ONCOLOGY LETTERS 18: 3195-3201, 2019

Shikonin potentiates paclitaxel antitumor efficacy in
esophageal cancer cells via the apoptotic pathway
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Abstract. Shikonin is a natural naphthoquinone pigment that
can suppress the growth of a number of cancer cell types.
Paclitaxel is an antineoplastic chemotherapy drug, which is
used for the treatment of various types of solid tumor cancer.
However, acquired paclitaxel resistance results in the failure
of therapy, and consequent metastasis and relapse. The aim
of the present study was to investigate whether shikonin can
sensitize esophageal cancer cells to paclitaxel-treatment and to
elucidate the underlying mechanisms. The biological effects of
these two agents on esophageal cancer cell lines KYSE270 and
KYSEI150 were investigated by MTT assay, cell cycle analysis,
Annexin-V apoptosis assay, western blotting and reverse tran-
scription-quantitative polymerase chain reaction. The results
demonstrated that shikonin could significantly increase the cell
growth inhibition effect induced by paclitaxel in the examined
cell lines (P<0.001). The addition of shikonin to paclitaxel
promoted cancer cell mitotic arrest and induced significantly
higher levels of cell apoptosis. Notably, the mRNA and protein
levels of Bcl-2 were downregulated, while p53 was upregulated
in KYSE270 and KYSE150 cells following combined treat-
ment. In summary, shikonin can sensitize esophageal cancer
cells to paclitaxel-treatment by promoting cell mitotic arrest
and reinforcing the susceptibility of esophageal cancer cells to
apoptosis induced by paclitaxel, which is potentially associated
with altered levels of Bcl-2 and p53.

Introduction

Esophageal cancer (EC) is the eigth most common malig-
nancy and the seventh leading cause of cancer-associated
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mortality worldwide (1). There are two main histological
types of EC, including esophageal squamous cell carcinoma
(ESCC) and esophageal adenocarcinoma (2). Nearly 50% of
EC cases worldwide occur in China, and EC had the third
highest incidence rate and fourth higher mortality rate
in China according to the Cancer Statistics in China for
2015 (3). Additionally, the majority of EC cases in China are
ESCC, which accounts for >90% of new EC cases (4). Despite
advancements in diagnostic and therapeutic techniques over
the past three decades, the prognosis of ESCC remains poor,
with a 5-year survival rate of <10% (5). Thus, the search for
an effective therapy for controlling this devastating disease is
ongoing. Since ESCC cells avoid apoptosis, novel therapeutic
strategies should be investigated for the induction of apop-
tosis in ESCC cells.

The antineoplastic drug paclitaxel is a microtu-
bule-targeting agent widely utilized in the clinic for the
treatment of patients with ESCC and several other types of
solid tumor (6). Paclitaxel blocks cells in the G2/M phase
of the cell cycle by stabilizing microtubules (7). As a result,
chromosomes fail to achieve the metaphase spindle configura-
tion, which further interferes with chromosome separation,
leading to apoptosis (8-10). Paclitaxel has offered substantial
improvements in patient survival; however, numerous patients
acquire resistance to paclitaxel, which reduces the anti-cancer
effect of paclitaxel (11). Therefore, it is important to identify
non-cytotoxic drugs to increase paclitaxel sensitivity.

Shikonin, a natural product isolated from the plant
Lithospermum erythrohizon, which has long been used in
Traditional Chinese Medicine, is understood to act on a
variety of molecular targets associated with carcinogenesis,
including pyruvate kinase M2 (12). Previous studies have
demonstrated that shikonin exhibits significant antitumor
potential by inducing apoptosis and necroptosis in cancer cell
lines of various types, including breast cancer, hepatocellular
carcinoma, leukemia, glioma and osteosarcoma (13-17). These
findings indicate that shikonin exhibits therapeutic promise for
the treatment of cancer. In addition, shikonin can enhance the
sensitivity of cells to the anticancer agents in various types of
cancer. For instance, shikonin has been identified to enhance
adriamycin antitumor effects in lung cancer (18). Additionally,
there is a potential for combined synergistic effects of
shikonin and arsenic trioxide against human hepatocellular
carcinoma (19).
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The present study identified that the combination of
paclitaxel with shikonin has significantly improved effects on
esophageal cancer in vitro. The present study provides molec-
ular insights into the apoptosis process involved in combined
paclitaxel and shikonin treatment by detecting alterations of
p53 and Bcl-2, and the data indicates that the combination of
paclitaxel and shikonin may be a promising alternative chemo-
therapeutic strategy for esophageal cancer.

Materials and methods

Cell culture and chemicals. The ESCC cell lines KYSE270
and KYSE150, kindly provided by Dr Hui Zhang (Sun Yat-Sen
University Cancer Center, Guangzhou, China), were cultured in
RPMI-1640 medium (Thermo fisher Scientific, Inc., Waltham,
MA, USA), supplemented with 10% (v/v) fetal bovine serum
(Thermo fisher Scientific, Inc.) and 1% penicillin/streptomycin
(Thermo Fisher Scientific Inc.). Cells were incubated at 37°C in
a 5% CO, humidified atmosphere. Paclitaxel, purchased from
the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China), and shikonin, purchased
from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany),
were dissolved in DMSO.

MTT assay. MTT cytotoxicity assay was performed according
to manufacturer's protocol (Sigma-Aldrich; Merck KGaA).
Briefly, KYSE270 and KYSE150 cells were plated in 96-well
plates, at a density of 2,000 cells per well in 100 gl medium.
Following overnight culture, cells were treated with different
treatments for four days, including DMSO, paclitaxel (10,
100 and 200 nM), shikonin (I #M) and paclitaxel (100 nM)
combined with shikonin (1 #M). On days 1, 2, 3 and 4, 10 ul
MTT solution was added to each well and incubated at room
temperature for 3 h. Subsequently, 100 x1 DMSO was added to
each well and the plates were incubated overnight. The absor-
bance was then measured using SpectraMax 190 (Molecular
Devices, LLC, Sunnyvale, CA, USA) at a wavelength of
490 nm. The experiment was performed three times.

Cell cycle analysis and Annexin-V apoptosis assay by
flow cytometry. KYSE 270 and KYSEI150 cells were plated
into 12-well plates at 1x10%/well, and treated with DMSO,
shikonin (1 M), paclitaxel (100 nM) or a combination of
shikonin (1 M) and paclitaxel (100 nM) at 37°C in a 5%
CO, humidified atmosphere. Following 24 h, the cells were
collected and fixed in 70% ethanol at -20°C overnight.
Subsequently, the cells were washed twice with ice-cold PBS.
For cell cycle analysis, the cells were incubated with RNase
A (100 pg/ml; Sigma-Aldrich; Merck KGaA) and propidium
iodide (PI; 50 pg/ml; Sigma-Aldrich; Merck KGaA) at room
temperature for 30 min. The cells were then analyzed by flow
cytometry with a BD FACSCalibur (BD Biosciences, San
Jose, CA, USA). For the Annexin-V apoptosis assay, the cells
were double stained with PI and Annexin-V-FITC according
to the manufacturer's protocol (Nanjing KeyGen Biotech,
Co., Ltd., Nanjing, China). The cells were then immediately
analyzed on BD FACSCalibur flow cytometer. All FACS
data were analyzed with FlowJo v7.6 software (FlowJo, LLC,
Ashland, OR, USA). All experiments were repeated three
times.
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Reverse transcription-quantitative PCR analysis. KYSE270
cells were collected for RNA isolation at 48 h following
treatment with DMSO, shikonin (1 yM), paclitaxel (100 nM)
or a combination of shikonin (1 M) and paclitaxel (100 nM)
at 37°C in a 5% CO, humidified atmosphere. Total RNA was
extracted from KYSE270 cells using TRIzol® (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA),
according to the manufacturer's protocol. Total RNA (1 ug)
was reverse transcribed into cDNA using MMLV reverse
transcriptase according to the manufacturer's protocol.
(Invitrogen; Thermo Fisher Scientific, Inc.). Bcl-2 and p53
gene expression was analyzed by quantitative PCR in the
presence of SYBR Green Master mix (Bio-Rad Laboratories,
Inc., Hercules, CA, USA), with the following primers: Bcl-2
forward, 5'-CGACGACTTCTCCCGCCGCTACCGC-3' and
reverse, 5'-CCGCATGCTGGGGCCGTACAGTTCC-3';
p53 forward, 5“TGTGGGATGGGGTGAGATTTC-3' and
reverse, 5'-CTGTTGGTCGGTGGGTTG-3'. GAPDH was
amplified as an endogenous control using the following
primers: forward, 5~ ACGGATTTGGTCGTATTGGG-3' and
reverse, S-TGATTTTGGAGGGATGTCGC-3'". The relative
expression levels of Bcl-2 and p53 compared were GAPDH in
each sample were calculated according to 222 method (20).
The thermocycling conditions were: i) An initial 95°C for
10 min; ii) 40 cycles of denaturation at 95°C for 30 sec,
annealing with primer at 57°C for 30 sec and extension at
72°C for 30 sec; and ii) final extension at 72°C for 10 min.
The experiments were performed three times.

Western blot analysis. KYSE270 and KYSE150 cells were
collected for protein extraction at 48 h following the indicated
treatments. The cell lysates were prepared in RIPA buffer
(Thermo Fisher Scientific, Inc.). Following protein quanti-
fication with a BCA kit (Bio-Rad Laboratories, Inc.), 20 ug
protein was loaded per lane, separated by 8% SDS-PAGE,
and transferred to a PVDF membrane. Following blocking
with 5% non-fat milk for 1 h at room temperature, the
membranes were incubated with anti-Bcl-2 (cat. no. 4223T;
1:1,000), anti-cleaved caspase 3 (cat. no. 9664T; 1:1,000),
anti-cleaved poly (ADP-ribose) polymerase (PARP; cat.
no. 5625T; 1:1,000), anti-p53 (cat. no. 2527T; 1:1,000) and
anti-GAPDH (cat. no. 2118S; 1:1,000) antibodies overnight
at 4°C. The membranes were then washed with TBS-T (TBS
with 0.05% Tween-20) three times for 5 min each time.
Subsequently, the membranes were incubated with a horse-
radish peroxidase-conjugated anti-rabbit secondary antibody
(cat. no. 7074S; 1:2,000) at room temperature for 1 h. All anti-
bodies were purchased from Cell signaling Technology, Inc.,
(Danvers, MA, USA). After washing three times, the signals
were detected using an ECL kit (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

Statistical analysis. All data are presented as the
mean + standard error of the mean. The data from two groups
or multiple groups were compared using a Student's t-test or
one-way ANOVA with Dunnett's multiple comparisons test.
All Statistical analysis was implemented using SPSS 13.0
software (SPSS, Inc., Chicago, IL, USA). All experiments
were repeated at least three times. P<0.05 was considered to
indicate a statistically significant difference.
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Figure 1. Effects of shikonin and paclitaxel on esophageal squamous cell carcinoma cell growth. KYSE270 cell growth inhibition was determined 48 h
following treatment with increasing doses of (A) shikonin, (B) paclitaxel or a combination of shikonin (1 #M) and paclitaxel by MTT assay. Data were analyzed
by Student's t-test. “P<0.001. (C) KYSE270 and (D) KYSE150 cell growth at different time points following indicated treatment as measured by the MTT
assay. Data were analyzed by one-way ANOVA with Bonferroni's correction, and presented as the mean =+ standard error or the mean from three independent
experiments. “P<0.001 vs. PAX (100 pM) + SHK (I mM). PAX, paclitaxel; SHK, shikonin; OD, optical density.

Results

Shikonin significantly enhances the cytotoxic effects of pacli-
taxel in KYSE270 cells. To determine the cytotoxic effect of
shikonin in ESCC carcinoma cells, the viability of cells treated
with shikonin was measured using MTT assay. As presented
in Fig. 1A, B, shikonin and paclitaxel inhibited KYSE270
and KYSEI150 cell proliferation at 48 h following treatment.
Although treatments with the single drugs modestly inhibited
cell growth, increasing doses of either shikonin (Fig. 1A)
or paclitaxel (Fig. 1B) alone did not significantly inhibit
KYSE270 and KYSE150 cell growth. The effects of shikonin
and paclitaxel co-treatment on KYSE270 and KYSEI150 cell
proliferation were assessed using various concentrations
of paclitaxel, and a low concentration of shikonin at 1 yM.
Significant growth inhibition was observed with 100 or
200 uM paclitaxel and 1 uM shikonin when compared with
cells treated with 100 or 200 uM paclitaxel alone (Fig. 1B;
P<0.001).

Analysis of the effects of shikonin and paclitaxel alone or
in combination on KYSE270 and K'YSE150 cell proliferation
over time were also assessed (Fig. 1C-D). Between 24 and 96 h,
cell survival rates were significantly reduced in the combined
treatment group (100 nM paclitaxel and 1 yM shikonin) when
compared with cell survival in all single agent treatment
groups (P<0.001). These data indicate that shikonin increases
paclitaxel-induced cell inhibitory effects in ESCC cells.

Shikonin facilitates mitotic arrest induction caused by pacli-
taxel. Paclitaxel exerts its cytotoxic effect by interacting with
[B-tubulin, which stabilizes the structure of microtubules and
prevents the depolymerization of microtubules. This microtu-
bule stabilization leads to cell cycle arrest in the G2/M phase
and eventually causes cell death by apoptosis (21). Therefore,
the present study determined whether shikonin affects mitotic
arrest caused by paclitaxel through flow cytometric analysis.
As presented in Fig. 2A-E, following 24 h of treatment, neither
shikonin (1 #M) or paclitaxel (100 nM) alone significantly
altered the cell cycle compared with the control group.
However, compared with treatment with paclitaxel alone, the
combined treatment with shikonin and paclitaxel significantly
enhanced the cell percentage at the G2/M stage. In addition, to
assess the mitotic status of the ESCC cells, the mitotic protein
cyclin B was detected. A significant increased protein level of
cyclin B was detected following 24 h of shikonin and pacli-
taxel combined treatment (P<0.05), indicating that combined
treatment induced mitotic arrest (Fig. 2F).

Shikonin enhances the ability of paclitaxel to induce apop-
tosis of KYSE270 cells. The present study further assessed
the level of cell apoptosis following treatment with either
single or combined agents using two methods. First, the
percentage of sub-GO cells was calculated following 72 h
of exposure to the mock treatment, shikonin, paclitaxel, or
a combination of shikonin and paclitaxel. As presented in
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Figure 2. Effects of shikonin and paclitaxel on cell cycle phase distribution. KYSE270 and KYSE150 cells were exposed to 100 nM paclitaxel for 24 h in either
the presence or absence of shikonin (1 #M). Cell cycle phase distribution was determined by flow cytometry analysis of (A) control cells, (B) paclitaxel-treated
cells, (C) shikonin-treated cells and (D) cells treated with paclitaxel and shikonin. (E) The mitotic cell percentage was calculated based on the percentage of
G2-M phase cells in cell cycle analysis. (F) Top panel, the cellular protein expression of cyclin B was analyzed by western blotting. Bottom panel, the blots
were quantitated desitometrically and for quantitation of cyclikn B level, data had been normalized by the level of GAPDH. Data were analyzed by one-way
ANOVA with Dunnett's multiple comparisons test, and presented as the mean + standard error or the mean from three independent experiments. “P<0.05 and
"P<0.001. Ctr, control; PAX, paclitaxel; SHK, shikonin.
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Figure 3. Effects of shikonin on paclitaxel-induced apoptosis. KYSE270 cells were exposed to paclitaxel (100 nM) for 24 h in either the presence or absence
of shikonin (1 #M). (A) The percentage of Sub-GO cells was calculated based on cell cycle data. Flow cytometric analysis of Annexin-V and propidium
iodide-stained cells following treatment with (B) DMSO, (C) paclitaxel, (D) shikonin, and (E) paclitaxel and shikonin. (F) The percentage of apoptotic cells
in each treatment group. Data were analyzed by one-way ANOVA with Dunnett's multiple comparisons test, and presented as the mean + standard error or the
mean from three independent experiments. “P<0.001. Ctr, control; PAX, paclitaxel; SHK, shikonin.

Fig. 3A, the combined treatment significantly increased the  present study subsequently detected cell apoptosis through
cell apoptosis level in KYSE270 cells when compared with ~ Annexin-V and PI staining. Consistent with the sub-GO
both shikonin or paclitaxel-treatment alone (P<0.001). The analysis, the shikonin and paclitaxel combined treatment
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Figure 4. Effects of shikonin and paclitaxel on the expression of apoptosis-associated proteins in ESCC cells. Cells were exposed to 100 nM paclitaxel for
24 h in either the presence or absence of 1 yM shikonin. (A and B) Cellular proteins were analyzed by western blotting. Combined treatment with shikonin
and paclitaxel markedly enhanced paclitaxel-induced increased levels of cleaved PARP and cleaved caspase 3, and p53 expression, while it suppressed Bcl-2
expression. Effects of shikonin and pactlitaxel on (C) Bcl-2 and (D) p53 mRNA were analyzed by reverse transcription-quantitative polymerase chain reaction.
Significantly altered levels were observed in the combined treatment group compared with all other groups. Data were analyzed by one-way ANOVA with
Dunnett's multiple comparisons test, and presented as the mean + standard error or the mean from three independent experiments. “P<0.001. Ctr, control; PAX,
paclitaxel; SHK, shikonin; PARP, poly (ADP-ribose) polymerase; c, cleaved; t, total.

significantly increased the percentage of apoptotic cells
compared with both shikonin or paclitaxel-treatment alone
(P<0.001, Fig. 3B-F).

Shikonin activates caspase-3, increases pS3 expression and
suppresses Bcl-2 expression. Caspases, particularly caspase-3,
are well-established markers of cell apoptosis (22). To further
confirm cell apoptosis was induced by various treatments,
western blotting was performed to detect cleaved caspase-3
and cleaved PARP. As presented in Fig. 4A and B, while single
treatment with paclitaxel only led to low cleaved caspase-3 and
cleaved PARP expression, combined shikonin and paclitaxel
treatment markedly enhanced expression levels of cleaved
caspase-3 and cleaved PARP.

To further evaluate the mechanism of shikonin promo-
tion of paclitaxel-induced apoptosis in ESCC cells, the
present study examined the changes in apoptosis-associated
molecules, including p53 and Bcl-2, at the mRNA and protein
levels following the indicated drug treatments. The results
demonstrated that compared with either shikonin or paclitaxel
single treatment, combined treatment significantly reduced

Bcl-2 expression and significantly increased p53 expression
(P<0.001, Fig. 4A-D).

Discussion

The results of the present study demonstrated that shikonin
plus paclitaxel combination therapy enhanced the treatment
efficacy in ESCC cells. The addition of shikonin to paclitaxel
therapy enhanced paclitaxel drug cytotoxicity, which was
demonstrated by suppressed cell proliferation. In addition,
combined treatment increased cell mitotic arrest, and altered
the expression of p53 and Bcl-2, which further affected cell
apoptosis.

Paclitaxel is one of the most active agents currently used
for the clinical treatment of breast, ovarian, lung, bladder,
and head and neck cancer, and has been used for advanced
ESCC (23). However, the resistance of cancer cells to
paclitaxel is an important issue and can lead to subsequent
recurrence and metastasis of malignant tumors (24,25). The
synergy of chemotherapy drugs and shikonin can signifi-
cantly enhance the sensitivity of tumor cells (26). Previous
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studies have demonstrated that the combination of Shikonin
and docetaxel or taxotere can enhance drug cytotoxicity
in human breast cancer and ovarian carcinoma (27,28).
Consistently, the results of the present study indicated that
the combination of shikonin and paclitaxel significantly
improved effects on ESCC cells. In the present study,
MTT results demonstrated that the proliferation inhibition
of KYSE270 and KYSE150 cells following treatment with
shikonin and paclitaxel was significantly improved compared
with either drug alone. Sub-Gl and Annexin-V staining
assays demonstrated that paclitaxel could induce apoptosis
of KYSE270 and KYSE150 cells; however, the apoptosis rate
increased significantly when paclitaxel and shikonin were
used in combination. These results were similar to those
presented by Yang et al (29) regarding human osteosarcoma.
The current study demonstrates that paclitaxel combined
with shikonin can dramatically inhibit ESCC cell prolifera-
tion and induce cell apoptosis, which supports the potential
use of shikonin in ESCC chemotherapy.

The Bcl-2 family consists of more than six anti-apop-
totic genes, including Bcl-2, and numerous pro-apoptotic
members that regulate cell death and survival (30,31). The
overexpression of Bcl-2 protects cancer cells from apoptosis
induced by a variety of anticancer agents (32-35). Other
studies have also reported that inhibiting or reducing Bcl-2
expression can sensitize cancer cells to chemotherapeutic
agents. For example, Bcl-2 inhibitors sensitize leukemia cells
to vesicular stomatitis virus oncolysis (36). p53 is a nuclear
protein that acts as a tumor suppressor (37). It has been
implicated in multiple cellular processes, including inhibi-
tion of proliferation (38), mediation of cell cycle arrest (39)
and apoptosis (40). Previous studies have demonstrated that
pS53 can suppress Bcl-2 gene expression transcriptionally
by directly binding to the Bcl-2 promoter (41,42). In the
present study, while the treatment of shikonin or paclitaxel
had little influence on p53 and Bcl-2 expression levels, the
combined treatment significantly increased p53 expres-
sion, and downregulated Bcl-2 expression, which revealed
the role of p53 and Bcl-2 in the mediation of shikonin and
paclitaxel-induced apoptosis.

In conclusion, the current study demonstrated that a
combination of shikonin and paclitaxel significantly improved
cancer cell growth inhibition, altered the expression of apop-
tosis-associated molecules and enhanced cell apoptosis. The
present study indicates that this combination therapy may be
investigated as a potential treatment strategy for patients with
ESCC. In the future, it may be beneficial to establish primary
esophageal cancer cells from patient surgical tissue and
perform functional assays on patient derived cells. A patient
derived tumor xenograft experiment may also be performed
to examine the efficacy and toxicity of combined shikonin and
paclitaxel. Finally, future studies should investigate the effect
of shikonin on radiation sensitivity and chemo-radiosensitivity.
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