Multiskan Ascent 354, Thermo Fisher Scientific, Rockford, IL,
USA) at 450 nm.

4.5. Apoptosis Assessment

Annexin staining was performed for detecting apoptosis [36]. The cells were treated with the
indicated concentrations of C2-ceramide for 24 h respectively. Afterward, the cells were stained with
10 µg/mL of Annexin V-FITC, and the cells were observed by a fluorescence microscope (TE2000-U;
Nikon, Tokyo, Japan).

4.6. Senescence-Associated β-Galactosidase (SA-β-gal) Staining

The staining of SA-β-gal was used for detecting the cellular senescence [52]. The protocol
used in the study was according to the previously published one with minor modifications [48].
In brief, cells were treated with C2-ceramide for six days. Afterward, the cells were washed
twice with phosphate-buffered saline (PBS) and glutaraldehyde-fixed, then 1 mg/mL of
5-bromo-4-chloro-3-indoyl-β-galactoside was added (X-gal which was dissolved in a solvent composed
of dimethylformamide, five mM potassium ferrocyanide, 150 mM NaCl, 40 mM citric acid and sodium
phosphate, and 2 mM MgCl2, pH6.0) for 24 h. The cells were then washed with PBS, and the β-gal
(green color) stained cells were determined. Magnification 200×.

4.7. Reverse Transcription-qPCR Assessment

1 × 106 cells were treated with C2-ceramide for 24 h. The harvested cells were lysed with RNA
extraction kit EasyBlue™ (iNtRON, Seoul, Korea) according to the instructions of the manufacturer.
The quantity of total RNA was measured using OD260/280 nm, and then the quality was checked
using electrophoresis on a 1.0% agarose gel with 2.2 M formaldehyde. The information of primer
sequences is presented in Table 1. The primers of senescence-associated genes were designed
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based on the study previously published [48]. The PCR products were electrophoresis-resolved and
densitometric-analyzed using Gel-Pro v.4.0 software (Media Cybernetics, Silver Spring, MD, USA).

Table 1. Primer pairs used in the study.

Target Gene Forward Primer (5′-3′) Reverse Primer (5′-3′) Size (bp)

GAPDH CGTCTTCACCATGGAGA CGGCCATCACGCCCACAGTTT 310
PAI-1 GTGTTTCAGCAGGTGGCGC CCGGAACAGCCTGAAGAAGTG 310
SM22 TGGCGTGATTCTGAGCAA CTGCCAAGCTGCCCAAGG 534

TGase II CTCGTGGAGCCAGTTATCAACAGCTAC TCTCGAAGTTCACCACCAGCTTGTG 310

4.8. Western Blotting Assay

20 µg of protein lysates were resolved using the 10% SDS-polyacrylamide gel and then transferred
to a nitrocellulose membrane. The transferred NC membranes were blocked with 5% nonfat milk.
Subsequently, the membranes were reacted with primary antibodies and the corresponding secondary
antibodies sequentially. The signals of specific protein were detected using a chemiluminescence
detection kit (ECL™, Amersham, Piscataway, NJ, USA).

4.9. Assessment of p53 Activator

The survival rates of MCF-7 cells incubated either with C2-ceramide single treatment or p53
activator co-treatment were determined using the MTS Cell Proliferation Assay Kit (Promega, Madison,
WI, USA). Briefly, 1 × 103 cells were seeded and pretreated with the indicated concentrations of p53
activator NSC59984 (Cat No. B6045 APExBIO, Houston, TX, USA) prior to the treatment of indicated
concentrations of C2-ceramide (Sigma-Aldrich) for 24 h. Afterward, the MTS solution was added to the
cells and further incubated for 1 h at 37 ◦C according to the manual of the manufacturer. Afterward,
the cell viability was determined using the absorbance at 490 nm using a microreader (Biorad, Model
550, Hercules, CA USA).

4.10. Statistical Analysis

All data were presented as mean ± S.D. Differences between controls and treatment groups were
analyzed by Student’s t-test.
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