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Recent studies have indicated that cancer stem-like cells (CSCs) exhibit a high resistance to current therapeutic strat-
egies, including photodynamic therapy (PDT), leading to the recurrence and progression of colorectal cancer (CRC). In
cancer, autophagy acts as both a tumor suppressor and a tumor promoter. However, the role of autophagy in the resis-
tance of CSCs to PDT has not been reported. In this study, CSCs were isolated from colorectal cancer cells using PROM1/
CD133 (prominin 1) expression, which is a surface marker commonly found on stem cells of various tissues. We demon-
strated that PpIX-mediated PDT induced the formation of autophagosomes in PROM1/CD133* cells, accompanied by the
upregulation of autophagy-related proteins ATG3, ATG5, ATG7, and ATG12. The inhibition of PDT-induced autophagy by
pharmacological inhibitors and silencing of the ATG5 gene substantially triggered apoptosis of PROM1/CD133* cells and
decreased the ability of colonosphere formation in vitro and tumorigenicity in vivo. In conclusion, our results revealed
a protective role played by autophagy against PDT in CSCs and indicated that targeting autophagy could be used to
elevate the PDT sensitivity of CSCs. These findings would aid in the development of novel therapeutic approaches for

CSC treatment.

Introduction

Colorectal cancer (CRC) is the fourth most common cause
of cancer-related mortality worldwide, with more than 1.2
million new cases and 600,000 deaths per year.! The relative
survival rate of patients with unresectable metastatic lesions
drops to only 5%.% In addition to surgery, radiation therapy,
and chemotherapy, photodynamic therapy (PDT) is regarded
as another anticancer modality for the treatment of advanced
colorectal cancer. PDT is a promising therapeutic approach

for malignant and premalignant tumors and other diseases.**
With this technique, a photosensitizer is irradiated and excited
by light of a specific wavelength and then transfers this energy
to oxygen to cause reactive oxygen species (ROS) formation.
Subcellular damage subsequently occurs at the site of photo-
sensitizer accumulation, which further drives either apopto-
sis or necrosis.”® Because PDT causes essentially no effect on
connective tissues, the anatomical integrity of hollow organs
such as the colon can be preserved in patients undergoing
PDT. However, numerous studies have indicated that several
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resistance mechanisms cause a reduction in the efficacy of
PDT on cancer cells.”"? Therefore, to improve the therapeutic
outcome of PDT in colorectal cancer, mechanisms of primary
resistance to PDT must be clarified.

Recently, increasing evidence has suggested that a small
subpopulation of cancer cells may play a resistant role dur-
ing treatment, leading to tumor recurrence and progression.
Accordingly, these malignant cells responsible for tumor devel-
opment and sustained tumor growth have been termed “cancer
stem-like cells” (CSCs)." CSCs are thought to possess stem
cell-like properties such as self-renewal and differentiation. The
existence of CSCs has implications for novel cancer therapeu-
tics, as the effective eradication of CSCs will likely be essential
for successful cancer treatment.” Currently, CSCs are identified
by their expression of specific surface markers; recent investi-
gations have identified CSCs isolated from colorectal tumors
with PROM1/CD133, a surface marker commonly found on
the stem cells of various tissues.'®"” Many studies propose that
CSCs are resistant to chemotherapy and radiotherapy.®2' It
has also been reported that side population (SP) stem cell-like
cancer cells, which are considered CSCs, are resistant to PDT
compared with non-SP cells.”? However, a more detailed cellular
mechanism underlying the resistance to PDT in CSCs remains
poorly understood.

Autophagy is a dynamic process that involves the trans-
port of cellular organelles and proteins through a lysosomal
degradation pathway, and has been shown to play a variety
of important roles related to cell survival, differentiation, and
development.?*?** Autophagy is regulated by a series of autoph-
agy-related genes (A7G) that mediate the formation of the
autophagosome and the activity of the PI3K-MTOR (phos-
phoinositide 3-kinase-mechanistic target of rapamycin) path-
way controls autophagic flux.”** Recent studies have shown
that autophagy is involved in cancer development and pro-
gression and is activated by anticancer therapy.”*’ It has been
reported that autophagy can be induced by PDT.** Although
the role played by autophagy in cell survival and cell death is
still unclear, accumulating data show that an increase in auto-
phagy levels can protect cancer cells against various apoptotic
3134 Tn addition, further studies are needed to determine
the function of autophagy in CSCs and if autophagy can be
induced by PDT in CSCs.

In this study, we examined the induction of autophagy by
PDT and its role in colorectal PROM1/CDI133* CSCs. We

found that CSC-enriched colorectal cancer cells would have

stimuli.

more autophagosome formation than non-CSC-enriched can-
cer cells as shown by higher expression of autophagy-related
proteins in CSC-enriched colorectal cancer cells. We also found
that the maintenance, self-renewal, and resistance of CSCs after
PDT treatment are dependent on autophagy. Inhibition of auto-
phagy, both by an autophagy inhibitor and silencing of ATGs,
sensitized the CSCs to PDT in vitro and in vivo. These results
suggest that autophagy inhibition might abrogate CSC’s resis-
tance to PDT. Therefore, PDT combining autophagy inhibi-
tion might be a more efficient therapeutic approach for CSC
treatment.
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Results

PROM1/CD133* cells of colorectal cancer exhibit the char-
acteristics of CSCs and resistance to PDT

It has been shown that PROMI1/CDI133* subpopulations
in colorectal cancer cells exhibit colorectal cancer stem cell
properties.’® To verify whether PROM1/CD133* cells exhibit
cancer stem cell properties, we separated PROM1/CD133*
and PROM1/CD133" subpopulations from primary colorec-
tal tumor (PCC) and HT29 colorectal cancer cells. After cell
sorting, 80% of the cell population was PROM1/CD133*
(Fig. 1A). To analyze the stemness-associated properties of the
isolated PROM1/CD133* cells, sphere forming, stemness gene
expression and drug sensitization assays were performed. The
isolated PROM1/CD133* cells could form clonal nonadherent
3D spheres (Fig. 1B) and were more resistant to conventional
chemotherapy (Fig. S1). In contrast, fewer PROM1/CD133~
cells could form spheres than the PROM1/CD133* cells. The
expression of stemness-related genes, such as SOX2, POU5F1/
OCT4, and NANOG, was higher in PROM1/CD133* cells than
PROM1/CD133" cells (Fig. 1C).

Previous studies demonstrate that SP cells are more resistant
to PDT than non-SP cells.?? To verify whether PROM1/CD133*
cells from PCC and HT?29 cells exhibit similar resistance, PpIX-
mediated PDT was utilized. PpIX is a naturally occurring pho-
tosensitizer used to detect and treat cancer. Cells were treated
with PpIX in medium and then subjected to laser irradiation,
which has a specific wavelength of 633 nm, at various doses. Cell
survival after PDT treatment was analyzed by ANXA5/annexin
V-FITC-PI staining. PpIX-mediated PDT caused significantly
less PROM1/CD133* cell death compared with PROMI1/
CD133" cells at the same irradiation dose (Fig. 1D; Fig. S2).
These data showed that PROM1/CD133* colorectal cancer cells
were less sensitive to PDT than PROM1/CD133" cells. In addi-
tion, after PDT treatment, clonogenic survival fractions in both
PCC and HT29 cell lines were reduced (Fig. S3) and suggested
PDT resistance effect in PROM1/CD133" cells. WST-1 assays
also have similar results (Fig. S4). These data confirmed that
PROM1/CD133* cells have CSC-like properties, such as gen-
eration of spheres, high expression of stemness-associated genes,
and high resistance to chemotherapeutic drugs and PDT.

PDT induces autophagy in PROM1/CD133* cells

Numerous investigations indicated that autophagy, which
is frequently activated in response to chemotherapy or radio-
therapy, may contribute to resistance of different carcinoma

cells.35-40

Recent findings have also shown that autophagy could
be induced in response to PDT in cancers cell lines and acts as
a defense mechanism against PDT-mediated cellular damage.*!
To elucidate the extent of autophagy after treatment with PpIX-
mediated PDT in colorectal CSCs, we analyzed the accumula-
tion of LC3-1I, the lipidated form of LC3 associated with the
autophagosomal membrane, in the isolated PROM1/CD133*
cells. The amount of LC3-II reflects the number of auto-
phagosomes. The accumulation of LC3-II markedly increased in
PROM1/CD133* cells at 24 h post-PDT with a laser irradiation
dose of 1.3 J/em?® (-IC, of PROM1/CDI133" cells) (Fig. 2A).
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Figure 1. PROM1/CD133* cells of colorectal cancer exhibit the characteristics of CSCs and resistance to PDT. (A) The PROM1/CD133" cells were isolated
from PCC or HT29 by FACS sorting. The percentage of PROM1/CD133* cells was determined by FACS assay. (B) The morphology of PROM1/CD133* cells
was observed 10 d after FACS sorting. The PROM1/CD133* cells formed floating tumorspheres under stem-cell conditions in the presence of EGF and
FGF2. Scale bar: 100 pum. (C) Total RNA was isolated from PROM1/CD133~ and PROM1/CD133* cells from PCC and HT29 cells and then analyzed by qPCR
for SOX2, OCT4, NANOG, and CTNNBI. (D) Following PplIX-mediated PDT at various light doses, PROM1/CD133* and PROM1/CD133- cells viability was
analyzed by ANXA5-FITC-PtdIns staining at 24 h after PDT. These results are expressed as the mean + SE of 3 different experiments. *P < 0.05; **P < 0.01;

The levels of autophagy were also observed by the formation of
autophagosomes, as visualized using an anti-LC3 antibody. The
number of LC3 puncta notably increased in PROM1/CD133*
PCC or HT29 cells after treatment with PDT (1.3 J/cm?)
(Fig. 2B). In addition, acridine orange (AO) staining, a lysoso-
motropic dye that enters acidic compartments and emits bright
red fluorescence, was used to assess the levels of autophagy by
flow cytometry.”> PROM1/CD133" cells treated with PDT (1.3
J/cm?) displayed intense AO fluorescence (Fig. 2C). These data
demonstrated that PDT-stimulated autophagy is robustly active
in PROM1/CD133* cells.

PDT-induced autophagy protects PROM1/CDI133* cells
from PDT-induced cell death
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Autophagy

To understand whether the autophagy induced by PDT has
a role in PROM1/CD133" cell escape from PDT treatment,
the autophagy inhibitors chloroquine (CQ) and 3-methylad-
enine (3-MA) were used to examine the cytotoxicity of PCC
and HT-29 cells treated with PDT. To determine the con-
centrations that effectively suppress autophagy but have only
minimal cytotoxicity, CQ and 3-MA were analyzed by WST-1
assays and western blotting (Fig. S5 and S6). The appropriate
concentrations were found to be 10 pM and 5 mM for CQ and
3-MA, respectively. Treatment of PROM1/CD133* PCCs with
either CQ or 3-MA significantly increased cytotoxicity in the
PROM1/CD133* cells treated with PDT compared with cells
that did not receive CQ or 3-MA (Fig. 3A). Similar results
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Figure 2. PpIX-mediated PDT leads to an increased level of autophagy in PROM1/CD133* cells. (A) PROM1/CD133~ and PROM1/CD133* cells were treated
with PDT (1.3 J/cm?). After 24 h, total cell lysates were analyzed by western blot. The band intensities on films were analyzed by ImageJ software. The
relative amounts of LC3-Il were quantified as ratios to ACTB, indicated underneath each gel. The relative ratio of LC3-Il in PROM1/CD133" cells without
PDT treatment is arbitrarily presented as 1. (B) Cells were labeled with anti-LC3 primary antibody and DyLight 488 conjugated secondary antibody at
24 h after PDT (1.3 J/cm?). LC3 puncta were observed by immunofluorescence using confocal microscopy. Nuclei were counterstained with DAPI. Scale
bar: 10 wm. The number of LC3 puncta was counted using 20 cells for each condition. (C) Flow cytometric analysis of AO staining for cells at 24 h post
PDT treatment (1.3 J/cm?). These results are expressed as the mean + SE of 3 different experiments. *P < 0.05.

were observed in PROM1/CD133* HT29 cells. In PROM1/
CD133" cells, no differences were observed in the cytotoxicity
for cells treated with PDT in the presence or absence of CQ or
3-MA.

The ability to form spheres in nonadherent culture is one of
the characteristics of CSCs. Descriptions of sphere-forming cells
play an important role in understanding the maintenance of
tumor growth and the ability of cancers to develop resistance to
conventional therapy. To examine whether autophagy has a role
in the ability of self-renewing sphere-forming cells to resist PDT,
the sensitivity of colonosphere-forming cells to PDT alone or in
combination with autophagy inhibitors was assessed. Spheres
containing more than 20 cells were scored, and the PDT irradia-
tion dose of 1.3 J/cm? was applied. We found that the number
of colonospheres was reduced when they had been treated with

CQ and subjected to PDT (Fig. 3B). Consistently, inhibition of
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autophagy with either CQ or 3-MA in PROM1/CD133" cells
significantly decreased the ability of PROM1/CD133* cells to
form colonospheres following PDT treatment. In addition, the
size of the newly formed spheres was markedly smaller (sphere
size is smaller than 50 pm) in the group treated with PDT (1.3
J/cm?) in combination with autophagy inhibitors than in the
control group or the group treated with PDT alone (Fig. 3C).
These data indicated that, in PROM1/CD133" cells treated with
PDT in combination with autophagy inhibitors, not only was
the cytotoxicity increased, but sphere-forming capacity of colon
CSCs was also affected. Collectively, these data showed that
induction of autophagy by PDT treatment contributes to the
ability of PROM1/CD133* cells to proliferate and self-renew,
which makes PROM1/CD133* cells resistant to PDT.

Silencing of autophagy-related genes sensitized PROM1/
CD133* cells to PDT

Volume 10 Issue 7
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Figure 3. PpIX-mediated PDT combined with autophagy inhibitors enhanced the cytotoxic effect and blocked colonosphere formation in CSCs.
(A) The PROM1/CD133* and PROM1/CD133- cells form PCCs and HT29 cells were treated with chloroquine (10 M) or 3-MA (5 mM) for 24 h followed by
PDT at various light doses. Cytotoxicity was measured using the WST-1 assay. (B) and (C) The disaggregated PROM1/CD133* cells were plated at 100 cells/
well in an ultra-low attachment plate and treated with PDT (1.3 J/cm?) in the presence of CQ or 3-MA. Colonospheres that contained at least 20 cells
were counted in 8 different wells. Representative images show the sizes of the newly formed colonospheres after 7 d. Scale bar: 50 wm. The results are
expressed as the mean + SE of 3 different experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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Autophagy-related proteins are involved in phagophore
induction, cytoplasm engulfment, autophagic vesicle forma-
tion, and lysosomal fusion. The study demonstrated that
PROM1/CD133* cells express higher levels of the autophagy-
related proteins LC3, ATGS5, and ATG12, which are involved
in autophagosome formation, than PROM1/CD133" cells after
irradiation, and inhibition of autophagy preferentially sensi-
tizes PROM1/CD133* cells to irradiation and decreases their
sphere-forming capacity.® To further understand the molecular
machinery of autophagy induced by PDT, western blotting was
performed. The PROM1/CD133* cells treated with PDT (1.3 J/
cm?) expressed higher levels of the autophagy-related proteins,
including ATG3, ATG5, ATG7, and ATGI2, than PROM1/
CD133" cells (Fig. 4A). This result indicated that PDT-induced
ATG expression in PROM1/CD133" cells may be responsible for
the increase in the levels of autophagy after PDT.

To further elucidate whether ATG mediate PDT-induced
autophagy and contribute to PDT resistance in PROM1/
CD133* cells, a knockdown experiment was performed. As
chemical inhibitors of autophagy may lead to off-target effects,
specific shRNAs of A7G3 and ATGS5, which are genes whose
protein products are involved in 2 essential ubiquitin-like con-
jugation systems in autophagy, were used. Western blot analysis
showed efficient knockdown of A7G3 and ATG5 in PROM1/
CD133* cells (Fig. 4B). We further examined the influence of
shATG3 and shATG5 on PDT-induced LC3-II accumulation
in PROMI1/CD133* cells (Fig. §7). LC3-II accumulation was
markedly decreased in A7G-silenced PROM1/CD133* cells
after PDT.

Next, we examined the cytotoxicity of the A7G-silenced
PROM1/CD133* PCCs subjected to PDT. Silencing of ATG3
or ATG5 significantly increased the cytotoxicity of PDT in
PROM1/CD133* cells compared with the effect observed by
scrambled shRNA in PROM1/CD133* cells, and silencing of
ATG3 or ATG5 without PDT treatment did not cause significant
cell death (Fig. 4C). In PROM1/CD133~ PCCs, no differences
were observed in the cytotoxicity for cells treated with PDT
either in the presence or absence of silencing of ATG3 or ATG5.
Similar results were observed in both the PROM1/CD133* and
PROM1/CD133" populations of HT29 cells. In addition, the
ability of A7G-silenced PROM1/CD133* PCCs to form colo-
nospheres was also significantly reduced, resembling the results
caused by the pharmacological inhibitors (Fig. 4D and E). The
genetic silencing of ATGs remarkably improved the cytotoxicity
of PDT and attenuated the stemness-associated properties of the
PROM1/CD133* cells. Together, these data further showed that
after PDT treatment, PROM1/CDI133" cells not only expressed

more ATGs but also activated higher levels of autophagy to lead
to PDT resistance.

Inhibition of PDT-induced autophagy enhances the apop-
totic effect of PDT in PROM1/CD133" cells

Many previous reports have indicated that autophagy can
perform 2 seemingly opposite roles, prosurvival or prodeath, and
it can cause resistance to apoptosis when induced by antican-
cer therapy.* It is well known that PDT can induce cell death
through apoptosis or necrosis both in vitro and in vivo.” Here,
we investigated whether inhibition of autophagy enhances apop-
totic effects in PROM1/CDI133* cells. Both chemical inhibi-
tion of autophagy and depletion of A7G5 in PROM1/CD133*
PCCs resulted in massive apoptosis following PDT detected by
a TUNEL assay compared with the control group or the group
treated with PDT alone (Fig. 5A). In addition, CASP3/cas-
pase-3 activity and ANXAS5-FITC-PI staining were performed
to measure the apoptosis level in each treatment group. As pre-
sented in Figure 5B and C, both chemical inhibition of auto-
phagy and depletion of A7G5 enhanced apoptosis after PDT
treatment, as shown by a significant elevation of CASP3 activity
and an increase in the percentage of ANXAS5-positive cells. In
contrast, without PDT treatment, CQ-treated or A7G5-silenced
PROM1/CD133* cells showed only slight increases in apoptosis.
These results indicated that autophagy plays a protective role for
PROM1/CD133* cells by modulating apoptosis in response to
PDT. Therefore, autophagy acts as an antiapoptotic mechanism
for CSCs under stress induced by PDT.

Blocking autophagy enhances the antitumorigenicity of
PDT in a xenograft model

To assess the PDT resistance effect of autophagy in PROM1/
CD133* cells, in vivo tumorigenicity after PDT pretreatment
in vitro was assayed. Specifically, the in vivo tumorigenicity of
PROM1/CD133* cells pretreated with CQ or shATG5 following
PDT treatment (1.3 J/cm?) in vitro in NOD/SCID mice were
analyzed. For the positive control, mice were inoculated with
1 x 10> PROM1/CD133* cells, and 87.5% (7/8) of the mice
in that group developed tumors. For the experimental group,
mice were inoculated with 1 x 10° viable PROM1/CD133* cells
that were subjected to PDT, and 75% (6/8) of the mice in that
group developed tumors. This result indicates PDT did not sup-
press in vivo tumorigenicity. The incidence of tumor forma-
tion was lower when CQ-treated or A7G5-silenced PROM1/
CD133* cells subjected to PDT were injected into NOD/SCID
mice (both are 2/6) than when CQ-treated or A7G5-silenced
PROM1/CD133* cells that were not subjected to PDT were
injected into NOD/SCID mice (Table 1). As expected, tumor
volume was lowest with CQ-treated or A7G5-silenced PROM1/

experiments. *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 4 (See opposite page). Genetic silencing of autophagy enhances the cytotoxic effect of PpIX-mediated PDT in the CSCs. (A) The total extracts of
PROM1/CD133~and PROM1/CD133" cells were harvested at 24 h post-PDT (1.3 J/cm?). The levels of ACTB and autophagy-related proteins, including ATG3,
ATG5, ATG7, ATG12, and BECNT1, were assessed by western blot analysis. The band intensities on films were analyzed by ImageJ software. The relative
amounts of each protein were quantified as ratios to ACTB, indicated underneath each gel. The relative ratio of each protein in PROM1/CD133~ cells
is arbitrarily presented as 1. (B) The PROM1/CD133* PCCs were infected with pGIPZ lentivirus (scrambled), ATG3 or ATG5 shRNA lentivirus. The protein
expression of ATG3 and ATG5 was examined by western blot analysis. (C) The PROM1/CD133* PCCs and PROM1/CD133* HT29 cells that expressed specific
shRNA were treated with PDT at various light doses. The cytotoxicity was then measured using the WST-1 assay. (D and E) The disaggregated PROM1/
CD133* PCCs that expressed specific ShRNA were plated at 100 cells/well in an ultra-low attachment plate and treated with PDT (1.3 J/cm?). The number
and size of the colonospheres were assessed as described for Figure 3. Scale bar: 50 wm. The results are expressed as the mean + SE of 3 different
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Figure 5. Inhibition of autophagy by chloroquine or ATG5 shRNA enhanced the apoptotic effect of PDT in CSCs. (A) Apoptotic cells of PROM1/CD133*
PCCs were visualized by TUNEL assay at 24 h post-PDT (1.3 J/cm?). Nuclei were specifically labeled using DAPI staining. Scale bar: 50 pm. The percentage
of TUNEL-positive cells was scored per 100 cells. (B) Whole cell lysates of PROM1/CD133* PCCs were collected at 24 h post-PDT (1.3 J/cm?) and measured
by CaspACE™ Assay System for CASP3 activities. (C) The percentage of apoptotic cells of PROM1/CD133* PCCs was monitored by ANXA5-FITC-PtdIns
staining and flow cytometry at 24 h post-PDT (1.3 J/cm?), and apoptotic ratio was calculated by plotting ANXA5-FITC-positive cell number against total
cell number. These results are expressed as the mean * SE of 3 different experiments. *P < 0.05; **P < 0.01; ***P < 0.001.

Table 1. Tumor-initiating potential of PROM1/CD133* PCCs in each treat-

ment group

Cells injected 1%x10%

Control 7/8

PDT 6/8

cQ 5/6

CQ+PDT 2/6

shATGS 6/6

shATG5+PDT 2/6

A total of 1 x 10° viable PROM1/CD133* PCCs, pretreated with PDT, CQ,

shATG5 lentivirus, either alone or in the indicated combinati

implanted subcutaneously into both flanks of NOD/SCID mi
initiating potential in each treatment group was observed.
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CD133* cells following PDT; however, CQ-treated or ATG5-
silenced PROM1/CD133"* cells without PDT did not affect
tumor growth (Fig. 6A). These results were consistent with the
findings of the in vitro assay of self-renewal potential (Fig. 3;
Fig. 4).

Subsequently, these tumor burdens were measured. The
results showed that the tumors in CQ-treated and A7G5-
silenced groups were significantly distributed in lower tumor
volume ranges with PDT compared with without PDT
(Fig. 6B). Taken together, our results suggested that PDT
combined with autophagy inhibition was effective in
reducing the tumorigenic potential of PROMI1/CD133*
cells. These findings not only further verified that PDT-
induced autophagy is responsible for PDT resistance in
PROM1/CD133* cells but also opened a new avenue for
potentially treating CSC through combination therapy of
PDT and autophagy inhibition.
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Figure 6. Inhibition of autophagy enhanced the antitumorigenicity of PDT in a xenograft model. (A) A total of 1 x 10° viable PROM1/CD133* PCCs,
pretreated with CQ (10 wM), ATG5 shRNA lentivirus, or PDT (1.3 J/cm?), either alone or in the indicated combinations, were implanted subcutaneously
into both flanks of NOD/SCID mice. Representative pictures of each treatment group. Mice were sacrificed 12 wk after implantation. (B) Tumor sizes
were measured at the end of the experiment. Data are presented as dot plots, and the short black lines indicate mean tumor size. Tumor volume was
calculated as (L * W2)/2, where L is the length and W is the width of the tumor. The tumors in CQ-treated and ATG5-silenced groups were significantly
distributed in lower tumor volume ranges with PDT compared with without PDT. *P < 0.05; **P < 0.01.

Discussion

Currently, all existing therapeutic approaches for CRC have
high risks of recurrence. The hypothesis of cancer stem-like
cells (CSCs) identifies the possibility that a small subpopula-
tion of cancer cells may result in therapeutic failure for cancer
patients.” Over the years, CSCs have been specifically shown
to cause tumor relapse and therapeutic resistance;* therefore, it
is important to find the mechanisms of resistance to anticancer
therapies in CSCs.

So far, CSCs are thought to demonstrate resistance to che-
motherapeutic agents and radiation mainly due to their expres-
sions of multidrug transporter family genes and DNA damage
response genes.'*?! Numerous studies have indicated that ATP-
binding cassette (ABC) transporters can affect PDT efficacy by
pumping out photosensitizers.""* However, from our unpub-
lished data, we have observed that PROM1/CD133* cells, which
are considered CSCs for CRC, can accumulate more PpIX in
comparison to PROM1/CD133" cells. This result implies that
there must be other mechanisms of resistance to PDT in CSCs.
PDT can induce cell death by generating many ROS which are
believed to be key regulators of autophagy in cancer cells.”848
Autophagy is an important mechanism mediating the resistance
of cancer cells to various therapeutic strategies.”****" Therefore,
we inferred that autophagy might be a major cause of PDT-
resistance in CSCs.

In a previous study, the level of LC3-II and autophagosome
synthesis are higher in mammospheres than in adherent cells
under both basal and starvation conditions.”® In addition,
PROM1/CD133* cells show higher activity of autophagy by
forming more autophagic puncta and causing more accumula-
tion of LC3-II compared with PROM1/CD133" cells under
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low-nutrient conditions.”” Similarly, we had also observed
increased autophagic characteristics in PROM1/CD133" cells
in response to PpIX-mediated PDT. This finding implied that
PDT could result in high levels of autophagy activation in
CSCs. Simultaneously, we found that PROM1/CD133* cells
with the stimulus of PDT expressed higher levels of the autoph-
agy-related proteins, ATG3, ATG5, and ATG7. The increased
expression of these autophagy-related proteins may enhance
the levels of autophagy in PDT-treated CSCs. Furthermore, we
demonstrated that autophagy inhibition with pharmacological
inhibitors or silencing of A7G3 and ATG5 could significantly
enhance the sensitivity of PROM1/CD133* cells to PpIX-
mediated PDT by a cytotoxicity and colonosphere formation
assay. However, there were no differences in the cytotoxicity of
PROM1/CD133" cells undergoing PDT treatments either in the
presence or absence of CQ. This result suggested that autophagy
most likely plays no role in influencing PROM1/CD133" cells’
response to PDT. Our result is consistent with a previous report
demonstrating that autophagy exerts a protective role against
chemotherapy and radiotherapy in CSCs.*>** These findings all
highlighted the fact that autophagy must contribute to the resis-
tance of CSCs to PDT.

It is well known that PDT-generated ROS could concur-
rently induce both autophagy and apoptosis pathways in can-
cer cells’*” Accumulating data propose that autophagy may
antagonize apoptosis.”’®® This evidence indicates that cancer
cells could enhance autophagy to decrease apoptosis. On the
other hand, inhibition of autophagic flux could accelerate the
proapoptotic capacity of therapeutic modalities when treat-
ing CSCs.®® Our study also consistently showed that PROM1/
CD133* cells with autophagy inhibition were more susceptible
to PDT-mediated apoptosis. To further elucidate the autophagy/
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Figure 7. Model of antitumorigenicity ability of PDT combined with autophagy inhibition. Autophagy inhibition enhances CSC sensitivity to PDT and
PDT-induced apoptosis, and dramatically reduces the tumorigenicity of CSCs under PDT treatment.

apoptosis interconnection, we discussed the roles played by
ATG3 and ATGS. ATG3 and ATGS are both essential regula-
tory components of autophagosome biogenesis.®®* A recent
report shows that ATG3 degradation by CASP8 could lead to
autophagy inactivation during receptor-triggered apoptosis.®
Full-length ATG5 can participate in autophagy activation.®*®
Under lethal stress, ATGS5 is cleaved by CAPN/calpains, which
triggers apoptosis via induction of MOMP (mitochondrial outer
membrane permeabilization) or interaction with FADD (Fas
[TNFRSFG]-associated via death domain).4¢¢

In both CSCs and malignant cells, autophagy could support
tumor establishment and development.®” Our present study clearly
showed that the therapeutic strategy of PDT combined with auto-
phagy inhibition could decrease tumorigenicity of PROM1/
CD133" cells in a xenograft model. Even the tumors that grew
under combination treatment had significantly suppressed size.
Altogether, it is very probable that autophagy inhibition played a
key role in increasing apoptosis of PDT-treated PROM1/CD133*
cells and the consequent tumorigenicity reduction. However,
when PROM1/CD133* cells underwent PDT treatment with-
out autophagy inhibition, there was no effect on tumorigenicity
or tumor volume. This most likely indicates that CSC properties
are affected by autophagy inhibition. Our data support a model
in which autophagy inhibition enhances CSC sensitivity to PDT
and PDT-induced apoptosis, and dramatically reduces the tumor-
igenicity of CSCs under PDT treatment (Fig. 7).
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Overall, we demonstrated that PpIX-mediated PDT
could significantly upregulate the levels of autophagy in
PROM1/CD133* cells. Suppressing autophagy could sensi-
tize PROM1/CD133* cells to apoptosis induced by PDT. In
vitro spheroid formation and the in vivo tumorigenicity of
PROMI1/CD133* cells were decreased after autophagy had
been blocked. These results all imply that enhanced auto-
phagy levels are related to the increase of resistance to PDT
in CSCs. Therefore, our study not only revealed the possi-
ble mechanisms executed by autophagy in the resistance and
tumorigenicity of CSCs after PDT but also provided a new
therapeutic avenue for targeting autophagy in anti-CSC treat-
ment with PDT.

Materials and Methods

Materials

PpIX was obtained from Sigma-Aldrich (P8293), dis-
solved in 100% dimethyl sulfoxide (DMSO; Sigma-Aldrich,
D2650) to a concentration of 2 mg/ml. Chloroquine (Sigma-
Aldrich, C6628) and 3-MA (Calbiochem, 189490) were dis-
solved in deionized water to create 1 mM and 100 mM stock
solutions, respectively. The antibodies used included CD133/2-
phycoerythrin (PE) (Miltenyi Biotec, 130-090-853) and isotype
control IgG2b-PE (Miltenyi Biotec, 130-092-215).
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PROM1/CD133* cell isolation and culture

The colorectal cancer primary cultured cells (PCCs) were
kindly provided by SC Hung (Institute of Clinical Medicine,
School of Medicine, National Yang-Ming University, Taipei,
Taiwan). After the PCCs and the HT29 cells (purchased from
American Type Culture Collection, HTB-38 ™) were col-
lected and stained with a CD133/2-PE antibody for 30 min,
the PROM1/CD133* cells were sorted using a FACSAria-I cell
sorter (Becton Dickinson, CA, USA). The isolated PROM1/
CD133* cells were cultured under stem-cell conditions in serum-
free DMEM/F12 medium (Gibco, 12500-062) supplemented
with 20 ng/mL of human recombinant epidermal growth factor
(EGF; PeproTech, AF-100-15), 10 ng/mL of FGF2 [fibroblast
growth factor 2 (basic)] (bFGF; PeproTech, 100-18B), and 1%
N-2 supplement (Gibco, 17502-048). The cells were cultured on
ultra-low attachment plates (Corning Inc., 3471) for subsequent
organization into spheres.®

Quantitative real-time PCR

Total RNA was isolated from PROM1/CD133- and
PROM1/CD133* cells from PCC and HT29 cells using
the PureLink Micro-to-Midi Total RNA Purification sys-
tem (Invitrogen, 12183-018). The reverse transcription reac-
tion was performed using the SuperScript III First-Strand
Synthesis system for RT-PCR (Invitrogen, 18080-051).
Expression of SOX2, OCT4, NANOG, and CTNNBI1/B-
catenin was quantified using the ABI Prism 7900 real-time
system (Applied Biosystems, Foster City, CA, USA) and
their expression is normalized to GAPDH. All reactions were
performed in triplicate. The following primers were used:
SOX2: forward 5-GTATCAGGAG TTGTCAAGGC-3/,
reverse 5-AGTCCTAGTC TTAAAGAGG-3'; OCT4: for-
ward  5-GCTCACCCTG  GGCGTTCTC-3, reverse
5-GGCCGCAGCT TACACATGTTC-3'; NANOG:
ward 5-CCTCCAGCAG ATGCAAGAAC TC-3/, reverse
5-CTTCAACCAC TGGTTTTTCT GCC-3'; CTNNBI:
forward 5-GAAACGGCTT TCAGTTGAGC-3/,
5-CTGGCCATAT CCACCAGAGT-3'; GAPDH: for-
ward 5-CATGAGAAGT ATGACAACAG CCT-3/, reverse
5-AGTCCTTCCA CGATACCAAA GT-3'.

The identification of resistance to PDT

The PROM1/CD133* and PROM1/CD133" cells were incu-
bated in the dark for 3 h with 1 pg/mL PpIX. Then, the cells
were washed twice with phosphate-buffered saline (PBS) and
exposed to various doses (0 J/cm?, 1 J/cm?, and 5 J/cm?) of red
light generated by a light-emitting diode (LED; 633 nm) for
photodynamic treatment. The cells were then incubated in fresh
medium under standard cell culture conditions for 24 h. PDT-
induced cell death was analyzed using the Dead Cell Apoptosis
Kit with ANXA5-FITC and PI (Molecular Probes®, V13242).
The percentage of apoptotic cells was measured by flow cytom-
etry. The results are expressed as the mean + SE of 3 different
experiments.

for-

reverse

Immunofluorescence

The PROM1/CD133* and PROM1/CD133- cells were plated
on Tissue Culture Treated Glass Slide (BD Falcon, 354114)
and subjected to PDT treatment (1.3 J/cm?). After 24 h, cells

www.landesbioscience.com

Autophagy

were washed with PBS and fixed with 3.7% paraformaldehyde
for 8 min. Fixed cells were permeabilized with 0.1% Triton
X-100 in PBS for 15 min, blocked with 3% BSA for 60 min,
and incubated with anti-LC3 antibodies (1:200) (Cell Signaling
Technology, 3868S) overnight. After washing with PBS, cells
were incubated for 1 h with DyLight 488 conjugated second-
ary antibody (1:500) (BioLink Biotechnology, B0210). Nuclei
were counterstained with DAPI (Biotium, 40043) for 5 min.
Slides were mounted with a coverslip using Fluoro-Gel (Electron
Microscopy Sciences, 17985-10). Cells were imaged using a con-
focal laser scanning microscope (TCS SP5, Leica Microsystems,
Wetzlar, Germany), and the images were analyzed using a Leica
Application Suite 2.02. DyLight 488 was excited using an
argon laser (488 nm), and DAPI was excited using a diode laser
(405 nm). The emission lights for DAPI and DyLight 488
were collected between 410 and 490 nm and between 495 and
540 nm, respectively.

Acridine orange staining

PROM1/CD133* and PROM1/CDI133" cells were treated
with PDT (1.3 J/cm?) and stained with AO (1 pg/ml) (Sigma-
Aldrich, A6014) at 37 °C for 30 min after 24 h post PDT treat-
ment. After removing AO, the stained cells were immediately
analyzed in the FL-3 channel using a FACSCalibur (Becton
Dickinson, BD FACSCalibur™ system, CA, USA).

Cytotoxicity assay

Disaggregated PROMI1/CD133* and PROMI1/CD133-
cells were plated in 100 pl of medium at a concentration of
8,000 cells/well in 96-well plates and treated with PDT at
various light doses in the presence or absence of CQ (10 pM),
3-MA (5 mM), shATG3, and shATG5. After 24 h, cell sur-
vival was measured using a Premixed WST-1 Cell Proliferation
Reagent (Clontech, 630118), and the absorbance of each sample
was measured at 450 nm against the background control using a
multi-well plate reader. Cytotoxicity was expressed as absorbance
percentage of the control. The data are expressed as the mean
+ SE of 3 different experiments. *P < 0.05; **P < 0.01; ***P <
0.001

Colonosphere formation assay

Disaggregated PROMI1/CD133* cells were plated at
100 cells/well in a 24-well ultra-low attachment plate and
treated with PDT (1.3 J/cm?) either in the presence and absence
of CQ (10 pM), 3-MA (5 mM), shATG3, and shATG5. The
number of the newly formed colonospheres/well was determined
after 7 d. Colonospheres containing more than 20 cells were
quantified for 8 different wells. The results are expressed as the
mean + SE of 3 different experiments.

Western blotting

Cell lysates were harvested from each cell subclone by resus-
pending the cells in 1x RIPA Lysis Buffer (Millipore, 20-188)
at 24 h after PDT treatment (1.3 J/cm?). Equal amounts of pro-
tein extracts were resolved on SDS-PAGE gels and transferred
to a PVDF membrane (Millipore, IPVH00010). Primary anti-
bodies against the following molecules were used for the anal-
ysis: BECN1 (3495P), ATG3 (3415P), ATG5 (2630S), ATG7
(2631S), ATG12 (4180P) were purchased from Cell Signaling
Technology. LC3B (GTX100240) and ACTB/B-ACTIN
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(GTX110564) were obtained from GeneéTex Inc. The spe-
cific reactive bands were detected using a goat anti-rabbit IgG
antibody conjugated to horse radish peroxidase (GeneTex Inc.,
GTX213110-01). The immune complexes were visualized
using the Western Lightning® Plus-ECL (PerkinElmer Inc.,
NEL104001EA), and quantification was performed using Image
Quant software (GE Healthcare).

Lentivirus production and transduction

The shRNA-expression vectors, A7G3 (TRCN0000147381)
and ATG5 (TRCN0000151474) shRNA constructs, were pur-
chased from the National RNAi Core Facility (Taipei, Taiwan).
For virus packaging, psPAX2 (Addgene, Plasmid 12260),
pMD2.G (Addgene, Plasmid 12259), and shRNA-expression
vectors were cotransfected into 293T cells (form National
RNAIi Core Facility). The supernatant was harvested after 48
h. The viral supernatant fraction was filtered and used to infect
PROM1/CD133* cells in the presence of 8 pg/ml Polybrene®
(Santa Cruz, sc-134220). Subsequently, these infected cells were
selected by 2 pg/ml puromycin (InvivoGen, ant-pr-1). A pGIPZ
lentiviral vector (Fisher Scientific, NC 9668406) was used as a
negative control.

Apoptosis assay

Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) was performed according to the manufac-
turer’s instructions of DeadEnd Fluorometric TUNEL system
(Promega, G3250). Confocal imaging of apoptotic cells on slides
was acquired using a LSM 5 confocal laser scanning microscope
(Carl Zeiss Microlmaging, Jena, Germany) using LSM 5 Pascal
software version 3.0. For excitation, a 488 nm argon laser was
used for fluorescein-12-dUTP (emission collected with BP 520—
555 nm filter), and the 405 nm diode laser was used for DAPI
(emission collected with BP 415—-480 nm filter).

The CASP3 activity assay was performed using the
CaspACE™ Assay System, Colorimetric (Promega, G7220)
according to the manufacturer’s instructions. The results are
presented as the mean CASP3 activity (+ SE) of 3 different

experiments.
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Animal experiments

NOD/SCID mice were purchased from the National
Laboratory Animal Center, Taiwan. All in vivo experimental
procedures were approved by the National Taiwan University
College of Medicine and College of Public Health Institutional
Animal Care and Use Committee (IACUC). For xenograft
tumor-seeding studies, PROM1/CD133* PCCs pretreated with
PDT (1.3 J/ecm?), CQ (10 wM), or shATG5, either alone or in
the indicated combinations, were allowed to recover for 3 d in
the absence of treatment. Then, 1 x 10° cells were injected sub-
cutaneously into the flanks of NOD/SCID mice. Tumor inci-
dence was observed for 12 wk after implantation. Tumor sizes
were measured with calipers, and tumor volume was calculated
as (L * W?)/2 where L is the length and W is the width of the
tumor.

Statistical analysis

All data from the WST-1 assays are expressed as the mean
+ standard deviation. The P values were determined using an
unpaired Student 7 test. P values < 0.05 were considered statisti-
cally significant.
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