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Shikonin Exerts Cytotoxic Effects in Human Colon Cancers by
Inducing Apoptotic Cell Death via the Endoplasmic Reticulum and
Mitochondria-Mediated Pathways
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Abstract

The apoptotic effects of shikonin (5,8-dihydroxy-2-[(1R)-1-hydroxy-4-methylpent-3-enyllnaphthalene-1,4-dione) on the human co-
lon cancer cell line SNU-407 were investigated in this study. Shikonin showed dose-dependent cytotoxic activity against SNU-407
cells, with an estimated ICs, value of 3 uM after 48 h of treatment. Shikonin induced apoptosis, as evidenced by apoptotic body
formation, sub-G; phase cells, and DNA fragmentation. Shikonin induced apoptotic cell death by activating mitogen-activated
protein kinase family members, and the apoptotic process was mediated by the activation of endoplasmic reticulum (ER) stress,
leading to activation of the PERK/elF2o/CHOP apoptotic pathway, and mitochondrial Ca?* accumulation. Shikonin increased
mitochondrial membrane depolarization and altered the levels of apoptosis-related proteins, with a decrease in B cell ymphoma
(Bcl)-2 and an increase in Bcl-2-associated X protein, and subsequently, increased expression of cleaved forms of caspase-9
and -3. Taken together, we suggest that these mechanisms, including MAPK signaling and the ER- and mitochondria-mediated
pathways, may underlie shikonin-induced apoptosis related to its anticancer effect.
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INTRODUCTION of Lithospermum erythrorhizon (Je et al., 2015), has antican-
cer activity against various types of cancer in vitro and in vivo
Colon cancer occurs frequently and is one of the most im- (Hashimoto et al., 1999). This activity is associated with apop-
portant causes of cancer-related mortality in the elderly gen- tosis induction (Gao et al., 2002) and regulation of the prolif-
eration (Kim et al., 2015). Both genetic and environmental eration of cancer cells (Yingkun et al., 2010). Recently, Liang
factors are considered to be associated with carcinogenesis et al. (2017) reported that shikonin induces reactive oxygen
of the colon (Slattery et al., 2016; Theodoratou et al., 2017). species-based mitochondria-mediated apoptosis in colon can-
Currently, surgical resection is the main treatment and is cer. Though the cytotoxic properties of shikonin against can-
highly effective for localized colorectal cancer (Osada et al., cer cells have been extensively investigated, the details of the
2018). However, patients with late-stage disease have a poor apoptotic effect of this compound in human colon cancer cells
prognosis. Of the patients diagnosed with colon cancer who in terms of endoplasmic reticulum (ER) and mitochondrial in-
undergo potentially curative surgical resection, approximately volvement remain unclear.
25-40% will suffer tumor recurrence, and the overall mortality Apoptosis is a form of programmed cell death necessary for
of the disease is approximately 40% (Zarour et al., 2017). To physiological growth, immunity, and oncogenesis inhibition.
address this issue, chemotherapies have been improved to Cancer progression is related to various critical processes,
induce apoptosis to increase the survival rates. such as abnormal cell proliferation upon oncogene activation,
In recent years, numerous natural compounds have been which suppresses apoptosis (Rajasekar et al., 2012).
examined for their antitumor potential in vitro and in vivo. In The mitogen-activated protein kinase (MAPK) family, which
particular, shikonin, a naphthoquinone derived from the root includes c-Jun-N-terminal kinase (JNK), extracellular signal-
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regulated kinase (ERK), and p38 MAPK, is momentous me-
diators of signal pathways of cell growth, proliferation, dif-
ferentiation, and apoptosis. Recent evidence proved that the
activated MAPK signaling pathway can induce cancer cell
death (Wakita et al., 2015). Apoptosis can be induced via in-
trinsic and extrinsic pathways; the intrinsic pathway is caused
by intracellular events related to the ER and mitochondria.
The ER is a multifunctional organelle, the primary functions of
which are protein synthesis and folding. It also serves as an
important location for Ca?* storage and cell signaling. Pertur-
bations of the functions of the ER result in ER stress, which
can activate the expression of ER stress transducers and
promotes apoptosis (Tsai et al., 2018). The B cell lymphoma
(Bcl)-2 family, which comprises the anti-apoptotic proteins Bcl-
2 and Bcl-xL, and the pro-apoptotic proteins Bcl-2-associated
X (Bax), Bcl-2 homologous antagonist killer, and Bcl-2-asso-
ciated death promoter, are the main mediators of mitochon-
dria-mediated apoptosis (Chi, 2014; Gross, 2016; Radha and
Raghavan, 2017). The crucial event in mitochondria-related
apoptosis is permeability conversion and the subsequent ac-
tivation of caspases (Fogarty and Bergmann, 2017; Xiong et
al., 2014). The cleaved forms of caspase-9 and caspase-3 are
important mediators of apoptosis.

The current study aimed to explore the apoptosis-inducing
mechanisms of shikonin in SNU-407 human colon cancer cells.

MATERIALS AND METHODS

Reagents and chemicals

Shikonin was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA) and was dissolved in dimethylsul-
foxide (DMSO). The final concentration of DMSO did not ex-
ceed 0.02%. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), Hoechst 33342, propidium iodide (PI),
and N-acetyl cysteine (NAC) were obtained from Sigma-Al-
drich (St. Louis, MO, USA). 5,5",6,6 -Tetrachloro-1,1",3,3"-
tetraethylbenzimidazolylcarbocyanine chloride (JC-1), ER-
Tracker Blue-White DPX and Rhod 2-acetoxymethyl ester
(Rhod2-AM) were provided by Molecular Probes (Eugene,
OR, USA). SP600125, SB203580, and U0126 were obtained
from Calbiochem (San Diego, CA, USA). The other reagents
and chemicals were all of analytical grade.

Cell culture

The human colon cancer cell line SNU-407 was purchased
from the Korean Cell Line Bank (Seoul, Korea). The cells were
cultured in RPMI 1640 medium containing 10% heat-inactivat-
ed fetal calf serum, streptomycin (100 ug/ml), and penicillin
(100 units/ml) in an incubator (37°C) with a humidified atmo-
sphere of 5% CO,.

Cell viability assay

Cells were seeded into a 24-well plate at a density of
1.0x10° cells/ml, treated with 0, 0.625, 1.25, 2.5, 5, or 10 uM
shikonin, and maintained at 37°C for 48 h. MTT solution was
added to each well and after further incubation for 4 h, the
absorbance at 540 nm was determined (Salimi et al., 2017).

Colony formation assay

Cells were seeded into 60-mm dishes to produce approxi-
mately 500 colonies per dish and were treated with shikonin (3
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Fig. 1. Cytotoxic effect of shikonin in human colon cancer SNU-
407 cells. Cells were treated with (A) the indicated concentrations
of shikonin for 48 h. Viability was assessed by the MTT assay.
*p<0.05 vs. control cells. (B) Long-term cytotoxic effects of shiko-
nin were detected by a colony formation assay. Approximately 500
colonies were seeded into each 60-mm dish, treated with shikonin,
and incubated for 14 days. The resultant colonies were stained us-
ing a Diff-Quik kit. *p<0.05 vs. control cells.

uM). The dishes were incubated for 14 days. Then, the colo-
nies were stained with a Diff-Quik kit (Sysmex, Kobe, Japan)
according to the manufacturer’s instructions. The colony form-
ing cells (CFCs) were considered visible.

Nuclear staining with Hoechst 33342

Cells were treated with 3 pM shikonin and incubated at
37°C for 48 h. Then, 20 uM Hoechst 33342 was added to each
well, and the cells were incubated at 37°C for 10 min. Stained
cells were observed under a fluorescence microscope. The
extent of nuclear condensation was evaluated, and apoptotic
cells were counted.

Detection of sub-G, hypodiploid cells

Cells were harvested and fixed in 70% ethanol at 4°C for 30
min. Then, the cells were incubated in a solution containing 50
mg/ml Pl and 50 pug/ml RNase Ain the dark at 37°C for 30 min.
The cells were then examined in a FACSCalibur flow cytom-
eter (Becton Dickinson, Franklin Lakes, NJ, USA) (Lee, 2016).

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

The TUNEL assay was performed using an in-situ cell death
detection kit (Roche Diagnostics, Mannheim, Germany) ac-
cording to the manufacturer’s instructions. Cells were seeded
onto chamber slides at a density of 1.0x10° cells/well and after
20 h, they were treated with shikonin (3 uM) for 48 h. Then, the
chamber slides were fixed, and the cells were permeabilized.
After washing in PBS, the stained cells were visualized with
a fluorescence microscope (Olympus IX 70, Olympus Optical
Co., Tokyo, Japan) and quantified (Jeon et al., 2017).

Measurement of mitochondrial Ca?*

Cells were suspended in PBS containing Rhod2-AM (1 uM),
incubated at 37°C for 15 min, and assessed by flow cytometry.
In addition, cells were seeded in 4-well chambers and treated
with Rhod2-AM at 37°C for 30 min. Images were captured on
a confocal microscope using the Laser Scanning Microscope
5 PASCAL software (Carl Zeiss, Jena, Germany).



A Control Shikonin Control Shikonin

- o ~ =
o 201 10~
o *
o
o 16 1 g ® 8
2 124 P8 61
8 52
T 87 xG 47
) 3z 4
3 41 £ 24
el
C
= 0 0

Control Shikonin Control Shikonin
B .
Control Shikonin
200 200
Sub G;: 4% Sub G;: 26%

Cell numbers
Counts

0
0 200 400 600 800 1,000 0 200 400 600 800 1,000
FL2-A FL2-A

Fluorescence intensity

-
o
J

8 *
6
4
24

Index of sub-G, cells

0_

Control Shikonin

Fig. 2. Shikonin induces apoptosis in SNU-407 cells. (A) Apoptotic
body formation (arrows) was observed by fluorescence microscopy
after Hoechst 33342 staining. *p<0.05 vs. control cells. (B) Sub-G;
cells were detected by flow cytometry after Pl staining. *p<0.05 vs.
control cells. (C) DNA fragmentation indicative of apoptosis was
assessed by the TUNEL assay. *p<0.05 vs. control cells.

Detection of ER stress by ER staining

Cells were suspended in PBS containing ER-tracker Blue-
White DPX probe (1 uM), incubated at 37°C for 15 min, and
detected by flow cytometry. In addition, cells stained with the
Blue-White DPX probe were evaluated by confocal microsco-
py using the Laser Scanning Microscope 5 PASCAL software.

Detection of the mitochondrial membrane potential (Ay,,)

Cells were stained with JC-1 (5 uM) and microscopic im-
ages were collected using a confocal microscope and Laser
Scanning Microscope 5 PASCAL. In addition, stained cells
were examined by flow cytometry (Becton Dickinson).

Western blot analysis

Cell lysates (40 ug of protein) were electrophoresed on a
12% sodium dodecyl sulfate-polyacrylamide gel. The proteins
were then transferred to nitrocellulose membranes, which
were subsequently incubated with primary antibodies followed
by horseradish peroxidase-conjugated goat anti-mouse and
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Fig. 3. Shikonin induces apoptosis via the MAPK pathway. (A)
Western blot analysis of the phosphorylation state of MAPK family
members. After treatment with MAPK inhibitors and/or shikonin. (B)
apoptotic body formation (arrows) was observed by fluorescence
microscopy after Hoechst 33342 staining, and (C) cell viability
was assessed using the MTT assay. *p<0.05 vs. control cells,
#p<0.05 vs. shikonin-treated cells. U, U0126; SB, SB203580; SP,
SP600125; S, shikonin.

goat anti-rabbit IgG secondary antibodies (Pierce, Rockford,
IL, USA). Protein bands were visualized using an enhanced
chemiluminescence western blotting detection kit (Amersham,
Little Chalfont, Buckinghamshire, UK). Antibodies targeting
the following proteins were used: phospho-PERK, cleaved
caspase-12, Bcl-2, Bax, caspase-9, caspase-3, phospho-
ERK1/2, ERK2, phospho-JNK1/2, JNK1/2, phospho-p38, and
p38 (all from Cell Signaling Technology, Beverly, MA, USA),
and phospho-IRE1a, C/EBP-homologous protein (CHOP),
phospho-elF2a, and GRP78 (all from Santa Cruz Biotechnol-
ogy).

Reverse transcription-polymerase chain reaction (RT-PCR)

PCR conditions were as follows: initial denaturation for 5
min at 94°C; 37 cycles of 94°C for 20 sec, 48°C for 10 sec, and
72°C for 40 sec; and a final elongation step at 72°C for 10 min.
The primers used to amplify human XBP1 and human GAPDH
cDNA were as follows: XBP1-s, 5-CCTTGTAGTTGAGAAC-
CAGG-3" (F) and 5-GGGGCTTGGTATATATGTGG-3" (R);
GADPH, 5°-TCAAGTGGGGCGATGCTGGC-3" (F-648 bp)
and 5'-TGCCAGCCCCAGCGTCAAAG-3" (R-648 bp).

Statistical analysis

All values are expressed as the mean * the standard error
of the mean. Data were analyzed using analysis of variance
and Tukey’s test to determine pairwise differences. A p-value
< 0.05 was considered to be statistically significant.
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Fig. 4. Shikonin induces ER stress in SNU-407 cells. Cells were exposed to 3 pM shikonin for 24 h, harvested, and loaded with the ER-
tracker Blue-White DPX probe (1 uM). ER stress was measured by (A) flow cytometry and (B) confocal microscopy. Fl: fluorescence in-
tensity. Representative confocal microscopic images show elevated blue fluorescence intensity of Blue-White DPX probe in the shikonin-
treated cells. (C) Cell lysates were subjected to electrophoresis, and phospho-PERK, phospho-elF2a, phospho-IRE1a, CHOP, GRP78,
and cleaved caspase-12 were detected by western blotting. (D) The level of spliced XBP1 mRNA (XBP1s) was measured by RT-PCR. us,
unspliced; s, spliced. Mitochondrial Ca** level was measured by (E) flow cytometry and (F) confocal microscopy after staining the cells with

Rhod2-AM.

RESULTS

Shikonin restrains the growth of SNU-407 human colon
cancer cells

The cytotoxic effects of shikonin were assessed in SNU-
407 human cancer cells. After treating SNU-407 cells with dif-
ferent concentrations of shikonin, the ICs, of shikonin in SNU-
407 cells was calculated to be 3 uM (Fig. 1A). Therefore, the
cells were treated with 3 uM shikonin for 48 h in subsequent
experiments. To investigate whether shikonin can induce pro-
longed inhibition of cell growth, a colony formation assay was
performed. The CFCs were considered visible. Compared
with the control group, shikonin significantly suppressed colo-
ny formation by SNU-407 cells (Fig. 1B).

Shikonin induces apoptosis in SNU-407 human colon
cancer cells

To examine whether the cytotoxic effects of shikonin oc-
curred via apoptosis, we assessed apoptotic body formation,
the number of cells in the sub-G, phase of the cell cycle, and
DNA fragmentation. Apoptotic body formation as assessed by
using Hoechst 33342 staining was increased in shikonin-treat-
ed cells compared with control cells (Fig. 2A). Moreover, the
number of cells in sub-G; phase was significantly increased
in shikonin-treated cells compared with control cells (26% vs.
4%, respectively; Fig. 2B). The number of TUNEL-positive
cells was increased in shikonin-treated cells compared with
control cells (Fig. 2C).

Involvement of the MAPK pathway in shikonin-induced

apoptosis
Shikonin treatment activated ERK, JNK, and p38 MAPK
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in a time-dependent manner (Fig. 3A). We treated cells with
specific inhibitors of ERK, JNK, and p38 MAPK to determine
whether this would attenuate shikonin-induced cell death.
U0126 (an inhibitor of ERK), SP600125 (an inhibitor of JNK),
and SB203580 (an inhibitor of p38 MAPK) attenuated the
apoptotic effect of shikonin as indicated by Hoechst 33342
staining analysis (Fig. 3B). These results were confirmed by
an MTT assay (Fig. 3C). Together, these findings suggested
that shikonin-induced apoptotic cell death is related with acti-
vation of MAPKSs.

Shikonin-induced apoptosis is mediated by an increased
ER stress response

We next investigated the relationship between shikonin-in-
duced apoptosis and ER stress in SNU-407 cells. When cells
are under stress, the accumulation of unfolded and misfolded
proteins in the ER lumen causes ER stress. The induction of
ER stress by shikonin significantly increased the fluorescence
intensity of the ER-specific dye ER-tracker Blue-White DPX as
indicated by flow cytometry and image analysis (Fig. 4A, 4B).
If the ER stress persists, it may activate downstream proteins,
subsequently causing apoptosis through pathways mediated
by PKR-like ER-associated kinase (PERK) and inositol-requir-
ing enzyme-1a (IRE1a). By measuring the expression levels
of proteins associated with these pathways, we found that the
expression of phosphorylated PERK (phospho-PERK), phos-
phorylated IRE1a (phospho-IRE1a), phosphorylated elF2a
(phospho-elF2a), CHOP, GRP78, cleaved caspase-12, and
spliced mRNA of XBP1 was increased (Fig. 4C, 4D). These
results suggested that the mechanism of shikonin-induced
apoptosis is mediated by the PERK/elF2a/CHOP stress re-
sponse pathway in the ER. To evaluate whether shikonin stim-
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Fig. 5. Shikonin induces apoptosis via the mitochondrial and caspase pathways. Cells were stained with JC-1, and Ay,, was assessed by
(A) confocal microscopy and (B) flow cytometry. *p<0.05 vs. control cells. Western blot analysis of (C) Bcl-2 and Bax, and (D) cleaved cas-
pase-9 and cleaved caspase-3, using the appropriate primary antibodies.

ulates Ca?* release from ER stores and induces mitochondrial
Ca?* accumulation, which can trigger apoptosis, we detected
mitochondrial Ca?* levels using flow cytometry and image
analysis after staining the cells with Rhod2-AM. Shikonin sig-
nificantly increased the Rhod2-AM fluorescence intensity as
compared to that in control cells (Fig. 4E, 4F).

Involvement of the mitochondrial pathway in shikonin-
induced apoptosis

Apoptosis occurs via mitochondrial membrane permeabili-
zation/depolarization (Jeong and Seol, 2008). Confocal micro-
scopic images revealed that the mitochondria of control cells
barely exhibited green JC-1 fluorescence, which is an indica-
tive of Ay, depolarization, while shikonin-treated cells exhibit-
ed increased green mitochondrial fluorescence by JC-1 stain-
ing (Fig. 5A). Shikonin-induced loss in Ay, was confirmed by
flow-cytometric analysis (Fig. 5B), demonstrating that shikonin
disrupted the Ayn. We then investigated the levels of proteins
associated with mitochondria-mediated apoptosis. Shikonin
downregulated the level of the pro-survival/anti-apoptotic pro-
tein Bcl-2 and upregulated that of the pro-apoptotic protein
Bax (Fig. 5C). Additionally, shikonin treatment induced signifi-
cantly elevated levels of activated caspase-9 and caspase-3
(Fig. 5D).

DISCUSSION

The ability of cancer chemotherapeutic agents to induce
cell-cycle arrest and apoptosis is a dominating factor in defin-
ing their therapeutic relevance (Mills et al., 2018). In the pres-
ent study, shikonin potently suppressed the growth of SNU-407
cells (Fig. 1). Accordingly, the levels of chromatin condensa-
tion in the nuclei, DNA fragmentation, and sub-G; phase cells
increased following shikonin treatment, demonstrating that
the cytotoxic effect of shikonin involves the apoptotic pathway
(Fig. 2). Additionally, the MAPK signaling pathway is suggest-
ed to be related with anticancer effects (Zhang et al., 2015).
Shikonin treatment markedly induced the phosphorylation of
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Fig. 6. Shikonin induces apoptosis through ER stress and the
mitochondria-mediated pathway. Shikonin induces ER stress and
mitochondrial dysfunction, leading to apoptotic cell death.

three MAPKs, which indicated that the anticancer effect of shi-
konin in the colon cancer cell line SNU-407 is mediated by
activation of the MAPK pathway (Fig. 3). Moreover, ER stress
can trigger apoptosis via ER stress-specific cell-death signals,
including CHOP and caspase-12 (Nakagawa et al., 2000). In
addition, the ER is a major storage site for Ca?*, and excessive
leakage of ER Ca?* stores into the cytoplasm is involved in ER
stress-mediated apoptosis (Ryoo, 2015). In the present study,
shikonin treatment significantly increased the accumulation of
Ca?* in the mitochondrial matrix (Fig. 4). In addition, we in-
vestigated specific markers of ER stress. When unfolded or
misfolded proteins accumulate, ER chaperone-binding immu-
noglobulin protein binds to these abnormal proteins, releas-
ing its inhibitory hold on PERK, ATF6, and IRE1, which form
a signaling pathway to resolve ER stress (Yu et al., 2013).
Moreover, ER stress-induced homo-dimerization and trans-
auto-phosphorylation activates IRE1 endoribonuclease activ-
ity, allowing it to excise a 26-nucleotide intron from the XBP1
mRNA to generate the spliced form, XBP1s (Li et al., 2010).
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Activated PERK phosphorylates elF2a, which attenuates pro-
tein synthesis and alleviates ER protein overload (Yu et al.,
2013). Here, we showed that shikonin induced PERK/elF2a
phosphorylation, IRE1a phosphorylation, XBP1 splicing, cas-
pase-12 cleavage, and CHOP overexpression. Further, we
observed that ER stress was effectively activated by shikonin
treatment (Fig. 4).

Recent studies have reported that this apoptotic pathway
is related to alterations in the Ay, which can be triggered
by various stimuli (Yang et al., 2015; Burke, 2017). The loss
of Aym in SNU-407 human colon cancer cells upon shikonin
treatment was verified by an increase in the fluorescence in-
tensity of the dye JC-1 (Fig. 5). The pro-apoptotic protein Bax
and the anti-apoptotic protein Bcl-2 play a role in the control of
mitochondrial membrane permeability, which is a fundamental
event in apoptosis signaling (EI-Najjar et al., 2008). We found
that an increase in Bax and a decrease in Bcl-2 were related
with the induction of apoptosis in the SNU-407 colon cancer
cell line. In human bladder cancer cells and Hela cells, shiko-
nin induces apoptosis via the activation of caspase-3 (Wu et
al., 2004; Yeh et al., 2007). Similarly, the expression levels of
active caspase-9 and active caspase-3 were increased upon
shikonin treatment in the present study.

In summary, shikonin exerts anticancer effects on SNU-407
cells by activating apoptosis via MAPK signaling and ER- and
mitochondria-mediated pathways as evidenced by the accu-
mulation of mitochondrial Ca?*, induction of ER stress mark-
ers, induction of Ay, loss, activation of caspases, and altera-
tion of Bcl-2 family protein expression (Fig. 6).

These distinct mechanisms render the natural compound,
shikonin, a potentially useful chemotherapeutic candidate that
might effectively suppress colon cancer growth.
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