ANTICANCER RESEARCH 40: 5611-5620 (2020)
doi:10.21873/anticanres.14574

Role of PrPC in Cancer Stem Cell Characteristics
and Drug Resistance in Colon Cancer Cells

GYEONGYUN GO!, CHUL WON YUNZ, YEO MIN YOONZ, JI HO LIMZ?, JUN HEE LEE!3# and SANG HUN LEE!2

!Department of Biochemistry, Soonchunhyang University College of Medicine, Cheonan, Republic of Korea;
°Medical Science Research Institute, Soonchunhyang University Seoul Hospital, Seoul, Republic of Korea;
3College of Science and Technology, Dankook University, Cheonan, Republic of Korea;

Institute of Tissue Regeneration Engineering (ITREN), Dankook University, Cheonan, Republic of Korea

Abstract. Background/Aim: Cancer stem cell characteristics
and drug resistance of colorectal cancer are associated with
failure of cancer treatment. In this study, we investigated the
effects of PrP€ on cancer stem cell characteristics, migration,
invasion, and drug resistance of 5SFU-resistant CRC cells.
Materials and Methods: PrP€ negative and PrP€ positive cells
were isolated from 5FU-resistant CRC cells using magnetic
activated cell sorting. Sphere formation, cancer stem cell marker
expression, migration, invasion, and drug resistance were
analyzed. Results: PrP¢ positive cells showed increased sphere
formation capacity and increased expression of cancer stem cell
markers compared to PrpP€ negative cells. In addition, PrpP€
positive cells showed increased migration, invasion and drug
resistance compared to PrpP€ negative cells. Furthermore,
knockdown of PrPC abolished these effects. Conclusion: PrP¢
expression is important in CRC cell behavior, such as sphere
formation, migration, invasion, and drug resistance. PrP€ is an
important therapeutic target for the treatment of CRC.

In addition to lung cancer, liver cancer and pancreatic cancer,
colorectal cancer (CRC) is one of the leading causes of cancer-
related deaths (1). Although treatments for CRC have been
developed, they are still limited. One of the major limiting
factors in cancer treatment is the existence of cancer stem cells
(CSCs). CSCs is a subpopulation of self-renewing cells that are
responsible for tumor development and therapeutic failure (2,
3). The expression of cancer stem cell markers is also
associated to tumor progression. For example, the expression
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of cancer stem cell markers such as ALDHI1A, Oct4, and
Nanog induces cancer cell stemness, increases metastasis and
inhibits apoptosis of cancer cells (4). Furthermore, drug
resistance of cancer cells is also responsible for CRC treatment
failure. Drug resistance restricts the chemotherapeutic effect
and is associated with improved DNA repair process and drug
efflux pump mechanisms (5, 6). Recent studies have indicated
that molecular-targeted therapies may be effective treatments
for CRC (7-9). Therefore, the discovery of new targets and the
development of novel treatment approaches are essential for
the treatment of CRC.

Cellular prion protein (PrPC) is a glycosylphospha-
tidylinositol-anchored protein that is expressed in nerve and
other tissues, regulating diverse cellular processes such as cell
death, survival, proliferation, and differentiation (10, 11). The
misfolding of PrP€ is associated with neurodegenerative
diseases, such as transmissible spongiform encephalopathy
and prion diseases (12). Accumulating evidence has shown
that PrPC has a significant effect on the functions of cancer
cells such as proliferation, metastasis, and drug resistance in
many types of cancer (13, 14). A recent study has shown that
hypoxia increases the expression of PrPC, which regulates
cancer stem cell markers in CRC cells (15). The correlation
between PrPC expression, cancer cell invasion, and lymph
node metastasis has also been demonstrated in patients with
gastric cancers (16). In addition, the formation of the PrPC/P-
glycoprotein (P-gp) complex is also known to increase drug
resistance of breast cancer cells against paclitaxel (17).
Although many studies have been conducted on the effects of
prions on proliferation, metastasis, and drug resistance of
cancer cells, studies on the effects of PrP€ on cancer stem cell
marker expression, migration, invasion, and drug resistance in
CRC cells are still insufficient.

In this study, the effects of PrPC on cancer stem cell
characteristics, such as formation of spheroids and the
expression of cancer stem cell markers, were examined. In
addition, the effects of prion proteins on migration and invasion,
and drug resistance of CRC cells were also investigated. The
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Figure 1. PrPC is associated with sphere formation capacity of SFU-resistant CRC cells. (A) Quantification of PrPC negative and PrPC positive
cells in 5FU-resistant CRC cells (SNU-C5/5FUR) after cell isolation using MACS (n=3). The values are presented as the mean+SEM. **p<0.01.
(B) Sphere formation assay of PrPC€ negative and PrPC positive SFU-resistant CRC cells. PrPC negative and PrPC positive SFU-resistant CRC
cells were grown in ultra-low attachment plates for 2 weeks. (C) Quantification of the number and diameter of spheres (n=3). The values are

presented as the mean+SEM. **p<0.01.

results demonstrated that PrPC plays a pivotal role in cancer
stem cell characteristics of CRC, as well as migration, invasion,
and drug resistance of CRC cells. Therefore, PrPC could be a
promising therapeutic target for CRC treatment.

Materials and Methods

Culture of human colorectal cancer cell line. The SFU-resistant
human colon cancer cell line SNU-C5/5FUR was obtained from the
Chosun University Research Center for Resistant Cells (Gwangju,
Republic of Korea). The cells were grown in Roswell Park
Memorial Institute 1640 medium (Thermo Fisher Scientific,
Waltham, MA, USA) containing with 10% FBS, L-glutamine, and
antibiotics (Thermo Fisher Scientific) at 37°C in a 5% CO,
humidified incubator.

5612

Isolation of PrPC positive cells using magnetic activated cell sorting
(MACS). The PrP€ positive cells were sorted using manual MACS
(Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s protocol. The SFU-resistant CRC cells were incubated
with the human CD230 (PrP)-Biotin primary antibody (Miltenyi
Biotec). Then, the cells were washed with MACS rinsing solution
containing 5% BSA and attached with anti-Biotin MicroBeads
secondary antibody. The cells were washed with MACS rinsing
solution and sorted with a MACS LS column using a magnetic field.

Spheroid culture. The 5SFU-resistant CRC cells were cultured in
ultra-low attachment six-well plates (Corning, Corning, NY, USA)
for spheroid formation. The SFU-resistant CRC cells were incubated
in RPMI1640 media and grown at 37°C in a 5% CO, atmosphere.
Spheroids were grown for 14 days and observed using a optical
inverted microscope (Olympus, Tokyo, Japan).
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Figure 2. The expression of cancer stem cell markers was increased in PrPC positive SFU-resistant CRC cells. (A) Flow cytometry analysis of
ALDHIA, Oc4, and Nanog in PrPC negative and PrPC positive 5FU-resistant CRC cells. (B) Percentages of ALDHIA, Oct4, Nanog positive cells
in PrPC negative and PrPC positive cells (n=3). The values are presented as the mean=SEM. **p<0.01.

Flow cytometry analysis. Flow cytometry analysis of ALDHIA,
Oct4, and Nanog was used to identify cancer stem cells. By
comparing the results with the corresponding negative controls, the
percentage of stained cells was calculated.

Migration assay. The PrPC positive 5FU-resistant CRC cells were
added in 60 mm cell culture plates and grown at 90% confluency
in 4 ml of culture medium. A scratch was made in the cell layer by
using sterile pipette tip and treated with 5FU (140 pM) and cultured
for 24 h at 37°C. The cells were transfected with siPRNP or control

siRNA prior to the SFU treatment. The images were obtained using
a microscope (Eclipse TE300, Nikon, Tokyo, Japan).

Invasion assay. Matrigel-coated transwell cell culture chambers (8-
wm pore size; Sigma-Aldrich, St. Louis, MO, USA) were used to
assess the invasion of the PrPC positive SFU-resistant CRC cells. The
cells were first treated with SFU, siPRNP, and 5FU + siPRNP, then
collected and resuspended in serum-free RPMI1640 medium.
Subsequently, 30,000 cells were added in the inserts of transwell
chambers. RPMI1640 medium containing 10% FBS was added in
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Figure 4. Knockdown of PrPC decreased sphere formation capacity of PrPC positive 5SFU-resistant CRC cells. (A) Sphere formation assay of PrPC
positive SFU-resistant CRC cells after treatment with SFU (140 uM, 7 days). The PrPC positive cells were transfected with siPRNP or control
siRNA prior to the SFU treatment. Scale bar=200 um. PrPC negative and PrPC positive SFU-resistant CRC cells were grown in ultra-low attachment
plates for 2 weeks. (B, C) Quantification of the number and diameter of spheres (n=3). The values are represented as the mean+SEM. **p<0.01
vs. PrPC positive. #p<0.01 vs. PrPC positive cells treated with 5FU, $35p<0.01 vs. knockdown of PrPC in PrPC positive cells treated with 5SFU.

the lower chamber. The cells were incubated in a 37°C incubator for
72 h. In the transwell chambers, the cells were fixed with 4% PFA
(Affymetrix, Santa Clara, CA, USA) in PBS and stained with 2%
crystal violet in 2% ethanol for 10 min at room temperature. After
the cells were stained, the transwell chamber was thoroughly washed
with distilled water. Non-invasive cells were removed using a cotton
swab and the invasive cells in the lower surface of the transwell
chamber were imaged and quantified using a light microscope.

Inhibition of PrPC expression using siRNA. The PrPC positive SFU-
resistant cells were seeded (2.5x105 cells) in 60 mm culture plate.
The cells were transfected with siRNA against PrPc using using

Lipofectamine 2000, according to the manufacturer’s instructions
(Thermo Fisher Scientific). The control siRNA and siPRNP were
purchased from Bioneer (Daejeon, Republic of Korea).

Cell survival assay. PrPC negative and PrPC positive SFU-resistant
cells were seeded in 96-well culture plates (5,000 cells/well) for 48
h. After treatment with 5FU, cell survival was determined using a
modified MTT assay, in which the tetrazolium salt was converted
to formazan by mitochondrial dehydrogenase. The formazan was
dissolved in DMSO and the intensity of the color was quantified by
measuring the absorbance at 450 nm using a microplate reader
(Varioskan LUX, Thermo Fisher Scientific).
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Pl/Annexin V flow cytometric analysis. Apoptosis of PrPC positive SFU
resistant cells was assessed by staining the cells with propidium iodide
(PI) and annexin V-fluorescein isothiocyanate (FITC) (De Novo
Software, Los Angeles, CA, USA). Each sample was analyzed using a
CyFlow Cube 8 (Sysmex Partec, Miinster, Germany). The data were
analyzed using the FSC Express software (De Novo Software).

Statistical analysis. All values are represented as mean+standard
error of the mean (SEM) with the indicated sample size. Statistical
significance was determined by two-tailed Student’s ¢-test or one-
way analysis of variance (ANOVA). Comparisons of =3 groups
were made using the Dunnett’s or Tukey’s post-hoc test. p-Values
<0.05 were considered as statistically significant.

Results

Cancer stem cell characteristics are increased in PrP€
positive SFU-resistant CRC cells. To determine whether
PrP€ is involved in cancer stem cell characteristics in CRC,
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Figure 5. Continued

we first isolated PrP€ negative and PrPC positive cells from
S5FU-resistant CRC cells using MACS. In 5FU-resistant
cells, the number of PrPC positive cells was higher than that
of PrPC negative cells (Figure 1A). Next, we performed
sphere formation assay by culturing the cells in ultra-low
attachment six-well plates for 14 days. The sphere formation
capacity, such as the number and diameter of spheres, were
significantly enhanced in PrPC positive cells (Figure 1B and
1C). To further explore whether PrPC has an impact on
cancer stem cell characteristics in SFU-resistant CRC cells,
we investigated the expression of cancer stem cell markers,
including ALDH1A, Oct4, and Nanog, in PrP€ negative and
PrPC positive cells. We found that the expression of cancer
stem cell markers was higher in PrPC positive cells
compared to PrPC negative cells (Figure 2A and 2B). These
results indicate that PrPC expression is related with cancer
stem cell characteristics of SFU-resistant CRC cells.
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Figure 5. Knockdown of PrPC decreases cancer stem cell markers in
PrPC positive SFU-resistant cells. (A) Flow cytometry analysis for
ALDHIA, Oc4, and Nanog in PrPC positive 5FU-resistant CRC cells
after treatment with SFU (140 uM, 7 days). The PrPC positive cells
were transfected with siPRNP or control siRNA prior to the SFU
treatment. (B) Percentages of ALDHIA, Oct4, Nanog in PrPC positive
cells treated with SFU. The PrPC positive cells were transfected with
SiPRNP or control siRNA prior to the SFU treatment (n=3). The values
are presented as the mean=SEM. **p<0.01 vs. PrPC positive, *p<0.05,
#p<0.01 vs. PrPC positive cells treated with SFU, $p<0.05, $5p<0.01
vs. knockdown of PrPC in PrPC positive cells treated with SFU.

PrPC is involved in the migration and invasion of CRC cells.
Cancer metastasis, which involves migration and invasion of
cancer cells, is the leading cause of cancer-related mortality. A
previous study has shown that PrPC expression affects the
metastasis of CRC cells in a tumor xenograft model (18). To
determine the effect of PrPC expression on the migration of
5FU-resistant CRC cells, we performed a scratch wound-
healing assay. PrPC positive cells showed increased migration
capacity compared to the PrPC negative cells (Figure 3A and
B). Next, we assessed the effect of PrPC expression on the
invasion of CRC cells. The invasion capacity of PrP€ positive
cells was higher compared to PrPC negative cells (Figure 3C
and D). However, downregulation of PrPC by siPRNP
transfection significantly blocked the effect of PrPC on the
migration and invasion of CRC cells (Figure 3A-D). These
results indicate that PrPC is involved in the migration and
invasion of CRC cells, and may potentially promote tumor
metastasis and progression.

Knockdown  of PrP€ decreased cancer stem cell
characteristics in PrP€ positive CRC cells. To confirm the
effect of PrPC on cancer stem cell characteristics in SFU-
resistant CRC cells, a sphere formation assay was performed
after transfection of PrPC positive SFU-resistant CRC cells
with PRNP siRNA. The PrPC positive SFU-resistant CRC
cells transfected with PRNP siRNA showed decreased sphere
formation capacity compared to non-transfected cells (Figure
4A-C). Furthermore, flow cytometry analysis of the
expression of cancer stem cell markers showed that PrP€
knockdown also decreased the expression of ALDHIA,
Oct4, and Nanog in PrPC positive SFU-resistant CRC cells
after treatment with SFU (Figure 5A and B). These findings
suggest that PrPC regulates cancer stem cell characteristics
in SFU-resistant CRC cells.

Knockdown  of PrPC  increases anti-cancer drug
susceptibility of 5FU-resistant CRC cells. To determine
whether PrPC is related to the drug susceptibility of CRC
cells, PrP€ negative and PrPC positive cells were treated
with 5FU. The 5FU treatment of PrPC positive cells did not
affect cell viability, whereas treatment with SFU of PrP€
negative cells significantly decreased cell viability (Figure
6A). To further investigate whether knockdown of PrP€
increases the anti-cancer drug sensitivity in SFU-resistant
CRC cells, we performed annexin V/propidium iodide (PI)
flow cytometry analysis. Treatment with SFU increased the
percentage of early and late apoptotic cells to 5.2%
compared to the percentage in the control group (3.2%).
The percentage of apoptotic cells was further increased in
populations transfected with siPRNP and treated with SFU
(10.7%) (Figure 6B and C). These results indicate that PrP€
expression is involved in drug resistance in SFU-resistant
CRC cells.
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Figure 6. Knockdown of PrPC enhances the drug susceptibility of PrPC positive SFU-resistant CRC cells. (A) Cell viability assay of PrPC negative
and PrPC positive cells treated with or without SFU (140 uM, 24 h) (n=3). The values are presented as the mean=SEM. **p<0.01 vs. PrPC negative
without SFU treatment. *p<0.01 vs. PrPC negative cells after SFU treatment. (B) Flow cytometry analysis of Annexin V and PI stained PrP€
positive SFU-resistant cells after treatment with SFU. The PrPC positive cells were transfected with siPRNP or control siRNA prior to the SFU
treatment. (C) Percentage of apoptotic PrPC positive SFU-resistant cells after treatment with SFU. The PrPC positive cells were transfected with
siPRNP or control siRNA prior to the SFU treatment. The values are presented as the mean=SEM. **p<0.01 vs. PrP€ positive, #p<0.01 vs. PrP¢
positive cells treated with 5FU, $35p<0.01 vs. knockdown of PrPC in PrPC positive cells treated with SFU.
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Discussion

CSCs are a subset of cancer cells with the unique
characteristics of self-renewal, infinite division, and ability to
differentiate into multiple types of cells. These features of
CSCs play an important role in the metastasis and relapse of
CRC. Colorectal CSCs are characterized by a group of marker
proteins, such as CD44, CD133, Nanog, Oct-4, and ALDH. In
addition to being surface markers, these molecules are
biologically functional. For example, ALHDI is associated
with metastasis, and drug resistance, and is related to
advanced stage colorectal cancer (19, 20). Oct 4 is known to
regulate stemness and is associated with lymphatic invasion
and lymph node metastasis (21, 22). A recent study showed
that knockdown of PrPC in colon cancer stem cells
significantly decreased the expression of ALDH1A, Oct-4, and
Nanog (15). In this study, we demonstrated that the expression
of cancer stem cell markers was significantly increased in
PrPC positive SFU-resistant cells, and knockdown of PrP€
decreased the expression of cancer stem cell markers. Taken
together, these results suggest that the PrPC expression levels
are strongly associated with CRC progression through
regulation of cancer stem cell properties in CRC.

Cancer metastasis represents an advanced stage of
malignancy and is the leading cause of cancer-related death.
Metastasis involves many processes, such as the migration
and invasion of cancer cells, which are features of
malignancy (23). Previous studies have shown that PrP€
promotes uncontrolled cell proliferation, tumor growth, and
metastasis by modifying cytoskeleton regulatory proteins
such as Fyn and promoting the epithelial- mesenchymal
transition (24-26). A recent study has shown that the HSP
family A member 1-like (HSPA1L) protein regulates PrP€
expression and affects liver metastasis of human colon CSCs
by modulating HIF-1a stability and inhibiting GP78-mediated
ubiquitination of PrPC (18). Consistent with previous
findings, we found that cancer cell migration and invasion
were higher in PrPC positive cells and knockdown of PrP€
expression blocked their ability for migration and invasion.
These results indicate that prion protein promotes cancer
metastasis by regulating cancer cell migration and invasion.

Drug-resistant cancer cells display high proliferation and
tumorigenic potential during chemotherapy (27, 28). In
addition, drug-resistant cancer cells exhibit greater
invasiveness and metastatic ability compared to their
nonresistant counterparts, and are partly responsible for
rendering the anti-cancer therapy ineffective (29). A previous
study has shown that the expression of PrPC increased drug
resistance to chemotherapeutics (17). In gastric cancer cells,
PrpC expression enhanced drug resistance by increasing Bcl-
2 expression (30). Moreover, treatment of HCT116 CRC
cells with antibodies specific to PrPC inhibited the growth of
cancer cells and promoted the action of anticancer drugs,

such as 5-FU, cisplatin, and doxorubicin (31). In this study,
drug resistance was increased in PrPC positive cells and
knockdown of PrP® decreased drug resistance and increased
5FU-induced apoptosis. These findings suggest that PrP®
could be a key protein involved in the resistance of CRC
cells to anticancer drugs.

This study revealed that cancer sphere formation and the
expression of cancer stem cell markers, including ALDHIA,
Oct4, and Nanog, were significantly higher in PrP€ positive
CRC cells. Furthermore, cancer cell migration and invasion,
and drug resistance were also significantly higher in PrP®
positive CRC cells. However, downregulation of PrP®
blocked these activities. These findings indicate that PrP®
plays a pivotal role in CRC behavior and that PrP€ could be
a promising therapeutic target in CRC treatment.
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