
INTERNATIONAL JOURNAL OF ONCOLOGY  59:  99,  2021

Abstract. Signal transducer and activator of transcription 3 
(STAT3) activation is associated with drug resistance induced 
by anti‑epidermal growth factor receptor (anti‑EGFR) therapy 
in the treatment of colon cancer. Thus, the combined inhibi‑
tion of EGFR and STAT3 may prove beneficial for this type 
of cancer. STAT3 has been proven to play a critical role in 
colon cancer initiation and progression, and is considered the 
primary downstream effector driven by interleukin‑6 (IL‑6). 
A disintegrin and metalloproteinase 17  (ADAM17), docu‑
mented as an oncogene, catalyzes the cleavage of both EGF 
and IL‑6R, inducing EGFR signaling and enabling IL‑6 
trans‑signaling to activate STAT3 in a wide range of cell 
types to promote inflammation and cancer development. As 
a natural product, shikonin (SKN) has been found to function 
as an antitumor agent; however, its role in the regulation of 
ADAM17 and IL‑6/STAT3 signaling in colon cancer cells 
remains unknown. In the present study, it was found that 
SKN inhibited colon cancer cell growth, suppressed both 
constitutive and IL‑6‑induced STAT3 phosphorylation, and 
downregulated the expression of ADAM17. ADAM17 expres‑
sion was not altered in response to STAT3 knockdown, while 
IL‑6‑induced STAT3 activation did not induce ADAM17 
transcripts. Furthermore, it was demonstrated that SKN 
did not affect the expression of key proteins involved in the 
maturation and degradation of ADAM17. SKN decreased 
ADAM17 expression possibly through reactive oxygen 

species (ROS)‑mediated translational inhibition, as evidenced 
by the increased ADAM17 mRNA and phosphorylation levels 
of eukaryotic initiation factor 2α  (eIF2α). The expression 
of ADAM17 and p‑eIF2α was reversed by N‑acetylcysteine 
(NAC, a ROS scavenger). Taken together, these results indicate 
that the concurrent inhibition of ADAM17 and IL‑6/STAT3 
signaling by SKN may synergistically contribute to the 
suppression of colon cancer cell growth.

Introduction

Cancer has become an increasingly global life‑threatening 
disease with the advancing age of the global population. 
Based on estimations from the American Cancer Society and 
the National Cancer Institute, >16.9 million cancer survivors 
(individuals with a history of all types of cancer) were alive in 
America on January 1, 2019 (1), among whom ~1.54 million 
patients suffered from colon cancer (1). The incidence of colon 
cancer varies up to 10‑fold globally, being associated with the 
human development index and different lifestyles. In developed 
regions, the incidence rate of colon cancer is >32.2 per 100,000 
individuals (2). In 2018 in Europe, colon cancer was the leading 
cause of new cancer diagnoses, accounting for 44.4 per 100,000 
of estimated new cancer cases (3). Despite progress being made 
in the development of mechanisms and treatment strategies, 
including colectomy, radiotherapy and chemotherapy, 35% of 
patients with colorectal cancer do not survive 5 years following 
the diagnosis (1). Bladder dysfunction or sexual dysfunction 
ascribed to colostomy (4‑6) and tumor chemoresistance induced 
by current therapies suggest that novel therapeutic avenues and 
detailed mechanistic explorations are required.

Numerous studies have explored the detailed mechanisms 
responsible for tumorigenesis, including cell arrest or death, 
tumor metabolism and enhancing the effect of traditional anti‑
tumor agents, to combat cancer (7‑11). The present perspectives 
of cancer appear to promote the influence of inflammation, 
which contributes to tumor initiation, progression and metas‑
tasis  (12). Interleukin  (IL)‑6 is an inflammatory cytokine 
and has been documented to be involved in cancer‑related 
inflammation, cell proliferation, tumor invasion, angiogenesis, 
metastasis and chemoresistance (13). The binding of IL‑6 and its 
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membrane receptor (mIL‑6R) allows the recruitment of glyco‑
protein 130 (gp130), resulting in a trimer comprised of IL‑6, 
mIL‑6R and gp130 (14). The protein complex promotes the 
close contact of Janus kinases and tyrosine kinase with gp130, 
and facilitates a signaling cascade via phosphorylated tyrosine 
residues of gp130 (IL‑6 classical signaling) (14). In the context of 
cell signaling without mIL‑6R, IL‑6 can alternatively bind to the 
soluble form of IL‑6R (sIL‑6R) and then recruit gp130, inducing 
the formation of the aforementioned protein complex to promote 
the downstream signaling cascade (IL‑6 trans‑signaling) (15). 
Signal transducer and activator of transcription 3 (STAT3) is 
the major downstream transcription factor upon IL‑6 induc‑
tion in both pathways, which drives the transcription of several 
survival‑associated genes (16,17). The constitutive activation of 
STAT3 plays a pivotal role in colon cancer (18‑20). Previously, 
the authors' research group demonstrated that STAT3 activation 
was necessary for tumor survival and for the proliferation of 
cancer‑initiating and stem cell‑like colon cancer cells (21,22). 
Agents targeting IL‑6/STAT3 signaling exert potential inhibi‑
tory effects on colon cancer (23‑25). Moreover, in the current 
treatment for colon cancer, agents targeting epidermal growth 
factor receptor (EGFR) signaling have significantly contributed 
to the advancements made in this field. However, a number 
of patients who receive anti‑EGFR therapy experience drug 
resistance, which has been found to be associated with STAT3 
activation. The combined inhibition of EGFR and STAT3 may 
thus prove beneficial for this type of cancer (26).

A disintegrin and metalloproteinases (ADAMs) are trans‑
membrane metalloproteinases capable of shedding membrane 
anchoring proteins. ADAM17 was originally identified to 
contribute to the cleavage of tumor necrosis factor‑α (TNF‑α) 
on the cell membrane, allowing the release of soluble TNF‑α 
and promoting the inflammatory cascade by triggering TNF‑α 
receptor signaling (27,28). The expression of ADAM17 is under 
strict orchestration by a series of factors. Rhomboid family 
membe 2 (RHBDF2, also known as iRhom2) and furin protein 
mediate the trafficking and maturation of ADAM17 (29), while 
RHBDF2 combined with phosphofurin acidic cluster sorting 
protein 2 (PACS‑2) control the degradation or preservation of 
ADAM17 (ADAM17 recycling) (30,31). When progress in the 
field of elucidating the role of ADAM17 was made, additional 
substrates, including ligands of EGFR, were described for 
ADAM17 (32), highlighting the involvement of ADAM17 in 
various pathological processes, including cancer (33). It has 
been reported that ADAM17 promotes tumor development 
and may thus be a therapeutic target in colon cancer (34). Of 
note, considered not only a tumor promoter, ADAM17 cleaves 
mIL‑6R and EGF, promoting EGFR signaling and IL‑6 
trans‑signaling, enabling amplified cellular responses to EGF 
and IL‑6 in a wide range of cell types (33). Both ADAM17 and 
STAT3 contribute to the progression of colon cancer and may 
exert synergistic effects. Therefore, the discovery of agents 
targeting these two proteins may benefit the development of 
colon cancer therapeutics, particularly in overcoming the drug 
resistance associated with anti‑EGFR treatments.

Previously, natural product extracts have received increasing 
attention for their antitumor properties via diverse mechanisms, 
including autophagy, immune modulation and apoptosis etc., in 
various types of cancer (35‑37). In a previous study, the authors 
demonstrated that ursolic acid, a natural triterpenoid compound, 

inhibited IL‑6/STAT3 signaling and suppressed tumor growth 
in hepatocellular carcinoma (38). Shikonin (SKN) is the major 
component of extracts from the roots of Lithospermum erythro‑
rhizon Sieb. Et Zucc. that belongs to the Boraginaceae family (39). 
The applications of this plant include several pathologies, such 
as burns, carbuncles and measles (40). The antitumor properties 
of SKN include the induction of apoptosis/necroptosis, promo‑
tion of autophagy, induction of oxidative stress, etc. (41,42). The 
inhibition of phosphorylated (p‑)STAT3 by SKN in lung, breast, 
melanoma and skin cancer types has been reported (43‑46); 
however, the potential effects of SKN on p‑STAT3 and ADAM17 
expression in colon cancer remain unclear.

The present study used HCT116 and SW480 colon cancer cell 
lines for in vitro experiments. As STAT3 contributes to tumor 
initiation and progression, serving as a point of convergence for 
numerous oncogenic signaling pathways, while ADAM17 controls 
the cleavage of several tumor‑associated ligands (21,47‑49), cancer 
cell growth was assessed in a series of experiments, including 
cell viability, colony formation, wound healing and apoptosis 
assays. It was found that SKN suppressed the growth of both 
cancer cell lines. Importantly, SKN exerted an inhibitory effect 
on constitutive/IL‑6‑induced p‑STAT3 and ADAM17 expression 
in these two colon cancer cell lines. Furthermore, it was found 
that the reactive oxygen species (ROS)‑mediated suppression of 
ADAM17 translation may contribute to the decreased expression 
of ADAM17 induced by SKN.

Materials and methods

Reagents. SKN was purchased from MedChemExpress (cat. 
no.  HY‑N0822) and was dissolved in dimethyl sulfoxide 
(DMSO) at a concentration of 20 mM as a stock solution. IL‑6 
(cat. no. 200‑06, PeproTech China was dissolved in water at 
25 µg/ml for storage. Crystal violet (Thermo Fisher Scientific, 
Inc.) was dissolved in methyl alcohol (0.5 g/ml) and prepared 
for staining. N‑acetylcysteine (NAC) was purchased from 
Sigma‑Aldrich; Merck KGaA (cat. no. A0737).

Cell culture and treatment. The HCT116 (cat. no. CCL‑247) 
and SW480 (cat. no. CCL‑228) colon cancer cell lines were 
purchased from the American Type Culture Collection 
(ATCC). All cell lines were authenticated via STR profiling 
and mycoplasmas were tested monthly. The cells were cultured 
in Dulbecco's modified Eagle's medium (DMEM; Nanjing 
KeyGen Biotech Co., Ltd.) supplemented with high glucose 
and fetal bovine serum (10X; Gibco; Thermo Fisher Scientific, 
Inc.) and penicillin/streptomycin (100X, Sigma‑Aldrich; 
Merck KGaA). Prior to treatment, the cells were cultured 
for 12 h in an incubator (37˚C, 5% CO2). To explore STAT3 
phosphorylation induced by IL‑6, serum‑starved cells were 
pre‑treated with SKN (10, 15 and 20  µM, 3  h) and then 
stimulated with IL‑6 (25 ng/ml) for a further 30 min. Various 
concentrations (10, 15 and 20 µM) SKN (DMSO as a control) 
were added to the medium, and following 10 h of culture, the 
cells were collected. For experiments involving NAC, cells 
were pre‑treated with or without NAC (5 mM) for 2 h, and 
shikonin (20 µM) was then added for a further 10 h.

Western blot analysis. Cell lysate (RIPA lysis buffer containing 
1 mmol/l protease inhibitor and 1 mmol/l phosphatase inhibitor, 
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Shanghai Sangon Biotech Co., Ltd.) preparation was performed 
as previously described (50). The lysates were centrifuged at 
13,800 x g for 20 min at 4˚C, and the supernatant was collected. 
The concentration of protein was determined by bicinchoninic 
acid (BCA) protein assay kit (Shanghai Sangon Biotech Co., Ltd.). 
Equivalent amounts (15‑25 µg) of protein (pre‑stained protein 
ladder; cat. no. 26617, Thermo Fisher Scientific Inc.) were loaded 
on a 5% Bis‑Tris SDS‑PAGE gel and separated using 10% gel 
electrophoresis, transferred to a PVDF membrane, blocked with 
TBS‑T (Tris‑buffer saline containing 0.1% Tween‑20) containing 
5% powdered milk for 60 min (at room temperature), and conse‑
quently probed with the following primary antibodies (1:1,000 
dilution) overnight at 4˚C: Anti‑p‑STAT3 tyrosine 705 (cat. 
no. 9145), anti‑t‑STAT3 (cat. no. 4904), anti‑cleaved caspase‑3 
(cat. no. 9661), anti‑cleaved PARP (cat. no. 9544), anti‑cyclin D1 
(cat. no. 55506), anti‑cyclin E1 (cat. no. 20808), anti‑p‑JAK1 
(cat. no. 3331), anti‑p‑JAK2 (cat. no. 3776), anti‑p‑eukaryotic 
initiation factor  2α (eIF2α; cat. no.  3398) (all from Cell 
Signaling Technology, Inc.), anti‑ADAM17 (cat. no. ab2051; 
Abcam), anti‑GAPDH (cat. no. 10494‑1‑AP), anti‑β‑tubulin (cat. 
no. 66240‑1‑Ig), anti‑PACS‑2 (cat. no. 19508‑1‑AP) (all from 
ProteinTech Group, Inc.), anti‑JAK1 (cat. no. 29261), anti‑JAK2 
(cat. no. 3230) (both from Cell Signaling Technology, Inc.), 
anti‑eIF2α (cat. no. ET7111‑34; HuaBio) and anti‑RHBDF2 (cat. 
no. AP13588A; Abcepta, Biotech Ltd., Co.). Horseradish peroxi‑
dase‑conjugated (HRP‑conjugated) antibodies (1:5,000 dilution; 
cat. no. QSJ‑005/QSJ‑006, Promoter Co., Ltd.) and Immobilon 
Western Chemiluminescent HRP Substrate (AntGene Co., Ltd.) 
were used for protein detection, operated on a ChemiDoc‑It 510 
Imager with VisionWorks software (version 8.17.16133.9147; 
Ultra‑Violet Products, Ltd.) according to the manufacturer's 
instructions.

Wound healing assay. The cells were plated in six‑well 
plates and cultured until they reached 100% confluency. The 
serum‑starved cell layers were then scratched using a sterile 
10 µl pipette tip and washed with PBS to discard floating cells. 
Wounded cells were imaged at baseline followed by 3 h of treat‑
ment with SKN (10 and 20 µM) or DMSO. The medium was 
replaced to remove the test compound or DMSO and images 
were captured using a fluorescence microscope (Guangzhou 
Micro‑shot Technology Co., Ltd.) at the indicated time‑points. 
The wound surface area was assessed using ImageJ software 
(version 1.53e), and the wound healing activity of the colon 
cancer cells was determined by the quantification of wound 
healing progression. Wound healing activity = 1‑(wound surface 
area at the indicated time‑point/wound surface area at baseline).

Cell viability assay. After adhering to a 96‑well plate for 24 h, 
cells (6,000 cells per well) were treated with or without various 
concentrations (5, 10, 15, 20 and 25 µM) of SKN (DMSO as 
a control) for 10 h, and cell viability was determined using 
a Cell Counting Kit‑8 (cat. no. HY‑K0301MedChemExpress) 
according to the manufacturer's instructions.

Colony formation assay. Following treatment with SKN (10 or 
20 µM) or DMSO for 3 h, the cells were collected, counted and 
seeded (4,000 cells per plate) in 10‑cm plates in an incubator 
for 10 days (37˚C, 5% CO2). Crystal violet (0.5 g/ml) was used 
for staining as previously described (50).

Public database. The differential analysis of transcripts of 
human IL‑6 and ADAM17 in colon cancer ('colon adeno‑
carcinoma', 'colon mucinous adenocarcinoma' and 'colorectal 
cancer') compared to normal counterparts was performed 
and downloaded from the public Oncomine database (www.
oncomine.org; access date: December 15, 2020, threshold 
P‑value: 0.05; fold change, 2; gene rank, top 10%). For the 
comparison of genes of interest across different analyses, 
studies that met the aforementioned criteria were excluded 
when the total sample size was <40.

RNA interference and transfection. Negative control (NC) and 
small interfering RNA targeting STAT3 (siSTAT3; sense, 
CCACUUUGGUGUUUCAUAATT; antisense, UUAUGA 
AACACCAAAGUGGTT) were purchased from RiboBio 
(Guangzhou RiboBio Co., Ltd.). Lipofectamine 2000® (cat. 
no. 11668030, Thermo Fisher Scientific, Inc.) and Opti‑MEM® I 
reduced serum medium (#31985070; Gibco; Thermo Fisher 
Scientific, Inc.) were used for transfection. Seeded cells were 
cultured overnight and then cultured in mixed Opti‑MEM 
medium containing 50 nM siSTAT3 and Lipofectamine 2000® 
according to the manufacturer's instructions. The medium was 
replaced with complete medium after 6 h of transfection.

Reverse transcription‑quantitative PCR (RT‑qPCR). The cells 
were treated with SKN (20 µM) or IL‑6 (25 ng/ml) for 10 h and 
then prepared for RNA extraction using a HiPure Total RNA 
Mini kit (Magen Biotechnology Co., Ltd.) according to the 
manufacturer's instructions. A ReverTra Ace qPCR RT kit 
(Toyobo Co., Ltd.) was used for cDNA production. qPCR was 
performed as previously described (50) (initial denaturation at 
95˚C for 10 min, followed by 40 cycles of denaturation at 95˚C 
for 15 sec, annealing at 60˚C for 4 sec and extension at 72˚C for 
45  sec.). The primer sequences were as follows: Human 
ADAM17 forward, ATCAAACCTTTCCTGCG and reverse, 
CAAACCCATCCTCGTCCA; and human β‑actin forward, 
CTGGAACGGTGAAGGTGACA and reverse, AAGGGACTT 
CCTGTAACAATGCA.

Statistical analysis. Data are presented as the mean ± SEM. All 
data are from three independent experiments. Statistical analysis 
was performed using SPSS software (version 22.0; SPSS, Inc.). 
Comparisons of multiple groups were analyzed using one‑way 
analysis of variance (ANOVA) with Bonferroni's post hoc test, 
and comparisons of two groups were analyzed using paired 
t‑tests. For the comparison of the wound healing area, two‑way 
ANOVA (time and group) was used with Bonferroni's post hoc 
test. For the quantification of the western blots, ImageJ soft‑
ware (version 1.53e) was used for assessment. A P‑value <0.05 
was considered to indicate a statistically significant difference.

Results

SKN decreases the viability, promotes the apoptosis, disrupts 
the cell cycle, and suppresses the wound healing and colony 
formation of colon cancer cells. ADAM17 and STAT3 play a 
key role in inflammation and cancer, and have been found to be 
associated with colon cancer initiation, progression and metas‑
tasis (47‑49). Moreover, it has been shown that the inhibition of 
IL‑6/STAT3 signaling by small molecular compounds results in a 
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wide range of impeded cancer cell growth properties (21,22,25). 
Herein, it was found that SKN exerted inhibitory effects on 
the viability, colony formation and wound healing ability of 

colon cancer cells; generally, a suppression of cell growth was 
observed following treatment with SKN. SKN induced the 
concentration‑dependent suppression of cell viability (Fig. 1A) 

Figure 1. SKN inhibits the viability, colony formation and wound healing, and disrupts the cell cycle and promotes the apoptosis of colon cancer cells. (A) SKN 
(concentration as indicated, 10 h of treatment) suppressed the viability of the HCT116 and SW480 colon cancer cells in a concentration‑dependent manner. The cell 
viability of the DMSO group (0 µM SKN) was arbitrarily set as 1. *P<0.05 vs. DMSO group. (B) SKN (10 µM) inhibited the colony formation of the two cancer cell 
lines. SKN at 20 µM exerted a more intense antitumor effect. Upper panel, cells cultured in plates and stained with crystal violet; lower panel, high‑power field of 
the plates (magnification, x10). (C) SKN (10 and 20 µM) inhibited the wound healing ability of the HCT116 and SW480 cells. Wound healing activity = 1‑(wound 
surface area at the indicated time‑point/wound surface area at baseline). #P<0.05 vs. wound healing activity at the time‑point of 0 h. *P<0.05 vs. wound healing 
activity of DMSO group at 48 h. White scale bars, 400 µm. (D) SKN (concentration as indicated, 10 h of treatment) increased the expression of cleaved caspase‑3 
and cleaved PARP in the two cancer cell lines. SKN also decreased the expression of cyclin D1 and cyclin E1. (E) Quantitative data analysis of proteins of interest 
normalized to those of the loading control. All data represent the mean ± SEM. *P<0.05 vs. DMSO group (0 µM SKN). SKN, shikonin.



INTERNATIONAL JOURNAL OF ONCOLOGY  59:  99,  2021 5

and colony formation  (Fig.  1B) ability of the HCT116 and 
SW480 cells. Moreover, it was found that treatment with a higher 
concentration of SKN (20 µM) tended exert a more prominent 
effect on the wound healing ability of the cells than treatment 
with 10 µM SKN (Fig. 1C). Treatment with SKN promoted cell 
apoptosis, as evidenced by increased expression levels of cleaved 
caspase‑3 and cleaved PARP in both cell lines (Fig. 1D and E), as 
well as by enhanced staining‑positive spots in the Annexin V/PI 
immunofluorescence staining assay (Fig. S1). Moreover, SKN 

decreased the expression of cyclin  D1 and cyclin  E1, thus 
suggesting the disruption of the cell cycle and the suppression of 
cell growth (Fig. 1D and E).

Shikonin inhibits IL‑6‑induced expression and constitutive 
p‑STAT3 activation in colon cancer cells. A comparison across 
10 analyses performed using Oncomine suggested that IL‑6 
transcripts were increased in colon cancer (P=0.005, Fig. 2A). 
It has been reported that IL‑6 triggers the formation of the 

Figure 2. SKN downregulates p‑JAK levels, as well as the constitutive and IL‑6‑induced activation of p‑STAT3 in colon cancer cells. (A) Comparison across 
10 analyses based on Oncomine data revealed increased IL‑6 transcripts in colon cancer. Blocks in red depict overexpression and blocks in blue represent 
underexpression. (B) SKN treatment for 3 h prominently inhibited IL‑6‑induced p‑STAT3 expression in both cancer cell lines. (C and D) Western blot 
analysis revealed that constitutive p‑STAT3, p‑JAK1 and p‑JAK2 levels were decreased following 10 h of treatment with SKN in a concentration‑dependent 
manner. Cells were treated as indicated and quantitative data of proteins of interest were normalized to GAPDH. The quantitative data of the DMSO group 
(0 µM SKN) were arbitrarily set as 1. All data represent the mean ± SEM. *P<0.05 vs. DMSO group. SKN, shikonin; STAT3, signal transducer and activator 
of transcription 3; IL, interleukin.
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IL‑6/IL‑6R/EGFR complex. The protein interaction involving 
EGFR facilitates the phosphorylation of Y1068 of EGFR, 
which plays a critical role in the biphasic pattern of STAT3 
phosphorylation (51). The present study examined whether the 
concentration of IL‑6 (25 ng/ml) used could activate EGFR. 
As shown in Fig. S2, 25 ng/ml IL‑6 did not significantly induce 
the phosphorylation of Y1068 on EGFR (Fig. S2). Moreover, 
in a previous study, the authors used this concentration of IL‑6 
to induce the phosphorylation of STAT3, aiming to deter‑
mine the inhibitory effect on p‑STAT3 of the compound of 
interest (23,24). Herein, the concentration of 25 ng/ml IL‑6 
induced the robust phosphorylation of STAT3, and 3 h of 
pre‑treatment with SKN prominently suppressed the cellular 
response to this trigger in the HCT116 and SW480 cancer cell 
lines (Fig. 2B). The persistent activation of STAT3 plays a 
crucial role in colon cancer cells. It was demonstrated that SKN 
affected the constitutive activation of STAT3 in two types of 
cancer cell lines. The downregulation of p‑STAT3 in response 
to 10 h of treatment with SKN tended to occur in a concentra‑
tion‑dependent manner (10, 15 and 20 µM) in the HCT116 and 
SW480 cancer cell lines (Fig. 2C and D). Moreover, JAK1 and 
JAK2 were activated in response to IL‑6; these are potential 
upstream regulators of STAT3 (52). The inhibitory effects of 
SKN on the phosphorylation of both JAK1 and JAK2 in the 
two cell lines were also observed (Fig. 2C and D).

Decreased expression of ADAM17 by SKN. Due to the 
specific role of ADAM17 in the regulation of IL‑6/STAT3 and 
EGFR signaling, the potential effects of SKN on ADAM17 
were further explored. First, a comparison of ADAM17 was 

performed across 12 analyses, data of which were derived 
from the Oncomine database. The results mined from this 
public database revealed the overexpression of ADAM17 
mRNA in colon cancer (P=0.000308; Fig. 3A). Of note, it 
was demonstrated that 10 h of treatment with 20 µM SKN 
downregulated the expression of both the precursor form and 
mature form of ADAM17 in the HCT116 and SW480 cancer 
cell lines (Fig. 3B‑E).

IL‑6/STAT3 signaling may not control ADAM17 expression. 
By transfection using a negative control and siSTAT3, it was 
found that the expression of both the precursor and mature 
forms of ADAM17 was not markedly altered following STAT3 
knockdown, despite a prominent decrease in t‑STAT3 expres‑
sion in the two colon cancer cell lines (Fig. 4A). Additionally, 
IL‑6 did not activate the transcripts of ADAM17 (Fig. 4B, left 
panel). However, SKN (20 µM, 10 h of treatment) significantly 
increased the mRNA expression of ADAM17 in the two types 
of colon cancer cells (Fig. 4B, right panel).

SKN decreases ADAM17 expression via ROS‑mediated 
post‑transcriptional regulation. As demonstrated above 
(Fig. 4B, right panel), 20 µM SKN increased the mRNA expres‑
sion of ADAM17. However, ADAM17 protein expression was 
decreased by SKN, as illustrated in Fig. 3B‑E. Thus, further 
analysis was performed involving critical steps in the life cycle 
of ADAM17. The results of western blot analysis revealed that 
the expression of PACS‑2 was not significantly altered by 
SKN (Fig. 5A and B), while SKN tended to increase RHBDF2 
expression, although not significantly  (Fig.  5A  and  B). 

Figure 3. Both the precursor and mature forms of ADAM17 are downregulated by SKN. (A) Comparison across 12 analyses revealed the overexpression of 
ADAM17 transcripts in colon cancer. Blocks in red depict overexpression and blocks in blue represent underexpression. (B‑E) Western blot analysis and quan‑
tification revealed that the expression of two forms of ADAM17 was reduced by SKN (concentration as indicated, 10 h of treatment) in HCT116 and SW480 
colon cancer cells. Quantitative data of ADAM17 (precursor and mature) were normalized to GAPDH. The quantitative data of the DMSO group (0 µM SKN) 
were arbitrarily set as 1. All data represent the mean ± SEM. *P<0.05 vs. DMSO group. SKN, shikonin; ADAM17, A disintegrin and metalloproteinase 17; 
preA17, precursor form of ADAM17; matA17, mature form of ADAM17.
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The phosphorylation levels of eIF2α were enhanced by 
SKN (20  µM) in the HCT116 and SW480 colon cancer 
cells (Fig. 5A and B). ROS are known as inducers of eIF2α 
phosphorylation, while NAC functions as a ROS scavenger. It 
was further found that NAC decreased SKN‑induced p‑eIF2α 
expression and reversed the SKN‑mediated downregulation of 
ADAM17 protein expression (Fig. 5C and D).

On the whole, IL‑6 classical and trans‑signaling contribute 
to cancer development, while ADAM17 cleaves its substrates, 
including mIL‑6R, which controls the balance of two pathways 
of IL‑6 and EGF, allowing EGFR signaling to promote cancer. 
In the present study, SKN decreased the phosphorylation of 
STAT3 and suppressed the expression of ADAM17 mediated 
by ROS‑associated p‑eIF2α expression in the HCT116 and 
SW480 colon cancer cells (Fig. 6).

Discussion

Although significant advancements in the treatment of colon 
cancer have been made, further efforts are still required. 
IL‑6/STAT3 signaling and ADAM17 play important roles in 
colon cancer. Herein, it was demonstrated that the antitumor 
effects of SKN on colon cancer cells were associated with its 
inhibition of the IL‑6/STAT3 signaling pathway. Moreover, 
the concomitant suppression of ADAM17 expression may also 
contribute to the inhibition of cancer cell growth.

As shown using the Oncomine database, transcripts of 
IL‑6 and ADAM17 are increased in colon cancer. IL‑6 acti‑
vates downstream signaling and promotes the transcription 
of STAT3‑related genes, which aids tumor growth. Of note, 
IL‑6R is expressed on specific cell types, such as hepatocytes, 
epithelial cells and leukocytes, revealing that IL‑6 clas‑
sical signaling is found only in cells expressing IL‑6R (53). 
However, IL‑6 trans‑signaling may occur in almost all cells 
where gp130 exists. Moreover, the expression level of gp130 is 
higher than that of IL‑6R (54), allowing the synergistic stimu‑
lation of both IL‑6 signaling and amplifying the inflammatory 
cascade in chronic inflammation, which critically contributes 

to perturbed tissue homeostasis, including tumor development 
and therapy (55). Notably, ADAM17 not only cleaves prolif‑
erative ligands, such as EGF, to trigger downstream signaling 
and controlling a wide range of cell biological functions, 
but also modulates the balance between IL‑6 classical and 
trans‑signaling pathways. The enhanced activity of ADAM17 
produces higher levels of sIL‑6R, enabling trans‑signaling, 
which is considered to be associated with the malignant prolif‑
eration of epithelial and colon cancer cells (33,56). The benefit 
conferred by anti‑human IL‑6 receptor monoclonal antibody 
has been documented with downregulated colon stem markers 
and increased chemosensitivity (57). Therefore, simultane‑
ously elevated levels of IL‑6 signaling and ADAM17 may 
result in increased p‑STAT3 levels in a wide set of cell types.

On the one hand, STAT3 activation has been documented to 
be associated with a poor prognosis of patients with in stage II 
colon cancer (58). On the other hand, IL‑6/STAT3 signaling, 
regulated by secretory RAB GTPase 3C (RAB3C), leads to a 
poor prognosis of patients with an advanced pathological stage 
and distant metastasis  (59). Moreover, the IL‑6 rs2069837 
genotype has been documented as a clinically relevant 
prognostic factor in colon cancer patients treated with beva‑
cizumab‑based chemotherapy (60), all of which indicate that 
IL‑6/STAT3 signaling activity may have clinical significance. 
However, to date, studies on the prognostic role of ADAM17 in 
cohorts appear to lack abundant evidence. Although ADAM17 
functions as an oncogene and its expression is increased in 
patients with colon cancer, as previously reported (61) and as 
shown in Oncomine, the activity of ADAM17 is difficult to 
detect in patients. Further data are still required to disclose the 
role of ADAM17 in cancer in detail.

In previous studies, the authors found that raloxifene 
targeted the interface of IL‑6 and gp130  (62), inhibiting 
p‑STAT3 and colon cancer cell growth (23). SKN prominently 
suppressed p‑STAT3 expression in colon cancer cells. The 
underlying mechanisms may include the predicted binding of 
SKN with STAT3 in the pY‑X and pY+0 sub‑pockets located in 
the SH2 domains of STAT3, through which STAT3 dimers are 

Figure 4. IL‑6/STAT3 signaling does not contribute to the SKN‑induced increase in ADAM17 mRNA expression. (A) Transfection with negative control (NC) 
did not exert an effect on HCT116 or SW480 colon cancer cells. Transfection with siSTAT3 impeded STAT3 expression, but did not reduce the expression 
of the precursor or mature form o ADAM17. (B) IL‑6 (25 ng/ml, 10 h of treatment) had no significant effect on ADAM17 mRNA expression in HCT116 or 
SW480 cells; however, SKN (20 µM, 10 h of treatment) significantly increased the mRNA expression of ADAM17 in the two colon cancer cell lines. The 
transcripts of ADAM17 in the control group was set as 1. All data represent the mean ± SEM. *P<0.05 vs. control group; ns, no significance. SKN, shikonin; 
ADAM17, A disintegrin and metalloproteinase 17; preA17, precursor form of ADAM17; matA17, mature form of ADAM17; STAT3, signal transducer and 
activator of transcription 3; IL, interleukin.
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formed to facilitate subsequent phosphorylation and transloca‑
tion into the cell nucleus (63). As aforementioned, ADAM17 
is considered an oncogene, and targeting ADAM17 represents 
another strategy for the treatment of cancer. However, to date, 

different STAT3 inhibitors are being developed (e.g., FLLL11, 
FLLL12 and LY5)  (64,65), however, few agents to inhibit 
ADAM17 expression are available. The majority of compounds 
targeting ADAM17 involve catalytic sites and decrease the 

Figure 5. SKN decreases ADAM17 expression by inducing ROS‑mediated p‑eIF2α expression. (A and B) Western blot analysis and quantification revealed 
an increase in p‑eIF2α levels by SKN (20 µM). PACS‑2 and RHBDF2 expression was not significantly altered by SKN treatment of the HCT116 or SW480 
colon cancer cells. (C and D) NAC preserved the SKN‑induced downregulation of ADAM17 expression and decreased p‑eIF2α expression induced by SKN. 
Quantitative data of the proteins of interest were normalized to GAPDH or β‑tubulin. The quantitative data of the DMSO group (0 µM SKN) were arbitrarily 
set as 1. All data represent the mean ± SEM. *P<0.05 vs. DMSO group, #P<0.05 vs. SKN group; ns, no significance. SKN, shikonin; ADAM17, A disintegrin and 
metalloproteinase 17; preA17, precursor form of ADAM17; matA17, mature form of ADAM17; eIF2α, eukaryotic initiation factor 2α; PACS‑2, phosphofurin 
acidic cluster sorting protein 2; RHBDF2, rhomboid family member 2.
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cleavage activity. Li et al (66) found that ZLDI‑8 (ADAM17 
inhibitor) downregulated the expression of ADAM17 and 
synergistically promoted the antitumor effects of 5‑fluorouracil 
on colon cancer. Regardless, the comprehensive inhibitory 
effect on both constitutive p‑STAT3, IL‑6‑induced p‑STAT3 
and ADAM17 expression may indicate a potential broader 
spectrum of the antitumor effects of SKN on colon cancer 
cells. Moreover, SKN did not tend to alter the expression of 
β‑catenin, indicating that β‑catenin‑dependent tumorigenesis 
may not significantly contribute to the inhibitory effects of 
SKN on STAT3 and ADAM17 (Fig. S3).

As illustrated in Fig. 4, the expression of ADAM17 was 
not significantly altered by STAT3 knockdown in either colon 
cancer cell line examined. Moreover, transcripts of ADAM17 

were not associated with IL‑6 administration in these two cell 
lines, suggesting that the basal expression of ADAM17 may 
be independent of IL‑6/STAT3 signaling in the HCT116 and 
SW480 cells. As previously reported (33), ADAM17 enables 
IL‑6 trans‑signaling and EGF signaling by mIL‑6R and EGF 
cleavage, possibly promoting STAT3 activation in a wide 
range of cell types, which may not increase the transcripts of 
ADAM17 in turn; however, whether activated IL‑6/STAT3 
signaling enhances the activity of this cleavage enzyme is 
unknown. In addition to the other obscure potential mecha‑
nisms, the association between STAT3 and ADAM17 warrants 
further investigation in order to be fully elucidated. Of note, in 
contrast to the downregulated protein expression of ADAM17, 
SKN increased the mRNA expression of ADAM17. Therefore, 

Figure 6. Potential mechanisms through which shikonin regulates ADAM17 and IL‑6/STAT3 signaling. IL‑6 binds to membrane IL‑6R to activate classical 
signaling and binds to sIL‑6R to transduce trans‑signaling, both of which result in STAT3 phosphorylation and contribute to cancer development. ADAM17 
mRNA is translated to the precursor form of ADAM17, which is modified to mature ADAM17 mediated by RHBDF2. RHBDF2 also stabilizes mature 
ADAM17, enabling substrate cleavage. PACS‑2 plays an important role in ADAM17 recycling, and PACS‑2 deficiency leads to the degradation of mature 
ADAM17 by endosomes. ADAM17 cleaves mIL‑6R to enable IL‑6 trans‑signaling by releasing more sIL‑6R and cleaves EGF, allowing EGFR signaling, 
to promote cancer. Shikonin decreases p‑STAT3 and suppresses the expression of ADAM17 by inducing ROS‑mediated p‑eIF2α. Translational inhibition 
by increased p‑eIF2α results in ADAM17 defects in HCT116 and SW480 colon cancer cells. Concurrent inhibition of ADAM17 and IL‑6/STAT3 signaling 
may synergistically contribute to the suppression of colon cancer cells in response to shikonin. STAT3, signal transducer and activator of transcription 3; 
IL, interleukin; A disintegrin and metalloproteinase 17; preA17, precursor form of ADAM17; matA17, mature form of ADAM17; eIF2α, eukaryotic initiation 
factor 2α; PACS‑2, phosphofurin acidic cluster sorting protein 2; RHBDF2, rhomboid family member 2.
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post‑transcriptional regulation has attracted increasing atten‑
tion.

ADAM17 mRNA is driven to produce the precursor form of 
ADAM17. RHBDF2 binds to the immature form of ADAM17 
and promotes its trafficking from the endoplasmic reticulum to 
the Golgi apparatus. During this process, the precursor form 
of ADAM17 is cleaved by furin to generate mature ADAM17. 
RHBDF2 contributes to the post‑translational regulation of 
ADAM17 in almost every step, including trafficking, matura‑
tion, membrane stabilization and degradation (31). Of note, the 
amino terminus of RHBDF2 is critical in this reported biological 
process (31); thus, herein, an antibody targeting the N‑terminal 
region of human RHBDF2 was used to detect its expression 
level. On the other hand, PACS‑2 has been reported to divert 
endocytosed mature ADAM17 away from degradation pathways, 
resulting in an increased ADAM17 membrane availability. In the 
absence of PACS‑2, the disrupted ADAM17 recycling leads to 
decreased expression levels of membrane mature ADAM17 (30). 
In the present study, SKN treatment did not significantly alter 
the expression of PACS‑2 and appeared to increase detectable 
RHBDF2 levels in the HCT116 and SW480 cells. In fact, the 
expression levels of precursor and mature ADAM17 were both 
downregulated by SKN, which revealed that SKN may not exert 
a prominent inhibitory effect on the maturation and degradation 
process in these two cancer cell lines.

Notably, SKN significantly increased the levels of 
p‑eIF2α. In brief, eIF2 delivers the initiator methionyl tRNA 
(Met‑tRNAiMet) to the 40S subunit of the ribosome to form 
the 43S complex, permitting subsequent translation (67). The 
phosphorylation of the α‑subunit of eIF2 blocks translational 
initiation and attenuates general translation, which is consid‑
ered to help cells overcome extracellular stress by easing 
the burden on protein folding and amino acid consumption. 
Oxidative stress, viral infection, amino acid deprivation and 
endoplasmic reticulum stress (ERS)‑mediated PERK activa‑
tion are considered inducers of α‑subunit phosphorylation (68). 
Previous studies have found that SKN is capable of inducing 
oxidative stress in colon cancer cells (69) and activates ERS, 
leading to PERK activation in SNU‑407 cells (another colon 
cancer cell line) (70). In the present study, NAC, a ROS scav‑
enger, reversed the expression of ADAM17 and p‑eIF2α in 
both cell lines, indicating that ROS‑induced p‑eIF2α expres‑
sion contributes to the decreased expression of ADAM17 
induced by SKN. However, eIF2α‑associated general transla‑
tion inhibition is only the first step of translation, and of note, 
the suppressive effect of SKN was observed at a concentration 
of 10 µM (Fig. 1), while 10 µM SKN appeared to exert no overt 
effect on p‑eIF2α (Fig. 5A and B) or ADAM17 (Fig. 3B‑E) 
expression. This suggests that the inhibition of cancer cells 
may involve other mechanisms where a low concentration of 
SKN was used. Overall, the antitumor effect of shikonin is 
likely more intricate than what is currently known.

Therefore, on the whole, IL‑6 classical and trans‑signaling 
contribute to cancer development, while ADAM17 cleaves 
its substrates, including mIL‑6R, which controls the balance 
of two pathways of IL‑6 and EGF, allowing EGFR signaling 
to promote cancer. In the present study, SKN decreased the 
phosphorylation of STAT3 and suppressed the expression of 
ADAM17 mediated by ROS‑associated p‑eIF2α expression in 
the HCT116 and SW480 colon cancer cells (Fig. 6). Shikonin 

shares the same backbone with LLL‑12, which has been 
previously described as an effective STAT3 inhibitor (21,63), 
indicating the promise of developing SKN and its derivatives.

However, similar to other natural products in Chinese herbal 
medicine, the potential toxicity and unknown side‑effects of 
SKN merit accelerated investigations. Indeed, SKN can affect 
multiple biological processes, including protein translation, 
folding, modification and translocation, as well as exosome 
secretion and energy production (71). To date, the antitumor 
properties of SKN have been demonstrated in several in vivo 
studies on colon cancer (71‑73). Moreover, it has been proven 
that SKN functions as a complement to enhance the antitumor 
effect of cisplatin in colon cancer in vivo (74). The present study 
also examined the effects of SKN on non‑cancer cells (NCM460 
cells), as described in Data S1 and as shown in  Fig.  S4. 
Although 15 and 20 µM SKN decreased cell viability, SKN 
appeared to exhibit a weaker toxicity in human normal colonic 
epithelial cells (NCM460) than in colon cancer cells (please 
see Fig. 1A). Importantly, SKN has been reported to decrease 
tumor volume and exert antitumor effects with minimal toxicity 
to non‑cancer cells without liver or kidney injury in xenograft 
tumor models  (69,71). Although the present study did not 
perform animal experiments, the authors aimed to determine 
the potential effects of SKN on STAT3 and ADAM17 expres‑
sion in vitro, which may provide evidence of the use of SKN 
under certain circumstances in which STAT3 and/or ADAM17 
overactivation occurs. In the era of modern medicine, combined 
therapy is the current trend. Due to its pleiotropic effects on 
cancer, SKN may be studied in further investigations where 
it is administered in combination with other known chemo‑
therapies. Moreover, although the present study demonstrated 
that SKN‑induced p‑eIF2α expression was decreased by the 
ROS scavenger, NAC, which may disrupt general translation, 
resulting in the decreased expression of ADAM17, the alteration 
in transcripts of other oncogenes remains unknown in response 
to SKN. Furthermore, RHBDF2 knockdown warrants further 
investigations in order to elucidate the regulatory mechanisms 
involved in protein processing. Further studies are also required 
to determine the potential effects of SKN on the components 
constituting transcription factor complexes, the stability of 
mRNA, and the regulation of other types of RNAs.
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