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Abstract: Photodynamic therapy (PDT) is a light-based cancer therapy approach that has shown
promising results in treating various malignancies. Growing evidence indicates that cancer stem cells
(CSCs) are implicated in tumor recurrence, metastasis, and cancer therapy resistance in colorectal
cancer (CRC); thus, targeting these cells can ameliorate the prognosis of affected patients. Based
on our bioinformatics results, SOX2 overexpression is significantly associated with inferior disease-
specific survival and worsened the progression-free interval of CRC patients. Our results demonstrate
that zinc phthalocyanine (ZnPc)-PDT with 12 J/cm2 or 24 J/cm2 irradiation can substantially decrease
tumor migration via downregulating MMP9 and ROCK1 and inhibit the clonogenicity of SW480
cells via downregulating CD44 and SOX2. Despite inhibiting clonogenicity, ZnPc-PDT with 12 J/cm2

irradiation fails to downregulate CD44 expression in SW480 cells. Our results indicate that ZnPc-PDT
with 12 J/cm2 or 24 J/cm2 irradiation can substantially reduce the cell viability of SW480 cells and
stimulate autophagy in the tumoral cells. Moreover, our results show that ZnPc-PDT with 12 J/cm2

or 24 J/cm2 irradiation can substantially arrest the cell cycle at the sub-G1 level, stimulate the intrinsic
apoptosis pathway via upregulating caspase-3 and caspase-9 and downregulating Bcl-2. Indeed, our
bioinformatics results show considerable interactions between the studied CSC-related genes with
the studied migration- and apoptosis-related genes. Collectively, the current study highlights the
potential role of ZnPc-PDT in inhibiting stemness and CRC development, which can ameliorate the
prognosis of CRC patients.

Keywords: photodynamic therapy; zinc phthalocyanine; cancer stem cell; colorectal cancer; stemness;
prognosis; metastasis

1. Introduction

CRC is among the most commonly diagnosed malignancies in males and females
worldwide [1]. Despite remarkable advances in treating CRC patients, the 5-year survival
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rate of CRC patients with metastatic and resistant tumors is lower than 5% [2]. Despite
the emergence of chemo/radioresistance, the side effects of these approaches are not
negligible [3,4]. Therefore, there is a need to develop a treatment for CRC patients with
desirable response rates and favorable side effects.

PDT is a light-based approach that can be applied to the ablation of tumors. Following
the application of a photosensitizer (PS) and visible light irradiation, the photodynamic reac-
tion (PDR) can generate reactive oxygen species (ROS), which leads to tumor ablation [5–7].
One of the main advantages of this approach over conventional treatments is its minimal
damage to non-tumoral cells. Indeed, PS tends to be concentrated in the tumoral cells;
therefore, this approach does not lead to the side effects seen in conventional cancer ther-
apies. Another advantage of this approach is its minimally invasive nature, which can
be reflected in the reduced mortality rates of patients. Although the high efficacy and
fewer side effects of this approach have paved the way for its translation into the clinics for
treating various cancers, the resistance to PDT is still a challenge for treating CRC [8].

As a small population of tumoral cells, cancer stem cells (CSCs) have been implicated
in developing therapy resistance [9,10]. Indeed, their self-renewal and stemness features
are the main culprits in tumor recurrence and therapy resistance [11]. In addition, they can
stimulate the epithelial-to-mesenchymal transition (EMT), which is associated with tumor
migration [12,13]. Therefore, it is critical to identify and target CSCs to increase the response
rate of PDT [14,15]. In this regard, metal phthalocyanines, e.g., zinc phthalocyanine (ZnPc),
have been widely used as effective PS because of their high stability, low dark toxicity,
high ROS production, and high optical toxicity capability [16–18]. Thus, it is critical to
investigate the effect of ZnPc-PDT on the stemness feature of CRC cells and study its effect
on CRC development.

With a focus on CSCs, the current study aims to investigate the effect of ZnPc-PDT on
the proliferation, apoptosis, autophagy, cell cycle, stemness, and migration of SW480 cells.
Our results can pave the way for addressing the current daunting challenges in treating
CRC.

2. Results
2.1. The Significance of CD44 and SOX2 in CRC Patients

Although there is a trend between CD44 overexpression and the poor disease-free
interval of CRC patients, this trend is not statistically significant (p = 0.2909) (Figure 1A).
Moreover, the elevated expression of SOX2 is significantly associated with the inferior
disease-specific survival and progression-free interval of CRC patients (p = 0.004080, and
p = 0.04581, respectively) (Figure 1B, and Figure 1C, respectively). Therefore, our in silico
results indicate that the increased expression of SOX2, as a stem cell marker, is substantially
associated with the poor prognosis of CRC patients.
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Figure 1. The prognostic value of CD44 and SOX2. (A) Although there is a trend between the increased expression of CD44 
and the inferior disease-free interval of CRC patients, this trend is not statistically significant (p = 0.2909). (B) The increased 
expression of SOX2 is significantly associated with the poor disease-specific survival of CRC patients (p = 0.004080). (C) 
The increased expression of SOX2 is significantly associated with worsened progression-free interval of CRC patients (p = 
0.04581). 

2.2. The Effect of ZnPc-PDT on the Cell Viability of SW480 Cells 
We studied the cytotoxicity effect of ZnPc-PDT on SW480 cells by measuring their 

cell viability after incubation with different concentrations of ZnPc (0.00017–8.651 μM) 
and light doses, i.e., 12 J/cm2 and 24 J/cm2. Our results show that administrating different 
doses of ZnPc and DMSO do not lead to the cytotoxic effect on SW480 cells compared to 
the control group (p > 0.05) (Figure 2A). In addition, 12 J/cm2 and 24 J/cm2 irradiations do 
not have any significant cytotoxic effects on SW480 cells compared to the control group (p 
> 0.05) (Figure 2B). However, the combination of ZnPC with irradiation significantly 
reduces the cell viability of SW480 cells (p < 0.0001) (Figure 2C,D). IC50 values of the ZnPc-
PDT were calculated at 24 h after ZnPc-PDT by an MTT assay and a nonlinear regression. 
Moreover, the 24 J/cm2 irradiation is associated with a more pronounced cytotoxic effect 
than the dose of 12 J/cm2 following ZnPC treatment (Table 1). 

Figure 1. The prognostic value of CD44 and SOX2. (A) Although there is a trend between the increased expression of
CD44 and the inferior disease-free interval of CRC patients, this trend is not statistically significant (p = 0.2909). (B) The
increased expression of SOX2 is significantly associated with the poor disease-specific survival of CRC patients (p = 0.004080).
(C) The increased expression of SOX2 is significantly associated with worsened progression-free interval of CRC patients
(p = 0.04581).

2.2. The Effect of ZnPc-PDT on the Cell Viability of SW480 Cells

We studied the cytotoxicity effect of ZnPc-PDT on SW480 cells by measuring their cell
viability after incubation with different concentrations of ZnPc (0.00017–8.651 µM) and light
doses, i.e., 12 J/cm2 and 24 J/cm2. Our results show that administrating different doses of
ZnPc and DMSO do not lead to the cytotoxic effect on SW480 cells compared to the control
group (p > 0.05) (Figure 2A). In addition, 12 J/cm2 and 24 J/cm2 irradiations do not have
any significant cytotoxic effects on SW480 cells compared to the control group (p > 0.05)
(Figure 2B). However, the combination of ZnPC with irradiation significantly reduces the
cell viability of SW480 cells (p < 0.0001) (Figure 2C,D). IC50 values of the ZnPc-PDT were
calculated at 24 h after ZnPc-PDT by an MTT assay and a nonlinear regression. Moreover,
the 24 J/cm2 irradiation is associated with a more pronounced cytotoxic effect than the
dose of 12 J/cm2 following ZnPC treatment (Table 1).

Table 1. IC50 values of ZnPc-PDT in different doses of the light dose.

Light Dose (J/cm2) IC50 Values (µM)

12 J/cm2 0.628 ± 0.01
24 J/cm2 0.145 ± 0.01
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Figure 2. The cytotoxic effects of ZnPc, DMSO, light dose, and ZnPc-PDT were determined at 24 h 
after treatments by MTT assay and nonlinear regression on SW480 cells. (A) The percentage of cell 
viability in the presence of different concentrations of ZnPc and DMSO (without irradiation). (B) 
The percentage of cell viability after different irradiations of light dose (without ZnPc; 12 and 24 
J/cm2 irradiation). (C) The percentage of cell viability after ZnPc-PDT with 12 J/cm2 irradiation. (D) 
The percentage of cell viability following ZnPc-PDT with 24 J/cm2 irradiation. The results are 
expressed as mean ± SD (n = 3); **** p < 0.0001 versus control. 
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2.3. The Effect of ZnPc-PDT on the Cell Cycle of SW480 
Our results demonstrate that the ZnPc-PDT with 12 J/cm2 irradiation can significantly 

arrest the cell cycle of SW480 cells at the subG1 level compared to the control (Figure 3A) 
group (p < 0.0001) (Figure 3B,D). Our results show that ZnPc-PDT with 24 J/cm2 irradiation 
can also significantly arrest the cell cycle of SW480 cells at the subG1 level compared to 
the control (Figure 3A) group (p < 0.0001) (Figure 3C,D). 

Figure 2. The cytotoxic effects of ZnPc, DMSO, light dose, and ZnPc-PDT were determined at 24 h
after treatments by MTT assay and nonlinear regression on SW480 cells. (A) The percentage of cell
viability in the presence of different concentrations of ZnPc and DMSO (without irradiation). (B) The
percentage of cell viability after different irradiations of light dose (without ZnPc; 12 and 24 J/cm2

irradiation). (C) The percentage of cell viability after ZnPc-PDT with 12 J/cm2 irradiation. (D) The
percentage of cell viability following ZnPc-PDT with 24 J/cm2 irradiation. The results are expressed
as mean ± SD (n = 3); **** p < 0.0001 versus control.

2.3. The Effect of ZnPc-PDT on the Cell Cycle of SW480

Our results demonstrate that the ZnPc-PDT with 12 J/cm2 irradiation can significantly
arrest the cell cycle of SW480 cells at the subG1 level compared to the control (Figure 3A)
group (p < 0.0001) (Figure 3B,D). Our results show that ZnPc-PDT with 24 J/cm2 irradiation
can also significantly arrest the cell cycle of SW480 cells at the subG1 level compared to the
control (Figure 3A) group (p < 0.0001) (Figure 3C,D).

2.4. The Effect of ZnPc-PDT on the Autophagy of SW480 Cells

Our results show that ZnPc-PDT with 12 J/cm2 irradiation can significantly stimulate
autophagy compared to the control (Figure 4A) group (p < 0.0001) (Figure 4B,D). In addition,
ZnPc-PDT with 24 J/cm2 irradiation can significantly stimulate autophagy in the SW480
cells compared to the control (Figure 4A) group (p < 0.0001) (Figure 4C,D).
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with 12 J/cm2 irradiation; (C) cells were treated with ZnPc-PDT with 24 J/cm2 irradiation; (D) the 
results are represented as mean ± SD (n = 3); **** p < 0.0001 compared with control cells. 
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12 J/cm2 irradiation; (C) cells were treated with ZnPc-PDT with 24 J/cm2 irradiation; (D) the results
are represented as mean ± SD (n = 3); **** p < 0.0001 compared with control cells.
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Figure 4. The percentage of autophagic cells following ZnPc-PDT; (A) control cells; (B) cells were
treated with 12 J/cm2; (C) cells were treated with 24 J/cm2; (D) the results are expressed as mean ±
SD (n = 3); **** p < 0.0001 compared with control group.
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2.5. The Effect of ZnPc-PDT on Apoptosis/Necrosis

As shown in Figure 5A, ZnPc-PDT with 12 J/cm2 or 24 J/cm2 irradiation can sig-
nificantly increase the apoptosis of SW480 cells compared to the control group (both
p < 0.0001). In line with this, the results of DAPI staining also show increased cellular death
following ZnPc-PDT with 12 J/cm2 or 24 J/cm2 irradiation (Figure 5B). Our results show
that ZnPc-PDT with 12 J/cm2 irradiation can significantly upregulate the expression of
caspase-9 compared to the control group (p < 0.001) (Figure 5C). Furthermore, ZnPc-PDT
with 24 J/cm2 irradiation can significantly increase caspase-9 expression compared to the
control group (p < 0.0001) (Figure 5C). Our results indicate that ZnPc-PDT with 12 J/cm2

or 24 J/cm2 irradiation can significantly upregulate the expression of caspase-3 and down-
regulate Bcl-2 compared to the control group (all p < 0.0001) (Figure 5C). However, these
therapies do not significantly alter the expression of caspase-8 compared to the control
group (both p > 0.05) (Figure 5C).
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2.6. The Effect of ZnPc-PDT on the Stemness Features of SW480 Cells

We also studied the effect of ZnPc-PDT on the stemness features of SW480 cells via
performing the colony-formation assay and investigating two crucial CSC markers, i.e.,
SOX2 and CD44. Our results show that ZnPc-PDT with 12 J/cm2 or 24 J/cm2 irradiation
can substantially decrease the clonogenicity of SW480 cells (Figure 6A). Although ZnPc-
PDT with 12 J/cm2 irradiation cannot significantly decrease CD44 expression compared
to the control group, ZnPc-PDT with 24 J/cm2 irradiation significantly downregulate the
expression of CD44 compared to the control group (p > 0.05, and p < 0.0001, respectively)
(Figure 6B). Moreover, ZnPc-PDT with 12 J/cm2 or 24 J/cm2 irradiation can significantly
downregulate SOX2 expression compared to the control group (both p < 0.0001) (Figure 6B).
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SOX2, and Bcl-2. Besides the remarkable gene interactions between caspase-8, caspase-9, 
caspase-3, and Bcl-2, these apoptotic-related genes have considerable interactions with the 
studied stemness-related genes, i.e., SOX2 and CD44, and the studied migration-related 
genes, i.e., MMP9 and ROCK1 (Figure 8). 

Figure 6. The stemness features of SW480 cells were evaluated after ZnPc-PDT. (A) The clonogenicity of tumoral cells was
studied 24 h after ZnPc-PDT; (a) control cells; (b) cells were treated with 12 J/cm2 and (c) cells were treated with 24 J/cm2;
(B) the effects of ZnPc-PDT on the expression levels of CD44 and SOX2 were studied in SW480 cells at 24 h after ZnPc-PDT;
results are means ± SD of three independent investigations and **** p < 0.0001 versus control.

2.7. The Effect of ZnPc-PDT on the Migration of SW480 Cells

As shown in Figure 7A, ZnPc-PDT with 12 J/cm2 or 24 J/cm2 irradiation can signif-
icantly downregulate MMP9 expression of SW480 cells compared to the control group
(p < 0.001, and p < 0.0001, respectively). Moreover, our results indicate that ZnPc-PDT with
12 J/cm2 or 24 J/cm2 irradiation can significantly downregulate the ROCK1 expression of
SW480 cells compared to the control group (both p < 0.0001) (Figure 7A). Consistent with
these results, ZnPc-PDT with 12 J/cm2 or 24 J/cm2 irradiation substantially decreases the
migration of SW480 cells compared to the control group (Figure 7B).
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2.8. The Interactions between the Studied Genes

Our results show a remarkable co-expression network between MMP9 and CD44,
SOX2, and Bcl-2. Besides the remarkable gene interactions between caspase-8, caspase-9,
caspase-3, and Bcl-2, these apoptotic-related genes have considerable interactions with the
studied stemness-related genes, i.e., SOX2 and CD44, and the studied migration-related
genes, i.e., MMP9 and ROCK1 (Figure 8).
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3. Discussion

Although there have been remarkable advances in CRC treatment, tumor recurrence
and metastasis are still daunting challenges. CSCs have been implicated in tumor recur-
rence, metastasis, cancer therapy resistance; therefore, targeting this unique population
of tumor cells can pave the way for developing novel therapies for CRC patients. Our
results indicate that ZnPc-PDT can substantially downregulate the expression of SOX2 and
CD44, as crucial CSC markers, in SW480 cells. Besides inhibiting CSCs and clonogenicity
of SW480 cells, ZnPc-PDT can remarkably decrease the migration of CRC cells, stimulate
autophagy, arrest tumoral cells at the sub-G1 level, and activate the apoptosis of SW480
cells. Thus, ZnPc-PDT can substantially inhibit the stemness and development of CRC cells
and might be a promising treatment approach for CRC.

CD44 is a glycoprotein that is substantially upregulated in CSCs. The interaction
between CD44 and its primary ligand, i.e., hyaluronic acid, has been implicated in tumor
migration, proliferation, and tumor clonogenicity [10,12,19]. Cho et al. have reported
that CD44 can activate the EMT and stimulate the PI3K/Akt pathway in SW480 cells [20].
Moreover, Park et al. have demonstrated that CD44 knockdown can downregulate the
expression of Bcl-2 and upregulate the expression of cleaved caspase-3, caspase-8, and
caspase-9 in colorectal cancer cells [21]. Wang et al. have shown that CD44 overexpression is
significantly associated with lymph node metastasis and the inferior overall survival of CRC
patients [22]. Although our results demonstrate that the CD44 overexpression is associated
with inferior disease-free interval, this was not statistically significant. Of interest, we
have found that ZnPc-PDT with 24 J/cm2 irradiation can substantially downregulate CD44
expression and inhibit the clonogenicity of CRC cells.

SOX2, as a member of the SOX family, is an essential transcription factor that can
maintain the pluripotency of stem cells in CRC [23]. Zheng et al. have shown that the
knockdown of SOX2 can substantially inhibit the Rho-ROCK signaling pathway, resulting
in reduced tumor invasion, inhibited clonogenicity, and a decreased stemness of CRC
cells [24]. Han et al. have indicated that SOX2 silencing can inhibit the WNT pathway, and
SOX2 overexpression can maintain the EMT process in CRC cells. They have shown that
SOX2 overexpression is significantly associated with advanced tumor stage and liver metas-
tasis [25]. Furthermore, Zhang et al. have indicated that SOX2 overexpression can lead to
metastasis, resistance to apoptosis, chemoresistance, altered autophagy, and proliferation
in tumoral cells [26]. A recent meta-analysis has shown that SOX2 overexpression is signifi-
cantly associated with inferior overall survival, distant metastasis, poor differentiation, and
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advanced tumor stage in patients with CRC [27]. Consistent with these, our results have
indicated that SOX2 overexpression is significantly associated with poor disease-specific
survival and inferior progression-free interval. Of interest, our results demonstrate that
ZnPc-PDT with 12 J/cm2 or 24 J/cm2 irradiation can substantially downregulate SOX2
expression and inhibit the clonogenicity of CRC cells. Moreover, ZnPc-PDT with 12 J/cm2

irradiation is associated with a more pronounced downregulation of SOX2 expression in
CRC cells.

As mentioned above, ZnPc is among the effective PS with low side effects for PDT.
Doustvandi et al. have reported that ZnPc-PDT can substantially decrease the cell viability
of tumoral cells [16]. In addition, it has been shown that ZnPc-PDT can remarkably
stimulate the autophagy of tumoral cells and reduce their cell viability [17]. In CRC cells,
Sekhejane et al. have reported that sulfonated ZnPC can predominantly localize in the
lysosomes of tumoral cells and increase ROS generation, decreasing the cell viability of
CRC cells [28]. In MCF-7 cells, ZnPc-PDT has also remarkably decreased the cell viability
of tumoral cells and decreased tumor weight in mice bearing tumors [29]. In addition,
ZnPc-PDT has considerably decreased the growth of A-431 cells and decreased tumor
volume in animal models [30]. Consistent with these, our results show that ZnPc-PDT
with 12 J/cm2 or 24 J/cm2 irradiation can result in a dose-dependent decrease in the cell
viability of tumoral cells and stimulate autophagy in SW480 cells.

Schmidt et al. have shown that ZnPc-PDT can lead to a dose-dependent decrease in tu-
mor proliferation, cell cycle arrest at the sub-G1 level, and the stimulation of mitochondria-
driven apoptosis pathway in tumoral cells. Indeed, there is a substantial upregulation
of caspase-3 and remarkable downregulation of Bcl-2 following ZnPc-PDT in tumoral
cells [31]. Xue et al. have demonstrated that nanoparticles loaded with ZnPc can con-
siderably stimulate apoptosis in colorectal cancer cells. Furthermore, its intravenous
administration has led to selective accumulation of ZnPc in the tumoral cells in mice bear-
ing colorectal cancer cells, which is attributable to the conjugation of specific peptides in
the utilized nanoparticles [32]. In osteosarcoma, Yu et al. have reported that ZnPc-PDT can
remarkably downregulate Bcl-2 expression and arrest the cell cycle at the G2/M level [33].
In mice bearing Kyse-140, ZnPc-PDT has been associated with a decreased tumor volume
in affected animal models. Moreover, ZnPc-PDT has increased the activity of caspase-3,
increased apoptosis rate, and inhibited angiogenesis in Kyse-140 cells [34]. Consistent
with these, our results indicate that ZnPc-PDT with 12 J/cm2 or 24 J/cm2 irradiation can
substantially arrest the cell cycle at the sub-G1 level and stimulate the intrinsic apoptosis
pathway via upregulating caspase-9 and caspase-3 and downregulating Bcl-2. Of interest,
our bioinformatics results show that there are considerable interactions between these
apoptosis-related genes with the studied CSC genes, i.e., CD44 and SOX2.

Recently, Yu et al. have reported that nanoparticles loaded with ZnPc with irradia-
tion can substantially inhibit the migration of tumoral cells in vitro, and its intravenous
administration can decrease tumor growth in mice bearing tumors [33]. Doustvandi et al.
have shown that ZnPC-PDT can substantially decrease the migration of tumoral cells and
downregulate the expression of vimentin and MMP9 in tumoral cells [17]. In SMMC-7721
and Huh7 cells, ZnPC-PDT has substantially decreased cell viability, inhibited clonogenic-
ity, stimulated apoptosis, and decreased tumor weight in animal models. Furthermore,
the fabrication of ZnPc/sorafenib in bovine serum albumin has remarkably decreased the
migration of SMMC-7721 and Huh7 cells [35]. Consistent with these, our results demon-
strate that ZnPc-PDT with 12 J/cm2 or 24 J/cm2 irradiation can inhibit the tumor migration
and downregulate the expression of ROCK1 and MMP9 in SW480 cells. Of interest, our
bioinformatics results indicate that there are remarkable interactions between the studied
CSC-related genes, i.e., CD44 and SOX2, with these migration-related genes.
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4. Materials and Methods
4.1. Materials

All materials were obtained from commercial sources and used without further pu-
rification. ZnPc was purchased from Sigma-Aldrich (CAS: 14320-04-8; St. Louis, MO,
USA). Due to the hydrophobic nature of the ZnPc, dimethylsulfoxide (DMSO) was used to
dissolve ZnPc in the RPMI1640 medium [36]. The Structure of ZnPc and UV–vis absorption
spectrum of ZnPc in DMSO was measured by a NanoDrop 2000C spectrophotometer
(Thermo Scientific, Waltham, MA, USA) at room temperature (Figure 9A,B). ZnPc has a
weak absorption peak at 345 nm and a strong absorption peak at 675 nm. To match the
light source wavelength with the maximum absorption of ZnPc, a continuous wave diode
laser (Shenzhen Taiyong Technology, Shenzhen, China) with a wavelength of 675 nm was
used. The cancer cells were imaged by an inverted microscope (Optika, Ponteranica, Italy)
and a live cell imaging system (Citation 5, Biotek, CA, USA). Cell viability was analyzed by
an ELISA reader (Sunrise ELISA Plate Reader, Tecan, Salzberg, Austria). Flow cytometric
analysis was performed using a flow cytometer (MacsQuant Analyser 10, Miltenyi Biotech,
Bergisch Gladbach, Germany). Quantitative real-time PCR (qRT-PCR) analysis was per-
formed with a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA,
USA).
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4.2. Cell Culture

SW480 cells, as human colorectal adenocarcinoma cells, were procured from the
Pasteur Institute of Iran and these cells were cultured in RPMI1640 medium with 10% fetal
bovine serum (FBS) (Gibco, Amarillo, TX, USA) and 1% penicillin/streptomycin (Gibco,
USA). Then, CRC cells were maintained in the incubator at 37 ◦C with 5% CO2 and 95%
humidity. The CRC cells were at the maximum of the logarithmic growth phase, and the
number of passages was three for all assays.

4.3. PDT Treatment
4.3.1. Photosensitizer

The first stock solution of ZnPc (8.651 µM) was prepared using DMSO and RPMI1640.
Then, it was sonicated in a sonicator (bath type, Elma transonic T420, Singen am Ho-
hentwiel, Germany). The final concentration of DMSO in the first stock solution was
maintained at around 2% (v/v) in the RPMI1640 medium. Subsequently, the other con-
centrations were prepared by sequential diluting the first stock solution of ZnPc with the
RPMI1640 medium.



Molecules 2021, 26, 6877 11 of 15

4.3.2. Light Source

A diode Laser (Shenzhen Taiyong Technology, China) with a wavelength of 675 nm
and 80 mW output power and at an irradiance of 407 mW/cm2 was used to irradiate at
different times, (30 and 60 s) the sample SW480 cells. The output power of the laser was
measured by a power meter (PMC-121, ASHA, Iran). Parameters of the used laser are
displayed in Table 2.

Table 2. The parameters of laser used in this study.

Parameter Continuous Wave Laser

Wavelength 675 (nm)

Wave emission Continuous

Beam diameter 5 (mm)

Distance between laser tip and sample 151 (mm)

Output power 80 (mW)

Duration of irradiation 30, 60 (s)

4.3.3. PDT Treatment

For PDT treatment, the SW480 cells were classified into 5 different groups. The first
group received neither ZnPc nor light source (control group). The second group was
incubated only with different (decreasing) concentrations of DMSO (equal to the amount
of DMSO in each concentration of ZnPc) without light source irradiation. The third group
was incubated only with different concentrations of ZnPc (0.00017–8.651 µM) without
light source irradiation. The fourth group received only light source irradiation (12 and
24 J/cm2). The final group, defined as the ZnPc-PDT group, was received both ZnPc
(0.00017–8.651 µM) and light source irradiation (12 and 24 J/cm2).

In this manner, the SW480 cells were incubated by various concentrations of ZnPc
(0.00017–8.651 µM) for 24h. Subsequently, the SW480 cells were washed twice with
phosphate-buffered saline (PBS). Finally, the ZnPc absorbed by the SW480 cells were
excited by a diode laser (675 nm) at two light doses (12 J/cm2 with duration of irradiation
30 s and 24 J/cm2 with duration of irradiation 60 s) in the dark and sterile conditions. The
different tests were carried out 24 h after irradiation with the light source. In all experi-
ments, ZnPc-PDT with 12 J/cm2 and ZnPc-PDT with 24 J/cm2 were separately performed
and studied.

4.4. MTT Assay

In all experiments, SW480 cells were treated like that in the PDT treatment. The MTT
assay was done to study the cytotoxicity effects of ZnPc in the absence of irradiation, ZnPc
in the presence of irradiation, and light source alone on CRC cells. Briefly, the SW480 cells
were seeded and incubated overnight. Following administration of two different doses of
ZnPc-PDT, the viability of SW480 cells was determined by tetrazolium salt. In this method,
24 h after ZnPc-PDT, the SW480 cells were treated with an MTT solution (2 mg/mL), and
after 4 h, 200 µL of DMSO was added to each well. Eventually, the optical density (OD) of
each well was analyzed by an ELISA reader at 570 nm.

4.5. Flow Cytometry of Cell Cycle

After ZnPc-PDT, the cell cycle of SW480 cells was investigated by flow cytometry.
Following ZnPc-PDT, a flow cytometry analysis of propidium-iodide (PI) staining was
carried out; resuspended SW480 cells were fixed with 75% ethanol at 4 ◦C for 24 h. Then,
the SW480 cells were treated with RNase A (Carl Roth, Karlsruhe, Germany) for 30 min at
37 ◦C. Finally, the SW480 cells were stained by a PI staining solution (0.01% Triton X-100
and 0.01% PI). After 10 min in a dark room at around 20–22 ◦C, the cell cycle of SW480 cells
was investigated.
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4.6. Flow Cytometry Analysis of Autophagic Cells

Autophagic vacuoles were detected using monodansylcadaverine as a fluorescent
marker (MDC, Sigma Aldrich, Darmstadt, Germany). Following 24 h after ZnPc-PDT,
the SW480 cells were incubated with 50 µM MDC at 37 ◦C for 10 min. Then, the MDC
was removed, and SW480 cells were washed with PBS. Finally, autophagic cells were
investigated immediately using a flow cytometer.

4.7. Apoptosis Assays
4.7.1. Flow Cytometry Analysis for Necrotic/Apoptotic Cells

The percentage of necrotic/apoptotic cells was investigated by a flow cytometer.
Following ZnPc-PDT, the SW480 cells were resuspended and stained by an ApoFlowEx®

FITC Kit (EXBIO, Vestec, Czech Republic). Then, 5 µL of annexin-V-FITC, 5 µL of PI, and
190 µL of binding buffer were added to each sample. After 10 min at room temperature in
a dark room, the percentage of apoptotic/necrotic cells was studied by flow cytometry.

4.7.2. Nuclear Staining

The nuclear morphology changes were also studied using a live cell imaging system.
After 24 h of administration of ZnPc-PDT, the SW480 cells were slowly washed with PBS.
Then, tumoral cells were fixed with paraformaldehyde (4%) for 15 min. Next, these cells
were washed thrice with PBS and treated with Triton X-100 (0.1%) for around 15 min. After
another wash, SW480 cells were incubated with DAPI (0.1%) for 15 min in dark conditions.
Subsequently, these cells were washed, and nuclear morphology changes were studied.

4.8. Colony Formation Assay

For this experiment, 1500 cells per well were seeded in 12-well plates. They were
incubated to grow for several days in the incubator (37 ◦C, 5% CO2, and 95% humidity)
until small colonies (about 50 cells per colony) could be seen. Then, the SW480 cells were
treated and incubated for one week in the incubator. Subsequently, the SW480 colonies
were incubated with crystal violet staining solution, and the number of colonies in each
well was compared to the control group.

4.9. Migration Assay

The SW480 cells were scratched by a sterile yellow pipette tip to study the effect of
ZnPc-PDT on their migration. At several times, i.e., 0 h, 12 h, and 24 h, the SW480 cells
were photographed using an inverted microscope, and their migration was studied.

4.10. Quantitative Real-Time PCR (qRT-PCR) Analysis

Twenty-four hours after treatments, the total RNA extraction was performed using
RiboEx LS RNA (GeneAll Biotech, Seoul, Korea). Then, the cDNA of samples was obtained
from RNAs using the cDNA synthesis kit (BioFact, Daejeon, Korea) to measure the expres-
sion of target mRNAs. Then, the qRT-PCR was performed with a standard SYBR Green
PCR master mix (BioFact, Daejeon, Korea) protocol in the StepOnePlus real-time PCR. The
GAPDH gene was used as a reference gene for SOX-2, CD44, ROCK1, MMP9, caspase-9,
-8, -3, and Bcl-2 genes. The primer sequences used in this study are shown in Table 3. The
relative expression levels of target genes were normalized to internal controls using the
2−∆∆Ct cycle threshold method.
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Table 3. Primers sequences.

Primer Name Primer Sequence

GAPDH
Forward: 5′ CCTCGTCCCGTAGACAAAA 3′

Reverse: 5′ AATCTCCACTTTGCCACTG 3′

Bcl2
Forward: 5′ CCTGTGGATGACTGAGTACC 3′

Reverse: 5′ GAGACAGCCAGGAGAAATCA 3′

Caspase-9 Forward: 5′ CCGGAATCCTGCTTGGGTATC 3′

Reverse: 5′ CATCGGTGCATTTGGCATGTA 3′

Caspase-8 Forward: 5′ GGTCTGAAGGCTGGTTGTTC 3′

Reverse: 5′ AATCTCAATATTCCCAAGGTTCAAG 3′

Caspase-3 Forward: 5′ TGTCATCTCGCTCTGGTACG 3′

Reverse: 5′ AAATGACCCCTTCATCACCA 3′

MMP9
Forward: 5′ GGTTCTTCTGCGCTACTGCTG 3′

Reverse: 5′ GTCGTAGGGCTGCTGGAAGG 3′

ROCK1
Forward: 5′ AATCGTGTGGGATGCTACCT 3′

Reverse: 5′ AAAACCCTCAGTGTGTTGTGC 3′

CD44
Forward: 5′ CTGCCGCTTTGCAGGTGTA 3′

Reverse: 5′ CATTGTGGGCAAGGTGCTATT 3′

SOX2
Forward: 5′ACATGTGAGGGCCGGACAGC 3′

Reverse: 5′TTGCGTGAGTGTGGATGGGATTGG 3′

4.11. In Silico Study

To better understand the impact of CD44 and SOX2 on clinical features of CRC
patients, their expression levels in primary tumors, normal tissues, metastatic tumors,
and recurrent tumors were extracted from the TCGA using the UCSC Cancer Browser
(https://xenabrowser.net/; accessed on 14 May 2021). Furthermore, the prognostic values
of CD44 and SOX2 in patients with CRC were analyzed and demonstrated in Kaplan–
Meier survival curves. Moreover, a co-expression network, consisting of the studied genes,
and their co-expressed genes were constructed by GeneMANIA (https://genemania.org;
accessed on 14 May 2021) to demonstrate the gene interactions.

4.12. Statistical Analysis

In this study, all assays were performed in 3 independent experiments. All results
were presented as the means ± standard deviation (SD) and analyzed using GraphPad
Prism software (Version 6, San Diego, CA, USA). To determine the statistically significant
differences between the means of groups, t-test and one-way ANOVA were performed.
p values < 0.05 were considered statistically significant.

5. Conclusions

CSCs are the main culprits for tumor recurrence, metastasis, and cancer therapy
resistance; thus, there is a pressing need to target this unique population of tumoral
cells. Our results indicate that the elevated expression of SOX2, as a cancer stem cell
marker, is remarkably associated with the inferior disease-specific survival and a worsened
progression-free interval of CRC patients, which can be used to determine the prognosis
of CRC patients in the pathology department as a routine practice. Our study indicated
remarkable interactions between these CSC-related genes with the studied apoptosis-
related genes, i.e., caspase-9, caspase-3, and Bcl-2, and studied migration-related genes, i.e.,
MMP9 and ROCK1. The current study shows that ZnPc-PDT with 12 J/cm2 or 24 J/cm2

irradiation can substantially decrease the cell viability of tumoral cells and stimulate
autophagy in SW480 cells. In addition, our results show that ZnPc-PDT with 12 J/cm2 or
24 J/cm2 irradiation can remarkably arrest the cell cycle at the sub-G1 level, stimulate the
intrinsic apoptosis pathway via upregulating caspase-3 and caspase-9 and downregulating

https://xenabrowser.net/
https://genemania.org
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Bcl-2, inhibit the migration of tumoral cells via downregulating ROCK1 and MMP9, and
decrease the stemness and clonogenicity of SW480 cells via downregulating CD44 and
SOX2. Despite inhibiting clonogenicity, ZnPc-PDT with 12 J/cm2 irradiation has failed to
decrease CD44 expression in SW480 cells. Overall, this approach might address the current
challenges in treating CRC.

Author Contributions: M.G., the first author of the manuscript, performed the experiment and wrote
the initial version of the manuscript. M.A.D. and F.M. contributed to the cellular and molecular
assays, analyzed the data, formal analysis and revised the manuscript. M.A.S., H.T., O.B. and A.A.
helped with the data categorization, interpreted the results and critically reviewed the manuscript.
B.B. and N.S., the corresponding authors of the manuscript, provided the financial support for the
work, supervised the project, and revised the main text of the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Apulian Regional Project “Medicina di Precisione” to N.S.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that there is no conflict of interest.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Mulsow, J.; Merkel, S.; Agaimy, A.; Hohenberger, W. Outcomes following surgery for colorectal cancer with synchronous

peritoneal metastases. Br. J. Surg. 2011, 98, 1785–1791. [CrossRef] [PubMed]
3. Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA Cancer J. Clin. 2011, 61, 134. [CrossRef]
4. Mornex, F.; Girard, N.; Beziat, C.; Kubas, A.; Khodri, M.; Trepo, C.; Merle, P. Feasibility and efficacy of high-dose three-

dimensional-conformal radiotherapy in cirrhotic patients with small-size hepatocellular carcinoma non-eligible for curative
therapies—mature results of the French Phase II RTF-1 trial. Int. J. Radiat. Oncol. Biol. Phys. 2006, 66, 1152–1158. [CrossRef]

5. Dolmans, D.E.; Fukumura, D.; Jain, R.K. Photodynamic therapy for cancer. Nat. Rev. 2003, 3, 380–387. [CrossRef]
6. Dougherty, T.J.; Gomer, C.J.; Henderson, B.W.; Jori, G.; Kessel, D.; Korbelik, M.; Moan, J.; Peng, Q. Photodynamic therapy. J. Natl.

Cancer Inst. 1998, 90, 889–905. [CrossRef] [PubMed]
7. Zhou, Z.; Song, J.; Nie, L.; Chen, X. Reactive oxygen species generating systems meeting challenges of photodynamic cancer

therapy. Chem. Soc. Rev. 2016, 45, 6597–6626. [CrossRef]
8. Hodgkinson, N.; Kruger, C.A.; Abrahamse, H. Targeted photodynamic therapy as potential treatment modality for the eradication

of colon cancer and colon cancer stem cells. Tumor Biol. 2017, 39, 1010428317734691. [CrossRef] [PubMed]
9. Vahidian, F.; Safarzadeh, E.; Mohammadi, A.; Najjary, S.; Mansoori, B.; Majidi, J.; Babaloo, Z.; Aghanejad, A.; Shadbad, M.A.;

Mokhtarzadeh, A.; et al. siRNA-mediated silencing of CD44 delivered by Jet Pei enhanced Doxorubicin chemo sensitivity and
altered miRNA expression in human breast cancer cell line (MDA-MB468). Mol. Biol. Rep. 2020, 47, 9541–9551. [CrossRef]

10. Yaghobi, Z.; Movassaghpour, A.; Talebi, M.; Shadbad, M.A.; Hajiasgharzadeh, K.; Pourvahdani, S.; Baradaran, B. The role of
CD44 in cancer chemoresistance: A concise review. Eur. J. Pharmacol. 2021, 903, 174147. [CrossRef]

11. Najafzadeh, B.; Asadzadeh, Z.; Motafakker, A.R.; Mokhtarzadeh, A.; Baghbanzadeh, A.; Alemohammad, H.; Abdoli, S.M.;
Vasefifar, P.; Najafi, S.; Baradaran, B. The oncogenic potential of NANOG: An important cancer induction mediator. J. Cell. Physiol.
2021, 236, 2443–2458.

12. Derakhshani, A.; Rostami, Z.; Safarpour, H.; Shadbad, M.A.; Nourbakhsh, N.S.; Argentiero, A.; Taefehshokr, S.; Tabrizi, N.J.;
Kooshkaki, O.; Astamal, R.V.; et al. From Oncogenic Signaling Pathways to Single-Cell Sequencing of Immune Cells: Changing
the Landscape of Cancer Immunotherapy. Molecules 2021, 26, 2278. [CrossRef]

13. Wahab, S.R.; Islam, F.; Gopalan, V.; Lam, A.K. The identifications and clinical implications of cancer stem cells in colorectal cancer.
Clin. Colorectal Cancer. 2017, 16, 93–102. [CrossRef]

14. Lundberg, I.V.; Edin, S.; Eklöf, V.; Öberg, Å.; Palmqvist, R.; Wikberg, M.L. SOX2 expression is associated with a cancer stem cell
state and down-regulation of CDX2 in colorectal cancer. BMC Cancer. 2016, 16, 1–11. [CrossRef] [PubMed]

15. Novak, D.; Hüser, L.; Elton, J.J.; Umansky, V.; Altevogt, P.; Utikal, J. SOX2 in development and cancer biology. Sem. Cancer Biol.
2020, 67, 74–82. [CrossRef]

16. Doustvandi, M.A.; Mohammadnejad, F.; Mansoori, B.; Mohammadi, A.; Navaeipour, F.; Baradaran, B.; Tajalli, H. The interaction
between the light source dose and caspase-dependent and-independent apoptosis in human SK-MEL-3 skin cancer cells following
photodynamic therapy with zinc phthalocyanine: A comparative study. J. Photochem. Photobiol. B. Biol. 2017, 176, 62–68. [CrossRef]

17. Doustvandi, M.A.; Mohammadnejad, F.; Mansoori, B.; Tajalli, H.; Mohammadi, A.; Mokhtarzadeh, A.; Baghbani, E.; Khaze, V.;
Hajiasgharzadeh, K.; Moghaddam, M.M.; et al. Photodynamic therapy using zinc phthalocyanine with low dose of diode laser
combined with doxorubicin is a synergistic combination therapy for human SK-MEL-3 melanoma cells. Photodiagnosis Photodyn.
Ther. 2019, 28, 88–97. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1002/bjs.7653
http://www.ncbi.nlm.nih.gov/pubmed/22034185
http://doi.org/10.3322/caac.20107
http://doi.org/10.1016/j.ijrobp.2006.06.015
http://doi.org/10.1038/nrc1071
http://doi.org/10.1093/jnci/90.12.889
http://www.ncbi.nlm.nih.gov/pubmed/9637138
http://doi.org/10.1039/C6CS00271D
http://doi.org/10.1177/1010428317734691
http://www.ncbi.nlm.nih.gov/pubmed/28990490
http://doi.org/10.1007/s11033-020-05952-z
http://doi.org/10.1016/j.ejphar.2021.174147
http://doi.org/10.3390/molecules26082278
http://doi.org/10.1016/j.clcc.2017.01.011
http://doi.org/10.1186/s12885-016-2509-5
http://www.ncbi.nlm.nih.gov/pubmed/27411517
http://doi.org/10.1016/j.semcancer.2019.08.007
http://doi.org/10.1016/j.jphotobiol.2017.09.020
http://doi.org/10.1016/j.pdpdt.2019.08.027
http://www.ncbi.nlm.nih.gov/pubmed/31454716


Molecules 2021, 26, 6877 15 of 15

18. Liu, X.; Zeng, X.; Liu, W.; Lu, Y.; Cheng, J.; Chen, Y. Targeting cancer stem cells as therapeutic approach in the treatment of
colorectal cancer. Int. J. Biochem. 2019, 110, 75–83.

19. Lotfinejad, P.; Kazemi, T.; Safaei, S.; Amini, M.; Baghbani, E.; Shotorbani, S.S.; Niaragh, F.J.; Derakhshani, A.; Shadbad, M.A.;
Silvestris, N.; et al. PD-L1 silencing inhibits triple-negative breast cancer development and upregulates T-cell-induced pro-
inflammatory cytokines. Biomed. Pharmacother. 2021, 138, 111436. [CrossRef] [PubMed]

20. Cho, S.H.; Park, Y.S.; Kim, H.J.; Kim, C.H.; Lim, S.W.; Huh, J.W.; Lee, J.H.; Kim, H.R. CD44 enhances the epithelial-mesenchymal
transition in association with colon cancer invasion. Int. J. Oncol. 2012, 41, 211–218.

21. Park, Y.S.; Huh, J.W.; Lee, J.H.; Kim, H.R. shRNA against CD44 inhibits cell proliferation, invasion and migration, and promotes
apoptosis of colon carcinoma cells. Oncol. Rep. 2012, 27, 339–346. [PubMed]

22. Wang, Z.; Tang, Y.; Xie, L.; Huang, A.; Xue, C.; Gu, Z.; Wang, K.; Zong, S. The prognostic and clinical value of CD44 in colorectal
cancer: A meta-analysis. Front. Oncol. 2019, 9, 309. [CrossRef] [PubMed]

23. Takeda, K.; Mizushima, T.; Yokoyama, Y.; Hirose, H.; Wu, X.; Qian, Y.; Ikehata, K.; Miyoshi, N.; Takahashi, H.; Haraguchi, N.; et al.
Sox2 is associated with cancer stem-like properties in colorectal cancer. Sci. Rep. 2018, 8, 1–9.

24. Zheng, J.; Xu, L.; Pan, Y.; Yu, S.; Wang, H.; Kennedy, D.; Zhang, Y. Sox2 modulates motility and enhances progression of colorectal
cancer via the Rho-ROCK signaling pathway. Oncotarget. 2017, 8, 98635. [CrossRef]

25. Han, X.; Fang, X.; Lou, X.; Hua, D.; Ding, W.; Foltz, G.; Hood, L.; Yuan, Y.; Lin, B. Silencing SOX2 induced mesenchymal-epithelial
transition and its expression predicts liver and lymph node metastasis of CRC patients. PLoS ONE. 2012, 7, e41335. [CrossRef]

26. Zhang, S.; Xiong, X.; Sun, Y. Functional characterization of SOX2 as an anticancer target. Signal. Transduct. Target. Ther. 2020, 5,
1–17. [CrossRef]

27. Zhang, X.H.; Wang, W.; Wang, Y.Q.; Zhu, L.; Ma, L. The association of SOX2 with clinical features and prognosis in colorectal
cancer: A meta-analysis. Pathol. Res. Pract. 2020, 216, 152769. [CrossRef] [PubMed]

28. Sekhejane, P.R.; Houreld, N.N.; Abrahamse, H. Multiorganelle localization of metallated phthalocyanine photosensitizer in
colorectal cancer cells (DLD-1 and CaCo-2) enhances efficacy of photodynamic therapy. Int. J. Photoenergy 2014, 2014, 383027.
[CrossRef]

29. Huang, L.; Wei, G.; Sun, X.; Jiang, Y.; Huang, Z.; Huang, Y.; Shen, Y.; Xu, X.; Liao, Y.; Zhao, C. A tumor-targeted Ganetespib-zinc
phthalocyanine conjugate for synergistic chemo-photodynamic therapy. Eur. J. Med. Chem. 2018, 151, 294–303. [CrossRef]

30. Keyal, U.; Luo, Q.; Bhatta, A.K.; Luan, H.; Zhang, P.; Wu, Q.; Zhang, H.; Liu, P.; Zhang, L.; Wang, P.; et al. Zinc pthalocyanine-
loaded chitosan/mPEG-PLA nanoparticles-mediated photodynamic therapy for the treatment of cutaneous squamous cell
carcinoma. J. Biophotonics 2018, 11, e201800114. [CrossRef]

31. Schmidt, J.; Kuzyniak, W.; Berkholz, J.; Steinemann, G.; Ogbodu, R.; Hoffmann, B.; Nouailles, G.; Gürek, A.G.; Nitzsche, B.;
Höpfner, M. Novel zinc-and silicon-phthalocyanines as photosensitizers for photodynamic therapy of cholangiocarcinoma. Int. J.
Mol. Med. 2018, 42, 534–546.

32. Xue, E.Y.; Wong, R.C.; Wong, C.T.; Fong, W.P.; Ng, D.K. Synthesis and biological evaluation of an epidermal growth factor
receptor-targeted peptide-conjugated phthalocyanine-based photosensitiser. RSC Adv. 2019, 9, 20652–20662. [CrossRef]

33. Yu, W.; Ye, M.; Zhu, J.; Wang, Y.; Liang, C.; Tang, J.; Tao, H.; Shen, Y. Zinc phthalocyanine encapsulated in polymer micelles as a
potent photosensitizer for the photodynamic therapy of osteosarcoma. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 1099–1110.
[CrossRef] [PubMed]

34. Kuzyniak, W.; Schmidt, J.; Glac, W.; Berkholz, J.; Steinemann, G.; Hoffmann, B.; Ermilov, E.A.; Gürek, A.G.; Ahsen, V.; Nitzsche,
B.; et al. Novel zinc phthalocyanine as a promising photosensitizer for photodynamic treatment of esophageal cancer. Int. J.
Oncol. 2017, 50, 953–963. [CrossRef] [PubMed]

35. Yu, X.N.; Deng, Y.; Zhang, G.C.; Liu, J.; Liu, T.T.; Dong, L.; Zhu, C.F.; Shen, X.Z.; Li, Y.H.; Zhu, J.M. Sorafenib-conjugated zinc
phthalocyanine based nanocapsule for trimodal therapy in an orthotopic hepatocellular carcinoma xenograft mouse model. ACS
Appl. Mater. Interfaces 2020, 12, 17193–17206. [CrossRef]

36. Navaeipour, F.; Afsharan, H.; Tajalli, H.; Mollabashi, M.; Ranjbari, F.; Montaseri, A.; Rashidi, M.R. Effects of continuous wave and
fractionated diode laser on human fibroblast cancer and dermal normal cells by zinc phthalocyanine in photodynamic therapy: A
comparative study. J. Photochem. Photobiol. B. Biol. 2016, 161, 456–462. [CrossRef]

http://doi.org/10.1016/j.biopha.2021.111436
http://www.ncbi.nlm.nih.gov/pubmed/33667790
http://www.ncbi.nlm.nih.gov/pubmed/22076607
http://doi.org/10.3389/fonc.2019.00309
http://www.ncbi.nlm.nih.gov/pubmed/31114754
http://doi.org/10.18632/oncotarget.21709
http://doi.org/10.1371/journal.pone.0041335
http://doi.org/10.1038/s41392-020-00242-3
http://doi.org/10.1016/j.prp.2019.152769
http://www.ncbi.nlm.nih.gov/pubmed/31810585
http://doi.org/10.1155/2014/383027
http://doi.org/10.1016/j.ejmech.2018.03.077
http://doi.org/10.1002/jbio.201800114
http://doi.org/10.1039/C9RA03911B
http://doi.org/10.1016/j.nano.2018.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29462663
http://doi.org/10.3892/ijo.2017.3854
http://www.ncbi.nlm.nih.gov/pubmed/28098886
http://doi.org/10.1021/acsami.0c00375
http://doi.org/10.1016/j.jphotobiol.2016.06.017

	Introduction 
	Results 
	The Significance of CD44 and SOX2 in CRC Patients 
	The Effect of ZnPc-PDT on the Cell Viability of SW480 Cells 
	The Effect of ZnPc-PDT on the Cell Cycle of SW480 
	The Effect of ZnPc-PDT on the Autophagy of SW480 Cells 
	The Effect of ZnPc-PDT on Apoptosis/Necrosis 
	The Effect of ZnPc-PDT on the Stemness Features of SW480 Cells 
	The Effect of ZnPc-PDT on the Migration of SW480 Cells 
	The Interactions between the Studied Genes 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Culture 
	PDT Treatment 
	Photosensitizer 
	Light Source 
	PDT Treatment 

	MTT Assay 
	Flow Cytometry of Cell Cycle 
	Flow Cytometry Analysis of Autophagic Cells 
	Apoptosis Assays 
	Flow Cytometry Analysis for Necrotic/Apoptotic Cells 
	Nuclear Staining 

	Colony Formation Assay 
	Migration Assay 
	Quantitative Real-Time PCR (qRT-PCR) Analysis 
	In Silico Study 
	Statistical Analysis 

	Conclusions 
	References

