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Abstract
Radiation resistance represents an imperative obstacle in the treatment of patients with colorectal cancer, which remains difficult
to overcome. Here, we explored the anti-proliferative and migration-inhibiting properties of the natural product shikonin on a radiation-resistant human colon carcinoma cell line (SNU-C5RR). Shikonin reduced the viability of these cells in a dose-dependent
manner; 38 μM of shikonin was determined as the half-maximal inhibitory concentration. Shikonin induced apoptotic cell death, as
demonstrated by increased apoptotic body formation and the number of TUNEL-positive cells. Moreover, shikonin enhanced mitochondrial membrane depolarization and Bax expression and also decreased Bcl-2 expression with translocation of cytochrome
c from mitochondria into the cytosol. In addition, shikonin activated mitogen-activated protein kinases, and their specific inhibitors
reduced the cytotoxic effects of shikonin. Additionally, shikonin decreased the migration of SNU-C5RR cells via the upregulation of
E-cadherin and downregulation of N-cadherin. Taken together, these results suggest that shikonin induces mitochondria-mediated
apoptosis and attenuates epithelial-mesenchymal transition in SNU-C5RR cells.
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INTRODUCTION

attention to natural bioactive compounds and their anticancer
properties. Shikonin is one of these naturally occurring compounds. Shikonin is extracted from Lithospermum erythrorhizon, Onosma paniculata, and Arnebia euchroma. Shikonin
exerts cytotoxic effects by inhibiting protein tyrosine kinase
and DNA topoisomerases, which play a crucial role in cancer
cell DNA regulation, and decreases the expression of tumor
necrosis factor receptor-associated protein 1. In addition, shikonin increases p53 expression and inhibits glycolysis by suppressing the pyruvate kinase M2 (Andújar et al., 2013; Han
et al., 2015). Recently, the apoptosis-inducing effect of shikonin was shown in human stomach cancer cells, colon cancer
cells, lung cancer cells, promyelocytic leukemia cells, medullary thyroid carcinoma cells, and cervical cancer cells (Lu et
al., 2015; He et al., 2016; Jeung et al., 2016; Ko et al., 2016;
Trivedi et al., 2016; Wei et al., 2016).
Most colon adenocarcinomas are silent tumors. This means
slow growth and no obvious symptoms until the tumor reaches

Recent research reports, based on the analysis of morbidity
and mortality databases from 39 countries, indicated that the
incidence of colorectal cancer continues to increase in young
people in countries with a high human development index
(Wong et al., 2021). Republic of Korea had the second highest incidence of colorectal cancer in 2018 (Khil et al., 2021).
Even after surgical intervention, some microscopic tumor cells
may remain, which have the potential to invade the surrounding organs. Radiation therapy is commonly used to eliminate
the remaining cells, which is termed adjuvant therapy (Baskar
et al., 2012). Unfortunately, many clinical cases are associated with the development of radioresistance, which is difficult
to overcome (Jin et al., 2016). Consequently, there is a great
need for new chemotherapeutic agents with high anticancer
activity to eradicate radioresistant cancer cells.
Recently, the scientific community has started to pay more
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4 (COX4), anti-phospho-ERK, anti-ERK, anti-p38, anti-E-cadherin, and anti-N-cadherin antibodies were supplied by Santa
Cruz Biotechnology, Inc (Dallas, TX, USA). The JNK inhibitor
SP600125 was provided by Selleck Chemicals (Houston, TX,
USA). All other chemicals and reagents used were of analytical grade.

a significant size. Then it becomes invasive and causes metastasis (Ameli and Khalily, 2016). This alteration is related to
the epithelial to mesenchymal transition (EMT), the transformation of epithelial cells with adhesive properties that are in
close contact with each other into high mobility mesenchymal
cells, allowing penetration into surrounding tissues and metastasis (Zhu et al., 2013). The relationship between EMT and
metastasis in colon cancer has been proven in many studies
(Todosi et al., 2012; Zhu et al., 2013; Matějka et al., 2017).
Upregulation of EMT inducers can promote EMT, leading to
increased invasiveness and metastasis of colorectal cancer
(Vu and Datta, 2017). These inducers can downregulate Ecadherin and upregulate N-cadherin and vimentin through
modulating EMT-related signaling pathways, such as WNT/βcatenin and TGF-β, and EMT transcription factors, such as
zinc finger E-box binding homeobox 1 (ZEB1) and ZEB2 (Vu
and Datta, 2017). Therefore, prevention of EMT is an important step in anticancer therapy (Voon et al., 2017).
Here, we aimed to estimate the apoptosis-inducing and
EMT-inhibiting properties of shikonin in radiation-resistant colon cancer cells (SNU-C5RR).

Cell culture

Human colorectal adenocarcinoma (SNU-C5) and radiation-resistant (SNU-C5RR) colon cancer cell lines were incubated in a humidified 5% CO2 atmosphere at 37°C in RPMI
medium containing 10% heat-inactivated fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc.), penicillin (100 U/mL),
and streptomycin (100 μg/mL).

Cell viability assay

SNU-C5 and SNU-C5RR cells were treated with various
concentration of shikonin and then incubated for 24 h. In addition, SNU-C5RR cells were treated with shikonin, SB203580,
SP600125, U0126, or their combinations, and then incubated
for 24 h. To evaluate the EMT in SNU-C5RR cells, cell viability was assessed after 48 h of shikonin treatment. After each
treatment, exactly 125 µL of MTT solution (2 mg/mL) was
added to each well. After maintaining the cells at 37°C until
the formation of formazan crystals, the supernatant was removed by aspiration. Then, we dissolved the formed formazan
crystals in dimethyl sulfoxide solution and read the relevant
absorbance values at 540 nm with a scanning multi-well spectrophotometer (Shilnikova et al., 2018).

MATERIALS AND METHODS
Reagents

Shikonin (5,8-dihydroxy-2-(1-hydroxy-4-methylpent-3-enyl)
naphthalene-1,4-dione, Fig. 1A) was obtained from Cayman
Chemical Company (Ann Arbor, MI, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Hoechst
33342, trypan blue solution, 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO), 2’,7’-dichlorodihydrofluorescein diacetate (DCF-DA),
and anti-actin antibody were obtained from Sigma-Aldrich
(St. Louis, MO, USA). 5,5’,6,6’-Tetrachloro-1,1’,3,3’-tetraethylbenzimidazolocarbocyanine iodide (JC-1) was obtained
from Invitrogen (Thermo Fisher Scientific, Inc., Waltham,
MA, USA). Anti-phospho-JNK, anti-JNK, anti-phospho-p38,
and anti-caspase-3 antibodies along with SB203580 (p38 inhibitor), and U0126 (ERK inhibitor) were obtained from Cell
Signaling Technology, Inc (Danvers, MA, USA). Anti-Bax,
anti-Bcl-2, anti-caspase-9, anti-cytochrome c oxidase subunit

Colony formation assay

SNU-C5RR cells were cultured in 60 mm dishes, and 400
cells per dish were used as the optimum cell density. Cultured
cells were incubated, and 38 μM shikonin was added on day
7 of incubation. The cell culture medium was changed every
3 days. On day 11 of incubation, 70% ethanol was applied to
fix the cells, which were then stained with 0.4% trypan blue
until colonies were detectable. Colony formation was imaged
and quantified using ImageJ software (version 1.47; National
Institutes of Health, Bethesda, MD, USA).
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Fig. 1. Shikonin induces cell death in SNU-C5 and SNU-C5RR cells. (A) The chemical structure of shikonin [5,8-dihydroxy-2-(1-hydroxy4-methylpent-3-enyl)naphthalene-1,4-dione]. (B) SNU-C5 or SNU-C5RR cells were treated with 10, 20, 30, 40, or 50 μM shikonin for 24 h.
Cell viability was measured using the MTT assay. *,**p<0.05 vs the control group in SNU-C5 and SNU-C5RR cells, respectively. (C) For the
colony formation assay, SNU-C5RR cells were cultured for 11 days and treated with 38 μM shikonin on day 7. Colonies containing >400
cells were counted. *p<0.05 vs the control group.
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Nuclear staining with Hoechst 33342

transferred to nitrocellulose membranes (Bio-Rad Laboratories, Inc.). Nitrocellulose membranes were blocked in 2% fetal
bovine serum (shaking), and incubated with primary antibodies (dilution, 1:1,000) overnight at 4°C. The membranes were
further incubated with secondary horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG) or goat antimouse IgG antibodies (Pierce; Thermo Fisher Scientific, Inc.;
dilution, 1:5,000) for 1 h at room temperature. Corresponding
protein bands were detected using an increased chemiluminescence western blotting detection kit (GE Healthcare Life
Sciences, Little Chalfont, UK) and then exposed to X-ray films.

After treating SNU-C5RR cells with 38 µM shikonin or
SP600125 along with SB203580, U0126, or a combination
for 24 h, Hoechst 33342 staining was performed, followed by
incubation at 37°C for 10 min. Then, cells were observed using a fluorescence microscope (Olympus Life Science, Tokyo,
Japan).

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay

SNU-C5RR cells (1×105 cells/mL) were cultured in chamber slides and maintained for 24 h. 38 μM Shikonin was
added, and cells were incubated for 24 h. The slides were
then prepared following the manufacturer’s instructions for the
DeadEnd Colorimetric TUNEL system (Promega Corporation,
Madison, WI, USA). Faramount aqueous mounting medium
(Agilent Technologies, Inc., Santa Clara, CA, USA) was used
to mount stained cells on microscope slides. The microscopic
images were captured via confocal fluorescent microscopy
using an appropriate Laser Scanning Microscope 5 PASCAL
program (Carl Zeiss AG, Oberkochen, Germany).

Cell migration assay

SNU-C5RR cells (1×104 cells/mL) were seeded on 100 mm
dishes, incubated for 24 h, and then treated with 3 µM shikonin. Then, scratch lines (diameter, 1.5 mm) were established
across the base of the culture dishes. The line areas were
measured after 0 and 48 h using a fluorescence microscope
(Olympus Life Science). The index of gap width was calculated as follows: (mean gap width, mm)/(mean gap width in
control, mm).

Single-cell gel electrophoresis (Comet assay)

Detection of superoxide anion

Cell pellets were suspended in 1% low-melting agarose
(LMA), and the cell-containing suspension was evenly spread
on a microscopic slide, which was pre-coated with 1% normal
melting agarose. Slides were kept at 4°C to enhance the solidification of agarose and covered with 170 μL of 0.5% LMA.
Then, slides were dipped in lysis buffer (2.5 M NaCl, 100 mM
Na2EDTA, 1% Triton X-100, 10 mM Tris, and 1% N-lauroyl
sarcosinate, pH 10) for 1 h in dark at 4°C. Each slide was
subjected to gel electrophoresis, which contained NaOH (300
mM) and Na2EDTA (10 mM, pH 10). Electrophoresis (300 mA,
25 V) was conducted in the dark for 30 min, resulting in DNA
unwinding and the expression of alkali-labile damage. After
electrophoresis, slides were immersed in neutralizing buffer
(0.4 M Tris, pH 7.5) and 70% ethanol. Immediately before detection, slides were stained with 40 μL of ethidium bromide
(10 μg/mL) and visualized under a fluorescence microscope
(Olympus Life Science), and images were gathered using an
image analyzer (Komet 5.5, Kinetic Imaging, Bromborough,
UK). Exactly 25 cells per slide were used to quantify the comet
tail length and total fluorescence percentage of the tails.

The xanthine/xanthine oxidase system was used to generate superoxide anions, which interacted with DMPO, and
the produced DMPO/ㆍOOH adducts were measured using
an ESR spectrometer. The ESR spectrum was recorded 2.5
min after PBS (pH 7.4) was mixed with 0.02 mL of 3 M DMPO,
5 mM xanthine, 0.25 U xanthine oxidase, and 3 μM shikonin.
ESR spectrometer parameters were as follows: Central magnetic field, 336.8 mT; power, 5.00 mW; frequency, 9.4380 GHz;
modulation width, 0.2 mT; amplitude, 1000; sweep width, 10
mT; sweep time, 0.5 min; time constant, 0.03 s; temperature,
25°C.

Detection of hydroxyl radicals

Hydroxyl radicals were generated through the Fenton reaction (H2O2+FeSO4) and allowed to interact with DMPO. The
resultant DMPO/ㆍOH adducts were detected using an ESR
spectrometer (Chae et al., 2011; Wu et al., 2012). The ESR
spectrum was recorded 2.5 min after PBS (pH 7.4) was mixed
with 0.02 mL of 0.3 M DMPO, 10 mM FeSO4, 10 mM H2O2,
and 3 μM shikonin. ESR spectrometer parameters were as
follows: Central magnetic field, 336.8 mT; power, 1.00 mW;
frequency, 9.4380 GHz; modulation width, 0.2 mT; amplitude,
600; sweep width, 10 mT; sweep time, 0.5 min; time constant,
0.03 s; temperature, 25°C.

Mitochondrial membrane potential (Δψm)

SNU-C5RR cells were incubated and treated with 38 µM
shikonin, then dyed with JC-1 (10 µg/mL) and maintained at
37°C to enhance the staining for another 15 min. Microscopic
slides were prepared using a mounting medium (DAKO, Carpinteria, CA, USA). The mitochondrial polarization and depolarization status were detected via confocal microscopy, which
was implemented with the Laser Scanning Microscope 5 PASCAL software. In addition, data obtained via fluorescent microscopy were confirmed using a FACSCalibur flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

Intracellular reactive oxygen species (ROS) level

SNU-C5RR cells were seeded on a coverslip-containing
four-well plate at a density of 1.5×105 cells/well, and then cells
were treated with 3 μM shikonin. After 24 h, representative cell
groups were treated with DCF-DA (final concentration 20 μM)
and incubated for 30 min at 37°C. Stained cells were washed
with PBS, and the coverslips were mounted onto microscope
slide in a mounting medium (DAKO). Then, the slides were
analyzed using a confocal microscope. Relevant images
were gathered using the Laser Scanning Microscope 5 PASCAL software (Carl Zeiss, Jena, Germany). In addition, data
obtained via fluorescent microscopy were confirmed using a
FACS Calibur flow cytometer (BD Biosciences).

Western blotting

SNU-C5RR cells were lysed using PRO-PREP™ protein
extraction solution (Intron Biotechnology, Inc., Seongnam, Korea). Protein concentrations were quantified using a Bio-Rad
protein assay reagent kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Proteins were subjected to electrophoresis and
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Fig. 2. Shikonin induces apoptosis in SNU-C5RR colon cancer cells. (A) Apoptotic bodies (arrows) were observed via fluorescence micros-

copy in SNU-C5RR cells stained with Hoechst 33342 and quantified. *p<0.05 vs the control group. (B) Apoptosis in SNU-C5RR cells was
examined via the TUNEL assay after 24 h of 38 μM shikonin treatment. TUNEL-positive cells are indicated by arrows. *p<0.05 vs the control
group. (C) DNA damage was assessed using an alkaline comet assay. Representative images and the percentage of total DNA fluorescence in the comet tails are shown. *p<0.05 vs the control group.

Statistical analysis

upon staining with JC-1, which was visualized through Δψm polarization via confocal microscopy. However, shikonin-treated
cells displayed a decrease in mitochondrial red fluorescence
and elevated green fluorescence, signifying Δψm depolarization
(Fig. 3A). The microscopic images were consistent with the
flow cytometry analysis, confirming that shikonin destroyed
Δψm (Fig. 3B). Furthermore, we investigated the expression
of proteins associated with mitochondria-mediated apoptosis. Shikonin enhanced the expression of the pro-apoptotic
protein Bax and suppressed the expression of pro-survival/
anti-apoptotic protein Bcl-2 (Fig. 3C), leading to the translocation of cytochrome c from mitochondria into the cytosol (Fig.
3D). In addition, shikonin enhanced the expression of active
(cleaved) caspase-9 and caspase-3 (Fig. 3E).

All experiments were performed in triplicates. Values represent the mean ± standard error of the mean. All data were
evaluated via one-way analysis of variance with Tukey’s posthoc test to analyze the differences. Differences were considered statistically significant at a p value<0.05.

RESULTS
Shikonin decreases cell viability in colon carcinoma cell
lines

Shikonin displayed an obvious dose-dependent toxic effect on both parental (SNU-C5) and radiation-resistant (SNUC5RR) human colon carcinoma cell lines (Fig. 1B). The IC50
was 52 µM for SNU-C5 cells and 38 µM for SNU-C5RR cells.
In other words, both parental and radiation-resistant cell lines
were strongly sensitive to shikonin. To further confirm this finding, we examined the colony-forming ability of SNU-C5RR
cells (Fig. 1C). Shikonin (38 µM) significantly decreased the
number of colonies formed compared to that in the control
group. Therefore, we used 38 µM as the final concentration
for further experiments to test the cytotoxic properties of shikonin in the SNU-C5RR cell line.

Shikonin induces apoptosis via MAPK activation

We next examined whether shikonin mediates apoptosis
via the MAPK activation cascade. Western blotting data demonstrated that shikonin induced phosphorylation (activation) of
JNK, p38, and ERK. Phosphorylation of JNK and p38 reached
a maximum at 6 h and remained high after 24 h, whereas
phosphorylation of ERK peaked at 3 h and then decreased
(Fig. 4A). Thus, ERK signaling demonstrated a faster and
shorter reaction to shikonin stimulation than JNK and p38. We
then checked whether the inhibitors (JNK, p38, and ERK inhibitors) suppress apoptosis induced by shikonin. Results of
the MTT assay and Hoechst 33342 nuclear staining demonstrated the protective effect of SP600125 (JNK inhibitor) and
SB203580 (p38 inhibitor) against shikonin-induced cell death
(Fig. 4B, 4C). The effect of U0126 (ERK inhibitor) was weaker
than the effects of other MAPK inhibitors, which was predicted because cell viability was detected at 24 h, whereas ERK
demonstrated maximum phosphorylation at the 3 h time point.

Shikonin induces apoptosis in radiation-resistant colon
carcinoma cells

To determine whether the toxic effect of shikonin was related to apoptosis, we detected apoptotic body formation via
TUNEL assay as well as the proportion of DNA condensation
via Hoechst 33342 nuclear staining. Shikonin-treated cells
possessed a higher number of apoptotic bodies and TUNELpositive cells compared to the control group (Fig. 2A, 2B).
Damaged DNA was differentiated from normal DNA due to the
influence of the electrophoretic field via comet assay, exhibiting the classic comet tail. Shikonin-treated cells demonstrated
elongated nuclear tails and an enhanced DNA index in the
tails (Fig. 2C).

Shikonin decreased EMT progression in radiationresistant colon carcinoma cells

Next, we explored the effect of shikonin on the migration
of SNU-C5RR cells to understand its impact on EMT. First,
we used a non-toxic concentration of shikonin, which allowed
the observation of migrating cells up to 48 h after treatment.
MTT data showed that 3 µM of shikonin did not decrease the

Shikonin initiates mitochondria-mediated apoptosis

Mitochondria in control cells displayed red fluorescence
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in SNU-C5RR cells, detected using confocal microscopy and
flow cytometry after staining with DCF-DA (Fig. 5F, 5G).

viability of SNU-C5RR cells 48 h after treatment (Fig. 5A);
therefore, we used this concentration in subsequent studies
of cellular mobility. We observed wounds established at the
base of culture dishes 0 and 48 h after treatment with 3 µM
shikonin. While the gap was reduced in the control group, it
was expanded in the shikonin-treated group (Fig. 5B). We
then determined the expressions of E- and N-cadherin, glycoproteins involved in initiating and stabilizing intercellular
contacts. Expression of the epithelial marker E-cadherin and
interstitial marker N-cadherin was higher and lower, respectively, after shikonin treatment compared to that in untreated
cells (Fig. 5C), confirming that shikonin attenuated EMT and
thus the metastatic capacity of SNU-C5RR cells. Increased
scavenging of superoxide anions and hydroxyl radicals by 3
µM shikonin was observed in the cell-free system (Fig. 5D,
5E). Furthermore, shikonin reduced cellular ROS production

DISCUSSION
Our investigation focused on radioresistance and ways to
overcome it in colorectal cancer. We found that the herbal
compound shikonin significantly suppressed the viability of
radiation-resistant human colon carcinoma cells, and we attempted to identify an appropriate mechanism of apoptosis
and EMT attenuation initiated by shikonin.
Apoptosis is a type of cell death that leads to several morphological and metabolic alterations, including chromatin condensation, nuclear fragmentation, and activation of special
mediators (Wlodkowic et al., 2011). Thereby, the induction of
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apoptotic body formation, and activation of the caspase cascade (Wang et al., 2016). Here, we detected the loss of Δψm
following shikonin treatment. Moreover, Bcl-2 expression was
suppressed, whereas Bax expression increased. In addition,
we observed the leakage of cytochrome c from mitochondria
into the cytosol and the activation of caspase-9 and caspase-3. These data provide evidence of mitochondria-related
apoptosis induced by shikonin.
Many recent investigations have demonstrated that the
cytotoxic properties of most compounds with anticancer activities are recognized through the activation of MAPK family members (Sun et al., 2015). Here, we focused on the role
of MAPKs in apoptotic cell death induced by shikonin. The
expression of activated JNK, p38, and ERK was enhanced
with time upon treatment with shikonin, whereas the specific
MAPK inhibitors demonstrated a cytoprotective effect against
shikonin-induced cell death. Thus, our findings confirm that
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2012; Zhu et al., 2013; Ameli and Khalily, 2016; Matějka et
al., 2017). This process is marked by the downregulation of
epithelial markers (E-cadherin and β-catenin) and upregulation of mesenchymal markers (N-cadherin and fibronectin).
Changes in N-cadherin expression, as well as the EMT Ecadherin/N-cadherin switch, are known as independent risk
factors for cancer growth and metastasis (Di Domenico et
al., 2011). These findings have been fully explored in gastric,
prostate, and oral carcinoma cell lines (Di Domenico et al.,
2011; Feng et al., 2017; Ramamurthy et al., 2018), and there
are many reports on EMT in colon cancer (Todosi et al., 2012;
Zhu et al., 2013; Matějka et al., 2017). Here, the attenuation
of migration capacity of SNU-C5RR cells was observed in the
shikonin-treated group, implying that the occurrence of EMT
destroys cell polarity, induces cell dedifferentiation, changes
connections between cells, and improves the invasive ability.
Expression of E-cadherin (an epithelial marker) was increased
and expression of N-cadherin (an interstitial marker) was suppressed in the shikonin-treated group, indicating that shikonin inhibits EMT. Excessive ROS production can promote cell
invasion and migration, thereby promoting the acquisition of
EMT characteristics in cancer cells (Kamiya et al., 2016; Ahn
et al., 2017). ROS induce EMT by activating Snail expression
and inhibits E-cadherin expression in MCF-7 cells (Lee et al.,
2019), as well as mediate EMT and cell invasive potential in
colon cancer (Jiao et al., 2016; Kang et al., 2018). ROS also
act as a key signaling molecule mediating the fractionated ionizing radiation-induced EMT response through the activation
of Akt/Src/Erk pathways (Kim et al., 2020).
Thus, we suggest that the EMT-attenuating property of shikonin may be related to its antioxidant effect. Shikonin significantly decreased ROS levels in SNU-C5RR cells, exerting
anti-EMT effects, as increased ROS levels are important for
EMT (Wang et al., 2010; Cichon and Radisky, 2014).
Taken together, these results suggest that SNU-C5RR colon cancer cells are sensitive to shikonin and that shikonin
activates apoptosis and attenuates EMT. Thus, shikonin can
be considered a potential candidate to overcome radiation resistance in colon cancer.
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