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Abstract. Background/Aim: Colon cancer is the second
most common deadliest malignancy in the world and better
understanding of its underlying mechanisms is needed to
improve clinical management. Natural plant extracts are
gaining attention in the development of new therapeutic
strategies against various cancer types. Shikonin is a
naturally extracted naphthoquinone pigment with effects
against cancer, including colon cancer. Materials and
Methods: In this study, we conducted a series of in vitro
experiments to show the effects of Shikonin on colon cancer
cell apoptosis. A colon cancer cell line with overexpression
of peroxiredoxin 'V (PrxV) was constructed and the
relationship of PrxV expression with Shikonin-induced cell
apoptosis was investigated. Results: Shikonin induced colon
cancer cell apoptosis via regulation of mammalian target of
rapamycin signaling. Shikonin-induced cell apoptosis was
abrogated by overexpression of PrxV. Conclusion: According
to the results obtained in this study, targeting PrxV may
provide new insight for the successful management of colon
cancer by inducing cell apoptosis.

The second most common cause of cancer-related death
worldwide, colon cancer, has been reported to be resistant to
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recommended therapies depending on the metastatic stage.
Therefore, the urgent development of more efficient
strategies remains a challenge for better management of
colon cancer (1). Understanding the underlying mechanisms
of colon cancer progression and drug resistance may provide
new insights into successfully overcoming this challenge.

Compounds extracted from various plants are gaining
global attention as successful therapeutic strategies for several
types of cancer (2, 3). Shikonin, a natural naphthoquinone
pigment compound purified from = Lithospermum
erythrorhizon (4), is one such natural compound which has
been studied for its activities against various cancer types (5),
including non-small cell lung cancer (4), nasopharyngeal
carcinoma (6), and ovarian carcinoma (7). It has also already
been reported that anticancer effects of Shikonin against
colon cancer cells are mediated by inducing apoptotic cell
death (8-11). Shikonin also has been identified as a regulator
of several signaling pathways including phosphatase and
tensin homolog (PTEN)/protein kinase B (AKT)/mammalian
target of rapamycin (mTOR) signaling in endometrioid
endometrial cancer cells (12), c-Jun N-terminal kinase (JNK),
protein kinase transducer and activator of transcription 3
(STAT3)/protein kinase B (AKT) pathway in non-small cell
lung cancer (13) and extracellular signal-regulated kinase
(ERK)/JNK/mitogen-activated protein kinase (MAPK)/AKT
pathway in leukemia cells (14).

Shikonin has also been reported to be a natural inducer of
reactive oxygen species (ROS) in cancer cells leading to
induction of apoptotic cell death (8). But the mechanism
behind this induction in colon cancer cells has not yet been
studied. Therefore, we focused on the antioxidant enzyme
system of colon cancer cells in order to reveal the
mechanism by which Shikonin regulates apoptotic cell death.
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Peroxiredoxins (Prxs) are an important superfamily of
antioxidant enzymes and consists of six members (15).
Among them, PrxV is elevated in colon cancer tissues
compared with other Prx family members and normal colon
tissues (16). Overexpression of PrxV was shown to inhibit
apoptosis of colon cancer cells (16). But as far as we are
aware, the association of PrxV expression and mTOR
signaling has not yet been studied. Therefore, we mainly
focused on the relationship between PrxV and Shikonin-
induced apoptosis via mTOR signaling pathway in colon
cancer cells. We hypothesized that PrxV may play an
important role in the regulation of colon cancer cell
apoptosis induced by Shikonin.

Materials and Methods

Cell culture and generation of stable cell lines. HCT116, HT29,
HT29 Mock, and Prx V-overexpressing HT29 cells (HT29 His-
PrxV) cell lines were maintained in Dulbecco’s modified Eagle’s
medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS; Hyclone, Logan, UT, USA), penicillin
(100 U/ml) and streptomycin (100 mg/ml) in an incubator at 37°C
with 5% humidified CO,. HCT116 Mock, HCT116 shPrxV and
HCT116 His-PrxV cell lines were established as described
previously (17).

Apoptosis and proliferation assays. Cells were inoculated at a
density of 5x103 cells/well in 96-well plates. Cell proliferation of
HCT116, HT29, HT29 Mock and HT29 His-PrxV cells after 24-h
treatment with Shikonin (0, 0.1, 0.5, 1, 5, 10, 15 and 20 pM) was
studied using EZ-Cytox Kit (DoGenBio, Korea), according to the
manufacturer’s instructions. The absorbance was measured at 450
nm. To detect apoptosis, cells were prepared using the propidium
iodide (PI), Annexin V Detection Kit (BD Biosciences, CA, USA),
according to the manufacturer’s instructions, and analyzed by flow
cytometry (FACSCalibur; BD Biosciences).

Western blot analysis. Treated HT29 and HCT116 cells were lysed
in RIPA buffer (150 mM NaCl, 1% Nonidet p-40, 50 mM Tris, pH
8.0, and a protease inhibitor cocktail). Thirty micrograms of protein
from each sample was separated by sodium dodecyl sulfate-PAGE
and transferred to a nitrocellulose membrane (Bio-Rad, California,
USA). Western blotting was performed with rabbit or mouse
antibodies against PrxI, PrxII: LF-PA0091 (AbFrontier, Seoul, South
Korea), PrxIII, PrxIV, PrxV, PrxVI, mTOR, pmTOR, AKT, pAKT,
pERK, p38, pP38, and His-Prx V. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as control. Protein expression
levels were detected qualitatively using Super Signal West Pico
PLUS Chemiluminescent Substrate (Thermo Fisher, CA, USA).

2°,7’-Dichlorofluorescin diacetate (DCF-DA), dihydroethidium (DHE)
and 5,5°,6,6’-tetrachloro-1,1",3,3° -tetraethyl-benzimidazolyl-
carbocyanine chloride (JC-1) staining assays. Changes in the ROS
levels of HT29 and HCT116 cells with dose-dependent treatment of
Shikonin were determined using DCF-DA (Invitrogen). Cells were
incubated with 20 mM of DCF-DA, DHE and JC-1 respectively for
15 min at 37°C. After washing with 1x PBS, images were taken under
microscopy and the fluorescence intensities were noted qualitatively.
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Transwell assays. Migration and invasion assays were performed
using 24-well transwell chambers with 8.0-uM pore polycarbonate
membranes (Merck Millipore, Darmstadt, Germany) without
(migration) or with (invasion) Matrigel. Briefly, 200-ul volumes of
HCT116 and HT29 cell suspensions in medium containing 0.5%
FBS were added separately to the upper chambers (1><105
cells/chamber). In each case, the bottom chamber was filled with
800 pl of medium supplemented with 20% FBS (or not) as a
chemoattractant. The cells were then incubated for 24 h at 37°C in
5% CO,. Cells that passed through the coated membrane to the
lower surface were then fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet for 1 h prior to capturing images
under a microscope. Images were captured and the mobilized cell
numbers were counted in treated and non-treated groups
comparatively.

Immunocytochemistry. HT29 cells treated with Shikonin in a
dose-dependent manner were fixed with 3.7% formaldehyde in 1x
PBS for 10 min at room temperature. Those cells were then
blocked with 1X PBS containing 0.5% Triton x-100 and 1%
bovine serum for 60 min at room temperature and then incubated
with primary antibodies against mTOR and pmTOR for 18 h. On
the following day, cells were washed with 1x PBS with Tween 20
and incubated with secondary antibodies for 2 h at room
temperature. Nuclei were visualized by 4’,6-diamidino-2-
phenylindole (DAPI) staining. Nuclear staining was observed
qualitatively under a microscope after 20 min of DAPI staining,
and images were acquired. Fluorescence intensities of images
taken from treated and non-treated groups were examined
comparatively.

Colony-formation assay. HT29 and HCT116 cells (1x103
cells/well) were plated in six-well plates and treated with 0, 5, 10
and 20 uM of Shikonin. Cells were maintained in an incubator at
37°C with 5% CO, for 7 days. Cells were then washed with 1x
PBS, fixed with 3.7% formaldehyde for 10 min, treated with
methanol for 20 min, and stained with crystal violet for 30 min.
The plates were washed three times with 1x PBS prior to image
capturing. The number of colonies in treated and non-treated
groups was counted.

Sphere-formation assay. HT29 and HCT116 cells (2x103
cells/well) were seeded in a six-well Ultra Low Cluster plate
(Corning Inc., Corning, NY, USA) and cultured for 10 days in
suspension in serum-free Dulbecco’s modified Eagle’s medium/F12
(Gibco, Grand Island, NY, USA) containing B27 supplement (1:
50; Invitrogen), 20ng/ml epidermal growth factor (Calbiochem, San
Diego, CA, USA), and 0.5% bovine serum albumin (Sigma-
Aldrich, St. Louis, MO USA). The spheres were imaged with an
inverted microscope and counted. Sphere-formation efficiency was
calculated as the number of colonies/input cells x100%.
Immunocytochemical staining of spheres was performed following
the steps of the assay as described above in the section on
immunocytochemistry.

Statistical analysis. The data are depicted as the mean+SEM.
Student’s t-tests were performed using GraphPad Prism 4.0
software (GraphPad Software Inc., San Diego, CA, USA), and
values of *p<0.05 were considered indicative of significant
difference.
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Figure 2. Role of Shikonin in oxidative status of colon cancer cells. (A) JC-1 staining of HT29 and HCT116 colon cancer cells after treatment with
increasing concentrations of Shikonin to show the effects on mitochondrial reactive oxygen species (ROS) level. (B) 2°,7’- Dichlorofluorescin
diacetate (DCF-DA) staining of Shikonin-treated HT29 and HCTI116 cells reflecting the effect of Shikonin on the ROS level of colon cancer cells.
(C) Western blotting showed the dose-dependent effects of Shikonin on expression of peroxiredoxin (Prx) family members in colon cancer cells.

Results

Shikonin suppressed proliferation and malignancy of colon
cancer cells. First of all, we investigated the effects of
Shikonin on colon cancer cells to confirm it with previously
reported effects. Shikonin has been reported to lead to ROS-
based mitochondria-induced apoptosis of colon cancer cells
(11). To observe the effects of Shikonin on colon cancer
cells, we treated two colon cancer cell lines, HCT116 and
HT29, with Shikonin and performed cell viability assay. As
shown in Figure 1, HT29 and HCT116 cell viabilities were
reduced by Shikonin in a dose-dependent manner. The
reduction of viability was more prominent in HT29 cells
compared with HCT116 cells.
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From the effects of Shikonin observed in the cell viability
assay, we selected four different concentrations of Shikonin
(0,5, 10 and 20 pM) for further experiments. As shown in
Figure 1C, Shikonin also inhibited the sphere-forming ability
of both colon cancer cell lines in a dose-dependent manner.
Next we have performed the colony formation assay to check
the effects of Shikonin on colony forming ability of colon
cancer cells thereby indicating the effect on colon cancer cell
proliferation. Shikonin diminished colony formation at
increasing concentration (Figure 1D). Furthermore, as shown
in Figure 1E and F, Shikonin treatment reduced the ability
of colon cancer cells to migrate and invade. Altogether, these
data confirmed that Shikonin had a dose-dependent
inhibitory effect on colon cancer cell properties.
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Figure 3. Shikonin mediated mammalian target of rapamycin (mTOR) signaling in HT29 colon cancer cells. (A) Western blotting to show the dose-
dependent effects of Shikonin on the expression of mTOR and mTOR signaling pathway-related factors. (B) Immunocytochemistry assay to confirm
the effects of Shikonin on the expression of mTOR and phosphorylated (p)mTOR. AKT, Protein kinase B; ERK, extracellular signal-regulated kinase;
DAPI, 4°,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Shikonin affected oxidative stress and antioxidant enzymes
of colon cancer cells. Next we focused on the effects of
Shikonin on oxidative stress and the relationship of
Shikonin with antioxidant enzymes in colon cancer cells.
Shikonin has been reported to enhance cisplatin-induced
colon cancer cell apoptosis as a natural inducer of ROS [8].
Moreover, Shikonin is already known for its relationship
with oxidative stress of various cells in numerous ways
(18-20). Similarly, we conducted JC-1 staining (Figure 2A)
to check the effect of Shikonin on colon cancer cell
apoptosis, mitochondrial potential, mitochondrial ROS
level, and DCF-DA staining (Figure 2B) to check the effect
of Shikonin on the ROS level of colon cancer cells. JC-1,
a membrane-permeant dye, is widely used to monitor the
healthy mitochondria mainly in apoptotic studies. One of
the first stages of apoptosis is the disruption of
mitochondria and a change in the oxidoreductive status of
cells by alteration of the ROS level. These changes can be
identified using JC-1 staining. The results showed that
Shikonin induced generation of ROS in a dose-dependent
manner and colon cancer cell apoptosis through induced
oxidative stress.

Then the effect of Shikonin on antioxidant enzymes in
colon cancer cells was investigated. The peroxiredoxin family

was selected for this as peroxiredoxins are important
antioxidant enzymes in most of cancer types, including colon
cancer (21). As shown in Figure 2C, western blotting revealed
that there were no observable effects of Shikonin treatment on
PrxII, PrxIII and PrxVI. However, the expression level of PrxI
was increased and that of PrxV was reduced on treatment with
increasing concentration of Shikonin. These effects were more
significant in HT29 cells compared with HCT116 cells.
Therefore, we selected the HT29 cell line for further
experiments. As we previously reported the elevated
expression of PrxVcompared with other Prx family members
in colon cancer cells (16), we focused on the effects of
Shikonin on PrxV expression in colon cancer.

Shikonin modulates mTOR signaling in colon cancer cells.
Enhanced colon cancer cell progression through induction of
mTOR signaling pathway has been reported (22). Moreover,
it has been reported that inhibition of mTOR signaling
inhibits colon cancer cell growth (23). However, to our
knowledge, the effect of Shikonin on mTOR signaling of
colon cancer cells has not been studied.

Therefore, we focused on the changes of mTOR signaling
induced in colon cancer cells by Shikonin treatment and
further evaluated whether Shikonin inhibition of PrxV
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Figure 4. Overexpression of peroxiredoxin (progesterone receptor) V negatively regulates Shikonin-induced cell apoptosis via mammalian target of
rapamycin (mTOR) signaling in colon cancer cells. (A) Western blotting to confirm the expression of Prx V in stably constructed HT29 cells. (B)
MTT assay comparing the cell viability of Prx V-overexpressing colon cancer cells (His-Prx V) with control Mock cells. (C) Flow cytometric analysis
of cell apoptosis. (D) Dihydroethidium (DHE) staining to check the effect of Prx V on Shikonin-induced colon cancer cell apoptosis. E: Western
blotting for the effects of Prx V overexpression on mTOR signaling and related factors. AKT, Protein kinase B; ERK, extracellular signal-regulated
kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Differences with values of *p<0.05, **p<0.01 bars represent 100 microns and p<0.05
values were considered statistically significant. Data is presented as the mean *+ standard error.

expression is related to mTOR signaling in colon cancer
cells. Figure 3A presents western blotting results for HT29
cells treated with 0, 5, 10 and 20 pM of Shikonin. Even
though the expression of mTOR was not significantly
reduced, pmTOR was significantly down-regulated with
increasing concentration of Shikonin.

Similarly, western blotting was conducted to check the
expression of mTOR signaling pathway-related factors. The
results showed the reduction of pAKT and pERK, while AKT
expression was not changed by increasing Shikonin
concentration. As shown in Figure 3C, an immunocytochemistry
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assay confirmed the reduction of pmTOR expression in HT29
cells with increasing Shikonin concentration. These data showed
that Shikonin affects mTOR signaling in colon cancer cells in a
dose-dependent manner.

Overexpression of PrxV reverses Shikonin-induced
apoptosis and ROS level in colon cancer cells via regulation
of mTOR signaling. The results in Figure 2C already showed
that the level of PrxV was reduced with Shikonin treatment.
Therefore, we examined whether this was related to Shikonin
induced colon cancer cell apoptosis. For this purpose, stable
HT?29 colon cancer cell lines with PrxV overexpression (His-
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PrxV) and control (HT29 Mock) were established as
mentioned in our previous studies (16, 17). Expression in
cell lines was confirmed by western blotting as shown in
Figure 4A.

As shown in Figure 4B, at increasing concentrations of
Shikonin compared with HT29 Mock cells, viability was
increased by the overexpression of PrxVas shown by MTT
assay. Furthermore, as shown in Figure 4C and D, flow
cytometric analysis of cell apoptosis and DHE staining
showed that overexpression of PrxV reduced the population
of apoptotic cells. As shown in Figure 4E, western blotting
results showed that PrxV overexpression reversed the effect
of Shikonin on the pmTOR level in HT29 cells, while no
observable changes occurred in the expression of mTOR.
The overexpression of PrxV did not significantly influence
the expression of other factors related to mTOR signaling.
Taken together, these data revealed that the HT29 cell
apoptosis induced by Shikonin via regulation of the mTOR
signaling pathway can be reversed by the overexpression
of PrxV.

Discussion

Colon cancer has become one of the predominant cancer
types in the past several decades, with higher mortality rate
mainly in Western countries (24). To date, it ranks as the
third most common malignancy in the world (11).
Carcinogenesis of colon cancer is considered to be
associated with both genetic, environmental and lifestyle
factors. Even though surgical resection has remained the
main treatment strategy for colon cancer, its efficiency is
reduced due to the poor prognosis of colon cancer (9).
Therefore, the identification of better therapeutic
management strategies remains a challenge for successful
colon cancer treatment.

Natural compounds extracted from various plant
extracts have earned the global attention as anticancer
agents (25). Shikonin, a natural naphthoquinone derivative
also has been identified for its numerous anticancer
effects against various cancer types (26). As a previous
research group suggested, Shikonin increases colon cancer
cell sensitivity to radiation therapies by inducing
generation of ROS. Therefore, Shikonin is considered to
be a natural inducer of ROS in cells (26). Furthermore, it
has been reported that Shikonin induces colon cancer cell
apoptosis through various pathways related to the
endoplasmic reticulum and mitochondria (9). Shikonin
was confirmed by other research groups to induce colon
cancer cell apoptosis via ROS-induced mitochondrial
pathways (10, 11). According to a previous study,
Shikonin had anticancer effects on thyroid cancer cells
(27). When considering the effects of Shikonin on
apoptosis of melanoma cells, it was reported that this

involved ROS-mediated endoplasmic reticulum stress
(28). Therefore, Shikonin is widely known to induce
apoptosis of various cancer cells, including colon cancer.
We also confirmed these effects of Shikonin on colon
cancer cells through a series of in vitro experiments
(Figures 1 and 2). The underlying mechanism of Shikonin-
induced apoptosis in colon cancer had not been studied.

Therefore, we focused on the antioxidant enzyme system
in colon cancer cells by targeting the Prx family. As we
showed in our previous study, PrxV is expressed highly in
colon cancer cells compared to normal colon tissues.
Moreover, the expression level of PrxV is higher in colon
cancer cells when compared to the expression of other Prx
family members (17). In our data we found PrxV was down-
regulated by increasing concentrations of Shikonin.
Therefore, we focused on PrxV to determine the underlying
mechanism related to Shikonin-induced colon cancer cell
apoptosis. Our previous study also showed that PrxV
reduced apoptosis of colon cancer cells (16).

According to our results in this study, Shikonin induced
colon cancer cell apoptosis via effects on mTOR signaling.
It has been reported that the mTOR signaling pathway can
induce colon cancer tumorigenesis (29). Furthermore, several
studies have showed that antitumor effects can be enhanced
by inhibiting mTOR signaling pathway in colon cancer cells
(30, 31). Similarly, our results showed that Shikonin induced
colon cancer cell apoptosis by down-regulating activation of
mTOR signaling.

The role of PrxV was studied using HT29 His-PrxV and
HT29 Mock cell lines with the treatment of Shikonin. Our
results showed that the effects of Shikonin in inducing colon
cancer cell apoptosis were abrogated by induced
overexpression of PrxV.

We conclude that Shikonin induces colon cancer cell
apoptosis by inhibiting mTOR signaling and overexpression
of PrxV can abrogate the apoptosis-inducing effects of
Shikonin by regulating mTOR signaling. Even though these
effects of PrxV need to be studied in greater detail in future
studies, our results provide new insight into understanding
the underlying mechanisms to allow targeting for better
clinical management of colon cancer.
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