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Cancer stem cells (CSCs) are known to be drug resistant. Mitophagy selectively degrades unnecessary or
damaged mitochondria by autophagy during cellular stress. To investigate the potential role of
mitophagy in drug resistance in CSCs, we purified CD133þ/CD44þ CSCs from HCT8 human colorectal
cancer cells and then exposed to doxorubicin (DXR). Compared with parental cells, CSCs were more
resistant to DXR treatment. Although DXR treatment enhanced autophagy levels in both cell types, the
inhibition of autophagy by ATG7 silencing significantly increased the toxicity of DXR only in parental
cells, not in CSCs. Interestingly, the level of mitochondrial superoxide was detected to be significantly
lower in CSCs than in parental cells after DXR treatment. Furthermore, the mitophagy level and
expression of BNIP3L, a mitophagy regulator, were significantly higher in CSCs than in parental cells after
DXR treatment. Silencing BNIP3L significantly halted mitophagy and enhanced the sensitivity to DXR in
CSCs. Our data suggested that mitophagy, but not non-selective autophagy, likely contributes to drug
resistance in CSCs isolated from HCT8 cells. Further studies in other cancer cell lines will be needed to
confirm our findings.

© 2016 Elsevier Ireland Ltd. All rights reserved.
Introduction

In recent decades, a stem cell-like subpopulation known as
“cancer stem cells” (CSCs) has been found in various types of solid
tumors [1]. These CSCs have the stem cell properties of self-renewal
and differentiation, giving rise to tumor therapeutic resistance,
metastasis and recurrence [1]. In colorectal cancer, the limitation of
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chemotherapy has been ascribed primarily to the drug resistance of
CSCs [2,3], but the relevant mechanisms are not completely
understood.

Mitochondria are crucial organelles for energy metabolism,
regulation of cell signaling and apoptosis [4]. To avoid cell damage
and to maintain cellular homeostasis, the cell has evolved complex
systems for the quality control of mitochondria. One of these sys-
tems, mitophagy, selectively degrades excessive or damaged
mitochondria by autophagy in response to various stresses [5,6].
Dysregulation of mitophagy may contribute to cancer progression
and cell survival in various types of tumors [6,7]. It has recently
been found that the inhibition of mitophagy enhances chemo-
sensitivity in cancer cells [8], but the role of mitophagy in the drug
resistance of CSCs remains unclear.

As a DNA-damaging agent, doxorubicin (DXR) is regularly used
in anticancer therapy. It has been reported that DXR intercalates
into not only nuclear DNA but also mitochondrial DNA [9]. In
addition, DXR is believed to cause toxicity by inducing mitochon-
drial dysfunction and enhancing superoxide formation [10,11]. As
the evasion of DXR-induced mitochondrial dysfunction may be a
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potential mechanism of drug resistance, we hypothesized that
mitophagy contributes to DXR resistance in CSCs through the
down-regulation of mitochondria-related cell death.

CD133 and CD44 are among the most useful markers for the
identification of colorectal CSCs [1,12]. In this study, we isolated the
CD133þ/CD44þ CSCs from parental HCT8 colorectal cancer cells,
and then compared their mitophagy activity and DXR sensitivity.
Our results showed that mitophagy, but not non-selective auto-
phagy, likely contributes to DXR resistance in CSCs isolated from
HCT8 cells.

Materials and methods

Cell culture

The HCT8 human colorectal cancer cell linewas used for experiments. Cells were
maintained in RPMI 1640 medium (#189-02025, Wako) with 10% fetal bovine serum
(#12483-020, Gibco) and 1% penicillinestreptomycin (#15140122, Gibco) at 37 �C in
a humidified atmosphere with 5% CO2 and 95% air.

Purification of CD133þ/CD44þ CSCs

We separated the CD133þ/CD44þ cells by using theMagnetic Cell Sorting system
(autoMACS; Miltenyi Biotec) [13]. Briefly, a single-cell suspension of HCT8 cells was
incubated with magnetic microbeads-conjugated with an anti-human CD44 anti-
body (#130-095-194, Miltenyi Biotec) for 30 min. After washing, the CD44þ cells
were separated using the Magnetic Cell Sorting system (autoMACS; Miltenyi Biotec).
The purified CD44þ cells were expanded and then harvested as a single-cell sus-
pension to be incubated with magnetic microbeads-conjugated with an anti-human
CD133 antibody (#130-050-801, Miltenyi Biotec) for 30 min. After washing, the
CD133þ cells were separated using the Magnetic Cell Sorting system as described
above. This two-step isolation enabled us to obtain a sufficient number of CD133þ/
CD44þ CSCs for the experiments.

To verify the purity of the isolated CD133þ/CD44þ CSCs, cells were stained ac-
cording to the supplied antibody protocols. Mouse anti-human CD133/1 (Clone:
AC133)-PE (#130-080-801, Miltenyi Biotec) and mouse anti-human CD44 (Clone:
DB105)-FITC (#130-095-195, Miltenyi Biotec) were used, and flow cytometry anal-
ysis was performed using a FACSCalibur instrument (Becton Dickinson). Mouse
IgG1-PE (#130-092-212, Miltenyi Biotec) and mouse IgG1-FITC (#130-092-213,
Miltenyi Biotec) were used as negative control.

Cytotoxicity assays

Cells were seeded in 96-well culture plates at a density of 2 � 104 cells per well
and cultured overnight. The cells were then treated with various concentrations (0,
1, 3, 5 and 10 mM) of DXR (#040-21521, Wako) for 24 h. After DXR treatment,
cytotoxicity assays were performed using the Cell Proliferation Kit I (MTT)
(#11465007001, Roche Life Science). Briefly, MTT was added and incubated for 4 h.
Then, the formation of formazan from MTT was stopped by adding solubilization
solution, and the absorbance of formazan was measured at 570 nm using a micro-
plate reader (Multiskan Fc, Thermo Fisher Scientific). We used the optical density
(OD) value of cells with vehicle treatment as a normalization control (100%).

Apoptosis assays

FITC-Annexin V and propidium iodide (PI) staining were performed using the
Annexin V-FITC Apoptosis Detection Kit (#IM2375, Beckman Coulter) [13]. Briefly,
cells were harvested as a single-cell suspension. Then, 5 mL of FITC-Annexin V so-
lution and 2.5 mL dissolved PI were added to 100 mL of the cell suspension. The
mixture was then incubated on ice for 10 min in the dark. Then, 400 mL of ice-cold
binding buffer was added to the preparations and gently mixed, followed by flow
cytometry analysis using a FACSCalibur instrument (Becton Dickinson).

Time-course experiments

Cells were seeded in culture dishes and cultured overnight. The cells were then
treated with 10 mM of DXR for 0, 3, 6, 12 and 24 h. After treatment, the cell lysates
were collected at the indicated time points.

Antibodies and reagents

The LC3B antibody (#NB100-2220) was obtained from Novus Biologicals. The a-
tubulin (#3873), PARP (#9542), cleaved PARP (#5625), caspase-3 (#9665), cleaved
caspase-3 (#9664), caspase-7 (#12827), cleaved caspase-7 (#8438), ATG7 (#2631),
PINK1 (#6946), parkin (#4211), BNIP3L (#12396), and phospho-ERK1/2 (Thr202/
Tyr204) (#4370) antibodies were purchased from Cell Signaling Technology. The b-
actin antibody (#A2228) was obtained from SigmaeAldrich. The TOMM20 antibody
(#sc-17764) was obtained from Santa Cruz Biotechnology. Anti-mouse (#P0260) and
anti-rabbit (#P0448) HRP-coupled secondary antibodies were obtained from Dako.
DAPI (40 , 6-diamidino-2-phenylindole) (#D21490), anti-mouse (#A-11030) Alexa
Fluor 546 and anti-rabbit (#A-11034) Alexa Fluor 488 secondary antibodies were
purchased from Invitrogen.

Human autophagy RT2 Profiler™ PCR array

To analyze gene expression, RNA was isolated from cells by using ISOGEN II
(#317-07361, NIPPON GENE). The concentration of RNA was determined using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), and 1 mg of RNAwas
used to generate cDNA using the RT2 First Strand Kit (#330401, SABiosciences, a
Qiagen Company). The human autophagy RT2 Profiler™ PCR array was used ac-
cording to the manufacturer's instructions (#PAHS-084Z, SABiosciences) [14]. This
PCR array profiled the expression of 84 key genes involved in autophagy
(Supplementary Table 1) and exhibited good reproducibility of data. The fold change
of expression was calculated using the SABiosciences web-based data analysis
program. The results represent the mean of three independent samples.

RNA interference

siRNA specific to ATG7 (#6604S) and a negative control siRNA (#6568S) were
obtained from Cell Signaling Technology. siRNA specific to BNIP3L (#HSS101074)
was obtained from Thermo Fisher Scientific. Transfections were performed using
Lipofectamine 3000 transfection reagent (#L3000015, Invitrogen) according to the
manufacturer's instructions. Briefly, we seeded cells in 6-well plates (2 � 105 cells/
well) for 16 h, and then added ATG7 siRNA (100 nM) or BNIP3L siRNA (20 nM). Two
days after siRNA transfection, cells were treated with 10 mM DXR for another 24 h.

Western blotting

Preparation of cell lysates and Western blotting analysis were performed
following protocols previously described [13]. Briefly, cells were lysed at 4 �C in lysis
buffer. Total proteins were separated by SDS-PAGE gels and then transferred to 0.22-
mm PVDF membranes (Bio-Rad). After blocking, the membranes were incubated
with indicated antibodies. The expression was visualized using an ECL detection kit
(#RPN2106, GE Healthcare Life Sciences), and semi-quantitative analysis was per-
formed by measuring the density of the bands using ImageQuant LAS 4000 Mini
biomolecular imager (GE Healthcare Life Sciences).

Determination of O2
� production

O2
� production was measured using MitoSOX Red reagent (#M36008, Invi-

trogen). Briefly, cells were incubated with 5 mM MitoSOX Red reagent for 10 min in
the dark. After washing, the immunofluorescence in cells was analyzed on a FACS-
Calibur instrument (Becton Dickinson).

Immunofluorescence

Immunofluorescence for LC3B and TOMM20 were performed following pro-
tocols previously described [13]. Briefly, cells were fixed with 4% formalin (#163-
20145, Wako) for 10 min at room temperature. After blocking, cells were incubated
with rabbit anti-human LC3B antibody (1:200 dilution) and mouse anti-human
TOMM20 antibody (1:50 dilution) overnight at 4 �C. After washing three times
with PBS, cells were incubated with anti-rabbit Alexa Fluor 488 (1:200 dilution) and
anti-mouse Alexa Fluor 546 (1:200 dilution) secondary antibodies at room tem-
perature for 1 h in the dark. The immunofluorescence in cells was examined on a
laser confocal microscope (FV10i, Olympus). The mean number of LC3B puncta from
more than 50 cells was calculated.

Statistical analysis

The data are represented as the mean ± SD. Statistical analyses were performed
using one-way analysis of variance (ANOVA) followed by a post hoc test (Dr. SPSS II,
Chicago, IL). A p value less than 0.05 was accepted as statistically significant.

Results

CD133þ/CD44þ CSCs were more resistant to DXR than parental cells

We isolated the CD133þ/CD44þ CSCs from parental HCT8 cells,
and the purity was more than 95% by flow cytometry analysis
(Supplementary Fig. 1). The expression of CD133 and CD44 in the
purified CSCs was stable for at least 45 days after culture
(Supplementary Fig. 1). After treatment with 10 mM DXR for 24 h,
both CSCs and parental cells stopped growing, and many dead cells
were observed to be floating in the medium (Fig. 1A). There were
distinctly more surviving cells in the CSC cultures than in the
parental cultures (Fig. 1A). An MTT assay clearly indicated the cell
toxicity of DXR, and the cell viability was significantly higher in
CSCs than parental cells (Fig. 1B). Apoptosis was also significantly



Fig. 1. Cell survival and apoptosis. (A) Cells were treated with 10 mM doxorubicin (DXR) for 24 h. The growth of cells was observed under a microscope with 40-fold magnification.
Scale bars: 200 mm. (B) Cells were treated with various concentrations (0, 1, 3, 5 and 10 mM) of DXR for 24 h. The optical density (OD) value of cells with vehicle treatment was
considered as 100% viability. (C) Cells were treated with 10 mM DXR for 24 h. Quantitative analysis of the apoptosis rate is shown. Parent or P: parental cells. CD133þ/CD44þ or þ/þ:
CD133þ/CD44þ cells. The data are represented as the mean ± SD from three independent experiments.

C. Yan et al. / Cancer Letters 388 (2017) 34e4236
induced after treatment with 10 mM DXR for 24 h, and a signifi-
cantly lower apoptosis rate was observed in CSCs compared to
parental cells (Fig. 1C).

Western blot analysis showed that DXR induced the apoptosis-
related proteins cleaved PARP and cleaved caspase-3 in a dose-
and time-dependent manner in both cell types (Fig. 2A,B). Quan-
titative data showed that the expression of cleaved PARP and
cleaved caspase-3 was significantly lower in CSCs than in parental
cells after treatment with 10 mM DXR for 24 h (Fig. 2C). The
Fig. 2. Western blot analysis of the expression of apoptosis related proteins. (A) The expressi
centrations (0, 1, 3, 5 and 10 mM) of doxorubicin (DXR) for 24 h. (B) The time-course change
10 mM DXR. (C) Quantitative analysis of the expression of cleaved PARP and cleaved caspase-3
cleaved caspase-7 after treatment with 10 mMDXR for 24 h. P: parental cells. þ/þ: CD133þ/CD
three independent experiments.
expression of cleaved caspase-7was also significantly lower in CSCs
than in parental cells after treatment with 10 mM DXR for 24 h
(Fig. 2D).

DXR-induced autophagy in CSCs did not significantly contribute to
drug resistance

DXR-induced autophagy was increased with time in both cell
types (Fig. 3A), and the autophagy level was obviously higher in
on of cleaved PARP and cleaved caspase-3 in cells after treatment with different con-
s of the expression of cleaved PARP and cleaved caspase-3 in cells after treatment with
after treatment with 10 mM DXR for 24 h. (D) Quantitative analysis of the expression of
44þ cells. The data are normalized to a-tubulin and represented as the mean ± SD from



Fig. 3. Autophagy and doxorubicin resistance in cells. (A) The time-course changes of the expression of LC3B in cells after 10 mM doxorubicin (DXR) treatment. (B) After treatment and
2-day incubation with ATG7 siRNA, cells were treated with 10 mMDXR for another 24 h. Western blot analysis of the expression of cleaved PARP and ATG7. (C) After treatment and 2-
day incubation with ATG7 siRNA, cells were treated with 10 mM DXR for another 24 h. Western blot analysis of the expression of LC3B. *: p < 0.01 vs. parental cells without
treatment, #: p < 0.0001 vs. CD133þ/CD44þ cells without treatment. NC: negative control siRNA. P: parental cells. þ/þ: CD133þ/CD44þ cells. The data are normalized to a-tubulin
and represented as the mean ± SD from three independent experiments.
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CSCs than in parental cells (Fig. 3A,C). To investigate the role of
autophagy in the DXR resistance in CSCs, we analyzed the effect of
silencing ATG7, a factor required for autophagy. Transfection with
ATG7 siRNA clearly reduced the protein level of ATG7 (Fig. 3B).
Surprisingly, ATG7 silencing significantly enhanced the expression
of cleaved PARP in parental cells, but not in CSCs, after treatment
with 10 mM DXR for 24 h (Fig. 3B), although ATG7 silencing clearly
decreased the ratio of LC3B-II/LC3B-І in both cell types (Fig. 3C).

We also investigated the expression of autophagy-related genes
by human RT2 Profiler™ PCR array (Fig. 4, Supplementary Table 2
and Supplementary Table 3). At the basal level, some autophagy-
related genes were highly expressed in CSCs when compared to
parental cells (Fig. 4A). Interestingly, treatment with 10 mMDXR for
24 h up-regulated the autophagy-related genes more extensively in
parental cells (Fig. 4B) than in CSCs (Fig. 4C), which resulted in
comparable expression levels in autophagy-related genes between
CSCs and parental cells (Fig. 4D).

DXR treatment induced mitophagy more extensively in CSCs than in
parental cells

Following DXR treatment, mitochondrial membrane protein
TOMM20 decreased with time in both cell types (Fig. 5A). Western
blot analysis showed that the basal level of TOMM20 was not
significantly different between the two cell types (Fig. 5B), but CSCs
had significantly less TOMM20 than parental cells 24 h after DXR
treatment (Fig. 5B). The mitochondrial superoxide was quantita-
tively measured by fluorescence intensity after loading with
mitoSOX. Although themitochondrial superoxide level significantly
increased in both cell types 24 h after DXR treatment (Fig. 5C), there
was a significantly lower mitochondrial superoxide level in CSCs
than in parental cells (Fig. 5C). Confocal microscopy analysis
showed that LC3B puncta were significantly increased by DXR
treatment in both cell types, but the number of LC3B puncta was
significantly higher in CSCs than in parental cells (Fig. 5D,E). In
addition, the co-localization of mitochondria (TOMM20) and
autophagosomes (LC3B) was significantly increased in CSCs
compared to parental cells after DXR treatment, indicating a higher
level of mitophagy in CSCs than in parental cells (Fig. 5D,F).

We further investigated the expression of several factors known
to be closely associated with mitophagy. The expression of parkin
and PINK1 was not significantly different between the two cell
types, even after DXR treatment (Supplementary Fig. 2A and B). The
phosphorylation level of ERK1/2 was significantly decreased in
both cell types 24 h after DXR treatment (Supplementary Fig. 2C),
but there was no significant difference between the two cell types
(Supplementary Fig. 2C). However, the expression of BNIP3L was
significantly higher in CSCs than in parental cells (Fig. 6A), and
further increased with time in both cell types after DXR treatment
(Fig. 6B).

Inhibition of mitophagy significantly improved the sensitivity of DXR
in CSCs

To further investigate the relationship between mitophagy and
DXR resistance in CSCs, we silenced the expression of BNIP3L, a key
regulator of mitophagy [6]. Transfection with BNIP3L siRNA
significantly decreased the protein level of BNIP3L in both CSCs and
parental cells (Fig. 6C), but it did not significantly change the
autophagy level in either cell type (Fig. 6D). Western blot analysis
showed that the knockdown of BNIP3L significantly enhanced the
expression of cleaved PARP in CSCs after DXR treatment (Fig. 6E).



Fig. 4. Pathway-focused PCR array. The expression of autophagy-related genes was measured in cells with or without doxorubicin (DXR) treatment for 24 h. Red circles represent up-
regulated genes with more than a two-fold change, whereas the green circles represent down-regulated genes with more than a two-fold change. (A) The comparison of gene
expression profiles between CD133þ/CD44þ cells and parental cells at basal level (without DXR treatment). (B) The comparison of gene expression profiles in parental cells with or
without DXR treatment. (C) The comparison of gene expression profiles in CD133þ/CD44þ cells with or without DXR treatment. (D) The comparison of gene expression profiles
between CD133þ/CD44þ cells and parental cells after treatment with DXR. Parent: parental cells. CD133þ/CD44þ: CD133þ/CD44þ cells. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Confocal microscopy analysis showed that BNIP3L silencing did not
significantly change the total number of LC3B puncta in either cell
type (Fig. 7A,C), but the DXR-induced mitochondrial localization of
LC3B puncta was significantly decreased in cells with BNIP3L
silencing (Fig. 7B,C).

Discussion

Drug resistance is a major cause of tumor recurrence, metastasis
and poor clinical outcome in cancer patients [15,16], and there is
increasing evidence of drug resistance in CSCs [3,17,18]. The data
from the present study confirmed that CD133þ/CD44þ CSCs were
more resistant to DXR than parental HCT8 colorectal cancer cells.

Recently, it has been reported that DXR strongly binds to
mitochondria, which thereby increases mitochondrial superoxide
and mitochondrial-mediated apoptosis [10,19]. In this study, fewer
mitochondria and lower levels of mitochondrial superoxide were
found in CSCs than in parental cells, implying excessive mito-
chondrial clearance in CSCs. Although the excessive mitochondrial
clearance may induce cell metabolic disorders and cell death, the
remarkable metabolic plasticity of CSCs is more likely to lead to cell
survival [20,21]. In fact, the drug resistance of cancer cells can be
due to a metabolic shift from oxidative phosphorylation to a high
rate of glycolysis, which ultimately protects cancer cells from
mitochondrial superoxide [22]. After DXR treatment, we observed a
higher level of mitophagy in CSCs than in parental cells. Mitophagy,
a selective autophagic mitochondria clearance pathway, is known
to be critical in mitochondrial quality control [5,23,24]. DXR-
induced mitophagy may facilitate cell survival by clearing the
damaged mitochondria in CSCs.

To further confirm the causal relationship between mitophagy
and DXR resistance in CSCs, we investigated the expression of



Fig. 5. Mitochondria and mitophagy levels in cells. (A) The time-course changes of the expression of TOMM20 after 10 mM doxorubicin (DXR) treatment. (B) Quantitative analysis of the
expression of TOMM20 after treatment with 10 mM DXR for 24 h. The data are normalized to b-actin. (C) Cells were treated with 10 mM DXR for 24 h, and flow cytometry analysis was
used to measure the mitochondrial superoxide level. The bar graph in the lower panel shows the quantitative data of mean fluorescence intensity. Parent cells: black line; CD133þ/
CD44þ cells: red line; Parent cells with DXR treatment: purple line; CD133þ/CD44þ cells with DXR treatment: blue line. (D) Cells were treated with 10 mM DXR for 24 h, and confocal
microscopy analysis of the co-localization of LC3B and TOMM20 was performed. Scale bars, 10 mm (Scale bars of magnified images are 2 mm). (E) Quantitative analysis of LC3B puncta
per cell. (F) Quantitative analysis of mitochondrially localized LC3B puncta per cell. Parent or P: parental cells. CD133þ/CD44þ or þ/þ: CD133þ/CD44þ cells. The data are represented as
the mean ± SD from three independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Relationship between the expression of BNIP3L and doxorubicin resistance. (A) Cells were treated with 10 mM doxorubicin (DXR) for 24 h. Western blot analysis of the expression
BNIP3L. (B) The time-course changes of the expression of BNIP3L after 10 mM DXR treatment. (C) After treatment and 2-day incubation with BNIP3L siRNA, cells were treated with
10 mM DXR for another 24 h. Western blot analysis of the expression of BNIP3L. (D) After treatment and 2-day incubation BNIP3L siRNA, cells were treated with 10 mM DXR for
another 24 h. Western blot analysis of the expression of LC3B. (E) After treatment and 2-day incubation with BNIP3L siRNA, cells were treated with 10 mM DXR for another 24 h.
Western blot analysis of the expression of cleaved PARP. NC: negative control siRNA. P: parental cells. þ/þ: CD133þ/CD44þ cells. The data are normalized to b-actin and represented
as the mean ± SD from three independent experiments.
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mitophagy regulators PINK1, parkin, BNIP3L, and phosphorylated
ERK1/2 [23e28]. Interestingly, DXR treatment only triggered a
rapid increase of BNIP3L protein level in CSCs. Furthermore, the
knockdown of BNIP3L significantly halted DXR-induced mitophagy
and enhanced the toxicity of DXR in CSCs. In view of these results,
we speculated that the activation of mitophagy by BNIP3L might
improve cell survival and confer DXR resistance in CSCs. As the
inhibition of BNIP3L expression only partially improved the DXR
resistance of CSCs, other pro-survival pathways could also be
involved in DXR resistance of CSCs. In fact, some cell death inducers,
such as DAPK1, FADD and TNFSF10 [29e31], were poorly expressed
in CSCs after DXR treatment (Supplementary Table 2), which might
promote the survival of CSCs.

The function of autophagy in the therapeutic resistance of
cancer is still ambiguous [32]. It has been previously reported that
autophagy contributes to drug resistance in cancer cells [33e35]. In
this study, we also confirmed that the inhibition of autophagy can
enhance DXR sensitivity in parental cells. Compared with the
parental cells, the CSCs always had more of the lipidated form of
LC3B (LC3B-II) and less of the cytosolic form of LC3B (LC3B-I)
(Fig. 3A). As LCB3-II is a commonly usedmarker of autophagosomes
[36], this result indicates an increased number of autophagosomes
and an enhanced activity of autophagy in CSCs. However, the in-
hibition of autophagy by ATG7 silencing did not significantly
attenuate the DXR resistance of CSCs. Although ATG proteins are
thought to be crucial for autophagy, ATG7-independent autophagy
was observed in ATG7 knockout cells [25,37]. As mitophagy is
primarily due to ATG7-independent autophagy [25,27], the
knockdown of ATG7 may induce only minor changes in mitophagy.

It is not clear why mitophagy, but not non-selective autophagy,
contributes to DXR resistance in CSCs. Our data from a PCR array
analysis showed that DXR treatment weakly stimulated autophagy-
related genes in CSCs (Fig. 4C). We have very recently found that
canonical autophagy plays few roles in the radioresistance of CSCs
[13]. In addition to DXR, we also tested another chemotherapeutic
agent, cisplatin, and observed resistance in the CSCs. However, the
cisplatin did not induce mitophagy (data not shown). As different
chemotherapeutic agents have different anti-cancer mechanisms,
the cisplatin resistance of CSCs might depend on other mechanisms
rather than mitophagy. This study is largely limited by using a
single cell line. We attempted to isolate CD133þ/CD44þ cells from
several other cancer cell lines, such as COLO320, A549 and HeLa
cells. However, we failed to collect CD133þ/CD44þ cells from these
cell lines due to various difficulties, such as insufficient cell purity
and instability of cell surface marker expression during the culture
process after cell purification.

In conclusion, we demonstrated that mitophagy, but not non-
selective autophagy, likely plays a key role in conferring DXR
resistance in CSCs isolated from HCT8 human colorectal cancer
cells. Taking past studies into consideration [4,8,25], we propose
that in response to chemotherapy, mitophagy is activated in CSCs to
clear the damaged mitochondria, which consequently results in



Fig. 7. Knockdown of BNIP3L changes mitophagy and doxorubicin resistance in cells. After treatment and 2-day incubation with BNIP3L siRNA, cells were treated with 10 mM
doxorubicin (DXR) for another 24 h. (A) Quantitative analysis of LC3B puncta per cell. (B) Quantitative analysis of mitochondrially localized LC3B puncta per cell, *: p < 0.0001 vs.
parent cells with DXR treatment, #: p < 0.0001 vs. CD133þ/CD44þ cells with DXR treatment. (C) Confocal microscopy analysis of the co-localization of LC3B and TOMM20. Scale bars,
10 mm (Scale bars of magnified images are 2 mm). (D) The potential effect of mitophagy on the drug resistance of cancer stem cells. NC: negative control siRNA. Parent or P: parental
cells. CD133þ/CD44þ or þ/þ: CD133þ/CD44þ cells. The data are represented as the mean ± SD from three independent experiments.
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reduced oxidative stress and finally contributes to cell survival
(Fig. 7D). Further studies are warranted to elucidate how mitoph-
agy is regulated in CSCs, which may inform the development of
novel strategies for the treatment of cancers.
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