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Abstract. As patients with non-small cell lung cancer
(NSCLC) and wild-type epidermal growth factor receptor
(EGFR) are resistant to treatment with erlotinib or gefi-
tinib, potential chemosensitizers are required to potentiate
wild-type EGFR NSCLC cells to erlotinib/gefitinib treatment.
The present study reported that shikonin could sensitize the
anticancer activity of erlotinib/gefitinib in wild-type EGFR
NSCLC cells. Furthermore, shikonin could potentiate mito-
chondrial-mediated apoptosis induced by erlotinib/gefitinib
in wild-type EGFR NSCLC cells. In addition, the present
study demonstrated that shikonin could induce apoptosis by
activating reactive oxygen species (ROS)-mediated endo-
plasmic reticulum (ER) stress, and that erlotinib/gefitinib
may also induce ER stress in wild-type EGFR NSCLC cells;
however, shikonin plus erlotinib/gefitinib was more effective
in activating ER stress than either agent alone. This indi-
cated that ROS-mediated ER stress may be associated with
enhanced mitochondrial apoptosis induced by shikonin plus
erlotinib/gefitinib. In addition, shikonin may promote the
transition of cytoprotective ER stress-inducing EGFR-tyrosine
kinase inhibitor tolerance to apoptosis-promoting ER stress.
Furthermore, shikonin may enhance the anti-NSCLC activity
of erlotinib/gefitinib in vivo. The data of the present study indi-
cated that shikonin may be a potential sensitizer to enhance
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the anti-cancer efficacy of erlotinib/gefitinib in wild-type
EGFR NSCLC cells resistant to erlotinib/gefitinib treatment.

Introduction

Globally, lung cancer is the second most common newly
diagnosed cancer and the leading cause of cancer-associated
mortality. Non-small cell lung cancer (NSCLC) accounts
for ~83% of all newly diagnosed lung cancers (1). Numerous
patients with NSCLC are diagnosed at an advanced stage, thus
surgery may not be suitable; chemotherapy is a major option to
treat such patients (2). First-generation epidermal growth factor
receptor-tyrosine kinase inhibitors (EGFR-TKIs), including
erlotinib and gefitinib have demonstrated notable response
rates and benefits in progression-free survival compared with
first-line conventional platinum-based chemotherapy (3).
However, EGFR-TKIs have become first-line therapy drugs for
patients with NSCLC harboring EGFR-activating mutations;
the majority of patients with an initial response to erlotinib or
gefitinib will eventually develop resistance due to the effects
of drug-resistant mutations, with T790M mutations accounting
for ~60% of all resistance (4,5). Additionally, patients with
NSCLC and wild-type EGFR are primarily resistant to
erlotinib and gefitinib (6,7). Thus, potential chemosensitizers
are required to sensitize wild-type EGFR NSCLC cells to
EGFR-TKI treatment.

Shikonin,anatural naphthoquinone derivative isolated from
the traditional medical herb Lithospermum erythrorhizon,
has antitumor, anti-inflammatory, antimicrobial, and anti-
thrombotic properties (8). Shikonin has been reported to
exhibit antitumor properties via the generation of reactive
oxygen species (ROS), activating endoplasmic reticulum
(ER) stress, inducing caspase-dependent apoptosis and inhib-
iting angiogenesis (9-12). Furthermore, shikonin can sensitize
cancer cells to numerous types of treatment with cytotoxic
drugs (11,13,14). In addition, shikonin can also suppress
EGFR signaling and enhance the anti-glioblastoma efficacy of
erlotinib via inhibiting EGFR in vitro (15). Shikonin inhibits
gefitinib-resistant NSCLC cells by inhibiting thioredoxin
reductase and activating the EGFR proteasomal degradation
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pathway in vitro (16); however, whether shikonin can enhance
the anticancer activity of erlotinib or gefitinib in wild-type
EGFR NSCLC cells requires further investigation.

In the present study, the anticancer activity of combining
shikonin plus erlotinib/gefitinib was evaluated in wild-type
EGFR NSCLC cells in vitro and in vivo. In addition, the
findings of the resent study demonstrated that shikonin could
promote erlotinib/gefitinib-induced apoptosis in wild-type
EGFR NSCLC cells. ER stress and ROS were associated
with shikonin plus erlotinib/gefitinib-induced apoptosis.
Thus, the present study proposed that shikonin may be a
potential sensitizer to enhance the anticancer efficacy of
erlotinib/gefitinib in wild-type EGFR NSCLC cells primarily
resistant to erlotinib/gefitinib treatment.

Materials and methods

Materials. Shikonin (cat. no. S8279) and gefitinib (cat.
no. S1025) were obtained from Selleck Chemicals (Houston,
TX, USA). Erlotinib (cat. no. 183321-74-6) was obtained from
LC Laboratories (Woburn, MA, USA). N-acetylcysteine
(NAC; cat. no. A0737) was obtained from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany).

Cell culture. A549 (cat. no. TCHul50), NCI-H1299 (cat.
no. TCHul60), NCI-H460 (cat. no. TCHu205), 95-D (cat.
no. TCHu 61) and NCI-H1650 (cat. no. TCHul152) cells were
obtained from the Shanghai Institute of Biochemistry and Cell
Biology (Chinese Academy of Sciences, Shanghai, China).
NCI-H1650, NCI-H1299, NCI-H460 and 95-D cells were
cultured in RPMI-1640 medium containing 10% fetal bovine
serum (FBS); A549 cells were maintained in Ham's F12
medium+10% FBS.

Cell viability assay. NSCLC cells were treated with serial
dilutions of gefitinib, erlotinib and shikonin for 72 h. A
sulforhodamine blue (SRB) assay was used to test the
proliferation of cancer cells as described previously (17).

Determination of cell colony formation. NSCLC cells were
plated at ~700 cells per dish. The next day, compounds (gefi-
tinib, erlotinib, shikonin, shikonin+erlotinib and shikonin+
gefitinib) were added into the NSCLC cells; the medium
containing 10% FBS plus the compounds was replaced every
3 days. Dishes were stained with 0.5% crystal violet after
14 days treatment. Finally, the colonies were scored and
photographed.

Propidium iodide (PI) staining and determination
of mitochondrial membrane depolarization. Cancer
cells (3x10°/well) were exposed to the drugs, harvested
and washed with PBS. Then, PI staining was used to
detect apoptosis, and the mitochondrial membrane
depolarization was determined by 5,5',6,6'tetrachloro-1,1',3,3"-
tetraethylbenzimidazol-carbocyanine iodide staining as
described previously (17).

Western blot analysis. Western blotting was conducted as
described previously (17). The primary antibodies below
were used in the present study: Induced myeloid leukemia
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cell differentiation protein 1 (Mcl-1; cat. no. sc-819), poly
(ADP-ribose) polymerase (PARP; cat. no. sc-7150) and
caspase-3 (cat. no. sc-7148) were purchased from Santa
Cruz Biotechnology, Inc. (Dallas, TX, USA). Antibodies for
cleaved-caspase-3 (cat. no. 9661), activating transcription
factor 4 (ATF-4; cat. no. 11815), phosphorylated (p)-eukaryotic
initiation factor 2a (elf2a; cat. no. 3398) and elf2a (cat.
no. 5324) were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA). -actin (cat. no. BD-612656) was
obtained from BD Biosciences (Franklin Lakes, NJ, USA).

Animals and antitumor activity in vivo. Human lung cancer
A549 xenografts were established as described previously (18).
The nude mice were randomized to 6 groups and then treated
with vehicle, shikonin [20 mg/kg, intraperitoneal (i.p.) admin-
istration] once per week, erlotinib [50 mg/kg, intragastric
(i.g.) administration] twice per week, gefitinib (50 mg/kg, i.g.
administration) twice per week, shikonin (20 mg/kg, i.p., once
per week) + erlotinib (50 mg/kg, i.g., twice per week) and
shikonin (20 mg/kg, i.p., once per week) + gefitinib (50 mg/kg,
i.g., twice per week) for 35 days. All animal protocols were
performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and were
approved by the Zhejiang University City College Animal Care
and Use committee. This article does not contain any studies
with human participants performed by any of the authors.

Statistical analysis. One-way analysis of variance followed
with the Tukey's post hoc test was used to examine the signifi-
cance of differences among groups, and two-tailed student's
t tests was used to examine the significance of differences
two groups. Data points in graphs were presented as the
mean + standard deviation. "P<0.05 was considered to indicate
a statistically significant difference, “P<0.01 and “"P<0.001
were considered to indicate a highly statistically signifi-
cant difference. For the SRB assay, combination index (CI)
values were calculated using Calcusyn (http://www.biosoft.
com/w/calcusyn.htm) and the mean CI values were chosen
for presentation (19). CI< 0.9 indicated synergism; 0.9 to 1.10,
additive and >1.10, antagonism.

Results

Shikonin sensitizes the antiproliferative effects of
erlotinib/gefitinib in wild-type EGFR NSCLC cells. Firstly,
antiproliferative effects were investigated by combining
shikonin with erlotinib/gefitinib in vitro. As expected, shikonin
could potentiate erlotinib/gefitinib-induced cytotoxicity in
NSCLC cells (Fig. 1). CI values were calculated with Calcusyn
software; treatment with shikonin plus erlotinib/gefitinib
revealed synergistic cytotoxic effects in NSCLC cells, with the
mean CI values below 0.9. In addition, the combined treatment
of shikonin plus erlotinib/gefitinib was markedly more effec-
tive in attenuating colony formation than either agent alone
(Fig. 2). Thus, shikonin plus erlotinib/gefitinib was effective in
limiting colony formation and cell growth in wild-type EGFR
NSCLC cells.

Shikonin promotes erlotinib/gefitinib-induced apoptosis.
The present study also investigated whether shikonin could
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Figure 1. Shikonin sensitizes the anti-proliferation effects of erlotinib/gefitinib.
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(A) Cells were incubated with shikonin and/or erlotinib for 72 h. (B) Cells were

incubated with shikonin and/or gefitinib for 72 h. SRB assay was used to detect the proliferation of cancer cells. SRB, sulforhodamine blue.

A A549

w200 *k ey

2

£ 160

g 20

[=]

T B0

o

§ 40

0

Shikenin (0.75 uM) - + - + - + - +
Erlotinib (5 pM) - - + 4 - - - -
Gefitinib (5 uM) - - - - - + +
B NCI-H1299

«w 200

a L il

§ 160

S 120

5]

T 80

g

3 40

0

Shikonin(1 pM} - + - + - + - +
Erlotinib (5 pM)} = - i - - - -
Gefitinib (3 uM) - - - - - - + o+

Figure 2. Shikonin sensitizes the anti-proliferation effects of erlotinib/gefi-
tinib in colony formation assay. (A) A549 cells were incubated with shikonin
plus erlotinib/gefitinib for 14 days, and cell colony formation assay was
determined. (B) Shikonin sensitized the anti-proliferation effects of erlo-
tinib/gefitinib in NCI-H1299 colony formation assay. “P<0.01 and *“P<0.001.

promote erlotinib/gefitinib-induced apoptosis in wild-type
EGFR NSCLC cells; PI staining was used to detect apoptosis.
Consistent with the cytotoxicity data, it was demonstrated that
shikonin could promote erlotinib-induced apoptosis in NSCLC
cells (Fig. 3A, upper panel and 3B). In addition, shikonin
plus erlotinib resulted in greater mitochondrial membrane
depolarization than either drug alone in wild-type EGFR
NSCLC cells (Fig. 3A, lower panel and C). Furthermore,
shikonin was revealed to potentiate mitochondrial-mediated
apoptosis induced by gefitinib in wild-type EGFR NSCLC
cells (Fig. 4). Additionally, shikonin plus erlotinib/gefitinib
markedly induced cleavage of caspase-3 and PARP, and
inhibition of Mcl-1 in NSCLC cells (Fig. SA). Collectively,
the results of the present study suggested that shikonin
could promote erlotinib/gefitinib-induced apoptosis via the
mitochondrial apoptotic pathway in wild-type EGFR NSCLC
cells.

ER stress and ROS are associated with shikonin plus
erlotinib/gefitinib-induced apoptosis in vitro. Shikonin
induced ROS generation, activated ER stress and induced
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Figure 3. Shikonin promotes erlotinib-induced apoptosis. (A) A549 cells were treated with shikonin (5 M), erlotinib (20 M) or the combination for 48 h, and
then cells were incubated with PI (upper panel) or JC-1 (lower panel) and analyzed by flow cytometry. (B) Shikonin promoted erlotinib-induced apoptosis in
A549, NCI-H1299 and NCI-H460 cells. (C) Shikonin promoted mitochondrial membrane potential induced by erlotinib in three NSCLC cells. “P<0.01 and

“P<0.001. NSCLC, non-small cell lung cancer; PI, propidium iodide.

mitochondrial-associated apoptosis in human prostate cancer
cells (12). Therefore, the present study first examined whether
shikonin could induce ROS-mediated ER stress in wild-type
EGFR NSCLC cells. As presented in Fig. 5B, NAC was
observed to reverse the apoptosis induced by shikonin treat-
ment. Furthermore, NAC was demonstrated to also protect
cells from apoptosis induced by shikonin plus erlotinib/gefi-
tinib. These data indicated that ROS may be associated with
the enhanced apoptosis induced by shikonin plus erlotinib/gefi-
tinib. The present study also detected the expression levels of
ER stress marker proteins (eIF2a and ATF4), which may be
activated during ER stress. Shikonin increased the expression
levels of p-elF2a and ATF4 in the absence of erlotinib/gefi-
tinib, and this effect was markedly enhanced in the presence
of erlotinib/gefitinib (Fig. 5C). In addition, NAC pretreatment
inhibited the activation of ATF-4 and elF2a induced by

shikonin plus erlotinib/gefitinib. Furthermore, the activation
of caspase-3 induced by shikonin plus erlotinib/gefitinib was
completely inhibited by NAC pretreatment (Fig. 5D). Thus,
the data of the present study suggested that ROS-mediated ER
stress was involved in shikonin plus erlotinib/gefitinib-induced
apoptosis in wild-type EGFR NSCLC cells.

Shikonin sensitizes the anti-NSCLC effects of erlo-
tinib/gefitinib in vivo. Finally, the in vivo activity of shikonin
plus erlotinib/gefitinib was detected on A549 xenograft model.
The dose of erlotinib/gefitinib selected in the present study
was not expected to exhibit significant anticancer efficacy.
As presented in Fig. 6, the low dose of erlotinib/gefitinib did
not result in significant tumor growth inhibition; however,
combining shikonin and erlotinib/gefitinib significantly inhib-
ited tumor growth [mean Relative Tumor Volume (RTV)ionin
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Figure 4. Shikonin promotes gefitinib-induced apoptosis. (A) A549 cells were treated with shikonin (5 M), gefitinib (15 yM) or the combination for 48 h, and
then cells were incubated with PI (upper panel) or JC-1 (lower panel) and analyzed by flow cytometry. (B) Shikonin promoted gefitinib-induced apoptosis in
A549, NCI-H1299 and NCI-H460 cells. (C) Shikonin promoted mitochondrial membrane potential induced by gefitinib in three NSCLC cells. “P<0.01 and

“**P<0.001. PI, propidium iodide.
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RTV shikonin plus gefitinib group:4'88 VS. mean RTVcomrol group:11'58’

P<0.05] (Fig. 6). Thus, shikonin sensitized the anti-NSCLC
effects of erlotinib/gefitinib on A549 xenografts in vivo.

Discussion

The first generation EGFR-TKIs, including erlotinib and
gefitinib, are used as the first-line treatment of metastatic
NSCLC with EGFR exon 19 deletions or exon 21
(L858R) (20,21); however, patients with NSCLC and
wild-type EGFR are primarily resistant to erlotinib and
gefitinib (6). The T790M mutation in EGFR kinase is the most
common (~50%) acquired resistance mechanism to first- and
second-generation EGFR-TKIs (22). The third generation
EGFR-TKIs (rociletinib, osimertinib, HM61713/BI11482694,
ASP8273 and EGF816) can overcome EGFR-TKIs resistance

mediated by EGFR T790M (23). However, there are numerous
mechanisms underlying non-T790M resistance against
EGFR-TKIs, including mesenchymal-epithelial transition
factor receptor tyrosine kinase (MET) gene amplification,
erb B2 receptor tyrosine kinase gene amplification,
reactivation of mitogen-activated protein kinase kinase
(MEK-extracellular signal-regulated kinase (ERK) or
phosphoinositide 3-kinase (PI3K)-protein kinase B (AKT)
signaling pathways (24). Investigating novel combinations
of treatment regimens is one of main therapeutic strategies
to overcome EGFR-TKI-associated resistance, including
primary and acquired resistance, and prolong survival
durations for patients with NSCLC. Shikonin may inhibit
numerous molecular markers associated with EGFR-TKI
resistance, including those involved in the MET-ERK and
PI3K-AKT signaling pathways (25,26). In addition, shikonin
may be a sensitizer for erlotinib/gefitinib in vitro (15,16). In
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PI, propidium iodide; p-elf2a, phosphorylated-eukaryotic initiation factor 2a.

the present study, shikonin was reported to potentiate the
anticancer effects of erlotinib/gefitinib on wild-type EGFR
NSCLC cells resistant to erlotinib and gefitinib both in vitro
and in vivo; however, whether shikonin may sensitize other
EGFR-TKIs requires further investigation. Additionally, the
dual targeting of EGFR with cetuximab and EGFR-TKIs may
be an effective strategy to overcome T790M-mediated drug
resistance (27). As shikonin can induce EGFR proteasomal

degradation, further investigation is needed to evaluate
the anticancer efficiency of shikonin plus EGFR-TKIs on
NSCLC cells with EGFR T790M.

Heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1),
an abundant ubiquitous nuclear protein, has numerous
functions associated with RNA metabolism (28). Shikonin
can induce cell death via direct binding-interference with
hnRNPA1 (29). HnRNPAI1 binds to the S'untranslated
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Figure 6. Shikonin sensitizes the anti-NSCLC effects of erlotinib/gefitinib
in vivo. (A) The mice with A549 xenografts were randomized to four groups
(n=6 per group) and treated with shikonin (20 mg/kg), erlotinib (50 mg/kg),
combination, or vehicle for 35 days. RTVs were showed as mean + SD.
(B) The mice with A549 xenografts were randomized to four groups (n=6
per group) and treated with shikonin (20 mg/kg), gefitinib (50 mg/kg), combi-
nation, or vehicle for 35 days. RTVs were showed as mean + SD. NSCLC,
non-small cell lung cancer; RTV, Relative Tumor Volume.

region of the mRNA encoding the RON receptor tyrosine
kinase and regulates its expression; RON is a member of
the c-MET receptor tyrosine kinase family, which has been
reported to correlate with EGFR-TKI-associated resistance
and poor clinical outcome (30). In addition, co-targeting
EGFR and c-MET has been reported to efficiently overcome
EGFR-TKI resistance in NSCLC cells (31). Thus, the present
study hypothesized that shikonin may suppress MET via
hnRNPAI inhibition and sensitive the anticancer activity of
EGFR-TKI, however, further research is required to test this
hypothesis.

ER stress induces the unfolded protein response (UPR),
which is initiated by the activation of three main stress
sensors, including inositol-requiring protein-la, PERK
protein kinase RNA-like ER kinase, and ATF6 (32). ER
stress serves a dual role in determining cell survival or
cell death. The UPR is primarily a pro-survival process;
sustained and/or prolonged stress may result in the induc-
tion of cell death (33). ER stress can promote the survival
of cancer cells that are tolerant to EGFR-TKIs and has been
associated with the pro-survival process (34). In addition,
increased levels of intracellular ROS can also induce ER
stress and UPR activation, and ROS-mediated ER stress can
induce mitochondria-mediated apoptosis via PERK (35-37).
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Shikonin induces the apoptosis of prostate cancer cells via
the induction of ROS production and ER stress (12). In the
present study, it was reported that shikonin may induce
apoptosis via ROS-mediated ER stress in wild-type EGFR
NSCLC cells. Furthermore, erlotinib/gefitinib can also induce
ER stress; shikonin plus erlotinib/gefitinib was more effec-
tive in activating ER stress than either agent alone. These
findings indicated that ROS-mediated ER stress may be asso-
ciated with the enhanced mitochondrial apoptosis induced
by shikonin plus erlotinib/gefitinib, and that shikonin may
promote the transition of cytoprotective ER stress-inducing
EGFR-TKI tolerance to apoptotic-promoting ER stress.
However, further investigation is required to determine the
molecular mechanism underlying the transition between
cytoprotective ER stress and apoptosis-promoting ER stress
induced by shikonin plus erlotinib/gefitinib.

In summary, the findings of the present study demon-
strated that shikonin could sensitize the anticancer activity
of erlotinib/gefitinib in wild-type EGFR NSCLC cells both
in vitro and in vivo. Furthermore, ROS-mediated ER stress
may be associated with the enhanced anti-NSCLC effects
induced by shikonin plus erlotinib/gefitinib. The present
study suggested that combining shikonin with EGFR-TKIs
may be a novel theray for wild-type EGFR NSCLC and may
also provide insight into the application of shikonin in other
clinical research fields.
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