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A B S T R A C T   

Activation of autophagy plays a critical role in DNA repair, especially for the process of homologous recombi-
nation. Despite upregulation of autophagy promotes both the survival and the death of cells, the pathways that 
govern the pro-cell death effects of autophagy are still incompletely understood. YM155 is originally developed 
as an expression suppressant of BIRC5 (an anti-apoptotic molecule) and it has reached Phase I/II clinical trials for 
the treatment of variety types of cancer. However, the target-specificity of YM155 has recently been challenged 
as several studies reported that YM155 exhibits direct DNA damaging effects. Recently, we discovered that BIRC5 
is an autophagy negative-modulator. Using function-comparative analysis, we found in the current study that 
YM155 and BIRC5 siRNA both induced early “autophagy-dependent ROS production-mediated” DNA damage/ 
strand breaks and concurrently downregulated the expression of RAD54L, RAD51, and MRE11, which are 
molecules known for their important roles in homologous recombination, in human cancer (MCF7, MDA-MB- 
231, and SK-BR-3) and mouse embryonic fibroblast (MEF) cells. Similar to the effects of YM155 and BIRC5 
siRNA, downregulation of RAD54L and RAD51 by siRNA induced autophagy and DNA damage/strand breaks in 
cells, suggesting YM155/BIRC5 siRNA might also induce autophagy partly through RAD54L and RAD51 
downregulations. We further observed that prolonged YM155 and BIRC5 siRNA treatment induced autophagic 
vesicle formation proximal to the nucleus and triggered DNA leakage. In conclusion, our findings reveal a novel 
mechanism of action of YM155 (i.e. induces autophagy-dependent ROS production-mediated DNA damage) in 
cancer cells and show the functional complexity of BIRC5 and autophagy involving the modulation of genome 
stability, highlighting that upregulation of autophagy is not always beneficial to the DNA repair process. Our 
findings can aid the development of a variety of BIRC5-directly/indirectly targeted anticancer therapies that are 
currently under pre-clinical and clinical investigations.   

1. Introduction 

Autophagy is a highly regulated catabolic process that degrades 
intracellular organelles (e.g. mitochondria and endoplasmic reticulum) 
and macromolecules (e.g. proteins and lipids) for cellular materials 
recycling and ATP generations. Physiologically, autophagy plays an 

important role in embryogenesis and cell differentiation. Unsurpris-
ingly, dysregulation of autophagy is related to the development of 
various diseases like cancer, inflammatory bowel disease (IBD), and 
Alzheimer’s disease [1–3]. 

Autophagy is a double-edged sword, as it exhibits both the pro-cell 
survival and the pro-cell death properties. At the cellular level, 
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upregulation of autophagy has widely been demonstrated to promote 
the survival of cancer cells under cytotoxic and nutrient stresses [4]. 
Upregulation of autophagy also plays an important role in the DNA 
damage response and repair, as dysregulation of this process is associ-
ated with increased DNA damage in cells [5–9]. However, despite 
intensive research has been conducted in the past decade to better un-
derstand the molecular regulatory pathways of autophagy, the pathways 
and factors that govern or trigger the pro-cell death effects of autophagy 
are still not yet fully understood. It is also unclear on whether an 
“autophagy threshold level” is existed, in which the “nature of auto-
phagy” can be changed from pro-survival to pro-death, in cells after 
reaching the “point of no return” [10,11]. 

Baculoviral IAP Repeat Containing 5 (BIRC5)/Survivin is a member 
of the inhibitor-of-apoptosis protein (IAP) family known for its role in 
embryogenesis (e.g. neuronal development), tissue regeneration after 
injury (e.g. brain and heart), and tumorigenesis. BIRC5 has long been 
known as a dual functions protein that promotes mitosis [i.e. formation 
of the chromosomal passenger complex (CPC)] and inhibits apoptosis (i. 
e. inhibits caspases) [12–14]. YM155 (Sepantronium Bromide) is a small 
molecule compound originally developed as an expression suppressant 
of BIRC5 and it has reached Phase I/II clinical trials for the treatment of 
solid tumors, leukemia, and lymphoma [15–17]. As inspired by the 
unexpected pro-autophagic cell death effects of YM155 found by us in an 
earlier study and also has been reported by various research groups [18, 
19], we recently discovered that BIRC5 is a novel autophagy 
negative-modulator in human cancer and mouse embryonic fibroblast 
cells [20]. At the molecular level, it physically interacts with 
ATG12-ATG5 conjugate, inhibiting the formation of the 
ATG12-ATG5-ATG16L protein complex [20]. We also discovered that 
BIRC5 negatively-modulates the expression of ATG7, which is an E1-like 
enzyme that facilitates the conjugation between ATG12 and ATG5 in 
mammalian cells [20]. Even though autophagy has widely been shown 
to play an important role in the DNA damage response and repair, we 
demonstrated in previous studies that YM155 and downregulation of 
BIRC5 by target-specific siRNAs induced autophagy-dependent DNA 
damage and autophagic cell death in human cancer cells, indicating that 
excessive autophagy can promote genomic instability [18,20]. 

Several questions regarding to the mechanism of actions of YM155 
and the functions of BIRC5 remain to be solved. Firstly, despite YM155 
was developed as an expression suppressant of BIRC5, recent evidence 
revealed that YM155 is an oxidative stress inducer cable of inducing 
DNA damage directly and suggested that downregulation of BIRC5 may 
not be the primary role of this compound [21,22]. However, it is unclear 
whether this “unexpected” effect of YM155 is “compound-specific” or it 
is related to a “yet to be discovered function” of BIRC5. Secondly, 
autophagy is widely accepted as a crucial process for DNA damage 
response and repair; thus, the mechanism underlying the BIRC5 down-
regulation induced autophagy-mediated DNA damage and cell death is 
unclear. 

In the current comparative functional analysis between YM155 and 
BIRC5 siRNA, we found that YM155 and downregulation of BIRC5 by 
siRNA both induced the autophagy-dependent reactive oxygen species 
(ROS)-mediated DNA damage and DNA strand breaks in human cancer 
and mouse embryonic fibroblast cells. Furthermore, they both concur-
rently downregulated the expression of a group of homologous 
recombination-involved proteins, in which downregulation of these 
proteins was also found to induce autophagy and ROS production in 
cells. 

2. Results 

2.1. YM155 and BIRC5 siRNA induced autophagy-dependent ROS 
generation/accumulation in human cancer cells 

YM155 is a potent oxidative stress inducer. As expected, YM155 
increased both the cytosolic and the mitochondrial ROS levels (through 

dihydroethidium (DHE)- and MitoSOX™-staining, respectively) in 
MCF7 (wild-type TP53 expressing and caspase-3 (CASP3)-deficient), 
MDA-MB-231 (TP53 mutant and CASP3 expressing), and SK-BR-3 (TP53 
mutant and CASP3 expressing) cells in a concentration-dependent (at 6 
h post-treatment) and a time-dependent manner (at 2xIC50 conc.) 
(Fig. 1A, B, S1A, and S1B). Similar to the results of cells treated with 
YM155, downregulation of BIRC5 by siRNA increased the cytosolic and 
mitochondrial ROS levels in cells 48 h post-transfection (Fig. 1C). In 
contrast, inhibiting BIRC4/XIAP (an IAP family member) by the BIRC4- 
specific small molecule inhibitor, Embelin [23,24], did not increase the 
intracellular ROS levels in MCF7 and MDA-MB-231 cells (2 and 6 h 
post-treatments), suggesting that the increased ROS levels in YM155 and 
BIRC5 siRNA treated cells were not a general cellular response to cyto-
toxic agents and liposomal siRNA transfection reagents (Fig. 1D). 

We previously demonstrated that YM155 treatment and BIRC5 
downregulation by siRNA both induced autophagy-dependent DNA 
damage in mammalian cells [18,20]. Intriguingly, inhibiting autophagy 
by pharmacological inhibitors, 3-methyladenine (3MA, a phosphatidy-
linositol 3-kinases inhibitor; inhibits autophagy initiation) and chloro-
quine (CQ, a lysosomal inhibitor; inhibits autolysosome maturation), 
significantly attenuated the effects of YM155 on the cytosolic ROS 
production/accumulation in MCF7, MDA-MB-231 and SK-BR-3 cells 
(Fig. 2A and S1C). Despite co-treatment with 3MA did not significantly 
reduce the amount of the mitochondrial ROS produced/accumulated in 
the YM155-treated MDA-MB-231 cells, it attenuated the mitochondrial 
ROS inducing effects of YM155 in MCF7 and SK-BR-3 cells (Fig. 2A and 
S1C). Similarly, inhibiting autophagy by ATG7 siRNA significantly 
lowered (or partially attenuated) the levels of ROS induced by YM155 
(6 h post-treatment) and BIRC5 siRNA (48 h post-transfection) in the 
examined cells, further supporting that YM155 and BIRC5 siRNA pro-
moted ROS generation/accumulation in cells via an 
autophagy-dependent mechanism (Fig. 2B and C). 

2.2. YM155 and BIRC5 siRNA induced autophagy-dependent ROS 
production-mediated DNA strand breaks 

As excessive ROS production is known to cause DNA damage and 
DNA strand breaks, we sought to determine whether the YM155- and 
BIRC5 siRNA-induced ROS promotes genomic instability in cells. 
Western blot analysis on the expression of the phosphorylated-H2A 
histone family member X (p-H2AX) (also known as gamma-H2AX) is 
commonly used for detecting DNA damage [25], whereas, comet assay is 
an effective method for measuring DNA strand breaks in cells [26]. 
Inhibiting autophagy by 3MA and CQ significantly attenuated the 
YM155-induced DNA damage/strand breaks in MCF7, MDA-MB-231, 
and SK-BR-3 cells 24 h post-treatment (Fig. 3A and S1D). Surprisingly, 
co-incubation with the ROS scavenger, Tiron [27–29], only attenuated 
the DNA damaging effects of the short-term (24 h) YM155 treatment 
(Fig. 3A and B), but not of the prolonged (48 h) YM155 treatment in cells 
(Fig. 3C). Similarly, even though ROS scavenging partially lowered the 
DNA damaging effects induced by BIRC5 siRNA in MCF7 and 
MDA-MB-231 cells 48 h post-transfection (Fig. 3D and E); its DNA pro-
tecting effects against BIRC5 siRNA significantly decreased in cells 72 h 
post-transfection (Fig. 3F). Consistent with the results of the DNA 
damage analysis, ROS scavenging by Tiron only delayed the onset of cell 
death (i.e. significant cell death observed in cells 72 h, but not 48 h, 
post-treatment) in MCF7, MDA-MB-231, and SK-BR-3 cells, whereas 
autophagy inhibition by CQ still exhibited significant anti-cell death 
effects in the YM155-treated cells 72 h post-treatment, suggesting that 
YM155 and BIRC5 siRNA might induce DNA damage/strand breaks 
through both ROS-dependent and -independent mechanisms (Fig. S2A 
and B). 

The Atg5− /− MEF (mouse embryonic fibroblast) is an autophagy- 
deficient cell line [20,30–32]. We previously demonstrated that down-
regulation of Birc5 increased the expression of p-H2ax in MEF, but not in 
Atg5− /− MEF cells. [20] Downregulation of Birc5 by siRNA increased the 
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Fig. 1. YM155 and BIRC5 siRNA induces ROS generation/accumulation in human cancer cells. (A) MCF7 and MDA-MB-231 cells were treated with or without 2xIC50 
YM155 for the indicated durations. Expression of BIRC5 was determined by the Western blot analysis. ACTA1/actin was used as an internal control. Cells were 
stained with DHE and MitoSOX™ Red for the analysis of the cytosolic ROS and mitochondrial ROS levels, respectively, by fluorescent microscopy. (B) MCF7 and 
MDA-MB-231 cells were treated with or without 1–3xIC50 YM155 for 2–12 h. Cells were stained with DHE and MitoSOX™ Red for the analysis of the cytosolic ROS 
and mitochondrial ROS levels, respectively. ROS levels were determined by flow cytometry (FCM) analysis and shown as the relative mean fluorescence intensity 
(rMFI). (C) MCF7 and MDA-MB-231 cells were transfected with either scramble siRNA or BIRC5 siRNA for 48 h. Expression of BIRC5 was determined by the Western 
blot analysis. Cells were stained with DHE and MitoSOX™ Red for the analysis of the cytosolic ROS and mitochondrial ROS levels, respectively. ROS levels were 
determined by FACS analysis. (D) MCF7 and MDA-MB-231 cells were treated with or without the BIRC4 inhibitor, embelin, for 2–6 h. Expression of BIRC4 was 
determined by the Western blot analysis and levels of the cytosolic ROS were determined by FCM analysis. 
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Fig. 2. YM155 and BIRC5 siRNA induces 
autophagy-dependent ROS production/ 
accumulation in cells. (A) MCF7 and 
MDA-MB-231 cells were treated with or 
without YM155 and co-incubated with or 
without 15 μM chloroquine (CQ) and 
4 mM 3-methyladenine (3MA) for 6 h. 
Cells were stained with DHE and Mito-
SOX™ Red and levels of ROS (i.e. the 
cytosolic and mitochondrial ROS levels) 
were determined by FCM analysis. (B) 
MCF7 and MDA-MB-231 cells were 
treated with YM155, ATG7 siRNA, or 
YM155 together with ATG7 siRNA in the 
way as shown in the illustration. Expres-
sion of ATG7 was determined by the 
Western blot analysis. ACTA1 was used 
as an internal control. Cells were stained 
with DHE and MitoSOX™ Red and levels 
of ROS (i.e. the cytosolic and mitochon-
drial ROS levels) were determined by 
FCM analysis. (C) MCF7 and MDA-MB- 
231 cells were treated with BIRC5 
siRNA together with or without ATG7 
siRNA. Levels of ROS were determined by 
FCM analysis.   
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Fig. 3. YM155 and BIRC5 siRNA induces autophagy-dependent ROS-production-mediated DNA damage in cells. (A) MCF7 and MDA-MB-231 cells were treated with 
or without 2xIC50 YM155 and co-treated with or without CQ, 3MA, and Tiron (100 µM) for 24 h. Expression of BIRC5 was determined by the Western blot analysis. 
ACTA1 was used as an internal control. DNA strand breaks were detected using comet assay. (B) MCF7 and MDA-MB-231 cells were treated with 2xIC50 YM155 and 
co-incubated with or without Tiron for 24 h. Expression of p-H2AX was determined by the Western blot analysis. (C) MCF7 and MDA-MB-231 cells were treated with 
2xIC50 YM155 and co-incubated with or without Tiron and CQ for 48 h. DNA strand breaks were detected using comet assay. (D) MCF7 and MDA-MB-231 cells were 
transfected with either scramble siRNA or BIRC5 siRNA and co-incubated with or without Tiron and CQ for 48 h. DNA strand breaks were detected using comet assay. 
(E) MCF7 and MDA-MB-231 cells were transfected with either scramble siRNA or BIRC5 siRNA and co-incubated with or without Tiron for 48 h. Expression of p- 
H2AX was determined by the Western blot analysis. (F) MCF7 and MDA-MB-231 cells were transfected with either the scramble siRNA or the BIRC5 siRNA and co- 
incubated with or without Tiron and CQ for 72 h. DNA strand breaks were detected using comet assay. 
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cytosolic ROS levels and triggered DNA strand breaks significantly in 
MEF but not in Atg5− /− MEF (48 h post-transfection) (Fig. 4A and B). Of 
note, Birc5 siRNA did not promote CASP3/caspase-3 activation in MEF 
cells (48 h post-transfection), as shown by CASP3 cleavage using 
Western blot analysis (Fig. 4C). Moreover, co-incubation with the CASP3 
inhibitor, Z-FED-FMK, did not affect the DNA damaging effects of Birc5 
siRNA and YM155 in the examined cells, confirming that down-
regulation of Birc5 triggered DNA damage in MEF cells via a CASP3 (or 
apoptosis)-independent mechanism (Fig. 4D). Collectively, these results 
indicate that YM155 and BIRC5 (Birc5) siRNA induced DNA dam-
age/strand breaks through the autophagy-dependent ROS 

generation/accumulation. As co-incubation with Tiron only partially 
attenuated the DNA damaging effects of the prolonged YM155 and 
BIRC5 siRNA treatments in human cancer cells, downregulation of 
BIRC5 might also induce DNA damage/strand breaks via an 
ROS-independent mechanism. 

2.3. YM155 and BIRC5 siRNA downregulated the expression of RAD51, 
RAD54L, and MRE11 

RAD51 (RAD51 recombinase) and RAD54L (RAD54 like) are pro-
teins known for their roles in homologous recombination (HR) and 

Fig. 4. The Birc5 siRNA induces autophagy-dependent ROS 
production and DNA strand breaks in MEF cells. (A) MEF and 
Atg5− /− MEF cells were transfected with either scramble siRNA 
or Birc5 siRNA for 24–48 h. Cells were stained with DHE and 
levels of the cytosolic ROS were determined by FCM analysis. 
(B) MEF and Atg5− /− MEF cells were transfected with either 
scramble siRNA or Birc5 siRNA for 48 h. DNA strand breaks 
were detected using comet assay. (C) MEF cells were trans-
fected with either scramble siRNA or Birc5 siRNA for 48 h. 
Expression of different proteins was determined by the Western 
blot analysis. Acta1 was used as an internal control. (D) MEF 
cells were treated with scramble siRNA, Birc5 siRNA, or 2xIC50 
YM155 and co-incubated with or without the pan-caspase in-
hibitor, Z-FED-FMK, for 48 h. Expression of p-H2ax was 
determined by the Western blot analysis.   
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downregulation/inhibition of these proteins can cause severe DNA 
damage and genome instability in cells (Fig. S3A and B) [33–36]. 
Interestingly, results of the gene expression correlation analysis using 
online database (Breast Cancer Gene-Expression Miner v4.1, htt 
p://bcgenex.ico.unicancer.fr) [37,38] revealed a positive correlation 
between the expression of BIRC5, RAD54L, and RAD51 mRNA, but not 
XRCC5/Ku80 and XRCC6/Ku60 [non-homologous end joining (NHEJ) 
involved molecules] mRNA, in cancer tissues of estrogen receptor pos-
itive (ER+), ER-, and triple-negative [ER-, progesterone receptor nega-
tive (PR-), and human epidermal growth factor receptor 2 (HER2-)] 
breast cancer patients (Fig. 5A). Results of the gene expression corre-
lation analysis using a different online database (COXPRESdb v7.3, http 
s://coxpresdb.jp/) [37] also showed a positive correlation between the 
expression of human BIRC5, RAD54L (r = 0.747), RAD51 (r = 0.682), 
and mouse Birc5 and Rad51 (r = 0.695) (Fig. 5B). 

We subsequently examined the effects of YM155 and BIRC5 siRNA 
on the expression of these HR-involved proteins in mammalian cells. 
YM155 decreased the amount of RAD54L, RAD51, and MRE11 (a known 
HR-involved gene; also has been found to be involved in NHEJ) mRNA 
transcripts (24 h post-treatment) and proteins (starting from 12 h post- 
treatment and onwards) present in MCF7, MDA-MB-231, and SK-BR-3 
cells (Figs. 6A and B, S4A and B) [38]. Similar to the results of cells 
treated with YM155, downregulation of BIRC5 by siRNA decreased the 
expression of RAD54L, RAD51 and MRE11, but not of XRCC6, in the 
examined human cancer cells (Fig. 6C). In contrast, cisplatin (at a DNA 
damaging and pro-cell death concentration) increased the expression of 
RAD54L, RAD51, MRE11, and BIRC5 in MDA-MB-231 cells, suggesting 
that the decrease in RAD54L, RAD51, and MRE11 expression as 
observed in the YM155/BIRC5 siRNA-treated cells was not caused by the 
severe DNA damage or the reduced protein synthesis in dying cells 
(Fig. 6D). Moreover, ectopic overexpression of BIRC5 upregulated the 
expression of RAD54L, RAD51, and MRE11 in cells, further confirming 
that BIRC5 is a positive-regulator of these HR-involved proteins in cells 
(Fig. S5). 

Despite downregulation of Birc5 decreased the expression of Rad54l, 
Rad51, and Mre11 in the autophagy-deficient Atg5− /− MEF cells, sup-
porting that BIRC5/Birc5 could negatively-modulate the expression of 
these HR-involved molecules in an autophagy-independent manner 
(Fig. 7A); interestingly, co-incubation with the autophagy inhibitor, CQ, 
partly attenuated the effects of YM155/BIRC5 siRNA on the expression 
of RAD51 in MDA-MB-231 and SK-BR-3 cells, indicating that YM155 
might also downregulate the expression of RAD51 through autophagy in 
specific cell lines (Fig. 7B and C). 

2.4. Downregulation of RAD54L and RAD51 upregulated autophagy in 
cells 

Cells upregulate autophagy in response to DNA damage for their 
survival. Therefore, we sought to determine whether downregulation of 
RAD54L and RAD51 triggers autophagy induction in cells. Down-
regulation of RAD54L (Rad54L) and RAD51 (Rad51) (especially of 
RAD54L) promoted LC3B-II conversion (i.e. a molecular marker for 
autophagosome formation, Fig. S6A) and increased the LysoTracker Red 
puncta (i.e. autolysosome/lysosome formation, Fig. S6B) and yellow/red 
LC3B puncta formation (i.e. autophagic flux upregulation, Fig. S7) in the 
examined cells. It is worth noting that downregulation of RAD54L also 
increased the cytosolic ROS production/accumulation in MDA-MB-231 
and SK-BR-3 cells, although statistically insignificant (Fig. S8). These 
results suggest that YM155 and BIRC5 siRNA might upregulate auto-
phagy and trigger autophagy-mediated ROS production/accumulation 
in part through suppression on the expression of RAD54L and RAD51. 

2.5. YM155 and BIRC5 siRNA induced autophagic vesicle formation 
proximal to the nucleus and triggered DNA leakage 

Besides the above described cellular and molecular changes, we also 

observed the formation of autophagic vesicles proximal to (or in contact 
with) the nucleus in cells treated with YM155 and BIRC5 siRNA. Results 
of the confocal microscopy showed that YM155 induced the formation 
of the LC3B-containing puncta (i.e. the red fluorescent puncta) proximal 
to the nucleus and also around (or proximal to) the micronuclei in MCF7 
and MDA-MB-231 cells 48–72 h post-treatment (Figs. 8 and S9). In 
addition, we observed the presence of the LC3B-containing puncta 
closed to the deformed areas of the nucleus in both MDA-MB-231 and 
MCF7 cells, and within the nucleus of MCF7 cells (Figs. 8 and S9). 
Similar to YM155, BIRC5 siRNA induced the formation and proximal 
localization of the LC3B-containing puncta to the nucleus 48–72 h post- 
transfection in MDA-MB-231 cells (Fig. 9). We also observed the pres-
ence of LC3B-containing puncta at the opening of nuclear membrane 
and within the nucleus, and the appearance of micronuclei (DNA 
leakage) 72–96 h post-transfection (Fig. 9). 

3. Discussion 

YM155 was originally developed as a BIRC5 suppressant for cancer 
treatments and the anticancer property of YM155 was believed to be 
mostly related to its disruptive effects on the interactions between the 
transcription factor SP1 (specificity protein 1) and the BIRC5 core pro-
moter region, leading to the downregulation of BIRC5 at the transcrip-
tional level [39,40,39,41–43]. A recent study showed that YM155 can 
also downregulate the transcription of BIRC5 through inhibition of the 
NF-κB (nuclear factor-κB) signaling pathway in renal cell carcinoma 
cells [44]. However, the consensus on YM155 as a BIRC5 suppressant 
has lately been challenged, as a number of studies reported that YM155 
exhibits direct DNA damaging or DNA replication interfering effects and 
further suggested that downregulation of BIRC5 may not be the primary 
anticancer mechanism of this compound [21,22,45,46]. For examples, 
Hong et al. showed that YM155 inhibited the functions of topoisomerase 
in the human H1299 non–small-cell lung cancer cells [46] and Wani 
et al. demonstrated that YM155 induced oxidative DNA cleavage and 
damage in cells [21]. Thus, the complex actions of YM155 have yet to be 
fully uncovered. 

One of the difficulties in understanding the mechanism of actions of 
YM155 is probably due to the fact that despite BIRC5 has been discov-
ered for more than three decades, our understanding on the functions of 
BIRC5 is still limited. BIRC5 has long been known as an anti-apoptotic 
and pro-mitotic molecule. However, recent studies revealed that 
BIRC5 is a negative modulator of autophagy. We discovered in an earlier 
study that BIRC5 negatively-regulates autophagy through (1) down-
regulation of HSPB1/Hsp27, leading to the increased ubiquitination of 
ATG7 and (2) physical interactions with ATG12–ATG5 conjugate, 
leading to the inhibition of the ATG12–ATG5-ATG16L1 complexation 
[20]. Of note, inhibiting autophagy by ATG7 siRNA and pharmacolog-
ical inhibitors like 3MA, CQ, and BAF partially attenuated the DNA 
damaging effects induced by BIRC5/Birc5 siRNA and YM155 in both 
human cancer and mouse embryonic fibroblast cells, indicated that 
BIRC5 maintains DNA integrity in part through autophagy regulations 
[20]. In the current study, we found that YM155 and BIRC5/Birc5 siRNA 
both induced autophagy-mediated ROS-dependent DNA damage and 
inhibited the expression of the known HR-involved molecules (i.e. 
RAD54L, RAD51, and MRE11) in human cancer and mouse embryonic 
fibroblast cells. In contrast, cisplatin, which is a platinum-based 
chemotherapeutic agent also known to induce excessive ROS produc-
tion, increased the expression of RAD54L, RAD51, and MRE11 in 
MDA-MB-231 cells. These results suggest that downregulation of BIRC5 
probably is still one of the important anticancer mechanisms of YM155 
as similar cellular and molecular effects (i.e. BIRC5 downregulation, 
autophagy upregulation, autophagy-mediated ROS-dependent DNA 
damage induction, and RAD54L/RAD51/MRE11 downregulations) 
were observed in between cells treated with YM155 and BIRC5/Birc5 
siRNA. 

Upregulation of autophagy is widely believed to be cytoprotective 

S.M. Cheng et al.                                                                                                                                                                                                                                

http://bcgenex.ico.unicancer.fr
http://bcgenex.ico.unicancer.fr
https://coxpresdb.jp/
https://coxpresdb.jp/


Pharmacological Research 166 (2021) 105474

8

Fig. 5. Expression of BIRC5 is positively correlated with the expression of RAD54L and RAD51 in mammalian tissues. (A) The gene expression correlation analysis 
(between BIRC5, RAD54L, RAD51, MRE11, PRKDC/DNA-PKcs, XRCC5/Ku80, XRCC6/Ku70) was carried out using data available online (Breast Cancer Gene- 
Expression Miner v4.1, http://bcgenex.centregauducheau.fr/BC-GEM/GEM-Accueil.php?js=1). Each cell within the correlation map represented an "interaction" 
between two genes and was colored according to the value of the Pearson correlation coefficient (r value) between these two genes, from dark blue (coefficient = − 1) 
to dark red (coefficient = 1). Cells from the diagonal of the correlation map represented "interaction" of a gene with itself and were colored in black. (B) The gene 
expression correlation analysis (between BIRC5/Birc5, RAD51/Rad51, and RAD54L/Rad54L) was carried out using data available online (COXPRESdb v7.3, http 
s://coxpresdb.jp/). 
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Fig. 6. YM155 and BIRC5 regulates the expression of 
RAD54L, RAD51, and MRE11 in cells. (A) MCF7 and 
MDA-MB-231 cells were treated with or without 
2xIC50 YM155 for 24 h and the expression of RAD54L, 
RAD51, MRE11, and BIRC5 was determined by qPCR. 
(B) MCF7 and MDA-MB-231 cells were treated with or 
without 2xIC50 YM155 for 12–48 h. The expression of 
different proteins was determined by the Western blot 
analysis. ACTA1 was used as an internal control. (C) 
MCF7 and MDA-MB-231 cells were transfected with 
either scramble siRNA or BIRC5 siRNA for 72 h. The 
expression of different proteins was determined by the 
Western blot analysis. (D) MDA-MB-231 cells were 
treated with or without 2xIC50 cisplatin for 12–48 h. 
The expression of different proteins was determined by 
the Western blot analysis.   
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and to promote DNA repair in cells under genotoxic stress [5–9,47,48]. 
For examples, upregulation of autophagy was shown to promote the 
survival of human bladder cancer cells in response to cisplatin and it has 
been demonstrated that inhibition of autophagy promoted 
cisplatin-induced apoptotic cell death in human lung cancer cells [47, 
48]. Inhibition of autophagy also potentiated the effects of the PARP 
inhibitor (PARPi), talazoparib, in chronic myeloid leukemia cells [9]. At 
the molecular level, Liu et al. demonstrated that loss of autophagy 
impaired HR and triggered DNA double-strand breaks in primary MEF 
cells [5]. In addition, it has widely been demonstrated that cells upre-
gulate autophagy to limit the oxidative stress-induced DNA damage 
[49–51]. Given the importance of BIRC5 and autophagy in maintaining 
cell survival and genome stability, respectively, it is surprising to 

observe that YM155 and BIRC5 siRNA induced DNA damage through 
autophagy-mediated ROS production/accumulation in the current 
study. Noticeably, a previous study showed that CTSS (cathepsin S) in-
hibition induced autophagy-dependent ROS production and oxidative 
DNA damage in HONE-1 cells [52]. Besides, excessive autophagy was 
shown to decrease the activity of ribonucleotide reductase and the 
production of deoxyribonucleoside triphosphates (dNTPs), leading to 
the induction of genomic instability in human cancer cells [53,54]. 
Thus, upregulation of autophagy is not always beneficial to the DNA 
repair and the genome stability maintaining process, as excessive 
autophagy can damage DNA and interfere with DNA replication under 
certain circumstances. Of note, excessive expression of BIRC5 has been 
shown to induce centromere defects, chromosome misalignment, and 
genomic instability [55,56]. Therefore, in order to maintain genome 
stability and cell viability, cells may need to monitor the level of auto-
phagic flux and BIRC5 expression and, importantly, to keep the level of 
these two inter-connected processes within certain “pro-survival” 
ranges. 

Recently, a new form of autophagy called chromatophagy has been 
proposed. Chromatophagy is a selective autophagy process that de-
scribes the degradation of damaged DNA by giant autophagic vesicles 
and the subsequent induction of cell death as results in cells with specific 
prerequisite conditions including mitochondria dysfunction and 
reduced ATP production, excessive and “autophagy-dependent” ROS 
production, and DNA damage (together with DNA leakage) [57,58]. 
Accordingly, “severe DNA damage” is required to trigger this specific 
autophagy process. In our study, YM155 and BIRC5 siRNA induced 
autophagy-dependent ROS production and DNA damage at early phase 
(i.e. within 48 h and 72 h of YM155 and BIRC5 siRNA treatment, 
respectively) and DNA leakage after prolonged treatments (i.e. after 48 h 
and 72 h of YM155 and BIRC5 siRNA treatment, respectively). We also 
observed autophagic vesicle formation proximal to the nucleus in cells 
after prolonged YM155 and BIRC5 siRNA treatments. It is worth nothing 
that BIRC5 is known to play an important role in regulating the meta-
bolic process of mitochondria and downregulation of BIRC5 has been 
shown to decrease ATP production [59,60]. On certain degree, the 
cellular and molecular changes that we observed in cells treated with 
YM155/BIRC5 siRNA are similar to those in cells underwent chroma-
tophagy. One thing remains unclear is that if “severe DNA damage” (at a 
level that promotes cell death) is a prerequisite event for the induction of 
chromatophagy, was the level of DNA damage induced by 
YM155/BIRC5 siRNA “severe enough” to trigger this nucleus 
degradation/removal-related autophagic cell death process. This “level” 
of DNA damage probably can be achieved as BIRC5 downregulation 
induced excessive ROS production (i.e. increased the amount of DNA 
damaging agent) and concurrently inhibited RAD54L, RAD51, and 
MRE11 expressions (i.e. suppressed the DNA repair process) in cells. 
Besides the contributions in HR, RAD51 also plays an important role in 
the movement of replication fork during replication restart after stalling 
[61]. Thus, downregulation of BIRC5 may also affect the DNA replica-
tion process, further increasing the degree of genome instability 
(Fig. 10). 

A second question remains to be answered is that what makes the 
BIRC5-related autophagy different from the canonical autophagy, so it 
can induce excessive ROS generation upon activation or hyper- 
activation. Theoretically, damaged mitochondria can be removed by a 
specific type of autophagy, called mitophagy. Although we do not have 
any evidence to support that downregulation of BIRC5 triggered 
mitophagy in the examined human cancer and mouse embryonic cells; 
however, given the important role of BIRC5 in maintaining the viability 
and activity of mitochondria, mitophagy might be induced during BIRC5 
downregulation, resulting in ROS generation (Fig. 10). In fact, Changou 
et al. also discussed the possibility of having mitophagy induction as an 
early event, which leads to the production of excessive ROS, resulting in 
the activation of chromatophagy in cells under arginine starvation in 
their study [57]. 

Fig. 7. YM155 downregulates the expression of RAD51 in a cell line-dependent 
manner. (A) Atg5− /− MEF cells were transfected with either scramble siRNA or 
Birc5 siRNA for 72 h. The expression of different proteins was determined by 
the Western blot analysis. (B) MDA-MB-231 and SK-BR-3 cells were treated with 
or without YM155 and together with or without the co-incubation of CQ. The 
expression of RAD51 was determined by the Western blot analysis. (C) MDA- 
MB-231 cells were treated with either scramble siRNA or BIRC5 siRNA and 
co-incubated with or without CQ. Expression of RAD51 was determined by 
Western blotting. 
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Fig. 8. YM155 induces autophagic vesicle formation proximal to the nucleus and triggers DNA leakage in MDA-MB-231 cells. MDA-MB-231 cells were treated with 
or without 2xIC50 YM155 for 48–72 h. The expression and the subcellular localization of LC3 (Red) and LMNA (lamin A/C) (Green) were visualized by immuno-
fluorescent confocal microscopy. Nucleus were countered stained blue by DAPI. “Arrows” indicate areas that either contain LC3 puncta located at the deformed/ 
concave regions of the nucleus or nucleus with DNA leakage. 
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Fig. 9. BIRC5 siRNA induces autophagic vesicle formation proximal to the nucleus and triggers DNA leakage in MDA-MB-231 cells. MDA-MB-231 cells were 
transfected with either scramble siRNA or BIRC5 siRNA for 48–96 h. The expression and the subcellular localization of LC3 (Red) and LMNA (lamin A/C) (Green) 
were visualized by immunofluorescent confocal microscopy. Nucleus were countered stained blue by DAPI. “Arrows” indicate areas that either contain LC3 puncta 
located at the deformed/concave regions of the nucleus or nucleus with DNA leakage. 
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In conclusion, findings of our study reveal a novel mechanism of 
action of YM155 in cancer cells and show the functional complexity of 
BIRC5 involving the modulation of genome stability. The current find-
ings also highlight the importance to understand the dynamic in-
teractions between the autophagic process and the surrounding 
molecular environments within the cell as the “autophagic outcome” 
can be completely different under different molecular environments. By 
a better understanding of how BIRC5 dynamically modulates different 
molecular processes in cells, our findings can aid the clinical develop-
ment of a variety of BIRC5-directly/indirectly targeted anticancer 
therapies [including YM155, LLP3 (BIRC5 protein-protein interactions 
disrupting agent), sPD1/MS (soluble PDCD1/PD-1 fused MUC1- and 
BIRC5-targeting DNA vaccine), as well as Cu-TA (copper (II)-Tolfenamic 
acid)] that are currently under pre-clinical and clinical investigations 
[62–64,66]. 

4. Material and methods 

4.1. Cell lines and cell culture conditions 

Human MCF7, MDA-MB-231, and SK-BR-3 cells were originally ob-
tained from ATCC (HTB-22, HTB-26, and HTB-30). MEF and the Atg5 
knockout (Atg5− /− ) MEF cells were kindly donated by Prof. Chih-Peng 
Chang (National Cheng Kung University, Taiwan). Briefly, MCF7 cells 
were maintained in α-MEM (Minimum Essential medium; Gibco, 
12000–022) containing 5% FBS (fetal bovine serum), PSG (penicillin- 
streptomycin-glutamine; Biological industries, 03–031–1B) and ITS 
(insulin transferrin selenium; Roche, 11074547001). MDA-MB-231 cells 
were maintained in RPMI (Roswell Park Memorial Institute 1640 me-
dium; Thermo Fisher Scientific, 31800–022) containing 10% FBS and 
PSG. SK-BR-3, MEF, and Atg5− /− MEF cells were cultured in DMEM 
(Dulbecco’s Modified Eagle medium; BioConcept, 1–26P02-L) contain-
ing 10% FBS and PSG. All cell lines were incubated at 37 ◦C in a hu-
midified incubator containing 5% CO2 in air. All cell lines were tested 
negative for mycoplasma contamination. The use of the aforementioned 
human cell lines in this study was approved by the review board of 
Ministry of Science and Technology (Taiwan) and the biosafety com-
mittee of National Cheng Kung University (Taiwan). 

4.2. Cytosolic and mitochondrial ROS detection 

Dihydroethidium (DHE) (Sigma, D7008) is a lipophilic cell- 
permeable dye widely used for the detection of cytosolic superoxide 
anion, whereas, MitoSOX™ Red (Invitrogen, M36008) is a fluorogenic 
dye used for the detection of superoxide in the mitochondria of living 

cells [60,65]. Briefly, cells with or without treatments (e.g. YM155 and 
BIRC5 siRNA) were incubated with 15 µM DHE and 5 µM MitoSOX™ 
Red in phenol red free RPMI at 37 ℃ for 30 min. Then, the DHE-/Mi-
toSOX™ Red-stained cells were washed twice with PBS. The levels of 
cytosolic superoxide anion and mitochondrial superoxide were 
measured and analyzed (in 10,000 cells) by flow cytometry (FCM) 
analysis (FACSCalibur and the CellQuest Pro software, BD Bioscience) 
(DHE: excitation wavelength 518 nM, emission wavelength 605 nM; 
MitoSOX™ Red: excitation wavelength 510 nM, emission wavelength 
580 nM). Experiments were repeated at least three times. 

4.3. Western blot analysis 

Cells were lysed using CelLytic™ cell lysis Reagent (Sigma-Aldrich, 
C2978) containing 1 mM PMSF and 1 mM NaF with cocktail protease 
inhibitors (Roche, 04693159001) and phosphatase inhibitors (G-Bio-
sciences, 1786–450). Equal amounts of protein were subjected to SDS- 
PAGE. The resolved proteins were transferred onto a PVDF membrane, 
which was then exposed to 5% non-fat dried milk/BSA in TBS-Tween 
buffer for an hour at room temperature before incubation overnight at 
4 ◦C with primary antibodies [anti-BIRC5 (R&D Systems, AF886); anti- 
ATG7 (Millipore, AB10511); anti-pH2AX (Millipore, 05–636); anti- 
ACTA1 (Millipore, MAB1501); anti-LC3B (Origene, TA301543); anti- 
XRCC6 (Origene, TA307539); anti-RAD54L (GeneTex, GTX100624); 
anti-RAD51 (GeneTex, GTX100469); anti-MRE11 (GeneTex, 
GTX118741)]. Then, the PVDF membranes were washed three times 
with TBS containing 0.05% Tween-20 before incubation for an hour at 
room temperature with HRP-conjugated secondary antibodies. Immune 
complexes were detected with chemiluminescence reagents. The lumi-
nescence protein signals were detected by Luminescence Readers (FUJI 
LAS-100, Tokyo, Japan). Experiments were repeated at least three times. 

4.4. Gene silencing by siRNA 

Target-validated siRNA oligos were transfected into cancer cells 
using Lipofectamine® RNAiMAX reagent (Invitrogen, 13778–150). 
Briefly, cells were seeded onto 6 cm dishes and cultured overnight in 
antibiotic-free medium. Either the scramble siRNA (Dharmacon, D- 
001206–13–05), the BIRC5 siRNA (Cell Signaling Technology, 6351), 
the ATG7 siRNA (Cell Signaling Technology, 6604), the RAD51 siRNA 
(GenePharma, custom-made), or the RAD54L siRNA (GenePharma, 
custom-made) oligomers were diluted in Opti-MEM® I medium (Thermo 
Fisher Scientific, 11058021) without serum, and then mixed with Lip-
fectamine® RNAiMAX transfection reagent, which was also diluted in 
Opti-MEM® I medium, for 20 min at room temperature. Cells were 

Fig. 10. Schematic diagram showing the effects of YM155 and BIRC5 siRNA on genomic stability in mammalian cells.  
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overlaid with the transfection mixture, and incubated for various 
durations. 

4.5. RNA extraction and qRT-PCR (quantitative reverse transcriptase- 
polymerase chain reaction) analysis 

Total RNA was extracted using TRIzol® reagent (Invitrogen, 
15596–026) and cDNA was synthesized from total RNA (2 μg) using the 
RevertAid H Minus First strand cDNA synthesis Kit (Thermo Scientific, 
K1632). Quantitative real-time PCR was used to determine the relative 
mRNA expression levels of RAD54L, RAD51, and MRE11 in treated cells 
using the StepOnePlus™ PCR system. The target fragment was amplified 
using specific primers [RAD54L (Forward primer 5’- AAGGGACTGAC-
CATGCGTTT-3’; Reverse primer 5’- AGGGCTCCCAAATTGAAAGG-3’); 
RAD51 (Forward primer 5’- TGCCACCGCCCTTTACAGAA-3’; Reverse 
primer 5’- CAGCAAACATCGCTGCTCCA-3’); MRE11 (Forward primer 
5’- CGGCCTGTCCAGTTTGAAAT-3’; Reverse primer 5’- TTGAAATGTT-
GAGGTTGCCATCT-3’)] and the Fast SYBR® Green Master Mix (Applied 
Biosystems, 4385612) according to the following protocol: preheating at 
95 ◦C for 20 s, 45 cycles at 95 ◦C for 1 s and 60 ◦C for 30 s, and then a 
dissociation curve performed at 95 ◦C for 15 s, 60 ◦C for 60 s, and 95 ◦C 
for 15 s. The target genes were quantified using the comparative 
threshold cycle (Ct) values 2− ΔΔCt method (⊿Ct = CtTarget gene –CtActin, 
⊿⊿Ct = ⊿CtTreatment –⊿CtControl). Experiments were repeated at least 
three times. 

4.6. Immunofluorescent microscopy 

Cells were seeded on glass coverslips for 48 h. Cells with or without 
treatments were then fixed with 4% paraformaldehyde at room tem-
perature for 15 min, washed thrice with ice cold PBS, permeabilized 
with PBST (PBS containing 1% triton X-100) for 30 min, and blocked in 
solution containing 5% bovine serum albumin for an hour at room 
temperature. The cells were incubated with primary antibody [anti-LC3 
(Origene, TA301543)] at 4 ◦C overnight and washed thrice with TBST, 
followed by incubation with secondary antibody for an hour at room 
temperature. Cells were washed thrice with TBST and the slides were 
mounted with glycerol-gelatin. Nuclei were counterstained blue by 
DAPI. The images were taken by scanning confocal microscope (MPE, 
Olympus). 

4.7. Comet assays 

Comet assays were carried out as previously described [18]. Micro-
scopic slides were gently coated with 100 μL 1% normal melting point 
agarose using a coverslip and placed on ice for 15 min to allow the 
agarose to set. The coverslips were then removed. 25 μL of the cell 
suspension (contained 105 cells) was gently mixed with 100 μL of 1.5% 
low melting point (37 ◦C) agarose and pipetted onto the layer of 1% 
NMP agarose and re-covered with a coverslip. The coverslips were again 
removed and the slides were lowered into freshly made ice cold lysis 
buffer (pH 10) containing 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, and 
1% Triton X-100 for 30 min. To allow DNA unwinding, the slides were 
placed into an electrophoresis chamber containing ice cold alkaline 
electrophoresis buffer containing 300 mM NaOH and 1 mM EDTA for 
20 min. Electrophoresis was performed by setting the power supply to 
25 V and adjusting the current to 300 mA for 20 min. After electro-
phoresis, the slides were placed in a freshly made neutralizing buffer (pH 
7.5) containing 0.4 M Tris for 20 min. Cell staining was performed with 
10 mL per slide of propidium iodide (20 mg/L). The slides were exam-
ined with a fluorescence microscope (Optiphot-2, Nikon) at 20x 
magnification. Microscopic images of the comets were scored using 
TriTek CometScore™ Computer Software (Sumeduck). From each 
sample, one slide was prepared and the images of at least 100 cells from 
each slide were scored. The tail moment was chosen as our parameter for 
DNA damage. Experiments were repeated at least three times. 

4.8. Statistical analysis 

Each experiment was repeated at least three times. Data are pre-
sented as mean ± SEM. The significance of difference was evaluated 
with one-way analysis of variance (one-way ANOVA). A p-value < 0.05 
was considered statistically significant. A “*”,“**”, and “***” shown on 
the figures denotes a statistical significance with p-value < 0.05, < 0.01, 
and < 0.001, respectively, between the testing groups (or between the 
“treatment” and the “control” group). A “N.S.” denotes a statistical 
insignificance between the testing groups (or between the “treatment” 
and the “control” group). 
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[19] E. Véquaud, C. Séveno, D. Loussouarn, L. Engelhart, M. Campone, P. Juin, 
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